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Background: Upregulation of PSME3 and its oncogenic roles have been reported in colon
cancer recently. However, the underlying mechanism of PSME3 upregulation remains
unknown. Here, we explored the expression of PSME3 and subsequently uncovered its
mechanism in colon cancer.

Materials and methods: The expression of PSME3 was analyzed by using online data-
bases, Oncomine and UALCAN. qPCR was carried out to detect the expression of PSME3 in
collected colon cancer tissues and cell lines. Moreover, the promoter methylation and the
hnRNA level of PSME3 were also analyzed by online database and qPCR, respectively. The
candidate miRNAs targeting PSME3 were predicted by Starbase 3.0 and validated by
luciferase reporter system. CCK-8, plate colon formation, and Edu incorporation were
applied to study the functions of miRNA in colon cancer. The expression of miRNA and
its correlation with PSME3 were detected in colon cancer tissues.

Results: Oncomine and UALCAN data indicate PSME3 is obviously upregulated in colon
cancer tissue samples which is further confirmed in collected colon cancer tissues and cells
by qPCR. No significant difference in methylation status promoter of PSME3 was observed
between colon and colon cancer tissues. The hnRNA level of PSME3 was comparable
between colon epithelial cell and colon cancer cells. miR-585-3p is predicted to directly
target PSME3 and is validated by luciferase reporter assay. Then, miR-585-3p downregula-
tion is confirmed and miR-585-3p restoration can suppress cell growth and proliferation by
inhibiting PSME3 in colon cancer indicating by CCK-8, plate colon formation, and Edu
incorporation. Moreover, negative correlation in expression between miR-585-3p and
PSME3 was observed in our collected tissues samples.

Conclusion: We reveal for the first time that miR-585-3p downregulation accounts for the
overexpression of PSME3 in colon cancer. Moreover, miR-585-3p, serving as a tumor
suppressor, can inhibit cell growth and proliferation in colon cancer by targeting PSME3.
Keywords: colon, cancer, miR-585-3p, PSME3, proliferation

Introduction

Colon cancer is one of the most common diagnosed cancers without sex preference.
Although considerable advances have been achieved in treatment in the past few
decades, the overall survival time and 5-year survival rate of colon cancer have not
been significantly improved. Colon cancer remains a leading cause of tumor-related
morbidity and mortality all over the world.'™ Therefore, it is urgent and mean-
ingful to further identify critical regulators and explore its mechanisms in colon
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cancer tumorigenesis which may eventually arise novel
treatments to improve patient prognosis.

Proteasome activator subunit 3 (PSME3), also referred
to REGy, Ki antigen, and PA28y, was first cloned in 1990
from a patient with systemic lupus erythematosus.” The
vital functions of PSME3 in the regulation of mitosis,
immune response, and cell destiny determination, both at
psychological and pathological status, have been revealed
by numerous studies.” Recently, the functions of PSME3
in tumor development and progression have received
much attention. Aberrant overexpression of PSME3 has
been revealed in a plethora of cancers including pancreatic
cancer,6 thyroid carcinoma,7 breast cancer,8 melanoma,9
oral cancer,'® non-small-cell lung cancer,'' and multiple
myeloma.'? Essentially, PSME3 severs as an oncogene,
indicating by the existing studies, and promotes tumor
apoptosis resistance, growth and metastasis by modulating
epithelial-mesenchymal transition, stem characteristics,
and glycolysis in Myc,® Hippo or NF-kB'® associated
manner. As for colon cancer, high expression of PSME3
and its oncogenic functions have been revealed by a recent
study.'® However, the underlying mechanism for PSME3
upregulation has not been elucidated.

MicroRNAs, a class of small no coding RNAs consist-
ing of 19-23 nucleotides, are epigenetic regulators and
play vital roles in modulation of gene expression profile.'*
Based on base complementation pairing rule, miRNAs
could directly bind target mRNAs and subsequently pro-
mote mRNAs degradation or translation inhibition by
which decrease the protein level in a post-transcriptional
manner.'®> Therefore, miRNAs nearly exert essential roles
in all biological processes. The vital roles of miRNAs in
carcinogenesis have been exclusively revealed by numer-
ous studies.'>'® Abnormal expressions of miRNAs, lead-
ing to the associated inverse expression level of target
proteins, account for the major underlying causes for can-
cer development and progression. The vital roles of
miRNAs, such as miR-214,'7 —483,'% —485,"" —210,*
and —21,%! etc, in carcinogenesis of colon cancer by target-
ing different targets have been exclusively explored.”
According to the previous studies, miR-7, being down-
regulated in several cancers, can directly target PSME3
and suppress its oncogenic effects in breast cancer and
lung cancer.”®> Considering miR-7 is the only reported
miRNA for PSME3 up to now, we speculate that there
may be other miRNAs for targeting PSME3.

In this study, we uncover that miR-585-3p, being
downregulated in colon cells and tissues, is a new negative

regulator of PSME3. Re-expression of miR-585-3p can
inhibit the proliferation and growth of colon cancer cells
by directly targeting PSME3. Moreover, miR-585-3p is
negatively correlated with PSME3 mRNA in colon cancer
tissues. Taken together, our data indicate that loss of miR-
585-3p accounts for the upregulated PSME3, which sub-
sequently exerts pro-proliferation functions in colon

cancer.

Methods and materials

Tissue samples

20 paired cases of paraffin-embedded colon cancer sam-
ples and para-tumor samples, from July 2017 to June
2018, were collected from the newly diagnosed patients,
who only receive surgical resection at that time, at General
surgery of Luohe Central hospital. Furthermore, clinical
pathological features were also collected. The pathological
diagnosis of every patient was independently confirmed by
two experienced histopathologists. Informed consent for
using tissue samples and clinical records was confirmed
and obtained from every patient. The patient consents
were written informed consent and this study was
approved by the Ethics Committee of Louhe Central
Hospital. Moreover, the study was conducted according
to the guidelines of the Declaration of Helsinki.

Immunohistochemistry

Immunohistochemistry (IHC) was performed using SP
Rabbit HRP IHC Kit (CWBIO, Beijing, China) according
to its instruction. Briefly, paraffin-embedded sections were
deparaffinized by xylene and rehydrated by graded etha-
nol. After antigen retrieval and endogenous peroxidase
activity blocking, the slides were incubated with rabbit
anti-PSME3  polyclonal antibody (dilution:1:50, BBI,
Shanghai, China) overnight at 4°C. Then, the slides were
washed three times with PBS and subsequently incubated
with goat anti-rabbit IgG-biotin for 30 min. After three
times PBS washing, the slides were incubated with strep-
tavidin-HRP. Afterward, the slides were incubated for
3min in DAB (diaminobenzidine) solution and rinsed
twice with H,O. In the end, with counterstaining with
hematoxylin, the slides were visualized under a micro-
scope (Olympus, Tokyo, Japan). The THC results were
analyzed using a semiquantitative score system based on
staining intensity and area according to the previous

description.’
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Cell culture

Colon cancer lines, HCT116, SW480, and SW620 were
purchased from ATCC and were maintained in RPMI-
1640 (BI, Jerusalem, Israel) with 10% fetal bovine serum
(FBS, BI, Jerusalem, Israel). Immortalized colon epithelial
cell line NCM460, purchased from ATCC, were cultured
with M3 Base medium (INCELL, TX, USA) plus 10%
FBS (BI, Jerusalem, Israel) 0.293T cells were purchased
from the Cell Bank of the Chinese Academy of Sciences
and maintained in DMEM (BI, Jerusalem, Isracl) with
10% FBS (BI, Jerusalem, Israel). All the cells were
grown in a humidified cell incubator at 37 °C with
5% CO,.

Quantitative reverse transcription

polymerase chain reaction (QPCR)

Total cell and paraffin-embedded tissue RNA extraction and
mRNA reverse transcription were carried out according to the
previous study.** AceQ gPCR SYBR Green Master Mix
(Vazyme, Nanjing, China) was applied to analyze the expres-
sion of miR-585-3p and PSME3 in colon cancer tissues and
cells. Simply, SYBR mix, cDNA, specific primers, and deio-
nized water were mixed following the instruction. Then, the
PCR reaction was run on the CFX Connect Real-Time System
(Bio-Rad, CA, USA) and the results were analyzed with CFX
Manager 2.0 (Bio-Rad, CA, USA). The specific primer
sequences are listed as follow: PSME3 forward primer: (5'-
TCTGACATGAATCTCCCAGTCC-3"), PSME3 reverse pri-
mer: (5- CTCATCCAACCTTCGCTTCTTAT-3"), PSME3
intron 2 forward primer: (5- GCACCTAGTGTTGATCCTG
GT-3"), PSME3 intron 2 reverse primer: (5'- ATCTGC
TGGTTCCACAAAGGA-3"), GAPDH forward primer: (5'-
CAGCAAGAGCACAAGAGGAA-3"), GAPDH reverse pri-
mer: (5'- ATGGTACATGACAAGGTGCGG-3'). Primers for
miR-585-3p and U6 were purchased from RioBio Inc
(Guangzhou, China).

Transfection

MiR-585-3p mimic and inhibitor, PENTER-PSMES3, and cor-
responding controls were introduced into colon cancer and
colon cells by using Lipofectamine™ 2000 according to
manufactures’ instruction. The miR-585-3p mimic, inhibitor
and controls were obtained from RioBio Inc (Guangzhou,
China). pENTER-PSMES3 and corresponding vector were pur-
chased from Vigene Bioscience Inc (MD, USA).

Western blot

Western bolt was performed as previously described.?*
Briefly, RIPA buffer was used to disrupt the cells and the
total proteins were prepared via high-speed centrifugation
at 4 °C. Then the denatured proteins were separated on
12% SDS PAGE (30 pg/lane) and transferred to polyviny-
lidene difluoride membranes (PVDF). After immersing in
blocking solution (5% non-fat milk) for 1 hr, the mem-
branes were incubated with the follow primary antibodies
at 4°C overnight: PMSE3 (dilution: 1:500, BBI, Shanghai,
China), GAPDH (dilution: 1:2000, Abclonal, MA, USA)
and a-tubulin (dilution: 1:3000, Abclonal, MA, USA).
Next day, the membranes were washing by TBST and
subsequently incubated with the corresponding secondary
antibodies for 1 hr. With another washing process, the
membranes were visualized using chemiluminescent HRP
substrate (Millipore, MA, USA) via a FluorChem FC3
system (Proteinsimple, CA, USA).

Luciferase reporter assay

Both the wild 3-UTR sequence, containing predicated
complementary region, and the mutant 3’-UTR sequence,
lacking with the mutant complementary region, of PSME3
was cloned into psiCHECK2 luciferase reporter vector
(Promega Corporation, WI, USA), respectively. Then,
luciferase reporter vectors, miR-585-3p mimics, or mimic
controls were transfected into 293T cells using HighGene
Transfection reagent (Abclonal, MA, USA). After 48 hrs,
the luciferase activity was collected by using a Dual-
Luciferase  Reporter detection System (Promega
Corporation, WI, USA). The relative luciferase activity
was indicated by the ratio of firefly luciferase to Renilla

luciferase activity.

CCK-8 assay
CCK-8 reagent (Beyotime, Shanghai, China) was used to

detect the cell growth and viability according to the pre-
vious description. Simply, colon cancer cells were seeded
in 96-well plates at the density of 1x10* cells/well and
cultured for 7 days. Every 24 hrs, 10 uL CCK-8 was added
into the well for 1 hr. Then, the absorbance value at 450nm
of treated well was detected by Epoch (Bio-Tek, VT,
USA). Eventually, the growth curves were drawn based
on the absorbance value. Three paralleled wells were made

and the assay was repeated in triplicate.
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Plate clone formation assay

Plate clone assay was applied to analyze cell proliferation
according to the previous paper.’ Briefly, colon cancer
cells were seeded into 6-well plates with proper density
(800 cells/well). 8 days later, cells were fixed by methanol
and then stained with 0.1% crystal violet. Only clones
containing more than 50 cells were counted. The plate
clone formation assay was performed for three times in

triplicate.

Edu incorporation assay

Edu incorporation assay was carried out as described in
previous work.? Briefly, colon cancer cells were succes-
sively incubated with 10mM Edu for 2 hrs, fixed by 4%
paraformaldehyde, neutralized by 2mg/ml glycine, and
permeated by 0.5% TritonX-100. Then, the cells were
stained with Apollo staining reaction solution, permeated
by 0.5% TritonX-100 again, and stained nucleus by
Hoechst 33342. At last, the positive cells with Edu

o

A PSME3

Colon
Relative PSME3 mRNA level
N
1

incorporation were visualized under inverted fluorescence
microscope (Leica, Solms, Germany).

Statistical analys

All experiments were independently performed for 3
times. Statistical analysis and charts were conducted
using GraphPad prism version 6. unpaired #-test or chi-
square test were applied to analyze the statistical differ-
ence between two groups. Significant differences were
considered when P<0.05.

Results

PSME3 mRNA is upregulated in colon
cancer

A recent study has demonstrated that PSME3 is upregu-
lated in colon cancer by immunohistochemistry (IHC)."?
Indeed, we also observed significant upregulation of
PSME3 in 1A).
Subsequently, we further explored the mRNA level of

colon cancer samples (Figure
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Figure | PSME3 is overexpressed in colon cancer tissues and cells.
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Notes: (A) Upregulated PSME3 in colon cancer tissues were demonstrated by IHC. (B) Upregulated PSME3 mRNA in colon cancer tissues were validated by online data
from Oncomine and UALCAN database. (C, D) Upregulated PSME3 mRNA were validated in local colon cancer tissues and cell lines, respectively, by qPCR. (E)

Upregulated PSME3 was observed in colon cancer cells.
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PSME3 in colon cancer to identify the underlying reason
for PSME3 upregulation via online database Oncomine®
and UALCAN.?® As the data from GEO and TCGA
shown, significant upregulation of PSME3 is observed in
several distinct data sets (Figure 1B). Moreover, upregu-
lated PSME3 is also observed in local colon tissues
(Figure 1C). To further validation, we detected the expres-
sion of PSME3 in colon cancer cell lines and normal colon
epithelial cells. Similarly, colon cancer cell lines, like
SW620, HCT-116, and SW480, shown obviously abundant
amount of PSME3 mRNA and protein than that in
NCM460 (Figure 1D and E). Therefore, these results
show that upregulation of PSME3 is due to upregulated
mRNA in colon cancer.

miR-585-3p is downregulated and can
directly suppress PSME3 in colon cancer

cells

As mentioned above, PSME3 protein upregulation is due
to its upregulated mRNA. The mRNA level can be regu-
lated at both transcriptional and post-transcriptional level.
Firstly, we analyzed the promoter methylation status, a
transcript activity indicator, of PSME3 via UALCAN
database,”® and no significant difference was observed
between colon tissues and colon cancer tissues (Figure
2A) suggesting that post-transcriptional mechanism may
account for upregulated PSME3. Indeed, the level of
hnRNA (heterogeneous nuclear RNA) of PSME3, which
directly reflect the level of primary PSME3 transcript,
were comparable in colon epithelial cell and colon cancer
cells (Figure 2B). PSME3 has been reported to be regu-
lated by miR-7 in CHO cells. Therefore, we speculate that
miRNAs may exert potential roles in the regulation of
PMSE3 mRNA level. Using Starbase 3.0,”” we predicted
the potential miRNAs targeting PMSE3. Considering it
has the most supporting evidence from 17 sets of Ago
CLIP-seq experiments and shows lower expression in
colon cancer tissues (Figure 2C), miR-585-3p was selected
for further validation. Indeed, downregulated miR-585-3p
in colon cancer cells was confirmed by qPCR analysis
(Figure 2D). Moreover, miR-585-3p mimics could signifi-
cantly decrease PSME3 mRNA in colon cancers (Figure
2E). Most importantly, luciferase reporter assay indicated
that miR-585-3p could directly target and inhibit PSME3
expression (Figure 2F). Thus, we reveal that miR-585-3p
is downregulated and can directly suppress PSME3 in
colon cancer.

miR-585-3p mimics inhibit cell growth

and proliferation of colon cancer in vitro
Furthermore, we explored the functions of miR-585-3p in
colon cancer. As Figure 3A indicating, miR-585-3p inhi-
bitors significantly increased the level of PSME3 in
NCM460, whereas,
decreased the level of PSME3 in colon cancer cells.

miR-583-3p mimics successfully

Then, CCK-8, plate colon formation, and Edu incorpora-
tion were carried out to detect the effect of miR-585-3p
knockdown on growth and proliferation of colon cancer
cells. miR-585-3p mimics significantly suppressed cell
growth and proliferation of SW620 and HCT116 demon-
strating by lower ODysq value (Figure 3B), fewer colonies
(Figure 3C), and decreased Edu incorporation rate (Figure
3D). Thus, these results indicate that miR-585-3p can
inhibit the growth and proliferation of colon cancer cells
in vitro.

PSME3 restoration antagonizes the
inhibitory effects of miR-585-3p on
growth and proliferation of colon cancer

cells

Furthermore, we explored whether miR-585-3p could
exert its effects in colon cancer cells by targeting
PSME3. Thus, we explored the influences of ectopic
PSME3 expression on the inhibitory effects of miR-585-
3p on colon cancers. As Figure 4A indicating, the protein
level of PSME3 was successfully restored by ectopic
expression. Moreover, ectopic expression of PSME3 can
significantly antagonize the inhibitory effects of miR-585-
3p on cell growth and proliferation in colon cancer cells
(Figure 4B-D). Thus, these results indicate that miR-585-
3p can suppress the growth and proliferation by inhibiting
PSME3 in colon cancer cells.

miR-585-3p is deregulated and shows a
negative correlation to PSME3 in local

colon cancer tissues

Subsequently, we explore the expression of miR-585-3p
and the relationship between miR-585-3p and PSME3 in
local tissues. As the Figure 5A shown, downregulated
miR-585-3p in colon cancer was validated by qPCR ana-
lysis in our collected colon cancer tissue samples.
Moreover, a negative correlation between miR-585-3p
and PSME3 was obtained in our sets of colon cancer
samples by Spearman correlation analysis (Figure 5B).
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Figure 2 miR-585-3p is downregulated and can target PSME3 in colon cancer.

Notes: (A) The data from UALCAN indicate that the methylation status of PSME3 is comparable between normal and colon cancer tissues. (B) The level of PSME3 hnRNA
is also comparable between normal and colon cancer cells. (C) Significant downregulation of miR-585-3p in colon cancer tissues is indicated by a set of data from GEO. (D)
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reporter system assay showed that wild type, not mutant, miR-585-3p could obviously inhibit luciferase signaling of the PSME3 reporter plasmid.

Therefore, miR-585-3p is deregulated and shows a nega-
tive correlation to PSME3 in local colon cancer tissues.

Discussion

Recent studies have revealed the upregulation and onco-
genic roles of PSME3 in several cancers as well as colon
cancer.”'> However, the underlying mechanism for PSME3
upregulation has not been explored. In the present study, we
revealed for the first time that miR-585-3p can directly
target PSME3 and suppress its pro-proliferation roles in

colon cancer. Loss of miR-585-3p, at least partially,
accounts for the molecular mechanism of PSME3 upregula-
tion and associated oncogenic roles in colon cancer.
PSME3 upregulation has been reported in tumors of
various tissue types including breast,® pancreas,® lung,''
thyroid” and colon'® efc. Nevertheless, none of those stu-
dies have further presented the underlying mechanisms for
its upregulation. We reveal that upregulated mRNA level
of PSME3 is the primary reason for PSME3 overexpres-
sion in colon cancer tissues and cells indicating by online
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data and our experiment results. Generally, both transcrip-
tional and post-transcriptional regulation mechanisms may
regulate the level of mRNA. Transcriptional activation due
to gene amplification, mutation, low methylated promoter,
activation of upstream transcription factors, efc. is one of

reasons for 28,29

the common protein upregulation.
Comparable promoter methylation status and hnRNA
level eliminate the possibility of transcriptional mechan-
isms associated PSME3 upregulation. Post-transcriptional
regulators, including miRNA, long no code RNA
(IncRNA) and circle RNA (cirRNA), can also modulate
mRNA level.'®?° Moreover, LncRNA and cirRNA usually

serves as ceRNAs (competing endogenous RNAs) by

sponging specific miRNAs and exerts its regulated roles.*’

Therefore, miRNAs play vital roles in regulating protein
level by inhibiting translation via directly targeting the
mRNA for degradation and loss of tumor suppressed
miRNAs are common causes of upregulated oncogenic
proteins. Multiple miRNAs like miR-143, —145 can reg-
ulate colon cancer development via targeting KRAS and
IRS-1, respectively.’'** Apart from miR-7,> which can
target PSME3 in CHO cells, no other miRNAs targeting
PSME3 have been confirmed yet. In our study, we reveal
that miR-585-3p is a new negative regulator of PSME3
and loss of miR-585-3p, at least partially, accounts for the
upregulation of PSME3 in colon cancer.
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Figure 4 Ectopic PSME3 expression can antagonize the suppressive roles of miR-585-3p in colon cancer.
Notes: (A) miR-585-3p was failure to decrease the amount of ectopic PSME3 indicating by Western blot. Ectopic PSME3 successfully re-activated the proliferation and
growth of HCT 116 and SWé620 cells demonstrating by re-increased ODysq value in CCK8 (B), recovered colonies (C) and recovered Edu incorporation (D), respectively.

Recently, the tumor suppressive roles of miR-585 have
been revealed by several groups. miR-585 downregulation,
possibly caused by promoter hypermethylation, has been con-
firmed in gastric cancer,® lung cancer,® as well as oral
squamous cell carcinoma.® Accordingly, we also prove that
miR-585-3p is also downregulated in colon cancer, suggesting

miR-585 downregulation may be a universal event in carcino-
genesis. Furthermore, restoration exhibits significant inhibi-
tory on malignant characteristics involving proliferation,
migration, and invasion. For example, miR-585 overexpres-
sion significantly suppresses the proliferation and migration of

gastric cancer cells®® and non-small-cell lung cancer cells.**
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Figure 5 miR-585-3p is downregulated and inversely correlates to PSME3 in local colon cancer tissues.
Notes: (A) miR-585-3p is significantly downregulated in local colon cancer tissues indicating by qPCR. (B) Spearman correlation analysis indicates that miR-585-3p level is

inversely related to PSME3 in local colon cancer tissues.

Consistently, we indicate that miR-585-3p restoration also
exhibits obviously inhibitory effects on proliferation and
growth of colon cancer cells. Therefore, according to the
existing research results proof, miR-585-3p mainly serves as
a suppressor in tumorigenesis.

The functions of miRNAs are dependent on its down-
stream targets and the targets of a specific miRNA have
tissue cell specificity.'®** MAPKI and hSMG-1 have been
confirmed to be the targets of miR-585 and downregulated
MAPK]I and hSMG-1, caused by miR-585 overexpression,
leads to constrained cell proliferation and migration in
gastric cancer and non-small-cell lung cancer,
respectively.®>** In this study, PSME3 is identified to be
the target of miR-585-3p in colon cancer and ectopic
PSME3 expression can almost antagonize the tumor sup-
pressive effects of miR-585-3p on proliferation and growth
of colon cancer cells. Moreover, a recent study has
revealed that PSME3, serving as a new marker for the
prognosis of colon cancer patients, is competent in pro-
moting colon cancer progression by activating Hippo path-
way and NF-kB pathway.'> Considering the inverse
expression pattern between miR-585-3p and PSMES3,
miR-585-3p may also be useful in the prediction of prog-
nosis of colon cancer patients.

Collectively, we reveal for the first time that down-
regulated miR-585-3p accounts for the PSME3 overex-
pression in colon cancer. What is more, we unfold that
miR-585-3p restoration can significantly suppress cell pro-
liferation and growth of colon cancer via negatively reg-
ulating PSME3

carcinogenesis in colon cancer.

suggesting a new mechanism of
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