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a potential strategy to prevent Dox-induced cardiotoxic-
ity. Future research should aim to determine the optimal 
regimen of fasting, confirmation that this regimen does 
not interfere with the antitumor properties of Dox, as well 
as the underlying mechanisms exerting the cardioprotec-
tive effects. 

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Fasting; Doxorubicin; Cardiotoxicity; Cardio-
protection

Core tip: Doxorubicin (Dox)-induced cardiotoxicity remains 
a significant cause of morbidity and mortality in cancer 
survivors, despite the intensive investigation of poten-
tial protective strategies. Studies have shown that short-
term fasting induces cardioprotective effects against Dox-
induced injury. Importantly, evidence suggests that fasting 
may enhance the antitumor effects of Dox. Thus, short-
term fasting may be a feasible practice that can easily be 
incorporated into the treatment plans of cancer patients. 

Dirks-Naylor AJ, Kouzi SA, Yang S, Tran NTK, Bero JD, 
Mabolo R, Phan DT, Whitt SD, Taylor HN. Can short-term 
fasting protect against doxorubicin-induced cardiotoxicity? 
World J Biol Chem 2014; 5(3): 269-274  Available from: URL: 
http://www.wjgnet.com/1949-8454/full/v5/i3/269.htm  DOI: 
http://dx.doi.org/10.4331/wjbc.v5.i3.269

INTRODUCTION
Doxorubicin (Dox) is one of  the most effective chemo-
therapeutic agents currently used in the treatment of  hae-
matological malignancies and solid tumors such as breast 
cancer. It is a quinone-containing anthracycline antibiotic. 
Its mechanism of  antitumor activity has been shown to 
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Stephanie D Whitt, Heather N Taylor
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Abstract
Doxorubicin (Dox) is one of the most effective chemo-
therapeutic agents used in the treatment of several types 
of cancer. However the use is limited by cardiotoxicity. 
Despite extensive investigation into the mechanisms of 
toxicity and preventative strategies, Dox-induced car-
diotoxicity still remains a major cause of morbidity and 
mortality in cancer survivors. Thus, continued research 
into preventative strategies is vital. Short-term fasting 
has proven to be cardioprotective against a variety of in-
sults. Despite the potential, only a few studies have been 
conducted investigating its ability to prevent Dox-induced 
cardiotoxicity. However, all show proof-of-principle that 
short-term fasting is cardioprotective against Dox. Fast-
ing affects a plethora of cellular processes making it dif-
ficult to discern the mechanism(s) translating fasting to 
cardioprotection, but may involve suppression of insulin 
and insulin-like growth factor-1 signaling with stimulated 
autophagy. It is likely that additional mechanisms also 
contribute. Importantly, the literature suggests that fast-
ing may enhance the antitumor activity of Dox. Thus, 
fasting is a regimen that warrants further investigation as 
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involve binding to topoisomerase-Ⅱ α, thereby resulting 
in DNA strand breaks and apoptosis[1]. Despite its effec-
tiveness, its use is limited due to cardiotoxicity. In animal 
models, Dox has been shown to be hepatotoxic as well, 
but in humans it is the cardiotoxicity which primarily lim-
its its use[2,3]. High cumulative doses of  Dox are the most 
powerful predictor of  Dox-induced congestive heart 
failure[4]. One early study reported that 4% of  patients 
receiving a dose of  500-550 mg/m2 and 18% and 36% 
of  patients receiving 551 mg/m2 or higher, respectively, 
experienced heart failure, which is often refractory to 
conventional therapy[4,5]. The clinical outcome for these 
patients is poor[4]. A variety of  approaches to prevent car-
diotoxicity have been tested, however, their efficacy has 
been limited[4]. Thus, continued investigation of  viable 
strategies to protect the heart from Dox-induced toxicity 
is of  vital importance.

MECHANISMS OF DOX-INDUCED 
CARDIOTOXICITY
Mechanisms of  Dox-induced cardiotoxicity have not 
been clearly elucidated, but have been shown to involve 
oxidative stress, mitochondrial dysfunction, and apop-
tosis. For example, Dox treatment has been shown to 
increase mitochondrial depolarization, fission, and ROS 
production while decreasing the rate of  ATP synthesis 
and content[6-10]. Lipid peroxidation, reduced aconitase ac-
tivity (a marker of  oxidative stress), and alterations in the 
expression and activity of  antioxidant enzymes, such as 
superoxide dismutase (SOD), are also evident[11,12]. Oxi-
dative stress and mitochondrial dysfunction can induce 
apoptosis which leads to loss of  post-mitotic myocytes 
and altered cardiac function[8,13,14]. It has long been known 
that Dox can induce oxidative stress via semiquinone 
redox cycling, however it is unclear if  this is the specific 
mechanism of  cardiotoxicity since ROS scavengers failed 
to prevent cardiac toxicity in several studies[15,16]. Recently, 
topoisomerase-Ⅱ β has been shown to be a molecular 
target of  Dox in cardiomyocytes[17]. Cardiac myocytes 
do not express topoisomerase-Ⅱ a, the molecular tar-
get in tumor cells[18]. Zhang et al[17] demonstrated that 
cardiomyocyte-specific deletion of  topoisomerase-Ⅱ 
β prevented Dox-induced cardiotoxicity. Furthermore, 
the deletion prevented Dox-induced DNA damage and 
transcriptional changes that are responsible for impaired 
mitochondrial biogenesis, ROS formation, and apoptosis. 
Thus, the mechanism of  Dox-induced cardiotoxicity may 
involve molecular targeting of  topoisomerase-Ⅱ β as 
well as the potential contribution of  semiquinone redox 
cycling. 

PROTECTIVE STRATEGIES AGAINST 
DOX-INDUCED CARDIOTOXICITY
Currently, available therapies to effectively prevent car-
diotoxicity in patients treated with Dox are limited. Thus, 

the first line of  defense is to limit the cumulative dose of  
Dox. However, lowering cumulative dose may translate to 
reduced treatment efficacy[19]. Another strategy to protect 
against cardiotoxicity has been to alter the mode of  de-
livery of  Dox, such as encapsulation in liposomes, which 
aims to target the delivery to the tumor, thereby, reducing 
plasma concentrations of  Dox. The United States Food 
and Drug Administration has approved one liposomal 
doxorubicin, Doxil[19]. Shorter-term clinical trials have 
shown that liposomal doxorubicin can reduce early car-
diotoxicity while having the same antineoplastic efficacy 
as conventional doxorubicin[19]. Although, liposomal 
doxorubicin has shown promise in reducing cardiotoxic-
ity, currently, it is still mainstream to use conventional 
Dox. Utilizing antioxidants or iron chelators to reduce 
Dox-induced oxidative stress has been another tested 
strategy, but with limited success[19]. Dexrazoxane, an iron 
chelating agent, has shown the most promise in reducing 
oxidative stress and cardiotoxicity, however, with some 
limitations. Most studies have shown that Dexrazoxane 
is safe, however, some have shown that dexrazoxane may 
cause myelosuppression and also increase the risk of  sec-
ond malignancies[20,21]. Furthermore, it has been shown 
that the efficacy of  dexrazoxane may vary between 
sexes, with less benefit in males[19,22]. Despite extensive 
investigation and numerous tested strategies to prevent 
cardiotoxicity, success has been limited. Dox-induced car-
diotoxicity still remains a major cause of  morbidity and 
mortality in cancer survivors[19]. Thus, exploration of  ad-
ditional strategies to prevent Dox-induced cardiotoxicity 
is paramount. 

A cardioprotective strategy that warrants further 
exploration is fasting. Fasting and/or caloric restriction 
(CR) has been shown to protect the heart from a variety 
of  conditions and insults. For example, intermittent fast-
ing protects the heart from ischemic damage and attenu-
ates post-MI cardiac remodeling[23]. Furthermore, calorie 
restriction has proven protective against coronary artery 
disease, the process of  aging on the cardiovascular system, 
as well as drug toxicities, including doxorubicin-induced 
cardiotoxicity[24-27]. Mitra et al[26] demonstrated that 40+ 
days of  a 35% calorie restricted diet lead to 100% protec-
tion against Dox-induced cardiotoxicity and death while 
all of  the rodents administered with Dox in the ad libitum 
fed group died. However, long term CR regimens, such as 
this, are not feasible in cancer patients since they typically 
suffer from malnutrition and other complications. There-
fore, short-term fasting may be an alternative approach. 
Indeed, Raffaghello et al[28] reported that 48-60 h of  com-
plete fasting prevented organ toxicity induced by chemo-
therapy in various species of  female mice, however, eto-
poside rather than Dox was used in the study. Kawaguchi 
et al[29] demonstrated that 48 h of  complete fasting prior 
to Dox administration mitigated the Dox-induced impair-
ment in cardiac function in adult GFP-LC-3 transgenic 
mice, as determined by left ventricular ejection fraction 
(LVEF), systolic pressure (LVSP), end diastolic pressure 
(LVEDP), and +dP/dt. Microscopy revealed attenuation 
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of  LV dilatation, myocardial atrophy, and fibrosis[29]. In 
vitro, a caloric restriction mimetic, 2-deoxyglucose (2-DG), 
was shown to exhibit cardioprotective properties against 
Dox using neonatal rat cardiomyocytes isolated from 0-2 
d old Harlan Sprague-Dawley rat neonates[30]. Thus, the 
literature supports that fasting may be an effective regi-
men to protect against Dox-induced cardiotoxicity. 

Unpublished data from our laboratory (Table 1) may 
also suggest that short-term fasting may provide car-
dioprotection against Dox. Six-week old male F344 rats 
were treated with a single injection of  Dox (20 mg/kg) 
or saline. Tissues were harvested for analysis 24-h post 
injection with the aim of  determining the effects of  Dox 
on the mitochondrial dynamics and mitophagy machin-
ery. In order to remove the external variable of  Dox-
induced anorexia, we fasted both groups of  animals upon 
treatment. Studies have shown that animals treated with 
Dox reduce their food and water intake by up to 70% 
for several days[31]. Using this experimental design, the 
results were unexpected. Dox did not affect any markers 
of  oxidative stress or apoptosis that were assessed in the 
heart. Dox did not affect aconitase activity, superoxide 
dismutase (SOD) activity, nor the protein content of  cy-
tosolic SOD1 and mitochondrial SOD2. Expression and 
activation of  caspase-12, caspase-9, and caspase-8 were 
assessed via Western analysis, as well as caspase-3 and 
-9 enzyme activities, and were not affected by Dox. As 
previously mentioned, the original aim of  the study was 
to investigate the effects of  Dox on the mitochondrial 
dynamics and mitophagy machinery with the hypothesis 
that Dox treatment would increase the protein content 
of  FIS1 and DRP1 (fission regulators) and decrease the 
content of  MFN1, MFN2 and OPA1 (fusion regulators) 
thus favoring mitochondrial fission, which is most often 
associated with oxidative stress, mitochondrial dysfunc-
tion and apoptosis[32-34]. Under the current fasting condi-
tions, Dox did not affect the content of  any of  these 
primary regulators. Regulators of  mitophagy were also 

assessed. Dox did not affect the content of  PINK1, Par-
kin, or p62 (a marker of  mitophagy) under these fasting 
conditions. We do know that Dox exerted a biological 
effect in these animals since many of  these variables were 
altered in the liver. Furthermore, the treatment signifi-
cantly affected the proteome lysine acetylation status in 
the heart, inducing deacetylation (Figure 1), although the 
significance of  this observation is currently unknown. 
Because previously published studies have reported that 
acute Dox treatment does affect many of  these variables 
and processes[8-11,35-37], we believe that complete fasting of  
the animals in our study may have exerted an unintended 
cardioprotective effect against the Dox-induced insult. 
However, further investigation is required to confirm our 
interpretation of  the data. Although this work was done 
using an acute model of  Dox cardiotoxicity, since short-
term fasting may be able to protect against the high dose 
used in the acute model, it is likely that it may also be 
protective against lower doses used in chronic models of  
Dox cardiotoxicity which mimics more closely the clinical 
use of  Dox in patients. In summary, short-term fasting 
may extend similar benefits as longer term CR in regards 
to cardioprotection against Dox-induced injury. 

MECHANISM OF FASTING-INDUCED 
CARDIOPROTECTION AGAINST DOX 
TOXICITY
Fasting and caloric deprivation affect a plethora of  cellu-
lar processes such as mitochondrial dynamics and biogen-
esis, energy metabolism, oxidative stress, autophagy, and 
survival signaling pathways, thus making it difficult to dis-
cern the mechanism(s) responsible for the cardioprotec-
tion[38-42]. Kawaguchi et al[29] concluded that the protection 
against Dox-induced injury extended by 48-h of  fasting 
prior to treatment was due to restoration of  autophagy. 
Autophagy is a conserved process among eukaryotic cells 
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Table 1 Summary of unpublished data

Dependent variable Control (mean ± SEM) Dox (mean ± SEM) P  value

Aconitase activity (nmol/min per milligram protein) 14.46 ± 3.68   23.74 ± 3.25   0.08
SOD activity (units/mg protein)   0.026 ± 0.003     0.026 ± 0.002   0.904
SOD1 content    1025 ± 110.2      949 ± 91.6   0.603
SOD2 content   275.6 ± 23.25     288.1 ± 23.71   0.715
Procaspase-12 content 36.90 ± 6.14   24.28 ± 4.19   0.1
Procaspase-9 content 28.59 ± 1.57   25.33 ± 3.61   0.5
Procaspase-8 content   68.10 ± 11.90   82.90 ± 0.93   0.34
Caspase-3 activity (arbitrary OD/mg protein)   0.951 ± 0.676     0.490 ± 0.295   0.524
Caspase-9 activity (arbitrary OD/mg protein)   1.084 ± 0.809     0.462 ± 0.255   0.451 
FIS1 content 563.6 ± 76.6   474.3 ± 68.8   0.4
DRP1 content 1294.9 ± 109.8 1187.5 ± 73.5   0.421
MFN1 content 5443.5 ± 786.8   4607.8 ± 627.0   0.417
MFN2 content 2001.5 ± 456.8   2053.6 ± 330.2   0.926
OPA1 content 6019.5 ± 739.3   6143.6 ± 601.0   0.897
PINK1 content 3343.0 ± 206.9   3422.0 ± 263.4   0.824
Parkin content   4192.0 ± 1009.0     4157.0 ± 1629.0   0.986
p62 content 1895.7 ± 272.7   1896.7 ± 252.2   0.998

Protein content determined by Western blot (units are “normalized OD”). SOD: Superoxide dismutase.



that sequesters cellular material via formation of  a multi-
membrane-bound vacuole, an autophagosome, followed 
by degradation of  the material via fusion of  the autopha-
gosome with a lysosome[43]. Autophagy can enhance cel-
lular function and survival by degrading damaged or un-
wanted proteins and organelles such as mitochondria, as 
well as by modulating apoptosis[44]. Indeed, stimulation of  
autophagy has been shown to be cardioprotective from a 
variety of  damaging stimuli[44]. Kawaguchi et al[29] reported 
that the inhibition of  autophagy by Dox was due to inhi-
bition of  AMP-activated protein kinase (AMPK). Prior 
fasting prevented the Dox-induced inhibition of  AMPK. 
Although fasting was able to reverse the effects of  Dox 
on autophagy, no experimental methods were employed 
to identify restoration of  autophagy as the underly-
ing factor for cardioprotection. Furthermore, no other 
processes known to be affected by fasting were assessed 
in the study. Moreover, several studies have shown that 
stimulation of  autophagy contributes to Dox-induced 
cardiotoxicity and protection is provided via inhibition of  
autophagy[43]. Thus the role of  autophagy in Dox-induced 
cardiotoxicity, whether protective or pathological, is still 
under question. Therefore, the underlying mechanism(s) 
of  fasting-induced cardioprotection against Dox remains 
to be determined and is likely due to a combination of  
mechanisms[30]. 

EFFECTS OF FASTING ON TUMOR CELL 
KILLING
It is critical that a potential cardioprotective agent or regi-
men does not interfere with the goal of  cancer treatment. 
CR has long been shown to have antineoplastic effects. 
CR can slow the intrinsic rate of  aging and prevent the 
onset of  age-related pathologies, including cancer[45,46]. 
Furthermore, CR mimetics, such as 2-DG, have been 
shown to inhibit tumor growth[47]. Moreover, 2-DG has 
been shown to enhance the antitumor efficacy of  Dox 
both in vitro and in vivo[48,49]. Short-term (48-60 h) fast-

ing was shown to enhance death of  cancer cells, prevent 
organ toxicity, and increase survival in chemotherapy 
treated mice, however the chemotherapy tested was eto-
poside, not Dox[28]. Interestingly, Raffaghello et al[28] noted 
that fasting longer than 60 h worsened outcomes. Thus, 
there may be a window of  optimal duration of  fasting 
to maximize beneficial effects. Many of  the benefits of  
fasting and caloric restriction have been shown to be, at 
least in part, due to decreased circulating levels of  insulin 
and reduced insulin-like growth factor-1 receptor (IGF-
1R) signaling[50,51]. Seventy-two hours of  fasting reduced 
circulating IGF-1 by 70% and increased the level of  the 
IFG-1 binding protein (IGFBP) by 11x[52]. Survival time, 
after Dox treatment, was extended by delaying metasta-
sis of  highly aggressive melanoma and prevented Dox-
induced toxicity in liver-specific IGF-1-deficient (LID) 
mice compared to non-LID mice[52]. Ninety days after 
inoculation with the melanoma cancer cells, all non-LID 
mice that were treated with Dox had died from either 
cancer metastases or Dox toxicity. 60% of  LID mice 
treated with Dox were cancer-free with no signs of  toxic-
ity[52]. Thus, the evidence supports that fasting may be a 
safe regimen to use in conjunction with Dox in order to 
prevent cardiotoxicity. 

CONCLUSION
In conclusion, Dox-induced cardiotoxicity remains a 
significant cause of  morbidity and mortality in cancer 
survivors despite the intensive investigation of  potential 
protective strategies. Studies have shown that short-term 
fasting induces cardioprotective effects against Dox-in-
duced injury. Importantly, evidence suggests that fasting 
may enhance the antitumor effects of  Dox. It seems that 
short-term fasting would be a feasible practice that can 
easily be incorporated into the treatment plans of  cancer 
patients. Thus, short-term fasting is a strategy warrant-
ing further exploration. Further studies, both preclinical 
and clinical, should reveal the optimal regimen of  fasting, 
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confirmation that this regimen does not interfere with 
the antitumor properties of  Dox, as well as the underly-
ing mechanisms exerting the cardioprotective effects. 

REFERENCES
1	 Tewey KM, Rowe TC, Yang L, Halligan BD, Liu LF. Adri-

amycin-induced DNA damage mediated by mammalian 
DNA topoisomerase II. Science 1984; 226: 466-468 [PMID: 
6093249 DOI: 10.1126/science.6093249]

2	 Kalender Y, Yel M, Kalender S. Doxorubicin hepatotoxicity 
and hepatic free radical metabolism in rats. The effects of 
vitamin E and catechin. Toxicology 2005; 209: 39-45 [PMID: 
15725512 DOI: 10.1016/j.tox.2004.12.003]

3	 Patel N, Joseph C, Corcoran GB, Ray SD. Silymarin modu-
lates doxorubicin-induced oxidative stress, Bcl-xL and p53 
expression while preventing apoptotic and necrotic cell 
death in the liver. Toxicol Appl Pharmacol 2010; 245: 143-152 
[PMID: 20144634 DOI: 10.1016/j.taap.2010.02.002]

4	 Takemura G, Fujiwara H. Doxorubicin-induced cardiomy-
opathy from the cardiotoxic mechanisms to management. 
Prog Cardiovasc Dis 2007; 49: 330-352 [PMID: 17329180 DOI: 
10.1016/j.pcad.2006.10.002]

5	 Lefrak EA, Pitha J, Rosenheim S, Gottlieb JA. A clinicopath-
ologic analysis of adriamycin cardiotoxicity. Cancer 1973; 32: 
302-314 [PMID: 4353012]

6	 Bugger H, Guzman C, Zechner C, Palmeri M, Russell 
KS, Russell RR. Uncoupling protein downregulation in 
doxorubicin-induced heart failure improves mitochondrial 
coupling but increases reactive oxygen species generation. 
Cancer Chemother Pharmacol 2011; 67: 1381-1388 [PMID: 
20809120 DOI: 10.1007/s00280-010-1441-7]

7	 Danz ED, Skramsted J, Henry N, Bennett JA, Keller RS. Res-
veratrol prevents doxorubicin cardiotoxicity through mi-
tochondrial stabilization and the Sirt1 pathway. Free Radic 
Biol Med 2009; 46: 1589-1597 [PMID: 19303434 DOI: 10.1016/
j.freeradbiomed.2009.03.011]

8	 Pointon AV, Walker TM, Phillips KM, Luo J, Riley J, Zhang 
SD, Parry JD, Lyon JJ, Marczylo EL, Gant TW. Doxorubicin 
in vivo rapidly alters expression and translation of myo-
cardial electron transport chain genes, leads to ATP loss 
and caspase 3 activation. PLoS One 2010; 5: e12733 [PMID: 
20856801 DOI: 10.1371/journal.pone.0012733]

9	 Parra V, Eisner V, Chiong M, Criollo A, Moraga F, Garcia 
A, Härtel S, Jaimovich E, Zorzano A, Hidalgo C, Lavandero 
S. Changes in mitochondrial dynamics during ceramide-
induced cardiomyocyte early apoptosis. Cardiovasc Res 2008; 
77: 387-397 [PMID: 18006463 DOI: 10.1093/cvr/cvm029]

10	 Marechal X, Montaigne D, Marciniak C, Marchetti P, Has-
soun SM, Beauvillain JC, Lancel S, Neviere R. Doxorubicin-
induced cardiac dysfunction is attenuated by ciclosporin 
treatment in mice through improvements in mitochondrial 
bioenergetics. Clin Sci (Lond) 2011; 121: 405-413 [PMID: 
21605084 DOI: 10.1042/CS20110069]

11	 Ascensão A, Magalhães J, Soares JM, Ferreira R, Neuparth 
MJ, Marques F, Oliveira PJ, Duarte JA. Moderate endurance 
training prevents doxorubicin-induced in vivo mitochondri-
opathy and reduces the development of cardiac apoptosis. 
Am J Physiol Heart Circ Physiol 2005; 289: H722-H731 [PMID: 
15792986 DOI: 10.1152/ajpheart.01249.2004]

12	 Minotti G, Ronchi R, Salvatorelli E, Menna P, Cairo G. 
Doxorubicin irreversibly inactivates iron regulatory proteins 
1 and 2 in cardiomyocytes: evidence for distinct metabolic 
pathways and implications for iron-mediated cardiotoxicity 
of antitumor therapy. Cancer Res 2001; 61: 8422-8428 [PMID: 
11731422]

13	 Childs AC, Phaneuf SL, Dirks AJ, Phillips T, Leeuwenburgh 
C. Doxorubicin treatment in vivo causes cytochrome C 
release and cardiomyocyte apoptosis, as well as increased 

mitochondrial efficiency, superoxide dismutase activity, 
and Bcl-2: Bax ratio. Cancer Res 2002; 62: 4592-4598 [PMID: 
12183413]

14	 Ueno M, Kakinuma Y, Yuhki K, Murakoshi N, Iemitsu M, 
Miyauchi T, Yamaguchi I. Doxorubicin induces apoptosis 
by activation of caspase-3 in cultured cardiomyocytes in 
vitro and rat cardiac ventricles in vivo. J Pharmacol Sci 2006; 
101: 151-158 [PMID: 16766856 DOI: 10.1254/jphs.FP0050980]

15	 Myers C, Bonow R, Palmeri S, Jenkins J, Corden B, Locker 
G, Doroshow J, Epstein S. A randomized controlled trial 
assessing the prevention of doxorubicin cardiomyopathy 
by N-acetylcysteine. Semin Oncol 1983; 10: 53-55 [PMID: 
6340204]

16	 Martin E , Thougaard AV, Grauslund M, Jensen PB, 
Bjorkling F, Hasinoff BB, Tjørnelund J, Sehested M, Jensen 
LH. Evaluation of the topoisomerase II-inactive bisdioxo-
piperazine ICRF-161 as a protectant against doxorubicin-
induced cardiomyopathy. Toxicology 2009; 255: 72-79 [PMID: 
19010377 DOI: 10.1016/j.tox.2008.10.011]

17	 Zhang S, Liu X, Bawa-Khalfe T, Lu LS, Lyu YL, Liu LF, Yeh 
ET. Identification of the molecular basis of doxorubicin-
induced cardiotoxicity. Nat Med 2012; 18: 1639-1642 [PMID: 
23104132 DOI: 10.1038/nm.2919]

18	 Capranico G, Tinelli S, Austin CA, Fisher ML, Zunino F. 
Different patterns of gene expression of topoisomerase II 
isoforms in differentiated tissues during murine develop-
ment. Biochim Biophys Acta 1992; 1132: 43-48 [PMID: 1380833 
DOI: 10.1016/0167-4781(92)90050-A]

19	 Lipshultz SE, Adams MJ, Colan SD, Constine LS, Herman 
EH, Hsu DT, Hudson MM, Kremer LC, Landy DC, Miller 
TL, Oeffinger KC, Rosenthal DN, Sable CA, Sallan SE, Singh 
GK, Steinberger J, Cochran TR, Wilkinson JD. Long-term 
cardiovascular toxicity in children, adolescents, and young 
adults who receive cancer therapy: pathophysiology, course, 
monitoring, management, prevention, and research direc-
tions: a scientific statement from the American Heart As-
sociation. Circulation 2013; 128: 1927-1995 [PMID: 24081971 
DOI: 10.1161/CIR.0b013e3182a88099]

20	 Tebbi CK, London WB, Friedman D, Villaluna D, De Alar-
con PA, Constine LS, Mendenhall NP, Sposto R, Chauvenet 
A, Schwartz CL. Dexrazoxane-associated risk for acute 
myeloid leukemia/myelodysplastic syndrome and other 
secondary malignancies in pediatric Hodgkin’s disease. J 
Clin Oncol 2007; 25: 493-500 [PMID: 17290056 DOI: 10.1200/
JCO.2005.02.3879]

21	 Curran CF, Narang PK, Reynolds RD. Toxicity profile of 
dexrazoxane (Zinecard, ICRF-187, ADR-529, NSC-169780), 
a modulator of doxorubicin cardiotoxicity. Cancer Treat Rev 
1991; 18: 241-252 [PMID: 1842575 DOI: 10.1016/0305-7372(9
1)90015-R]

22	 Lipshultz SE, Scully RE, Lipsitz SR, Sallan SE, Silverman 
LB, Miller TL, Barry EV, Asselin BL, Athale U, Clavell LA, 
Larsen E, Moghrabi A, Samson Y, Michon B, Schorin MA, 
Cohen HJ, Neuberg DS, Orav EJ, Colan SD. Assessment of 
dexrazoxane as a cardioprotectant in doxorubicin-treated 
children with high-risk acute lymphoblastic leukaemia: 
long-term follow-up of a prospective, randomised, multi-
centre trial. Lancet Oncol 2010; 11: 950-961 [PMID: 20850381 
DOI: 10.1016/S1470-2045(10)70204-7]

23	 Ahmet I, Wan R, Mattson MP, Lakatta EG, Talan M. Cardio-
protection by intermittent fasting in rats. Circulation 2005; 
112: 3115-3121 [PMID: 16275865 DOI: 10.1161/CIRCULA-
TIONAHA.105.563817]

24	 Varady KA, Bhutani S, Church EC, Klempel MC. Short-term 
modified alternate-day fasting: a novel dietary strategy for 
weight loss and cardioprotection in obese adults. Am J Clin 
Nutr 2009; 90: 1138-1143 [PMID: 19793855 DOI: 10.3945/
ajcn.2009.28380]

25	 Ahmet I, Tae HJ, de Cabo R, Lakatta EG, Talan MI. Effects 
of calorie restriction on cardioprotection and cardiovascular 

273WJBC|www.wjgnet.com August 26, 2014|Volume 5|Issue 3|

Dirks-Naylor AJ et al . Fasting-induced cardioprotection



health. J Mol Cell Cardiol 2011; 51: 263-271 [PMID: 21586294 
DOI: 10.1016/j.yjmcc.2011.04.015]

26	 Mitra MS, Donthamsetty S, White B, Latendresse JR, Me-
hendale HM. Mechanism of protection of moderately diet 
restricted rats against doxorubicin-induced acute cardio-
toxicity. Toxicol Appl Pharmacol 2007; 225: 90-101 [PMID: 
17904602 DOI: 10.1016/j.taap.2007.07.018]

27	 Vucevic D, Mladenovic D, Ninkovic M, Aleksic V, Stankov-
ic MN, Stankovic M, Jorgacevic B, Vukicevic RJ, Radosav-
ljevic T. The effects of caloric restriction against ethanol-
induced oxidative and nitrosative cardiotoxicity and plasma 
lipids in rats. Exp Biol Med (Maywood) 2013; 238: 1396-1405 
[PMID: 24157589 DOI: 10.1177/1535370213506806]

28	 Raffaghello L, Lee C, Safdie FM, Wei M, Madia F, Bianchi 
G, Longo VD. Starvation-dependent differential stress resis-
tance protects normal but not cancer cells against high-dose 
chemotherapy. Proc Natl Acad Sci USA 2008; 105: 8215-8220 
[PMID: 18378900 DOI: 10.1073/pnas.0708100105]

29	 Kawaguchi T, Takemura G, Kanamori H, Takeyama T, 
Watanabe T, Morishita K, Ogino A, Tsujimoto A, Goto K, 
Maruyama R, Kawasaki M, Mikami A, Fujiwara T, Fujiwara 
H, Minatoguchi S. Prior starvation mitigates acute doxo-
rubicin cardiotoxicity through restoration of autophagy in 
affected cardiomyocytes. Cardiovasc Res 2012; 96: 456-465 
[PMID: 22952253 DOI: 10.1093/cvr/cvs282]

30	 Chen K, Xu X, Kobayashi S, Timm D, Jepperson T, Liang 
Q. Caloric restriction mimetic 2-deoxyglucose antagonizes 
doxorubicin-induced cardiomyocyte death by multiple 
mechanisms. J Biol Chem 2011; 286: 21993-22006 [PMID: 
21521688 DOI: 10.1074/jbc.M111.225805]

31	 Gilliam LA, Ferreira LF, Bruton JD, Moylan JS, Westerblad H, 
St Clair DK, Reid MB. Doxorubicin acts through tumor necro-
sis factor receptor subtype 1 to cause dysfunction of murine 
skeletal muscle. J Appl Physiol (1985) 2009; 107: 1935-1942 
[PMID: 19779154 DOI: 10.1152/japplphysiol.00776.2009]

32	 Palmer CS, Osellame LD, Stojanovski D, Ryan MT. The reg-
ulation of mitochondrial morphology: intricate mechanisms 
and dynamic machinery. Cell Signal 2011; 23: 1534-1545 
[PMID: 21683788 DOI: 10.1016/j.cellsig.2011.05.021]

33	 Lee YJ, Jeong SY, Karbowski M, Smith CL, Youle RJ. Roles 
of the mammalian mitochondrial fission and fusion me-
diators Fis1, Drp1, and Opa1 in apoptosis. Mol Biol Cell 
2004; 15: 5001-5011 [PMID: 15356267 DOI: 10.1091/mbc.
E04-04-0294]

34	 Chen H, Chomyn A, Chan DC. Disruption of fusion results 
in mitochondrial heterogeneity and dysfunction. J Biol Chem 
2005; 280: 26185-26192 [PMID: 15899901 DOI: 10.1074/jbc.
M503062200]

35	 Kavazis AN, Smuder AJ, Min K, Tümer N, Powers SK. Short-
term exercise training protects against doxorubicin-induced 
cardiac mitochondrial damage independent of HSP72. Am 
J Physiol Heart Circ Physiol 2010; 299: H1515-H1524 [PMID: 
20833957 DOI: 10.1152/ajpheart.00585.2010]

36	 Smuder AJ, Kavazis AN, Min K, Powers SK. Doxorubicin-
induced markers of myocardial autophagic signaling in 
sedentary and exercise trained animals. J Appl Physiol (1985) 
2013; 115: 176-185 [PMID: 23703114 DOI: 10.1152/jap-
plphysiol.00924.2012]

37	 Abd El-Aziz MA, Othman AI, Amer M, El-Missiry MA. Po-
tential protective role of angiotensin-converting enzyme in-
hibitors captopril and enalapril against adriamycin-induced 
acute cardiac and hepatic toxicity in rats. J Appl Toxicol 2001; 

21: 469-473 [PMID: 11746193 DOI: 10.1002/jat.782]
38	 Sorensen M, Sanz A, Gómez J, Pamplona R, Portero-Otín 

M, Gredilla R, Barja G. Effects of fasting on oxidative stress 
in rat liver mitochondria. Free Radic Res 2006; 40: 339-347 
[PMID: 16517498 DOI: 10.1080/10715760500250182]

39	 Rambold AS, Kostelecky B, Elia N, Lippincott-Schwartz J. 
Tubular network formation protects mitochondria from au-
tophagosomal degradation during nutrient starvation. Proc 
Natl Acad Sci USA 2011; 108: 10190-10195 [PMID: 21646527 
DOI: 10.1073/pnas.1107402108]

40	 Houtkooper RH, Pirinen E, Auwerx J. Sirtuins as regulators 
of metabolism and healthspan. Nat Rev Mol Cell Biol 2012; 
13: 225-238 [PMID: 22395773 DOI: 10.1038/nrm3293]

41	 Di Simplicio P, Rossi R, Falcinelli S, Ceserani R, Formento 
ML. Antioxidant status in various tissues of the mouse af-
ter fasting and swimming stress. Eur J Appl Physiol Occup 
Physiol 1997; 76: 302-307 [PMID: 9349643 DOI: 10.1007/
s004210050252]

42	 Hayashida S, Arimoto A, Kuramoto Y, Kozako T, Honda 
S, Shimeno H, Soeda S. Fasting promotes the expression of 
SIRT1, an NAD+ -dependent protein deacetylase, via ac-
tivation of PPARalpha in mice. Mol Cell Biochem 2010; 339: 
285-292 [PMID: 20148352 DOI: 10.1007/s11010-010-0391-z]

43	 Dirks-Naylor AJ. The role of autophagy in doxorubicin-
induced cardiotoxicity. Life Sci 2013; 93: 913-916 [PMID: 
24404586 DOI: 10.1016/j.lfs.2013.10.013]

44	 Gottlieb RA, Finley KD, Mentzer RM. Cardioprotection 
requires taking out the trash. Basic Res Cardiol 2009; 104: 
169-180 [PMID: 19242643 DOI: 10.1007/s00395-009-0011-9]

45	 Dirks AJ, Leeuwenburgh C. Caloric restriction in humans: 
potential pitfalls and health concerns. Mech Ageing Dev 2006; 
127: 1-7 [PMID: 16226298 DOI: 10.1016/j.mad.2005.09.001]

46	 Longo VD, Fontana L. Calorie restriction and cancer pre-
vention: metabolic and molecular mechanisms. Trends 
Pharmacol Sci 2010; 31: 89-98 [PMID: 20097433 DOI: 10.1016/
j.tips.2009.11.004]

47	 Zhang XD, Deslandes E, Villedieu M, Poulain L, Duval M, 
Gauduchon P, Schwartz L, Icard P. Effect of 2-deoxy-D-
glucose on various malignant cell lines in vitro. Anticancer 
Res 2006; 26: 3561-3566 [PMID: 17094483]

48	 Zhang F, Aft RL. Chemosensitizing and cytotoxic ef-
fects of 2-deoxy-D-glucose on breast cancer cells. J Cancer 
Res Ther 2009; 5 Suppl 1: S41-S43 [PMID: 20009293 DOI: 
10.4103/0973-1482.55140]

49	 Maschek G, Savaraj N, Priebe W, Braunschweiger P, Hamil-
ton K, Tidmarsh GF, De Young LR, Lampidis TJ. 2-deoxy-D-
glucose increases the efficacy of adriamycin and paclitaxel 
in human osteosarcoma and non-small cell lung cancers 
in vivo. Cancer Res 2004; 64: 31-34 [PMID: 14729604 DOI: 
10.1158/0008-5472.CAN-03-3294]

50	 Katic M, Kahn CR. The role of insulin and IGF-1 signal-
ing in longevity. Cell Mol Life Sci 2005; 62: 320-343 [PMID: 
15723168 DOI: 10.1007/s00018-004-4297-y]

51	 Sell Ch. Caloric restriction and insulin-like growth factors 
in aging and cancer. Horm Metab Res 2003; 35: 705-711 [PMID: 
14710349 DOI: 10.1055/s-2004-814156]

52	 Lee C, Safdie FM, Raffaghello L, Wei M, Madia F, Parrella E, 
Hwang D, Cohen P, Bianchi G, Longo VD. Reduced levels 
of IGF-I mediate differential protection of normal and can-
cer cells in response to fasting and improve chemotherapeu-
tic index. Cancer Res 2010; 70: 1564-1572 [PMID: 20145127 
DOI: 10.1158/0008-5472.CAN-09-3228]

P- Reviewer: Shi NQ, Simkhovich BZ    S- Editor: Song XX    
L- Editor: A    E- Editor: Lu YJ 

274WJBC|www.wjgnet.com August 26, 2014|Volume 5|Issue 3|

Dirks-Naylor AJ et al . Fasting-induced cardioprotection



František Baluška, Guenther Witzany

Life is more than a computer running DNA software

EDITORIAL

František Baluška, IZMB, University of Bonn, 53113 Bonn, 
Germany
Guenther Witzany, Telos-Philosophische Praxis, 5111 Buer-
moos, Austria 
Author contributions: Both of the authors contributed to this 
paper.
Correspondence to: Guenther Witzany, PhD, Telos-Philoso-
phische Praxis, Vogelsangstr. 18c, 5111 Buermoos, 
Austria. witzany@sbg.at
Telephone: +43-6274-6805  Fax: +43-6274-6805
Received: March 23, 2014    Revised: July 4, 2014
Accepted: July 18, 2014
Published online: August 26, 2014

Abstract
In his recent interview for the Guardian Craig Venter is 
elaborating about a household appliance for the future, 
Digital Biological Converter (DBC). Current prototype, 
which can produce DNA, is a box attached to the com-
puter which receives DNA sequences over the internet 
to synthesize DNA; later in future also viruses, proteins, 
and living cells. This would help the household mem-
bers to produce, e.g. , insulin, virus vaccines or phages 
that fight antibiotic resistant bacteria. In more distant 
future, Craig Venter’s hope is that the DBC will gener-
ate living cells via  so-called “Universal Recipient Cell”. 
This platform will allow digitally transformed genomes, 
downloaded from the internet, to form new cells fitted 
for the particular needs such as therapeutics, food, fuel 
or cleaning water. In contrast to this, the authors pro-
pose that DNA sequences of genomes do not represent 
1:1 depictions of unequivocal coding structures such 
as genes. In light of the variety of epigenetic markings, 
DNA can store a multitude of further meanings hidden 
under the superficial grammar of nucleic acid sequenc-
es. 

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: DNA; Genome; Information; Life; Non-
coding RNA; Synthetic biology; Virus

World J Biol Chem 2014 August 26; 5(3): 275-278
 ISSN 1949-8454 (online)

© 2014 Baishideng Publishing Group Inc. All rights reserved.

World Journal of
Biological ChemistryW J B C

275WJBC|www.wjgnet.com August 26, 2014|Volume 5|Issue 3|

Submit a Manuscript: http://www.wjgnet.com/esps/
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx
DOI: 10.4331/wjbc.v5.i3.275

Core tip: Craig Venter is elaborating a box attached to a 
computer that receives DNA sequences over the inter-
net to synthesize DNA. As a leading expert in the field 
of synthetic biology, he is convinced that “life is a DNA 
software system”, and all living things are reducible to 
DNA sequences. In contrast to this, the authors pro-
pose that DNA sequences of genomes do not represent 
1:1 depictions of unequivocal coding structures such 
as genes. In light of the variety of epigenetic markings, 
DNA can store a multitude of further meanings hidden 
under the superficial grammar of nucleic acid sequenc-
es. 
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INTRODUCTION
In his recent interview for the Guardian[1], Craig Venter 
is elaborating about a household appliance for the future, 
the Digital Biological Converter (DBC). The current 
prototype, which can produce DNA, is a box attached 
to a computer that receives DNA sequences over the in-
ternet to synthesize DNA; in future, it will be able to do 
the same for viruses, proteins and living cells. This would 
help the household members to produce, for example, 
insulin, virus vaccines or phages that fight antibiotic-re-
sistant bacteria. Additionally, it could help future Martian 
colonists, giving them vaccines, antibiotics or personal-
ized drugs that they would need on Mars. If  there should 
be DNA-based life, a digital version could be transmit-
ted to earth without danger of  contaminating the home-
planet’s biosphere[1]. In the more distant future, Craig Venter’
s hope is that the DBC will generate living cells via the 
so-called “Universal Recipient Cell”. This platform will 
allow digitally transformed genomes, downloaded from 
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the internet, to form new cells for particular needs (thera-
peutics, food, fuel or cleaning water)[1]. The final aim is to 
establish a “Digital Life Sending Unit” allowing biological 
teleportation. This unit will sample unknown organisms, 
perhaps on Mars, then analyse their sequences and gener-
ate digital DNA files that will be used by the receiving 
DBC to re-generate these organisms at new places, such 
as on Earth.

NOTHING ELSE THAN A SOFTWARE 
SYSTEM?
Some readers might be reminded of  Goethe’s Dr Faustus' 
pact with Mephisto and its goal to create a “homunculus” 
or similar dreams of  living robots that would invade 
space and time, covered by an abundance of  science 
fiction poetries. But Craig Venter is a leading expert in 
the field of  synthetic biology, in which scientists design 
new biological systems, i.e., synthetic life. He insists that 
his insertion of  a synthetic bacterial (Mycoplasma genitalium) 
genome into a living recipient bacterium (Mycoplasma capri-
colum) represents the “world’s first synthetic life” because 
the synthetic cell replicated itself  into a colony of  bacte-
ria, containing only the synthetic DNA. 

We do not want to enter here the debate of  whether 
his indisputable achievements represent true creation 
of  new life or represent just some kind of  a copy-paste 
approach. We can also be pretty sure that he and his 
company will achieve several further technological break-
throughs in the near future. However, we would like to 
make very clear that his conclusions about the nature of  
Life are not justified. For example, Craig Venter is con-
vinced that it would be possible, in principle, to syntheti-
cally create most complex organisms: “I can’t explain 
consciousness yet, but like anything else it will be explain-
able at the molecular level, the cellular level and therefore 
the DNA coding level”[1]. In his view, the question of  Er-
win Schrödinger What is life? has been answered. “Life is a 
DNA software system”, and all living things are reducible 
to DNA sequences[1]. The DNA-based software creates 
as well as directs the more visible “hardware” of  life, 
such as proteins and cells[1-3].

This DNA-centric concept looks clear and straight-
forward. However, it can work only if  the theoretical 
background on which Craig Venter makes his conclu-
sions is correct. In his view[1-3], organisms are mechanistic 
apparatus-like molecular structures that work as comput-
ing machines according the algorithm-based programs 
encoded in the DNA storage medium. The syntax struc-
ture of  DNA follows Francis Crick’s central dogma of  
molecular biology “DNA-RNA-anything else”. But is 
this view coherent with recent empirical knowledge? Are 
cellular organisms only robot-like computing machines 
that function strictly according to their algorithm-based 
programming? Or, rather, are they coordinated complex 
entities that share bio-communication properties that 
may vary according to different context-specific needs? Is 
DNA the unequivocal syntax for sequences out of  which 

one can construct living cells, viruses and phages for a 
household appliance? Or is the superficial molecular syntax 
of  DNA solely the result of  evolution’s long inserts and 
deletions of  an abundance of  various genetic parasites 
that shape host genomes? The most crucial questions 
are: do DNA sequences contain a hidden deep grammar 
structure that varies according to the meaning and con-
text of  environmental insults; do DNA sequences match 
with high fidelity environmental circumstances that led to 
epigenetic markings and memory? If  yes, this would then 
mean that the identical DNA sequence may have various-
even contradictory-meanings. In fact, this scenario is 
emerging as true[4-8].

EPIGENETICS: HIDDEN DEEP GRAMMAR 
Interestingly, in complex genomes like humans, the cod-
ing genes are about 1.5% of  the total genome whereas 
the abundance of  non-coding RNAs are about 98.5%. 
This means Craig Venter’s household appliance box could 
focus only on the 1.5% coding sequences. The DNA se-
quences of  genomes do not represent 1:1 depictions of  
unequivocal coding structures such as genes, but in light 
of  the variety of  epigenetic markings-with its executives 
RNA editing and alternative splicing-can store a multi-
tude of  further meanings[4-8].

This means epigenetic marking saves energy costs like 
in human language. A limited repertoire of  signs, and a 
limited number of  rules to combine these signs correctly, 
enables signs using agents to generate an unlimited num-
ber of  sentences with a superficial grammar in the vis-
ible text and an abundance of  connotations by marking 
through gestures and other conscious and unconscious 
bodily expressions such as the movements of  three hun-
dred different eye muscles[9].

Are organisms computing machines that fulfil what 
the DNA program determines? The machine metaphor 
in molecular biology is an old-fashioned narrative[9] that 
would like to reduce life to physics and chemistry. Man-
fred Eigen and Sydney Brenner expanded the concept by 
adding also information: “Life = physics + chemistry + 
information”[10,11]. But they defined information according 
to the mathematical theory of  language as used by John 
von Neumann and Alan Turing in their concept of  self-
reproducing automata, a chimera that has remained for 
the last 80 years at a conceptual stage without any func-
tional realization[9,12].

Similar to the algorithm-based computing machines 
of  Turing and von Neumann, Venter’s concept of  DNA 
as a software system relies on these computation models. 
However, these models cannot explain: (1) de novo genera-
tion of  new functional nucleic acid sequences; (2) their 
context-dependent recombination; and (3) the abundance 
of  mobile regulatory elements being active in all essential 
processes of  life such as replication, transcription, transla-
tion, repair and immune defence, all of  which are organ-
ized by an abundance of  small and large RNAs[4-8].

Today, we know that these RNAs predated the emer-

�76WJBC|www.wjgnet.com August 26, 2014|Volume 5|Issue 3|



gence of  DNA and many of  these RNA-world descen-
dants-even RNA viruses-remain as defective parts of  
genetic parasites in host cellular genomes as exapted and 
endogenized tools to regulate gene functions[13-17].

RNA-WORLD AGENT ACTIVITIES
Endogenous viruses, transposons, retrotransposons, 
long terminal repeats, non-long terminal repeats, long 
interspersed nuclear elements, short interspersed nuclear 
elements, group Ⅰ introns, group Ⅱ introns, phages 
and plasmids are currently investigated examples that 
use genomic DNA as their preferred live habitat. This 
means that DNA is not solely a genetic storage medium 
that serves as a read and write medium as an evolutionary 
protocol, but it is also a (quasi-)species-specific ecologi-
cal niche[4,17]. A great variety of  such mobile genetic ele-
ments infect, insert, delete, cut and paste, copy and paste 
and spread within the genome. They change host genetic 
identities either by insertion, recombination or the epi-
genetic regulation of  genetic content, and co-evolve with 
the host and interact in a module-like manner. In this 
respect, they play vital roles in evolutionary and develop-
mental processes. In contrast to accidental point muta-
tions, integration at various preferred sites is not a ran-
domly occurring process but is coherent with the genetic 
content of  the host; otherwise, important protein-coding 
regions would be damaged, causing disease or even lethal 
consequences for the host organism[17].

Therefore, DNA organized in chromatin is far more 
complex than the human-made “software system”, except 
that we are confusing the algorithm-based simulation of  
real-life storage with the real life, the computer machines 
with the living cells and organisms, and the self-repro-
ducing automatons with the real-life organisms that can 
replicate since the origins of  life[5,9,14].

Although various complex attempts to simulate early 
evolution and emergence of  life have been accomplished, 
no complete living cell with all of  its components (cell 
membranes, organelles, microtubules, chromosomes, 
etc.) has yet been engineered. Although hundreds of  an-
nouncements have been made within the last 60 years, 
not one of  them has been successfully completed.

BIOCOMMUNICATION AND NATURAL 
GENOME EDITING
The logical alternatives to the concepts of  synthetic biol-
ogy are not “guilty of  a kind of  modern day vitalism” as 
suggested by Craig Venter[1,2]. The alternative is the full 
range of  nucleic acid sequence-based life and the agents 
that are competent to arrange and rearrange DNA infor-
mation according to their real-life needs. Communication 
between cells, tissues, organs and organisms cannot be 
predicted or simulated by computing machines, because 
biocommunication does not function mechanistically and 
is not algorithm dependent[18]. The genome itself, via nat-
ural genome editing[19], generates large amounts of  coher-

ent new sequences and inserts these into DNA genomes 
without damaging essential protein-coding regions. This 
is not possible for any human-made software. Therefore, 
despite the bold visions of  Craig Venter, it will not be 
possible to create digital life in the future. The 20th cen-
tury DNA-based models and concept cannot integrate 
current empirical data into a coherent picture of  how 
the real life functions. We need new concepts that will be 
able to integrate all the currently available empirical data 
on viruses, mobile genetic elements and the abundance 
of  non-coding RNAs most relevant for genome shaping, 
regulation and evolution[20-26].

CONCLUSION
Despite the theoretical concepts of  Turing and von Neu-
mann, and the abundance of  announcements of  self-
reproducing machines, the vision of  digital life files that 
can be used as modules for generating life units will re-
main on the theoretical stage. The main reason is that the 
20th century DNA-based models cannot integrate current 
empirical data into a coherent picture of  how the real 
life functions: nucleic acid sequences do not represent 
unequivocal meanings that can be expressed in protein 
bodies, but depend on context, i.e., epigenetic markings, 
RNA-editing and alternative splicing that vary according 
to environmental circumstances, even though the DNA 
remains identical. 
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Core tip: Meaning in natural languages/codes and com-
munication is context dependent. In contrast, artificial 
formalizable (algorithm based) languages employ a 
“universal“ syntax in order to determine meaning inde-
pendent of the contextual circumstances. It is empiri-
cally evident that no natural language speaks itself as 
no natural code codes itself. It always requires living 
agents that share a competence to generate and in-
terpret these natural codes. Therefore I suppose that 
changes in the genetic code, which are of evolutionary 
relevance, are rather the result of fine-tuned processes 
by a large network of mobile genetic elements, persis-
tent viruses, its defectives and other genetic parasites 
that alter DNA sequences. In this respect DNA remains 
as ecosphere habitat for social interacting RNA inhabit-
ants. This represents a pragmatic turn in biology from 
syntax centered molecular biology to pragmatics cen-
tered agents interactions.

Witzany G. Pragmatic turn in biology: From biological 
molecules to genetic content operators. World J Biol Chem 
2014; 5(3): 279-285  Available from: URL: http://www.wjg-
net.com/1949-8454/full/v5/i3/279.htm  DOI: http://dx.doi.
org/10.4331/wjbc.v5.i3.279

INTRODUCTION
Sydney Brenner recently described the radical revolution 
in life sciences in the early 1950s: the occupation of  biol-
ogy by quantum mechanics examining the fundamental 
questions of  matter and energy followed by the rise of  
genetics that showed that chromosomes were the carriers 
of  genes. The discovery of  the double helix resulted in 
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Abstract
Erwin Schrödinger‘s question “What is life?” received 
the answer for decades of “physics + chemistry”. The 
concepts of Alain Turing and John von Neumann in-
troduced a third term: “information”. This led to the 
understanding of nucleic acid sequences as a natural 
code. Manfred Eigen adapted the concept of Ham-
mings “sequence space”. Similar to Hilbert space, in 
which every ontological entity could be defined by an 
unequivocal point in a mathematical axiomatic system, 
in the abstract ”sequence space” concept each point 
represents a unique syntactic structure and the value 
of their separation represents their dissimilarity. In this 
concept molecular features of the genetic code evolve 
by means of self-organisation of matter. Biological se-
lection determines the fittest types among varieties of 
replication errors of quasi-species. The quasi-species 
concept dominated evolution theory for many decades. 
In contrast to this, recent empirical data on the evolu-
tion of DNA and its forerunners, the RNA-world and 
viruses indicate cooperative agent-based interactions. 
Group behaviour of quasi-species consortia constitute 
de novo and arrange available genetic content for ad-
aptational purposes within real-life contexts that deter-
mine epigenetic markings. This review focuses on some 
fundamental changes in biology, discarding its tradition-
al status as a subdiscipline of physics and chemistry.
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Witzany G. Pragmatic turn in biology

the new paradigm that information is physically embod-
ied in DNA sequences of  four different types[1]. In con-
trast to the years before 1953, the question of  “informa-
tion” now became central: the components of  DNA are 
simple chemicals, but the biological complexity that can 
be generated by the information of  different sequences 
is revolutionary. The fundamental concept that integrated 
this new biological “information” with matter and energy 
was enshrined in the universal Turing machine and von 
Neumann‘s self-reproducing machines[2-4]. Consequently 
it follows that biology is physics with computation[5]. This 
was the core paradigm of  molecular biology for almost 
the next half-century. The crucial step in the serious dis-
cussion of  “information” as an essential part of  defini-
tions of  “life” was taken by Manfred Eigen.

MANFRED EIGEN COMBINES PHYSICS, 
CHEMISTRY, MATHEMATICS AND 
INFORMATION THEORY
In a series of  articles and books Manfred Eigen devel-
oped a model of  how the essential features of  life and its 
inherent complexity can be explained by physical proper-
ties of  matter[6,7]. If  certain chemical properties exist on 
a planet and certain physical conditions obtain, life will 
start by self-reproducing macromolecular cycles which 
act in a complementary way. On the one hand there are 
“information”-carrying nucleic acids which build a repro-
ductive cycle. On the other there are functional amino 
acids which build the protein bodies. Both code-systems 
together can build a catalytic “hypercycle” which is the 
basis of  the self-reproductivity of  life. 

Both parts can be reconstructed physically. Nucleic 
acids (information) and proteins (function) represent a 
closed system, because there is no function without in-
formation, and information gets meaning from function. 
“Mutations” are replication errors with selective advan-
tage, i.e., instabilities in this system represent irreversible 
thermodynamic processes. A series of  such mutations in 
nucleic acid sequences leads to quasi-species that are mu-
tant distributions of  primitive replicating entities. Such 
dynamic distributions of  genomes that share genetic vari-
ation, competition and selection generate the fittest types 
(“master copies”) and therefore avoid “error thresholds”, 
i.e., excessively high mutation rates, in that information 
cannot further reproduce. The resulting evolution of  
life is an optimising process in that Darwinian selection 
evaluates the fittest results of  mutations[8,9].

Manfred Eigen adapted the concept of  Hammings 
“sequence space” to explain hypercycle concept by physi-
cal properties of  matter. Similar to Hilbert space, in which 
every ontological entity could be defined by an unequivocal 
point in a mathematical axiomatic system, in the abstract ‚
information space” concept each point represents a unique 
syntactic structure and the value of  their separation repre-
sents their dissimilarity. In this concept molecular features 
of  the genetic code evolve by means of  self-organisation of  

matter. Each point in the sequence space can be occupied 
by one of  four different nucleotides. But each point can 
also be represented by digital computation (1 and 0)[7].

BIOLINGUISTICS, BIOINFORMATICS, 
SYSTEMS BIOLOGY AND SYNTHETIC 
BIOLOGY
A series of  varieties of  mathematical theories of  lan-
guage emerged such as Biolinguistics, Bioinformatics, and 
systems biology. They all interpret and investigate genetic 
structures in the light of  linguistic categories as quantifi-
able sets of  signs[10-12] and use statistical methods and 
algorithms to identify genetic sequence orders.	  

An emerging hybrid of  information-theoretical as-
pects of  nucleic acid language is synthetic biology. Its 
theoretical assumptions clearly derive from systems biol-
ogy and information theory and generally from a math-
ematical theory of  language. Proponents of  synthetic 
biology want to deconstruct complex biological systems 
into its parts and artificially reconstruct and even evolve 
biological systems[13]. This kind of  artificial molecular 
design could serve as an appropriate tool in genetic engi-
neering for, e.g., new vaccines, immune functions, etc. This 
rather mechanistic concept depends on syntax structure 
identification that represents meaning/function. The 
context-dependent epigenetic imprinting which repre-
sents a deep grammar hidden in the superficial grammar 
of  nucleic acid sequences is not the focus of  synthetic 
biology approaches. In contrast to predominant genetic 
engineering synthetic biology tries to construct complex 
biological systems which are then subject to selection 
processes. They are expected to be mutation-resistant in a 
certain sense.

UNEXPECTED EARTHQUAKE IN THE 
FOUNDATIONS OF MATHEMATICS
The original mainstream assumptions regarding the sev-
eral mathematical theories of  language are still present 
in concepts, curricula and even the definition of  life and 
animated nature[14,15]. The conviction of  an exact sci-
ence based on exact definitions of  scientific sentences in 
contrast to non-scientific ones is at the basis of  scientific 
communities and their self-understanding[16]. 

The history of  science or even sociology of  knowl-
edge evidences the interesting fact that it is still largely 
ignored that 50 years ago the basis of  this world view was 
shaken to the core. The belief  that mathematics was the 
best tool for depicting the physical reality of  matter and 
natural laws marginalised world views other than math-
ematical ones[16-19]. 

In his Unvollständigkeitssatz (incompleteness theo-
rem) Manfred Gödel investigated a formal system con-
verting a meta-theoretical statements into an arithmetical 
one[20]. He strove to convert the statements formulated 
in a meta-language into the object language S. This led 
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Gödel to two prominent and critical conclusions: (1) If  
system S is consistent, then it will contain at least one 
formally indeterminable sentence. This means that onev 
sentence is inevitably present that can be neither proved 
nor disproved within the system; and (2) If  system S is 
consistent, then this consistency of  S cannot be proved 
within S.

The consequence of  the incompleteness theorem for 
the automaton theory of  Turing and von Neumann was 
significant: a machine can principally calculate only those 
functions for which an algorithm can be provided. Sign-
mediated interactions between living organisms in which 
the meaning of  the signs depends on real life circum-
stances relay on non-formalizable sequence generation, 
for which no algorithm can be provided. Essential func-
tions of  every natural language, such as non-formalizable 
features are not object of  algorithm based calculations. 
Living organisms are no machines[21]. 

PRAGMATIC TURN IN BIOLOGY: 
NATURAL GENETIC CONTENT 
OPERATORS EDIT GENOMES 
Manfred Eigen’s concept of  natural languages/codes and 
the current concepts embraced by bioinformatics, bio-
linguistics, systems biology and synthetic biology are not 
coherent with current knowledge about key features of  
natural languages or codes, i.e., the three levels of  rules 
that govern natural code use by competent code-using 
groups: combinatorial rules (syntax), contextual rules (se-
mantics) and context-dependent rules (pragmatics). In all 
mathematical theories of  language the syntax determines 
semantics (function), but in natural codes pragmatics 
(context) determines semantics. Pragmatic rules do not 
exist in Eigen’s concept. Natural code-inherent rules are 
absent in abiotic matter that is determined strictly by 
natural laws: no syntax, pragmatic or semantic rules are 
present if  water freezes to ice. Therefore the explanation 
of  the evolution of  biological macromolecules in Eigen’s 
concept as well as in other mathematical theories of  lan-
guage cannot explain the evolution of  natural codes and 
its inherent rules[22-25].

RNAS THAT ORGANIZE GENETIC 
CONTENT COMPOSITION
The change from a read-only-memory genome with 
copying errors to a read-and-write genome with active 
change operators is fundamental. In contrast to the de-
cades long assumption that the driving forces of  evolu-
tion were chance mutation (statistical replication errors) 
and selection it is now recognised that although mutation 
is an empirical fact it does not contribute very much to 
genetic novelty. Key roles now act as non-random genetic 
change operators in the production of  complex evolu-
tionary inventions[26-28].

Now we can investigate several key players that or-

ganise the genetic content compositions of  host organ-
isms such as, e.g., endogenous viruses and its defectives, 
transposons, retrotransposons, LTRs (long terminal 
repeats), non-LTRs (non-long terminal repeats), LINEs 
(long interspersed nuclear elements), SINEs (short inter-
spersed nuclear elements), ALUs, group Ⅰ introns, group 
Ⅱ introns, phages, plasmids[29-31]. We now recognize that 
DNA is not solely a genetic storage medium but is also a 
kind of  ecological habitat. Many of  such mobile genetic 
elements have been found within the last 40 years as in-
habitants of  all genomes[32-35]. Some cut and paste, others 
copy and paste and both spread within the genome. They 
modify host genetic identities through insertion, recom-
bination, or the epigenetic regulation of  genetic content. 
They co-evolve with the host, interact in a modular man-
ner and additionally generate highly adaptive immune sys-
tems for host organisms from the simplest prokaryotes 
(CRISPRs/Cas system) to the most complex eukaryotes 
(VJD-Systems). Such mobile genetic elements shape both 
genome architecture and regulation. Therefore they are 
agents of  change not only over evolutionary time but 
also in real time as domesticated agents[36-38].

FROM MOLECULAR BIOLOGICAL 
ENTITIES TO SOCIAL GROUPS
The question arises how these RNA populations, it’s 
closely related RNA viruses and their complex interac-
tions can be explained and understood without math-
ematical theories of  language. How should we investigate 
non-coding RNA interactions, competencies and even 
their role in epigenetic imprinting without formalisable 
tools? This world of  life processes is dominated by RNA, 
whereas DNA remains a habitat, an ecosphere of  inter-
acting RNAs that behave like inhabitants and as genetic 
information storage[39-43]. 

All these these RNAs, share a secondary structure like a 
hairpin, or a stem-loop. In more complex ligated consortia 
of  such stem loops we can look at tRNAs, or ribosomal 
subunits, RNA polymerases or a great variety of  RNA 
viruses and its defectives as listed above. The RNA stem 
loops have two characteristic parts: stems that consist of  
base-paired nucleic acids and loops, bulges and junctions 
that consist of  unpaired regions limited by stems. Most in-
teresting from an evolutionary perspective are two recently 
found key features[44-46]: (1) Randomly associated RNAs 
that have no evolutionary history show the same structure-
dependent compositional bias as ribosomal RNAs. This 
means that the differences do not depend on selection 
processes but on the overall composition of  the RNA con-
sortium; and (2) The singular RNA stem loop behaves like 
a random assembly of  nucleotides without selective forces 
and underlies physico-chemical laws exclsusively Only if  
stem loops build groups, they share a culture of  interactio-
nal patterns and a history of  defined timescales, i.e., they 
underlie biological selective forces. 

This looks like the true split of  life and non-life pro-
cesses. To better understand behavioral motifs of  RNA 
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stem-loop swarms and viruses, one should add group 
membership features that are absent in the inanimate 
world. The basic tool of  such RNAs is their complemen-
tary composition of  base-pairing stems and not base-
pairing loops, the result of  an inherent property of  RNA 
chemicals, the foldback of  polyRNAs. The variety of  
regulations on protein coding genes as well as the process-
ing of  these regulatory RNAs by phases of  splicing and 
editing RNA transcripts makes its algorithm based pre-
dictability nearly impossible because of  its complexity[39]. 

These populations of  RNAs share properties with 
RNA viruses, which have defined capabilities. In contrast 
to DNA viruses RNA viruses have much smaller geno-
mes on RNA bases without proofreading and repair. In 
contrast to the previous perspective (mutation, i.e., repli-
cation error) the new perspective assembles the property 
of  invention of  new sequence contents, de novo, that have 
not existed before and for which no algorithms are avai-
lable in principle. This is important for variation and in-
novation, as well as infection, immunity and identity, for 
both diversified viral and cellular populations[47-50].

RNA STEM LOOP STRUCTURES 
CONSTITUTE LIFE
This change in perspective from molecules to agent-
based behaviour will look at interactions of  RNA viruses, 
DNA viruses, RNA-DNA viruses, viral swarms, and 
sub-viral groups like any ligated RNA stem loop groups 
that cooperate and coordinate (regulate) within cellular 
genomes as replication-relevant co-players[51-53]. Or they 
interact as suppression-relevant silencers or as infection-
derived modular tools of  non-coding RNAs that have 
built consortia of  complementary agents that function 
together such as retrovirus-derived remnants, such as 
LTRs, non-LTRs, group Ⅱ introns, rRNAs, tRNAs, spli-
ceosomes, editosomes, and other counterbalancing mod-
ules[54-58]. Such populations determine regulations in many 
ways and may newly adapt different functions. The use 
of  a natural language or code depends on consortia of  
living agents, because natural languages and codes func-
tion according to rules. In contrast to the inevitability of  
natural laws rule-following is a feature of  social interac-
tion and not solely one of  physico-chemical necessity[58]. 

Investigating syntactic sequences without know-
ing something about the real-life context of  code-using 
agents is senseless because syntactic structures do not 
represent unequivocally semantic meaning. Quantifiable 
analyses of  signs, words and sequences cannot extract 
meaning. Only in a restricted (statistical) sense this is pos-
sible through sequence comparison. 

EVOLUTIONARY GENETIC INVENTION 
IS NOT THE RESULT OF REPLICATION 
ERRORS
The virosphere in particular exemplifies how genetic in-

novation derives from novel nucleic acid sequences and 
their combination[59]. If  cells are infected by more than 
one virus, the genomes of  different viruses are copack-
aged into the viral progeny. During reverse transcription 
the reverse transcriptase switches between two or more 
templates, generating a new DNA sequence[60]. Similar 
sequence generations are known in various co-infection 
events such as the combination of  external RNA viruses 
and persistent endogenous retrovirus, infectious RNA vi-
ruses with former viruses, retaining defective parts which 
can be combined into new sequence orders of  still func-
tioning viruses[52,53]. Interestingly, not only viruses gener-
ate de novo, or combine and recombine sequences. With 
this innovation competence quasispecies-consortia (qs-c) 
transfer this adaptive principle also to all forms of  cellu-
lar life. The defective parts of  infectious genetic parasites 
represent an abundance of  appropriate tools for cellular 
needs, documented in the variety of  non-coding RNAs 
which are essential actors in all stages of  cellular life such 
as transcription, translation, repair, recombination and 
immune functions[60-65].

REMEMBER GÖDEL: NATURAL CODES 
ARE OPEN “SYSTEMS”
RNA group membership can be described by its various 
features. But this membership can never be completely 
specified, since it can always be further parasitised by 
unknown and even unpredictable parasites. This essential 
feature renders the ability to specify membership abso-
lutely impossible. Additionally this means absolute immu-
nity in this open “system” is impossible in principle. This 
“insecurity” provides the inherent capacity for novelty, 
that is, the precondition for greater complexity. It seems 
we are here at the core competence of  variation the es-
sential feature for biological selection.

How do agents emerge from ribozymes to form 
identity of  replicators and then form groups that learn 
membership? The emergence of  single RNA stem-loops 
solely depends on physico-chemical properties. As men-
tioned above, if  stem-loop groups build complex consor-
tia biological selection and social interactions emerge that 
are not present in a purely chemical world[44-46]. This looks 
coherent with the results of  sociology and the evolution 
of  natural languages. Natural languages and codes de-
pend on competent agents that followsemiotic (syntactic, 
pragmatic, semantic) rules, and rule-following are social 
interactions. This means one agent alone cannot generate 
or follow a rule. Evolution of  identity implies emergence 
of  self/non-self  differentiation competence. This is a 
crucial step from single RNA stem loops to RNA stem 
loop groups[28,36,45,46].

RNA GROUP BUILDING: CONTEXT 
DETERMINES MEANING 
If  we apply some interactional motifs of  RNA agents 
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to form biotic structures that follow biological selection 
processes and not mere physico-chemical reaction pat-
terns we must also look at the group-building of  RNA 
stem-loop structures. 

As previously mentioned it has been found that single 
stem loops react in a purely physico-chemical reaction 
mode without selective forces, regardless of  whether 
they derived randomly or are constructed under in vitro 
conditions[39,46]. Conversely, if  these single RNA stem 
loops build groups they overrule pure physico-chemical 
reaction patterns and emerge as biological selection 
forces: biological identities of  self/non-self  recognition 
and preclusion, immune functions, dynamically chang-
ing (adapting) membership roles. A single alteration in a 
base-pairing RNA stem that leads to a new bulge may dy-
namically alter not only a single stem loop but the whole 
group identity from which this stem loop containing the 
newly emerged bulge derives[39,46].

Simple self-ligating RNA stem loops can build much 
larger groups of  RNA stem loops that serve to increase 
complexity[66]. This may lead to ribozymatic consortia, 
which later on build success stories, such as the merger 
of  the two subunits of  transfer RNAs or RNA-depen-
dent RNA-polymerases for replication of  RNA through 
RNA or the subunits of  ribosomal RNAs, all of  them 
being former groups that evolved and functioned for dif-
ferent reasons than those applicable to subsequent con-
served modes[67-69]. 

If  RNA fragments self-ligate into self-replicating ri-
bozymes they constitute networks. For example, three-
membered networks represent highly cooperative growth 
behavior. If  such networks compete directly with selfish 
autocatalytic cycles, the former grow faster. This clearly 
indicates the ability of  RNA populations to evolve into 
higher complexity through cooperation which clearly out-
runs selfishness[46]. 

Another intriguing example of  the biological (selec-
tive) group-building competence of  RNA stem loop con-
sortia is the chemical interaction based on the molecular 
syntax in stem-loop “kissing”, in that single-stranded 
regions of  RNA stem loops bind according to Chargaff  
rules to other single-stranded stem loop structures to 
unite and build more complex group identities for sev-
eral functions, such as dimerisation of  genomic RNA in 
viruses, e.g., HIV 1. Such complementary interactions are 
also important in RNA replication of  the hepatitis C vi-
rus[70-72].

Complex three-dimensional structures can be built by 
consortia of  single RNA sequence strings. One of  the 
most interesting structures is the pseudoknot composed 
of  two helical segments connected by single-stranded 
regions or loops. Bases in the single-stranded loop are 
base-pairings with bases outside the loop. This interac-
tion pattern clearly depends on the rules of  molecular 
syntax but is initiated for adaptational purposes by differ-
ent ecosphere habitat dynamics. So the results of  these 
interactions may lead to structurally diverse groups with 
important different biological roles such as the catalytic 

core of  key players of  the present RNA world, i.e., ribo-
zymes, self-splicing introns, telomerase and its context-
dependent altering gene expression by inducing ribosom-
al frameshifting in several viruses[73-75].

Most interestingly, the base-pairing in pseudoknots is 
strictly context-sensitive and base-pairs overlap with one 
another in sequence positions. This leads to the limits 
of  algorithm-based prediction models such as dynamic 
programming or stochastic context-free grammars. This 
indicates the natural language nature of  nucleic acid co-
de3aw which represents the possibility of  coherent de 
novo generation and context-dependent alterations for a 
diversity of  different meanings (functions) for the same 
syntax structures.

CONCLUSION
How long will biology remain a subdiscipline of  physics 
and chemistry? As I have tried to demonstrate, the in-
vestigation methods of  natural languages/codes such as 
the genetic code (in terms of  both its superficial syntax 
and the deep grammar hidden as a result of  epigenetic 
imprintings) in the light of  mathematical theories of  
language and its derivatives such as biolinguistics, bio-
informatics, systems biology and synthetic biology can 
lead to quantifiable, i.e., statistical, results which can be 
compared, measured and computed. The question re-
mains whether it is sensible, to measure, investigate and 
compare the wavelength and modulations of  phonetic 
utterances of  humans to extract a meaning? Can we ex-
tract semantics from investigations of  certain features of  
syntax structure?

In natural languages/codes it is not the structure of  
syntax that determines the meaning of  sequences. In 
nearly all cases it is the hidden deep grammar which de-
termines meaning for the recipient of  the message. The 
deep grammar depends on how the superficial syntax is 
marked: in the genetic code by epigenetic imprintings or 
in sign sequences of  utterances by gestures and emphasis. 
In all cases the hidden deep grammar decides whether a 
competent recipient can understand the intended mean-
ing of  the sender or not.

The real-life world in which natural sign users are 
included decides the meaning of  a natural language or 
code, not the in vitro experimental set ups, the universal 
grammar or similar algorithm-based components. In con-
trast with previous approaches the real action between 
interactors determines what signs of  communication and 
coordination are used to express what should be trans-
ported, what is intended, and what is focused. The real 
actions are the driving force of  content and represent 
the context which determines the meaning of  thoughts 
and interpretations. Therefore pragmatics is of  essential 
relevance to identify the meaning of  natural languages/
codes, not syntax or semantics. 

This aspect is missing completely in Eigens concept 
of  a sequence space in which each nucleotide sequence 
occupies a unique position that can be computed by digi-
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tal units. Because each nucleotide sequence can have sev-
eral meanings, depending on the contextual use, sequence 
space position can not explain the variety of  its functions. 

This means the mathematical concept of  language 
and its derivatives is based upon a fundamental error. 
Natural languages/codes are not the core objects of  
natural sciences because the latter”s tools for appropriate 
investigations are rather limited and cannot lead to a full 
explanation or understanding. As a consequence we need 
a pragmatic turn in biology to liberate this discipline from 
its role as a subdiscipline of  physics and chemistry.
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of patient specimens, integration of high throughput 
screening, and use of molecular heterogeneity in bio-
marker discovery, we are poised to make progress in 
ovarian cancer screening. This review will summarize 
current biomarkers, imaging, and multimodality screen-
ing strategies in the context of emerging technologies.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Ovarian cancer is a lethal gynecologic malig-
nancy with five-year survival of only 20% to 40% for 
advanced stage disease. Detection at an early stage 
would likely have significant impact on mortality rate. 
Advances in high throughput screening with the human 
“-omes” including the proteome, genome, metabolome, 
and transcriptome are now available in various pack-
aged forms. To make progress in screening we need 
greater emphasis on prospective collection of patient 
specimens, integration of high throughput screening, 
and use of molecular heterogeneity in biomarker dis-
covery.
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INTRODUCTION
Ovarian cancer is a lethal gynecologic malignancy with 
greater than 70% of  women presenting with advanced 
stage disease[1]. Worldwide it is estimated there are 225500 
new cases of  ovarian cancer and 140200 deaths every 
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Abstract
Ovarian cancer is a lethal gynecologic malignancy with 
greater than 70% of women presenting with advanced 
stage disease. Despite new treatments, long term out-
comes have not significantly changed in the past 30 
years with the five-year overall survival remaining be-
tween 20% and 40% for stage Ⅲ and Ⅳ disease. In 
contrast patients with stage Ⅰ disease have a greater 
than 90% five-year overall survival. Detection of ovar-
ian cancer at an early stage would likely have signifi-
cant impact on mortality rate. Screening biomarkers 
discovered at the bench have not translated to success 
in clinical trials. Existing screening modalities have not 
demonstrated survival benefit in completed prospec-
tive trials. Advances in high throughput screening are 
making it possible to evaluate the development of 
ovarian cancer in ways never before imagined.  Data 
in the form of human “-omes” including the proteome, 
genome, metabolome, and transcriptome are now 
available in various packaged forms.  With the correct 
pooling of resources including prospective collection 
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year including 14030 deaths in the United States alone[2,3]. 

Primary treatment for advanced stage disease involves 
both surgery and chemotherapy.  

Despite new treatments, long term outcomes have 
not significantly changed in the past 30 years with the 
five-year overall survival remaining between 30 and 
40%[3]. Greater than 60% of  advanced stage patients will 
develop recurrent disease[4].  Patients with advanced stage 
disease have a five-year overall survival between 20% and 
40%, in stark contrast to the greater than 90% five-year 
overall survival of  patients identified and treated with 
stage Ⅰ disease[5-7].   

Given the poor prognosis for patients with advanced 
stage disease, effective screening modalities are needed 
to identify patients with early stage disease. The majority 
of  women with early stage disease are asymptomatic, and 
unfortunately when they do present for diagnosis, three 
quarters are found to have regional or distant metasta-
ses[7]. Preliminary evaluations of  screening with serum 
markers, pelvic ultrasounds, and multimodality strategies 
have demonstrated potential benefit in the earlier iden-
tification of  ovarian cancer[8,9]. With these encouraging 
results, prospective screening trials have been undertaken 
as the scientific community continues to increase the 
number of  potential biomarkers and imaging tests which 
might assist with identification of  early stage ovarian can-
cer in asymptomatic women. 

In the United States a woman’s lifetime risk of  de-
veloping ovarian cancer is 1 in 70 and the prevalence of  
ovarian cancer in postmenopausal women over the age 
of  50 is 1 in 2500[10]. To minimize harms while identifying 
women at risk, a positive predictive value (PPV) of  10% 
is needed, requiring a sensitivity of  greater than 75% 
and specificity of  99.6% to identify one case of  ovarian 
cancer for every ten operations[10]. It is unlikely that one 
biomarker test will meet this criteria given the high speci-
ficity needed[11].  

The ideal biomarker or panel of  biomarkers is ob-
tained through noninvasive means such as a bodily fluid: 
blood, saliva, urine, and cervical mucous are possibili-
ties[12]. Advances in high throughput screening have made 
it possible to evaluate the human genome with the hope 
of  better understanding genetic and epigenetic changes 
associated with the development of  ovarian cancer. Enor-
mous amounts of  data in the form of  human “-omes” 
including the proteome, genome, metabolome, and tran-
scriptome are now available in various packaged forms. 
The Cancer Genome Atlas (TCGA) recently completed 
a comprehensive genomic and epigenomic evaluation 
of  over three hundred high-grade serous ovarian cancer 
samples with microarray analyses and massively parallel 
sequencing coupled with hybrid affinity capture[13].

Ovarian cancer represents a very diverse group of  
tumors. Scientific endeavors such as TCGA are now 
making it possible to better delineate characteristics of  
various subtypes. The continued quest for a strategy that 
meets the need to identify asymptomatic women in the 
general population may depend on the ability to parse 

out the origins of  ovarian cancer. The epithelial category, 
which accounts for 90% of  all ovarian cancers, consists 
of  the following subtypes: (1) serous (50%); (2) endome-
trioid (10%-25%); (3) mucinous (5%-10%); (4) clear cell 
(4%-5%); (5) undifferentiated carcinomas (5%); and (6) 
transitional cells (rare)[14]. These ovarian tumors are likely 
distinct diseases with different cells of  origin and driver 
mutations, united under one term due to their predilec-
tion for dissemination to the ovary and related pelvic 
organs[15]. A pitfall of  the past may be failure to develop 
screening strategies based on differences among these tu-
mors. It is not yet clear if  one screening strategy or sepa-
rate approaches will be needed to identify patients with 
these tumor types at an early stage of  disease. This review 
will summarize current biomarkers, imaging, and multi-
modality screening strategies in the context of  emerging 
technologies.

BIOMARKERS AND EXISTING 
ALGORITHMS
Initially described by Bast et al[16] in 1981, cancer antigen 
125 (CA125) was recognized by the murine monoclonal 
antibody OC-125 as an antigenic determinant on a high 
molecular-weight glycoprotein. It is the most widely stud-
ied biomarker in ovarian cancer screening. Measurement 
of  CA125 can be performed with different commercial 
assays resulting in a certain degree of  variation. The 
majority of  assays appear to be both clinically reliable 
and correlative, nonetheless, new quantitative methods 
including mass spectrometry are under investigation[17,18]. 
As part of  its development, CA125 underwent molecular 
cloning and was found to have characteristics of  mucin, 
receiving the name MUC16[19]. 

In adults, CA125 is expressed in tissues derived from 
coelomic epithelium (mesothelial cells of  the peritoneum, 
pleura, and pericardium) and Mullerian (tubal, endo-
metrial, and endocervical) epithelia, as well as epithelia 
of  the pancreas, colon, gall bladder, lung, kidney, and 
stomach[20,21]. CA125 can be elevated in a number of  
conditions unrelated to ovarian cancer, resulting in de-
creased specificity and PPV.  Diverticulitis, endometriosis, 
liver cirrhosis, uterine fibroids, menstruation, pregnancy, 
benign ovarian neoplasms, and other malignancies (pan-
creatic, bladder, breast, liver, lung) can all result in an 
elevated CA125[11].  

When values below 35 U/L are designated as nor-
mal, CA125 is elevated in 80% of  epithelial ovarian 
cancers[22]. CA125 is elevated in approximately 50%-60% 
of  stage Ⅰ epithelial ovarian cancers and 75%-90% of  
patients with advanced stage disease[21,23]. The sensitivity 
of  CA125 to identify early stage disease is limited as a 
screening tool.  With evaluation of  22000 volunteers and 
over 50000 serum CA125 samples with a median follow 
up of  8.6 years, Jacobs et al[24] demonstrated CA125 levels 
in women without ovarian cancer remained static or de-
creased over time while levels associated with malignancy 
tended to increase[8,24]. Based on these findings, the Risk 
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of  Ovarian Cancer Algorithm (ROCA) was developed 
incorporating an individual’s age specific incidence of  
ovarian cancer and CA125 profile to triage women into 
various risk categories[8]. ROCA increased the sensitivity 
of  CA125 from 62% to 86% for detection of  preclinical 
ovarian cancer while maintaining a specificity of  98%[25]. 

A randomized control trial to evaluate ROCA consisted 
of  13582 postmenopausal women over the age of  50 
and demonstrated a specificity of  99.8% (CI: 99.7% to 
99.9%) and positive predictive value of  19% (CI: 4.1% to 
45.6%)[26]. This model has been incorporated into various 
multimodality screening strategies in an attempt to opti-
mize sensitivity, specificity, and positive predictive value.

The quest for other biomarker candidates has contin-
ued because a single CA125 value at a given time point 
will not reach a specificity of  99.6%, and approximately 
20% of  ovarian cancers may not express this antigen. 
Human epididymis protein (HE4), found primarily in the 
epithelia of  normal genital tissues and made up of  two 
whey acidic protein (WAP) domains and a four disulfide 
core, is elevated in epithelial ovarian cancer[27,28]. HE4 is 
overexpressed in 50% of  clear cell, 93% of  serous, and 
100% of  endometrioid cancers but is not overexpressed 
in mucinous tumors[28]. Identified initially as an mRNA 
transcript specific to the distal epididymal tissue, genomic 
advances with microarray gene expression profiling dem-
onstrated HE4 is highly-expressed in ovarian cancer[29,30]. 
HE4 has greater specificity in the premenopausal age 
group than CA125 given it does not appear to be ex-
pressed at high levels in the setting of  benign conditions 
such as endometriomas[31-33]. HE4 represents a victory for 
genomic strategies in the search for potentially effective 
biomarkers with microarray gene expression[34].

In a systemic review of  women with suspected gy-
necologic disease HE4 demonstrated a higher specificity 
(93% vs 78%) and similar sensitivity (79%) to CA125 
when distinguishing benign disease from ovarian can-
cer[35]. Studies have demonstrated a potential benefit in 
combining HE4 and CA125 when quantifying risk po-
tential malignancy in the evaluation of  a pelvic mass[36,37]. 
Even with new technology, it is unlikely that an individual 
biomarker will reach a specificity of  99.6%, positive pre-
dictive value of  10%, and sensitivity greater than 75% 
when screening an asymptomatic general population.  

In efforts to further triage women in the detection of  
ovarian cancer, progress has been made in the develop-
ment of  algorithms to delineate malignancy in the setting 
of  an adnexal mass. Woman appropriately referred to 
a gynecologic oncologist have better outcomes includ-
ing survival, demonstrating the potential importance 
of  these triage tests[38,39]. The Risk of  Malignancy Index 
(RMI), developed by Jacobs et al[40] in 1990, is a formula 
which incorporates a woman’s CA125 level, ultrasound 
score, and menopausal status to determine her likelihood 
of  malignancy in the setting of  an adnexal mass.  Since 
that time two other algorithms have been developed for 
assessment of  malignancy risk in women with adnexal 
masses: the Risk of  Malignancy Algorithm (ROMA) and 

the OVA1 test[41,42]. The ROMA algorithm is based on 
serum levels of  HE4 and CA125 with menopausal sta-
tus[41]. OVA1, with the exception of  CA125, is made up 
of  biomarkers discovered through mass spectrometry: β-2 
microglobulin, transferrin, transthyretin, and apolipopro-
tein[42,43]. Various studies have been published evaluating 
the effectiveness of  RMI, ROMA, and OVA1, as well as 
other strategies to help delineate the likelihood of  malig-
nancy in the setting of  a pelvic mass. Table 1 provides a 
summary of  various algorithms and assays used to pre-
dict likelihood of  malignancy. 

OVA1 and ROMA each have benefits and disadvan-
tages. Prospective multi-institutional trials and cost-ben-
efit analysis are needed before definitive conclusions can 
be drawn regarding these tests[34]. Table 2 lists sensitivities 
and specificities for various modalities in the setting of  a 
pelvic mass. Based on available data, OVA1 and ROMA 
likely have similar sensitivities, but ROMA appears to 
have greater specificity (75% vs 43%) which may impact 
cost-effectiveness and referral patterns from general gy-
necologists reticent to lose patients with benign masses to 
gynecologic oncologists[53]. OVA1, based largely on mass 
spectrometry with proteomics, and ROMA, made possi-
ble by the incorporation of  a microarray gene-expression 
based discovery in HE4, represent hopeful advancements 
in the ability to identify women with malignancy earlier 
than had been in the past. These are not screening tests 
for the general population, but represent potential tools 
to further triage of  women to the appropriate provid-
ers once the decision for surgical intervention has been 
made.  

Various other biomarkers and biomarker panels are 
currently under development for both the prediction of  
malignancy in the setting of  a pelvic mass and in asymp-
tomatic women. Table 3 lists various single biomarker and 
multi-biomarker panels with sensitivities and specificities 
for ovarian cancer detection. An important consideration 
with all of  these tests is the ultimate need to demonstrate 
benefit for patients through reduction in morbidity and 
mortality while minimizing harm. The advancements of  
technology combined with our exponentially growing 
knowledge of  the human “-omes” have outpaced our 
ability to reliably test these discoveries through clinical 
settings in a timely fashion. 

AREAS OF GROWTH IN BIOMARKER 
DISCOVERY
High throughput technology in conjunction with TCGA  
has now made it possible to combine multiplex assays 
with data from the proteome, genome, metabolome, 
and transcriptome. Within proteomics, biomarker panels 
have been developed in an attempt to increase sensitivity 
for ovarian cancer detection due to the heterogeneous 
make up of  subtypes (Table 3). Biomarker discovery in 
proteomics is usually based on two-dimensional gel elec-
trophoresis, mass spectrometry (MS), and/or protein mi-
croarrays in combination with bioinformatics analysis[65]. 
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MS with matrix assisted laser desorption and ionization 
time of  flight (MALDI-TOF) and surface-enhanced laser 
desorption and ionization time of  flight (SELDI-TOF) 
allow for the entire protein complement of  a patient sam-
ple to be evaluated in rapid high throughput fashion[12,64]. 

Protein microarrays can be used to profile the proteome 
of  cell populations using antigen-antibody interactions[66]. 

Protein microarrays are made up of  two major classes: 
(1) forward-phase arrays (FPA) with antibodies arrayed 
and probed with cell lysates; and (2) reverse-phase arrays 
(RPA) with cell lysates arrayed and probed with antibod-
ies[65].   

Unfortunately, proteomics has not resulted in the ma-
jor breakthroughs previously anticipated. An important 
consideration here is the biological samples used when 
identifying potential biomarkers. Various studies have 
demonstrated protein biomarkers perform very differ-

ently in the detection of  ovarian cancer when analyzed 
in prospectively collected samples from asymptomatic 
patients[67,68]. Future proteomic discovery may best focus 
on samples from patients prospectively followed until di-
agnosis in larger population based trials. Incorporation of  
methods aimed at depletion of  abundant serum proteins 
such as acute phase reactants, and the use of  multiplex 
bead-based immunossays may allow for identification of  
low abundance or low concentration proteins not previ-
ously identified[12].

MS continues to serve as an important tool to explore 
the thousands of  proteins relevant to ovarian cancer and 
has now been extended to use in glycomics, metabolo-
mics, MALDI-MS imaging, and autoantibody signatures 
for biomarker discovery[69]. Glycosylation or the addition 
of  carbohydrates to nascent proteins is a common post-
translational modification that is potentially altered in a 
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Table 1 Screening algorithms and commercially available assays

Algorithm or assay (Screening population)                                                       How it works

ROCA
(asymptomatic general population)

1 Compares a woman’s longitudinal CA-125 pattern to the change-point CA-125 profile seen in women 
with ovarian cancer and the flat CA-125 profiles seen in women without ovarian cancer[1]

2 Based on the ROCA result, women get triaged into one of three groups[1]:
(1) Low Risk: continue annual CA-125 testing
(2) Intermediate Risk: repeat CA-125 test 3 mo later
(3) High Risk: receive TVS and referral to a gynecologic oncologist
3 After each additional CA-125 value, ROCA is recalculated and a new recommendation is made[1]

ROMA
(known pelvic mass)

1 Uses both HE-4 and CA-125 test levels to evaluate patients as low or high risk for ovarian cancer[8]

2 A predictive index (PI) is calculated using different equations for pre-menopausal and post-menopausal 
women[8]

3 The PI is then inserted into the ROMA algorithm to predict the probability of ovarian cancer[8]

RMI (known pelvic mass) Uses menopausal status, ultrasound findings, and serum CA-125 levels to determine malignancy risk[40]

OVA1 (known pelvic mass) 1 A multivariate index assay that incorporates CA-125, transferrin, transthyretin (prealbumin), 
apolipoprotein A1, and beta-2-microglobulin[41]

2 An algorithm is used to generate an ovarian malignancy risk score between 0 and 10[41]

3 OVA1 scores greater than or equal to 5.0 (premenopausal) or 4.4 (postmenopausal) result in high risk 
stratification and referral to a gynecologic oncologist[41]

LR-1 (known pelvic mass) 1 An ultrasound-based prediction model
2 Twelve variables are used to calculate a probability of malignancy[88]:
(1) personal history of ovarian cancer
(2) current hormonal therapy
(3) age of the patient
(4) maximum diameter of the lesion
(5) pain during examination
(6) ascites
(7) blood flow within a solid papillary projection
(8) a purely solid tumor
(9) maximum diameter of the solid component
(10) irregular internal cyst walls
(11) acoustic shadows
(12) color score

LR-2 (known pelvic mass) 1 An ultrasound-based prediction model
2 Uses six variables to calculate a probability of malignancy[90]:
(1) patient’s age
(2) presence of ascites
(3) presence of blood flow within a papillary projection
(4) maximal diameter of solid components
(5) irregular internal cyst walls
(6) presence of acoustic shadows

ROCA: Risk of ovarian cancer algorithm; ROMA: Risk of ovarian malignancy algorithm; RMI: Risk of malignancy index; OVA1: Vermillion Inc. OVA1
® blood test; LR-1: International ovarian tumor analysis logistic regression model 1;LR-2: International ovarian tumor analysis logistic regression model 2; 
ROCA: Risk of ovarian cancer algorithm; ROMA: Risk of Malignancy Algorithm.



malignant state[69-71].  There is evidence to indicate various 
histologic subtypes of  ovarian cancer exhibit different 
glycoproteins[72]. This is encouraging given the significant 
heterogeneity of  ovarian cancer. The differences seen in 
glycomics may assist in screening algorithms which can 
be developed with this heterogeneity in mind.  

Evaluation of  the metabolome through MS has dem-
onstrated differences in metabolites in patients with and 
without epithelial ovarian cancer[73,74]. Existing concerns 
with the study of  metabolites include the significant vari-
ation in metabolic response and extensive biotransforma-
tion from the site of  malignancy to fluids such as serum 
or plasma[75]. Study of  the peptidome within the low-
molecular weight proteome in ovarian cancer has been 
limited by the potential loss of  peptides bound to carrier 
proteins during sample processing, although attempts 
have been made to mitigate this with isolation and en-
richment of  carrier proteins prior to MS evaluation[69,76]. 

Ovarian cancer diagnoses may also be aided with the uses 
of  anti-tumor autoantibody signatures and MALDI-MS 
imaging; however, these areas of  research are preliminary 
with MS[77,78].  

Separate from the use of  MS, there is a growing role 
for microRNAs in the development of  ovarian cancer 
biomarkers[79]. MicroRNAs are a class of  small noncoding 
RNAs which impact gene expression by targeting mul-
tiple messenger RNAs and triggering translation repres-
sion and/or RNA degradation[80]. Aberrant expression of  
microRNAs in ovarian cancer indicate they may act as a 
novel class of  oncogenes or tumor-suppressor genes[79].  
Five microRNAs (miR-200a, miR-100, miR-141, miR-
200b, and miR-200c) have been found to be consistently 

differentially regulated in epithelial ovarian cancer and 
may assist in the development of  biomarkers[81]. The fu-
ture is promising with these techniques; however, valida-
tion strategies and appropriate patient samples are vital 
to improving success in clinical testing. No individual 
biomarker or biomarker panel has been developed which 
meets the sensitivity, specificity, and PPV criteria desired 
for screening in a general population.

IMAGING
There has been an immense effort placed in the evalua-
tion of  screening with radiologic technology. A system-
atic approach to the diagnosis of  ovarian tumors with 
imaging is necessary given the majority of  women have 
benign lesions, and unnecessary interventions should be 
avoided without placing patients at risks for advanced 
stage disease[82]. Available imaging modalities include ultra-
sound, computed tomography (CT), magnetic resonance 
imaging (MRI), and 18F-fluorodeoxyglucose positron 
emission tomography (FDG-PET). Pelvic ultrasound has 
been the most studied imaging modality in ovarian can-
cer screening. Of  48053 postmenopausal women in the 
ultrasound group of  the United Kingdom Collaborative 
Trial of  Ovarian Cancer Screening (UKCTOCS), 4367 
asymptomatic women (9.1%CI: 8.8%-9.3%) had abnor-
mal adnexal morphology with an overall absolute risk of  
epithelial ovarian cancer of  1.08% (95%CI: 0.79%-1.43%) 
and a 1 in 22 risk of  epithelial ovarian cancer if  the ab-
normal findings included solid elements[83].  

In a single arm prospective screening cohort, the 
University of  Kentucky Ovarian Cancer Screening Trial, 
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Table 2 Specificity and sensitivity results of various screening strategies in the setting of a pelvic mass

Algorithm or assay          Ref. Sensitivity (%) Specificity (%)

ROMA Karlsen et al[44]   94.4   76.5
Moore et al[45]   94.3 75
Sandri et al[46]   91.2 75

  89.3   81.7
Van Gorp et al[89]   84.7   76.8
Sandri et al[46]   84.4 90
Chan et al[47]   89.2   87.3
Kaijser et al[90] 84 80

RMI Karlsen et al[44]   94.4   81.5
Håkansson et al[48] 92 82
Moore et al[45]   84.6 75
Van den Akker[49] 81 85
Van Gorp et al[89] 76   92.4

OVA1 Bristow et al[50]   92.4   53.5
Longoria et al[52]   92.2   49.4

OVA1 + Bristow et al[50]   95.7   50.7
Clinical assessment Longoria et al[52]   95.3   44.2
LR-1 Kaijser et al[88] 93 77
LR-2 Nunes et al[51] 97 69

Kaijser et al[88] 92 75
Kaijser et al[90]   93.8   81.9

TVS van Nagell et al[8]   86.4   98.8

ROMA: Risk of ovarian malignancy algorithm; RMI: Risk of malignancy index; OVA1: Vermillion Inc. OVA1® blood 
test; LR-1: International ovarian tumor analysis logistic regression model 1; LR-2: International ovarian tumor analysis 
logistic regression model 2; TVS: Transvaginal ultrasonography.



asymptomatic women 25 years or older with a docu-
mented family history of  ovarian cancer and asymptom-
atic women 50 years or older were screened with annual 
transvaginal ultrasound[84]. Serial ultrasonography in this 
trial demonstrated many ovarian abnormalities resolve in 
follow up: 63.2% of  women with an initially abnormal 
ultrasound were found to have resolution on subsequent 
imaging[85]. Observation with serial imaging may help 
improve positive predictive value and decrease false 
positive results in screening trials[85]. Of  37293 women 
who underwent annual screening, the five-year disease-
free survival rate for women with ovarian cancer in the 
screening group, including those who developed ovar-
ian cancer within one year of  a normal ultrasound (false 
negative), was 74.8% ± 6.6%. In contrast, a group of  un-
screened women with ovarian cancer treated at the same 
institution with the same surgical and chemotherapeutic 
protocols had a five-year disease free survival of  53.7% 
± 2.3%, P-value < 0.01[86]. Ultrasound screening does not 
impact disease-free survival by itself. Ultimately, the goal 
of  ultrasound screening is to identify patients with early 

stage disease who can be treated before the malignancy 
becomes advanced. While the results from this study are 
encouraging, the mortality benefit may have been im-
pacted by a healthy volunteer effect and lead time detec-
tion rather than impact on the natural history of  ovarian 
cancer[87].

Although screening in an asymptomatic population 
ultimately provides the best opportunity to improve sur-
vival in women with ovarian cancer, there has been prog-
ress made in the development of  imaging algorithms de-
signed for those women with a known adnexal mass. The 
International Ovarian Tumor Analysis (IOTA) group has 
developed various approaches to characterize adnexal 
masses as malignant or benign with ultrasound guidelines. 
These approaches can be divided into two strategies: the 
first consisting of  risk prediction with two logistic regres-
sion models (LR1 and LR2) based on demographic and 
ultrasound variables (Table 1), and the second based on 
simple ultrasound features that are descriptors of  benign 
or malignant masses[88]. In women with a pelvic mass the 

sensitivity and specificity of  ROMA and the RMI were 
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Table 3 Results of serum marker panels for the detection of ovarian cancer

Serum marker(s) Ref. Sensitivity (%) Specificity (%)

CA-125 1Karlsen et al[44]   91.7   75
1Chan et al[47]   90.8     67.2
1Leung et al[123] 89   90
1Sandri et al[46]   84.4   80
1Montagnana et al[54] 83 100
1Sandri et al[46]   73.1   90
Yang et al[55]   62.5   80
Havrilesky et al[56] 45.9-58.5     98.2
1Moore et al[37]   43.3   95
Jacob et al[57]   12.5 90.1-93.9

HE-4 1Montagnana et al[54] 98 100
Yang et al[55]   96.2      83.8
1Karlsen et al[44]   91.3   75
1Sandri et al[46]   83.1   90
Havrilesky et al[56] 82.7-92.5      86.3
1Moore et al[37]   72.9   95
Jacob et al[57]   62.5 81.8-85.9
1Chan et al[47]   56.9     96.9

CA-125, HE-4 1Moore et al[37]   76.4   95
1Moore et al[41]   88.7      74.7

CA 125, leptin, PRL, OPN, IGFII, MIF Visintin et al[58]   95.3      99.4
CA 125, CRP, SAA, IL-6, IL-8 Edgell et al[59]    94.1      91.3
CA-125, apoA-I, TTR, TF Su et al[60] 89-97 91-99
CA 125, HE4, CEA, VCAM-1 Yurkovetsky et al[61] 86–93   98
CA 125, ApoA1, TTR Kim et al[62]   93.9   95

Zhang et al[42] 74   97
CA 125, CA 19-9, EGFR, CRP, myoglobin, ApoA1, ApoCIII, MIP-1a, IL-6, IL-18, tenascin C 1Amonkar et al[63]   91.3      88.5
CA-125, OVX1r, LASA,CA15-3, CA72-4 Nossov et al[11]   90.6      93.2
CA 125, CA 72-4, CA 15-3, M-CSF 1Skates et al[64] 70   98
LPA Nossov et al[11] 90-100   90
FOLR1 1Leung et al[123] 62   90
M-CSF Nossov et al[11] 61-68   93
SMRP 1Moore et al[37]   53.7   95

1Study involved patients presenting with a pelvic mass; CA: Cancer antigen; HE-4: Human epididymis protein 4; PRL: Prolactin; OPN: Osteopontin; IGFII: 
Insulin-like growth factor II; MIF: Macrophage inhibitory factor; CRP: C-reactive protein; SAA: Serum amyloid A;  IL: Interleukin; apoA-I: Apolipoprotein 
A-I; TTR: Transthyretin; TF: Transferrin; CEA: Carcinoembryonic antigen; VCAM-1: Vascular cell adhesion protein 1; EGFR: Epidermal growth factor 
receptor; ApoCIII: Apolipoprotein CIII; MIP-1a: Macrophage inflammatory protein-1alph; OVX1: Mouse antibody generated by immunizing mice with 
antigenic preparations from multiple OC cell lines[21]; LASA: Lipid-associated sialic acid; M-CSF: Macrophage colony-stimulating factor; LPA: Lipoprotein A; 
FOLR1: Folate receptor 1; SMRP: Soluble mesothelin-related peptide.



compared to subjective assessment by skilled ultrasonog-
raphers in a prospective cohort study of  women[89]. The 
sensitivity of  ROMA, RMI, and expert ultrasonographers 
were 84.7% (77.9% to 90.0%), 76.0% (68.4% to 82.6%), 
and 96.7% (92.4% to 98.9%) respectively, and the speci-
ficity was 76.8% (70.7% to 82.2%), 92.4% (88.1% to 
95.5%), and 90.2% (85.5% to 93.7%) respectively[89]. Gen-
eralizability of  these results may not be possible based on 
its location, the cohort, and the ultrasonographers used. 
The study took place at one single tertiary care center in 
Europe with experienced ultrasonographers and a high 
prevalence of  malignant disease in the cohort[89].

In a different study, a cross-sectional cohort of  360 
patients with adnexal masses undergoing surgery was 
retrospectively evaluated with ROMA and LR2[90]. This 
study demonstrated decreased sensitivity and specificity 
for ROMA vs LR2 in both premenopausal and post-
menopausal patients, with overall sensitivity 84.0% vs 
93.8%, and specificity 80% vs 81.9%, respectively[90]. 

While this result indicates LR2 may be a more effective 
screening test in the setting of  adnexal mass, prospective 
randomized control trials are needed before conclusions 
can be made regarding the use of  algorithms which in-
clude biomarkers such as HE4 and CA125 (ROMA) vs 
ultrasound-based prediction models such as LR2. Table 2 
lists sensitivities and specificities for various modalities in 
the setting of  a pelvic mass.

Currently no prospective randomized studies support 
the use of  imaging as a single strategy in screening for 
ovarian cancer. At this time, given ultrasound is relatively 
inexpensive, available widely, and can provide tissue spe-
cific information with a presumptively risk-free technol-
ogy; it is the method of  choice for initial evaluation of  
an adnexal mass and estimating risk of  malignancy[82]. In 
asymptomatic postmenopausal women, the ultrasound 
screening arm results of  the UKCTOCS expected in 
2015 will help elucidate the role of  ultrasound in popula-
tion-based screening strategies. At this time is it unlikely 
ultrasound will significantly reduce mortality in primary 
screening, but it may be extremely important in reducing 
false positive rates in multimodality screening[91]. Exist-
ing ultrasound-based strategies evaluating the likelihood 
of  malignancy in the setting of  a known adnexal mass 
are based on those who have already been scheduled for 
surgery. Comparative prospective studies are needed to 
determine efficacy and effect on survival in women who 
have surgery based on prediction models using proposed 
ultrasound-based strategies with and without biomarkers 
such as CA125 and HE4.

MULTIMODALITY SCREENING
The promising results of  imaging in population-based 
screening for ovarian cancer have led to large scale mul-
timodality strategies. Prior prospective studies demon-
strating CA125 and ultrasound were feasible screening 
modalities have given way to prospective randomized 
multimodality screening trials involving ultrasound, serum 

biomarkers, and risk calculations using patient demo-
graphics[92,93]. The Prostate, Lung, Colorectal, and Ovarian 
Cancer Screening Trial (PLCO) is a multicenter random-
ized control trial of  78216 asymptomatic women aged 55 
to 74 years who underwent multimodality screening or 
usual care between November 1993 and July 2001 with 
management of  positive screens left to the discretion of  
the patient’s physician[94].   Multimodality screening con-
sisted of  annual testing for three years with transvaginal 
ultrasound and serum CA125 with a cutoff  of  35 U/mL 
followed by CA125 alone for an additional two years[94]. 

After four rounds of  screening, the PPV and cancer yield 
per 10000 women screened in the multimodality screen-
ing arm remained similar across screening rounds at 
1.0% to 1.3% and 4.7 to 6.2 cancers respectively with the 
overall ratio of  surgeries to screen-detected cancers 19.5 
to 1[95]. After a median follow up of  12.4 years (25th% to 
75th%, 10.9 to 13.0), no mortality benefit was found with 
combination transvaginal ultrasound and CA125 using 
an absolute cutoff: 118 deaths due to ovarian cancer (3.1 
per 10000 person-years) in the intervention group and 
100 deaths (2.6 per 10000 person-years) in the usual care 
group (mortality rate ratio, 1.18; 95%CI: 0.82-1.71)[96].    

The Japanese Shizuoka Cohort Study of  Ovarian 
Cancer Screening is a randomized control trial of  82487 
low risk postmenopausal women between 1985 and 1999 
with the intervention arm consisting of  annual ultra-
sound and CA125 with a cutoff  value[97]. The strategy 
achieved a sensitivity of  77.1% and specificity of  99.9% 
with a nonsignificant difference in the proportion of  
stage Ⅰ ovarian cancers identified, 63% in the screened 
group vs 38% in the control group, P-value = 0.2285[97]. 
Mortality results from this trial have not yet been pub-
lished and, as such, conclusions cannot be drawn from 
this trial regarding the benefit of  screening in an asymp-
tomatic population. 

The UKCTOCS is a randomized prospective multi-
arm ovarian cancer screening study in the United King-
dom. This trial, made up of  202638 post-menopausal 
women aged 50 to 74, randomizes women in a 2:1:1 for-
mat to three arms: (1) control; (2) annual screening with 
ultrasound; and (3) a multimodality strategy that takes 
advantage of  ROCA to triage women to various sub-
strategies[98]. These substrategies include transvaginal ul-
trasound and/or repeat CA125 at defined time points[98]. 
In the prevalence screen of  the UKCTOCS, ultrasonog-
raphy alone was compared to multimodality screening 
(ROCA as a primary test followed by transvaginal ultra-
sound as a secondary test or repeat CA125 if  indicated). 
With regard to primary invasive epithelial and tubal 
cancers, the multimodality screening arm demonstrated a 
higher specificity compared to the ultrasonography arm 
(99.8% vs 98.2%), P-value < 0.001, while the difference 
in sensitivity was not statistically significant (89.4% vs 
84.9%), P-value = 0.564[98]. 

A single-arm prospective cohort study of  4051 aver-
age-risk postmenopausal women in the United States was 
performed over 11 years using a two-stage ovarian cancer 
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screening strategy (CA125 interpreted through ROCA 
with subsequent repeat CA125 or transvaginal ultrasound 
as indicated) with a PPV of  40% for invasive ovarian 
cancer and specificity of  99.9% (95%CI: 99.7%-100%)[1]. 

The results from both the UKCTOCS and two-stage 
strategy in the United States indicate the use of  ROCA 
to interpret CA125 may be effective in triaging women to 
subsequent follow-up categories that impact both screen-
ing outcomes.  

When comparing the UKCTOCS prevalence screen 
results to the PLCO trial results, both the UKCTOCS 
multimodality arm (89.4% vs 51.7%) and the ultrasound 
arm (75.0% vs 67.4%) had higher sensitivities[99]. When 
CA125 values were retrospectively evaluated with ROCA 
within the PLCO data set no mortality benefit was seen; 
best-case and stage-shift scenarios resulted in 25 and 19 
deaths prevented with ROCA for relative risks of  0.90 
(95%CI: 0.69-1.17) and 0.95 (95%CI: 0.74-1.23), respec-
tively[100]. In addition to the use of  absolute cutoff  value 
for CA125, other concerns have been raised regarding 
the PCLO trial design including leaving management of  
positive screens to the discretion of  the treating physician 
and 40.6% of  ovarian cancer diagnosis took place after 
the screening ended[101]. Use of  an individualized algo-
rithm that tracks a patient over time will likely provide 
the best combination of  sensitivity, specificity, and PPV. 
For this reason, the UKCTOCS and its incorporation of  
ROCA in the multimodality screening arm, represents 
the best opportunity yet to identify a potential screening 
strategy. The results from the final mortality analysis in 
the UKCTOCS will be reported in 2015 and provide sig-
nificant insight into whether population-based screening 
in asymptomatic women is possible with currently avail-
able imaging and biomarkers. 

SYMPTOM-BASED SCREENING
Screening efforts in ovarian cancer have largely focused 
on asymptomatic women in the general population or 
women with known adnexal masses requiring further di-
chotomization for treatment purposes. Women with ovar-
ian cancer do have physical symptoms such as abdominal 
pain, bloating, and bowel irregularity that may serve as 
a potential trigger for diagnosis. In a case-control study 
comparing woman with ovarian cancer to age and race 
matched controls, more than 90% of  cases reported at 
least one symptom and symptoms were cited as the most 
common reason for the doctor visit leading to diagnosis 
(74%)[102]. Two feasibility studies have been performed 
demonstrating symptom-based screening in women is 
possible[103,104]. A symptom index was created with a sen-
sitivity of  56.7% for early stage disease and 79.5% for ad-
vanced stage disease, and a specificity of  90% for women 
greater than 50 years of  age and 86.7% for women less 
than 50 years of  age[105]. Based on patient interviews per-
formed with 812 women with ovarian cancer and 1313 
population-based controls, the symptom index and symp-
toms established in consensus recommendations had a 

PPV of  0.6%-1.1% overall and less than 0.5% for early-
stage disease[106]. The identification of  specific symptoms 
associated with ovarian cancer has value, but recognition 
of  symptoms alone will not significantly improve overall 
survival from ovarian cancer[107]. A cross sectional study 
of  160 women evaluated with use of  this symptom index 
found that the addition of  CA125, HE4, or the ROMA 
to a positive symptom index increased PPV when deter-
mining malignancy vs benign process in patients with a 
known adnexal mass[108]. At this time, given no effective 
screening tool has been proven in a prospective model, 
physicians should continue to discuss potential symptoms 
with their patients in an effort to increase self-awareness 
regarding warning signs for ovarian cancer.  

SCREENING IN HIGH RISK PATIENTS
Familial genetic predisposition makes up approximately 
10% of  ovarian cancers with germline mutations in 
BRCA1/BRCA2 and mismatch repair (MMR) genes in 
Lynch syndrome being the most common[109]. Women 
with BRCA1 and BRCA2 mutations have a cumula-
tive lifetime risk of  ovarian cancer of  40%-50% and 
20%-30% respectively, while the DNA MMR genes, in-
cluding those that predispose to Lynch syndrome, result 
in a cumulative lifetime risk of  ovarian cancer ranging 
from 6.7% to 12%[110]. As seen with improved survival 
in BRCA-associated ovarian cancers, inherited ovar-
ian cancers may have biological differences which allow 
treatment at time of  screen detection to have significant 
benefit[111].

Currently, no prospective studies exist which demon-
strate a mortality benefit by screening high risk asymp-
tomatic patients. The United Kingdom Familial Ovarian 
Cancer Screening Study (FOCSS) has recently completed 
a phase 1 trial in which 3563 women at greater than a 10% 
risk of  ovarian or fallopian tube cancer were screened 
with annual transvaginal ultrasound and CA125 for a 
mean of  3.2 years[109]. Sensitivity for detection of  incident 
ovarian and fallopian tube cancers at one year after last 
annual screen was 81.3% (95%CI: 54.3%-96.0%) if  occult 
cancers were classified as false negatives, and the PPV was 
25.5% (95%CI: 14.3%-40.0%) with only four women un-
dergoing surgery for each case of  detected cancer[109]. As 
part of  phase Ⅱ of  the FOCSS, screening frequency will 
increase to every four months, ROCA will be incorpo-
rated into the decision tree, and the threshold and work-
up for repeat tests will be per protocol. The Gynecologic 
Oncology Group (GOG) and Cancer Genetics Network 
have recently completed GOG 199, a prospective study 
screening women at high risk of  ovarian cancer with the 
use of  ROCA and transvaginal ultrasound[112]. 

For women with Hereditary Breast/Ovarian Cancer 
Syndrome who have not undergone risk reducing bilateral 
salpingo-oophorectomy, the National Comprehensive 
Cancer Network recommends screening with transvaginal 
ultrasound and CA125 every 6 mo starting at age 30 or 5 to 
10 years prior to the earliest age at diagnosis of  ovarian can-
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cer in relatives[113]. Given the potential biologic differences 
associated with high risk patients, screening asymptomatic 
women within this population may have greater benefit 
than in the general population. The FOCSS phase Ⅱ re-
sults and GOG 199 will provide evidence regarding poten-
tial screening benefits and assist with strategy optimization.

FUTURE CONSIDERATIONS 
Despite the technological advances which have been 
made, our current approach to screening strategies in 
ovarian cancer has inherent difficulties which need to be 
overcome. Directly impacting our ability to screen asymp-
tomatic women for ovarian cancer is the evolving reclas-
sification of  this heterogeneous group of  tumors. Results 
from the recently completed study of  serous ovarian 
cancer through TCGA demonstrate significant genomic 
heterogeneity even within one subtype of  epithelial ovar-
ian cancer, high grade serous carcinoma[13]. 

As in colorectal cancer and cervical cancer, identifi-
cation of  a precursor lesion or lesions will improve our 
ability to screen for the disease. These precursor lesions 
are likely varied based on the subtype of  ovarian cancer.  
With high grade serous carcinoma, a precursor lesion 
may develop in the fimbria of  the fallopian tube (serous 
tubal intraepithelial carcinoma also known as a STIC) or 
in an ovarian cortical inclusion cyst during implantation 
of  fimbrial epithelium on the denuded ovarian surface 
with ovulation[114]. Genetic evaluation links both clear cell 
and endometrioid carcinomas to precursor lesions within 
endometriosis[115]. A new model that considers both mor-

phologic and molecular characteristics separates epithelial 
ovarian tumors into two categories: type Ⅰ tumors are 
low-grade serous, low-grade endometrioid, clear cell, and 
mucinous tumors which usually present as large cystic 
masses within one ovary, while type Ⅱ tumors are com-
posed of  high-grade serous, high-grade endometrioid, 
malignant mixed mesodermal (carcinosarcoma), and 
undifferentiated carcinomas which commonly present as 
advanced stage disease[116].

A focus on identification of  the origins of  these 
groups of  tumors will lead to more effective screening 
strategies in an asymptomatic population.  For example, 
evaluating blood samples of  patients found to have 
STICs at the time of  prophylactic bilateral salpingo-oo-
phorectomy may prove useful in identifying biomarkers 
for preclinical serous carcinoma[12]. Type Ⅰ tumors tend 
to be genetically stable with mutations in various genes 
including PTEN, BRAF, β-catenin and KRAS, while type 
Ⅱ tumors have a high level of  genetic instability and 
commonly have a TP53 mutation[117]. Biomarker panels 
and multimodality screening may achieve better sensitivity 
and specificity with screening strategies based on differ-
ences in both cell origin and genetics among these varied 
tumors. 

In addition to the varied origin and molecular hetero-
geneity, the time course of  ovarian cancer development 
still eludes understanding. The time required for develop-
ment of  invasive disease or progression from stage Ⅰ to 
stage Ⅲ remains unknown[118]. This information is likely 
specific to the various ovarian tumors, and improved 
categorization through molecular advances will better 
elucidate the time course of  disease. For example, type Ⅰ  
tumors appear to follow a developed path of  transforma-
tion with stepwise progression from a benign lesion to 
a malignant tumor[119]. It has been proposed that ovarian 
cancer screening strategies should focus on type Ⅱ tu-
mors with the goal to identify low volume disease rather 
than early stage, as high grade serous carcinomas repre-
sent 75% of  all ovarian cancers and result in the majority 
of  deaths[113,120]. Low volume advanced stage disease may 
be more easily resectable at the time of  tumor debulking, 
but advanced stage patients still have a worse prognosis 
than those patients who are treated with early stage dis-
ease. Identification of  early stage disease will have the 
greatest benefit on mortality, and will require a shift from 
current approaches to incorporate advances made in the 
understanding of  tumor heterogeneity in this malignancy.  

Five phases of  biomarker development have been 
previously proposed: (1) the preclinical exploratory 
phase; (2) the clinical assay and validation stage; (3) the 
retrospective longitudinal study; (4) prospective screen-
ing evaluation; and (5) randomized control trials[121]. The 
preclinical exploratory phase must take advantage of  de-
velopments in high-throughput screening technologies to 
more effectively identify potential biomarkers among the 
thousands of  candidate molecules. For example, a bio-
marker discovery platform which incorporates proteome 
and transcriptome comparisons of  serum, tissue, ascites, 
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Figure 1  Biomarker candidates must be tested in patient samples col-
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ing strategies.
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cancer cell lines, and animal models through mass spec-
trometry and microarray technology makes it possible 
to take advantage of  these immense data sets[122]. Folate 
receptor 1 protein, developed through use of  proteomics, 
transcriptomics, and bioinformatics, demonstrates the in-
corporation of  various technologic platforms that make 
it possible to identify new biomarkers[123]. 

Further efforts must be devoted to the collection 
of  appropriate patient specimens in prospective trials. 
Within ovarian cancer, the majority of  biomarkers are 
evaluated with patient samples taken at the time of  diag-
nosis, usually advanced stage disease. It is not surprising 
that biomarkers discovered in an advanced disease setting 
do not perform with the same sensitivity or specificity in 
a prospective trial in which the goal is diagnosis of  early 
stage disease. Prospectively collected samples in asymp-
tomatic women provide a better understanding of  the 
ability of  candidate biomarkers to detect cancer prior to 
physical symptoms[124]. The prospective specimen collec-
tion retrospective blinded evaluation (PRoBE) study de-
sign mandates samples are collected prospectively, stored 
in a similar fashion, and once outcome status is defined, 
used to validate biomarkers in a blinded fashion with 
randomly selected cases and controls[125]. Given the low 
prevalence of  ovarian cancer in the general population, 
pooling of  resources is necessary to make advances in 
biomarker discovery. The National Cancer Institute’s Ear-
ly Detection Research Network assists with development 
of  prospective patient samples under the PRoBE study 
design[126]. PLCO samples have been used in this fashion 
to test potential biomarkers[67,68].  Development of  a large 
scale collection of  samples prospectively in asymptomatic 
women on a national or international level would provide 
the ability to validate biomarkers and predict lead time in 
the discovery of  ovarian cancer prior to physical symp-
toms (Figure 1).   

The final phase of  biomarker design is a randomized 
control trial, with the goal of  ovarian cancer screening 
to demonstrate a mortality benefit in the studied popula-
tion. This mortality benefit must be considered in the 
context of  the number needed to treat to reach such a 
benefit. A systematic review and meta-analysis of  avail-
able screening trials involving asymptomatic women 
found no reduction in ovarian cancer-specific or all-cause 
mortality [relative risk (RR), 1.08; 95%CI: 0.84-1.38; and 
1.0; 95%CI: 0.84-1.38 respectively][127]. While this analy-
sis does not include results from the UKCTOCS which 
will not be available until 2015, it does demonstrate that 
prospective trials within current paradigms have failed to 
meet major goals.  

In the PLCO trial 1080 women underwent surgery in 
the setting of  false positive results and 163 (15%) expe-
rienced a complication[96]. Based on review of  available 
clinical trials, 6% of  women with false positive screening 
results experienced a severe complication while under-
going surgery[127]. These patients underwent potential 
harm without benefit. A mortality benefit is necessary 
to justify the potential harm associated with false posi-

tives. If  the UKCTOCS and/or the Japanese cohort 
fail to show a benefit in mortality, this may be explained 
by lead time bias in which slow growing tumors are de-
tected more commonly by screening than fast growing 
lethal serous epithelial ovarian cancers[91]. Type Ⅰ tumors, 
which tend to be slow growing and more indolent than 
type Ⅱ tumors, were detected twice as often as type Ⅱ 
tumors in the ultrasound arm  of  the UKCTOCS (32 
borderline or type Ⅰ tumors vs 15 type Ⅱ tumors) despite 
a higher prevalence of  type Ⅱ tumors in epithelial ovar-
ian cancer[83]. If  this same pattern is seen through the 
UKCTOCS in 2015, it is unlikely there will be a mortality 
benefit given the better prognosis associated with the ma-
jority of  borderline and type Ⅰ tumors compared to type 
Ⅱ tumors.  

While further prospective screening trials will take 
place, ovarian cancer screening in the asymptomatic gen-
eral population results in potential harms without proven 
benefit at this time. Guidelines from the American 
College of  Obstetrics and Gynecology, the Society of  
Gynecologic Oncologists, the United States Preventive 
Services Task Force, and the American Cancer Society do 
not recommend screening for ovarian cancer in asymp-
tomatic low-risk women in the general population[128-130].

CONCLUSION
Ovarian cancer is deadly at advanced stage, and as the 
quest for an optimal screening strategy continues, it is ap-
parent there are risks associated with false positives and 
invasive tests. When surveyed, 80% of  women without 
risk factors or symptoms for ovarian cancer in the Uni-
versity of  Kentucky cohort felt that they would definitely 
want to participate in ovarian cancer screening starting 
at age 50[131]. Various avenues continue to be investigated 
in ovarian cancer screening including imaging, protein 
profiles, specific symptoms, and combinations of  these, 
as well as other modalities. An expanded and shared bio-
bank of  patient specimens collected before development 
of  symptoms and advanced disease is needed. It is with 
these precious samples that high throughput technology 
and human “-omes” will have the most positive impact 
on identification of  screening modalities. Emerging 
technology will allow science to evaluate biological data 
in ways never imagined. With the correct pooling of  re-
sources, including prospective collection of  patient speci-
mens, integration of  high throughput screening, and use 
of  molecular heterogeneity in biomarker discovery, we 
are poised to make progress in ovarian cancer screening. 
If  we are prudent in trial design and altruistic in the shar-
ing of  resources such as biological samples, identification 
of  an effective screening modality for ovarian cancer is 
within our capabilities.
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network of microRNAs in colorectal cancer metastasis 
provide new insights in the biological process of metas-
tasis and in the potential targets for colorectal cancer 
therapies and for diagnosis of recurrent and metastatic 
colorectal cancer.
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Core tip: MicroRNA is one of the most important epi-
genetic regulators by targeting mRNAs post-transcrip-
tionally. This article has reviewed the new evidence 
that has supported the significant role of microRNAs in 
the metastasis of colorectal cancer. Better understand-
ing of the complex network of microRNAs in colorectal 
cancer metastasis provide new insights in the biological 
process of metastasis and in the potential targets for 
colorectal cancer therapies and for diagnosis of recur-
rent and metastatic colorectal cancer.

Zhou JJ, Zheng S, Sun LF, Zheng L. MicroRNA regulation 
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INTRODUCTION
Colorectal cancer is the third most common cancer in 
both males and females worldwide. The major cause of  
death from colorectal cancer is the development of  meta-
static diseases. For those patients who have metastatic 
diseases at the time of  diagnosis, five-year survival rate is 
only 12%[1,2]. However, the molecular mechanism of  me-
tastasis still remains obscure. Multiple cellular character-
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Abstract
Colorectal cancer is the third most common cancer 
worldwide. Metastasis is a major cause of colorectal 
cancer-related death. Mechanisms of metastasis remain 
largely obscure. MicroRNA is one of the most impor-
tant epigenetic regulators by targeting mRNAs post-
transcriptionally. Accumulated evidence has supported 
its significant role in the metastasis of colorectal cancer, 
including epithelial-mesenchymal transition and angio-
genesis. Dissecting microRNAome potentially identifies 
specific microRNAs as biomarkers of colorectal can-
cer metastasis. Better understanding of the complex 
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istics of  neoplastic cells including epithelial-mesenchymal 
transition (EMT), invasion and migration, and changes 
in the tumor microenvironment such as angiogenesis 
are believed to be important for the metastatic process. 
Genetic abnormalities accounting for metastasis have not 
been identified while accumulated evidence suggests that 
microRNAs may play a crucial role in the epigenetic regu-
lation of  the multi-step process of  metastasis. 

MicroRNAs are a family of  small non-coding 18-22nt 
RNAs, which function in the post-transcriptional regula-
tion of  gene expression, by targeting mRNA for cleavage 
or translational repression[3]. In the nucleus, the DNA cod-
ing sequences of  miRNA are firstly transcribed into pri-
miRNA by RNA polymerase Ⅱ. After transcription, the 
enzyme named Drosha cuts pri-miRNA into pre-microR-
NA, which is then transported into cytoplasm and further 
cleaved into mature microRNA by Dicer. Only one strand 
of  the mature microRNA will be incorporated into RNA-
induced silencing complex (RISC), where microRNA play 
its silencing functions by interacting its target mRNA[4]. 

Accumulated evidence has suggested that microR-
NAs directly participate in the tumorigenesis process of  
colorectal cancer, especially through the posttranscription-
al regulation. Some microRNAs play roles in colorectal 
tumorigenesis by regulating the functional pathways of  tu-
mor suppressor genes. For example, microRNAs includ-
ing miR-135a/b and miR-122a were able to inactivate the 
adenomatous polyposis coli (APC) tumor suppressor gene 
and the APC-mediated pathways, providing an alternative, 
epigenetic mechanism for the inactivation of  this tumor 
suppressor gene. In the APC-mutated mouse model, 
microRNAs including miR-31, miR-137 and miR-215 
were found to be differentially regulated in association 
with colorectal adenoma formation, suggesting that these 
microRNAs may be regulated by the APC pathway and 
are involved in the early stage of  colorectal cancer de-
velopment[5-7]. Similarly, microRNAs including miR-34, 
miR-145 and miR-107 are regulated by p53 to mediate the 
function of  p53 in cell survival, proliferation and angio-
genesis, respectively[8,9]. Therefore, it has been well estab-
lished that microRNA is involved in the initial stage of  
colorectal tumorigenesis through the APC pathway and in 
the advanced stage of  colorectal tumorigenesis through 
the p53 pathway. More recently, a large body of  evidence 
has also supported the role of  microRNAs in colorectal 
cancer metastasis. Here we will review the function of  
microRNAs in the regulation of  EMT and angiogenesis- 
two biological processes that are important for colorectal 
cancer metastasis.

DISSECT MICRORNAOME IN 
COLORECTAL CANCER AND 
METASTASIS
To discover aberrantly expressed microRNAs in colorec-
tal cancer, microarray analysis was commonly used for 
dissecting microRNAome[10]. A microRNA microarray 
analysis in a discovery cohort of  84 colorectal cancer pa-

tients comparing microRNA expression profiles between 
colorectal tumors and paired non-tumorous tissues iden-
tified 37 microRNAs differentially expressed in colorectal 
cancer. Five microRNAs (miR-20a, miR-21, miR-106a, 
miR-181b, and miR-203) that were most differentially 
expressed between tumors and non-tumorous tissues and 
whose expression levels were also associated with pa-
tient survivals were selected for further validation. In the 
validation cohort, it was found that miR-21 was prefer-
entially expressed in colorectal tumors at more advanced 
TNM stages. In both discovery and validation cohorts, 
higher miR-21 expression level was significantly associ-
ated with poorer survival[11]. Similarly, in another study, 
49 microRNAs were identified to be significantly differ-
entially expressed comparing between rectal cancer and 
adjacent non-tumorous mucosa. Among them, miR-135b 
was shown to be significantly correlated to disease-free 
and cancer-specific survival in the validation cohort[12]. 

Although these microRNAome studies included 
patients across different stages, there is still a lack of  
identification of  microRNAs associated specifically with 
metastatic colorectal cancer. Shen et al[13] compared the 
miRNA expression profiles between colorectal cancers 
with liver metastasis and those without metastasis and 
found 28 differentially expressed microRNAs. Among 
them, four microRNAs (miR-150*, miR-125b-2*, 
miR-1179 and miR-139-3p) are up-regulated in colorec-
tal cancer with metastasis. Although this study provided 
microRNAome data for colorectal cancer with metas-
tasis, the sample size was small, including only 3 paired 
samples; and the clinical survival data was not available. 

While the microRNAome specific for colorectal 
cancer metastasis is still highly desired, the research on 
microRNAome continues to strive ahead with microarray 
analysis on both tumoral and stromal tissues of  colorectal 
cancer and with microarray analysis on colorectal tumors 
at different locations, of  different subtypes, and with dif-
ferent mismatch repair status. Single nucleotide polymor-
phism (SNP) variations in microRNA coding sequences 
and 3’-UTR have been studied[14-18]. These new researches 
have shed lights on the future research direction of  mc-
iroRNA in metastatic colorectal cancer. 

MICRORNAS IN PATHWAYS OF 
COLORECTAL CANCER METASTASIS
Despite genetic mutation is still considered as one of  the 
key characteristics in the primary occurrence of  colorec-
tal cancer, the metastasis of  colorectal cancer appears to 
be closely associated with epigenetic regulation, such as 
DNA promoter methylation, histone modification and 
microRNAs[19,20]. microRNAs have been demonstrated to 
be involved in two major pathways of  colorectal cancer 
metastasis, EMT and angiogenesis.

MicroRNAs in epithelial-mesenchymal transition
EMT is the biologic process that the polarized epithelial 
cells transit to a mesenchymal cell phenotype. During 
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the course of  metastasis, neoplastic cells undergo EMT, 
suggesting a mechanistic role of  EMT in metastasis. 
In EMT, proteins such as Vimentin, β-Catenin, TCF8-
ZEB1, E-Cadherin, Snail and Slug, are known to be spe-
cifically up or down-regulated and have been established 
as the markers of  EMT[21]. Similarly, microRNAs associ-
ated with colorectal cancer, were also found to be specifi-
cally regulated in EMT (Figure 1). 

First, TGF-β/Wnt signaling pathway is one of  the 
prominent pathways in EMT. miR-21 and miR-31 were 
uncovered as the downstream effectors of  TGF-β in 
colon carcinoma cells[22]. miR-21 is significantly elevated 
in the colorectal cancer with metastasis and negatively 
regulates the tumor suppressor programmed cell death 
4 (Pdcd4) and TGF-β receptor 2, accompanied by the 
decrease of  the downstreaming β-catenin[23,24]. Second, 
β-catenin was inversely correlated with Qki6/7 and P130, 
which are down-regulated by miR-574-5p and miR-17, 
respectively in colorectal carcinoma cells[25,26]. Third, the 
miR-200 Family was recognized as a master regulator of  
the epithelial phenotype, which is decreased in colorectal 
cancer with metastasis. The miR-200 family repressed 
the EMT by targeting the ZEB1/2, which down-regulate 
E-cadherin and up-regulate Vimentin. Furthermore, in 
the upstream of  the miR-200 family, promoter methyla-
tion and ERβ can be the cause of  decrease in colorectal 
metastasis[25,27,28]. Fourth, miR-9 has been suggested to be 
another regulator for E-cadherin. Prospero Homeobox 
1 (PROX1) was shown to promote EMT by inhibit-

ing E-cadherin via miR-9 in colon carcinoma cells[29,30]. 
Last, but not the least, microRNAs like miR-499-5p and 
miR-212 also function in regulating EMT, by target-
ing Pdcd4 and manganese superoxide dismutase (Mn-
SOD)[31,32]. 

The mesenchymal to epithelial transition (MET) is a 
reverse biological process of  EMT and has recently been 
suggested to be important for the metastatic cancer cells, 
by regaining epithelial properties, to establish their colo-
nization in distant organs. MiR-147 was recently found 
to be able to induce MET in colon cancer cell lines by 
targeting the TGF-β signaling pathway[33]. Further explor-
ing the roles of  microRNAs in MET may provide a deep 
insight into how the MET is executed in the cancer me-
tastasis. 

Thus, many characteristic markers of  EMT such as 
Vimentin, β-Catenin, TCF8-ZEB1, E-Cadherin, Snail 
and Slug, are targeted by microRNAs. Moreover, many 
microRNAs were found to have their targets in different 
types of  cancer. For one example, miR-200, by targeting 
ZEB-1/2, is a tumor suppressor in both breast cancer and 
colorectal cancer. For another example, ectopic expres-
sion of  miR-17 plays a role in regulating cancer cell inva-
sion and migration of  other malignancy types including 
colorectal cancer, breast cancer, head and neck cancer by 
targeting the TGF-β signaling pathway[34]. Therefore, un-
derstanding the roles of  microRNAs in colorectal cancer 
metastasis may identify potential therapeutic targets for 
the treatment of  many different types of  malignancies.
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Figure 1  MicroRNAs regulation in epithelial–mesenchymal transition of colorectal cancer metastasis. EMT: Epithelial–mesenchymal transition; PROX1: Pros-
pero Homeobox 1.



MicroRNAs in angiogenesis
Angiogenesis is considered to be essential for the estab-
lishment of  blood supply for metastatic lesions in the 
distant organs. Many pro-angiogenic and anti-angiogenic 
factors are involved (Figure 2). Tumor angiogenesis is 
associated with intravasation and extravasation of  meta-
static cancer cells, suggesting that many crucial molecules 
in angiogenesis and their corresponding receptors partici-
pate in the metastatic process[35]. One of  the best studied 
molecular mechanisms involves the vascular endothelial 
growth factors (VEGF) and the VEGF receptors. In 
addition, intratumoral blood vessel is the main route of  
chemotherapy or targeted drug delivery; but the effective-
ness of  drug delivery is unsatisfactory due to the disor-
ganized neovascularization in tumors. Clinically, VEGF 
targeted therapy is used for treating metastatic colorectal 
cancer, supporting the role of  angiogenesis in colorectal 
cancer metastasis[36,37]. 

Hypoxia is one of  the dominant characteristics of  
tumor microenvironment; and hypoxia inducible factor 
(HIF)-1 is one of  the key regulators in hypoxia induced 
angiogenesis[38]. Hypoxic microenvironment drives tumor 
cells to undergo an angiogenic switch which leads to the 
production of  pro-angiogenesis proteins such as VEGF. 
The VEGF pathway-mediated neovascularization is also 
driven partly by additional hypoxia responsive signals 
including basic FGF (bFGF) and placental growth factor 
(PlGF). 

Epigenetic regulation via microRNAs may be one of  
the major regulatory mechanisms for the disorganization 
of  neovascularization in tumor[39]. MiR-107 was shown 
to function as a suppresser of  HIF-1 and VEGF expres-
sion[40]. In addition to miR-107, miR-145 was found to 
be a regulator of  HIF-1 in colon cancer, by targeting 
p70S6K1 post-transcriptionally[42]. 

Another well characterized regulator for tumor an-
giogenesis is thrombospondin-1 (TSP-1), which belongs 
to the thrombospondins family[43]. TSP-1 acts as a barrier 
to neovascularization in tumors. MiR-17-92 and miR-194 
were both found to repress TSP-1, thereby promot-
ing the angiogenesis in colon cancers[40,44]. Interestingly, 
MiR-17-92 is a polycistronic microRNA cluster. The pre-
cursor transcript derived from this cluster gene produces 
six mature microRNAs: miR-17, miR-18a, miR-19a, miR-
20a, miR-19b-1, and miR-92-1[45]. Overexpression of  the 
miR-17-92 cluster was observed in multiple tumor types 

including colon cancer. As a polycistronic cluster, it can 
coordinate multiple functions in tumorigenesis includ-
ing increasing angiogenesis, promoting proliferation and 
inhibiting differentiation[45,46]. The miR-17-92 microRNA 
cluster is known to be regulated by the Myc oncogene. 
The Myc-activated miR-17-92 can stimulate tumor an-
giogenesis by attenuating the TGF-β signaling pathway, 
which provides an alternative target for miR-17-92 in ad-
dition to TSP-1[47]. 

Both miR-17-92 and miR-194 are upregulated by the 
p53 tumor suppressor. miR-194 also negatively regulates 
the thrombospondin (THBS1) mRNA. On another hand, 
it is known that p53 induces the transcription of  THBS1, 
which would have further induced the expression of  
TSP-1, since enhanced expression of  THBS1 leads to the 
induction of  TSP-1. Interestingly, p53 does not induce 
the expression of  TSP-1. Thus, it is possible that TSP-1 
is suppressed by miR-194 and miR-17-92, which both are 
regulated by p53[40]. Such a complex regulatory network, 
by providing multiple feedback mechanisms, allows a 
more precise regulation in angiogenesis. 

MICRORNAS AS POTENTIAL 
DIAGNOSTIC MARKERS FOR 
METASTASIS IN COLORECTAL CANCER
MicroRNA is studied as a potential diagnostic marker, 
considering its commonly conserved existence and re-
markable stability[48]. Although plasma CEA has been 
used as a diagnostic marker for colorectal cancer for de-
cades, one study had shown that only 59% of  417 moni-
tored patients with recurrence had a preceding elevation 
of  CEA concentration[49]. Several recent studies thus have 
been conducted on the identification of  plasma circulat-
ing microRNAs, attempting to develop more sensitive 
and specific detection methods[50-53]. Especially, methods 
for detecting the circulating microRNAs are attracting 
because of  their noninvasive nature. Recently, a panel of  
8 plasma microRNAs (miR-532-3p, miR-331, miR-195, 
miR-17, miR-142-3p, miR-15b, miR-532, and miR-652) 
was found to be able to distinguish colonic polyps from 
healthy controls. In addition, this study pointed out that a 
panel of  3 plasma miRNAs (miR-431,miR-15b, and miR-
139-3p) distinguished Stage IV CRC from controls[54]. 

However, there is still a lack of  circulating microR-
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NAs as an ideal biomarker for recurrence and metastasis. 
Plasma miR-92 and miR-29 were significantly elevated 
in colorectal cancer patients, but demonstrated no sig-
nificant difference between different stages of  colorec-
tal cancer[50,52]. Nevertheless, in a more recent study by 
Wang et al[55] serum level of  the miR-29a was found to 
be significantly higher in colorectal cancer patients with 
metastasis comparing to those without metastasis, with 
a sensitivity of  75% and a specificity of  75%. Similarly, 
circulating miR-221 was demonstrated to be a significant 
prognostic factor associated with poor overall survival. 
Whether it can be used for early detection of  recurrence 
is not studied[53]. Another two more recent studies found 
several promising microRNAs for the detection of  recur-
rence. Kanaan et al[51] demonstrated that plasma miR-31, 
miR-135b, miR-1 and miR-133a have a 100% sensitivity 
and a 80% specificity in detecting colorectal cancer, and 
also found that miR-31 was significantly more upregu-
lated in stage Ⅲ and Ⅳ than stage Ⅰ and Ⅱ. Hofsli et al[56] 
reported that in their “training” study conducted with 
with serum samples from 30 patients with stage Ⅳ colon 
cancer and from 10 healthy controls, 375 miRNAs were 
found to be more abundant in the sera from colon can-
cer patients than those from healthy controls, including 
miR-103, miR-107, and miR-221. These miRNAs were 
also found in sera from patients with stage Ⅰ-Ⅱ colon 
cancer; however, their roles in stage Ⅳ colon cancer re-
main interesting to be explored. 

CONCLUSION
microRNAs play a substantial role in the epigenetic regu-
lation of  colorectal cancer metastasis. Differential ex-
pression of  microRNAs is reported in the metastasis of  
colorectal cancer comparing to non-metastatic colorectal 
cancer (Table 1). More importantly, these microRNAs 
appear to form a network to coordinate the regulation of  
the metastatic process. Studies investigating the associa-

tion of  microRNAs with the metastasis process are high-
ly desired. Plasma microRNA remains to be identified as 
a noninvasive biomarker for early diagnosis of  colorectal 
cancer metastasis. Enlightened by the function of  mi-
croRNAs in the EMT process and angiogenesis, mecha-
nisms of  colorectal cancer metastasis may be revealed by 
dissecting the regulatory network of  microRNAs.  
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from conditional knockout mouse models reveal that 
KAP1-deficiency significantly impairs vital physiological 
processes, such as immune maturation, stress vulner-
ability, hepatic metabolism, gamete development and 
erythropoiesis. In this review, we summarize and evalu-
ate current literatures involving the biochemical and 
physiological functions of KAP1. In addition, increasing 
studies on the clinical relevance of KAP1 in cancer will 
also be discussed.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: KRAB domain-associated protein 1; Transcrip-
tional co-repressor; Post-translational modification; Chro-
matin remodeling; KRAB-containing zinc finger protein

Core tip: This review article primarily summarizes the 
current findings of KAP1/TRIM28/TIF1β, with focuses 
on its biochemical and physiological functions. Both the 
canonical transcriptional co-repressor function and the 
transcriptional-independent roles of KAP1 are discussed 
in detail. We highlight the post-translational modifica-
tions and the compartmentalized localization of KAP1 
and suggest that the function of KAP1 could be spatial 
and temporal regulated in multiple physiological circum-
stances. Finally, we summarize the clinical relevance of 
KAP1 in cancer and discuss the possibility to translate 
the mechanistic studies of KAP1 to human pathophysi-
ology in the future.
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Abstract 
KAP1/TRIM28/TIF1β was identified nearly twenty years 
ago as a universal transcriptional co-repressor because 
it interacts with a large KRAB-containing zinc finger 
protein (KRAB-ZFP) transcription factor family. Many 
studies demonstrate that KAP1 affects gene expression 
by regulating the transcription of KRAB-ZFP-specific loci, 
trans-repressing as a transcriptional co-repressor or epi-
genetically modulating chromatin structure. Emerging 
evidence suggests that KAP1 also functions independent 
of gene regulation by serving as a SUMO/ubiquitin E3 
ligase or signaling scaffold protein to mediate signal 
transduction. KAP1 is subjected to multiple post-trans-
lational modifications (PTMs), including serine/tyrosine 
phosphorylation, SUMOylation, and acetylation, which 
coordinately regulate KAP1 function and its protein 
abundance. KAP1 is involved in multiple aspects of cel-
lular activities, including DNA damage response, virus 
replication, cytokine production and stem cell pluripo-
tency. Moreover, knockout of KAP1 results in embryonic 
lethality, indicating that KAP1 is crucial for embryonic 
development and possibly impacts a wide-range of 
(patho)physiological manifestations. Indeed, studies 
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tripartite motif-containing 28 (TRIM28) or transcriptional 
intermediary factor 1 beta (TIF1β) was identified as an 
interacting protein for Krüppel-associated box zinc finger 
proteins (KRAB-ZFPs) in 1996[1-4]. Since then, KAP1 has 
been reported in regulating multiple aspects of  physiology, 
for examples, cell differentiation, DNA damage response 
(DDR), virus replication, immune response and tumori-
genesis (Figure 1). As KAP1 binds to the conserved KRAB 
repression domain, which is present in many transcription 
factors, KAP1 is considered as a critical transcriptional co-
repressor[2-4]. For instance, many proteins involved in chro-
matin remodeling or histone modification, such as hetero-
chromatin-associated protein 1 (HP1), nuclear co-repressor 
(N-CoR), histone deacetylase (HDAC), chromodomain 
helicase DNA binding protein 3/nucleosome remodeling 
deacetylase (CHD3/NuRD), histone methyltransferases 
(HMTs), have been identified in KAP1-containing com-
plexes[5-9] (Table 1). Consequently, KAP1 epigenetically 
regulates gene expression through multiple transcriptional 
co-repressor complexes. In addition to regulating KRAB-
ZFPs, the activity of  transcription factors lacking KRAB 
domain, such as c-Myc and E2F1, can also be regulated by 
KAP1[10-14]. KAP1 is subjected to multiple post-translational 
modifications (PTMs), including phosphorylation and SU-
MOylation (Figure 2). We and others have demonstrated 
that these PTMs coordinately regulate the gene repressive 
function of  KAP1[15-18]. 

Deletion of  Kap1 in mouse embryo leads to embry-
onic lethality[19], suggesting that KAP1 is critical during 
embryonic development and should be involved in a 
wide-range of  biological/physiological processes. Al-
though most of  the KAP1 studies have been focusing 
on its transcriptional functions, emerging evidence sug-
gests that KAP1 also exerts transcription-independent 
function. Given that KAP1 functions as a scaffold 
protein to constitute KAP1-containing complexes that 
regulate chromatin structure, it also plays an important 
role in maintaining genome stability by facilitating DNA 
repair in response to DNA damage through chromatin 
remodeling[20-22]. Moreover, the RING and the plant ho-
meodomain (PHD) domains of  KAP1 possess intrinsic 
enzymatic activity to potentially catalyze SUMOylation 
and ubiquitylation[15,23-25]. Interestingly, KAP1 resides in 
distinct cellular compartments, including the pericentric 
and centromeric heterochromatin, euchromatin and cyto-
plasm[6,25,26], implicating its essential functions for differ-
ent cellular activities. Taken together, the diverse function 
and regulated subcellular localization suggest that KAP1 
impacts multiple aspects of  biological processes and it 
warrants more rigorous investigations of  this important 
protein in the future. In this review, we aim to discuss 
both the transcriptional and non-transcriptional func-
tions of  KAP1. The PTMs of  KAP1 involved in these 
processes will be highlighted. Lastly, the clinical relevance 
of  KAP1 in cancer will also be elaborated.  

PROTEIN STRUCTURE AND PTMS OF KAP1
Given that the overall structure of  KAP1 has been exten-

sively reviewed previously[27] (and references therein) we 
will mainly focus on the PTMs of  KAP1 and how these 
PTMs crosstalk to each other and affect the interaction 
between KAP1 and its partners. KAP1 is a member of  
TIF1 family, which includes four proteins, TIF1α, TIF1β, 
TIF1γ and TIF1δ. As the other members in the TIF1 
family, KAP1 has an N-terminal tripartite motif  (TRIM), 
RBCC domain, which is composed by a RING finger, 
2 B-box zinc fingers and a coiled-coil region. In addi-
tion, KAP1 also shares a central TIF1 signature sequence 
(TSS), an HP1 binding domain (HP1BD), a C-terminal 
combination of  PHD and bromodomain with the other 
TIF1 members. Different from the other TIF1 proteins, 
KAP1 does not have a nuclear receptor (NR) box[27] (Fig-
ure 2).

The RBCC domain of  KAP1 interacts with various 
KRAB-ZFPs and is considered as an important region 
for the KAP1 recruitment to KRAB-ZFP binding sites 
across the genome[28,29]. It has been demonstrated that 
RBCC domain forms a homotrimer with a single KRAB 
domain[30]. Interestingly, a recent study suggests that 
KAP1 can still bind to promoter regions without RBCC 
domain, suggesting additional mechanisms that might 
contribute to the KAP1 recruitment to transcription 
factors on the promoter regions[31]. The TSS domain is 
adjacent to the RBCC domain, and is required for the 
transcriptional repressive activity of  TIF1γ[32]. However, 
the function of  TSS in KAP1 has yet to been defined. 

The hydrophobic PxVxL pentapeptide is located at 
the central region of  KAP1, namely HP1BD. HP1BD 
interacts with the chromoshadow domain of  HP1 pro-
teins and this KAP1-HP1 interaction is critical for the 
KAP1-mediated gene silencing[5,6,33,34]. It is believed that 
KAP1-HP1 complex plays a critical role in heterochro-
matin maintenance and gene silencing. In fact, HP1BD 
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Figure 1  KRAB domain-associated protein 1 is involved in multiple aspects 
of cellular physiology. Neurology: kap1 knockout in mouse forebrain induces 
higher level of anxiety-like behavior. Developmental Biology: Several conditional 
kap1 deletions impair normal cell development including embryonic stem cell (ESC) 
differentiation, spermatogenesis, erythropoiesis, and the development of T-cell and 
B-cell. Immunology: KAP1 is involved in immune responses by regulating T/B cell 
activity and immune tolerance. Virology: KAP1 is critical to suppress retroviral acti-
vation and prevent HIV integration. Cancer Biology: KAP1 is positively or negatively 
correlated with prognosis in different cancer types. The roles of KAP1 in maintaining 
genome stability, mediating DNA damage response and affecting cell proliferation in 
vitro imply its potential roles during tumorigenesis.



is required for nuclear retention of  KAP1 and disrupting 
KAP1-HP1 interaction reactivates the imprinted gene 
expression by perturbing histone and DNA methylation 
levels in vivo[31,35]. However, the detailed mechanism un-
derlying the KAP1 recruitment to HP1 on heterochro-
matin remains to be elucidated.

The C-terminal PHD and bromodomain of  KAP1 
(PB domain) recognize histone tail and are also required 

for the KAP1-mediated gene silencing by recruiting 
histone modifiers. Specifically, KAP1 interacts with 
CHD3/NuRD complex, and histone methyltransferase, 
SET domain, bifurcated 1 (SETDB1)[8,9]. These observa-
tions suggest a model for KAP1-dependent recruitment 
of  histone modifiers for histone methylation and hetero-
chromatin formation to achieve gene silencing[27].   

Notably, the carboxyl-terminus of  KAP1 is subjected 
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Figure 2  KAP1 structure, post-translational modifications and interacting proteins. KAP1 has multi-domains for protein-protein interaction and post-translational 
modification. RBCC: RING-B1-B2-coiled-coil; TSS: TIF signature sequence; HP1 BD: HP1 binding domain; PHD: Plant homeo domain. Numbers represent the se-
quence of amino acids; Blue: SUMOylation sites; Red: Serine phosphorylation sites targeted by the indicated kinases (shown in red) or antagonized by phosphatases 
(shown in green); Orange: Tyrosine phosphorylation sites targeted by the indicated kinase family; KLIYF: PP1 binding site; PxVxL: HP1 binding site; Dotted lines: 
Protein-protein interaction; SFKs: Src family kinases; HP1: Heterochromatin-associated protein 1; ATM: Ataxia-telangiectasia mutated; PP1: Protein phosphatase 1; 
CHD3/NuRD: Chromodomain helicase DNA binding protein 3/nucleosome remodeling deacetylase; HDAC: Histone deacetylase.

Table 1 Chromatin-associated factors/chromatin-remodeling enzymes interacting with KAP1

Chromatin-associated factors/
chromatin-remodeling enzymes

Consequences of binding with KAP1 Ref.

HP1 HP1-KAP1 interaction leads to transcriptional repression and has an essential role in development 
and cell differentiation. Phosphorylation at Ser-473 or Tyr-449, 458, 517 of KAP1 inhibits its 
interaction with HP1.

[5,6,33,43,46,53,94-
97,105]

SETDB1 KAP1 binds to SETDB1 through SUMO:SIM interaction to  methylate H3K9 at gene regulatory 
regions to achieve gene silencing.

[9,15,16,109]

N-CoR N-CoR represses basal transcription by the recruitment of HDACs to deacetylate histones. KAP1 is 
involved in N-CoR-1 complex to mediate transcriptional repression.

[7]

CHD3 (Mi-2α)/NuRD NuRD complex mediates chromatin remodelling and histone deacetylation via CHD3 (Mi-2α) and 
HDACs, respectively. KAP1 interacts with NuRD complex via PHD and bromodomain to alter the 
chromatin structure.

[8,21,37]

HDAC1 KAP1-HDAC1 complex interaction not only regulates histone modification but also non-histone 
protein deacetylation to exert a variety of different functions (also shown in Table 2).

[113]

SMARCAD1 SMARCAD1 mediates histone deacetylation and associates with KAP1-HDAC1 complex to 
regulate chromatin marks. 

[58]

DNMT KAP1 associates with DNMT to maintain DNA methylation at imprinting control region (also 
shown in Table 2).

[59,61]

HP1: Heterochromatin-associated protein 1; ATM: Ataxia-telangiectasia mutated; PP1: Protein phosphatase 1; CHD3/NuRD: Chromodomain helicase DNA 
binding protein 3/nucleosome remodeling deacetylase; HDAC: Histone deacetylase; N-CoR: Nuclear co-repressor; SETDB1: Bifurcated 1; DNMT: DNA 
methyltransferase.



to multiple types of  PTM. Several studies have revealed 
that KAP1 is SUMOylated and the SUMOylation of  
KAP1 is required for its repressive function[15,16,18]. Within 
or adjacent to the PB domain, six lysines of  554, 575, 676, 
750, 779 and 804 have been validated as SUMOylation 
sites, and the distinct SUMOylation combinations differ-
entially affect the interaction between the bromodomain 
with SETDB1 and CHD3[15,16,18,28]. KAP1 also undergoes 
auto-SUMOylation[15]. The magnitude of  KAP1 SU-
MOylation is balanced by deSUMOylases, SENP1, sentrin 
specific peptidase (SENP7) and the phosphorylation sta-
tus at serine-824 of  KAP1[15,17,36,37]. 

The serine-824 of  KAP1 is primarily phosphorylated 
by phosphoinositide 3 kinase-like protein kinases (PIK-
Ks), including ataxia-telangiectasia mutated (ATM), ataxia 
telangiectasia and Rad3 related (ATR), and DNA-depen-
dent Protein Kinase catalytic subunit (DNA-PKcs)[38]. 
This specific serine 824-phosphorylation is crucial for 
DDR in different aspects, for examples, the ATM-me-
diated KAP1 serine-824 phosphorylation is responsible 
for activating DNA damage checkpoints and chromatin 
relaxation[17,20], whereas ATR or DNA-PKcs presumably 
compensates for ATM-deficiency during DDR[39]. Our 
laboratory has demonstrated that protein phosphatase 1 
(PP1) interacts with KAP1 through the PP1-binding mo-
tif  in the coiled-coil region of  KAP1 to dephosphorylate 
KAP1 at serine-824[36]. In addition, protein phosphatase 
4 (PP4) also mediates the KAP1 dephosphorylation at 
serine 824 and another phosphorylation site at serine-473 
upon DNA damage[40,41].

Many DNA damage-inducing agents render both 
KAP1 serine-824 phosphorylation and serine-473 
phosphorylation through ATM-Chk2 or ATR-Chk1 
pathways[42]. KAP1 serine-473 phosphorylation is also 
involved in efficient DNA repair and cell survival upon 
DNA damage[42-44]. However, unlike the phosphorylation 
at serine-824, the KAP1 serine-473 phosphorylation is 
diffusely localized in the nucleus instead of  accumulating 
at damage sites and forming foci[44,45]. It remains to be es-
tablished whether different KAP1 phosphorylation sites 
play distinct roles in response to DNA damage. Interest-
ingly, the KAP1 serine-473 phosphorylation regulates 
cell cycle progression. A study demonstrated that PKCδ 
phosphorylates KAP1 at serine-473 during S phase of  
cell cycle. This event dampens the KAP1 and HP1γ in-
teraction and de-represses cyclin A2 to promote S phase 
progression[46]. Conceivably, KAP1 serine-473 phosphor-
ylation perturbs its association with HP1γ, thereby ren-
dering pan-nuclear distribution. This may be due to the 
structural alteration of  PxVxL domain, which is the HP1 
binding site of  KAP1. KAP1 mutant that loses its bind-
ing ability with HP1 indeed translocates to cytoplasm[31]. 
This implies that KAP1 serine-473 phosphorylation 
could function beyond gene regulation in cytoplasm. 
Results from several studies also suggest that KAP1 
serine-473 phosphorylation is associated with immune 
response. First, KAP1 is constitutively phosphorylated 
at serine-473 but not serine-824 upon T cell receptor 
activation in thymocytes[47,48]. Second, Kaposi’s Sarcoma-

Associated Herpesvirus (KHSV) infection induces phos-
phorylation at KAP1 serine-473 in endothelial cells[49]. 
Many KAP1’s partners, such as STAT1/3, NF-κB and 
IRF5/7[24,49-52], are involved in inflammation and immune 
response. To understand the role of  KAP1 serine-473 
phosphorylation in the immune responses induced by vi-
ral infection or other types of  stress could be rewarding. 
More recently, Kubota et al[53] reported that tyrosines-449, 
458 and 517 of  KAP1 are phosphorylated by Src family 
kinases (SFKs). The phosphorylation of  these tyrosine 
residues also interferes the interaction between KAP1 
and HP1. As SFKs are involved in regulating a wide-
range of  oncogenic processes, including cell growth and 
differentiation, this finding implies that KAP1 plays a 
role in SFK-mediated oncogenic transformation.

KAP1 is also demonstrated to be acetylated and 
the level of  KAP1 acetylation is downregulated by 
HDAC10[54]. Although HDAC10 regulates KAP1 tran-
scriptional co-repressor activity, there is no direct evi-
dence showing whether the acetylation affects KAP1-me-
diated transcriptional control. Studies on the regulation 
of  KAP1 acetylation and whether KAP1 acetylation 
crosstalks with other types of  KAP1 lysine-PTM are 
expected to provide additional insights into the roles of  
PTMs in governing KAP1 function.

TRANSCRIPTIONAL FUNCTIONS OF 
KAP1
KAP1 was originally identified to be associated with 
KRAB-ZFPs, suggesting a role of  KAP1 in transcrip-
tional control. In addition to the RBCC domain, there 
are also other domains allowing KAP1 to interact with a 
wide variety of  proteins such as histone acetylases (HATs), 
HDACs, HMTs and DNA methyltransferases (DNMTs). 
Thus, KAP1 has the flexibility to regulate transcription 
through multiple mechanisms, possibly depending on its 
PTMs, location and specific binding partners (Figure 2, 
Tables 1 and 2).

Histone modification and chromatin remodeling
RBCC domain is required for the recruitment of  KAP1 
to KRAB-ZFPs, and KAP1-binding sites are enriched 
in the promoter regions of  KRAB-ZFPs, suggesting 
an auto-regulation between KAP1 and KRAB-ZFPs[55]. 
However, a recent genome-wide study reports that KAP1 
does not regulate the expression of  those ZFPs and oth-
er genes that KAP1 is bound to their promoter regions. 
Instead, KAP1 regulates the expression of  genes with 
KAP1 binding sites distant from their transcription start 
sites. Furthermore, deletion of  the RBCC domain did not 
profoundly affect the binding of  KAP1 to correspond-
ing promoter regions[31]. Considering that KAP1 interacts 
with HP1 and other histone modifiers and is involved in 
long-range transcriptional repression[56], KAP1-mediated 
chromatin remodeling might contribute to the majority 
of  the KAP1-mediated transcriptional repression.

In addition to the basal transcription, KAP1-mediated 
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chromatin remodeling also participates in the activated 
transcription. We have shown that the DNA damage-
induced KAP1 serine-824 phosphorylation decreases 
SUMOylated KAP1 to reduce the H3K9 di- and tri-
methylation, a mark enriched at repressed genes, and to 
increase H3K14 acetylation, a mark enriched at the active 
genes, on the promoter regions of  KAP1-targeted genes, 
thereby relaxing the chromatin structure and activating 
the transcription of  pro-arrest and pro-apoptotic genes, 
including p21, Gadd45α, Bax, Noxa and Puma[16,17,36]. Like-
wise, the phosphorylation of  KAP1 serine-824 by the 
viral protein kinase induces chromatin remodeling to acti-
vate lytic genes to support Kaposi's sarcoma herpesvirus 
(KSHV) lytic replication[57]. Notably, KAP1 mediates the 
chromatin remodeling within the promoter regions, but 
not the distal regions of  its targeted genes upon DNA 
damage and viral reactivation[16,57]. It would be interesting 
to investigate how KAP1 mediates chromatin remodeling 
at distinct gene regulatory regions during basal and acti-
vated transcription. Furthermore, a study showing that 
KAP1 interacts with a SWI/SNIF-like, ATP-dependent 
chromatin remodeling protein, SMARCAD1, demon-
strates that the KAP1-SMARCAD1 complex regulates 
global H3K9 trimethylation and H3/H4 deacetylation 
to maintain the silenced loci during DNA replication[58]. 
Whether this complex is also responsible for KAP1-
mediated transcriptional repression during other circum-
stances remains unknown. 

DNA methylation
Emerging evidence suggests that KAP1-containing com-
plex is not only associated with histone modification, but 
also regulates DNA methylation. KAP1-mediated DNA 
methylation is important for genomic imprinting and epi-
genetic reprogramming during embryogenesis[59-63]. Studies 
have demonstrated that ZFP57, a KRAB-ZFP important 
for maintaining DNA methylation at the imprinted loci, 

recruits KAP1 to imprinting control regions (ICRs) to 
interact with NP95, a protein responsible for recruiting 
DNMTs to hemimethylated DNA, resulting in the main-
tenance of  genomic imprinting at ICRs[59,61]. Although 
these results implicate that KAP1 might indirectly recruit 
DNMT to specific loci, it remains elusive which domain 
of  KAP1 is responsible for the DNMT recruitment. 
Histone modification and DNA methylation are inter-
dependent, and histone lysine methylation is involved in 
maintaining genomic imprinting at ICRs[64,65]. Whether 
KAP1 plays a role in the crosstalk between these two epi-
genetic regulation pathways warrants further investigation. 

Transcriptional co-regulator
Although it is known that KAP1 can regulate gene ex-
pression by chromatin remodeling and DNA methylation 
as discussed in the previous sections, the specificity of  
KAP1-regulated genes under certain conditions is still 
largely unknown. Here, we reviewed how KAP1 regulates 
transcription factors on specific gene loci for gene regula-
tion (Table 2). 

KAP1 has no DNA binding domain but is recruited 
by a variety of  different KRAB-ZFPs via its RBCC do-
main[29,66,67]. Therefore, KAP1 is believed to exert its tran-
scriptional repression by associating with KRAB-ZFPs 
to specific promoter region of  its regulating gene[29]. 
Although KRAB-ZFP is a large family containing over 
400 genes encoding more than 700 predicted proteins, 
only a few studies directly address the role of  KAP1 
in regulating the KRAB-ZFP-mediated transcriptional 
repression[68]. In 1996, KAP1 was for the first time dem-
onstrated to interact with KRAB domain of  a human 
ZFP KOX1/ZNF10 to exert transcriptional repression[4]. 
Later, ZBRK1 was identified as a sequence specific 
KRAB-ZFP to recruit KAP1 to suppress Gadd45α and 
p21 expression[16,17,69]. Our laboratory has demonstrated 
that KAP1 SUMOylation status dictates the ZBRK1-
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Table 2 Transcription factors involved in KAP1-regulated gene expression

Transcription factor                                                      KAP1 function    Ref.

Myc KAP1 is involved in MM-1 and HDAC1 complex to suppress c-Myc transcription activity [10,11]
ZNF160 KAP1 interacts with ZNF160 and recruits HDAC to downregulate TLR4 in intestinal epithelial cells [79]
Oct3/4 KAP1 is potentially involved in regulating pluripotency of embryonic stem cells [78]
E2F1 KAP1 suppresses E2F1 transcriptional activity and inhibits E2F1 acetylation in an HDAC1 dependent manner [13]
p53 KAP1 is associated with MDM2-p53-HDAC1 complex and inhibits p53 acetylation and promotes p53 degradation [75]
p53 MAGE proteins stabilize KAP1-p53 complex to decrease acetylation and promote degradation of p53 [80]
p53 KAP1 ubiquitinates p53 for proteasome degradation [23]
IRF7 KAP1 sumolyates IRF7 and suppresses IRF7 transcriptional activity in IFN production [24]
ZBRK1 KAP1 interacts with ZBRK1 to repress Gadd45α and p21 gene expression [16,17,69]
HIF-1α VHLaK potentially recruits KAP1 to HIF-1α complex to suppress HIF-1α downstream gene expression [72]
Nrf2 KAP1 interacts with Nrf2 and facilitates Nrf2 transactivation activity [76]
STAT3 KAP1 interacts with STAT3 to suppress STAT3 transcriptional activity [82]
STAT1 KAP1 interacts with STAT1 to suppress STAT1 transcriptional activity [50]
ZNF689 ZNF689 potentially recruits KAP1 to suppress autophagy-gene-targeting miRNAs [71]
FOXP3 KAP1 is recruited by FIK in FOXP3-FIK-KAP1 complex to suppress FOXP3-target genes [74]
NFκB KAP1 is associated with NFκB and negatively regulates it acetylation and transcriptional activity [51]
SRY KAP1 is recruited by KRAB-O to SRY binding sites for gene regulation [68,73]
ZFP57 ZFP57 and KAP1 are associated with NP95-DNMT complex for maintaining DNA methylation at imprinting control region [59,61,62]

VHLaK: VHL-associated KRAB-A domain-containing protein; HDAC: Histone deacetylase; DNMT: DNA methyltransferase.



KAP1-mediated gene repressive function by enhancing 
histone methylation without altering KAP1-ZBRK1 
interaction[16,17]. Another KRAB-ZFP, ZNF160 has been 
shown to suppress TLR4 through the binding with 
KAP1 in intestinal epithelial cells for immune tolerance 
to commensal bacteria in gut[70]. More recently, ZNF689 
is identified as a potential KRAB-ZFP for recruiting 
KAP1 to suppress autophagy-gene-targeting microRNAs 
(miRNAs). The KAP1-mediated repression of  these 
autophagy-gene-targeting miRNA promotes mitophagy, 
a specific type of  autophagy targeting mitochondria, dur-
ing erythrocyte maturation[71]. 

Interestingly, proteins with KRAB domain but not 
DNA binding domain are also reported to being capable 
of  serving as a bridge for KAP1-mediated gene repres-
sion[68,72-74]. The KRAB Only (KRAB-O) protein is one 
example to recruit KAP1 to the sex determination tran-
scription factor SRY for regulating SRY-targeted genes[68,73]. 
VHL-associated KRAB-A domain-containing protein 
(VHLaK) promotes the formation of  HIF-1α-VHLaK-
KAP1 complex and potentially suppresses HIF-1α sig-
naling[72]. FOXP3-interacting KRAB domain-containing 
protein (FIK) is another bridge protein to recruit KAP1 to 
the FOXP3 binding sites for suppressing FOXP3-target 
genes[74]. Other transcription factors without KRAB do-
main including Myc, Oct3/4, E2F1, p53, IRF5/7, Nrf2, 
STAT1/3 and NF-κB can also interact with KAP1 for gene 
regulation[10,13,24,49-52,75-78]. More investigation is required to 
understand whether the formation of  these KAP1-tran-
scription factor complexes relies on other bridge proteins. 

Several studies have reported that KAP1 is capable 
of  modulating the acetylation status of  histones or tran-
scription factors. In general, KAP1-mediated HDAC 
recruitment negatively regulates gene expression. While 
mainly serving for histone deacetylation and for hetero-
chromatin maintenance[79], the KAP1-HDAC complex 
is also postulated to negatively regulate the acetylation 
level of  the transcription factors. For example, KAP1 
stimulates E2F1-HDAC1 complex formation to deacety-
late E2F1, which suppresses E2F1-mediated apoptotic 
gene expression in response to DNA damage[13]. KAP1 
is also involved in MDM2-p53-HDAC1 complex and 
promotes deacetylation and MDM2-mediated degrada-
tion of  p53[75]. More recently, melanoma antigen (MAGE) 
family proteins, which are highly expressed in many 
tumors, have been shown to enhance the formation of  
KAP1-p53 complex and to reduce p53 acetylation[80]. 
Interestingly, another study shows that MAGE proteins 
enhance the ubiquitin E3 ligase activity of  KAP1 to 
ubiquitylate p53 for degradation[23]. These studies provide 
a rationale for developing compounds blocking KAP1-
MAGE interaction for anti-cancer purpose[81].

In addition to regulating the activity of  deacetylase 
complex, KAP1 is reported to disrupt the interaction of  
NF-κB and p300, an acetyltransferase. By this mecha-
nism, the acetylation level of  NF-κB is reduced and the 
transcriptional activity of  NF-κB is dampened[51]. Besides, 
the physical interaction between KAP1 and STAT family 
members has been identified, and KAP1 negatively regu-

lates STAT1 and STAT3 signaling[50,82]. However, the mo-
lecular mechanism underlying this event remains unclear. 
Whether KAP1 regulates the PTMs of  STAT family still 
needs to be examined. 

NON-TRANSCRIPTIONAL FUNCTIONS OF 
KAP1
While extensive efforts have been made in understanding 
how KAP1 regulates transcription, less is known about its 
non-transcriptional functions. In fact, KAP1 has a critical, 
transcription-independent role in DNA repair processes. 
Additionally, emerging evidence shows that KAP1 pos-
sesses enzymatic activity required for multiple cellular 
processes. In the following sections, we aim to discuss the 
role of  KAP1 as a signaling scaffold protein in DNA re-
pair and its novel roles as SUMO and ubiquitin E3 ligases. 

Signaling scaffold protein in DNA damage response
White and colleagues identified that the PIKK family 
members, in response to DNA damage, phosphorylate 
KAP1 at serine-824. The serine-824 phosphorylated 
KAP1 co-localizes with several DNA repair factors, in-
cluding γH2AX, 53BP1 and TopBP1, implicating a role 
for KAP1 in DNA repair processes[20,38]. It was further 
demonstrated that the KAP1 serine-824 phosphorylation 
is responsible for ATM-mediated chromatin relaxation, 
a crucial step for DNA double-strand break (DSB) re-
pair[20]. Several lines of  evidence suggest that the function 
of  KAP1 in DSB repair is likely to be associated with the 
chromatin complexity and cell cycle status. Approximately 
25% of  DSBs that are located within heterochromatin re-
quire ATM signaling for repair, and knockdown of  KAP1 
bypasses the repair defects caused by ATM inhibition, 
suggesting that KAP1 is a direct downstream effector in 
ATM-mediated heterochromatin repair[83]. Although it 
has not been directly demonstrated, the SUMOylation 
of  KAP1 seems to be important for heterochromatin 
maintenance because the interaction between KAP1 
and the nucleosome remodeler, CHD3 requires KAP1 
SUMOylation, and the chromatin retention of  CHD3 is 
critical for chromatin plasticity during DDR[15,21,37]. It has 
been shown that the ATM-mediated KAP1 serine- 824 
phosphorylation perturbs the SUMO-dependent interac-
tion of  KAP1 and CHD3 at the carboxyl-terminus of  
KAP1, thereby resulting in the de-condensation of  het-
erochromatin[21]. Another possibility would be the deSU-
MOylase, SENP7, negatively regulates the SUMOylation 
status of  KAP1 to release CHD3 and promote chromatin 
relaxation[37]. However, how SENP7 is recruited to deSU-
MOylate KAP1 at the damage sites remains to be defined. 
It is also suggested that following the KAP1 phosphory-
lation-dependent chromatin relaxation, the KAP1-depen-
dent heterochromatin reconstitution mediated by the re-
lease of  ATM is a prerequisite for error-free homologous 
recombination (HR) repair[84]. It would be interesting to 
further delineate how KAP1 is involved in the heterochro-
matin reconstitution and whether the re-SUMOylation of  
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KAP1 is required for the reconstitution. In addition to its 
role in HR repair within heterochromatin, KAP1 has been 
shown to promote non-homologous end joining (NHEJ) 
repair, presumably within euchromatin[41]. Whether the 
chromatin localization of  KAP1 determines its function 
in DSB repair is still unclear. Several studies have shown 
that HP1 is required for recruiting KAP1 to DNA dam-
age sites for the repair within heterochromatin[44,85]. The 
disruption of  HP1BD in KAP1 results in a defect in 
forming discrete serine-824 phosphorylated KAP1 foci, 
which have been considered as a critical signal for DSB 
repair[44]. How HP1 recruits KAP1 and whether KAP1 is 
responsible for HP1-mediated DSB repair warrant more 
detailed investigation. 

Depletion of  KAP1 is able to rescue the defects in 
NHEJ repair caused by ATM inhibition in G1 cells[83,86], 
whereas HR repair can be restored by knocking down 
KAP1 in ATM-inhibited G2 cells[87,88], indicating that the 
participation of  KAP1 in specific DSB repair pathways 
is cell cycle-dependent. It is suggested that KAP1 ser-
ine-824 phosphorylation is enhanced by 53BP1 within 
heterochromatic regions and the concentrated phos-
phorylated KAP1 signal enables NHEJ repair[86]. On the 
other hand, a recent report shows that 53BP1 is required 
for enhancing KAP1 serine-824 phosphorylation and 
HR repair during G2-phase[89]. Collectively, these studies 
all indicate an important role of  KAP1 in DSB repair. 
However, it is still unclear how cell cycle progression af-
fects the role of  KAP1 in selecting DSB repair pathway. 
Intriguingly, it has been observed that the retention of  
KAP1 on chromatin is largely reduced in G2-phase[87,90], 
suggesting that the association of  KAP1 with chromatin 
is possibly regulated in a cell cycle-dependent manner 
and the chromatin retention of  KAP1 may be a critical 
determinant that directs DSB pathway choice.

Taken together, chromatin remodeling could be one 
of  the major functions served by KAP1 in DSB repair. 
Because KAP1 has multiple domains for protein-protein 
interaction, we speculate that KAP1 has additional roles, 
independent of  chromatin remodeling, in DSB repair, 
such as the recruitment of  members of  DNA repair ma-
chinery. 

Enzymatic activity
Recently, KAP1 has been found to possess SUMO E3 
ligase activity via its PHD domain to recruit the SUMO-
conjugating enzyme UBC9. This was first identified by 
demonstrating that KAP1 auto-SUMOylated its bromo-
domain to generate a repressive form of  KAP1[15]. Later, 
another two proteins IRF7 and Vps34 have been identi-
fied as substrates of  KAP1-mediated SUMOylation[24,25]. 
IRF7 is a transcription factor and master regulator of  
type I interferon-dependent immune responses. The 
SUMOylation of  IRF7 by KAP1 RING finger domain 
reduces its transcription activity. Therefore, KAP1 could 
be a negative regulator of  IRF7 and suppress IFN-based 
antiviral responses[24]. IRF7 is so far the only transcription 
factor identified as KAP1 target for SUMOylation. Sev-
eral transcription factors are known to be SUMOylated 

and growing evidence suggests SUMOylation negatively 
regulates transcription[91]. Whether KAP1 mediates SU-
MOylation-dependent suppression of  other transcription 
factors deserves another look. 

More interestingly, KAP1 not only SUMOylates 
nuclear proteins but also targets a cytoplasmic protein, 
vacuolar protein-sorting(Vps) 34, which is crucial for 
autophagosome formation and plays a central role dur-
ing autophagy. The SUMOylation of  Vps34 enhances its 
binding to Beclin 1 and triggers autophagosome forma-
tion in the presence of  acetylated HSP70. This study also 
suggests that the accumulation of  KAP1 in the cytoplasm 
of  cells treated with a pan-HDAC inhibitor, panobinostat 
via an unknown mechanism[25]. 

In addition to SUMO E3 ligase, the RING finger 
domain of  KAP1 has ubiquitin E3 ligase activity. Stud-
ies have demonstrated that KAP1, in the presence of  
MAGE, ubiquitinates p53 and ZNF382 to facilitate their 
degradation[23,80,92]. This could be an additional mechanism 
for KAP1 to regulate gene expression. Taken together, 
recent progresses suggest a non-canonical function of  
KAP1, dependent on its SUMO and ubiquitin E3 ligase 
activity. These novel functions of  KAP1 are not exclu-
sively confined in the nucleus and might impact cellular 
physiology in response to various stresses by mechanisms 
beyond transcriptional regulation. 

IMPLICATIONS OF KAP1 IN CELLULAR 
PHYSIOLOGY
KAP1 is involved in many aspects of  cellular physiology 
(Figure 1). First, KAP1 exerts critical function during 
embryonic development because global Kap1-knockout 
causes embryonic lethality in mice due to the inability to 
undergo gastrulation[19] (Table 3). The function of  KAP1 
in maintaining pluripotency of  embryonic stem cells 
(ESCs) has been demonstrated[78,93]. In addition, KAP1 is 
also required for ESC differentiation[94-97]. Studies using 
conditional Kap1-knockout mice show that KAP1 plays 
pivotal roles in different cellular maturation processes 
such as spermatogenesis, erythropoiesis, and the develop-
ment of  T-cell and B-cell (Table 3)[71,94,98-101]. Beyond regu-
lating T-cell and B-cell differentiation, KAP1 also func-
tions in immune response by additional mechanisms. For 
example, KAP1 is present in FOXP3-containing complex 
and facilitates the suppressor activity of  regulatory T 
cells[74]. Moreover, KAP1 is involved in immunoglobulin 
class switch recombination[102]. Recent studies demon-
strate that KAP1 associates with STAT1 and STAT3, 
master regulators of  immune response, to negatively 
regulate their downstream signaling. These results suggest 
the involvement of  KAP1 in immune response[50,51,82]. 

Using a mouse model, Jakobsson et al[103] show that 
conditional deletion of  Kap1 in adult forebrain caused 
higher level of  anxiety-like activity, suggesting that Kap1 
is a regulator for behavioral stress response. Although 
the molecular mechanism remains elusive, this could be 
due to the function of  Kap1 in regulating gene expres-
sion in hippocampus. It is worth noting that among 
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these dysregulated genes in hippocampus, some are im-
printed genes[103]. We speculate that Kap1 is also required 
for the maintenance of  a set of  specific imprinted genes 
because many recent studies have demonstrated that 
KAP1 mediates DNA methylation by recruiting DNMTs 
to ICRs during early embryogenesis[59,61,62]. 

More than maintaining normal cellular physiologi-
cal functions, KAP1 also regulates several pathways in 
response to different stresses. As mentioned earlier, sev-
eral studies have focused on the role of  KAP1 in DDR. 
KAP1 is known to be phosphorylated at serine-824 by 
ATM upon DNA damage and to transduce downstream 
signaling[20,38]. For instance, ATM-mediated KAP1 phos-
phorylation leads to de-repression of  p21, Gadd45α, Bax, 
Puma, and Noxa, causing cell cycle arrest and apopto-
sis[16,17,36]. Additionally, KAP1 is an ATM downstream me-
diator during DSB-induced heterochromatin relaxation, 
which facilitates DNA repair[20,21,83]. KAP1 also cooper-
ates with MDM2 to suppress p53 signaling by promoting 
p53 degradation[75,104]. Thus, PTMs of  KAP1 might be 
important in regulating p53 activity as well. 

In contrast to its co-repressor function, KAP1 can 
also be a co-activator in specific circumstances. It has been 
reported that mouse Kap1 interacts with Nrf2 to enhance 
Nrf2-meidated-cytoprotective function in NIH3T3 cells in 
response to oxidative stress[76]. However, whether KAP1 ex-
erts similar co-activator activity in human cells is not clear. 

Some studies demonstrate that KAP1 mediates viral 
gene expression and plays a role during viral latency. Spe-
cifically, KAP1 is associated with KHSV lytic gene pro-
moter to suppress lytic gene expression and in turn main-
tains virus latency[57]. Similar observation has also been 
made in retroviruses such as Murine Leukemia Virus 
(MLV) and human T-cell lymphotropic virus-1 (HTLV-1), 
that KAP1 restricts pro-viral gene activation[105-108]. Inter-
estingly, recent studies show that retroelements derived 
from endogenous retroviruses (ERVs), which are exten-
sively present in mammalian genome, can also be silenced 
by KAP1 to protect genome integrity in embryonic stem 
cells[109-112]. In addition, KAP1-HDAC1 complex deacety-
lates and inhibits human immunodeficiency virus (HIV) 
integrase activity, thereby reducing HIV infectivity and its 
integration to host genome[113].

CLINICAL RELEVANCE FOCUSED ON 
CANCER BIOLOGY
The clinical relevance of  KAP1 in diseases remains 

elusive. Most reports were based on studies in cancers. 
Higher expression of  KAP1 has been linked to pro-
metastatic cervical cancer[114]. Moreover, the up-regulation 
of  KAP1 could be a potential marker in colorectal can-
cer patients and higher level of  KAP1 is correlated with 
poorer overall survival in patients with gastric cancer and 
thyroid carcinoma[115-119]. These clinical studies suggest 
that higher KAP1 level is linked to a poor prognosis in 
certain cancers. However, opposite conclusions were also 
reported. KAP1 overexpression is associated with better 
overall survival in early-stage lung cancer[14]. Furthermore, 
a mouse model showed that Kap1-depletion in liver in-
creases male-predominant hepatic adenoma[120] (Table 2). 

Based on the studies focusing on transcriptional regu-
lation, KAP1 suppresses p53 transcription activity and 
has been proposed to be a target for anti-cancer thera-
py[75,104]. Nonetheless, KAP1 also suppresses activity of  
oncogenic transcription factors HIF-1α and STAT3[72,82]. 
In vitro studies using cancer cell lines also show divergent 
results. KAP1 has been shown to restrain cell growth in 
breast and lung cancer cells whereas it promotes mela-
noma cell growth and enhanced KAP1 activity mediates 
cervical cancer invasion[14,80,114]. Taken together, it is still 
inconclusive how KAP1 regulates tumorigenesis. Because 
KAP1 is a multi-faceted protein, it might have tissue-
specific function. More study is definitely required to 
understand how KAP1 contributes to tumorigenesis in 
particular tissue and whether KAP1 could be a target for 
cancer therapy. 

CONCLUSION 
The functions of  KAP1 in diverse cellular physiology 
have been studied for 18 years. However, the mechanisms 
of  KAP1 in regulating these different cellular processes 
are still largely unclear. The best-characterized role of  
KAP1 is its co-repressor function in regulating KRAB-
ZFP-mediated or other transcription factor-associated 
gene silencing. In the future, the identification of  more 
KAP1-interacting transcription factors may help to elu-
cidate how KAP1 regulates gene expression under spe-
cific condition. Clearly, KAP1 is critical for maintaining 
genome integrity as KAP1 modulates the dynamics of  
hetero- and euchromatin maintenance. In addition, DNA 
damage induces a robust and transient KAP1 serine-824 
phosphorylation and KAP1 is involved in DNA repair 
pathway choice. However, the molecular mechanism for 
KAP1-mediated DNA repair requires more rigorous in-
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Table 3  Mouse models illustrating the physiological functions of Kap1

Animal model                Phenotype    Ref.

Kap1 knockout mice Embryonic lethal prior to gastulation [19]
Hemato-specific Kap1  knockout  mice Impaired erythropoiesis [71,100]
T-cell-specific Kap1 knockout mice Defective T-cell differentiation [48,98]
B-cell-specific Kap1 knockout mice Defective B-cell differentiation [99]
Tamoxifen-inducible-germ cell-lineage-specific Kap1 depletion mice Impaired spermatogenesis [101]
Liver-specific Kap1 knockout mice Male-predominant steatosis and hepatic adenoma [120]
Kap1 knockout in mice forebrain Anxiety-like-behavior and cognitive impairments [103]
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vestigation.
KAP1 is subjected to several types of  PTM. The 

phosphorylation at serine-824 and SUMOylation at sev-
eral lysine residues of  KAP1 have been linked to gene 
regulation. Whether these lysine residues are subjected to 
additional PTMs and if  yes, what is the associated func-
tional consequences need to be further elucidated. More-
over, it would be interesting to look at other PTM sites, 
such as the phosphorylation of  serine-473. Whether the 
serine-473 phosphorylation affects the transcriptional re-
pressor activity of  KAP1 is still under investigation. An-
other interesting question is how KAP1 shuttles among 
different cellular compartments by PTMs. The serine-824 
phosphorylation has distinct nuclear localization pattern 
from the serine-473 phosphorylation, thus suggesting 
that KAP1 phosphorylation may affect its subcellular 
localization. Intriguingly, KAP1 is not only present in 
nucleus, and has been observed to translocate from 
nucleus to cytoplasm[25]. How PTM affects its nucleus-
cytoplasmic shuttling and potential chromatin extrac-
tion of  KAP1 deserve additional investigation. Finally, 
considering that KAP1 possesses SUMO and ubiquitin 
E3 activities, it might regulate the function or fate of  its 
SUMO- and ubiquitin-targets. In the future, studying the 
non-transcriptional function of  KAP1 might help to fur-
ther decipher its unrecognized face.  
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studies have identified a role for the Mnk kinases in 
cap-independent mRNA translation, suggesting that 
the Mnk kinases can exert important functional effects 
independently of the phosphorylation of eIF4E. The 
role of Mnk kinases in inflammation and inflammation-
induced malignancies is also discussed.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: The Mnk kinases are important downstream 
targets of the Erk and p38 mitogen-activated protein 
kinase (MAPK) pathways and their activity can also 
be modulated by MAPK independent signals. The Mnk 
kinases play important roles in regulating mRNA trans-
lation and, because of this, are key mediators of onco-
genic progression, drug resistance, production of pro-
inflammatory cytokines and cytokine signaling. This 
review focuses on the pathways regulating the Mnk 
kinases, the substrates on the Mnk kinases as well as 
the biological functions of the Mnk kinases.  
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INTRODUCTION
The Erk (extracellular regulated kinase) and p38 (mito-
gen-activated protein kinase) MAPK pathways are known 
to play important roles in mediating multiple biological 
processes including development, apoptosis, autophagy, 
oncogenesis, inflammation, etc[1]. Kinases that can be 
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Abstract
The mitogen-activated protein kinase (MAPK) inter-
acting protein kinases 1 and 2 (Mnk1 and Mnk2) play 
important roles in controlling signals involved in mRNA 
translation. In addition to the MAPKs (p38 or Erk), 
multiple studies suggest that the Mnk kinases can be 
regulated by other known kinases such as Pak2 and/
or other unidentified kinases by phosphorylation of 
residues distinct from the sites phosphorylated by the 
MAPKs. Several studies have established multiple Mnk 
protein targets, including PSF, heterogenous nuclear 
ribonucleoprotein A1, Sprouty 2 and have lead to the 
identification of distinct biological functions and sub-
strate specificity for the Mnk kinases. In this review 
we discuss the pathways regulating the Mnk kinases, 
their known substrates as well as the functional conse-
quences of engagement of pathways controlled by Mnk 
kinases. These kinases play an important role in mRNA 
translation via  their regulation of eukaryotic initiation 
factor 4E (eIF4E) and their functions have important 
implications in tumor biology as well as the regulation 
of drug resistance to anti-oncogenic therapies. Other 
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phosphorylated by multiple MAPKs such as the MAPK 
interacting protein kinases (Mnks) can exert multiple 
biological functions due to their ability to respond to a 
wide range of  external stimuli such as mitogens as well as 
stress inducers[1]. The Mnk kinase family includes Mnk1 
and Mnk2 which were originally discovered in two inde-
pendent screens as substrates for Erk1[2] and Erk2[3]. It is 
now well established that the Mnk kinases can be activat-
ed by either Erk or p38 MAPKs in response to multiple 
extracellular stimuli and phosphorylate their major down-
stream effector, the cap binding eukaryotic initiation fac-
tor 4E (eIF4E)[4]. 

Mnk1 and Mnk2 are serine/threonine kinases with 
substantial similarity in their coding sequences and motifs 
present in their structures[3]. Both kinases contain a N-ter-
minal basic amino acid rich region that can mediate their 
localization; a catalytic domain similar to the serine/threo-
nine kinases such as the Rsks, Ca21/calmodulin (CaM)-
dependent kinases, Mapkap kinase-2 and Mapkap kinase-3 
containing conserved MAPK phosphorylation sites; and 
an MAPK binding domain in their carboxyl terminus[3]. 
Mnk1 is activated in response to treatment with growth 
factors, ultraviolet (UV) radiation, mitogens and stress in-
ducing agents such as anisomycin or sorbitol  as well as by 
cytokines such as type Ⅰ and type Ⅱ interferons (IFNs), 
tumor necrosis factor (TNF)-α, interleukin (IL)-1b, etc.[3-6]. 
In contrast Mnk2 exhibits high basal activity that is more 
resistant to the inhibition of  Erk and p38 and these ob-
servations can be partially explained by differences in the 
C-terminal domains of  the Mnk kinases[3,7]. 

A detailed look at the Mnk kinases has shown that 
both Mnk1 and Mnk2 undergo alternative splicing[8,9]. 
Mnk1 and Mnk2 transcripts are alternatively spliced giving 
rise to two distinct isoforms for each[8,9]. The b isoforms 
lack the MAPK binding C-terminal domain and therefore 
their activity is MAPK independent[8,10,11]. The b isoforms 
also lack a nuclear export sequence while still retaining 
the nuclear localization signal and therefore both Mnk1b 
and Mnk2b are preferentially localized to the nucleus 
and in PML bodies which also contain eIF4E[8,10]. While 
most of  the studies on the Mnk kinases have focused on 
the Mnk1a and Mnk2a isoforms, evidence suggests that 
aberrant regulation of  Mnk splicing can have important 
biological consequences. The splicing factor SF2/ASF 
which can function as a proto-oncogene in multiple hu-
man cancers can regulate Mnk2 splicing[12]. Overexpres-
sion of  SF2/ASF was shown to result in the increased 
expression of  the MAPK independent Mnk2b isoform, 
while knockdown of  SF2/ASF attenuated the expression 
of  Mnk2b[12]. This study suggests the need for a better 
understanding of  the factors that regulate Mnk splicing 
as the preferential expression of  the MAPK independent 
Mnk isoforms can have important biological implications.

POST TRANSCRIPTIONAL REGULATION 
OF MNK KINASES
Mnk kinase activity is mainly regulated by the upstream 

p38 and Erk MAPK pathways. The p38 MAPK pathway 
is activated by a variety of  stress inducers such as osmotic 
shock, UV radiation, as well as cytokine and chemokine 
stimulation[13]; while engagement of  the Erk MAPK 
pathway is primarily mediated by pro-growth stimuli such 
as growth factors and phorbol esters[1]. Thus the Mnk ki-
nases can play a dual role in mediating cellular responses 
to stress as well as responses to mitogens in a context-
specific manner. MAPK phosphorylation of  Mnk1 
results in the phosphorylation of  Thr 209 and Thr 214 
located in the T loop activation domain, whereas mouse 
Mnk1 is phosphorylated on Thr 197 and Thr 202[14].

Phosphorylation of  Mnk1 has been shown to acti-
vate its kinase activity as well as to enhance its binding to 
the eukaryotic initiation factor 4G (eIF4G) which func-
tions as a scaffolding protein[14,15]. Additionally Mnk1 
mediated phosphorylation of  eIF4E regulates its release 
from eIF4G[14]. eIF4G contains binding sites for the cap 
binding eIF4E and the poly A tail protein (PABP) at the 
N-terminus[16,17] while the C-terminal domain contains 
docking sites for eIF3, eIF4A and Mnk1[15,17]. eIF4G 
along with its binding partners and the small ribosomal 
subunits are important components of  the 48S initiation 
complex required for translation initiation[18]. Studies sug-
gest that Mnk1 is unable to interact with eIF4E in the ab-
sence of  eIF4G and a mutant eIF4E lacking the ability to 
bind eIF4G is not a good Mnk1 substrate[15]. Additionally 
Mnk1 can interact with the eIF4G related translational 
repressor p97[15]. p97 which functions as a cap dependent 
and cap independent translation repressor has a 28% 
homology to the C-terminal of  eIF4G and can interact 
with translation initiation factors such as eIF3, eIF4A but 
is unable to interact with the mRNA recruiting eIF4E[19]. 
Thus p97 may be a potential negative regulator of  Mnk1 
mediated phosphorylation of  eIF4E [15]. Also PKCα 
which was initially believed to be a Mnk1 kinase is known 
to phosphorylate eIF4G on Ser 1186 facilitating its bind-
ing to Mnk1[20] and may potentially play an important role 
in regulating Mnk1 activity by indirectly controlling the 
phosphorylation of  eIF4E. Mnk2 has also been shown 
to interact with eIF4G and to function as an eIF4E ki-
nase[21].  Thus, regulation of  the Mnk-eIF4G interaction 
can play an important role in regulating Mnk activity.

Other studies have suggested that phosphorylation 
of  Mnk1 by the p21 activated kinase 2 (Pak2/γ-Pak) can 
negatively regulate its kinase activity[22]. Pak2 belongs to 
a family of  serine/threonine kinases and is activated in 
response to stress inducing stimuli such as UV and ion-
izing radiation induced DNA damage, serum starvation, 
by the binding of  the GTP bound small G protein cdc24 
as well as by caspase 3 mediated cleavage[23]. Caspase 3 
activated Pak2 mediated engagement of  Mnk1 results in 
the phosphorylation of  Thr 22 and Ser 27, residues that 
lie in the N-terminal domain of  Mnk1 that can interact 
with eIF4G and thereby attenuates the affinity of  Mnk1 
towards eIF4G[22]. Additionally Pak2 mediated engage-
ment of  Mnk1 also attenuated Mnk1 mediated phos-
phorylation of  eIF4G[22]. As the experiments conducted 
in this study were for the most part performed in vitro, 
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Pak2 mediated phosphorylation of  Mnk1 did not affect 
Mnk1 mediated phosphorylation of  eIF4E. Additionally 
Pak2 can also phosphorylate eIF4G at the eIF4E binding 
domain and compete with eIF4E to bind eIF4G, thereby 
exerting suppressive effects on cap dependent transla-
tion[24]. These results suggest that Mnk activity may be 
modulated independently of  the MAPK pathway and 
may account for the observation that all stimuli that re-
sult in phosphorylation of  Mnk1 do not result in activa-
tion of  eIF4E on serine 209.      

Mnk kinase activity can be negatively regulated by 
the protein phosphatase 2A (PP2A)[25]. Small interfering 
RNA mediated knockdown of  PP2A or pharmacologi-
cal inhibition of  PP2A was found to result in increased 
phosphorylation of  its direct target Mnk1 and subse-
quently increased phosphorylation of  eIF4E[25]. Phos-
phorylation of  eIF4E in response to PP2A inhibition 
leads to increased cap dependent translation of  growth 
promoting mRNAs such as c-myc and Mcl-1[25]. 

Multiple studies have shown that Mnk2 has high basal 
activity that is mostly unresponsive to external stimuli. 
A study by Stead et al[26] showed that treatment of  cells 
with rapamycin, the classic inhibitor of  the mammalian 
target of  rapamycin (mTOR), resulted in enhanced phos-
phorylation of  eIF4E that was mediated by the enhanced 
activity of  Mnk2 and not by Mnk1. The increase in Mnk2 
activity was mediated by the decrease in phosphorylation 
of  Mnk2 on Ser 437 by an unidentified mechanism[26]. 
These results suggest that Mnk2 activity may also be pos-
sibly modulated independently of  the MAPK pathway. 
The regulation of  Mnk kinases by upstream signaling 

proteins is summarized in Figure 1.

EFFECTORS OF THE MNK KINASES
The Mnk kinases function as serine/threonine kinases 
and are known to phosphorylate a number of  down-
stream targets including eIF4E[3,21], hnRNPA1[27] and 
Sprouty2[28]. Additionally Mnk1 and Mnk2 can also exhib-
it substrate specificity[29], resulting in substrates that are 
unique to Mnk1 and Mnk2, respectively. Recent studies 
have surprising uncovered a kinase independent function 
for Mnk2 in negatively regulating eIF4G and p70S6K 
phosphorylations[30]. The proteins that regulate signaling 
downstream of  the Mnk kinases are discussed in detail 
and are summarized in Figure 2.

eIF4E
A major and well characterized target of  the Mnk kinases 
is the cap binding protein eIF4E.  eIF4E is phosphory-
lated on Ser 209[31] by the Mnk kinases[3] but its role in 
regulating mRNA translation remains undetermined. 
Multiple biochemical studies have shown that phos-
phorylation of  eIF4E reduces its affinity for the 5’ m7G 
cap[32,33]. Based on X-ray crystallography data, Scheper et 
al[34] have speculated that the phosphate group on Ser 209 
may negatively interact with the phosphate groups on the 
RNA backbone as well as the mRNA cap. They have put 
forth a model in which Mnk mediated phosphorylation 
of  eIF4E after the formation of  the pre-initiation trans-
lation complex leads to the release of  eIF4E and thereby 
enables it to be available for another round of  initiation 
of  mRNA translation[34]. 

Studies based on the targeted deletion of  Mnk1 
and Mnk2 in mice have suggested that the expression 
of  Mnk1 and/or Mnk2 and the phosphorylation of  its 
target eIF4E is dispensable for survival[35]. Mice with a 
targeted deletion of  Mnk1 and/or Mnk2 do not exhibit 
any developmental or reproductive defects[35]. Addition-
ally the mouse studies also confirmed previous reports 
that Mnk1 is more sensitive to external stimuli as mito-
gen mediated eIF4E phosphorylation was defective in 
the Mnk1-/- cells, while basal eIF4E phosphorylation 
was attenuated in Mnk2-/- cells[35]. Mouse embryonic fi-
broblasts and adult tissues from mice lacking both Mnk1 
and Mnk2 did not exhibit any basal or inducible eIF4E 
phosphorylation indicating that the Mnk kinases are key 
regulators of  eIF4E phosphorylation[35]. Interestingly, 
cells from Mnk1 and Mnk2 deficient mice did not exhibit 
any defects in cap dependent translation or general pro-
tein synthesis, indicating that Mnk mediated phosphory-
lation of  eIF4E is not critical under basal conditions but 
may be important during their activation with external 
stimuli[35].

Similarly knock-in mice expressing a mutant eIF4E 
(eIF4E S209A) which cannot be phosphorylated do not 
exhibit any developmental or viability defects[36]. These 
results suggest that while phosphorylation of  eIF4E may 
not be critical for general mRNA translation, it may be 
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the efficient phosphorylation of their target eIF4E. The Mnk kinases are also 
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with Mnk1 mediated phosphorylation of eIF4E. Additionally Pak2 also phos-
phorylates eIF4G inhibiting its interaction with eIF4E. Protein phosphatase 2A 
(PP2A) is a phosphatase for Mnk1 and thereby negatively regulates Mnk kinase 
activity.



important for the translation of  specific mRNAs, in-
duced by specific stimuli. Phosphorylation of  eIF4E is 
important for the translation of  mRNAs containing 5’ 
untranslated terminal regions (UTRs) with extensive sec-
ondary structure[37]. 

Besides its ability to bind capped mRNA, nuclear 
eIF4E can interact with a 100 nt eIF4E-sensitive ele-
ment (4E-SE) region in the 3’UTRs of  mRNAs and 
promote the nuclear export of  the bound mRNA[38]. The 
phosphorylation of  eIF4E on Ser 209 is required for 
its mRNA export activity, as well as transformation[39]. 
Mnk-mediated phosphorylation of  eIF4E can facilitate 
the nuclear export of  mRNAs such as HDM2[40], Cyclin 
D1[38] and other growth regulatory mRNAs[41]. 

Sprouty 2
Sprouty2 (Spry2) belongs family of  proteins homolo-
gous to the Drosophila melanogaster Spry[42] that acts as 
a negative regulator of  multiple receptor tyrosine kinase 
pathways[43,44] by negatively controlling the Erk MAPK 
pathway[45]. A study by DaSilva et al[28] showed that Mnk1 
can phosphorylate Spry2 on Ser 112 and Ser 121 leading 
to increased stability of  Spry2. Inhibition of  Mnk activity 
resulted in increased tyrosine phosphorylation of  Spry2 
leading to increased binding of  c-Cbl and promoting the 
polyubiquitination of  Spry2; consequently resulting in a 
proteosome mediated decrease in Spry2 expression[28]. 
Additionally a mutant Spry2 (S112A and S121A) that can-
not be phosphorylated by Mnk1 also increased proteoso-
mal degradation of  Spry2[28]. Mnk1 mediated stabilization 
of  Spry2 was found to be functionally important for the 
antagonism of  fibroblast growth factor (FGF) signaling 
by Spry2[28].

Another study showed that Mnk2 can regulate the 

phosphorylation of  Spry2 on Ser 112 and Ser 121[46]. 
This study established that Mnk2-mediated phosphoryla-
tion of  Spry2 increased its interaction with the E3 ubiq-
uitin ligase NEDD4 and lead to increased proteosomal 
targeting of  Spry2[46]. Additionally, small interfering RNA 
mediated silencing of  Mnk2 attenuated Spry2 NEDD4 
interactions and enhanced the ability of  Spry2 to inhibit 
FGF signaling[46]. The results of  the studies by DaSilva et 
al[28] and Edwin et al[46] are conflicting, but it is important 
to note that the studies were conducted in distinct biolog-
ical cell lines. It is possible that Mnk kinases negatively or 
positively regulate Spry2 expression in a cell-specific man-
ner, depending on the presence of  additional regulatory 
cellular signals.  More work focusing on the relevance of  
Mnk mediated phosphorylation of  Spry2 is required to 
get a better understanding of  the consequences of  Spry2 
phosphorylation by Mnk kinases.

Studies in our laboratory have previously shown that 
the Mnk kinases are activated by both type Ⅰ and type 
Ⅱ interferons (IFNs)[5,6]. IFNs are potent antiviral agents 
that also generate antiproliferative and antitumor re-
sponses[47,48]. Both type Ⅰ and type Ⅱ IFN mediated en-
gagement of  the Mnk kinases is important for regulating 
the inhibitory effects of  IFNs on normal hematopoiesis 
by regulating the translation of  specific IFN stimulated 
genes[5,6]. Importantly, engagement of  Mnk kinases also 
play a critical role in mediating the anti-neoplastic effects 
of  IFNs on primitive myeloproliferative neoplasm (MPN) 
precursors from patients with polycythemia vera[49]. Other 
work in our laboratory has shown that type Ⅰ IFNs can 
upregulate the expression of  both Spry1 and Spry2 in a 
Mnk1 and Mnk2 dependent manner[50]. Data from mouse 
embryonic fibroblasts (MEFs) derived from mice with 
a targeted deletion of  Spry1, Spry2 and Spry4 suggests 
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lack of  Spry expression promotes IFN mediated antiviral 
responses[50]. The Spry 1, 2, 3 triple knockout MEFs ex-
hibit enhanced activation of  the p38 MAPK pathway in 
response to IFN treatment and, consequently, enhanced 
transcriptional activity and expression of  the IFN stimu-
lated gene ISG15[50]. Additionally knockdown of  either 
Spry1, Sry2 or Spry4 was found to result in enhanced anti-
leukemic effects of  type Ⅰ IFNs[50]. Thus, Mnk mediated 
phosphorylation of  Spry proteins can have important 
biological consequences, but more work is required to 
elucidate the role of  Mnk mediated phosphorylation of  
Spry proteins and its biological relevance in response to 
tyrosine kinase signaling.

hnRNPA1
The Mnk pathway plays an important role in production 
of  TNF-α via its effector hnRNPA1. TNF-α is mainly 
secreted by activated macrophages and T lymphocytes 
and plays important roles in regulating inflammation[51]. 
Enhanced secretion of  TNF-α is implicated in diseases 
such as rheumatoid arthritis, and inflammatory bowel dis-
ease[52], as well as in superantigen-induced septic shock[53].  
Thus, the mechanisms regulating its expression have 
important clinical-translational and therapeutic relevance. 
The TNF-α mRNA is tightly regulated by the AU rich 
elements (AREs) present in the 3’UTR that regulate its 
nuclear cytoplasmic export[54], mRNA stability[55] as well 
as its mRNA translation[56]. TNF-α production in acti-
vated macrophages, as well as T cells, is regulated by the 
p38 and Erk MAPK pathways[57,58], consistent with the 
concept that their common downstream effectors, Mnk 
kinases may play an important role in TNF-α production. 

Buxade et al[27] showed that inhibition of  Mnk1 activi-
ty/expression results in attenuated production of  TNF-α 
in T cells.  In that study, overexpression of  Mnk1 resulted 
in increased expression of  a reporter construct tagged 
with the TNF-α 3’UTR suggesting that Mnk1 regulation 
of  TNF-α may be mediated by the AREs[27]. Mnk1 was 
found to phosphorylated the TNF-α ARE binding pro-
tein hnRNPA1 on Ser 192 and Ser 310/311/312 result-
ing in the disassociation of  hnRNPA1 from the TNF-α 
3’UTR[27]. Thus, during T cell activation, activation of  the 
MAPK cascade leads to the engagement of  Mnk1 and 
the phosphorylation of  its target hnRNPA1 and its disas-
sociation from the TNF-α ARE, consequently promoting 
the translation of  the TNF-α mRNA[27]. ARE elements 
have also been identified in mRNA encoding cytokines 
(GM-CSF, IL-3, IFNg, etc.), proto-oncogenes (bcl, c-myc 
etc.) as well as in nuclear transcription factors (c-fos, c-jun, 
junB, etc.)[59] suggesting that the Mnk kinases can medi-
ate the translation of  multiple mRNAs independently of  
translation initiation complex.

Guil et al[60] showed that stress induced engagement 
of  the Mnk kinases results in the phosphorylation of  
hnRNPA1 leading to its accumulation in stress granules. 
Depletion of  hnRNPA1 or the Mnk kinases attenuates 
cell recovery following osmotic stress, suggesting that 
Mnk-mediated recruitment of  hnNPA1 to stress granules 

plays an important role in regulating cell physiology pos-
sibly by controlling the expression of  stress responsive 
mRNAs[60]. Many stress inducing stimuli can lead to se-
nescence and this pathway[61,62] may potentially be medi-
ated by the Mnk kinases due to their engagement by the 
stress activated p38 MAPK pathway. Mnk1 phosphory-
lation and expression is enhanced in senescent diploid 
human fibroblasts as compared to young fibroblasts[63]. 
In senescent cells, Mnk1 can phosphorylate hnRNPA1 
leading to the cytoplasmic accumulation of  hnRNPA1. 
Depletion of  hnRNPA1 results in induction of  senes-
cence[64], suggesting that Mnk kinases may potentially 
regulate cellular senescence by regulating the cellular dis-
tribution of  hnRNPA1. 

PSF
Buxade et al[29] sought to identify novel substrates for the 
Mnk kinases. Using a proteomic approach, the research-
ers examined the ability of  the Mnk kinases to phos-
phorylate proteins that could bind to a 5’ cap resin[29]. 
They identified PSF [the PTB (polypyrimidine tract-
binding protein)-associated splicing factor] as a potential 
Mnk substrate[29]. In vitro studies showed that the Mnk 
kinases could phosphorylate PSF on Ser 8 and Ser 283[29].  
Remarkably, phosphorylation of  PSF on Ser 8 was pref-
erentially mediated by Mnk2 suggesting that Mnk1 and 
Mnk2 exhibit distinct substrate specificities[29]. PSF along 
with its partner p54 (nrb) was found to bind mRNAs 
containing AREs in their 3’UTR, and Mnk mediated 
phosphorylation of  PSF was found to enhance its bind-
ing to the TNF-α mRNA containing AREs[29]. Notably, 
Mnk mediated phosphorylation of  PSF did not affect the 
stability or the nuclear cytoplasmic localization of  PSF 
or the bound TNF-α mRNA, but its effects on TNF-α 
mRNA translation were undetermined[29]. Thus another 
Mnk substrate can bind ARE elements in the 3’UTR of  
mRNAs again underscoring the role of  Mnk kinases in 
mediating mRNA physiology independently of  the cap 
translation initiation complex. 

Cytosolic phospholipase A2
Cytosolic phospholipase A2 (cPLA2) is an enzyme acti-
vated by increased cytosolic calcium and catalyzes the re-
lease of  arachidonate acid from glycerophospholipids to 
provide the precursor of  the eicosanoids[65]. Eicosanoids 
are important secondary messenger molecules that play 
an important role in inflammation, immunity as well as 
regulation of  the central nervous system[66]. Mnk1 was 
found to phosphorylate cPLA2 on Ser 727 resulting in 
the enhancement of  its enzymatic activity[65]. Thrombin 
mediated platelet activation was found to result in Mnk1 
mediated engagement of  cPLA2 and arachidonate re-
lease[65]. Thus the Mnk kinases can play a role in regulat-
ing arachidonate acid release and thereby mediate eico-
sanoid signaling. Although no follow-up studies on the 
regulatory effects of  the Mnk pathway on cPLA2 have 
been reported, further studies in that direction may pro-
vide important insights regarding the role of  Mnk kinases 
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in various cellular and biological contexts.   

Mnk2 specific interactions
The Mnk2 kinase was initially identified in a yeast two 
hybrid screen attempting to identify proteins that can 
interact with the ligand binding domain of  the estrogen 
receptor β (ERβ)[9]. Only the nuclear Mnk2b isoform and 
not Mnk2a or Mnk1 was found to specifically interact 
with ERb and not ERα[9]. Interestingly esterdiol treat-
ment was found to augment Mnk2b binding to ERβ[9], 
but whether this interaction leads to the phosphorylation 
of  ERβ or alters ERβ mediated transcription remains 
to be determined. Another study has reported that ERβ 
can be phosphorylated on Ser 105 by estradiol-mediated 
Erk1/2 activation or osmotic stress induced p38 MAPK 
activation and this phosphorylation was found to inhibit 
breast cancer migration and invasion[67]. These observa-
tions suggest that ERβ may be a potential substrate for 
the Mnk kinases.

Mnk2 has also been shown to phosphorylate plec-
tin on Ser 4642[68]. Plectin is an ubiquitously expressed 
protein that can interact with microtubules, intermediate 
filaments and the actin microfilaments; and thereby plays 
an important role in regulating cellular responses to me-
chanical stress[69]. Mnk2 mediated plectin phosphoryla-
tion was found to attenuate plectin interactions with the 
intermediate filaments and reduced plectin phosphoryla-
tion was observed at sites of  cell substrate contact that 
require a network of  intermediate filaments[68]. These 
results suggest a potential role for Mnk kinases in mediat-
ing cytoskeletal integrity.  

A study by Hu et al[30] showed that Mnk2 expression 
is augmented during muscle atrophy. Overexpression 
of  Mnk2, but not Mnk1, was found to attenuate eIF4G 
phosphorylation on Ser 1108 and reduced basal p70 S6 
kinase (p70S6K) phosphorylation at Thr 389 and Ser 371 
in a kinase independent manner[30]. The serine-arginine 
rich protein kinase family members SRPK1, SRPK2 and 
SRPK3 were identified as the kinases that mediate eIF4G 
phosphorylation on Ser 1108[30]. Results from in vivo stud-
ies showed that dexamethasone treatment or starvation 
of  Mnk2 knockout mice resulted in enhanced phos-
phorylation eIF4G Ser 1108 as compared to the wild type 
mice[30]. Mnk2 was found to selectively interact with the 
mammalian target of  rapamycin complex 1 (mTORC1) , 
in a kinase independent manner and this interaction was 
essential to regulate Mnk2 mediated decreased phosphor-
ylation of  p70S6K[30]. As phosphorylation of  eIF4G Ser 
1108 and p70S6K Thr 389 and Ser 371 is associated with 
enhanced mRNA translation, these observations suggest 
Mnk2 may play an important role in negatively regulating 
protein synthesis during muscle atrophy[30]. These obser-
vations are consistent with other findings showing that 
overexpression of  Mnk kinases can negatively regulate 
cap dependent translation[70] and suggest that Mnk medi-
ated regulation of  mRNA translation may be context de-
pendent. Altogether, the available evidence indicates that 
Mnk1 and Mnk2 exhibit differing substrate specificities 

and, possibly, distinct biological functions. The functional 
differences between Mnk1 and Mnk2 need to further 
explored in future studies using both in vitro and in vivo 
approaches.

BIOLOGICAL FUNCTIONS OF THE MNK 
KINASES
There is extensive and definitive evidence that Mnk ki-
nases regulate the phosphorylation and/or activity of  
proteins involved in diverse cellular functions. As a result 
of  such effects, the Mnk kinases play important roles in 
cancer biology, development of  drug resistance to cancer 
therapeutics, cap independent translation, as well in medi-
ating pro-inflammatory cytokine production and cytokine 
signaling (Figure 3).   

Role of Mnk kinases in tumorigenesis
eIF4E is known to be upregulated in a variety of  human 
cancers and is linked to poor prognosis[71]. Additionally, 
overexpression of  eIF4E in NIH-3T3 and rat 2 fibro-
blasts results in their oncogenic transformation[72]. As 
eIF4E is modulated by phosphorylation by Mnk kinases, 
Mnk kinases and phosphorylated eIF4E may have impor-
tant roles in cancer biology (reviewed in[73]). Studies with 
mouse models using a rapid adoptive transfer strategy 
suggest that a constitutively active Mnk1 leads to in-
creased eIF4E phosphorylation and promotes lymphom-
agenesis by preventing apoptosis and/or by upregulating 
mRNA translation of  the anti-apoptotic Mcl-1[74].

Mouse embryonic fibroblasts derived from mice with 
a targeted deletion of  both Mnk1 and Mnk2 are resistant 
to Ras mediated transformation[75]. Deletion of  both 
Mnk1 and Mnk2 in a T-cell specific Pten null lymphoma 
model resulted in delayed tumorigenesis and lymphomas 
with an absence of  eIF4E phosphorylation[75].  Addition-
ally knock-in mice expressing a mutant eIF4E (S209A) 
that cannot be phosphorylated are resistant to oncogenic 
transformation by both c-myc and a constitutively active 
Ras[36]. Additionally the knock-in mice are resistant to 
Pten loss-induced prostate cancer  and exhibit decreased 
expression of  proteins involved in tumorigenesis such as 
vascular endothelial growth factor (VEGF) and matrix 
metalloprotease 3 (MMP3)[36]. Moreover, phosphorylated 
eIF4E positively correlates with progression to human 
prostate carcinoma[36]. Other studies have shown that 
inhibition of  Mnk activity and the consequent decrease 
in the phosphorylation of  eIF4E strongly attenuates the 
polysomal recruitment of  terminal oligopyrimidine mes-
senger RNAs (TOP mRNAs) and results in decreased ex-
pression of  mRNAs involved in proliferation in prostate 
cancer[76]. 

The Mnk kinases are overexpressed in glioblastoma 
and inhibition of  the Mnk kinases results in attenuated 
cell growth and increased sensitivity to rapamycin[77]. 
Additionally, inhibition of  Mnk activity was found to at-
tenuate mRNA translation of  a subset of  genes involved 
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in transforming growth factor β (TGFβ) signaling  and 
regulation of  signal transduction and induced cell cycle 
arrest[77]. A microarray analysis of  polysomal mRNA 
revealed an important role for Mnk kinases in mediat-
ing the mRNA translation of  SMAD2[77]. Importantly, 
SMAD2 expression positively correlated with Mnk1 
expression in human glioblastoma patients and Mnk1 
was found to play an important role in mediating TGFβ 
induced cell motility[77].

The phosphorylation of  Mnk1 and Mnk2 is elevated 
in Her-2 over-expressing breast cancers and inhibition of  
Mnk activity can attenuate growth in soft agar[78]. Inhibi-
tion of  Mnk activity in breast cancer cell lines exerts a 
cytostatic effect by downregulating the expression of  Cy-
clin D1, one of  the targets of  phosphorylated eIF4E[79]. 
In breast cancer cell lines, the integrin α6b4 interaction 
leads to the engagement of  the Mnk kinases in a p38 and 
Erk dependent manner and enhances VEGF mRNA 
translation[80]. 

The Mnk kinases are also known to play a role in he-
matological malignancies. Acute myeloid leukemia (AML) 
is often characterized by expression of  different fusion 
proteins that account for leukemic transformation[81]. 
A microarray study demonstrated that MNK1 is post-
translationally stabilized by PML-RAR alpha[82]. Notably, 
inhibition of  Mnk1 activity/expression was found to 
enhance ATRA (all-trans retinoic acid) induced myeloid 
differentiation[82]. Another recent study has shown that 
chronic myeloid leukemia (CML) patients exhibiting blast 
crisis are characterized by enhanced Mnk-eIF4E phos-
phorylation consequently leading to augmented β-catenin 
protein synthesis as well as its nuclear translocation and 
activation[83]. These results suggest that inhibition of  the 
Mnk kinases may have potential anti-leukemic properties.  

Thus the Mnk kinases can play an important role in 

tumor progression and the development of  Mnk inhibi-
tors will have an important clinical applications.

Role of Mnk kinases in drug resistance
Mnk kinases can modulate multiple aspects of  tumor 
biology and data from multiple studies suggest that they 
may also be involved in drug resistance by multiple mech-
anisms. Inhibition of  mTOR by drugs such as temsiroli-
mus (CCI-779), everolimus (RAD001), and ridaforolimus 
(AP-23573) has shown promising results in preclinical 
studies and are under investigation in cancer clinical tri-
als[84]. Numerous studies in our laboratory as well as oth-
ers have shown that rapamycin treatment of  cancer cells 
results in the phosphorylation of  the Mnk kinases as well 
as its target eIF4E[26,85] in a phosphoinositide 3-kinase 
(PI-3K) dependent manner[86]. In malignant hematopoi-
etic cells, rapamycin treatment leads to a phosphorylation 
of  Mnk1 and its target eIF4E, while simultaneous inhibi-
tion of  both mTOR and Mnk kinases enhances the anti-
leukemic effects of  rapamycin[85]. Additionally Mnk1 inhi-
bition has been shown to augment the anti-tumor effects 
of  rapamycin in multiple human lung cancer cell lines[86]. 
In prostate cancer cells, inhibition of  mTOR or the Mnk 
kinases results in distinct changes in translation initiation 
and the simultaneous inhibition both kinases exerts addi-
tive negative effects in the recruitment of  TOP mRNAs 
and strong suppressive effects on cell cycle progres-
sion[76].

CML is characterized by the t(9; 22) translocation re-
sulting in the constitutively active fusion oncogene bcr-
abl, and its inhibition by imatinib mesylate (imatinib) 
results in a potent patient responses[87]. However, patients 
with late stage disease often develop resistance to imatinib 
resulting in decreased drug efficacy[88,89]. A study by Zhang 
et al[90] showed that simultaneous inhibition of  the Mnk 
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kinases and imatinib treatment resulted in a synergistic 
enhancemet of  the anti-leukemic effects of  imatinib by 
augmenting its anti-proliferative and apoptotic effects. 
Inhibition of  the Mnk kinases was found to attenuate 
polysomal mRNA recruitment by enhancing imatinib 
mediating inhibition of  the pre-initiation complex eIF4F 
and by independently inhibiting the phosphorylation of  
the pre-initiation complex associated ribosomal protein S6 
(rpS6)[90]. Additionally inhibition of  the Mnk kinases has 
been found to also enhance the anti-leukemic effects of  
the chemotherapeutic drug cytarabine, currently in clinical 
use for the treatment of  acute myeloid leukemia (AML)[85]. 

Breast cancers with overexpression of  the oncogenic 
Her-2 are clinically treated with trastuzumab (herceptin), 
a monoclonal antibody targeting the ectodomain of  
Her-2[91].  Breast cancer patients that respond to trastu-
zumab often develop resistance within a year of  initia-
tion of  treatment[92], underscoring a need to uncover 
the mechanisms contributing to drug resistance. The 
oncogenic Y-box-binding protein-1 (YB-1) can be phos-
phorylated by the p90 ribosomal S6 kinase as well as Akt 
promoting its nuclear translocation, upregulating the ex-
pression of  the epidermal growth factor (EGFR), MET, 
PIK3CA and CD44 ultimately conferring trastuzumab 
resistance[93]. Using an unbiased chromatin immune-
precipitation sequencing approach to identify the tran-
scriptional targets of  YB-1, Astanehe et al[94] identified 
Mnk1 as a YB-1 transcriptional target. Mnk1 and Mnk2 
were found to be overexpressed in trastuzumab resistant 
cell lines and depletion of  Mnk1 was found to augment 
trastuzumab sensitivity[94]. Consistently, overexpression of  
Mnk1 was sufficient to confer trastuzumab resistance[94] 
suggesting a causative role for Mnk1 in the process. 

Pancreatic ductal adenocarcinoma (PDAC) is clini-
cally treated with the chemotherapeutic drug gemcitabine 
which results in marginal benefits when used as a single 
agent[95]. A study by Adesso et al[96], showed that eIF4E 
phosphorylation positively correlates with PDAC tumor 
grade and predicts a ppor prognosis.  In vitro studies 
showed that gemcitabine treatment can induce eIF4E 
phosphorylation in a Mnk2 dependent and Mnk1 inde-
pendent manner[96]. Gemcitabine was found to induce 
the expression of  the oncogenic splicing factor serine/
arginine rich splicing factor (SRSF1) which preferentially 
promoted the expression of  the MAPK independent 
Mnk2b isoform with high basal activity[96]. Interestingly, 
inhibition of  Mnk activity synergistically enhanced the 
anti-oncogenic effects of  gemcitabine by promoting 
apoptosis suggesting an important role for Mnk2 and 
SRSF1 in mediating gemcitabine resistance[96].

Thus the Mnk kinases can regulate resistance to che-
motherapy as well as targeted therapy in multiple cancer 
types. The clinical development of  Mnk inhibitors may 
therefore play an important role in enhancing the efficacy 
of  cancer therapeutics. 

Role of Mnk kinases in cap independent translation
The role of  Mnk kinases in cap dependent translation 

had been the subject of  extensive work, but more recent 
evidence suggests that the Mnk kinases may also play an 
important role in mediating cap independent translation. 
Cap independent translation is mediated by the internal 
ribosome entry sites (IRES) in the 5’UTR of  the target 
mRNAs[97,98]. The IRES elements possess complex sec-
ondary and tertiary structures that facilitate  the interac-
tion with the 40S ribosome in the absence of  eIF4E and 
other translation initiation factors[99]. IRES elements can 
thereby facilitate mRNA translation when cap dependent 
translation is impaired in virus infected cells[100] or in ma-
lignant cells treated with drugs inhibiting cap dependent 
translation[101] .

Cap dependent translation is often dis-regulated in 
malignant cells and drugs inhibiting cap dependent trans-
lation are in common clinical use. Studies in multiple 
neoplastic cell types have suggested that cancer sensitivity 
to rapalogs is decreased by induction of  the Akt path-
way[102,103] subsequently resulting in IRES mediated trans-
lation of  oncogenes such as VEGF[104], cyclin D1 and 
c-myc[105]. Interestingly, the IRES mediated translation of  
oncogenes is also regulated by the p38 and Erk MAPK 
pathways[105] suggesting a role for the Mnk kinases in 
controlling cap independent translation. A recent study 
by Shi et al[106] demonstrated that mTOR inhibition by 
rapamycin in multiple myeloma cells results in the activa-
tion of  Mnk1. Inhibition of  Mnk activity or expression 
was found to attenuate rapamycin induced upregulation 
of  c-myc IRES activity[106]. Combination treatment of  
malignant cells with rapamycin and a Mnk inhibitor was 
found to abolish c-myc expression and enhanced the 
anti-oncogenic activity of  rapamycin[106]. 

Additional evidence from viral studies also supports a 
role for the Mnk kinases in the regulation of  IRES medi-
ated translation. A study by Goetz et al[107] showed that 
replication and cytotoxicity of  the prototype oncolytic 
poliovirus PVSRIPO in glioblastoma multiforme (GBM) 
results in the engagement of  Mnk1 subsequently result-
ing in the enhanced cap independent translation of  the 
viral RNA[107]. Taken together, these results suggest that 
Mnk kinases play important roles in regulating cap inde-
pendent translation and more studies along this line are 
required to gain mechanistic insight into such effects.

Role of Mnk kinases in inflammation
MAPK pathways such as Erk and p38 have been shown 
to play important roles in modulating immune responses 
by mediating the production of  cytokines that control the 
initiation of  innate immunity; the activation of  adaptive 
immunity; and by regulating cellular responses to cyto-
kines involved in immune responses[108]. As Mnk kinases 
are effectors of  MAPK pathways, these observations 
suggest that they may play important roles in mediat-
ing cytokine production at the translational level. Indeed 
pharmacological blockade of  Mnk kinases was found to 
attenuate the production of  pro-inflammatory cytokines 
such TNF-α, IL-6, and monocyte chemo-attractant pro-
tein-1 and enhanced the production of  the anti-inflam-
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matory cytokine IL-10 in macrophages stimulated with 
multiple Toll like receptor (TLR) agonists[109]. Also, data 
from multiple studies have shown that Mnk kinases play 
important roles in mediating the production of  multiple 
pro-inflammatory cytokines such as TNF-α, RANTES 
and IL-17 and in mediating the cellular responses to Type 
Ⅰ and Type Ⅱ IFNs, IL-2, IL-15 and TGF-β (reviewed 
in[110]). 

Most of  the studies focusing on the role of  the Mnk 
kinases in inflammation have utilized small interfering 
RNA mediated Mnk knockdown or pharmacological in-
hibitors of  the Mnk kinases. Recently a study by Gorentla 
et al[111], examined the role of  Mnk kinases in T cell de-
velopment in mice with a targeted deletion of  Mnk1 and 
Mnk2. This study showed that in mice lacking Mnk1 and 
Mnk2, T-cell receptor mediated Ser 209 phosphorylation 
of  eIF4E in T cells was completely abolished[111]. Lack of  
of  Mnk1 and Mnk2 expression in T cells had no influence 
on the development of  conventional αb T cells, regulato-
ry T cells, or NKT (natural killer T cells)[111]. The Mnk1/2 
double knockout mice also did not exhibit any deficiencies 
in CD8 T cell response to bacterial or viral infection[111]. 
Interestingly, while lack of  the Mnk kinases does not in-
hibit Th1 and Th17 differentiation in vitro, immunization 
of  mice with myelin oligodendrocyte glycoprotein peptide 
in complete Freund’s adjuvant, an experimental model 
of  autoimmune encephalomyelitis, resulted in attenuated 
production of  IFNγ and IL-17 by CD4 T cells and at-
tenuated differentiation of  Th1 and Th17 cells[111]. Collec-
tively, these results suggest that while the Mnk kinases are 
dispensable for normal T cell development and function, 
they may play important roles in regulating the cytokines 
required for T cell differentiation or   antigen presenting 
cell (APC) activation pathways, and thereby modulate Th 
cell differentiation in an T cell extrinsic manner[111].

Another recent study focused on the role of  the Mnk 
kinases in the generation of  neutrophil responses. Neu-
trophils are involved in acute inflammatory response and 
secrete proinflammatory cytokines such as TNF-α, IL-
1β, IL-8, IFNγ, IL-4, IL-10, etc.[112]. Mnk1 is phosphory-
lated in human neutrophils upon treatment with LPS 
or TNF-α[113]. Inhibition of  the Mnk kinases in LPS or 
TNF-α stimulated human neutrophils was found to at-
tenuate the secretion of  CXCL8, CCL-3 and CCL4 while 
the mRNA levels of  the cytokines were unaffected, Mnk 
inhibition also attenuated the anti-apoptotic effects of  
LPS and TNF-α[113]. Overexpression of  a kinase active 
Mnk1 and not a kinase dead Mnk1 mutant was found 
to  enhance LPS- and TNF-α- induced cytokine secre-
tion[113]. Similarly the Mnk kinases play important roles in 
pro-inflamatory cytokine production in macrophages[109]. 
These studies further support the observation that the 
Mnk kinases are attractive targets for diseases associated 
with inflammation.

While pro-inflammatory cytokines play an important 
role in mediating an effective immune response to patho-
gens, their persistent enhanced expression is associated 
with multiple disorders such as auto-immune diseases[114], 

allergies[115], neurological disorders[116], sepsis[117], cardio-
vascular diseases[118], obesity[119]  and cancer[120]. As the 
Mnk kinases represent a central node in regulating pro-
inflammatory cytokine production, development of  Mnk 
inhibitors will have important broad spectrum transla-
tional implications.

CONCLUSION
The Mnk kinases are regulated by the p38 and Erk 
MAPK pathways and their activity can also be modulated 
by other MAPK independent mechanisms. Multiple pro-
teins such as those involved in mRNA translation (eIF4E, 
eIF4G), in TNF-α mRNA expression (hnRNPA1, PSF), 
in platelet activity (cPLA2) and in regulation of  receptor 
tyrosine kinase activity (Spry2) are regulated by the Mnk 
kinases. As a result, the Mnk kinases can play important 
roles in controlling cap-dependent and -independent 
translation, participate in the pathophysiology of  several 
malignant and inflammatory diseases and diminish re-
sponses to cancer therapeutics (Figure 3). 

The above observations suggest that development of  
Mnk inhibitors can have broad spectrum clinical applica-
tions. Most of  the studies discussed in this review used 
the Mnk inhibitor CGP57380 a low weight molecular 
compound identified from the Novartis Pharma com-
pound collection that can inhibit both Mnk1 and Mnk2 
activity[121]. The IC50 of  CGP57380 against Mnk1 is seen 
at a concentration of  2.2 μmol/L[70], the concentration at 
which it can also inhibit the activity of  other kinases such 
as casein kinase, MAP2K1 and BR serine/threonine-
protein kinase 2[122]. As a result this compound cannot 
be used for in vivo studies and research mainly utilizing 
CGP57380 should be interpreted with caution. The anti-
fungal agent cercosporamide is also reported to inhibit 
Mnk activity, although it exhibits higher specificity for 
Mnk2 as compared to Mnk1[123].  Importantly cerco-
sporamide has been shown to exhibit anti-tumor effects 
in both in vitro and in vivo studies[123, 124].  More research 
efforts are needed to develop Mnk inhibitors that can be 
tested in clinical settings.
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mRNA expression levels. These studies indicate that 
slc4a3 (AE3) is the major Cl-/HCO3

- exchanger and plays 
a protective role in heart failure, and that Slc4a4 (NBCe1) 
is the major Na+/HCO3

- cotransporter and affects action 
potential duration. In addition, previous studies show 
that HCO3

- has a positive inotropic effect in the perfused 
heart that is largely independent of effects on intracel-
lular Ca2+. The importance of HCO3

- in the regulation 
of contractility is supported by experiments showing 
that isolated cardiomyocytes exhibit sharply enhanced 
contractility, with no change in Ca2+ transients, when 
switched from Hepes-buffered to HCO3

-- buffered solu-
tions. These studies demonstrate that HCO3

- and HCO3
-

-handling proteins play important roles in the regulation 
of cardiac function.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Bicarbonate is one of the major anions in 
mammalian tissues and fluids. It plays a critical role in 
pH homeostasis and is utilized by various transporters 
to transport other ions and organic substrates across 
cell membranes. Here we review studies of the physi-
ological functions of Cl-/HCO3

- exchangers and Na+/
HCO3

- cotransporters in heart, present RNA Seq analy-
sis of their cardiac mRNA expression levels, and show 
that bicarbonate is required for optimal contractility in 
isolated cardiac myocytes. These studies demonstrate 
that HCO3

- and HCO3
- handling proteins are abundant in 

heart and play important roles in the regulation of car-
diac function.
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Abstract
Bicarbonate is one of the major anions in mammalian 
tissues and extracellular fluids. Along with accompany-
ing H+, HCO3

- is generated from CO2 and H2O, either 
spontaneously or via  the catalytic activity of carbonic 
anhydrase. It serves as a component of the major buf-
fer system, thereby playing a critical role in pH homeo-
stasis. Bicarbonate can also be utilized by a variety of 
ion transporters, often working in coupled systems, to 
transport other ions and organic substrates across cell 
membranes. The functions of HCO3

- and HCO3
--trans-

porters in epithelial tissues have been studied extensive-
ly, but their functions in heart are less well understood. 
Here we review studies of the identities and physiologi-
cal functions of Cl-/HCO3

- exchangers and Na+/HCO3
- 

cotransporters of the SLC4A  and SLC26A  families in 
heart. We also present RNA Seq analysis of their cardiac 
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INTRODUCTION
In mammalian tissues, bicarbonate/CO2 is the major ex-
trinsic buffer system of  both extracellular and intracellular 
fluids. HCO3

-/CO2 are likely to play a particularly impor-
tant role in cardiac muscle[1,2], which relies almost entirely 
on oxidative metabolism and continuously converts large 
quantities of  O2 to CO2. In vivo, HCO3

- is usually formed 
by carbonic anhydrase-mediated hydration of  CO2

[2,3], in 
a reaction that also generates H+ (CO2 + H2O → H+ + 
HCO3

-). As might be expected, cardiac myocytes express 
a variety of  ion transporters that mediate extrusion of  
H+ and either extrusion or uptake of  HCO3

-. This allows 
fine control of  intracellular pH (pHi) and coupling of  
H+ and HCO3

- transport to the transport of  other ions, 
thereby affecting not only pHi, but also cell volume and 
both cellular and systemic ion homeostasis[4-6]. 

H+ and HCO3
- are, in effect, transient ions[2] that can 

be used to transport other ions and organic substrates 
across cell membranes, both directly and by secondary 
active transport. These ion transporters include Cl-/
HCO3

- exchangers, Na+/HCO3
- cotransporters (NBCs), 

and Na+/H+ exchangers (NHEs). The functions of  the 
various acid-base transporters have been studied most 
extensively in epithelial tissues; however, they exhibit a 
surprising abundance and diversity in cardiac tissues.  In 
this paper we review studies describing the identities, 
membrane locations, and functions of  the major HCO3

- 
transporters in heart. In addition, we report relative 
mRNA expression levels in mouse heart for members of  
the SLC4A and SLC26A anion transporter families[7-9], 
which include all of  the known Cl-/HCO3

- exchang-
ers and Na+/HCO3

- cotransporters. Finally, we discuss 
previous studies of  the effects of  HCO3

- on the isolated 
heart[10] and correlate those results with new data using 
isolated cardiac myocytes. The available evidence shows 
that a diverse group of  transporters are responsible for 
movements of  HCO3

- into and out of  the heart and 
demonstrate that the presence of  HCO3

- has a major 
stimulatory effect on contractility that is, at least in part, 
independent of  changes in intracellular Ca2+.

IDENTIFICATION AND LOCATIONS OF 
CARDIAC HCO3

- TRANSPORTERS
Cloning and hybridization analyses have led to the iden-
tification of  three Cl-/HCO3

- exchangers of  the SLC4A 
family in heart. These anion exchangers are termed AE1, 
AE2, and AE3 (Anion Exchanger 1, 2, and 3; gene sym-
bols, Slc4a1-3), and one Cl-/HCO3

- exchanger of  the 
SLC26A family, termed Slc26a6 or PAT1 (putative anion 
transporter 1). Among the known Na+/HCO3

- cotrans-
porters (NBCs), which are members of  the SLC4A fam-
ily, the electrogenic NBCe1 and electroneutral NBCn1 
(gene symbols, Slc4a4 and Slc4a7) have been identified 
in heart. Excellent reviews of  the SLC4A and SL-
C26A[7-9,11,12] families of  transporters have been published 
recently and provide detailed information about specific 

isoforms, including their ion transport specificities and 
their physiological functions in various tissues.

AE1 is the band 3 Cl-/HCO3
- exchanger that is ex-

pressed most prominently in red blood cells[13] and also 
includes a kidney variant[14] derived from an alternative 
promoter in intron 4 of  the erythrocyte transcription 
unit[15]. Erythrocyte AE1 plays major roles in maintaining 
the stability of  the cytoskeleton[16] and in gas exchange[17]. 
Cardiac AE1 mRNA identified in rat heart is smaller than 
that of  the erythroid and kidney variants[18]. It encodes 
a truncated protein based on immunoblot analyses, al-
though the exact identity of  the cardiac AE1 protein in 
rat heart has not been determined[19]. Immunofluores-
cence studies of  rat heart suggest that truncated cardiac 
AE1 protein is restricted to intercalated discs[20]. Expres-
sion of  AE1 is sharply reduced in adult mouse heart 
compared with its levels in fetal heart[21], consistent with 
the RNA Seq data discussed below. AE2 is expressed at 
low levels in heart[18,21,22], and AE2a, one of  4 variants 
derived from the use of  alternative promoters[23], was the 
only variant detected[22]. The membrane location of  AE2 
in heart has not been determined. AE3 mRNAs are ex-
pressed at very high levels in heart[18,24] and encode both 
a full-length variant (AE3fl) that is expressed in brain 
and other tissues and a much more abundant cardiac 
variant[25-27]. The cardiac AE3 (AE3c) mRNA is derived 
from an alternative promoter located in intron 6 of  the 
longer transcription unit and has a unique 73-amino 
acid sequence that replaces the first 270 amino acids of  
AE3fl[25]. In fetal mouse heart, AE3fl is the predominant 
form; however, in adult heart, AE3fl is largely restricted 
to the atria, while AE3c is the predominant form in 
ventricles[27]. In cardiac myocytes, AE3 protein has been 
localized to t-tubules and the sarcolemma, with apparent 
foci of  expression at costameres[28]. 

The SLC26A family transports a broad range of  
anions, including sulfate, chloride, iodide, bicarbonate, 
oxalate, and formate, and some isoforms can function as 
anion channels[9]. The first member of  this family shown 
to function as a Cl-/HCO3

- exchanger was Slc26a3[29]; 
however, it is primarily an epithelial transporter and is 
expressed at only low levels in adult heart[21]. Slc26a6 can 
mediate Cl-/HCO3

- exchange[30-32], which appears to be its 
major function in apical membranes of  the intestine[33]. 
In the renal proximal tubule, however, Slc26a6 functions 
primarily as a Cl-/formate and Cl-/oxalate exchanger[34,35]. 
Slc26a6 also mediates Cl-/OH- exchange and has been 
proposed to serve both as a Cl-/HCO3

- exchanger and 
as a Cl-/OH- exchanger in heart[21,36]. Slc26a6 protein has 
been localized to the t-tubules and sarcolemma[28].

Prior to the molecular cloning of  Na+/HCO3
- co-

transporter (NBC) isoforms, both electroneutral[37,38] and 
electrogenic[39,40] Na+/HCO3

- cotransport activities had 
been identified in cardiac muscle. NBCe1 (gene symbol, 
Slc4a4), the first NBC to be cloned[41,42], is electrogenic. In 
kidney, NBCe1 mediates outward transport of  1 Na+ and 
3 HCO3

- across the basolateral membrane of  proximal 
tubule epithelial cells[41,42]. In most other tissues, including 
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heart, regulation via phosphorylation results in a stoichi-
ometry of  1:2[43]. Cloning of  the cardiac form of  NBCe1 
revealed that it has a different N-terminus than the kid-
ney variant[44], which is derived from an alternative pro-
moter and first exon. NBCn1 is electroneutral and trans-
ports Na+ and HCO3

- in a 1:1 ratio. It was cloned from 
rat smooth muscle[45] and skeletal muscle[46] and shown 
to be expressed in heart. A study using an antibody to 
the N-terminal sequence of  an NBCn1 variant indicated 
that expression in heart was restricted to endothelial and 
smooth muscle cells[47]. However, NBCn1 transcripts un-
dergo extensive alternative splicing, including a relatively 
cardiac-specific exon[48], and the use of  alternative pro-
moters that yield alternative N-termini[49]. Both NBCe1 
and NBCn1 have been shown by Western blots to be 
expressed in cardiac myocytes[50]. Immunolocalization 
studies demonstrated that both isoforms are localized to 
t-tubules, lateral sarcolemma, and intercalated discs[50]. 

EXPRESSION LEVELS OF HCO3
- 

TRANSPORTERS IN HEART
As discussed above, the major HCO3

- transporters in the 
mammalian heart include both Cl-/HCO3

- exchangers 
and Na+/HCO3

- cotransporters of  the SLC4A gene fam-
ily and at least one Cl-/HCO3

- exchanger of  the SLC26A 
family. Gene expression data for hearts of  wild-type 
FVBN mice were determined by RNA Seq analysis[51], a 
powerful method for determining the expression levels 
of  all known mRNAs in a tissue of  interest[52,53]. Relative 
mRNA expression levels for the SLC4A and SLC26A 
families are shown in Table 1. Transcript levels are ex-
pressed as RPKM values (reads per kilobase of  exon per 
million mapped reads), which normalizes expression to 
the length of  the mRNA. Graphical representations of  
mRNA expression levels of  the HCO3

- transporters that 
have been identified in heart and appear to be expressed 
at physiologically relevant levels are shown in Figure 1.

Among the SLC4A transporters, the AE3 Cl-/HCO3
- 

exchanger was expressed at very high levels (RPKM = 

85.7 ± 0.6), suggesting that it serves as the major HCO3
- 

efflux mechanism in mouse cardiac myocytes. AE2 
(RPKM = 12.57 ± 0.28) was expressed at lower levels 
than AE3, but its levels of  expression were still greater 
than some of  the other transporters. Although NBC4 
(Slc4a5 or NBCe2) was reported in human heart[54], it is 
not expressed at significant levels in mouse heart or in 
rat heart[55]. Of  the two major Na+/HCO3

- cotransport-
ers in mouse heart, NBCe1 (RPKM = 9.45 ± 0.25) was 
more abundant than NBCn1 (RPKM = 4.24 ± 0.05). By 
comparison, RPKM values for the NHE1 Na+/H+ ex-
changer[51], recognized as the major Na+-dependent acid 
extruder in heart, were 9.10 ± 0.20. 

Among the SLC26A transporters, Slc26a2, Slc26a6, 
and Slc26a10 were expressed most abundantly. However, 
among these three SLC26A transporters, the only known 
HCO3

- transporter is Slc26a6 (RPKM = 4.56 ± 0.26). 
As discussed above, it has been shown to function as a 
Cl-/HCO3

- exchanger, but it also mediates Cl-/OH-, Cl-/
formate, and Cl-/oxalate exchange[9]. Slc26a2 is a sulfate 
transporter and also transports Cl- and oxalate[9]. The ion 
specificity of  Slc26a10 has not been determined[9], but 
its high level of  expression (RPKM = 31.66 ± 2.55) sug-
gests that it plays an important role in mouse heart. 

Some of  the HCO3
- transporters expressed at low lev-

els (e.g., the Slc4a8 Na+-dependent Cl-/HCO3
- exchanger 

and Slc26a3 Cl-/HCO3
- exchanger) could still play impor-

tant roles in heart, particularly if  they were restricted to 
specialized regions of  the heart or were expressed primar-
ily in earlier stages of  development or in cell-types other 
than cardiac myocytes. For example, Na+-dependent Cl-/
HCO3

- exchange, which could be due to the activity of  
Slc4a8[56], has been identified in both chicken embryonic 
cardiomyocytes[57] and in vascular endothelial cells[58].

PHYSIOLOGICAL FUNCTIONS OF 
CARDIAC HCO3

- TRANSPORTERS
Cl-/HCO3

- Exchangers
Because of  the high Cl- concentrations of  extracellular 
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Figure 1  Relative expression levels of the major Cl-/HCO3
- exchangers and Na+/HCO3

- cotransporters in mouse heart. RPKM values ± SE as determined by 
RNA Seq analysis (see Table 1 legend) are shown for the most abundant known HCO3

- transporters in wild-type FVB/N mouse hearts (n = 4). Note the difference in 
scale for AE3 and the other transporters.



fluids, electroneutral Cl-/HCO3
- exchangers mediate out-

ward transport of  HCO3
- and inward transport of  Cl-. 

The direct effect of  this activity is to reduce pHi, thereby 
contributing to pHi regulation[59], and to enhance Cl--
loading, which could affect Cl- currents that in turn could 
affect action potentials or rhythmicity[60,61]. Also, when 
coupled with Na+-dependent acid extrusion mechanisms, 
Cl-/HCO3

- exchange facilitates Na+-loading, which can 
affect contractility as discussed below and may contribute 
to cardiac hypertrophy[2]. AE1, AE2, and AE3 are elec-
troneutral, but Cl-/HCO3

- exchangers of  the SLC26A 
family are reported to support both electroneutral or 
electrogenic anion exchange[9,12].

The physiological functions of  AE1 in heart are un-
clear. An AE1 global knockout mouse has been shown 
to develop cardiac hypertrophy[28]. The investigators 
noted, however, that the levels of  AE1 in the adult heart 
are relatively low (confirmed by the data in Table 1) and 
that null mutants exhibit severe hemolytic anemia and 
spherocytosis. They attributed the hypertrophy to the 
blood defect and concluded that one of  the more abun-
dant Cl-/HCO3

- exchangers, possibly AE3, was more 
likely to provide the HCO3

- extrusion capability that has 
been proposed to balance Na+-dependent acid extrusion 
via transporters such as the NHE1 Na+/H+ exchanger 
(discussed below). AE2 is a potential candidate for this 
activity as it is known to operate in concert with NHE1 
on basolateral membranes of  colonic epithelial cells[62]. 
AE2 is much less abundant than AE3 and its functions in 
heart have not been determined.

It has been suggested that one of  the major functions 
of  Cl-/HCO3

- exchange in heart is to counter the alka-
linizing effects of  Na+/H+ exchange. This would allow 
increased Na+/H+ exchange activity[2,63], which in turn 
would lead to increased Na+-loading and Ca2+-loading via 
reverse activity of  the Na+/Ca2+ exchanger[64]. Inhibition 
of  Na+/H+ exchange reduces cardiac hypertrophy[4,65] and 
overexpression of  an activated NHE1 Na+/H+ exchang-

er induces hypertrophy and increases cytosolic Na+, Ca2+ 
transients, and contractility[66]. Studies have shown that 
the reduction in hypertrophy in spontaneously hyperten-
sive rats in response to angiotensin II blockade involves 
reductions in both Na+/H+ exchange and Cl-/HCO3

- 
exchange[67]. Intracellular pH in NHE1-overexpressing 
myocytes was significantly higher when they were main-
tained in Hepes-buffered media than in CO2/HCO3

-

-buffered media[66]. This is consistent with the view[68,69] 
that Cl-/HCO3

- exchange balances the alkalinizing effects 
of  Na+/H+ exchange, which would be expected to facili-
tate pHi-neutral Na+-loading in vivo.

The Cl-/HCO3
- exchanger that has been most heavily 

studied in heart is AE3. Its mRNA is expressed at much 
higher levels in heart than those of  the other HCO3

- 
transporters (see Table 1) and it has a cardiac specific 
variant[25-27], indicating that it serves a specialized func-
tion. Earlier studies showed that Cl-/HCO3

- exchange 
and Na+/H+ exchange were increased in the hypertro-
phic heart of  spontaneously hypertensive rats[67] and that 
AE3fl mRNA was upregulated[70]. Although this might 
suggest that AE3fl accounts for the increased anion ex-
change activity, the investigators cautioned against this 
interpretation as AE3fl is expressed at low levels in the 
adult rat and mouse heart[19,25,27]. Treatment of  papillary 
muscles with an inhibitory anti-AE3 antibody led to an 
increase in the slow-force response to stretch, which is 
dependent on Na+/H+ exchange, and caused a substantial 
reduction in Cl-/HCO3

- exchange, supporting the view 
that AE3 is the major Cl-/HCO3

- exchanger in cardiac 
muscle[71]. Analysis of  pHi in tissues treated with the anti-
AE3 antibody indicated that AE3 is the major anion ex-
changer responsible for countering the alkalinizing effects 
of  NHE1-mediated Na+/H+ exchange[71]. It has been 
suggested that activation of  AE3 and NHE1 together 
might contribute to hypertrophy[72], but so far there is no 
direct proof  of  this hypothesis. 

The initial studies of  a gene-targeted AE3-null mouse 
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Table 1 Relative mRNA levels for the Slc4a and Slc26a anion transporters in mouse heart

SLC4A family SLC26A family

Gene symbol Transporter name and major function(s); 
alternate names

Average ± SE Gene symbol Transporter name and major function(s); 
alternate names

Average ± SE

Slc4a1 AE1 Cl-/HCO3
- exchanger; Band 3     0.2 ± 0.05 Slc26a1 SAT1 sulfate/anion exchanger; Slc26a1   0.34 ± 0.07

Slc4a2 AE2 Cl-/HCO3
- exchanger 12.57 ± 0.28 Slc26a2 DTDST sulfate/anion exchanger; Slc26a2   2.98 ± 0.17

Slc4a3 AE3 Cl-/HCO3
- exchanger   85.7 ± 0.64 Slc26a3 DRA Cl-/HCO3-, exchanger; Slc26a3   0.64 ± 0.05

Slc4a4 NBCe1 Na+/HCO3
- cotransporter; NBC1   9.45 ± 0.25 Slc26a4 Pendrin Cl-/HCO3

- exchanger; Slc26a4   0.02 ± 0.01
Slc4a5 NBCe2 Na+/HCO3

- cotransporter; NBC4 0.003 ± 0.002 Slc26a6 PAT1 Cl-/HCO3
-, Cl-/formate exchanger; 

Slc26a6
  4.56 ± 0.26

Slc4a7 NBCn1 Na+/HCO3
- cotransporter; NBC2; 

NBC3
  4.24 ± 0.05 Slc26a7 Slc26a7 Cl-/HCO3

- exchanger, Cl- channel; 
TAT1

  0.15 ± 0.04

Slc4a8 NDCBE Na+-driven Cl-/HCO3
- exchanger; 

Slc4a8
  0.73 ± 0.04 Slc26a9 Slc26a9 Cl-/HCO3

- exchanger, Cl- channel   0.01 ± 0.01

Slc4a9 AE4 Cl-/HCO3
- exchanger   0.02 ± 0.01 Slc26a10 Slc26a10, transporter function unknown 31.66 ± 2.55

Slc4a10 NBCn2 Na+/HCO3
- cotransporter   0.02 ± 0.003 Slc26a11 Slc26a11 anion exchanger, Cl- channel; KBAT   1.15 ± 0.14

Relative mRNA expression levels were determined using RNA from 4-month-old male FVB/N mouse hearts (n = 4) as described previously[51]. Values 
are RPKM (reads per kilobase per million mapped reads) ± SE and are a measure of the relative abundance of specific gene transcripts[53]. For some Slc26a 
transporters, ion transport specificities are more complex than indicated; see Alper and Sharma[9].



showed that the loss of  AE3 did not impair cardiovas-
cular performance in vivo under basal conditions or after 
β-adrenergic stimulation, and it also had no effect on 
ischemia-reperfusion injury using the Langendorff-per-
fused heart[6]. The latter finding was surprising as there 
is evidence that Cl-/HCO3

- exchange mediates some of  
the changes in pHi and intracellular Cl- that contribute to 
reperfusion injury[73]. Heart weight/body weight ratios 
were significantly reduced in null mutants relative to wild-
type mice, consistent with the possibility that loss of  
AE3 activity might contribute to a reduction in hypertro-
phy. When AE3-null mice were crossed with an NKCC1 
Na+-K+-2Cl- cotransporter-null mouse, which had nor-
mal contractility[74], the double mutant mice exhibited a 
contractility defect in vivo and in isolated myocytes, and 
Ca2+ extrusion mediated by the Na+/Ca2+ exchanger was 
increased[6]. NKCC1 has been shown to provide substan-
tial Na+ influx in chick cardiac myocytes[75] and to affect 
Na+/Ca2+ exchange in mouse astrocytes[76]. Therefore, it 
is possible that the additional loss of  NKCC1 caused a 
reduction in Na+-loading in AE3/NKCC1 double mu-
tants, with subsequent effects on contractility.

The above studies were consistent with the possibility 
that loss of  AE3 might protect against hypertrophy; how-
ever, they also showed that its absence can impair cardiac 
function under certain conditions. To test whether AE3-
deficiency might protect against hypertrophy, AE3-
null mice were crossed with a transgenic hypertrophic 
cardiomyopathy mouse model[77] carrying a Glu180Gly 
mutation in α-tropomyosin[78]. The additional loss of  
AE3 in the Glu180Gly mutant caused no decrease in the 
degree of  hypertrophy and led to more rapid decom-
pensation, heart failure, and death. Cardiac performance 
in response to β-adrenergic stimulation was severely im-
paired in double mutants. The double mutants exhibited 
more arrhythmic events as heart rates were increased by 
electrical pacing to assess force-frequency responses and 
Ca2+-handling was also impaired. It was concluded that 
AE3 activity is needed for better preservation of  cardiac 
function during heart failure and that it would not be an 
appropriate therapeutic target for cardiac arrhythmias or 
hypertrophy. In a more recent study[79] it was shown that 
hearts of  AE3-null mice exhibit blunting of  the force-
frequency response when they are paced to higher heart 
rates in vivo. Phosphorylation of  Akt, which plays a cen-
tral role in mechanosensory signaling, was increased in 
paced AE3-null hearts and phosphorylation of  adenosine 
5’-monophosphate-activated protein kinase (AMPK) was 
reduced[79]. These data suggest that the increased sus-
ceptibility of  AE3-null mice to decompensation in heart 
failure might be due impaired rate dependent inotropy, an 
insufficient response to biomechanical stress, and meta-
bolic perturbations. 

The functions of  Slc26a6 in heart have not yet been 
determined. As discussed by Alper and Sharma[9], there is 
controversy about the electrogenicity of  the Cl-/HCO3

- 
exchange activity of  Slc26a6, which is the only known 
Cl-/HCO3

- exchanger of  the SLC26A family expressed 

at significant levels in heart[21]. Some studies[80,81] reported 
electrogenic Cl-/HCO3

- exchange for Slc26a6 with a stoi-
chiometry of  1Cl-/2HCO3

- and others[82] reported elec-
troneutral exchange with a 1:1 ratio. In the latter study[82], 
the investigators could detect electrogenic Cl-/oxalate 
transport mediated by Slc26a6 in oocytes but Cl-/HCO3

- 
and Cl-/OH- exchange appeared to be electroneutral. Cl-/
OH- exchange in cardiac myocytes, which has been attrib-
uted to Slc26a6[21], is electroneutral[36], and Slc26a6-me-
diated Cl-/formate exchange is electroneutral[83]. Regard-
less of  whether Slc26a6-mediated Cl-/HCO3

- exchange 
is electrogenic, during most of  the excitation-relaxation 
cycle, when the membrane potential is negative, it would 
transport HCO3

- out of  the cell. However, it is possible 
that reversal of  electrogenic Cl-/HCO3

- exchange might 
occur at positive membrane potentials. The potential 
functions of  electrogenic Slc26a6-mediated Cl-/HCO3

- 
exchange in heart have not been studied. Furthermore, it 
is not clear which of  the various transport functions of  
Slc26a6 is the most important in heart.

Na+/HCO3
- Cotransporters

As discussed above, there is evidence for both electro-
neutral and electrogenic NBC activities in cardiac myo-
cytes[37-40,84,85]. NBCe1 and NBCn1, along with NHE1, 
have been immunolocalized in rat myocytes[50]. These 
three transporters are the major Na+-dependent alkaliniz-
ing mechanisms in cardiac myocytes. In the isolated per-
fused ferret heart, NBC and NHE activities contributed 
equally to recovery of  pHi, both after an acid load[86] and 
also during reperfusion following ischemia[87]. In the lat-
ter study, it was suggested that NBC-mediated Na+ influx 
might contribute to Ca2+ overload and injury after reper-
fusion. Later studies using an inhibitory antibody showed 
that inhibition of  NBCe1 protected against ischemia-
reperfusion injury in the isolated rat heart[88]. Similarly, in 
rat ventricular myocytes subjected to anoxic conditions, 
simultaneous inhibition of  NBC and NHE1 activities 
prevented hypercontracture induced by Ca2+-overload 
during reoxygenation, whereas inhibition of  either activ-
ity alone was insufficient[89]. This suggests that NBCe1, 
like the NHE1 Na+/H+ exchanger, can be a significant 
source of  Na+-loading, although the magnitude of  Na+-
loading via NBCe1 has been estimated to be lower than 
that of  Na+/H+ exchange[64]. Also, NHE1 has cardiopro-
tective effects that appear to be independent of  effects 
on Na+ and Ca2+ loading[51,90].

NBCe1 is localized to t-tubules[50], along with the L-type 
Ca channel (LTCC) and NCX1 Na+/Ca2+ exchanger[91], 
whereas NHE1 is expressed at highest levels in interca-
lated discs[50,92]. Thus, NBCe1 appears to be well situated 
to affect excitation-contraction coupling[93], particularly 
since it is electrogenic. In fact, a substantial NBC-mediated 
HCO3

- current has been demonstrated beginning at -50 mil-
livolts[84], and electrogenic NBC activity causes a shorten-
ing of  the action potential duration (APD) and affects the 
resting membrane potential[40,94]. By shortening the APD, 
NBCe1 could reduce the open time of  the LTCC and 
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with its location in the t-tubule it could reduce intraluminal 
(extracellular) pH and increase pHi, both of  which reduce 
LTCC-mediated Ca2+ currents[95]. Thus, while NBCe1 activ-
ity may serve as a Na+-loading mechanism that could, in 
principle, contribute to Ca2+-loading via reverse mode activ-
ity of  the Na+/Ca2+ exchanger, its effects on the APD and 
on LTCC activity might counteract this tendency. NBCn1 
is also in t-tubules of  ventricular myocytes[50] and because it 
is electroneutral it could operate throughout the excitation-
contraction cycle.

Both NBCe1 and NBCn1, along with NHE1, were 
induced in rat heart during pressure overload hypertro-
phy[55]. After an acid load, the rate of  pHi recovery via 
NBC and NHE activities were increased accordingly, and 
NBC activity in the physiological pHi range was similar to 
that of  NHE1[55]. Additional experiments[55] showed that 
when rats were subjected to pressure overload and then 
treated with losartan, an angiotensin Ⅱ AT1 receptor an-
tagonist, both hypertrophy and the induction of  NBCe1 
and NBCn1 were sharply reduced. The results suggest, 
but do not prove, that increased NBC activities contrib-
ute to the development of  hypertrophy. NBCe1 mRNA 
and protein were also induced in human failing hearts[88] 
and in rat hearts following myocardial infarction[96]; how-
ever, in the latter study, treatment with an angiotensin 
II AT1 receptor antagonist had no effect on NBCe1 ex-
pression. The effects of  angiotensin Ⅱ on NBC activity 
in cardiac myocytes are complex as some studies report 
activation of  NBC activity[97,98] and others report inhibi-
tion[99]. A more recent study showed that cardiac expres-
sion of  both NBCn1 and NBCe1 were induced in spon-
taneously hypertensive rats in which angiotensin II plays 
a major role[100]. However, NBCe1 activity was reduced 
due to a reduction in its protein expression in t-tubule 
and sarcolemmal membranes; nevertheless, total NBC 
activity increased due to an increase in NBCn1 activity. 
The authors noted that a reduction in NBCe1 activity 
leads to an increase in APD, which is a common occur-
rence during cardiac hypertrophy[101], and that this would 
likely cause an increase in Ca2+-influx via LTCC[102]. Thus, 
NBCe1 activity, rather than inhibition of  its activity, may 
be cardioprotective in some disease conditions.

EFFECTS OF HCO3
- ON CONTRACTILITY 

AND Ca2+ IN ISOLATED HEARTS
Given the abundance and diversity of  HCO3

- transport-
ers in heart and the fact that HCO3

- is part of  the major 
buffer system in biological systems, it is surprising that 
there has been little reported work on the specific ef-
fects of  HCO3

- on contractility and Ca2+-handling. In an 
interesting and important study, Fülöp et al[10] analyzed 
Langendorff-perfused guinea pig hearts in the presence 
of  both Krebs solution buffered with CO2/HCO3

- and 
Tyrode solution buffered with HEPES[10]. Contractility in 
isolated hearts was significantly greater in Krebs solution 
than in Tyrode solution. However, when Tyrode solution 
was supplemented with CO2/HCO3

-, in the continuing 

presence of  HEPES, contractility increased to the lev-
els observed in Krebs solution. Changes in contractility 
were reversible as the buffers were switched between 
those containing CO2/HCO3

- or HEPES alone. Despite 
increased contractility, both the amplitude and duration 
of  the Ca2+ transients were lower in solutions containing 
CO2/HCO3

- buffer, indicating that enhanced Ca2+ tran-
sients were not responsible for the enhanced contractility. 
Analyses of  isolated trabeculae also revealed increased 
contractility in CO2/HCO3

- buffer, with faster times to 
peak tension and shorter relaxation times[10]. In purkinje 
fibers and papillary muscles, the duration of  the action 
potential was reduced in the presence of  CO2/HCO3

- 
buffer[10]. This finding is consistent with the proposed 
effects of  NBCe1 activity on the action potential[103].

The reduced contractility in the isolated heart and 
isolated tissues in response to the absence of  HCO3

- 
may have been due to reduced pHi or buffering power[10]. 
However, in wild-type myocytes used in a study of  the 
effects of  Na+/H+ exchange on Ca2+ and contractility, 
pHi was the same in HEPES buffer as in buffer contain-
ing CO2/HCO3

-[66]. Also, in myocytes overexpressing an 
activated NHE1, the absence of  CO2/HCO3

- led to an 
increase in pHi

[66]. These results suggest that a HCO3
--de-

pendent transport mechanisms, i.e., Cl-/HCO3
- exchange, 

is needed to counter the alkalinizing effects of  NHE1. 

EFFECTS OF HCO3
- ON CONTRACTILITY 

AND Ca2+ IN ISOLATED MYOCYTES
Although studies of  cardiac myocyte mechanics and Ca2+ 
handling are commonly performed in HEPES buffered 
solution (Tyrode’s solution), we are unaware of  studies 
directly comparing the effects of  the two buffer condi-
tions. Therefore, we performed experiments to assess the 
effects of  HEPES-buffered and HCO3

--buffered solu-
tions on both contraction of  rat ventricular myocytes and 
Ca2+ transients. The concentrations of  cations were iden-
tical for the two solutions, and their osmolarities were the 
same.

Switching from HEPES-buffered solution to HCO3
-

-buffered solution had a bi-phasic effect on myocyte con-
traction, determined by measurements of  cell shortening 
as described previously[104]. It first resulted in transient 
suppression of  myocyte contraction, followed by reversal 
of  suppression, and enhancement of  contraction (Figure 
2A). On average, the downward suppressive phase lasted 
about 50 s (Figure 2B), resulting in a peak suppression of  
cell shortening from 7.04% in control (i.e., HEPES) to 
4.35% (Figure 2C). This was followed by gradual stimu-
lation of  contraction; at steady-state, contraction was 
significantly increased to 11.39% (Figure 2C). Switching 
from HEPES-buffered Tyrode’s solution to an isosmotic 
solution that contained both HEPES and HCO3

- pro-
duced the same bi-phasic effect and reached the same 
steady-state increase in contractility. Thus, the stimulation 
of  contraction by HCO3

- in isolated cardiac myocytes 
was fully reversible, as observed previously in the isolated 
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heart[10].
In addition to affecting myocyte contractility, HCO3

- 
also had a small but significant effect on myocyte length. 
Switching from HEPES to the HCO3

--buffered solution 
transiently increased myocyte length by approximately 1% 
(data not shown). Such transient lengthening was inde-

pendent of  myocyte contraction, and was also observed 
in unpaced, quiescent myocytes. This suggests the pos-
sibility that cell volume was increased by the addition of  
HCO3

-, which is reasonable given the role of  Cl-/HCO3
- 

exchange in cell volume regulation[105,106].
Interestingly, the marked effect of  HCO3

- on myo-
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Figure 2  Isolated myocytes exhibit greater 
contractility in CO2/HCO3

- buffer than in 
HEPES buffer. Ventricular myocytes from rat 
hearts were enzymatically dissociated using 
Langendorff perfusion[104] and myocyte mechan-
ics were analyzed at room temperature (24 ℃), 
with stimulation at 0.5 Hz as described previ-
ously[107]. Myocytes were switched between 
HEPES-buffered Tyrode’s solution (in mmol/L: 
NaCl 140, KCl 5.4, MgCl2 1, CaCl2 1.8, glucose 
10, and Na-HEPES 5; pH = 7.4; bubbled with 
100% O2) and HCO3

--buffered Krebs solution 
(in mmol/L: NaCl 120, NaHCO3

- 25, KCl 4.2, 
KH2PO4 1.2, MgCl2 1, CaCl2 1.8, and glucose 
10; pH = 7.4 when bubbled with 95% O2 and 5% 
CO2). A: Representative contraction tracing of a 
myocyte bathed in HEPES buffer, then switched 
to HCO3

- buffer, and then returned to HEPES 
buffer; the lower tracings show an expanded 
scale for the indicated (a-d) time points. The 
lower panels show the time course of fractional 
shortening (B) and average fractional shorten-
ing (C) of myocytes (n = 19) in HEPES buffer 
and then switched to HCO3

--containing buffer. 
Experiments were performed using myocytes 
from 3 hearts and statistical analysis was con-
ducted using a paired t-test. Values are means 
± SE.
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Figure 3  Ca2+ transient analysis in isolated rat myocytes 
bathed in CO2/HCO3

- buffer and in HEPES buffer. For record-
ing of Ca2+ transients, isolated ventricular myocytes were loaded 
with fluo-4 acetoxymethyl ester (5 µmol/L, Molecular Probes, 
Eugene, OR) and activated with field stimulation at 0.5 Hz. 
Fluorescence signals were measured using a Nikon TE 2000 
microscope and an InCyt Standard PM photometry system (In-
tracellular Imaging, Cincinnati, OH) as described previously[104]. 
A: Representative Ca2+ transients in HEPES and HCO3

--
containing buffers; B: Average Ca2+ transient (CaT) amplitudes 
and tau values, a measure of the rate of decay of the Ca2+ 
transient in HEPES and HCO3

--containing buffers (n = 12). The 
same cells were imaged in both buffers. Myocytes were from 
the same preparations used in Figure 2, with statistical analyses 
performed using a paired t-test. No significant differences were 
observed.



cyte contraction was not accompanied by any detectable 
change in the Ca2+ transient. Figure 3A shows Ca2+ tran-
sients from the same myocyte in the presence of  HEPES 
or HCO3

- solutions. Switching from HEPES-buffered 
solutions to HCO3

--buffered solutions altered neither the 
amplitude nor the time constant of  the Ca2+ transient 
(Figure 3B). These data using isolated myocytes correlate 
well with the previous studies using isolated hearts[10]. 
Both sets of  data show that HCO3

- has a major effect on 
contractility, without any major effects on the amplitude 
of  the Ca2+ transient. 

CONCLUSION
The studies reviewed here show that the mammalian 
heart contains an abundance of  HCO3

- transporters, 
which include both Cl-/HCO3

- exchangers and Na+/
HCO3

- cotransporters. Their most obvious function is 
regulation of  pHi, although it is possible that this is not 
their major function. This is particularly apparent in the 
case of  the Cl-/HCO3

- exchangers because at the high 
frequencies occurring in vivo, cardiac myocytes gener-
ate a substantial acid load. Thus, there would appear to 
be little need to maintain a robust capacity for recovery 
from an alkaline load. Nevertheless, it is possible that the 
cardiac anion exchangers regulate the pH or electrolyte 
concentrations of  sub-sarcolemmal or t-tubule microdo-
mains. With regard to electrolyte homeostasis, coupling 
of  Cl-/HCO3

- exchange and Na+/HCO3
- cotransport (or 

Na+/H+ exchange) can serve as a pHi-neutral Na+- and 
Cl--loading mechanism, with Na+ affecting Ca2+-loading 
via Na+/Ca2+ exchange. In addition to effects on Na+-
loading, electrogenic Na+/HCO3

- cotransport can affect 
the duration of  the action potential[40,84,94] and, by affect-
ing subsarcolemmal and t-tubular pH, it might also affect 
the activity of  L-type Ca2+ channels[95]. Finally, the avail-
able data show that the presence of  CO2/HCO3

- buffer 
has a major effect on contractility that cannot be readily 
explained by effects on Ca2+-handling, thus suggesting 
that HCO3

- homeostasis plays an important role in the 
regulation of  cardiac contractility. The mechanism is not 
known, but it is conceivable that intracellular HCO3

- con-
centrations affect myofibrillar function and that dynamic 
transporter-mediated HCO3

- fluxes have a major effect 
on electrical and ionic properties of  the myocyte. Further 
studies of  the effects of  HCO3

- and the cardiac functions 
of  each of  the major HCO3

- transporters will be needed 
to resolve these issues.	
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highlighted as a critical protein that regulates numer-
ous cell functions from proliferation/apoptosis to stress-
resistance and aging. FoxO3a has been found to be 
deregulated in several diseases and FoxO3a targeting 
approaches are currently underway to treat various 
types of cancers. This review will describe the current 
concept of FoxO3a’s pathological role in various diseas-
es and elucidate the regulatory mechanisms involved. 
It will also provide the clinical significance and strate-
gies to target FoxO3a to limit the progression of human 
diseases.    

Nho RS, Hergert P. FoxO3a and disease progression. World J Biol 
Chem 2014; 5(3): 346-354  Available from: URL: http://www.
wjgnet.com/1949-8454/full/v5/i3/346.htm  DOI: http://dx.doi.
org/10.4331/wjbc.v5.i3.346

INTRODUCTION
Forkhead box O (FoxO) transcription factors are the 
human homologues of  the C. elegans transcription factor 
DAF-16 and share a highly conserved 110-amino acid 
DNA binding domain, forkhead box or winged-helix do-
main[1,2]. Forkhead box proteins comprise more than 100 
members in humans, classified from FOXA to FOXR[3-5]. 
Members of  class O share the characteristic of  being reg-
ulated by the insulin/PI3K/Akt signaling pathway[4]. Four 
principal members of  the mammalian FoxO subfamily, 
FoxO1, FoxO3a, FoxO4 and FoxO6 have been previ-
ously described[3]. Although they seem to bind a common 
set of  DNA sites, FoxO6 is mainly specific to neurons, 
while the other 3 FoxO family members are expressed in 
most tissues. These FoxO members are linked to cell sur-
vival, cellular proliferation and DNA damage repair re-
sponse[5,6]. Among them, FoxO3a has recently been stud-
ied extensively as a crucial protein that is involved in the 
regulation of  several essential cellular functions (see page 
349). Prior studies have shown that FoxO3a functions as 
a tumor suppressor by regulating expression of  genes in-

Richard Seonghun Nho, Polla Hergert

FoxO3a and disease progression

REVIEW

Richard Seonghun Nho, Polla Hergert, Division of Pulmonary, 
Allergy and Critical Care Medicine, Department of Medicine, 
University of Minnesota, Minneapolis, MN 55455, United States
Author contributions: Nho RS and Hergert P both contributed 
to this paper.
Supported by the National Institutes of Health R01 HL 114662 to Nho R
Correspondence to: Richard Seonghun Nho, PhD, Division 
of Pulmonary, Allergy and Critical Care Medicine, Department 
of Medicine, University of Minnesota, Box 276, 420 Delaware 
Street SE., Minneapolis, Minneapolis, MN 55455, 
United States. nhoxx002@umn.edu 
Telephone: +1-612-6250686     Fax: +1-612-6252174
Received: November 29, 2013  Revised: April 21, 2014 
Accepted: May 16, 2014
Published online: August 26, 2014

Abstract
The Forkhead box O (FoxO) family has recently been 
highlighted as an important transcriptional regulator 
of crucial proteins associated with the many diverse 
functions of cells. So far, FoxO1, FoxO3a, FoxO4 and 
FoxO6 proteins have been identified in humans. Al-
though each FoxO family member has its own role, un-
like the other FoxO families, FoxO3a has been exten-
sively studied because of its rather unique and pivotal 
regulation of cell proliferation, apoptosis, metabolism, 
stress management and longevity. FoxO3a alteration 
is closely linked to the progression of several types of 
cancers, fibrosis and other types of diseases. In this 
review, we will examine the function of FoxO3a in 
disease progression and also explore FoxO3a’s regula-
tory mechanisms. We will also discuss FoxO3a as a 
potential target for the treatment of several types of 
disease. 
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volved in apoptosis, cell cycle arrest, oxidative stress resis-
tance and autophagy[3,7-9] (Figure 1). In general, FoxO3a 
is known to suppress cell cycle progression and promote 
cell death. Thus, it has been thought that FoxO3a can 
be an important target to inhibit cancer cell progression. 
However, recent studies have discovered other functions 
of  FoxO3a, such as stress response and longevity, as 
described on page 349. FoxO3a alteration is also linked 
to many different types of  disease. Interestingly, FoxO3a 
increases autophagy to protect cells from environmental 
stresses[10,11]. Thus, under this situation, unlike the general 
concept of  FoxO3a’s role, FoxO3a potentially has a pro-
tective role in maintaining a cell’s homeostasis. Perhaps 
the most interesting feature of  FoxO3a is its biological 
role associated with longevity (page 349). Based on this, it 
becomes clear that FoxO3a has diverse roles in response 
to many environmental stimuli and these recent find-
ings certainly change our view on the previous roles of  
FoxO3a. Therefore, from the perspective of  disease pro-
gression, it is imperative to define the potential role of  
FoxO3a in cells and elucidate how alteration of  FoxO3a 
is linked to the development of  several types of  disease.      

FOXO3A STRUCTURE
Recent technologies have revealed that the primary struc-
ture of  FoxO3a contains highly conserved residues of  the 
helix H3 (motif  NXXRHXXS/T), which is the main DNA 
recognition element that binds into a major groove, which 
comprises the majority of  the direct base-specific con-
tacts[1,6]. Recent studies further revealed that FoxO proteins 
recognize two consensus sequences, 5’-GTAAA(T/C)AA-3’ 
known as the Daf-16 family member-binding element[6,7] 
and 5’-(C/A)(A/C)AAA(C/T)AA-3’ known as the insulin-
responsive sequence (IRE)[8,9]. Crystal structure revealed 
that the recognition helix H3 docked perpendicular to the 
major groove making extensive contacts with the DNA[7]. 
FoxO3a contains several crucial domains[12] (Figure 2) such 
as a nuclear localization signal (NLS), a nuclear export sig-
nal (NES) and a transactivation domain (TA).

FOXO3A REGULATORY MECHANISMS
Phosphorylation and dephosphorylation
FoxO3a is regulated by posttranslational modifications 
such as phosphorylation, acetylation and ubiquitination, 
each of  which affects the transcriptional activity of  FoxO 
proteins[11-16] (Figure 2). The potency of  FoxO3a is care-
fully regulated by phosphorylation. The phosphorylation 
of  FoxO3a by several kinases is well established. Among 
them, protein kinase B (Akt) is an important kinase that 
directly phosphorylates FoxOs. In the case of  FoxO3a, 
T32, S253 and S315 residues are phosphorylated by Akt 
and, in particular, the phosphorylation of  S253 is a crucial 
residue regulating the nuclear/cytoplasmic shuttling of  
FoxO3a. For example, when cells are cultured in the pres-
ence of  growth factors or insulin, FoxO3a is phosphory-
lated by Akt and mainly localized to the cytoplasm, which 
prevents its transcriptional activity. The phosphorylation 
event of  FoxO3a by Akt facilitates FoxO3a interaction 
with the 14-3-3 nuclear export protein, further preventing 
nuclear re-import by concealing nuclear localization sig-
nals[13]. Furthermore, the phosphorylation of  FoxO3a by 
activated Akt promotes an association with an ubiquitin 
E3 ligase, subsequently polyubiquitinating FoxO3a, which 
facilitates FoxO3a degradation by proteasomes[13-17]. Thus, 
the activation of  Akt is thought to be critical in FoxO3a 
regulation. However, in some tumors, FoxO3a remains 
in the cytoplasm even in the absence of  active Akt[14]. It 
has been found that IkB kinase (IKK) phosphorylates 
FoxO3a at serine 644, thereby inhibiting its transcriptional 
activity in an Akt-independent manner[15]. The phosphory-
lation of  FoxO3a by IKK also leads to its cytoplasmic 
localization, although the underlying export mechanism is 
not understood. The insulin/IGF-1 and integrin-depen-
dent signaling pathways activate Akt via PTEN suppres-
sion which phosphorylates FoxO3a, thereby rendering it 
functionally inactive. In contrast, FoxO3a is localized to 
the nucleus to activate its target genes when growth fac-
tors or serum are deprived. Additionally, serum and gluco-
corticoid regulated kinase (SGK), casein kinase 1 (CK1), 
dual specificity tyrosine-phosphorylated and regulated 
kinase 1A (DYRK1A), janus N-terminal kinase (JNK), 
mitogen-activated protein kinases (MAPKs), IkappaB ki-
nase (IKKβ), mammalian sterile 20-like kinase 1 (MST1) 
and AMP activated protein kinase (AMPK)  are also 
known to regulate FoxO3a and other family members[18-23] 
by phosphorylating multiple residues. Interestingly, SGK1 
is transcriptionally up-regulated in response to a variety 
of  external stimuli, including growth factors. SGK1 is 
also known to phosphorylate the pivotal ser 253 residue, 
which triggers its location to the cytoplasm, thereby inhib-
iting its function[19]. In contrast, AMPK activates FoxO3a 
function. 6 threonine/serine residues (T179, S399, S413, 
S555, S588 and S626) in mammalian FoxO3a are found 
to be phosphorylated by AMPK[24,25]. Mutation of  these 
phosphorylation residues to alanine severely impairs its 
function, yet it does not alter its ability to bind to cognate 
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FoxO3aMnSOD, Catalse
Autophagy

Cell cycle inhibition
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Figure 1  Forkhead box O3a target genes. Forkhead box O (FoxO)3a tran-
scriptionally activates several target genes. FoxO3a binds to the promoter of 
apoptosis inducing genes, such as Bim, FasL and TRAIL, and to the promoter 
of cell cycle inhibitors, such as p27 and p21. FoxO3a also activates autophagy 
genes Gabarapl1, ATG12, etc. A recent study showed that FoxO3a also partici-
pates in the activation of stress response genes, such as MnSOD and catalase 
in response to oxidative stress.  



sequences or to participate in nucleocytoplasmic shuttling 
depending on external cues[25]. Likewise, JNK also phos-
phorylates FoxO3a, activating FoxO3a function by en-
hancing its location into the nucleus which subsequently 
increases its transcriptional activity[18,22]. 

Unlike kinases, very few phosphatases have been 
found to regulate FoxO3a. One particular phosphatase, 
protein phosphatase-2A (PP2A), has been shown to 
regulate FoxO3a function. Nho et al[26] showed that when 
fibroblasts attach to 2D type collagen coated plates, 
PP2A activity is suppressed, which facilitates FoxO3a 
inactivation by enhanced Akt, promoting fibroblast pro-
liferation. But the over-expression of  PP2A reverses this 
inactivation and increases dephosphorylated FoxO3a, 
thereby suppressing their proliferation. Singh et al[24] also 
demonstrated that FoxO3a interacts with PP2A C/A 
subunits in HeLA cells, dephosphorylating its T32/S253 
residues, which subsequently inhibits the interaction of  
the 14-3-3 protein to FoxO3a by Akt. This study showed 
that PP2A is required for the reactivation of  FoxO3a 
by promoting its translocation to the nucleus (Figure 3). 
Interestingly, recent studies also showed that the adeno-
virus E1A stabilizes FoxO3a by inducing the expression 
of  PP2A/C, which suppresses βTrCP-mediated degra-
dation of  FoxO3a[25]. Thus, these studies clearly suggest 
that the imbalance between kinases and phosphatase(s) 
can greatly affect a cell’s fate by curbing FoxO3a func-
tion and the alteration of  these kinases and phosphatases 
are directly linked to certain disease progression.

Ubiquitin proteasome degradation
As we briefly described above, FoxO3a degradation is 

also an important step to regulate its function. The single 
molecule RING-finger E3 ligase murine double minute 
2 (MDM2) promotes ubiquitination of  FoxO3a as well 
as FoxO1 and FoxO4, facilitating their degradation[27]. 
Intriguingly, knockout or knockdown of  MDM2 alone 
increases FoxO3a protein levels. This effect was shown 
to be mediated by MDM2-induced polyubiquitination 
of  FoxO proteins[27,28], whereas another study showed 
that MDM2 catalyzes multiple monoubiquitination of  
FoxO4 rather than polyubiquitination[28]. When FoxO3a 
is located to the cytoplasm by Akt, FoxO3a becomes 
ubiquitinated and this event triggers a proteasome-
dependent degradation process. Like MDM2, FoxO3a 
phosphorylation by IKK also leads to its ubiquitination 
and degradation[15]. Thus, these studies document that 
FoxO3a localization in the cytoplasm not only deactivates 
FoxO3a function but also becomes a crucial step leading 
to FoxO3a degradation.  

Acetylation, transcriptional regulation, microRNA and 
others
Acetylation also plays an important role in regulating 
FoxO3a. Oxidative stress triggers FoxO3a acetylation/
deacetylation and affects the localization of  FoxO3a. 
For example, protein acetylase CREB binding protein 
(CBP)[29-31], p300[32,33] and deacetylase Sirt are known 
to modulate FoxO3a function[34-38], although a precise 
mechanism describing the effects of  acetylation and 
deacetylation is not known. A recent piece of  evidence 
suggests that the FoxO family is also regulated by mi-
croRNA. mir155, mir96 and mir21 are thought to directly 
regulate FoxO3a, while mir205 regulates FoxO3a via its 
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Figure 2  Major phosphorylation and acetylation residues of FoxO3a. Post-translational modification sites of FoxO3a. Shown are sites of serine/threonine phos-
phorylation by Akt/SGK, MST1, IKKβ or the residues acetylated by CBP or unidentified acetyl transferases (?) on FoxO3a domains[12]. FKH: Forkhead DNA binding do-
main; NLS: Nuclear localization signal; NES: Nuclear export sequence; TA: Transactivation domain; Akt: Protein kinase B; MST1: Mammalian sterile 20 like kinase-1; 
CBP: The cyclic–AMP responsive element binding (CREB) binding protein, IKKβ: Ikβ kinase; SGK: Serum-and glucocorticoid-induced protein kinase.

AKt, SGK PP2A

FoxO3a

FoxO3a

FoxO3a-14-3-3

FoxO3a

Proteasome

Figure 3  Forkhead box O3a localization by phosphoryla-
tion and dephosphorylation. Forkhead box O (FoxO)3a 
becomes translocated to the cytoplasm when phosphorylated 
on ser 253 residue by Akt or SGK. FoxO3a is then bound to 
14-3-3 and this interaction promotes its degradation by the 
proteasome. In contrast, FoxO3a is dephosphorylated by pro-
tein phosphatase-2A and this opposite event facilitates its re-
location into the nucleus, thereby activating its target genes. 
SGK: Serum-and glucocorticoid-induced protein kinase; Akt: 
Protein kinase B.



upstream target PTEN[39-43]. FoxO3a is also known to be 
regulated by a transcription factor. E2F-1 can bind to the 
promoter region of  FoxO1 and FoxO3a, thereby regulat-
ing FoxO3a at the mRNA level[44]. FoxO3a mRNAs are 
modulated as a function of  age in rat muscle, peaking at 
6 and 23 mo, suggesting that FoxO3a may also affect lon-
gevity in mammals[45].  

FOXO3A FUNCTION 
Cell proliferation and apoptosis
Perhaps the two most significant cellular processes that 
are regulated by FoxO transcription factor are the sup-
pression of  cell cycle progression and the promotion of  
apoptosis[46-50]. FoxO3a activation increases cell cycle in-
hibitor proteins p21 and p27, both of  which subsequently 
suppress G1 to S cell cycle transition[51-54]. Although p27 is 
transcriptionally regulated by FoxO3a via the PI3K/Akt-
dependent axis, it has been shown that p27 is also regu-
lated via the FoxO3a/NF-κB/c-Myc-dependent pathway. 
Chandramohan et al[55] showed that in WEHI 231 cells, the 
suppression of  PI3K activity promotes a decrease in c-Myc 
dependent p27 expression via NF-κB inhibition. Since 
NF-κB is frequently altered in many types of  cancers and 
NF-κB transcriptionally activates c-Myc gene expression, 
this finding suggests that p27 is reciprocally regulated by 
FoxO3a and c-Myc. A recent study further suggests that 
FoxO3a inhibits NF-κB function and that the alteration 
of  FoxO3a is associated with hyper-proliferative helper T 
cells, cigarette smoke-induced inflammation, airspace en-
largement and chronic obstructive pulmonary disease[56,57]. 
Likewise, FoxO3a also increases several target genes, such 
as Bim, TRAIL, PUMA and Fas ligand, which all promote 
cell apoptosis. For example, FoxO3a directly binds to the 
promoter region of  Bim, causing sympathetic neuron 
cell death[44]. The activation of  the transcription factor 
FoxO3a led to increased TRAIL transcription and induc-
tion of  G1 arrest in the absence of  v-Abl inhibition; this 
effect could be inhibited by the expression of  a constitu-
tively active Akt mutant in BCR-Abl-transformed human 
cells. Ghaffari et al[49] also demonstrated that cytokine and 
BCR-Abl suppression of  TRAIL transcription is mediated 
through phosphorylation and inhibition of  the FoxO3a 
transcription factor. This study showed that BCR-Abl-
induced inhibition of  TRAIL transcription is linked to the 
tumorigenicity in chronic myeloid leukemia[50]. FoxO3a is 
also associated with the regulation of  PUMA and Noxa 
proteins in lymphoid and neuroblastoma cells, respec-
tively[58,59]. Thus, these findings clearly demonstrate that 
FoxO3a-dependent cell cycle arrest and apoptosis induc-
tion are important for tumor suppression (Table 1) and 
further indicate that the pathological alteration of  FoxO3a 
can potentially contribute to the acquisition of  uncon-
trolled cell proliferation and an apoptosis-resistant cell 
phenotype. 

Stress resistant effect
The most recent discovery regarding FoxO3a’s function 

is that it is also associated with stress response and lon-
gevity. In contrast to FoxO3a’s better known functions 
of  inhibiting cell proliferation and promoting apoptosis 
as described above, FoxO3a also participates in protect-
ing cells when exposed to unfavorable conditions. This 
seemingly contradictory effect of  FoxO3a has been ob-
served in various cell models and it has been found that 
the reactive oxygen species (ROS) are linked to the acti-
vation of  FoxO3a to protect cells from a stress inducing 
environment[60,61]. In C. elegans, DAF-16 is thought to reg-
ulate 230 genes on the ablated germ cell line background 
and most of  these genes are related to the resistance of  
external stress[62,63]. Deregulated ROS induce apoptosis 
and are associated with various diseases and aging. Sir-
tuin-1 (Sirt1) decreases ROS levels and promotes cell 
survival under oxidative stress conditions. Interestingly, 
FoxO3a and other FoxO family members increase super-
oxide dismutase (SOD) and protect cells from oxidative 
stress in a Sirt1-dependent manner[34,38]. A Sirt1/FoxO3a-
dependent cell regulatory function that has been linked 
to stress management was previously studied. Brunet et al 
showed that Sirt1 and FoxO3a form a complex in cells in 
response to oxidative stress and Sirt1 increases the ability 
of  FoxO3a to induce cell cycle arrest and resistance to 
oxidative stress but inhibited FoxO3a’s function to induce 
cell death[38]. These results showed that FoxO3a deacety-
lation by Sirt1 in response to ROS can be an important 
self  defense mechanism to detoxifying harmful reactive 
molecules, further suggesting that Sirt1 is linked to pro-
tect cells from a stress inducing environment by tipping 
FoxO dependent response away from apoptosis and 
toward stress resistance[38]. Studies also found that Sirt3, 
which belongs to class Ⅲ of  HDACs, is linked to the 
resistance of  stress inducing environments by detoxifying 
ROS. The role of  Sirt3 and FoxO3a function is particu-
larly well described in myocytes[64]. At the cellular level, 
when cardiomyocytes are exposed to stressful stimuli, 
Sirt3 levels are elevated, which subsequently deacetylase 
FoxO3a and facilitate its location into the nucleus to ac-
tivate anti-oxidant genes[65]. Among them, catalase (Cat) 
and manganese superoxide dismutase (MnSOD) are di-
rect targets of  detoxifying enzymes by FoxO3a. Thus, the 
increased level of  Cat and MsSoD by FoxO3a activation 
may efficiently and effectively manage ROS, which can be 
beneficial for reducing stress induced by ROS.  Interest-
ingly, a prior study found a potential FoxO activator as a 
way to protect cells from oxidative stress. Resveratrol, a 
polyphenolic flavonoid abundant in red wine with potent 
antioxidant activity, is known to up-regulate the FoxO 
family and block caspase 3, 8, and 9 activation, protecting 
photoreceptor cells from oxidative stress[66]. Thus, it is 
believed that when cells are exposed to a stress inducing 
environment, FoxO3a protects cells by utilizing SOD, 
catalase, etc., and this action is ultimately beneficial to 
cells. Given the fact that FoxO3a is linked to stress re-
sponse and cells utilize FoxO3a to respond to ROS, it is 
a plausible scenario that the activation of  FoxO3a under 
stress inducing conditions triggers the cell’s defense sys-
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tem, which can protect cells from harmful environments. 

Longevity
However, perhaps the most intriguing recent discovery 
in FoxO3a function is that the FoxO3a gene is associated 
with aging. Because FoxO3a is regulated by insulin-IGF1 
signaling (IIS) which influences metabolism and lifespan 
in model organisms[67], FoxO3a had been proposed to be 
an ideal candidate to study longevity as the link between 
FoxO3a and longevity that has previously been described.  
Willcox et al[68] described 3 single nucleotide polymor-
phisms (SNPs) in the FoxO3a gene that were statistically 
significantly associated with longevity and different aging 
phenotypes in a sample of  long-lived Americans of  Japa-
nese ancestry. Furthermore, Flachsbart et al[69] found that 
not only were certain FoxO3a variants very common in 90 
year olds, they were even more common in 100 year olds, 
emphasizing the importance of  genetics for aging well. 
It becomes clear that increases in cellular ROS levels are 
known to be associated with aging[70-75]. Increased cellular 
oxidative stress regulates FoxO post-translational modi-
fications and the activation of  the FoxO family has been 
shown to regulate cellular oxidative-stress resistance[76-81].  
Interestingly, to support these findings, recent studies sug-
gest a possibility that Sirt3 and FoxO3a have been linked 
to an extended life span in humans[75-78,82]. 

FOXO3A IN CLINICAL APPLICATION
FoxO3, FoxO1 and FoxO4 are present at chromosomal 
translocation break points in cells of  rhabdomyosar-
comas and acute myeloid leukemia.  Among the FoxO 
family, FoxO3a has been shown to be deregulated in 
several tumor types, including breast cancer[83-85], prostate 
cancer[86-88], glioblastoma[89] and leukemia[90,91]. Therefore, 
FoxO3a has been targeted as a way to treat several types 
of  cancers. Interestingly, Akt, IKK and Erk are three 
commonly activated oncogenic kinases in human cancers 
and all three kinases target FoxO3a in an identical man-
ner to inhibit its tumor suppressor function[92]. All three 
kinase-mediated phosphorylations stimulate FoxO3a 
ubiquitination, resulting in its proteasomal degradation. 
Thus, a FoxO3a targeting approach via the modulation 
of  above kinases is currently underway. For example, 

the chemotherapeutic drugs paclitaxel[93] and KP372-1 (a 
multiple kinase inhibitor)[30], currently used in the treat-
ment of  breast carcinoma, activate FoxO3a by reducing 
Akt activity. Doxorubicin activates FoxO3a to induce 
the expression of  the multidrug resistance gene ABCB1 
(MDR1) in K562 doxorubicin-sensitive leukemic cells[94].  
Imatinib activates FoxO3a and induces Bim-dependent 
apoptosis through inhibition of  BCR-ABL in chronic 
myeloid leukemia[95]. Imatinib also induces erythroid dif-
ferentiation through repressing ID1 gene transcription by 
FoxO3a activation[96]. BMS-345541, a selective IKK in-
hibitor, promotes apoptosis in T-cell acute lymphoblastic 
leukemia (T-ALL) cell lines[97]. Several pieces of  evidence 
in recent years further suggest that a FoxO3a target-
ing approach may be helpful for the treatment of  other 
types of  human diseases. For example, FoxO3a causes 
the induction of  apoptosis in prostate cancer cells via up-
regulating PUMA[98]. Low levels of  FoxO3a may link to 
chemotherapy resistance in liver cancer and FoxO3a ap-
pears to present antitumor properties in hepatocellular 
carcinoma[99-101]. FoxO3a also plays a role in the neuro-
protective effect of  the erythropoietin (EPO) role in Par-
kinson’s disease via Akt[102]. Thus, all these studies indicate 
that as our knowledge for FoxO3a targeting approaches 
continuously develop, the clinical application of  FoxO3 is 
potentially promising to limit the progression of  human 
diseases in the future. 

FUTURE APPLICATION OF FOXO3A
FoxO3a has recently been recognized as a promising 
therapeutic target to treat cancers and other types of  dis-
eases. To improve therapeutic outcomes, FoxO3a-depen-
dent chemosensitization is being currently tested.  Studies 
suggest that precise FoxO3a regulation is essential for ho-
meostasis and if  there is deregulation of  FoxO3a by en-
vironmental factors, such as chronic exposure to ROS or 
genetic/epigenetic alteration, this pathological condition 
can directly lead to abnormal proliferation or changes in 
apoptotic signals, which subsequently are responsible for 
disease progression. In particular, age-dependent FoxO3a 
modulation is an interesting concept to help understand 
the pathogenesis of  certain types of  disease models. If  
FoxO3a is a crucial protein mainly deregulated by aging, 
maintaining optimum FoxO3a activity in a patient’s spe-
cific clinical condition can be beneficial to minimize age-
dependent disease.  For example, the preservation of  op-
timum FoxO3a activity using drugs such as paclitaxel may 
be helpful for patients with age-related diseases.   Clearly, 
more studies are required to elucidate FoxO3a’s function 
as an effective and useful target capable of  preventing or 
limiting the progression of  diseases without clinical com-
promise.    
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teinase (TIMP) which bind MMPs with a 1:1 stoichiom-
etry. In addition, RECK (reversion including cysteine-
rich protein with kazal motifs) is a membrane bound 
glycoprotein that inhibits MMP-2, -9 and -14. Moreover, 
α2-macroglobulin mediates the uptake of several MMPs 
thereby inhibit their activity. Cancerous conditions in-
crease intrinsic reactive oxygen species (ROS) through 
mitochondrial dysfunction leading to altered protease/
anti-protease balance. ROS, an index of oxidative stress 
is also involved in tumorigenesis by activation of dif-
ferent MAP kinase pathways including MMP induction. 
Oxidative stress is involved in cancer by changing the 
activity and expression of regulatory proteins especially 
MMPs. Epidemiological studies have shown that high in-
take of fruits that rich in antioxidants is associated with 
a lower cancer incidence. Evidence indicates that some 
antioxidants inhibit the growth of malignant cells by 
inducing apoptosis and inhibiting the activity of MMPs. 
This review is discussed in six subchapters, as follows.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Matrix metalloproteinases (MMPs), a group of 
zinc dependent endopeptidases, substantially contrib-
ute to extra cellular remodelling, angiogenesis, cellular 
differentiation, proliferation and apoptosis. MMPs are 
also important regulators of tumor growth both at the 
primary site and in distant metastasis; thus the en-
zymes are considered as important targets for cancer 
therapy. This review describes the roles and regulation 
of different MMPs and their subsequent actions over 
different gastrointestinal cancers both in epigenetic and 
cellular level. Furthermore, this review summarizes the 
current state of knowledge of dietary antioxidants in 
preventing gastrointestinal cancer progression as well 
as mechanism of action.
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Abstract
The process of carcinogenesis is tightly regulated by 
antioxidant enzymes and matrix degrading enzymes, 
namely, matrix metalloproteinases (MMPs). Degrada-
tion of extracellular matrix (ECM) proteins like collagen, 
proteoglycan, laminin, elastin and fibronectin is con-
sidered to be the prerequisite for tumor invasion and 
metastasis. MMPs can degrade essentially all of the 
ECM components and, most MMPs also substantially 
contribute to angiogenesis, differentiation, proliferation 
and apoptosis. Hence, MMPs are important regulators 
of tumor growth both at the primary site and in distant 
metastases; thus the enzymes are considered as im-
portant targets for cancer therapy. The implications of 
MMPs in cancers are no longer mysterious; however, 
the mechanism of action is yet to be explained. Herein, 
our major interest is to clarify how MMPs are tied up 
with gastrointestinal cancers. Gastrointestinal cancer is 
a variety of cancer types, including the cancers of gas-
trointestinal tract and organs, i.e., esophagus, stomach, 
biliary system, pancreas, small intestine, large intestine, 
rectum and anus. The activity of MMPs is regulated by 
its endogenous inhibitor tissue inhibitor of metallopro-
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EPIDEMIOLOGY AND GENETIC BASIS OF 
GASTRIC CANCERS
As far the incidence rate is concerned, gastric cancer 
holds the fourth position among the most common 
cancers in men and fifth in women, from a worldwide 
perspective. The death rate goes hand to hand with lung 
cancer, the most frequent cancer globally[1]. Approxi-
mately, one million cases of  gastric cancer were reported 
in the year 2008, which accounted for almost 8% of  all 
cancerous incidents throughout the world[1]. Regions of  
Asia, eastern Europe, South America were highlighted in 
the reports as the most affected continents[2]. Carcino-
genesis in the gastrointestinal tract, accounts for marked 
geographic variations in incidence and shows morpho-
logical heterogeneity. Histologically, gastric cancers are 
mainly of  two types, diffuse and localized intestinal types. 
Poorly differentiated cancer cells, scattered within the 
stromal cells diagnosed as diffuse-type gastric cancer 
(DGC), whereas tubular gland like structures formed by 
the cancer cells having a few stromal components give 
rise to intestinal-type gastric cancer (IGC). Recognized 
as a familial disease many years ago, hereditary diffuse 
gastric cancer has now been identified as an autosomal 
dominant cancer susceptibility syndrome. This familial 
disease was probably most elegantly demonstrated in the 
family of  Napoleon Bonaparte[3,4]. 

Chromosomal anomalies leading to gastrointestinal 
cancers
Aneuploidy of  chromosomes 4, 8, 17 and 20 in gastric 
cancer were reported in several studies. Researchers have 
been trying to identify the precise stages known from 
Correa’s pathway, where these chromosomal anomalies 
arise. Chromosome 4 and 20 were found to be amplified 
with the deletion of  chromosome 17(p53) in multiple 
known progressive stages of  carcinogenesis including 
normal gastric mucosa as well as metaplasia, dysplasia and 
cancer. A significant increase in the levels of  aneuploidy 
was also reported with disease severity. Moreover, in some 
cases significant positive association was observed be-
tween chromosome 4 amplification and infection with He-
licobacter pylori (H. pylori). In the same study, a similar kind 
of  aneuploid condition was induced in vitro by exposing a 
human cell line to hydrogen peroxide suggesting that H. 
pylori induces gastric cancer with the help of  reactive oxy-
gen species (ROS) mediated chromosomal aneuploidy[5].

In 1988, Correa proposed the stages of  human gas-
tric cancer progression using several stages including 
gastritis, metaplasia, dysplasia, carcinoma, etc. In a study 

by Sugai et al[6] chromosomal allelic losses were tested of  
multiple cancer related chromosomal loci (1p, 3p, 4p, 5q, 
8p, 9p, 13p, 17p, 18q and 22q). In addition, microsatellite 
instability (MSI) and overexpression of  p53 protein were 
checked in all tumor samples. A prominent 3p allelic loss 
was observed in the cases of  gastric phenotypes, whereas 
5q allelic loss was highly associated to the intestinal phe-
notypes. Both loss of  heterozygosity and microsatellite 
instability were observed in the genetic profiles of  the 
mixed phenotypes. Allelic losses of  5q, 3p and 18q loci 
were consistent in intra-mucosal carcinomas and allelic 
losses of  17p, 1p and 9p were associated to submucosal 
carcinomas, all leading to loss of  heterozygosity. MSI was 
observed only in 6 out of  31 cases of  mixed phenotype 
gastric cancers, while p53 overexpression is observed in 
most of  the cases of  differentiated gastric carcinomas[6].

Specific gene mutations and their contributions
In most cases, the molecular expression of  several bio-
logical markers show no link between the young (≤ 45 
years) and the aged (≥ 45 years) patients, suggesting that 
early onset of  gastric cancers possess different expres-
sion patterns of  several important biomolecules[7]. Early 
onset gastric cancer patients may be more susceptible to 
the genetic factors but these individuals account for 10% 
or even less of  all gastric cancer patients throughout the 
world[8,9]. Only10% of  early onset gastric cancer cases 
belong to the inherited gastric cancer predisposition syn-
dromes, but the genetic events taking place in the back-
ground of  these remain largely unclear till date.

Development of  tumors, often result from defects 
in several signaling pathways, including tyrosine phos-
phorylation, which occurs through the combined actions 
of  protein tyrosine phosphatases (PTPs) and protein ty-
rosine kinases (PTKs). About 26% of  colorectal cancers 
and a minute fraction of  gastric cancers were reported to 
have mutations in the PTP genes. Mutated PTP originally 
are tumor suppressor genes, which regulate pathways 
associated with cell growth and differentiation. Wang et 
al[10] uncovered 83 such somatic mutations by mutational 
analysis of  the six tyrosine phosphatase gene superfam-
ily namely (PTPRF, PTPRG, PTPRT, PTPN3, PTPN13, 
and PTPN14). Production of  truncated proteins lacking 
phosphatase activity was due to 15 mutations, which were 
nonsense, frame shift or splice site mutations. Reduced 
phosphatase activity was resulted in 5 missense mutations 
in PTPRT. Restoration of  wild-type PTPRT expression 
in human cancer cells tended to cease cell growth[10].

Several studies reported the involvement of  different 
biomolecules for the cause of  gastric cancer. E-cadherin, 
p53, cycloxygenase-2 (COX-2), trefoil factor-1 (TFF-1), 
β-catenin, p16, c-myc, etc., are some of  the known mol-
ecules. Significant difference in the expression of  these 
markers and some other molecules are found, namely 
c-jun, HuR, C/EBP-β, etc., in early onset of  gastric can-
cer, as well as regular gastric cancer patients. TFF-1 was 
overexpressed with a comparatively lower level of  COX-2 
in the early onset gastric cancer, whereas COX-2 overex-
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pression and loss of  TFF1 was found in regular cancers. 
Surprisingly, overexpression of  COX-2, C/EBP-β in in-
testinal type gastric cancer was observed[7].

Risk factors for familial and non-familial gastrointestinal 
cancers
Gastrointestinal carcinomas like, esophageal adenocarci-
noma, gastroesophageal junctional adenocarcinoma, etc., 
often originate from Barrett’s esophagus (BE), a chronic 
gastroesophageal reflux disease[11,12]. When BE and its 
associated diseases occur in families, they are collectively 
included within a syndrome named Familial Barrett’s 
Esophagus, categorized as a complex genetic disease[13,14]. 

The onset of  adenocarcinomas is thought to be de-
termined by a combined effect of  genetic variation and 
distinct environmental factors. Chak et al[15] determined 
the relationship between risk factors and the age of  onset 
of  these cancers. Family history of  BE/cancer occur-
rence, gastroesophageal reflux symptoms, obesity (defined 
as body mass index > 30) and other risk factors were 
assessed in a total of  356 gastroesophageal adenocarci-
noma patients. This study reports that both familial and 
non-familial cancers arise at similar ages, but obesity is 
associated with a comparatively earlier age of  onset.

Appropriate clinical counseling based on the genetics 
of  gastrointestinal cancers always depends on well sub-
stantiated data reflecting the risk factors existing through 
a family. The estimated risk of  gastric cancer within a 
family, however, may differ widely from one another. 
A group of  researchers from Sweden used the updated 
Swedish Family-Cancer Database to investigate the fa-
milial risks of  gastric cancer in 5358 patients among the 
offspring and 36486 patients among the parents. In this 
investigation, 133 families were identified having one par-
ent and one offspring recognized as patients of  gastric 
cancer, whereas 20 families had two affected offspring. 
The standardized incidence ratio (SIR) for the families 
was 1.63, when the parents displayed gastric cancer and 
the same was 2.93 in the families where the siblings had 
the disease. Cancer in the corpus (main body of  the 
stomach) was related to high sibling risk (SIR = 7.28). 
Whenever gastric cancer was diagnosed in the parents, 
the SIR for cancer in the cardia (the area joining stomach 
and esophagus) was 1.54. In most cases, upper stomach 
cancer did show a particular association to esophageal ad-
enocarcinoma. Histological analysis revealed an increase 
of  signet ring cells in cancers. Among the factors, giving 
rise to high sibling risk in the case of  corpus cancer, H. 
pylori infection may be an important one. The association 
of  upper stomach cancer and esophageal adenocarci-
noma in families may also lead to important clues on the 
aetiology of  both diseases[16].

Chromatin remodeling and epigenetic modifications as 
etiological factors
Various carcinogenic pathways and environmental factors 
may contribute to the aetiologies of  gastric cancers[17]. 
Several genes as well as some of  their mutations were 

identified in a study by exome sequencing of  22 gastric 
cancer samples. In this way, genes participating in chro-
matin remodeling were most commonly found to be 
mutated, leading to alterations in specific pathway. Pro-
tein deficiency of  AT-rich interactive domain-containing 
protein 1A (ARID1A) were observed in 83% of  gastric 
cancers with MSI, 73% of  those with Epstein-Barr virus 
(EBV) infection and 11% of  those that were not infected 
with EBV and microsatellite stable. A small division of  
the disease may arise due to TP53 (gene encoding p53) 
mutations, as well as other genetic alterations and modi-
fied pathways. Occurrence of  these mutations shows a 
negative correlation with mutations in TP53. The sig-
nificance of  chromatin remodeling is highlighted in the 
context of  gastric cancers, which also reveal some new 
genomic landscapes[18].

Overexpression of  claudin-4 (CLDN4), a protein 
involved in tight junctions is known to be associated to 
gastric cancers. Increased expression of  CLDN4 on the 
membrane enhances the barrier like function of  tight 
junctions which tends to prevent the migration and inva-
sion of  gastric cancer cells, without affecting cell growth. 
The epigenetic regulation of  CLDN4 overexpression 
and its clinical significance as potential therapeutic targets 
was reported by Kwon et al[19]. DNA hypomethylation 
parallels to CLDN4 upregulation in both cancerous and 
non-cancerous gastric tissues. In normal gastric tissues, 
bivalent histone modifications often lead to repression of  
CLDN4 expression, whereas loss of  repressive histone 
methylations results in upregulation of  CLDN4 in gastric 
cancer cells[19].

Methylation level of  long interspersed element-1 
(LINE-1) is associated with esophagus gastric as well as 
colon cancer progression and prognosis[20]; this helps in 
assessing tumor heterogeneity and drug efficacy for the 
personalized treatment of  patients with gastrointestinal 
cancers. Okada et al[21] documented that promoter meth-
ylation rate of  seven genes TP73, BLU, FSD1, BCL7A, 
MARK1, SCRN1, and NKX3.1 are higher in EBV-
associated gastric carcinomas compare to EBV-negative 
gastric carcinoma signify the viral-mediated epigenetic 
alteration in cancer. Report suggested that H. pyroli in-
fection induced promoter methylations of  THBS1 and 
GATA-4 gene in the early stages of  chronic gastritis and 
gastric cancer development[22]. Jin et al[23,24] reported the 
enhanced rate of  promoter methylation of  a transmem-
brane glycoprotein endoglin and Ras-related associated 
with diabetes gene in human ESCC. Also, TIMP-3 hyper-
methylation contributes to the downregulation TIMP-3 
protein expression in ESCC and is associated with poor 
patient survival[25]. Poplineau et al[26] reported that a 
DNA hypomethylation agent enhanced upregulation of  
MMP-1 gene expression and triggered tumor cell inva-
sion. In contrast, treatment with S-adenosylmethionine, 
a methyl donor, resulted in activation of  TIMP-2 and 
significant downregulation of  MMP-2 and MT1-MMP 
gene in colorectal cancer[27]. Prognostic values of  pro-
moter hypermethylation in patients with gastric cancer 
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documented that patients with higher stage of  colorectal 
cancer possess a higher concentration of  methylated 
APC, TIMP-3 and hMLH1 in the serum[28]. Wang et al[29] 
reported a frequent hypermethylation of  RASSF1A gene 
promoter in gastric and colon cancer and predicted its 
utility as a diagnostic marker. 

ELEVATED INDUCTION OF MMPS IN 
GASTROINTESTINAL CANCERS
The MMPs are comprised of  a family of  endopeptidases, 
which can cleave almost every component of  the extra 
cellular matrix (ECM) proteins. It is documented that 
many non-ECM proteins can also be cleaved by selected 
MMPs. Structurally, they all have a zinc ion in the cata-
lytic domain and their activity is dependent on divalent 
ions, mainly, Zn2+ and Ca2+[30,31]. There are about 27 dif-
ferent MMPs discovered so far and they are subdivided 
in groups according to substrate specificity and structural 
integrity (Table 1). Induction and expression of  MMPs 
are regulated at the level of  transcription and translation, 
respectively. Further complexity of  MMPs is the activa-
tion from zymogen to active enzyme and, secondly, the 
mRNA stability of  few MMPs play critical role. ProM-
MPs are converted to active MMPs by intra-molecular 
cleavage of  cysteine bridge between thiol group at the 
prodomain and Zn2+ near the catalytic site. The overall 
activity depends on the availability of  the substrate as 
well as inhibitor in pericellular space, though a high con-
centration of  MMPs exists near the plasma membrane. 

Cancer progression can be explained in six ma-
jor steps: self-support in growth signals; resistance to 
growth-inhibitory signals; reduced apoptosis; uncon-
trolled replication; sustained angiogenesis; and tissue 
invasion followed by metastasis[32]. Considerable evidence 
has demonstrated that disease progression in experi-
mental animal models of  cancer invasion and metastasis 
correlate with enhanced secretion of  specific MMPs by 
tumor cells and/or stromal cells. Gastrointestinal cancer 
can be subdivided into different types, e.g., cancers of  up-
per digestive tract, esophageal cancer, gastric cancer, pan-
creatic cancer, liver cancer, gallbladder cancer and others 
like MALT lymphoma, gastrointestinal stromal tumors, 
cancer of  the biliary tree, cancer of  the lower digestive 
tract, colorectal and gastrointestinal carcinoid tumor. 

Role of MMPs in esophageal and gastric cancer 
Role of  MMPs in gastrointestinal cancer has been well 
studied. IHC analysis of  tumor biopsy samples sug-
gest the expression of  MMP-1 in 24% of  oesophageal 
cancers, while MMP-2 and MMP-9 in 78% and 70% of  
samples respectively[33]. Similarly, studies revealed that 
MMP-13 is localized predominantly in tumor cells; and 
the presence of  MMP-13 together with MT1-MMP is 
implicated in determining tumor aggressiveness of  hu-
man oesophageal carcinomas. Etoh et al[34] found a sig-
nificant correlation in survival period for subjects with 
the expression of  MMP-13 and MT1-MMP in tumor 
tissue. Moreover, the activities of  MMP-2, -3, -9, and -10 
enzymes were detected in each of  the 24 cancer cases. 
MMP overexpression was reported in tumors in com-
parison to normal tissue; having elevated levels of  the 
activated form of  MMP-3 and -10 in tumors. In addition, 
MMP-3 and -10 mRNA levels were significantly higher 
in tumors than paired normal tissues in both the stromal 
and epithelial component of  tissues[35].

One of  the important features of  the malignant 
phenotype in both colorectal and gastric cancer is the 
overexpression of  MMP-2 and -9 as well as activation 
of  proMMP-2 to active MMP-2. Expression of  MMP-2, 
-1 and -9 was found in 94%, 73% and 70% respectively 
in gastric specimens when studied in 74 patients. Con-
versely, MMP-3 was only present in 27% of  tumors while 
MMP-1 and -9 were present mostly in all intestinal phe-
notypes of  gastric cancer. In addition to MMPs, TIMP-1 
and TIMP-2 were detected in approximately 50% of  
gastric tumors. Progression of  gastric cancer is associ-
ated with MMP-13 expression along with its coexpres-
sion with MT1-MMP and/or MMP-2 that may have a 
synergistic effect in the progression of  the disease[36]. The 
expression of  TIMP-3 was significantly higher than that 
of  MMP-3, and MMP-3/TIMP-3 was lower in gastric 
cancer tissue at the early stages (n = 18) than in that of  
the advanced stage group (n = 26) (P < 0.05)[37]. MMP-7 
expression has been found to be prognostic marker for 
metastasis of  gastric carcinoma because MMP-7 mRNA 
as well as protein was pronounced in aggressiveness car-
cinoma tissues.

Role of specific MMPs in colorectal cancer  
The critical event in the process of  cancer invasion and 
metastasis is the degradation of  the ECM surrounding 
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Table 1 Major matrix metalloproteinases studied in cancer biology

Collagenase Gelatinase Stromolysin Matrilysin Membrane type MMPs Others

MMP-1 MMP-2 MMP-3 MMP-7 MMP-14 MMP-12
MMP-8 MMP-9 MMP-10 MMP-26  MMP-15 MMP-20
MMP-13 MMP-11  MMP-16 MMP-28
MMP-18 MMP-19  MMP-17

MMP-24
 MMP-25

MMP: Matrix metalloproteinases.



the tumor tissue[38]. This ECM is degraded by the action 
of  a set of  proteases, in which several types of  MMPs 
play major role, of  which MMP-2 and -9 are most promi-
nent. The basement membrane which prevents an invad-
ing epithelial tumor is mainly made up of  type IV col-
lagen, which is substrate of  MMP-2 and -9. The event of  
basement membrane degradation promotes epithelial tu-
mor invasion. Higher levels of  MMP-1, -2, -3, -7, -9, -13, 
and MT1-MMP expression have been documented in hu-
man colorectal. Murray et al[33] demonstrated that MMP-1 
in colorectal cancer specimens was linked to a poor prog-
nosis of  the disease. This study was later confirmed by 
performing IHC, FISH, and RT-PCR on 142 samples of  
colorectal carcinomas[39]. The latent form of  MMP-2, i.e., 
proMMP-2, is expressed in significant levels almost in all 
normal tissues. MMP-2 acts as the ‘house-keeping’ gene 
due to its importance in normal cellular physiology. While 
active MMP-2 is found in neoplastic tissues, it is lacking 
in most normal tissues. Parsons et al[40] in 1992, were the 
first who described the role of  MMP-2 in colorectal can-
cer and the ratio of  MMP-2 to proMMP-2 was 20 fold 
higher in colorectal cancer specimens in comparison to 
non-malignant biopsies as judged by gelatin zymography. 
Parsons et al[40] demonstrated increased expression of  
proMMP-9 in colorectal cancer. The increased activity of  
proMMP-9 from inflammatory cells may cause an early 
change in progression from adenoma to carcinoma, when 
colonic adenoma is compared to normal mucosa. In-
creased co-expression of  MMP-3 and MMP-9 has been 
found in colorectal tumors. Co-expression of  uPA with 
MMP-9 in colorectal cancers is responsible for the acti-
vation of  plasminogen to plasmin[41]. Plasmin stimulates 
proMMP-3 to active MMP-3 which in turn promotes 
proMMP-9 to active MMP-9, thus, resulting in colorec-
tal cancer progression[41]. Excess MMP-9 expression in 
colorectal cancer contributes to the inflammation related 
to neoplasms but not to aggressive tumors[42]. Low levels 
of  microsatellite instability and poor prognosis is ob-
served with increased expression of  MMP-3 in colorectal 
cancer. Moreover 90% of  colonic adenocarcinomas dem-
onstrated high levels of  MMP-7 expression. Studies on 
surgically resected colorectal cancer specimens elucidated 
the clinical importance of  MMP-7 expression in this can-
cer type. It demonstrated that overexpression of  MMP-7 
in colorectal cancer (measured by IHC and in situ hybrid-
ization) directly relates to nodal or distant metastasis[43,44]. 
On the contrary, MMP-12 overexpression is associated 
with increased survival in colorectal cancer because of  its 
influence as protective factor presumably by inhibiting tu-
mor angiogenesis[43]. In fact, inhibition of  tumor growth 
with upregulation of  MMP-12, also known as macro-
phage metalloprotease, is well accepted. It was reported 
by Dong et al[45] that macrophages capable of  producing 
MMP-12 in tumors that are responsible for increased 
production of  angiostatin, an inhibitor of  tumor neovas-
cularization[45,46]. High expression of  MMP-13 results in 
poor survival of  colon cancer patients. Colorectal tumor 
biopsy specimens were examined for the identification of  

MMP-13 by Leeman et al[47]. MMP-13 was found in 91% 
of  cases and was localized to cytosol of  tumor tissues. 
Significantly higher activity of  MMP-13 was observed 
in malignant than the non-malignant tissues. Moreover, 
plasmin, MT1-MMP and MMP-2 are key molecules in 
the production of  active MMP-13. Active MMP-13 was 
found to be responsible for activation of  MMP-9 during 
cancer progression[48]. 

MMPs polymorphism in tumor formation 
Unlike classical oncogenes, MMPs are not upregulated 
by gene amplification or mutations. The increased MMP 
expression in tumours is mainly due to transcriptional 
changes rather than genetic alterations. The only two re-
ported genetic alterations in cancer cells are translocation 
of  the MMP-23 gene in neuroblastoma[49] and amplifica-
tion of  the MT5-MMP gene[50]. Polymorphisms in MMP 
promoters also affect gene transcription and influence 
cancer susceptibility (Figure 1). The estimated number of  
single nucleotide polymorphisms (SNPs) in the human 
genome is 10 million, while only a small part of  these 
polymorphisms are functionally relevant. The differences 
in allele transcription caused by polymorphisms in the 
MMP promoters are subtle compared with the overex-
pression that arises from the amplification of  oncogenes. 
Most of  the functional SNPs are located in the promoter 
region of  the MMP-1,-2,-3,-9 and -7 genes that are associ-
ated with gastric cancer risk.  

MMP1-1607 1G/2G polymorphism was found to be 
associated with gastric cancer risk as presence of  extra 
guanine (2G) creates a binding site for Ets-1 transcription 
factor that enhances transcription of  MMP-1. Bradbury 
et al[51] reported an elevated esophageal cancer risk in 
1G/2G and 2G/2G carrier. MMP-1 protein expression 
is higher in tumors from gastric cancer patients who 
carry the 2G allele not 1G homozygotes[52]. Moreover, 
2G homozygotes are more likely to develop invasive 
tumors. Dey et al[52] reported that MMP-1 promoter poly-
morphism is significantly associated with lower stomach 
tumor formation. MMP-1 -1607 1G/2G polymorphism 
is also involved with colon cancer risks.

MMP-2 polymorphism was investigated mainly in 
the promoter region, e.g., MMP-2 -1306 C/T, -735 C/T, 
-790T/G, -955A/C, and -1575G/A in the context of  
gastrointestinal cancer risk[53]. Studies reported associa-
tion of  gastrointestinal cancer risk with -1306 C/T and 
-735 C/T polymorphic site worldwide. Price et al[54] char-
acterized genetic variants in the human MMP-2 -1306 C/
T allele-specific transcriptional regulation. The common 
C>T transition at -1306 disrupts a Sp1-type promoter 
site (CCACC box), leading to lower promoter activity 
with the T allele[54]. On the other hand, G to A substitu-
tion at the MMP-2 -1575 site reduces gene expression 
due to a reduction of  estrogen receptor-α binding to A 
allele[55]. Fruh et al[56] found the presence of  CC allele at 
MMP-2 -1306 position in H. pylori infected individuals 
which provide protection against esophagus adenocarci-
noma. Studies also reported that presence of  CC allele at 
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-1306 site increases the risk of  ESCC, although Chen et 
al[54,57] did not observe any positive association of  MMP-2 
-1306 C/T polymorphism with ESCC in Mongolian 
population suggests differences in genetic susceptibility 
between Han-ethnic Chinese and the Mongolian popula-
tion. However, both positive and negative influences of  
MMP-2 -1306 C/T polymorphism with gastric cancer 
in Asian and Caucasian population were reported[58]. 
Studies were performed to evaluate the association of  
MMP-2 -1306 C/T polymorphism with colon cancer 
risk[59]. Langer et al[53,60] reported that presence of  CC or 
CT genotype enhances the survival rate of  colon cancer 
patients. There is also a significant association of  MMP-2 
-735 C/T polymorphism with esophageal cancer risks[54].

MMP-9 over expression is associated with almost 
all the hallmark steps of  cancer progression that make 
MMP-9 an ideal candidate gene for genetic association 
studies. Functional polymorphisms, e.g., MMP-9 pro-
moter (-90CA(n), -1562C/T) as well as structural region 
(R279Q, P574R, R668Q) polymorphism were studied, as-
suming it might influence the MMP-9 gene expression or 
protein activity. MMP-9 polymorphism and gastrointesti-
nal cancer risk is apparent in both Chinese and Caucasian 
populations[61,62]. In a hospital based case control study in 

Chinese population, MMP-9 polymorphism in individual 
carrying RR genotype at P574R have increased risk of  
ESCC while R279Q and R668Q polymorphism has no 
association with cancer risk. In contrast Fang et al[63] re-
ported that individuals having RR genotype at R279Q 
site have enhanced risk towards colon cancer. Tang et al[62] 
showed R279Q and P574R polymorphism were associ-
ated with lymph node metastasis of  gastric cancer. Posi-
tive association of  MMP-9 -1562 C/T polymorphism 
and colon cancer risk has been reported by Woo et al[61] 
in Korean population. Other studies reported a higher 
incident of  lymph node metastasis in gastric and colon 
cancer patients having CC genotype at -1562 bp[64,65].

Association of  SNPs in MMP-3 promoter and gastro-
intestinal cancer has been investigated in MMP-3 -1171 
6A/5A site, since transcription repressor bind strongly 
with 6A allele leading to reduced gene expression. Brad-
bury et al[51] suggested a positive association of  EA risk 
with 6A/5A or 5A/5A carrier. In addition, Zhang et al[64] 
found a higher ESCC risk among smokers having the 
5A allele and reported that an elevated risk of  lymph 
node metastasis in patients having 5A allele instead of  
the 6A allele. Interestingly, Dey et al[52] reported that the 
frequency of  homozygotes for the 6A allele is lower in 
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Figure 1  Matrix metalloproteinases polymorphism 
in gastrointestinal cancers. Single nucleotide polymor-
phism (SNP) for matrix metalloproteinases (MMP) genes 
in gastrointestinal organs (e.g., esophagus, stomach and 
intestine) of human has been reported. These SNPs are 
involved in changing MMPs activities in neoplastic trans-
formation of gastric tissues in cancer patients. In addition 
to cancerous cells, the secretion of MMPs by fibroblasts, 
myofibroblasts, lymphocytes, neutrophils, macrophages, 
dendritic cells and endothelial cells has been documented. 
Both MMPs and tissue inhibitor of metalloproteinases 
(TIMPs) are important in regulation of extracellular matrix 
(ECM) remodeling, inflammatory responses and angiogen-
esis for cancer invasion and metastasis.



gastric cancer patients than in controls of  eastern Indian 
population[66]. On contrary, only one study performed in 
Japanese population that showed higher incidents of  co-
lon cancer in individuals having 6A/6A genotype.

Two common functional MMP-7 SNPs (-181A/G, 
-153C/T) are believed to control gene expression in 
several diseases, including gastrointestinal cancer[67-69]. 
MMP-7 up-regulation was significantly related to the pro-
moter activity variation of  the –181A/G alleles. Jormsjö 
et al[68] reported that the expression and promoter activ-
ity of  the MMP7 -181G allele was higher in G over A 
and, attributed to the formation of  a putative binding 
site (NGAAN) for a heat-shock transcription factor to 
G-allele. On the contrary, Richards et al[69] reported that 
elevated plasma MMP-7 level in AA genotype was gov-
erned by the G to A transition in -181 bp resulting in 
higher binding for the forkhead box A2 transcription fac-
tor to AA genotype. Studies reported a positive associa-
tion of  MMP-7 -181A/G polymorphism in esophagus, 
and gastric adenocarcinoma in Chinese population with 
an increased gastric cancer risk in G allele carrier[70]. How-
ever, in contrast, Kubbent et al[58] reported more AA and 
less AG in gastric cancer group. Moreover, MMP-7, -181 
A/G and -153 C/T polymorphism is also significantly as-
sociated with colon cancer risk[71].

REGULATION OF MMPS IN 
GASTROINTESTINAL CANCER
An understanding of  the MMP regulation in different 
cellular processes, e.g., apoptosis, angiogenesis, invasion, 
metastasis as well as immune function is important for 
early prognosis and better therapeutics of  gastrointestinal 
cancers. The regulation of  MMPs goes awry at any or all 
cellular processes during cancer development[30]. The reg-
ulatory mechanisms shared among different cellular pro-
cesses might control the invasive property of  cells. The 
presence of  MMP-1, -2, -3, -9, and MT1-MMP mRNA 
and protein in gastric and colorectal cancer tissues are 
evident from IHC and FISH assay. It is also known that 
MMPs are produced by inflammatory and fibroblast cells, 
in the vicinity of  cancer cells. Among various signaling 
pathways, mitogen-activated protein kinases (MAPKs) 
pathways are important in the regulation of  MMP in-
duction as most of  MMP promoters contain AP-1 and 
NFκB-binding sites, the downstream target of  MAPK 
pathways. NFκB and AP-1 activity are significantly en-
hanced during cancer progression. JNK pathway induces 
MMP expression through activation as well as nuclear 
translocation of  multiple transcription factors such as 
Jun D, ATF and most of  the MMP promoter contain 
putative-binding sites for these DNA-binding proteins[72]. 
It is now conceivable that the function of  MMPs is not 
only confined to invasion and metastasis steps of  cancer 
but they also facilitate initial phases of  cancer develop-
ment. In cancer, special emphasis has been placed on 
the degradation of  type IV collagen, a major protein 
component of  basement membranes that can be cleaved 

by MMP-2 and -9. Disease progression in experimental 
animal models of  cancer invasion and metastasis corre-
late with enhanced secretion of  specific MMPs by tumor 
cells and/or stromal cells. Specific MMPs appear to have 
different functions depending on the stage of  cancer and 
tissue type.

MMPs regulate apoptosis 
MMPs especially, MMP-3, -7, -9 and -11 regulate apop-
tosis by degrading matrix protein. MMPs have both 
apoptotic and anti-apoptotic actions on endothelial 
and epithelial cells by cleaving adhesion molecule, e.g., 
VE-cadherin[73], PECAM-1[74] and E-cadherin[75]. De-
tachment of  adhesion molecules from the membrane 
is prerequisite for apoptosis to occur. Degradation of  
laminin by MMP-3 is another example of  enhanced 
apoptosis in mammary epithelial cells possibly by degrad-
ing laminin[76]. MMP-7 releases the Fas ligand from the 
membrane which then induces apoptosis of  neighbor-
ing cells, or decreases cancer-cell apoptosis, depending 
on the system[77]. MMPs might also negatively regulate 
cancer-cell growth, by means of  activation of  TGF-β or 
generation of  pro-apoptotic molecules such as Fas ligand 
or TNF-α. By producing heparin-binding epidermal 
growth factor (HBEGF) from the latent form, i.e., pro-
HBEGF, MMP-7 promotes cell survival which is op-
poses the apoptosis via tyrosine kinase-mediated pathway. 
Moreover, MMP-11 also inhibits cancer cell apoptosis, 
as indicated by Wu et al[78], who showed that over expres-
sion of  MMP-11 decreases spontaneous apoptosis in 
tumor xenografts. In contrast, MMP11-null mice show 
a higher rate of  apoptosis compared to wild-type when 
challenged with cancer cells. MMP-11 inhibits apoptosis 
by the mechanism of  releasing IGFs, known to can act 
as survival factors[79]. Although MMP-9 and -11 decrease 
cancer cell apoptosis, they increase apoptosis during de-
velopment[78,80]. 

MMPs regulate angiogenesis 
Angiogenesis, the formation of  new capillaries from pre-
existing vessels, is associated with several physiological pro-
cesses as well as pathological conditions. Vascular endothe-
lial growth factor (VEGF) is a mitogen for endothelial cells 
and is required for tumor-induced angiogenesis. The activa-
tion of  MMPs is governed by VEGF and then activated 
MMPs degrade collagen and ECM proteins of  basement 
membrane thereby aiding in the migration of  endothelial 
cells. Cleavage of  collagen type Ⅰ allow endothelial cells to 
invade the tumor stroma during vessel formation and MMP 
promote the process by degrading collagen[81]. MMP-2, -9 
and -14 directly regulate angiogenesis, and MMP-19 might 
also be important as it is expressed in blood vessel[82]. Fur-
thermore, reduced MMP-2 expression resulted in decreased 
angiogenesis in cancer cells in chicken chorioallantoic mem-
brane model. Tumor angiogenesis is significantly inhibited 
in mice deficient in MMP-2 in comparison with wild type 
mice[83]. Cleavage of  collagen type IV by MMP-2 exposes a 
cryptic, avβ3 integrin binding site within the collagen that 
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helps in migration of  endothelial cells both in vitro and in 
vivo model[84].    

MMP-9 is a key player for pathological angiogenesis 
as revealed by experiments done in transgenic models 
of  tumour progression, in the K14-HPV16 skin cancer 
model[85]. In contrast, the angiogenesis process is unaf-
fected by MMP-2 in skin cancer. Both MMP-14 and 
MMP-9 null mice have impaired angiogenesis during de-
velopment[86]. Cleavage of  plasminogen by MMP-2, -3, -7, 
-9 and -12 generates angiostatin[87], and MMP-3, -9, -12, 
-13 and -20 are involved in the generation of  endostatin, 
a C-terminal fragment of  the basement membrane col-
lagen type XVIII[45,88]. Both angiostatin and endostatin 
reduce endothelial cell proliferation[46]; endostatin also 
inhibits endothelial cell invasion by acting as an inhibi-
tor of  MMP-14 and -2[89]. By degrading fibrin matrix of  
blood vessels, MMP-14 promotes cell invasion and thus 
increase angiogenesis. In contrast, MMP-12 inhibits tu-
mor angiogenesis by inhibiting endothelial cell invasion 
via a different pathway that mediated by urokinase-type 
plasminogen activator receptor.

MMPs regulate invasion and metastasis 
One of  the foremost and major steps in invasion is 
migration of  cancer cells from the site of  origin to the 
docking site. The cleavage of  ECM is essential for de-
tachment of  cancerous cells from neighboring. Cleav-
age of  laminin-5 by MMP-2 and -14 generates a cryptic 
site that facilitates cell migration[90]. This is supported 
by the fact of  colocalization of  laminin-5 and MMP-14 
in human cancer specimen and abundance of  degraded 
laminin in tumor tissues[91]. In addition, the main recep-
tor for hyaluronan, CD44 is cleaved by MMP-14, thus, 
extracellular domain is released, thereby facilitating tissue 
invasion (Figure 2). Moreover, cell migration is hampered 
when the cleavage site is mutated[92]. In addition to bind-
ing to the ECM, CD44 also binds MMP-9, thereby local-
izing the enzyme to the cell surface that promotes tumor 
invasion and angiogenesis, as confirmed by overexpres-
sion of  the extracellular domain of  CD44 and suppres-
sion of  tumor invasiveness[93]. Thus, cancer cell migration 
is regulated by cycles of  MMP activity or localized MMP 
activity, not by continuously high activity. During metas-
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tasis, cancer cells first cross the epithelial basement mem-
brane and invade the surrounding stroma, followed by 
invasion to blood or lymphatic vessels; then extravasate 
to new tissues and establish growth of  new proliferating 
cells in new tissues. The role of  MMPs in metastasis was 
evidenced by in vitro invasion assays and in vivo xenograft 
metastasis assays. Overexpression of  MMP-2, -3, -13 and 
-14 promotes invasion as documented through either 
optic nerve explants or cell culture in matrigel[94-96]. In ad-
dition, metastasis is reduced in the MMP-2 and MMP-9 
null mice as compared with wild-type mice. There is no 
linear relationship between MMP-2 expression and cell 
invasion, rather cells expressing intermediate levels of  
active MMP-2 are the most invasive. The localization of  
specific MMPs to specialized surfaces on the cell mem-
brane is necessary for their ability to promote invasion. 
Endothelial cell-adhesion molecule E-cadherin is associ-
ated with cancer progression, as it is cleaved by MMP-3 
or -7[97]. The released fragment of  E-cadherin promotes 
tumor cell invasion in a paracrine manner in vitro[98,99]. 
MMP-2, -9 and -14 are known to localize to invadopodia. 
Moreover, MMP-2 is recruited to invadopodia by either 
binding to a5β3 integrin[100] or by binding to MMP-14. 
MMP-14 is recruited to invadopodia by means of  its 
transmembrane and cytoplasmic domains. Overexpres-
sion of  MMP-14 increases the number of  cancer cells in 
an experimental metastasis assay. Furthermore, the dock-
ing of  cancer cells at the secondary site, the late events in 
the metastatic process also involves MMP activity.
 
MMPs and the immune responses to cancer 
Inflammatory reactions by tumour-specific cytotoxic T 
lymphocytes, natural killer cells, neutrophils and macro-
phages are a key mechanism of  cellular carcinoma[101]. 
The immune system is capable of  recognizing and at-
tacking cancer cells, while cancer cells somehow escape 
immune surveillance. MMPs are involved in the escape 
mechanisms. Although the immune response helps to 
delay tumour progression, chronic inflammation is also 
associated with various cancers including cancers those 
of  gastric mucosa, large bowel, and liver[101]. In animal 
models, mast cells, neutrophils and macrophages are 
contributors to the progression of  cancer. Inflammatory 
cells synthesize several MMPs, including -9, -12 and -14 
and stimulate cancer progression. Indeed, MMP-9 null 
mice are less prone to skin cancer[85]. Especially, MMP-9 
can cleave interleukin-2 receptor (IL-2R)-α and thereby 
suppress the proliferation of  the T lymphocytes[102]. 
MMP-9 also can act on IL-8, and, thus increases the 
activity by several folds. MMP-2 cleaves the monocyte 
chemoattractant protein-3, and the cleaved fragment not 
only is inactivated but also becomes an antagonist to 
the receptors[103]. Furthermore, CXCL12 (also known as 
stromal-cell-derived factor 1) is cleaved and inactivated 
by MMP-1, -3, -9, -13 and -14[104]. CXCL12 is a ligand 
for the CXC chemokine receptor 4 (CXCR4) on leuko-
cytes. Inhibition of  the binding of  CXCL12 to CXCR4 
greatly reduces metastasis to lung and lymph nodes 

in breast cancer[105]. MMP-11 acts on α1-proteinase-
inhibitor and the cleaved product altered sensitivity of  
tumor cells towards natural killer cells[106]. Moreover, few 
MMPs also activate TGF-β an important inhibitor of  the 
T-lymphocyte response against tumors[107]. MMPs play 
indirect roles in proliferation of  cancer cells by acting on 
growth factors that entangled into ECM (Figure 3). First, 
membrane-bound precursors of  some growth factors, e.g., 
TGF-β, are released by MMPs or ADAMs[107]. Second, 
degradation of  growth factors by MMPs makes them 
available in pericellular space, e.g., MMPs can cleave IGF-
BP to release IGF[108]. Finally, cell proliferation by growth 
factors occurs through integrin signaling. 

MAJOR IMPACT OF OXIDATIVE STRESS 
ON GASTROINTESTINAL DISEASES
For many years, researchers have recognized ROS only as 
causative factor in pathological processes, although the 
opinion has now changed. ROS were shown to meet the 
criteria for signalling molecules and they have significant 
roles in biological functions. This section deals with in-
volvement of  ROS in physiological and pathological pro-
cesses and, subsequent responses in cancer cells under 
oxidative stress.

Generation of ROS in biological systems
ROS are often byproducts of  mitochondrial function that 
are constantly generated and eliminated from physiologi-
cal systems. ROS are oxygen containing reactive species, 
that may contain an unpaired electron, e.g., superoxide 
radical (O2·-), hydroxyl radical (OH·) and/or non-radical 
molecules, such as hydrogen peroxide (H2O2). O2·- are 
formed by chemical reduction of  molecular oxygen, by 
electrons that escape from complex Ⅰ and Ⅲ of  elec-
tron transport chain and O2·- is than dismutated to H2O2. 
Nearly 2% of  molecular oxygen consumed during mito-
chondrial respiration ends up as O2·-[109,110]. Apart from 
mitochondria, ROS can be generated from a family of  
trans-membrane proteins, known as NADPH oxidases 
(Nox). These enzymes catalyse NADPH dependent re-
duction of  molecular oxygen to O2·-[111]. 

Increased ROS generation can induce lipid peroxidation 
and protein oxidation, hampering normal cellular processes. 
In addition, ROS can target mitochondrial DNA (mDNA) 
more effectively due to its proximity and lack of  protective 
histones and limited repair mechanism. mDNA does not 
contain any introns and encodes for 13 respiratory com-
plexes essential for electron transport chain and oxidative 
phosphorylation. Mutation of  mDNA results in aberrant 
mitochondrial proteins during ATP generation; this induces 
further ROS production. Moreover, ROS cause nuclear 
DNA damage through DNA oxidation (by formation of  
8-oxo-G, 8-oxo-dG), which contributes to mutation[109]. 

Cancer cells are known to be metabolically active and 
require elevated amount of  energy to support their func-
tionality. To meet their ATP need, cancer cells exhibit an 
increased dependency to glycolysis which slows down 
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mitochondrial energy production. This phenomenon of  
stimulation of  glycolysis in cancer cells that inhibit mito-
chondrial respiration, is known as “Crabtree effect”[112]. 
However, inhibition of  glycolysis in tumor cells may re-
sult impairment of  mitochondrial oxidative phosphoryla-
tion and subsequently associated with hypoxia and higher 
amounts of  ROS generation and accumulation of  ROS-
mediated reaction products[113].

Oxidative stress and gastrointestinal diseases
Oxidative stress plays important roles in pathogenesis 
of  gastro-intestinal diseases, which include mucosal 
damage, gastro-intestinal ulcers, and cancer. Although 
gastric ulcer can be generated by different factors, e.g., 
non-steroidal anti-inflammatory drugs (NSAIDs), 
thermal stress, ethanol, and H. pylori infection, leading to 
oxidative damage through free radical generation (specially 
OH·) and subsequent apoptotic responses of  gastric 
mucosa[114]. In addition, gastro-intestinal diseases are as-
sociated to increased oxidative stress and oxidants levels, 
such as glutathione, lipid peroxidation, myeloperoxi-
dases, protein carbonyl, etc[115]. Furthermore, pathogens 
are directly involved in aggravating oxidative stress; for 

example, complete eradication of  H. pylori is reported to 
attenuate oxidative stress in gastric mucosa[116]. 

Although certain types of  gastro-intestinal inflamma-
tions, like ulcerative colitis, hepatitis, H. pylori infection, 
are more prone to develop cancer, the reasons are still not 
well elucidated. Inflammation and subsequent elevated 
oxidative stress might be the factors for aggravating 
chronic inflammation and inducing malignant transfor-
mation. Transgenic mice expressing hepatitis B protein 
in liver develop chronic hepatitis with elevated levels of  
8-oxo-dG, leading to hepatocellular carcinoma[117]. It is 
well accepted that inflammation is always accompanied 
with elevated oxidative stress in cancer. Gastric cancer pa-
tients (with normal renal and hepatic functions) are found 
to have significantly increased lipid peroxidation levels[118]. 
Gastric carcinoma patients have significantly higher my-
eloperoxidase activity than controls, both before and after 
operation, although total antioxidant status was decreased 
post-operation[119]. Gastric cancers are also associated with 
augmented protein oxidation, although no differences 
are found in oxidative stress parameters and antioxidant 
enzyme activities between anti-H. pylori IgG positive and 
negative gastric cancer patients[120].
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Cellular responses in cancer cells under oxidative 
stress
ROS, such as O2·- and H2O2, have roles in proliferation 
and cellular growth that contribute to the development 
of  cancer. Cancer cells also exhibit different cellular re-
sponses under oxidative stress, which include senescence, 
autophagy and apoptotic responses; although it is still 
not well understood, how these cellular pathways assume 
priority to become activated under particular conditions. 
H2O2 can directly modulate autophagic responses dur-
ing nutritional starvation through Atg4 (autophagin-1) 
expression and accumulation of  LC3-PE on the autopha-
gosomal membrane[121]. In addition, ROS-induced au-
tophagy is dependent on constitutive expression of  Atg, 
baclin, hypoxia induced factor-1 (HIF-1) and BNIP3[122]. 
Mutations in ATG genes (like ATG2B, ATG5, ATG9B, 
and ATG12) are involved in gastric and colorectal car-
cinomas and may contribute to cancer development by 
deregulating the autophagy process. Moreover, increased 
autophagy (through upregulation of  Atg5 and Atg7) 
is also involved in in vitro malignant transformation by 
K-Ras[123]. ROS and ROS-mediated signalling pathways 
are also involved in senescence responses. Overexpres-
sion of  p21, along with increased ROS production, di-
rectly induces the senescence phenotype; while inhibition 
of  p21-mediated ROS accumulation can rescue cells from 
senescence[124]. In addition, sub-lethal doses of  H2O2 can 
induce senescence-like growth arrest at the G1 stage via 
up regulation of  p53 and p21. Anti-apoptotic Bcl-2 fam-
ily members antagonise ROS generation during apopto-
sis. Moreover, ROS generation is accompanied by cellular 
apoptosis due to lipid peroxidation and mitochondrial 
depolarization.

Increased ROS production in cancer cells is associated 
with constant activation of  transcription factors includ-
ing NFκB and AP-1. Moreover, a recent study found that 
activation of  TLR4 promotes gastric cancer by increasing 
mitochondrial ROS generation through NFκB activa-
tion[125]. Oncogenic signals are involved in ROS genera-
tion that promote metastasis in gastric cancer[126]. The 
oncogene c-myc has been reported to develop genetic 
instability, DNA damage and mitigation of  p53 function 
through ROS production[127]. RAS2 mutation promotes 
oxidative stress by restricting mitochondrial respiration 
into non-phosphorylating state. K-Ras is also involved in 
malignant transformation through ROS mediated JNK 
activation[123]. ROS and Rac1b are involved in MMP-3 
mediated epithelial to mesenchymal transition (EMT). 
ROS also stimulate the expression of  Snail and cause 
damage to DNA and subsequent genomic instability[128]. 
Reports have suggested a possible association of  Nox 
and Nox-mediated ROS generation for carcinogenesis[111]. 
Nox1 is involved in H. pylori-induced gastric cancer and in 
angiogenic responses for tumour formation[129,130]. Nox2 
is involved in phagocytosis; Nox4 controls cell survival 
in different cancers, including gastric, colon and pancre-
atic cancers[111,131]. Increased ROS can cause detachment 
of  JNK associated glutathione-S-transferase (GST)-π 

and thus facilitates JNK activation. In addition, H2O2 
mediated JNK activation also causes downregulation of  
JNK phosphatases[132]. Mice that have an inactive c-Jun 
that lacks JNK phosphorylation site or deficient in JNK 
displayed reduced tumor development[133,134]. Moreover, 
increased ROS productions in oncogenically transformed 
cells potentiate JNK and p38 MAP kinases activation[135].

Role of endogenous antioxidants during oxidative injury
Endogenous antioxidants are essential for maintenance 
and neutralization of  perturbed oxidative free radical 
status. Superoxide dismutases (SOD) are important 
antioxidants, as Mn-dependent SOD (Mn-SOD) null 
mice cannot survive after birth[136]. Heterozygous Mn-
SOD null mice can survive, however, show higher in-
cidences of  lymphomas and adenocarcinomas[137]. In 
addition, Zn-dependent SOD (Zn-SOD) knockdown 
mice develop hepatic cancer in late stages of  life[138]. Mice 
lacking catalase also exhibit elevated cancer incidences[139]. 
Glutathione peroxidases (GPx) also have significant roles 
as antioxidants. Simultaneous knock out of  GPx-1 and -2 
in mice leads to gastrointestinal cancer[140].

Clinical publications have reported different levels of  
endogenous antioxidants in gastrointestinal cancers. GST, 
GPx and SOD activities are reported to be significantly 
elevated in colorectal cancers, than adjacent normal tis-
sues[141]. Stomach adenocarcinoma and esophageal squa-
mous cell carcinoma show significantly increased Mn-
SOD expression as compared to noncancerous cells[142]. 
In clinical studies with gastric and colorectal cancer, GPx, 
SOD, glucose-6-phosphate dehydrogenase (G6PD), 
malonaldehyde and glutathione reductase were found el-
evated in the malignant phenotype[143]. However, because 
of  the sustained oxidative stress conditions, these anti-
oxidants are insufficient in cancer, eventually resulting in 
decreased antioxidant levels in several cancers[144]. More-
over, modulated expressions of  Mn-SOD are reported 
due to mutations in the promoter region, abnormal 
methylation, loss of  heterozygosity or mutation in the 
coding sequences[145]. These differential results of  cellular 
antioxidant SOD cause metabolic chaos, due to different 
types and grades of  malignancy[146].

DIETARY ANTIOXIDANTS AS 
A MODULATOR OF MMPs IN 
GASTROINTESTINAL CANCER
Human diet contains a mixture of  oxidants and antioxi-
dants substances. Dietary and endogenous antioxidants 
are important for cellular protection by reacting and/or 
eliminating oxidizing free radicals. The question of  
whether antioxidant supplements might protect against 
cancer has drawn much attention since the mid ’80s and 
different antioxidants were extensively studied thereaf-
ter, although the results of  the investigations are mixed 
and contradictory. Antioxidant and endogeneous redox 
enzymes act as the first-line defense against ROS in all 
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cellular compartments and also extracellularly. The most 
important of  these enzymes include SOD, GPx, catalase 
and peroxiredoxins. The specific role of  above enzymes 
in carcinogenesis is still unambiguous since their roles in 
ROS detoxification are well known. It is noteworthy that 
we do not yet fully understand the chemopreventive role 
of  phytochemicals as antioxidants, or as modulators of  
other processes related to carcinogenesis. In this section, 
we highlight the effects of  dietary antioxidants in preven-
tion of  cancers with particular emphasis on the regula-
tion of  MMPs activity.

Tea polyphenol and catechin
Tea, derived from the plant Camellia sinensis, is the most 
consumed beverage worldwide and it is grown in over 30 
countries around the world, exclusively in the subtropical 
and tropical zones[147]. It is processed in different ways in 
different parts of  the world to produce green, black, or 
Oolong tea. Both green and black teas have been studied 
for their health benefits, particularly for prevention and 
treatment of  inflammatory diseases as well as cancer. 
Green tea is rich in polyphenolic substances, which in-
clude flavonoid, flavanols, and flavinidols all of  which 
have antioxidant properties. The most common flavonal 
in tea is catechin. The most active and abundant catechin 
in green tea is epigallactocatechin-3-gallate (EGCG) that 
has been shown to inhibit cancer cell growth in vitro and 
in vivo. In black tea the major polyphenols are theaflavin 
and thearubigin. 

During the last decade several epidemiological stud-
ies have linked tea consumption, especially green tea to 
a reduced risk of  cancer in humans. Morse et al[148] docu-
mented the beneficial effects of  the polyphenol fractions 
of  green tea, the polyphenol fractions of  black tea, i.e., 
EGCG and theaflavins against N-nitrosomethylbenzyl-
amine (NMBA)-induce esophageal cancer in rat. Wang et 
al[149] investigated both protective and therapeutic effects 
of  green tea and black tea extract on esophageal tumori-
genesis in rats. A population-based case-control study in 
Shanghai indicated that tea consumption was strongly 
associated with reduced colorectal cancer incident. Green 
tea polyphenol supplementation during the initiation or 
postinitiation period significantly lowered azoxymethane-
induced tumor incidence in rats[150]. In addition, catechin 
and EGCG reduced colon tumor incidence in a 1, 2-di-
methylhydrazine (DMH)-induced intestinal cancer. 

Green tea polyphones were shown to prevent cancer 
cell proliferation and invasion. EGCG has been shown 
to inhibit NFκB activity in human colon cancer cells[151]. 
Several studies indicate that chemopreventive properties 
of  EGCG can also mediated by inhibition of  MMP in-
duction. EGCG inhibited the PMA-induced cell invasive-
ness and MMP-9 expression in human gastric cancer ade-
nocarcinoma (AGS) cells[152]. Fassina et al[152] documented 
that EGCG (25-100 μmol/L) inhibits the MMP-2 and -9 
in endothelial cells. EGCG inhibited the activity and ex-
pression of  MT1MMP, a protein responsible for the acti-
vation of  MMP-2 as examined by Annabi et al[153]. Onoda 

et al[154] found that gastric cancer cell lines, e.g., MKN-1, 
MKN-28, MKN-45, NUGC-3 and TMK-1 are sensitive 
to EGCG treatment with NUGC-3 being the most sensi-
tive. Furthermore, EGCG suppresses Met signaling in 
HCT116 human colon cancer cells[155]. In another study, 
EGCG may exert at least part of  its anticancer effect by 
inhibiting angiogenesis through blocking the induction 
of  VEGF and binding to its receptors. EGCG has been 
shown to affect MMP-2 and -9 activities both directly 
and indirectly in endothelial cells thereby inhibiting or de-
laying cancer invasion and metastasis. Concanavalin A-in-
duced activation of  MMP-2 and activity of  MT1-MMP 
has been reduced by EGCG[156]. Catechin, another major 
component of  tea, prevents vascular smooth muscle cell 
invasion by inhibiting MT1-MMP activity and MMP-2 
expression[157]. Black tea polyphenols inhibit DMH-
induced colorectal cancer by inhibiting MMP-7 induction 
via Wnt/β-catenin pathway[158]. Hwang et al[159] showed the 
apoptotic effect of  EGCG in HT-29 colon cancer cells 
that was mediated by AMPK signaling. Hence, catechin 
and EGCG exert strong anticancer activity by targeting 
transcription factors like NFκB, and AP-1 which involve 
in the regulation of  mainly MMP-2, -9 and -7 activities. 
Specifically, EGCG regulates angiogenesis and apoptosis 
via changing expression of  VEGF, uPA, IGF-1, EGFR, 
cell cycle regulatory proteins and in turn affects NFκB, 
PI3-K/Akt, ERK, JNK, Ras/Raf/MAPK and AP-1 
signaling pathways, thereby acting as chemopreventive 
agent[160].

Curcumin
Curcuma longa (Zingiberaceae family) rhizomes have 
been traditionally used in the south Asian countries for 
the treatment of  a variety of  inflammatory conditions 
and different diseases including carcinomas[161]. The phar-
macological properties of  curcumin are attributed mainly 
to the curcumin (diferuloylmethane)-(1,7-bis (4-hydroxy-
3-methoxyphenyl)-1,6-hepadiene-3,5-dione) a hydropho-
bic polyphenol present in the rhizome. Curcumin is a 
potent antioxidant that acts as a free radical scavenger[162]. 
Curcumin possesses a wide range of  pharmacological 
activities including anti-inflammatory, chemo-preventive, 
and antimicrobial and wound healing effects[162-164]. Cur-
cumin which is also known as turmeric, has been shown 
to exhibit dose dependent chemo-preventive effects in 
several gastrointestinal cancers including colon, duode-
nal, stomach, esophageal and oral carcinogenesis[165,166]. 
In vivo and in vitro studies have demonstrated curcumin’
s ability to inhibit carcinogenesis at three stages: tumor 
promotion, angiogenesis and tumor growth[167]. These 
protective effects of  curcumin are attributed mainly to its 
antioxidant properties and investigated for the purpose 
of  developing novel drugs. It reduces carcinogen-induced 
tumorigenesis in the fore-stomach and N-ethyl-N′-nitro-
nitrosoguanidine-induced duodenal tumors. Lower inci-
dences of  bowel cancer in Indians, possibly due to the 
use of  turmeric during food preparation. The molecular 
basis of  anti-carcinogenic and chemopreventive effects 
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of  curcumin is targeted to transcription factors, growth 
regulators, adhesion molecules, apoptotic genes, angio-
genesis regulators and cellular signaling molecules[166].  

Koo et al[168] showed that curcumin and 5-fluorouracil 
(5-FU) additively inhibited the growth of  gastric carcino-
ma cells. In another study, curcumin reversed the multi-
drug resistance of  a human gastric carcinoma cell line[169]. 
Curcumin exhibited both preventive and therapeutic ef-
fects on the incidence and multiplicity of  fore-stomach 
tumors induced by benzopyrene in mice[170]. A dietary 
supplementation of  0.15% curcumin reduces intestinal 
tumor formation in Min-/- mice by 63%. Curcumin in-
duces apoptosis and prevents adenoma development in 
the intestinal tract in mice[171]. Tetrahydrocurcumin (THC) 
significantly decreases DMH-induced colon carcinogen-
esis[172]. Shpitz et al[173] showed that curcumin and cele-
coxib synergistically inhibit colorectal cancer progression 
in DMH-induced rat model. Several studies documented 
the inhibitory effects of  curcumin on AOM-induced 
colon cancer[174]. Curcumin inhibits the expression of  
MMP-9 both in vitro and in vivo and thereby inhibits tu-
mor invasion and metastasis. Bimonte et al[175] reported 
that curcumin inhibits the expression of  MMP-9 in 
orthotopically implanted pancreatic tumors. Curcumin 
causes a significant reduction of  tumor volume, and 
MMP-9 activity in a xenografted model[176]. Curcumin 
also reduces the expression of  major MMPs via reduced 
NFκB activity and AP-1 transcription[176]. Lin et al[177] re-
ported that curcumin inhibits SK-Hep-1 hepatocellular 
carcinoma cell invasion via suppression of  MMP-9 secre-
tion. Curcumin prevents human colon cancer, colo-205 
cells migration through the inhibition of  NFκB/p65 and 
downregulation of  cyclooxygenase-2 and MMP-2 expres-
sion[178]. Lin et al[179] reported that curcumin inhibits SDF-
1α-induced invasion of  human esophageal carcinoma 
cells by down regulating MMP-2 promoter activity as 
well as suppressing the formation of  lipid raft-associated 
Rac1/PI3K/Akt signaling complexes. In conclusion, cur-
cumin appears to have a significant potential in the treat-
ment of  multiple diseases that are due to oxidative stress. 
Thus, various inflammatory pathways ultimately act on 
MMP transcription or expression during prevention of  
various types of  cancer by curcumin.

Resveratrol
Resveratrol (trans-3,4′,5-trihydroxystilbene), a non-flavo-
noid polyphenolic antioxidant, has attracted considerable 
attention due to its anti-oxidant, anti-cancer, and anti-
inflammatory properties. It is in abundance in grapes and 
grape products such as wine, moderately abundant in 
blueberries, and sparsely abundant in other plants. Res-
veratrol is a scavenger of  hydroxyl, superoxide, and other 
radicals and thus acts as a potent antioxidant. It protects 
against ROS-mediated lipid peroxidation in cell mem-
branes and DNA damage. Resveratrol enhances the ex-
pression and/or the activity of  drug metabolizing phase 
I/II enzymes such as Mn-SOD, GST, cytochrome P450 
reductase, quinine oxidoreductase, NAD(P)H: quinone 

oxidoreductase (NQO1), quinone reductase (QR), heme 
oxygenase-1 (HO-1), glutamate cysteine ligase (GCL); 
thereby protecting against oxidative DNA damages[180]. 
Several studies demonstrated that resveratrol exhibits 
strong chemopreventive effects in various experimentally 
induced tumor models as well as inhibits proliferation 
and induces apoptosis of  various cancerous or trans-
formed cells. Oral or intra-peritoneal administration of  
resveratrol decreases expressions of  COX-1, COX-2, 
and PGE2 reducing the number and size of  esophageal 
tumors in N-nitrosomethylbenzylamine-induce rat tumor 
model[181]. Similarly, oral administration of  resveratrol 
limits the formation of  aberrant crypt foci and tumors in 
the colon of  rats that are treated with chemical carcino-
gen, i.e., 1,2-dimethylhydrazine (DMH) or azoxymethane. 
Resveratrol prevented the formation of  colon tumors 
and reduced the formation of  small intestinal tumors 
by 70% in APC-/+ mice[182]. Resveratrol inhibits MMP-9 
expression and invasion of  human hepatocellular carci-
noma cells. Resveratrol modulates all three MAP kinases 
namely ERK1/2, JNK, and p38 MAPK. Resveratrol im-
pairs the expression of  EMT-related genes (E-cadherin, 
N-cadherin, vimentin, MMP-2, and -9) in pancreatic can-
cer cells and inhibits proliferation, migration, and inva-
sion[183]. Ji et al[184] demonstrated that resveratrol possesses 
chemopreventive effects in HCT116 CRC through inhi-
bition of  MMP-7 via Wnt/β-catenin signalling pathway. 
Weng et al[185] suggested that resveratrol and its related 
methoxy analogue MR-3 might exert anti-invasive activ-
ity against hepatoma cells through regulation of  MMP-2 
and -9 as well as TIMPs. Harikumar et al[186] reported 
that resveratrol can enhance chemopreventive activity of  
gemcitabine in vitro and in vivo mouse model of  pancreatic 
cancer. In summary, anticancer activity of  resveratrol is 
augmented by upregulation of  TIMP and downregulation 
of  MMP-9 expression.

Quercetin
Quercetin or 3,5,7,3’,4’-tetrahydroxyflavone is a flavo-
noid found abundantly in plant-derived foods and has 
been shown to possess several health beneficial activities 
including anti-tumor, anti-inflammation and anti-pro-
liferation; it has recently gained attention due to its po-
tential anticancer activity. As an antioxidant it possesses 
the most potent ROS scavenging activity and provides 
protection against the development of  variety of  can-
cers by ameliorating ROS-mediated cellular damages[187]. 
Moreover, it reduces the level of  oxidative enzymes, such 
as xanthine oxidase (XOD), lipoxygenase and NADPH 
oxidase, thereby preventing free radical-induced cellular 
damage[187]. In vivo studies have been performed to depict 
the chemopreventive properties of  quercetin on different 
cancers. Volate et al[188] found that food supplementation 
of  approximately 3% quercetin exerts significantly ben-
eficial effects by decreasing precancerous lesions through 
induction of  cellular. Dihal et al[189] reported that querce-
tin inhibits azoxymethane-induced colorectal carcinogen-
esis in F344 rats. Quercetin was found to be protective 

Verma S et al . MMPs in gastrointestinal cancers



368WJBC|www.wjgnet.com August 26, 2014|Volume 5|Issue 3|

against hepatocarcinoma that was generated by N-nitros-
odiethylamine and, was accompanied by the maintenance 
of  a correct intracellular oxidant/antioxidant status. 
Quercetin prevents 4-nitroquinoline 1-oxide-induced oral 
carcinogenesis during the initiation/post initiation phases 
of  carcinogen treatment. A limited number of  experi-
ments were conducted to investigate the effects of  quer-
cetin in the regulation of  MMP activity in gastrointestinal 
cancer. It has been found that quercetin supplementation 
did not alter MMP-2 or TIMP-2 gene transcription or 
plasma protein levels but TIMP-1 gene expression and 
plasma protein levels decreased significantly. Recently, Lai 
et al[190] reported that migration and invasion of  SAS hu-
man oral cancer was inhibited by quercetin via downregu-
lation of  MMP-2 and -9 in a NFκB dependent pathway. 
They also showed significant reduction of  the MMP-7, 
-10 protein levels by quercetin treatment.

Other promising dietary antioxidants
The roles of  few more dietary antioxidants e.g., melato-
nin, lycopene, retinoic acid, vitamin C and vitamin E in 
prevention of  cancer through regulation of  MMPs are 
discussed below. Melatonin is a naturally occurring anti-
oxidant synthesized mainly by the pineal gland of  verte-
brates and also found in many edible plant products[191]. 
Recent research documents that consumption of  tropical 
fruit enhances the serum melatonin level as well as raises 
the antioxidant capacity of  blood serum[191,192]. Melatonin 
retards the development of  cancer in different animal 
models and possesses strong anti-proliferative and pro-
apoptotic effects in various cancer cells. Sharman et al[193] 

reported that long term exposure to dietary melatonin 
reduces tumor number and size in aged male mice. In ad-
dition, melatonin inhibits the growth of  murine gastric 
carcinoma cells by upregulation of  p21, Bax and down 
regulation of  Bcl-2. Decreased expressions of  melatonin 
receptor in various cancers also suggest the importance 
of  melatonin signaling in cancer development[194]. Hong  
et al[195] reported that melatonin treatment induces apop-
tosis, autophagy, and senescence in human colorectal 
cancer cells. A few report suggested that melatonin pre-
vents gastrointestinal cancer development by modula-
tion of  MMP functions. Melatonin induces apoptosis 
and reduces invasiveness of  HepG2 cells in vitro through 
TIMP-1 upregulation and attenuation of  MMP-9 activity 
via NFκB signal pathway[196]. Rudra et al[192] reported that 
melatonin reduces MMP-9 activity in AGS cell line and 
binds directly to its active site.

Two separate studies reported the chemo-preventive 
effects of  lycopene in human colon cancer. Tang et al[197] 
evaluated the chemo-preventive effects of  lycopene and 
fish oil in a mouse xenograft model of  colon cancer. 
They found that inhibition of  tumor growth and pro-
gression by the augmenting p21 (CIP1/WAF1) and p27 
(Kip1) expression, and suppression of  MMP-7, MMP-9, 
COX-2 and PGE2, PCNA, β-catenin, cyclin D1 and 
c-Myc proteins[197]. In vitro study by Lin et al[198] suggested 
the inhibitory effects of  lycopene on tumor progression, 

where cell invasion was inhibited by down regulation of  
MMP-7 expression via blocking MAPK/ERK and PI3K/
Akt signaling pathways. Adachi et al[199] reported that nat-
urally occurring retinoid, all-trans retinoic acid (ATRA), 
9-cis retinoic acid and 13-cis retinoic acid are helpful 
in the prevention and therapy of  colon cancer. ATRA 
prevents tumor invasion in mice and inhibits in vitro inva-
sion of  colon cancer cells by down regulation of  MMP-7 
expression. Moreover, Park et al[200] reported that retinol 
reduces the invasive potential of  retinoic acid resistance 
colon cancer cells by decreasing MMP-1,-2,-7,-9 expres-
sions and activity. Retinol reduces the metastatic potential 
of  colon cancer cells via down regulation of  MMP induc-
tion in a retinoic acid receptor-independent mechanism. 
β-ionone, the derivative product of  carotenoids, is the 
precursor of  vitamin A also possesses anti-proliferative 
activity in cancer cells[201]. Liu et al[202] found that that 
γ-tocotrienol inhibit gastric cancer cell (SGC-7901) prolif-
eration by reducing MMP-1 and -2 activity via modulating 
the expression of  their inhibitor TIMP-1 and TIMP-2. 
Dietary supplementation of  naturally occurring antioxi-
dants, ascorbic acid reduces the size of  colon xenograft 
cancer by downregulation of  MMP-9 and VEGF in nude 
mice[203]. Vitamin E (γ-tocotrienol) effectively inhibits the 
growth of  human gastric cancer in a xenograft mouse 
model. γ-tocotrienol inhibited the proliferation of  gastric 
cancer cell lines, via inhibiting the NFκB mediated up-
regulation of  MMP-9 and VEGF[204].

CONCLUSION
The immense complexity of  cancer disease is not yet 
fully characterized despite numerous advances in modern 
molecular biology. Complexity in cancer cells arise from 
heterogeneity of  tumor microenvironment, inflammatory 
stimuli, immune responses, diet effects as well as intes-
tinal micobiota. All these factors determine whether the 
fate of  cancer cells undergo apoptosis or proliferation 
or even develop resistance to drugs. Cancer is a multi-
factorial disease, which varies from patient to patient. 
Even the complexity lies in a certain tumor cells that 
may refer to tumors with diverse genetics. In fact, every 
cancer types is unique. Hence, intramolecular heterogene-
ity poses another dimension during cancer progression. 
Significant intra-tumor heterogeneity is present in many 
patients, thus drug resistance may develop. Sequencing 
technology is used to monitor clonal dynamics of  cancer 
cells. In this context, careful attention should be given to 
detect minor clones of  clinical significance. Tumor het-
erogenity was documented by the Cancer Genome Atlas 
and the Cancer Genome Analysis projects. 

In the future, personalised cancer medicine may be 
possible by accounting for both interpatient and in-
trapatient heterogeneity. Additionally, new therapeutic 
strategies are important for targeting cellular conditions 
like cellular senescence rather than targeting a particu-
lar biomolecule. Given the complexity of  cancer, it is 
unlikely universal therapeutic strategy will be employed 
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for different cancer types and stages. The MMP family 
of  enzymes occupies a major importance in the field of  
gastric cancer research. Literature in last two decades of  
MMP biochemistry and cancer biology supports the pos-
sibility of  particular MMP in particular types of  cancer, 
including gastrointestinal cancer. Both basic and applied 
research is needed to decipher the mechanisms of  cancer 
progression and regulatory roles of  particular MMP asso-
ciated with different cancer types. Drug discovery efforts 
have uncovered pharmacological inhibitors of  different 
MMPs. Specific MMP inhibitors at a specific dose would 
be an important achievement to treat particularly gastric 
cancer and to halt to the progression of  these diseases.
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Core tip: Doxorubicin (Dox) is an effective chemothera-
peutic agent, but known to cause cardiotoxicity and 
hepatotoxicity. Cellular stress can alter proteome acety-
lation status in various experimental models, which has 
been associated with a proapoptotic environment. The 
effects of Dox on hepatic lysine acetylation status has 
not been studied. The study revealed five interesting 
findings that open the door for new areas of investiga-
tion: (1) Dox induces proteome lysine deacetylation; 
(2) lysine deacetylation is, at least in part, due to a 
decrease in histone acetyltransferase activity; (3) lysine 
deacetylation is likely not associated with an apoptotic 
environment; (4) Dox-induced hepatic injury is associ-
ated with caspase-12 activation; and (5) caspase-12 
activation is not involved in apoptosis induction. These 
results may in the future translate to lysine acetylation 
homeostasis and/or caspase-12 as therapeutic targets.

Dirks-Naylor AJ, Kouzi SA, Bero JD, Tran NTK, Yang S, Mabolo 
R. Effects of acute doxorubicin treatment on hepatic proteome 
lysine acetylation status and the apoptotic environment. World J 
Biol Chem 2014; 5(3): 377-386  Available from: URL: http://www.
wjgnet.com/1949-8454/full/v5/i3/377.htm  DOI: http://dx.doi.
org/10.4331/wjbc.v5.i3.377

INTRODUCTION
Doxorubicin (Dox) is a highly effective therapeutic agent 

Amie J Dirks-Naylor, Samir A Kouzi, Joseph D Bero, Ngan TK Tran, Sendra Yang, Raean Mabolo

Effects of acute doxorubicin treatment on hepatic 
proteome lysine acetylation status and the apoptotic 
environment

ORIGINAL ARTICLE

Amie J Dirks-Naylor, Samir A Kouzi, Joseph D Bero, Ngan 
TK Tran, Sendra Yang, Raean Mabolo, School of Pharmacy, 
Wingate University, Wingate, NC 28174, United States
Author contributions: Dirks-Naylor AJ designed the research, 
performed the research, analyzed the data, and wrote the manus-
cipt; Kouzi SA designed the research and performed the research 
and edited the manuscirpt; Bero JD, Tran NTK, Yang S and 
Mabolo R performed the research. 
Correspondence to: Amie J Dirks-Naylor, PhD, Associate 
Professor, School of Pharmacy, Wingate University, 515 N. Main 
Street, Wingate, NC 28174, United States. anaylor@wingate.edu
Telephone: +1-704-2338341  Fax: +1-704-2338332
Received: February 18, 2014  Revised: April 2, 2014
Accepted: June 27, 2014
Published online: August 26, 2014

Abstract
AIM: To determine if doxorubicin (Dox) alters hepatic 
proteome acetylation status and if acetylation status 
was associated with an apoptotic environment. 

METHODS: Doxorubicin (20 mg/kg; Sigma, Saint Lou-
is, MO; n  = 8) or NaCl (0.9%; n  = 7) was administered 
as an intraperitoneal injection to male F344 rats, 6-wk 
of age. Once animals were treated with Dox or saline, 
all animals were fasted until sacrifice 24 h later. 

RESULTS: Dox treatment decreased proteome lysine 
acetylation likely due to a decrease in histone acetyl-
transferase activity. Proteome deacetylation may likely 
not be associated with a proapoptotic environment. Dox 
did not increase caspase-9, -8, or -3 activation nor poly 
(adenosine diphosphate-ribose) polymerase-1 cleavage. 
Dox did stimulate caspase-12 activation, however, it 
likely did not play a role in apoptosis induction. 

CONCLUSION: Early effects of Dox involve hepatic 
proteome lysine deacetylation and caspase-12 activa-
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in treating various cancers, but proven to cause cardio-
toxicity. Mechanisms of  cardiotoxicity have not been 
distinctly defined, but published literature has suggested 
that the induction of  oxidative stress, apoptosis and mi-
tochondrial dysfunction are involved[1-3]. In addition to 
proven toxicity in cardiac tissue, hepatic tissue reveals 
molecular and morphological signs of  toxicity[4-9]. Since 
oxidative stress has been shown to play a role in both 
cardiac and hepatic toxicity, the use of  antioxidants as 
a preventative measure has been widely studied. How-
ever, supplementation with antioxidants in clinical trials 
have only shown limited protection[10]. Thus, additional 
research is essential to determine additional mechanisms 
involved in Dox-induced toxicities. Therefore, the aim of  
this study was to determine the role of  proteome lysine 
acetylation dyshomeostasis and apoptosis in Dox-induced 
hepatic toxicity.

Lysine acetylation is a common posttranslational 
modification[11]. Lysine acetylation regulates function of  
histones, proteins affecting the ubiquitin-proteosome 
system, transcription factors, cytoskeletal components, 
energy generating enzymes, and oxidative stress defense 
proteins[11]. In various experimental models, cellular 
stress has been shown to alter proteome lysine acetyla-
tion status, causing deacetylation, and thereby affecting 
the apoptotic environment[12]. Moreover, normalization 
of  the lysine acetylation status has been shown to pre-
vent stimulation of  apoptotic pathways[12]. The effects of  
Dox on proteome acetylation status is unknown, thus, 
we aimed to make this determination. We hypothesized 
that Dox-induced cellular injury and stress would lead to 
lysine deacetylation and may contribute to Dox-induced 
toxicity. Acetylation status is determined by activity of  
histone acetyltransferases (HATs) and histone deacety-
lases (HDACs)[11,13]. Thus, we also investigated potential 
mechanisms of  deacetylation by assessing general HDAC 
activity and expression of  sirtuins, one of  several known 
classes of  HDACs, as well as HAT activity.

Secondly, we aimed to determine if  the proteome ly-
sine acetylation status was associated with a proapoptotic 
environment, as shown in other experimental models. 
Apoptosis can be activated by a variety of  specific sig-
naling pathways (e.g., receptor-mediated, mitochondrial-
mediated, endoplasmic reticulum (ER)-mediated, etc.), 
depending on the initiating stimulus, and is associated 
with a distinct apical caspase[14]. These apical caspases 
converge on caspase-3, which is considered the central 
executioner of  apoptosis. Activation of  caspase-3 is 
responsible for the demise of  the cell and most of  the 
characteristic morphology associated with apoptosis, such 
as DNA fragmentation, cell shrinkage, and membrane 
blebbing. Thus, we assessed the content and activation of  
apical caspases and the activity of  caspase-3 to determine 
if  the proteome acetylation status was associated with the 
apoptotic environment in this experimental model. Fur-
thermore, the effects of  Dox on apical caspases and their 
role in hepatic toxicity have not been previously studied. 

MATERIALS AND METHODS 
Animals and experimental design
The institutional Research Review Board approved all 
protocols and procedures. Male F344 rats, 6-weeks of  
age, were purchased from Charles River (Wilmington, 
MA). The rats were arbitrarily separated into groups 
and were housed in a light controlled and temperature 
(22 ℃ ± 2 ℃) controlled facility. Doxorubicin (20 mg/
kg; Sigma, Saint Louis, MO; n = 8) or NaCl (0.9%; n = 
7) was injected intraperitoneal (IP). The dose of  doxo-
rubicin used in this study is equivalent to clinical doses 
used in humans that are pharmacologically scaled for use 
in rats[15,16]. Food and water was withheld from all ani-
mals during the experimental period (24 h). Doxorubicin 
administration can cause up to an approximate 70% de-
crease in both food and water intake within several hours 
of  administration and typically persists for numerous 
days[17]. All other investigations examining the effects of  
Dox on the liver in laboratory animals did not control for 
differences in food and water intake, thus the Dox group 
was nutrient deficient while the control group received 
plenty of  food and water. As a result, it was not possible 
to distinguish between the effects of  Dox and the effects 
of  anorexia. Anorexia has been shown to alter hepatic 
oxidative stress, autophagy, mitochondrial morphology, 
survival signaling, and many more processes[18-21]. Thus, to 
control for Dox-induced anorexia we fasted all animals. 
After exposure to ether, rats were sacrificed by disloca-
tion of  the cervical spine. Tissues were excised immedi-
ately following sacrifice, saline rinsed and frozen in liquid 
nitrogen. Tissues were stored at -80 ℃ until analysis.

Western analysis
Liver samples were homogenized (Power Gen 125, Fisher 
Scientific, Pittsburgh, PA) in ice-cold phosphate-buffered 
saline (2.68 mmol/L KCl , 1.75 mmol/L KH2PO4, 

137 mmol/L NaCl, 10 mmol/L Na2HPO4, 5 mmol/L 
EDTA). Ten uL/mL of  Halt Phosphatase Inhibitor 
Cocktail and 10 uL/mL of  Halt Protease Inhibitor Cock-
tail (Pierce Biochemicals, Rockford, IL) was added to 
the buffer immediately before homogenization. The ho-
mogenate was centrifuged at 660 × g at 4 ℃ for 10 min. 
The supernatant was used for biochemical analysis. The 
Bicinchoninic Acid Protein Assay Kit (Sigma, Saint Louis, 
MO) was used to assess protein concentration. Samples 
were run in quadruplicate. 

Protein (proteome) lysine acetylation and protein 
content of  sirtuin 1 (Sirt1), sirtuin 3 (Sirt3), poly (ADP-
ribose) polymerase-1 (PARP-1), and procaspase-1, -8, 
-9, -12 were determined by standard wet Western blot 
analysis. Proteins (50 ug) were separated on tris/glycine 
4%-20% separating polyacrylamide PAGEr Gold Precast 
Gels (Lonza, Rockland, ME) under denaturing conditions 
and transferred to nitrocellulose membranes. Membranes 
were blocked in PBS blocking solution containing 5.0% 
powdered milk for one hour at room temperature. Mem-
branes were incubated in primary antibody overnight 
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at 4 ℃ (dilution of  1:1000; antibodies were purchased 
from Santa Cruz Biotechnology, INC, Santa Cruz, CA, 
sc-137254, sc-7150, sc-56036, sc-166320, sc-81663, 
sc-21747, sc-271014, sc-15404, sc-99143, sc-32268). 
Membranes were incubated with secondary HRP-linked 
antibody, with a dilution of  1:10000, for two hours shak-
ing at room temperature. Bands of  interest were imaged 
using SuperSignal West Pico Chemiluminescent Substrate 
(Pierce Biochemicals, Rockford, IL) and the Kodak 
IS4000R Imaging System (Carestream Health, Inc., New 
Haven, CT). To assess equal loading of  protein, ponceau 
staining (Pierce Biochemicals, Rockford, IL) of  the ni-
trocellulose membranes was used. Whole lane analysis 
for each sample was used to determine densitometry of  
Ponceau staining. Data are presented as arbitrary units of  
densitometry calculated by subtracting the background 
intensity from the mean intensity of  each band. Arbitrary 
OD for each band was normalized to the densitometry 
of  Ponceau staining of  each lane to account for variances 
in loading. The utilization of  Ponceau staining as a repro-
ducible alternative to actin in assessing equal loading has 
been validated [22].

HDAC activity 
An HDAC Colorimetric Assay (BioVision, Milpitas, CA) 
was purchased to determine HDAC activity. The manu-
facturer’s instructions were followed. Samples were run 
in triplicate. Data are expressed as arbitrary OD/protein 
concentration as determined by the BCA Assay.

HAT activity
Histone acetyltransferse activity was measured using a 
HAT Colorimetric Assay Kit (BioVision, Milpitas, CA). 
The manufacturer’s instructions were followed. Samples 
were run in triplicate. Data are expressed as arbitrary 
OD/protein concentration as determined by the BCA 
Assay.

Caspase-3 activity
A Caspase-3 Colorimetric Assay Kit (BioVision, Milpitas, 
CA) was used to determine caspase-3 activity. The manu-
facturer’s instructions were followed. Samples were run 

in triplicate. Data are expressed as arbitrary OD/protein 
concentration as determined by the BCA Assay.

Statistical analysis 
For statistical analysis, a Student’s t-test was used. P < 0.05 
was deemed statistically significant. Data is presented 
as mean ± SEM. For all analysis the n = 8 for the Dox 
group and n = 7 for the control group.

RESULTS
Proteome lysine acetylation status
Since proteome lysine deacetylation has been associated 
with pro-apoptotic environment and cellular injury in al-
ternative experimental models, we determined the effects 
of  Dox on acetylation status in the liver. Dox promoted 
proteome lysine deacetylation of  treated animals (42.88 
± 2.06 vs 32.03 ± 1.00, P = 0.002; control vs Dox, respec-
tively; Figure 1). Proteins of  molecular weight between 
30-80 kDa appear to be most affected, as we did not 
observe protein bands detected by the lysine acetylation 
antibody above or below these molecular weights. These 
results suggest that early effects of  acute Dox toxicity in-
volve proteome lysine deacetylation. 

Protein content of Sirt1 and Sirt3 
Sirtuins are a class of  HDACs that have recently been 
under intense investigation, in part, due to their potential 
role in longevity[23]. To investigate the potential mechanism 
of  Dox-induced deacetylation, we investigated the ef-
fects of  Dox on the expression of  Sirt1 and Sirt3, two of  
the most studied lysine deacetylases in the sirtuin family. 
Despite significant deacetylation, Sirt1 content was not 
affected by Dox treatment (128.57 ± 6.10 vs 122.89 ± 4.09, 
control vs Dox, respectively, P = 0.44) nor Sirt3 (27.14 ± 
2.69 vs 28.00 ± 2.28, control vs Dox, respectively, P = 0.81; 
Figure 2). 

Interestingly, a prominent band of  approximately 
45 kDa was detected in the liver with the Sirt1 antibody. 
Dox treatment increased the content of  this species 
compared to control (139. 0 ± 4.25 vs 107.86 ± 4.06, re-
spectively, P = 0.0001). It is possible that this species is 
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a cleaved fragment of  Sirt1. A recent study has shown, 
in chondrocytes, that Sirt1 can be cleaved into a 75 kDa 
fragment that plays a role in regulation of  apoptosis[24]. 
The antibody used in this study does not target the 75 
kDa fragment, however, the species detected may be the 
approximately 45 kDa remnant of  the cleaved Sirt1. 

HDAC activity
We also assessed general HDAC activity to determine if  
deacetylases might be responsible for the Dox-induced 
proteome lysine deacetylation. We did not observe a dif-
ference between Dox treated and control animals (0.120 
± 0.020 vs 0.151 ± 0.017, respectively, P = 0.29; Figure 
3A). Thus, the data suggests that HDACs may not be re-
sponsible for the observed proteome lysine deacetylation 
in Dox treated animals. 

HAT activity 
Since the proteome deacetylation did not appear to be 
due to increased HDAC activity, we assessed HAT activ-
ity. Dox decreased hepatic HAT activity (0.209 ± 0.006 
vs 0.189 ± 0.004, P = 0.017, Figure 3B). Thus, the data 
suggest that the Dox-induced proteome deacetylation is, 
at least in part, due to decreased HAT activity in livers of  
treated animals. 

Expression and activation of apical caspases
Caspase-9: To evaluate the influence of  Dox treatment 
on the stimulation of  apoptosis mediated by mitochon-
dria, we determined the content of  procaspase-9 and the 
presence of  any cleavage products representing the active 
caspase. Dox treatment increased procaspase-9 content 
in the liver (46.86 ± 1.66 vs 56.22 ± 1.96, control vs Dox, 

respectively, P = 0.003; Figure 4). No cleavage products 
were detected. The results suggest that activation of  the 
mitochondrial-mediated apoptotic pathway may not con-
tribute to early mechanisms of  hepatic toxicity. 

Caspase-8: To evaluate the influence of  Dox treatment 
on the stimulation of  receptor-mediated apoptosis, we 
determined the content of  procaspase-8 and any po-
tential cleavage products. Dox treatment did not affect 
content of  procaspase-8 or its activation (33.81 ± 2.38 
vs 33.99 ± 2.40, control vs Dox, respectively, P = 0.96; 
Figure 5). There was no statistical difference in the pres-
ence of  lower molecular weight bands between treatment 
groups (data not shown). The results suggest that activa-
tion of  caspase-8 by receptor-mediated mechanisms may 
not contribute to early mechanisms causing acute hepatic 
toxicity.

Caspase-12: Caspase-12 has been implicated in stimulat-
ing apoptosis in response to ER dysfunction and calcium 
dyshomeostasis[25-27], therefore, we assessed the content 
of  procaspase-12 and any potential cleavage products. 
Hepatic procaspase-12 (50 kDa) content in Dox treated 
animals tended to be lower than those of  control ani-
mals (38.66 ± 5.82 vs 56.0 ± 6.98, respectively) , however 
statistical significance was not reached (P = 0.075). The 
content of  the cleavage product of  caspase-12 (40 kDa) 
was significantly increased by Dox treatment (78.11 ± 
7.73 vs 43.0 ± 5.91, Dox vs control, respectively, P = 0.004; 
Figure 6). 

Caspase-1: Caspase-1 is an inflammatory caspase in-
volved in the processing of  proinflammatory cytokines. 
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Aside from its implicated role in apoptosis, caspase-12 
has been shown to play a role in the inflammatory pro-
cess[28]. Caspase-12 is a dominant negative effector of  
caspase-1. Since we observed processing of  caspase-12, 
we assessed expression and activation of  caspase-1 to 
determine if  processing of  caspase-12 affected expres-
sion or activation of  caspase-1. Dox treatment did not 
affect expression of  procaspase-1 (52.9 ± 10.33 vs 38.2 
± 6.23, control vs Dox, respectively, P = 0.22). There was 
no statistical difference in the presence of  lower mo-
lecular weight bands between treatment groups (data not 
shown), suggesting that Dox did not lead to its activation 
(Figure 7).

Markers of  apoptosis: Caspase-3 is considered the cen-
tral executioner of  apoptosis and cleaves a plethora of  
substrates which lead to the demise of  the cell and to the 
classical morphological characteristics of  apoptosis, such 
as DNA fragmentation. Thus, we measured caspase-3 ac-
tivity to assess activation of  apoptosis. Dox did not affect 
the activity of  caspase-3 activity in treated animals (0.193 
± 0.061) compared to control animals (0.134 ± 0.016, 
P = 0.45, Figure 8A). PARP-1 is an enzyme involved in 
DNA repair. Upon stimulation of  apoptosis, PARP-1 is 
cleaved by various proteases, including caspase-3, in order 
to disengage the repair process. Thus, PARP-1 cleavage 
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Figure 4  Protein content of procaspase-9. Doxorubicin (Dox) increased the 
hepatic expression of procaspase-9. Representative Western blots show the 
band corresponding to procaspase-9; no bands of lower molecular weight rep-
resenting cleavage products were present. aP < 0.050, control vs Dox.
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is a commonly used marker of  apoptosis. In the current 
study, Dox treatment did not lead to the cleavage and in-
activation of  PARP-1. We analyzed PARP-1 and all cleav-
age products, but only included the data for the 89 kDa 

cleavage product since this is the product produced via 
cleavage by caspase-3 (88.86 ± 5.83 vs 91.1 ± 8.59, con-
trol vs Dox, respectively, P = 0.84, Figure 8B and C). The 
results suggest that apoptosis did not occur in response 
to acute Dox treatment, at least 24 h post injection under 
these experimental conditions. Figure 9 shows Ponceau 
staining of  the samples used in all of  the representative 
Western blots. 

DISCUSSION
Recently, it has been shown that cellular stress can cause 
cellular deacetylation of  nuclear and cytoplasmic proteins 
and that normalization of  the acetylation status can pro-
tect cells from injury and death[12,29]. Furthermore, caloric 
restriction, an intervention shown to provoke protection 
against cellular insults and to increase longevity, increases 
acetylation status of  the mitochondrial proteome in the 
liver, heart, and kidney[30]. However, the effects were tis-
sue specific in that caloric restriction did not alter acetyla-
tion status of  the mitochondrial proteome in the brain 
and caused deacetylation in brown adipose tissue[30]. Since 
proteome lysine deacetylation may be a marker of  cel-
lular stress in various tissues, we investigated the effects 
of  Dox on proteome lysine acetylation status in the liver 
which was previously unknown. It was found that acute 
Dox treatment promoted lysine deacetylation which is 
consistent with the notion that an imbalance in acetyla-
tion status favoring deacetylation may signify cellular 
stress in the liver. Proteins most affected by Dox appear 
to be those with a molecular weight between 30-80 kDa. 

Acetylation status is determined by the activities of  
HATs and HDACs. Sirt1 and Sirt3 are members of  the 
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class Ⅲ HDACs, nicotinamide adenine dinucleotide 
(NAD+)-dependent enzymes, and are the most studied 
of  the seven sirtuins[13]. Sirt1 primarily targets nuclear and 
some cytoplasmic proteins while Sirt3 targets mitochon-
drial proteins. Although acute Dox treatment induced 
proteome lysine deacetylation, Dox did not affect the 
protein content of  Sirt1 or Sirt3 nor the overall HDAC 
activity. However, it did decrease HAT activity. These re-
sults suggest that proteome lysine deacetylation may not 

be due to a generalized increase in HDAC activity and 
may rather be due to a decrease in HAT activity. 

No studies have previously reported the influence of  
Dox administration on protein levels of  Sirt1 or Sirt3. 
However, a previous study reported that Dox administra-
tion increased the mRNA content of  Sirt1 in the heart 
of  treated mice[2]. The discrepancy could be due to tissue 
specific differences or differences in experimental design. 
A reduction in food intake and low nutrient availability 
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increases the expression of  Sirt1, as well as Sirt3[31-33]. To 
control for changes in food intake, we fasted both the 
control and treatment groups. Zhang et al did not control 
for Dox-induced changes in food intake and thus it can-
not be determined if  changes in Sirt1 expression are a 
direct effect of  Dox or an indirect effect of  anorexia.

Western analysis of  Sirt1 revealed two prominent 
bands of  120 kDa and 45 kDa in the liver. The 120 kDa 
band corresponds to the expected molecular weight of  
Sirt1. It is unknown what the 45 kDa species is at this 
time. However, since this species was responsive to Dox 
treatment we searched the literature for possibilities. 
Three studies by the same group reported that Sirt1 can 
be cleaved under inflammatory conditions into a 75 kDa 
fragment in chondrocytes[24,34,35]. This fragment is void 
of  deacetylation activity but shown to associate with cy-
tochrome c on the mitochondrial membrane and to pre-
vent apoptosis[24]. The cleavage of  human Sirt1 occurs at 
amino acid residue 533 with the N-terminus being the 75 
kDa fragment[34]. Our C-terminus Sirt1 antibody does not 
detect the N-terminus 75 kDa fragment, but may be de-
tecting the C-terminus 45 kDa fragment. The content of  
this fragment increased with Dox treatment in the liver, 
possibly representing an increase in Sirt1 cleavage as a 
mechanism to prevent apoptosis in stressed hepatocytes. 
Future investigation is required to identify this Dox-
responsive species.

To determine if  proteome deacetylation was associ-
ated with a proapoptotic environment, as shown in other 
experimental models, we assessed the content and activa-
tion of  several apical caspases associated with specific 
apoptotic stimuli. Activity of  caspase-3 and cleavage of  
PARP-1 were also assessed. To our knowledge, this is the 
first investigation on the effects of  acute Dox administra-
tion on the hepatic expression and activation of  apical 
caspases. Our data suggests that acute Dox treatment is 
not likely associated with apoptosis induction. Dox ad-
ministration did not stimulate the activation of  caspase-9, 
caspase-8, caspase-3 or induce cleavage of  PARP-1 in 
the liver under these experimental conditions. However, 
Dox treatment did increase the activation of  caspase-12. 
Caspase-12 has been implicated in both apoptosis and 
inflammation. Early work suggested that in response to 
ER stress and calcium dyshomeostasis, caspase-12 can 
be activated by m-calpain and then induces apoptosis 
via cleavage of  caspase-9 with consequent activation of  
caspase-3[25-27]. Our data suggests that caspase-12 may 
not be involved in apoptosis induction since we did not 
detect an increase in caspase-9 cleavage, caspase-3 activity 
or PARP-1 cleavage. In fact, more recent reports sug-
gest that caspase-12 is incapable of  cleaving caspase-9 
or caspase-3. It was reported that the catalytic activity 
of  caspase-12 was confined to autoprocessing and was 
unable to cleave other substrates[28,36]. Thus, caspase-12 
may be playing a role in the inflammatory process rather 
than apoptosis. Caspase-12 has been shown to be an in-
hibitor of  caspase-1. Caspase-12 binds procaspase-1 and 
prevents its activation and consequent cytokine process-

ing[28]. Both procaspase-12 and the processed form of  
caspase-12 have been found to be a part of  the caspase-1 
inhibitory complex[28]. However, the role of  caspase-12 
cleavage in regulating the inflammatory response is un-
known at this time, but has been suggested as a means 
for temporal limitation of  the inhibitory effect of  cas-
pase-12[28]. The effects of  Dox on the expression and 
activation of  caspase-1 were assessed, but we did not 
observe an effect. Procaspase-12 has also been shown to 
have an inhibitory effect on NF-κB[37]. Thus, autopro-
cessing of  caspase-12 may lead to decreased suppression 
of  NF-κB and increased expression of  anti-apoptotic 
proteins helping to protect the liver from Dox-induced 
apoptosis. This hypothesis is speculative and further stud-
ies are required to discern the role of  caspase-12 in Dox-
induced injury. In summary, lysine deacetylation likely is 
not associated with an apoptotic environment. However, 
a limitation is the lack of  deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) to verify the 
lack of  apoptosis induction. With this limitation, it can-
not be conclusively ruled out that apoptosis independent 
of  caspase activation or PARP-1 cleavage did not occur. 

Although, our results suggest that Dox does not likely 
induce apoptosis, at least at this early time point under 
these experimental conditions, a previous study reported 
that Dox may induce apoptosis in the liver via the ac-
cumulation of  p53, decreased expression of  Bcl-xL, and 
cytochrome c release from mitochondria[5]. Cytochrome c 
release stimulates apoptosis via caspase-9 activation, how-
ever, they did not assess caspase-9 activity. Our results 
differ from Patel et al[5] in that we found that Dox does 
not increase caspase-9 activation. In the current study, we 
report that Dox increases the content of  procaspase-9 
with no evidence of  cleavage products. We have also 
found that Dox decreases the activity of  caspase-9 and 
mitophagy in hepatic tissue of  these animals (data will be 
published elsewhere). We hypothesize that the decreased 
caspase-9 activity may be due to increased mitophagy, 
by the elimination of  damaged mitochondria susceptible 
to cytochrome c release[38] and thus may be a protective 
response to an initial insult induced by Dox. Our results 
may contrast from Patel et al. due to differences in experi-
mental design as there were several relevant disparities [5]. 
First, Patel et al[5] used an extremely high dose of  Dox (60 
mg/kg) which was three times the dose used in the cur-
rent study. Secondly, our animals were fasted to control 
for the anorexic effect of  Dox, while Patel et al[5] did not 
account for this variable. Therefore, the Dox animals 
were severely deficient in nutrients while the control ani-
mals were not. Thirdly, Patel et al[5] assessed Dox induced 
hepatic damage 48 h after treatment, while we examined 
toxicity at 24 h post treatment. It is possible that hepatic 
apoptosis may occur at a later time point due to the in-
direct effects of  progressing peripheral organ damage, 
such as progression of  heart failure. Animals treated with 
Dox usually show signs of  heart failure within days of  
treatment which varies depending on the dose admin-
istered. Heart failure is known to cause liver damage[39]. 
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Alternatively, complete fasting (compared to a 50%-70% 
reduction) of  the animals had an unintended protective 
effect against Dox-induced hepatic apoptosis. Recently, it 
was shown that fasting prior to Dox treatment, but then 
fed ad libitum upon treatment, protected against cardiac 
toxicity by means of  autophagy induction[40]. The absence 
of  an ad-libitum fed Dox group and control group does 
not allow the determination of  the effects of  fasting on 
the variables assessed in our study. Yet, the objective was 
simply to eliminate this external variable. More studies 
are necessary to determine if  fasting extends similar pro-
tection against hepatotoxicity. 

Early effects of  acute Dox treatment include altered 
proteome acetylation homeostasis favoring lysine deacet-
ylation. The mechanism of  proteome lysine deacetylation 
likely involves decreased activity of  HATs, rather than 
increased activity of  HDACs. In our experimental model, 
lysine deacetylation does not appear to be associated with 
an apoptotic environment. Acute Dox treatment did not 
increase cleavage of  caspase-9, cleavage of  caspase-8, 
cleavage of  PARP-1, or caspase-3 activity. Dox treatment 
did stimulate caspase-12 activation, however, its activa-
tion does not appear to play a role in apoptosis induction. 
Thus, early mechanisms of  hepatic toxicity may not in-
volve induction of  apoptosis, at least under these experi-
mental conditions. The liver may be able to engage an early 
protective response against an initial Dox-induced insult. 
Further damage to the liver, which may include apopto-
sis, may occur at later time points as damage to peripheral 
organs progresses and may be an indirect effect of  Dox. 
Alternatively, fasting of  the animals in our experimental 
design may have provoked a protective response which 
prevented apoptosis. Further studies are required to dis-
cern the role of  proteome lysine deacetylation, as well as 
the role of  caspase-12, in Dox-induced hepatic toxicity. 
It is not clear whether lysine deacetylation and caspase-12 
activation contribute to toxicity or play a role in a protec-
tive response. Clarification will elucidate the potential of  
acetylation homeostasis and caspase-12 as therapeutic 
targets against Dox-induced toxicity.
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and SAA3 genes by SYBR green quantitative real-time 
PCR (qPCR). The phosphorylation of transcription fac-
tors, Stat3, Smad4 and NF-κB was determined by west-
ern blotting. Hepcidin gene expression was determined 
by Taqman qPCR. The binding of transcription factors 
to hepcidin-1  promoter was studied using chromatin 
immunoprecipitation (ChIP) assays.

RESULTS: The treatment of HepG2 cells with CH11 in-
duced apoptosis, as shown by the significant activation 
of caspase-3 (P  < 0.001), but did not cause any signifi-
cant changes in HAMP expression. Short-term (1 h) Jo2 
treatment (0.2 µg/g b.w. ) neither induced apoptosis 
and acute phase reaction nor altered mRNA expression 
of mouse hepcidin-1  in the livers of C57BL/6NCR mice. 
In contrast, 6 h after Jo2 injection, the livers of C57BL/
6NCR mice exhibited a significant level of apoptosis (P 
< 0.001) and an increase in SAA3 (P  < 0.023) and IL-6 
(P  < 0.005) expression in the liver. However, mRNA ex-
pression of hepcidin-1  in the liver was not significantly 
altered. Despite the Jo2-induced phosphorylation of 
Stat3, no occupancy of hepcidin-1  promoter by Stat3 
was observed, as shown by ChIP assays. Compared to 
C57BL/6NCR mice, Jo2 treatment (0.2 µg/g b.w. ) of 
C57BL/6J strain mice for 6 h induced a more prominent 
activation of apoptosis, liver injury and acute phase 
reaction. Similar to C57BL/6NCR mice, the level of liver 
hepcidin-1  mRNA expression in the livers of C57BL/6J 
mice injected with a sublethal dose of Jo2 (0.2 µg/g 
b.w. ) remained unchanged. The injection of C57BL/6J 
mice with a higher dose of Jo2 (0.32 µg/g b.w. ) did not 
also alter hepatic hepcidin expression.

CONCLUSION: Our findings suggest that human or 
mouse hepcidin gene expression is not regulated by 
apoptosis induced via  Fas receptor activation in the 
liver. 

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Abstract
AIM: To determine the regulation of human hepcidin 
(HAMP ) and mouse hepcidin (hepcidin-1  and hepci-
din-2 ) gene expression in the liver by apoptosis using 
in vivo  and in vitro  experimental models. 

METHODS: For the induction of the extrinsic apoptotic 
pathway, HepG2 cells were treated with various con-
centrations of CH11, an activating antibody for human 
Fas receptor, for 12 h. Male C57BL/6NCR and C57BL/6J 
strains of mice were injected intraperitoneally with sub-
lethal doses of an activating antibody for mouse Fas re-
ceptor, Jo2. The mice were anesthetized and sacrificed 
1 or 6 h after the injection. The level of apoptosis was 
quantified by caspase-3 activity assay. Liver injury was 
assessed by measuring the levels of ALT/AST enzymes 
in the serum. The acute phase reaction in the liver was 
examined by determining the expression levels of IL-6  
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Core tip: Apoptosis and Fas signaling participate in 
the pathogenesis of various liver diseases. Iron also 
contributes to liver injury. Changes in the expression 
of hepcidin, a key iron regulatory hormone, has been 
reported in various liver diseases. Recently, apopto-
sis has been implicated in the regulation of hepcidin. 
This study investigates effector caspase activation and 
apoptosis induced by Fas receptor signaling and its re-
lationship to hepatic hepcidin expression.       

Lu S, Zmijewski E, Gollan J, Harrison-Findik DD. Apoptosis 
induced by Fas signaling does not alter hepatic hepcidin 
expression. World J Biol Chem 2014; 5(3): 387-397  Available 
from: URL: http://www.wjgnet.com/1949-8454/full/v5/i3/387.
htm  DOI: http://dx.doi.org/10.4331/wjbc.v5.i3.387

INTRODUCTION
Apoptosis is involved in the pathogenesis of  various 
liver diseases[1]. Hepatocyte apoptosis can be activated via 
the extrinsic apoptotic pathway through the binding of  
ligands to death receptors such as Fas, TNF receptor 1 
and TRAIL receptor 2. Upon ligand binding, the recep-
tor will trimerize and the C-terminal death domain will 
recruit Fas-associated protein with death domain to form 
death-inducing signaling complex (DISC), which subse-
quently recruits procaspase-8 and induces its self-cleavage 
and activation. Activated caspase-8 can directly cleave 
and activate caspase-3, the executioner caspase, which is 
responsible for the cleavage of  target proteins to execute 
apoptosis. Caspase-3 activation is frequently used as a 
marker for apoptosis. Flice-Inhibitory Protein Long form 
(FLIPL) blocks apoptosis by inhibiting the recruitment 
and autoproteolytic cleavage of  procaspase-8. In addi-
tion, in hepatocytes, the signal from death receptor can 
be amplified through the mitochondrial (intrinsic) apop-
totic pathway. Activated caspase-8 can cleave Bcl-2 family 
protein, Bid. Truncated Bid (tBid) activates proapoptotic 
Bcl-2 family proteins, and induces permeabilization of  
the mitochondrial outer membrane and the leakage of  
the mitochondrial content including cytochrome c. Cy-
tochrome c forms a complex with apoptotic peptidase 
activating factor 1, recruits and activates caspase-9, which 
subsequently cleaves caspase-3 and executes apoptosis. 

A role for apoptosis has been suggested in the regula-
tion of  hepcidin[2,3]. Hepcidin, an antimicrobial peptide 
synthesized primarily by the liver, is the central regulator 
of  iron metabolism. It is synthesized as an 84 amino acid 
precursor peptide, which is then cleaved to its 25 amino 
acid biologically active circulatory form. Unlike humans, 
who have one copy of  hepcidin gene (HAMP), mice 
have two hepcidin genes, hepcidin-1 and hepcidin-2. Similar 
to HAMP, hepcidin-1 is involved in the regulation of  iron 
homeostasis but the function of  hepcidin-2 is unknown. 

Hepcidin exerts its regulatory function by blocking the 
uptake and export of  dietary iron from the intestine and 
the release of  iron from macrophages. Hepcidin achieves 
this by binding to ferroportin, the only known iron ex-
porter, and causing its internalization and degradation 
via the lysosomal pathway. The suppression of  hepcidin 
expression in the liver therefore leads to systemic iron 
overload whereas its induction causes iron deficiency and 
anemia. 

Weizer-Stern et al[4] have demonstrated that p53, a tu-
mor suppressor and inducer of  apoptosis, participates in 
the regulation of  hepcidin. In their study, a putative p53 
response element on hepcidin gene promoter has been 
identified and validated by chromatin immunoprecipita-
tion assays. Over-expression of  p53 in hepatoma cells 
has been shown to induce hepcidin gene transcription 
and conversely, the silencing of  p53 resulted in down-
regulation of  hepcidin expression[4]. It is however unclear 
whether p53-mediated apoptosis is involved in the regu-
lation of  hepatic hepcidin expression[4]. On the other 
hand, Li et al[5] have suggested a role for Fas signaling in 
the regulation of  hepcidin expression in tissue culture 
cells and female mouse livers. A lethal dose of  anti-Fas 
activating antibody, Jo2 has been reported to exert an 
immediate stimulatory and a late suppression effect on 
hepcidin mRNA expression in the liver[5]. Although a 
relationship between FLIPL, IL-6, Stat3 and hepcidin 
expression has been shown, they did not however estab-
lish a direct correlation between apoptosis and hepcidin. 
Besides committing cell death, Fas induced DISC forma-
tion also participates in the activation of  cell signaling 
pathways, including IL-6 and NF-κB[6]. Of  note, hepcidin 
expression is regulated by various signaling pathways. As 
an acute phase protein, hepcidin is stimulated by endo-
toxin and inflammatory cytokine signaling[7-9]. The effect 
of  IL-6 is mediated through the activation of  Jak/Stat 
pathway and the binding of  Stat3 to hepcidin gene pro-
moter[10,11]. As an iron regulatory protein, hepcidin is 
also regulated by the signals from iron sensors, such as 
bone morphogenetic protein 6 (BMP6)[12-14]. The BMP 
receptor-specific Smad pathway (via the phosphorylation 
of  transcription factors, Smad1/5/8) has been shown to 
be involved in the up-regulation of  hepcidin transcrip-
tion. BMP6 knockout mice exhibit iron overload and re-
duced hepcidin expression[15-17]. Similarly, mice lacking the 
expression of  the common Smad protein, Smad4 exhibit 
iron overload and a dramatic decrease in the expression 
of  hepcidin in the liver[18]. In addition, growth factors 
such as epidermal growth factor and hepatocyte growth 
factor suppress the expression of  hepcidin by inhibiting 
the signaling of  the BMP-Smad pathway[19]. 

The aim of  this study is to investigate the causal rela-
tionship between Fas-signaling-induced effector caspase 
activation and apoptosis, and the regulation of  human 
and mouse hepcidin gene transcription. These studies 
will help us to further understand the regulation and the 
role of  hepcidin in liver diseases.  
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MATERIALS AND METHODS
Cell culture experiments 
HepG2 human hepatoma cells were maintained in high 
glucose Dulbecco’s modified Eagle’s medium supple-
mented with glutamine and 10% fetal calf  serum (Atlantic 
Biologicals). 1.3 × 106 or 3.9 × 106 cells were seeded in 
25 cm2 or 75 cm2 flasks, respectively 24 h prior to ex-
periments. Cells were exposed to an activating antibody, 
which is specific for human Fas (clone CH11, Millipore) 
at different concentrations for 12 h. 

Animal experiments 
Animal experiments were approved by the Animal Ethics 
Committee at the University of  Nebraska Medical Center. 
C57BL/6J (the Jackson Laboratory) and C57BL/6NCR 
(NIH) strain male mice were maintained on a standard 
chow diet. 6 wk to 8 wk old male mice were injected 
intraperitoneally (i.p.) with an activating antibody, which 
is specific for mouse Fas (clone Jo2, BD Biosciences), at 
0.2 µg or 0.32 µg per gram of  body weight (b.w.). As con-
trol for i.p. injections, which per se might cause an acute 
phase reaction, a group of  mice were injected with simi-
lar volume of  0.9% NaCl. All mice were sacrificed 1 or 6 
h following injections.

RNA isolation, cDNA synthesis, and real-time 
quantitative PCR analysis 
RNA isolation, cDNA synthesis and quantitative PCR 
(qPCR) were performed, as described previously[20]. The 
sequence of  Taqman fluorescent probe [5’6-(FAM); 3’ 
(TAMRA-Q)] and primers, and SYBR green primers are 
shown in Tables 1 and 2.

Detection of apoptosis 
Caspase-3 activity assays were performed with Ac-
DEVD-AMC caspase-3 fluorogenic substrate (BD Bio-
sciences) as described previously[21]. 

Measurement of liver enzymes 
Blood collected from the right atrium of  the anesthetized 

animal before sacrifice and allowed to coagulate at room 
temperature for 30 min was centrifuged at 1300 × g for 
10 min to remove blood cells. Aspartate aminotransferase 
(AST) and alanine aminotransferase (ALT) liver enzyme 
levels in mice sera were measured at Clinical Chemistry 
Laboratory at University of  Nebraska Medical Center.

Western Blotting 
The isolation of  nuclear lysates from the livers and west-
ern blotting were performed, as described previously[22]. 
Anti-phospo-Stat3, anti-Stat3, anti-phospho-Smad 1/5, 
anti-p65 and Gapdh primary antibodies, and secondary 
antibodies were obtained commercially (Santa Cruz, Cell 
Signaling).

Chromatin immunoprecipitation 
Chromatin immunoprecipitation (ChIP) assays were per-
formed, as described previously[22,23]. Briefly, chromatin, iso-
lated from formalin-fixed livers, was sheared by sonication 
and an aliquot was saved as total input DNA. Sheared chro-
matin was incubated with anti-Stat3, anti-Smad4 antibodies 
or control IgG and protein A-conjugated agarose beads 
(Santa Cruz, Cell signaling). Eluted DNA and total input 
DNA were subsequently analyzed by PCR using primers 
(sense: 5’- gccatactgaaggcactga -3’; antisense: 5’- gtgtggtg-
gctgtctagg -3’) to amplify a 358bp region of  the mouse hep-
cidin-1 promoter.

Statistical analysis
SPSS software was used for statistical analysis. The signif-
icance of  difference between two groups was determined 
by Student’s t-test. A value of  P < 0.05 was accepted as 
statistically significant.

RESULTS
Apoptosis and human hepcidin gene (HAMP) expression
CH11 antibody treatment for 12 h induced apoptosis 
in HepG2 cells in a concentration dependent manner, 
as confirmed with caspase-3 activity assay. A signifi-
cant induction of  caspase-3 activity was observed at 50 
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Table 1 Taqman probe and primer sequences for quantitative real-time PCR

Table 2 Primer sequences for SYBR green quantitative real-time PCR

Gene Forward primer (5’-3’) Reverse primer (5’-3’) Taqman probe

HAMP TGCCCATGTTCCAGAGGC CCGCAGCAGAAAATGCAGAT AAGGAGGCGAGACACCCACTTCCC
Human Gapdh TGAAGGTCGGAGTCAACGG AGAGTTAAAAGCAGCCCTGGTG TTTGGTCGTATTGGGCGCCTGG
Hepcidin-1 TGCAGAAGAGAAGGAAGAGAGACA CACACTGGGAATTGTTACAGCATT CAACTTCCCCATCTGCATCTTCTGCTGT
Hepcidin-2 GCGATCCCAATGCAGAAGAG TGTTACAGCACTGACAGCAGAATC AGGAAGAGAGACATCAACTTCCCCATCTGC
Mouse Gapdh TCACTGGCATGGCCTTCC GGCGGCACGTCAGATCC TTCCTACCCCCAATGTGTCCGTCG

Gene Forward primer (5’-3’) Reverse primer (5’-3’)

Mouse SAA3 GCCTGGGCTGCTAAAGTCAT TGCTCCATGTCCCGTGAAC
Mouse IL-6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG
Mouse Gapdh GTGGAGATTGTTGCCATCAACGA CCCATTCTCGGCCTTGACTGT



ng/mL CH11 concentration, which increased four-fold 
with a 500 ng/mL concentration (Figure 1A). The level 
of  HAMP mRNA expression in CH11-treated HepG2 
cells was similar to that of  control cells, as determined by 
qPCR (Figure 1B). HepG2 cells treated with 10 µg/mL 
of  tunicamycin, a known inducer of  hepcidin gene ex-
pression, for 8 h were used as the positive control (Figure 
1B). These findings strongly suggest that the Fas-mediat-
ed apoptotic pathway does not alter HAMP transcription. 

The effect of short-term (1 h) Jo2 treatment on 
apoptosis, acute phase response and mouse hepcidin 
gene expression in the livers of C57BL/6NCR mice
Since activation of  human Fas did not alter human hepcidin 
gene expression, we performed experiments with activating 
antibody specific to mouse Fas, Jo2. C57BL/6NCR mice 
were injected with Jo2 antibody (0.2 µg/g b.w.) or NaCl 
(control), and sacrificed 1 h later. No significant increase in 
caspase-3 activity was observed in Jo2-injected mice com-
pared to control mice (Figure 2A). The activation of  acute 
phase reaction in the livers of  these mice was evaluated by 
determining the levels of  IL-6 and SAA3 mRNA expres-
sion by qPCR. Similar to caspase-3 activity, no significant 
changes were observed with the expression of  these acute 
phase reaction genes (Figure 2B and C). The mRNA ex-
pression of hepcidin-1 in mice livers was also unaltered by Jo2 
exposure, as confirmed by qPCR (Figure 2D). However, 1 
h Jo2 treatment induced a small but significant increase in 
hepcidin-2 mRNA expression (Figure 2E).

The effect of longer (6 h) Jo2 treatment on apoptosis, 
acute phase response and mouse hepcidin gene 
expression in the livers of C57BL/6NCR mice 
To further study the effect of  Fas-mediated apoptosis, 

C57BL/6NCR mice were sacrificed 6 h after Jo2 or NaCl 
injections. A significant increase in caspase-3 activity was 
observed in the livers of  Jo2-injected mice (Figure 3A). 
Similarly, the expression of  acute phase reaction markers, 
IL-6 and SAA3 were also elevated in mice exposed to Jo2 
for 6 h compared to control mice (Figures 3B and C). 
The levels of hepcidin-1 and hepcidin-2 mRNA expression 
in mice treated with Jo2 for 6 h were not significantly dif-
ferent from that in control mice (Figures 3D and E). 

Jo2-mediated Stat3, Smad1/5 activation and hepcidin-1 
promoter occupancy
The cytokine, IL-6 is known to activate hepcidin tran-
scription via the Jak/Stat3 signaling pathway[10,11].We 
therefore investigated the activation of  Stat3 in mice 
injected with Jo2 antibody (0.2 µg/g b.w.) or NaCl and 
sacrificed 1 or 6 h later. Six hours, but not 1 h of  Jo2 
treatment, was sufficient to induce the phosphorylation 
of  Stat3 in the livers of  mice, compared to respective 
control mice (Figure 4). Despite the activation of  Stat3, 
we did not observe any significant changes in Stat3 bind-
ing to hepcidin-1 promoter in Jo2-treated mice compared 
to control mice, as determined by ChIP assays (Figure 5). 

NF-κB is one of  the important transcription factors 
activated by Fas ligand binding. NF-κB activates the tran-
scription of  inflammatory cytokines including IL-6[1]. We 
therefore investigated the phosphorylation of  the p65 
subunit of  NF-κB in mice treated with Jo2 for 1 or 6 h 
time periods. In contrast to Stat3, Jo2 induced a fast and 
transient activation of  NF-κB. The phosphorylation of  
p65 in the liver was observed within 1 h after Jo2 injec-
tion and was absent at 6 h after Jo2 exposure (Figure 4). 

Besides Jak/Stat3 pathway, hepcidin is also regulated 
by bone morphogenetic protein 6 (BMP6) and Smad 
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Figure 1  Caspase-3 activity and human hepcidin gene (HAMP) expression: HepG2 cells were treated with 50, 100, 150 and 500 ng/mL of CH11 antibody or 
solvent (control) for 12 h. A: Induction of apoptosis was confirmed by measuring caspase-3 activity, as described in the ‘Materials and Methods’ section. Caspase-3 
activity was expressed as nanomole of flurogenic substrate cleaved per milligram of cell lysate protein; B: cDNA, synthesized from RNA isolated from CH11-treated, 
tunicamycin-treated and respective solvent-treated cells, was employed as a template in Taqman qPCR assays to determine HAMP mRNA expression, as described 
in Methods. HAMP expression in CH11-treated cells was expressed as fold expression of that in control cells.
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pathway. This pathway has also been suggested to play 
a negative role in growth factor-induced regulation of  
hepcidin expression in the liver[19]. We therefore deter-
mined the activation of  transcription factors, Smad1 and 
Smad5, which are activated downstream of  BMP signal-
ing pathway. Similar to NF-κB, Jo2 treatment induced 
an early and transient activation of  Smad1/5 in the liver. 
The induction in Smad1/5 phosphorylation observed 
by 1 h Jo2 exposure was significantly weakened by 6 h 
after Jo2 injection (Figure 4). The binding of  Smad4, the 
common mediator of  Smad signaling, to mouse hepcidin-1 
promoter was also examined by ChIP assays. No signifi-
cant increase in Smad4 occupancy of  hepcidin-1 promoter 
region harboring a Smad4 binding site was observed at 6 
h after Jo2 injection, as compared to controls (Figure 5). 

The effect of longer (6 h) Jo2 treatment on apoptosis, 
acute phase response and mouse hepcidin gene 
expression in the livers of C57BL/6J mice 
In order to investigate the effect of  Jo2 further, we em-
ployed a substrain of  C57BL/6 mice. Of  note, C57BL/
6NCR and C57/BL/6J strains exhibit substantial genetic 
differences[24]. Compared to that observed with C57BL/

6NCR, C57BL/6J mice treated with Jo2 (0.2 mg/g b.w.) 
for 6 h exhibited a significantly higher elevation of  cas-
pase-3 activity (Figure 6A). Similar robust activation was 
also observed with the expression of  acute phase marker 
genes, IL-6 and SAA3 (Figures 6B and C). However, 
despite stronger apoptosis and acute phase reactions, Jo2 
treatment did not induce any significant changes in the 
expression of  both hepcidin-1 and hepcidin-2 in the livers 
of  C57BL/6J mice, as was the case with C57BL/6NCR 
mice (compare Figures 6D, E and3D, E). Furthermore, 
the treatment of  C57BL/6J mice with an even higher 
concentration of  Jo2 (0.32 mg/g b.w.) did not induce any 
changes in the mRNA level of  hepcidin-1. (Figure 6D). 
However, the treatment with 0.32 µg/g of  Jo2 induced 
a significant suppression of  hepcidin-2 mRNA expression 
(Figure 6E).

The effect of Jo2 on liver enzymes in C57BL/6J and 
C57BL/6NCR mice
Jo2-induced apoptosis and acute phase reaction was 
stronger in the livers of  C57BL/6J mice, compared to 
C57BL/6NCR mice. We therefore measured the serum 
levels of  liver enzymes, ALT and AST, which is a com-
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Figure 2  Caspase-3 activity, the expression of acute phase response and mouse hepcidin genes in the liver: C57BL/6NCR strain male mice, which were in-
jected with Jo2 antibody (0.2 µg/g b.w.) or saline (as control), were sacrificed 1 h later. A: Caspase-3 activity was measured, as described in the ‘Materials and 
Methods’ section. B-E: IL-6 (B), SAA3 (C), hepcidin-1 (D) and hepcidin-2 (E) gene expression was determined by qPCR, and mRNA expression in Jo2-treated mice 
expressed as fold change of that in control mice. 
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Figure 3 The effect of longer Jo2 treatment on the level of apoptosis, acute phase response and hepcidin gene expression: C57BL/6NCR male mice, 
which were injected with Jo2 (0.2 µg/g b.w.) or saline (control), were sacrificed 6 h later. A-C: Cell lysates and RNA isolated from the livers were employed in 
caspase-3 assays (A) or to synthesize cDNA as a template for SYB green qPCR assays to determine IL-6 (B) or SAA3 (C) gene expression; D, E: Hepcidin-1 (D) and 
hepcidin-2 (E) mRNA expression was determined by Taqman qPCR. Gene expression in Jo2-injected mice was expressed as fold change of that in control mice.
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Figure 4  Phosphorylation of Stat3, NF-κB (P65) and Smad 1/5 in the liver. Whole cell lysates prepared from the livers of C57BL/6NCR mice injected with Jo2 
(0.2 µg/g b.w.) and sacrificed after 1 or 6 h were employed for western blotting using anti-phospho--Stat3 (P-Stat3), anti-total Stat3, anti-phospho-P65 (P65) and anti-
phospho-Smad1/5 antibodies, as described in Material and Methods. Anti-Gapdh antibody was used as protein loading control.



monly used diagnostic test to determine liver function 
and injury. Jo2 injected at a concentration of  0.2 µg/g 
did not cause a significant elevation of  serum ALT or 
AST levels in C57BL6/NCR mice (Figures 7). However, 
the sera of  C57BL/6J mice injected with 0.2 µg/g of  
Jo2, exhibited a dramatic increase in both ALT and AST 
levels, compared to controls (Figures 7). The injection of  
C57BL/6J mice with a higher dose of  Jo2 (0.32 µg/g) in-
duced further increase in serum ALT and AST levels (data 
not shown).

DISCUSSION 
Apoptosis is one of  the key factors which contribute to 
the pathogenesis of  many liver diseases[1,25,26]. Apoptosis 
not only causes hepatocyte death directly but also induces 
inflammation and hepatic fibrosis[27,28]. The inhibition of  
caspase enzymes via known caspase inhibitors has been 
shown to effectively alleviate hepatocyte apoptosis and 
tissue damage in animal models of  liver injury[29]. Due 
to its highly reactive nature and the liver serving as the 
major storage organ for it, iron is considered an impor-
tant secondary risk factor in the progression of  various 
liver diseases[30,31]. Therefore, it is of  great importance to 
understand the interaction between apoptosis and iron 
metabolism. Since hepcidin is the central regulator of  
iron homeostasis and is primarily synthesized in the liver, 
this study investigated the effect of  apoptosis on the 
regulation of  hepcidin expression in the liver. Previously, 
Weizer-Stern et al[4] have elegantly demonstrated that p53, 
a tumor suppressor gene and an inducer of  apoptosis, 
elevates human hepcidin gene transcription in HepG2 
cells by binding to the corresponding response elements 
in hepcidin gene promoter. They have also reported that 
the overexpression of  p53 blunts the stimulatory effect 
of  IL-6 on hepcidin gene expression. Although indirect, 
these findings, for the first time, suggested a relation-
ship between apoptosis and hepcidin and thereby the 
regulation of  iron metabolism. However, due to various 

reasons, the in vivo relevance of  this potential interaction 
is unclear. First, apoptosis signaling in cancer cell lines is 
frequently distorted and secondly, forced overexpression 
of  p53 might have caused artificial effects. However, in 
a recent study, Li et al[5] have investigated the relationship 
between Fas -activated apoptosis signaling and expression 
of  hepcidin gene expression. Fas activation decreased 
both mouse and human hepcidin mRNA expression in 
vitro. They have also shown that Balb/C3 female mice 
injected with lethal dose of  Jo2 antibody (which killed 
mice within 4 h) exhibit a biphasic regulation of  mouse 
hepcidin mRNA expression in the liver, namely an im-
mediate elevation (within 0.5-1 h) followed by a suppres-
sion (within 4 h). They suggested that these changes in 
hepcidin expression correlates with the changes in FLIPL 
and IL-6 expression as well as the activation of  the tran-
scription factors, NF-κB, and Stat3. The knock-down or 
over-expression of  FLIPL exerted a negative and a posi-
tive effect, respectively, on hepcidin expression. Based 
on their data, Li et al[5] have proposed a model suggesting 
that the stimulatory effect of  Fas on hepcidin expression 
is achieved via IL-6 and Stat3, which themselves are acti-
vated by FLIPL and NF-κB. However, Li et al[5] did not 
confirm the presence (and the level) of  apoptosis in the 
livers of  Jo2-injected mice. Hence, it is unclear whether 
Fas-mediated apoptosis is directly involved in the regula-
tion of  hepcidin gene expression in the liver.

In our current study, we examined the effect of  Fas 
signaling on hepatic hepcidin gene expression both in 
vivo and in vitro. In in vitro studies, the effect of  CH11, an 
activating antibody specific for human Fas, was evalu-
ated on hepcidin expression in HepG2 hepatoma cells. 
Even though CH11 induced apoptosis in a concentration 
dependent manner, as confirmed by the increased cas-
pase-3 activity, the expression of  human hepcidin gene 
was not significantly altered in these cells. Although we 
cannot exclude the possibility that Fas-mediated signaling 
in HepG2 hepatoma cells might be different than pri-
mary human hepatocytes, our findings strongly suggest 
that hepcidin gene expression in hepatocytes does not 
correlate with the significant induction of  caspase activa-
tion. Of  note, the liver is composed of  various cell types 
and it is therefore feasible that not only hepatocytes, but 
other cells such as Kupffer cells, might be involved in 
the regulation of  hepcidin gene by apoptosis. Hence, an 
in vivo experimental model whereby male C57BL/6 mice 
are injected with Jo2 antibody to specifically activate Fas-
mediated apoptosis was employed to study hepcidin 
gene expression in whole liver. Male mice were chosen 
for these studies because unlike humans, female mice ex-
press higher levels of  hepcidin compared to male mice[32]. 
Sublethal concentrations of  Jo2 antibody were chosen 
for our experiments because based on the reports in the 
literature, this dose of  Jo2 is more suitable for studies, 
which investigate the activation of  Fas-mediated apopto-
sis in liver diseases[33]. Accordingly, we observed no lethal-
ity under our experimental conditions. Mice with short-
term (1 h) Jo2 treatment did not display any significant 
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Figure 5  Chromatin immunoprecipitation assays. The binding of Stat3 or 
Smad4 to the hepcidin-1 promoter in the livers of C57BL/6NCR mice, which 
were injected with Jo2 (0.2 µg/g b.w.) or saline (control) and sacrificed 6 h later, 
was determined by ChIP assays, as described in Material and Methods. Total 
input DNA was used as control to evaluate the amount of chromatin.



changes both in the activity of  caspase-3 enzyme and the 
expression of  acute phase marker genes, IL-6 and SAA3, 
strongly suggesting the absence of  apoptosis and acute 
phase responses in the livers of  these mice. The mac-

roscopic appearance of  the livers from short-term Jo2-
injected mice was also similar to those in control mice 
(data not shown). Further, the expression level of  mouse 
hepcidin-1 was not affected in the livers of  these mice. In 
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Figure 6 The effect of Jo2 on apoptosis, acute phase response and hepcidin gene expression in C57BL/6J mice. C57BL/6J male mice (n = 21) were injected 
with 0.2 µg/g b.w. and 0.32 µg/g b.w. Jo2 or saline and sacrificed 6 h later. Cell lysates and RNA isolated from the livers were employed in caspase-3 assays (A) or to 
synthesize cDNA as a template for SYB green qPCR assays to determine IL-6 (B) or SAA3 (C) gene expression. Hepcidin-1 (D) and hepcidin-2 (E) mRNA expression 
was determined by Taqman qPCR. Gene expression in Jo-2 injected mice was expressed as fold change of that in control mice.
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later. Serum ALT (A) and AST (B) enzymes were measured, as described in “Materials and Methods”.
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contrast, longer treatment with Jo2 (6 h) significantly in-
duced apoptosis and acute phase reaction. Concurrently, 
the livers of  these mice displayed macroscopic differ-
ences such as a darker color suggesting the presence of  
hepatic hemorrhage and liver injury (data not shown). 
Interestingly, these changes did not correlate with the 
level of hepcidin-1 mRNA expression in the liver. Similar 
to short-term, the longer treatment of  mice with Jo2 did 
not alter the level of hepcidin gene expression.

It is well known that hepcidin gene transcription is 
strongly stimulated by IL-6 and Stat3 pathway. Since, 
we have shown that long-term, but not short-term, Jo2 
treatment can induce acute phase reactions in the liver, 
the phosphorylation status of  Stat3 was investigated 
to confirm its activation. In accordance with our acute 
phase gene expression findings, we observed Stat3 phos-
phorylation following 6 h, but not 1 h of  Jo2 treatment. 
Taken together, our findings show that the activation of  
IL-6/Stat3 axis by Fas is not sufficient to induce hepcidin-1 
transcription and strongly suggest the presence of  inhibi-
tory mechanisms. This is also supported by our ChIP 
findings, which show that the occupancy of hepcidin-1 pro-
moter by Stat3 is similar in the livers of  both Jo2-treated 
and control mice despite the differences in the activation 
status of  Stat3. In contrast to Stat3, the phosphorylation 
of  NF-κB was observed with short-term, but not long-
term, Jo2 treatment. NF-κB is involved in inflammatory 
cytokine production in the liver including IL-6[26]. It is 
therefore possible that Jo-2-mediated early phase activa-
tion of  NF-κB subsequently facilitates the induction of  
IL-6 transcription and consequent activation of  Stat3, 
which was observed in the livers of  mice with longer (6 h) 
Jo2 treatment. 

Hepcidin is also activated by BMP/Smad pathway 
and Smad4 knockout mice display reduced hepcidin ex-
pression[18]. However, 6 h Jo2 administration did not sig-
nificantly alter the phosphorylation of  Smad1/5 proteins, 
which are transcription factors known to be activated by 
BMP pathway. Growth factors have been shown to sup-
press the signaling of  BMP/Smad pathway and its stimu-
latory effect on hepcidin gene expression in the liver[19]. 
Of  note, liver injury is known to stimulate the expression 
of  growth factors as part of  the liver regeneration pro-
cess. It is therefore feasible that Fas-induced liver injury 
might suppress Smad activation and thereby counteract 
the stimulation of  hepcidin-1 transcription by Stat3. How-
ever, it should also be noted that despite significant dif-
ferences in the level of  liver injury, acute phase response 
and apoptosis, both C57BL/6J and C57BL/6NCR mice 
(under similar experimental conditions) did not display 
any significant changes in liver hepcidin-1 expression. This 
suggests that mechanisms other than growth factors and 
inhibitory Smads might play a role in this process. Jo2-
induced liver damage accompanied by DNA damage and 
the activation of  p53 might be involved since p53 has 
been shown to suppress the stimulatory effect of  IL-6 on 
hepcidin gene expression[4]. Furthermore, we observed 
differential regulation of  hepcidin-2 expression by Jo2 in 

the liver. Since the function of  hepcidin-2 is unknown, the 
significance of  this finding and its potential role in liver 
injury and disease will be addressed in future studies. 

In conclusion, Fas ligand-induced signaling and apop-
tosis do not play a significant role in the regulation of  hu-
man (HAMP) or mouse (hepcidin-1) hepatic hepcidin gene 
expression, as shown by in vitro and in vivo experimental 
systems using human or mouse Fas receptor-activating 
antibodies, CH11 or Jo2 , respectively. The induction of  
extrinsic apoptotic pathway via Fas receptor signaling, 
as confirmed by effector caspase activation, significantly 
induced the phosphorylation and activation of  the tran-
scription factor, Stat3 in the liver. Stat3 is well known to 
be involved in inflammation-mediated elevation of  hepci-
din expression. However, no significant binding of  Stat3 
to hepcidin gene promoter was observed, as confirmed 
by chromatin immunoprecipitation studies. Our find-
ings strongly suggest that the activation of  Stat3 by Fas 
signaling-mediated apoptosis is not sufficient to stimulate 
hepcidin transcription in the liver. Using different strains 
of  mice, we were also able to confirm that the severity 
of  Fas-induced apoptosis (acute phase reaction or tis-
sue injury) does not correlate with its effect on hepcidin 
gene expression in the liver. Interestingly, Jo2 treatment 
induced changes in hepcidin-2 expression in a time-depen-
dent manner but the function of  this mouse gene is as 
yet unknown. 

COMMENTS
Background
Apoptosis is widely observed and participates in the pathogenesis of various 
liver diseases. Iron, due to its highly reactive nature as a transitional metal, 
acts as a secondary risk factor in various liver diseases. Hepcidin, a small 
peptide primarily synthesized in the liver, is the central regulator of iron me-
tabolism. Hepcidin maintains iron homeostasis by inhibiting iron absorption 
by the enterocytes in the duodenum and iron release by the macrophages of 
reticuloendothelial system. Hepcidin expression in the liver has been shown to 
be modulated by iron, inflammation and hypoxia but a direct role of apoptosis in 
hepcidin regulation has not been elucidated.
Research frontiers
Iron plays a role in liver injury and the transcriptional regulation of hepcidin 
gene in liver diseases has been highlighted by recent studies from various labo-
ratories. A better understanding of the regulation of hepcidin and thereby iron 
homeostasis in the pathogenesis of liver diseases might facilitate the develop-
ment of novel diagnosis and treatment strategies. 
Innovations and breakthroughs
P53, a tumor suppressor and inducer of apoptosis, has been reported to pro-
mote hepcidin gene transcription through direct binding to its promoter. An inde-
pendent study has recently suggested the involvement of Fas signaling in the 
regulation of liver hepcidin expression. However, a causal relationship between 
Fas-mediated effector caspase activation and apoptosis, and the regulation of 
hepcidin gene transcription has not been demonstrated. This study addressed 
this question by quantifying the level of Fas-induced apoptosis by caspase-3 
activity assays and correlating it to both human and mouse hepcidin gene ex-
pression. In addition, different strains of mice with significant variances in their 
response to Fas treatment were also employed. Collectively, the authors’ find-
ings clearly demonstrate the lack of correlation between Fas-mediated apopto-
sis and hepatic hepcidin gene transcription.
Applications 
The findings of this study, which strongly suggest that Fas-mediated apoptosis 
is not involved in the regulation of hepcidin expression, will further our under-
standing of the pathogenesis of liver diseases associated with increases in he-
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patic iron content. Furthermore, the authors’ findings, which demonstrate strain-
specific responses to anti-Fas treatment, highlights the importance of choosing 
optimal mice strains for studies with Fas signaling in the liver.
Terminology
Apoptosis, also known as programmed cell death, is characterized by the 
sequential activation of a series of caspases, which also serve as markers 
for apoptosis. The pathogenesis of many liver diseases involve apoptotic 
pathways. Hepcidin is a small antimicrobial peptide synthesized mainly by the 
hepatocytes. It regulates iron homeostasis by binding to and inducing the deg-
radation of the only known iron exporter, ferroportin. 
Peer review
In this paper, Lu et al aimed to determine the regulation of human hepcidin 
(HAMP) and mouse hepcidin (hepcidin-1 and hepcidin-2) gene expression in 
the liver by apoptosis using in vivo and in vitro experimental models. The role 
of hepcidin in liver fibrosis, via apoptosis, has emerged in recent years. Given 
the goal of achieving an explanation about the role of hepcidin is a growing 
concern, the analysis is justified and the aim of the study is clinically relevant. It 
is a well-designed study and the conclusions are consistent with the results. 
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Authors should retain one copy of  the text, tables, photographs 
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to the author(s) and the editors will not be responsible for loss or 
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highly recommended to consult the ONLINE INSTRUCTIONS 
TO AUTHORS (http://www.wjgnet.com/1949-8454/g_info_ 
20100316155305.htm) before attempting to submit online. For 
assistance, authors encountering problems with the Online Submission 
System may send an email describing the problem to bpgoffice@
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Supportive foundations: The complete name and number of  
supportive foundations should be provided, e.g. Supported by Na-
tional Natural Science Foundation of  China, No. 30224801

Correspondence to: Only one corresponding address should be 
provided. Author names should be given first, then author title, af-
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country, and email. All the letters in the email should be in lower 
case. A space interval should be inserted between country name and 
email address. For example, Montgomery Bissell, MD, Professor of  
Medicine, Chief, Liver Center, Gastroenterology Division, Universi-
ty of  California, Box 0538, San Francisco, CA 94143, United States. 
montgomery.bissell@ucsf.edu

Telephone and fax: Telephone and fax should consist of  +, 
country number, district number and telephone or fax number, e.g. 
Telephone: +86-10-85381892 Fax: +86-10-85381893

Peer reviewers: All articles received are subject to peer review. 
Normally, three experts are invited for each article. Decision for 
acceptance is made only when at least two experts recommend 
an article for publication. Reviewers for accepted manuscripts are 

acknowledged in each manuscript, and reviewers of  articles which 
were not accepted will be acknowledged at the end of  each issue. 
To ensure the quality of  the articles published in WJBC, review-
ers of  accepted manuscripts will be announced by publishing the 
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of  Radiology, The First Affiliated Hospital, Zhengzhou University, 
Zhengzhou, Henan Province, China; and Professor Anren Kuang, 
Department of  Nuclear Medicine, Huaxi Hospital, Sichuan Univer-
sity, Chengdu, Sichuan Province, China.

Abstract
There are unstructured abstracts (no less than 200 words) and struc-
tured abstracts. The specific requirements for structured abstracts 
are as follows: 
    An informative, structured abstract should accompany each 
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Text
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