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Proliferation-promoting roles of linear and circular PVT1 are independent 
of their ability to bind miRNAs in B-cell lymphoma 
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A B S T R A C T   

Plasmacytoma Variant Translocation 1 (PVT1) is a long non-coding RNA located at 8q24.21 immediately 
downstream of MYC. Both the linear and circular PVT1 transcripts contribute to cancer pathogenesis by binding 
microRNAs. However, little is known about their roles in B-cell lymphoma. Here we studied their expression 
patterns, role in growth, and ability to bind miRNAs in B-cell lymphoma. Linear PVT1 transcripts were down
regulated in B-cell cell lymphoma lines compared to germinal center B cells, while circPVT1 levels were 
increased. Two Hodgkin lymphoma cell lines had a homozygous deletion including the 5′ region of the PVT1 
locus, resulting in a complete lack of circPVT1 and 5′ linear PVT1 transcripts. Inhibition of both linear and 
circular PVT1 decreased growth of Burkitt lymphoma, while the effects on Hodgkin lymphoma and diffuse large 
B cell lymphoma were less pronounced. Overexpression of circPVT1 promoted growth of B-cell lymphoma 
lacking or having low endogenous circPVT1 levels. Contrary to other types of cancer, linear and circular PVT1 
transcripts did not interact with miRNAs in B-cell lymphoma. Overall, we showed an opposite expression pattern 
of linear and circular PVT1 in B-cell lymphoma. Their effect on growth was independent of their ability to bind 
miRNAs.   

1. Introduction 

In contrast to the small proportion of the human genome that en
codes protein-coding transcripts, >60 % of the genome is transcribed 
into RNA molecules that are not translated into proteins. These RNAs 
belong to the family of non-coding (nc) RNAs [1–3]. NcRNAs are 
broadly subdivided into small and long ncRNAs (lncRNAs) based on an 
arbitrary cutoff of 200 nucleotides [2]. Unlike protein-coding genes, 
lncRNAs have a lower abundance, a more pronounced tissue-specific 
expression pattern, limited sequence conservation, and more variable 
subcellular localization patterns [4]. Functionally, lncRNAs are involved 
in regulation of gene transcription, RNA processing, translation, and 
epigenetic modifications through interaction with DNA, RNA, and pro
teins [5–7]. Recently, a relatively new subgroup of ncRNAs was defined, 
i.e., circular RNAs (circRNAs) [8,9]. CircRNAs have a closed loop shape 
without 5′ and 3′ ends [10] that is formed by back-splicing or exon 
skipping [11]. The circular shape leads to highly stable transcripts that 
are in general resistant to RNase R digestion [12]. Most circRNAs are 

derived from protein-coding genes and exhibit tissue-specific expression 
patterns [9,13]. Depending on their subcellular localization, circRNAs 
can regulate gene transcription and alternative splicing, stabilize 
mRNAs, serve as microRNA decoys, act as protein sponges or scaffolds, 
and serve as templates for translation [8,14]. Although many lncRNAs 
and circRNAs have been identified, most of them still need to be func
tionally characterized. Despite the overall limited knowledge of func
tionality, it has become clear that circRNAs can play key roles in the 
pathogenesis of a variety of diseases and malignancies [8,9]. 

The Plasmacytoma Variant Translocation 1 (PVT1) locus is located at 
8q24.21, about 53 kb downstream of the well-known MYC proto- 
oncogene locus [15]. In addition to harboring two fragile sites (FRA8C 
and FRA8D), the PVT1 locus gives rise to 190 linear splicing variants 
(Ensembl V110), 29 circular RNAs (circBase) and five highly conserved 
miRNAs [16–18]. In recent years, a total of 98 different lncPVT1 fusion 
genes/transcripts have been identified in both hematological and solid 
malignancies, in line with the important role of this locus in cancer [19]. 
Functional research on the lncRNA PVT1 (lncPVT1) and the most 
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extensively investigated circular PVT1 (circPVT1) hsa_circ_00001821 
transcripts from the PVT1 locus has revealed their involvement in the 
pathogenesis of various malignancies [20–24]. Both lncPVT1 and 
circPVT1 were shown to serve as miRNA decoys and thereby attenuate 
the action of the corresponding miRNA on its target mRNAs [16,25,26]. 
Mechanistically, it has been shown that lncPVT1 interacts with c-Myc 
which results in a positive feedback loop to enhance their expression and 
promote tumorigenesis [27]. A regulatory mechanism that seems in 
contrast with this is that the PVT1 promoter regulates the pause release 
of MYC transcription by competing with the MYC promoter for four 
intragenic enhancers located in the PVT1 locus [28]. Deletions of the 
PVT1 promoter were observed among double-hit signature diffuse large 
B cell lymphoma (DLBCL) lacking MYC translocations [29]. Moreover, 
high expression of lncPVT1 predicted poor prognosis and facilitated 
proliferation of DLBCL cell lines [30,31]. Knockdown of lncPVT1 
inhibited proliferation of the Burkitt lymphoma (BL) cell line Raji 
through regulating cell cycle progression [32]. Elevated levels of MYC, 
lncPVT1 and circPVT1 were observed in a vincristine-resistant DLBCL 
cell line with an amplification encompassing the MYC-PVT1 region [33]. 
c-Myc was shown to enhance expression of circPVT1 in the P493–6 B- 
cell model, supporting a link between these two factors in B cells [34]. In 
nasopharyngeal carcinoma, binding of circPVT1 to β-TrCP blocked 
binding of β-TrCP to c-Myc and this prevented proteasomal degradation 
of c-Myc [24]. In acute lymphoblastic leukemia, circPVT1 was shown to 
regulate c-Myc but the mechanism underlying this observation is un
known [35]. 

Here, we studied the expression of lncPVT1 and circPVT1 transcripts 
in a panel of B-cell lymphoma cell lines and normal B-cell subsets. In 
addition, we investigated the functional relevance of both PVT1 tran
scripts for supporting growth of B-cell lymphoma and explored their 
interaction with miRNAs. 

2. Methods 

2.1. Cell lines and isolation of B cell subsets 

We used 9 Burkitt lymphoma (BL), 8 Hodgkin lymphoma (HL), and 
12 diffuse large B-cell lymphoma (DLBCL) cell lines for expression 
profiling and a subset of the cell lines for functional studies. HEK293T 
cells were used for production of lentiviral particles. Details of the cell 
lines including EBV (Epstein Barr Virus) status, presence of MYC trans
locations, and culture medium are shown in Supplementary Table 1. 
Cells were cultured at 37 ◦C with 5 % CO2 in culture media supple
mented with 100 U/ml penicillin, 100 μg/ml streptomycin, 2 mM 
UltraGlutamine, and 10 % or 20 % Fetal Bovine Serum (Sigma, St. Louis, 
MO, USA). All cell lines were regularly subjected to STR analysis to 
confirm the origin of cell lines and tested for mycoplasma. B-cell subsets 
were sorted from four tonsil specimens of children as described previ
ously [36]. Written permission to use tonsil tissue was obtained from the 
parents of the children. The research protocol complies with interna
tional ethical guidelines (the Declaration of Helsinki and the Interna
tional Conference on Harmonization Guidelines for Good Clinical 
Practice). 

2.2. RNA isolation and reverse transcription quantitative PCR (RT-qPCR) 

RNA isolation was performed using Phase Lock Gel Heavy tubes (5 
Prime) in combination with the miRNeasy mini or micro kit including an 
on-column DNase digestion (Qiagen, Hilden, Germany) following the 
manufacturer’s instructions. The concentration was measured using 
NanoDrop™ 1000 Spectrophotometer (Thermo Fisher, Waltham, MA, 
USA). cDNA was synthesized using SuperScript™ II Reverse Transcrip
tase kit (Invitrogen, Waltham, MA, USA) with 300 ng Random Primers 
and 500 ng RNA in a final reaction volume of 20 μl. Samples were 
amplified in triplicate using 1 ng cDNA and 3 μM primers in a reaction 
volume of 10 μl containing SYBR Green (Applied Biosystems, Waltham, 

MA, USA) following the protocol of the manufacturer on the Lightcycler 
480 (Roche, Basel, Switzerland). Relative expression levels are shown as 
2-ΔCp or 2-ΔΔCp as indicated in the figures, using TBP as a housekeeping 
gene. Divergent primers in exon 6 of the PVT1 exon summary locus 
view, which corresponds to exon 2 of PVT1 transcript NR_003367.3, 
were used to specifically amplify the circPVT1 transcripts (Supplemen
tary Fig. 1). The sequences of all qPCR primers used in this study are 
listed in Supplementary Table 2. RT-qPCR for miRNAs was performed as 
described previously [37]. In brief, miRNA-specific cDNA synthesis was 
performed using the TaqMan MicroRNA Reverse Transcription Kit 
(Applied Biosystems) following a multiplex protocol. Quantitative PCR 
was done using 30 times diluted cDNA and TaqMan MicroRNA Assays 
(miR-15a-5p, assay ID: 477858_mir; miR-16-5p, assay ID: 477860_mir; 
and miR-17-5p, assay ID: 478447_mir; Applied Biosystems). 

2.3. DNA extraction and polymerase chain reaction (PCR) 

Genomic DNA was isolated using salt-chloroform-based extraction 
protocol. DNA concentration was measured by a NanoDrop™ 1000 
Spectrophotometer and the quality was assessed by performing a ladder 
PCR [38]. PCR reactions were carried out using Taq DNA polymerase 
(Invitrogen), 10 μM PCR primers (Supplementary Table 2), and a DNA 
input of 100 ng using protocols as provided by the manufacturer. PCR 
products were analyzed on 1 % agarose gel. 

2.4. RNase R treatment 

Total RNA (1μg/reaction) was incubated for 15min at 37 ◦C without 
or with 1U RNase R (Biosearch Technologies, Hoddesdon, UK) in a 15 μl 
volume. After incubation, RNA was purified and concentrated using 
Vivacon® 500 Hydrosart filter (Sartorius, Göttingen, Germany). To 
enable a direct comparison of Cp values, the volume of all tubes was 
restored to 15 μl. RNA integrity was assessed on a 1 % agarose gel. 
Subsequently, reverse transcription was performed on 10 μl of RNA and 
2.5 μl of the cDNA was used for qPCR after dilution of the cDNA 62.5 
times. Abundance of circular RNA was determined using primers 
flanking the back-splice junction (BSJ) of the circular RNA. As a control 
for the efficiency of the RNase R treatment, we also analyzed abundance 
of linear transcripts TBP and HPRT and the circRNA circ_0000284. 

2.5. GFP competition assays 

ShRNAs against lncPVT1 and the BSJ region of circPVT1 were 
designed and cloned into the miRZIP lentiviral vector (System Bio
sciences, Palo Alto, CA, USA) (Supplementary Table 2). Two non- 
targeting shRNAs (NT1 and NT2) were used as negative controls. A 
circPVT1 overexpression and a negative control (NC) construct were 
purchased from Geneseed (Guangzhou, China). Production of lentiviral 
particles and infection of cells was performed as described previously 
[37]. To determine efficiency of knockdown and overexpression, 
infected cells were selected by puromycin treatment for 4 days to reach a 
GFP-positive cell fraction of >90 %. Cells were harvested for RNA 
isolation and RT-qPCR. To determine the potential effect of knockdown 
of lncPVT1 and circPVT1 and overexpression of circPVT1 on growth, we 
infected cells aiming at a percentage of GFP+ cells ranging between 20 
% to 60 %. The percentage of GFP+ cells was measured tri-weekly for 3 
weeks starting on day 4 post-infection. The relative GFP+ percentage 
was determined by normalization to the GFP+ cell percentage measured 
on day 4. All GFP competition assays were performed in triplicate. 

2.6. Isolation of cytoplasmic and nuclear fractions 

A total of 0.5 million cells were harvested at 1000 x g for 5 min and 
resuspended in 250 μl wash buffer (10 mM Tris-HCl pH 8.0, 300 mM 
sucrose, 10 mM NaCl, 2 mM MgAc2, 0.5 mM DTT). The cells were lysed 
by adding 250 μl 2× lysis buffer (10 mM Tris-HCl pH 8.0, 300 mM 
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sucrose, 10 mM NaCl, 2 mM MgAc2, 6 mM CaCl2, 0.2 % Nonidet P-40, 
0.5 mM DTT) and centrifuged at 1000 xg for 5 min at 4 ◦C The super
natant was collected as the cytoplasmic fraction. The pellet was resus
pended in 0.5 ml glycerol buffer (50 mM Tris-HCl pH 8.0, 25 % glycerol, 
5 mM MgAc2, 0.1 mM EDTA, 5 mM DTT) and centrifuged at 1000 xg for 
5 min. The pellet was collected as the nuclear fraction. All buffers were 
supplemented with fresh 4 U/ml SUPERase In™ RNase Inhibitor (Invi
trogen) and 1× cOmplete™ EDTA-free protease inhibitor cocktail 
(Merk, Kenilworth, NJ, USA). RNA was isolated using Qiazol lysis re
agent (Qiagen) following the protocol of the manufacturer. RNA was 
eluted in 25 μl RNAse-free H2O and 1 μl RNA was used for cDNA syn
thesis in a volume of 20 μl. We used an input of 2.5 μl of cDNA (62.5×
diluted) for qPCR. To evaluate the efficiency of the subcellular frac
tionation, we analyzed the levels of U3 and SNHG4 as nuclear controls, 
and the levels of RPPH1 as cytoplasmic control in both fractions. 

2.7. AGO2 RNA immunoprecipitation (AGO2-RIP) 

AGO2 RNA immunoprecipitation was performed as described pre
viously [39]. In brief, AGO2 (Clone 2E12-1C9, Abnova, Taiwan) and IgG 
control (Millipore 12–371, Millipore BV, Amsterdam, The Netherlands) 
antibodies were incubated with EZview protein G beads (Merck) over
night at 4 ◦C. Next, the antibody/beads complexes were incubated with 
the cell lysates overnight at 4 ◦C. After washing, RNA was isolated using 
Qiazol (Qiagen). RT-qPCR was performed using equal fractions as input. 
Western blot of AGO2 protein in total fraction (TF), flow-through (FT), 
and IP fraction and RT-qPCR of miR-15a-5p, miR-16-5p, and miR-17-5p 
in the AGO2-IP and IgG-IP fraction were performed to evaluate the ef
ficiency of the pulldown. Relative enrichment was calculated by 2-ΔCp 

where ΔCp = Cp (AGO2-IP) – Cp (IgG-IP). 

2.8. Statistical analysis 

Differences in lncPVT1 and circPVT1 transcript levels between 
lymphoma cell lines and normal B cells were determined using Brown- 
Forsythe and Welch ANOVA tests test in GraphPad Prism (8.4.2 
version, Dotmatics, San Diego, CA, USA). Significance of changes in 
GFP+ cell percentages in knockdown or overexpression GFP competi
tion assays relative to controls were assessed using a Mix model analysis 
in IBM SPSS Statistics (28.0 version, IBM, Chicago, IL, USA) [40]. A 
correlation between MYC and lncPVT1 or circPVT1 transcripts was 
assessed by calculating the Pearson correlation coefficient (r). The cor
relation was defined as strong (|r| > 0.7), moderate (0.7 ≤ |r| < 0.5), fair 
(0.5 ≤ |r| ≤ 0.3), or poor (|r| < 0.3). A p-value of <0.05 was considered 
significantly different. 

3. Results 

3.1. Contrasting differential expression patterns of linear and circular 
PVT1 transcripts 

To investigate the expression patterns of lncPVT1 and circPVT1 
transcripts, we examined their expression levels in a panel of 29 lym
phoma cell lines (HL = 8, BL = 9, DLBCL = 12) and normal B-cell subsets 
by RT-qPCR. We used two different primer sets to test expression of 
lncPVT1, i.e., one primer set amplifying lncPVT1 transcripts containing 
exons 6–8 and a second primer set amplifying transcripts including 
exons 13–14 (exon numbering based on PVT1 exon summary view, 
Supplementary Fig. 1). The levels of the lncPVT1 exon 6–8 and exon 
13–14 amplicons were significantly higher in normal germinal center 
(GC) B and memory cells as compared to naïve B cells (Supplementary 
Fig. 2A-B). In comparison to GC B cells, a significant downregulation of 
the exon 6–8 amplicon was observed in all 3 B-cell lymphoma subtypes. 
The exon 13–14 amplicon also showed a significant downregulation in 
BL, while the decreases in HL and DLBCL were not significant. The exon 
6–8 amplicon was completely absent in the KM-H2 and SUPHD1 HL cell 

lines and the RI-1 DLBCL cell line (Fig. 1 A-B; Supplementary Fig. 3A). 
The circular shape of circPVT1 was confirmed by RT-qPCR of RNA 

samples pre-treated with RNase R which digests linear mRNAs but not 
circRNAs. RNase R treatment efficiency was confirmed by the decrease 
in the abundance of two linear transcripts (TBP and HPRT), while the 
levels of the control circRNA were not affected. CircPVT1 levels were not 
affected by the RNase R treatment, confirming the circular shape of 
circPVT1 (Supplementary Fig. 4). Similar to the lncPVT1 amplicons, 
circPVT1 levels were higher in GC B and memory cells compared to 
naïve B cells, but this difference was significant only for GC B cells 
(Supplementary Fig. 2C). In contrast to the decreased levels observed for 
both lncPVT1 amplicons, expression levels of circPVT1 were increased 
in all B-cell lymphoma subtypes compared to GC B cells, albeit signifi
cant only in BL and DLBCL cell lines. Consistent with the absence of the 
exon 6–8 amplicon of lncPVT1, we also could not detect circPVT1 in KM- 
H2 and SUPHD1. In RI-1, the 3rd cell line that lacked the exon 6–8 
amplicon of lncPVT1, we did observe expression of circPVT1 (Fig. 1C; 
Supplementary Fig. 3C). These results demonstrate that the expression 
of lncPVT1 and circPVT1 have opposite patterns in B-cell lymphoma 
suggesting specific regulatory mechanisms for lncPVT1 and circPVT1. 

Two independent regulatory mechanisms have been reported on the 
dependency of PVT1 and MYC expression [28,41]. To establish potential 
associations in B-cell lymphoma, we correlated expression of MYC with 
the expression levels of lncPVT1 and circPVT1. The exon 6–8 (r = 0.4, p 
< 0.05) and exon 13–14 (r = 0.48, p < 0.01) amplicons of lncPVT1 
showed a fair correlation with MYC levels (Supplementary Fig. 5A). The 
association was most obvious in MYC translocation negative cell lines 
(lncPVT1 exon 6–8: r = 0.43, p = 0.09; lncPVT1 exon 13–14: r = 0.54, p 
< 0.05) and was absent in cell lines with a MYC translocation (lncPVT1 
exon 6–8: r = − 0.06; lncPVT1 exon 13–14: r = 0.03) (Supplementary 
Fig. 5B-C). CircPVT1 showed a similar pattern, though not statistically 
significant (Supplementary Fig. 5). Thus, a potential regulatory link 
between MYC and PVT1, might be restricted to MYC translocation 
negative cell lines. 

3.2. Homozygous deletion of the 5′ region of the PVT1 locus in two HL cell 
lines 

To explain the lack of the lncPVT1 transcripts containing exon 6–8 
and the circPVT1 transcript in three and two of the lymphoma cell lines, 
respectively, we analyzed the 5′ region of the PVT1 locus at the genomic 
level. DNA primer sets were designed to verify presence of the PVT1 
exons and enhancer regions [28]. In addition, multiple RNA primer sets 
were designed for RT-qPCR to establish presence of the most common 
PVT1 splice variants (Fig. 2). For KM-H2 cells, primer sets covering a 
region from exons 1 to 6 up to the 912E enhancer failed to give PCR 
products, indicating a homozygous deleted region of the 5′ region of the 
PVT1 locus. In SUPHD1 cells, we observed a similar but slightly shorter 
homozygous deleted region, which included exons 1 to 6 but not the 
912E enhancer. For both cell lines, results at the genomic level were 
consistent with the results obtained at the RNA level and explained the 
inability to detect lncPVT1 transcripts that include (part) of the deleted 
exons and the circPVT1 transcripts. In contrast to the HL cell lines, we 
did observe PCR products of the expected sizes for all genomic ampli
cons within the PVT1 locus in RI-1 cells. Nonetheless, we were not able 
to detect transcripts containing exons 6–8 and exons 5–8, while we could 
detect transcripts containing exons 1–2, exons 1–5, exons 5–6, exons 
8–10, exons 13–14, and circPVT1 transcripts. The two cell lines included 
as controls, i.e., DG75 and L428, showed the expected pattern for all 
tested amplicons at the DNA and RNA level. Collectively, our data show 
a homozygous deletion of the 5’ PVT1 region in KM-H2 and SUPHD1 
encompassing the first 6 exons and two or three of the enhancer regions. 
In contrast, the lack of lncPVT1 transcripts containing exon 6–8 or exon 
5–8 in RI-1 cells suggests aberrant splicing as the most likely underlying 
mechanism. 
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3.3. LncPVT1 and circPVT1 knockdown inhibit cell proliferation 

To establish a potential role of PVT1 in supporting growth of B-cell 
lymphoma, we determined the effect of PVT1 knockdown in BL, which is 
a c-Myc driven malignancy, using GFP competition assays. Approximate 
locations of the three shRNAs constructs targeting lncPVT1 transcripts 
and the shRNA targeting the back-splice junction (BSJ) region of 
circPVT1 are shown in Fig. 3A. LncPVT1 sh1 and sh2 targeting exon 10 
showed a moderate knockdown rate of 35 % and 20 % in ST486, 
respectively. No clear changes in transcript levels were observed for the 
other two cell lines. In line with the observed knockdown efficiencies, 
we observed a 25 % and 30 % reduction in the percentage of GFP pos
itive cells in ST486 cells for sh1 for sh2 respectively, while no effects 
were observed in the other two BL cell lines. LncPVT1 sh3 targeting exon 
13 had the best knockdown efficiency (40 % in ST486, 25 % in CA46, 

and 45 % BL41) and induced an obvious decrease in the percentage of 
GFP positive cells in all three cell lines (65 % in ST486, 35 % in CA46, 
40 % in BL41 at day 22 after infection) (Fig. 3B and C). No clear effects 
were observed on the expression levels of circPVT1 and MYC upon 
lncPVT1 knockdown (Supplementary Fig. 6A). The circPVT1 specific 
BSJ shRNA showed a consistent high knockdown efficiency (85 % in 
ST486, 70 % in CA46, 90 % in BL41) without affecting the expression of 
lncPVT1 and MYC (Fig. 3B; Supplementary Fig. 6B). Despite the high 
efficiency of the shRNA, knockdown of circPVT1 only induced a mod
erate albeit significant decrease in the percentage of GFP positive cells 
(30 % in ST486, 12 % in CA46, 28 % in BL41) (Fig. 3D). These data 
indicates that both circPVT1 and the lncPVT1 transcript containing 
exons 13–14 support proliferation of BL cells. 

Next, we tested the effect of lncPVT1 and circPVT1 knockdown in 
two HL (L428 and L1236) and two DLBCL (SUDHL5 and SUDHL10) cell 

Fig. 1. Expression patterns of linear and circular PVT1 transcripts in B-cell lymphoma cells compared to GC B cells. (A) LncPVT1 transcripts containing exons 6–8; 
(B) LncPVT1 transcripts containing exons 13–14; (C) CircPVT1 (hsa_circ_0001821) expression levels were determined in 29 B-cell lymphoma cell lines (HL = 8, BL =
9, DLBCL = 12) and 4 GC B cells by RT-qPCR. Relative expression was normalized to TBP and shown as 2-ΔCp. The red line indicates the median. *p < 0.05, **p <
0.01, ***p < 0.001. See also supplemental Fig. 1 for details on the exon numbering and primer location. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 2. Analysis of PVT1 deletions in B-cell lymphoma. The PVT1 locus contains 20 possible exons (blue boxes, exon summary view based on Ensemble V75)) and 
four enhancers; from 5’to 3′ respectively 822E, 866E, 912E, and 919E (orange boxes). For reference, PVT1 refseq NR_003367.3 is shown below the exon summary 
view. Primers were designed to detect the presence of specific regions in PVT1 at the DNA level (purple boxes) or specific exons at the RNA level (green boxes). The 
green circle indicates circPVT1 (hsa_circ_0001821). Solid lines indicate a region is present, and dashed lines indicate its absence. The red triangular line between 
exons indicates that alternative splicing occurs between these two exons. The light green boxes in KM-H2 and SUPHD1 indicate the deleted region we identified. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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lines. LncPVT1 sh3 induced a 35 % decrease in the percentage of GFP 
positive cells in SUDHL5, whereas no effect was observed in the other 
three cell lines. Moreover, no effects on the percentage of GFP+ cells 
were observed for the other shRNAs targeting lncPVT1 in any of the four 
cell lines (Supplementary Fig. 7A). Knockdown of circPVT1 resulted in a 

decrease in the percentage of GFP positive cells of 39 % in L1236 but had 
no effect in L428 and the two DLBCL cell lines (Supplementary Fig. 7B). 
Thus, in contrast to BL, more variable effects were observed upon 
lncPVT1 or circPVT1 knockdown in cell lines derived from other B-cell 
lymphoma subtypes. 

Fig. 3. LncPVT1 and circPVT1 knockdown inhibit cell proliferation. (A) Schematic overview of the PVT1 locus and the location of lncPVT1 and circPVT1 shRNAs 
and primers used to verify knockdown efficiency. Shown is an exon summary view based on all possible exons reported in Ensemble V75. For reference PVT1 refseq 
NR_003367.3 is also added. LncPVT1 ex8–10 primer set was used to analyze lncPVT1 sh1 and sh2 efficiency, and lncPVT1 ex13–14 primer set was used to analyze 
lncPVT1 sh3 efficiency; (B) LncPVT1 and circPVT1 shRNAs knockdown efficiency in ST486, CA46, and BL41 cells. NT1 and NT2 were negative controls. The relative 
expression was normalized using TBP and calculated as 2-ΔΔCp (NT1 set to 1); (C) LncPVT1 and (D) CircPVT1 knockdown GFP competition assays in ST486, CA46, 
and BL41 cells. Mean ± SD, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001. 
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3.4. CircPVT1 overexpression promotes cell proliferation 

To further study the role of circPVT1, we overexpressed circPVT1 
using a lentiviral overexpression vector. The relative increases in 
circPVT1 levels were most pronounced in KM-H2 and SUPHD1 cells that 
both harbor a homozygous deletion encompassing the circPVT1 region. 
For cell lines that already expressed circPVT1 the increases ranged from 
3 to 5-fold (Supplementary Fig. 8A). Sequence analysis of the exogenous 
circPVT1 transcripts showed the expected BSJ sequence (Supplementary 
Fig. 8B). No effects on MYC expression were observed following 
circPVT1 overexpression (Supplementary Fig. 8C). The circular shape of 
the exogenous circPVT1 was confirmed by RT-qPCR on RNase R treated 

RNA samples (Fig. 4A). Next, we determined the effect of circPVT1 
overexpression on cell growth by GFP competition assay in three BL 
(ST486, CA46, and BL41), four HL (L428, L1236, KM-H2, and SUPHD1), 
and two DLBCL (SUDHL5 and SUDHL10) cell lines. No changes in the 
percentage of GFP positive cells were observed in cell lines with high 
endogenous circPVT1 levels, i.e., all BL and two of the four HL (L428 and 
L1236) cell lines (Fig. 4B). Slight increases in the percentage of GFP 
positive cells were observed for the two HL cell lines lacking endogenous 
circPVT1 and the DLBCL cell lines having a moderate circPVT1 
expression, i.e., KM-H2 (20%), SUPHD1 (10 %), SUDHL5 (23 %), and 
SUDHL10 (20 %) (Fig. 4B). Together, our results suggest that over
expression of circPVT1 has a growth-supporting effect on B-cell 

Fig. 4. CircPVT1 overexpression promotes cell proliferation in cell lines with low circPVT1 levels. (A) RNase R treatment to confirm the circular nature of circPVT1 
in ST486 and KM-H2 cells overexpressing circPVT1. TBP, HPRT, and circ_0000284 were used as linear and circular controls, respectively. Data were expressed as 
mean ± SD; (B) circPVT1 overexpression GFP competition assays in 3 BL (ST486, CA46, and BL41), 4 HL (L428, L1236, KM-H2, and SUPHD1), and 2 DLBCL 
(SUDHL15 and SUDHL10) cell lines. CircPVT1 was not expressed in KM-H2 and SUPHD1 cells. Mean ± SD, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001. 
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lymphoma cells that lack (KM-H2 and SUPHD1) or have low endogenous 
(SUDHL5 and SUDHL10) circPVT1 levels. 

3.5. No interaction between lncPVT1 or circPVT1 and miRNAs in B-cell 
lymphoma 

The subcellular localization of lncRNAs and circRNAs may provide 
first hints on their potential functions and regulatory mechanisms. To 
unravel the potential functional mechanisms of lncPVT1 and circPVT1 
transcripts, we analyzed their subcellular localization in nine B-cell 
lymphoma cell lines (HL = 3, BL = 3, DLBCL = 3). The fransfection 
efficiency was verified based on the enrichment of U3 and SNHG4 in the 
nucleus and RPPH1 in the cytoplasm (Fig. 5A). LncPVT1 transcripts 
were consistently enriched in the nucleus in all 9 cell lines, suggesting 
that lncPVT1 transcripts may play a role in gene regulation. In contrast, 
circPVT1 transcripts were enriched in the cytoplasm of the 8 cell lines 
that expressed circPVT1 (Fig. 5A), suggesting that circPVT1 may 
interact with miRNA, proteins, mRNAs or be translated into peptides or 
proteins. 

As several studies reported on the interaction of lncPVT1 and 
circPVT1 with miRNAs in various cancer types [21,42], we focused on 

establishing potential PVT1-miRNA interactions in B-cell lymphoma. 
We performed AGO2-RIP in 9 B-cell lymphoma cell lines (HL = 3, BL =
3, DLBCL = 3). AGO2 protein, miRNAs known to be expressed in B-cell 
lymphoma, and previously confirmed miRNA targets MYLIP and CD69 
all showed a good enrichment in the AGO2-IP fractions of all cell lines 
confirming the effectiveness of the AGO2-RIP procedure (Fig. 5B; Sup
plementary Fig. 9). However, neither lncPVT1 nor circPVT1 transcripts 
showed a clear enrichment in the AGO2-IP fraction. We only observed a 
mild enrichment of lncPVT1 transcripts in the AGO2-IP fraction of KM- 
H2 and SUDHL10, but not in the other cell lines. Together this indicates 
that lncPVT1 and circPVT1 do not interact with miRNAs in B-cell 
lymphoma. 

4. Discussion 

Linear and circular PVT1 play critical roles in cell proliferation, 
metastasis, apoptosis, drug resistance, and metabolism in various types 
of human cancers [16,20,23,25]. In this study, we showed aberrant 
expression of both lncPVT1 and circPVT1, with lncPVT1 being down and 
circPVT1 being upregulated in B-cell lymphoma. In addition, we showed 
a growth-supporting effect of both transcripts. In contrast to what has 

Fig. 5. LncPVT1 and circPVT1 do not interact with 
miRNAs in B-cell lymphoma. (A) Subcellular 
localization of lncPVT1 and circPVT1 transcripts in 
3 BL (ST486, DG75, CA46), 3 HL (KM-H2, L428, 
L1236), and 3 DLBCL (SUDHL4, SUDHL5, 
SUDHL10) cell lines. U3 and SNHG4 were used as 
nuclear controls, and RPPH1 was used as cyto
plasmic control to evaluate the effectiveness of the 
subcellular localization; (B) AGO2 RNA immuno
precipitation (RIP) assay in 3 BL (ST486, DG75, 
CA46), 3 HL (KM-H2, L428, L1236), and 3 DLBCL 
(SUDHL4, SUDHL5, SUDHL10) cell lines shows that 
in general PVT1 and circPVT1 do not interact with 
miRNAs in B-cell lymphoma. MYLIP and CD69 
were used as positive controls. Relative enrichment 
was calculated by 2-ΔCp where ΔCp = Cp (AGO2-IP) 
– Cp (IgG-IP).   
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been reported for various other cancer types, our data indicate that these 
effects of lncPVT1 and circPVT1 in B-cell lymphoma are not dependent 
on binding to miRNAs. 

Previous studies showed that lncPVT1 and circPVT1 are significantly 
upregulated in many different cancers [23,25]. LncPVT1 expression was 
shown to be significantly increased in DLBCL tissues as compared to 
normal lymph node tissues [30,31] and in DLBCL cell lines compared to 
normal B-lymphoblast-like cell lines [30]. In contrast, we found lower 
levels of lncPVT1 in B-cell lymphoma cell lines compared to GC B cells 
using two distinct primer sets amplifying transcripts derived from the 5′ 
and from the 3′ region of the PVT1 locus. Analysis of normal B-cell 
subsets revealed higher levels of lncPVT1 transcripts in GC and memory 
B cells as compared to naïve B-cells. A potential explanation for the 
observed differences of lncPVT1 expression in published studies and our 
data might be related to differences in housekeeping genes used for 
normalization of RT-qPCR data, origin of control samples, and location 
of the primer sets used to detect lncPVT1 transcripts. To the best of our 
knowledge, expression of circPVT1 has not been studied in B-cell lym
phoma previously. In contrast to the lower levels of lncPVT1, circPVT1 
levels were upregulated in B-cell lymphoma compared with GC B cells. 
GC and memory B cells both showed higher circPVT1 levels than naïve B 
cells. These results suggest independent mechanisms for the regulation 
of lncPVT1 and circPVT1 transcription in B-cell lymphoma. Several 
studies indeed showed that expression of lncPVT1 and circPVT1 are 
regulated by independent promoters, allowing opposite expression 
patterns as observed in B-cell lymphoma [28,43,44]. On the other hand, 
it is also possible that expression differences are (in part) caused by 
differences in half-life. CircPVT1 is more stable with a half-life 
exceeding 24 h while the half-life of lncPVT1 is <4 h [45]. 

Several studies showed intricate relationships between expression of 
MYC and both linear and circular PVT1. The PVT1 locus is co-amplified 
with the MYC locus in >98 % of cancers [41]. This co-amplification 
might explain the strong correlation between MYC and lncPVT1 and 
circPVT1 transcripts. Moreover, Yang et al. observed a strong positive 
correlation between lncPVT1 and MYC in 46 DLBCL tissues (Pearson’s r 
= 0.70) [31]. In P493–6 B-cells containing a repressible MYC allele, 
knockdown of MYC resulted in a decrease in the expression of circPVT1 
[34]. Knockdown of circPVT1 in B-cell and T-cell acute lymphoblastic 
leukemia resulted in a decrease of c-Myc levels [35]. We showed a fair 
correlation (Pearson’s r: 0.31–0.48) of lncPVT1 transcripts with MYC 
expression in B-cell lymphoma. In addition, we observed a weak albeit 
not significant correlation between circPVT1 and MYC. These correla
tions were most obvious in MYC translocation negative cell lines. As 
MYC transcript levels are also high in MYC-translocation negative cell 
lines, a possible explanation might be that these cell lines have ampli
fications encompassing MYC and PVT1. Neither knockdown of lncPVT1 
or circPVT1 nor overexpression of circPVT1 showed clear effects on 
MYC expression suggesting that these PVT1 transcripts are not involved 
in the regulation of MYC in the studied lymphoma cell lines. 

Genomic aberrations of the PVT1 promoter region alter the chro
matin and topologically associating domains of the PVT1 promoter [28]. 
These changes can facilitate interactions of the MYC promoter with 
enhancers at the PVT1 locus and thereby enhance MYC expression [28]. 
Two studies are in line with these observations. High MYC expression 
was observed in a case of chronic lymphocytic leukemia with a t(8;13) 
(q24; q14), with a concomitant loss of the PVT1 locus [46]. Focal de
letions of the PVT1 promoter were observed exclusively in double-hit 
signature DLBCL cases lacking MYC translocations [29]. In this study, 
we demonstrated deletion of the PVT1 5′ region in two HL cell lines, 
which may explain the high MYC expression [47]. 

Overexpression of LncPVT1 significantly promoted proliferation of 
DLBCL cells in vitro and in mouse xenograft models [30,31]. Knockdown 
of lncPVT1 in a BL cell line inhibited proliferation through blocking of 
cell cycle progression [32]. We showed a growth inhibitory effect of 
lncPVT1 knockdown especially in BL, which is consistent with previous 
findings. Higher expression of circPVT1 in (highly proliferative) GC B 

cells vs (mostly quiescent) naïve and memory B cells as shown in our 
study hints at a proliferation-supportive effect. In addition, we showed 
that circPVT1 knockdown inhibited growth of all BL cell lines and 1 out 
of two HL cell lines, while overexpression slightly promoted growth of 
DLBCL and part of the HL cell lines, suggesting a growth-promoting role 
of circPVT1 in B-cell lymphoma. 

Most studies on linear and circular PVT1 transcripts show that their 
mechanisms of action is through binding of miRNAs and as such act as 
competing endogenous RNAs [21,42]. The binding of tumor-suppressive 
miRNAs to linear and circular PVT1 transcripts results in a relief of 
oncogenic miRNA targets from miRNA-dependent inhibition. LncPVT1 
was recently reported to facilitate DLBCL development by acting as a 
miR-34b-5p sponge and thereby enhancing Foxp1/β-catenin signaling 
[30]. In line with the observed almost complete lack of AGO2-IP 
enrichment of lncPVT1 in our study, we also did not observe expres
sion of miR-34b-5p in a panel of 8 DLBCL cell lines, including the cell 
lines used in the study (SUDHL6 and U2932) and the cell lines used by us 
for AGO2-IP (SUDHL4, SUDHL5 and SUDHL10, data not shown). 
Furthermore, the reported proposed miR-34b-5p sponge function im
plies that lncPVT1 should be in the cytoplasm, the most common sub
cellular location of miRNAs. However, we showed that lncPVT1 is 
predominantly localized in the nucleus. In contrast, we found a pre
dominant cytoplasmic localization for circPVT1 transcripts. Our find
ings on the subcellular localization are in line with the results shown in 
gastric cancer in which lncPVT1 was primarily localized in the nucleus 
and circPVT1 was preferentially localized in the cytoplasm [45]. The 
difference in subcellular localization increases the likelihood that 
circPVT1 interacts with miRNAs and makes it less likely that lncPVT1 
interacts with miRNAs in B-cell lymphoma. However, we did not find 
evidence that supports miRNA binding to either lncPVT1 or circPVT1 
making it unlikely that they function as competing endogenous RNAs in 
B-cell lymphoma. In addition to sponging miRNAs, circPVT1 may utilize 
alternative mechanisms to exert its effects, such as binding to β-TrCP and 
thereby inhibiting proteasomal degradation of c-Myc [24]. Notably, 
circPVT1 did not exhibit any protein-coding activity in small cell lung 
cancer cell line GLC3 [48]. To fully elucidate the functional mechanism 
of lncPVT1 and circPVT1in B-cell lymphoma, further investigation is 
necessary, particularly with regards to their interactions with DNA, 
mRNAs and proteins. 

In conclusion, we demonstrated an opposite expression pattern of 
lncPVT1 and circPVT1 in B-cell lymphoma as compared to GC B cells. 
The 5’ PVT1 region, including circPVT1, was homozygous deleted in 
two HL cell lines. CircPVT1 promoted growth of three B-cell lymphoma 
subtypes, whereas lncPVT1 transcripts had the most pronounced effects 
only in BL. Despite the miRNA binding potency of linear and circular 
PVT1 as shown in other malignancies, we did not find evidence that 
these transcripts interact with miRNAs in B-cell lymphoma. Our data 
indicate a critical role of lncPVT1 in BL and of circPVT1 in three B-cell 
lymphoma subtypes independent of their miRNA binding potential and 
highlights the need for further mechanistic studies. 
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