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Abstract

have investigated the prognostic role of ROR1 in PDAC.

Background: The Wnt receptors ROR1 and ROR2 are generating increased interest as cancer therapeutic targets
but remain understudied in pancreatic ductal adenocarcinoma (PDAC). Compared to canonical Wnt/ (3-catenin
signalling, the role of noncanonical Wnt signalling in PDAC remains largely unknown. Only one study has
investigated the prognostic significance of the noncanonical Wnt signalling receptor, ROR2 in PDAC. No studies

Methods: Here, we performed analysis of ROR1T and ROR2 mRNA expression in three publicly available datasets

ICGC-PACA-AU (n =81), TCGA-PAAD (n = 150) and CPTAC-PDAC (n = 137). ROR1 and ROR2 protein expression from
the CPTAC-PDAC discovery cohort were also analysed. Immunohistochemistry (IHC) using the validated anti ROR1
monoclonal antibody (4A5) was performed on the Australian Pancreatic Cancer Genome Initiative (APGI) cohort of
PDAC samples (n = 152). Association between ROR1 cytoplasmic staining intensity and clinicopathological
parameters including stage, grade and overall survival (OS) was investigated.

Results: High RORT mRNA expression levels correlated with a favourable OS outcome in all of the ICGC-PACA-AU,
TCGA-PAAD and CPTAC-PDAC cohorts. RORT protein expression was not associated with stage, grade or OS in the

APGI cohort.

Conclusion: ROR1 and ROR2 have potential as prognostic markers when measured at the mRNA level in PDAC.
Our IHC cohort did not support ROR1 protein expression in predicting OS, and highlighted the discrepancy of
prognostic biomarkers when measured by MS, IHC and RNAseq.

Background

Pancreatic cancer represents the 11th most common
cancer worldwide with 458,918 new cases and 432,242
deaths recorded in 2018 [1]. It is also one of the most le-
thal malignancies, with 5-year survival rate less than 10%
[2]. Risk factors associated with the disease include
smoking [3], family history [4], germline mutations [5]
and genetic mutations [6]. Despite the increased aware-
ness around risk factors, the worldwide incidence and
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mortality of pancreatic cancer are both predicted to in-
crease in coming years [7].

Pancreatic ductal adenocarcinoma (PDAC) is the most
common type of pancreatic cancer that accounts for
more than 80% of total cases. The majority of PDAC
cases originate from microscopic precursor lesions called
pancreatic intraepithelial neoplasia (PanINs) that are
challenging to detect by current clinical imaging tech-
niques [8]. As such, PDAC is typically diagnosed at an
advanced stage (Stage III or IV) and presents an ex-
tremely poor prognosis compared to the less common
pancreatic neuroendocrine tumour [9]. Current treat-
ment options for patients are limited, especially for those
with locally advanced or metastatic disease who are not
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eligible for surgery. In terms of chemotherapy, gemcita-
bine plus Abraxane has become the standard treatment
based on moderate improvement outcomes compared to
gemcitabine alone (median overall survival 8.5 months
compared to 6.7 months, p <0.001) from a phase III
clinical trial [10]. Unfortunately, combination therapy
with other agents shown to be effective in other cancers
have not shown promising results in PDAC [11, 12]. In
addition, immunotherapies, either alone or in combin-
ation with chemoradiotherapy or targeted therapy failed
to show much progress in PDAC [13-15]. There is an
urgent need of identifying biomarkers which could be
targeted therapeutically for the malignancy.

Wnt signalling is one of the key pathways involved in
cell differentiation, polarity, migration, adhesion and in-
vasion. Encompassing both canonical (B-catenin
dependent) and non-canonical (B-catenin independent)
arms, the pathway has been implicated in a range of can-
cers. In PDAC, activation of the P-catenin dependent
Wnt pathway has been indicated by cytoplasmic and nu-
clear localization of B-catenin [16], and suggested to play
a role in progression of pancreatic cancer [17]. Muta-
tions in RNF43, a gene associated with Wnt/ [-catenin
pathway regulation have also been reported in PDAC
[18, 19].

In contrast, the role of the P-catenin independent
Wnt signalling arm remains largely unexplored in
PDAC. The receptor tyrosine kinase-like orphan re-
ceptors ROR1 and ROR?2 regulate -catenin independ-
ent signalling and have been linked to carcinogenesis
and metastasis in several malignancies [20-23]. A sin-
gle study in PDAC (n =162, ROR2 polyclonal anti-
body #LS-C99126, LifeSpan BioSciences Inc., USA)
found high ROR2 protein expression was significantly
associated with malignant characteristics and reduced
overall survival [24]. An early study into ROR1 pro-
tein expression across a range of tumour types re-
ported “moderate” or “high” expression in 83% of
pancreatic cancer samples (n =48) using the high-af-
finity 4A5 monoclonal antibody against ROR1 [25]. A sep-
arate study (using a separate C-terminus targeting
monoclonal antibody) detected ROR1 protein at low levels
in 15% of pancreatic adenocarcinoma samples (n = 38)
[26]. Both studies also highlighted the presence of ROR1
expression in normal pancreatic islet cells.

The aim of this study was to clarify expression of
ROR1 or ROR2 in PDAC through the interrogation of
publicly available datasets and by performing immuno-
histochemistry (IHC) with a high-affinity monoclonal
ROR1 antibody (4A5) on an independent and well-
characterised cohort of PDAC [25, 27]. As there are nu-
merous ROR1/2 targeting therapies in development [28,
29] and clinical trials [30-32] in progress, PDAC pa-
tients may benefit from this approach in the future.
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Methods

Public datasets

The mRNA expression and accompanying clinicopatho-
logical data were acquired via three public platforms:
International Cancer Genome Consortium (ICGC,
https://icgc.org/),the Cancer Genome Atlas (TCGA,
http://cancergenome.nih.gov/) and the Clinical Prote-
omic Tumor Analysis Consortium (CPTAC, https://
cptac-data-portal.georgetown.edu/). Specifically, the nor-
malised mRNA expression generated by next generation
sequencing (NGS) was extracted for the ICGC-
Pancreatic Cancer - Australia (ICGC-PACA-AU) cohort
from the supplementary material of the corresponding
publication [33]. Only cases with tumour purity above
40% indicated by the Qpurity score were included. For
the TCGA-pancreatic adenocarcinoma (TCGA-PAAD)
cohort, normalised gene expression of NGS was down-
loaded from the UCSC Xena platform [34] on 3rd May,
2020. The normalised gene expression data of the CPTA
C cohort was obtained from the Genomic Data Com-
mons (GDC) Data Portal (https://portal.gdc.cancer.gov/)
on 2nd Sep, 2021.

In addition, the mass-spectrometry (MS) based prote-
omic data of the PDAC Discovery Study used in this
publication were generated by the National Cancer Insti-
tute (NCI) CPTAC. We extracted relative abundance
level of ROR1 and ROR2 protein (unshared log ratio)
from the CPTAC data portal (https://pdc.cancer.gov/
pdc/) on 2nd Sep, 2021.For all of the cohorts, only
PDAC cases were included in the analysis. The charac-
teristics of each cohort was shown in Table 1.

Clinical cohort

Tumour tissue microarrays (TMAs) and accompanying
clinicopathological data of the Pancreatic Ductal Carcin-
oma Validation set (n =334) were acquired from the
Australian Pancreatic Cancer Genome Initiative (APGI).
Immunohistochemistry (IHC) staining of ROR1 (1:50,
#564464, BD Biosciences, USA) was optimised by the
Kinghorn Cancer Centre Histopathology Laboratory at
the Garvan Institute of Medical Research using the
Leica Bond RX system (Leica Microsystems, USA).
Negative control TMA slides (omission of primary
antibody) were stained in parallel. The intensity of
RORI1 staining was graded as O (absence), 1 (weak)
and 2 (intense). Only the cases with three intact
TMA cores (n =157) were included, with the highest
score set as the final score. We excluded another 5
from the final analysis for non-Pancreatic ductal
adenocarcinoma (PDA) subtype, and ended up with
the analysis cohort (n =152). Demographic and clini-
copathological parameters of the 152 patients were
summarised in Table 2.
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Table 1 Characteristics of the public datasets used in the study
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ICGC-PACA-AU [33]

TCGA-PAAD [18]

CPTAC-PDAC [35]

Total (n)® 81 150

Stage I 6 13
Il 70 128
M1 1 4
[\ 4 4

Tumour grade GI1 1 20
G2 45 85
G3 31 42
G4 2 1

Detection platform lllumina HiSeq 2000

[llumina HiSeq 2000/2500

137
4
76
36
7

9
97
30
1

lllumina HiSeq (RNAseq)
Thermo EASY-nLC 1200 UHPLC System (mass-spectrometry)

?Cases included in the analysis

Statistical analysis

Both mRNA and protein expression levels were log2
transformed for all the tests. Statistical significance of
expression level between tumour grades and stages was
carried out using unpaired ¢-test in public datasets or
Chi-square test in clinical cohort. Pearson’s correlation
was performed to investigate relationship between
mRNA and protein expression. Kaplan Meier curves
were produced for univariate overall survival (OS) ana-
lyses. Optimal cutpoint for variables was determined by
the maximally selected rank statistics from the ‘maxstat’
package in R. The log-rank test was used to evaluate the
significance of the association. Cox multivariate regres-
sion including gender, stage and tumour grade was also
applied on the OS. All the analyses were performed
using R (v3.6.3). Figures were provided in R (v3.6.3) and
GraphPad Prism (v7.02). Significance was set at p < 0.05.

Results

High ROR2 mRNA expression is associated with better
overall survival in two independent PDAC cohorts

We correlated mRNA and protein expression of ROR2 with
tumour grade, stage and overall survival (OS) in three inde-
pendent pancreatic cancer cohorts (ICGC-PACA-AU,
TCGA-PAAD and CPTAC-PDAC). No significant difference
was observed for ROR2 mRNA expression between tumour
stages or grades in either cohort (Fig. 1A,B). Lower ROR2
protein expression level was observed in high stage compared
to low stage patients (p = 0.010, Fig. 1B). High ROR2 mRNA
expression level was significantly associated with longer OS
in both the ICGC and TCGA cohorts (p =0.023 and 0.008
respectively, Fig. 1C,D), but not significant in the CPTAC-
PDAC cohort (p =0.170, Fig. 1E). ROR2 protein level was
not significantly associated with overall survival based on the
proteomic data of CPTAC-PDAC cohort (Fig. 1F).

Table 2 Demographic and clinicopathological characteristics of the tumour samples in the APGI cohort

Number of cases Percentage (%)

Gender Female

Male
Tumour grade 1

2

3
FIGO stage (2009) |

Il

Il

%
Recurrence status Unknown

Confirmed
Vital status Alive

Deceased of PC?

76 500
76 50.0
8 53
105 69.1
39 25.7
11 7.2
128 84.2
2 13
10 6.6
8 8.1
91 919
18 11.8
134 88.2

?PC- pancreatic cancer
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Fig. 1 Association between ROR2 mRNA/protein expression level and clinicopathological parameters in the ICGC-PACA-AU,TCGA-PAAD and CPTA
C-PDAC cohorts. A. No significant difference in ROR2 expression was observed between low and high tumour grade. B. ROR2 mRNA expression
was not associated with stage, ROR2 protein expression was significantly different between low and high stage (p =0.010). C. High ROR2 mRNA
expression level was associated with better overall survival (p =0.023) in the ICGC-PACA-AU cohort. D. High ROR2 mRNA expression level was
associated with better overall survival (p =0.008) in the TCGA-PAAD cohort. E. ROR2 mRNA was not associated with overall survival in the CPTAC-
PDAC cohort. F. ROR2 protein was not associate with overall survival in the CPTAC-PDAC cohort*Significance at p < 0.05 level

High ROR1T mRNA expression is associated with better
overall survival in three independent PDAC cohorts

We next correlated ROR1 mRNA expression with grade,
stage, and OS in the cohorts. No association was seen

between ROR1 mRNA or protein expression and grade
in either cohort (Fig. 2A). ROR1 mRNA expression was
lower in high stage (stage III or IV) versus low stage
(stage I or II) in the ICGC cohort (Fig. 2B, p =0.033)
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Fig. 2 Association between RORT mRNA/protein expression level and clinicopathological parameters in the ICGC-PACA-AU, TCGA-PAAD and
CPTAC-PDAC cohorts. A. No significant difference of ROR1 expression was observed between low and high tumour grade. B. ROR1 expression
was associated with stage in ICGC-PACA-AU and TCGA-PAAD cohorts in opposite directions (p = 0.033 and 0.036 respectively). No significant
correlation between RORT mRNA and stage was observed in CPTAC-PDAC cohort. C. High RORT mRNA expression level was associated with
better overall survival (p < 0.001) in the ICGC-PACA-AU cohort. D. High RORT mRNA expression was associated with better overall survival (p =
0.045) in the TCGA-PAAD cohort. E. High RORT mRNA expression was associated with better overall survival (p =0.026) in the CPTAC-PDAC
cohort. F. ROR1 protein expression was not associated with overall survival in the CPTAC-PDAC cohort. *Significance at p < 0.05 level

while the opposite trend was observed in the TCGA co- ICGC and n =8 in TCGA), which compromised the
hort (Fig. 2B, p =0.036). However, both of the cohorts statistical power of the analyses. No significant correl-
are limited in the number of high stage cases (n =5 in  ation between ROR1 mRNA or protein level and tumour
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stage was observed in the CPTAC-PDAC cohort in
which more late-stage samples were included (Fig. 2B).
High ROR1 mRNA expression level was significantly as-
sociated with longer OS in all the three cohorts (p <
0.001, p =0.045 and p = 0.026 respectively, Fig. 2C,D,E).
However, the overall survival was not significantly asso-
ciated with ROR1 protein expression level based on the
CPTAC-PDAC cohort (Fig. 2F).

RORT1 is not correlated with OS or clinicopathological
parameters in PDAC at the protein level

To investigate the role of ROR1 in PDAC at the transla-
tional level, we performed immunohistochemical stain-
ing of ROR1 in a well-defined cohort of 152 Australian
PDAC tissue samples and correlated cytoplasmic expres-
sion with clinicopathological parameters and OS. Over-
all, the cohort showed a broad range of expression levels
for ROR1 in PDAC tumour tissues (Fig. 3). ROR1 pro-
tein expression was not associated with tumour grade
(Fig. 4A), stage (Fig. 4B) or tumour size (Fig. 4C), though
it should be noted that the cohort is heavily skewed to-
wards grade 2 and stage 2 tumours, with low numbers
of samples from other grades and stages. No significant
difference of OS was observed between high and low/ab-
sent ROR1 expression in terms of single or multivariable
survival analysis (Fig. 4D,E).

Discussion

The Wnt signalling receptors ROR1 and ROR2 are pri-
marily expressed during embryogenesis and are down-
regulated in most adult tissues [36]. However, aberrant
expression of ROR1 has been observed in several haem-
atological malignancies and solid tumours including
breast, ovarian and lung cancers [20, 22, 26, 37]. This
tumour specific expression has made ROR1 a promising
cancer drug target, leading to several ROR1 targeting
therapies being developed. ROR1 targeting chimeric
antigen receptors (CAR) T cell therapy has shown anti-
tumour efficacy in vivo [38] and a humanised monoclo-
nal antibody developed against ROR1 Fz and Ig-like
domain, cirmtuzumab has demonstrated safety and effi-
cacy in several Phase I/II clinical trials for patients with
chronic lymphocytic leukemia (CLL), mantle cell lymph-
oma (MCL) (NCT03088878) and Her2-negative breast
cancer (NCT02776917) [30, 31].

Two previous studies using independent ROR1 anti-
bodies (4A5 and 6D4 monoclonal antibodies) have in-
vestigated ROR1 protein expression in small cohorts of
pancreatic cancer tissues [25, 26]. While neither study
investigated an association with overall survival, the de-
tection of ROR1 protein expression prompted interest in
pursuing ROR1 therapeutics in pancreatic cancer treat-
ment. A small molecule KAN0439834 targeting the
intracellular ROR1 TK domain induced significant
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apoptosis of ROR1 expressing PC cell lines [39], with
additive effects observed in combination with erlotinib
or ibrutinib. This raises the possibility of using ROR1
targeting therapies in future pancreatic cancer treatment.
However, it should be noted that ROR1 protein expres-
sion was also detected in normal pancreatic tissue in
previous studies [25, 26]. Off-target toxicity therefore
needs to be considered when treating PDAC patients
with ROR1-targeting therapies.

Ours is the first study to investigate an association be-
tween ROR1 protein expression and overall survival in
pancreatic cancer patients. Previous studies of ROR1 ex-
pression via IHC reported cytoplasmic staining, even
though ROR1 is a membrane receptor [25, 26]. We also
detected ROR1 predominantly as cytoplasmic staining
with the 4A5 antibody (same antibody used in [25]) in
this cohort. It has been suggested that membranous
staining is predominant if cells are fixed in paraformal-
dehyde while cytoplasmic expression more likely appears
in formalin-fixed tissue [25]. ROR1 cytoplasmic staining
was scored in tumour cells only, as no or low ROR1 was
detected in surrounding stromal tissue. We observed no
difference in overall survival in PDAC patients with low
or high ROR1 expression in this cohort. We also saw no
association with grade or stage in our cohort. However,
it should be noted that this cohort (like most pancreatic
cancer cohorts) is built from surgically resectable PDAC
cases, which represents <20% of PDAC patients. Tissue
that makes its way into tumour biobanks and publicly
available cohorts is often biased towards patients with a
better overall prognosis. The majority of patients in our
cohort were low grade (grade 1, 2 =74%) and low stage
(stage I, stage I1 =92%).

At the transcriptional level, expression of RORI1
mRNA did associate with overall survival in three inde-
pendent PDAC cohorts. All of the TCGA-PAAD, ICGC-
PACA-AU and CPTAC-PDAC cohorts showed low
ROR1 mRNA level was associated with worse OS com-
pared to high ROR1 mRNA level. While two cohorts
(TCGA and ICGC) showed divergent associations be-
tween ROR1 mRNA expression and stage, it should also
be noted that both public cohorts consisted of only few
high stage cases, which decreased the statistical power
when analysing association between biomarker expres-
sion and stage in PDAC. As noted above, this is a conse-
quence of cohort bias as only resectable tumours were
biobanked. No significant correlation between RORI1
mRNA level and stage was observed in the CPTAC co-
hort which included a certain proportion of advanced
staged cases (43 Stage III and IV out of total 137 cases).
Apart from the limitation of resected PDAC samples,
other differences in the cohorts could contribute to the
discrepancy. One key difference could be the purity of
tumour tissue biobanked and included in the separate
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Fig. 3 Representative immunohistochemistry images of ROR1 staining. Representative images of score 0 (absence; AB), 1 (low; C,D) and 2 (high;
EF) for ROR1 expression measured by immunohistochemistry. Original magnification x 8 (scale bar =300 um) for A, C, E; magnification x 30 (scale

mRNA expression analysis. PDAC tissue biopsies are
typically composed of a significant proportion of stromal
components, with low tumour cellularity commonly ob-
served [18, 40]. Stromal and other cell contamination is
likely to introduce noise that interferes with the gene ex-
pression analysis, particularly in the case of ROR1 where
expression has been observed in healthy cells of the pan-
creas [25, 26]. One advantage of the ICGC cohort is the
inclusion of tumour cellularity information for analysis.
Tumour cellularity, the relative portion of tumour and
normal cells of each sample in the cohort was estimated
using the statistical model qpure [41]. In our analysis,

we did not include any sample with epithelial content
less than 40% from the ICGC cohort, which presented a
more robust outcome than the TCGA cohort (median
neoplastic cellularity 33% estimated with ABSOLUTE al-
gorithm [18]). If we excluded the samples with tumour
cellularity less than 40% in the TCGA cohort, we would
lose statistical power for analysis dramatically due to a
small sample size (n =46). For the CPTAC cohort, all
the cases included in this study had more than 40% cel-
lularity. Other divergences among the cohorts were
population origin, sample size, tumour grade distribution
(Table 1), and mRNA expression cut-off.
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Fig. 4 Correlation between ROR1 protein expression and tumour grade, stage, tumour size and overall survival in the APGI clinical cohort. A-C.
Expression of ROR1 stratified by tumour grade, stage and tumour size. D. Kaplan-Meier analysis for ROR1 stratified by low/absent (score 0,1) and
high (score 2). E. Multivariable overall survival analysis of ROR1 incorporating gender, tumour stage and grade

Despite these limitations to individual cohort, it is un-
clear exactly why the prognostic significance of ROR1
expression at the mRNA level was not observed in
ROR1 protein. A weak correlation between mRNA and
protein expression (MS-based) was observed for ROR1
in the cases we included in CPTAC PDAC discovery co-
hort (R=0.25, p =0.005, Supplementary Fig.S1 A). Pre-
vious studies have reported a lack of direct relation
between mRNA and protein expression [42, 43]. For
RORI, post-translational modifications such as glycosyl-
ation and mono-ubiquitination were observed exten-
sively in CLL cells, which regulated the localization and
stabilisation of ROR1 protein [44]. In addition, truncated
ROR1 which lost the extracellular matrix and transmem-
brane regions was detected in central nervous system,
leukemias and a variety of human cancers [45]. It is pos-
sible that individual isoforms of ROR1 could be un-
detected using the ROR1 monoclonal antibody we used
in this cohort. Further studies are warranted to unravel
the mechanisms behind the discrepancy between mRNA
and protein level of ROR1 in PDAC.

Compared to ROR1, ROR2 has been less investigated
as a cancer drug target, likely due to its complex dual
role in carcinogenesis [46]. ROR2 has been reported to

play either an oncogenic or tumour suppressor role
based on different tumour context and appears more
tightly linked to metastasis than proliferation [47-49].
Unlike RORI, there are currently fewer ROR2 targeted
drugs in clinical trials. A conditionally active biologic
(CAB)-ROR2- antibody drug conjugate (ADC) named
BA3021 was developed to selectively bind to ROR2 in
the context of tumour microenvironment and has been
reported to inhibit growth of ROR2 positive cell lines
and xenografts of several cancers [50]. This drug is cur-
rently under Phase I/II trials for solid tumour, non-small
cell lung cancer, triple negative breast cancer and soft
tissue sarcoma (NCT03504488).

Our analysis of public datasets showed low ROR2
mRNA expression level correlated with worse OS in
PDAC in the ICGC and TCGA cohorts (Fig. 1 C,D),
which was contrary to the IHC staining results from a
previous study [24]. For the ROR2 mRNA and protein
level of the CPTAC cohort, no significant association
was observed with OS (Fig. 1 E,F). That specific study
reported that high ROR2 protein expression, indicated
by both stromal and cytoplasmic staining, was correlated
with worse OS and stage in a cohort of 162 PDAC cases.
They used a polyclonal antibody against ROR2, and it
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should be noted that the validity of a number of ROR2
antibodies has been shown to be questionable [51]. We
strongly recommend an independent assessment of
ROR?2 protein expression in a pancreatic cancer cohort
to clarify this question.

In conclusion, ROR1 appears to be promising bio-
markers in predicting survival outcome of PDAC pa-
tients at the mRNA expression level. However its use as
protein biomarkers remains unclear. Our IHC analysis
in a large well-defined PDAC cohort as well as the
proteomic data of the CPTAC PDAC discovery cohort
does not support the use of ROR1 as a prognostic bio-
marker at protein level in PDAC and highlights the dis-
crepancy of prognostic biomarkers when measured by
MS, THC and RNAseq. The mechanism underlying the
insufficient correlation between mRNA and protein level
of ROR1 and ROR2 in PDAC remains unclear and war-
rants future investigation.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512885-021-08952-9.

Additional file 1 : Supplementary Fig.S1. Correlation between mRNA
and protein expression of ROR1 and ROR2 in CPTAC PDAC discovery
cohort. A. RORT mRNA and protein expression was positively correlated
(Pearson’s R=0.25, p=0.005). B. ROR2 mRNA and protein expression was
positively correlated (Pearson’s R=0.48, p<0.001).
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