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KEYWORDS Abstract Protein tyrosine phosphatase non-receptor type 18 (PTPN18) is often highly ex-
CDK4; pressed in colorectal cancer (CRC), but its role in this disease remains unclear. We demon-
Colorectal cancer; strated that PTPN18 overexpression promotes growth and tumorigenesis in CRC cells and
MYC; that PTPN18 deficiency yields the opposite results in vitro. Moreover, a xenograft assay showed
Proliferation; that PTPN18 deficiency significantly inhibited tumorigenesis in vivo. PTPN18 activated the MYC
PTPN18 signaling pathway and enhanced CDK4 expression, which is tightly associated with the cell cy-

cle and proliferation in cancer cells. Finally, we found that MYC interacted with PTPN18 and
increased the protein level of MYC. In conclusion, our results suggest that PTPN18 promotes
CRC development by stabilizing the MYC protein level, which in turn activates the MYC-CDK4
axis. Thus, PTPN18 could be a novel therapeutic target in the future.
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Introduction

Increasing attention has been paid to the incidence of
colorectal cancer (CRC), which is the fourth most deadly
cancer in the world after lung, liver and stomach cancer.'
Western countries have the highest numbers of CRC
cases, but there is also rapid increase in CRC incidence in
other parts of the world.” The causes of colorectal cancer
are complicated. The external causes of CRC include
environmental factors® and personal features or habits,
such as age, diet and genetic factors. Specifically, in-
dividuals who have high sugar, fat and alcohol intake are at
higher risk of CRC, as well as individuals who do not perform
adequate levels of physical exercise.® In addition, several
critical genes in CRC have high mutation rates, such as c-
MYC, KRAS, SMAD4 and BRAF.* Genomic instability is also a
potential factor of CRC."> All of these factors cause dis-
ruptions in numerous important pathways, such as WNT,
PI3K, TGF-B and MAPK,>~” which are closely related to the
growth and proliferation of tumor cells.®’

The MYC-CDK4 axis is a significant part of the WNT
signaling pathway,'®"" and it is one of the pathways most
prone to abnormalities in CRC.”> CDK4, an important
downstream mediator of c-MYC signaling, plays a vital role
in the G1/S phases of the cell cycle.'? The inappropriate
overexpression of c-MYC in CRC, which is always induced by
WNT pathway activation, enhances the expression of CDK4,
thus promoting the proliferation of cancer cells."® In addi-
tion, MYC stability depends on its phosphorylation at Ser62
and dephosphorylation at Thr58, which also stimulate the
MYC pathway.

Protein Tyr phosphatases (PTPs) are enzymes that de-
phosphorylate phosphor-Tyr in target proteins, which
counters the function of protein tyrosine kinases (PTKs).'”
The balance between PTPs and PTKs plays a significant
role in controlling signaling pathways, and PTP deregulation
causes a large number of diseases, including cancers.'®
PTPN18 is a member of the non-receptor protein tyrosine
phosphatase (NRPTP) subfamily'” that is also known as
BDP1 and contains a conserved catalytic region and a PEST
domain, allowing it to have important functions in regu-
lating signaling pathways.'®'” PTPN18 is regarded as a
tumor suppressor in breast cancer because of its ability to
dephosphorylate HER2.2°~?* However, recent studies have
shown that PTPN18 knockdown can inhibit the proliferation
of tumors and promote apoptosis in endometrial cancer.?

Therefore, we speculate that PTPN18 may exert
different functions and have other substrates in different
cancers. However, no studies have been performed on the
role of PTPN18 in CRC at present, and the function of
PTPN18 has not yet been fully investigated. After we found
that PTPN18 was highly expressed in CRC tissues, we
speculated that PTPN18 overexpression is correlated with
tumor development, thus highlighting the need to deter-
mine the functions of PTPN18 in CRC.

In this work, we discovered PTPN18 expression deregu-
lation in CRC, and we determined how the expression of
PTPN18 influences the phenotype of CRC cells. Further-
more, we revealed that PTPN18 plays a vital role in CRC,
which can influence CDK4 expression by regulating the MYC
pathway in CRC cells.

Materials and methods
Human tissues

Colorectal cancer tissues and paired noncancerous tissues
were obtained from Tongji Medical College of Huazhong
University of Science and Technology in a previous study.”*
None of the patients received chemotherapy prior to
colectomy. Written informed consent forms were obtained
from all patients. This study was approved by the Institu-
tional Review Board at the Tongji Medical College of
Huazhong University of Science and Technology, and all
methods were performed in accordance with the relevant
guidelines and regulations.

Tumor xenograft experiment

BALB/c nude mice were maintained under specific
pathogen-free (SPF) conditions. Fifteen BALB/c nude mice
(male, 5-week-old) were divided into three groups, and
each mouse was subcutaneously injected with the following
cell types (5 x 10° cells suspended in 200 pl of PBS) in both
flanks: HCT116 PTPN18~/~ 1#, HCT116 PTPN18~/~ 2# and
HCT116 WT. After 10 days, the tumor sizes were measured
by Vernier calipers every 3 days, and the tumor volumes
were calculated according to the following formula:
volume = 1/2 x (width? x length). The mice were sacri-
ficed after 4 weeks, and the tumor tissues were collected,
photographed and weighed. Then, the tumor tissues were
kept for other experiments, such as Western blotting and
immunohistochemistry.  All experimental procedures
involving animals were carried out in accordance with the
Guide for the Care and Use of Laboratory Animals and
approved by the Animal Care and Use Committee of Wuhan
University (Project number: 181201).

Antibodies and reagents

PTPN18 (CST, #8311, 1:1000), MYC (CST, #13987, 1:1000),
CDK4 (CST, #2906,1:1000), Flag (MBL, #M185-3L, 1:5000,
1:500 for IF), HA (MBL, #M180-3, 1:5000), HA (CST, #3724,
1:800 for IF), GAPDH (MBL, #M171-3, 1:1000), Ki67 (CST, #
12202S, 1:400 for IHC), and DAPI (Beyotime, #C1002) were
used in our experiments.

Cell lines, plasmids and lentiviral infection

The human colorectal cancer cell line HCT116 (from the
ATCC) was cultured in McCoy’s 5A medium (AppliChem,
Darmstadt, Germany) containing 10% fetal bovine serum
(FBS; HyClone, Logan, UT, USA) and 100 U of
penicillin—streptomycin  (Gibco, Carlsbad, CA, USA).
HEK293T cells (from the ATCC) and Hela cells (from the
ATCC) were cultured in complete DMEM (HyClone) con-
taining 10% FBS and 100 U of penicillin—streptomycin. All
cells were cultured at 37 °C in a 5% CO, incubator.
PTPN18 isoform 2 and full-length MYC were cloned into
both pHAGE and PC5-HA vectors, and mutations of PTPN18
were constructed based on PTPN18 isoform 2. The se-
quences of the primers used to clone PTPN18 isoform 2 into
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pHAGE were as follows: forward: 5-CGACGCGTAT-
GAGCCGCAGCCTGGAC-3'; and reverse: 5-CCCTCGAG-
CACCCGGGTCCACTCAGC-3'. The sgRNA for PTPN18 was
designed using an open source platform (https://zlab.bio/
guide-design-resources) as follows: 5-
GGAAGCTCCGCGCCGAGTCC-3’, and this sgRNA was
subsequently cloned into lentiCRISPR v2.

293T cells were transfected with pHAGE-PTPN18 and
lentiCRISPR v2-PTPN18 with packaging plasmids (psPAX2
and pMD2.G) to generate the two different lentiviruses. At
48—72 h posttransfection, the cell supernatants containing
lentiviruses were collected. Then, HCT116 cells were
infected with lentiviruses in the presence of 5 ug/ml pol-
ybrene to construct different stable-transfected cell lines.

CCK8 assay

Cell proliferative ability was determined using a cell
counting kit-8 (CCK-8, Bimake, #B34304). Each group of
cells (1 x 103 cells per well) was plated into a 96-well plate
in triplicate with the corresponding medium and incubated
at 37 °C for seven days. CCK8 reagent was added to the
plate (1/10 of the medium) and incubated at 37 °C for 1 h,
and the absorbance of the plate was detected at 450 nm.

Colony formation and soft agar assays

To examine the capacity for long-term cell proliferation,
each group of cells (400 cells per well) was plated into 6-
well plates and incubated at 37 °C for 14 days. Then, a 0.1%
crystal violet solution was added to the plates and incu-
bated at 37 °C for 30 min. After washing the plates slowly
with water, the visualized colonies could be counted.

A soft agar assay was used to determine the malighant
proliferation capacity. Cells were mixed in a 0.3% low-
melting agar solution with medium, and the mixture was
plated on top of a 0.5% agar base containing medium in six-
well plates (3 x 10* cells per well). Then, the cells were
incubated at 37 °C for 21 days and photographed with a
digital camera coupled to a microscope for counting.

Luciferase reporter assay

293T cells were plated into a 24-well plate at a density of
2 x 10° cells per well and transfected with the indicated
plasmids [pRL-TK (10 ng), pGL4-MYC (100 ng), pHAGE/
pHAGE-PTPN18 (400 ng)] for 24 h. Then, luciferase lysis
buffer was added, and the plate was shaken for 30 min.
Luciferase activities were assayed according to the manu-
facturer’s instructions (Promega) using the DLR-O-INJ pro-
gram in GloMAX, and MYC luciferase activity was
normalized to that of TK.

RNA isolation and real-time PCR

Total RNA was extracted from cells and tissues according to
the standard TRIzol (TaKaRa, #9109) protocol. Reverse
transcription was performed using the Revertaid First
Strand cDNA Synthesis Kit (Thermo, #K1622). Quantitative
real-time PCR was performed on a Quantagene q225 using
MonAmp SYBR Green gPCR MIX (Monad, #RN04006M)

according to the manufacturer’s instructions. The primers
used for real-time PCR were as follows: CDK4: 5'-ATGGC-

TACCTCTCGATATGAGC-3' (forward) and 5-CATTGGG-
GACTCTCACACTCT-3’ (reverse); and MYC: 5-
GGCTCCTGGCAAAAGGTCA-3 (forward) and 5'-

CTGCGTAGTTGTGCTGATGT-3' (reverse). B-Actin was used
as a control.

RNA sequencing

First, the total RNA samples were treated with DNase I.
Then, the mRNA was enriched using oligo(dT) magnetic
beads (for eukaryotes). After being mixed with the frag-
mentation buffer, the mRNA was fragmented into short
fragments. Then the first-strand cDNA was synthesized
using random hexamer primers, after which buffer, dNTPs,
RNase H and DNA polymerase | were then added to syn-
thesize second-strand cDNA. The double-stranded cDNA
was then purified with magnetic beads, after which end
repair and 3’-end single nucleotide A (adenine) addition
was performed. Finally, sequencing adaptors were ligated
to the fragments, and the fragments were enriched by PCR
amplification. During the QC step, an Agilent 2100 Bio-
analyzer and an ABI StepOnePlus Real-Time PCR System
were used to qualify and quantify samples of the library,
respectively. Subsequently, the library products were se-
quences using a BGISEQ-500 instrument.

Immunoprecipitation and Western blotting analysis

Cells were lysed with buffer (30 mM Tris-HCl pH 7.4, 150 mM
NaCl, and 1% NP40) containing NaF, NasVO,, leupeptin,
PMSF, and aprotinin. The cell lysates were incubated on ice
for 30 min with mixing every 10 min and then centrifuged at
12,000 g for 15 min at 4 °C. Then, the supernatants were
collected and incubated with anti-HA beads (Bimake,
#B26202) overnight at 4 °C. The beads were washed 4
times, each time for 5 min, with buffer (30 mM Tris-HCl pH
7.4, 500 mM NaCl, and 1% NP40). Then, the beads were
suspended in lysis buffer containing 0.02% blue bromophe-
nol and 2% mercaptoethanol and boiled at 95 °C for 15 min.
Subsequently, the supernatants were collected for SDS-
PAGE and Western blotting.

Equal amounts of protein were separated by 10% SDS-
PAGE and transferred to polyvinylidene difluoride (PVDF)
membranes. Then, the PYDF membranes were blocked with
5% milk in TBST and incubated overnight with Flag (MBL,
#WM185-3L, 1:5000) and HA (MBL, #M180-3, 1:5000) anti-
bodies. After washing with TBST 4 times, the membranes
were incubated with an HRP-conjugated secondary anti-
body in 5% milk in TBST for 1 h at room temperature. Then,
the membranes were washed with TBST 3 times (5 min each
time), and protein expression was detected using ECL.

Immunofluorescence

HelLa cells were grown on coverslips in a 12-well plate.
After washing with PBS, the cells were fixed with cold 4%
paraformaldehyde for 5 min at RT. Then, the cells were
permeabilized in 0.25% Triton X-100 for 10 min and washed
with PBS. The cells were blocked for 30 min at 37 °C with 3%
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BSA, followed by incubation with primary antibodies
against Flag (MBL, #M185-3L, 1:500) and HA (CST, #3724,
1:800) overnight at 4 °C. On the following day, the cover-
slips were washed with PBS 3 times (5 min each time) and
incubated with anti-rabbit Alexa Fluor 488 (Invitrogen,
#A11008) and anti-mouse 594 (Invitrogen, #A11001) at 37 °C
for 60 min. Then, the coverslips were stained with DAPI
(Beyotime, #C1002) for 30 min at 37 °C. Finally, the cov-
erslips were observed under a fluorescence microscope
(Leica).

Immunohistochemistry

First, tissues were fixed in formalin and embedded in
paraffin. Then, the tissues were deparaffinized in xylene
and rehydrated with an alcohol gradient. Endogenous
peroxidase activity was blocked with 3% H,0,, and antigens
were retrieved with universal antigen retrieval solution for
immunohistochemistry. The slices were blocked in 10% goat
serum for 30 min at room temperature, incubated with
primary antibodies overnight at 4 °C, and incubated with
secondary antibody at room temperature for 30 min. Next,
the sections were incubated with HRP-conjugated second-
ary antibodies, and DAB substrate was used for detection
with hematoxylin nuclear counterstaining. Sections were
visualized by microscopy (OLYMPUS BX53).

Statistical analysis

All statistical analyses were performed using GraphPad
Prism v6.0. The differences between groups were analyzed
using Student’s t-test or one-way ANOVA. P < 0.05 was
considered statistically significant. Colony numbers were
counted using ImageJ. The H-score results from the IHC
experiment and Pearson’s coefficient of colocalization of IF
were analyzed using ImageJ.

Ethics statement

Written patient consent was obtained for publication of this
research. The approval for this study was granted by the
Ethics Committee of the Tongji Medical College of Huaz-
hong University of Science and Technology.

Data availability

The datasets analyzed during the present study are publicly
available in the GEO database (GSE4107) and in GEPIA
(http://gepia.cancer-pku.cn/detail.php?gene =PTPN18).

Results

Increased PTPN18 expression in CRC

To examine how PTPN18 expression changes in CRC, we
searched the GEO database and observed that the mRNA
expression of PTPN18 was increased in early onset colo-
rectal cancer compared to that observed in healthy control
tissues (Fig. 1A). Then, real-time PCR was used to verify the
mRNA level of PTPN18 in CRC and benign tissues.

Specifically, human colorectal cancer tissues and paired
normal tissues were collected from 8 patients. After we
extracted mRNA from these tissues and real-time PCR was
performed, we found that the average mRNA expression of
PTPN18 was much higher in cancer tissues than in normal
tissues (Fig. 1B). In addition, a Kaplan—Meier analysis
demonstrated poorer overall survival for patients with high
PTPN18 mRNA expression using Gene Expression Profiling
Interactive Analysis (GEPIA) data (Fig. 1C). In sum, the data
show that PTPN18 expression was increased and associated
with an unfavorable prognosis in CRC.

PTPN18 overexpression leads to increased tumor
cell growth

To assess the effect of enhanced PTPN18 expression on CRC
cell growth, we constructed HCT116 cell lines over-
expressing Flag-PTPN18 and Flag-PTPN18P%%4 €1225 py |en-
tiviral transfection. The PTPN18°%% C1225 mytant is a
phosphatase activity deficient mutant in which the aspar-
tate in the "WPD loop” was mutated to alanine (D/A) and
the cysteine in the signature motif was mutated to serine
(C/S). Furthermore, PTPN18P%% €1225 is 5 type of “sub-
strate-trapping” mutant that can be used to detect the
substrates of PTPN18.2°> The expression of Flag-PTPN18 and
Flag-PTPN18P%% €1225 a5 detected by Western blot assay
(Fig. 2A). Then, a CCK8 assay was conducted to assess the
impact of PTPN18 overexpression on the proliferation of
HCT116 cells. The results showed that Flag-PTPN18 over-
expression notably promoted the proliferation of
HCT116 cells, while Flag-PTPN18P%%4 1225 gyerexpression
slightly inhibited the proliferation of HCT116 cells (Fig. 2B).
In addition, we also performed colony formation and soft
agar assays. The results showed that more colonies were
observed in the Flag-PTPN18-overexpressing groups than
that observed in the control groups, while somewhat fewer
colonies were observed in the Flag-PTPN18P%04 C1225_gyer-
expressing groups (Fig. 2C and E). The consistent results of
both experiments indicated that the growth of HCT116 cells
was enhanced by PTPN18 overexpression. Cell numbers
were also counted as illustrated in the figures (Fig. 2D and
F). These data indicated that the proliferation ability of
HCT116 cells could be promoted by PTPN18 overexpression.

PTPN18 knockout cells showed obvious growth
inhibition

After we found that PTPN18 overexpression can boost the
proliferation of HCT116 cells, it was also necessary to test
whether suppressing PTPN18 expression yielded the oppo-
site effects in HCT116 cells. First, we knocked out PTPN18
in HCT116 cells using the CRISPR-Cas9 method, and a
Western blot assay was conducted to measure PTPN18
expression (Fig. 3A). Next, we performed a CCK8 assay to
test cell growth. The results showed that cell growth was
apparently suppressed in PTPN18 knockout cells compared
to parental HCT116 cells (Fig. 3B). Next, colony formation
and soft agar assays were also performed to examine the
proliferation ability, and the clones of HCT116 PTPN18~/~
cells were much smaller and fewer than those in control
cells (Fig. 3C and E). There were also significantly fewer
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Figure 1  High PTPN18 expression is associated with severe CRC and a low survival rate. (A) The data from the GEO database
(GSE4107) was searched to compare PTPN18 mRNA expression in early onset CRC and healthy tissues. (B) mRNA levels of PTPN18
were measured in CRC and paired normal tissues from 8 patients by real-time PCR. (C) A Kaplan—Meier analysis was used to assess
the effect of PTPN18 on CRC patient survival. The numbers of CRC patients with high and low PTPN18 expression were both 135.
The data were collected from GEPIA (http://gepia.cancer-pku.cn/detail.php?gene =PTPN18). (*, P < 0.05).
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Figure 2 PTPN18 upregulation enhances the proliferation and malignancy of CRC in vitro. (A) The expression of Flag-PTPN18 and
Flag-PTPN18P%% €1225 a5 assessed by Western blotting. Lentiviruses were used to construct HCT116 cell lines stably transfected
with Flag-PTPN18 and Flag-PTPN18P%% 1225 (B) CCK8 assay was performed to examine the growth and proliferation ability of the
Flag-PTPN18-overexpressing, Flag-PTPN18P9%* 1225 gverexpressing and control cell lines. (C) The proliferation ability of the Flag-
PTPN18-overexpressing, Flag-PTPN18P%0A €1225_gverexpressing and control cell lines was tested through colony formation assays.
(D) The cell numbers for the Flag-PTPN18-overexpressing, Flag-PTPN18°%% ¢1225_gyerexpressing and control cell lines in the colony
formation assay were counted using ImageJ. (E) Soft agar assays were conducted to examine the anchorage-independent growth
ability of the Flag-PTPN18-overexpressing, Flag-PTPN18-overexpressing and control cell lines (Scale bar: 200 um). (F) The statis-
tical analysis of the Flag-PTPN18-overexpressing, Flag-PTPN18P%%4 ¢1225_gverexpressing and control cell lines for the soft agar assay.
(*, P < 0.05; ***, P < 0.001).
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Cell number

Knocking out PTPN18 inhibits the proliferation of HCT116 cells. (A) HCT116 PTPN18~/~ cell lines were constructed, and

protein expression was detected by Western blotting. (B) CCK8 assays were performed to assess the growth and proliferation ability
of the HCT116 PTPN18~/~ and control cell lines. (C) Colony formation assays were conducted to examine the proliferation capacity
of the HCT116 PTPN18~/~ and control cell lines. (D) Cell numbers of the HCT116 PTPN18~/~ and control cell lines in the colony
formation assays were counted using ImageJ. (E) Soft agar assays were performed to assess the anchorage-independent growth
ability of the HCT116 PTPN18~/~ and control cell lines (Scale bar: 200 um). (F) The statistical analysis of the HCT116 PTPN18~/~
and control cell lines for the soft agar assay. (**, P < 0.01; ***, P < 0.001).

cell numbers for the two HCT116 PTPN18~/~ cell lines than
the control cell lines (Fig. 3D and F). These data suggest
that PTPN18 loss inhibits HCT116 cell proliferation.

PTPN18 promotes MYC signaling pathway activation
in CRC

As the phenotype of CRC cells can be obviously influenced
by changes in PTPN18 expression, we next explored the
mechanism of PTPN18 in CRC. To analyze the variations in
gene expression and pathways that PTPN18 could influence,
RNA-seq was performed first. We observed the great effect
exerted by PTPN18, with hundreds of genes changing in
terms of their mRNA levels (Fig. 4A). A principal component
analysis also demonstrated this finding (Fig. 4B). The
distinctly separate groups indicated that there were sig-
nificant differences between the HCT116 PTPN18~/~ cell
line and the control cell line. Specifically, the PI3K-AKT and
MAPK signaling pathway exhibited the most significant
changes in expression in the absence of PTPN18 (Fig. 4C).
After gene set enrichment analysis (GSEA) of the RNA-seq
data, we observed that knocking out PTPN18 had a nega-
tive effect on several signaling pathways that control cell
proliferation and metabolism, including the MYC signaling
pathway (Fig. 4D). Moreover, MYC is an important part of
PI3k-AKT and MAPK signaling pathway, especially in
CRC,%? indicating that the role of PTPN18 in the MYC
signaling should be further elucidated.

First, a luciferase assay was conducted to confirm the
previous result, and an activating effect was detected
when we overexpressed PTPN18 in 293T cells compared to
that observed in the control and Flag-PTPN18P90A C1225.
overexpressing cell lines (Fig. 4E). We also assessed MYC
luciferase activity to test the effect of PTPN18 knockout in
HCT116 cells, and obvious luciferase activity inhibition was
observed in the HCT116 PTPN18~/~ cell lines (Fig. 4F). In
addition, to determine changes in MYC signaling pathways,
we examined the expression level of the genes downstream
of MYC using real-time PCR. As CDK4 is the most notable
downstream gene of MYC and plays a significant role in the
cell cycle,?® we assessed CDK4 mRNA expression in the Flag-
PTPN18-overexpressing cell line, the PTPN18~/~ cell lines
and the corresponding control cell lines. Enhanced
expression of CDK4 was found in the PTPN18 overexpressing
cell line (Fig. 4G). In contrast, an obvious decrease in CDK4
expression was detected in the PTPN18 knockout cell lines
(Fig. 4H). Overall, we deduced that PTPN18 has the ca-
pacity to activate the MYC signaling pathway.

PTPN18 interacts with MYC and increases the MYC
protein level

After we demonstrated that PTPN18 has a significant
impact downstream of the MYC pathway, we explored
whether PTPN18 controls the MYC pathway through tran-
scriptional regulation or posttranscriptional regulation.
Specifically, we examined the mRNA level of MYC in the
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Figure 4 PTPN18 promotes MYC pathway activation. (A) RNA-seq was used to examine the changes in gene expression in HCT116
PTPN18~/~ cells compared to that observed in the control cells. (B) Principal component analysis was performed to test the
repeatability in groups of HCT116 PTPN18~/~ cells and its control cells and the diversity between the two groups. (C) Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was conducted to identify the signaling pathways that
changed most significantly in the absence of PTPN18. (D) GSEA was performed to assess the mRNA changes of genes in the MYC
pathway between the HCT116 PTPN18~/~ and control groups. (E) Luciferase assays were carried out to assess the effect of Flag-
PTPN18 and Flag-PTPN18P%% €1225 gyerexpression on the MYC pathway in 293T cells. (F) Luciferase assays were conducted to
examine the effect of PTPN18 loss on the MYC pathway in HCT116 cells. (G) Real-time PCR was performed to assess the variation of
CDK4 mRNA expression in the Flag-PTPN18-overexpressing in 293T cell line. (H) The effect of PTPN18 knockout on CDK4 mRNA
levels in HCT116 cells was detected using real-time PCR. (*, P < 0.05; **, P < 0.01; ***, P < 0.001).

Flag-PTPN18-overexpressing cell line and its control cell substrate of PTPN18, we constructed two “substrate-trap-
line, observing that PTPN18 overexpression had almost no  ping” mutants: PTPN18“'2%5 and PTPN18D%0A €125 Then,
effect on MYC mRNA levels (Fig. 5A). Thus, we speculated coimmunoprecipitation was performed to assess the inter-
that PTPN18 regulates the MYC signaling pathway through action between PTPN18 and MYC, and the results revealed
posttranscriptional regulation in HCT116 cells. First, to  that the double mutant (PTPN18P%04 €1225) could interact
determine whether PTPN18 and MYC interact or if MYC is a with MYC (Fig. 5B). Subsequently, we performed an
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Figure 5

MYC interacts with PTPN18, and PTPN18 affects MYC protein levels. (A) Real-time PCR was performed to assess the

changes in MYC mRNA expression induced by Flag-PTPN18 overexpression in HCT116 cells. (B) “Substrate-trapping” mutants were
constructed, and Co-IP was performed to examine the interaction between Flag-MYC and HA-PTPN18, including mutants in 293T
cells. (C) Colocalization was detected between HA-PTPN18P904/C1225 and Flag-MYC in the cytoplasm of Hela cells through immu-
nofluorescence assays. The Pearson’s coefficient of colocalization (r) was 0.56 (Scale bar: 10 um). (D) The changes in CDK4 and MYC
protein levels induced by Flag-PTPN18 overexpression were examined in 293T cells by Western blotting. (E) The alterations in CDK4
and MYC protein levels in 293T cells with Flag-PTPN18 overexpression were quantified. (F) The changes in CDK4 and MYC protein
levels were assessed in HCT116 PTPN18~/~ and control cell lines by Western blotting. (G) The variation in CDK4 and MYC protein
levels in HCT116 PTPN18~/~ and control cell lines was quantified. (H) The half-life of MYC in HCT116 PTPN18~/~ and control cell

lines was assessed by CHX assay. (I) The relative protein levels of MYC in the CHX assay were qualified. (***, P < 0.001).

immunofluorescence assay in Hela cells and observed
colocalization in the cytoplasm of the cells transfected with
HA-PTPN18P%04 €1225 and Flag-MYC, whereas no colocaliza-
tion was detected in the control groups (Fig. 5C). There-
fore, we inferred that MYC interacted with PTPN18.
Moreover, the protein level of MYC was influenced by
PTPN18. Therefore, we overexpressed PTPN18 in 293T cells
and observed that MYC protein levels were higher than
those detected in 293T cells transfected with the vector
(Fig. 5D and E). We also observed that MYC protein levels
were decreased in the HCT116 PTPN18~/~ cell lines (Fig. 5F
and G). CDK4 was also detected, and our finding was
consistent with the previous results. To further assess the
influence of PTPN18 on MYC stability, we used a
cycloheximide-chase (CHX) assay based on the time course

of MYC degradation. The results showed that the half-life of
MYC decreased significantly in the absence of PTPN18 in
HCT116 cells. Taken together, these data suggest that
PTPN18 regulates the MYC pathway by interacting with and
stabilizing the MYC protein.

PTPN18 deletion inhibited tumorigenesis in
HCT116 cells in vivo

To validate the effect of PTPN18 on the tumorigenicity of
CRC cells in vivo, HCT116 WT cells and HCT116 PTPN18~/~
cells were injected subcutaneously into the flanks of nude
mice. The mice were sacrificed 4 weeks after injection, and
the sizes of the subcutaneous tumors in the HCT116
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Figure 6

PTPN18 loss represses the tumorigenicity of HCT116 cells. (A) The sizes of subcutaneous tumors from nude mice were

observed and compared. (B) The tumor sizes in the HCT116 PTPN18~/~ and control groups were measured using a vernier caliper
and recorded regularly. (C) and (D) Tumor tissues from the HCT116 PTPN18~/~ and control groups were collected and weighed. (E)
PTPN18, MYC and CDK4 protein levels in tumor tissues were assessed by Western blotting. (F) The alterations in CDK4 and MYC
protein levels in tumor tissues from the HCT116 PTPN18~/~ and control groups were quantified. (G) Histological analysis of tumor
tissues was performed using HE staining (Scale bars: 100 pm). Ki-67 staining was examined in tumor tissues using IHC (Scale bars:
100 um). (H) H-score in IHC assay was calculated. Ki-67 staining was scored as high (3+), moderate (2+), low (1+) and negative (0).
The percentage of cells within each tissue core stained at each intensity were recorded to calculate an H-score for each sample.
The H-score for staining each sample was defined as: H-score = 0* (% at 0) + 1* (% at 14) + 2* (% at 2+) + 3* (% at 3+). (**, P < 0.01;
*** P < 0.001).

PTPN18~/~ groups were smaller than those in the HCT116
WT group (Fig. 6A). The average tumor volumes in the
HCT116 PTPN18~/~ groups were smaller than those in the
HCT116 WT group (Fig. 6B). After the tumors were
collected and weighed (Fig. 6C), we found that the average
xenograft weights in the HCT116 PTPN18~/~ groups were
sharply reduced (Fig. 6D).

In addition, we extracted protein from the tumors, and
CDK4, MYC and PTPN18 expression was assessed by Western

blot analysis. We found that the CDK4 and MYC expression
decreased significantly in the absence of PTPN18, which
was consistent with the previous in vitro results (Fig. 6E and
F). Furthermore, HE staining and IHC were conducted, and
Ki67 expression was shown to be lower in the HCT116
PTPN18~/~ group than that observed in the in the HCT116
WT group (Fig. 6G and H). These results demonstrated that
inhibiting the expression of PTPN18 has a repressive impact
on the tumorigenesis of CRC cells in vivo.
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Discussion

Previous studies have demonstrated that PTPN18 is a tumor
suppressor in breast cancer?® and hepatocellular carci-
noma,>® while PTPN18 overexpression can promote the
development of endometrial cancer.”? In addition,
different PTPs exert different functions in CRC. Specif-
ically, PTPN4,>" PTPN9,?? and PTPRT*® act as tumor sup-
pressors in CRC, while PTPN2** can promote tumor
development. Nevertheless, very limited studies have been
done about the role of PTPN18 in CRC. In the present study,
we demonstrated that PTPN18 is overexpressed in CRC.
Furthermore, PTPN18 could activate the MYC pathway and
increase the protein level of MYC, causing an increase in
CDK4 expression and the development of CRC.

Our findings are consistent with those of Ganapati, who
demonstrated that PTP-S2 could increase the protein level
of MYC without altering its mRNA level and promote cell
proliferation, although the mechanism associated with this
phenomenon was not described. It is generally acknowl-
edged that the stability of the MYC protein is tightly asso-
ciated with Thr58 and Ser62.3°>2 Ser62 phosphorylation is
required for MYC stabilization, while Thr58 phosphorylation,
which depends on prior Ser62 phosphorylation, is associated
with MYC degradation.>* However, few studies have inves-
tigated the tyrosine phosphorylation of MYC.

In our present study, we demonstrated that PTPN18 in-
teracts with MYC using a substrate-trapping assay and
immunofluorescence. We speculated that MYC is a potential
substrate of PTPN18, but we did not find the phosphoryla-
tion site of MYC. In addition, the relationship between the
tyrosine phosphorylation site of MYC and its stability has
not been clarified.

A possible explanation for the result in this article might
be that a tyrosine site of MYC could be dephosphorylated by
PTPN18, which perhaps has an effect on the phosphoryla-
tion of Thr58 and Ser62. In this way, the tyrosine dephos-
phorylation of MYC would promote the phosphorylation of
Ser so that MYC could be stabilized and the downstream
target of MYC, CDK4, could be activated.

However, the stability of MYC also depends on its ubig-
uitination, SUMOylation and acetylation status.*~*
Therefore, another potential mechanism of the relation-
ship between PTPN18 and MYC is that PTPN18 may de-
phosphorylate a ubiquitinase, desumoylase or acetylase
targeting MYC, which could form a protein complex with
PTPN18 and MYC. The dephosphorylation of this ubig-
uitinase, desumoylase or acetylase would control its ac-
tivity and regulate MYC by influencing its stability. Our
findings may be somewhat limited because the MYC tyro-
sine dephosphorylation site or other proteins in the
PTPN18-MYC complex were not identified, and additional
experiments are needed to elucidate this mechanism.

In conclusion, our research demonstrated that PTPN18
could promote tumorigenesis through the MYC pathway and
that PTPN18 loss has a significant inhibitory effect on CRC
proliferation and malignancy. Our findings suggest that the
targeting of PTPN18 is a powerful approach for reducing
CRC burden; therefore, considering the limited treatments
of CRC at present,”® PTPN18 could be a new target for the
treatment of CRC.
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