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ABSTRACT Lytic infection of human parvovirus B19 (B19V) takes place exclusively
in human erythroid progenitor cells of bone marrow and fetal liver, which disrupts
erythropoiesis. During infection, B19V expresses three nonstructural proteins (NS1,
11-kDa, and 7.5-kDa) and two structural proteins (VP1 and VP2). While NS1 is essen-
tial for B19V DNA replication, 11-kDa enhances viral DNA replication significantly. In
this study, we confirmed the enhancement role of 11-kDa in viral DNA replication
and elucidated the underlying mechanism. We found that 11-kDa specially interacts
with cellular growth factor receptor-bound protein 2 (Grb2) during virus infection
and in vitro. We determined a high affinity interaction between 11-kDa and Grb2
that has an equilibrium dissociation constant (KD) value of 18.13 nM. In vitro, one
proline-rich motif was sufficient for 11-kDa to sustain a strong interaction with Grb2.
In consistence, in vivo during infection, one proline-rich motif was enough for 11-
kDa to significantly reduce phosphorylation of extracellular signal-regulated kinase
(ERK). Mutations of all three proline-rich motifs of 11-kDa abolished its capability to
reduce ERK activity and, accordingly, decreased viral DNA replication. Transduction
of a lentiviral vector encoding a short hairpin RNA (shRNA) targeting Grb2 decreased
the expression of Grb2 as well as the level of ERK phosphorylation, which resulted in
an increase of B19V replication. These results, in concert, indicate that the B19V 11-
kDa protein interacts with cellular Grb2 to downregulate ERK activity, which upregu-
lates viral DNA replication.

IMPORTANCE Human parvovirus B19 (B19V) infection causes hematological disor-
ders and is the leading cause of nonimmunological fetal hydrops during pregnancy.
During infection, B19V expresses two structural proteins, VP1 and VP2, and three
nonstructural proteins, NS1, 11-kDa, and 7.5-kDa. While NS1 is essential, 11-kDa plays
an enhancing role in viral DNA replication. Here, we elucidated a mechanism under-
lying 11-kDa protein-regulated B19V DNA replication. 11-kDa is tightly associated
with cellular growth factor receptor-bound protein 2 (Grb2) during infection. In vitro,
11-kDa interacts with Grb2 with high affinity through three proline-rich motifs, of
which at least one is indispensable for the regulation of viral DNA replication. 11-
kDa and Grb2 interaction disrupts extracellular signal-regulated kinase (ERK) signal-
ing, which mediates upregulation of B19V replication. Thus, our study reveals a
novel mechanism of how a parvoviral small nonstructural protein regulates viral
DNA replication by interacting with a host protein that is predominately expressed
in the cytoplasm.
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Human parvovirus B19 (B19V) is one of only two parvoviruses that have been
confirmed to be pathogenic to humans (1, 2). While B19V infection does not

constitute a severe outcome in healthy people, it can result in serious, and occasionally
fatal, hematologic diseases in susceptible patients. Acute B19V infection can cause
transient aplastic crisis in sickle-cell disease patients. Pure red cell aplasia and chronic
anemia often happen in immunocompromised patients infected with B19V (2, 3). More
importantly, B19V infection is the leading cause of nonimmunological fetal hydrops
during pregnancy (4) and is one of the key etiological agents of congenital viral
infections which traverse the uterine-placental interface (5). It can cause aplastic crisis
in the fetus and hydrops fetalis, which occurs as a result of infection-induced anemia
in pregnant women (6–9). Infection of B19V in the first trimester of pregnancy has an
approximate 10% risk of fetal loss.

B19V belongs to species Primate erythroparvovirus 1 in the genus Erythroparvovirus
of the family Parvoviridae (10). Productive infection of B19V takes place exclusively in
CD36� human erythroid progenitor cells (EPCs) at the stage from the late burst-forming
unit-erythroid (BFU-E) to CFU-erythroid (CFU-E) in human bone marrow and fetal liver
(11–15). From the 5.6-kb linear single-stranded DNA (ssDNA) genome, which is flanked
by two identical terminal repeats (ITRs) (16), a total of five viral proteins are encoded,
including three nonstructural proteins (NS1, 11-kDa, and 7.5-kDa) and two capsid
proteins (VP1 and VP2) (17). As the most studied large nonstructural protein, NS1 has
been shown to serve multiple functions in viral DNA replication, transcription transac-
tivation, cytotoxicity, and cell cycle regulation (18–22). The functions of the other two
nonstructural proteins, 7.5-kDa and 11-kDa, are poorly understood. The 11-kDa protein
is highly expressed during infection (23), suggesting its potential importance in the
B19V life cycle. It has been reported to interact with human growth factor receptor
binding protein 2 (Grb2) in vitro (24), to induce apoptosis (23), and to play a role in virus
egress (18). The function of the 7.5-kDa protein is currently unknown.

Recently, we identified the function of the 11-kDa protein, in the context of a B19V
reverse genetics system, as having an important role in viral DNA replication (25). Grb2
is an adaptor protein that couples activated receptor tyrosine kinases to downstream
effectors and regulators. Grb2 protein can be illustrated based on its functional Src
homology 3 (SH3) domains as nSH3-SH2-cSH3 (where nSH3 and cSH3 are N-terminal
SH3 and C-terminal SH3, respectively) (26). It binds to receptor tyrosine kinases via its
SH2 domain (27, 28). Upon activation, the SH3 domains of Grb2 serve as docking sites
for a variety of proteins containing proline-rich (PR) motifs. Examples of the best-
characterized binding partners of Grb2 SH3 domains are the SOS guanine nucleotide
exchange factor 1 (SOS1) (29, 30) and the adaptor protein Grb2-associated binding
protein 1 (Gab1) (31, 32). The engagement of these partners further mediates the
downstream cellular signaling cascades, including the classic SOS–Ras–mitogen-
activated protein kinase (MEK)– extracellular signal-regulated kinase 1 and 2 (ERK1/2)
activation (33–36). Knockdown of Grb2 expression usually results in significantly re-
duced phosphorylation of ERK1/2 in various cell types (37–39), including CD34�

hematopoietic stem cells (HSCs) (40) that are the precursors of the CD36� EPCs used in
the current study.

During B19V infection of CD36� EPCs, MEK/ERK signaling was found to be a
negative regulator of B19V replication (41). While overactivation of ERK, shown by an
increased level of phosphorylated ERK (pERK), significantly inhibits B19V infection,
blockage of ERK activation boosts viral replication dramatically. Interestingly, ERK is a
well-known classic effector downstream of Grb2 (42). Therefore, we hypothesize that
during infection, B19V expresses 11-kDa abundantly, which interacts with and Grb2 and
blocks activation of the downstream ERK, which enhances B19V DNA replication.

In this study, we examined this hypothesis by generating an 11-kDa knockout and
proline-rich motif mutants in a B19V infectious clone (M20), which were then used to
determine the efficiency in viral DNA replication of transfected UT7/Epo-S1 cells, and by
short hairpin RNA (shRNA) knockdown of Grb2 during B19V infection of CD36� EPCs.
We showed the enhancement role of 11-kDa in B19V DNA replication. The interaction
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between 11-kDa and Grb2 was confirmed both in vitro and in vivo. By performing
site-directed mutagenesis, we identified that 11-kDa processes three functionally re-
dundant proline-rich motifs, of which at least one is required for Grb2 binding to
11-kDa. Finally, the 11-kDa and Grb2 interaction significantly reduced cellular ERK
phosphorylation in both transfected UT7/Epo-S1 cells and B19V-infected CD36� EPCs.

RESULTS
Knockout of 11-kDa reduces viral DNA replication of the B19V infectious clone

independent of expression of other viral proteins. To systematically examine the
role of 11-kDa expression in viral DNA replication, wild-type (WT) B19V infectious clone
pM20 and its mutants with knockout (KO) of 11-kDa, VP1/2, or both 11-kDa and VP1/2
(pM2011KO, pM20VPKO, and pM20VP�11KO, respectively) were digested with SalI to
obtain the linear replicative-form (RF) B19V genomes, which were then delivered into
hypoxia-primed UT7/Epo-S1 cells via nucleofection. At 2 days postnucleofection, West-
ern blotting results showed a complete knockout of 11-kDa in M2011KO (Fig. 1A, lane 1).
M2011KO still expressed nonstructural proteins NS1 and 7.5-kDa at levels similar to those
from the M20VPKO and M20VP�11KO but at levels lower than those from the WT M20 (Fig.
1A, NS1 and 7.5-kDa). As expected, M2011KO expressed VP1/2, but M20VPKO and
M20VP�11KO did not (Fig. 1A, VP1/2).

We then tested the effect of the 11-kDa null mutant on viral DNA replication by
transfecting the RF B19V genomes into UT7/Epo-S1 cells and analyzing viral DNA
replication using Southern blotting. We found that 11-kDa knockout drastically reduced
the level of both monomer RF (mRF) DNA and ssDNA (Fig. 1B, lane 1 versus lane 2). In
comparison to the VP1/2 knockout-only mutant, M20VPKO, the double (both VP1/2 and
11-kDa)-knockout mutant, M20VP�11KO, showed no appreciable difference in terms of
the levels of mRF DNA (Fig. 1B, lanes 3 and 4). Notably, no obvious ssDNA was produced
in either of the VP knockout mutants (Fig. 1B, lanes 3 and 4), suggesting that ssDNA
production relies on the presence of the assembled viral capsids. In other words, the
ssDNA is likely not presented as the free-DNA form but, rather, only as encapsidated
into virions.

FIG 1 Knockout of 11-kDa significantly reduces the level of B19V replication. UT7/Epo-S1 cells were
primed in hypoxia for 2 days prior to nucleofection. Wild-type (WT) and mutants of pM20 were digested
with SalI before being nucleofected. (A) At 48 h postnucleofection, cells were harvested for Western
blotting using antibodies, as indicated. �-Actin was probed as a loading control. (B) At 48 h postnucleo-
fection, Hirt DNA was extracted from the cells and analyzed with Southern blotting using an M20 (B19V
nt 1 to 5596) probe. The blot was reprobed with a mitochondrial DNA (Mito DNA) probe. dRF, double
replicative form; mRF, monomer replicative form.
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Taken together, our results suggest that it is unlikely that the 11-kDa-enhanced B19V
DNA replication is mediated by regulating expression of other viral proteins.

The 11-kDa protein interacts with Grb2 in vitro with a high affinity. 11-kDa
contains three well-conserved putative Src homology 3 (SH3) binding domains (proline-
rich motifs) at amino acids (aa) 30 to 35, 42 to 46, and 51 to 55, respectively, which are
conserved in three genotypes of B19V (Fig. 2A). The candidates that potentially bind to
the 11-kDa protein were identified by in silico analysis at http://cbm.bio.uniroma2.it/
SH3-Hunter. The candidates with scores higher than threshold levels were chosen from
the program output and are presented in Fig. 2B. Two of the three SH3 binding
domains on 11-kDa showed a nearly perfect score for binding to human Grb2 protein
at the C terminus (Grb-c), while one of the two also showed good computational
affinity to the N terminus (Grb-n). In addition to human Grb2, the p85� subunit of the
phosphoinositide 3-kinase (PI3K) also had good scores for binding to the proline-rich
motif at aa 42 to 46. To test the computational predictions, we first employed an in vitro
pulldown assay to determine the binding between glutathione S-transferase (GST)–11-
kDa (N-terminal GST) and the two candidates (Grb2 and PI3K p85�) plus the p85�

subunit of PI3K as a control. While human Grb2 showed an interaction with GST–11-kDa
(Fig. 3A), both p85� and p85� failed to be pulled down by GST–11-kDa (Fig. 3B). We
further used purified GST–11-kDa to pull down the native form of Grb2 out of the
whole-cell lysate prepared from M20-transfected UT7/Epo-S1 cells or B19V-infected
CD36� EPCs. The result further confirmed the interaction between Grb2 and 11-kDa
(Fig. 3C).

We next used biolayer interferometry (BLI) to determine the kinetics of the 11-kDa
and Grb2 protein interaction in vitro. We purified GST–11-kDa and maltose binding

FIG 2 11-kDa protein contains three conserved proline-rich motifs. (A) Alignment of amino acid sequence of the
11-kDa proteins. The 11-kDa amino acid sequences of the B19V representative genotype 1 (J35 isolate; GenBank
accession no. AY386330), genotype 2 (A6 isolate; GenBank accession no. AY064475), and genotype 3 (V9 isolate;
GenBank accession no. AJ249437) were chosen for alignment using ClustalW2 (65). Identical amino acids are
indicated with a star symbol, while semiconserved and conserved amino acids are indicated with periods and
colons, respectively, under the amino acid sequences of the 11-kDa proteins. The three conserved proline-rich
motifs (PR1 to PR3) are underlined. (B) In silico analysis. The potential 11-kDa-interacting proteins were analyzed by
the SH3 hunter program (http://cbm.bio.uniroma2.it/SH3-Hunter/).
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protein (MBP)-Grb2-His for this purpose. We first dipped the Ni-nitrilotriacetic acid
(NTA) biosensor tips into 2 �M MBP-Grb2-His and then into GST–11-kDa at various
concentrations. We observed a strong association of GST–11-kDa with the sensor at 10, 5,
2.5, or 1.25 �M, and almost no dissociations in the binding buffer containing 100 mM NaCl
were observed (Fig. 3D). As controls, neither an interaction between MBP and GST–11-kDa
nor between Grb2 and GST was observed (Fig. 3D). The equilibrium dissociation constant
(KD) between 11-kDa and Grb2 was determined as 18.13 � 8.59 nM by dividing the disso-
ciation rate constant (Kdiss) by the association rate constant (Kass) (Fig. 3E), suggesting a
high-affinity protein-protein interaction.

The 11-kDa protein associates with Grb2 during infection. The binding of 11-kDa
and the native Grb2 was further observed in a coimmunoprecipitation (co-IP) assay

FIG 3 11-kDa specifically interacts with Grb2 but not P85� in vitro. (A to C) GST pulldown assay. Purified GST and
GST–11-kDa were used as bait to pull down Grb2 from bacteria lysate. Numbered bands are as follows: 1, GST
control; 2, Grb2; 3, GST–11-kDa; 4, putative Grb2 dimer; 5, putative GST–11-kDa dimer (A). Purified GST and
GST–11-kDa were used as bait to pull down PI3K p85� and p85� subunits from bacterial lysate. Arrow shows the
expressed p85� and p85� at �85 kDa (B). Purified GST and GST–11-kDa were used as bait to pull down Grb2 from
lysate of M20-transfected UT7/Epo-S1 (S1) cells or B19V-infected EPCs. Both Coomassie blue staining and Western
blotting were performed to examine the pulldown results (C). Diamond, Grb2; star, GST-11kDa monomers and
dimers. (D and E) Biolayer interferometry (BLI) analysis of the interaction between 11-kDa and Grb2. BLI sensograms
show the association and dissociation of Grb2 protein (at 2 �M) with WT 11-kDa at different concentrations, as
indicated. Concentrations of 5 �M GST–11-kDa with 2 �M MBP-His and 5 �M GST with 2 �M MBP-Grb2-His were
set up as negative controls (D). Binding parameters and Kdiss and Kass were used to calculate KD values (ratio of
dissociation to association rate constant). Experiments were repeated at least three times for calculating the means
and standard deviations of the KD.
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using B19V-infected CD36� EPCs. Both cellular Grb2 and 11-kDa were coimmunopre-
cipitated when anti-Grb2 was added to the infected cell lysate (Fig. 4A). Furthermore,
the immunofluorescence assay showed colocalization of 11-kDa with Grb2 predomi-
nately in the cytoplasm of B19V-infected CD36� EPCs (Fig. 4B). There were minor
associations of 11-kDa with Grb2 in the nucleus, which is consistent with a previous
report that partial Grb2 was also located in the nucleus (43). These results demon-
strated an association between viral 11-kDa and cellular Grb2 in B19V-infected CD36�

EPCs.
Knockdown of cellular Grb2 facilitates B19V infection. Given the specific 11-

kDa–Grb2 interaction, the importance of 11-kDa in B19V replication, and the high
abundance of the 11-kDa protein during infection (23), we hypothesized that cellular
Grb2 plays an important role in B19V infection. To test this hypothesis, we produced
lentivirus encoding an shRNA specifically targeting the human Grb2 gene and applied
it to CD36� EPCs. In a representative experiment shown in Fig. 5A, the pERK peak
matched the GrB2 peak. The Grb2-specific shRNA decreased the level of cellular Grb2
expression by �50% and pERK expression by �40%, as determined as mean fluores-
cence intensities (MFI) by flow cytometry (Fig. 5B). This result is consistent with previous
reports that downregulation of cellular Grb2 resulted in a decrease of ERK activation
(phosphorylation of ERK) (37–40). In agreement with our previous finding that ERK
activation negatively regulates B19V infection (41), downregulation of cellular Grb2
using a Grb2-specific shRNA consistently increased the level of NS1-positive cells by
�40% in B19V-infected CD36� EPCs (Fig. 5C and D).

Thus, the above results support the idea that Grb2 regulates the ERK activity of
CD36� EPCs, which controls B19V infection.

ERK activity is reduced in cells expressing 11-kDa or infected with B19V. To
further interrogate the 11-kDa–Grb2–ERK pathway, we examined the level of pERK in
UT7/Epo-S1 cells which expressed green fluorescent protein (GFP) or both GFP and
11-kDa. By selection of the GFP-positive population, the reduction of ERK activity by
11-kDa expression was significantly detected by flow cytometry analysis (Fig. 6A and B).

FIG 4 11-kDa specifically interacts with cellular Grb2 in vivo during infection. (A) Coimmunoprecipitation
(co-IP) assay. An anti-Grb2 antibody was used to bind with and cross-link to beads, followed by pulldown
of 11-kDa from lysate of B19V-infected EPCs at 48 h postinfection. Western blotting (WB) was used to
identify the pulled down proteins, 11-kDa and Grb2, using anti-11-kDa and anti-Grb2, respectively. (B)
Immunofluorescence assay. At 48 h postinfection, B19V-infected EPCs were harvested and coimmunos-
tained for 11-kDa (red), Grb2 (green), and nucleus (blue) simultaneously. The cells were then visualized
by confocal microscopy. DAPI, 4=,6=-diamidino-2-phenylindole.
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Consistently, in CD36� EPCs transduced with 11-kDa-encoding retrovirus, the level of
pERK was significantly decreased as well (Fig. 6C and D). As a control, during B19V
infection, the level of ERK activity was also consistently decreased (41) (Fig. 6E and F).

Collectively, these results confirmed that 11-kDa expression decreases cellular ERK
(phosphorylation) activity.

The 11-kDa protein interacts with Grb2 via three redundant proline-rich mo-
tifs. B19V 11-kDa contains three proline-rich motifs (Fig. 7A), and all three motifs have
the potential to bind cellular Grb2 (24). To investigate whether all of these SH3 binding
motifs are important in facilitating B19V replication, we mutated the proline-rich motifs
in various combinations. Knockout of two out of three proline-rich motifs decreased the
binding affinity of the mutant 11-kDa with Grb2 compared with that of the WT 11-kDa
but did not disrupt the interaction between 11-kDa and Grb2 in vitro, as shown in the
biolayer interferometry (Fig. 7B to D). Only knockout of all three proline-rich motifs (PR1
to PR3) completely abolished the 11-kDa and Grb2 interaction (Fig. 7E). A comparison
of the interaction kinetics of Grb2 with the WT and four mutants is shown in Fig. 7F, and
their KD values were calculated and are shown in Fig. 7G. These results indicate that
these three proline-rich motifs are functionally redundant in binding with cellular Grb2
and that at least one is required for a functional binding.

To examine the function of the proline-rich motifs of 11-kDa in cells, the mutant
11-kDa proteins were expressed in UT7/Epo-S1 cells to determine the level of ERK
activity. While knockout of all three WT proline-rich motifs (PR1 to PR3)successfully
rescued the decrease of pERK (Fig. 8A and B, PR1–3KO), knockout of any two of them
still significantly reduced the level of cellular pERK as did the WT (Fig. 8A and B, lanes

FIG 5 Grb2 knockdown facilitates B19V infection. (A and B) CD36� EPCs on day 7 were transduced with
lentiviruses. Cells were harvested at 48 h postransduction. The cells were analyzed by flow cytometry for
cellular Grb2 and phosphorylated ERK (pERK) expression as values of mean fluorescence intensity (MFI).
A representative experiment is shown in panel A. Statistical analyses of three independent experiments
are plotted with levels relative to those of control cells. (C and D) CD36� EPCs on day 7 were transduced
with lentivirus expressing a scrambled shRNA (Scr.shRNA) or shRNA targeting Grb2 (Grb2shRNA),
followed by B19V infection on day 9. Cells were harvested at 48 h postinfection and analyzed for NS1
expression as a percentage of NS1-expressing cells. A representative experiment is shown in panel C.
Statistical analyses of NS1 expression levels from three independent experiments are plotted with levels
relative to those of the Scr.shRNA-treated group. **, P � 0.01; ***, P � 0.001.
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4 to 6). This result, in line with the in vitro interaction assay (Fig. 7), indicates the
redundancy of these three proline-rich motifs in mediating 11-kDa and Grb2 interac-
tion.

In order to examine the function of the proline-rich motifs in the context of viral
DNA replication, the same mutations were made to the infectious clone, pM20. After
nucleofecting these proline-rich domain M20 mutants into UT7/Epo-S1 cells, Southern
blotting was employed to determine the effect of these mutations on viral DNA
replication. Knockout of all three proline-rich motifs showed an effect on viral DNA
replication similar to that of the complete knockout of 11-kDa (Fig. 8C, compare lanes
5 and 6). Importantly, knockout of any two of the three proline-rich motifs did not
significantly decrease the level of viral DNA replication (Fig. 8C and D, lanes 2 to 4). As
controls, knockout of any two of the three proline-rich motifs still significantly reduced
the level of pERK but not that of the protein that has all the three proline-rich motifs
mutated (PR1–3KO) (data not shown), which is consistent with what is shown in Fig. 8A
and B.

Taken together, all of these results support the conclusion that these three proline-
rich motifs are functionally redundant in interacting with cellular Grb2 and in facilitat-
ing B19V DNA replication.

DISCUSSION

The interaction between 11-kDa and Grb2 was first demonstrated in an in vitro
binding assay (24). Fortunately, with the B19V reverse genetics system, we were able to
explore the significance of this interaction in B19V-permissive cells. By engineering
11-kDa and VP knockouts in the infectious clone, we showed that the 11-kDa protein
plays an enhancement role in B19V DNA replication while it does not affect the basal
level of B19V DNA replication driven by NS1. Furthermore, we demonstrated the

FIG 6 B19V infection and 11-kDa expression only reduce the level of cellular phosphorylated ERK (pERK).
(A and B) UT7/Epo-S1 cells were primed in hypoxia for 2 days prior to treatment. Cells were transduced
with either a retrovirus made from pMSCV-IRES-GFP (GFP) or from pMSCV-OPT11k-IRES-GFP (11-kDa), as
indicated. At 48 h postransduction, cells were harvested and stained with anti-pERK, followed by flow
cytometry analysis. (A) Mean fluorescence intensity (MFI) values are shown. (B) Statistical analyses of the
relative levels of ERK phosphorylation are shown. (C and D) CD36� EPCs were transduced with respective
retroviruses as described above, expressing either GFP or 11-kDa. At 48 h postransduction, cells were
harvested and analyzed by Western blotting. Statistical analyses of the relative levels of ERK phosphor-
ylation are shown. (E and F) CD36� EPCs were infected with B19V. At 48 h postinfection, cells were
collected for Western blot analysis. A representative blot is shown. Statistical analyses of the relative
levels of ERK phosphorylation are shown. ***, P � 0.001; ****, P � 0.0001.
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specific interaction between 11-kDa and Grb2 during B19V infection, which is mediated
by three functionally redundant proline-rich motifs in vitro. Importantly, even one
proline-rich motif is sufficient to convey the interaction between 11-kDa and Grb2,
which significantly reduces cellular ERK activity, and, as a result, facilitates B19V
replication.

Upregulation of ERK activity has been observed during infection by various viruses
and implicated as a positive factor for both virus entry and intracellular trafficking
during infection (44). For some DNA viruses, ERK also facilitates virus replication
through cell cycle regulation (45). Interestingly, in consistency with our previous
findings (41), ERK signaling is a negative regulator in B19V replication. The MEK/ERK
pathway is indispensable in downstream signaling of Epo and Epo receptor (EpoR)-
dependent proliferation and survival of EPCs. Phosphorylation of EpoR at the tyrosine
489 (Y489) position mediates the interaction of EpoR and the SH2 domain of Grb2, and

FIG 7 One proline-rich motif is sufficient for 11-kDa to interact with Grb2 in vitro. (A) Mutations of proline-rich
motifs. The proline (blue) residues which were mutated to alanine (red) in each mutant are shown. The numbers
indicate the position of the amino acid residue in the 11-kDa protein. (B to E) Biolayer interferometry (BLI) BLI
sensograms show association and dissociation of the MBP-Grb2-His protein (2 �M) with GST–11-kDa proline-rich
(PR) motif mutants at different concentrations, as indicated. (F) Comparison of binding kinetics of all four PR
mutants with that of WT 11-kDa. (G) Binding parameters. The KD value is the ratio of the dissociation to the
association rate constant. Experiments were repeated at least three times for calculating the means and standard
deviations of the KD.
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the N-terminal SH3 domain of the Grb2 binds to the Ras-guanine exchange factor SOS,
which transduces the signal through the Grb2-SOS-Ras-Raf1-MEK-ERK pathway (Fig. 9)
(46). We propose that the interaction of 11-kDa with Grb2 disrupts the physiological
binding of Grb2 with SOS, which therefore decreases ERK activity. We previously
demonstrated that the hypoxic culture condition provided a fine-tuned balance be-
tween proliferation (ERK activity) and differentiation (STAT5 phosphorylation) that
facilitates B19V replication (41). It is intriguing to see that B19V expresses 11-kDa, one
of the only three nonstructural proteins expressed at high abundance (23), to specifi-
cally target cellular Grb2 and block the activation of the downstream ERK (Fig. 9). This
finding underscores the remarkable negative regulation of B19V replication by ERK
signaling. These results encourage future studies to further explore the significance of
ERK-regulated downstream molecules and their potential effect on B19V replication.

FIG 8 One proline-rich motif is sufficient for 11-kDa to decrease ERK phosphorylation and to increase
B19V DNA replication. (A and B) Mutations of two proline-rich (PR) motifs in the 11-kDa protein are not
enough to abolish the inhibition of ERK phosphorylation. Hypoxia-primed UT7/Epo-S1 cells were
transduced with the indicated retroviruses made from pMSCV-IRES-GFP (GFP) and pMSCV-OPT11k-IRES-
GFP (11-kDa) and 11-kDa mutant retroviruses (PR1–3KO, PR1 � 2KO, PR1 � 3KO, and PR2 � 3KO). (A) At
48 h postransduction, cells were harvested and analyzed by Western blotting using anti-pERK. The blot
was reprobed with anti-11-kDa and anti-�-actin. (B) Statistical analyses of the relative levels of ERK
phosphorylation from three independent experiments are shown. (C and D) Mutations of two proline-
rich motifs in the 11-kDa protein are not enough to decrease B19V DNA replication. UT7/Epo-S1 cells
were nucleofected with the indicated plasmids, including WT pM20 (WT), M20 11-kDa KO. and proline-
rich-domain knockouts of 11-kDa (PR1–3KO, PR1 � 2KO, PR1 � 3KO, and PR2 � 3KO). At 48 h post-
nucleofection, cells were harvested for Hirt DNA extraction. The Hirt DNA samples were then digested
with DpnI, followed by Southern blot analysis using the M20 probe. The blot was reprobed using a
mitochondrial (Mito) DNA probe. (D) Statistical analyses of the relative levels of the mRF DNA from three
independent experiments are shown. ***, P � 0.001; ns, not significant (P � 0.05).
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Any strategies to increase ERK activity in EPCs would be beneficial to limit B19V
infection.

ERK signaling plays an important role in cell cycle progression (47). Particularly,
activation of ERK facilitates G2/M transition by phosphorylation (activation) of
CDC25 (48, 49). B19V replication requires S-phase factors to replicate the viral
genome (50). B19V infection induces a late S-phase arrest, represented by a
prolonged S phase (BrdU�/DNA4N) at an early stage followed by a complete
G2-phase (BrdU�/DNA4N) arrest at a late stage of infection (51, 52). The late S-phase
arrest is induced by the B19V replication-induced DNA damage response, while the
G2-phase arrest is largely induced by the NS1 protein (22). Only 11-kDa expression
in cells induced apoptosis (23), but it did not induce G2-phase arrest (data not
shown), suggesting that the positive role of ERK inhibition in B19V replication is not
likely to be mediated by the cell cycle regulation. On the other hand, importantly,
it has been predicted that there are consensus binding sites of two ERK-driven ETS
transcription factors, Elk-1 and c-Ets, in the replication origin of B19V (20, 53). Of
note, the binding sites of Elk-1 and c-Ets overlap the putative host factor binding
sites in the minimal viral DNA replication origin (54). Thus, we hypothesize that ERK
activation may phosphorylate ETS transcription factors, which bind to the B19V
replication origin in competition with other host factors that enhance B19V DNA
replication (Fig. 9). Overall, the mechanism underlying ERK-regulated B19V replica-
tion warrants further investigation.

In conclusion, the present study, in concert with our previous report (41), demon-
strated the negative regulatory effect of ERK signaling on B19V DNA replication. In
order to ensure the inhibition of ERK activity that optimizes viral DNA replication, the

FIG 9 Proposed model of the 11-kDa disruption of the EpoR-Grb2-SOS-Ras-MEK-ERK pathway. Upon Epo
receptor (EpoR) activation through binding of Epo, Grb2 binds to tyrosine-phosphorylated EpoR either
directly, through its SH2 domain, or indirectly, by binding to EpoR-associated tyrosine-phosphorylated
SHC. Through the SH3 domain, Grb2 is constitutively associated with the guanine nucleotide-releasing
factor (SOS) (29, 66, 67). Binding of Grb2 to EpoR leads to translocation of SOS to the membrane, where
it triggers the exchange of GDP for GTP on Ras (68, 69); Ras-GTP then activates the Raf/MEK/ERK/ETS
cascade (42). 11-kDa binding to Grb2 disrupts the interaction of Grb2 with SOS, which would block the
exchange of GDP for GTP on Ras, and thereafter inhibits the Raf/MEK/ERK/ETS pathway. ERK activates ETS
transcription factors, i.e., Elk-1 and c-Ets, which have been predicted to bind to the B19V replication origin
(viral Ori) (20, 53).
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viral genome encodes the small nonstructural protein 11-kDa, which is abundantly
expressed during infection, to interrupt signaling transduction by directly binding to
Grb2 at proline-rich motifs in the cytoplasm. Thus, our study provides a unique model
of viral DNA replication regulation by a small viral nonstructural protein which is
expressed predominantly in the cytoplasm.

MATERIALS AND METHODS
Ethics statement. CD34� hematopoietic stem cells (HSCs) were isolated from bone marrow of a

healthy human donor. We purchased them from the National Disease Research Interchange (NDRI)
(Philadelphia, PA) without any identification information on the cells, and, therefore, an institutional
review board (IRB) review was waived.

Primary and cell line cells. (i) Ex vivo expansion of CD36� EPCs. Upon arrival at the laboratory
(defined as day 0), CD34� HSCs were cultured in erythroid progenitor cell (EPC) expansion Wong medium
(23, 55) under normoxia (5% CO2 and 21% O2) at 37°C until day 4 and were then frozen in liquid nitrogen
at 0.5 � 106 cells/vial. These cells were defined as day 4 HSCs (23, 55). The day 4 HSCs were thawed and
cultured in the Wong medium under hypoxia (5% CO2 and 1% O2) at 37°C until the time of treatment
and B19V infection, as indicated in each figure legend. The hypoxia condition was achieved using the
three-door chamber of a Heracell 150 Tri-Gas incubator (ThermoFisher).

(ii) UT7/Epo-S1 cells. UT7/Epo-S1 cells were obtained from Kevin Brown with permission from Kazuo
Sugamura. They are megakaryoblastoid cell line cells with erythroid characteristics supporting B19V
replication and were grown as described previously (56). While UT7/Epo-S1 cells were maintained under
normoxia, they were primed under hypoxia for 2 days prior to nucleofection and kept under hypoxia
until the time of analysis (41).

Virus and infection. B19V viremic plasma (no. 13) was obtained from Viracor Eurofins Laboratories
(Lee’s Summit, MO), and the numbers of B19V genome copies (vgc) per milliliter (1012 vgc/ml) were
quantified as previously described (41). B19V infection was carried out by adding the B19V-containing
plasma directly to the culture at a multiplicity of infection (MOI) of 2,000 vgc/cell.

Construction of plasmids. (i) Mutants of the B19V infectious clone. pM2011KO, the 11-kDa
knockout M20 mutant, was generated by mutating all the three ATGs (nucleotides [nt] 4890 to 4892, nt
4911 to 4913, and nt 4917 to 4919) (GenBank accession no. AY386330) at the 5= end of the coding region
to ACGs and has been described previously (25). pM20VPKO, the VP1/2 knockout mutant, was generated
by mutating nt 3413 to 3424 to 5=-TAA GCT AGC-3=, which introduced not only an early termination
codon to capsid genes but also an XbaI site for cloning confirmation. The double-knockout mutant
pM20VP�11KO was generated by combining the above two mutants. Based on pM20, the 11-kDa
proline-rich domain knockout mutants were generated by mutating the proline residues in the 11-kDa
coding region to alanines, as indicated in Fig. 7A. Mutations in the three proline-rich motifs did not alter
the VP1/2 open reading frame (ORF) or NS1, 7.5-kDa, and VP1/2 expression (data not shown).

(ii) Bacterial expression plasmids. The wild-type (WT) 11-kDa open reading frame (ORF) was
inserted in the EcoRI and XhoI sites of vector pGEX-4T3 (GE Life Sciences) to generate pGEX4T–11-kDa.
The respective proline-rich motif mutants of 11-kDa were generated by mutating prolines to alanines, as
indicated in Fig. 7A. ORFs of human Grb2 and the PI3K p85� and p85� subunits were cloned into EcoRI
(BamHI) and XhoI sites of pET-26b(�) (MilliporeSigma).

pMBP-Grb2-His plasmid was constructed by cloning a Grb2-6�Histidine ORF in the pMAL-c5X vector
(New England Biolabs) through NdeI and BamHI sites. pMBP-His was constructed by fusing 6�His to the
MBP ORF at the C terminus in pMAL-c5X through the SacI site.

(iii) Lentiviral vectors expressing shRNAs. Plasmids pLKO-GFP and pLKO-GFP-Scramble-shRNA
have been described previously (57). The validated shRNA sequence (5=-CCG GTC CTC TCT GTC AAG TTT
GGA AAC TCG AGT TTC CAA ACT TGA CAG AGA GGT TTT TC-3=) (MilliporeSigma, St. Louis, MO) was
cloned into pLKO-GFP using the AgeI and EcoRI sites to generate the pLKO-GFP-Grb2shRNA plasmid.

(iv) Retroviral vectors expressing codon-optimized 11-kDa and its mutants.The 11-kDa coding
sequence was codon optimized for optimal expression in human cells at Integrated DNA Technologies,
Inc. (Coralville, Iowa). The optimized 11-kDa coding sequence was inserted in the EcoRI and XhoI sites of
the pMSCV-IRES-GFP plasmid (where MSCV is mouse stem cell virus and IRES is internal ribosome entry
site), to generate pMSCV-OPT11k-IRES-GFP, according to a method described previously (41). Respective
proline-rich motif mutants of 11-kDa were constructed by mutating the same prolines as indicated in Fig.
7A to alanines.

Viral vector production and transduction. Lentivirus was produced and concentrated according to
instructions from Addgene (http://www.addgene.org/plko). The retroviruses Retro-OPT11k-IRES-G and
Retro-IRES-G (control) were produced by transfecting GP293 cells (TaKaRa Clontech) with pMSCV-
OPT11k-IRES-GFP-WRE and pMSCV-MCS-IRES-GFP-WRE (57), respectively, together with pCMV-VSVG
(where CMV is cytomegalovirus and VSVG is vesicular stomatitis virus G protein). The retroviral vectors
were concentrated according to the manufacturer’s instructions (catalog no. PT3132-1; Clontech).

Concentrated lentiviral or retroviral vectors were inoculated to CD36� EPCs (day 7 culture) at an MOI
of �4 fluorescent focus units/cell as described previously (57).

Protein purification. Glutathione S-transferase (GST) and GST-fused proteins were expressed in
BL21(DE3) Escherichia coli cells and purified according to the manufacturer’s protocols by using GSTrap
FF columns (GE Life Sciences) attached to a BioLogic LP low-pressure chromatography system (Bio-Rad).
His-tagged proteins Grb2 and PI3K p85� and p85� were expressed in BL21(DE3) E. coli and used as crude
lysates.
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MBP-Grb2-His and MBP-His proteins were expressed in BL21(DE3) E. coli. Crude extracts were
incubated with amylose resin according to the manufacturer’s instructions (New England Biolabs). After
cells were washed with the washing buffer (20 mM Tris-HCl, pH 7.4, 200 mM NaCl, 1 mM EDTA, 1 mM
dithiothreitol [DTT]), proteins were then eluted with 10 mM maltose.

All proteins for biolayer interferometry analysis were dialyzed with Tris binding buffer (25 mM
Tris-HCl, pH 7.4, and 100 mM NaCl), and the concentrations were measured using a Coomassie (Bradford)
protein assay kit according to the manufacturer’s instructions (catalog no. 23200; Thermo Scientific).

Biolayer interferometry analysis. A BLItz biolayer interferometry system (Pall ForteBio) was used to
determine the binding kinetics of the GST-fused 11-kDa (GST–11-kDa) and 11-kDa proline rich (PR) motif
mutants, GST–11-kDa (PR1 and PR2 KO, PR1 � 2KO; PR1 and PR3 KO, PR1 � 3KO; PR2 and PR3 KO,
PR2 � 3KO; and PR1–3KO), with MBP-Grb2-His as described previously (25). Briefly, Ni-NTA biosensors
were hydrated in Tris binding buffer (25 mM Tris-HCl, pH 7.4, and 100 mM NaCl) for 10 min, and
MBP-Grb2-His or MBP-His (at 2 �M) was mounted on Ni-NTA biosensors and equilibrated with the
binding buffer. Then the Ni-NTA biosensors were dipped into the binding buffer containing GST–11-kDa
and its mutant proteins or GST alone (control) at different concentrations to determine the binding
parameters, Kass (association rate constant) and Kdiss (dissociation rate constant), using BLItz Pro software.

Western and far-Western blot analysis. Western blot analysis was carried out as previously
described (58, 59). Signals were developed using SuperSignal West Pico chemiluminescent substrate
(ThermoFisher) under the Fujifilm imager LAS 4000 (Fujifilm Life Sciences). Images were processed for
quantification with Multi Gauge, version 2.3, software (Fujifilm Life Sciences). Antibodies used for
Western blotting were as follows: mouse anti-11-kDa, anti-B19V VP1/2, anti-�-actin, rabbit anti-Grb2, and
anti-pERK1/2. Secondary antibodies were horseradish peroxidase (HRP)-conjugated anti-rat and HRP-
conjugated anti-mouse or anti-rabbit. �-Actin was used as a loading control.

For far-Western blotting, the procedure was essentially identical to that of Western blotting except
that an additional 60-min incubation step was included in which lysates of protein-expressing bacteria
in 1 ml of culture were added in 10 ml of blocking buffer. Then the membrane was further incubated with
anti-Grb2, followed by incubation with a secondary antibody.

Nucleofection (transfection). The B19V infectious clone (M20) (60) or various M20 mutants, as
indicated in each figure legend, were digested with SalI. Two million hypoxia-primed UT7/Epo-S1 cells
were electroporated with 3 �g of the digested DNA in Nucleofector Solution V using an Amaxa
Nucleofector (Lonza, Basel, Switzerland), as described previously (61). After transfection, cells were
cultured under hypoxia conditions (1% O2).

Southern blot analysis of viral DNA replication. Low-molecular-weight (Hirt) DNA was extracted
from the cells. The Southern bot was probed with 32P-labeled B19V M20 DNA as described previously (62)
and was reprobed with a 32P-labeled probe for mitochondrial DNA (63). The blot was exposed to a
phosphorimaging screen, scanned on a PhosphorImager (Typhoon FLA9400), and analyzed using Image
Quant TL software (GE Life Sciences).

Pulldown assays. (i) GST pulldown assay. A GST protein pulldown assay was performed using a
MagneGST Pull-Down System (TM249; Promega) essentially according to the manufacturer’s instructions.

(ii) Co-IP assay. A coimmunoprecipitation (co-IP) assay was performed using a Pierce Crosslink IP kit
(catalog no. 26147; ThermoFisher) according to the manufacturer’s instructions.

Immunofluorescence staining. Cells were collected and poured on slides by using cytospin
(Shandon Cytospin III). After cells were fixed and permeabilized in 100% ice-cold acetone, the slides were
then blocked and probed with rabbit anti-Grb2 and mouse anti-11-kDa antibodies. The slides were
visualized with a Nikon confocal microscope, and images were taken at a magnification of �100 .

Flow cytometry analysis. Intracellular staining was performed at room temperature, essentially as
described previously (64). The following antibodies were used: rabbit anti-pERK1/2 and rat anti-NS1 (23).
For flow cytometry by GFP selection, the secondary antibody used was Cy5-conjugated anti-rat or
anti-rabbit antibody.

Antibodies used. Mouse anti-B19V 11-kDa and rat anti-NS1 sera were obtained as described
previously (23). The following antibodies were purchased from the indicated vendors: anti-VP1/2
(MAB8293, clone R92-F6) from Millipore, rabbit anti-Grb2 (NB110-57013) from Novus, anti-pERK1/2
(Thr202/Tyr204) monoclonal antibody (4377) from Cell Signaling, and anti-�-actin (A5441) from Sigma.
Cy5-conjugated anti-rat (112-176-143) or anti-rabbit (111-176-144) from Jackson ImmunoResearch,
HRP-conjugated anti-rat (112-035-003) from Jackson Laboratory, and HRP-conjugated anti-mouse
(A4416) or anti-rabbit (A0545) from Sigma were also used.

Statistical analysis. We used GraphPad Prism, version 7.0, to perform statistical analysis. The P values
were determined by using one-way analysis of variance (ANOVA) for comparison of three or more groups
and by Student’s t test for comparison of two groups. Error bars show mean and standard deviations (SD),
and P values are defined in the figure legends.
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