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A reversible SRC-relayed COX2 inflammatory 
program drives resistance to BRAF and EGFR 
inhibition in BRAFV600E colorectal tumors
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BRAFV600E mutation confers a poor prognosis in metastatic colorectal 
cancer (CRC) despite combinatorial targeted therapies based on the 
latest understanding of signaling circuitry. To identify parallel resistance 
mechanisms induced by BRAF–MEK–EGFR co-targeting, we used a 
high-throughput kinase activity mapping platform. Here we show that 
SRC kinases are systematically activated in BRAFV600E CRC following 
targeted inhibition of BRAF ± EGFR and that coordinated targeting of SRC 
with BRAF ± EGFR increases treatment efficacy in vitro and in vivo. SRC 
drives resistance to BRAF ± EGFR targeted therapy independently of ERK 
signaling by inducing transcriptional reprogramming through β-catenin 
(CTNNB1). The EGFR-independent compensatory activation of SRC kinases 
is mediated by an autocrine prostaglandin E2 loop that can be blocked with 
cyclooxygenase-2 (COX2) inhibitors. Co-targeting of COX2 with BRAF + EGFR 
promotes durable suppression of tumor growth in patient-derived tumor 
xenograft models. COX2 inhibition represents a drug-repurposing strategy 
to overcome therapeutic resistance in BRAFV600E CRC.

Presence of a BRAFV600E kinase mutation predicts the form of metastatic 
colorectal cancer (mCRC) with the worst prognosis. About 8% of mCRCs 
harbor a BRAFV600E mutation. Because mCRC is the second leading cause 
of cancer death, it is estimated that more patients die of BRAFV600E 
mCRC than melanoma each year. Unlike melanoma, BRAFV600E mCRC 

does not respond to BRAF inhibitor monotherapy, and it responds only 
poorly to conventional chemotherapy1–3. Response rates have been 
increased by combining BRAF inhibitors with MEK inhibitors and/or 
an anti-EGFR antibody; however, the majority of mCRC tumors still 
fail to regress and durability of disease control remains a challenge. 
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HT-KAM platform to measure kinase activity in extracts processed from 
WiDr cells, a well-established vemurafenib-resistant BRAFV600E CRC 
model12–14. Cells were treated with a BRAF inhibitor (vemurafenib) ± an 
EGFR inhibitor (gefitinib or cetuximab) for 8 h. Peptide-level data  
(Fig. 1a) were then transformed into kinase activity signatures (Fig. 1b)  
using previously described deconvolution methods7. We found that  
SRC showed the most significantly increased kinase activity in response 
to BRAF inhibitor-containing treatments (Fig. 1b). Notably, the increase 
in SRC activity was conserved even following combined treatment 
with vemurafenib and either EGFR inhibitor (Fig. 1b–d), indicating 
that SRC is not a surrogate for EGFR-mediated resistance to BRAF- 
targeted therapies.

SRC belongs to the SRC family kinase (SFK) proteins, which include 
11 membrane-associated, non-receptor tyrosine kinases that regulate 
cell proliferation, differentiation, apoptosis, migration and metabo-
lism, among other processes15–18. We validated the observed kinase 
activity signature by western blot in a panel of BRAFV600E CRC lines after 
vemurafenib treatment. Results showed increased SFK activation, as 
reported by the phosphorylation of Y419 (Extended Data Fig. 1a). We 
sought further substantiation of SRC-mediated resistance using rare 
xenograft models of BRAFV600E CRC derived from patients who were 
subsequently treated with dabrafenib and trametinib on a clinical 
trial4. PDX 1, and the corresponding patient’s tumor biopsy, exhibited 
primary resistance to treatment with dabrafenib + trametinib, whereas 
patient/PDX 2 exhibited early tumor regression and eventual progres-
sion. Using automated image analysis of immunohistochemistry (IHC) 
profiles, we observed statistically significant increases in the levels 
of active and total SRC in both PDX models after 3 or 21 d of treat-
ment with dabrafenib and/or trametinib (Fig. 1e,f and Extended Data  
Fig. 1b,c). These data place SRC activation as an early adaptive response 
to BRAF inhibition, which is maintained even in residual tumors follow-
ing BRAF and/or MEK inhibitor treatment. Unlike EGFR levels, which 
are upregulated at baseline in BRAFV600E cell lines12,13, comparison of 
untreated primary patient colorectal tumor specimens harboring 
or not harboring a BRAFV600E mutation showed that patient tumors 
start with similar levels of total SRC (Extended Data Fig. 1d). Together, 
these findings led us to postulate that SRC is an EGFR-independent 
candidate drug target to overcome resistance to BRAF/MEK inhibitor 
therapies (Fig. 1g).

SRC kinase inhibitors sensitize BRAFV600E CRC to vemurafenib
To test the hypothesis that SRC is a druggable vulnerability in BRAF 
inhibitor-resistant BRAFV600E CRC, we first assessed the sensitivity of 
WiDr cells to two-drug combinations including a BRAF inhibitor and 
another kinase inhibitor, chosen on the basis of the kinase signatures 
in Fig. 1b. Consistently, the greatest increases in cell growth inhibi-
tion and the highest combination index (CI) scores, that is, synergy, 
were observed when the BRAF inhibitor was combined with a SRC 
inhibitor: dasatinib, saracatinib or bosutinib (Fig. 2a; all CI > 2.8). 
The potentiation in sensitivity to vemurafenib with the addition of 
a SRC inhibitor was conserved across various vemurafenib-resistant 
BRAFV600E CRC cell lines (HT29, KM20, LIM2405, LS411N, OUMS23, 
RKO1, SNUC5, VACO432, WiDr), as shown in Fig. 2b; the EGFR inhibitor 
gefitinib was included for comparison. This observation was specific 
to BRAFV600E CRC, as it was not recapitulated in vemurafenib-sensitive 
BRAFV600E melanoma cells (A375, A375 (SRCY530F), A375 (myr-AKT1), 
Sk-Mel-28, Mel888) or BRAF-wild-type CRC cells (HCT116, LoVo), as 
shown in Fig. 2b and Extended Data Fig. 2a. Furthermore, dual treatment 
with vemurafenib + dasatinib strongly inhibited colony formation in 
BRAFV600E CRC cells, but not BRAFV600E melanoma cells, at concentra-
tions where dasatinib alone had a minimal effect (Fig. 2c). To further 
validate SRC’s role as a mediator of the response to vemurafenib, we 
knocked down SRC using short hairpin RNA (shRNA) (Fig. 2d) and 
found that SRC-deficient BRAFV600E CRC cells were more sensitive to 
vemurafenib treatment in 3-day viability and colony formation assays 

Clinical outcomes have been remarkably similar with combinations 
of BRAF inhibitors (vemurafenib, dabrafenib or encorafenib) and/or 
MEK inhibitors (trametinib or binimetinib) and/or anti-EGFR antibodies 
(cetuximab or panitumumab), with a median confirmed response rate 
of ~20%, progression-free survival of ~4 months and overall survival of 
~9 months4–6. In April 2020, the Food and Drug Administration (FDA) 
granted approval to the encorafenib plus cetuximab doublet for the 
treatment of patients with BRAFV600E mCRC, on the basis of comparable 
outcomes with this doublet versus triplet combinations evaluated in 
clinical trials.

The objective of targeting BRAF ± MEK ± EGFR is to reinforce inhi-
bition of the main oncogenic driver pathway (BRAF–MEK) while jointly 
shutting down the activation of a drug resistance mechanism (EGFR)5,6. 
However, the observed ceiling effect with this approach suggests that 
other prevalent mechanisms (that is, dependencies) must cooperate 
to circumvent therapeutic effectiveness. The rational next step is to 
systematically identify orthogonal vulnerabilities, independent of the 
MAPK pathway, to inform the design of novel combination strategies 
to address this ongoing unmet medical need.

To test the hypothesis that other parallel pathways act as 
compensatory mechanisms to drug treatments, and to initiate an 
expanded search for complementary drug targets, we leveraged a 
high-throughput kinase activity mapping (HT-KAM) platform. HT-KAM 
is a functional proteomic screening technology that enables direct 
measurement of the catalytic activity of many kinases in parallel7–10. 
This systematic process can help identify the most significantly and 
specifically perturbed kinase hubs, in turn revealing actionable vul-
nerabilities (kinases or otherwise) that lie within phospho-circuits of 
cancer cells and tissues. Strategic kinase dependencies with the high-
est therapeutic potential can then be chosen for further investigation 
in cell culture and xenograft models. The ultimate goal is to identify 
rational therapeutic combinations capable of producing greater than 
incremental improvements in clinical outcomes for patients with 
BRAFV600E mCRC.

We found that a highly conserved SRC-relayed inflammatory pro-
gram drives the adaptive response to targeted therapies in BRAFV600E 
CRC. Specifically, SRC family kinases were activated upon treatment 
with BRAF ± MEK ± EGFR inhibitors in vitro and in vivo, thus uncover-
ing an EGFR-independent mechanism of resistance. We found that, 
upon treatment with BRAF ± EGFR targeted therapy, activation of 
SRC kinases regulated the downstream phosphorylation of β-catenin 
(CTNNB1), which led to the reprogramming of cells’ transcriptional 
profiles. Upstream of SRC, we found that SRC kinases were activated 
by an autocrine prostaglandin E2 (PGE2)-regulated GNAS activation 
loop that cyclooxygenase-2 (COX2) inhibitors interrupted in both 
cell lines and patient-derived xenograft (PDX) mouse models4,11. This 
SRC-relayed mechanism of therapeutic resistance operated indepen-
dently of ERK signaling. We showed that supplementing the current 
standard-of-care combination of the BRAF inhibitor encorafenib plus 
an anti-EGFR antibody (panitumumab) with the FDA-approved COX2 
inhibitor celecoxib significantly and consistently improved tumor 
growth inhibition. Overall, our study demonstrates that SRC signal-
ing is at the nexus of a cell-autonomous inflammatory program with 
pro-tumorigenic activities, which explains why BRAFV600E colorectal 
tumors develop resistance to BRAF/MEK and EGFR inhibitors. Our 
results suggest a clinically actionable strategy, the addition of celecoxib 
to targeted therapies, to restore therapeutic response in BRAFV600E CRC. 
This drug-repurposing approach is cost effective with minimal added 
toxicity and may be fast-tracked into clinical testing.

Results
BRAF/MEK/EGFR inhibition activates SRC in BRAFV600E CRC
SRC family kinases were identified as independent functional deter-
minants of the adaptive response to BRAF/MEK/EGFR targeting in 
BRAFV600E CRC through functional kinome screening. We used the 
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(Fig. 2e,f), although, as expected, the effect was not as profound as 
when using SFK inhibitors. Conversely, small interfering RNA (siRNA) 
knockdown of C-terminal SRC kinase (CSK), a negative regulator of SFK, 
led to increased SFK activation (Extended Data Fig. 2b) and reduced 
sensitivity to vemurafenib (Extended Data Fig. 2c). Collectively, these 
data substantiate our hypothesis that SRC is a promising new target 
to overcome resistance to BRAF inhibitor therapies in BRAFV600E CRC.

Targeting of SRC with BRAF + EGFR increases efficacy
Because a BRAF + EGFR inhibitor doublet was the first FDA-approved 
molecularly targeted regimen for patients with BRAFV600E mCRC5, we 
next asked whether the efficacy of BRAF and EGFR targeting can be 
improved by addition of a SRC inhibitor in vitro and in vivo. To begin, 
we verified SFK activation after vemurafenib + gefitinib treatment in 
a panel of BRAFV600E CRC cell lines (Fig. 3a and Extended Data Fig. 3a). 
The analysis showed increased SFK activation, reflected by increased 
Y419 phosphorylation and Y530 dephosphorylation, which further 
substantiates the findings using HT-KAM in Fig. 1b–d. Moreover, triplet 
therapy with the addition of dasatinib to vemurafenib and gefitinib 
resulted in a synergistic increase in sensitivity to vemurafenib, greater 

than what was observed for either vemurafenib-containing doublet 
(Fig. 3b and Extended Data Fig. 3b). The synergistic impact on cell viabil-
ity with the addition of a SRC inhibitor to BRAF + EGFR targeting was 
conserved across BRAFV600E CRC cell lines, but not BRAFV600E melanoma 
cells. Likewise, triplet treatment with vemurafenib plus gefitinib and 
dasatinib more effectively inhibited colony formation in BRAFV600E CRC 
cells as compared to vemurafenib + gefitinib (Fig. 3c). Encouraged by 
these data, we tested combinations of BRAF ± EGFR and SRC inhibitors 
first in cell line-derived xenografts (Fig. 3d) and then in the same PDX 
models evaluated in Fig. 1 (Fig. 3e). In all four xenograft models, triplet 
combinations resulted in statistically significantly improved tumor 
growth inhibition as compared to BRAF + EGFR or BRAF + SRC inhibi-
tor doublets. Toxicity, as assessed by mouse weight and distress, was 
negligible (Extended Data Fig. 3c,d). Moreover, tumor regression was 
observed beyond the midpoint of treatment in multiple PDX tumors 
treated with dasatinib-containing regimens (Extended Data Fig. 3e). 
Next, we used a generalized linear model (GLM) to quantify the effects 
of the drug combinations versus vehicle over time (Fig. 3f–i). On the 
basis of the results in Fig. 3d–i, we found that addition of a SRC inhibi-
tor to a BRAF inhibitor had an equivalent or better effect on tumor 
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Fig. 1 | SRC is activated following BRAF/MEK/EGFR inhibition in BRAFV600E 
CRC. a,b, Unsupervised hierarchical clustering of the phospho-catalytic activity 
signatures of WiDr cells treated with vemurafenib (VEM; n = 13 independent 
experiments) ± gefitinib (GEF; n = 5 independent experiments) or cetuximab 
(CET; n = 5 independent experiments) as compared to their untreated control 
counterparts (n = 23 independent experiments). a, ATP consumption in cell 
extracts using 228 peptide sensors. b, Kinase signatures deconvoluted from the 
peptide phosphorylation profiles in a. Bar graphs next to the heatmaps show 
the P values (two-sided Student’s t test) for each of the peptides (a) or kinases 
(b) comparing all treated samples to controls. c, Volcano plot of the data in b 
displaying the change in kinase activity versus P value for each treatment arm 
(same as b: VEM, n = 13; VEM + GEF, n = 5; VEM + CET, n = 5; as compared to their 
untreated control counterparts (n = 23), where n is the number of independent 
experiments). d, Bar graphs of the data in b representing the shift in activity of 
SRC, SFK, EGFR and HER family kinases when cells were treated with vemurafenib 
alone or in combination with gefitinib or cetuximab. Kinase activity is compared 
to that in untreated control cells, and data are displayed as the average ± standard 

error in nM of ATP. Same as in b,c: VEM, n = 13; VEM + GEF, n = 5; VEM + CET, n = 5; 
as compared to their untreated control counterparts (n = 23), where n is the 
number of independent experiments. e, Representative IHC images showing 
staining intensity for active SFK (phosphorylated Y419 epitope in the SRC 
activation site) following treatment of a BRAFV600E CRC PDX model with vehicle 
control, dabrafenib (DAB) and/or trametinib (TRA) for 3 or 21 d. The color-coded 
bottom panel highlights differences in bin intensities from automated image 
analysis (see Methods for details). IHC images and intensity quantifications are 
representative of n = 2 independent PDX tumors per treatment condition and 
n = 20 independent tissue areas per tumor and per condition. f, Quantification of 
IHC staining intensity for total and activated SFK in two PDX models treated for 3 
or 21 d with dabrafenib ± trametinib versus vehicle control (two-sided Student’s t 
test, P < 1 × 10–15). Using batch processing and automated analysis of IHC images, 
protein expression was measured at the single-cell level (that is, n ≥ 10,000 
individual cancer cells per treatment condition and tumor). g, Proposed parallel 
mechanism of SRC activation in response to BRAF/MEK/EGFR therapies in 
BRAFV600E CRC. BRAF*, BRAFV600E.
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growth inhibition in comparison to adding an EGFR inhibitor to a BRAF 
inhibitor. Furthermore, triple therapy with BRAF + EGFR + SRC inhibi-
tors significantly improved tumor growth inhibition compared to any 
doublet (Fig. 3f,g; GLM standard coefficients >0.8 and >0.5 for cell line 
xenografts and PDXs, respectively; false discovery rate (FDR)-corrected 
P values in Extended Data Fig. 3f and in the right panel of Fig. 3g).  
Figure 3h,i highlights that the addition of a SRC inhibitor to a BRAF 
inhibitor + EGFR inhibitor systematically and significantly improves 
effect size in both cell line and PDX models.

SRC regulates β-catenin transcriptional reprogramming
Next, we sought to elucidate the mechanism underlying the syn-
ergistic effects of co-targeting SRC and the MAPK pathway ± EGFR 
shown in Figs. 2 and 3. MAPK signaling rebound is recognized as an 
important mechanism of resistance12,13, so we tested whether add-
ing the SRC inhibitor dasatinib would inhibit phospho-ERK rebound 
more profoundly than BRAF inhibitor alone or BRAF inhibitor + EGFR 
inhibitor. Using eight BRAFV600E CRC cell lines collected at four dif-
ferent times (up to 72 h) with BRAF inhibitor, BRAF inhibitor + EGFR 
inhibitor or BRAF inhibitor + SRC inhibitor, we found that SRC inhibi-
tion did not significantly impact rebound of ERK phosphorylation 
(Extended Data Fig. 4a,b). This suggests that SRC activation in response 

to BRAF ± EGFR targeted therapy acts through a distinct mechanism of  
drug resistance.

Because many kinases can propagate their pro-oncogenic activi-
ties through transcriptional reprogramming, we hypothesized that 
SRC kinases may regulate the phosphorylation state of transcription 
factors involved in the compensatory response to BRAF ± EGFR inhi-
bition. We first used the PhosphoAtlas kinase–substrate interaction 
database8 to identify candidate transcription factor targets of SRC; we 
then assessed protein phosphorylation profiles by western blot. We 
found that the phosphorylation of β-catenin (CTNNB1) at Y654, which 
is an understudied phospho-target site of SRC kinases19, was increased 
upon BRAF inhibitor or BRAF inhibitor + EGFR inhibitor treatment, but 
was strongly decreased upon BRAF inhibitor + SRC inhibitor treatment 
(Fig. 4a and Extended Data Fig. 4c). To assess whether these changes 
in CTNNB1 Y654 phosphorylation impact the transcriptional activities 
of CTNNB1, we measured the expression levels of a series of CTNNB1 
target genes20 using quantitative reverse transcription PCR (qRT–PCR). 
We found that adding the SRC inhibitor dasatinib to BRAF inhibitor 
led to a significant decrease in the mRNA levels of all β-catenin target 
genes we tested (that is, MYC, AXIN2, ASCL2, S100A6, LEF1, NOTCH2 and 
SP5) in comparison to cells treated with BRAF inhibitor alone or BRAF 
inhibitor + EGFR inhibitor (Fig. 4b,c). This indicates that the activation 
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of SRC kinases upon BRAF ± EGFR targeting regulates the function of 
β-catenin, a crucial transcription factor in CRC tumorigenesis, which 
can in turn drive transcriptional reprogramming of cells to sustain and 
adapt to therapeutic pressure. Altogether, SRC activation induces a 
tumor survival mechanism that acts in parallel to both the MAPK and 
EGFR signaling axes in BRAFV600E CRC (Fig. 4d).

COX2–PGE2 upregulation mediates SRC activation
Acknowledging that addition of a SRC inhibitor to BRAF ± MEK ± EGFR 
targeted therapies for treatment of BRAFV600E mCRC is unlikely to be 
clinically acceptable owing to concerns about toxicity in patients, we 
asked whether characterization of upstream effectors of SFK could 
lead to a more clinically appropriate regimen. It has been reported 
previously that prostaglandin E2 (PGE2) can induce activation of SRC 
in CRC cells, without specific attention to BRAFV600E mutation status21,22. 
Using a panel of BRAFV600E CRC cell lines, an increase in PGE2 levels in 
the medium was consistently found as a result of BRAF ± EGFR inhibi-
tion (Fig. 5a). Treatment of BRAFV600E CRC cells with PGE2 led to an 
increase in SFK activation (Fig. 5b) and a two- to fourfold increase 
in resistance to vemurafenib, with CI scores indicating antagonism  
(Fig. 5c). In line with the SRC–β-catenin signaling cascade established 
in Fig. 4, we found that PGE2 treatment led to an increase in phospho-
rylation of CTNNB1 Y654 (Fig. 5d).

High levels of PGE2 promote tumor growth by eliciting aber-
rant extracellular signaling through its G-protein-coupled receptors 
(GPCRs), EP2 and EP4, and their key downstream effector, GNAS21,23–25. 
To mimic the effect of PGE2, we engineered three BRAFV600E CRC cell 
lines with doxycycline-inducible expression of a constitutively active 
GNAS mutant (GNASR201C). When these cells were treated with doxy-
cycline, GNASR201C was induced, leading to increased SFK activation  
(Fig. 5e). Induction of GNAS also rendered the cells more resistant to 
vemurafenib ± gefitinib treatment; CI scores again indicated antago-
nism (Fig. 5f). On the other hand, suppressing GNAS expression by 
CRISPR knockout of GNAS in BRAFV600E CRC cell lines (GNAS-KO) pre-
vented SFK activation after vemurafenib treatment (Fig. 5g). GNAS-KO 
cells displayed increased sensitivity to BRAF ± EGFR inhibition, with CI 
scores showing synergy (Fig. 5h), indicating that treatment-dependent 
SFK activation in BRAFV600E CRC cells is downstream of PGE2–GNAS 
signaling. We noted that neither GNASR201C-induced activation of 
SFK nor GNAS CRISPR knockout-induced inhibition of SFK activity 
impacted rebound of ERK phosphorylation (Extended Data Fig. 5a,b), 
further indicating that feedback activation of the PGE2–GNAS–SRC 
signaling axis acts in concert with the MAPK cascade to drive thera-
peutic resistance.

It is well established that PGE2 expression and secretion are reg-
ulated by COX2 (ref. 26). COX2 upregulation in BRAFV600E CRC PDX 
tumors treated with dabrafenib + trametinib for 3 or 21 d was cor-
roborated by IHC (Fig. 5i,j), which parallels what was observed with 

SRC in these same PDX persists in residual tumors even at late time 
points. COX2 levels were similar in untreated primary patient colorectal 
tumor specimens with or without a BRAFV600E mutation (Extended Data  
Fig. 5c), again corresponding to observations with SRC (Extended 
Data Fig. 1d). In summary, these findings suggest that, in BRAFV600E 
CRC, COX2–SRC–β-catenin signaling does not overlap with EGFR–
BRAF–MAPK signaling and it is treatment with BRAF ± MEK or EGFR 
targeted therapies that triggers the compensatory upregulation of a 
pre-existing COX2–PGE2–GPCR–GNAS autocrine loop, which in turn 
activates SRC (Fig. 5k).

COX2 inhibition synergizes with BRAF/MEK/EGFR targeting
COX2 is a rational drug target, given its robust association with CRC 
tumor progression in patients27, although no prior clinical trials have 
focused on BRAFV600E CRC. COX2 inhibitors also represent a practical 
alternative to SRC-targeting therapies: the COX2 inhibitor celecoxib is 
FDA approved, has a favorable side-effect profile and is relatively inex-
pensive. Thus, the logical next step was to test BRAF-targeted therapies 
in combination with COX2 inhibition. As proof of concept, addition of 
a COX2 inhibitor produced a consistent, synergistic increase in sensi-
tivity to vemurafenib across a panel of BRAFV600E CRC cell lines, which 
was not recapitulated in BRAFV600E melanoma (Fig. 6a). Using very low 
individual drug concentrations for trametinib, gefitinib and celecoxib 
(GI10 or below), we were able to demonstrate potentiation of cell 
growth inhibition with combinations of up to four targeted therapies  
(Fig. 6b, left). Addition of celecoxib systematically improved the effi-
cacy of—and synergized with—vemurafenib + trametinib ± gefitinib 
(Fig. 6b, right). The most synergistic combination, across BRAFV600E 
CRC but not melanoma cell lines, was the quadruple-treatment arm.

Next, we tested whether addition of celecoxib could improve 
upon two clinical benchmark regimens: the dabrafenib + trametinib 
doublet received by the patients from whom the PDX models were 
derived4 and a triplet regimen with addition of the anti-EGFR anti-
body panitumumab, which was tested in a subsequent clinical trial6. 
Toxicology studies were conducted before efficacy testing: mouse 
weight, a surrogate for drug toxicity, remained stable over the course 
of therapy for all inhibitor combinations (Fig. 6c). The critical finding 
from the efficacy studies was that addition of celecoxib to the clinical 
trial-tested doublet and triplet drug regimens resulted in consistently 
superior tumor growth inhibition in all three BRAFV600E CRC PDX models 
(Fig. 6d). The majority of tumors treated with celecoxib in addition to 
dabrafenib + trametinib ± panitumumab exhibited regression by the 
second half of the 21-day treatment course (Fig. 6d,e). It is notable that 
78% of tumors subjected to quadruple therapy with celecoxib exhibited 
regression (red and purple bars), versus 30% of tumors regressing in 
the no-celecoxib triplet-therapy counterpart arm. Across models, 
quadruple treatment resulted in the most statistically significant tumor 
growth inhibition (Fig. 6d; P values above the bar graphs).

Fig. 3 | Coordinated targeting of SRC with BRAF + EGFR increases efficacy 
in BRAFV600E CRC cell lines and xenografts. a, BRAFV600E CRC cell lines treated 
with vemurafenib ± gefitinib were lysed and immunoblotted with the indicated 
antibodies. SFK activation is reflected by increased phosphorylation of the 
SRC activation site Y419 (pY419) and lack of phosphorylation of the inhibitory 
site Y530 (non-pY530). Active SRC can be deactivated by rephosphorylation of 
Y530 by CSK. HSP90 serves as a loading control. Molecular weight/size markers 
are indicated on the right (kDa). The experiment was repeated three times with 
similar results. b, Shift in vemurafenib sensitivity measured by cell viability 
assay (left) and calculation of the CI (right) upon treatment of BRAFV600E CRC or 
melanoma cell lines with vemurafenib + gefitinib ± a SRC inhibitor, dasatinib, 
for 3 d (n = 4 independent experiments per cell line). c, Colony formation assays 
in which BRAFV600E CRC cells were treated with an increasing concentration of 
vemurafenib alone (control) or with a fixed dose of gefitinib ± dasatinib. Data 
are representative of n = 2 independent repeats. d, Treatment of cell line-derived 
xenograft mouse models with a vemurafenib progenitor, PLX4720 (PLX); 

dasatinib; saracatinib; and/or gefitinib for 21 d (n = 7 mice per group). Plotted 
is the percent change in tumor volume relative to baseline (day 1). Data are 
displayed as the average for all mice in a specified treatment group ± standard 
error. e, Treatment of PDX models with vemurafenib ± gefitinib ± dasatinib for 
21 d, with data plotted as in d (n = 8 mice per group). All raw and relative tumor 
volumes and exact P values shown in d,e are available as Source Data; P values 
are from a two-sided Student’s t test. f,g, GLMs testing the association of change 
in tumor volume between treatment arms and vehicle over time shown in d,e. 
Effect size is measured as the GLM standard coefficient. A GLM was applied to 
each tumor model separately or combined. Results for cell line xenografts and 
PDXs are shown in f and g, respectively. GLM P values corrected for FDR are 
shown in g. NT, not tested. h,i, Comparison of the effect sizes and FDR-corrected 
P values of treatment arms with and without a SRC inhibitor. The same number 
of mice per group shown in d,e was used for the analyses in f–i (that is, n = 7 mice 
per treatment group for WiDr and KM20 cell line xenografts and n = 8 mice per 
treatment group for PDX models 1 and 2).

http://www.nature.com/natcancer


Nature Cancer | Volume 4 | February 2023 | 240–256 245

Article https://doi.org/10.1038/s43018-022-00508-5

When applying the GLM approach across PDX models, we found 
that the addition of celecoxib systematically increased effect size; the 
greatest effect size was observed for the quadruple therapy (Fig. 6f, 
left, and Fig. 6g, y axis). Moreover, addition of celecoxib to any treat-
ment arm resulted in statistically significant improvements in tumor 
growth inhibition (Fig. 6f, right, and Fig. 6g, x-axis FDR-corrected  
P values and arrows).

Addition of celecoxib causes durable tumor growth inhibition
The findings in Fig. 6d prompted us to assess the durability of treat-
ment effects in the two most drug-resistant PDXs (PDX models 1 and 

2 in Fig. 6d). We measured changes in tumor volume for >50 d in mice 
treated with encorafenib (BRAF inhibitor) ± panitumumab (EGFR 
inhibitor) ± celecoxib (COX2 inhibitor) (Fig. 7a,b). We found that the 
triple treatment significantly improved tumor growth inhibition as 
compared to the dual drug combination, which is a current standard 
of care5 (P values across measurements underneath the graphs in  
Fig. 7a,b). This was confirmed by GLM analysis considering all time 
points and individual tumor volumes (Fig. 7c,d). Increased toxicity was 
not observed with the addition of celecoxib (Fig. 7e). These results indi-
cate that COX2 inhibition represents a novel, low-cost and low-toxicity 
drug-repurposing strategy to overcome therapeutic resistance in 
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BRAFV600E CRC: supplementing standard-of-care encorafenib + pani-
tumumab with celecoxib durably improves tumor growth inhibition.

Discussion
Despite recent optimization of targeted therapy combinations3–6, 
BRAFV600E mutation still predicts the form of mCRC with the worst 
prognosis. Thus, we endeavored to uncover orthogonal mediators of 
compensatory resistance to BRAF-, MEK- and EGFR-targeted inhibitors 
tested in patients. We discovered that SRC kinases act as a nexus of adap-
tive, druggable and EGFR-independent therapeutic resistance in vitro 
and in vivo. Our findings were reproducible across a variety of inhibitors 
in the same class, cell lines and mouse models, and yet were specific 
to BRAFV600E mCRC. Activation of SRC in response to BRAF ± MEK or 
EGFR therapies did not contribute to MAPK signaling rebound. Instead, 
we found that SRC activation regulates transcriptional reprogram-
ming through β-catenin activation and is mediated by an upstream 
pro-inflammatory pathway involving COX2. Addition of celecoxib to 
inhibitor combinations tested in clinical trials consistently resulted in 
superior and durable tumor growth suppression in BRAFV600E CRC PDX 
models. Our study identified unanticipated cooperative dependencies 
of actionable targets, yielding strategies to overcome therapeutic 
resistance (summarized in Fig. 7f).

BRAFV600E is a classic example of how the same activating mutation 
can have different roles depending on the cancer subtype-specific sign-
aling context. BRAF inhibitors have produced an impressive response 

rate in BRAFV600E melanoma, but not in CRC3. In CRC, synthetic lethality 
genetic dropout screens originally found that feedback activation of 
EGFR promotes intrinsic resistance to BRAF inhibition12–14,28. However, 
modest responses in patients treated with BRAF + EGFR combination 
therapy underline why, in situations where predicting therapeutic 
response cannot be reduced to a single genetic dependency, there is 
a role for functional proteomic approaches designed to more compre-
hensively reveal crosstalk between signaling pathways and to better 
dissect the dynamic processes induced by drug interventions29–32. Here 
we used the HT-KAM platform to directly capture the phospho-catalytic 
fingerprint of kinases in biological extracts and to identify ranked drug 
susceptibilities. This approach elucidated how the concerted rewiring 
of interdependent signaling pathways drives resistance to BRAF-, MEK- 
and EGFR-targeted therapies. SRC was identified as a central, conserved 
mediator of these signaling circuits in BRAFV600E CRC.

SRC kinases are a non-receptor protein tyrosine kinase (NRTK) 
family of essential pleiotropic mediators of signaling cascades that 
connect extracellular cues to intracellular programs17,18,33. Knowing 
that SRC often acts downstream of receptor protein tyrosine kinases 
(RTKs), including in the context of acquired resistance to RAF inhibi-
tion34,35, one might expect SRC to be activated by EGFR in response 
to BRAF-targeted therapy12,13,28. Unexpectedly, however, in BRAFV600E 
CRC, we found that SRC kinases function as integral components of a 
drug resistance circuit that is triggered independently of EGFR. Spe-
cifically, BRAFV600E CRC cells adapt to targeted therapy by relying on a 
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Fig. 4 | SRC regulates the phosphorylation of β-catenin. a, Western blots of 
BRAFV600E CRC cell lines treated with vemurafenib ± gefitinib or dasatinib. The 
Y654 residue of CTNNB1 is a reported phospho-target site of SRC kinases8. ERK1/
ERK2 phospho-T202/Y204 serves as a control for the effect of BRAF inhibition 
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The experiment was repeated three independent times with similar results.  
b, Color-coded expression levels of β-catenin target genes (MYC, AXIN2, ASCL2, 
S100A6, LEF1, NOTCH2, SP5) measured using qRT–PCR in BRAFV600E CRC cell 
lines treated with vemurafenib ± gefitinib or dasatinib. Expression profiles are 
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P values (Student’s t test) comparing gene expression for vemurafenib + dasatinib 
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b,c are available as Source Data. d, Proposed mechanism regulated by SRC that 
drives resistance to BRAF/MEK/EGFR therapies in BRAFV600E CRC.
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Fig. 5 | COX2–PGE2 upregulation mediates SRC activation in BRAFV600E 
CRC cell lines and PDXs. a, Levels of secreted PGE2 were measured by 
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vemurafenib ± gefitinib. Data are displayed as the average PGE2 secretion 
in pg ml–1 per 100,000 cells ± s.d. (n = 3 independent experiments per cell 
line). b, BRAFV600E CRC cell lines were treated with exogenous PGE2. Cell 
lysates were assayed by western blot as indicated. Y419 phosphorylation and 
lack of phosphorylation of Y530 (non-pY530) are used as readouts of SFK 
activation. HSP90 serves as a loading control. The experiment was repeated two 
independent times per cell line with similar results. c, Bar graphs representing 
fold change (log2 scale) ± standard error for change in sensitivity to vemurafenib 
upon further treatment with PGE2 or untreated control in 3-day cell viability 
assays. Top, CI, Bliss model. Same methods as in Fig. 2b (n = 3 independent 
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BRAFV600E CRC cell lines engineered with a doxycycline-inducible constitutively 
active GNAS construct, iGNASR201C, were treated with doxycycline. Cell lysates 
were assayed by western blot as indicated. The experiment was repeated 
three times with similar results. f, Bar graphs representing fold change 

(log2 scale) ± standard error for change in sensitivity to vemurafenib or 
vemurafenib + gefitinib after iGNASR201C induction in 3-day cell viability assays. 
Top, CI, as in c (n = 3 independent experiments per cell line). g, GNAS was 
knocked out in BRAFV600E CRC cells using CRISPR (GNAS-KO). GNAS knockout was 
validated by western blot (top). GNAS-KO cells were treated with vemurafenib, 
and cell lysates were assayed by western blot with the indicated antibodies 
(bottom). The experiment was repeated ≥2 times with similar results. In b,d,e,g, 
molecular weight/size markers are indicated on the right (kDa). h, Bar graphs 
representing fold change (log2 scale) ± standard error for change in sensitivity 
to vemurafenib or vemurafenib + gefitinib with GNAS knockout in 3-day cell 
viability assays. Top, CI, as in c (n = 3 independent experiments per cell line). i, 
Representative IHC images showing COX2 staining intensity following treatment 
of a BRAFV600E CRC PDX model with vehicle control, dabrafenib and/or trametinib 
for 3 or 21 d (where n is the same as defined in Fig. 1e). The color-coded bottom 
panel highlights differences in bin intensities from automated image analysis 
(see Methods for details). j, Quantification of COX2 staining intensity by IHC for 
two PDX models treated for 3 or 21 d with dabrafenib ± trametinib versus vehicle 
control (two-sided Student’s t test, P < 1 × 10–15; n is the same as defined in Fig. 1f). 
k, Proposed mechanism of COX2–PGE2-mediated SRC-driven resistance to BRAF/
MEK/EGFR therapies in BRAFV600E CRC.

http://www.nature.com/natcancer


Nature Cancer | Volume 4 | February 2023 | 240–256 248

Article https://doi.org/10.1038/s43018-022-00508-5

cba
CIShift in VEM

sensitivity

Fold vs. VEM
alone 

30101

VE
M

 +
 C

EL
VE

M
 +

 V
AL

VE
M

 +
 C

EL
VE

M
 +

 V
AL

Bliss model
score

30

Synergy

–1

CRC

MEL

HT29
KM20

LIM2405
LS411N

OUMS23
RKO-1

SNUC5
VACO432

WiDr
A375

A375(SRCY530F)
Sk-Mel-28

Bliss model
score

630

VEM
TRA
GEF
CEL

WiDr
HT29

LIM2405
KM20

LS411N
RKO-1

SNUC5
VACO432
OUMS23

A375
A375(SRCY530F)

Sk-Mel-28

1–10–50 10 50

Fold vs.
VEM alone

HT29
KM20

LIM2405
LS411N

OUMS23
RKO-1

SNUC5
VACO432

WiDr
A375

A375(SRCY530F)
Sk-Mel-28

Control
VEM
TRA
GEF
CEL

Comparison of cell growth inhibition 
across treatments

Individual TRA, GEF
or CEL treatments
at concentrations
with <GI10 e�ects

SynergyAntagonism
–3

W
ei

gh
t (

g)

Time (d)

20

10

20100

Vehicle
DAB
TRA
PAN
CEL

Line color

n mice 232323 23 23

Treatment arms

d PDX 2
Slow growth model; n = 8 mice per treatment arm

PDX 3
Medium growth model; n = 7 mice per treatment arm

PDX 1
Fast growth model; n = 8 mice per treatment arm

e f g

G
LM

 s
ta

nd
ar

d 
co

e�
ic

ie
nt

GLM P value (FDR corrected)

0.2

0.1

0.3

0.001 0.00010.0003
0

More significant

M
or

e 
e�

ec
t

+ CEL

+ CEL

P = 0.01373

P = 0.03103

DAB + TRA
DAB + TRA + CEL

DAB + TRA + PAN
DAB + TRA + PAN + CEL

All PDX
models

PDX 1
PDX 2
PDX 3

All models

DAB
TRA
PAN
CEL

PDX 1
PDX 2
PDX 3

All models

DAB
TRA
PAN
CEL

0.001 0.0001

GLM P value (FDR corrected)
compared to vehicle

0.01

1
0.2

0
0.35

GLM standard coe�icient
compared to vehicle

0.05

More e�ect

PDX 1

DAB
TRA
PAN
CEL

D21 vs. D1
D21 vs. D10

500 100

% tumors undergoing regression
per treatment arm

PDX 2 PDX 3

1 10 21

Tu
m

or
 v

ol
um

e

Time (d)

Color-coded
growth profiles

Re
la

tiv
e 

ch
an

ge
(%

 tu
m

or
 v

ol
um

e 
D

21
 v

s.
 D

1)

0.0446

200

100

0

–100

200

100

0

–100
0.0013

0.0073 0.0326

Average volume at D21 (mm3) 375 34 11 19 6 672 10 15 43 –29954 155 104 48 25

200

100

0

–100

Vehicle
Dabrafenib (BRAFi)

Trametinib (MEKi)
Panitumumab (EGFRi)

Celecoxib (COX2i)
FDR-corrected P value (vs. vehicle) 6.9 × 10–3 5.1 × 10–3 5.8 × 10–3 4.7 × 10–3 1.8 × 10–3 1.9 × 10–3 8.1 × 10–3 1.3 × 10–38.4 × 10–4 8.3 × 10–4 6.5 × 10–4 5.2 × 10–4

0

+
+

+
+

+

+ + + + + +
+ + +

+ +
+

+
+ +

+
+

+

+
+ +

+

+

+

+ + + +
+

+ + + +
+ + + +

+ +
+ +

+ + +

+ +
++ +

–5
0

–4
0

–3
0

–2
0

–1
0 –5 –2 1 2 5 10 20 30 40 50

+ + + +
+ + + +

+ +
+ +

+ + + +
+
+

+ + +

++
+

+ + + +
+
+

+ + +

++
+

+ + + +
+ + + +

+
+

+
+

+ + + +
+ + + +

+
+

+
+

13

13 13 38 63 29 49 29 71

49 57 86 8625 50 88 100

0

0 0

0 0 0

50

++++++++
++++++++
++++++++

++++++++
++++++++

++++++++

++++++++
++++++++

++++++++
++++++++

++++++++ ++++++++
++++++++

++++++ ++
++++++++
++++++++

++++++++
++++++++

++++++++

++++++++
++++++++

++++++++
++++++++

++++++++ ++++++++
++++++++

++++++ +
+++++++
+++++++

+++++++
+++++++

+++++++

+++++++
+++++++

+++++++
+++++++

+++++++ +++++++
+++++++

Fig. 6 | Coordinated targeting of COX2 with BRAF/MEK/EGFR improves 
efficacy in BRAFV600E CRC cell lines and PDXs. a, Shift in vemurafenib 
sensitivity measured by cell viability assay (left) and calculation of CI (right) 
upon treatment of BRAFV600E CRC or melanoma cell lines with vemurafenib 
together with a COX2 inhibitor (celecoxib (CEL) or valdecoxib (VAL)) for 3 d. 
CI is averaged from experimentally measured CIs at 1×GI50, 2×GI50 and 0.5×GI50 
concentrations of each drug (n ≥ 2 independent experiments). b, Treatment 
of BRAFV600E CRC or melanoma cell lines with up to four inhibitors, including 
trametinib, gefitinib and celecoxib at GI10. Cell growth inhibition across 
treatment permutations, normalized to vemurafenib monotherapy (left), 
was used to calculate CI relative to all other treatment arms and subjected to 
unsupervised hierarchical clustering comparing cell lines and treatment arms 
(right) (n = 24 independent experiments). c, Mouse weight as a surrogate for 
toxicity following treatment of BRAFV600E CRC PDXs (23 mice per treatment arm) 
with vehicle control, dabrafenib, trametinib, celecoxib and/or panitumumab 
(PAN). Data are displayed as the average weight in grams ± s.d. d, Tumor 
growth inhibition in BRAFV600E CRC PDX models following treatment with 
dabrafenib + trametinib ± celecoxib ± panitumumab or vehicle (control). 
Waterfall plots show the relative change in tumor volume: each bar represents 

one tumor, and the height of the bar compares the final volume at day 21 (D21) 
to the starting volume at day 1 (D1). Volume changes are capped at twofold the 
starting volume (that is, 200%). Tumors that regressed by day 21 are shown in 
red (compared to the volume at day 1) and purple (compared to the volume at 
mid-treatment, that is, day 10). Average final tumor volumes per treatment group 
are indicated underneath the graphs (black font). P values are indicated from 
two-sided Student’s t tests when P < 0.05. All raw and relative tumor volumes 
are available as Source Data. e, Semisupervised hierarchical clustering of the 
percentages of regressing tumors per treatment arm, comparing day 21 versus 
day 1 and day 21 versus day 10, from the data shown in d (that is, same number (n) 
of mice per treatment group and per PDX as in d). f, GLMs to test the association 
of change in tumor volume between treatment arms and vehicle over time. A 
GLM was applied to each PDX model, and all PDXs were combined. Left, effect 
size measured as the GLM standard coefficient; semi-unsupervised hierarchical 
clustering further compares the efficacy of the treatment arms. Right, ranking by 
GLM P values corrected for FDR. g, Comparison of effect size and FDR-corrected 
P values for treatment arms with and without the addition of celecoxib. Analyses 
in f,g used the same number (n) of mice per group as in d.
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Fig. 7 | Coordinated targeting of COX2 with BRAF + EGFR improves 
long-term efficacy in BRAFV600E CRC PDXs. a,b, Tumor growth 
profiles in BRAFV600E CRC PDX models 1 and 2 treated with encorafenib 
(ENC) ± panitumumab ± celecoxib or vehicle (VEH; control). Changes in tumor 
volume relative to starting volume at day 1 (average ± standard error) are 
plotted over time. P values from two-sided Student’s t tests across all time points 
comparing treatment arms are shown as a grayscale underneath each graph. NS, 
not significant; X, not available. All raw and relative tumor volumes are available 
as Source Data. In a, n = 11 mice per treatment group; in b: VEH, n = 5 mice; ENC, 
n = 6 mice; ENC + PAN, n = 9 mice; ENC + PAN + CEL, n = 9 mice. c, GLMs to test the 
association of change in tumor volume over time, either between treatment arms 
and vehicle (left) or between combination therapy and encorafenib alone (right). 
A GLM was applied to each individual PDX model and to both PDXs combined. 
Top, effect size measured as the GLM standard coefficient comparing the efficacy 
of the treatment arms. Bottom, GLM FDR-corrected P values. d, Comparison 

of effect sizes and FDR-corrected P values of treatment arms with and without 
celecoxib, using vehicle or encorafenib treatment as the baseline (left and  
right, respectively). The same number of mice per group shown in a,b was used 
for the analyses in c,d. e, Mouse weight as a surrogate for treatment toxicity. 
Data are displayed as the average weight in grams ± s.d. All weights from the 
results shown in a,b were used: VEH, n = 16 mice; ENC, n = 17 mice; ENC + PAN, 
n = 20 mice; ENC + PAN + CEL, n = 20 mice. f, Schematic summary of the states 
of signaling pathways depending on treatment: (1) untreated tumors, with 
BRAF–MEK–ERK as the main driver of progression (red) and baseline activity of 
the EGFR and COX2–SRC signaling pathways (gray), and (2–4) tumors treated 
with drugs (listed on top) inhibiting the activity (blue) of the three distinct 
signaling axes: BRAF–MEK, EGFR and COX2–SRC–β-catenin In scenario (4), triple 
treatment collectively blocks the cooperative dependencies that drive resistance 
and progression.
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separate inflammatory loop that funnels through SRC. Possibly even 
more surprisingly, our in vivo and in vitro observations (Fig. 3) indicate 
that SRC may have a more dominant role than EGFR in the context of 
BRAFV600E CRC. In fact, previously discovered transactivation effects 
of SRC on EGFR through intra- and extracellular mechanisms23,36 show 
that SRC acts as an upstream effector of EGFR. A SRC-driven transactiva-
tion mechanism would provide an alternative route to the previously 
noted feedback release activation of EGFR through reduced CDC25C 
phosphatase activity that is initiated by therapeutic inhibition of BRAF/
MEK13. Together, CDC25C and SRC could functionally complement 
each other by converging on EGFR to coordinate its activation upon 
BRAF/MEK inhibition.

Although SRC kinases are known direct upstream effectors of 
c-RAF that regulate the signaling activity of RAF homo- and heterodi-
mers37–40, inhibition of SRC did not impact the ERK rebound commonly 
associated with RAF therapy resistance. A SRC-driven drug-bypass 
mechanism might still explain how tumors can efficiently evade RAF 
targeting without acquired resistance mutations. Moreover, SRC 
kinases can directly promote the activity of other kinases involved in 
drug resistance, including AKT1 (ref. 41), an essential mediator of EGFR 
signaling. BRAFV600E CRC cells may thus compensate for the strain of 
EGFR targeting through SRC, releasing cells from their dependency on 
EGFR to adapt to BRAF + EGFR combination therapies.

In addition to these direct regulatory effects on downstream 
kinases, SRC kinases are also known to propagate their pro-oncogenic 
activities through networks of transcription factors42–44. In fact, we 
found that SRC phosphorylates an understudied phospho-site of 
CTNNB1 (Y654). Upon BRAF ± EGFR inhibition, SRC-dependent phos-
phorylation of Y654 increases β-catenin’s transcriptional activity, 
leading to a reprogramming of the transcriptional profiles of BRAFV600E 
CRC cells. The WNT–β-catenin signaling pathway is a key driver in 
the initiation and progression of CRC, differentiating it from other 
cancers, including BRAF-mutated melanoma. Such a SRC-driven repro-
gramming mechanism could rapidly and durably rewire signaling 
pathways in BRAFV600E CRC cells, effectively promoting adjustment to  
therapeutic stress.

The signaling plasticity offered by these SRC-dependent mecha-
nisms may usurp and/or reinforce cell-autonomous pathways that drive 
tumor survival while bypassing other dependencies, including under 
the influence of BRAF/MEK or EGFR targeted therapies. Altogether, this 
argues that blocking the pathways that activate SRC kinases represents 
a logical strategy to reinforce the inhibition of both the RAF–MEK–ERK 
and EGFR–PI3K–AKT axes and to prevent the emergence of a therapeu-
tic resilience phenotype (Fig. 7f).

FDA-approved SRC inhibitors are available; however, toxicity 
in combination with other targeted agents is a major concern. This 
prompted us to determine what upstream pathways activate SRC to 
potentially leverage these mechanisms as clinically actionable targets. 
Our data show that PGE2 signaling drives SRC activation in BRAFV600E 
CRC. Despite decades of work on SRC, its contribution as a regulator of 
cancer-related inflammation has remained largely unexplored. Here we 
demonstrated that BRAFV600E CRC cells overcome BRAF ± MEK or EGFR 
therapies by upregulating a prosurvival, autocrine/oncocrine COX2–
PGE2–GNAS–SRC–β-catenin signaling loop. This adaptive response 
was not observed in BRAFV600E melanoma cells, highlighting how SRC 
is embedded in pre-existing signaling networks specific to BRAFV600E 
CRC. Of note, >90% of CRC tumors also harbor alterations in the WNT 
signaling pathway, typically an initiating APC mutation45. Kinase circuits 
and drug response mechanisms are inevitably adapted to the WNT/
APC-mutated background of BRAFV600E CRC cells. Both the WNT and 
G-protein-regulated signaling networks are induced by extracellular 
inflammatory cues, and the two pathways share many intracellular 
signaling components, such as GSK3β or β-catenin23,46. This inherent 
predisposition of BRAFV600E CRC cells to rely on inflammatory pathways 
to alleviate and withstand drug pressure is underscored by our finding 

that the SRC-relayed PGE2 signaling cascade causes therapeutic resist-
ance (Fig. 7f).

The production of PGE2 is regulated by the COX2 enzyme. COX2 
is a rational target, implicated in intestinal inflammation and, by asso-
ciation, CRC initiation and progression27,47. Although several prior 
clinical trials testing SRC or COX2 inhibitors in patients with CRC have 
failed to show meaningful clinical activity48–53, no trial has yet focused 
on BRAFV600E mCRC or evaluated these agents in combination with 
BRAF-targeted therapies. Recent BRAFV600E mCRC clinical trials have 
demonstrated the feasibility of administering three targeted thera-
pies simultaneously5; however, quadruple therapy pushes the limits 
of acceptability—unless the fourth therapy is inexpensive and has 
an exceptionally favorable side-effect profile. On both counts, COX2 
is a more attractive drug target than SRC. We showed that adding 
celecoxib to a current standard-of-care treatment, encorafenib (BRAF 
inhibitor) + panitumumab (EGFR inhibitor)5, resulted in sustainable 
and significant tumor growth inhibition in BRAFV600E CRC PDXs. Addi-
tion of the inexpensive, FDA-approved COX2 inhibitor celecoxib to 
BRAF-targeted therapies could be rapidly translated in patients with 
BRAFV600E mCRC, with few anticipated side effects.

We attempted to determine retrospectively whether use of 
celecoxib or other nonsteroidal anti-inflammatory drugs as con-
comitant medications conferred benefit to patients with CRC who 
participated on clinical trials testing BRAF inhibitor-based therapies; 
however, incomplete data collection and heterogeneous dosing pre-
cluded this analysis. Additionally, while PDX models faithfully reca-
pitulate patients’ initial responses to targeted therapies6, it is unknown 
whether they can fully predict response, especially as the mice used 
lack a functional immune system. Furthermore, we acknowledge that 
there may be alternative routes to adaptive resistance, not repre-
sented by our models, in which case it may be possible to leverage the 
HT-KAM platform to develop predictive biomarkers to most effectively  
tailor therapy.

In conclusion, our results demonstrate that SRC has a dominant 
role in mediating the unresponsiveness of BRAFV600E colorectal tumors 
to BRAF inhibitors and suggest that SRC and EGFR act in conserved, 
complementary, parallel circuits that drive resistance and can be jointly 
targeted to restore therapeutic sensitivity. SRC activation is nonredun-
dant with the MAPK pathway. We determined that a COX2 inflamma-
tory pathway drives SRC activation; the effects of inhibiting SRC were 
recapitulated in vitro and in vivo by targeting COX2. These results argue 
that drug resistance can result from a combination of pathways that 
are upregulated, working in concert and interdependent of each other, 
such that impeding their coordinated signaling activities is necessary 
to overcome resistance. The HT-KAM approach can identify a finite 
number of key cooperative dependencies, offering a curated selec-
tion of convergent targets to evaluate. Our hope is that, by expanding 
the scope of investigation, BRAFV600E mCRC will one day become like 
HER2-positive breast cancer, where what was once a poor-prognosis 
subtype with few treatment choices has been transformed into an 
opportunity to receive effective targeted therapy options.

Methods
Our research complies with all relevant ethical regulations. The UCSF 
Preclinical Therapeutics Core (PTC) Laboratory and Laboratory Animal 
Resource Center (LARC) operate under the Institutional Animal Care 
and Use Committee (IACUC), approval number 194778-01. Further 
information on research design is available in the Nature Portfolio 
Reporting Summary linked to this article.

Cell lines, cell culture conditions and genetic alterations
Cell lines were purchased from ATCC or provided by R.B.: (1) BRAFV600E 
CRC cells: WiDr, SNUC5, HT29, Colo-205, RKO-1, LIM2405, KM20, 
LS411N, VACO432, SW1417; (2) CRC MAP3K8amp cells: OUMS23; (3) 
KRASmut CRC cells: HCT116, LoVo; (4) BRAFV600E melanoma cells: A375, 
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A375 (SRCY530F), A375 (myr-AKT1), Sk-Mel-28, Mel888. Cells were cul-
tured following ATCC’s instructions or as previously described13.

Transfections. siRNA transfections were performed using Lipo-
fectamine 2000 according to the manufacturer’s instructions (Inv-
itrogen). Cells were processed 72 h after siRNA transfection. Control 
siRNAs and siRNAs targeting CSK were obtained from Dharmacon 
(siCON: D-001206-13-5 and D-001206-14-20; siCSK: M-003110-02).

Generation of stable cell lines with control and SRC knockdown. 
For stable knockdown of SRC, oligonucleotides containing the 
shRNA hairpin were annealed and then ligated into the pLKO.1 vector. 
The two shRNA sequences used against SRC were shSRC 1 (hairpin 
sequence TRCN0000199313: 5′-GCTGACAGTTTGTGGCATCTT-3′)  
and shSRC 2 (hairpin sequence TRCN0000195339: 5′-CATCCTCAGG 
AACCAACAATT-3′). Lentiviruses were produced by UCSF Viracore. 
WiDr, KM20, LIM2405 and SNUC5 cell lines stably expressing con-
trol shRNA and shRNAs against SRC (shCON, shSRC 1, shSRC 2) were 
produced by transduction with the corresponding lentiviruses in the 
presence of 8 µg ml–1 polybrene (Sigma-Aldrich). After incubation in 
growth medium for 72 h, cells were treated with 2 µg ml–1 puromycin.

Generation of GNAS lenti-CRISPR knockout cell lines. GNAS 
lenti-CRISPR knockout cancer cell lines were generated by target-
ing exon 1 of the human GNAS locus with the CRISPR–Cas9 system as 
previously described54,55. The forward and reverse sgRNA-targeting 
sequences used were 5′-CACCGCTACAACATGGTCATCCGGG-3′ 
and 5′-AAACCCCGGATGACCATGTTGTAGC-3′, respectively. Guide 
sequences were provided by A. Inoue (Tohoku University). Oligonucleo-
tides for the sgRNAs were phosphorylated and annealed for insertion 
into BsmBI-digested lenti-CRISPR v2 backbone (Addgene, 52961). Lenti-
viruses were produced by transfecting HEK293T17 cells with envelope, 
packaging and guide DNAs at a 1:2:3 ratio. Medium was collected at 48 
and 72 h after transfection. Viral particles were concentrated by ultra-
centrifugation at 28,000 r.p.m. for 4 h at 4 °C. Cancer cell lines were 
seeded on poly(lysine)-coated six-well plates and transduced once 
the cells reached 70% confluence. The medium was refreshed after 
48 h and cells were transduced again for 48 h. Polybrene (10 µg ml–1) 
was used to enhance transduction efficiency. Cells were selected with 
1 µg ml–1 puromycin for 5 d.

Generation of Tet-inducible GNAS active mutant cell lines. The 
GNAS active mutant was previously generated by site-directed 
mutagenesis of R201 to cysteine56. GNASR201C cDNA was cloned into 
the pENTR backbone (pDONR221; ThermoFisher Scientific, 12536017) 
using the Gateway cloning BP reaction according to the manufactur-
er’s protocols (Invitrogen, 11789020). Activity of the GNASR201C active 
mutant was confirmed by cAMP-responsive element (CRE) luciferase 
assay (Dual-Glo Luciferase Assay System; Promega, E2920) or cAMP 
immunoassay (R&D Systems, KGE002B). The GNASR201C-pENTR vector 
was then recombined with the lentiviral vector pLVX-TetOne FLAG Puro 
(provided by the Krogan group, UCSF) using the Gateway LR reaction 
according to the manufacturer’s protocol (Invitrogen, 11791020). Viral 
particles were collected from HEK293T17 cells and concentrated by 
ultracentrifugation. Cells were transduced two times for 48 h and then 
selected with 1 µg ml–1 puromycin for 5 d. Expression of GNASR201C was 
induced by adding 1 µg ml–1 doxycycline.

Cell extracts
For samples to be analyzed with the HT-KAM platform, cells at ~85% 
confluence were washed three times with cold PBS and lysed with 
freshly prepared 1× cell lysis buffer (1 ml per 2.5 × 106 cells) (10× Cell 
Lysis Buffer; Cell Signaling, 9803) complemented with 1× Halt Protease 
& Phosphatase (100×; ThermoScientific, 1861281). Cell lysates were 
collected and spun down at 16,500g for 15 min at 4 °C and supernatants 

were stored at –80 °C. For samples to be analyzed by western blot, 
cell lysates were prepared with RIPA lysis buffer supplemented with 
protease and phosphatase inhibitors. After clearing by centrifugation 
at 13,400g for 10 min at 4 °C, lysates were analyzed as described in the 
respective experiments. For samples to be analyzed with HT-KAM, 
WiDr cells were treated as detailed in ref. 13.

Kinase inhibitors and cell treatment conditions
Details on inhibitors, blocking antibody and PGE2 reagents are pro-
vided in Supplementary Table 1. Drug treatment conditions (con-
centration and time) related to western blots, ELISAs, kinase activity 
profiles and qRT–PCR are provided in Supplementary Tables 2  
and 3. For western blots, cells were serum starved (0.25% FBS) for 16 h 
before treatment (conditions available in Supplementary Table 3).  
We included a demarcation line where blots were not contiguous  
(see Figs. 3a, 4a and 5e,g (bottom)).

Cell viability assays
To assess the growth/survival response of cell lines to single or com-
binatorial drug treatments, we used the CellTiter-Glo cell viability 
assay (Promega, G7571). Cell culture and luminescence readouts were 
performed in 96- and 384-well plates after 3-day treatments. GI50 corre-
sponds to the concentration of a given drug that causes 50% inhibition 
of cell growth after 3 d of treatment. For figure panels displaying cell 
survival results (that is, the shift in vemurafenib sensitivity and synergy 
analysis shown in Figs. 2a,b,e, 3b, 5c,f,h and 6a,b and Extended Data 
Figs. 2a,c and 3b), experimental conditions for all 2-fold serial dilution 
treatments were started at a concentration of ≥8-fold GI50 and ended 
at ≥0.125-fold the GI50 concentration, where all concentrations were 
adapted/specific to each cell line and each drug. The effects of drug 
combinations on cell growth were assessed by calculating the fold 
change in vemurafenib sensitivity and CI, which were experimentally 
measured from ≥9 individual data points around drugs’ GI50, that is, 
at GI50, 0.5×GI50 and 2×GI50 concentrations of each drug for each drug 
combination experiment. To address the particular effects of some 
drug treatments on some cell lines, the choice of experimental data 
points centered around drugs’ GI50 effects was adjusted by including 
individual data points ranging from ≥GI25 to ≤GI75, leading to calculation 
of fold change in vemurafenib sensitivity and CI from 12 to 20 individual 
data points, as previously explained7. For Fig. 5c, cells were treated 
with serial dilutions of PGE2 starting at 128 pg ml–1 every 12 h over 3 d.

To calculate the CI values in Figs. 2a,b,e, 5c,f,h and 6a, we applied 
the Bliss independence model57,58, which uses experimental profiles 
and avoids inaccuracies that commonly occur with dose–effect curve 
estimation approaches. CI is calculated as CI = –log2(EAB/(EA × EB)), 
where EA and EB correspond to the effects of drugs A and B alone at 
a given concentration and EAB corresponds to the combined effects 
of drugs A and B at these same concentrations. In this model, CI > 0 
indicates synergistic effect, CI = 0 indicates additive effect and CI < 0 
indicates antagonistic effect.

To compare the effects of triple versus dual drug combinations in 
Fig. 3b, we calculated CI as follows: CI = –log2(EABC/(EA × EB)), where EA 
and EB correspond to the effects of drugs A/vemurafenib and B/gefitinib 
alone at a given concentration and EABC corresponds to the combined 
effects of drugs A and B at these same concentrations combined with 
a third drug (C/dasatinib) at the cell line-specific GI50 of dasatinib. The 
same method was applied to analyze the data shown in Fig. 6b.

Colony formation assays
Colony formation assays were performed as previously described in 
ref. 13. In brief, to test the responses of CRC cells to different treatments, 
cells were plated in medium containing 10% FBS 24 h before being 
washed with serum-free medium and cultured for 24 h in medium 
containing 0.1% serum. After low-serum incubation, cells were treated 
with drugs for 30 min and stimulated with 10% FBS.
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Kinase activity mapping assay
The HT-KAM platform uses arrays of peptides that act as sensors of 
phosphorylation activity7. The phospho-catalytic signature of samples 
is established from simultaneously occurring ATP consumption tests 
measured in the presence of individual peptides that are experimen-
tally isolated from each other. Assays were run in 384-well plates, where 
each experimental well contained one peptide. The final reaction 
mixtures in each well contained (1) kinase assay buffer (Cell Signaling, 
9802), (2) 250 nM ATP (Cell Signaling, 9804), (3) 200 µg ml–1 of 11-mer 
peptide and (4) samples generated from cells with ~10 µg ml–1 total 
protein extract. All reagents were kept on ice and plates were placed on 
cold blocks until enzymatic reactions were started. Once dispensing of 
the reaction mixtures was complete, the plates were incubated for 1 h 
at 30 °C. ATP was detected using Kinase-Glo reagent (Promega, V3772), 
which stops the activity of kinases and produces a luminescence signal 
that directly correlates with the amount of remaining ATP in sam-
ples. Luminescence was acquired using the Synergy 2 Multi-Mode 
Microplate Reader from BioTek. For a more detailed description of the 
peptide sensor design, sequences and connectivity between peptides 
and kinases, as well as data normalization steps and analysis, refer to 
refs. 7,9,10,59,60. The activity of kinase enzymes was derived from their 
respective subset of biological peptide targets included in the assay.

Antibodies and western blotting
For western blotting, samples were denatured by boiling in 1× Laemmli 
buffer and run on an 8% SDS–PAGE gel. Membranes were incubated with 
primary antibodies overnight at 4 °C, washed three times with TBST, 
incubated with secondary antibodies for 1 h at room temperature and 
developed using chemoluminescence (Pierce, 32209). Details on the 
antibodies used are provided in Supplementary Table 4.

ELISA
To detect secreted PGE2, conditioned medium from BRAFV600E CRC cell 
lines treated with vemurafenib ± gefitinib was collected. Particulates 
were removed by centrifugation, and samples were processed accord-
ing to the manufacturer’s protocol (R&D Systems, KGE004B).

RNA extraction, cDNA synthesis and qRT–PCR
RNA was purified using TRIzol followed by digestion with RNase-free 
DNase (Qiagen). cDNA synthesis was performed using the 
High-Capacity cDNA Reverse Transcription kit (ABI). Primer efficiencies 
were assessed by serial dilution. qRT–PCR reactions were performed 
in the QuantStudio 5 Real-Time PCR System using SYBR-Green Power 
master mix (ABI) with default cycling conditions; results were analyzed 
with QuantStudio 5 analysis software. All mRNA levels were assayed in 
quadruplicate; dissociation curves were checked and products were 
run in agarose gels to confirm amplification of only one product. Rela-
tive mRNA levels of β-catenin target genes (MYC, AXIN2, ASCL2, S100A6, 
LEF1, NOTCH2, SP5) were calculated by the 2(–∆∆Ct) method using ACTB 
and UBC as controls. The sequences (5′→3′) of the primers we used 
to measure the mRNA levels of β-catenin target and housekeeping 
genes are provided in Supplementary Table 5. For statistical analysis 
of qRT–PCR results, we used a two-sample equal-variance t test (with 
a two-tailed distribution) to determine the significance of differences 
in gene expression.

Automated IHC procedure
To identify changes in protein expression in tumors from PDXs treated 
or not with dabrafenib and/or trametinib (Figs. 1e and 5i and Extended 
Data Fig. 1b) and tumors from patients (Extended Data Figs. 1d and 5c), 
IHC staining was preformed using the Ventana DISCOVERY ULTRA 
autostainer system hosted at the UCSF Histology and Biomarker Core. 
A critical advantage of the fully automated DISCOVERY ULTRA pipeline 
is that, once an IHC protocol is set, all parameters and workflows are 
automated and repeated identically, thus allowing for all biospecimens 

to be processed in the exact same way, which further allows for auto-
mated image processing and comparative analysis.

In brief, slides where sectioned at 4-µm thickness, mounted on 
positively charged slides and air dried. To increase tissue adhesion, 
slides were baked in an oven at 60 °C for a minimum of 1 h to a maximum 
of 24 h. Deparaffinization was performed on the DISCOVERY ULTRA 
system in three cycles of 8 min each in EZ Prep solution warmed to 
72 °C. Antigen retrieval was performed at high temperature, between 
95 °C and 100 °C, in Cell Conditioning 1 Solution for 4 to 92 min as 
required by the tissue and antibody combination. Before primary 
antibody application, inhibitor (specifically Inhibitor CM from the DAB 
kit) was applied and slides were incubated for between 8 and 20 min. 
Primary antibody was diluted in Discovery Ab Diluent. Species-specific 
secondary antibody, either OmniMAP or HQ and enzyme conjugate, 
was applied and slides were incubated with low heat between 36 and 
37 °C. DAB from the DISCOVERY ChromoMap DAB RUO kit was selected 
as the chromogenic detector for which the DISCOVERY UTLRA system 
hard codes the incubation settings. Hematoxylin nuclear counterstain 
(760-2021) was applied for 4 min followed by Bluing reagent for an 
additional 4 min. Slides were washed and dehydrated according to the 
Ventana standard operating procedure and were coverslipped using 
0.17-mm-thick glass coverslips and Cytoseal XYL mounting medium 
(Richard-Allan Scientific, 22050262).

To detect SRC phosphorylated at Y419, phospho-Src (Y419) EGFR 
rabbit polyclonal antibody supplied by R&D Systems (AF2685) was used 
at a dilution of 1:50. Cell conditioning in CC1 was performed at 95 °C 
for 64 min. Inhibitor was applied for 16 min. Slides were incubated with 
the primary antibody at 37 °C for 32 min. Anti-rabbit HQ was used as 
the secondary antibody and slides were incubated at 37 °C for 16 min 
followed by anti-HQ–HRP enzyme conjugate, which was applied for 
16 min. DAB was used as the chromogenic detector with hematoxylin 
selected for the counterstain.

To detect total SRC, total SRC (36D1) rabbit monoclonal antibody 
manufactured by Cell Signaling Technology (2109) was used at a dilu-
tion of 1:800. Cell conditioning in CC1 was performed at 95 °C for 
32 min. Inhibitor was applied for 16 min. Slides were incubated with 
the primary antibody at 37 °C for 32 min. OmniMAP anti-rabbit was 
used as the secondary antibody and slides were incubated at 37 °C for 
12 min. DAB was used as the chromogenic detector with hematoxylin 
selected for the counterstain.

To detect COX2, COX2 (SP21) rabbit monoclonal antibody man-
ufactured by Abcam (ab16708) was used at a dilution of 1:100. Cell 
conditioning in CC1 was performed at 95 °C for 64 min. Inhibitor was 
applied for 16 min. Slides were incubated with the primary antibody at 
37 °C for 32 min. OmniMAP anti-rabbit was used as the secondary anti-
body and slides were incubated at 37 °C for 8 min. DAB was used as the 
chromogenic detector with hematoxylin selected for the counterstain.

Automated processing and analysis of IHC images
IHC images were processed with inForm Tissue Finder software (Akoya 
Biosciences). The feature recognition algorithms available in inForm 
automate the detection and segmentation of tissues and cells, as well 
as the quantification of immunostaining intensities (Figs. 1f and 5j and 
Extended Data Fig. 1c). Automation provides consistent, reproducible 
results and enables comparative studies across specimens, samples 
and images.

The image processing workflow is a machine learning process 
defined by, and adjusted through, an iterative sequence of user-trained 
modules and variables. The spectral components of each image are 
first unmixed using a spectral library. Next, all cells composing the 
immunostained tissue image are detected and annotated using tissue 
and cell segmentation modules. These steps locate individual cellular 
objects by identifying nuclei from the spectrum corresponding to the 
hematoxylin stain. On the basis of nucleus boundaries and definable 
cytoplasmic/cell membrane features, the inForm software finds and 

http://www.nature.com/natcancer


Nature Cancer | Volume 4 | February 2023 | 240–256 253

Article https://doi.org/10.1038/s43018-022-00508-5

draws the boundaries of each cell. This enables systematic quantifica-
tion of immunostaining intensity for each individual cell composing the 
tissue and across the different tissue types (for example, tumor versus 
stroma). The pattern recognition detection/segmentation and the 
immunostaining intensity scoring of tissues and cells are initially run 
on 3–5 images and then reiterated using an additional set of 15–25 ran-
domly chosen images to further fine-tune all parameters and validate 
the consistency of processing across images and visualization output. 
Once the ‘training’ of the inForm algorithm is considered final, batch 
processing of all images is applied, allowing for systematic processing 
with identical parameters across hundreds of images and generation 
of results that are fully comparable among all individual cells from all 
tissues and biospecimens.

To quantify protein expression at the single-cell level in tumor 
areas, we automated the scoring of immunostaining intensities using 
a binning tool available in the inForm software. The same binning 
thresholds were used for each antibody (for example, the same four-bin 
intensity levels across treatments and across PDXs for SRC (total) to 
provide comparable results between conditions and tumor cases). 
However, the thresholds were specifically adapted to each antibody 
(that is, different four-bin intensity levels for SRC versus SRC pY419 
versus COX2).

PDX models and BRAFV600E CRC cell line xenograft studies
PDX models were established from the tumor biopsy samples of con-
senting UCSF patients as previously described (UCSF Institutional 
Review Board, 12-09139)4,11. All patients went on to receive dab-
rafenib + trametinib as part of a clinical trial4. JAX NOD-scid-gamma 
mice bearing subcutaneous PDXs were randomized into vehicle or 
treatment groups when tumor volumes reached 100–150 mm3 with 
rolling enrollment. Six- to 9-week-old female mice were treated with 
vehicle (0.1% Tween-20 or 0.5% hydroxypropyl methylcellulose and 
0.2% Tween-80) or targeted therapies for 21 d (Figs. 3d,e and 6d) or 
up to 60 d (Fig. 7a,b) in the UCSF Preclinical Therapeutics Core (San 
Francisco, CA).

Inhibitors administered by oral gavage were purchased from Sell-
eck Chemicals and dosed daily as follows: celecoxib 50 mg kg–1 by 
mouth daily; encorafenib 20 mg kg–1 by mouth daily (see ref. 61); dab-
rafenib 30 mg kg–1 by mouth daily; dasatinib 20 mg kg–1 by mouth daily; 
gefitinib 50 mg kg–1 by mouth daily; saracatinib 25 mg kg–1 by mouth 
daily; trametinib 0.6 mg kg–1 by mouth daily; vemurafenib 50 mg kg–1 by 
mouth daily. Panitumumab (used in Fig. 7a,b) was provided by Amgen 
Oncology and was administered at 200 µg by intraperitoneal injection 
twice weekly. For WiDr and KM20 cell line xenograft studies (Fig. 3d),  
8 and 7 mice per treatment group, respectively, were dosed daily with 
a combination of the following inhibitors: PLX4702 (50 mg kg–1 per day 
orally), gefitinib (50 mg kg–1 per day orally), dasatinib (50 mg kg–1 per 
day orally) and saracatinib (25 mg kg–1 per day orally).

Mice were monitored for signs of toxicity (for example, weight 
loss), and tumor size was evaluated twice a week with digital caliper 
measurements. The 15% body weight reduction threshold for hold-
ing drug was not met. The same procedures were followed for cell 
line-derived xenograft models. The maximum tumor size permitted 
by the LARC and IACUC is 2,000 mm3; this maximum tumor size was 
not exceeded.

To test the significance of the changes in tumor volume over time 
between treatment arms and vehicle in Figs. 3d–i, 6d,f,g and 7a,b, we 
used the following statistical tests: Student’s t test, GLM, GLM P val-
ues corrected for FDR. Besides plotting the relative tumor volume in  
Figs. 3d,e, 6d and 7a,b, we also calculated effect size measured as the 
GLM standard coefficient. A GLM was applied to each tumor model 
separately or combined. In Fig. 7b, none of the mice treated with 
encorafenib alone were available at the last two time points (these 
mice were killed because of tumor size), which is why no P value could 
be calculated (represented as an ‘X’ in the table underneath the plot). 

All raw and relative tumor volumes (and the number of mice per group) 
can be found in the Source Data.

Patient specimens
Tumor specimens were used in research following patient consent and 
approval by the UCSF Institutional Review Board (12-09139).

Statistics and reproducibility
We provide general information on how statistical analyses of data 
were conducted and general information on the reproducibility of 
experiments. We used XLS (versions 14.0 and 16.0), R (version 4.0.2), 
Rstudio (version 1.1.463), Prism (version 6.0e), MATLAB (version 9.6), 
QuantStudio (version 5) and inForm (version 2.0) to collect and analyze 
data. No data were excluded from analyses. No statistical method was 
used to predetermine sample size, but our sample sizes are similar to 
those reported in previous publications6,7,12–14. Data distribution was 
assumed to be normal, but this was not always formally tested. Data 
collection and analysis were not performed with blinding to the condi-
tions of the experiments.

For the analysis leading to the heatmap in Fig. 1a, the average 
value of ATP consumption in sample-containing wells measured across 
228 peptides and 14 peptide-free controls was used for internal nor-
malization for each experimental run (that is, the mean-centering 
value established from 242 data points/wells per 384-well plate; previ-
ously explained in refs. 7,9,10). Other normalization schemes were used 
for further analysis and cross-validation (that is, (1) the subset of 14 
peptide-free control wells (that is, cell extract alone), (2) the subset 
of 16 Y/S/T-free peptides or (3) the subset of 63 reference peptides). 
The activity for each peptide was then calculated as the difference in 
ATP consumption between each peptide and the internal mean. ATP 
consumption measurements associated with each peptide were then 
averaged across all biological and technical replicates. Next, phos-
phorylation activity profiles across all 228 individual peptides were 
compared between treated (vemurafenib or vemurafenib + gefitinib 
or vemurafenib + cetuximab) and control (UNT) (calculated as the 
difference in ATP consumption). Finally, phospho-catalytic activity 
signatures measured across the 228-peptide sensors were subjected 
to unsupervised hierarchical clustering. Phospho-catalytic activities 
are color coded according to the relative level of activity measured in 
the presence of each peptide for each treatment.

For the analysis to generate the heatmaps in Fig. 1b (and related 
plots in Fig. 1c,d), the activity of kinases was calculated as the average 
of the phosphorylation activities measured in the presence of their 
respective biological peptide subsets (that is, derived from values/
calculations used to generate Fig. 1a). We systematically converted 
peptide phosphorylation profiles into kinase activity signatures for 
individual kinases and kinase families that were detected with ≥3 dis-
tinct biological peptide sensors.

In Figs. 3d,e and 7c,d, changes in tumor volume at each time point 
are shown as the mean volume of all tumors per treatment arm (± stand-
ard error). P values from Student’s t tests comparing treatment versus 
vehicle, or between drug treatment arms, are shown.

In Fig. 6d, changes in tumor volume converted to cumulative 
tumor volume are shown for all individual tumors per treatment arm 
at day 21 (the final time point to assess and compare the efficacy of dif-
ferent drug combinations). Significance when comparing treatment 
versus vehicle at day 21 was assessed, and P values (Student’s t test) are 
shown in the plot.

In Figs. 3f–i, 6f,g and 7c,d, we used a GLM to analyze profiles of 
tumor growth. We first zero-normalized the data compared to control 
vehicle for each model and for time point. We then ran a GLM (avail-
able in R) on the normalized data to test the association of change in 
tumor volume between treatment and vehicle across all time points. 
The effect size of each treatment compared to vehicle was calculated 
(that is, GLM standard coefficient) along with significance (that is, 
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FDR-corrected GLM P value). This GLM approach and data normaliza-
tion also allowed us to compare the effects of different treatments (for 
example, with or without dasatinib (Fig. 3h,i); with or without celecoxib 
(Figs. 6g and 7d)), as well as to combine the distinct models (for exam-
ple, all cell line tumor xenografts (Fig. 3f,h) or all PDXs (Figs. 3g,i, 6f,g 
and 7c,d)) to measure the overall effect of drug combinations and  
their significance.

For Figs. 2d, 3a, 4a and 5b,d,e,g and Extended Data Figs. 1a, 2b, 4c 
and 5a,b, each experiment was repeated independently at least twice 
with similar results.

Other statistical and predictive methods to compare sample 
groups and reproducibility between signatures included unsupervised 
or semisupervised hierarchical clustering using Euclidean distance 
or (absolute) correlation (centered or uncentered) and Ward linkage 
or complete or average linkage to group phospho-activity signatures 
on the basis of their similarities or differences; Student’s t tests with 
or without Benjamini–Hochberg FDR correction; Wilcoxon rank-sum 
tests with or without FDR correction (P < 0.05); and GLMs.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Data supporting the findings of this study are available from the cor-
responding author on reasonable request. PhosphoAtlas is available 
at https://cancer.ucsf.edu/phosphoatlas. Source data are provided 
with this paper.
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Extended Data Fig. 1 | See next page for caption.

http://www.nature.com/natcancer


Nature Cancer

Article https://doi.org/10.1038/s43018-022-00508-5

Extended Data Fig. 1 | SRC is activated consequent to BRAF/MEK/EGFR 
inhibition in BRAFV600E CRC specifically. a, BRAFV600E CRC cell lines were 
treated with vemurafenib (VEM) for 7 to 8 hours. Vemurafenib was used at 
1.75 uM in HT29, 2 uM in KM20, 0.15 uM in LIM2405, 2.25 uM in SNUC5, and 
1.5 uM in WiDr (details of treatment conditions (concentration and time) are 
available in spreadsheets Supplementary Table 2 and 3 of the Supplementary 
Tables document). Cell lysates were assayed by western blot with the 
indicated antibodies. Upper panels: SFK activation is reflected by increased 
phosphorylation of the SRC activation site, Y419 (pY419). HSP90 is used 
as loading control. Bottom panel: reduction in ERK 1/2 phosphorylation as 
control of BRAF inhibition. Molecular weight/size markers are indicated on 
the right (kDa). The experiment was repeated ≥3 times with similar results. 
b, Representative IHC images showing total SRC staining intensity following 

treatment of a BRAFV600E CRC PDX model with vehicle control, dabrafenib 
(DAB) and/or trametinib (TRA) for 3 or 21 days. The color-coded bottom panel 
highlights differences in bin intensities resulting from automated image analysis 
(see Methods for details). A scale bar is provided (100 micrometers). As in main 
Fig. 1e, IHC images and intensity quantifications are representative of n = 2 
independent PDX tumors per treatment condition, and n = 20 independent tissue 
areas per tumor and per condition. c, Quantification of IHC staining intensity for 
total and activated SFK in two PDX models treated for 3 or 21 days with DAB ± TRA 
vs. vehicle control. As in main Fig. 1f, we used batch processing and automated 
analysis of IHC images to quantify protein expression at the single cell level (that 
is, n ≥ 10,000 individual cancer cells per treatment condition and tumor). d, SRC 
staining score by IHC in untreated patient CRC tumor specimens with or without 
a BRAFV600E mutation, from primary (prim.) or metastatic (met.) sites.

http://www.nature.com/natcancer


Nature Cancer

Article https://doi.org/10.1038/s43018-022-00508-5

Extended Data Fig. 2 | SRC kinase activity is inversely correlated with 
sensitivity to vemurafenib in BRAFV600E CRC cell lines. a, Shift in vemurafenib 
(VEM) sensitivity (mean fold-change ± standard error) measured via cell 
viability assays and calculation of the combination index (CI score; top panel) 
upon treatment of BRAFV600E or KRAS mutated or MAP3K8 amplified CRC, or 
melanoma (MEL) cell lines with VEM together with: a SRC inhibitor, dasatinib 
(DAS), saracatinib (SAR) or bosutinib (BOS), or an EGFR inhibitor, gefitinib (GEF), 
for three days. Same methods as in Fig. 2b (n = 3 independent experiments per 
cell line and per drug combination). b, BRAFV600E CRC cell lines were transfected 

with a siRNA against CSK, a negative regulator of SFKs, and siRNA Control. Cell 
lysates were assayed by western blot with the indicated antibodies, showing the 
effect of CSK depletion on SFK activation. Molecular weight/size markers are 
indicated on the right (kDa). Experiment repeated 3 independent times with 
similar results. c, Bar graphs representing fold-change (log scale) ± standard 
error for change in sensitivity to VEM with knockdown of CSK in 3-day cell 
viability assays. Top panel: combination index, Bliss model score; colors as in  
Fig. 2b (n = 4 independent experiments).
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Coordinated targeting of SRC with BRAF ± EGFR 
improves efficacy in BRAFV600E CRC cell lines and xenografts without 
increasing toxicity. a, Levels of pY419, non-pY530, and total SFK measured 
by western blot in BRAFV600E CRC cell lines treated with vemurafenib 
(VEM) ± gefitinib (GEF) were quantitated. Data are normalized to control 
untreated per cell line and displayed as average ± standard deviation measured 
across HT29, KM20, LIM2405, WiDr (data available in spreadsheet ‘Fig. 3a’ 
of the Source Data document; n = 12 independent experiments). b, Shift in 
vemurafenib (VEM) sensitivity, measured via cell viability assays and calculation 
of the combination index (CI score; top panel) upon treatment of BRAFV600E CRC 
or melanoma (MEL) cell lines with VEM + gefitinib (GEF) ± dasatinib (DAS) and 
VEM + DAS ± GEF, for three days. The addition of DAS to VEM + GEF increases 
sensitivity to VEM to a greater extent than the addition of GEF to VEM + DAS, 
highlighting the contribution of SFK and supporting that SFK activation upon 
VEM treatment is EGFR-independent. Same methods as in Fig. 2b and Extended 
Data Fig. 2a (n = 4 independent experiments per cell line). c and d, Mouse 

weight as a surrogate for toxicity following treatment of BRAFV600E CRC cell line 
xenografts (c) (n = 14 mice per group), or patent-derived xenografts (d) (n = 16 
mice per group), with vehicle control or the inhibitors listed. Data is displayed as 
the average weight in grams ± standard deviation. e, Tumor growth inhibition in 
BRAFV600E CRC PDX models following treatment with VEM ± GEF ± DAS or vehicle 
(control). Waterfall plots show the relative change in tumor volume: each bar 
represents one tumor; and the height of the bar compares the final volume at 
day 21 to the starting volume at day 1. Volume changes are capped at 5-fold of 
the starting volume (that is 500%). Average final tumor volumes per treatment 
group are indicated underneath the graph (black font). Student t-test, two-sided, 
p-values are indicated when p < 0.05. Tumors that regressed by day 21 compared 
to volume at mid-treatment (that is, day 10) are shown in purple; percentages 
of regressing tumors per group are indicated underneath the graph. f, The GLM 
p-values corrected for false discovery rate (FDR) corresponding to the main  
Fig. 3f, are shown (n = 8 mice per treatment group per PDX model).
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Extended Data Fig. 4 | Mechanisms underlying the synergistic effects of 
co-targeting SRC and the BRAF ± EGFR pathways. a, Western blots to detect 
phospho-T202/Y204 ERK1/2 and total ERK1/2 in BRAFV600E CRC cell lines treated 
with vemurafenib (VEM) ± gefitinib (GEF) or dasatinib (DAS) collected after 
8 h, 24 h, 48 h or 72 h. HSP90 is used as a loading control. The experiment was 
repeated 2 independent times with similar results. b, Quantification of western 
blots shown in panel (a). The bar plot (averages and standard deviations per 
treatment condition across cell lines) was overlaid with a dot plot displaying 
individual measurements per cell line and condition. Data are normalized to 

p-ERK levels after 8 h treatment with VEM alone. See table below for detailed 
values and color codes; n = 8 cell lines. c, Western blots to detect total and 
phospho-Y654 beta-catenin (CTNNB1) in BRAFV600E CRC cell lines treated 
with VEM, or GEF, or DAS, or combinations of VEM + GEF, or VEM + DAS, or 
VEM + GEF + DAS. The detection of phospho-Y419 and total SFK serves as a 
control for the effect of SFK-inhibition (with DAS). The experiment was repeated 
3 independent times with similar results. In panels a, c, molecular weight/size 
markers are indicated on the right (kDa).
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Extended Data Fig. 5 | GNAS signaling in BRAFV600E CRC cell lines and 
tumors. a-b, Western blots to detect phospho-T202/Y204 ERK1/2, total ERK1/2, 
phospho-S217/S221 MEK1/2, total MEK1/2 in BRAFV600E CRC cell lines modified 
for GNAS expression, and treated with vemurafenib (VEM). The experiment was 
repeated 2 independent times per cell line with similar results. a, BRAFV600E CRC 
cell lines engineered with a doxycycline-inducible constitutively active GNAS 

construct, iGNASR201C with or without doxycycline treatment (+ or – at the bottom 
of each panel). b, BRAFV600E CRC cell lines knocked out for GNAS using CRISPR 
(GNAS-KO or CRIPSR control; indicated as + or – at the bottom of each panel).  
In panels a-b, molecular weight/size markers are indicated on the right (kDa).  
c, COX2 staining score by IHC in untreated patient CRC tumor specimens with or 
without a BRAFV600E mutation, from primary (prim.) or metastatic (met.) sites.
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