CANCER BIOLOGY & THERAPY
2023, VOL. 24, NO. 1, 2235770
https://doi.org/10.1080/15384047.2023.2235770

Taylor & Francis
Taylor & Francis Group

RESEARCH ARTICLE

8 OPEN ACCESS | ® @neck o upssts|

SIRT1 promotes the progression and chemoresistance of colorectal cancer through
the p53/miR-101/KPNA3 axis
Xiao-Wei Wang, Ying-Hao Jiang, Wei Ye, Chun-Fa Shao, Jian-Jin Xie, and Xia Li

Department of Anorectal Surgery, The First People’s Hospital of Wenling, Wenling, China

ARTICLE HISTORY
Received 20 January 2022
Revised 29 June 2023
Accepted 30 June 2023

ABSTRACT

Introduction: Sirtuin 1 (SIRT1) is a key modulator in several types of cancer, including colorectal cancer
(CRC). Here, we probed into the molecular mechanism of SIRT1 regulating the development and
chemoresistance of CRC.

Methods: Differentially expressed genes related to the growth, metastasis and chemoresistance of CRC
were identified by bioinformatics analysis. The expression of SIRT1 in clinical tissues from CRC patients
and CRC cell lines was detected by RT-gPCR. Interactions among SIRT1, p53, miR-101 and KPNA3 were
analyzed. The effect of SIRT1 on the cell viability, migration, invasion, epithelial-mesenchymal transfor-
mation and chemoresistance to 5-FU was evaluated using loss-function investigations in CRC cells.
Finally, a xenograft model of CRC and a metastasis model were constructed for further exploration of
the roles of SIRT1 in vivo.

Results: SIRT1 was elevated in CRC tissues and cell lines. SIRT1 decreased p53 via deacetylation, and
consequently downregulated the expression of miR-101 while increasing that of the miR-101 target gene
KPNA3. By this mechanism, SIRT1 enhanced the proliferation, migration, invasion, epithelial-
mesenchymal transformation, and resistance to 5-FU of CRC cells. In addition, in vivo data also showed
that SIRT1 promoted the growth, metastasis and chemoresistance to 5-FU of CRC cells via regulation of
the p53/miR-101/KPNA3 axis.

Conclusions: In conclusion, SIRT1 can function as an oncogene in CRC by accelerating the growth,
metastasis and chemoresistance to 5-FU of CRC cells through the p53/miR-101/KPNA3 axis.
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Introduction CRC via their corresponding targets.'” A previous report by
Jiang et al. has demonstrated that miR-101 is downregulated in
CRC tissues, suggesting a promising therapeutic strategy for
metastatic CRC.' In addition, microarray analysis in the pre-
sent study predicted that Karyopherin alpha-3 (KPNA3) is
a potential target for miR-101. KPNA3, a subunit of the
nuclear pore complex, has been documented to act impor-
tantly in the growth and metastasis of CRC cells."’”"* Thus,
we assumed that SIRT1 may affect CRC progression and
chemoresistance via regulation of the p53/miR-101/KPNA3
axis. Hence, we applied bioinformatics analysis, collected clin-
ical samples and conducted an array of cellular and animal
assays to justify the hypothesis.

Colorectal cancer (CRC) represents the third most universal
cancer, with over 90% of new sufferers in adults aged 50 y and
older."” As a heterogeneous disease, CRC often results from
the combined effects of genetic and environmental factors’.
Chemo-radiotherapy can be the standard of care for locally
advanced CRC while the mortality rate of this cancer remains
high due to several factors, such as treatment resistance and
metastasis to distant organs.* ® Therefore, innovative biomar-
ker for CRC chemoresistance is necessitated.

SIRT1 participates in multiple biological processes and
affects the development of several cancers, including CRC.”*
SIRT1 expression is of clinical significance in CRC due to its
significant association with the depth of tumor invasion, dif-

ferentiation and tumor size, as well as metastasis.” Moreover,
promotion of the SIRT1-mediated autophagy has been indi-
cated to induce CRC resistance to 5-fluorouracil (5-Fu), one of
the most effective drugs and is widely used in treating
CRC.'”!" SIRT1 overexpression can dramatically decrease
acetylation of p53, a tumor suppressor that is critical for cancer
survival and apoptosis; inhibition of the growth of CRC cells is
modulated by the SIRT1/p53 axis.'>'*> Notably, the p53/miR-
101 circuit serves as a novel target for cancer therapy.'*
microRNAs (miRNAs or miRs) function as a regulator in

Results
SIRT1 was upregulated in CRC tissues

Initial results of RT-qPCR and immunoblotting identified
increased SIRT1 levels in CRC tissues (Figure la, b). Next,
immunohistochemistry results depicted high SIRTI-
positive expression in CRC tissues (Figure 1Ic).
Furthermore, RT-qPCR displayed that SIRT1 mRNA level
was elevated in CRC tissues of CRC patients at stage III
than that in CRC tissues at stage I and II (p=.001)
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Figure 1. SIRT1 is highly expressed in CRC tissues. (a) SIRTT mRNA level in CRC tissues and adjacent normal tissues determined using RT-qPCR, n = 64; (b) SIRT1 protein
level in CRC tissues and adjacent normal tissues determined using Western blot analysis, n = 5; (c) SIRT1-positive expression in CRC tissues and adjacent normal tissues
measured using immunohistochemistry (x200); (d) SIRTT mRNA level in adjacent normal tissues and CRC tissues measured using RT-qPCR; (e) SIRT1-positive expression
in adjacent normal tissues and CRC tissues measured using immunohistochemistry (x200). Values expressed as mean + standard deviation were analyzed by paired
t test between CRC tissues and adjacent normal tissues and by ANOVA with Tukey's test among three or more groups. *p < .05 vs. adjacent normal tissues.

(Figure 1d). Immunohistochemistry demonstrated higher
SIRT1-positive expression in CRC tissues at stage III than
that in CRC tissues at stage I and II (Figure le). Taken
together, SIRT1 was highly expressed in CRC tissues, and
evidently upregulated in CRC patients at stage III

Upregulation of SIRT1 facilitated cell malignant
phenotypes in CRC cells

Subsequently, we determined SIRT1 expression in human CRC
cell lines and normal colorectal epithelial cell line using RT-qPCR,
which showed that SIRT1 expression was higher in LoVo and
HCT116 cell lines, but lower in SW480 cell line than that in CCD-
18Co cell line (p =.039) (Figure 2a). Thus, HCT116 cell line was
treated with sh-SIRT1, and SW480 cell line was treated with oe-
SIRTI.

We confirmed decreased SIRT1 expression in HCT116
cells treated with sh-SIRT1 and increased SIRT1 expression
in SW480 cells treated with oe-SIRT1 (Figure 2b).
Transwell assay proved inhibited cell migration and inva-
sion in HCT116 cells after depletion of SIRT1, while the
results were opposite in SW480 cells after restoration of
SIRT1 (Figure 2¢c, d). Furthermore, Western blot analysis
presented elevated E-cadherin and occluding levels but
reduced vimentin, N-cadherin, and fibronectin levels in
HCT116 cells after silencing of SIRT1 (Figure 2e). These
findings implied that SIRT1 was abundantly expressed in
CRC cells and elevated SIRT1 facilitated the migration,
invasion, and epithelial-mesenchymal
(EMT) of CRC cells.

transformation

SIRT1-mediated deacetylation of p53 promoted cell
malignant phenotypes in CRC cells

Subsequently, we further pinpointed the mechanism of
SIRT1 regulating p53 in CRC. Western blot analysis results
demonstrated that protein levels of p53 and acetylation of
p53 (ac-p53) reduced in HCT116 cells (Figure 3a). IP assay
displayed that depletion of SIRTI inhibited the binding
between SIRT1 and p53 (Figure 3b). The effect of SIRTI
on p53 expression was further examined, which revealed
that the expression of ac-p53 and p53 increased after
silencing of SIRT1 (Figure 3c).

Next, HCT116 cells were treated with 1 umol/L
Tenovin-6 (deacetylase inhibitor) to detect deacetylase
cleavage activity of SIRTI, and the results presented that
with the prolongation of Tenovin-6 treatment, deacetylase
cleavage activity of SIRT1 was suppressed (Figure 3d).
Moreover, SIRT1 expression diminished and expression of
p53 and ac-p53 increased with the prolongation of
Tenovin-6 treatment time (Figure 3e). Transwell assay pre-
sented that at 24h after treatment with Tenovin-6, cell
migration and invasion were repressed (Figure 3f). In addi-
tion, Western blot analysis results presented elevated
E-cadherin and occluding levels but reduced vimentin,
N-cadherin, and fibronectin levels in HCT116 cells treated
with Tenovin-6 (Figure 3g). Furthermore, silencing of
SIRT1 upregulated protein levels of E-cadherin and occlud-
ing while downregulating those of vimentin, N-cadherin
and fibronectin (Figure 3h). Thus, SIRT1 reduced expres-
sion of p53 via mediation of deacetylation and thus pro-
moted cell malignant features of CRC cells.
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Figure 2. Overexpression of SIRT1 enhances cell migration, invasion, and EMT in CRC cells. (a) SIRT1 expression in five CRC cell lines LoVo, SW620, SW480, HCT-116, and
HT-29 and normal colorectal epithelial cell line CCD-18Co determined using RT-qPCR; (b) SIRT1 expression in HCT116 cells treated with sh-SIRT1 and SW480 cells
treated with oe-SIRT1 determined using RT-gPCR and Western blot analysis; (c) Migration and invasion of HCT116 cells treated with sh-SIRT1 detected using Transwell
assay; (d) Migration and invasion of SW480 cells treated with oe-SIRT1 detected using Transwell assay; (e) Protein levels of EMT-related genes (E-cadherin, occluding,
Vimentin, N-cadherin, and fibronectin) in HCT116 cells treated with sh-SIRT1 and SW480 cells treated with oe-SIRT1 determined using Western blot analysis. Values are
expressed as mean * standard deviation and analyzed by ANOVA followed by Tukey’s test among three or more groups. *p < .05 vs. CCD-18Co cell line, HCT116 cells
treated with sh-NC or SW480 cells treated with oe-NC. The cell experiment was run in triplicate independently.

SIRT1 induced CRC cell malignant phenotypes by
disturbing the p53/miR-101 axis

Next, the mechanism of SIRT1 in CRC was further explored.
RT-qPCR data showed that miR-101 expression reduced in
HCT116 cells relative to CCD-18Co cells (Figure 4a).
HCT116 cells were treated with sh-p53 or oe-p53, and the
results of RT-qPCR displayed that sh-p53 reduced the
expression of p53 and miR-101, while oe-p53 exerted oppo-
site effects (Figure 4b). To further verify whether SIRT1
could participate in the regulation of CRC progression by
affecting miR-101 expression through p53, RT-qPCR was

conducted to measure miR-101 expression in HCT116 cells
after knockdown of SIRTI1. The results depicted that silen-
cing of SIRTI elevated miR-101 expression, while further
silencing of p53 reduced miR-101 expression (Figure 4c),
suggesting that SIRT1 regulated p53 to affect miR-101
expression in CRC cells.

Furthermore, HCT116 cells were treated with miR-101
mimic (Figure 4d). miR-101 mimic was found to repress
HCT116 cell migration and invasion (Figure 4e). Western
blot analysis presented elevated E-cadherin and occluding
but reduced those of vimentin, N-cadherin, and fibronectin
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Figure 3. SIRT1 downregulates the expression of p53 via deacetylation and facilitates cell migration, invasion and EMT in CRC cells. (a) Protein levels of p53 and ac-p53
in five CRC cell line HCT-116 and normal colorectal epithelial cell line CCD-18Co measured using Western blot analysis; (b) the binding between SIRT1 and p53 detected
using IP assay; (c) the effect of SIRT1 on p53 expression detected using Western blot analysis; (d) Deacetylase cleavage activity of SIRT1 in HCT116 cells treated with 1

umol/L Tenovin-6 at 0, 2, 4, 6, 18, 24 h; (e) Expression of p53 and ac-p53 in HCT116 cells treated with 1 pmol/L Tenovin-6 at 0, 2, 4, 6, 18, 24 h detected using Western
blot analysis; (f) Cell migration and invasion in HCT116 cells treated with 1 umol/L Tenovin-6 at 0, 2, 4, 6, 18, 24 h detected using Transwell assay; (g) Protein levels of
EMT-related genes (E-cadherin, occluding, Vimentin, N-cadherin, and fibronectin) in HCT116 cells treated with 1 umol/L Tenovin-6 at 0, 2, 4, 6, 18, 24 h detected using
Western blot analysis. (h) Protein levels of EMT-related genes (E-cadherin, occluding, Vimentin, N-cadherin, and fibronectin) in HCT116 cells treated with sh-SIRT1
detected using Western blot analysis. Values are expressed as mean + standard deviation and analyzed by unpaired t test between two groups and by ANOVA followed
by Tukey’s test among three or more groups. *p < .05 vs. HCT116 cells or HCT116 cells treated with 1 umol/L Tenovin-6 at 0 h. The cell experiment was run in triplicate

independently.

in HCT116 cells in the presence of miR-101 mimic (Figure 4f).
Therefore, SIRT1 was demonstrated to downregulate the p53/
miR-101 axis to promote CRC cell migration, invasion,
and EMT.

KPNA3 was a putative target of miR-101 in CRC cells

Differential analysis of the GSE68204 dataset revealed 66 DEGs
(Figure 5a). The results of GO enrichment analysis using
Panther pinpointed that the DEGs were mainly concentrated
in six items, and mostly enriched in the GO: 0005488, which
included 15 DEGs (Figure 5b). After comparison of logFC and
p value among 15 DEGs, NEUROG1, REG1B, CMIP, and
KPNA3 were identified, of which correlation between
KPNA3 and drug resistance of tumor cells has not been
reported. Thus, KPNA3 was a novel target and selected for
the follow-up study.

Through differential analysis of the GSE68204dataset,
KPNA3 was highly expressed in drug-resistant samples of
CRC (Figure 5c¢). GEPIA database also verified increased
KPNA3 expression in CRC samples (Figure 5d). RT-qPCR
data showed increased KPNA3 expression in CRC tissues (p
=.001) (Figure 5e). Immunohistochemistry also proved that
KPNA3 positive expression was increased in CRC tissues
(Figure 5f). Following intersection analysis of the upstream
regulatory miRNAs of DEGs predicted using starBase, miRDB,
miRanda, and mirDIP databases, eight miRNAs (hsa-miR
-101-3p, hsa-miR-24-3p, hsa-miR-19a-3p, hsa-miR-19b-3p,
hsa-miR-93-5p, hsa-miR-15a-5p, hsa-miR-16-5p, and hsa-
miR-27a-3p) were identified (Figure 5g). The starBase data-
base displayed the binding sites between miR-101 and KPNA3

(Figure 5h). In addition, the luciferase activity of KPNA3
3’UTR-WT instead of KPNA3 3’UTR-Mut was diminished in
the presence of miR-101 mimic (Figure 5i), indicating that
miR-101 targeted KPNA3. Furthermore, KPNA3 expression
was repressed in the presence of miR-101 mimic (p=.001)
(Figure 5j). Therefore, miR-101 can target KPNA3 and nega-
tively regulate its expression in CRC cells

Overexpression of KPNA3 increased the chemoresistance
of CRC cells to 5-FU

HCT116 cells were treated with sh-KPNA3 or oe-KPNA3. As
detected by RT-qPCR and immunoblotting, sh-KPNA3
reduced KPNA3 expression, while oe-KPNA3 displayed the
opposite results (p=.001) (Figure 5k). MTT assay presented
that 5-FU led to inhibited cell viability in HCT116 cells treated
with sh-KPNA3, while the results were opposite in HCT116
cells treated with oe-KPNA3 (p = .001) (Figure 5i). In addition,
overexpression of KPNA3 increased IC50 value of HCT116
cells, and knockdown of KPNA3 decreased IC50 value of
HCT116 cells (p =.001) (Figure 5m). These findings implied
that KPNA3 could promote the resistance of CRC cells to 5-FU
but knockdown of KPNA3 reversed this effect.

SIRT1 induced CRC cell chemoresistance to 5-FU and
promoted cell migration, invasion, and EMT via the p53/
miR-101/KPNA3 axis

Then, we aimed to further investigate whether SIRT1 regulat-
ing KPNA3 expression affected the resistance of CRC cells to
5-FU. SIRT1 knockdown in HCT116 cells inhibited KPNA3
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Figure 4. SIRT1 promotes CRC cell migration, invasion, and EMT via suppression of the p53/miR-101 axis. (a) miR-101 expression in HCT116 and CCD-18Co cells
determined using RT-gPCR; (b) Expression of p53 and miR-101 in HCT116 cells treated with sh-p53 or oe-p53 determined using RT-gPCR; (c) miR-101 expression in
HCT116 cells treated with sh-SIRT1 determined using RT-qPCR; (c) miR-101 expression in HCT116 cells treated with miR-101 mimic determined using RT-qPCR; (e) Cell
migration and invasion in HCT116 cells treated with miR-101 mimic detected using Transwell assay; (f) Protein levels of EMT-related genes (E-cadherin, occluding,
Vimentin, N-cadherin, and fibronectin) in HCT116 cells treated with miR-101 mimic measured using Western blot analysis. Values are expressed as mean + standard
deviation and analyzed by unpaired t test between two groups and by ANOVA followed by Tukey's test among three or more groups. *p <.05 vs. CCD-18Co cells,
HCT116 cells treated with sh-NC or HCT116 cells treated with mimic NC. The cell experiment was run in triplicate independently.

expression (Figure 6a). MTT assay revealed that silencing of
SIRT1 reduced HCTI116 cell viability and ICs, value
(Figure 6b, c). Further overexpression of KPNA3 augmented
HCT116 cell viability and ICs, value (Figure 6b, ¢). Moreover,
overexpression of KPNA3 facilitated HCT116 cell migration
and invasion, but additional silencing of SIRT1 failed to aug-
ment the cell migration and invasion evidently (Figure 6d).

Western blot analysis revealed that overexpressed KPNA3
elevated E-cadherin and occluding levels but suppressed those
of vimentin, N-cadherin, and fibronectin; however, additional
silencing of SIRT1 led to no considerable changes in the
expression of these proteins (Figure 6e). These findings con-
firmed that SIRT1 modulated the p53/miR-101/KPNA3 axis to
facilitate the migration, invasion, EMT and chemoresistance of
CRC cells.

SIRT1 accelerated the growth, metastasis and
chemoresistance to 5-FU of CRC cells via the p53/miR-101/
KPNA3 axis in vivo

At last, nude mice models of subcutaneous transplanted tumors
were established with HCT116 cells with depleted SIRT1 and
SW480 cells with elevated SIRT1 to explore effects of SIRT1 on
the growth, metastasis and chemoresistance to 5-FU of CRC
cells via the p53/miR-101/KPNA3 axis in vivo. Nude mice
injected with HCT116 cells with depleted SIRT1 exhibited

reduced number of metastatic foci in the lung and liver
(Figure 7a), while overexpression of SIRT1 increased the num-
ber of metastatic foci in the lung and liver (Figure 7b).
Immunohistochemistry revealed diminished expression of
SIRT1 and KPNA3 and increased p53 expression in the tumor
tissues of nude mice injected with HCT116 cells treated with sh-
SIRT1, while the results were opposite in the presence of SIRT1
overexpression (Figure 7c). RT-qPCR showed elevated miR-101
expression in the tumor tissues of nude mice injected with
HCT116 cells with depleted SIRT1, while the results were oppo-
site following SIRT1 overexpression (Figure 7d).

After intraperitoneal injection of 5-FU into nude mice
treated with oe-SIRT1, tumor volume and weight obviously
elevated (Figure 7e), suggesting that elevated SIRT1 promoted
the chemoresistance of CRC cells in vivo. Besides, Western
blot analysis presented elevated E-cadherin and occluding
levels but reduced vimentin, N-cadherin, and fibronectin levels
in the tumor tissues of nude mice injected with HCT116 cells
overexpressing SIRT1 (Figure 7f). These results confirmed that
SIRT1 promoted the growth, metastasis and chemoresistance
to 5-FU of CRC cells via the p53/miR-101/KPNA3 axis in vivo.

Discussion

Over the past decades, 5-Fu is widely used in the treatment for
CRC, while the resistance to 5-Fu remains a major problem.*
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HCT116 cells treated with oe-NC. The cell experiment was run in triplicate independently.

Our study probed into the effect of SIRT1 on CRC cells to
5-FU-based chemotherapy based on in vitro and in vivo
experiments. The obtained results elucidated that SIRT1
could promote CRC progression and chemoresistance to
5-Fu by regulating the p53/miR-101/KPNA3 axis.

Initial data of our work depicted that SIRT1 was highly
expressed in CRC tissues and cell lines. In addition, the upre-
gulation of SIRT1 could facilitate the migration, invasion,
EMT and chemoresistance of CRC cells. Consistently, pub-
lished literature has indicated that inhibiting the expression of
SIRT1 contributes to reduced CRC cell viability and autophagy
yet promoted cell apoptosis.*' SIRT1 expression is elevated in
CRC tissues and the autophagy mediated by SIRT1 can pro-
mote the chemoresistance of CRC to 5-Fu.'' Another study
has also identified the upregulated SIRT1 expression in CRC,
and that this upregulation facilitates CRC cell migration and
invasion.® Thus, these findings support that SIRT1 inhibition
may be a promising target for CRC treatment.

In addition, our data clarified that miR-101 expression
decreased in CRC. The aberrant expression of miRNAs is
involved in CRC by modulating their target genes.'”

Reduced miR-101 has been validated in the CRC previously,
which contributes to tumor invasiveness.””> Moreover, our
work unveiled that miR-101 targeted KPNA3, and miR-101
inhibited cell migratory and invasive capacities, EMT, and
chemoresistance to 5-FU by inhibiting KPNA3 in CRC cells.
Jiang et al. have also proved that miR-101 expression is
diminished in CRC, and restored miR-101 limits the EMT
and metastasis of CRC cells.'"® Meanwhile, miR-101 acts to
repress CRC as elevated miR-101 hampers the aggressive
behaviors of CRC in vivo.”> miR-101-3p overexpression is
capable of decreasing the resistance of CRC to irradiation,**
while the inhibiting role of miR-101 in CRC chemoresistance
has not been explored. Furthermore, silencing of KPNA3
results in inhibition of cell malignant phenotypes in CRC."
Emerging evidence demonstrates that miRNAs can interact
with the 3'UTR of specific target mRNAs and lead to the
repression of their expression.”>*® This study clarifies the
first evidence for the post-transcriptional modulation of
KPNA3 by miR-101 in CRC cells and the miR-101/KPNA3
axis might have significance in the regulation of CRC
progression.
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Figure 6. SIRT1 induces the migration, invasion, EMT and chemoresistance of CRC cells via the p53/miR-101-KPNA3 axis. (a) KPNA3 expression in HCT116 cells treated
with sh-SIRT1 measured using RT-qPCR and Western blot analysis; (Bb) HCT116 cell viability following treatment with sh-SIRT1 or combined with oe-KPNA3 detected
using MTT assay; (c) ICsq value in HCT116 cells treated with sh-SIRT1 or combined with oe-KPNA3 measured using MTT assay; (d) HCT116 cell migration and invasion
following treatment with oe-KPNA3 or combined with sh-SIRT1 detected using Transwell assay; (e) Protein levels of EMT-related genes (E-cadherin, occluding,
Vimentin, N-cadherin, and fibronectin) in HCT116 cells treated with oe-KPNA3 or combined with sh-SIRT1 measured using Western blot analysis. Values are expressed
as mean + standard deviation and analyzed by ANOVA followed by Tukey's test among three or more groups and by repeated measures ANOVA followed by
Bonferroni's test at different time points. *p < .05 vs. HCT116 cells treated with sh-NC or oe-NC; #p < .05 vs. HCT116 cells treated with sh-SIRT1 or oe-KPNA3. The cell

experiment was run in triplicate independently.

What’s more, SIRT1 facilitated chemoresistance, migration,
invasion, and EMT of CRC cells via the p53/miR-101/KPNA3
axis in our study. EMT, as one of the crucial molecular steps in
distant metastasis, is the main cause of CRC-related death, and
shares correlation with a poor prognosis in CRC.*” EMT is
manifested with the reduction of E-cadherin and occluding
and elevation of vimentin and fibronectin, and depletion of
SIRT1 could reduce vimentin level and elevates E-cadherin
level,® suggesting that SIRT1 contributes to increase of CRC
cell metastasis regulated by EMT. A recent study has also
implied that CRC resistance to the 5-FU remains a major
problem in CRC treatment, and SIRT1 acts as an oncogene
in mechanisms of CRC resistance to 5-FU."" It also known that
anti-cancer efficacy of 5-FU in CRC cellular processes can be
produced through p53.*® SIRT1 can modulate p53
deacetylation.”® SIRT1 mediates deacetylation of p53 so as to
inhibit the activity of p53 and tumorigenesis of CRC, which
suggests that silencing of SIRT1 leads to activation of p53 and
impedes CRC progression.”” The activation of p53 and miR-
101 is also proved as a potential therapy in cancer.'* Herein, it
is reasonable that SIRT1-mediated deacetylation of p53 pos-
sessed with great therapeutic potential in CRC progression and
chemoresistance to 5-Fu via miR-101/KPNA3.

In conclusion, this study is the first to reveal that SIRT1
plays an oncogenic role in CRC cell growth and metastasis as
well as chemoresistance via deacetylation of p53, inhibition of

miR-101 expression and upregulation of KPNA3 expression
(Figure 8). Thus, targeting the SIRT1/p53/miR-101/KPNA3
axis may function as an appealing direction for creating ther-
apeutic modalities for CRC. However, more experiments are
necessitated to further explore the intrinsic mechanisms.

Materials and methods
Ethics statement

Our work was performed with the approval of the Academic
Ethics Committee of The First People’s Hospital of Wenling
and performed on the basis of the Declaration of Helsinki. All
participants signed informed consent documentation. Animal
experimentations were ratified by the Academic Ethics
Committee of The First People’s Hospital of Wenling and
implemented on the basis of the Animal Welfare Legislation
in China and ARRIVE Guidelines.

In silico analysis

CRC-related mRNA expression dataset GSE68204 and miRNA
expression dataset GSE30454 were downloaded from GEO data-
base. GSE68204 contains 27 chemotherapy-sensitive CRC
patients and 32 chemotherapy-resistant CRC patients.
GSE30454 contains 20 normal colorectal tissue samples and 54
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Figure 7. SIRT1 accelerates the growth, metastasis and chemoresistance to 5-FU of CRC cells via the p53/miR-101-KPNA3 axis in vivo. Nude mice were injected with
HCT116 cells with depleted SIRTT (with sh-NC plasmids as control) or elevated SIRT1 (with oe-NC plasmids as control). (a) Metastatic lung tumors in nude mice detected
using HE staining (x200); (b) Metastatic liver tumors in nude mice detected using HE staining (x200); (c) Expression of SIRT1, p53, and KPNA3 in the tumor tissues of
mice determined using immunohistochemistry (x200); (d) miR-101 expression in the tumor tissues of mice determined using RT-gPCR; (e) Tumor volume and weight of
oe-SIRT1-treated mice intraperitoneally injected with 5-FU; (f) Protein levels of EMT-related genes (E-cadherin, occluding, Vimentin, N-cadherin, and fibronectin) in
tumor tissues of oe-SIRT1-treated mice intraperitoneally injected with 5-FU measured using Western blot analysis. Values are expressed as mean = standard deviation
and analyzed by ANOVA followed by Tukey's test among three or more groups and by repeated measures ANOVA followed by Bonferroni’s test at different time points.
*p < .05 vs. mice treated with sh-NG; #p < .05 vs. mice treated with oe-NC.

CRC tissue samples. R “limma” package was processed for differ- Next, the upstream regulatory miRNAs of the differentially
ential analysis to identify the differentially expressed mRNAs expressed genes were predicted through the starBase, miRDB,
related to the development and chemoresistance of CRC with | miRanda and mirDIP databases, which were then intersected.
log2FC| >2 and p value <.05 as the threshold which were then Finally, the KEGG database was used to retrieve the upstream
subjected to GO enrichment analysis. regulatory factors of the predicted upstream miRNAs,
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Figure 8. Systematic diagram depicting that the molecular mechanism of SIRT1 influencing CRC development and chemoresistance to 5-FU. SIRT1 promotes
deacetylation of p53 and inhibits the expression of p53, thus reducing the expression of miR-101 while upregulating that of the miR-101 target gene KPNA3. By
this mechanism, the growth, metastasis and chemoresistance to 5-FU of CRC cells are promoted.

followed by construction of a transcription factor-miRNA-
mRNA co-expression regulatory network.

Tissue collection

Primary CRC and adjacent normal tissue samples were har-
vested from 64 patients with CRC (39 males and 25 females)
who received surgery at The First People’s Hospital of Wenling.
There were 30 patients under 60 y old and 34 patients over 60y
old. Moreover, there were 12 patients at stage I, 37 patients at
stage II, and 15 patients at stage III. The included patients were
confirmed as CRC by postoperative pathology. All specimens
were evaluated according to World Health Organization guide-
lines and pathological staging criteria of the Union for
International Cancer Control.*® All specimens were frozen in
liquid nitrogen and preserved at —80°C.

Cell culture and grouping

Human CRC cell lines, LoVo, SW620, SW480, HCT-116, and
HT-29, normal colorectal epithelial cell line, CCD-18Co and
HEK293T cells were procured from ATCC (Manassas, VA).
These cells were incubated in DMEM (25 mM D-glucose, 1
mM sodium pyruvate and 4mM L-glutamine (Gibco,
Carlsbad, CA) replenished with 10% FBS (Biological Industries
USA, Inc., CT) and 1% penicillin-streptomycin (Gibco).
Lentiviral packaging LV5-GFP and pSIH1-H1-copGFP
were used to transmit overexpressing and shRNA sequences,
respectively. sh-SIRT1, sh-p53, sh-KPNA3, negative control
(NC) shRNA (sh-NC), miR-101 mimic, and mimic NC were
from GenePharma Co. Ltd. (Shanghai, China). The packaging
lentivirus and target vectors were co-transfected into

HEK293T cells employing Lipofectamine 2000. Following
incubation for 48 h, supernatants were collected to detect
viral titer, followed by infection of CRC cells.

Immunohistochemistry

Paraffin-embedded human CRC tissues were cut into serial
4-um sections, which were antigen-retrieved and blocked
with normal goat serum. Next, the sections were stained
using  HistostainTMSP-9000  Immunohistochemical
Staining Kit (Zymed Laboratories, San Francisco, CA).
The sections were immunostained with primary rabbit
antibodies (Abcam Inc. Cambridge, MA) to SIRTI
(ab110304, 1:100), p53 (ab131442, 1:100), and KPNA3
(ab6038, 1:100) at 4°C overnight. The sections were re-
probed with rat anti-rabbit antibody (ab6728, 1:1000,
Abcam) at 37°C for 30 min. The samples were developed
by DAB for 5-10min, and photographed under an
inverted microscope (NIB900, Nexcopy Inc., CA). The
cells showing brown and yellow cytoplasm were described
as positive.

RNA isolation and quantitation

Employing a TRIzol reagent (Invitrogen, Carlsbad,
California), total RNA was extracted and 400 ng of which
was reversely transcribed into ¢cDNA employing the
PrimeScript RT Reagent Kit (Takara Bio Inc., Otsu, Shiga,
Japan). With the help of the SYBR® Premix Ex TaqTM II
(Tli RNaseH Plus) kit (Takara), the Thermal Cycler Dice
Real Time System Amplifier (Takara) was adopted for RT-
qPCR. The primer sequences (Supplementary Table 1) were
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synthetized by Guangzhou RiboBio Co., Ltd. (Guangzhou,
China). GAPDH served as the internal reference and the
expression of gene of interest was calculated with the
2744 method.

Transwell assay

Transwell chamber (pore size of 8 mm; Corning Incorporated,
Corning, NY) coated with or without Matrigel in 24-well plates
was adopted for CRC cell migration and invasion
measurement.”’ Cells were subjected to observation and calcu-
lation under an inverted microscope in five high power fields.

Immunoblotting

Total protein extracts were separated and transferred onto
membranes which were incubated with primary antibodies
(Abcam) against SIRT1 (ab110304, 1:1000), p53 (ab131442,
1:1000), KPNA3 (ab6038, 1:1000), and GAPDH (ab37168,
1:1000, loading control) at 4°C overnight. Subsequently, the
membrane was supplemented with HRP-labeled goat anti-
mouse or goat anti-rabbit antibody (HS101, 1:1000, Beijing
TransGen Biotech Co., Ltd., Beijing, China) for 1 h. Thereafter,
ECL reagent was used for visualization of the immunocom-
plexes, and band intensities were assayed employing Image].

SIRT1 catalytic activity measurement

A fluorometic activity assay kit (Sigma) was adopted for quan-
tifying SIRT1 deacetylase activity. Samples were placed to
a Costar 96-well dark plate, followed by detection of the
deacetylation-dependent fluorescent signal employing
a fluorescent reader (excitation wavelength of 360 nm, emis-
sion wavelength of 460 nm).

Dual luciferase reporter assay

The psiCHECK-2 vector (0.1 ug, Promega, Madison, WI) was
adopted to build the firefly luciferase reporter vectors. The
KPNA3 3UTR-WT and KPNA3 3’UTR-Mut were co-
transfected into the HEK293T cells in the presence of miR-
101 mimic or NC mimic using X-tremegene HP (Roche
Diagnostics GmbH, Mannheim, Germany). Following 48 h of
transfection, the Dual-Luciferase Reporter Assay System
(Promega) was run for luciferase activity measurement.

MTT assay

CRC cells were seeded into 96-well plates (10,000 cells/well; 100
pL) and incubated for 12 h. The cells were treated with 5-FU at
different concentrations, and incubated with 20 uL of MTT (5
mg/mL in PBS, Sigma) for 4 h. Next, DMSO (200 pL) was sup-
plemented to dissolve the crystals. The optical density (OD) value
at 490 nm was assayed employing a microplate reader.

Immunoprecipitation (IP) assay

Cell lysate was subjected to treatment for protein collection
for IP. Then, the harvested protein was incubated with flag

or p53 antibody (anti-lgG as NC) at 4°C overnight, and
cultured with protein A/G beads for 4h. Following three
times of PBS washing, the beads were solubilized in SDS
sample buffer, followed by immunoblotting with corre-
sponding antibodies.

Construction of a xenograft model of CRC and
a metastasis model

Totally 30 male BALB/c nude mice (6 weeks old; 13-17 g;
Beijing Vital River Laboratory Animal Technology Co., Ltd.,
Beijing, China) were used for in vivo assays. The mice were
assigned into five groups (n = 6 for each group): Mock + 5-FU
(intraperitoneal injection with 50 mg/kg 5-FU, 50 mg every
other day), oe-NC (subcutaneous inoculation of 1 x 10 CRC
cells transduced with lentivirus harboring oe-NC into the
dorsal side of mice), oe-NC + 5-FU (subcutaneous inoculation
of 1 x 10" CRC cells transduced with lentivirus harboring oe-
NC into the dorsal side of mice and intraperitoneal injection
with 50 mg/kg 5-FU, 50 mg every other day), oe-SIRT1 (sub-
cutaneous inoculation of 1x 10" CRC cells transduced with
lentivirus carrying oe-SIRT1 into the dorsal side of mice) and
0e-SIRT1 + 5-FU (subcutaneous inoculation of 1 x 107 CRC
cells transduced with lentivirus carrying oe-SIRT1 into the
dorsal side of mice and intraperitoneal injection with 50 mg/
kg 5-FU, 50 mg every other day). Tumor size was recorded
every other day and measured using Vernier calipers, followed
by tumor volume calculation. After 30 d of treatment, mice
were euthanized by injecting triple doses of 3% sodium pento-
barbital (P3761, Sigma), and tumors were removed and
weighed.

In order to observe the lung and liver metastases in mice,
HCT116 cells (1x 107/0.2mL) overexpressing and silencing
SIRT1 were injected into the lateral tail vein and subsplenic
capsule of mice. After 10 weeks, mice were euthanized using
the same method as the above. The liver and lung metastases
were observed by HE staining, and the number of metastases
on the lung and liver surfaces of each nude mouse was deter-
mined. The number of metastatic foci in the lung and liver was
analyzed under a dissecting microscope.

Statistical analysis

Measurement data, analyzed by SPSS 21.0 software, were sum-
marized as mean + standard deviation. Statistical significance
was assayed employing paired t-test or unpaired t-test (two-
group data with normal distribution and equal variance), one-
way ANOVA with Tukey’s test (multigroup data) or repeated
measures ANOVA (time-based multigroup data) with
Bonferroni’s test. p < .05 was statistically significant.
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