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Abstract
Non-coding RNA 886 is a novel regulator of viral dSRNA sensors
By Brenda Milagros Calderon

The innate immune response acts as a critical first line of defense against viral
pathogens. Pattern recognition receptors on the cell surface and in the cytosol detect
pathogen-associated molecular patterns and initiate signaling cascades to halt viral
replication and establish an antiviral state. The double-stranded RNA-activated protein
kinase (PKR) and the 2°-5’-oligoadenylate synthetases (OASes) sense dsSRNA in the
cytosol, a potent signal of viral infection, and limit viral replication through translational
control. The central importance of PKR and OASI is highlighted by the abundance of
viral strategies to inhibit their actions. The accurate discrimination of self from non-self is
essential for normal cell function. Aberrant detection of self nucleic acids can lead to
autoimmune disorders and improper activation of these sensors can contribute to human
diseases including cancer. Thus, precise regulation of these sensors is required for proper
cell function.

In this dissertation, the molecular mechanisms of PKR and OAS1 regulation by a
cellular non-coding RNA, nc886, are investigated. Structural and biochemical studies
reveal that nc886 adopts two stable conformations with stark differences in their
functions towards PKR and OAS1. nc886 conformers differ structurally in their apical
region with Conformer 1 adopting a unique tertiary structure. The presence of this
structural motif confers high affinity PKR-binding and potent inhibition of PKR and its
downstream activity on translation initiation factor 2. In contrast, Conformer 2 is a weak
activator of PKR. Both conformers activate OASI, but only Conformer 1 is capable of
potent activation in vitro and in A549 cells. Functional analysis of various nc886 deletion
variants reveals that PKR and OAS1 share overlapping, but distinct, requirements for
nc886-mediated regulation and suggests they compete for binding. We present a model
for nc886-mediated regulation of basal PKR activity in uninfected cells and propose that
during infection nc886 activates OAS]1 to stimulate the immune response. Finally, using
growth arrest-specific 5 (Gas5), a long intergenic ncRNA, we demonstrate potential
ncRNA-mediated regulation of immune sensors in response to diverse cell needs.
Detailed knowledge of the cellular regulation of these sensors is essential for the
development of therapeutic approaches to enhance or suppress the immune system.
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Chapter 1

Introduction

1.1 The innate immune response to viral infections
The innate immune system acts as the first line of defense against invading pathogens and
is crucial for host survival. Unlike adaptive immunity, this system confers resistance to a
broad set of pathogens and acts during initial exposure. Pattern recognition receptors
(PRRs) on the cell surface and in the cytosol of immune and non-immune cells recognize
pathogen-associated molecular patterns (PAMPs), such as viral coat proteins and nucleic
acids. Upon activation, these receptors initiate signaling cascades that ultimately limit
viral replication and prime neighboring cells to respond similarly by inducing a
heightened antiviral state.

A key function of cellular PRRs is to induce the production of Type I Interferon
(IFN), a family of cytokines that are secreted and can act in an autocrine or paracrine
manner (1-3). IFNs are classified by the receptor complex to which they bind but all
signal through the Janus kinase-signal transducer and activator of transcription (JAK-
STAT) signaling pathway (4). Type I IFN is the largest class of IFNs and nearly every
cell type can produce two members, IFN-o and INF-f. Type I IFNs bind to the IFN-
alpha/beta receptor 1 and 2 (IFNAR1/2) at the cell surface (Figure 1.1). The intracellular
domains of these receptors are normally bound by the tyrosine kinases Janus kinase 1
(JAK1) and tyrosine kinase 2 (TYK?2) in an inactive conformation (5). IFN binding-

induced conformational changes bring the cytoplasmic chains into close proximity



facilitating the transphosphorylation and activation of JAK1 and TYK2 (6). The activated
kinases phosphorylate IFNAR1/2 on cytoplasmic tyrosine residues, promoting
recruitment of the STAT proteins STAT1 and STAT2 via Src homology 2 domain
interactions (7-9). STATs are subsequently phosphorylated and released from the
receptor (9, 10). Phosphorylation stimulates STAT1/2 heterodimerization and recruitment
of IFN regulatory factor 9 (IRF-9) (11). This trimeric complex is then translocated to the
nucleus where it binds to DNA at IFN-stimulated response elements (ISRE) upstream of
IFN-stimulated genes (ISGs), leading to the expression of thousands of genes with
diverse antiviral effector functions (12-14). Proteins encoded by ISGs protect cells
against viral infection by limiting virus entry, replication, and assembly through direct
activity on viral components or through inhibition of core cellular processes (15). Type I
IFNs can also initiate the process of adaptive immunity through recruitment of immune

cells to the site of infection (16).

1.2 Nucleic acid sensing in innate immunity

Viruses propagate inside host cells, thus making nucleic acids an important PAMP and
nucleic acid sensing the dominant antiviral defense pathway in vertebrates (17, 18). Many
PRRs in innate immunity detect foreign nucleic acids in endosomes and in the cytosol
with some redundancy in their nucleic acid recognition and downstream signaling
pathways. These nucleic acid sensing receptors fall into two categories: receptors that
directly or indirectly induce immune responses through transcription factors and
cytokines, and receptors that have direct antiviral activities.

The receptors stimulated by nucleic acids to induce downstream innate immune



responses consist of the family of Toll-like receptors (TLR) including TLR3, TLR7,
TLRS, and TLRY; absent in melanoma 2 (AIM2); the cyclic GMP-AMP synthase
(cGAS); and the RIG-I like receptors including retinoic acid-inducible gene I (RIG-I),
melanoma differentiation-associated gene 5 (MDAS), and laboratory of genetics and
physiology 2 (LGP2). DNA in the endosomes of immune cells is detected by TLR9,
which recognizes unmethylated CpG motifs, resulting in TLR9 dimerization and
activation (19-21). Active TLR9 induces Type I IFN through recruitment of the adaptor
protein myeloid differentiation primary response protein 88 (MYDS88) and the
transcription factor IFN regulatory factor 7 (IRF-7) (22). DNA, which is not normally
found in the cytosol and is thus a potent indicator of infection, is detected by AIM2 and
cGAS. AIM2 senses cytoplasmic dsDNA through its hematopoietic interferon-inducible
nuclear antigens with a 200-amino-acid repeat (HIN) domain and interacts with the
adaptor molecule apoptosis-associated speck-like protein containing a Caspase activation
and recruitment domain (CARD) (ASC) through its pyrin domain (23-25). The AIM2-
ASC complex drives formation of inflammasomes and recruits caspase-1, resulting in the
release of the pro-inflammatory cytokine interleukin-1 beta (IL-1B) (26, 27). cGAS on the
other hand, synthesizes 2’-5’-cyclic guanosine monophosphate-adenosine
monophosphate (cGAMP) in response to dsDNA (28-30). This second messenger then
activates the mitochondrial adaptor protein stimulator of interferon genes (STING)
leading to production of Type I IFN through the transcription factor IRF-3 (31-33).
While DNA sensing is an important component of innate immunity, detection of
RNA, and specifically double-stranded RNA (dsRNA), is crucial (Figure 1.2). dsRNA is

produced as a consequence of RNA virus genome replication, transcription from RNA



viruses, overlapping convergent transcription from DNA viruses, or secondary structures
formed by viral RNA or RNA virus genomes. dsSRNA thus serves as a PAMP for
detecting both DNA and RNA viruses. In the endosomes of immune cells, dSRNA and
ssRNA is detected by TLR3 and TLR7/TLRS, respectively, and these receptors induce
production of Type I IFN and IL-1p through pathways shared with TLR9 (34-37). In the
cytosol, dsSRNA is detected by the RNA helicases RIG-I, MDAS, and LGP2. In response
to dsRNA, RIG-I and MDAS activate their shared signaling adaptor molecule, the
mitochondrial antiviral signaling protein (MAVS), through interaction of CARD domains
on each protein (38, 39). LGP2 also activates MAVS in response to dsSRNA, despite
lacking a CARD domain, through interactions with MDAS (40, 41). Activation of MAVS
recruits tumor necrosis factor (TNF) receptor-associated factors (TRAF) 2, 5 and 6, and
leads to production of Type I IFN through activation of IRF-3/IRF-7, and can also induce
apoptosis through activation of caspase-8 (40-44).

The second class of nucleic acid sensing receptors possesses direct antiviral
activities, although they may also induce immune responses indirectly. These include the
adenosine deaminase acting on RNA 1 (ADARI1), the double-stranded RNA-activated
protein kinase (PKR), and the 2°-5’-oligoadenylate synthetase family of enzymes (OAS)
of the OAS/ ribonuclease L (RNase L) pathway. These receptors detect cytosolic dSRNA,
a potent signal of viral infection, and act directly on the RNA to prevent viral replication.
ADARI binds to dsRNA and catalyzes the conversion of adenosine to inosine through a
deamination reaction, thus disrupting normal A:U pairing and causing destabilization of
the RNA (45-49). The RNA editing function of ADARI can be both antiviral by

inhibiting viral replication and pro-viral by reducing recognition of long dsRNA by other



dsRNA sensors (50). PKR and OAS are also activated by dsRNA-binding and halt viral
replication through distinct translational control mechanisms (51). As described further in
Section 1.4, PKR is a kinase that targets the translation initiation factor 2 alpha subunit
(eIF2a), halting protein synthesis through a block in translation initiation (52-56). OAS,
on the other hand, inhibits viral protein synthesis by activating RNase L to degrade viral

RNA (57-61), as described in more detail in Section 1.5.

1.3 Discriminating self from non-self in innate immunity

Nucleic acid sensors play a critical role in the detection of viral infection and must be
broad in order to detect nucleic acids from a diverse range of viral pathogens. However,
they must also be sufficiently specialized to avoid the incorrect detection of host cellular
nucleic acids as foreign. This is achieved by exploiting both the aberrant location of
nucleic acids and the absence of features present in nucleic acids of cellular origins (62,
63). The aberrant presence of DNA in endosomes or in the cytoplasm is a potent signal of
infection and is detected by TLR9, and AIM2/cGAS, respectively. Furthermore, DNA
modifications such as CpG methylation can be used to distinguish host DNA from
bacterial and viral DNA (27). Long stretches of dsRNA are not typically found in
cellular RNAs and can thus signal infection when detected in endosomes or in the
cytoplasm by TLR3, MDAS, and PKR. As cellular RNAs are transcribed and processed
in the nucleus, unprocessed RNA features can distinguish viral RNAs from host cell
nucleic acids. These features can include a 5’-triphosphate that in cellular mRNAs is
replaced with a 7-methylguanosine cap, modifications such as methylation of the 2’-

hydroxyl groups of the ribose sugar, and incorporation of modified nucleosides such as



pseudouridine (64). RIG-I, for example, detects dSRNA with 5 di- and triphosphates and
capped dsRNA lacking 2’-O-methylation (44, 65). Modifications such as ribose 2’-O-
methylation and incorporation of modified nucleosides abrogate the ability of dsSRNA to
activate sensors such as TLRs, RIG-I, and PKR (66-70). However, some viruses express
cap analogues, such as the VPg protein that is covalently linked to the 5’-end of viral
RNA in a number of RNA viruses, while others acquire their 5’ caps through “cap
snatching” from host nuclear mRNAs. Alternatively, some viruses encode their own
phosphatases to remove the 5’-triphosphate or methyltransferases to directly alter their
RNAs to appear more host-like (71, 72).

Recently, the RNA editing function of ADAR1 was shown to be crucial in
preventing self-dsRNA recognition (73). ADARI deletion in uninfected cells was shown
to be lethal but could be rescued by the additional deletion of RNase L, the ribonuclease
that degrades cellular and viral RNA in response to activation by the dsSRNA sensor OAS
(73, 74). ADARI is thus required to edit and destabilize otherwise activating cellular
dsRNA. Loss of this protein results in accumulation of self-dsRNA that is recognized by
OAS leading to the production of 2’-5’-oligoadenylate (2-5A) second messengers, RNase
L activation, rRNA cleavage, and cell death, all in the absence of exogenous dsRNA (73).
Mutations in the ADARI gene have also been previously shown to cause the autoimmune
disorder Aicardi-Goutieres syndrome (AGS) and to mirror Adarl mouse gene knockout
(75). Taken together, these data suggest that ADAR1 limits the cytoplasmic accumulation
of dsRNA and thus prevents recognition of endogenous RNA by nucleic acid sensors of
the innate immune response. Accumulation of self-DNA and self-DNA/RNA hybrids

have already been implicated in autoimmune disorders such as AGS, due to loss of



proteins, such as the DNase TREX1 and the RNase H2, that clear these species and
prevent them from activating the innate immune response (76, 77). These findings
highlight the critical role nucleic acid sensors play in the accurate detection of viruses and
also demonstrate how aberrant function of these sensors can cause or contribute to
autoimmune disorders. Finally, these findings emphasize that endogenous nucleic acids
are not so different from those of viral origins, instead, host cells have a multitude of
factors working together to mask activating features and the precise regulation of these

factors is crucial for proper cell function.

1.4 Translational control by PKR

1.4.1 PKR cellular function

PKR is a member of the e[F2a kinase family that also consists of PKR-like endoplasmic
reticulum kinase (PERK), general control non-derepressible protein 2 (GCN2), and
heme-regulated inhibitor (HRI). Members of this family respond to different stimuli and
halt general translation through phosphorylation of elF2a as part of the integrated stress
response (78). PKR is ubiquitously expressed in human cells, although its expression is
also stimulated by IFN. PKR is a 551 amino acid protein that contains an N-terminal
dsRNA-binding domain (dsRBD) composed of tandem dsRNA-binding motifs (dSRBMs)
and a C-terminal kinase domain (Figure 1.3A). PKR activation occurs through RNA-
mediated dimerization and autophosphorylation (79-82) (Figure 1.3B). RNA recognition
is primarily conferred by the dsSRBMs, which interact with the 2’-hydroxyl group in the
minor groove of A-form helix dsRNA, thus making RNA recognition by PKR sequence-

independent (81, 83). PKR dimerization is low-affinity thus binding to dSRNA via the



dsRBDs on separate PKR monomers promotes PKR dimerization and
autophosphorylation (80, 84). This places a minimum length requirement of 30 bp of
dsRNA for activation (85). RNA-mediated dimerization leads to the critical
autophosphorylation of Threonine 446 in the activation loop of the kinase, although other
Serine/Threonine residues in the protein can also be phosphorylated (86). Activated PKR
can then phosphorylate its cellular target eIF2a on Serine 51 (87, 88). elF2 is composed
of the three subunits a,  and y and functions in translation initiation by binding to
methionyl initiator tRNA (Met-tRNAi) in a GTP-dependent manner to form a ternary
preinitiation complex that delivers the Met-tRNAI to the small 40S ribosomal subunit
(89). Phosphorylated elF2a has greater affinity for its guanine nucleotide exchange factor
elF2B than unphosphorylated elF2a. Due to the relatively low abundance of elF2B, this
non-productive sequestering of eIF2B effectively halts GDP/GTP recycling on elF2a and
results in inhibition of general translation (90) (Figure 1.3C). However, this process
allows for the specific translation of stress response genes, which are normally not
translated due to the presence of upstream open reading frames (WORF): at high levels of
phosphorylated elF20 many ribosomal subunits fail to initiate at the uORFS and thus can
scan to reach the real start codons (91, 92). PKR activation thus allows for inhibition of
viral protein synthesis while allowing the cell to recover through initiation of the
integrated stress response. Continued stimulation of PKR eventually leads to cell death
due to the enhanced expression of the pro-apoptotic C/EBP homologous protein (CHOP)
(93).

In addition to viral dsSRNA activation of PKR during infection, specific cellular

RNAs and proteins can also activate the kinase, including interferon-gamma (IFN-y)



mRNA, cytoskeletal mRNAs, Inverted Alu repeat-containing RNAs, and the protein
interferon-inducible double-stranded RNA-dependent protein kinase activator A (PACT)
(94-97). This endogenous PKR activation is a result of the many roles PKR plays outside
of innate immunity including regulation of gene expression, cell differentiation, cell
proliferation, and other stress responses (98). Thus, tight regulation of PKR activity is
required to regulate these cellular activities and achieve accurate detection of foreign

nucleic acids while preventing spurious activation that would be deleterious to the cell.

1.4.2 Strategies viruses employ to evade activation of PKR

PKR’s critical role in innate immunity is highlighted by the abundance of viral encoded
genes targeting every step of PKR function. These include proteins that bind to dSRNA
and prevent detection by PKR including the NS1 protein produced by Influenza A virus,
US11 produced by Herpes Simplex virus, E3L produced by Vaccinia virus, VP35
produced by Ebola virus, TRS1 produced by human cytomegalovirus, and the sigma 3
outer capsid protein of reoviruses (99-104). Another distinct mechanism involves the
production of competitive inhibitors of PKR such as the viral non-coding RNAs VA
RNA/VA RNAj and EBER-1 produced by Adenovirus and Epstein-Barr virus,
respectively. These small viral non-coding RNAs bind to PKR with high-affinity (mid-
nanomolar range for VA RNA; and EBER-1) and prevent PKR dimerization thus
sequestering the protein and preventing it from binding other viral dsSRNA (105-108).
While activating dsRNA also binds PKR with nanomolar affinity, autophosphorylation of
PKR reduces its affinity for RNA, thus allowing for the release of RNA after kinase

phosphorylation (109). There are also several viral proteins that bind to PKR and prevent
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it from binding to and phosphorylating its cellular target eIF2a. Vaccinia virus produces
the K3L protein, which shares homology with elF2a and thus acts as a pseudosubstrate
for PKR (110, 111). Similarly, Hepatitis C virus encodes a nonstructural protein, NS5A,
that binds to PKR and prevents dimerization, and an envelope protein, E2, that contains a
sequence identical to the phosphorylation site on elF2a thus allowing it to bind to and
inhibit PKR activity (112, 113). Furthermore, some viral factors can induce the
dephosphorylation of elF2a through recruitment of the cellular protein phosphatase 1a
(PPla). These include the E6 protein produced by Human Papilloma virus which
associates with the GADD34/PP1a holophosphatase complex, and IC-34.5 produced by
Herpes Simplex virus which is homologous to GADD34 and directly binds PP1la (114,
115). Some viruses can even induce PKR degradation, including Rift Valley virus which
uses its non-structural proteins to bind the host F-box protein FBXW11, leading to
assembly of Cullin-RING E3 ligases that target PKR for ubiquitination and subsequent
proteosomal degradation (116). Moreover, some viruses can bypass the PKR/elF2a
pathway activation altogether. For example, Sindbis virus uses a hairpin loop structure in
its viral 26S mRNA to initiate translation on the 40S ribosome in the absence of elF2
(117). Poliovirus is also able to switch to an elF2-independent mechanism of translation
which uses a cleavage fragment of elF5B produced by the viral 3C proteinase (118).
Through this variety of mechanisms, viruses can neutralize PKR antiviral activity and

thus continue to replicate.

1.5 Viral RNA degradation by the OAS/RNase L pathway

1.5.1 OAS/RNase L cellular functions
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The OAS family of enzymes are nucleotidyl transferases that catalyze the synthesis of 2’-
5’-linked oligoadenylate (2-5A) from adenosine triphosphate (ATP) (119). This family
consists of four Type I IFN-inducible genes: the catalytically active OAS1, OAS2,
OAS3, and the catalytically inactive OAS-like protein (OASL) (120) (Figure 1.4A).
These genes in humans are expressed as the isoforms p42/p46 for OAS1, p69/p70 for
OAS2, and p100 for OAS3 (121). OAS1, OAS2, and OAS3 differ by the number of OAS
units, polymerase beta-like nucleotidyl transferase domains, present in each protein.
However, in each protein only the C-terminal OAS unit is catalytically active (122, 123).
OASL exists as a single isoform p59 and contains two ubiquitin-like (UBL) domains, in
addition to a catalytically inactive OAS domain (124) (Figure 1.4A).

Unlike other dsRNA-binding proteins, the OAS proteins do not possess dsSRNA-
binding domains or other recognizable RNA recognition motifs. Instead, OAS proteins
interact with dsSRNA through patches of positive residues on the protein surface, and the
presence of additional domains in OAS2 and OAS3 confer specificity for longer dSRNA
(58, 125). The crystal structure of human OAS1 bound to dsRNA revealed that OAS1
contains two dsRNA-binding sites that recognize two adjacent minor grooves, making the
minimum dsRNA length requirement 17 bp. (58). Small-angle X-ray scattering analysis
of human OAS3 suggested that OAS3 adopts a non-spherical, elongated shape (126). The
crystal structure and biochemical analyses of the human OAS3 catalytically-inactive
domain I, demonstrated that this domain serves as an essential dsSRNA-binding module,
and thus places a minimum length requirement of 50 bp of dsSRNA for OAS3 due to the
placement of its RNA-binding and catalytic domains at opposite ends of the protein (58,

127). While nucleic acid sensors recognize dsRNA in a sequence-independent manner,
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OASI has been shown to recognize a consensus sequence motif (WWNoWG; where W is
A or U) (128). This sequence strongly promotes OAST1 activation by short RNAs and is
present in viral RNA activators of OASI, including the Adenovirus non-coding RNAs
VA RNA; and VA RNAj (129). The structure of OAS1 in complex with an 18 bp dsRNA
containing a consensus sequence motif revealed a single direct contact between OAS1
and dsRNA, made to the G residue of the WWNyWG motif (58). Another recently
identified RNA feature important for OAS1 activation is the 3’-single-stranded
pyrimidine motif (3’-ssPy), which dramatically affects the level of OAS1 activation in
simple duplex dsRNA and in the viral non-coding RNAs VA RNA; and EBER-1 (130).
Activation of OAS1, OAS2, and OAS3 is mediated by dsRNA-binding, although
the mechanistic details are only known for OAS1 and OAS3. In OASI, binding of
dsRNA induces a conformational rearrangement in the N-terminal lobe that brings
residues D75, D77, and D148 into proximity to coordinate binding of two Mg*" ions and
ATP (58) (Figure 1.4B, inset). This results in a more than 20,000-fold increase in 2-5A
synthesis activity in response to dsSRNA-binding (58). The 2-5A in turn serves as a
second messenger for the ubiquitously expressed, and Type 1 IFN-stimulated, latent
ribonuclease RNase L, inducing dimerization and subsequent activation (131, 132).
Specifically, 2-5A interacts with the ankyrin (ANK) domain repeats 1-4 on one RNase L
monomer and ANK domain repeat 9 of another RNase L monomer, thus facilitating
dimerization (57, 132) (Figure 1.4B). Active RNase L cleaves single-stranded loops
within double-stranded RNA and, in addition to cleaving viral RNA, can also cleave
cellular RNAs including ribosomal RNA (rRNA) and specific messenger RNA (mRNA)

transcripts involved in cell proliferation and adhesion (133-135). Activation of the
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OAS/RNase L pathway establishes an antiviral state in several ways including inhibition
of protein synthesis by degradation of viral RNA, cleavage of specific mRNAs resulting
in an anti-proliferative state, and the degradation of rRNA leading to ribosome stalling,
and eventually apoptosis (74, 133) (Figure 1.4B). Furthermore, RNase L cleavage
products can further elicit induction of Type 1 IFN by serving as activating RNAs for the
sensors RIG-I and MDAS (136, 137). OASL, while catalytically inactive, still binds
dsRNA and exerts antiviral activity through an interaction with RIG-I that results in IFN

production (138, 139).

1.5.2 Strategies viruses employ to evade the OAS/RNase L pathway

For efficient replication, viruses must employ mechanisms to halt OAS/RNase L function
in the host cell. The same viral dsSRNA-binding proteins used to sequester activating
nucleic acids away from PKR are used against OAS. Such strategies include the NS1
protein produced by Influenza A virus, US11 produced by Herpes Simplex virus, E3L
produced by Vaccinia virus, VP35 produced by Ebola virus, TRS1 produced by human
cytomegalovirus, and the sigma 3 outer capsid protein of reoviruses (99-104). Viruses
also produce proteins that bind to OAS1 thus competing with dsSRNA for binding, such as
the Hepatitis C virus non-structural protein NS5A that binds to OAS at a site distinct
from its PKR-binding domain (140). As noted above, activation of RNase L is mediated
by 2-5A-induced dimerization. Thus, RNase L activity can be inhibited by the
degradation of 2-5A by viral phosphodiesterases that degrade this second messenger into
ATP and AMP (141). Such phosphodiesterases include mouse Hepatitis virus protein

NS2 and rotavirus encoded core protein VP3 (142, 143). Furthermore, some viruses
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encode 2-5A analogs that compete for RNase L binding. For example, HSV-1 and HSV-2
produce viral 2-5A analogs that bind and very weakly activate RNase L, thus leading to a
significant decrease in RNase L-mediated RNA cleavage (144). Simian virus 40 and
Vaccinia virus also produce analogs of 2-5A, but the structural details and mechanism of
action of these molecules are unknown (145, 146). Some viruses also encode proteins
that bind directly to RNase L and inhibit activity, such as the L* accessory protein
encoded by Thelier’s murine encephalomyelitis (TMEV) (147). Additionally, some
viruses can bypass the OAS/RNase L pathway activation altogether such as poliovirus
which contains a highly structured hairpin in its 3C protein coding region that is RNase L
cleavage resistant thus allowing it to persist despite activation of this pathway in cells

(148).

1.6 Non-coding RNA 886

The cellular non-coding RNA 886 (nc886) is a 101 nucleotide RNA Polymerase 11
transcript that is ubiquitously expressed in human cells (149-152). While nc886 is
expressed to high levels in the cytoplasm of normal cells and tissues, its expression was
found to be downregulated in small-cell lung carcinoma and this loss correlated with
increased PKR activity as measured by PKR and elF2a phosphorylation (149). While
PKR functions in an anti-proliferative manner during infection through translation
inhibition, activation of PKR in other cell contexts can lead to the activation of NF-«B,
thus functioning in a proliferative manner (153, 154). nc886 expression was further
shown to be downregulated or absent in many other types of cancers (155). Specifically,

epigenetic silencing of nc886 expression by CpG DNA methylation at the gene promoter
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was observed in esophageal squamous-cell carcinoma, small-cell lung cancer, gastric
cancer, and acute myeloid leukemia (156-158). Furthermore, knockdown of nc886 RNA
in non-cancer derived cells using small interfering RNAs (siRNA) led to the
phosphorylation of PKR in the absence of exogenous RNA, suggesting a potential role
for nc886 as a negative regulator of basal PKR activity (159). Downstream activation of
NF-«B was also observed in response to deletion of nc886 (156). Importantly, these data
support the existence of unknown cellular activators of PKR, further highlighting the
need for tight regulation of PKR activity for proper cell function. PKR and nc886 were
shown to interact through complementary in vitro immunoprecipitation assays using cell
extracts and pull down with PKR or pull down with biotinylated nc886 RNA (149). The
interaction between nc886 and PKR was further probed using purified components and
electrophoretic mobility shift assays (EMSA). While direct binding was clearly
established, analysis of these data were complicated by the observation that nc886
adopted two different conformers which could be seen as separate bands by native
polyacrylamide gel electrophoresis (PAGE) (160). Despite this limitation, however, all
subsequent investigations were carried out using a mixture of the conformers and thus
failed to clearly define the contributions of each. The lack of structural details of these
two forms of nc886 and any potential functional differences between them therefore

represent a big gap in our understanding of nc886-mediated PKR regulation.

1.7 Research questions addressed by this work
While the role of nc886 in the cellular regulation of PKR activity was investigated in

cells, this work centered on the role PKR plays in cell proliferation and focused
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specifically on cancer cells (156-159, 161, 162). None of the studies addressed how
nc886-mediated PKR regulation affects its main role as a nucleic acid sensor in innate
immunity. Furthermore, published studies on the interaction between nc886 and PKR
used a mixture of nc886 conformers without addressing if they were functionally
equivalent. We set out to isolate and separately dissect the nc886 conformers for their
function towards PKR. We approach this work first through the isolation of nc886
conformers by native PAGE purification and the determination of their secondary
structures using chemical probing methods. In Chapter 2, we define the structural
identities of the two forms of nc886 and the functional consequences of these differences
towards PKR. We find that not only are these forms not functionally equivalent, they
actually have opposing functions towards PKR. In Chapter 3, we address the question of
whether nc886 can also regulate OASI activity as many of the RNAs that interact with
PKR and OASI are shared. To our surprise, one nc886 conformer potently activates
OASI1 both in vitro and in human A549 cells. This raises the question of why nc886
would regulate PKR and OAS1 in opposing manners. We propose a model where nc886
can mediate cross talk between these two arms of the innate immune response, discussed
in Chapter 4. In uninfected cells nc886 binds to and inhibits basal PKR activity, which is
supported by the current literature. During infection, displacement of nc886 by viral
dsRNA would allow it to be free to bind to and activate OAS1, resulting in an amplified
immune response. We expand our studies of cellular non-coding RNA-mediated
regulation of innate immune sensors in Appendix 1 to include a long intergenic non-
coding RNA (lincRNA), growth arrest-specific 5 (Gas5), and demonstrate its ability to

activate PKR in vitro and in HEK293T cells. Gas5-mediated PKR activation supports the



17

idea that other non-coding RNAs may regulate these dsSRNA sensors for specific cellular
needs. This work highlights the expanding roles for non-coding RNAs in various cell

functions and illustrates the importance of RNA structures to these functions.
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Figure 1.1 Type I Interferon (IFN) signaling cascade. Type I IFNs signal through IFN-
alpha/beta receptors 1 and 2 (IFNAR1/2). Binding of IFN to these receptors induces
conformational changes that trigger the transphosphorylation of pre-associated Janus
Kinase 1 (JAK1) and Tyrosine Kinase 2 (TYK?2). These activated kinases then
phosphorylate tyrosine residues on the receptors leading to the recruitment of the signal
transducers and activators of transcription 1 and 2 (STAT1/2), which are also
phosphorylated by the tyrosine kinases. Phosphorylated STATs are released and form
heterodimers that recruit IFN regulatory factor 9 (IRF-9). This trimeric complex can
translocate to the nucleus and induce genes that are under the control of IFN-stimulated

response elements (ISRE).
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Figure 1.2 RNA sensing in innate immunity. RNA in the endosomes is detected by the
Toll-like receptors (TLR) 2,7 and 8. RNA in the cytoplasm is detected by retinoic acid-
inducible gene 1 (RIG-I), melanoma differentiation-associated gene 5 (MDAS),
laboratory of genetics and physiology 2 (LGP2), adenosine deaminase acting on RNA 1
(ADAR1), dsRNA-activated protein kinase (PKR), and 2°-5’-oligadenylate synthetase
(OAS). These sensors can induce Type I IFN and a subset of ISGs directly or indirectly
through shared adaptor proteins such as TIR-domain-containing adapter-inducing
interferon beta (TRIF), myeloid differentiation primary response protein 88 (MYD88),
and mitochondrial antiviral signaling protein (MAVS), which in turn activate the
transcription factors I[FN-regulatory factors 3 and 7 (IFR3/7). PKR, OAS and ADARI,
however, directly act on viral RNAs to inhibit viral replication through translational

control or RNA editing.
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Figure 1.3 Structure and function of the double-stranded RNA-activated protein
kinase (PKR). A. Human PKR is a 551 amino acid protein kinase composed of tandem
N-terminal dsRNA-binding motifs (ISRBM) and a C-terminal Serine/Threonine Protein
Kinase (Ser/Thr PK) domain. B. PKR has low self-affinity in the absence of dSRNA and
remains inactive in uninfected cells allowing for general translation. During viral
infection, binding of viral dSRNA induces PKR dimerization and autophosphorylation
yielding the active enzyme that can inhibit general translation through the
phosphorylation of the eukaryotic translation initiation factor 2 (eIF2) « subunit. C. elF2
functions in translation initiation by binding to Met-tRNA1 in a GTP-dependent manner.
After GTP hydrolysis, e[F2-GDP can be recycled through the action of its guanine

nucleotide exchange factor eIF2B. Phosphorylation of eIF2 o« increases the affinity for

elF2B, which sequesters elF2B and prevents recycling, thus blocking general translation.
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Figure 1.4 Structure and function of the 2’-5’-oligoadenylate synthetase (OAS)
family. A. The human OAS family consists of three catalytically active enzymes (OAS1-
3) that differ in the number of OAS units, and a catalytically inactive OAS-like (OASL)
protein. Only the C-terminal OAS unit is active in each enzyme (shown in salmon);
inactive OAS domains are shown in gray. The latent ribonuclease (RNase L) acts
downstream of OAS1-3. The N-terminus of RNase L consists of 9 ankaryin (ANK)
repeats which bind the 2°-5’-oligoadenylate (2-5A) synthesized by OAS and its C-
terminus contains a catalytically inactive Protein Kinase (PKL) domain and a
ribonuclease KEN domain. B. OAS is activated by dsRNA-binding, which induces a
conformational rearrangement and brings residues D75, D77 and D148 into proximity to
form the catalytic triad to coordinate two Mg ions and ATP (PDB= 4IG8). Active OAS
synthesizes 2-5A second messengers from ATP, which induce RNase L dimerization and

activation. RNase L degrades viral and cellular RNA to block viral replication.
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Chapter 2

Human noncoding RNA 886 (nc886) adopts two structurally distinct conformers
that are functionally opposing regulators of PKR
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2.1 Abstract

The double-stranded RNA (dsRNA)-activated protein kinase (PKR) senses dsSRNA
produced during viral infection and halts cellular protein synthesis to block viral
replication. How basal PKR activity is controlled in the absence of infection was unclear
until the recent identification of a potential endogenous regulator, the cellular noncoding
RNA 886 (nc886). However, nc886 adopts two distinct conformations for which the
structural details and potential functional differences remain unclear. Here, we isolated
and separately dissected the function of each form of nc886 to more clearly define the
molecular mechanism of nc886-mediated PKR inhibition. We show that nc886 adopts
two stable, noninterconverting RNA conformers that are functionally nonequivalent using
complementary RNA structure probing and mutational analyses combined with PKR

binding and activity assays. One conformer acts as a potent inhibitor, while the other is a
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pseudoinhibitor capable of weakly activating the kinase. We mapped the nc886 region
necessary for high affinity binding and potent inhibition of PKR to an apical stem—loop
structure present in only one conformer of the RNA. This structural feature is not only
critical for inhibiting PKR autophosphorylation, but also the phosphorylation of its
cellular substrate, the eukaryotic translation initiation factor 2a subunit. The
identification of different activities of the nc886 conformers suggests a potential
mechanism for producing a gradient of PKR regulation within the cell and reveals a way
by which a cellular noncoding RNA can mask or present a structural feature to PKR for

inhibition.

2.2 Introduction

The innate immune response is an intrinsic cellular system that serves as the first defense
against pathogens (1, 2). Pattern recognition receptors (PRRs) on the cell surface and in
the cytosol detect pathogen-associated molecular patterns, such as viral proteins and
nucleic acids, and initiate signaling cascades to prevent viral replication and to establish
an antiviral state (3-5). One critical PRR is the double-stranded RNA (dsRNA)-activated
protein kinase (PKR), which senses dsRNA in the cytoplasm and halts protein synthesis
(4, 6, 7). Binding of viral dsSRNA promotes PKR dimerization and autophosphorylation,
activating the kinase to phosphorylate its substrate, the eukaryotic translation initiation
factor 2a subunit (eIF2a) on serine 51. Phosphorylation increases elF2 affinity for its
guanine nucleotide exchange factor elF2B and thus sequesters the protein complex,
effectively halting recycling of elF2 to a GTP-bound form (8). As a result, general

translation is attenuated, blocking viral replication while permitting enhanced translation
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of specific transcripts including stress response genes (9).

The central importance of PKR to innate immunity is highlighted by the diverse
array of mechanisms viruses have evolved to subvert this pathway (10-12). Due to its
ubiquitous expression and functional roles outside of innate immunity, PKR activity must
be tightly regulated so that it can recognize viral RNA, but not be spuriously activated by
cellular RNA. Studies on the proliferative role of PKR in cancer cells recently led to the
discovery of a potential endogenous RNA regulator, the noncoding RNA 886 (nc886)
(Figure 2.1A) (13). nc886 is a ubiquitously expressed, cytosolic noncoding RNA that was
found to interact with PKR (13). Additionally, expression of nc886 is down-regulated or
completely absent in many cancer cells along with associated increased levels of PKR
phosphorylation (14-21). Silencing of nc886 leads to increased basal kinase activity, as
demonstrated by PKR autophosphorylation of threonine 446 and phosphorylation of
elF2a in the absence of exogenous activating dSRNA (13, 16). These observations clearly
point to the existence of cellular RNAs with the ability to activate PKR in the absence of
nc886. Furthermore, reintroduction of nc886 to cells lacking the transcript resulted in
reduced levels of phosphorylated PKR and elF2a, demonstrating that nc886 is necessary
and sufficient to negatively regulate PKR activity (16).

Despite this significant advance in our understanding of endogenous regulation of
PKR activity, many questions remain about the nature of nc886-mediated PKR
inhibition. In particular, it remains unclear why nc886 behaves as an inhibitor rather than
an activator of PKR activity and what specific RNA features confer its potency of
inhibition. Notably, although nc886 was found to exist in two conformations, all analyses

performed to date used a mixture of these two different forms. We therefore set out to
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isolate and separately dissect the functions of these two conformers to clearly define the
molecular mechanisms of nc886-mediated PKR inhibition.

Our results demonstrate that nc886 RNA does indeed exist in two structurally and
functionally nonequivalent forms. One conformer, which exhibits slower migration on
native polyacrylamide gels, has higher binding affinity for PKR and potently inhibits
both PKR and downstream elF2a phosphorylation. In contrast, the second conformer is a
weak activator that behaves as a pseudoinhibitor of PKR in competition with other
dsRNAs, and may serve as a more transient regulator of PKR activity. This work
emphasizes the importance of RNA folding in regard to noncoding RNA function and
highlights a potential mechanism for regulating the activity of nc886 RNA independent

of its transcript level through the presentation or masking of a critical structural element.

2.3 Results
2.3.1 nc886 RNA adopts two noninterconverting conformers with distinct stabilities
nc886 RNA (101 nucleotides) was in vitro transcribed using T7 RNA polymerase from a
linearized plasmid DNA template producing nc886 fused at its 3’-end to a self-cleaving
hepatitis delta virus (HDV) ribozyme (Figure 2.1A). The in vitro transcription reaction
was analyzed by native polyacrylamide gel electrophoresis (PAGE) revealing two nc886
RNA bands of differing mobility, as previously reported (22), in addition to the cleaved
HDV ribozyme (Figure 2.1B). These distinct nc886 structural conformers are referred to
as “Conformer 1” (slower migrating form) and “Conformer 2” (faster migrating form).
Purification of nc886 by denaturing PAGE results in a mixture of both conformers

(22). We therefore used preparative native PAGE to isolate the individual nc886 RNA
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conformers and found through reanalysis of the purified conformers that both structures
are stable and do not interconvert under nondenaturing conditions (Figure 2.1B). We next
analyzed the thermal stability of each isolated nc886 RNA conformer by UV melting
analysis in the same 0.5x TBE buffer as used in native PAGE (Figure 2.2A). The melting
profile (first derivative of the raw UV melting curve) for nc886 Conformer 2 revealed
that this RNA structure unfolds in a single apparent transition with a 71, of ~40°C. In
contrast, Conformer 1 exhibits much greater stability with a final major apparent
unfolding transition with a 77, > 70°C. Unfolding of each nc886 conformer was also
assessed in 20 mM HEPES buffer (pH 7.5) containing 100 mM NaCl yielding essentially
identical melting profiles, but with apparent 71, values shifted to higher temperatures
(data not shown and Table 2.1). Thus, a dramatic difference in stability between the two
conformers of nc886 (AT, > 30°C) was observed under both the lower and higher ionic
strength conditions. A mixture of the conformers, purified using standard denaturing
PAGE, was also analyzed under both solution conditions and had a melting profile
consistent with a combination of the profiles for the two individual conformers (Figure
2.2A).

Collectively, these observations demonstrate that the purified nc886 conformers
retain their conformational identity under native conditions and adopt structures with
very different stabilities. Interestingly, however, upon complete thermal denaturation
(heating to >90°C) and refolding, a subsequent analysis reveals that Conformer 1 can
either re-adopt its original structure or can refold as Conformer 2. In contrast, Conformer

2 exclusively re-adopts its original structure (Figure 2.2B,C).
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2.3.2 nc886 RNA conformers have opposing activities against PKR

To begin characterizing the activities of the nc886 conformers, we first tested the ability
of each isolated RNA to bind to PKR using an electrophoretic mobility shift assay
(EMSA). Each individual purified conformer (300 nM) was incubated with a range of
PKR concentrations (0—3 pM) and free and bound RNA resolved by native PAGE
(Figure 2.3A). Both conformers bind to PKR, but with starkly different affinities: while
nc886 Conformer 1 readily forms a PKR-RNA complex, with shifted RNA observed at
the lowest protein concentration, nc886 Conformer 2 does so only at the highest
concentrations of PKR.

Each isolated nc886 conformer appears to result in a PKR—nc886 complex with
similar native gel mobility (Figure 2.3A). We therefore considered the possibility that
PKR binding might induce a structural conversion in one or both of the nc886 conformers
such that the final bound structure is the same regardless of the original nc886
conformation. Each nc886 conformer (1 uM) was treated in an equivalent manner as for
the EMSA analysis, either in the absence or presence of a twofold excess of PKR, except
that the RNA was subsequently phenol:chloroform extracted and ethanol precipitated
prior to analysis by native PAGE. Following this process, the original mobility of each
nc886 RNA conformer was fully retained (Figure 2.3B), indicating that PKR binding
does not induce a conformational interconversion in either nc886 conformer.

We next tested the effect that these differences in PKR binding had on the ability
of each nc886 conformer to inhibit PKR autophosphorylation in the presence of a dsSRNA
activator using an established slot-blot radiometric kinase assay (23). PKR

autophosphorylation was measured in the presence of a fixed concentration of poly(rI:rC)
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dsRNA and increasing amounts of each nc886 RNA conformer. Both conformers cause a
dose-dependent decrease in PKR autophosphorylation, but to markedly different extents
(Figure 2.3C). nc886 Conformer 1 is a potent, dose-dependent inhibitor of PKR, capable
of completely abolishing PKR autophosphorylation. In contrast, with Conformer 2 partial
inhibition was only observed at the highest RNA concentration tested. Surprisingly, at the
mid-range concentrations of nc886 RNA, where Conformer 1 fully inhibits PKR,
Conformer 2 appears to modestly increase the extent of PKR autophosphorylation
compared to poly(rl:rC) dsRNA alone. This prompted us to test whether nc886
Conformer 2 is capable of weakly activating PKR in the absence of dsSRNA. Using an
autophosphorylation assay in which PKR was incubated with increasing concentrations
of nc886 Conformer 2 (0.001-10 uM) alone, a dose-dependent increase in PKR
autophosphorylation was indeed observed (Figure 2.3D). Further, the extent of
autophosphorylation was comparable to the amount of additional activation we observed
in the inhibition assay (Figure 2.3C,D). These results demonstrate that rather than simply
being a poorer PKR inhibitor, nc886 RNA Conformer 2 behaves as a pseudoinhibitor.
This contributes to overall PKR activation at lower concentrations, but competes for PKR
binding with the more potent poly(rl:rC) dsRNA activator at the highest concentration in

the inhibition assay.

2.3.3 Differences in apical stem—loop structure distinguish the two nc886 RNA
conformers
To understand the basis for the stark differences in activity between nc886 conformers,

we used selective 2'-hydroxyl acylation analyzed by primer extension (SHAPE) with N-
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methylisotoic anhydride (NMIA) to experimentally assess the secondary structure of each
isolated RNA. A 5'-end **P-labeled DNA oligonucleotide complementary to the 3'-end of
nc886 RNA was used for reverse transcription (RT) following incubation of each
individual nc886 conformer with or without NMIA, and the products resolved on
denaturing polyacrylamide sequencing gels (Figure 2.4).

The SHAPE reactivity for Conformer 2 correlates well with the predicted
secondary structure for nc886 RNA, with strong modification of most nucleotides within
predicted loops and essentially none in predicted base-paired regions (Figure 2.4A,C).
The most significant deviation between SHAPE reactivity and the predicted structure
occurs for the 5'-side of Loop 3 (nucleotides 25-28), which exhibits lower than expected
reactivity, indicative of a more base-paired or rigid structure. Probing of nc886
Conformer 1 revealed an essentially identical pattern for the 3'-half of the RNA, with
high reactivity within the 3'-side of Loop 3 and within Loop 4. However, in sharp
contrast to Conformer 2, Loop 5 reactivity is absent in Conformer 1 except at the single,
strongly reactive nucleotide A47 (Figure 2.4C). Additionally, unique to Conformer 1, a
series of remarkably strong, NMIA-independent stops was observed corresponding to the
nucleotides immediately preceding Loop 5 in the structure (nucleotides 36—40; Figure
2.4B,C), indicative of a stable structure resistant to unfolding during the RT reaction. The
remainder of the 5'-half of Conformer 1 was examined using a second, internal primer
(complementary to nucleotides 36—54) and found to have similar reactivity as Conformer
2 in this region, including the strong reactivity in the 5'-sides of Loop 1 and lower than
expected reactivity for Loop 3.

These results demonstrate that each nc886 conformer adopts a common structure
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within its terminal and central regions, but that they differ dramatically in the apical
stem—loop. The reduced reactivity of Loop 5 and the adjacent RT-read-through resistant
sequence suggest that the apical stem—loop adopts a stable, higher order structure unique
to nc886 Conformer 1. As the only significant structural difference between the two
nc886 conformers, these data strongly suggest that the absence (Conformer 2) or
presence (Conformer 1) of this additional structural element is responsible for their

different native gel motilities, thermal stabilities, and activities against PKR.

2.3.4 The unique Conformer 1 apical stem—loop structure is critical for PKR
repression

We next sought to fully define which regions of nc886 are critical for binding and
inhibition of PKR. Based on the SHAPE probing data, we created nc886 variants with a
truncation of either the terminal stem (nc886ATS) or the apical stem—loop (nc886AAS)
(Figure 2.5A). The nc886ATS variant exists as two conformers that possess similar
relative stability to each full-length nc886 conformer as determined by UV thermal
melting analysis (Table 2.1; Figure 2.5B). These observations are consistent with the
nc886ATS conformers retaining a common central stem organization but distinct
structures in the apical stem—loop as for the wild-type RNA. In contrast, nc886AAS folds
into a single conformer with an apparent 73, for unfolding most similar to Conformer 2 of
full-length nc886 and nc886ATS. Again, this result is consistent with the apical stem—
loop containing the structure that distinguishes the two nc886 RNA conformers. The
nc886ATS conformers and nc886AAS were native PAGE purified as previously

described and the isolated RNAs tested for binding to PKR. The nc886ATS conformers
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were found to have similar binding properties as their full-length nc886 equivalents
(Figure 2.5C), with nc886ATS Conformer 1 binding PKR with higher affinity than
Conformer 2. In contrast, nc886AAS-PKR binding was significantly reduced, comparable
to the level of full-length nc886 and nc886ATS Conformer 2.

We next tested the ability of each RNA variant to inhibit PKR
autophosphorylation. Again, the activity of each nc886ATS conformer closely resembled
that of the equivalent full-length nc886 conformer, whereas nc886AAS was a poor PKR
inhibitor, comparable to nc886ATS Conformer 2 (Figure 2.5D). Both nc886AAS and
nc886ATS Conformer 2 were additionally tested in the kinase activation assay to
determine whether these RNAs weakly activate PKR as for full-length nc886 Conformer
2. However, neither of these RNAs activated PKR at any of the concentrations tested
(Figure 2.5E). These results suggest that in the presence of poly(rl:rC) dsRNA, the
similarly weak inhibition of PKR observed at the highest concentration of full-length
nc886 Conformer 2, nc886ATS Conformer 2, and nc886AAS RNAs arises due to their
comparable weak PKR binding affinities. However, unlike full-length nc886 Conformer
2 which weakly activates PKR in the absence of other dsSRNA, nc886ATS Conformer 2
has lost this ability. This result suggests that the nc886 terminal stem contributes
significantly to this activity in the context of the structure of Conformer 2, which lacks
the high affinity apical stem—loop PKR binding site.

The cellular impact of PKR activation is the downstream phosphorylation of its
substrate elF2a. We therefore tested the effect of full-length and each variant nc886 RNA
on PKR's ability to phosphorylate elF2a using the same radiometric kinase assay, except

that the phosphorylated protein products were resolved by SDS-PAGE prior to
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autoradiography. After a preincubation in the absence or presence of each nc886 RNA
(10 uM), the extent of PKR and elF2a phosphorylation was measured following
incubation with poly(rl:rC) dsRNA activator (Figure 2.6A). Full-length nc886 Conformer
1 and nc886ATS Conformer 1 both potently inhibit PKR and downstream elF2a
phosphorylation (Figure 2.6B). In contrast, nc886 Conformer 2, nc886ATS Conformer 2,
and nc886AAS only partially inhibit PKR autophosphorylation and, as a result, confer
almost no inhibition of elF2a phosphorylation.

Collectively, the combined structural and functional analyses of wild-type and
variant nc886 conformers point to a unique structure, present only in Conformer 1, being
responsible for potent PKR inhibition. To this end, we created a final variant RNA
(nc886ALS) with a minimally altered Loop 5 sequence designed to specifically disrupt
this apical stem—loop structure. SHAPE probing and native PAGE analysis demonstrates
that this variant RNA exists as a single conformer that adopts a secondary structure
similar to wild-type Conformer 2 (Figure 2.7A,B). UV thermal melting analysis indicates
the stability of the RNA to be similar to that of wild-type Conformer 2 (Table 2.1). We
next tested for PKR binding using the same electrophoretic mobility shift assay and
found that nc886ALS binds PKR weakly, similar to both wild-type nc886 Conformer 2
and the larger AAS truncation variant (Figure 2.7C). Finally, we tested nc886ALS for its
ability to inhibit PKR autophosphorylation in the presence of the synthetic dSSRNA
poly(rL:rC) using the radiometric kinase assay. nc886ALS is a poor PKR inhibitor (Figure
2.7D), consistent with Loop 5 being critical for forming the apical stem—loop structure
essential for potent PKR inhibition. Contrary to our expectation, however, nc886ALS did

not retain the capacity of wild-type Conformer 2 to weakly activate PKR. This suggests
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the full apical stem—loop structure of the RNA is required in addition to the terminal stem

for this activity.

2.4 Discussion

PKR binds to and is activated by RNAs containing a variety of structural elements,
including internal bulges, stem—loops, and single-stranded regions, or RNAs which may
only be sufficiently double-stranded through tertiary interactions (24-31). With our
growing appreciation that cellular RNAs adopt complex secondary and tertiary folds, the
number of potential PKR activators in a cell is high. The identification that nc886 RNA
functions as a negative regulator of PKR (13) thus provides a cellular mechanism to
repress spurious inhibition of translation in the absence of viral infection.

In this study, we have demonstrated that nc886 RNA can adopt two nonequivalent
structures that modulate PKR activity in distinct and opposing manners. Our SHAPE
structure probing studies revealed that Conformer 2 adopts an apical stem—loop structure
consistent with the predicted secondary structure for nc886, specifically, high reactivity
of all Loop 5 nucleotides and low reactivity for the nucleotides of the adjacent four base
pair helix. In contrast, the Loop 5 nucleotides of nc886 Conformer 1 had predominantly
low reactivity, and the 5'-half of the adjacent helix was found to block reverse
transcriptase, independent of the presence of SHAPE probing reagent. RNA dimerization
is known to influence PKR—RNA interaction, resulting in increased PKR activation
(28, 32). Dimerization could potentially give rise to the relative native gel mobilities of
the two nc886 conformers and result in the changes in SHAPE reactivity we observed for

Conformer 1. Dimerization-based generation of a PKR-inhibitory structure would be an
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unexpected mechanism of PKR regulation. However, the significantly greater stability of
Conformer 1 and the equivalent native gel mobility of the PKR complexes with each
conformer argue against nc886 dimerization as the difference between the two forms.
Further, we have found that while neither nc886 conformer is formed in a concentration-
dependent manner, both conformers form slower migrating bands on native gel at higher
concentrations and both these dimeric/oligomeric forms can be disrupted by annealing at
temperatures below the unfolding of Conformer 1 (data not shown). Thus, while
dimerization cannot be definitively excluded, we propose based on our results that
Conformer 1 adopts a higher order structure involving nucleotides of Loop 5 within its
apical stem—loop and that this tertiary structure distinguishes the two monomeric forms of
nc886.

nc886 Conformer 1 binds with higher affinity resulting in potent inhibition of
PKR whereas Conformer 2 binds more weakly and, surprisingly, behaves as a
pseudoinhibitor. As such, nc886 Conformer 2 can weakly activate the kinase but becomes
inhibitory at high concentrations against a more potent activator, such as poly(rl:rC)
dsRNA. These opposing functions also impact phosphorylation of PKR's substrate elF2a:
nc886 Conformer 1 effectively inhibits the downstream phosphorylation of elF2a, while
Conformer 2 results in no loss of e[F2a phosphorylation. The two nc886 conformers
adopt common terminal and central stem structures, and deletion of the terminal stem has
no impact on the formation of distinct RNA conformers or the PKR binding and
inhibitory potential of each compared to the wild-type RNA. In contrast, deletion of the
entire apical stem—loop or just Loop 5 results in a single conformer with the same

functional properties as Conformer 2. These observations demonstrate the critical
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importance of the unique apical stem—loop structure of Conformer 1 for potent nc886-
mediated inhibition of PKR. However, high-resolution structural analysis will be required
to fully define the nc886 Conformer 1 apical stem—loop structure and thus reveal the
basis for its specific ability to potently inhibit PKR. Furthermore, the nature of the two
nc886 conformers has direct functional consequences for PKR regulation, and it may not
be appropriate to simply consider them as active and inert forms, as previously suggested
(22).

Aside from its central importance to innate immunity, PKR plays diverse roles in
cell signaling pathways and during mitosis, cell differentiation, and transcriptional
regulation (6, 33-37). Thus, there is a clear need for tight regulation of PKR activity in
the uninfected cell in a manner which still allows for appropriate activation by cellular
RNAs and proteins. Identification of opposing PKR-regulatory activities for the two
nc886 conformers suggests a potential mechanism that would allow for a gradient of
regulation rather than all-or-nothing PKR inhibition. We speculate that by tuning the
levels of each nc886 conformer, the cell would be able to prevent basal activation of PKR
in the absence of infection while still allowing for specific and timed activation in
response to diverse cellular needs. The nc886 conformer levels and/or ratio could be
shifted either transcriptionally or through refolding of nc886, similar to the autoregulation
of IFN-y mRNA translation via refolding of its 5'-untranslated region into a PKR-
activating structure (27). During viral infection, either conformer of nc886 RNA could be
easily displaced by viral RNAs through greater binding affinity or through excess viral
dsRNA, thus allowing PKR to mount an immune response. Indeed, in cells stably

expressing nc886, poly(rl:rC) dsRNA transfection still elicits PKR activation (22). The
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questions of if, how, and when the levels or ratios of the nc886 conformers may change
during the life of the cell remain to be answered.

The importance of nc886 in the regulation of PKR activity is highlighted by both
its implication in disease and by the perturbation of its function by a range of viruses
(6, 10, 38, 39). Addressing what other cellular binding partners nc886 RNA may have
and whether these would be shared or distinct between the two conformers would reveal
potential mechanisms by which nc886 dysregulation might contribute to disease.
Moreover, viruses also inhibit PKR activity through the actions of nc886. For example,
Epstein-Barr virus infection stimulated a three- to fourfold increase in the level of nc886
RNA (then named CBL3) (40) and Influenza A virus infection increased levels of nc886
(then named vtRNA 2-1) by 25-fold (41). However, whether viruses may also influence
the relative expression of the nc886 conformers to promote their replication by masking
detection for survival is unknown.

In summary, the current study has revealed new insights into how nc886 RNA
adopts multiple conformers that are critical for its function as a regulator of PKR activity,
as well as elucidating the differences both in their structure and function. Future studies
building on this work would contribute to our understanding of this critical regulator of
innate immunity and could potentially inform therapeutic approaches to inhibit or to

stimulate the immune response through the actions of this noncoding RNA.

2.5 Material and Methods
2.5.1 RNA in vitro transcription and purification

Full-length and variant nc886 RNAs were in vitro transcribed from linearized plasmid



47

DNA templates using T7 RNA polymerase as previously described (42). nc886 variants
were produced in the same way from plasmids encoding sequences with the following
changes: deletion of nucleotides 1-12 and 88—101 (nc886ATS), deletion of nucleotides
3663 (nc886AAS), and deletion of nucleotides 44—48 with additional U50 to G mutation
(nc886ALYS). Following dialysis against 1x Tris—EDTA (TE) buffer, RNAs were purified
by polyacrylamide gel electrophoresis (PAGE) on denaturing (50% urea, 1x Tris—
Borate—-EDTA [TBE]) or native (0.5% TBE) gels. RNA bands were identified by UV
shadowing, excised, eluted from the gel by crushing and soaking in 0.3 M sodium

acetate, and ethanol precipitated as previously described (42).

2.5.2 PKR and elF2a protein expression and purification
For PKR expression, E. coli Rosetta 2 (DE3) cells were transformed with the pET-
PKR/PPase plasmid encoding full-length human PKR (43). Single colonies were used to
inoculate large-scale cultures in Terrific Broth. PKR expression was induced with 0.1
mM isopropyl B-D-1-thiogalactopyranoside (IPTG) at mid-log phase growth
(ODgoo ~0.5) and growth continued overnight at 20°C. PKR was purified by sequential
heparin-affinity (HiPrep Heparin 16/10), poly(rl:rC) dsRNA-affinity, and gel filtration
(Superdex 200 10/300) chromatographies on an AKTApurifier10 system (GE
Healthcare). PKR was eluted from the gel filtration column in 20 mM HEPES buffer (pH
7.5) containing 150 mM NacCl, 0.1 mM EDTA, 10% glycerol, and 10 mM B-
mercaptoethanol (BME).

For elF2a expression, E. coli BL21 (DE3) cells were transformed with a plasmid

encoding an amino-terminal hexa-histidine-tagged human elF2a. Single colonies were



48

used to inoculate large-scale cultures in Lysogeny Broth. elF2a expression was induced
with 0.1 mM IPTG at mid-log phase growth (ODggo ~ 0.5) and growth continued
overnight at 18°C. elF2a was purified using a bench-top HisSpinTrap column (GE
Healthcare). Fractions containing the protein were pooled and further purified by gel
filtration chromatography (Superdex 200 10/300) on an AKTApurifier10 system. elF20,
was eluted from the gel filtration column in 20 mM HEPES buffer (pH 7.5) containing

150 mM NacCl, 0.1 mM EDTA, 10% glycerol, and 10 mM BME.

2.5.3 RNA UV thermal melting analysis

RNA UV melting curves were collected at 260 and 280 nm on a Cary400 UV-visible
spectrophotometer (Varian). Samples contained 20-25 pg of RNA in a solution of either
0.5% TBE or 20 mM HEPES buffer (pH 7.5) containing 100 mM NaCl. To simplify
comparisons between RNA constructs, the first derivative of each UV absorbance curve
(the “melting profile”) was calculated for each RNA in GraphPad Prism6 software after

normalization using the following equation: (Abst — AbStmin)/ AbSTmin.

2.5.4 Electrophoretic mobility shift assays (EMSA)

A range of PKR concentrations, from 0—3 uM, was incubated with 300 nM full-length or
variant nc886 RNA for 30 min on ice in 20 mM HEPES (pH 7.5) 150 mM NaCl, 10%
glycerol, and 2 mM EDTA. After incubation, free and bound RNAs were resolved by
native PAGE (10% acrylamide, 0.5x TBE). Gels were stained with SYBR Green gel stain
for 20 min and visualized on a Typhoon FLA 7000 (GE Healthcare) using the

fluorescence setting and a 520 nm emission filter. EMSAs were repeated at least two
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times producing essentially identical results.

2.5.5 PKR inhibition assays

PKR (0.1 pg) was preincubated with 0—10 uM of full-length or variant nc886 RNA for 10
min at 25°C in 50 mM Tris buffer (pH 7.8) containing 50 mM KCI, 2.5 mM DTT, and
10% glycerol. Reactions were initiated by the addition of 0.05 pg/mL poly(rl:rC) dsRNA,
20 uM ATP, 1 pCi [y**P]-ATP, and 2 mM MgCl,. After incubation at 25°C for 10 min,
reactions were quenched with excess ice-cold phosphate buffered saline containing 200
uM ATP and applied to a Bio-Dot SF (Bio-Rad) microfiltration system as described
previously (23). Membranes were exposed to a phosphor storage screen and the extent of
phosphorylation was determined by analysis on a Typhoon FLA 7000 Phosphorlmager
and ImageQuant software (GE Healthcare). Assays were repeated at least two times for
each RNA and normalized to a control lacking nc886 RNA after background subtraction.
Assays of inhibition of e[F2a phosphorylation were carried out as described above but at
a single nc886 RNA concentration (10 uM) and with the additional inclusion of 0.25 ug
elF2a in the reaction initiation mixture. Reactions were quenched by the addition of gel
loading dye for SDS-PAGE analysis. Gels were dried and exposed to a phosphor storage
screen and analyzed as above. Assays of PKR and elF2a inhibition were repeated at least
three times for each RNA. Phosphorylation intensity for each protein was normalized to a
reaction lacking nc886 after background subtraction from a control reaction lacking both

poly(rl:rC) dsRNA and nc886.

2.5.6 PKR activation assays
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PKR (0.1 pg) was incubated with 0—10 uM of full-length or variant nc886 RNA for 10
min at 25°C in 50 mM Tris buffer (pH 7.8) containing 50 mM KCI, 2.5 mM DTT, 10%
glycerol, 20 uM ATP, 1 pCi [y’°P]-ATP, and 2 mM MgCl,. After incubation, reactions
were quenched with excess ice-cold phosphate buffered saline containing 200 uM ATP
and applied to a Bio-Dot SF (Bio-Rad) microfiltration system as described previously
(23). Membranes were exposed to a phosphor storage screen and the extent of
phosphorylation was determined using analysis by a Typhoon FLA 7000 Phosphorlmager
and ImageQuant software (GE Healthcare). Values were normalized to a poly(rL:rC) (0.1
pg/mL) reaction performed in parallel, following background subtraction from a control

reaction without nc886 RNA. Assays were repeated at least three times for each RNA.

2.5.7 Selective 2’-hydroxyl acylation analyzed by primer extension (SHAPE)
SHAPE RNA probing with NMIA was carried out as described previously (44) with the
following modifications: Reactions were initiated using 1 pL of 130 mM NMIA for 45
min at 37°C. Reverse transcription was carried out with a 5'-end labeled [y**P]-ATP
DNA primer corresponding to the sequence of the 3'-end of the RNA (nucleotides 84—
101 for both conformers) or to an internal sequence (nucleotides 36—54 for Conformer 1
only). To determine the position of each SHAPE reactive nucleotide, dideoxy nucleotide
(ddNTP) sequencing was carried out using the radiolabeled primer and untreated RNA.
All reactions were run on sequencing gels, dried, and exposed to a phosphor storage
screen. The intensity of bands was analyzed on a Typhoon Trio Imager and quantified
using ImageQuant software (GE Healthcare). Following subtraction of background

reactivity in the no NMIA lanes, reactivity at each nucleotide was normalized and the
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values from at least two replicates were averaged and classified as 5.5%—11%, 11%—
22%, and >22% (44). SHAPE reactivity for nc886 Conformer 1 was separately

normalized to highest reactivity in each data set for the external and internal primers.
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Figure 2.1 nc886 RNA forms two distinct, noninterconverting conformers that can
be isolated and characterized separately. A. The predicted secondary structure of
nc886 derived using Mfold software (45), with the three regions of the RNA referred to
in the main text indicated below. Inset, schematic of the construct used to produce the
nc886-HDV ribozyme in vitro transcript. B. Native PAGE analysis of the in vitro
transcription reaction (IVT) and purified nc886 conformers stained with ethidium

bromide.
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Figure 2.2 nc886 conformer stability and refolding. A. UV melting profiles of each

isolated native PAGE purified nc886 RNA conformer, and of a mixture of the two
produced by denaturing PAGE purification. Melting temperatures (7,,) for the major
apparent unfolding transitions (marked with arrowheads) are listed in Table 1. B. UV
melting profiles for each conformer of nc886 after complete thermal denaturation
(>90°C) and refolding. C. Schematic illustrating the observed interconversion properties
of each nc886 conformer. Under native conditions both conformers are stable and do not
interconvert (lower boxes). Following denaturation (Heat) and refolding (Cool),
Conformer 1 can re-adopt its original structure or refold as Conformer 2 (dashed double

arrow), while in contrast Conformer 2 only refolds into its original form.
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Figure 2.3 The individual nc886 conformers have distinct activities against PKR. A.
EMSA analysis of binding of each individual nc886 conformer to PKR. Native PAGE
gels were stained with SYBR Green to identify free and PKR-bound RNA. B. Native
PAGE analysis of purified conformers extracted following incubation with or without
PKR demonstrating that nc886 conformers do not undergo PKR binding-induced
conformational interconversion. C. Quantification of slot-blot radiometric PKR
autophosphorylation inhibition assays with each individual isolated nc886 conformer.
The dotted line represents the extent of PKR phosphorylation, in the absence of any
nc886 RNA, at the fixed concentration of poly(rl:rC) dsRNA activator used in all
samples. D. Radiometric PKR autophosphorylation activation assay demonstrating the

capacity of nc886 Conformer 2 to weakly activate PKR.
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Figure 2.4 The apical stem—loop of nc886 distinguishes the two RNA conformers. A.
Example autoradiogram of sequencing gel analysis of nc886 Conformer 2 SHAPE
probing. Lanes are: —, mock treated (no NMIA); +, NMIA treated; and, U/G/C/A,
sequencing lanes containing the complementary dideoxy NTP. Brackets on the right of
the gel image denote the loop regions (L1-L5) in the predicted nc886 RNA secondary
structure. B. Example autoradiogram of sequencing gel analysis of nc886 Conformer 1
SHAPE probing using either the 3'-end (/ef?) or internal (right) primer. Lane labels are
the same as Panel 4. C. Categorized average nucleotide SHAPE reactivity for each
conformer mapped onto the predicted nc886 secondary structure. Also noted are the
sequences complementary to the 3'-end and internal primers (thick black lines),
nucleotides for which reactivity could not be determined (outline font), and the strong
structure-induced RT stops (nucleotides 36—40) observed only for nc886 Conformer 1

(black shading and region marked by an asterisk in panels B and C).
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Figure 2.5 Binding and inhibition of PKR by terminal stem and apical stem—loop
deletion variants of nc886 RNA. A. Schematic showing the RNA regions and sites of
truncation for the nc886 terminal stem and the apical stem—loop to create variants
nc886ATS (deletion of nucleotides 1-12 and 88—101) and nc886AAS (deletion of
nucleotides 36—63), respectively. One additional sequence alteration (G insertion) in
nc886AAS is highlighted within the orange dashed line boxes. B. Native PAGE analysis
of in vitro transcribed variant nc886 RNAs. nc886ATS, but not nc886AAS, maintains
formation of two conformers. C. EMSA analysis of RNA variants binding to PKR for

nc886ATS Conformer 1, nc886ATS Conformer 2, and nc886AAS RNAs. Native PAGE
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gels were stained with SYBR Green to identify free (black arrows) and PKR-bound RNA
(green or orange). D. Quantification of slot-blot radiometric PKR autophosphorylation
inhibition assays with nc886ATS Conformer 1 (solid green line), nc886ATS Conformer 2
(dashed green line), and nc886AAS (solid orange line). Full-length nc886 data (black
lines) shown for comparison are the same as those shown in Figure 2.3C. The dotted line
represents the extent of PKR phosphorylation, in the absence of any nc886 RNA, at the
fixed concentration of poly(rl:rC) dsRNA activator used in all samples. E. Radiometric
PKR autophosphorylation activation assay demonstrating the loss of PKR activation in
nc886AAS (solid orange line) and nc886ATS Conformer 2 (dashed green line), as
compared to full-length nc886 Conformer 2 (dashed black line). nc886 Conformer 2 data

are the same as those shown in Figure 2.3D.
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Figure 2.6 Inhibition of PKR phosphorylation of elF2a substrate by wild-type and
nc886 RNA variants. A. Example SDS-PAGE analysis of a radiometric kinase
inhibition assay containing both PKR and elF2a substrate. B. Quantification of PKR and
elF2a phosphorylation in the presence of fixed concentrations of poly(rl:rC) RNA (0.05
pg/mL) and the indicated nc886 RNA variant (10 pM) normalized to a no RNA control

after background subtraction.
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Figure 2.7 Alteration of loop 5 (nucleotides 44-48; nc886ALS) disrupts the structure
specific to nc886 Conformer 1 and abrogates PKR inhibition. A. Left, example
autoradiogram of sequencing gel analysis of nc886AL5 SHAPE probing. Lanes are: —,
mock treated (no NMIA); +, NMIA treated; and, U/G, sequencing lanes containing the
complementary dideoxy NTP. Brackets on the right of the gel image denote the loop
regions (L1 to TL) in the predicted nc886 RNA secondary structure. Right, categorized
average nucleotide SHAPE reactivity mapped onto the predicted secondary structure. B.
Native PAGE analysis of nc886ALS5 RNA. C. EMSA analysis of nc886AL5 RNA
binding to PKR using SYBR Green staining to identify free (black arrow) and PKR-
bound RNA (blue arrow). D. Quantification of slot-blot radiometric PKR
autophosphorylation inhibition assays with nc886ALS5. The dotted line represents the
extent of PKR phosphorylation, in the absence of any nc886 RNA, at the fixed

concentration of poly(rl:rC) dsRNA activator used in all samples.



TABLE 1. Apparent melting temperatures (7,,,) for wild-type and
variant nc886 unfolding

Apparent T, (°C)?

RNA 0.5 x TBE HEPES/NaCl
nc886 Conf. 1 73.8 92.2
nc886 Conf. 2 38.2 58.4
nc886ATS Conf. 1 71.7 87.7
nc886ATS Conf. 2 31.8 52.8
nc886AAS 44 4 61.6
nc886AL5 37.6 59.4

*Value is for the major peak in the melting profile under each
condition (0.5 x Tris-Borate~<EDTA buffer or 20 mM HEPES
buffer pH 7.5 containing 100 mM NaCl). Estimated error for Ty,
values +0.5°C.

Table 2.1 Apparent melting temperatures (7,,) for wild-type and variant nc886

unfolding
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Chapter 3

Activation of the OAS/ RNase L pathway by a human cellular non-coding RNA

Brenda M. Calderon and Graeme L. Conn

A version of this manuscript is in preparation for submission for publication.

3.1 Abstract

The 2°-5’-oligoadenylate synthetase (OAS) family of enzymes sense double-stranded
RNA (dsRNA) in the cytosol, a potent signal of viral infection. In response to dsSRNA-
binding, OAS proteins synthesize 2’-5’-linked oligoadenylate second messengers that
activate the latent ribonuclease L (RNase L). Degradation of viral and cellular RNA by
RNase L effectively halts viral replication and further induces innate immune responses
by induction of Type I Interferon. The OAS/RNase L pathway is thus central in innate
immune recognition and promotion of host antiviral responses. The specific RNA
features that drive potent OAS]1 activation are currently not fully understood. Moreover,
cellular regulators of OAS activity are not well defined. Here, we demonstrate that the
cellular non-coding RNA 886 (nc886) potently activates OAS in vitro and in human
A549 cells. We show that a unique structure present only in one of the two conformers
adopted by nc886 is responsible for potentiating OASI activity. Formation of this
structural motif is dependent on the nucleotides in the apical-most loop of nc886 and the
adjacent helix. These findings represent the discovery of a cellular RNA capable of

activating the OAS/RNase L pathway in cells and illustrate the importance of structural
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elements, and their context, in potentiating OAS1 activity.

3.2 Introduction

The innate immune response serves as a critical first line of defense against pathogens,
comprising membrane-bound and cytosolic pattern recognition receptors (PRRs) that
detect bacterial or viral pathogen-associated molecular patterns (1, 2). For example,
accumulation of double-stranded RNA (dsRNA) in the cell cytoplasm is a potent signal
of viral infection and is detected by PRRs including Toll-like receptors 3, 7, and 8§,
dsRNA-activated protein kinase (PKR), and the retinoic acid-inducible gene I (RIG-I)-
like and 2°-5’-oligoadenylate synthetase (OAS) families of enzymes (3, 4).

OAS enzymes are activated by dsRNA and initiate signaling cascades to halt viral
replication and establish an antiviral state in the cell. The OAS family includes three
catalytically active, 2’-specific nucleotidyl transferases, OAS1/2/3, whose action is
effected by the latent ribonuclease L (RNase L), and a catalytically inactive form, OASL,
which acts in the RIG-I pathway (5, 6). The catalytically active OAS proteins differ by
the number of copies of the 2°-5’-oligoadenylate synthetase domain although only one
copy is catalytically active in each protein (7). In OAS1, binding of short dsSRNA (>17
base pairs) drives a conformational change that organizes the enzyme active site,
resulting in synthesis of 2°-5’-linked oligoadenylate (2-5A) second messengers that in
turn activate RNase L (8-10). In OAS3, the N-terminal 2’-5’-oligoadenylate synthetase
domain serves as a dSRNA-binding module, while the third C-terminal domain carries
out 2-5A synthesis, thus making OAS3 selective for longer dSRNA (=50 base pairs) (11).

The immediate consequence of OAS/RNase L pathway activation is the degradation of
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viral and cellular messenger RNA (mRNA) and ribosomal RNA (rRNA) to halt protein
synthesis and thus prevent viral replication (12-16). More recent evidence also suggests
that OAS/RNase L-mediated translational arrest arises, in part, via specific cleavage of
cellular transfer RNAs (tRNA) and Y RNAs (17).

Precisely how PRRs distinguish “self” from “non-self” and how basal activity of
constitutively expressed PRRs is regulated in the absence of infection are important areas
of current investigation. PKR, for example, is well established as a critical sensor of
dsRNA during viral infection and effector of other important cellular processes (18-22).
Recent evidence suggests that basal PKR activity is specifically regulated by the
ubiquitously expressed, 101-nucleotide cellular non-coding RNA 886 (nc886) to ensure
the proper detection of foreign dsRNA while preventing spurious activation in the
uninfected cell (23-25).

Our previous work has demonstrated that nc886 RNA adopts two structurally
distinct conformers, distinguished by their apical stem-loop structures (Figure 3.1A),
which possess opposing activities in the regulation of PKR activity (26). We also
previously reported that the mixture of nc886 conformers appeared to strongly activate
OASI and that this activity was only modestly reduced by deletion of the 3’-end single-
stranded pyrimidine-rich (3’-ssPy) motif that more significantly potentiates activity by
viral non-coding RNAs (27). Here, we show that, as is the case for PKR regulation, the
two nc886 conformers exhibit starkly differing capacities to activate the OAS/RNase L
pathway: while one nc886 conformer is a potent activator of OAS1 in vitro and in human
lung adenocarcinoma A549 cells, the other activates only very weakly. We further show

that potent activation is dependent on an intact nc886 apical stem structure revealing
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distinct, but overlapping requirements for nc886-mediated regulation of PKR and
OAS/RNase L. Thus, nc886 may serve as a key regulator of these two arms of the innate

immune response at distinct times depending on the needs of the cell.

3.3 Results and Discussion
3.3.1 OASI is potently activated by a single nc886 RNA conformer
To discern the capacity of each individual nc886 conformer to activate OAS1, each
conformer was purified by native polyacrylamide gel electrophoresis (PAGE) and tested
using an established in vitro OAS1 assay (27, 28). nc886 Conformer 1 potently activates
OASI1, with activity near that measured for the synthetic dsSRNA poly(rl:rC) under the
standard conditions used (Figure 3.1B). In stark contrast, nc886 Conformer 2 has
dramatically attenuated activity. This limited capacity to activate OASI is, however, still
comparable to that of structured viral ncRNAs (27).

Next, we quantified the differing ability of each nc886 conformer to promote
OASI1 activity using a complete in vitro kinetic analysis of 2-5A synthesis by OAS1 over
a range of nc886 Conformer 1 or nc886 Conformer 2 concentrations (Figure 3.1C). The
presence of the apical stem-loop structure of nc886 Conformer 1 increases the Vy,x more
than 8-fold (11.6 + 0.7 and 1.3 + 1.4 nmol/min for Conformer 1 and Conformer 2,
respectively). The most significant impact, however, is observed for the interaction of
OASI and nc886 with a ~30-fold difference in apparent binding affinity (K,pp) when the
tertiary structure is present (0.23 + 0.0 and 7.4 £ 10.7 uM for Conformer 1 and

Conformer 2, respectively).
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3.3.2 nc886 Conformer 1 activates the OAS/RNase L pathway in human A549 cells
We next assessed the ability of nc886 conformers to activate the OAS/RNase L pathway
in human A549 cells, which basally express OAS1 and OAS3 without interferon
treatment (29). A549 cells were transfected with nc886 Conformer 1, nc886 Conformer
2, or a truncated version of adenoviral VA RNA; (TSA21), an RNA of comparable size
(99 nts) to nc886 previously shown to very weakly activate OAS1 (30-32). Prior to each
transfection, native PAGE analysis was used to confirm the conformational identity of
nc886 RNAs used for transfections (Figure 3.2A). At 3 hours post-transfection, total
cellular RNA was extracted and analyzed by agarose gel electrophoresis to monitor
rRNA cleavage by RNase L (Figure 3.2B). nc886 Conformer 1 drives significant rRNA
degradation, comparable to poly(rl:rC) dsRNA and consistent with strong activation of
the OAS/RNase L pathway. In contrast, nc886 Conformer 2 shows no detectable rRNA
degradation, with rRNA integrity remaining identical to untransfected and mock-
transfected controls. Finally, consistent with its known in vitro activity (32), transfection
with VA RNA;(TSA21) resulted in a small amount of rRNA cleavage. These results thus
mirror the activity seen for each nc886 conformer in our in vitro chromogenic assay
(Figure 3.1B). Further, nc886-mediated rRNA cleavage activity is completely absent in
A549 cells lacking RNase L (RNASEL KO), confirming that the observed rRNA
cleavage results exclusively from activation of the OAS/RNase L pathway by nc886

Conformer 1 (Figure 3.2C).

3.3.3 The nc886 terminal stem is dispensable for activation of OAS1

To test the contributions of different regions of the RNA to OASI activation, four nc886
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variants were prepared (Figure 3.3A) with truncations of the terminal stem (ATS, deletion
of nts 1-12 and 88-101; and, ATS2, deletion of nts 1-18 and 82-101), the terminal stem
and central stem (ACS, deletion of nts 1-28 and 70-101), or the apical stem-loop (AAS,
deletion of nts 36-63). The ATS and AAS variants are the same constructs as previously
described in our analysis of PKR regulation by nc886 (26). As previously reported, the
AAS variant adopts a single conformer as expected since this region forms the structure
that distinguishes the two nc886 conformers. In contrast, each of the terminal and central
stem deletion variants (ATS, ATS2 and ACS) retains the ability to form two conformers
like the wild-type RNA since the apical stem-loop structure remains intact.

We tested the capacity of each nc886 variant, and each individual RNA
conformer where applicable, to activate OAS1 in vitro at a single fixed RNA
concentration (as used for wild-type nc886 in Figure 3.1B). nc886AAS fails to activate
OASI1, with activity comparable to the control reaction with no RNA (Figure 3.3B). This
result indicates that the apical stem-loop of nc886 is essential for activation of OASI by
either conformer and, in particular, for potent activation by Conformer 1. Consistent with
this interpretation, Conformer 1 of both the ATS and ATS2 variants retains near wild-type
activity suggesting that in the context of Conformer 1, the terminal stem is largely
dispensable for OASI1 activation. In contrast, Conformer 1 of the ACS variant has lost
most of its ability to activate OAS]1. Finally, similar to the AAS variant and in contrast to
the weakly activating wild-type nc886 Conformer 2, Conformer 2 of each terminal or
central stem deletion completely fails to activate OAS1 (Figure 3.3B). The initial rates of
reaction were also calculated for ease of comparison of relative OAS1 activation by each

nc886 variant (Figure 3.3C). Collectively, these data reveal that deletion of the nc886
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terminal stem fully ablates OAS1 activation in the context of the Conformer 2 apical
stem-loop structure but has only a very minor impact on the activity of Conformer 1
RNAs. Only the largest deletion (ACS) significantly impacts OASI activation in the
context of Conformer 1 suggesting that this region forms a critical part of the OASI
binding site required for potent OAS]1 activation.

The differential effects of the various deletions on each nc886 conformer suggest
that there are multiple OAS]1 interaction sites in nc886 that are not equivalent. OAS1 may
bind along the terminal stem or apical stem-loop of nc886 RNA, and the tertiary
interaction present in the apical stem-loop region of nc886 Conformer 1 would then
potentiate the activity of OASI. The loss of activity observed in ACS Conformer 1
suggests that the central stem of the RNA is important for OAS1 binding, and loss of this
binding site prevents correct positioning of the nc886 Conformer 1 tertiary structure to
exert its effect on OAS]1 activation. This would be similar to the potentiation in activity

conferred to simple duplex RNAs or viral non-coding RNAs by the 3’-ssPy motif (27).

3.3.4 OASI activation requires an intact nc886 apical stem-loop

To determine which regions of the apical stem-loop of nc886 Conformer 1 are critical to
potentiate OAS]1 activity, we created specific variants to define the minimally functional
apical stem-loop of nc886. Guided by experimentally defined RNA secondary structures
from selective 2’-hydroxyl acylation analyzed by primer extension (SHAPE) analyses of
the wild-type nc886 RNA conformers (26), we created targeted variants of the apical
stem-loop-region. These included smaller deletions of the apical stem-loop (AAS2 and

ALS5) and a Loop 4 deletion (AL4) to create more perfectly duplex dsRNA (Figure 3.4A).
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Each of these new variants adopted a single conformation as determined by native gel
analysis and their secondary structures were confirmed by SHAPE RNA probing to be as
expected (Figure 3.4A,B and Figure 3.6). The stability of each RNA was assessed by UV
thermal melting analysis revealing that these variants more closely resemble wild-type
nc886 Conformer 2 than Conformer 1 (Table 3.1). We next tested each isolated RNA for
its ability to activate OAS1 in vitro and found that all variants failed to activate OAS1
above the level of the control lacking RNA. This result suggests that OAS1 requires all of
the apical stem-loop structure of nc886 in the context of both conformers. The complete
loss of activity in ALS, compared to wild-type nc886 Conformer 2, further points to a
specific interaction of OAS1 with Loop 5 of the RNA. The AAS2 and ALS variants
demonstrate the critical role Loop 5 nucleotides play in forming this unique structure. In
contrast, SHAPE reactivity was observed for Loop 4 nucleotides in both full-length
nc886 Conformer 1 and nc886 Conformer 2, which suggested that Loop 4 did not play a
role in forming this structure. However, the loss of AL4’s ability to form the tertiary
structure suggests that Loop 4 is important in nc886 to create the L4-L5 helix junction
and that this adjacent helix is critical in formation of the tertiary structure and,
additionally, the tertiary structure in Conformer 1 provides stability to the RNA, shifting

the Ty, higher.

3.4 Conclusions
The OAS/ RNase L pathway halts viral replication through translational control in
response to viral infection. In this study, we demonstrate that a cellular non-coding RNA,

nc886, regulates OASI activity in vitro and in A549 cells. nc886 was previously shown
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to regulate another viral dsSRNA sensor, PKR, and this activity was dependent on the
nc886 conformer involved (26). While nc886 Conformer 1 and 2 share the same
sequence and the majority of their structure, the different folding of the apical stem-loop
of each greatly impacts their ability to activate OAS1. Despite both conformers
containing more than the 18 bp required by OASI for activation, they have stark
differences in their respective levels of OAS1 activation. Furthermore, the structural
motif in nc886 Conformer 1 requires the nucleotides of Loop 5 and the adjacent helix for
formation. In addition, this putative tertiary interaction present in the apical stem-loop of
nc886 Conformer 1 potentiates the activity of the RNA. OASI activation can thus be
affected by specific RNA structural elements in addition to dsSRNA length or the presence
of motifs such as the 3’-ssPy or a consensus sequence (27, 33, 34). Moreover, we show
that multiple OAS1 binding sites exist within nc886 RNA that are not equivalent and this
highlights the importance of context with regards to the effects of specific RNA structural
elements. Furthermore, the nature of an overlapping, but distinct, requirement for the
apical stem of nc886 in the regulation of OAS1 versus PKR suggests a model in which
PKR and OAS1 may compete for binding to nc886 basally and during infection. This
may implicate nc886 RNA as mediating a synergistic response in innate immunity if it
were to be displaced from PKR during infection, allowing it to bind and potently activate

OASI (Figure 3.5).

3.5 Materials and Methods
3.5.1 RNA in vitro transcription and purification

RNAs were in vitro transcribed from linearized plasmid DNA templates using T7 RNA
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polymerase as previously described (35). Completed transcription reactions were
dialyzed against 1x TE (10 mM Tris, pH 8 and 1 mM EDTA) buffer and RNA purified
by native polyacrylamide gel electrophoresis (PAGE) on 0.5x TBE (44.5 mM Tris, pH
8.3, 44.5 mM boric acid and 1 mM EDTA) gels. RNA bands were identified by UV
shadowing, excised from the gel, eluted by crushing and soaking in 0.3 M sodium acetate
(pH 5.2), and recovered by ethanol precipitation. All RNAs were analyzed by native

PAGE after purification and prior to use in assays.

3.5.2 OASI expression and purification

Human OASI1 (p41/E16 isoform) was expressed in E. coli BL21 (DE3) as an amino-
terminal hexa-histidine tagged SUMO-OASI fusion protein (27). Cells were grown in
Lysogeny Broth at 37 °C and expression was induced with 0.1 mM isopropyl-p-D-1-
thiogalactopyranoside (IPTG) at mid-log phase growth (ODgpp~0.5). Growth was
continued overnight at 20 °C. Cells were lysed in 50 mM Tris-HCI buffer (pH 8)
containing 150 mM NaCl, 10% (v/v) glycerol, 10 mM imidazole, and 1 mM DTT.
SUMO-0OASI fusion protein was purified by sequential Ni**-affinity and heparin-affinity
chromatographies on an AKTApurifier 10 system (GE Healthcare). The fusion protein
was dialyzed against SUMO cleavage buffer (50 mM Tris-HCI buffer (pH 8) containing
150 mM NacCl, 10% (v/v) glycerol and 2 mM DTT) and cleaved with SUMO Protease 1

(LifeSensors) leaving a native OAS1 amino-terminus.

3.5.3 In vitro chromogenic assay of OASI1 activity

2’-5’-oligoadenylate synthesis was monitored by detection of the reaction by-product
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pyrophosphate (PPi) in an established chromogenic assay of OAS]1 activity (27). OAS1
(300 nM) was incubated at 37 °C with 20 ug/mL poly(rl:rC) or 300 nM wild-type or
variant nc886 RNA in solution containing 20 mM Tris HCI buffer (pH 7.4), 7 mM
MgCl,, | mM DTT and 1.5 mM ATP. Aligouts (10 uL) were removed at time points
between 0 and 120 minutes, and quenched with 2.5 uL of 250 mM EDTA pre-dispensed
into the wells of a 96-well plate. At completion of the time course, 10 uL of 2.5%
ammonium molybdate in 2.5 M H,SOy, 10 uL of 0.5 M B-mercaptoethanol, and water to
100 uL total volume were added to each well. Absorbance at 580 nm was measured using
a Synergy4 plate reader (Biotek) and readings were converted to PPi produced by
comparison with PPi standards after background subtraction from a blank reaction
(containing all components of the reaction except for OAS1 and RNA).

Complete kinetic analyses were performed similarly, but using RNA in the range
0f 0.01-1 uM (nc886 Conformer 1) or 0.1-3 uM (nc886 Conformer 2), and only
measuring the first 10-20 minutes of the reaction. Linear regression analysis was used to
obtain the nmols PPi produced/minute for each RNA concentration and the values plotted
using Prism 6 (GraphPad). The curves were then fit using non-linear regression analysis
using the Michaelis-Menten model to obtain OAS1 V. and RNA K, values. For each

RNA, two replicate experiments were carried out using two different preps of protein.

3.5.4 OAS/RNase L activation in A549 cells
Human wild-type A549 and RNase L knockout A549 cells, constructed using CRISPR-
Cas9 gene editing technology as reported previously (36), were cultured in F-12K

medium (Gibco/Invitrogen) supplemented with 10% fetal bovine serum (FBS), 100
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U/mL penicillin and 100 ug/mL streptomycin. Both cell lines tested negative for
mycoplasma. For analysis of OAS/RNase L pathway activation, A549 cells (0.3 x 10°)
were seeded into six-well plates in media lacking antibiotics and after 24 hours were
transfected with 1 ug/mL RNA (nc886 Conformer 1, nc886 Conformer 2, poly(rL:rC), or
VA RNA; TSA21 variant) using Lipofectamine 2000 reagent (Invitrogen) for 3 hours.
Cells were harvested in 350 uL RLT lysis buffer (Qiagen) and the total RNA extracted
using the RNeasy Kit (Qiagen). Total RNA was resolved on 1.5% agarose gels, stained

with ethidium bromide, to determine integrity of 28S and 18S rRNA.

3.5.5 RNA UV thermal melting analysis

RNA UV melting curves were collected at 260 and 280 nm on a Cary400 UV-visible
spectrophotometer (Varian). Samples contained 20-25 ug RNA in a solution of 0.5 TBE
or 20 mM HEPES buffer (pH 7.5) containing 100 mM NaCl. The first derivative of each
UV absorbance curve ("melting profile") was calculated for each RNA in GraphPad

Prismo6 software after normalization to simplify comparisons between RNA variants.

3.5.6 Selective 2’-hydroxyl acylation analyzed by primer extension (SHAPE)

SHAPE RNA probing with N-methyl isatoic anhydride (NMIA) was carried out as
previously described (26, 37) with the following modifications: reactions were initiated
with 1 uL of 130 mM NMIA and run for 45 min at 37 °C. Reverse transcription was
carried out with a 5°-end labeled [y**P]-ATP DNA primer corresponding to the sequence
of the 3’end of the full-length nc886 RNA (nucleotides 84-101) or to an internal sequence

for full-length nc886 Conformer 1 (nucleotides 36-54). The primer used for the apical
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stem variants was the same as that corresponding to the 3’end of the full-length nc886
RNA. To determine the position of each SHAPE reactive nucleotide, dideoxy nucleotide
(ddNTP) sequencing was carried out using the radiolabeled primer and untreated RNA.
All reactions were resolved on denaturing (urea) sequencing-style polyacrylamide gels,
dried, and exposed to a phosphor storage screen. The intensity of bands was analyzed on
a Typhoon Trio Imager (GE Healthcare) and quantified using ImageQuant software (GE
Healthcare). Following subtraction of background corresponding to reactions without
NMIA, reactivity at each nucleotide was normalized and the values from at least two
replicates were averaged and classified as low (5.5-11%), medium (11-22%), and high
(>22%) (37). Previously reported SHAPE reactivities for full-length nc886 Conformer 1,
nc886 Conformer 2, and nc886ALS5 (26) are shown for comparison with the variant

RNAs generated in this study.
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Figure 3.1 Differential activation of OAS1 by the two nc886 conformers. A. nc886
secondary structure and domain organization. The region of predicted tertiary structure
present only in Conformer 1 is highlighted by gray shading. B. Chromogenic assay of
OASI activity performed under previously established conditions (27) demonstrating that
the nc886 conformers activate OAS1 to starkly different levels. nc886 Conformer 1 (solid
black line) potently activates OAS1, near the levels of activation for the synthetic dsSRNA

poly(r[:rC) (red line), whereas Conformer 2 (dashed black line) only weakly activates
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OASI. The lower panel is a zoomed in view of the plot showing that nc886 Conformer 2
activates OASI1 at a low level but above the background control lacking RNA (dashed
gray line). Data are normalized to nc886 Conformer 1. Error bars represent the SEM. C.
Kinetic analysis of OAS1 activation by nc886 RNA conformers. OASI activity over a
range of nc886 Conformer 1 and Conformer 2 concentrations. Data were fit using non-
linear regression to obtain the kinetic parameters (Vmax and Kgpp) as described in the main

text. Error bars represent the SEM.
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Figure 3.2 nc886 Conformer 1 activates the OAS/RNase L pathway in human A549
cells. A. Native PAGE analysis of purified nc886 conformers and the adenoviral VA
RNA| (TSA21) variant used to transfect A549 cells. B. Agarose gel analysis of total RNA
extracted from cells at 3 hours post-transfection with the indicated RNA (1 pg/mL) or
other treatment: untransfected (Un.) or mock-transfected (Mock). A representative gel is
shown for one independent set of experiments. rRNA degradation, based on 28S and 18S
rRNA integrity, is only induced by treatment with nc886 Conformer 1 and poly(rI:rC). C.
Analysis of total RNA extracted from A549 cells lacking RNase L treated as in panel B,
demonstrating that rRNA degradation observed with nc886 Conformer 1 and poly(rI:rC)

treatment is specifically dependent on activation of the OAS/RNase L pathway.
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B. Chromogenic assay of OASI activity demonstrating that the terminal stem of nc886
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C are normalized to nc886 Conformer 1. Error bars represent the SEM.
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loop region of each variant. B. Native PAGE analysis of purified variant RNAs. C.
Chromogenic assay of OASI activity demonstrating that AS variants fail to activate
OASI. nc886 Conformer 1 (solid black line) potently activates OAS1, whereas
Conformer 2 (dashed black line) only weakly activates OAS1. nc886AAS2 (solid purple
line), nc886ALS5 (solid blue line), and nc886AL4 (solid pink line) all fail to activate
OASI. The lower panel is a zoomed in view of the plot showing that the AS mutants all
have activity that overlaps with the background control lacking RNA (dashed gray line).

Data are normalized to nc886 Conformer 1. Error bars represent the SEM.
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Figure 3.6 SHAPE probing of nc886 variants. A. Example autoradiograms of

sequencing gel analysis of SHAPE probing of wild-type nc886 and apical stem variants.

Lanes are -, mock treated (no NMIA); +, NMIA treated; and U/G/C/A, sequencing lanes

containing the complementary dideoxy-NTP. Brackets on the right of gel images denote

the loop regions (L1-L5) in the predicted secondary structures. B. Expected secondary

structures of wild-type nc886 and apical stem variants with experimental SHAPE

reactivity mapped onto these structures.



Apparent T,, (°C)

RNA 0.5 x TBE HEPES/NaCl
nc886 Conf. 1 73.8 92.2
nc886 Conf. 2 38.2 58.4
nc886AAS2 40.9 61.2
nc886AL4 43.6 63.9
nc886ALS 39 59.4

Table 3.1 Apparent melting temperatures (7,,) for wild-type and variant nc886

unfolding.
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Chapter 4

Conclusion

The work presented in this thesis has deepened our understanding of non-coding RNA-
mediated regulation of the innate immune proteins PKR and OAS. These proteins exert
their antiviral activity through distinct mechanisms of translational control. Such viral
dsRNA sensors play a critical role in innate immunity and must achieve a balance
between accurate detection of foreign nucleic acids and prevention of spurious activation
by host nucleic acids, which could have deleterious effects for the cell. Deregulation of
their activity can leave cells susceptible to viral infections or contribute to human disease.
As such, the precise regulation of innate immune sensors by specific recognition of
pathogen-associated molecular patterns or by endogenous factors is required for proper
cell function. For example, the non-coding RNA nc886 is proposed to play this latter
role, regulating PKR activity to prevent basal activation by host nucleic acids.

Our work has elucidated molecular details of nc886-mediated PKR regulation.
nc886 inhibits basal PKR activity and this role is crucial for proper cell function; loss of
nc886 and concomitant upregulation of PKR activity is observed in several different
cancer cell lines and tissues. We have shown that nc886 adopts two distinct structural
conformations with opposing function towards PKR. These nc886 conformers share the
majority of their central and terminal stem structure, but differ in their apical region.
There, nc886 Conformer 1 forms a unique RNA tertiary structure that is critical for

potent inhibition of PKR activity. Conformer 2, in contrast, lacks this tertiary structure
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and acts as a weak activator of PKR. We have demonstrated that nc886 also possesses the
ability to regulate OAS1 activity through potent activation in vitro and in human A549
cells. This activity is again dependent on an intact apical stem forming the tertiary
structure present only in nc886 Conformer 1. Thus, nc886 serves as a non-coding RNA
regulator with opposing activities against two arms of the innate immune response that
function in translational control during viral infection. The overlapping, but distinct
requirements for nc886-mediated regulation of each dsRNA sensor suggests that PKR
and OAS may compete for nc886 binding. Finally, we expand our analyses of non-coding
RNA regulators to include another human non-coding RNA, the Gas5 lincRNA, capable
of regulating PKR activity in a sequence and structural motif-independent manner. In the
following sections I highlight the larger implications of this work and open questions that
need to be addressed to more fully complete our knowledge of non-coding RNA-

mediated regulation of innate immunity.

4.1 Structural differences in nc886 conformers have functional consequences

In Chapter 2, the secondary structures of nc886 Conformer 1 and 2 were elucidated using
SHAPE RNA probing, revealing that the terminal and central stem secondary structure is
largely shared between the two forms. However, there are stark differences in the folding
of the apical stem region with nc886 Conformer 2 adopting the predicted apical stem-
loop resulting in high reactivity to NMIA for the nucleotides in Loop 5. In contrast,
nc886 Conformer 1 exhibits significantly lower reactivity in Loop 5, except for a single
nucleotide A47. Furthermore, multiple NMIA-independent stops are observed for nc886

Conformer 1, indicating a stable structure resistant to unfolding during the reverse
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transcription reaction in the helix adjacent to Loop 5. Based on these two observations,
we propose that this apical stem-loop forms a higher order tertiary structure that
distinguishes the nc886 Conformer 1 structure.

The presence or absence of this nc886 apical stem-loop tertiary structure greatly
impacts nc886 function towards PKR and OAS1. The presence of this tertiary structure in
Conformer 1 confers potent inhibitory activity towards PKR. This structural motif is not
required for binding as nc886 Conformer 2 and an apical stem deletion variant
(nc886AAS) all bind PKR albeit with lower affinity than nc886 Conformer 1.
Surprisingly, nc886 Conformer 2 is able to weakly activate PKR suggesting that the
tertiary structure masks what would otherwise be an activating RNA structure.
Furthermore, in Chapter 3 we demonstrate that the presence or absence of the same
structural motif dictates the potency of nc886-mediated OAS1 activation with Conformer
1 being a potent activator and Conformer 2 activating weakly.

While the molecular details of the unique nc886 Conformer 1 structure are
unknown, we speculate that it may arise from a different organization of base pairing that
is very stable but which must be kinetically trapped during transcription. Alternatively,
adoption of a unique fold around a buried ion could help explain the properties of each
conformer, as described in Chapter 2. However, the lack of experimental determination
of this nc886 motif remains a significant gap in our understanding of its function.
Although we know this structural motif requires Loop 4, Loop 5, and the junction
between them, the elucidation of the three-dimensional structure of nc886, for example
by x-ray crystallography, is required in order to determine the molecular details of this

motif fold. This additional structural information would also provide insight into both
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how nc886 Conformer 1 can potently inhibit PKR activity and potentiate OAS1
activation, though structural studies of the RNA-protein complex would be most
informative. Such structures would reveal important new details of the mechanisms of
nc886-mediated regulation of PKR and OASI1. Along with structural information already
available on dsRNA-mediated activation of PKR and OASI1 (1, 2), such studies would
reveal why nc886 is so potent in regards to both proteins. Furthermore, these structures
could provide insights that lead to novel avenues for modulating the activity of these viral
dsRNA sensors through their interaction with nc886.

While the differences in nc886 structure have large impacts on its function, the
ability of nc886 to fold into multiple structures from the same sequence is not unique. In
fact, at least one cellular mRNA, the interferon-gamma (IFN-y) mRNA, regulates its own
translation through dynamic refolding of its 5’-untranslated region (5’-UTR) (3). The
IFN-y mRNA 5’-UTR forms three short helices that align with a pseudoknot stem in the
RNA, allowing it to transition from a translation template to PKR activator, and thus a
specific translational repressor. For nc886, it remains to be addressed if both conformers
exist in vivo and what conditions may favor one form or the other. In order to address the
first part of this question it is important to use primary cell culture, as nc886 is deficient
in many cancer cell lines and is expected to also be downregulated in other immortalized
or cancer cell lines. Furthermore, whether the total levels of nc886 or the ratio of the
conformers change in the cell during infection or under other cellular stresses must still
be determined. We speculate that the ratio of the conformers in the cell has the potential
to dictate the nature and extent of regulation of PKR and OAS activity in response to

diverse cell needs both during and in the absence of infection.
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Changes in total nc886 RNA levels could occur through changes in transcription
or decay of the RNA. Transcriptional changes could potentially affect the folding of the
RNA, favoring formation of one conformer or the other. Changes in the ratio of the two
forms could also occur through refolding of the RNA, such as seen with IFN-y mRNA
(3). While nc886 conformers maintain their structural identity under non-denaturing
conditions, binding to other proteins may induce structural changes. Although we tested
and found no PKR binding-induced changes in vitro, this observation does not rule out
the possibility of other protein or RNA binding partners being able to induce nc886
conformational changes within the cell. To more fully address this, Northern Blot
analysis in uninfected and virally infected cells could be compared to address differences
in steady-state levels of nc886 RNA. Native Northern Blot analysis could be used to
determine if both conformers are expressed in human cells and if the ratio of the two

conformers changes upon viral infection.

4.2 PKR and OAS interact with overlapping segments of nc886 RNA

Through combined mutational and functional analyses, we established that the nc886
tertiary structure, present only in Conformer 1, is required for both potent inhibition of
PKR and potent activation of OAS1. This suggests that both proteins interact with the
tertiary structure, located in the apical region of nc886 RNA, and thus may have
overlapping binding regions. An important implication of this finding is therefore that
nc886 may be bound to only one protein at a time. Thus, nc886 might serve as a mediator
of communication between these two arms of the innate immune response.

Downregulation of nc886 in cancer cells leads to unregulated basal PKR activity
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illustrating the important role nc886 plays in keeping PKR activity under control (4-8).
Further, artificial downregulation of nc886 using siRNAs leads to activation of PKR in
the absence of exogenous dsRNA and results in the downstream activation of nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-«B) (5). NF-«B is oncogenic
and activates survival genes allowing for proliferation of cancer cells (9). Thus, the
literature supports a model in which the primary role of nc886 in the cell is to inhibit
basal PKR activity (Figure 4.1). During infection, nc886 should be displaced from PKR
by viral dsRNA, either through higher binding affinity or sheer excess, thus allowing for
an appropriate immune response. The discovery here of nc886’s potent activation of OAS
in vitro and in human A549 cells highlights a potential avenue for nc886 to stimulate the
immune response during infection by activating the OAS/ RNase L pathway after release
from PKR.

An important question that needs to be addressed is whether nc886 can be
released from PKR during infection to activate OAS. An experimental way to test this in
vitro would be to use competition assays in which activating dsRNA is added to a PKR-
nc886 complex and measuring release of nc886 RNA. Filter binding assays could be used
to test for release of nc886 from PKR, exploiting the property of nitrocellulose
membranes to only bind protein thus capturing only PKR-bound RNA. To test whether
nc886 could activate OAS, similar competition assays could be used, but measuring OAS
activity rather than RNA release from PKR. A caveat of this work, however, is the need
to use an RNA that binds PKR but does not activate OAS. Cell based assays could also
be used to test if OAS activation occurs, by measuring RNase L cleavage of rRNA, after

transfection of an RNA that interacts with PKR, but does not activate OAS. Repeating
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such experiments in cells were nc886 is naturally or artificially deleted would help

confirm this synergistic response.

4.3 GasS lincRNA activates PKR

We additionally demonstrated the ability of Gas5 (described in the Appendix), a long
intergenic non-coding RNA (lincRNA), to activate PKR and the downstream
phosphorylation of elF2a both in vitro and in HEK293T cells. This activation was RNA
length-dependent, but not dependent on any particular sequence or structural motif. Two
small truncation variants of Gas5, 187-253 and 471-531, had significantly reduced ability
to activate PKR likely due to their small size, 68 and 62 nucleotides, respectively. PKR
requires a minimum of 33 base pairs for activation making both variants potentially too
small to accommodate two PKR double-stranded RNA-binding domains. However, the
remaining larger truncation variants that were able to activate PKR at near wild-type
levels (Figure 4.2) had no obvious conserved sequence or structure.

Unlike nc886, Gas5 lincRNA positively regulates PKR activity by inducing
autophosphorylation in vitro and in HEK293T cells. These two examples add to a
growing body of literature highlighting RNA-mediated regulation of PKR activity by
structurally diverse cellular RNAs (Figure 4.3). Thus, an open question that remains is
whether there are other non-coding RNA regulators of PKR or OAS activity and what
cellular functions these may control. With increased RNA sequencing capabilities we can
envision experiments aimed at isolating RNA binding partners of these and other dsSRNA
sensors in innate immunity. An important step moving forward with studies aimed at

understanding the role of Gas5 and other non-coding RNAs on PKR activity is validation
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in cells. While Gas5 acts in both growth arrest and apoptosis, both cellular processes that
are also regulated by PKR-mediated translation inhibition, it remains to be addressed if
endogenous Gas5 activates PKR and under what circumstances it does this. Given our
work with nc886-mediated repression of PKR activity, it also remains to be addressed

how Gas5 and nc886 may compete for PKR binding.

4.4 Roles for nucleic acid sensors outside of immunity

The discovery of novel cellular RNA-mediated regulation of PKR and OAS begs the
question of what additional cellular functions PKR and OAS may possess outside of
immunity. Studies have identified numerous PKR functions outside of immunity
including roles in regulating gene expression, cell differentiation, cell division, and
response to other cell stresses (10-12). The cellular functions of the OAS/RNase L
pathway, however, are less well understood. Recently, RNase L has been implicated in
regulating cell proliferation, differentiation, and adhesion (13-16). Both proteins have
conserved functions that suggest roles outside of innate immunity. For example, PKR
belongs to the family of elF2a kinases, which includes HRI, GCN2, and PERK. These
kinases all inhibit general translation in response to different stimuli including dsRNA,
heme deficiency, amino acid starvation, and ER stress, respectively. This downstream
response is thus a conserved mechanism for responding to cell stress. Interestingly, OAS
is evolutionarily conserved and found even in organisms lacking an interferon system,
such as sponges (17, 18). This suggests that the OAS/RNase L pathway may have played
other cellular roles prior to acting in the interferon-inducible antiviral system. Taken

together, discovery of new RNAs capable of regulating the activity of these sensors and
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thus their downstream responses may hint at other important biological roles these
sensors play in uninfected cells. OAS and PKR may thus be thought of as evolutionarily
conserved stress response pathways whose activities are regulated by cellular RNAs for
diverse cell needs. In addition, this highlights a potential avenue that viruses might use to
subvert the innate immune response through manipulation of endogenous regulators of
these immune sensors in order to evade detection or alternatively activating these sensors
for the purposes of turning on specific cellular functions downstream that may benefit the
virus. For example, it has been shown that Epstein-Barr virus and Influenza A virus
upregulate nc886 expression leading to PKR inhibition although the mechanistic details
are unknown (19, 20). Long-term implications of this work, and studies building upon it,
can be focused on the identification of other RNAs or structural motifs, such as that seen
in nc886, with the ability to selectively stimulate or inhibit these sensors for therapeutic

approaches.
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Figure 4.1 Model for coordinated nc886-mediated regulation of the viral dsRNA
sensors PKR and OAS. In the uninfected cell, nc886 primarily binds to and inhibits
basal PKR activity. During infection, nc886 RNA is displaced from PKR by viral dsSRNA
resulting in activation of PKR and the downstream phosphorylation of its substrate elF2a.
thus halting protein synthesis. Free nc886 can bind to and activate OAS, leading to
production of 2°-5’-oligoadenylate second messenger that drives RNase L dimerization

and activation, resulting in the degradation of viral and cellular RNA.
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Full-length Gas5 Gas5 T7-167 Gas5 245-481

Figure 4.2 PKR is activated by a variety of Gas5 secondary structures. Secondary

structure maps of full-length Gas5 and the truncation variants T7-167 and 245-481.
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Figure 4.3 PKR regulation by cellular RNAs with varied structures. RNA secondary
structure maps of PKR interacting RNAs including the positive (green arrows) regulators
Gas5 lincRNA, TNF-a mRNA, Inverted Repeat Alu (IRAlu) containing RNAs, and IFN-
vy mRNA. The secondary structure of the only known cellular RNA that negatively (red
inhibition) regulates PKR activity, nc886, is also shown. The positive regulators
cytoskeletal mRNAs are not shown, as their secondary structures are not experimentally

determined.
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Appendix

Gas5 lincRNA is a novel, cellular non-coding RNA activator of PKR

A.1 Abstract

The double-stranded RNA (dsRNA)-activated protein kinase (PKR) senses dsRNA in the
cytosol, produced during viral infection, and blocks viral replication through translational
control. Outside of innate immunity, PKR plays roles in diverse cellular processes
including regulation of gene expression, cell division, cell differentiation, and apoptosis.
As such, deregulation of PKR activity is implicated in myriad human diseases ranging
from neurodegeneration to cancer. Clearly defining the mechanisms of PKR regulation in
the cell and the factors involved is crucial for our understanding of PKR’s impact on cell
function and disease. Long intergenic non-coding RNAs (lincRNAs) are a class of non-
coding RNAs that play essential roles in diverse biological processes. Their deregulation
is also associated with many human diseases. The growth arrest-specific 5 (Gas5)
lincRNA is one such RNA, and its roles in inhibition of cell proliferation and promotion
of apoptosis result in its downregulation in multiple cancers. Here we demonstrate that
Gas5 activates PKR in vitro and in HEK293T cells in a length-dependent manner. Gas5
activation of PKR serves as another example of cellular RNA-mediated regulation of
PKR activity and has potential implications for modulating PKR activity for diverse cell

needs.

A.2 Introduction
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The human genome is comprised mostly of non-coding DNA, with only 2% coding for
protein (1). However, the discovery of many new classes of non-coding transcripts has
led to a growing appreciation for the roles of non-coding RNA (ncRNA) in diverse cell
functions (2). While the roles of ribosomal RNA, transfer RNA, small nucleolar RNA,
and micro RNAs are well established, there are many classes of ncRNAs with less
understood structures and functions. These include PIWI-interacting RNAs, promoter-
associated RNAs, small non-coding RNAs, and long non-coding RNAs (3). In particular,
long intergenic non-coding RNAs (lincRNAs) represent a large component of the human
transcriptome with poorly defined functions.

The growth arrest-specific 5 (Gas5) lincRNA regulates gene expression by
binding to and repressing steroid hormone receptors including the glucocorticoid
receptor, androgen receptor, progesterone receptor and mineralocorticoid receptor (4, 5).
The human GASS5 gene consists of 12 exons and encodes C/D box snoRNA genes within
its introns (6). The GAS5 gene yields two mature lincRNAs, Gas5a and Gas5b, and is
expressed in all tissues (7). Gas5 lincRNA has established roles in cell growth and arrest
as well as apoptosis, functions that can be independent of steroid receptor signaling. As
such, Gas5 lincRNA expression is downregulated in several cancers (5, 8, 9). Our recent
work highlighting the role of a small non-coding RNA in regulating the activity of an
innate immune response protein implicated in cancer, the double-stranded RNA-activated
protein kinase (PKR) (10), led us to ask if Gas5 could also interact with and regulate
PKR activity. PKR halts protein synthesis in response to viral infection and other cell
stresses, through phosphorylation of the eukaryotic translation initiation factor 2 alpha

subunit (elF2a) and initiates the integrated stress response (11). PKR has been proposed
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to act as both a tumor suppressor and as an oncogene depending on which of its
downstream pathways are activated (12). While PKR can be anti-proliferative through
inhibition of general translation, its role in activating nuclear factor kappa-light chain-
enhancer of activated B cells (NF-kB) can confer proliferative properties on PKR. Here
we show that Gas5 lincRNA activates PKR in vitro and in HEK293T cells, leading to
autophosphorylation and activation of the kinase, resulting in the subsequent
phosphorylation of eIF2a. We propose that because Gas5 is anti-proliferative, Gas5-
mediated PKR activation could also drive growth arrest and apoptosis through PKR’s

inhibition of general translation.

A.3 Results

A.3.1 Gas5 activates PKR in vitro

To test if Gas5 lincRNA directly interacts with PKR, Gas5 was in vitro transcribed,
PAGE-purified, and annealed prior to use in a radiometric assay to measure RNA-
binding induced PKR dimerization and autophosphorylation. Phosphorylation was
measured by the transfer of a radioactive phosphate from [y’*P]-ATP. The biological
substrate of PKR, elF2a, was also included in the radiometric assay and the two proteins
were resolved by SDS-PAGE to determine the extent of phosphorylation of each protein.
Gas5 lincRNA activates PKR leading to autophosphorylation of PKR and
phosphorylation of its substrate e[F2a (Figure A.1A), producing a bell-shaped
dependence on RNA concentration typical of other PKR activators (Figure A.1B). PKR
activation follows this profile as increasing concentrations of RNA induce successively

greater PKR dimerization and autophosphorylation until higher concentrations of RNA
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become inhibitory due to increased binding of isolated PKR monomers to RNA and thus
dilution of the active dimeric form. Importantly, neither PKR nor elF2a phosphorylation
was observed in a control reaction with no RNA. The peak of the activation curve was
observed between 250 and 500 nM Gas5, suggesting that small changes in cellular

concentrations of Gas5 can dramatically affect its ability to activate PKR.

A.3.2 GasS5 induces PKR T446 phosphorylation in HEK293T cells

We next asked if Gas5 lincRNA could activate PKR and induce the downstream
phosphorylation of elF2a in cells. HEK293T cells were transfected with Gas5 lincRNA
or poly(rl:rC), a known activator of PKR, and PKR activation measured by
immunoblotting for phosphorylated T446 of PKR and phosphorylated S51 of elF2a.
Threonine 446 is located in the activation loop of PKR and is the only phosphorylated
residue required for PKR kinase activity on elF2a. Transfection of poly(rL:rC) or Gas5
lincRNA induced PKR T446 phosphorylation (Figure A.2A), which was not observed in
untransfected or mock-transfected controls. While poly(rl:rC) induced phosphorylation
more than 2-fold higher compared to Gas5 at the low (0.005 uM) or high (0.05 pM)
concentration, the Gas5-induced phosphorylation was still increased > 100-fold compared
to untransfected controls. The changes observed in elF2a phosphorylation levels were
comparable between transfection with poly(rl:rC) and low (0.005 pM) concentration of
Gas5, increasing 2- to 3-fold compared to mock-transfected controls. Importantly,
differences in phosphorylation levels are not a result of dramatic differences in total

levels of PKR and elF2a proteins (Figure A.2B).
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A.3.3 PKR recognition of GasS is length but not sequence dependent

Previous published work (5) demonstrated that Gas5 lincRNA interacts with steroid
receptors in cells in a sequence-specific manner dependent on its nucleotides G549 and
G559. PKR is a sensor of dsSRNA in the cell, typically viral dsSRNA in the infected cell
and thus acts in a non-sequence-specific manner to detect dSRNA from a broad range of
pathogens. PKR activation is, however, length-dependent due to the requirement of
dsRNA to bind two PKR monomers driving their dimerization and thus
autophosphorylation. We created a series of truncation variants based on unpublished
SHAPE probing data on full-length Gas5 lincRNA (Figure A.3A,B) and tested each
variant separately in the same radiometric activation assay (Figure A.3C). Two variants,
corresponding to Gas5 nts 187-253 and 471-531 did not produce high levels of PKR
autophosphorylation at the peak of their respective curves, suggesting that these RNAs
are not sufficiently double-stranded. PKR requires 30-33 bp of dsRNA for RNA-induced
dimerization/autophosphorylation, which these variants might fall short of due to their
size. We selected the next two smallest variants corresponding to non-overlapping
segments of Gas5, and tested these in the same radiometric activation assay along with
full-length Gas5 lincRNA for comparison (Figure A.3D). Both truncation variants display
similar activation curves but shifted to the right (i.e. higher RNA concentration)
compared to full-length Gas5. Thus, more RNA is required to activate PKR in the case of
the variants, suggesting that there are at least two distinct PKR binding sites in Gas5

lincRNA that are capable of activating the kinase.

A.4 Discussion
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Gas5 levels change in response to cell stress in order to allow for Gas5-mediated growth
arrest and apoptosis. Serum starvation, rapamycin stimulation, and cortisol are just some
of the cell stresses that induce an increase in Gas5 IncRNA levels (6, 13). Thus, changes
in Gas5 levels in response to stress could allow for the activation of PKR and subsequent
translational control as a potential stress response pathway. Using biochemical
approaches we show that Gas5 lincRNA activates PKR in vitro and in HEK293T cells.
This activation is length-dependent, but sequence-independent, distinct from the
mechanism of Gas5 interaction with steroid receptors. Through creation of RNA
truncation variants we show that Gas5 contains at least two, and potentially multiple,
binding sites within its 651 nucleotide length. Despite large differences in their sequence
and secondary structures, the two fragments tested here activate PKR to similar extents.
The full-length Gas5 lincRNA activates PKR at lower RNA concentrations than each
truncation variant likely due to the accumulated action of the multiple binding sites
facilitating in PKR dimerization and activation.

Gas5-mediated activation of PKR highlights the broad range of RNA structures
recognized by PKR. While PKR requires a minimum of 30-33 bp of dsRNA in order
accommodate the dsSRNA-binding domains of two separate PKR monomers for
dimerization-induced activation, this is not constrained to perfectly duplex RNA.
Interferon gamma (IFN-y) mRNA, for example, activates PKR through refolding of its
5’-untranslated region, which results in a tertiary structure composed of four adjoining
helices stacking with a pseudoknot capable of activating PKR (14). Furthermore, the 3’-
untranslated regions of cytoskeletal mRNAs and tumor necrosis factor-a have also been

shown to activate PKR (15, 16). Gas5 lincRNA thus belongs to a growing list of cellular
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RNAs capable of activating PKR though the biological significance of Gas5-mediated
PKR activation, however, requires further study. Gas5 functions in growth arrest and
apoptosis; these activities are clearly compatible with PKR’s known roles in halting
protein synthesis and inducing apoptosis.

GasS5 is one of the most abundantly expressed lincRNAs in humans, and as such it
remains to be determined what regulates the Gas5-PKR interaction. While Gas5 levels
are high, binding to endogenous protein partners may limit interaction with PKR.
Furthermore, Gas5 levels change in response to different cell stresses, with an increase
observed under serum starvation, rapamycin stimulation, and cortisol stimulation. Rapid
changes in Gas5 levels can thus also add a layer of regulation to Gas5-mediated PKR
activation with this interaction more likely to happen under conditions of cell stress when
both PKR and Gas5 levels are elevated. In addition, localization can regulate PKR-
mediated activation by other RNAs, for example, inverted Alu repeat containing RNAs
are segregated in the nucleus of interphase cells, but are released into the cytosol during
mitosis allowing for activation of PKR and resulting in suppression of general translation
and regulation of mitotic factors (17). Here we have shown that Gas5 can activate PKR to
elicit downstream elF2a phosphorylation, adding to the known non-coding RNAs
capable of regulating PKR, in addition to the established role played by non-coding RNA
886. With our growing appreciation of non-coding RNA structure and function this
highlights new avenues for RNA-mediated regulation of proteins in a post-transcriptional

manncr.

A.5 Material and Methods
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A.5.1 RNA in vitro transcription and purification

Full-length (Gas5, sequence corresponding to Ensembl transcript 221, 651 bases) and
variant Gas5 RNAs were in vitro transcribed (by F. Frank, Emory University) from
linearized plasmid DNA templates using T7 RNA polymerase as previously described
(18). Following dialysis against 1x Tris—EDTA (TE) buffer, RNAs were purified by
polyacrylamide gel electrophoresis (PAGE) on denaturing (50% urea, 1x Tris—Borate—
EDTA [TBE]) gels. RNA bands were identified by UV shadowing, excised, eluted from
the gel by crushing and soaking in 0.3 M sodium acetate, and ethanol precipitated as

previously described (18).

A.5.2 PKR protein expression and purification

E. coli Rosetta 2 (DE3) cells were transformed with the pET-PKR/PPase plasmid
encoding full-length human PKR (19). Single colonies were used to inoculate large-scale
cultures in Terrific Broth. PKR expression was induced with 0.1 mM isopropyl p-D-1-
thiogalactopyranoside (IPTG) at mid-log phase growth (ODggo ~0.5) and growth
continued overnight at 20°C. PKR was purified by sequential heparin-affinity (HiPrep
Heparin 16/10), poly(rl:rC) dsRNA-affinity, and gel filtration (Superdex 200 10/300)
chromatographies on an AKTApurifier10 system (GE Healthcare). PKR was eluted from
the gel filtration column in 20 mM HEPES buffer (pH 7.5) containing 150 mM NaCl, 0.1

mM EDTA, 10% glycerol, and 10 mM B-mercaptoethanol (BME).

A.5.3 elF2a protein expression and purification

E. coli BL21 (DE3) cells were transformed with a plasmid encoding an amino-terminal
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hexa-histidine-tagged human elF2a. Single colonies were used to inoculate large-scale
cultures in Lysogeny Broth. elF2a expression was induced with 0.1 mM IPTG at mid-log
phase growth (ODgoo ~ 0.5) and growth continued overnight at 18°C. elF2a was purified
using a bench-top HisSpinTrap column (GE Healthcare). Fractions containing the protein
were pooled and further purified by gel filtration chromatography (Superdex 200 10/300)
on an AKTApurifier10 system. eIF20 was eluted from the gel filtration column in 20 mM
HEPES buffer (pH 7.5) containing 150 mM NacCl, 0.1 mM EDTA, 10% glycerol, and 10

mM BME.

A.5.4 PKR activation assays

PKR (0.1 pg) was incubated with 0—10 pM of full-length or variant Gas 5 RNA for 10
min at 25°C in 50 mM Tris buffer (pH 7.8) containing 50 mM KCI, 2.5 mM DTT, 10%
glycerol, 20 uM ATP, 1 pCi [y’°P]-ATP, and 2 mM MgCl,. After incubation, reactions
were quenched with excess ice-cold phosphate buffered saline containing 200 uM ATP
and applied to a Bio-Dot SF (Bio-Rad) microfiltration system as described previously
(20). Membranes were exposed to a phosphor storage screen and the extent of
phosphorylation was determined using analysis by a Typhoon FLA 7000 Phosphorlmager
and ImageQuant software (GE Healthcare). Values were normalized to a poly(rL:rC) (0.1
pg/mL) reaction performed in parallel, following background subtraction from a control

reaction without RNA. Assays were repeated at least three times for each RNA.

A.5.5 Cell lines, transfections and immunoblotting

Human HEK293T cells, obtained from Dr. Richard A. Kahn (Emory University), were
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cultured in Dulbecco’s Modified Eagle’s medium (DMEM) (Gibco/Invitrogen)
supplemented with 10% fetal bovine serum (FBS). HEK293T cells (0.1 x 10°) were
seeded into twelve-well plates and after 24 hours were transfected with 1 ug/mL
poly(rL:rC), 0.005 uM Gas5, or 0.05 uM Gas5 using Lipofectamine 2000 reagent
(Invitrogen) for 4 hours. Cells were harvested in radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris, pH 8, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1%
NP40, 1 mM NaF, | mM Na3;VO,) supplemented with a protease inhibitor tablet (Sigma-
Aldrich). The protein concentration of the soluble lysate was measured using a BCA
assay (ThermoFisher). Protein was resolved by SDS-PAGE, transferred to a
nitrocellulose membrane (Bio-Rad), and probed with antibodies against total PKR
(Abcam, 28934), total elF2a (Cell Signalling, D7D3), PKR phosphor-T446 (Abcam,
32036), elF2a phosphor-S51 (Abcam, 32157), or a-Tubulin (Abcam, 15246). A
peroxidase-conjugated secondary antibody Goat anti-Rabbit IgG (Jackson Laboratories,
111-035-003) was used for detection of all primary antibodies. Membranes were
developed with Clarity Western ECL Substrate (Bio-Rad) and exposed to film.
Densitometric analysis of bands were quantified with Image Quant Software (GE
Healthcare), background subtracted, normalized to tubulin levels and fold-change

compared to untransfected controls.
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Figure A.1 GasS activates PKR in vitro. A. Sample SDS-PAGE analysis of a
radiometric kinase activation assay containing both PKR and elF2a in the presence of 0-
10 uM Gas5 lincRNA. B. Quantification of radiometric activation assay demonstrating
capacity of Gas5 lincRNA to activate PKR autophosphorylation and induce subsequent

PKR-mediated phosphorylation of elF2a.
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Figure A.2 GasS activates PKR in HEK293T cells. A. HEK293T cells were

untransfected, mock-transfected or transfected with poly(rl:rC) or Gas5 lincRNA for 4

hours. Cells were lysed, and proteins analyzed by immunoblotting with antibodies against

T446 phosphorylated PKR (p-PKR), S51 phosphorylated elF2a (p- elF2a), and a-tubulin.

Levels of phosphorylated PKR and elF2a were compared to untransfected controls after

normalization of each lane to a-tubulin to determine the fold-change (shown below each

lane). * Indicates larger volume of Lipofectamine 2000 reagent used to allow transfection

of the high Gas5 concentration. B. Same as panel A but immunoblotting using antibodies

against total PKR, total elF2a, and a-tubulin.
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Figure A.3 Gas5 deletion variants retain PKR activity in vitro in a length-dependent
manner. A. Gas5 lincRNA secondary structure. Experimentally confirmed secondary

structure of nucleotides 1-600 of mature Gas5 lincRNA based on selective 2’-hydroxyl
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acylation analyzed by primer extension (SHAPE) probing (F. Frank and E.A. Ortlund,
unpublished).B. Secondary structure maps of full-length Gas5 lincRNA highlighting the
regions corresponding to each fragment (color-coded regions). C. Quantification of
radiometric PKR activation assay of Gas5 lincRNA truncation variants normalized to
highest intensity band on membrane. D. Quantification of radiometric PKR activation
assay of Gas5 lincRNA truncation variants T7-167 and 245-481 compared to full-length
Gas5 lincRNA normalized to highest intensity band per construct for comparison of shifts

in RNA concentration needed to drive maximum PKR activation.
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