An Ago2-associated capped transcriptional start site small
RNA suppresses adenovirus DNA replication
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ABSTRACT

Here we show that the adenovirus major late promoter produces a 31-nucleotide transcriptional start site small RNA (MLP-TSS-
sRNA) that retains the 7-methylguanosine (m7G)-cap and is incorporated onto Ago2-containing RNA-induced silencing
complexes (RISC) in human adenovirus-37 infected cells. RNA polymerase Il CLIP (UV-cross linking immunoprecipitation)
experiments suggest that the MLP-TSS-sRNA is produced by promoter proximal stalling/termination of RNA polymerase Il
transcription at the site of the small RNA 3’ end. The MLP-TSS-sRNA is highly stable in cells and functionally active, down-
regulating complementary targets in a sequence and dose-dependent manner. The MLP-TSS-sRNA is transcribed from the
opposite strand to the adenoviral DNA polymerase and preterminal protein mRNAs, two essential viral replication proteins.
We show that the MLP-TSS-sRNA act in trans to reduce DNA polymerase and preterminal protein mRNA expression. As a
consequence of this, the MLP-TSS-sRNA has an inhibitory effect on the efficiency of viral DNA replication. Collectively, our
results suggest that this novel sSRNA may serve a regulatory function controlling viral genome replication during a lytic and/or

persistent adenovirus infection in its natural host.
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INTRODUCTION

MicroRNAs (miRNAs) are abundant 22-nucleotide (nt)
regulatory RNAs, typically derived from endogenous tran-
scripts, with short hairpins, that modulate essential cellular
processes at the post-transcriptional level in most eukaryotes
(for review, see Filipowicz et al. 2008). Canonical miRNAs
are produced from long primary miRNA transcripts by
two RNaselll-like cleavage events. First, the primary
miRNA is processed by the Drosha/DGCR8 microprocessor
complex in the nucleus into a 60- to 80-nt precursor
miRNA hairpin that is exported to the cytoplasm. Here the
Dicer enzyme cleaves the loop of the hairpin to produce an
~22-base pair (bp) mature miRNA duplex (Kim et al.
2009). Based on the relative thermodynamic stability of the
duplex ends (Khvorova et al. 2003; Schwarz et al. 2003),
one or both of the strands are loaded onto one of four Ago
proteins to form the RNA-induced silencing complex
(RISC) (Yang and Lai 2011). The RISC complex functions
through miRNA-directed base-pairing to target mRNA tran-
scripts for post-transcriptional gene silencing (Wilson and
Doudna 2013).

Human adenoviruses (HAds) encode for one or two virus-
associated RNAs (VA RNAs), designated as VA RNAI and VA
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RNAII (for review, see Punga et al. 2013). The VA RNAs are
~160-nt long noncoding RNAs, transcribed by RNA poly-
merase I1I, that fold into highly structured RNAs that show
features similar to pre-miRNAs. The terminal stem of the
VA RNAs from several HAdVs is processed by Dicer into
small viral miRNAs, so-called mivaRNAs, that associate
with Ago2-containing RISC (Andersson et al. 2005; Sano
et al. 2006; Xu et al. 2007; Kamel et al. 2014). The HAdV-
5 mivaRNAs function as miRNAs that regulate host cell
gene expression by targeting complementary sequences in
the 3’ UTR of an mRNA (Aparicio et al. 2010). However,
the significance of these interactions for a lytic infection, at
least in tissue culture cells, has been questioned (Kamel
et al. 2013). Although most of the mivaRNA research has
been done in the HAdV-5 model system, our work demon-
strates that the mivaRNAs expressed in HAdV-11- and
HAdV-37-infected cells are more abundant and more effi-
ciently associated with Ago2-containing RISC (Kamel et al.
2014).

In addition to the classical miRNA biogenesis pathway, a
variety of alternative noncanonical mechanisms to generate
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A functional capped adenoviral small RNA

Ago-associated miRNAs have been reported (for review, see
Yang and Lai 2011). For example, the mirtron pathway pro-
duces miRNAs by Dicer cleavage of spliced out introns
(Okamura et al. 2007; Ruby et al. 2007; Flynt et al. 2010).
Also, some miRNAs produced by the herpesvirus family of
viruses are transcribed as tails to other noncoding RNAs
and trimmed either by RNaseZ or the Integrator complex
(Bogerd et al. 2010; Cazalla et al. 2011). Noncanonical
miRNAs have also been reported from tRNA (Lee et al.
2009), small nucleolar RNAs (Ender et al. 2008), and endog-
enous short-hairpin RNAs (Babiarz et al. 2008). In addition,
it has been demonstrated that the vertebrate miR-451 is gen-
erated directly by the Ago2 slicer activity rather than Dicer
cleavage (Cheloufi et al. 2010; Cifuentes et al. 2010).

Here we present a novel mechanism to produce an Ago2-
associated small RNA. Thus, we show that the promoter
proximal region of the adenovirus major late promoter
(MLP) produces transcriptional start site (TSS) small
RNAs, which we termed MLP-TSS-sRNAs, that associates
with Ago2 in HAd-infected cells. The MLP produces a major
31-nt MLP-TSS-sRNA with a 5 end that coincides with
the MLP +1 start site. The MLP-TSS-sRNAs were detected
in all HAds analyzed (HAdV-4, HAdV-5, HAdV-11, and
HAdV-37) at varying levels. The HAdV-37 MLP-TSS-
sRNAs contains a 7-methylguanosine (m7G)-cap and are en-
riched in Ago2-containing RISC. The MLP-TSS-sRNAs were
capable of inhibiting reporter gene expression and had a ca-
pacity to suppress viral DNA replication during a lytic virus
infection. Further, we show that the HAdV-37 MLP-TSS-
sRNAs, in contrast to the mivaRNAs, are produced by a
distinct pathway not requiring the Exportin5 nuclear export
receptor or the Dicer enzyme. Our data suggest that the
MLP-TSS-sRNAs are generated by a novel mechanism
where a short prematurely terminated RNA polymerase II
(RNAPII) transcript becomes Ago2 associated.

RESULTS

Production of RISC-associated sRNAs from the HAdV-
37 MLP transcriptional start site

In a recent study, we sequenced the pool of viral SRNAs from
several adenovirus infections (Kamel et al. 2014), primarily
to map the structure and abundance of the VA RNA-derived
mivaRNAs expressed in the different serotypes. As expected,
the vast majority of sSRNAs mapped to the VA RNA region
(Fig. 1B). However, at a closer examination of the data, we
noted that a small fraction of the sSRNAs enriched in RISC
mapped to the MLP-TSS (Fig. 1C) with a major 31-nt species
with a 5" end at the classical MLP +1 cap site and a minor 34
nt species (20-fold lower) with a 5’ end located at position —3
relative to the MLP cap site. Since both MLP-TSS RNAs were
enriched in immunopurified Flag-Ago2-containing RISC,
we refer to them (+1 and —3 start site RNAs) as MLP-
TSS-sRNAs. The same MLP-TSS-sRNAs were detected in

all serotypes analyzed (HAdV-4, HAdV-5, HAdV-11, and
HAdV-37) but were most highly expressed in HAdV-37-in-
fected cells (Supplemental Table 1). Therefore, all subse-
quent experiments were done using this virus as the model
virus.

The HAdV-37 +1 and —3 MLP-TSS-sRNAs share a major
3’ end, located 9 nt upstream of the first leader 5 splice site
(Fig. 1C). The length distribution of the +1 TSS-sRNAs was
predominantly of 31 nt with a trailing fraction generating a
second peak of 35 nt in length and minor peaks of 24 and
32 (Fig. 1D). The —3 TSS-sRNAs had a major peak at 34 nt
but a larger heterogeneity of both shorter and longer types
(Fig. 1D). Collectively, our data show that the HAdV-37
MLP-TSS-sRNAs are the most abundant RISC-associated ad-
enoviral sSRNAs outside the VA region (Fig. 1B), accumulat-
ing to levels comparable to many of the most abundant
cellular miRNAs expressed in HAdV-37-infected cells
(Supplemental Fig. 1).

The 5’ end of the HAdV-37 MLP-TSS-sRNAs
are modified

To characterize the MLP-TSS-sRNAs, we used carbodiimide-
mediated cross-linking of RNA to a nylon membrane (Pall
and Hamilton 2008). This method requires a free 5 phos-
phate group for chemical binding to the membrane. We
used this feature of the method to investigate whether the 5
end of the MLT-TSS-sRNAs was modified. Since the 5’ ends
of the large majority of these RNAs coincide with the well-
characterized MLP cap site, we used tobacco acid pyrophos-
phatase (TAP) or RNA 5 pyrophosphohydrolase (RppH)
treatment to determine whether they contain a 5" end modi-
fication that hinders cross-linking of the RNAs to the mem-
brane. The TAP and RppH enzymes remove the m7G-cap
from mRNAs leaving a 5 monophosphate group (Lockard
et al. 1980; Deana et al. 2008). As shown in Figure 2, TAP
treatment of total cytoplasmic RNA from HAdV-37-infected
cells increased the cross-linking efficiency of MLP-TSS-sRNA
by 13- to 15-fold (lanes 3 and 4). In contrast, cross-linking of
HAdV-37 VA RNAII and tRNA-lysine, which are RNA poly-
merase III products, or let-7b miRNA were not enhanced by
TAP treatment (lanes 3 and 4). Similar results were obtained
using RppH (Supplemental Fig. 2). Based on these findings we
TAP treated the RNA before performing Northern blot anal-
ysis in all subsequent experiments. Interestingly, a series of
longer transcripts was also enhanced after TAP or RppH treat-
ment (Fig. 2, lane 4; Supplemental Fig. 2). These RNAs most
likely correspond to promoter proximal preterminated MLP
transcripts (see below). As expected from the expression pro-
file of the MLP (Jansen-Durr et al. 1988) and the VA RNAs
(So6derlund et al. 1976), the MLP-TSS-sRNAs start to accu-
mulate toward the late phase of infection (12—18 h post infec-
tion [hpi]), whereas the full-length VA RNAII was detectable
already at 6 hpi and the processed mivaRNAII at 12 hpi
(Supplemental Fig. 3).

1701

www.rnajournal.org


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.061291.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.061291.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.061291.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.061291.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.061291.117/-/DC1

Kamel and Akusjarvi

A E1A E1B 15t 2nd g Major Late Transcription Unit (MLTU) R
> VARNAI&II E3
B ——
—> -»>
B E2B E4
® 10 == Cyto
& 100
- 107
8 102 ' ' l s 1 W I T N Y It N
a 108
$ m F-Ago2-IP
10°
10 | l
-2, 1 1 1
10 S T T T
MLP-TSS-sRNA
21000
mmm Cyto
€
>
Q
(8]
el
3
i
ol _HNRENENRERRNNNRNENEEEEEEEEEEEEE.

oL

+1 5,860

= F-Ago2-IP

5, 880

GGGGGGGHAAA//TCCTC‘A}TCTCT TCCGCGTCGCTGTCCACGAG CGCCAGCTGTTG GTGAGTA

|
I 1
) +1TSS ) ]—MLP TSS-sRNA
' -3 TSS !
mm Cyto
m— F-Ago2lP 3 TSS +1 TSS
3 600, 2000 315000 5000 O
8 ‘ 5 8 4000 3
§ 400+ "5 E 100001 3000 2
3 ‘ 100 § & ]
3 = 2000 &
o 2001 S o 5000 o
< ‘l . 08 & 1000 8
D 0 | I 0 2 2 0 0 2
< s g
. » S ® L P P - »

Mapped read lenght

Mapped read lenght

FIGURE 1. Production of RISC-associated sSRNAs from the HAdV-37 MLP transcriptional start site. (A) Genomic organization of HAdV-37 showing
the location of different viral transcription units. (B) Distribution of viral small RNA reads (shown as percentage of total mapped viral reads) across the
HAdV-37 genome both in the cytoplasmic fraction (Blue) and F-Ago2-bound fraction (red). (C) Close-up view of the HAdV-37 MLP showing the
mapped read coverage around the first leader (boxed) and the location of the MLP-TSS-sRNAs. (D) Size distribution of the MLP-TSS-sRNA (-3 on
the left side and +1 on the right side) both in the cytoplasmic fraction (blue) and Ago2-associated fraction (red).

The HAdV-37 MLP-TSS-sRNAs are capped and enriched
in Ago2-containing RISC

To determine whether the Ago2-associated MLP-TSS-sRNAs
contain an m7G-cap we immunopurified Flag-Ago2 com-
plexes from cytoplasmic extracts prepared from HAdV-37-
infected 293-Flag—Ago2 cells at 24 hpi. As expected from
our pervious results, the processed 5 mivaRNAII was en-
riched in the Ago2-RISC (Fig. 3A, lane 4; Kamel et al.
2014). In agreement with our sRNA sequencing data the
MLP-TSS-sRNA was also found in the Ago2-RISC (Fig.
3A, lane 4). As a control of specificity we show that the actin
protein did not contaminate the Ago2—-RISC fraction (Fig.
3A, lanes 3 and 4). The Ago2—RISC RNAs were purified by
phenol extraction and subjected to a second round of immu-
noprecipitation using an anti-m7G-cap monoclonal anti-
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body. As shown in Figure 3B, the MLP-TSS-sRNAs were
recovered in the m7G immunoprecipitate (lane 4), whereas
the 5" mivaRNAII and the let7b miRNA, as expected, were
not detectable in the m7G immunoprecipitate (lanes 3 and
4). Collectively, these results suggest that the MLP-TSS-
SRNA retains the m7G-cap added during the transcription
initiation process. Further, the TAP treatment of the cyto-
plasmic RNA fraction (Fig. 2) strongly argues that at least
95% of the MLP-TSS-sRNAs are capped.

The HAdV-37 MLP-TSS-sRNAs are produced
by a pathway distinct from the mivaRNAs

Previous studies have shown that VA RNA export requires
Exportin5 (Yi et al. 2003; Lu and Cullen 2004) and that the
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FIGURE 2. The 5 end of the HAdV-37 MLP-TSS-sRNAs are modified
and produced during the late phase of infection. Northern blot analysis
of cytoplasmic RNA extracted from HAdV-37 (5 FFU per cell) and
mock (M) infected cells. The presence of a modified 5" end was probed
using TAP treatment. The same membrane was sequentially probed for
the MLP-TSS-sRNA, 5 mivaRNAII, let7b, and tRNA lysine.

mivaRNAs are produced by Dicer cleavage (Kamel et al.
2014). Considering the novel features of the MLP-TSS-
sRNA, it was of interest to study whether the mivaRNAs
and the MLP-TSS-sRNAs require the same cellular machin-
ery for export and processing. To test this we used an siRNA
approach to knock down candidate proteins. As shown in
Supplemental Figure 4A, Dicer knockdown reduced 5’
mivaRNA processing, whereas MLP-TSS-sRNA production
was unaffected (lanes 2 and 3). Also, knockdown of the
Dis3 RNase in the nuclear exosome complex did not impair
the maturation of the MLP-TSS-sRNA or the 5" mivRNAII
(lane 7). As expected from previous results (Yi et al. 2003),
knockdown of Exportin5 reduced mivaRNA production
(lane 6). In contrast, targeting Exportin5 did not impair ex-
port of the MLP-TSS-sRNA. To investigate whether MLP-

TSS-sRNA production is dependent on the Ago2 slicer activ-
ity, like mir-451 (Cheloufi et al. 2010; Cifuentes et al. 2010),
HEK?293 cells were transfected with plasmids expressing Flag-
epitope-tagged wild-type Ago2 or the catalytically dead Ago2
(D669A) mutant proteins (Cifuentes et al. 2010). Cells were
infected with HAdV-37 and the sRNA content in the cyto-
plasmic Ago2 fractions analyzed at 24 hpi. The result shows
that the Ago2 catalytic activity is not required for MLP-
TSS-sRNA production (Supplemental Fig. 4C, lanes 9 and
10). The analysis further demonstrated that the MLP-TSS-
sRNA also associates with Agol, which lacks slicer activity.

The MLP-TSS-sRNA is an RNA polymerase Il
transcription termination product

In order to gain further insights into the biogenesis of the
MLP-TSS-sRNA, we aimed to investigate the sequence of
the potential precursor transcript(s) that could be the origin
of MLP-TSS-sRNA. For this experiment, 293-Flag-Ago2 cells
were transfected with three pGL4 reporter plasmids (Fig. 4A)
for 24 h followed by total cytoplasmic RNA extraction and
Northern blot analysis. Reporter plasmid UnMLT corre-
sponds to the unspliced precursor RNA, and contains the
MLP fused to the first 200 nt downstream from the transcrip-
tional start site. Plasmid Trip contained the MLP fused to a
cDNA copy of the spliced tripartite leader sequence, whereas
reported plasmid RevTrip contained a cDNA copy of the tri-
partite leader where the second and third exons had been in-
serted in the reverse orientation. As shown in Figure 4B, all
three reporter plasmids accumulated a small RNA ~31 nt
long. This result indicates the MLP-TSS-sRNAs can be pro-
duced from both the unspliced MLP precursor RNA and
the spliced tripartite leader. Most interestingly, the MLP-
TSS-sRNA was also produced in cells transfected with the
plasmid containing a reversed copy of the tripartite leader ex-
ons 2 and 3. This plasmid contains the MLP-TSS-sRNA se-
quence plus only two extra nucleotides from the first leader
exon (Fig. 1C). Collectively, these results argue that the
MLP-TSS-sRNA is not processed from a precursor RNA re-
quiring downstream sequences beyond 2 nt from the MLP-
TSS-sRNA 3’ end. Alternatively, the MLP-TSS-sRNA could
be generated as a direct product of RNAPII stalling/termina-
tion downstream from the MLP initiation site. To test this
hypothesis, we determined whether we could detect an in-
creased accumulation of RNAPII at the site of the MLP-
TSS-sRNA 3’ end. For this experiment, 293Ago2 cells were
infected with HAdAV-37 or transfected with plasmid
UnMLT. Following 24-h incubation, cells were UV-irradiat-
ed to halt further transcription, and RNAPII complexes were
isolated by immunoprecipitation. The supernatant after
RNAPII-IP was used to immunopurify Ago2 complexes,
and the sRNA content in both fractions was analyzed by
Northern blot. As shown in Figure 4C, a distinct band (lanes
4-6) of the size of the Ago2-associated MLP-TSS-sRNA (lane
8) appeared in the RNAPII precipitate, particularly in HAdV-
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FIGURE 3. The HAdV-37 MLP-TSS-sRNAs are capped and enriched in Ago2-containing RISC. (A) Northern blot analysis of total cytoplasmic
(Cyto) and Flag—Ago2-associated (F-Ago2-IP) RNA. The membrane was probed sequentially for MLP-TSS-sRNA and 5" mivaRNAIIL The lower panel
is a Western blot for Flag-Ago2 and Actin in the cytoplasmic and Ago2-bound fractions. (B) Northern blot analysis demonstrating that the Ago2-
associated MLP-TSS-sRNAs contain a 5 cap structure. Ago2-associated RNAs were used for immunoprecipitation with an m7G-cap antibody.
The membrane was sequentially probed for MLP-TSS-sRNA, 5" mivaRNAII and let7b.

37-infected cells (lane 5). The same band was also recovered
from plasmid-transfected cells, although with a considerably
lower efficiency (lane 6). The more pronounced site for
RNAPII stalling in the transfected cells was a site located
~60 nt downstream from the MLP-TSS. This sSRNA can be
seen in most experiments (lane 5 and Figs. 2, 4;
Supplemental Figs. 1-5) and is also Ago2-RISC-associated
(lanes 8 and 9). The specificity of the immunoprecipitations
was confirmed by probing the same membrane for VA RNAII
and tRNA lysine, which are RNA polymerase III products.
The specificity of the immunoprecipitations was also con-
firmed by Western blotting of the indicated proteins (Fig.
4D). Collectively, these results are compatible with the hy-
pothesis that the MLP-TSS-sRNA is an RNAPII transcript
produced by RNA polymerase II stalling/termination shortly
after initiation at the MLP.

The HAdV-37 MLP-TSS-sRNAs repress
complementary targets

Importantly, the MLP-TSS-sRNA associates with the
endogenous Ago2 protein in HAdV-37-infected ARPE-19

1704 RNA, Vol. 23, No. 11

(Supplemental Fig. 5A). The specificity of this interaction
was confirmed by the lack of tRNA lysine and the GAPDH
protein in the Ago2 immunoprecipitate (Supplemental
Fig. 5B).

To determine whether the MLP-TSS-sRNAs loaded onto
RISC are functional, we tested the capacity of the complex
to regulate expression of a firefly luciferase reporter construct
with a complementary MLP-TSS-sRNA binding site in the 3’
UTR [pmirGlo(+), Fig. 5A]. For this experiment ARPE-19
cells were first infected with two concentrations of HAdV-
37 followed by transfection of reporter plasmids pmirGlo,
lacking an MLP-TSS-sRNA binding site, or pmirGlo(+) at
1 hpi. Cells were harvested at 24 hpi and the effect of the
HAdV-37 infection on luciferase expression measured. As
shown in Figure 5B, the relative luciferase expression was
progressively reduced in pmirGlo(+)-infected cells, whereas
luciferase expression in cells transfected with the pmirGlo re-
porter construct were unaffected. To further investigate the
specificity of this interaction, we cloned the MLP-TSS-
sRNA binding site in the reverse orientation, generating plas-
mid pmirGlo(Rev) (Fig. 5A). As shown in Figure 5C, an
HAdV-37 infection significantly suppressed gene expression
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FIGURE 4. The HAdV-37 MLP-TSS-sRNAs are products of premature termination of RNA polymerase II transcription. (A) Schematic diagram of
the different constructs used for the transfection assay. UnMLT contains the MLP fused to the first 200 nt downstream from the transcriptional start
site, Trip contains the MLP fused to a cDNA copy of the spliced tripartite leader sequence, and RevTrip contains a cDNA copy of the tripartite leader

where the second and third exons had been inserted in the reverse orientation. (B)

Northern blot analysis of total cytoplasmic RNA isolated 24 h post

transfection with the indicated plasmids. The same membrane was sequentially probed for the MLP-TSS-sRNA and tRNA lysine. (C) Northern blot
analysis of total (Input), RNAPII-associated small RNA (RNAPII-IP), and Ago2-associated (Ago2-IP) RNA isolated from HAdV-37 infected 293-
Flag-Ago2 cells at 30 hpi. The membrane was probed sequentially for the MLP-TSS-sRNA, 5" mivaRNAII and tRNA lysine. (D) Western blot analysis

of RNAPII, Ago2, and Actin in the fractions displayed in panel C.

from pmirGlo(+) without having a negative effect on lucifer-
ase expression from reporter plasmids pmirGlo or pmirGlo
(Rev). Taken together, these results suggest that during a
HAdV-37 infection, RISC programmed with the MLP-TSS-
sRNAs are functionally active and capable of suppressing re-
porter gene expression in a sequence-specific and dose-de-
pendent manner.

To confirm this observation we used a reductionist ap-
proach to minimize the potentially complex effects caused
by the expression of the whole repertoire of viral proteins.
For this experiment the m7G-capped MLP-TSS-sRNA was
produced by in vitro transcription and cotransfected with lu-
ciferase reporter plasmids pmirGlo, pmirGlo(+), or pmirGlo
(mut), where the MLP-TSS-sRNA binding site was mutated.
As shown in Figure 5D, the MLP-TSS-sRNA was capable of
down-regulating luciferase expression from the reporter con-
taining a complementary binding site. Moreover, mutations
in this binding site caused a complete loss of the inhibitory
effects on luciferase expression. This experiment is significant
because it suggests that the MLP-TSS-sRNA is capable of reg-
ulating gene expression in a sequence-specific manner also in
the absence of other viral components.

The stability of the MLP-TSS-sRNA is dependent
on a 3’ hairpin structure

Interestingly, the m7G-cap did not contribute significantly to
the stability of the MLP-TSS-sRNA. Thus, the MLP-TSS-
sRNA with a 5" phosphate was as stable as the capped coun-
terpart in transfected 293-Flag-Ago2 cells (Supplemental Fig.
5C). On the other hand, secondary structure prediction iden-
tified a potential short hairpin at the 3’ end of the MLP-TSS-
sRNA (Fig. 5E). To investigate whether this hairpin was im-
portant as a stabilizing element, we disrupted this secondary
structure by deleting the last 12 nt from the MLP-TSS-sRNA,
generating MLP-TSS-sRNA(trunc). The full-length and
truncated MLP-TSS-sRNA synthetic RNAs were transfected
into 293Ago2 cells and small RNA stability measured in total
RNA at 12, 24, 48, 72 h post transfection by Northern blot. As
shown in Figure 5F, the full-length MLP-TSS-sRNA was
highly stable during the course of the experiment (lanes 3—
6) whereas the MLP-TSS-sRNA(trunc) was rapidly degraded
and barely detectable at any of the time points assayed (lanes
8-11). Importantly, the input of synthetic SRNA was the
same for the full-length and truncated MLP-TSS-sRNA
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FIGURE 5. The HAdV-37 MLP-TSS-sRNAs repress complementary targets. (A) Schematic diagram of the different luciferase reporters used:
pmirGlo lacks an MLP-TSS-sRNA binding site, pmirGlo(+) contains a complementary binding site, pmirGlo(Rev) has the binding site in reverse
orientation, and pmirGlo(mut) has multiple mutations in the binding site. (B,C) ARPE-19 cells were infected with HAdV-37 or mock infected.
Following a 1 h incubation, cells were transfected with the indicated reporter plasmids. At 23 h post transfection, total cell lysate was prepared
and luciferase activity measured. The result from three independent experiments is shown in the graph. Error bars indicate the SD. (D) ARPE-19 cells
were cotransfected with the in vitro—transcribed and capped MLP-TSS-sRNA or a control RNA (Ctrl) together with the indicated reporter plasmids.
Luciferase expression was measured at 18 h post transfection. The mean from three independent experiments is shown in the graph. Error bars in-
dicate the SD ([*] P < 0.05, [**] P<0.01, [***] P<0.001). (E) RNA secondary structure prediction for the 31-nt MLP-TSS-sRNA, in the upper panel,
and a shorter sSRNA version that lacks the last 12 nt (MLP-TSS-sRNA[trunc]) in the lower panel. (F) Northern blot analysis of total RNA isolated at the
indicated time post transfection with 10 nM RNA oligonucleotides (either MLP-TSS-sRNA or MLP-TSS-sRNA[trunk]) in 293-Flag-Ago2 cells. The
same membrane was sequentially probed for the MLP-TSS-sRNA and tRNA lysine. On the right side, the Northern blot of 0.01 pmol of each RNA
oligonucleotide was probed for the MLP-TSS-sRNA. (G) HeLa cells were cotransfected with RNA oligonucleotides (either MLP-TSS-sRNA or MLP-
TSS-sRNA[trunc]) together with pmirGlo or pmirGlo(+) plasmids. Normalized Luciferase expression of pmirGlo(+) relative to pmirGlo was mea-
sured at the indicated time points. The results are presented as the mean from three independent experiments. Error bars indicate the SD.

(lanes 1 and 2). The low stability of MLP-TSS-sRNA(trunc) protein (pTP), which is the primer protein needed to initiate
suggests that it should be inefficient as a suppressor of target ~ viral DNA replication and the Adpol, which is the DNA po-
mRNAs. As shown in Figure 5G, MLP-TSS-sRNA efficiently ~ lymerase copying the viral genome (Stillman et al. 1981;
repressed luciferase expression during the 3-d experiment  Hoeben and Uil 2013). Interestingly, the MLP-TSS-sRNA
whereas MLP-TSS-sRNA(trunc) caused moderate repression  originates from the opposite strand to the adenovirus E2B re-
at 24 h post transfection, a repression that was lost at the later gion (Figs. 1A, 6A). Thus, the MLP-TSS-sRNA is perfectly
time points. Collectively, these data suggest that the hairpin ~ complementary to the pTP and Adpol mRNAs and might
structure at the 3’ end of the MLP-TSS-sRNA is critical for ~ therefore be functioning as a regulator repressing virus
stability and consequentially also important for the sSRNA  growth by targeting the expression of the E2B mRNAs. To
function. determine whether the expression level of pTP and Adpol
are key factors controlling subsequent steps in virus replica-
tion, like DNA replication and late protein synthesis, ARPE-
19 cells were transfected with a synthetic MLP-TSS-sRNA or
a scrambled sRNA for 4 h, followed by infection with HAdV-
The adenovirus E2B region encodes for two viral proteins  37. The transfection approach would mimic an overexpres-
that are essential for viral DNA replication: the preterminal ~ sion of the MLP-TSS-sRNA. As shown in Figure 6B,

The MLP-TSS-sRNA suppresses HAdV-37 DNA
replication
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FIGURE 6. MLP-TSS-sRNA inhibits HAdV-37-replication. (A) Schematic drawing showing the position of the MLP-TSS-sRNA in relation to the
E2B mRNAs. (B-D) Effect of synthetic MLP-TSS-sRNA overexpression on HAdV-37 growth. (B) ARPE-19 cells were transfected with a scrambled
sRNA (Scr) or the MLP-TSS-sRNA (15 nM) for 4 h; after that, cells were infected with HAdV-37 (10 FFU per cell) for 12 h followed by measuring
relative expression of both Adpol and pTP mRNAs by RT-qPCR. The results are presented as the mean from three independent experiments. Error
bars indicate the SD ([**] P < 0.01, [*] P <0.05). (C) The same transfection and infection protocol as in panel B was used but the infection extended to
24 hpi at which time point the viral DNA copy number was determined by qPCR. Results are presented as the mean from three independent exper-
iments. Error bars indicate the SD ([*] P < 0.05). (D) ARPE-19 cells were transfected with the scrambled sRNA (Scr) or the MLP-TSS-sRNA at two
different concentrations (15 and 50 nM) for 4 h, followed by infection with HAdV-37 (10 FFU per cell). At 24 hpi, viral late proteins were detected by
Western blot analysis using a polyclonal anti-capsid antibody. (E-G) Effect of MLP-TSS-sRNA sponge constructs on HAdV-37 growth. (E) HeLa cells
infected with HAdV-37 were transfected with pmirGlo(+), expressing a reporter mRNA containing an MLP-TSS-sRNA binding site, or control plas-
mid pmirGlo, lacking the binding site. Adpol and pTP mRNA expression was measured 24 hpi by RT-qPCR. The results are presented as the mean
from three independent experiments. Error bars indicate the SD ([*] P < 0.05, [**] P<0.01, [***] P < 0.001). (F) Three independent HeLa stable cell
lines constitutively expressing the pmirGlo(+) or pmirGlo reporter mRNAs were infected with HAdV-37 and viral late protein expression detected by
Western blot analysis at 24 hpi using a polyclonal anti-capsid antibody. (G) Same as in F with the exception that production of new virus particles was
titrated in crude cell lysates prepared from the cells at 24 hpi. The results are presented as the mean from two independent experiments. Error bars
indicate the SD ([*] P<0.05, [**] P<0.01).

transfection of the MLT-TSS-sRNA reduced expression of
both Adpol and pTP mRNAs by more than 50%. As a conse-
quence it also caused a decrease in the efficiency of viral DNA
replication (Fig. 6C), which was accompanied by a reduction
in viral capsid proteins synthesis (Fig. 6D).

Although these results suggest that the synthetic MLP-
TSS-sRNA can target the Adpol and pTP mRNAs, we were
curious to investigate whether the MLP-TSS-sRNA produced
from the viral genome would exhibit a similar inhibitory ef-
fect. For this experiment we used the same plasmid transfec-
tion and virus infection approach as described in Figure 5.

HeLa cells were infected with HAdV-37 followed by transfec-
tion with pmirGlo(+) or pmirGlo lacking a binding site (Fig.
5A). The rationale in this experiment was that the pmirGlo
(+) would function as a MLP-TSS-sRNA sponge that would
sequester the virus-produced MLP-TSS-sRNA and thereby
alleviate the inhibitory effect of the sSRNA on Adpol and
pTP mRNA expression. As shown Figure 6E, transfection
with pmirGlo(+) caused, indeed, a significant up-regulation
of both Adpol, and pTP mRNA accumulation. To further
confirm this result we generated stable HeLa cell lines consti-
tutively expressing the pmirGlo(+) or pmirGlo luciferase
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reporter mRNAs. Three separate clones of respective plas-
mid-transfected cells were infected with HAdV-37 and late
protein expression visualized by Western blot at 24 hpi. As
shown in Figure 6F, HeLa(+) cells expressing the reporter
mRNA with the MLP-TSS-sRNA sponge enhanced viral cap-
sid protein expression considerably (lanes 5-7), compared to
the HeLa(—) cells expressing the reporter mRNA with no
binding site (lanes 2—4). The up-regulation of late protein
synthesis was also accompanied by an increase of late viral
mRNA expression, as illustrated by an enhanced accumula-
tion of tripartite leader containing mRNAs (Fig. 6E). The en-
hanced late protein expression in the HeLa(+) cell lines (Fig.
6F) was also manifested in a three- to fourfold increase in new
virus progeny formation (Fig. 6G). Taken together, these re-
sults suggest that the MLP-TSS-sRNAs indeed serve a regula-
tory function during virus multiplication.

DISCUSSION

Here we show, using a TAP-treatment small RNA sequencing
approach, that in HAdV-37-infected cells large amounts of a
novel Ago2-associated sSRNA (MLP-TSS-sRNA) are pro-
duced. This sRNA shows several unique features not previ-
ously shown for Ago2-associed RNAs. For example, the
MLP-TSS-sRNAs are unusually long—31 or 34 nt in length.
The major 31-nt species has a 5" end that coincides with the
characterized MLP start site. Also, the MLP-TSS-sRNAs con-
tain an m7G-cap at the 5" end (Figs. 2, 3B; Supplemental Fig.
2). Based on available data (Fig. 2; Supplemental Fig. 2), we
estimate that ~95% of the MLP-TSS-sRNAs produced
during a HAdV-37 infection carry the m7G-cap. Further,
to our knowledge, the MLP-TSS-sRNAs represent the first
Ago2-associated sRNA that does not require the microRNA
machinery for processing and maturation (Supplemental
Fig. 4). Interestingly, the MLP-TSS-sRNA also associates
efficiently with Agol in HAdV-37-infected cells (Supple-
mental Fig. 4C). Our results indicate that this sSRNA is pro-
duced by RNAPII stalling within the MLP first leader exon
at a site coinciding with the MLP-TSS-sRNA 3’ end (Fig.
4C). Collectively, our data suggest a model where the MLP-
TSS-sRNAs are produced through repeated cycles of RNAPII
initiation of transcription, stalling, and premature termina-
tion. The production of promoter proximal TSS RNAs is
not unique to the MLP. In fact, the majority of metazoan
gene promoters appear to have high levels of RNAPII accu-
mulation 20-60 bp downstream from the TSS (for review,
see Liu et al. 2015). Many of these RNAPII represent paused
polymerases that may resume productive elongation; others
become preterminated, and the released short RNA most
likely is degraded by the nuclear exosome (Kilchert et al.
2016). Our data suggest that a major reason that the MLP-
TSS-sRNA accumulates to high levels during an infection
may be that it contains a hairpin-like structure at the 3’
end of the sRNA that protects it from degradation (Fig.
5E-G). Small RNAs can be degraded by multiple pathways
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(Ha and Kim 2014; Kilchert et al. 2016). We note that
our sRNA sequencing data show that the third largest popu-
lation of MLP-TSS-sRNA is 24 nt long and accounts for ~8%
of the total MLP-TSS-sRNA population in RISC (Fig. 1D).
This pool of small RNAs may represent processed products
similar to miR-451, which becomes trimmed by poly(A)-spe-
cific ribonuclease PARN on the RISC complex (Yoda et al.
2013).

There have been several studies reporting the accumula-
tion of capped TSS-sRNAs. However, no report has demon-
strated an association of the capped TSS-sRNA with Ago2
RISC complexes. Rather, they appear to act as precursors
for classical cellular microRNA processing (Zamudio et al.
2014) or piRNA generation (Gu et al. 2012), or associate
with RNAPII to initiate viral transcription as shown for hep-
atitis D virus (Haussecker et al. 2008), or generated by the
cap-snatching mechanism used by the influenza virus
(Koppstein et al. 2015).

The crystal structure of an Ago2-miRNA complex shows
that the 5’ end of the miRNA is anchored at the Ago2 MID
domain, with extensive interactions between the 5" residues
including the 5 monophosphate (Elkayam et al. 2012;
Schirle and MacRae 2012). Further, several reports have dem-
onstrated that a 5" phosphate is required for double-stranded
siRNA loading onto RISC (for examples, see Nykinen et al.
2001; Chiu and Rana 2002). These examples raise the question
of how the capped MLP-TSS-sRNAs associate with Ago2. It
has, in fact, been proposed that the bulkiness of the m7G
cap structure might impede on capped sRNA association
with the Ago2 MID domain (Haussecker et al. 2008; Xie
et al. 2013). However, it has also been shown that a bulky
5'-flourescine group on the guide strand does not appear to
impede on the silencing activity of an siRNA (Harborth
etal. 2003). Our data suggest that the MLP-TSS-sRNA is pro-
duced as a stable single-stranded RNAPII stalled/pretermi-
nated transcript. Loading of single-stranded sRNAs onto
RISC has previously been documented (for review, see
Chak and Okamura 2014). Interestingly, the 5 phosphate
sensing mechanism operating for siRNA duplex loading
onto RISC does not apply to single-stranded siRNA loading
(Chen et al. 2008). In fact, single-stranded siRNA loading is
more permissive compared to duplex loading, allowing that
the siRNA 5 end is modified without any negative effects
on RISC activity. The failure to observe single-stranded
siRNA loading in vivo appears to be due to a low stability of
single-stranded siRNAs. However, chemically modified syn-
thetic single-stranded siRNAs have been developed that are
stable and enter an active RISC and induce RNAI also in cells
(Lima et al. 2012; Yu et al. 2012). Although these examples
show that there is some flexibility in sSRNA RISC loading, it
does not prove that RISC has an alternative structure that
can accommodate a cap. Therefore, it remains to be estab-
lished how the m7G-capped MLP-TSS-sRNA enters onto
RISC. Final proof would most likely require determination
of the structure of such a complex.
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The VA RNAs are produced in massive amounts during vi-
rus infection and interfere with cellular miRNA production
by suppressing pre-miRNA export (Lu and Cullen 2004)
and Dicer cleavage (Andersson et al. 2005). Since the MLP-
TSS-sRNAs use an alternative noncanonical route for produc-
tion, the virus will maintain control over the miRNA pathway
while being capable of producing other functional sSRNAs.

Importantly, RISC programmed with the MLP-TSS-
sRNAs is functional with a capacity to suppress reporter
gene expression in a sequence-specific and dose-dependent
manner (Fig. 5B-D). The MLP-TSS-sRNA originates from
the antisense strand of the E2B mRNAs with a perfect comple-
mentary binding site within the Adpol gene and the 3’ UTR of
the pTP mRNA (Figs. 1A, 6A). Both Adpol and pTP are essen-
tial DNA replication proteins. Further, the E2B mRNAs are
among the scarcest mRNAs expressed during an adenovirus
infection (Stillman et al. 1981), potentially through the
MLP-TSS-sRNA targeting the pTP and Adpol mRNAs.
Indeed, controlling pTP and Adpol mRNA accumulation
(Fig. 6B) by transfecting a synthetic MLT-TSS-sRNA had a
significant inhibitory effect on adenovirus genome replication
(Fig. 6C) and late protein synthesis (Fig. 6D). However, it was
central to determine whether the MLP-TSS-sRNAs produced
from the virus act similarly as the synthetic mimic. By using an
MLP-TSS-sRNA sponge assay, either in a transient transfec-
tion assay (Fig. 6E) or in HeLa stable cell lines (Fig. 6F), we
demonstrated that sequestering the MLP-TSS-sRNA drasti-
cally increased E2B mRNA expression (Fig. 6E), late viral pro-
tein synthesis (Fig. 6F), and new virus progeny formation (Fig.
6G). Collectively, these results suggest that the MLP-TSS-
sRNA has a function as a frans-acting viral regulator and is
not simply produced as transcriptional noise.

It is well established that the activity of the MLP increases
as a result of the increase in viral DNA copy number follow-
ing the start of viral DNA replication (for review, see
Akusjarvi 2008). In a hypothetical model, one would predict
that synthesis of Adpol and pTP stimulates viral DNA repli-
cation. As a consequence, the activity of MLP increases,
which results in an increase in MLP-TSS-sRNA production,
which in turn reduces Adpol and pTP gene expression. Such
afeedback mechanism may be important for the virus to con-
trol virus replication, particularly during the establishment
and/or maintenance of persistent/latent infections where
the capacity of the virus to multiply needs to be kept at a re-
duced level.

MATERIALS AND METHODS

Cell culture and virus infection

HEK-293, 293-Flag-Ago2, and HeLa cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM, Invitrogen) and A549 and
ARPE-19 cells in DMEM/F12 medium (Invitrogen), supplemented
with 10% fetal calf serum (FCS, Invitrogen), 1% penicillin/strepto-
mycin (PEST) at 37°C in 7% CO,. Virus titers were measured as
fluorescence forming units (FFU) (Philipson 1961) using a pan-

hexon antibody (MAB8052, Millipore, 1:500 dilution). Infection
of adherent cells was done as previously described (Kamel et al.
2014). HeLa stable cell lines constitutively expressing firefly reporter
construct pmirGlo or pmirGlo(+) were made as previously de-
scribed (Xu et al. 2007). For titration purposes crude cell lysate
was prepared through five cycles of freezing (dry ice-ethanol) and
thawing (37°C water bath).

Transient transfection and siRNA knockdown

Transfection of siRNA and plasmid DNA was done using the
Jetprime (Polypus-transfection) transfection reagent according to
the manufacturer’s instructions. The sequence of the siRNAs used
in this study is listed in Supplemental Table 2. A scrambled ON-
TARGETplus Non-targeting siRNA pool (GE Dharmacon) was
used as a negative control.

RNA immunoprecipitation

S15 cytoplasmic extract preparation and Flag/HA tagged Ago2 pro-
tein immunoprecipitation was done as previously described (Xu and
Akusjérvi 2011). The endogenous Ago2 was immunoprecipitated
using an anti-Ago2 antibody (Abcam, ab57113). Cell lysates were in-
cubated with the antibody (2 pg Ab/mL lysate) on a rotating wheel
overnight at 4°C. Antibody—Ago2 complexes were purified on
Dynabeads Protein G magnetic beads (Thermo Fisher Scientific).
The washing and RNA extraction were performed as previously de-
scribed (Xu and Akusjdrvi 2011). For RNAPII immunoprecipita-
tion, 293-Flag-Ago2 cells were irradiated twice for 400 mJ/cm® at
254 nm followed by protein extraction with RIPA buffer (150 mM
NaCl, 50 mM HEPES [pH 7.4], 0.5% sodium deoxycholate, and
0.1% SDS, supplemented with 2 U DNase I/mL and protease inhib-
itors) and sonication, 10 cycles (30 sec on and 30 sec off). RNAPII
complexes were immunoprecipitated using the 8WG16 antibody
(ab817), which recognizes the RNAPII CTD repeat, using the
same method as described above with the modification that the
beads were washed four times in lysis buffer, followed by proteinase
K digestion and phenol extraction and ethanol precipitation.
Treatment of RNA with Cap-removing enzymes was performed us-
ing Tobacco acid Pyrophosphatase TAP (Epicenter) or RNA 5’
Pyrophosphohydrolase RppH (New England Biolabs) according to
the manufacturer’s instructions.

Capped RNA immunoprecipitation

RNA prepared from the RISC immunoprecipitation was incubated
in cap binding buffer (100 mM Hepes-KOH [pH 7.0], 5 mM MgCl,,
5 mM KCI, 300 mM NaCl) together with 5 pg Anti-m3G-cap, m7G-
cap Antibody (clone H20, Millipore) on a rotating wheel overnight
at 4°C. The antibody-capped RNA complexes were purified on
Dynabeads Protein G magnetic beads (Thermo Fisher Scientific)
and washed three times in cap binding buffer, followed by RNA ex-
traction as described below.

In vitro transcription and m7G capping
of the MLP-TSS-sRNA

The template for the in vitro transcription was a double-stranded
DNA oligonucleotide in which the forward strand contained a T7-
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promoter sequence. In vitro transcription was done using the
TranscriptAid T7 High Yield Transcription Kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions. The RNA
was purified by one round of phenol extraction and ethanol precip-
itation. Capping of the in vitro—transcribed RNA was done using the
vaccine virus capping system (New England Biolabs), as described
by the manufacturer. The final RNA used for transfection was puri-
fied by one round of phenol extraction and ethanol precipitation.
The RNA was dissolved in sterile H,O and stored at —80°C.

Luciferase assay

Luciferase assay was performed with the Dual-Luciferase Reporter
Assay System (Promega) according to the manufacturer’s instruc-
tions. Both firefly luciferase and renilla luciferase activity were mea-
sured on Infinite M200 luminometer (Tecan). Results shown are the
normalized ratios of firefly to renilla and are presented as the mean
from at least three biological replicates. Statistical analysis was per-
formed using Prism6 (GraphPad Software) using a two-tailed un-
paired t-test. The value of P<0.05 was considered statistically
significant.

Bioinformatics analysis

The ¢cDNA library construction and small RNA sequencing has pre-
viously been described (Kamel et al. 2014). Sequencing reads were
mapped to the human reference genome (GRCH37) and HAdV-
37 genome (accession number DQ900900) using STAR aligner
(Dobin et al. 2013). Visualization of mapped reads shown in
Figure 1C was done using the Integrative Genomics Viewer (IGV)
(Robinson et al. 2011). To characterize viral sSRNA, reads were
mapped to the corresponding adenovirus genome using BLASTN
(no mismatch allowed). Read start site and viral sSRNA read length
was visualized using customized Perl scripts.

Total protein extraction

Cells were collected by low speed centrifugation and washed once
with 1x PBS. The pellet was suspended in 180 pL of RIPA buffer
(150 mM NaCl, 50 mM HEPES [pH 7.4], 0.5% sodium deoxycho-
late, and 0.1% SDS) supplemented with 1 U/mL of Benzonase
(EMD Millipore) and incubated for 1 h at 4°C. Cells were further
disrupted by addition of 10% SDS and 1 M DTT to final concentra-
tions of 1% and 100 mM, respectively, followed by a boiling step of 5
min (Holden and Horton 2009).

Total DNA/RNA extraction and quantitative
real-time PCR

Genomic viral DNA was extracted using TRI Reagent (Sigma-
Aldrich). To estimate viral DNA copy number, 50 ng DNA of each
sample was amplified using VAII-specific primers and the copy num-
ber was calculated from a standard curve created from serial dilutions
of pucl9-VAII plasmid, which contain a single copy of HAdV-37
VAII gene, using the absolute quantification method (Whelan et al.
2003). RNA was extracted using TRI Reagent (Sigma-Aldrich) fol-
lowed by cDNA synthesis using the SuperScript III Kit (Thermo
Fisher Scientific). Relative expression of Adpol and pTP were normal-
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ized to HPRTI and quantified using the AACt method (Schmittgen
and Livak 2008). PCR was carried on the Applied Biosystems 7900
System (Life Technologies) using HOT FIREPol EvaGreen qPCR
Supermix (Solis BioDyne). Statistical analysis was performed using
Prism6 (GraphPad Software) using a two-tailed unpaired #-test.
The value of P<0.05 was considered statistically significant. The
primers used in the qPCR are listed in Supplemental Table 2.

Northern and Western blot analysis

Northern and Western blots were performed as described in detail
in Kamel et al. (2014). A list of oligonucleotide probes, details of
the antibodies, dilutions, and the vendors used are shown in
Supplemental Table 2.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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