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Abstract Recently, the BRAF inhibitor (Encorafenib) in combination with Cetuximab and

mFOLFOX6 has been approved for the treatment of metastatic CRC (mCRC) patients with BRAF
V600E mutation in the first line. However, intrinsic resistance to BRAFi still limits its therapeutic efficacy,

and the clinical response is only ∼5%. One potential strategy to improve mCRC therapy is to combine

agents that target key cellular signaling pathways, which may yield synergistic antitumor efficacy and

overcome drug resistance. Herein, CDK9 inhibitors (CDK9i) were identified as candidate synergistic

agents through kinase library-based high-throughput screening (HTS) and RNA sequencing. CDK9i syn-

ergistically sensitizes the therapeutic efficacy of BRAFi (as well as inhibitors of well-known downstream

effector of BRAF, MEK and ERK) in multiple intrinsically resistant CRC models. Notably, CDK9i in

combination with BRAFi also resulted in an enhanced therapeutic response in chemo-resistant CRC cells

and PDOs. Taken together, CDK9 inhibition overcomes intrinsic resistance to BRAFi monotherapy, and

targeting CDK9-mediated transcriptional elongation appears to be a promising and tolerable sensitization

strategy for BRAFi-based treatment in mCRC, even in chemo-resistant mCRC.
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1. Introduction

Colorectal cancer (CRC) remains the second-leading cause of

cancer-related death in the world1. In the United States, it is

estimated that 154,270 new cases and 52,900 deaths occurred in

20252. Approximately 10% of CRC patients carry a BRAF mu-

tation and this type of CRC is more aggressive and has poorer

prognosis than other types3. Of note, BRAF mutation leads to a

lack of benefit from standard chemotherapy4,5. The V600E mu-

tation accounts for 95% of all BRAF mutations in CRC and is

associated with female sex, right-side primary tumor, mucinous

tumors, and increased metastasis6-8. Molecularly, BRAF V600E

mutation causes activation of BRAF signaling cascade through

BRAF monomer and in a RAS-independent manner9. Activation

of its downstream effectors, including MEK and ERK is particu-

larly strong10. Uncontrolled upregulation of downstream signaling

forms a high activating capacity of the MAPK pathway, further

increasing transcription of oncogenes and promoting tumor

cellular differentiation, proliferation, survival, and resistance to

apoptosis11.

Currently, Encorafenib, Vemurafenib and Dabrafenib are the

FDA-approved BRAFi for metastatic melanomas12; expectations

were high when BRAFi monotherapy was investigated in

BRAF V600E mutant mCRC. Unfortunately, there was a lack of

benefit and poor response to BRAFi alone in patients with BRAF
V600E CRC13. Molecularly, the activation of p-EGFR is responsible

for resistance to BRAFi monotherapy in mCRC14. This led to the

investigation and approval of the combination of Encorafenib

(BRAFi) and Cetuximab (EGFRi) for chemotherapy resistant

BRAF V600E mutant mCRC15. While the triplet combination of

Encorafenib, Cetuximab, and Binimetinib (MEKi) showed a

similar OS and PFS as the Encorafenib and Cetuximab doublet,

the triplet led to slightly higher rates of adverse events, leading to

approval of the doublet16,17. Most recently, the FDA approved

BRAFi (Encorafenib) in combination with Cetuximab and

mFOLFOX6 (Fluorouracil, Leucovorin, and Oxaliplatin) for the

treatment of patients with newly diagnosed BRAF V600E

mCRC18,19. However, a proportion of mCRC patients remain

intrinsically resistant to BRAFi, and some patients who initially

respond will subsequently acquire resistance to BRAFi during the

treatment. In the BREAKWATER study, nearly 50% of patients

progressed on Encorafenib plus Cetuximab and chemotherapy

within a year20. Due to intrinsic resistance to BRAFi, other BRAF

inhibitors such as Dabrafenib in combination with Trametinib is

not beneficial for refractory mCRC21.

Due to the pervasiveness of drug resistance, it is urgent to

discover novel agents for sensitizing BRAFi in mCRC. Therefore,

we conducted a high-throughput screen of a kinase library to

determine the best compounds to synergize with BRAFi. CDK9

was identified as a promising candidate target. CDK9, a global

regulator of transcription, impacts multiple oncogenic transcrip-

tional networks, and is a promising target in MYC-driven tumors,

such as CRC22. Hsu’s group23 identified that co-inhibition of

CDK2 and CDK9 can serve as a novel combinatorial therapy to

the treatment of CRC. In ongoing work in our lab, we found that

CDK9 inhibitors suppressed the transcription of several MAP

kinase signaling molecules. Given the promising therapeutic effect

of CDK9 inhibitors and mechanism of action, it is conceivable

that CDK9i in combination with BRAFi may lead to synergistic

antitumor activity against BRAF mutant mCRC. Therefore, the

combinational effect of BRAFi (Encorafenib and Dabrafenib) and

3 clinically promising CDK9i (AZD4573, NVP2, BAY1251152)

were investigated in in vitro and in vivo CRC models with pV600E

mutation.

2. Materials and methods

2.1. Chemicals and reagents

BRAF inhibitors (Encorafenib and Dabrafenib), 3 well-

characterized CDK9 inhibitors (AZD4573, NVP2, BAY-

1251152), MEK inhibitors (Binimetinib, Trametinib), ERK in-

hibitors (ASN007, Ravoxertinib), and the kinase library (Support-

ing Information Table S1) were purchased from MedChemExpress

LLC. CDK9 siRNA (h) (sc-29268) was purchased from Santa Cruz

(Dallas, TX). All other chemicals were obtained from Sigma—

Aldrich Chemical Co. (St. Louis, MO, USA).

2.2. Cell culture and cell lines

HCT116, RKO, LS513, SW1463, HT-29, Colo205, CCD-841

CoN cells were purchased from the American Type Culture

Collection (ATCC, Manassas, VA, USA). HCT116 BRAF

pV600E cells were obtained from GeneCopoeia, Inc., (Rockville,

MD, USA). RKO-5FUR10 cells were gifted from Drs. Schmitz

and Liu from UPMC Hillman Cancer Center24. All cells were

maintained in RPMI-1640 (ATCC, Manassas, VA) with 10% (v/v)

fetal bovine serum (FBS) (Gemini Bio-Products; Sacramento, CA,

USA) at 37 ◦C in a humidified incubator with 5% CO2. Cell lines

were authenticated by human STR profiling performed by the

Genomics Core at the Albert Einstein College of Medicine. Cells

were monitored every 2 months for the mycoplasma with Myco-

Sniff-Valid (MP Biomedicals, MP093050301; Lot ID:

U1124283604).

2.3. High-throughput screening (HTS)

RKO cells were seeded into black CELLSTAR� uCLEAR� 384-

well plates (Greiner, Monroe, NC, USA) at a density of 1000 cells/

well. The kinase inhibitors were re-suspended as 20 μmol/L stock

solutions, and 0.1 μL was dispensed into the 384-well plates using

a BRAVO liquid handler (Agilent, Santa Clara, CA, USA) in a

randomized plate layout to control for plate effects. All kinase

inhibitors were tested at 50 nmol/L with and without Encorafenib

(300 nmol/L). After 72 h, 20 μL of CellTiter-Glo reagent

(Promega #G9241) was added to each well. The 384-well plate

was placed in BioTek Cytation 5 (Agilent, Santa Clara, CA, USA),

followed by gentle mixing for 2 min, and luminescence was

measured using relative luminescence units (RLUs).
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Figure 1 RKO and HT-29 cells exhibit intrinsic resistance to BRAFi monotherapy. (A) The effect of BRAFi (Encorafenib and Dabrafenib) on

the growth of colon cancer cells, including Colo205, RKO, HT29 with BRAFV600E mutation, and HCT116, SW1463, LS513 with wild-type BRAF.

The CRC cells were treated with BRAFi for 72 h, and the cell viability was determined by MTS assay. (B) The efficacy of BRAFi in suppressing

the growth of BRAFV600E mutant CRC cells. Colo205, RKO, and HT-29 cells were seeded into 12 well plates and then exposed to BRAFi for 48 h.

The living cells were stained by crystal violet. (C) The cytotoxic effect of BRAFi on clonogenic growth. 400 cells/well were seeded into the 6-well

plates and then treated with BRAFi for 24 h. Fresh medium was exchanged every 3—4 days, and after 10—14 days the clones were stained by

crystal violet. (D, E) the therapeutic efficacy of BRAFi on blocking p-ERK signal. Colo205, RKO, and HT-29 cells were treated with BRAFi

alone with various dosing and timing, the p-ERK, ERK, and ß-actin were determined by immunoblot analysis. A representative image from 3

to 5 independent experiments is shown.
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Figure 2 CDK9 was discovered as a candidate target by using high-throughput screening. (A) Kinase library screening was performed by HTS.

(B) Network Cluster graph of the kinase library compared to the top hit compounds. Cluster nodes size based mean inhibition percentage in

library screen. Each pathway (green) and target (pink) (k � 0.7) compared to the top hit targets (blue) (k � 0.5). (C) CDK9 inhibitor is the most

potent candidate agent for enhancing the efficacy of BRAFi. (D, E) RNA-seq data showed that CDK9i suppresses the MAPK pathway, including

BRAF, MAPK3, MAP2K1, MAPK1, KRAS and EGFR. RKO cells were treated with NVP2 (30 nmol/L) for 24 h, and RNA-seq was performed. (F)

The protein expression level of CDK9 and phosphorylation (ser2) of RNA polymerase II in human CRC cell lines (HCT116, RKO, HT-29,
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2.4. Cell growth assay

Cell viability was determined by the MTS assay (Promega

#G5430). The CRC cells were plated in 96-well plates. On the

following day, cells were treated with various concentrations of

BRAFi (Enco or Dabr) for 72 h. The IC50 value of each compound

was calculated by GraphPad Prism 9.0 software. According to the

IC50 of a single drug, cells were treated with CDK9i in combi-

nation with BRAFi, MEKi and ERKi for 72 h, CalcuSyn software

(version 2.0, Biosoft, Cambridge, UK) was used to calculate the

combination index (CI).

Crystal violet staining assay: human CRC cells were seeded

into a 12-well plate at a density of 1.25 × 105 and then treated

with BRAFi and/or CDK9i for 48 h, the living cells were stained

with crystal violet. Clonogenic assay: human CRC cells were

seeded in 6-well plates at a density of 400 cells/well. On the

following day, cells were treated with various concentrations of

BRAFi for 24 h, the growth medium was replaced every 3—4

days. After 10—14 days, clones were fixed with crystal violet for

30 min, washed, and air-dried before counting clones >50 cells.

2.5. Apoptosis assay

As previously described25, RKO cells were treated with

Encorafenib/Dabrafenib (300 nmol/L) and/or NVP2 (30 nmol/L)

for 24 h. The apoptotic cells were determined by FITC Annexin V

Apoptosis Detection Kit (BD Biosciences; San Jose, CA, USA),

and analyzed on the Flow Cytometer (Cytek Aurora analytical

flow cytometer) at Flow Cytometry Core Facility of the Albert

Einstein College of Medicine.

2.6. Immunoblot analysis

Immunoblot analysis was performed as previously described26.

The detailed information of primary antibodies was listed in

Supporting Information Table S2. Signal intensities were quanti-

fied by using Image J software. Relative protein expression was

normalized by ß-actin or GAPDH expression.

2.7. Human colorectal cancer organoid culture

Human colon cancer organoid (BRAF V600E: #CK9677-ID-

624824-186-R; #CK7719-ID-282377-053-R; #CK8485-ID-

857933-349-R; #CK8911-ID-616215-338-R) was obtained from

NCI, and another CRC organoid (#CRC-22-007, BRAF WT;

#CRC-22-008, BRAF WT) was generated in our lab (Einstein

IRB# 2021-13730). The detailed information for CRC organoid

culture is listed in Supporting Information Table S3 and the

Supporting Information (methods).

2.8. Cell Titer-Glo 3D cell viability assay

According to our previous protocol26, the viability of the PDOs

were determined by CellTiter-Glo� 3D Reagent (Promega

G9683). Luminescence was detected by the FLUOstar Omega

microplate reader (BMG Labtech).

2.9. RNA sequencing

RKO cells were treated with CDK9i (NVP2 30 nmol/L), and the

total RNA was extracted using the Direct-zol RNA MiniPrep Kit

(Zymo Research, Cat #R2071). RNA concentration and purity

were evaluated using a NanoDrop 2000 (ThermoFisher). RNA

sequencing was performed by Novogene (Sacramento, CA, USA)

for analysis.

2.10. Reverse-phase protein array (RPPA)

As previously described25, RKO cells were treated with NVP2

(30 nmol/L) and/or Encorafenib (300 nmol/L) for 24 h, the cells

were harvested, and protein lysates were prepared. RPPA was

performed by the Functional Proteomics RPPA Core Facility at the

MD Anderson Cancer Center (Houston, TX, USA) for analysis.

2.11. RKO xenograft mice model

Animal experiments were approved by the Institutional Animal

Care and Use Committee at the Albert Einstein College of Med-

icine (protocol #00001618, approved on 1/5/2023). RKO cells

(5 × 106) were counted using trypan blue for viability, prepared as

single cell suspension in 0.2 mL of PBS, and implanted subcu-

taneously on the flank of athymic nude female mice (6—8 weeks).

Once tumor volume reached ∼100 mm3, mice were randomized

to 4 groups (5 mice/group): (1) Control (10% DMSO + 90% (20%

SBE-ß-CD in Saline)); (2) Encorafenib (10 mg/kg); (3) NVP2

(8 mg/kg); (4) Combination group. Tumor volume was calculated

according to Eq. (1):

Tumor volume � (L × W × W )/2 (1)

where L and W represent the length and width of the mice tumor.

Tumor volume and body weight were measured 3 times/week.

Animals were sacrificed on Day 20, 2 h after the last drug treat-

ment. Tumors were snap-frozen in liquid nitrogen and stored at

− 80 ◦C. IHC staining for TUNEL, Ki-67 and p-ERK were per-

formed in Albert Einstein Histology and Comparative Pathology

core, and the Ki-67 positive percentage was calculated by image J.

2.12. Patient-derived xenograft

PDX tissue (#MA1119-ID-624824-186-R, BRAF V600E;

#CM0050-ID-234829-215-T, BRAF WT) was obtained from the

NCI Patient-Derived Models Repository (PDMR). According to

NCI protocol, the tumor tissues were implanted into NOD-SCID

mice (6—8 weeks). Using passage 3, the PDX tumor tissues

were harvested and expanded. When the tumor size reached

200—300 mm3, the mice were divided into 4 groups, including (1)

Control group; (2) NVP2 (8 mg/kg); (3) Encorafenib (10 mg/kg);

Colo205, LS513, LS174T and CCD841 cells) were determined by immunoblot analysis. (G) The perturbation effect of CDK9 inhibition on the

proliferation of human CRC cells. (H) The effect of CDK9i on clonogenic growth. 400 cells/well were seeded into the 6-well plate, and then

treated with CDK9i (AZD4573, NVP2 and BAY) for 24 h. After 10—14 days, clones (>50 cells) were fixed, stained by crystal violet, and

manually counted. A representative of 3—5 experiments is shown. (I) Effect CDK9i on the growth of CRC cells. RKO, HT-29 and Colo205 cells

were treated with CDK9i for 72 h, cell viability was determined by MTS assay, and the IC50 was calculated by GraphPad Prism 9.0 software.

Values represent the mean ± SD from 3 to 5 independent experiments.
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Figure 3 The synergistic effect of CDK9i in combination with BRAFi, MEKi and ERKi in intrinsically resistant CRC cells. (A) The synergistic

effect of CDK9i and BRAFi on the proliferation of BRAFV600E mutant human CRC cells. RKO and HT-29 cells were treated with CDK9 inhibitors

(AZD4573, 10 nmol/L; NVP2, 30 nmol/L; BAY, 100 nmol/L) and/or BRAFi (Encorafenib; Dabrafenib, 300 nmol/L) for 48 h, then the living cells

were stained by crystal violet. A representative of 3—5 experiments is shown. (B) Knock-in of BRAFV600E restores the synergistic effect of CDK9i

and BRAFi on the growth of HCT116 cells. HCT116 cells with BRAFV600E mutation and parental cells were seeded in 12-well plate and treated

with CDK9i and/or BRAFi for 48 h, and the living cells were stained by crystal violet, with a representative of 3—5 experiments shown. (C) The

synergistic effect of CDK9i and BRAFi on the growth of BRAFV600E mutant human CRC cells. RKO or HT-29 cells were seeded in 96-well plates

and then treated with different concentrations of CDK9i (NVP2, AZD4573, BAY) and/or BRAFi for 72 h. Cell growth was determined by the

MTS assay. (D) Data from 3 to 5 independent experiments were used to calculate the Combination Index (CI) according to the Chou-Talalay

method. (E, F) CDK9i enhances the efficacy of BRAFi on inducing apoptosis. RKO cells were exposed to CDK9i and/or BRAFi for 24 h,

the apoptotic cells were measured by flow cytometry. (G) RKO cells were treated with CDK9i and/or BRAFi for 24 h, the cleaved PARP were
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(4) NVP2+Encorafenib. Tumor volumes and body weight were

monitored 3 times/week. Mice bearing #MA1119 tumor of the

control group were sacrificed on Day 13, and other mice were

sacrificed on Day 20, 2 h after the last drug treatment. Tumors

were snap-frozen in liquid nitrogen and stored at − 80 ◦C. IHC

staining for TUNEL, Ki-67 and p-S6 were performed in Albert

Einstein Histology and Comparative Pathology core. Tumor tis-

sues were used for immunoblot analysis. Mice bearing BRAF WT

(CM0050) tumors were treated with NVP2 and/or Encorafenib for

30 days. The tumor size and body weights were monitored every

other day.

2.13. Statistical analysis

All experimental data are presented as mean ± standard deviation

(SD). Statistical analysis was performed using SPSS software

(Version 16.0). The Student’s t-test (two-tailed) was used for two

group comparisons. One-way ANOVA with Tukey’s HSD post hoc

test was used for comparisons between groups of more than two

unpaired values. P < 0.05 was considered statistically significant.

3. Results

3.1. RKO and HT-29 cells exhibit intrinsic resistance to BRAFi

monotherapy

To compare the sensitivity and selectivity of BRAFi against

human CRC cells, 3 CRC cells with BRAF V600E (Colo205, RKO,

HT-29 cells) and 3 CRC cells with wild-type BRAF (LS513,

HCT116 and SW1463 cells) were used to determine the cyto-

toxicity of Encorafenib and Dabrafenib. As shown in Fig. 1A and

Supporting Information Table S4, Colo205 cells exhibit more

sensitive to BRAFi than RKO and HT-29 cells. The IC50 of

BRAFi alone in Colo205 cells is approximately 1 nmol/L; while

the IC50 of BRAFi in RKO and HT-29 cells is 300—400-fold

higher than that in Colo205 cells (RKO � 309.8 ± 12.4 nmol/L;

HT-29 � 398.1 ± 9.8 nmol/L); this result suggests that RKO and

HT-29 cells harbor intrinsic resistance to BRAFi. Meanwhile, the

IC50 value of BRAF wild-type CRC cells is over 10,000 nmol/L,

showing that the BRAFi were selective against BRAF V600E

mutant CRC cells. We further confirmed the sensitivity of BRAFi

in Colo205, RKO, and HT-29 cells by using crystal violet assay.

As shown in Fig. 1B, 1—3 nmol/L of BRAFi significantly sup-

pressed the growth of Colo205 cells. Of note, 10,000 nmol/L of

BRAFi could not fully suppress the growth of RKO and HT-

29 cells. In addition to the MTS and crystal violet assay, colony

formation assay was performed to validate the sensitivity of

BRAFi in these CRC cells. As seen in Fig. 1C, Colo205 clone

formation was significantly reduced as compared to RKO and HT-

29 cells, which is consistent with their relative IC50 and cell

survival result. Given that p-ERK is the key downstream effector

of BRAFi, the ability of BRAFi to inhibit p-ERK in CRC cells can

be related to their sensitivity. Consistently, BRAFi alone potently

and continuously suppressed the activation of ERK in

Colo205 cells. 10 nmol/L of BRAFi almost completely blocked

the p-ERK signal (Fig. 1D and E). In contrast, ∼50% of p-ERK

was suppressed by 1000 nmol/L of BRAFi in RKO and HT-

29 cells. Meanwhile, the feedback activation of ERK was

observed in RKO cells after 6 h of exposure to BRAFi. Thus,

BRAFi alone could not effectively or durably turn off p-ERK in

RKO and HT-29 cells. Restoration of p-ERK signal during long-

term BRAFi exposure could be responsible for the intrinsic

resistance against BRAFi.

3.2. CDK9 was discovered as a candidate target by using high-

throughput screening

The rational combination strategy is a promising approach to

improve the efficacy of BRAFi and overcome drug resistance.

Thus, high-throughput screening (HTS) of the kinase inhibitor

library was used for the discovery of candidate agents overcoming

BRAFi intrinsic resistance. In total, over 300 kinase inhibitors

alone or in combination with BRAFi (Encorafenib) were screened

(Fig. 2A). In addition to the expected finding of EGFRi, FGFR2i,

and ERKi, CDK9i exhibited the strongest synergistic effect in

combination with BRAFi (Fig. 2B). The inhibitory rate of this

combination on cell growth reached ∼98% (Fig. 2C). CDK9 is a

global regulator of transcriptional elongation and a key node in

multiple oncogenic transcriptional networks, making it a prom-

ising target in a variety of transcriptionally addicted cancers,

especially in MYC-driven tumors such as CRC. CDK9, a Ser/Thr

kinase, belongs to the family member of CDKs (Supporting In-

formation Fig. S1). RNA sequencing data suggests that CDK9i

suppressed the MAPK pathway (P � 0.00129), including BRAF,

MAPK3, MAP2K1, MAPK1, KRAS and EGFR (Fig. 2D and E). In

human CRC cells, the mRNA level of CDK9 is widely expressed

(Supporting Information Fig. S2). The protein expression level of

CDK9 and phosphorylation (ser2) of RNA polymerase II in CRC

cells is much higher than that in normal human colon epithelial

cells (Fig. 2F). Moreover, the perturbation effect of CDK9 leads to

suppression of CRC cell growth (the score<− 1; Fig. 2G).

Notably, 3 well-characterized CDK9i significantly reduced the

clone number of RKO cells (Fig. 2H). In addition to colony for-

mation suppression, the MTS cell growth assay showed that the

CDK9i had potent cytotoxicity at low nmol/L level (AZD

[∼10 nmol/L]>NVP2 [∼30 nmol/L]> BAY [∼100 nmol/L], in

Fig. 2I). Overall, CDK9i appear to be promising therapies for

BRAF V600E mutant CRC.

3.3. The synergistic effect of CDK9i and BRAFi in intrinsic

resistance CRC cells

Our kinase inhibitor HTS and RNA-seq data suggested that

CDK9i could sensitize intrinsically BRAFi-resistant CRC cells.

To test the potential synergy between CDK9i and BRAFi, RKO or

HT-29 cells were incubated with CDK9i and/or BRAFi for 48 h,

and the living cells were stained by crystal violet. As shown in

Fig. 3A. CDK9i in combination with BRAFi led to a stronger

determined by immunoblot analysis. (H) CDK9 knockdown enhance the effect of BRAFi on inducing cleaved PARP. (I) BRAFV600E knock-in

restore the synergistic effect of CDK9i and BRAFi on inducing programmed cell death. (J) Non-cytotoxic effect of CDK9i and/or BRAFi on

the growth of normal human colon epithelial cells. (K, L) CDK9i enhanced the efficacy of MEKi and ERKi. RKO cells were treated with CDK9i

and/or MEKi (Binimetinib or Trametinib)/ERKi (ASN007 or Ravo) for 72 h, the cell growth was determined by MTS assay. The cells were treated

with CDK9i and/or MEKi/ERKi for 24 h, then cleaved PARP and ß-actin were determined by immunoblot analysis. Values in the graph represent

the mean ± SD from 3 to 5 independent experiments. **P < 0.01, vs. control.
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Figure 4 CDK9i synergistically blocked multiple cancer signaling pathways and enhanced the therapeutic response of BRAFi. (A) The down-

regulated target proteins in the cancer signaling network after treatment with CDK9i and BRAFi. RKO cells were treated with NVP2 (30 nmol/L)

and/or Encorafenib (300 nmol/L) for 24 h, then cell lysis was performed for RPPA analysis. (B) The up-regulated target proteins in cancer

signaling network after exposure to CDK9i in combination with BRAFi. (C) The effect of this combination on the alteration biological processes

in human cancer. (D) The synergistic effect of CDK9i and BRAFi on inhibition of BRAF/MEK/ERK/S6 pathway. (E—G) CDK9i enhances the

efficacy of BRAFi on blocking p-ERK/p-S6 and inducing cleaved PARP. (H) The synergistic effect of CDK9i and BRAFi on suppression of AKT/

mTOR/4 EB-P1 pathway. (I) CDK9i enhances the effect of BRAFi on mitochondria-mediated cellular apoptosis in intrinsic resistance CRC cells.

(J) Signaling pathways altered by the combination of CDK9i and BRAFi (Created in BioRender. Wei, N (2026) https://BioRender.com/m2l5b57).
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cytotoxic effect than single agent alone. This suggests that there is

a potent synergistic effect of CDK9i and BRAFi. To confirm that

the synergy of this combination is associated with BRAF mutant

status, the parental HCT116 BRAF WT cells were genetically

edited by using CRISPR-Cas9 to knock-in mutant BRAF V600E

(Supporting Information Fig. S3). The synergistic effect of this

combination was only observed in HCT116 BRAF V600E cells, but

not in the parental cells (Fig. 3B). In addition to the cell survival

assay, the synergistic effect of CDK9i and BRAFi on the growth of

RKO or HT-29 cells was determined by MTS assay and the

combination index (CI) was calculated by Chou-Talalay method.

As seen in Fig. 3C and D, Supporting Information Figs. S4—S6,

CDK9i (AZD4573, NVP2 and BAY) significantly sensitized the

efficacy of BRAFi (Encorafenib and Dabrafenib), and had a strong

synergy CI value (<0.5)27. To further quantify the cytotoxic effect

of this combination, induction of early and late apoptotic cells by

treatment of CDK9i (NVP2) and BRAFi (Encorafenib and Dab-

rafenib) was determined by flow cytometry. CDK9i markedly

enhanced the efficacy of BRAFi on inducing apoptotic cells

(Fig. 3E and F, Supporting Information Fig. S7). Cleaved PARP is

an early marker of cells undergoing apoptosis. Consistently, the

co-treatment of CDK9i and BRAFi yields a greater effect on the

elevation of cleaved PARP in both RKO and HT-29 cells (Fig. 3G

and Supporting Information Fig. S8). To genetically validate

CDK9 inhibition as a sensitizer to BRAFi, the knock-down of

CDK9 using siRNA significantly enhances the effect of BRAFi on

the induction of cleaved PARP (Fig. 3H). Conversely, we also

compared the effect of CDK9i plus BRAFi on inducing apoptosis

in BRAF V600E HCT116 cells versus HCT116 BRAF WT parental

cells. Consistent with our cell survival assay, the synergetic in-

crease of cleaved PARP was only shown in the BRAF mutant

HCT116 cells and not in the BRAF WT cells (Fig. 3I). Given the

enhanced cytotoxic effect of this combination in CRC cells, the

toxic effect of CDK9i and/or BRAFi on the growth of normal

human colon epithelial cells was investigated. As seen in Fig. 3J,

after 7 days of treatment, CDK9i and BRAFi alone or in combi-

nation did not affect the growth of the CCD-841 cells. MEK and

ERK kinases are key downstream effectors of BRAF kinase, and it

is possible that CDK9i could also enhance the efficacy of MEKi/

ERKi. With this in mind, we investigated the combination of

CDK9i with Binimetinib, Trametinib (MEKi); ASN007, or Ravo

(ERKi) in BRAF pV600E RKO cells. As seen in Fig. 3K and L,

CDK9i significantly enhanced the cytotoxic effect of MEKi and

ERKi, and sensitized the ability of MEKi/ERKi on inducing

cleaved PARP. Meanwhile, the BRAFi in combination with MEKi

were used as a positive control, and a strong synergistic effect of

this drug combination on the growth of RKO cells was shown

(Supporting Information Fig. S9). These results suggest that

CDK9i synergistically improved the therapeutic efficacy of

BRAFi, MEKi and ERKi in CRC models.

3.4. CDK9i synergistically blocked multiple cancer signaling

pathways and enhanced the therapeutic response to BRAFi

To clarify the synergistic mechanisms of CDK9i and BRAFi,

approximately 500 cancer-related target proteins were screened by

RPPA. As shown in Fig. 4A and B, 56 target proteins were

significantly altered (cut-off value set at ∼30%), including 26

target proteins that were down-regulated and 30 target proteins

that were up-regulated. These altered targets are involved in

multiple cellular biological processes, such as translation initiation

and negative regulation of gene expression (Fig. 4C). Moreover,

CDK9i synergistically blocked multiple cancer survival signaling

pathways and enhanced mitochondria-mediated apoptosis path-

ways. Of note, MEK/ERK/S6; PI3K/AKT/mTOR/4E-BP1; BCL2

family members and Caspase-3/7 were significantly suppressed by

co-treatment. To validate the synergistic effect of this combination

on RAF/MEK/ERK/S6 pathway, RKO cells were treated with

CDK9i and BRAFi for 24 h, and the changes in target proteins

were determined by immunoblot analysis. The activation of

BRAF, MEK, ERK, and S6 were synergistically suppressed by this

drug combination, validating our RPPA data (Fig. 4D). Further-

more, the CDK9i effectively enhances the ability of BRAFi to

block p-ERK and induce cleaved PARP (Fig. 4E—G). In addition

to BRAF/MEK/ERK/S6 pathway, PI3K/AKT/mTOR/4E-BP1

pathway was also synergistically suppressed, as shown through

decreased p-AKT, p-mTOR and p-4E-BP1 (Fig. 4H). Finally, this

drug combination resulted in a greater effect on inducing

apoptosis, leading to reductions in the anti-apoptosis proteins

MCL1, BCL-2, Bcl-xL and survivin, while the pro-apoptosis

proteins BAX and active caspase3 were elevated (Fig. 4I and

Supporting Information Fig. S10). Taken together, CDK9i

significantly enhances the efficacy of BRAFi through inhibition of

RAF/MEK/ERK/S6 and AKT/mTOR/4E-BP1 pathways in BRAF
V600E mutant CRC (Fig. 4J).

3.5. CDK9i enhances the efficacy of BRAFi in CRC PDO with

BRAFV600E mutant, but not in BRAF WT PDO

To accelerate the translational investigation of the combination of

CDK9i and BRAFi, and to validate the synergistic therapeutic

efficacy in clinically relevant CRC models, CRC patient-derived

organoids (PDOs) were treated with CDK9i and/or BRAFi,

including 4 BRAF V600E mutant PDOs (CK9677; CK7719;

CK8485; CK8911) and 3 wild-type BRAF (CRC-22-008; CRC-

22-007; CK10278) PDOs. Using CK9677, a BRAF V600E mutant

PDO, Ki-67 (cell proliferation marker), active caspase3 (apoptosis

biomarker) and p-ERK (key downstream effector for BRAFi)

were measured by IHC staining. As shown in Fig. 5A, the CDK9i

in combination with BRAFi resulted in a decrease of Ki-67 and p-

ERK positive staining, along with an increase of active caspase3

staining. The Ki-67 positive staining in drug combination was

reduced to 15.5%, as compared to the control (50.8%). The p-ERK

signal was markedly decreased (49.5% in control vs. 3.7% in

combination). Moreover, the active caspase-3 positive stanning

was synergistically induced by the NVP2 in combination with

Encorafenib (NVP2 � 27.1% vs. Encorafenib � 10.2% vs.

Combination � 55.7%). The size of PDOs in the combination

group are smaller than CDK9i or BRAFi alone. To quantify the

synergy between CDK9i and BRAFi, PDO viability was deter-

mined by CellTiter Glo 3D. CDK9i (NVP2) or BRAFi (Encor-

afenib) alone exerts a moderate cytotoxic effect on the growth of

The combination of CDK9i and BRAFi leads to synergistic inhibition of oncogenic signaling pathways, including BRAF/MEK/ERK/S6, AKT/

mTOR/4E-BP1, and induction of mitochondria-mediated apoptosis. All protein expression levels of targets were determined by immunoblot

analysis. A representative image from 3 to 5 independent experiments is shown. Values in the graph represent the mean ± SD from 3 to 5 in-

dependent experiments. ***P < 0.001 vs. control.
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Figure 5 Synergistic effect of CDK9i and BRAFi on the growth of CRC PDOs with BRAF V600E mutation, but not BRAF wild type PDOs. (A)

IHC staining of PDO CK9677, including Ki-67, cleave caspase-3, and p-ERK. Scale bar: 100 μm. (B) The synergistic effect of CDK9i and/or

BRAFi on the growth of CRC PDO CK9677. CK9677 (BRAFV600E) PDO were treated with NVP2 and/or Encorafenib for 7 days. PDO viability

was determined using CellTiter Glo 3D assay; (C) The combination index was calculated by using the Chou-Talalay method. (D) The synergistic
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PDO CK9677, while the co-treatment with CDK9i and BRAFi

yielded a stronger cytotoxicity than any single treatment

(Fig. 5B). According to the Chou-Talalay method, the combina-

tion of CDK9i (30, 60 nmol/L) and BRAFi (300, 600 nmol/L) had

a strong synergy (CI < 0.5, Fig. 5C). To further investigate this

combination on the alteration of cancer signaling networks, the

expression of cleaved PARP, p-ERK, CDK9, c-MYC and Bcl-xL

were determined by immunoblot analysis (Fig. 5D). Consistent

with our RPPA result, CDK9i in combination with BRAFi syn-

ergistically inhibited p-ERK, c-MYC, Bcl-xL, and enhanced the

expression of PARP cleavage. To enhance the rigor of our findings

in additional patient-derived models, 3 more BRAFV600E mutant

PDOs (CK7719; CK8485; CK8911) as well as 3 wild-type BRAF

(CRC-22-008; CRC-22-007; CK10278) PDOs were used. As seen

in Fig. 5E and Supporting Information Fig. S11, the synergistic

effect between CDK9i and BRAFi was observed in BRAFV600E

mutant PDOs, while there is non-synergy of this drug combination

in BRAF wild-type PDOs. Taken together, our results demon-

strated that CDK9i synergistically suppressed BRAF/MEK/ERK

signaling and induced apoptosis in BRAF V600E mutant CRC

PDOs.

3.6. CDK9i sensitizes the in vivo therapeutic efficacy of BRAFi

in RKO-xenograft and PDX with BRAFV600E

Given the potent synergistic effect of CDK9i and BRAFi in CRC

cells and PDOs, the efficacy of CDK9i and/or BRAFi was further

investigated in RKO xenograft and BRAFV600E mutant PDX mice

models. As seen in Fig. 6A and B, the monotherapy treatment with

BRAFi (Encorafenib 10 mg/kg) did not significantly suppress

tumor growth (P � 0.13), while monotherapy CDK9i (8 mg/kg)

alone only led to weak antitumor activity as compared to the

control group. Of note, the co-administration of CDK9i and

BRAFi resulted in a significant reduction of tumor volume (78%,

P < 0.001) and tumor weight (Fig. 6C). No significant change in

mice body weight was observed, even in the combination group

(Fig. 6D). Ki-67 and TUNEL were used as biomarkers of prolif-

eration and apoptosis, respectively. Co-treatment with CDK9i and

BRAFi resulted in a greater reduction in Ki-67 expression than

any single treatment (Fig. 6E and F). Meanwhile, CDK9i in

combination with BRAFi resulted in significantly increased

TUNEL-positive staining. Moreover, expression levels of p-ERK

were measured. We observed an enhanced inhibition of p-ERK

expression in the combination group, which correlated with our

in vitro results.

To test the antitumor activity in a clinically relevant model

in vivo, a BRAF V600E mutant PDX was used to investigate the

therapeutic efficacy of this combination. On Day 13, the tumor

volume of the control group reached ∼2000 mm3, and the tumor

volume of CDK9i (NVP2 8 mg/kg) and BRAFi (Encorafenib

10 mg/kg) groups were decreased by 40.4% and 28.0%, respec-

tively, as compared to control. Moreover, the tumor volume of the

combination group was markedly reduced by 73.9% (P < 0.001).

The mice in the CDK9i, BRAFi, and combination groups were

continually treated for one more week, during which the co-

treatment with CDK9i and BRAFi exerted a more synergistic

antitumor activity as compared to the single agent treatments

(Fig. 6G). As with the RKO xenograft, there were no significant

body weight changes in all treatment groups (Fig. 6H). The

therapeutic response to drug treatment within PDX tumors was

also measured. As seen in Fig. 6I and J, the combination of CDK9i

and BRAFi synergistically blocked the p-ERK signal which is

consistent with our in vitro and PDO results. MCL-1 and c-MYC

were significantly suppressed by the co-treatment of CDK9i and

BRAFi. In addition, PDX tumors were examined for biomarkers

of growth and apoptosis, including Ki-67, TUNEL and p-S6. The

combination of CDK9i and BRAFi resulted in a significant

reduction of Ki-67 and p-S6 expression and an increase of

TUNEL positive staining (Fig. 6K and L). These results are

consistent with data from our CDX and PDO models. Overall, our

study showed synergy between BRAFi and CDK9i in multiple

in vivo models of CRC including a clinically relevant PDX,

consistent with our in vitro results. In addition, the efficacy of

CDK9i and BRAFi on the growth of a BRAF WT PDX was

evaluated. Although CDK9i exhibited modest antitumor activity

(tumor size reduced by 36.0%), there was no additional anti-tumor

effect from combining with BRAFi (Fig. 6M and N, CDK9i vs.

CDK9i + BRAFi, P > 0.05).

3.7. CDK9i in combination with BRAFi exerts synergistic effect

and enhanced therapeutic response in chemoresistant CRC

Most recently, BRAFi (Encorafenib) in combination with Cetux-

imab and mFOLFOX6 has been approved for the treatment of

mCRC patients with BRAFV600E in the first line, based on results

from the BREAKWATER trial (NCT04607421)28. Unfortunately,

chemoresistance remains an obstacle for the treatment of mCRC.

To address this, we examined the therapeutic efficacy of BRAFi in

combination with CDK9i in a chemoresistant CRC model (RKO-

5FUR10). As seen Fig. 7A and B, The RKO-5FUR10 cells

exhibited 5-FU-resistant phenotype, as compared to the parental

cells. Moreover, the efficacy of chemotherapy (FOLFOX) in

combination with BRAFi were investigated in RKO and RKO-

5FUR10 cells. The synergistic effect of FOLFOX and BRAFi

was only observed in RKO cells, but not RKO-5FUR10 cells

(Fig. 7C). Our results suggest that RKO-5FUR10 cells are resis-

tant to the combination of chemotherapy and BRAFi. Of note,

CDK9i in combination with BRAFi resulted in a strong syner-

gistic effect (CI < 0.5) on the growth of chemo-resistant CRC

cells (Fig. 7D—F). We observed a similar effect on cancer

signaling pathways after CDK9i and BRAFi treatment in chemo-

resistant CRC cells as compared to chemo-sensitive cells. This

drug combination significantly suppressed the BRAF/MEK/ERK/

S6 and AKT/mTOR/4E-BP1 pathways, inhibited downstream ef-

fectors (c-MYC, MCL-1) of CDK9 and pro-apoptotic BCL2

members, and enhanced PARP cleavage, cleaved caspase-3 and

BAX in RKO-5FUR10 cells (Fig. 7G and H). In addition to the

chemoresistant CRC cells, a 5-FU-resistant CRC PDO (CK7719,

Fig. 7I) was used to evaluate the combination of CDK9i and

BRAFi. As seen in Fig. 7J, CDK9i significantly enhanced the

effect of CDK9i and BRAFi on suppressing p-ERK/p-S6 and C-Myc, inducing cleaved PARP in PDO. (E) Therapeutic response to the CDK9i in

combination with BRAFi in multiple PDOs, including BRAFV600E (CK7719, CK8485, CK8911); BRAF WT (CRC-22-008 and CK10278). The

organoids were exposed to CDK9i and/BRAFi for 5 days, and images were shown at Day 0 and Day 5; After 7 days treatment, the growth of

PDOs were determined using CellTiter Glo 3D assay. Values in the graph represent the mean ± SD from 3 to 5 independent experiments.

*P<0.05, **P < 0.01; N.S. (not significant) NVP2 vs. Combination; # means CI > 2.
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Figure 6 CDK9i sensitizes the in vivo therapeutic efficacy of BRAFi in RKO-xenograft and PDX with BRAFV600E. The synergistic effect of

Encorafenib and NVP2 on tumor growth. Athymic nude mice bearing RKO tumor xenografts were administered 5 daily/week vehicle control,

Encorafenib (10 mg/kg), NVP2 (8 mg/kg), and combination orally for 3 weeks (5 mice per group). (A, D) Tumor volume and body weight were

measured 3 times per week. (B) The image of excised tumor and tumor weights (C) after treatment with CDK9i and/or BRAFi. (E, F) Tumors

were fixed in formalin and paraffin-embedded. Slides were stained for Ki-67, TUNEL and p-ERK; NOD-SCID mice bearing BRAFV600E mutant

PDX model. After tumor size reached ∼300 mm3, the mice were treated with vehicle control, NPV2 and/or Encoranfenib orally for 5 days/week

for 20 days (5 mice/group). (G) Tumor volume and body weight (H) were monitored 3 times per week; (I, J) protein expression in BRAFV600E
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effect of BRAFi on suppressing p-ERK. Overall, our results

suggest that the synergistic effect between CDK9i and BRAFi

might function even in chemo-resistant CRC patients.

4. Discussion

Due to intrinsic resistance, the therapeutic efficacy of BRAFi in

mCRC patients with mutant BRAF V600E is often limited, and the

clinical response to BRAFi monotherapy is only ∼5%29. Of note,

the molecular mechanism of BRAF V600E mutant mCRC is more

complex than melanoma. In CRC, BRAFi causes an initial sup-

pression of MAPK signaling which leads to a reduction of ERK-

mediated negative feedback30. These biological events impact the

several upstream pathways, including RTK-mediated RAS acti-

vation and the recruitment of other RAF kinases (CRAF), which

all contribute to paradoxical activation of the MAPK pathways in

mCRC31-33. In particular, BRAFi results in a rapid feedback

activation of EGFR, a dominant RTK in colon cancer. Re-

activation of ERK through EGFR-mediated activation of RAS

and CRAF has been found to maintain tumor growth in the

presence of BRAFi14,34. CDC25C has also been identified as

playing a key role in the activation of EGFR34. Since enhanced

EGFR signaling is responsible for resistance to BRAFi mono-

therapy, blockade of EGFR exhibited strong synergy in combi-

nation with BRAFi in BRAF mutant CRC models. Based on this

resistance mechanism, the FDA approved Encorafenib (BRAFi) in

combination with Cetuximab (EGFRi) for mCRC with BRAFV600E

mutation5. More recently, on December 20th, 2024, the FDA

granted accelerated approval to Encorafenib plus Cetuximab and

mFOLFOX6 for the first-line treatment of patients with

BRAFV600E mutant mCRC28. While these recent approvals are

promising in bringing targeted therapies to patients in earlier lines

of treatment, they also highlight the fact that durability and drug

resistance remain a significant issue for BRAFV600E mutant CRC.

For example, the median PFS for patients who received Encor-

afenib plus Cetuximab and mFOLFOX6 in the BREAKWATER

study was 12.8 months20. While this PFS is a significant

improvement over the previous standard of care (7.1 months), the

finding also suggests that nearly half of mCRC patients with

BRAFV600E who receive the most up-to-date regimen will be

resistant to both BRAFi and chemotherapy within a year of

starting treatment. Thus, there is ample unmet need for novel

therapies that can overcome either de novo or acquired therapeutic

resistance.

In this study, we aimed to discover novel agents/targets that

can sensitize the therapeutic response of BRAFi in intrinsically

resistant mCRC. We utilized HT-29 and RKO cell lines due to

their intrinsic resistance to BRAFi therapy (Fig. 1A—C). The

mechanisms of clinical resistance to BRAFi therapies in CRC

have been heterogeneous, but generally involve genomic or pro-

teomic changes that maintain active MAPK signaling35. Our re-

sults indicate that HT-29 and RKO recapitulate this general

mechanism of resistance quite well, since p-ERK signaling was

poorly inhibited by BRAFi’s in these two cell lines as compared to

Colo205 (Fig. 2D and E). CDK9 inhibitors were identified as top

candidate agents using phenotypic HTS of a kinase inhibitor li-

brary. CDK9 is now emerging as a potential therapeutic target for

cancers36, with approximately 20 CDK9 inhibitors entering

various stages of clinical trials, such as AZD4573, NVP2,

BAY1251152, KB-0742, Zotiraciclib, etc37-41. In addition, high-

level expression of CDK9 was correlated with tumorigenesis

and poor clinical outcomes22, including in mCRC. Consistently,

the protein expression level of CDK9 in human CRC cells is much

higher than that in normal human epithelial colon cells (Fig. 2F).

Using the TCGA database of human CRCs, there is no significant

difference of CDK9 mRNA expression in CRC patients with

wildtype BRAF and mutant BRAF (P � 0.4808). Of note, CPTAC

(Clinical Proteomic Tumor Analysis Consortium) analysis

demonstrated that CDK9 protein expression in BRAF V600E

mutant CRC patient is higher than that in CRC patients with

wildtype BRAF (P � 0.0003, Supporting Information Fig. S12).

Previous studies showed that CDK9/Src kinase interplay contrib-

utes to ERK phosphorylation. Meanwhile, our RNA-seq data

suggest that CDK9i down-regulated MAPK signaling. It is known

that feedback activation of ERK leads to poor response to

Vemurafenib14. CDK9, a core subunit of P-TEFb (positive tran-

scription elongation factor b), regulates transcriptional elongation

by releasing RNA polymerase II from promoter-proximal pausing,

with diverse downstream targets, meaning that CDK9i may be

uniquely capable of suppressing multiple important cancer driver

pathways. With this in mind, we examined the synergistic effect of

CDK9i and BRAFi on the p-ERK signal42. CDK9i can signifi-

cantly enhance the efficacy of BRAFi on long-term suppression of

p-ERK in CRC cells, PDOs, and PDX with BRAFV600E mutation.

In addition, genetic alterations in the PI3K/AKT have been

associated with cancer intrinsic resistance. PI3K/AKT is usually

much more activated in mCRC, as compared to melanoma43. In a

phase II trial conducted with BRAFi (Dabrafenib) and MEKi

(Trametinib), one case achieved a complete response among five

patients with PI3KCA mutations. The combination of Encor-

afenib, Cetuximab, and Alpelisib has shown clinical benefit in

BRAF-mutant mCRC44. Our RPPA data showed that the combi-

nation of CDK9i and BRAFi also suppressed the AKT/mTOR/4E-

BP1 pathway. Thus, CDK9i in combination with BRAFi syner-

gistically suppressed two critical cancer driver pathways, and the

potential feedback activation of ERK was significantly blocked.

CDK9, as a promoter of transcriptional elongation, also regulates

the expression of anti-apoptotic BCL-2 members (BCL-2, MCL-1,

and BCL-XL)45. In response to apoptosis, CDK9 also promotes

the expression and/or activity of oncogenic transcription factors

such as c-MYC46. Herein, the combination of CDK9i and BRAFi

yielded a stronger reduction of MCL-1, BCL-2, BCL-XL, and c-

MYC as compared to monotherapy. Overall, our findings suggest

that CDK9 inhibition in CRC causes widespread transcriptional

suppression that impacts multiple oncogenic pathways, consistent

with studies in other tumors47-49. However, we herein characterize

a unique, synergistic relationship between CDK9 inhibition and

MAPK pathway inhibition in CRC, nominating a novel combi-

nation treatment approach. This might be due to the overall

PDX was determined after 20 days of CDK9i and/or BRAFi treatment. Tumors were harvested 2 h after the last dose. (K, L) Tumors were fixed in

formalin and paraffin-embedded. Slides were stained for Ki-67, TUNEL and p-S6. Scale bar: 50 μm; After tumor size reached ∼200 mm3, the

mice bearing BRAF WT CRC tumor (CM0050) were treated with vehicle control, NPV2 and/or Encorafenib orally 5 days/week for 30 days. (M)

Tumor size and (N) body weight of PDX mice were monitored; Values in the graph represent the mean ± SD. ***P < 0.001 CDK9i (NVP2) vs.

Combination (NVP2+Enco); N.S. P > 0.05 CDK9i (NVP2) vs. Combination (NVP2+Enco).
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Figure 7 CDK9i in combination with BRAFi exerts synergistic effect in chemoresistant CRC. (A) The effect of 5-FU on the growth of RKO-

5FUR10 and parental cells. RKO and RKO-5FUR10 cells were treated with 5-FU for 72 h, and the cell viability was determined by MTS assay;

(B) The cytotoxic effect 5-FU on the survival of RKO and RKO-5FUR10 cells; RKO or RKO-5FUR10 cells were incubated with 5-FU for 48 h,

the living cells were stained by crystal violet. (C) The efficacy of FOLFOX in combination with BRAFi on the growth of RKO and RKO-

5FUR10 cells; (D, E) The synergistic effect of CDK9i and BRAFi on the growth of RKO-5FUR10 cells. RKO-5FUR10 cells were treated

with CDK9i (NVP2) and/or BRAFi for 48 or 72 h. Cell growth was visualized and quantified by crystal violet and the MTS assay, respectively. (F)

Data from 3 to 5 independent experiments were used to calculate the Combination Index (CI). (G, H) The effect of CDK9i and BRAFi on

alteration of cancer signaling network, including BRAF/MEK/ERK/S6; AKT/mTOR/4E-BP1 and downstream effectors of CDK9. RKO-

5FUR10 cells were treated with CDK9i and/or BRAFi for 24 h, the expression level of relevant target proteins was determined by immuno-

blot analysis. (I) The cytotoxic effect of 5-FU on the growth of PDOs with BRAFV600E. After treatment with 5-FU for 7 days, the viability of PDOs

was determined by Cell Titer Glo 3D. (J) The synergistic effect of CDK9i and BRAFi on suppressing p-ERK in 5-FU-resistant PDO (CK7719); A

representative image was shown from 3 independent experiments.
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dependence of CRC on MAPK signaling to drive cancer meta-

bolism and growth, including transcriptional activation. Accord-

ingly, CDK9i’s may also enhance the activity of KRAS inhibitors

in KRAS-mutant CRC, which is the topic of our separate study.

Additional functional genetic studies to test the role of the mul-

tiple potential downstream targets of CDK9i in CRC are planned.

In principle, combination therapy holds several advantages

over monotherapy. First, our study has demonstrated the syner-

gistic anti-tumor effects of combining BRAFi and CDK9i. Sec-

ond, by combining multiple agents with synergistic effects against

the tumor, we hope that lower doses of each individual agent are

sufficient to induce a potent therapeutic effect. Decreasing the

doses may also permit the use of a drug at a more tolerable or

safer dose. In our study, we observed no significant body weight

change in mice treated with CDK9i and BRAFi, suggesting that

there should be a reasonable therapeutic index for such a com-

bination. In the first-in-human phase I study of the CDK9i,

VIP152/BAY1251152, the PK analysis showed that plasma drug

levels exceeded 200 nmol/L for more than 12 h in patients who

took the MTD39. In our study, such a concentration of

BAY1251152 was sufficient to induce potent synergistic tumor

suppression. This analysis suggests that the CDK9i drug exposure

necessary for synergy with BRAFi can be achieved in humans.

The dose limiting toxicity of BAY1251152 monotherapy was

neutropenia. The most significant toxicities of Encorafenib are

fatigue, nausea, and arthralgias. In this study, lower dose of

CDK9i and Encorafenib exhibited a synergistic antitumor activity

in CDX and PDX models, and no evident toxicity was observed. It

is possible that CDK9i and BRAFi toxicity profiles are non-

overlapping, suggesting that a therapeutic index for CDK9i plus

BRAFi should be tolerable to CRC patients.

Historically, BRAFV600E mutant mCRC had a poor response to

standard therapies, such as 5-FU-based chemotherapy. To test the

effect of CDK9i in combination with BRAFi on 5-FU-resistant

BRAF mutant CRC models, RKO-5FUR10 cells were acquired. the

IC50 of 5-FU in resistant cells was ∼30 μmol/L, and 6-fold higher

than that in parental RKO cells. Moreover, the synergistic benefit of

CDK9i and BRAFi was confirmed in RKO-5FUR10 cells. These

findings suggest that CDK9i in combination with BRAFi could be

effective against chemoresistant mCRC (Fig. 7D—F). In further

support of this finding, we demonstrated that even a chemo-resistant

PDO (CK7719) was susceptible to treatment with BRAFi and

CDK9i (Figs. 5E and 7I and J). In addition to sensitization of the

intrinsic resistant and acquired resistant CRC models, CDK9i can

also enhance the efficacy of low doses of BRAFi (1 nmol/L) against

Colo205 (a BRAFi-sensitive cell line, Supporting Information

Fig. S13). Recent studies showed that CDK9 expression is

induced upon inhibition of P-TEFb activity, a process dependent on

BRD450. Given that CDK9i could sensitize the efficacy of BRAFi,

it is possible that BRD4 inhibitor (JQ-1) in combination with

BRAFi also yields a synergistic effect. As seen in Supporting In-

formation Fig. S14, JQ-1 combined with BRAFi (Encorafenib)

synergistically suppressed the growth of RKO cells. Thus, BRD4i

could also be a potential target for sensitization of BRAFi-resistant

CRC. Given the ability of CDK9i + BRAFi to synergistically

treat CRC models that are resistant to BRAFi’s and chemotherapy,

this combination holds promise as a potential salvage treatment

for patients who have progressed on first-line

FOLFOX + Encorafenib + Cetuximab. Future work will focus

on testing the efficacy of CDK9i combinations in additional patient-

derived models that are resistant to both chemo- and targeted

therapies.

In CRC, PDOs and PDXs have been studied as potential

models for precision oncology. PDOs are capable of predicting

responses to standard therapies in mCRC patients with 100%

sensitivity and 93% specificity51. PDOs, as a superior preclinical

model, have inherent heterogeneity and long-term stability, as

compared to cancer cell lines. PDOs have been shown to predict

clinical outcomes is better than biomarker panels alone52. In our

study, we validated the synergistic effect of CDK9i and BRAFi in

4 unique BRAFV600E mutant PDOs and a PDX model. Further-

more, we determined the lack of synergy in 3 unique BRAF WT

PDOs and a BRAF WT PDX. We used subcutaneous flank tumor

xenografts in our study. One method that could enhance our

findings is to use orthotopic models. Orthotopic models allow

tumors to grow within their organ of origin, better replicating the

complex organ-specific tumor microenvironment (TME) observed

in human patients. Orthotopic models represent a more disease-

relevant preclinical approach compared to their subcutaneous

counterparts, as they more reliably preserve the intrinsic tissue

structure and complexities of patient tumors in situ. Orthotopic

tumor models can generate more patient-relevant pharmacody-

namic profiles for targeted therapies and immunotherapeutic

agents, which provide more relevant efficacy and drug resistance

profiles.

Encorafenib, a highly selective ATP-competitive BRAF in-

hibitor, exhibited antitumor activity against BRAFV600E mutant

cancers and had longer pharmacodynamic activity than other

BRAF inhibitors. To determine the specificity of our

BRAFi + CDK9i combinations against BRAFV600E mutant tu-

mors, we also studied their efficacy against BRAF WT models. As

expected due to a lack of BRAFV600E mutation, Encorafenib alone

did not affect the tumor growth of the BRAF WT PDX. Further-

more, NVP2 and Encorafenib had a non-synergistic effect against

the BRAF WT PDX, consistent with the lack of BRAF V600E

mutation. Together, our results strongly suggest that CDK9i and

BRAFi combinations are a promising therapeutic approach for

BRAFi and chemo-resistant BRAFV600E CRC.

In summary, CDK9i in combination with BRAFi led to syn-

ergistic therapeutic responses in CRC cells, PDOs, and PDX with

BRAFV600E mutation, through blockage of BRAF/MEK/ERK/S6

and AKT/mTOR/4E-BP1. Targeting CDK9-mediated transcrip-

tional elongation appears to be a promising combination strategy

for BRAFi-based treatment in mCRC, even in chemoresistant

mCRC. These findings provide the rationale for clinical testing of

CDK9i plus BRAFi in CRC, while also facilitating potential new

hypotheses about how to use CDK9 inhibitors in combination

treatments.
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