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1 |  INTRODUCTION

Colorectal cancer (CRC) is a common malignancy in the 
digestive system.1 Due to late diagnosis and the acquisition 

of chemoresistance to first‐line chemo agents, including 
5‐fluorouracil (5‐FU),2 oxaliplatin,3 and raltitrexed,4 the 
prognosis of patients with CRC is still poor, and frequently 
accompanied by cancer recurrence or metastasis shortly 
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Abstract
Colorectal cancer (CRC) is still the third most common cancer in the world with a 
limited prognosis due to the chemoresistance of CRC cells to 5‐fluorouracil (5‐FU)‐
based chemotherapy. In our previous study, we revealed that miR‐204 overexpres-
sion could sensitize CRC cell to 5‐FU treatment through targeting HMGA2/PI3K 
signaling pathway; however, miR‐204 expression in CRC tissues is abnormally 
downregulated. Long non‐coding RNAs (lncRNAs) dysregulation has been reported 
in human diseases, including cancer. Also, lncRNA can regulate cancer cell prolif-
eration, invasion, migration, as well as chemoresistance. LncRNA prostate cancer‐
associated transcript 6 (PCAT6) acts as an oncogene in many cancers; herein, PCAT6 
expression was abnormally upregulated in CRC tissues and cell lines, suggesting its 
potential role in CRC. Further, we assessed the specific function and mechanism of 
PCAT6 in CRC. Furthermore, we revealed that PCAT6 knockdown attenuated CRC 
chemoresistance to 5‐FU through miR‐204/HMGA2/PI3K; miR‐204 inhibition 
could partially reverse the effect of PCAT6 knockdown. Taken together, we demon-
strate that the abnormal PCAT6 overexpression inhibits miR‐204 expression in CRC, 
thereby promoting HMGA2/PI3K signaling activity, ultimately enhancing the chem-
oresistance of CRC cells to 5‐FU; PCAT6 represents a promising target for dealing 
with CRC chemoresistance.
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after surgery treatment. In our previous study, we revealed 
that miR‐204 overexpression could sensitize CRC cell to 5‐
FU‐based therapy via targeting HMGA2/PI3K signaling;5 
however, the miR‐204 expression is abnormally downregu-
lated in CRC tissues. Further investigating the mechanism 
of miR‐204 dysregulation in CRC may provide a novel 
angle of ameliorating the chemoresistance of CRC to 5‐FU 
treatment.

Long non‐coding RNAs (lncRNAs) are transcripts with 
a length of >200 nt; due to their inability of encoding 
proteins, they were initially considered as transcriptional 
“noise”.6 However, recently, lncRNAs have been regarded 
as crucial regulators in almost all aspects of biology,7-9 in-
cluding metabolism,10 cellular development,11 as well as 
disease progression,12-15 rather than nonsense fragments. 
The mechanisms by which lncRNAs exert their effects may 
be closely related with the secondary or tertiary structures 
of lncRNAs,16 such as acting as molecular scaffolds,17 

aiding alternative splicing18 in the nucleus or affecting 
translation, increasing or suppressing the degradation of 
downstream mRNAs, and serving as miRNA sponges in 
cytoplasm.19-22

In recent decades, studies have focused on dysregulation 
of lncRNAs participates in pathophysiological processes of 
human diseases, including cancer.23 Some lncRNAs have 
primarily been found to be associated with tumor invasion, 
metastasis, and even multi‐drug resistance.19,24,25 For exam-
ple, lncRNA H19 works as an miRNA precursor of miR‐675 
and an endogenous miRNA sponge of let‐7 to affect CRC 
cell proliferation and EMT.26 LncRNA prostate cancer‐as-
sociated transcript 6 (PCAT6) (also known as PCAN‐R1, 
ncRNA‐a2, and KDM5B‐AS1) was first identified in kera-
tinocytes and indirectly activates the Wnt/β‐catenin pathway 
by interacting with KLHL12 in cervical cancer cells.27 With 
the use of lncRNA microarray, PCAT6 was further con-
firmed as the most upregulated lncRNA in cancer tissues 
and significantly correlated with the metastasis of prostate 
cancer.28 In lung cancer, PCAT6 was also found to be upreg-
ulated using Affymetrix HG‐U133 Plus 2.0 Array with a ln-
cRNA classification pipeline.29 However, the role of PCAT6 
in CRC has not been reported. Interestingly, PCAT6 has been 
predicted by online tools to possess a possible binding site 
of miR‐204.

Herein, we assessed the specific functions of PCAT6 in 
CRC through measurement of cell viability, DNA synthesis 
ability, as well as the chemoresistance of cancer cells to 5‐FU‐
based therapy in response to PCAT6 knockdown. Also, we 
validated the interaction between PCAT6 and miR‐204, and 
the potential mechanism. Finally, we investigated whether 
PCAT6 could affect the chemoresistance of CRC cell to 5‐
FU‐based therapy through miR‐204‐mediated HMGA2/
PI3K signaling pathway. Taken together, we provided a new 
angle of ameliorating CRC chemoresistance to 5‐FU‐based 
chemotherapy.

2 |  MATERIALS AND METHODS

2.1 | Cell lines, tissues, and transfection
Seventy‐three paired CRC tissues, and the adjacent non‐
cancerous tissues were collected from patients who under-
went surgical resection at Xiangya Hospital, Central South 
University under the approval of the Ethics Committee of 
Xiangya Hospital, Central South University (Changsha, 
China). Informed consent was signed by all patients en-
rolled. Tissue specimens were later stored in liquid nitrogen 
for further RNA extraction or fixed in 4% paraformaldehyde 
24 hours for pathological grading. The clinical parameters of 
cased enrolled are listed in Table 1, and analysis results by 
COX regression model are shown in Table 2.

T A B L E  1  Correlation between lncRNA PCAT6 expression and 
clinicopathological features

Characteristics

PCAT6 expression

P‐valueHigh Low

Age

<50 18 14 0.401

≥50 19 22

Gender

Female 13 13 0.931

Male 24 23

Tumor size

<5 12 22 0.014

≥5 25 14

Tumor location

Colon 15 13 0.697

Rectum 22 23

TNM stage

Ⅰ 2 7 0.007

Ⅱ 10 19

Ⅲ 19 7

Ⅳ 6 3

Lymph node metastasis

No 8 16 0.038

Yes 29 20

Differentiation

Moderate‐Poor 23 18 0.295

Well 14 18

M, describes distant metastasis; N, describes adjacent lymph nodes that are in-
volved; TNM, T describes the size of the original tumor and whether it has in-
vaded nearby tissue.
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2.1.1 | Information for cell lines and cell 
transfection
Seven CRC cell lines: HCT116, HT‐29, SW620, SW480, 
DLD‐1, RKO, and LoVo, a normal colon fibroblast cell line 
CCD‐112CoN and a kidney epithelial cell line, HEK293 
were all obtained from the American Type Culture Collection 
(Cat:CCL‐247, HTB‐38, CCL‐227, CCL‐211, CRL‐2577, 
CLL‐229, CRL‐1541, CRL‐1573, ATCC, Manassas, VA, USA) 
and cultured in RPMI‐1640 medium (Cat. 21875091, Gibco, 
Waltham, MA, USA) with 10% FBS (Cat. 10091148; Gibco) at 
37 °C with 5% CO2.

Si‐NC or si‐PCAT6 (Cat. A09001; Genepharma, Shanghai, 
China) transfection was performed to achieve PCAT6 
knockdown by using Lipofectamine 2000 (Cat. 11668019; 
Invitrogen, Waltham, MA, USA). MiR‐204 mimics or 
miR‐204 inhibitor (Cat. B01001 and B03001; Genepharma) 
transfection was performed to achieve miR‐204 overexpres-
sion or miR‐204 inhibition. The sequences of siRNA and 
miRNA mimics or inhibitor were shown in Table S1.

2.2 | Quantitative real‐time PCR
Trizol reagent (Cat. 15596018; Invitrogen) was used to ex-
tract the total RNA from cells and tissue sample following the 

manufacturer’s protocols. One microgram total RNA was re-
verse transcribed using miRNA‐specific primer and the miS-
cript Reverse Transcription kit and miScript SYBR Green 
PCR kit (Cat.218161 and 219073; Qiagen, Hilden, Germany) 
was used for miRNA qRT‐PCR using U6 as an endogenous 
control. The annealing temperature is 60°C. The First‐strand 
cDNA synthesis kit and Power SYBR™ Green PCR Master 
Mix (Cat. K1612 Invitrogen, Cat. 4368577, ABI, San Jose, 
CA, USA) were used for the reverse transcription and qRT‐
PCR for measurement of PCAT6 and HMGA2 expression 
using GAPDH mRNA as an endogenous control. The above 
QRT‐PCR assays were conducted using ABI 7900HT Real‐
time PCR System (Applied Biosystems, Waltham, MA, USA) 
The 2−ΔΔCt method was used for data processing.30 The primers 
were shown in Table S1.

2.3 | Immunoblotting
The protein levels of HMGA2, PI3K, p‐PI3K, p‐Akt, Akt in 
CRC cells were measured using immunoblotting assays. Cells 
were lysed in RIPA lysis buffer (Cat. P0013B, Beyotime, 
Shanghai, China), and the protein concentration was evalu-
ated by BCA Protein Assay Kit (Cat. P0010, Beyotime Tech.). 
The 20‐50 μg of protein samples were loaded onto 10% SDS‐
PAGE minigel and then transferred onto a 0.2 μm PVDF 

Characteristics

Univariate analysis Multivariate analysis

P HR 95%CI P HR 95% CI

Age

<50 vs ≥50 0.260 1.449 0.760‐2.762 N.A

Gender

Female vs Male 0.686 1.147 0.589‐2.234 N.A

Tumor size

<5 vs ≥5 0.080 0.551 0.283‐1.074 0.883 0.940 0.409‐2.157

Tumor location

Colon vs Rectum 0.455 0.769 N.A

TNM stage

Moderate‐Poor 
vs Well

0.014 0.030

Ⅰ 0.007 0.160 0.042‐0.604 0.047 0.204 0.042‐0.982

Ⅱ 0.007 0.299 0.125‐0.715 0.021 0.309 0.114‐0.839

Ⅲ 0.019 0.340 0.138‐0.837 0.005 0.246 0.093‐0.651

Ⅳ N.A

Lymph node metastasis

No vs Yes 0.152 0.587 0.283‐1.217 N.A

Differentiation

Moderate‐Poor 
vs Well

0.801 0.920 0.482‐1.755 N.A

PCAT6

High vs Low 0.039 2.020 1.035‐3.940 0.038 2.197 1.044‐4.625

T A B L E  2  Univariate and multivariate 
analysis for factors related to overall 
survival using the Cox proportional hazard 
model
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membrane (Cat. 1620177, Bio‐Rad, Hercules, CA, USA) by 
Bio‐Rad Mini Trans‐Blot® systems (Bio‐Rad). Afterward, 
the membrane was probed with the antibodies listed below: 
anti‐HMGA2 (ab97276, Abcam, Cambridge, UK), anti‐PI3K 
(ab86714, Abcam), anti‐p‐PI3K (ab182651, phospho Y607, 
Abcam), anti‐Akt (ab32505, Abcam), anti‐p‐Akt (ab81283, 
phospho S473, Abcam), and anti‐β‐actin (ab6276, Abcam; 
1:1000 in TBST) at 4°C overnight, and incubated with 
HRP‐conjugated secondary antibody for 1 hour at room tem-
perature (1:5000 in TBST, Cat. sc‐2004 and sc‐2005, Santa 
Cruz, Co. Ltd, Sant Cruz, CA, USA). Signals were visual-
ized using ECL Substrates (Cat. 345818, Millipore, Billerica, 
MA, USA) and exposed to X‐film (Cat. X‐OMAT, Kodak, 
Rochester, NY, USA). The immunoblots were quantified 
using imageJ software (NIH, National Institute of Health, 
Bethesda, MD, USA) and normalized to endogenous β‐actin. 
The original blots were shown in Figure S1.

2.4 | Luciferase activity
The fragments of wild‐type PCAT6 and mutant PCAT6 (con-
taining a 5‐bp mutation in the predicted binding site of miR‐204) 
were cloned into the pGEM‐T easy vector system (wt‐PCAT6, 
mut‐PCAT6; Cat. A1260, Promega, Madison, WI, USA). The 
primers were shown in Table S1. HEK293 cells were seeded 
into a 24‐well plate and cultured overnight. The 0.5 μg of pGL4 
luciferase expression vector (Cat. E6651, Promega), 0.5 μg wt‐
PCAT6 or mut‐PCAT6 plasmid and 50 nM miR‐204 mimics or 
miR‐204 inhibitor (Cat.B03001, B02003, GenePharma) were 
cotransfected into HEK293 cells using 3 μL lipofectamine2000 
(Invitrogen). After 48 hours transfection, Dual‐Luciferase 
Reporter Assay System (Cat. E1910, Promega) was used to 
perform the luciferase assays. The ratio of Firefly/Renilla 
luciferase activity was determined by GloMax® Discover 
Multimode Microplate Reader (Promega).

2.5 | MTT assay
Cells were seeded into 96‐well plates (5000 cells per 
well). Twenty‐four hours later, cells were transfected with  
si‐PCAT6. Twenty‐four hours later, cells were treated with  
5‐FU (1, 2, 4, 8, 16, 32, 64 μg/mL, Cat. F6627, Sigma‐
Aldrich, St. Louis, MO, USA) for 24 hours. Then, 20 μL 
MTT (5 mg/mL; Cat. M2003, Sigma‐Aldrich) was added 
in the culture medium, and the cells were incubated for an 
additional 4 hours. Finally, after discarding the supernatant, 
200 μL DMSO (Cat. TS‐20688, Thermo Fisher, Waltham, 
MA, USA) was added to dissolve the formazan. The optical 
density was examined at 490 nm using a plate reader (ELx808 
Bio‐Tek Instruments, Hercules, CA, USA). The relative cell 
viability was calculated using the non‐treated cells (control) 
as 100%; the 5‐FU concentration to reduce cell viability to 
50% was defined as IC50 values.

2.6 | BrdU incorporation assay
DNA synthesis capacity was determined using BrdU assays 
according to the methods reported previously.31 Briefly, cells 
were plated in 96‐well plates (2 × 103 cells/well), cultured 
for 24 or 48 hours and incubated with a final concentration 
of 10 μM BrdU (Cat. 550891, BD Pharmingen, San Jose, CA, 
USA) for 2 hours. Then, the cells were fixed with 4% poly-
oxymethylene for 30 minutes and permeated with 0.3% Triton 
X‐100 for 10 min at room temperature (Cat. P0099 and P0096, 
Beyotime). And then cells incubated with peroxidase‐coupled 
anti‐BrdU‐antibody (Cat. B8434, Sigma‐Aldrich) for 1 hour, 
washed three times with PBS, incubated with peroxidase sub-
strate (tetramethylbenzidine, Cat.860336; Sigma‐Aldrich) for 
30 minutes, and the 450 nm absorbance values were measured 
for each well. BrdU absorbance in cells treated with BrdU an-
tibody alone was taken as the background value.

2.7 | Statistics analysis
Data were processed using SPSS 17.0 statistical software 
(SPSS, Armonk, NY, USA) and presented as mean ± SD of 
three biological replicates. All data were analyzed by normal-
ity test first using Kolmogorov‐Smirnov test. Significance 
was analyzed using a two‐tailed unpaired Student’s t‐test. 
Paired Student’s t‐test was used to compare the expression of 
miR‐204 and PCAT6 in colorectal cancer tissues and normal 
tissues. Chi‐square test was used for analyzing the correlation 
of the expression of PCAT6 with clinicopathologic features, 
Cox regression model was used for univariate and multivari-
ate analysis for factors related to overall survival, log‐rank test 
was used for analyzing overall survival; Spearman’s rank cor-
relation analysis was used for analyzing correlation in PCAT6, 
miR‐204, and HMGA2. P values of <0.05 were considered 
statistically significant.

3 |  RESULTS

3.1 | The expression of PCAT6 in 
CRC tissues and its correlation with 
clinicopathological features in patients with 
CRC
To investigate the detailed function of PCAT6 in CRC, we 
examined PCAT6 expression in CRC tissues. In 73 CRC 
specimens, PCAT6 expression was significantly up‐regu-
lated, compared to that in adjacent normal tissues (Figure 
1A,B). Also, PCAT6 expression was much higher in sam-
ples of advanced TNM stages (III + IV) than that in early 
stage (I + II; Figure 1C). A total of 73 CRC specimens were 
grouped according to the PCAT6 expression: a high PCAT6 
expression group (samples possessing PCAT6 expression 
higher than the median value, n = 37) and a low PCAT6 
expression group (samples possessing PCAT6 expression 



2488 |   WU et al.

lower than the median value, n = 36; Table 1). According 
to clinicopathological feature analysis using chi‐square test, 
higher PCAT6 expression was correlated with larger tumor 
size (P = 0.014), advanced TNM stages (P = 0.007), and 
lymph node metastasis (P = 0.038). The overall survival 
time and pathologic features of 73 patients were analyzed 
using the COX risk proportional regression model. As 
shown in Table 2, univariate analysis revealed that PCAT6 
expression and TNM stage caused significant differences in 
overall survival in patients with CRC; multivariate analy-
sis revealed that high PCAT6 expression was of high risk 
(HR = 2.197, 95% CI = 1.044‐4.625). The overall survival 
in patients with CRC obtaining a higher PCAT6 expres-
sion was shorter than that obtaining a lower PCAT6 ex-
pression (P = 0.034, Figure 1D). To further investigate the 
effect and the mechanism of PCAT6 in CRC, the expres-
sion levels of PCAT6 in seven CRC cell lines, HCT116, 
HT‐29, SW620, SW480, DLD‐1, RKO, and LoVo, as well 
as a normal colon fibroblast, CCD‐112CoN cells were de-
termined by real‐time PCR assays. PCAT6 expression was 
remarkably increased in the above CRC cells, compared to 
that in CCD‐112CoN cells (Figure 1E). Moreover, PCAT6 

expression was much higher in HCT116 and SW480 cells; 
therefore, these two cell lines were selected as cell models 
for further experiments.

3.2 | The effect of PCAT6 on CRC cell 
proliferation and chemoresistance to 5‐FU
In order to evaluate the specific role of PCAT6 in CRC, 
PCAT6 siRNA was transfected into HCT116 and SW480 
cell lines to conduct PCAT6 expression, as confirmed by 
real‐time PCR assays (Figure 2A). The cell viability and 
DNA synthesis ability of HCT116 and SW480 cells in re-
sponse to PCAT6 knockdown were determined by MTT 
and BrdU assays, respectively. PCAT6 knockdown re-
markably suppressed CRC cell proliferation (Figure 2B,C). 
HCT116 and SW480 cell lines were subjected to differ-
ent doses of 5‐FU (1, 2, 4, 8, 16, 32, and 64 μg/mL) for 
24 hours; next, MTT assays were performed for the cell 
viability. The results showed that 5‐FU suppressed the 
cell viability in a concentration‐dependent manner; after 
the PCAT6 knockdown, the IC50 values of HCT116 and 
SW480 cells were reduced from 15.42 and 14.74 to 7.63 

F I G U R E  1  The expression of PCAT6 in CRC tissues and its correlation with clinicopathological features in patients with CRC. (A) The 
expression of PCAT6 in 73 paired CRC and adjacent normal tissues was determined using real‐time PCR assays. (B) Fold changes of PCAT6 
expression was exhibited as log2 (tumor/normal). (C) Expression of PCAT6 in CRC tissues grouped by TNM stages (I + II vs III + IV), compared 
with matched adjacent normal tissues. (D) Kaplan‐Meier overall survival curves for 73 patients with CRC classified according to relative PCAT6 
expression level. (E) The expression levels of PCAT6 in seven CRC cell lines, HCT116, HT‐29, SW620, SW480, DLD‐1, RKO, and LoVo, and a 
normal colon fibroblast cell line, CCD‐112CoN, were determined using real‐time PCR. The data are presented as mean ± SD of three independent 
experiments
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and 7.50, respectively (Figure 2D,E). In our previous 
study, the HMGA2/PI3K signaling pathway is involved in 
CRC cell proliferation;5 herein, we investigated whether 
PCAT6 could regulate HMGA2. In HCT116 and SW480 
cells, PCAT6 knockdown significantly reduced the protein 
levels of HMGA2 (Figure 2F,G). The data suggest that 
PCAT6 may affect CRC chemoresistance to 5‐FU, involv-
ing HMGA2 signaling.

3.3 | PCAT6 directly binds to miR‐204 to 
inhibit its expression
Non‐coding RNAs (ncRNAs), could exert an extensive se-
ries of biological effects through forming interaction net-
work,32 such as miRNA‐miRNA synergistic network.33 
Moreover, lncRNA has been reported to target miRNAs, 
thus interacting with miRNAs and participating in either 

F I G U R E  2  The effect of PCAT6 on CRC cell proliferation and chemoresistance to 5‐FU. (A) HCT116 and SW480 cells were transfected 
with si‐PCAT6 to achieve PCAT6 knockdown, as confirmed real‐time PCR assays. (B) The cell viability was determined using MTT assays. (C) 
The DNA synthesis ability was assessed using BrdU assays. (D‐E) HCT116 and SW480 cells were treated with a series of doses of 5‐FU (1, 2, 
4, 8, 16, 32, 64 μg/mL) for 24 h; the cell viability was monitored using MTT assays. Data were displayed as a percentage normalized to the cell 
viability with no 5‐FU treatment. The abscissa was the logarithm of 5‐FU concentration (log‐conc.). LC50 represented the concentration of 5‐FU 
when cell viability was reduced to 50%. (F‐G) The protein levels of HMGA2 were determined using Western blot assays. The data are presented as 
mean ± SD of three independent experiments



2490 |   WU et al.

normal physiological processes or pathogenic processes.34 
We revealed that miR‐204/HMGA2 axis modulates CRC 
cell sensitivity to 5‐FU;5 herein, we investigated whether 
PCAT6 could interact with miR‐204, thereby affecting CRC 
chemoresistance to 5‐FU. The expression of miR‐204 was 
determined in si‐PCAT6 transfected HCT116 and SW480 
cells by real‐time PCR assays. PCAT6 knockdown remark-
ably increased miR‐204 expression in the above two CRC 
cell lines (Figure 3A). In order to evaluate the effect of 
miR‐204 on PCAT6 expression, these two CRC cell lines 
were transfected with miR‐204 mimics or miR‐204 inhibi-
tor, as confirmed by real‐time PCR assays (Figure 3B); as 
revealed by real‐time PCR assays, PCAT6 expression was 
negatively regulated by miR‐204 in CRC cells (Figure 
3C). Furthermore, we performed luciferase reporter gene 
assay to validate the mechanism of PCAT6 interacting with 

miR‐204. Wild‐type and mutant‐type luciferase reporter 
gene vectors were constructed by cloning the PCAT6 frag-
ment into the downstream of the Renilla psiCHECKTM‐2 
vector, named wt‐PCAT6 and mut‐PCAT6, respectively. 
To generate the mut‐PCAT6 vector, the seed region of the 
PCAT6 was mutated to remove all complementarity to nu-
cleotides 2‐5 of miR‐204 (Figure 3D). HEK293 cells were 
cotransfected with these vectors and miR‐204 mimics or 
miR‐204 inhibitor, respectively, and then subjected to lu-
ciferase activity determination. The luciferase activity of 
wt‐PCAT6 was significantly suppressed by miR‐204 over-
expression whereas enhanced by miR‐204 inhibition; after 
mutating the possible miR‐204 binding site, the alternation 
of the luciferase activity was abolished (Figure 3E). The 
data indicate that PCAT6 interacts with miR‐204 through 
direct binding.

F I G U R E  3  PCAT6 directly binds to miR‐204 to inhibit its expression (A) HCT116 and SW480 cells were transfected with si‐PCAT6; the 
expression of miR‐204 was determined using real‐time PCR assays. (B) HCT116 and SW480 cells were transfected with miR‐204 mimics or 
miR‐204 inhibitor to achieve miR‐204 overexpression or miR‐204 inhibition, as confirmed using real‐time PCR assays. (C) PCAT6 expression 
in response to miR‐204 overexpression or miR‐204 inhibition was determined using real‐time PCR assays. (D) A wild‐type and a mutant‐type 
luciferase reporter gene vector were constructed by cloning the PCAT6 fragment into the downstream of the Renilla psiCHECKTM‐2 vector, named 
wt‐PCAT6 and mut‐PCAT6, respectively. In the mut‐PCAT6 vector, the seed region of the PCAT6 was mutated to remove all complementarity to 
nucleotides 2‐5 of miR‐204. (E) The above vectors were cotransfected into HEK293 cells with miR‐204 mimics or miR‐204 inhibitor, respectively; 
the luciferase activity was determined using the Dual‐Luciferase Reporter Assay System. The data are presented as mean ± SD of three independent 
experiments
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3.4 | MiR‐204 reverses the effect of PCAT6 
on CRC cell chemoresistance through HMGA2/
PI3K signaling
After confirming that miR‐204 is a direct target of PCAT6, 
we further investigated the function and mechanism of 
PCAT6/miR‐204 interaction in CRC cell chemoresist-
ance. HCT116 and SW480 cells were cotransfected with 
si‐PCAT6 and miR‐204 inhibitor, exposed to different con-
centrations of 5‐FU (1, 2, 4, 8, 16, 32, and 64 μg/mL) for 
24 hours, and then subjected to MTT assays for cell viabil-
ity. 5‐FU suppressed the cell viability in a dose‐depend-
ent manner; PCAT6 knockdown reduced whereas miR‐204 
inhibition promoted the IC50 values for both HCT116 and 
SW480 cells; the effect of PCAT6 knockdown was par-
tially reversed by miR‐204 inhibition (Figure 4A,B). In 
other words, PCAT6 knockdown sensitized CRC cells to 
5‐FU treatment, while miR‐204 inhibition enhanced the 
chemoresistance of CRC cells.

Furthermore, we monitored HMGA2 signaling‐related 
proteins in response to the combined effect of PCAT6 knock-
down and miR‐204 inhibition. As shown by Immunoblotting, 
the protein levels of HMGA2, p‐PI3K, and p‐Akt were dra-
matically reduced by PCAT6 knockdown while increased by 
miR‐204 inhibition without apparent changes in total PI3K 
and Akt protein expression (Figure 4C‐E); the suppressive 
effects of PCAT6 knocking down on these proteins were par-
tially attenuated by miR‐204 inhibition (Figure 4C‐E). As 
shown in Figure 4D,E, the ratio of p‐PI3K/PI3K and p‐Akt/
Akt was reduced by PCAT6 knockdown while increased by 
miR‐204 inhibition; the effect of PCAT6 was partially abol-
ished by miR‐204 inhibition, indicating PCAT6 affects CRC 
cell chemoresistance through miR‐204; HMGA2/PI3K sig-
naling is involved in this regulatory process.

3.5 | The expression and correlation of 
miR‐204, HMGA2, and PCAT6 in CRC tissues
To further confirm the above findings, miR‐204 and HMGA2 
expression in CRC and non‐tumor tissue samples were ex-
amined by real‐time PCR assays. MiR‐204 expression was 
strongly downregulated while HMGA2 mRNA expression 
was increased in CRC tissue samples, compared that in ad-
jacent non‐tumor tissues (Figure 5A,B), indicating that the 
expression levels of miR‐204 and HMGA2 were indeed dys-
regulated in CRC. A negative correlation between miR‐204 
and PCAT6, between miR‐204 and HMGA2, and a positive 
correlation between PCAT6 and HMGA2 was observed 
(Figure 5C‐E). As shown in Figure 5F, PCAT6 interacts with 
miR‐204 to inhibit its expression, thus promoting the acti-
vation of HMGA2/PI3K signaling and affecting the chem-
oresistance of CRC cells, indicating that suppressing PCAT6 
expression, thereby rescuing miR‐204 expression, ultimately 

improving the chemo‐sensitivity of CRC cells to 5‐FU ap-
pears to be a promising adjuvant treatment to enhance the 
efficacy of 5‐FU‐based therapy.

4 |  DISCUSSION

Here, we elaborated a lncRNA, namely PCAT6, is over‐ex-
pressed in CRC tissue samples; a higher PCAT6 expression 
is correlated with a poorer prognosis in patients with CRC. 
Moreover, PCAT6 directly binds to miR‐204 to inhibit its ex-
pression, and enhance CRC chemoresistance to 5‐FU‐based 
therapy through HMGA2. In CRC tissues, the expression levels 
of PCAT6, miR‐204, and HMGA2 were all dysregulated, indi-
cating that modulating the above regulatory axis may amelio-
rate the chemoresistance of CRC to 5‐FU‐based chemotherapy.

According to previous studies, approximately up to 18% 
of ncRNAs participate in pathogenic processes, including 
carcinogenesis,35 indicating that lncRNA, a significant part 
of ncRNAs, might make contributions to cancer initiation 
and progression. LncRNA dysregulation commonly occurs 
in many cancers, affecting cancer progression from almost 
every aspect of carcinogenesis, including the resistance of 
cancer cells to chemo‐ and radiotherapy. LncRNA HOTAIR 
can enhance the chemoresistance of lung cancer and glioma 
cells by blocking p21.36,37 LncRNA UCA1 reduces the sen-
sitivity of CRC cells to 5‐FU‐based chemotherapy through 
hindering miR‐204‐5p.38 Low XIST expression is correlated 
with drug response in Patient‐Derived Xenografts (PDXs) 
accompanied by a significant reduction of the breast cancer 
stem cell population.39 PCAT6 is one member of Prostate 
Cancer Associated Transcripts (PCATs), a series of 121 ln-
cRNA which were first identified in prostate cancer by using 
computational bioinformatics means to describe the anno-
tated and unannotated transcripts in prostate cancer.40 The 
expression patterns of PCATs could help identify samples 
of benign, localized, and metastatic cancer.40 As we men-
tioned, abnormal lncRNA PCAT6 expression is observed in 
many cancers.28,29 In Wan et al’s study, PCAT6 was con-
sidered as a potential diagnostic and prognostic biomarker 
in non‐small cell lung cancer.41 PCAT6 may indirectly reg-
ulate c‐Myc and p53 expression in lung cancer which may 
contribute to the modulation of lung cancer cells prolifera-
tion and invasion.42 In the present study, we also observed 
higher PCAT6 expression in CRC tissues. Higher PCAT6 
expression is associated with shorter overall survival, as 
well as poorer clinical features in patients with CRC. In 
CRC cell lines, the PCAT6 expression is also upregulated. 
After the PCAT6 knockdown, cancer cell proliferation was 
remarkably suppressed; also, PCAT6 knockdown enhanced 
CRC sensitivity to 5‐FU treatment. What is the downstream 
mechanism of PCAT6 affecting CRC cell proliferation and 
chemoresistance to 5‐FU?
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In our previous study, we demonstrated a miR‐204/
HMGA2 axis which can modulate CRC cell chemoresis-
tance to 5‐FU‐based chemotherapy.5 Herein, we also vali-
dated that PCAT6 knockdown could reduce HMGA2 protein 
level. To further investigate whether PCAT6 affects CRC 

cell chemoresistance through the miR‐204/HMGA2 axis, 
we monitored miR‐204 expression in PCAT6 knocked‐down 
cells. On the contrary of HMGA2, miR‐204 expression 
was significantly upregulated by the PCAT6 knockdown. 
Moreover, PCAT6 also showed to be negatively regulated by 

F I G U R E  4  MiR‐204 reverses the effect of PCAT6 on CRC cell chemoresistance through HMGA2/PI3K signaling. (A‐B) HCT116 and 
SW480 cells were cotransfected with si‐PCAT6 and miR‐204 inhibitor, and were treated with a series of doses of 5‐FU (1, 2, 4, 8, 16, 32, 64 μg/
mL) for 24 h; the cell viability was determined using MTT assays. The data were processed as described. (C‐E) HCT116 and SW480 cells were 
cotransfected with the si‐PCAT6 and miR‐204 inhibitor; the protein levels of HMGA2, p‐PI3K, PI3K, p‐Akt, and Akt were determined using 
Western blot assays; the ratio of p‐PI3K/PI3K and p‐Akt/Akt was shown. The data are presented as mean ± SD of three independent experiments
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miR‐204, suggesting that PCAT6 may interact with miR‐204 
to inhibit its expression. In order to validate this interaction, 
luciferase reporter gene assays were performed; as the results 
showed, PCAT6 could directly bind to miR‐204 to inhibit its 
expression. Based on our previous study, abnormal down-
regulation of miR‐204 expression in CRC contributes to the 
chemoresistance to 5‐FU; whether miR‐204 is involved in 
PCAT6 regulation of CRC cell chemoresistance to 5‐FU re-
mains unclear.

In addition to our previous study, there are many other ref-
erences regarding miRNAs as essential regulators of cancer 
cell proliferation and chemoresistance. In epithelial ovarian 
cancer, IL‐6 receptor (IL‐6R), which could activate STAT3 

in IL‐6‐dependent manner, could be targeted by miR‐204. 
Moreover, the activity of IL‐6R/STAT3/miR‐204 feedback 
loop is correlated with chemo‐sensitivity of epithelial ovarian 
cancer.43 In another research on tumor‐related macrophages 
in CRC, the maladjusted miR‐155‐5p/C/EBPβ/IL‐6 signaling 
could induce chemoresistance in CRC cells by regulating the 
IL‐6R/STAT3/miR‐204‐5p axis.44 Through direct binding to 
ZEB1, miR‐204 modulates chemo‐sensitivity and apoptosis 
of prostate cancer cells.45 We have revealed that PCAT6 di-
rectly binds to miR‐204 to inhibit its expression; herein, we 
also assessed the combined effect of PCAT6 and miR‐204 on 
the chemoresistance of CRC cells to 5‐FU. PCAT6 knock-
down attenuated, whereas miR‐204 inhibition enhanced CRC 

F I G U R E  5  The expression and correlation of miR‐204, HMGA2, and PCAT6 in CRC tissues. (A‐B) The expression of miR‐204 and 
HMGA2 in 73 paired CRC and adjacent normal tissues were determined using real‐time PCR assays. (C‐E) The correlation between miR‐204 
and HMGA2, between miR‐204 and PCAT6, and between HMGA2 and PCAT6 was analyzed using Spearman’s rank correlation analysis. (F) A 
mechanism diagram showing PCAT6 interacts with miR‐204, thereby affecting the chemoresistance of CRC cell to 5‐FU‐based treatment through 
HMGA2/PI3K signaling pathway
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chemoresistance to 5‐FU; miR‐204 inhibition could partially 
reverse the effect of PCAT6 knockdown. Moreover, HMGA2 
signaling‐related factors could also be affected by co‐trans-
fection of si‐PCAT6 and miR‐204 inhibitor. PCAT6 knock-
down reduced the protein level of HMGA2 and the ratio of 
p‐PI3K/PI3K and p‐Akt/Akt, indicating that PCAT6 knock-
down inhibited the activity of HMGA2/PI3K signaling. On 
the contrary, miR‐204 inhibition promoted the activity of 
HMGA2/PI3K signaling by increasing the protein level of 
HMGA2, as well as the phosphorylation of PI3K and Akt. In 
the meantime, miR‐204 partially attenuated the cell effect of 
PCAT6 knockdown on HMGA2/PI3K signaling, indicating 
that PCAT6 exerts its function through the miR‐204/HMGA2 
axis.

To further validate the above findings, we monitored 
miR‐204 and HMGA2 mRNA expression in CRC and 
non‐tumor tissue samples. Consistent with our previous 
study, miR‐204 expression was downregulated, whereas 
HMGA2 mRNA expression was upregulated in CRC tissues. 
Moreover, miR‐204 expression was inversely correlated with 
HMGA2 and PCAT6 expression, respectively; HMGA2 ex-
pression was positively associated with PCAT6 expression. 
The data indicate that abnormal PCAT6 overexpression 
inhibits miR‐204 expression in CRC, thereby promoting 
HMGA2/PI3K signaling activity, ultimately enhancing CRC 
chemoresistance to 5‐FU.

Taken together, we demonstrated that PCAT6 could mod-
ulate CRC chemoresistance to 5‐FU‐based chemotherapy 
through miR‐204/HMGA2/PI3K; PCAT6 represents a prom-
ising target for dealing with CRC chemoresistance.
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