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ABSTRACT

Reactivation of human cytomegalovirus (HCMYV) is a significant cause of disease and death in immunocompromised patients,
underscoring the need to understand how latency is controlled. Here we demonstrate that HCMV has evolved to utilize cellular
microRNAs (miRNAs) in cells that promote latency to regulate expression of a viral protein critical for viral reactivation. Our
data reveal that hsa-miR-200 miRNA family members target the UL122 (immediate early protein 2) 3’ untranslated region, re-
sulting in repression of this viral protein. Utilizing recombinant viruses that mutate the miRNA-binding site compared to the
sequence of the wild-type virus results in Iytic rather than latent infections in ex vivo infections of primary CD34™ cells. Cells
permissive for lytic replication demonstrate low levels of these miRNAs. We propose that cellular miRNA regulation of HCMV is
critical for maintenance of viral latency.

IMPORTANCE

Human cytomegalovirus (HCMYV) is a herpesvirus that infects a majority of the population. Once acquired, individuals harbor
the virus for life, where the virus remains, for the most part, in a quiet or latent state. Under weakened immune conditions, the
virus can reactivate, which can cause severe disease and often death. We have found that members of a family of small RNAs,
termed microRNAs, encoded by human myeloid progenitor cells are capable of repressing a key viral protein, thus enabling the
virus to ensure a quiet/latent state. As these progenitor cells mature further down the myeloid lineage toward cells that support
active viral replication, the levels of these microRNAs decrease. Together, our data suggest that host cell microRNA regulation of

HCMYV is important for the quiet/latent state of this pathogen.

Human cytomegalovirus (HCMV) is a ubiquitous pathogen
that resides latently in the host for life. During times of im-
munological stress, the virus can reactivate to cause severe disease
and often mortality (1). In adults, primary infection rarely causes
HCMV-related complications. Rather, it is lytic reactivation of the
virus from its latent state that results in various states of morbidity
(2). Thus, understanding the mechanisms involved in viral latency
and reactivation is of great significance.

During latency, the herpesviruses have silenced genomes and
express only a limited number of viral transcripts. Of the more
than 200 genes encoded by the HCMV genome, for example, only
5 are expressed during latent infection (3-7). Transcriptional si-
lencing of the HCMV major immediate early promoter (MIEP) is
a key step in establishing HCMV latency (8-14). This promoter
regulates the expression of ULI22 and UL123 (encoding immedi-
ate early [IE] protein 2 [IE2] and IE1, respectively), which ulti-
mately increase expression from the MIEP as well as the early and
late viral lytic genes in the HCMV lytic transcriptional cascade
(reviewed in reference 15). Thus, suppressing this promoter si-
lences the lytic HCMV genome.

Repressive chromatin marks likely represent the key mecha-
nism by which HCMV silences its genome to establish and main-
tain a latent infection. In experimental ex vivo and in vivo latency
systems, deposition of repressive chromatin marks on the viral
genome indeed promotes HCMYV latency via the action of histone
deacetylases and histone methyltransferases (16). The MIEP,
which contains binding sites for a variety of transcription factors,
is also modulated by chromatinization. Additionally, in naturally
latently infected individuals, the MIEP is associated with repressed
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chromatin (12), suggesting that this mechanism of viral genomic
silencing is utilized to maintain a successful in vivo HCMV latent
infection. However, it is unlikely that chromatinization is the only
means by which HCMV maintains a latent infection. We hypoth-
esize that to complement transcriptional repression due to chro-
matinization, HCMV has evolved a secondary backup mechanism
which employs microRNAs (miRNAs) to impede viral transla-
tion.

The alpha- and gammaherpesviruses encode miRNAs that play
important roles in the regulation of viral latency (17); however, to
date, a direct role for miRNAs in the control of HCMV latency has
not been reported. miRNAs are small RNAs (21 to 23 nucleotides
in length) that target specific transcripts via a partial complemen-
tarity to binding sites typically within the 3" untranslated region
(UTR) of the target gene. Once bound to the target transcript,
miRNAs either repress translation of the target protein or, alter-
natively, result in RNA instability. Herpesvirus-encoded miRNAs
target both cellular and viral transcripts. For example, HCMV
encodes 14 miRNAs (18-20), and we and others have shown that
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at least one of these miRNAs, hcmv-miR-UL112-1, targets both
viral (21, 22) and cellular (23, 24) transcripts in the context of Iytic
infection. The present work was motivated by our identification of
a family of cellular miRNAs that we predicted target the 3’ UTR of
UL122. As discussed above, silencing of the MIEP is a major step in
establishing and maintaining a latent infection, and thus, we hy-
pothesized that miRNA targeting of the IE region is perhaps a
critical secondary mechanism toward controlling latency.

We have recently described an in vitro system for the study of
HCMV latency and reactivation (25). Our system utilizes the
CD34" progenitor Kasumi-3 cell line, which supports latent in-
fection and reactivation, producing infectious viral progeny. This
system affords us the ability to interrogate key questions about
latency, including the regulation of the IE region by cellular
miRNAs. In the study described here, we used our latency model
system to demonstrate that the cellular hsa-miR-200 cluster of
miRNAs specifically targets the 3" UTR of HCMV IE2, encoded by
UL122. We show that the targeting of this viral IE protein is key in
regulating viral latency in vitro. Furthermore, we have found that
these findings are consistent with those obtained in infected ex
vivo primary CD34™ cells. Together, we demonstrate that HCMV
utilizes cellular miRNAs to repress expression of an essential viral
transcript as a means to facilitate successful silencing of lytic rep-
lication.

MATERIALS AND METHODS

In silico analysis. Candidate host miRNAs were identified using a com-
putational algorithm (22, 26) that calculates the probability that a specific
miRNA binding to a defined 3" UTR would occur by chance in a randomly
generated pool of 3’ UTRs with the same mononucleotide and dinucle-
otide content as the real 3 UTR. The smaller that such a probability is, the
more likely it is that the miRNA-3" UTR pair is functional. The UL122 3’
UTR was screened against human miRNAs to identify candidate miRNAs
that are most likely to target this gene. Minimum free energies and bind-
ing hybridization of candidate miRNAs were calculated by use of the
BiBiServe RNA hybrid algorithm (27).

Plasmids and lentiviral constructs. To generate the pMirGloIE2wt
plasmid, the following oligonucleotides corresponding to the predicted
miRNA-binding site within the 3" UTR of ULI22 were annealed: top
oligonucleotide 5'-TCGAGTAGGATCCATAGTGATTCCCCGTGACA
GTATTAAT-3" and bottom oligonucleotide 5'-CTAGATTAATACTGT
CACGGGGAATCACTATGGATCCTAC-3'. The resulting product was
ligated into the XhoI and Xbal restriction enzyme sites of the pMirGlo vector
(Promega). A corresponding construct containing a 4-nucleotide substitu-
tion within the predicted seed sequence was generated by ligating two oligo-
nucleotides, top oligonucleotide 5'-TCGAGTAGGATCCATAGTGATTCC
CCGTGAGTCATAATAT-3" and bottom oligonucleotide 5'-CTAGATATT
ATGACTCACGGGGAATCACTATGGATCCTA C-3’, and cloned, as
described above, into pMirGlo to generate pMirGloIE2mut. The miRNA
200 (miR-200)-regulated positive control contained the 3" UTR sequence
of SIP1/ZEB2, which is regulated by the miR-200 family members (28),
and the retroviral constructs which expressed the miR-200 family mem-
bers were a kind gift of Yibin Kang (Princeton University). These retrovi-
ruses contain the human genomic fragments termed cluster 1 (C1), ex-
pressing hsa-miR-200b, -200a, and -429, or cluster 2 (C2), expressing
hsa-miR-200c and -141, which were cloned into the pMSCV-puro and
pMSCV-hygro retroviral vectors, respectively (29).

Luciferase reporter assay. Transient transfections were performed
using the FuGENE 6 transfection reagent (Roche Applied Science) ac-
cording to the manufacturer’s protocols. pPCMV-U6 with no miRNA-
coding insert was added to the transfections to ensure that equal amounts
of total DNA were used for each transfection. After 48 h at 37°C, cell
lysates were prepared using passive lysis solution (Promega) and assayed
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using a Dual-Glo luciferase assay system (Promega) according to the man-
ufacturer’s protocols. Luciferase units were assayed using a Veritas micro-
plate luminometer (Promega). Firefly luciferase units were normalized to
Renilla luciferase units to control for transfection and lysis variations.

Viruses and cells. HCMV bacterial artificial chromosome (BAC)-de-
rived strains FIX and TB40/E (clone 4) were used in these studies. We
previously engineered these strains to express enhanced green fluorescent
protein (eGFP) (22, 25). FixBACgfp and TB40/Egfp were used as the wild-
type viruses in these studies, where indicated, and were also utilized either
to generate the FIXgfpIE2cisA mutant using galK BAC recombineering
protocols (30) or to generate the TB40/EgfpIE2cisA mutant using I-sce
I-based recombineering protocols (31). The recombineering protocols
and virus production protocols are described below.

Kasumi-3 cells (ATCC) were maintained in RPMI 1640 (ATCC; cata-
log no. 30-2001) supplemented with 20% fetal bovine serum (FBS), 100
U/ml each penicillin and streptomycin, and 100 pg/ml gentamicin. The
Kasumi-3 cells used for viral infections were maintained in X-VIVO 15
medium (Lonza) supplemented with 100 U each of penicillin and strep-
tomycin for 48 h prior to infection. Primary newborn human fibroblasts
(NUFF-1 cells; GlobalStem) or primary human embryonic lung fibro-
blasts (MRCS5 cells) were maintained in Dulbecco modified Eagle medium
(DMEM) supplemented with 10% FBS, 2 mM L-glutamine, 0.1 mM non-
essential amino acids, and 100 U/ml each penicillin and streptomycin.
The murine breast cancer cell line 4T07 was maintained in DMEM sup-
plemented with 10% newborn calf serum and 100 U/ml each penicillin
and streptomycin. Primary CD34 " cells were isolated from cord blood by
magnetic bead separation and cultured as previously described (32).
Monocytes isolated from peripheral blood were a kind gift from Christine
McDonald (Cleveland Clinic). Monocytes were maintained in culture in
RPMI 1640 supplemented with 10% human serum. Macrophages were
derived from a portion of the monocyte culture by treating them with 100
ng/ml each of macrophage colony-stimulating factor and interleukin-3
for 72 h (33). All cells, except where indicated, were maintained in a 37°C
incubator with 5% CO.,.

Generation of stable cell lines. Retroviruses containing the genomic
fragments expressing the miR-200 family members or their empty coun-
terparts (pMSCV-puro and pMSCV-hygro) were transfected into Phoe-
nix cells by lipid-based methods using the FuGENE 6 transfection reagent
(Roche Applied Science) per the manufacturer’s protocols. Supernatants
were collected, clarified by filtering through a 0.45-pm-pore-size syringe
filter, and concentrated by ultracentrifugation at 82,705 X g at 4°C for 90
min. Pellets were resuspended and used to transduce both fibroblasts and
4T07 cells in the presence of Polybrene (4 pg/ml) overnight at 37°C. On
the following day, the medium was changed and transduced cells were
selected by the addition of either puromycin (1 wg/ml) or hygromycin
(100 pg/ml).

Viral recombineering and virus production. To generate the muta-
tions within the FixBAC strain, we transformed Escherichia coli SW105
with FixBACgfp and inserted the galK open reading frame (ORF) into the
IE2 3" UTR using the following primers: forward primer 5'-GATATATA
AAAAAAAGCTACTTTTATTAAACAGCCTTCTCACCACACGTTAcct
gttgacaattaatcatcggea-3' and reverse primer 5'-AAAACTGGAAAGAGA
GACATGGACTCTTGTACATAGTGATTCCCCGTGACAtcagcactgtect
gctectt-3', where uppercase letters correspond to the HCMV sequence
and lowercase letters correspond to the sequence of the pGalK vector.
GalK-positive clones were reverted by a second round of homologous
recombination using the following annealed primers, resulting in the de-
letion of the miRNA-binding site: top primer 5'-AAAAAGCTACTTTTA
TTAAACAGCCTTCTCACCACACGTTAGGGGTGTCACGGGGAATC
ACTATGTACAAGAGTCCATGTCTCTCT-3" and bottom primer 5'-
AGAGAGACATGGACTCTTGTACATAGTGATTCCCCGTGACACCCC
TAACGTGTGGTGAGAAGGCTGTTTAATAAAAGTAGCTTTTT-3', where
the bold letters denote the mutations within the seed sequence. All muta-
tions within the recombinant viruses were validated by sequencing.

To generate the mutations within the clinical TB40/e BAC strain, we
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transformed E. coli GS1783 with TB40/Egfp and inserted the kanamycin-
I-sce I cassette containing the mutation using the following primers: for-
ward primer 5'-AGATGTATAAAAAAAGCTACTTTTATTAAACAGCA
TTCTCACCACACGTTAtcgatttattcaacaaagccacg-3" and reverse primer
5'-GAAAAACTGGAAAGAGACATGGACTCTTGTACATAGTGATTC
CCCGTGACAcgcgtatatctggeccgtacatcg-3', where the lowercase charac-
ters correspond to the pEPKanS vector. Positive clones were then selected
for by culture on kanamycin-chloramphenicol-LB agar plates overnight
at 32°C, and then insertion of the cassette was confirmed by PCR. Positive
clones were then selected and grown overnight in LB-chloramphenicol at
32°C overnight, after which the cells were diluted and grown to an optical
density at 600 nm of 0.5 to 0.7. The insertion cassette containing the
kanamycin-I-sce I fragment was then excised by 1.0% L-arabinose, result-
ing in a seamless insertion of the mutated sequence. Finally, clones were
selected for on kanamycin-chloramphenicol-arabinose-LB plates, con-
firmed by PCR amplification, and then analyzed by genomic sequencing.
To generate the repair virus TB40/EgfpIE2cisArep, we used the same tech-
nique described above with the following primers for the initial insertion:
forward primer 5'-AGTAAGTGAAAAACTGGAAAGAGACATGGACT
CTTGTACATAGTGATTCCCCGTGACAGTATTcgcgtatatctggeccgtac
atcg-3' and reverse primer 5'-AAAGCTACTTTTATTAAACAGCATTC
TCACCACACGTTAATACTGTCACGGGGAATCACTAtcgatttattcaacaa
agccacg-3', where the lowercase characters correspond to the pEPKan$
vector. All viral stocks were grown on primary fibroblasts, and after a
100% cytopathic effect was achieved, virus was harvested by ultracentrif-
ugation through a 20% sorbitol cushion. Viral pellets were resuspended in
X-VIVO 15 medium (Lonza) supplemented with 1.5% bovine serum al-
bumin. Aliquots were flash frozen in liquid nitrogen and stored at —80°C
until further use. Stock titers were assessed by 50% tissue culture infective
dose assays on primary fibroblasts.

Infection of fibroblasts, Kasumi-3 cells, and CD34" hematopoietic
progenitor cells. Fibroblasts (2.5 X 10°) were infected at a multiplicity of
0.5 PFU/cell for 1 h at 37°C. Following adsorption, the inoculum was
removed and the cells were washed three times with phosphate-buffered
saline (PBS), after which the cultures were replenished with fresh me-
dium. Viral supernatants were collected at 4 days postinfection (dpi), and
viral titers were determined by immunofluorescence for IE1, as previously
described (34). In brief, collected supernatants were serially diluted and
used to infect primary MRCS5 cells for 24 h. Each dilution was analyzed in
triplicate. Cells were then fixed in ice-cold methanol for 20 min at —20°C
and next stained with a monoclonal antibody that detects IE1 (clone 1B12
[35]) and a fluorescently conjugated antibody (Molecular Probes). Five
random fields were quantified, as described previously (34).

Kasumi-3 cells were infected at a multiplicity of 1.0 PFU/cell by cen-
trifugal enhancement at 1,000 X g for 30 min at room temperature in
X-VIVO 15 medium (Lonza). On the next day, the cells were treated with
trypsin to remove any viral particles that had not entered the cell. Infected
cells were cushioned onto Ficoll-Paque (GE Healthcare) to remove debris
and the viral inoculum, after which the cells were washed two times with
PBS. Cells were then replated in X-VIVO 15 medium (Lonza) and har-
vested as described above.

Primary CD34™ cells were allowed to recover for 5 h postisolation (as
described above). Cells were then infected at a multiplicity of 2.0 PFU/cell
in X-VIVO 15 medium (Lonza) by low-speed centrifugation at 450 X g for
20 min at room temperature. The infected cells were then returned to
culture overnight, and on the following day, the cells were washed with
excess X-VIVO 15 medium (Lonza) to remove the viral inoculum. Cells
were then replated and harvested as described above.

Detection of miRNAs, RNA, DNA, and protein. To determine
miRNA expression, total RNA was isolated from cell pellets using a mir-
Vana miRNA isolation kit (Ambion), according to the manufacturer’s
procedure for total RNA isolation. This protocol allows total RNA isola-
tion yet preserves the miRNA population. In brief, cell pellets were first
lysed and disrupted, after which the lysates were extracted once with acid
phenol-chloroform. Samples were then purified further over glass fiber
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filters, and finally, the filtrates were washed and eluted to yield total RNA.
DNA was removed from the samples utilizing a DNA-free reagent kit
(Ambion). Expression of the hsa-miR-200 cluster was then detected uti-
lizing modified TagMan-based stem-loop reverse transcription (RT)-
quantitative PCR (qPCR) (36). RNA (10 ng) was reverse transcribed using
a TagMan microRNA reverse transcription kit (Applied Biosystems), ac-
cording to the manufacturer’s instructions, using stem-loop primers for
either hsa-miR-200b or hsa-miR-200c (Applied Biosystems). Next, a 1:15
dilution of the product from the RT step was used for TagMan qPCR with
1.5 mM forward primer, 0.7 mM reverse primer, 0.2 mM TagMan probe,
and 1X Universal TagMan PCR master mix (Applied Biosystems). The
primers and probe used in each reaction corresponded to either hsa-miR-
200b or hsa-miR-200c¢, in accordance with the appropriate stem-loop
primer. Each sample was analyzed in triplicate, and in each case, the level
was normalized by quantifying the levels of human U44 small nuclear
RNA using an RNU44 TagMan control assay (Applied Biosystems).

RNA was isolated from infected Kasumi-3 cells at 7 dpi utilizing the
Tri Reagent (Sigma) protocol, according to the instructions of the man-
ufacturer. cDNA was generated from equal concentrations of RNA (500
ng) using TagMan RT reagents (Roche), as previously described (22).
Next, equal volumes of cDNA were used to quantify transcripts by RT-
qPCR using a SYBR green PCR mix (Applied Biosystems) according to the
manufacturer’s protocol. Samples were analyzed in triplicate, and in each
case, the level was normalized to that of glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH; forward primer 5'-ACCCACTCCTCCACCTTT
GAC-3' and reverse primer 5'-CTGTTGCTGTAGCCAAATTCGT-3").
Viral transcripts were assessed utilizing primers directed at UL123 (for-
ward primer 5'-GCCTTCCCTAAGACCACCAAT-3' and reverse primer
5 -ATTTTCTGGGCATAAGCCATAATC-3").

Extracellular viral genomes were quantified by gPCR as previously
described (25). In brief, samples were collected over a time course of 5
days. For each time point, cells were pelleted by centrifugation, and the
supernatants were collected and stored at —80°C. Equal volumes of all
samples were prepared by sodium dodecyl sulfate (SDS; 0.8%)-proteinase
K (40 pg/ml) treatment overnight at 37°C in 400 mM NaCl, 10 mM Tris,
pH 8.0, and 10 mM EDTA. DNA was extracted on the following day by
phenol-chloroform-isoamyl alcohol purification followed by ethanol pre-
cipitation. Pellets were resuspended in an equal volume and analyzed by
qPCR in triplicate using the UL123 primers described above.

For protein analysis, cells were infected at a multiplicity of 1.0 PFU/cell
and harvested at the indicated time points. Proteins were then denatured
and equal concentrations of each sample (30 pg) were loaded for separa-
tion by SDS-PAGE. Proteins were transferred onto polyvinylidene di-
fluoride by semidry transfer and detected with the following antibod-
ies: anti-IE2 (clone 3A9 [37]) diluted 1:100, antitubulin (Sigma)
diluted 1:5,000, and horseradish peroxidase-conjugated goat antimouse
secondary antibody (Jackson Laboratory) diluted 1:10,000.

RESULTS

The hsa-miR-200 cluster specifically targets the HCMV UL122
3’ UTR. We have previously published our computational analy-
sis algorithm that predicts the targets of both cellular and viral
miRNAs (22, 26). Our analysis indicates that three of the five
hsa-miR-200 miRNA family members are likely to target the 3’
UTR of UL122 (Fig. 1), a surprising finding as the 3" UTR of
UL122 is relatively short (~90 nucleotides). The hsa-miR-200
family is comprised of five miRNAs, which can be subdivided into
two groups on the basis of either chromosomal location or se-
quence (29). hsa-miR-200b, -200a, and -429 map to human chro-
mosome 1 (cluster 1 [C1]), while hsa-miR-200c and -141 map to
human chromosome 12 (cluster 2 [C2]). Our prediction analysis
revealed that hsa-miR-200b, -200c, and -429, which contain a
common seed sequence, display 100% seed complementarity to a
conserved target site within the IE2 3" UTR of either 8 nucleotides
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FIG 1 In silico analysis predicts that several cellular hsa-miR-200 family members bind the UL122 3" UTR. In silico analysis predicts that three members of the
cellular hsa-miR-200 family of miRNAs are likely to bind the 3" UTR of UL122 with perfect sequence complementarity in the seed region (shaded). A schematic
of the UL122/UL123 region of HCMV, with the 3" UTR sequence of UL122 (IE2) magnified, is shown. Predicted hybridizations between the 3" UTR of UL122 and
hsa-miR-200b, hsa-miR-200c, or hsa-miR-429 are shown along with the calculated free energy of the interaction. Ex, exon.

(hsa-miR-200b and hsa-miR-200c) or 10 nucleotides (hsa-miR-
429) (Fig. 1). Moreover, this target site is conserved within all
sequenced strains of HCMV and thus is very unlikely to have
appeared randomly, suggesting that this site is functionally im-
portant. All three miRNAs are attractive candidates for binding to
UL122, to prevent its translation (Fig. 1). To test if this hsa-miR-
200 cluster indeed targets the UL122 3" UTR, we utilized luciferase
reporter assays. We transfected cells with either nontargeting
miRNAs or a synthetic oligonucleotide corresponding to the hsa-
miR-200b miRNA. We rationalized that any observed changes in
protein expression due to hsa-miR-200b would be indicative of
the changes seen in response to the other family members, as
hsa-miR-200b has the weakest predicted binding to the 3" UTR of
UL122 among the miR-200 family members (Fig. 1). Each of the
aforementioned transfected cell cultures was cotransfected with
constructs expressing luciferase with either the wild-type UL122
3" UTR oramutant UL122 3" UTR, as well as negative and positive
controls. The mutant UL122 3" UTR contains four mutated nu-
cleotides within the miRNA seed sequence, such that the miRNA
cannot bind. The positive control contains the 3" UTR of ZEB2, a
published target of the hsa-miR-200 family members (28). We
found that only the wild-type UL122 3" UTR showed repression
when cotransfected with the hsa-miR-200 overexpression con-
structs, whereas a nonspecific miRNA did not show similar re-
pressed luciferase expression (Fig. 2). Importantly, we found that
the overexpression of hsa-miR-200b failed to repress the mutant
UL122 3" UTR (Fig. 2). Taken together, these findings suggest that
the 3" UTR of ULI122 is specifically regulated by hsa-miR-200b
within the seed sequence predicted by our algorithm.
Overexpression of the hsa-miR-200 cluster in fibroblasts re-
sults in decreased viral titers. To determine if the targeting of
hsa-miR-200 has an effect on viral infection, we constructed
viral mutants in the BAC-derived clinical strain FixBACgfp us-
ing bacterial recombineering. We mutated the 3" UTR of 1IE2
(FixBACgfpIE2cisA) in a manner similar to that used for the lu-
ciferase reporter constructs used earlier, such that the predicted
hsa-miR-200 family members’ seed binding sequence was mu-
tated. Fibroblasts are highly permissive for HCMV lytic replica-
tion and thus serve as an excellent cell type with which to investi-
gate the role of miRNA targeting of IE2. To this end, we stably
transduced primary fibroblasts with lentiviral constructs that
overexpress the Cl hsa-miR-200 cluster or a control lentivirus.
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We observed an increase in hsa-miR-200b expression within
the Cl-transduced cells compared to the level of expression in
cells transduced with an empty lentiviral construct (Fig. 3A).
We then infected these cells with either wild-type virus or the
FixBACgfpIE2cisA mutant. We found that wild-type infection re-
sulted in decreased virus production in the hsa-miR-200-overex-
pressing fibroblasts compared to the level of production in the
control fibroblasts (Fig. 3B). However, the FixBACgfpIE2cisA
mutant displayed a similar viral growth phenotype in both control
fibroblasts and the hsa-miR-200-overexpressing cells (Fig. 3C).
We noted that the total titer of the FixBACgfpIE2cisA virus was
lower than that of the wild-type virus in the control cells, suggest-
ing that the conserved sequences in the UL122 (IE2) 3" UTR found
in all sequenced strains are likely important during lytic replica-
tion. To determine if the levels of IE2 are modulated in the context
of a viral infection, we performed immunoblot analysis on these
infected cells. Consistent with the results presented above, we
found that hsa-miR-200-overexpressing fibroblasts infected
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FIG 2 The wild-type 3" UTR of HCMV UL122 is repressed by overexpression
of hsa-miR-200b. 4T07 cells were transfected with either a control synthetic
miRNA construct (gray bars) or a synthetic miRNA construct corresponding
to miR-200b (white bars). These cells were then cotransfected with firefly
luciferase constructs expressing either the wild-type UL122 3" UTR, a mutant
UL1223' UTR, a positive control (ZEB2 3" UTR), or a negative control (empty
luciferase vector). All samples were analyzed in triplicate, and the levels were
adjusted to those for Renilla luciferase.
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FIG 3 Cellular hsa-miR-200 inhibits wild-type infection but not infection with an ULI122 (IE2) 3" UTR mutant virus. (A) Primary human embryonic lung
fibroblasts (MRCS5 cells) were stably transduced with either a control retrovirus or one that overexpressed the C1 cluster of the hsa-miR-200 family. In each cell
type, levels of hsa-miR-200b (light gray bars) or hsa-miR-200c (dark gray bars) were assessed by gPCR. Samples were normalized to those of cellular RNU44 and
analyzed in triplicate. (B, C) MRCS5 cells stably transduced with a C1-expressing lentivirus (white bars) or an empty control (gray bars) were then infected with
either wild-type FixBACgfp virus (B) or FixBACgfpIE2cisA virus (C) at a multiplicity of 0.5 PFU/cell for 4 days. The titer of cell-free virus was then determined
by a modified immunofluorescence assay for IE1. Samples were analyzed in triplicate. (D) MRC5 cells transduced with either the Cl-expressing or control
lentivirus were infected with either wild-type FixBACgfp virus or FixBACgfpIE2cisA virus at a multiplicity of 1 PFU/cell. Cell lysates were harvested at the
indicated time points (hpi, hours postinfection), and IE2 levels were assessed using a monoclonal antibody (clone 3A9). a-Tubulin was used as a control.

with wild-type virus, which contains an intact miRNA-binding
site, showed decreased IE2 levels compared to those in the
FixBACgfpIE2cisA mutant virus (Fig. 3D). Taken together, these
findings suggest that in the context of lytic viral infection, hsa-
miR-200 family members inhibit viral replication via the 3’ UTR
of UL122, resulting in decreased levels of viral IE2.

IE2cisA infection of Kasumi-3 cells favors lytic replication
during experimental in vitro latency. Our data suggest that the
hsa-miR-200 cluster targets the 3’ UTR of UL122 as a means by
which to suppress lytic replication. Thus, we hypothesized that
this cellular miRNA family might function during latency to
maintain the latent rather than the lytic state of the virus. To
investigate the function of these miRNAs during latency, we gen-
erated a mutation within the 3' UTR of UL122 (IE2) within the
TB40/E strain of HCMYV, a strain that we have used in our previ-
ous studies of HCMV latency (25). Using our Kasumi-3 cell model
for in vitro HCMYV latent infection, we asked if infection with the
TB40/EgfpIE2cisA mutant could maintain a latent infection. We
infected Kasumi-3 cells with either wild-type or recombinant vi-
ruses. Interestingly, we found that when we infected Kasumi-3
cells with the TB40/EgfpIE2cisA mutant, viral IE gene expression
was not silenced like it was in the wild-type infections at 7 dpi (Fig.
4A). Consistent with this finding, the TB40/EgfpIE2cisA mutant
infection resulted in the production of extracellular virions at a
level which was significantly increased over that in wild-type in-
fections (Fig. 4B). To ensure that these observations were not due
to off-site mutations in the recombineered TB40/EgfpIE2cisA
mutant, we generated a repair recombinant derived from the mu-
tant BAC parent, TB40/EgfpIE2cisArep. As demonstrated in Fig. 4,
infection of Kasumi-3 cells with the TB40/EgfpIE2cisArep virus
resulted in phenotypes consistent with those obtained with the
wild-type infections. To ensure that these findings were not phe-
nomena of the Kasumi-3 progenitor cell line, we isolated and in-
fected human CD34 ™ cells derived from cord blood. This system
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is established and accepted as a suitable ex vivo model for HCMV
latency (32). At 5 dpi, we harvested the cells to determine viral
gene transcription and also harvested the supernatant to evaluate
the production of extracellular virus. We found that infection of
these primary cells with the TB40/EgfpIE2cisA mutant virus re-
sulted in a significant increase in IE gene transcript levels
compared to those obtained by either wild-type or TB40/
EgfpIE2cisArep virus infection at 5 dpi (Fig. 5A). Additionally, we
were able to quantitate the extracellular viral genomes in the su-
pernatant of TB40/EgfpIE2cisA mutant virus-infected CD34"
cells, and the levels were significantly higher than those pro-
duced from cells infected with either the wild-type or TB40/
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FIG 4 Infection of Kasumi-3 cells with virus lacking the miRNA-binding site
in the UL122 (IE2) 3" UTR favors lytic replication. Kasumi-3 cells were in-
fected with wild-type TB40/Egfp (WT), TB40/EgfpIE2cisA (IE2cisA), or TB40/
EgfpIE2cisArep (IE2cisARep) virus. (A) Viral gene expression was assessed at 7
dpi by RT-qPCR with primers directed at UL123. All samples were analyzed in
triplicate, and levels were normalized to the level of GAPDH gene production.
(B) Extracellular virion production was assessed over a 5-day time course.
Viral genomes derived from the supernatants of the infected cells were ana-
lyzed by qPCR using primers that detect UL123. All samples were analyzed in
triplicate. AU, arbitrary units.
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FIG 5 Infection of ex vivo-cultured primary CD34" cells with a virus that
lacks the miRNA seed binding sequence favors lytic gene expression. Primary
human CD34" hematopoietic progenitor cells were isolated from umbilical
cord blood by magnetic separation. The cells were then infected with wild-type
TB40/Egfp (WT), TB40/EgfpIE2cisA (IE2cisA), or TB40/EgfpIE2cisArep
(IE2cisARep) viruses at a multiplicity of 2.0 PFU/cell, and then the cells were
harvested at 5 dpi for IE gene transcription by RT-qPCR analysis (A) or quan-
tification of extracellular genomes by qPCR (B). Primers directed at UL123
were used to detect IE gene transcripts as well as viral genomes. The levels of the
viral transcripts in panel A were normalized to the level of the cellular GAPDH
gene. All samples were analyzed in triplicate.

EgfpIE2cisArep virus (Fig. 5B). Importantly, the phenotypes that
we observed in the infected ex vivo CD34™ progenitor cells were
consistent with our findings for infected Kasumi-3 cells presented
in Fig. 4. Together, these data suggest that the TB40/EgfpIE2cisA
mutant virus favors a lytic infection rather than a latent infection
in the in vitro model system as well as the human umbilical cord-
derived CD34™ ex vivo system.

The hsa-miR-200 cluster is expressed in cells that permit
HCMV latent infection. Our findings suggest that the hsa-miR-
200 cluster targets the UL122 3" UTR to aid in HCMV latent in-
fection. Such a function would require the hsa-miR-200 cluster to
be appropriately expressed in the cells of the myeloid lineage, spe-
cifically, the less differentiated myeloid progenitors that support
HCMYV latency. Cellular differentiation, in addition to a role in
immune insult, plays an important role in viral reactivation (38).
Thus, we hypothesized that the hsa-miR-200 cluster is highly ex-
pressed in undifferentiated cells, where the virus favors a latent
state, and as the cells differentiate, the expression level of this
cluster decreases. To test this, we assessed the levels of the hsa-
miR-200 cluster in untreated and tetradecanoyl phorbol acetate
(TPA)-treated Kasumi-3 cells by RT-qPCR. The treatment of Ka-
sumi-3 cells with TPA differentiates these progenitor cells toward
the monocyte/macrophage lineage (39). We found that the hsa-
miR-200 cluster was expressed to high levels in untreated Ka-
sumi-3 cells and that upon TPA-induced differentiation, the levels
of expression significantly decreased (Fig. 6A). We also deter-
mined the expression levels of the hsa-miR-200 cluster in primary
CD34™ cells, monocytes, and monocyte-derived macrophages.
Consistent with our findings in the Kasumi-3 cells, we found that
hsa-miR-200 levels were high in CD34™ cells and monocytes but
not in macrophages (Fig. 6B). These results are consistent with
our hypothesis that hsa-miR-200 levels are high in cells where the
virus favors latency and the levels decrease as the cells differentiate
into cells permissive for lytic infection.

DISCUSSION

In the present study, we have shown that several of the hsa-miR-
200 miRNA family members target the 3" UTR of UL122 (IE2) to
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FIG 6 The cellular hsa-miR-200 miRNA family is highly expressed in cells that
support HCMV latent infection. hsa-miR-200 levels were detected by qPCR in
Kasumi-3 cells (dark gray bar) or TPA-differentiated Kasumi-3 cells (white
bar) (A) or in primary human umbilical cord CD34™" cells (dark gray bar),
primary human monocytes (light gray bar), or primary human monocyte-
derived macrophages (Md; white bar) (B). Samples were analyzed in triplicate,
and the levels were normalized to the values for human RNU44.

aid in a successful latent infection in vitro. This is one of only a few
reports of a cellular miRNA that targets a herpesvirus transcript
and the only report of cellular miRNAs regulating HCMV latency.
The cellular miR-17 family members have been shown to target
the Epstein-Barr virus (EBV) latent transcripts LMPI and BHRF1
(40), although the functional consequences of this targeting dur-
ing latency remain unknown. However, since the main targets are
the latency transcripts, these interactions would presumably pro-
mote a reactivation from latency. Additionally, cellular miR-498
and miR-320d target the Kaposi’s sarcoma-associated herpesvirus
(KSHV) ORF50/Rta, which promotes the latency-to-lytic replica-
tion switch, and overexpression of these miRNAs in BCBL-1 cells,
which harbor latent KSHV, results in a decrease of lytic reactiva-
tion in the presence of TPA (41). Finally, Ellis-Connell and col-
leagues showed that hsa-miR-200b and hsa-miR-429, two of the
five miRNAs that encompass the hsa-miR-200 family, downregu-
late cellular ZEBI and ZEB2 expression, thereby facilitating EBV
Iytic replication (42). The data that we have presented herein lead
us to favor the hypothesis that miRNA targeting of HCMV IE
genes is a secondary or backup mechanism (in addition to chro-
matin remodeling as a means to ensure latency) that the virus has
evolved to support viral latency in hematopoietic progenitor cells
(Fig. 7).

During herpesvirus latent infection, repressive chromatin
modifications are quickly deposited on viral genomes (12, 43, 44).
This results in the efficient suppression of viral lytic transcription.
Strong repression of the HCMV MIEP, which drives expression of
the viral lytic transcriptional activators IE1 and IE2, is necessary to
establish latency. If IE1 and IE2 accumulate over a threshold, the
viral transcriptional repression is overcome and the switch to lytic
replication occurs. The MIEP is a very strong promoter, and thus,
low levels of the IE mRNAs are often detected in ex vivo latency
model systems (32, 45). We propose that HCMYV has evolved a
second layer of regulation employing miRNAs that target the IE
transcripts to ensure the inhibition of their translation. This
model is supported by the general idea that miRNAs function to
buffer transcriptional noise, especially in expression of proteins
with positive-feedback regulation. Random fluctuations in tran-
scriptional noise can increase the levels of a positive-feedback
transcription factor (such as IE2) over a threshold level that results
in a loss of regulatory control. These liable systems require addi-
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FIG 7 Proposed model of host miRNA control in viral latency. Upon infec-
tion of hematopoietic progenitor cells, the HCMV MIEP is marked with re-
pressive chromatin, thereby transcriptionally silencing the promoter. UL122
transcripts generated as a result of low-level basal transcription from this pro-
moter are then repressed by the hsa-miR-200 family of miRNAs to inhibit IE2
translation. Together, these processes ensure viral latency in these cells. How-
ever, under conditions during which inflammatory cytokine production is
increased, the MIEP is transcriptionally activated and UL122 transcripts accu-
mulate to levels that supersede hsa-miR-200 suppression. Additionally, as the
cells differentiate toward mature myeloid cells (e.g., macrophages), the levels
of the cellular hsa-miR-200 family decrease such that they are not sufficient for
repressing UL122 transcription. As a result, IE2 is translated and lytic reacti-
vation commences.

tional mechanisms to regulate the oscillation between on and off
states. The preexpression of miRNAs would buffer against ran-
dom inherent noise that would push a biological switch into an
all-or-nothing scenario. Reduction of the miRNAs or increased
levels of the transcripts serve as the biological switch between the
two states (46).

In support of this model, we and others have previously shown
that the HCMV miR-UL112-1 targets the 3" UTR of UL123 (21,
22). Additionally, we observed that infection of Kasumi-3 cells
with an UL123 3’ UTR mutant virus (IE1cisA) results in IE gene
transcription, suggesting that this viral miRNA targets IE1 to aid
in the latent infection as well. Utilizing both viral (hcmv-miR-
112-1) and cellular (hsa-miR-200) miRNAs, transcripts are
mopped up, thereby preventing their translation and ensuring
that lytic reactivation does not occur.

How does HCMV overcome miRNA repression to successfully
reactivate? HCMYV reactivation is thought to involve immune in-
sult and/or cellular differentiation of progenitor cells to more ma-
ture cells of the hematopoietic compartment. Once the MIEP is
activated, additional sites within the viral genome are activated,
eventually leading to lytic reactivation. Our data suggest that the
hsa-miR-200 cluster is more highly expressed in cells that favor a
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latent (CD34™ cells) or persistent (monocytes) infection than in
cells that support lytic replication (macrophages). Therefore, as
the cells differentiate, the abundance of the transcripts resulting
from this strong MIEP outcompete the cellular (and likely the
viral) miRNAs, especially as differentiation continues and the lev-
els of hsa-miR-200 decrease. The cellular miRNAs likely cannot
keep up with the abundance of transcripts and thus are unable to
efficiently repress their translation (Fig. 7). Attempts to deplete
the endogenous pool of hsa-miR-200 family members with lenti-
virus-based miRNA sponge constructs were not successful, as pri-
mary cells and undifferentiated Kasumi-3 cells quickly repressed
gene expression from transduced vectors.

That HCMYV latency is controlled, in part, by miRNA transla-
tional repression is not without precedent. Other herpesviruses
encode miRNAs expressed during latency, including herpes sim-
plex virus 1 (HSV-1), HSV-2, KSHV, and EBV, which function to
promote latent infections (47-58). As mentioned above, cellular
miRNAs target both KSHV and EBV transcripts toward regulating
latency and/or lytic reactivation. It is not surprising that herpes-
viruses have evolved mechanisms to suppress IE gene transcrip-
tion during latency. All herpesviruses transcribe their lytically ex-
pressed genes in a cascade, such that the IE genes are made first
and then subsequently activate early genes that facilitate DNA
replication, which finally leads to the transcription of late genes
and the assembly of mature viral particles. For HCMV, we have
shown that IE2 alone is in fact sufficient for turning on early gene
transcription (59), and thus, regulating translation of this protein
during latency would be key for dictating the fate of the infection
(i.e., lytic versus latent). Therefore, miRNA repression of HCMV
IE genes would serve as a means by which to prevent the kick start
of the lytic gene transcriptional cascade that leads to viral reacti-
vation. Thus, miRNAs are an attractive way to ensure the estab-
lishment and/or maintenance of a successful latent infection.
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