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Abstract

Angiogenesis-related gene expression is associated with the
efficacy of anti-VEGF therapy. We tested whether intratumoral
mRNA expression levels of genes involved in vascular morpho-
genesis and early vessel maturation predict response, recurrence-
free survival (RFS), and overall survival (OS) in a unique cohort of
patients with colorectal liver metastases (CLM) treated with
bevacizumab-based chemotherapy followed by curative liver
resection. Intratumoral mRNA was isolated from resected beva-
cizumab-pretreated CLM from 125 patients. In 42 patients, a
matching primary tumor sample collected before bevacizumab
treatment was available. Relative mRNA levels of 9 genes
(ACVRL1, EGFL7, EPHB4, HIF1A, VEGFA, VEGFB, VEGFC, FLT1,
and KDR) were analyzed by RT-PCR and evaluated for associa-
tions with response, RFS, and OS. P values for the associations
between the individual dichotomized expression level and RFS

were adjusted for choosing the optimal cut-off value. In CLM,
high expression of VEGFB, VEGFC, HIF1A, and KDR and low
expression of EGFL7 were associated with favorable RFS in
multivariable analysis (P < 0.05). High ACVRL1 levels pre-
dicted favorable 3-year OS (P ¼ 0.041) and radiologic response
(PR ¼ 1.093, SD ¼ 0.539, P ¼ 0.002). In primary tumors, low
VEGFA and high EGFL7 were associated with radiologic and
histologic response (P < 0.05). High VEGFA expression pre-
dicted shorter RFS (10.1 vs. 22.6 months; HR ¼ 2.83, P ¼
0.038). High VEGFB (46% vs. 85%; HR ¼ 5.75, P ¼ 0.009) and
low FLT1 (55% vs. 100%; P ¼ 0.031) predicted lower 3-year OS
rates. Our data suggest that intratumoral mRNA expression of
genes involved in vascular morphogenesis and early vessel
maturation may be promising predictive and/or prognostic
biomarkers. Mol Cancer Ther; 15(11); 2814–21. �2016 AACR.

Introduction
Bevacizumab in combination with chemotherapy has

improved the survival of patients with metastatic colorectal
cancer, and in 25% of those with liver-limited disease, surgical
resection of colorectal liver metastases (CLM) combined with
perioperative chemotherapy affords a chance for cure (1, 2).
Although randomized controlled trials are missing, the addi-
tion of bevacizumab to perioperative chemotherapy has been
associated with improved radiologic and histologic response

rates, which translates into improved survival (3–5). However,
the majority of patients recurs and succumbs to metastatic
disease. It is therefore critical to identify new biomarkers to
select patients most likely to benefit from resection of CLM
and achieve a durable remission, and those who may better
undergo other treatment concepts.

Intratumoral expression of genes involved in angiogenesis have
shown promise as predictive and prognostic biomarkers for
bevacizumab efficacy in metastastic colorectal cancer (6). How-
ever, there is a paucity of data regarding the role of genes involved
in vascular morphogenesis and early vessel maturation in pre-
dicting outcomes inmetastatic colorectal cancer, whichmay serve
as novel biomarkers for efficacy of bevacizumab-based chemo-
therapy. Identifying such biomarkers may guide patient selection
for liver resection as well as offer insight on antiangiogenic
resistance mechanisms and targets for novel drug development.
We investigated whether relative mRNA levels of genes involved
in vascularmorphogenesis and early vesselmaturation canpredict
response, probability of cure, and survival in a unique cohort of
patients undergoing bevacizumab-based perioperative chemo-
therapy followed by liver resection with curative intent. Specifi-
cally, we examinedmRNA levels of genes involved in blood vessel
sprouting and lymphangiogenesis [HIF1A (hypoxia inducible
factor 1, alpha), VEGFA (encoding vascular endothelial growth
factor A), VEGFB, VEGFC, FLT1 (fms-related tyrosine kinase 1
encoding VEGF receptor 1), KDR (kinase insert domain receptor

1Division of Medical Oncology, Norris Comprehensive Cancer Center,
University of Southern California, Los Angeles, California. 2Depart-
ment of Surgery, Medical University Vienna,Vienna, Austria. 3Depart-
ment of Preventive Medicine, Norris Comprehensive Cancer Center,
University of Southern California, Los Angeles, California. 4Cancer
Genetics, Inc., LosAngeles,California. 5Biocenter,UniversityofWuerz-
burg, Wuerzburg, Germany. 6Clinical Institute of Pathology, Medical
University Vienna,Vienna, Austria. 7Department of Surgery I, Rudolf-
stiftung Hospital, Vienna, Austria.

Note: Supplementary data for this article are available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).

Corresponding Author: Heinz-Josef Lenz, Norris Comprehensive Cancer Cen-
ter, University of Southern California, 1441 Eastlake Avenue, Los Angeles, CA
90033. Phone: 323-865-3967; Fax: 323-865-0061; E-mail: lenz@usc.edu

doi: 10.1158/1535-7163.MCT-16-0275

�2016 American Association for Cancer Research.

Molecular
Cancer
Therapeutics

Mol Cancer Ther; 15(11) November 20162814

on March 19, 2018. © 2016 American Association for Cancer Research. mct.aacrjournals.org Downloaded from 

Published OnlineFirst August 17, 2016; DOI: 10.1158/1535-7163.MCT-16-0275 

http://mct.aacrjournals.org/


encoding VEGFR 2)], tubulogenesis [EGFL7 (EGF-like domain
7)], and early vessel maturation [EPHB4 (ephrin receptor b4),
ACVRL1 (activin A receptor type II-like 1 encoding ALK1)].

Materials and Methods
We investigated 125 consecutive patients with resectable or

borderline resectable CLMwho received 3months of neoadjuvant
and 3 months of adjuvant bevacizumab-based combination
chemotherapy and underwent liver resection in curative intent
(2005–2011). Patients' clinical data were obtained from a pro-
spectively maintained database. Patient characteristics are given
in Table 1. Themedian age of patients was 62 years (range, 30–80
years), ofwhich 59.2%(n¼ 74)weremale. Themedian follow-up
was 3.8 years (range, 0.02–7.6 years). One patient with short
follow-up (0.02 years) was included as response data were avail-
able. The study was approved by the institutional review board.

Radiologic response was assessed according to RECIST (7).
Patients with disease progression under neoadjuvant treatment
(<5%), which is considered a contraindication, did not undergo
liver resection and were not included in this study (8). Tissue
samples were not available in these patients. Histologic
response was assessed according to the classification proposed
by Rubbia-Brandt and colleagues (9). As described for this
classification, tumor regression grade 1 and 2 were classified
as major histologic response, tumor regression grade 3 as
partial histologic response, and tumor regression grade 4 and
5 as no histologic response.

After microdissection, intratumoral mRNA was isolated
from resected formalin-fixed paraffin-embedded, bevacizu-
mab-pretreated CLM. In 42 of these patients, a matching
primary tumor (PT) sample collected before bevacizumab
treatment was available. Relative mRNA levels were calculated
as ratios of the target gene and a reference gene [ACTB
(b-actin)]. Relative mRNA levels of 9 genes (ACVRL1, EGFL7,
EPHB4, HIF1A, VEGFA, VEGFB, VEGFC, FLT1, KDR) were

analyzed by RT-PCR in CLM and primary tumor samples and
evaluated for associations with response, recurrence-free sur-
vival (RFS), and overall survival (OS). Because of the limited
patient number, the number of selected genes was restricted to
the 9 most promising according to previous studies. In CLM,
histologic response was not correlated with gene expression
due to a high rate of missing gene expression data caused by
tumor destruction in the major histologic response group.
Laser capture microdissection, isolation of mRNA, and RT-PCR
was performed as previously described (10).

Statistical analyses
The primary endpoint was RFS, which was calculated from the

date of liver resection until the first observation of recurrence or
death from any cause. If a patient had not recurred or died, RFS
was censored at the date of the last follow-up.OSwas calculated as
the time from the date of surgery until death from any cause or
until the date of the last date known to be alive. OS, radiographic
[partial response (PR), stable disease (SD)], and histologic
responses (major, partial, none) were the secondary outcome
measures.

Reported mRNA expression values were quantified as ratios
between two absolute measurements: The gene of interest versus
an internal housekeeping gene [ACTB (b-actin)]. No transforma-
tion was conducted for mRNA expression levels that were con-
tinuous variables. To assess the associations between gene expres-
sion and RFS, the expression levels were dichotomized into a low
and a high subgroup at the optimal cut-off value if the expression
level wasmeasureable. The adaptedmaximal c2method ofMiller
and Siegmund (1982) andHalpern (1982)was used to determine
which cut-off value best separated patients into poor prognosis
and good prognosis subgroups, in terms of likelihood of recur-
rence. We compared RFS by three groups: no expression, low
expression, and high expression. Patients who had no gene
expression measureable had complete histologic response (CR)
and no tumor tissue detected in the resected CLM. The

Table 1. Baseline characteristics among patients with resected liver metastases from colorectal cancer

N % With CLM available With primary tumor available
n ¼ 149 % n ¼ 125 % n ¼ 42 %

Age
Median (range) 62 (30–80) 62 (30–80) 64 (47–80)
<65 years 90 60.4 75 60.0 23 54.8
�65 years 59 39.6 50 40.0 19 45.2

Sex
Male 87 58.4 74 59.2 28 66.7
Female 62 41.6 51 40.8 14 33.3

Timing of metastases
Metachronous 55 36.9 48 38.4 16 38.1
Synchronous 94 63.1 77 61.6 26 61.9

Number of metastasesa

1–2 88 59.5 73 58.4 16 39.0
>2 60 40.5 52 41.6 25 61.0

Size of metastasesa

1–50 mm 127 85.8 107 85.6 36 87.8
>50 mm 21 14.2 18 14.4 5 12.2

Distribution of metastases
Unilobar 76 51.0 62 49.6 16 38.1
Bilobar 73 49.0 63 50.4 26 61.9

Primary tumor sitea

Right colon 39 26.4 32 25.8 8 19.0
Left colon 60 40.5 51 41.1 21 50.0
Rectum 49 33.1 41 33.1 13 31.0

aOne patient had missing information.
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corresponding P value was adjusted using 2,000 bootstrap-like
simulations. The optimal cut-off values selected in analyzing RFS
were applied for analyses of OS. Themultivariable Cox regression
model was used to evaluate the independent effects of gene
expression levels on RFS and OS, when adjusting for age at
surgery, number of metastases, presence of bilobar hepatic dis-
ease, and time tometastases (metachronous versus synchronous).
The associations between gene expression levels and radiologic
response were examined using the two-sampleWilcoxon test. The
changes in the gene expression levels between the primary tumor
and corresponding liver metastases were examined using the
paired sign test.

In addition, recursive partitioning analyses were performed to
identify patterns of gene expression levels associated with RFS,
OS, and radiologic and histologic response. Amixture curemodel
was used to assess the cure rate by expression levels of each gene
(11). Two recurrence patterns, intrahepatic only and extrahepatic
were examined using cumulative incidence of recurrence in the
competing risks model.

No adjustment for multiple comparisons was performed
because this study was exploratory and hypothesis generating.
No sample size or power calculation was performed because of
the retrospective name of the study. All tests were two-sided with
an a significance of 0.05. All analyses were performed using the
SAS statistical package version 9.4 (SAS Institute), and R package
(R Foundation for Statistical Computing).

Results
Gene expression in CLM and association with RFS, OS, and
radiologic response

Thirteen (10.4%) patients achieved a complete histologic
response (CR) and had a median RFS of 29.1 months. Using
these patients as a reference group, VEGFB, VEGFC, HIF1A, KDR,
and EPHB4 expression predicted RFS in univariable analysis.
Specifically, high VEGFB [not reached vs. 8.3 months (low);
HR ¼ 0.84 and HR ¼ 3.36, P ¼ 0.001], VEGFC [not reached vs.
10.3months (low); HR¼ 0.60 andHR¼ 2.34, P¼ 0.034],HIF1A
[not reached vs. 9.5months (low); HR¼ 0.67 andHR¼ 2.62, P¼
0.017], and KDR expression [17.8 vs. 9.5 months (low); HR ¼
1.24 andHR¼ 2.70, P¼ 0.039] were associated with significantly
longer RFS. Conversely, low EPHB4 expression [13.0 vs. 7.7
months (high); HR ¼ 1.88 and HR ¼ 4.67, P ¼ 0.043] was
associated with improved RFS. In multivariable analysis, the
associations between VEGFB (HR ¼ 0.71 and HR ¼ 3.29, P <
0.001), VEGFC (HR ¼ 0.66 and HR ¼ 2.07, P ¼ 0.025), HIF1A
(HR¼ 0.60 andHR¼ 2.26, P¼ 0.002), and KDR (HR¼ 1.16 and
HR¼ 2.29, P¼ 0.015) and RFS remained significant. In addition,
low EGFL7 expression was associated with improved RFS (16.0
months vs. 8.4 months (high); HR ¼ 1.46 and HR ¼ 2.45, P ¼
0.044). Kaplan–Meier curves for RFS are given in Supplementary
Figs. S1–S6. With regard to OS, the 3-year OS rate of the 13
patients with a complete histologic response was 75%. High
VEGFB (91% vs. 57% (low); HR ¼ 0.54 and HR ¼ 2.12, P ¼
0.013) and ACVRL1 [62% vs. 36% (low); HR ¼ 1.25 and HR ¼
3.37,P¼0.034)]mRNA levels predicted significantly outcomes in
univariable analysis (Supplementary Figs. S7 and S8). In multi-
variable analysis, only the association between ACVRL1 expres-
sion and 3-year OS remained significant (HR ¼ 0.82 and HR ¼
2.46, P ¼ 0.041). Data on RFS and OS are given in Table 2.
Radiologic responsewas associatedwith highACVRL1 [PR¼ 1.01

(range, 0.00–3.49), SD¼ 0.52 (range, 0.00–1.93), P¼ 0.026] and
low VEGFA mRNA levels [PR ¼ 4.58 (range, 0.00–3.23), SD ¼
6.22 (range, 0.00–15.51), P ¼ 0.035]. Expression levels of the
other investigated genes were not associated with radiologic
response (data not shown).

Recursive partitioning analyses in CLM for RFS, OS, and
radiologic response

Recursive partitioning analyses in CLM showed that VEGFB
expression was the most important predictor of RFS, and EGFL7
and VEGFB levels further defined prognostic subgroups (Fig. 1).
Similarly, VEGFB level was the primary prognostic marker of
OS, whereas EGFL7 and VEGFA levels were relevant in sub-
groups (Fig. 2). No recursive partitioning tree was created for
radiologic response.

Gene expression in CLM and probability of cure
In CLM, EPHB4 and EGFL7 mRNA levels were associated with

probability of cure. Patients with high EPHB4 [OR ¼ 3.15; 95%
confidence interval (CI), 1.15–8.61; P ¼ 0.025] or EGFL7 (OR ¼
2.40; 95% CI, 1.19–4.84; P ¼ 0.015) expression had lower
probability of cure. Expression levels of the other investigated
genes were not associated with probability of cure (data not
shown). Probability of cure was not assessed in primary tumors
due to the limited sample size.

Gene expression in CLM and pattern of recurrence
High expression of VEGFB [49% (SE �11%) vs. 71% (�6%;

low) vs. 40% (�15%; CR), P ¼ 0.005], VEGFC [23% (�12%) vs.
69%(�5%; low) vs. 40%(�15%;CR),P¼0.008], andKDR [44%
(�9%) vs. 72%(�6%; low) vs. 40%(�15%;CR),P¼0.003]were
associated with significantly lower 2-year extrahepatic recurrence
rates. Expression levels of the other investigated genes were not
associated with patterns of recurrence (data not shown).

Expression of VEGFB and VEGFC in CLM and association with
hypoxia

HIF1A expression was measured as a marker for hypoxia.
High expressions of VEGFB and VEGFC were significantly
associated with high HIF1A expression (P < 0.001 and P ¼
0.002, respectively).

Gene expression in primary tumors and association with RFS,
OS, and response

In primary tumors, high VEGFA levels predicted significantly
shorter RFS (10.1 vs. 22.6months;HR¼2.83,P¼0.038). In terms
of 3-year OS rates, high VEGFB (46% vs. 85%; HR ¼ 5.75, P ¼
0.009) and low FLT1 (55% vs. 100%; P¼ 0.031) were associated
with inferior outcomes. Low VEGFA levels were associated with
radiologic response (PR ¼ 3.53; SD ¼ 5.65; P ¼ 0.032). High
EGFL7predictedhistologic response (major histologic response¼
0.32; partial histologic response ¼ 0.001; no histologic response
¼ 0.001; P ¼ 0.043). Expression levels of the other investigated
genes were not associatedwith RFS, OS, radiologic, and histologic
response (data not shown).

Correlation between gene expression in primary tumors and
CLM

Low expression of VEGFB in primary tumors was associated
with increased expression in CLM, whereas high expression in
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primary tumors was associated with reduced expression in CLM
(r ¼ �0.67, P < 0.001).

Discussion
Our data show for the first time that intratumoral mRNA

expression levels of genes involved in vascular morphogenesis
and early vessel maturation predict response, survival, and prob-
ability of cure in patients with liver-limited metastatic colorectal
cancer undergoing bevacizumab-based perioperative chemother-
apy and curative liver resection. Furthermore, our results suggest
that perioperative bevacizumab-based therapy may induce intra-
tumoral gene expression changes in a manner that affects clinical
outcomes.

Previous studies have shown high levels of concordance
between VEGF mRNA expression in primary tumors and
corresponding liver metastases, supporting the notion that
primary tumor gene expression can serve as a reliable surro-
gate of bevacizumab efficacy in CLM (12). Interestingly, our
data demonstrated that certain genes may have divergent
prognostic effects depending on previous treatment. Among
patients in whom bevacizumab-na€�ve primary tumor tissue

was available for analysis, high VEGFA expression was asso-
ciated with lower radiologic response in the resected CLM and
shorter RFS, while high VEGFB expression was associated with
decreased 3-year OS rates. These findings are consistent with
previous studies showing these markers to be negative prog-
nosticators (13, 14). VEGFA, the target of bevacizumab, binds
FLT1 and KDR, and is considered a main driver of angiogen-
esis (15). Conversely, VEGFB binds only to FLT1 and has been
shown to potentiate, rather than initiate angiogenesis, and
also plays a role in tissue protection (15). In contrast with
VEGFB, high primary tumor FLT1 expression was associated
with increased 3-year OS. Current evidence suggests that the
clinical relevance of FLT1 expression in colorectal cancer
depends on disease stage and therapy rendered. In the adju-
vant setting, high FLT1 expression has been associated with
shorter time-to-recurrence in patients with stage II and III
colorectal cancer (16). However, in patients with metastatic
colorectal cancer receiving chemotherapy and a VEGFR inhib-
itor, a more recent biomarker study showed that high FLT1
expression to be associated with higher radiologic response
and longer progression-free survival (PFS), which supports the
finding of the current study (10).

Table 2. Association of intratumoral gene expression with RFS and OS in CLM

RFS OS
Genea n Median (95% CI) Uni HR (95% CI) Pa Multi HR (95% CI) Pb 3-yr rate � SE Uni HR (95% CI) Pb Multi HR (95% CI) Pb

ACVRL1 0.59 0.11 0.034 0.041
0 13 29.1 (10.3–81.2) 1 (reference) 1 (reference) 0.75 � 0.13 1 (reference) 1 (reference)
� 0.390 12 9.5 (4.1–16.5) 2.86 (1.06–7.73) 2.95 (1.07–8.12) 0.36 � 0.16 3.37 (0.98–11.56) 2.46 (0.69–8.71)
> 0.390 95 11.7 (9.2–14.4) 1.97 (0.91–4.30) 1.73 (0.78–3.82) 0.71 � 0.05 1.25 (0.44–3.56) 0.82 (0.27–2.46)

EGFL7 0.052 0.044 0.51 0.88
0 13 29.1 (10.3–81.2) 1 (reference) 1 (reference) 0.75 � 0.13 1 (reference) 1 (reference)
0.001 63 16.0 (10.1–20.3) 1.58 (0.71–3.51) 1.46 (0.64–3.32) 0.70 � 0.07 1.30 (0.44–3.81) 0.91 (0.30–2.80)
> 0.001 42 8.4 (5.4–11.7) 3.05 (1.34–6.91) 2.45 (1.06–5.67) 0.62 � 0.09 1.76 (0.58–5.30) 1.11 (0.34–3.61)

EPHB4 0.043 0.16 0.20 0.66
0 13 29.1 (10.3–81.2) 1 (reference) 1 (reference) 0.75 � 0.13 1 (reference) 1 (reference)
� 0.286 99 13.0 (10.1–16.3) 1.88 (0.87–4.06) 1.75 (0.79–3.88) 0.69 � 0.05 1.38 (0.49–3.89) 1.00 (0.34–2.93)
> 0.286 12 7.7 (4.5–10.8) 4.67 (1.67–13.06) 2.78 (0.97–8.00) 0.32 � 0.18 2.89 (0.77–10.90) 1.59 (0.39–6.59)

HIF1A 0.017 0.002 0.27 0.61
0 13 29.1 (10.3–81.2) 1 (reference) 1 (reference) 0.75 � 0.13 1 (reference) 1 (reference)
� 1.725 82 9.5 (6.5–11.1) 2.62 (1.21–5.70) 2.26 (1.01–5.02) 0.62 � 0.06 1.74 (0.61–4.94) 1.20 (0.40–3.62)
> 1.725 20 91.1þ 0.67 (0.23–1.96) 0.60 (0.20–1.82) 0.81 � 0.10 0.87 (0.22–3.49) 0.71 (0.17–2.91)

VEGFA 0.36 0.063 0.26 0.65
0 13 29.1 (10.3–81.2) 1 (reference) 1 (reference) 0.75 � 0.13 1 (reference) 1 (reference)
� 6.573 65 13.0 (9.2–16.3) 1.96 (0.88–4.33) 1.65 (0.73–3.73) 0.73 � 0.06 1.28 (0.43–3.74) 0.94 (0.30–2.94)
> 6.573 29 9.5 (4.9–11.1) 2.89 (1.23–6.79) 2.68 (1.11–6.47) 0.53 � 0.12 2.12 (0.68–6.61) 1.39 (0.40–4.75)

VEGFB 0.001 <.0001 0.013 0.065
0 13 29.1 (10.3–81.2) 1 (reference) 1 (reference) 0.75 � 0.13 1 (reference) 1 (reference)
� 4.135 65 8.3 (5.6–10.3) 3.36 (1.55–7.32) 3.29 (1.45–7.46) 0.57 � 0.07 2.12 (0.74–6.04) 1.56 (0.50–4.82)
> 4.135 28 91.1þ 0.84 (0.33–2.10) 0.71 (0.27–1.87) 0.91 � 0.06 0.54 (0.14–2.16) 0.44 (0.11–1.83)

VEGFC 0.034 0.025 0.10 0.34
0 13 29.1 (10.3–81.2) 1 (reference) 1 (reference) 0.75 � 0.13 1 (reference) 1 (reference)
� 0.481 98 10.3 (8.3–13.5) 2.34 (1.08–5.07) 2.07 (0.93–4.61) 0.62 � 0.06 1.65 (0.59–4.64) 1.16 (0.39–3.43)
> 0.481 13 72.7þ 0.60 (0.18–2.02) 0.66 (0.19–2.26) 1.00 � 0.00 0.29 (0.03–2.58) 0.26 (0.03–2.36)

FLT1 0.23 0.27 0.62 1.00
0 13 29.1 (10.3–81.2) 1 (reference) 1 (reference) 0.75 � 0.13 1 (reference) 1 (reference)
� 1.403 101 10.5 (8.3–14.3) 2.16 (0.99–4.70) 1.86 (0.84–4.11) 0.66 � 0.05 1.50 (0.53–4.23) 1.01 (0.34–2.99)
> 1.403 11 18.5 (10.3–54.4) 1.20 (0.40–3.55) 1.40 (0.46–4.28) 0.72 � 0.18 0.94 (0.17–5.13) 1.02 (0.18–5.82)

KDR 0.039 0.015 0.27 0.63
0 13 29.1 (10.3–81.2) 1 (reference) 1 (reference) 0.75 � 0.13 1 (reference) 1 (reference)
� 0.691 65 9.5 (5.8–12.8) 2.70 (1.23–5.95) 2.29 (1.02–5.13) 0.58 � 0.07 1.70 (0.59–4.93) 1.04 (0.34–3.19)
> 0.691 39 17.8 (11.7–91.1) 1.24 (0.53–2.91) 1.16 (0.49–2.79) 0.82 � 0.07 0.99 (0.31–3.15) 0.72 (0.21–2.40)

amRNA levels of gene were dichotomized on the optimal cut-off value using the maximal c2 method on RFS. P value for univariable analysis of RFS was adjusted for
considering potential multiple cut-off value.
bP values were based on log-rank test in the univariate analysis and Wald test in the multivariate analysis within Cox regression model. Multivariate Cox regression
model was adjusted for age (<65 vs.�65 yrs), number ofmets (1–2Mets vs. >2Mets), timing tometastases (metachronous vs. synchronous), and bilobar (no vs. yes).
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In contrast with our findings in primary tumor tissue, high
VEGFB and VEGFC expression in CLM predicted longer RFS and
OS as well as lower extrahepatic recurrence rates. One hypothesis
that may reconcile these findings is that although increased VEGF
signaling in primary tumors may reflect an intrinsically resistant
phenotype, effective VEGFA inhibition may cause compensatory
VEGFB and VEGFC upregulation in CLM as an attempted escape
mechanism, andmay therefore serve as a marker of bevacizumab
efficacy or sensitivity (17). This hypothesis is supported by the fact
that prognostic beneficial low VEGFB expression in primary
tumors was associated with an increase in expression levels in
CLM. On the basis of our findings for VEGFB and VEGFC, we
hypothesized that those patients with the best treatment effect
had a compensatory upregulation ofHIF1A expression.We tested
that hypothesis and showed that high expression of HIF1A pre-
dicted favorable clinical outcome and was associated with high
VEGFB and VEGFC expression. Indeed, preclinical and clinical
data demonstrate that bevacizumab induces intratumoral hyp-
oxia and subsequent HIF1A expression, and that VEGF/KDR/
HIF1A signaling can be variably affected by bevacizumab (18).

Furthermore, recursive partitioning analyses demonstrated that
the pattern of genes for RFS and OS was similar with high VEGFB
expression identifying patients with the most favorable clinical
outcome. This consistent observation supports the idea of VEGFB
expression being a clinically relevant biomarker for bevacizumab
efficacy.

High KDR expression in CLM was associated with significantly
increased RFS and 3-year OS. Recent studies investigating KDR
expression in patients with metastatic colorectal cancer receiving
bevacizumab-based chemotherapy have demonstrated similar
associations (19, 20). With regard to EGFL7, high expression in
CLMpredicted shorter RFS and lower probability of cure, whereas
in primary tumors high expression was associated with major
histologic response. The implications of these contradictory
observations are unclear and require further investigation. EGFL7
is expressed by endothelial cells and regulates tubulogenesis in
addition to endothelial cell proliferation,migration, and invasion
as well as extracellular matrix remodeling (21, 22). EGFL7 is
overexpressed in various tumor types promoting tumor angio-
genesis and irregular vessel formation (23–25). Moreover, in a

Figure 1.

A, recursive partitioning tree for RFS in CLM. B, Kaplan–
Meier curves for terminal nodes for RFS (NR, not reached).
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murine hepatocellular carcinomamodel, EGFL7 has been shown
to promote tumor growth via EGFR signaling, and knockout of
EGLF7 results in smaller tumors with reduced vessel density (24).
In patients with metastatic colorectal cancer receiving first-line
bevacizumab-based chemotherapy, low EGFL7 expression has
been associated with better radiologic response and longer PFS
(26). Anti-EGFL7 in combinationwith anti-VEGF therapy appears
to be a promising treatment approach, and the anti-EGFL7
antibody MEGF0444A is currently being investigated in patients
with metastatic colorectal cancer receiving bevacizumab-based
chemotherapy (NCT01399684; ref. 27).

High expression of ACVRL1 in CLM, which encodes a cor-
eceptor within the TGFB pathway and is a member of the TGFB
receptor 1 (TGFBR1) family, was associated with increased
radiologic response and longer OS. This is consistent with
preclinical data demonstrating that ACVRL1 is associated with
VEGFA downregulation, and therefore improved efficacy of

bevacizumab-based chemotherapy (28). In conjunction with
TGFBR2, ACVRL1 binds the ligands TGFB1 and TGFB3 to
mediate endothelial cell migration and proliferation and early
vessel maturation (29). Lack or mutation of ACVRL1 is asso-
ciated with vascular malformation (30). Little is currently
known about the role of ACRVL1 expression in tumors. How-
ever, consistent with our findings, one study showed low
expression to be associated with poor prognosis in patients
with nasopharyngeal tumors (31).

Finally, high EPHB4 expression in CLM was associated with
shorter RFS and lower probability of cure. After binding of its
ligand, EFNB2, this tyrosine kinase receptor promotes angiogen-
esis and vessel maturation in a synergistic manner with VEGFA.
Our findings regarding EPHB4 expression is in line with that of a
previous study showing highEPHB4 expression to be predictive of
nonresponse and worse survival in metastatic colorectal cancer
patients receiving bevacizumab (32).

Figure 2.

A, recursive partitioning tree for OS in CLM. B,
Kaplan–Meier curves for terminal nodes for OS.
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Certain limitations of our study should be acknowledged,
including the limited sample size and retrospective design. Anoth-
er limitation is that gene expression levels in CLM could be
measured in only a subset of patients who had a major histologic
response and was therefore not correlated to histologic response.
Furthermore, samples of primary tumors were only available in
about a third of patients, which also limits the strength of our
conclusions. In addition, 13 of 125 (10%) patients had a com-
plete pathologic response after bevacizumab-based chemothera-
py. Analyses were therefore only performed in patients who were
not the best responders. Comparing gene expression profiles in
CLM at diagnosis and after resection would shed important
insight on bevacizumab-induced changes on tumor biology,
concordance with primary lesions, and further define the clinical
relevance of these biomarkers. Moreover, prospective studies
investigating corresponding tissue samples of CLM collected
before and after bevacizumab-based therapy would clarify the
relevance of expression changes as prognosticators, treatment
effects, and biological mechanisms.

In conclusion, this study shows for the first time that expression
of genes involved in vascular morphogenesis and early vessel
maturation pathways may be promising predictive and/or prog-
nostic biomarkers in metastatic colorectal cancer patients with
resected CLM treated with bevacizumab-based chemotherapy.
These novel biomarkers may help to identify who do not benefit
from this invasive treatment approach and should better undergo
other treatment concepts. Future prospective studies are war-
ranted to validate these findings.
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