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Abstract: Bevacizumab, combined with platinum-based chemotherapy, has been widely used in the
treatment of advanced-stage lung adenocarcinoma (LADC). Although KRAS (V-Ki-ras2 Kirsten rat
sarcoma viral oncogene homolog) mutation is the most common genetic alteration in human LADC
and its role in promoting angiogenesis has been well established, its prognostic and predictive role
in the above setting remains unclear. The association between KRAS exon 2 mutational status and
clinicopathological variables including progression-free survival and overall survival (PFS and OS,
respectively) was retrospectively analyzed in 501 Caucasian stage IIIB-IV LADC patients receiving
first-line platinum-based chemotherapy (CHT) with or without bevacizumab (BEV). EGFR (epidermal
growth factor receptor)-mutant cases were excluded. Of 247 BEV/CHT and 254 CHT patients,
95 (38.5%) and 75 (29.5%) had mutations in KRAS, respectively. KRAS mutation was associated with
smoking (p = 0.008) and female gender (p = 0.002) in the BEV/CHT group. We found no difference in
OS between patients with KRAS-mutant versus KRAS wild-type tumors in the CHT-alone group
(p = 0.6771). Notably, patients with KRAS-mutant tumors demonstrated significantly shorter PFS
(p = 0.0255) and OS (p = 0.0186) in response to BEV/CHT compared to KRAS wild-type patients. KRAS
mutation was an independent predictor of shorter PFS (hazard ratio, 0.597; p = 0.011) and OS (hazard
ratio, 0.645; p = 0.012) in the BEV/CHT group. G12D KRAS-mutant patients receiving BEV/CHT
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showed significantly shorter PFS (3.7 months versus 8.27 months in the G12/13x group; p = 0.0032)
and OS (7.2 months versus 16.1 months in the G12/13x group; p = 0.0144). In this single-center,
retrospective study, KRAS-mutant LADC patients receiving BEV/CHT treatment exhibited inferior
PFS and OS compared to those with KRAS wild-type advanced LADC. G12D mutations may define a
subset of KRAS-mutant LADC patients unsuitable for antiangiogenic therapy with BEV.

Keywords: bevacizumab; non-small-cell lung cancer; advanced-stage lung adenocarcinoma;
platinum-based chemotherapy; KRAS mutation

1. Introduction

The KRAS (V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog) protein, encoded by the KRAS
proto-oncogene, is a small GTPase (guanosine triphosphatase) that plays a key role in regulating
various cell functions [1]. Alterations of the KRAS gene are typically missense mutations that can lead
to the oncogenic conversion of KRAS resulting in the constitutive activation of its effector pathways
and thus cancer development and progression [2]. KRAS is frequently mutated in pancreatic and
colorectal cancer (CRC), and in lung adenocarcinoma (LADC). With an incidence of up to 30%, KRAS
mutation is the most common driver mutation in LADC. The most prevalent G12C and G12V KRAS
mutation subtypes are associated with smoking, while the G12D subtype has been observed in those
who have never smoked [3,4]. Several other rare mutations of KRAS codon 12, 13, and 61 have also
been reported [3].

The prognostic and predictive power of the KRAS mutation in non-small-cell lung cancer (NSCLC)
patients remains controversial. It was first reported in the late 1980s that KRAS mutation is associated
with poorer survival [5,6], and since then several groups confirmed these findings [7,8]. However,
most of these studies were rather heterogeneous in terms of histology, tumor stage, and methodologies
of KRAS mutation detection. Although two different meta-analyses concluded that KRAS mutation is
a negative prognosticator in LADC [9,10], the most comprehensive study of more than 1500 NSCLC
patients (including 300 KRAS-mutant cases) from four trials of adjuvant chemotherapy (CHT) reported
that KRAS mutation had no clear prognostic or predictive relevance with regards to response to
CHT [11].

Previously, our group performed a mutation subtype-specific analysis of 505 stage III–IV LADC
patients treated with platinum-based CHT and found that there were no significant differences in
progression-free survival (PFS) and overall survival (OS) among patients with wild-type (WT), codon 12,
and codon 13 KRAS mutations. Importantly, however, G12V KRAS-mutant patients tended to have a
higher response rate and a modestly longer median PFS [12].

The importance of subtype-specific KRAS mutation analysis was further highlighted in the
preclinical study of Garassino et al. These authors investigated the role of different KRAS mutation
subtypes (G12C, G12V, and G12D) in the in vitro chemosensitivity of human NSCLC cells and found
that the expression of G12C was associated with a reduced response to cisplatin and an increased
sensitivity to taxol and pemetrexed. In the same study, G12D mutation led to resistance to taxol and
sensitivity to sorafenib, whereas the G12V mutation sensitized the cells to cisplatin [13].

Increased expression and the negative prognostic role of vascular endothelial growth factor
(VEGF, the key angiogenic cytokine) have been reported in most solid tumors including NSCLC [14,15].
Several phase 2 and 3 clinical trials demonstrated that the addition of bevacizumab (BEV, a humanized
monoclonal antibody against the VEGF-A isoform) to CHT improves the PFS and OS of NSCLC
patients [16–20]. Accordingly, BEV in combination with platinum-based CHT was approved for
the first-line treatment of patients with advanced-stage NSCLC by the FDA (U.S. Food and Drug
Administration) and the EMA (European Medicines Agency) in 2006 and 2007, respectively. The efficacy
of BEV in a real-life setting in Hungary was shown in the Avalanche study [21].
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Although the RAS/RAF/MEK/ERK signaling pathway has been implicated in the regulation of
VEGF expression and angiogenesis [22], only a few studies have investigated the effect of KRAS
mutation on the efficacy of BEV therapy. Most studies focused on CRC, where the addition of BEV
to CHT prolonged survival regardless of KRAS mutational status [23–26]. Two different groups,
however, demonstrated that G12V, G12A [27], and G12D [28] KRAS mutations are associated with
poor outcome in metastatic CRC patients receiving BEV. As for nonsquamous NSCLC, in a phase 2
trial evaluating the addition of neoadjuvant BEV to CHT, Chaft et al. found that no patient (0 out of 10)
with KRAS mutation showed a pathological response to neoadjuvant BEV/CHT, in comparison to 11 of
31 KRAS WT patients [29]. In another small study of stage IV NSCLC, BEV therapy was associated
with improved OS and PFS in KRAS WT (n = 26), but not in KRAS-mutant (n = 16) patients [30]. Here,
we report the results of the first study, to our knowledge, of amino acid substitution-specific KRAS
mutational status analysis in a large cohort of BEV/CHT-treated stage III–IV Caucasian patients.

2. Results

2.1. Incidence of KRAS Mutations in LADC Patients Treated with Bevacizumab and Chemotherapy

All patients had advanced LADC and Caucasian background. Patients with tumors harboring
an EGFR mutation were excluded. One hundred and seventy patients of the full cohort of 501 cases
were identified as KRAS-mutant (33.9%) and 331 (66.1%) as KRAS WT (see Table 1A,B). While 38.5%
(n = 95) of the patients treated in the BEV/CHT group were KRAS-mutant (Table 1A), in the CHT group
(Table 1B) this ratio was 29.5% (n = 75) (p = 0.012). There were no significant differences between
the BEV/CHT and CHT groups with respect to age (p = 0.193), smoking status (p = 0.072), gender
(p = 0.506), and tumor stage (p = 0.610) (data not shown). The only difference was seen in performance
status (PS): there were more ECOG (Eastern Cooperative Oncology Group) 0 (vs. EVOG 1) patients in
the BEV/CHT group than in the CHT-alone group (p = 0.031; data not shown), which might be due to
the BEV selection criteria. In the BEV/CHT subcohort, 35 (36.8%), 19 (20%), and 20 (21%) cases were
classified as G12C, G12D, and G12V mutants, respectively (Table S1). Other rare (i.e., n < 3) KRAS
exon 2 mutation subtypes (G12A, G12R, G12S, G13C and G13D) were also found in the BEV group.
Subtype-specific mutations were technically not assessable in 21 cases (Table S1).

In order to study the clinical relevance of KRAS mutations, we performed comparative statistical
analyses of KRAS status and clinicopathological variables in both the BEV/CHT (Table 1A) and the
CHT subcohorts (Table 1B). As for the BEV/CHT group, ever-smoking and KRAS mutational statuses
showed a significant positive association (p = 0.008; see Table 1A). KRAS mutation was also significantly
more common in female BEV/CHT patients (vs. males; p = 0.002; see Table 1A). ECOG status and
clinical stage did not differ significantly between KRAS-mutant and KRAS WT patients in the BEV/CHT
group (p = 0.056 and p = 0.16, respectively; see Table 1A). The presence of KRAS mutation was not
associated with age in the BEV/CHT group (p = 0.09; see Table 1A). Of note, we did not detect significant
associations of KRAS mutational status with age, smoking status, gender, ECOG status, stage, or OS in
the CHT group (Table 1B). While the reasons for the differences in the associations between KRAS
mutational status and clinicopathological variables in the BEV/CHT vs. the CHT subcohorts are not
entirely clear, a possible explanation is that they are due to the selection criteria for BEV therapy.
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Table 1. Patient characteristics in the bevacizumab/chemotherapy (BEV/CHT) and chemotherapy
(CHT) groups.

No. of Patients (%)
KRAS Status

p-Value a

Wild Type (%) Mutant (%)

A. BEV/CHT

All patients 247 152 (61.5%) 95 (38.5%)

Age (years) b
Median: 62 58

0.09SD *: 9.2 8.2
Range: 53 44

Smoking c

Never-smoker 30 (12%) 24 6
0.008Ever-smoker 167 (68%) 93 74

No data (n = 50)

Gender c

Female 106 (43%) 52 54
0.002Male 141 (57%) 100 41

ECOG c

0 139 (56%) 87 52
0.0561 108 (44%) 65 43

Stage c

III 55 (22%) 38 17
0.16IV 192 (78%) 114 78

Survival d

Median PFS (months) 8.63 7.03 0.0255
Median OS (months) 21.57 14.23 0.0186

B. CHT

All patients 254 179 (70.5%) 75 (29.5%)

Age (years) b
Median: 63 61

0.297SD *: 7.8 8.7
Range: 46 46

Smoking c

Never-smoker 21 (8%) 15 6
0.435Ever-smoker 188 (74%) 135 53

No data (n = 45)

Gender c

Female 118 (46.5%) 79 39
0.27Male 136 (53.5%) 100 36

ECOG
0 128 (50.5%) 94 34

0.3351 126 (49.5%) 85 41

Stage
III 66 (26%) 44 22

0.351IV 188 (74%) 135 53

Survival d,e

Median OS (months) 11 10 0.6771
a p value is calculated between wild type and all mutant groups, b Mann-Whitney test is used in case of continuous
variable (age) as the data are not normally distributed (Shapiro-Wilk test), c Fisher’s exact test is used between
categorical variables, d survival difference between the wild type and the mutant group was calculated using
log rank regression analysis, e PFS was not determined in the CHT group, * SD: standard deviation, BEV/CHT:
bevacizumab/chemotherapy, KRAS: V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog, ECOG: Eastern
Cooperative Oncology Group, PFS: progression-free survival, OS: overall survival.

2.2. The Presence of KRAS Mutations has Clinical Utility in Predicting Disease Outcome in LADC Patients
Receiving Concurrent Antiangiogenic and Chemotherapy

As expected, patients in the BEV/CHT group had significantly longer median OS than those
receiving CHT only (p < 0.0001, log-rank test; Figure S2). This difference was even more remarkable
when only KRAS WT patients were compared (p < 0.0001, log-rank test; see Figure 1A). Notably,
the addition of BEV to CHT was also associated with a significant benefit in OS if KRAS-mutant patients
were compared with those in the CHT-alone subcohort (p = 0.0002, log-rank test; see Figure 1A).
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Figure 1. Kaplan-Meier plots for the overall survival (OS) (A) and progression-free survival (PFS) (B)
in lung adenocarcinoma (LADC) patients according to V-Ki-ras2 Kirsten rat sarcoma viral oncogene
homolog (KRAS) mutation status. (A) LADC patients with KRAS wild-type (WT) tumors and receiving
bevacizumab/chemotherapy (BEV/CHT) had significantly increased median OS (vs. those with KRAS
WT tumors and receiving CHT only; median OS 21.57 vs. 14.23 months, respectively, p = 0.0186,
log-rank test). Median OS was also increased in KRAS-mutant LADC patients receiving BEV/CHT
compared to those treated with CHT only (median OSs were 18 vs. 10 months, respectively, p = 0.0002,
log-rank test). No significant differences in OS have been observed for patients receiving CHT only
and with KRAS WT versus KRAS-mutant tumors (median OSs were 11 vs. 10 months, respectively
p = 0.6771, log-rank test). Of note, in the BEV/CHT group, patients with KRAS WT LADC had a
significantly better OS than those with tumors harboring KRAS mutations (median OSs were 39 vs.
18 months, respectively, p = 0.0186, log-rank test). (B) Similarly, in the BEV/CHT group, patients with
KRAS WT LADC had significantly longer median PFS (vs. those with KRAS-mutant tumors; median
PFSs were 8.63 vs. 7.03 months, respectively, p = 0.0255, log-rank test).

We next investigated whether the KRAS mutational status influences the efficacy of CHT with or
without BEV in advanced LADC. There was no difference in OS between patients with KRAS-mutant
versus KRAS WT tumors in the CHT-alone group (p = 0.6771, log-rank test; see Figure 1A). Importantly,
however, in the BEV/CHT group we found that KRAS-mutant LADC patients had a significantly
shorter median PFS and OS than did KRAS WT patients (p = 0.0255 and p = 0.0186, respectively,
log-rank test; see Figure 1A,B). In support of this, multivariate Cox regression analyses revealed that
KRAS status (mutant vs. WT) at diagnosis influenced OS (hazard ratio (HR) 0.645, 95% confidence
interval (CI) 0.458–0.908, p = 0.012) and PFS (HR 0.597, 95% CI 0.402–0.887, p = 0.011) independently
from age (continuous; P values were 0.081 and 0.628, respectively), gender (female vs. male; p values
were 0.005 and 0.001, respectively), smoking status (never vs. ever; p values were 0.907 and 0.835,
respectively), ECOG PS (0 vs. 1; P values were 0.193 and 0.177, respectively) and tumor stage (III. vs. IV;
p values were 0.048 and 0.617, respectively; see Table 2). These analyses also identified more advanced
tumor stage as a significant independent negative prognostic factor for OS, but not for PFS (p values



Cancers 2019, 11, 1514 6 of 15

were 0.048 and 0.617, respectively; see Table 2). Gender proved to be an independent prognosticator
for both OS and PFS in a multivariate Cox regression model as well (p values were 0.005 and 0.001,
respectively; see Table 2).

Table 2. Clinicopathological variables and progression-free survival (PFS) and overall survival (OS) of
lung adenocarcinoma (LADC) patients treated with bevacizumab/chemotherapy (BEV/CHT) in the
multivariate Cox proportional hazards model.

Clinicopathological Variables PFS OS

Age (continuous)
HR 0.628 0.978

95% CI 0.966–1.021) (0.955–1.003)
p 0.628 0.081

Gender (female vs. male)
HR 0.248 0.390

95% CI (0.125–0.494) (0.203–0.751)
p 0.001 0.005

Smoking (never- vs. ever-smokers)
HR 0.944 0.968

95% CI (0.548–1.626) (0.562–1.669)
p 0.835 0.907

ECOG PS (0 vs. 1)
HR 0.765 0.772

95% CI (0.518–1.129) (0.523–1.140)
p 0.177 0.193

Stage (III vs. IV)
HR 0.879 0.603

95% CI (0.531–1.455) (0.365–0.996)
p 0.617 0.048

KRAS status (WT vs. mutant)
HR 0.597 0.645

95% CI (0.402–0.887) (0.458–0.908)
p 0.011 0.012

HR, hazard ratio; CI, confidence interval; ECOG PS, Eastern Cooperative Oncology Group performance status.

2.3. Distinct Efficacy of BEV/CHT in Advanced LADC Patients with Different Subtype-Specific
KRAS Mutations

Next, we looked at the clinicopathological characteristics of KRAS codon 12-mutant LADC
patients receiving BEV/CHT and performed a statistical analysis on their associations with amino
acid-specific mutational status. We identified 35 (36.8%) G12C, 19 G12D (20%), 20 G12V (21%), three
G12A (3.2%%), one G12S (1%), one G12R (1%), three G13D (3.1%), and one G13C (1%) cases. Significant
associations of subtype-specific KRAS mutational status with age, smoking status, gender, ECOG PS,
or tumor stage were not detected (Table S1). Importantly, patients with KRAS G12D mutant tumors
had a significantly shorter OS than those presenting with KRAS WT or with other KRAS codon 12
or 13 mutant (G12/13x) tumors (p = 0.0223 and p = 0.0144, respectively; log-rank test; see Figure 2A).
In line with the OS data, KRAS G12D mutation conferred a significant disadvantage for PFS compared
with KRAS WT (p < 0.0001; log-rank test; see Figure 2B) or all the other codon 12 or 13 KRAS (G12/13x)
mutations (p = 0.0032; log-rank test; see Figure 2B). Of note, the OS of G12D KRAS-mutant patients in
the BEV/CHT group was comparable to that of patients in the CHT-alone subcohort (Figure S3).
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Figure 2. Kaplan-Meier plots for the OS (A) and PFS (B) in LADC patients receiving BEV/CHT
according to subtype-specific codon 12 KRAS mutations. (A) KRAS G12D mutation was associated
with significantly shorter OS in LADC patients (vs. KRAS G12x and 13x mutations or WT KRAS;
median OSs were 7.2, 16.1, and 21 months, respectively, p values were 0.0144 and 0.0223, respectively,
log-rank test). (B) LADC patients with tumors harboring KRAS G12D mutations had also significantly
shorter median PFS than those with other codon 12 (G12x) and 13 (G13x) KRAS-mutant or with KRAS
WT tumors (median PFSs were 3.7, 8.27, and 11.7 months, respectively; p values were 0.0032 and
<0.0001, respectively; log-rank test).

3. Discussion

Although KRAS is the most frequently mutated oncogene in NSCLC, our knowledge on the
effect of KRAS mutation on the response to BEV in lung cancer is very limited. Biomarkers of BEV
efficacy including imaging markers and circulating levels of angiogenic cytokines have been tested in
both preclinical and clinical studies. For instance, VEGF levels in immunodepleted plasma of cancer
patients were found to be significantly reduced following BEV treatment [31]. However, VEGF-A,
as measured using an Enzyme-linked immunosorbent assay that recognizes all VEGF-A isoforms, was
not predictive in a comprehensive evaluation of four phase III trials of BEV in CRC, NSCLC, and renal
cancer [32]. Interestingly, recent data suggest use of TP53 (tumor protein 53) status as a biomarker
for the response to BEV in NSCLC [33,34]. Nevertheless, as in other solid tumor types, a reliable
biomarker to identify patients with LADC who will benefit from BEV is yet to be discovered. Here we
analyzed the KRAS exon 2 mutational status in a large Caucasian patient cohort (n = 501) with stage
III–IV, EGFR WT LADC treated with platinum-based chemotherapy alone or in combination with BEV.

In the current LADC cohort, 33.9% of the patients had a KRAS mutation. The incidence of KRAS
mutations was higher in the BEV/CHT-treated group as compared to the CHT group (38.5% vs. 29.5%,
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respectively, p = 0.012). With an incidence of 36.8%, G12C was the most frequent subtype in the
BEV/CHT group, followed by the G12V (21.1%) and G12D (20%) subtypes. Other rare mutational
subtypes (i.e., G12A, G12R, G12S, G13C, and G13D) were identified in 22.1% of the patients. These
findings are in line with data previously reported by us and others in large NSCLC studies [12,35].

Next, we investigated whether the KRAS mutational status had an effect on the response to
BEV. Although KRAS status had no impact on the OS of LADC patients receiving CHT alone, in the
BEV/CHT group patients with a KRAS mutation had a significantly shorter OS. Multivariate analysis
also confirmed the role of KRAS as a negative predictor of response to BEV. In lung cancer, so far only
two studies have addressed the impact of KRAS mutation on the efficacy of BEV. The results from both
of these studies are in line with our data. Chaft et al. treated 50 stage IB–IIIA NSCLC patients in the
neoadjuvant setting in combination with CHT and evaluated their pathological response [36]. None of
the 10 KRAS-mutant patients responded, in comparison to 11 of 31 KRAS WT cases. Although these
authors administered BEV in combination with CHT, based on our current data and also on previous
reports from our group and others, the efficacy of CHT is not affected by KRAS status in NSCLC [11,12].
Thus, the better response rate in the KRAS WT group of the Chaft study can be attributed to BEV and
not to CHT [29]. In further support of this, Brady et al. studied 93 stage IV NSCLC patients receiving
CHT alone or in combination with BEV and observed that, while CHT was as effective in KRAS WT
patients as in those with KRAS-mutant tumors, BEV improved OS and PFS in patients with KRAS WT,
but not those with KRAS-mutant tumors [30].

Mechanisms of resistance to antiangiogenic agents such as BEV include hypoxia-mediated
mechanisms [37], the downregulation of target receptors and the activation of compensatory angiogenic
pathways [38–40], proangiogenic hematopoietic or endothelial progenitor cell release from the bone
marrow [41], inadequate intratumoral distribution of antiangiogenic drugs [42], and a switch from
endothelial sprouting to a nonangiogenic vascularization mechanism such as vessel cooption (a
frequently occurring vascularization pattern in primary and secondary lung tumors that mediates
resistance to anti-angiogenic therapy) [43–46].) It is not completely clear, though, whether and
how KRAS mutation can contribute to these resistance mechanisms. Notably, however, tumor
spread through air spaces (STAS) [47] and “tumor islands” [48] are closely related morphological
features to vessel cooption [49] and were found to be significantly associated with KRAS mutations
in NSCLC [47,48]. Moreover, mutant KRAS has been shown to induce the expression of VEGF in
transformed fibroblasts or epithelial cells in vitro. KRAS mutation led to the increased expression of
other angiogenic growth factors such as TGF (transforming growth factor)-beta and alpha [50]. Elevated
VEGF mRNA levels were detected in tumor cell lines expressing mutant KRAS [51]. Genetic disruption
of the mutant KRAS allele in human colon carcinoma cells resulted in decreased VEGF secretion [51].
The transfection of human pancreatic epithelial cells with KRAS12V induced the expression of VEGF
and CXC (C-X-C motif) chemokines through Erk and c-Jun signaling and enhanced endothelial tube
formation in co-cultures, which could be inhibited by CXC receptor 2 or VEGF targeting [52]. Lastly,
doxycycline withdrawal led to tumor regression and endothelial apoptosis in a doxycycline-inducible
RAS (rat sarcoma)-driven INK4a (inhibitor of cyclin-dependent kinase 4a) deficient murine model of
melanoma [22].

In CRC patients receiving BEV, results on associations between KRAS mutational
status and outcome have been inconsistent, with a larger number of studies reporting no
associations [23,25,26,53,54] than those demonstrating significant associations [27,28]. Interestingly,
however, in a recent CRC study, Fiala et al. demonstrated that G12V and G12A mutation were
predictors of shorter PFS and OS, while patients with tumors harboring other KRAS mutations had a
similar outcome to those with KRAS WT tumors [27]. Notably, another group reported that the presence
of a KRAS G12D mutation was significantly associated with poorer outcome in CRC patients receiving
BEV-containing regimens [55]. As for NSCLC, Scheffler et al. recently found that patients with KRAS
G12D mutation exhibit a high frequency of co-occurring mutations in the angiogenesis-associated
PDGF (platelet-derived growth factor receptor)/PDGF-receptor pathway [56]. In line with this, among
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the three major codon 12 KRAS mutation subtypes (G12C, G12V, and G12D) G12D proved to be a
predictor of poor outcome in our BEV/CHT subcohort. Patients with LADC harboring this mutation
had significantly worse PFS and OS than those with tumors harboring other KRAS mutations or
WT KRAS.

The biological importance of KRAS mutational subtypes has been demonstrated in a study by
Figueras et al., who introduced either a codon 12 or a codon 13 KRAS mutation into NIH3T3 cells and
analyzed the VEGF levels and the activity of VEGF promoter in these transfected sublines. Despite the
lower VEGF expression, codon 12 mutant tumors exhibited a higher microvessel density, while tumors
harboring the codon 13 mutation developed angiogenic sprouts with larger diameters [57].

In our cohort, only two patients carried a codon 13 mutation of KRAS, so we could not evaluate
the BEV response in this subgroup. Nevertheless, our study suggests that specific KRAS mutation
subtypes can have a major impact on tumor vascularization and, potentially, on the response to
anti-angiogenic treatment.

Like all retrospective analyses, our study has limitations. First, although we excluded patients with
EGFR-mutant tumors from our study, we did not analyze KRAS-WT patients for additional oncogenic
driver mutations. Second, we did not study KRAS-mutant patients for co-occurring mutations in
additional tumor-associated pathways [56]. Third, because this large retrospective cohort did not
include reliable RECIST (response evaluation criteria in solid tumors) data [58] for all patients, we
did not investigate the correlation between KRAS mutational status and tumor response according to
RECIST criteria. Finally, because there is a massive body of literature on the predictive and prognostic
role of KRAS mutations in CHT-treated LADC patients [9–13,56,58–60] and the main aim of the current
study was to investigate the relationship between KRAS status and the efficacy of BEV, only the OS but
not the PFS data were used in our analyses in the CHT-alone subcohort.

4. Materials and Methods

4.1. Study Population

In this single-center, retrospective study, 501 consecutive patients with advanced lung
adenocarcinoma (LADC) were included and underwent first-line platinum-based (cisplatin or
carboplatin) doublet chemotherapy (CHT) with or without BEV at the National Korányi Institute of
Pulmonology, Budapest between 2007 and 2016 (Table 1, Figure S1). The addition of BEV to CHT
was individually decided by the treating physician in line with the proof-of-concept BEV clinical
trials [16,18] and with the EMA summary of BEV characteristics. According to our inclusion criteria,
cytologically or histologically verified unresectable stage IIIB or IV LADC patients were included.
Patients with uncontrollable hypertension, hypertensive encephalopathy, arterial or grade 4 venous
thromboembolism, nephrotic syndrome (grade 4 proteinuria), pulmonary bleeding, gastrointestinal
perforation, need for major surgery, or hypersensitivity to BEV were considered not eligible for BEV
therapy (Figure S1).

In the BEV/CHT group (n = 247), platinum was given together with paclitaxel (84.7%) or
gemcitabine (15.3%). In order to rule out the potential confounding effect of different treatment
regimens, patients receiving other nonplatinum partners, such as pemetrexed or docetaxel, were
excluded from the CHT group (n = 254). Additionally, all patients receiving tyrosine-kinase inhibitors
in any further line of treatment were excluded. According to the therapy guidelines of the host institute,
only ECOG PS 0 or 1 LADC patients were included in this study, since higher PS contradicted the
use of cytotoxic chemotherapy. Smoking status, TNM stage, and molecular tumor characteristics
(EGFR and KRAS mutational status) were defined at the time of diagnosis. For the calculation of PFS
and OS, the date of the first CHT was used. Patients with known EGFR mutations were excluded.
Clinical follow-up closed on 1 August 2017. The median follow-up was 21 months in the BEV/CHT
group, and 10 months in the CHT group. The study and all treatments were conducted in accordance
with the current National Comprehensive Cancer Network guidelines, based on the ethical standards
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prescribed by the Helsinki Declaration of the World Medical Association and with the approval of the
national level ethics committee that included a waiver for this retrospective study (52614-4/2013/EKU).
Due to the retrospective study design and the anonymity of the patient records, informed consent was
not recommended.

4.2. Molecular Diagnosis

All mutational analyses were performed at the time of diagnosis at the 2nd Department of
Pathology of the Semmelweis University, as previously described [12,61,62]. DNA isolation was
performed from formalin-fixed, paraffin-embedded (FFPE) tissue blocks, cytological specimens of
primary tumors, or lymphatic or organ metastases (including pleural effusion).

KRAS exon 2 mutations were identified by microcapillary-based restriction fragment length
analysis, as previously described [12,61]. Briefly, a tumor-rich microscopic area on H&E staining had
been determined by pathologists prior to macro dissection from FFPE tissue or cytological smears.
DNA was extracted using the MasterPure™DNA Purification Kit (Epicentre Biotechnologies, Madison,
WI, USA) according to the instructions of the manufacturer. The microfluid-based restriction fragment
detection system was characterized by 5% mutant tumor cell content sensitivity. The density ratio of
the mutated band to the WT one was calculated and samples containing >5% of the non-WT band
were considered mutation-positive due to the sensitivity threshold. The base-pair substitutions in
the mutant samples were verified and determined by sequencing on the ABI 3130 Genetic Analyzer
System (Life Technologies, Carlsbad, CA, USA) with the BigDye® Terminator v1.1 Kit.

4.3. Statistical Methods

Categorical parameters, such as gender (male vs. female), smoking status (never- vs. ever-smoker),
ECOG PS (0 vs. 1), and KRAS mutation status (KRAS-mutant vs. WT) were statistically analyzed by
Chi-square test or Fisher’s exact test. Age, as a continuous variable, was analyzed in the different
KRAS mutational groups by Mann-Whitney U test as the data were not normally distributed in each
group (as per the Shapiro-Wilk normality test). Kaplan-Meier survival curves and two-sided log-rank
tests were used for univariate survival analyses. The median follow-up time was calculated by using
the reverse Kaplan-Meier approach. The Cox proportional hazards model was used for uni- and
multivariate survival analyses to detect the impact of both continuous and categorical factors and to
calculate the hazard ratios (HR) and corresponding 95% confidence intervals (CI). For multivariate
survival analyses, the Cox regression model was adjusted for age (as a continuous variable), gender
(female versus male), smoking (never- vs. ever-smoker), ECOG PS (0 versus 1) and stage (IIIB versus
IV). In order to establish potential predictive factors, interaction terms were calculated between KRAS
status and other variables (age, sex, smoking status, ECOG PS, and stage) in the adjusted multivariate
Cox regression model. p values are always two-sided and considered statistically significant below
0.05. Metric data are always shown as median or mean and corresponding range or, in the case of
OS and PFS, as median and corresponding 95% CI. All statistical analyses were performed using the
PASW Statistics 18.0 package (Predictive Analytics Software, SPSS Inc., Chicago, IL, USA). Graphs
were created with GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA).

5. Conclusions

In conclusion, when combined with standard first-line chemotherapy, BEV has led to increased
OS and thus has been approved in patients with advanced or recurrent nonsquamous NSCLC without
targetable molecular abnormalities [16,17,19,20,63,64]. However, although serious efforts have been
made to identify patients responsive to BEV, there is as yet no validated predictive biomarker in this
field. Here, we present novel evidence for use of BEV in stage III–IV LADC patients with KRAS-mutant
tumors- and especially with KRAS G12D-mutant tumors- demonstrating inferior activity of this drug
compared to that in LADC patients with non-KRAS-mutant tumors. Our data may not only help
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to improve the efficacy of BEV, but, through better patient selection, could also help to decrease the
unnecessary use of this expensive agent in subgroups of KRAS-mutant human LADC patients.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/10/1514/s1.
Figure S1. Consort diagram for advanced LADC cases. Consort diagram to demonstrate the selection of stage
IIIB/IV LADC cases for BEV/CHT or CHT alone in this study. Where patients were excluded, the reasons for
exclusion are indicated. Figure S2. Comparison of survival outcomes in patients with advanced LADC according
to treatment regimen. Advanced LADC patients receiving BEV/CHT showed significantly higher median OS
compared to those treated with CHT only (median OSs were 24 vs. 10 months, respectively, p < 0.0001, log-rank
test). Figure S3. Kaplan-Meier curves for the OS of LADC patients treated with CHTalone and LADC patients
with KRAS G12D mutations in the BEV/CHT subcohort. Patients with tumors harboring KRAS G12D mutations
and treated with BEV/CHT had comparable OS to that of patients with KRAS-WT or KRAS-mutant tumors in the
CHT-alone subcohort. Table S1. Correlation of clinicopathologic features, outcome variables and KRAS codon
12 subtypes in patients with advanced LADC treated with BEV (n = 95).

Author Contributions: Á.K.G., V.L., B.D., B.H., G.O., B.G., J.M., F.R.-V., Z.L., M.A.H., T.K., and W.K. analyzed and
interpreted the data and contributed to the study design. Á.K.G., B.D., and V.L. wrote the manuscript. E.R., T.B.,
and J.T. analyzed the pathological samples. Á.G., E.S., and Z.M. contributed to the data assessment.

Funding: This work was supported by the Hungarian National Research, Development and Innovation Office
(KH130356, BD; NVKP-16-1-2016-0020, JT; KH126753, OG; NAP2-2017-1.2.1-NKP-0002, JM; K129065, DB, JM) and
the Austrian Science Fund (FWF I 3522, VL; FWF I 3977, BD).

Acknowledgments: The authors thank the investigators who collected the data reported here and the Hungarian
National Research, Development and Innovation Office and the Austrian Science Fund for the financial support.
The authors take full responsibility for the content of this publication.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fernandez-Medarde, A.; Santos, E. Ras in cancer and developmental diseases. Genes Cancer 2011, 2, 344–358.
[CrossRef]

2. O’Bryan, J.P. Pharmacological targeting of RAS: Recent success with direct inhibitors. Pharmacol. Res. 2019,
139, 503–511. [CrossRef] [PubMed]

3. Lindsay, C.R.; Jamal-Hanjani, M.; Forster, M.; Blackhall, F. KRAS: Reasons for optimism in lung cancer.
Eur. J. Cancer 2018, 99, 20–27. [CrossRef] [PubMed]

4. Timar, J. The clinical relevance of KRAS gene mutation in non-small-cell lung cancer. Curr. Opin. Oncol.
2014, 26, 138–144. [CrossRef] [PubMed]

5. Rodenhuis, S.; van de Wetering, M.L.; Mooi, W.J.; Evers, S.G.; van Zandwijk, N.; Bos, J.L. Mutational
activation of the K-ras oncogene. A possible pathogenetic factor in adenocarcinoma of the lung. N. Engl.
J. Med. 1987, 317, 929–935. [CrossRef] [PubMed]

6. Slebos, R.J.; Kibbelaar, R.E.; Dalesio, O.; Kooistra, A.; Stam, J.; Meijer, C.J.; Wagenaar, S.S.;
Vanderschueren, R.G.; van Zandwijk, N.; Mooi, W.J.; et al. K-ras oncogene activation as a prognostic
marker in adenocarcinoma of the lung. N. Engl. J. Med. 1990, 323, 561–565. [CrossRef]

7. Kern, J.A.; Slebos, R.J.; Top, B.; Rodenhuis, S.; Lager, D.; Robinson, R.A.; Weiner, D.; Schwartz, D.A. C-erbB-2
expression and codon 12 K-ras mutations both predict shortened survival for patients with pulmonary
adenocarcinomas. J. Clin. Investig. 1994, 93, 516–520. [CrossRef]

8. Mitsudomi, T.; Steinberg, S.M.; Oie, H.K.; Mulshine, J.L.; Phelps, R.; Viallet, J.; Pass, H.; Minna, J.D.;
Gazdar, A.F. Ras gene mutations in non-small cell lung cancers are associated with shortened survival
irrespective of treatment intent. Cancer Res. 1991, 51, 4999–5002.

9. Huncharek, M.; Muscat, J.; Geschwind, J.F. K-ras oncogene mutation as a prognostic marker in non-small
cell lung cancer: A combined analysis of 881 cases. Carcinogenesis 1999, 20, 1507–1510. [CrossRef]

10. Mascaux, C.; Iannino, N.; Martin, B.; Paesmans, M.; Berghmans, T.; Dusart, M.; Haller, A.; Lothaire, P.;
Meert, A.P.; Noel, S.; et al. The role of RAS oncogene in survival of patients with lung cancer: a systematic
review of the literature with meta-analysis. Br. J. Cancer 2005, 92, 131–139. [CrossRef]

11. Shepherd, F.A.; Domerg, C.; Hainaut, P.; Janne, P.A.; Pignon, J.P.; Graziano, S.; Douillard, J.Y.; Brambilla, E.;
Le Chevalier, T.; Seymour, L.; et al. Pooled analysis of the prognostic and predictive effects of KRAS mutation

http://www.mdpi.com/2072-6694/11/10/1514/s1
http://dx.doi.org/10.1177/1947601911411084
http://dx.doi.org/10.1016/j.phrs.2018.10.021
http://www.ncbi.nlm.nih.gov/pubmed/30366101
http://dx.doi.org/10.1016/j.ejca.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29894909
http://dx.doi.org/10.1097/CCO.0000000000000051
http://www.ncbi.nlm.nih.gov/pubmed/24463346
http://dx.doi.org/10.1056/NEJM198710083171504
http://www.ncbi.nlm.nih.gov/pubmed/3041218
http://dx.doi.org/10.1056/NEJM199008303230902
http://dx.doi.org/10.1172/JCI117001
http://dx.doi.org/10.1093/carcin/20.8.1507
http://dx.doi.org/10.1038/sj.bjc.6602258


Cancers 2019, 11, 1514 12 of 15

status and KRAS mutation subtype in early-stage resected non-small-cell lung cancer in four trials of adjuvant
chemotherapy. J. Clin. Oncol. 2013, 31, 2173–2181. [CrossRef] [PubMed]

12. Cserepes, M.; Ostoros, G.; Lohinai, Z.; Raso, E.; Barbai, T.; Timar, J.; Rozsas, A.; Moldvay, J.; Kovalszky, I.;
Fabian, K.; et al. Subtype-specific KRAS mutations in advanced lung adenocarcinoma: A retrospective
study of patients treated with platinum-based chemotherapy. Eur. J. Cancer 2014, 50, 1819–1828. [CrossRef]
[PubMed]

13. Garassino, M.C.; Marabese, M.; Rusconi, P.; Rulli, E.; Martelli, O.; Farina, G.; Scanni, A.; Broggini, M. Different
types of K-Ras mutations could affect drug sensitivity and tumour behaviour in non-small-cell lung cancer.
Ann. Oncol. 2011, 22, 235–237. [CrossRef] [PubMed]

14. Gentzler, R.D.; Yentz, S.E.; Patel, J.D. Bevacizumab in advanced NSCLC: Chemotherapy partners and
duration of use. Curr. Treat. Options Oncol. 2013, 14, 595–609. [CrossRef] [PubMed]

15. Zhan, P.; Wang, J.; Lv, X.J.; Wang, Q.; Qiu, L.X.; Lin, X.Q.; Yu, L.K.; Song, Y. Prognostic value of vascular
endothelial growth factor expression in patients with lung cancer: A systematic review with meta-analysis.
J. Thorac. Oncol. 2009, 4, 1094–1103. [CrossRef] [PubMed]

16. Sandler, A.; Gray, R.; Perry, M.C.; Brahmer, J.; Schiller, J.H.; Dowlati, A.; Lilenbaum, R.; Johnson, D.H.
Paclitaxel-carboplatin alone or with bevacizumab for non-small-cell lung cancer. N. Engl. J. Med. 2006, 355,
2542–2550. [CrossRef] [PubMed]

17. Johnson, D.H.; Fehrenbacher, L.; Novotny, W.F.; Herbst, R.S.; Nemunaitis, J.J.; Jablons, D.M.; Langer, C.J.;
DeVore, R.F., 3rd; Gaudreault, J.; Damico, L.A.; et al. Randomized phase II trial comparing bevacizumab plus
carboplatin and paclitaxel with carboplatin and paclitaxel alone in previously untreated locally advanced or
metastatic non-small-cell lung cancer. J. Clin. Oncol. 2004, 22, 2184–2191. [CrossRef] [PubMed]

18. Reck, M.; von Pawel, J.; Zatloukal, P.; Ramlau, R.; Gorbounova, V.; Hirsh, V.; Leighl, N.; Mezger, J.; Archer, V.;
Moore, N.; et al. Phase III trial of cisplatin plus gemcitabine with either placebo or bevacizumab as first-line
therapy for nonsquamous non-small-cell lung cancer: AVAil. J. Clin. Oncol. 2009, 27, 1227–1234. [CrossRef]
[PubMed]

19. Twelves, C.; Chmielowska, E.; Havel, L.; Popat, S.; Swieboda-Sadlej, A.; Sawrycki, P.; Bycott, P.; Ingrosso, A.;
Kim, S.; Williams, J.A.; et al. Randomised phase II study of axitinib or bevacizumab combined with
paclitaxel/carboplatin as first-line therapy for patients with advanced non-small-cell lung cancer. Ann. Oncol.
2014, 25, 132–138. [CrossRef]

20. Patel, J.D.; Socinski, M.A.; Garon, E.B.; Reynolds, C.H.; Spigel, D.R.; Olsen, M.R.; Hermann, R.C.; Jotte, R.M.;
Beck, T.; Richards, D.A.; et al. PointBreak: A randomized phase III study of pemetrexed plus carboplatin and
bevacizumab followed by maintenance pemetrexed and bevacizumab versus paclitaxel plus carboplatin
and bevacizumab followed by maintenance bevacizumab in patients with stage IIIB or IV nonsquamous
non-small-cell lung cancer. J. Clin. Oncol. 2013, 31, 4349–4357. [CrossRef]

21. Tolnay, E.; Ghimessy, Á.; Juhász, E.; Sztancsik, Z.; Losonczy, G.; Dombi, P.; Vennes, Z.; Helf, L.; Csada, E.;
Sárosi, V. The efficacy and safety of bevacizumab in addition to platinum-based chemotherapy for the
first-line treatment of patients with advanced nonsquamous non-small-cell lung cancer: Final results of
AVALANCHE, an observational cohort study. Oncol. Lett. 2018. [CrossRef] [PubMed]

22. Chin, L.; Tam, A.; Pomerantz, J.; Wong, M.; Holash, J.; Bardeesy, N.; Shen, Q.; O’Hagan, R.; Pantginis, J.;
Zhou, H.; et al. Essential role for oncogenic Ras in tumour maintenance. Nature 1999, 400, 468–472. [CrossRef]

23. Hurwitz, H.I.; Yi, J.; Ince, W.; Novotny, W.F.; Rosen, O. The clinical benefit of bevacizumab in metastatic
colorectal cancer is independent of K-ras mutation status: analysis of a phase III study of bevacizumab with
chemotherapy in previously untreated metastatic colorectal cancer. Oncologist 2009, 14, 22–28. [CrossRef]
[PubMed]

24. Ince, W.L.; Jubb, A.M.; Holden, S.N.; Holmgren, E.B.; Tobin, P.; Sridhar, M.; Hurwitz, H.I.; Kabbinavar, F.;
Novotny, W.F.; Hillan, K.J.; et al. Association of k-ras, b-raf, and p53 status with the treatment effect of
bevacizumab. J. Natl. Cancer Inst. 2005, 97, 981–989. [CrossRef] [PubMed]

25. Bencsikova, B.; Bortlicek, Z.; Halamkova, J.; Ostrizkova, L.; Kiss, I.; Melichar, B.; Pavlik, T.; Dusek, L.;
Valik, D.; Vyzula, R.; et al. Efficacy of bevacizumab and chemotherapy in the first-line treatment of metastatic
colorectal cancer: Broadening KRAS-focused clinical view. BMC Gastroenterol. 2015, 15, e37. [CrossRef]

26. Stremitzer, S.; Stift, J.; Gruenberger, B.; Tamandl, D.; Aschacher, T.; Wolf, B.; Wrba, F.; Gruenberger, T. KRAS
status and outcome of liver resection after neoadjuvant chemotherapy including bevacizumab. Br. J. Surg.
2012, 99, 1575–1582. [CrossRef]

http://dx.doi.org/10.1200/JCO.2012.48.1390
http://www.ncbi.nlm.nih.gov/pubmed/23630215
http://dx.doi.org/10.1016/j.ejca.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24768329
http://dx.doi.org/10.1093/annonc/mdq680
http://www.ncbi.nlm.nih.gov/pubmed/21169473
http://dx.doi.org/10.1007/s11864-013-0255-3
http://www.ncbi.nlm.nih.gov/pubmed/23990213
http://dx.doi.org/10.1097/JTO.0b013e3181a97e31
http://www.ncbi.nlm.nih.gov/pubmed/19687765
http://dx.doi.org/10.1056/NEJMoa061884
http://www.ncbi.nlm.nih.gov/pubmed/17167137
http://dx.doi.org/10.1200/JCO.2004.11.022
http://www.ncbi.nlm.nih.gov/pubmed/15169807
http://dx.doi.org/10.1200/JCO.2007.14.5466
http://www.ncbi.nlm.nih.gov/pubmed/19188680
http://dx.doi.org/10.1093/annonc/mdt489
http://dx.doi.org/10.1200/jco.2012.47.9626
http://dx.doi.org/10.3892/ol.2018.9766
http://www.ncbi.nlm.nih.gov/pubmed/30675234
http://dx.doi.org/10.1038/22788
http://dx.doi.org/10.1634/theoncologist.2008-0213
http://www.ncbi.nlm.nih.gov/pubmed/19144677
http://dx.doi.org/10.1093/jnci/dji174
http://www.ncbi.nlm.nih.gov/pubmed/15998951
http://dx.doi.org/10.1186/s12876-015-0266-6
http://dx.doi.org/10.1002/bjs.8909


Cancers 2019, 11, 1514 13 of 15

27. Fiala, O.; Buchler, T.; Mohelnikova-Duchonova, B.; Melichar, B.; Matejka, V.M.; Holubec, L.; Kulhankova, J.;
Bortlicek, Z.; Bartouskova, M.; Liska, V.; et al. G12V and G12A KRAS mutations are associated with poor
outcome in patients with metastatic colorectal cancer treated with bevacizumab. Tumour Biol. J. Int. Soc.
Oncodev. Biol. Med. 2016, 37, 6823–6830. [CrossRef]

28. Bruera, G.; Cannita, K.; Di Giacomo, D.; Lamy, A.; Frebourg, T.; Sabourin, J.C.; Tosi, M.; Alesse, E.; Ficorella, C.;
Ricevuto, E. Worse prognosis of KRAS c.35 G > A mutant metastatic colorectal cancer (MCRC) patients treated
with intensive triplet chemotherapy plus bevacizumab (FIr-B/FOx). BMC Med. 2013, 11, e59. [CrossRef]

29. Chaft, J.E.; Rusch, V.; Ginsberg, M.S.; Paik, P.K.; Finley, D.J.; Kris, M.G.; Price, K.A.; Azzoli, C.G.; Fury, M.G.;
Riely, G.J.; et al. Phase II trial of neoadjuvant bevacizumab plus chemotherapy and adjuvant bevacizumab
in patients with resectable nonsquamous non-small-cell lung cancers. J. Thorac. Oncol. 2013, 8, 1084–1090.
[CrossRef]

30. Brady, A.K.; McNeill, J.D.; Judy, B.; Bauml, J.; Evans, T.L.; Cohen, R.B.; Langer, C.; Vachani, A.; Aggarwal, C.
Survival outcome according to KRAS mutation status in newly diagnosed patients with stage IV non-small
cell lung cancer treated with platinum doublet chemotherapy. Oncotarget 2015, 6, 30287–30294. [CrossRef]

31. Loupakis, F.; Falcone, A.; Masi, G.; Fioravanti, A.; Kerbel, R.S.; Del Tacca, M.; Bocci, G. Vascular endothelial
growth factor levels in immunodepleted plasma of cancer patients as a possible pharmacodynamic marker
for bevacizumab activity. J. Clin. Oncol. 2007, 25, 1816–1818. [CrossRef] [PubMed]

32. Hegde, P.S.; Jubb, A.M.; Chen, D.; Li, N.F.; Meng, Y.G.; Bernaards, C.; Elliott, R.; Scherer, S.J.; Chen, D.S.
Predictive impact of circulating vascular endothelial growth factor in four phase III trials evaluating
bevacizumab. Clin. Cancer Res. 2013, 19, 929–937. [CrossRef] [PubMed]

33. Said, R.; Hong, D.S.; Warneke, C.L.; Lee, J.J.; Wheler, J.J.; Janku, F.; Naing, A.; Falchook, G.S.; Fu, S.;
Piha-Paul, S.; et al. P53 mutations in advanced cancers: Clinical characteristics, outcomes, and correlation
between progression-free survival and bevacizumab-containing therapy. Oncotarget 2013, 4, 705–714.
[CrossRef] [PubMed]

34. Schwaederle, M.; Lazar, V.; Validire, P.; Hansson, J.; Lacroix, L.; Soria, J.C.; Pawitan, Y.; Kurzrock, R. VEGF-a
expression correlates with TP53 mutations in non-small cell lung cancer: Implications for antiangiogenesis
therapy. Cancer Res. 2015, 75, 1187–1190. [CrossRef] [PubMed]

35. Martin, P.; Leighl, N.B.; Tsao, M.S.; Shepherd, F.A. KRAS mutations as prognostic and predictive markers in
non-small cell lung cancer. J. Thorac. Oncol. 2013, 8, 530–542. [CrossRef] [PubMed]

36. Chaft, J.E.; Dagogo-Jack, I.; Santini, F.C.; Eng, J.; Yeap, B.Y.; Izar, B.; Chin, E.; Jones, D.R.; Kris, M.G.; Shaw, A.T.;
et al. Clinical outcomes of patients with resected, early-stage ALK-positive lung cancer. Lung Cancer 2018,
122, 67–71. [CrossRef] [PubMed]

37. Rapisarda, A.; Melillo, G. Overcoming disappointing results with antiangiogenic therapy by targeting
hypoxia. Nat. Rev. Clin. Oncol. 2012, 9, 378–390. [CrossRef]

38. Giuliano, S.; Pages, G. Mechanisms of resistance to anti-angiogenesis therapies. Biochimie 2013, 95, 1110–1119.
[CrossRef]

39. Smith, N.R.; Wedge, S.R.; Pommier, A.; Barry, S.T. Mechanisms that influence tumour response to
VEGF-pathway inhibitors. Biochem. Soc. Trans. 2014, 42, 1601–1607. [CrossRef]

40. Jayson, G.C.; Kerbel, R.; Ellis, L.M.; Harris, A.L. Antiangiogenic therapy in oncology: current status and
future directions. Lancet 2016, 388, 518–529. [CrossRef]

41. Dome, B.; Timar, J.; Ladanyi, A.; Paku, S.; Renyi-Vamos, F.; Klepetko, W.; Lang, G.; Dome, P.; Bogos, K.;
Tovari, J. Circulating endothelial cells, bone marrow-derived endothelial progenitor cells and proangiogenic
hematopoietic cells in cancer: From biology to therapy. Crit. Rev. Oncol. Hematol. 2009, 69, 108–124.
[CrossRef] [PubMed]

42. Torok, S.; Rezeli, M.; Kelemen, O.; Vegvari, A.; Watanabe, K.; Sugihara, Y.; Tisza, A.; Marton, T.; Kovacs, I.;
Tovari, J.; et al. Limited tumor tissue drug penetration contributes to primary resistance against angiogenesis
inhibitors. Theranostics 2017, 7, 400–412. [CrossRef] [PubMed]

43. Dome, B.; Hendrix, M.J.; Paku, S.; Tovari, J.; Timar, J. Alternative vascularization mechanisms in cancer:
Pathology and therapeutic implications. Am. J. Pathol. 2007, 170, 1–15. [CrossRef] [PubMed]

44. Donnem, T.; Reynolds, A.R.; Kuczynski, E.A.; Gatter, K.; Vermeulen, P.B.; Kerbel, R.S.; Harris, A.L.; Pezzella, F.
Non-angiogenic tumours and their influence on cancer biology. Nat. Rev. Cancer 2018, 18, 323–336. [CrossRef]
[PubMed]

http://dx.doi.org/10.1007/s13277-015-4523-7
http://dx.doi.org/10.1186/1741-7015-11-59
http://dx.doi.org/10.1097/JTO.0b013e31829923ec
http://dx.doi.org/10.18632/oncotarget.4711
http://dx.doi.org/10.1200/JCO.2006.10.3051
http://www.ncbi.nlm.nih.gov/pubmed/17470880
http://dx.doi.org/10.1158/1078-0432.CCR-12-2535
http://www.ncbi.nlm.nih.gov/pubmed/23169435
http://dx.doi.org/10.18632/oncotarget.974
http://www.ncbi.nlm.nih.gov/pubmed/23670029
http://dx.doi.org/10.1158/0008-5472.CAN-14-2305
http://www.ncbi.nlm.nih.gov/pubmed/25672981
http://dx.doi.org/10.1097/JTO.0b013e318283d958
http://www.ncbi.nlm.nih.gov/pubmed/23524403
http://dx.doi.org/10.1016/j.lungcan.2018.05.020
http://www.ncbi.nlm.nih.gov/pubmed/30032847
http://dx.doi.org/10.1038/nrclinonc.2012.64
http://dx.doi.org/10.1016/j.biochi.2013.03.002
http://dx.doi.org/10.1042/BST20140261
http://dx.doi.org/10.1016/S0140-6736(15)01088-0
http://dx.doi.org/10.1016/j.critrevonc.2008.06.009
http://www.ncbi.nlm.nih.gov/pubmed/18768327
http://dx.doi.org/10.7150/thno.16767
http://www.ncbi.nlm.nih.gov/pubmed/28042343
http://dx.doi.org/10.2353/ajpath.2007.060302
http://www.ncbi.nlm.nih.gov/pubmed/17200177
http://dx.doi.org/10.1038/nrc.2018.14
http://www.ncbi.nlm.nih.gov/pubmed/29520090


Cancers 2019, 11, 1514 14 of 15

45. Frentzas, S.; Simoneau, E.; Bridgeman, V.L.; Vermeulen, P.B.; Foo, S.; Kostaras, E.; Nathan, M.; Wotherspoon, A.;
Gao, Z.H.; Shi, Y.; et al. Vessel co-option mediates resistance to anti-angiogenic therapy in liver metastases.
Nat. Med. 2016, 22, 1294–1302. [CrossRef] [PubMed]

46. Bridgeman, V.L.; Vermeulen, P.B.; Foo, S.; Bilecz, A.; Daley, F.; Kostaras, E.; Nathan, M.R.; Wan, E.; Frentzas, S.;
Schweiger, T.; et al. Vessel co-option is common in human lung metastases and mediates resistance to
anti-angiogenic therapy in preclinical lung metastasis models. J. Pathol. 2017, 241, 362–374. [CrossRef]

47. Warth, A.; Beasley, M.B.; Mino-Kenudson, M. Breaking new ground: The evolving concept of spread through
air spaces (STAS). J. Thorac. Oncol. 2017, 12, 176–178. [CrossRef] [PubMed]

48. Onozato, M.L.; Kovach, A.E.; Yeap, B.Y.; Morales-Oyarvide, V.; Klepeis, V.E.; Tammireddy, S.; Heist, R.S.;
Mark, E.J.; Dias-Santagata, D.; Iafrate, A.J.; et al. Tumor islands in resected early-stage lung adenocarcinomas
are associated with unique clinicopathologic and molecular characteristics and worse prognosis. Am. J.
Surg. Pathol. 2013, 37, 287–294. [CrossRef]

49. Yagi, Y.; Aly, R.; Tabata, K.; Rekhtman, N.; Eguchi, T.; Montecalvo, J.; Manova, K.; Adusumilli, P.; Hameed, M.;
Travis, W. Three-dimensional immunofluorescence analysis of dynamic vessel co-option of spread through
air spaces (STAS) in lung cancer. J. Thorac. Oncol. 2018, 13, e327. [CrossRef]

50. Rak, J.; Filmus, J.; Finkenzeller, G.; Grugel, S.; Marme, D.; Kerbel, R.S. Oncogenes as inducers of tumor
angiogenesis. Cancer Metastasis Rev. 1995, 14, 263–277. [CrossRef]

51. Rak, J.; Mitsuhashi, Y.; Bayko, L.; Filmus, J.; Shirasawa, S.; Sasazuki, T.; Kerbel, R.S. Mutant ras oncogenes
upregulate VEGF/VPF expression: Implications for induction and inhibition of tumor angiogenesis. Cancer
Res. 1995, 55, 4575–4580. [PubMed]

52. Matsuo, Y.; Campbell, P.M.; Brekken, R.A.; Sung, B.; Ouellette, M.M.; Fleming, J.B.; Aggarwal, B.B.; Der, C.J.;
Guha, S. K-Ras promotes angiogenesis mediated by immortalized human pancreatic epithelial cells through
mitogen-activated protein kinase signaling pathways. Mol. Cancer Res. 2009, 7, 799–808. [CrossRef]
[PubMed]

53. Price, T.J.; Hardingham, J.E.; Lee, C.K.; Weickhardt, A.; Townsend, A.R.; Wrin, J.W.; Chua, A.; Shivasami, A.;
Cummins, M.M.; Murone, C.; et al. Impact of KRAS and BRAF gene mutation status on outcomes from the
phase III AGITG MAX trial of capecitabine alone or in combination with bevacizumab and mitomycin in
advanced colorectal cancer. J. Clin. Oncol. 2011, 29, 2675–2682. [CrossRef] [PubMed]

54. Masi, G.; Loupakis, F.; Salvatore, L.; Fornaro, L.; Cremolini, C.; Cupini, S.; Ciarlo, A.; Del Monte, F.; Cortesi, E.;
Amoroso, D.; et al. Bevacizumab with FOLFOXIRI (irinotecan, oxaliplatin, fluorouracil, and folinate) as
first-line treatment for metastatic colorectal cancer: A phase 2 trial. Lancet. Oncol. 2010, 11, 845–852.
[CrossRef]

55. Bruera, G.; Cannita, K.; Tessitore, A.; Russo, A.; Alesse, E.; Ficorella, C.; Ricevuto, E. The prevalent KRAS
exon 2 c.35 G>A mutation in metastatic colorectal cancer patients: A biomarker of worse prognosis and
potential benefit of bevacizumab-containing intensive regimens? Crit. Rev. Oncol. Hematol. 2015, 93, 190–202.
[CrossRef] [PubMed]

56. Scheffler, M.; Ihle, M.A.; Hein, R.; Merkelbach-Bruse, S.; Scheel, A.H.; Siemanowski, J.; Bragelmann, J.;
Kron, A.; Abedpour, N.; Ueckeroth, F.; et al. K-ras mutation subtypes in NSCLC and associated co-occuring
mutations in other oncogenic pathways. J. Thorac. Oncol. 2019, 14, 606–616. [CrossRef] [PubMed]

57. Figueras, A.; Arbos, M.A.; Quiles, M.T.; Vinals, F.; Germa, J.R.; Capella, G. The impact of KRAS mutations on
VEGF-A production and tumour vascular network. BMC Cancer 2013, 13, e125. [CrossRef] [PubMed]

58. Eisenhauer, E.A.; Therasse, P.; Bogaerts, J.; Schwartz, L.H.; Sargent, D.; Ford, R.; Dancey, J.; Arbuck, S.;
Gwyther, S.; Mooney, M.; et al. New response evaluation criteria in solid tumours: Revised RECIST guideline
(version 1.1). Eur. J. Cancer 2009, 45, 228–247. [CrossRef]

59. Renaud, S.; Guerrera, F.; Seitlinger, J.; Reeb, J.; Voegeli, A.C.; Legrain, M.; Mennecier, B.; Santelmo, N.;
Falcoz, P.E.; Quoix, E.; et al. KRAS-specific amino acid substitutions are associated with different responses
to chemotherapy in advanced non-small-cell lung cancer. Clin. Lung Cancer 2018, 19, 919–931. [CrossRef]

60. Ricciuti, B.; Brambilla, M.; Cortellini, A.; De Giglio, A.; Ficorella, C.; Sidoni, A.; Bellezza, G.; Crino, L.;
Ludovini, V.; Baglivo, S.; et al. Clinical outcomes to pemetrexed-based versus non-pemetrexed-based
platinum doublets in patients with KRAS-mutant advanced non-squamous non-small cell lung cancer.
Clin. Transl. Oncol. 2019. [CrossRef]

http://dx.doi.org/10.1038/nm.4197
http://www.ncbi.nlm.nih.gov/pubmed/27748747
http://dx.doi.org/10.1002/path.4845
http://dx.doi.org/10.1016/j.jtho.2016.10.020
http://www.ncbi.nlm.nih.gov/pubmed/28115109
http://dx.doi.org/10.1097/PAS.0b013e31826885fb
http://dx.doi.org/10.1016/j.jtho.2018.08.250
http://dx.doi.org/10.1007/BF00690598
http://www.ncbi.nlm.nih.gov/pubmed/7553632
http://dx.doi.org/10.1158/1541-7786.MCR-08-0577
http://www.ncbi.nlm.nih.gov/pubmed/19509115
http://dx.doi.org/10.1200/JCO.2010.34.5520
http://www.ncbi.nlm.nih.gov/pubmed/21646616
http://dx.doi.org/10.1016/S1470-2045(10)70175-3
http://dx.doi.org/10.1016/j.critrevonc.2014.10.004
http://www.ncbi.nlm.nih.gov/pubmed/25459669
http://dx.doi.org/10.1016/j.jtho.2018.12.013
http://www.ncbi.nlm.nih.gov/pubmed/30605727
http://dx.doi.org/10.1186/1471-2407-13-125
http://www.ncbi.nlm.nih.gov/pubmed/23506169
http://dx.doi.org/10.1016/j.ejca.2008.10.026
http://dx.doi.org/10.1016/j.cllc.2018.08.005
http://dx.doi.org/10.1007/s12094-019-02175-y


Cancers 2019, 11, 1514 15 of 15

61. Lohinai, Z.; Klikovits, T.; Moldvay, J.; Ostoros, G.; Raso, E.; Timar, J.; Fabian, K.; Kovalszky, I.; Kenessey, I.;
Aigner, C.; et al. KRAS-mutation incidence and prognostic value are metastatic site-specific in lung
adenocarcinoma: Poor prognosis in patients with KRAS mutation and bone metastasis. Sci. Rep. 2017, 7,
e39721. [CrossRef] [PubMed]

62. Lohinai, Z.; Hoda, M.A.; Fabian, K.; Ostoros, G.; Raso, E.; Barbai, T.; Timar, J.; Kovalszky, I.; Cserepes, M.;
Rozsas, A.; et al. Distinct epidemiology and clinical consequence of classic versus rare EGFR mutations in
lung adenocarcinoma. J. Thorac. Oncol. 2015, 10, 738–746. [CrossRef] [PubMed]

63. Reck, M.; von Pawel, J.; Zatloukal, P.; Ramlau, R.; Gorbounova, V.; Hirsh, V.; Leighl, N.; Mezger, J.; Archer, V.;
Moore, N.; et al. Overall survival with cisplatin-gemcitabine and bevacizumab or placebo as first-line therapy
for nonsquamous non-small-cell lung cancer: Results from a randomised phase III trial (AVAiL). Ann. Oncol.
2010, 21, 1804–1809. [CrossRef] [PubMed]

64. Shimizu, R.; Fujimoto, D.; Kato, R.; Otoshi, T.; Kawamura, T.; Tamai, K.; Matsumoto, T.; Nagata, K.; Otsuka, K.;
Nakagawa, A.; et al. The safety and efficacy of paclitaxel and carboplatin with or without bevacizumab
for treating patients with advanced nonsquamous non-small cell lung cancer with interstitial lung disease.
Cancer Chemother. Pharmacol. 2014, 74, 1159–1166. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/srep39721
http://www.ncbi.nlm.nih.gov/pubmed/28051122
http://dx.doi.org/10.1097/JTO.0000000000000492
http://www.ncbi.nlm.nih.gov/pubmed/25664625
http://dx.doi.org/10.1093/annonc/mdq020
http://www.ncbi.nlm.nih.gov/pubmed/20150572
http://dx.doi.org/10.1007/s00280-014-2590-x
http://www.ncbi.nlm.nih.gov/pubmed/25245821
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Incidence of KRAS Mutations in LADC Patients Treated with Bevacizumab and Chemotherapy 
	The Presence of KRAS Mutations has Clinical Utility in Predicting Disease Outcome in LADC Patients Receiving Concurrent Antiangiogenic and Chemotherapy 
	Distinct Efficacy of BEV/CHT in Advanced LADC Patients with Different Subtype-Specific KRAS Mutations 

	Discussion 
	Materials and Methods 
	Study Population 
	Molecular Diagnosis 
	Statistical Methods 

	Conclusions 
	References

