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ABSTRACT Nascent nucleocapsids of herpesviruses acquire a primary envelope during
their nuclear export by budding through the inner nuclear membrane into the
perinuclear space between the inner and outer nuclear membranes. This process is
mediated by a conserved viral heterodimeric complex designated the nuclear egress
complex, which consists of the nuclear matrix protein and the nuclear membrane
protein. In addition to its essential roles during nuclear egress, the nuclear matrix protein
has been shown to interact with intracellular signaling pathway molecules including
NF-kB and IFN-B to affect viral or cellular gene expression. The human herpesvirus 6A
(HHV-6A) U37 gene encodes a nuclear matrix protein, the role of which has not been
analyzed. Here, we show that HHV-6A U37 activates the heat shock element promoter
and induces the accumulation of the molecular chaperone Hsp90. Mechanistically,
HHV-6A U37 interacts with heat shock transcription factor 1 (HSF1) and induces its
phosphorylation at Ser-326. We report that pharmacological inhibition of HSF1, Hsp70,
or Hsp90 decreases viral protein accumulation and viral replication. Taken together,
our results lead us to propose a model in which HHV-6A U37 activates the heat shock
response to support viral gene expression and replication.

IMPORTANCE Human herpesvirus 6A (HHV-6A) is a dsDNA virus belonging to the
Roseolovirus genus within the Betaherpesvirinae subfamily. It is frequently found in
patients with neuroinflammatory disease, although its pathogenetic role, if any, awaits
elucidation. The heat shock response is important for cell survival under stressful
conditions that disrupt homeostasis. Our results indicate that HHV-6A U37 activates the
heat shock element promoter and leads to the accumulation of heat shock proteins.
Next, we show that the heat shock response is important for viral replication. Overall, our
findings provide new insights into the function of HHV-6A U37 in host cell signaling and
identify potential cellular targets involved in HHV-6A pathogenesis and replication.

KEYWORDS herpesviruses, HHV-6, heat shock response, HSP, nuclear egress

here are nine species of human herpesviruses which cause life-long persistent

infection. Herpesviruses replicate their genomes and package them into capsids
within the host cell nucleus (1-3). These capsids must translocate from the nucleus
to the cytoplasm through a process designated nuclear egress. In brief, the nascent
nucleocapsids bud at the inner nuclear membrane (INM) to form primary virions in the
perinuclear space, after which their envelopes fuse with the outer nuclear membrane
(ONM), releasing the nucleocapsids into the cytoplasm where they mature further (1-3).

The viral-encoded nuclear egress complex (NEC) is composed of two viral pro-
teins and plays a crucial role in the nucleocytoplasmic transport of newly-assembled
nucleocapsids (1-3). In the case of herpes simplex virus 1 (HSV-1), these proteins are
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designated UL31 and UL34, while in the case of human cytomegalovirus (HCMV), they
are designated UL50 and UL53. The latter is a membrane protein targeted to both
the INM and the ONM (4, 5), whereas the former is a nuclear matrix protein that is
held in close apposition to the inner and outer surfaces of the INM and ONM through
its interaction with UL34 (4, 5). Conversely, INM localization of UL34 is enhanced in
the presence of UL31 (4). Crystal structures of NEC from HSV-1 and the other Herpesvir-
idae reveal the highly conserved features of this complex (6-13) and their NECs are
considered to have an intrinsic ability to vesiculate membranes through formation of
hexagonal lattices (12, 14, 15). Furthermore, HSV-1 NECs recruit capsids into vesicles
(16-19) and mediate scission of the INM to finalize envelopment through host scission
ESCRT-IIl machinery (20-23).

In addition to its role in nuclear egress, the nuclear matrix protein UL31 affects
intracellular signaling. First, HSV-1 UL31 can activate the NF-kB signaling pathway to
promote the expression of viral proteins (24). Second, herpes simplex virus 2 (HSV-2)
UL31 can be recruited to sites of DNA damage through poly (ADP-ribose) (PAR), although
the details have not been fully elucidated (25). Finally, HSV-1 UL31 blocks interferon
(IFN)-B production via its interaction with signaling molecules (26). These reports suggest
that UL31 and its homolog proteins may possibly contribute to the regulation of viral
and/or host gene expression prior to their essential role in nuclear egress. However,
whether these functions of UL31 homologs are conserved among Herpesviridae has not
been elucidated.

Human herpesvirus 6A (HHV-6A) is a ubiquitous virus belonging to the Roseolovirus
genus within the Betaherpesvirinae subfamily (27-31). HHV-6A is frequently found in
patients with neuroinflammatory diseases such as multiple sclerosis and Hashimoto's
thyroiditis, although whether primary infection with HHV-6A has a causal role in these or
other illnesses has not yet been determined (32, 33). The HHV-6A homologs of UL31 and
UL34 are designated U37 and U34, respectively; their roles have not been well-studied.
Although the structures of the NEC are conserved in the members of all subfamilies
of Herpesviridae, the amino acid sequences of the UL31 homologs are diverse and are
clustered into individual subfamilies and genera (Fig. 1). The amino acid sequence at the
N-terminal region of the UL31 homologs is poorly conserved compared to the region of
UL31 homologs which form heterodimers with UL34 homologs (Fig. 1B).

Here, we focus on the role of the HHV-6A nuclear matrix protein U37 in intracellular
signaling. The heat shock element (HSE) promoter is activated in cells expressing
exogenous HHV-6A U37. We demonstrate that heat shock transcriptional factor 1 (HSF1)
is phosphorylated and responsible for the activation of the HSE in the presence of
HHV-6A U37. This depends on the N-terminal region of HHV-6A U37. Consistent with this,
heat shock proteins (HSPs) were up-regulated in HHV-6A-infected cells and viral replica-
tion was impaired by inhibitors of HSF1 or HSPs. Collectively, the results of our study
reveal an additional role of HHV-6A U37 for intracellular signaling and highlight the
importance of molecular chaperones during HHV-6A infection.

RESULTS
HHV-6A U37 activates the HSE promoter

Previous work had revealed that UL31 of HSV-1 and HSV-2 can modulate intracellular
signaling pathways (24-26). Despite the conserved structures of the NEC among
herpesviruses, the amino acid sequences of the UL31 homologs are diverse (Fig. 1). We
thus determined whether U37, the nuclear matrix protein encoded in the HHV-6A
genome, would elicit similar effects. HEK293T cells were co-transfected with Flag-tagged
HHV-6A U37 (Flag-HHV-6A U37) and a series of firefly luciferase reporter plasmids
harboring the IFN-Bpromoter (IFN-f-luc), the NF-kB-responsive element (NF-kB-luc), the
cAMP response element (cAMP-luc), or the heat shock element (HSE-luc). As shown in
Fig. 2, ectopic expression of Flag-HHV-6A U37 did not have any effect on IFN-f-luc, NF-
kB-luc, or cAMP-luc either in the presence or absence of the individual stimuli. However,
ectopic expression of Flag-HHV-6A U37 significantly stimulated the activity of HSE-luc
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FIG 1 Conservation of nuclear matrix proteins in Herpesviridae. (A) Amino acid sequences of nuclear matrix proteins from nine human herpesviruses were
aligned using multiple-sequence comparisons, and phylogeny was constructed using a neighbor-joining tree without distance corrections and scaled for equal
branch lengths (Genetycs ver. 2.2.5). Shaded boxes indicate herpesvirus subfamilies, which group closely to established phylogenetic trees. The dotted box
indicates genus Roseolovirus. HSV-1 UL31 (GenBank accession no. GU734771.1), HSV-2 UL31 (GenBank accession no. Z86099.2), VZV ORF27 (GenBank accession
no. CAA27910.1), HCMV UL53 (GenBank accession no. NC_006273.2), HHV-6A U37 (GenBank accession no. NC_001664.4), HHV-6B U37 (GenBank accession
no. AB021506.1), HHV-7 U37 (GenBank accession no. AAC40751.1), EBV BFLF2 (GenBank accession no. AJ507799.2) and KSHV ORF69 (GenBank accession no.
AF148805.2). (B) Alignment of amino acid sequences of HHV-6A U37 homologs in members of three subfamilies of the Herpesviridae. The residues conserved in
at least two herpesviruses are shaded. Secondary structural elements determined in HSV-1 UL31 (PDB: 4ZXS) are shown as blocks for a-helices and arrows for
B-sheets. The region of HSV-1 UL31 (PDB: 4ZXS) which is the solved structure of a UL31/UL34 complex is indicated by the dashed line.
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FIG 2 Exogenous expression of HHV-6A U37 activates the HSE promoter. (A and D) HEK293T cells were
co-transfected with either IFN-B-luc (A), CRE-luc (B), NF-kB-luc (C), or HSE-luc (D) together with pRL-CMV
as an internal control plasmid, along with either an empty plasmid (control) or plasmid expressing
Flag-HHV-6A U37. For IFN-3 promoter activation (A), mitochondrial antiviral signaling (MAVS) expression
plasmid was co-transfected in addition. For CRE promoter activation (B) or NF-kB promoter activation
(Q), cells were treated with 10 uM colforsin or 10 uM TNF-a, respectively, at 8 hours post-transfection
and incubated for another 12 hours. Luciferase activity was measured 24 hours post-transfection. For
HSE promoter activation (D), at 18 hours post-transfection, cells were left untreated, or exposed to heat
shock at 43°C for 30 minutes followed by 5 hours recovery before measuring the luciferase activity.
(E) HEK293T cells were transfected with Flag-HHV-6A U37 expression plasmid or empty plasmid (control).
At 24 hours post-transfection, the cells were analyzed by immunoblotting. Data are shown as means of
three independent experiments + standard error (*P < 0.05, unpaired Student’s t test).
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(Fig. 2A and B). Of note, heat shock increased the HSE-luc activity in the presence or
absence of HHV-6A U37, suggesting that heat shock and HHV-6A U37 synergistically
activate the HSE promoter.

In general, exposure to 5%-10°C above the optimal growth temperature leads to
a heat shock response which is characterized by activated transcription of HSP genes
orchestrated by a family of transcription factors designated heat shock factors (HSFs).
The heat shock response causes the elevation of HSPs, such as Hsp27, Hsp40, Hsp70,
and Hsp90, most of which are molecular chaperones that function to prevent protein
misfolding and aggregation (34, 35). In infected cells, HSPs are known to be important for
the precise function of viral proteins (36). To investigate whether HHV-6A U37 increases
expression of HSPs, HEK293T cells were transfected with the Flag-HHV-6A U37 expression
plasmid. As shown in Fig. 3, Flag-HHV-6A U37 localized to the nucleus in a manner
similar to its homolog proteins reported earlier (4, 7). Flag-HHV-6A U37 co-localized with
Hsp90 in the nucleus. Furthermore, accumulation of Hsp90 was significantly increased in
Flag-HHV-6A U37-expressing cells compared to the mock transfected cells. These results
suggest that HHV-6A specifically activates the cellular heat shock response system.

HSE is not activated by HHV-6A U34/U37 complexes or by HCMV UL53

The homolog proteins of HHV-6A U37 in other herpesviruses (such as HSV-1 UL31 or
HCMV UL53) form heterodimers with the other NEC components such as HSV-1 UL34 or
HCMV UL50 to localize at the nuclear rim in infected cells [although a fraction of HSV-1
UL31 or HCMV UL53 can be detected in the nucleus possibly as monomers (37-40)]. We
next analyzed the effect of HHV-6A U37 in the presence of HHV-6A U34, the homolog of
HSV UL34, and HCMV UL50. HEK293T cells were transfected with the expression plasmids
for Flag-HHV-6A U37 or HHV-6A U34-Strep, or the co-expression plasmid for HHV-6A
U34-Strep/Flag-HHV-6A U37. The HHV-6A U34-Strep/Flag-U37 co-expression plasmid
encodes the fusion protein of HHV-6A U34-Strep, P2A self-cleaving peptides, and HHV-6A
Flag-U37 to produce U34-Strep-P2A and Flag-U37 separately. At 48 hours after transfec-
tion, the cells were analyzed by immunoblotting and fluorescence assays. As expected,
Flag-U37 and/or U34-Strep was detected in the cells transfected with these plasmids (Fig.
4A). Furthermore, Flag-HHV-6A U37 relocalized to the nuclear rim in the presence of
HHV-6A U34-Strep. Of note, HHV-6A U34-Strep was detected as cytoplasmic membra-
nous structures but relocalized to the nuclear rim in the presence of Flag-HHV-6A U37
(Fig. 4B). However, expression of Flag-HHV-6A U37 did not stimulate HSE-luc in the
presence of HHV-6A U34-Strep (Fig. 4C). Because structural analysis of the NECs from
HSV-1, Epstein-Bar virus (EBV), and HCMV had revealed that they form a hexagonal lattice
through inter-molecular interactions (6, 12, 13, 15), the element in HHV-6A U37 responsi-
ble for HSE stimulation was possibly masked after formation of the NEC.

To investigate the region in HHV-6A U37 responsible for HSE stimulation, we construc-
ted a series of truncated HHV-6A U37s (Fig. 5A) and analyzed their effects on HSE-luc. As
shown in Fig. 5B and C, U37 1-200 and U37 1-150, in which the C-terminal region of
HHV-6A U37 was deleted, still enhanced HSE-luc to similar levels as wild-type U37. In
contrast, HHV-6A U37 90-264, in which the N-terminal region of HHV-6A U37 was
deleted, was expressed properly but failed to activate the HSE (Fig. 5B and C). These
results indicate that the N-terminal region of HHV-6A U37 is important for activation of
the HSE.

Next, we aimed to determine whether the effect of HHV-6A U37 is conserved among
betaherpesviruses. As shown in Fig. 6, ectopic expression of HCMV UL53, which is the
homolog of HHV-6A UL37, did not increase HSE-luc activity in the presence or absence of
the other NEC component HCMV UL53. These results indicate that the ability of HHV-6A
U37 to stimulate the HSE is not conserved in the other herpesviruses.

The role of HSF1 in activation of the HSE promoter by HHV-6A U37

HSF1 is the best-studied member of the HSF family. Under unstressed conditions, HSF1
exists as a monomer and its transcriptional activity is suppressed. When cells are stressed,
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FIG 3 Exogenous expression of HHV-6A U37 leads to accumulation of Hsp90. (A) HEK293T cells were transfected with
Flag-HHV-6A U37 expression plasmid or empty plasmid (control). At 48 hours post-transfection, cells were fixed and observed
by confocal microscopy. Bars, 10 um. (B) The mean fluorescence intensity (MFI) of Hsp90 in the cells (>6 cells per sample)
described in (A) was quantified. Data are shown as means of three independent experiments + standard error (P < 0.05,

unpaired Student’s t test). The mean value in the control cells was normalized to 100% relative MFI.

HSF1 undergoes several activating post-translational modifications and forms a tran-
scriptionally active trimer that accumulates in the nucleus and binds to HSEs that are
found in the upstream regulatory regions of the HSP genes (41). Among these modifica-
tions, stress-inducible phosphorylation of Ser-326 (S326) in the regulatory domain
contributes to the transactivation function of HSF1 and is used as a surrogate marker for
its activation. To investigate the mechanism of HSE activation by HHV-6A U37, we
analyzed the role of HSF1. To this end, first, HEK293T cells were transfected with the
expression plasmid for Flag-HSF1 in the presence or absence of plasmids expressing
Strep-HHV-6A U37. The phosphorylation of HSF1 at $326 was enhanced in cells transfec-
ted with the Strep-HHV-6A U37 expression plasmid compared to control, whereas the
accumulation of Flag-HSF1 was not affected (Fig. 7A and B). This finding suggests that
HHV-6A U37 mediates activation of HSF1. Unexpectedly, Strep-HHV-6A U37 was reduced
in cells expressing HSF1 but could be stabilized in the presence of MG132 (Fig. 7A). This
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FIG 4 HHV-6A U37 does not activate HSE in the presence of U34. (A and B) HEK293T cells were transfected with HHV-6A U34-Strep or Flag-HHV-6A U37

expression plasmids, or HHV-6A U34-Strep/Flag-HHV-6A U37 co-expression plasmids. At 24 hours post-transfection, cells were collected and analyzed by

immunoblotting (A) or fixed and visualized by confocal microscopy (B). Bars, 10 um. (C) HEK293T cells were co-transfected with HSE-luc together with pRL-CMV as

an internal control plasmid, along with either an empty plasmid or plasmid expressing HHV-6A U34-Strep, Flag-HHV-6A U37, or Strep-HHV-6A U34-Flag-HHV-6A

U37. Luciferase activity was measured 24 hours post-transfection. Data are shown as means of three independent experiments + standard error (**P < 0.01,

Tukey'’s test).

might be because HHV-6A U37 is degraded through the proteasomal system in HSF1-
expressing cells by some unidentified mechanism, as reflected by the finding that
treatment with the proteasome inhibitor MG132 enhanced the accumulation of Strep-
HHV-6A U37 in these cells (Fig. 7C).

Second, fluorescence assays were performed to investigate whether the two proteins
co-localized in the cells. HEK293T cells were transfected with the Flag-HSF1 expression
plasmid in the presence or absence of the Strep-HHV-6A U37 expression plasmid, and
then incubated with medium containing MG132. As expected, Flag-HSF1 co-localized
with Strep-HHV-6A U37 in the nucleus (Fig. 8A).

Third, interactions between HHV-6A U37 and HSF1 were investigated by the NanoBiT
assay, which enables measurement of protein-protein interactions in cells. In this assay,
the luciferase is split into two subunits, LgBiT and SmBIT, which do not fluoresce when
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FIG 5 N-terminal of HHV-6A U37 is important for HSE promoter activation. (A) Schematic representation
of Flag-HHV-6A U37 with different deletions. Dotted lines indicate deleted domains. (B) HEK293T cells
were co-transfected with HSE-luc together with pRL-CMV as an internal control plasmid, along with either

20 —

an empty plasmid or plasmid expressing different truncated versions of Flag-HHV-6A U37. Luciferase
activity was measured 24 hours post-transfection. Fold-changes of luciferase activity relative to control
are shown as means of six independent experiments with standard error (***P < 0.001, Tukey'’s test).
(C) HEK293T cells were transfected with the series of Flag-HHV-6A U37 expression plasmids. At 24 hours
post-transfection, cells were analyzed by immunoblotting.

separated, but luciferase enzyme activity is reconstituted when they are in close
proximity. By fusing two proteins with LgBiT and SmBIT, respectively, interactions
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FIG 6 HCMV UL53 has no effect on HSE. (A) HEK293T cells were co-transfected with HSE-luc together
with pRL-CMV as an internal control plasmid, along with either an empty plasmid or plasmid express-
ing HCMV UL50-Strep, Flag-HCMV UL53, or HCMV UL50-Strep-Flag-HCMV UL53. Luciferase activity was
measured 24 hours post-transfection. The data are shown as means of six independent experiments
and standard error (Tukey'’s test). (B) HEK293T cells were transfected with HCMV UL50-Strep, Flag-HCMV
UL53, or HCMV UL50-Strep-Flag-HCMV UL53 expression plasmid. At 24 hours post-transfection, cells were
analyzed by immunoblotting.

between them brings the two BiT subunits together and leads to luminescence signals.
Because interactions between U37 and U34 homologs or HSF1 and Hsp90 are well
characterized (4, 42, 43), we used these combinations as positive controls. Sm-BiT fused
to HaloTag (SmBit-HALO), which is unlikely to interact with HHV-6A U37, was used as a
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FIG 7 HHV-6A U37 increases HSF1 phosphorylation. (A) HEK293T cells were co-transfected with
Flag-HSF1 either with a control empty plasmid or Strep-HHV-6A U37 expression plasmid in the presence
or absence of 100 nM MG132 for 16 hours. At 24 hours post-transfection, cells were analyzed by
immunoblotting. (B and C) The intensity of HSF1 pS326 in each lane normalized against Flag-HSF1 (B) or
the intensity of Strep-U37 in each lane normalized against a-tubulin (C) is shown as the mean of six
independent experiments with standard error (*P < 0.05; **P < 0.01, unpaired Student’s t test).

negative control. As expected, co-expression of HHV-6A U37-LgBit and HHV-6A U34-
SmBit or Hsp90-LgBit and HSF1-SmBit led to luminescence enhancement (Fig. 8B). As
shown in Fig. 8B, co-expression of HHV-6A U37-LgBit and HSF1-SmBit significantly
increased luminescence compared to HHV-6A U37-LgBit and SmBit-HALO, suggesting
that HHV-6A U37 interacts with HSF1.

Because HHV-6A U37 interacts with and activates HSF1, we analyzed the role of HSF1
in HHV-6A U37-mediated HSE stimulation. KRIBB11 is a well-characterized inhibitor of
HSF1 through blocking the HSF1-dependent recruitment of positive transcription
elongation factor b (p-TEFb) (44). We confirmed that KRIBB11 had no effect on HEK293T
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FIG 8 HHV-6A U37 interacts with HSF1. (A) HEK293T cells were co-transfected with Flag-HSF1 expression plasmid in the
presence or absence of the Strep-HHV-6A U37 expression plasmid. At 8 hours post-transfection, the cells were treated with
100 nM MG132. At 24 hours post-transfection, cells were fixed and visualized by confocal microscopy. Bars, 10 pm. (B) HEK293T
cells were co-transfected with the indicated combination of NanoBit plasmids. At 24 hours post-transfection, luminescence
was detected. Data are shown as means of three independent experiments with standard error (*P < 0.05, unpaired Student’s
t test).

cell proliferation (Fig. 9A), but as shown in Fig. 9B, it impaired HHV-6A U37-dependent
stimulation of HSE-luc activity in the presence or absence of heat shock. These observa-
tions suggest that HHV-6A U37 specifically stimulates the HSE via the transcription factor
HSF1. Taken together, this series of observations suggests that HHV-6A U37 interacts
with and activates HSF1 to increase the expression of HSPs.

The role of heat shock signaling in HHV-6A replication

Next, we focused on whether heat shock signaling also takes place in HHV-6A-infected
cells. The HHV-6A permissive CD4* T cell line, JJhan, was either mock-infected or infected
with HHV-6A U1102, and HSP expression was then analyzed. First, we investigated the
accumulation of HSE-regulated proteins including Hsp90 in mock- and HHV-6A-infected
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FIG 9 KRIBB11 inhibits HSE promoter activation by HHV-6A U37. (A) HEK 293T cells were treated with
DMSO or 10 pM KRIBB11. At 18 hours post-treatment, cell viability was measured. Data are shown as
the means and standard errors of five independent experiments and are expressed relative to the mean
for DMSO-treated cells, which was normalized to 100% (ns, not significant, unpaired Student’s t test).
(B) HEK293T cells were co-transfected with HSE-luc together with pRL-CMV as an internal control plasmid,
along with either an empty plasmid or plasmid expressing Flag-HHV-6A U37. At 6 hours post-transfec-
tion, cells were treated with DMSO or 10 uM KRIBB11, followed by incubation for another 16 hours.
For HSE promoter activation, the cells were incubated at 43°C for 30 minutes followed by 5 hours
recovering before the luciferase activity was measured. The data are shown as means of five independent

experiments and standard error (**P < 0.01, unpaired Student’s t test).

cells but failed to detect differences between samples by immunoblotting. When JJhan
cells were infected with HHV-6A, some of them produced viral proteins, while others did
not express viral proteins. Thus, we analyzed Hsp90 accumulation in the cells expressing
HHV-6A protein by immunofluorescence to distinguish those expressing viral protein.
JJhan cells were mock-infected or infected with HHV-6A U1102 for 72 hours and then
analyzed. Viral tegument protein U14 was detected in about 40% of the infected cells but
not in mock-infected cells (Fig. 10A). Accumulation of Hsp90 was significantly enhanced
in the U14-expressing cells compared to the uninfected cells, whereas tubulin was not
(Fig. 10A and B). Of note, accumulation of Hsp90 was not enhanced in U14-negative
HHV-6A infected cells, indicating that the presence of cell debris in viral stock was
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FIG 10 HHV-6A infection results in accumulation of Hsp90. (A) JJhan cells were mock-infected or
infected with HHV-6A U1102. At 72 hours post-infection, the cells were fixed and observed by confocal
microscopy. Bars, 20 um. (B) The mean fluorescence intensity (MFI) of Hsp90 or a-tubulin (>6 cells per
sample) was quantified. Data are shown as means of three independent experiments + standard error (*P
< 0.05, unpaired Student’s t test). The mean value in the mock-infected cells was normalized to 100%
relative MFI.
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unlikely to be causing this enhancement. These results suggest that HHV-6A infection
results in the accumulation of HSPs, similar to what is reported for other herpesviruses
(45-47).

To investigate the role of HHV-6 U37 in infected cells, we first attempted to construct
a U37-deletion mutant using bacterial artificial chromosome (BAC) mutagenesis. We
generated HHV-6A-AU37 BAC harboring the deletion in U37 and HHV-6A-AU37-repair
BAC, in which the U37 deletion in HHV-6A-AU37 BAC was repaired (Fig. 11A). JJhan cells
were transfected with these BAC DNAs and incubated for a few days after which the
transfected cells were co-cultured with CBMCs for 3-5 days. At that time, an increase in
the number of cells expressing green fluorescent protein (GFP) and cytopathic effects
(CPEs) were observed in cells transfected with wild-type HHV-6A BAC or HHV-6A-AU37-
repair BAC but not with HHV-6A-AU37 BAC (Fig. 11B). These results suggest that HHV-6A
U37 is essential for viral replication, similar to HCMV nuclear matrix protein UL53 (48, 49).
Thus, we could not further analyze the role of U37 for HSP accumulation in infected cells.

A
BAC-GFP
HHV-6A (wild-type)
R1 R2 R3
[uss >[us7 > Uu3s
HHV-6A U37
1 792
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FIG 11 HHV-6A-AU37 could not be reconstituted from BAC DNA. (A) Schematic diagrams of the genome structure of
wild-type HHV-6A and the relevant domains of the recombinant HHV-6A BAC used in this study. Line 1, HHV-6A BAC
(wild-type) genome; line 2, domain of the U36 to the U38 gene; line 3, domains of the U37 gene; line 4 and 5, recombinant
HHV-6A BAC with mutations in U37. (B) JJhan cells were transfected with BAC DNA of HHV-6A, HHV-6A-AU37 or HHV-6A-AU37-
repair. The transfected cells were co-cultured with CBMCs 4-6 days post-transfection, and viruses were propagated. GFP
fluorescence images and light microscopy images of each type of infected cell are shown. Representative images of three

independent experiments are shown. Scale bar indicates 100 um.
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FIG 12 Inhibitors of the heat shock response impair HHV-6A replication. (A and B) JJhan cells were
mock-infected or infected with HHV-6A U1102 and were then treated with DMSO, 10 uM KRIBB11, 10 uM
17-AAG, or 10 uM VER-155008 6 hours after infection. At 72 hours post-infection, cells were analyzed
using immunoblotting (A) with the indicated antibodies, while genome copy numbers were measured
using gPCR (B) following DNA extraction from the supernatant of the infected cells. The data are shown
as means of three independent experiments and standard error (**P < 0.01, Tukey’s test). (C) JJhan
cells were treated with DMSO, 10 uM KRIBB11, 10 uM 17-AAG, or 10 uM VER-155008. After 72 hours
post-treatment, cell viability was measured. Data are shown as the means and standard errors of three
independent experiments and are expressed relative to the mean for DMSO treated cells, which was
normalized to 100% (ns, not significant, Tukey'’s test).
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Finally, because HSPs accumulated in HHV-6A-infected cells, we investigated whether
HSE activation and HSP accumulation enhanced viral gene expression and replication.
JJhan cells were mock-infected or infected with HHV-6A U1102 for 24 hours and then
left untreated, or treated with the HSF1 inhibitor KRIBB11, Hsp90 inhibitor 17-AAG (50)
or Hsp70 inhibitor VER-155008 (51). The cells were then incubated for a further 48 hours
to allow HHV-6A propagation before analysis. As shown in Fig. 12A, KRIBB11, 17-AAG
or VER-155008 treatment reduced the accumulation of viral proteins U14 and gQ1, and
also viral yields (Fig. 12A and B ). KRIBB11 or 17-AAG treatment had minor effects on the
proliferation of JJhan cells, whereas VER-155008 treatment slightly reduced it (Fig. 12C).
Taken together, these results suggest that heat shock signaling is important for viral gene
expression and viral growth in JJhan cells.

DISCUSSION

The heat shock response is considered to be a cellular defense mechanism against the
deleterious effects of physiological stress due to protein misfolding, degradation, and the
accumulation of insoluble aggregates (41). These stress signals result in the activation
of HSF1 and synthesis of HSPs, many of which function as molecular chaperones (41).
Numerous reports have shown that up-regulation of the heat shock response occurs
during herpesviral infection via viral protein expression (45-47). In the present study, we
identified novel interactions between herpes viral proteins and the heat shock response.
We demonstrated that HHV-6A nuclear matrix protein U37 activated the HSE through its
interaction with HSF1. In the presence of HHV-6A U37, Hsp90 accumulated. Furthermore,
we demonstrated that HSF1 and HSPs were important for HHV-6A gene expression and
viral replication.

Our results emphasize the importance of heat shock signals in the viral life cycle.
Accumulation of HSPs in the nucleus was observed in cells infected with HSV-1 or
HCMV (46, 47, 52) and HSP inhibitors impaired viral replication (47, 53-58). Because viral
DNA polymerase is a client of Hsp90 (47), the accumulation of HSPs is considered to
support viral genome replication. In agreement with these observations, we showed
that inhibitors of HSF1, Hsp70, or Hsp90 impaired the replication of HHV-6A. Thus,
the importance of the heat shock response is highly conserved in viruses belong to
Herpesviridae. However, enhancement of the HSE promoter by HCMV UL53 was not
observed, even though the role of NEC in nucleocytoplasmic transport of viral capsids
is conserved in all subfamilies of the Herpesviridae. Similarly, HHV-6A U37 did not
impair the IFN-B cascade, which is blocked by HSV-1 UL31. The region in HHV-6A U37
responsible for HSE activation mapped to its N-terminus and because this region in
U37 homologs is less conserved, this might be responsible for these differences. In
contrast, the amino acid sequences of HHV-6A U37 and HHV-6B U37 are very similar,
with a sequence identity and similarity score of 97% and 100%, respectively. Based on
this, we believe that HHV-6A U37 and HHV-6B U37 would both have similar properties.
The unexpected diversity of NEC functions is an interesting issue for understanding the
differences between the nine human herpesviruses.

Enhancement of the HSE in HHV-6A U37-expressing cells could be mediated by
abnormal aggregation of U37 because HSV-1 UL31 or UL34 are unstable without each
other (14). However, deletion of the N-terminus of HHV-6A U37 abolished this enhance-
ment, suggesting a specific role of HHV-6A U37 in the heat shock response. Furthermore,
interactions between HHV-6A U37 and HSF1 were detected by NanoBiT assays, and we
therefore concluded that HHV-6A U37 specifically activates HSF1 to enhance the HSE
in HSP promoters. In the present study, we could not show the importance of U37
in HHV-6A-infected cells, as U37 homologs in betaherpesviruses are concluded to be
essential for viral replication (48, 49).

In addition to the role of HHV-6A U37, other viral proteins possibly contribute to this
activation in infected cells. Previous reports revealed that IE proteins mediate heat shock
responses in HSV-1 and HCMV (46, 59). Because IE proteins are expressed immediately
after infection and before the expression of viral DNA polymerase, HHV-6A IE proteins
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might activate the heat shock response. Interestingly, the HSE was not activated by
HHV-6A U37 in the presence of HHV-6A U34. Thus, HHV-6A U37 possibly activates the
heat shock response at an early time after infection but loses this ability after accumula-
tion of HHV-6A U34 at the INM. This negative feedback might be important for evasion of
host antiviral machinery mediated by heat shock response (60). However, both HHV-6A
U34 and HHV-6A U37 are characterized as late proteins and are presumably expressed
at the same time (61). Further study is required to determine how and when HHV-6A
U37 activates the HSE in infected cells. Alternatively, proteins other than U37, expressed
later after infection, possibly activate the heat shock response. In any case, heat shock
signaling is regulated in infected cells, but the details have not been elucidated yet.

In addition to their role in regulating viral DNA polymerase, HSPs support various
viral and cellular proteins which mediate viral entry, capsid transport or viral assembly
(47, 53-58). Furthermore, the heat shock response is important for protecting cells from
the stress caused by viral infection. Thus, the heat shock response is expected to be
a therapeutic target for herpesvirus infection. Our findings provide important insights
into novel interactions between herpesviruses and the heat shock response, and might
suggest new targets for antiviral therapy for HHV-6A.

MATERIALS AND METHODS
Cells and viruses

HEK293T cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemen-
ted with 8% fetal bovine serum (FBS). The human T-lymphoblastoid cell line, JJhan, was
cultured in RPMI 1640 medium containing 8% FBS. Umbilical cord blood mononuclear
cells (CBMCs) were cultured as described previously (62, 63). CBMCs were purchased from
the Cell Bank of the RIKEN BioResource Center, Tsukuba, Japan and used to make viral
stocks. The use of CBMCs in this study was approved by the Ethics Committee of Kobe
University Graduate School of Medicine (approval No. 1209). The HHV-6A strain U1102
was used for this study, and HHV-6 cell-free virus was prepared from CBMCs as described
previously (62, 63). Briefly, CBMCs infected with HHV-6A U1102 were lysed by freezing
and thawing once at —80°C. Cell debris was removed by centrifugation at 1,500 g for
5 minutes and the supernatants were then used for virus infections. For infecting the
target cell line JJhan with HHV-6A virus stock, 1 x 10° cells were collected by centrifuga-
tion and resuspended in 1.5 mL of RPMI medium with 200 uL of virus stock containing
1.6 x 10® genome copies of the virus or medium only as a mock control. The cells
were then centrifuged at 35°C for 30 minutes at 1,700 g in 24-well plates, followed by
culturing in RPMI supplemented with 2% FBS. Transfection experiments were performed
using Lipofectamine 3000 (Thermo Fisher Scientific) as previously described (64, 65). To
inhibit proteasomal degradation, the cells were treated with 100 nM MG132 for 16 hours
before collection.

Cell viability determination

Five thousand cells/well were cultured in 96-well plates with 100 pL of medium/well. The
cells were treated with DMSO, 10 uM KRIBB11, 10 uM 17-AAG, or 10 pM VER-155008.
Three hours prior to determining cell viability, 10 pL of Cell Counting Kit-8 solution
(Dojindo) was added to each well. The amount of formazan dye generated by the
dehydrogenase in living cells was determined by measuring the absorbance at 450 nm
using a microplate reader, following the manufacturer’s instructions.

Plasmids

The coding sequences of HHV-6A U37 were codon-optimized, fused with Flag at the
N-terminus, and cloned into pcDNA3.1+ (Thermo Fisher Scientific) to express Flag-
HHV-6A U37. The coding sequences of HHV-6A U34 were codon-optimized, fused with
Strep-tag at the C-terminus, and cloned into pcDNA3.1+ to express HHV-6A U34-strep.
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To construct the HHV-6A U34-Strep/Flag-HHV-6A U37 co-expression plasmid, the stop
codon of HHV-6A U34-Strep was removed, fused to P2A sequence, and cloned into
the N-terminus of the Flag-HHV-6A U37 coding sequence in its expression plasmid.
The HHV-6A U34-Strep/Flag-HHV-6A U37 co-expression plasmid encodes the bipartite
fusion protein of HHV-6A U34-Strep, P2A self-cleaving peptides, and HHV-6A Flag-U37
to produce U34-Strep-P2A and Flag-U37 separately. To express HCMV UL50 and HCMV
UL53, their coding sequences were amplified by PCR from the genome of the HCMV
Merlin strain and cloned into pcDNA3 (Thermo Fisher Scientific) similar to HHV-6A U34
and U37. Plasmid FLAG-HSF1 was a gift from Stuart Calderwood (Addgene plasmid #
32537) (66) and was used to express HSF1. For NanoBiT assays, the coding sequences
of HHV-6A U34 or HSF1 were amplified by PCR from the plasmids described above
and cloned into pTK-C-SmBIT (Promega). They are designated pTK-HHV-6A U34-SmBit
or pTK-HSF1-SmBit, respectively. The coding sequences of HHV-6A U37 or cDNA of
HSP90AA1 from CBMCs were cloned into pTK-C-LgBiT (Promega) and designated
pTK-HHV-6A U37-LgBit or pTK-Hsp90-LgBit, respectively. The plasmid pBS-U37g1.599-Kan
was constructed as follows: part of the coding sequence of HHV-6A U37 (nucleotide
position 91-590) was amplified by PCR and cloned into pBlueScript KS (+), and designa-
ted pBS-HHV-6A-U3791.590. The kanamycin resistance cassette, amplified from pEP-Kan$
(67) using the primers 5-AACACACCTGCCTAGAATTCTCCCCCTACGCTAACGAACAAATCT-
CCAAAAGCGCCTGCCTAGGGATAACAGGGTAATCGATTT-3" and 5- GCGAATTCGCATATG-
CTAGCCAGTGTTACAACCAATTAACC-3" was then cloned into the internal EcoRI site in
pBS-HHV-6A U3791.590 and designated pBS-HHV-6A U379_59p-kan.

Antibodies

For immunoblotting and immunofluorescence analysis, we used mouse monoclonal
antibodies against a-tubulin (DM1A; Sigma), Hsp90 (AC88, Abcam), FLAG (M2; Sigma),
and Strep-tag Il (4F1; MBL), and a rabbit monoclonal antibody against HSF1 pS326
(EP1713Y; Abcam). Monoclonal antibodies to HHV-6A U14 (AU14) and gQ1 (AgQ1-119)
were produced and used as previously described (68, 69).

Luciferase assay

HEK293T cells were co-transfected with either a pGL4.32 (NF-kB-luc; Promega), p125-Luc
[IFN-B-luc (70)]1, pGL4.41 (HSE-luc; Promega), or pGL4.29 (CRE-luc; Promega) reporter
plasmid along with an empty plasmid or plasmid carrying Flag-HHV-6A U37. As an
internal control, pRL-CMV (Promega) containing the Renilla luciferase gene driven by the
cytomegalovirus (CMV) promoter was co-transfected into the target cells. At 24 hours
post-transfection, firefly and Renilla luciferase activities were independently assayed
using the dual-luciferase reporter assay system (Promega). The luciferase activity (Fluc/
Rluc) was calculated as (firefly luciferase activity)/(Renilla luciferase activity) (62, 65). To
analyze the effect of different stimuli, transfected cells were untreated or treated with
10 ng TNF-a or 10 uM colforsin as an inducer of NF-kB and CRE, respectively, 6 hours
after transfection, followed by incubation for a further 18 hours. For IFN-B-luc, the
MAVS expression plasmid was co-transfected with the reporter plasmids. For HSE-luc,
the transfected cells were incubated at 43°C for 30 minutes 18 hours post-transfection,
followed by incubation at 37°C for 5 hours before measuring the luciferase activity. To
inhibit HSF1, the transfected cells were treated with 10 uM of KRIBB11 or mock-treated
6 hours post-transfection and further incubated for 18 hours before luciferase analysis.

Immunoblotting and immunofluorescence

Immunoblotting and immunofluorescence was performed as described previously (19,
22, 63, 71). The band intensities of HSF1 pS326 were evaluated using Image J soft-
ware and normalized to HSF1. For immunofluorescence, the cells were fixed with 4%
paraformaldehyde (for transfected cells) or methanol/acetone (for infected cells) and
stained with the indicated antibodies. Nuclear DNA was stained with Hoechst 33342
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and specific signals were detected using a confocal laser-scanning microscope (LSM800
microscope; Zeiss). For quantification of fluorescence, images of each cell acquired by the
LSM800 microscope were analyzed using the Histo function in ZEN3.1 software (Zeiss) as
previously reported (22, 72).

NanoBiT assay

HEK293T cells were transfected with pTK-HHV-6A U34-SmBit or pTK-HSF1-SmBit together
with pTK-HHV-6A U37-LgBit or pTK-Hsp90-LgBit. After 24 hours, Nano-Glo Live Cell
Reagent (Promega) was added and luminescence was detected using a microplate
reader. The combination of pTK-HHV-6A U37-LgBit and the HaloTag-SmBIiT vector was
used as a negative control.

Construction of recombinant HHV-6A BAC

To construct HHV-6A-AU37 BAC, harboring a deletion in U37 (nucleotide
position 201-500) (Fig. 11), a two-step Red-mediated recombination sys-
tem in Escherichia coli GS1783 harboring the HHV-6A BAC genome (73)
was employed using the primers 5- TACGAACAGAAATTTCTAGCGATCATAAAACTG-
CCAATTACCGGTAAAGAATGTTCGAAAGAAAACAAAAAGGATGACGACGATAAGTAGGG-3’

and 5- CGAGACTGGAAAACTATGTGCATTCCGAGCTTTTGTTTTCTTTCGAACATTCTTTAC-
CGGTAATTGGCAGCAACCAATTAACCAATTCTGATTAG-3". The HHV-6A-AU37-repair BAC, in
which the U37 deletion in HHV-6A-AU37 BAC was repaired (Fig. 11), was generated
as described above, except the primers 5-AAGCTTTACTTACAACTGAA-3" and 5-ACTATT-
TGTTTAATGCATTC-3” were used with pBS-HHV-6A U3791.599-Kan as the template. BAC
DNA of HHV-6A (wild type), HHV-6A-AU37, or HHV-6A-AU37-repair was extracted from
E. coli using NucleoBond BAC100 (Macherey-Nagel) and then resuspended in pH 8.0
Tris-EDTA (10 mM Tris-HCl, 1 mM EDTA). Two million JJhan cells were transfected with
3 pg of BAC DNA using the NEPA21 Super Electroporator (NEPAGENE) following the
manufacturer’s instructions. The cells were incubated for a few days after electropora-
tion and then co-cultured with 2-3 x 10° CBMCs. An increase in the number of cells
expressing GFP showing CPE was observed after co-culture with CBMCs for 3-5 days.

Calculation of virus genome copy numbers

1 x 10° cells (JJhan) were infected with U1102 (1.6 x 10° genome copies). At 6 hours
post-infection, infected cells were divided into four aliquots. Each aliquot was treated
with either 10 pM KRIBB11, 10 pM 17-AAG (Hsp90 inhibitor), or 10 uM VER-155008
(Hsp70 inhibitor), or left untreated. At 72 hours after infection, the infected cells were
freeze-thaw lysed and DNA was extracted from the supernatant of the cells treated
under each condition using the DNeasy Blood & Tissue Kit (QIAGEN). The genome
copy number per milliliter of infected cells was quantified by qPCR using SYBR Select
Master Mix (Thermo Fisher Scientific). The sequences of primers used for this pur-
pose were 5-CGCTAGGTTGAGAATGATCGA-3' (forward) and 5-CAAAGCCAAATTATCCAG-
AGCG-3' (reverse) as described previously (63).

Statistical analysis

For comparisons of two groups, statistical analysis was performed using the unpaired
Student’s t test. Tukey’s test was used for multiple comparisons. A P-value > 0.05 was
considered not significant (ns).
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