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Abstract

The major histocompatibility complex (MHC) class I molecules present peptides on the cell

surface by CD8+ T cells, which is critical for killing of virally infected or transformed cells.

Precursors of MHC class I-presented peptides are trimmed to mature epitopes by endoplasmic

reticulum aminopeptidase 1 (ERAP1). The US2-US11 genomic region of human cytomegalovirus

(HCMV) is dispensable for viral replication and harbors 3 microRNAs (miRNAs). We show here

the HCMV miR-US4-1 specifically down-regulates ERAP1 expression during viral infection.

Accordingly, the trimming of HCMV-derived peptides is inhibited, leading to reduced

susceptibility of infected cells to HCMV-specific cytotoxic T lymphocytes (CTLs). Our findings

reveal a novel viral miRNA-based CTL evasion mechanism that targets a key step in the MHC

class I antigen-processing pathway.

MHC class I molecule binds peptides and presents them on the cell surface for recognition

by CD8+ T cells. Cytosolic peptides generated by the proteasomes and prematurely

translated peptides are transported to the endoplasmic reticulum (ER) through the transporter

associated with antigen processing (TAP) complex1, 2. Some of these peptides are further

processed by ER-resident aminopeptidases, such as ERAP1, and peptide trimming by

ERAP1 (also known as A-LAP, ARTS-1, and PILS-AP) in the ER is a crucial step for

determining the quality and quantity of optimal antigenic peptide production and the

stability of the MHC class I-β2m-peptide heterotrimer3–6. ERAP1 trims relatively long
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peptides efficiently in a sequence-specific manner, resulting in the accumulation of 8–9

amino acid-long optimal peptides5, 7, 8. ERAP1 therefore acts as a ‘molecular ruler’ for

antigenic peptide production9. In addition, genome-wide association studies have associated

nonsynonymous single nucleotide polymorphisms in ERAP1 with ankylosing spondylitis4.

Additionally, ERAP1 has non-peptide processing functions via its role in shedding of

cytokine receptors4.

MiRNAs are small RNAs 19 to 23 nucleotides long that regulate gene expression by

complete or partial base-pairing with the 3′-untranslated region (UTR) of their target mRNA

which leads to mRNA cleavage, destabilization, or translational repression10. Since the first

report in 2004 that viruses express miRNAs11, numerous viral miRNAs have been

discovered and are mainly related to viral proliferation and survival-related immune evasion,

although this is based on a limited number of studies12. The β-herpesvirus HCMV expresses

at least 14 miRNAs during productive infection13, 14. One HCMV-encoded miRNA, miR-

UL112-1 targets 3 HCMV genes involved in viral replication15, and another HCMV-

encoded miRNA, miR-US25-1 can downregulate multiple host genes associated with cell

cycle control and tumor progression, through interacting with the 5′-UTR of their target

mRNAs16. In addition, miR-UL112-1 targets 1 cellular gene, MHC class I-related chain B

(MICB), to escape from the natural killer (NK) cell-mediated immune response17 and miR-

UL112-1 can also repress the expression of UL114, which is antisense to the miR-UL112-1

and encodes a uracil DNA glycosylase that can influence viral replication18. However, the

cellular or host targets of many viral miRNAs remains to be elucidated.

Many viruses have evolved strategies that target crucial stages of the MHC class I antigen

presentation pathway, preventing viral peptides from being presented to CD8+ T cells1. The

9-kb US2-US11 region within HCMV genome encodes at least 5 glycoproteins (US2, US3,

US6, US10, and US11) which are specifically dedicated to interfering with the presentation

of antigenic peptides to CD8+ T cells1, 19–23. Because deletion of the US2-US11 genomic

segment has no influence on viral replication24, the US2-US11 region is considered as a

reservoir of viral genes whose functions are to escape from viral antigen presentation by the

MHC class I molecule.

In this study, we demonstrated that HCMV miR-US4-1 specifically targets ERAP1 and

thereby inhibits the trimming of precursors to the MHC class I-presented mature epitopes,

resulting in inhibition of CTL immune responses. These findings expand our understanding

of the strategy of the host-virus arms race, and reinforce the notion that the US2-US11

region within HCMV genome has evolved to a reservoir of viral immunoevasins against the

host CD8+ T cell immune elimination of HCMV-infected cells.

Online Methods

Cell lines

U373MG cells, HEK293T cells, HFF, and HFF-TEL cells were obtained from the American

Type Culture Collection (ATCC). U373MG cells, HEK293T cells, HeLa-Kb cells, HFF, and

HFF-TEL cells were cultured in Dulbecco’s modified Eagle’s medium (Gibco)

supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 50 U/ml

penicillin. Dermal fibroblast cells were generated from skin biopsies and propagated in

Waymouth’s media (Gibco) with 15% FBS, 2 mM L-glutamine, and 50 U/ml penicillin. B3Z

86/90.14 (B3Z) hybridoma T cells were cultured in RPMI 1640 medium (Gibco)

supplemented with 2 mM L-glutamine, 1 mM pyruvate, 50 mM β-mercaptoethanol, 100 U/

ml penicillin, 100 mg/ml streptomycin, 10% FBS at 37°C in the presence of 5% CO2. CTLs

were cultured in HEPES-buffered RPMI supplemented with 10% human AB serum, 4 mM

L-glutamine, penicillin, and streptomycin.
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Viral mutagenesis

Approximately 300 bp of the miR-US4 flanking region was cloned into the pcDNA3.1

vector (Invitrogen). Six nucleotides in the hairpin of miR-US4 were mutated using site-

directed PCR with the primers listed in Supplementary Table 1. Mutagenesis of bacterial

artificial chromosome (BAC) of the HCMV AD169 strain was performed according to BAC

modification kit (Gene Bridges). A kanamycin-selective cassette containing the US4

homologous arm was amplified using PCR with the primers listed in Supplementary Table

1. The ~200-ng mutant miR-US4 PCR products were electro-transfected into Escherichia
coli (containing pAD/Cre) for recombination. We generated a revertant from the miR-US4

mutant BAC according to the method described above. We confirmed the mutagenesis using

BAC DNA sequencing.

T cell cloning

CD8+ T cell clones specific for HCMV were prepared from peripheral blood mononuclear

cells (PBMCs) of donors as previously described as described44.

Chromium release assay

CTL clones were assayed for cytotoxic activity in a chromium release assay (CRA)

using 51Cr-labeled fibroblasts as target cells for HCMV RV798 infection over the indicated

times. Target cells were plated in triplicate at 1.0 × 104 cells/well in 96-well round-bottom

plates, and effector cells were added at various effector-to-target (E/T) ratios. After 6 h of

incubation, the supernatant was harvested for γ-irradiation counting.

B3Z assay

The B3Z assay was performed as described in previous studies36. The LacZ activity in B3Z

cells was determined by using a BetaRed β-galactosidase assay kit (EMD Biosciences, San

Diego, CA) according to the manufacturer’s instructions.

In vitro ERAP1 trimming assay

Human recombinant ERAP1 was expressed through infection of insect cells with

baculovirus, as previously described45. Active ERAP1 (C-terminal 6 His tag) was harvested

and purified by affinity chromatography (Ni-NTA column). Protein purity was confirmed by

SDS-PAGE and activity by an established fluorigenic assay46. Enzymatic assays were

performed as previously described42. For rate calculations, the total surface area of the

epitope peak was measured and calibrated versus the control peptides, in order to calculate

the amount of epitope produced.

Constructs

The pSuperRetro vector for siRNA or miRNA expression was purchased from OligoEngine.

siRNA-GFP (control miRNA), miR-US4, miR-US4(M), miR-US5-1, siRNA-ERAP1,

siRNA-ERAP1a, and siRNA-ERAP1b were constructed according to the manufacturer’s

instructions, using the primers shown in Supplementary Table 1. For the luciferase assay, we

amplified the ERAP1a and ERAP1b 3′-UTR using the primers in Supplementary Table 1,

and inserted the amplified products downstream of the luciferase gene in the pGL3-CMV

vector, a modified form of the pGL3-basic vector (Promega). The 3′-UTRs of ERAP1a and

ERAP1b were mutated using site-directed mutagenesis with Pfu DNA Polymerase

(Stratagene). The pUG1 Mock, pUG1-OVA8, and pUG1-N5OVA8 vectors were previously

described34.
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Antibodies

The mAb W6/32 recognizes the MHC class I HC and β2m complex. The anti-GAPDH, anti-

ERp57, and anti-Tapasin antibodies were purchased from AbFrontier (Seoul, Korea).

Fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse immunoglobulin G (IgG)

was purchased from Jackson ImmunoResearch Laboratories. The polyclonal antibody for

ERAP1 was generated by cloning a truncated cDNA encoding the C-terminal amino acids

693–941 of ERAP1b into the pET28a vector using the primers represented in

Supplementary Table 1 and expressing the cloned DNA in E. coli. The recombinant protein

was affinity-purified and used to raise rabbit anti-ERAP1 antibodies.

Microarray

RNA was assayed for quality control using Bioanalyzer 2100 (Agilent), labeled using the

Low RNA Input Linear Amp Kit Plus (Agilent), and co-hybridized with labeled Universal

Reference RNA (Stratagene) to an Agilent Human Whole genome 44K 4Plex. Arrays were

scanned on GenePix 4000B (Axon), extracted with Agilent Feature Extraction Software, and

analyzed using Genespring GX.

qRT-PCR

Total RNA was harvested using Trizol (Invitrogen). Reverse transcription was performed

with M-MLV reverse transcriptase (Invitrogen) according to the manufacturer’s protocol.

Amplification and detection were performed with SYBR® Premix Ex Taq™ (Perfect Real

Time) (TaKaRa Bio, Inc.) according to the manufacturer’s protocol.

Luciferase assay

HEK293T cells were seeded in 6-well plates 1 day before transfection. For co-transfections,

10 ng firefly luciferase and 5 ng Renilla luciferase reporter plasmids were transiently

transfected into cells with 2 µg pSUPER vectors. After 24–48 h, we measured luciferase

activity using the dual-luciferase assay kit (Promega). Firefly luciferase activity was

normalized to Renilla luciferase activity.

Flow cytometry

The expression of cell surface MHC class I was determined using a FACScalibur flow

cytometer (Becton Dickinson Biosciences). Cells were harvested, washed twice with cold

PBS containing 1% BSA, and incubated for 1 h at 4°C with a saturating concentration of

antibodies. The cells were then washed twice with cold PBS containing 1% BSA and stained

with FITC-conjugated goat anti-mouse IgG for 30 min at 4°C. A total of 10,000 gated

events were collected and analyzed with CellQuest software (Becton Dickinson

Biosciences).

Immunoblotting, RNA blotting, and RNase protection assay

Cells were lysed with 1% NP-40 in PBS with a protease inhibitor cocktail for 1 h at 4°C,

separated by SDS-PAGE, transferred onto a nitrocellulose membrane, blocked and probed

with the appropriate antibodies overnight. The membrane was washed and incubated with

HRP-conjugated secondary antibody for 1 h. The immunoblots were visualized using ECL

detection reagent (Pierce). RNA blotting was performed according to the previous study47.

RPA was performed according to the manufacturer’s recommendations (mirVana™ miRNA

Detection Kit, Ambion).
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Results

Identification of ERAP1 as a host target of miR-US4-1

Three miRNAs (miR-US4-1, miR-US5-1, and miR-US5-2) among the total 14 HCMV

miRNAs are encoded in the presumptive US4 and US5 loci within US2-US11 region

(Supplementary Fig. 1a)13, 14. Given that many gene products in the US2-US11 region can

block the MHC class I antigen presentation pathway, we hypothesized that some of these

miRNAs can inhibit MHC class I-mediated antigen presentation. To identify potential

cellular targets of HCMV miRNAs encoded within the US2-US11 region, we investigated

changes in the host cell transcriptome in response to the expression of HCMV miRNAs

(miR-US4-1, miR-US5-1, and miR-US5-2). We synthesized 3 miRNAs and siRNAs that

target green fluorescence protein (GFP) (Control) and protein disulfide isomerase (PDI)

(siPDI) as a positive control for evaluating the transfection efficiency. We transfected these

synthetic RNAs twice into U373MG cells, an HCMV-permissive cell line25, at intervals of

48 h to maximize the transfection efficiency. Immunoblotting showed that PDI expression

was dramatically reduced in siRNA-PDI-transfected cells (Supplementary Fig. 1b),

confirming that the transfection efficiency of miRNAs was sufficient to proceed to the

microarray analysis. Microarray analysis for 3 HCMV miRNAs was performed using

Agilent Human Whole genome 44K 4Plex arrays. Among the top ranked genes that were

most decreased, ERAP1 mRNA was downregulated more than 10-fold by miR-US4-1 (Fig.

1a), whereas miR-US5-1 and miR-US5-2 didn’t significantly alter the ERAP1 mRNA level

(Fig. 1b, c). Since ERAP1 plays a critical role in regulating the antigenic peptide pool in the

ER4, we investigated whether miR-US4-1 targets ERAP1 to inhibit MHC class I-mediated

antigen presentation.

Downregulation of ERAP1 mRNA and protein by miR-US4-1

The human ERAP1 gene produces at least 2 mRNA isoforms, isoform a (ERAP1a) and

isoform b (ERAP1b) (Supplementary Fig. 2a). Although the amino acid sequences of both

isoforms are almost identical, the 3′-UTR sequence of ERAP1a differs from that of

ERAP1b. Because the base-pairing between an miRNA and its target mRNA generally

occurs in the 3′-UTR of the target mRNA in animal cells26, we investigated which of the

isoforms was targeted by miR-US4-1. To confirm the microarray data, we expressed control

miRNA, miR-US4-1, and siRNAs as positive knockdown controls (siERAP1 which targets

ORFs of both isoforms, siERAP1a which targets the 3′-UTR of ERAP1a, and siERAP1b

which targets the 3′-UTR of ERAP1b) in human embryonic kidney cell line HEK293T cells

as a form of small hairpin RNA (shRNA). We performed quantitative real-time polymerase

chain reaction (qRT-PCR) analysis with primers that bind to specific regions in the 3′-UTRs

of both isoforms (Supplementary Fig. 2a). As expected, siERAP1a and siERAP1b reduced

ERAP1a and ERAP1b mRNA levels respectively, and siERAP1 downregulated both

isoforms. ERAP1a mRNA was not downregulated by miR-US4-1 expression (Fig. 1d),

while the ERAP1b mRNA level was reduced by more than 60% by miR-US4-1 (Fig. 1e).

These results indicate that miR-US4-1 specifically downregulates ERAP1b mRNA but not

ERAP1a mRNA.

Next, we determined whether the decrease in the ERAP1b mRNA level led to a decrease in

the amount of protein. As a control, we constructed a seed nucleotide (2nd to 8th nucleotides

in the 5′-end of the mature miRNA)-mutated miR-US4-1 vector (miR-US4-1(M))

(Supplementary Fig. 2b) because the seed sequence of miRNAs is considered a critical

determinant of miRNA-target mRNA recognition and base-pairing, and most miRNAs bind

to their target mRNA 3′-UTRs with complete Watson-Crick base-pairing in the seed

region27. We expressed control miRNA, miR-US4-1, siERAP1, and miR-US4-1(M) in

HeLa cells. We investigated the expression of miR-US4-1 using either an RNase protection
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assay (RPA) (Fig. 1f, third panel) or northern blot analysis (Fig. 1g, third panel).

Immunoblotting showed that ERAP1 protein expression was decreased by miR-US4-1

compared to the control miRNA (Fig. 1f, compare lanes 1 and 2), but miR-US4-1(M) did

not affect ERAP1 protein expression (Fig. 1f, lane 4). The ability of miR-US4-1 to

downregulate the amount of ERAP1 protein appeared to be as effective as that of siERAP1

(Fig. 1f, compare lanes 2 and 3). ERAP1b mRNA is 3.8–6.4 times more abundant in cells

used in these experiments than ERAP1a mRNA (Supplementary Fig. 3a). To rule out the

possibility that the direct comparison of ERAP1a and b mRNAs might be biased due to the

differential primer efficiency, we validated that both primers amplified each targeted

ERAP1 isoform equally (Supplementary Fig. 3b, c). Thus, our findings suggest that

ERAP1b protein levels account for most of the ERAP1 contents in the cell. In dose-

dependent experiments, the amount of ERAP1 protein was inversely proportional to miR-

US4-1 expression (Fig. 1f). These results demonstrate that miR-US4-1 specifically

downregulates ERAP1b mRNA levels, thereby reducing the overall cellular ERAP1 protein

level.

Direct targeting of ERAP1b mRNA 3′-UTR by miR-US4-1

To confirm whether the reduction of ERAP1b mRNA and ERAP1 protein was due to direct

miR-US4-1 targeting and to identify potential target sites in the 3′-UTR of ERAP1 mRNA,

we performed bioinformatic scanning of the 3′-UTR of ERAP1a and ERAP1b using

RNAhybrid algorithm28 and Rna22 algorithm29, focusing on the base-pairing within the

seed sequence of the miRNA and its binding energy. We selected the most reliable target

site in the 3′-UTR sequences of ERAP1a (Fig. 2a) and ERAP1b mRNA (Fig. 2b), followed

by the luciferase reporter assay. Notably, we observed that miR-US4-1 significantly

downregulated the expression level of the firefly luciferase fused to the ERAP1b wild-type

3′-UTR, whereas miR-US4-1(M) did not (Fig. 2c). In the reciprocal experiment, in which

cells were transfected with the firefly luciferase vector inserted by ERAP1b 3′-UTR mutant,

neither wild-type miR-US4-1 nor miR-US4-1(M) had an effect on the expression level of

firefly luciferase (Fig. 2c). The expression level of the firefly luciferase vector containing

either the wild-type or the mutant ERAP1a 3′-UTR was not affected by wild-type miR-

US4-1 or miR-US4-1(M) (Fig. 2c). Considering that the binding ability of miR-US4-1 to

ERAP1b (−30.5 kcal/mole, Fig. 2b) is higher than that to ERAP1a (−20.4 kcal/mole, Fig.

2a), the insensitivity of ERAP1a to miR-US4-1 might be attributable to insufficient base-

pairing between them.

In addition, we examined the dose-dependent effect of miR-US4-1 on the luciferase reporter

comprising ERAP1 3′-UTR derivatives. After validating the dose-dependent expression of

miR-US4-1 using northern blot analysis (Supplementary Fig. 4), we transfected pGL3-3′-
UTR vectors into these cells and performed a luciferase reporter assay. We observed that the

firefly luciferase expression from the vector containing the wild-type ERAP1b 3′-UTR was

inversely proportional to the level of miR-US4-1 expression, while the expression of firefly

luciferase from the vectors containing the wild-type or mutant ERAP1a 3′-UTR and mutant

ERAP1b 3′-UTR was not affected by miR-US4-1 (Fig. 2d). By these observations, we

concluded that miR-US4-1 targets only the 3′-UTR of ERAP1b mRNA in a seed region

binding-dependent manner but not the 3′-UTR of ERAP1a mRNA.

Physical binding of miR-US4-1 with ERAP1b mRNA in RISC

Although many targets of miRNAs have been established using several target prediction

algorithms, these algorithms can occasionally result in false-positive cellular targets. To

obtain further evidence for the targeting of miR-US4-1 to ERAP1b, we examined the

physical interaction between ERAP1b mRNA and miR-US4-1 using RNA-induced silencing

complex (RISC) immunoprecipitation (IP) assay. The RISC IP assay was developed to
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extract the Argonaute (AGO)-bound mRNAs targeted by miRNAs30, 31. To validate whether

the known target mRNAs of a specific miRNA can be enriched using RISC IP assay in our

hands, we chose has-miR-21 (miR-21) as a model miRNA of RISC IP assay because human

miR-21 is known to have a variety of human target genes, such as PDCD4, SPRY2, TPM1,
MASPIN, RECK, and PTEN32. Validating that the sh-miR-21-expressing vector produced

the same sequence and size of endogenous miR-21 (pcDNA3.1-miR-21, this vector contains

miR-21 pre-miRNA sequence flanked by ~100bp extension of miR-21 pri-miRNA

transcript) (Supplementary Fig. 5a), sh-miR-21-expressing vector was co-transfected with

each of N-terminally FLAG-tagged human AGO vectors into HEK293T cells. Although

human miRNAs can generally complex with any kind of human AGO proteins (hAGO1,

hAGO2, hAGO3, and hAGO4) within the RISC (Supplementary Fig. 5b)33, we used a

combination of 4 human AGO genes to exclude the possibility that a specific miRNA targets

the specific mRNA with 1 or more AGO proteins. At 48 h post transfection, we validated

the expression of FLAG-hAGOs in total cell lysates and the enrichment of FLAG-hAGOs in

RISC immunoprecipitates (Supplementary Fig. 5c). As predicted by the results of previous

studies32, all known target mRNAs of miR-21 were enriched under miR-21 overexpression

conditions, validating the fidelity of our assay (Supplementary Fig. 5d, e).

Using the same experimental conditions, after confirming the expression and enrichment of

miR-US4-1 (Fig. 2e) and FLAG-hAGOs (Fig. 2f) in whole cell lysates and

immunoprecipitated samples, we examined the physical interaction of miR-US4-1 with

ERAP1b mRNA using qRT-PCR. We found that ERAP1a mRNA enrichment could not be

detected in the presence of miR-US4-1 (Fig. 2g). In contrast, ERAP1b mRNA was enriched

by about 3.8-fold, solely when miR-US4-1 was over-expressed (Fig. 2h). As expected,

neither of the ERAP1 isoforms was enriched when miR-US4-1(M) was expressed (Fig. 2g,

h). Together, these results demonstrate that miR-US4-1 physically interacts with ERAP1b

mRNA within the RISC complex.

Downregulation of ERAP1 during HCMV infection

We next investigated whether ERAP1 was downregulated by miR-US4-1 during HCMV

infection. Because the pre- or mature miRNA sequence of miR-US4-1 is located within the

5′-UTR of putative transcripts encoding US5, a complete deletion of the entire pre-miRNA

sequence from the HCMV genome might affect the expression of the neighbor genes near

the miR-US4-1 sequence. Thus, to exclude any side effects of full sequence deletion of miR-

US4-1 region, we generated an HCMV AD169 mutant (HCMV ΔUS4), in which Drosha

processing of the miR-US4-1 primary transcript was defective, by only substituting 6

nucleotides around the predicted cropping site that contains 3 nucleotides of the 5′-end of

the mature miR-US4-1 (Supplementary Fig. 6). To validate that an intact virus was

generated without disrupting the entire HCMV genome, we constructed a control revertant

virus (HCMV REV), whose genome sequence was theoretically identical to that of wild type

HCMV (HCMV WT) using HCMV ΔUS4 as a template. HCMV WT, ΔUS4, and REV

viruses were infected into human foreskin fibroblast (HFF) cells followed by RPA to

analyze the miR-US4-1 expression. In both HCMV WT and REV infections, the expression

of miR-US4-1 began at about 24 h post infection and increased until 72 h post infection,

whereas miR-US4-1 was not expressed in HCMV ΔUS4-infected HFF cells (Fig. 3a).

Immunoblot of the infected cell lysates revealed that the overall amount of ERAP1 protein

decreased upon HCMV WT and REV infection, while they remained unchanged in HCMV

ΔUS4-infected cells (Fig. 3b, first panel). The miR-US4-1 expression did not affect the

expression of irrelevant targets immediate early 1 and 2 (IE1/2) or GAPDH (Fig. 3b, second

and third panels), indicating a specific effect of miR-US4-1 on ERAP1 expression.

We next analyzed the alteration in the mRNA level of ERAP1 isoforms during the course of

infection. No detectable difference in the levels of ERAP1a mRNA was observed between
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HCMV WT and ΔUS4 throughout the course of infection (Supplementary Fig. 7a). While

HCMV ΔUS4 infection had little effect on ERAP1b mRNA levels, the ERAP1b mRNA

level was decreased by HCMV WT infection and reached about 10% of that seen in

uninfected HFF at 72 h post infection. The miR-US4-1 expression did not affect the

expression of IE1 mRNA (Supplementary Fig. 7b), indicating a specific effect of miR-

US4-1 on ERAP1b mRNA expression. These results suggest that the downregulation of

ERAP1 protein primarily resulted from miR-US4-1-mediated downregulation of ERAP1b

mRNA.

Inhibition of ovalbumin precursor trimming by miR-US4-1

As part of the effort to determine the biological relevance of miR-US4-1, we initially

assessed the effect of miR-US4-1 on the production of the SIINFEKL peptide (referred to as

OVA8, and generated from amino acids 257–264 of ovalbumin) from an ovalbumin-derived

precursor by using the well-known OVA8 experimental system5, 29. Using mouse H-2Kb-

expressing HeLa (HeLa-Kb) cells, we cotransfected pUG1 vectors encoding OVA8 or the

13-amino acid peptide LEQLESIINFEKL (N5OVA8) with miRNA or siRNA. Given that

the peptide was fused to the C-terminal end of ubiquitin to allow for post-translational

cleavage of the peptide from cytosolic ubiquitin by ubiquitin C-terminal hydrolase34 and

ERAP1 can trim N5OVA8 precursor to mature OVA8 peptide29, we monitored the

generation of OVA8 by measuring the B3Z 86/90.14 (B3Z) T cell hybridoma response.

Since B3Z T cells are a CD8+ T cell hybridoma line generated by fusing the OVA-Kb-

specific cytotoxic clone B3 with a lacZ-inducible derivative of BW5147 and engineered to

secrete β-galactosidase when its T cell receptor engages an H-2Kb-OVA8 complex35, 36, the

B3Z T cell response can be measured by quantifying β-galactosidase production.

Validating the specific and sufficient knockdown of ERAP1b mRNA by miR-US4-1 to the

level of that seen in siERAP1 treated cells (Fig. 4a), we found that miR-US4-1 expression

led to a reduced B3Z response compared to control miRNA expression in N5OVA8-

expressing HeLa-Kb cells (Fig. 4b). The miR-US4-1(M) failed to reduce the B3Z response,

while siERAP1 as a control was competent to inhibit the B3Z response (Fig. 4b). In a

control experiment, we observed that miR-US4-1, siERAP1, or miR-US4-1(M) had no

effect on B3Z responses in OVA8-expressing cells (Fig. 4c). In addition, the expression of

miR-US4-1 did not affect the steady-state level of components of the MHC class I antigen

presentation machinery, such as MHC class I heavy chain, ERp57, PDI, and Tapasin

(Supplementary Fig. 8). In accordance with previous observations in the ERAP1 knock-out

(KO) mice34, 37, 38, our findings indicate that miR-US4-1 is able to inhibit trimming of the

OVA8 precursor to OVA8 mature peptide by targeting ERAP1.

Subversion of HCMV-specific CTL response by miR-US4-1

To directly demonstrate the physiological significance of miR-US4-1, we proceeded to

perform CTL assays in the presence or absence of miR-US4-1 in the context of HCMV

infection, using CD8+ HCMV-specific CTLs clones from HCMV-seropositive donors

(Table 1). Initially, we examined whether ERAP1 is involved in the generation of HCMV-

derived CTL epitopes using an in vitro ERAP1 trimming assay. The 2 amino acid N-

terminally extended form of the synthetic peptide precursor was incubated with various

amounts of recombinant ERAP1. The generation of mature epitopes was monitored by

analytical high performance liquid chromatography (HPLC) (Fig. 5a), and the rate of mature

epitope generation was calculated (Table 1). All precursors tested (UL2334–42, IE188–96,

UL28327–335, UL16162–170, and UL105715–723) were effectively trimmed to their mature

epitopes. In the case of UL105715–723, the rate of mature epitope generation was relatively

slow compared to that of other epitopes and was further trimmed to short peptides by
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ERAP1 (Fig. 5a). These in vitro results suggest that ERAP1 can be involved in the

generation of a broad spectrum of HCMV epitopes.

HCMV AD169 WT possesses several immune evasion proteins in the US2-US11 region that

downregulate the cell surface expression of MHC class I molecules1. To overcome the

limitations imposed by these immune evasion proteins and to test the exclusive effect of

miR-US4-1 on CTL response, we used an HCMV RV798 strain deleted of the US2-US11

genome region including miR-US4-1. HCMV RV798 infection, unlike HCMV AD169 WT

and AD169 ΔUS4, slightly up-regulated the surface expression of MHC class I molecules

(Supplementary Fig. 9). Autologous fibroblasts were transfected with synthetic miR-US4-1

twice prior to infection. At 24 h after the second transfection, we infected fibroblast cells

with HCMV RV798 and validated the expression of viral genes that encode the viral protein

containing epitopes used in the in vitro ERAP1 trimming assay by RT-PCR analysis

(Supplementary Fig. 10). The efficiency of ERAP1b knockdown by miR-US4-1 was up to

65–80% in all donor fibroblasts at 48 h post infection (Supplementary Fig. 11). The miR-

US4-1-mediated knockdown of ERAP1 inhibited the lysis of antigen-specific target cells by

5 CTL clones 1B12-24, 1F8-68, 2A1-3, 1A4-1, and 9G4-107 (Fig. 5b). The CTL clone

IA8-8 specific to UL105715–723 epitope was efficiently able to lyse the target cells

regardless of ERAP1 activity (Fig. 5b), not all HCMV epitopes are generated in an ERAP1-

dependent manner. Overall, these data provide direct evidence for a critical role of miR-

US4-1 in immune evasion from CTL responses by targeting ERAP1, a key component of the

antigen processing machinery. Furthermore, our work supports an important in vivo role of

ERAP1 in antiviral CTL immune responses in humans.

Discussion

In this study, we showed that HCMV miR-US4-1 targets ERAP1b mRNA but not to

ERAP1a, resulting in the downregulation of overall ERAP1 protein. We also revealed that

miR-US4-1 specifically bound to ERAP1b mRNA within the RISC complex, and the 3′-
UTR of ERAP1b mRNA was targeted by miR-US4-1 in a manner that destabilized or

degraded mRNA and eventually lead to a decrease in the ERAP1b mRNA level. We

demonstrated that during HCMV infection, ERAP1b mRNA level and overall ERAP1

protein expression were inversely proportional to the miR-US4-1 expression. Furthermore,

we demonstrated that miR-US4-1 inhibited the lysis of infected target cells by CTLs,

providing evidence of its physiological relevance. Thus, our results reveal a novel miRNA-

based immune evasion strategy in which miR-US4-1 interferes with MHC class I-mediated

antigen presentation by targeting ERAP1, a key enzyme involved in catalyzing the

production of antigenic peptides in the ER.

ERAP1 is critical in establishing immune responses to some viral epitopes. ERAP1

deficiency in mice affects the peptide pool during mouse CMV39 and lymphocytic

choriomeningitis virus (LCMV)37 infection as well as CD8+ T cell responses for LCMV-

derived38 or influenza virus-derived37 antigens. In ERAP1-KO mice, many unstable, likely

N-terminally extended MHC class I-bound peptides are presented to the cell surface8. In our

experiments using HCMV-specific CD8+ CTL clones derived from HCMV-seropositive

donors, we found that the generation of 4 epitopes (UL2334–42, IE188–96, UL28327–335, and

UL16162–170) among 5 HCMV epitopes tested was affected by ERAP1. Based on previous

studies in ERAP1-KO mice and our current findings, we conclude that ERAP1

downregulation influences the production of many HCMV-derived antigenic peptides in

viral infection, resulting in evasion of viral antigen recognition by CD8+ T cells during the

host immune response.
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In addition to ERAP1, human cells express 2 additional aminopeptidases that are involved in

antigenic peptide processing, i.e., ER aminopeptidase 2 (ERAP2, also known as L-RAP) and

placental leucine aminopeptidase (PLAP, also known as IRAP). ERAP2 can efficiently trim

some kinds of epitopes that are distinct from ERAP1-trimmed epitopes40, and it can

physically bind to ERAP16, suggesting that ERAP1 and ERAP2 might function in a

concerted manner to produce a variety of MHC class I epitopes in the ER. However, not

only is ERAP1 expressed more ubiquitously than ERAP2, but its overall expression level is

higher than ERAP2 in human cell lines6, 41. In addition, although PLAP can produce distinct

antigenic peptides, it is specialized to localize to intracellular vesicles42. Therefore, ERAP1

appears to be a major trimming enzyme of antigenic peptides in the ER of human cells. In

this regard, it is plausible that HCMV has evolved a strategy to preferentially target ERAP1

rather than other aminopeptidases to inhibit the presentation of epitopes derived from viral

gene products under the selective pressure of the host immune response. Of course, it is still

possible that the expression or function of ERAP2 and PLAP might also be regulated by

HCMV or other viruses for their survival.

It is crucial for viral survival to block the presentation of viral antigenic peptides to CD8+ T

cells at immediate early (IE) or early (E) stages of infection. The US2-US11 region of the

HCMV genome encodes immune evasion proteins that can inhibit MHC class I antigen

presentation1. The physiological importance of the US2-US11 region has been highlighted

by a recent finding that superinfection of rhesus CMV-infected rhesus macaques requires

evasion of CD8+ T cell immunity by the homologs of HCMV US2, 3, 6, and 1143. Given

that miR-US4 is co-expressed with these immune evasion proteins at the E stage, miR-US4

is likely to act cooperatively and simultaneously with these immune evasion proteins for

immune evasion. Unlike these US glycoproteins, viral miRNAs are non-immunogenic, and

thus viral miRNAs might offer better options for viruses to enable them to establish a

lifelong latent infection. This work should expand the scope of CTL immunoevasive gene

products beyond viral glycoproteins to viral miRNAs. Identifying cooperation between viral

miRNA and viral proteins in immune evasion underscores the necessity to incorporate

additional determinants in HCMV vaccine design.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The mRNA level and protein of ERAP1 isoform b but not ERAP1 isoform a are
reduced by HCMV miR-US4-1 expression
(a, b, c) Relative change in cellular mRNA levels by viral miRNAs (a, miR-US4-1; b, miR-

US5-1; c, miR-US5-2) compared to control miRNA (siRNA-GFP). The expression level of

ERAP1 is indicated with a red dot. (d, e) The expression levels of (d) ERAP1a and (e)

ERAP1b mRNA were analyzed using qRT-PCR and normalized to GAPDH

(glyceraldehyde 3-phosphate dehydrogenase). *P < 0.05, two-tailed Student’s t-test

compared with control miRNA. Data are presented “relative” to the value of GAPDH as

means ± s.d., n = 3. (f) HEK293T cells were transfected with 10 µg of pSuperRetro vectors,

siGFP as control miRNA, miR-US4-1, siERAP1, and miR-US4-1(M), followed by selection

with 2 µg puromycin for 1 week. (g) HEK293T cells were transfected with different

concentrations of pSuperRetro-miR-US4-1 vector (2 µg, 4 µg, and 10 µg in lanes 2, 3, and 4,

respectively). (f, g) The expression level of the ERAP1 protein was analyzed by

immunoblot, with GAPDH as a protein loading control. The expression level of miR-US4-1

was analyzed by (f) RNase protection assay (RPA) or (g) RNA blot analysis. Hsa-miR-16

served as an RNA loading control. Data are representative of 3 independent experiments. C,

control miRNA.
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Figure 2. HCMV miR-US4-1 targets the 3′-UTR of ERAP1 isoform b and physically binds to
ERAP1 isoform b mRNA within the RISC
Predicted binding site of the 3′-UTR of ERAP1a mRNA (a) and ERAP1b mRNA (b) by

miR-US4-1. Bold characters indicate the expected seed region interaction site. The

nucleotide sequence in red was replaced with the sequence indicated by the arrow in mutant

3′-UTRs. The HCMV miR-US4-1 sequence is shown in blue. (c) Dual luciferase assays

were performed in HEK293T cells using 5 µg of the miRNA-expressing vector, 10 ng of the

pGL3-3′-UTR-containing vector, and 5 ng of the Renilla control vector. (d) A dual

luciferase assay was performed under the same conditions as in (c), except for the use of 1

µg, 2 µg, or 5 µg of the miR-US4-1-expressing vector and 5 µg of the control miRNA-

expressing vector. C, control miRNA. (c, d) *P < 0.05, two-tailed Student’s t-test compared

with control miRNA. Data are presented by the luminescence of firefly luciferase “relative”

to the luminescence of Renilla luciferase as means ± s.d., n = 3, and are representative of 3

independent experiments. (e) HEK293T cells were transfected with the mix of pSuperRetro

vectors indicated and empty (Mock) or N-terminally FLAG-tagged human AGO1, 2, 3, and

4 (AGO) vectors. RISC IP was performed at 48 h after transfection. Total RNA was

extracted from RISC IP samples, and an RPA was performed to detect miR-US4-1. NT-NR

indicates no target-no RNase that the sample did not contain either extracted total RNA or

RNase A/T1. NT indicates no target that the sample did not contain extracted total RNA.

*Undigested probe, **HCMV miR-US4-1. (f) Aliquots of RISC immunoprecipitates and

cell lysates were probed with anti-FLAG Ab to confirm the IP and expression of FLAG-
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AGOs. (g, h) Using RNA extracted from immunoprecipitated RISC or total sample, qRT-

PCR was performed to compare the levels of ERAP1a (g) and ERAP1b mRNA (h). The

level of ERAP1 mRNA was normalized to the GAPDH level. *P < 0.05, **P < 0.01, two-

tailed Student’s t-test compared with control miRNA. Data are presented “relative” to the

value of GAPDH as means ± s.d., n = 3, and are representative of 3 independent

experiments.
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Figure 3. ERAP1 is downregulated in HCMV-infected cells
(a) HFF cells were infected with wild-type HCMV AD169, the ΔUS4 mutant, or the

revertant for 1 h at MOI = 5. The total RNA was extracted at 0 h, 24 h, 48 h, and 72 h post

infection from infected cells or uninfected cells. An RPA was performed to analyze the level

of miR-US4-1. NT-NR, no target-no RNase that the sample did not contain either extracted

total RNA or RNase A/T1. NT, no target that the sample did not contain extracted total

RNA. *Undigested probe, **HCMV miR-US4-1. (b) Using the cell aliquots from the

samples in (a) immunoblot analysis to determine changes in the protein amount of ERAP1,

IE1/2, and GAPDH at each post infection time. GAPDH served as protein loading control.

Data are representative of 3 independent experiments. U, uninfected. WT, wild type. Mut,

mutant. Rev, revertant.
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Figure 4. HCMV miR-US4 inhibits the trimming of Ova257–264 peptide from ovalbumin
precursor peptide by ERAP1
(a) H-2Kb-expressing HeLa cells were transfected with control miRNA, miR-US4-1,

siERAP1, or miR-US4-1(M). After 1 week of selection with puromycin, the expression

levels of ERAP1a and ERAP1b mRNA were analyzed using qRT-PCR and normalized to

GAPDH. *P < 0.05, two-tailed Student’s t-test compared with control miRNA. Data are

presented “relative” to the value of GAPDH as means ± s.d., n = 3, and are representative of

3 independent experiments. (b, c) H-2Kb-expressing HeLa cells were transfected with

control miRNA, miR-US4-1, siERAP1, or miR-US4-1(M). After 1 week of selection with

puromycin, the pUG1-N5OVA8 vector (b) or the pUG1-OVA8 vector (c) were transfected.

After 48 h, 1.0 × 104 transfected H-2Kb-expressing HeLa cells were co-cultured with 1.0 ×

104 (1), 3.0 × 104 (3), or 9.0 × 104 (9) B3Z cells. After 16 h incubation, cells were

harvested. The lacZ activity was calculated by measuring β-galactosidase production with

the lacZ substrate CPRG and presented in graphs as the “relative” levels compared to

control miRNA. *P < 0.001, two-tailed Student’s t-test compared with control miRNA. Data

are presented as means ± s.e.m. of 3 independent experiments.
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Figure 5. HCMV miR-US4-1 inhibits the generation of HCMV-derived antigenic peptides and
the CD8+ CTL responses
(a) Characteristic chromatograms indicating epitope production in vitro by ERAP1. For each

epitope precursor 3 chromatograms are depicted: Top, precursor alone; Middle, precursor

incubated with a moderate amount of enzyme; and Bottom, precursor incubated with a

larger amount of enzyme. In each case, the peak that corresponds to the mature epitope is

indicated by an asterisk. Reaction conditions are indicated next to each chromatogram. The

N-terminally extended 2 amino acid sequence within each precursor is underlined. (b) For

the Chromium release assay, autologous fibroblasts were transfected twice with control

miRNA, miR-US4-1, or siERAP1 RNA duplex. After 24 h, cells were infected with HCMV

RV798 at MOI = 2 for 1 h. At 48 h post infection, cells were collected and incubated

with 51Cr for 2 h in a 37°C CO2 incubator. These cells were washed and used as target cells.

1.0 × 104 target cells were co-incubated with 1.0 × 105 (10), 5.0 × 104 (5), 2.5 × 104 (2.5), or

1.25 × 104 (1.25) CTLs, of which the clone names are presented above each panel, as

effector cells for 6 h in a 37°C CO2 incubator. The released 51Cr level was measured by γ-

irradiation counting. The level of specific CTL lysis was calculated by the following

formula: ([specific release - spontaneous release] / [total release - spontaneous release]) ×

100 (%). A spontaneous release of less than about 5% of the total release was observed in all

assays. *P < 0.001, two-tailed Student’s t-test compared with control miRNA. Data are

presented as means ± s.e.m. of 3 independent experiments.
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