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Abstract

Background: Platelet derived growth factor receptor alpha (PDGFR ) has been considered as a relevant factor in
tumor proliferation, angiogenesis and metastatic dissemination. It was a target of tyrosine kinase (TK) inhibitors

emerged in the therapy of diverse cancers. In colorectal cancer, the commonly used theragyitisediati-growth
factor receptor (EGFR). However, both RAS mutated and a subgroup of RAS wild type patients resist to such therapy.
The aim of this study is to investigate PDGFR protein expression and mutational status in colorectal adenocarcinoma
and their association with clinicopathological features and molecular RAS status to provide useful informatign for the

identi cation of an e ective biomarker that might be implicated in prognosis and treatment prediction.

Methods: Our study enrolled 103 formalin xed paraembedded (FFPE) colorectal adenocarcinoma.
PDGFR expression was investigated by immunohistochemistry (IHC). Hotspot exon 18 of PDGFRA was studied by

PCR followed by Sanger sequencing and RAS status was determined by real time quantitative PCR. Thirteen normal
colon tissues were used as negative controls.

Results: PDGFR staining was detected in the cytoplasm of all tissues. Low expression was observed in all hormal
colon mucosa. In adenocarcinoma, 45% (45/100) of cases showed PDGFR overexpression. This overexpression
was signi cantly associated with mutations in exon 18q®24), RAS wild type status 1B%), tumor diameter
(P 0.048), whereas there was no association with tumor sid&1B) and other clinicopathological features.

Conclusion: Overexpression of PDGFR in adenocarcinoma suggests its potential role in tumor cells growth|and
invasion. The association between PDGFR overexpression in both tumor and stromal adenocarcinoma cells with RAS
wild type status suggests its potential role in anti-EGFR therapy resistance and the relevance of using it as $peci c or
adjuvant therapeutic target.

Keywords: Platelet derived growth factor receptor alpha, Colorectal cancer, RAS status, Mutations exon 18,
Immunohistochemistry

Background

Prognosis and treatment of the heterogeneous disease,

*Correspondence: nadiabenjemii@gmail.com; colorectal cancer (CRC), is challenging. CRC is the third
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of Tunis, Institut Pasteur de Tunis, University Tunis EI Manar, Tunis, TunisiaWith an age-standardized incidence and mortality rates of
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in Tunisia per 100,000 people (http&gco.iarc.fritoday/ [13]. PDGFR showed a crucial role in therapy resistance
home). e evaluation of the prognosis and the response given its impact in both stromal and tumor cells which
to therapy in CRC is based on several factors includingntensify tumor proliferation. In this context, genetic var
TNM stage, some histopathological criteria and molec iabilities were identi ed in PDGFRAgene as associated
ular testing for Rat sarcoma (RAS) mutation to selectto resistance toward anti-EGFR targeted therapy but the
patients for anti-EGFR targeted therapy. Currently there results still controversial [1415]. Moreover, the EGFR
is an increasing concern that these factors are limited inand PDGFR signaling pathways share large downstream
their ability to re ect the diversity of clinical behavior of signaling pathways as the activation of RAS genes. As a
colorectal cancer and the response to targeted therapyresult, molecular RAS status could in uence the expres
Hence, they are not sucient to discriminate patients sion level or interferes also with TK inhibition of other
with di erent molecular pathological pro les. RTK than EGFR, including the PDGF receptor.
Consensus molecular subtypes (CMS) classication is work aimed to explore the PDGFR expression/
and other new molecular biomarkers are studied tomutational hot spot exon 18 status and its association
assess the diagnosis and the prognosis of CRC and othexrith clinicopathological features and RAS status in celo
malignancies as methaderin and octamer-binding tran rectal adenocarcinoma in order to assess its potential
scription factor 4 (Oct4), but still not recommended for role in prognosis and treatment prediction.
patients management [1, 2].
Platelet derived growth factor (PDGF) signaling Materials and methods
pathway promotes processes of cancer aggressivene®atients and tissue samples
as epithelial mesenchymal transition (EMT), tumor A total of 116 formalin xed and paran embedded
proliferation, growth and progression, angiogenesis,(FFPE) tissues including 103 colorectal adenocarcinoma,
inhibition of apoptosis, recurrence and metastatic dis and 13 normal colon mucosa as negative controls were
semination via the activation of various signaling pathwaycollected from the archived tissues in Department of
as PI3BK/AKT and RAS/MAPK signaling pathways [3— Human and Experimental pathology at Institut Pasteur
5]. Platelet-derived growth factor receptors (PDGFR) andde Tunis. Histological reports including tumor location,
their ligands were reported as highly expressed in eon histological gradation and TNM status were collected.
sensus molecular subtypes 4 (CMS4) colon tumors and
identi ed as potential therapeutic targets for this sub Pretreatment of formalin xed and para n-embedded
type [6]. Dysregulation of PDGFR alpha (PDGFR ), onesamples
of receptors tyrosine kinase (RTK), has been reported inFor each sample, six sections of 4 m-thick were
a broad range of cancer including glioblastoma, breasbbtained, 3 sections for DNA extraction, 2 sections
cancer, hepatocellular carcinomas, pancreatic cancerfor histopathological study (the rst and the last sec
and ovarian cancer [47-9], either by protein overexpres tions to check the presence of tumor cells) and 1 sec
sion or by the e ect of mutations and chromosomal rear tion for immunohistochemical study. After each
rangements. Moreover, this receptor has been approvedpecimen, blades were changed to minimize the risk of
by the Food and Drug Administration as therapeutic cross-contamination.
target for the treatment of patients with gastrointestinal
stromal tumors (GISTs) (https/www.brimr.org/PKI/  Histopathological study
PKls.htm). It was shown that Imatinib (PDGFR inhibi Samples were stained with hematoxylin—eosin (HE) and
tor) can reduce the aggressive phenotype of CMS4 classxamined by a Pathologist to con rm the histopathologi
colorectal tumors [6, 10]. cal diagnosis and to assess the proportion of tumor cells.
Anti-epidermal growth factor receptor (EGFR) monro
clonal antibody was the therapy commonly used for Immunohistochemistry
metastatic colorectal cancer patients with wild-type RAS Sections were depara nized in toluene, rehydrated
(KRAS/NRAS) genes. Nevertheless, 25% of patients withith ethanol, and immersed in citrate antigenic retrieval
RAS wild type (WT) status didn't respond to this ther bu er during 20 min in 95 °C water-bath and then cooled
apy [11]. Resistance could be explained by genetic alteraat room temperature for 20 min. Endogenous peroxidase
tions in other ancillary axes signaling pathways governingactivity was subsequently blocked with 3% hydrogen-per
tumor growth, in addition to the tyrosine kinase recep oxide in methanol followed by incubation with protein
tor EGFR, representing a cross-RTK signaling switchingblock for 30 min. e sections were incubated with the
that cannot be captured by targeting single RTK [12].primary antibody: anti-PDGFR antibody (1:100; Santa
Recent data have demonstrated that EGF stimulate<Cruz Biotechnology, Inc.) for 1 h at room temperature.
EGFR-PDGFR transactivation and heterodimerization After phosphate-bu ered saline (PBS) washing, tissue
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sections were incubated with biotinylated secondary
antibody during 30 min, followed by incubation with

novolink polymer (Leica Microsystems, Newcastle Ltd.) -

for 30 min. e antibody complex was visualized by the
chromogens 3-amino-9-ethylcarbazole (AEC) and sec
tions were counterstained with Mayer's hematoxylin.
Prostate tissue from department of Human and Experi
mental pathology of Institut Pasteur de Tunis was used as
a positive control for primary antibody. For negative con
trols, the anti-PDGFR antibody was replaced by PBS.

Evaluation of immunohistochemical data

Tumoral and stromal cells were scored by a pathologist
using the immuno-reactive-score (IRS) system. IRS-sys
tem is the product of the staining intensity and the pro
portion of the positive stained tumor cells in comparison
with negative tumor cells. Only cytoplasmic and or mem
branous staining were considered. Labeling intensity was
scored from 0 to 3 as follow; 0: absence of staining, 1:
weak staining, 2: moderate staining and 3: strong stain
ing. e percentage of positive stained tumor cells was
graded as follows: O for less than 10% of positive tumor
cells, 0.5 for 10-50%, and 1 for more than 50% of posi
tive tumor cells. e nal scores obtained were 0; 0.5; 1;

1.5; 2 and 3. According to this score, PDGFR expres °

sion was classi ed into two categories: low expression
(IRS 0-0.5) and high expression (IR%-3).

Molecular analysis
« DNA extraction and quanti cation

DNA extraction from para n blocks was performed
using the Qiagen (QIA) amp DNA Mini Kit (Qiagen,
Courtaboeuf, France) according to the manufaetur
er's instructions. DNA concentrations and purities
were determined using a NanoDrop 2000c spee€tro
photometer (ermo Fisher Scienti ¢, Wilmington,
Delaware).

¢ RAS mutation analysis
e KRASNRAS mutational analysis was per
formed by the LightMix kit (TibMolBiol) according
to the manufacturer’s instructions. Briey, 3 probes
(CTRL No-Clamped Control, LOW Clamped Muta
tion Analysis and HIGH Clamped Mutation Analy
sis) were used to detect specic mutations in the
codons 12-13 of the second ( rst transcribed) exon
of the KRASgene. Whereas, 6 probes (N12-13, N59-
61, N117, N146, K117 and K146) were used to4iden
tify mutations in the codons 12-13 (exon 2), codons
59-61 (exon 3), codon 117 and 146 (exon 4) of NRAS
gene as well as codons 117 and 146 (exon 4) of the
KRAS gene. Reaction mix was then inserted into
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Roche Diagnostics Light-Cycler instrument 480 to
detect speci c mutations.

Exon 18 PDGFRARCR ampli cation

According to the Catalogue of Somatic Mutations in
Cancer (COSMIC) database, the exon 18 of the PDG
FRAGgene is a hotspot pathogenic mutation site.-Pol
ymerase chain reaction (PCR) was performed using
speci ¢ primer pair (Forward5 GATCAGCCAGTC
TTGCAG 3; Reverse: 5 CTCAGAAGCAACAC
CTGAC 3) covering 79 base pair (bp) of the intron
17-18, the totality of the exon 18 (123 bp) and 77 bp
of the intron 18-19 of PDGFRAene. e design of
primers was carried out using the software “primer
designing tools” by accessing the website “htfps
www.ncbi.nlm.nih.gov/tools/primer-blast/".

Extracted DNA was subjected to a PCR with the
following parameters: 15 min initial denaturation
at 94 °C, followed by 35 ampli cation cycles of 45 s
at 94 °C, 45 s at 58 °C and 45 s at 72 °C, and a nal
extension step of 10 min at 72 °C, using a thermal
cycler (BIORAD T100TM ermal cycler, Life sci
ence research). e PCR products were then sub
jected to electrophoresis in a 1.5% agarose gel with
syber safe.

Exon 18 PDGFRA sanger sequencing

e PCR products were sequenced on an automated
sequencer (ABlI 3500; Applied Biosystems, Foster
City, CA, USA), using a cycle sequencing reaction kit
(Big Dye Terminator kit, Applied Biosystems). Data
were analyzed using the BioEdit Sequence Alignment
Editor Version 7.0.5.3.

Prediction tools

PDGFRA mutations were predicted with dierent
computational tools (Mutation taster: httpgwww.
mutationtaster.org/, Human Splicing Finder (HSF):
https://Jumd.be/Rediect.html,  Sorting Intoler
ant From Tolerant (SIFT): http#/sift.bii.a-star.edu.
sg/, Protein Variation E ect Analyzer (PROVEAN):
https://provean.jcvi.org/protein_batch_submi
t.php?species human Catalogue of Somatic Muta
tions in Cancer (COSMIC): http#/cancer.sanger.ac.
uk/cosmic Ensemblhttps://www.ensembl.org/index
.html, UMD predictor: https//umd-predictor.eu/
analysis.php and ClinVar: httpgwww.ncbi.nlm.nih.
gov/clinvar/ in order to estimate splice site e ects,
protein damage or clinical signication. An online
web-server HOPE was used to analyze the e ects of
point mutations on protein hydrophobicity, chemical
and physical properties, spatial structure and func
tion (https://www.cmbi.ru.nl/hope/) [16]. Moreover,

e ects of synonymous mutations on messenger-rib
onucleic acid (mMRNA) folding were predicted using
Mfold web server (httpg/www.bioinfo.rpi.edu/appli
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cations/mfold) [17]. e full mRNA sequence of Tablel Summary of clinicopathological features
PDGFRA(reference and mutated) and 123pb nucleo of the study group

tide sequence surrounding the synonymous variationpgg samples N (%)
were analyzed. To predict the amount of structural

SNP, dierences in single-strandedness count (ssTotal number 103
counts) (number of times each nucleotide is singlesender

stranded in a group of predicted foldings) were ana Female 40 (38.8%)
lyzed for each synonymous variation relative to the Male 63 (61.2%)

reference sequence in both full and partial sequenckocation
[18]. e most stable structure (having the lowest Colon

Gibbs free energy ( G) was used for analysis. Rightside 29 (29.6%)
Leftside 49 (50%)
Statistical analysis Rectum 20 (20.4%)
IBM SPSS Statistics version 26.0 was used for all statistiiot! 98
cal analysis. Fisher’s exact test r test was performed Diameter of tumor
to analyze association between PDGFR expression,<lin 5 ¢m 54 (60.7%)
icopathological parameters, RAS status and molecular >°¢m 35 (39.3%)
PDGFRAstatus. R0.05 was considered as statistically Total 89
signi cant and P<0.001 highly signi cant in all statistical 'nvasion of tumor
analyses. T1 1 (1%)
T2 7 (7.1%)
Results T3 54 (54.5%)

Samples features T4 37 (37.4%)

One hundred and three adenocarcinomas and 13 normal™®@ 99
colon tissues were analyzed. e age of patients ranged Y™Ph node metastasis

from 22 to 88 years, with an average age of 57.4 years (SD\° 35 (35.4%)
13.2). ere was a slight male predominance (63 male N! 34 (34.3%)
and 40 female) with a sex ratio equal to 1.5. Most of the N2 30 (30.3%)
adenocarcinomas were at stage pT3 (54/99 cases (54.5%f! 99

and left side located (49/98 cases (50 A %). Histologidgiological grade

study showed that the moderately di erentiated adeno Well di erentiated 25 (24.3%)
carcinoma was the most frequent histological subtype Moderately dierentiated 66 (64.1%)
(64.1%). Tablel summarizes clinicopathological data of ~Poorly dierentiated 12 (11.7%)
the study series. Total 103

Immunohistochemical PDGFR expression

e staining of PDGFR was found in epithelial, q . | cell o /100) of
endothelial and stromal (mononuclear elements of theIn adenocarcinoma stromal cells, 45% (45/100) of cases

stroma) cells. All normal colon mucosa showed |0Wshowed PDGFR overexpression, 52% (52/100 cases)
(RS 0-0.5) PDGFR cytoplasmic staining strength showed a low expression and 3% (3/100 cases) showed an
' absence of PDGFR expression. Signi cant association

ened by membranous immunolabelling (Fid). In ade b d bet PDGER oo )
nocarcinoma, 3 cases were eliminated because of nucleéq:as observed between Overexpression in-epi

. . 3
staining. Among the remaining 100 samples, PDGFR ¢ eI|_aI and stromal agle;nocarcmoma cells ¢207).
epithelial overexpression (IRS1-3) was found in 45% With regards to clinicopathological features, PDGFR
(45/100) and low expression in 55% (55/100) (FiY. e overexpression observed in 45% of epithelial colorectal
expression pattern in ADK showed cytoplasmic stain ADK was signi cantly associated wiih twmor diame

ing in all cases, among them, 2 samples (0.02%) showdd' 5cm (P 0.048). !\IO association was found betV\(een
membranous and cytoplasmic labelling. ese labellings PDGFR overexpression and other clinicopathological
were observed in low expression cases. PDGFR everfactors as shown in Table 2.

expression was signi cantly associated to adenocarci
noma compared to normal tissues (B.001). Focal to
di use immunostaining of immune inltrate and ves
sels was shown in the tumor microenvironment (Fid).

Mutational RAS/PDGFRA analysis
CRC patients were examined for molecular RAS
(KRASNRAS) status resulting in 47.5% (49/103) with
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(. L i Fad ) Ty = ol W et TR R Pad B A0
Fig. 1 PDGFR immunohistochemical expression pattern. a Weak staining of PDGFR in normal colon epithelium. b Strong staining of PDGFR
in wild type RAS adenocarcinoma. ¢ Weak staining of PDGFR in mutated RAS adenocarcinoma. d Di use immunostaining in stromal cells (a—c

magni cation 200; d magni cation 400)

I

RAS wild type (WT) status and 5294 £54/103) with otherwise between dierent variations in PDGFRA
mutated RAS status. e mutations were found in gene and clinicopathological characteristics (Tablg 4
KRAS exon 2 gene in 44.6% (46/103) and in KRASN
3, 4;NRAS exons 2, 3, 4 gene in 7.7% (8/103). RAS WE ect of the mutations on the protein structure
status was highly associated to PDGFR overexpressiorand function
(P <103 (Table 2. We found four non-synonymous mutations in the exon
e mutational analysis of the exon 18 of PDGFRA 18 (c.2464C>T, c.2464C>A, c.2459C>T, c.2507A>T)
gene was done in 55 ADK and 3 normal samples. Iwhich spatial e ect on protein domain are shown
revealed the presence of 18 variants, 5 in the intronin Fig. 2. In fact, the ¢.2464CGT and c.2464CA
17-18, 10 in the exon 18 and 3 in the intron 18-19.mutations change the Arginine at position 822 into
Variant 1IVS17-50insA insertion (rs3830355) in intron a cysteine and a serine respectively. ese muta
17-18 was found in all normal samples and in 53/55tions share the same properties: the mutant residue is
ADK. All variations detected in the exon 18 and in the smaller, has a neutral charge and is more hydrophobic
part of the intron 18-19 were absent in normal colon than the wild-type residue. eir localization within
tissues. Among 10 mutations observed in the exon 18, 4 protein kinase domain will cause loss of hydrogen
were non-synonymous and 6 were not reported previ bonds in the core of the protein and as a result disturbs
ously. e Table 3 summarizes the characteristics of the correct folding. Moreover, these mutations are located
di erent variations using di erent prediction tools. in an important domain for the protein activity which is
Mutations in exon 18 were signicantly associ in contact with other domains involved in binding or in
ated only with PDGFR overexpression (P 0.024) protein activity. e interaction between these domains
and mutations in the intron 18-19 were signi could be disturbed by these mutations, which might
cantly associated with well di erentiated adenocarci aect protein function or signal transduction. e
noma (P 0.035) (Tabled). ere was no association mutation ¢.2459CT change the alanine into a Valine



Ben Jemii et al. J Transl Med (2020) 18:440

Table2 Association  between PDGFR expression,
clinicopathological parameters and RAS mutational status

Tissue samples PDGFR expression P value
Low (n 55) High (n 45)
Age (years) 0.447
<50 13 (59.1%) 9 (40.9%)
50 37 (54.4%) 31 (45.6%)
Missing 5 5
Gender 0.104
Male 30 (49.2%) 31 (50.8%)
Female 25 (64.1%) 14 (35.9%)
Missing 0 0
Location 0.13
Colon 43 (57.3%) 32 (42.7%)
Rectum 8 (40%) 12 (60%)
Missing 4 1
Diameter of tumor (cm) 0.048
5 23 (45.1%) 28 (54.9%)
>5 23 (65.7%) 12 (34.3%)
Missing 9 5
Invasion of tumor 0.644
T1 1 (100%) 0 (0%)
T2 3 (50%) 3 (50%)
T3 30 (56.6%) 23 (43.4%)
T4 17 (47.2%) 19 (52.8%)
Missing 4 0
Lymph node metastasis 0.54
NO 20 (60.6%) 13 (39.4%)
N1 18 (54.5%) 15 (45.5%)
N2 14 (46.7%) 16 (53.3%)
Missing 3 1
Histological gradation 0.068
Well di erentiated 18 (72%) 7 (28%)
Moderately di erentiated 33 (52.4%) 30 (47.6%)
Poorly di erentiated 4 (33.3%) 8 (66.7%)
Missing 0 0
RAS status 0.000
Wwild type 17 (35.4%) 31 (64.6%)
Mutated 38 (73.1%) 14 (26.9%)
Missing 0 0

at position 820. e mutant residue is bigger than the
wild-type residue. is mutation, located within a

domain tyrosine kinase, introduces an amino acid with With Dbibliographic data. ,
¢ found that PDGFR was present in 82.8% (82/99 cases)

di erent properties, which can disturb this domain an
abolish its function. e ¢.2507A >T mutation changes
an aspartic acid into a valine at position 836. is
mutant residue is smaller, has a neutral charge and
more hydrophobic than the wild-type residue. e dif-

ference in properties between wild-type and mutation
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can easily disturb ionic, domains and ligand interaction
which might a ect protein function and structure.

Our results showed also the presence of 6 synony
mous variations (c.2472C>T, c.2481A>T, c.2496G>A,
€.2514C>T, ¢.2517G>T and c.2520C>A). Except the
€.2481A>T, these variations were predicted to induce
splicing site alteration by HSF tool (Tabl®). In order to
test if they change mRNA secondary structure, we used
Mfold web server. All synonymous variations changed
ss-count as compared to the full length and the partial
reference sequence which might change the mRNA sec
ondary structure except for the ¢.2517&T (data not
mentioned). Partial mRNA folding structure of mutant
compared to their wild type sequence were shown in
Fig.3. e mRNA folding carrying ¢.2517G>T was simi
lar to that of WT. Other synonymous variations may lead
to the change of MRNA secondary structure.

Discussion

To our knowledge, this is the rst study investigating
PDGFR protein expression and molecular proles in
colorectal cancer and correlating these pro les with clin
icopathological features and RAS status.

PDGFR staining pattern and mutational status in CRC

In this work, immunohistochemistry results showed an
immunostaining chiey in the cytoplasm except for 2
ADK having membranous joined by cytoplasmic stain
ing. ese 2 cases have a low PDGFR expression. Only
cytoplasmic stain was found by Wehler and al using the
same anti-PDGFR antibody in all colorectal cancer
samples studied [4]. ey suggest that the cytoplasmic
localization is the result of an impaired ubiquitination
mechanism; possibly due to alterations undoing iRdi
rect link between PDGFR and c-Cbl required and suf
cient for endocytosis and lysosomal degradation [49].
PDGFR cytoplasmic localisation might extend lifetime
and/or execute specic functions as the activation of
unconventional signaling pathways like STAT, c-Jun and
PLC pathways [20-24].

In the present study, we found that PDGFR was
weakly expressed in all control cases which is in aceord
ance with other studies [4, 15, 25-27].

In colorectal ADK, our results demonstrate the pres
ence of PDFGR in all cases which was in agreement
In fact, Wehler et al. have

of human colorectal cancer specimens [4]. In the same
context, Schimanski et al. have found that PDGFR was

iexpressed in 84.9% (79/93 cases) of human colorectal

cancers [15]. e analysis of our series demonstrated
that 45% (45/100) of ADK cases showed PDGFR over
expression which was signi cantly associated to ADK
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Table 4 Association between PDGFRA mutational status and clinicopathological parameters, PDGFR expression
and RAS mutational status

Tissue samples (N55 CRC) PDGFRA intron 17-18 PDGFRA exon 18 PDGFRA intron 18-19
Present P-value Present P-value Present P-value
Age (years) 0.239 0.5 0.643
<50 years 7 (70%) 4 (40%) 0 (0%)
50 years 21 (51.2%) 19 (46.3%) 2 (4.9%)
Gender 0.43 0.55 0.599
Male 17 (48.6%) 15 (42.9%) 1 (2.9%)
Female 11 (55%) 9 (45%) 1 (5%)
Location 0.119 0.083 0.339
Colon 25 (56.8%) 22 (50%) 1 (2.3%)
Rectum 3 (30%) 2 (20%) 1 (10%)
Diameter of tumor 0.521 0.258 0.635
5 cm 16 (51.6%) 15 (48.4%) 1 (3.2%)
>5cm 11 (55%) 7 (35%) 1 (5%)
Invasion of tumor 0.228 0.957 0.952
T2 2 (100%) 1 (50%) 0 (0%)
T3 16 (55.2%) 13 (44.8%) 1 (3.4%)
T4 10 (41.7%) 10 (41.7%) 1 (4.2%)
Lymph node metastasis 0.077 0.924 0.125
NO 14 (70%) 9 (45%) 0 (0%)
N1 6 (33.3%) 7 (38.9%) 2 (11.1%)
N2 8 (50%) 7 (43.8%) 0 (0%)
Histological gradation 0.283 0.871 0.035
Well di erentiated 9 (69.2%) 5 (38.5%) 2 (15.4%)
Moderately di erentiated 16 (47.1%) 15 (44.1%) 0 (0%)
Poorly di erentiated 3 (37.5%) 4 (50%) 0 (0%
PDGFR expression 0.089 0.024 0.103
Low 16 (43.2%) 4 (22.2%) 2 (11.1%)
High 12 (66.7%) 20 (54.1%) 0 (0%)
RAS status 0.333 0.08 0.666
Wwild type 15 (46.9%) 17 (53.1%) 1(3.1%)
Mutated 13 (56.5%) 7 (30.4%) 1 (4.3%)

as compared to normal mucosa (P0.001). Dai et al. immunostaining in various mesenchymal stromal cells
revealed by cDNA microarray analysis of 16 cases ofncluding in ammatory cells and vessels. In ADK stromal
CRC and proximal non-cancerous colorectal mucosa, thecells, our results showed that PDGFR was expressed in
overexpression of PDGFR in colorectal cancers as com 97% (97/100 cases) of specimens. ese were correbo
pared to that in normal tissues (ratic4.81 0.14) [26].  rated by previous results of Wehler et al. that showed
e same result was showed by Li et al. using the west PDGFR expression in 70% of stromal colorectal carci
ern blot analysis of 176 colon cancer specimens and-nornoma cells [4]. However, Bian et al. reported a moderately
mal biopsies [27]. Overexpression proportion variations PDGFR expression [25]. Our results showed an assecia
could be the consequence of the use of di erent method tion between PDGFR expression in tumor and stromal
ology, IHC scoring, and di erent number of cases. In this cells (P <18 , respectively). ese results suggest that in
study, we used 103 cases of CRC and 13 cases as norrA&K, stromal cells could intensify tumor growth. In fact,
controls. is could explain the proportion di erence of ~ tumor-associated stroma formed by ostensibly normal
high expression regarding to normal controls. cells was considered as active participants in tumorigene

Besides expression of PDGFR in tumor colorectal sis which leads to cancer progression and metastatic dis
cells, we noted the presence of focal to di use PDGFR semination by interacting with cancer cells [28, 29].
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M . Chromatodrams Overview of the protein Close-up of the Sch e stied
utations 9 in ribbon-presentation mutation chematicstructures
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Fig. 2 The e ect of non-synonymous mutations on 3D PDGFR structure. Sanger sequencing chromatograms of PDGFRA exon 18 show the
wild and mutated sequence of non-synonymous variations (c.24642464€A, ¢.2459€T and c.2507AT). Overviews of protein in
ribbon-presentation show the protein in grey and the side chain of the mutated residue in magenta (shown as small ballsyprog Close
mutations (seen from a slightly di erent angle) shows the protein in grey and the side chains of both the wild-type and the mutant residue in green
and red respectively. Schematic structures show the original (green) and the mutant (red) amino acid. The backbone, which is the same for each
amino acid, is colored red. The side chain, unique for each amino acid, is colored black

In our study, 54.1% of samples with PDGFR pre mutations and the overexpression of PDGFR . How
sent mutation in exon hotspotl8 which encodes the ever, in the coding region, we have found 4 non syn
tyrosine kinase domain Il, a highly conserved region inonymous mutations which changed 3D PDGFR
PDGFRAgene. We noticed that mutations in the flark structure according to the HOPE web server (https
ing intron parts have no impact on PDGFR expres ://lwww.cmbi.ru.nl/hope/). Two  non-synonymous
sion given the absence of association between thesmutations were previously reported: the c.24640


https://www.cmbi.ru.nl/hope/
https://www.cmbi.ru.nl/hope/
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Fig. 3 The e ect of synonymous variations on mRNA secondary structure. Sanger sequencing chromatograms show the wild and mutated
sequence of synonymous PDGFRA exon 18 variations (2. 24G2881AT, c.24968A, ¢.2514€T, c.25178T and c.2520€A). The e ect of
synonymous variations on partial mMRNA (123pb) secondary structure is compared to the reference sequence at the same position (arrows)
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(COSM5772696) was described in colorectal cancePDGFR expression and clinicopathological parameters
[14], as well as in other cancers [30] (COSMIC data In an attempt to explore the role of PDGFR in neo
base: https://cancer.sanger.ac.uk/cosmic/gene/analyplastic progression, we correlated its expression with
sis?In PDGFRA), and, the c.24646A (COSM19324) clinicopathological parameters. Our study showed an
identified only in gastrointestinal stromal tumor [31]. association between high PDGFR expression in ADK
Our study also revealed the presence of 6 synonycells and tumor size5 cm (P 0.048). Such associa
mous variations which might affect protein features, tion was not previously reported in colorectal cancer.
splicing sites or mRNA folding or stability according e role of tumor diameter in CRC prognosis and recuf
to mutation taster, HSF and mfold RNA prediction rence remains controversial. In fact, several studies iden
tools. Similar results were reported for other synony tied large tumor diameter as risk factor for recurrence,
mous variation in CRC and other malignancy via the postoperative complications after laparoscopic surgery
same mechanisms mentioned above [324]. This of advanced rectal cancer, metastasis and poor progno
would have phenotypic effect on protein expressionsis [42-45]. However, other studies revealed that small
[35, 36]. Our analysis showed a non-significant but atumor size was associated to higher recurrence, poor
tendency toward association between the presencesurvival and prognostic features [46—48]. According to
of synonymous variations and the PDGFR overex the previous reports, correlation between PDGFR over
pression (P 0.069; data not shown). However, it wasexpression and progressed International Union against
shown by in vitro analysis that the synonymous pely Cancer (UICC) stages Ill/IV and lymph node metasta
morphism (c.2472C>T), found in our study, reduces sis was reported in older patients with colorectal spo
PDGFR expression in acral melanoma via decreas radic cancer suggesting its important role in colorectal
ing its mMRNA and protein stability and its downstream cancer dissemination [4]. However, our data showed no
signaling activity (MAPK and PI3K/AKT) [37]. In signi cant association between PDGFR overexpression
the same study, this polymorphism was associated tand T status (P 0.644), N status (P 0.54), age class
better survival [37]. However, it was reported as sig (P 0.447) or histological gradation (®.068). Further-
nificantly associated with worse prognosis in renal cellmore, our results showed the absence of signi cant asso
carcinoma [38]. Effect of synonymous variation on ciation (P 0.083) between the presence of mutations in
protein expression could be the result of organ speci exon 18 of ADK cases and the colon location. Several fea
ficity. In our study, synonymous and non-synonymous tures identify colon and rectal cancer like complications,
mutations observed in the coding region of the PBG treatment, short-term mortality, long-term survival and
FRA gene were not observed in normal colon tissuesrecurrences [49]. Gene expression pro les and activating
Therefore, the presence of these mutations in the eod signaling pathways also vary according to tumor location
ing conserved region could explain that high PDGFR as MAPK signaling pathway which was downregulated
expression (P 0.024) might lead to colorectal car in rectal cancer [50]. PDGFR was reported as highly
cinogenesis. In the same context, work on colorectalexpressed in CMS4 colon tumors [6]. is molecular sub
cancer has demonstrated the presence of other actitype is composed mainly of left-sided primary tumors
vating mutation as the D842V in the exon 18 in 2 of and tended to be diagnosed at stage Ill and IV [52].
322 ADK cases [39]. This mutation investigated for As a result, our ndings suggest that PDGFR may have
the determination of the response to Imatinib GIST an e ect on colorectal cancer prognosis. Larger samples
therapy wasn't detected in our study. In contrast to could improve the signi cance of the associations.
our results, Shao et al. showed the absence of PDGFRA
mutations in 46 human colorectal cancer samples [40]. Association between PDGFR protein expression

Moreover, our results showed that 45.9% (17/37) ofand mutational RAS status
cases with PDGFR overexpression have no mutationOur study showed that 64.5% (31/48 cases) of RAS WT
in the exon 18. Overexpression of PDGFR in theseADK cases overexpressed PDGFR <R0°) possi
cases could be explained by the presence of mutationbly due to the presence of mutations in PDGFRson
in other exons of the gene [149] or other activating 18 (P 0.08). ese ndings suggest that PDGFR may
mechanisms including gene ampli cation, autocrine represent a driver of tumor progression in RAS WT
loop activation, chromosomal alterations producing subgroup. In contrast to our results, Schimanski et al.
PDGFR fusion with other gene and the deregulation have identi ed an association between PDGFR expres
of mMiIRNA as miR-34a [424, 27]. Increased PDGFR sion and KRAS codon 12 or 13 mutation [15]. Currently,
expression could be caused also by the activating e ecthe use of EGFR targeted therapies in CRC is limited to
of signaling pathway as the Sonic Hedgehog pathwaypatients with wild-type RAS genes. However, even with
[41]. RAS WT status, resistance to this therapy occurs in 25%
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of patients [11]. Resistance could be explained by genetiabsence of mutations in exon 18 and 15 of the PDGFRA
alterations in other ancillary axes signaling other than gene and in other prognostic genes (KRAS, NRAS, BRAF
EGFR pathway that cannot be captured by targeting-sinand PIK3CA), showed a better response rate with anti-
gle RTK [12]. Recent data have demonstrated that EGEEGFR therapy (cetuximab) [39]. As a result, given the
stimulates EGFR-PDGFRA transactivation and heterodi existence of di erent activating mutations in the PDG
merization [13]. e Fig. 4 generated by GeneMANIA FRAgene and their high association with overexpression,
bioinformatic analysis supported our hypothesis (https immunohistochemistry could be used as a test to iden
:/l[genemania.org/). is gure showed EGFR-PDGFRA tify patients resistant toward anti-EGFR targeted therapy
physical interaction collected from primary studies found and prognostic prediction. It was demonstrated that the
in protein interaction databases, including BioGRID and combination of PDGFR and EGFR inhibitors (imatinib
Pathway Commons [53]. versus cetuximab) in colorectal tumor graft with mutant

Moreover, the EGFR and PDGFR share large down PDGFRAR981H (exon 22), identi ed as a mechanism of
stream signaling pathways as the activation of RAS/hrimary resistance to EGFR blockade, has a strong anti-
MAPK pathway via various proteins (Fig. 5). tumor activity but with a short-lived e ect [14]. is

ese evidences suggest that protein overexpression non-signi cant combination could be the result of the
or genetic variabilities identied in PDGFRAexon 18 existence of other mutations in the PDGFRgene that
could explain this resistance. By analyzing the PDGFRAause resistance to imatinib therapy. Moreover, imatinib
exon 18 mutations, we have detected the c.2464C is a multi-receptors tyrosine kinase inhibitor so that it
mutation in 3 colorectal ADK cases all of which haveis not known to what degree their therapeutic e ects
WT RAS status. e ¢.2464C>T and other mutations are related to PDGFR inhibition. As a result, it will be
among exons (16, 22, 19, 4, 7, 15, 8 and 10) were reportdetter to use specic neutralizing PDGFR antibod
in CRC patients with KRAS WT status resistant to anti- ies in combination with anti-EGFR therapy for patients
EGFR targeted therapy [14]. Li et al. reported that thewith RAS WT status. Furthermore, our results showed

Fig. 4 PDGFRA-EGFR interaction as analyzed by GeneMANIA prediction server (https://genemania.org/). PRKRIP1: PRKR interacting protein 1
(IL11 inducible), PDGFA/B/C/D: platelet derived growth factor subunit A/B/C/D, PDGFRA/B: platelet derived growth factor receptor A/B| PTPN11:
tyrosineprotein phosphatase non-receptor type 11, CRétk:arian sarcoma virus CT10 oncogene homolog-like, CRK: GBKcpgeoe,
Adaptor Protein, SH2B1: Src homology 2 B adaptor protein 1, PLCG1: phospholipase C gamma 1, SHB: SH2 domain containing adaptor protein B, SH
Src homology 2 domain containing F, EGFR: epidermal growth factor receptor, CAV3: caveolin 3
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Fig. 5 PDGFR /EGFR signaling activation and e ects on RAS/MAPK pathway. SHP2 (PTPN11): Src HomdlmyydRegpPidtein
Tyrosine Phosphatage Src: Non-Receptor Tyrosine Kinase; Shc: Src Homology 2@uaamnagTransforming Protein, Grb2: growth factor
receptorbound protein 2, SOS1: Son of sevenless homolog 1, RAS: Rat sarcoma, RAF: rapidly accelerated brosarcoma, MEK: mitogen-activated
protein kinase kinase, ERK: extracellular signal-regulated kinases, Glil: GLI Family Zinc Finger 1, EGF: epidermal growth factor, TGF :|transforming
growth factor alpha, PDGFAA/AB/BB/CC: platelet derived growth factor AA/AB/BB/CC

that 26.9% (14/52 cases) of mutated RAS ADK casemproving progression-free survival, the survival ben
overexpressed PDGFR. Bevacizumab (anti vasculaet of Bevacizumab remains limited due to the acquired
endothelial growth factor (VEGF) therapy) is prescribed resistance [54]. It was found that VEGF-A directly binds
for colorectal cancer with RAS mutated status. Despiteto PDGFR and induce their activations [55]. PDGFR
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overexpression might be one of resistance mechanismsiTK, HY, NM, AJG, EF. Critical revision of the article: HTK, SA and SB. Submission
ese ndings suggest that speci c neutralizing PDGFR procedure: NBJ. All authors read and approved the nal manuscript.
antibodies in combination with anti-VEGF therapy could Fyunding
be used for patients with mutated RAS status. This work was supported by the Tunisian Ministry of Public Health, the Tuni-
In order to validate these results Iarger Samples (con sian Ministry of Higher Education and Scienti c Research (LR16IPTO05).
trols and CRC tissues) and follow of response to targetegailabiiity of data and materials

therapy are needed. All data generated or analyzed during this study are included in this published
article.
Conclusion Ethics approval and consent to participate

PDGFR was signi cantly overexpressed in ADK com This study was carried out after the approval of the biomedical ethics eommit
pared to normal mucosa which may suggest its poten tee of Institut Pasteur de Tunis (2017/6B/I/Cancer colorectal/V1).
tial role in the development or the sustain of tumor cells. consent for publication
Furthermore, high PDGFR expression was signi cantly Consent to publish has been obtained from all authors.

. 3 . -
assqmated to RAS WT status €L0) suggesting its Competing interests
role in the resistance to anti-EGFR and thus the p053|b|el'he authors declare that they have no competing interests.
inclusion of this protein in the panel of predictive bio

; ; uthor details

markers of response to anti-EGFR therapies. In anothellALaboratory of Human and Experimental Pathology, Faculty of Science
way, the fact that PDGFR was expressed by tumor, -sur ofTunis, Institut Pasteur de Tunis, University Tunis El Manar, Tunis, Tunisia.
rounding stromal and endothelial cells, makes this reeep 2 Laboratory of Human and Experimental Pathology, Faculty of Medicine

f - : : of Tunis, Institut Pasteur de Tunis, University Tunis El Manar, Tunis, Tunisia.
tor a gOOd target by Spect ¢ neutrallzmg antibodies. e 5 Laboratory of Biomedical Genomics and Oncogenetics, Institut Pasteur de

cytoplasmic mislocalization of this receptor could confer ynis, University Tunis El Manar, Tunis, Tunisia.
to therapy a high degree of specicity. e IHC expres
sion of PDGFR could be a good option to select patients
for associated anti PDGFR therapy. We should therefore

study in more detail the genetic alteration of the whole
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