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ABSTRACT

As the notion of small molecule targeting of regulatory viral and cellular RNAs gathers momentum,
understanding their structure, and variations thereof, in the appropriate biological context will play a
critical role. This is especially true of the ~1100-nt polyadenylated nuclear (PAN) long non-coding (Inc)
RNA of Kaposi's sarcoma herpesvirus (KSHV), whose interaction with viral and cellular proteins is central to
lytic infection. Nuclear accumulation of PAN RNA is mediated via a unique triple helical structure at its 3’
terminus (within the expression and nuclear retention element, or ENE) which protects it from
deadenylation-dependent decay. Additionally, significant levels of PAN RNA have been reported in both
the cytoplasm of KSHV-infected cells and in budding virions, leading us to consider which viral and host
proteins might associate with, or dissociate from, this IncRNA during its “journey” through the cell. By
combining the power of SHAPE-mutational profiling (SHAPE-MaP) with large scale virus culture facilities of
the National Cancer Institute, Frederick MD, Sztuba-Solinska et al. have provide the first detailed
description of KSHV PAN nucleoprotein complexes in multiple biological contexts, complementing this by
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mapping sites of recombinant KSHV proteins on an in vitro-synthesized, polyadenylated counterpart.

Background

Kaposi’s sarcoma herpesvirus (KSHV), or human herpesvirus 8, is
the etiological agent of Kaposi’s sarcoma (KS), Primary Effusion
Lymphoma (PEL) and Multicentric Castleman’s Disease (MCD).
In the HAART, era KS remains the second most frequent tumor
in HIV-infected patients worldwide, and has become the most
common cancer in Sub-Saharan Africa. Strikingly, in the HIV-
uninfected population, KSHV seroprevalence ranges from 11% -
69% in Africa, from 4% - 20% in Europe and the Mediterranean,
and from 5% — 10% in Asia.” Despite advances in the treatment of
KS, MCD, and PEL, improved therapeutic modalities are needed,
and in particular for KS in resource-limited regions.

KSHYV produces a highly abundant 1100-nt polyadenylated
nuclear (PAN) IncRNA that interacts with both viral and cellu-
lar factors as a means of dysregulating expression of genes that
modulate the immune response. Given the increased evidence
for multifunctionality of IncRNAs in malignant diseases, mech-
anistic aspects of this understudied species are receiving
increased attention. Deciphering their structure, in combina-
tion with inter- or intramolecular interactions that mediate
their regulatory roles, can be considered the first step in a pro-
gram of developing RNA- targeted therapeutics. KSHV PAN
RNA presents an interesting challenge inasmuch as while the
majority is located in the nucleus, significant levels of this
IncRNA have been detected in the cytoplasm and, to a lesser
extent, in the budding virion>*’ (Fig. 1). Whether extra-nuclear
PAN RNA simply reflects “leakage” or discrete nucleoprotein

complexes with a specific function dictated by their biological
compartment remains to be established. As a first step in this
direction, Sztuba-Solinska et al. have performed a detailed
structural analysis of nuclear, cytoplasmic and virion-associated
KSHV PAN RNA in both the absence and presence of cellular
factors, complementing this with an in vitro analysis of PAN
RNA/protein complexes.”

Verifying biological compartmentalization of PAN

The “gradient” of KSHV PAN IncRNA copy number, vary-
ing from ~500,000 in the nucleus, ~100,000 in the cyto-
plasm and several thousand in the budding virion (Fig. 2),
presented two significant technical challenges, namely (1)
preparing and purifying sufficient amounts of virus for
chemical probing and (2) verifying the integrity of nuclear
and cytoplasmic RNA preparations. The former benefitted
from large scale culture facilities of the AIDS and Cancer
Virus Program, National Cancer Institute, Frederick MD,
where virions were isolated from a 20-liter, sodium buty-
rate-induced culture of KSHV-infected BCBL-1 cells by
continuous flow, sucrose density gradient ultracentrifuga-
tion. The 4-fold difference in MALAT1 IncRNA expression
between cytoplasmic and nuclear fractions assessed via
quantitative RT-PCR, as well as the absence of peak corre-
sponding to tRNA species in nuclear fraction confirmed the
effectiveness of the fractionation.
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Figure 1. Schematic representation of PAN IncRNA distribution and potential roles
in the KSHV lifecycle. Although PAN RNA is considered as primarily a nuclear-asso-
ciated transcript, previous studies indicated its presence in both the cytoplasm
and in virions.>?> PAN RNA has been shown to associate with (a), translating ribo-
somes' (b), histone methylases and demethylases that specifically add and remove
the methyl groups®>> and (c) with various host and viral factors, including ORF57
protein (otherwise referred to as mRNA transcript accumulation factor, or Mta), the
polyadenylate-binding protein 1, (PABPC1), and the latency-associated nuclear
antigen (LANA) >

RNA structure determination by SHAPE-MaP

Applying the chemoenzymatic probing strategy, selective 2’-
hydroxyl acylation analyzed by primer extension and muta-
tional profiling (SHAPE-MaP), a comprehensive insight has
emerged on the modular makeup of PAN RNA. In this tech-
nique, RNA is exposed to an acylating reagent that selectively
modifies unpaired nucleotides,”®*’ after which it is reverse
transcribed under conditions in which modified nucleotides are
likely to produce a mutation at the complementary position in
the cDNA product. cDNA libraries are amplified by PCR and
subjected to deep sequencing on an Illumina system. The col-
lective mutation frequencies at individual nucleotide positions
of the probed RNA, or mutational profile, directly reflect
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Figure 2. Representation of three biological contexts under which KSHV PAN
structure was determined, namely nuclear, cytoplasmic and virion-associated, in
both the absence (ex vivo, ex virio) and presence (in vivo, in virio) of cellular factors,
which can include both nucleic acid and protein.

nucleotide reactivity toward the acylating reagent and therefore
the likelihood that it is single or double stranded. This informa-
tion is used in RNA secondary structure prediction algorithms
to assemble maximum likelihood models of RNA structure.

SHAPE-MaP offers numerous advantages compared to
other RNA probing techniques®®”’). The acylating agent, 1-
methyl-7-nitroisatoic anhydride (1M?7) is cell permeable, allow-
ing the secondary structures of intracellular (or intra- virion)
RNAs to be interrogated. In addition, since the cDNA library
can be amplified using gene- specific primers, the sensitivity of
SHAPE-MaP far exceeds that of other methods. Quantitation
of SHAPE-MaP results is very precise, given the binary nature
of mutagenesis and the fact that mutations can easily be
counted and compared to the total number of sequence reads.
This precision also allows calculation of variability in reactivity
values and, consequently, Shannon entropies, which inversely
correlate with the frequency that an RNA motif is present
among conformers in a population.””*' Regions of RNA
sequence with high Shannon entropies are likely to sample
many different conformations, while those with low Shannon
entropies are expected to exist in a single conformational state.
In general, nucleotides within RNA motifs whose structure is
related to its function are found to have low reactivity values
and Shannon entropies.'”*’

Structural modularity of PAN RNA in various biological
contexts

SHAPE-MaP has allowed Sztuba-Solinska et al,, to provide the
first comprehensive insight into structural modularity of a viral
IncRNA during its “journey” through cellular and viral environ-
ments. The studies revealed that PAN RNA maintains a
branched secondary structure, comprising three domains
(Domains I-III, Fig. 3) independent of the biological context.
The distribution of individual motifs (helices, stems, internal
loops and junctions) correlated well with that estimated for pre-
viously described IncRNAs such as HOTAIR and SRA.**®
Domains I and IIT were the most compact due to extensive
duplex formation, characterized by low SHAPE reactivity and
Shannon entropy, strengthening their functional relevance.
Domain II was characterized by a flexible conformation, which
was proposed to (1), accommodate long-range tertiary interac-
tions (e.g. formation of the ENE triple helix), (2), support more
compact folding in adjacent regions and (3) provide an accessi-
ble “landing pad” for protein interactions. These data are in stark
contrast to transcriptome-wide analysis of messenger RNA
showing that they are rather unstructured inside the cell, likely
due to processing by RNA helicases, single-stranded RNA bind-
ing proteins and other factors that unwind RNAs.** LncRNAs
convey their function mainly through structure, thus it is not
surprising that PAN RNA retains its conformation in all biologi-
cal contexts. Notably, despite PAN sequence heterogeneity noted
among KSHV-positive cell lines (VG-1 and BCBL-1) and Kapo-
si’s sarcoma skin lesions of 15 Zambian patients, the structured
regions of PAN RNA were conserved among patient isolates,
emphasizing their biological importance.

Conformational differences among nuclear, cytoplasmic and
viral PAN RNA were mostly noted for Domain II, and included
helical rearrangements around a six-way junction. None of the
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Figure 3. Architecture of the 1100-nt KSHV PAN IncRNA. The secondary structure
model is color- coded according to SHAPE-MaP reactivity, where red notations pre-
dict single-stranded regions. PAN structure has been arbitrarily depicted as three
independent domains (designated Domain |, Il and Ill), within which the cis-acting
motifs MRE and ENE are indicated. A significant impediment to reverse transcrip-
tion proximal to the ENE was interpreted as a stable tertiary interaction such as
would be predicted by triple helix formation.>'® Modified from.?

changes affected the previously characterized cis-acting motifs
shown to be essential for PAN RNA stability and function, i.e.,
the ENE and MRE. Differences in the native structure of PAN
RNA may originate from posttranscriptional modifications, of
which N6 methyladenosine (m6A) is the most common and
previously shown to affect the structure and function of mRNA
and Inc RNAs.'> At least two potential consensus target
sequences for m6A modification on PAN RNA were identified,
which may be tip of the “epitranscriptome iceberg” that modu-
lates IncRNA structure and function.”

PAN RNA as a scaffold for distinct protein interactions

The interesting finding with respect to PAN RNA functionality
was revealed by difference SHAPE-MaP analysis (ASHAPE-
MaP), which contrasted reactivity values obtained from ex vivo
and ex virio experiments (proteins gently removed, native fold
retained) with those obtained in cellullo and in virio, respec-
tively. Using this strategy Sztuba-Solinska et al. identified dis-
crete protein-RNA contact sites that varied among nuclear,
cytoplasmic and viral fractions. These findings provided addi-
tional layer to PAN RNA structural and functional complexity,
as we now realize this essential viral IncRNA not only retains
its complex conformation, but also provides a scaffold for a
multitude of ribonucleoprotein (RNP) contacts.

Further analysis using in vitro transcribed polyadenylated
PAN RNA and individually expressed KSHV ORFs (a unique col-
lection of proteins that have been cloned, expressed and purified
at the Frederick National Laboratory for Cancer Research)
allowed assignment the identified sites to a selection of protein
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partners.'” One particularly intriguing result indicated that

ORF57, also referred as the mRNA transcript accumulation pro-
tein (MTA), binds at the MRE core and is exclusive to nuclear
PAN. ORF57 is a potent posttranscriptional regulator that exhib-
its predominantly nuclear localization and promotes the expres-
sion of viral genes, including the three major functions of
enhancement of RNA stability, promotion of RNA splicing, and
stimulation of protein translation.'>'* Thus, our finding was con-
sistent with previous studies demonstrating that ORF57 is itself
primarily nuclear, supporting the notion that ORF57-MRE bind-
ing contributes not only to PAN RNA stability,'® but also to
nuclear retention. Consistent with a previously proposed role for
PAN RNA-Latency Associated Nuclear Antigen (LANA) associa-
tion, which promotes dissociation of LANA from viral episome,’
multiple LANA contacts sites were revealed, including a small
hairpin in Domain II, that overlapped with the protein contact
identified only for nuclear PAN RNA. LANA spirally coats the
KSHV episome and host DNA via sequence specific and non-spe-
cific interactions, forming speckles that contain a plethora of cel-
lular molecules.® It has been suggested that the association of
PAN RNA with LANA promotes dissociation of LANA from
viral episome and sequesters the protein during lytic reactivation’
The DNA polymerase processivity factor, ORF59, a cytoplasmic-
nuclear shuttling protein18 was also shown to bind PAN RNA,
and its contact sites overlapped with those detected in cytoplasmic
and nuclear RNA fractions. Finally, minor capsid protein, ORF26
was demonstrated to interact with the ENE, raising the intriguing
notion that this interaction could mediate selective packaging of
PAN RNA into virions. Taking into account the fact that viral
RNA packaging by KSHV'' and murine gammaherpesvirus-69
(MHV-68)* do not correspond to mRNA expression levels in
infected cells, the specific interaction between a structural protein
and a cis-acting motif would distinguish PAN RNA from other
cellular RN As during the assembly process. ASHAPE- MaP anal-
ysis has thus supplied a comprehensive structural and functional
roadmap of PAN RNA that will serve further to decipher the
involvement of this essential viral Inc RNA in molecular processes
that govern KSHV pathogenesis.

Outlook

Structural analysis of RNA has without doubt benefitted
immensely from improved and simplified methods of chemo-
enzymatic probing. However, most studies have been restricted
to RNAs derived by in vitro transcription, revealing minimal
information on the dynamics of RNA and cellular factors with
which they interact. For KSHV PAN, a central player in lytic
infection, its presence in multiple biological compartments pro-
vides a formidable challenge to structural analysis and at the
same time the opportunity to assess topological alterations this
IncRNA undergoes as it transits from the nucleus to the bud-
ding virion. Several important questions arise immediately
from our study. For example, is there a structurally “privileged”
PAN RNA subset that is packaged into the virion? Given the
importance of posttranscriptional modification, does this play a
role in PAN RNA localization? Lastly, the structural modularity
noted for PAN RNA in different biological environments is
based on 2-dimensional “connectivity” maps and does not shed
light on long-range interactions that might be intimately
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related to PAN function. We see the present work as providing
a baseline for such future work.

In addition to highlighting protein binding sites in these bio-
logical compartments, we have also taken advantage of the col-
lection of purified KSHV ORFs (curated by AIDS and Cancer
Virus Program of the National Cancer Institute) to define bind-
ing sites of a subset of these to an in vitro transcribed version of
PAN." This could be particularly relevant for the capsid protein,
ORF26, encoded by a late lytic gene. The demonstration that
OREF26 localizes to the ENE may provide a therapeutic opportu-
nity by destabilizing this interaction. Although the mechanistic
basis remains to be established, small molecule microarray
screening against PAN RNA triple helix has revealed a small
molecule that induces lytic reactivation of KSHV following bind-
ing to the ENE, raising the possibility that the interaction with
ORF26 is compromised (Sztuba-Solinska et al., manuscript in
preparation). Targeting the PAN ENE triple helix will allow
combinations of lytic activating agents and late lytic cycle inhibi-
tors to be explored as a KSHV “kick-and-kill” strategy.’
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