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Highlights 

 

 BKPyV miRNA expression and TCR sequence variation were analysed in PyVAN patients. 

 Minor rearranged BKPyV populations were frequently detected in most patients. 

 Archetype BKPyV strains were predominant in all patients and seem to associate with PyVAN. 

 miRNAs were frequently detected and expressed at high levels in PyVAN patients. 
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 miRNA levels were also elevated in the presence of rearranged viral strains. 

 

Abstract 

 

Background.  BK polyomavirus (BKPyV) infection is a common asymptomatic viral infection in 

the general population. Severe complications are seen in immunocompromised individuals, such as 

polyomavirus-associated nephropathy (PyVAN) in renal transplant recipients. Information on 

BKPyV microRNA expressions is scarce, although polyomavirus-encoded microRNAs have been 

shown to control viral replication and assist in immune evasion. Whereas the pathogenic role of 

rearrangements in JC polyomavirus has been well established, little is known about BKPyV 

rearrangements in PyVAN. 

Objectives. To assess viral microRNA expression and transcriptional control region (TCR) 

sequence variation in PyVAN patients. 

Study design. bkv-miR-B1-3p and bkv-miR-B1-5p microRNA expression was quantified in 55 

plasma samples from 9 PyVAN patients and 2 controls using specific miRNA assays. TCR 

architectures among the viral populations in each patient were characterized by massive parallel 

sequencing.  

Results. bkv-miR-B1-3p and bkv-miR-B1-5p miRNA expression was established in 85.5% and 

98.2% of samples, respectively. On average, an 8.9-fold (bkv-miR-B1-3p) and 8.7-fold (bkv-miR-

B1-5p) higher expression levels were detected in PyVAN patients as compared to controls. 

Rearranged BKPyV strains with duplications and deletions were detected in 7/9 PyVAN patients, 

but 77.6–99.9% of all sequence reads in all samples represented archetype strains. 

Conclusions. The frequent detection and increased expression of miRNAs suggest involvement in 

PyVAN pathogenesis. Despite the predominance of archetype BKPyV strains, the frequent 

detection of minor rearranged viral populations urges further study on their role in severe kidney 
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disease. Our results suggest that miRNA expression is increased in PyVAN patients, as well as in 

the presence of rearranged viral strains. 

 

Keywords: BKPyV, miRNA, TCR, PyVAN, rearrangements, sequence variation 

 

1. Background 

 

Human BK polyomavirus (BKPyV) is a common DNA virus with overall 80% seroprevalence [1-3]. 

BKPyV is encountered in early childhood, after which asymptomatic lifelong persistence is 

established in the renourinary tract [4, 5]. In immunocompromised individuals, particularly in renal 

transplant recipients, reactivation of latent BKPyV may cause severe complications [4]. Because up 

to 10% of renal transplant recipients develop polyomavirus-associated nephropathy (PyVAN), these 

patients are screened for BKPyV viremia and viruria [6]. Presumptive PyVAN diagnosis can be 

made if high BKPyV load in plasma or urine (>104 or >107 copies/mL, respectively) for more than 

three weeks is observed [6], but histological examination of allograft biopsy and 

immunohistochemical SV40 large T antigen staining are used for definitive diagnosis [7]. Because 

no polyomavirus-specific treatments are currently available, the treatment of emerging PyVAN is 

based on reduction of immunosuppression [8, 9]. 

Asymptomatic primary BKPyV infections are caused by archetype viral strains, such as the BKPyV 

strain WW (GenBank accession number M15987.1), circulating in the population [10, 11]. 

Importantly, the archetype noncoding control region (NCCR) comprises blocks O (142 bp, 

containing viral ori), P (68 bp), Q (39 bp), R (63 bp) and S (63 bp).  Blocks P, Q, R and S constitute 

the transcriptional control region (TCR) [12] containing promoters and enhancer elements for early 

and late viral genes [13, 14]. During BKPyV replication various NCCR rearrangements through 

deletions and duplications may take place [15, 16]. For the closely related JC polyomavirus 

(JCPyV) it has been well established, that NCCR rearrangements are associated with the 
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development of progressive multifocal leukoencephalopathy (PML) [17-19]. BKPyV replication is 

largely dependent on the activity of the NCCR, which in turn is influenced by the TCR architecture 

[14, 20-22]. Although rearranged BKPyV strains have been identified in PyVAN patients [20, 23, 

24], the association of TCR modifications in the pathogenesis of BKPyV-associated kidney diseases 

is not yet clearly understood. microRNAs (miRNAs) are small noncoding RNA molecules that 

control gene expression by binding to mRNAs and by guiding their degradation [25, 26]. Similar to 

the closely related JCPyV, also BKPyV encodes two miRNAs, bkv-miR-B1-3p (3p miRNA) and 

bkv-miR-B1-5p (5p miRNA), that further regulate viral replication by reducing the expression of 

the large T antigen [27, 28]. The 3p miRNA, which shares identical sequence with JCPyV 3p 

miRNA [29], also assists the virus in evading the host immune system by reducing recognition of 

virus-infected cells [30, 31]. Studies on the presence and disease association of JCPyV miRNAs 

have shown biomarker potential for the JCPyV specific jcv-miR-J1-5p in the assessment of PML 

risk as well as for the development of colorectal cancer [32-35]. Previous studies have reported 

elevated BKPyV miRNA expression levels in PyVAN patients [28, 36, 37], but the role of BKPyV 

miRNAs in the development of PyVAN is still not well understood.  

 

2. Objectives 

 

To analyse BKPyV miRNA expression and TCR sequence variation in plasma of patients with 

definitive or presumptive PyVAN, and to assess whether these viral factors show potential as useful 

biomarkers in prognosis and monitoring of renal transplant recipients. 

 

3. Study design 

 

3.1 Patients and samples 
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The study population was comprised of nine 45 to 72-year-old (median age 62.1) renal transplant 

recipients with high-level BKPyV viremia (> 104 copies/mL) detected by routine screening 

performed at 3, 6, 9, and 12 months after kidney transplantation. Additional plasma samples were 

collected in routine follow-up of viremia after reduction of immunosuppression at two to four week 

intervals until viremia was cleared. Altogether 53 plasma samples (2-12 samples per patient) were 

included in the study. TCR architectures were determined from one sample per patient taken after 

transplantation. For this, samples with high viral loads (8500–217000 copies/mL) and producing a 

strong amplicon in PCR were selected for sequencing, based on the assumption that enhanced 

replication activity may lead to viral sequence variation. A written informed consent was obtained 

from all patients. The control group included two plasma samples from two renal transplant patients 

(a 62-year-old female, and a 69-year-old male) with stable graft function and no evidence of 

BKPyV viremia or viruria in routine screening protocol. Viral load of all samples was determined 

as previously described [38]. 

 

3.2 miRNA assays 

 

miRNA expression was quantified using commercially available TaqMan miRNA assays (Thermo 

Fisher Scientific, Waltham, MA, USA) targeting the bkv-miR-B1-5p (assay ID: 007796_mat), bkv-

miR-B1-3p (006801_mat) and cel-miR-39-3p (000200) miRNAs. The extracted samples were 

spiked with Caenorhabditis elegans cel-39-3p miRNA to control for reverse transcription and 

miRNA amplification. Detailed description of RNA extractions and miRNA assays are presented in 

Supplementary material. If amplification was detected in two or three of the replicates, the sample 

was interpreted as positive and a mean threshold cycle (Ct) was calculated. Fold change of miRNA 

expression in patients versus controls was calculated according to the 2−ΔΔCt method [39] by 

comparing the results of each individual patient to the mean of all controls. 
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3.3 Characterization of BKPyV TCR regions 

 

The aim was to sequence complete TCR regions (blocks P, Q, R and S, as described in [21]) in one 

continuous read using the MiSeq massive parallel sequencing platform (Illumina Inc., San Diego, 

CA). The forward primer was located within the origin of replication (5´- AGA GGC GGC CTC 

GGC CTC TTA T -3´, nucleotides 102-123 according to BKPyV Dunlop strain; GenBank 

accession number V01108.1), and the reverse primer at the 5' end of the agnoprotein gene (5´- AGA 

AGC TTG TCG TGA CAG CTG G -3´, nucleotides 399-419), yielding a 319 bp amplicon. TCR 

amplification and sequence characterization are presented in detail in Supplementary material. In 

addition to TCR architecture, binding sites for AP1, NFAT, NF1, Sp1 and p53 transcription factors 

were inspected, as these have been shown to bind to the BKPyV TCR region [13, 21, 40, 41].  

 

4. Results 

 

4.1 Patient characteristics 

 

Of the study patients, 7/9 had definitive biopsy-confirmed BKPyVAN with positive staining for 

SV40 large T antigen, whereas 2/9 had presumptive BKPyVAN with negative staining for SV40 at 

the time of BKPyV viremia. Two of the biopsy-confirmed patients had graft dysfunction at the time 

of established BKPyV viremia. Viremia was successfully treated and cleared in all patients with 

reduction of immunosuppression. Detailed patient characteristics are presented in Table 1. 

 

4.2 Quantification of miRNAs 

 

Altogether 55 plasma samples were analysed for miRNAs. 5p miRNA expression was established 

in 54/55 samples (98.2%) with an average Ct value of 39.2, and 3p miRNA in 47/55 samples 

ACCEPTED M
ANUSCRIP

T



7 
 

(85.5%) with an average Ct value of 38.4. Expression of both miRNAs was also established in 

BKPyV DNA negative control patients, with average Ct values of 41.7 for 5p and 40.0 for 3p. 

BKPyV miRNA fold changes and viral loads varied between samples (Table 2). On average, an 

8.7-fold higher expression of 5p miRNA was observed in PyVAN patients as compared to controls 

(2.9–19.1-fold in individual patients). The expression of 3p miRNA was on average 8.9-fold higher 

among patients as compared to controls. In 2/9 patients 3p miRNA expression was considerably 

high (13.6-fold in patient 2, and 51.5-fold in patient 5), whereas in 7/9 patients the fold changes 

were more modest at the most (0.9–5.0). Robust fold changes among biopsy-confirmed PyVAN 

patients as compared to presumptive PyVAN patients were also established for both miRNAs 

(mean fold change 2.2 for 5p miRNA and 8.0 for 3p miRNA). A negative correlation was 

established between viral load and normalized 5p (-0.61) and 3p (-0.62) miRNA cycle counts 

among all samples, indicating a positive correlation between viral load and the amount of both 

miRNAs. When correlations were inspected in each patient individually, a positive correlation was 

detected for 5p miRNA in patients 3 (1.0), 7 (0.4) and 8 (1.0), and for 3p miRNA in patient 8 (1.0), 

indicating a negative correlation between viral load and the amount of miRNA. 

Of note, the amount of miRNA amplification cycles was increased from 40 cycles recommended by 

the manufacturer to 45 cycles for better assessment of late amplification. For 5p miRNA, 20/53 

patient samples and 2/2 controls would have remained negative with 40 cycles of amplification. For 

3p miRNA, positive signals were detected above 40 cycles in 19/53 patient samples and in 1/2 

controls. All results for BKPyV and cel-39-3p miRNA detection from individual replicate wells are 

presented in Supplementary Table S1. 

 

4.3 TCR sequence characteristics 

 

The majority (77.6% to 97.6%) of all sequence reads in all samples represented archetype TCR 

regions (Table 2). From patients 3 and 8 exclusively (99.9%) archetype TCR regions were 
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characterized. Nucleotide numbering is according to the reverse complement of archetype BKPyV 

strain WW TCR sequence (GenBank accession number M15987.1, nucleotides 182-414). It should 

also be noted that sequence read proportions are only indicative and cannot be taken as a direct 

measure of viral strains. The archetype strains of patients 4, 5 and 8 had a 1-bp insertion between 

nucleotides 400…401, while the archetype strains of all other patients had identical length with 

WW TCR. A total of nine single nucleotide polymorphisms (SNPs, nucleotides 199, 200, 212, 292, 

293, 326, 328, 369, 373) were identified when compared to the WW strain (Figure 1), and five of 

these (T212C, C326G, G328A, A369G, T373A) were located in the binding sites for transcription 

factor NF-1. 

From six biopsy-confirmed BKPyVAN patients and from one presumptive BKPyVAN patient 

modified TCR regions were identified (Table 2, Figure 2). The proportion of modified TCR 

sequence reads was considerable in two BKPyVAN patients (15.9% for patient 6 and 22.4% for 

patient 7), but for the other patients the proportion was approximately 3.0%. Although the 

modifications were unique for each patient, similarities in TCR architectures were observed. From 

four patients, TCR regions with P-(Q)-(P)-Q-R-S architecture (brackets indicate a truncated block) 

containing duplications of partial P and Q blocks were identified. The modified BKPyV strains of 

patients 1, 4, 6 and 9 had 98-bp (P6-68 and Q1-35), 41-bp (P61-68 and Q1-33), 50-bp (P24-68 and 

Q1-5) and 82-bp (P23-68 and Q1-36) duplications, respectively. In two patients a P-(Q)-(R)-S 

architecture with partial Q and R block deletions was characterized. Patient 2 had a 58-bp deletion 

(Q37-39 and R1-55) and patient 7 a 41-bp (Q26-39 and R1-27) deletion. From patient 5 with graft 

dysfunction and biopsy-confirmed BKPyVAN three distinct viral strains with different TCR 

modifications were characterized. One viral strain had a P-(Q)-(P)-Q-R-S architecture with a 52-bp 

duplication of partial P (P22-68) and Q (Q1-5) blocks, one strain a P-Q-(R)-S architecture with 

partial R block (R1-51) deletion, and one strain a unique P-Q-(P)-Q-R-S architecture with 86-bp 

duplication of truncated P (P22-68) and a complete Q block. The proportions of modified TCR 
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sequence reads were 1.2%, 5.9% and 1.2%, respectively. No obvious association between the TCR 

sequence variation and clinical characteristics was established. 

Duplications and deletions of archetypal P and Q blocks affected the number of binding sites of 

transcription factors AP-1, NFAT, NF-1, Sp1 and p53 (Table 3). In TCR regions with duplications, 

additional binding sites were observed, while deletions resulted in loss of binding sites for NF-1 or 

Sp1.  

 

5. Discussion 

 

This study assessed BKPyV microRNA expression and sequence variation of the viral regulatory 

region in severe BKPyV-associated disease among renal transplant recipients. Expression of viral 

3p and 5p miRNAs was established in the majority of samples, and sequencing revealed the 

presence of both archetype and rearranged strains. The predominance of archetype TCR sequences 

observed in this study suggests that archetype rather than rearranged BKPyV strains are associated 

with the development of PyVAN. In this study, TCR regions were characterized from one sample 

collected at the peak viral load period, assuming that due to active viral replication possible 

rearrangements may have arisen. To further assess the emergence and impact of rearrangements on 

viral replication, miRNA expression and PyVAN development, several samples at different time 

points, and also before the onset of the disease should be analysed. Minor modifications such as 

single-nucleotide deletions or insertions seem to occur upon BKPyV reactivation in the kidneys 

[42], and such “archetype-like strains” are the most prevalent [10, 21]. Archetype-like strains, 

possessing SNPs and one-nucleotide insertions as compared to the archetypal WW strain, were the 

most prominent also in the present study. All except two of these (C326G, G328A) had been 

previously identified in immunosuppressed patients without BKPyV-related disease [14, 21, 42]. 

The two newly identified mutations were located in the NF-1 binding site.  
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In 7/9 patients, modified TCR sequences were additionally identified. Similar modifications have 

been identified in the Gardner strain [43], which is the prototype rearranged strain of BKPyV, as 

well as in rearranged strains from renal transplant patients with PyVAN [20, 23, 24, 44] and from a 

patient with tubulointerstitial nephritis [45]. Both patients with graft dysfunction had R block 

deletions, and in patient 5 with three distinct modified BKPyV strains, the strain with partial R 

block deletion had higher read counts than the other two modified strains. These particular deletions 

might be associated with more severe kidney problems, but it cannot be established based on only 

two patients. Furthermore, all rearranged strains had retained the archetypal S block containing 

hormone-response elements that may enhance productive BKPyV infection [46]. All 

rearrangements affected the number of AP-1, NFAT, NF-1, Sp1 or p53 binding sites, suggesting 

that these transcription factors may modulate BKPyV replication and presumably have a role in the 

development of PyVAN. AP-1, NFAT, NF-1 and Sp1 have all been shown to regulate the 

transcription of BKPyV early and late genes in vitro [40, 41, 47, 48]. Further studies, including 

RNASeq or ChIPSeq approaches are needed to analyse the true impact of rearrangements and 

modifications in transcription factor binding sites on BKPyV gene expression, and to assess the 

biological relevance of these alterations. 

Similar to a previous study [36], we observed a positive correlation between viral loads and the 

amount of miRNAs. Viral miRNAs were also detected in some BKPyV-DNA-negative samples, 

which could be due to the 45 amplification cycles allowing the detection of very low miRNA levels. 

Virus-encoded miRNAs have proven to be essential in the establishment of viral persistence and 

development of polyomavirus-associated chronic diseases [49, 50]. Previous studies have shown 

that BKPyV miRNAs limit viral replication through inhibition of large T antigen (LTAg) 

expression [27, 28]. A study in a natural host cell model showed that high miRNA expression levels 

specifically controlled the replication of archetype BKPyV strains, but not the replication of 

rearranged variants with high LTAg expression levels [27]. In our study, high viral loads of 

predominantly archetype BKPyV strains were detected along with high 5p miRNA expression 
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levels, suggesting that viral replication was not restricted. However, the correlations in individual 

patients suggest that viral replication was limited if only archetype BKPyV strains were present. 

This raises the question whether coexistence of rearranged variants, albeit in minority, may enable 

efficient virus replication with simultaneous high 5p miRNA expression. Coexistence of both 

rearranged and archetype strains in the plasma of PyVAN patients has been reported in a previous 

study, where the emergence of rearrangements was linked to increased viral replication [20]. 

For 3p miRNA the expression levels were considerably lower in most patients. Intriguingly, the 

patient with three modified BKPyV strains had extremely high 3p miRNA expression as compared 

to controls. By contrast, in patients harbouring solely archetype strains 3p miRNA expression levels 

were similar to controls. 3p miRNA has been shown to reduce the immune recognition of virus-

infected cells, thus enabling viral persistence [30, 31]. Although low 3p miRNA expression levels 

do not support an essential role in the development of PyVAN, we show here that elevated and even 

substantially increased 3p levels may be detected in the presence of modified BKPyV strains. 

Previous studies have investigated BKPyV miRNA expression in plasma [28, 36] and in urinary 

exosomes [37] of PyVAN patients, and reported increased miRNA expression in PyVAN patients. 

These findings together with ours suggest that BKPyV miRNAs could have biomarker potential in 

monitoring renal transplant recipients, although their role in the development of PyVAN is still 

unclear and urges further studies. 

Severe BKPyV disease is always associated with reactivation and enhanced replication of persistent 

virus. To our knowledge, this is the first study preliminary investigating both the expression of 

BKPyV-encoded miRNAs and the presence of modified BKPyV strains in the plasma of PyVAN 

patients. The predominance of archetype BKPyV strains in all our patients suggests that they are 

sufficient for PyVAN pathogenesis. Yet, our results also imply that even minor populations of 

rearranged viral strains may have an impact on the balance of miRNA expression and viral 

replication. In accordance with a previous study [36], significantly elevated BKPyV miRNA 

expression levels were detected in biopsy-confirmed PyVAN patients as compared to the controls 
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or presumptive PyVAN patients. Although host factors regulating polyomavirus miRNA expression 

and function have not been identified, we cannot exclude the possibility that the immunosuppressed 

status of our patients might have interfered with the regulation of viral replication by viral miRNAs. 

Despite our small study population, the frequent detection of viral miRNAs and their increased 

expression levels in PyVAN patients as well as in the presence of rearranged viral strains point to a 

role of viral miRNAs in the development of PyVAN. Although these results are preliminary and 

need further confirmation, they suggest that miRNA expression could provide an additional 

biomarker in kidney disease.  
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Table and figure captions 

 

Table 1. Clinical patient characteristics. 

 

Table 2. Results for miRNA detection and TCR characterization of nine PyVAN patients. 

 

Table 3. Number of AP-1, NFAT, NF-1, Sp1 and p53 transcription factor binding sites in modified 

BKPyV strains. 

 

 

Figure 1. TCR sequence comparison of archetype BKPyV strains. Archetype TCR regions from 

nine PyVAN patients (P1-9_arc, ‘P’ indicating patients 1 through 9 and ‘arc’ describing an 

archetype-like strain) were aligned with WW archetype BKPyV strain (BKPyV_WW). Dark and 

light blue colours indicate either purine (A, G) or pyrimidine (C, T) identity, and a dash indicates a 

gap. Black arrows indicate the starting position of sequence blocks. Black dots represent ten 

nucleotide intervals. Nucleotide numbering is according to archetype WW strain. A multiple 

sequence alignment tool (Kalign) and a multiple alignment viewer tool (MView) were used. 

 

Figure 2. TCR sequence comparison of modified BKPyV strains. Modified TCR regions from 

seven (P1-9_mod, ‘P’ indicating the patient and ‘mod’ describing a modified strain) BKPyVAN 

patients were aligned with WW archetype BKPyV strain (BKPyV_WW). Dark and light blue 
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colours indicate either purine (A, G) or pyrimidine (C, T) identity, and a dash indicates a gap. Black 

arrows indicate the starting position of sequence blocks, which are defined with black lines. Black 

dots represent ten nucleotide intervals. Nucleotide numbering is according to the archetype WW 

strain. A multiple sequence alignment tool (Kalign) and a multiple alignment viewer tool (MView) 

were used. 

 

References 

[1] A. Egli, L. Infanti, A. Dumoulin, A. Buser, J. Samaridis, C. Stebler, R. Gosert and H.H. Hirsch, 

Prevalence of Polyomavirus BK and JC Infection and Replication in 400 Healthy Blood Donors, 

J.Infect.Dis. 199 (2009), pp. 837-846. 

[2] J.M. Kean, S. Rao, M. Wang and R.L. Garcea, Seroepidemiology of Human Polyomaviruses, 

PLoS Pathog. 5 (2009), pp. e1000363. 

[3] W.A. Knowles, P. Pipkin, N. Andrews, A. Vyse, P. Minor, D.W. Brown and E. Miller, 

Population-Based Study of Antibody to the Human Polyomaviruses BKV and JCV and the Simian 

Polyomavirus SV40, J.Med.Virol. 71 (2003), pp. 115-123. 

[4] H.H. Hirsch and J. Steiger, Polyomavirus BK, Lancet Infect.Dis. 3 (2003), pp. 611-623. 

[5] P.M. Chesters, J. Heritage and D.J. McCance, Persistence of DNA Sequences of BK Virus and 

JC Virus in Normal Human Tissues and in Diseased Tissues, J.Infect.Dis. 147 (1983), pp. 676-684. 

[6] H.H. Hirsch, D.C. Brennan, C.B. Drachenberg, F. Ginevri, J. Gordon, A.P. Limaye, M.J. 

Mihatsch, V. Nickeleit, E. Ramos, P. Randhawa, R. Shapiro, J. Steiger, M. Suthanthiran and J. 

ACCEPTED M
ANUSCRIP

T



15 
 

Trofe, Polyomavirus-Associated Nephropathy in Renal Transplantation: Interdisciplinary Analyses 

and Recommendations, Transplantation. 79 (2005), pp. 1277-1286. 

[7] C.B. Drachenberg, H.H. Hirsch, E. Ramos and J.C. Papadimitriou, Polyomavirus Disease in 

Renal Transplantation: Review of Pathological Findings and Diagnostic Methods, Hum.Pathol. 36 

(2005), pp. 1245-1255. 

[8] H.H. Hirsch, N. Babel, P. Comoli, V. Friman, F. Ginevri, A. Jardine, I. Lautenschlager, C. 

Legendre, K. Midtvedt, P. Munoz, P. Randhawa, C.H. Rinaldo, A. Wieszek and ESCMID Study 

Group of Infection in Compromised Hosts, European Perspective on Human Polyomavirus 

Infection, Replication and Disease in Solid Organ Transplantation, Clin.Microbiol.Infect. 20 Suppl 

7 (2014), pp. 74-88. 

[9] Kidney Disease: Improving Global Outcomes (KDIGO) Transplant Work Group, KDIGO 

Clinical Practice Guideline for the Care of Kidney Transplant Recipients, Am.J.Transplant. 9 Suppl 

3 (2009), pp. S1-155. 

[10] Y. Yogo, S. Zhong, Y. Xu, M. Zhu, Y. Chao, C. Sugimoto, H. Ikegaya, A. Shibuya and T. 

Kitamura, Conserved Archetypal Configuration of the Transcriptional Control Region during the 

Course of BK Polyomavirus Evolution, J.Gen.Virol. 89 (2008), pp. 1849-1856. 

[11] S. Chauhan, G. Lecatsas and E.H. Harley, Genome Analysis of BK (WW) Viral DNA Cloned 

Directly from Human Urine, Intervirology. 22 (1984), pp. 170-176. 

[12] R. Rubinstein, N. Pare and E.H. Harley, Structure and Function of the Transcriptional Control 

Region of Nonpassaged BK Virus, J.Virol. 61 (1987), pp. 1747-1750. 

[13] R.B. Markowitz and W.S. Dynan, Binding of Cellular Proteins to the Regulatory Region of BK 

Virus DNA, J.Virol. 62 (1988), pp. 3388-3398. 

[14] U. Moens, T. Johansen, J.I. Johnsen, O.M. Seternes and T. Traavik, Noncoding Control Region 

of Naturally Occurring BK Virus Variants: Sequence Comparison and Functional Analysis, Virus 

Genes. 10 (1995), pp. 261-275. 

[15] A. Sundsfjord, T. Johansen, T. Flaegstad, U. Moens, P. Villand, S. Subramani and T. Traavik, 

At Least Two Types of Control Regions can be found among Naturally Occurring BK Virus Strains, 

J.Virol. 64 (1990), pp. 3864-3871. 

[16] R. Rubinstein, B.C. Schoonakker and E.H. Harley, Recurring Theme of Changes in the 

Transcriptional Control Region of BK Virus during Adaptation to Cell Culture, J.Virol. 65 (1991), 

pp. 1600-1604. 

[17] E.O. Major, K. Amemiya, C.S. Tornatore, S.A. Houff and J.R. Berger, Pathogenesis and 

Molecular Biology of Progressive Multifocal Leukoencephalopathy, the JC Virus-Induced 

Demyelinating Disease of the Human Brain, Clin.Microbiol.Rev. 5 (1992), pp. 49-73. 

[18] M.W. Ferenczy, L.J. Marshall, C.D. Nelson, W.J. Atwood, A. Nath, K. Khalili and E.O. Major, 

Molecular Biology, Epidemiology, and Pathogenesis of Progressive Multifocal 

Leukoencephalopathy, the JC Virus-Induced Demyelinating Disease of the Human Brain, 

Clin.Microbiol.Rev. 25 (2012), pp. 471-506. 

ACCEPTED M
ANUSCRIP

T



16 
 

[19] R. Gosert, P. Kardas, E.O. Major and H.H. Hirsch, Rearranged JC Virus Noncoding Control 

Regions found in Progressive Multifocal Leukoencephalopathy Patient Samples Increase Virus 

Early Gene Expression and Replication Rate, J.Virol. 84 (2010), pp. 10448-10456. 

[20] R. Gosert, C.H. Rinaldo, G.A. Funk, A. Egli, E. Ramos, C.B. Drachenberg and H.H. Hirsch, 

Polyomavirus BK with Rearranged Noncoding Control Region Emerge in Vivo in Renal Transplant 

Patients and Increase Viral Replication and Cytopathology, J.Exp.Med. 205 (2008), pp. 841-852. 

[21] U. Moens and M. Van Ghelue, Polymorphism in the Genome of Non-Passaged Human 

Polyomavirus BK: Implications for Cell Tropism and the Pathological Role of the Virus, Virology. 

331 (2005), pp. 209-231. 

[22] G.H. Olsen, H.H. Hirsch and C.H. Rinaldo, Functional Analysis of Polyomavirus BK Non-

Coding Control Region Quasispecies from Kidney Transplant Recipients, J.Med.Virol. 81 (2009), 

pp. 1959-1967. 

[23] P. Randhawa, D. Zygmunt, R. Shapiro, A. Vats, K. Weck, P. Swalsky and S. Finkelstein, Viral 

Regulatory Region Sequence Variations in Kidney Tissue obtained from Patients with BK Virus 

Nephropathy, Kidney Int. 64 (2003), pp. 743-747. 

[24] G.H. Olsen, P.A. Andresen, H.T. Hilmarsen, O. Bjorang, H. Scott, K. Midtvedt and C.H. 

Rinaldo, Genetic Variability in BK Virus Regulatory Regions in Urine and Kidney Biopsies from 

Renal-Transplant Patients, J.Med.Virol. 78 (2006), pp. 384-393. 

[25] E. Auvinen, Diagnostic and Prognostic Value of MicroRNA in Viral Diseases, 

Mol.Diagn.Ther. 21 (2017), pp. 45-57. 

[26] M.J. Imperiale, Polyomavirus miRNAs: The Beginning, Curr.Opin.Virol. 7 (2014), pp. 29-32. 

[27] N.M. Broekema and M.J. Imperiale, miRNA Regulation of BK Polyomavirus Replication 

during Early Infection, Proc.Natl.Acad.Sci.U.S.A. 110 (2013), pp. 8200-8205. 

[28] Y.C. Tian, Y.J. Li, H.C. Chen, H.H. Wu, C.H. Weng, Y.C. Chen, C.C. Lee, M.Y. Chang, H.H. 

Hsu, T.H. Yen, C.C. Hung and C.W. Yang, Polyomavirus BK-Encoded microRNA Suppresses 

Autoregulation of Viral Replication, Biochem.Biophys.Res.Commun. 447 (2014), pp. 543-549. 

[29] G.J. Seo, L.H. Fink, B. O'Hara, W.J. Atwood and C.S. Sullivan, Evolutionarily Conserved 

Function of a Viral microRNA, J.Virol. 82 (2008), pp. 9823-9828. 

[30] Y. Bauman, D. Nachmani, A. Vitenshtein, P. Tsukerman, N. Drayman, N. Stern-Ginossar, D. 

Lankry, R. Gruda and O. Mandelboim, An Identical miRNA of the Human JC and BK Polyoma 

Viruses Targets the Stress-Induced Ligand ULBP3 to Escape Immune Elimination, Cell.Host 

Microbe. 9 (2011), pp. 93-102. 

[31] D.H. Raulet, Roles of the NKG2D Immunoreceptor and its Ligands, Nat.Rev.Immunol. 3 

(2003), pp. 781-790. 

[32] P. Basnyat, E. Virtanen, I. Elovaara, S. Hagman and E. Auvinen, JCPyV microRNA in Plasma 

Inversely Correlates with JCPyV Seropositivity among Long-Term Natalizumab-Treated Relapsing-

Remitting Multiple Sclerosis Patients, J.Neurovirol. 23 (2017), pp. 734-741. 

ACCEPTED M
ANUSCRIP

T



17 
 

[33] O. Lagatie, T. Van Loy, L. Tritsmans and L.J. Stuyver, Viral miRNAs in Plasma and Urine 

Divulge JC Polyomavirus Infection, Virol.J. 11 (2014), pp. 158-422X-11-158. 

[34] A. Link, F. Balaguer, T. Nagasaka, C.R. Boland and A. Goel, MicroRNA miR-J1-5p as a 

Potential Biomarker for JC Virus Infection in the Gastrointestinal Tract, PLoS One. 9 (2014), pp. 

e100036. 

[35] A. Rocca, F. Martelli, S. Delbue, P. Ferrante, D. Bartolozzi, A. Azzi and S. Giannecchini, The 

JCPYV DNA Load Inversely Correlates with the Viral Microrna Expression in Blood and 

Cerebrospinal Fluid of Patients at Risk of PML, J.Clin.Virol. 70 (2015), pp. 1-6. 

[36] J.Y. Li, K. McNicholas, T.Y. Yong, N. Rao, P.T. Coates, G.D. Higgins, R.P. Carroll, R.J. 

Woodman, M.Z. Michael and J.M. Gleadle, BK Virus Encoded microRNAs are Present in Blood of 

Renal Transplant Recipients with BK Viral Nephropathy, Am.J.Transplant. 14 (2014), pp. 1183-

1190. 

[37] M.H. Kim, Y.H. Lee, J.W. Seo, H. Moon, J.S. Kim, Y.G. Kim, K.H. Jeong, J.Y. Moon, T.W. 

Lee, C.G. Ihm, C.D. Kim, J.B. Park, B.H. Chung, Y.H. Kim and S.H. Lee, Urinary Exosomal Viral 

microRNA as a Marker of BK Virus Nephropathy in Kidney Transplant Recipients, PLoS One. 12 

(2017), pp. e0190068. 

[38] T. Pietilä, M. Nummi, P. Auvinen, L. Mannonen and E. Auvinen, Expression of BKV and JCV 

Encoded microRNA in Human Cerebrospinal Fluid, Plasma and Urine, J.Clin.Virol. 65 (2015), pp. 

1-5. 

[39] K.J. Livak and T.D. Schmittgen, Analysis of Relative Gene Expression Data using Real-Time 

Quantitative PCR and the 2(-Delta Delta C(T)) Method, Methods. 25 (2001), pp. 402-408. 

[40] T. Chakraborty and G.C. Das, Identification of HeLa Cell Nuclear Factors that Bind to and 

Activate the Early Promoter of Human Polyomavirus BK in Vitro, Mol.Cell.Biol. 9 (1989), pp. 

3821-3828. 

[41] J.A. Jordan, K. Manley, A.S. Dugan, B.A. O'Hara and W.J. Atwood, Transcriptional 

Regulation of BK Virus by Nuclear Factor of Activated T Cells, J.Virol. 84 (2010), pp. 1722-1730. 

[42] A. Sundsfjord, A. Osei, H. Rosenqvist, M. Van Ghelue, Y. Silsand, H.J. Haga, O.P. Rekvig 

and U. Moens, BK and JC Viruses in Patients with Systemic Lupus Erythematosus: Prevalent and 

Persistent BK Viruria, Sequence Stability of the Viral Regulatory Regions, and Nondetectable 

Viremia, J.Infect.Dis. 180 (1999), pp. 1-9. 

[43] R. Dhar, C.J. Lai and G. Khoury, Nucleotide Sequence of the DNA Replication Origin for 

Human Papovavirus BKV: Sequence and Structural Homology with SV40, Cell. 13 (1978), pp. 345-

358. 

[44] A. Azzi, R. De Santis, V. Salotti, N. Di Pietro, F. Ginevri and P. Comoli, BK Virus Regulatory 

Region Sequence Deletions in a Case of Human Polyomavirus Associated Nephropathy (PVAN) 

After Kidney Transplantation, J.Clin.Virol. 35 (2006), pp. 106-108. 

[45] C.H. Chen, M.C. Wen, M. Wang, J.D. Lian, M.J. Wu, C.H. Cheng, K.H. Shu and D. Chang, A 

Regulatory Region Rearranged BK Virus is Associated with Tubulointerstitial Nephritis in a 

Rejected Renal Allograft, J.Med.Virol. 64 (2001), pp. 82-88. 

ACCEPTED M
ANUSCRIP

T



18 
 

[46] U. Moens, N. Subramaniam, B. Johansen, T. Johansen and T. Traavik, A Steroid Hormone 

Response Unit in the Late Leader of the Noncoding Control Region of the Human Polyomavirus BK 

Confers Enhanced Host Cell Permissivity, J.Virol. 68 (1994), pp. 2398-2408. 

[47] B. Liang, I. Tikhanovich, H.P. Nasheuer and W.R. Folk, Stimulation of BK Virus DNA 

Replication by NFI Family Transcription Factors, J.Virol. 86 (2012), pp. 3264-3275. 

[48] T. Bethge, H.A. Hachemi, J. Manzetti, R. Gosert, W. Schaffner and H.H. Hirsch, Sp1 Sites in 

the Noncoding Control Region of BK Polyomavirus are Key Regulators of Bidirectional Viral Early 

and Late Gene Expression, J.Virol. 89 (2015), pp. 3396-3411. 

[49] O. Lagatie, L. Tritsmans and L.J. Stuyver, The miRNA World of Polyomaviruses, Virol.J. 10 

(2013), pp. 268-422X-10-268. 

[50] F. Martelli and S. Giannecchini, Polyomavirus microRNAs Circulating in Biological Fluids 

during Viral Persistence, Rev.Med.Virol. (2017). 

  

[51] H.H. Hirsch, P. Randhawa and AST Infectious Diseases Community of Practice, BK 

Polyomavirus in Solid Organ Transplantation, Am.J.Transplant. 13 Suppl 4 (2013) 179-188. 

[52] K. Matsushita, B.K. Mahmoodi, M. Woodward, J.R. Emberson, T.H. Jafar, S.H. Jee, K.R. 

Polkinghorne, A. Shankar, D.H. Smith, M. Tonelli, D.G. Warnock, C.P. Wen, J. Coresh, R.T. 

Gansevoort, B.R. Hemmelgarn, A.S. Levey and Chronic Kidney Disease Prognosis Consortium, 

Comparison of Risk Prediction using the CKD-EPI Equation and the MDRD Study Equation for 

Estimated Glomerular Filtration Rate, JAMA. 307 (2012) 1941-1951. 

 

 

ACCEPTED M
ANUSCRIP

T



19 
 

Table 1. Clinical patient characteristics. 

Patient ID ISa 

Time of BKPyV 

viremia 

(months)b 

Peak viral load in 

plasma (copies/mL) 

Graft dysfunction 

at viremia 

diagnosis 

Treatment of BKPyV 

viremia 

Biopsy finding 

(grading)c 

Follow-up 

(months) 

Last eGFR 

(mL/min) 

1 CsA 3 58600 No 
MMF cessation, 

CsA dose reduction 
PyVAN (A) 48 60 

2 CsA 3 401000 No 
MMF cessation, 

CsA dose reduction 
PyVAN (A) 53 47 

3 CsA 12 26700 No No treatment 
No PyVAN in 

biopsy 
18 34 

4 Tac 6 89100 No MMF cessation PyVAN (B) 91 49 

5 CsA 6 256000 Yes 
MMF cessation, 

CsA dose reduction 
PyVAN (A) 60 93 

6 d CsA 3 11200 No 
MMF cessation, 

CsA dose reduction 
PyVAN (A) 45 11 

7 e CsA 5 29600 Yes MMF cessation PyVAN (B) 26 60 

8 CsA 6 2700 No MMF cessation PyVAN (A) 72 68 

9 Tac 12 102800 No MMF dose reduction 
No PyVAN in 

biopsy 
14 47 

10f Tac - - - - - 50 26 

11f CsA - - - - - 26 92 
a Immunosuppression was a combination of cyclosporine or tacrolimus, mycophenolate, and steroids. Induction therapy was not used in any of these patients. 
b Time of BKPyV viremia diagnosis in months after kidney transplantation. 
c PyVAN stages and diagnosis of presumptive and definitive PyVAN were defined as described in [51]. 
d After reduction of immunosuppression, patient 6 developed chronic antibody-mediated rejection and severe irreversible graft dysfunction and is approaching end-

stage kidney failure 45 months after transplantation. 
e Patient 7 with a well-functioning kidney died at 26 months after transplantation due to causes unrelated to BKPyV (severe peripheral vascular disease and septic 

infection after limb amputation). 
f Controls, renal transplant recipients with stable graft function and no evidence of BKPyV viremia or viruria. 

IS = immunosuppressive treatment; CsA = Cyclosporine-based immunosuppression; Tac = tacrolimus-based immunosuppression; MMF = mycophenolate; PyVAN 

= polyomavirus-associated nephropathy; eGFR = glomerular filtration rate, calculated with the CKD-EPI equation [52]. 

 

ACCEPTED M
ANUSCRIP

T



20 
 

Table 2. Results for miRNA detection and TCR characterization of nine PyVAN patients. 

Patient Sample 

Viral load 

(copies/mL) 

3p 

ΔCta 

5p 

ΔCta 

3p fold 

changeb 

5p fold 

changeb 

Graft status 

PyVAN 

status 

TCR architecture 

(subtype/ 

subgroup) 

TCR 

length 

(bp) 

Sequence 

identity 

with 

archetype 

TCR (%) 

Proportion 

of all 

sequences 

in sample 

(%) 

1 

a – 24.7 22.5 

3.0 22.8 Stable 

Biopsy-

confirmed 

WW-like 

(I/b-2) 

233 98.6 96.5 

b 58600 22.3 24.0 

c 48700 21.6 21.4 

d 29550 21.9 23.1 

e* 45300 26.9 22.8 

P-(Q)-(P)-Q-R-S 331 69.5 3.0 

f 19660 21.9 23.1 

g 540 23.4 23.6 

h 680 – 24.5 

i – 24.0 22.8 

2 

a* 190100 19.9 20.9 

8.2 23.6 Stable 

Biopsy-

confirmed 

WW-like 

(I/b-2) 

233 98.6 97.2 b 401000 19.7 20.6 

c 225000 20.4 21.3 
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d 89200 20.4 23.0 

e 37000 21.6 22.4 

P-(Q)-(R)-S 175 74.2 2.7 

f 4000 23.7 25.5 

g 1000 23.0 24.4 

h – 26.4 26.1 

3 a* 26700 23.0 25.8 0.7 4.8 Stable Presumptive 

WW-like 

(I/b-2) 

233 98.6 99.9 

 b 2600 27.7 24.9         

4 

a 3100 26.3 26.6 

1.2 6.5 Stable 

Biopsy-

confirmed 

WW-like 

(IV/b-1) 

234 97.1 96.5 

b* 89100 19.8 21.2 

c 510 26.9 26.3 

P-(Q)-(P)-Q-R-S 275 82.4 2.5 

d 490 25.6 25.5 

5 

a* 217000 19.2 19.2 

31.2 10.9 

Graft 

dysfunction 

Biopsy-

confirmed 

WW-like 

(I/b-2) 

234 96.8 89.8 b 223000 18.5 19.8 

c 256000 18.4 23.2 

d 15000 19.2 19.8 

P-Q-(R)-S 183 76.4 5.9 e 3400 20.1 25.8 

f 1125 22.4 24.9 
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g 2300 – 26.6 

P-(Q)-(P)-Q-R-S 

 

286 79.2 1.2 h 1820 – 25.0 

i 960 – 26.0 

j 1400 21.9 28.4 

P-Q-(P)-Q-R-S 

 

320 70.9 1.2 k 850 – 25.0 

l 760 – 26.3 

6 

a 6020 – 24.9 

1.0 11.5 Stable 

Biopsy-

confirmed 

WW-like 

(I/b-2) 

233 98.6 83.9 b 11200 24.5 23.6 

c* 8500 22.0 23.7 

d 2800 27.7 23.4 

P-(Q)-(P)-Q-R-S 283 81.1 15.9 e 1000 25.3 25.2 

f – – 23.7 

7 

a* 29600 23.3 25.2 

1.8 6.9 

Graft 

dysfunction 

Biopsy-

confirmed 

WW-like 

(I/b-2) 

233 98.6 77.6 

b 3700 24.6 23.9 

c 750 24.2 25.2 P-(Q)-(R)-S 192 81.4 22.4 

8c 

a 2700 27.2 27.2 

0.5 3.6 Stable 

Biopsy-

confirmed 

WW-like 

(IV/b-1) 

234 97.1 99.9 b 400 24.4 24.3 

c* 116000 ND ND 
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9 

a – 26.7 – 

1.0 6.2 Stable Presumptive 

WW-like 

(I/b-2) 

233 98.6 97.6 b 640 26.5 25.7 

c* 19300 21.4 22.0 

d 102800 23.2 23.6 

P-(Q)-(P)-Q-R-S 315 73.0 2.1 

e 13900 21.2 26.2 

f 800 27.0 28.5 

g – 28.8 23.8 

10 Ctrl1 – 24.0 28.0         

11 Ctrl2 – 27.3 26.6         

* Sample from which the TCR architecture was characterized. 

a BKPyV miRNA Ct values were normalized by subtracting the mean Ct value of spiked cel-miR-39-3p miRNA from the mean Ct values of each 

BKPyV miRNA (ΔCt). 

b Fold change of miRNA expression in sick versus healthy was calculated according to the 2−ΔΔCt method [39] by comparing the results of each 

individual patient to the mean of both controls. 

c TCR sequence analysis of patient 8 was performed on a sample which was not analyzed for miRNA detection. 

– = Viral load below detection range (<400 copies/mL), or miRNA not detected. 

Ctrl = control sample; ND = not done; TCR = transcriptional control region 

 

ACCEPTED M
ANUSCRIP

T



24 
 

Table 3. Number of AP-1, NFAT, NF-1, Sp1 and p53 transcription factor binding sites in modified BKPyV strains. 

Straina Accession number AP-1 NFAT NF-1 Sp1 p53 TCR architecture 

Archetype WW M15987.1 1 1 6 2 2 P-Q-R-S 

P5_mod1 MG356964 1 1 5 2 2 P-Q-(R)-S 

P2_mod MG356960 1 1 4 1 2 P-(Q)-(R)-S 

P7_mod MG356970 1 1 6 1 2 P-(Q)-(R)-S 

P5_mod3 MG356966 2 2 8 3 3 P-Q-(P)-Q-R-S 

P1_mod MG356958 2 2 8 3 3 P-(Q)-(P)-Q-R-S 

P4_mod MG356962 2 1 7 2 2 P-(Q)-(P)-Q-R-S 

P5_mod2 MG356965 2 2 7 2 2 P-(Q)-(P)-Q-R-S 

P6_mod MG356968 2 2 7 2 2 P-(Q)-(P)-Q-R-S 

P9_mod MG356974 2 2 8 2 3 P-(Q)-(P)-Q-R-S 
a Name of the viral strain; ‘P’ indicating the patient and ‘mod’ describing a modified strain. 

TCR = transcriptional control region 
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