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Abstract 

Rationale: Colitis-associated colorectal cancer (CAC) usually exhibits an accelerated disease 
progression, an increased resistance to therapeutic drugs and a higher mortality rate than sporadic 
colorectal cancer (CRC). PIAS3 is a member of the protein inhibitor of activated STAT (PIAS) 
family; however, little is known about the expression and biological functions of PIAS3 in CAC. The 
aim of our study was to investigate the biological mechanisms of PIAS3 in CAC. 
Methods: PIAS3 expression was examined in colon tissues of CAC/CRC patients and 
azoxymethane-dextran sulfate sodium (AOM-DSS)-induced mice. The role of PIAS3 was studied 
using a series of in vitro, in vivo and clinical approaches. 
Results: Downregulated PIAS3 expression, upregulated miR-18a expression and highly activated 
NF-κB and STAT3 were observed in colon tissues of CAC/CRC patients and AOM-DSS-induced 
mice. In vitro experiments revealed that PIAS3 significantly inhibited the activation of NF-κB and 
STAT3 and demonstrated that activated NF-κB and STAT3 transcriptionally regulated miR-18a 
level, and up-regulation of miR-18a expression led to defective PIAS3 expression. Moreover, 
PIAS3-mediated autoregulatory feedback loops (PIAS3/NF-κB/miR-18a and PIAS3/STAT3/miR-18a) 
were verified in vitro and were found to regulate cell proliferation. Additionally, modulation of the 
feedback loops via overexpression of PIAS3 or knockdown of miR-18a significantly inhibited cell 
proliferation in a mouse CRC xenograft model. Furthermore, upregulation of PIAS3 by intracolonic 
administration of PIAS3 lentivirus or anti-miR-18a lentivirus in AOM-DSS-induced mice led to 
dramatically reduced tumor sizes/numbers, whereas knockdown of PIAS3 in CAC mice significantly 
promoted tumor growth. 
Conclusion: Our data clearly show that PIAS3-mediated feedback loops control cell proliferation 
and function as robust driving forces for CAC progression. Targeting these highly activated feedback 
loops might offer promising therapeutic strategies for CAC. 
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Introduction 
Inflammatory bowel disease (IBD) is a chronic, 

relapsing and remitting inflammatory disorder of the 
gastrointestinal tract that greatly affects patient 

quality of life due to the associated pain, diarrhea, 
vomiting and other undesirable symptoms [1]. 
Moreover, IBD-associated sustained colonic 
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inflammation could greatly increase the risk of colon 
cancer via enhancing mutagenesis [2]. IBD-related 
colon cancer, also known as colitis-associated 
colorectal cancer (CAC), usually exhibits accelerated 
disease progression, increased resistance to 
therapeutic drugs and an increased mortality rate 
compared with sporadic colorectal cancer (CRC) [3]. 
Thus, investigating the molecular pathogenesis of 
CAC and identifying novel therapeutic targets may 
improve CAC treatment. 

Activation of NF-κB and members of the 
JAK/STAT signaling pathway is suspected to be an 
essential link between persistent intestinal 
inflammation and tumor initiation [4-7]. As a member 
of the protein inhibitor of activated STAT (PIAS) 
protein family, PIAS3 acts as a SUMO (small 
ubiquitin-like modifier)-E3 ligase and can directly 
interact with several transcriptional factors to 
influence their activities [8, 9]. Although the 
expression changes and biological functions of colonic 
PIAS3 during CAC progression remains unclear, the 
dysregulated PIAS3 has been found to play a key role 
in inflammatory diseases such as rheumatoid arthritis 
and a variety of cancers, including gastric cancer, 
non-small cell lung cancer and malignant 
mesothelioma [10-13]. PIAS3 was found to suppress 
NF-κB and STAT3 activation in mouse myeloblast 
cells and human MCF-7 cells [14, 15]. Genetic deletion 
of NF-κB and STAT3 significantly reduced disease 
severity in an azoxymethane and dextran sulfate 
sodium (AOM-DSS)-induced mouse model of CAC 
[16, 17]. Moreover, high activation of NF-κB and 
STAT3 was detected in both UC-associated 
high-grade dysplasia patients and CAC mice [18-20]. 
Therefore, investigating whether PIAS3 is involved in 
CAC through regulating NF-κB and STAT3 will 
enhance understanding of the pathogenesis of CAC. 

It is well known that abnormal expression of 
miRNAs is involved in a broad spectrum of human 
malignancies [21]. Altered miRNA levels have been 
detected in mucosa of CAC patients and 
AOM-DSS-treated mice, suggesting that dysregulated 
miRNAs might have significant effects on the 
development of CAC[19, 22]. Some miRNAs are able 
to regulate NF-κB or STAT3 activity by targeting 
members of the NF-κB or STAT3 pathways [23, 24]. 
Meanwhile, several miRNAs are also transcriptionally 
regulated by NF-κB and STAT3 [25, 26]. These 
findings suggest that aberrantly expressed miRNAs 
may interact with NF-κB or STAT3 to form positive 
feedback loops that maintain the irreversible 
activation of inflammatory and oncogenic signaling 
pathways, thus contributing to CAC progression. 

In the present study, we first examined 
PIAS3/miR-18a expression changes and NF-κB and 

STAT3 activity in colon tissues of CAC/CRC patients 
and AOM-DSS-induced mice. Then, we showed that 
PIAS3 was regulated by miR-18a and that miR-18a 
was also the transcriptional product of NF-κB or 
STAT3 in two colorectal cancer cell lines. 
Furthermore, the PIAS3-mediated feedback loops 
(PIAS3/NF-κB/miR-18a and PIAS3/STAT3/miR- 
18a) were theoretically presumed and experimentally 
verified in vitro. The role of the PIAS3-mediated 
feedback loops was further investigated by 
upregulating/inhibiting PIAS3 expression or 
inhibiting miR-18 level using a series of in vitro, in vivo 
and clinical approaches. Our findings show that 
PIAS3-mediated feedback loops control cell 
proliferation and function as robust driving forces 
during CAC progression, suggesting that disruption 
of PIAS3-mediated feedback loops represents a 
potential therapeutic approach that may be valuable 
for CAC treatment. 

Methods 
Reagents 

Human TNF-α and IL-6 were purchased from 
PeproTech (Rocky Hill, NJ, USA). miR-18 precursors 
(pre-miR-18a), miR-18a inhibitors (anti-miR-18a) and 
their controls (pre-scramble or anti-scramble) were 
purchased from Gene Pharma (Shanghai, China). A 
full-length human PIAS3 cDNA expression plasmid 
(pcDNA3.1-PIAS3) was purchased from Real Gene 
(Nanjing, China). Stattic, and azoxymethane (AOM) 
were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Dextran sulfate sodium (DSS) (36-40 kDa) was 
purchased from MP Bio-medicals (Solon, Ohio, USA). 
All primers, siRNAs and shRNA used in the 
experiments were synthesized by Real Gene (Table 
S1).  

Clinical samples and cell lines 
Colon tissue samples were acquired from 

patients who underwent radical resection at Jinling 
Hospital (Nanjing, China) (Table S2 and Table S3). 
All tissue samples were collected in accordance with 
an Institutional Review Board-approved protocol 
(2015NZKY-025-02). Written informed consent was 
obtained from each patient. Caco-2 cells (ATCC, 
Manassas, Virginia, USA) were cultured in 
high-glucose DMEM containing 15% FBS and 1% 
MEM non-essential amino acids (Life Technologies, 
Grand Island, NY, USA), and HT-29 cells (ATCC) 
were cultured in RPMI 1640 medium containing 10% 
FBS (Life Technologies). 

Construction of stable cell lines and luciferase 
reporter plasmids 

Cells were infected with recombinant 
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lentiviruses carrying NF-κB or STAT3 luciferase 
reporters (Gene Operation, Ann Arbor, Michigan, 
USA) with the addition of polybrene (8 μg/mL) for 12 
h, after which the medium was replaced with fresh 
medium containing 3 μg/mL puromycin. FACS (BD 
Biosciences, San Jose, CA, USA) was used to further 
purify the stable cell lines. Similarly, HT-29 stable cell 
lines expressing PIAS3 or anti-miR-18a were also 
constructed. Additionally, luciferase reporter 
plasmids containing the PIAS3 3'-UTR or a mutant 
version (the binding site ACACTGGG was replaced 
with CCCAGTGT) were constructed using the 
p-MIR-reporter plasmid. Luciferase reporter plasmids 
containing 1,370 bp of the C13orf25 promoter or 
mutant versions (the binding site CGGAATTTCC was 
replaced with GCCTTAAAGG for NF-κB, and the 
binding site TTCTGAGAA was replaced with 
AAGACTCTT for STAT3) were constructed using the 
pGL3 basic vector.  

Cell treatments 
Cell transfection and the luciferase assays were 

performed as previously described [27]. To examine 
the influence of PIAS3 on the activity of NF-κB and 
STAT3, a PIAS3 expression plasmid or PIAS3 siRNA 
was transfected into stable cells carrying the NF-κB or 
STAT3 luciferase reporter. Then, the cells were 
serum-starved overnight (all cells were serum-starved 
overnight before cytokine stimulation) and further 
stimulated with 20 ng/mL TNF-α or 50 ng/mL IL-6 
for 12 h. Finally, the cells were lysed to measure 
luciferase activity or to extract protein for western 
blotting or ELISA to detect p65 binding activity. 

 For target validation, pre-miR-18a or 
anti-miR-18a was transfected into cells prior to 
determining the protein level of PIAS3. Additionally, 
luciferase plasmids containing the PIAS3 3'-UTR were 
co-transfected into cells with pre-miR-18a or 
anti-miR-18a, and luciferase activity was measured. 
To examine whether activated NF-κB and STAT3 
directly upregulated miR-18a by binding to its 
promoter, luciferase plasmids containing the C13orf25 
promoter were transfected into cells for 24 h and then 
stimulated with 20 ng/mL TNF-α or 50 ng/mL IL-6 
for 12 h prior to measuring luciferase activity. 

Cells were pretreated with 10 μmol/L 
BAY-117082 or stattic for 24 h and then stimulated 
with 20 ng/mL TNF-α or 50 ng/mL IL-6 for another 
12 h to examine the influence of activated NF-κB and 
STAT3 on miR-18a expression. Cells were transfected 
with pcDNA3.1-PIAS3 for 48 h and then stimulated 
with 20 ng/mL TNF-α or 50 ng/mL IL-6 for 12 h prior 
to determining miR-18a level. Meanwhile, cells were 
transfected with PIAS3 siRNA for 48 h and then 
treated with 10 μmol/L BAY-117082 or stattic for 

another 24 h prior to determining miR-18a level. 
Cells were transfected with anti-miR-18a and 

PIAS3 siRNA for 48 h and stimulated with 20 ng/mL 
TNF-α or 50 ng/mL IL-6; then, the cells were 
harvested to examine the activity of NF-κB/STAT3. 

Cells were pretransfected with anti-miR-18 and 
then stimulated with 20 ng/mL TNF-α or 50 ng/mL 
IL-6 for 12 h. The cells were collected to detect the 
protein expression level of PIAS3 via western blotting. 

Proliferation and colony formation assays 
Cells were seeded onto 96-well plates (103 

cell/well). A growth curve for the cells was 
constructing using a Cell Counting Kit-8 (CCK-8, 
Dojindo, Japan). Absorbance was measured at 450 nm 
using a microplate spectrometer (Thermo Fisher 
Scientific, USA). 

Cells (1x103) were mixed into 1.5 mL of top agar, 
and then, the top agar was added onto base agar in 
each well of a six-well plate. Complete medium (2 
mL) was supplemented twice a week. After 3 weeks, 
colonies were stained with 0.5 mL of 0.1% Crystal 
Violet for 1 h, and colonies ≥ 0.5 mm were counted 
using a dissection microscope (Nikon, SMZ745T, 
Japan). 

Establishment of mouse models 
The mice were purchased from the Laboratory 

Animal Center of Nanjing University (Nanjing, 
China). All animal procedures were performed in 
accordance with the Guidelines for Care and Use of 
Laboratory Animals of Nanjing University and 
approved by the Animal Ethics Committee of Nanjing 
University. 

 A mouse model of CAC was induced by 
AOM/DSS as previously described [28]. Briefly, 
8-week-old male C57BL/6 mice were intra-
peritoneally injected with 10 mg/kg AOM. Then, the 
mice were given drinking water containing 2% DSS 
for 1 week and regular distilled water for the 
following 2 weeks. This treatment cycle was repeated 
3 times. To examine the effect of PIAS3 and miR-18a 
on the development of CAC, mice were starved 
overnight at the beginning of each DSS cycle, and 
mice were intracolonically administered with 
lentiviruses of PIAS3-LV (lentivirus carrying PIAS3), 
shRNA-PIAS3-LV (lentivirus carrying PIAS3 shRNA), 
or anti-miR-18a-LV (lentivirus carrying miR-18a 
inhibitor) (GenePharma Company, Shanghai, China) 
at a volume of 100 μL (109 PFU/mL); then drinking 
water containing 2% DSS was given to mice one day 
after lentivirus administration. In addition, to 
evaluate the therapeutic effect of PIAS3 on CAC, the 
PIAS3-LV lentivirus at a volume of 100 μL (109 
PFU/mL) was intracolonically administrated into 
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CAC mice for two times, respectively on day 52 and 
day 56 during the third DSS treatment cycle. The 
different treated mice were sacrificed and colon 
tissues were collected for examination. 

A mouse CRC xenograft model was established 
using 5-week-old female BALB/C nude mice. A total 
of 1x106 cells in 100 μL of phosphate-buffered saline 
(PBS) were subcutaneously injected into the right 
armpit of each mouse. Both the maximum (L) and 
minimum (W) lengths of each tumor were measured 
using a slide caliper. The tumor volume was 
calculated as ½LW2. The mice were sacrificed 3 weeks 
after cell inoculation. 

Histology and immunohistochemical analyses 
Tissues were fixed in 4% paraformaldehyde, 

embedded in paraffin and sectioned at 5-μm 
thickness. For histological examination, the sections 
were stained with hematoxylin and eosin (H&E). For 
immunohistochemical analysis, the sections 
underwent antigen retrieval followed by incubation 
with Ki67 or PIAS3 antibodies overnight at 4 °C. Then, 
biotinylated anti-rabbit secondary antibodies were 
incubated with the tissues for 20 min followed by 
incubation with streptavidin-biotin complexes at 37 
°C for 20 min. The immunohistochemical staining was 
then revealed using diaminobenzidine as the 
chromogen. The sections were counterstained with 
hematoxylin to label nuclei. Apoptosis was evaluated 
using a terminal deoxynucleotidyl transferase dUTP 
nick end labeling (TUNEL) BrightRed Apoptosis 
Detection Kit (Vazyme Biotech, Nanjing, China). 
Information regarding the antibodies used is listed in 
Table S4. 

Isolation of colonic epithelium and stroma 
As previously described [29], the mid-distal 

colon tissues of control mice and AOM/DSS treated 
mice (cycle 1 to cycle 3) were cut into pieces and 
incubated with 1×HBSS containing 5 mM EDTA 
(Sigma-Aldrich) and 1 mM DTT(Sigma-Aldrich) at 37 
℃ for 45 min. The colonic epithelium was then 
separated from the stromal layer via shaking, and the 
remaining stroma was washed twice with PBS. Both 
fractions were collected for protein extraction. In 
order to ensure the purity of epithelial and stromal 
fractions, western blotting assay was used to examine 
α-SMA in the epithelial fraction and detect 
Pan-Keratin in the stromal fraction.  

Western blotting and qRT-PCR  
Western blotting was performed as previously 

described [27, 30]. Information regarding the 
antibodies used in this study is listed in Table S4. 
Total RNA was isolated using TRIzol reagent (Life 
Technologies) and was converted to cDNA using 

reverse transcriptase (Takara-Bio, Shiga, Japan). 
qRT-PCR was performed using a 7300 real-time PCR 
System (Applied Bio-systems, Foster City, CA). 
β-actin was used as an internal control for gene 
expression, and the expression of miR-18a was 
examined relative to the expression of U6. 

NF-κB p65 activity assay 
Nuclear extracts were prepared using a Nuclear 

Extract Kit (Cayman Chemical, #10009277, Ann 
Arbor, MI, USA). The DNA-binding activity of NF-κB 
was quantified using an NF-κB (p65) Transcription 
Factor Assay Kit (Cayman Chemical, #10007889) 
according to the manufacturer’s instructions. 

Statistical analysis 
The results are expressed as mean ± standard 

error (SEM). Data was statistically analyzed using 
Prism software (GraphPad Software Inc. La Jolla, CA, 
USA) and assessed for normality or homogeneity of 
variance. Differences between multiple groups were 
compared using one-way ANOVA with Dunnett’s 
tests or, if appropriate, using one-way ANOVA with 
post-hoc Bonferroni correction. Differences between 
two groups were evaluated using the two-tailed 
Student’s t-test. A value of p < 0.05 was considered 
significant; ns = not significant. 

Results 
Correlation analysis between PIAS3 and 
miR-18a and examination of NF-κB/STAT3 
activity in colon tissues of CAC and CRC 
patients 

As shown in Figure 1A-B, colonic PIAS3 
expression was gradually decreased from 
CAC-adjacent tissues (CAC-AT) to CAC tissues 
compared with normal colonic epithelium. 
Meanwhile, colonic miR-18a expression was 
progressively increased in CAC-AT to CAC tissues 
(Figure 1C). Pearson analysis showed an inverse 
correlation between the levels of PIAS3 and miR-18a 
in CAC patients (Figure 1D). Consistent with the 
changing trends in CAC patients, both the mRNA 
level and the protein level of PIAS3 were significantly 
decreased in CRC tissues compared with normal 
adjacent tissues (NATs) (Figure 1E-F). The results in 
Figure 1G showed the significant elevation of colonic 
miR-18a in CRC patients. An inverse correlation 
between PIAS3 and miR-18a was also observed in 
CRC patients (Figure 1H). Enhanced p-STAT3 levels 
indicated highly activated STAT3 in CRC tissues 
(Figure 1I). The results from an NF-κB (p65) 
DNA-binding assay indicated that the overall NF-κB 
activity was greatly increased in CRC tissues (Figure 
1J). 
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Figure 1. Correlation analysis between PIAS3 and miR-18a and examination of NF-κB/STAT3 activity in colon tissues of CAC and CRC 
patients. (A) H&E staining and immunohistochemical staining for PIAS3 in colon sections from healthy individuals (Normal), CAC-adjacent tissues (CAC-AT) and 
malignant tissues (CAC). (magnification: 100x, scale bar = 100 μm; and magnification: 400x, scale bar = 25 μm). (B) The mRNA levels of PIAS3 and (C) miR-18a 
expression levels in colon tissues of CAC patients were examined by qRT-PCR (n=5; (B) two-tailed Student’s t-test; (C) two-tailed Student’s t-test). (D) Pearson's 
correlation scatter plot showing fold changes in the expression of PIAS3 and miR-18a in CAC samples. The correlation coefficient (R) is shown. (E) PIAS3 expression 
in CRC and NAT samples was examined by western blotting (n=20). (F) The mRNA levels of PIAS3 and (G) miR-18a expression levels in CRC and NAT samples 
(n=46) were determined using qRT-PCR, and the results are shown in scatter plots ((F-G) two-tailed Student’s t-test). (H) Pearson's correlation scatter plot showing 
the fold changes in expression of PIAS3 and miR-18a in CRC patients (n=46). The correlation coefficient (R) is shown. (I) The expression level of p-STAT3 was 
examined by western blotting, and (J) NF-κB (p65) DNA-binding activity in CRC and NAT samples (n=20) was determined using an ELISA kit ((J) two-tailed Student’s 
t-test). The western blotting data shown are representative of three individual analyses. Values are expressed as the mean ± SEM. *P < 0.05. 
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Identification of PIAS3/miR-18a expression 
and NF-κB/STAT3 activity in colon tissues of 
CAC mice 

In AOM/DSS-induced mice, colon tissues were 
collected for examination at the end of every 
DSS/ddH2O cycle (Figure 2A). Macroscopic 
observation indicated that both tumor size and tumor 
number gradually increased as the treatment cycle 
increased (Figure 2B). The pathological features of the 
AOM/DSS-induced mice from cycle 1 to cycle 3 agree 
with previous studies [28] (Figure 2C). Both the 
mRNA and protein levels of PIAS3 progressively 
decreased from cycle 1 to cycle 3 (Figure 2D), whereas 
the miR-18a expression level (Figure 2E) and the 
activity of NF-κB (determined by the NF-κB (p65) 
DNA-binding activity) and STAT3 (determined by the 
level of p-STAT3) continued to increase as the 
treatment cycle progressed (Figure 2F). These data 
demonstrated that the changes of PIAS3/miR-18a 
expression and NF-κB/STAT3 activity in CAC mice 
followed the same trends as those observed in CAC 
and CRC patients. Additionally, we analyzed the 
expression level of PIAS3 in colonic epithelium and 
stroma in healthy and CAC mice. As shown in Figure 
S1, the results indicated abundantly expressed PIAS3 
in colonic epithelium rather than in stromal layer. 
Moreover, the expression level of PIAS3 in colonic 
epithelium significantly decreased from cycle 1 to 
cycle 3 in CAC mice, whereas the PIAS3 expression in 
colonic stroma did not show a significant change from 
cycle 1 to cycle 3 in CAC mice. 

Interaction between components of the 
presumed PIAS3-mediated feedback loops in 
vitro 

To study the interaction between PIAS3 and 
NF-κB in vitro, pcDNA3.1-PIAS3 or siRNA against 
PIAS3 was transfected into TNF-α-treated cells. The 
results indicated that overexpression of PIAS3 led to a 
significant reduction in NF-κB activity and that 
inhibition of PIAS3 enhanced NF-κB activity (Figure 
3A). Additionally, PIAS3 overexpression led to a 
significant decrease in IL-6-stimulated STAT3 activity, 
and inhibition of PIAS3 increased STAT3 activity, 
which indicated an interaction between PIAS3 and 
STAT3 in vitro (Figure 3B). We further investigated 
whether activated NF-κB or STAT3 could promote 
miR-18a expression. As shown in Figure 3C, 
enhanced levels of C13orf25 (the primary transcript of 
miR-18a) and miR-18a were observed in TNF-α- or 
IL-6-treated cells. As shown in Figure 3D, luciferase 
activity from the C13orf25 promoter construct was 
greatly enhanced in Caco-2 cells after TNF-α and IL-6 
treatment, whereas mutagenesis of the reported 

NF-κB- or STAT3-binding sites restored the luciferase 
expression to a normal range. The results of the 
luciferase reporter assay implied that activated NF-κB 
or STAT3 could induce the expression of miR-18a by 
binding to the C13orf25 promoter. Moreover, 
overexpression of miR-18a reduced the luciferase 
activity produced by the PIAS3 3'-UTR construct, 
whereas inhibition of miR-18a resulted in the 
upregulation of reporter activity. Meanwhile, 
mutagenesis of the predicted miR-18a-binding sites 
abrogated the above effects (Figure 3E). An inverse 
correlation between the levels of miR-18a and PIAS3 
was also found in CRC cells (Figure 3F), which 
indicated that miR-18a could negatively regulate 
PIAS3. Taken together, the presumed PIAS3- 
mediated feedback loops (PIAS3/NF-κB/miR-18a 
and PIAS3/STAT3/miR-18a) were outlined, which 
may play key roles during the development of CAC 
(Figure 3G). 

In vitro validation of the PIAS3-mediated 
feedback loops and their regulation of cell 
proliferation 

To validate the PIAS3/NF-κB(STAT3)/miR-18a 
pathway in vitro, NF-κB inhibitor (Bay-11702) or 
STAT3 inhibitor (stattic) was first used to investigate 
whether activated NF-κB or STAT3 upregulated 
miR-18a expression. The results indicated that 
treatment with Bay-11702 or stattic could reduce the 
levels of C13orf25 and miR-18a in Caco-2 and HT-29 
cells with or without stimulation with TNF-α and 
IL-6. (Figure 4A-B). Second, we examined whether 
altered PIAS3 level affected the expression of miR-18 
in Caco-2 cells with or without TNF-α/IL-6 treatment. 
As shown in Figure 4C, upregulation of PIAS3 in 
Caco-2 cells reduced miR-18 expression, whereas 
TNF-α/IL-6 treatment rescued miR-18 expression. 
Meanwhile, PIAS3 siRNA increased miR-18 
expression, but treatment with Bay-11702 or stattic 
abolished the effect of PIAS3 siRNA (Figure 4D). 
These results suggest that PIAS3 regulates miR-18 
expression in an NF-κB/STAT3-dependent manner. 
To determine whether miR-18a modulates the activity 
of NF-κB/STAT3 in a PIAS3-dependent manner, we 
co-transfected anti-miR-18a and PIAS3 siRNA into 
Caco-2 cells, which were then treated with TNF-α or 
IL-6. The results indicated that treatment with 
anti-miR-18a suppressed NF-κB/STAT3 activation, 
whereas co-treatment with PIAS3 siRNA and 
anti-miR-18a increased NF-κB/STAT3-responsive 
luciferase activity (Figure S2A-B), p65 subunit 
DNA-binding ability (Figure 4E) and p-STAT3 
expression (Figure 4F).  
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Figure 2. Expression or activity examination of components of the PIAS3-mediated feedback loops in colon tissues of CAC mice. (A) Schematic 
overview of the CAC mouse model and sample collection. (B) Representative images of colons harvested from mice after every DSS/ddH2O cycle. Tumor numbers 
were counted, and tumor sizes were measured using a caliper (> 2 mm) or a dissection microscope (< 2 mm) (n=5 per cycle; (B) One-way ANOVA with Dunnett’s 
test). (C) Sections of colons collected from mice after every DSS/ddH2O cycle were examined by H&E staining (scale bar = 100 μm). (D) The mRNA and protein 
levels of PIAS3 and (E) miR-18a expression level as well as (F) NF-κB activity (determined by the p65 subunit DNA-binding ability) and STAT3 activation (examined 
by the p-STAT3 expression level) were examined in colon tissues after every DSS/ddH2O cycle ((D-F) one-way ANOVA with Dunnett’s test). The western blotting 
data shown are representative of three individual analyses. Values are expressed as the mean ± SEM. *P<0.05; **P<0.01. 
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Figure 3. Interactions among components of the PIAS3-mediated feedback loops in vitro. (A) NF-κB-responsive luciferase activity in stably transfected 
Caco-2/HT-29 cells carrying the NF-κB luciferase reporter (left), and NF-κB (p65) DNA-binding activity in normal Caco-2/HT-29 cells (right) after transfection with 
PIAS3 plasmid/PIAS3 siRNA for 48 h and treatment with 20 ng/mL TNF-α for another 12 h ((A) two-tailed Student’s t-test). (B) STAT3-responsive luciferase activity 
in stably transfected Caco-2/HT-29 cells carrying the STAT3 luciferase reporter (left) and p-STAT3 levels in normal Caco-2/HT-29 cells (right) after transfection with 
PIAS3 plasmid/PIAS3 siRNA for 48 h and treatment with 50 ng/mL IL-6 for another 12 h ((B) two-tailed Student’s t-test). (C) C13orf25 and miR-18a levels in 
Caco-2/HT-29 cells after stimulation with 20 ng/mL TNF-α or 50 ng/mL IL-6 for 12 h ((C) one-way ANOVA with Dunnett’s test). (D) Caco-2 cells were transfected 
with luciferase reporter plasmids encoding the C13orf25 promoter with wild-type (WT) or mutated (MUT) NF-κB- and STAT3-binding sites. At 24 h 
post-transfection, the cells were stimulated with 20 ng/mL TNF-α or 50 ng/mL IL-6 for another 12 h, and then, the luciferase activity was detected ((D) one-way 
ANOVA with post-hoc Bonferroni correction). (E) The relative luciferase activity of the PIAS3 3'-UTR reporter plasmid was assayed in Caco-2 cells after transfection 
with pre/anti-miR-18a or the corresponding control ((E) two-tailed Student’s t-test). (F) The level of PIAS3 in Caco-2/HT-29 cells was evaluated by western blotting 
48 h after transfection with pre/anti-miR-18a or the corresponding control. (G) Schematic diagram showing the presumed PIAS3-mediated feedback loops involved 
in CAC progression. For the cell experiments, five samples were analyzed per condition, and the experiments were performed in triplicate. The western blotting data 
shown are representative of three individual analyses. Values are expressed as the mean ± SEM of three individual experiments. *P<0.05; **P<0.01. 
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Collectively, these findings suggested the 
existence of an miR-18a/PIAS3/NF-κB(STAT3) 
pathway. To study whether activation of 
NF-κB/STAT3 reduces PIAS3 expression in an 
miR-18a-dependent manner, miR-18a inhibitor was 
transfected into TNF-α- or IL-6-treated Caco-2 cells. 
As shown in Figure 4G, compared with the reduced 
PIAS3 level in Caco-2 cells after TNF-α or IL-6 
treatment, co-treatment with anti-miR-18a and 
TNF-α/IL-6 restored PIAS3 expression, thus 
providing evidence for the existence of an 
NF-κB(STAT3)/miR-18a/PIAS3 signaling axis.  

We next investigated the effect of 
PIAS3-mediated feedback loops on cell proliferation 
in vitro. As shown in Figure 4H, CCK-8 assay results 
indicated that a change in the expression of any signal 
molecule in the feedback loops led to the expected 
effect on cell proliferation; for example, 
overexpression of PIAS3 antagonized the effect of 
pre-miR-18a, activation of NF-κB/STAT3 via TNF-α 
or IL-6 antagonized the effect of PIAS3 
overexpression, and supplementation with 
anti-miR-18a antagonized the effect of NF-κB/STAT3 
activation. These results further emphasized the 
importance of the feedback loops in promoting 
colorectal cell proliferation. 

PIAS3-mediated feedback loops promote cell 
growth and reduce cell apoptosis in a mouse 
xenograft colorectal tumor model 

PIAS3-LV-HT-29 cells exhibited a significant 
increase in the cellular PIAS3 level (Figure 5A), and 
anti-miR-18a-LV-HT-29 cells showed a significantly 
reduced level of miR-18a (Figure S3A). The results of 
CCK-8 assay and colony formation assay indicated 
that either overexpression of PIAS3 or knockdown of 
miR-18a markedly inhibited HT-29 cell proliferation 
(Figure 5B-C and Figure S3B-C). As shown in Figure 
5D-F and Figure S3D-F, the tumor volume and tumor 
weight in the PIAS3-LV-HT-29 group and the 
anti-miR-18a-HT-29 group were significantly smaller 
than those in the NC-LV-HT-29 or 
anti-scramble-LV-HT-29 groups. Moreover, the 
results from western blotting, qRT-PCR and ELISA 
experiments indicated that tumor tissues from the 
PIAS3-LV-HT-29 group exhibited enhanced PIAS3 
expression, decreased miR-18a level and reduced 
NF-κB and STAT3 activity (Figure 5G-I). 
Histopathological analysis indicated that either 
upregulation of PIAS3 or downregulation of miR-18a 
decreased the number of Ki67-positive cells and 
increased the number of TUNEL-positive cells (Figure 
5J-K and Figure S3G-H). These results further 

suggested that the PIAS3-mediated feedback loops 
could stimulate cell growth and prevent cell apoptosis 
in the mouse CRC xenograft model. 

PIAS3-mediated feedback loops drove the 
transition from colitis to dysplasia in an 
AOM-DSS mouse model 

PIAS3-LV or anti-miR-18a-LV treatment 
dramatically reduced tumor size and tumor number 
and increased colon length (Figure 6A-B and Figure 
7A-B). H&E staining also indicated a significantly 
reduced adenoma volume in colon tissues from mice 
treated with PIAS3-LV or anti-miR-18a-LV (Figure 6C 
and Figure 7C). Injection of PIAS3-LV increased 
colonic PIAS3 expression and reduced colonic 
miR-18a level (Figure 6D-E). Meanwhile, 
administration of anti-miR-18A-LV downregulated 
colonic miR-18a expression and upregulated colonic 
miR-18a level (Figure 7D-E). ELISA and western 
blotting results indicated that both the upregulation 
of PIAS3 and the downregulation of miR-18a 
remarkably impaired NF-κB/STAT3 activity and 
decreased the mRNA levels of downstream cytokine 
and oncogenic genes (Figure 6F-H and Figure 7F-H). 
The results of Ki-67 immunohistochemistry and 
TUNEL staining demonstrated that the PIAS3-LV 
treatment markedly suppressed malignant cell 
growth and promoted cell apoptosis (Figure 6I-J). 
Furthermore, administration of shRNA-PIAS3-LV 
promoted tumor growth, as judged by the tumor 
number and tumor size (Figure S4A-C) and decreased 
colonic PIAS3 expression and upregulated colonic 
miR-18a level (Figure S4D-E). PIAS3-LV was given to 
CAC mice on day 52 and on day 56 to evaluate the 
therapeutic effect of PIAS3-LV. The results showed 
the decreased tumor numbers/sizes (Figure S5A-C), 
the enhanced colonic PIAS3 expression and the 
reduced miR-18a level (Figure S5D-E). 

Discussion 
Emerging evidence supports that acute 

inflammatory responses eradicate established tumor 
cells rather than promote tumor growth, and thus, 
they are not considered a risk factor for the induction 
of neoplastic transformation [31]. However, chronic 
inflammation induces pro-neoplastic mutations, 
promotes premalignant cell proliferation and 
enhances cell resistance against apoptosis [32]. These 
findings imply that inflammatory signaling activation 
and immune regulatory defects maintain colonic 
inflammatory response and contribute to 
inflammation-induced neoplastic transformation. 
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Figure 5. The effect of PIAS3 on the proliferation and apoptosis of colorectal cells. (A) The expression level of PIAS3 was detected by western blotting 
in stably transfected HT-29 cells overexpressing PIAS3 (PIAS3-LV-HT-29 cells) or the corresponding control (NC-LV-HT-29 cells). (B) Cell proliferation was assayed 
in PIAS3-LV-HT-29 cells using a CCK-8 ((B) two-tailed Student’s t-test). (C) A colony formation assay was performed using PIAS3-LV-HT-29 cells, and the colony 
numbers were counted 21 days after seeding ((C) two-tailed Student’s t-test). (D) A representative image of tumors from tumor-bearing mice at 21 days 
post-implantation with PIAS3-LV-HT-29 cells. Scale bar = 1 cm (n=5). (E) The volumes of the xenograft tumors in nude mice determined at 21 days post-implantation 
((E) two-tailed Student’s t-test). (F) The weights of the xenograft tumors in nude mice measured at 21 days post-implantation ((F) two-tailed Student’s t-test).  
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(G) The PIAS3 expression level, (H) miR-18 expression level, (I) NF-κB activity (determined by p65 subunit DNA-binding ability) and p-STAT3 level in the tumor 
tissue from nude mice were assayed at 21 days post-implantation ((H-I) two-tailed Student’s t-test). (J) Immunohistochemical staining for Ki67 and (K) a TUNEL assay 
were performed using tumor tissue from nude mice at 21 days post-implantation (magnification: 200x, scale bar = 50 μm; and insert magnification: 400x, scale bar = 
50 μm). The representative images of tumors are shown. For cell experiments, five samples were analyzed per condition, and the experiments were performed in 
triplicate. The western blotting data shown are representative of three individual analyses. Values are expressed as the mean ± SEM. *P<0.05; **P<0.01. 

 
 
 
 

 
Figure 4. The PIAS3-mediated feedback loops promote colorectal cell proliferation. (A) C13orf25 and miR-18a levels in Caco-2 cells and HT-29 cells 
pretreated with 10 μmol/L BAY-117082 for 24 h and then stimulated with 20 ng/mL TNF-α for another 12 h or (B) pretreated with 10 μmol/L stattic for 24 h and 
then stimulated with 50 ng/mL IL-6 for another 12 h ((A-B) two-tailed Student’s t-test). (C) Caco-2 cells were transfected with PIAS3 plasmid for 48 h and then 
stimulated with 20 ng/mL TNF-α or 50 ng/mL IL-6 for another 12 h prior to detecting the miR-18a expression level ((C) One-way ANOVA with post-hoc Bonferroni 
correction). (D) The expression level of miR-18a in Caco-2 cells after transfection with PIAS3 siRNA for 48 h and subsequent treatment with 10 μmol/L BAY-117082 
or static for 24 h ((D) one-way ANOVA with post-hoc Bonferroni correction). (E) Caco-2 cells were co-transfected with 50 nmol anti-miR-18a and 50 nmol PIAS3 
siRNA for 48 h and then stimulated with 20 ng/mL TNF-α for another 12 h prior to analysis via an NF-κB (p65) DNA-binding activity assay ((E) one-way ANOVA with 
post-hoc Bonferroni correction); alternatively, (F) the cells were stimulated with 50 ng/mL IL-6 for 12 h after transfection and harvested to determine the p-STAT3 
expression level. (G) The level of PIAS3 in Caco-2 cells transfected with 50 nmol anti-miR-18a for 24 h and subsequently stimulated with 20 ng/mL TNF-α or 50 
ng/mL IL-6 for another 12 h. (H) Caco-2 cells were transfected with PIAS3 plasmid or co-transfected with PIAS3 plasmid and pre-miR-18a for 24 h (left); transfected 
with PIAS3 plasmid for 24 h and then stimulated with 20 ng/mL TNF-α or 50 ng/mL IL-6 for another 12 h (middle); or transfected with anti-miR-18a for 24 h and then 
stimulated with 20 ng/mL TNF-α or 50 ng/mL IL-6 for another 12 h (right). Cell proliferation rate was assayed following the different treatments using a CCK-8 assay 
((H) one-way ANOVA with post-hoc Bonferroni correction). For cell experiments, five samples were analyzed per condition, and the experiments were performed 
in triplicate. The western blotting data shown are representative of three individual analyses. Values are expressed as the mean ± SEM of three individual experiments. 
*P<0.05; **P<0.01. 
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PIAS3 is a member of PIAS family and little is 
known about its expression and biological functions 
during CAC progression. Previous reports on the 
PIAS3 expression change in colon malignant tissues 
are not consistent [33, 34]. Our data demonstrated that 
the transcript and protein levels of PIAS3 significantly 
decreased in CAC patients (Figure 1A -B), which 
showed the same change trend as that in a large 
cohort of CRC patients (Figure 1E -F) [34]. 
Importantly, in this present study, PIAS3 
dysregulation was found to be closely related to CAC 
progression based on the gradually reduced PIAS3 
from CAC-AT to CAC tissues. The reduced PIAS3 
level was found to be associated with highly activated 
STAT3 and NF-κB, not only in malignant 
mesothelioma and gastric adenocarcinoma [10, 12] 
but also in CRC/CAC (Figure 1I -J and Figure 2F). 
Moreover, our findings indicated the role of PIAS3 in 
regulating cell proliferation and cell apoptosis during 
CAC progression (Figure 6I -J), which concurred with 
previous studies reporting the antitumor role of 
PIAS3 in lung cancer squamous cells and 
mesothelioma cells [10, 35]. 

The evidence indicates that both STAT3 and 
NF-κB not only modulate the transcription of multiple 
sets of genes involved in the cell cycle, apoptosis and 
immune responses but also regulate the expression of 
miRNAs [36, 37]. As a member of the miR-17-92 
cluster, miR-18a is transcriptionally controlled by 
STAT3 or NF-κB in a gastric cancer cell line and 
inflamed hepatocytes [12, 38]. In this study, our 
findings showed that activation of STAT3 or NF-κB 
resulted in significantly upregulated miR-18a level in 
colonic epithelial cells (Figure 3C-D and Figure 4C); 
whereas, addition of inhibitors targeting STAT3 or 
NF-κB suppressed the miR-18a level (Figure 4A-B 
and Figure 4D). miR-18a is involved in several 
oncogenic pathways via targeting TBPL1, ATM and 
other genes in CRC [39, 40]. Wu et al. reported that 
miR-18a was significantly overexpressed in CRC and 
that miR-18a might be used as a marker of poor 
prognosis in CRC patients [40]. Our data indicated 
that miR-18a was increased in patients with 
UC-associated dysplasia or cancer and CAC mice 
(Figure 1C, G and Figure 2E). These results suggest 
that STAT3/NF-κB-activated miR-18a is intimately 
involved in colitis-induced neoplastic transformation. 
Moreover, miR-18a was found to regulate 
STAT3/NF-κB activity by suppressing PIAS3 (Figure 
4E-F and Figure S2A-B). Thus, in the present study, 
miR-18a worked within a positive feedback loop 
whereby a reduction in PIAS3 expression increased 

STAT3 and NF-κB activity (Figure 3G).  
Although PIAS3/STAT3 (NF-κB)/miR-18a 

autoregulatory loops were found in CAC, these 
circuits might affect other oncogenic signaling 
pathways. For example, STAT3 and NF-κB were 
found to promote the transcription of other miRNAs, 
such as miR-21 and miR-301a [19, 41]. These genes 
and miRNAs were reported to be involved in 
activation of colonic immune system during CAC 
progression [18, 19]. Furthermore, miR-18a may have 
multiple targets in addition to PIAS3. Previously 
reported genes targeted by miR-18a, such as KRAS, 
Bcl-2, p53 and phosphatase and tensin homolog 
(PTEN), might be involved in regulating the survival 
and growth of premalignant cells during CAC 
progression [42-44]. Taken together, these findings 
showed that the PIAS3-mediated feedback loops had 
a key role in the maintenance of sustained intestinal 
inflammation, which might consequently lead to 
malignant transformation. 

Our findings indicated that PIAS3 was 
abundantly expressed in colonic epithelium rather 
than in stroma and demonstrated that the 
PIAS3-mediated feedback loops regulated cell 
proliferation in CAC (Figure S1 and Figure 6I). 
Nevertheless, these results did not mean that these 
feedback loops promoted CAC development simply 
by activating colonic epithelial cells. As the signaling 
molecules in the above-mentioned feedback loops 
may be expressed in other colonic cell subsets such as 
colonic immune cells [45-47], it is possible that these 
self-promoting loops may work in other cell types 
such as macrophages to maintain their aberrant 
activation or Th17 cells to promote their expansion. 
However, treatment of PIAS3-LV or anti-miR-18a-LV 
in CAC mice at the beginning of each DSS cycle 
significantly prevented the formation and growth of 
colonic tumors (Figure 6A-C and Figure 7A-C). 
Meanwhile, treatment of PIAS3-LV in CAC mice on 
day 52 and on day 56 also prevented the growth of 
colonic tumors (Figure S5A-C). These results imply 
that the PIAS3-mediated feedback loops play a crucial 
role in both initial and advanced stages of CAC.  

In summary, the PIAS3-mediated positive- 
feedback loops contributed to the sustained activation 
of inflammatory and oncogenic pathways during 
CAC progression; thus, these feedback loops acted as 
a driving force of CAC. In this regard, a therapeutic 
strategy based on PIAS3 overexpression or miR-18a 
inhibition to disrupt the feedback loops represents a 
promising approach that may be valuable for CAC 
treatment. 
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Figure 6. Overexpression of PIAS3 protected against the development of CAC. (A) The representative images of colons harvested from AOM-DSS mice 
after PIAS3-LV treatment (n=5 per group). (B) Tumor numbers were counted, and tumor sizes were determined using a caliper (> 2 mm) or a dissection microscope 
(< 2 mm) ((B) two-tailed Student’s t-test). (C) Colon sections from AOM-DSS mice that received PIAS3-LV treatment were examined by H&E staining (magnification: 
100x, scale bar = 100 μm). (D) The PIAS3 expression level, (E) miR-18a expression level, (F) NF-κB activity (determined by p65 subunit DNA-binding ability), (G) 
p-STAT3 expression level and (H) the mRNA levels of inflammatory cytokines and oncogenic genes (IL-6, TNF-α, IL-1β, Bcl-2, Bcl-xL, c-Myc, Cox-2 and cyclin D1) 
in colon tissues from mice following PIAS3-LV treatment ((E-F) and (H) two-tailed Student’s t-test). (I) Immunohistochemical staining of Ki67 and (J) TUNEL assay 
were performed in colon sections from PIAS3-LV-treated mice (magnification: 100x, scale bar = 100 μm; insert magnification: 400x, scale bar = 50 μm). The western 
blotting data shown are representative of three individual analyses. Values are expressed as the mean ± SEM. *P<0.05; **P<0.01. 
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Figure 7. Inhibition of miR-18a protected against the development of CAC. (A) Lentiviruses encoding anti-miR-18a (anti-miR-18a-LV) were 
intracolonically administered into AOM-treated C57BL/6J mice before every DSS-drinking cycle. Images of the colons harvested from AOM-DSS mice after three 
treatments with anti-miR-18a-LV. (B) Tumor numbers were counted, and tumor sizes were determined using a caliper (> 2 mm) or a dissection microscope (< 2 mm) 
((B) two-tailed Student’s t-test). (C) Colon sections from AOM-DSS mice that received anti-miR-18a-LV treatment were examined by H&E staining (magnification: 
100x, scale bar = 100 μm). (D) The PIAS3 expression level, (E) miR-18a expression level, (F) NF-κB activity (determined by p65 subunit DNA-binding ability), (G) 
p-STAT3 expression level and (H) mRNA levels of inflammatory cytokines and oncogenic genes (IL-6, TNF-α, IL-1β, Bcl-2, Bcl-xL, c-Myc, Cox-2 and cyclin D1) in 
colon tissues from AOM-DSS mice that received anti-miR-18a-LV treatment ((E-G) and (H) two-tailed Student’s t-test). For the cell experiments, five samples were 
analyzed per condition, and the experiments were performed in triplicate. The western blotting data shown are representative of three individual analyses. A total of 
5 mice were examined per group; values are expressed as the mean ± SEM. *P<0.05; **P<0.01. 
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