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1 | INTRODUCTION

Colorectal cancer (CRC), accounting for approximately 10% of all
cancer cases, is one of the most common types of malignant tumor,
leading to more than one-third of rectal-related incidences. Although

several studies have revealed that environmental and genetic factors
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STATS3, which will broaden the therapy strategy for anti-rectal cancer in the future.
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contribute to the occurrence and development of CRC, many muta-
tions are detected in CRC, which play important roles in tumorigen-
esis and progression of the tumor. Studies have revealed that many
genes were frequently mutated in CRC, including TP53, APC, KRAS,
PIK3CA, NRAS, FBXW7, SMAD4 and TCF7L2.} These genetic mu-
tations alter signaling pathways such as Ras/Erk1/2, Src, JAK/STAT,
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JNK, NF-kB, Wnt and PTEN/PI3K/AKT, controlled by protein tyro-
sine kinases and protein tyrosine phosphatases (PTP).?

In human beings, there are more than 100 phosphatases genes,3
which can be divided into 4 distinct classes according to amino acid
sequence in the phosphatase catalytic domains. Among these phos-
phatases, the largest class, Class |, can be divided into receptor and
non-receptor PTP.3 PTPN4/PTP-MEG1, a widely expressed non-re-
ceptor PTP, contains FERM, PDZ and C-terminal catalytic domains. In
1991, PTPN4 gene was first cloned with a human megakaryoblastic
cell line (MEG-01) and umbilical vein endothelial cell cDNA libraries,
which is the reason that PTPN4 was also referenced as MEG: PTPMEG
or PTPMEG1.* PTPN4 localizes in the cytoplasm and the plasma mem-
brane. The active form of PTPN4 consists of the PDZ and PTP domains.”

Emerging studies have shown that PTPN4 participates in many bi-
ological processes. The overexpression of PTPN4 affects cell growth
and colony formation in soft agar of COS-7 cells and suppresses Crkl-
mediated cell growth and mobility in HEK293T cells.*” However, other
studies have addressed that PTPN4 suppresses the cell apoptosis of
neuroblastoma and glioblastoma cell lines in a PDZ-PDZ binding mo-
tifs-dependent manner. Besides the regulation of cell proliferation
and apoptosis, PTPN4 also plays an important part in innate immune
responses by suppressing tyrosine phosphorylation of TRAM and the
TCR ITAM. Moreover, other studies have suggested that PTPN4 was
highly associated with learning, spatial memory and cerebellar synaptic
plasticity.8? In these studies, 5 endogenous partners of PTPN4 have
been reported: (i) mitogen-activated protein kinase (MAPK) p38y; (ii)
glutamate receptor 62 and e subunits; (iii) TRIF-related adaptor mol-
ecule TRAM; (iv) T-cell receptor & subunit; and (v) oncoprotein Crkl.
However, it remains unclear whether PTPN4 participates in the CRC
tumorigenesis and the detailed mechanism of PTPN4 regulation in
CRC still needs to be elucidated.

In this study, we identified a nonsense mutation of PTPN4 from
1 case of rectal cancer by exome capture DNA sequencing, lead-
ing to loss of function in PTPN4 gene. Low expression of PTPN4
in rectal cancer is associated with poor prognosis, and overexpres-
sion of PTPN4 suppresses the cell growth of colorectal cancer cells.
Moreover, the deletion of PTPN4 promotes the cell proliferation
ability and tumor formation of colorectal cancer cells. In terms of
molecular mechanisms, we revealed that PTPN4 dephosphorylates
pSTATS3 at the Tyr705 residue with a direct interaction, which might
provide novel targets for the therapy of CRC.

2 | MATERIALS AND METHODS

2.1 | Cell culture, antibodies and plasmid
construction

DLD-1, NCM460 (one immortalized colorectal epithelial cell line)
and HEK293T cells were obtained from ATCC and maintained in
our laboratory according to the recommendation of ATCC. Stable
cell lines for the knockdown of PTPN4 by shRNA were gener-
ated based on DLD-1, which were infected with lentivirus and
selected by puromycin at 2 pg/mL. Stable cell line for knockout
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of PTPN4 by CRISPR Case9 was generated based on NCM460
and screened using FACS. The guide RNA used for knocking
out of PTPN4 were 5-TCTAGACAAATCAGCTTGAA-3' and 5'-
GGTTACGACCATCTTCAGTT-3', which were selected from http://
crispr.mit.edu/ and subcloned into the PX458M plasmid.

Anti-PTPN4 antibody was purchased from Sigma-Aldrich (St.
Louis, MO, USA) (HPA019351) and Abcam (Cambridge, MA, USA)
(ab200363). Anti-phosphotyrosine antibody (4G10) was purchased
from Millipore (Hong Kong, China). Anti-HA, anti-Erk1/2, anti-
pErk1/2 and protein G/A plus agarose beads were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-pSTAT3
(Tyr705), anti-pSTAT3 (Ser727), anti-STAT3, anti-Ki-67, anti-p-Actin
antibodies and anti-rabbit IgG (H+L), F(ab’)2 Fragment was purchased
from Cell Signaling Technology (Shanghai, China). Goat anti-Mouse
IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor
546 was purchased from Thermo Fisher Scientific (Shanghai, China).
Plasmids including 3Flag-PTPN4 and 3HA-PTPN4-IRES-EGFP were
expression vectors constructed based on pcDNA3.0-3Flag and
pCDH-CAG-3HA-IRES-EGFP, respectively, for human PTPN4 and
PTPN4 c.549dupT.

2.2 | Clinical samples

Eleven primary paired rectal cancer samples including tumor and
adjacent non-tumorous samples were randomly selected from
the Chinese PLA General Hospital (Beijing) and used for the west-
ern blot. The pathological type was confirmed by the pathologists.
Twenty-five TNM stage Il and 25 TNM stage Il rectal cancer pa-
tients who underwent surgical treatment were selected for im-
munohistochemical analysis. The Ethics Committee of the Chinese
PLA General Hospital (Beijing) approved the tissue collection with
informed consent.

2.3 | Exome capture, library construction,
sequencing and somatic mutation identification

Whole-exome capture DNA sequencing service was provided by
GenomiCare Biotechnology (Shanghai). Genomic DNA was frag-
mented and hybridized to Agilent SureSelect Human All Exome
kit V5. Exome-enriched shotgun libraries were sequenced on the
lllumina X platform, and pair-end reads with size of 150 *2 bp
were generated. Image analysis and base calling were performed
with Illumina CAVSAVR version 1.8, using default parameters.
After removing reads with sequence matching, the sequencing
adaptors and low-quality reads with exact match, high-quality
reads were aligned to the NCBI human reference genome hgl9
using Burrows-Wheeler Aligner tools. Reads in fastq format were
initially processed with Genome Analysis Toolkit (GATK) version
3.5. Localized insertion deletion (InDel) realignments were per-
formed using GATK. Regions that needed to be realigned were
identified using the GATK Realigner Target Creator (https://
software.broadinstitute.org/gatk/). For single nucleotide vari-
ants (SNV) detection, the MuTect algorithm was used to identify


http://crispr.mit.edu/
http://crispr.mit.edu/

ZHANG ET AL.

L ERVWITSYE Cancer SCience

candidate SNV in xenografts that exhibited drug resistance based
on comparison to control xenografts from the same patient. The
ANNOVAR software (http://annovar.openbioinformatics.org/en/
latest/) was used for SNV annotation. The possible effects of non-
synonymous mutations on the encoded proteins were predicted
using the dbNSFP database, version 3.1 (http://varianttools.sourc
eforge.net/Annotation/DbNSFP), by collating outputs from the
SIFT32 and Polyphen2 prediction programs. Candidate somatic
resistance InDels were identified using InDelocator (http://www.
broadinstitute.org/cancer/cga/indelocator) based on comparisons
to control xenografts from the same patient. Candidate InDels
were only considered when they were supported by >5 reads and
when the ratio of the number of supporting reads to the maximum
breakpoint read depth was >.05. All InDel calls were manually re-
viewed using the Integrative Genomics Viewer (http://software.
broadinstitute.org/software/igv/) before being annotated with
ANNOVAR.

2.4 | Immunohistochemical staining

Formalin-fixed, paraffin-embedded tissue blocks were cut into 4-um
paraffin sections, followed by immunohistochemical analysis. The
slides were heated in a tissue-drying oven for 40 minutes at 65°C,
followed by deparaffinization in xylene and rehydration in a graded
alcohol series. The slides were incubated in sodium citrate solution
(pH 6.0) and heated in a boiling water bath for 20 minutes for antigen
retrieval. After endogenous peroxidases were blocked by soaking
the slides in 3% H,0,, the slides were incubated with anti-PTPN4
antibody (Abcam, Cambridge, MA, USA, ab200363, 1:50) in a hu-
midity chamber at 4°C overnight. We washed the slides with PBS
3 times, and applied the EnVision Kit (Dako, Glostrup, Denmark) to
the sections on the slides and incubated in a humidified chamber at
room temperature for 30 minutes. Signal detection was performed
using diaminobenzidine in the EnVision Kit (Dako). All the slides were
examined under a microscope by 2 blinded pathologists. According
to the degree of positive staining, positive intensity can be divided
into negative (=), weak positive (+), medium positive (++) and strong
positive (+++). All patients gave informed consent for participation

in the study.

2.5 | Western blotting

Cells were harvested and homogenized in RIPA buffer (Cell Signaling
Technology, Shanghai, China), followed by determination of pro-
tein concentration using the BCA Kit (Life Technologies, Shanghai,
China). Proteins were resolved by 10% SDSPAGE, and then trans-
ferred to .45-mm polyvinylidene difluoride (PVDF) membranes. The
membranes were blocked in 5% skimmed milk in TBS with Tween
20 (TBST) at 37°C for 1 hour and incubated with primary antibody
at 4°C overnight. The PVDF membranes were rigorously washed
with TBST and subjected to secondary antibody hybridization. The
protein bands were visualized using enhanced chemiluminescence

(Millipore, Hong Kong, China).

2.6 | RT-PCR

The primers used for PTPN4 amplification were 5-ATCTCCACC
GGGAACTCCTA-3' and 5-CGCTTGGGGAAGTATGAACCA-3'. The
primers for GAPDH amplification were 5-~AACGTGTCAGTGGTGGA
CCTG-3" and 5-AGTGGGTGTCGCTGTTGAAGT-3'. The RT-PCR for
the detection of mRNA levels of PTPN4 and GAPDH included 28 cy-
cles of PCR amplification with 94°C for 30 seconds, 55°C for 30 sec-
onds and 72°C for 40 seconds. The RT-PCR products were analyzed

with 1% agarose gels and observed under ultraviolet light (Bio-Rad).

2.7 | CCK proliferation assay

Cells were counted by FACS and then seeded into 96-well plates at
2 x 10%/well. CCK-8 (Dojindo, Shanghai, China) reagent was diluted
and added to the wells according to the protocol. Absorbance at
450 nm was documented with a reference filter of 570 nm using a
microplate reader (Molecular Devices, San Jose, CA, USA). Data were
collected for 7 days.

2.8 | Immunofluorescence staining

HEK293T cells were seeded on coverslips. After transfection with
3Flag-PTPN4 for 24 hours, the cells were fixed with 4% paraformalde-
hyde for 20 minutes and perforated with .3% Triton X-100 for 10 min-
utes. After blocking with 10% FBS for 50 minutes, cells were incubated
with anti-Flag and anti-STAT3 antibodies overnight at 4°C, followed
with incubation with the secondary antibodies for 1 hour. Stained cells
were visualized using a confocal laser scanning microscope with co-lo-
calization of the 2 proteins indicated by a merged image.

Wild-type and PTPN4X® NCM460 cells were seeded on covers-
lips. After 24 hours of serum-free starvation, cells were stimulated
with epidermal growth factor (EGF) (25 ng/mL) for 5 minutes and
cultured in serum-free medium for 0, 10, 20 and 30 minutes. After
treatment, cells were fixed with 4% paraformaldehyde for 20 min-
utes and perforated with .3% Triton X-100 for 10 minutes. After
blocking with 10% FBS for 50 minutes, cells were incubated with
anti-STAT3 antibody overnight at 4°C, followed with incubation
with the secondary antibodies for 1 hour. Stained cells were visual-

ized using a confocal laser scanning microscope.

2.9 | Flow cytometric analyses

HEK293T, DLD-1 and NCM460 cells were seeded in 6-well plates. After
digestion and suspension, cells were fixed with 70% ethanol overnight
at 4°C. Then cells were re-suspended in 1-mL DAPI solution (.1% [v/v]
Triton X-100, 1 pg/mL DAPI) and incubated at room temperature for
30 minutes. Each sample was tested for 30 000 cells by flow cytometry.

2.10 | Luciferase assay

HEK293T cells were plated in 24-well plates the day before transfec-
tion. A total of .05 pg pAPRE-luc or .1 pg pFA-luc plus .1 pg pFR-ELK1
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reporter plasmid together with 5 ng of pRL-TK was transfected. The
constructed plasmid overexpressing PTPN4 was co-transfected at
an amount of .4 pg/well. Four hours after transfection, HEK293T
cells were treated with EGF (25 ng/mL) for 6 hours after starvation
for 24 hours, and luciferase assays were conducted with a dual-lu-
ciferase reporter assay system (Vigofect, Beijing, China).

2.11 | Colony formation assay

Cells were plated in 6-well plates at a density of 500 or 1000 cells/well.
After culturing for 10 days, cells were fixed with methanol for 10 min-
utes and incubated with .1% crystal violet (Sigma) for 10 minutes at

room temperature. The number of colonies was counted by Image J.

2.12 | Tumorigenesis assay

NCM460 cells (1 x 107 cells/mouse) were injected subcutaneously
into the right or left dorsal flank of 6-week-old BALB/c nude mice
with control cells and experimental cells. When tumors were ap-
proximately 1.0 cm in diameter, mice were killed and tumor tissues
were collected. This protocol followed the guidelines and regula-
tions on animal health and ethics and was approved by the animal
health and ethics committee in the Chinese PLA Medical School.

2.13 | Immunoprecipitation assay

Lysates were subjected directly to immunoblot analysis and immu-
noprecipitated overnight with the indicated antibodies. Immune
complexes were incubated with Protein G/A PLUS-Agrose (sc-2002,
Santa Cruz Biotechnology) and washed in cell lysis buffer, followed

by immunoblotting.

2.14 | The construction of lentivirus plasmids

Short hairpin RNA (shRNA) was designed to downregulate PTPN4.
The sequences were: 5'-GCTCCGAACAAATAGTAAATA-3' (PTPN4-
shRNA5), 5-CCTTCTAATACTGCTGCCCTT-3' (PTPN4-shRNAJ),
5'-GCTGTATATGATGTAGTGGAA-3' (PTPN4-shRNA7), 5'-
CGTCATCAACACAAGCTAATA-3' (PTPN4-shRNAS8). Then, the se-
quences were inserted into pCDH-GLI-1-shRNA plasmids.

2.15 | Statistical analysis

Data were represented as mean + SD. Significant differences
between proportions were assessed using Fisher's exact test.
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Significant differences between 2 groups were determined using
Student's t test. Significant differences between 3 groups were de-
termined using one-way ANOVA. Survival analysis was performed
using Kaplan-Meier method. All the analyses were conducted using
SPSS 17.0 software. Statistical significance was defined as P < 0.05.

3 | RESULTS

3.1 | A nonsense mutation of PTPN4 is detected in
1 case of rectal cancer

A 47-year-old Chinese man, who was categorized as T4bN2aM1
stage IV in the NCCN guideline and diagnosed as having moder-
ately-poorly differentiated adenosquamous carcinoma pathologi-
cally, underwent palliative resection for rectal cancer (Figure 1A).
Whole-exome capture DNA sequencing was performed on the
patient's tumor and leukocyte before PD-1 inhibitor treatment.
After 3 months of treatment, the patient died of tumor progression.
Surprisingly, a total of 98 somatic mutated genes were identified in
the tumor tissue from the patient. Among these genes, a c.549dupT
mutation of PTPN4 was identified with the highest mutation ratio
of 90.90% (Figure 1B, Table S1). The mutation ratio exceeded 50%,
so PTPN4 c.549dupT was a biallelic mutation. In consideration of
the mutation ratio of 90.90%, the mutation of PTPN4 might occur in
the early stage of tumorigenesis. A further sequence analysis dem-
onstrated that this mutation enabled PTPN4 to obtain a premature
stop codon, which was a kind of nonsense mutation. As a conse-
quence of this mutation, the PTPN4 gene lost the C-terminal region
containing the central PDZ, the C-terminal catalytic and part of the
FERM domains (Figure 1C). To test this hypothesis, the plasmids of
the wild-type PTPN4 and the truncated PTPN4 (PTPN4 ¢.549dupT),
referred to as PTPN4 ©>49PT \uith a tag of 3Flag were constructed,
and transfected into HEK293T cells. The results showed that the
molecular weight of wild PTPN4 encoded by 3Flag-PTPN4 was
>100 kDa, while protein encoded by 3Flag-PTPN4 ¢547duPT \yag
<30 kDa (Figure 1D). To examine the expression level of PTPN4 in
this tumor tissue, a immunohistochemistry experiment was per-
formed. The data demonstrated that the expression of PTPN4 was
negative in the tumor tissue in comparison with the normal counter-
part in the same slide (Figure 1E). Then we employed mutagenesis
analyses for cancer genomics based on the TCGA READ database
and found that several somatic mutations occurred in 5/137 rec-
tal cancer samples, including 1 In_Frame_Del mutation, 5 missense
mutation and 1 nonsense mutation (Figure 1F-1). Similar to BRAF,
these PTPN4 somatic mutations occur mainly in patients with

heavy tumor burden (Figure 1F-2). Taken together, all these data

FIGURE 1 A nonsense mutation of PTPN4 is identified in 1 case of rectal cancer. A, Computer tomography image of abdomen and pelvic
cavity. Tumor (red triangle) thickened rectal wall (right side) and dilated the abdominal intestines (left side). B, PTPN4 had a mutation with the
highest mutation ratio. A total of 98 somatic mutated genes were identified in 1 case of rectal cancer by exome capture DNA sequencing. C,
A ¢.549dupT mutation enabled PTPN4 to obtain a premature stop codon. D, The molecular weight of wild PTPN4 encoded by 3Flag-PTPN4 is
>100 kDa, while protein encoded by 3Flag-PTPN4 c.549dupT is <30 kDa. E, The expression of PTPN4 was negative in the rectal tumor tissue,
whereas the positive PTPN4 was observed in the paired adjacent normal tissue. F, Several somatic mutations of PTPN4 were found in rectal
cancer samples from the TCGA READ database. Somatic mutations in PTPN4 occur mainly in patients with heavy tumor burden



ZHANG ET AL.

(B) o e ¥ ©

rown sirms  rmc | mo Foz st

e e e ey e iy
520 530 540 550 560
;—.TTA?I‘CTTt‘CE?TCCTEETC;—.ECCTCAEGET?TﬁARAAG:—.;EA_GCAS.—-.‘—.AA

541  CCT CAA GAT TTT|TCA|AAA AGA AAT TGC AAA ATT ACA TCA GCA ACA 585
181  Pro Gln Asp Phe|End|Lys Arg Asn Cys Lys Ile Thr Ser Ala Thr 195

Ki67 PTPN4
(D) 3Flag-PTPN4 - + - (E)
3Flag-PTPN4 - - + kDa
¢.549dupT € 170
€130
3Flag-PTPN4 > '
<100
-
470
- -
|4 55
€ 40
—— s
3Flag-PTPN4 po p— [ 25
¢.549dupT

(F) 1 TCGA READ
» PTPN4: [Somatic mutation rate: 3.65%)
‘5 5 NM_002830 @ In_Frame_Del
g 4 Sl
3 L
=3
2
o 200 400 600 800 929
2 Altered in 123 (89.78%) of 137 samples.
10 000
8000
6000
~ || |I 0 20 40 60 80 100
0 . L -
= (WNDCKDAMU0N, -~ | —
d -\ - .
% m ‘ ‘ BRAF
4% ‘ PTPN4 |
B Missense_Mutation M Splice_Site B In_Frame_Del

M Nonsense_Mutation ™ Frame_Shift_Del ™ In_Frame_lns

M Frame_Shift_Ins W Multi_Hit



ZHANG ET AL.

suggested that ¢.549dupT in PTPN4, a nonsense mutation with a
mutation ratio of 90.90%, occurring in colorectal cancer, may play

an essential role in the early stage of CRC tumorigenesis.

3.2 | Low expression of PTPN4 is associated with
poor prognosis in rectal cancer

To explore the role of PTPN4 in the tumorigenesis and development
of colorectal cancer, we evaluated the expression of PTPN4 in 11 pri-
mary rectal cancer tissues compared with their adjacent normal tissues
by western blot. None of the patients received neoadjuvant therapy.
Approximately 27% (3 in 11 samples) of primary rectal cancer tissues
showed a significant downregulation of PTPN4, while around 36% (4 in
11 samples) of the primary rectal cancer tissues exhibited high expres-
sion of PTPN4 compared with their adjacent normal tissues (Figure 2A).
It has been reported that lymph node metastasis is associated with
poor prognosis.10 In our study, although there is no significant differ-
ence in statistics between primary rectal cancer tissues and their adja-
cent normal tissues, patients with downregulated expression of PTPN4
(blue color) had more metastatic nodes (Figure 2B). To evaluate the
association of PTPN4 with the clinicopathological features of patients
with READ, we evaluated the PTPN4 protein expression in 50 READ
tissue slides. We found that 68% (34/50) of READ tumors showed neg-
ative cytoplasm staining of PTPN4 and 32% (16/50) had moderate and
weak staining (Figure 2C). More abundant expression of PTPN4 was
observed in well-differentiated tumor tissue compared to poorly differ-
entiated tumor tissue in several slides (Figure 2C-4). We also found that
patients with PTPN4 negative cytoplasm staining were more prone to
lymphatic metastasis (P = 0.0153, Figure 2D). To further confirm our
findings, the mRNA expression of PTPN4 in rectal cancer samples from
the TCGA database (https://genome-cancer.ucsc.edu) was analyzed.
Curiously, PTPN4 was significantly increased in 9 rectal cancer sam-
ples compared with the paired adjacent normal samples (P = 0.0277)
(Figure 2E). The upregulation of PTPN4 mRNA level was also observed
in unpaired rectal cancer samples (n = 94) compared with normal sam-
ples (n = 10) from the TCGA READ cohort (P = 0.0015) (Figure 2F). We
further analyzed the association of PTPN4 with pathological features
and clinical outcomes of patients with rectal cancer. Ranking rectal can-

cer patients according to PTPN4 mRNA level and keeping the top 25%
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(High) and bottom 25% (Low) patients, no significant correlation was
observed between PTPN4 expression and gender, age, and the TNM
stage of rectal cancer patients (Table S2). However, the Kaplan-Meier
analysis showed that a low level of PTPN4 mRNA was associated with
a poor overall survival rate (Figure 2G). All these results indicated that
PTPN4 may not be a driver gene in most rectal cancers. However, low

expression of PTPN4 in rectal cancer is associated with poor prognosis.

3.3 | PTPN4 suppresses the proliferation ability of
colorectal cancer cells

To explore the function of PTPN4 in CRC, we examined the ef-
fects of PTPN4 on growth characteristics of colorectal cancer cell
line DLD-1 and NCM460 (an immortalized colorectal epithelial cell
line) by colony formation assay and CCK8 assay. The results from cell
colony formation assay showed that ectopic expression of PTPN4
significantly depressed the clonogenicity of DLD-1 cells (Figure 3A,B)
and NCM460 cells (Figure 3C,D) compared with the control cells.
Moreover, the cell proliferation ability was remarkably suppressed
in PTPN4-overexpressed DLD-1 cells (Figure 3E) and NCM460 cells
(Figure 3F). To further confirm the influence of PTPN4 on the viability
of CRC cells, we knock down endogenous expression of PTPN4 in
DLD-1 cells by shRNA targeting the PTPN4. The RT-PCR and western
blot assays showed that the PTPN4 were efficiently knocked down
by the shRNA (Figure 3G,H). Consistently, the knockdown of PTPN4
dramatically boosted the clonogenicity (Figure 31,J) and accelerated
the cell growth (Figure 3K) in DLD-1 cells. In addition, we knocked out
the PTPN4 gene in NCM460 via CRISPR/Cas9 system (Figure 3L,M).
The data demonstrated that loss of PTPN4 similarly boosted the
cell clonogenicity (Figure 3N,0) and accelerated the cell growth in
NCM460 cells (Figure 3P). To further explore whether loss of PTPN4
had influence on the tumorigenesis, a tumor formation assay was per-
formed with PTPN4 knockout NCM460 cells in vivo. We found that
deletion of PTPN4 in NCM460 cells promoted the tumor formation
(tumor was developed in 2 of 17 mice with implantation of PTPN4K®
NCM460 cells), whereas the wild type of NCM460 cells could not
form any tumors (Figure 3Q). Moreover, the histopathological exami-
nation showed that the tumors had morphological characteristics of

poorly differentiated adenocarcinomas. (Figure 3R). Taken together,

FIGURE 2 Low expression of PTPN4 is associated with poor prognosis in rectal cancer. A, Approximately 27% (3 in 11 samples) of
primary rectal cancer tissues showed a significant downregulation of PTPN4, while approximately 36% (4 in 11 samples) of the primary

rectal cancer tissues exhibited high expression of PTPN4, compared with their adjacent normal tissues. A western blot assay was used to
detect the PTPN4 protein level and PCNA was used to indicate the tumor tissues. GAPDH was used as a loading control. B, Patients with
downregulated expression of PTPN4 (blue color) had more metastatic nodes. C, Immunohistochemical staining detected PTPN4 expression
in tumor tissues of patients with stage Il and Il rectal cancer. 1: PTPN4 negative staining; 2: PTPN4 weak staining; 3: PTPN4 moderate
staining; 4: More abundant expression of PTPN4 was observed in well-differentiated tumor tissue compared to poorly differentiated tumor
tissue in the same slide. D, Patients with PTPN4 negative cytoplasm staining were more prone to lymphatic metastasis (P = 0.0153). E, The
mMRNA level of PTPN4 in tumors was remarkably increased compared with their paired adjacent normal tissues. Data were from the TCGA
READ cohort and a paired Student's t test was used to analyze the statistical significance between the tumor tissues and the paired normal
tissues (P = 0.0277). F, The mRNA level of PTPN4 was significantly increased in tumor tissues compared with normal tissues. Data were
from the TCGA READ cohort and a Student's t test analysis was used to examine the significance between the tumor and the normal tissues.
(P =0.0015). G, The low expression of PTPN4 is associated with poor overall survival in rectal cancer. Data were from TCGA database,
Rectal cancer patients were ranked according to PTPN4 mRNA level. The top 25% (High) and bottom 25% (Low) of patients were kept.
Kaplan-Meier analysis was used to examine the survival rate (P = 0.014)
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all these results lead us to the conclusion that PTPN4 suppresses the

proliferation ability and tumorigenesis of colorectal cancer cells.

3.4 | Expression of PTPN4 correlates with cell cycle
progression

Moreover, a FACS analysis was conducted to determine whether
PTPN4 alters the cell cycle. Our cell cycle analysis clearly dem-
onstrated that exogenous expression of PTPN4 shortened the S
phase and prolonged the G1 phase in HEK293T cells (Figure 4A,B).
Previously, we have found that downregulated PTPN4 promoted the
colony formation and cell growth of colorectal cancer cells. To ques-
tion whether PTPN4 had influence on the cell cycle, a FACS experi-
ment was done to analyze the cell cycle of PTPN4 knockdown DLD-1
cells. Interestingly, knockdown of PTPN4 significantly promoted cells
entering into the S phase from the G1 phase (Figure 4C,D), leading to
an accelerated cell cycle. To further confirm this phenomenon, we ex-
amined the cell cycle variation of the PTPN4 deleted NCM460 cells.
Consistently, we found that deletion of PTPN4 led to the short G1
phase and the arrest of G2/M phase (Figure 4E,F). These results indi-

cate that loss of PTPN4 can accelerate the cell cycle of CRC cell lines.

3.5 | PTPN4 suppresses the transcription
activities of STAT3 and Erk1/2 by impairing the
levels of pSTAT3 (705) and pErk

Many studies have reported that PTPN4 is a PTP. To address the
function of PTPN4 on overall state of protein tyrosine phospho-
rylation, we transfected HEK293T cells with 3HA-PTPN4 and
conducted immunoprecipitation experiments. Overexpression
of PTPN4 did not result in detectable changes in the overall
state of protein tyrosine phosphorylation in lysate and co-im-
munoprecipitation product (Figure 4A). Previous studies showed

that the endogenous PTPN4 only accounts for approximately
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1/3000th of the total tyrosine phosphatase activity in COS-7
cells.® These results illustrated that the effect of PTPN4 on cell
proliferation is likely via specific substrates rather than global
dephosphorylation.

Previously, our laboratory demonstrated that PTPMeg2 directly
mediates the dephosphorylation of pSTAT3 and negatively regulates
STAT3 activity.11 In other studies, PTPN2, PTPN3, PTPN5, PTPN7 and
PTPN11 were reported to act on kinases upstream or downstream in
EGF receptor-mediated signaling pathway. Therefore, we examined
whether PTPN4 dephosphorylates STAT3 and Erk1/2. The results
showed that the level of pSTAT3 (705) and pErk1/2 was decreased in
a dose-dependent pattern when PTPN4 was overexpressed (Figure 5B)
with or without EGF treatment. To evaluate whether the C-terminal de-
letion of PTPN4 had responsibility for the dephosphorylation function
of PTPN4, we also transfected HEK293T with wild-type PTPN4 and
PTPN4 5494 ynder EGF treatment for 5 minutes after a starvation
for 24 hours. PTPN4 ¢.549dupT failed to depress the level of pSTAT3
(705) and pErk1/2; however, the wild-type PTPN4 maintained the de-
phosphorylation ability for STAT3 and Erk1/2 (Figure 5C) Interestingly,
PTPN4 leads to the decrease of phosphorylation of STAT3 at residue
Try705 while having no impact on the phosphorylation of STAT3 at res-
idue Ser727 (Figure 5C). These results suggested that overexpression
of PTPN4 regulates the tyrosine phosphorylation of STAT3 and Erk1/2.
To confirm whether PTPN4 interacted with STAT3 and Erk1/2 directly,
PTPN4 and STAT3 were co-expressed in HEK293T cells and co-immu-
noprecipitation experiments were conducted. The results indicated that
PTPN4 interacted with STAT3 and did not interact with STAT3 (Tyr705F)
in vitro (Figure 5D). However, we did not detect the direct interaction
between PTPN4 and Erk1/2 (data not shown). Immunostaining showed
that PTPN4 localizes to the cytoplasm and cytomembrane (Figure 5E
red). STAT3 localizes to the cytoplasm and nucleus (Figure 5E green).
PTPN4 co-localized with STAT3 in the cytoplasm (Figure 5E merge). To
address whether PTPN4 regulated the transcriptional activity of STAT3,
we used an APRE luciferase reporter to examine the effect of PTPN4

FIGURE 3 PTPN4 suppresses the proliferation ability of colorectal cancer cells. A,B, Overexpression of PTPN4 inhibits the colony
formation of DLD1 cells. Colonies formed by DLD1 cells overexpressing Flag-PTPN4 were stained with crystal violet (A) and counted in
3 independent experiments (B). For each well, 1000 cells were seeded into 6-well plates and allowed to grow for 10 d. EV represented
the control cells with empty vector. **P < 0.01. (C,D) Overexpression of PTPN4 suppresses the cell colony formation of NCM460 cells.

1000 of NCM460 cells with overexpression of Flag-PTPN4 and its control cells (EV) were seeded and stained with crystal violet 10 d later
(C). Colonies were quantitated from 3 independent experiments (D). *P < 0.05. (E,F) The cell viability is suppressed by PTPN4 exogenous
overexpression in DLD1 (E) and NCM460 (F) cells. A CCK assay was performed with PTPN4 overexpressed cells and its control cells (EV).
The cell viability was presented as OD450 values. G,H, DLD1 cell-based stable cell lines for knocking down of PTPN4 by shRNA. RT-PCR
(G) and western blot (H) experiments were used to examine the knockdown efficiency in stable cell lines established by lentivirus infection.
GAPDH was used as a loading control. (I-J) Knocking down of PTPN4 promotes the colony formation. DLD1 knocking down and its control
cells (shNC) were used for the colony formation assay (I). A quantitative presentation of colonies from 3 independent experiments is shown
(J). K, The cell proliferation ability is enhanced by depletion of PTPN4. A CCK8 assay was performed with PTPN4 knocking down DLD1 and
its control cells. (L,M) An NCM460 stable cell line for PTPN4 deletion. NCM460 cells were used to genetically delete PTPN4 by a CRISPR/
Cas9 system. RT-PCR (L) and western blot (M) showed the complete deletion of endogenous expression of PTPN4. (N,O) Deletion of PTPN4
inhibits colony formation in NCM460 cells. Wild-type (Control) and PTPN4 deletion (PTPN4-KO) cells based on NCM460 cell line were
examined for the colony formation assay (N). A quantitative presentation of colonies from 3 independent experiments is shown (O). P, The
proliferation ability is significantly increased by PTPN4 deletion compared with the control cells. Wild-type (Control) and PTPN4 deletion
(PTPN4-KO) cells based on NCM460 cell line were used for the CCK assay. Q, Deletion of PTPN4 promotes the tumorigenesis of NCM460
cells. The tumor formation assay was performed by bilaterally injecting 1 x 107 wild-type and PTPN4 deleted NCM460 cells into the

armpit of BALB/c nude mice. R, The tumor was from (Q) and identified by the morphology with H&E staining. The tumor has morphological
characteristics of poorly differentiated adenocarcinomas
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FIGURE 3 (Continued)

on STAT3-mediated transcriptional activity. The results indicated that
overexpression of PTPN4 in HEK293T cells results in a decrease of the
luciferase activity in response to stimulation of EGF (Figure 5F). We
also found that the PTPN4 abrogated the inducible transcriptional ac-
tivity of Erk1/2 treated with EGF in HEK293T cells (Figure 5G). Then,
we conducted cytokine addition-withdrawal assays in NCM460 cells.
Western blot analysis showed that pSTAT3 (705) remained significantly
stronger when EGF was withdrawn after stimulation for 5 minutes in
PTPN4-deleted NCM460 cells compared with PTPN4 wild-type cells,
while scarcely any change was observed for pErk1/2 (Figure 5H). Does
PTPN4 affect the distribution of STAT3 in colorectal epithelial cells? We
used PTPN4*© NCM460 cell line to monitor the dynamic distribution of
STAT3 in cells by immunofluorescence assay. After 24-hour serum-free
starvation, EGF (25 ng/mL) stimulated PTPN4X cell line and PTPN4WT
cell line for 5 minutes. Then cells were cultured in new serum-free me-
dium for 0, 10, 20 and 30 minutes. We found that STAT3 began to enter
the nucleus after EGF treatment. After 10 minutes of EGF withdrawal,
STAT3 was concentrated in the nucleus of the 2 kinds of cells. After
20 minutes of EGF withdrawal, STAT3 began to decrease in the nucleus
of the PTPN4™T cell line. After 30 minutes of EGF withdrawal, STAT3
in PTPN4XC cell line was still concentrated in the nucleus while more
STAT3 was found in the cytoplasm than in the nucleus in PTPN4WT
cell line. All the results suggested that PTPN4 could repress STAT3 and
Erk1/2 transcriptional activity and dephosphorylate pSTAT3 (705).

4 | DISCUSSION

Most CRC occurs sporadically due to genetic mutations and epi-
genetic modifications of the human genome.'? These genetic mu-
tations and epigenetic modifications promote the conversion from
normal mucosa toward carcinoma by altering signaling pathways
such as Ras/ERK1/2, Src, JAK/STAT, JNK, NF-xB, Wnt and PTEN/

PI3K/AKT. In 1990, Vogelstein proposed a multistep carcinogenesis
model of CRC from normal colonic epithelium to adenocarcinoma.*®
This model involves genetic mutations in several genes, such as loss
of function in the APC gene, which was considered as an early event
of multistep carcinogenesis.

Protein tyrosine phosphatases belong to a super family of en-
zymes that includes more than 100 genes.>* PTPs are classified into
2 groups according to their function: tumor suppressor PTPs and on-
cogenic PTPs. The loss of function in tumor suppressor PTPs is often
observed in cancer due to gene mutations, deletions and epigenetic
modifications. Loss of these tumor suppressor PTPs leads to hyper-
activation in some signaling pathways and promotes tumorigenesis.
Product of the wild-type form of these genes depresses the growth
of colorectal cancer cells.*> Mutations leading to loss of function in
non-receptor PTPs, including PTPN3, PTPN13 and PTPN14, were
identified in several human cancers (including gastric, lung, breast
and colorectal cancer). However, whether PTPN genes are respon-
sible for the development of colorectal cancer still needs to be ex-
plored and the detailed mechanism remains to be elucidated.

In our study, we identified a nonsense mutation of PTPN4 from 1
case of rectal cancer with a mutation ratio of 90.90%. The mutation
ratio exceeded 50%, so PTPN4 c.549dupT was a biallelic mutation.
Biallelic mutations are less common in somatic mutations. How did
this somatic mutation turn into a biallelic mutation? We proposed a
model. Homologous recombination (HR) can promote the exchange
of DNA sequence information between homologous regions in a ge-
nome. If the interacting sequences in HR are heterozygous, this in-
formation transfer results in the transformation from heterozygous
gene to homozygous gene. After PTPN4 got ¢.549dupT mutation, HR
following DNA damage helped PTPN4 ¢.549dupT turn into a biallelic
mutation. This mutation led to loss of function in the PTPN4 gene,
which is similar to the report of loss of activity of PTPN13 through
somatic mutations in some tumors.*® The ratio of 90.90% indicated

FIGURE 4 The expression of PTPN4 correlates with the cell cycle progression. (A,B) Exogenous expression of PTPN4 shortens the

S phase and prolongs the G1 phase in HEK293T cells. The PTPN4 overexpression (PTPN4) and its control cells (EV) were stained with
propidium iodide and the cell cycle was examined by FACS (A). A quantitative presentation of cell phases from 3 independent experiments
and the Student's t test was used for the significance analysis (B). *P < 0.05, **P < 0.01, ***P < 0.001. (C,D) Depletion of PTPN4 significantly
promotes cells enter into the S phase from the G1 phase. The cell cycle of PTPN4 knocking down (PTPN4-shRNA5/8) and its control

cells were examined by FACS (C). A quantitative presentation of cell phases from 3 independent experiments (D). *P < 0.05, **P < 0.01,

***P < 0.001. (E,F) Deletion of PTPN4 leads to the shortened G1 phase and the arrest of G2/M. A FACS was used to determine the cell
phases of PTPN4 deletion (PTPN4X®) and its control cells (mock) (E). A quantitative presentation of the cell phases from 3 independent

experiments (F). **P < 0.01, ***P < 0.001
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that this mutation may be an early event of multistep carcinogenesis
in this CRC patient. To investigate whether loss of PTPN4 leads to
the occurrence of colorectal cancer, we performed a tumorigenesis
assay by injecting NCM460 into BALB/c nude mice (Figure 3Q). The
results showed that the deletion of PTPN4 caused 2/17 of the mice
to develop tumors, whereas no tumor was generated by the wild-type
NCM460 cells (Figure 3Q). A further histopathological examination
showed that the tumor had morphological characteristics of poorly
differentiated adenocarcinomas. (Figure 5R). Meanwhile, as a normal
immortalized cell line, in other experiments in our laboratory, wild-
type NCM460 cell line cannot grow tumor in nude mice (data not
shown). Therefore, our results illustrated that loss of PTPN4 increases
the risk of tumorigenesis.

Mutations of PTPN4 were detected in human colorectal cancer
tissues with a ratio of 3.65% from the TCGA READ database and
upregulation of PTPN4 mRNA was also observed in rectal cancer
samples compared with normal samples from the TCGA READ co-
hort (Figures 1F and 2E,F). However, low expression of PTPN4 in
rectal cancer is associated with poor prognosis (Figure 2G). All these
results suggested that significant alteration of PTPN4 in genomic
and transcriptional level does not occur frequently. PTPN4 may not
be a driver gene in most rectal cancers. We explored the function
of PTPN4 in CRC and found that overexpression of PTPN4 sup-
pressed the cell growth and clonogenicity of colorectal cancer cells.
Meanwhile, the cell cycle analysis by FACS indicated that the G1
phase was shortened and the S phase was prolonged when PTPN4
was deleted in NCM460 cells, leading to elevated cell cycle process.
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These results imply that loss of PTPN4 promoting the cell viability
might be through the alteration of the cell cycle. However, under-
standing the detailed signal pathways of PTPN4 involved into the
cell cycle requires further study.

In terms of the molecular mechanism, we found that PTPN4 is
a tumor repressor dephosphorylating pSTAT3 at residue Tyr705 but
not Ser727, leading to suppressed transcriptional activity of STAT3.
Hyperphosphorylation of STAT3 at residue Tyr705 is associated with
different kinds of human cancers.}” Phosphorylated STAT3 dimerizes
and accumulates in the nucleus, where it activates the transcription
of a series of genes, including c-Myc and cyclin D1.18 Loss of PTPN4
leads to the hyperactivation of STAT3 signaling pathway and pro-
motes tumorigenesis. Interestingly, we also found that PTPN4 inter-
acted with STAT3 and did not interact with STAT3 (Tyr705F) in vitro
(Figure 5D). However, even though the decreased phosphorylation
of Erk was observed in PTPN4 overexpressed cells (Figure 5B,C),
the interaction between PTPN4 and Erk1/2 could not be examined.
Moreover, we found that the phosphorylation level of Erk1/2 was
scarcely changed in the PTPN4-deleted NCM460 cells when EGF
was withdrawn after stimulation for 5 minutes, while pSTAT3 re-
mained significantly stronger at the same time in a cytokine addition-
withdrawal assay (Figure 5H). Nevertheless, the overexpression of
PTPN4 resulted in a decrease of the transcriptional activity of Erk1/2
in response to stimulation of EGF (Figure 5G). We hypothesize that
the regulation of PTPN4 on Erk may be through other factors in an
indirect manner, which remains to be explored in the future. Although

we have demonstrated that PTPN4 participated in the regulation of

FIGURE 5 PTPN4 suppresses the transcription activities of STAT3 and Erk by impairing the levels of pSTAT3 and pErk. A, No detectable
changes of the tyrosine phosphorylation were observed for the overall state of proteins in PTPN4 overexpressed HEK293T cells compared
with the control group. 3HA-PTPN4 was transfected into HEK293T cells and immunoprecipitation (IP) was performed using an antibody
against HA after 24 h of transfection. The precipitation complex was examined bywestern blot using an antibody against HA (left) or
anti-phosphotyrosine antibody (4G10) (right). The tyrosine phosphorylation of total cell lysate was detected by western blot with a 4G10
antibody (right, the first and second lanes). (B) PTPN4 robustly suppresses the phosphorylation level of pSTAT3 (Tyr705) and pErk1/2 with
or without epidermal growth factor (EGF; 25 ng/mL) treatment for 5 min in a dose-dependent manner. Different amounts of 3HA-PTPN4
were transfected into HEK293T cells and western blot was performed with the indicated antibodies. -actin was used as a loading control.
(C) Wild-type, but not the truncated, PTPN4 suppresses the phosphorylation of pSTAT3 (Tyr705) and pErk1/2 in the presence of EGF (25 ng/
mL) for 5 min. The 3Flag-PTPN4 and 3Flag-PTPN4>479Ut were transfected into HEK293T cells and levels of pSTAT3 (Tyr705), pSTAT3
(Ser727) and pErk1/2 were examined with western blot in the presence of EGF (25 ng/mL) for 5 min. (D) PTPN4 specifically interacts

with STAT3 in vitro. Flag-STAT3 and 3HA-PTPN4 (or Flag-STAT3 (Tyr705F) and 3HA-PTPN4) were transfected into HEK293T cells and

harvested for the precipitation after 24-36 h. Immunoprecipitation (IP) was performed using an antibody against Flag or HA. The complex
was examined by a western blot using antibody against Flag and HA. The lysate and precipitated complex were examined by a western blot
using antibodies against HA and Flag. E, PTPN4 co-localizes with STAT3 in the cytoplasm. HEK293T cells expressing 3Flag-PTPN4 were
stained with an anti-Flag (red) and STAT3 (green) antibody. The images were viewed with a confocal microscope. Colocalization of 3Flag-
PTPN4 and STAT3 in the cytoplasm is shown as yellow. F, PTPN4 abrogates the inducible transcriptional activity of STAT3 treated with EGF.
Luciferase assays were performed using HEK293T cells with transient expression of 3HA-PTPN4 with APRE-Luc. The pRL-TK was used as
an internal control. G, PTPN4 inhibits EGF-stimulated transcriptional activity of Erk1/2. The 3HA-PTPN4 was co-transfected with pFA-luc
and pFR-ELK1 plasmids into HEK293T cells for the luciferase experiment. The pRL-TK was used as an internal control. Student's t test was
used for the significance analysis for the luciferase assay. ***P < 0.001. Results are showed as mean + SD from 3 independent experiments.
H, Deletion of PTPN4 impairs the dephosphorylation of pSTAT3 and pErk1/2. Wild-type PTPN4 (PTPN4"T) and PTPN4 knockout (PTPN4X©)
NCM460 cells were treated with EGF (25 ng/mL) for 5 min, followed by releasing into serum-free medium for the indicated times. The cell
lysate was detected by anti-pSTAT3 (Tyr705) and anti-pErk1/2 antibodies with western blot and the p-actin was used as a loading control. (I)
Immunofluorescence staining showed that STAT3 stayed longer in the nucleus in PTPN4*® NCM460 cells. Wild-type PTPN4 (PTPN4"T) and
PTPN4 knockout (PTPN4XC) NCM460 cells were treated with EGF (25 ng/mL) for 5 min, followed by releasing into serum-free medium for
indicated times. Then cells were fixed with 4% paraformaldehyde for 20 min and perforated with .3% Triton X-100 for 10 min. After blocking
with 10% FBS for 50 min, cells were incubated with anti-STAT3 antibody overnight at 4°C, followed with incubation with the second
antibody coupled with green fluorescence, then stained with DAPI
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FIGURE 5 (Continued)
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STAT3 and Erk, we cannot exclude the possibility that PTPN4 may the manuscript entitled “Loss of PTPN4 Activates STAT3 to Promote

target other substances, based on the fact that PTPN4 was shown to the Tumor Growth in Rectal Cancer.”

participate in many biological processes.

Currently, whole-exome sequencing and integrative analysis of
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