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ABSTRACT

HSUR1 and HSUR2, two noncoding RNAs expressed
by the oncogenic Herpesvirus saimiri, bind host mi-
croRNAs miR-142-3p, miR-16, and miR-27 with dif-
ferent purposes. While binding of miR-27 to HSUR1
triggers the degradation of the microRNA, miR-16
is tethered by HSUR2 to target host mRNAs to re-
press their expression. Here we show that the in-
teraction with miR-142-3p is required for the activity
of both HSURs. Coimmunoprecipitation experiments
revealed that miR-142-3p allosterically regulates the
binding of miR-27 and miR-16 to HSUR1 and HSUR2,
respectively. The binding of two different miRNAs to
each HSUR is not cooperative. HSURs can be en-
gineered to be regulated by other miRNAs, indicat-
ing that the identity of the binding miRNA is not
important for HSUR regulation. Our results uncover
a mechanism for allosteric regulation of noncoding
RNA function and a previously unappreciated way in
which microRNAs can regulate gene expression.

INTRODUCTION

The oncogenic Herpesvirus saimiri (HVS) establishes la-
tency in T cells of New World primates and has the abil-
ity to transform such cells in non-natural hosts, causing
lymphomas and leukemias (1). HVS encodes seven small
nuclear, uracil-rich noncoding RNAs (ncRNAs) called
HSURSs (Herpesvirus saimiriU-rich RNAs). HSURs are
conserved among HVS strains and in the related Her-
pesvirus ateles (HVA) (2). HSURs are the most highly abun-
dant viral transcripts (HSUR1 is present at ~20 000 copies
per cell whereas HSUR?2 is present at ~2000 copies per cell)
in latently infected, HVS-transformed cells (3-6), suggest-
ing an important role for these viral ncRNAs in HVS la-
tency. HSURSs belong to the Sm-class family of small nu-
clear RNAs (snRNAs). Like the cellular snRNAs that func-
tion in pre-mRNA splicing and histone pre-mRNA 3’ end
processing, HSURSs bind Sm proteins and are incorporated
into ribonucleoprotein particles (RNPs) through the same

biogenesis pathway (7). Functions have only been assigned
to HSUR1 and HSUR2. These two viral snRNAs inter-
act with host-encoded short regulatory ncRNAs called mi-
croRNAs (miRNAs) (8). miRNAs canonically function by
binding to the 3’ untranslated regions (3’ UTRs) of mRNAs
to promote the degradation and diminished translation of
target mRNAs (9). The specificity of miRNA:target inter-
actions is usually dictated by the seed region (nucleotides
2-7) of the miRNA. miRNA expression can be specific,
with some miRNAs exhibiting high tissue-specific expres-
sion while others showing ubiquitous expression (10). One
miRNA can regulate multiple mRNAs in the same pathway,
and several miRNAs can act cooperatively to regulate one
target mRNA (9).

In HVS-infected cells, HSUR interacts with miR-27 and
HSUR?2 interacts with miR-16, whereas the 5" end of both
viral snRNAs interacts with miR-142-3p (Figure 1). A sec-
ond, functional isoform of miR-142-3p that lacks the 5’
terminal U is co-expressed with miR-142-3p in lymphoid
cells (11). This second isoform, or isomiR, of miR-142-3p,
called miR-142-3p-1, is believed to arise from differential
processing of the miR-142 primary transcript and displays
a slightly different seed region. Hence, miR-142-3p-1 reg-
ulates targets through a largely discrepant set of binding
sites (12). It is currently unknown if miR-142-3p-1 can also
bind HSUR1 and HSUR2. These viral snRNA:miRNA in-
teractions result in different functional outcomes. HSUR1
binds miR-27 family members in an unusual fashion. In
addition to exhibiting complementarity to the seed region
of miR-27, HSURI1 also exhibits extensive complementar-
ity to the 3’ region of the miRNA (Figure 1). This kind of
miRNA:target interaction results in the degradation of the
miRNA by a process termed target RNA-directed miRNA
degradation (TDMD) (13). The HSUR1:miR-27 interac-
tion provided the first example of TDMD (8), a mecha-
nism that is widely employed to regulate miRNA popula-
tions (14,15). Diminished abundance of miR-27 promotes
the activation of the infected T cell and viral latency (16).
The HSUR1:miR-142-3p interaction has not been experi-
mentally validated and its functional role is unknown.

HSUR2 does not affect the abundance or activity of miR-
142-3p and miR-16 (17,18). Instead, HSUR?2 functions as
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Figure 1. Interactions between HSUR1, HSUR2 and miRNAs. Sequences of HSUR1, HSUR2, miR-142-3p, miR-16 and miR-27 are shown. Binding
sites for miRNAs and miRNA seed regions are highlighted in grey. Binding of miR-27 to HSURI1 results in TDMD (8), while miR-16 is used in HSUR2-
mediated mRNA repression (17,18). Sm-binding sites are shown in black boxes. The HSUR2 region involved in interactions with mRNAs (18) is shown

in a dashed box.

a miRNA adaptor that utilizes miR-142-3p and miR-16 to
regulate host gene expression. HSUR2 basepairs with host
mRNASs and recruits these two host miRNAs to destabilize
target mRNAs. It was first shown that miR-142-3p activ-
ity is required for repression of all HSUR?2 target mRNAs
whereas miR-16 activity is only required for the repression
of a subset of target mRNAs (17). HVS utilizes HSUR2 to
inhibit apoptosis in infected cells, and the activity of both
miR-142-3p and miR-16 is required for HSUR2-mediated
inhibition of this process (17). When HSUR?2 function was
first described, several mechanistic aspects remained un-
clear. For example, it was not understood how HSUR?2 rec-
ognizes target mRNAs and why miR-142-3p is required
for repression of all HSUR2 target mRNAs while miR-
16 is required for repression of only a subset of targets.
The identification of sequences mediating interactions be-
tween HSUR?2 and target mRNAs partially answered some
of these questions (18). Most HSUR?2 binding sites reside
in the 3'UTRs of target mRNAs, and most targets exhibit
only one binding site for this viral snRNA. HSUR2 does
not contain a subregion, or ‘seed sequence’, that is used
for most HSUR2:mRNA interactions. Instead, an exten-
sive region of HSUR?2 (Figure 1) is involved in interactions
with target mRNAs, with different base-pairing arrange-
ments employed in each HSUR2:mRNA interaction (18).
Luciferase reporter-based analyses of individual HSUR2
binding sites revealed some unexpected results. HSUR2
shows base-pairing arrangement flexibility in interactions
with each target mRNA since target mRNAs can be muta-
genized to interact with HSUR2 through different base-pair
arrangements without losing their ability to be regulated
by this viral snRNA (18). Analyses of individual HSUR2
binding sites also showed that HSUR2:mRNA base-pairing
dictates the requirement of miR-16 activity for repression.
In miR-16-dependent targets, the HSUR2:mRNA interac-
tion does not involve the residues that constitute the miR-
16 binding site present in HSUR?2 (Figure 1). This kind of
HSUR2:mRNA interaction is expected to allow the bind-
ing of miR-16 to HSUR2 and its employment in HSUR2-
mediated mRNA repression. By contrast, target mRNAs

for which the HSUR2:mRNA base-pair arrangement in-
volves the miR-16 binding site present in HSUR2 are ex-
pected to prevent the binding of miR-16 to HSUR2. This
group of target mRNAs are regulated by HSUR2 in a miR-
16-independent manner (18), explaining why miR-16 activ-
ity is only required for repression of a subset of HSUR2
target mRNAs.

Important questions regarding the role of miR-142-3p
and miR-16 in HSUR2-mediated mRNA repression re-
main unanswered. For instance, miR-142-3p activity is re-
quired for repression of target mRNAs through every sin-
gle HSUR?2 binding site, regardless of the use of miR-16.
Mutagenesis of HSUR?2 binding sites in target mRNAs
allowed the conversion of miR-16-dependent target mR-
NAs into miR-16-independent, and vice versa (18). These
experiments also showed that HSUR2 represses miR-16-
dependent and miR-16-independent targets to the same ex-
tent, indicating that miR-142-3p and miR-16 are not used
in an additive manner in HSUR2-mediated mRNA repres-
sion (18). Rather, this suggests that only one miRNA, ei-
ther miR-142-3p or miR-16, is used at a time by HSUR?2
to repress target mRNAs. It is therefore unclear why miR-
142-3p activity is required for repression of both miR-16-
dependent and miR-16-independent HSUR2 binding sites
in target mRNAs.

In this manuscript, we set out to determine the role of
the miR-142-3p:HSUR interaction in HSUR function. Ec-
topic expression of miR-142-3p in HeLa cells showed that
this miRNA is absolutely required for HSUR2 and, unex-
pectedly, HSUR1 functions. Immunoprecipitation and mu-
tagenesis analyses experiments demonstrated that direct in-
teraction of miR-142-3p with HSUR1 governs the binding
of miR-27 to HSUR1 and subsequent degradation of miR-
27 by TDMD:; the interaction of miR-142-3p with HSUR2
controls the binding of miR-16 and its use in HSUR2-
mediated mRNA repression. HSUR1 and HSUR2 can be
engineered to interact and be regulated by other miRNAs.
These results uncover an allosteric mechanism of regulation
of noncoding RNA function and an unappreciated regula-
tory role for miRNAs.



MATERIALS AND METHODS
Plasmids

For stable expression of HSURs, fragments containing
the Ul promoter, HSUR1 or HSUR2, and the Ul 3'-
end box were generated by PCR from the pUC-Ul-
HSURI1 and pUC-U1-HSUR?2 plasmids (19) (kindly pro-
vided by Joan Steitz) and cloned into the PspXI and
Xbal sites in the pLenti CMVTRE3G eGFP Puro (Ad-
dgene #27570) to generate the pLenti-UlI-HSURI1 and
pLenti-UI-HSUR?2 plasmids. Mutant versions of these
plasmids were generated by site-directed mutagenesis and
confirmed by sequencing. For transient expression of miR-
27b in immunoprecipitation experiments, a fragment con-
taining the human cytomegalovirus (CMV)-intermediate
early enhancer/promoter, miR-27b primary transcript, and
the polyadenylation signal of the simian virus 40 (SV40)
was generated by PCR using Adeno-miR-27b (Addgene
#112539) as template and inserted between the EcoRI and
BamHT sites of pBluescript IT SK+ (Stratagene) to generate
the plasmid pBS-miR-27b.

Cell culture and transfections

HeLa (CCL-2) and 293T/17 (CRL 11268) cells were ob-
tained from ATCC and were grown in Dulbecco’s-modified
Eagle’s medium (DMEM) supplemented with 10% FBS,
100 U/ml of penicillin, 100 pg/ml of streptomycin and
1 mM sodium pyruvate. All lentiviral transductions were
performed in Hela cells with supernatants generated by
cotransfection of 293T/17 cells with plasmids pMD2.G
(Addgene #12259), pMDLG/pRRE (Addgene #12251),
pRSV-Rev (Addgene #12253) and pLenti CMVTRE3G
eGFP Puro for the HeLa-Control cell line, or a lentiviral
targeting vector (described above) harboring HSURI or
HSUR2 sequences under Ul’s promoter and 3'-box. Sta-
ble cell lines were generated by selection with puromycin
(InvivoGen). All stable Control- and HSUR-expressing
cells were grown in complete medium plus 8§ wg/ml of
puromycin. All cell lines were routinely tested for presence
of mycoplasma.

Cells were transfected using either Lipofectamine 2000
(ThermoFisher Scientific) or Lipofectamine RNAiMax
(ThermoFisher Scientific) following the manufacturer’s in-
structions. Cells in 10-cm plates were typically transfected
with 150 pmol of miRNA (Integrated DNA Technologies),
150 pmol of locked nucleic acid (LNA) miRNA inhibitors
(miRCURY LNA™, Exiqon), and 10 pg of pBS-miR-27b.
Cells in six-well plates were typically transfected with 25
pmol of miRNA or LNA miRNA inhibitors. In all experi-
ments, cells were harvested ~24 h after transfection. miR-
CURY LNA™ microRNA Inhibitor Negative Control A
was used as Control LNA, and a miR-142-3p scrambled
sequence (5~ AUGUUGUCCGUUAUUCAGUUAUG-3')
was used as Control miRNA.

Immunoprecipitation, antibodies and northern blots

Immunoprecipitation experiments using Y 12 (anti-Sm) an-
tibodies (20) were performed as previously described (4) on
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extracts prepared from cells harvested from 10-cm plates us-
ing 50 pl of Protein A Dynabeads (ThermoFisher Scientific)
that were previously bound to the antibody. Y12 antibodies
were kindly provided by Joan Steitz. Northern blot analyses
were performed as previously described (8).

Quantitative RT-PCR

Total RNA was purified from control HeLa cells and HeLa
cells constitutively expressing HSUR?2 stored in TRIzol®
according to the manufacturer’s instructions (Ambion).
RNA was suspended in 85 l of water, 10 wl of 10x DNAse
reaction buffer (New England Biolabs), and 10 units (5 pl)
of RNAse-free DNAse I (New England Biolabs) and incu-
bated at 37°C for 30 min. cDNA was synthesized in 20 .l re-
actions from 0.9 wg of DNase I-treated total RNA using the
High-Capacity cDNA Reverse Transcription Kit with Mul-
tiScribe Reverse Transcriptase and random primers (Ap-
plied Biosystems). Real-time PCR was performed in 8 .l
reactions using primers at 0.5 uM and KAPA SYBR green
master mix (KAPA Biosystems) in a Roche 480 Light Cy-
cler as previously described (17,18). All reactions were per-
formed in triplicate in each independent experiment. Rela-
tive expression of HSUR?2 target mRNAs was calculated as
previously described (17).

Statistical analyses

All immunoprecipitation experiments were performed at
least three times, and data presented is representative of the
results obtained in all experiments performed. No statistical
methods were used to predetermine sample size, nor were
the experiments randomized or the investigators blinded to
sample allocation during experiments and evaluation of ex-
perimental results. ‘Biological replicates’ (n), indicated in
the figure legends, refers to the number of independent ex-
periments performed. The number of independent experi-
ments was chosen to allow for statistical significance. Sta-
tistical analyses were performed using Graphpad Prism 9.
Two-sided P values of biological replicates were obtained
with multiple-sample Student’s ¢-tests corrected for multiple
comparisons with the Holm-Sidak method (alpha = 0.05).

RESULTS
miR-142-3p is required for HSUR function

We previously studied HSUR2-mediated mRNA repres-
sion in lymphoid cells (17,18), which show high expres-
sion of miR-142-3p (21). To study the role of miR-142-
3p in HSUR2-mediated mRNA repression we decided to
ectopically express HSUR2 in cells that do not express
this miRNA. We chose HeLa cells for three reasons: (i)
miR-142-3p expression is not detected in HeLa cells (22);
(i1) HSURs have been previously shown to be efficiently
expressed and assembled into Sm-precipitable small nu-
clear RNPs (snRNPs) with sedimentation profiles similar
to those observed for HSUR snRNPs in virally transformed
T cells (23) and (iii) Hela cells can be efficiently transfected
with liposome-based reagents. We also decided to consti-
tutively express HSUR?2 in these cells to avoid variability
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associated with transient transfections. To ensure high ex-
pression of HSUR?2 as observed in latently infected T cells
where the HVS genome persists as multiple copies of circu-
lar episomes (24), we constitutively expressed HSUR2 un-
der the promoter and the 3" end processing signal (3'-box) of
U1 snRNA, which have been previously shown to robustly
express HSURs (19). HeLa cells were transduced in parallel
with lentiviral vectors expressing either GFP or HSUR2 to
generate the control HeLLa (HeLa-C) or HeLa-H2 cell lines,
respectively.

We compared the expression of HSUR?2 target mRNAs
in Hela-C and Hela-H2 cells transiently transfected with
a Control miRNA (miR-142-3p scrambled sequence). No
changes were observed in HSUR2 target mRNAs (white
and light grey bars, Figure 2A), indicating that HSUR?2
alone is not active in HeLa cells. Transient expression of
miR-142-3p had no effect on the levels of HSUR?2 tar-
get mRNAs in HeLa-C cells, suggesting that the evaluated
HSUR2 target mRNAs are not direct targets of miR-142-
3p (white and dark grey bars, Figure 2A). In contrast, tran-
sient expression of miR-142-3p in HeLLa-H?2 cells had a sig-
nificant effect on the levels of validated miR-16-dependent
(RB1 and DDXS5) and miR-16-independent (NGDN and
TP53RK) HSUR?2 target mRNAs (17,18) (black and light
grey bars, Figure 2A). These results indicate that HSUR2 is
active and can repress target mRNAs in HeLa cells in the
presence of miR-142-3p. This is consistent with previous re-
sults showing that miR-142-3p is required for the repression
of all HSUR2 target mRNAs (17,18)

HSUR1 and HSUR?2 present the same sequence at their
5" end, which is predicted to bind miR-142-3p (Figure 1).
Unlike the HSUR2:miR-142-3p interaction, the interaction
between HSUR1 and miR-142-3p has not been experimen-
tally validated. Nevertheless, the perfect conservation of the
miR-142-3p binding site in HSUR1 among HVS strains
and the related HVA (8) suggests that the interaction with
miR-142-3p is important for HSUR 1 function. To test this,
we generated a Hela cell line that constitutively expresses
HSURI1(HeLa-H1 cells) by transduction of a lentiviral con-
struct expressing the HSUR 1 sequence under the Ul pro-
moter and 3’-box, as described for HSUR?2. Direct compar-
ison of miR-27 levels in HeLa-C and HeLa-H1 cells tran-
siently transfected with Control miRNA showed that the
presence of HSURT1 alone does not trigger the degrada-
tion of this miRNA, suggesting that HSUR is not active in
HeLa cells (light grey and white bars, Figure 2B). Two dis-
tinct bands could be detected by Northern blot upon trans-
fection of miR-142-3p mimics in HeLa cells. These could
be due terminal trimming or addition of non-templated nu-
cleotides (25). No changes in the abundance of miR-27 were
observed when miR-142-3p was transiently expressed in
HeLa-C cells either, indicating that miR-142-3p does not di-
rectly affect the abundance of miR-27 (dark grey and white
bars, Figure 2B). In contrast, transient expression of miR-
142-3p in HeLa-H1 cells resulted in lower levels of miR-
27 when compared to HeLa-C cells (black and dark grey
bars, Figure 2B), suggesting HSURI1 is active in the pres-
ence of miR-142-3p and can trigger degradation of miR-27
by TDMD. Altogether, these results indicate that miR-142-
3p activity is required for the activities of both viral snR-
NAs.

miR-142-3p regulates the binding of a second miRNA at an
internal site in HSUR1 and HSUR2

HSUR1 and HSUR?2 have different functions: HSUR1 pro-
motes the degradation of a miRNA whereas HSUR2 re-
cruits a miRNA to target mRNAs to repress their expres-
sion. However, they both need to directly interact with the
miRNA (HSUR1 with miR-27 and HSUR2 with miR-16)
in order to carry out their respective functions. We there-
fore hypothesized that miR-142-3p affects the activities of
HSUR1 and HSUR2 by regulating their binding to miR-
27 and miR-16, respectively. To test this, we decided to
perform immunoprecipitation experiments with Y12 anti-
bodies against Sm proteins, which HSURs bind stoichio-
metrically (4). miR-142-3p, miR-27, and miR-16 can be
efficiently immunoprecipitated with antibodies against Sm
proteins only in the presence of HSUR1 and HSUR2 (8).
Detection of the HSUR1:miR-27 interaction by immuno-
precipitation with Y12 antibodies and Northern blot re-
quires long exposure times, presumably because miR-27 be-
comes degraded upon interaction with HSURT1 (8,26,27).
To circumvent this limitation, we transiently transfected
HeLa-C or HeLa-H1 cells with a plasmid expressing miR-
27b. miR-27a and miR-27b sequences differ only in one
residue at their 3’ end (Supplementary Figure S1). This dif-
ference is not expected to substantially affect binding of
miR-27b to HSUR1 (Supplementary Figure S1) but af-
fects the ability of miR-27b to be efficiently degraded by
HSUR I-mediated TDMD (28).

Immunoprecipitation experiments on extracts prepared
from HeLa-C cells showed that in the absence of HSUR1
and HSUR2, Y12 antibodies against Sm proteins do not
efficiently precipitate any of the miRNAs tested (Figure 3,
lanes 1, 2, 7 and 8). Immunoprecipitation of Sm proteins
in extracts prepared from HeLa-HI1 cells transiently trans-
fected with Control miRNA showed only background as-
sociation of HSUR1 with miR-27 (Figure 3, lanes 3 and
9). In contrast, miR-142-3p and miR-27 can be both effi-
ciently immunoprecipitated with Y12 antibodies from ex-
tracts of HeLa-H1 cells transiently transfected with miR-
142-3p (Figure 3, lanes 4 and 10), suggesting that the as-
sociation of miR-142-3p with HSUR1 promotes the asso-
ciation of miR-27 with this viral snRNA. Similar results
were obtained with HSUR2. miR-16 was not efficiently im-
munoprecipitated with Y12 antibodies from extracts pre-
pared from HeLa-H2 cells transiently transfected with Con-
trol miRNA (Figure 3, lanes 5 and 11). However, HSUR2
associated with both miR-16 and miR-142-3p when the lat-
ter was transiently expressed in these cells (Figure 3, lanes 6
and 12). These results suggest that binding of miR-142-3p at
the 5 end of HSUR1 and HSUR?2 promotes the binding of
a second miRNA at an internal, distal binding site present
in these viral snRNAs. Another possibility is that the pres-
ence of miR-142-3p in HeLa cells induces changes in gene
expression that could eventually modify the conformation
of the HSUR1 and HSUR?2 snRNPs, allowing the binding
of a second miRNA. To rule out one of these two possibili-
ties, we generated HeLa cell lines that constitutively express
mutant versions of HSUR 1 or HSUR2 (HeLa-HIm142 and
HelLa-H2m142), each carrying two point-mutations in their
5" ends expected to prevent binding of miR-142-3p (Figure
4A).
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Figure 2. miR-142-3p is required for HSUR 1 and HSUR?2 activities in HeLa cells. (A) qRT-PCR analyses of the HSUR?2 targets NGDN, RB1, TP53RK
and DDXS5 (17,18) and of control mRNAs encoding BCCIP and B-Actin in control HeLa cells (HeLa-C) or HeLa cells constitutively expressing HSUR2
(HeLa-H?2) transiently transfected with a scrambled miR-142-3p sequence (Control) miRNA or miR-142-3p. (B) Northern blot analysis of HeLa-C cells and
HelLa cells constitutively expressing HSUR 1 (HeLa-H1) transiently transfected with Control miRNA or miR-142-3p. Right, quantification of independent
experiments. U6 snRNA signal was used for normalization. For (A) and (B), dots represent mean values of independent experiments with error bars
representing SD (n > 3 per group). Statistical significance was set at P < 0.05 and was determined with two-sided, unpaired multiple-sample Student’s
t-tests corrected with Holm-Sidak’s method for multiple comparisons. **P < 0.01, ***P < 0.001.

Input asSm
HeLa- HelLa- Hela- HeLa- HelLa- Hela-
C H1 H2 C H1 H2

miR-27“‘.“H

Control miRNA  + +
miR-142-3p + + + + + +

123456 7 8 9101112

Figure 3. miR-142-3p regulates binding of HSUR1 and HSUR?2 to a sec-
ond miRNA. Coimmunoprecipitation of miRNAs from extracts prepared
from equal number of HeLa-C (lanes 1, 2, 7 and 8), HeLa-H1 (lanes 3,
4,9 and 10), or HeLa-H?2 cells (lanes 5, 6, 11 and 12) transiently cotrans-
fected with a plasmid expressing miR-27b and Control miRNA (lanes 1, 3,
5,7,9and 11) or miR-142-3p (lanes 2, 4, 6, 8, 10 and 12), with Y12 («Sm)
antibodies. Northern blot was probed for HSURs, miRNAs, and Ul as
an immunoprecipitation control. Input: 10%, lanes 1-6; aSm: 100%, lanes
7-12. Experiment shown is representative of at least three independent ex-
periments.

As shown in Figure 4B, antibodies against Sm pro-
teins did not immunoprecipitate miR-27 nor miR-142-
3p from extracts prepared from HelLa-H1m142 cells tran-
siently transfected with miR-142-3p (Figure 4B). These re-
sults argue against the possibility that miR-142-3p indi-
rectly induces changes in HSUR1 snRNP that allow bind-
ing of miR-27. Similar results were obtained when these ex-
periments were performed with the HeLa-H2m142 cell line
(Figure 4C). Neither miR-142-3p nor miR-16 was immuno-
precipitated with Y12 antibodies in extracts prepared from
HeLa-H2m142 cells transiently transfected with miR-142-
3p, suggesting that miR-16 does not bind HSUR?2 as a re-
sult of changes induced in HSUR2 snRNP by the presence

of miR-142-3p in HeLa cells. In contrast, miR-27 associ-
ated with HSUR1 in HeLa-H1m142 cells and miR-16 asso-
ciated with HSUR2 in HeLa-H2m142 cells when these cell
lines were transiently transfected with a mutant version of
miR-142-3p carrying compensatory mutations in the seed
region predicted to restore binding to mutant HSUR1 and
mutant HSUR2 (miR-142-3pCC, Figure 4B and 4C, respec-
tively). These results strongly suggest that miR-142-3p reg-
ulates HSUR1 and HSUR?2 activities by directly basepair-
ing with these two snRNAs to promote binding of a second
miRNA at an internal, distal site.

miR-142-3p allosterically regulates the binding of HSUR1
and HSUR2 to a second miRNA

The results described above show that binding of miR-142-
3p at the 5 end of HSUR1 and HSUR2 correlates with
binding of miR-27 and miR-16, respectively. miR-142-3p
could regulate HSUR1 and HSUR?2 allosterically, inducing
conformational changes that allow the binding of a second
miRNA at a distal site. Another alternative is that miR-142-
3p and the second miRNA bind to HSUR1 and HSUR2
cooperatively. To discern between these two possibilities, we
decided to block the activity of the second miRNA (miR-
27 or miR-16) to test if binding of a second miRNA at a
distal site is required for binding of miR-142-3p to HSUR1
and HSUR2. Transient transfection of a locked nucleic acid
(LNA) inhibitor complementary to miR-27 efficiently in-
hibited miR-27 in HeLa-H]1 cells, judged by our inability to
detect this miRNA by Northern blot analyses (29) (Figure
5A, input fractions). Immunoprecipitation of HSUR1 from
extracts prepared from HelLa-H1 cells transiently trans-
fected with the miR-27 LNA inhibitor showed that disrup-
tion of the HSUR1:miR-27 interaction did not affect the
HSUR1:miR-142-3p interaction since HSUR1 associated
with miR-142-3p to an extent similar to that observed in
HeLa-H1 cells transiently transfected with a Control LNA
(Figure 5A). To confirm this result, we generated a Hela
cell line that constitutively expresses a mutant version of
HSURT1 predicted to be unable to bind miR-27 since it car-
ries four point-mutations in the sequence complementary
to the seed region of miR-27 (HeLa-H1A27 cells, Figure
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5B). This mutant version of HSUR1 does not bind miR-
27, as revealed by the absence of co-immunoprecipiation of
mutant HSUR1 and miR-27 with Y12 antibodies (Figure
5B). Nonetheless, mutant HSUR 1 binds miR-142-3p to the
same extent as wild-type HSUR, suggesting that miR-142-
3p and miR-27 do not bind cooperatively to HSUR1 and
supporting a model in which miR-142-3p allosterically reg-
ulates HSURI function by binding to this viral snRNA to
allow the binding and subsequent degradation of miR-27.
Similar results were obtained for HSUR2. Blocking miR-
16 activity in HelLa cells expressing HSUR2 did not affect
the ability of this viral snRNA to bind miR-142-3p (Fig-
ure 6A). A mutant version of HSUR?2 that does not bind
miR-16 (H2A16; Figure 6B) represses miR-16-independent
target mRNAs to the same extent as wild-type HSUR?2 (17),
suggesting that this mutant can still bind to miR-142-3p
and utilize it for mRNA repression. Immunoprecipitation
experiments confirmed that the H2A16 mutant version of
HSUR?2 binds miR-142-3p with an affinity comparable to
that of wild-type HSUR2 (Figure 6B). These results indi-
cate that miR-142-3p functions as an allosteric regulator of
HSURI1 and HSUR2 that promotes binding of a second

miRNA at an internal, distal site. In the case of HSUR2,
miR-142-3p serves a double function, first by being teth-
ered by HSUR?2 for repression of miR-16-independent tar-
get mRNAs and second, by promoting the binding of miR-
16 to HSUR?2 for repression of miR-16-dependent target
mRNAs (17,18).

The identity of the miRNA is not important for allosteric reg-
ulation of HSURs

We next wanted to test if the ability to allosterically reg-
ulate HSUR1 and HSUR?2 is specific to miR-142-3p. We
generated HeLa cell lines constitutively expressing mutant
versions of HSURI and HSUR?2 in which their 5 ends
were engineered to bind the seed region of miR-21 (Fig-
ure 7A), a miRNA that is abundantly expressed in HeLa
cells (10,30). HeLa cells constitutively expressing a mutant
version of HSURT predicted to bind miR-21 at its 5" end
(HeLa-H1m21) showed lower levels of miR-27 when com-
pared to HeLa-C or HeLa-H1 cells (Figure 7B), suggesting
that HSURTI is constitutively active in these cells. Similar
results were obtained with a mutant version of HSUR2 pre-
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miR-16

Figure 6. Binding of miR-142-3p to HSUR2 is independent of the binding of miR-16. (A) Same as in Figure 3 on extracts from HeLa-H2 cells transiently
cotransfected with miR-142-3p and Control LNA inhibitor or an LNA inhibitor with complementarity to miR-16. (B) Same as in (A) on extracts prepared
from equal number of HeLa-H2 cells or HeLa cells constitutively expressing a mutant version of HSUR?2 that is unable to bind miR-16 (HeLa-H2A16)
(17) transiently transfected with miR-142-3p. Partial sequences of HSUR2 and miR-16 are shown, with residues involved in basepairing highlighted in

grey. Mutated residues are shown in bold.

dicted to bind miR-21, since lower levels of HSUR?2 target
mRNAs were observed in HeLa cells constitutively express-
ing this mutant (HeLa-H2m21) when compared to HeLa-C
or HeLa-H2 cells (Figure 7C).

Next, we tested if the mutant versions of HSURI1 and
HSUR?2 depended on miR-21 for their functions. Inhibi-
tion of miR-21 activity with an LNA inhibitor did not af-
fect miR-27 levels in HeLa-H1 cells, indicating that miR-21
does not directly regulate the levels of miR-27 in HeLa cells.
In contrast, inhibition of miR-21 activity resulted in higher
levels of miR-27 in HeLa-H1m21 cells (black and light grey
bars, Figure 7D). These results suggest that the HIm21
mutant version of HSUR1 depends on miR-21 to degrade
miR-27. Similarly, miR-21 inhibition did not affect the lev-
els of HSUR2 target mRNAs in HeLa-H2 cells (Supple-
mentary Figure S2) indicating that miR-21 does not directly
regulate the abundance of the HSUR2 target mRNAs tested
but resulted in higher levels of the same mRNAs in HeLa-
H2m?21 cells (Figure 7E). These results suggest that these
two mutant versions of HSUR1 and HSUR?2 rely on miR-
21 activity for their functions. Moreover, we also performed
immunoprecipitation experiments to demonstrate that mu-
tant HSUR1 and HSUR?2 directly associate with miR-21
(Figure 7F, G), and that miR-21 activity is required to pro-
mote association of mutant HSUR1 and mutant HSUR2
with miR-27 or miR-16, respectively (Figure 7H, I).

Finally, similar results were obtained when HSUR1 and
HSUR?2 were engineered to bind let-7a (Supplementary
Figure S3) or miR-122 (Supplementary Figure S4) at their
5" end. Levels of miR-27 were constitutively lower in HeLa
cells expressing a mutant version of HSURI that binds
endogenous let-7a (HeLa-H1mlet7) relative to HelLa-H1
cells (Supplementary Figure S3B) or after transient expres-
sion of miR-122 in HeLa-H1m122 cells when compared
to HeLa-H1m122 cells transfected with Control miRNA
(Supplementary Figure S4B). Likewise, lower abundance
of HSUR?2 target mRNAs was observed in HelLa cells
expressing the H2mlet7 mutant version of HSUR2 rela-
tive to HeLa-H2 cells (Supplementary Figure S3C) or in
HeLa-H2m122 cells transiently expressing miR-122 when
compared to HeLa-H2 or HeLa-H2m122 transiently trans-
fected with Control miRNA (Supplementary Figure S4C).

Immunoprecipitation experiments demonstrated that miR-
27 or miR-16 associated with HSUR 1 and HSUR2, respec-
tively, and either let-7a or transiently expressed miR-122 in
HeLa cells expressing mutant HSUR versions but not in
HeLa cells expressing wild type HSUR1 or HSUR2 (Sup-
plementary Figures S3D and 3E, S4D and 4E). Altogether,
these results demonstrate that the identity of the miRNA
binding at the 5 end is not important for allosteric regula-
tion of HSUR1 and HSUR2.

DISCUSSION

Our results describe a previously unappreciated way in
which miRNAs can regulate gene expression. The activi-
ties of HSUR1 and HSUR? are allosterically regulated by
a miRNA. The binding of miR-27 or miR-16 at an internal
binding site, which is crucial for HSUR1 and HSUR2 func-
tions, is dependent on the binding of a miRNA at the 5’ end
of these snRNAs (Figures 3, 4 and 7, and Supplementary
Figures S2-S4). miRNAs can act cooperatively in mRNA
repression (31,32) and they have also been proposed to bind
cooperatively to other classes of ncRNAs (33). However, the
binding of miR-142-3p, miR-27 and miR-16 to HSUR and
HSUR?2 is not cooperative since disruption of the interac-
tion of either of these viral snRNAs with miR-27 or miR-
16 does not affect the binding of miR-142-3p at their 5’ end
(Figures 5 and 6). The type of regulation exerted by miR-
NAs on HSUR1 and HSUR2 is better described by the first
statement of allostery (34) that postulates that two distinct
sites within an allosteric protein (HSUR1/HSUR?2), each
binding different ligands (miR-142-3p and miR-27/miR-
16) could interact despite being presumably distant from
each other. We speculate that binding of a miRNA at the 5
end of HSUR1 and HSUR?2 results in a conformational al-
teration of these snRNAs that allows the binding of the sec-
ond miRNA at an internal site. It is difficult to hypothesize
at this point about which structural changes in HSUR1 and
HSUR2 could lead to binding of miR-27 or miR-16, respec-
tively. Structural in vivo mapping of HSUR1 with dimethyl
sulfate (DMS) revealed that HSURI is loosely structured
and dynamic (26). No structural information for HSUR2
is available. Further investigation will be required to deter-
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Figure 7. The identity of the miRNA binding at HSURs’ 5’ end is not important for allosteric regulation. (A) Partial sequences of the 5" end of HSUR1
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on extracts prepared from equal number of HeLa-H1 or HeLa-HIm21 cells. (G) Same as in (F) on extracts prepared from equal number of HeLa-H2 or
HeLa-H2m?21 cells. (H) Same as in Figure 3 on extracts prepared from HeLa-H1m21 cells transiently transfected with Control LNA inhibitor or an LNA
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mine structural changes induced by miR-142-3p binding to
these two viral snRNAs. Unlike other allosteric or coop-
erative regulatory systems, e.g. riboswitches (35), in which
an RNA molecule binds other types of molecules, miRNA-
mediated regulation of HSUR1 and HSUR?2 relies solely on
RNA-RNA interactions among ncRNAs.

Functional interactions between miRNAs and other
classes of ncRNAs, including circular RNAs (circRNAs)
and long ncRNAs (IncRNAs), have been documented
(14,33,36-43). However, in most cases these interactions re-
sult in the reduction of miRNA abundance by TDMD or in-
hibition of miRNA activity by sequestration. Nevertheless,
noncanonical functions have been ascribed to miRNAs as
regulators of gene expression. Similar to HVS, Hepatitis C
Virus (HCV) relies on a host-encoded miRNA for its regu-

lation. The 5" end of the HCV genome displays two binding
sites for miR-122, a miRNA that is abundantly expressed
in liver (44,45). Interaction of miR-122 with these sites
substantially increases the abundance of HCV RNA (46)
through still incompletely understood mechanisms (47).
Another example is provided by miR-10a. This miRNA in-
teracts with the 5 UTR of mRNAs encoding ribosomal
proteins to enhance their translation (48). These examples
raise the possibility that, in addition to their canonical roles
as negative regulators of gene expression when they bind
mRNA 3'UTRs, miRNAs have more diverse roles as regu-
lators of RNA-based mechanisms than previously appreci-
ated.

HSUR1 and HSUR?2 could be regulated by all miRNAs
tested (Figure 7 and Supplementary Figures S3 and S4), in-



dicating that allosteric regulation occurs regardless of the
identity of the miRNA binding at the 5 end of these vi-
ral snRNAs. However, both HSUR1 and HSUR2 evolved
to bind the same miRNA, miR-142-3p, at their 5 end. Ex-
pression of this miRNA is limited to hematopoietic tissues,
where is among the most highly expressed miRNAs (10,21)
and has a crucial role in hematopoietic linecage development
and differentiation (49-51). HSUR1 is ~10 times more
abundant than miR-142-3p whereas HSUR2 shows similar
abundance to this miRNA (4,17). However, <5% of either
HSUR1 or HSUR?2 associate with Ago proteins in virally
transformed T cells (8), suggesting that only a small fraction
of these two viral snRNAs needs to be allosterically regu-
lated by miR-142-3p. Similar to HCV, which evolved to bind
a miRNA that accounts for 70% of the total miRNA popu-
lation in liver cells (44,45), HSUR1 and HSUR?2 evolved
to be controlled by a miRNA that is highly abundant in
the cells where these snRNAs need to function. HSURs
are conserved in all subgroups of HVS and abundantly ex-
pressed in latently infected T cells (4,6,52), suggesting that
their functions are important in the maintenance of latency.
Since HSUR1 and HSUR2 cannot function in the absence
of miR-142-3p, it is conceivable that the selection of this
miRNA might contribute to restrict latent HVS infections
to T cells.

It is unclear why HSUR1 and HSUR2 are allosterically
regulated. It is also unclear when and where HSUR?2 binds
to target mRNAs. Since HSUR?2 is mostly nuclear (53), it
is conceivable that HSUR2 recognizes and binds to target
mRNAs in the nucleus and is exported to the cytoplasm
bound to target mRNAs. Indeed, HSUR?2 associates with
translationally active mRNAs in the cytoplasm (17) as it has
been previously reported for miRNAs (54,55). All miR-16
family members share the same seed sequence, and therefore
can bind to HSUR2 (Figure 1). All members of the miR-16
family are also found in the cell nucleus (56-58). It is con-
ceivable that miR-16 family members could interfere in the
nucleus with the recognition of target mRNAs that base-
pair with the miR-16 binding site present in HSUR2. In the
case of HSUR2, an allosteric regulatory mechanism as the
one described here could prevent miR-16 family members
from binding HSUR2 in the nucleus and therefore inter-
fere with target mRNA recognition. Once HSUR?2 is in the
cytoplasm, binding of miR-142-3p would allow binding of
miR-16 family members to HSUR?2 if the miR-16 binding
site is available. In support of this hypothesis, we have shown
that base-pairing between HSUR2 and target mRNAs de-
termines the use of miR-16 in HSUR2-mediated mR NA re-
pression (18), suggesting that miR-16 binds to HSUR2 after
the HSUR2:mRNA interaction has been established. Fur-
ther investigation is required to explore this possibility.
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