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Colorectal cancerQ:1-2Q:1Q:2 (CRC) and diabetes are two of the
most prevalent chronic diseases worldwide with dys-
regulated receptor tyrosine kinase signaling and
strong co-occurrence correlation. Plasma autoanti-
bodies represent a promising early diagnostic marker
for both diseases before symptoms appear. In this
study, we explore the value of autoantibodies against
receptor-type tyrosine-protein phosphatase-like N
(PTPRN; full-length or selected domains) as diagnostic
markers using a cohort of individuals with type 2 dia-
betes (T2D), CRC, or both diseases or healthy individu-
als. We show that PTPRN autoantibody levels in
plasma discriminated between patients with T2D with
and without CRC. Consistently, high PTPRN expres-
sion correlated with decreased survival of patients
with CRC. Mechanistically, PTPRN depletion signifi-
cantly reduced invasiveness of CRC cells in vitro and
liver homing and metastasis in vivo by means of a
dysregulation of the epithelial-mesenchymal transi-
tion and a decrease of the insulin receptor signaling
pathway. Therefore, PTPRN autoantibodies may rep-
resent a particularly helpful marker for the stratifica-
tion of patients with T2D at high risk of developing
CRC. Consistent with the critical role played by tyro-
sine kinases in diabetes and tumor biology, we provide
evidence that tyrosine phosphatases such as PTPRN

may hold potential as therapeutic targets in patients
with CRC.

Cancer and diabetes are among the most prevalent
chronic diseases worldwide. Diabetes encompasses a
group of metabolic diseases in which insulin deficiency
and/or resistance results in hyperglycemia (1). In type 1
diabetes (T1D), there is an autoimmune destruction of
pancreatic b-cells that produces a complete insulin defi-
ciency (1,2). These patients usually have autoantibodies
against insulin, GAD65, and tyrosine phosphatase–related
proteins such as receptor-type tyrosine-protein phospha-
tase-like N (PTPRN; more commonly known as islet anti-
gen-2). In contrast, type 2 diabetes (T2D) is characterized
by insulin resistance (1). In contrast with T1D, T2D devel-
ops slowly during adulthood as a consequence of insulin
resistance with initial hyperinsulinemia to compensate.
Insulin receptor belongs to the tyrosine kinase (TK)
superfamily, and its signaling is altered in both types of
diabetes. Constitutively active TK signaling is a hallmark
of cancer. TK signaling is switched off by tyrosine-phos-
phatases, which, not surprisingly, are also frequently
altered in cancers. The protein family of phosphotyrosine
phosphatase receptors (PTPR), with 21 members, is

1Departamento de Bioqu�ımica y Biolog�ıa Molecular, Facultad de �Optica y
Optometr�ıa, Universidad Complutense de Madrid, Madrid, Spain
2Chronic Disease Programme (UFIEC), Instituto de Salud Carlos III, Madrid, Spain
3Molecular Imaging and Photonics Division, Chemistry Department, Faculty of
Sciences, KU Leuven, Leuven, Belgium
4Area of Physiology, Department of CBS, Faculty of Health Sciences, Rey Juan
Carlos University, Madrid, Spain
5Surgery Department, University Hospital Fundaci�on Alcorcon, Madrid, Spain
6Central Units, Instituto de Salud Carlos III, Madrid, Spain
7Endocrinology Department, Hospital Universitario Puerta de Hierro Majadahonda,
Madrid, Spain

Corresponding author: Rodrigo Barderas, r.barderasm@isciii.es

Received 28 November 2020 and accepted 13 December 2021

This article contains supplementary material online at https://doi.org/10.2337/
figshare.17267837.

M.G.-A., G.S.-F., and A.M.-C. contributed equally to this work.

© 2022 by the American Diabetes Association. Readers may use this article
as long as the work is properly cited, the use is educational and not for
profit, and the work is not altered. More information is available at https://
www.diabetesjournals.org/journals/pages/license.

P
A
T
H
O
P
H
Y
S
IO

L
O
G
Y

Diabetes Volume 71, March 2022 1

mailto:r.barderasm@isciii.es
https://doi.org/10.2337/figshare.17267837
https://doi.org/10.2337/figshare.17267837
https://www.diabetesjournals.org/journals/pages/license
https://www.diabetesjournals.org/journals/pages/license


 

 involved in immune regulation and in vascular and ner-
vous system development (3–6). Although this protein
family still remains poorly characterized in cancer, PTPR
proteins with oncogenic and tumor suppressor features
have been reported in different cancers (7).

PTPRN is a single-pass transmembrane protein found in
secretory vesicles and plasma membrane. PTPRN is com-
posed of an extracellular domain (ECD), a single transmem-
brane region, and an intracellular domain (ICD). Notably,
cleaved ICD translocates into the nucleus of b-cells, where
it induces the expression of the insulin gene through con-
vergence with STAT3 and STAT5 signaling. In addition,
PTPRN, which does not have intrinsic phosphatase activity,
might regulate tyrosine phosphatase PTPRA through dimer-
ization (8). Aberrant PTPRN expression has been reported
in diabetes and cancer (9,10). PTPRN is expressed in the
pancreatic islets and neuroendocrine cells, suggesting that it
plays an important role in hormone and neurotransmitter
secretion (11–14). In cancer, PTPRN is considered an unfa-
vorable disease marker for hepatocellular carcinoma and
glioblastoma (12,15). In addition, PTPRN alterations (muta-
tions, deletions, etc.) have been reported in many cancer
types. Furthermore, PTPRN hypermethylation and overex-
pression correlates with increased tumor growth, cellular
proliferation, and shorter survival in ovarian and small cell
lung cancer (13,16). However, the importance of PTPRN
alterations in highly prevalent cancer types, such as colorec-
tal cancer (CRC), remains unknown.

In T1D, PTPRN is a common target of autoantibodies,
for which levels can be measured to detect and predict the
pathology (9). In cancer, autoantibodies are commonly pro-
duced against tumor-associated antigens well before the
clinical symptoms appear (17–21). Therefore, they offer an
interesting alternative as disease biomarkers. Thus, cancer-
related autoantibodies are usually produced against pro-
teins involved in cancer initiation and/or progression and
proteins that modulate the tumorigenic properties of can-
cer cells (proliferation, invasion, aggressiveness, etc., which
could help narrowing down potential disease markers and
therapeutic targets) (22). Since patients with T2D have an
increased CRC risk (after correction for obesity and other
confounding factors) compared with the general population
(2,23–25), autoantibodies might serve to identify patients
with CRC among individuals with T2D.

In this work, we have analyzed PTPRN seroreactivity in
a well-characterized patient cohort composed of healthy
individuals, patients with T2D, patients with CRC, and
patients with CRC and T2D to determine its usefulness to
discriminate patients with CRC. Interestingly, the seror-
eactivity analysis was able to significantly discriminate
control subjects and individuals with diabetes from those
with CRC and diabetes, indicating PTPRN seroreactivity
could help in the identification of those patients with
T2D more prone to develop CRC. Furthermore, PTPRN
in vitro and in vivo loss-of-function assays evidenced an

important role of PTPRN in the tumorigenic and meta-
static properties of CRC cells.

RESEARCH DESIGN AND METHODS

Study Population
Thirty-eight individuals, including patients diagnosed with
T2D or/and CRC who underwent surgery at Hospital
Fundaci�on Alcorc�on (Madrid, Spain) and healthy control sub-
jects, were assessed for eligibility according to the following
inclusion/exclusion criteria ( T1Table 1 and Supplementary
Table 1). Inclusion criteria were patients who: 1) underwent
surgery to remove visceral fat with T2D, 2) were the same as
in 1) but without diabetes, 3) were going to undergo surgery
to remove a CRC tumor and have diabetes, or 4) were the
same as 3) but without diabetes. Recruited patients were
divided between the two sexes and had comparable BMI and
age. Exclusion criteria were patients who: 1) consume large
amounts of alcohol or are smokers, 2) have papillomavirus
or Helicobacter pylori infections, 3) were treated with immu-
nosuppressants prior to surgery, 4) were treated with chemo-
therapy prior to surgery, 5) who suffer from infectious
diseases, 6) were receiving radiation therapy, or 7) with auto-
immune inflammatory pathology, because these conditions
may alter per se the presence of tumor markers in blood.

The institutional review board of Hospital Fundaci�on
Alcorc�on evaluated the clinical and ethical aspects of the
study, granting approval on 8 June 2017. All patients gave
written informed consent for the use of their biological
samples for research purposes. Ethical principles promoted
by Spain (LOPD 15/1999) and the European Union Funda-
mental Rights of the EU (2000/C364/01) were followed.
All patients’ data were processed according to the Declara-
tion of Helsinki (last revision 2013) and Spanish National
Biomedical Research Law (14/2007, of 3 July 2007). Blood
samples were rapidly processed to obtain plasma fractions
and stored at �80�C until use (19,26–28).

For the evaluation of PTPRN seroreactivity and its ECD
and ICD, experiments were performed in triplicate. A total
of 18 patients with CRC (10 plasma samples from patients
without diabetes with CRC and 8 plasma samples from
patients with T2D and CRC) and 20 control samples (10
plasma samples from healthy control individuals and 10
plasma samples from individuals with T2D) were used
(Table 1).

Table 1—Plasma samples used for the seroreactivity
analysis of PTPRN and its domains

Group
Samples

(male/female)
Age (years),
median ± SD

Control subjects 4/6 44 ± 11

T2D 7/3 65 ± 12

CRC 6/4 70 ± 12

CRC with T2D 5/3 65 ± 8
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Cell Lines
KM12C and KM12SM isogenic CRC cell lines used for the
in vitro functional cell-based and in vivo assays were
obtained from I. Fidler’s laboratory (MD Anderson Cancer
Center). KM12SM cells possess high metastatic capacity
to liver, whereas KM12C cells are poorly metastatic
(29,30). KM12SM cells stably expressing firefly luciferase
(KM12SM-vLuc cells) were obtained according to estab-
lished protocols (31).

Cells were grown and maintained in DMEM supple-
mented with 10% inactivated FBS, L-glutamine, and peni-
cillin/streptomycin at 37�C and 5% CO2. Every 15 days,
cells were monitored for the absence of mycoplasma
contamination.

Gateway Plasmid Construction, Gene Cloning, DNA
Preparation, and Protein Expression
Sequence-verified, full-length cDNA plasmid containing
PTPRN, ECD, and ICD of PTPRN and HaloTag protein
were obtained either from the publicly available DNASU
Plasmid Repository (https://dnasu.org/DNASU/) or by PCR
using specific primers (Supplementary Table 2 and Supple-
mentary Material) (32–34).

SDS-PAGE and Western Blot Analysis
SDS-PAGE and Western blot (WB) analysis to assess protein
quality were performed as previously reported (34,35).
Briefly, 0.67 mL of the in vitro protein extracts or 10 mg of
KM12C and KM12SM protein extracts were separated in
10% SDS-PAGE and transferred to nitrocellulose membranes
(Hybond-C Extra). After blocking, membranes were incu-
bated overnight at 4�C with an anti-HaloTag monoclonal
antibody (#6921A; Promega) diluted 1:1,000, an anti-PTPRN
monoclonal antibody (sc-130570; Santa Cruz Biotechnology)
diluted 1:200, an anti–phosphorylated (p-)insulin Rb poly-
clonal antibody (sc-25103-R; Santa Cruz Biotechnology)
diluted 1:1,000, an anti-IRS1 polyclonal antibody (sc-559;
Santa Cruz Biotechnology) diluted 1:1,000, an anti–p-
FOXO1/3 polyclonal antibody (#9464; Cell Signaling Technol-
ogy), an anti-AKT polyclonal antibody (#4691; Cell Signaling
Technology,), an anti–p-AKT polyclonal antibody (#9275; Cell
Signaling Technology), an anti-ERK polyclonal antibody
(#4695; Cell Signaling Technology), an anti–p-ERK polyclonal
antibody (#9101; Cell Signaling Technology), an anti-GSK3b
monoclonal antibody (#61021; BD Transduction Laborato-
ries,), an anti-GAPDH (800–656–7625; Rockland Immuno-
chemicals) diluted 1:2,000, or an anti-RhoGDi (sc-360; Santa
Cruz Biotechnology) diluted 1:1,000. Immunodetection on
nitrocellulose membranes was achieved by using horseradish
peroxidase–conjugated goat anti-mouse IgG antibody or
horseradish peroxidase–conjugated goat anti-rabbit IgG anti-
body (Sigma-Aldrich). Chemiluminescence signal was devel-
oped with ECL Western Blotting Substrate (Thermo Fisher
Scientific) and detected on an Amersham Imager 680 (GE
Healthcare).

Bioinformatic Analysis
Meta-analysis information regarding PTPRN genetic and
protein expression levels in CRC was retrieved from the
cBioPortal (https://www.cbioportal.org/) and Oncomine
(https://www.oncomine.org/). Survival analyses were per-
formed using the GEPIA2 web server (https://gepia2.
cancer-pku.cn/#index), and colon adenocarcinoma (COAD)
and/or rectal adenocarcinoma (READ) The Cancer Genome
Atlas (TCGA) data sets.

Epstein-Barr Antigen 1 ELISA and PTPRN
Luminescence Beads Seroreactive Immunoassay
Colorimetric ELISA for Epstein-Barr antigen 1 (EBNA1)
antibody determination for the evaluation of the specific-
ity of the study was achieved coating 0.05 mg of EBNA1
protein (kindly provided by Protein Alternatives, SL) per
well in 50 mL of PBS solution in 96-well transparent
plates (Nunc) overnight at 4�C according to established
protocols (32,34,36).

PTPRN luminescence bead seroreactive immunoassay
was performed according to established protocols (32,34).
See Supplementary Material for information in detail.

Transient PTPRN Silencing
For transient PTPRN silencing, transfection was per-
formed in six-well plates using the jetPRIME reactive
(PolyPlus Transfection) with, alternatively, three siR-
NAs targeting PTPRN to account for potential off-tar-
get effect (PTPRN #1, SIHP0814-SIHP0816, Sigma-
Aldrich; PTPRN #2, EHU029231, Sigma-Aldrich; and
PTPRN #3, sc-62902, Santa Cruz Biotechnology) or con-
trol siRNAs (SIC001; Sigma-Aldrich) following the man-
ufacturer’s instructions. Briefly, 2.5 × 105 cells were
transfected with 55 pmol siRNA using 2 mL of jet-
PRIME Transfection reagent and 50 mL of jetPRIME
buffer. Then, 48 h after transfection, cells were ana-
lyzed by semiquantitative PCR or WB.

RNA Extraction, cDNA Synthesis, Semiquantitative
PCR, and Real-time Quantitative PCR
RNA was extracted from cell lines using TRIzol reagent
(Sigma-Aldrich) and the RNeasy Mini Kit (Qiagen) accord-
ing to the manufacturer’s instructions. The RNA was
quantified using a NanoDrop ND-1000 spectrophotome-
ter (NanoDrop Technologies Inc.) and used for cDNA syn-
thesis using the NZY First-Strand cDNA Synthesis Kit
(NZYTech). cDNA was used for semiquantitative PCR
using PTPRN-specific primers to evaluate gene silencing
(Supplementary Table 2). Alternatively, cDNA was used
for semiquantitative PCR (two replicates) and/or quanti-
tative PCR (qPCR) (two replicates in duplicate) analyses
upon transient PTPRN depletion of: 1) dysregulation of epi-
thelial-mesenchymal transition (EMT) markers using spe-
cific primers of transforming growth factor-b1 (TGF-b1),
Snail1 (SNAI1 gene), Claudin-2, E-cadherin (CDH1), N-cad-
herin (CDH2), and ZO1 (TJP1 gene); and 2) the analysis of
the insulin receptor signaling pathway using specific
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 primers of mTOR, FOXO1, AS160, ERK1, ERK2, IRS1,
AKT1, AKT2, and GSK3a (Supplementary Table 2). 18S
was used as internal loading control. Semiquantitative PCR
reactions were performed using the Phusion High-Fidelity
DNA Polymerase (Thermo Fisher Scientific). For qPCR,
reactions were performed using TB-Green Premix Ex Taq
(Tli RNase H Plus; Takara Bio), and PCR and data collection
were performed on a Light Cycler 480 (Roche). All quantita-
tions were normalized using human 18S.

Invasion, Proliferation, and Wound Healing Assays
Invasion, proliferation and wound healing assays were
performed in duplicate as previously described (37). See
Supplementary Material for detailed information.

In Vivo Animal Experiments
The Ethical Committee of the Instituto de Salud Carlos III
(Spain) approved the protocols used for experimental work
with mice after approval for the ethical committee OEBA
(Proex 285/19). For liver homing analysis, Nude mice were
intrasplenically inoculated with 1 × 106 KM12SM cells
after 24 h of transient transfection with PTPRN (n 5 1/
siRNA) or control (n 5 2) siRNAs in 0.1 mL PBS. Mice
were euthanized 24 h after intrasplenical cell inoculation
and RNA from liver and spleen isolated using TRIzol
reagent. RNA was analyzed by RT-PCR to amplify human
GAPDH and murine b-actin as loading control using
specific primers (Supplementary Table 2). For metastasis
experiments, 1 × 106 KM12SM-vLuc liver metastatic CRC
cells after 24 h of transient transfection with PTPRN or
control siRNAs was intrasplenically injected in Nude mice
(Charles River Laboratories) in 0.1 mL PBS. The spleen was
resected the day after, and then mice were inspected daily.
Two weeks after intrasplenical cell inoculation, liver metas-
tases were quantified in isoflurane-anesthetized mice by
luminescent activity of KM12SM-vLuc cells using luciferin
(12.5 mg/kg, intraperitoneal injection). Luminescence was
recorded with the IVIS in vivo imaging system (Perki-
nElmer) every 7 days up to 60 days after intrasplenical cell
injection. At day 60, mice were sacrificed and inspected
visually and by luminescence for the presence of liver
metastasis.

Statistical Analysis
Data are presented as mean ± SD. All statistical analyses
were performed with Microsoft Office Excel and the R pro-
gram (version 3.6.1). For the analysis of the seroreactivity
assays, the evaluation of the statistical significance between
groups was performed using the t test, and P values <0.05
were considered statistically significant. Parametric test
(t test) was used taking into account that our sample size
was large enough (>30), without outliers, and with the
mean of the data of the groups mostly representing the
center of the distribution of the data. The diagnostic ability
of PTPRN and ECD and ICD was evaluated by receiver
operating characteristic (ROC) curves. ROC curves, their

corresponding area under the curve (AUC), and maximized
sensitivity and specificity values were calculated using the
R package Epi (38).

For the analysis of the in vitro assays and qPCR data,
the evaluation of the statistical significance between
groups was performed using the t test, and P values
<0.05 were considered statistically significant.

Data and Resource Availability
All data generated or analyzed during this study are
included in this published article or available upon request.

RESULTS

Since patients with T2D are at higher risk than patients
without diabetes to develop CRC (2,24), we hypothesized
that PTPRN could be dysregulated in CRC and molecularly
associated to the co-occurrence of cancer in patients with
T2D.

Meta-Analysis of PTPRN in CRC
First, the potential alteration of PTPRN in CRC was evalu-
ated by meta-analysis using public databases. The exami-
nation of the Oncomine database revealed higher mRNA
expression of PTPRN in CRC compared with normal tis-
sue (Fig. F11A) (39,40). The examination of the TCGA
cohort related to COAD and READ revealed PTPRN muta-
tions in �3% of patients with CRC (Fig. 1B). Seven muta-
tions leading to the loss of phosphatase function were
found. Lastly, the COAD and READ TCGA data sets were
used for PTPRN-associated survival analysis assessed by
Kaplan-Meier curves using the median for separating high
and low PTPRN expression. The significance of the differ-
ence in survival between both populations was estimated
by the log-rank test. An inverse association between
PTPRN expression and overall or disease-free survival of
COAD and CRC was revealed (P values <0.05) (Fig. 1C).
For overall survival analysis, only 40% of patients with
CRC with high PTPRN expression levels survived �6
years. In contrast, 75% of patients with CRC with low
PTPRN expression levels survived $6 years. Moreover,
for disease-free survival analysis, 40% of patients with
CRC with high PTPRN expression levels showed no recur-
rence after 6 years of diagnosis in comparison with the
65% of patients with CRC showing low PTPRN expression
levels.

Collectively, these data show that PTPRN alterations
are present in CRC, with high PTPRN expression associ-
ated with a worse prognosis, indicating that PTPRN
expression levels could be used as a malignant prognostic
factor in the disease.

In Vitro Expression of PTPRN and Evaluation of its
Humoral Immune Response
Then, since protein alterations have been associated to the
development of humoral immune responses in patients
with cancer (41,42), the ability of PTPRN to induce a

4 PTPRN Links Diabetes and Colorectal Cancer Diabetes Volume 71, March 2022

https://doi.org/10.2337/figshare.17267837
https://doi.org/10.2337/figshare.17267837
https://doi.org/10.2337/figshare.17267837


 

 

humoral immune response in patients with CRC was evalu-
ated. Given that PTPRN is recognized by autoantibodies of
patients with T1D, we also evaluated if the population
with T2D, which has an increased CRC risk, presents
PTPRN autoantibodies.

To this end, we produced the protein in vitro and mea-
sured the specific immunoreactivity present in the plasma
of patients with T2D or CRC or both compared with
healthy subjects. Full-length PTPRN, as well as its ICD
and ECD (Fig.F2 2A), were expressed fused to HaloTag in
the C-terminal end using an in vitro cell-free expression

system (33,34,36). HaloTag allows purifying the fusion
proteins by covalent immobilization with magnetic beads
(MBs) for direct evaluation of autoantibody levels in
plasma samples.

Fusion proteins were correctly expressed (Fig. 2B) and
immobilized onto the MBs (Fig. 2C) with no degradation
that could interfere in the screening as shown by immuno-
staining. HaloTag functionality was verified by incubation
of the fusion proteins with chloroalkane functionalized
MBs that covalently bound HaloTag and an antibody spe-
cific against the tag. Signal was developed in all cases,

Figure 1—Assessment of PTPRN dysregulation in CRC. A: Evaluation of mRNA levels in CRC tissue compared with normal adjacent tis-
sue using Oncomine. Higher PTPRN mRNA levels were found in CRC tissue in comparison with control tissue (39,40). B: The cBioPortal
database retrieved data about the presence of PTPRN mutations at a genetic level in �3% of patients with CRC (TCGA, COAD). C: Sur-
vival analysis retrieved from the GEPIA2 web-based tool revealed that a higher PTPRN expression in patients with CRC (READ and COAD)
and patients with COAD (TCGA data sets) was related with a large decrease in their overall and disease-free survival (P values < 0.05).
CNA, copy number alteration; HR, hazard ratio.
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indicating that the tag (fused to the proteins) was success-
fully attached into the MB surface (Fig. 2C).

Once established the optimal working conditions, we
evaluated whether PTPRN or its domains could discrim-
inate between patients with CRC, T2D, or T2D with
CRC or healthy individuals (Fig. 2D). To this end,
plasma samples were separately evaluated for the con-
trol groups (healthy people and individuals with T2D)
versus the CRC group (with or without T2D). When the
seroreactivity of samples from patients with T2D with
or without CRC was evaluated against the fusion pro-
teins, both PTPRN full-length and ECD were able to
discriminate patients with CRC from control subjects
(P < 0.03) (Fig. 2E), whereas ICD showed no discri-
mination potential and similar high background or
unspecific signal in both groups. PTPRN and ECD seror-
eactivity were higher in patients with CRC or with T2D
and CRC as compared with the control group (Fig. 2F).
However, only full-length PTPRN could significantly
discriminate between control subjects and patients

with T2D with CRC. In contrast, only ECD could dis-
criminate with statistical significance between the con-
trol group and patients with CRC (Fig. 2F). The data
suggest that the seroreactivity present in patients with
CRC is mainly directed toward ECD. As control of the
specificity of the assay, seroreactivity toward EBNA1
was evaluated in parallel. No significant differences (P
values >0.1) were found among all groups (Fig. 2G).

Finally, comparison of the seroreactivity of patients
with T2D with and without CRC revealed that full-length
PTPRN discriminated with statistical significance the
presence/absence of CRC in patients with T2D (Fig. 2H).
Therefore, PTPRN appeared as a useful blood-based bio-
marker to discriminate CRC in patients with T2D.

Diagnostic Ability of PTPRN in Patients With CRC
Lastly, to evaluate the diagnostic potential of the detec-
tion of autoantibodies, we obtained ROC curves. When
discriminating control and CRC groups using autoantibod-
ies against PTPRN (full-length and ECD), an overall AUC

Figure 2—In vitro PTPRN expression and seroreactivity analysis of PTPRN. A: PTPRN (979 aa in length) is composed of a signal peptide
(SP), an ECD, a transmembrane domain (TM), and an ICD. The amino acids composing each domain are highlighted. B: Immunostaining
using a monoclonal antibody against the HaloTag of the indicated fusion proteins in vitro expressed. C: Covalent immobilization of the
proteins into MBs by HaloTag was verified through luminescence using a monoclonal antibody against the tag. D: Seroreactivity analysis
of autoantibodies against ECD, ICD, and PTPRN in plasma samples from healthy individuals and those with diabetes, CRC, and CRC with
T2D. E: PTPRN and ECD seroreactivity was significantly higher in the CRC group than in the control group (P value <0.05). F: When com-
paring the control group with the patients with CRC and the CRC with patients with T2D separately, PTPRN could significantly discrimi-
nate between control subjects and patients with T2D with CRC (P value<0.05), whereas ECD could significantly discriminate between the
control group and the patients with CRC (P value <0.05). G: Not statistically significant differences were found when comparing EBNA1
seroreactivity among groups. EBNA1 seroreactivity was used as control because >90% of the human population has antibodies against
EBNA1. H: Both PTPRN and ECD autoantibodies could discriminate between individuals with diabetes and patients with CRC and
patients with CRC with T2D separately (P values <0.05). Measurements were performed in triplicate. Bar graphs represent the mean ± SD
(E, F, and H). *P < 0.05.
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 of 76.5% (sensitivity 55.6% and specificity 95.0%) was
found, suggesting their potential for the detection of the
pathology (Fig.F3 3A). Furthermore, an overall AUC of 90.0%
(sensitivity 75.0% and specificity 100%) was found to dis-
criminate patients with T2D with CRC from those without.
The results indicate the usefulness of PTPRN full-length
and ECD autoantibodies to screen patients with T2D with
a potential risk of developing CRC (Fig. 3B).

PTPRN Depletion Reduces the Tumorigenic Properties
of CRC Cell Lines
To understand how PTPRN influences the tumorigenic
properties of CRC, we used two isogenic CRC cell lines with
opposite metastatic properties. Liver metastatic KM12SM
cells show the highest levels of PTPRN expression (Fig.F4 4A)
in contrast to nonmetastatic KM12C cells.

PTPRN transient silencing followed by invasion, prolifer-
ation, and wound healing assays was used in KM12C and
KM12SM cells compared with scrambled cells to assess
PTPRN influence in tumorigenic and metastatic properties.
First, depletion of PTPRN by transient silencing using
three different siRNAs was efficiently achieved as observed
by PCR and WB analyses (Fig. 4B). Next, tumorigenic and
metastatic properties were assessed.

Using Matrigel invasion assays, PTPRN-depleted KM12C
and KM12SM CRC cell lines exhibited reduced invasiveness
as compared with scrambled control cells using the three
independent PTPRN siRNAs (P values <0.05) (Fig. 4C).
Next, in proliferation assays, PTPRN-depleted KM12C and
KM12SM cells proliferated less with PTPRN siRNAs #1

and #3 than control cells transfected with the scrambled
siRNA (P values <0.05) (Fig. 4D). Consistent with their ori-
gin and different metastatic properties, there were more
KM12SM cells capable of invading the Transwell chamber
through the Matrigel than KM12C cells. In addition,
KM12SM cells showed higher proliferation rates than non-
metastatic primary tumor KM12C cells.

Since invasion appeared to be more affected than pro-
liferation by PTPRN silencing, wound healing assays were
used to confirm a role of PTPRN on cell migration using
PTPRN siRNA #1 (Fig. 4E). KM12SM cells tend to close
the wound faster than KM12C. Both PTPRN-silenced cell
lines closed the wound at a slower rate than their control
cells transfected with the scramble siRNA with a signifi-
cantly higher effect on KM12SM cells (Fig. 4E), for which
PTPRN expression was higher (Fig. 4A). The speed of migra-
tion was calculated for both conditions. The primary control
cells, KM12C cells transfected with scrambled siRNA,
migrated at an average speed of 102 ± 5 pixels/h, while
KM12C cells transfected with PTPRN siRNA migrated at an
average speed of 71 ± 28 pixels/h, indicating a 30% reduc-
tion in the migration speed after PTPRN depletion. Likewise,
the average migration speed was decreased in the metastatic
KM12SM cells upon PTPRN depletion. Consistent with their
origin, the average migration speed of the metastatic
KM12SM cells was higher than that of KM12C cells, and it
decreased from values of 140 ± 82 pixels/h to 109 ± 34 pix-
els/h for the cells transiently transfected with scrambled
and PTPRN siRNAs, respectively.

Figure 3—Diagnostic potential of the detection of PTPRN autoantibodies. The diagnostic potential for the detection of autoantibodies
against PTPRN and ECD was evaluated using ROC curves. A: Autoantibody detection could discriminate between control and CRC group
with an AUC of 75.5%. B: Autoantibody detection could discriminate between patients with T2D and CRC with patients with T2D with an
AUC of 90.0%. Sens, sensitivy; Spec, specificity.
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Figure 4—Silencing of PTPRN in KM12C and KM12SM CRC cells and effect on their tumorigenic properties. A: Protein expression levels
in CRC cell lines KM12C and KM12SM. RhoGDi was used as loading control. B: Evaluation by PCR and WB of the transient silencing of
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PTPRN Silencing on Metastatic CRC Cell Lines
Reduces the Expression of Inducers of the
Mesenchymal Phenotype
EMT of epithelial cells is associated to malignancy and
supports changes in cell proliferation, migration, and
invasion, which were reduced by PTPRN depletion in our
assays. Therefore, we investigated whether PTPRN deple-
tion alters EMT inducers in CRC cells (Fig.F5 5A and B).

Changes in the mRNA expression levels of TGF-b1,
Snail1 (SNAI1 gene), Claudin-2, E-cadherin (CDH1),
N-cadherin (CDH2), and ZO1 (TJP1 gene) were analyzed
by semiquantitative PCR (Fig. 5A) and qPCR (Fig. 5B)
analyses. PTPRN depletion caused in both KM12C and
KM12SM cells a significant decrease in EMT inducers
TGF-b1 and SNAI1. Moreover, a slight dysregulation of
tight junctions’ proteins ZO1 and Claudin-2 suggested
that PTPRN depletion provokes at least a partial reversion
of the EMT transition. Differences were more pronounced
in KM12SM highly metastatic CRC cells to liver than in
KM12C cells, where the decrease in the EMT inducers
SNAI1 and TGF-b1 was surprisingly not accompanied by
an increase in the epithelial marker E-cadherin and a
decrease of N-cadherin. Although quantitative results cor-
roborated the dysregulation of EMT markers observed by
semiquantitative PCR analyses, further studies are needed
to understand whether these proteins are further regu-
lated posttranscriptionally.

PTPRN Depletion Alters the Insulin Receptor Signaling
Pathway
We next explored whether PTPRN depletion in isogenic
nonmetastatic and metastatic CRC cells could also affect
insulin receptor signaling, as a surrogate marker of the
interrelationship of PTPRN between T2D and cancer. To
this end, the expression levels of insulin receptor and
insulin receptor signaling intermediates were explored by
PCR, qPCR, and/or WB (Fig. 5C and D).

A decrease in the mRNA expression levels of IRS1,
GSK3a, FOXO1, mTOR, AS160, AKT1, AKT2, ERK1, and
ERK2 was observed upon PTPRN depletion in both
KM12C and KM12SM cells by semiquantitative PCR and/
or qPCR analyses (Fig. 5C and D), showing that PTPRN
depletion impact insulin receptor signaling by altering the
basal levels of its intermediate molecules. Again, quantita-
tive results, which showed a similar alteration in IR sig-
naling with the three siRNAs, corroborated observations
at semiquantitative level. WB for IRS1, AKT, and ERK

confirmed previous results on mRNA (Fig. 5E). In addi-
tion, as observed by WB, PTPRN depletion decreased pre-
cursor and mature p-IRb, p-AKT, p-ERK, and p-FOXO1/3
protein levels in KM12C and KM12SM cells. On the con-
trary, GSK3b at protein level was overexpressed upon
PTPRN depletion.

Collectively, albeit certain variability attributable to
the use of three independent siRNAs, data suggest that
PTPRN depletion alters insulin receptor signaling. This
alteration, in turn contributes to the dysregulation of the
EMT, leading to a partial reduction of the EMT process
with the subsequent diminished proliferation, migration,
and invasion observed in CRC cells.

PTPRN Depletion Decreases Liver Metastasis Ability of
CRC Cells
In vivo effects of the transiently PTPRN depletion was
investigated on KM12SM CRC liver metastatic cells. First,
KM12SM cells were inoculated in the spleen of nude mice
to examine PTPRN effects on the capacity for liver hom-
ing. As a surrogate marker for homing, human GAPDH
was barely detected in the livers of mice inoculated with
transiently transfected siRNAs #1 and #2 against PTPRN
or decreased (#3) in comparison with KM12SM cells
transfected with scramble (Fig. F66A).

Therefore, as PTPRN seems to be important for liver
homing and metastatic colonization in CRC, we further
studied the role of PTPRN on metastasis formation and
growth. After intrasplenic inoculation of KM12SM-vLuc
cells transiently transfected with siRNAs 24 h prior to
inoculation, luciferase expression was assessed as a
proxy of liver metastatic growth every 7 days from day
20 to day 60, when control mice started showing dis-
tress signs (Fig. 6B). Interestingly, PTPRN depleted
cells upon intrasplenical injection developed signifi-
cantly lower or nondetectable liver metastatic foci in
comparison with control cells (Fig. 6B and C). Finally,
livers from all animals were further visualized by lumi-
nescence (Fig. 6D). Liver metastatic foci were present
in the two control mice. In contrast, only one out of six
mice inoculated with PTPRN depleted cells developed
substantially smaller metastatic foci. Reduced meta-
static formation and growth were associated with the
lower capacity for liver colonization of PTPRN-depleted
cells. These results suggest that PTPRN is required in
CRC cells for liver metastasis in vivo.

PTPRN after 48 h posttransfection using three different siRNAs in KM12C and KM12SM cell lines. As control, we transfected the cell lines
with a scrambled siRNA. By PCR, 18S was used as internal control. By WB, RhoGDi was used as loading control. C and D: PTPRN plays a
role in the tumorigenic properties of metastatic CRC cell lines. KM12C and KM12SM transiently transfected with PTPRN siRNAs #1, #2,
and #3 showed lower invasion capacity than control (scrambled transfected) cell lines (P values <0.05). D: Both KM12C and KM12SM cell
lines transiently transfected with PTPRN siRNAs #1 and #3 proliferate at a lower rate than control cells (P values <0.05). E: Wound healing
assays carried out during 48 h demonstrated that both cell lines migrated at a slower speed when PTPRN was depleted with PTPRN
siRNA #1. In agreement with their metastatic properties, KM12SM cells showed higher invasion, proliferation, and migration speed than
KM12C cells. All experiments were performed in duplicate. Experiments performed with PTPRN siRNA #1 and siRNAs #2 and #3 were
performed separately.
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DISCUSSION

Dysregulated signaling pathways and specifically signaling
by TKs is a hallmark of many cancers and metabolic
diseases, such as diabetes, which have been extensively
studied. In contrast, the role of tyrosine-phosphatases
(including PTPRN), which may play an important role in
the tumorigenic process as signaling inactivators, remains
unclear (43), although some tyrosine phosphatase recep-
tor alterations were observed in cancer (7). Tyrosine phos-
phatases dephosphorylate tyrosine residues and have a
potential to regulate physiological processes relevant in
cancer development as cell proliferation, differentiation,
adhesion, and migration. Therefore, cellular homeostasis
requires tight regulation of tyrosine phosphatases, and
their dysregulation may contribute to the development of
diseases. As such, numerous genetic and epigenetic

alterations have been described for PTPR receptors,
including amplification, deletion, and mutations in
PTPRN (43).

Increasing evidence reveals a relationship between dia-
betes and many cancers (2). Several epidemiologic studies
have found that patients with diabetes are at increased
risk of developing CRC compared with individuals without
diabetes (2,44,45). This relationship is especially relevant
in patients with T2D, a disease that develops slowly with
early symptoms being frequently silent until diagnosis.
Since PTPRN is a well-established diabetes autoantibody,
albeit for patients with T1D, and since autoantibodies
have been shown to be useful for cancer diagnosis (41),
we studied in this work whether the presence of PTPRN
autoantibodies might represent another link between dia-
betes and CRC.

Figure 5—PTPRN depletion on KM12C and KM12SM CRC cells alters EMT transition and reduces insulin receptor signaling pathway. A
and B: Alterations in EMT inducers after PTPRN depletion in KM12C and KM12SM cell lines. cDNA synthesized from total RNA from tran-
siently depleted PTPRN and scrambled control cells was subjected to semiquantitative RT-PCR analysis using specific primers for the
EMT inducers TGF-b1, SNAI1, Claudin-2, E-cadherin, N-cadherin, and ZO1 using 18S as control and for normalization (A) or qPCR analy-
sis using specific primers for TGF-b1, SNAI1, Claudin-2, and E-cadherin using 18S for normalization (B). C–E: Analysis of alterations in the
insulin receptor signaling pathway by PCR and WB, respectively, after PTPRN depletion in KM12C and KM12SM cell lines. cDNA synthe-
sized from total RNA from transiently depleted PTPRN and scrambled control cells after 48 h posttransfection was subjected to semiquan-
titative RT-PCR analysis using specific primers for IRS1, ERK1, ERK2, AKT1, AKT2, mTOR, FOXO1, AS160, and GSK3a using 18S as
control and for normalization (C) or qPCR analysis using specific primers for ERK1, ERK2, AKT1, AKT2, mTOR, FOXO1, and GSK3a using
18S for normalization (D). E: Protein expression levels of p-FOXO1/3, GSK3b, p-IRb, AKT, p-AKT, ERK, p-ERK, and IRS1 in CRC cell lines
KM12C and KM12SM transiently transfected with indicated siRNAs for 48 h confirmed RT-PCR and/or qPCR results. GAPDH and RhoGDi
were used as controls. Red Ponceau staining of each line was used for normalization. A, C, and E: Two replicate experiments (#1 and #2)
were analyzed. Representative images are shown. B and D: Data represent the mean ± SD of two experiments. The abundance of each
mRNA and protein was quantified by densitometry using ImageJ. a.u., arbitrary units.
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Figure 6—PTPRN depletion decreases liver homing and liver metastasis in KM12SM CRC cells. A: Nude mice intrasplenically inoculated
with KM12SM cells transiently transfected with siScramble (n 5 2) and indicated PTPRN siRNAs (n 5 1/PTPRN siRNA) were sacrificed
24 h after inoculation for analysis of in vivo liver homing. RNA was isolated from the liver and spleen (as control) and directly subjected to
RT-PCR to amplify human GAPDH (hGAPDH). Representative experiments out of two are shown. Murine b-actin (mActin) was amplified
as control. B: Representative images of luminescence intensity of in vivo luciferase activity from mice injected with KM12SM cells tran-
siently transfected with control and PTPRN siRNAs at days 45 and 60 postintrasplenical inoculation. Mice injected with control cells did
show detectable bioluminescence by IVIS analyses, in contrast to mice injected with PTPRN-depleted cells (one out of six mice showed
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 Therefore, we have evaluated the potential implication
of PTPRN in CRC and T2D. Overall, a direct association
between seroreactivity toward PTPRN in patients with
CRC and malignancy was observed. Surprisingly, PTPRN
autoantibody levels in plasma were a good discriminator
between patients with and without CRC for patients with-
out diabetes and even better for patients with T2D. More-
over, since ICD seroreactivity was observed at a similar
extent for control subjects and patients with CRC, ECD
seemed to be the domain of the protein that induced
such response. In addition, patients with CRC with and
without T2D showed increased levels of autoantibodies
against PTPRN and ECD when compared individually to
the control group. ROC curves with the data gathered for
the control subjects and CRC group showed an overall
AUC of 76.5%, indicating the usefulness of PTPRN as
CRC diagnostic autoantibody marker. When comparing
the diagnostic potential of autoantibodies to PTPRN and
ECD in patients with T2D with and without CRC, an AUC
of 90% was achieved. Remarkably, the data suggest that
PTPRN and ECD autoantibodies could be used to evaluate
the risk of CRC in patients with T2D. To our knowledge,
this is the first study linking diabetes and cancer by
means of seroreactive analysis of autoantibodies. Given
the increased risk of CRC for patients with T2D, our
results may translate into preventive strategies on the
management of patients with T2D.

Through functional in vitro cell-based assays and
in vivo assays, it was made evident that PTPRN silencing
produced a shift on the tumorigenic and metastatic prop-
erties of the studied colon cancer cell lines. KM12C and
KM12SM cell lines lost invasion, proliferation, and migra-
tion abilities upon PTPRN depletion. In vivo, PTPRN
depletion led to a loss in liver homing and metastatic abil-
ity of KM12SM cells. These results suggest that PTPRN
plays a role along the progression of CRC, in both primary
tumor (KM12C cells) and in metastasis (KM12SM cells).
In this sense, and considering the relationship between
tumorigenic properties of cancer cells and EMT, the
expression of EMT effectors after PTPRN transient deple-
tion reflected a dysregulation on the expression of Snail1,
TGF-b1, E-cadherin, and N-cadherin, among other EMT
effectors and transcription factors that may account for
the observed partial reversion of the EMT. Surprisingly,
the downregulation of TGF-b1 and Snail1was not accom-
panied by the opposite upregulation and downregulation
of E-cadherin and N-cadherin, respectively. This could be
associated to the powerful features of EMT transcription

factors and their relevance for cancer pathogenesis
(46–48), from tumor initiation, establishment of precur-
sor lesions, accumulation of genetic alterations, escape
from tumor surveillance, and therapy resistance to the
development of metastasis (48,49). These processes pro-
voke a continuous flux between epithelial and mesenchy-
mal end point states (47,48), which is often partially
executed (46). Indeed, it has been described a rebound
effect in some EMT effectors (i.e., Slug and Snail [50])
(46), which could be associated to this unexpected feature
and to a partial EMT dysregulation. Further studies using
stably transfected cell lines are needed to elucidate the
interactor proteins of PTPRN and its effectors and to
understand in detail how PTPRN contributes to the EMT
process. However, present data suggest that PTPRN may
represent an interesting therapeutic target for CRC and
for metastatic CRC to liver. Finally, it is also noteworthy
that PTPRN depletion causes also a decrease in the insu-
lin receptor signaling, and in ERK and AKT, that might
also explain the changes observed in the expression of
EMT genes and the decrease in proliferation, migration,
and invasion of CRC cells in vitro, respectively. Notice-
ably, the decrease on ERK and AKT mRNA and protein
levels could be associated with: 1) the dysregulation of
the insulin receptor signaling, 2) a decrease in PTPRN sig-
naling for which depletion decreased proliferation, inva-
sion, and migration of CRC cells, processes in which AKT
and ERK are implicated (43), or 3) synergistic effects on
the dysregulation of both signaling routes. These results
further support a role for PTPRN as a link between cancer
and diabetes.

Notably, although higher patient samples and multi-
centric cohorts together with other added factors, such as
hyperinsulinemia, should be analyzed in subsequent stud-
ies to get further evidence of the role of PTPRN in cancer
and diabetes and to overcome some limitations in the
study as the number of samples, we have demonstrated
in this study a significant relationship between PTPRN,
T2D, and CRC progression. These results demonstrate a
new link between these highly prevalent chronic diseases.
Moreover, in vitro and in vivo assays using stably trans-
fected CRC cells will help to evaluate the mechanisms of
action of PTPRN on EMT transition and on ERK and AKT
and insulin receptor signaling pathways. Future studies
on PTPRN dysregulation in patients with CRC with and
without T2D are guaranteed to shed light on its potential
for screening patients T2D for CRC. Additionally, PTPRN

detectable luminescence signal). Three mice per group were inoculated, but one mouse of each group died prior to metastasis develop-
ment because of other causes (i.e., after spleen resection or hemorrhage), and thus, n5 2 was the final mice number per group at day 60.
C: Luminescence per indicated mice was represented at each time points. D: At day 60 postintrasplenical cell inoculation, livers from all
control or PTPRN siRNA-treated mice were collected and luminescence measured in an IVIS in vivo imaging system. As depicted in the
images, one out of six PTPRN siRNA-treated mice showed detectable luminescence, in contrast to the highly measurable luminescence
of the two control siRNA mice. Significant luminescence values were observed comparing control and PTPRN siRNA groups, for which
luminescence signal was represented by bar graph. ROI, region of interestQ:4 .*P < 0.05.
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 may offer a new potential therapeutic target in CRC in a
clinical setting.
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