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Abstract

Purpose—Vitamin D exerts its inhibitory influence on colon cancer growth by inhibiting Wnt 

signaling and angiogenesis. We hypothesized that SNPs in genes involved in vitamin D transport, 

metabolism, and signaling are associated with outcome in metastatic colorectal cancer (mCRC) 

patients treated with first-line FOLFIRI and bevacizumab.

Experimental Design—522 mCRC patients enrolled in the FIRE-3 (discovery cohort) and 

TRIBE (validation set) trials treated with FOLFIRI/bevacizumab were included in this study. 278 

patients receiving FOLFIRI and cetuximab (FIRE-3) served as a control cohort. Six SNPs in 6 

genes (GC, CYP24A1, CYP27B1, VDR, DKK1, CST5) were analyzed.
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Results—In the discovery cohort, AA carriers of the GC rs4588 SNP encoding for the vitamin 

D–binding protein, and treated with FOLFIRI/bevacizumab had a shorter overall survival (OS) 

than those harboring any C allele (15.9 vs. 25.1 months) in both univariable (P = 0.001) and 

multivariable analyses (P = 0.047). This association was confirmed in the validation cohort in 

multivariable analysis (OS 18.1 vs. 26.2 months, HR, 1.83; P = 0.037). Interestingly, AA carriers 

in the control set exhibited a longer OS (48.0 vs. 25.2 months, HR, 0.50; P = 0.021). This 

association was further confirmed in a second validation cohort comprising refractory mCRC 

patients treated with cetuximab ± irinotecan (PFS 8.7 vs. 3.7 months) in univariable (P = 0.033) 

and multivariable analyses (P = 0.046).

Conclusions—GC rs4588 SNP might serve as a predictive marker in mCRC patients treated 

with FOLFIRI/bevacizumab or FOLFIRI/cetuximab. Whereas AA carriers derive a survival benefit 

with FOLFIRI/cetuximab, treatment with FOLFIRI/bevacizumab is associated with a worse 

outcome.

Introduction

Colorectal cancer is the fourth leading cause of cancer-related death worldwide. With the 

addition of biologicals to 5-fluorouracil (5-FU)–based treatment regimens, the outcome of 

metastatic colorectal cancer (mCRC) patients has markedly improved during the last decade 

(1). However, to further optimize treatment, new effective drugs are highly warranted.

Accumulating evidence points to a critical role of vitamin D not only in maintenance of 

calcium and phosphate homeostasis, but also in several other biological processes such as 

cell proliferation, differentiation, and the immune response (2). Interestingly, several studies 

indicate that vitamin D deficiency might facilitate the development of diabetes mellitus type 

2, cardiovascular diseases, autoimmune disorders and cancer (3). A meta-analysis 

comprising nine studies showed that higher vitamin D intake and blood 25-hydroxyvitamin 

D (25-OHD) levels are associated with lower colorectal cancer risk (4). Another study 

demonstrated that increased plasma 25-OHD levels were associated with prolonged overall 

survival (OS) in colorectal cancer patients with a trend toward a decreased cancer-specific 

mortality (5). Previous studies have also shown a tight link between higher vitamin D levels 

and longer cancer-specific survival in patients with prostate, breast, lung cancer, and 

lymphoma (6–8).

However, the exact underlying mechanism by which vitamin D exerts its antitumor effect 

remains largely elusive. Alvarez-Diaz and colleagues proposed that the antitumor effect of 

vitamin D in colon cancer cells is mediated by cystatin D, a cysteine proteinase inhibitor 

encoded by the CST5 gene, which inhibits proliferation, migration and antagonizes Wnt 

signaling (9). Another group reported that in colorectal cancer, vitamin D exerts its 

antineoplastic activity by increasing the expression of DKK1, a potent inhibitor of the Wnt 

pathway (10).

Cholecalciferol derived from sunlight exposure or dietary intake binds to vitamin D binding 

protein (DBP; 80%) or albumin (20%) and is metabolized in the liver to 25-hydroxyvitamin 

D, which is further converted in the kidney by 25-hydroxyvitamin D1α-hydroxylase 

(CYP27B1) to its biologically active form, 1,25-dihydroxyvitamin D. The biological 

Berger et al. Page 2

Clin Cancer Res. Author manuscript; available in PMC 2020 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



functions of 1,25-dihydroxyvitamin D are mediated by the vitamin D receptor (VDR), which 

translocates as vitamin D-bound VDR to the nucleus and regulates gene expression (2).

The degradation of 25-hydroxyvitamin D and 1,25-dihydroxyvitamin D is initiated by the 

enzyme, 25-hydroxyvitamin D 24-hydroxylase (CYP24A1; ref. 2).

The literature regarding variations within genes encoding for critical proteins involved in 

vitamin D transport, metabolism, and signaling as well as their associations with outcome in 

colorectal cancer patients is scarce. A few studies have demonstrated a correlation between 

SNPs within the VDR gene and increased colon cancer risk (11), yet no association with 

outcome has been observed (12). Interestingly, preclinical studies suggest that vitamin D 

possesses antiangiogenic properties (2, 13), by decreasing both VEGF-dependent and -

independent angiogenesis (14). With bevacizumab treatment, VEGF-independent escape 

mechanisms might occur to circumvent the angiogenesis blockade (15). Given the 

association between the AA genotype of the GC rs4588 SNP and lower circulating 25-OHD 

in several studies (16–21), we hypothesized that AA carriers treated with FOLFIRI and 

bevacizumab may have a worse outcome compared with C allele carriers, as the inhibitory 

effect on VEGF- independent angiogenesis might be smaller among AA carriers. 

Conversely, we hypothesized that AA carriers treated with FOLFIRI and cetuximab might 

have a better outcome, as low 25-OHD levels have been associated with a more activated 

adaptive immune response, and cetuximab exerts a more pronounced anticancer effect when 

adaptive immunity is activated (22–24). Furthermore, given the inhibitory influence of 25-

OHD on the adaptive immune response (22), we hypothesized that in AA carriers with 

expectedly decreased 25-OHD levels, the inhibitory effect on the adaptive immune response 

might be less compared with C allele carriers, who have constitutively higher 25-OHD 

levels. In addition to our main SNP of interest, GC rs4588, we investigated five SNPs within 

genes, involved in 25-OHD metabolism, transport or signaling which may have an impact on 

circulating 25-OHD levels and therefore, outcome.

Patients and Methods

Study design and patient population

This study was comprised of 893 mCRC patients. 800 mCRC patients were enrolled in the 

randomized phase III FIRE-3 and TRIBE trials, and received either first-line FOLFIRI/

bevacizumab (discovery and validation cohorts) or FOLFIRI and cetuximab (FIRE-3, 

control cohort). 93 patients with refractory mCRC enrolled in a prospective cohort 

(Department of Medical Oncology, Pisa, Italy) and a phase II trial (IMCL-0144), treated 

with either irinotecan plus cetuximab (Pisa, Italy, 2008–2011) or cetuximab monotherapy 

(University of Southern California, Norris Comprehensive Cancer Center, Los Angeles, CA, 

2002–2003), served as a second validation cohort (25, 26). Because we expected the 

opposite effect on outcome between AA carriers of the GC rs4588 SNP treated with 

FOLFIRI/bevacizumab (worse outcome) versus FOLFIRI/cetuximab (better outcome), we 

arbitrarily chose the FIRE-3 FOLFIRI/bevacizumab group as the discovery and the FIRE-3 

FOLFIRI/cetuximab group as the control cohort. In the FIRE-3 FOLFIRI/bevacizumab 

cohort, bevacizumab was given at a dose of 5 mg/kg biweekly. In the FIRE-3 FOLFIRI/

cetuximab group, the first cetuximab infusion was administered at a dose of 400 mg/m2, 
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thereafter 250 mg/m2 once a week. The FOLFIRI backbone therapy consisted of 180 mg/m2 

irinotecan, 400 mg/m2 leucovorin, 400 mg/m2 fluorouracil (5-FU) bolus infusion and 2,400 

mg/m2 infusion over 46 hours. Each cycle was repeated every 2 weeks until disease 

progression or intolerable toxic effects occurred (27). Validation cohort 1 included mCRC 

patients in the randomized phase III TRIBE trial treated with the same regimen (FOLFIRI/

bevacizumab) as described above, with the exception of leucovorin, which was given at a 

dose of 200 mg/m2. After 12 cycles, patients in TRIBE underwent a maintenance therapy 

with 5-FU/bevacizumab until disease progression (28). Validation cohort 2 was comprised of 

treatment refractory mCRC patients who received 500 mg/m2 cetuximab and 180 mg/m2 

irinotecan on day 1 every 2 weeks, or cetuximab monotherapy (first dose 400 mg/m2 

followed by 250 mg/m2 weekly; refs. 25, 26). This study was approved by the local review 

boards for each participating site. All patients provided informed consent for the analysis of 

molecular correlates, which were conducted at the USC / Norris Comprehensive Cancer 

Center in Los Angeles, CA. Our study was performed according to the reporting 

recommendations for tumor marker prognostic studies (REMARK; ref. 29).

Candidate polymorphisms

Potentially functional variations within genes involved in vitamin D transport, metabolism 

and signaling were chosen according to the following criteria: minor allele frequency >10% 

in Caucasians; potential to alter the function of a gene according to public databases 

(National Institute of Environmental Health Science SNP Function Prediction, 

snpinfo.niehs.nih.gov, Queen’s University FSNP, compbio.cs.queensu.ca, NCBI-Pubmed 

and dbSNP, www.ncbi.nlm.nih.gov as well as Genecards, genecards.org).

Genotyping

Genomic DNA was extracted from formalin-fixed paraffin-embedded (FFPE) tissue in the 

discovery and control cohorts, and from blood in both validation cohorts, using the QIAmp 

DNA Easy Kit (Qiagen). In the FIRE-3 study (discovery and control cohorts), only FFPE 

tissue was available for analyses, whereas in TRIBE (validation cohort 1) and validation 

cohort 2 (USA and Italy cetuximab cohort), only blood was available. The assays to extract 

DNA from both blood and FFPE tissue were performed with the same extraction kit 

(QIAamp DNA Mini Kit, Qiagen), using the identical standardized workflow according to 

the manufacturer’s protocol. Briefly, for DNA extraction from FFPE tissue, we transferred 

the tissue from the glass slide into a tube, added 180 μL of tissue lysis buffer, followed by 40 

μL proteinase and incubated the tubes at 56ºC overnight in a heated water bath to dissolve 

the paraffin from the tissue. For DNA extraction from blood, we pipetted 200 μL blood into 

a tube and added 40 μL proteinase. All subsequent steps were identical for both DNA 

extraction from FFPE tissue and from blood according to the manufacturer’s protocol 

(QIAamp DNA Mini Kit, sample and assay technologies). Because of lack of blood in the 

discovery and control cohorts (FIRE-3) and FFPE tissue in the validation cohorts (TRIBE 

and USA/Italy cohorts), we did not perform the analyses in both tissue and blood on the 

same patient. Six potentially functional SNPs in 6 genes (GC, CYP24A1, CYP27B1, VDR, 
DKK1, and CST5) were analyzed by PCR-based direct sequencing. Forward and reverse 

primers (Supplementary Table S1) were used for PCR amplification. PCR fragments were 

then sequenced on an ABI 3100A Capillary Genetic Analyzer (Applied Biosystem) to 
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identify the SNP. The investigator (M.D. Berger) reading the sequence was blinded to the 

clinical outcome data.

Statistical analysis

The aim of this study was to identify associations between SNPs within genes involved in 

vitamin D transport, metabolism, and signaling and clinical outcome in mCRC patients 

enrolled in two phase III randomized trials, FIRE-3, and TRIBE. The discovery cohort 

consisted of patients receiving first-line FOLFIRI/bevacizumab within the FIRE-3 trial, 

whereas patients treated with the same regimen in TRIBE served as a validation set. The 

control cohort consisted of patients receiving first-line FOLFIRI/cetuximab in FIRE-3, and 

the second validation cohort was comprised of patients treated with cetuximab ± irinotecan.

The primary endpoint was progression-free survival (PFS), and secondary endpoints were 

OS and overall tumor response rate (ORR). PFS was defined as the time from randomization 

until disease progression, death or until last follow-up in patients who were alive and 

remained free of disease progression. OS was defined as the time from randomization until 

death. Patients still alive were censored at the last date of follow-up. ORR represented the 

percentage of patients who achieved either a complete (CR) or a partial (PR) response 

according to the Response Evaluation Criteria in Solid Tumors (RECIST). Allelic 

distribution of genetic variants was tested for deviation from Hardy–Weinberg equilibrium 

(HWE) using the χ2 test. Differences between baseline characteristics among the cohorts 

were compared by using the χ2 test. To evaluate the effects of different SNPs on PFS and 

OS, the log-rank test was used in the univariable analysis and Wald test in the multivariable 

Cox proportional regression model. The associations between SNPs and tumor response 

were evaluated using the Fisher’s exact test. Moreover, we used the Fisher’s exact test to 

assess, whether there is an association of potentially significant and validated SNPs and 

genomic subtypes such as BRAF and (K)RAS mutational status and other clinical variables 

such as location, age and sex. SNPs significantly associated with outcome in the discovery 

cohort (FIRE-3) were tested in the validation set (TRIBE) and a control cohort (FIRE-3). 

With 295 patients (251 PFS events) in the FOLFIRI/bevacizumab arm of FIRE-3 (discovery 

cohort) successfully sequenced, we would have 80% power to detect a minimum hazard 

ratio (HR) of 1.43 to 1.59 for PFS for a SNP with a minor allele frequency from 0.1 to 0.5, 

using a two-sided 0.05 level log-rank test. A HR of 1.44 to 1.60 would be detected in the 

FOLFIRI/cetuximab arm of FIRE-3 (control set, N = 278, 241 PFS events), 1.54 to 1.73 in 

the FOLFIRI/bevacizumab arm of TRIBE (validation set 1, N = 227, 173 events), and 1.88 

to 2.32 in the second validation cohort treated with cetuximab ± irinotecan (N = 93, 83 

events) for the same SNP with similar allele frequencies using the same test and power. The 

adjusting factors for multivariate analyses were sex, age, ECOG performance status, primary 

tumor site, liver limited metastases, primary tumor resection, previous adjuvant 

chemotherapy, RAS and BRAF status in the discovery, control, and combined cohorts and 

sex, age, ECOG performance status, primary tumor site, primary tumor resection, prior 

adjuvant chemotherapy and BRAF status in the validation cohort. Because of the limited 

data available for validation cohort 2 (studies were conducted in 2002–2003 (Los Angeles) 

and 2008–2011 (Italy), when information regarding BRAF/RAS mutational status and 

sidedness was not routinely collected in clinical trials) and the lack of specimen available to 
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conduct additional molecular analyses, we could only include age and sex as adjusting 

factors for multivariate analysis. All P values were from two-sided Wald tests at a 0.05 

significance level. All tests were conducted by using the SAS statistical package version 9.4 

(SAS Institute).

Results

Patient characteristics of the four study cohorts (one discovery, one control, and two 

validation sets) are outlined in Table 1. Briefly, 893 patients with mCRC receiving either 

FOLFIRI/bevacizumab (discovery cohort FIRE-3, N = 295 and validation cohort 1 TRIBE, 

N = 227), FOLFIRI/cetuximab (control cohort FIRE-3, N = 278) or cetuximab ± irinotecan 

(validation set 2, N = 93) were included in this study. Genotyping was successful in >94% of 

the cases for each polymorphism. Causes of failure included limited quality or quantity of 

extracted DNA. All tested SNPs were within HWE. A genotyping quality control showed 

99% concordance. The frequency of genotypes of the GC rs4588 SNP in our study 

corresponded well with those observed in the general population according to the Ensembl 

database (https://www.ensembl.org/). In the discovery cohort (FIRE-3 FOLFIRI/

bevacizumab), the GC rs4588 SNP was significantly associated with OS. Patients carrying 

the AA genotype had a shorter OS (15.9 vs. 25.1 months) compared to those harboring any 

C allele in both univariable [HR, 2.19; 95% confidence interval (CI), 1.32–3.64; P = 0.001] 

and multivariable analyses (HR, 1.72; 95% CI, 1.01–2.92; P = 0.047; Table 2, Fig. 1A). In 

the validation cohort (TRIBE FOLFIRI/bevacizumab), no statistically significant difference 

in OS was observed between AA carriers and patients harboring any C allele of the GC 
rs4588 SNP in univariable analysis, as shown in the Kaplan–Meier curve in Fig. 1B and 

outlined in Table 2 (18.1 vs. 26.2 months, HR, 1.32; 95% CI, 0.76–2.29; P = 0.31). 

However, after adjusting for sex, age, ECOG performance status, primary tumor site, 

primary tumor resection, BRAF status, and previous adjuvant chemotherapy, the association 

between the GC rs4588 SNP and OS was statistically significant in multivariate analysis 

(HR, 1.83; 95% CI, 1.04–3.23; P = 0.037; Table 2). Because of the small number of patients 

harboring the AA genotype, we combined both FOLFIRI/bevacizumab cohorts. As 

expected, the association between the GC rs4588 SNP and OS was more evident. AA 

genotype carriers still exhibited a shorter OS in comparison with those having any C allele 

(16.4 vs. 25.8 months) in univariable (HR, 1.63; 95% CI, 1.12–2.35; P = 0.009) and 

multivariable analyses (HR, 1.59; 95% CI, 1.08–2.33; P = 0.019; Table 2, Fig. 2). 

Conversely, mCRC patients with the AA genotype receiving FOLFIRI/cetuximab (control 

cohort, FIRE-3) had a longer OS (48.0 vs. 25.2 months) in comparison with those with any 

C allele in univariable analysis (HR, 0.50; 95%CI, 0.27–0.91; P = 0.021; Table 2, Fig. 1C). 

This favorable outcome observed among AA carriers treated with first-line FOLFIRI and 

cetuximab was also confirmed in an independent second validation cohort comprising 

refractory mCRC patients who were treated with cetuximab ± irinotecan (PFS 8.7 vs. 3.7 

months), in both univariable (HR, 0.40; 95% CI, 0.16–0.99; P = 0.033) and multivariable 

analyses (HR, 0.39; 95% CI, 0.16–0.98; P = 0.046; Table 2, Fig. 1D). However, in mCRC 

patients treated with FOLFIRI and bevacizumab, no difference in PFS could be observed 

between AA carriers and those harboring any C allele in the discovery, validation and 

combined cohorts (10.5 vs. 10.1 months, HR, 1.14; 95% CI, 0.71–1.82; P = 0.59; 7.5 vs. 9.7 
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months, HR, 1.27; 95% CI, 0.75–2.16; P = 0.37; and 9.3 vs. 10.1 months, HR, 1.19; 95% CI, 

0.84–1.70; P = 0.32, respectively). Likewise, the PFS of mCRC patients receiving FOLFIRI 

and cetuximab was similar in AA genotype versus any C allele carriers in the control cohort 

(10.4 vs. 9.5 months, HR, 0.96; 95% CI, 0.63–1.47; P = 0.86; Table 2). Furthermore, the 

VDR rs731236 SNP was associated with OS in mCRC patients of the discovery cohort 

treated with FOLFIRI/bevacizumab (Supplementary Table S2). Here, GG genotype carriers 

had a significantly better OS (28.8 vs. 23.7 months) in multivariable analysis (HR, 0.62; 

95% CI, 0.39–0.99; P = 0.046). However, this association was not observed in validation 

cohort 1 (Supplementary Table S3). No associations between the GC rs4588 SNP and BRAF 
and (K)RAS status or other clinical variables such as location, age and sex were observed in 

the discovery, validation or control cohorts (Supplementary Table S4). There was an 

insufficient number of patients with right-sided, RAS mutant/wild-type or BRAF mutant 

cancers harboring the AA genotype of the GC rs4588 SNP in the discovery and validation 

cohorts. Therefore, we restricted our analysis to the overall population and performed an 

exploratory subgroup analysis in patients with left-sided cancers, in whom sufficient 

numbers of AA carriers were present. Here, patients in the discovery group harboring the 

AA genotype (N = 13) had a shorter OS than C allele carriers (N = 193), but only in 

univariate analysis (17.4 vs. 27.4 months, HR, 2.40; 95% CI, 1.28–4.50; P = 0.004). PFS 

was similar in AA genotype and C allele carriers (10.8 vs. 10.7 months, HR, 1.41; 95% CI, 

0.76–2.61; P = 0.26). Neither PFS nor OS differed between AA and C allele carriers in the 

validation cohort (data not shown).

Discussion

Previous studies have demonstrated that 25-OHD inhibits proliferation, induces 

differentiation and stimulates apoptosis in colon cancer cells (30). Furthermore, 25-OHD 

decreases tumor progression by inhibiting angiogenesis through downregulation of 

angiogenic factors such as VEGF, IL8, and prostaglandin E2 (PGE2; ref. 14). Although 

vitamin D3 exerts its inhibitory influence on RAS signaling through downregulation of 

EGFR, it simultaneously inhibits proliferation of endothelial cells in vitro and decreases 

angiogenesis in vivo (2, 13, 31). A previous study demonstrated that the addition of 25-OHD 

resulted in upregulation of both the antiangiogenic factor, thrombospondin 1, and the 

proangiogenic factor, VEGF, in the SW480 human colon cancer cell line, leading to a 

change in the angiogenetic profile (32). Iseki and colleagues (33) observed a significant 

decrease in vessel counts and VEGF staining in colon tumors after prolonged administration 

of 25-OHD. Similarly, another study demonstrated that 25-OHD decreases mRNA and 

protein expression of HIF1alpha and VEGF in colon cancer cells and inhibits cell 

proliferation under hypoxia (34). A previous study also observed a critical role of 25-OHD 

in suppressing angiogenesis through downregulation of IL8 in prostate cancer (35). 

Currently, several clinical trials are evaluating the impact of vitamin D supplementation in 

patients receiving both adjuvant chemotherapy for stage III colon cancer as well as palliative 

therapy for mCRC (NCT02603757 and NCT01516216). Just recently, Ng and colleagues 

(36) presented preliminary results from the SUNSHINE trial (NCT01516216) at the 2017 

ASCO Annual Meeting, demonstrating that mCRC patients treated with first-line FOLFOX/
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bevacizumab plus high-dose vitamin D achieved a longer PFS than those receiving 

FOLFOX/bevacizumab plus low-dose vitamin D.

According to our findings, genotyping of the GC gene might help identify which subset of 

patients benefits from adding bevacizumab to first-line chemotherapy.

Powe and colleagues (37) demonstrated a positive correlation between 25-OHD and DBP 

levels. Beside its role as a vitamin D transporter, DBP serves as a precursor for the 

macrophage-activating factor which exerts its antineoplastic effects by inhibiting 

angiogenesis (38).

The GC gene, located on chromosome 4, encodes for DBP and consists of 13 exons. The 

missense SNP rs4588, located on exon 11, results in an amino acid change of threonine to 

lysine at position 436 that affects the binding affinity of DBP.

Previous studies have shown that rs4588 AA carriers have the lowest affinity of DBP for 

vitamin D and lowest plasma 25-hydroxyvitamin D levels (16, 17). This functional 

association was further confirmed by Janssens and colleagues (18) who demonstrated that 

COPD patients harboring the AA genotype had significantly lower baseline 25-OHD levels 

than those carrying a C allele. In addition, the same trend was observed in a healthy control 

group, albeit without statistical significance. Similarly, lower 25-OHD levels among AA 

carriers of the rs4588 SNP was shown in a large cohort of 741 premenopausal Caucasian 

women (19). In a meta-analysis comprising nine studies, the ancestral C allele was found to 

be significantly associated with higher 25-OHD concentrations (20). Chinese children 

carrying an AA genotype exhibited significantly lower 25-OHD levels than C allele carriers. 

This association persisted after adjusting for age, sex, BMI, and vitamin D intake (21). 

Notably, these functional correlations between the GC rs4588 SNP and 25-OHD levels were 

consistent across all studies (20). On the basis of these mechanistic data and our validated 

clinical associations, we hypothesize that mCRC patients carrying the AA genotype of the 

GC rs4588 SNP might have constitutively lower 25-OHD levels, which translates into an 

inferior OS with FOLFIRI/bevacizumab, but an improved OS with FOLFIRI/cetuximab.

Importantly, we should note that previous findings of associations between the GC rs4588 

AA genotype and lower concentrations of circulating vitamin D levels are derived from 

populations of healthy individuals and patients with diseases other than cancer (16–21). 

Therefore, we cannot state with absolute certainty, whether these findings can be completely 

translated to our study population of mCRC patients.

To our knowledge, this is the first study demonstrating that the rs4588 SNP within the GC 
gene, encoding for the DBP, might serve as a predictive biomarker in mCRC patients treated 

with both FOLFIRI/bevacizumab and FOLFIRI/cetuximab. Carriers of the AA genotype had 

a shorter OS compared with those harboring any C allele when receiving FOLFIRI/

bevacizumab in both the discovery (FIRE-3) and validation (TRIBE) cohorts. On combining 

these cohorts, this association became even more significant. Conversely, AA carriers treated 

with FOLFIRI/cetuximab (FIRE-3 control cohort) had a better OS compared with those 

patients harboring any C allele. This favorable outcome was also observed in a second 

validation set comprising refractory mCRC patients treated with either cetuximab 
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monotherapy or cetuximab and irinotecan. That the second validation cohort consisted of 

patients who received cetuximab ± irinotecan as later line therapy (vs. the other cohorts who 

underwent first-line therapy) might explain the significant association between GC rs4588 

SNP and PFS but not OS. Nevertheless, the favorable effect on outcome among AA carriers 

treated with cetuximab ± irinotecan or FOLFIRI/cetuximab was consistent, regardless of the 

number of prior treatment lines.

The inverse associations with outcome among AA carriers treated with FOLFIRI/

bevacizumab and FOLFIRI/cetuximab or cetuximab ± irinotecan suggest opposing effects of 

the GC gene with either bevacizumab or cetuximab treatment. With blockade of the VEGF 

angiogenic pathway by bevacizumab, VEGF-independent angiogenic escape mechanisms 

will be activated, mainly through the IL8 and Wnt signaling pathways (14, 15). Moreover, 

mounting evidence has shown that 25-OHD exerts its anticancer effect not only by 

decreasing VEGF-dependent and -independent angiogenesis, but also through 

downregulating Wnt signaling, which in turn further impairs tumor angiogenesis (14, 15). 

Given the association between the AA genotype of the GC rs4588 SNP with lower 

circulating 25-OHD (16–21), we hypothesized that in AA carriers the inhibitory effect on 

VEGF-independent angiogenesis, mainly driven by Wnt signaling but also IL8 and other 

angiogenic factors (14, 15), may be smaller compared with those with a C allele (higher 

circulating 25-OHD levels). This may serve as an explanation as to why mCRC patients 

harboring the AA genotype treated with FOLFIRI and bevacizumab have a worse outcome 

compared with C allele carriers. Given the inhibitory effect of 25-OHD on the adaptive 

immune system (22), we speculate that in AA carriers with constitutively lower 25-OHD 

levels, the inhibitory influence on the adaptive immune response might be less than in C 

allele carriers, who exhibit higher 25-OHD levels. Thus, in AA carriers, the equilibrium 

might slightly shift toward an activated adaptive immune state, where proinflammatory Th1 

and Th17 cells are more predominant than immunosuppressive Tregs and Th2 cells (22, 23). 

Moreover, accumulating data indicate that the EGFR inhibitor, cetuximab, exhibits an 

improved anticancer effect when the adaptive immune system is activated (24). This 

phenomenon has not been described with bevacizumab. This distinction may explain why 

mCRC patients carrying the AA genotype treated with FOLFIRI and cetuximab have a 

better outcome compared to those harboring any C allele. Our results support our hypothesis 

of opposing effects on outcome between AA carriers treated with FOLFIRI/bevacizumab 

(worse outcome) or FOLFIRI/cetuximab (better outcome). Importantly, our study 

demonstrates that the selection of appropriate first-line treatment among patients with the 

same genotype of the GC rs4588 SNP might have a meaningful impact on survival. 

Although AA carriers with mCRC benefit most from adding cetuximab to FOLFIRI 

backbone chemotherapy in the first-line setting, bevacizumab may even cause harm. As we 

report about a new potential prognostic and predictive biomarker, it is important to keep in 

mind that in recent years a number of both prognostic and predictive markers have been 

identified in mCRC. For example, patients harboring a BRAF mutation have a shorter PFS 

and OS than those with BRAF wild-type tumors (39). Even though there are conflicting 

results from two meta-analyses investigating the clinical benefit of anti-EGFR treatment in 

mCRC patients with RAS wild-type and BRAF mutant tumors, the vast majority of 

clinicians do not treat patients with BRAF mutant tumors with cetuximab or panitumumab 
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(40–43). Furthermore, it is well established that mCRC patients with RAS-mutant tumors do 

not derive benefit from anti-EGFR therapy (44). In addition, mounting evidence has shown 

that mCRC patients with right-sided primary tumors have a shorter OS compared with those 

with left-sided primary tumors and that patients with right-sided cancers might not derive 

the same benefit from cetuximab as those with left-sided primary tumors (45, 46). 

Interestingly, as shown in Supplementary Table S4, GC rs4588 genotypes were not 

associated with BRAF or RAS mutational status, nor primary tumor location, suggesting the 

GC rs4588 SNP to be an independent predictive and prognostic biomarker. Limitations of 

our study are that we neither assessed circulating 25-OHD levels, nor evaluated the 

inhibitory effect of vitamin D on angiogenesis. Moreover, we did not determine the ability of 

vitamin D to downregulate EGFR expression directly on the human tissue in this study. The 

lack of adequate specimen, including fresh-frozen tissue and the paucity of blood in 

validation cohorts 1 and 2, precluded us from conducting these assays. In addition, although 

in the discovery and control cohorts (FIRE-3) only FFPE tissue was available, we tested 

blood in the validation cohorts (TRIBE and USA/Italy). Despite the different origin of tissue 

(FFPE samples versus blood) used in our study, there is increasing evidence from several 

comparison studies, that DNA from FFPE tissue can serve as a valid proxy for germline 

DNA in pharmacogenetic association studies, not only in colorectal cancer (47, 48) but also 

in several other malignancies (49, 50). Furthermore, validation cohort 2 was comprised of 

total only 93 patients—86 with a C allele and 7 with the AA genotype. The number of AA 

genotype carriers (N=7) in validation cohort 2 is relatively small due to the low minor allele 

frequency (MAF = 0.28) of the GC rs4588 SNP. Therefore, the results obtained in the 

second validation cohort must be interpreted within the limitations of these small numbers. 

However, the findings in the second validation cohort resonate with the ones showed in the 

FIRE-3 cetuximab cohort, as we observed the same statistically significant difference in 

outcome in these two independent cohorts, whose patients were uniformly treated with 

cetuximab ± irinotecan-based chemotherapy. Strengths of our study include the total sample 

size of 893 mCRC patients and the inclusion of a discovery, control and two validation 

cohorts from two phase III randomized trials, one phase II study and one cohort with 

prospectively enrolled patients. Second, the results we obtained in both the discovery and 

control cohorts were confirmed in two independent validation sets. Furthermore, the 

rationale to test the impact of the rs4588 SNP within the GC gene, encoding for the DBP, on 

outcome is based on previously published mechanistic data. Sample size limitations and the 

low frequency of GC rs4588 AA genotype carriers (7%–9.4%) precluded us from 

conducting subgroup analyses in RAS wild-type/mutant or BRAF-mutant patients, and in 

those with right-sided primary tumors, as it would not allow us to draw any firm 

conclusions. Associations between GC SNP rs4588 and outcome with either bevacizumab or 

cetuximab should be further evaluated before clinical use, and should take into account 

known prognostic factors, particularly RAS/BRAF mutation status and sidedness. 

Retrospective, pooled biomarker studies using larger datasets, preferentially from 

randomized trials, are needed to define which subgroups of patients will derive the most 

benefit from either bevacizumab- or cetuximab-based chemotherapy, according to GC 
rs4588 SNP (AA versus any C allele). For example, there is increasing evidence from recent 

studies that mCRC patients with right-sided tumors do not derive benefit from cetuximab 

(45, 46). Thus, our findings might provide an impetus to further explore whether AA carriers 
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of the GC rs4588 SNP with right-sided, RAS wild-type mCRC would benefit from treatment 

with cetuximab. As our study design did not allow for evaluation of circulating 25-OHD, it 

would be interesting to conduct a study exploring whether vitamin D supplementation might 

result in increased vitamin D levels among AA carriers of the GC rs4588 SNP, as the AA 

genotype has been shown to be associated with constitutively decreased 25-OHD levels (16–

21). Looking forward, to use the GC rs4588 SNP in the context of already established 

prognostic and predictive biomarkers, we will need future algorithms combining this SNP 

with information about RAS/BRAF mutational status and sidedness, which will help us to 

further optimize personalized treatment for mCRC patients. In conclusion, the GC rs4588 

SNP might serve as both a prognostic and predictive biomarker in mCRC patients. Our 

results suggest that genotyping of the rs4588 polymorphism within the GC gene may help 

identify patients who will derive the most benefit from adding either bevacizumab or 

cetuximab to irinotecan-based chemotherapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Epidemiologic studies have shown that higher blood 25-hydroxyvitamin D (25-OHD) 

levels are associated with lower colorectal cancer risk. In addition, preclinical studies 

have demonstrated that 25-OHD inhibits colon cancer growth by stimulating apoptosis 

and decreasing cancer cell proliferation and tumor angiogenesis. A variation of the 

vitamin D–binding protein gene, GC rs4588, might serve as a predictive marker in 

mCRC patients treated with FOLFIRI and bevacizumab or FOLFIRI and cetuximab. 

Whereas AA genotype carriers derive a survival benefit from FOLFIRI/cetuximab, 

treatment with FOLFIRI/bevacizumab is associated with worse outcome. Genotyping of 

the rs4588 polymorphism within the GC gene may help identify patients who will benefit 

most from adding either bevacizumab or cetuximab to irinotecan-based chemotherapy.
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Figure 1. 
A, Discovery cohort: GC rs4588 and OS (FIRE-3 FOLFIRI/bevacizumab arm). B, 
Validation cohort 1: GC rs4588 and OS (TRIBE FOLFIRI/bevacizumab arm). C, Control 

cohort: GC rs4588 and OS (FIRE-3 FOLFIRI/cetuximab arm). D, Validation cohort 2: GC 
rs4588 and PFS in refractory mCRC patients treated with cetuximab ± irinotecan.
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Figure 2. 
Combined cohort: GC rs4588 and OS in FIRE-3 and TRIBE FOLFIRI/bevacizumab arms.
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