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1 Abbreviations

SBL: Sporadic bovine leukosis

EBL: Enzootic bovine leukosis

BLV: Bovine leukemia virus

PL: Persistent lymphocytosis

HTLV-1: Human T-cell leukemia virus type 1
ATL: Adult T-cell leukemia

ORFs: Open reading frame

LTR: Long terminal repeat

MA: Matrix

CA: Capsid

NC: Nucleocapsid

PRO: Protease

Env: Envelope

SU: surface glycoprotein

TM: transmembrane glycoprotein
ITAMs: Immunoreceptor tyrosine-based activation motif
CAT1: cationic amino acid transporter 1
REFs: Rat embryo fibroblast

miRNA: microRNA

PVL: Proviral load

LPVL: low proviral load cattle

HPVL.: high proviral load cattle

PBMCs: Peripheral blood mononuclear cells



TNF: Tumor necrosis factor

BoLA: Bovine leukocyte antigen

PRMTs: Protein arginine methyl transferases

PRMT5: Protein arginine methyl transferase 5

MMA: Monomethylarginine

aDMA: asymmetrical dimethylarginine

sDMA: symmetrical dimethylarginine

T: Threonine

R: Arginine

WD45/MEP50: WD repeat domain 45/methylosome protein 50
IRES: Internal ribosome entry site

H2ARS3: Arginine 3 of Histone 2A

H4R3: Arginine 3 of Histone 4

H3R8: Arginine 8 of Histone 3

H4R3me2s: Symmetric di-methylation of Arginine 3 of Histone 4
H4R3me2a: Asymmetric di-methylation of Arginine 3 of Histone 4
H3K4me3: H3K4 trimethylation H4K5: Lysine 5 of Histone 4
snRNP: Small Nuclear ribonucleoproteins

HR: Homologous recombination

EGFR: Epidermal growth factor receptor

PDGFRa.: Platelet-derived growth factor receptor- o

LuSIA: The luminescence syncytium induction assay

7-AAD: 7-amino-actinomycin D

HDV: hepatitis delta virus

EBV: Epstein-Barr virus



HBV: Hepatitis B virus

KSHYV: Kaposi's sarcoma associated herpesvirus
HIV: Human immunodeficiency virus

HBc: hepatitis B virus core

GRE: glucocorticoid response element

EGFP: enhanced green fluorescent protein

SiRNA: small interfering RNA)

LuSIA: Luminescence syncytium induction assay
gRT-PCR: Quantitative reverse transcription-polymerase chain reaction
SDS-PAGE; SDS-polyacrylamide gel electrophoresis
Mab: Monoclonal antibody

PI: Propidium lodide



2 Abstract

Introduction

Bovine leukemia virus (BLV), an oncogenic member of the Deltaretrovirus genus, infects
cattle worldwide and decreases profitability in the dairy industry. Some 70% of infected
cattle, the natural host of BLV, remain asymptomatic, whereas the major portion of the
remaining infected cattle develops persistent lymphocytosis (PL), and only 1-5% develop
leukemia/lymphoma after a 10-year or longer period of a proviral latency. Because of the
limited variation in the BLV genome, host factors are believed to play a crucial role in
determining the BLV infection profile.

Arginine methylation is an important posttranslational modification that plays crucial roles
in chromatin regulation, transcription control, RNA processing, nuclear/cytoplasmic
shuttling, DNA repair, and some other biological processes. Arginine methylation is
catalyzed by the protein arginine-N-methyltransferase (PRMT) family. PRMTs are divided
into four types of enzymes. Type I, the most common type of PRMTSs, induces asymmetric
dimethylation (aDMA); Type Il catalyzes the symmetric dimethylation (SDMA); Type |11
produces monomethyl arginine as their final product, and Type IV is found only in fungi. In
the virology field, protein arginine methylation has been determined to play critical roles in
the biology of several viruses including hepatitis delta virus (HDV), hepatitis B virus (HBV),
human immunodeficiency virus type-1 (HIV-1), HTLV-1, Epstein-Barr virus (EBV), and
Kaposi's sarcoma associated herpesvirus (KSHV).

Research Importance and Aim

Until now, studies investigating PRMTs role in BLV biology have not been conducted,;

therefore, we aim to investigate the role of PRMT5, which is Type || PRMTS, in some

aspects of BLV infection in vivo and in vitro. First, we focused on an investigation of the



correlation between PRMTS5 expression level and BLV proviral load, which is an index of
virus infectivity, in peripheral blood from infected animals with various stages, such as
asymptomatic and lymphoma stages. Second, we revealed the impact of PRMTS5 inhibition
on BLV gene expression, gp51 glycosylation and syncytium formation. To our knowledge,
this is the first study that investigates the PRMTS5 role in BLV infection.

Results and Discussion

1. PRMTS5 is overexpressed in BLV infected cattle with a high proviral load in vivo

we collected blood samples from 62 cows which were asymptomatic and did not develop

symptoms of lymphoma at the time of blood collection. Firstly, we performed the CoCoMo-
gPCR-2 for calculation of the BLV PVL and accordingly, the cows were classified into three
groups: BLV negative cattle (Uninfected group), BLV-infected cattle with low-proviral load
(LPVL group) and BLV-infected cattle with high-proviral load (HPVL group). Next, we
evaluated PRMT5 expression at RNA levels by gRT-PCR. The mean fold change of PRMT5
was 1.12+0.62 in the control group, 1.18+0.64 in the LPVL group, and 1.64+0.62 in the
HPVL group. PRMTS5 expression is significantly higher in HPVL group than that in the
uninfected group (p = 0.0014) and in LPVL group (p = 0.012).

2. PRMT5 overexpression starts from the early stage of BLV infection in vivo

To further investigate the role of PRMT5 in BLV infection in vivo, we examined whether
PRMTS5 is overexpressed in the early stage of BLV infection. Therefore, we performed an
experimental infection of five BLV-negative Japanese black calves carrying susceptible
alleles BoLA-DRB3*1601/1601 that is connected with a high proviral load BLV infection,
and we collected blood samples at different time points during the first month of infection (0,
0.5, 1, 2, 3 and 4 weeks). Then we monitored BLV PVL and the PRMT5 expression at each
time point. The mean of BLV PVL was 0 copies/10° cells before infection (0 week), 34

copies/10° cells after 3 days, 1158 copies/10° cells after 1 week, 26760 copies/10° cells after



2 weeks, 90150 copies/10° cells after 3 weeks, and 62440 copies/10° cells after 4 weeks. The
mean fold change of PRMT5 was 1 before infection, 1.44 after 3 days, 1.48 after 1 week, 2.6
after 2 weeks, 3.7 after 3 weeks, and 2.3 after 4 weeks. The highest expression of PRMT5
occurs during the third week (FC = 3.74, p = 0.0008) then it slightly drops after 4 weeks (FC
= 2.3, p = 0.01). Of interest, a strong positive correlation is found between PRMT5
upregulation fold and BLV PVL (r = 0.79). We concluded that PRMT5 expression is
upregulated in response to BLV infection, and its upregulation fold positively correlates with
BLV PVL. Moreover, PRMTS5 upregulation starts from the early stage of BLV infection
rather than being established after a long period of proviral latency. Taken together, our data
suggest that PRMTS5 overexpression is a contributing host factor for developing and keeping
BLYV infection.

3. PRMT5 overexpression continues to the lymphoma stage of BLV infection in vivo

It is well known that PRMT5 plays a role as an oncogene protein; also, PRMT5
upregulation was determined in several human cancers, including B and T cell lymphoma.
We have already showed that PRMT5 is overexpressed in clinically healthy BLV-infected
cattle with HPVL. Finally, we investigated whether PRMT5 expression change in BLV
infected cattle reaching the lymphoma stage of the disease. We compared PRMT5 expression
at the RNA level among 3 groups of cattle: 20 BLV-negative cattle, 42 BLV-infected but
clinically normal cattle and 20 BLV-infected cattle with lymphoma. PRMT5 expression fold
change was 1.12+0.62 in the uninfected cattle, 1.48+ 0.66 in the asymptomatic group and
2.45%1.1 in the lymphoma group. This finding strongly indicates that PRMTS5 upregulation
continues to the lymphoma stage of BLV.

4. PRMT5 knockdown enhances BLV gene expression in vitro

Next, we examined the impact of PRMT5 inhibition on BLV infection in vitro. To

investigate the effect of PRMT5 inhibition on BLV gene expression, we knockdown PRMT5



of two cell lines by siRNA: FLK-BLV, a permanently BLV infected cell line, or PK15-BLV,
a stably transfected cell line with CMVAU3-pBLV-IF2. We measured the mRNA of two
viral transcripts: gag that is produced un-spliced mRNA, and tax that is produced by the
alternative splicing. In addition, we measured the protein levels by Western blotting analysis
for two viral proteins (Gag p24 and Env gp51). Herein, we determined that PRMT5
knockdown enhances BLV gene expression at the transcription and the protein levels in a
dose dependent manner in vitro. Additionally, we demonstrated that PRMT5 knockdown
does not impair the gp51 expression at the cell membrane. We, thus, concluded that the
observed upregulation of BLV viral proteins after PRMT5 knockdown is caused by a higher
expression rate rather than an impaired protein trafficking. These results provide an evidence
that PRMTS5 works as a negative regulator of BLV gene expression. In addition, it might
reveal one mechanism of the BLV proviral latency observed in vivo.

5. Selective PRMT5 inhibitor alters gp51 glycosylation processing in vitro

To further investigate the role of PRMT5 in BLV infection, we utilized a small molecular
PRMTS5 inhibitor (CMP5). By using CMP5, we also confirmed that CMP5 treatment
enhances BLV gene expression. Most surprisingly, we noticed that CMP5 treatment alters
gp51 electrophoretic mobility over SDS-PAGE and forms gp51 with higher molecular weight
than gp51 in the untreated cells. This shift was more evident in PK15-BLV cell line. This
observation inspired us to investigate the possible impact of this inhibitor on BLV envelope
protein glycosylation. Thus, we used two glycosidase enzymes for further investigation;
PNGase F and Endo H. Our data showed that PNGase F treatment leads to the accumulation
of approximately 30-KDa product. This corresponds to the calculated molecular weight of the
envelope peptide core in the absence of any glycosylation of BLV gp51. Thus, after PNGase
F, change in migration pattern of gp51 is disappeared, indicating that CMP5 affects the gp51

glycosylation pattern. Endo H digestion further revealed that CMP5 treatment alters gp51
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glycosylation processing. This altering differs among various cell lines; in PK15-BLV cell
line, CMP5 treatment enhances gp51 glycosylation processing to form a complex type of N-
glycan that runs slower in SDS-PAGE. In the FLK-BLV cell line, limited evidence was
obtained to reveal the type of irregular N-glycan caused by CMP5 treatment.

Next, we examined whether CMP5 treatment affects Gag or Env intracellular localization
or Env expression at the cell membrane. FLK-BLYV cells were grown on coverslips in the
absence (CMP5 -) or presence of 20 uM of CMP5 (CMP5 +) for 48 h; Gag and Env
intracellular localization were evaluated by the fluorescence confocal microscope after the
permeabilization of cells with 0.5% Triton X-100 for 5 min. Gp51 expression at the cell
membrane was evaluated by fluorescence confocal microscope without the permeabilization
step and by flow cytometry. We observed a large accumulation of Gag after CMP5 treatment.
Additionally, the intracellular Env protein accumulated near to the nucleus after the
treatment. In contrast, the cell membrane expression of gp51 was not severely affected as
demonstrated by the fluorescence confocal microscopy and by flow cytometry.

6. Selective PRMTS5 inhibitor impedes BLV ENV-mediated syncytia formation in vitro

Next, we aimed to examine the impact of the PRMTS5 inhibitor, CMP5, on the syncytium
formation ability. FLK-BLYV cells were co-cultured with CC81-GREMG, which is a reporter
cell line, in the absence or the presence of different concentrations of CMP5. Interestingly,
CMPS5 treatment negatively affects the syncytia formation; this was detected by the eye under
the fluorescence microscope and also by the automated quantification that shows that the
syncytia-counts decrease in a dose-dependent manner, showing significance at the
concentrations of 10 uM (p = 0.017) and 20 uM (p = 0.0002). By contrast, the total cell count
during the assay remains unaffected. These facts exclude the toxic effect of CMP5 on FLK-

BLV or CC81-GREMG. CMP5 treatment did impair Env expression at the cell membrane.
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Thus, CMP5 treatment likely impedes BLV-induced syncytium formation via affecting the
gp51 glycosylation processing as shown in our study.

7. PRMTS5 inhibitor enhances apoptosis and decreases cell proliferation of KU-1 cell line

Finally, we investigated whether PRMT5 inhibition affects bovine lymphoid cells
proliferation or apoptosis. We used KU-1 cell line, which is a bovine lymphoid cell line, we
showed that PRMTS5 inhibitor can decrease cell proliferation and enhance apoptosis.
However, further studies using more lymphoid cell lines and using BLV-negative cell lines
are required to fully demonstrate the potential therapeutic effects of PRMT5 inhibitors in
BLV-mediated lymphoma.

In conclusion, the present study provides the first report that determined various roles for
PRMTS5 in BLV infection in vivo and in vitro; our data suggest that PRMT5 upregulation
might be required for the development and maintenance of BLV infection by three ways:
first, in the early stage of BLV infection, PRMT5 overexpression is important to the establish
the infection by ensuring the correct gp51 glycosylation. Second, in the stage of after
developing BLV infection, PRMT5 upregulation is involved in the silencing strategy adopted
by BLV in vivo to avoid the host immune response, and thus PRMT5 expression correlates
with BLV proviral load that indicates the number of infected cells. Third, in the final stages
of BLV infection, PRMT5 expression is further increased in order to inhibit apoptosis and

enhance the cell proliferation, which contribute to the development of lymphoma.

12



3 Introduction

3.1 BLV introduction

3.1.1 BLYV general introduction

Bovine leukosis was first described by Leisering et al in 1871 as the presence of slightly
yellow nodules in the enlarged spleen of cattle. Bovine leukosis is classified into two types,
sporadic bovine leukosis (SBL) which is T-cell leukosis and enzootic bovine leukosis (EBL),
which is B-cell leukosis [1,2]. EBL prevalence in cattle is higher than that of SBL [2,3].
Bovine leukemia virus (BLV), which belongs to the Retroviridae family and Deltaretrovirus
genus, is the etiologic agent of EBL. However, the causes of SBL remains unknown [1,2].
BLYV infects cattle worldwide (Figure 1) and decreases profitability in the dairy industry [4].
BLV naturally infects cattle and water buffaloes. Moreover, it experimentally infects many
cell lines and several animals such as rabbit, rats, chickens, pigs, goats, and sheep [2]. After
BLV infection, some 70% of infected cattle, the natural host of BLV, remain asymptomatic,
whereas the major portion of the remaining infected cattle develops persistent lymphocytosis
(PL), and only 1-5% develop leukemia/lymphoma after a 10-year or longer period of a
proviral latency [1] (Figure 2) . Even though, BLV can experimentally infects several animal
species, only cattle and sheep may develop leukemia after BLV infection. Additionally, B-
cell tumors in sheep is developed at a higher frequency and with a shorter latency period than
that observed in cattle [5-8]. Of note, the transformed B-cells in cattle are CD5" IgM™ B-cells
[9], whereas in sheep they are CD5™ IgM* B-cells [10]. BLV is closely related to human T-
cell leukemia virus type 1 (HTLV-1), which is the causative agent of adult T-cell leukemia
(ATL) [1,2].

BLV transmission occurs through horizontal, which is the major route, and vertical

transmissions. BLV is transmitted horizontally through direct contact in insect-free condition
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[11], milk [12], and insect bites [13]. Additionally, the artificial transmission of BLV occurs
via iatrogenic procedures including: dehorning, ear tattooing, and reuse of needles [14].
Because the virion particles are instable, cell-free infection is inefficient and BLV transmits
mainly via cell-to-cell infection. Thus, cell contact is required for the efficient transmission of
BLV [2].

BLV can infect several cell types in cattle including: CD4" T-cells, CD8" T-cells, y/d T-cells,
monocytes, and granulocytes. Nevertheless, BLV induces malignancy mainly in CD5" IgM*

B-cell sub-population [2].

3.1.2 The BLV genome, RNA transcripts, and the viral proteins

The full genome of BLV is comprised of 8714 nucleotides [15]. BLV genome (Figure 3) is
flanked between two identical long terminal repeat sequences (LTRs) and contains the open
reading frames (orfs) corresponding to the structural genes gag, pro, pol and env, which is
required for the synthesis of the viral particles. In addition to the structural genes, the BLV
genome contains a pX region located between the env gene and the 3’LTR. The pX region
contains the regulatory genes tax, rex, R3, and G4 [1,2]. The BLV genomic RNA serves as a
template for the expression of the gag-pro-pol precursors (prl45, pr66 and pr44) that are
processed in structure and enzymatic proteins: matrix (MA) p15, capsid (CA) p24,
nucleocapsid (NC) p12, protease (PRO) p14 and, p80 (RT/IN) that have reverse transcriptase,
RNAse H and integrase activities [1]. The mRNA-env of BLV encodes a Pr72 envelope
(Env) precursor that is glycosylated in the rough endoplasmic reticulum and Golgi apparatus
[16,17]. This precursor is cleaved by cellular proteases into two mature proteins—the surface
subunit gp51 and transmembrane subunit gp30-which are associated by disulfide bonds
[17,18]. The surface subunit gp51 is highly immunogenic, a strong neutralizing antibody

against gp51 emerge after BLV infection. The monoclonal antibodies targeting the epitope H
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completely inhibited the cell fusion ability of BLV. Additionally, antibodies targeting F and
G epitopes were efficient in reducing the syncytia formation ability. The simultaneous loss of
these three epitopes (H, F, and G) was not reported in all known BLYV strains, thus these
epitopes are believed to play critical role in BLV life cycle [19,20]. In addition to the three
conformational epitopes (H, F, and G) [21], the gp51 also contains four linear epitopes (A, B,
D, and E) in its C-terminus [20]. Moreover, the gp51 has B cell epitope that is important for
the use of antibodies as therapeutic agents, the epitope-driven vaccine design, and
immunological assays [22].

Besides the humoral immune response, the gp51 also contains CD4* and CD8* cell
epitopes, hence stimulates a T-cell response [23,24]. The BLV-gp51 is highly glycosylated
and it has eight potential N-glycan sites. The role of these glycosylation sites in BLV
pathogenicity was determined using reverse genetics. It has been shown that the simultaneous
mutation of the eight N-glycosylation sites abrogates the viral infectivity in vivo. On the other
hand, all single mutations at N-glycan sites, except for N230, are almost silent. Interestingly,
this N230 mutation stabilizes the gp51 and enhances the cell-to-cell infection in vitro.
Moreover, the BLV provrirus that carries the N230 mutation replicates faster than the wild-
type and it is more pathogenetic than the wild-type [25]

In contrast to the surface glycoprotein (SU) subunit gp51, the transmembrane glycoprotein
(TM) subunit gp30 is poorly immunogenic. gp30 contains three distinct domains: the fusion
peptide that is the extracellular domain and interacts with gp51 [26], a membrane spanning
domain that anchors the gp51-gp30 complex in the cell membrane or viral membrane [18],
and the cytoplasmic tail that contains three Y XXL sequences, which were originally
identified as immunoreceptor tyrosine-based activation motif (ITAMs) [22]. The biological

roles of YXXL sequences in BLV life cycle have been thoroughly identified [28,29].
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The gp51 binds to the cationic amino acid transporter 1 (CAT1)/SLC7AL, which is the
newly identified BLV receptor and it is responsible for BLV broad host range [30]. After
gp51 binding to the cellular receptor, the disulfide bond linking SU and TM is broken and
consequently the conformational change of TM lead to exposing the fusion peptide of TM to
initiate the fusion process. The fusion peptide in N-terminus of TM destabilizes the cell
membrane and disrupts the lipid bilayer, which allows the release of the viral NC into the
host cytoplasm. This process requires forming a six-helix coiled coil bundle that triggers the
fusion of viral and cell membrane by bringing them in a close distance [16,31].

Tax/Rex mRNAs are produced by a double splicing event. This double-spliced RNA
encodes both the p34 Tax protein and Rex proteins using two different initiation codons. Two
additional viral transcripts, R3 and G4, are produced by further alternative splicing events.
Whereas the structural genes encode for proteins required for production of virus particles,
the pX region encodes accessory proteins that are important for inducing BLV-mediated
pathogenesis. Tax protein is believed to play crucial role in BLV-induced leukemogenesis
[32,33]. The Rex protein functions in nuclear export of viral RNA and it induces cytoplasmic
accumulation and translation of viral MRNA [34]. The R3 and G4 proteins play a role in the
maintenance of high viral load and deletion of the R3 and G4 sequences from an infectious
and tumorigenic BLV provirus impaired the in vivo propagation of the viruses [35,36]. The
G4 protein exhibits oncogenic potential because it can immortalize primary rat embryo
fibroblast (REFs). Thus, it might be involved in the leukemogenesis process [37].

Besides the transcripts that express the viral proteins, BLV RNA polymerase 111 (pol 111)-
encoded viral microRNAs (miRNA) are strongly expressed in preleukemic and malignant
cells, in which structural and regulatory gene expression is repressed, indicating a potential
role in tumor onset and progression [38,39]. Indeed, it has been demonstrated that BLV-

MIRNASs regulate the expression of genes involved in cell signaling, tumor and immunity.
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Furthermore, BLV miRNAs are critical to induce B-cell malignancy and to induce efficient

viral replication in the natural host [40].

3.1.3 The BLV virion

The BLV virion (Figure 4) has a diameter ranging between 60 and 125 nm. It is formed by
a central electron dense nucleoid surrounded by viral envelope protein. The infectious virion
contains 60—70 S ribonucleic acids that result from the binding of two 38 S poly-A containing
RNA molecules [1].

The BLV virion particle consists of two copies of single stranded genomic RNA. The
genomic RNA interacts with MA p15 and NC p12 proteins and dimerizes by a region
surrounding the primer binding site [35]. Two regions are required for an efficient
encapsidation of the viral RNA: a primary signal that is located in the untranslated region
between the primer binding site and near gag start codon and a secondary signal, which is a
132-nucleotide-base region within the 5' end of the gag gene [42]. Moreover, viral RNA
packaging requires the involvement of both the MA and NC domains of Pr145gag-pol [43].
The CA (p24) protein forms the capsid. The virion also has two enzymatic proteins which are
RT that is required for the reverse transcription and the IN that is required for the integration.
The matrix protein MA (p15) interconnects the capsid and the outer viral envelope. The viral
envelope is formed by a lipid bilayer originated from the host cell membrane in addition to
the inserted viral Env that has two subunits (gp51 SU and gp30 TM). The viral RNA can
either be directly translated to yield the Pr1459%9*° precursor or incorporated into new viral

particles (Figure 5).
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3.1.4 BLYV proviral load (PVL)

BLV PVL correlates strongly not only with the BLV infection capacity as assessed by
syncytium formation [44,45], but also with BLV disease progression [44,46,47]. For
example, BLV-infected cattle at the PL stage are known to carry a significantly increased
number of PVL compared to the number of the PVL in aleukemic cattle. A further increase
was observed at the lymphoma stage [44,46]. Additionally, BLV PVL is a useful index for
estimating transmission risk [48]. A previous report predicted that as determined by the BLV-
CoCoMogPCR-2 method which involves quantitative measurement of PVVL [44,49], cows
with a PVL of greater than 14,000 copies/10° cells in their blood samples secreting BLV
provirus into nasal were classified as having a high-PVL (HPVL) [50]. Furthermore, the BLV
provirus was detected in milk samples from dams at a PVL of approximately >10,000
copies/10° cells in the blood [12]. These cows may have a high risk of BLV transmission
through direct contact with healthy cows. In contrast, cattle with low-PVL (LPVL) are known

to prevent natural BLV infection [51].

3.1.5 BLYV proviral latency and antisense BLV transcription

BLV maintains in a silent state in vivo, and the expression of the viral proteins is blocked
at the transcription level [52,53]. It has been shown that the BLV gene transcription in fresh
tumor cells or fresh peripheral blood mononuclear cells (PBMCs) from infected cattle is
undetectable using the conventional method such as hybridization [52,54,55]. This proviral
latency enables the virus to escape from the host’s immune defense, and later some
population reach the terminal stage of the disease [1,2]. Even though BLV expression is
almost undetectable in BLV-infected cattle in vivo, a strong cytotoxic and humoral immune
responses are induced during the infection. Furthermore, BLV expression can be reactivated

after ex vivo culture just after incubation of whole blood at 37°C without addition of any
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factor except anticoagulants [55]. BLV latency, thus, became a standing dogma. The
presence of a strong anti-viral immune response in infected animals suggests that viral
proteins must be expressed in some infected cells. Therefore, it has been suggested that viral
expression occurs in a subpopulation of infected cells, these cells, however, are efficiently
removed by the immune system. On the other hand, the viral transcription in a subpopulation
of infected cells are silenced, thereby, avoid the cytotoxic and humoral response [1].

It has been recently determined that BLV expresses antisense transcripts from the 3’LTR
in all asymptomatic and leukemic infected cattle. The detailed role of these antisense RNA
transcripts in the biology of BLV has not been fully understood. The antisense transcripts are
retained in the nucleus, suggesting that they may have a long noncoding RNA-like role.
Additionally, these transcripts may share a transcriptional interference role with the
microRNA in the regulation of BLV infection [56]. It has been recently proved that BLV
provirus is preferentially integrated near cancer driver genes and perturb their expression by
either provirus-dependent transcription termination or as a result of viral antisense RNA-

dependent cis-perturbation [57].

3.1.6 BLYV replication

There are two main ways for BLV replication: infectious cycle or mitotic cycle.
The infectious cycle occurs in the early stage of the infection before the onset of an efficient
immune response, and it includes infection of the target cells by the virion, reverse
transcription of the viral RNA to DNA, and integration of the viral DNA into the host
genome as a provirus (Figure 5). Thus, at the early stage of infection, multiple clones are
generated. Once the cellular and humoral specific immune responses are elicited (4-8 weeks

post-infection), a strong reduction of these initial clones occurs, and the infection then
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spreads through clonal expansion of infected host cells (mitotic cycle), without reverse

transcription [58-60].

3.1.7 Role of host factors in BLV pathogenesis

BLV-mediated pathogenicity depends on a delicate balance between viral gene expression
and certain host-related genetic and epigenetic events [2]. The mutation rate of BLV is
relatively low [61] and spontaneous variations in the BLV genome have a limited impact on
the biological properties of the virus [62]. Thus, host factors are thought to play crucial roles
in determining the BLV infection profile. The protein encoded by p53 tumor suppressor gene,
Bovine leukocyte antigen (BoLA) gene, and the tumor necrosis factor (TNF)-a gene are a
notable examples of host factors that affect BLV infection.

The protein encoded by p53 tumor suppressor is critical for inducing the signal from the
damaged DNA to the genes that regulate cell cycle and apoptosis. It had been reported that
about five of ten BLV-induced bovine tumors harbored p53 mutations [63-65]. On the other
hand, only one of seven samples in B-cells from cows with PL showed an alteration of the
p53 gene [63]. Moreover, four of eight bovine-cell lymphoma lines harbor missense
mutations in p53 [66]. Notably, p53 mutations were not found in BLV-induced sheep tumors,
indicating that p53 mutations frequently occur in cattle at the final stage of lymphoma, and it
might reflect different molecular mechanisms involved in BLV-induced pathogenesis in
sheep and in cattle [63].

BoLA plays an important role in BLV infection profile and tumor development [67,68].
BoLA-DRB3 is the most functionally important and the most polymorphic BoLA class Il locus
in cattle. Several studies have identified BoLA-DRB3 alleles and single-nucleotide
polymorphisms in the BoLA region that are associated with BLV PVL and disease

progression [46,69—74]. For instance, it has been shown that the amino acids Glu-Arg (ER) at
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the position 70-71 of BoLA-DR/ chain is related to the resistance to develop persistent
lymphocytosis in the BLV-infected cattle [75].

The polymorphism in the promoter of the TNF-a gene is another host factor that affects the
BLV-mediated lymphoma development. For example, the TNF-a-824G allele is related to
weak transcription activity of the promoter region of the bovine TNF-a gene. It has been
reported that the frequency of this allele is higher in the experimentally infected sheep that
developed lymphoma than that in the asymptomatic animals. Furthermore, infected cattle
carrying homozygous TNF-a-824G/G allele have increased proviral load compared to the
cattle carrying homozygous TNF-a-824A/A or TNF-a-824A/G alleles. These facts indicate
that the polymorphism in the promoter region of the TNF-a gene contributes to the

progression of lymphoma in BLV infection [76].

3.2 Protein Arginine Methyltransferases (PRMTYs)

3.2.1 PRMTs general introduction:

Arginine is a a-amino acid that is used in the biosynthesis of the proteins. The arginine side
chain has a guanidinium moiety that makes it positively charged at physiological PH. The
guanidinium moiety favors nt- stacking interactions with aromatic rings and can form five
hydrogen bonds. Arginine has the highest pKa value among all amino acids (about 13.8).
Arginine residues are post-translationally modified to include methyl groups, resulting in
monomethylarginine (MMA), asymmetrical dimethylarginine (aDMA) or symmetrical
dimethylarginine (sDMA). Even though the methylation of arginine maintains its positive
charge, it reduces its hydrogen bonding capacity by removing a hydrogen atom for each
added methyl group. Moreover, the methyl group adds hydrophobicity to the side chain,

thereby favoring interactions with aromatic cages [77].
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Arginine methylation is an important post-translational modification found on both nuclear
and cytoplasmic proteins. The methylation of arginine residues is catalyzed by a family of
enzymes called protein arginine N-methyltransferase (PRMTS) [78]. Arginine methylation is
involved in the regulation of fundamental cellular processes, including transcription
regulation, RNA processing, signal transduction, and DNA damage response. PRMTs
methylate glycine and arginine-rich motifs (GAR motifs) within their targets. Arginine
methylation is classified into three types (Figure 6): MMA, sSDMA and aDMA, each of which
is catalyzed by a specific type of PRMTs family [79]. PRMTS5 is the major type 11

mammalian enzyme activity, which produces symmetric demethylation arginine

3.2.2 PRMTS5 regulation

PRMTS5 was originally identified as Janus kinase binding protein 1 [80] and it is found to
be phosphorylated by JAK2-V617F, which is JAK 2 mutant kinase found in most cases of the
myeloproliferative neoplasm. PRMT5 phosphorylation by JAK2-V617F downregulates its
methyltransferase activity and affects chromatin modification and gene expression mediated
by PRMT5 [81]. It is also shown that PRMTS5 is regulated by phosphorylation at threonine 80
(T80) that is mediated by RhoA-activated kinase in hepatocellular carcinoma cells, this
phosphorylation increases PRMT5 methyltransferase activity. The myosin phosphatase (MP)
holoenzyme inhibits PRMT5 T80 phosphorylation [82]. PRMTS5 is also phosphorylated by
liver kinase B1 (LKB) on T132, T139 and T144, and this phosphorylation is required for
PRMT5 methyltransferase activity in breast cancer [83]. Additionally, the phosphorylation of
the PRMT5 carboxy-terminal residue T634 by AKT/SGK kinases regulates its interaction
with either PDZ (one of the most abundant protein domains found in multicellular
eukaryotes) or 14-3-3 proteins (readers of phospho-serine/threonine motifs) in which, the

unphosphorylated C-terminal tail binds PDZ domains, and the phosphorylated tail binds 14-
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3-3- proteins. The PDZ-PRMTS5 interaction is critical for facilitating the plasma membrane
association of PRMTS5 and consequently conducting cytoplasmic functions such as the
methylation of the cytoplasmic tail of receptors. Therefore, the transgenic mice expressing C-
tail truncated PRMT5 are not compatible with life because the last few amino acids of C-
terminal tail of PRMT5 are important during the embryogenesis [84]. Finally, PRMTS5 forms
a complex with WD45/MEP50 (WD repeat domain 45/methylosome protein 50) and with
either pIClIn (chloride channel nucleotide sensitive 1A) or serine/ threonine-protein kinase
R101 (RIOK1), which regulate the methyltransferase activity and substrate specificity of
PRMTS5 [85]. Phosphorylation of MEP50 at T5 by cyclin-dependent kinase 4—cyclin D1
(Cyclin D1/CDK4) enhances PRMT?5 activity and promotes neoplastic growth [86].

Besides phosphorylation, PRMT5 can be regulated by ubiquitylation. In hepatocellular
carcinoma, PRMTS5 undergoes polyubiquitylation both in vitro and in vivo, the
polyubiquitylation of PRMT5 by E3 ubiquitin-protein ligase CHIP leads to its proteasomal
degradation. Therefore, downregulation of CHIP and overexpression of PRMTS5 have been
observed in several human cancer [87]. This degradation process of PRMT5 is regulated by a
long intergenic non-coding RNA (LINCO01138), which interacts with PRMT5 and enhances
its protein stability by blocking ubiquitin/proteasome-dependent degradation [88]. PRMT5 is
also regulated by miRNAs; in glioma cells, miR-4518 targets the PRMT5 mRNA. The long
non-coding RNA SNHG16 acts as an oncogenic IncRNA that promoted glioma
tumorigenesis via acting as a competing endogenous RNA that regulates the expression of
PRMTS5 through directly sponging miR-4518. Decreased expression of SNHG16 increases
the availability of miR-4518 and thus decreases PRMT5 expression, leading to cell growth

arrest and apoptosis [89].
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3.2.3 Cellular roles of PRMT5

3.2.3.1 Transcription

PRMTS5 symmetrically dimethylates H2AR3, H4R3 and H3R8 to mediate transcriptional
repression [80,90]. There is a cross-talk between histone arginine methylation and lysine
acetylation. For example, PRMT5-mediated H4R3me2s is associated with reduced histone
tail acetylation (H4K5) and thus with transcriptional repression [91]. By contrast, the
PRMT1-mediated H4R3me2a is associated with hyperacetylation and transcription activation
[92]. Additionally, PRMT5-mediated H3R2me2s favors WDRS5 recruitment to the histone H3
and subsequently produces H3K4 trimethylation (H3K4me3), which is connected with active
transcription [93]. Of note, this is mechanistically important in breast cancer stem cells,
because H3R2me2s-mediated PRMT5 on FOXP1 promoter facilitates WD repeat domain 5
(WDR5) recruitment, thereby H3K4me3 production, and enhances gene expression [94]. In
contrast to PRMT5, PRMT6-mediated H3R2me2a inhibits transcription by preventing

WDRS5 binding to H3 [95,96].

3.2.3.2 Splicing

PRMTS5 is an essential regulator of splicing in mammals, PRMT5 methylate three Sm
proteins, which bind to different small nuclear RNAs [97,98]. These methylated Sm proteins
are recognized by the tudor domain of survival motor neuron (SMN), the spinal muscular
atrophy gene product; which enhances the small nuclear ribonucleoproteins (SNnRNPs)
maturation [97—-100]. PRMT5 depletion results in reduced methylation of Sm proteins,
irregular constitutive splicing, and the alternative splicing of specific mRNAs with weak 5’
donor sites [101]. Moreover, PRMT5 depletion in neural stem cells or progenitor cells causes
mis-splicing of hundreds of genes that play roles in regulating cell proliferation and signaling

[101]. One of the notable examples of the genes that is affected by PRMT5 depletion is
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MDM4, which is a repressor of p53 pathway. MDM4 can express a functional full length
MDMA4, or a short isoform that is unstable and targeted for degradation by nonsense-mediated
MRNA decay pathway [101,102]. PRMTS5 inhibition leads to a reduction in symmetrical
dimethylation of Sm proteins and thereby enhancing producing the expression of the short
MDM4 isoform and consequently, relief of repression of the p53 pathway [101]. This
mechanism has been found in several human malignancies, including melanoma and
hematological malignancies [103-105]. Besides the mis-splicing of MDM4 resulted from
PRMTS5 depletion, the lysine acetyltransferase TIP60 (KATS) is alternatively spliced in
hematopoietic progenitor cells upon PRMTS5 inhibition, which impairs the homologous
recombination (HR) repair [106].Moreover, PRMTS5 inhibition affects the splicing of key
components of cytokine signaling pathway in immune cells leading to reduction in number
and function of natural killer cells and other T cells [107]. In addition to the role of PRMT5
in regulation the splicing fidelity by the methylation of Sm proteins in the cytoplasm, PRMT5
methylate zinc finger protein 326, thereby ensuring the correct exclusion of AT-rich exons.
PRMTS5 inhibition leads to defects in alternative splicing, including the inclusion of AT-rich
exons, which in turn leads to aberrant destabilization of mMRNA of some breast cancer

oncogenes such as FOXM1 and AP4 [108].

3.2.3.3 Translation

PRMT5 methylate several RNA binding proteins (RBPs) that are critical to achieve mMRNA
translation. PRMT5 facilitates the translation of a subset of internal ribosome entry site
(IRES)-containing genes. Therefore, PRMT5 depletion lowers the protein expression of
(IRES)-containing mRNA such as MEP50, CCND1, MYC, HIFla, MTIF and CDKN1B
[109]. Additionally, the heterogeneous nuclear ribonucleoprotein A1 (hnRNP Al), an IRES

transacting factor, is methylated by PRMT5 at R218 and R225, and this methylation is
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critical to facilitate its interaction with IRES-containing RNAS in order to promote protein
synthesis [109]. Moreover, PRMTS5 interacts with and methylate the ribosomal protein S10
(RBS10) at R158 and R160. Thus, PRMTS5 regulates general mRNA translation because
PRMT5-mediated RPS10 methylation is required for efficient assembly of S10 into

ribosomes [110].

3.2.3.4 The DNA damage response

PRMTS5 has been addressed as an oncoprotein. PRMT5 is overexpressed in several cancer
and PRMTS5 inhibition affects cancer cell growth by different mechanisms including: cell
cycle arrest, spontaneous DNA damage, defects in homologous recombination HR and
aberrant p53 activation (reviewed in [111]). PRMTS5 regulates HR via the methylation of
R205 of the AAA+ ATPase RUVBL1 which is a subunit of the TIP60 complex [112]. At
double-strand break (DSB) sites, PRMT5-directed methylation of RUVBLL1 is required for
the acetylation of H4K16 by TIP60, this blocks the binding of the tandem Tudor domains of
the DNA-resection inhibitor 53BP1 at neighboring H4K20me2, thereby favoring DSB repair
by HR over non-homologous end joining [112]. Notably, PRMT5-deficient hematopoietic
progenitor cells have reduced TIP60 acetyltransferase activity and thus defective homologous
recombination (HR). These cells display aberrant splicing of the TIP60/KATS5, which affects
its lysine acetyltransferase activity and leads to impaired HR [106]. Additionally, PRMT5
methylate and regulates the function of several proteins that play roles in DNA damage
response such as, flap endonuclease 1 (FEN1) [113], cell cycle check-point control protein

RAD9 [114], and tyrosyl- DNA phosphodiesterase (TDP) [115].

3.2.3.5 Signaling pathways
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PRMTS5 regulates NF- kB through methylation the p65 subunit of NF- kB on R30 and thus
facilitating NF-xB-induced gene expression [116]. Moreover, PRMTS5 regulates the
transforming growth factor- B (TGFB—SMAD) signaling, which represses the expression of
some transcription factors that are critical for melanogenesis. PRMT5 complex containing
SHARPIN methylate the transcriptional co-repressor SKI, SKI is known to repress TGFp—
SMAD signaling. This counteracts the inhibition of the related transcription factors, thereby,
promotes their expression and induces melanoma growth [117,118].

PRMTS5 regulates ERK activity in which cells with high PRMTS5 levels have lower ERK
activity. This is catalyzed via methylation the R1175 of epidermal growth factor receptor
(EGFR) by PRMTS5. This methylation positively modulates EGF-induced EGFR trans-
autophosphorylation at Tyr 1173, which governs ERK activation. Protein-tyrosine
phosphatase SHP1 associates with phosphorylated Y1173 and dephosphorylates components
of the RAS-RAF-ERK signaling pathway to inhibit their function. Thus, PRMT5 inhibition
enhances EGF-stimulated ERK activation by reducing SHP1 recruitment to EGFR.
Additionally, PRMT5 methylate RAF proteins, which negatively affects their stability.
Overall, PRMTS5 inhibits the EGFR-ERK pathway by methylation both EGFR and its
effectors [119].

PRMT5 methylate the platelet-derived growth factor receptor- a (PDGFRa) at R554. In
mice, deletion of PRMTS5 in oligodendrocyte precursor cells decreases the availability of
PDGFRa at the plasma membrane due to increased degradation by the Cbl E3 ligase, thereby

impairs axon myelination in the central nervous system [120].

3.2.4 The role of PRMTS5 in viruses’ life cycle

PRMTS5 was recently shown to play a critical role in EBV-driven B-cell transformation

[121] and HTLV-1-mediated T-cell transformation [122]. PRMT5 regulates various steps in

27



virus lifecycles. For example, PRMTS5 restricts hepatitis B virus replication via two
mechanisms: epigenetic suppression of covalently closed circular DNA and interference with
pregenomic RNA encapsidation [123]. Further studies showed that PRMTS5 regulates nuclear
import of hepatitis B virus core (HBc) in which PRMT5 overexpression increases the nuclear
accumulation of HBc, and in which PRMT5 inhibition reduces HBc levels in the nuclei
[124]. Moreover, the early lytic protein of Kaposi's sarcoma associated herpesvirus, ORF59,
associates with PRMT5 and disrupts its binding with the chromatin which in turn disrupts its
repressive effect to move to the lytic reactivation phase [125]. It has also recently been
demonstrated that PRMTS5 supports HIV-1 replication by maintaining Vpr protein stability

[126]. The roles of PRMTS in viruses’ life cycle are summarized in (Table 1)
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3.3 Research aim

Even though the role of PRMT5 has been widely studied in several viruses’ life cycle, it
remains unclear whether PRMT5 acts as a host cell factor that is important in BLV gene
expression and infection.

The aim of this study is to investigate the role of PRMT5 in various aspects of BLV
infection in vivo and in vitro, and investigate the therapeutic effect of PRMTS5 inhibitors as a
novel anti-retroviral therapy in vitro.

First, we focused on examining PRMT5 dysregulation in several stages of BLV infection,
and examining the correlation between the PRMT5 expression level and BLV proviral load,
which is an index of virus infectivity, in peripheral blood from infected animals with various
stages, such as asymptomatic and lymphoma stages. Second, we revealed the impact of
PRMTS5 inhibition on BLV gene expression, gp51 glycosylation, and syncytium formation.

This is the first study to investigate the role of PRMT5 in BLV infection.

29



4 Materials and Methods

4.1 Cell culture and transfection

FLK-BLYV cells, which are permanently infected with BLV (kindly provided by Prof.
Onuma, M.), were cultured in Dulbecco’s modified Eagle’s Medium (Thermo Fisher
Scientific, Waltham, MA, USA) containing 10% heat-inactivated fetal bovine serum (Sigma-
Aldrich, St. Louis, MO, USA). PK15-BLV cells, which were produced by stably transfecting
of the pig kidney-15 (PK15) cells (National Institutes of Biomedical Innovation, Health and
Nutrition: JCRB9040) with CMVAU3-pBLV-IF2, were cultured in Minimum Essential
Medium Eagle (Thermo Fisher Scientific) containing 10% fetal bovine serum and 1% non-
essential amino acids (Gibco, Grand Island, NY, USA). CMVAU3-pBLV-IF2 is the modified
version of the BLV-infectious molecular clone pBLV-IF2, which was used previously
[28,30]. CMVAU3-pBLV-IF2 was modified by replacing the U3 region that contains the
BLV promoter with the strong CMV promoter to enhance BLV expression. FLK-BLV and
PK15-BLV were selected because they stably express BLV-viral proteins and produce BLV-
virus particles, enabling analysis of several aspects of the virus life cycle related to the
expression of viral proteins.

For transfection of small interfering RNA (siRNA), we used Lipofectamine RNAiMax
Reagent (Thermo Fisher Scientific) according to the manufacturers’ instructions and RNA
was extracted from these cells using TRIzol reagent (Thermo Fisher Scientific) according to

the manufacturer’s protocol.
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4.2 Animal samples and isolation of genomic DNA and RNA

Blood samples were collected from 62 Holstein cattle including BLV-negative cattle and
BLV-infected cattle, which were maintained in Japan. These cows were classified into three
groups according to their PVL as follows: (i) BLV-negative cattle (PVL = 0; N = 20), (ii)
BLV-infected cattle with LPVL (PVL <10,000 copies/10° cells; N = 15), and (iii) BLV-
infected cattle with HPVL (PVL >10,000 copies/10° cells; N = 27). Blood samples were also
collected from BLV-infected Holstein cows with lymphoma (N = 20). Lymphoma was
diagnosed by both gross and histological observation and by detecting atypical mononuclear
cells in the slaughterhouse. The age of animals and their individual proviral load were shown
in Table 2. All animal experiments were conducted in accordance with the guidelines for
Laboratory Animal Welfare and Animal Experiment Control established by the RIKEN
Animal Experiments Committee (H29-2-104). For experimental infection, five BLV-
negative one-year-old Japanese black calves carrying susceptible alleles BoLA-
DRB3*1601/*1601 were experimentally challenged intravenously with blood containing a
PVL of 4 x 107 copies/10° cells. This study was approved by the Animal Ethical Committee
and the Animal Care and Use Committee of the Kyoto Biken Institute.

Blood samples were collected and diluted in a 1:1 ratio with Ambion® nuclease-free water
before adding TRIzol LS in a 3:1 ratio of TRIzol LS to the diluted whole blood. The mixtures
of whole blood with TRIzol LS were transported to the lab and stored at —80°C. An equal
volume of the mixture was used to extract RNA from the samples using TRIzol LS protocol

(Thermo Fisher Scientific) according to the manufacturer’s instructions.
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4.3 Measurement of the BLV PVL

The BLV PVL was measured by BLV-CoCoMo-gPCR-2 (RIKEN Genesis, Kanagawa,
Japan) using genomic DNA as described previously [49]. Briefly, the BLV LTR region was
amplified in a reaction mixture containing THUNDERBIRD Probe gPCR Mix (Toyobo,
Tokyo, Japan) and the degenerate primer pair: CoCoMo FRW primer and CoCoMo REV
primer. FAM-LTR was used as a probe. BoLA-DRA (internal control) was amplified using
the primer pair DRA-F and DRA-R. FAM-DRA was used as a probe. The PVL was
calculated using the following equation: (number of BLV-LTR copies/number of BoLA-DRA

copies) x 10° cells.

4.4 Quantitative reverse transcription-polymerase chain reaction (QRT-

PCR)

RNA was reverse-transcribed for cDNA synthesis using a High Capacity RNA-to-cDNA kit
(Thermo Fisher Scientific) according to the manufacturer's instructions. Primer design for
PRMT5, GAPDH, gag, and tax was performed using the primer-designing tool provided by
the National Center for Biotechnology Information. The primer list is shown in Table 3. RT-
PCR was performed with the KAPA SYBR® FAST gPCR Kit (KAPA BIOSYSTEMS,
Wilmington, MA, USA) using an Applied Biosystems 7500 Fast Real-Time PCR system
(Foster City, CA, USA). The following thermal cycling program were used: 95°C for 3 min,
followed by 40 cycles of 95°C for 10 s and 60°C for 30 s. Samples were evaluated in
duplicate, and data analysis was performed using the comparative CT method (AACT) with

normalization to GAPDH mRNA expression.
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4.5 siRNA transfection

SIRNA designed to target PRMT5 (si-PRMT5) of FLK-BLV or PK15-BLV was
constructed by Silencer Select sSiIRNAs (Ambion, Austin, TX, USA). To knockdown PRMT5
in FLK-BLV cells, Silencer® select Product # s20376 was used. For PK15-BLV knockdown,
Silencer® select Product # s20377 was used. sSiRNA negative control (si-NC) was
constructed by Ambion (catalog# 4390843). On the transfection day, 3 x 10° cells of FLK-
BLV or PK15-BLV were seeded into a 6-well plate and transfected with si-PRMT5 or si-NC
using Lipofectamine RNAIMAX reagent (Thermo Fisher Scientific) according to the
manufacturer's instructions. After 48 or 72 h of incubation, cell lysates were prepared, and

knockdown efficiency was evaluated by RT-PCR or Western blotting analysis.

4.6 PRMTS5 inhibitor treatment

CMP5, a selective PRMTS5 inhibitor [121], was purchased from Merck KGaA (Darmstadt,
Germany). Cells were grown for 24 h at 37°C, after which the medium was collected and
replaced with fresh medium with or without 5, 10, or 20 u M of CMP5, and the cells were
grown for further 24 h. After a total of 48 h, cell lysates were prepared to determine the

intracellular expression by Western blotting analysis.

4.7 Western blotting analysis

Cells were lysed for 30 min on ice in 20 mM Tris-HCI (pH 7.4), 300 mM NacCl, 2 mM
EDTA, and 2% NP40 supplemented with a protease inhibitor cocktail (Roche Diagnostics,
Mannheim, Germany). Lysates were mixed with SDS buffer and boiled for 5 min. Protein
concentrations were determined with Pierce™ BCA Protein Assay Kit (Thermo Fisher

Scientific). Equal amounts of protein were electrophoresed via SDS-polyacrylamide gel
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electrophoresis (PAGE). The proteins were then transferred onto a polyvinylidene difluoride
membrane (Millipore, Billerica, MA, USA) using a Trans-Blot Turbo apparatus (Bio-Rad,
Hercules, CA, USA) and incubated with anti-BLV gp51 monoclonal antibody (Mab) (BLV
2) (1:200; VMRD, Pullman, WA, USA), anti-BLV Gag Mab (BLV 3)(1:200; VMRD),
polyclonal anti-PRMT5 (1:1000; Abcam, Cambridge, UK), or anti-a tubulin clone B-5-1-2
Mab (1:2000; Sigma). After washing, the membranes were incubated with horseradish
peroxidase-conjugated AffiniPure goat anti-Mouse 1gG (1:2000; Jackson ImmunoResearch,
West Grove, PA, USA) or horseradish peroxidase-conjugated goat anti-rabbit 1gG (1:1000;
Amersham Biosciences, Amersham, UK). Signals were visualized after treating the
membrane with SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo
Fisher Scientific). Images were acquired using Multilmage TM light Cabinet (Alpha Innotech
Corporation, San Leandro, CA, USA). Band intensity was quantitated using the analysis tool

provided with AlphaEaseFC™ software (Alpha Innotech Corporation).

4.8 Deglycosylation by PNGase F or Endo H

FLK-BLV or PK15-BLV were cultured in the absence or presence of 20 uM CMP5 for 48
h. Thereafter, the cell lysates were treated in the absence or presence of PNGase F (Promega)
for 3 h or Endo H (Promega) overnight according to the manufacturer’s protocol (catalog#

V483A and catalog #V4871), respectively.

4.9 Cell viability assay

A Premix WST-1 Cell Proliferation Assay Kit (Takara, Shiga, Japan) was used to assess

the effect of CMP5 on cell viability. For each cell line, 3 x 10* cells were seeded into a 96-
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well plate at a final volume of 100 uL in the absence or presence of different concentrations

of CMP5. The assay was conducted according to the manufacturer's instructions.

4.10 Immunofluorescence confocal microscopy

FLK-BLV cells were grown on coverslips with or without CMP5 treatment. After 48 h, the
cells were fixed with 4% paraformaldehyde for 15 min at room temperature; next, they were
permeabilized with 0.5% Triton X for 5 min and then blocked with 5% skim milk for 30 min.
The gp51 staining in the cell membrane was performed without the permeabilization step.
The cells were incubated with anti-BLV gp51 Mab (BLV 2) (1:100; VMRD) or anti-BLV
Gag Mab (BLV 3) (1:100; VMRD) for 1 h at room temperature followed by 30 min
incubation with Alexa Fluor 488 rabbit anti-mouse for Gag or Alexa Fluor 594 rabbit anti-
mouse for Env (1:300; Invitrogen, Carlsbad, CA, USA). Nuclei were stained with Hoechst
33342 (1:2000; ImmunoChemistry Technologies LLC. Bloomington, MN, USA) for 5 min in
the dark. After each staining step, the samples were washed three times with PBS. The
coverslips were mounted on glass slides and fluorescence images were obtained using an

FV1000 confocal laser-scanning microscope (Olympus, Tokyo, Japan).

4.11 gp51 cell membrane staining by flow cytometry

FLK-BLV cells were washed twice with PBS, and 5 x 10° cells were stained with anti-
BLV gp51 Mab (BLV 2) (1:50; VMRD) for 1 h on ice. The cells were then stained with APC
rat anti-mouse (1:100; APC-anti mouse, BD Pharmingen, Franklin Lakes, NJ, USA) for 30
min on ice. Propidium lodide (PI) was used for live/dead staining. Stained cells were

analyzed using a BD AccuriTM C6 Plus with a sampler flow cytometer (BD Biosciences,
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Franklin Lakes, NJ, USA). The data were analyzed using FlowJo v10 (FlowJo, LLC,

Ashland, OR, USA).

4.12 Luminescence syncytium induction assay (LuUSIA)

The LuSIA using CC81-GREMG cells was performed as described previously [127].
CC81 GREMG (1 x 10° cells) were co-cultured with 5 x 10* FLK-BLV cells in a 12-well
plate in LuSIA medium, after which the indicated concentrations of CMP5 were added. After
48 h incubation, the cells were washed with phosphate-buffered saline and fixed with 4%
formaldehyde/phosphate-buffered saline containing 10 ug/mL Hoechst 33342 (Thermo
Fisher Scientific). The fluorescent syncytia were visualized by EVOS2 fluorescence
microscopy (Thermo Fisher Scientific), and 9 fields of view in each well were automatically
scanned with a 4x objective. Syncytia were detected by enhanced green fluorescent protein
(EGFP) expression and counted using HCS Studio Cell Analysis software (Thermo Fisher

Scientific).

4.13 Annexin V/7-AAD staining

KU-1 cells were seeded in a density of 1 x 10° cells/ml and treated with different
concentrations of CMP5 for 24 h. After 24 h, the cells were collected and washed twice with
PBS and once with 1X binding buffer, the cells were then resuspended with the 1X binding
buffer at a concentration of 1 x 10° cells/ml. 1 x 10° cells were stained with 7-amino-
actinomycin D (7-AAD) and Annexin V-PE (BD Biosciences) for 15 minutes
at room temperature in the dark. Stained cells were analyzed using a BD AccuriTM C6 Plus
with a sampler flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Cells were

considered to be early apoptotic if they were Annexin V +/ 7-AAD —, the double positive
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population was considered to be in the late stage of apoptosis or dead cells.

4.14 Statistical analysis

All data were expressed as the mean + standard deviation based on at least 3 independent
experiments. Statistical significance was evaluated using Student’s t-test. Differences were
estimated to be significant at p < 0.05 (*) and strongly significant at p <0.01 (**) and p <
0.001(***). The p value in animal experiments was calculated by Kruskal-Wallis test and

Dunn’s multiple comparisons test.
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5 Results

5.1 PRMTS5 is overexpressed in BLV-infected cattle with high PVL in vivo

BLV PVL is an important index of the risk of BLV transmission and infectivity as well as
disease progression [12,44,45,47,50]. To investigate the correlation between PRMT5
expression and BLV PVL, we collected blood samples from 62 cows which were
asymptomatic and had not developed symptoms of lymphoma at the time of blood collection.
First, we performed the CoCoMo-gPCR-2 to calculate the BLV PVL, which was used to
classify the cows into three groups: BLV-negative cattle (control group), BLV-infected cattle
with a low-PVL (LPVL group), and BLV-infected cattle with a high-PVL (HPVL group). As
described previously [46,69], the BLV-PVL equals to 10,000 copies/10° was set as a
threshold to distinguish between HPVL and LPVL groups. Next, we evaluated PRMT5
expression at the RNA levels by gRT-PCR. The mean fold-change in PRMT5 was 1.12 +
0.62 in the control group, 1.18 + 0.64 in the LPVL group, and 1.64 = 0.62 in the HPVL group
(Figure 7A). PRMT5 expression was significantly higher in the HPVL group than in the
uninfected group (p = 0.0014) and LPVL group (p = 0.012) (Figure 7A). Our results showed
that PRMT5 was significantly overexpressed only in BLV-infected cattle with a high PVL
but not in those with a low PVL. Furthermore, a positive correlation was obtained between

the BLV PVL and the PRMT5 expression fold-change (r = 0.52) (Figure 7B).

5.2 PRMTH5 overexpression starts from an early stage of BLV infection in
VivO

As shown in Figure 7, PRMT5 was upregulated only in BLV-infected cattle with a high

PVL. To further investigate the role of PRMT5 in BLV infection in vivo, we examined
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whether PRMTS5 is overexpressed in the early stage of BLV infection. Therefore, we
performed experimental infection of five BLV-negative Japanese black calves carrying the
susceptible alleles BoLA-DRB3*1601/1601 which are related to a high PVVL in BLV infection
[128], and we collected blood samples at different time points during the first month of
infection (0, 0.5, 1, 2, 3, and 4 weeks). Next, we monitored the BLV PVL and PRMT5
expression at each time point. The mean of BLV PVL was 0 copies/10° cells before infection
(0 week), 34 copies/10° cells after 3 days, 1158 copies/10° cells after 1 week, 26,760
copies/10° cells after 2 weeks, 90,150 copies/10° cells after 3 weeks, and 62,440 copies/10°
cells after 4 weeks (Figure 8A, line graph). The mean fold-change in PRMTS5 was 1 before
infection, 1.44 after 3 days, 1.48 after 1 week, 2.6 after 2 weeks, 3.7 after 3 weeks, and 2.3
after 4 weeks. The highest expression of PRMT5 was observed during the third week (fold-
change = 3.74, p = 0.0008), and then the expression slightly decreased after 4 weeks (fold-
change = 2.3, p = 0.01) (Figure 8B, bar graph). Interestingly and consistently with the data
shown in Figure 7A, a strong positive correlation was found between fold-upregulation of
PRMTS5 and BLV PVL (r = 0.79) (Figure 8B). Thus, PRMT5 expression was upregulated in
response to BLV infection, and the level of upregulation was positively correlated with the
BLV PVL. Moreover, PRMT5 upregulation began in an early stage of BLV infection rather

than being established after a long period of proviral latency.

5.3 PRMTH5 overexpression continues to lymphoma stage of BLYV infection
in vivo
Finally, we investigated whether the change in PRMTS5 expression in BLV-infected cattle
occurred in the lymphoma stage of disease. We compared PRMT5 expression at the RNA

level among 3 groups of cattle: 20 BLV-negative cattle, 42 BLV-infected but clinically

normal cattle, and 20 BLV-infected cattle with lymphoma. The fold-change in PRMT5
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expression was 1.12 + 0.62 in BLV-negative cattle, 1.48 + 0.66 in the asymptomatic group,
and 2.45 + 1.1 in the lymphoma group (Figure 9A). This strongly indicates that PRMT5
upregulation continues until the lymphoma stage of BLV. Additionally, we confirmed the
positive correlation between BLV PVL and PRMT5 expression fold-change (Figure 9B) (r =

0.524).

5.4 PRMT1 is also upregulated in HPVL BLYV infection

In order to examine whether PRMTS5 is specifically upregulated in BLV infection or other
PRMTs member might also be involved in the process. We analyzed the mRNA level of
PRMT1, which is Type 1 PRMTSs, in the 62 cows used to analyze mRNA of PRMT5, which
were asymptomatic and had not developed symptoms of lymphoma. We determined that
PRMT1 is also upregulated in HPVVL-BLYV infection (fold-change = 1.85+0.52 vs. 1.03+0.25
in BLV-negative and 1.17+0.35 in LPVL) (Figure 10A) and we also found that the PRMT1
expression fold-change is positively correlated with BLV-PVL (r = 0.71) (Figure 10B). This
indicates that several PRMTSs, but not only PRMTS5, might be involved in developing a BLV

infection profile with a high proviral load.

5.5 PRMTH5 knockdown enhances BLV gene transcription in vitro

The data shown in Figures 6-8 suggest that PRMTS5 overexpression contributes to
developing BLV infection with a high proviral load, and may influence which infected cows
progress from the asymptomatic stage to the lymphoma stage. Next, we examined the impact
of PRMTS5 inhibition on BLV infection in vitro. PRMTS5 is a well-known regulator of gene
transcription either by catalyzing symmetric dimethylarginine of histone proteins to generate

repressive histone markers including H2AR3me2s, H3R8me2s, and H4R3me2s or by
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methylation of nonhistone proteins such as transcription factors [129,130]. To investigate the
effect of PRMTS5 inhibition on BLV gene expression, we knocked down PRMTS5 in two cell
lines, FLK-BLV, a permanently BLV-infected cell line, and PK15-BLV, a stably transfected
cell line with CMVAU3-pBLV-IF2, by siRNA. Next, we measured the mRNA of two viral
transcripts, gag which is produced by the un-spliced mRNA and tax which is produced by the
double splicing event. We found that PRMT5 knockdown significantly enhanced gag and tax
transcription levels. In the FLK-BLV cell line, the fold-change of gag was 1.3 (p = 0.03) and
of tax was 1.33 (p = 0.04) (Figure 11A). In the PK15-BLYV cell line, the fold-change of gag

was 1.72 (p = 0.01) and of tax was 1.6 (p = 0.0014) (Figure 11B).

5.6 PRMTS5 knockdown enhances BLV protein expression in vitro

To confirm the finding shown in Figure 11 at the protein level, FLK-BLV or PK15-BLV
were transfected with siRNA targeting PRMT5 or mock siRNA for 48 or 72 h, and then cell
lysates were prepared and the expression levels of two viral proteins (Env gp5land Gag p24)
were evaluated by Western blotting analysis with anti-BLV gp51 Mab or anti-BLV p24 Mab.
We confirmed that siRNA-mediated inhibition of PRMT5 in FLK-BLV significantly
enhanced intracellular Env expression (p = 0.02) (Figure 12A). Moreover, the expression of
both of Env and Gag in PK15-BLV were significantly enhanced as a result of PRMT5
knockdown (p = 0.05 and 0.02 for Env and Gag, respectively) (Figure 12B). The bands
corresponding to the unprocessed Gag were shown in Figure 13A and Figure 13B for FLK-
BLV and PK15-BLV, respectively. These results show that there was no defect in Gag

processing after PRMT5 knockdown.
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5.7 PRMTS5 knockdown does not impair gp51 expression at the cell

membrane

In order to exclude that the observed accumulation of BLV proteins is caused by the
impaired protein trafficking to the cell membrane, we measured the expression level of Env-
gp51 in the cell membrane by flow cytometry. PK15-BLV cells were transfected with SIRNA
targeting PRMTS5 or mock SiRNA for 72 h. PRMTS5 knockdown was confirmed by Western
blotting analysis. The cell membrane expression of gp51 was measured using flow
cytometry. Here, we determined that PRMT5 knockdown does not impair the gp51
expression at the cell membrane (Figure 14). We, thus, concluded that the observed
upregulation of BLV viral proteins after PRMT5 knockdown is caused by a higher expression

rate rather than an impaired protein trafficking.

5.8 Selective PRMTS5 inhibitor enhances BLV protein expression and

alters gp51 mobility over SDS-PAGE

Next, we examined the effect of a pharmacological PRMTS5 inhibitor on BLV protein
expression. We used a small molecular PRMT5 inhibitor (CMP5), which was described
previously by Alinari et al. [121]. We examined the effect of CMP5 on FLK-BLV and PK15-
BLV. FLK-BLV or PK15-BLV was cultured in fresh medium with or without 5, 10, or 20
u M of CMP5 for 48 h. Cell lysates were prepared, and the viral protein expression levels of
Env and Gag were evaluated by Western blotting analysis with anti-BLV gp51 Mab or anti-
BLV p24 Mab. Consistently, CMP5 treatment enhanced the protein expression of both gp51
and p24 in a dose-dependent manner in FLK-BLYV, showing significance at the concentration
20 uM (Figure 15A). In contrast, in PK15-BLV, BLV expression was not significantly

affected (Figure 15B). The bands corresponding to the unprocessed Gag were shown in
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Figure 13C and in Figure 13D for FLK-BLV and PK15-BLV, respectively. These results also
revealed that there was no defect in Gag processing after CMP5 treatment.

Unexpectedly, we found that CMP5 treatment altered gp51 electrophoretic mobility in
SDS-PAGE and formed gp51 with a higher apparent molecular weight than gp51 in untreated
cells. The change in the apparent molecular weight was more evident at 20 uM (Figure 15A
and Figure 15B). Thus, we further investigated the possible impact of this inhibitor on BLV

envelope protein glycosylation.

5.9 Selective PRMTS5 inhibitor alters gp51 glycosylation processing in

vitro

N-Glycan structures are classified into three types: high mannose, hybrid, and complex
types. All types share a common tri-mannosyl core (Man3GIcNAc2). However, they differ in
the structure of the remaining branches [131,132]. The complex type of N-glycan typically
runs slower in SDS-PAGE than the high mannose type. To further illustrate the effect of
CMPS5 treatment on gp51 electrophoretic mobility in SDS-PAGE, we examined whether the
slow migration of gp51 in the presence of CMP5 resulted from an increase in the complex
type of N-glycan. Therefore, we cultured FLK-BLV or PK15-BLV in the absence (CMP5-)
or presence of 20 uM of CMP5 (CMP5+) for 48 h. Cell lysates of each cell line were
collected and divided into three parts: one part was not treated (PNGase F—/Endo H-), the
second part was treated with PNGase F (PNGase F+), and the third part was treated with
Endo H (Endo H+). As illustrated in Figure 16, PNGase F removed all types of N-linked
glycosylation from the glycoprotein: high mannose, hybrid, and complex. Additionally,
PNGase F severs the bond between N-acetylglucosamine (GIcNAc) and asparagine (Asn),
liberating the entire sugar chain and converting asparagine (Asn) to aspartic acid (Asp). In

contrast, Endo H cleaves only the high mannose and hybrid types of N-glycans, and the
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complex type remains resistant to Endo H deglycosylation. Endo H cleaves the bond between
the two GIcNAC residues in the core region, leaving one GIcNAc still bound to the protein
[133].

Consistent with the observation shown in Figure 15, we found that CMP5 treatment
(CMP5+) altered the electrophoretic mobility of gp51, forming a higher apparent molecular
weight smear of gp51 in both FLK-BLV and PK15-BLV (Figure 17A and Figure 17B,
PNGase F—/Endo H—). PNGase F treatment led to the accumulation of an approximately 30-
KDa product in both FLK-BLV and PK15-BLV (Figure 17A and Figure 17B, PNGase F+).
This corresponds to the calculated molecular weight of the envelope peptidic core in the
absence of any glycosylation of BLV gp51. Thus, after PNGase F, the change in the
migration pattern of gp51 disappeared, indicating that CMP5 affects the gp51 glycosylation
pattern. Additionally, endo H treatment in PK15-BLV showed that the complex type of N-
glycan of gp51 may increase after CMP5 treatment (Figure 17B, Endo H+) whereas in FLK-
BLV, the complex type did not appear to be affected (Figure 17A, Endo H+). Our results

show that CMP5 treatment can alter gp51 glycosylation processing.

5.10 CMP5 treatment does not change Env expression at the plasma

membrane

Next, we examined whether CMP5 treatment affects Gag or Env localization or Env
expression at the cell membrane. FLK-BLYV cells were grown on coverslips in the absence
(CMP5 -) or presence of 20 uM of CMP5 (CMP5 +) for 48 h; Gag was stained with a green
fluorescent marker, Env was stained with a red fluorescent marker, and DAPI was used to
stain the nucleus. Gag and Env localization were evaluated by fluorescence confocal
microscopy. The cellular membrane staining of gp51was performed without the

permeabilization step, the intracellular staining was conducted after the permeabilization with
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0.5% Triton X-100 for 5 min. We observed a large accumulation of Gag after CMP5
treatment (Figure 18A). Additionally, the intracellular Env protein accumulated near to the
nucleus after the treatment (Figure 18B). In contrast, the cell membrane expression of gp51
was not severely affected as demonstrated by the fluorescence confocal microscopy (Figure

18C) and by flow cytometry (Figure 18D).

5.11 Selective PRMT5 inhibitor impedes BLV ENV-mediated syncytia

formation in vitro

It has been shown previously that perturbation of the N-linked glycan structure of the HIV
and HTLV-1 Env proteins affects syncytia formation [134,135]. Therefore, we examined the
impact of the PRMT?5 inhibitor CMP5 on the syncytium formation ability. We used a newly
developed LuSIA to quantify the syncytia [45,127]. Because examining the syncytia
formation ability of PK15-BLV cells was not possible because of the relatively longer time
required for forming the syncytia, we only assessed the effect of CMP5 on syncytia formation
using the FLK-BLYV cell line. The LuSIA depends on a new reporter cell line (CC81-
GREMG) stably transfected with a reporter plasmid in which the EGFP reporter gene is
expressed under control of the glucocorticoid response element (GRE)-mutated LTR-U3
promoter and enables direct visualization of syncytia. CC81-GREMG expresses EGFP in
response to BLV trans-activator p38tax expression and forms fluorescent syncytia when
cultured with BLV-producing cells.

FLK-BLV cells were co-cultured with CC81-GREMG cell in the absence or presence of
different concentrations of CMP5. Interestingly, CMP5 treatment negatively affected
syncytia formation; this was detected by eye under a fluorescence microscope (Figure 19A)
and by automated quantification showing that the syncytia counts were decreased in a dose-

dependent manner, showing significance at concentrations of 10 uM (p = 0.017) and 20 uM

45



(p = 0.0002) (Figure 19B). In contrast, the total cell count during the assay remained
unaffected (Figure 19C). In addition, the maximum used concentration of CMP5 (20 uM) did
not severely affect the viability of FLK-BLV or CC81-GREMG (Figure 19D). These
observations exclude the toxic effect of CMP5 on FLK-BLV or CC81-GREMG. Our results
obtained by LUSIA using CC81-GREMG cells strongly suggest that PRMT5 regulates the

induction of syncytia by BLV Env.

5.12 PRMTS5 inhibitor enhances apoptosis and decreases cell proliferation

of KU-1 cell line

It is well known that PRMT5 plays a role as an oncogene protein; also, PRMT5
upregulation was determined in several human cancers, including B and T cell lymphoma
[136-138], metastatic melanoma [139], neuroblastoma and glioblastoma [140], ovarian
cancer [141], breast cancer [142], and gastric cancer [143]. Moreover, PRMTS5 upregulation
was recently determined in HTLV-1-mediated T-cell transformation [122] and EBV driven
B-cell transformation [121]. We have already showed that PRMT5 is overexpressed in BLV
infected cattle in the lymphoma stage (Figure 9A). Finally, we investigated whether PRMT5
inhibition affects bovine lymphoid cells proliferation or apoptosis. We used KU-1 cell line,
which is a bovine lymphoid cell line, we showed that PRMT5 inhibitor decreases cell
proliferation and enhances apoptosis (Figure 20). However, further studies using more
lymphoid cell lines and using BLV-negative cell lines are required to fully demonstrate the

potential therapeutic effects of PRMT5 inhibitors in BLV-mediated lymphoma.
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6 Discussion

BLV-mediated pathogenicity depends on a delicate balance between viral gene expression
and certain host-related genetic and epigenetic events [2]. The mutation rate of BLV is
relatively low [61] and spontaneous variations in the BLV genome have a limited impact on
the biological properties of the virus [62]. Thus, host factors are thought to play crucial roles
in determining the BLV infection profile. Herein, we investigated the role of the host protein
PRMTS5 in BLV infection in vivo and in vitro. Our study revealed four conclusions as
follows. First, our data suggested that PRMT5 overexpression is involved in the development
of BLV infection with a high proviral load, thus affecting which infected cows progress from
the asymptomatic stage to the lymphoma stage, and that PRMT5 overexpression may serve
as an index of disease progression in vivo. Second, we demonstrated that PRMT?5 acts as a
novel negative regulator of BLV protein expression in vitro. Knockdown PRMT5 or its
inhibition with an inhibitor enhanced BLV gene expression at the RNA and protein levels in
BLV-infected cell lines. Third, CMP5 inhibition of PRMT5 demonstrated that the gp51
glycosylation pattern was altered under CMP5 treatment among different BLV-producing
cell lines, thereby decreasing BLV-induced syncytium formation mediated by Env
glycosylation. Finally, we provide an evidence that PRMTS5 inhibitor treatment can decrease
the proliferation and induces the apoptosis of a bovine lymphoid cell line. Our findings
provide insight into the role of PRMTS5 in the BLV viral life cycle and for the development of
new anti-BLV drugs.

In this study, we found that PRMT5 was significantly upregulated in BLV-infected cattle
with HPVL (PVL >10,000 copies/10°) but not in those with LPVL (PVL <10,000 copies/10°)
(Figure 7). This finding indicates that PRMTS5 upregulation is related to transmission.

Furthermore, this upregulation continued to the lymphoma stage (Figure 9). We also
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performed experimental infection of five cattle carrying the susceptible alleles BoLA-
DRB3*1601/*1601, which are associated with an increased risk of developing BLV infection
with HPVL, and we confirmed that PRMT5 is upregulated in response to BLV infection
(Figure 8A), and its level of upregulation was strongly correlated with BLV PVL (Figure 8B).
Finally, we found that PRMTS5 upregulation starts as early as two weeks post-infection
(Figure 8A). This finding supports previous observations that PRMT5 expression increases at
4-8 days post-EBV infection [121]. Taken together, our data suggest that overexpression of
PRMTS5 contributes to the development and maintenance of BLV infection. Notably, PRMT5
was not the only PRMT member to be upregulated in BLV infection. PRMT1, which is Type
| PRMT, was also upregulated (Figure 10A). Additionally, our data showed that the PRMT1
expression fold-change was correlated with BLV PVL (Figure 10B). This indicates that
PRMTS5 is not specifically upregulated, but rather overexpression of other PRMTSs is involved
in regulating the BLV proviral load.

Our present study demonstrates that PRMT5 negatively regulates BLV expression, as
PRMTS5 inhibition including siRNA-mediated PRMT5 knockdown and treatment with CMP5
enhanced BLV gene expression at the transcriptional and protein levels in BLV-expressing
cell lines, indicating that PRMT5 had an additive inhibitory effect on BLV gene expression
(Figure 11 and Figure 12). This result is supported by previous data showing that ShRNA-
mediated reduction in PRMT5 protein levels or its inhibition by a small molecule inhibitor
(CMP5) in HTLV-1-infected lymphocytes resulted in increased viral gene expression [122].
PRMT5 catalyzes symmetric dimethylation of arginine residues in several histone and non-
histone proteins [129,144]. Therefore, PRMT5 may regulate BLV gene expression either via
an epigenetic mechanism and by producing repressive histone marks or methylation of non-
histone proteins such as transcription factors. Additionally, our findings suggest why BLV

maintains a silent state within infected cells in vivo. This proviral latency represents a
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strategy for avoiding the host immune system and consequently allows for tumor
development. Thus, numerous studies have focused on identifying compounds capable of
reversing BLV latency to enhance immune clearance of the virus; previous studies also
revealed histone deacetylation and DNA hypermethylation as epigenetic modifications
involved in BLV transcriptional repression [145-147]. Therefore, understanding the
mechanism of how PRMT5 regulates BLV expression requires further analysis.

Alinari and co-workers [121] investigated the role of PRMTS5 in EBV-induced B-cell
transformation and developed a small-molecule PRMTS5 inhibitor (CMP5) capable of
blocking EBV-driven B-cell transformation without affecting normal B cells. Interestingly,
we found that CMP5 treatment of FLK-BLV and PK15-BLYV affects the glycosylation pattern
of BLV gp51. This was further supported by the finding that CMP5 treatment enhanced the
formation of complex or hybrid types of N-glycan over the high-mannose type. Therefore,
following CMP5 treatment, gp51 traveled more slowly than untreated gp51 in SDS-PAGE.
The effects of CMP5 on gp51 glycosylation processing involve a sophisticated process
requiring a large number of enzymes and organelles, named as the glycosylation machinery.
The glycosylation machinery is a group of enzymes, chaperones, transporters, sugar donors,
and accessory molecules necessary to form a specific glycan structure [148]. Therefore,
glycosylation is a highly regulated and dynamic process that is extremely sensitive to changes
in components of the glycosylation machinery. The diversity of glycans depends on not only
the expression levels of the molecules involved in glycan biosynthesis, including
glycosyltransferases, but also on the interplay of all regulatory molecules involved in the
process. This may affect both the number of glycans (macroheterogeneity) and nature of
these glycan chains (microheterogeneity) [148]. Thus, CMP5 treatment may alter the
expression levels of some components of the glycosylation machinery, thereby altering the

gp51 glycosylation pattern.

49



Notably, the effect of CMP5 treatment on the gp51 glycosylation pattern differs between
the two cell lines (FLK-BLV and PK15-BLV), which belong to different host species. In the
PK15-BLYV cell line, CMP5 treatment enhanced the formation of the complex type of N-
glycan over the high mannose type and this form of N-glycan can be secreted and
incorporated in the viral particles. In FLK-BLV, however, the results did not reveal that the
irregular type of N-glycan resulted from CMP5 treatment. Similarly, a previous report clearly
showed distinct differences in the glycosylation profiles of HIV-1 Env gp120 expressed in
CHO which originated from hamster and 293T cells originated from human [149]. Therefore,
this variation in different cell lines is expected, as the nature of N-linked glycans attached to a
glycoprotein is determined not only by the peptide backbone of a protein but also by the cell
in which it is expressed.

Although CMP5 affects the gp51 apparent molecular weight, sSiRNA knockdown of
PRMTS5 did not appear to induce the same effect (Figure 21). The reason why this difference
arose between siRNA-mediated PRMT5 knockdown and CMP5 treatment was unclear, but
there are two possibilities. First, the impact of CMP5 treatment on gp51 glycosylation may be
non-specific, resulting from inhibition of other PRMTs protein rather than PRMT5. Second,
gp51 glycosylation is a highly dynamic process that is highly influenced by the time and
efficiency of PRMTS5 inhibition and differs between pharmacological inhibition and
knockdown inhibition. Considering that Alinari and co-workers [121] showed that CMP5
selectively blocks S2Me-H4R3 in JeKo cells, whereas it is inactive against PRMT1, PRMT4,
and PRMTY in cellular screening assays, CMP5 appears to be selective for PRMT5 over
Typel PRMTs. Additionally, the initial predicted binding interactions of CMP5 with their
hPRMTS5 model suggested that the pyridine ring of CMP5 forms a p-stacking interaction with
the Phe327 residue, which is critical for directing PRMTS5 to catalyze symmetric

dimethylation of arginine, explaining the selectivity of CMP5 for type || PRMT5 not type |
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PRMTs. They also performed RNA-seq of PRMT5-shRNA or CMPS5 treatment in
transformed LCLs (60A) cells and observed significant overlap between genes de-repressed
by CMP5 and genes de-repressed by PRMT5-shRNA confirming the specificity of this
compound. In contrast, we observed that CMP5 treatment increases the apparent molecular
weight of gp51 at 20 M but not at 5 or 10 puM (Figure 15B). Therefore, the extent and
duration of PRMTS inhibition in SiRNA knockdown may be insufficient to affect the
glycosylation processing of gp51. Further transcriptomic or proteomic studies are required to
identify the differentially expressed genes and determine the biological processes altered by
CMP5 treatment or PRMT5S knockdown.

Our study showed that CMP5 treatment impeded BLV-induced syncytium formation,
which was measured by LUSIA [45,127]. However, CMP5 treatment did not impair the gp51
expression at the cell membrane (Figure 18C and Figure 18D). Seemingly, the intracellular
expression of Env accumulated near to the nucleus after CMP5 treatment (Figure 8B). The
reason of this phenomena and whether or not it is related to the observed reduction of the
syncytia formation remain unclear. On the other hand, previous studies reported that the
electrophoretic mobility of the surface subunit of HIV envelope (gp120) was decreased when
gp120 was synthesized in the presence of castanospermine or 1-deoxynojirimycin (inhibitors
of glucosidase 1). Consequently, these inhibitors blocked HIV-1-induced syncytium
formation and cytopathicity [135,150,151]. Therefore, incorrect glycosylation processing of
gp120 may negatively affect HIV-1 induced syncytium formation. In addition, BLV SU-
linked N-glycosylation appeared to regulate the syncytium-forming capacity in vitro
[25,152]. Taken together, CMP5 treatment likely impedes BLV-induced syncytium formation
by affecting gp51 glycosylation processing. Our results clearly showed that PRMT5
expression regulates the correct gp51 glycosylation processing thereby induces the fusion

properties to establish an infection.

51



As summarized in Figure 22, our data suggest that PRMT5 expression is upregulated in
BLYV infection in vivo and this upregulation might be required for the development and
maintenance of BLV infection by three ways: first, in the early stage of BLV infection
PRMTS5 overexpression is important to ensure the correct gp51 glycosylation and mediate
cell fusion then enhance cell-to-cell transmission to establish an infection. Second, in the
stage of after developing BLV infection, PRMT5 upregulation works as a negative regulator
of BLV gene expression and is involved in the silencing strategy adopted by BLV in vivo to
avoid the host immune response, and thus PRMTS5 expression correlates with BLV proviral
load, i.e., the number of infected cells, in the late stages of BLV infection. Third, in the final
stages of BLV infection, PRMTS5 expression is further increased in order to inhibit apoptosis

and enhance the cell proliferation, which contribute to the development of lymphoma.
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7 Conclusion

The present study provides the first report that investigates the PRMT5 role in BLV infection
and reveals a novel function of a small molecular compound on BLV-gp51 glycosylation
processing. We demonstrated four conclusions as follows: First, we found that PRMT5 is
overexpressed only in BLV-infected cattle with a high proviral load, but not in those with a
low proviral load and this upregulation continued to the lymphoma stage. This PRMT5
upregulation began in an early stage of BLV infection rather than after a long period of
proviral latency. These results indicate that PRMTS5 overexpression is involved in the
development of BLV infection with a high proviral load, thus affecting which infected cows
progress from the asymptomatic stage to the lymphoma stage, and that PRMT5
overexpression may serve as an index of disease progression in vivo. Second, we provide an
evidence in vitro that PRMTS5 works as a negative regulator of BLV gene expression and
PRMTS5 overexpression could be implicated in the silencing strategy adopted by BLV to
escape from the host immune response and consequently increase BLV proviral load. Third,
we proved in vitro that PRMTS5 is important to ensure the correct glycosylation processing of
gp51, thereby maintains the gp51 cell fusion function and the induces syncytium formation
ability, this can increase the cell-to-cell transmission of the virus to establish the first stage of
the infection. Finally, PRMT5 overexpression can suppress the apoptosis and induce cell
proliferation, which contribute to development of lymphoma. Our findings provide insight
into the role of PRMT5 in the BLV viral life cycle and for the development of new anti-BLV

drugs.
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Figure 1. The worldwide prevalence of enzootic bovine leukosis. This figure is obtained from

World Animal Health Information system (WAHIS) interface 2019.

(https://www.oie.int/wahis_2/public/wahid.php/Diseaseinformation/Diseasedistributionmap?disease_t
ype_hidden=&disease_id_hidden=&selected_disease_name_hidden=&disease_type=0&disease_id te
rrestrial=35&species_t=0&disease_id_aquatic=999&species_a=0&sta_method=semesterly&selected

start_year=2019&selected report_period=1&selected_start month=1&date_submit=0K)

56



ol o BLV-infected cattl
30% l

Persistent - Leukemia /Lymphoma

Asymptomatic’] = lymphocytosis (PL)

BLV Proviral load

53 mutations

\.

phospho lation ‘\
* TNF-a aglvatlon etc.

Figure 2. A schematic representation of disease progression in BLV-infected cattle
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Figure 3. A schematic representation of BLV genome structure. BLV genome are flanked
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miR

between two long terminal repeats. The structural and enzymatic gene encode for a protein required to
form the viral particles, the pX region encodes regulatory proteins required for viral life cycle and

pathogenicity
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Figure 4. A schematic representation of BLV viral particles. Two copies of single stranded
genomic RNA are packaged in a viral particle. The capsid is formed from the p24 protein and it
contains the viral RNA interacting with nucleocapsid NC (p12). The capsid contains also two
enzymatic proteins RT that is required for reverse transcription and IN that is required, for integration
of the viral genome. The matrix protein MA (p15) connects the capsid with the envelope that is

formed by a lipid bilayer of host cell and a complex of two viral proteins (gp51 SU and gp30 TM).
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Figure 5. Infectious cycle of BLV replication. The infectious cycle of BLV replication includes:
attachment of the gp51 of the virus to the target cell; fusion of virus and cellular membrane; viral
uncoating and reverse transcription; proviral integration; transcription and protein synthesis; viral

assembly and budding.

60



| — NH
NI | B
2 NHe - -
c gl (w-MMA) =
I a* 2| D @D
NH Met = | |
| a H N
- 2l NH K V4
| NH
N— CEHD
CArgD
CArg D (w-sDMA)
(5-MMA)
Yeast
only

Figure 6. Types of protein arginine methyl transferase PRMTs
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Figure 7. Change in PRMTH5 expression at the RNA level in BLV infection. (A) PRMT5
expression at the RNA level of 20 BLV-negative cattle (PVL = 0), 15 BLV-infected but clinically
normal cows with a low PVL (LPVL; PVL < 10000 copies/10° cells), and 27 BLV-infected but
clinically normal cows with a high PVL (HPVL; PVL >10000 copies/10° cells) was measured by
gRT-PCR and the fold-change was calculated using the AACT method with normalization to GAPDH
expression as an internal control. A scatter plot with bar showing the mean of PRMT5 expression
fold-change in the three groups. BLV PVL was measured by CoCoMo-gPCR. Error bars represent the

standard deviation of the biological replicates (20 BLV-negative, 15 LPVL, 27 HPLV). The p value

was calculated using Kruskal-Wallis test (<0.0006). Dunn's multiple comparisons test was used to

evaluate the significance between groups. The asterisk indicates a significant difference (*p < 0.05,
**p <0.01). (B) Correlation between BLV PVL of each cattle and the corresponding PRMT5

expression fold-change (62 in total), Spearman r was used to evaluate the strength of the correlation.
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Figure 8. Change in PRMT5 expression at the RNA level in response to experimental BLV
infection during the early stage of infection. (A) Five BLV-negative Japanese black calves carrying
susceptible alleles BOLA-DRB3*1601/*1601 were experimentally challenged intravenously with
BLV, and RNA and DNA were extracted from these animals at six time points during the first month
of infection. The BLV PVL was measured by CoCoMo-gPCR using genomic DNA. PRMT5
expression was measured by qRT-PCR using RNA, and the fold-change was calculated using the
AACT method with normalization to GAPDH expression as an internal control. A combined bar and
line graph show the mean of PRMTS5 expression fold-change at each point (bar graph and left axis)
with the corresponding mean of proviral load (line graph and right axis). Error bars represent the
standard deviation of the PRMTS5 fold-change of five cattle, p value was calculated using the Kruskal-
Wallis test (0.002), and Dunn's multiple comparisons test was used to compare the mean of the
PRMTS5 fold-change at each time point of infection with the mean before infection. The asterisk
indicates a significant difference (* p <0.05 and *** p <0.001). (B) Correlation between BLV PVL
of each cattle at each time point and the corresponding PRMT5 expression fold-change, Spearman r

was used to evaluate the strength of the correlation.
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Figure 9. PRMTY5 gene expression at the RNA level in BLV-infected cattle with lymphoma. (A)
PRMTS5 expression at the RNA level of 20 BLV-negative cattle, 42 BLV-infected but clinically
normal cows, and 20 BLV-infected cattle with lymphoma was measured by gRT-PCR and the fold-
change was calculated using the AACT method with normalization to GAPDH expression as an
internal control. A scatter plot with bar showing the mean of the fold-change in PRMTS5 expression of
the 3 groups of cattle. The p value was calculated using Kruskal-Wallis test (<0.0001), and Dunn's
multiple comparisons test was used to evaluate the significance among groups. The asterisk indicates
a significant difference (** p < 0.001 and **** p < 0.0001). (B) Correlation between BLV PVL of

each cow and corresponding PRMT5 expression fold-change (81 in total), Spearman r was used to

evaluate the strength of the correlation.
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Figure 10. Change in PRMT1 expression at the RNA level in BLV infection. (A) PRMT5
expression at the RNA level of 20 BLV-negative cattle (PVL = 0), 15 BLV-infected but clinically
normal cows with a low PVL (LPVL; PVL < 10000 copies/10° cells), and 27 BLV-infected but
clinically normal cows with a high PVL (HPVL; PVL >10000 copies/10° cells) was measured by
gRT-PCR and the fold-change was calculated using the AACT method with normalization to GAPDH
expression as an internal control. A scatter plot with bar showing the mean of PRMTS5 expression
fold-change in the three groups. BLV PVL was measured by CoCoMo-gPCR. Error bars represent the

standard deviation of the biological replicates (20 BLV-negative, 15 LPVL, 27 HPLV). The p value

was calculated using Kruskal-Wallis test (<0.0001). Dunn's multiple comparisons test was used to

evaluate the significance between groups. The asterisk indicates a significant difference (***p <
0.001, ****p < 0.0001). (B) Correlation between BLV PVL of each cattle and the corresponding

PRMTS5 expression fold-change (62 in total), Spearman r was used to evaluate the strength of the

correlation.
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Figure 11. Effect of PRMT5 knockdown on BLYV gene transcription. FLK-BLV (A) or PK15-
BLV (B) cells were transfected with scramble siRNA (si-NC) or siRNA targeting PRMT5 (si-
PRMTH5) for 48 h for FLK-BLV or 72 h for PK15-BLV. BLV gene transcription (MRNA-gag and
mMRNA-tax) in addition to PRMT5 gene expression at the RNA level was evaluated by gqRT-PCR. The
AACT method was used to calculate the fold-change, and GAPDH expression was used as an internal
control. Error bars represent the standard deviation of three experiments. The p value was calculated
using the Student's t-test. The asterisk indicates a significant difference (*p < 0.05, ** p <0.01 and

*% ) < 0,001).
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Figure 12. Effect of PRMT5 knockdown on BLV protein expression. FLK-BLV (A) or PK15-BLV (B) cells
were transfected with scramble siRNA (si-NC) or siRNA targeting PRMT5 (si-PRMT5) at the indicated
concentrations for 48 h for FLK-BLV or 72 h for PK15-BLV. Cell lysates were prepared, and the expression of
two viral proteins (Env gp51 and Gag p24) were assessed by Western blotting analysis. Knockdown efficiency
was evaluated by evaluating PRMTS5 protein expression by Western blotting analysis. The relative band density
of each protein normalized to a-tubulin expression is shown for each cell line. Error bars represent the standard
deviation of three experiments. The p value was calculated by Student's t-test. The asterisk indicates a
significant difference (*p < 0.05, ** p < 0.01 and *** p <0.001). Positions of BLV gp51 and p24, PRMT5, and

o-tubulin proteins are indicated.
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Figure 13. Effect of PRMT5 knockdown and CMP5 treatment on Gag processing. (A) Complete
Western blotting image of Gag protein of data shown in Figure 12A. (B) Complete Western blotting
image of Gag protein of data shown in Figure 12B. (C) Complete Western blotting image of Gag
protein of data shown in Figure 15A. (D) Complete Western blotting image of Gag protein of data

shown in Figure 15B. Positions of BLV p24, Pr45%% and Pr70%% are indicated.
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Figure 14. The effect of PRMTS5 knockdown on gp51 cell membrane expression. PK15-BLV
were transfected with scramble sSiRNA (si-NC) or siRNA targeting PRMT5 (si-PRMT5) for 72 h, the

cells were collected, and gp51 cell membrane expression was assessed by flow cytometry.
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Figure 15. Effect of a small molecular PRMTS5 inhibitor (CMP5) on BLV protein expression.
FLK-BLV (A), or PK15-BLV (B) were cultured in the absence or the presence of the indicated
concentrations of CMP5 for 48 h. Cell lysates were prepared, and viral proteins (Env gp51 and Gag
p24) in addition to PRMTS5 were evaluated by Western blotting. The relative band density of each
protein normalized to a-tubulin expression is shown for each cell line. The PRMTS5 expression level
was not changed as a result of CMP5 treatment and was excluded from analysis. All band layers of
gp51 were calculated. Error bars represent the standard deviation of three independent experiments.
The p value was calculated using the Student's t-test. The asterisk indicates a significant difference

(*p <0.05). Positions of BLV gp51 and p24, PRMT5, and a-tubulin proteins are indicated.
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Figure 17. Deglycosylation assay of BLV gp51 using PNGase F and endo H. (A) FLK-BLV or (B)
PK15-BLV were treated with Milli-Q water (CMP5-) or 20 uM CMP5 (CMP5+) for 48 h. Cell
lysates were divided into three parts: one part was untreated (PNGase F—/Endo H-), the second part
was deglycosylated by PNGase F (PNGase F+), and the third part was deglycosylated by Endo H
(Endo H+). The cell lysates from the three conditions were subjected to Western blotting analysis
with anti BLV gp51 (BLV2). a-Tubulin was used as a loading control. The positions of BLV gp51
protein with or without glycosylation, gp51 glycosylation pattern such as complex, and high-mannose

and hybrid pattern, in addition to a-tubulin protein are indicated.
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Figure 18. Effect of CMP5 on Gag and Env localization. (A, B) FLK-BLV were grown on coverslips
and treated with Milli-Q water (CMP5 —) or CMP5 20 uM (CMP5 +), Gag was stained with green
fluorescence (A), Env was stained with red fluorescence (B), The cellular membrane staining of gp51
was performed without the permeabilization step (C). DAPI (blue fluorescence) was used to stain the
nucleus, the merge picture represents Gag or Env with DAPI. The data is a representative of three
experiments. Images were acquired with a 60X objective, and the scale bar is equal to 20 um. (D)
FLK-BLV were treated with Milli-Q water (CMP5 —) or CMP5 20 uM (CMP5 +), the cells were
collected, and gp51 cell membrane expression was assessed by flow cytometry. The data is a

representative of two experiments.
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Figure 19. CMP5 effect on BLV ENV-mediated syncytia formation. A BLV-producing cell line
FLK-BLV was co-cultured with a reporter cell line CC81-GREMG, and treated with Milli-Q water
(CMP5-) or CMP5 at the indicated concentrations (CMP5+) for 48 h. (A and B). Fluorescent
syncytia in 9 fields of view in each well were automatically scanned by EVOS2 fluorescence
microscopy with a 4x objective. Fluorescent syncytia were recognized by enhanced green fluorescent
protein (EGFP) expression and gated by their area and intensity. Red arrows indicate positions of
fluorescent syncytia. Hoechst 33342 was used to stain the nucleus. Each picture is a representative of
9 pictures acquired for each well. (B) Data analysis of (A) shows syncytia count using HCS Studio
Cell Analysis software. Error bars represent the standard deviation of three independent experiments,
p value was calculated by ANOVA (0.00031), Dunnett's multiple comparisons test showed a
significant decrease in the syncytia count at 10 uM (p = 0.017) and 20 uM (p = 0.0002). (C) Effects
of CMP5 on the total cell count taken from gating and counting of Hoechst 33342 staining using HCS

Studio Cell Analysis software (Thermo Fisher Scientific). (D) CMP5 effect on cell viability according

to WST-1 assay.
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Figure 20. The effect of CMP5 treatment on Ku-1 proliferation and apoptosis. (A) KU-1 was
treated with indicated concentration of CMP5, Annexin V/7-AAD staining was used to evaluate the

apoptosis level. (B) Data analysis of (A). (C) The effect of CMP5 treatment on KU-1 prolifration

using WST-1 assay.
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Figure 21. Effect of PRMT5 knockdown on gp51 electrophoretic mobility. (A) PRMT5S

knockdown of FLK-BLYV cell line using scramble siRNA (si-NC) or siRNA targeting PRMT5 (si-
PRMTH5) at 4 nM for 48 h. (B) PRMT5 knockdown of PK15-BLV cell line using scramble siRNA (si-

NC) or siRNA targeting PRMT5 (si-PRMT5) at 2 nM.
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Figure 22. A hypothetical model for the roles of PRMT?5 in development of BLV infection.
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Table 1. The biological roles of PRMTS5 in viruses’ life cycle

Virus

PRMTs

Main findings Reference

HTLV-1 PRMTS

PRMT5 expression is upregulated during HTLV-
1-mediated T-cell transformation [122]
PRMTS5 inhibition enhances viral gene expression

and decreases cellular proliferation

EBV PRMT5 PRMT5 is upregulated in response to EBV
infection of germinal centre B cells
EBV positive lymphomas and transformed cell
lines have high expression of PRMT5 [153]
PRMT5 expression was limited to EBV-
transformed cells, but not resting or activated B [121]
lymphocytes
small-molecule PRMTS5 inhibitor (CMP5) blocks
EBV-driven B-lymphocyte transformation and
survival while does not affect normal B cells

HBV PRMT5 PRMT5 is an effective restrictor of HBV
transcription and replication
PRMT5-mediated H4R3me2s is a repressive
marker of cccDNA transcription
PRMT5 interferes with pregenomic RNA
encapsidation by preventing its interaction with
viral polymerase protein [123][124]
PRMT5 regulates HBV core protein (HBc) cell
trafficking and function
Overexpression of PRMTS5 increases nuclear
accumulation of HBc
Down-regulation of PRMT5 results in reduced
levels of HBc in nuclei of transfected cells

KSHV  PRMT5 PRMTS5 is a binding partner to the viral DNA
processivity factor, ORF59
The expression of ORF59 competitively reduces
the association of PRMT5 with COPR5, which
lead to a reduction in PRMT5 mediated [125]
H4R3me2s and increase the active epigenetic
mark, H3K4me3 marks, thereby the formation of
the open chromatin required for transcription and
DNA replication
PRMT5 inhibition increases viral gene
transcription

HIV-1 PRMT5 PRMTS5 is a Vpr-binding protein
PRMTS5 is critical to prevents Vpr degradation by [126]

the proteasome
PRMT5 knockdown resulted in inefficient virus
production
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Table 2. Sample information of cattle BLV negative, BLV positive clinically normal, and BLV positive

with lymphoma

Cattle ID  age (years) breed proviral lad copies/10° cells Group
537 2.5 Holstein 0 BLV-negative
548 2.4 Holstein 0 BLV-negative
576 2 Holstein 0 BLV-negative
577 2 Holstein 0 BLV-negative
554 2.2 Holstein 0 BLV-negative
329 5.6 Holstein 0 BLV-negative
604 3.6 Holstein 0 BLV-negative
301 6 Holstein 0 BLV-negative
205 7.3 Holstein 0 BLV-negative
428 4.2 Holstein 0 BLV-negative
290 6.2 Holstein 0 BLV-negative
600 4 Holstein 0 BLV-negative
478 3.5 Holstein 0 BLV-negative
458 3.8 Holstein 0 BLV-negative
249 6.7 Holstein 0 BLV-negative
283 6.3 Holstein 0 BLV-negative
275 6.6 Holstein 0 BLV-negative
460 3.8 Holstein 0 BLV-negative
257 6.6 Holstein 0 BLV-negative
369 5.1 Holstein 0 BLV-negative
481 3.4 Holstein 54 LPVL
356 5.3 Holstein 3683 LPVL
177 7.8 Holstein 5011 LPVL
568 2.1 Holstein 84 LPVL

79



551

566

1069

1301

1388

1405

845

1357

1394

745

1003

324

522

30

411

445

418

295

267

211

608

349

364

561

559

371

2.3

2.2

5.7

2.8

10

4.5

3.9

3.4

6.1

6.5

7.3

3.5

5.4

5.2

2.2

2.2

51

Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein

Holstein

80

90

306

1882

1355

3026

118

1704

4801

2587

9447

8165

29139

26573

36525

18958

43142

52706

29271

21058

34544

28252

37174

14472

39759

38895

65026

LPVL

LPVL

LPVL

LPVL

LPVL

LPVL

LPVL

LPVL

LPVL

LPVL

LPVL

HPVL

HPVL

HPVL

HPVL

HPVL

HPVL

HPVL

HPVL

HPVL

HPVL

HPVL

HPVL

HPVL

HPVL

HPVL



191

384

1092

1113

1237

1298

1402

806

852

1084

1289

1400

10

11

13

17

19

20

21

22

26

7.6

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

81

26703

11753

39911

52828

15294

44567

19345

25856

14907

35351

16634

33916

11593

38316

31575

33691

18846

337714

20635

45448

1416

29065

28874

38527

13966

HPVL
HPVL
HPVL
HPVL
HPVL
HPVL
HPVL
HPVL
HPVL
HPVL
HPVL
HPVL
Lymphoma
Lymphoma
Lymphoma
Lymphoma
Lymphoma
Lymphoma
Lymphoma
Lymphoma
Lymphoma
Lymphoma
Lymphoma
Lymphoma

Lymphoma



27

28

29

31

33

35

39

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

Holstein

13182

35137

42230

90840

10221

1875

25072

Lymphoma
Lymphoma
Lymphoma
Lymphoma
Lymphoma
Lymphoma

Lymphoma
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Table 3. Primer sequences for gRT-PCR used in the study

Gene Forward 5" —>3" Reverse 5" >3 Accession number
PRMT5 CCTGAATTGCGTCCCC TGCAGAGGAAATCA NM_001105374.1
cattle GAAA AACCCCT
PRMT5 TCCTCCATGTTCTGGA GTGTGAGAAGTTGGT XM_012181004.2
FLK-BLV  TGCG GCGT
PRMT5 CCTGAATTGCGTCCCC TGCAGAGGAAATCA NM_001160093.1
PK15-BLV GAAA AACCCCT

GACCAAACGGCCCAT TTGGGCTGAGCTGAT DDBL: EF600696
Gag (p24)

ATGAC TGTTG [BLV] [Ref 67]

TGGAACAACTTAGTA  GCTCGCCTAGGGGTA DDBL: EF600696
s ACGCATC GAATAC [BLV] [Ref 67]
GAPDH TTCAACGGCACAGTCA ACATACTCAGCACCA NM_001034034.2
cattle AGG GCATCAC
GAPDH TGGTGAAGGTCGGAG ACGATGTCCACTTTG NM_001190390.1
FLK-BLV  TGAAC CCAGT
GAPDH CTGAGACACGATGGT ACAATGTCCACTTTG NM_001206359.1
PK15-BLV GAAGG CCAGA
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