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Abstract

Loss of RNA homeostasis underlies numerous neurodegenerative and neuroinflammatory diseases.
However, the molecular mechanisms that trigger neuroinflammation are poorly understood. Viral
double-stranded RNA (dsRNA) triggers innate immune responses when sensed by host pattern
recognition receptors (PRRs) present in all cell types. Here, we report that human neurons
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intrinsically carry exceptionally high levels of immunostimulatory dsSRNAs and identify long
3’UTRs as giving rise to neuronal dsRNA structures. We found that the neuron-enriched ELAVL
family of genes (ELAVLZ, ELAVL3, and ELAVL4) can increase (i) 3'UTR length, (ii) dsSRNA
load, and (iii) activation of dSRNA-sensing PRRs such as MDA5, PKR, and TLR3. In wild-type
neurons, neuronal dsRNAs signaled through PRRs to induce tonic production of the antiviral type
| interferon. Depleting £LAVL2in WT neurons led to global shortening of 3"UTR length, reduced
immunostimulatory dsRNA levels, and rendered WT neurons susceptible to herpes simplex virus
and Zika virus infection. Neurons deficient in ADAR1, a dsRNA-editing enzyme mutated in

the neuroinflammatory disorder Aicardi-Goutieres syndrome, exhibited intolerably high levels of
dsRNA that triggered PRR-mediated toxic inflammation and neuronal death. Depleting ELAVLZ2
in ADAR1 knockout neurons led to prolonged neuron survival by reducing immunostimulatory
dsRNA levels. In summary, neurons are specialized cells where PRRs constantly sense “self”
dsRNAs to preemptively induce protective antiviral immunity, but maintaining RNA homeostasis
is paramount to prevent pathological neuroinflammation.

INTRODUCTION

Viruses generate lengthy double-stranded RNA (dsRNA) structures, and our innate immune
system uses pattern recognition receptors (PRRs), expressed in all cell types, to detect this
dsRNA and trigger antiviral defense. For instance, the cytosolic RIG-1-like receptors (RLRs)
(i.e., RIG-1 and MDAJ5) and the endosomal Toll-like receptor 3 (TLR3) are PRRs that

sense viral dsSRNA and induce expression of the antiviral cytokine type I interferon (IFN)
(1). Binding of type I IFN to its cognate IFN-a/p receptor (IFNAR) induces hundreds of
IFN-stimulated gene (ISG) products with antiviral and inflammatory activities. Alternatively,
some PRRs, such as PKR, detect viral dsRNA and have direct antiviral function by inducing
global translational shutdown to limit virus replication (1).

Aberrant PRR activation is also observed in noninfectious diseases, most prominently

in many neurodegenerative diseases. For instance, an elevated IFN signature and PKR
activation are widely observed in brains of patients with amyotrophic lateral sclerosis
(ALS), Alzheimer’s disease, and Huntington’s disease (2-7). Systemic lupus erythematosus
(SLE) is also characterized by a type | IFN signature and PKR activation, and many
patients develop neuropsychiatric symptoms (8). However, the molecular events that
trigger sterile inflammation in the brain are still unclear. Another stark example of sterile
neuroinflammation is found in patients with Aicardi-Goutieres syndrome (AGS). AGS is a
type | interfer-onopathy and a rare Mendelian disorder in which spontaneous type I IFN
signaling occurs without acute viral infection; hence, the pathology is a mimic of viral
infection (9). The various genes mutated in patients with AGS share a common function:
The encoded proteins are involved in RNA or DNA binding or processing. A substantial
proportion of these mutations causes endogenous (self) dSRNASs to be mistaken as viral
dsRNAs, triggering PRR activation and downstream antiviral and inflammatory responses
(9-12). What is puzzling is that genes mutated in patients with AGS are all ubiquitously
expressed with minimal tissue specificity, but the central nervous system (CNS) is the
primary site of type | IFN production (9, 13, 14). Why the brain is especially prone to sterile
inflammation is a long-standing question.
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To answer this question, we postulated that the neural transcriptome may be unique in

its ability to trigger an immune response. We compared dsRNA abundance and identity
across different human cell types, finding that neurons carry exceptionally high levels

of dsRNA that stimulates PRR-mediated inflammation. Additionally, we demonstrate that
the neuron-enriched ELAVL family of genes (ELAVLZ, ELAVL3, and ELAVL4) lengthen
3’ untranslated regions (UTRs), and elongated 3" UTRs serve as a major source for
immunostimulatory dsRNA structures in neurons. These findings suggest that neuronal
dsRNAs could serve as a major upstream trigger for inflammation in the brain.

Neurons have intrinsically high levels of dsRNA

We used the J2 antibody to image dsRNAs in various human cell types (15). The J2
antibody, which binds long dsRNAs =40 base pairs (bp) independent of sequence, has been
used for detecting both viral and endogenous dsRNAs (15-18). We focused on human cells
because endogenous dsRNA levels and identity are distinct from species to species, even
between mouse and human (19, 20). We differentiated wild-type (WT) HUES8 human
embryonic stem cells (hRESCs) to neural progenitor cells (NPCs) and neurons using well-
established adherent monolayer culture methods (see Materials and Methods) (21, 22). After
confirming the identity of cell types using various lineage markers (fig. SLA), we conducted
J2 immunostaining. J2 antibody staining levels dynamically changed at different stages of
hESC differentiation, with neurons having the noticeably strongest J2 signal (fig. S1, A and
B). In parallel, we also derived hepatocyte-like cells (HLCs) from the same parental hESC
line (23). HLC identity was confirmed by staining for various lineage markers (fig. S1C).
HLCs had a much dimmer J2 signal than hESCs (fig. S1, C and D). Similarly, neurons
derived from an independent hESC line (WAQ9) also had a much higher dsRNA burden than
hESCs and HLCs (fig. S2, A and B).

We next compared dsRNA levels side-by-side among a broader range of cell types. We
generated specialized motor neurons (fig. S1E), which are derived via embryoid bodies

in cell suspension as opposed to adherent monocultures (24). We also generated cardio-
myocytes (fig. S1F), a postmitotic cell type, to compare with postmitotic neurons and
analyzed human embryonic kidney (HEK)-293T and HeLa cell lines as non—hESC-derived
controls. Neurons had strikingly higher dsRNA levels than any other tested cell type (Fig.

1, A and B). Additionally, dsSRNA subcellular localization also significantly differed by cell
type. Neuronal dsRNA signal was present throughout the nucleus and cytoplasm, whereas in
hESCs, dsRNA was mainly in the cytoplasm.

We further confirmed J2 specificity for dSRNA and validated the above observations

using different antibodies. We demonstrated that the J2 signal was sensitive to treatment
with a double-stranded ribonuclease (RNase) (dsRNAse), but not a single-stranded RNase
(ssRNAse) or a deoxyribonuclease (DNase) (fig. S3, A and B), and confirmed that other
anti-dsRNA antibodies such as 9D5 and K1 yielded results similar to J2 (fig. S3, C and

D). Additionally, by staining cells with an anti—glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) antibody, we confirmed that cell type differences in J2 antibody staining are not
due to mere differences in cell permeability to antibody. Although neurons still exhibited a
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significantly stronger dsRNA stain than other cell types, they did not show a higher GAPDH
stain (fig. S4, A to C).

We next examined whether neurons had more dsRNA simply because they had more total
RNA than other cell types. In parallel to J2, we costained total RNA using RNASelect.
RNASelect staining showed that total RNA load is slightly lower in neurons than in hESCs
(Fig. 1, C and D). We normalized the J2 signal (dsRNA load) to the RNASelect signal (total
RNA load) from the same images and observed that normalized J2 signal is much higher

in neurons than in hESCs (Fig. 1E and fig. S4, D and E). We also performed polyA FISH
(fluorescence in situ hybridization) (25), which selectively stains for polyadenylated mRNA,
and observed that neurons have slightly less mRNA than hESCs (fig. S3, E and F). Thus, the
increase in dsRNA levels in neurons is not due to an increase in total RNA levels. Instead,
the neuronal transcriptome appears to be prone to forming dsRNA structures.

Next, we examined whether neurons are enriched for dsSRNAs in complex tissue. We
costained tissue from 10-month-old C57BL/6 mice for dSRNA and NeuN, a pan-neuronal
marker. Because the J2 antibody is a mouse monoclonal antibody, we stained dsRNA in
mouse tissue with the rabbit monoclonal 9D5 antibody and confirmed that 9D5 staining

in mouse tissue is sensitive to dSRNAse treatment, but not ssSRNAse or DNase treatment
(fig. S3G). We stained brain tissue and other innervated organs such as the heart and skin.
Remarkably, we found that dsRNA signal is much stronger in cells costained with NeuN
than in cells without NeuN (Fig. 1, F and G). NeuN" cells in the periphery, such as in

the skin and heart, also contain high levels of dsRNA, similar to NeuN™* cells in the brain,
although further experimentation is necessary to determine whether peripheral NeuN™ cells
are tissue-innervating nerves or another cell type. Additionally, in the mouse cerebral cortex,
NeuN* cells, indicative of neurons, had a higher dsRNA burden than nearby nonneuronal
cells (NeuN~) (Fig. 1H). Thus, neurons are one of the most enriched cell types for dsRNA in
complex tissue, and this phenotype is conserved across mouse and human cells.

Neurons are enriched for dsRNA originating from POLII

Prior studies demonstrated that mMRNA noncoding regions (e.g., introns and 3" UTRs) or
mitochondrial RNAs (mtRNAS) can contribute to cellular dSRNAs (16-20). We transiently
treated neurons with different RNA polymerase inhibitors for 12 hours before J2 staining

to determine whether RNA polymerase Il (POLII) or mitochondrial RNA polymerase
(POLRMT) gives rise to neuronal dsRNA. The following inhibitors were used: actinomycin
D (ActD), which inhibits both POLII and POLRMT (17); a-amanitin, a POLII inhibitor; and
IMT1, a POLRMT-specific inhibitor (26). We confirmed the specificity of the inhibitors

in neurons (fig. S5A) and hESCs (fig. S5B): ActD down-regulated both mtRNA and
MRNA levels, whereas a-amanitin and IMT1 down-regulated levels of mMRNA and mtRNA,
respectively. For both cell types, 12 hours of ActD treatment was sufficient to abrogate
almost all dsRNA signal, revealing that cellular dsSRNAs are present transiently—no longer
than 12 hours. Additionally, a dual treatment with a-amanitin and IMT1 also completely
reduced the dsRNA signal, suggesting that most dsSRNA consists of POLII- and POLRMT-
derived transcripts (fig. S6, A to D). By quantifying depletion of dsRNA upon single
treatments with a-amanitin or IMT1 treatment, we calculated the proportional contribution
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of POLII- or POLRMT-derived dsRNAs, respectively (fig. S6E). We applied this analysis
to various cell types. In HeLa cells, roughly 90% of dsRNA was derived from POLRMT
(fig. S6, C and E). This is consistent with a prior study that concluded that roughly 95%

of dsRNA in HeLa cells is located in mitochondria (17), validating our analysis. In both
hESCs (fig. S6A) and HEK-293T cells (fig. S6D), POLRMT and POLII contribute to
roughly 70% and 30% of dsSRNA, respectively (fig. S6E). Conversely, in neurons (fig.
S6B), POLRMT and POLII transcripts contribute to 40% and 60% of dsRNA, respectively
(fig. S6E). We further validated these results by imaging colocalization of the dsSRNA with
the mitochondria and observed less percentage of dsSRNA colocalized in the mitochondria
in neurons compared with hESCs (fig. S7, A and B). In summary, mtRNA is the major
component of dsRNA in HeLa, HEK-293T, and hESCs. However, in neurons, POLII-derived
transcripts, presumably mRNAs, contribute to the bulk of the neuronal dsSRNA load.

WT neurons constitutively produce IFN through dsRNA-sensing pathways

Past studies noted that type | IFN can be constitutively expressed at low quantities yet
could have profound functions in homeostasis (27). Using single-molecule array (SIMOA),
an ultrasensitive enzyme-linked immunosorbent assay (ELISA) assay, a recent study
reported the intriguing observation that human neurons constitutively produce IFN-f (28).
Additionally, studies using IFNAR-deficient model systems proposed a model in which
constitutive type | IFN in the brain may be required to preempt viral infection, prevent
neurodegeneration, and promote synaptic plasticity (28-30). These ideas align with the
concept that inflammation exists on a spectrum—rather than being just active during
infection or injury—and is involved in a broad range of biological processes beyond its
classical role in antimicrobial defense (31).

Supporting the possibility that the brain constitutively expresses “tonic” type | IFN, we
observed via quantitative polymerase chain reaction (QPCR) that neurons derived from WT
hESCs produced much higher levels of basal type I IFN (IFN-p and IFN-a subtypes)
MRNA compared with a panel of other human cell types (Fig. 2A). Type | IFN mRNA was
minimally or not detected in the other human cell types. We did not observe an up-regulation
of IFN-A1, a type Il IFN (Fig. 2A). We also examined the levels of several I1SGs to
determine whether the tonic type | IFN in neurons was sufficient to induce ISG expression.
Overall, ISGs such as /F/T1, IFI44, and ANGPTL 1 were expressed highest in neurons
(Fig. 2B). However, some ISGs, like STAT1, were not expressed the highest in all neurons
(Fig. 2B). Because tonic type | IFN is expressed at low levels—drastically lower than viral
induced type | IFN—and because many I1SGs are expressed at baseline in a tissue-specific
manner independently of IFN, we do not expect that neurons have the highest expression
of all ISGs. Together, these data suggest that a low-grade tonic type | IFN is expressed in
hESC-derived neurons.

It is unknown whether the human brain also exhibits a constitutive type | IFN signature.
We analyzed the Genotype-Tissue Expression (GTEXx) Portal (32) derived from nearly 1000
individuals and found that the nondiseased human brain expressed much higher levels

of type I IFN compared with many other tissues (Fig. 2C). Many IFN-a. subtypes were
uniquely elevated in the human brain, most notably IFN-a21, which was also strongly
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induced in stem cell-derived neurons (Fig. 2A). In addition to the GTEx dataset, we

also analyzed RNA-sequencing (RNA-Seq) datasets from the Human Protein Atlas (HPA)
derived from 198 individuals (fig. S8A) (33). Analysis of the HPA RNA-Seq dataset shows
that three compartments display a notable type | IFN signature: the human brain, bone
marrow and lymphoid tissue, and the male epididymis. Hence, the brain is one of the
compartments in the human body that constitutively expresses type I IFN in the absence of
acute infection. Of note, when we analyzed publicly available single-cell RNA-Seq datasets,
we could not detect significant type | IFN expression in the nondiseased human brain,
likely because low-abundance transcripts such as tonic type I IFN mRNA are not effectively
captured by single-cell RNA-Seq.

To investigate the mechanisms underlying constitutive type | IFN expression, we tested
whether neuronal dsRNAs constantly activate PRRs to maintain tonic IFN in homeostasis.
This hypothesis diverges from the classical view that PRRs distinguish self from non-self
ligands. We transduced neurons with lentiviruses carrying doxycycline-inducible short
hairpin RNAs (shRNAs) that target four immune adaptor proteins (STING, MAVS,
MyD88, and TRIF) that lie downstream of PRRs and license transcription factors to

induce transcription of type | IFN genes (34). STING is downstream of DNA-sensing
cGAS, MAVS is downstream of the dsRNA-sensing RLRs MDAS5 and RIG-I, MyD88 is
downstream of various TLRs that sense a variety of ligands, and TRIF is downstream of
the dsSRNA-sensing TLR3. We confirmed successful knockdown of each adaptor protein

in neurons (fig. S9A). Notably, we found that constitutive IFN-f production in WT
neurons is reduced after knockdown of either MAVS or TRIF—the two adaptor proteins
implicated in dsSRNA sensing—but not STING or MyD88 (Fig. 2D). We also confirmed that
reducing IFN-B levels by knocking down MAVS led to reduced ISG induction, suggesting
that dsRNA-sensing pathways sustain basal I1SG expression in neuronal homeostasis (Fig.
2E). Because tonic IFN-B production does not rely on MyD88, this suggests that single-
stranded RNA (ssRNA) sensors like TLR7/8 are dispensable for tonic IFN-B production.
The reduction in constitutive IFN-p after TRIF knockdown is consistent with a prior
investigation, where cortical neurons derived from induced pluripotent stem cells of patients
with defective TLR3 had reduced constitutive type | IFN expression (28). When comparing
the two RLRs, MDAS5 knockdown, but not RIG-1 knockdown, significantly reduced IFN-p
levels (fig. S9A and Fig. 2D).

We also asked whether there was a positive correlation between expression levels of dSRNA-
sensing PRRs and constitutive IFN production. MDAS5, RIG-I, and TLR3 mRNA expression
was much lower in neurons compared with a panel of other human cell types (fig. S10A),
suggesting that it is not high levels of PRRs that confer the ability to constitutively express
IFN in neurons. Instead, high dsRNA load in neurons drives tonic type | IFN production and
ISG expression via the cytoplasmic MDA5-MAVS and endosomal TLR3-TRIF signaling
pathways.
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Loss of ADARL increases dsRNA levels in diverse cell types, and neurons fail to tolerate
loss of ADAR1

Next, we examined the consequences of enriched dsRNA in neurons in a disease model.
AGS is an encephalopathy and genetic disorder where the brain is the primary site for
inflammation (9, 13, 14). ADARL is a dsSRNA-editing enzyme that converts adenosine (A)
to inosine (1) in dsRNA and is one of the genes mutated in patients with AGS (35, 36). Past
investigations demonstrated that ADAR1 deficiency in mammals leads to aberrant activation
of dsRNA-sensing PRRs such as MDA5 and PKR (10, 11, 37-43). This led to the prevailing
model that ADAR1 editing of self-dsRNAs introduces mismatches that disrupt dsSRNA
structures, thereby suppressing self-dsRNAs from triggering dysregulated PRR activation.
However, this model is largely based on RNA structure prediction and in vitro biochemical
studies and has yet to be conclusively demonstrated. Moreover, like other genes mutated in
AGS, ADAR1 is ubiquitously expressed with low tissue specificity; thus, it was puzzling
why the brain is the primary site for type | IFN production in AGS.

We reasoned that the high levels of dSRNA in neurons predispose the brain to pathological
inflammation in ADARL1 deficiency. Hence, we tested whether loss of ADARL1 leads to

an increase in total dsRNA levels and whether ADAR1 deficiency would induce toxic
inflammation in neurons, but not other cell types with lower intrinsic dsSRNA burden.
ADAR1-defective mouse models exhibit multiorgan systemic inflammation, some of which
also display AGS-like encephalopathy (44, 45). However, overall, it has been challenging
for AGS mouse models to phenocopy neurologic disease and CNS-centric inflammation
(46-48). Additionally, because mice lack Alu elements—repetitive elements prone to
forming dsRNA structures that are heavily edited by human ADAR1—only ~0.004% of
edited sites in human are conserved in mice (49, 50). Hence, we used ADAR1 knockout
(KO) hESCs (fig. S11A) (10) to obtain NPCs and neurons. Previous attempts to obtain
neurons from ADAR1 KO hESCs failed because of cell death at the NPC stage (10).
However, by optimizing differentiation conditions to achieve extremely synchronized cell
populations, we were able to derive ADAR1 KO NPC and neurons successfully (see
Materials and Methods).

We confirmed that loss of ADAR1 did not interfere with NPC or neuron differentiation
(Fig. 3A and figs. S1A and S11B). dsRNA and type | IFN production in ADAR1 KO
neurons increased in an uncontrolled manner, unlike WT neurons where dsRNA and type

I IFN levels are increased but plateaued at 15 to 20 days after differentiation (Fig. 3, A

to C). By day 20 after differentiation, ADAR1 KO neurons had extremely high levels of
dsRNA (Fig. 3, A and B)—resembling an RNA virus infection—and IFN-B production in
ADAR1 KO neurons increased up to more than 100-fold compared with IFN-B levels in
WT neurons (Fig. 3C). This increase in IFN-B production corresponded with an increase in
the production of ISGs (fig. S12A). We also differentiated WT and ADAR1 KO hESCs to
specialized motor neurons to further validate the above findings (24). ADAR1 KO hESCs
had no defect in differentiating into motor neurons (Fig. 3D and fig. S13A). dsSRNA and
IFN-B levels were highly dysregulated in ADAR1 KO motor neurons, but not in WT motor
neurons (Fig. 3, D to F).
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Similar to tonic type | IFN in WT neurons, dysregulated type | IFN production in ADAR1
KO neurons also depended on MDA-MAVS and TLR3-TRIF pathways (Fig. 3G and fig.
S9B). Therefore, the pathways to produce low/tonic and high/dysregulated type I IFN
production are shared. Additionally, this report demonstrates that ADAR1 can suppress
signaling via TRIF, an unexpected finding because ADARL is nuclear and cytoplasmic, and
TLR3-TRIF sensing occurs in endosomes.

We observed that ADAR1 KO neurons die by day 25 after differentiation (fig. S11C) and
therefore sought to understand the mechanism of cell death. We knocked down MAVS
(fig. S14A) to decrease IFN-B production (fig. S14B), which resulted in a modest increase
in cell survival (fig. S14, C and D), indicating that dSRNA-induced IFN-p only modestly
contributes to cell death in ADAR1 KO neurons. Additionally, we knocked down PKR to
observe its role in cell death. PKR is an ISG and a PRR that undergoes autophosphorylation
upon binding dsRNA and inhibits translation. In addition to aberrant IFN production,
ADAR1 KO neurons also exhibit hyperactivation of PKR (Fig. 3H). Knockdown of PKR
(fig. S14A) did not alter IFN-B production (fig. S14B). Yet PKR depletion was able to
significantly increase survival of ADAR1 KO neurons (fig. S14, C and D). Together, these
data indicate that PKR activation and IFN-f production play a major and minor role in
ADAR1 KO neuron death, respectively.

Finally, it is important to note that lack of ADARL led to elevated dsRNA levels in all cell
types examined (hESCs, NPCs, and neurons) (Fig. 3, B and E), but only in neurons did
ADARL deficiency lead to markedly increased type | IFN levels (Fig. 3, C, F, and I). Of
note, previous studies into ADAR1 KO HEK-293T or HeLa cells also demonstrated that
loss of ADAR1 does not induce IFN production at baseline; however, inflammation can be
induced in these cells after an exogenous IFN stimulus (11, 40). In summary, these data
demonstrate that ADARL is a global regulator of dsRNA across multiple cell types, and
neurons are especially susceptible to inflammation upon loss of ADAR1.

In addition to ADARL, another catalytically active member of the ADAR family is ADAR2.
Like ADAR1, ADAR2 binds to dsSRNA and performs A-to-I editing; however, ADAR2 is
primarily known as a site-specific editor of coding regions (43). We examined dsRNA levels
in ADAR2 KO HEK-293T cells (fig. S15A) (10). Although ADAR?2 protein is expressed

in HEK-293T cells, ADAR2 did not significantly alter dsSRNA burden (fig. S15, B and C).
Hence, ADARL, rather than ADAR?2, is the major regulator of cellular dsRNA levels.

Ectopically expressed ELAVL2, ELAVL3, and ELAVL4 (HuB, HuC, and HuD) cooperate to
lengthen 3’UTRs, increase dsRNA levels, and induce inflammation

The identity of the dsSRNAs that play a causal role in inflammation remains elusive. Here,
we tested the hypothesis that mMRNAs with elongated 3" UTRs are the main contributors to
immunostimulatory dsSRNAs. More than half of human genes generate alternative mRNA
isoforms that differ in their 3’ UTRs but encode the same protein (51, 52). Elongated
3’UTRs are thought to be versatile platforms to recruit various RNA binding proteins that
can regulate transcript stability and subcellular location (52, 53). The 3’UTR is a heavily
structured region in mRNA (54) and harbors many repetitive elements that can base-pair and
form dsRNAs (19). The brain expresses the longest 3’ UTRs of any human tissue, whereas
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the liver carries much shorter 3'UTRs (55, 56). Moreover, among the different CNS cell
types, neurons carry the longest median 3"UTR length, even longer than glia cells (55). As
expected, we observed global 3"UTR lengthening in stem cell-derived neuronal cultures
(fig. S16A). 3'UTR length was determined using DaPars2 (57), a program that uses RNA
sequencing data to detect alternative polyadenylation sites and produce a PDUI (percentage
of distal poly-A sites usage index) value for each gene (data file S1). An increase in PDUI
indicates 3"UTR lengthening, and a decrease in PDUI indicates 3"UTR shortening.

To test whether elongated 3" UTRs contribute to immunostimulatory dsRNA burden, we
needed a method to force elongation of 3’ UTRs; however, the neural-specific mechanism
of 3’UTR lengthening is not fully understood in mammals. A recent study in Drosophila
identified three genes in the ELAV/Hu family (E/av, Fne, and Rbp9) that play a role

in lengthening 3’UTRs in neurons (58). The human homologs of these genes are HuB
(encoded by ELAVL2), HUC (encoded by £L AVL3), and HuD (encoded by £LAVL 4). HuB,
HuC, and HuD are neuron-enriched RNA binding proteins that recognize AU-rich elements
in the 3"UTRs and are thought to play a role in neuronal development (59-62). As expected,
ELAVL 2, EL AVL 3 and ELAVL 4transcript expression was detected in stem cell-derived
neurons but minimally detected in hESCs and HEK-293T cells (fig. S16B). We ectopically
expressed FLAG-tagged HuB, HuC, or HuD in HEK-293T cells (fig. S17A) and assayed
for 3’UTR lengthening of select genes. However, individual expression of HuB, HuC, or
HuD failed to affect 3'UTR length (Fig. 4A). Hence, next, we tested whether combined
expression of HuB, HuC, and HuD could synergistically lengthen 3" UTRs. We found that
combined expression of HuB/C/D markedly induced 3"UTR lengthening of select genes
(Fig. 4A and fig. S17D) and globally when DaPars2 analysis was performed (Fig. 4, B

and C, and data file S1). Total transcript levels of the 3"UTR lengthened genes remained
predominantly constant (fig. S17, B and C). Therefore, we demonstrated that expression

of HUB/C/D can induce short-to-long 3’ UTR isoform switching in a nonneural cell type
such as HEK-293T cells. Because HuB-, HuC-, or HuD-deficient mice exhibit a spectrum
of phenotypes ranging from various neural defects and neonatal death (60, 62, 63), this
HuB/C/D ectopic expression system allowed us to decouple the neural developmental role of
HuB, HuC, and HuD from their other potential roles in immunity.

With our newly developed HUB/C/D ectopic expression system, we examined how 3'UTR
lengthening affected dSRNA levels and the innate immune response. At baseline, HEK-293T
cells are low in dSRNA load (Fig. 1A) and express minimal IFN-f (Fig. 3I). However,
triple expression of HuB/C/D led to a significant increase in dsRNA levels in both WT and
ADAR1 KO HEK-293T cells compared with individual expression of each gene (Fig. 4, D
and E). In all conditions, we observed higher J2 signal in ADAR1 KO HEK-293T cells than
in comparable WT cells (Fig. 4, D and E), consistent with our prior conclusion that ADAR1
is a global regulator of cellular dSRNA load across cell types. Triple HuB/C/D expression
also led to spontaneous IFN-B production in WT HEK-293T cells, and even higher levels
of IFN-B production in ADAR1 KO cells (Fig. 4F). These effects mirror those in neurons:
constitutive type | IFN production that is exacerbated by ADAR1 deficiency (Fig. 3, C and
F). Additionally, lack of MDAJS did not alter total dsSRNA levels as expected (Fig. 4, D

and E, and fig. S18A) but did abrogate IFN-B production (Fig. 4F), suggesting that HuB/C/
D-induced dsRNAs signal through MDADS to produce type | IFN. We also checked PKR
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activation as another metric of spontaneous inflammation. We found that triple expression
of HuB/C/D induced PKR activation in WT HEK-293T cells and ADARL1 deficiency further
increased PKR activation (Fig. 4G). Together, expression of the three neuron-enriched
genes HuB/C/D can cooperatively increase 3"UTR length, dsRNA burden, and cellular
inflammation mediated by MDAS and PKR. Therefore, we conclude that elongated 3" UTRs
are one of the major contributors to immunostimulatory dsRNA structures.

Ectopic expression of ELAVL2, ELAVL3, and ELAVL4 (HuB, HuC, and HuD) confers
antiviral activity

To gain a more comprehensive understanding of the consequences of HuB, HuC, and

HuD expression, we conducted a transcriptome-wide analysis of genes differentially
expressed upon HuB/C/D expression in WT HEK-293T cells (data file S2). Upon HuB/C/D
expression, we found 2309 significantly up-regulated and 71 significantly down-regulated
genes (Fig. 5A), whereas only 6 genes are up-regulated when comparing WT HEK-293T
cells expressing empty vector with the mock condition (fig. S19A). Gene ontology analysis
showed that up-regulated genes were predominantly enriched for antiviral defense and
immune response pathways (Fig. 5B), and 64 of the up-regulated genes were ISGs (Fig.
5A), an indication that HuB/C/D expression induces an extensive antiviral and inflammatory
signature.

Because HuB/C/D expression in WT HEK-293T cells induced type I IFN and PKR
activation (Fig. 4), we postulated that HuB/C/D expression emulates a pre-emptive antiviral
state that protects against viral infection. To test this idea, we expressed either empty vector,
HuB alone, or HuB/C/D in WT HEK-293T cells and then infected the cells with Sindbis
virus (SINV) containing a dual reporter: blue fluorescent protein (BFP) reports for SINV
genomic mRNA, and green fluorescent protein (GFP) reports for the SINV subgenomic
mRNA. Triple expression of HUB/C/D significantly reduced the percentage of infected cells
when compared with the empty vector or HuB alone at 6 and 24 hours after infection (Fig. 5,
C to E). In parallel, we pretreated cells with IFN-B 24 hours before infection and found that
HuB/C/D expression protects as effectively as IFN-f pretreatment (Fig. 5, C to E). Finally,
we also treated cells with IFN-B 1 hour after infection. Although IFN-B after treatment

had some protective effect, it was not as protective as IFN-B pretreatment or HuB/C/D
expression (Fig. 5, C to E), indicating that preexisting IFN-f before viral infection has more
potent antiviral activity than IFN-f induced after infection. In summary, we uncovered that
HuB, HuC, and HuD proteins—classically thought to play a neurodevelopmental role—can
provide cellular resistance to viral infection.

Loss of ELAVL2 and ELAVL3 (HuB and HuC) in neurons results in lower
immunostimulatory dsRNA levels and enhanced susceptibility to virus infection

We next sought to further examine the role of HuB, HuC, and HuD proteins in a more
physiologically relevant setting. Because these proteins are enriched in neurons, we used
doxycycline-inducible shRNAs to down-regulate HuB, HuC, and HuD in day 20 neurons
to analyze their function without potentially affecting neuron differentiation. We confirmed
efficient knockdown of HuB, HuC, and HuD in neurons (fig. S20A). We found that loss of
HuB greatly decreased 3"UTR length and loss of HuC showed a slight trend of decreased
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3’UTR length, but loss of HuD did not alter 3"UTR length (Fig. 6A). We next investigated
whether HuB, HUC, or HuD also maintained dsRNA levels. We show that loss of HuB alone,
loss of HuB and HuC together, or loss of all three ELAVL proteins results in a decrease in
dsRNA burden in both WT (Fig. 6, B and C) and ADAR1 KO (Fig. 6, E and F) neurons.
Concordant with reduced dsRNA levels, we also observed reduced IFN- (Fig. 6, D and

G) and ISG production (fig. S20D) as well as PKR activation in both WT (fig. S20B) and
ADAR1 KO (fig. S20C) neurons. Notably, we observed a striking drop in dsRNA levels

in HuB-depleted ADAR1 KO neurons (Fig. 6, E and F), and down-regulating HuB, but

not HUC or HuD, prolonged the survival of ADAR1 KO neurons (fig. S21A). In summary,
human neurons heavily depend on HuB, and to a lesser extent on HuC, to elongate 3"UTRs,
increase dsRNA levels, and induce inflammation as measured by type | IFN and PKR
activation.

Because ELAVL proteins, especially HuB and HuC, were required to maintain tonic IFN
production and PKR activation in WT neurons, we investigated whether these proteins
confer resistance to viral infection. To test this, we depleted ELAVL proteins in neurons and
measured infectivity with multiple viruses. We depleted both HUB and HuC simultaneously
because we observed that this resulted in the greatest decrease in dsSRNA and IFN
production (Fig. 6). Down-regulating HuB and HuC in neurons resulted in significantly
higher rates of SINV infection (Fig. 7, A and B).

Next, we examined whether HuB/C depletion could also affect the infectivity of neurotropic
viruses. Herpes simplex virus 1 (HSV-1) is a DNA virus that can cause HSV-1 encephalitis,
the most common form of sporadic viral encephalitis in the Western world. Using HSV-1
with a GFP reporter (64), we found that loss of HuB and HuC significantly increased the
infectivity of HSV-1 in neurons (Fig. 7, C and D). Tonic IFN has been proposed to be

vital in preventing HSV-1 infection of neurons (28), and our findings serve to underline the
importance of ELAVL proteins in maintaining tonic IFN production to protect from viral
infection. In addition to HSV-1, we also tested Zika virus (ZIKV), which can cause severe
neurological defects. Depletion of HuB/C significantly increased the infectivity of ZIKV in
neurons 48 hours after infection (Fig. 7E). Together, our data suggest that HuB and HuC
elongate 3" UTRs, trigger dsRNA-induced immunity, and confer an intrinsic antiviral state to
neurons (Fig. 7F).

DISCUSSION

A common paradigm in innate immunity is that PRRs discriminate between self and non-
self ligands. However, we show that the neuronal transcriptome is intrinsically enriched

for immunostimulatory dsRNAs that are constantly sensed by PRRs, even in homeostasis
(Fig. 7F). Hence, the distinction between self and non-self dSRNAs may not be as strict as
previously believed, especially in neurons. One potential benefit of neuronal dSRNA may
be to enhance CNS resistance to viral infections. We demonstrated that depleting dsSRNAs
in WT neurons dampened tonic type | IFN levels and PKR activation and led to increased
susceptibility to infection by SINV, HSV-1, and ZIKV. Hence, the intrinsically high dsSRNA
levels in neurons may prime the activation of various PRRs (e.g., MDA5, TLR3, and PKR)
to induce a preexisting and low-grade immune response that can pre-emptively counteract
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viral infection. This idea is in line with the emerging concept that the brain heavily relies on
“constitutive immune mechanisms” for immediate control of infection that would minimize
excessive cell death and inflammation that can cause irreversible damage to the brain

(28, 65-67). Such pre-emptive defense mechanisms would be particularly important for
postmitotic neurons that have limited capacity to regenerate after cell death or injury.

Pioneering investigations into inborn errors that cause susceptibility to HSV-1 encephalitis
have uncovered mutations in various RNA-associated pathways (TLR3 signaling, RNA
lariat formation, and small nucleolar RNA biogenesis) (28, 65, 66). Additionally, mutations
in RNA polymerase 111 are also associated with severe varicella zoster virus in the CNS
(68). How perturbation of RNA homeostasis leads to weakened antiviral defense in the
CNS is incompletely understood. Our study sheds new light on the potential mechanistic
underpinning of these observations. We speculate that mutations that alter neuronal dsRNA
levels or sensing of neuronal dSRNAs by PRRs may result in weakened basal immune
activation before infection, thereby lowering the threshold for viruses to successfully
establish infection.

Although neuronal dsRNAs may be beneficial in antiviral defense, we show that high levels
of dsSRNA in neurons could also pose a risk for harmful neuroinflammation when defective
ADARL leads to excessively high levels of dsSRNA. Elevated type | IFN production in the
brain has been reported since the 1980s when AGS was first diagnosed, but why the brain

is especially prone to inflammation has been a long-standing question (9, 13, 14). Our study
suggests that the inherently high dsRNA level in neurons could provide a molecular basis for
why inflammation is most prominent in the AGS brain. We demonstrate that cell types with
intrinsically lower dsRNA load tolerated the absence of ADAR1 and subsequent increase in
dsRNA levels, but cell types with intrinsically higher dSRNA load such as neurons could not
tolerate the absence of ADARL1 because it led to excessively high dsRNA levels that trigger
uncontrolled inflammation (Fig. 7F).

High-dsRNA levels in neurons may also serve as the molecular trigger for chronic PKR
activation and IFN induction observed in many neurodegenerative disorders, including
Alzheimer’s disease and ALS. This is especially relevant for ALS, where perturbation of
RNA binding protein dosage or expanded RNA repeat elements is a major cause of disease
(2-7, 69). Additionally, regardless of the initial trigger (e.g., viral infection, self-DNA, and
self-RNA) or primary source (e.g., blood and CNS) for type | IFN production (8, 70-72),
once the brain is exposed to type I IFN, the high dsRNA levels in neurons could potentially
pose a risk for creating a positive feedback loop for chronic brain inflammation. This is
because type I IFN signaling increases PRR expression—PRRs are ISGs—that can lead to
increased neuronal dsSRNA sensing by PRRs, further amplifying type I IFN production. This
may be why neuropsychiatric symptoms are common in patients with SLE (colloquially
referred to as “lupus fog™) and why neurological symptoms are a frequent feature of post-
acute infection syndrome (8, 72).

3’UTRs are best known to regulate mRNA localization, stability, and translation (52).
Although the brain is understood to globally lengthen 3"UTRs, the functions of these
longer 3"UTRs are incompletely understood (53). We developed a method to force 3’"UTR
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lengthening by ectopically expressing just three neuron-enriched genes ELAVL 2, ELAVL3,
and £LAVL4 (HuB, HuC, and HuD) in a nonneuronal cell type. With this new experimental
tool, we were able to ascribe a previously undescribed function to long 3'UTRs, a rich
source for dsRNA that bolsters innate immunity and protects against viral infection. These
3’UTRs may give rise to dsRNA either by incorporating repetitive elements (e.g., Alus)
prone to forming dsRNA structures or by forming complementary dsRNA with neighboring
genes transcribed in opposite direction (i.e., cis-natural antisense transcripts) (73). How
ELAVL proteins lengthen 3"UTRs in humans remains unclear. ELAV/Hu proteins in
Drosophila are thought to lengthen 3"UTRs by binding near the proximal polyadenylation
site, which mediates bypass of the proximal polyadenylation sites and promotes usage of
distal polyadenylation sites (58).

From a therapeutic perspective, we envision that 3'UTRs may be lengthened to boost
immune responses because increasing immunostimulatory self-dsRNA levels is remarkably
effective in cancer immunotherapies (74-76) or that 3"UTRs may be shortened to reduce
immune/inflammatory responses (e.g., neuroinflammatory conditions). As proof of concept,
we demonstrated that targeting £LAVL 2 (HuB) in ADAR1 KO neurons led to shorter
3’UTRs, reduced dsRNA levels and inflammation, and markedly enhanced cell survival of
ADAR1 KO neurons. Hence, targeting dsRNAs, the upstream trigger for disease, could be
an effective therapeutic strategy to treat AGS.

Future studies should examine whether glial cells (e.g., astrocytes, oligodendrocytes, and
microglia) could serve as a source for immunostimulatory dsRNAs and also define their role
in responding to tonic type | IFN produced by neurons. Neurons may be the major producers
of dsRNA-driven type | IFN, but the major responders to type | IFN may be neighboring
glial cells or endothelial cells. For instance, tonic IFN produced from neurons may increase
baseline ISG levels in microglia, allowing them to quickly suppress incoming infection.
Tonic type | IFN may also boost antiviral defenses by strengthening the blood-brain barrier,
because type | IFN signaling can enhance tight junction integrity in endothelial cells (77).

In contrast, high/dysregulated levels of type | IFN may stimulate abnormal activation of
microglia and astrocytes, causing uncontrolled inflammation and neurodegeneration (78).

Together, we propose that immunostimulatory dsRNAs derived from long 3" UTRs function
as a double-edged sword whereby high levels of dSRNA may activate various PRRs to
induce tonic inflammation that protect the brain from virus infection; however, these
dsRNAs may also predispose the brain to harmful inflammation when neural homeostasis is
perturbed.

MATERIALS AND METHODS

Study design

The main objective of this study was to identify a mechanism that rendered neurons

more susceptible to inflammation, in cases of both disease and health. We used hESCs

to generate neurons and to allow for genetic manipulation. We assessed the level of dsSRNA
in cells using immunofluorescent confocal microscopy and measured inflammation via
gPCR of several markers (IFN and ISGs) and Western blot of PKR activation. We used
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lentiviral-delivered shRNA to identify genes responsible for both increasing dsRNA levels
and inducing the inflammatory response. gPCR and RNA sequencing were used to identify
changes in 3"UTR length, and viral infection models were used to identify a functional
significance for neural constitutive inflammation.

ADAR1 KO HEK-293T cells and ADAR1 KO male HUES8 hESCs and their corresponding
WT control cell lines were generated as described previously (10). Female WA-09 hESCs
were obtained from WiCell. WT and ADAR1 KO HeLa cells were provided by R.

Cattaneo (Mayo Clinic). ADAR1/MDAS DKO HEK-293T cells were generated using
CRISPR-Cas9 and the following guide RNA sequences: ATAGCGGAAATTCTCGTCTG
or TGAAGCACGAGATGAGATAG.

Cell culture reagents

HEK-293T and HeLa cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% nonessential amino acids. Both
HUES8 and WA-09 hESCs were cultured in mTESR1 with its supplement (STEMCELL
Technologies) and were split using ReLeSR (STEMCELL Technologies). For treatment
with various polymerase inhibitors, cells were treated for 12 hours before harvest

with either ActD (10 pg/ml, Sigma), a-amanitin (25 pg/ml, Sigma), or IMT1 (1 pM,
MedChemExpress).

To knock down various immune proteins in neurons, lentiviruses were generated using a
pTRIPZ vector (Dharmacon) that carried ShRNA. At day 11 after differentiation, neurons
were transduced with lentivirus carrying doxycycline-inducible ShRNA targeting MDAD5,
RIG-1, MAVS, STING, MyD88, TRIF, PKR, HuB, HuC, and HuD. Doxycycline treatment
started at day 14 after differentiation.

Ectopic expression of HuB, HuC, and HuD was done using the pFRT backbone (Addgene
ID: 26360) expressing ELAVLZ, ELAVL3, and ELAVL4, respectively (Addgene ID: 65758,
65759, and 65760). HEK-293T cells were transfected using Lipofectamine 2000 with

either 100 ng of a single plasmid or 33.3 ng each of all three plasmids in combination.
Transfections lasted for 48 hours before cells were harvested for analysis.

NPC differentiation protocol

hESCs were differentiated into NPCs using an adherent monolayer culture system
(STEMCELL Technologies, STEMdiff SMADi Neural Induction Kit). hESCs were plated
into Matrigel (Corning)—coated wells and grown with neural induction medium for
approximately 15 days. This was followed by maintenance and expansion in neural
progenitor medium. Compared with previous work (10), we increased the density of hESCs
at plating (3 x 10° cells/cm?) to obtain a more homogeneous and synchronized NPC
population.
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Neuron differentiation protocol

NPCs were differentiated into neurons using an adherent monolayer culture system
(STEMCELL Technologies, BrainPhys Neuronal Medium N2-A & SM1 Kit) (22). NPCs
were plated into wells coated with poly-L-ornithine and laminin and grown in neuronal
medium. The medium was changed every 3 days, and cells were harvested at the time points
indicated.

HLC differentiation protocol

HLCs were generated as described previously (23). Briefly, hESCs were dissociated using
Gentle Cell Dissociation Reagent (STEMCELL Technologies) and plated in Matrigel-coated
wells. Endoderm differentiation was accomplished using the STEMdiff Definitive Endoderm
Kit (STEMCELL Technologies). Endoderm cells were replated in Matrigel-coated wells,
and HLC differentiation was started by treating with stage 1 hepatic differentiation medium
for 8 days [DMEM/F-12 supplemented with 10% KnockOut Serum Replacement (KOSR),
1% nonessential amino acids, 0.8% penicillin-streptomycin, 1% glutamine, 100 ng/ml HGF
(PeproTech), and 1% dimethyl sulfoxide (DMSQ)]. On day 8, stage 2 hepatic differentiation
medium [DMSO in stage 1 medium replaced with 0.1 uM dexamethasone (Sigma)] was
added. At day 11, hepatocyte culture medium (HCM; Lonza) was added, supplemented with
oncostatin-M (20 ng/ml) (R&D Systems). Cells were maintained in HCM until harvest at the
indicated times (days after differentiation from endoderm).

Cardiomyocyte differentiation protocol

hESCs were differentiated into cardio-myocytes using the STEMdiff Ventricular
Cardiomyocyte Differentiation Kit (STEMCELL Technologies). hESCs were dissociated
using Gentle Cell Dissociation Reagent and plated into Matrigel-coated wells.
Cardiomyocyte differentiation medium was added, supplemented with Matrigel.
Differentiation medium was changed every 2 days for 6 days, and on day 8, cardiomyocyte
maintenance medium was added. Maintenance medium was changed every 2 days until the
cells were harvested at day 24.

Motor neuron differentiation protocol

Motor neurons were generated using an embryoid body—-mediated protocol adapted from

a previous study (24). hESCs were dissociated using accutase to generate a single-cell
suspension and were plated in low-adherence culture dishes in N2B27 medium [50%
DMEM/F-12 and 50% neurobasal medium (Thermo Fisher Scientific), supplemented with
N2, B27, 1% penicillin-streptomycin, 1% GlutaMAX (all Thermo Fisher Scientific),

and 0.1% B-mercaptoethanol (Sigma)], further supplemented with ascorbic acid (Sigma),
fibroblast growth factor 2 (FGF2) (Thermo Fisher Scientific), Y-27632 (Abcam), SB431542
(Sigma), LDN 193189 (Tocris), and Chir-99021 (Tocris). At day 2 after plating, ascorbic
acid, SB431542, LDN 193189, and Chir-99021 were maintained, and retinoic acid (Sigma)
and smoothened agonist (SAG; Sigma) were added. At day 7 , the medium was changed,
including only ascorbic acid, retinoic acid, and SAG. At day 9, in addition to the day 7
supplements, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT)
(Sigma) was added. At day 11, brainderived neurotrophic factor (BDNF) (R&D Systems)
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was added, and at day 14, glial cell line—derived neurotrophic factor (GDNF) (R&D
Systems) was added. On day 16, the embryoid bodies were dissociated using Accumax
and plated into a monolayer in wells coated with poly-L-ornithine and laminin.

Monolayers of motor neurons were maintained in neurobasal medium supplemented with
1% GlutaMAX, 1% nonessential amino acids, 0.1% B-mercaptoethanol, N2, B27, BDNF,
GDNF, CNTF (R&D Systems) and 1 uM of 1:1 uridine and fluorodeoxyuridine (Sigma).
Motor neurons were harvested at the indicated time points (days after dissociation).

Immunofluorescent microscopy

PolyA FISH

Cells grown on glass coverslips were washed with phosphate-buffered saline (PBS) and
fixed using 4% paraformaldehyde for 20 min at 4°C. Samples were then blocked and
permeabilized in PBTG (PBS, 1% bovine serum albumin, 0.1% Triton X-100, 10% goat
serum) for 1 hour at room temperature. Primary antibodies were diluted in PBTG and
stained overnight at 4°C. Secondary antibodies [either goat anti-mouse immunoglobulin G
(1gG) Alexa Fluor 488 or goat anti-rabbit 1gG Alexa Fluor 594, Invitrogen (A11001 and
A11012)] and DAPI (4’,6-diamidino-2-phenylindole) were diluted in PBTG and stained
for 1 hour at room temperature before mounting. Samples were imaged on an LSM-710
confocal microscope.

The following primary antibodies were used: OCT-4A (1:2000, Cell Signaling Technology,
C52G3), nestin (1:200, Neuromics, MO22183), TUJ1 (1:1000, BioLegend, 801201), MAP2
(1:100, Cell Signaling Technology, 4542S), FoxA2 (1:400, Cell Signaling Technology,
8186P), HNF4-a (1:500, Cell Signaling Technology, 3113S), albumin (1:500, Cedarlane,
CL2513A), ISL1 (1:100, Developmental Studies Hybridoma Bank, 39.4D5), cardiac
troponin T (1:100, Thermo Fisher Scientific, MA5-12960), J2 (1:300, ExAlpha, 10010500)
(15), K1 (1:300, ExAlpha, 10020200), and 9D5 (1:250, Absolute Antibody, 00458-23.0).
RNASelect stain was obtained from Thermo Fisher Scientific.

For samples treated with nucleases, after fixation, there was a permeabilization step in 0.1%
Triton X-100 for 1 hour. After, samples were incubated for 30 min at 37°C with either
ssRNase (RNase T1, 100 U/ml, Sigma), dsRNase (RNase I11, 40 U/ml, Sigma), or DNase
(RQ1, 40 U/ml, Promega) diluted in PBS containing 5 mM magnesium chloride. Samples
were then stained as described above.

To image polyadenylated RNA, 30-nucleotide (nt)-long polyT probes were conjugated to
Cy5 (Integrated DNA Technologies). Some samples were treated with a-amanitin as shown
above. After differentiation to appropriate cell types, cells were washed with PBS and fixed
using 4% paraformaldehyde for 10 min. The cells were then permeabilized in 70% ethanol
overnight at —20°C. Samples were washed and hybridized overnight at 37°C in the following
buffer: 125 nM probe, 2x SSC, 20% formamide, dextran sulfate (0.1 g/ml), Escherichia coli
tRNA (1 mg/ml), 2 mM vanady! ribonucleoside complex, and 0.1% Tween 20. The samples
were washed with 2x SCC and 20% formamide, counter-stained with DAPI, and imaged as
described above.
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Tissue staining

Frozen sagittal brain sections from healthy C57BL/6 mice were obtained from Zyagen.
Heart and skin tissue from healthy C57BL/6 mice were embedded in optimal cutting
temperature compound (OCT) and sectioned. All tissue sections were fixed in 4%
paraformaldehyde for 20 min at 4°C and permeabilized and blocked in PBTG. Primary
antibodies (9D5 from Absolute Antibody, 00458-23.0 and NeuN from Abcam, ab134014)
were stained as described above. Secondary antibodies [either goat anti-chicken 1gG Alexa
Fluor 488 or goat anti-rabbit 1gG Alexa Fluor 594, Invitrogen (11039 and 11012)] and
DAPI were stained as described above. Samples were imaged on an LSM-710 confocal
microscope.

Mitochondria and dsRNA costaining

Cells were treated with MitoTracker Deep Red (Invitrogen) for 1 hour before fixation.
Subsequently, the cells were stained with the J2 antibody as described above. Samples were
imaged on an LSM-710 confocal microscope. The proportion of colocalization area was
analyzed by ImageJ.

Image analysis

Images were processed and analyzed using ImageJ. Mean fluorescence intensity (MFI) of
individual cells was determined by tracing cell outlines. MFI data depict 12 individual cells
taken from at least three independent images. For colocalization analysis, the JACop plugin
was used to measure MFI of four independent images.

Quantitative RT-PCR

RNA was extracted directly from cell samples using the Direct-zol RNA MiniPrep Kit
(Zymo Research). cDNA conversion was completed using the ProtoScript Il First Strand
cDNA Synthesis Kit (New England Biolabs). PowerUp SYBR Green (Thermo Fisher
Scientific) and QuantStudio 3 Real-Time PCR System were used for quantitative reverse
transcription PCR (gQRT-PCR), and all primers are listed in table S1. RPS11 or 18S
ribosomal RNA (rRNA) was used as a housekeeping gene for normalization.

Western blot

Cell samples were lysed directly using NUPAGE LDS Sample Buffer (Thermo Fisher
Scientific) and 400 mM dithiothreitol (Sigma). Lysates were homogenized by passing
through a 26-gauge needle and were denatured by boiling for 10 min. The protein samples
were run on NUPAGE 4-12% Bis-Tris Protein Gels (Thermo Fisher Scientific) and were
blotted onto nitrocellulose membrane. The following proteins were probed: MDAS5 (Cell
Signaling Technology, 5321), RIG-I (Cell Signaling Technology, 3743S), MAVS (Cell
Signaling Technology, 3993S), STING (Cell Signaling Technology, 13647S), MyD88 (Cell
Signaling Technology, 4283S), TRIF (Cell Signaling Technology, 4596S), p-PKR (phospho-
T451, Abcam, 227983), PKR (Abcam 32506), p-IRF3 (phospho-S386, Abcam, 76493),
IRF3 (Cell Signaling Technology, 11904), ADARL1 (Cell Signaling Technology, 81284S),
ADAR?2 (Atlas Antibodies, 018277), FLAG (Santa Cruz Biotechnology, 166355), and -
actin (Sigma, A3854). Blots were developed using a chemiluminescent (film) method.
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RNA extraction and library preparation

For the HUB/C/D ectopic expression experiment (biological triplicates of HEK-293T_Mock,
HEK-293T_EV, and HEK-293T_HuB/C/D), RNA was extracted with the Direct-zol RNA
MiniPrep Kit (Zymo Research). ERCC RNA Spike-In Mix (Thermo Fisher Scientific)

was added to each RNA sample. rRNA was depleted using the RiboMinus Eukaryote Kit
(Thermo Fisher Scientific). Libraries were prepared with the NEBNext Ultra Il Directional
RNA Library Prep Kit (New England Biolabs). The nine libraries were pooled and
sequenced on the Illumina NovaSeq platform with a read length of 150 nt in the paired-
end configuration. For analyzing global 3"UTR extension in neurons, biological triplicates
of RNA samples from neurons and HEK-293T were extracted with the Direct-zol RNA
MiniPrep Kit (Zymo Research). After adding ERCC RNA Spike-In Mix (Thermo Fisher
Scientific), libraries were prepared with the TruSeq Stranded Total RNA with Ribo-Zero
Kit (Illumina). The libraries were sequenced on the Illumina NovaSeq platform with a read
length of 100 nt in paired-end configuration.

Virus infection

Viruses and infections—SINV, HSV-1 (64), and ZIKVs originated from TE52],
KOS-1, and MR766 strains, respectively. SINV has a dual reporter system that produces
a BFP and a GFP. HSV-1 expresses GFP. After virus infection of cells at the appropriate
multiplicity of infection (MOI), samples were collected for analysis at 6, 24, or 48 hours
after infection. Fluorescent images were acquired using the EVOS M5000 microscope
system (Invitrogen).

Flow cytometry—Cells were detached with Accumax (STEMCELL Technologies) and
fixed using 2% paraformaldehyde for 20 min at 4°C. Samples were resuspended in 3% FBS
solution and analyzed using a BD LSR Fortessa flow cytometer (BD Biosciences).

RNA sequencing data analysis

Preprocessing and alignment—After quality control (FastQC v0.11.5), adaptor and
low-quality reads were trimmed from FASTQ files using fastp v0.20.1, and duplicated reads
were removed using fastuniq v1.1. Preprocessed reads were mapped to the human genome
(hg38) using STAR v2.7.3a to generate BAM files.

Alternative polyadenylation site analysis—Uniquely mapped reads in BAM files
were converted to bedgraph files using bedtools v2.30.0. DaPars v2.1 took the bedgraph
files as input, inferred alternative polyadenylation sites, and provided a percentage of distal
polyadenylated usage index (PDUI) (57). We only used genes for which at least two PDUI
values were measured in each sample for statistical analysis. Significant 3"UTR changes
were defined as alterations with false discovery rate (FDR) < 0.05 and Ilogy(fold change of
PDUI)I = 0.59.

Gene expression analysis—Read counts were calculated using featureCounts v1.6.4
with a GENCODE v38 primary assembly annotation file. Genes with a raw count of fewer
than 10 in all sample conditions were excluded from subsequent analysis. Normalization
[using the trimmed mean of M-values (TMM) method] and identification of differentially
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expressed genes (DEGs) were performed with the edgeR package in Bioconductor (79).
Genes with FDR < 0.001 and llogy(fold change of counts per million, CPM)I = 1.585 are
annotated as DEGs. Gene ontology (biological process) enrichment of up-regulated genes
was performed with the clusterProfiler Bioconductor package (80).

HPA data—The tissue gene expression data were sourced from the HPA database, and the
expression levels of type I IFN (IFN-B and IFN-a subtypes) were extracted. The resultant
dataset was visualized using the heatmap function in R.

Statistical analysis

Except for RNA sequencing analysis, all statistical analysis was performed using GraphPad
Prism 9 software. Where indicated, a one- or two-way analysis of variance (ANOVA) with
multiple comparisons was performed with Tukey post hoc correction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Neurons have intrinsically high levels of dsSRNA.
(A) Comparison of dsSRNA levels across multiple human cell types. Cells were stained

with DAPI (blue) and J2 immunostaining (green). (B) MFI quantification of (A). (C)

Levels of total RNA and dsRNA compared between hESC and day 15 neurons. Total

RNA (RNASelect, green) and dsRNA (J2, red). (D) Quantification of total RNA signal

in (C). (E) Quantification of dsRNA signal normalized to total RNA signal in (C). (F)
Immunofluorescent images of C57BL/6 mouse cortical brain, heart, and skin tissues. Tissue
sections were stained with the 9D5 antibody (dsRNA, red) and neuron marker (NeuN,
green). (G) Quantification of dsRNA signal in (F) colocalized with NeuN. (H) Mouse
cerebral cortex stained with the 9D5 antibody (dSRNA, red) and NeuN (green). White dotted
circle indicates neuron. Orange dotted circle indicates nonneuronal cells. All bar graphs are
mean + SD [n7= 12 cells from biological triplicates in (B), (D), and (E); 7= 4 images from
biological triplicates in (G)]. All scale bars represent 10 um, except for (F), which is 50 um.
(B) One-way ANOVA with Tukey corrected multiple comparisons. (D, E, and G) Student’s ¢
test, *P< 0.05, **P< 0.01, ***F< 0.001, and ****P < 0.0001.
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Fig. 2. WT neurons constitutively producetonic type | IFN through two dsRNA-sensing PRR
pathways, MAVS and TRIF.

(A and B) Relative levels of type I IFN (IFN-B, pan-IFN-a, IFN-a21) and type 111 IFN
(IFN-A1) (A) and ISG (/FIT1, IFI44, ANGPTLI1, STATI) mRNA (B) in diverse human
cell types. HLCs, cardio-myocytes, NPCs, neurons (day 15), and motor neurons (day 15)
were all derived from WT hESCs (HUESS). (C) Type | IFN (IFN-p and IFN-a subtypes)
expression in 54 nondiseased tissue sites analyzed by RNA-Seq. Data were derived from
the GTEX database. TPM, transcript per million. (D) gPCR of IFN-B levels in WT neurons
(day 20) after doxycycline (dox)—induced knockdown of the indicated immune genes using
ShRNA (sh). (E) gPCR of several ISGs in WT neurons (day 20) after doxycycline-induced
knockdown of MAVS. For all gPCR, RPS11 was used as a housekeeping gene. All
quantified data shown are mean + SD (7 = 3 biological replicates). (A and B) One-way
ANOVA with Tukey corrected multiple comparisons. (D and E) Two-way ANOVA with
Tukey corrected multiple comparisons, *P < 0.05, **P< 0.01, ***P< 0.001, and ****p <
0.0001.
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Fig. 3. ADAR1 regulates dsRNA burden in diver se cell types and tonic | FN production in
neurons.

(A to C) WT and ADAR1 KO NPCs (derived from HUESS cells) were differentiated to
neurons using adherent monolayer culture methods. Neurons were stained for dsRNA (J2,
green), a neuron marker (MAP2, red), and DAPI (blue) at different stages of differentiation
(A). Bar graphs quantifying dsRNA signal (B) and IFN-p mRNA levels (C). (D to F) WT
and ADAR1 KO hESCs (HUESS) were differentiated to motor neurons via embryoid bodies
in cell suspension. Neurons were stained for dsSRNA (J2, green), a neuron marker (TUJ1,
red), and DAPI (blue) at different stages of differentiation (D). Bar graphs quantifying
dsRNA signal (E) and IFN-B mRNA levels (F). (G) gPCR of IFN-B levels in ADAR1

KO neurons (day 20) after doxycycline-induced knockdown of the indicated immune genes
using shRNA. (H) Immunoblot measuring PKR activation in WT and ADAR1 KO neurons
over time during differentiation (ADAR1 KO neurons at day 20 were too unhealthy to obtain
sufficient protein). p-PKR, phosphorylated PKR. (I) Relative levels of IFN-p mRNA in

WT and ADAR1 KO HEK-293T, HelLa, hESCs, NPCs, and day 15 neurons. For all gPCR,
RPS11was used as a housekeeping gene. All quantified data shown are mean + SD [7=3
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biological replicates in (C) and (F) to (H); 7= 12 cells from biological triplicates in (B) and

(E)]. Scale bars, 10 um. Two-way ANOVAwith Tukey corrected multiple comparisons, *P <
0.05, **P<0.01, ***P < 0.001, and ****P, < 0.0001.
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Fig. 4. Neuron-enriched proteins HuB/C/D cooper ate to induce 3'UTR elongation, dsRNA levels,
and inflammation.

(A to C) WT HEK-293T cells were transfected with 100 ng of plasmid expressing FLAG-
tagged HuB, HuC, or HuD or a combination of HuB (33 ng), HuC (33 ng), and HuD (33
ng). EV, empty vector. 3"UTR lengthening of select genes measured via gPCR (A). The long
3’UTR transcript isoform was normalized to total open reading frame (ORF)—containing
transcripts. (B and C) Scatterplot of the PDUI value for genes in HEK-293T_HuB/C/D
(n =3 biological replicates) versus HEK-293T_EV (= 3 biological replicates) (B) and
HEK-293T_EV versus HEK-293T_Mock (/7= 3 biological replicates) (C). PDUI values
were derived via DaPars2 analysis. Significant change in 3’UTR length was defined as a
change in PDUI greater than 1.5-fold. Genes with significantly lengthened (red, increase
in PDUI) and shortened (blue, decrease in PDUI) 3'UTRs are colored (FDR < 0.05). (D

to G) WT, ADAR1 KO, or ADAR1/MDAGS double-knockout (DKO) HEK-293T cells were
transfected as in (A). (D) Immunofluorescent images of dsRNA (J2, green) and DAPI
(blue) in transfected cells. (E) Quantification of dSRNA in (D). (F) Relative IFN-B mRNA
levels measured by gPCR. Housekeeping gene, RPS11. (G) Immunoblot measuring PKR
activation. Scale bars, 10 um. All quantified data shown are mean + SD [# = 5 biological
replicates in (A) and (F); n= 12 cells from biological triplicates in (E)]. (A) One-way
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ANOVA with Tukey corrected multiple comparisons. (E and F) Two-way ANOVA with
Tukey corrected multiple comparisons, *P < 0.05, **P< 0.01, ***P< 0.001, and ****p <
0.0001.
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Fig. 5. Ectopic HUB/C/D expression in HEK-293T cells protects against SINV infection.
(A and B) Effects of HuB/C/D ectopic expression on the global transcriptome. (A) Volcano

plot showing differential expression of genes between WT HEK-293T_HuB/C/D (n=

3 biological replicates) and WT HEK-293T_EV cells (n7= 3 biological replicates). Up-
regulated genes (red; FDR < 0.001, CPM fold change = 3) and down-regulated genes (blue;
FDR < 0.001, CPM fold change < 0.333) are colored. Ectopically expressed ELAVL2,
ELAVL3 and ELAVL4 (HuB, HuC, and HuD) and ISGs are marked with a black border.
(B) Dot plot showing gene ontology (biological process) analysis of up-regulated genes in
(A). The yaxis represents different pathways, and the x axis represents the ratio of the
DEGs. Darker red dots represent more significant enrichment. The circle size indicates the
number of genes enriched in the pathway. (C to E) EV-, HuB-, or HuB/C/D-transfected
WT HEK-293T cells were infected with a SINV dual reporter (MOI = 1); BFP reports for
SINV genomic mRNA, and GFP reports for SINV subgenomic mRNA. For the pre-IFN-B
set, cells were pretreated with 0.05 nM IFN-B for 24 hours before infection. For the post—
IFN-B set, cells were treated with 0.05 nM IFN- for 1 hour after infection until harvest.
(C) Flow cytometry analysis of SINV-infected cells (GFP and BFP double-positive cells).
Representative dot plots at 6 and 24 hours after infection. (D and E) Bar graph showing
the frequency (%) of SINV-infected cells at 6 hours (D) and 24 hours (E) after infection.
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Data are shown as mean = SD (7= 3 biological replicates). One-way ANOVA with Tukey
corrected multiple comparisons, *P < 0.05, **P< 0.01, ***P< 0.001, and ****P < 0.0001.
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Fig. 6. HuB and HuC promotelong 3’UTRs, dsRNA levels, and inflammation in neurons.
(A to G) Day 20 post-differentiation neurons derived from WT and ADAR1 KO hESCs

were transduced with lentivirus containing the indicated doxycycline-inducible shRNA. (A)
3’UTR shortening of selected genes measured by gPCR. The long 3"UTR transcript isoform

was normalized to total ORF-containing transcripts. (B) Immunofluorescent images of
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dsRNA (J2, green) and DAPI (blue) in transduced WT neurons. Expression of doxycycline-
inducible shRNA is coupled with red fluorescent protein (RFP) expression (red). (C)

Quantification of dsRNA in (B). (D) Relative IFN-p mRNA levels measured by gPCR.

(E to G)Same as (B) to (D) above, except in ADAR1 KO neurons. For all gPCR, RPS11

was used as a housekeeping gene. All quantified data shown are mean +SD [#7= 3 biological
replicates in (A), (D), and (G); n= 12 cells from biological triplicates in (C) and (F)].
Two-way ANOVA with Tukey corrected multiple comparisons, *P< 0.05, **P< 0.01, ***P

< 0.001, and ****£P< 0.0001.
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Fig. 7. HuB and HuC protect neuronsfrom SINV, HSV-1, and ZIKV infection.

(A to E) Day 20 post-differentiation WT neurons were transduced with lentivirus containing

doxycycline-inducible shRNA against HuB and HuC and then were infected with various
viruses. (A and B) Neurons were infected with SINV (MOI = 0.1). (A) Fluorescent and

brightfield images of neurons at 24 hours after infection. (B) Quantification of GFP-positive

area in (A). (C and D) Neurons were infected with an HSV1 GFP reporter virus (MOI
=1). (C) Fluorescent and brightfield images of neurons at 24 hours after infection. (D)
Quantification of GFP-positive area in (C). (E) Neurons were infected with ZIKV (MOI =

0.1), and infection was measured via gPCR of Zika RNA at both 24 (circle) and 48 (triangle)

hours post-infection (hpi). (F) Summary graphic showing the main findings of this study.

For Zika RNA gPCR, 185 RNA was used as a housekeeping gene. All quantified data shown

are mean + SD (= 3 experimental replicates). Scale bars, 400 um. (B and D) One-way
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ANOVA with Tukey corrected multiple comparisons. (E) Two-way ANOVA with Tukey
corrected multiple comparisons, *P < 0.05, **P< 0.01, ***P< 0.001, and ****P < 0.0001.
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