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Progressive multifocal leukoencephalopathy (PML) is a
severe neurological condition caused by reactivation of JC
polyomavirus (JCPyV) in immunosuppression. Asymptomatic
JCPyV persists in peripheral tissues. Upon reactivation,
neurotropic rearrangements may emerge, and the virus gains
access to the brain. To assess the mechanisms of PML
pathogenesis, brain tissue material from PML patients was
collected for small RNA sequencing. Upregulation of 8
microRNAs (miRNAs) in PML brain was validated using
quantitative microRNA polymerase chain reaction (PCR).
Bioinformatics tools were utilized to identify major associations
of the upregulated miRNAs: neuroinflammation and blood-
brain barrier disruption. The results indicate involvement of
human miRNA regulation in PML pathogenesis.
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Progressive multifocal leukoencephalopathy (PML), a human
demyelinating neurodegenerative disease, is caused by reactiva-
tion of JC polyomavirus (JCPyV). JCPyV is ubiquitous and is
carried by more than half of the global population. Upon reac-
tivation, replication of peripheral JCPyV is enhanced, neuro-
tropic rearrangements emerge, typically in the noncoding
control region (NCCR) and the viral capsid protein (VPI1)
gene, and the virus gains access to the brain [1]. PML is caused
by lytic JCPyV infection in glial cells, leading to destruction of
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brain white matter. The trigger for JCPyV reactivation is un-
known but the risk is elevated in patients with weakened im-
mune defense such as patients with HIV, patients with
multiple sclerosis receiving immunomodulatory biological
drugs, transplant patients receiving immunosuppressive medi-
cation, and patients with malignancies, especially lymphoma
[2]. In this present work we have assessed microRNA
(miRNA) expression in brain tissue samples from living and
deceased PML patients to enlighten the mechanisms of brain
pathogenesis.

METHODS

Study Population

The study population consisted of 9 PML patients and 2 control
individuals described in detail in Supplementary Material. The
study was approved by the ethics board of Helsinki University
Hospital (HUS/2586/2019). Informed consent was obtained
from all participants. PML diagnosis of all cases was confirmed
by immunohistochemical staining for JCPyV large T antigen
(Supplementary Figure 1). Six case samples were rare biopsies
from living patients, while postmortem samples were acquired
from 3 cases and 2 controls. Five cases had a disease or medica-
tion predisposing to PML, including chronic lymphocytic
leukemia (cases 4, 5, and 9), myelofibrosis (case 3), dermatomyo-
sitis (case 7), and medications such as fludarabine (cases 4, 5, and
9), bendamustine (cases 4 and 5), rituximab (cases 4, 5, 7, and 9),
as well as cyclosporine A, methotrexate, azathioprine, and pred-
nisolone (case 7) [2] (Table 1). Interestingly, as many as 4 PML
cases (cases 1, 2, 6, and 8) had no known immunosuppressive
disease or medication prior to diagnosis. Cases 1-4 and 7-9
were tested human immunodeficiency virus (HIV) negative,
while the HIV status of cases 5 and 6 is unknown.

Study Design

Brain tissue from 8 PML patients (cases 1-8) and 2 controls
(controls 1 and 2) were included in miRNA sequencing.
Repeated attempts to prepare a sequencing library from case
9 sample were unsuccessful. Further validation was done with
8 cases (1-3 and 5-9) and 2 controls (1 and 2). Case 4 sample
was inadequate for validation. The sequencing process and val-
idation of the findings are described in detail in Supplementary
Material. Briefly, RNA was extracted using RNeasy FFPE Kit
(Qiagen) to prepare libraries for small RNA sequencing.
Sequencing was performed with a NextSeq500 instrument
(lumina) 75-bp single end kit. Advanced TagMan miRNA as-
says (Thermo Fisher Scientific) were used to validate differen-
tial expression of 8 human miRNAs and expression of JCPyV
encoded JCV-miR-J1-5p and for JCV-miR-J1-3p.
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Table 1. Description of the Study Population

Age, Male/ Biopsy/Post Location of the
y Female mortem Lesion Immunosuppressive Medication Disease History
Case 1 72 Male Biopsy Parietal lobe None None
Case 2 70 Male Biopsy Fronto-parietal None Coronary atherosclerosis and asthma
lobe
Case 3 64 Male Biopsy Parietal lobe Hydroxyurea Myelofibrosis
Case 4 71 Male Biopsy Occipital-parietal Fludarabine, rituximab, bendamustine Adenocarcinoma, chronic lymphocytic
lobe leukemia

Case 5 79 Female Biopsy Occipital lobe Fludarabine, rituximab, bendamustine Chronic lymphocytic leukemia

Case 6 78 Female Post Fronto-parietal None Type-2 diabetes, hypertension,
mortem lobe hypercholesterolemia, osteoporosis, and

atrial fibrillation

Case 7 46 Female Post Nucleus Prednisolone, cyclosporine A, intravenous Dermatomyositis

mortem lentiformis immunoglobulin, methotrexate, azathioprine,
rituximab

Case 8 80 Female Biopsy Parietal lobe None Breast cancer, hypertension, asthma

Case 9 83 Female Post Frontal lobe Fludarabine, rituximab Chronic lymphocytic leukemia
mortem

Control NA NA Post Frontal lobe NA NA

1 mortem
Control NA NA Post Frontal lobe NA NA
2 mortem

Abbreviation: NA, not analyzed.

RESULTS

Small RNA Sequencing and Validation

We originally identified 10 differentially expressed (DE)
miRNAs using threshold values log, fold change >2 and adjust-
ed P value <.05 (Figure 1A). Nine of the DE miRNAs were up-
regulated and 1 downregulated in PML brain samples as
compared to controls. The upregulated miRNAs were
hsa-miR-10a-5p, hsa-miR-20b-5p, hsa-miR-21-3p, hsa-miR-
21-5p, hsa-miR-142-3p, hsa-miR-142-5p, hsa-miR-155-5p,
hsa-miR-223-3p, and hsa-miR-664a-3p, which all appeared to
have log, fold change as high as >3. The downregulated
miRNA was hsa-miR-4800-3p. hsa-miR-664a-3p and
hsa-miR-4800-3p were excluded from further analyses because
they do not belong to conserved miRNA families and may rep-
resent star miRNAs or RNA fragments misannotated as
miRNAs (Supplementary Material). Intriguingly, genes encod-
ing 5 out of the 8 DE miRNAs are located in chromosome 17
(Figure 1A). Additionally, sequencing reads representing the
JCPyV encoded JCV-miR-J1-5p, as well as JCV-J1-3p encoded
by JCPyV and related BK polyomavirus (BKPyV), were found
in all brain tissue samples, except that JCV-miR-J1-5p was not
identified in case 7 (Supplementary Table 1). Also, control 1
had very low counts of reads representing both JCPyV
miRNA reads. Hereafter the human miRNAs are referred to
without the prefix hsa-.

Based on miRNA sequencing results, the cases and controls
form 3 clusters in principal component analysis (PCA;
Figure 1B). Cluster A consists of controls 1 and 2 and cases 4
and 6, cluster B consists of cases 1, 2, 3, 5, and 8, and cluster
C consists of case 7. No biological or medical parameter

defining the clusters could be identified, except that the brain
tissue sample of case 7 was taken from a specific location,
nucleus lentiformis, which may explain some of the differences.

The expression of 8 DE miRNAs was validated by quantita-
tive polymerase chain reaction (qQPCR). Relative expression
of miR-10a-5p, miR-20b-5p, miR-21-3p, miR-21-5p,
miR-142-3p, miR-155-5p, and miR-223-3p in cases versus con-
trols was calculated using miR-191-5p for normalization
(Figure 1C). Significant change (P < .05) in relative expression
could be shown for miR-20b-5p, miR-21-5p, miR-142-3p, and
miR-223-3p. The mean relative expression of miR-21-5p was
more than 10 times higher in cases versus controls. Also, the
mean relative expression of miR-142-3p was over 5 times high-
er in cases versus controls. Strong expression of miR-142-5p
was measured in cases 1-5 and 9, but not in cases 6-8 or con-
trols, and thus its relative expression in cases versus controls
could not be calculated or indicated by fold change. The ab-
sence of qPCR signals in controls, despite the presence of se-
quencing reads, may be explained by Advanced TagMan
assay characteristics producing very low amplification curve
profiles possibly affecting the calculations.

Expression of each miRNA varied among cases (Figure 1D).
miR-21-5p expression was strongly upregulated, with fold chan-
ge >10, in all cases except case 6. In addition, strong upregulation
of miR-20b-5p, miR-21-3p, and miR-142-3p was detected in
cases 7 and 8. miR-10a-5p was upregulated in cases 6, 7,
and 8. Strongest upregulation of miR-155-5p was seen in
case 7. Less variation was seen in miR-223-3p expression between
the samples. The largest number of upregulations was seen in

case 7, which may indeed explain different clustering in PCA.
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Figure 1. MicroRNA (miRNA) expression in progressive multifocal leukoencephalopathy (PML) and control brain samples. A, Log, fold changes and adjusted Pvalues of differ-

entially expressed miRNAs in brain tissue of PML patients versus controls. Genomic location of each differentially expressed miRNA gene is also listed. B, Principal component
analysis (PCA) based on normal transformation. Clustering of PML brain tissue samples and controls to 3 clusters, A, B, and C, based on miRNA expression patterns. C, Relative
expression of each miRNA in cases versus controls, average, and standard deviation, normalized to the mean expression of miR-191-5p. miR-20b-5p, miR-21-5p, miR-142-3p, and
miR-223-3p with significant Pvalue, *** P<.05. D, Fold change of each miRNA in each individual case and control as compared to mean of controls.

In qPCR validation, JCPyV-specific JCV-miR-J1-5p was
identified in brain tissues from all cases except case 7, again

pointing  out

that

this

particular

case is different.

JCV-miR-J1-3p, common to JCPyV and BKPyV, was identified
in all PML cases used for validation. Neither JCV-miR-J1-3p
nor JCV-miR-J1-5p was identified in control samples by qPCR.

Data Mining

Among statistically significantly (false discovery rate, < 0.05) en-
riched genes associated with more than 2 of the DE miRNAs, a

total of 326 genes were identified, including 12 genes associated
with 4 or more DE miRNAs analyzed by the Mienturnet analysis
tool. The 10 most significantly enriched genes and their functions
are presented in Supplementary Figure 2A and 2B. Interestingly
the 10 most significant miRNA-function associations in PML
brain include several functions related to immune response or in-
flammation, as well as latent virus replication analyzed by Tam 2.0
web server (Supplementary Figure 2C). Additionally, interesting
association of the upregulated miRNAs based on the literature
are listed in Supplementary Table 2.
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DISCUSSION

To study the mechanisms of brain damage in PML, we assessed
miRNA expression in brain tissue samples and identified 8 upre-
gulated human miRNAs in brain tissue samples from PML pa-
tients by sequencing: miR-10a-5p, miR-20b-5p, miR-21-3p,
miR-21-5p, miR-142-3p, miR-142-5p, miR-155-5p, and
miR-223-3p. Interestingly, the genes encoding 5 of the 8 upregu-
lated miRNAs appear to be located in chromosome 17.

Several of the upregulated miRNAs have been associated with
neurological conditions, neuroinflammation, the blood-brain
barrier (BBB), or polyomavirus before. Frequent dysregulation
of miR-21-5p, miR-155-5p, and miR-223-3p in neurodegenera-
tive diseases has been reported [3]. Regulation of miR-21-5p in
brain tissue has been previously associated with PML [4].
miR-21-5p is involved in astrocyte activation and remyelination
[5]. Upregulated miR-155-5p again has been associated with de-
myelination [6], which is a crucial event in PML pathogenesis.

Immunosuppressive and immunomodulatory drugs involve
PML risk [2]. Upregulation of miR-142-5p and miR-20b-5p
upon natalizumab treatment has been shown [7, 8], suggesting
that the mechanisms by which biological drugs elevate the risk
of JCPyV reactivation and PML may thus be linked to upregu-
lation of specific miRNAs in infected glial cells.

Association with neuroinflammation has been shown for
miR-21, miR-142-3p, miR-155-5p, and miR-223-3p [9, 10].
Among them, miR-155-5p and miR-142-3p are proinflamma-
miR-21-5p and miR-223-3p are
inflammatory modulators. Neuroinflammation is a protective

tory whereas anti-
response in the brain, but uncontrolled neuroinflammation
may lead to tissue damage mediated by elevated glial cell acti-
vation with significant innate immune mediator secretion,
BBB permeability, and infiltration of peripheral immune cells,
such as in multiple sclerosis [9]. The mechanisms of damage in
JCPyV-infected brain may involve regulation miRNAs impli-
cated in neuroinflammation.

Reduced barrier function of the BBB might enable JCPyV ac-
cess from the periphery to the brain. miR-155 has been shown
to contribute to BBB disruption under inflammatory condi-
tions by downregulating key junctional proteins [11].
miR-21-3p may aggravate BBB damage by promoting apopto-
sis and inflammation, whereas miR-21-5p protects the BBB by
suppressing apoptosis and inflammation [12]. Here, we ob-
served concordant upregulation of both arms of miR-21 and
also of miR-142, although the frequency or significance of
such a phenomenon is not completely understood.

miRNAs may also modify viral infection, as exemplified by
miR-155, whose irregular expression has been suggested to sup-
port viral persistence in general and pathologic reactions via im-
mune response modulation [13]. Importantly, miR-223-3p
regulates JCPyV infection through downregulation of NF-1A
protein expression, a negative regulator of JCPyV replication [14].

All 8 upregulated miRNAs have been identified in extracel-
lular vesicles in different disease conditions, which is potential-
ly interesting in JCPyV pathogenesis as JCPyV may utilize
extracellular vesicles to infect target cells in a receptor-
independent manner [15].

In addition to JCPyV, miRNAs upregulated in PML patients
may be implicated in BKPyV disease. Upregulation of
miR-10a-5p, miR-21-3p, miR-21-5p, and miR-142-5p has
been reported in nephropathy, a severe condition of kidney
transplant recipients caused by BKPyV but occasionally also
by JCPyV [4]. Upregulation of miR-21-5p in PML, nephropa-
thy, and in cells infected with the rearranged Mad-1 JCPyV
strain has been shown [4].

In conclusion, we have identified and validated upregulation
of 8 human miRNAs in PML brain. Whether regulation of
these miRNAs is directly due to JCPyV remains to be studied.
The reported functional associations of the upregulated
miRNAs include neuroinflammation and BBB disruption.
Future studies will assess the role of these miRNAs in PML
pathogenesis, as well as their value as prognostic and diagnostic
biomarkers of PML.
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