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A B S T R A C T

The early coding region of JC virus (JCV) encodes several regulatory proteins including large T antigen (LT-Ag),
small t antigen (Sm t-Ag) and T’ proteins because of the alternative splicing of the pre-mRNA. LT-Ag plays a
critical role in cell transformation by targeting the key cell cycle regulatory proteins including p53 and pRb,
however, the role of Sm t-Ag in this process remains elusive. Here, we investigated the effect of Sm t-Ag on the
cell cycle progression and demonstrated that it facilitates S phase entry and exit when cells are released from G0/
G1 growth arrest. Examination of the cell cycle stage specific expression profiles of the selected cyclins and
cyclin-dependent kinases, including those active at the G1/S and G2/M transition state, demonstrated a higher
level of early expression of these regulators such as cyclin B, cycling E, and Cdk2. In addition, analysis of the
effect of Sm t-Ag on the growth promoting pathways including those active in the PI3K/Akt/mTOR axis showed
substantially higher levels of the phosphorylated-Akt, -Gsk3-β and -S6K1 in Sm t-Ag-positive cells. Collectively,
our results demonstrate that Sm t-Ag promotes cell cycle progression by activating the growth promoting
pathways through which it may contribute to LT-Ag-mediated cell transformation.

1. Introduction

Neoplastic transformation of human cells results from the combi-
nation of multiple genetic and biochemical alterations. DNA tumor vi-
ruses have made a significant contribution to our understanding of some
of those alterations [1,2], because they have been frequently used as
tools to understand the altered pathways, leading to the development of
transformed phenotype.

The polyomaviruses are all small DNA viruses (~5 kb genome) and
encode tumorigenic proteins, large and small t antigens. To date, 14
members were isolated from humans [3], several of which either induce
human diseases or cause cancers. Among those, for example, the human
JC virus (JCV) causes a fetal brain disease, known as progressive
multifocal leukoencephalopathy in certain subset of immunocompro-
mised individuals [4–6] while BK virus (BKV) creates a serious concern
for the organ transplant patients and may lead to kidney transplant
injury by infection, known as BK virus-associated nephropathy (BKVAN
or BKN) [7–9]. In addition, the integrated form of BKPyV was also found
to be associated with human tumors [10,11]. Besides these two viruses,

only trichodysplasia, spinulosa-associated polyomavirus (TSPyV) [12,
13] and merkel cell carcinoma-associated polyomavirus (MCPyV) were
also reported to cause human diseases, such as trichodysplasia spinulosa
[13] and merkel cell carcinoma [14,15] respectively.

The genome of these viruses has been shown to be oncogenic in
different experimental animal models [16–24]. Previous data indicate
that these viruses may also be associated with a variety of human tumors
[1,25–28]. Oncogenic potential of these viruses results from the
tumorigenic activity of their early proteins, LT-Ag and Sm t-Ag. LT-Ag
was found to primarily target and inactivate two key tumor suppressor
proteins, retinoblastoma protein (pRb) and p53, through which it dys-
regulates cell cycle progression and contributes to the development of a
transformed phenotype [29–41]. In addition, recent proteomic studies
revealed that JCV LT-Ag targets a number of cellular proteins, protein
complexes and organelles in cells, including, Smc 5/6 complex, protein
phosphatase 4, E3-ubiquitin protein ligase, V-ATPase, ribosomal pro-
teins and actin-myosin network proteins [42].

Unlike LT-Ag, the function of Sm t-Ag (t-Ag) in cellular trans-
formation is largely unknown. However, functional studies with SV40
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Sm t-Ag showed that it plays an important role in LT-Ag-mediated cell
transformation [2,29,43–46]. It is also believed that Sm t-Ag antago-
nizes LT-Ag-induced cellular apoptosis and thereby contributes to more
efficient transformation of rat embryo fibroblasts [47]. In addition,
transgenic animals created with a Sm t-Ag deletion mutant of SV40
genome developed tumors almost exclusively in highly mitotic tissues
such as lymphoid organs [48,49] suggesting that Sm t-Ag may play a
significant role in tumor induction in nonproliferative tissues. This
tumorigenic potential of Sm t-Ag is linked to the inhibition of protein
phosphatase 2A (PP2A), an abundant family of serine/threonine phos-
phatases [37,50,51] or Sm t-Ag diverts PP2A function towards specific
substrates rather than inhibiting its function [52]. In addition, several
growth promoting pathways were also found to be altered in the pres-
ence of SV40 Sm t-Ag [29,44,50,53] including activation of phosphoti-
dylinositol (PI) 3-kinase [53], protein kinase Cζ (PKCζ) [53] and
mitogen activated protein kinase [50]. Furthermore, expression of Sm
t-Ag in cells was observed to be associated with phosphorylation state of
Akt [54] and Shc [55]; and stimulation of AP-1 [56]. Similar to the JCV
LT-Ag proteomic studies, JCV Sm t-Ag was also found to target a number
of proteins, protein complexes and organelles in cells, including
actin/myosin network, chromatin remodeling complexes, mitochondrial
proteins, chaperon proteins, protein transport, heterogeneous ribonu-
clear proteins, proteins phosphatase 2 and ribosomal proteins [42].
Interestingly, cell transformation studies using MCPyV Sm-Ag showed a
striking association between MCPyV Sm t-Ag and tumor induction and
such studies even further revealed that MCPyV Sm-Ag alone is more
aggressive with respect to cell transformation than that of MCPyV LT-Ag
[57–62].

JCV Sm t-Ag is a small protein consisting of 172 amino acids, 82
amino acids of which are shared with N-terminal sequences of LT-Ag. It
shows 30 % and 18 % sequence homology to SV40 and BKV Sm t-Ags
respectively. Amino acid alignment of all three proteins shows that most
of the divergent sequences are localized towards the central portion of
the proteins. Since recent data suggest that JCV is associated with a
variety of human tumors and studies with SV40 Sm t-Ag demonstrate an
important role for it in cell transformation, we attempted to analyze the
effect of this protein cell proliferation pathways. Our results demon-
strated that JCV Sm t-Ag positive cells enter and exit S phase of the cell
cycle with a significantly higher rate than the control, and these findings
may have implications in JCV-induced cell transformation.

2. Materials and methods

Cell lines. U-87MG, a human glioblastoma cell line, was grown in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10 %
heat-inactivated fetal bovine serum (FBS) and antibiotics (penicillin/
streptomycin, 100 μg/ml). The cells were maintained at 37 ◦C in a hu-
midified atmosphere with 7 % CO2.

Plasmid constructs. An expression plasmid (pcDNA3 JCV HA-Sm t-
Ag) for JCV Sm t-Ag was created by a PCR amplification method. The
coding sequence of JCV Sm t-Ag was PCR-amplified and subcloned into
an expression vector (pcDNA3, Invitrogen) at BamHI/EcoRI sites but 5′-
end of the protein was tagged with a hemagglutinin (HA) tag. JCV full
length genome was used as a template for PCR amplification with spe-
cific primers:

5′-primer. (5′-ACCTTCCAGGATCCATGGACAAAGTGCTGAATAGGG
AG-3′)

3′-primer. (5′-ACCTCCAGAATTCTTAAAGCTTTAGATCCCTGTA -3′).
In addition, JCV Sm t-Ag full length and its deletion mutant were also

cloned into a prokaryotic expression vector (pGEX2T) at BamHI/EcoRI
site by a PCR amplification method using specific primers.

Forward primers were prepared according to the JCV Mad-1 strain
numberin (Accession number: J02226.1).

JCV Sm t-Ag 5′-BamHI (5013-4990)
(5′-ACCTTCCAGGATCC ATGGACAAAGTGCTGAATAGGGAG-3′),
FP aa 82 (4745–4767) (5′-ACCTTCCAGGATCC GGTTGTGAT

TTTCCTAATTC-3′
Reverse primer:
JCV Sm t-Ag 3′-EcoRI (nt 4495–4515) (5′-ACCTCCAGAATTC

TTAAAGCTTTAGATCCCTGTA -3′)
Resulting PCR fragments were digested with BamHI/EcoRI and

subcloned into the BamHI/EcoRI sites of the pGEX2T vector.
Human cyclin E promoter reporter plasmid (hCyc E (− 363 to

+1007)-pBLCAT3) was also created by PCR amplification method.
Human cyclin E promoter region (− 363 to +1007) was PCR amplified
by using the following primers:

5’-primer (5′-ACGACGTTAAAGCTTGCGCCAGCCACGCGGCTTT
TTGCC–3′) and 3′-primer (5′-ACGACGTTACTCGAGGGATTCTG-
CAAAAACTAACATGAA-3′). Specific PCR product was digested with
Hind III/XhoI restriction enzymes and subcloned into the Hind III/XhoI
sites of pBLCAT3 vector. A hCyc E (− 363 to +1007)-Luc plasmid (a kind
gift from Dr. R. A. Weinberg) was used a template for PCR amplification.

Stable cell lines. U-87MG cells were grown in subconfluency
(2.5x105 cells/100 mm culture dish) and were stably transfected either
with an expression vector containing HA-tagged JCV Sm t-Ag cDNA
(pcDNA3-HA JCV Sm t-Ag) or with an empty vector (pcDNA3-HA).
Transfected cells were then grown in a selection media containing G418
drug (400 μg/ml) for two weeks and positive colonies were selected by
western blotting and used for cell cycle analysis by flow cytometry.

Indirect immunofluorescence microscopy. Indirect immunofluores-
cence microscopy studies were conducted as previously described [63,
64]. Briefly, U-87MG cells transfected with pcDNA3 JCV HA-Sm t-Ag
expression vector were seeded at subconfluency on polylysine-coated
glass chamber slides. After two days following transfection, cells were
washed twice with phosphate buffered saline (PBS) and fixed with cold
acetone. Fixed cells were blocked with 5 % bovine serum albumin in PBS
for 2 h and incubated with an anti-HA mouse monoclonal antibody
(ThermoFisher Scientific, catalog no. 26183) overnight. Cells were
subsequently washed four times with PBS-0.01 % Tween 20 for 10-min
intervals and incubated with an anti-mouse fluorescein isothiocyanate
(FITC)-conjugated goat secondary antibody (ThermoFisher Scientific,
catalog no. 31569) for 45 min. Samples were then stained with DAPI
(ThermoFisher, 4’,6-Diamidino-2-Phenylindole, Dihydrochloride, cata-
log no. D1306) and mounted using “ProLong® Gold Antifade”mounting
medium (Life Technologies, catalog no. P36934). Slides were then
examined under a fluorescence microscope (Leica, DMI-6000B, objec-
tive: HCX PL APD 40x/1.25 oil, employing LAS AF operating software)
for visualization of Sm t-Ag protein.

Cell synchronization by serum starvation. Either control cells (U-
87MG cell stably transfected with empty vector) or the cells stably
expressing Sm t-Ag were arrested at the G0/G1 phase of the cell cycle
stage by serum deprivation for 72 h. Synchronized cells were then
released from the arrested state by rinsing twice with PBS and feeding
the cells with complete growth medium [DMEM, supplemented with 10
% FBS and antibiotics (penicillin/streptomycin, 100 μg/ml)].

Cell proliferation and flow cytometry. For cell proliferation assay,
either control (U-87MG-stably transfected with an empty vector,
pcDNA3-HA) cells or the cells stably expressing Sm t-Ag were plated in
100 mm petri tissue culture dishes at a density of 1x105 cells/plate and
maintained in complete growth media (DMEM). Cells were then tryp-
sinized and collected at various times points; and counted to determine
cell number for control versus experimental samples. For flow cytometry
analysis, both control and Sm t-Ag expressing cells were synchronized by
serum deprivation, harvested, fixed in 70 % ethanol, treated with RNAse
A (15 μg/ml) at 370C for 30 min, washed with phosphate-buffered saline
(PBS), stained with propidium iodide (50 μg/ml in PBS final) and were
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kept at 40C. The DNA content of the cells was then determined with a
Becton Dickinson FACScan flow cytometer at the Wistar Institute Flow
Cytometry Facility, Philadelphia, PA, USA.

GST affinity chromatography assay (GST-pull down). Expression and
purification of GST and GST fusion proteins were previously described

[65,66]. Interaction of Sm t-Ag with eEF1Awas tested by GST-pull down
assay as described previously [66,67]. Two micrograms of either GST or
GST-Sm t-Ag immobilized on Sepharose beads were incubated with
whole cell extracts (500 μg/0.5 ml) prepared from U-87MG cells for 2 h
at 40C in lysis buffer [50 mM Tris-HCL (pH 7.4), 150 mM NaCl, and 0.5

Fig. 1. (A) Schematic representation of the JCV Sm-t-Ag splicing pattern. JCPyV early coding region produces alternatively spliced products [124,125]. LT- Ag and
Sm t-Ag and T′ proteins result from such a splicing pattern [124,125]. (B) The common and unique region of Sm t-Ag. First 82 amino acid N-terminus region of Sm-Ag
is common with LT-Ag sequences and this region is called the J-domain for both proteins. The unique region contains a PP2A binding motif, 2 Zn binding motifs and 2
pRb binding motif as indicated. (C) Analysis of the Sm t-Ag expression in stable U-87MG cells by Western blotting using whole cell extracts (WCE) and probing the
blots with anti-HA antibody as described in materials and methods. (D and E) In parallel to panel C, WCEs were also analyzed by immunoprecipitation (IP) followed
by Western blotting (WB) using an anti-HA antibody as described in the materials and methods. (F) Analysis of the Sm t-Ag distribution pattern in cells by
immunocytochemistry (ICC). SVG-A cells were transiently transfected with a HA-tagged Sm t-Ag expression plasmid and at the 24h posttransfection cells were
processed for ICC as described in materials and methods using anti-HA antibody.
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% Nonidet P-40, supplemented with protease inhibitors (ThermoFisher
Scientific, catalog no. A32963),]. Columns were then washed exten-
sively with lysis buffer and bound proteins were resolved by SDS-10 %
PAGE followed by Western blot analysis using an anti-eEF1A rabbit
polyclonal antibody (Cell Signaling, catalog no. 3586).

Immunoprecipitation and Western blotting. Whole cell lysates were
prepared from control (U-87MG stably transfected with pcDNA3-HA
empty vector) cells or the cells stably expressing HA-tagged Sm t-Ag in
lysis buffer [20 mM Tris-HCl (pH 7.4), 1 mM EDTA, 150 mM NaCl, 1 %
Triton X-100 and with complete protease inhibitor cocktail (Sigma,
catalog no. 11836170001)]. Fifty micrograms of cell lysates were frac-
tionated by SDS-12 % PAGE and transferred onto a nylon membrane
(250 mA, 30 min). Blotted membrane was probed with a monoclonal
antibody directed against HA tag of Sm t-Ag and was developed by an
ECL kit (ThermoFisher Scientific, catalog no. A38555) according to the
manufacture’s recommendations. In parallel, 100 μg of whole cell

lysates prepared from both control and Sm t-Ag-expressing cells were
with an anti-HA antibody (2 μg) for 2 h at 40C. Antibody-protein com-
plexes were precipitated with protein A Sepharose beads (20 μl of 50 %
slurry), washed with lysis buffer and analyzed by Western blotting using
a monoclonal antibody raised against HA tag. In addition, nuclear ex-
tracts were also prepared according to the previously described pro-
tocols to analyze the cell cycle stage specific cyclins and cyclin
dependent kinases [68]. The rate of appearance of cyclin E, cyclin B and
Cdk2 was analyzed by Western blotting too using Santa Cruz Biotech-
nology antibodies including anti-cyclin E (catalog no. Sc-2470, anti--
cyclin B (Sc-166210, and anti-Cdk2 (Sc-6248).

Kinase assay. Whole cell extracts were prepared from both control
cells (U-87MG transfected with pcDNA3-HA empty vector) and U-87MG
cells stably expressing HA-tagged Sm t-Ag in lysis buffer [20 mM Tris-
HCl (pH 7.4), 1 mM EDTA, 150 mM NaCl, 1 % Triton X-100 and a
complete protease inhibitor cocktail]. Four hundred micrograms of

Fig. 2. Sequence alignment analysis of the human polyomavirus Sm t-Ag sequences using “Clustal Multiple Sequence Alignment Omega Website” (https://www.ebi.
ac.uk/jdispatcher/msa/clustalo).
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protein lysate either from control cells or cells stably expressing HA-
tagged Sm t-Ag were incubated with an immobilized anti-Cdk2 anti-
body (Santa Cruz Biotechnology, catalog no. Sc-6248) overnight at 40C.
Immunoprecipitants were extensively washed in lysis buffer and assayed

for kinase activity for 30 min at 300C in kinase buffer [20 mM Tris-HCl
(pH 7.4), 10 mM MgCl2, 5 μg histone H1, 5 μci of [γ32P] ATP, 1 mM
DTT]. The reaction was stopped by the addition of SDS-PAGE sample
buffer and analyzed by SDS-12 % PAGE followed by autoradiography.

Fig. 3. Sm t-Ag promotes cell cycle progression. (A) U-87MG cells stably expressing Sm t-Ag (clone #3 and #25) and control clone cells were arrested at G0/G1
phase of the cell cycle by serum deprivation and released by the addition of complete growth media containing 10 % fetal bovine serum. The cells were collected at
the indicated time points (hour, h), fixed in 70 % ethanol, stained with propidium iodide and analyzed by a flow cytometer instrument for their differential cell cycle
profiles. (B) Illustration of the cell cycle stages and the cell cycle-dependent cyclins and cyclin-dependent kinase expression profiles.
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Reporter gene assay. U-87MG cells (0.4 million cells/60-mm cultures
dish) were transiently transfected with a reporter construct (hCycE-
CAT) alone or in combination with an expression plasmid for JCV Sm t-
Ag (pcDNA3 JCV HA-Sm t-Ag) by the calcium phosphate precipitation
method [69,70]. Plasmid concentrations used in the transfections are

indicated in the respective figure legend, but the total amount of DNA
transfected into the cells was normalized using the respective empty
vector. A plasmid (1 μg) expressing β-galactosidase was included in the
transfection mixture as an internal control to account for transfection
efficiencies for each transfectant. At 48h posttransfection, cells were

Fig. 4. Graphical analysis of the cell cycle progression profiles of the Sm t-Ag positive clones and their growth properties. (A) Graphical analysis of the cell cycle
progression of Sm t-Ag positive cells for G0/G1 phase specific parameters for 46 h. (B) Graphical analysis of the cell cycle progression profiles of Sm t-Ag positive
clones for S phase specific parameters. (C) Graphical representation of the growth properties of the Sm t-Ag positive clones compared to control.
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lysed via three freeze-thaw cycles. Following the clearance of cell debris
by centrifugation, chloramphenicol acetyltransferase (CAT) activity of
supernatants was determined by using equal amount of protein for each
sample in the assay reaction. Results were corrected according to
β-galactosidase activity for each transfectant. Transfections were
repeated three times in triplicate and variations for each data point were
expressed as standard deviations of the means.

3. Results

3.1. Unique features of JCV small t antigen

Sm t-Ag cDNA is produced as a result of alternative splicing of the
early pre-mRNA transcripts (Fig. 1A). These transcripts produce a 172
amino acid long protein upon translation. Eighty-two amino acids of the
N-terminus region of Sm t-Ag completely overlaps with that of LT-Ag
and is designated as a common region for both proteins (Fig. 1B). At
its unique region, Sm t-Ag contains a PP2A binding motif (CknwPeC, aa
95–101) which overlaps with one of two pRb binding regions (LxxCxE,
aa 93–97). The second pRb binding region is located at the aa 155–159.
Additionally, this unique region also contains two Zn binding motifs
(CxCxxC) at amino acids 109–114 and 136–141 (Fig. 1B).

3.2. Stable expression and subcellular distribution of Sm t-Ag

A number of reports indicate that JC virus may be associated with the
development of human tumors [71–73]. In addition, functional studies
on SV40 Sm t-Ag showed that it supports SV40 LT-Ag-mediated trans-
formation [2,29,43–46]. Experimental animal studies suggest that, in
the absence of Sm t-Ag, tumors are induced primarily in lymphoid and
other proliferative tissues [48,49,74]. These observations prompted us
to investigate the possibility that JCV Sm t-Ag may also have a
contributing role in cell cycle progression. For this purpose, U-87MG
cells were stably transfected with an expression plasmid expressing
HA-tagged Sm t-Ag, and clones were selected after two weeks post-
transfection following the treatment with a selection drug (G418).
Subsequently, expression of Sm t-Ag in stably transfected cells was
analyzed by Western blotting (Fig. 1C) and transiently transfected
(Fig. 1E) cells was analyzed by western blotting/IP-Western and
immunocytochemistry respectively. As shown in Fig. 1C, whole cell
extracts prepared from either U-87MG cells stably expressing Sm t-Ag
(clones #3 and #25) (lanes 1 and 3), or control cells (lane 2) cells were
analyzed by Western blotting and thereby Sm t-Ag expression was
demonstrated in clones. In parallel, whole cell extracts were subjected of
immunoprecipitation followed by SDS-10 % PAGE/Western blotting for
control, clone #3 and clone #25 (Fig. 1D and E) either untransfected
(lane 1) or transfected (lane 2) using an anti-HA antibody to detect Sm
t-Ag expression in stably transfected clones.

Next, we analyzed the subcellular distribution of Sm t-Ag in U-87MG
cells which were seeded on glass chambers and transfected with a Sm t-
Ag expression plasmid. Cells were fixed at 48h posttransfection, and
after incubation with primary (anti-HA monoclonal) and secondary
(anti-mouse FITC-conjugated) antibodies, the cellular distribution of Sm
t-Ag was examined by under a fluorescence microscope. As shown in
Fig. 1F, Sm t-Ag is detected in the cytoplasmic and nuclear compart-
ments of the cell. To ensure specificity of the anti-HA antibody, trans-
fected cells were also reacted with pre-immune antisera and no apparent
staining was observed (data not shown).

3.3. Sequence alignments for the human polyomaviruses

All fourteen human polyomavirus Sm t-Ag protein sequences were
aligned using “Clustal Multiple Sequence Alignment Omega Website
(https://www.ebi.ac.uk/jdispatcher/msa/clustalo) (Fig. 2A). Data
showed that HPx10 andMxPyV have the longest Sm t-Ag sequences (206
aa each) and the JCPyV and BKPyV have the shortest ones (172 aa each).

The common denominator for all these proteins is the following: The
HPDKGG motif sequence and two different Zn binding motifs are all
conserved among them. There are certain amino acids at certain posi-
tions that are also conserved among them (Fig. 2). However, only JCPyV
and BKPyV Sm t-Ag poses the pRb binding motifs, BKPyV has one aa
position 93–97 (LYCKE) and JCPyV has two, aa positions 93–97
(LYCKE) and 155–159 (LHCWE).

3.4. Sm t-Ag promotes S phase entry

Cell division is a highly regulated process controlled by a number of
cell cycle stage specific regulators. Under normal circumstances, cells
undergo cell cycle progression which culminates in a successful mitotic
division. When such a system is perturbed, cells respond to this new
situation either by cell cycle arrest to repair the damage or if the damage
is extensive, the affected cells undergo apoptosis.

One of the interesting characteristics of viruses is their ability to use
the host machinery for their own use. Viral infection imposes tremen-
dous pressure on an infected cell and mostly ends up with the destruc-
tion of cell integrity. Upon entering into the host cells, DNA viruses
absolutely depend on the S phase of the cell cycle to replicate their DNA.
To achieve this, viruses use their own encoded proteins to activate cell
cycle progression by influencing the activity of specific cell cycle regu-
lators. However, sometimes gene expression profiles of certain host cells
may restrict the lytic infection cycle but allow the expression of certain
viral proteins. In such cases, those viral proteins, when constitutively
expressed, may lead to unscheduled mitotic division, genetic instability,
and eventually cell transformation. Apparently, viral induced tumors
develop as a result of such genomic changes in the absence of lytic
infection of cells.

Since recent reports indicate the association of polyomavirus Sm t-
Ags with certain human tumors [59,60], we wanted to determine
whether JCV Sm t-Ag plays a role in cell cycle progression in the absence
of other viral proteins. For this purpose, U-87MG cells were stably
transfected with an expression plasmid expressing Sm t-Ag, and stable
clones were selected as described in materials and methods. The stable
clones (clone #3 and clone #25) and control clone were synchronized at
G0/G1 phase of the cell cycle by serum deprivation, released by the
addition of complete media, collected at the indicated time points and
analyzed by flow cytometry to determine their differential cell cycle
profiles. Comparison of the cell cycle profiles of the clones (clone #25
and clone #3) with that of control clearly indicate that cells stably
expressing Sm t-Ag enter and exit from S phase earlier than control cells
(Fig. 3A). The difference between clones and control is the most prom-
inent when comparing the time points corresponding to S and G/M
phases of cell cycle (22h through 34h). In addition, to show whether the
observed effect is not cell type specific or species dependent, we stably
expressed Sm t-Ag in NIH-3T3 cells, a mouse fibroblast cell line, and
obtained a similar effect on cell cycle progression (data not shown) as
observed for U-87MG cells suggesting that Sm t-Ag may show a common
effect on different cell lines from different species, which is to promote S
phase entry.

Alternative to the analysis of the cell cycle progression profiles of the
Sm t-Ag positive clones using the flow cytometry traces as shown in
Fig. 3A, we also analyzed these parameters graphically (Fig. 4AB) by
focusing on percent of the cell numbers at G0/G1 and S phases of the
cells. As shown in Fig. 4A and B, Sm t-Ag positive clones exit G0/G1
phase of the cell cycle earlier than control cells (Fig. 4A) and thus enters
the S phase much earlier than control cells (Fig. 4B), which is consistent
with our findings from Fig. 3A. Fig. 3B illustrates the cell cycle stages
and timely expression of the cyclins and cyclin-dependent kinases in a
more or less cell cycle stage-specific manner.

We also analyzed the growth properties of Sm t-Ag positive clones
versus control. For this purpose, cells synchronized at G0/G1 phase of
the cell cycle were released in complete media, and an equal number of
cells for each clone were seeded on the plates in triplicate. At indicated

R. Biffi et al. Tumour Virus Research 18 (2024) 200298 

7 

https://www.ebi.ac.uk/jdispatcher/msa/clustalo


time points, the cell number for each clone was determined and pre-
sented as a function of time on a graph. As shown in Fig. 4C, Sm t-Ag
positive clones proliferate faster than the control cells, further con-
firming our data from cell cycle distribution profiles of the cells
(Fig. 3A).

3.5. Cell cycle stage specific regulators are expressed relatively earlier in
Sm t-Ag positive cells than controls

Our findings from cell cycle progression analysis demonstrate that
Sm t-Ag positive cells enter the S phase noticeably earlier than the
corresponding controls. As such, we wanted to examine the effect of Sm
t-Ag on the expression profiles of the selected cyclins and cyclin-

Fig. 5. Analysis of cell cycle regulators (cyclin B, cyclin E and Cdk2) in Sm t-Ag positive cells by western blotting. A control clone and Sm t-Ag positive clones (clones
(#3 and #25) of U-87MG cells were synchronized at G0/G1 state of the cell cycle by serum deprivation. Nuclear extracts were prepared at indicated time points as
previously described [68] and analyzed for G1/S phase transition state specific cyclin E and cyclin-dependent kinase Cdk2 by western blotting. Extracts were also
analyzed for G2/M phase specific cyclin B. GAPDH levels were analyzed in the western blots as a loading control using anti-GAPDH antibody (Santa Cruz
Biotechnology, catalog no. sc355062) for each cell line.

Fig. 6. Higher level of cyclin E/Cdk2 associated kinase activity was observed in Sm t-Ag positive cells. (A) The clones stably expressing Sm t-Ag (clone #3 and clone
#25) and control cells were synchronized at G0/G1 stage of the cell cycle by serum deprivation and released by the addition of the media containing complete growth
factors. Whole cell extracts were prepared at the indicated time points. Subsequently, Cdk2 was immunoprecipitated with an anti-Cdk2 antibody and immuno-
precipitants were analyzed for their specific kinase activity utilizing histone 1 (H1) as a substrate as described in materials and methods. (B) Experiments were
repeated more than three times, and a representative data is shown here. In addition, data was evaluated with the GraphPad Prism 7 program for statistical analysis
and making a graph. Analysis of the data by using two-way ANOVA followed by Tukey’s multiple comparison test showed that the means for the control and the
experimental data for the clones at 18h and 22h are statistically significant at p < 0.05. The three stars on the figure represent the statistical significance between the
control and clones at 18h and 22h.
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dependent kinases that are specific for G1/S and G2/M transitions states
including cyclin B, cyclin E and Cdk2. For this purpose, nuclear extracts
prepared from both control clone and clones (clone #3 and #25), which
were arrested at G0/G1 phase by serum deprivation and released from
the block by the addition of complete media, were analyzed by Western
blotting. As seen in Fig. 5, the Sm t-Ag positive clones entered and exited
from S phase of the cell cycle with a more facilitated rate than the
control clone which was characterized by a relatively earlier significant
expression levels of cyclin B, E and Cdk2 for the clones when the cells
were released from G0/G1 arrest. These observations are consistent with
our findings from the analysis of cell cycle profiles of clones from
Fig. 3A. Also note that Fig. 3B illustrates cell cycle stages and cell cycle-
dependent regulation of the cyclins and cyclin-dependent kinases.

3.6. Sm t-Ag positive clones exhibit higher levels of cyclin E/Cdk2
associated kinase activity

Results from the analysis of cell cycle regulators specific for G1/S
phase transition state demonstrated that Sm t-Ag positive clones exhibit
higher levels of cyclin E at 18h and 22h post release from serum
deprivation compared to control. To provide further evidence to these
findings, we evaluated the level of kinase activity associated with cyclin
E/Cdk2 complex by H1 kinase assay in clones versus control cells. It was
expected that if Sm t-Ag is associated with a facilitated S phase entry, the
level of cyclin E/Cdk2 complex-associated kinase activity might be
higher in the clones than the control. As such, in parallel to examining
the cell cycle profiles of clones described in Fig. 5, cell extracts were also
prepared from both the control and clones (clone #3 and #25), and
equal amounts of protein was immunoprecipitated using an anti-Cdk2
antibody. Immunoprecipitants were subsequently subjected to an in
vitro kinase assay as described in materials and methods. Our results
consistently showed that the level of cyclin E/Cdk2-associated kinase
activity of the extracts prepared from the Sm t-Ag positive cells was
significantly higher than that of the control at 18h and 22h (Fig. 6A and
B), where data was analyzed by using two-way ANOVA followed by
Tukey’s multiple comparison test. As expected, this difference is most
substantial in the samples prepared at the 18h and 22h time points,
which is also consistent with our results obtained from Fig. 5 where we
observed that the level of Cdk2 for both clones (clone #3 and #25) is
noticeably higher than that of the control for the same time points.

3.7. Sm t-Ag stimulates cyclin E promoter activity

Analysis of cell cycle stage-dependent expression of cyclin E in Sm t-
Ag positive clones showed a relatively earlier appearance of this protein
at 10h and 14h post release compared to the control (Fig. 5), suggesting
that Sm t-Ag may directly influence the transcriptional activity of cyclin
E promoter at G1/S phase transition. To investigate this possibility, we
performed reporter gene assays. U-87MG cells were transiently trans-
fected alone with a human cyclin E reporter construct or co-transfected
with an expression plasmid for Sm t-Ag, and reporter activity of cyclin E
promoter was determined at 48h posttransfection. As shown in Fig. 7,
the reporter activity of cyclin E promoter in the presence of Sm t-Ag was
gradually but modestly increased as the concentration of expression
plasmid for Sm t-Ag in transfection mixture was increased (compare lane
1 with lanes 2–4) which is consistent with our findings from Fig. 5,
where we observed that cyclin E levels are relatively higher in cells
stably expressing Sm t-Ag compared to the control. Also, the statistical
analysis of data by using two-way ANOVA followed by Tukey’s multiple
comparison test showed statistically significant differences at p < 0.05

Fig. 7. Sm t-Ag upregulates the human cyclin E promoter activity. (A) U-87MG
cells were transiently co-transfected with a human cyclin E reporter construct
(hCycE-CAT) and with an expression plasmid for Sm t-Ag (CMV-JCV HA-Sm t-
Ag) as indicated. The amount of DNA in the transfection mixture was
normalized by using the empty vector alone. At 24h posttransfection, whole cell
lysates were prepared and reporter activity of the cyclin E promoter in the
absence and presence of Sm t-Ag was determined as described in materials and
methods. Analysis of the data by using two-way ANOVA followed by Tukey’s
multiple comparison test showed that the means for control and experimental
lane 4 are statistically significant at p < 0.05 (illustrated by two-star signs) but
not with the other two experimental data points. The statistical significance is
illustrated by two small stars on the figure. “ns” stands for “not significant”.

Fig. 8. Sm t-Ag interacts with cellular translation elongation factor, eEF1A. (A) Interaction of Sm t-Ag with eEF1A was demonstrated employing a GST-pull down
assay as describe in materials and methods. (B) SDS-10 % PAGE analysis of the bacterially produced GST, GST-Sm t-Ag full length (aa 1–172) and GST Sm t-Ag
mutant (aa 82–172) after purification followed by Coomassie blue staining.

R. Biffi et al. Tumour Virus Research 18 (2024) 200298 

9 



between control and data line 4 but not with two other experimental
data points, which is also consistent with our findings from Fig. 5.

3.8. Sm t-Ag interacts with the translation elongation factor, eEF1A

Some viral proteins directly target the translation machinery through
which viruses would be able to manipulate the cellular environment
more efficiently. The prime example to such viral proteins is the HIV Nef
[75] and Gag proteins [76]. We also reason that, since Sm t-Ag facilitates
the cell cycle progression, it may also target the translation machinery
during this process to contribute to the facilitated cell cycle progression.
To determine whether JCV Sm t-Ag might also interact with cellular
eEF1A protein, we performed a protein-protein interaction assay (GST
pull-down). For this purpose, Sm t-Ag full length (1–172) and its dele-
tion mutant (81–172) fused to GST and expressed in bacteria along with
GST alone, purified, immobilized on glutathione-Sepharose beads and
incubated with whole-cell extracts prepared from U-87MG cells. After

washing extensively with incubation buffer, bound proteins were
resolved by SDS-10 % PAGE and analyzed by Western blotting using an
eEF1A antibody. As demonstrated in Fig. 8A, eEF1A was retained on the
Sepharose column containing GST-Sm t-Ag full length (lane 3) and its
deletion mutant (lane 4) and an interaction of this type between eEF1A
and GST alone was not observed (lane 2), indicating the specificity of
association between Sm t-Ag and eEF1A. This finding suggests that the
unique region of Sm t-Ag contain sequences, which interact with eEF1A.
Fig. 8B illustrates the analysis of the bacterially expressed and purified
GST-Sm t-Ag full length (1–172) and its deletion mutant (GST-Sm t-Ag
(82–172) by SDS-10 % PAGE followed by Coomassie blue staining.

3.9. Activation of PI3K/Akt/mTOR signaling pathway by Sm t-Ag

Two of the main functions of Akt at the G1-S phase cell cycle tran-
sition is to promote the degradation of cyclin D [77] through the inhi-
bition of its phosphorylation and to inhibit the glycogen synthase kinase

Fig. 9. Analysis of the activated Akt, GSK3-β and S6K1 levels by Western blotting. (A) Analysis of phosphorylated Akt levels in Sm t-Ag positive clones. Whole cell
extracts prepared from the control and Sm t-Ag positive cells (U-87MG) and 40 μg of protein was analyzed by Western blotting using specific antibodies that detect
either total Akt (Cell Signaling, catalog no. #9272) or phosphorylated Akt (Ser473) (Cell Signaling, catalog no. #9271). (B) Treatment of Sm t-Ag cells with mTOR
inhibitor, rapamycin, and protein phosphatase 1 (PP1) and protein phosphatase 2A (PP2A) inhibitor, okadaic acid and analysis of the extract prepared from these
cells by Western blotting. Sm t-Ag positive clones (clones #3 and #25) and control cells were treated with either rapamycin (Cell Signaling, catalog no. #9904, 10 nM
final) for 48h or okadaic acid (Cell Signaling, catalog no. 5934, 1 μM final) for 3h and whole cell extract were analyzed for the phosphorylated and total Akt levels
using specific antibodies that detect the total Akt (Cell Signaling, catalog no. #9272) or phosphorylated Akt (Ser473) (Cell Signaling, catalog no. #9271). (C) Analysis
of the phosphorylated S6K1(Thr389) levels in cells treated with either rapamycin or okadaic acid by Western blotting. Sm t-Ag positive (clone #25) and control clone
cells were treated with either rapamycin or okadaic acid with the same conditions described for panel B and whole cell extracts were prepared and analyzed by
Western blotting (40 μg/lane) using an anti-S6K1 antibody that detects the phosphorylated S6K1 (Thr389) (Cell Signaling, catalog no. #9206S). Rapamycin con-
centration for + was 10 nM and for ++ 20 nM for cellular treatments. (D) Analysis of total and phosphorylated GSK3-β levels in Sm t-Ag positive clones, (#3 and
#25) and control clone cells by Western blotting using anti-GSK3-β antibodies that detects total (Cell Signaling, catalog no. #9315) and phosphorylated GSK3-βb
(Ser9) (Cell Signaling, catalog no. #9322) antibodies. GAPDH levels were analyzed in the Western blots as a loading control using anti-GAPDH antibody (Santa Cruz
Biotechnology, catalog no. sc355062).
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3 (GSK-3) activity by directly phosphorylating it. During this process,
Akt also indirectly stimulates mTOR and, consequently, activates one of
the mTOR downstream effector kinases, named the ribosomal protein
S6K1 kinase, to further stimulate the protein synthesis and thus cell
growth [78,79]. Given the importance of Akt in G1/S cell cycle phase
transition, we reason that Sm t-Ag most likely directly or indirectly ac-
tives the PI3K/Akt,/mTOR pathway to promote this transition. To pro-
vide experimental evidence to this assumption, whole cell extract from
Sm t-Ag positive clones as well as control cells were analyzed byWestern
blotting. As shown in Fig. 9A, phosphorylated Akt levels for Sm t-Ag
positive clone #3 and #25 increased significantly (~2-fold, lane 2, and
~3-fold, lane 3, respectively) but the total Akt levels remained relatively
unchanged, clearly suggesting that Sm t-Ag stimulates the activation of
the Akt pathway. Next, we also analyzed the phosphorylated Akt and
total Akt levels in Sm t-Ag positive cells treated with rapamycin and
okadaic acid (Fig. 9B). Rapamycin is prominent inhibitor of mTOR
pathway and inhibits mTORC1 and mTORC2 at low [80] and high
concentrations [81–83] respectively. Okadaic acid, on the other hand,
inhibits protein phosphatase PP1 and PP2A. Treatment of both Sm t-Ag
positive and control cells with these two chemicals did not alter the
levels of phosphorylated Akt levels (compare lanes 2,3, and 8, 9 with
control lanes 5 and 6 respectively) suggesting that Akt activation ap-
pears to be independent of PP1, PP2A and mTOR inhibition. Under the
same treatment conditions, we also analyzed the effect of rapamycin and
okadaic acid on the phosphorylation levels of the downstream effector
molecules of mTOR pathway such as p70 SP6K1. SP6 kinase 1 (SP6K1)
phosphorylates the S6 ribosomal protein. The phosphorylation of SP6 at
Thr389 is correlated with mTOR pathway activation to stimulate protein
synthesis. In the absence of the treatment of the cells with both chem-
icals, we observed a significant level of phosphorylation at this residue
in Sm t-Ag positive cells (~3-fold increase) (clone #25) (compare con-
trol lane 1 with that of clone #25). Treatment of the cells with okadaic
acid increased phosphorylation levels even further (~5-fold) (compare
control lane 2 with that of for clone #25) suggesting a stabilization of
the phosphorylation in the presence of okadaic acid. As expected,
rapamycin inhibited this phosphorylation (lanes 3, 4, 6 and 7), sug-
gesting that Sm t-Ag also activates the mTOR pathway downstream of
Akt. Another interesting downstream effector molecule of the activated
Akt is the glycogen synthase 3 beta (GSK3-β). It is also a Ser/Thr kinase
and regulates a wide range of biological activities, including cell trans-
port, cell signaling, glycogen metabolism etc [84]. The phosphorylation
of this kinase by Akt inactivates its function [85] but leads to the
degradation of cyclin D and thus stimulates cell cycle progression. We
also compared the phosphorylated GSK3-β level in Sm t-Ag positive cells
with that of control cells by Western blot analysis (Fig. 9D) and observed
that phosphorylated GSK3-β levels in Sm t-Ag positive cells also signif-
icantly increased by Sm t-Ag expression (compare lane 2 with lanes 1
and 3), suggesting the inhibition of GSK3-β by Akt in Sm t-Ag positive
cells.

4. Discussion

Detection of polyomavirus DNA sequences in a variety of human
tumors suggests a possibility that certain types of human tumors may be
induced by this group of viruses [1,25–28]. It should be noted here that
the oncogenic potential of these viruses has already been previously
shown in experimental animals [17–24], and even recent reports
demonstrated the integration of BKPyV andMCPyV DNA into the human
genome and such integration appears to trigger the development of
human tumors [10,11,14,15] JCV is the only family member that was
shown to induce tumors in nonhuman primates [16,18]. As such, un-
derstanding the mechanisms of the tumorigenic activity of these viruses
will help us to trace the molecular pathways that lead to cell trans-
formation through which we may gain an opportunity to effectively
target such pathways by therapeutic approaches.

It is well documented that LT-Ag of polyomaviruses plays a critical

role in cell transformation, and Sm t-Ag of SV40 also plays an important
role in this process in vivo and in vitro. In this respect, Sm t-Ag was
found to enhance cell transformation induced by SV40 LT-Ag in several
nonpermissive murine cell lines in tissue culture [2,29,43–46]. It ap-
pears that, in the absence of Sm t-Ag, SV40-mediated tumorigenesis is
mostly restricted to actively dividing tissues (e.g. lymphoid tissue)
suggesting an active role for Sm t-Ag in such processes. Although the
mechanism by which Sm t-Ag exerts its biological activity in this process
is largely unknown, its interaction with PP2A, a serine-threonine
phosphatase, and inhibition of its phosphatase activity is thought to
contribute to the protein’s ability to enhance cellular transformation.
Previous reports also indicate, however, that Sm t-Ag diverts PP2A ac-
tivity towards specific substrates rather than inhibiting its function [52]
Recent proteomic studies with JCV Sm t-Ag showed that it interacts with
a wide range of cellular targets and such a targeting conceivably con-
tributes to cell transformation [42]. In addition, recent reports indicate
that the overexpression of SV40 Sm t-Ag in mammalian cells appears to
activate growth factor stimulated signaling pathways, including acti-
vation of phosphatidylinositol (PI) 3-kinase [53], protein kinase Cζ
(PKCζ) [53], mitogen activated protein kinase [50], and phosphoryla-
tion of Akt [54]. Furthermore, it was also found that SV40 Sm t-Ag
stimulates AP-1 [56] and facilitates Shc phosphorylation [55]. Whether
JCV Sm t-Ag also affects similar growth promoting pathways is unknown
and requires further investigation.

As mentioned above, JCV genome is detected in a variety of human
tumors, but to date there is no report describing the biological activity of
JCV Sm t-Ag in such processes. In analyzing the function of this protein,
we demonstrated that it facilitates cell cycle progression which may
have implications in JCV-induced cell transformation. Our results
consistently demonstrated that Sm t-Ag positive clones enter and exit S
phase relatively faster than the control (Figs. 3A, 4AB and 5). Our results
from the analysis of the levels of the selected cell cycle stage specific
regulators including cyclin B, cyclin E and Cdk2 by Western blotting and
kinase assays support such an observation. In addition, a direct analysis
of the effect of Sm t-Ag on cyclin E promoter by reporter gene assays
further showed that JCV Sm t-Ag could activate this promoter (Fig. 7) in
glial cells.

Phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)
signaling pathway play a pivotal role in multiple interconnected cellular
signaling mechanism involved in cell survival, growth, division,
apoptosis suppression and angiogenesis [86,87]. Akt is a Ser/Thr kinase
and partially activated upon its translocation into the cell membrane
and by binding to the second messenger lipid molecules such as phos-
phatidylinositol (3,4,5)-triphosphate, and its phosphorylation at Thr308
residue by the phosphoinositide-dependent kinase 1 (PDK1). Its full
activation, however, occurs when its Ser473 residue is phosphorylated
by various kinases including mTORC2, DNA-dependent protein kinase
(DNA-PK), and phosphoinositide-dependent kinase 2 (PDK2) [88–90] or
integrin-linked kinase [91]. Akt could also be activated independently of
PI3K mode of activation process by other Ser/Thr or Tyr kinases in
response to DNA damage, growth factors and inflammation, including
those but not limited to, Ca2+/calmodulin-dependent protein kinase
kinase (CaMKK), and increased Ca2+ concentration [90,92] of the cells.
Once activated, Akt translocate from plasma membrane to cytosol and
nucleus to phosphorylate a wide range of substrates at a specific
consensus sequences (RxRxx(Ser/Thr)-Hyd, where Hyd is a hydrophobic
residue). Akt plays an important role in G1-S phase cell cycle transition
by inhibiting the phosphorylation of cyclin D and thus leading to its
degradation [77] and by phosphorylating glycogen synthase kinase 3
(GSK-3) and therefore inhibiting its activity. Akt also indirectly stimu-
lates mTOR and, consequently, activates one of the mTOR downstream
effector kinases, S6K1, to stimulate the protein synthesis and therefore
cell growth [78,79]. We have investigated whether Sm t-Ag directly or
indirectly actives the PI3K/Akt/mTOR pathway to promote this transi-
tion. Indeed, our results clearly demonstrated that in the presence of JCV
Sm-Ag, Akt was found to be phosphorylated at its Ser473, an accepted
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indication of Akt activation (Fig. 9A). One of the downstream effector
molecules of Akt, GSK3-β was also found be phosphorylated thereby its
function is inhibited by Akt. (Fig. 9C). S6K1, is a downstream effector
kinase of mTOR, was also detected to be phosphorylated at its Thr389
(Fig. 9D). S6K1 plays a pivotal role in protein synthesis pathway and
therefore in cell growth. In summary, these findings support our
conclusion that JCV Sm t-Ag activates growth promoting pathways.

Association of JCV with human tumors was first reported by
Richardson [93], who first described progressive multifocal leukoence-
phalopathy (PML). JCV was incidentally detected in an oligoden-
droglioma from a patient with concomitant occurrences of chronic
lymphatic leukemia and PML. Following this report, concomitant oc-
currences of PML with different human tumors was also described in
several more cases including astrocytomas [94–96]. In addition to these
cases, JCV genome has also been detected in human brain tumors in the
absence of PML lesions including xantoastrocytoma [97], oligoas-
trocytoma [98], ependymomas, pilocytic astrocytomas, oligoden-
drogliomas, and astrocytomas [99,100]. JCV early genome was also
found to be present in tumors that are not originated from neural tissues
such as colorectal cancers [72,73,101,102]. The genome of the other
two polyomaviruses, BKV and SV40, were also detected in different
types of tumors and the presence of viral DNA appears to show certain
preference to specific tissues. BKV was found to exhibit a specific
oncogenic tropism for the ependymal tissue, endocrine pancreas, and
osteosarcomas in rodents [103–107], and its genome was also detected
in a number of related tumors in humans [10,11,20,108]. SV40 appears
to be mostly associated with malignant mesotheliomas [109–111] and
sometimes with brain tumors including glioblastomas, gliomas, glio-
sarcomas, medullablastomas, meningiomas, pituitary adenomas and
oligodendromas [112–117]. As mentioned previously, MCPyV Sm-Ag

alone is more aggressive with respect to cell transformation than that
of MCPyV LT-Ag [57–62]. As a result, understanding of the unique
contributions of each Sm t-Ags to the LT-Ag functions will tremendously
advance our knowledge with respect to the virus-induced cell
transformation.

Many regulatory viral and cellular proteins are known to undergo
posttranslational modifications in several ways including phosphoryla-
tion, glycosylation and myristylation. As with other modifications,
phosphorylation has been shown to play a critical role in many aspects
of cell function, such as differentiation, proliferation, signal trans-
duction, cell cycle progression, gene transcription. A prominent example
of regulation by phosphorylation is observed in the behavior of stress
inducible proteins. For instance, NF-κB family of proteins is retained in
cytoplasm in their inactive form by their inhibitor, IκB, which masks the
nuclear localization signal (NLS) of NF-κB. Upon exposure of the cells to
extracellular stimuli such as viral infection, UV light, etc., IκB is phos-
phorylated at its Ser-33 and -36 residues by activated IκB kinase com-
plex [118], dissociates from NF-κB and undergoes degradation by
ubiquitin-mediated proteolysis [119]. NF-κB in turn translocates into
the nucleus and transactivates many NF-κB responsive genes [120].

Likewise, glycosylation and myristylation also play important roles
in various functions of regulatory proteins such as stabilizing protein-
protein interactions and enhancing the association of the modified
protein with cellular membranes. A potential glycosylation site of JCV
Sm t-Ag (aa 78–81 (NSSE)) exhibits substantial divergence from those of
both SV40 and BKV. Potential myristylation sites present within the JCV
Sm t-Ag also show significant sequence divergence than those of SV40.
Such differences may contribute highly to the unique biological func-
tions of JCV Sm t-Ag. With respect to functional relevance of these two
posttranslational modifications, it has been shown that glycosylation

Fig. 10. Model for activation of the cell proliferation pathways by Sm t-Ag expression. Sm t-Ag activates the PI3K/Akt/mTOR growth promoting pathways by
mediating the phosphorylation of Akt at T308 and S473 residues. Akt then stimulates its downstream effector molecules such as mTORC1, which then phosphorylates
S6K1 at Thr389 residue and activates it. The phosphorylated S6K1 activates the protein synthesis pathways and thus cell growth. In the meantime, Akt directly
phosphorylates GSK3-β and inhibits its function which then causes the degradation of cdk4/6/cyclin D complexes while leading to an increased expression of cdk2/
cyclin E levels. Finally, cells enter S phase.
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inhibits the ability of Sp1 to bind to a TATA-binding protein-associated
factor II 110 and decreases Sp1’s transcriptional activity on certain
promoters [121]. With respect to myristylation, it has been observed
that the attachment of the lipid moiety results in an increase in the
hydrophobicity of a protein which triggers membrane and/or
protein-protein association, the importance of which is shown by the
functional activity of oncoprotein p59fyn where it was observed that
myristylation and palmitoylation of the src family member p59fyn affect
its subcellular distribution [122,123].

Computer-aided motif search analysis of JCV Sm t-Ag indicates that
it contains several potential posttranslational modification sites that
involve phosphorylation, myristylation and glycosylation. Potential
phosphorylation sites of Sm t-Ag are targets for serine-threonine and
tyrosine kinases and are scattered throughout the protein sequence.
According to the computer predictions, Ser-10 and –129, Thr-165 and
Tyr-167 have high probabilities of being phosphorylated by kinases.
Some of these phosphorylation sites present within JCV Sm t-Ag are
unique in that they do not share a common phosphorylation site with its
counterparts from BKV and SV40 Sm t-Ags. For instance, while Ser-129
is unique to JCV Sm t-Ag in its position, Tyr-167 is common with SV40
Sm t-Ag but differs with BKV Sm t-Ag. These differential phosphoryla-
tion sites may differentially influence the biological activity of these Sm
t-Ags. The functional relevance of all these possible posttranslational
modification sites is subject to further investigation.

Based on our findings, we propose a model system where Sm t-Ag
activates specific signal transduction pathways to promote cell cycle
progression. As shown in Fig. 10, Sm t-Ag activates the PI3K/Akt/mTOR
growth promoting pathways primarily by mediating the phosphoryla-
tion of Akt at T308 and S473 residues. Akt then directly or indirectly
stimulates its downstream effector molecules such as mTORC1, leading
to phosphorylation of S6K1 at Thr389 residue which then promotes the
protein synthesis and thus cell growth. In the meantime, Sm t-Ag me-
diates the phosphorylation of another downstream effector molecule,
GSK3-β and inhibits its function, which then appears to cause the
degradation of cdk4/6/cyclin D complexes while leading to an increased
expression of cdk2/cyclin E levels, and thus S phase entry.

We have just begun to analyze the functional activity of JCV Sm t-Ag
with respect to its role in cell cycle progression. We hope that such in-
vestigations at the molecular level will help us understand better the
process of JCV-induced diseases and perhaps JCV-induced cell
transformation.
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