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SUMMARY

Tumor suppressor genes represent a major class of oncogenic drivers. However, direct targeting of loss-of-
function tumor suppressors remains challenging. To address this gap, we explored a variant-directed chem-
ical biology approach to reverse the lost function of tumor suppressors using SMAD4 as an example. SMAD4,
a central mediator of the TGF-B pathway, is recurrently mutated in many tumors. Here, we report the devel-
opment of a TR-FRET technology that recapitulated the dynamic differential interaction of SMAD4 and
SMAD4R36™H with SMAD3 and identified Ro-31-8220, a bisindolylmaleimide derivative, as a SMAD4R3¢'H/
SMADS interaction inducer. Ro-31-8220 reactivated the dormant SMAD4%3¢""_mediated transcriptional ac-
tivity and restored TGF-B-induced tumor suppression activity in SMAD4 mutant cancer cells. Thus, demon-
stration of Ro-31-8220 as a SMAD4"%¢'H/SMAD3 interaction inducer illustrates a general strategy to reverse
the lost function of tumor suppressors with hypomorph mutations and supports a systematic approach to
develop small-molecule protein-protein interaction (PPI) molecular glues for biological insights and thera-

peutic discovery.

INTRODUCTION

Cancer genomics studies have revealed a vast landscape of ge-
netic alterations in human malignancies (Vogelstein et al., 2013).
Gain-of-function alterations in oncogenes, such as kinases, offer
defined targets that drive small-molecule inhibitor-based thera-
peutic discovery (Zhang et al., 2009). However, the loss-of-func-
tion alterations in tumor suppressor genes remain to be consid-
ered as “undruggable” due to the challenges in restoring their
impaired tumor-suppressive functions. Therefore, the un-
drugged tumor suppressor space presents a daunting task, as
well as unprecedented opportunities, for small-molecule thera-
peutic discovery (Guo et al., 2014; Zhao and DePinho, 2017).
The tumor suppressor gene SMAD4 is a core mediator of the
canonical transforming growth factor B (TGF-B) signaling
pathway (Massague, 2012; Miyaki and Kuroki, 2003; Zhao
et al., 2018). Upon TGF-B stimulation, SMAD4 forms a hetero-
meric transcriptional complex with other SMADs, such as
SMADS3, and acts as a pivotal switch to transduce the extracel-
lular signals to the nucleus (Chacko et al., 2004; Nakao et al.,
1997). Although the TGF-B pathway has a paradoxical role in
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suppressing and promoting tumor growth depending on its
context, inactivating SMAD4 mutations have been recurrently
identified in a range of solid tumors, such as pancreatic and co-
lon cancers (Blackford et al., 2009; MacGrogan et al., 1997; Mas-
sague, 2012; Salovaara et al., 2002; Woodford-Richens et al.,
2001). SMAD4 R361H mutation, one of the hotspot missense
mutations in the MH2 domain, impairs the protein-protein inter-
action (PPI) between SMAD4 and SMADS3, leading to the disrup-
tion of the transcriptional complex, and blocking TGF-B-induced
anti-proliferation signaling (Fleming et al., 2013). Despite the
promising therapeutic potential offered by these SMAD4 inacti-
vation mutations, targeting such hypomorphic interactions to
restore their wild-type (WT) function remains highly challenging,
particularly using small-molecule approaches.

To address this critical gap in small-molecule PPl modulator
discovery to re-gain the desired function of the undruggable tu-
mor suppressor SMAD4, we developed a general high-
throughput screening approach to identify small molecules that
can induce and stabilize the interaction of SMAD3 with mutated
SMADA4 to provide a proof of concept. Here, we report the devel-
opment of a time-resolved fluorescence resonance energy
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Figure 1. Identification of Ro-31-8220 as a small-molecule inducer for SMAD4%3¢"/SMAD3 PPI

(A) Schematic illustration of the design of the TR-FRET assay for monitoring the SMAD4/SMADS PPI to discover small-molecule PPI inducers. Anti-Flag-Tb
coupled with Flag-SMAD3 serves as the TR-FRET donor and anti-His-D2 coupled with His-SMAD4%%¢"" serves as the acceptor. At the basal level, R361H impairs
SMAD4 interaction with SMAD3, yielding low TR-FRET signal. Upon treatment with a PPI inducer, the induced SMAD3/SMAD4R%™ complex formation brings
two fluorophores into close proximity (<10 nm), generating a high TR-FRET signal.

(B) Dose-dependent TR-FRET signals of the SMAD4"T/SMAD3 PPI. The cell lysate from the HEK293T cells expressing the His-SMAD4"T and Flag-SMAD3 or the
empty vector controls were serial diluted as indicated. The data are presented as mean + SD from a representative experiment.

(C) Dynamic assay windows as defined by the signal-to-background ratio (S/B) of the dose-response TR-FRET signals. The cell lysates from the HEK293T cells
expressing His-SMAD4YT or SMAD4R3¢H together with Flag-SMAD3 were serial diluted for TR-FRET assay. The data are presented as mean + SD from a
representative experiment.

(D) The waterfall plot showing the change of TR-FRET signal (ATR-FRET) induced by compounds from the primary screening. The data are presented as the

percentage of the DMSO control from the primary screening.

(E) Chemical structures of two highly ranked SMAD47%¢'"/SMAD3 PPI inducers, Ro-31-8220 and Go-6983.
(F and G) Dose-dependent curves of (F) Ro-31-8220 and (G) Go-6983 in enhancing the TR-FRET signal of the SMAD47%6"/SMAD3 PPI. The data are presented

as mean + SD from three independent experiments.

transfer (TR-FRET) assay in a 1,536-well plate-based ultra-high-
throughput screening (UHTS) format and the identification of
compounds that can induce the interaction of mutated SMAD4
with SMAD3. From a bioactive compound library, we identified
Ro-31-8220 and Go-6983, bisindolylmaleimide derivatives, as
small-molecule inducers that restored SMAD47%'H Pp| with
SMAD3 and revitalized the TGF-B-induced anti-proliferation
function in colon cancer cell lines with SMAD4 mutations.

RESULTS

Design and development of the TR-FRET assay for
SMAD4/SMADS3 PPI

To enable the unbiased systematic discovery of small-molecule
PPl inducers, a sensitive and scalable high-throughput technol-
ogy platform is essential to monitor the differential PPI status be-
tween SMAD3 and SMAD4 WT or R361H. Toward this goal, we
examined the feasibility of the TR-FRET technology and tested it
in a miniaturized 1,536-well plate format. Using the known
SMAD4-SMAD3 PPI as a positive control, we have optimized
the TR-FRET assay using cell lysates that co-expressed His-
SMAD4 and Flag-SMADS3, and the coupled fluorophore pair
anti-flag-Tb (donor) and anti-His-D2 (acceptor). The direct
SMAD4-SMAD3 PPI brings Tb and D2 fluorophores into close

proximity that allows efficient energy transfer, generating TR-
FRET signals (Figure 1A). In support of this design, we observed
that the cell lysate containing His-SMAD4 and Flag-SMAD3 ex-
hibited significantly higher TR-FRET signals than the corre-
sponding empty vector controls in a concentration-dependent
manner (Figure 1B). These results suggested the feasibility of us-
ing this FRET donor/acceptor configuration to monitor the
SMAD4-SMAD3 PPI. The use of the cell lysates with expressed
SMAD proteins eliminates the need for labor-intensive protein
purification and has the benefit of the complex cellular environ-
ment (Li et al., 2017).

To evaluate the sensitivity needed to capture a single amino
acid change-induced difference of the SMAD4-SMADS PPI dy-
namics, we compared the PPI signals between SMAD4 WT
and R361H mutant with SMAD3. With the same configuration
of protein tags and fluorophore-conjugated antibody pairs,
SMAD4R3¢™H exhibited drastically decreased TR-FRET signals,
showing a significant differential assay window along with the
WT SMAD4 PPI (signal-to-background ratio of 10-fold versus
30-fold) (Figure 1C). Our results confirmed the importance of
R361 residue of SMAD4 in heteromeric SMAD4/SMAD3 com-
plex formation, and most importantly demonstrated the high
sensitivity of the TR-FRET assay in monitoring the differential
PPI dynamics at single-amino acid resolution.
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TR-FRET screening reveals potential PPl inducers for
mutant SMAD4

To examine the utility of this TR-FRET assay to identify small-
molecule PPl inducers that can restore mutant SMAD4 interac-
tion with SMAD3, we screened the Emory Enriched Bioactive Li-
brary (EEBL), a library of 2,036 bioactive compounds, including
FDA-approved drugs and defined bioactive compounds (Vo
et al., 2019). For the primary screening, we utilized the His-
SMAD4R3¢1H/Flag-SMADS pair. To maximize the opportunity to
reveal inducers that can enhance mutant SMAD4/SMADS inter-
action, the ECgp (90% maximal effective concentration) condi-
tion of the SMAD4R38'H/SMAD3 interaction was selected, which
corresponded to EC,¢ (10% maximal effective concentration) of
the WT SMAD4/SMAD3 PPI. This selection was based on our
assessment of the assay performance, such as assay window
between WT and R361H, DMSO tolerance, and robustness in
the 1,536-well plate uHTS format (Figure S1).

Using the established condition, we performed the primary
screening by treating the cell lysate co-expressing His-
SMAD4R%® and Flag-SMAD3 with the EEBL compounds
(20 uM). Based on the potentiation effect of >40% compared
with the DMSO control, the top ranked 23 primary hits were cher-
ry-picked from the parental stock for dose-response studies
(Figure 1D). Through the dose-response confirmatory assay
with cherry-picked and re-ordered compounds, 8 out of 23 pri-
mary hits were validated with significant and reproducible effect
in increasing the TR-FRET signal of SMAD4R¢"_SMAD3 PPI.
The other primary hits were triaged due to their low potency or
lack of consistent effect.

Identification of Ro-31-8220 and Go-6983 as
SMAD4"3¢'""_SMAD3 PPI inducers

Among positive hit compounds, Ro-31-8220 and Go-6983 (Fig-
ure 1E), two bisindolylmaleimide compounds, showed robust
potentiation effect of >40% for the SMAD4™¢'""_SMAD3 PPI
from the primary screening. Ro-31-8220 and Go-6983 induced
the increase of the TR-FRET signal in a dose-dependent manner
with half maximal effective concentration (ECsg) of 3.9 + 1.0 and
15.2 £ 2.9 uM, respectively (Figures 1F and 1G). These data
confirmed their activity in promoting the SMAD47%6"H_.SMAD3
interaction, demonstrating the utility of the TR-FRET assay for
systematic discovery of PPI inducers.

To further validate the PPI stabilization effect of these two
compounds in orthogonal assays, we tested whether they can
restore SMAD4™*6"M_SMAD3 complex formation using an affin-
ity-based GST beads pull-down assay. In the GST pull-down
assay, a substantial amount of SMAD3 was detected in complex
with GST-SMAD4"T, whereas the R361H mutation of SMAD4
significantly decreased SMAD3 in the complex, as reported pre-
viously (Figure 2A) (Blackford et al., 2009; Fleming et al., 2013;
Salovaara et al., 2002). Upon treatment of the cell lysate with
Ro-31-8220, the amount of SMAD3 in the SMAD4R%¢'H complex
was significantly increased in a dose-dependent manner, with an
ECsp of 2.1 £ 0.7 uM (Figure 2A). Similarly, Go-6983 enhanced
the complex formation between SMAD3 and SMAD4%6'H with
an EC5p of 8.9 £ 0.7 uM (Figure 2B). These data support the po-
tential stabilization effect of Ro-31-8220 and Go-6983 in
enhancing the SMAD4R3®'"H_SMAD3 interaction. To evaluate
the mutation selectivity of Ro-31-8220 and Go-6983, we exam-
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ined their potentiation effect on other SMAD4 loss-of-function
mutations, such as D351H (Fleming et al., 2013). The PPI be-
tween SMAD3 and SMAD4P%%'M was studied in the presence
of these compounds with DMSO as a control. Similarly, D351H
impairs SMAD4-SMADS3 PPI complex formation, and treatment
with Ro-31-8220 and Go-6983 significantly restored the
SMADS3 level in the SMAD3P3%™M GST pull-down complex (Fig-
ure 2C). Altogether, the results suggest that these compounds
can enhance the interaction between both D351H and R361H
with SMAD4 and SMADS. These data imply that reduced interac-
tion with SMAD4 by selected mutant SMAD4 may be due to a
shared mechanism.

SMAD4 loss-of-function mutations not only impair its PPI
with SMADS but also with other receptor-regulated SMADs
(R-SMADs), such as SMAD1, SMAD2, SMADS5, and SMAD8
(Guo and Wang, 2009; Retting et al., 2009; Wu et al., 2016).
To determine the R-SMADs selectivity of Ro-31-8220 and
Go-6983, we profiled their effects on inducing PPl between
SMAD4R38™H and different isoforms of R-SMADs using the
TR-FRET assay. With the compound titration, we found that
Ro-31-8220-induced increase of the TR-FRET signal is signifi-
cantly higher for the SMAD4R%6™ interaction with SMAD3 than
that with other R-SMADs (Figure 2D). Similarly, Go-6983
induced a significantly higher PPI signal for SMAD4R36™ inter-
action with SMAD3 as compared with other R-SMADs (Fig-
ure 2E). Among these R-SMADs, SMAD3 and SMAD2, which
mediate TGF-p signaling, appeared to have significantly higher
compound-induced TR-FRET signals than SMAD1, SMADS5,
and SMADS8, which mediate bone morphogenetic protein
(BMP) signaling (Figures 2D and 2E). These data suggest that,
among all the tested R-SMADs, Ro-31-8220 and Go-6983 are
selective in inducing the interaction of SMAD4%36'™™ with
SMADS3 and SMAD2.

The bisindolylmaleimides, Ro-31-8220 and Go-6983, are
structurally similar staurosporine analogs with a reported activity
as ATP-competitive inhibitors of protein kinase C (PKC) (Davis
et al., 1989). Given the in vitro cell lysate conditions used for
the identification of Ro-31-8220 and Go-6983 as SMAD4R%61H_
SMADS3 PPI inducers, we tested whether such PPI stabilization
effects are due to their PKC inhibitory activity. We selected a
panel of PKC inhibitors, including five bisindolylmaleimide deriv-
atives and two structurally diverse PKC inhibitors, and tested
their activities in enhancing the SMAD47%®'"_SMAD3 PPI.
From the dose-response study using the TR-FRET assay, all
the bisindolylmaleimide derivatives exhibited similar PPI potenti-
ation effects, with EC5q values ranging from 4 to 20 uM, whereas
the other two structurally diverse PKC inhibitors had no signifi-
cant effect up to 100 uM (Table 1). Among these compounds,
there is no significant correlation between their PPIl-enhancing
and PKC-inhibitory activities (Figure S2). Taken together, these
results suggest that the SMAD4¢'""_SMAD3 PPI stabilization
effect induced by Ro-31-8220 is most likely due to the bisindo-
lylmaleimide core structure. Given that Ro-31-8220 exhibited
the most potent PPI stabilization effect among the tested com-
pounds, it was selected as an example for the subsequent char-
acterization and functional studies.

To test the potential assay interference by protein fusions
or tags in the overexpression system, the effect of Ro-31-8220
on promoting SMAD4"¢'"_SMAD3 complex formation was
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Figure 2. Validation and selectivity profiling of Ro-31-8220 as a SMAD4%%¢'"/SMAD3 PPI inducer

(A and B) Western blot (upper) and dose-response curves from the gel quantification (lower) showing the induced formation of the SMAD4%¢'H/SMAD3 PPI by (A)
Ro-31-8220 and (B) Go-6983. The cell lysates expressing the GST-SMAD4%%¢H and Venus-flag-tagged (VF) SMAD3 were treated with compound as indicated.
Upper, the protein samples from the GST pull-down (PD) and the whole-cell lysates (WCL) were analyzed by western blotting. Lower, the dose-response curves of
the PPI signal were derived from the densitometry analysis of the gels above. The data are presented as mean + SD from three independent experiments.

(C) Western blot (upper) and the gel quantification (lower) showing the stabilization of SMAD4P%%'H/SMAD3 PPI by Ro-31-8220 and Go-6983. The cell lysates
expressing the GST-SMAD4-D351H and VF-SMADS3 were treated with compounds as indicated. Upper, the protein sample from the PD and WCL were resolved
by SDS-PAGE and analyzed by western blotting. Lower, the quantifications of the PPI signals from the densitometry analysis of the gels above. The data are
presented as mean + SD from three independent experiments. “p < 0.05.

(D and E) Bar graph showing the R-SMADs selectivity profiling. The cell lysates expressing Flag-SMAD3 and His-R-SMADs, including SMAD1/2/3/5/8,
respectively, were treated with (D) Ro-31-8220 or (E) Go-6983 in a dose-dependent manner. The dose-response TR-FRET signal was quantified as the area under
the curve (AUC). Higher AUC correlates with higher compound-induced ATR-FRET. The data are presented as mean + SD from three independent experiments.
*p < 0.05, **p < 0.001.

(F) Endogenous co-immunoprecipitation validation of the Ro-31-8220’s inducer effect on the SMAD4736"M_SMAD3 PPI. The SMAD4 PPI complex was immu-
noprecipitated from HCT116 (WT) or RCM-1 (R361H) cells and analyzed by immunoblotting as indicated.

(G and H) Western blot (G) and thermal stability curves from the gel quantification (H) showing the thermal stability of SMAD4 WT or R361H in the presence of Ro-
31-8220. The HCT116 (SMAD4"T) and RCM-1 (SMAD4%%6™) were treated with 10 pM Ro-31-8220 for 8 h. The cells were then subjected to CETSA with heat
treatment as indicated. The remaining soluble SMAD4 proteins were resolved by SDS-PAGE for western blotting. Actin from the WT and R361H cells with Ro-31-
8220 treatment were used as loading control. The thermal stability curves were derived from the densitometry analysis of the western blot results. The data in (H)
are presented as mean = SD from three independent experiments.

() SMAD4R®™M protein half-life from cycloheximide (CHX) chase assay. RCM-1 cells with endogenous SMADR®'™ mutation were treated with Ro-31-8220 or
DMSO. Immunoblot (upper) and densitometry analysis (lower) showing SMAD4%%¢™H and actin levels in RCM-1 cells at different CHX chase time points.

examined under endogenous protein expression conditions in
human cancer cells. Colon cancer cell lines, HCT116 carrying
SMAD4™T and the RCM-1-harboring R361H mutation, were
used to study the PPl dynamics at their endogenous expression
levels. From the co-immunoprecipitation assay, we successfully
detected SMAD3 in complex with SMAD4"T in HCT116 cells
(Figure 2F). However, the SMAD4-SMAD3 complex was signifi-
cantly diminished in RCM-1 cells with the SMAD4 R361H muta-
tion. Treatment of RCM-1 cells with Ro-31-8220 drastically
restored the amount of SMADS in the SMAD4-R361H immuno-
complex (Figure 2F). These results suggest that Ro-31-8220
can stabilize SMAD4™¢'"_SMAD3 PPI in colon cancer cells
with the R361H mutation under endogenous conditions.

Direct interaction of small molecules with target proteins
often leads to altered thermal stability of targets (Jafari
et al., 2014; Martinez Molina et al., 2013). To determine
whether Ro-31-8220 directly engages SMAD4R%™M and/or
SMADS for their enhanced interaction, the thermal stability
of SMAD proteins was evaluated upon compound treatment.
Colon cancer cell lines HCT116 and RCM-1 were used to
study the SMAD protein engagement of Ro-31-8220. Using
a cellular thermal shift assay (CETSA), we observed that
both SMAD4 WT and R361H proteins exhibited temperature-
dependent denaturation with similar melting temperatures
(Tm) of 53.4°C + 0.3°C and 52.7°C + 0.3°C, respectively (Fig-
ures 2G and 2H). Upon Ro0-31-8220 treatment, SMAD4
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Table 1. PKC inhibitors and their activities
ECso® (SMAD4R361H.
ICs0 (PKCa) SMADS PPI)
Compound Chemical structure (nM) (uM)
Ro-31-8220 5 (Wilkinson et al., 1993) 39+1.0
Go-6983 7 (Gschwendt et al., 1996) 152+ 2.9
Ro-31-7549 53 (Wilkinson et al., 1993) 13.0+ 4.3
Ro-31-8425 N o 8 (Wilkinson et al., 1993) 9.0+1.7
Ro-32-0432 H oo 9 (Wilkinson et al., 1993) 19.9+5.9
UCN-1028c 0 OH | 9 50 (Kobayashi et al., 1989) >100
o}
~o ,‘O oo
Po) (@) (0] \
SOARNOW
o oH !
PKC-412 22 (Fabbro et al., 2000) >100

8ECs, was derived from the TR-FRET dose-response assay.

R361H, but not WT or SMADS, showed an increase of T,
(AT, of 3.8°C + 1.5°C compared with the DMSO control
group (Figures 2G and 2H). These results suggest that Ro-
31-8220 is able to engage and stabilize SMAD4R%¢™" and en-
hances its interaction with SMADS.

SMAD4 loss-of-function mutations have been reported to
result in enhanced proteasomal degradation in a 3-TrCP- and
GSK3-dependent manner (Demagny et al., 2014; Demagny
and De Robertis, 2016; Wan et al., 2004). To further determine
whether Ro-31-8220 alters mutant SMAD4 stability, we exam-

640 Cell Chemical Biology 28, 636-647, May 20, 2021

ined the SMAD4™%H protein half-life upon Ro-31-8220 treat-
ment using a cycloheximide (CHX) chase assay. In RCM-1 cells
with the endogenous SMAD473™™ mutant, we observed a CHX
time-dependent decrease of SMAD4R%¢' protein level with a
half-life of about 2 h when treated with Ro-31-8220, which has
no significant difference compared with that with the DMSO con-
trol (Figure 2I). These results suggest that Ro-31-8220-induced
SMAD4R3H_SMAD3 PPl is less likely due to the interference
with B-TrCP- and GSK3-mediated mutant SMAD4 protein
stability.
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Figure 3. Ro-31-8220-induced interaction of SMAD4™"* with SMADS3 restores TGF-f signaling

(A) Ro-31-8220 restored the SMAD4/SMAD3-driven SBE-Iuc reporter activity. HCT116 (WT) and isogenic R361H cells were transfected with SBE-luc plasmid and
treated with Ro-31-8220 or DMSO as indicated. The TGF-B-induced fold-of-change (FOC) of the luciferase signals from the WT or R361H-harboring cells are
presented as mean + SD from three independent experiments. *p < 0.05.

(B) Heatmap showing differential expression genes upon TGF-p treatment. Parental HCT116 (WT) and isogenic R361H cells were treated with TGF- (10 ng/mL)
and/or Ro-31-8220 (1 uM) as indicated. The transcriptomes were analyzed by mRNA sequencing. Selected differential expression genes that are enriched in cell
cycle, epithelial-to-mesenchymal transition (EMT), autophagy, and apoptosis were used to construct the heatmap. The data are presented as normalized FPKM
from three technical triplicates of a single experiment. ***p < 0.05, "Sp > 0.05.

(legend continued on next page)
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Ro0-31-8220 restores TGF-p signaling in SMAD4 mutant
colon cancer cells

Colon cancer cells harboring SMAD4 mutations, such as R361H,
have been demonstrated to have impaired tumor-suppressive
TGF-B signaling due to defects in forming the SMAD4/SMAD3
transcriptional complex (Fleming et al., 2013; Salovaara et al.,
2002; Zhao et al., 2018). Since we have demonstrated that Ro-
31-8220 can directly engage the mutant SMAD4 and stabilize
its PPl with SMAD3, we next began to address whether Ro-31-
8220-induced SMAD4™""/SMAD3 PPI stabilization could func-
tionally restore the target protein activity that is normally ex-
hibited by the WT SMAD4/SMAD3 complex.

First, the transcriptional activity was examined as a functional
readout for the SMAD4/SMAD3 complex. The SMAD4/SMAD3
transcriptional complex has been demonstrated to specifically
recognize the 8-bp palindrome (Smad binding element [SBE])
sequence in the promoter region of the target genes (Zawel
et al., 1998). To determine the effect of Ro-31-8220 on TGF-
signaling, we examined the fold-of-change (FOC) of the
SMAD4 transcriptional activity upon TGF-B stimulation using
the SBE-driven luciferase reporter assay. Colon cancer cells,
parental HCT116 with WT SMAD4 and its isogenic R361H cells,
were used to provide the needed SMAD4T and R361H mutation
with matched genomic background. Upon TGF-B stimulation,
the SMAD4™T cells exhibited significant response as shown by
the SBE-luc activity (FOC > 2). In contrast, the SBE-luc activity
of the isogenic SMAD4 R361H cells was undetectable (FOC ~
1) (Figure 2A). These results confirmed the impaired transcrip-
tional activity of the mutant SMAD4 (Fleming et al., 2013).
When the isogenic R361H cells were pre-treated with Ro-31-
8220, their SBE-luc activity was restored to a level similar to
that of the WT cells (Figure 2A). A similar restoration effect was
also observed in a patient-derived colon cancer cell line, RCM-
1, which harbors the R361H mutation (Figure S3A). Thus, the
Ro-31-8220-stabilized SMAD4R*¢H/SMAD3 PPl complex ap-
pears to exhibit a gain-of-function property and can restore the
lost transcriptional activity of the luciferase reporters in mutant
SMAD/4 cells.

To gather corroborating evidence about the effect of Ro-31-
8220 on the transcription activity of mutant SMAD4, we system-
atically profiled the TGF-B-SMAD4/SMADS3-mediated gene
expression at the transcriptome level. The parental HCT116
WT cells and their isogenic R361H cells were used to determine
and compare the differentially expressed genes (DEGs) upon
TGF-B treatment. For the WT cells, we observed that TGF-
B-induced DEGs are significantly enriched in cell cycle, epithe-
lial-to-mesenchymal transition (EMT), autophagy, and apoptosis
pathways, which are the documented pathways and signature
genes regulated by TGF-B/SMAD signaling (Figures 3B and
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3C; Table S1) (Kiyon et al., 2009; Massague, 2012; Schuster
and Krieglstein, 2002; Song, 2007; Xu et al., 2009; Yang et al.,
2006). In contrast, no significant change or enrichment were
observed for the isogenic R361H cells (Figure 3B). When the
R361H cells were treated with Ro-31-8220, their response to
TGF-B in terms of these DEGs was reestablished to a similar de-
gree to that of WT cells (Figure 3B). These unbiased transcrip-
tome profilings further suggest that Ro-31-8220 treatment leads
to the regaining of R361H cell sensitivity to TGF-B, supporting
the restoration of the SMAD4™%®'"/SMAD3 PPI complex.

To validate the Ro-31-8220-induced restoration of TGF-
signaling in SMAD4 mutant cells, we next examined the protein
expression of several selected DEGs from transcriptome profiling.
A set of isogenic cell lines, including parental HCT116 (WT), and
isogenic SMAD4 knockout (null) and R361H cells, were used to
analyze the protein expression of cell-cycle regulators p15
(CDKN2B) and p21 (CDKN1A), and EMT biomarkers N-cadherin
(CDHZ2) and Vimentin (VIM). Upon TGF-f stimulation, we observed
a significant increase of p15, p21, N-cadherin, and Vimentin pro-
tein level in the WT cells, whereas no significant change was
observed in the SMADA4 null and R361H cells, supporting the cur-
rent loss-of-function annotation of the SMAD4 mutations in TGF-8
signaling. However, when R361H mutant cells, but not SMAD4
null cells, were pre-treated with Ro-31-8220, we observed a sig-
nificant increase of TGF-B-induced expression of p15, p21, N-
cadherin, and Vimentin proteins. Such Ro-31-8220-induced
restoration of p15 and p21 mRNA and protein expression were
further confirmed in a panel of patient-derived SMAD4 mutant
cell lines (Figures 3E-L and S3B-S3I). These results provided ev-
idence at the protein level that Ro-31-8220 can restore TGF-
B-triggered expression of SMAD4/SMAD3-regulated gene prod-
ucts in the SMAD4 mutant cells.

Ro-31-8220 restores TGF-f tumor suppression function
in SMAD4 mutant colon cancer cells

Given the demonstrated capability of Ro-31-8220 in restoring the
SMAD4™YSMAD3 PPl and the tumor-suppressive TGF-pB
signaling in the SMAD4 mutation cells, we tested whether Ro-
31-8220 can promote TGF-B-evoked anti-proliferation function
in cancer cells with SMAD4 missense mutations. Three functional
assays were performed to measure the effect of Ro-31-8220 on
cell-cycle progression, cell proliferation, and colony formation
with WT and isogenic SMAD4 mutant colon cancer cells.

From flow cytometry-based cell-cycle analysis, we found that
WT cells were sensitive to TGF-, showing significantly increased
number of cells in the G1/S phase, while the R361H isogenic cells
were insensitive to TGF-B-induced G1/S arrest (Figure 4A), which
is consistent with the cell-cycle-associated gene expression sig-
natures. However, R361H cells treated with Ro-31-8220 regained

(C) Gene set enrichment analysis showing significant enrichment of differential expression genes from WT cells treated with TGF-B as compared with the vehicle

control.

(D) Immunoblot showing the validation of Ro-31-8220-induced restoration of TGF-p signaling at protein levels. HCT116 cells (WT) and corresponding SMAD4
knockout (null) or R361H isogenic cells were treated with TGF-B (10 ng/mL) and/or Ro-31-8220 (1 uM) as indicated. Representative western blot images are

presented from three independent experiments.

(E-G) Ro-31-8220 induced restoration of p21 and p15 protein levels in SMAD4 mutant cells. SMAD4 mutant cells, (E) C2BBe1 (D351H), (F) Caco2 (D351H), and (G)
RCM-1 (R361H) cells, were treated with TGF-B (10 ng/mL) or in combination with Ro-31-8220 (1 uM). The protein samples from the cell lysate were analyzed by
western blot. (H-J) Bar graphs showing the quantification of p21 (upper) and p15 (lower) protein through the densitometry analysis of the western blot results from
the SMAD4 mutant cells, (H) C2BBe1 (D351H), (I) Caco2 (D351H), and (J) RCM-1 (R361H), as shown in (E and G). The data are presented as mean + SD from three

independent experiments. *p < 0.05.
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Figure 4. Ro-31-8220- and Go-6983-induced
interaction of SMAD4™" with SMAD3 re-
stores TGF-p tumor suppression function

(A) Bar graphs showing the quantification of colon
cancer cells in G1/S phase. Parental HCT116 (WT)
and isogenic R361H cells were treated with TGF-B
(10 ng/mL), Ro-31-8220 (1 uM), Go-6983 (10 uM), or
in combination as indicated. The percentage of cells
staying in G1/S phase was determined by flow cy-
tometry and are presented as mean + SD from three
independent experiments. *p < 0.05, ***p < 0.001.
(B) Synergistic effect of TGF-B with Ro-31-8220 or
Go-6983 in inhibiting cell viability in the set of
isogenic HCT116 colon cancer cells. HCT116 cells
(WT) and corresponding SMAD4 knockout (null) or
R361H, isogenic cells were treated with TGF-$
(10 ng/mL), Ro-31-8220 (1 uM), Go-6983 (10 uM), or
in combination as indicated. The cell viability after
treatment was measured using the CellTiter-Blue
reagent and normalized to the untreated vehicle or
DMSO controls (% C). The data are presented as
mean + SD of three independent experiments. ***p
< 0.001.

(C) Images showing the synergistic effect of TGF-
and Ro-31-8220 or Go-6983 in inhibiting colon

M R361H
I

*kk

Ro
R361H

cancer cell colony formation. Parental HCT116 (WT) and isogenic R361H cells were treated with TGF-p (10 ng/mL), Ro-31-8220 (1 uM), Go-6983 (10 uM), or in
combination as indicated. Representative images are presented from three independent experiments.
(D) Bar graphs of the quantification of colony area from the colony formation assay showing the synergistic effect of TGF-p with Ro-31-8220 or Go-6983 in

inhibiting colon cancer cell colony formation.

The data are presented as mean + SD from three independent experiments. ***p < 0.001.

sensitivity to TGF-B-induced G1/S cell-cycle arrest (Figure 4A). A
similar re-sensitization effect was also observed with Go-6983
treatment (Figure 4A). These results support the role of Ro-31-
8220 in restoring the SMAD4R%¢'H/SMAD3 PP to transmit TGF-
B-triggered signaling, resulting in expression of defined cell-cycle
regulatory genes and the enhanced cell-cycle arrest.

As well as the cell-cycle regulatory genes, Ro-31-8220 treat-
ment also restored the transcriptional response of R361H cells
to TGF-B in terms of pro-apoptotic and pro-autophagy genes
that may promote cell death. Thus, we examined the effect of
Ro-31-8220 on TGF-B-regulated cell proliferation in the context
of the SMAD4 mutation. As reported, TGF-f induced a significant
decrease of cell viability of SMAD4 WT cells, while the isogenic
SMAD4 null or R361H cells were resistant to such TGF-B-induced
growth suppression (Figure 4B). The Ro-31-8220 treatment alone
did not result in any significant growth inhibition among SMAD4
WT, null, and R361H cells (Figure 4B). However, Ro-31-8220
restored the sensitivity of SMAD4 R361H cells, but not null cells,
to TGF-B-induced growth suppression, showing significantly
reduced viability comparable with that of WT cells (Figure 4B).
The combination of Ro-31-8220 with TGF-f exhibited a synergis-
tic effect, showing enhanced growth inhibition of cells with
SMAD4 R361H. Similar effects were also observed for Go-6983
in this set of isogenic cells, as well as in a panel of patient-derived
colon cells (Figures 4B and S4A).

The lost tumor suppressor function of mutated SMAD4, R361H,
can be recapitulated in an in vitro tumorigenic assay. As shown in
Figure 4A, colon cancer HCT116 cells with WT and their isogenic
mutant SMAD4 cells can grow into large colonies. This clonogenic
activity of HCT116 with SMAD4"'" can be suppressed by TGF-p,
showing diminished sizes of the colonies formed, whereas
isogenic cells with SMAD4 R361H were resistant to TGF-, retain-

ing large colonies with TGF-B treatment (Figures 4C and 4D).
Upon Ro-31-8220 treatment in combination with TGF-B, the
R361H cells showed significantly decreased colony area, sug-
gesting that they regained the sensitivity to TGF-B-induced inhibi-
tion of colony formation (Figures 4C and 4D). A similar effect was
also observed for Go-6983 in this pair of isogenic cell lines, as well
as in other patient-derived colon cancer cells with SMAD4 muta-
tions (Figures 4C, 4D, and S4B). Altogether, our results suggest
that Ro-31-8220 and Go-6983 can synergize with TGF-f to induce
the growth inhibition and clonogenic activity of colon cancer cells
harboring the SMAD4 missense mutations, and such a synergistic
effect depends on the presence of mutant SMAD4 proteins.

DISCUSSION

Through a uHTS approach, we have identified small-molecule
glues that can enhance the interaction of the hypomorph
SMAD4R3¢™H with SMADS, leading to a restored functional com-
plex with activity similar to that of the WT SMAD4/SMAD3 com-
plex. Ro-31-8220 and Go-6938, SMAD4R6"/SMAD3 PPI in-
ducers, can not only enhance the physical interaction of the
mutant SMAD4 with SMADS, but can also lead to functional acti-
vation of the TGF-B-triggered transcriptional activity, and re-
sensitize SMAD4R®®'M_carrying colon cancer cells to TGF-
B-induced oncogenic growth suppression. Our results support
a variant-directed PPI inducer discovery approach to develop
PPI functional activators to reverse the lost function of tumor
suppressors.

Tumor suppressor gene-inactivating mutations are found to
be major cancer drivers, or enablers, in the most common solid
tumors, offering vast tumor suppressor mutation space for tu-
mor-specific therapeutic discovery (Vogelstein et al., 2013).
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However, it is a daunting task to use small molecules to intervene
with such tumor suppressors, which are usually mutated,
deleted, or silenced in cancer, lacking “druggable” targets.
Our study illustrates the feasibility of targeting the loss-of-func-
tion tumor suppressor mutations through a variant-directed, in
this case hypomorph mutation-directed, small-molecule PPI-
inducer approach using the R361H missense mutation in
SMAD4 as an example. Our identification of Ro-31-8220 and
Go0-6938 as hypomorph mutation-targeted PPI inducers sug-
gests a powerful strategy to regain the lost growth-suppressive
function caused by inactivating mutations in tumor suppressors.
It is recognized that, among the undruggable tumor suppres-
sors, the presence of a loss-of-function, or hypomorph,
missense mutation residing in the intact proteins often repre-
sents a unique opportunity for the discovery of small-molecule
PPI activators to restore their function, as we have shown with
SMAD4R3®H Our approach could be extended to a wide range
of mutated tumor-suppressor proteins. Other examples of such
hypomorph mutations include missense mutations in the SPOP
substrate-recognition MATH domain impairing the interactions
with SRC3 and BRD4 PPI (Dai et al., 2017; Geng et al., 2013;
Zhuang et al., 2009), missense mutations in the KEAP1 KELCH
domain disrupting the interaction with NRF2 (Li et al., 2004; Pad-
manabhan et al., 2006), and mutations in FBXW7 WD40 propeller
domain perturbing the interaction with CCNE1 PPI (Akhoondi
et al., 2007; Hao et al., 2007). Our reported variant-directed
PPl activator approach could be applied to identify desired
small-molecule inducers to restore the formation of their respec-
tive WT protein complexes for functional and therapeutic
studies.

A number of natural products and synthetic compounds have
been found to induce protein-protein interactions with demon-
strated clinical applications, such as cyclosporine and rapamy-
cin (Andrei et al., 2017; Benjamin et al., 2011; Choi et al., 1996;
Gerry and Schreiber, 2020; Liu et al., 1991). Synthetic com-
pounds have been identified to bridge and stabilize protein-pro-
tein interactions, such as 14-3-3-mediated interactions (Andrei
et al., 2018; Andrei et al., 2017; Fu et al., 2000; Gigante et al.,
2020; Sijpesma et al., 2019). These small-molecule-induced pro-
tein-protein interactions often lead to functional inhibition of their
binding targets. Rapamycin inhibits mTOR signaling while taxol-
stabilized tubulins inhibit microtubule dynamics and cell-cycle
arrest (Liu et al., 1991; Schiff and Horwitz, 1980). The synthetic
PROTAC probes are designed to recruit and stabilize the PPI
ubiquitination complex, leading to the degradation of targeted
substrates (Lai and Crews, 2017). A unique feature of the current
work is that the Ro-31-8220 PPI inducer promotes SMAD47%61H/
SMADS3 complex formation, and reverts the complex to its WT
active PPI function, leading to its subsequent transcriptional
activation and tumor-suppressive signaling. The missense muta-
tion-oriented small-molecule activator function adds a critical
advantage for tumor-selective targeting and genomics-based
therapeutic discovery.

The bisindolylmaleimide, Ro-31-8220, identified from our
study has been initially reported to be a selective PKC inhibitor
(Davis et al., 1989). In addition to inhibiting PKC, Ro-31-8220
was later found to inhibit mitogen-activated protein kinase phos-
phatase-1 expression, induce c-Jun expression, and activate
Jun N-terminal kinase, in a PKC-independent manner (Beltman
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et al., 1996). Our data suggest that Ro-31-8220 has additional
pharmacological properties in stabilization of the SMAD4MYT/
SMAD3 PPI, which are correlated with the bisindolylmaleimide
structure but not PKC inhibition activity. The PKC-independent
activity of Ro-31-8220 in PPI stabilization was further supported
by our observation that Ro-31-8220 can restore p21 expression
induced by TGF-B, which is in contrast to the reported activity of
Ro-31-8220 in PKC inhibition, resulting in PKC-regulated p21
downregulation (Park et al., 2001). The crosstalk between PKC
and TGF-B signaling has been reported. PKC-mediated phos-
phorylation of SMADS impairs its DNA binding and thus downre-
gulates the growth inhibition induced by TGF-B (Yakymovych
et al., 2001). However, such PKC-SMAD3 connectivity could
not explain our observation of the differential effect of Ro-31-
8220 in regulating the TGF-p signaling between WT and mutant
SMAD4 colon cancer cells with the same SMADS genetic status,
further suggesting the likelihood of an underlying PKC-indepen-
dent activity of Ro-31-8220.

SMAD4 is a common SMAD that cooperates with various R-
SMADs in diverse signaling pathways. Ro-31-8220 was identi-
fied from a uHTS that was specifically designed to reveal PPI in-
ducers for the SMAD4"®'™ interaction with SMAD3. Indeed,
from our R-SMAD profiling studies, Ro-31-8220 showed prefer-
ential interactions of SMAD436'H with SMAD3 and SMAD2, R-
SMADs involved in TGF-B-signaling, to that of SMAD1,
SMADS, or SMADS8, mediators of BMP signaling (Figure 2D).
This selectivity is likely due to structural differences between
the SMAD2/3 subclass and the SMAD1/5/8 subclass (Macias
et al., 2015; Miyazono et al., 2018). The structural determinants
in SMAD2/3 that are critical for their interaction with mutated
SMAD4 bridged by Ro-31-8220 may not be conserved in
SMAD1/5/8. Such a selectivity may allow the use of Ro-31-
8220-type PPl inducers to address SMAD4%*™M_dependent
TGF-B signaling.

TGF-B has demonstrated paradoxical activities in cancer: a tu-
mor-suppressive role in pre-malignant cells and an enhancing
role for invasion and metastasis in late-stage cancers (Mas-
sague, 2008). Oncogenic mutations are often selected to over-
come TGF-B tumor-suppressive activity for tumorigenesis and
progression. For example, inactivation mutations in SMAD4
recurrent in colon and pancreatic tumors can counter the TGF-
B action, showing enhanced clonogenic activity that is resistant
to TGF-B (Figure 4) (Massague, 2008; Papageorgis et al., 2011).
Here, we show that Ro0-31-8220 not only induces the
SMAD4R3H interaction with SMAD3, but also restores the
responsiveness of SMAD4™*¢™"_carrying colon cancer cells to
TGF-B signaling and its clonogenic suppression activity (Fig-
ure 4), supporting a potential anticancer role of Ro-31-8220 in
these tumors. Our transcriptome data further showed that
TGF-B induced the DEGs involved in both anti-proliferative and
pro-EMT pathways in a SMAD4"T-dependent manner in these
cell lines, whereas Ro-31-8220 can restore the transcriptome
responsiveness of SMAD4R3®M cells to TGF-p (Figure 3B).
These results demonstrate an important role of Ro-31-8220 in
the regulation of the TGF-B-triggered molecular programs.
How Ro-31-8220 modulates the SMAD4™3¢""_mediated prolifer-
ative activity, and/or possible tumor progression activity, may be
dependent on the cellular states, the stages of cancer develop-
ment, and the type of tumors with particular vulnerabilities, which
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warrants further studies (Massague, 2008; Song, 2007; Song
and Shi, 2018). Together, these data support the development
of the Ro-31-8220 class of chemical probes to decipher the
role of the SMAD4R®®"/SMAD3 node in TGF-B signaling and in
cancer biology for precision medicine.

Our identification of bisindolylmaleimides, such as Ro-31-
8220 and Go-6938, as SMAD4MYT/SMAD3 PP inducers strongly
supports the systematic strategy of target-based discovery of
PPI activators through de-novo-unbiased HTS campaign. These
bisindolylmaleimides represent the first-in-class SMAD4MYT/
SMAD3 PPI inducers identified from the HTS campaign. It may
serve as a promising chemical scaffold to develop clinical candi-
dates for the treatment of patients with SMAD4MY"-carrying can-
cers, such as pancreatic, colon, and skin cancers.

SIGNIFICANCE

We have developed a uHTS TR-FRET platform to monitor the
differential interaction of WT and mutant SMAD4 with
SMADS3 at single-amino acid resolution, which was used to
discover small-molecule PPI inducers that can restore the
PPI formation between SMAD4%¢'"" and SMADS. The identi-
fication of the derivatives of bisindolylmaleimides, such as
Ro-31-8220, which induces SMAD4VT/SMAD3 PPI and re-
establishes tumor-suppressive TGF-B signaling, supports
the feasibility of using de novo screening for small-molecule
PPl molecular glue discovery. Similar strategies could be
readily adapted to a wide range of other loss-of-function
missense mutations for identification of hypomorph muta-
tion-specific molecular glues, which could be expanded to
discover PROTAC-like probes for promoting the artificial
PPl complex for therapeutic intervention. Importantly, Ro-
31-8220 represents a hypomorph mutation-directed small-
molecule PPI inducer and activator, which can be used to
functionally reestablish the suppressed function of the
mutant protein-protein interactions. Such small-molecule
activators may be developed as potential therapeutic agents
to restore the tumor suppression function of WT proteins for
cancer therapy, allowing the scope to reach the vast un-
drugged mutated tumor suppressor target space.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Tb cryptate-conjugated mouse Cisbio Bioassays Cat# 61FG2TLB

monoclonal anti-Flag antibody

D2-conjugated anti-HIS antibody Cisbio Bioassays Cat# 61HISDLF

Mouse monoclonal anti-FLAG-HRP antibody
Rabbit polyclonal anti-GST-HRP antibody
Mouse monoclonal anti-B-Actin antibody
Rabbit monoclonal anti-p21 antibody

Mouse monoclonal anti-p15 antibody
SMAD4 (D3M6U) Rabbit mAb

SMAD3 mouse monoclonal Antibody (38-Q)
Mouse Anti-Rabbit IgG (Light-Chain Specific)
(D4W3E) mAb (HRP Conjugate)

Peroxidase AffiniPure Goat

Anti-Rabbit IgG(H+L) secondary antibody
Peroxidase AffiniPure Goat

Anti-Mouse IgG(H+L) secondary antibody

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Cell signaling
Santa Cruz
Cell signaling
Santa Cruz
Cell signaling

Jackson ImmunoResearch

Jackson ImmunoResearch

Cat# A8592; RRID: AB_439702

Cat# A7340; RRID: AB_258340

Cat# A5441; RRID: AB_476744

Cat# 2947S; RRID: AB_823586

Cat# sc-271791; RRID: AB_10709436
Cat# 38454; RRID: AB_2728776

Cat# sc-101154; RRID: AB_1129525
Cat# 93702; RRID: AB_2800208

Cat# 111-035-003

Cat# 115-035-003

Chemicals, Peptides, and Recombinant Proteins

Recombinant Human TGF-beta 1 Protein R&D Systems Cat# 240-B
Ro-31-8220 Cayman Cat# 138489-18-6
Go-6983 Cayman Cat# 133053-19-7
Ro-31-7549 Cayman Cat# 138516-31-1
Ro-31-8425 Cayman Cat# 145317-11-9
Ro-32-0432 Cayman Cat# 145333-02-4
UCN-1028c Cayman Cat# 121263-19-2
PKC-412 Cayman Cat# 120685-11-2
EEBL Emory ECBDC N/A
(Mo et al., 2019)
FuGENE Promega Cat# E2311
SBE4-Luc gift from Bert Vogelstein Addgene plasmid # 16495
(Zawel et al., 1998)
Dual-Glo luciferase kit Promega Cat# E2920
Oligonucleotides
p21-F: 5'-ATGTGTCCTGGTTCCCGTTTC-3'; IDT N/A
p21-R: 5'-CATTGTGGGAGGAGCTGTGA-3'; IDT N/A
p15-F: 5'- GGACTAGTGGAGAAGGTGCG-3; IDT N/A
p15-R: 5'-GGGCGCTGCCCATCATCATG-3'; IDT N/A
GAPDH-F: 5'-GAAGGTGAAGGTCGGAGT-3'; IDT N/A
GAPDH-R: 5-GAAGATGGTGATGGGATTTC-3'. IDT N/A
Critical Commercial Assays
CellTiter-Blue® Cell Viability Assay Promega Cat# G8081
Experimental Models: Cell Lines
HCT116 ATCC Cat# CCL-247; RRID: CVCL_0291
HEK293T ATCC Cat# CRL-3216; RRID: CVCL_0063
SW48 ATCC Cat# CCL-231; RRID: CVCL_1724
DLD-1 ATCC Cat# CCL-221; RRID: CVCL_0248
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SW403 ATCC Cat# CCL-230; RRID: CVCL_0545
SW480 ATCC Cat# CCL-228; RRID: CVCL_0546
SW620 ATCC Cat# CCL-227; RRID: CVCL_0547
C2BBe1 ATCC Cat# CRL-2102; RRID: CVCL_1096
Caco-2 ATCC Cat# HTB-37; RRID: CVCL_0025
RCM-1 JCRB Cell Bank Cat# JCRB0256; RRID: CVCL_1648

Software and Algorithms

Graphpad Prism Graphpad; v7 https://www.graphpad.com/
scientific-software/prism/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Haian Fu
(hfu@emory.edu).

Materials availability
Plasmids generated in this study are available upon request to the Lead Contact. Other materials are available through commercial
sources (see Key Resource Table)

Data and code availability
Analyzed small molecule screening data sets are available through CTD? data portal (https://ocg.cancer.gov/programs/ctd2/data-
portal).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All cell lines were incubated at 37°C in humidified conditions with 5% CO,. Human embryonic kidney 293T cells (HEK293T; ATCC,
CRL-3216) and human colorectal carcinoma HCT116 cells (ATCC, CCL-247) were maintained in Dulbecco’s Modified Eagle’s Me-
dium (DMEM; Corning, #10-013-CV). The isogenic SMAD4 genetic knockout (SMAD4 null (-/-)) HCT116 cells were purchased from
Horizon Discovery (#HD 104-005). The isogenic SMAD47%¢™H cells were generated by lentivirus-transduction of SMAD4736' plasmid
in the SMAD4 null cells. TGFBRII gene was stably expressed in this set of isogenic HCT116 cells. Human colorectal adenocarcinoma
cells with various SMAD4 genetic status were purchased and authenticated by sequencing (MacGrogan et al., 1997; Woodford-
Richens et al., 2001). SW48 (female; ATCC, CCL-231), DLD-1 (male; ATCC, CCL-221), C2BBe1 (male; ATCC, CRL-2102), Caco-2
(male; ATCC, HTB-37), SW403 (femail; ATCC, CCL-230), SW480 (male; ATCC, CCL-228), SW620 (male; ATCC, CCL-227) and
RCM-1 (female; JCRB Cell Bank, JCRB0256) were cultured in Roswell Park Memorial Institute(RPMI) 1640 medium. Cell culture me-
dium was supplemented with 10% fetal bovine serum (ATLANTA biologicals, #S11550) and 100 units/ml of penicillin/streptomycin
(Cell Gro, Cat# 30-002-Cl).

METHOD DETAILS

Molecular cloning and mutagenesis

The WT SMADS (Clone# IOH27044) and SMAD4 (Clone# IOH3638) genes in pDONR221 plasmid were gifted from Drs. Gordon Mill
and Yiu Huen Tsang at Oregon Health Science University. The SMAD4 point mutations, including R361H and D351H, were intro-
duced using QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies) and the SMAD4 pDONR221 plasmid as
DNA template and the following primers: R361H forward primer (5’-CTTCTGGAGGAGATCACTTTTGTTTGGGTCAAC-3’), D351H
forward primer (5’CCCTATTGTTACTGTTCATGGATACGTGGACCC-3’), and corresponding reverse complementary primers.
Gateway cloning (Invitrogen) was used to generate GST-tagged, Venus-flag-tagged, Flag-tagged and 6XHis-tagged plasmids.
The vector backbones are pDEST27 vector (Invitrogen) for GST-tag, pDEST26 (Invitrogen) for 6XHis tag, pPSCM167 for Venus-
flag-tag, pcDNA3.2-V5-dest for Flag-tag constructs, and pHAGE lentiviral vector for virus packaging. All plasmids generated were
confirmed by sequencing.

Time-resolved fluorescence resonance energy transfer (TR-FRET) assay

TR-FRET assays were performed using cell lysate from HEK293T cells expressing Flag-tagged SMADS and His-tagged SMAD4 WT
or MUT proteins. The FRET buffer used throughout the assay contains 20 mM Tris-HCI, pH 7.0, 50 mM NaCl, and 0.01% nonidet
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P-40 (NP-40). Briefly, the HEK293T cells were transiently co-transfected with Flag-tagged SMADS3 (1 ug/well) and His-tagged SMAD4
WT (1 pg/well) or MUT (1 pg/well) plasmids in the 6-well plate. Linear polyethylenimines (PEls, Polysciences, PA Cat # 23966) were
used as transfection reagent at 3:1 (PEl/plasmid mass) ratio. Forty-eight hours after transfection, cell lysates were prepared in 200 pl
lysis buffer containing 150 mM NaCl, 10 mM HEPES pH 7.5, 1% nonident P-40 (IGEPAL CA-630, Sigma-Aldrich), 5 mM sodium py-
rophosphate, 5 mM NaF, 2 mM sodium orthovanadate, 10 mg/L aprotinin, 10 mg/L leupeptin and 1mM PMSF. To determine the
optimal assay window for HTS, the cell lysates concentration dependent TR-FRET assays were performed in black 384-well plates
(Corning Costar, #3573). A 15 ul of stock cell lysate was 2-fold serially diluted in FRET buffer and mixed with 15 pl mixture of fluo-
rophore-conjugated antibodies. The total volume for each well was 30 ul containing the cell lysate, anti-FLAG M2-Tb cryptate anti-
body (Cisbio 61FG2TLF, 1:1000 dilution) and anti-6XHIS-D2 antibody (Cisbio 61HISDLF, 1:500 dilution). The plate was centrifuged at
1,000 rpm for 5 min and incubated at 25 °C for 30 min. TR-FRET signals were measured using the BMG Labtech PHERAstar FSX
reader with the HTRF optic module (excitation at 337 nm, emission A at 665 nm, emission B at 620 nm, integration start at 50 ps,
integration time for 150 ps and 8 flashes per well). All FRET signals were expressed as a TR-FRET ratio: F665nm /F620nm x 10%.

uHTS TR-FRET screening for small molecule PPl inducer discovery

Ultra-high-throughput screening (UHTS) for small molecule PPI inducer discovery was performed using the TR-FRET assay in the
black 1536-well plate (Corning Costar, #3724) with a total volume of 5 pL in each well. The amount of cell lysate and antibodies
were scaled down proportionally from the conditions with the optimal assay window identified from 384-well plate. Briefly, 5 puL so-
lutions containing cell lysate (23 ng/ml) and antibodies at desired concentrations were dispensed in the 1536-well plate using a Multi-
drop Combi Reagent Dispenser (ThermoScientific). The last column was used as the empty vector background control. Subse-
quently, the 2036 Emory Enriched Bioactive Library (EEBL) compounds (100 nl) were added into wells in each plate using Biomek
NXP Automated Workstation (Beckman) from a compound stock plate to give the final concentration of 20 uM. The final DMSO con-
centration was 2% (v/v) in samples with compound treatment. Each sample was tested with single point. After overnight incubation at
4 °C, FRET signal was measured using the BMG Labtech PHERAstar FSX reader with the HTRF optic module. To evaluate the per-
formance of the assay for HTS, Z’ factor and signal-to-background(S/B) ratio was calculated for the TR-FRET titration experiment
according to the following equations:

3 x SDpp| + 3 X SDvector

Z=1-
I:RETPPI - FRETvector

S /B =FRETpp/FRET ector

where SDpp; and SD,¢ctor are standard deviations, and FRETpp and FRET,¢ctor represent the TR-FRET signal from lysate containing
His-SMAD4%%™H and Flag-SMADS3 or empty Flag-vector controls, respectively. S/B suggests the signal window of the assay and Z°
factor reflects the robustness of the assay for HTS. A Z’ factor between 0.5 and 1 indicates a robust assay and suit for HTS. Screening
data were analyzed using Bioassay software from CambridgeSoft (Cambridge, MA). The effect of compound on PPl modulation was
quantified as the change of TR-FRET signal (ATR-FRET) upon compound treatment using the equation 100X(FRETcompound-
FRETpmso)/FRETpmso, Where FRET compounad @nd FRETpmso are the TR-FRET signals from PPl in the presence of library compound
or DMSO with background FRET,cctor Subtracted. Cutoff of ATR-FRET > 2SDpp, was used to prioritize the positive hits.

GST pull-down assay

To validate the hits from the pilot screening, we performed orthogonal GST pull-down assay using cell lysate from the HEK293T cells
transfected with Venus-flag-SMAD3 and GST-SMAD4-WT or MUT. After 48hrs of transfection, the cells were lysed by the 0.5%
Triton X-100 Lysis buffer (20 mM Tris-HCI, 150 mM NaCl, 5% glycerol, 0.5% Triton X-100, 2 mM EDTA) and incubated with com-
pounds for 3h rotating at 4°C, and then incubated with glutathione-conjugated beads (GE 17527901) for 2h at 4°C. Beads were
washed three times with the 0.5% Triton Lysis buffer and eluted by boiling in sodium dodecyl sulfate (SDS) sample buffer (Thermo-
Fisher) and subjected to western blot analysis.

Co-immunoprecipitation (co-IP) with endogenous proteins

The immunoprecipitation was performed using cell lysate from colon cancer cell line HCT116 and RCM-1 harboring SMAD4 WT and
R361H respectively. Briefly, cells were seeded in 100 mm cell culture dish and treated with 10 uM Ro31-8220 or DMSO control for 8h.
The cell lysate was obtained in PBS with sonication. For each co-immunoprecipitation, lysates containing ~1.5 mg of total proteins
were used and the antibody/lysate mixtures were incubated overnight at 4 °C. Then protein A/D agarose beads were added to the
mixture followed by incubation at 4 °C for another 4 h. Beads were washed four times with PBS, and proteins were eluted with SDS-
PAGE sample buffer and analysed with indicated antibodies using western blot.

Cellular thermal shift assay (CETSA)

The SMAD3 and SMAD4 protein stability were measured using the CETSA assay by treating human colon cancer cells with com-
pound at desired concentrations. Briefly, HCT116 (SMAD4"T) and RCM1 (SMAD47%¢'" were plated into 100 mm dishes at 60%
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confluency and treated with 10 uM Ro31-8220 for 8h. The cell pellet was collected in 1mL PBS and aliquoted into PCR tubes (95 pl/
tube) for thermal denaturation at 45~65 °C) on the thermal cycler for 3 min. After thermal denaturation, cell lysate was obtained by
three freeze-thaw cycles between liquid nitrogen and 25 °C, followed by centrifugation at 20,0009 for 20 min at 4 °C to pellet cell
debris together with precipitated and aggregated proteins. The soluble proteins were then detected by SDS-PAGE and western blot.

Protein stability assay

RCM-1 cells were grown in 24-well plates for 24 hrs and then were treated with 100 ng/mL cycloheximide (2112, Cell Signaling). At the
indicated times. 100 pl of 2X SDS-PAGE sample buffer was added and the cells were scraped from the wells, boiled for 5 minutes,
then cell lysates were stored at -80°C. After all lysates were collected, each sample was loaded onto a 10% SDS-PAGE gel and then
analyzed by Western blotting with anti-SMAD4 antibody to monitor SMADA4 protein level. Protein expression was quantified from the
Western blot using ImageJ software for analysis, SMAD4 levels were normalized to B-Actin protein levels. Assays were performed
three times.

Western blot

Proteins in the SDS sample buffer were resolved by 10% SDS polyacrylamide gel electrophoresis (SDS-PAGE) and were transferred
to nitrocellulose filter membranes at 100 V for 2h at 4°C. After blocking the membranes in 5% nonfat dry milk in 1xTBST (20mM Tris-
base, 150mM NaCl, and 0.05% Tween 20) for 1 hour at room temperature, membranes were blotted with the indicated antibodies at
4°C overnight. Membranes were washed by 1xTBST for three times, 15 minutes each time. SuperSignal West Pico PLUS Chemi-
luminescent Substrate (Thermo, #34580) and Dura Extended Duration Substrate (Thermo, #34076) were used for developing mem-
branes. The luminescence images were captured using ChemiDoc™ Touch Imaging System (Bio-Rad).

SMAD binding element (SBE) luciferase reporter assay

The SMAD3/SMAD4 complex transcriptional activity was measured using the SBE-luciferase reporter system. Colon cancer cell
HCT116 and RCM-1 were used to measure the luciferase activity in SMAD4 WT and R361H mutated conditions, respectively. Cells
were plated in 6-well plate and co-transfected with SBE4-Luc plasmid (1 ng, Addgene,16495) and pDEST26-Renilla plasmid (0.1 pg)
using FUGENE® HD (Promega, Cat# E2312). Twenty-four hours after transfection, the cells were pre-treated with the selected com-
pound was 6h followed by TGF- stimulation for additional 18h. Renilla and Firefly luciferase activities were measured by Envision
Multilabel plate reader (PerkinElmer) using and Dual-Glo luciferase kit (Promega, Cat# E2920) according to the manufacturer’s in-
structions. The normalized luminescence was calculated as the ratio of luminescence of Firefly luciferase over the luminescence
of Renilla luciferase.

Transcriptome analysis and quantitative polymerase chain reaction (QPCR)

TGFp and compound-induced transcriptome change were measured and analyzed using mRNA sequencing service from Novogene
Co., Ltd.. Briefly, the isogenic HCT116 colon cancer cells harboring differential SMAD4 genetic mutations were pretreated with the
compound for 6h followed by TGFp stimulation for 18 h. The total MRNA was purified using the E.Z.N.A total RNA kit (Omega Bio-tek
Cat# R6834-01) followed by DNase | (Invitrogen, Cat# 18068-015) treatment and then heat inactivation at 65°C for 10 minutes in the
presence of 2 mM EDTA. cDNA was synthesized using 250 ng of total RNA and the SuperScript Il first-strand cDNA synthesis kit
(Invitrogen, Cat# 18080-051) and sequenced using lllumina next-generation sequencing platform. The cDNA were prepared similarly
for other colon cancer cells and used for gPCR analysis of the selected differential expression genes, such as p15 and p21. The
following primers were ordered from IDT (Coralville, 1A, USA):

p21-F: 5-ATGTGTCCTGGTTCCCGTTTC-3/;

p21-R: 5'-CATTGTGGGAGGAGCTGTGA-3';

p15-F: 5'- GGACTAGTGGAGAAGGTGCG-3';

p15-R: 5-GGGCGCTGCCCATCATCATG-3';

GAPDH-F: 5-GAAGGTGAAGGTCGGAGT-3';

GAPDH-R: 5'-GAAGATGGTGATGGGATTTC-3'.

The qPCR was performed and analyzed using the Eppendorf Mastercycler® Realplex system (Eppendorf) through 45 cycles of
95°C for 15 s, 55°C for 15 s, and 72°C for 20 s, and detected using SsoAdvanced Universal SYBR Green Supermix reagent (Bio-
Rad, Cat#, 172-5271). The normalized target gene expression (ACt, delta cycle threshold) was calculated as ACt = Ct(GAPDH) -
Ct(gene), where Ct(GAPDH) and Ct(gene) are the Ct value for GAPDH and target genes, respectively. The TGFp induced change
of target gene expression (AACt) was calculated as AACt = ACt(+TGF-B)-ACt (-TGF-), where ACt(+TGF-B) and ACt(-TGF-p) are
the ACt of target gene with and without TGF-f stimulation, respectively. The fold of change (FOC) of the mRNA expression was deter-
mined as 2744,

Gene set enrichment analyses (GSEA)

Gene Set Enrichment Analysis (GSEA) was performed by the GSEA() function of the GSEABase package (https://www.bioconductor.
org/packages/release/bioc/html/GSEABase.html) in R Studio. The indicating gene sets from either KEGG or Hallmark molecular sig-
natures database were selected as the reference gene sets. We ranked the genes of indicating pathways in accordance with the dif-
ferential expression within treatment and control groups. We calculated the normalized enrichment score (NES) to reflect the degree
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in which a set of genes is overrepresented at the extremes (top or bottom) among the entire ranked list. All GSEA analyses were per-
formed strictly according to the instruction (https://www.bioconductor.org/packages/release/bioc/vignettes/GSEABase/inst/doc/
GSEABase.pdf). As for statistical significance, INES|>1 with a P value and False discovery rate (FDR) <0.05 was considered as an
enriched gene set.

Cell cycle analysis

Colon cancer cells were pre-synchronized in serum-free medium for 24 hours. After 24-h serum starvation, full culture media with
10% FBS were replaced for the following TGFB and/or compound treatment. After 24-treatment, cells were trypsinized, harvested,
washed, and then fixed in 70% ethanol overnight at 4°C. Before flow cytometry analysis, the cells were then treated with 1 mg/ml of
RNase for 30 min at 37°C, and then stained with 40 pg/ml of Pl for 30 min. A total of 5,000 cells/sample were analyzed using a Guava
flow cytometer (Millipore). Data were evaluated using Guava Cell Cycle software.

Colony formation assay

Colony formation assay was performed as we described previously(Sun et al., 2005). Briefly, cells (single-cell suspension) were
plated in 6-well plates at a density of 1,000 to 2,000 cells per well. On the second day, cells were treated with TGF-B, Ro-31-
8220 or Go-6983 or in combination. Every 3 days, the medium was replaced with fresh medium containing the corresponding agents.
After a 15-day treatment, the medium was removed, and cell colonies were stained with crystal violet dye as described. Images were
acquired using ChemiDoc Touch Imaging system (Biorad) and colony area were quantified using ImageJ Colony Area plugin(Guzman
et al., 2014).

Cell viability assay

Cell Titer Blue (Promega, G8081) was added to each well. The plates were incubated for desired time at 37°C to allow the generation
of sufficient signal within the linear range. The fluorescence intensity of each well was read using an PHERAstar FSX multi-mode plate
reader (Ex 545 nm, Em 615 nm; BMG LABTECH). Cells containing medium alone were used as blank control for background
correction.

QUANTIFICATION AND STATISTICAL ANALYSIS
All the assays were performed and repeated three times. The data quantification and statistic of Student’s t-test was performed using

the GraphPad Prism software. See the Quantification and Statistical Details in the corresponding methods, figure legends and
results.
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