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Human parvovirus B19 causes cell cycle
arrest of human erythroid progenitors
via deregulation of the E2F family
of transcription factors

Zhihong Wan,! Ning Zhi,' Susan Wong,' Keyvan Keyvanfar,! Delong Liu,2 Nalini Raghavachari,3
Peter J. Munson,2 Su Su,! Daniela Malide,* Sachiko Kajigaya,' and Neal S. Young'

THematology Branch, National Heart, Lung, and Blood Institute, NIH, Bethesda, Maryland, USA. 2Center for Information Technology, NIH, Bethesda, Maryland, USA.

3Gene Expression Core Facility and 4Light Microscopy Core Facility, National Heart, Lung, and Blood Institute, NIH, Bethesda, Maryland, USA.

Human parvovirus B19 (B19V) is the only human pathogenic parvovirus. It causes a wide spectrum of human
diseases, including fifth disease (erythema infectiosum) in children and pure red cell aplasia in immunocom-
promised patients. B19V is highly erythrotropic and preferentially replicates in erythroid progenitor cells
(EPCs). Current understanding of how B19V interacts with cellular factors to regulate disease progression
is limited, due to a lack of permissive cell lines and animal models. Here, we employed a recently developed
primary human CD36* EPC culture system that is highly permissive for B19V infection to identify cellular
factors that lead to cell cycle arrest after B19V infection. We found that B19V exploited the E2F family of
transcription factors by downregulating activating E2Fs (E2F1 to E2F3a) and upregulating repressive E2Fs
(E2F4 to E2F8) in the primary CD36* EPCs. B19V nonstructural protein 1 (NS1) was a key viral factor respon-
sible for altering E2F1-E2F5 expression, but not E2F6-E2F8 expression. Interaction between NS1 and E2F4
or E2FS5 enhanced the nuclear import of these repressive E2Fs and induced stable G; arrest. NS1-induced G,
arrest was independent of p53 activation and increased viral replication. Downstream E2F4/E2FS targets,
which are potentially involved in the progression from G; into M phase and erythroid differentiation, were
identified by microarray analysis. These findings provide new insight into the molecular pathogenesis of

B19V in highly permissive erythroid progenitors.

Introduction
Parvovirus B19 (B19V), a member of the Erythrovirus genus of the
Parvoviridae family, is a widespread human pathogen. B19V is the
causative agent of a variety of human diseases: fifth disease (erythe-
ma infectiosum) in children, hydrops fetalis in pregnant women,
and transient aplastic crisis in patients with underlying chronic
hemolytic anemia or pure red cell aplasia in immunocompromised
patients (1). Some evidence also suggests that B19V is associated
with autoimmune diseases, including arthritis (2, 3), vasculitis (4),
and autoimmune neutropenia (5). The molecular pathogenesis of
B19V infection is largely unknown, since there are no fully permis-
sive cell lines, due to the virus’s extreme tropism for human ery-
throid progenitor cells (EPCs), and no experimental animals sus-
ceptible to B19V infection. Previous studies have suggested that cell
surface membrane receptors (6, 7), as well as cellular factors that are
essential for viral DNA replication (8) and RNA maturation (9), are
related to the restricted permissiveness for viral propagation.
B19V has a small (22 nm), nonenveloped, icosahedral capsid
with a single-stranded DNA genome that encodes nonstructural
protein 1 (NS1), two capsid proteins (VP1 and VP2), and two
smaller proteins (7.5 kDa and 11 kDa). The major and minor
capsid proteins, VP2 and VP1, are identical except for 227 amino
acids at the VP1 amino-terminal end known as the VP1 unique
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region (VP1u) (10). A conserved phospholipase A,-like (PLA,-
like) motif (HDXXY) is present in the VP1u region in members of
the Parvoviridae family (11), including B19V (12). A point muta-
tion in the PLA, motif significantly attenuates the infectivity of
B19V, suggesting a critical role for PLA; in the B19V life cycle
(13). The 7.5-kDa and 11-kDa proteins encoded by abundant
small mRNAs of B19V are unique among the parvoviruses char-
acterized to date. Recently, Chen et al. reported that the 11-kDa
protein is a significant inducer of apoptosis in erythroid progeni-
tors (14). NS1 is cytotoxic and plays a crucial role in B19V patho-
genesis. NS1 is a multifunctional protein that is involved in reg-
ulation of viral p6 promoter activity, DNA replication (15-17),
cell cycle arrest in G; and G; phases in erythroid lineage cells
(18, 19), and initiation of apoptosis (20). NS1 also functions as
a transcriptional transactivator, regulating a variety of viral and
cellular genes, such as TNFA (21) and p21"WAF1/CIP1 (22). NS1 con-
tains a nucleoside triphosphate-binding motif relating to NS1
cytotoxicity (23). However, the molecular mechanism by which
NS1 mediates cellular changes is not fully understood.

The E2F family of transcription factors, which consists of 8
members (E2F1-E2F8) (24), plays a central role in regulating
cell cycle progression, DNA replication, DNA repair, differen-
tiation, and apoptosis. E2F family members are divided into 3
subgroups, based on their transcriptional properties and their
interaction potentials with pocket proteins (p130, p107, and
retinoblastoma protein [pRb]) (25). E2F1, E2F2, and E2F3a are
potent transcriptional activators and facilitate cell cycle progres-
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sion from Gj to S phase. E2F4 and E2FS5 are thought to act pri-
marily as transcriptional repressors when bound to p130 during
the Go/G; phase of the cell cycle. Previous studies have suggested
that E2F4 and E2FS also play essential roles in pocket protein-
mediated G; or G, control (26, 27). E2F6, E2F7, and E2F8 act
as pocket protein-independent transcriptional repressors, due
to lack of transactivation and pocket protein-binding domains.
Further, the surprising complexity of E2F-dependent transcrip-
tional control has been reported, suggesting that E2F-mediated
transcriptional activation and repression mechanistically over-
lap (28). Nuclear translocation of E2F4 and E2FS is dependent
on pocket and DP protein binding because both of them lack a
nuclear localization signal (NLS). In addition, the phosphoryla-
tion status of pocket and DP proteins, as well as E2F4/E2FS,
affect their associations (29, 30). Certain viruses with DNA
genomes specifically target the E2F/pRb pathway and perturb
cell cycle progression, presumably creating a more hospitable
environment for viral replication. For DNA tumor viruses, the
interaction of herpes simplex virus DE ICP8 (delayed-early
single-strand DNA-binding protein) (31), Epstein-Barr virus
latent membrane protein 1 (LMP1) (32), human papillomavirus
E7 (33), or adenovirus E1A protein (34) with E2Fs or pocket
proteins usually has a positive impact on cell cycle progression,
leading to tumorigenesis. In contrast, adenovirus-associated
virus Rep78 protein displays an oncosuppressive property by
associating with the E2F1 protein and stabilizing the pRb-E2F1
complex so as to decrease E2F1 activity (35).

Recently, we developed a cell culture system that allows differ-
entiation and expansion of CD34* HSCs into CD36* EPCs, which
are highly permissive to B19V infection and replication, provid-
ing a cellular system that mimics in vivo infection of this patho-
genic human virus (36). B19V infection results in a rapid arrest
of cell proliferation in the primary CD36" EPCs (36). Given the
important roles of E2Fs in cell proliferation and cell cycle progres-
sion, we investigated effects of E2F transcription factors on B19V-
induced arrest of cell proliferation and cell cycling in CD36" EPCs.
We found marked changes in E2F transcription factors upon B19V
infection and elucidated a unique interaction between B19V NS1
and E2F4 or E2FS, which enhances the nuclear import of these
repressive E2Fs from cytoplasm to nucleus and induces stable G,
arrest by target gene repression.

Results

B19V NS1 protein induces stable G, arrest in CD36* EPCs. To address
whether B19V infection arrested cell cycle progression of primary
CD36" EPCs, we measured cumulative proliferation, BrdU incorpo-
ration, and DNA content in these cells following B19V infection.
B19V infection caused marked inhibition of CD36* EPC prolifera-
tion, with almost static cell numbers over the time course, while
the number of mock-infected cells rose approximately 17-fold by
day 4 (Figure 1A and Supplemental Table 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI41805DS1). A
time-dependent increase in dead cells was observed — 8%, 14%, 19%,
and 23% at 24, 48, 72, and 96 hours postinfection (hpi) — in B19V-
infected cells, respectively, but the level was similar (ranging between
3% and 5%) over the experimental time course in mock-infected cells.
Consistently, B19V-infected cells exhibited less cellular DNA repli-
cation than did mock-infected cells, as indicated by a decrease in
BrdU-positive cells in a time-dependent manner: 42%, 26%, and 15%
at 24, 48, and 72 hpi, respectively. In contrast, no obvious change
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was found in a control population (Figure 1B and Supplemental
Table 2). Further, B19V infection led to a time-dependent accumula-
tion of cells in the G, phase (25%, 32%, and 42% at 12, 24, and 48 hpi,
respectively), whereas no change was observed after mock infection
(Figure 1C and Supplemental Table 3).

Since B19V NS1 is known to be cytotoxic and involved in the
pathogenesis of B19V infection, NS1 effects on the cell cycle were
assessed using NS1-transduced CD36" EPCs. In order to optimize
experimental conditions for NS1 expression, we first performed a
titration of NS1 lentivirus to determine the correlation between
MOIT and infectivity by immunofluorescence (IF) analysis using
anti-Flag (NS1) antibody. The result revealed that approximately
80% of cells were positive for NS1 when cells were inoculated with
NS1 lentivirus at an MOI of 4 or 8 (Supplemental Figure 1A). To
avoid overexpression of NS1 in the transduced cells, we conducted
real-time RT-PCR to compare the transcription level of NS1 in
NS1-transduced and B19V-infected cells. As shown in Supple-
mental Figure 1B, when NS1 lentivirus was used at an MOI of 4,
the NS1 transcription level was similar to that after B19V infec-
tion. Based on the results of IF and real-time RT-PCR analyses,
we decided to use NS1 lentivirus at an MOI of 4 in our experi-
ments. Similar to B19V infection, NS1 transduction dramatically
suppressed cell proliferation, compared with control transduction
(empty lentivirus), in which approximately 13-fold elevation was
observed by day 4 (Figure 1D and Supplemental Table 1). The ratio
of dead cells in NS1-transduced cells was gradually increased to
35% by day 4 (slightly higher than in B19V-infected cells), while
the ratio in control cells was much lower (4%-13%) over the time
course. These results indicate that the cell death induced by both
B19V infection and NS1 transduction also contributes to the anti-
proliferative effect, which is likely due to apoptosis.

In comparison with control transduction, NS1 transduction
resulted in decreased BrdU incorporation, 34% (NS1) versus 48%
(control) at 24 hours posttransduction (hpt), and levels remained
essentially the same thereafter (Figure 1E and Supplemental Table 2).
This was different from the time-dependent decrease observed
in B19V infection and may have been due to lack of secondary
infection in NS1-transduced cells. NS1 transduction caused time-
dependent accumulation of cells in the G, phase: 14%, 42%, and
47% at 12, 24, and 48 hpt, respectively, compared with 10%, 12%,
and 8.6% in control samples (Figure 1F and Supplemental Table 3).
Overall, these results demonstrate that NS1 impairs cell cycle pro-
gression of CD36" EPCs by inducing stable G; arrest.

B19V NS1 protein deregulates the E2F family of transcription factors in
CD36" EPCs. Given the important role of E2Fs in cell proliferation
and cell cycle control, we investigated whether B19V infection of
CD36" EPCs altered expression levels of E2F transcription factors.
B19V infection caused an obvious reduction in protein levels of
activating E2Fs (E2F1, E2F2, and E2F3a) but robust elevation of
repressive E2Fs (E2F4, E2F5, E2F6, E2F7, and E2F8) at both 24 and
48 hpi, compared with mock infection (Figure 2A). For E2F4, B19V
infection markedly induced its phosphorylated form (upper bands
in Figure 2A and Supplemental Figure 2), which coincided with
reduction of the unphosphorylated form ubiquitously expressed
in uninfected cells. In B19V-infected cells, E2F4, E2F7, and E2F8
exhibited time-dependent increases in the time course tested, while
no obvious changes were observed in E2F5 and E2F6.

NS1 transduction of CD36* EPCs almost completely sup-
pressed E2F1 and E2F2 but only moderately suppressed E2F3a,
which was accompanied by simultaneous increases in E2F4 (both
Volume 120 3531

Number 10 October 2010



research article

A C
S 2 _B19V OG
2 A Mock total 2
S .| mockive . . G.=245% G,=31.6% G,=41.7% BV B3
% ) ¢ B19V total > - 100
S 812] eB19VIve S = 80
) o (0]
22 s 5 8 o0
X £ 3 40
=} 4 =
2 5 L T 20
3 0 = AN\ o 0
0 24 48 72 9 12 hpi 24 hpi 12 24 48
hpi DNA content hpi
B Mock
c 8 21 Mock
G,=4.7Y G,=0.89
§ oy =47% ,=0.8% Mock
S 60 ) __ 100
g 8 & 80
8 4 S [}
o — 60
£ 9] S 40
D 9 >
5 € T 20
m 2 © 0
R a8 72 12 24 48
hpi DNA content hpi
D F
< NS1
= 20
B A Control total G,=14.3% G,=42.1% G,=47.3% NS1
§ —~16{ MW Control live ® -
52 | ¢Nsttotal 3 ~ 100
5_“5.: 121 @ NS1 live o 9\.0, 80
22, 5 ER
X 3 3 40
g 4 g =
R e 2 g
0 24 48 72 9 24 hpt 48 hpt 12 24 48
E hpt DNA content hpt
c 8 O Control
S ENS1 G,=11.9% G,=8.6% Control
S %0 2 =
: :
o 40 '05 ~
Q (0]
£ 5 o 60
o) 9 & 40
T ® g T 20
m [0
0 z o 0
24 4872 12 hpt 24 hpt 48 hpt 12 24 48
hpt DNA content hpt
Figure 1

B19V NSH1 protein induces stable G, arrest in primary CD36+* EPCs. CD36* EPCs were B19V- or mock-infected (A—C) or transduced with NS1
or control lentivirus (D—F), followed by harvests at the indicated time points. (A and D) Cumulative proliferation was measured by counting live
or dead cells in triplicate using the trypan blue exclusion method, and results are indicated as total and live cell numbers. Data are shown as
mean + SD of 3 independent experiments. (B and E) BrdU incorporation was analyzed by flow cytometry, and percentages of cells stained at
the indicated time points are presented. (C and F) Cell cycle analysis was carried out by staining for DNA content, and percentages of cells in
different cell cycle phases at indicated time points are presented on the right. Similar results were obtained in duplicate experiments.

phosphorylated and unphosphorylated forms) and E2F5 in CD36*
EPCs (Figure 2A). NS1 alone was unable to aggressively reduce
E2F3a and failed to efficiently induce phosphorylation of E2F4,
results that are in contrast to those after B19V infection. Increases
in E2F6, E2F7, and E2F8 were detected in B19V-infected cells but
not in NS1-transduced cells, implying roles for other viral elements
in the induction of these repressive E2Fs. Collectively, our results
suggest that B19V infection deregulates E2F transcription factors
in CD36" EPCs, partially due to NS1 expression.
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We next sought to identify E2F target genes whose expression was
associated with NS1-induced G; arrest in CD36* EPCs by perform-
ing microarray analysis. In comparison with control transduction,
a total of 1,045 genes demonstrated at least a 1.5-fold differential
expression when we adopted a false discovery rate (FDR) of 10%
(Benjamini-Hochberg procedure) in NS1-transduced cells. A com-
plete gene list with symbols, probe set IDs, accession numbers, and
functional descriptions is provided in Supplemental Table 7. Genes
with an absolute fold change of 1.5 or more at each corresponding
October 2010
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Figure 2

B19V NS1 protein regulates the E2F family of transcription factors. (A) Immunoblot analysis of E2F transcription factors. CD36* EPCs were
B19V- or mock-infected or transduced with NS1 or control lentivirus. Whole cell lysates were prepared at the indicated time points, resolved on
4%—-12% SDS-PAGE, and subjected to immunoblot analysis with antibodies specific for individual E2Fs, B19V VP2, Flag (NS1), or GAPDH. (B)
Transcription profiles of E2F target genes affected by NS1. CD36+ EPCs were transduced with NS1 or control lentivirus, followed by total RNA
isolation at the indicated time points and then microarray analysis using Affymetrix HG-U133 Plus 2 arrays as described in Methods. Among
1,045 genes with greater than 1.5-fold changes, 93 were identified as E2F targets. Among them, 72 genes were involved in cell cycle regulation
(44 upregulated and 28 downregulated) and 21 genes (8 upregulated and 13 downregulated) in cell differentiation. The heat map represents
normalized intensity (NS1 divided by control) for each time point. Gene symbols are listed to the left of each panel.

time point were further analyzed with Ingenuity software (Ingenu-
ity Systems). Of the 1,045 differentially expressed genes, 177 were
involved in cell cycle regulation (Supplemental Table 8), of which
72 genes (28 downregulated and 44 upregulated) were previously
characterized as the targets of E2Fs (Figure 2B). Expression levels of
12 downregulated E2F target genes were validated by real-time RT-
PCR (Table 1). Among these downregulated E2F targets, MYC (37)
and WT1 (38) have been previously shown to be involved in G,/M
transition. In NS1-transduced CD36* EPCs, both MYC and WT1
expression continuously decreased in a time-dependent fashion by
similar levels (~3-fold) at 24 hpt and by approximately 4- and 9-fold
at 48 hpt. H1F0, a member of the histone H1 family, exhibited the
most dramatic decrease among these E2F target genes, with approx-
imately 2-, 7-,and 29-fold decreases at 12, 24, or 48 hpt, respectively.
Further, S transcription factors (SMARCA2/BRGI, ref. 39; HOXA7,
ref. 40; KLF9, ref. 41; JUND, ref. 42; and FOSL2, ref. 43) that are
involved in regulation of cell cycle progression also displayed mark-
edly decreased expression in NS1-transduced CD36" EPCs.
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In addition to cell cycle regulation, ontology analysis revealed
that 51 differentially expressed genes were involved in the regu-
lation of cell differentiation (Supplemental Table 9), 21 of which
(13 downregulated and 8 upregulated) were previously charac-
terized as E2F targets (Figure 2B). Among 13 downregulated
E2F4/E2FS targets, we selectively validated expression levels of
TALI, SPN, JUN, MYC, WT1, and EGR3 by real-time RT-PCR,
due to their important roles in erythroid progenitor differen-
tiation (Table 1). Expression of TALI, a transcription factor-
regulating gene involved in erythroid differentiation (44, 45),
exhibited a time-dependent decrease in NS1-transduced cells,
with approximately 1.5-, 1.7-, and 3.1-fold decreases at 12,
24, and 48 hpt, respectively. SPN (CD43) is considered to be
a hematopoietic marker for differentiating erythroid progeni-
tors (46). In parallel with a decreased expression of TALI, SPN
was considerably downregulated in NS1-transduced cells, sug-
gesting an NS1 inhibitory effect on CD36* EPC differentiation.
Reduced expression of EGR3, a zinc-finger transcription factor
Volume 120 Number 10
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Table 1

Expression changes of E2F4/E2F5 target genes relating to cell cycle control and erythroid differentiation

Gene symbol Fold change? Description Gene ID
6h 12h  24h 48h

H1F0 -1.4 22 6.7 -289 H1 histone family, member 0 3005
HOXA7 -12 99 -183 -196 Homeobox A7 3204
EGR3 -2.1 -84 76 176 Early growth response 3 1960
wrt1 -14 10 -26 -86 Wilms tumor 1 7490
DDIT3 -12 10 -7 56 DNA-damage-inducible transcript 3 1649
SPN -1 -13 11 56 Sialophorin 6693
JUND -1.6 -38 8.0 49 Jun D proto-oncogene 3727
SMARCA2 -14 27 29 -4 Regulator of chromatin, subfamily a, member 2 6595
ATF3 14 1.6 1.9 -4.0 Activating transcription factor 467
DUSP1 -2.0 2.7 5.1 -3.9 Dual specificity phosphatase 1 1843
myc -15 21 30 -36 Myelocytomatosis viral oncogene homolog 4609
cbec2L6 -10 10 93 33 Cell division cycle 2-like 6 23097
KLF9 -1.6 -1.7  -41 -3.1 Kruppel-like factor 9 687
TAL1 -1.1 -15 -7 341 T cell acute lymphocytic leukemia 1 6886
FOSL2 -15 23 24 -238 FOS-like antigen 2 2355
ACTB -1.0 1.1 1.0 1.1 Actin, beta 60
B2M 1.1 1.0 -1.1 1.9 Beta-2-microglobulin 567
HPRT1 -15 11 -1 1.0 Hypoxanthine phosphoribosyltransferase 1 3251
RPL13A 1.2 -1.1 1.0 1.1 Ribosomal protein L13a 23521

AFold change represent ratios of gene expression levels of NS1-transduced cells at different time points (6, 12, 24, and 48 hpt), compared with controls.

involved in cellular growth and differentiation (47), was also
observed at any time points tested in NS1-transduced cells.

Association of NS1 with E2F4 or E2FS enhances their nuclear import.
To elucidate a mechanism by which NS1 induced E2F4 and E2F5
accumulation, CD36" EPCs were transduced with either NS1 or
control lentivirus and subjected to coimmunoprecipitation assays
using anti-E2F4 or anti-E2FS antibody and then anti-Flag (NS1)
antibody. As shown in Figure 3A, coprecipitation of NS1 with
endogenous E2F4 or E2FS was detected, indicating an association
of NS1 with E2F4 or E2FS. To ascertain a potential association of
a pocket protein with an NS1-E2F4 complex, we performed coim-
munoprecipitation assays with antibody for E2F4 or Flag (NS1),
followed by immunoblotting with antibody for each pocket pro-
tein, E2F4, or Flag (NS1). The 3 pocket proteins and Flag (NS1)
were identified within E2F4 immunoprecipitate (Figure 3B). As
expected, E2F4 was also identified in Flag (NS1) immunoprecipi-
tate, but pRb, p130, and p107 were not detected (Figure 3B). Thus,
the E2F4-NS1 complex coexisted with E2F4-pRb, E2F4-p130, and
E2F4-p107 complexes in NS1-transduced CD36* EPCs, but a tri-
complex (for example, E2F4-NS1-pRb) was undetectable.

When examined by confocal microscopy, E2F4 and E2FS were
mainly cytoplasmic in control cells (Figure 3C). In NS1-trans-
duced cells, expression of E2F4 and E2FS5 increased in both cyto-
plasm and nucleus at 24 hpt, while the NS1 protein was predom-
inantly localized in nucleus, with apparent colocalization with
E2F4 or E2FS, indicating direct involvement of NS1 in alteration
of E2F4 and E2FS subcellular localizations. To further define the
relationship between E2F4/E2F5 and NS1, we collected a series
of z-stacks throughout cells and analyzed the 3D data. Images
were deconvolved, and 3D renderings are presented in Figure
3D, in which a white mask in a merged image reveals colocalized
pixels. In addition to performing visual inspection, we quanti-
fied the colocalization. This analysis indicated a greater colocal-
3534
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ization of E2F5 and NS1, compared with E2F4 and NS1, with
colocalization coefficients of 0.6 and 0.3, respectively (1, perfect
correlation; 0, no correlation) (Figure 3D, 2D fluorograms).

B19V 11-kDa and 7.5-kDa proteins do not induce cell cycle arrest in
CD36" EPCs. In addition to NS1, the B19V genome encodes two
other small nonstructural proteins: 11-kDa and 7.5-kDa proteins.
We examined a possible contribution of the 11-kDa or 7.5-kDa
protein to B19V-induced cell cycle arrest by transducing CD36*
EPCs with 11-kDa, 7.5-kDa, or control lentivirus. In comparison
with the control, cell cycle analysis revealed that neither 11 kDa
nor 7.5 kDa had an obvious impact on cell cycle progression of the
transduced cells at any time points tested (Figure 4A).

To elucidate whether B19V 11-kDa protein was able to enhance
expression of E2F4 and E2FS, we subjected CD36" EPCs trans-
duced with 11-kDa or control lentivirus to immunoblot analysis
with anti-E2F4 or anti-E2F5 antibody. Expression levels of E2F4
and E2FS in 11-kDa-transduced cells were similar to those in con-
trol cells (Figure 4B), indicating that the 11-kDa protein was unable
to increase E2F4 and E2FS5 expression. To assess a possible asso-
ciation between the 11-kDa protein and E2F4 or E2F5, we carried
out a coimmunoprecipitation assay using anti-E2F4 or anti-E2FS
antibody and then anti-Flag (11 kDa) antibody. As shown in Fig-
ure 4B, coprecipitation of the 11-kDa protein with E2F4 or E2F5
was not detected. Moreover, IF analysis was performed to examine
whether the nuclear translocation of E2F4 and E2FS also occurred
in 11-kDa-transduced CD36* EPCs. Confocal analysis showed that
the 11-kDa protein was exclusively localized in cytoplasm, and no
nuclear accumulation of E2F4 or E2FS was observed (Figure 4C).
Taken together, the data suggest that NS1 is a major player in cell
cycle arrest among the three B19V nonstructural proteins.

NS1-dependent nuclear translocation of E2F4 or E2FS causes stable G,
arrest, which augments B19V replication. To investigate whether nuclear
localization of E2F4 or E2F5 was mediated by the nuclear import abil-
Number 10

Volume 120 October 2010



research article

A C NS1 Alexa
Lysates IP: E2Fs E2F4/5 FITC Fluor 568 Nuclei DAPI Merge
&@ N Q\@ .
§ & P 2
W Flag (NS1)  E2F4 W Flag (NST)
— . E2F4 E2F5 o Flag (NS1)
— W s m
]
W G APDH &
B
Lysates IP: E2F4 IP: Flag
- N - N
N &
& N &
S L FE P EpR
— - —— — pRb
D S e — p130 m
L
—_—— e p107 o
e - = Flag (NS1)
-— — = E2F4
D NS1 Alexa
E2F4/5 FITC Fluor 568 Merge Fluorogram
<
[T
o
1]
[Te]
[T
(o]
L
Figure 3

B19V NS1 protein enhances the nuclear import of E2F4 and E2F5 by formation of a heterocomplex. NS1-transduced CD36+ EPCs were har-
vested at 24 hpt for subsequent experiments. (A) Whole cell lysates were subjected to immunoprecipitation by incubation with anti-E2F4 or
anti-E2F5 antibody and then immunoblotting with anti-Flag (NS1) antibody. (B) Whole cell lysates were subjected to immunoprecipitation with
anti-E2F4 or anti-Flag (NS1) antibody and subsequently analyzed by immunoblotting with the indicated antibodies. Whole cell lysates (5% input)
without immunoprecipitation were also analyzed by immunoblotting as controls. (C) Cells were immunostained with antibody against E2F4, E2F5,
or Flag (NS1), followed by secondary antibody conjugated with FITC (green) for individual E2Fs or with Alexa Fluor 568 (red) for Flag (NS1). After
counterstaining of nuclei with DAPI (blue), cells were examined by confocal microscopy. (D) To address the relationship between E2F4/5 and
NS1, z-series were collected throughout cells, and the 3D data were analyzed. Images were deconvolved, and the 3D renderings are shown. 2D
fluorograms represent quantification of the colocalization of E2F4 or E2F5 with NS1: colocalization coefficients of 0.6 (E2F5 and NS1) and 0.3
(E2F4 and NS1) (1, perfect correlation; 0, no correlation; —1, perfect inverse correlation). Scale bars: 10 um.
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Figure 4

B19V 11-kDa and 7.5-kDa proteins do not induce cell cycle arrest in CD36* EPCs. (A) Cells transduced with 11-kDa or 7.5-kDa lentivirus were
subjected to cell cycle analysis by measuring DNA content at the indicated time points. On the right, percentages of cells in different phases of cell
cycle are presented with respect to time points. Similar results were obtained in duplicate experiments. (B) Whole cell lysate prepared from cells
transduced with 11-kDa or control lentivirus was analyzed by immunoprecipitation with anti-E2F4 or anti-E2F5 antibody, followed by immunoblotting
with anti-Flag (11 kDa) antibody. Individual whole cell lysates (5% input) without immunoprecipitation were also analyzed by immunoblotting as con-
trols. The images to the left and right of the vertical white line are derived from nonadjacent lanes on the same blot. (C) Cells were immunostained
with antibody against E2F4, E2F5, or Flag (11 kDa), followed by secondary antibody conjugated with FITC (green) for individual E2Fs or with Alexa
Fluor 568 (red) for Flag (11 kDa). After counterstaining of nuclei with DAPI (blue), cells were examined by confocal microscopy. Scale bar: 10 um.

ity of B1I9V NS1, we sought to create an NS1 mutant that was unable  otic NLS. To confirm a function of this putative NLS, we introduced a
to translocate into nucleus. We first employed a Web-based program  substitution mutation of K177C into NS1 by site-directed mutagen-
(see Methods) to search for an NLS in the NS1 protein and found a  esis (Figure SA). The NS1 mutant carrying the substitution mutation
cluster of basic amino acid residues (KKRP) between amino acids 177~ (K177C) was designated as NS1mt. In contrast to the predominant
and 180, which was homologous to the consensus sequence of eukary-  nuclear localization of NS1, the NS1mt protein was exclusively local-
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ized in the cytoplasm in transduced cells (Figure SA), confirming that
NLS in B19V NS1 was operational. In addition, NS1mt was unable
to induce nuclear translocation of E2F4 and E2FS, although it was
still functional for the upregulation of their expression (Figure SB).
To assess the nuclear-cytoplasmic distribution of E2F4 and E2FS5, we
further analyzed confocal images by drawing an intensity line profile
of cells in transverse section; fluorescence intensities of the 3 chan-
nels were displayed as histograms, in which a DAPI line graph (blue)
was used to localize the nucleus. In NS1-transduced CD36* EPCs,
E2F4 and E2FS line graphs (green) reproducibly followed the NS1
line graph (red), over cytoplasm and enriched over the nucleus, butin
NS1mt-transduced cells, both NS1 and E2F4 or E2FS were markedly
redistributed toward cytoplasm (Figure SC). Nonetheless, coimmu-
noprecipitation analysis showed that NS1mt still maintained ability
to associate with E2F4 or E2F5 (Figure 5D).

Next, we measured proliferation of CD36* EPCs after NS1 or
NS1mtlentivirus transduction. In comparison to the control cells,
both NS1 and NS1mt transductions largely inhibited CD36* EPC
proliferation. However, the inhibitory effect was much stronger in
the case of NS1 than NS1mt (Figure 6A and Supplemental Table 4).
Moreover, although the ratio of dead cells gradually increased (25%
and 21% by day 2 in NS1- and NS1mt-transduced cells, respec-
tively), there was no obvious difference in the ratio of dead cells
between in NS1- and NS1mt-transduced cells. In contrast to the
time-dependent G; arrest induced by NS1, cell cycle progression
appeared to be normal in NS1mt-transduced cells, with 9.2%, 19%,
and 15% of cells in G, at 12, 24, and 48 hpt, respectively (Figure
6B and Supplemental Table 5). These results strongly suggest that
NS1-dependent nuclear translocation of E2F4 and E2FS is essen-
tial for perturbation of cell cycle progression.

NS1 is known to induce apoptosis during B19V infection. In
attempt to test whether NS1mt without nuclear translocation was
still able to induce apoptosis in CD36* EPCs, we performed apopto-
sis analysis of NS1- or NSImt-transduced or B19V-infected CD36*
EPCs using annexin V/propidium iodide (PI) double staining. Flow
cytometric analysis showed a time-dependent increase in apoptotic
cells: 14%, 25%, and 36% apoptotic cells at 12, 24, and 48 hpi, respec-
tively in NS1-transduced cells; and 17%, 22%, and 37% at 12, 24,
and 48 hpi, respectively, in NS1mt-transduced cells (Figure 7A). In
contrast, the ratio was similar in control cells in the time course
examined. Our results indicate that NS1 and NS1mtinduce similar
ratios of apoptosis or cell death at any time points tested, but their
inhibitory effects on cell proliferation are different. In comparison
with NS1 or NS1mt transduction, B19V infection induced a higher
ratio of apoptotic cells, by 28% and 49% at 24 and 48 hpi, respectively
(Figure 7B). Interestingly, B19V-infected cells displayed a much
higher percentage of cells in early apoptosis (annexin V-positive)
than late apoptosis (annexin V- and PI-positive) at all time points
examined, in contrast to NS1- or NS1mt-mediated apoptosis, sug-
gesting participation of other B19V elements that may compensate
for the effect of NS1-related cytotoxicity.

To investigate a functional role of E2F4 or E2F5 nuclear transloca-
tion, lentivirus carrying E2F4 siRNA or E2F5 siRNA was generated
and transduced into CD36" EPCs, resulting in a substantial decrease
in the level of E2F4 or E2F5 (Supplemental Figure 3). We next exam-
ined the cell cycle profile for NS1-transduced CD36* EPCs by pre-
treatment (24 hours) with E2F4 siRNA or E2F5 siRNA lentivirus.
When compared with nonsilencing siRNA and GAPDH siRNA con-
trols, the proportion of G,-arrested cells was significantly reduced
in E2F4 siRNA-treated cells (31% at 24 hpt and 46% at 48 hpt) and
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E2FS5 siRNA-treated cells (14% at 24 hpt and 27% at 48 hpt), con-
comitant with enhanced proportions of G- and S-phase cells (Figure
8A and Supplemental Table 6). No substantial change in cell cycle
progression was observed in control cells that were treated with each
siRNA alone — E2F4, E2FS, nonsilencing, or GAPDH — but with-
out subsequent NS1 transduction. These results demonstrate that
knockdown of E2F4 or E2F5 abrogates NS1-induced G; arrest.

To further investigate whether G; arrest induced by B19V infec-
tion was advantageous for viral replication, E2F4 siRNA- or E2FS
siRNA-treated cells were infected with B19V and subjected to real-
time PCR and real-time RT-PCR to assess viral DNA replication and
RNA transcription, respectively. As shown in Figure 8, B and C, both
viral DNA and RNA production were lower in E2F4 siRNA- and
E2FS siRNA-treated cells than in nonsilencing siRNA-treated cells.
To evaluate the impact of knockdown of E2F4 or E2F5 on infec-
tious progeny virion production, CD36* EPCs were infected with
lentivirus carrying siRNA against E2F4 or E2F5 and incubated for
24 hours, followed by B19V infection. At 72 hpi, cells were subjected
to 3 cycles of freeze-thaw and then low-speed centrifugation. Clari-
fied supernatants were serially diluted and used for further infec-
tion of CD36" EPCs. At 72 hpi, infectious titers were determined
by end-point 10-fold serial dilution analysis, in which B19V capsid
and B19V NSI1 transcripts were measured by real-time RT-PCR with
appropriate primers and probes. E2F4 siRNA- or E2F5 siRNA-treat-
ed CD36" EPCs produced 10-fold-lower numbers of infectious B19V
particles than nonsilencing lentivirus-transduced cells, revealing
that suppression of E2F4 and E2F5 had a negative impact on B19V
virion production. Taken together, these results indicate that NS1-
induced G; arrest is beneficial for B19V replication in CD36* EPCs.

NSI-induced G, arrest is independent of pS3 signal transduction. Since
p53 plays a crucial role in cell cycle arrest induced by DNA damage
response, immunoblot analysis was conducted to address expres-
sion and activation of p53 as well as p21WAFI/CIPL (3 key factor imme-
diately downstream of p53) in B19V-infected or NS1-transduced
CD36" EPCs. B19V infection not only enhanced p53 production
but also induced its phosphorylated form (at Serl5 or Ser20, an
active form of p53) at both 24 and 48 hpi, compared with con-
trols (Figure 9). In parallel with the activation of p53, the level of
P21WAFL/CIPL wass first elevated at 24 hpi in infected cells and peaked
at 48 hpi. For NS1-transduced cells, pS3 expression and its phos-
phorylation levels (at both Ser15 and Ser20) remained unchanged,
compared with control cells, whereas the p21 expression slightly
increased at both 24 and 48 hpt, to a much lesser extent than in
B19V-infected cells (Figure 9). Thus, NS1-induced cell cycle arrest
does not appear to be dependent on p53 activation.

Discussion
Accumulating evidence has revealed that the G;/S boundary is not
the only transition targeted by viruses and that many viruses pref-
erentially induce cell cycle arrest at Go/M (48). The G, checkpoint
acts to prevent cells from entering mitosis in response to DNA
damage, thereby providing an opportunity for repair and halting
proliferation of damaged cells. The p53 and pRb families of tran-
scriptional repressors play critical roles in G; arrest by downregu-
lating a large number of genes involved in the G, /M transition.
Although the benefits of G arrest to the viral life cycle remain
unclear, recent studies have suggested that viruses have aggres-
sively evolved mechanisms to “hijack” cellular DNA repair proteins
to aid in their own replication or to use Gy-related transcription
factors to enhance viral protein synthesis.

Volume 120 Number 10

October 2010 3537



research article

A NLS P-loop NTPase B NS1 Alexa
1 177 180 319 349 671 E2F4/5 FITC Fluor 568 Nuclei DAPI Merge
— IN| o

~KKRP— NS1
—-CKRP- NS1mt

NS1

NS1 NS1mt

NS1 FITC
NS1mt

Nuclei DAPI

Merge

C NS1-E2F4 NS1mt-E2F4 NS1-E2F5 NS1mt-E2F5 D Lysates
a ‘ & &
s & 1B:
M Flag (NS1)

— - cory
e - E2F5

S GAPDH

IP: E2Fs
ey 3

. 006\(06?3\6‘ .
=) 200 200 P 18
< E2F4 M Flag (NS1)
§ | E2F5 &= Flag (NS1)
Q f
8 100 100
o
[=]
=
i

o v 0 [ L o |
| Nucleus | [ Nucleus | I'Nucleus | Nucleus

Figure 5
Identification of the NLS of NS1 and its impact on the nuclear translocation of E2F4 and E2F5. CD36+ EPCs were transduced with lentivi

423

G423

rus

carrying NS1, NS1mt (K177C), or vector alone and harvested at 24 hpt for subsequent analyses. (A) Top: Schematic diagram of a putative NLS
motif in NS1 and the position of the substitution mutation (K177C). Bottom: Cells were immunostained with anti-Flag (NS1) antibody and then
with FITC-conjugated secondary antibody (green). After counterstaining of nuclei with DAPI (blue), cells were observed by confocal microscopy.
(B) Cells were immunostained with anti-E2F4 or anti-E2F5 antibody and then with FITC—secondary antibody (green) or immunostained with
anti-Flag (NS1) antibody and then with Alexa Fluor 568—secondary antibody (red). (C) Confocal images were analyzed by drawing an intensity
line profile of cells in transverse section; fluorescence intensities of the 3 channels were plotted as histograms. A DAPI histogram is shown in

blue for localizing the nucleus. Histograms of NS1 and E2F4 or E2F5 are shown in red (Alexa Fluor 568) and green (FITC), respectively.
Whole cell lysates prepared from NS1mt- or control-transduced cells were subjected to immunoprecipitation with anti-E2F4 or anti-E2F5 al

(D)
nti-

body, followed by immunoblotting with anti-Flag (NS1) antibody. Whole cell lysates (5% input) without immunoprecipitation were also analyzed

by immunoblotting as controls. Scale bars: 10 um.
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Cell proliferation analysis of NS1- or NS1mt-transduced CD36* EPCs. (A) Cumulative proliferation of NS1- or NS1mt-transduced cells was
measured by counting live or dead cells using the trypan blue exclusion method, and results are presented as total and live cell numbers. Data
are expressed as mean = SD of 3 independent experiments. (B) Cell cycle profiles were measured by staining of DNA content at the indicated
time points by flow cytometry. On the right, percentages of cells in different cell cycle phases are presented with respect to time points. Similar

results were obtained in duplicate experiments.

Few studies on the viral G,/M arrest have been conducted dur-
ing natural viral infection (49, 50). Since most experiments have
been performed in transformed cell lines for convenience, the actu-
al biological effects of viral proteins may be masked as these cells
often exhibit abnormal cell cycle signaling. This methodological
difficulty may be particularly problematic for B19V. The major-
ity of studies on B19V-induced cellular changes have used several
semi-permissive cell lines (18, 19) that are not only derived from
tumor cells but also exhibit a low rate of viral infectivity (less than
10%), with limited viral production. Due to its restricted tropism
for EPCs, there are no fully permissive cell lines for B19V propa-
gation. Here, we employed the primary CD36* EPC-based culture
system, which generates fully permissive cells for B19V propagation
(36). Upon B19V infection or NS1 transduction, CD36* EPCs dis-
played G; arrest in a time-dependent manner. However, in previous
studies, B19V infection has led to G; arrest in UT7/Epo-S1 cells,
a semi-permissive megakaryocytic leukemia cell line (18), whereas
NS1 expression primarily induced Gy arrest (19) in these cells. In
contrast, our current data showed that B19V-induced G; arrest in
the primary CD36" EPCs was mediated by NS1-dependent E2F4/
E2FS5 nuclear translocation as well as repression of E2F4/E2FS5 tar-
get genes. Although the detailed molecular mechanisms remain
unclear, this discrepancy may be due to the different cell types,
megakaryocytic leukemia cells (UT7/Epo-S1) versus primary EPCs.
While exactly mimicking the expression of viral genes in native viral
infection is problematic in any reductionist experiment, the advan-
tages of studying the function of a viral protein in relative isolation
include the avoidance of these practical difficulties and the clarity
that results from adequately controlled experiments. In the pres-
ent study, we employed the lentivirus-based transduction system to
investigate the role of B19V NS1 in host cell cycle perturbation and
found that the NS1 protein induced stable G; arrest by enhancing
nuclear import of E2F4 and E2FS5. Although there was a slightly
increased G, population in the cells transduced with control len-
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tivirus in comparison to mock-infected cells, these changes were
much less extensive and not time dependent, as were those detected
in NS1-transduced cells. Moreover, in contrast to B19V infection or
NS1 transduction, control lentivirus (empty vector) did not induce
changes in expression of E2Fs, nor did it impact p53 activation.
Therefore, we believe that the minor changes induced by control
lentivirus are unlikely to influence interpretation of results for
B19V NS1-induced cell cycle arrest. To avoid the artifacts caused
by overexpression of NS1, we evaluated NS1 transcription by real-
time RT-PCR to ensure that the level of NS1 expression in trans-
duced cells was similar to that resulting from native B19V infec-
tion. Meanwhile we also performed a similar analysis on the other
two B19V nonstructural proteins (11 kDa and 7.5 kDa) and ruled
out their potential roles in the cell cycle perturbation caused by
B19V. We further showed that siRNA-mediated E2F4/E2F5 knock-
down partially blocked NS1-induced G; arrest and decreased viral
production in CD36* EPCs. Therefore, it is evident that NS1 is a
major player in B19V-induced G, arrest, which provides a favorable
environment for B19V replication.

Our current work provides evidence that B19V exploits the
E2F family of transcription factors by downregulating activating
E2Fs (E2F1, E2F2, and E2F3a) and upregulating repressive E2Fs
(E2F4, E2FS, E2F6, E2F7, and E2F8). Specifically, the interaction
of NS1 with E2F4 or E2F5 led to their predominant accumulation
in nucleus, resulting in the impaired cell cycle progression of the
primary CD36" EPCs. Despite the fact that they are exported from
the nucleus under normal conditions, E2F4 and E2FS appeared
to be trapped in nucleus by NS1 binding. E2F4 and E2FS com-
pared with other E2Fs are primarily cytoplasmic by association
with CRM1 (51), and they contain a nuclear export signal. Het-
erodimerization of E2F4 (and presumably E2F5) with a pocket
protein (pRb, p107, or p130) is responsible for nuclear import and
accumulation of E2F4 in the nucleus in the Go/G; phase of the
cell cycle (27). Of interest, our coimmunoprecipitation experiment
Volume 120 3539
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Apoptosis analysis of NS1-transduced, NS1mt-
transduced, or B19V-infected CD36+ EPCs.
(A) After transduction with NS1, NS1mt, or con-
trol lentivirus, cells were collected at the indicated
time points and subjected to annexin V/PI dou-
ble staining, followed by flow cytometry analysis.
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revealed that E2F4-pRb, E2F4-p107, and E2F4-p130 complexes
were still present in NS1-transduced CD36" EPCs, regardless of
the nuclear accumulation of E2F4-NS1 and E2F5-NS1 complexes.
It remains unclear whether these E2F4 and pocket protein com-
plexes have some function in B19V propagation or crosstalk with
NS1-E2F4 or NS1-E2F5 complexes. It is also unknown whether
E2F4 and E2FS display subtly different biological functions in
B19V-infected CD36* EPCs.

mRNA transcripts of both E2F4 and E2F5 remained unchanged or
even slightly decreased at 24 hptin NS1-transduced cells (Z. Wan and
N. Zhi, unpublished observations), while the protein levels of E2F4
and E2F5 notably rose in cytoplasm and nucleus. E2F4 is known
to be ubiquitinated and degraded by the proteasome in a manner
3540
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variety of transcription factors important for
cell cycle control and differentiation.
Previous studies have described that the
E2F4/p130 (and presumably E2F5/p130)
colocalization in the nucleus leads to stable
G arrest in response to radiation-induced
DNA damage (26) and that viral DNA rep-
lication stimulates DNA damage response
(56). Since NS1 is critical to B19V DNA rep-
lication, NS1-mediated G; arrest in CD36"
EPCs might be a consequence of the DNA
damage response. However, our results here
and in previous studies indicate that NS1-
induced G; arrest is independent of the DNA damage response, at
least in the context of NS1-transduced cellular machinery. First,
we here detected time-dependent increases in E2F7, E2F8, p53,and
p21 as well as the activation of p53 only in B19V-infected CD36*
EPCs, and not in NS1-transduced cells. This difference is likely due
to the DNA damage response induced by viral DNA replication
in B19V-infected cells because the repressive E2Fs (such as E2F7
and E2F8) as well as p53 and p21 have been previously shown to
be induced in response to DNA damage (57, 58). Second, cell cycle
analysis of B19V-infected CD36" EPCs revealed accumulation (25%
in infected versus 4.7% in mock-infected cells) of G,-arrested cells
in the early stage of the viral infection (12 hpi). In the B19V life
cycle, synthesis of NS1 occurs much earlier than does either capsid

hpi
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Downregulation of E2F4 or E4F5 by siRNA causes abrogation of NS1-induced G arrest and inhibits B19V infection. (A) After treatment with
individual siRNAs at an MOI of 20 for 24 hours, cells were transduced with NS1 or control lentivirus and then harvested at 24 hpt and 48 hpt.
Cell cycle profiles were measured by staining for DNA content using flow cytometry, and percentages of cells in different cell cycle phases at
indicated time points are presented on the right. Similar results were obtained in duplicate experiments. (B and C) After treatment with different
siRNAs for 24 hours, cells were inoculated with approximately 5 x 10-" infectious units/cell of B19V and collected at the indicated time points.
Real-time PCR (B) or real-time RT-PCR (C) was performed to evaluate B19V DNA replication and RNA transcription, respectively, as described
in Methods. Data are expressed as mean = SD of 3 independent experiments. CP, capsid protein.

production or DNA replication. RNA from the NSI gene appears
at approximately 6 hpi, but replicative B19V genomes could not
be detected until about 16 hpi (59). Active B19V replication and
propagation, but not NS1 alone, appear mainly responsible for
induction of the DNA damage response. NS1-dependent E2F4
and E2FS5 nuclear translocations are likely early events and initiate
G, arrest during B19V infection, allowing B19V to “hijack” host
cell cycle regulation in order to create a favorable environment for
its replication, although both induction of E2F7/E2F8 and activa-
tion of pS3 may eventually contribute to G; arrest.
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In summary, based on our results and other data, we propose a
model mechanism for maximizing B19V replication and propa-
gation in primary CD36* EPCs (Figure 10). In early-stage B19V
infection, interaction of NS1 with E2F4 or E2FS induces exclu-
sive redistribution of these repressive E2Fs to nucleus, leading to
stable G; arrest and eventually impairing erythroid differentiation
by downregulation of E2F target genes. Subsequently, activation
of Gy-related transcription factors and/or DNA repair proteins
enhances viral transcription and DNA replication. As B19V infec-
tion progresses, viral replication activates pS3 signal transduction
October 2010 3541
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Figure 9

Immunoblot analyses of p53 and p21 in B19V-infected or NS1-trans-
duced CD36* EPCs. From B19V- or mock-infected cells, or NS1- or
control lentivirus—transduced cells, whole cell lysates were prepared
at 24 or 48 hpi or hpt and subjected to 4%—-12% SDS-PAGE and then
immunoblot analysis with respective antibodies.

and upregulates E2F7 and E2F8 in the context of the DNA damage
response, blocking cell cycle progression. Thus, virus production
would be maximized while simultaneously abrogating the cell’s
differentiation machinery.

Methods

Cell culture and B19V infection. Human CD36" EPCs were generated as
described in our previous study (36). 293T cells were maintained in DMEM
containing 10% fetal bovine serum and antibiotics. Viremic plasma con-
taining high-titer B19V (sample V1; 2 x 10'2 genome equivalents (ge)/ml,
1 infectious unit/2 x 10* ge) was obtained from a normal blood donor, pro-
vided to our laboratory by Aris Lazo of VI Technologies (Watertown, Massa-
chusetts, USA), and used to inoculate CD36" EPCs with approximately
5 x 107! infectious units/cell of B19V. The infection was carried out in a
96-well plate with 10 ul of cell culture (2 x 104 cells) and 10 ul of the defined
concentration of B19V. The infection was scaled up as necessary.

Lentiviral plasmid construction, lentivirus production, and lentivirus transduction.
To construct a recombinant lentiviral plasmid encoding B19V NS1, the NS1
gene was first amplified by PCR from pB19V-PM20 carrying a full-length
B19V genome (60) and then inserted into pPCMV-3Tag-6 (Stratagene) in order
to create a Flag-NS1 fusion protein (an N-terminal 3xFlag tag), resulting in
pCMV-FlagNS1. The Flag-NS1 gene was PCR-amplified and cloned between
Nael and Notl sites in pCL20c MSCV-GFP (a gift from A. Nienhuis, St Jude
Children’s Research Hospital, Mempbhis, Tennessee, USA), generating pCL20c
MSCV-FlagNS1 in which GFP was replaced with NS1. NS1 or control lentivi-
rus was produced with pCL20c MSCV-FlagNS1 or pCL20c MSCV (a control)

Figure 10

Schematic model of B19V NS1-mediated stable G, arrest and its bio-
logical consequences in erythroid progenitors. In early-stage B19V
infection, association of NS1 with E2F4 or E2F5 enhances nuclear
import of these repressive E2Fs, leading to stable G, arrest. Concomi-
tantly, downregulation of E2F target genes eventually impairs the ery-
throid differentiation. Viral DNA replication and RNA transcription are
enhanced by activation of Go-related transcription factors and/or DNA
repair proteins, causing activation of the p53 signal transduction and
upregulation of E2F7 and E2F8, as part of the DNA damage response,
which in turn blocks cell cycle progression.
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using helper plasmids (pCAG-VSVG, pCAG-HIV-gp, and pCAG4-RTR2; gifts
from A. Nienhuis) as previously described (61). NS1 or control lentivirus was
transduced to CD36* EPCs at an MOI of 4, unless otherwise stated.

For construction of a lentiviral plasmid carrying NSImt with a mutated
NLS, we searched for a putative NLS in the B19V NS1 protein using a Web-
based program (PSORT WWW Server; http://psort.hgc.jp/) and found a
cluster of basic amino acid residues (KKRP) between amino acids 177 and
180 that was homologous to the consensus sequence of eukaryotic NLS.
A substitution mutation of K177C was introduced into the wild-type NSI
gene in pPCMV-FlagNS1 by site-directed mutagenesis using the QuikChange
Site-Directed Mutagenesis kit (Stratagene). The mutated NSI gene was
PCR-amplified and cloned between EcoRI and No sites in pCL20c MSCV-
GFP, resulting in a recombinant lentiviral plasmid, pCL20c MSCV-NS1-
NLS(K177C). NS1mt lentivirus was produced using pCL20c MSCV-NS1-
NLS(K177C) (61) and transduced to CD36* EPCs at an MOI of 4.

Recombinant lentiviruses carrying various siRNAs were produced as
described previously (61), using the following lentiviral plasmids purchased
from Open Biosystems: pGIPZ-E2F4 siRNA (target sequence: AGCGGATT-
TACGACATTACCAA), pGIPZ-E2F5 siRNA (target sequence: GACTCAT-
TACTTGTCTTAT), pGIPZ-nonsilencing (target sequence: ATCTCGCTT-
GGGCGAGAGTAAG), and pGIPZ-GAPDH siRNA (target sequence:
CCCTCATTTCCTGGTATGACAA). To assess the effects of E2F4 siRNA and
E2FS siRNA on NS1-induced G2 arrest, we first transduced CD36* EPCs
with siRNA lentivirus (E2F4 siRNA, E2F5 siRNA, nonsilencing siRNA, or
GAPDH siRNA) at an MOI of 20, according to the manufacturer’s instruc-
tion. After 24 hours, cells were transduced with NS1 or control lentivirus at
an MOI of 4 and harvested at 24 and 48 hpi for subsequent analyses.

Immunoblot, immunoprecipitation, and immunofluorescence analyses. Whole
cell lysates were prepared using M-PRE Mammalian Protein Extraction
Reagent (Pierce) supplemented with Complete Protease Inhibitor Cock-
tail (Roche) and Phosphatase Inhibitor Cocktail 2 (Sigma-Aldrich). After
removal of cell debris by centrifugation, whole cell lysates were subjected to
SDS-PAGE (4%-12%) and then transferred to a nitrocellulose membrane.
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After blocking, the membrane was incubated with primary antibody at4°C
overnight and then secondary antibody at room temperature for 2 hours,
followed by incubation with SuperSignal Chemiluminescent Reagent
(Pierce) and then exposure to X-ray film.

For immunoprecipitation, 2 x 10° cells were lysed in 500 ul high-salt lysis
buffer (300 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-100, 0.1% sodium
deoxycholate, and 20 mM Tris-HCI, pH 8.0). After preclearing with Protein
G Sepharose (GE Healthcare), whole cell lysates were incubated with 4 ug of
respective antibodies overnight at 4°C, followed by additional 1-hour incu-
bation at 4°C by addition of Protein G Sepharose. After washing with lysis
buffer, samples were resuspended in 2x Laemmli buffer, boiled for 5 minutes,
and subjected to SDS-PAGE (4%-12%) and then immunoblot analysis.

For IF analysis, cells were cytocentrifuged (Shandon Cytospin) and fixed ina
methanol-acetone (1:1,v/v) solution. For double staining, cells were incubated
with each primary antibody (1:200 dilution) in 10% FBS/0.02% Tween-20/PBS
for 1 hourat 37°C and then secondary antibody (1:200 dilution) conjugated to
either FITC or Alexa Fluor 568 (Invitrogen). After washing with PBS, cells were
covered with mounting medium containing DAPI (Vectashield; Vector Labora-
tories) and subsequently examined by confocal microscopy using a Zeiss LSM
510 microscope. Fluorescence images were captured sequentially, using a 360-
nm or 405-nm laser line and emission 385-470 nm for DAPI; a 488-nm laser
line and emission between 505 and 550 nm for FITC; and a 561-nm laser line
and emission between 575 and 615 nm for Alexa Fluor 568 usinga 63x NA1.4
oil-immersion objective under conditions avoiding bleed-through. In addition
to single optical sections, whole cell staining was evaluated on series of images
taken along a z axis. These series were deconvolved using Huygens software
(Scientific Volume Imaging), prior to 3D reconstruction and colocalization
analyses both performed with Imaris software (Bitplane). Quantification of
colocalization was assessed, and pixel codistribution was calculated for green
and red staining patterns throughout the 3D data sets. Colocalized pixels
(voxels in 3D) were displayed in a white mask overlapping the fluorescence
channels over the image and also as a 2-color histogram (scattergram-fluo-
rogram). To assess changes in distribution over cytoplasm and nucleus, the
intensity line profile feature of Zeiss software was used: confocal images were
analyzed by drawing an intensity line profile of cells in transverse section, and
fluorescence intensities of each channel were plotted as histograms. Images
were assembled using Photoshop software (Adobe).

The following antibodies were used inimmunoblot, immunoprecipitation,
and IF analyses: antibodies to E2F1 (sc-193), E2F3 (sc-879), E2F4 (sc-866),
E2F4 (sc-56667), E2F6 (sc-53273), pS3 (sc-126), pS3 phospho-Ser20 (sc-
18079-R), p21 (sc-871), GAPDH (sc-47724), and B-actin (sc-8432) (Santa
Cruz Biotechnology Inc.); antibodies to E2F2 (ab65222), E2FS (ab59769),
E2F8 (ab57775), and p53 phospho-Ser15 (ab1431) (Abcam); anti-Flag M2
antibody (F1804, Sigma-Aldrich); HRP-rabbit anti-mouse IgG (61-6520,
Invitrogen); HRP-anti-rabbit antibody (ALI3404, Camarillo).

Cell proliferation, cell cycle, and apoptosis analyses. Cell proliferation was
monitored using the Nexcelom Cellometer Auto T4 (Isogen Life Science) in
triplicate. Cellular genomic DNA synthesis, cell cycle, and apoptosis were
analyzed using the APC BrdU Flow kit (BD Biosciences — Pharmingen), the
NUCYCL PI kit (Exalpha Biologicals), and the FITC Annexin V Apoptosis
Detection Kit I (BD Biosciences — Pharmingen), respectively, according to
manufacturers’ instructions.

Microarray data processing and analysis. For transcriptional profiling induced
by B19V NS1, CD36* EPCs were transduced with NS1 or control lentivirus in
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triplicate at an MOI of 4 and collected at 12, 24, and 48 hpt. Total RNA was
isolated and purified using the RNeasy Micro kit (QIAGEN), according to the
manufacturer’s instructions. Quality and integrity of RNA were assessed by the
Agilent 2100 Bioanalyzer (Agilent Technologies). T7-based RNA amplification
was carried out using total RNA (1 ug) as suggested by the manufacturer. In
vitro transcription and biotin labeling of purified cDNA were performed with
T7 RNA polymerase using the Affymetrix IVT labeling kit. Biotin-labeled RNA
(20 ug) was fragmented and hybridized to Affymetrix HG-U133 Plus 2 arrays.
Affymetrix GeneChip operating software (version 1.4) was used to calculate
the MASS signal intensity values for the 54,675 probe sets on Affymetrix HG-
U133 Plus 2 arrays and to estimate presence/absence for each of the probe sets
in signal intensity on the arrays. The signal intensity values were subsequently
transformed with an adaptive variance-stabilizing, quantile-normalizing trans-
formation (The Mathematical and Statistical Computing Lab Analyst’s Tool-
box can be freely downloaded from http://abs.cit.nih.gov/MSCLtoolbox/).
Transformation data from all the arrays were subjected to principal com-
ponent analysis to detect outliers. Six-level 1-way ANOVA analysis was per-
formed to evaluate any differences among 6 groups (NS1 and control at 12,
24, and 48 hpt) in probe sets. Probe sets/genes with an FDR of 10% or less
using the Benjamini-Hochberg procedure (1.5-fold change between NS1
and control at any of 12, 24, and 48 hpt) and present calls were selected.
JMP statistical software package 7.0 (SAS Institute) was used in microarray
data analysis. Hierarchical clustering analysis was used. The selected probe
sets/genes were further analyzed for main pathways and biological functions
with Ingenuity software (Ingenuity Systems). The primary CEL files have
been deposited in the public repository Gene Expression Omnibus (GEO;
htep://www.ncbi.nlm.nih.gov/geo/), with accession number GSE18906.
Real-time PCR and real-time RT-PCR. To quantitatively evaluate B19V infection,
we performed real-time PCR as described previously (36). To confirm changes
in putative E2F4 target genes induced by B19V NS1, we performed SYBR
green-based real-time PCR using the RT? qPCR Primer Assay kit (SuperAr-
ray Bioscience) following the manufacturer’s instructions. Data were analyzed
using the comparative cycle threshold method AAC(t) with normalization of
the raw data to housekeeping genes (HPRT1, RPL13A, GAPDH, and ACTB).
Real-time RT-PCR was conducted with adequate primers and probes tar-
geting the BI9V NSI gene, which was amplified as a multiplex with f-actin
as an internal control. Each amplicon was quantitated by interpolation
with the respective standard curve to each target (NS1 or ACTB) construct-
ed with serial dilutions of the corresponding plasmid.
Statistics. Data are expressed as mean + SD. Statistical significance was
determined by a 2-tailed Student’s ¢ test, with a P value less than 0.05 con-
sidered statistically significant.
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