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Intrinsic immunity is a first-line intracellular defense against virus infection, and viruses have evolved mechanisms to counter-

act it. During herpes simplex virus (HSV) infection, nuclear domain 10 (ND10) components localize adjacent to incoming viral

genomes and generate a repressive environment for viral gene expression. Here, we found that the ND10 component, alpha-

thalassemia/mental retardation syndrome X-linked (ATRX) protein, is predicted to be a target of HSV-1 miR-H1 and HSV-2

miR-H6. These microRNAs (miRNAs) share a seed sequence and are abundant during lytic infection. Mimics of both miRNAs

could deplete endogenous ATRX, and an miR-H1 mimic could repress the expression of a reporter linked to the 3= untranslated

region of ATRX mRNA, identifying a cellular mRNA targeted by an HSV miRNA. Interestingly, ATRX protein and its mRNA

were depleted in cells lytically infected with HSV, and ATRX protein was also depleted in cells infected with human cytomegalo-

virus. However, infection with an HSV-1 mutant lacking miR-H1 still resulted in ATRX depletion. This depletion was sensitive

to a proteasome inhibitor and was largely ablated by a deletion of the gene encoding the immediate-early ICP0 protein. Addi-

tionally, a deletion of the gene encoding the tegument protein Vhs ablated most of the depletion of ATRX mRNA. Thus, HSV is

equipped with multiple mechanisms to limit the expression of ATRX. As ATRX is implicated in repression of lytic viral gene ex-

pression, our results suggest roles for these different mechanisms during various phases of HSV infection.

Hosts have evolved a myriad of mechanisms to control infec-

tion by viruses, while viruses have evolved counteracting

mechanisms, often redundant, to prevail. The adaptive and innate

immune systems, which require complex signaling pathways to

activate and mobilize their effectors, can effectively control virus

infection. Recently, the concept of intrinsic immunity (also called

intrinsic antiviral defense) has emerged. Intrinsic immunity pro-

vides an immediate antiviral defense mediated by constitutively

expressed factors whose activity does not depend on a signaling

cascade (reviewed in references 6 and 98).

One set of such host factors includes proteins organized within

discrete nuclear substructures known as nuclear domain 10

(ND10; also called promyelocytic leukemia protein [PML] nu-

clear bodies) that repress the initial transcription of herpesviruses

(1, 9, 24, 50, 51, 64, 69, 70, 85–88, 96). ND10s harbor multiple

cellular proteins, including PML, speckled protein of 100 kDa

(Sp100), death domain-associated protein (hDaxx), and alpha-

thalassemia/mental retardation syndrome X-linked (ATRX) pro-

tein (34, 58). Of these, ATRX is a member of the switch 2, sucrose

nonfermenting 2 (SWI2/SNF2) family of helicases/ATPases. Mu-

tations in the ATRX gene are associated with an X-linked mental

retardation and alpha-thalassemia syndrome (63). ATRX, like

other members of the SWI2/SNF2 family, is involved in different

biological processes, including transcription regulation, cell cycle

regulation, and mitotic chromosome segregation (reviewed in ref-

erences 11 and 63) and chromatin remodeling (27, 94). ATRX

forms a chromatin-remodeling complex with hDaxx (81, 97). It is

involved in the deposition of the H3.3 histone variant at telo-

meres, and it is important for telomere integrity and for repression

of gene expression at telomeres (17, 28, 31, 48, 95). ATRX also

associates with several other chromatin factors involved in tran-

scriptional repression, such as heterochromatin protein 1a

(HP1a) (55), a nonhistone component of chromatin, and EZH2
(10), a member of the polycomb group family.

During herpesvirus infections, ND10 constituents are re-
cruited to novel ND10 structures that localize adjacent to incom-
ing parental herpesvirus genomes (21, 25). Subsequently, this as-
sociation and ND10 integrity are disrupted. In the case of herpes
simplex virus 1 (HSV-1), the disruption entails the activity of the
immediate early (IE) protein ICP0, which is required for the dis-
persal of ND10 proteins, including ATRX, and the degradation of
PML and Sp100 (7, 12, 50, 53, 54, 59, 61). In cells infected with
ICP0-null viruses, replication is impaired and ND10 structures
associate with the viral genomes much longer (20, 68, 77). It has
been proposed that this association generates a repressive envi-
ronment for viral transcription due to the activity of ND10 com-
ponents. Consistent with this concept, replication of ICP0-null
viruses can be partially rescued in cells depleted of PML, Sp100,
hDaxx, or ATRX (23, 24, 50).

Like many other herpesviruses, HSV-1 and HSV-2 express nu-
merous microRNAs (miRNAs), some of which are conserved be-
tween these two viruses (15, 38, 82–84, 91–93). Thus far, only a
few targets of HSV miRNAs have been identified, and most of
these are encoded from the strand opposite of that of an miRNA
and thus are entirely complementary to the miRNA (37, 83, 84,
91). HSV-1 miR-H1, the first HSV miRNA discovered, is ex-
pressed abundantly during productive (lytic) infection (15, 38, 42,
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91, 92). Interestingly, no positional homolog of HSV-1 miR-H1
has been detected in HSV-2-infected cells. Nonetheless, the seed
sequence of HSV-2 miR-H6 (the positional homolog of HSV-1
miR-H6, which is encoded complementary to HSV-1 miR-H1), is
identical to the seed sequence of HSV-1 miR-H1, which suggests
that these two miRNAs might represent functional homologs and
regulate the same genes (38).

To investigate the role of miR-H1, we utilized bioinformatics
tools to predict potential targets of this HSV-1 miRNA and iden-
tified ATRX as a likely candidate. Our efforts to test this prediction
led us to find that HSV-1 is equipped with multiple mechanisms,
including miR-H1, to repress expression of ATRX, an effector of
host intrinsic immunity.

MATERIALS AND METHODS

Cells and viruses. African green monkey Vero cells (ATCC; CCL-81),
human embryonic kidney HEK-293 cells (ATCC; CRL-1573), human
foreskin fibroblast (HFF) cells (ATCC; CRL-1684), and human sarcoma
U2OS cells (ATCC; HTB-96) were maintained at 37°C in Dulbecco’s
modified Eagle’s medium (Mediatech, Inc.) supplemented with 5% new-
born bovine serum (NBS), 10% fetal bovine serum (FBS), 10% FBS, or 5%
NBS and 5% FBS, respectively (Sigma-Aldrich). HSV-1 wild-type (wt)
strain KOS; the HSV-1 strain KOS vhs mutant UL41NHB and its rescued
derivative, UL41NHB-R, generously provided by D. Leib (Dartmouth
Medical School) (78); and the thymidine kinase (TK)-negative mutant of
HSV-2 strain 186syn�, 186�Kpn (35), generously provided by D. Knipe
(Harvard Medical School), were propagated and titrated on Vero cells as
described previously (14). The HSV-1 strain KOS ICP0-negative mutant
7134 and its rescued derivative 7134R (8), generously provided by D.
Knipe, were propagated and titrated on U2OS cells as previously de-
scribed (8). Human cytomegalovirus (HCMV) strain AD169 was propa-
gated and titrated on HFF cells as previously described (39). To construct
the mutant �H1/H6, we used a bacterial artificial chromosome (BAC)
containing the wt HSV-1 strain KOS genome in which Cre-expressing
vector sequences flanked by a pair of loxP sites are deleted from the viral
genome by Cre recombinase upon transfection into cells, leaving a 36-bp
in-frame sequence (34-bp loxP plus 2 bp) within sequences encoding a
loop on the surface of the viral TK structure. A more detailed description
of the BAC will be presented in a separate paper (I. Jurak C. Cui, A.
Pearson, A. Griffiths, P. A. Schaffer, and D. M. Coen, unpublished data).
Mutations were introduced into the BAC using two-step Red-mediated
recombination (90). Briefly, PCR constructs were generated that con-
tained the sequences of interest (50 nucleotides surrounding each side of
the sequence targeted for deletion), with an inserted positive selection
marker (kanamycin or zeocin resistance) adjoining an I-SceI site and a
short duplication of the sequences of interest. Duplicated sequences al-
lowed intramolecular recombination after cleavage by I-SceI, leaving no
additional sequences other than the mutation. The mutagenesis intro-
duced a novel HindIII site to facilitate identification of the recombinants.
The primers used to generate �H1/H6 are listed in Table S1, which can be
found at https://coen.med.harvard.edu. The integrity of BAC DNA and
the presence of the introduced mutation were verified by restriction di-
gestion and sequencing, respectively.

Transfection assays of miRNA mimics. To analyze the effect of
miRNAs on endogenous protein expression, HEK-293 cells were transfected
sequentially three times, every 4 h, with 5 pmol of synthetic mimics of
HSV-1 miR-H1 (5=GAUGGAAGGACGGGAAGUGGA3=), miR-H1-mut
(5=GACUCGAGGACGGGAAGUGGA3=), HSV-2 miR-H6 (5=AAUG
GAAGGCGAGGGGAUGCAG3=), and human miR-25 (5=CAUUGCAC
UUGUCUCCGGUCUGA3=) (Qiagen) using Lipofectamine 2000 (Invit-
rogen) according to the manufacturer’s recommendation. Samples for
Western blot analysis were harvested 72 h later. To analyze the effect of
miRNAs on luciferase reporter gene expression, the complete 3= untrans-
lated region (UTR) of the ATRX gene was amplified using two PCRs

(based on NCBI reference sequence NM_000489.3; primers used for the

PCR amplification are provided in Table S2, which can be found at https://

coen.med.harvard.edu) and cloned into pMIR-REPORT, a firefly lucifer-

ase expression plasmid (Ambion), resulting in pMIR-3=UTR ATRX. The

predicted miR-H1 target sites within the 3=UTR were mutated using a

QuikChange kit (Stratagene) according to the manufacturer’s instruc-

tions, to generate pMIR-3=UTR ATRX-mut (primers used for mutagen-

esis are given in Table S2, which can be found at https://coen.med.

harvard.edu). Sequences of the cloned 3=UTR and the introduced muta-

tions were verified by sequencing of the entire 3=UTR in both plasmids.

HEK-293 cells, seeded at the density of 3 � 104 cells/well in a 96-well plate,

were cotransfected with the 0.1 �g luciferase expression constructs, along

with 0.1 �g of pMIR-REPORT beta-galactosidase reporter control vector

and 0.1, 0.5, or 2 pmol of miR-H1, miR-H1-mut, or miR-H6 mimics,

respectively. At 24 or 48 h after transfection, luciferase activity was mea-

sured using the ONE-Glo Luciferase assay system according to the man-

ufacturer’s instructions (Promega) and normalized to beta-galactosidase

activity measured using the Beta-Glo assay system, according to the man-

ufacturer’s instructions (Promega). Signals were detected using the Wal-

lac 1420 VICTOR2 plate reader (Perkin Elmer) at the Institute of Chem-

istry and Cell Biology Longwood screening facility (Harvard Medical

School).

Western blotting, antibodies, and inhibitors. Transfected, mock-in-

fected, or infected cells were lysed in radioimmunoprecipitation assay

(RIPA) buffer (20 mM Tris-HCl [pH 7.5], 300 mM NaCl, 1% sodium

deoxycholate, 1% NP-40, 0.1% SDS, 1� Complete protease inhibitor

cocktail [Roche]). Proteins were separated using 4 to 20% miniprotean

TGX precast gels (Bio-Rad), and Western blotting was performed as pre-

viously described (36) using mouse monoclonal antibodies to detect ICP0

(Abcam; clone 5H7), ICP4 (Abcam; 10F1), gC (Fitzgerald; M701139),

ICP27 (Virusys; H1113), and actin (Abcam; 8226) and BMPR2 (Abcam;

MM0060-9A10) and rabbit polyclonal antibodies to detect TK (gener-

ously provided by Bill Summers, Yale University), PML (Abcam), and

ATRX (Santa Cruz Biotechnology; H-300). In some experiments, cells

were treated with the protein synthesis inhibitor cycloheximide (100 �g/

ml; Sigma), the RNA transcription inhibitor actinomycin D (1 �g/ml;

Sigma), the proteasome inhibitor MG132 (10 �M; Calbiochem), the ly-

sosome inhibitor NH4Cl (10 mM; Sigma), or the viral DNA synthesis

inhibitor acyclovir (20 �M; Sigma) 30 min prior to and during the course

of infection.

Northern blotting. For the detection of mRNAs, HEK-293 cells were

mock or HSV infected, and total RNA was extracted at the times after

infection indicated in the figures using TRIzol reagent (Invitrogen), ac-

cording to the manufacturer’s protocol. RNA samples, together with

RiboRuler high-range RNA ladder (Fermentas), were separated in 1%

agarose gels using The NorthernMax-Gly kit (Ambion), stained with

ethidium bromide, transferred to a BrightStar-Plus positively charged

membrane (Ambion) by downward capillary transfer using a TurboBlot-

ter system (Whatman), cross-linked to the membrane using UV light, and

prehybridized in ULTRAhyb buffer solution (Ambion) for �30 min at

68°C. ATRX, ICP0, and actin riboprobes labeled with [32P]UTP

(PerkinElmer) were generated by in vitro RNA transcription using a

MAXIScript T7 kit from the linearized plasmid templates p-actin,

p-ATRX, and p-ICP0, according to the manufacturer’s protocol (Am-

bion). p-Actin contains 140 nucleotides of exon 4 of the human beta-actin

gene (nucleotides 682 to 821 based on NM_001101) inserted in pIDTB-

blue (Integrated DNA Technologies), p-ATRX contains 248 nucleotides

of exon 9 of the ATRX gene (nucleotides 2838 to 2885; NM_138270.2),

and p-ICP0 contains a 333-bp BamHI-XhoI fragment derived from ICP0

cDNA (60), inserted in pSL-301 (Invitrogen). The radiolabeled probes

were added to the prehybridization solution and incubated overnight at

68°C. After hybridization, blots were washed two times for 10 min in

low-stringency wash solution 1 (Ambion) at room temperature and two

times for 20 min in high-stringency wash solution 2 (Ambion) at 68°C and

exposed to a phosphorimager screen. Signals were detected using the Bio-
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Rad personal molecular imager system. For detection of miRNAs, cells
were infected and harvested at various hours postinfection (hpi), and
small enriched RNA was prepared and analyzed as previously described
(38). Single-stranded DNA oligonucleotides (Integrated DNA Technolo-
gies) used for detection of the miRNAs are listed in Table S3, which can be
found at https://coen.med.harvard.edu.

Stem-loop qRT-PCR. Quantitative reverse transcription-PCR (qRT-
PCR) was performed as previously described (42) with some modifica-
tions. Briefly, HEK-293 cells seeded in 12-well plates (1 � 106 cells/well)
were mock infected or infected with 7134 or 7134R (multiplicity of infec-
tion [MOI] of 1). Total RNA was extracted at 18 hpi using TRIzol reagent
(Invitrogen), according to the manufacturer’s protocol, and assayed for
HSV-1 miR-H1 and human let-7a, which was used as a normalization
control using the conditions previously described (42). Data were ana-
lyzed in terms of the fold increase of miR-H1 in infected cells relative to
the background signal from mock-infected cells, normalized to the values
for let-7a.

RESULTS

Seed sequence homologs HSV-1 miR-H1 and HSV-2 miR-H6
target cellular ATRX. HSV-1 miR-H1 and its HSV-2 counterpart,

miR-H6, have identical seed sequences and are abundantly ex-

pressed during lytic infection, suggesting that these miRNA have

common targets (38). As a first step in identifying such targets, we

asked if the seed sequence of miR-H1 can be found in other

miRNAs. Interestingly, in the miRNA database, miRBase (www

.mirbase.org), we found that miR-M15* (99), expressed by an-

other herpesvirus, Marek’s Disease virus type 2 (MDV-2), and

miR-51* (45), expressed by the nematode C. elegans, have seed

sequences identical to HSV-1 miR-H1 and HSV-2 miR-H6 (Fig.

1A). This finding, together with a lack of predicted conserved

binding sites for the seed sequence within the HSV-1 and HSV-2

genomes (I. Jurak and D. M. Coen, unpublished data), led us to

hypothesize that HSV-1 miR-H1 and HSV-2 miR-H6 target cel-

lular transcripts. To test this hypothesis, we used TargetScan5.1

software, which predicts targets by searching for the presence of

conserved sites that match the seed region of miRNAs, consider-

ing matches to annotated human 3= UTRs and their orthologs (26,

29, 47). We found 227 human mRNAs with conserved sequences

complementary to the seed sequence of miR-H1 (see Table S4,

FIG 1 HSV-1 miR-H1 and HSV-2 miR-H6 seed sequence conservation and targeting of ATRX mRNA. (A) Sequence alignment of miR-H1, miR-H6, miR-M15,
and miR-51 expressed by HSV-1, HSV-2, Marek’s disease virus type 2 (MDV-2), and Caenorhabditis elegans, respectively. Identical nucleotides are indicated with
stars, and the seed sequence (nucleotides 2 to 8) is indicated within a frame. (B) Schematic representation of ATRX mRNA and its potential targeting by miR-H1.
The mRNA coding sequence and 3=UTR are shown as a solid line and an unfilled box, respectively. UGA indicates the stop codon for the coding region, and the
numbers indicate the first and the last nucleotide of the 3=UTR sequence. Below are shown expanded views of miR-H1 (lower sequence) binding to sequences
within the 3=UTR predicted by RNAhybrid (67). The seed sequence of miR-H1 is shown in bold. (C) Western blot analysis of HEK-293 cells sequentially
transfected three times with the indicated amounts of miRNA mimics and analyzed 72 h after transfection. H1, HSV-1 miR-H1; mutH1, mutated miR-H1; M,
mock transfected; H6, HSV-2 miR-H6; miR-25, human miR-25. The proteins detected in the analysis and their sizes are indicated to the right and to the left of
the panels, respectively. (D) HEK-293 cells were cotransfected with luciferase-expressing and �-galactosidase-expressing constructs and mimics of miRNAs, and
luciferase activity was measured 24 h after transfection. The luciferase reporter gene fused to either the 3=UTR of ATRX mRNA or a mutant 3=UTR is indicated
as wt 3=UTR or mut 3=UTR, respectively. Wild-type or mutant mimics are indicated as H1 and mutH1, respectively, and the increasing amounts of transfected
mimics (0.1, 0.5, and 2 pmol) are shown as unfilled triangles. The experiment was performed in triplicate, and luciferase activity was normalized to the activity
of �-galactosidase. The error bars represent standard deviations, and a statistically significant difference is indicated with an asterisk (P � 0.026; t test).

HSV miRNA and Protein Mechanisms to Repress ATRX
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which can be found at https://coen.med.harvard.edu). Among
these, mRNAs for ATRX protein and bone morphogenetic pro-
tein receptor 2 (BMPR2) were the top two candidates. These two
mRNAs each have two predicted HSV-1 miR-H1 binding sites
(the sites in ATRX mRNA are shown in Fig. 1B). As discussed
above, ATRX is a constituent of ND10s and has a role in intrinsic
immunity against herpesviruses (22, 50, 51). BMPR2 belongs to
the bone morphogenetic protein (BMP) receptor family of trans-
membrane serine/threonine kinases, which are members of the
transforming growth factor beta (TGF-�) superfamily (16) and
have a critical role in heart, neural, bone, and cartilage develop-
ment (13, 32, 52, 56, 89). Little is known about roles of BMPR2 in
herpesvirus infection.

To investigate the computational prediction that HSV-1
miR-H1 and HSV-2 miR-H6 target ATRX and/or BMPR2
mRNAs, we mock-transfected or transfected HEK-293 cells with
different amounts of mimics of these two miRNAs, human miR-
H25 (which is predicted to target ATRX mRNA by TargetScan5.1,
but at different sites), and, as a negative control, miR-H1 with an
altered seed sequence. We then analyzed the expression of ATRX,
BMPR2, and, as a loading control, actin, by Western blotting (Fig.
1C). Mimics of miR-H1 decreased levels of endogenous ATRX
protein in a dose-dependent manner. Similarly, mimics of HSV-2
miR-H6 and human miR-25 also decreased ATRX expression. In
contrast, the mutant form of miR-H1 did not meaningfully de-
crease ATRX levels, relative to those in mock-transfected cells. We
did not observe any obvious changes in the levels of BMPR2 (or in
our loading control protein, actin) in cells transfected with
miRNA mimics (Fig. 1C). Thus, in subsequent experiments, we
focused on ATRX.

We next asked if miR-H1 can specifically target the 3=UTR of
ATRX mRNA. To this end, we fused a luciferase reporter gene to
either the wt 3=UTR of ATRX mRNA or a mutant 3=UTR in which
several nucleotides within the predicted seed sequence binding
sites were altered (see Fig. S1 at https://coen.med.harvard.edu).
The reporter plasmids were cotransfected with either wt or mu-
tant miR-H1 mimics, along with a �-galactosidase reporter plas-
mid to normalize for transfection efficiency. Luciferase and �-ga-
lactosidase activities were measured 24 h after transfection.
Consistent with the downregulation of endogenous ATRX, the
miR-H1 mimic significantly reduced luciferase activity from the
reporter gene fused to the wt 3=UTR of ATRX mRNA (although
the reduction was modest, as is typical in such assays), whereas the
mutant miR-H1 mimic had little if any effect (Fig. 1D). Similarly,
miR-H1 mimics had little if any effect on luciferase activity if the
predicted target sites were mutated (Fig. 1D). These results suggest
that miR-H1 specifically binds to the predicted target sites within
the 3=UTR of ATRX mRNA to downregulate ATRX expression.

ATRX protein levels are downregulated during lytic HSV
and HCMV infection. We next asked if levels of ATRX protein
might be altered during lytic HSV infection. To address this, we
infected Vero cells with wt HSV-1 strain KOS (MOI of 10) or
HSV-2 186�Kpn (MOI of 1). We used a lower MOI for HSV-2
because cells infected at higher MOIs exhibited cytopathic effect
very early in infection and completely detached from the surface as
early as 10 hpi.

Infected cells were harvested at different times postinfection,
and the samples were subjected to Western blot analysis. In cells
infected with either virus, ATRX protein levels began to decline
between 4 and 8 hpi and were even more greatly reduced by 18 hpi

(Fig. 2A). In contrast, we did not observe any obvious changes in
BMPR2 (or, as a loading control, actin) levels. The degree of de-
pletion of ATRX by KOS was dependent on MOI (data not
shown). A substantial depletion of ATRX protein was observed in
other cell types tested, including primary human foreskin fibro-
blasts (HFFs) and the human embryonic kidney cell line (HEK-
293) (see Fig. S2 at https://coen.med.harvard.edu). The depletion
was most obvious in HEK-293 cells, in which the ATRX protein
level decreased more than 5-fold compared to that of mock-in-
fected cells at 18 hpi based on a dilution series (see Fig. S3 at
https://coen.med.harvard.edu). So for subsequent experiments,
we used these cells. Regardless, we found variability in the degree
of depletion of ATRX from experiment to experiment, which
likely is due to the experimental challenge of Western blots of a
very large protein (�280 kDa).

In addition, we were interested if other members of the herpes-
virus family induce depletion of ATRX protein. To address this,
we infected HFF cells with HCMV strain AD169 and analyzed
ATRX expression at different times postinfection by Western
blotting. Interestingly, similar to HSV, in cells infected with
HCMV, ATRX protein levels were substantially reduced late in
infection (Fig. 2B). These results suggest selection for a function
that depletes the ATRX protein among diverse herpesviruses.

Although the kinetics of the reduction in ATRX protein levels
coincided with the accumulation of miR-H1 (15, 42), levels of
ATRX protein were still substantially reduced in cells infected in
the presence of acyclovir, an inhibitor of viral DNA synthesis (Fig.
2A), which inhibits miR-H1 expression (15, 42). This result sug-
gested that miR-H1 cannot be the only factor responsible for the
reduction in ATRX.

miR-H1 is not required for reduced ATRX expression in
HSV-1-infected cells. To address whether miR-H1 is necessary
for the reduction of ATRX, we generated a mutant virus, �H1/H6,
that carries a 28-bp deletion spanning the entire miR-H1 coding
sequence (Fig. 3A). This deletion also deletes HSV-1 miR-H6,
which is encoded from the opposite strand and is complementary
to miR-H1. The deletion of the miR-H1/6 sequence in both ter-

FIG 2 ATRX protein levels are downregulated during lytic HSV and HCMV
infection. (A) Vero cells were mock infected (M) or infected with HSV-1 or
HSV-2 at an MOI of 10 or 1, respectively. Samples for the analysis were col-
lected at different hours after infection, indicated above the top panels, and the
proteins were analyzed by Western blotting using antibodies against the pro-
teins indicated to the right. M, mock-infected cells; acv, infection in the pres-
ence of acyclovir. (B) Similar to panel A, except that HFF cells were mock-
infected (M) or infected with HCMV at an MOI of 1.
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minal repeats (TRL and IRL) was confirmed by the expected pat-
tern of DNA fragments after digestion with restriction enzymes
and by sequencing of the miR-H1 locus (data not shown). As a
control, we generated virus from our parental BAC containing the
wt HSV-1 strain KOS genome (B-wt). The replication kinetics of
�H1/H6 were indistinguishable from those of the control virus in
lytically infected Vero or HEK-293 cells (Jurak and Coen, unpub-
lished). We did not detect expression of mature HSV-1 miR-H1 or
miR-H6 or their pre-miRNAs in cells lytically infected with the

mutant virus (Fig. 3B), whereas these miRNAs were readily de-
tected in B-wt-infected cells. snRNA U6 and tRNAs served as
loading controls. In addition, the expression of pre-miR-H3 was
similar in B-wt- and mutant-infected cells (Fig. 3B).

However, in cells infected with �H1/H6 virus, ATRX protein
levels were depleted in a manner comparable to that observed in
wt-infected cells (Fig. 3C). These results, together with the inabil-
ity of acyclovir to prevent ATRX depletion (Fig. 3A), led us to
explore additional mechanisms by which HSV-1 regulates ATRX.

ATRX protein depletion is sensitive to a proteasome inhibi-
tor. To further investigate the mechanisms for the loss of ATRX
protein, we treated uninfected or infected HEK-293 cells with an
inhibitor of protein synthesis (cycloheximide [CHX]) or an RNA
transcription inhibitor (actinomycin D [ActD]) and analyzed
ATRX protein by Western blot analysis. Addition of these inhibi-
tors for 8 h did not meaningfully affect ATRX protein levels in
uninfected cells (Fig. 4A). In contrast, addition of ActD or CHX 30
min prior to and for 8 h during HSV-1 infection (MOI of 10)
prevented depletion of ATRX (as well as expression of the HSV-1
IE protein ICP0, as expected) (Fig. 4B). These results suggested
that ATRX is actively depleted during infection and that this de-
pletion requires synthesis of viral proteins. We next sought to
investigate whether proteasome and/or lysosome pathways, two
major cellular mechanisms for protein degradation, were involved
in ATRX depletion. To this end, we infected HEK-293 cells with wt

FIG 3 miR-H1 is not required for the depletion of ATRX protein. (A) Sche-
matic of the genomic locus spanning miR-H1 and miR-H6. The double-
stranded DNA HSV-1 genome is depicted with solid lines, and the location of
the 5p and 3p strands of miR-H1 (dark gray) and miR-H6 (light gray) are
shown as arrows. The 28-bp deletion is shown as a dotted line surrounding the
miR-H1-5p and miR-H6-3p loci. The numbers indicate the first and the last
nucleotides of the deletion. (B) Small enriched RNAs were extracted from
mock-infected (M) or B-wt- and �H1/H6 (�)-infected HEK-293 cells (MOI of
10) and analyzed on two separate polyacrylamide gels (left and right), stained
with ethidium bromide (top), and blotted to a membrane for hybridization
with probes for the RNAs indicated below each of the panels. After each hy-
bridization and exposure to a phosphorimager, membranes were stripped and
sequentially hybridized with each of the remaining probes. The nucleotide
sizes of the RNA markers (st) are indicated to the left of the middle panels. The
positions of detected pre-miRNAs and miRNAs are indicated to the right of
the middle panels. (C) HEK-293 cells were mock infected (M) or infected with
wt or �H1/H6 (�) at an MOI of 10. Samples for the analysis were collected at
different times after infection, indicated above the top panels, and the proteins
were analyzed by Western blotting using antibodies against the proteins indi-
cated to the right. acv, infection in the presence of acyclovir.

FIG 4 ATRX protein depletion is sensitive to a proteasome inhibitor. (A)
Proteins extracted from uninfected HEK-293 cells that were either mock
treated or treated with actinomycin D (ActD) or cycloheximide (CHX) for 8 h
were analyzed by Western blot with antibodies against the proteins indicated
to the right of the panels. (B) HEK-293 cells were mock infected, HSV-1 in-
fected (MOI of 10), or HSV-1 infected and treated with ActD or CHX, and
samples for the analysis were collected at different hours postinfection, indi-
cated above the top panels, and the proteins were analyzed by Western blotting
using antibodies against the proteins indicated to the right. (C) The experi-
ment was performed as described in the legend to panel B, except that cells
were treated with MG132 or NH4Cl, as indicated above the panels, and the
proteins analyzed are indicated between the panels.
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HSV-1 (MOI of 10) in the presence of 10 �M MG132, a well-
established proteasome inhibitor, or 20 mM NH4Cl, which is
widely used to inhibit lysosome function, and analyzed ATRX
proteins at different times after infection. Addition of MG132 pre-
vented depletion of ATRX, whereas addition of NH4Cl had little
effect (Fig. 4C). Thus, our data suggest that depletion of ATRX
requires proteasome function.

ICP0 is required for depletion of ATRX protein. Because cer-
tain other cellular proteins, including PML and Sp100, are tar-
geted for proteasome-dependent degradation by HSV in a manner
requiring ICP0 (12, 19, 44, 49, 62), we infected HEK-293 cells with
7134, an ICP0-null mutant in which the ICP0 gene is replaced by
an lacZ expression cassette (8), and a marker-rescued derivative of
7134, 7134R. Infected cells were harvested at different times after
infection and analyzed by Western blotting. To avoid difficulties
in interpretation due to major decreases or delays in viral gene
expression due to the ICP0 gene mutation, for these experiments
we infected cells at an MOI of 1, at which ICP0-deficient viruses
exhibit a nearly wild-type phenotype (68). To ensure that infec-
tion with mutant virus was reasonably comparable to that with the
rescued virus, we analyzed representative IE, E, and L viral pro-
teins throughout the experiment. Although there were reduced
levels of ICP4 compared to those in infection with 7134R, we
observed IE protein ICP27, E protein TK, and late protein gC
amounts roughly similar to those in infection with 7134R (Fig.
5A). As expected, 7134 did not express ICP0, and no depletion of
PML was observed, while 7134R did express ICP0 and induced
depletion of PML. We asked whether the expression of miR-H1
cells was comparable in 7134R- and in 7134-infected cells by an-
alyzing the expression of this miRNA and the cellular miRNA
let-7a, which has been previously shown to be expressed at con-
stant levels during HSV-1 productive infection (42), by qRT-PCR.
The mutant virus, 7134, expressed miR-H1 at only slightly re-
duced levels, �90% of 7134R, and this reduction was not statisti-
cally significant (Fig. 5B). Notably, we did not observe any mean-
ingful depletion of ATRX protein in cells infected with 7134,
whereas in cells infected with 7134R, the depletion was evident at
18 hpi (Fig. 5A). Depletion of ATRX by 7134R occurred later in
this experiment than in the experiments shown in other figures,
because the MOI was lower in this experiment. Even at higher
MOIs, where ICP0� viruses induced depletion of ATRX at earlier
time points, ICP0-deficient viruses were defective for depletion
(data not shown). These results suggested that ICP0 is required for
the depletion of ATRX, extending the previous observation that
ICP0 is required for dispersal of ATRX within the nucleus early in
infection (20, 50).

ATRX mRNA is rapidly degraded in lytically infected cells.
To further characterize the depletion of ATRX in infected cells, we
asked if its mRNA is also depleted, and if so whether this depletion
requires miR-H1 or Vhs, a well-known HSV-1-encoded endori-
bonuclease (74). To test this, we infected cells with B-wt, �H1/H6,
the vhs mutant virus UL41NHB, and its rescued derivative,
UL41NHB-R, at an MOI of 5 and harvested cells for Northern blot
analysis at different times after infection. Interestingly, we ob-
served that ATRX mRNA levels rapidly decreased, starting at 1
hpi, and were undetectable at 6 to 8 hpi in B-wt-, �H1/H6-, or
UL41NHB-R-infected cells (Fig. 6A and B), whereas in cells in-
fected with UL41NHB (Fig. 6B), ATRX mRNA was readily de-
tected at 8 hpi. In four independent experiments, we observed
higher levels of ATRX mRNA in cells infected with the vhs mutant

than with its rescued derivative (not shown). Similarly, levels of
actin mRNA were rapidly decreased in cells infected with B-wt,
�H1/H6, or UL41NHB-R compared to those in cells infected with
Vhs-deficient virus (Fig. 6A and B), which is in agreement with
previous studies (5, 78). Levels of rRNA were fairly similar in the
different samples (Fig. 6A and B), and when the Northern blot
signals and rRNA signals in Fig. 6B were compared, it was appar-
ent that both ATRX and actin mRNA decrease more rapidly in
UL41NHB-R-infected cells than in UL41NHB-infected cells (Fig.
6C). Interestingly, ATRX mRNA seemed to decay faster than actin
mRNA in the absence of vhs. This might indicate a second mech-

FIG 5 ICP0 is required for depletion of ATRX protein. (A) HEK-293 cells
were mock infected (M) or infected with ICP0-null virus (7134) and its mark-
er-rescued derivative (7134R) at an MOI of 1. Samples for the analysis were
collected at different hours after infection, indicated above the top panels, and
the proteins were analyzed by Western blotting using antibodies against the
proteins indicated to the left. (B) Similar to panel A, except that total RNA and
proteins were extracted from mock-, 7134-, and 7134R-infected cells at 18 hpi.
The expression of HSV-1 miR-H1 and cellular let-7a were measured by qRT-
PCR. Each bar represents log10 mean changes in expression relative to that of a
mock-infected control sample and normalized to values of let-7a. The exper-
iment was performed in triplicate, and error bars indicate standard deviations.
Differences were not statistically significant (P � 0.275; t test). The panel to the
right represents detection of ATRX and actin proteins by Western blotting
from the same experiment.
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anism for ATRX mRNA destabilization, perhaps related to the
large size of this mRNA.

Taken together, these results suggest that Vhs, but not miR-
H1, has a major role in depletion of ATRX mRNA. Nonetheless,
Western blot analysis showed that in cells infected with
UL41NHB, ATRX protein was depleted, and that this depletion
was comparable to that observed in cells infected with B-wt, �H1/
H6, or UL41NHB-R (Fig. 6D). Thus, although Vhs has a major
role in degradation of ATRX mRNA in lytically infected cells, its
contribution to depletion of ATRX protein is rather minor com-
pared to that of ICP0.

DISCUSSION

Viruses have evolved mechanisms to disarm host defense mecha-
nisms and thus ensure efficient replication. In this study, we dis-
covered that HSV-1 miR-H1 and HSV-2 miR-H6, which share a
seed sequence, can repress the expression of ATRX, a host factor
involved in intrinsic immunity against herpesviruses. To our
knowledge, this is the first report identifying a cellular protein
whose expression is targeted by HSV miRNAs. However, we
found that these miRNAs are not required for most of the ob-
served depletion of ATRX protein and ATRX mRNA in lytically
infected cells. Instead, we found that the IE protein ICP0 is re-
quired for the reduction of ATRX protein levels, and the tegument
protein, Vhs, is required for depletion of ATRX mRNA. Thus, our
results show that HSV is equipped with multiple mechanisms to

limit the expression of ATRX and alleviate its repression of viral
gene expression.

miRNAs encoded by different viruses usually share little or no
homology (73, 80); nonetheless, many viruses have independently
evolved unrelated miRNAs to target common cellular factors. An
example of such convergent evolution is targeting of major histo-
compatibility complex class I-related chain B by HCMV, Epstein-
Barr virus, and Kaposi’s sarcoma-associated herpesvirus, by miR-
UL112-1, miR-K7, and miR-BART2, respectively (57, 76). These
miRNAs do not share seed sequences. Remarkably, we found that
the seed sequence of HSV-1 miR-H1 is conserved, not only with
HSV-2 miR-H6, but also with miR-M15-5p expressed by the
much more distantly related herpesvirus of chickens, MDV-2,
suggesting that targeting ATRX by miRNAs might represent an-
other example of convergent evolution.

Using TargetScan5.1, we identified 227 potential human tar-
gets of miR-H1. We experimentally evaluated only the top two
candidates, ATRX and BMPR2. Although we validated ATRX as a
target in our transfection assays, we found no evidence that
BMPR2 is a target for these miRNAs. It is not uncommon for
computational predictions to fail to be experimentally validated
(4, 65, 72). On the other hand, miRNAs often induce only modest
changes to the protein output of their targets (3, 30), and we can-
not exclude the possibility that BMPR2 levels did change but that
these changes were so small that we could not detect them. For
that matter, we cannot exclude the possibility that HSV-1 miR-H1

FIG 6 Vhs is required for depletion of ATRX mRNA. (A) Total RNAs were extracted from mock (M)-, B-wt-, or �H1/H6-infected HEK-293 cells (MOI of 5)
and separated by agarose gel electrophoresis, stained for RNA with ethidium bromide (bottom panels), and blotted to a membrane for hybridization with probes
for the RNAs indicated to the right of the panels. (B) Similar to panel A, except that cells were infected with UL41NHB-R or UL41NHB (MOI of 5). (C) Signal
densities from panel B were quantified using ImageJ (NIH) software. Each bar represents the relative expression of the mRNA indicated above the diagrams
normalized to rRNA and setting the value from UL41NHB-infected cells at 1 hpi as 1. (D) Proteins were extracted from mock-infected cells (M) or cells infected
with UL41NHB-R or UL41NHB at an MOI of 5. Samples for the analysis were collected at the hours after infection indicated above the top panels, and the
proteins indicated to the left were analyzed by Western blotting.
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and HSV-2 miR-H6 have other targets. Indeed, we think that is
likely and deserves further investigation. Based on recent reports
indicating that miRNAs predominantly act to decrease target
mRNA levels (30, 71), we assayed for the effects of deletion of
miR-H1 on the levels of ATRX mRNA during lytic infection. We
found little if any effect, which was almost certainly due to the
importance of Vhs for ATRX mRNA degradation. This role of Vhs
is unlikely to be specific for ATRX, given its role in degradation of
most host mRNAs (43, 75, 79). Regardless, the depletion of ATRX
mRNA appears to make little contribution to the depletion of
ATRX protein during infection, which is mediated mainly by
ICP0.

Our results indicating that ATRX is depleted during HSV-1
infection and that this depletion depends on ICP0 and protea-
some function extend the earlier observation that ICP0 is required
for the dispersal of ATRX and its interaction partner, hDaxx, from
ND10 early in infection (50). ICP0 has been previously reported to
be required for the degradation of other components of ND10,
PML, and Sp100, which depends on residues required for ubiqui-
tin ligase activity (12, 19). It is not clear if the dispersal of ATRX/
hDaxx is an outcome of degradation of structural elements of
ND10 scaffold or a direct effect on these proteins. It is interesting
that we observed depletion of ATRX later in infection than deple-
tion of PML (Fig. 5). Also, Lukashchuk and Everett found no
evidence for direct association of ICP0 and either ATRX or hDaxx
using an immunoprecipitation assay (50). This raises the possibil-
ity that ATRX degradation is secondary to the degradation of
PML. However, there might be only a transient interaction be-
tween ICP0 and ATRX, which could be difficult to detect using
immunoprecipitation.

Interestingly, we found that ATRX protein levels were depleted
not only in HSV-infected cells but also in HCMV-infected cells,
suggesting a selection for depletion of this protein among diverse
herpesviruses. Similar to other herpesviruses that have evolved a
variety of mechanisms to alleviate the repressive function of
ND10s (88), HCMV tegument protein pp71 induces displace-
ment of ATRX from ND10 (51) and triggers degradation of hDaxx
(33) to allow efficient expression of IE1 protein, which further
antagonizes the repressive function of ND10s (41) by abrogating
the SUMOylation of PML (2, 46) and downregulating sp100 (85).
It is possible that HCMV also employs these mechanisms to de-
plete ATRX protein. However, we also cannot exclude the possi-
bility that HCMV has independently evolved miRNAs to target
ATRX.

Why should HSV be equipped with at least three different
mechanisms for repressing the expression of ATRX? A possible
answer to this question starts with an intriguing model that has
been discussed by Lukashckuk and Everett (50). In this model, the
ATRX/hDaxx complex associates with nucleosomes that are as-
sembled on the viral genome and recruits other proteins such as
variant histones (17, 28, 48, 66) to generate a repressive environ-
ment. During lytic infection, this repression can be alleviated by
ICP0. There may nevertheless be a role for HSV-1 miR-H1 late in
infection to prevent an inhibitory accumulation of ATRX protein.
Detecting such a role may require analysis of ICP0 –vhs–miR-H1
triple mutants.

However, HSV also undergoes latent infection during which
lytic gene expression, including that of the ICP0 gene and vhs, is
mostly repressed. During latency, the ATRX-repressive complex
could associate with HSV genomes and contribute to the repres-

sion of lytic gene expression. Upon reactivation from latency, un-
like lytic infection, there would be no Vhs arriving within an in-
coming virion and there would be little or no ICP0 present to
counteract ATRX. There is evidence, however, for expression of
HSV-1 miR-H1 and, especially, HSV-2 miR-H6 during latent in-
fection (38, 42, 82, 92). Additionally, there is evidence that the
initial burst of viral gene expression following a reactivation stim-
ulus is not regulated in the same way as during lytic infection (18,
40) (J. M. Pesola M. F. Kramer, J. W. Carbone, C. J. Jahns, and
D. M. Coen, unpublished data). Thus, miRNAs that are ordinarily
late-gene products might be expressed at relatively high levels dur-
ing reactivation, even prior to viral DNA synthesis. Thus, during
both latency and reactivation, miRNA repression of ATRX ex-
pression might aid in derepression of viral gene expression, facil-
itating rapid reactivation. This would be followed by accumula-
tion of ICP0 to mediate degradation and dispersal of ND10
constituents (PML, Sp100, ATRX), which could lead to the re-
modeling of chromatin and robust activation of viral promoters
and full-blown reactivation. This scenario makes several testable
predictions which merit investigation.
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