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Gene Expression Markers of Efficacy and Resistance to 
Cetuximab Treatment in Metastatic Colorectal Cancer: Results 
from CALGB 80203 (Alliance)

Stephanie M. Cushman1, Chen Jiang2, Ace J. Hatch1, Ivo Shterev2, Alexander B. Sibley2, 
Donna Niedzwiecki2, Alan P. Venook3, Kouros Owzar2, Herbert I. Hurwitz1, and Andrew B. 
Nixon1

1Duke University Medical Center, Durham, North Carolina

2Alliance Statistical and Data Center, Durham, North Carolina

3University of California, San Francisco—Helen Diller Family Comprehensive Cancer Center, San 
Francisco, California

Abstract

Purpose—Formalin-fixed, paraffin-embedded tumor samples from CALGB 80203 were 

analyzed for expression of EGFR axis–related genes to identify prognostic or predictive 

biomarkers for cetuximab treatment.

Patients and Methods—Patients (238 total) with first-line metastatic colorectal cancer 

(mCRC) were randomized to FOLFOX or FOLFIRI chemotherapy ± cetuximab. qRT-PCR 

analyses were conducted on tissues from 103 patients at baseline to measure gene expression 

levels of HER-related genes, including amphiregulin (AREG), betacellulin (BTC), NT5E (CD73), 

DUSP4, EGF, EGFR, epigen (EPGN), epiregulin (EREG), HBEGF, ERBB2 (HER2), ERBB3 

(HER3), ERBB4 (HER4), PHLDA1, and TGFA. The interactions between expression levels and 
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treatment with respect to progression-free survival (PFS) and overall survival (OS) were modeled 

using multiplicative Cox proportional hazards models.

Results—High tumor mRNA levels of HER2 [hazard ratio (HR), 0.64; P = 0.002] and EREG 

(HR, 0.89; P = 0.016) were prognostic markers associated with longer PFS across all patients. 

HER3 and CD73 expression levels were identified as potential predictive markers of benefit from 

cetuximab. In KRAS wild-type (WT) tumors, low HER3 expression was associated with longer OS 

from cetuximab treatment, whereas high HER3 expression was associated with shorter OS from 

cetuximab treatment (chemo + cetuximab: HR, 1.15; chemo-only: HR, 0.48; Pinteraction = 0.029). 

High CD73 expression was associated with longer PFS from cetuximab treatment in patients with 

KRAS-WT (chemo + cetuximab: HR, 0.91; chemo-only: HR, 1.57; Pinteraction = 0.026) and KRAS-

mutant (Mut) tumors (chemo + cetuximab: HR, 0.80; chemo-only: HR, 1.29; P = 0.025).

Conclusions—Gene expression of HER3 and CD73 was identified as a potential predictive 

marker for cetuximab. These data implicate HER axis signaling and immune modulation as 

potential mechanisms of cetuximab action and sensitivity.

Introduction

Epidermal growth factor receptor (EGFR)–targeted therapies have shown clinical benefit in 

the treatment of numerous cancers, including metastatic colorectal cancer (mCRC; ref. 1). 

Cetuximab, a chimeric monoclonal anti-EGFR antibody, is FDA and EMA approved for use 

in combination with FOLFIRI chemotherapy in the first-line setting and as monotherapy or 

with irinotecan in late-line treatment of KRAS wild-type (WT) mCRC. Recent data also 

suggest the activity of cetuximab with FOLFOX-based chemotherapy (2).

EGFR is a member of the ERBB/HER family of receptor tyrosine kinases (RTK). Ligand 

binding causes homo- and hetero-dimerization between EGFR and the other members of the 

HER family (ERBB2/HER2, ERBB4/HER4, and the kinase-inactive ERBB3/HER3) 

resulting in downstream activation of the RAS–RAF–MEK and PI3K–AKT pathways (3). 

Multiple strategies have been developed for the therapeutic inhibition of EGFR signaling 

pathways and significant effort has been devoted to identifying biomarkers that can predict 

those patients most and least likely to benefit from EGFR-targeted therapies. Currently, only 

RAS mutation status has been validated as a predictive marker for anti-EGFR antibodies (4, 

5). Activating RAS mutations occur downstream from the RTK EGFR, providing 

proliferative signals independent of EGFR ligand binding and thus resistant to EGFR 

blockade (6, 7). The initial reports showing that mutations in KRAS conferred resistance to 

EGFR-targeting therapies focused on mutations in codons 12 and 13 of exon 2 (4, 8). Recent 

studies have identified mutations in exon 3 and 4 of KRAS and exons 2, 3, and 4 of NRAS 

as additional markers of resistance to anti-EGFR antibodies in colorectal cancer (9, 10). 

Intriguingly, gene expression signatures of activated RAS often indicate upregulation of 

several EGFR ligands and inflammatory mediators (11–13). Moreover, feedback loops 

involving EGFR have also been noted in the setting of RAF and MEK inhibition (14–16).

Other mutations of genes within the EGFR signaling pathway (BRAF, PI3K, loss of PTEN 

expression) do not consistently predict for benefit or resistance to anti-EGFR antibodies 

(17). Although less studied than common driver mutations, expression levels of nonmutated 
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ligands and receptors have been reported as candidate predictors of benefit from cetuximab. 

High expression levels of two EGFR ligands, amphiregulin (AREG) and epiregulin (EREG), 

have been associated with longer progression-free survival (PFS) and higher response rates 

in KRAS-WT mCRC patients treated with cetuximab (13, 18, 19). Other markers associated 

with treatment outcome have also been identified, including ecto 5′-nucleotidase, NT5E 

(CD73; ref. 19). However, these biomarker analyses in cetuximab-treated mCRC patients 

were performed in nonrandomized clinical studies, necessitating further investigation and 

validation in randomized controlled trials.

The Cancer and Leukemia Group B (CALGB, now The Alliance for Clinical Trials in 

Oncology) 80203 trial was originally initiated as a phase III clinical trial of FOLFOX or 

FOLFIRI with or without cetuximab as first-line treatment of mCRC. However, with the 

FDA approval of bevacizumab for mCRC in 2004, CALGB 80203 was closed and its 

analysis plan was formally redesigned as a 1:1 randomized phase II study. Concurrently, the 

cooperative group then initiated CALGB80405 to evaluate bevacizumab, cetuximab, and the 

combination of bevacizumab and cetuximab in a randomized phase III study. The clinical 

results for CALGB 80203 (20) and CALGB 80405 have been reported previously (2). There 

was no significant difference between the cetuximab and bevacizumab arms with respect to 

overall survival [OS; hazard ratio (HR), 0.925; 95% confidence interval (CI), 0.78–1.09; 

median OS 29.9 and 29.0 months, respectively] or PFS(HR, 1.04; 95% CI, 0.91–1.17; 

median PFS 10.4 and 10.8 months, respectively). These results again emphasize the need for 

further refinement of the individual patient populations and the development of new 

predictive biomarkers beyond KRAS status to improve patient outcomes.

To this end, we hypothesized that the gene expression of EGF signaling–related genes in 

colorectal tumors might be predictive for cetuximab efficacy and resistance. We evaluated 

tumor mRNA expression of the EGF ligands [AREG, betacellulin (BTC), EGF, epigen 

(EPGN), EREG, heparin binding-EGF (HBEGF), and tumor growth factor-α (TGFA)], and 

their receptors (EGFR, HER2, HER3, and HER4). In addition, CD73, DUSP4, and PHLDA1 

gene expression has been correlated to cetuximab resistance in several single-arm 

monotherapy studies of colorectal cancer (13, 19); therefore, we also evaluated their utility 

as prognostic and predictive markers in this study. The closure of CALGB 80203 after 

partial enrollment limits the power of our retrospective analysis and we wish to emphasize 

that conclusions should be considered preliminary until they can be verified in larger 

randomized studies. Although the number of patients is limited, the inclusion of KRAS-

mutant (Mut) patients in the cetuximab arms of this study cannot be repeated in the future 

due to ethical concerns. Therefore, the sample population in CALGB 80203 gives us a 

unique opportunity to investigate pathways relevant to cetuximab response in KRAS-Mut 

patients. This is one of the first randomized studies to evaluate predictive gene expression 

markers of cetuximab efficacy and resistance in first-line treatment of mCRC (21).

Patients and Methods

Study design and patients

Patients with previously untreated, metastatic adenocarcinoma of the colon or rectum were 

randomized to FOLFIRI, FOLFIRI + cetuximab, FOLFOX, or FOLFOX + cetuximab 
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treatment groups. This was a multicenter trial; 238 patients were randomized to treatment. 

Consent for biomarker analyses was optional. The protocol was approved by the 

Institutional Review Boards at each participating institution. This retrospective analysis 

conforms to the reporting guidelines established by the REMARK criteria.

Sample collection

Formalin-fixed, paraffin-embedded (FFPE) baseline tumor samples were collected during 

study enrollment. A total of 110 consenting patients (48%) had at least one paraffin block of 

primary colon or rectum tumor available for analysis. Seven samples were further excluded 

from this analysis due to quality and quantity issues related to the RNA isolation (Fig. 1).

KRAS mutational analysis

KRAS mutation status was determined by real-time PCR using the TheraScreen: KRAS 

Mutation Test Kit from Qiagen-DxS Diagnostic Innovations, which is able to detect the 

seven common mutations of the KRAS gene at codons 12 and 13 (G12A, G12D, G12R, 

G12C, G12S, G12V, and G13D). Analysis was performed in the Alliance molecular 

reference laboratory of Dr. Greg Tsongalis (Dartmouth Medical School, Hanover, NH).

RNA isolation and qRT-PCR analysis

A hematoxylin and eosin (H&E)–stained image of the tumor sample was reviewed by a 

pathologist to ensure the presence of >70%tumor tissue within the sample and quality of the 

tumor. If samples were <70% tumor, macro-dissection was performed manually. FFPE 

tumor biopsies were cut at the CALGB (Alliance) pathology coordinating office and shipped 

overnight to the Alliance molecular reference laboratory at Duke University. RNA was 

isolated from six 10-µm sections using the Ambion Recover-All Total Nucleic Isolation Kit 

according to the manufacturer's protocol (Ambion-Life Technologies). RNA (200 ng) from 

each sample was reverse transcribed using the High-Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems-Life Technologies). TaqMan quantitative PCR was performed for 

EGF-related gene expression (primer-probe sets described in Supplementary Table S1), 

using the ABI 7900HT Real-Time PCR System (Applied Biosystems-Life Technologies). 

The log-transformed relative amounts of mRNA expression were normalized to β-actin 

mRNA and expressed as log2
−(CycleX-Cycleβ-actin) = −(CycleX–Cycleβ-actin), where CT is 

the threshold cycle. TaqMan gene expression assays were chosen for each gene to span 

exon–exon junctions and have small amplicons <100 base pairs to allow for specific and 

sensitive detection of degraded RNA. Life Technologies TaqMan Gene Expression Assays 

have amplification efficiencies of approximately 100% (±10%). The β-actin endogenous 

control was used in this analysis. We observed uniform expression of β-actin across the 

mCRC tumor samples in this study. The mean CT value was 23.6 cycles with a standard 

deviation of 1.9 cycles across the CALGB 80203 sample population. Duplicate samples with 

CT standard deviation greater than 0.5 cycles were re-run for improved qPCR 

reproducibility.
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Statistical analysis

Expression levels were normalized relative to β-actin, as described above, and analyzed as 

continuous measures. A Kendall tau analysis was performed to identify coregulated genes. 

Univariate Cox (22) regression was used to identify markers prognostic of clinical outcomes 

(OS and PFS), and the resulting P values, HRs, and 95% CIs are reported. To identify 

predictive markers, expression level was correlated with clinical outcomes (OS and PFS) 

using multiplicative Cox proportional hazards models to test for interaction between genetic 

expression and treatment (chemo vs. chemo + cetuximab). Visualizations of the resulting 

effect sizes are provided in the form of forest plots. The forest plots illustrate the HRs of the 

expression levels (and the corresponding 95% CI) within each treatment group, and the P 

values for the tests of interaction are provided. The Kaplan–Meier plots of OS and PFS were 

generated as additional visualizations of selected predictive markers, with separate curves 

for each combination of treatment group and expression level (where expression level is 

dichotomized at the median as "high" or "low"). Analyses were conducted using all patients, 

as well as separately within KRAS-WT and KRAS-Mut subgroups, due to known differential 

responses to cetuximab across these populations. The reported P values have not been 

adjusted for multiple testing. Because of the small sample size, uncorrected P values, and 

retrospective nature of this study, results should be considered exploratory and hypothesis-

generating in nature. Further validation of predictive markers in other datasets will be 

necessary before they can be applied prospectively. Data collection and statistical analyses 

were conducted by the Alliance Statistics and Data Center. All clinical data were locked on 

March 5, 2012. Statistical analyses and figures were generated using the R software 

environment for statistical computing and graphics (23) with the survival (22) package.

Results

Patient characteristics

Patients (238) with previously untreated mCRC were enrolled and randomly assigned to one 

of four treatment groups: FOLFOX, FOLFOX + cetuximab, FOLFIRI, or FOLFIRI + 

cetuximab. The FOLFOX and FOLFIRI treatment groups showed similar response rates, 

PFS and OS (20). Because of the small size of this study and similar outcomes across the 

FOLFOX and FOLFIRI treatment groups, these groups were combined into chemotherapy 

(chemo) only and chemo + cetuximab cohorts for this analysis. Patient characteristics of the 

biomarker population were similar to those of the overall population (Table 1). Although 

most studies have indicated that KRAS exon 2 mutations comprise approximately 40% of the 

colorectal cancer patient population, the biomarker population in this study had a slightly 

higher proportion of KRAS-Mut patients (Table 1). Within the biomarker population, the 

chemo + cetuximab cohort showed longer median PFS and OS times with higher response 

rates compared with the chemo-only cohort, but these differences were not statistically 

significant.

FFPE tissue blocks from the primary tumor site (colon or rectum) were processed from 110 

patients; however, seven RNA samples were excluded because of RNA quality and quantity 

issues, leaving 103 patients (43%) to be included in this RNA biomarker analysis (Fig. 1). 

These patients were evenly distributed within the chemo-only and chemo + cetuximab 
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treatment groups (52 vs. 51 patients). The median follow-up time for all 103 patients 

included in the biomarker cohort was 69.2 months.

Gene expression in primary tumors

Expression of 14 genes related to the EGF-signaling pathway (AREG, BTC, CD73, DUSP4, 

EGF, EGFR, EPGN, EREG, HBEGF, HER2, HER3, HER4, PHLDA1, and TGFA) was 

analyzed using TaqMan qRT-PCR from the primary tumors. Most genes were expressed at 

detectable levels in >90% patients (Supplementary Table S1). Gene expression was most 

strongly correlated between EREG and AREG (τ = 0.553), with HER2 and HER3 also 

showing strong coexpression (τ = 0.475; Supplementary Table S2). EPGN was coexpressed 

with both HER4 (τ = 0.500) and EGF (τ = 0.571), but the low expression levels of these 

genes may affect interpretation of these results (Supplementary Table S1).

Prognostic gene expression biomarkers

The baseline gene expression levels were tested for association with OS and PFS using Cox 

proportional hazards regression modeling. Prognostic univariate Cox regression analyses 

were conducted across all patients, and within KRAS-WT and KRAS-Mut subgroups. For OS 

across all patients, none of the assayed genes were identified as statistically significant 

prognostic markers for OS across all patients (Table 2), but favorable prognostic trends were 

noted for HER2 (HR, 0.78; 95% CI, 0.60–1.02; P = 0.071) and EGF (HR, 0.84; 95% CI, 

0.68–1.03; P = 0.093). For OS, EREG expression was favorably prognostic for OS in the 

KRAS-WT group (HR, 0.87; 95% CI, 0.77–0.98; P = 0.017). For PFS, HER2 (HR, 0.64; 

95%CI, 0.49–0.85; P = 0.002) and EREG (HR, 0.89; 95% CI, 0.80–0.98; P = 0.016) were 

favorable prognostic markers across all patients. This effect seems to be driven by the 

KRAS-WT subgroup. Both HER2 (HR, 0.66; 95% CI, 0.47–0.92; P = 0.013) and EREG 

(HR, 0.84; 95% CI, 0.74–0.96; P = 0.008) were significant prognostic markers in the KRAS-

WT group, but failed to show significance in the KRAS-Mut group (HER2, P = 0.123; 

EREG, P = 0.526). The prognostic associations of each assayed gene with OS and PFS are 

included in Supplementary Figs. S1 and S2.

Predictive gene expression biomarkers

Cox proportional hazards models of OS and PFS were used to test for interaction between 

treatment and continuous tissue gene expression, and identified expression of HER3 and 

CD73 as potential predictive markers for benefit or lack of benefit from cetuximab. Forest 

plots of the HR of gene expression by treatment group are presented for OS and PFS 

outcomes. Markers with a Pinteraction ≤ 0.2 are shown in Figs. 2 and 3, while a complete 

analysis showing all markers is included in Supplementary Figs. S3 and S4.

Higher levels of HER3 expression showed evidence of being predictive for lack of benefit 

from cetuximab, an effect that appeared restricted to the KRAS-WT group. For OS in the 

KRAS-WT group, the HR for chemo + cetuximab was 1.15 (95% CI, 0.81–1.62) and the HR 

in the chemo-only group was 0.48(95% CI, 0.27–0.87; Pinteraction = 0.029; Fig. 2A). 

However, in the KRAS-Mut population, HER3 was not predictive of either OS or PFS 

benefit from cetuximab (Figs. 2B and 3B).
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Gene expression of CD73 showed a similar trend toward predicting for OS benefit from 

cetuximab in the KRAS-WT (Pinteraction = 0.14) and KRAS-Mut (Pinteraction = 0.092) groups. 

Higher levels of CD73 expression predict for PFS benefit from cetuximab, an effect that 

appeared to be consistent in both KRAS-WT and KRAS-Mut groups. For PFS in the KRAS-

WT group, the HR was 0.91 (95% CI, 0.70–1.18) for the chemo + cetuximab group and 1.57 

(95%CI, 1.11–2.23) for the chemo-only group (Pinteraction = 0.026). For PFS in the KRAS-

Mut group, the HR was 0.80 (95%CI, 0.60–1.07) for the chemo + cetuximab and 1.29 (95% 

CI, 0.91–1.83) for the chemo-only group (Pinteraction = 0.025). The Kaplan–Meier plots of 

high and low expression of HER3 and CD73 (dichotomized at the median) are also shown 

(Fig. 4).

Discussion

To date, the search for predictive markers for anti-EGFR therapies has focused largely on 

driver mutations, such as KRAS, NRAS, RAF, and PI3K. However, the importance of 

nonmutated factors in the HER axis is supported by several preclinical and clinical reports 

(18, 21, 24). For these reasons, we undertook an analysis of gene expression of all HER axis 

ligands and receptors, as well as other top candidates that had been previously identified 

(19).

Our analysis of CALGB 80203 is one the largest analyses of gene expression in a first-line 

mCRC study to date and focused exclusively on defined candidates previously reported in 

the literature with known biologic relevance to the EGFR axis. A key advantage of CALGB 

80203 for biomarker analyses is its use of randomization between chemotherapy with and 

without cetuximab. Without randomization, the prognostic and predictive roles of candidate 

markers cannot be distinguished and their roles may be confounded or obscured. 

Nevertheless, our results should be considered exploratory due to the limited sample size of 

the study, the number of markers analyzed, and the potential for higher order interactions 

between markers, between markers and KRAS status, and with FOLFOX versus FOLFIRI 

treatment.

Despite these limitations, our findings suggest both the HER axis and inflammatory 

pathways in mediating resistance to cetuximab. High HER3 levels were associated with both 

resistance and lack of benefit from cetuximab. This effect was most prominent in patients 

whose tumors were KRAS-WT. Expression of other markers in the HER axis showed a 

trend for predicting benefit from cetuximab. Her3 is kinase-deficient, but it hetero-dimerizes 

with Her2 to generate a potent signaling module. Her3 contains SH2 domains that, when 

phosphorylated by coreceptors, can activate the downstream PI3K pathway (25). Her2 and 

Her3 are also activated by EGF and BTC providing additional means for these ligands to 

support cell signaling and growth (26). Although signaling through Her3 has been shown to 

confer resistance to anti-EGFR agents in preclinical models (27, 28), evidence for this effect 

in colorectal cancer patients treated with cetuximab has been retrospective and lacked the 

randomization of this study (29, 30). The coexpression of AREG and EREG has been shown 

to play a role in the physiologic response to cetuximab treatment (18). The coexpression of 

HER2 and HER3 has also been shown previously (31) and is of particular interest as Her3 is 

capable of activating downstream pathways even within the context of Her2 inhibition (27). 
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Our data provide additional clinical rationale for the evaluation of strategies that cotarget 

EGFR and Her3 in patients with mCRC.

We also identified tissue CD73 expression as a potential predictive marker for benefit from 

cetuximab. CD73 was among the top markers that correlated with outcome in the report by 

Baker and colleagues (19). Intriguingly, our results were consistent in both KRAS-WT and 

KRAS-Mut populations. CD73 is known to play a central role in regulating multiple 

inflammatory responses, primarily by controlling levels of extracellular adenosine (32). 

CD73 is regulated by multiple factors, including RAS, STAT, HIF, and TGFβ (33, 34). The 

biology of CD73 and adenosine signaling has been extensively reviewed previously (35–

37). CD73 acts with CD39 to convert inflammatory extracellular ATP to anti-inflammatory 

adenosine. CD73 is expressed on endothelial cells and Tregs and its overexpression may 

impair the ability of the immune system to respond to growing malignancies (35–37). The 

recent success of immune-activating agents targeting PD-1/PD-L1 is an interesting analogy 

showing the potential benefit of upregulating the immune system to aid tumor inhibition. 

Several preclinical studies have provided support for targeting CD73 as a therapeutic 

mechanism. In Fig. 4B, patients in the high CD73 group who received chemotherapy only 

seemed to have the shortest OS indicating that larger studies may potentially identify a 

negative prognostic effect of high CD73 expression.

Multiple preclinical models have shown that inflammatory factors, including IL6, IL8, 

STAT3, and TGFβ, may mediate resistance to anti-EGFR therapies. Intriguingly, cetuximab 

induces an acneiform rash, which is predominantly neutrophillic and responds to anti-

inflammatory agents, such as minocycline and steroids (38, 39). Whether similar infiltrates 

are also induced in the tumor microenvironment in patients is not known but is highly 

plausible. In this context, our CD73 data suggest potentially important roles for 

inflammation and immunity as mechanisms of sensitivity and resistance to cetuximab 

treatment. The predictive role for CD73 in patients whose tumors are KRAS-Mut suggests 

that inflammation could be an additional mechanism of RAS-mediated resistance to 

cetuximab. Many immune subpopulations, particularly those mediating inflammation, can 

exert a negative effect on antitumor immunity, including cell types regulated by CD73 such 

as neutrophils, Tie2-expressing macro-phages, and Tregs (40–45). Macrodissection enriched 

the tumor content for each sample, but this still represents a complex mixture of both tumor 

and the surrounding stroma. The expression patterns we have observed may not be intrinsic 

to the tumor only. In fact, these samples represent a baseline snapshot of expression that 

may reflect complex signaling between the tumor and its environment. Further studies are 

required to evaluate changes in mRNA expression associated with either cetuximab 

treatment or the progression of the disease.

Our results serve to extend and refine many of the findings initially reported by Baker and 

colleagues (19). However, our results also differ somewhat from the results of those studies. 

These differences may relate to numerous factors, including potential differences in study 

populations, preanalytic considerations, which analytes were measured, and whether the 

studies were or were not randomized. A major strength of the current analysis is the 

randomization used in the parent study. In a recent report from the randomized CO.17 study 

of cetuximab versus best supportive care in patients with refractory colorectal cancer, the 
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combination of KRAS status plus EREG was found to be a significant predictor of benefit 

from cetuximab, although EREG alone was of only borderline significance (21). Other 

candidate markers beyond EREG were not reported in that analysis.

In conclusion, using samples from the randomized CALGB 80203 study in first-line mCRC, 

we identified two strong potential candidate predictors of benefit from cetuximab, HER3 and 

CD73. These data implicate specific and targetable factors in the HER axis and 

inflammation as key mediators of resistance to cetuximab.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors gratefully acknowledge the invaluable contributions of the patients, their families, and the all the 
investigators who participated in this trial. The authors give special recognition to Dr. Greg Tsongalis (Dartmouth 
Medical School) for providing the KRAS mutational data.

The following institutions participated in this study: Cancer Centers of the Carolinas, Greenville, South Carolina, 
Jeffrey K. Giguere, supported by CA29165; Dana-Farber Cancer Institute, Boston, Massachusetts, Harold J. 
Burstein, supported by CA32291; Dartmouth Medical School-Norris Cotton Cancer Center, Lebanon, New 
Hampshire, Konstantin Dragnev, supported by CA04326; Georgetown University Medical Center, Washington, 
DC, Bruce Cheson, supported by CA77597; Grand Rapids Clinical Oncology Program, Grand Rapids, Michigan, 
Martin J. Bury; Hematology-Oncology Associates of CNY CCOP, Syracuse, NY, Jeffrey Kirshner, M.D., 
supported by CA45389; Kansas City Community Clinical Oncology Program CCOP, Kansas City, Missouri, 
Rakesh Gaur; Mount Sinai Medical Center, Miami, Florida, Michael A. Schwartz, supported by CA45564;Missouri 
Baptist Medical Center, St. Louis, Missouri, Alan P. Lyss; Missouri Valley Consortium-CCOP, Omaha, Nebraska, 
Gamini S. Soori; Northern Indiana Cancer Research Consortium CCOP, South Bend, Indiana, Rafat Ansari, 
supported by CA86726; Rhode Island Hospital, Providence, Rhode Island, William Sikov, supported by CA08025; 
Roswell Park Cancer Institute, Buffalo, New York, Ellis Levine, supported by CA59518; Southeast Cancer Control 
Consortium Inc. CCOP, Goldsboro, North Carolina, James N. Atkins, supported by CA45808; State University of 
New York Upstate Medical University, Syracuse, New York, Stephen L. Graziano, supported by CA21060; 
University of Chicago, Chicago, Illinois, Hedy L. Kindler, supported by CA41287; University of Illinois 
MBCCOP, Chicago, Illinois, David J. Peace, supported by CA74811; University of Iowa, Iowa City, Iowa, Daniel 
A. Vaena, supported byCA47642;University of Massachusetts Medical School, Worcester, MA, William V. Walsh, 
supported by CA37135; University of Minnesota, Minneapolis, Minnesota, Bruce A. Peterson, supported by 
CA16450; University of Nebraska Medical Center, Omaha, Nebraska, Apar Ganti, supported by CA77298; 
University of North Carolina at Chapel Hill, Chapel Hill, North Carolina, Thomas C. Shea, supported by CA47559; 
Wake Forest University School of Medicine, Winston-Salem, North Carolina, David D. Hurd, supported by 
CA03927; Walter Reed Army Medical Center, Washington, DC, David C. Van Echo, supported by CA26806; 
Washington University School of Medicine, St. Louis, Missouri, Nancy Bartlett, supported by CA77440; Weill 
Medical College of Cornell University, New York, New York, John Leonard, supported by CA07968.

S. Cushman is an employee of Novartis Pharmaceutical Corporation. A.P. Venook is a consultant/advisory board 
member for Merck Serono. H.I. Hurwitz reports receiving commercial grants from Bristol-Myers Squibb, 
Genentech/Roche, and Lilly; and is a consultant/advisory board member for Bristol-Myers Squibb, Genentech/
Roche, Incyte, Lilly, Regeneron, and Sanofi. A.B. Nixon reports receiving commercial grants from Amgen, Pfizer, 
and Tracon Pharmaceuticals; and is a consultant/advisory board member for GlaxoSmithKline, and Novartis.

Grant Support

Research reported in this publication was supported by the National Cancer Institute of the NIH under award 
numbers U10CA180821, U10CA180882, CA31946, CA33601, CA47577, and CA60138.

References

1. Ciardiello F, Tortora G. EGFR antagonists in cancer treatment. N Engl J Med. 2008; 358:1160–
1174. [PubMed: 18337605] 

Cushman et al. Page 9

Clin Cancer Res. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Venook AP, Niedzwiecki D, Lenz HJ, Innocenti F, Mahoney M, O'Neil BH, et al. CALGB/SWOG 
80405: phase III trial of irinotecan/5-FU/leucovorin (FOLFIRI) or oxaliplatin/5-FU/leucovorin 
(mFOLFOX6) with bevacizumab (BV) or cetuximab (CET) for patients (pts) with KRAS wild-type 
(wt) untreated metastatic adenocarcinoma of the colon or rectum (MCRC). J Clin Oncol. 2014; 
32:5s. (suppl; abstr LBA3). 

3. Arteaga CL, Engelman JA. ERBB receptors: from oncogene discovery to basic science to 
mechanism-based cancer therapeutics. Cancer Cell. 2014; 25:282–303. [PubMed: 24651011] 

4. Karapetis CS, Khambata-Ford S, Jonker DJ, O'Callaghan CJ, Tu D, Tebbutt NC, et al. K-ras 
mutations and benefit from cetuximab in advanced colorectal cancer. N Engl J Med. 2008; 
359:1757–1765. [PubMed: 18946061] 

5. Amado RG, Wolf M, Peeters M, Van Cutsem E, Siena S, Freeman DJ, et al. Wild-type KRAS is 
required for panitumumab efficacy in patients with metastatic colorectal cancer. J Clin Oncol. 2008; 
26:1626–1634. [PubMed: 18316791] 

6. Russo A, Rizzo S, Bronte G, Silvestris N, Colucci G, Gebbia N, et al. The long and winding road to 
useful predictive factors for anti-EGFR therapy in metastatic colorectal carcinoma: the KRAS/
BRAF pathway. Oncology. 2009; 77:57–68. [PubMed: 20130433] 

7. Normanno N, Tejpar S, Morgillo F, De Luca A, Van Cutsem E, Ciardiello F. Implications for 
KRAS status and EGFR-targeted therapies in metastatic CRC. Nat Rev Clin Oncol. 2009; 6:519–
527. [PubMed: 19636327] 

8. Van Cutsem E, Kohne CH, Hitre E, Zaluski J, Chang Chien CR, Makhson A, et al. Cetuximab and 
chemotherapy as initial treatment for metastatic colorectal cancer. N Engl J Med. 2009; 360:1408–
1417. [PubMed: 19339720] 

9. Douillard JY, Oliner KS, Siena S, Tabernero J, Burkes R, Barugel M, et al. Panitumumab-
FOLFOX4 treatment and RAS mutations in colorectal cancer. N Engl J Med. 2013; 369:1023–1034. 
[PubMed: 24024839] 

10. Modest D, von Weikersthal LF, Stintzing S, Decker T, Kiani A, Vehling-Kaiser U, et al. 
O-0029folfiri plus cetuximab versus folfiri plus bevacizumab as first-line treatment of kras-
wildtype metastatic colorectal cancer: German aio study KRK-0306 (FIRE-3). Ann Oncol. 2013; 
24:iv22–iv23.

11. Zuber J, Tchernitsa OI, Hinzmann B, Schmitz AC, Grips M, Hellriegel M, et al. A genome-wide 
survey of RAS transformation targets. Nat Genet. 2000; 24:144–152. [PubMed: 10655059] 

12. Sunaga N, Kaira K, Imai H, Shimizu K, Nakano T, Shames DS, et al. Oncogenic KRAS-induced 
epiregulin overexpression contributes to aggressive phenotype and is a promising therapeutic 
target in non–small-cell lung cancer. Oncogene. 2013; 32:4034–4042. [PubMed: 22964644] 

13. Khambata-Ford S, Garrett CR, Meropol NJ, Basik M, Harbison CT, Wu S, et al. Expression of 
epiregulin and amphiregulin and K-ras mutation status predict disease control in metastatic 
colorectal cancer patients treated with cetuximab. J Clin Oncol. 2007; 25:3230–3237. [PubMed: 
17664471] 

14. Turke AB, Song Y, Costa C, Cook R, Arteaga CL, Asara JM, et al. MEK inhibition leads to 
PI3K/AKT activation by relieving a negative feedback on ERBB receptors. Cancer Res. 2012; 
72:3228–3237. [PubMed: 22552284] 

15. Prahallad A, Sun C, Huang S, Di Nicolantonio F, Salazar R, Zecchin D, et al. Unresponsiveness of 
colon cancer to BRAF(V600E) inhibition through feedback activation of EGFR. Nature. 2012; 
483:100–103. [PubMed: 22281684] 

16. Serra V, Scaltriti M, Prudkin L, Eichhorn PJ, Ibrahim YH, Chandarlapaty S, et al. PI3K inhibition 
results in enhanced HER signaling and acquired ERK dependency in HER2-overexpressing breast 
cancer. Oncogene. 2011; 30:2547–2557. [PubMed: 21278786] 

17. De Roock W, De Vriendt V, Normanno N, Ciardiello F, Tejpar S. KRAS, BRAF, PIK3CA, and 
PTEN mutations: implications for targeted therapies in metastatic colorectal cancer. Lancet Oncol. 
2011; 12:594–603. [PubMed: 21163703] 

18. Jacobs B, De Roock W, Piessevaux H, Van Oirbeek R, Biesmans B, De Schutter J, et al. 
Amphiregulin and epiregulinm RNA expression in primary tumors predicts outcome in metastatic 
colorectal cancer treated with cetuximab. J Clin Oncol. 2009; 27:5068–5074. [PubMed: 19738126] 

Cushman et al. Page 10

Clin Cancer Res. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



19. Baker JB, Dutta D, Watson D, Maddala T, Munneke BM, Shak S, et al. Tumour gene expression 
predicts response to cetuximab in patients with KRAS wild-type metastatic colorectal cancer. Br J 
Cancer. 2011; 104:488–495. [PubMed: 21206494] 

20. Venook A, Niedzwiecki D, Hollis D, Sutherland S, Goldberg R, Alberts S, et al. Phase III study of 
irinotecan/5FU/LV (FOLFIRI) or oxaliplatin/5FU/LV (FOLFOX) ± cetuximab for patients (pts) 
with untreated metastatic adenocarcinoma of the colon or rectum (MCRC): CALGB 80203 
preliminary results. J Clin Oncol. 2006; 24

21. Jonker DJ, Karapetis CS, Harbison C, O'Callaghan CJ, Tu D, Simes RJ, et al. Epiregulin gene 
expression as a biomarker of benefit from cetuximab in the treatment of advanced colorectal 
cancer. Br J Cancer. 2014; 110:648–655. [PubMed: 24335920] 

22. Therneau, TM.; Grambsch, PM. Modeling survival data: extending the Cox model. New York: 
Springer; 2000. 

23. Team RC. R: a language and environment for statistical computing. 2014 [cited]. Available from: 
http://www.R-project.org/. 

24. Razis E, Pentheroudakis G, Rigakos G, Bobos M, Kouvatseas G, Tzaida O, et al. EGFR gene gain 
and PTEN protein expression are favorable prognostic factors in patients with KRAS wild-type 
metastatic colorectal cancer treated with cetuximab. J Cancer Res Clin Oncol. 2014; 140:737–748. 
[PubMed: 24595598] 

25. Ma J, Lyu H, Huang J, Liu B. Targeting of erbB3 receptor to overcome resistance in cancer 
treatment. Mol Cancer. 2014; 13:105. [PubMed: 24886126] 

26. Alimandi M, Wang LM, Bottaro D, Lee CC, Kuo A, Frankel M, et al. Epidermal growth factor and 
betacellulin mediate signal transduction through co-expressed ErbB2 and ErbB3 receptors. EMBO 
J. 1997; 16:5608–5617. [PubMed: 9312020] 

27. Sergina NV, Rausch M, Wang D, Blair J, Hann B, Shokat KM, et al. Escape from HER-family 
tyrosine kinase inhibitor therapy by the kinase-inactive HER3. Nature. 2007; 445:437–441. 
[PubMed: 17206155] 

28. Gala K, Chandarlapaty S. Molecular pathways: HER3 targeted therapy. Clin Cancer Res. 2014; 
20:1410–1416. [PubMed: 24520092] 

29. Scartozzi M, Mandolesi A, Giampieri R, Bittoni A, Pierantoni C, Zaniboni A, et al. The role 
ofHER-3 expression in the prediction of clinical outcome for advanced colorectal cancer patients 
receiving irinotecan and cetuximab. Oncologist. 2011; 16:53–60. [PubMed: 21212430] 

30. Scartozzi M, Giampieri R, Maccaroni E, Mandolesi A, Giustini L, Silva R, et al. Analysis of 
HER-3, insulin growth factor-1, nuclear factor-kB and epidermal growth factor receptor gene copy 
number in the prediction of clinical outcome for K-RAS wild-type colorectal cancer patients 
receiving irinotecan-cetuximab. Ann Oncol. 2012; 23:1706–1712. [PubMed: 22112971] 

31. Ono M, Kuwano M. Molecular mechanisms of epidermal growth factor receptor (EGFR) 
activation and response to gefitinib and other EGFR-targeting drugs. Clin Cancer Res. 2006; 
12:7242–7251. [PubMed: 17189395] 

32. Antonioli L, Pacher P, Vizi ES, Hasko G. CD39 and CD73 in immunity and inflammation. Trends 
Mol Med. 2013; 19:355–367. [PubMed: 23601906] 

33. Synnestvedt K, Furuta GT, Comerford KM, Louis N, Karhausen J, Eltzschig HK, et al. Ecto-5′-
nucleotidase (CD73) regulation by hypoxia-inducible factor-1mediates permeability changes in 
intestinal epithelia. J Clin Invest. 2002; 110:993–1002. [PubMed: 12370277] 

34. Chalmin F, Mignot G, Bruchard M, Chevriaux A, Vegran F, Hichami A, et al. Stat3 and Gfi-1 
transcription factors control Th17 cell immunosuppressive activity via the regulation of 
ectonucleotidase expression. Immunity. 2012; 36:362–373. [PubMed: 22406269] 

35. Beavis PA, Stagg J, Darcy PK, Smyth MJ. CD73: a potent suppressor of antitumor immune 
responses. Trends Immunol. 2012; 33:231–237. [PubMed: 22487321] 

36. Zhang B. CD73: a novel target for cancer immunotherapy. Cancer Res. 2010; 70:6407–6411. 
[PubMed: 20682793] 

37. Resta R, Yamashita Y, Thompson LF. Ecto-enzyme and signaling functions of lymphocyte CD73. 
Immunol Rev. 1998; 161:95–109. [PubMed: 9553767] 

Cushman et al. Page 11

Clin Cancer Res. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.R-project.org/


38. Melosky B, Burkes R, Rayson D, Alcindor T, Shear N, Lacouture M. Management of skin rash 
during EGFR-targeted monoclonal antibody treatment for gastrointestinal malignancies: Canadian 
recommendations. Curr Oncol. 2009; 16:16–26. [PubMed: 19229368] 

39. Lacouture ME, Mitchell EP, Piperdi B, Pillai MV, Shearer H, Iannotti N, et al. Skin toxicity 
evaluation protocol with panitumumab (STEPP), a phase II, open-label, randomized trial 
evaluating the impact of a pre-Emptive Skin treatment regimen on skin toxicities and quality of 
life in patients with metastatic colorectal cancer. J Clin Oncol. 2010; 28:1351–1357. [PubMed: 
20142600] 

40. Regateiro FS, Cobbold SP, Waldmann H. CD73 and adenosine generation in the creation of 
regulatory microenvironments. Clin Exp Immunol. 2013; 171:1–7. [PubMed: 23199317] 

41. Whiteside TL. Regulatory T cell subsets in human cancer: are they regulating for or against tumor 
progression? Cancer Immunol Immunother. 2014; 63:67–72. [PubMed: 24213679] 

42. Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A, Erat A, et al. Adenosine generation 
catalyzed by CD39 and CD73 expressed on regulatory T cells mediates immune suppression. J 
Exp Med. 2007; 204:1257–1265. [PubMed: 17502665] 

43. Tosolini M, Kirilovsky A, Mlecnik B, Fredriksen T, Mauger S, Bindea G, et al. Clinical impact of 
different classes of infiltrating T cytotoxic and helper cells (Th1, th2, treg, th17) in patients with 
colorectal cancer. Cancer Res. 2011; 71:1263–1271. [PubMed: 21303976] 

44. Mandapathil M, Hilldorfer B, Szczepanski MJ, Czystowska M, Szajnik M, Ren J, et al. Generation 
and accumulation of immunosuppressive adenosine by human CD4+CD25highFOXP3+ regulatory 
T cells. J Biol Chem. 2010; 285:7176–7186. [PubMed: 19858205] 

45. Hoskin DW, Mader JS, Furlong SJ, Conrad DM, Blay J. Inhibition of T cell and natural killer cell 
function by adenosine and its contribution to immune evasion by tumor cells (Review). Int J 
Oncol. 2008; 32:527–535. [PubMed: 18292929] 

Cushman et al. Page 12

Clin Cancer Res. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Translational Relevance

Beyond KRAS status, there are no validated biomarkers for anti-EGFR therapy in 

metastatic colorectal cancer (mCRC). Expression of genes within the EGFR signaling 

axis has been reported to correlate with benefit, but most reports have used 

nonrandomized data that cannot distinguish prognostic and predictive markers. This 

report is one of the first generated from a randomized trial to identify predictive markers 

of benefit from cetuximab in mCRC. Gene expression of HER3 and CD73 was identified 

as a potential predictive marker for cetuximab. Although the current sample size is small 

and the conclusions should be considered preliminary, they implicate both HER axis 

signaling and immune modulation as potential mechanisms of cetuximab action and 

sensitivity.
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Figure 1. 
Consort diagram showing patient enrollment numbers and groups.
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Figure 2. 
Forest plots showing the associations of gene expression and treatment group with OS in 

KRAS-WT (A) and KRAS-Mut (B) patients. Only genes with Pinteraction ≤ 0.2 are shown. 

The length of the line indicates the 95% CI, and the diameter of the median dot is inversely 

proportional to the standard deviation.
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Figure 3. 
Forest plots showing the associations of gene expression and treatment group with PFS in 

KRAS-WT (A) and KRAS-Mut (B) patients. Only genes with Pinteraction ≤ 0.2 are shown. 

The length of the line indicates the 95% CI, and the diameter of the median dot is inversely 

proportional to the standard deviation.
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Figure 4. 
The Kaplan–Meier plots of tumor gene expression levels significantly associated with 

outcome. OS by HER3 expression in KRAS-WT pts (A), PFS by CD73 expression in 

KRAS-WT pts (B), PFS by CD73 expression in KRAS-Mut pts (C; all groups dichotomized 

at the median). Pinteraction values are shown.
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Table 1

Patient characteristics

Overall whole
population

Overall biomarker
population

Chemo-only
(biomarker population)

Chemo + cetux
(biomarker population)

n (%) n (%) n (%) n (%)

Patients 238 (100) 103 (43) 52 (50.5) 51 (49.5)

Age, y

  Median 61.3 61.1 61.3 60.9

  Range 22–84.4 22–83.3 22–83.2 40.4–83.3

  Gender male 140 (58.9) 57 (55.3) 27 (51.9) 30 (58.8)

  Race white 207 (87.0) 91 (88.3) 45 (86.5) 46 (90.2)

ECOG PS

  0 125 (52.5) 51 (49.5) 25 (48.1) 26 (51)

  1 113 (47.5) 52 (50.5) 27 (51.9) 25 (49)

KRAS-WT 94/165 (57) 55 (53.4) 29 (55.8) 26 (51)

Median OS (95%CI) 23.0 (20.6–26.1) 26.4 (22.6–32) 22.8 (16.7–33) 27.6 (23.4–38.0)

Median PFS (95%CI) 11.05 (9.79–13.04) 9.67 (8.05–12.45) 9.66 (8.34–12.6) 10.25 (6.9–15.3)

Response rate (CR/PR) 104 (43.7) 42 (40.8) 20 (38.5) 22 (43.1)
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