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Abstract

Introduction

Oncogenic mutation within the KRAS gene represents a negative predictor for treatment
response to anti-epidermal growth factor receptor (EGFR) in patients with colorectal cancer.
Recently, we have shown no relevant heterogeneity for KRAS mutation status within and
between pre- and posttherapeutic samples from the primary tumor in patients with locally
advanced rectal cancer. The aim of this study was to evaluate the intertumoral heterogene-
ity of KRAS mutation status between the primary tumor and the corresponding metastasis
or local recurrence in the similar cohort and to evaluate the ideal representative tissue for
KRAS mutation testing.

Materials and methods

KRAS mutation status was analyzed from 47 patients with locally advanced rectal cancer,
which were enrolled in the CAO/ARO/AIO-94 or CAO/ARO/AIO-04 trial. Mutations in KRAS
codons 12, 13, and 61 were analyzed by using the KRAS RGQ PCR Kit (therascreen®
KRAS test). Six patients needed to be excluded due to incomplete follow up data. 11
patients showed a relapse of the disease during the follow up presented by distant metasta-
ses or local recurrence. DNA from representative areas of metastatic tissue was obtained
from formalin-fixed paraffin-embedded specimens.

Results

The mean patient age was 64.13 + 10.64 years. In total, 19 patients showed a KRAS muta-
tion (46.34%) in the primary tumor. Of the eleven patients with a metastatic disease or local
recurrence, five patients showed a KRAS mutation whereas six patients had a KRAS wild-
type status. Metastatic localizations included the liver (n = 2), lung (n = 4), local recurrence
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(n=1), liver + lung (n = 3), lung + local recurrence (n = 1). For these eleven patients with
paired data available for the primary tumor and metastatic tissue, a significant KRAS muta-
tion status concordance was detected in 81.18% (9/11) of the patients (p = 0.03271). Only
two patients showed intertumoral heterogeneity, which harbored in one patient a KRAS
G12C mutation status in the primary tumor, but a G12V KRAS mutation status in the corre-
sponding lung lesion, and in the other patient a G12A mutation in the primary lesion and a
WT in the lung metastasis.

Conclusions

We show a significant concordance of the KRAS mutation status between tumor samples
obtained from the primary tumor and the corresponding metastasis and/ or local recurrence
in patients with rectal cancer indicating no relevant intertumoral heterogeneity. Our data
suggest that sampling either the primary (pre- or posttherapeutical tumor tissue) or meta-
static lesion may be valid for the initial evaluation of KRAS mutation status predicting the
response to anti-EGFR treatment and guiding clinical decisions.

Introduction

In patients with metastatic colorectal cancer (CRC) the clinical implementation of targeted
therapy strategies against the epidermal growth factor receptor (EGFR) has become a well-
established oncological therapy option. FOLFIRI in combination with the monoclonal anti-
body cetuximab against the EGFR has been shown to reduce the risk of progression in patients
with KRAS wild-type (WT) status [1] and mutated KRAS status is associated with resistance to
cetuximab and a shorter survival [2]. More clinical evidence came up from different authors
and the data revealed the therapeutical benefit of monoclonal antibodies against the EGFR in
KRAS wild-type patients. Hence, patients with activating mutations in the KRAS gene do not
respond significantly to an anti-EGFR therapy [2-4]. Thus, KRAS mutation turned out to be a
negative response predictor to monoclonal antibody therapy against EGFR, allowing an indi-
vidual stratification based on the KRAS mutation status. Patients with a mutated KRAS status
can be spared from anti-EGFR treatment to avoid unnecessary adverse effects and costs [5, 6].
Therefore, the reliable and valid detection of the KRAS mutation status is mandatory before
initialization anti-EGFR therapy.

Until now it is still unclear whether the KRAS mutation status should be determined by ana-
lyzing the primary tumor or metastatic tissue. Additionally intratumoral and intertumoral het-
erogeneity [7-9] might be a challenging phenomenon in the diagnosis of a potential activating
KRAS mutation status at least for individual patients with therapeutic consequences [10, 11].

Currently preoperative chemoradiotherapy (CRT) is the standard treatment modality in
patients with locally advanced rectal cancer in the lower and middle part of the rectum.
Patients with colon cancer do not receive a neoadjuvant CRT by default. However most of the
published works evaluating intra- and intertumoral heterogeneity do not distinguish between
colon- and rectal cancer although there are known differences in oncogenic molecular path-
ways and therapy options.

In a previously published work we have shown the valid assessment of KRAS mutation sta-
tus for therapeutic decisions in pre-therapeutic (treatment naive) biopsies as well as in post-
therapeutic (after preoperative CRT) residual tumor tissue in patients with locally advanced
rectal cancer [12]. We assessed a homogenous KRAS mutation status between several pre- and
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post-therapeutic tissue samples of the primary tumor indicating no relevant intratumoral het-
erogeneity and concluded, that discordance is a very rare event [12].

In this study, we focused on the assessment of a potential KRAS mutation heterogeneity
between the primary tumor and the corresponding recurrence site in the same patient cohort
(referred to as intertumoral heterogeneity). Previous controversial reports have evaluated
intertumoral heterogeneity, showing both discordance and concordance in the KRAS muta-
tion status between the primary tumor and the matched metastases [11, 13], thus intertumoral
heterogeneity might implicate a clinical problem in CRC. KRAS mutation status heterogeneity
may differ significantly between studies, ranging from 0% to 30% [14, 15], potentially caused
by the utilized mutation testing methodology or sampling error [10, 16-18].

Until today, there is still no definitive testing solution for KRAS mutations between the pri-
mary tumor or the metastatic sites in patients with metastatic CRC [19]. Thus, the aim of this
study was to evaluate the intertumoral heterogeneity of the KRAS mutation status between the
primary lesion and the corresponding metastatic tissue, and hereby, to evaluate the ideal repre-
sentative tissue for KRAS mutation testing in a cohort of patients with locally advanced rectal
cancer treated with preoperative CRT within a prospective, randomized clinical trial setting.

Materials and methods
Patients and treatment

Analyses of the KRAS mutation status were performed from 47 patients with locally advanced rec-
tal cancer as previously described to evaluate the intratumoral heterogeneity in pre-, and post-
therapeutic tumor samples [12]. In this study, out of the 47 patients, six patients were excluded
due to missing follow up data. 11 patients showed recurrence including liver-, lung-, and/ or local
recurrence during the follow up. DNA from one area of metastatic tissue was obtained from for-
malin-fixed paraffin-embedded specimens from 11 metastatic rectal cancer patients. Mutations in
KRAS codons 12, 13, and 61 were analyzed by using the KRAS RGQ PCR Kit (therascreen®
KRAS test, QIAGEN, Hilden, Germany) according to the manufactures instructions.

Patients included in this analysis were treated at the Departments of General, Visceral and
Pediatric Surgery and Radiotherapy and Radiation Oncology, University Medical Center
Goettingen, and were enrolled or treated according to the trial guidelines of the CAO/ARO/
AIO-94 [20] or CAO/ARO/AIO-04 [21] (EudraCT-Number 2006-002385-20—
NCT00349076) of the German Rectal Cancer Study Group.

Patients were treated preoperatively with CRT followed by surgical resection and standard-
ized pathologic workup. Preoperative CRT included an irradiation of the presacral space with
an overall dose of 50.4 Gy (single dose of 1.8 Gy) accompanied by either 5-fluorouracil or a
combination of an intravenous infusion of oxaliplatin and a continuous infusion of 5-fluoro-
uracil. Within four to six weeks after completion of preoperative CRT, surgery was carried out,
including total mesorectal excision. All patients were followed-up according to the trial proto-
cols and gave written informed consent either from the patients or their legal representatives.
Both studies were conducted in accordance with the ethical principles of the Declaration of
Helsinki (Seoul, 2008) and were approved by the University of Goettingen Ethics Committee
in Goettingen, Germany (application number 20/9/95, 9/8/08).

Ascertainment of pre- and post-therapeutic and metastatic tumor biopsies

Tumor biopsies were collected prior to preoperative CRT during diagnostic procedures. After
surgery, residual tumor was taken for analyses from the resected specimens [12, 22]. Patients

presenting metastases or local recurrence during follow-up were subjected to needle biopsy or
surgical biopsy and resulting tumor tissue was referred to histopathological confirmation and
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KRAS mutation analysis. The mutation status was assessed in formalin-fixed-paraffin-embed-
ded (FFPE) tissue samples (4% buffered formalin) from pre-therapeutic tumor biopsies, post-
operative resected specimens and metastatic or local recurrence tumor tissue.

Tumor DNA preparation and isolation

FFPE slides from pretherapeutic-, resected-, and metastatic specimens were independently
and blinded reevaluated by two experienced gastrointestinal pathologists (J.K., P.S.). Tumorre-
gression grading (TRG) was assessed in percentage of regression in accordance with the
Dworak Grading system [23]. In discordant cases, slides were reassessed by both pathologists
and a final decision was made. We summerized the respective tumor regression grades (TRG)
and relevant clinical data in Table 1. Microdissection for tumor cell enrichment to achieve a
content of 70-80% was performed manually as recently reported by Hunt and colleagues [24].
Briefly, FFPE tissue slices were deparaffinized and stained with Haematoxylin. Representative
tumor areas were identified using a microscope at a 40x magnification. Dissection was per-
formed using a pointed surgical blade. Tumor tissue was transferred to a tube and DNA
extraction was performed subsequently by using the QTAGEN AllPrep DNA/ RNA FFPE Kit
(QIAGEN, Hilden, Germany) according to the manufacturer‘s instructions.

Mutation analysis

Therascreen® KRAS test. The KRAS Pyro Kit 24, V1 (QIAGEN, Hilden, Germany)
(cover mutations in KRAS codons 12, 13, and 61 of the human KRAS gene) and the RAS
Extension Pyro Kit 24, V1 (QIAGEN, Hilden, Germany) (cover mutations in KRAS codons
59, 61, 117 and 146 of the human KRAS gene) have been conducted for the validation detec-
tion of mutations of the KRAS gene in genomic DNA of rectal cancer specimen. The Pyro-
Mark Q24 MDx platform has been used to run the Therascreenl-assay with the Software Q24,
Version 2.0.7 with following PlugIns, KRAS Plugln v1.2.0 and RAS Extention Plugln v.1.2.1.2.
We amplified regions of interest in the extracted DNA using primers in the KRAS Pyro assay
(QIAGEN, Hilden, Germany). We subsequently immobilized, washed, and denatured the
amplified products using the vacuum workstation and subjected those products to pyrose-
quencing using the PyroMark Q24 Pyrosequencer (QIAGEN, Hilden, Germany) to detect and
quantify the KRAS mutations. Initial DNA input for each specimen was 100 ng.

Pre-processing and statistical analysis

The workflow for the pre-processing and the analysis of the data was implemented using
KNIME 3.6.2 [25]. KNIME nodes were mostly used for the pre-processing of the data, while
we used the R-plugin nodes in KNIME to perform the final statistical tests with R version 3.6.1
[26]. The global significance level was set to o. = 5%. In case of count data, we used the Fishers
Exact test or Chi-Square test depending on the available number of samples for the compari-
son. The impact of the ‘mutation status’ and ’clinical parameters’ on survival was determined
using Kaplan-Meier analysis and assessed for statistical significance using the log rank test and
where applicable for the continuous data values using a Cox proportional hazard model [27].
The survival analysis was performed using the R package ‘survival’.

Results
Clinicopathological characteristics and results from mutation analysis

41 patients with metastatic rectal cancer were included: 28 (68.3%) male and 13 (31.7%) female
patients. The mean age was 64.13 + 10.64 years. Clinical findings together with data with
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Table 1. Clinical data with tumor regression grading.

1D Gender uT uN cM Tumor height (cm) pT pN TRG (%) TRG (Dworak)
1 m 3 1 0 5 3 1 60 3
2 m 3 1 0 3 3 1 35 2
3 f 3 1 0 12 3 1 20 1
4 m 3 0 0 4 3 0 15 1
8 m 3 0 0 5 3 0 30 2
9 f 3 0 0 7 3 0 40 2
11 m 3 0 0 12 3 0 40 2
12 m 3 1 0 4 3 1 90 3
13 m 3 1 0 4 3 1 70 3
14 f 3 1 0 1 3 1 55 3
15 m 2 1 0 3 3 0 20 1
16 m 3 0 0 8 3 1 10 1
17 f 3 1 0 9 3 1 70 3
18 f 3 0 0 8 3 0 40 2
19 m 3 1 0 8 3 1 70 3
20 m 3 1 0 6 3 1 40 2
21 m 3 0 0 11 3 0 20 1
22 m 4 1 0 8 3 1 45 2
23 m 2 1 0 5 2 0 40 2
24 m 3 1 0 11 3 1 80 3
25 m 3 1 0 7 3 1 45 2
26 f 3 1 0 11 3 0 40 2
27 m 3 0 0 10 3 0 70 3
28 m 3 1 0 4 3 1 70 3
30 m 3 0 0 7 3 0 80 3
31 m 3 1 0 8 3 0 45 2
32 m 3 1 0 8 3 1 50 3
33 f 3 1 0 4 3 1 70 3
34 f 3 1 0 8 3 1 45 2
36 f 3 1 0 5 3 1 70 3
37 m 3 1 1 8 3 1 70 3
38 m 3 1 1 9 3 1 45 2
39 m 3 1 0 6 3 1 70 3
40 f 3 1 1 5 3 1 90 3
41 f 3 1 0 5 3 1 35 2
42 f 3 1 0 3,5 3 1 70 3
43 f 3 1 0 9 3 1 95 3
44 f 3 1 0 11 3 1 30 2
45 m 3 1 0 10 3 0 10 1
46 m 3 0 0 1 3 0 70 3
47 m 3 0 0 3 3 0 50 3

Relevant clinical data and TRG in % and TRG according to Dworak for the analyzed patients (m = male, f = female, tumor height in cm with respect to the

anocutaneous line, ultrasonographic/clinical (u/c) and pathological (p) TNM stage: T = tumor; N = lymph node, M = metastasis, TRG = tumor regression grading).

https://doi.org/10.1371/journal.pone.0239806.t001

tumor regression grading is listed in Table 1. KRAS mutation was found in 19 patients
(46.34%)- 31.70% of mutated cases were in codon 12, compared with 7.32% in codon 13,
4.88% in codon 146 and 2.44% in codon 61. In codon 12, 38.46% contained the KRAS
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¢.35G>A (G12D) mutation, followed by 30.77% with ¢.35G>T (G12V), 15.38% with c.34G>T
(G12C), and 15.38% with ¢.35G>C (G12A). In codon 13, 100% of the mutations consisted of
¢.38G>A (G13D) and in codon 146, 100% were c.436G>A (A146T). The only case with a
mutation in codon 61 was c.182A>T (Q61L).

Concordance of KRAS mutation status between primary and matched
metastatic lesion

The concordance between primary and metastatic tissues in the same patients was analyzed in
11 matched samples. We examined available metastatic tumor samples for each patient,
including lung-, liver-, and bone metastases or local recurrence. The KRAS- and WT status of
the metastatic sites and their corresponding primary tumors are presented in Table 2. We
observed in 81.18% a significant concordance of KRAS mutation status between the primary
tissue and the corresponding metastatic samples (p = 0.03271).

Only two patients showed intertumoral heterogeneity. The first discordant patient (Patient
17), a 79-year-old male patient, harboring a KRAS G12C mutation in the primary tumor
showed a G12V KRAS mutation in the corresponding lung lesion. To confirm these results, we
reevaluated both tumor tissues using an alternative therascreen® KRAS test revealing the
same result as the initial test. The histopathologic workup in this case showed initially a ypT3b,
ypN1, cMO status of the primary tumor. The patient did not receive an adjuvant chemother-
apy. One year and seven months after the primary resection of the rectal cancer the patient
developed lung metastasis, histopathologically confirmed by a bronchoscopy biopsy.

The second discordant patient (Patient 26) showed a G12A mutation in the primary lesion
and a wild-type situation in the synchronous liver metastasis as well as in the metachronous
lung metastasis. These findings were again confirmed by the additional therascreen® KRAS
test. After an intensified preoperative CRT (neoadjuvant CRT followed by two additional
cycles of neoadjuvant CT) the patient showed at the timepoint of surgery liver metastases in
the right lobe and together with the rectum resection the patient was referred to an atypical
liver resection for histopathological confirmation of metastasis (ypT3b ypNO (0/35) ypM1
(HEP) G3, R0). After 6 cycles of chemotherapy using the FOLFOX6 protocol an extended
hemihepatectomy of the right lobe was conducted without confirmation of any vital tumor-
cells in the histopathological workup. Ten months after the rectum resection, the patient devel-
oped lung metastasis and received 6 cycles of chemotherapy using the FOLFIRI protocol.

Table 2. KRAS mutation status in patients with metastasized rectal cancer.

ID

4
12
13
17
21
26
32
40
46
47

Primary Tumor (Preoperative) Primary Tumor (Postoperative) Liver Lung Local Recurrence
G12D G12D - G12D -
WT WT WT WT -
WT WT - WT WT
WT WT WT - -
G12C G12C - GI12V -
WT WT WT - -
GI2A GI2A - WT -
WT WT WT WT -
GI12V GI12V - - GI12V
GI12D GI12D - GI12D -
G12V G12V G12V G12V -

KRAS mutation and Wildtype status distribution of the patients with metastasized rectal cancer.

https://doi.org/10.1371/journal.pone.0239806.t002
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Subsequently, the patient underwent a two-stage atypical lung resection of the upper lobe right
and the lower lobe left and histopathological examination confirmed metastasis of the rectal
cancer. The patient received chemotherapy using different protocols.

KRAS mutation status and survival

For 40 patients KRAS mutation and wild-type status was correlated to survival parameters.
However, we did not find any significant correlation between KRAS mutated and wild-type
patients with disease free survival (DES) (p = 0.42) or overall survival (OS) (p = 0.87) (Fig 1).

Discussion

In this study, we were able to prove that KRAS mutation status is statistically significant homo-
geneous between the primary tumor and the corresponding metastatic tissue in patients with
locally advanced rectal cancer by applying a sensitive pyrosequencing method. Our results
implicate that KRAS mutation status remains consistent in the oncological evolution to meta-
static disease. Regarding rectal cancer solely, this study is to our knowledge one of the largest
cohort for the specific evaluation of intra- [12] and intertumoral KRAS mutation status hetero-
geneity in patients with locally advanced rectal cancer who were treated preoperatively with
CRT within a clinical study setting. Most of the published data dealing with intertumoral het-
erogeneity in CRC analyzed colon- and rectal together as one entity, although many differ-
ences exist in aetiology, genetics, anatomy, treatment strategies and treatment response
between colon and rectal cancer. This work focuses on an exclusive sample set of patients with
locally advanced rectal cancer who were enrolled or treated according to the trial guidelines of
the CAO/ARO/AIO-94 or CAO/ARO/AIO-04 of the German Rectal Cancer Study Group.

The investigated cohort in this study harbored a KRAS mutation frequency of 46% which is
in line with current data for colon and rectal cancer. Moreover the distribution of the single
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Fig 1. Caplan-meier curves for DFS and OS. DFS and OS Data was available for 40 patients (KRAS mutated n = 19, KRAS wild-type n = 21). No significant correlation
between KRAS mutated and wild-type patients was found for DES and OS.

https://doi.org/10.1371/journal.pone.0239806.9001
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hotspot mutations observed were similar to what has been published in the past [3, 5, 6, 28,
29]. Thus, our findings make us confident that our results display a reliable data set.

Our data is in concordance with a meta-analysis from Cheng-Bo Han and colleagues who
analyzed the KRAS mutation status between primary and metastatic tumor samples in patients
with colorectal cancers. Analyzing 19 publications KRAS mutation status turned out to be
highly concordant in primary and distant metastatic tumors [15]. Important to mention, Han
and colleagues did not distinguish between colon and rectal cancer in their analyses. Addition-
ally, it remains unclear if the patients with rectal cancer received a preoperative CRT.

In a former study our results demonstrated the reliable detection of KRAS mutation status
for therapeutic decisions in pre-therapeutic biopsies as well as in post-therapeutic residual
tumor tissue in patients with locally advanced rectal cancer who were treated preoperatively
with chemoradiotherapy. We have reported that intratumoral KRAS heterogeneity is a very
rare event. Additionally, we pointed out the importance to assess the KRAS mutation status
with a sensitive technical valid method [12]. Therefore, our results demonstrate the reproduc-
ibility of KRAS testing in the primary biopsy as well as in the resected specimen within the
same primary tumor as well as in the corresponding metastatic tissue. However, some minor
discrepancy occurred. Two patients showed intertumoral heterogeneity, which harbored in
one patient a KRAS G12C mutation status in the primary tumor, but a G12V KRAS mutation
status in the corresponding lung lesion, and in the other patient a G12A mutation in the pri-
mary lesion and a WT in the lung metastasis. The minor discrepancy occurred only in the cor-
responding lung metastases, possibly indicating a distinct pattern and molecular dynamics of
lung metastases and therefore should be taken into account. Nevertheless, this finding has to
be proven in a larger cohort. Another assumption for KRAS mutation status heterogeneity
could be DNA degradation [30] as well the possibility that discordance is based on the exis-
tence of a secondary tumor next to the colorectal cancer entity [31].

Previous controversial reports have evaluated intertumoral heterogeneity, showing both
discordance and concordance in the KRAS mutation status between the primary tumor and
the matched metastases in patients with colorectal cancer [11, 13, 14]. Docs et al. analyzed the
KRAS status in 18 out of 665 patients from at least two sequential samples obtained at different
time points and observed intertumoral heterogeneity in six cases [32].

Currently KRAS mutation status concordance between the primary and metastatic tumor
site has become more and more obvious. Knijn et al. observed a high concordance of KRAS
mutation status of 96.4% between primary colorectal tumors and their corresponding liver
metastases. Analyzing 305 patients, eleven patients showed a discordant KRAS mutation status.
The authors suggested that tissue from the primary tumor or from the liver metastasis can be
applied for KRAS mutation testing [14]. However, their analyses concentrated only on liver
metastases and the KRAS mutation status has only been investigated for codons 12 and 13.
Vakiani et al. examined the KRAS mutation status heterogeneity of a cohort of 84 patients with
matched primary and metastatic tumors. After reevaluating FFPE tissue from initially heterog-
enous cases, they could detect a concordance rate of 98.8% [31]. In a work by Miglio et al.
forty-five primary tumors and matched metastases have been analyzed by applying the same
highly sensitive TheraScreen®) technique used in our study and the authors detected in
twenty-eight patients with metastatic disease no single case of intertumoral heterogeneity [33].
Paliogiannis and colleagues reported a KRAS concordance rate of 90.3% between primary
tumors and metastatic sites in patients with colorectal cancer and confirmed as well a high
KRAS homogeneity [34]. After next-generation sequencing technology has been established
and more widely available, more studies were conducted to evaluate KRAS heterogeneity
between primary and metastatic tumors. Brannon et al. performed deep coverage, targeted
next-generation sequencing in 69 matched primary and metastatic tumors and detected a
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concordance rate of 100% for KRAS mutation status in patients with colorectal cancer [35].
Crumley et al. performed next-generation sequencing in sixteen patients with rectal cancer,
evaluating driver mutations in comparison to colon cancer. Here they could demonstrate a
concordance rate of 93% for the KRAS mutation status between the primary tumor and metas-
tasis. The authors focused similarly to this study on rectal cancer solely. However, not all
patients received preoperative chemoradiotherapy [36].

In our study, although two of 11 patients showed a heterogeneous KRAS mutation status no
case with discordance in the KRAS status between the primary and metastatic tumors had a
clinical significance and thus represented no alteration in clinical decision-making. In both
discrepant cases the primary tumor harbored a KRAS mutation, thus the patients were initially
stratified to receive no EGFR-antibody therapy because of the presence of a KRAS mutation. In
general, patients with heterogenous KRAS mutation status between the primary- and meta-
static tumor would not display a clinical dilemma like the first heterogenous case (Patient 17)
harboring a KRAS G12C mutation status in the primary tumor, but a G12V KRAS mutation
status in the corresponding lung lesion.

The second patient (patient 26) who showed intertumoral heterogeneity between the primary
tumor (G12A) and the corresponding lung metastasis (WT) has been initially in a synchronous
metastasized situation and showed primarily liver metastases. During the follow-up, the patient
developed lung metastases. There are some data about patients with synchronous metastasized
colorectal cancer which might have a higher rate of discordance in the KRAS mutation status [37-
39]. The above mentioned second patient 26 received adjuvant chemotherapy before resection of
the lung metastasis. Although the rate of mutations has been shown to accumulate after chemo-
therapy [40], data specifically changes from KRAS mutation in the primary tumor to WT in the
metastasis seems to be a rare event. A possible explanation could be the presence and coexistence
of several independent subclones originated in a limited number of patients [34, 41].

We confirmed a high concordance in the KRAS mutation status between the primary
tumor and the metastatic lesion, which seems to maintain stable during carcinogenesis. These
findings go along with Vogelstein ‘s proposed colorectal carcinogenic model [42] in which
KRAS mutations evolve early and maintain consistent during carcinogenesis [41]. In our study
the frequency of KRAS mutations in metastatic or recurrent disease is much similar to that of
patients without local or systemic relapse. This suggests that KRAS mutations alone are not suf-
ficient for changes in the epithelial morphology of colorectal cancer cells regarded as necessary
for metastasis evolvement [43]. Thus, KRAS mutations alone do not seem to cause metastasis. it
is conceivable that downstream mutations in EGFR signaling might contribute to epidermal to
mesenchymal transition (EMT) associated with an invasive or metastatic phenotype. RAS acti-
vation is important for cellular movements [44, 45]. One should also consider that invasiveness
is a mandatory but not sufficient condition for metastasis. The latter requires that in addition to
features occurring during invasion, e.g. loss of cell contacts, cytoskeletal deformation along with
cellular motility, extracellular matrix degradation, metastasis formation also needs successful
attaching and outgrowth of malignant cells in a heterotopic environment. Only a very minor
part of malignant cells sheded by the primary tumor site succeed in this complex process. This
might give an idea why KRAS mutations are frequent in colorectal cancer and may promote
local invasiveness but probably do not determine the fate of metastasis. If mutations in the
EGFR signaling downstream of KRAS are relevant in this process remains to be determined.

Conclusions

KRAS mutation status is significant concordant between areas of the primary tumor and the
corresponding metastasis in patients with advanced rectal cancer treated preoperatively with
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CRT. Thus, our data suggest that sampling either the primary (pre- or posttherapeutical tumor
tissue) or metastatic lesion may be valid for the initial evaluation of KRAS mutation status for
predicting the response to anti-EGFR treatment and guiding clinical decisions. These findings
should be validated in additional studies with larger sample sets to confirm our data.

Supporting information

S1 Table. Matching base table. Data set for the concordance analysis of KRAS mutation status
between primary and matched metastatic lesion.
(XLSX)

S2 Table. Survival base table. Data set for the KRAS mutation status and survival analyses.
(XLSX)

Acknowledgments

For technical, logistical support and acquisition of biomaterial and follow-up data we thank
Chan Rong Lai, Jessica Eggert, Birgit Jiinemann, Elke Stauffer, Susanne Klie and Johanna
Kreutzer. The authors are also grateful to expert technical assistance of Tabea Hugo, Judita
Wolf-Salgo and Anke Klages. We are in debt to all the patients that participated in this
analysis.

Author Contributions
Conceptualization: Peter Jo, Alexander Konig, Marian Grade, Jochen Gaedcke.
Data curation: Peter Jo, Markus Bernhardt, Azadeh Azizian.

Formal analysis: Peter Jo, Manuel Nietert, Alexander K6nig, Markus A. Schirmer, Julia Kitz,
Kirsten Reuter-Jessen, Philipp Strébel, Hans-Ulrich Schildhaus.

Funding acquisition: Michael Ghadimi, Jochen Gaedcke.
Investigation: Peter Jo.

Methodology: Peter Jo, Azadeh Azizian, Markus A. Schirmer, Julia Kitz, Kirsten Reuter-Jes-
sen, Philipp Strébel, Hans-Ulrich Schildhaus.

Project administration: Peter Jo.
Supervision: Peter Jo.
Validation: Peter Jo.

Writing - original draft: Peter Jo, Markus Bernhardt, Manuel Nietert, Alexander Konig, Aza-
deh Azizian, Marian Grade, Michael Ghadimi, Jochen Gaedcke.

References

1. Van Cutsem E, Kohne CH, Hitre E, Zaluski J, Chang Chien CR, Makhson A, et al. Cetuximab and che-
motherapy as initial treatment for metastatic colorectal cancer. N Engl J Med. 2009; 360(14):1408-17.
Epub 2009/04/03. https://doi.org/10.1056/NEJMoa0805019 PMID: 19339720.

2. Lievre A, Bachet JB, Boige V, Cayre A, Le Corre D, Buc E, et al. KRAS mutations as an independent
prognostic factor in patients with advanced colorectal cancer treated with cetuximab. Journal of clinical
oncology: official journal of the American Society of Clinical Oncology. 2008; 26(3):374-9. Epub 2008/
01/19. https://doi.org/10.1200/jc0.2007.12.5906 PMID: 18202412.

3. Amado RG, Wolf M, Peeters M, Van Cutsem E, Siena S, Freeman DJ, et al. Wild-type KRAS is required
for panitumumab efficacy in patients with metastatic colorectal cancer. Journal of clinical oncology:

PLOS ONE | https://doi.org/10.1371/journal.pone.0239806 October 1, 2020 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239806.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239806.s002
https://doi.org/10.1056/NEJMoa0805019
http://www.ncbi.nlm.nih.gov/pubmed/19339720
https://doi.org/10.1200/jco.2007.12.5906
http://www.ncbi.nlm.nih.gov/pubmed/18202412
https://doi.org/10.1371/journal.pone.0239806

PLOS ONE

Intertumoral heterogeneity of KRAS mutation status in patients with rectal cancer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

official journal of the American Society of Clinical Oncology. 2008; 26(10):1626—34. Epub 2008/03/05.
https://doi.org/10.1200/jc0.2007.14.7116 PMID: 18316791.

Karapetis CS, Khambata-Ford S, Jonker DJ, O’Callaghan CJ, Tu D, Tebbutt NC, et al. K-ras mutations
and benefit from cetuximab in advanced colorectal cancer. N Engl J Med. 2008; 359(17):1757—-65.
https://doi.org/10.1056/NEJM0a0804385 PMID: 18946061.

Plesec TP, Hunt JL. KRAS mutation testing in colorectal cancer. Advances in anatomic pathology.
2009; 16(4):196—203. Epub 2009/06/24. https://doi.org/10.1097/PAP.0b013e3181a9d4ed PMID:
19546608.

Wang HL, Lopategui J, Amin MB, Patterson SD. KRAS mutation testing in human cancers: The patholo-
gist’s role in the era of personalized medicine. Advances in anatomic pathology. 2010; 17(1):23-32.
Epub 2009/12/25. https://doi.org/10.1097/PAP.0b013e3181c6962f PMID: 20032635.

Fisher R, Pusztai L, Swanton C. Cancer heterogeneity: implications for targeted therapeutics. British
journal of cancer. 2013; 108(3):479-85. Epub 2013/01/10. https://doi.org/10.1038/bjc.2012.581 PMID:
23299535; PubMed Central PMCID: PMC3593543.

Gerlinger M, Rowan AJ, Horswell S, Math M, Larkin J, Endesfelder D, et al. Intratumor heterogeneity
and branched evolution revealed by multiregion sequencing. N Engl J Med. 2012; 366(10):883-92.
Epub 2012/03/09. https://doi.org/10.1056/NEJMoa1113205 PMID: 22397650; PubMed Central
PMCID: PMC4878653.

Marjanovic ND, Weinberg RA, Chaffer CL. Cell plasticity and heterogeneity in cancer. Clinical chemis-
try. 2013; 59(1):168-79. Epub 2012/12/12. https://doi.org/10.1373/clinchem.2012.184655 PMID:
23220226; PubMed Central PMCID: PMC6220421.

Richman SD, Chambers P, Seymour MT, Daly C, Grant S, Hemmings G, et al. Intra-tumoral heteroge-
neity of KRAS and BRAF mutation status in patients with advanced colorectal cancer (aCRC) and cost-
effectiveness of multiple sample testing. Analytical cellular pathology (Amsterdam). 2011; 34(1-2):61—
6. Epub 2011/04/13. https://doi.org/10.3233/acp-2011-0005 PMID: 21483104; PubMed Central
PMCID: PMC4605581.

Lamy A, Blanchard F, Le Pessot F, Sesboue R, Di Fiore F, Bossut J, et al. Metastatic colorectal cancer
KRAS genotyping in routine practice: results and pitfalls. Mod Pathol. 2011; 24(8):1090—-100. Epub
2011/04/26. https://doi.org/10.1038/modpathol.2011.60 PMID: 21516079.

Jo P, Konig A, Schirmer M, Kitz J, Conradi LC, Azizian A, et al. Heterogeneity of KRAS Mutation Status
in Rectal Cancer. PloS one. 2016; 11(4):e0153278. Epub 2016/04/12. https://doi.org/10.1371/journal.
pone.0153278 PMID: 27064574; PubMed Central PMCID: PMC4827807.

Artale S, Sartore-Bianchi A, Veronese SM, Gambi V, Sarnataro CS, Gambacorta M, et al. Mutations of
KRAS and BRAF in primary and matched metastatic sites of colorectal cancer. Journal of clinical oncol-
ogy: official journal of the American Society of Clinical Oncology. 2008; 26(25):4217-9. Epub 2008/09/
02. https://doi.org/10.1200/jc0.2008.18.7286 PMID: 18757341.

Knijn N, Mekenkamp LJ, Klomp M, Vink-Borger ME, Tol J, Teerenstra S, et al. KRAS mutation analysis:
a comparison between primary tumours and matched liver metastases in 305 colorectal cancer
patients. British journal of cancer. 2011; 104(6):1020-6. Epub 2011/03/03. https://doi.org/10.1038/bjc.
2011.26 PMID: 21364579; PubMed Central PMCID: PMC3065268.

Han CB, Li F, Ma JT, Zou HW. Concordant KRAS mutations in primary and metastatic colorectal cancer
tissue specimens: a meta-analysis and systematic review. Cancer investigation. 2012; 30(10):741-7.
Epub 2012/10/19. https://doi.org/10.3109/07357907.2012.732159 PMID: 23075074.

Italiano A, Hostein |, Soubeyran |, Fabas T, Benchimol D, Evrard S, et al. KRAS and BRAF mutational
status in primary colorectal tumors and related metastatic sites: biological and clinical implications.
Annals of surgical oncology. 2010; 17(5):1429-34. Epub 2010/01/06. https://doi.org/10.1245/s10434-
009-0864-z PMID: 20049644.

Oltedal S, Aasprong OG, Moller JH, Korner H, Gilie B, Tjensvoll K, et al. Heterogeneous distribution of
K-ras mutations in primary colon carcinomas: implications for EGFR-directed therapy. International
journal of colorectal disease. 2011; 26(10):1271-7. Epub 2011/05/17. https://doi.org/10.1007/s00384-
011-1233-5 PMID: 21573767.

Sherwood J, Dearden S, Ratcliffe M, Walker J. Mutation status concordance between primary lesions
and metastatic sites of advanced non-small-cell lung cancer and the impact of mutation testing method-
ologies: a literature review. Journal of experimental & clinical cancer research: CR. 2015; 34:92. Epub
2015/09/05. https://doi.org/10.1186/s13046-015-0207-9 PMID: 26338018; PubMed Central PMCID:
PMC4559261.

van Krieken JH, Jung A, Kirchner T, Carneiro F, Seruca R, Bosman FT, et al. KRAS mutation testing for
predicting response to anti-EGFR therapy for colorectal carcinoma: proposal for an European quality
assurance program. Virchows Archiv: an international journal of pathology. 2008; 453(5):417-31. Epub
2008/09/20. https://doi.org/10.1007/s00428-008-0665-y PMID: 18802721.

PLOS ONE | https://doi.org/10.1371/journal.pone.0239806  October 1, 2020 11/13


https://doi.org/10.1200/jco.2007.14.7116
http://www.ncbi.nlm.nih.gov/pubmed/18316791
https://doi.org/10.1056/NEJMoa0804385
http://www.ncbi.nlm.nih.gov/pubmed/18946061
https://doi.org/10.1097/PAP.0b013e3181a9d4ed
http://www.ncbi.nlm.nih.gov/pubmed/19546608
https://doi.org/10.1097/PAP.0b013e3181c6962f
http://www.ncbi.nlm.nih.gov/pubmed/20032635
https://doi.org/10.1038/bjc.2012.581
http://www.ncbi.nlm.nih.gov/pubmed/23299535
https://doi.org/10.1056/NEJMoa1113205
http://www.ncbi.nlm.nih.gov/pubmed/22397650
https://doi.org/10.1373/clinchem.2012.184655
http://www.ncbi.nlm.nih.gov/pubmed/23220226
https://doi.org/10.3233/acp-2011-0005
http://www.ncbi.nlm.nih.gov/pubmed/21483104
https://doi.org/10.1038/modpathol.2011.60
http://www.ncbi.nlm.nih.gov/pubmed/21516079
https://doi.org/10.1371/journal.pone.0153278
https://doi.org/10.1371/journal.pone.0153278
http://www.ncbi.nlm.nih.gov/pubmed/27064574
https://doi.org/10.1200/jco.2008.18.7286
http://www.ncbi.nlm.nih.gov/pubmed/18757341
https://doi.org/10.1038/bjc.2011.26
https://doi.org/10.1038/bjc.2011.26
http://www.ncbi.nlm.nih.gov/pubmed/21364579
https://doi.org/10.3109/07357907.2012.732159
http://www.ncbi.nlm.nih.gov/pubmed/23075074
https://doi.org/10.1245/s10434-009-0864-z
https://doi.org/10.1245/s10434-009-0864-z
http://www.ncbi.nlm.nih.gov/pubmed/20049644
https://doi.org/10.1007/s00384-011-1233-5
https://doi.org/10.1007/s00384-011-1233-5
http://www.ncbi.nlm.nih.gov/pubmed/21573767
https://doi.org/10.1186/s13046-015-0207-9
http://www.ncbi.nlm.nih.gov/pubmed/26338018
https://doi.org/10.1007/s00428-008-0665-y
http://www.ncbi.nlm.nih.gov/pubmed/18802721
https://doi.org/10.1371/journal.pone.0239806

PLOS ONE

Intertumoral heterogeneity of KRAS mutation status in patients with rectal cancer

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Sauer R, Liersch T, Merkel S, Fietkau R, Hohenberger W, Hess C, et al. Preoperative versus postopera-
tive chemoradiotherapy for locally advanced rectal cancer: results of the German CAO/ARO/AIO-94
randomized phase lll trial after a median follow-up of 11 years. Journal of clinical oncology: official jour-
nal of the American Society of Clinical Oncology. 2012; 30(16):1926—33. Epub 2012/04/25. https://doi.
org/10.1200/jc0.2011.40.1836 PMID: 22529255.

Rodel C, Liersch T, Becker H, Fietkau R, Hohenberger W, Hothorn T, et al. Preoperative chemora-
diotherapy and postoperative chemotherapy with fluorouracil and oxaliplatin versus fluorouracil alone in
locally advanced rectal cancer: initial results of the German CAO/ARO/AIO-04 randomised phase 3
trial. The Lancet Oncology. 2012; 13(7):679-87. Epub 2012/05/26. https://doi.org/10.1016/S1470-2045
(12)70187-0 PMID: 22627104.

Jo P, Nietert M, Gusky L, Kitz J, Conradi LC, Muller-Dornieden A, et al. Neoadjuvant Therapy in Rectal
Cancer—Biobanking of Preoperative Tumor Biopsies. Scientific reports. 2016; 6:35589. Epub 2016/10/
19. https://doi.org/10.1038/srep35589 PMID: 27752113; PubMed Central PMCID: PMC5067705.

Dworak O, Keilholz L, Hoffmann A. Pathological features of rectal cancer after preoperative radioche-
motherapy. International journal of colorectal disease. 1997; 12(1):19-23. Epub 1997/01/01. https://doi.
org/10.1007/s003840050072 PMID: 9112145,

Hunt JL, Finkelstein SD. Microdissection techniques for molecular testing in surgical pathology.
Archives of pathology & laboratory medicine. 2004; 128(12):1372-8. Epub 2004/12/08. https://doi.org/
10.1043/1543-2165(2004)128<1372:mtfmti>2.0.co;2 PMID: 15578881.

Berthold M, Cebron N, Dill F, Gabriel T, Kétter T, Meinl T, et al. Data analysis, machine learning and
applications. Studies in classification, data analysis, and knowledge organization. 2008.

R Development Core Team. R: A language and environment for statistical computing. Vienna, Austria:
R Foundation for Statistical Computing; 2008.

Cox DR. Regression Models and Life-Tables. Journal of the Royal Statistical Society Series B (Method-
ological). 1972; 34(2):187—220.

Brink M, de Goeij AF, Weijenberg MP, Roemen GM, Lentjes MH, Pachen MM, et al. K-ras oncogene
mutations in sporadic colorectal cancer in The Netherlands Cohort Study. Carcinogenesis. 2003; 24
(4):703-10. Epub 2003/05/03. https://doi.org/10.1093/carcin/bgg009 PMID: 12727799.

Seth R, Crook S, Ibrahem S, Fadhil W, Jackson D, llyas M. Concomitant mutations and splice variants
in KRAS and BRAF demonstrate complex perturbation of the Ras/Raf signalling pathway in advanced
colorectal cancer. Gut. 2009; 58(9):1234—41. Epub 2009/05/29. https://doi.org/10.1136/gut.2008.
159137 PMID: 19474002.

Kaneko Y, Kuramochi H, Nakajima G, Inoue Y, Yamamoto M. Degraded DNA may induce discordance
of KRAS status between primary colorectal cancer and corresponding liver metastases. International
journal of clinical oncology. 2014; 19(1):113-20. Epub 2013/01/10. https://doi.org/10.1007/s10147-012-
0507-4 PMID: 23299277.

Vakiani E, Janakiraman M, Shen R, Sinha R, Zeng Z, Shia J, et al. Comparative genomic analysis of pri-
mary versus metastatic colorectal carcinomas. Journal of clinical oncology: official journal of the Ameri-
can Society of Clinical Oncology. 2012; 30(24):2956—62. Epub 2012/06/06. https://doi.org/10.1200/jco.
2011.38.2994 PMID: 22665543; PubMed Central PMCID: PMC3417049.

Docs O, Fazakas F, Horvath NL, Toth L, Andras C, Horvath Z, et al. Changes of KRAS Exon 2 Codon
12/13 Mutation Status in Recurrent Colorectal Cancer. Pathology oncology research: POR. 2015; 21
(2):399-404. Epub 2014/09/25. https://doi.org/10.1007/s12253-014-9834-2 PMID: 25248721.

Miglio U, Mezzapelle R, Paganotti A, Allegrini S, Veggiani C, Antona J, et al. Mutation analysis of KRAS
in primary colorectal cancer and matched metastases by means of highly sensitivity molecular assay.
Pathology, research and practice. 2013; 209(4):233-6. Epub 2013/03/30. https://doi.org/10.1016/j.prp.
2013.02.006 PMID: 23538047.

Paliogiannis P, Cossu A, Tanda F, Palmieri G, Palomba G. KRAS mutational concordance between pri-
mary and metastatic colorectal adenocarcinoma. Oncology letters. 2014; 8(4):1422—6. Epub 2014/09/
10. https://doi.org/10.3892/01.2014.2411 PMID: 25202344; PubMed Central PMCID: PMC4156255.

Brannon AR, Vakiani E, Sylvester BE, Scott SN, McDermott G, Shah RH, et al. Comparative sequenc-
ing analysis reveals high genomic concordance between matched primary and metastatic colorectal
cancer lesions. Genome biology. 2014; 15(8):454. Epub 2014/08/29. https://doi.org/10.1186/s13059-
014-0454-7 PMID: 25164765; PubMed Central PMCID: PMC4189196.

Crumley SM, Pepper KL, Phan AT, Olsen RJ, Schwartz MR, Portier BP. Next-Generation Sequencing
of Matched Primary and Metastatic Rectal Adenocarcinomas Demonstrates Minimal Mutation Gain and
Concordance to Colonic Adenocarcinomas. Archives of pathology & laboratory medicine. 2016; 140
(6):529-35. Epub 2015/11/05. https://doi.org/10.5858/arpa.2015-0261-SA PMID: 26536055.

de Macedo MP, de Melo FM, Ribeiro Jda S, de Mello CA, de Souza Begnami MD, Soares FA, et al.
RAS mutations vary between lesions in synchronous primary colorectal cancer: testing only one lesion

PLOS ONE | https://doi.org/10.1371/journal.pone.0239806  October 1, 2020 12/13


https://doi.org/10.1200/jco.2011.40.1836
https://doi.org/10.1200/jco.2011.40.1836
http://www.ncbi.nlm.nih.gov/pubmed/22529255
https://doi.org/10.1016/S1470-2045%2812%2970187-0
https://doi.org/10.1016/S1470-2045%2812%2970187-0
http://www.ncbi.nlm.nih.gov/pubmed/22627104
https://doi.org/10.1038/srep35589
http://www.ncbi.nlm.nih.gov/pubmed/27752113
https://doi.org/10.1007/s003840050072
https://doi.org/10.1007/s003840050072
http://www.ncbi.nlm.nih.gov/pubmed/9112145
https://doi.org/10.1043/1543-2165%282004%29128%26lt%3B1372%3Amtfmti%26gt%3B2.0.co%3B2
https://doi.org/10.1043/1543-2165%282004%29128%26lt%3B1372%3Amtfmti%26gt%3B2.0.co%3B2
http://www.ncbi.nlm.nih.gov/pubmed/15578881
https://doi.org/10.1093/carcin/bgg009
http://www.ncbi.nlm.nih.gov/pubmed/12727799
https://doi.org/10.1136/gut.2008.159137
https://doi.org/10.1136/gut.2008.159137
http://www.ncbi.nlm.nih.gov/pubmed/19474002
https://doi.org/10.1007/s10147-012-0507-4
https://doi.org/10.1007/s10147-012-0507-4
http://www.ncbi.nlm.nih.gov/pubmed/23299277
https://doi.org/10.1200/jco.2011.38.2994
https://doi.org/10.1200/jco.2011.38.2994
http://www.ncbi.nlm.nih.gov/pubmed/22665543
https://doi.org/10.1007/s12253-014-9834-2
http://www.ncbi.nlm.nih.gov/pubmed/25248721
https://doi.org/10.1016/j.prp.2013.02.006
https://doi.org/10.1016/j.prp.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/23538047
https://doi.org/10.3892/ol.2014.2411
http://www.ncbi.nlm.nih.gov/pubmed/25202344
https://doi.org/10.1186/s13059-014-0454-7
https://doi.org/10.1186/s13059-014-0454-7
http://www.ncbi.nlm.nih.gov/pubmed/25164765
https://doi.org/10.5858/arpa.2015-0261-SA
http://www.ncbi.nlm.nih.gov/pubmed/26536055
https://doi.org/10.1371/journal.pone.0239806

PLOS ONE

Intertumoral heterogeneity of KRAS mutation status in patients with rectal cancer

38.

39.

40.

41.

42,

43.

44.

45.

is not sufficient to guide anti-EGFR treatment decisions. Oncoscience. 2015; 2(2):125-30. Epub 2015/
04/11. https://doi.org/10.18632/oncoscience.118 PMID: 25859555; PubMed Central PMCID:
PMC4381705.

Balschun K, Haag J, Wenke AK, von Schonfels W, Schwarz NT, Rocken C. KRAS, NRAS, PIK3CA
exon 20, and BRAF genotypes in synchronous and metachronous primary colorectal cancers diagnos-
tic and therapeutic implications. The Journal of molecular diagnostics: JMD. 2011; 13(4):436—45. Epub
2011/06/28. https://doi.org/10.1016/j.jmoldx.2011.03.002 PMID: 21704278; PubMed Central PMCID:
PMC3123804.

QOgino S, Brahmandam M, Kawasaki T, Kirkner GJ, Loda M, Fuchs CS. Epigenetic profiling of synchro-
nous colorectal neoplasias by quantitative DNA methylation analysis. Mod Pathol. 2006; 19(8):1083—
90. Epub 2006/05/16. https://doi.org/10.1038/modpathol.3800618 PMID: 16699497.

Kubota M, Lin YW, Hamahata K, Sawada M, Koishi S, Hirota H, et al. Cancer chemotherapy and
somatic cell mutation. Mutation research. 2000; 470(2):93-102. Epub 2000/10/12. https://doi.org/10.
1016/s1383-5742(00)00043-0 PMID: 11027962.

de Macedo MP, Melo FM, Ribeiro HSC, Marques MC, Kagohara LT, Begnami MD, et al. KRAS muta-
tion status is highly homogeneous between areas of the primary tumor and the corresponding metasta-
sis of colorectal adenocarcinomas: one less problem in patient care. American journal of cancer
research. 2017; 7(9):1978-89. Epub 2017/10/06. PMID: 28979819; PubMed Central PMCID:
PMC5622231.

Vogelstein B, Fearon ER, Hamilton SR, Kern SE, Preisinger AC, Leppert M, et al. Genetic alterations
during colorectal-tumor development. N Engl J Med. 1988; 319(9):525-32. Epub 1988/09/01. https://
doi.org/10.1056/NEJM198809013190901 PMID: 2841597.

Maffeis V, Nicole L, Cappellesso R. RAS, Cellular Plasticity, and Tumor Budding in Colorectal Cancer.
Front Oncol. 2019; 9:1255. https://doi.org/10.3389/fonc.2019.01255 PMID: 31803624; PubMed Central
PMCID: PMC6877753.

Sasaki AT, Janetopoulos C, Lee S, Charest PG, Takeda K, Sundheimer LW, et al. G protein-indepen-
dent Ras/PI3K/F-actin circuit regulates basic cell motility. The Journal of cell biology. 2007; 178(2):185—
91. Epub 2007/07/20. https://doi.org/10.1083/jcb.200611138 PMID: 17635933; PubMed Central
PMCID: PMC2064438.

van Haastert PJ, Keizer-Gunnink |, Kortholt A. Coupled excitable Ras and F-actin activation mediates
spontaneous pseudopod formation and directed cell movement. Mol Biol Cell. 2017; 28(7):922-34.
https://doi.org/10.1091/mbc.E16-10-0733 PMID: 28148648; PubMed Central PMCID: PMC5385941.

PLOS ONE | https://doi.org/10.1371/journal.pone.0239806  October 1, 2020 13/13


https://doi.org/10.18632/oncoscience.118
http://www.ncbi.nlm.nih.gov/pubmed/25859555
https://doi.org/10.1016/j.jmoldx.2011.03.002
http://www.ncbi.nlm.nih.gov/pubmed/21704278
https://doi.org/10.1038/modpathol.3800618
http://www.ncbi.nlm.nih.gov/pubmed/16699497
https://doi.org/10.1016/s1383-5742%2800%2900043-0
https://doi.org/10.1016/s1383-5742%2800%2900043-0
http://www.ncbi.nlm.nih.gov/pubmed/11027962
http://www.ncbi.nlm.nih.gov/pubmed/28979819
https://doi.org/10.1056/NEJM198809013190901
https://doi.org/10.1056/NEJM198809013190901
http://www.ncbi.nlm.nih.gov/pubmed/2841597
https://doi.org/10.3389/fonc.2019.01255
http://www.ncbi.nlm.nih.gov/pubmed/31803624
https://doi.org/10.1083/jcb.200611138
http://www.ncbi.nlm.nih.gov/pubmed/17635933
https://doi.org/10.1091/mbc.E16-10-0733
http://www.ncbi.nlm.nih.gov/pubmed/28148648
https://doi.org/10.1371/journal.pone.0239806

