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LncRNA PVT1 facilitates DLBCL development via miR-34b-5p/Foxp1
pathway
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Abstract

Diffuse large B-cell lymphoma (DLBCL) is the most prevalent subtype of non-Hodgkin lymphoma and is a very aggres-
sive malignancy with tumor growing rapidly in organs like lymph nodes. The pathogenesis of DLBCL is not clear and the
prognosis of DLBCL requires improvement. Here, we investigated the mechanisms of DLBCL, with the focus on IncRNA
PVT1/miR-34b-5p/Foxpl axis. Human DLBCL tissues from diagnosed DLBCL patients and four human DLBCL cell
lines, one normal human B lymphoblastoid cell line were used. qRT-PCR and western blotting were employed to measure
expression levels of IncRNA PVT1, Foxpl, miR-34b-5p, f-catenin, and proliferation-related proteins. MTT assay and colony
formation assay were performed to determine cell proliferation. Flow cytometry was used to examine cell apoptosis. ChIP
and Dual-luciferase assay were utilized to validate interactions of Foxpl/promoters, PVT1/miR-34b-5p and miR-34b-5p/
Foxpl. Mouse tumor xenograft model was used to determine the effect of sh-PVT1 on tumor growth in vivo. In this study, we
found PVT1 and Foxpl were elevated in DLBCL tissues and cells while miR-34b-5p was decreased. Knockdown of PVTI,
overexpression of miR-34b-5p, or Foxp1 knockdown repressed DLBCL cell proliferation but enhanced cell apoptosis. PVT1
directly bound miR-34b-5p to disinhibit Foxp1/p-catenin signaling. Foxp1 regulated CDK4, CyclinD1, and p53 expression
via binding with their promoters. Knockdown of Foxpl partially reversed the effects of miR-34b-5p inhibitor on DLBCL
cell proliferation and apoptosis. Inhibition of PVT1 through shRNA suppressed DLBCL tumor growth in vivo. All in all,
IncRNA PVT1 promotes DLBCL progression via acting as a miR-34b-5p sponge to disinhibit Foxp1/p-catenin signaling.
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Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most preva-
lent subtype of non-Hodgkin lymphoma (NHL) character-
ized by malignant hyperplasia of B lymphocytes, accounting
for 40% of cases around the world [1, 2]. It is a heteroge-
neous tumor with distinct genetic, phenotypic, and clinical
features of B cells and can be roughly divided into germi-
nal center B-cell-like (GCB) subtype of DLBCL and non-
GCB DLBCL based on the gene expression profiling [3].
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Although more than half of the DLBCL patients can be
cured by the current treatments including rituximab-based
chemotherapy, about 30% patients will relapse later and 20%
suffer from primary refractory [1, 4, 5]. Despite tremen-
dous advances in research and clinical work, the prognosis
of DLBCL remains further improvement. Understanding the
pathogenesis and mechanisms of DLBCL is very necessary
for better treatments.

Long non-coding RNAs (LncRNAs) are a well-studied
class of endogenous non-coding RNAs that are longer than
200 nucleotides [6]. Although they used to be considered as
cellular junk, emerging evidence shows that they are impor-
tant regulators of gene expression and thus have crucial roles
in many cellular processes, such as development and growth
[7]. Moreover, dysregulated IncRNAs have been implicated
in varieties of diseases including cancers [8, 9]. In lym-
phoma or DLBCL, aberrant expressions of IncRNAs have
been observed, such as IncRNA p21, IncRNA PANDA and
SNHGI16 [10-12]. Recently, it is reported that IncRNA PVT1
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predicts poor prognosis in patients with DLBCL [13]. How-
ever, the exact function of IncRNA PVT1 in DLBCL and the
underlying molecular mechanisms remain largely unknown.

One key mechanism by which IncRNAs regulate gene
expression is that they interact with microRNAs (miRNAs),
a well-known class of non-coding RNAs that suppress gene
expression by binding with target mRNAs [14], and disin-
hibit expression of miRNA targets [7]. In DLBCL, numerous
miRNAs have been involved. For example, miR-34b-5p was
diminished in DLBCL cells and loss of miR-34b-5p function
accelerated the progression of DLBCL [15]. In addition, the
transcription factor Forkhead box protein P1 (Foxpl), a con-
served transcription factor with critical roles in numerous cel-
lular processes including cell proliferation and development,
has been shown largely involved in DLBCL as well [16]. Its
expression is highly increased in a subset of DLBCL and this
increase promotes cancer cell survival [16]. Mechanistically, it
has been indicated that Foxp! transcriptionally silences sphin-
gosine-1-phsphate receptor 2 (SIPR2), but potentiates Wnt/f-
catenin signaling [17, 18]. In our preliminary studies, through
bioinformatic analysis, we found binding sites between PVT1
and miR-34b-5p, as well as between miR-34b-5p and Foxpl.
Thus, we hypothesized that PVT1 might participate in DLBCL
development by targeting miR-34b-5p/Foxp1 pathway.

In the present study, we fully investigated the function
of PVT1/miR-34b-5p/Foxp1 axis in DLBCL. Using both
in vivo and in vitro models of DLBCL, we found that PVT1
and Foxp1l were increased while miR-34b-5p was decreased
in DLBCL human samples and DLBCL cells. Knockdown of
PVT1 or overexpression of miR-34b-5p suppressed DLBCL
cell proliferation but enhanced cell apoptosis. miR-34b-5p
inhibitor reversed the effects of PVT knockdown while
Foxpl knockdown partially blocked the effects of miR-
34b-5p inhibitor, indicating that PVT1 exerts its function
through targeting miR-34b-5p and that miR-34b-5p func-
tions via Foxpl. More importantly, we showed that inhi-
bition of PVT1 suppressed DLBCL tumor growth in vivo.
Our study reveals a critical role of PVT1/miR-34b-5p/Foxp1
axis in DLBCL, sheds light on the mechanisms of DLBCL,
and provides avenues to develop therapeutic strategies for
DLBCL.

Materials and methods
Human DLBCL samples

Human DLBCL tissues were collected from 33 diagnosed
DLBCL patients (18 ABC-DLBCL and 15 GCB-DLBCL)
during surgical resection from the First Affiliated Hospital of
Hainan Medical University. The non-tumor lymphoid tissues
near the cancers were collected simultaneously from same
patients. Patients did not receive preoperative treatments. All
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patients have consented to the study. The study was reviewed
and received approval from the Ethics Committee of the
First Affiliated Hospital of Hainan Medical University. All
specimens were put the liquid nitrogen immediately after
collection and then stored at the freezer (— 80 °C).

Cell culture and transfection

Four human DLBCL cell lines (U-2932 [ABC-DLBCL],
OCI-Ly1 [GCB-DLBCL], OCI-Ly8 [ABC/GCB intermedi-
ate], SU-DHL-6 [GCB-DLBCL]), and one normal human
B-cell line were used for the study. All cell lines were pur-
chased from the Cell Bank of the Chinese Academy of Sci-
ences (Shanghai, China). The cells were seeded and grown
in 10% fetal bovine serum (FBS, Thermo-Fisher Scientific,
China) containing Dulbecco’s Modified Eagle Medium
(DMEM, Sigma-Aldrich, China). 1% penicillin—streptomy-
cin was included into the medium. The cells were cultured
in the cell culture CO, incubator at 37 °C.

Lipofectamine 3000 (Invitrogen, USA) reagent was
employed for cell transfection as the manufacturer’s pro-
tocol described. Briefly, cells were grown up to 70-80%
confluence and about 1 pg construct together with 1 pL
Lipofectamine 3000 were added into the media. Cells were
harvested for further analysis at 48 h post transfection.

RNA extraction and RT-qPCR

Trizol (Invitrogen, China) was employed to extract total
RNAs from DLBCL human tissues or cultured cells as the
manufacturer’s instructions described. For miRNA analysis,
total RNAs were isolated with the miRNeasy Advanced Mini
Kit (QIAGEN, Hilden, Germany). DNasel was included into
the lysis buffer to avoid the contamination of DNA. Com-
mercial kit (cDNA synthesis kits, Thermo-Fisher, China)
was utilized to generate cDNAs through reverse transcrip-
tion. SYBR Green Master Mix (Invitrogen, China) was
used for the quantitative PCR. Relative expression levels
of PVTI, miR-34b-5p or Foxpl mRNA were normalized
to U6 snRNA or GAPDH mRNA, respectively, as internal
controls. The relative expression was calculated by 2 — AACt
method. The primers listed as follows were from Guangzhou
RiboBio Co., Ltd (Guangdong, China).

PVT1 forward primer (FP): 5'-AAAACGGCAGCAGGA
AATGT-3';

PVTI reverse primer (RP): 5'-ATTCCCATAGAAGGG
GCAGG-3";

miR-34b-5p FP: 5'-CCCTGAAAGGTGCCTTCCTTG-3;

miR-34b-5p RP: 5'-GCTTGTTCTTAGGGTTGC
TGTTG-3";

Foxpl FP: 5'-CGAATGTTTGCTTACTTCCGACGC-3';

Foxpl RP: 5-ACTTCATCCACTGTCCATACTGCC-3';
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U6 FP: 5'-GCTTCGGCAGCACATATACTAAAAT-3';
U6 RP: 5'-CGCTTCACGAATTTGCGTGTCAT-3;
GAPDH FP: 5'-GAGTCAACGGATTTGGTCGTT-3;
GAPDH RP: 5'“TTGATTTTGGAGGGATCTCG-3;

Chromatin immunoprecipitation (ChIP) assay

ChIP kit (Abcam, USA) was used as the manufacturer’s pro-
tocol described. Briefly, formaldehyde was used to cross-link
proteins/DNA and cells were washed with PBS followed by
harvest via micrococcal nuclease. Cell debris was removed
through centrifugation and the supernatant was collected.
To pull down chromatin fragments, 10 pg of anti-Foxpl or
IgG antibody was added to incubate with the lysate for 1 h
at 4 °C. Protein G beads were incubated with all samples
overnight at 4 °C. The next day, the beads were washed by
wash buffer and eluted by elution buffer. The elution was
proceeded for DNA purification and PCR was performed to
detect promoter regions.

MTT cell proliferation assay

Transfected cells were plated in individual wells of 96-well
plates with a density of 6000 cells per well and grew over-
night followed by MTT incubation. 10 pL of 3-(4,5-Dimeth-
yltjiazol-2-yl)-2,5-diphenltetrazolium bromide (MTT, 5 mg/
mL) was incubated with cells for 3 h at 37 °C. Afterwards,
150 pL dimethyl sulfoxide (DMSO, Sigma-Aldrich, MO,
USA) was added to end the reaction. The absorbance in each
condition was analyzed by a 490 nm light.

Colony formation assay

Transfected cells were plated and cultured in the 12-well
culture plate for 1 week in the incubator. 4% PFA was
added to fix the observed colonies at room temperature for
13—15 min. PFA was washed out with PBS. Colonies were
incubated with crystal violet (1%) for 30 min for staining
followed by imaging. The number of colonies was quantified
by ImageJ software.

Flow cytometry apoptosis assay

Transfected cells were plated and cultured in the 6-well cul-
ture plate until 70-80% confluence. Cells were harvested
with lysis buffer and then incubated with Annexin-V-FITC/
PI (ThermoFisher, USA) for 15 min at 4 °C for 12—-15 min.
Flow cytometry was used to analyze the relative number of
positive and negative cells.

Western blotting analysis

Proteins from tumor tissues or cultured cells were extracted
by utilizing the RIPA lysis buffer (Abcam, China) accord-
ing to standard protocol. DC Protein Assay Kit (Bio-Rad,
China) was utilized to quantify the protein concentra-
tions. Equal protein from each condition was loaded into
SDS—polyacrylamide gels and separated through electropho-
resis. Later proteins in the gels were transferred to PVDF
membranes (Sigma-Aldrich, China). 3% BSA was added to
block the membranes for 30—60 min at room temperature
and then specific primary antibodies were added to incu-
bate at 4 °C overnight. The antibodies were discarded and
TBST was utilized to wash the membranes 3 times before
incubation with specific secondary antibodies for 1-2 h at
room temperature. Protein band intensities were detected
using the standard ECL kit. Primary antibodies used in the
study were: Anti-Foxp1 (1:2000; Cell Signaling Technology,
USA); Anti-p-catenin (1:1500; Abcam, USA); Anti-CDK4
(1:1500; Abcam, USA); Anti-CyclinD1 (1:1000; Abcam,
USA); Anti-p53 (1:2000; Abcam, USA); Anti-GAPDH (1:
5000, Abcam, USA).

Nude mice xenograft experiments

All animal experiments have been reviewed and received
approval by the Animal Care and Use Committee of Nan-
jing Medical University. Adult nude mice (8-week-old) were
purchased from SJA Laboratory Animal Co., Ltd. (Hunan,
China) and raised in the standard animal facility room.
10-week-old nude mice were unilaterally subcutaneously
injected with 5 x 10° transfected DLBCL cells (SU-DHL-6
and U-2932, control non-transfected cells, sh-NC-trans-
fected cells, sh-PVT1-transfected cells) to induce tumors.
Tumors were monitored on a daily base for 30 days. Tumor
length (L) and width (W) were analyzed to quantify the
tumor volume (V): V (mm?)=0.5x(W)>x (L). In the end,
tumors were dissected out to measure weight.

H&E, Ki-67, and TUNEL staining

The mice were perfused with 10% formalin and liver tissues
were incubated in 4% PFA for fixation overnight at 4 °C and
subsequently embedded in optimal cutting temperature com-
pound. Embedded tissues were cut into 10 pm thick slices
and stained with hematoxylin and eosin (H&E) or used for
terminal deoxynucleotidyl transferase dUTP nick end labe-
ling (TUNEL) staining with an in situ cell death detection
kit (Roche Applied Science, USA) as manufacturer’s instruc-
tions described. The stained sections were washed with PBS
and then mounted with the mounting medium containing
4',6-diamidino-2-phenylindole (DAPI). For Ki-67 stain-
ing, the slices were blocked with 5% bovine serum albumin
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(BSA) for 1 h, followed by primary antibody staining (Anti-
Ki-67; 1:500, Abcam, USA) overnight at 4 °C. After several
washed in PBS, the sections were incubated with secondary
antibodies for 1 h at room temperature. All slices were then
incubated with substrates for Envision system-HRP using
the standard kit (Dako REAL Ebision kit; DAKO, Denmark)
as the manufacturer’s protocol described. Images were taken
using a light microscope.

Statistical analysis

All experimental data were analyzed in the GraphPad Prism
7. Statistical details were calculated by unpaired Student t
test (for two groups) or one-way ANOVA (for groups more
than two) and indicated in figure legends. The Data were
presented as Mean + SD (standard deviation).

Results

PVT1 and Foxp1 were elevated while miR-34b-5p
was reduced in DLBCL patient and cells

To investigate the functions of PVTI1, Foxpl, and miR-
34b-5p in DLBCL, we collected DLBCL samples (18 ABC-
DLBCL and 15 GCB-DLBCL) from diagnosed DLBCL
patients and measured expression levels of PVT1, Foxpl,
and miR-34b-5p in those samples. Using qRT-PCR, we
found that PVTI1 and Foxpl mRNA levels were greatly
higher in DLBCL samples compared to normal lymphoid
samples (Fig. 1A), while miR-34b-5p was significantly
reduced (Fig. 1A). To further explore the mechanisms,
we used four DLBCL cell lines and one normal human B
lymphoblastoid cell line for subsequent studies. Consistent
with our in vivo results, we observed a higher level of PVT1
and Foxpl mRNA and a lower expression of miR-34b-5p in
DLBCL cells compared to normal B lymphoblastoid cells
(Fig. 1B). Western blotting results also showed a higher pro-
tein level of Foxpl in DLBCL cells compared to normal B
lymphoblastoid cells (Fig. 1C). Those changes were more
robust in SU-DHL6 and U-2932 cells than in OCL-ly1 and
OCL-1y8 cells and thus we employed SU-DHL6 and U-2932
cell lines for further experiments. Altogether, these results
show that IncRNA PVT1 and Foxpl are upregulated while
miR-34b-5p is downregulated in DLBCL.

Knockdown of PVT1 suppressed DLBCL cell
proliferation but promoted apoptosis

To further study the role of PVT1 in DLBCL, we manipu-
lated its expression level and examine ensuing effects on
cancer cell proliferation and apoptosis. Transfection with
sh-PVTI significantly decreased PVT1 level in DLBCL

@ Springer

cells (Fig. 2A). Using MTT assay, we found that knock-
down of PVT1 remarkably inhibited DLBCL cell prolif-
eration (Fig. 2B). Similarly, the colony formation assay
results indicated that the number of colonies formed in
sh-PVT]1 transfected cells was greatly smaller than that in
sh-NC transfected cancer cells (Fig. 2C). In contrast, using
the apoptosis assay, we observed that sh-PVT1 transfected
cells had a higher percentage of cell apoptosis compared to
sh-NC transfected cells (Fig. 2D). Using western blotting,
we found that knockdown of PVT1 diminished Foxpl pro-
tein, and P-catenin was reduced as well (Fig. 2E). Expression
of B-catenin, proliferation-related proteins including CDK4
and Cyclin D1 were significantly suppressed while p53 was
upregulated in sh-PVT1 transfected cells in comparison with
sh-NC transfected cells (Fig. 2E). Taken together, we show
that knockdown of PVT1 suppresses DLBCL proliferation
but enhances cell apoptosis.

Overexpression of miR-34b-5p suppressed DLBCL
cell proliferation but enhanced apoptosis

As presented above, we found miR-34b-5p was reduced in
DLBCL tissues and cells (Fig. 1). We wondered whether it
was involved in DLBCL as well. Overexpression of miR-
34b-5p greatly increased miR-34b-5p level in transfected
cells (Fig. 3A). Similar to PVT1 knockdown, with MTT
assay, colony formation assay, and flow cytometry, we
observed that miR-34b-5p mimics suppressed DLBCL cell
proliferation but enhanced cell apoptosis (Fig. 3B-D). Also,
Foxpl and p-catenin protein levels were reduced following
ectopic expression of miR-34b-5p (Fig. 3E). Proliferation-
related proteins such as CDK4 and CyclinD1 were declined
while p53 was enhanced in miR-34b-5p mimics-transfected
cells (Fig. 3E). These data indicate that overexpression of
miR-34b-5p represses DLBCL cell proliferation but pro-
motes apoptosis.

PVT1 disinhibited Foxp1 expression via sponging
miR-34b-5p

Given that miR-34b-5p exhibited opposite changes to
PVT1 and Foxpl in DLBCL cells and that overexpression
of miR-34b-5p has similar effects to PVT1 knockdown, we
were wondering that they might interact with each other.
First, knockdown of PVT1 robustly upregulated miR-
34b-5p level in DLBCL cells but downregulated Foxpl
level (Fig. 4A and B). miR-34b-5p inhibitor diminished
miR-34b-5p expression but remarkably increased Foxpl
protein level (Fig. 4C and D). With Starbase bioinfor-
matic analysis (http://starbase.sysu.edu.cn/), we observed
some complementary binding sits between PVT1 and
miR-34b-5p, as well as between Foxpl mRNA and miR-
34b-5p (Fig. 4E). Then we performed dual luciferase assay
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Fig.1 PVTI and Foxpl were elevated while miR-34b-5p was
reduced in DLBCL patients and cells. A qRT-PCR analysis of PVTI,
Foxpl mRNA, and miR-34b-5p levels in DLBCL tissues (n=33). B
qRT-PCR to measure PVT1, Foxpl mRNA, and miR-34b-5p levels in

to examine this potential interaction. We found that miR-
34b-5p mimics significantly diminished the relative lucif-
erase activity of WT-PVT1 and WT-Foxp1, but not MUT-
PVT1 and MUT-Foxpl wherein the predicted binding sites
with miR-34b-5p were mutated (Fig. 4F). Therefore, we
conclude that PVT1 directly binds miR-34b-5p while miR-
34b-5p targets Foxpl.

We then assessed the role of PVT1/miR-34b-5p inter-
action in cancer cell proliferation. As shown in Fig. 4G,
miR-34b-5p inhibitor reversed the effects of shPVT1 on
expression of Foxpl/B-catenin and proliferation-related
proteins, such as CDK4, CyclinD1 and p53, suggesting
that PVTI regulates DLBCL proliferation via sponging
miR-34b-5p.

N N
N N
& &

DLBCL cell lines (n=4). C Foxpl protein levels in DLBCL cell lines
(n=4). Data are expressed as the mean+SD. *P <0.05; **P<0.01,
*#%P <0.001

miR-34b-5p regulated DLBCL proliferation
and apoptosis via Foxp1

Next, we studied the mechanisms of how miR-34b-5p reg-
ulated DLBCL. Using bioinformatic tools, we observed
binding sites of Foxpl on the promoter regions of CDK4,
CyclinD1 and p53 (Fig. S1A, D, G). With ChIP, we con-
firmed that immunoprecipitation with Foxpl signifi-
cantly enriched the promoter regions of CDK4, CyclinD1,
and p53 compared with control IgG (Fig. S1B, E, H).
Moreover, the results from dual luciferase activity assay
revealed that knockdown of Foxpl greatly decreased
the luciferase activities of CDK4-WT, CyclinD1-WT
and increased luciferase activity of p53-WT, but did not
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«Fig.4 PVT1 disinhibited Foxpl expression via sponging miR-
34b-5p. A miR-34b-5p levels in DLBCL cells with overexpres-
sion of sh-NC or sh-PVT1. B Foxpl protein levels in DLBCL cells
with overexpression of sh-NC or sh-PVT1. C miR-34b-5p levels in
DLBCL cells with overexpression of inhibitor-NC or miR-34b-5p
inhibitor. D Foxp1 protein levels in DLBCL cells with overexpression
of inhibitor-NC or miR-34b-5p inhibitor. E Predicted binding sites
between PVT1 and miR-34b-5p, as well as between Foxpl mRNA
and miR-34b-5p. F Luciferase activities of WT-PVT1, MUT-PVTI,
WT-Foxpl, and MUT-Foxpl in cells with transfection of indicated
constructs. G Western blotting to measure levels of Foxpl, f-catenin,
and proliferation-related proteins including CDK4, CyclinD1, and
p53 in transfected DLBCL cells. N=4, Data are expressed as the
mean +SD. *P <0.05; **P <0.01, ***P <0.001

affect the activities of mutants in which the binding sites
were mutated (Fig. S1C, F, I). These data indicate that
Foxpl directly binds with their promoters and promote
their expression. With Starbase, we also identified bind-
ing sites on CDK4 mRNA, but not p53 mRNA (Fig. S1J).
However, the dual luciferase activity assay results showed
that miR-34b-5p mimics did not affect the activities of
CDK4-WT or CDK4-MUT (Fig. S1K), suggesting that
miR-34-5p doesn’t directly targets CDK4 mRNA. These
results show that Foxp1l binds with promoters of CDK4,
CyclinD1 and p53, promoting CDK4 and CyclinD1
expression but inhibiting p53 expression.

We then investigated whether miR-34-5p regulated
DLBCL cell proliferation and apoptosis via Foxpl. Trans-
fection of DLBCL cells with sh-Foxpl greatly decreased
Foxpl mRNA and protein level (Fig. S2A, B). Further-
more, knockdown of Foxpl significantly decreased cell
viability and proliferation but increased cell apoptosis,
accompanied by reductions on p-catenin, CDK4, and
CyclinD1 and elevation on p53 (Fig. S2C-F). These
results demonstrate that knockdown of Foxpl suppresses
cell proliferation and promotes cell apoptosis, which is
similar to the effects of miR-34-5p overexpression. To
directly tackle the relationship between miR-34-5p and
Foxpl during DLBCL, we knocked down Foxpl expres-
sion in miR-34-5p inhibitor-transfected DLBCL cells and
measured the ensuing effects. As expected, miR-34-5p
inhibitor decreased miR-34-5p level but increased Foxpl
expression that was reversed by sh-Foxpl (Fig. S3A-D).
Moreover, we found that miR-34-5p inhibitor enhanced
cell proliferation but suppressed cell apoptosis while
knockdown of Foxpl partially blocked the effects. Con-
sistently, the upregulations of Foxpl, B-catenin, CDK4,
and CyclinD1 and the downregulation of p53 caused by
miR-34-5p inhibitor were reversed by sh-Foxpl (Fig. S3).
Taken together, our results support that notion that miR-
34-5p regulates DLBCL cell proliferation and apoptosis
through targeting Foxpl.

Knockdown of PVT1 restrained DLBCL tumor growth
in vivo

In the end, we evaluated the function of PVT1 in DLBCL
in vivo. DLBCL cells (SU-DHL-6 and U-2932) were
infected with sh-NC or sh-PVT1 lentivirus and were sub-
cutaneously implanted to the nude mice. For the mice that
injected with DLBCL cells or sh-NC transfected DLBCL
cells, the tumor grew very fast, with tumor volume and
weight progressively increasing with time (Fig. SA). In con-
trast, in the mice injected with sh-PVT1-transfected cells,
the tumor volume and weight were significantly reduced
(Fig. 5A). We collected the tumor samples by the end of
4 weeks and performed H&E staining. As shown in Fig. 5B,
there were obvious proliferating cells in the tumor tissues
from the control mice. However, in the tissues from mice
injected with sh-PVT1-transfected cells, we did not observe
many cancer cells (Fig. 5B). Moreover, with Ki-67 and
TUNEL staining, we found that knockdown of PVT1 signifi-
cantly decreased the Ki-67 positive cells but increased the
TUNEL positive cells (Fig. 5B), suggesting that knockdown
of PVT1 inhibited tumor growth by inhibiting DLBCL cell
proliferation and promoting cell apoptosis. At the molecu-
lar level, we found that knockdown of PVTI significantly
increased miR-34b-5p level (Fig. 5C). Western blotting
data showed that Foxp1, B-catenin, and proliferation-related
proteins (CDK4 and CyclinD1) were all reduced while p53
was increased in the shPVT1 group compared to control
groups (Fig. 5D). These data suggest that knockdown of
PVT1I restrains DLBCL tumor growth in vivo, most likely,
through targeting miR-34b-5p.

Discussion

As the most prevalent subtype of NHLs, DLBCL represents
about 22% of newly diagnosed NHL in USA and more than
18,000 people new cases are reported each year [2, 19]. It is
a very aggressive carcinoma with tumor growing rapidly in
organs like lymph nodes, spleen [20]. Despite great advances
made in the past decades, exploring new treatments for the
disease is very necessary to improve the prognosis. In the
present study, we investigated the mechanisms of DLBCL
development, with the focus on PVT1/miR-34b-5p/Foxpl
pathway. We showed that PVT1 and Foxpl were elevated in
DLBCL tissues and cells while miR-34b-5p was reduced.
PVT1 knockdown, miR-34b-5p overexpression, or Foxpl
knockdown suppressed DLBCL cell proliferation but
enhanced cell apoptosis. Mechanistically, we showed that
PVT]1 directly interacted with miR-34b-5p and regulated
DLBCL cell proliferation via miR-34b-5p, while miR-
34b-5p targeted Foxpl. Moreover, inhibition of PVT1 sig-
nificantly repressed DLBCL tumor growth in vivo. These
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«Fig.5 Knockdown of PVT1 restrains DLBCL tumor growth in vivo.
A Representative tumor images, tumor volume and weigh in mice
injected with transfected DLBCL cells. B H&E, Ki-67, and TUNEL
staining of the tumor tissues from mice injected with transfected
DLBCL cells. C qRT-PCR to assess miR-34b-5p levels in the tumor
tissues from each group of mice. D Western blotting to measure lev-
els of Foxpl, pB-catenin, and proliferation-related proteins including
CDK4, CyclinD1, and p53 in tumors from mice injected with trans-
fected DLBCL cells. N=5, Data are expressed as the mean+SD.
*P<0.05; ¥**P<0.01, ***P <0.001

results provide mechanistic insights into DLBCL develop-
ment, as well as avenues for future therapy development.

LncRNAs play important roles in varieties of cellular
processes, including physiological processes and patho-
logical processes [7, 8]. In DLBCL, thousands of IncR-
NAs have been implicated, including IncRNA PVTI [13,
21, 22]. PVT1 has been shown to function as an oncogene
that promotes tumor development and progression [23-25].
For example, it can promote proliferation and migration
of gallbladder cancer cells via miR-143 [26]. PVT1 also
contributes to the development of colon cancer via spong-
ing miR-26b [27]. Here, in DLBCL, we observed a similar
oncogene function of PVTI. Its level was elevated in both
DLBCL tissues from patients and DLBCL cells. Further,
knockdown of its level could greatly inhibit cell prolifera-
tion and promote cell apoptosis. Our study, together with
previous studies, confirms that PVT1 usually functions as
a tumor-promoter. Interestingly, in DLBCL, we found that
PVT]1 exerted its function by acting as a miR-34b-5p sponge.
We validated the direct interaction between PVT1 and miR-
34b-5p in DLBCL cells also showed that miR-34b-5p inhibi-
tor blocked the effects of sh-PVT1. PVT1 has been shown to
function by sponging many miRNAs [24], but miR-34b-5p
has not been reported. It might be interesting to examine
the role of this novel interaction in other types of cancers.
In addition, it could be possible that PVT1 has other down-
stream targets besides miR-34b-5p in DLBCL. Indeed, we
observed that many miRNAs were upregulated, such as miR-
21-5p, miR-17-5p, in sh-PVT1 transfected DLBCL cells
compared to control transfected cells (Supplemental Mate-
rial), and observed that miR-34b-5p exhibited the biggest
change compared to other miRNAs. Therefore, we selected
miR-34b-5p for further characterization.

Foxpl belongs to the FOX transcription factor fam-
ily and has crucial roles in embryonic development [28,
29]. Aberrant expression of Foxpl has been implicated
in many diseases, such as neurological disorders and car-
diac diseases [30-32]. In cancers, Foxpl has dual biologi-
cal functions [33, 34]. It can act as a tumor suppressor or
an oncogene depending on specific types of cancers. For
example, in breast cancer, it functions as a tumor suppres-
sor and loss of Foxpl function contributes to the cancer
development [35]. In hepatocellular carcinoma, Foxpl

facilitated the cancer progression [36]. In DLBCL, it is
well acknowledged that Foxpl is overexpressed and that
the high abundance of Foxpl predicts a poor prognosis of
DLBCL [16]. The increased expression could be partially
caused by copy number amplifications and chromosomal
translocations, as indicated in a subset of DLBCL patients
[16]. Whether other mechanisms are involved is not clear.
Here, we showed that Foxpl was elevated in both types of
DLBCL tissues, indicating that Foxp1 is a key downstream
signaling. Next, we found that the increase of Foxpl level
resulted from the reduced expression of miR-34b-5p, which
directly targeted Foxpl mRNA. PVT1 disinhibited Foxpl
expression via sponging miR-34b-5p. Therefore, multiple
mechanisms lead to the upregulation of Foxpl in DLBCL.
Notably, knockdown of Foxpl only partially blocked the
effects of miR-34b-5p inhibitor on DLBCL cell proliferation
and apoptosis, suggesting that other targets of miR-34b-5p
are involved in the regulation. Future studies are required to
examine other downstream targets. Foxpl has been shown
to activate Wnt/p-catenin [18], which promotes cancer cell
proliferation. Consistently, we observed similar changes
of p-catenin. It might be interesting to study whether other
molecular mechanisms that contribute to the increase of
Foxpl in DLBCL.

In summary, we provide strong evidence that PVT1/
miR-34b-5p/Foxp1 plays a critical role in DLBCL develop-
ment. Inhibition of PVT1 or Foxpl or rescue the level of
miR-34b-5p could be a very useful way to repress DLBCL
progression and treat the disease.
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