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Abstract

Long noncoding RNAs (IncRNAs) are implicated in human cancer, but their mechanisms of action
are largely unknown. In this study, we investigated IncRNA alterations that contribute to colorectal
cancer (CRC) through microarray expression profiling in CRC patient samples. Here, we report
that the CRC-associated INCRNA PVT1-214is a key regulator of CRC development and
progression; patients with high PVT1-214 expression had a shorter survival and poorer prognosis.
In vitro and in vivo investigation of the role of PV T1-214revealed a complex integrated phenotype
affecting cell growth, stem-like properties, migration, and invasion. Furthermore, using RNA pull-
down and mass spectrometry, we found that Lin28 (also known as Lin28A), a highly conserved
RNA-binding protein, is associated with PV/71-214. Strikingly, we found that PV/T1-214 not only
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upregulated Lin28 protein expression in CRC cells by stabilizing Lin28, but also participated in
crosstalk with L/in28 mRNA through competition for miR-128 binding, imposing an additional
level of post-transcriptional regulation. In addition, we further show that PV/71-214 repressed
expression of let-7 family miRNAs, which was abrogated by Lin28 knockdown. Taken together,
our findings support a model in which the PV 71-214/Lin28/let-7 axis serves as a critical regulator
of CRC pathogenesis, which may simulate a new direction for CRC therapeutic development.

INTRODUCTION

Human genome sequence data indicate more than 90% of the genome is transcribed into
RNA, but only 2% of these transcripts encodes proteins, whereas the vast majority are
referred to as noncoding RNAs (ncRNA) 12, Based on the RNA length, ncRNAs are
conventionally divided into small ncRNAs (less than 200 nucleotides [nt]) and long ncRNAs
(greater than 200 nt). Small ncRNAs, such as miRNAs, have been extensively studied, and
their roles involved in multiple signal pathways contributing to gene regulation and cell
function are well characterized in various cancer types 3. Recently, IncRNAs have been
implicated in control of cellular proliferation, apoptosis, differentiation, migration and/or
invasion, and their dysregulated expression occurs in multiple human cancers 4. LncRNAs
are key mediators of tumorigenesis and progression by regulating oncogenic and tumor-
suppressive pathways 6. With recent advances in genomic sequencing, numerous novel
transcripts are being discovered and stimulated the debate as to the functional transcripts.
The ENCODE project suggests that annotated IncRNAs usually exhibit 2-40 isoforms per
IncRNA locus 7; however, it still remains an unresolved question to whether the splicing of
IncRNAs is biologically meaningful. Recent studies indicate that RNA splicing isoforms are
relevant to IncRNA functionality and regulation 82,

In this study, we performed a comprehensive analysis to assess the differences between
IncRNAS expression profiles in colorectal cancer (CRC), compared to paired adjacent non-
tumor tissues using INcRNA microarray. Overall, we observed 1085 upregulated InNcRNAs
and 1161 down-regulated IncRNAs in CRC samples. Among these, there were 14 PVT1
IncRNA transcripts. Intriguingly, the transcript PV/71-214 (Ensembl ID:
ENST00000522875; 922 bp) was remarkably increased in human CRC tissues. PVT1is
located on chromosome 8q24.21, and its expression is upregulated in several cancers,
including gastric, liver, lung, esophageal, colorectal, and osteosarcoma 19-16, and its targets
include FOXM1 (13), NOP2 (15), EZH2 (16), and c-MYC 17. Additionally, Yan and
colleagues 18 showed that SOX2 binds to the PV/71 promoter and enhances its transcription.
Identification of the upstream and downstream targets of PV/71 and the molecular
mechanisms underlying its oncogenic functions and those of its transcripts will help
elucidate its critical role in tumorigenesis. Although Takahashi and Guo reported that PV/71
serves as an oncogene in CRC cells 1219, the molecular mechanisms and downstream
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effector pathways of PV/71-214in CRC cells are still unclear. Therefore, in this study, we
characterized the pathologic relevance of PV/71-214in CRC pathogenesis.

RESULTS
PVT1-214 is upregulated in human CRC tissues

Given the role of IncRNAs and mRNAs in tumor pathogenesis, we set out to identify
transcripts that potentially drive colorectal tumorigenesis. To do this, we performed
microarray analysis on matched colorectal tumor and non-tumor samples from 6 CRC
patients, and determined their IncRNA and mRNA expression profiles. Hierarchical
clustering identified systematic variations in the expression of INcRNAs between CRC
tissues and matched adjacent non-tumorous tissues (Figure 1a; Supplementary Figure S1;
Supplementary Table S1). Microarray data were archived in NCBI Gene Expression
Omnibus (GEO) and are accessible via GEO accession number GSE109454 (https://
www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE109454). We focused mainly on the
upregulated IncRNAs because they can be readily as early diagnosis markers or therapeutic
targets, compared to the down-regulated IncCRNAs. In particular, we found that the 14 PVT1
transcripts were remarkably increased in CRC tissues (Supplementary Table S2). To validate
our microarray findings, 11 transcripts with sequence lengths more than 500 nt were
analyzed by gRT-PCR in 6 pairs of CRC tissues and corresponding non-tumor tissues from
cohort 1 (Supplementary Figure S2a). qRT-PCR analysis confirmed the microarray findings,
demonstrating that the 11 PV/71 transcripts were differentially upregulated in CRC.
Importantly, expression of the transcript PV/71-214 (Ensembl ID: ENST00000522875; 922
bp) was uniformly increased more than five times, compared with non-tumor tissues (P <
0.0001; Supplementary Figure S2a), implying that PV/T1-214 may be associated with
tumorigenesis or progression of CRC. Thus, we focused on this PV T1-214 transcript
(human chromosome 8; 129001506-129108902; sequence listed in Supplementary Figure
S2b), and explored its expression pattern, clinical significance, and biological function in
CRC.

To confirm the role of PV T1-214in CRC, we examined 45 paired CRC/non-tumor tissue
specimens (Supplementary Table S3, cohort 1) and found that PV/71-214 levels were
significantly higher in CRC tissues (P < 0.001; Figure 1b). Next, receiver operating
characteristic (ROC) curve was performed to assess the sensitivity and specificity of
PVT1-214 expression in differentiating CRC from normal tissues. Notably, PVT1-214
showed remarkable predictive significance, with an area under the ROC curve of 0.803 [95%
Cl, 0.705-0.902; £=0.001; Figure 1c]. Additionally, ISH showed that PV/71-214was
expressed in both the cytoplasm and nucleus of CRC tumor cells, but not in adjacent normal
tissue (Figure 1d and e). Accordingly, these results strongly indicate that PVT1-214is
upregulated in CRC.

PVT1-214 expression is associated with CRC progression and poor prognosis

To evaluate whether PV T1-214 expression level is correlated with CRC progression, we
investigated the association between PVT1-214and clinicopathological characteristics of
CRC patients. We measured PV T1-214 expression in tumor samples from the second
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independent cohort including 92 CRC patients (Supplementary Table S4, cohort 2) by gRT-
PCR. According to the median ratio of relative PV/T1-214 expression, patients were divided
into two groups: the high group was defined by a PV/T1-214 expression ratio = median ratio,
and the low group was defined by a PV/T1-214 expression ratio < median ratio. As
illustrated in Table 1, greater PV/71-214 expression was positively associated with tumor
size (P=0.029), distant metastasis (= 0.020), and TNM stage, according to the American
Joint Committee on Cancer (AJCC) staging system (2= 0.030). Moreover, kaplan-Meier
analysis and log-rank test showed a positive correlation between tumor-associated
PVT1-214 expression, and reduced overall survival (P= 0.010; Figure 1f) and recurrence-
free survival (P=0.006; Figure 1g). Additionally, multivariate analysis showed that
PVT1-214 expression (95% Cl, 1.579-5.186; £=0.008) and distant metastasis (95% ClI,
1.211-4.032; P=0.022) were independent prognostic factors for overall survival in CRC
(Supplementary Table S5).

PVT1-214 promotes CRC cell proliferation, stem-like properties, migration, and invasion in

vitro

To confirm the biological effects of PV/71-214 on CRC development, we first measured the
baseline levels of PVT1-214in 5 CRC cells lines and a normal human colonic epithelial cell
line, NCM460. We found that PV/T1-214 expression was significantly elevated in CRC cells
lines compared to NCM460 cells (Supplementary Figure S3a). Additionally, we observed
that PVT1-214in SW480 and HCT116 cells is distributed in both the cytoplasm and
nucleus, but is expressed more highly in the cytoplasm (Supplementary Figure S3b). Next,
we constructed CRC cell lines with either stable PV/T1-214 overexpression, or PVT1-214
knockdown (Figure 2a; Supplementary Figure S4a). We found that compared to the
paralleled stable cell lines with the empty vector, exogenous expression of PVT1-214
accelerated the proliferative capacity of SW480 and HCT116 cells (Figure 2b). Consistent
with the phenotype of increased cell proliferation, immunofluorescent staining for 5-
ethynyl-2’-deoxyuridine (EdU) incorporation confirmed that SW480-PV/71-214 and
HCT116-PVT1-214 cell populations contained more EdU-positive cells with new DNA
synthesis, 51.2% and 42.7%, respectively, compared with the control cell populations
(30.8% and 27.3%, respectively; Figure 2c and d). Next, we performed fluorescence-
activated cell sorting (FACS) to detect cellular DNA content changes during cell cycle. We
found that both PV T1-214-overexpressing SW480 and HCT116 cells displayed relatively
decreased proportions of cells in G1-phase, but had a significant increase in the percentage
of cells in S-phase (Figure 2e and f). Conversely, knockdown of PV/71-214 suppressed CRC
cell proliferation (Supplementary Figure S4b), decreased EdU staining (Supplementary
Figure S4c and d), and reduced proportions of cells in S-phase (Supplementary Figure S4e
and f). Together, these findings show that PV T1-214 exerts a role in stimulating CRC cell
proliferation.

In attempt to understand the function of PV/71-214in tumor initiation, we carried out in
vitro sphere formation assays using SW480 cells and found that PV/71-214 overexpression
promotes faster spheroid formation, suggesting an increased stem-like potential compared
with control cells. SW480-PVT1-214 cells formed spheres within 7 days in serum-free
media, and the full spherical morphology was achieved within 14 days. In contrast, control
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SW480 cells took 21 days to generate spheroids (Figure 2g). To investigate whether
PVT1-214 plays a role in metastasis, we performed Transwell migration assays, and found
that up-regulation of PV/T1-214significantly enhanced the migratory (Figure 2h and i) and
invasive capacity (Figure 2j and k) of SW480 and HCT116 cells, whereas PVT71-214
knockdown abolished the aforementioned effects (Supplementary Figure S4g—j). Thus, these
results suggest that PV 71-214 promotes CRC initiation and metastasis in vitro.

PVT1-214 induces tumorigenesis and metastasis of CRC cells in vivo

To evaluate the effects of PV/71-214 on tumorigenesis in vivo, we injected HCT116 cells
expressing either PV/T1-214 or empty vector subcutaneously into nude mice for xenograft
implantation. We found that PV/T1-214-overexpressing xenografts grew faster than control
xenograft tumors and were significantly larger, demonstrated by increased mean tumor
weight and volume (Figure 3a—c). Moreover, PV/T1-214-expressing xenograft tumors
displayed increased Ki67 and cyclinD1 expression, indicating these tumors were more
proliferative than control tumors (Figure 3d). To investigate the effect of PV/71-2140n CRC
liver metastases, we used an in vivo spleen-hepatic metastasis model, whereby 5 x 106
PVT1-214-overexpressing and control HCT116 cells were injected into the spleen of
BALB/c-nude mice and metastasis to the liver was evaluated using bioluminescence
imaging. Five weeks after injection, we found that PV/71-214 overexpression significantly
enhanced hepatic metastasis, confirmed by bioluminescence imaging (Figure 3e) and
quantification of liver surface metastatic foci (Figure 3f). In summary, we suggest that
PVT1-214is a cellular proto-oncogene that promotes CRC development and metastases.

PVT1-214 binds Lin28 and stabilizes its expression

Several recent studies have indicated that many IncRNAs regulate signal pathways via
interacting with specific proteins 1012, To determine whether PV/71-214 affects the behavior
of CRC cells by this way, we sought to identify proteins associated with PV/71-214by RNA
pull-down assay. RNA-associated proteins were analyzed by SDS-PAGE and silver staining
(Figure 4a), and the binding band specific to the PV T1-214 pull-down were excised and
subjected to mass spectrometry (Supplementary Table S6). Interestingly, Lin28 was
identified from three independent RNA pull-down assays by western blotting in SW480 cell
extracts (Figure 4b). We next performed RIP with an antibody against Lin28 using cell
extracts from SW480 cells, and observed enrichment of PV 71-214 pull-down (Figure 4c).
Notably, deletion-mapping analyses identified that the 3’-end (672-922 nt) of PVT1-214 s
required for association with Lin28 (Figure 4d). Finally, we analyzed the interaction
between PVT1-214 and Lin28 using RIP in cytoplasmic and nuclear fractions, and found
that PVT1-214and Lin28 interaction occurs in the cytoplasmic fraction (Supplementary
Figure S5a). Therefore, these findings indicated the specific association between PVT1-214
and Lin28.

Next, we attempted to determine the functional relevance for associations between
PVT1-214and Lin28. We detected significant up-regulation of Lin28 in PVT1-214-
overexpressing SW480 and HCT116 cells, while PV/T1-214 knockdown resulted in
downregulation of Lin28 (Figure 4e). Importantly, we did not observe a significant change in
LinZ8 mRNA levels (Supplementary Figure S5b). Similar results were observed in
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PVT1-214-overexpressig xenograft tumors by western blot and IHC analysis
(Supplementary Figure S5c and d). Additionally, no differences in L/n28 mRNA expression
were observed in vivo (Supplementary Figure S5e). Then, we hypothesize that PV/71-214
binds to Lin28 and exerts function at the posttranscriptional or translational level. To
investigate these hypotheses, we found that, compared to DMSO-treated control cells, Lin28
was decreased by the protein synthesis inhibitor cycloheximide (CHX) and increased by the
proteasome inhibitor MG-132 (Figure 4f). We next treated PV/T71-214-overexpressing
SW480 cells with CHX or MG-132, and found that only MG-132 abolished the changes in
Lin28 protein levels in PV T1-214-overexpressing cells (Figure 4g), suggesting that Lin28
degradation occurs via the ubiquitin-proteasome pathway. Together, these data suggest that
PVT1-214reduces Lin28 protein degradation and enhances its stability in CRC cells.

PVT1-214 acts as a molecular sponge for miR-128 and controls the miR-128 target, Lin28

Concerning epigenetic regulation of targets in the nucleus, emerging studies have
demonstrated that certain INcRNAs can act as competing endogenous RNAs (ceRNA),
functioning as microRNA sponges to regulate expression of target genes in the cytoplasm.
Several studies have identified that /7. might act as a ceRNA and sponge for miR-152 20,
miR-195 16, or miR-203 14. Interestingly, bioinformatics analysis of miRNAs target
recognition sequences on PV71-214and the 3'-UTR of Lin28revealed that miR-128 is
complementary to PV/T1-214 sequence, as well as to the Lin283’-UTR (Figure 5a). To
confirm this finding, we cloned the PV T1-214 cDNA downstream of the luciferase gene
(pGL3-PVT1-214-wt), and transfected it together with miR-128, or a negative control. We
found that when miR-128 was overexpressed, luciferase activity was reduced by 39%,
compared to the control of empty vector (Figure 5b). To further determine whether the
luciferase activity decrease expression from the pGL3-PVT1-214-wt vector was associated
with direct interaction between miR-128 and PV71-214 putative binding site, we mutated
the miR-128 binding site by site-directed mutagenesis, generating a pGL3-PVT1-214-mut
vector. As expected, point mutations in the tentative PV/71-214 abrogated the repressive
effect of miR-128 (Figure 5b).

The core component of miRNA ribonucleoprotein complexes (miRNPSs) silencing
complexes in the cytoplasm, present in anti-Ago2 immunoprecipitates to form RNA-induced
silencing complexes (RISCs), generally containing miRNAs and their interacting RNA-
components 2122 To test whether PV/71-214 associates with miRNPs, we performed RIP
experiments using anti-Ago2 in SW480 cell extracts. We found that PV/71-214and miR-128
were preferentially enriched (262-fold; 255-fold) in Ago2-containing miRNPs compared to
anti-lgG immunoprecipitates. RIP primers against human FOS verified successfully the
Ago2-associated RNA immunoprecipitation by gRT-PCR (Figure 5c, top panel). Besides,
the positive control for the RIP procedure showed that U7 snRNA was enriched at
significant level in anti-SNRNP70 than anti-lIgG immunoprecipitates (Figure 5c¢, bottom
panel). Thus, our results demonstrate that PV/71-214 is present in Ago2-containing miRNPs,
likely through interaction with miR-128, consistent with our bioinformatic analysis and
luciferase activity results.
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Next, to test whether miR-128 targets the Lin283’-UTR, we performed western blotting for
Lin28 in the presence of miR-128 mimics or inhibitor. We observed decreased Lin28
expression when SW480 and HCT116 cells were treated with the miR-128 mimics,
indicating that miR-128 downregulates Lin28 protein expression (Supplementary Figure
S6a). To confirm this mechanism, we cloned the human £/n283’-UTR into the pGL3-
luciferase reporter vector, and constructed two miR-128 binding mutants in which the
putative miR-128 binding sitess ACUGU, CACUGU in the £in283’-UTR were mutated into
UGACA, GUGACA, respectively (Supplementary Figure S6b, top panel). As expected,
double luciferase report results showed miR-128 mimics resulted in significant repression of
Lin28transcript levels, however, point mutations in the L/n283’-UTR abrogated the
repressive effect of miR-128 (Supplementary Figure Séb, bottom panel). Collectively, these
results establish that Lin28 is a target of miR-128.

Furthermore, to investigate whether PV/T1-214 regulates Lin28 expression by sponging
miR-128, we detected the level of miR-128 in PV/T1-214 or PV/T1-214 mutation of the
putative miRNA recognition element (MRE) overexpressed-HCT116 cells, and found
ectopically expressed PV/T1-214, but not the mutant, significantly sequestered the miR-128
expression (Figure 5d). Next, to validate whether PV/T1-214 can regulate Lin28 expression
via competition for miR-128 binding, as shown in Figure 5e, PV T1-214 significantly
increased Lin28 protein expression, however, mutagenesis of the miR-128 recognition
element in PV T1-214 abrogated the function effectively. Conversely, inhibition of miR-128
overcame the suppression of Lin28 by PV/T1-214 knockdown (Figure 5f). Moreover, we also
evaluated the effect of PV/T1-214 expression on endogenous Lin28 with or without
exogenous miR-128 expression, and found that PV/71-214 overexpression significantly
rescued the silencing effect of miR-128 on Lin28 protein expression (Figure 5g). In human
CRC samples (n = 45), we also observed a statistically significant inverse correlation
between PVT1-214and miR-128 transcript levels (two-sided Pearson correlation, r =
-0.527, P=0.001, Figure 5h). Together, these data indicate that by interacting with
miR-128, PVT1-214also acts as a molecular sponge for the miR-128 target L/in28, to partly
modulate the derepression of Lin28 in post-transcriptional level.

PVT1-214 represses let-7 family miRNAs expression through Lin28 upregulation

The RNA binding protein Lin28 and Lin28B specifically binds to the Let-7 miRNAs loop
region to inhibit their biogenesis through preventing both Drosha- and Dicer-mediated
cleavage, then accelerates the turnover of let-7 precursors 2324, Consistent with this,
expression of let-7a and let-7f were dramatically decreased when Lin28 was overexpressed
(Supplementary Figure S7a); conversely, Lin28 knockdown increased let-7a and let-7f
expression (Supplementary Figure S7b). However, these primary transcripts were not
induced in Lin28 knockdown cells (Supplementary Figure S7¢). Therefore, we speculated
that PVT1-214 may inhibit let-7 family members through up-regulation of Lin28. To
determine this, we examined mature miRNA levels of individual let-7 family members in
SW480 cells stably overexpressing PV T1-214. As expected, let-7a, let-7b, let-7d, let-7f,
let-7g, and let-7i were dramatically repressed in cells overexpressing PVT1-214 (Figure 6a).
We next examined whether up-regulation of Lin28 is necessary for PV/T1-214 repression of
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let-7 miRNAs, and we found that Lin28 knockdown could effectively abrogate PV71-214-
induced let-7 repression (Figure 6b).

We further investigated expression of Lin28 in CRC using IHC. Interestingly, we found that
Lin28 was strongly expressed in high clinical stage CRC samples, and was slightly down-
regulated in low clinical stage samples (Figure 6¢). Immunoblotting analysis showed that
Lin28 expression was significantly upregulated in eight human CRC samples, compared to
adjacent non-tumor tissues (Figure 6d). Moreover, when we compared expression of
PVT1-214and let-7a in 45 CRC specimens, we found significant negative association
between the two groups (two-sided Pearson correlation, r = —0.539, £< 0.001, Figure 6e).
Together, these findings indicate that up-regulation of Lin28 is necessary for PVT1-214to0
down-regulate let-7 family members through post-transcriptional regulation.

PVT1-214 facilitates CRC cell proliferation and metastasis in a Lin28-mediated manner

To investigate whether PV/T1-214 functions in a Lin28-mediated manner in CRC, we first
performed immunoblotting analysis in HCT116 cells overexpressing PV71-214, and SW480
cells with PVT71-214knockdown. We found that when PV/T1-214 was overexpressed, Lin28,
and well-characterized CRC proliferation genes, such as c-myc, c-Met and Cyclin D1, were
upregulated. However, the opposite was true in PV/T71-214 knockdown cells, where these
proteins were decreased. Interestingly, we observed that p21 expression had the inverse
response (Figure 7a). Moreover, we found that in PV/71-214-overexpressing cells, the
epithelial marker E-cadherin was down-regulated, and the mesenchymal marker vimentin
was upregulated; conversely, the opposite was true in PV/71-214 knockdown cells (Figure
7a). Therefore, these results suggest that PV/71-214 exerts an important role in promoting
CRC proliferation and an epithelial-to-mesenchymal response. Furthermore, an EdU assay
indicated that PV/T71-214 overexpression promoted SW480 cell proliferation, which was
impaired by Lin28 knockdown (Figure 7b, ¢). Transwell assays also showed that Lin28
knockdown partially abrogated the effect of PV/T1-214 overexpression on CRC cell
metastasis, and partially attenuated sphere-forming capacity of SW480 cells (Figure 7b, c).
Together, our results indicate that PV/71-214 promotes CRC cell proliferation and metastasis
in a Lin28-mediated manner.

DISCUSSION

Recently, vast numbers of InNcRNA transcripts were discovered through cDNA library
sequencing and microarray analysis. However, although these techniques quantify the
presence of these transcripts, they do not provide information about their biological activity
25_|n this study, we identified that the transcript of PV/71 (PV/T1-214: Ensembl ID:
ENST00000522875) was increased in human CRC tissues (Figure 1A and B). We further
validated PVT1-214expression in CRC clinical samples and determined that increased
PVT1-214 expression was associated with advanced pathologic stage, tumor size, and
distant metastasis. Importantly, PV/71-214 overexpression was associated with poor
prognosis and could be an independent prognostic indicator. Moreover, by applying loss-
and gain-of-function approaches, we identified that PV/71-214 markedly promoted CRC cell
proliferation, stem-like properties, and metastasis, both in vitro and in vivo. Full-length
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PVT1is an oncogene 1012.17 ‘and here, we reveal for the first time that the PV/71-214
transcript may also be an oncogene in CRC and play a crucial role in CRC pathogenesis.
Furthermore, we found that PV T1-214 was distributed in the cytoplasm and nucleus in CRC
cells, and directly bound Lin28, a highly conserved RNA-binding oncoprotein that promotes
cancer progression 2627 We also indicated that P\/7Z-214 increased Lin28 expression in
CRC cells, suggesting that Lin28 could be an important underlying regulator of PVT1-214
function.

Our results revealed that PV T1-214 was associated with Lin28 and enhanced its stability
through the ubiquitin-proteasome pathway. However, the underlying mechanisms of how
PVT1-214regulates ubiquitination and/or ubiquitination-associated enzymes deserved
further investigation. Wang et al. reported that Lin28 expression is elevated in CRC, and
promotes the transition from S-phase to G2/M-phase, stimulating proliferation 28. Similarly,
we observed up-regulation of Lin28 in advanced stage CRC tissues, which was associated
with high PV T1-214expression. Notably, we found that Lin28 knockdown abrogated
PVT1-214-mediated CRC cell proliferation and metastasis, indicating that PV 71-214
functions in a Lin28-dependent manner.

Recent researches show that ncRNAs function as microRNA sponges to reduce the amount
of miRNAs available to target messenger RNAs (MRNAs) 2930, Inspired by the discoveries
of the interaction between IncRNAs and miRNAs 31, we confirmed the existence of crosstalk
between PVT1-214and Lin28 mRNA through competition for miR-128 binding. Consistent
with PVT1-214 sequestration of miR-128, we found that PV/71-214 overexpression
significantly rescued the silencing effect of miR-128 on Lin28 protein expression. In
addition, Lu and colleagues 32 reported that miR-128 was differentially reduced in CRC
tissues, and patients with lower miR-128 expression had shorter survival. Additionally,
upregulation of miR-128 expression promoted the chemo-sensitivity of CRC cells, and
suppressed the potential invasiveness, suggesting miR-128 downregulation associated with
CRC progression. Concordantly, we demonstrated that PV/71-214 levels were inversely
correlated with miR-128 expression in CRC specimens, and mutagenesis of the miR-128
recognition element in PV/71-214 partly abrogated its effect on upregulating Lin28 protein
expression in CRC cells, indicating that PV/71-214 modulates the de-repression of Lin28 by
interacting with miR-128. Concurrently, this additional level of post-transcriptional
regulation demonstrated that PV/71-214 also acted as a molecular sponge for miR-128 and
thus regulating Lin28 expression.

The let-7 family is one of the most evolutionarily conserved miRNA families, and multiple
let-7 isoforms are required for development and tumor suppressor function 33. RNA-binding
proteins Lin28 and Lin28B are important regulators of let-7 miRNAs expression via
posttranscriptional inhibition of let-7 biogenesis, and in turn, Lin28 and Lin28B are targeted
by let-7 34, Importantly, we show that P\/71-214 overexpression repressed expression of
let-7 family miRNAs, and Lin28 knockdown abrogated PV71-214-mediated let-7
repression. Interestingly, we observed a significant inverse correlation between PVT1-214
and let-7a expression in CRC tissues (Figure 6E). Consequently, we show a critical role of
PVT1-214 on regulating the Lin28/let-7 axis in CRC proliferation and progression.
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Although PV/T1 acting as an oncogene in several cancers has been well documented,
characterizations of the PV/T1 isoforms is still not be reported. Based on our microarray
data, 14 PV/T1transcripts were identified in CRC tissues. Considering these factors that
validation results of gRT-PCR analysis, independent amplification and pre-experimental
function determination, we selected to characterize the PV 71-214 transcript and showed
PVT1-214/Lin28/let-7 axis served as an important regulator of CRC pathogenesis. Because
different transcripts appear to be largely different, including the functions and expression
trends, the characterizations of other PV/71 transcripts in cancers require future researches.
Cho et al. showed mutant alleles of the PV/71 promoter were significantly enriched up to 3-
fold expression and conferred a distinct growth advantage of MDA-MD-231 cells, moreover,
cancer genome sequencing identified recurrent mutations encompassing the human PV71
promoter 3%, Of note, 14 PV/T1 transcripts are uniformly up-regulated in CRC, which may be
related to the genome editing in PVT1 promoter in CRC. Additionally, PV T1-214is a
valuable transcript of PV/71, it may be relevant to the initiation and progression in other
cancers, its exact roles and its regulatory mechanisms (transcriptional regulation, epigenetic
modification, mutations in PV/71 promoter, and so on) deserve further investigations, which
may be important targets for tumors diagnosis and therapy.

Collectively, we show that up-regulation of PV/T1-214 acts as an oncogenic driver in CRC,
which is mediated by stabilization and post-transcriptional regulation of Lin28, targeting the
Lin28/let-7 axis to promote tumorigenesis (Figure 7D). Our study may therefore provide the
basis for a novel therapeutic strategy to target the PV71-214/Lin28/let-7 axis in CRC.

MATERIALS AND METHODS

Microarrays and computational analysis

Microarray analysis was performed by KangChen Bio-tech, Shanghai, PR China. Fresh
colorectal tumor samples and matched non-tumor samples from 6 CRC patients
(Supplementary Table S1) were selected randomly for microarray analysis. The assay started
with a 4-pg total RNA sample. Complementary DNA was synthesized, labeled, purified, and
hybridized to the microarray (Arraystar). Fluorescence images were obtained by a laser
scanner and digitized using Affymetrix Transcriptome Analysis Software. Raw data matrix
is analyzed by first subtracting the background matrix and then normalization. A 2-sample ¢
test was used to statistical analysis. Microarray data of this study can be accessed via Gene
Expression Omnibus (GEO) GSE109454.

Patients and clinical samples

The use of human samples in this study was sanctioned by the local ethics committee at the
Guangzhou First People’s Hospital, Guangzhou Medical University (Guangzhou, China).
Two independent cohorts involving a total of 137 CRC patients were enrolled. Forty-five
fresh CRC tissue pairs were collected from patients of Guangzhou First People’s Hospital
from January 2012-August 2013. Another 92 CRC tissue pairs were collected from the same
hospital from August 2009-September 2014 and used for further validation and analysis. All
these fresh tissues were collected and processed immediately within 15 minutes in the
operating room. De-identified patient clinical information was showed in Supplementary
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Tables S2 and S3. None of the patients received preoperative treatment. Normal adjacent
non-tumor tissues were collected by a distance of at least 5 cm from the tumor.

Cell culture

CRC cell lines (LOVO, SW480, HCT116, SW620, and HT29) (ATCC) were cultured in
RPMI-1640 medium (Gibco). The human colonic epithelial cell line NCM460 was
maintained in Dulbecco’s modified Eagle’s medium (Gibco). Cells were cultured in serum-
containing medium in a humidified 5% CO, atmosphere at 37°C.

gRT-PCR and subcellular fractionation

Quantification expression of PVT1-214 and other transcripts and genes were detected by
gRT-PCR, according to the manufacturer’s instructions (Bio-Rad). gRT-PCR was carried out
by the Applied Biosystems 7500 Sequence Detection system. Three replicates were used for
each sample. Primer sequences are showed in Supplementary Table S7. Primers for miRNAs
were designed and synthesized by Guangzhou RiboBio (RiboBio, China).

Cytosolic and nuclear fractions were isolated and collected with the Nuclear/Cytoplasmic
Isolation Kit (Biovision) according to the manufacturer’s instructions. gRT-PCR was applied
to analyzed RNA levels of a nuclear control transcript (RNU6-1), a cytoplasmic control
transcript (GAPDH), and PV T1-214in the fractions.

Plasmid construction, lentiviral construction, and cell transfections

Details of the procedure were provided in the Supplementary Materials and Methods.

RNA pull-down assay and mass spectrometry

Plasmids containing PV T1-214 and an antisense sequence were linearly cut, transcribed, and
biotin-labeled in vitro with Bio-16-UTP (Life Technologies) using a MAXIscript T7
Transcription Kit (Life Technologies). Protein-RNA interactions were determine using a
Pierce Magnetic RNA-Protein Pull-Down Kit (Life Technologies) with SW480 cell lysates.
The retrieved proteins were detected by western blot analysis or resolved by in-gradient gel
electrophoresis, followed by mass spectrometry identification.

In vitro colonosphere formation, cell migration, and invasion assays

SW480 colonospheres were generated as previously described 36. Detailed description of
cell migration and invasion assays were available in the Supplementary Materials and
Methods.

Bioinformatics prediction and dual-luciferase reporter assays

The potential miR-128-binding sites of PV/T71-214 sequence predicted by computer-based
algorithms was available at http://www.microrna.org. The PV T1-214 full-length sequence
(wild type, wt) and the PV/T1-214 mutant (only mutated the putative miR-128 binding sites)
were synthesized through DNA synthesis technology and then cloned in the pGL3 luciferase
vector (Addgene) respectively.
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MiR-128 target genes were predicted using TargetScan (http://www.targetscan.org) and
Pictar (http://pictar.mdc-berlin.de/). To assess whether miR-128 regulates directly Lin28, we
constructed wild-type and mutated Lin28-3"-UTR (Lin28-wt / Lin28-Mut) luciferase
reporter vectors in the pGL3 luciferase vector. Luciferase and renilla signals were measured
using the Dual Luciferase Reporter Assay Kit (Promega). Detected luciferase activity
required to normalize to the renilla luciferase activity.

Western blotting, immunohistochemistry (IHC), and in situ RNA hybridization (ISH)

Western blotting and IHC were performed as previously described 37. Antibody information
is listed in Supplementary Table S8. ISH assay was carried out as previously described 38. A
locked nucleic acid probe with complementarity to a section of PV 71-214 (5DigN/
TAACGGGCTCCCAGATTCACAAGC/3 DigN-custom LNA detection probe) was labeled
with 5’-digoxigenin and 3’-digoxigenin, and synthesized by Exiqon Company.

RNA-binding protein immunoprecipitation (RIP) assay

RIP assay was carried out using the EZ-Magna RIP kit (Millipore) according to the protocol
provided by the manufacturer. Briefly, whole cell lysate was incubated with RIP buffer
containing magnetic beads conjugated to a human anti-Lin28 antibody, human anti-Ago2
antibody, or negative control normal mouse 1gG. Anti-SNRNP70 antibody was applied for a
positive control. Samples lysis were all treated with Proteinase K, and the RNA
immunoprecipitations were performed gRT-PCR assay to identify the presence in binding
target antibody with respective primers.

Xenograft tumor model

BALB/c-nude mice (5-6 weeks of age) were purchased from the laboratory animal center of
Sun Yat-sen University. Animals were reared in the barrier facilities on a 12-hrs light/dark
cycle. The experimental procedures were approved by the Institutional Animal Care and Use
Committee of our institution. For bioluminescent imaging, SW480-Luc-vector and SW480-
Luc-PVT1-214 (5%x108 cells) were subcutaneously implanted in dorsal flank regions of
BALB/c-nu mice (n =5 per group). Tumor growth was monitored weekly; length, width,
and thickness were measured separately with calipers, and tumor volumes were determined
with the equation (LxW2)/2. After 5 weeks, tumor luminescence was detected by IVIS
bioluminescence imaging system (Caliper Life Sciences). Injections of D-luciferin with 150
mg/kg, and images were acquired at 15 min. The following general anesthesia, then tumors
were excised, weighed, processed for paraffin embedding and stored in liquid nitrogen.
Serial 5.0 pm sections were used for IHC and hematoxylin and eosin (H&E) staining
(Sigma-Aldrich).

Liver metastasis model

In vivo liver metastasis was carried out as previously described 37. Briefly, male BALB/c-
nude mice (6—8 weeks of age) were anesthetized, and the spleen was then exteriorized
through a left lateral flank incision. SW480-Luc-vector and SW480-Luc-PVT1-214 cells
(5x10%) in 100 pl of Hank’s balanced salt solution were injected into the spleen parenchyma
using a 25-gauge needle. Bioluminescence images were obtained by the 1VIS
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bioluminescence imaging system (Caliper Life Sciences) on day 28. After general
anesthesia, tumors and metastasis target organs were excised and used for further
experiments. All experiments were approved by the relevant guidelines of Guangzhou First
People’s Hospital.

Statistical analysis

All statistical analyses were carried out using SPSS 17.0 statistical software package and
GraphPad Prism 7.0. All data are showed with the mean + SEM. The Student’s ftest and
one-way analysis of variance (ANOVA) were used to compare two or more groups for
statistical analysis, respectively. The nonparametric Mann-Whitney-Wilcoxon test was
performed to compare the correlation between PV71-214level and clinical parameters.
Survival curves were plotted by the Kaplan-Meier method and compared statistically using
the log rank test. Univariate analysis and multivariate models were performed with the Cox
proportional-hazards regression model. Risk score analysis was performed to evaluate the
effectiveness of PV T1-214 for prediction. A Pearson correlation coefficient analysis was
used to assess the correlations. P value < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PVT1-214 is upregulated in human colorectal cancer (CRC) tissues and associated with
poor prognosis

(a) The hierarchical clustering heat map of the top 100 IncRNAs differentially expressed
between CRC samples (T, tumor) and paired non-tumor (NT) samples (> 2-fold; £< 0.05).
(b) PVT1-214 expression was validated by gRT-PCR in CRC tumor samples and paired
adjacent normal tissues (cohort 1, n = 45). *** < (0.001. (c) ROC curve analysis for the
prediction of CRC using qRT-PCR-detected PV T1-214 expression. (d, €) Representative
images of PV/T1-214 expression were showed by in situ hybridization (ISH) (d), and
quantitative analysis of PV/T1-214 expression detected by ISH (e). Scale bar = 50 um. ***, P
< 0.001. (f, g) Kaplan-Meier analysis of correlation between the PV/T1-214 levels and
overall survival (f) and recurrence-free survival (g) of CRC patients.
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Figure 2. PVT1-214 promotes cell proliferation, stem-like properties, and metastasis of CRC cells
In vitro

(a) gRT-PCR results showing the efficiency of PV/71-214 expression in stable PVT1-214-
overexpressing SW480 and HCT116 cells. Data are the mean £ SEM. *** P < 0.001. (b)
Graph depicting cell proliferation rates by CCK-8 assay. *, £< 0.05. (c, d) Cellular
proliferation was estimated from immunofluorescence staining with EdU (c) and the
percentage of EdU-positive nuclei was quantified (d). *, £< 0.05. (e, f) FACS analysis
showing the phases of the cell cycle (€) and the percentage of cells in each cell-cycle (f).
Data are the mean + SEM. ns, no significant. *, < 0.05. (g) Representative images of
spheres formed from PV T1-214-overexpressing cells and control cells, showing that
PVT1-214enhances the acquisition of stem cell like properties of SW480 cells. (h, i)
Representative images (h) and quantification of the amount of migratory SW480 and
HCT116 cells with or without exogenous PV71-214 expression (i) per high-power field. (j,
k) Representative images (j) and the quantification of invasive cells (k) per high-power field
following overexpression of PV T1-214in SW480 and HCT116 cells. The data are
representative of three independent experiments. *, £< 0.05.
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Figure 3. PVT1-214 acceler ates the growth and metastasis of CRC cellsin vivo
(a) Xenograft model in nude mice (n = 5/group) viewed with the IVVIS Imaging System.

Left, representative tumor-bearing image. Right, tumors were photographed from each
group. (b, ¢) Tumor growth curves (b) and tumor weights (c) was measured and calculated
according to the Materials and Methods. Data represents the mean £ SEM. *, P< 0.05. **, P
< 0.01. (d) Representative images of H&E staining, and IHC staining for Ki67 and Cyclin
D1. Scale bar = 50 um. (e) Bioluminescent imaging of PV/71-214-overexpressing and
luciferase expressing control HCT116 cells transplanted in BALB/c-nude mice. (f) Number
of metastatic foci in liver were counted. Data are shown as mean £ SEM. **, < 0.01.
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Figtt;_rlg4. PVT1-214 bindsto Lin28 protein and increasesits protein expression by enhancing its
stabilit

@ Sil\)//er staining SDS-PAGE gel of electrophoretically separated proteins
immunoprecipitated with PV/T71-214 and its antisense RNA in SW480 cells. Arrows indicate
the regions of the gel selected to mass spectrometry using liquid chromatography dual mass
spectrometry. (b) RNA pull-down assay was performed in SW480 and HCT116 cells using
biotinylated PV T1-214 or antisense RNA probe transcribed in vitro and detected by western
blots. (c) RIP assays were performed in SW480 cells using Lin28 antibody to detect
PVT1-214 RNA enrichment in immunoprecipitated complex. 1gG is negative control. (d)
RNA pull-down was performed using different PV/71-214 deletion probes (top) and the
enriched protein extract was detected with western blots (bottom) in SW480 cells. (€)
Western blot analysis of Lin28 protein expression based PV/T1-214 overexpressing or
knockdown in SW480 and HCT116 cells. (f) Comparison and quantification of Lin28
protein expression in SW480 cells in the presence of the protein synthesis inhibitor
cycloheximide (CHX) or the proteasome inhibitor MG-132. (g) Stably overexpressing
PVT1-214 or vector cells were treated with CHX and MG132, and the Lin28 protein
expression was measured by western blots (top) and quantified by densitometry (bottom).
Data are shown as the mean = SEM (n = 3). ns, no significant. *, < 0.05. **, < 0.01.
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Figure5. PVT1-214 acts as a molecular sponge for miR-128, and controls the miR-128 tar get,
Lin28

(a) The putative miR-128 binding sites with the PV/71-214 sequence and L/in283 -UTR
were showed. (b) Luciferase reporter gene assays were used to evaluate the interaction
between miR-128 and PVT1-214. (c) RIP with anti-Ago2. Top: levels of PVT1-214,
miR-128, and FOS RNA were enriched in Ago2 antibody compared to IgG
immunoprecipitates. Bottom: the U snRNA enriched in SNRNP70 antibody compared to
IgG immunoprecipitates. Data represents the mean = SEM (n = 3). ***, < 0.001. (d)
Relative expression of miR-128 in PVT1-214 or PV/T1-214 mutation of the putative miRNA
recognition element (MRE) overexpressed-HCT116 cells. Data represents the mean + SEM
from 3 independent experiments. **, < 0.01. (€) Western blotting confirmed Lin28 protein
expression in indicated cells. B-actin was used as a loading control (top panel). The
quantitative analysis of western blotting (bottom panel). Data are shown as mean + SEM (n
=3). *, P<0.05. **, P<0.01. (f) The Lin28 protein expression in PV/T1-214 knockdown-
HCT116 cells with or without miR-128 inhibitor (top panel). The quantitative analysis of
western blots (bottom panel). (g) Western blotting analysis of Lin28 protein expression
following expression of an empty vector or PV/T1-214, and treatment with miRNA negative
control or miR-128 mimics (top panel). The quantitative analysis of western blots (bottom
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panel). Data are shown as mean + SEM (n = 3). *, P< 0.05. **, P< 0.01. (h) Bivariate
correlation analysis of the association between PV/T1-214 expression and miR-128 levels.
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Figure 6. Up-regulation of Lin28 is necessary for PVT1-214-induced let-7 repression
(a) Real-time PCR analysis of different let-7 family members expression in SW480 cells

stably expressing a control vector or PV/T1-214 (left panel). Western blot of Lin28
expression in indicated cells (right panel). (b) Western blotting analysis of Lin28 protein
expression in SW480 cells stably expressing an empty vector or PV T1-214, transfected with
control or Lin28siRNAs (upper panel). Relative expression of let-7a and let-7f in indicated
cells (bottom panel). Data are shown as mean + SEM (n = 3). *, < 0.05. **, < 0.01. (c)
IHC staining for human CRC tumor samples and normal colorectal tissues. Scale bars, 50
um. (d) Western blotting of Lin28 protein expression in eight pairs of surgically resected
fresh CRC tissues. B-actin acted as the loading control. (€) Regression analysis illustrating a
negative correlation between PV71-214 and let-7a expression levels in CRC tissues.
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Figure 7. Thebiological function of PVT1-214 is dependent on of Lin28
(a) Western blot of indicated proteins in SW480 cells stably expressing a control vector or

PVTI1-214, or PVT1-214shRNAs. B-actin was used as a loading control. (b, ¢) Lin28
siRNA and control siRNA were transfected into PV T1-214-overexpressing SW480 cells,
and cell proliferation was detected with EdU (b, c top). Cell invasion was assessed by
Transwell assay with Matrigel (b, c middle), and cell stem-like properties were analyzed by
the sphere formation assay (b, ¢ bottom). Data are shown as mean £ SEM (n = 3). *, P<
0.05. **, P< 0.01. (d) Schematic model schematic depicting the role of PVT71-214in CRC
pathogenesis.
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