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Periplakin (PPL), a member of the plakin protein family, has been reported to be down-expressed in
urothelial carcinoma. The role of PPL in human colorectal cancer, however, remains largely unknown.
Also little is known about the contribution of PPL to the malignant property of colorectal cancer and the
intracellular function of PPL. In this study, we demonstrated that PPL was apparently down-expressed in
colon carcinomas compared with normal and para-carcinoma tissues, which was correlated with the
tumor size. Enforced expression of PPL in HT29 cells inhibited its proliferation evidenced by decreased
expression of phosphorylated ERK and PCNA. Furthermore, PPL overexpression could reduce metastasis
and epithelial-mesenchymal transition (EMT) of HT29 cells, with decreased expression of N-cadherin,
Snail, Slug and «-SMA while increased expression of E-cadherin. On the contrary, the PPL knockdown
could promote the cell proliferation, migratory, invasive and EMT ability of HT29 cells. Moreover,
enforced expression of PPL induced G1/GO cell cycle arrest, with decreased cyclin D1, p-Rb and increased
expression of p27%P® which could be reversed by PPL knockdown. In addition, PPL overexpression
inhibited the growth of colon cancer allograft in vivo. Taken together, acted as a tumor suppressor in
colon cancer progression, PPL could be a new biomarker or potential therapeutic target in colon cancer.
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1. Introduction

Colorectal cancer is the first among the most three commonly
diagnosed cancers worldwide, with more than 1.2 million new
cases and half a million cases died every year [1,2]. Although much
work has been done, the treatment of colon cancer is still
dissatisfactory. Surgery alone always leads to tumor metastasis
because of recurrence. And 5-Fluorouracil (5-FU) was the first
chemotherapeutic agent widely used to treat colorectal cancer.
However, high frequency of drug resistance limits its clinical
efficacy [3]. Consequently, there is still an urgent need to seek for
new targets and agents for colorectal cancer therapy.
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Periplakin (PPL) is a 195 kDa membrane-associated protein and
a member of the plakin protein family [4], which is mainly
localized in the desmosomes and interdesmosomal plasma
membranes of differentiated epidermal keratinocytes [5]. PPL is
expressed in keratinized and nonkeratinized epithelial cells of the
epidermis, the urinary bladder, the oral, the esophageal, and the
colorectal [4]. It is reported that PPL is one of the candidates for a
tumor marker for urothelial carcinoma [6].

On the other hand, PPL was reported to be significantly
down-regulated in cancer tissues and scarcely expressed in
advanced-stage of human esophageal cancers [7]. Also, the loss
of PPL expression was associated with pathological stage and
cancer-specific survival in patients with urothelial bladder cancer
[8]. Moreover, the molecular mechanism underlying the regulation
of PPL expression in the esophageal squamous cell carcinoma
might be related to the aberrant DNA hypermethylation [9].

However, it was reported that plakin families function
“molecular bridges” of cells that link the intracellular cytoskeleton
and cell-cell junctions. PPL as an adhesion molecule plays a role in
cellular movement and attachment in pharyngeal squamous
cancer cell [10]. Although, PPL down-regulation is associated with
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cancer progression. Its role in colorectal tumorigenesis has not
been studied yet. The intracellular function of PPL is also not clear.

In this study, we assessed PPL expression in normal human
colon tissue (N), para-carcinoma tissue (P) and tumor tissue (T).
We have determined the potential clinical correlations to assess
the loss of PPL if it could be a useful clinical phenomenon during
cancer formation. We also investigated the antitumor effects and
mechanism of PPL to determine its potential to be a candidate for
colorectal carcinoma therapy.

2. Materials and methods
2.1. Reagents

3-(4, 5-dimethyl-2-thiazyl)-2, 5-diphenyl-2H-tetrazolium bro-
mide (MTT) and puromycin were purchased from Sigma-Aldrich
(St Louis, MO). TRIzol reagent and Lipofectamine®™ 3000 transfec-
tion reagent and cell culture products were obtained from Life
technologies (Carlsbad, CA, USA). Propidium iodide (PI) was
purchased from BD Biosciences (San Jose, CA). Streptavidin-HRP
and DAB substrate were obtained from Genetech Company
(Shanghai, China). Antibodies against phospho-Rb (Ser 807/811),
Rb, cyclin D1, p21, p27"", N-cadherin, phospho-ERK1/2, ERK1/2
and Flag were purchased from Cell Signal Technology (Beverly,
MA). Antibodies against a-SMA, PPL, PCNA, Slug, Snail and Actin
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). PPL
plasmid was obtained by Nanjing Jinuomei Biotech Company
(Nanjing, China). Lentivirus vector and shRNA-PPL were obtained
from ABM Biotechnology Company (Nanjing, China).

2.2. Human colorectal cancer samples

The primary colorectal cancer tissues (T) and their matching,
adjacent normal colon tissue (N) tissues and para-carcinoma tissue
(P) were collected from 50 colorectal cancer patients undergoing
surgery at the First Affiliated Hospital of Nanjing Medical
University, Nanjing, China. Informed consent was given in all
patients examined. All samples were confirmed by pathological
examination. Histological grade was defined according to the
World Health Organization classification.

2.3. Reverse transcription-polymerase chain reaction and Real-time
PCR

Total RNA from tissue samples was isolated using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA), according to the supplier's
instructions. Approximately 1pg total RNA was reverse
transcribed into cDNA using Superscript II enzyme and oligo
(dT) (Invitrogen). Real-time PCR was performed as follows: the
cDNA was subjected to quantitative PCR, which was performed
with the BioRad Real-Time PCR Detection System (Bio-Rad, CFX
Connect TM SYBR® Green Supermix) (Bio-Rad, 1708880), and
threshold cycle numbers were obtained using BioRad CFX Manager
Software. The program for amplification was 1 cycle of 95°C for
2 min followed by 40 cycles of 95 °C for 10 s, 60°C for 30 s,and 95 °C
for 10 s glyceraldehyde-3- phosphate dehydrogenase (GAPDH) was
used as an internal control. The primer sequences used in this
study are listed Dbelow, Primer: GAPDH, forward
5-CGCATCTTCTTTTGCGTCGCC-3’, reverse 5-TCCACGACGTACT-
CAGCGCCA -3'. PPL, forward 5'-AGTGACCTCCTTGGTGTCGT-3/,
reverse 5-AGG  GTGAATGATGGTTGGG-3'. Snail, forward
5’-TCGGAAGCCTAACTACAGCGA -3/, reverse 5'-AGATGAGCATTGG-
CAGCGAG —3'. Slug, forward 5'-TCTCTGATCCCTCAATTTGGTCT -3/,
reverse 5'-CCACACACAGGGTTAAAGTGTC-3'. Twist, forward
5’- GTCCGCAGTCTTACGAGGAG -3/, reverse 5'- GCTTGAGGGTCT-
GAATCTTGCT -3'.

2.4. Immunohistochemistry

Formalin-fixed paraffin-embedded tissue sections were depar-
affinized in xylene, rehydrated through graded ethanol and then
boiled for 10 min in citrate buffer (10 mM, pH 6.0) for antigen
retrieval. Endogenous peroxidase activity was suppressed by
exposure to 3% hydrogen peroxide for 10 min. Slides were then
blocked with 3% goat serum (Life Technology, 16210-064),
incubated with diluted PPL primary antibodies for 2h at room
temperature at 37°C and then incubated with streptavidin-HRP
(Shanghai Gene Company, GK500705) for 40 min, then stained
with DAB (Shanghai Gene Company, GK500705) substrate and
counter-stained with hematoxylin. Images were acquired by
microscopy (Olympus FV1000). The immunohistochemical stain-
ing intensity was scored by immunoreactive score (IRS) and
integral optical density (IOD).

2.5. Cell culture and cell proliferation assay

The human colon cancer cell HT29 and mouse colon cancer cell
CT26 were purchased from the Shanghai Institute of Cell Biology
(Shanghai, China). Cells were maintained in RPMI 1640 medium
and DMEM medium (Gibco, USA) supplemented with 10% (v/v)
fetal bovine serum (FBS) (Gibco, USA), antibiotics (100U/ml
penicillin and 100 pg/ml streptomycin), at 37 °C in a humidified
atmosphere of 5% CO?. Cell proliferation was determined by MTT
assay as previously reported [11].

2.6. Plasmid transfection

Transient transfection of HT29 cells was performed using the
Lipofectamine®™ 3000 (Invitrogen, Carlsbad, CA, USA) reagents by
following the manufacturer’s instructions. For stable expression,
CT26 colon cancer cells were transfected with 4 g of PPL plasmid
(The backbone vector of this plasmid is pcDNA3.1), and the
expression of PPL was confirmed by western blotting. At 48 h post
transfection, the cells were selected with 600 mg/ml of Kanamycin,
and the positive clones were picked up for further expansion.

2.7. Lentivirus infection

The lentivirus harboring human or mouse shRNA-PPL and
vector (pLV-IRES-Puro) were purchased from ABM Biotech
Company. The cells were infected with lentivirus with the MOI
5:1. The stable cell line was selected with 10 p.g/ml of puromycin,
and the positive clones were picked up for further expansion.

2.8. Transwell migration assay

Cells (1 x10°/well) were plated into the top chamber and 10%
FBS-containing medium was placed into the bottom chamber.
After incubation at 37 °C in 5% CO? for 24 h, the cells remaining on
the upper surface of the membrane were removed with a cotton
swab. The cells that migrated through the 8-mm sized pores and
adhered to the lower surface of the membrane were fixed with 4%
paraformaldehyde, stained with 0.1% crystal violet and photo-
graphed by microscopy. The number of migration cells was
assessed in 10 randomly selected fields under a microscope.

2.9. Colony-formation assay

Cells were harvested and seeded into the six-well plate (1000
cells/well) and incubated at 37 °C in a 5% CO? humidified incubator
for 10 days. The medium was changed at 3-days interval. At the end
of the incubation period, the cultures were fixed with 4%
paraformaldehyde, stained with crystal violet and photographed.
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Five visual fields of each group were selected in crystal violet
staining, the colonies numbers have been counted under the
microscopy and averaged.

2.10. Wound-healing assay

Cells were transfected with pcDNA3.1 and PPL plasmid. Then,
cells were grown to confluence in 6-well plates, and monolayer
cells were scraped using a micropipette (yellow) tip. After washing
with PBS, serum-free medium was added to prevent cell
proliferation. Photographs of the wounded area were taken
immediately after the scratch was made. 12, 24, 48 and 72 h after
scraping, cell movement into the wounded area was monitored by
microscopy.

2.11. Transwell invasion assay

For the transwell invasion assay, the Mock and PPL over-
expression HT29 cells, with 200 .l serum-free media were added
to the upper compartment which was coated with 30 wl Matrigel
(1:2 dilution; Costar, Corning, NY, USA). DMEM containing 10% FBS
was added to the lower compartment, and further incubation was
carried out for 24 h. The cells that penetrated the membrane of the
chamber were stained with hematoxylin. The cells on the upper
membrane were removed with a cotton tip. The number of invasive
cells was assessed in 10 randomly selected fields under a
microscope. The experiments were tested in triplicate.

2.12. Western blot

Cells were collected and centrifuged at 1,000g, washed with
PBS, then the pellet was lysed in 100 .l precooling lysis buffer
containing 0.5% Triton X-100, 100 mM Tris-HCI, 150 mM Nadl,
0.1 U/mL aprotinin and 1mM phenylmethylsulfonyl fluoride for
30min on ice and centrifuged at 12,000g for 10min. The
supernatant was collected and followed by determination of
protein concentration using the BCA protein assay kit (Pierce,
23225). Mixed with a double volume of sample buffer (62.5 mM
Tris, pH 6.8, 2% SDS, 5% mercaptoethanol, 1% bromophenol blue,
and 25% glycerol) and boiled for 5min, 20 wg protein was
separated on a 10% SDS-PAGE. Proteins were transferred to a
polyvinylidene-difluoride (PVDF) membrane (Millipore, Bedford,
MA), blocked by 5% nonfat milk for 1h at room temperature,
incubated overnight at 4 °C with indicated primary antibody, and
then with a horseradish peroxidase-conjugated secondary anti-
body. Protein bands were visualized using Western blotting
detection system according to the manufacturer’s instructions
(Cell Signaling Technology, MA).

2.13. Cell cycle assay

Cells were collected and washed with cold PBS and fixed with
70% ethanol at 4°C overnight. Then, the fixed cells were washed
with PBS and stained with 50 j.g/ml of PI-containing 100 p.g/ml of
RNase A and 1% Triton X-100 in the dark at room temperature for
30 min. The DNA contents of the cells were detected by FACS and
analyzed with Modfit software (Becton Dickinson, San Jose, CA).

2.14. Animal model

Twenty male BALB/c mice, 4-6 weeks old, were purchased from
the Model Animal Research Center of Nanjing University (Nanjing,
China). They were maintained with free access to pellet food and
water in plastic cages at 21 +2°C and kept on a 12 h light/dark
cycle. Animal welfare and experimental procedures were per-
formed in accordance with the Guide for the Care and Use of

Laboratory Animals (National Institutes of Health, the United
States) and the related ethical regulations of our university. All
efforts were made to reduce the number of animals used and to
minimize animals’ suffering. These mice were randomly divided
into two groups (ten mice/group). Both groups received subcuta-
neous injections of either vector or PPL-overexpressing CT26 cells
(2 x 10° cells in 100 .l PBS) on the right side of axillary of each
mouse. Tumor growth was evaluated by measuring the length and
width of the tumor mass with calipers every 2days. Tumor
volumes were calculated by the modified ellipsoidal formula:
(length x width?)/2.

2.15. Statistical analysis

All results shown represent means+SEM from triplicate
experiments performed in a parallel manner. Data were statisti-
cally evaluated by one-way ANOVA followed by Dunnett’s test
between the control group and multiple dose groups. The level of
significance was set at a P-value of 0.05.

3. Results
3.1. PPL is down-regulated in colorectal cancer

To assess the expression of PPL in colorectal cancer, PPL mRNA
was evaluated by real-time PCR in 50 paired normal colon tissues
and colorectal cancer tissues. The results showed that PPL mRNA
levels were down-regulated in colorectal cancer tissues compared
to normal colon tissues (Fig. 1A). Next, we determined the PPL
protein level by immunohistochemical staining and found that PPL
protein levels were also down expressed with the tumorigenesis of
colorectal carcinoma (Fig. 1B), showing by the arrow. Then the
histology score of colorectal cancer tissues (T) and their matching,
adjacent normal colon tissues (N) and para-carcinoma tissues (P)
was evaluated, which was significantly decreased in para-
carcinoma tissues and cancer tissues (Fig. 1C). Moreover, the
expression of PPL was associated with the tumor volume, the lower
expression the bigger volume (Fig. 1E). However, no significant
differences were observed between PPL level and Dukes’ stage,
which may be due to the number of the samples (Fig. 1D).

3.2. PPL overexpression reduces the proliferation of HT29 cells

Based on the loss of PPL in colon cancer tissues compared to
normal tissues, the tumor suppressor properties of PPL were
investigated by MTT and colony formation assays. We transiently
transfected PPL-expressed plasmid to HT29 cells and the expres-
sion of PPL in HT29 cells was confirmed by real-time PCR and
western blot (Fig. 2A). The PPL-overexpressing HT29 cells slowly
grew and detected by MTT assay and the morphology (Figure B),
and formed fewer clones than the mock cells (Fig. 2C). To better
understand the effects of PPL overexpression on HT29 cell growth,
we analyzed the expression of various proteins related to cell
proliferation by using western blot. The results showed that PPL
overexpression reduced the levels of phosphorylated ERK1/2 and
proliferating cell nuclear antigen (PCNA) (Fig. 2D).

3.3. PPL overexpression reduces the migratory, invasive and EMT
ability of HT29 cells

In addition, the wound closure of the PPL-transfected HT29 cells
was remarkably delayed compared with that of the mock-
transfected cells in the wound-healing assay for 0, 24, 48 and
72 h (Fig. 3A). The relative field was significantly decreased in the
PPL overexpression group, with 25% and 50% in 48 and 72h,
respectively. Furthermore, we determined the role of PPL in HT29
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Fig. 1. Periplakin (PPL) expression in colorectal cancer tissues and paired adjacent normal tissues.

(A) Real-time RT-PCR analyses of PPL mRNA levels in colorectal cancer (T) and normal colorectal (N) tissues. Solid line indicates matched samples. (B) Immunohistochemical
staining of PPL in representative colorectal cancer tissues (T), their matching adjacent normal colon tissues (N) and para-carcinoma tissues (P). Original magnification 200x .
(C) The histology score of PPLon T, N and P of 50 patients. (D) Correlation between Dukes’stage and PPL histology score. (E) Correlation between tumor sizes and PPL histology
score. The data above were presented as means -+ SEM. One-way ANOVA revealed a significant difference at 'P < 0.05, "P < 0.01 versus normal group (n=50).

colon cancer cell motility by using transwell migration assay. overexpression could obviously reduce the number of invasion
Compared with the mock cells, PPL overexpression markedly HT29 cells (Fig. 3C). The role of PPL in cell migration led us to
reduced the number of migrated HT29 cells (Fig. 3B). Also, PPL examine if it had any effect on EMT in colon cancer cells. The
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Fig. 2. PPL overexpression reduces the proliferation of HT29 cells.

(A) Real-time RT-PCR and western blot analyses of PPL expression in transfected HT29 cells, “P < 0.01. (B) The growth of mock and PPL-overexpressing HT29 cells was
determined by MTT assay. Each column represents the mean of the data from three independent experiments. The photographs were taken at a magnification 200x . (C)
Representative images of colony formation in mock and PPL-overexpressing HT29 cells, and the colonies were quantified. Original magnification, 100x . (D) The expression of
ERK, p-ERK and PCNA proteins in mock and PPL-overexpressing HT29 cells was examined by western blot and quantified by gray scale scanning used Image J. All the data were
presented as means + SEM of three independent experiments performed in triplicate. One-way ANOVA revealed a significant difference at P < 0.05, "P<0.01 and " "P < 0.001
versus mock group.
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Fig. 3. PPL overexpression reduces the migratory and EMT ability of HT29 cells.
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HT29 were tansfected with mock and PPL plasmid. (A) Representative images of wound healing of mock and PPL-overexpressing HT29 cells. The photographs were taken at a
magnification 100x , and the wound closure was quantified. Cells were grown to confluence and then wounded by scraping. For each wound, the width of the wound at O h
was designated as 100%, and the subsequent timepoints in the graph show the relative width of the open wound. Values represent the mean - SEM from three independent
experiments. (B) The migratory ability of mock and PPL-transfected HT29 cells was evaluated by transwell migration assay. And the number of migrated cells was quantified.
Original magnification, 100x . (C) The invasive ability of mock and PPL-transfected HT29 cells was evaluated by transwell invasion assay. And the number of migrated and
invaded cells was quantified. Original magnification, 100x . (D) The mRNA levels of Snail, Slug and Twsit were detected by QPCR. The expression of N-cadherin, E-cadherin,
a-SMA, Snail and Slug proteins in mock and PPL-overexpressing HT29 cells was examined by western blot and quantified by gray scale scanning used Image J. All the data
were presented as means =+ SEM of three independent experiments performed in triplicate. One-way ANOVA revealed a significant difference at 'P<0.05, "P<0.01 and

“"P<0.001 versus mock group.

expression of EMT-related proteins was detected by western blot
and we found that PPL overexpression decreased the level of
mesenchymal cell marker (N-cadherin,a-SMA, Snail, and Slug) and
increased the level of epithelial cell marker (E-cadherin)(Fig. 3D).
Thus, taken together, our results suggest that PPL overexpression
inhibits the HT29 cell migration and EMT in vitro.

3.4. Loss of PPL elevate the proliferation, migratory and EMT ability of
HT29 cells

As HT29 has a basal level expression of PPL already, we used
shRNA to knockdown PPL and tested whether cell proliferation or
invasion was promoted. As expected, the PPL knockdown HT29
cells have grown faster, which were confirmed by real-time PCR

and western blot (Fig. 4A). Also, the knockdown cells formed more
clones than the control cells (Fig. 4B). Contrary to the PPL
overexpression cells, the expression of phosphorylated ERK1/2 and
PCNA in PPL knockdown cells were elevated (Fig. 4C).

Moreover, we detected the effect of PPL knockdown on the cell
migration. The results showed that the wound closure of the PPL
knockdown cells was faster than the control cells for 0, 24 and 48 h.
The relative field was significantly increased in the PPL over-
expression group, with 50% and 100% in 24 and 48 h respectively
(Fig. 4D). Consistent with this, PPL knockdown also led to
enhancement of the cell's EMT ability, showing that the
transcription of Snail, Slug and Twist increased, the expression
of N-cadherin, a-SMA, Snail and Slug up-regulated and the E-
cadherin expression down-regulated.
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Fig. 4. Loss of PPL promote the proliferation, migratory and EMT ability of HT29 cells.

(A) Real-time RT-PCR and western blot analyses of PPL expression in infected HT29 cells, P < 0.01. The growth of shRNA-Ctrl and shRNA-PPL HT29 cells were determined by
MTT assay. Each column represents the mean of the data from three independent experiments. (B) Representative images of colony formation in shRNA-Ctrl and shRNA-PPL
HT29 cells, and the colonies were quantified. Original magnification, 100x . (C) The expression of ERK, p-ERK and PCNA proteins in ShRNA-Ctrl and shRNA-PPL HT29 cells were
examined by western blot and quantified by gray scale scanning used Image J. (D) Representative images of wound healing of shRNA-Ctrl and shRNA-PPL HT29 cells. The
photographs were taken at a magnification 100x , and the wound closure was quantified. Cells were grown to confluence and then wounded by scraping. For each wound, the
width of the wound at 0 h was designated as 100%, and the subsequent timepoints in the graph show the relative width of the open wound. Values represent the mean + SEM
from three independent experiments. (E) The mRNA levels of Snai, Slug and Twsit were detected by QPCR. The expression of N-cadherin, E-cadherin, a-SMA, Snail and Slug
proteins in shRNA-Ctrl and shRNA-PPL HT29 cells was examined by western blot and quantified by gray scale scanning used Image J. All the data above were presented as
means + SEM of three independent experiments performed in triplicate. One-way ANOVA revealed a significant difference at "P<0.05, "P<0.01 and ~"P<0.001 versus

shRNA-PPL group.

All above, the data suggest that loss of PPL could promote the
proliferation of HT29 cells and elevate its migration and EMT
ability.

3.5. PPL expression induces GO/G1 cell cycle arrest

To investigate the antiproliferative mechanism of PPL, cell cycle
distributions of mock-transfected and PPL-transfected were
analyzed by flow cytometry. Flow cytometric analysis showed
that compared with mock cells, the PPL-overexpressing cell
population had a higher rate in G1/GO phase and a lower number
of cells in S and G2/M phase (Fig. 5A and B). To obtain further
insight into the mechanistic role of PPL in cell cycle arrest of HT29
cells, we examined the expression level of proteins which were
involved in G1/GO phase cycling including cyclin D1, CDK inhibitor
p21, p274 and p-Rb. Compared to the mock, PPL overexpression
reduced the level of cyclin D1 and p-Rb, and elevated the level of
p274P (Fig. 5C). The expression of p21 was slightly elevated, but
there is no significant difference. Moreover, we used shRNA to
knockdown the PPL expression in the PPL-overexpression group
for further confirmation on the effect of PPL on GO/G1 cell cycle

arrest. We found that PPL knockdown could reverse partly the GO/
G1 cell cycle arrest by PPL overexpression (Fig. 5D). Therefore, our
data suggested that PPL is crucial for cell growth and cell cycle
regulation in colorectal cancer cells.

3.6. Anti-tumor effects of PPL in animal studies

To investigate whether PPL overexpression could inhibit colon
cancer growth in vivo, we generated the PPL-overexpressing CT26
cells to establish allograft tumor model in Balb/c mice. The stable
expression of PPL in CT26 cells was confirmed by western blot and
immunohistochemistry (Fig. 6A and F). PPL-overexpressing CT26
cells formed subcutaneous tumors fewer than mock cells. The
tumors in PPL-overexpressing group grew slower, and the tumor
weight was lower than that in the mock group (Fig. 6 B and C).
Consistent with the clinical samples, the PPL protein levels (within
Mock and PPL group) were negatively correlated with the tumor
size (Fig. 6D). Compared with the mock group, the expression of
PCNA and p-ERK were significantly decreased in allograft tumors in
PPL-overexpressing group which is consistent with our results in
vitro. Also as expected, the E-cadherin expression was increased,
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Fig. 5. PPL overexpression caused cell cycle arrest in GO/G1 phase in HT29 cells.

HT29 were tansfected with mock and PPL plasmid. (A) HT29 cells were stained by PI and analyzed by flow cytometry. (B) The data represented here is average of three
independent experiments. (C) Mock and PPL overexpressed HT29 cells were harvested and lysed, and then the expression of cell cycle-related proteins was analyzed by
western blot. The quantification of each protein was gray scale scanned by Image J. The quantity data was presented as means + SEM of three independent experiments
performed in triplicate. One-way ANOVA revealed a significant difference at P < 0.05, "P<0.01 and ~~"P < 0.001 versus mock group. (D) PPL overexpressed HT29 cells were
infected with shRNA-PPL, then the Mock, PPL overexpressed and PPL expressed + sShRNA-PPL were harvested and stained by PI and analyzed by flow cytometry. The data

represented here is average of three independent experiments with similar results.

whereas that of a-SMA and N-cadherin was decreased (Fig. 6E).
The immunohistochemistry for PCNA also showed the same results
that PPL overexpression decreased the expression of PCNA (Fig. 6F).

Furthermore, the PPL knockdown CT26 cells were constructed,
which was confirmed by western blot. On the contrary, the PPL
knockdown cells formed subcutaneous tumors faster and bigger
than shRNA-Ctrl cells, and the tumor weight was higher. As
expected, the expression of phosphorylated ERK1/2 and PCNA
were elevated in PPL knockdown group (Fig. 6G).

4. Discussion

Selecting the beneficial treatment regimen for colorectal cancer
remains challenging because of the lack of prognostic biomarkers
[12]. Several studies have been done for the therapeutic target of
colorectal carcinoma, but none have been proved to show
satisfactory for colorectal carcinoma therapy [13,14]. Thus, to
improve the diagnosis and prognosis of colorectal cancer, it is of
great importance to get a full understanding of the molecular
mechanisms underlying its carcinogenesis. In this study, we found
that PPL, a urinary bladder marker [8], was down-regulated during
the progression of the colon cancer (Fig. 1A-C). As expected, the
PPL level was negatively associated with the tumor sizes in

patients (Fig. 1E). We suppose that PPL may play important role in
the colon cancer genesis. However, there was no significant
difference between PPL level and the Dukes’ stage, which would be
limited by a relatively small sample size (Fig. 1D). Taken together,
these results suggested that loss of PPL might be a useful biomarker
for colon cancer progress.

For the loss of PPL in colon cancer tissues compared to normal
tissues, we guess PPL may have tumor suppressor properties. To
confirm our hypothesis, we demonstrated that PPL overexpression
could inhibit the cancer cell proliferation (Fig. 2B&2C) and PPL
knockdown could promote the cell proliferation (Fig. 4A & B) in
vitro and in vivo (Fig. 6). To our knowledge, PCNA plays an
important role in cell proliferation [15]. And numerous studies
have reported that ERK1/2 acts as a mitogen-activated factor which
is believed to mediate both cell proliferation and survival [16,17]. In
this study, we found that PPL overexpression could reduce the
expression of PCNA and p-ERK1/2 (Fig. 2D). Otherwise, PPL
knockdown would up-regulate the PCNA and ERK1/2 expression
(Fig. 4C). Thus, PPL could exert tumor suppressor properties.

Moreover, metastasis is one of the malignant properties of
cancer and the major cause of cancer death [18]. Meanwhile, a
report has shown that PPL is involved in cellular movement and
attachment in pharyngeal squamous cancer cells [10]. Comparing
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Fig. 6. PPL inhibits colorectal cancer progression in vivo.
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CT26 cells were tansfected with mock and PPL plasmid. (A) Western blot analyses of PPL expression in stably transfected CT26 cells. (B) Images of tumor were evaluated in
mice transplanted with mock and PPL-overexpressing CT26 cells. (C) Tumor growth curves and tumor weight was evaluated (n = 10). The data were presented as means + SEM
of three independent experiments performed. One-way ANOVA revealed a significant difference at 'P<0.05, "P<0.01 and P < 0.001 versus mock group. (D) Correlation
between tumor sizes and PPL (Both mock and PPL group) histology score. (E) The expressions of PPL, ERK, p-ERK, PCNA, N-cadherin, E-cadherin and a-SMA in allograft tumors
were detected by western blot and quantified by gray scale scanning used Image J. (F) Representative images of PPL and PCNA immunohistochemical staining from mock and
PPL overexpressed tumor tissue. Original magnification, 200x. (G) PPL was knockdown in CT26 cells by lentivirus infection. Western blot analyses of PPL expression in stably
knockdown CT26 cells. Images of tumor were evaluated in mice transplanted with shRNA-Ctrl and shRNA-PPL CT26 cells. Tumor growth curves and tumor weight was
evaluated (n=6). The data were presented as means + SEM of three independent experiments performed. One-way ANOVA revealed a significant difference at P < 0.05,

“P<0.01 and ""P<0.001 versus shRNA-PPL group.

with this, our results showed that PPL high expression could
reduce colon cancer cell migratory and invasive activity by wound
closure and transwell migration assay (Fig. 3A-C). Moreover, EMT is
an important process during cancer cell metastasis. In this study,
compared with mock, PPL overexpression could reduce the level of
mesenchymal markers (N-cadherin, a-SMA, Snail, and Slug), but
increase the level of the epithelial marker (E-cadherin) (Fig. 3D).
On the other hand, the knockdown of PPL in HT29 could elevate the
cell migratory and EMT ability (Fig. 4D & E). As a result, loss of PPL
may promote the EMT of colon cancer cells and result in tumor
metastasis.

Additionally, our study showed that regulation of the cell cycle,
particularly GO/G1 phase may be the intracellular function of PPL
(Fig. 5A & B). Among the cell cycle related proteins, cyclin D1, a
G-phase cell cycle molecule, can shorten the G;-phase [19]. The
phosphorylated Rb plays a core role in helping cells entry into the S
phase, while the CDK inhibitor p21 and p27"® could inhibit cell
growth by blocking the phase transition from G; to S [20,21].
Further exploring the underlying mechanisms of PPL on cell cycle
arrest, we detected the effect of PPL on the expression of these
proteins regulating phase transitions in cell cycle progression.
After PPL overexpressing in HT29 cells, the level of p-Rb and cyclin
D1 were decreased, whereas the expression of p27%® increased

(Fig. 5C), indicating that PPL could be a cell cycle regulator. Also, the
knockdown of PPL in the PPL overexpression group could partly
reverse the GO/G1 phase arrest coursed by PPL (Fig. 5D). Therefore,
cancer cells that with the loss of PPL might bypass the G1/GO
checkpoint, resulting in uncontrolled proliferation. In conclusion,
this study showed that aberrant loss of PPL occurred in colorectal
carcinomas progression and was significantly associated with
tumor malignancy. Furthermore, PPL acted as a tumor suppressor
by inhibiting cancer cell proliferation and tumor growth, reducing
the activity of migratory and EMT, and inducing G1/GO cell cycle
arrest of colon cancer cells. Therefore, PPL could be a potential
therapeutic in colon cancer.
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