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ABSTRACT

Herpesvirus saimiri, an oncogenic herpesvirus, during latency produces seven small nuclear RNAs, called the Herpesvirus saimiri
U RNAs (HSUR1-7). HSUR1 mediates degradation of the host microRNA, miR-27, via a process that requires imperfect base-
pairing. The decreased levels of miR-27 lead to prolonged T-cell activation and likely contribute to oncogenesis. To gain
insight into HSUR1-mediated degradation of miR-27, we probed the in vivo secondary structure of HSUR1 and coupled this
with bioinformatic structural analyses. The results suggest that HSUR1 adopts a conformation different than previously
believed and that the region complementary to miR-27 lacks stable structure. To determine whether HSUR1 structural
flexibility is important for its ability to mediate miR-27 degradation, we performed structurally informative mutagenic analyses
of HSUR1. HSUR1 mutants in which the miR-27 binding site sequence is preserved, but sequestered in predicted helices, lose
their ability to decrease miR-27 levels. These results indicate that the HSUR1 miR27-binding region must be available in a
conformationally flexible segment for noncoding RNA function.
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INTRODUCTION

Herpesvirus saimiri (HVS) in its natural host, the squirrel
monkey (Saimiri sciureus), causes asymptomatic infection;
however, when infecting New World primates, HVS enters
latency and induces aggressive T-cell lymphomas (Ensser
and Fleckenstein 2005). HVS is also capable of transforming
human T cells (Biesinger et al. 1992) and was recently linked
to idiopathic pulmonary fibrosis in humans (Folcik et al.
2014). During latency, the most abundant HVS transcripts
are the seven Herpesvirus saimiri U RNAs (HSUR1-7)
(Murthy et al. 1986; Lee et al. 1988; Wassarman et al. 1989;
Albrecht and Fleckenstein 1992). The HSURs resemble Sm-
class small nuclear RNAs (snRNAs): They each possess a 5’
cap that is hypermethylated and contain a binding site for
Sm proteins (Fig. 1; Lee et al. 1988; Lee and Steitz 1990).

A sequence in the central hairpin of HSURI (nts 42-59) is
partially complementary to host microRNAs of the miR-27
family, comprising miR-27a and miR-27b, which differ by
only one nucleotide (nt) at position 19. The complementarity
to the miR-27 seed region (nts 54-59) together with the addi-
tional complementarity to the 3’ end of miR-27 (nts 42-51)
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allows HSUR1-miR-27 base-pairing, which induces degrada-
tion of these miRNAs by an as-yet-unknown mechanism
(Cazalla et al. 2010). Interestingly, other herpesviruses have
also evolved mechanisms to counteract miR-27 function:
Alcelaphine herpesvirus 1 and Ovine herpesvirus 2 produce
protein homologs of miR-27 target genes (Guo et al. 2014),
while murine cytomegalovirus (MCMYV) expresses a tran-
script that, similarly to HSURI, selectively binds and mediates
degradation of miR-27 (Buck et al. 2010; Libri et al. 2012;
Marcinowski et al. 2012). It has been recently suggested that
the MCMYV transcript to induce miR-27 degradation recruits
the nontemplate terminal uridyl transferase TUT1 to mark
miRNA for degradation, which is followed by digestion by
the 3’-5" exonuclease DIS3L2 (Haas et al. 2016). In T cells, de-
creased levels of miR-27 result in prolonged T-cell activation
and likely contribute to maintaining oncogenic transforma-
tion (Guo et al. 2014). Importantly, the proteins targeted by
miR-27 are found to be elevated in various cancers (Garcia-
Areasetal. 2014; Pomerleau et al. 2014 ), suggesting that dereg-
ulation of immune signaling can contribute to oncogenesis.
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RESULTS AND DISCUSSION

HSURT1 adopts a different
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mimic of host snRNA 3’ hairpins (Murthy
et al. 1986; Lee et al. 1988; Wassarman
et al. 1989; Albrecht and Fleckenstein

FIGURE 1. DMS mapping of in vitro transcribed HSURI. (A) The previous model of HSURI.
(B) The unconstrained minimum free energy (MFE) model. (A,B) Predicted interactions of
HSUR1 with miR-27a are depicted. The seed sequence of miR-27a is shown in bold. Watson—
Crick base pairs are represented by solid lines and wobble base pairs by dotted lines. Known in-
teraction sites for HuR and Sm proteins are indicated on the structure models. The DMS reactivity
from in vitro probing averaged from four independent experiments (example gel shown in C is
represented by the intensity of red color at each base. The green arrows indicate nucleotides pre-
dicted to be in Watson—Crick pairs flanked by Watson—Crick pairs that have strong DMS reactiv-
ity. (C) In vitro DMS probing of HSURI structure. Primer extension analysis of HSURL
performed on in vitro transcribed RNA, treated or not with DMS. M, marker; A, C, G, and U
correspond to sequencing lanes containing, respectively, ddTTP, ddGTP, ddCTP, and ddATP.
Green stars depict strong DMS reactivity (>4x average) obtained from the average of four inde-

1992; Golembe et al. 2005b). SnRNA 3’
terminal hairpins are necessary for the as-
sembly of Sm proteins (Golembe et al.
2005a,b) and may also be important for
cleavage by the Integrator complex, which
is responsible for the 3'-end processing
of snRNAs (Baillat et al. 2005; Ezzeddine
et al. 2011; Xie et al. 2015). Thus, this
energetically stable, but biologically un-

pendent experiments.

Since the discovery of HSURI in 1988 (Lee et al. 1988), its
secondary structure has been represented by the model
shown in Figure 1A. This model was based on the accessibil-
ity of the 5’ region for RNase H-directed cleavage promoted
by an antisense oligonucleotide, as well as the need for the
assembly site of Sm proteins to be single-stranded (Lee
et al. 1988). In the current study, we used the structure map-
ping reagent dimethyl sulfate (DMS; a reagent that preferen-
tially methylates adenosines and cytidines in single-stranded
regions [Peattie and Gilbert 1980; Moazed et al. 1986;
Ehresmann et al. 1987]) and bioinformatics to define the
in vivo structure of HSURI. Surprisingly, we found that
HSURI adopts a much more open conformation than pre-
viously believed and that its structure is likely thermody-
namically unstable. We provide evidence that structural
flexibility is required for HSUR1 to mediate miR-27
degradation.
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realistic model, seemed unlikely to repre-

sent the native in vivo fold of HSURI.
We attempted to gain insight into HSURI structure by
performing chemical mapping of an in vitro transcribed
HSURI1 RNA. The obtained in vitro DMS data (Fig. 1C) con-
flict with the previous HSUR1 model: 3 nt predicted to be in
Watson—Crick pairs that are flanked by Watson—Crick pairs
have strong DMS reactivity (A33, A74, and A116; indicated
with green arrows in Fig. 1A). The strong DMS reactivity is
defined as having DMS reactivity 4x higher than average.
In addition, it is unlikely that in vitro transcribed and folded
HSURI1 adopts the unconstrained MFE fold predicted by
RNAstructure, as 4 nt predicted to be in Watson—Crick pairs
flanked by Watson—Crick pairs have strong DMS reactivity
(A33, A50, A51, and A52; indicated with green arrows in
Fig. 1B). Using the in vitro DMS data to constrain
RNAstructure calculations also did not result in an alterna-
tive model that would fulfill the biological requirements:
contain accessible protein binding sites and a 3’ terminal



HSURT secondary structure

hairpin. In summary, the in silico calculations combined
with the in vitro chemical mapping contradict the previous
HSURTI structure, but do not yield a biologically relevant al-
ternative structure.

HSURT is loosely structured

To acquire HSURI secondary structure data that are more
biologically relevant, we performed in vivo DMS probing.
HVS-transformed marmoset T cells were briefly incubated
with DMS (Wells et al. 2000) and primer extension was per-
formed on isolated total RNA (Fig. 2A). Unlike the in vitro
experiments (Fig. 1), there was no DMS reactivity detected
in the Sm binding site, suggesting that the majority HSURI
particles are assembled into snRNPs. There was also less re-
activity observed in the HuR binding region (Fig. 2E,F), sug-
gesting that this region may not be fully protected by protein
binding. When compared to the previous HSUR1 model, 2 nt
(also reactive in vitro) predicted to be in Watson—Crick pairs
flanked by Watson—Crick pairs have strong in vivo DMS re-
activity (A33 and A74; indicated with green arrows in Fig.
2B), suggesting that this fold does not exist in vivo.
Additionally, when strong DMS data were used to constrain
RNAstructure calculations, the previous model was not gen-
erated, indicating that the central hairpin of the previous
model does not represent the in vivo structure of HSURI.
The in vivo DMS data also contradict the unconstrained
MEE fold generated by RNAstructure: There are 6 nt predict-
ed to be in Watson—Crick pairs flanked by Watson—Crick
pairs that have strong DMS reactivity (A33, A40, A45, A50,
A51, and A52; indicated with green arrows in Fig. 2C).
When the in vivo DMS data are included in the folding cal-
culation as constraints, the unconstrained MFE model is no
longer predicted.

A novel MFE fold (Fig. 2D), which contains the HuR and
Sm binding sites in accessible single-stranded regions, is pre-
dicted when in vivo DMS data are included in the calculation
as “hard constraints” (see Materials and Methods). The
DMS-constrained model also predicts the conserved 3’ ter-
minal hairpin structure. Interestingly, this new model adds
two base pairs to the structure (between G123-U133 and
U124-A132). Although DMS data were not collected for
the 3’ terminal hairpin, forbidding spurious base-pairing be-
tween the highly reactive nucleotides upstream with the nu-
cleotides in the hairpin allowed the software to predict this
fold. These base pairs and additional “noncanonical” interac-
tions (e.g., between G121-A135) may further “zip-up” the
structure to increase stability. The predicted free energy of
the DMS-constrained model is only 2 kcal/mol more stable
than the previous model (—18.1 versus —16.1 kcal/mol)
and that is because of the additional pairs in the 3’ terminal
hairpin. The central hairpin in both the previous and the
new model is marginally stable—contributing only —4.2
and —4.1 kcal/mol, respectively, to the overall predicted fold-
ing energy. For the new model, base pairs between C54-G75

and U55-A74, although predicted by the software, may be
unstable. Thus, although the revised model is better support-
ed by the in vivo data, the overall picture for HSURI suggests
that the central hairpin is conformationally flexible. Indeed,
when all DMS data are included as pseudoenergies, where
higher DMS reactivity destabilizes pairs (here called “soft
constraints”) (Cordero et al. 2012), the central stem loop
does not form and the only predicted base pairs in HSUR1
are those in the 3’ terminal hairpin (Fig. 2E).

The in vivo DMS probing revealed some reactivity in the
miR-27 binding site, which may be explained by the stoichi-
ometry of the HSUR1-miR-27a interaction: It is estimated
that one HVS-transformed marmoset T cell expresses
~20,000 copies of HSUR1 (Lee et al. 1988) and ~370 copies
of miR-27a (Cazalla et al. 2010); so, the number of HSUR1
molecules exceeds that of miR-27a by ~50-fold. The number
of miR-27a particles reflects the steady-state level of miR-27a
that has not been degraded.

Further evidence for the loosely structured or flexible
structure of HSUR1 comes from calculation of its thermody-
namic z-score. The z-score measures the stability of an RNA
sequence versus matched randomized sequences; negative z-
scores suggest that base-pairing is an evolved property of the
sequence—disruption of native pairs in randomized se-
quences leads to less favorable (less negative) predicted ener-
gies and a more negative z-score (Clote et al. 2005). For
example, the Epstein-Barr virus encoded RNAs (EBERs
[Lerner et al. 1981])—two highly structured small noncoding
RNAs that are in the size range of HSUR1—both have sig-
nificantly negative z-scores, —2 or below (Table 1), indicating
that their sequences are more than two standard deviations
more stable than random. HSURI1 has a z-score of —0.7:
The native sequence is not significantly more stable than ran-
dom, indicating that it is less likely to possess global structure.
Compared to the other HSURs, whose z-scores range from
—0.3 to —4.2, HSURI1 is predicted to be the third least-struc-
tured HSUR (Table 1). In addition, if the predicted energy of
the DMS-constrained HSUR1 model is used in the z-score
calculation, the z-score is predicted to be positive, suggestive
of HSURY’s tendency to be unstructured.

In summary, based on in vivo DMS probing and in silico
structural analysis, HSUR1 appears to be loosely structured,
and the central hairpin may be partially unfolded or dynamic
in vivo. Interestingly, it has been reported that intrinsic
dynamism of snRNA hairpin loops facilitates protein bind-
ing (Rau et al. 2012). Thus, it seems likely that structural
flexibility occurring within the central hairpin region of
HSURI may also facilitate interaction with Argonaute-loaded
miR-27.

The unstructured nature of HSURT is necessary
for efficient down-regulation of miR-27a levels

To determine whether HSURI structural flexibility is impor-
tant for mediating miR-27 degradation, we performed
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FIGURE 2. In vivo DMS mapping reveals a flexible structure for HSURI. (A) Primer extension analysis of HSUR1 performed on total RNA isolated
from HVS-transformed marmoset T cells treated or untreated with DMS. M, marker; A, C, G, and U correspond to sequencing lanes containing,
respectively, ddTTP, ddGTP, ddCTP, and ddATP. Green stars depict strong DMS reactivity (>4x average) averaged from three independent exper-
iments. (B,C) In vivo DMS data plotted on the previous model of HSUR1 (B), and the unconstrained MFE model (C). The green arrows indicate
nucleotides predicted to be in Watson—Crick pairs flanked by Watson—Crick pairs that have strong DMS reactivity. (D) The HSUR1 MFE model pre-
dicted using hard constraints from in vivo DMS probing. (E) The MFE model predicted using soft constraints from in vivo DMS probing. The DMS
reactivity averaged from three independent experiments on the structure models obtained with primer A in B—E is represented by the intensity of red
color at each base. (F) The partial MFE model (omitting the 3’ terminal hairpin) depicting DMS reactivity averaged from three independent exper-
iments obtained with primer B. Watson—Crick base pairs are represented by solid lines and wobble base pairs by dotted lines. Predicted interactions of
HSURI with miR-27a are depicted in B-F. The seed sequence of miR-27a is shown in bold. Known interaction sites for HuR and Sm proteins are

indicated on the structure models.

mutagenic analyses of HSUR1 aimed at involving the miR-27
binding region in alternative RNA secondary structures. The
mutants were stably expressed in a B cell line and the result-
ing miR-27a levels were assayed (Fig. 3). As controls, we used

1184 RNA, Vol. 22, No. 8

the previously described HSURI mutant BS, in which the
miR-27 binding site is disrupted (Cazalla et al. 2010), and
the SD mutant, in which only the miR-27 seed binding site
is disrupted (see Fig. 3A). The modeled base-pairing between
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TABLE 1. Predicted stability metrics for HSURT compared to other HSURs and EBERs

AG z-score Length A C G U GC%
HSURT1 —25.2/-18.3 -0.7/+1.2 144 46 25 22 51 33%
HSUR2 —14.8 -0.5 77 25 15 17 20 42%
HSUR3 SCAl -0.3 116 34 22 19 41 35%
HSUR4 —28.2 -0.9 108 28 26 26 27 49%
HSUR5 —24.5 -0.7 115 31 23 23 38 40%
HSUR6 -20.7 =1.3 82 24 17 20 21 45%
HSUR7 -26.0 —4.2 76 26 14 17 19 41%
EBER1 -71.4 =21 168 23 43 56 46 59%
EBER2 —68.1 -2.0 172 33 47 53 39 58%

The predicted folding energy and z-score for the DMS-constrained HSURT model are shown after the forward slash.

C54-G75 and U55-A74 is likely an artifact of the prediction
or a transient interaction that is not relevant for HSUR1 func-
tion. We constructed the S1 mutant that disrupts these inter-
actions, but this mutation has almost no effect on HSURI1

predicted thermodynamic stability. We also generated
HSURI mutants, in which the miR-27 binding site is predict-
ed to be sequestered in strong secondary structures. For the
mutant S2, we introduced an internal complementarity to

BS: miR27-binding site mut SD: seed-binding mut
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FIGURE 3. Unstructured HSUR1 down-regulates miR-27a levels most effectively. (A) Partial structure models for HSURI and its mutants. The col-
ored residues on WT HSURI indicate the location of the mutated residues in the mutants. Watson—Crick base pairs are represented by solid lines and
wobble base pairs by dotted lines. Predicted base-pairing interactions with miR-27a and the folding energies of predicted hairpins are indicated (units
are kcal/mol [k/m]). (B) Northern blot comparing the levels of HSURI and miR-27a in marmoset (marm.) T cells transformed with HVS (either WT
or HSURI1-deleted [A2A]), and in BJAB cells transduced with either WT HSUR1 or BS HSURI, in which the miR-27 binding site is disrupted. Each
lane contained 10 ug total RNA. For quantification, in vitro transcribed HSUR1 and synthetic miR-27a were used in the amounts indicated at the top of
the blot (fmol). (C) Northern blot detecting the levels of three miRNAs, HSUR1 and U6 in BJAB cells stably expressing various HSURI mutants (at
the same levels as shown in B). EV, empty vector. (D) Levels of miR-27a in the BJAB cells expressing the HSURI mutants were normalized to the
geometric means of miR-16 and miR-20a levels. Averages from four independent experiments with standard deviations are shown. P-values between
WT HSURI and its mutants were calculated using a Student’s #-test; (*), (**), and (***) indicate P-values <0.05, <0.01, and <0.001, respectively.
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the full miR-27 binding site. For the mutants S3 and S4, only
the HSURI region complementary to the 3" end of miR-27 is
predicted to be sequestered in secondary structures (see Fig.
3A). Mutants S2—S4 are predicted to enhance RNA thermo-
dynamic stability.

These six mutants, as well as wild-type (WT) HSURI and
empty vector (EV) controls, were used to generate stable cell
lines in the EBV-negative human B cell line BJAB. BJAB cells
were used in this study because, compared to the Jurkat T cells
used in previous studies (Cazalla et al. 2010; Guo et al. 2014),
they produce higher levels of miR-27. The HSUR1 expression
levels in BJAB cells (either WT or the BS mutant) are compa-
rable to those in marmoset T cells transformed with WT HVS
(13.7 £3.9and 25.25 + 10.04 versus 23 + 7.9 fmol in 10 pg of
RNA, n=3) (Fig. 3B). In contrast, in BJAB cells transduced
with the BS mutant, which is unable to induce miR-27 degra-
dation, the miR-27a levels are lower than in marmoset T cells
transformed with A2A HVS, which lacks the HSURI gene
(0.38 £ 0.12 versus 0.78 £ 0.11 fmol in 10 ug of RNA, n =5),
whereas the amounts of miR-27a in BJAB and marmoset T
cells expressing WT HSURIs are similar (0.16 + 0.012 versus
0.18 £0.039 fmol in 10 pg of RNA, n =5). As BJAB cells and
marmoset T cells differ in the miR-27 migration pattern,
which likely stems from generation of various miRNA iso-
forms (isomiRs) in different cell types (Cloonan et al. 2011),
only the mature miR-27a was quantified.

To assess the ability of HSUR1 mutants to trigger miR-27a
degradation, the total RNA isolated from BJAB cells stably ex-
pressing these ncRNAs was probed for the levels of miR-27a
and for two control miRNAs: miR-16 and miR-20a (Fig. 3C).
As expected, in the presence of WT HSURI, steady-state lev-
els of miR-27a were lower (30 £+ 15%) than in cells trans-
duced with the empty vector (Fig. 3D). The BS and SD
mutants predicted to be unable to bind miR-27a yielded un-
changed miR-27a levels (106 £ 3.3% and 111 * 7.5%, respec-
tively). The SI mutant, which bears a mutation that does not
significantly alter the predicted structural stability of HSURI
(Fig. 3A), was as effective in lowering the abundance of miR-
27aas WT (30 + 10%). This indicates that the modeled pairs
(C55-G75 and U56—-A74) in the WT sequence are either not
present or only transiently formed in vivo and do not con-
strain the miR-27 site or inhibit HSURI potential to degrade
the miRNA. Interestingly, the S2 mutant, in which miR-27
complementarity is preserved but sequestered in a predicted
hairpin structure, did not alter normal miR-27a levels (122 +
24%). In addition, the S3 and S4 mutants that sequester the
region complementary to the 3" end of miR-27 in predicted
hairpins significantly lost the ability to lower miR-27a levels
(78 £ 14% and 88 + 8.4%, respectively). These results indi-
cate that the entire miR27-binding region of HSUR1 must
be available in a conformationally flexible segment to trigger
degradation of miR-27a. Interestingly, other groups observed
that the complementarity of the miRNA-degrading transcript
to the miRNA 3’ end is necessary for efficient miRNA decay
(Ameres et al. 2010; de la Mata et al. 2015; Haas et al. 2016).
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In this study, we additionally demonstrate that the region
complementary to the miRNA 3’ end must be in an accessible
conformation to mediate miRNA degradation.

In the above experiments, the presence of WT HSURI did
not result in a complete degradation of miR-27a; ~30% of
miR-27a remained. Similarly, the previous report by
Cazalla et al. (2010) showed that the levels of miR-27a, mea-
sured by quantitative RT-PCR, are fourfold lower in the cells
transformed with WT HVS in comparison to the cells trans-
formed with a virus lacking HSURI (Cazalla et al. 2010).

In our experiments, we observed significant variation
in the expression levels of the different HSURI mutants
(Fig. 3C). We do not attribute this to co-degradation of
HSURI and miR-27, as HSURI1 levels exceed those of miR-
27a by at least 50-fold in our experiments. Additionally,
HSURI co-degradation was not observed in previous studies
(Cazalla et al. 2010; Guo et al. 2014). For example, the SD
mutant has a predicted folding energy and a measured
steady-state level comparable to WT HSURI, but is unable
to lower miR-27a abundance (Fig. 3C,D); thus, if co-degra-
dation with miR-27 were affecting HSURI levels, one would
expect this mutant to have higher steady-state levels than WT.
The HSURI mutants exhibiting increased expression levels,
however, do have lower predicted folding energies than the
WT sequence (Fig. 3A) and are likely to be more structured.
This suggests that folding stability is responsible for the var-
iable HSUR1 accumulation observed across our experiments.
Indeed, the calculated z-scores for BS, S2, S3, and S4 are —1.8,
—3.5, —1.3, and —1.1, respectively, suggesting that these mu-
tant molecules are more structured than the WT, SD, and S1
sequences (z-scores of —0.7, —0.8, and —0.7, respectively).

HSURT stability mutants differentially bind miR-27a

To study whether the stabilization of internal structure
HSURT’s region complementary to miR-27 affects miR-27a
binding, we prepared cell extracts from BJAB cells stably ex-
pressing the HSUR1 mutants and immunoprecipitated the
HSURI particles to determine the levels of coimmunopreci-
pitated miR-27a (Fig. 4). We used anti-Sm antibodies (Y12),
which bind to Sm proteins and are able to pull down snRNAs,
including viral HSURs (Lee et al. 1988). As expected, miR-
27a was coimmunoprecipitated neither from cells transduced
with the empty vector nor from cells expressing the HSUR1
mutants bearing mutations in miR-27a binding sequence, BS
and SD (Fig. 4A,B). miR-27a was efficiently immunoprecip-
itated from cells expressing WT HSUR], indicating an inter-
action between miR-27a and these HSURI molecules (Fig.
4A,B). The HSURI1-bound miR-27a observed in this pull-
down (Fig. 4) and in the previous study (Cazalla et al.
2010) could represent an intermediate step in miRNA degra-
dation, but could alternatively suggest that HSURI has an ad-
ditional function: to act as a miRNA sponge (Bak and
Mikkelsen 2014). The mutant SI—which should not affect
miR-27a binding—as expected, also associated well with
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FIGURE 4. Some HSURI mutants bind miR-27a without effectively triggering its degradation. (A) Coimmunoprecipitation of miR-27a from BJAB
cells stably expressing either EV or various HSUR1 mutants (expressed at levels shown in Fig. 3B) with anti-Sm antibody (aSm). I, input, 1%; S, su-
pernatant, 1%; P, pellet, 100%. Northern blots with probes for miRNAs, HSUR1 and U2 for the precipitation control. (B) Levels of HSUR1-bound
miR-27a in BJAB cells expressing the HSURI mutants were normalized to the input. Averages from four independent experiments with standard
deviations are shown. P-values between WT HSURI and its mutants were calculated using Student’s #-test; (*) P-values <0.05.

miR-27a (Fig. 4A,B). Interestingly, the S2 mutant, which pre-
serves complementarity but sequesters that sequence in a
predicted hairpin structure, was not able to pull down
miR-27a efficiently, likely explaining why this mutant does
not down-regulate miR-27a levels. However, miR-27a was
coimmunoprecipitated with the mutants S3 and, to a larger
extent, S4. Thus, occlusion of HSURI’s region complemen-
tary to the 3’ end of miR-27a, appears to counteract its ability
to trigger miR-27a degradation despite allowing miR-27a to
bind. It is possible that the intermolecular duplexes formed
between miR-27a and these more highly structured HSUR1
mutants are not competent for miRNA degradation; e.g.,
when the HSURI structure is too stable to allow all 15 inter-
molecular base pairs (occurring in the WT complex) to form.

Conclusions

We propose a revised model for the secondary structure of
HSURI, based on in vivo chemical probing data. This new
model predicts that the central hairpin of HSURI remains
conformationally flexible in order to bind miR-27 and
down-regulate its level. We validated this hypothesis through
HSURI mutational analyses and found that some thermody-
namically stabilized HSUR1 mutants, although they accumu-
late to higher levels in the cell and bind miR-27a, do not lower
miR-27a abundance as effectively as the WT. Our results in-
dicate that the entire miR-27-targeting region of HSURI
must be flexible to induce degradation of miR27a. This might
suggest a common theme for miRNA-degradation elements
—the miRNA binding region must not only be complemen-
tary to the 3’ end of miRNA, but also must be conformation-
ally flexible to efficiently mediate miRNA decay.

MATERIALS AND METHODS

Cell culture

Marmoset (Callithrix jacchus) T cells transformed with either WT or
A2A HVS (Desrosiers et al. 1986) were grown as described previously
(Cook et al. 2004). HEK293T cells and BJAB cells were grown in

DMEM and RPMI medium, respectively, containing 10% fetal bo-
vine serum, 2 mM L-glutamine and antibiotics.

HSURT T7 transcription

HSURI sequence was PCR amplified using primers containing the
T7 promoter followed by an additional “G” (Fwd: 5'-TATCTAAT
ACGACTCACTATAGGACACTACATATTTATTTATTTATTTCTT
AG, Rev: 5'-TGGTACCGGTCATCATATTTAC). The product was
gel-purified and used for in vitro transcription at a final concentra-
tion ~25 ng/pL. The reaction was carried out for 2 h at 37°C and
contained 400 mM HEPES pH 7.5, 120 mM MgCl,, 200 mM
DTT, 10 mM Spermidine, 4 mM of each rNTPs, 20 U RNase
Inhibitor (Roche), and 5 U of laboratory-made T7 RNA polymerase.
The product was purified by 8 M urea 6% polyacrylamide gel elec-
trophoresis (PAGE), extracted in G-50 buffer (20 mM Tris pH 7.5,
0.3 M NaOAc, 2 mM EDTA, 0.1% SDS), and ethanol precipitated.

DMS modifications

In vitro: 5 ug RNA resuspended in 20 pL of water was heated for 2
min at 90°C and slow cooled to 37°C. 2.5 puL 10x RNA folding buffer
(100 mM Tris pH 7, 1 M KCl, 100 mM MgCl,) was added and the
solution was incubated for 20 min at 37°C. To 9 uL of folded RNA,
1pL of dimethyl sulfate (DMS, Sigma #D186309) diluted in ethanol
was added to a final concentration of 0.5 or 2%, then incubated 20
min at room temperature (RT). The reaction was quenched with p-
mercaptoethanol (BME) to 0.6 M. RNA was ethanol precipitated
and resuspended in 20 pL water.

In vivo: 107 of HVS transformed marmoset T cells (~ 20 mL of
cell culture) were collected and resuspended in 1 mL of phos-
phate-buffered saline (PBS) and either left untreated or incubated
with either 0.5% or 1% of DMS (diluted in ethanol) for 2 min at
RT. The reaction was quenched with 0.6 M and rinsed in more
quench solution and TRIzol (Invitrogen) isolated.

Primer extension

In vitro: 0.4 ug (4 pL) of DMS modified RNA was mixed with
200,000 counts per minute (cpm) radiolabeled primer A (the
same as used for PCR amplification of HSUR1) and 1 pL 10x an-
nealing buffer (100 mM Tris pH 8.0, 400 mM KCl) and water added
to 10 pL. The primers were annealed by heating at 95° C for 1 min
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and then at 55° C for 15 min. The reaction was supplemented with
10 uL enzyme mix containing 4 puL of 5x First Strand buffer, 1 pL 10
mM dNTPs, 1 uL 1 M DTT, 1 pL 200 U/puL Superscript III reverse
transcriptase (Life Technologies), and 3 pL water. For the dideoxy
ladders, ddNTPs were added to the appropriate reactions to a final
concentration 0.5 mM. Reactions were incubated for 30 min at
55°C. Then, the RNA was hydrolyzed by adding 1 pL of 4 M
NaOH and heating for 5 min at 95°C, and the reaction was neutral-
ized with 2 pL 2 M HCI. ¢cDNA was ethanol precipitated and resus-
pended in 10 pL water. Two microliters of the reaction was resolved
by 8% sequencing urea-PAGE. The gel was dried and exposed to
phosphor screen overnight.

In vivo: Reactions were performed as above, except 10 pg of total
RNA isolated from marmoset cells was used in a final reaction vol-
ume of 30 uL. Additional reactions were performed with the primer
B (5'-CCAGTACCTACAAAAATTGGTCA).

DMS reactivity was determined by band densitometry (calculated
using Quantity One). DMS reactivity for each nucleotide was deter-
mined as band intensity differences derived from treated (DMS con-
centration = 0.5%) versus untreated RNA preparations and were
normalized to the average reactivity for all nucleotides.

Bioinformatics

Structure predictions and free energy calculations were performed
with RNAstructure, version 5.8 (Reuter and Mathews 2010) using
the Turner energy model (Mathews 2004; Turner and Mathews
2010) at 37°C. DMS probing data were incorporated either as
hard constraints, where strongly reactive nucleotides are forbidden
to occur in Watson—Crick pairs flanked by Watson—Crick pairs,
or as soft constraints, where the folding energy of a paired nucleotide
is penalized by its DMS reactivity. Soft constraints used all data,
whereas the hard constraints were applied only to strongly reactive
nucleotides, defined as having DMS reactivity 4x higher than the av-
erage signal for all bases. Thermodynamic z-scores were calculated
by determining the average difference in folding free energy predict-
ed for a native sequence versus 200 randomized “mutants” and nor-
malizing that value by the standard deviation of the entire set.

HSUR1 mutagenesis and cell transduction

Mutations were introduced into HSURI expressed in the pAGM
lentiviral backbone (Guo et al. 2014) by site-directed mutagenesis
using Phusion polymerase (NEB) and the following primers:

SD Fwd: 5'-TCTTAGTAATGTTTACTGGAACTTAAATCACA
CTTAACCT

SD Rev: 5-AGGTTAAGTGTGATTTAAGTTCCAGTAAACA
TTACTAAGA

S1 Fwd: 5-AACGGGTTGTTTGAGAGTTTTAGTTTAGGTT
ATCACAGATTTAAGTTC

S1 Rev: 5-GAACTTAAATCTGTGATAACCTAAACTAAAA
CTCTCAAA CAACCCGTT

S2 Fwd: 5-GTGATAACCTAAACAGATTTAAGTCTCAAAC
AACCCGTTAC

S2 Rev: 5'-GTAACGGGTTGTTTGAGACTTAAATCTGTTTA
GGTTATCAC

S3 Fwd: 5-CAGCAAGTAACGGGTTGTTTGGAACTTTTAG
TTTAGGTTATCACAGATTTA
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S3 Rev: 5-TAAATCTGTGATAACCTAAACTAAAAGTTCC
AAACAACCCGTTACTTGCTG

S4 Fwd: 5-AGGTTATCACAGATTTAAGTTCCAGTAACCCA
TTACTAAGAAATAAATAAATAAATATG

S4 Rev: 5'-CATATTTATTTATTTATTTCTTAGTAATGGGTT
ACTGGAACTTAAATCTGTGATAACCT

Mutations were confirmed by Sanger sequencing (Keck, Yale).

To produce viral vectors, 10-cm culture dishes of sub-confluent
HEK293T cells were cotransfected using TransIT-293T (Mirus
Bio) with 10 pg of the appropriate HSURI-expressing pAGM,
10 pg psPAX, and 2 ug pMDG.2. The virus-containing supernatants
were collected 2 d later and passed through 0.45-um filters.

For stable transduction, BJAB cells were infected at a multiplicity
of infection ~10 (assessed on HEK293T cells) of the viruses de-
scribed above. The cells were then GFP™ sorted using the same gates
across the cell lines.

Northern blot analysis

Northern blot analysis was performed as described previously (Guo
etal. 2014). Briefly, total RNAs from BJAB cells transduced with ei-
ther the empty vector or a HSUR1 mutant were TRIzol isolated and
separated by 15% urea-PAGE (10 or 20 g per lane). The RNA was
electrotransferred to Hybond-N* membrane (Amersham) and UV
crosslinked. miRNAs, HSUR1, and U6 were detected using radiola-
beled probes (Guo et al. 2014).

For the anti-Sm IP, the RNA was transferred to Hybond-NX
membrane (Amersham), which was then cut at the position
of Xylene Cylenol (which comigrates with ~40 nt-long dsDNA);
the bottom was 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) crosslinked for higher miRNA sensitivity (Pall and
Hamilton 2008), while the top was UV crosslinked. Densitometry
was performed by using Quantity One. P-values were calculated us-
ing Graph Prism 6.
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