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Abstract
Background  Human polyomavirus BK (BKPyV) causes associated nephropathy and contributes to urinary tract 
cancer development in renal transplant recipients. Large tumor antigen (LT) is an early protein essential in the 
polyomavirus life cycle. Protein acetylation plays a critical role in regulating protein stability, so this study investigated 
the acetylation of the BKPyV LT protein.

Methods  The BKPyV LT nucleotide was synthesized, and the protein was expressed by transfection into permissive 
cells. The BKPyV LT protein was immunoprecipitated and subjected to LC-MS/MS analysis to determine the acetylation 
residues. The relative lysine was then mutated to arginine in the LT nucleotide and BKPyV genome to analyze the role 
of LT lysine acetylation in the BKPyV life cycle.

Results  BKPyV LT acetylation sites were identified at Lys3 and Lys230 by mass spectrometry. HDAC3 and HDAC8 and 
their deacetylation activity are required for BKPyV LT expression. In addition, mutations of Lys3 and Lys230 to arginine 
increased LT expression, and the interaction of HDAC3 and LT was confirmed by coimmunoprecipitation.

Conclusions  HDAC3 is a newly identified protein that interacts with BKPyV LT, and LT acetylation plays a vital role in 
the BKPyV life cycle.
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Introduction
Human polyomavirus BK (BKPyV) is a small nonenvel-
oped DNA virus [1, 2]. Primary BKPyV infection occurs 
in early childhood but is asymptomatic, with the virus 
remaining in a latent state in epithelial cells of the renal 
and urogenital tracts. When transplant patients are 
administered potent immunosuppressive drugs, BKPyV 
may reactivate, causing severe complications [3, 4], such 
as nephropathy and hemorrhagic cystitis in renal and 
bone marrow transplant recipients [5]. Moreover, recent 
evidence indicates that BKPyV can cause urothelial and 
other malignancies in transplant recipients [6–9].

The BKPyV genome encodes three early proteins, a 
large tumor antigen (LT), a small tumor antigen (st), and 
a truncated T antigen produced by alternative splicing. 
The LT protein of the Polyomaviridae family is a multi-
functional protein required for viral DNA replication, 
late gene transcription, and viral assembly [10, 11]. By 
interacting with the cellular tumor suppressor proteins 
Rb, p107, p130, and p53, LT drives infected cells into the 
S phase and uncontrolled cell growth [12–14]. Addition-
ally, BKPyV LT activates DNA methyltransferase 1 [15], 
possibly associated with tumor suppressor gene hyper-
methylation. Therefore, the BKPyV LT protein plays a 
pivotal role in viral life cycle completion and cellular 
transformation.

As obligate parasites, viruses hijack and use host 
machinery to complete their life cycle [16]. Since protein 
posttranslational modifications (PTMs) are more effi-
cient than protein turnover in regulating protein function 
[17, 18], the PTM of viral proteins plays an essential role 
in the viral life cycle and its associated diseases [19–21]. 
Previously, several PTMs were found in BKPyV structural 
proteins and minichromosomes [22, 23]. The phosphory-
lation of BKPyV structural proteins is essential for viral 
propagation [24], but BKPyV LT protein modification has 
not been fully investigated. Phosphorylation of LT affects 
SV40 replication efficiency and interferes with host sig-
naling pathways [25, 26]. Phosphorylation of the Merkel 
Cell Polyomavirus (MCPyV) LT protein impacts the ini-
tiation of viral replication [27]. The K697 residue of SV40 
LT is acetylated by CBP/P300 [28], and the correspond-
ing K697 residue of SV40 LT is conserved in BKPyV and 
JCPyV. Therefore, LT is suggested to be acetylated at the 
corresponding K697 residue in BKPyV and JCPyV [28]. 
Since acetylation of SV40 LT at K697 decreases protein 
stability [29] and histone deacetylase (HDAC)1, HDAC3, 
and HDAC10 may be involved in SV40 LT deacety-
lation, HDAC may play a positive role in polyomavirus 
infection. Paradoxically, inhibition of HDAC activity 
increases LT and structural protein expression in SV40-
infected cells [30]. Additionally, treatment of JCPyV with 
a deacetylation inhibitor, TSA, increases JCPyV control 

region reporter activity [31]; thus, the role of HDAC in 
the polyomavirus life cycle remains unclear.

Protein acetylation normally occurs in two forms, 
N-terminal and lysine ε-amino group acetylation [32, 
33]. Unlike N-terminal acetylation, lysine ε-amino group 
acetylation is reversible and regulated by the balance of 
histone acetyltransferases (HATs) and HDACs. To date, 
18 HDACs have been identified and classified into four 
classes. Class I, II, and IV are Zn2+-dependent, whereas 
class III, also known as sirtuins, uses NAD+ as a cosub-
strate for its deacetylase activity [32]. Class I HDACs, 
including HDAC1, HDAC2, HDAC3, and HDAC8, are 
the most studied and have been reported to play a criti-
cal role in the viral life cycle and associated diseases [34]. 
In the current study, we identified BKPyV LT acetylated 
residues by mass spectrometry and found that HDAC3 
interacted with BKPyV LT, which may affect LT protein 
stability.

Materials and methods
Cell lines and cell culture
Human kidney, proximal tubular cells (HK-2 cells), and 
Vero cells were obtained from the Bioresource Collection 
and Research Center, Taiwan. HK-2 cells were cultured 
in keratinocyte-serum medium (Gibco, Life Technolo-
gies) supplemented with 5 ng/ml recombinant epider-
mal growth factor and 50 μg/ml bovine pituitary extract 
(Gibco). Vero cells were cultured in minimum essential 
medium with the addition of nonessential amino acids, 
sodium pyruvate, fetal bovine serum, and penicillin/
streptomycin antibiotic solution (Gibco). These cell lines 
were tested for the absence of mycoplasma contamina-
tion and incubated in a humidified atmosphere contain-
ing 5% CO2 at 37 °C.

Propagation and purification of BKPyV
BKPyV was propagated and purified as previously 
described [22, 23]. Briefly, BKPyV (UT strain) was propa-
gated in Vero cells, which were lysed by three 60  min 
cycles of freezing and thawing at -80  °C and 37  °C. The 
viruses were released by incubation with type V neur-
aminidase (Sigma, St. Louis, MO), and the BKPyV-con-
taining supernatant was purified using a 20% sucrose 
cushion and CsCl gradient centrifugation.

Chemicals, reagents, and antibodies
HDAC inhibitors, tacedinaline (CI994) for HDAC1, 
RGFP966 for HDAC3, and PCI-34,051 for HDAC 
were purchased from Selleck Chemicals (Houston, 
TX, USA). The proteins were extracted with a NE-PER 
cytoplasmic extraction reagent kit (Thermo Fisher Sci-
entific, Waltham, Massachusetts, USA) for western 
blotting. The protease inhibitor was purchased from Mil-
lipore (Billerica, Massachusetts, USA). SV40 LT mouse 
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monoclonal antibody, which cross-reacts with BKPyV 
LT, was purchased from Millipore. Primary antibodies 
against HDAC1, HDAC2, HDAC3, and HDAC8 were 
purchased from Cell Signaling Technology Inc. (Danvers, 
Massachusetts, USA). GAPDH expression was used as 
an internal control for western blotting, and the GAPDH 
antibody (monoclonal, rabbit anti-human GAPDH) was 
purchased from Cell Signaling Technology Inc.

Identification of BKPyV LT acetylation
The experimental workflow is shown in Fig. S1. Briefly, 
complete BKPyV (Accession No. DQ305492) LT gene 
nucleotide sequences were custom synthesized and opti-
mized by GenScrip (GenScript Biotech, Inc., NJ, USA) 
without altering the amino acid sequences. The synthe-
sized LT complete nucleotide was then cloned into the 
HindIII/EcoRI restriction site of the pcDNA3.1 plasmid 
with the C-terminus fused with a Myc tag (GenScript 
Biotech) to generate the BKPyV LT-C-Myc/pcDNA3.1 
plasmid. The plasmid was then transfected into HK-2 
cells for BKPyV LT protein expression. The LT protein 
was purified by immunoprecipitation and subjected to 
SDS-PAGE and Coomassie blue staining. The band cor-
responding to the LT protein was excised for mass spec-
trometric analysis.

Immunoprecipitation
Aliquots (10 μg) of LT antibody (Millipore) were added 
to 50 μL of magnetic Dynabeads M-280 and incubated 
for 12  min by rotation on a roller at 25  °C. The anti-
body-conjugated beads were washed three times with 
PBS containing Tween 20 (0.025%). Forty micrograms 
of separated nuclear lysates were incubated with anti-
body-conjugated beads for 12  min by rotation on a 
roller at 25 °C and then washed three times with PBS/
Tween 20 before the bound LT protein was subjected 
to SDS-PAGE and western blotting analysis.

In-gel digestion
The excised gel band was first destained and then 
reduced with 10 mM DTT (Merck, Darmstadt, Ger-
many) at 56 °C for 45 min, followed by cysteine block-
ing with 55 mM iodoacetamide (IAM, Sigma, St. Louis, 
MO, USA) at 25 °C for 30 min. Samples were digested 
with sequencing-grade modified porcine trypsin 
(Promega, Madison, WI, USA) at 37  °C for 16  h. The 
peptides were then extracted from the gel, dried by 
vacuum centrifugation, and stored at -80 °C until use.

LC-MS/MS analysis
The digested peptide was reconstituted in HPLC buf-
fer A (0.1% formic acid) and loaded onto a reverse-
phase column (Zorbax 300SB-C18, 0.3 × 5 mm; Agilent 
Technologies, Wilmington, DE, USA). The desalted 

peptides were then separated on a homemade column 
(HydroRP 2.5 μm, 75 μm ID x 20 cm with a 15 μm tip) 
using a multistep gradient of HPLC buffer B (99.9% 
acetonitrile/0.1% formic acid) for 60  min with a flow 
rate of 0.25  μl/min. The LC apparatus was coupled 
with a 2D linear ion trap mass spectrometer (Orbitrap 
Elite ETD; Thermo Fisher, San Jose, CA, USA) oper-
ated using Xcalibur 2.2 software (Thermo Fisher). Full-
scan MS was performed in the Orbitrap over a range 
of 400 to 2,000 Da and a resolution of 120,000 at m/z 
400. Internal calibration was performed using the ion 
signal of [Si(CH3)2O]6  H + at m/z 536.165365 as the 
lock mass. The 20 data-dependent MS/MS scan events 
were followed by one MS scan for the 20 most abun-
dant precursor ions in the preview MS scan. The m/z 
values selected for MS/MS were dynamically excluded 
for 40  s with a relative mass window of 15 ppm. The 
electrospray voltage was set to 2.0 kV, and the temper-
ature of the capillary was set to 200  °C. MS and MS/
MS automatic gain control were set to 1,000 ms (full 
scan) and 200 ms (MS/MS) or 3 × 106 ions (full scan) 
and 3 × 103 ions (MS/MS) for maximum accumulated 
time or ions, respectively.

Protein identification
The data were analyzed using Proteome Discoverer 
software (version 1.4, Thermo Fisher Scientific), and 
the MS/MS spectra were searched in the UniProt 
database (downloaded on May 15, 2018; extracted for 
Homo sapiens, 20,341 sequences; and LT protein of BK 
polyomavirus, 1 sequence) using the Mascot search 
engine (Matrix Science, London, UK; version 2.5). For 
peptide identification, 10 ppm mass tolerance was per-
mitted for intact peptide masses, and 0.5 Da for CID 
fragment ions with allowance for three missed cleav-
ages made from the trypsin or semitrypsin digestion: 
oxidized methionine, oxidized proline, oxidized lysine, 
and acetyl (protein N-terminal) as variable modifica-
tions; carbamidomethyl (cysteine) as a static modifica-
tion. Peptide-spectrum match (PSM) was then filtered 
based on high confidence and Mascot search engine 
rank 1 of peptide identification to ensure an overall 
false discovery rate below 0.01. Proteins with a single 
peptide hit were removed.

Construction of K3R, K230R, and K3R/K230R mutation 
BKPyV LT plasmids
The lysine residues Lys(K)3 and K230 in BKPyV LT 
were found to be acetylated in the mass spectrometric 
analysis. To analyze K3 and K230R acetylation func-
tion in the LT protein, aag in nucleotide (nt) 7 to 9 
and nt 688 to 690 were mutated to cgg to generate the 
K3R and K230R LT proteins, respectively. The mutated 
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nucleotide was confirmed by sequencing, and the rela-
tive amino acid is shown in Fig. S2.

RNA silencing
Double-stranded siRNA oligomers were purchased 
from Ambion and transfected using Lipofectamine 
3000 (Invitrogen) according to the manufacturer’s 
protocol. Two siRNAs targeting sequences relative to 
mRNA were used for efficient silencing. Briefly, cells 
were grown to 80% confluence for 24 h and transfected 
with specific siRNA. The RNA sequence for silencing 
the target protein is shown in Table S1, and specific 
silencing was validated by western blotting to deter-
mine the relative protein expression.

Immunofluorescence assay
HK-2 cells were seeded on a coverglass, and after 
transfection or virus infection, cells were fixed and 
permeabilized with cold acetone and methanol at a 2:1 
volume ratio. The fixed cells were blocked with normal 

horse serum and incubated with mouse monoclonal 
antibody against SV40 LT (Millipore) at 4 °C overnight. 
Alexa 488-conjugated goat anti-mouse IgG was used 
as a secondary antibody (Molecular Probes). Stained 
coverslips were mounted with anti-fade fluorescence 
mounting medium (Sigma), and 1,000 cells per sample 
were counted using a fluorescence microscope (Olym-
pus) to determine the percentage of LT-positive cells. 
Cell morphology was visualized by Evans Blue staining 
(Sigma).

Intracellular staining of LT protein for flow cytometric 
analysis
Intracellular LT protein staining was performed by 
using a BD Cytofix/Cytoperm™ Fixation/Permeabiliza-
tion kit (BD Biosciences, San Diego, CA). After trans-
fection or virus infection, HK-2 cells were washed and 
fixed with BD Fixation/Permeabilization solution for 
20  min at 4  °C. After washing with BD Perm/Wash 
buffer, cells were incubated with SV40 LT antibody 

Fig. 1  Acetylated residues in BKPyV LT were determined by mass spectrometry. A Immunoprecipitation of BKPyV LT protein. LT protein was transfected 
into HK-2 cells, and transfected cells were subjected to nuclear/cytoplasmic fractionation 48 h later. Nuclear protein was immunoprecipitated using an 
anti-LT antibody and analyzed by SDS-PAGE followed by Coomassie blue staining. The band corresponding to LT protein was excised and in-gel digested 
by trypsin. B Sequence coverage of the BKPyV LT protein, indicated in red. C K3 and K230 residues of BKPyV LT were acetylated. Digested peptides were 
analyzed by mass spectrometry, and the identified acetylated lysine residues are marked in red (*: The immunoprecipitated LT protein; M: protein mo-
lecular weight marker; IP: immunoprecipitation)
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(Millipore, cross-reaction with BKPyV LT) for 60 min 
at 4  °C. Mouse IgG2a, κ Isotype Ctrl Antibody (Bio-
Legend, San Diego, California, USA) was used as an 
isotype control for SV40 LT antibody staining. After 
washing with BD Perm/Wash buffer, the cells were fur-
ther incubated with Alexa 488-conjugated goat anti-
mouse IgG secondary antibody (Molecular Probes) for 
30  min at 4  °C. Samples were finally washed with BD 
Perm/Wash buffer and resuspended in PBS for flow 
cytometric analysis (FACSDiva; BD Biosciences).

Cell nuclear-cytoplasmic fractionation
Nuclear extraction was conducted using a NE-PER 
cytoplasmic extraction reagent kit (Thermo Fisher 
Scientific) according to the manufacturer’s instruc-
tions. Briefly, the cytoplasmic fraction was extracted 
with cytoplasmic extraction buffers I and II by vor-
texing. The nuclear fraction was extracted in nuclear 
extraction buffer, and the protein was quantified using 

Bio-Rad Protein Assay reagent (Bio-Rad, Hercules, 
CA, USA).

Construction of acetylation-dead LT mutation in the BKPyV 
genome to obtain mutant BKPyV
Previously, the whole BKPyV genome was cloned into 
a T-easy vector at the PstI site. The LT sequence was 
mutated to generate acetylation-dead LT in the BKPyV 
genome. The primer pairs used to create the K3R/
K230R LT BKPyV mutant are shown in Supplemen-
tary Table  1. Wild-type LT BKPyV or K3R/K230R LT 
BKPyV was digested by Pst I, and the complete BKPyV 
genomic DNA was then transfected into HK-2 cells. 
Three days posttransfection, cells were harvested 
to determine wild-type or K3R/K230R BKPyV LT 
expression.

Fig. 2  BKPyV LT expression increased when both K3 and K230 residues were mutated to arginine. K3 or K230 in LT was single or both mutated to arginine 
and labeled K3R, K230R, and K3R/K230R LT. A Wild-type (WT) and mutated LT were transfected into HK-2 cells before LT protein expression was deter-
mined 48 h posttransfection. B WT and mutated LT were transfected into HK-2 cells, and LT protein expression was determined by western blotting 48 h 
posttransfection. C WT and mutated LT were transfected into HK-2 cells, and the nuclear/cytoplasmic fraction was separated 48 h posttransfection. LT 
protein was immunoprecipitated and detected by the acetyl-lysine antibody. D WT and mutated LT DNA were transfected into HK-2 cells, and LT protein 
expression was determined by flow cytometric analysis 48 h posttransfection. Data are representative of at least three independent experiments and are 
shown as the mean ± SD (* P < 0.05; ** P < 0.01; *** P < 0.001). (MFI: Mean fluorescence intensity)
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Western blotting
Forty micrograms of total protein or nuclear protein 
was subjected to SDS-PAGE and electrotransferred 
onto a PVDF membrane (Bio-Rad, Hercules, CA, 
USA). The membrane was blocked by incubation with 
5% bovine serum albumin (Sigma-Aldrich) at 25 °C for 
1 h, followed by probing with the primary specific anti-
body at 4  °C for 16  h. The membrane was then incu-
bated with horseradish peroxidase-conjugated light 
chain specific secondary antibody (Jackson Immu-
noResearch Laboratories, West Grove, Pennsylvania, 
USA) for 2 h at 25 °C. Protein expression was detected 
using an enhanced chemiluminescence horseradish 
peroxidase substrate detection kit (WBKLS0500, Mil-
lipore) and quantified using the UVP BioSpectrum 800 
Imaging System (Cambridge, UK).

Statistical analysis
Statistical analysis was performed using GraphPad 
Prism 7.0 (GraphPad Software, San Diego, California, 
USA). Data were analyzed using one-way analysis of 

variance. All in vitro experiments were repeated three 
times and presented as the mean ± SD. A P-value less 
than or equal to 0.05 was considered statistically sig-
nificant and indicated by *. **: P-value between 0.001 
and 0.01. ***: P-value between 0.0001 and 0.001.

Results
The K3 and K230 acetylation sites in BKPyV LT may affect 
protein stability
Mass spectrometry analysis revealed potential BKPyV 
LT acetylated lysine (K) residues K3 and K230 (Fig. 1). 
Then, the corresponding lysine residues (nucleotide: 
aag) were mutated into arginine (nucleotide: cgg) to 
generate pseudodeacetylated mimic (K3R, K230R, and 
K3R/K230R) forms of BKPyV LT proteins (Fig. S2) to 
determine how these two lysine acetylations modu-
lated LT protein expression. The immunofluorescent 
assay showed that when both K3 and K230 lysine 
residues in LT were mutated to arginine, the number 
of LT-positive cells significantly increased (Fig.  2A). 
This was confirmed by transfecting K3R, K230R, 

Fig. 3  HDAC3 and HDAC8 are required for BKPyV LT protein expression. A The expression of class I HDACs was knocked down by siRNA, then cells were 
infected with BKPyV and LT protein expression was determined by immunofluorescence and flow cytometric analysis 48 h post-infection. Middle panel: 
Quantification of the LT expression levels in the immunofluorescence assay. Right panel: LT protein expression was determined by intracellular staining 
and quantified by flow cytometry. B Class I HDACs were inhibited by HDAC inhibitors, cells were infected with BKPyV, and LT protein expression was deter-
mined by immunofluorescence and flow cytometric analysis 48 h postinfection. Middle panel: Quantification of the LT expression levels in the immuno-
fluorescence assay. Right panel: LT protein expression was determined by intracellular staining and quantified by flow cytometry. BKPyV infection without 
siRNA or HDAC inhibitor treatment was considered 100%. (Green, LT protein; Red, Evan’s Blue stain). Data are representative of at least three independent 
experiments and are shown as the mean ± SD (* P < 0.05; ** P < 0.01; *** P < 0.001). (MFI: Mean fluorescence intensity)
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and K3R/K230R LT plasmid DNA into HK-2 cells, as 
K3R/K230R LT expression increased compared to 
the single K3R or K230R mutation LT, but wild-type 
LT was undetectable by western blotting (Fig.  2B). It 
was hypothesized that the acetylation status of the 
LT protein might affect its expression, so the wild-
type and the three pseudodeacetylation mimics (K3R, 
K230R, and K3R/K230R) of LT were immunoprecipi-
tated after transfection into HK-2 cells. The western 
blotting results showed that after the mutation of 
K3 and K230 to arginine in BKPyV LT, the acetyla-
tion level decreased, and the expression increased 
(Fig.  2C). Quantification of LT protein expression by 
flow cytometry showed similar results (Fig. 2D). These 
data suggest that acetylation of K3 and K230 in BKPyV 
LT may play an essential role in regulating LT protein 
stability.

HDAC3 and HDAC8 are required for BKPyV LT protein 
expression
HAT and HDACs control lysine ε-amino group acet-
ylation in nonhistone proteins [35], so they may play 
a role in the BKPyV life cycle. HDAC1, HDAC2, 
HDAC3, and HDAC8 expression was silenced using 
specific siRNA in HK-2 cells (Fig. S3) before the cells 

were infected with BKPyV to determine early LT pro-
tein expression. BKPyV LT expression decreased to 
approximately 30% or 40% when HDAC3 or HDAC8 
was knocked down, respectively (Fig.  3A), indicat-
ing that they are required for BKPyV infection. The 
use of the HDAC inhibitors PGFP966 for HDAC3 and 
PCI-34,051 for HDAC8 reduced the ratio of BKPyV 
LT-positive cells to approximately 50% in HDAC3 and 
HDAC8 inhibitor-treated cells (Fig.  3B). Quantifica-
tion of LT by flow cytometric analysis showed similar 
results. The data indicate that HDAC3 and HDAC8 
and their deacetylation activity are vital for the BKPyV 
life cycle.

HDAC3 interacts with BKPyV LT protein
The possible interaction of HDAC3 or HDAC8 with 
BKPyV LT was analyzed by coimmunoprecipitation. 
BKPyV LT fused with a Myc tag was cotransfected 
with HDAC3 or HDAC8 fused with a flag tag into 
HK-2 cells. Unfortunately, HDAC8 protein expres-
sion was undetectable (data not shown), but HDAC3 
expression was detected in LT-immunoprecipitated 
HK-2 cells (Fig. 4A), indicating that HDAC3 interacts 
with the BKPyV LT protein. This interaction was con-
firmed using a fusion tag, Myc antibody (presentative 

Fig. 4  HDAC3 interacts with BKPyV LT. A LT fused with a Myc tag (LT_myc) and HDAC3 fused with a flag tag (HDAC3_Flag) were cotransfected into HK-2 
cells. Forty-eight hours later, transfected cells were immunoprecipitated with LT antibody to detect the presence of HDAC3 by western blotting. B LT fused 
with a Myc tag (LT_myc) and HDAC3 fused with a flag tag (HDAC3_Flag) were cotransfected into HK-2 cells. Forty-eight hours later, transfected cells were 
immunoprecipitated with LT antibodies to detect the LT-myc and HDAC3_Flag fusion proteins
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of LT), or flag tag antibody (presentative of HDAC3), 
as the Myc tag was detected in LT-Myc transfected 
HK-2 cells and flag tag in LT immunoprecipitated cells 
at the molecular weight corresponding to HDAC3 
(Fig.  4B). Taken together, these data suggest that the 
BKPyV LT protein interacts with HDAC3.

Role of LT K3 and K230 acetylation in BKPyV life cycle LT 
expression
The K3R/K230R LT mutant BKPyV was constructed 
to further analyze the role of K3 and K230 acetyla-
tion of LT protein expression in the BKPyV life cycle. 
Endogenous HDAC3 in HK-2 cells was knocked down 
by siRNA, then transfected with the linear wild-type 
and K3R/K230R mutated BKPyV genome. Seventy-
two hours later, LT protein expression was detected 
by immunofluorescence or quantified by flow cyto-
metric analysis, and as expected, LT expression in the 
K3R/K230R LT mutant BKPyV was not significantly 
affected when HDAC3 was knocked down, whereas LT 

expression in wild-type BKPyV decreased to approxi-
mately 40% (Fig. 5). These data suggest that HDAC3 is 
critical for LT K3 and K230 deacetylation and essential 
in BKPyV infection.

Discussion
Since proteomics is a powerful tool for analyzing pro-
tein posttranslational modification [36] and nonhis-
tone protein acetylation is involved in vital processes 
related to physiology and disease progression [35, 37], 
BKPyV LT acetylation was explored by a proteomics 
approach, revealing that K3 and K230 are acetylated. 
Comparing the structure domain with SV40, the acety-
lated K3 and K230 of BKPyV LT are located within the 
J and origin binding domains (OBD), respectively [10]. 
The J domain is responsible for Hsc70 and Rb pro-
tein binding, and the OBD is responsible for Zn bind-
ing. Since neither K3 nor K230 is at the binding motif 
of Hsc70 and Rb, further investigation is required to 

Fig. 5  HDAC3 is critical in the WT BKPyV life cycle. Endogenous HDAC3 was knocked down by siRNA for 24 h, and the wild-type or K3R/K230R BKPyV 
genome was transfected into HK-2 cells. Seventy-two hours later, cells were harvested for immunofluorescent assay to determine LT protein expression. 
A BKpyV LT expression was determined by immunofluorescence. B Quantification of the LT expression ratio. C LT protein expression was quantified by 
flow cytometric analysis. Data are representative of at least three independent experiments and are shown as the mean ± SD (* P < 0.05; ** P < 0.01; ns, not 
significant). (MFI: Mean fluorescence intensity)
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determine whether acetylated K3 or K230 affects the 
function of these domains.

Lysine residues are frequently substituted with argi-
nine to mimic non-acetylated lysine by preserving the 
positive charge from acetylation [38]. In the current 
study, K3 and K230 were mutated to arginine to ana-
lyze BKPyV LT expression. However, there is a differ-
ence in the overall structure using arginine instead of 
lysine [38, 39], so there may be some limitations in the 
application of this mutation method. When K3 and 
K230 in LT were mutated to arginine, the LT protein 
expression level increased, which may be related to LT 
protein stability. Lysine acetylation may regulate pro-
tein degradation [40]. For example, acetylation and 
ubiquitination compete with identical lysine residues 
to regulate SMAD7 protein proteosome-dependent 
degradation [41]. Neither K3 nor K230 ubiquitination 
was found in our mass spectrometric study. Previ-
ously, K697 acetylation was reported to regulate SV40 
LT protein stability [29]. Based on sequence homology, 
K687 in BKPyV LT corresponds to K697 in SV40 LT 
[28]. Peptides containing K687 were not sequenced 
in our mass spectrometric analysis, so whether K687 
posttranslational modification regulates BKPyV LT 
stability needs further investigation. We also found 
that when only WT LT DNA was transfected into 
cells, the LT protein was relatively unstable when com-
pared with the transfection of the whole BKV genome 
(Figs.  2 and 5). It seemed that other unidentified 
mechanisms played a role in stabilizing the LT protein 
in the BKPyV life cycle.

Pan-HDAC inhibitors can enhance human polyoma-
virus JCPyV transcription [31], and HDACs play a neg-
ative role in the JCPyV life cycle. Previously, HDAC1, 
HDAC3, and HDAC10 were shown to interact with 
SV40 LT protein in COS-7 cells [29]. HDAC1, HDAC3, 
and HDAC10 increase constitutive SV40 LT protein 
stability by deacetylating the K697 residue. In the pres-
ent study, HDAC3 and HDAC8 and their deacetylase 
were essential for BKPyV infection, and HDAC3 inter-
acted with BKPyV LT. HDAC3 regulates non-histone 
protein stability by deacetylation, such as cyclin A [42] 
and the regulator of calcineurin 1 [43]. According to 
the present study, HDAC3 knocked down or repressed 
its deacetylase activity by specific inhibitors that sup-
pressed BKPyV LT protein expression; thus, HDAC3 
might regulate LT protein stability.

In summary, the BKPyV LT protein is acetylated at 
the K3 and K230 residues, which may affect its stabil-
ity. HDAC3 is an unreported BKPyV LT interaction 
protein vital for BKPyV infection. Our results reveal 
the critical role of HDACs in the BKPyV life cycle, 
possibly by stabilizing viral oncoprotein expression.
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