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Abstract: Colorectal cancer (CRC) is an aggressive malignancy with limited options for treatment. Targeting the bro-
modomain and extra terminal domain (BET) proteins by using BET inhibitors (BETis) could effectively interrupt the in-
teraction with acetylated histones, inhibit genes transcription and have shown a certain effect on CRC inhibition. To 
improve the efficacy, the inhibitors of Tankyrases, which cause accumulation of AXIN through dePARsylation, in turn 
facilitate the degradation of β-Catenin and suppress the growth of adenomatous polyposis coli (APC)-mutated CRCs, 
were tested together with BETi as a combination treatment. We examined the effects of BETi and Tankyrases inhibi-
tor (TNKSi) together on the proliferation, cell cycle and apoptosis of human CRCs cell lines with APC or CTNNB1 mu-
tation, and elucidated the underlying molecular mechanisms affected by the double treatment. The result showed 
that the TNKSi could sensitize all tested CRC cell lines to BETi, and the synergistic effect was not only seen in cell 
proliferation inhibition, but also confirmed in decreased colony-forming ability and weaken EdU incorporation com-
pared with monotherapy. Combined treatment resulted in enhanced G1 cell cycle arrest and increased apoptosis. 
In addition, we found β-Catenin was potentially inhibited by the combination and revealed that both BETi-induced 
transcriptional inhibition and TNKSi-mediated protein degradation all reduced the β-Catenin accumulation. In all, 
the synergistic effects suggest that combination of BETi and TNKSi could provide novel treatment opportunities for 
CRC, but both TNKSi and combination strategy need to be optimized.
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Introduction

Epigenetic modifications regulate the occur-
rence and development of tumors [1]. The bro-
modomain and extra terminal domain (BET) 
family, including BRD2, BRD3, BRD4, and BR- 
DT, are epigenetic readers of acetylated his-
tone [2]. They act as transcriptional regulators 
to identify in the promoter [3] and enhancer [4] 
regions of oncogenes and promote gene tran-
scriptional expression by specifically recogniz-
ing acetylated lysine residues. Targeting the 
BET family proteins has recently emerged as a 
promising anti-colorectal cancers (CRCs) app- 
roach. The BET inhibitor (BETi) JQ1 could sup-
press the colon cancer cell proliferation, inhi- 
bit WNT activity [5], induce cell cycle arrest [6] 
and promote apoptosis [7]. However, intrigu-

ingly, we found that although there are more 
than 70 clinical trials undertaken on BETis (Cli- 
nicalTrials.gov database), no trial focuses on 
colon cancer treatment. We proposed that the 
limited efficacy of BETi monotherapy on CRCs 
hindered the development of clinical trials. We 
also noticed that the combinational use of BETi 
with other molecularly targeted drugs produced 
very effective therapies. For examples, BETi 
CPI-0610 in combination with JAK1/2 inhibitor 
ruxolitinib were generally well-tolerated and pro- 
vided clinical benefits in myelofibrosis patients, 
which is now in phase III clinical study [8, 9]. 
Another BETi ZEN-3694 in combination with 
enzalutamide was very potent in patients with 
metastatic castration-resistant prostate can- 
cer [10]. Many other combinations were explo- 
red, including HDAC inhibitors [11, 12], kinase 
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inhibitors [13], HMT inhibitors [14], Bcl-2 inhibi-
tors [15], immunomodulatory drugs [16], prote-
asome inhibitors [17] and classical chemother-
apy agents [18] with BETi in different cancer 
cells. We also developed one potential BETi 
HJP-178 (also called as compound 19) as a 
drug candidate for the treatment of cancers  
[2]. So, it would be very meaningful and even 
desirable to find an effective combination with 
BETi in colon cancer treatment to expand the 
therapeutic scope of BETis.

Colon cancer is one of the leading causes  
of cancer-related deaths worldwide [19]. WNT 
signaling pathway plays an important role in 
cell proliferation, migration and embryonic 
development and its deregulation is a major 
contributor to colorectal carcinogenesis [20].  
In approximately 90% of CRCs, WNT pathway is 
mutated and these mutations are mainly found 
in the loss-of-function mutation of adenoma-
tous polyposis coli (APC) and β-Catenin gene 
CTNNB1 [21]. These mutations lead to WNT  
signaling activation and cytoplasmic accumula-
tion of β-Catenin and its nuclear translocation, 
which are the central events in canonical WNT 
pathway [22] and can be found in more than 
80% of CRCs [23]. Thus, it is rational targeting 
WNT/β-Catenin for therapeutic intervention of 
CRCs. So far, however, this WNT pathway still 
lacks druggable molecular targets, which ham-
pered the development of therapeutic drugs.

Tankyrases (Tankyrase-1/TNKS1 and Tanky-
rase-2/TNKS2, also known as PARP5A/ARTD5 
and PARP5B/ARTD6) are members of the poly 
(ADP-ribose) polymerase (PARP) family with a 
PARP catalytic domain [24]. Targeting Tanky- 
rases can promote the degradation of β-Cate- 
nin and inhibit the WNT/β-Catenin pathway 
through poly(ADP-ribosyl)ates (PARsylates) of 
AXIN1/2 [25]. Unfortunately, there is still no 
TNKSi in clinical studies. Since XAV939 was 
used as the first TNKSi to start the research  
on targeting Tankyrases [26], novel TNKSis 
have been discovered and developed continu-
ously. In 2013, Krauss et al. discovered a  
novel TNKSi, G007-LK, which showed stronger 
tumor proliferation inhibition compared with 
the XAV939 [27]. RK-287107, first published by 
Seimiya’s lab in 2018, is more sensitive to the 
inhibition of Tankyrases than G007-LK in cell-
free assays, but its advantage in cell activity is 

not significant [25]. As a classical TNKSi, G007-
LK has been mostly used as a positive control 
and studied in mechanism exploration [28-31], 
which has been investigated more deeply and 
extensively than RK-287107. In contrast, rela-
tively limited studies on RK-287107 were 
reported [25, 32, 33]. Therefore, G007-LK is a 
more representative TNKSi. Further, TNKSis 
were reported to be more sensitive to colon 
cancer cells with APC mutations [34]. In view of 
the challenges that BETi and TNKSi face in the 
clinical treatment of CRCs and the feasibility of 
targeting Tankyrases to inhibit the WNT path-
way, we would like to investigate the effects of 
the combination treatment of BETi and TNKSi.

We found that the combination of BETi and 
TNKSi synergistically inhibited growth and pro-
liferation of colon cancer cells with APC muta-
tion (HCT-15 and SW480) or CTNNB1 mutation 
(HCT-116). Cell cycle arrest and apoptosis were 
all enhanced by the combination compared 
with monotherapy. We also found β-Catenin 
was potentially inhibited by the combination 
and revealed that both BETi-induced transcrip-
tional inhibition and TNKSi-promoted protein 
degradation all mediated the β-Catenin accu-
mulation and nuclear translocation. Therefore, 
an effective combination of BETi and TNKSi 
could increase the efficacy and expand the 
antitumor application scope while reducing the 
dosage of the drug. However, due to the weak 
activity of single drugs in vitro and in vivo, es- 
pecially TNKSi, the efficacy of the combination 
treatment was limited. So the improvement of 
single drug activity is of great significance to 
the promotion of combinational application.

Materials and methods

Reagents

Drugs: The BETi OTX-015 (HY-15743), TNKSi 
G007-LK (HY-12438), RK-287107 (HY-1238- 
92), XAV939 (HY-15147), PARPi olaparib (HY-
10162), and proteasome inhibitor MG-132  
(HY-13259) were purchased from Medchem 
Express (Shanghai, China). Cycloheximide 
(CHX) (S7418) was purchased from Selleck 
(Shanghai, China). The BETi HJP-178 was 
designed and synthesized as described in  
previous study [2]. CHX is dissolved in etha- 
nol (10009218) (Sinopharm, Shanghai, China), 
other compounds used in vitro were dissolved 
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in 100% dimethyl sulfoxide (DMSO) (D2650) 
(Sigma-Aldrich, Shanghai, China) and stored at 
-20°C as the stock. In each experiment, dilute 
the stock solution with normal saline (Sino- 
pharm, Shanghai, China) to the desired con- 
centrations.

Cell lines: HCT-15 and HCT-116 cell lines were 
purchased from the American Type Culture 
Collection (Manassas, VA, USA). SW480 was 
obtained from the Cell Bank of the Chinese 
Academy of Science Type Culture Collection 
(Shanghai, China). Cells were cultured accord-
ing to the suppliers’ instructions and authenti-
cated by short tandem repeat (STR) analy- 
sis performed by Genesky Biotechnologies 
(Shanghai, China). Periodic detection of Myco- 
plasma contamination was performed with the 
MycAwayTM Plus-Color One-Step Mycoplasma 
Detection Kit (40612ES25) from YEASEN 
(Shanghai, China).

Antibodies: Anti-c-Myc (#18583), anti-Rb (#93- 
09), anti-p-Rb (#9307), anti-Caspase 3 (#39- 
662), anti-Cleaved-Caspase-3 (#9661), anti-
Cleaved-Caspase-7 (#9491), anti-Cleaved-PA- 
RP (#5625), anti-Cleaved-Caspase-8 (#9748), 
anti-AXIN2 (#2151), anti-Phospho-β-Catenin 
(Ser675) (#4176), and anti-Cyclin D1 (#2978) 
antibodies were purchased from Cell Signaling 
Technology (Danvers, MA). Anti-CDK6 (#177), 
anti-Tankyrases (#365897), anti-β-Catenin 
(#59737), anti-RAD51 (#8349) and anti-H3 
(#8654) were obtained from Santa Cruz Tech- 
nology (Dallas, TX). Anti-GAPDH (AF0006) anti-
body was purchased from Beyotime Biotech- 
nology (Shanghai, China). Secondary HRP-
conjugated goat anti-rabbit (#111-035-003) 
and goat anti-mouse (#115-035-003) antibod-
ies were purchased from Jackson Immuno- 
Research Laboratories, Inc. (West Grove, PA).

Methods

Cell proliferation assay: Cell proliferation was 
detected by sulforhodamine B (SRB; Sigma,  
St. Louis, MO) assay [35]. In brief, cells were  
plated and cultured in 96-well plates overnight 
and then incubated with the indicated com-
pounds for 72 h. Optical density was read  
with the SpectraMax 190 (Molecular Devices, 
San Jose, CA) for SRB assay. The IC50s were  
calculated from at least three independent 
experiments.

Combination analysis: The Chou-Talalay meth-
od for drug combination was used [36]. Cells 
were treated with the indicated drug combina-
tions simultaneously, and the proliferative inhi-
bition rate (IR) was determined by SRB assay  
as described above. Combination Index (CI) 
was analyzed using the CompuSyn software to 
determine the drug interactions quantitatively. 
CI<1, CI = 1, and CI>1 represented synergism, 
additive effect, and antagonism, respectively.

Colony formation assay: According to the diff- 
erent growth rates of three cell lines, HCT-15 
and HCT-116 cells were seeded in six-well 
plates (500 cells/well), and SW480 were seed-
ed in 24-well plates (1000 cells/well) for the 
formation of colonies. Cells were cultured over-
night and treated with desired concentrations 
of compounds for another 7 days. Concentra- 
tions of OTX-015 and HJP-178 were 0.3125  
μM in HCT-15 and HCT-116 cells, and 2 μM in 
SW480 cells. Concentrations of G007-LK were 
3.125 μM in HCT-15 and HCT-116 cells, and  
10 μM in SW480 cells. After fixing, the cell  
colonies were stained with SRB and the micro-
scopic images were captured by ChemiDoc MP 
Imaging System (Bio-rad, Hercules, CA, USA), 
and then counted the colony numbers in the 
whole well plate [37].

EdU (5-ethynyl-2’-deoxyuridine) incorporation 
assay: HCT-15 and HCT-116 cells were seeded 
at 2×105 cells and SW480 cells was seeded  
at 3×105 cells per well of 12-well confocal 
plates. After culturing overnight, cells were 
treated with compounds for 24 h. The concen-
trations of HJP-178 and G007-LK were 2 μM  
in HCT-15 and HCT-116 cells and 10 μM in 
SW480 cells. Then, cells were incubated with 
10 µM EdU for 2 h at 37°C. The fixing and per-
meating were performed with BeyoClick™ EdU 
Cell Proliferation Kit with Alexa Fluor 488 
(Beyotime Biotechnology, Shanghai, China) fol-
lowing strictly the manufacturer’s instructions 
[38]. Finally, cells were incubated and protect-
ed from light in Click Additive Solution and 
stained with DAPI. The fluorescence images of 
EdU incorporation samples were captured in a 
florescence microscope (Olympus IX71, Tokyo, 
Japan).

Real-time quantitative polymerase chain reac-
tion (RT-qPCR): The effect of different treat-
ments on mRNA levels was detected by stan-
dard RT-qPCR. Total RNA was extracted with 
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the HiPure Total RNA Mini Kit (R4111-03) 
(Magen, Shanghai, China) and transformed  
into cDNA by reverse transcription with Prime- 
Script™ RT Master Mix (Perfect Real Time) 
(RR036A) (TaKaRa; Kusatsu, Shiga, Japan). The 
resultant cDNA was amplified with specific 
primers using TB Green®Premix Ex Taq™ kit  
(Tli RnaseH Plus) (RR420A) (TaKaRa). Each 
10-μL reaction system contained 250 ng of 
total RNA [39]. The primers for human CTN- 
NB1, c-Myc, and GAPDH were as follows: 
CTNNB1: 5’-GGCGAAGGTGATGGCTTACT-3’ (for-
ward) and 5’-TCCATTTGGCCAGCTTTGGA-3’ (re- 
verse); c-Myc: 5’-CGTCTCCACACATCAGCACAA- 
3’ (forward) and 5’-TGTTGGCAGCAGGATAGTC- 
CTT-3’ (reverse); and GAPDH: 5’-CCATGGAG- 
AAGGCTGGGG-3’ (forward) and 5’-CAAAGTTG- 
TCATGGATGACC-3’ (reverse). Sequences were 
from PrimerBank database and synthesized by 
Sangon Biotech (Shanghai, China). The relative 
quantitation in gene expression is based on  
the comparative Cycle Threshold (ΔΔCT), at 
which cycle number the fluorescence generat-
ed within a qRT-PCR amplification reaction 
crosses the threshold.

Western blotting: Western blotting was per-
formed as previously described [40].

Cell cycle assay: HCT-15 and HCT-116 cells 
were seeded into six-well plates and incubated 
overnight. The cells were incubated with either 
a single drug or a combination for 24 h. Cell 
sample treatment was the same as described 
previously [41]. Cell cycle data were obtained 
by using a FACS Calibur Instrument (BD Bio- 
sciences, San Jose, CA) and analyzed with the 
FlowJo 7.6.1 software.

Annexin V-FITC/PI staining: HCT-15 and SW- 
480 cells were treated with OTX-015, HJP-178 
and G007-LK for the indicated concentrations 
and time. The sample handling procedure  
is the same as described previously [42]. The 
percentage of viable cells (Q4: low annexin 
V-FITC/low PI), early apoptotic cells (Q3: high 
annexin V-FITC/low PI), and late apoptotic/
necrotic cells (Q2: high annexin V-FITC/high PI) 
was determined by flow cytometer and ana-
lyzed by FlowJo.

Caspase-Glo 3/7 assay: The Caspase-Glo® 3/7 
Assay Kit (Promega, WI, USA) was used for cas-
pase activity detection [43]. Cells were planted 
in 96-well plates overnight and incubated with 

indicated concentrations of compounds for 24 
h. Cell samples were treated according to the 
manufacturer’s instructions. The caspase 3/7 
activity was reflected by the luminescent signal 
which was detected through an EnVision® 
Multilabel Reader (PerkinElmer, Thermo Fisher 
Scientific, Shanghai, China).

Preparation of cytoplasmic and nuclear ex- 
tracts: In order to detect the protein changes  
in cytoplasm and nucleus, we isolated the 
nuclear and cytoplasmic proteins by Nuclear 
and Cytoplasmic Protein Extraction Kit [44] 
(P0027, Beyotime, Shanghai, China). In brief, 
5×105 HCT-15 and SW480 cells were attached 
to the six-well plate overnight. After 24-h drug 
treatments, cell precipitate was collected. The 
nuclear proteins and cytoplasmic proteins were 
separated according to the manufacturer’s 
instructions. The protein lysis and loading were 
performed the same as in Western blotting.

In vivo anticancer activity assays: We estab-
lished human HCT-15 and HCT-116 xenografts 
in female BALB/c nude mice (5-6-week-old) as 
previously described [39, 45]. In HCT-15 mo- 
del, mice were assigned into four groups: 6 
mice were treated with 20 mg/kg HJP-178 by 
i.g. (intragastric) administration once every 
three days, 6 mice were treated with 10 mg/kg 
G007-LK by i.p. (intraperitoneal) once a day, 6 
mice were treated with HJP-178 and G007-LK 
combinational administration, and 6 mice were 
treated with the same vehicle as combina- 
tional group. HJP-178 were suspended in 5% 
dimethylacetamide (271012), 5% solutol HS15 
(42966), and 90% distilled water containing 
0.5% Methyl Cellulose (SLCC2541) purchased 
from Sigma-Aldrich (Shanghai, China). G007- 
LK was suspended in 5% dimethylacetamide 
(271012), 5% solutol HS15 (42966) purchas- 
ed from Sigma-Aldrich (Shanghai, China) and 
90% distilled water containing 20% hydroxy- 
propyl-β-cyclodextrin (20190920) (Sinopharm, 
Shanghai, China). Tumor volume and body 
weight were measured twice a week. After 
21-day treatments, the mice were sacrificed. 
The inhibition rate of tumor volume growth 
(GI%) was calculated as follows: GI% = [1-(TVt-
TV0)/(CVt-CV0)] ×100%, TVt was the tumor vol-
ume measured in the treatment groups, TV0 
was the tumor volume obtained before ad- 
ministration. CVt and CV0 were correspon- 
ding to the volumes of the vehicle group.  
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In HCT-116 model, 6 mice were treated with  
40 mg/kg HJP-178 by i.g. administration  
once every three days, 6 mice received 120 
mg/kg OTX-015 in the same way, 6 mice were 
treated with 25 mg/kg XAV939 by i.p. twice a 
week, 6 mice were treated with HJP-178 and 
XAV939 combinational administration, 6 mice 
for OTX-015 and XAV939 combination group, 
and 12 were treated with the same vehicle as 
combinational group. HJP-178 was dissolved  
as described above, and OTX-015 were sus-
pended in 6% dimethylacetamide (271012), 
6% solutol HS15 (42966), and 88% distilled 
water containing 0.5% Methyl Cellulose (SLCC- 
2541) purchased from Sigma-Aldrich (Shang- 
hai, China). XAV939 was suspended in 5% 
dimethylacetamide (271012), 5% solutol HS- 
15 (42966) purchased from Sigma-Aldrich 
(Shanghai, China) and 90% distilled water  
containing 10% hydroxypropyl-β-cyclodextrin 
(20190920) (Sinopharm, Shanghai, China). 
Body weight was measured twice a week. 
Weigh the tumor after euthanasia. The experi-
mental procedures abided by the ethical gui- 
delines of the Institutional Animal Care and  
Use Committee (IACUC) in our institute.

Statistical analysis: All data were presented  
as mean ± standard deviation (SD). Paired 
Student’s t-test (two tails) was used for statisti-
cal difference analysis; P<0.05 was considered 
statistically significant. All analyses were per-
formed by GraphPad Prism 7, and the photo-
graphs were processed with Photoshop CS and 
Adobe Illustrator CS6.

Results

TNKSi sensitizes colorectal cancer cells to 
BETi

Based on the limited efficacy of BETi mono- 
therapy, combinational use of TNKSi with BETi 
was explored. OTX-015 is a classical BETi us- 
ed in leukemia and lymphoma [46]. However, 
given the poor monotherapy activity, its phase 
II development was stopped (NCT02296476). 
Therefore, effective drug combinations are 
expected to further expand the therapeutic 
range of BETis. HJP-178 is a novel BETi inde-
pendently developed by our lab in comparison 
with OTX-015 end-to-end. HJP-178 showed 
more potent antitumor activity at molecular, 
cellular and animal levels [2]. Therefore, we 
chose these two BETis for subsequent studies. 

G007-LK and RK-287107 are two TNKSi,  
among which G007-LK, as a typical TNKSi, is 
mostly used as positive control [28-31, 47]. 
Although RK-287107 showed stronger inhibi-
tion of Tankyrase activity in cell-free assays,  
its cell-level activity did not have an apparent 
advantage [25]. Here we first evaluated the 
effect of HJP-178, G007-LK, and their com- 
bination on the cell viability of three human 
colorectal cancer cell lines, i.e., APC mutant 
HCT-15 and SW480 cells, and CTNNB1 mutant 
HCT-116 cells. We found the combination  
demonstrated a strong synergistic inhibition 
effect in all cells (Figure 1A). We next evalu- 
ated if this effect can be seen in other drug 
combinations. We found the proliferative in- 
hibition of HJP-178 was enhanced by another 
commercially available TNKSi, RK-287107 
(Figure 1B). Further, G007-LK also sensitized 
the cancer cells to OTX-015, another BETi cur-
rently undergoing Phase II clinical trial (Figure 
1C). The same synergistic sensitization took 
place in the combination of RK-287107 and 
OTX-015 (Figure 1D). A compusyn software 
was used to calculate the combination index 
(CI). The results showed that BETi and TNKSi 
displayed apparent synergism (CI<1) in all test-
ed cancer cells. The data indicated that TNKSi 
can effectively increase the sensitivity of 
colorectal cancer cells to BETi.

Combinations of TNKSi and BETi synergistical-
ly inhibit the clone-forming ability and reduce 
the EdU signals in cancer cells

Based on the results from Figure 1A-D, it is not 
difficult to see that the synergistic effect of 
G007-LK combined with different BETi were 
better than RK-287107 in different cells. 
Compared with RK-287107 that needs to pro-
tect from light (medchemexpress.cn), the sta-
bility of G007-LK is better. Therefore, we chose 
G007-LK for a more in-depth mechanistic 
exploration. To further determine the synergis-
tic effects of TNKSi and BETi, we performed 
colony formation assays using three cell lines. 
The cells were exposed to the combination of 
the TNKSi G007-LK with the BETi HJP-178 or 
OTX-015 for 7 days. The results showed that 
the TNKSi significantly enhanced the inhibition 
of both BETis against the clone-forming ability 
of the tested cells (Figure 2A-F). Treatments 
with HJP-178 and G007-LK alone decreased 
the colony numbers of HCT-15 cells by 32.53% 
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and 18.02% (Figure 2D), of SW480 cells by 
61.49% and 26.95% (Figure 2E), and of HCT-
116 cells by 47.04% and 12.62% (Figure 2F), 
respectively. Comparatively, their combination 
led to a significantly more decrease in the colo-

ny numbers of HCT-15, SW480 and HCT-116 
cells by 90.33%, 96.85% and 70.71%, respec-
tively. Similar effects on the colony formation  
of those cells were also seen when treated  
with OTX-015, G007-LK and their combination 

Figure 1. TNKSi sensitizes colorectal cancer cells to BETi. Cell proliferative inhibition curves in HCT-15, SW480 and 
HCT-116 with combination treatments of HJP-178 and G007-LK (A), HJP-178 and RK-287107 (B), OTX-015 and 
G007-LK (C) and OTX-015 and RK-287107 (D) at indicated concentrations for 72 h. The concentration unit of the 
drugs are μM. The proliferative inhibition rate was determined by SRB assay with monotherapy and combination 
therapy. The CI value was calculated by Compusyn software with the Chou-Talalay equation and average CI values 
were shown. CI>1 indicates antagonistic effect, CI = 1 indicates additive effect, and CI<1 indicates a synergistic 
sensitization effect. The smaller the CI value is, the stronger the synergistic effect is.
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(Figure 2A-F). The findings further strengthen 
the conclusion that TNKSi and BETi synergisti-
cally inhibit tumor cell proliferation. Moreover, 
HJP-178 is more potent than OTX-015 at the 
same conditions. Olaparib, an inhibitor of an- 
other PARP family member PARP1, has been 
reported to be synergistic with BETi [48, 49]. 
However, at the same concentration, the  
TNKSi G007-LK displayed more potent sensiti-

zation to BETis against the colony formation of 
HCT-15 cells than olaparib (Figure S1A).

Cancer cell proliferation requires new synthe- 
sis of DNA. So we conducted the EdU incorpo-
ration assay to examine the effects of TNKSi 
and BETi alone and their combinations on the 
newly synthesized DNA in cancer cells. In the 
process of DNA synthesis, thymidine can be 

Figure 2. TNKSi enhances the anti-proliferative ability of BETi. A-C. Cell proliferation was visualized by colony forma-
tion assay in HCT-15, SW480 and HCT-116 cells with combination treatments for seven days. Concentrations of 
OTX-015 and HJP-178 were 0.3125 μM in HCT-15 and HCT-116 cells, while 2 μM in SW480 cells. Concentrations of 
G007-LK were 3.125 μM in HCT-15 and HCT-116 cells, and 10 μM in SW480 cells. D-F. Statistical results of counting 
colony numbers. Data were completed by three independent experiments and expressed as mean ± SD. *P<0.05; 
**P<0.01; ***P<0.001. G-I. EdU incorporation assay detected green fluorescence intensity after drug treatments for 
24 h in HCT-15, SW480, and HCT-116 cells. The concentrations of HJP-178 and G007-LK were 2 μM in HCT-15 and 
HCT-116 cells and 10 μM in SW480 cells.
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replaced by EdU labeled with green fluorescent 
probes, so that the newly synthesized DNA will 
show green fluorescent signals. Data showed 
that the BETi HJP-178 alone reduced the EdU 
signals and the TNKSi G007-LK alone caused a 
slight decrease. Their combination apparently 
synergistically reduced the newly synthesized 
DNA in all three tested cell lines (Figure 2G-I).

Together, those results consistently indicate 
the synergism of BETi and TNKSi in suppress-
ing proliferation of cancer cells.

The combination of TNKSi and BETi induces 
potent G1 cell cycle arrest

Both BETi and TNKSi have been reported to 
induce G1 arrest [50, 51]. We found that the 
combination of the BETi HJP-178 or OTX-015 
with the TNKSi G007-LK caused more potent 
G1 phase arrest than the corresponding single 
agents (Figures 3A, 3B, S1B and S1C). The 
combination of BETi and TNKSi also led to a 
time-dependent increase in G1 phase arrest 
(Figure 3C and 3D). Consistently, the combina-
tion caused more reduction of G1 phase regu-
lating proteins in HCT-15 cells than the corre-
sponding monotherapy. Though OTX-015, HJP-
178 or G007-LK alone lowered the levels of  
Rb, p-Rb, CDK6 and Cyclin D1 proteins, the 
combination of either OTX-015 or HJP-178 with 
G007-LK decreased these proteins more po- 
tently (Figures 3E and S1D) and regulated in a 
time-dependent manner (Figure 3F). The phos-
phorylation level of Rb protein is positively cor-
related with the rate of cell proliferation, and 
the lower the phosphorylation level, the slower 
the cell proliferation [52]. This result suggests 
that the enhanced G1 phase arrest might con-
tribute to the synergistic sensitization of BETi 
and TNKSi.

The TNKSi G007-LK synergistically increases 
BETi-induced apoptosis in colorectal cancer 
cells

BETi was reported to induce apoptosis to pro-
mote cell death [53]. As expected, either HJP-
178 or OTX-015 alone induced apoptosis in 
colorectal HCT-15 and SW480 cancer cells, 
and the TNKSi G007-LK significantly potentiat-
ed their apoptotic induction while G007-LK 
alone was poorly active in this aspect (Figures 
4A-D, S1E and S1F). Caspase 3/7 are the ex- 
ecutors of cell apoptosis and are normally 

cleaved and activated during apoptosis [54]. 
Consistently, both HJP-178 and OTX-015 alone 
caused caspase 3/7 activation in colorectal 
HCT-15 and SW480 cancer cells, which was  
further significantly potentiated by the addition 
of the TNKSi G007-LK (Figure 4E and 4F). 
Moreover, the combination of G007-LK with 
HJP-178 or OTX-015 led to more protein cleav-
age of Caspase 3, Caspase 7, Caspase 8 and 
PARP than the respective single agents (Fi- 
gures 4G, 4H and S1G). These data indicate 
that the TNKSi G007-LK synergistically increas-
es BETi-induced apoptosis.

The combination of BETi and TNKSi reduces 
the β-Catenin in transcription and degradation 
pathways

Since the synergistic sensitization effect of 
BETi and TNKSi has been verified in different 
experiments, we further explored the synergis-
tic mechanism. Firstly, we detected the pro-
teins directly regulated in the Tankyrases and 
BET-related signaling pathways. Β-Catenin is a 
key transmitter in the typical WNT signaling 
pathway, and its stability is regulated by des- 
truction complex [55]. Tankyrases could PAR- 
sylate AXIN2, and then inhibit the degradation 
of β-Catenin. Accumulated β-Catenin in the 
cytoplasm enters the nucleus to regulate the 
expression of oncogenes and promotes the 
proliferation of tumor cells [56]. The results 
showed that BETi had little effect on Tanky- 
rases and AXIN2 expression, but TNKSi G007-
LK promoted the expressions of Tankyrases 
and AXIN2 significantly both in HCT-15 and 
SW480 cells (Figure 5A and 5B). The change of 
β-Catenin was slight under the treatment of 
BETi, and G007-LK induced obvious inhibition 
in SW480 cells. Different TNKSis RK-287107 
and XAV939 showed consistent results in 
SW480 (Figure S2A). Interestingly, although the 
expressions of Tankyrases and AXIN2 in the 
combined group were reduced compared with 
G007-LK, the decrease in β-Catenin was more 
significant than any monotherapy treatments. 
This suggests that there are other regulatory 
pathways besides the Tankyrases-AXIN2-axis 
mediated the inhibition of β-Catenin under  
the combination treatment. Phosphorylation of 
β-Catenin at S675 could active the transcrip-
tion of WNT target genes [57], which was also 
inhibited by the combination treatment. Rad51, 
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Figure 3. The combination of BETi and TNKSi induces more cells arrest at G1 phase. (A) Cell cycle profile of HCT-15 
cells after treatment with 2 μM OTX-015, HJP-178, G007-LK, or indicated combinations for 24 h. (B) The statistical 
results of (A). The cell cycle distribution data were calculated from three independent experiments and expressed 
as mean ± SD. *P<0.05; **P<0.01; ***P<0.001. (C) Cell cycle profiles of HCT-15 cells were detected at 12 h and 24 
h after indicated combination treatments, and statistical analysis was performed in (D). (E and F) Cells were treated 
as described in (A and C), and the changes of G1 cycle-related proteins were detected using Western blotting. 
GAPDH was used as the reference control. The relative pixel intensity of representative blot was analyzed by Image 
J software and vehicle group was normalized as one. All experiments were repeated at least three times.
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a marker of DNA double-strand breaks was 
down-regulated more evidently by combination 
treatment, indicating enhanced cell damage 
induced by BETi and TNKSi simultaneously 
treatment. We also noticed that, c-Myc, an 
important target of BET family, was inhibited by 
BETi and slightly further suppressed in combi-
nation with G007-LK (Figure 5A and 5B). The 
above conclusions were similarly verified in 
another TNKSi. RK-287107 showed synergistic 
effects with different BETis OTX-015 and HJP-
178 (Figure S2B). Interestingly, the results  
were consistent with the cellular proliferation 
inhibition assays (Figure 1), which the com-
bined effect of G007-LK was superior to RK- 
287107 in the regulation of related proteins 
(Figure S2C). Therefore, we chose G007-LK as  
a combinational partner for further research. 
Meanwhile, consistent with the protein chang-
es, there was no significant difference between 
single BETi and combination treatments at 
c-Myc mRNA level (Figure 5C). Because BET 
family members widely involved in regulating 
gene transcription, we further tested the mRNA 
levels of CTNNB1. Although BETi could signifi-
cantly down-regulate the CTNNB1 level in dif-
ferent cells (Figure 5D), there was no consis-
tent evident changes in the combination group 
with protein level changes. Consider the above 
results together (Figure 5A and 5B), we specu-
lated that the synergistic effect of combination 
was not only due to the transcriptional regula-
tion by BETi. Therefore, we believe that G007-
LK may play a role in β-Catenin degradation 
and contribute to further down-regulation of 
protein levels in the combination treatment. 
The result showed that proteasome inhibitor 
MG-132 could reverse the down-regulation 
effect of G007-LK on β-Catenin in SW480 and 
HCT-15 cells (Figure 5E), which confirmed that 
G007-LK mediate the protein degradation of 
β-Catenin. Cycloheximide (CHX) is a compound 
inhibiting mRNA translation [58]. When CHX 

was added, the newly synthesized protein was 
inhibited, and the degradation of β-Catenin 
induced by G007-LK was relatively amplified in 
SW480. The addition of CHX was more sensi-
tive to HCT-15 cells, which was manifested as a 
decrease of β-Catenin in the vehicle with CHX. 
Strikingly, consistent with the results in SW480 
cells, the addition of CHX also amplified the 
down-regulation of β-Catenin in either mono-
therapy or combination therapy in HCT-15 cells 
(Figure 5F). In conclusion, we verified that the 
down-regulation of β-Catenin was the synergis-
tic result of BETi-induced transcriptional inhibi-
tion and TNKSi-induced protein degradation.

β-Catenin can shuttle between cytoplasm and 
nucleus. We next detected the distribution of 
β-Catenin in the nucleus and cytoplasm and 
found that both BETi and TNKSi could effecti- 
vely down-regulate β-Catenin, and the inhibi-
tion effect was more evident when the two 
inhibitors were combined (Figure 5G and 5H). 
Meanwhile, we noticed that the β-Catenin 
change in the nucleus and cytoplasm together 
is consistent with the total protein change 
(Figure 5A and 5B), but the effect of G007-LK 
on β-Catenin varied in different cells. The inhi-
bition of β-Catenin by G007-LK occurred both  
in SW480 and HCT-15 cells, but was more sig-
nificant in SW480 cells (Figure 5A and 5B). 
Correspondingly, in the cytoplasmic extracts, 
the reduction effect of G007-LK in SW480 was 
more obvious (Figure 5H). We believed the 
changes in any part of the cell extracts are  
not due to one single action of transcription or 
degradation, but the results of co-regulation. 
Briefly in HCT-15 cells, HJP-178-mediated tran-
scriptional repression of β-Catenin is more 
important, and the β-Catenin reduction caused 
by G007-LK is more important in SW480 cells.

Based on the above data, it is not difficult for us 
to conclude that HJP-178 inhibited the synthe-

Figure 4. The combination of BETi and TNKSi elicits significant cell apoptosis. (A) Representative images of Annexin 
V and PI staining of HCT-15 cells treated with 2 μM G007-LK, OTX-015 and HJP-178 for 48 h. The percentage of 
cells that stained positive for Annexin V/PI is indicated (Q4, viable; Q3, early apoptosis; Q2, late apoptosis). (B) The 
percentage of apoptosis cells were calculated from three independent experiments and presented as mean ± SD. 
*P<0.05; **P<0.01; ***P<0.001. (C and D) The same treated way as (A and B) in SW480 cells, but the final concen-
tration of drugs was 10 μM. (E and F) HCT-15 and SW480 cells were treated with the indicated concentrations of 
drugs for 24 h and detected the activity of caspase 3/7. (G and H) HCT-15 and SW480 cells were treated with the 
indicated concentrations of drugs for 36 h and collected for apoptosis-related proteins detection using Western blot-
ting. GAPDH was used as the reference control. The relative pixel intensity of representative blot was analyzed by 
Image J software and the vehicle group without any treatment was normalized as one. In Caspase 3, only Cleaved-
Caspase 3 band was quantitatively analyzed. All experiments were repeated at least three times.
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Figure 5. The combination of BETi and TNKSi reduces the β-Catenin in transcription and degradation pathways. (A 
and B) BET and Tankyrases-related protein changes. HCT-15 (A) and SW480 (B) cells were treated with OTX-015 
(2 μM and 10 μM), HJP-178 (2 μM and 10 μM), G007-LK (2 μM and 10 μM) or indicated combinations for 24 h. 



Combination therapy of BET inhibitor and TNKS inhibitor

1081 Am J Cancer Res 2022;12(3):1069-1087

sis of β-Catenin in the cytoplasm by reducing 
the transcription of CTNNB1 in the nucleus. 
G007-LK blocked the entry of β-Catenin into 
the nucleus by promoting the degradation of 
β-Catenin in the cytoplasm. The combination 
treatment of the two inhibitors further down-
regulated the expression of β-Catenin, result- 
ing in more effective inhibition of tumor cell  
proliferation and G1 cell cycle arrest, and more 
apoptosis induction (Figure 6). This finding pro-
vides a preliminary basis for the combinational 
use of BETi and TNKSi in colorectal cancer 
treatment.

Discussion

BETi has been studied for more than 10 years. 
The weak monotherapy activity and toxicity  
hinder the development and application of 
BETi, so combination therapies with BETi have 
been carried out in clinical research trials in 
recent years and obtained important results. 
Activation of WNT signaling pathway is highly 
common in CRCs. As a candidate target for  
inhibition of WNT/β-Catenin pathway, Tanky- 
rases are studied. TNKSi can promote the deg-
radation of β-Catenin and reduce the entry of 

Cells were collected for the protein detections of Tankyrases, AXIN2, β-Catenin, Phospho-β-Catenin (Ser675), c-Myc, 
RAD51 and GAPDH using Western blotting. GAPDH was used as the reference control. (C and D) Relative mRNA lev-
els of c-Myc and CTNNB1. Cells were treated as described in (A and B). Total RNA was extracted, reverse transcribed 
to cDNA and amplified by RT-qPCR. Relative mRNA level was calculated from three independent experiments and 
presented as the mean ± SD. *P<0.05; **P<0.01; ***P<0.001. (E) In the presence and absence of MG-132, the ef-
fects of drugs on β-Catenin were detected using Western blotting. HJP-178 and G007-LK were both 10 μM in SW480 
and 2 μM in HCT-15 for 24 h. 10 μM MG-132 was treated for 6 h. (F) The treatment condition was consistent with 
that described in (E), where the concentration of cycloheximide (CHX) was 25 μg/ml for 6 h. GAPDH was used as 
the reference control. (G and H) β-Catenin expression in nucleus and cytoplasm. Cells were treated as described in 
(A and B). Nuclear and Cytoplasmic Protein Extraction Kit was used to isolate the nucleus and cytoplasm of HCT-15 
(G) and SW480 (H), and the protein expression was detected using Western blotting. GAPDH and H3 were used 
as internal reference for cytoplasm and nucleus respectively to identify the proteins in nucleus and cytoplasm as 
completely separated as possible. The relative pixel intensity of representative blot in Western blotting result was 
analyzed by Image J software and the vehicle group without any treatment was normalized as one. All the experi-
ments were repeated at least three times.

Figure 6. Schematic diagram of drug combination mechanism. When the WNT off, a destruction complex consisting 
of AXIN2, GSK3β, APC, and CK1α degrade β-Catenin through the proteasome system. When the WNT on, Tankyras-
es PARsylate the AXIN2, which inhibits the degradation of β-Catenin. Accumulated β-Catenin is highly expressed in 
the cytoplasm and then enters the nucleus through the nuclear pore. β-Catenin can bind to the transcription factor 
TCF/LEF to induce the cell proliferation and oncogene amplification. TNKSi promotes the degradation of β-Catenin 
by inhibiting PARsylation. BETi inhibits the transcription process of CTNNB1, and further inhibits CTNNB1 translation 
and synthesis in cytoplasm. Two inhibitors combine to inhibit the expression of β-Catenin through transcription and 
degradation pathways, which results in the proliferative inhibition, G1 phase arrest and apoptosis.
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β-Catenin into the nucleus. However, problems 
such as unsatisfactory single drug activity and 
poor efficacy in vivo also limit the clinical prog-
ress and development of TNKSi. Because BETi 
also plays a crucial role in WNT pathways by 
interrupting the transcriptional process of 
β-Catenin, we consider that these two kinds of 
inhibitors have certain regulatory effects on  
the same pathway meanwhile face the similar 
problem of poor single drug activity. It is mean-
ingful to detect the combination effect to de- 
termine the possibility of combination therapy 
and rescue the clinical failure conditions of 
BETi and TNKSi simultaneously. Synergistic 
therapy has shown greater interest in pharma-
cology and medicine because it achieves great-
er potency at lower drug doses. Such combina-
tion regimens also help to reduce the possible 
toxicity of the drugs.

In this report, we selected two APC mutant cell 
lines (HCT-15 and SW480 with mutant in β- 
Catenin binding domain) and CTNNB1 mutant 
cell lines (HCT-116 with phosphodegron muta-
tions in β-Catenin) [27] to detect two BETis 
(OTX-015 and HJP-178) and two TNKSis (G007-
LK and RK-287107). The experimental results 
showed that the combination treatment of mul-
tiple drugs all showed synergistic sensitization 
effect in three cell lines. This indicates that 
there is indeed a synergistic effect between  
the two inhibitors and the combination is con-
ducive to further expanding the scope of treat-
ment especially for the insensitive CRCs. Fur- 
ther, three different experimental methods, 
including cell proliferation assay, colony forma-
tion assay, and EdU assay, all verified the obvi-
ous synergistic sensitization between BETi and 
TNKSi. PARP of the same family as Tankyrases, 
the synergism between BETi and PARPi has 
been revealed in several literatures succes- 
sively [59-61]. Meanwhile, the phase I clinical 
trial of BETi AZD5153 and PARPi olaparib in 
malignant solid tumors and lymphomas is also 
progressing, and the synergistic effect of BETi 
and TNKSi in our study shows an advantage 
over the combination of BETi and PARPi in the 
colony formation experiment, which makes the 
combination of BETi and TNKSi more promis- 
ing.

The division of tumor cells is extremely active. 
Cells accelerate the deterioration of the dis-
ease by ceaseless proliferation and division 

[62]. One of the classic mechanisms of BETi is 
to inhibit the proliferation of tumor cells by 
inducing G1 phase arrest of tumor cells. The 
same cycle arrest was induced by G007-LK. 
Although G1 phase arrest induced by G007-LK 
was not obvious, when the BETi was added, 
nearly 70% of the G1 phase arrest occurred in 
concentration and time dependent manners. 
This greatly improves the utilization rate of the 
drug and exerts greater inhibitory activity at a 
lower dose. The same results were also veri- 
fied in HCT-116 cells. Continuous cell cycle 
arrest can trigger the apoptosis. As a pathway 
of programmed death, the combination of BETi 
and TNKSi induced more apoptosis of tumor 
cells than any single drug treatment. Among 
them, G007-LK hardly showed obvious apop-
totic effects, but it could significantly and  
effectively amplify the pro-apoptotic ability of 
BETi, activate the activity of caspase 3/7, and 
regulate the consistent change of caspase pro-
teins. In summary, co-inhibition of BET and 
Tankyrases induces G1 cycle arrest, and the 
disorder of cycle progression is consistent with 
the decrease of new cells labeled with EdU. At 
the same time, it promoted the death of tumor 
cells by triggering cell apoptosis. In other  
words, the combination therapy was demon-
strated by inhibiting the proliferation of new 
tumor cells and promoting the apoptosis of 
existing tumor cells, ultimately resulting in a 
reduction of total number of cells detected by 
the SRB assay and the colony formation assay.

Tankyrases belonging to the family of poly(ADP-
ribosyl)ases play an important role in PARsy- 
lation by utilizing NAD+ as a substrate in order 
to generate ADP-ribose polymers [47]. Proteins 
modified by PARsylation recruit E3 ubiquitin 
ligase to promote their degradation. By inhibit-
ing PARsylation of Tankyrases, TNKSis block 
the ubiquitin proteasome pathway, and then 
upregulate the levels of proteins [26, 63]. 
Moreover, Tankyrases can also autoPARsylate 
themselves. Therefore, TNKSis block ubiquiti-
nation by inhibiting Tankyrases’ PARsylation, 
which are ultimately manifested as the upregu-
lation of Tankyrases [64]. Since TNKSis are not 
directly regulated Tankyrases, it is not surpris-
ing that the protein levels of Tankyrases and 
AXIN2 are upregulated by G007-LK. Tanky- 
rases inhibit the degradation of β-Catenin by 
PARsylating AXIN2 [25]. The accumulated β- 
Catenin in the cytoplasm is phosphorylated, 
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and the phosphorylation at S675 activates  
the transcription of WNT target genes [57]. In 
our study, the expression of Tankyrases and 
AXIN2 both increased under the treatment of 
TNKSi, which are due to the autoPARsylation 
and PARsylation as reported in other test [26]. 
Although the combination treatment group  
had slight down-regulation effect, it could still 
stabilize the protein expression compared with 
the vehicle and BETi groups. Even SW480  
and HCT-15 are both APC mutated cell lines, 
the codon truncation location mutation both 
occurred in the region of 20-amino acid repeats 
which bound to β-Catenin. However, the specif-
ic location is different (the mutated site of  
HCT-15 is 1417 site and SW480 is 1338 site), 
leading to different sensitivity to TNKSi and 
regulation of β-Catenin [27]. Different mutation 
locations may also be the reason causes the 
different β-Catenin regulation in HCT-15 and 
SW480 cells. Β-Catenin, as an effector of WNT 
pathway, it could bind to the transcription fac-
tor TCF/LEF in the nucleus to regulate the  
transcriptional expression of downstream 
genes. Combined with the results of transcrip-
tional level, we found that different BETi could 
significantly down-regulate the mRNA level of 
CTNNB1, but there was no consistent signifi-
cant difference between the combination and 
BETi alone. Under MG-132 or CHX treatment, 
we also found that both G007-LK and the  
combination showed a promotion effect on 
β-Catenin degradation, while HJP-178 showed 
slight change in β-Catenin protein level, except 
that CHX was sensitive to HCT-15. Therefore, 
G007-LK played a major role in the protein  
degradation pathway in the combination group 
is reasonably presumed. Due to the weak role 
of BETi in the regulation of degradation and  
the faint role of G007-LK in the transcription, 
the protein reduction of β-Catenin of combina-
tion in whole cell protein extract was attributed 
to two pathways: transcription inhibition con-
tributed by BETi and degradation promotion 
contributed by TNKSi. In addition, we found  
that the down-regulation of β-Catenin was man-
ifested in the nucleus and cytoplasm, that 
could be due to two aspects, one is TNKSi-
facilitated degradation in the cytoplasm and 
reduced the accumulation of proteins that will 
enter the nucleus in excess, the other is inhi- 
bitory effect of BETi on the transcriptional regu-
lation of CTNNB1 in the nucleus and inhibit  
the proteins synthesized by ribosomes in the 
cytoplasm. These regulations not only reduce 

β-Catenin entering the nucleus but also inhibit 
the oncogenes transcription in the nucleus.

In fact, we have done animal studies to test the 
synergistic effect of HJP-178 and G007-LK in 
vivo (Figure S2D and S2E). Unfortunately, the 
result showed that the combination could only 
slightly inhibit HCT-15 xenograft tumor growth, 
though G007-LK alone promoted the tumor 
growth, which was similarly reported in the  
previous literature [27]. We found that in the 
solvent formulations used in the literature, 
G007-LK had poor solubility and insoluble  
compounds were present. So we improved the 
solvent formula, and kept the G007-LK com-
pletely solved in the new solvent before admin-
istration though the undissolved compounds 
could still occur in a later time. After 21 days of 
intraperitoneal injection, we found that the 
tumor volume in the G007-LK group increased 
gradually with a growth inhibition rate (GI%) of 
-31.46%, and 5.05% body weight was lost  
compared with the vehicle group (Figure S2D 
and S2E). This suggests that certain toxicity 
has happened at 10 mg/kg G007-LK dosage, 
and there is no big room for dose optimization. 
Obviously, our solvent formulation improved  
the solubility of G007-LK and promoted its 
absorption and utilization compared with the 
dose used in the literature [27]. We also found 
that the similar promoting tumor growth effect 
of G007-LK was seen in HCT-15 model [27]. 
The discrepancy between cell and cell xeno-
graft results of G007-LK could be due to the 
metabolites or complicated microenvironment 
in vivo. Therefore, optimization of TNKSi is still 
very important for the antitumor treatment  
use. In our result, it is hopeful to see the com- 
bination treatment with BETi exert enhanced 
antitumor activity that GI% increased from 
7.77% in the HJP-178 group to 12.79% in the 
combination group. Although G007-LK alone 
promotes tumor growth, combination therapy 
still showed an overall suppressive effect on 
tumor growth, which compared with the GI% of 
the G007-LK group, P value is 0.053. It is 
believed that the development of novel TNKSi 
will lead to positive results in combination ther-
apy. In order to eliminate the chance caused  
by specific drugs and cell models, we selected 
the classical TNKSi XAV939 and tried it in the 
HCT-116 model. However, our data showed  
that XAV939 itself has not in vivo antitumor 
activity, and in contrast, it promoted tumor 
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growth again, which were directly reflected in 
the tumor weight (Figure S2F and S2G). As can 
be seen from the image (Figure S2H), there was 
no significant difference between the combina-
tion groups and the BETi monotherapy groups. 
From what have been discussed above, we 
believe that the optimization of TNKSi may be 
the key factor to solve the synergistic sensitiza-
tion effect in vivo at this stage.

In conclusion, our results reveal the synergistic 
sensitization effect of BETi and TNKSi firstly. 
Combination therapy of BETi and TNKSi can 
arrest cells at G1 phase, disrupt the cycle pro-
gression of tumor cells and inhibit cell pro- 
liferation. It also inhibits cell growth by promot-
ing the apoptosis induction. BETi and TNKSi do 
not interoperate with each other in the regula-
tion process of β-Catenin, but act on the mRNA 
level and the protein level of β-Catenin respec-
tively to inhibit its expression. Even though the 
opposite effect of G007-LK in vivo, this combi-
nation therapy still showed signs of synergism 
and sensitization, and provided a new opportu-
nity for CRCs.
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Figure S1. Validation of the combination effects on different cells and dif-
ferent treatment conditions. (A) Cell proliferation visualized by colony for-
mation assay in HCT-15 cells with combination treatments for seven days. 
Concentrations of OTX-015 and HJP-178 were 0.3125 μM. Concentrations 
of G007-LK and olaparib were 3.125 μM. (B) Cell cycle profile of HCT-116 
after treatment with 2 μM OTX-015, HJP-178, G007-LK, or indicated combi-
nations for 24 h. (C) The statistical results of (B). The cell cycle distribution 
data was calculated from three independent experiments and expressed 
as mean ± SD. (D) Cells were treated as described in (B), and the chang-
es of G1 cycle-related proteins were detected using Western blotting. (E) 
Apoptosis profile of SW480 cells was detected at 24 h, 36 h and 48 h after 
indicated combination treatments, and statistical analysis was performed 
in (F). (G) Apoptosis-related proteins were analysed using Western blotting. 
The relative pixel intensity of representative blot in Western blotting result 
was analyzed by Image J software and the vehicle group was normalized 
as one. All the experiments were repeated at least three times.
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Figure S2. Determination of the combination effects on different in-
hibitors and in vivo antitumor activity. A. BET and Tankyrases-related 
protein changes in SW480, the final concentration of all compounds 
were 1 μM and treated for 48 h. B. The final concentration of com-
pounds in SW480 was 10 μM and treated for 24 h. C. All compounds 
were at 1 μM for 24 h in HCT-15. D. The body weight (BW) of BALB/c 
nude mice bearing HCT-15 xenografts. E. The tumor volume of hu-
man HCT-15 xenografts in BALB/c nude mice after 21 days drug 
treatment. The P values represent the comparison of GI% between 
the corresponding groups. F. The body weight (BW) of BALB/c nude 
mice in HCT-116 model. G. After 21 days of administration, the cor-
responding weight of tumors in each groups. Data from each group 
were statistically analysed and presented as the mean ± SD. H. Pho-
tographs of OTX-015, HJP-178, and XAV939 monotherapy or combi-
nation therapy in HCT-116 xenograft.


