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Natural killer (NK) cells are innate lymphocytes that serve as a first line 
of defense against infected and transformed cells1–3. Their ability to 
eliminate target cells is controlled by a balance between inhibitory and 
activating signals generated by inhibitory and activating receptors3. 
One of the most prominent activating receptors is NKG2D, which 
recognizes stress-induced ligands upregulated on the cell surface after 
various stresses, such as viral infection, cell transformation, DNA 
damage and heat shock4–10. Among the human stress-induced ligands 
are the major histocompatibility complex class I polypeptide–related 
sequences MICA and MICB and the UL16-binding proteins4–11.

Stress-induced ligands have a fundamental role in the recognition 
and elimination of hazardous cells by the immune system, and indeed 
strategies such as shedding of major histocompatibility complex class I– 
related proteins from the cell surface, retention in the endoplasmic 
reticulum and microRNA targeting are used by viruses, as well as 
by tumors, to escape NKG2D recognition and subsequent elimina-
tion11–16. Thus, it is crucial to identify possible pathways that control 
the expression of stress-induced ligands to allow better treatment of 
cancer and virus-related diseases and to broaden the basic under-
standing of how danger is sensed by the immune system.

MicroRNAs are short noncoding RNA molecules that bind to a 
 target transcript (mainly in the 3′ untranslated region (UTR)) and 
repress its translation, thus controlling protein expression17–22. The 
effect of microRNAs on protein expression is modest23,24; never-
theless, these are important gene regulators, as they are involved in 
almost all known cellular processes25–28. The expression of MICA 
and MICB is regulated by several cellular microRNAs, and tumors 

take advantage of this regulation by upregulating the expression of 
these microRNAs to promote immune evasion and the generation 
of metastasis29.

Herpesviruses create lifelong latent infections in their hosts by 
using a vast arsenal of immune-evasion strategies30,31. Notably, human 
cytomegalovirus (HCMV) expresses its own microRNA to repress the 
translation of MICB15. Moreover, HCMV’s microRNA evolved in such 
a way that it binds the 3′ UTR of MICB at a site overlapping that of 
cellular microRNAs. By doing so, HCMV not only escapes NKG2D-
mediated immune detection but also probably prevents the host from 
mutating this particular site, as it is indispensable29.

The strategy of targeting MICB by a viral microRNA is not exclu-
sive to HCMV. Epstein-Barr virus (EBV) and Kaposi’s sarcoma– 
associated herpesvirus (KSHV) each encode a single microRNA that 
downregulates MICB to escape NK cell recognition11. The three 
viral microRNAs (derived from HCMV, EBV and KSHV) do not 
share sequence homology11,15 and therefore target MICB at different  
binding sites.

Several pressing questions arose after the findings reported above, 
and we address them here. First, what has prevented the host from 
mutating the EBV- and KSHV-binding sites to avoid regulation by 
the viral microRNAs? Second, why is there such a large group of  
cellular microRNAs that control the expression of MICB? Third, why 
is it beneficial for the three viruses to generate their own specific 
microRNAs and not copy or use the MICB-targeting cellular micro-
RNAs? Furthermore, why do the viruses use partially overlapping 
sites to target MICB and not use sites identical to those of the cellular 
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Although approximately 200 viral microRNAs are known, only very few share similar targets with their host’s microRNAs.  
A notable example of this is the stress-induced ligand MICB, which is targeted by several distinct viral and cellular microRNAs. 
Through the investigation of the microRNA-mediated immune-evasion strategies of herpesviruses, we initially identified two 
new cellular microRNAs that targeted MICB and were expressed differently both in healthy tissues and during melanocyte 
transformation. We show that coexpression of various pairs of cellular microRNAs interfered with the downregulation of MICB, 
whereas the viral microRNAs optimized their targeting ability to efficiently downregulate MICB. Moreover, we demonstrate that 
through site proximity and possibly inhibition of translation, a human cytomegalovirus (HCMV) microRNA acts synergistically with 
a cellular microRNA to suppress MICB expression during HCMV infection.
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 microRNAs? In our view, these questions apply to almost all viral 
microRNAs, as many of them differ from the host’s microRNAs32.

We provide here several answers to the questions above. We show 
that like the microRNA of HCMV, the microRNA of both EBV and 
KSHV bound MICB at sites overlapped by two cellular microRNAs. 
Moreover, the newly identified cellular microRNAs were expressed 
differently in various tissues and cell lines. In addition, whereas the 
cellular microRNAs interacted in an antagonizing way with each 
other, the viral microRNAs acted independently of the cellular micro-
RNAs and, together with the cellular microRNAs, efficiently down-
regulated MICB. Most notably, HCMV’s microRNA miR-UL112 acted 
synergistically with the newly identified cellular microRNA miR-376a 
to repress MICB expression, and this interaction was dependent on 
site proximity and was functional during HCMV infection. Thus, we 
show that by creating unique microRNAs, herpesviruses generate a 
new, improved and, to our knowledge, never-before-reported set of 
viral microRNA–host microRNA interactions to escape elimination 
by cells of the immune system.

RESULTS
Herpesviruses exploit cellular microRNA–binding sites
As the binding sites of the EBV and KSHV microRNAs miR-BART2-
5p and miR-K12-7, respectively, are located at different locations along 
the 3′ UTR of MICB (Fig. 1a), we sought to determine whether, like 
the microRNA of HCMV29, the microRNAs of EBV and KSHV also 
bind at sites overlapping those of cellular microRNAs. To address this 
issue, we initially used the online algorithm TargetScan to search for 
cellular microRNAs predicted to bind MICB at sites that overlap those 

of the viral microRNAs. This scan identified two cellular microRNAs 
predicted to target MICB at a site overlapping the binding site for 
EBV’s miR-BART2-5p, as well as several cellular microRNAs predicted 
to bind MICB at the binding site for KSHV’s miR-K12-7 (Fig. 1a). To 
test whether the predicted microRNAs could indeed downregulate 
MICB, we cloned all of them into lentiviral constructs containing a 
green fluorescent protein (GFP) cassette, which allowed us to monitor 
transduction efficiency (Supplementary Fig. 1a), and transduced the 
constructs into MICB-expressing cells. The lentiviral transduction 
was extremely efficient (Supplementary Fig. 1), and we monitored 
MICB expression on GFP+ cells. Of all the predicted microRNAs, 
only miR-376a (from the EBV-overlapping group) and miR-433 (from 
the KSHV-overlapping group) showed substantial downregulation 
of MICB expression (Fig. 1b and Supplementary Fig. 1b). We con-
firmed expression of miR-376a and miR-433 in the transduced cells 
by quantitative real-time PCR (Supplementary Table 1).

We also tested whether miR-376a and miR-433 control MICA 
expression. Although miR-376a was predicted by TargetScan to bind 
the 3′ UTR of MICA, the downregulation of MICA by the micro-
RNA was not consistent. No binding sites for miR-433 in the 3′ UTR 
of MICA were predicted. In addition, because all viral microRNAs 
derived from HCMV, EBV and KSHV target only MICB, we continued 
our analysis with MICB.

MiR-376a and miR-433 diminish NK cell–mediated cytotoxicity
A single microRNA is estimated to target approximately 300 
genes19,33. To demonstrate that miR-376a and miR-433 directly 
bound to MICB at the predicted binding sites (Fig. 1a), we did a dual 
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Figure 1 Newly identified cellular microRNAs that downregulate MICB. (a) TargetScan predictions of homo sapiens (hsa) microRNAs that bind the 3′ UTR of 
MICB at binding sites overlapping those of the EBV and KSHV microRNAs. The locations of the predicted microRNAs are in parentheses. Solid lines indicate 
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luciferase reporter assay. For this we generated three firefly luciferase 
constructs: one contained the wild-type 3′ UTR of MICB; one was 
mutated at the 3′ UTR of MICB at the ‘seed sequence’ of the predicted 
miR-376a-binding site; and another was mutated at the seed sequence 
of the predicted miR-433-binding site. We transiently transfected 
these constructs into DU145 human prostate cancer cells that had 
been transduced with miR-376a, miR-433 or a control microRNA. 
Luciferase activity was repressed in cells expressing the microRNAs 
(Fig. 2a), and mutations at the seed sequences of the predicted sites 
completely abolished the repression mediated by each microRNA 
(Fig. 2a). This indicated that the predicted binding sites were indeed 
targeted by the microRNAs identified. Next, to elucidate the mecha-
nism of this repression, we did quantitative real-time PCR analysis of 
RKO cells transduced with either miR-376a or miR-433 and evaluated 
the abundance of the MICB transcript. We did not find any significant 
difference between cells expressing the microRNAs and control cells 

in the abundance of MICB transcripts (Fig. 2b), which suggested 
that the microRNAs’ mode of action was translational repression and 
not mRNA degradation. Finally, we found that the lower expression 
of MICB mediated by miR-376a and miR-433 was functional, as it 
led to less recognition and killing of the transduced cells by NK cells 
(Fig. 2c). This effect was NKG2D specific, as an NKG2D-blocking 
antibody decreased the killing of all transduced cells to equivalent 
amounts (Fig. 2c).

Expression pattern of the MICB-targeting microRNAs
We demonstrated above that miR-376a and miR-433 downregulated 
MICB, thus adding them to a relatively large group of previously iden-
tified MICB-targeting cellular microRNAs29 (Fig. 3). We next sought 
to determine why humans would need nine different microRNAs (the 
seven identified before (miR-17, miR-20, miR-93, miR-106, miR-372, 
miR-373 and miR-520)29 and the two identified here (miR-376a and 

Figure 2 The microRNAs miR-376a and  
miR-433 directly bind the 3′ UTR of MICB, 
repress its translation and reduce NK cell 
cytotoxicity. (a) Luciferase activity in DU145 
cells transduced with control microRNA (Ctrl 
miR), miR-376a (left) or miR-433 (right) and 
transfected with reporter plasmids (horizontal 
axis); results are presented relative to control 
reporter activity. MICB, reporter containing 
the wild-type 3′ UTR of MICB; mut-376a and 
mut-433, reporters mutated at seed sequence 
of the miR-376a- and miR-433-binding sites, 
respectively. *P < 0.01 and **P < 0.03 (two-tailed Student’s t-test). Data are representative of three independent experiments (mean ± s.e.m. of 
triplicates). (b) Quantitative real-time PCR analysis of MICB mRNA in RKO cells transduced with control microRNA, miR-376a or miR-433, presented 
relative to mRNA for the human ribosomal protein L32. Data are representative of three independent experiments (average mean ± s.e.m.). (c) Killing 
of labeled RKO cells, expressing control microRNA, miR-376a or miR-433, by bulk primary NK cells preincubated with isotype-matched control 
monoclonal antibody (Ctrl mAb) or monoclonal antibody to NKG2D mAb (mAb to NKG2D), assessed after 5 h of coincubation. *P < 0.02 (two-tailed 
Student’s t-test). Data are representative of three independent experiments with NK cells from different donors (mean ± s.e.m. of triplicates).
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miR-433)) to control MICB expression. We hypothesized that one 
reason for this might be differences in the expression patterns of the 
various microRNAs in different tissues and, consequently, in cell lines. 
Indeed, as we predicted, we observed different patterns of expres-
sion of the various MICB-targeting microRNAs in several cell lines 
(293T human embryonic kidney cells, RKO human colon carcinoma 
cells, HeLa human cervical cancer cells and DU145 cells) and in pri-
mary human foreskin fibroblast (HFF) cells (Fig. 3a). We found that  
miR-520 was the only microRNA not expressed by the cell lines tested 
(Fig. 3a). We also tested expression of the MICB-targeting microRNAs 
during melanoma tumor development (Fig. 3b). Notably, we observed 
an increase in the expression of some of the microRNAs along such 
development, beginning with normal melanocytes, then proceeding 
through nevus stage and ending in metastatic melanoma (Fig. 3b). 
The two microRNAs with the greatest change in expression during 
melanoma development were miR-376a, which was downregulated by 
melanoma cells and miR-433, which was upregulated, (Fig. 3b).

It is established that MICB protein is absent in healthy tissues, 
whereas MICB mRNA is expressed in many if not all healthy tis-
sues34,35 (Supplementary Fig. 2). Because of this discrepancy, it was 
critical that we confirm that the microRNAs were expressed together 
with their target gene, MICB. Indeed, all of the microRNAs identi-
fied as targeting MICB were expressed in all the tissues we examined 
(Fig. 3c). Some microRNAs showed differences in expression across 
the various tissues. In particular, miR-376a had higher expression 
in bladder, brain, cervix, ovary, placenta, prostate, skeletal muscle, 
spleen, testis and trachea than in other tissues (Fig. 3c).

Endogenous control of MICB expression
Our next goal was to demonstrate that miR-376a and miR-433 endo-
genously control MICB expression. For this purpose we generated two 
‘sponge’ constructs directed against miR-376a and miR-433, as well as 
a control sponge. These constructs contain multiple binding sites for 
the desired microRNA and are located downstream of a GFP cassette. 

Thus, these sponges function as decoy transcripts and sequester the 
specific microRNA from its original target11,36.

We transduced two tumor cells lines with relatively high expression 
of the relevant microRNAs, HeLa and the melanoma cell line 1190 
mel (Fig. 3a,b), with the anti-microRNA sponges anti-miR-376a and 
anti-miR-433, respectively, and monitored transduction efficiency 
by GFP expression (Supplementary Fig. 3a). As predicted, the pres-
ence of the anti-microRNA sponges resulted in a higher expression 
of MICB in GFP+ cells of both cell lines (Fig. 4a and Supplementary 
Fig. 3b). This upregulation resulted in increased NK cell recognition 
and NKG2D-dependent elimination of the transduced cells (Fig. 4b). 
These combined results suggest that the EBV- and KSHV-encoded 
microRNAs do not target random sites in MICB. These viruses pos-
sibly use a strategy in which they target a microRNA-binding site 
already in use by cellular microRNAs, thus making it extremely  
difficult for the host to escape viral regulation by mutating the  
relevant binding site.

Human and viral microRNA cooperation
The relatively large number of cellular microRNAs that target MICB 
(nine in total29; Fig. 5a), together with the observation that all of 
them were expressed (albeit in different amounts; Fig. 3c) in all 
 tissues tested, raised the following question: why are so many differ-
ent cellular microRNAs needed to control MICB expression? Perhaps 
these various cellular microRNAs act together to downregulate MICB 
more efficiently? To test that hypothesis, we transduced RKO cells 
with a single cellular microRNA or with a pair of cellular micro-
RNAs and analyzed MICB expression by flow cytometry (Fig. 5b 
and Supplementary Fig. 4). The transduction efficiency of all com-
binations was nearly 100% (Supplementary Fig. 4a), quantitative 
real-time PCR analysis confirmed the expression of the microRNAs 
in all of the combinations (Supplementary Table 1), and we gated 
on the GFP+ cells for flow cytometry analysis. From the group of 
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cellular microRNAs that target MICB at a site overlapping that of 
HCMV’s miR-UL112, we selected a single representative microRNA,  
miR-373 (ref. 29; Fig. 5a). As noted before29 and reported here, MICB 
was downregulated by all of the cellular microRNAs when they were 
expressed singly (Fig. 5b and Supplementary Fig. 4b). Unexpectedly, 
when the various pairs of cellular microRNAs were coexpressed, 
the downregulation of MICB seemed to be impaired (Fig. 5b and 
Supplementary Fig. 4b), and coexpression of miR-376a and miR-433 
almost completely abolished the downregulation of MICB (Fig. 5b 
and Supplementary Fig. 4b).

We used a dual luciferase reporter assay to quantify the interactions 
reported above and to demonstrate that coexpression of the various 
cellular microRNAs indeed resulted in an antagonizing effect. We 
measured the extent of cooperation by calculating firefly luciferase 
repression relative to that of renilla luciferase. The ‘calculated’ repres-
sion by the microRNAs was the linear summation of the repression 
by each single microRNA, and the ‘observed’ repression was the 
actual repression observed when the microRNAs were coexpressed 
(Fig. 5c). In agreement with the flow cytometry data (Fig. 5b and 
Supplementary Fig. 4), for each pair of microRNAs the observed 
repression was much lower than the calculated repression and the 
greatest antagonistic effect occurred when miR-376a and miR-433 
were coexpressed (Fig. 5c). Notably, the change in expression of  
miR-376a and miR-433 during melanoma progression was reciprocal 
(Fig. 3b), perhaps to avoid such an antagonistic effect.

Like the cellular microRNAs, it seemed that the viral microRNAs 
interfered with each other in the downregulation of MICB when 
coexpressed (Supplementary Fig. 5). However, the relevance of 
such interactions is questionable because coinfection of the same cell  
in vivo with these viruses is rare. Thus, we next turned to study what are 
probably the most critical interactions, those between the viral micro-
RNAs and the cellular microRNAs. For this we transduced RKO cells 
with a single viral microRNA or with pairs of viral and cellular micro-
RNAs (Fig. 6a and Supplementary Fig. 6a). The transduction effi-
ciency of all combinations was nearly 100% (Supplementary Fig. 6).  
Quantitative real-time PCR analysis confirmed expression of the 
microRNAs in all of the combinations (Supplementary Table 1), and 
we gated on GFP+ cells for flow cytometry analysis. We chose pairs 

of cellular and viral microRNAs that do not target an overlapping 
site, because as expected, overlapping pairs showed competitive inter-
action with each other (data not shown).

Unexpectedly, analysis of the various microRNA pairs did not 
indicate any antagonizing interactions between the viral and cellular 
microRNAs (Fig. 6a and Supplementary Fig. 6b). In contrast, 
it seemed as if coexpression of the viral and cellular microRNAs  
resulted in more efficient downregulation of MICB expression 
(Supplementary Fig. 6b). Quantification of these interactions by 
luciferase reporter assay indeed showed that most viral and cellular 
microRNAs acted independently of each other, which resulted in 
an additive effect on the downregulation of MICB (Fig. 6b). One 
exception was the duo of HCMV’s miR-UL112 and cellular miR-376a. 
When these microRNAs were coexpressed, they acted synergisti-
cally in downregulating MICB expression (twofold greater than the 
 predicted additive value; Fig. 6b).

Synergistic mechanisms
It has been demonstrated with artificial microRNA-binding sites 
that site proximity (a distance up to ~50 nucleotides) might be a 
crucial factor in determining cellular microRNA cooperation37,38. 
As miR-UL112 and miR-376a are 24 nucleotides apart (from the 
5′ end of miR-UL112 to the 5′ end of miR-376a; Supplementary 
Table 2), we sought to determine whether site proximity might be 
a critical determinant in the synergism observed between these 
particular cellular and viral microRNAs. For this we mutated the 
 binding site of miR-UL112 in the 3′ UTR of MICB and then relocated 
it ~850 nucleotides downstream of its original location. We tran-
siently transfected the firefly constructs into RKO cells transduced 
with miR-UL112 or miR-376a alone, the two together, or a control 
microRNA. The relocated site of miR-UL112 was still functional, as 
it repressed firefly luciferase activity to the same extent as the wild-
type binding site did (Supplementary Fig. 7). Notably, despite the 
observation that luciferase repression was similar with the binding 
site in either location, relocation of the miR-UL112-binding site 
abolished the synergistic interaction between miR-UL112 and miR-
376a, whereas an additive effect still remained (Fig. 6b, far right, and 
Supplementary Fig. 7).

Figure 6 The microRNAs miR-UL112 and 
miR-376a act synergistically to downregulate 
MICB expression. (a) Flow cytometry of 
MICB expression (black lines) by RKO cells 
transduced with a single viral microRNA  
(top row) or with a pair of one viral and one 
cellular microRNA (middle and bottom rows): 
UL112, miR-UL112 (HCMV); BART2,  
miR-BART2-5p (EBV); K7, miR-K12-7 (KSHV).  
Gray lines, control microRNA; gray filled 
histograms, secondary antibody. Numbers  
in top left corners indicate mean fluorescent 
intensity of MICB expression. Data are 
representative of three independent 
experiments. (b) Luciferase repression in  
RKO cells transduced with microRNA pairs  
as described in a and transfected with the 
MICB 3′ UTR reporter plasmid (left) or  
a reporter containing the 3′ UTR of MICB in 
which the site for miR-UL112 was relocated 
(far right), presented as described in Results. 
*P < 0.006 (two-tailed Student’s t-test).  
Data are representative of three independent experiments (mean ± s.e.m. of triplicates). (c) Quantitative real-time PCR analysis of MICB mRNA in 
RKO cells transduced with a control microRNA, miR-376a or miR-UL112, or both together, presented relative to mRNA for the human ribosomal 
protein L32. Data are from three independent experiments (average mean ± s.e.m.).
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To test whether translation inhibition or mRNA degradation was 
the mechanism responsible for the observed synergistic effect, we did 
quantitative real-time PCR analysis of the abundance of the MICB 
transcript in RKO cells transduced with either a single microRNA  
or coexpressing the microRNAs. We observed no change in MICB 
transcript abundance (Fig. 6c). Thus, site proximity is indeed a 
critical determinant in the synergistic downregulation of MICB by 
miR-376a and miR-UL112, which probably occurs by inhibition  
of translation.

Synergism during HCMV infection
Our final goal was to demonstrate synergistic cooperation of miR-
376a and miR-UL112 during HCMV infection. As HFF cells could be 
infected by HCMV and had relatively high expression of miR-376a 
(Fig. 3a), we initially sought to determine whether miR-376a endo-
genously controls MICB expression in HFF cells, as it did in HeLa cells 
(Fig. 4a). For this, we transduced HFF cells with the anti-miR-376a 
sponge and a control sponge. We obtained nearly 100% efficiency of 
transduction (Supplementary Fig. 8a) and analyzed the expression 
of MICB on GFP+ cells by flow cytometry (Fig. 7a). Indeed, HFF 
cells expressing the anti-miR-376a sponge had much higher MICB 
expression (Fig. 7a and Supplementary Fig. 8b), which indicated 
that miR-376a endogenously controlled MICB expression in these 
primary cells. Moreover, the higher MICB expression influenced NK 
cell recognition, as we observed increased killing of cells transduced 
with anti-miR-376a by NK cells (Fig. 7a, right).

Next we investigated the role of miR-376a and of miR-UL112 
 during HCMV infection. For this we transduced HFF cells with the 
anti-miR-376a sponge or anti-miR-UL112 sponge, both sponges 
together, or a control sponge. The transduction efficiency was, as 
usual, close to 100% (Supplementary Fig. 8a), and we verified 
expression of the various sponges by PCR (data not shown). Next 
we infected all cells with the TB40 strain of HCMV. MICB expres-
sion remained low in the infected cells transduced with the control 
sponge during the entire experiment, as both viral and cellular 

mechanisms operate to downregulate the expression of MICB15,31 
(Fig. 7b and Supplementary Fig. 8c, gray line).

At 48 h after infection, the presence of the cellular or viral sponges 
resulted in higher MICB expression, and when both sponges were 
coexpressed there was only a small additional increase in MICB 
expression (Supplementary Fig. 8c,d). However, 72 h after infec-
tion, the effect of the sponges was altered. The presence of either 
the anti-miR-376a sponge or the anti-miR-UL112 sponge resulted 
in minimally higher MICB expression (Fig. 7b and Supplementary 
Fig. 8e). Yet—and most importantly—at 72 h after infection, when 
both cellular and viral sponges were coexpressed, the increase in 
MICB expression was greater than it was with either of the sponges 
alone (Fig. 7b right and Supplementary Fig. 8e).

The changes reported above in the effect of the sponges along the 
course of infection were probably due to the accumulation of miR-
UL112 as infection was prolonged39 (Fig. 7c). Thus, the anti-miR-
376a sponge was less effective after 72 h of infection than after 48 h,  
probably because miR-UL112 was present in large amounts and 
diminished MICB expression. These large quantities of miR-UL112 
at 72 h after infection probably could not be completely ‘titrated out’ 
by the anti-miR-UL112 sponge. Indeed, the GFP expression of the 
anti-miR-UL112 sponge decreased as infection progressed, probably 
because of sponge destruction mediated by the increasing amounts of 
miR-UL112 (Fig. 7d). We found over 40% less GFP in cells transduced 
with the anti-miR-UL112 sponge, whereas we found around 15% less 
in infected cells expressing both sponges (Fig. 7d). The presence of the 
anti-miR-376a sponge in cells transduced with both sponges together 
probably explained the difference in GFP loss (40% versus 15%), as 
its GFP expression did not change during the infection.

Finally, to test the physiological implications of the synergism 
described above, we tested the ability of NK cells to eliminate 
the transduced and infected cells. In complete agreement with  
the flow cytometry data (Fig. 7b and Supplementary Fig. 8), 
only the infected HFF cells transduced with both sponges showed 
increased elimination by NK cells (Fig. 7e and Supplementary 

Figure 7 Synergistic control of MICB expression 
by miR-376a and miR-UL112 during HCMV 
infection. (a) Flow cytometry of MICB expression 
(left) by uninfected (UI) HFF cells transduced 
with an anti-miR-376a sponge (black line) 
or a control sponge (gray line), and killing of 
those HFF cells (right) by bulk NK cells. Gray 
filled histogram (left), secondary antibody. 
*P = 0.004 (two-tailed Student’s t-test). 
Data are representative of three independent 
experiments (right, mean ± s.e.m. of triplicates, 
with NK cells derived from different donors). 
(b) MICB expression (black lines) by HFF cells 
transduced with the anti-miR-376a sponge 
or anti-miR-UL112 sponge or both together 
(Double sponges) and infected for 72 h with 
the TB40 strain of HCMV. Gray lines, control 
sponge; gray filled histograms, secondary 
antibody. Data are representative of three 
independent experiments. (c) Quantitative 
RT-PCR analysis of miR-UL112 in HFF cells 
infected for 24, 48 or 72 h with the TB40 strain 
of HCMV, presented relative to U6 small RNA in uninfected HFF cells. *P < 6 × 10−5, compared with uninfected (two-tailed Student’s t-test). Data are 
from three independent experiments (average mean ± s.e.m.). (d) GFP expression in HFF cells transduced with a control sponge, an anti-miR-UL112 
sponge or with both anti-miR-UL112 and anti-miR-376a sponges, assessed 72 h after infection with the TB40 strain of HCMV. *P = 5.6 × 10−10 and 
**P = 3.4 × 10−12, compared with control sponge (two-tailed Student’s t-test). Data are representative of three independent experiments (mean ± 
s.e.m. of six replicates). (e) Killing of labeled HFF cells (infected as described in c) by bulk NK cells. *P < 0.001 (two-tailed Student’s t-test). Data are 
representative of three independent experiments with NK cells derived from different donors (mean ± s.e.m. of triplicates).
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Fig. 8), which demonstrates the importance of the synergistic mech-
anism of miR-UL112 and miR-376a during HCMV infection.

DISCUSSION
Through the investigation of two herpesvirus microRNAs of EBV and 
KSHV, we initially identified two cellular microRNAs, miR-376a and 
miR-433, that regulated expression of the stress-induced ligand MICB.  
These two cellular microRNAs bound the 3′ UTR of MICB at sites 
overlapping the EBV microRNA– and KSHV microRNA–binding 
sites, respectively. By targeting an overlapping site, the viruses prob-
ably prevent the host from inserting mutations in MICB to avoid 
viral targeting.

The effect of microRNAs in general is modest23,24. However, we 
have shown here that such a modest effect was sufficient to control 
MICB expression under normal conditions and that when we neutral-
ized the microRNA effect endogenously, MICB appeared on the cell 
surface. Our observations and the identification of nine MICB-
 targeting microRNAs and seven MICA-targeting microRNAs (as 
reported here and in ref. 29) might explain published observations in 
the field demonstrating the existence of both MICA mRNA and MICB 
mRNA in many healthy tissues and the absence of MICA and MICB 
proteins4. We have demonstrated that the microRNAs were present in 
all tissues examined and we therefore suggest that these microRNAs 
‘titrate’ MICB expression and also MICA expression under normal  
conditions to avoid autoimmunity. Alterations in microRNA 
amounts40,41 or changes in the amount of MICA mRNA and MICB 
mRNA after infection29 would therefore result in the expression of 
MICA and MICB and the elimination of the hazardous cell by cells 
of the immune system.

The identification of the two cellular microRNAs presented here 
(miR-376a and miR-433) opened the door for the investigation 
of another issue: viral and cellular microRNA cooperation. As so 
many microRNAs control MICB expression, it was critical for us 
to explore the nature of the interactions between them. This inves-
tigation was made possible because miR-376a and miR-433 bind 
MICB at sites distinct from that of all other previously identified 
MICB-targeting microRNAs.

Unexpectedly, when the cellular MICB-targeting microRNAs were 
coexpressed (especially miR-376a and miR-433), they antagonized 
each other’s effect. This observation might explain the reciprocal 
expression patterns of miR-376a and miR-433 observed in various 
melanomas and some healthy tissues. The advantage of the antagoniz-
ing interactions between the cellular microRNAs is probably the fine 
tuning they provide to the cellular control of MICB expression.

The sequences of the cellular and viral microRNAs examined are 
different, especially at the seed region11,15,29. Thus, all three viral 
microRNAs bind the 3′ UTR of MICB at distinct sites, yet these sites 
overlapped the binding sites of the cellular microRNAs. This prompted 
us to ask why it would be more beneficial for all three herpesviruses 
to create a new MICB-targeting viral microRNA rather than copying 
an existing microRNA or manipulating the regulation of the cellular 
microRNAs. Such strategies are already in use by few viral microRNAs; 
the KSHV-encoded miR-K12-11 has a seed sequence similar to that of 
the cellular microRNA miR-155, which has an important role in B cell 
development and tumor transformation42,43. Thus, as these microRNAs 
target a common pool of transcripts, KSHV is able to influence B cell 
differentiation and probably also tumor transformation. Additionally, 
EBV-infected cells have large amounts of miR-155. This upregulation 
is mediated mainly by the viral protein LMP-1, which modulates the 
expression of BIC, the miR-155 precursor44. So what would prevent the 
viral microRNAs explored here (or any other viral microRNA, for that 

matter) from using a similar strategy? The hypothesis that the relevant 
cellular microRNAs are downregulated when cells are infected with the 
various viruses is probably incorrect, as HCMV infection does not alter 
the expression of MICB-targeting cellular microRNAs29. Another pos-
sibility is that the viral microRNAs differ from the host’s microRNAs,  
so they could affect both viral and cellular genes. For example, HCMV’s 
miR-UL112 targets the cellular gene MICB29 and the viral genes IE72 
and UL114 (refs. 29,45,46). However, it is unlikely that all viral micro-
RNAs target both cellular and viral genes and that viral microRNAs 
have unique sequences because of that.

Thus, perhaps the most likely option is that by generating their 
own microRNAs, the viruses optimize their ability to target cellular 
genes either individually or as a unified force together with cellular 
microRNAs. Indeed, we have shown here that in contrast to the 
 cellular microRNAs, the pairs of viral and cellular microRNAs did not 
interfere with each other’s effect; in contrast, their downregulation of 
MICB was independent of one another, which resulted in an additive 
effect. Notably, despite the difficulties of investigating this synergistic 
phenomenon during HCMV infection (because of various mecha-
nisms present during infection), we observed that miR-UL112 and 
miR-376a indeed acted synergistically during HCMV infection to 
control MICB expression.

The physiological relevance of the viral and cellular synergism could 
not be addressed in vivo in an animal model. HCMV is completely 
different from mouse CMV and cannot infect mice. Furthermore, 
mouse CMV viral microRNAs are totally different from the human 
CMV ones, and there are no mouse viral microRNAs identified yet 
that downregulate the stress-induced ligands of the mouse. Most 
notably, MICB (the subject of this paper) is not expressed in mice. 
The MICB–viral microRNA relationship is an example of how 
human viruses that coevolved with their natural human host develop 
unique mechanisms specific only to the human viruses and to the 
human host to escape recognition and elimination by cells of the 
immune system.

We have demonstrated the physiological relevance of the synergistic 
effect of the HCMV viral microRNA miR-UL112 and the cellular  
microRNA miR-376a with killing experiments and sponges directed 
against both microRNAs during authentic HCMV infection.  
We have shown that the synergistic mechanism of miR-UL112 and 
miR-376a probably involves inhibition of protein translation and that 
it is also dependent on the proximity of the microRNA-binding sites. 
Although site proximity was a necessity, it was not sufficient for the 
creation of the synergistic interaction observed. The 24 nucleotides 
that separate miR-UL112 and miR-376a also separate the cellular 
microRNAs miR-373 and miR-376a, yet these cellular microRNAs do 
not act together but instead interfere with each other’s effect. From 
this we can conclude that additional factors are also involved in the 
interactions between microRNAs; such factors might be intrinsic to 
the sequence of the microRNA or to the target mRNA. In this context, 
miR-UL112 is indeed a unique microRNA in this group of MICB-
 targeting microRNAs. Whereas all the cellular microRNAs and the 
EBV and KSHV microRNAs have a full ‘seed’ match and bulges in 
their 3′ pairing, miR-UL112 has two mismatches in its seed region 
and full binding of its the 3′ end to the UTR of MICB15. In summary, 
we have provided new insight into virus-host interactions and suggest  
that viruses developed their own microRNAs to more efficiently  
target the host’s genes. The cooperative regulation demonstrated 
here brings a new dimension into viral manipulations, as together 
with the host microRNAs, viruses (through their unique microRNA  
repertoire) can act in synergy with, antagonize or be inert in the 
regulation of cellular genes.
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METHODS
Methods and any associated references are available in the online version 
of the paper at http://www.nature.com/natureimmunology/.

Note: Supplementary information is available on the Nature Immunology website.
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ONLINE METHODS
Lentiviral constructs and transduction. Specific oligonucleotides were 
annealed and inserted into the pTendoplasmic reticulum vector and then were 
excised from the vector together with the H1 RNA polymerase III promoter 
into the lentiviral vector SIN18-pRLL-hEFIp-EGFP-WRPE as described15. 
In all experiments, KSHV miR-K12-2 was used as the control microRNA. 
Specific anti-microRNA sponge oligonucleotides were annealed and inserted 
into the pBSII phagemid (Stratagene) in two fragments by digestion with the 
restriction enzymes SalI, HindIII and EcoRI. The full sponge was excised with 
SalI and EcoRI and was ligated into the lentiviral vector SIN18-pRLL-hEFIp-
EGFP-WRPE. In all experiments, the control sponge was a sponge directed 
against the BART-16 microRNA of EBV. Lentiviruses were produced by tran-
sient three-plasmid transfection as described15. These viruses were used to 
transduce all the cell lines used and HHF cells in the presence of polybrene 
(5 g/ml).

RNA and real-time quantitative PCR. For quantitative RT-PCR analysis 
of mRNA, cDNA was produced from various cells. Total RNA was isolated 
with TRI reagent (Sigma). RNA was reverse-transcribed with Moloney 
murine leukemia virus reverse transcriptase (Invitrogen) and random prim-
ers (Roche). DNA was amplified with specific primers and Platinum SYBR 
Green qPCR SuperMix-UDG with ROX (Invitrogen) on an ABI PRISM 7900 
real-time PCR system (Applied Biosystems). Total RNA for quantitative RT-
PCR analysis of mature microRNA was isolated with TRI reagent (Sigma) 
and a human total RNA survey panel from Ambion (AM6000) was used. All 
specimens were polyadenylated with poly(A) polymerase (Ambion). RNA 
was then reverse-transcribed with Moloney murine leukemia virus reverse 
transcriptase (Invitrogen) and 0.5 g poly(T) adaptor. Reaction primers were a  
3′ adaptor primer and primers based on the microRNA sequences.

Cells and viral infection. The RKO, DU145, HeLa, 1190 mel, 1259 mel and 
Midet cell lines were used. Human fibroblasts were obtained from primary 

cultures of foreskins in accordance with the institutional guidelines and per-
missions for using human tissues. Infection with the TB40 strain of HCMV 
was done at a multiplicity of infection of 1. Primary NK cells were isolated 
from healthy donors and were grown as described29.

Flow cytometry and antibodies. Monoclonal anti-MICB (236511) and anti-
NKG2D (149810) were from R&D Systems; monoclonal anti-CD99 (12E7; 
a gift from A. Bernard) served as an isotype-matched control antibody. For 
flow cytometry, the final concentration of the monoclonal antibody was 0.2 μg 
per well; the secondary antibody was indodicarbocyanine-conjugated affin-
ity-purified F(ab′)2 fragment of goat anti–mouse IgG (115-175-062, Jackson 
ImmunoResearch Laboratories).In blocking experiments, the final concentra-
tion of the blocking monoclonal antibody to NKG2D was 0.5 μg per well.

Cytotoxicity assay. The in vitro cytotoxic activity of NK cells against various 
target cells was assessed in 5-hour 35S-release assays as described47. In all 
experiments in which blocking antibodies were used, the final concentration 
was 0.5 μg per well.

Luciferase assay. Construct generation is described in the Supplementary 
Methods. Cells in 24-well plates were transfected using LT1 transfection rea-
gent (Mirus) with 200 ng firefly luciferase reporter vector and 50 ng renilla 
luciferase pRL-CMV (control; Promega) in a final volume of 0.5 ml. Firefly 
and renilla luciferase activities were measured consecutively with the Dual-
Luciferase Assay system (Promega) 48 h after transfection. Firefly luciferase 
activity was normalized to renilla luciferase activity and then to the average 
activity of the control reporter.

47. Mandelboim, O. et al. Protection from lysis by natural killer cells of group 1 and 
2 specificity is mediated by residue 80 in human histocompatibility leukocyte 
antigen C alleles and also occurs with empty major histocompatibility complex 
molecules. J. Exp. Med. 184, 913–922 (1996).
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