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ABSTRACT

In latently infected marmoset T cells, Herpesvirus saimiri (HVS) expresses six microRNAs (known as miR-HSURs [H. saimiri
U-rich RNAs]). The viral miR-HSURs are processed from chimeric primary transcripts, each containing a noncoding U-rich
RNA (HSUR) and a pre-miRNA hairpin. To uncover the functions of miR-HSURs, we identified mRNA targets in infected cells
using high-throughput sequencing of RNA isolated by cross-linking immunoprecipitation (HITS-CLIP). HITS-CLIP revealed
hundreds of robust Argonaute (Ago) binding sites mediated by miR-HSURs that map to the host genome but few in the HVS
genome. Gene ontology analysis showed that several pathways regulating the cell cycle are enriched among cellular targets of
miR-HSURs. Interestingly, miR-HSUR4-3p represses expression of the p300 transcriptional coactivator by binding the open
reading frame of its mRNA. miR-HSUR5-3p directly regulates BiP, an endoplasmic reticulum (ER)-localized chaperone facilitat-
ing maturation of major histocompatibility complex class I (MHC-I) and the antiviral response. miR-HSUR5-3p also robustly
downregulates WEE1, a key negative regulator of cell cycle progression, leading to reduced phosphorylation of its substrate, cy-
clin-dependent kinase (Cdk1). Consistently, inhibition of miR-HSUR5-3p in HVS-infected cells decreases their proliferation.
Together, our results shed light on the roles of viral miRNAs in cellular transformation and viral latency.

IMPORTANCE

Viruses express miRNAs during various stages of infection, suggesting that viral miRNAs play critical roles in the viral life cycle.
Compared to protein-coding genes, the functions of viral miRNAs are not well understood. This is because it has been challeng-
ing to identify their mRNA targets. Here, we focused on the functions of the recently discovered HVS miRNAs, called miR-
HSURs. HVS is an oncogenic gammaherpesvirus that causes acute T-cell lymphomas and leukemias in New World primates and
transforms human T cells. A better understanding of HVS biology will help advance our knowledge of virus-induced oncogene-
sis. Because numerous cellular miRNAs play crucial roles in cancer, viral miRNAs from the highly oncogenic HVS might also be
important for transformation. Here, we found that the miR-HSURs preferentially modulate expression of host cell cycle regula-
tors, as well as antiviral response factors. Our work provides further insight into the functions of herpesviral miRNAs in virus-
induced oncogenesis and latency.

Herpesvirus saimiri (HVS) is a T-lymphotropic gammaherpes-
virus that causes acute T-cell lymphomas and leukemias in

New World primates and transforms human primary T cells in
vitro (1). The most abundant transcripts in HVS latently in-
fected marmoset T cells are seven noncoding U-rich RNAs,
known as HSURs (H. saimiri U-rich RNAs) (2). The functions of
these viral noncoding RNAs are not well understood. HSUR1
forms base-pairing interactions with a host microRNA (miRNA),
miR-27, targeting it for rapid degradation (3). This helps to pro-
mote constitutive activation of infected T cells and viral latency (4,
5). We recently discovered that, in addition to the HSURs, HVS
expresses during latency another class of noncoding RNAs: six
miRNAs called miR-HSURs (6). The miR-HSURs are cotrans-
cribed together with the HSURs to give rise to chimeric primary
transcripts, which are then processed via a combination of canon-
ical and noncanonical pathways to yield mature HSURs and
miRNAs (6).

In complex with Argonaute (Ago) family proteins, mature
miRNAs modulate target protein levels through base pairing with
their mRNAs (7). Like cellular miRNAs, viral miRNAs play key
regulatory roles in gene expression in host cells (8). Previous stud-
ies suggested that viral miRNAs benefit infection and the viral life
cycle through regulation of (i) viral persistence, (ii) proliferation
and/or survival of the infected host cells, and (iii) host immune

evasion (2). Because the functions of the miR-HSURs were un-
known, we embarked on the identification of their viral and cel-
lular targets in latently infected marmoset T cells.

MATERIALS AND METHODS
Cell culture and transfection. Marmoset (Callithrix jacchus) T cells in-
fected with HVS strain �2A (referred to as �2A cells) were generated and
grown as described previously (9). They were derived from marmoset
peripheral blood lymphocytes immortalized by HVS and are predomi-
nantly activated CD8 cytotoxic T cells. A 1,379-bp deletion present in the
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genome of strain �2A eliminated expression of HSUR1, HSUR2, miR-
HSUR2-5p, and miR-HSUR2-3p. Previously, we generated high-quality
Ago high-throughput sequencing of RNA isolated by cross-linking
immunoprecipitation (HITS-CLIP), small-RNA-Seq, and mRNA-Seq
data sets in �2A cells, making them a valuable resource for this study.
Jurkat T and HEK293T cells were grown in RPMI 1640 and Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum, 2 mM L-glutamine, and 100 U/ml penicillin-streptomycin.

HEK293T cells (about 70% confluent) were transfected with 100 pmol
synthetic miRNAs using Lipofectamine 2000 (Life Technologies) in 6
wells and harvested 24 h posttransfection for Western blot analyses. About
1 million Jurkat T cells were nucleofected with 100 pmol synthetic
miRNAs per cuvette using the 4D-Nucleofector SE cell line kit (program
CL-120) from Lonza. The cells were harvested 24 h posttransfection for
Western blot analyses. About 10 million HVS-infected marmoset T cells
were nucleofected with 100 pmol synthetic miRNAs or 100 pmol locked
nucleic acid (LNA) inhibitors per cuvette using the 4D-Nucleofector SE
cell line kit (program CM-138) from Lonza. The transfected cells were
then harvested 24 h posttransfection for Western blot analyses and cell
counting.

Ago HITS-CLIP. About 5 million �2A cells were cross-linked with 600
mJ/cm2 UV light (254 nm) on ice, lysed, and digested with RNase A. Ago
HITS-CLIP was performed in four replicates using two anti-Ago antibod-
ies (clones 2A8 and 11A9, each in duplicate), as described previously (4).
The cDNA libraries were sequenced (using 50-cycle runs) by the Yale
Stem Cell Center Genomics Core; about 100 million to 250 million reads
were obtained per library. The data sets obtained previously (4) were
reanalyzed to identify targets for miR-HSURs. High-quality raw sequenc-
ing reads were collapsed and selected for 7-mer (seed nucleotides 2 to 8)
binding sites for miR-HSUR4-5p, miR-HSUR4-3p, miR-HSUR5-5p, and
miR-HSUR5-5p. The reads containing seed binding sites for the miR-
HSURs and the total reads were mapped to the reference marmoset
genome (caljac 3.2) or HVS genome (NCBI reference sequence
NC_001350.1) with Bowtie (10). A maximum of two mismatches were
allowed for the alignment. Uniquely aligned reads were then collapsed
according to their genomic coordinates unless the reads mapping to the
same coordinate had unique degenerate barcodes. This step is important
to eliminate PCR duplications, and the resulting uniquely mapped reads
were referred to as Ago-bound mRNA fragments. Overlapping Ago-
bound mRNA fragments were assembled into Ago clusters. Seed binding
sites of host miRNAs (i.e., the top 100 most highly expressed in �2A cells)
were searched for within miR-HSUR clusters to ensure that these clusters
represent viral miRNA, not host miRNA, binding sites. Elimination of
PCR duplication and Ago cluster assembly were performed using custom
tools on Robert Darnell’s laboratory server (Rockefeller University). To
access the robustness of miR-HSUR-Ago clusters, the reproducibility (bi-
ological complexity [BC], as described in Results) and number of Ago-
bound mRNA fragments (peak height [PH], as described in Results) in
each individual experiment were used to determine a chi-square score for
each cluster; a P value was then calculated from the chi-square score ac-
cording to the method of Darnell et al. (11). Ago-bound mRNA fragments
and Ago clusters were visualized on the University of California, Santa
Cruz (UCSC), genome browser (http://genome.ucsc.edu). Cross-linking-
induced mutations were analyzed according to the method of Zhang and
Darnell (12).

GO analyses. Gene ontology (GO) analysis was done using DAVID
Bioinformatics Resources (https://david.ncifcrf.gov). A total of 47 unique
mRNAs containing statistically significant miR-HSUR-Ago clusters (P �
0.05, BC � 3, and PH � 10) in their 5= untranslated regions (UTRs), 3=
UTRs, or coding sequences (CDSs) were used as the query gene list. All
transcripts expressed in �2A cells identified by mRNA-Seq (fragments per
kilobase per million [FPKM] � 1) were used as background.

Small-RNA-Seq and mRNA-Seq analysis. Total RNAs were extracted
from �2A cells using TRIzol (Life Technologies). A small-RNA library
was prepared and sequenced as described previously (6). Quantification

of mature-miRNA levels was performed using miRDeep2 (13). Because of
the high degree of similarity between marmosets and humans, human
miRNAs (from http://www.mirbase.org/) were used as references to
quantify host miRNA levels. A poly(A)� RNA library was prepared from
�2A cells and sequenced by the Yale Center for Genomic Analysis. Raw
data were processed and analyzed, and transcript levels were quantified as
described previously (4).

Luciferase reporter assays. Full-length 3= UTRs of the miR-HSUR
target genes, including CSRP1 (cysteine- and glycine-rich protein 1),
OSTF1 (osteoclast-stimulating factor 1), HSPA5 (heat shock protein A5),
and WEE1, were PCR amplified from genomic DNA of �2A cells and then
inserted into the multiple-cloning site downstream of the luciferase luc2
gene in the pmiRGLO vector (Promega). Mutant reporters were gener-
ated by site-directed mutagenesis using the QuikChange protocol (Strat-
agene). To create a pmiRGLO reporter containing the miR-HSUR4-3p
binding site from EP300 in the CDS of the luciferase gene, a DNA frag-
ment containing the NheI and SalI sites (i.e., 5=-GCTAGCGAATTCGTC
GAC-3=) was first inserted upstream of the TAA stop codon of the luc2
gene using the QuikChange protocol. Then, four copies of the miR-
HSUR4-3p binding sites in EP300 mRNA were cloned into the NheI and
SalI sites. The DNA oligonucleotides used for cloning are shown in Table
S4 in the supplemental material.

HEK293T cells were grown in 24-well tissue culture plates and then
transfected with 5 ng pmiRGLO reporter, 0.8 �g pBlueScript II, and 20
pmol synthetic miRNAs per well. Dual-luciferase assays were performed
24 h posttransfection on a GloMax-Multi� Microplate Multimode
Reader (Promega) following the manufacturer’s protocol. The firefly lu-
ciferase reading was first normalized to the Renilla luciferase reading. The
ratios of firefly luciferase to Renilla luciferase for reporters with inserts
were normalized to that of an empty reporter. The standard deviation
(SD) for each condition was calculated based on a minimum of three
independent experiments. P values were calculated using Student’s t test.

Antibodies for Western blot analysis. The primary antibodies used
were anti-p300 (catalog number sc-585; Santa Cruz Biotechnology), anti-
BiP (catalog number 3183; Cell Signaling), anti-WEE1 (catalog number
4936; Cell Signaling), anti-Cdk1 (catalog number 9112; Cell Signaling),
anti-phospho-Cdk1 (catalog number 9111; Cell Signaling), anti-glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) (catalog number 2118;
Cell Signaling), and anti-tubulin (catalog number CP06; Calbiochem).
GAPDH and tubulin provided normalization controls. The data shown in
the figures are representative of the results of at least two independent
experiments.

Synthetic miRNAs and LNAs. Synthetic mature and star miRNAs
(IDT) were annealed to generate miRNA duplexes containing a 5= phos-
phate (only on the mature miRNA strand, as indicated by “/phosphate/”)
and a 2-nucleotide (nt) 3= overhang according to the method of Tuschl
(14). The control miRNA has a random sequence, and its seed (nt 2 to 8)
sequence is not identical to the seed of any known human miRNAs in the
miRBase (http://www.mirbase.org). The synthetic miRNA sequences
were as follows: control mature, 5=-/phosphate/GUACACCUAGGUGGA
UCCUCU-3=; control star, 5=-AGGAUCCACCUAGGUGUGCAG-3=;
miR-HSUR5-3p mature, 5=-/phosphate/UUACAGCAGUGAGAGCGCU
GCU-3=; miR-HSUR5-3p star, 5=-CAGCGCUCUCACUGCUGUGAAG-
3=; miR-HSUR4-3p mature, 5=-/phosphate/UUUAUAGCAGUGGGCAA
CACGU-3=; miR-HSUR4-3p star, 5=-GUGUUGCCCACUGCUAUAA
AAG-3=; miR-HSUR4-5p mature. 5=-/phosphate/ACCGUGUUGCUAC
AGCUAUAA-3=; miR-HSUR4-5p star, 5=-AUAGCUGUAGCAACACGG
UAG-3=; EBV-miR-BART-13 mature, 5=-/phosphate/UGUAACUUGC
CAGGGACGGCUGA-3=; EBV-miR-BART-13 star, 5=-/AGCCGUCC
CUGGCAAGUUAGAGA-3=. All LNA inhibitors were designed and syn-
thesized by Exiqon.

Accession number. Four Ago HITS-CLIP data sets and visualization
files have been deposited in the National Center for Biotechnology Infor-
mation Gene Expression Omnibus and are accessible through accession
number GSE71806.
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RESULTS
Expression of miR-HSURs. To determine the levels of miR-
HSURs in HVS-infected cells, we size selected small RNAs, con-
structed a cDNA library, and performed high-throughput se-

quencing (6). The sequencing data were quantified to determine
relative levels of viral and host miRNAs. We were able to evaluate
only four viral miRNAs—miR-HSUR4-5p, miR-HSUR4-3p,
miR-HSUR5-5p, and miR-HSUR5-3p— because a deletion of the
viral genome (the �2A deletion) removed DNA encoding miR-
HSUR2-5p and miR-HSUR2-3p. Our results show that miR-
HSURs are expressed at medium levels relative to the majority of
cellular miRNAs (Fig. 1; see Table S1 in the supplemental mate-
rial). The expression levels of miR-HSURs are similar to those of
host miR-27a and miR-27b, which are known to play critical roles
during HVS latency (3, 4). Homology searches showed that most
miR-HSURs are not closely related to any annotated cellular or
viral miRNAs, except for miR-HSUR5-5p, which is homologous
to miR-937-3p.

Ago HITS-CLIP. To identify potential viral and host mRNAs
targeted by miR-HSURs in �2A cells, we reanalyzed our Ago
HITS-CLIP data sets (4), which were performed in four replicates
using two different antibodies against Ago proteins, as described
previously. Ago binding sites are represented by Ago clusters com-
posed of overlapping Ago-bound mRNA fragments. Ago clusters
containing binding sites for the seed (nt 2 to 8) sequences of miR-
HSURs are referred to as miR-HSUR-Ago clusters.

miR-HSURs do not target viral mRNAs. First, we mapped the
Ago HITS-CLIP data against the HVS genome to identify viral
mRNAs targeted by miR-HSURs. As expected, we found that

FIG 1 Mature-miR-HSUR levels determined by small-RNA-Seq analysis. The
numbers of reads (million) for individual miRNAs are plotted for the top 100
most highly expressed host and viral miRNAs in HVS-infected marmoset T
cells. Due to a deletion in the HVS genome (strain �2A), miR-HSUR2-5p and
miR-HSUR2-3p are absent in these cells. The four HVS miRNAs are color
coded as follows: miR-HSUR4-5p, green; miR-HSUR4-3p, red; miR-HSUR5-
5p, magenta; and miR-HSUR5-3p, blue. A few relevant host miRNAs are also
labeled.

FIG 2 HVS latent gene expression and Ago binding sites. (A) mRNA-Seq and Ago HITS-CLIP reads were mapped to the HVS genome. HVS gene annotation
is represented by the red (forward direction) and blue (reverse) rectangles. Note that only the left end of the viral genome is highly transcribed during latency, and
this is where most Ago HITS-CLIP reads map. (B) Enlarged view of the left end of the HVS genome, boxed in blue in panel A. HVS genes are labeled as follows:
STP-A, saimiri transforming protein A; DHFR, dihydrofolate reductase; ORF3, -4ab, -5, and -6, open reading frames 3, 4ab, 5, and 6. The �2A deletion is
indicated by a gray bar. The mapped read number is shown on the y axis. Genomic coordinates are shown on top of panels A and B.
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miR-HSUR4-5p, miR-HSUR4-3p, miR-HSUR5-5p, and miR-
HSUR5-3p associate with Ago (Fig. 2). Throughout the HVS tran-
scriptome, Ago binding is highest on HSURs, including HSUR3,
-4, -5, and -7, compared to other HVS RNAs (Fig. 2A). Because
HSUR1 and -2 are known to base pair with host miRNAs and
interact with Ago proteins, our data suggest that HSUR3, -4, -5,

and -7 may interact with miRNAs, as well (2, 3). We found only a
few Ago clusters mapping to viral mRNAs; this finding is consis-
tent with low-level expression of a small number of HVS protein-
coding genes during latency, as supported by mRNA-Seq analysis
of poly(A)� RNA in �2A cells (Fig. 2A). Moreover, most of these
Ago clusters do not contain sequences complementary to seed

FIG 3 Metagene analyses of Ago clusters and 7-mer binding sites for miR-HSURs on the host genome. (A to D) Ago-bound mRNA fragments and 7-mer seed
binding sites for each of the miR-HSURs were plotted relative to the centers (set to 0 nt) of miR-HSUR-Ago clusters (BC � 3). The number of Ago clusters used
in the metagene plots is shown for each miRNA. The distribution of seed binding sites for each viral miRNA is colored according to the scheme used in Fig. 1. (E)
The frequencies of 7-mer seed binding sites for all four miR-HSURs are plotted relative to statistically significant (false discovery rate [FDR] � 0.001)
cross-linking-induced mutation sites, including deletions and insertions. Insertions are not induced by Ago-mRNA cross-links (12), thus serving as a control.
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nucleotides of miR-HSURs. The few miR-HSUR-Ago clusters
mapping to the HVS genome are not statistically significant and
therefore may represent background (see Table S2 in the supple-
mental material). We conclude that miR-HSURs do not signifi-
cantly target viral mRNAs during latency.

Cellular mRNAs targeted by miR-HSURs. In contrast to the
Ago binding profile on the HVS transcriptome, HITS-CLIP re-
vealed many miR-HSUR-Ago clusters on the host transcriptome.
We focused only on Ago clusters that were reproduced in at least
three experiments (BC � 3) and that contain 7-mer (seed nucle-
otides 2 to 8) binding sites for miR-HSURs. We found 31 miR-
HSUR4-5p-Ago clusters, 72 miR-HSUR4-3p-Ago clusters, 35
miR-HSUR5-5p-Ago clusters, and 121 miR-HSUR5-3p-Ago
clusters. To assess the quality of these clusters, we performed met-
agene analysis of the Ago-bound mRNA fragments and 7-mer
(seed nucleotides 2 to 8) binding sites for each miR-HSUR (Fig.
3A to D). Our analysis revealed that the peaks of the two distribu-
tions overlap at the centers of the Ago clusters and that the width
of the distribution for mRNA fragments is �60 nt (Fig. 3A to D).
These findings are consistent with previously reported miRNA-
mediated Ago footprints on mRNAs (15). Furthermore, we found
high frequencies of 7-mer (nt 2 to 8) binding sites for miR-HSURs
near cross-linking-induced mutations in our HITS-CLIP data sets
(Fig. 3E). This provides additional evidence that our experiment
identified in vivo miRNA-mRNA interactions.

We then focused on the 75 most robust miR-HSUR-Ago clus-
ters, defined by a BC of �3, a minimum of 10 Ago-bound mRNA
fragments (PH � 10), and a P value of �0.05 (see Table S3 in the
supplemental material). Of these, 46% map to 3= UTRs and 15%
map to CDSs of annotated mRNAs (Fig. 4A). To determine the
selectivity of our HITS-CLIP experiment, we plotted the PH of the
Ago clusters against mRNA abundance (Fig. 4B). Because there is
no correlation between the two variables, we conclude that the
mRNA targets were specifically selected by HITS-CLIP. GO anal-
yses showed that several pathways in cell cycle regulation are en-
riched among the top miR-HSUR targets (Fig. 4C), suggesting
that miR-HSURs preferentially target cell cycle regulators. This is
consistent with the T-cell oncogenic phenotype of HVS infection.

miR-HSUR4-3p targets EP300 (p300). The most robust Ago
cluster (PH � 296) identified in our HITS-CLIP data set mapped
to the EP300 mRNA (Fig. 5). Surprisingly, it resides within the
CDS instead of the 3=UTR of the mRNA. Within this Ago cluster,
we identified an 8-mer (seed nucleotides 2 to 9) binding site for
miR-HSUR4-3p. To test its activity, we inserted 4 in-frame copies
of the binding site into the CDS of a luciferase reporter gene 6 nt
upstream of the stop codon. As a control, identical sites were in-
serted into the 3=UTR of the reporter. Transient cotransfection of
the reporters with synthetic miR-HSUR4-3p or a control miRNA
showed that this target site is active; point mutations that disrupt
base-pairing interactions between miR-HSUR4-3p and the bind-
ing site abolish repression (Fig. 5A). The magnitude of miR-
HSUR4-3p-mediated repression is larger when the target sites are
in the 3=UTR than when they are in the CDS of the reporter (Fig.
5A). By Western blotting, transient transfection of synthetic miR-
HSUR4-3p into human HEK293T or Jurkat T cells reduced en-
dogenous p300 protein levels compared to transfected control
miRNAs (Fig. 5B and C; this binding site is conserved between
marmosets and humans). In HVS-infected marmoset T cells, LNA
inhibitor complementary to miR-HSUR4-3p increased p300 pro-
tein levels compared to control LNAs (Fig. 5D). Together, these

results show that p300 levels are repressed by HVS miR-
HSUR4-3p via an interaction with a miRNA binding site in the
CDS rather than in the 3= UTR.

miR-HSUR4-5p targets CSRP1 and OSTF1. Two robust miR-
HSUR4-5p-Ago clusters mapped to the 3= UTRs of cysteine- and
glycine-rich protein 1 (CSRP1) and osteoclast-stimulating factor 1
(OSTF1) mRNAs (Fig. 6). The Ago cluster on CSRP1 contains an
8-mer (seed nucleotides 2 to 9) binding site (Fig. 6A), and the
cluster on OSTF1 contains a 7-mer (seed nucleotides 2 to 8) bind-
ing site (Fig. 6B). We inserted the full-length 3=UTR of CSRP1 or
OSTF1 downstream of a luciferase reporter gene. Cotransfection
of the reporters with synthetic miR-HSUR4-5p or a control
miRNA showed that wild-type CSRP1 and OSTF1 3= UTRs elic-
ited downregulation by miR-HSUR4-5p (Fig. 6). Mutations in the

FIG 4 miR-HSURs preferentially target cell cycle regulators. (A) Genomic
locations of the 75 statistically significant miR-HSUR-Ago clusters (P � 0.05,
BC � 3, and PH � 10). ncRNA, noncoding RNA. (B) PH values for miR-
HSUR-Ago clusters were plotted against transcript levels. (C) GO analysis
reveals that HVS miRNAs target several pathways controlling cell cycle and
proliferation. The percentage of viral miRNA targets in each pathway is
indicated.
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seed binding sites abolished miRNA-mediated repression; Ep-
stein-Barr virus (EBV) miR-BART-13, complementary to the mu-
tated binding sites, repressed only the mutant reporters (Fig. 6).
These results indicate that miR-HSUR4-5p targets CSRP1 and
OSTF1.

miR-HSUR5-3p represses HSPA5 (BiP). We found a miR-

HSUR5-3p-Ago cluster mapping to the mRNA encoding heat
shock protein A5 (HSPA5), also known as binding immunoglob-
ulin protein (BiP) (Fig. 7A). This cluster contains an 8-mer (seed
nucleotides 1 to 8) binding site for miR-HSUR5-3p (Fig. 7A).
Reporter assays and mutagenesis analyses confirmed that the
HSPA5 3= UTR is a target of miR-HSUR5-3p (Fig. 7B). Because

FIG 5 miR-HSUR4-3p regulates EP300 via a target site in the CDS. (Bottom) Ago-bound mRNA fragments (from four replicates, marked with different colors),
mRNA-Seq reads, and predicted miRNA target sites are mapped on the marmoset EP300 mRNA (part of which is shown). (Box) Base-pairing interactions
between miR-HSUR4-3p and wild-type (WT) (red) and mutant (Mut) (blue) binding sites used in the reporter assays in panel A are shown. Amino acids encoded
by the WT and Mut target sites are also shown. Multiz alignment of genomic DNAs (http://genome.ucsc.edu/) of marmosets and humans for miR-HSUR4-3p
target sites. Identical nucleotides are indicated by dots. (A) Luciferase reporter assays were performed with the WT or Mut 4� EP300 CDS target site in HEK293T
cells transfected with miR-HSUR4-3p or a control miRNA. A single copy of the EP300 target site in the CDS of a luciferase reporter was not active enough to give
a significant signal in reporter assays (data not shown). RLU, relative luciferase units. The bars show mean values 	 SD from at least three experiments. (B and
C) Western blots of p300 protein levels in HEK293T or Jurkat cells transfected with miR-HSUR4-3p, miR-HSUR5-3p, or a control miRNA. (D) Western blot
showing p300 protein levels in HVS-infected marmoset T cells 24 h after transfection with LNA inhibitors against miR-27a, miR-HSUR4-3p, and a negative
control. P values were calculated by the Student t test.
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this target site is conserved between marmosets and humans, we
transiently transfected synthetic miR-HSUR5-3p or a control
miRNA into HEK293T or Jurkat T cells; Western blot analyses
showed that endogenous BiP protein levels were reduced by miR-

HSUR5-3p (Fig. 7C and D). In HVS-infected marmoset T cells,
inhibition of miR-HSUR5-3p with a complementary LNA in-
creased BiP protein levels (Fig. 7E). Our data therefore argue that
miR-HSUR5-3p downregulates BiP in HVS-infected cells.

FIG 6 CSRP1 and OSTF1 are targeted by miR-HSUR4-5p. Ago-bound mRNA fragments, mRNA-Seq reads, and predicted miRNA target sites are mapped on
the CSRP1 (A) and OSTF1 (B) 3= UTRs as in Fig. 5. Validation of regulation by miR-HSUR4-5p was performed using luciferase reporter assays. Note that the
mutant OSTF1 3= UTR reporter was not repressed by EBV miR-BART-13, suggesting additional features or a requirement for factors in addition to the seed
sequence. The bars represent means 	 SD from at least three experiments. P values were calculated by the Student t test.
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miR-HSUR5-3p targets WEE1. We found two robust miR-
HSUR5-3p-Ago clusters on the 3= UTR of WEE1 mRNA, which
contain an 8-mer (seed nucleotides 1 to 8) and a 7-mer (seed
nucleotides 2 to 8) binding site, respectively (Fig. 8A). Using lu-
ciferase reporter assays and mutational analyses, we showed re-
pression for the full-length wild-type 3=UTR of WEE1 upon trans-
fection of synthetic miR-HSUR5-3p compared to control
miRNAs; the mutant reporter was not repressed by miR-
HSUR5-3p but was repressed by EBV miR-BART-13 (Fig. 8B).
Transfection of miR-HSUR5-3p decreased endogenous WEE1
protein levels in both HEK293T and Jurkat T cells compared to a
control miRNA (Fig. 8C and D, top) (note that both sites are
conserved between marmosets and humans). Phosphorylation of
cyclin-dependent kinase (Cdk1, also known as CDC2, a substrate
of WEE1 kinase) was decreased upon transfection of miR-
HSUR5-3p, whereas total Cdk1 levels were unchanged (Fig. 8C
and D, bottom). Importantly, transfection of an LNA inhibitor
complementary to miR-HSUR5-3p increased the protein level of
WEE1 in HVS-infected T cells compared to control LNAs (Fig.
8E). Inhibition of miR-HSUR5-3p also led to a decrease in the
number of HVS-infected cells (Fig. 8F).

DISCUSSION

Using Ago HITS-CLIP, we have identified mRNA targets for miR-
HSURs in HVS-infected marmoset T cells. Unlike many other
herpesviral miRNAs, which often regulate key latent viral proteins
(2), miR-HSURs do not appear to target viral mRNAs in latently
infected T cells (Fig. 2). This is not surprising, because the most
abundant viral transcripts expressed by HVS in these cells are not
mRNAs but the HSURs. However, it is possible that miR-HSURs

may target leaky lytic transcripts present during latency and that
these interactions might be below the detection limit of the meth-
ods employed in this study. Whereas miR-HSURs do not target
viral mRNAs, they repress many host mRNAs, preferentially those
encoding cell cycle regulators (Fig. 4C). Specifically, we discovered
that miR-HSUR4-3p downregulates p300 via a binding site in the
CDS of the EP300 mRNA (Fig. 5) and that miR-HSUR5-3p di-
rectly decreases BiP and WEE1 protein production via binding
sites in the 3=UTRs of their mRNAs (Fig. 7 and 8). We also found
that miR-HSUR5-3p decreases WEE1-mediated Cdk1 phosphor-
ylation, which is required for normal growth of infected cells (Fig.
8). These results reveal functions of the miR-HSURs in HVS-
infected T cells.

We also found that miR-HSUR4-5p targets CSRP1 and OSTF1
in HVS-infected cells (Fig. 6). CSRP1 (also known as CRP1) is
involved in transcription regulation during development, and re-
duced expression of CSRP1 has been reported in human cancers
(16, 17). On the other hand, OSTF1 (also known as SH3P2) inter-
acts with the Casitas B lineage lymphoma (Cbl) proto-oncogene
and is involved in the tyrosine kinase Src signaling pathway (18,
19). Because the functions of CSRP1 and OSTF1 in T cells are not
known, it is currently not clear why HVS represses these genes
using viral miRNAs.

p300 is a transcription coactivator and histone acetyltrans-
ferase that has important functions in cell growth, transformation,
and development (20). Many viral oncoproteins, including ade-
novirus E1A, simian virus 40 T antigen, human papillomavirus
E6, Kaposi’s sarcoma-associated herpesvirus vIRF, Epstein-Barr
virus EBNA2, and polyomavirus large T antigen, are known to

FIG 7 HSPA5 is repressed by miR-HSUR5-3p. (A) Ago-bound mRNA fragments, mRNA-Seq reads, and predicted miRNA target sites mapped on the HSPA5
3=UTR as in Fig. 5. Base-pairing interactions between the WT or Mut target site and miR-HSUR5-3p or miR-BART-13 are shown. Alignment of genomic DNAs
of marmoset and human is shown for the miR-HSUR5-3p target sites as in Fig. 5. (B) Luciferase reporter assays were performed with the full-length WT or Mut
HSPA5 3= UTR and miR-HSUR5-3p, miR-BART-13, or a control miRNA. (C and D) Western blot analyses of BiP protein levels in HEK293T or Jurkat cells
transfected with miR-HSUR5-3p or a control miRNA. (E) BiP levels 24 h after inhibition of miR-HSUR5-3p by the LNA inhibitor in HVS-infected cells. The bars
represent mean values 	 SD in at least three experiments. P values were calculated by the Student t test.
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FIG 8 WEE1 is a target of miR-HSUR5-3p. (A) Ago-bound mRNA fragments, mRNA-Seq reads, and predicted miRNA target sites mapped on the WEE1 3=UTR
as in Fig. 5. Alignment of genomic DNAs of marmoset and human is shown for miR-HSUR5-3p target sites as in Fig. 5. (B) Luciferase reporter assays were
performed with the full-length WT or Mut WEE1 3=UTR as described for Fig. 7. (C and D) Western blot analyses of the WEE1 protein and phosphorylated Cdk1
(P-Cdk1) from HEK293T or Jurkat cells transfected with miR-HSUR5-3p or a control miRNA. (E) WEE1 levels after inhibition of miR-HSUR5-3p by an LNA
inhibitor in HVS-infected cells. (F) Numbers of HVS-infected cells 24 h after transfection of LNAs against miR-27a, miR-HSUR5-3p, or miR-HSUR5-5p. The
bars show means 	 SD from at least three experiments. P values were calculated by the Student t test.
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interact with p300. Through these interactions, some viruses
block various p300 activities, while others redirect p300 to regu-
late a different set of host genes. Thus, viruses employ p300 to play
key roles in virus-induced cellular transformation and the viral life
cycle (20, 21). Unlike other viruses, which utilize their protein
products to modulate the activity of p300, HVS uses miR-
HSUR4-3p to directly reduce p300 levels through base-pairing
interactions with the CDS of the EP300 mRNA (Fig. 5). Although
overall there are fewer miRNA target sites in CDSs than in the 3=
UTRs of mRNAs (Fig. 4A), sites in other CDSs are conserved and
appear functional (7, 22). Comparison of reporter repression me-
diated by the same p300 binding site located either in the CDS or
the 3=UTR shows that the CDS site confers less miRNA-mediated
repression (Fig. 5A). However, our data cannot rule out the pos-
sibility that other factors might also contribute to robust Ago
binding at this CDS site. For example, circular RNAs can form
base-pairing interactions with miRNAs and modulate miRNA ac-
tivity by functioning as a sponge to compete for target binding (17,
18). It is therefore possible that circular RNAs (circRNAs) gener-
ated from the EP300 locus may base pair with miR-HSUR4-3p
and contribute to miR-HSUR4-3p-Ago clusters (Fig. 5). To test
this possibility, in circBase (http://www.circbase.org/) we identi-
fied 28 marmoset homologs of predicted human circRNAs pro-
duced from the EP300 locus. We found no circRNA overlaps with
the miR-HSUR4-3p-Ago cluster, suggesting that circRNAs are
not likely contributors to this Ago cluster.

Our data reveal that BiP levels are directly regulated by miR-
HSUR5-3p via an 8-mer binding site in the 3=UTR (Fig. 7). BiP is
an endoplasmic reticulum (ER)-localized HSP70 family chaper-
one that facilitates the proper folding of the major histocompati-
bility complex class I (MHC-I) protein complex (23). Because
MHC-I plays key roles in the host immune response against viral
infection, viruses have evolved strategies to downregulate MHC-I
levels or to inhibit MHC-I function (24). Cancer cells also down-
regulate cell surface MHC-I levels in order to escape immune sur-
veillance (25). In addition, secreted BiP has been found to elicit
antitumor immunity (26). Thus, miR-HSUR5-3p-mediated re-
duction in BiP levels in HVS-infected cells might assist both im-
mune evasion and viral transformation.

WEE1 kinase inhibits cell cycle progression by phosphorylat-
ing Cdk1, thereby preventing the G2/M transition (27, 28). Be-
cause of its important role in cell growth and proliferation, WEE1
expression is tightly controlled at many levels; dysregulation of
WEE1 leads to various diseases, including cancer (29). The WEE1
mRNA is targeted by several miRNAs, including the well-known
oncogenic miR-155 (30–32). Because overexpression of miR-155
is sufficient to cause cancers, miR-155-mediated downregulation
of WEE1 is believed to contribute to oncogenesis (30). We discov-
ered two robust miR-HSUR5-3p target sites in the 3= UTR of
WEE1 mRNA. Using miR-HSUR5-3p, HVS decreases WEE1 ki-
nase levels in infected cells, causing a decrease in the phosphory-
lated form of Cdk1 (Fig. 8). The unphosphorylated form of Cdk1
is active, promoting cell cycle progression, together with its
partner proteins (27). Perhaps miR-HSUR5-3p enhances HVS-
induced cell proliferation by downregulating WEE1. Consistent
with this idea, inhibition of miR-HSUR5-3p by a complementary
LNA leads to an increase in WEE1 protein and a decrease in the
number of HVS-infected cells (Fig. 8F).

To explore the possible contributions of host miRNA binding
to miR-HSUR-Ago clusters on EP300, HSPA5, and WEE1, we

searched for potential base-pairing interactions with 7-mer seed
nucleotides 2 to 8 of all host miRNAs (the top 100 most highly
expressed in �2A cells) within these clusters. The miR-HSUR-Ago
clusters do not contain seed binding sites for annotated host
miRNAs. However, because of frequent heterogeneity at their 5=
ends, different isoforms of some host miRNAs may contribute to
Ago binding at some miR-HSUR-Ago clusters. For example, we
found that the miR-HSUR4-3p-Ago cluster on EP300 (Fig. 5) can
base pair with the seed (nt 2 to 8) of the miR-142-3p isoform,
which is 1 nt shorter at the 5= end. This binding site partially
overlaps the miR-HSUR4-3p site, suggesting that the miR-142-3p
isoform might also contribute to Ago binding. Similarly, miR-
103/107 isoforms, also 1 nt shorter at their 5= ends, can form seed
(nt 2 to 8) base-pairing interactions (with a partially overlapping
binding site for miR-HSUR5-3p) within the miR-HSUR5-3p-Ago
cluster number 2 on the WEE1 3= UTR. Viruses have evolved
strategies to boost repression of some host mRNAs to benefit in-
fection (5). For example, several oncogenic herpesviruses express
homologs of host miR-155; these viral miRNAs share the seed
sequence with miR-155 and downregulate the same set of targets
(5). Perhaps miR-HSURs boost repression of key host genes im-
portant for HVS through seed binding sites that overlap some host
miRNA isoforms. Viral miRNAs might exploit the existing host
miRNA binding sites as an evolutionary shortcut to modulate host
cell gene expression.

Our study has uncovered a new miRNA-based strategy used by
HVS to control host gene expression during latency. These find-
ings advance our understanding of the oncogenic strategy em-
ployed by herpesviruses.
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