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Abstract 

Although PIWI-interacting RNAs (piRNAs) have recently been linked to human diseases, their roles 
and functions in malignancies remain unclear. This study aimed to investigate the significance of 
some piRNAs in colorectal cancer (CRC). 
Methods: We first analyzed the expression profile of piRNAs in CRC using the TCGA and GEO 
databases. The top 20 highly expressed piRNAs were selected and tested in our CRC tumor and 
non-tumor tissue samples. We then examined the relevance of the significantly differentially 
expressed piRNA to the CRC outcomes in 218 patients receiving postoperative chemotherapy and 
317 patients receiving neoadjuvant chemotherapy. A series of biochemical and molecular biological 
assays were conducted to elucidate the functional mechanism of a piRNA of interest in CRC. 
Furthermore, experiments with mice xenografts were performed to evaluate the therapeutic effect 
of an inhibitor specific to the piRNA.  
Results: We found that among the examined 20 piRNAs, only piRNA-54265 was overexpressed in 
CRC compared with non-tumor tissues and higher levels in tumor or in serum were significantly 
associated with poor survival in patients. Functional assays demonstrated that piRNA-54265 binds 
PIWIL2 protein and this is necessary for the formation of PIWIL2/STAT3/phosphorylated-SRC 
(p-SRC) complex, which activates STAT3 signaling and promotes proliferation, metastasis and 
chemoresistance of CRC cells. Treatment with a piRNA-54265 inhibitor significantly suppressed the 
growth and metastasis of implanted tumors in mice. 
Conclusion: These results indicate that piRNA-54265 is an oncogenic RNA in CRC and thus might 
be a therapeutic target. 
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Introduction 
Colorectal cancer (CRC) takes the third place in 

men and the second place in women across all types 
of cancer in terms of incidence and is also one of the 
leading causes of cancer-related death in the world [1, 
2]. To date, early detection or diagnosis of sporadic 
CRC is still difficult because there are no effective 
markers and measures. Therefore, many patients in 
clinics have late-stage disease, and their prognosis is 
dismal due to the lack of effective therapy [3]. The 
molecular mechanism for CRC progression is largely 
unknown, impeding the development of more 
effective novel therapies for CRC. Presently, 
neoadjuvant chemotherapy using 5-fluorouracil 
(5-FU) and/or oxaliplatin combined with surgical 
resection is routinely recommended for advanced 
CRC, which may improve survival of patients [4]. 
However, the curative effects and clinical outcomes in 
patients treated with the regimen vary greatly and 
many patients have resistance to the drugs [5]. The 
mechanism underlying resistance to 
chemotherapeutic drugs has not been fully elucidated 
and thus few applicable biomarkers can be used in the 
clinic to predict the curative effect of chemotherapy 
[6]. These contexts highlight a need to elucidate the 
mechanism underlying CRC progression and to 
identify therapeutic targets or predictive biomarkers 
for personalized treatment of CRC. 

Small non-coding RNAs (ncRNAs) have 
attracted special attention because of their roles as key 
regulators of gene expression and can be easily 
detected in blood samples [7-9]. PIWI-interacting 
RNAs (piRNAs) have been discovered as a new class 
of small ncRNAs [10, 11], and to date, there are more 
than 20,000 piRNAs identified [12, 13]. Although 
piRNAs were originally perceived as germline- 
specific [10], they are also expressed in somatic tissues 
[14]. The multifaceted somatic functions of piRNAs 
have been demonstrated [15-17], and piRNA- 
dependent epigenetic regulation has enlightened 
compelling studies on the roles of piRNAs in human 
diseases including cancer [18, 19]. Although little is 
known about the functions of piRNAs in human 
cancer, emerging studies have suggested that piRNAs 
may play an important role in cancer development 
and progression and may serve as diagnostic and 
prognostic biomarkers [19-22]. 

Here, we identify piRNA 54265 (piR-54265) as an 
oncogenic piRNA that plays an important role in CRC 
development and progression. Our biochemical 
assays demonstrate that piR-54265 specifically binds 
PIWIL2, facilitating the formation of 
PIWIL2/STAT3/phosphorylated-SRC complex [23] 
and phosphorylation of STAT3, which consequently 

promote proliferation and metastasis of CRC cells. We 
show that overexpressed piR-54265 prevents CRC 
cells from undergoing apoptosis and is correlated 
with resistance to anticancer agents and poor 
prognosis in CRC patients. Treatment targeting 
piR-54265 shows efficacy in inhibiting xenograft 
tumor growth and metastasis in mice. Serum 
piR-54265 levels are up-regulated in a stage- 
dependent manner, and high piR-54265 level is 
associated with poor response to chemotherapy and 
poor survival in CRC patients. All these findings 
suggest that this oncogenic piRNA might be a 
therapeutic target and could be used as a circulating 
tumor RNA for predicting clinical outcomes of CRC.  

Methods 
Clinical specimens 

This study consisted of four independent cohorts 
(Figure S1) from Sun Yat-sen University Cancer 
Center (SYSUCC, Guangzhou), the Affiliated 
Hospitals of Soochow University (AHSU, Suzhou) 
and Cancer Hospital, Chinese Academy of Medical 
Sciences (CHCAMS, Beijing). A total of 218 paired 
cancer and normal tissue (at least 5 cm away from 
tumor) and matched serum specimens from CRC 
patients who underwent proctocolectomy and 
postoperative chemotherapy at the SYSUCC 
(SYSUCC1, N=110) and AHSU (N=108) between 2008 
and 2012. All CRC were histopathologically 
diagnosed and tumor stage was classified according 
to the 7th edition of AJCC Cancer Staging System [24]. 
All patients received standard FOLFOX or XELOX 
chemotherapy for 6 months after surgery. The tissue 
and blood samples from each individual were 
collected during the operation. Tissue samples were 
immediately frozen and stored in liquid nitrogen until 
use. Serum was isolated from blood samples and 
stored at −80 °C. The basic demography 
characteristics and clinical information of these 
patients were obtained from medical records (Table 
S1). Overall survival (OS) time of individuals with 
CRC was measured as the date of cancer diagnosis to 
the date of last follow-up or death while 
progression-free survival (PFS) time was defined as 
the date of treatment start to the date of tumor 
progression. The follow-up information was acquired 
from inpatient and outpatient records and follow-up 
telephone calls. The date of last follow-up at SYSUCC 
was 2016/5/10 with a median follow-up time of 65.8 
months, while the date of last follow-up at AHSU was 
2017/4/23 with a median follow-up time of 56.6 
months. 

Another 317 serum specimens from CRC 
patients who suffered from advanced CRC treated 
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with neoadjuvant chemoradiotherapy were recruited 
at SYSUCC (SYSUCC2, N=215, Table S2) and 
CHCAMS (N=102, Table S3) between 2008 and 2013. 
All patients recruited at CHCAMS suffered from 
locally advanced rectal carcinoma without distant 
metastasis. They received a total radiation dose of 50 
Gy applied in 25 fractions over 5 weeks concurrent 
with standard XELOX regimen prior to surgery. The 
response to the chemotherapy was evaluated by 
Tumor Regression Grade (TRG) [25, 26] using 
surgically removed tissue samples. TRG scores were: 
TRG 1, no residual cancer; TRG 2, rare residual cancer 
cells; TRG 3, fibrosis outgrowing residual cancer; TRG 
4, residual cancer outgrowing fibrosis and TRG5, 
absence of regression changes (Figure S2). Patients 
recruited at SYSUCC suffered from either colon 
(N=10) or rectal cancer (N=205) and received standard 
FOLFOX or XELOX regimen concurrent with 
radiotherapy of total 50 Gy applied in 25 fractions 
over 5 weeks. All patients having measurable tumor 
lesions and CT/MRI scan obtained before treatment 
received a second CT/MRI scan around one month 
after chemotherapy. Response to therapy was 
evaluated by measuring the rate of change of tumor 
size based on CT/MRI scanning and classified into 4 
groups according to the revised RECIST guideline 
(version 1.1) [27]: complete response (CR, 
disappearance of all tumor), partial response (PR, at 
least a 30% decrease in the sum of the largest diameter 
of tumor), stable disease (SD, neither sufficient 
shrinkage to qualify for PR nor sufficient increase to 
qualify for progressive disease), and progressive 
disease (PD, at least a 20% increase in the sum of the 
largest diameter of tumor). Vein blood sample (5 mL) 
from each patient was taken prior to the 
radio-chemotherapy and serum sample was isolated 
and stored at −80 °C for analysis. 

Written informed consent was obtained from 
each subject and this study was approved by the 
Internal Review Boards of SYSUCC, AHSU and 
CHCAMS. 

Public data mining and piRNA selection 
Small RNA sequencing data of 616 colon and 

rectal adenocarcinoma were downloaded from the 
Cancer Genomics Hub (https://www.cghub.ucsc. 
edu/) with the permission of the Data Access 
Committee. Independent colon and rectal 
adenocarcinoma data containing 50 samples were 
acquired from the GEO (https://www.ncbi.nlm.nih. 
gov/geo, accession number GSE63119). To process 
the TCGA data, we extracted raw and unaligned read 
sequences and quality scores (FASTQ format) from 
BAM files using the “bamToFastq” command, a 
subcommand of the genome arithmetic toolset 

“BEDtools2” (v2.25.0). To process GEO data, raw 
reads were transformed into FASTQ files with the 
SRA Toolkit (https://www.ncbi.nlm.nih.gov/sra/ 
docs/toolkitsoft/). Subsequently, the above two 
resultant files were trimmed based on the criterions of 
“Phred quality score ≥20” and “reads length ≥21 
nucleotides” to get high-quality reads corresponding 
to piRNAs via FASTX-Toolkit (v0.0.13) 
(https://hannonlab.cshl.edu/fastx_toolkit/). Custom 
piRNA reference transcriptome information was 
obtained from the functional RNA database (v3.4) 
according to the genomic coordinates of piRNA 
sequences [28, 29]. Both TCGA and GEO reads were 
then realigned or remapped by the STAR software 
(v020201) with “hg19” as a reference genome and one 
mismatch allowed [30]. Counts per million mapped 
reads (CPM) was calculated to measure the 
abundance of piRNAs using HTseq-count (v0.9.1) [31] 
and R package edger (v3.18.1) [32] and only the 
piRNAs with CPM ≥1 and expression in more than 
20% of tumor samples were considered to be 
adequately expressed and adopted for further 
analyses. There were 210 and 85 piRNAs that were 
respectively defined as “expressed” in the TCGA and 
GEO sets; intersecting resulted in 81 co-expressed 
piRNAs. These 81 piRNAs were then ranked 
according to their expression levels (mean value of 
CPM in all samples) in the more reliable TCGA set, 
the top 20 of which are shown in Figure S3A. 

Copy number alteration and methylation 
analysis 

The gene expression, somatic copy number 
alterations (SCNA) and DNA methylation data for 
CRC (colorectal adenocarcinoma, COADREAD) were 
obtained from TCGA database (PMID: 22810696). 
DNA copy number alterations including deletion, 
neutral and amplification for piR-54265 were 
determined by the copy number of segments covering 
the gene. Since the two DNA methylation probes of 
cg07941567 (chr20: 2637452) and cg08216131 (chr20: 
2637503) were close to the locus of piR-54265 (chr20: 
2637585-2637614) and right in its promoter region, the 
methylation status was employed for differential 
methylation analysis. 

Cell lines and cell culture 
Human CRC cell lines, HCT116 and LoVo, and 

human embryo kidney cell line 293T were purchased 
from the Cell Bank of Type Culture Collection of 
Chinese Academy of Sciences, Shanghai Institute of 
Biochemistry and Cell Biology. All cell lines were 
authenticated by DNA finger printing analysis. All 
cells were free of mycoplasma infection. HCT116, 
LoVo and HEK293T cells were respectively 
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maintained in McCoy's 5A, F-12K and DMEM 
medium supplemented with 10% fetal bovine serum 
in an atmosphere of 5% CO2 at 37 °C. 

Cytoplasmic and nuclear fractionation 
Subcellular fractionation of cells was performed 

as described previously [33, 34]. Briefly, cytoplasmic 
fractions were extracted in ice-cold NP40 buffer 
containing 24% sucrose. Nuclear fractions were lysed 
with RIPA buffer supplemented with protease and 
phosphatase inhibitor cocktail (Roche). 

Northern blot analysis 
Approximately 15 µg of total RNA isolated from 

CRC cell lines or serum samples was subjected to 
formaldehyde gel electrophoresis and transferred to 
an Amersham Hybond-N+ membrane (GE 
Healthcare). After pre-hybridization for 30 min, the 
membrane was hybridized overnight at 68 °C in 
buffer containing the denatured digoxigenin-labeled 
RNA probes synthesized by Bersinbio (Table S4). 
After washing, signal on the membrane was detected 
using an Odyssey infrared scanner (Li-Cor, Lincoln). 

Measurement of absolute piR-54265 copy 
number per cell 

The accurate piR-54265 copy number per cell 
was measured by using an absolute RT-qPCR 
method. We used 8 different dilutions of synthetic 
piR-54265 to formulate a standard curve, in which 
each Ct value represents an exact concentration of 
piR-54265. The exact piR-54265 copy number per cell 
was then calculated on the basis of molecular weight 
and cell count. 

RNA extraction and RT-qPCR analysis 
Total RNA from cell lines and clinical tissues 

was extracted with Trizol reagent (Invitrogen), while 
total RNA from human serum samples was extracted 
with the MagMAX™ mirVana™ Total RNA Isolation 
Kit (Applied Biosystems). Reverse transcription 
reactions were conducted with oligo (dT) or specific 
miRNA/piRNA stem-loop RT primers using the 
Revert Aid First Strand cDNA Synthesis Kit (Thermo). 
Relative RNA levels determined by RT-qPCR were 
measured on the Light Cycler 480 II using the SYBR 
Green method. The primer sequences used are shown 
in Table S5. For quantification of piRNAs, U6 small 
nuclear RNA was employed as an internal control in 
both cell lines and tissue samples. Serum samples 
were spiked in synthesized cel-miR-39 and cel-miR-54 
(RuiBiotech) as exogenous controls. All experiments 
were performed in three biological replicates. The 
relative expression of RNAs was calculated as the 
power value (2-△△Ct). 

Plasmids, lentivirus production and 
transduction 

To establish CRC cells overexpressing piR-54265, 
HCT116 and LoVo cells were infected with 
recombinant lentiviruses designated piR-54265, which 
express pi-sno57 because of the insertion of SNORD57 
precursor downstream of CMV promoter in 
pLent-Puro-GFP (Vigene Biosciences), a lentiviral 
vector or an empty pLent-Puro-GFP vector, which 
severs as control. A short hairpin RNA (shRNA) 
specifically targeting piR-54265 was synthesized and 
inserted into the pSIH1-Puro-GFP lentiviral shRNA 
vector (Obio Technology) to produce lentivirus in 
HEK293T cells. A scrambled shRNA was used as 
control. The overexpression or knockdown of 
piR-54265 in cells was verified by qRT-PCR. 

Expression vector construction 
To construct expression vectors for 

FLAG-tagged PIWIL2, cDNAs encoding PIWIL2 or 
various truncated PIWIL2 were synthesized and 
subcloned into the NheI and BamHI sites of the 
pcDNA3.1(+)-3FLAG vector (Obio Technology). This 
approach was also used for the construction of 
HIS-tagged STAT3. 

Cell viability and colony formation assays 
Cell viability was measured using the CCK-8 kit 

(Dojindo Labs). Colony formation ability was 
determined by counting the number of cells in 6-well 
cell-culture clusters with complete growth media after 
fixing with methanol and staining with crystal violet. 

Cell cycle and apoptosis analysis 
Flow cytometry (ACEA NovoCyte) was used to 

determine cell cycle and apoptosis. Briefly, for cell 
cycle analysis, cells were collected and fixed in 70% 
ethanol overnight at 4 °C. Single-cell suspensions 
were labeled with propidium iodide (PI, 50 μg/mL; 
Keygen Biotech) and analyzed by flow cytometry. For 
detection of apoptosis, cells were stained with 
Annexin V and PI using the Annexin V-FITC 
Apoptosis Detection kit (Invitrogen), and the 
percentage of apoptotic cells was determined by flow 
cytometry. 

In vitro invasion and migration assays 
Invasion assay was done in a 24-well Millicell 

chamber. The 8-μm pore inserts were coated with 30 
μg of Matrigel (BD Biosciences). Cells (LoVo, 2×104; 
HCT116, 8×104) were added to coated filters in 200 μL 
of serum-free medium in triplicate wells. 500 μL 
medium containing 20% fetal bovine serum was 
added to the lower chamber as chemo-attractant. 
After 20 h at 37 °C in a 5% CO2 incubator, the Matrigel 
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coating on the upper surface of the filter was 
removed. Cells that migrated through the filters were 
fixed with methanol, stained with 0.5% crystal violet, 
and photographed. Cell number on three random 
fields was counted. The migration assay was 
conducted in a similar fashion without coating with 
Matrigel. 

RNA immunoprecipitation (RIP) assay 
RIP experiments were performed using the 

Magna RIP RNA-Binding Protein 
Immunoprecipitation Kit (Millipore). Antibodies from 
Abcam against PIWIL1 (ab12337) or STAT3 
(ab119352), from Santa Cruz against PIWIL2 
(sc-67502), PIWIL3 (sc-398779) or PIWIL4 (sc-68932) 
and from Cell Signaling Technology against p-SRC 
(p-Tyr416, D4964) were used. Total RNA (input 
control) and isotype control (IgG) for each antibody 
were assayed simultaneously. The co-precipitated 
RNAs were detected by RT-qPCR. 

RNA pull-down assay 
RNA pulldown assays were performed 

according to the manufacturer’s instructions of 
Pierce™ GST Protein Interaction Pull-Down Kit 
(Thermo Fisher). Briefly, commercially synthesized, 
biotinylated piR-54265 (Genepharma) or its antisense 
was incubated with cellular protein extracted from 
ordinary CRC cells or CRC cells transfected with 
whole-length PIWIL2 or truncated PIWIL2. 
Streptavidin beads were then added and recovered 
total proteins associated with piR-54265 were 
subjected to Western blot analysis. 

Cell lysis and immunoprecipitation 
Cells transfected with STAT3-6×HIS and 

PIWIL2-3×FLAG (whole length or truncated 
constructs) were lysed with 1× RIPA buffer 
supplemented with Protease/Phosphatase Inhibitor 
Cocktail (Pierce). Lysates were cleared by 
centrifugation and the supernatants were prepared 
for immunoblotting or immunoprecipitation with 
antibodies described below. Immunoblot signal was 
detected using Immobilon Western 
Chemiluminescent HRP Substrate (Millipore). 

Western blot analysis 
Protein extracts from cells or 

immunoprecipitation samples were prepared using 
detergent-containing lysis buffer. Total protein (50 µg) 
was subjected to SDS-PAGE and transferred to PVDF 
membrane (Millipore). Antibodies against STAT3 
(ab119352), p-STAT3 (p-Y705, ab76315), SRC 
(ab109381), BCL-XL (ab32370), active CASPASE-3 
(ab32351), MMP2 (ab86607) or MMP9 (ab58803) were 

from Abcam. Antibodies against cleaved CASPASE-7 
(p20, D198; orb159339) or cleaved CASPASE-9 (p35, 
D315; orb159343) were from Biorbyt. Antibodies 
against PIWIL2 (sc-67502) or p-SRC (p-Tyr416, D4964) 
were from Santa Cruz or Cell Signaling Technology, 
respectively. Antibody against FLAG tag (F1804) or 
6×HIS tag (SAB2702218) was from Sigma, while 
antibody against β-ACTIN (60008-1-Ig) was from 
Proteintech. Membranes were incubated overnight at 
4 °C with primary antibody and visualized with 
Immobilon Western Chemiluminescent HRP 
Substrate (Millipore). 

In vitro chemosensitivity assay 
CRC cells were seeded in 96-well plates (5,000 

cells/well) and about 14 h later right after cell 
adherence, oxaliplatin (Eloxatin) or 5-FU (Tianjin) 
were added to cells in a concentration gradient as 
indicated in the figure legends. After culturing for an 
additional 72 h, cell viability was measured by CCK8 
assay. The results were expressed as percentage of cell 
survival on the basis of the difference between the 
optical density at the start and end of drug exposure. 
Drug concentration corresponding to a reduction in 
cell survival by 50% compared with that of control 
cells (IC50) was calculated from plots of drug 
concentration versus proportion of cells that survived. 
All analyses were performed in three experiments and 
each had three replicates. 

Animal experiments 
Animal experiments were carried out in 

compliance with approved protocols and guidelines 
from the Institutional Animal Care and Use 
Committee of SYSUCC. To examine the effects of 
piR-54265 on subcutaneous xenograft growth, 
BALB/c nude mice (5 mice/group; Beijing Vital River 
Laboratory Animal Technology) were subcutaneously 
injected with 0.1 mL of cell suspension containing 
2×106 cells in the rear flank. When a tumor was 
palpable, it was measured every other day and its 
volume was calculated according to the formula 
volume = length × width2 × 0.5. Groups of animals 
with subcutaneous xenograft were also treated with 
chemotherapeutic agents to test the effects of 
piR-54265 on chemo-sensitivity of CRC cells. 
Oxaliplatin (6 mg/kg), 5-FU (100 mg/kg) or a 
combination of these two agents was intraperitoneally 
injected to mice once a week for 4 weeks since the day 
when the xenograft reached 250 mm3 (designated day 
0). Tumor growth suppression was quantified every 
three days by volume measurement.  

We also treated subcutaneous xenografts with 
antagopiR54265, a synthesized piR-54265 inhibitor 
(Ribobio; Table S4) by intra-tumor injection. Briefly, 
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when tumors implanted in both left and right rear 
mouse flanks reached a certain volume, 50 μg of 
AntagopiR54265 in 50 μL phosphate buffered saline 
was directly injected into the tumor on one flank. The 
tumor on the other flank was injected with AntagopiR 
NC (Ribobio; Table S4) as control. Treatment was 
delivered every three days for 22 days and tumor 
volume was measured before each injection. Mice 
were sacrificed at the end of the experiment and the 
xenografts were stripped and photographed. 
Haematoxylin and eosin (H&E) staining was then 
performed for histological examination of CRC tumor. 

To generate a metastasis model, luciferase- 
labeled HCT116 or LoVo cells (2×106) with piR-54265 
overexpression or knockdown were injected into the 
tail vein of mice. The metastases were detected using 
a Living Image® system (Perkin Elmer) and the 
quantitative data were expressed as photon flux. At 
the end of the experiment, systemic organs were 
isolated for histopathological examination of CRC 
tumor. We also treated metastatic tumors with 
antagopiR54265. When tumors reached 1×106 

radiance (p/s/cm2/sr), antagopiR54265 (80 mg/kg 
body weight) only or antagopiR54265 plus 5-FU (100 
mg/kg body weight) was intravenously given to mice 
one time per day in the first three days, and after that 
one time per week for 3 weeks. Control mice were 
treated with AntagopiR NC in the same way. Tumor 
growth and spread was quantified once every week 
and the body weight and survival time of animals in 
each group were recorded.  

Immunohistochemical analysis 
Mice xenograft tumors were selected for 

examination of CRC cancer by haematoxylin and 
eosin (H&E) staining and for immunohistochemical 
staining (IHC) of p-STAT3, BCL-XL, active CASPASE 
3, cleaved CASPASE 7, cleaved CASPASE 9, MMP2 
and MMP9. All antibodies were the same as those 
used for Western blotting analysis except for MMP2 
(ab97779) and MMP9 (ab38898), which were from 
Abcam. Briefly, for IHC, the sections were incubated 
with primary antibody at 4 °C overnight and then 
detected with the ABC Kit (Pierce). 

Statistical analysis  
Cox proportional hazard models were used to 

identify independent variables. HRs and 95% CIs 
were calculated with age, sex, tumor location, tumor 
stage and treatment as covariates. Kaplan-Meier 
estimate with log-rank test was used to compare 
patient survival by different piR-54265 expression 
levels. Linear regression was performed to examine 
the correlation of piR-54265 expression levels in 
tumor and serum and the correlation was considered 

significant when P<0.05 and r>0.30. Chi-square test 
was used to examine the relationships between 
piR-54265 expression levels and chemotherapy 
efficacy in CRC patients. Receiver operating 
characteristic curve was constructed to quantify the 
performance of serum piR-54265 levels as a biomarker 
by assessing its sensitivity, specificity and respective 
areas under the curve with 95% CI in a binary 
classifier system. We investigated the optimum cutoff 
value for diagnosis with the maximal Youden index 
(J). For functional analysis, results are presented as 
mean ± SEM of three or more experiments. The 
comparison of mean between two groups or more 
than two groups was conducted by using t-test or 
one-way ANOVA. Data in abnormal distributions 
were analyzed by nonparametric tests. All statistical 
analyses were performed using SPSS 20.0 (IBM, US) 
and P<0.05 was considered significant. 

Results 
piR-54265 is overexpressed in CRC and 
associated with clinical outcomes of patients 

We firstly examined the expression patterns of 
piRNAs in CRC samples from TCGA and GEO 
databases and then performed RT-qPCR to assess the 
levels of the top 20 highly expressed piRNAs (Figure 
S3A) in a set of 110 paired CRC and non-tumor tissues 
collected at SYSUCC (SYSUCC1, Guangzhou). We 
found that, among these top 20 piRNAs, only 
piR-54265 was significantly overexpressed in tumor 
tissues compared with their non-tumor counterparts 
(Figure 1A) and this result was verified in another set 
of 108 samples consisting of paired CRC and 
non-tumor tissues from the AHSU (Suzhou; Figure 
S3B). Additional analysis of piR-54265 gene in TCGA 
data showed significant amplification and lower 
methylation in CRC specimens (Figure 1B-C), 
supporting our results. We then performed a series of 
experiments to characterize piR-54265 in two CRC cell 
lines. The existence of piR-54265 29 nucleotides in size 
was confirmed by RNA blot analysis (Figure S3C) 
and the absolute copy number of this piRNA was 800 
to 1,000 copies per cell (Figure S3D) and the majority 
of piR-54265 was in the cytosol with a small amount 
being in the nucleus (Figure S3E). 

We also examined the effect of piR-54265 level 
on clinical outcomes in our CRC patient sets (Table 
S1) and found that overexpression of this piRNA was 
significantly more elevated in advanced CRC (Figure 
1D) and metastatic CRC (Figure 1E). Kaplan-Meier 
estimate showed that CRC patients with high 
piR-54265 level had significantly shorter progression- 
free survival (PFS) time and overall survival (OS) time 
than patients with low piR-54265 level in both 
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SYSUCC1 and AHSU patient sets and combined 
samples (Figure 1F-G). Cox regression analysis with 
sex, age, smoking status, drinking status and family 
history as covariates further demonstrated piR-54265 
level was an independent risk factor for PFS 
(HR=1.96, 95% CI=1.37-2.80) and OS (HR=1.99, 95% 
CI=1.35-2.93) in combined samples (Table 1 and 
Table 2). We further performed the analysis stratified 
by tumor location and TNM stage and found that 

higher level of piR-54265 was associated with shorter 
survival time in patients with either colon or rectal 
cancer (Figure S4A). However, with respect to TNM 
stage, higher level of piR-54265 was only associated 
with shorter survival time in patients with advanced 
cancer (Figure S4B). We did not find any correlations 
between piR-54265 level in CRC and clinical 
parameters other than TNM stage (Table 3) and 
survival time. 

Table 1. Univariate and multivariate Cox regression analyses for progression-free survival in CRC patients recruited at SYSUCC and AHSU who received 
5-FU and oxaliplatin-based postoperative chemotherapy (N=218) 

Variable Univariate  Multivariate 
HR 95% CI P  HR 95% CI P 

Age at diagnosis (≥60 y vs. <60 y) 1.11 0.78−1.58 0.564  − − − 
Gender (male vs. female) 1.00 0.67−1.49 0.991  − − − 
Family history (yes vs. no) 1.33 0.82−2.13 0.246  − − − 
Smoking (ever vs. never) 1.34 0.25−2.20 0.251  − − − 
Drinking (ever vs. never) 0.90 0.52−1.56 0.714  − − − 
TNM stage (III/IV vs. I/II) 1.94 1.56−2.41 <0.001  1.97 1.59−2.44 <0.001 
Tumor location (colon vs. rectum) 1.15 0.92−1.43 0.221  − − − 
piR-54265 level (high vs. low) 1.99 1.38−2.86 <0.001  1.96 1.37−2.80 <0.001 
AHSU: the Affiliated Hospitals of Soochow University (Suzhou, China); CI: confidence interval; HR: hazard ratio; SYSUCC: Sun Yat-sen University Cancer Center (Guangzhou, China). 

Table 2. Univariate and multivariate Cox regression analyses of overall survival in CRC patients recruited at SYSUCC and AHSU who received 5-FU and 
oxaliplatin-based postoperative chemotherapy (N=218) 

AHSU: the Affiliated Hospitals of Soochow University (Suzhou, China); CI: confidence interval; HR: hazard ratio; SYSUCC: Sun Yat-sen University Cancer Center (Guangzhou, China). 

Table 3. Associations between piR-54265 levels in tumor tissues and clinicopathological characteristics in CRC patients recruited at SYSUCC and AHSU 
who received 5-FU and oxaliplatin-based postoperative chemotherapy 

AHSU: the Affiliated Hospitals of Soochow University (Suzhou, China); SYSUCC: Sun Yat-sen University Cancer Center (Guangzhou, China). 

Variable Univariate  Multivariate 
HR 95% CI P  HR 95% CI P 

Age at diagnosis (≥60 y vs. <60 y) 1.27 0.87−1.87 0.216  − − − 
Gender (male vs. female) 1.17 0.75−1.82 0.489  − − − 
Family history (yes vs. no) 1.18 0.69−2.01 0.551  − − − 
Smoking (ever vs. never) 1.61 0.93−2.79 0.086  − − − 
Drinking (ever vs. never) 0.81 0.45−1.48 0.496  − − − 
TNM stage (III/IV vs. I/II) 2.06 1.61−2.62 <0.001  2.06 1.63−2.62 <0.001 
Tumor location (colon vs. rectum) 1.41 1.10−1.82 0.007  1.39 1.09−1.79 0.009 
piR-54265 level (high vs. low) 2.02 1.36−3.01 0.001  1.99 1.35−2.93 <0.001 

Variable SYSUCC sample AHSU sample Combined sample 
High (N=55) Low (N=55) P High (N=54) Low (N=54) P High (N=109) Low (N=109) P 

Age, mean (S.D.) 56.3(1.76) 58.9(1.66) 0.268 59.5(1.26) 55.2(1.35) 0.106 57.5(1.26) 57.6(1.24) 0.671 
Age at diagnosis, N (%)   0.341   0.083   0.588 
<60 30(54.5) 25(45.5)  23(42.6) 32(59.3)  53(48.6) 57(52.3)  
≥60 25(45.5) 30(54.5)  31(57.4) 22(40.7)  56(51.4) 52(47.7)  
Sex, N (%)   0.699   0.117   0.409 
M 33(60.0) 31(56.4)  28(51.9) 36(66.7)  61(55.9) 67(61.5)  
F 22(40.0) 24(43.6)  26(48.1) 18(33.3)  48(44.1) 42(38.5)  
Family history, N (%)   0.161   0.302   0.837 
Yes 2(3.6) 7(12.7)  11(20.4) 7(12.9)  13(11.9) 14(12.8)  
No 53(96.4) 48(87.3)  43(79.6) 47(87.1)  96(88.1) 95(87.2)  
Smoking, N (%)   0.381   0.837   0.455 
Yes 16(29.1) 12(21.8)  18(33.3) 17(31.5)  34(31.2) 29(26.6)  
No 39(70.9) 43(78.2)  36(66.7) 37(68.5)  75(68.8) 80(73.4)  
Drinking, N (%)   0.178   0.661   0.209 
Yes 16(29.1) 10(18.2)  15(27.8) 13(24.1)  31(28.4) 23(21.1)  
No 39(70.9) 45(81.8)  39(72.2) 41(75.9)  78(71.6) 86(78.9)  
TNM stage, N (%)   0.016   0.013   0.001 
I/II 13(27.3) 25(41.8)  11(20.4) 23(38.9)  24(22.1) 48(40.4)  
III/IV 42(72.7) 30(58.2)  43(79.6) 31(61.1)  85(77.9) 61(59.6)  
Tumor location, N (%)   0.127   0.701   0.416 
Colon 33(60.0) 25(45.5)  27(50.0) 29(53.7)  60(55.1) 54(49.5)  
Rectum 22(40.0) 30(54.5)  27(50.0) 25(46.3)  49(44.9) 55(50.5)  
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Figure 1. piR-54265 is overexpressed in CRC and associated with clinical outcomes. (A) Expression levels of the top 20 highly expressed piRNAs in CRC and paired 
non-tumor tissue samples from 110 individuals recruited at SYSUCC. Only piR-54265 shows significantly higher levels in CRC than in normal tissues (mean ± SEM; ***, P<0.001). 
(B) DNA copy number alterations of piR-54265 gene locus in CRC from TCGA database. (C) Lower methylation status of piR-54265 gene locus in CRC than in normal tissues 
based on TCGA database. (D) piR-54265 expression levels in CRC with different tumor stages (mean ± SEM). P-values by one-way ANOVA show significant difference among 
four groups. (E) Tumor piR-54265 expression levels of CRC in stage I-III and stage IV by RT-qPCR (mean ± SEM). P-values by Student’s t-test. (F-G) Kaplan-Meier estimates of 
progression-free survival (PFS) time (F) and overall survival (OS) time (G) in CRC patients with different piR-54265 levels in tumor. HR: hazard ratio; CI: confidence interval. 
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Figure 2. piR-54265 promotes CRC cell proliferation and invasiveness. (A-B) Overexpression of piR-54265 (A) promoted but knockdown of piR-54265 (B) 
suppressed CRC cell proliferation (mean ± SEM, N=6; *, P<0.05; **, P<0.01 and ***, P<0.001). (C) Effects of piR-54265 expression on the colony formation ability of CRC cells. 
Representative images (left panel) and quantification (right panel) of colony formation ability (mean ± SEM). (D-E) Effects of piR-54265 expression on subcutaneous xenograft 
growth in mice. Images of xenograft tumors (upper panels) and tumor growth curves as a function of time (lower panels). (F) Effects of piR-54265 on CRC cell apoptosis. Flow 
cytometry images (left panel) and quantitative statistics (mean ± SEM, N=3; **, P<0.01; ***, P<0.001) (right panel). (G-H) Effects of piR-54265 on the abilities of migration (G) and 
invasion (H) of CRC cells in vitro. Representative images of transwell assays (left panels) and quantitative statistics (mean ± SEM, N=3; **, P< 0.01; ***, P<0.001; ****, P<0.0001) 
(right panels). Scale bars, 100 μm. (I-L) Effects of piR-54265 expression on metastasis of CRC cells in mice. Luminescence imaging of metastases (I) and quantification (J-K) of 
radiance intensity (mean ± SEM, N=6 in each group). (L) H&E staining images of pathological sections of metastatic cancers in the lung, brain and bone in mice (scale bars, 500 μm). 
*, P<0.05; **, P<0.01; ***, P<0.001 and ****, P<0.0001 by Student’s t-test. OE: overexpression; KD: knockdown. 
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piR-54265 promotes CRC cell proliferation 
and invasiveness 

We next examined the effects of piR-54265 on 
malignant phenotypes of CRC cells by ectopic 
expression of piR-54265 or its antisense (Figure 
S5A-B). We observed that overexpression of 
piR-54265 in CRC cells substantially increased the rate 
of cell proliferation (Figure 2A), whereas knockdown 
of piR-54265 had the reverse results (Figure 2B). The 
colony formation ability in both CRC cells was 
markedly enhanced by piR-54265 overexpression but 
substantially suppressed by piR-54265 knockdown 
(Figure 2C). We injected CRC cells into the rear flank 
of nude mice and found that the growth rate of 
xenograft overexpressing piR-54265 was significantly 
higher than that of controls (Figure 2D). In contrast, 
the growth rate of xenograft with piR-54265 
knockdown was far slower than that of controls 
(Figure 2E). Flow cytometry analysis showed 
significantly decreased apoptosis in cells 
overexpressing piR-54265 compared with control 
cells; conversely, cells with piR-54265 knockdown had 
a significant increase in apoptosis (Figure 2F). Neither 
overexpression nor knockdown of piR-54265 had a 
significant effect on the cell cycle progression (Figure 
S5C), suggesting that the promoting effects of 
piR-54265 on CRC cell proliferation may be through 
inhibiting apoptosis. 

We then investigated the effects of piR-54265 on 
the capability of CRC cell migration and invasion in 
vitro and in vivo. We found that overexpression of 
piR-54265 significantly enhanced but knockdown of 
piR-54265 significantly suppressed the migration and 
invasion abilities of CRC cells in vitro (Figure 2G-H). 
Furthermore, we found that CRC cells with stable 
piR-54265 overexpression had remarkably increased 
lung metastasis compared with control cells as 
measured by luminescence imaging. In contrast, cells 
with stable knockdown of piR-54265 expression had 
significantly reduced lung metastasis compared with 
control cells (Figure 2I-K and Figure S6). In addition 
to lung metastasis, overexpression of piR-54265 
promoted CRC cells localized in other organs and 
tissues such as brain and bone (Figure 2L). Taken 
together, these results indicate that piR-54265 is an 
oncogenic piRNA capable of promoting proliferation 
and metastasis of CRC cells. 

piR-54265 binds PIWIL2 and facilitates 
PIWIL2/STAT3/p-SRC complex formation 

Having observed that piR-54265 promotes the 
malignant phenotypes of CRC cells, we next wanted 
to seek the molecular mechanism for this action. Since 
ncRNAs may be involved in the cis regulation of 

target genes located at the nearby genomic locus [35], 
we first examined the mRNA levels of 9 genes within 
about 2 mega-bases centering the gene generating 
piR-54265 (Figure S7A) and found no significant 
difference when piR-54265 expression was knocked 
down as compared with controls (Figure S7B), 
suggesting that piR-54265 might not function in this 
way. Another possible function we conjectured might 
be that piR-54265 interacts with PIWI proteins to 
perform the function as its name defines. Indeed, by 
RIP-qPCR and pulldown assays, we demonstrated 
that piR-54265 specifically binds PIWIL2, a member of 
the PIWI family (Figure 3A-B). Further pulldown 
assays using truncated PIWIL2 fragments and 
biotin-labeled piR-54265 showed that the piRNA 
binds the PIWI domain of PIWIL2 protein (Figure 
3C-D). 

We then investigated the molecular 
consequences of the interaction between piR-54265 
and PIWIL2. Previous studies have shown that 
PIWIL2 can directly recruit STAT3 to form 
PIWIL2/STAT3/p-SRC complex [23]. 
Co-immunoprecipitation assays confirmed that the 
PAZ domain of PIWIL2 is required for its interaction 
with STAT3 (Figure 3E). By using RNA pulldown and 
RIP assays, we further verified the association of 
piR-54265 with both STAT3 and p-SRC (Figure 3B-F). 
However, what is important is that we found that the 
PIWIL2/STAT3/p-SRC interaction in CRC cells 
varied when the piR-54265 expression was perturbed, 
although the levels of both PIWIL2, total STAT3 and 
SRC proteins were roughly constant (Figure 3G-H); 
these results indicated that piR-54265 may facilitate 
the formation of PIWIL2/STAT3/p-SRC complex.  

piR-54265 promotes oncogenic STAT3 
signaling 

Because piR-54265 overexpression or 
knockdown in CRC cells appeared to substantially 
affect only the level of phosphorylated STAT3 
(p-STAT3) but no other proteins (Figure 3H), we 
postulated that piR-54265 may function via activating 
STAT3 signaling pathway. We therefore examined the 
impact of piR-54265 on the expression or activation of 
STAT3-dependent molecules, focusing on those 
related to apoptosis and metastasis in CRC cells and 
xenograft tumors in mice. We found that CRC cells 
overexpressing piR-54265 had substantial 
up-regulation of p-STAT3 and BCL-XL but 
down-regulation of cleaved-CASP9, -CASP3 and 
-CASP7 compared with control cells; the reverse 
results were obtained in cells with piR-54265 
knockdown (Figure 4A). Immunohistochemical 
staining of these proteins in subcutaneous xenograft 
tumors formed by the same CRC cells also provided 
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consistent results (Figure 4B). Furthermore, we 
observed a substantial increase in the expression 
levels of metastasis-causing molecules, matrix 
metalloproteinase-2 (MMP2) and -9 (MMP9), which 
have been shown to be regulated by STAT3 [36, 37], in 

xenograft tumors where piR-54265 was overexpressed 
(Figure 4C). The reverse results were also seen in 
xenograft tumors when piR-54265 was knocked down 
(Figure 4B-C).  

We then performed rescue assays to verify that 

 
Figure 3. piR-54265 interacts with PIWIL2, facilitating PIWIL2/STAT3/p-SRC formation. (A) RNA immunoprecipitation assays showed specific bind of piR-54265 
to PIWIL2. Results are mean ± SEM of piR-54265 enrichment relative to input from three independent experiments. (B) Biotin-labeled piR-54265 RNA pulldown coupled with 
western blot analysis revealed interaction of piR-54265 with PIWIL2, STAT3 and p-SRC. (C) Schematic of the domain structure of PIWIL2 protein. (D) Biotin-labeled piR-54265 
RNA pulldown from lysates containing FLAG-tagged full-length or truncated PIWIL2 protein coupled with Western blot analysis revealed the interaction of piR-54265 with 
PIWIL2 via the PIWI domain in PIWIL2. (E) Co-immunoprecipitation assays revealed the interaction of STAT3 with PIWIL2 via the PAZ domain in PIWIL2. (F) RNA 
immunoprecipitation assays showed specific association of piR-54265 with STAT3 and p-SRC in CRC cells. Results are mean ± SEM of piR-54265 enrichment relative to input 
from three independent experiments. (G) Reciprocal immunoprecipitation assays showed that the interaction among PIWIL2, STAT3 and SRC in CRC cells was affected by 
piR-54265 expression. (H) Effects of overexpression or knockdown of piR-54265 on the expression levels of STAT3 and SRC and their phosphorylated forms detected by 
western blot. 
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the effects of piR-54265 on CRC cell are via PIWIL2 
and STAT3. The results showed that knockdown of 
PIWIL2 or STAT3 expression (Figure S8A) 
significantly inhibited proliferation, migration and 
invasion of CRC cells overexpressing piR-54265 

(Figure 4D-F and Figure S8B-C), suggesting 
important roles of PIWIL2 and STAT3 in 
piR-54265-induced malignant phenotypes of CRC 
cells. 

 
Figure 4. piR-54265 enhances oncogenic STAT3 signaling. (A) Effects of piR-54265 on expression and/or activation of proliferation and metastasis-related STAT3 
downstream modules in CRC cells detected by western blot. (B-C) Immunohistochemical (IHC) staining of proliferation- and metastasis-related STAT3 downstream modules 
in mouse xenograft tumors of CRC cells with overexpression or knockdown of piR-54265. IHC staining of proliferation-related molecules (B) and metastasis-related molecules 
(C). 200×; scale bars, 50 μm. (D) Knockdown of PIWIL2 or STAT3 affects piR-54265-induced CRC cell proliferation (each point in the curve represents mean ± SEM; N=6; **, 
P<0.01; ***, P<0.001). (E) Knockdown of PIWIL2 or STAT3 affects the piR-54265-induced migration (upper panel) and invasion (lower panel) abilities of CRC cells (mean ± SEM; 
N=6. ***, P<0.001; ****, P<0.0001). See also Figure S8B. (F) Knockdown of PIWIL2 or STAT3 affects piR-54265-induced CRC cell apoptosis (mean ± SEM; N=3; ***, P<0.001). 
See also Figure S8C. OE: overexpression; KD: knockdown. 
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Figure 5. piR-54265 is a therapeutic target in mouse xenograft tumors. (A-B) Effect of piR-54265 overexpression (OE) or knockdown (KD) on chemosensitivity of 
CRC cells to 5-FU (A) or oxaliplatin (B) as presented in statistic histograms of IC50 values. (mean ± SEM, N=6; ***, P<0.001; ****, P<0.0001). (C-D) Effects of piR-54265 
overexpression (OE) or knockdown (KD) on apoptosis of CRC cells induced by 5-FU (C) or oxaliplatin (D). Results are mean ± SEM (N=3). **, P<0.01; ***, P<0.001. See also 
Figure S8A. (E-F) Effects of piR-54265 on sensitivity of mouse subcutaneous xenograft tumors to chemotherapeutic agents. Overexpression of piR-54265 (OE) conferred 
xenograft tumor tolerance toward oxaliplatin (oxal) and 5-FU (E). Knockdown of piR-54265 (KD) conferred xenograft tumor sensitivity to oxaliplatin and 5-FU (F). Arrows 
indicate the time of drug treatment. All P<0.05 for repeated measurement of a general linear model. (G) Timeline schematic for intra-tumor treatment of mouse subcutaneous 
xenografts with antagopiR54265. Colored arrows indicate the times when different events occurred. (H-I) Injection of antagopiR54265 into xenograft tumors significantly 
suppressed tumor growth. Images of xenograft tumors with or without injection of antagopiR54265 (H) and the growth curves of xenografts (I). Each point in the curves presents 
mean ± SEM (N=5). *, P<0.05; **, P<0.01 compared with each control. (J) Timeline schematic for treatment of mouse metastatic tumors with antagopiR54265 alone or 
combination with 5-FU. Colored arrows indicate the times when different events occurred. (K-L) Injection of antagopiR54265 via tail vein significantly suppressed tumor spread 
and metastasis. Radiant images of metastatic tumors in mice (K) and quantitation of tumor metastasis indicated by radiance intensity (L). Each point in the curve is mean ± SEM 
of radiance (N=5). *, P<0.05; **, P<0.01 and ***, P<0.001. (M) Survival times of mice with metastatic tumors treated with or without antagopiR54265 or antagopiR54265 plus 
5-FU. All log-rank P<0.05 compared with control group. 
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piR-54265 is a therapeutic target in mouse 
xenograft tumors  

Since overexpression of piR-54265 prevents CRC 
cells from undergoing apoptosis and was associated 
with prognosis of CRC patients who received 
postoperative chemotherapy, we thus investigated 
whether this piRNA is involved in chemo-sensitivity. 
We observed that CRC cells overexpressing piR-54265 
had significantly higher half maximal inhibitory 
concentrations (IC50) toward 5-FU and oxaliplatin, 
while cells with piR-54265 knockdown had 
significantly lower IC50 compared with their controls 
(Figure 5A-B). Flow cytometry analysis demonstrated 
that the insensitivity to the chemotherapeutic agents 
of CRC cells overexpressing piR-54265 was due to a 
decrease in the apoptosis induced by the agents 
(Figure 5C-D and Figure S9A). These in vitro results 
encouraged us to perform experimental 
chemotherapy using 5-FU, oxaliplatin or combined 
regimen in a mouse xenograft tumor model. We 
found that subcutaneous tumors formed from CRC 
cells overexpressing piR-54265 were more resistant to 
the chemotherapy than tumors derived from the cells 
without piR-54265 overexpression (Figure 5E), while 
subcutaneous tumors with knockdown of piR-54265 
had a better response to these agents (Figure 5F). 
These results indicate that overexpression of 
piR-54265 plays an important role in conferring 
chemotherapy insensitivity to CRC cells, and 
targeting piR-54265 might provide a new approach 
for CRC treatment. 

To test whether targeting piR-54265 might 
suppress tumor growth and metastasis, we conducted 
experimental therapy in mouse subcutaneous 
xenograft and metastatic tumor models using 
antagopiR54265, a specific chemically modified 
piR-54265 inhibitor with suitable pharmacokinetic 
properties for in vivo study. We injected 
antagopiR54265 or scramble sequence directly into 
subcutaneous tumors (Figure 5G) and observed that 
after 5-8 injections, subcutaneous tumors treated with 
antagopiR54265 had significantly reduced tumor 
volume compared with those treated with scramble 
controls (Figure 5H-I). We also injected this 
antagopiR54265 or its control through the tail vein 
into blood to treat metastatic tumors when tumor 
sizes reached a certain threshold (Figure 5J) and 
similar results were obtained showing that mice 
treated with antagopiR54265 had significantly 
reduced tumor burdens and longer survival time 
compared with controls (Figure 5K-M). Furthermore, 
combined treatment of antagopiR54265 with 5-FU had 
greater efficacy than treatment with each agent alone 
(Figure 5K-M). In addition, treatment of mice with 
antagopiR54265 showed no apparent side-effects 

because no significant differences in animal 
body-weight gain were seen over the course of 
intra-tumor (Figure S9B) or intravenous injection 
(Figure S9C), implying a low toxicity of this piRNA 
inhibitor. 

piR-54265 occurs in serum of CRC patients and 
predicts clinical outcomes 

Since small ncRNAs can be found in blood 
samples and might serve as feasible biomarkers, we 
examined whether piR-54265 can be detected in 
serum of CRC patients. By Northern blotting assays of 
randomly selected serum samples, we verified the 
existence of piR-54265 (Figure 6A). We then 
established a RT-qPCR approach to determine the 
serum piR-54265 level and found that piR-54265 was 
relatively stable in serum by analyzing samples stored 
for different times and at room temperature (Figure 
6B). We found that the serum piR-54265 levels were 
up-regulated in a CRC stage-dependent manner and 
the levels were highest in patients with metastatic 
CRC (Figure 6C). The piR-54265 levels in patients’ 
serum were significantly correlated with that in tumor 
tissues (Figure 6D). We also investigated correlations 
between serum piR-54265 levels and PFS or OS in our 
patient sets and the results showed that, like the 
piR-54265 levels in tumors, serum piR-54265 levels 
were significantly correlated with survival times in 
both sets and combined samples (Figure 6E). Because 
piR-54265 is involved in sensitivity to 
chemotherapeutic agents, we further examined the 
correlation between serum piR-54265 levels and 
curative efficacy of preoperative neoadjuvant 
chemotherapy of 5-FU and oxaliplatin in CRC 
patients. We found that patients with low serum 
piR-54265 level had significantly better response to 
chemotherapy than those with high serum piR-54265 
level in patients recruited at SYSUCC (SYSUCC2, 
N=215, P=0.010; Table S2 and Figure 6F) and at 
Cancer Hospital, Chinese Academy of Medical 
Sciences (CHCAMS, N=102, P=0.019; Table S3 and 
Figure 6G) and combined samples (N=317, P<0.0001; 
Figure 6H). Next, we evaluated the diagnostic 
performance of serum piR-54265 level in predicting 
curative effect of treatment of 5-FU and oxaliplatin in 
patients. The receiver operating characteristic (ROC) 
curves built with 215 cases at SYSUCC2 as the model 
set, 102 cases at CHCAMS as the validation set and 
combined samples of both sets yielded area under the 
ROC curves (AUCs) of 0.819 (P<0.0001, 95% 
CI=0.761-0.868), 0.808 (P<0.0001, 95% CI=0.718-0.879) 
and 0.811 (P<0.0001, 95% CI=0.764-0.853), 
respectively, indicating a highly significant 
association between serum piR-54265 levels and 
disease progression or control rate of chemotherapy 
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in CRC patients (Figure 6I). Based on the selection 
principle of maximum value of Youden’s J statistic, 
the optimal cutoff power of serum piR-54265, 0.0119, 
was achieved from the combined sample 
corresponding to a sensitivity of 66.7% and specificity 
of 88.5%, which effectively or accurately discriminates 
the disease progressors from non-progressors 
including clinical beneficiaries with CR, PR or SD 
after neoadjuvant chemotherapy. Different cutoff 
values employed different sensitivities and 
specificities, which could be selected according to the 
clinical applications (Table 4). 

Discussion 
In the present study, we have identified for the 

first time that piR-54265 is an oncogenic piRNA in 
human CRC. The overexpressed piR-54265 may 
function as an essential mediator to activate STAT3 
signaling, consequently enhancing proliferation and 
promoting invasion and metastasis of CRC cells. We 
have demonstrated in mice xenograft models that 
treatment with piR-54265 inhibitor is effective in 
suppressing tumor growth and metastasis. 
Remarkably, we have further found that the levels of 
piR-54265 in CRC tissues is correlated with the levels 
in serum of patients, both of which are highly 
associated with clinical outcomes such as resistance to 
chemotherapy and poor survival in CRC patients. 
Together, these findings shed new light on the 
important role of some piRNAs in the development 
and progression of human cancer and highlight the 
potential use of certain piRNAs as treatment targets 
and valuable diagnostic and prognostic biomarkers 
for cancer. 

Although piRNAs account for the major 
proportion of small ncRNAs in cells and have been 
proved to be involved in somatic functions [15, 16], 
little has been known about their roles in human 
cancer. Emerging reports have shown aberrant 
expressions of certain piRNAs in some types of 
human cancer, indicating that this class of ncRNAs 
may be important in cancer development and 
progression [38-40]. In this study, we selected the top 
20 highly expressed piRNAs in CRC tissues from 
TCGA and GEO databases and examined their 
expression levels in our sample sets. Among the 20 
piRNAs, only piR-54265 was significantly 
overexpressed in CRC tissues compared with normal 
tissues, suggesting that piR-54265 may play an 
oncogenic role in a CRC tissue-specific manner. We 
have also investigated the biological functions of 
piR-54265 in CRC and demonstrated that piR-54265 is 
able to specifically interact with the PIWI domain of 
PIWIL2 protein and mediates the formation of 
PIWIL2/STAT3/p-SRC complex, in which STAT3 is 
phosphorylatively activated by p-SRC [23]. This 
newly identified piR-54265 function in CRC cells 
might serve as an example for studies on other 
piRNAs and other types of human cancer. Many 
studies have shown STAT3 as an oncogenic signaling 
that causes anti-apoptotic and pro-metastatic effects 
[41, 42]. Indeed, we confirmed the overexpression 
and/or aberrant activation of STAT3 downstream 
modules such as the anti-apoptotic BCL-XL and 
pro-metastatic MMP2 and MMP9 pathways, which 
are substantially enhanced by piR-54265. These 
findings extend our current knowledge about the 
biological functions of piRNAs and their important 
roles in human cancer.  

 

Table 4. Sensitivity and specificity for curative effect of 5-FU and oxaliplatin-based chemotherapy of CRC by cutoff points of serum piR-54265 level 

Serum 
piR-54265 level 
(Power value) 

SYSUCC sample 
CR/PR/SD (N=200) versus PD (N=15) 

CHCAMS sample 
TRG1/2/3 (N=87) versus TRG4/5 (N=15) 

Combined sample* 
CR/PR/SD (N=287) versus PD (N=30) 

Sensitivity Specificity Youden’s 
index# 

Sensitivity Specificity Youden’s index# Sensitivity Specificity Youden’s 
index# 

≥0.00018 100.0 0.0 0.000 100.0 0.0 0.000 100.0 0.0 0.000 
>0.00765 73.3 51.0 0.243 80.0 63.1 0.431 80.0 53.3 0.333 
>0.01072 73.3 81.5 0.482 66.7 85.1 0.518 66.7 82.6 0.493 
>0.01181 66.7 87.0 0.537 66.7 90.8   0.575** 66.7 86.3 0.531 
>0.01186 66.7 87.5 0.542 65.8 90.8 0.566 66.7 88.5   0.552** 
>0.01227 66.7 90.0   0.567** 53.3 93.1 0.464 60.0 90.6 0.506 
>0.01455 40.0 95.0 0.351 53.3 100 0.533 46.7 96.5 0.432 
*In combined samples, TRG1/2/3 was combined with CR/PR/SD and TRG4/5 was combined with PD for analysis. 
**The highest J in respective ROC curves.  
#Youden index (J) = Sensitivity + Specificity – 1. Higher J indicates higher probability of an informed decision in multiclass case statistically.  
CHCAMS: Cancer Hospital, Chinese Academy of Medical Sciences (Beijing, China); SYSUCC: Sun Yat-sen University Cancer Center (Guangzhou, China). 
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Figure 6. Serum piR-54265 predicts clinical outcomes of CRC patients. (A) Northern blot of piR-54265 in randomly selected serum samples from individuals with 
CRC confirmed its existence and expected molecular size of 29 nucleotides. (B) Stability of serum piR-54265 under different storage conditions. piR-54265 levels in sera of 8 
randomly selected individuals with CRC were detected: 1, at day 1 (2017/04/16); 2, after storage at –80 °C for about 7 months (2017/11/21); and 3, after storage at room 
temperature for 80 h (mean ± SEM, N=3; all differences are not significant). (C) Serum piR-54265 levels in tumors of different stages (mean ± SEM). P-value by one-way ANOVA 
shows difference among four groups, Stage I, II, III and IV (left panel). P-value by Student’s t-test shows the significant difference between Stage I–III and IV (right panel). (D) The 
levels of piR-54265 in serum were positively correlated with the levels of piR-54265 in tumors from patients recruited at SYSUCC, AHSU and combined samples. (E) 
Kaplan-Meier estimates of progression-free survival time (upper panel) and overall survival time (lower panel) in CRC patients with different serum piR-54265 levels. HR: hazard 
ratio; CI: confidence interval. (F-H) Outcomes of 5-FU and oxaliplatin-based neoadjuvant chemotherapy in patients with CRC as a function of serum piR-54265 level. Shown are 
the results of SYSUCC2 sample (F), CHCAMS sample (G) and combined samples (H). P-value by Chi-square test. (I) Diagnostic performance of serum piR-54265 levels in 
predicting curative effect of 5-FU and oxaliplatin-based chemotherapy by receiver operating characteristic (ROC) curves analyses in the two patient sets and combined samples. 
AUC: area under ROC curves. See also Table 4. 
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Another interesting finding is that piR-54265 is 
involved in drug-sensitivity of CRC cells. We found 
that CRC cells with piR-54265 overexpression were 
resistant while those with piR-54265 knockdown were 
sensitive to 5-FU and oxaliplatin, two first-line drugs 
routinely used for chemotherapy of advanced CRC 
[4]. The underlying mechanism seems to be the 
anti-apoptotic role of piR-54265. Serum piR-54265 
levels are positively correlated with tumor piR-54265 
levels in CRC patients. We observed a better response 
to the chemotherapeutic regimen in individuals with 
low serum piR-54265 level compared with those with 
high serum piR-54265 level. These findings would be 
important and promising in terms of developing a 
simple molecular biomarker for predicting the 
efficacy of neoadjuvant chemotherapy based on 5-FU 
and oxaliplatin for advanced CRC, since the curative 
effects of this therapy vary greatly in individuals [5] 
and there are currently no effective measures to 
predict who will benefit from the therapy. 

Because piR-54265 shows oncogenic effect and 
upregulates in a stage-dependent manner, we 
assumed that it may be a valuable therapeutic target 
for CRC. By carrying out experimental treatment in 
xenograft tumor models with a synthetic inhibitor of 
piR-54265, we found that administration of 
antagopiR54265 directly into the tumor or vein 
substantially reduced the growth and metastasis of 
xenografts in mice. Furthermore, combined 
administration of antagopiR54265 with 5-FU showed 
an increased anticancer effect. Interestingly, we 
observed that administration of antagopiR54265 to 
mice did not show apparent side-effects, which is 
reflected by the similar bodyweight gain compared 
with control mice treated with a scrambled sequence. 
Although further investigations should be performed 
to systematically evaluate the potential toxicity 
caused by the inhibition of piR-54265, the results in 
the current study suggest that piR-54265 may be a 
druggable target for effective treatment of CRC.  

It is critical to find out an approach to better 
capture the variability that defines the clinical 
behavior of CRC. In this context, our identification of 
piR-54265 in CRC has revealed a new level of 
biological complexity having the potential to define a 
subgroup that has a differential response to 
neoadjuvant chemotherapy and survival time. 
Therefore, it is rational to infer that piR-54265 could 
be built into molecular diagnostic strategies for risk 
stratification of CRC. It is fascinating that piR-54265 
can readily and easily be detected in the serum of 
individuals with CRC and the level reflects well the 
level in CRC tissues and can also predict the 
differential clinical outcomes. Thus, serum piR-54265 
is a promising surrogate that may serve as a 

noninvasive biomarker for predicting the efficacy of 
neoadjuvant chemotherapy and clinical outcomes in 
CRC patients. 

In conclusion, we have identified piR-54265 as an 
oncogenic piRNA in CRC and elucidated its 
underlying molecular mechanism for driving CRC 
cell malignant phenotypes. Suppression of CRC cell 
growth and metastasis in mice by treatment with 
piR-54265 inhibitor highlights that piR-54265 may be 
a novel therapeutic target for CRC. Furthermore, 
serum piR-54265 may serve as a prediction marker for 
response to chemotherapy and prognosis in CRC 
patients. However, although this study was designed 
with three independent patient sets for validation, 
studies with prospective design and multicenter 
replication are needed to validate our findings. In 
addition, it would be interesting to explore whether 
piR-54265 also plays the same role in other types of 
human cancer. 
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