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Abstract 

Uncontrolled productive infection of BK polyomaviruses (BKV) in immunocompromised patients was reported 
to result in serious diseases, especially renourinary malignancies. However, the mechanism of BKV as a role of human 
carcinogen is still unknown. In this study, we showed that there is a significant association between BKV infection 
and metastasis of urothelial carcinoma (UCA). BKV-infected tumor tissues exhibit invasive histologic phenomena 
with vascular invasion and myometrial invasion. Then we identified that BKV promotes UCA invasion in a mode 
of dual regulation of tumor cells (TCs) invasion and endothelial cells (ECs) adhesion by encoding miRNAs. In cancer 
cells, BKV-B1-miR-5p promotes cell motility and invasiveness by directly targeting CLDN1. Moreover, exosomal-BKV-
B1-miR-3p derived from BK-infected BC cells would be transferred to ECs and increase its adhesion to tumor cells 
by switching on the CLDN1 enhancer, which subsequently destroyed endothelial monolayers and increased perme-
ability. In a human urothelial cancer metastasis mouse model, BK-inoculated cells exhibited higher incidence of vascu-
lar leakage and liver colonization. However, the vascular leakage and liver metastasis could be reduced when knock-
ing down miRNAs in BK-inoculated cells. Our research delineates the bifunctional impact of BKV-encoded microRNAs 
on the expression of CLDN1 within both TCs and ECs, which orchestrates the establishment of a pre-metastatic niche 
in UCA.

To the Editor,

BK polyomaviruses (BKV) establish an asymptomatic 
persistent infection in the urinary system among 
healthy people, which is always benign but reacti-
vates commonly in immunosuppressed individuals 
[1–3]. Activated BKV has been ruled as a potential 
oncogenic factor, particularly in urinary tract malig-
nancies because the urothelial surface of bladder and 
renal pelvis constitute the primary loci for BKV’s pro-
ductive replication [4]. Our previous work found that 
BKV promotes tumor cells motility and invasion by 
mediating CLDN1, which facilitates tumor aggressive-
ness [5]. The late region of BKV encodes a precursor 
miRNA transcript which produce two mature miRNAs: 
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BKV-miR-B1-5p (BKV-miR-5p) and BKV-miR-B1-3p 
(BKV-miR-3p) [6]. Li et  al. observed high levels of 
BKV-miR-5p in blood was significantly associated with 
high levels of BKV DNA [7]. The expression of LTAg is 
a crucial sign of BKV infection. LTAg-positive urothe-
lial carcinomas showed an invasive histologic phenom-
ena with vascular invasion (Fig. S1a). Based on these 
findings, we hypothesized that BKV encoded miRNAs 
promote tumor invasion in a dual role on TC and EC.

To test this hypothesis, HTB-9 and TCC-SUP cells 
were inoculated with or without BKV (MOI = 1) (Fig. 
S1b). In both cell lines, RT-qPCR and WB analysis 
showed that BKV inoculation significantly upregulated 
BKV-miR-5p and BKV-miR-3p and downregulated 
CLDN1 (Fig. S1c-S1f ). A decreased invasion activity 
was assessed when BKV-miR-5p was downregulated 
(Fig.  1a, S2a). Therefore, we employed HTB-9 for fur-
ther study, CLDN1 were increased when BKV-miR-
5p were suppressed in BKV-inoculated cells (Fig.  1b). 
miRNAs were traditionally thought to inhibit gene 
expression by targeting 3’UTR of mRNA in cytoplasm 
[8]. We constructed the wild-type (WT) and mutant 
(MUT) 3’UTR plasmids of CLDN1 which contains the 
predicted 5p miRNA-binding site (Fig. S1g). Results 
showed that BKV-miR-5p notably inhibited luciferase 
reporter activity of WT 3’UTR (Fig.  1c). Additionally, 
blocking CLDN1 (Fig. S1h) enhanced the migration 
and invasion ability of tumor cells (Fig. 1d). Therefore, 
in TCs, BKV encoded BKV-miR-5p promotes TC inva-
sion by directly targeting CLDN1.

In ECs, we purified the exosomes from conditional 
media (CM) of BKV-inoculated (BKV-exo) and non-
inoculated HTB-9 cells (Exo) (Fig. S2b). We observed 
significant uptake of BKV-exo by ECs (Fig. S2c). BKV-
miR-3p increased in HUVECs cocultured with BKV-
inoculated HTB-9 cells (BKV-HTB-9) (Fig. S2d), but 
decreased when BKV-inoculated HTB-9 cells were 
pretreated with GW4869 (Fig. S2e). Expressions of 
CLDN1, ICAM1 and VCAM1 were enhanced in ECs 
cocultured with BKV-inoculated HTB-9 cells (Fig.  1e-
g), but reversed when BKV-HTB-9 cell pretreated with 
GW4869 (Fig.  1h-j) or 3p miRNA antagomir (anta3) 
(Fig. S2f-S2h), suggesting that BKV-exo internalized by 
ECs affect EC adhesion to TC. Moreover, transendothe-
lial invasion assay (Fig.  1k) showed that BKV-HTB-9 
coculture promoted the invasion of HTB-9-GFP cells 
through ECs monolayers (Fig.  1l), but the number of 
invasive HTB-9-GFP decreased when the cocultured 
BKV-HTB-9 pretreated with GW4896 (Fig. 1m), anta3 
(Fig. S2i) or siCLDN1 (Fig. S2j). Therefore, exosomal-3p 

secreted by BKV-inoculated cells promotes TCs adhe-
sion to ECs, and induces monolayer leakiness.

By using si-importin8 to silence the expression of 
importin8, which is regarded as the transport of mature 
miRNAs into nucleus, we found the level of BKV-miR-3p 
in nucleus was significantly reduced and CLDN1 mRNA 
and protein were no longer promoted after reducing 
BKV-miR-3p in nucleus (Fig. S3a-S3c). Yu et al. declared 
that there also exist NamiRNAs in the nucleus co-activat-
ing target gene with enhancer [9]. Since multiple binding 
sites of BKV-miR-3p and CLDN1 DNA sequence were 
obtained from RNAhybrid algorithm (Fig. S3d), sug-
gesting that BKV-miR-3p might function as NamiRNA. 
Luciferase report showed an increase in Lenti-3p and 
pGL3-CLDN1 group (Fig. S3e, 2a). However, the lucif-
erase activity was decreased when we mutated the seed 
sequence of BKV-miR-3p (mut-miR-3p) and its corre-
sponding complementary sites in the CLDN1 enhancer 
region (mut-pGL3-CLDN1) (Fig. 2a). The enrichment of 
H3K27ac became higher when ECs were incubated with 
BKV-HTB-9 derived exosomes, but reversed after pre-
transfection with anta3 (Fig. 2b). Furthermore, H3K27ac 
CUT&TAG exhibited BKV-exo group a higher enrich-
ment in the CLDN1 enhancer region compared with exo 
group (Fig. 2c). Finally, by employing CRISPR/Cas9 sys-
tem, we deleted the enhancer region of BKV-miR-3p in 
HEK293T cells and found CLDN1 was not activated after 
removing the enhancer region (Fig. 2d).

Finally, we validate the in  vitro result in  vivo. BKV-
inoculated tumor had more Ki67 positive cell compared 
with Con group. H&E staining showed BKV tumors dis-
played spike-like structures that invaded the surrounding 
tissues, while the Con group showed sharp edges (Fig. 
S3f, S3g). RT-PCR and WB analysis both showed that 
tumors formed by BKV-inoculated cells exhibited lower 
expression of CLDN1 Fig. S3h). Then, BKV-inoculated 
HTB-9 cells were injected into C57BL/6 mice. As deter-
mined by FITC-dextran egress in lung, mice injected 
with BKV-inoculated HTB-9 cells exhibited higher vas-
cular leakage. Conversely, silencing BKV-miR-3p and 
BKV-miR-5p could reverse the effect of BKV in vascular 
leakage (Fig. 2e). Secondly, we injected TCs into BALB/c 
nude mice via tail veins. BKV group exhibited positive 
LTAg staining and vascular invasion (Fig.  2f ). The liver 
metastasis incidence of BKV-inoculated cells was 80% 
versus 20% of non-inoculated cells. Meanwhile, when 
knocking down the BKV-miR-3p and BKV-miR-5p, the 
incidence of liver metastasis decreased to 40% (Fig. 2g). 
These findings supported that BKV-encoded miRNAs 
exhibit dual regulation on cancer invasion.
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Fig. 1  BKV encoded miRNAs promote tumor invasion in a dual role on TC and EC. a Migration and invasion assays of BKV-infected HTB-9 cells (BKV) 
after reducing BKV-miR-3p and BKV-miR-5p. b RT-qPCR and WB analysis shows the mRNA and protein levels of CLDN1 increases after transfecting 
with anta5. c Dual Luciferase assay shows BKV-miR-5p directly binds to 3’UTR region of CLDN1. d Migration and invasion assays of HTB-9 cells 
after downregulating CLDN1. e CLDN1 is increased in ECs cocultured with BKV-HTB-9. f-g ICAM1 and VCAM1 are increased in ECs cocultured 
with BKV-HTB-9. h CLDN1 expression is reversed in ECs after BKV-HTB-9 pretreated with GW4869. i-j ICAM1 and VCAM1 are reversed in ECs 
after BKV-HTB-9 pretreated with GW4869. k Experimental scheme of transendothelial invasion assay. l HTB-9-GFP transendothelial invasion in ECs 
cocultured with BKV-HTB-9. m HTB-9-GFP transendothelial invasion in ECs after BKV-HTB-9 pretreated with GW4869
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Fig. 2  Exosomal-miR-3p promotes CLDN1 depended on enhancer elements. a The luciferase activity is increased when HEK293T cells 
co-transfecting with BKV-miR-3p and pGL3-CLDN1. The luciferase activity decreased once BKV-miR-3p and CLDN1 is mismatched. b An enrichment 
of H3K27ac in enhancer region containing BKV-miR-3p binding site exhibited by ChIP-qPCR. c An enrichment of H3K27ac in enhancer region 
containing BKV-miR-3p binding site exhibited by CUT&TAG sequencing. d Knockout of binding site by CRISPR/Cas9 fails to promote CLDN1 
expression. e Representative images of lung sections stained for indicated markers. FITC + positive area is quantified as a measure of vascular 
permeability. BKV-inoculated cells enhance vascular leakage, which was counteracted if knockdown BKV-miR-3p and BKV-miR-5p. f H&E staining 
of Liver sections. Area 1 in BKV group with positive expression of LTAg indicates that tumor cells invade blood vessel. g Statistics of liver metastasis 
in Con, BKV and anta-mir groups
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