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ABSTRACT

Eukaryotic cells possess different mechanisms of gene regulation at various stages from
transcription to translation. RNA interference (RNAI) is a mechanism of post-transcriptional gene
modulation based on short double-stranded RNA sequences called micro RNAs (miRNA).
MiRNAs are partially complementary to a specific sequence in messenger RNAs (mRNA) and
their binding to a targeted mRNA mediates its repression and/or degradation. In humans, RNAI
controls over 50 % of protein-coding genes. The improper functioning of this process leads to the
development of different pathologies. Internal or external factors influence the malfunctioning of
RNAI. Among them, viral infections fine-tune RNAI, which can be beneficial or detrimental for

viral replication.

Human immunodeficiency virus type-1 (HIV-1) and Zika virus (ZIKV) are two different viruses
that have distinct mechanisms of infection. Nonetheless, both viruses change the miRNA
landscape through modifications in the RNAI pathway. This thesis explores the interplay between
RNAI and either HIV-1 or ZIKV. In the first project, we re-evaluated the relationship between
RNAI and HIV-1. Our experiments demonstrated that RNAI is functional in HIV-1 replicating
cells. Besides, proteins of the RNA induced silencing complex (RISC) are not relocalized in HIV-
1 producing cells. In contrast, we showed that HIVV-1 Gag interacts specifically with Dicer, an
essential protein of the RISC. We found that Gag does not change the cleavage of precursor.
miRNAs by Dicer but modifies their availability. Gag modifies the loading of specific miRNAs
on Dicer, which leads to sequestration or higher loading of particular miRNAs. Among these
miRNAs, we found miR-642a 3p that has been predicted to target the AFF4 protein. AFF4 is an
essential component of the virus transcription and its absence profoundly impairs HIV-1

replication.
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Our second goal was to examine mRNASs and miRNASs in an integrative analysis of infected cells
with ZIKV. Because little information on the neurological consequences after ZIKV infection were
available at the beginning of our study, we first compared two different viral strains. We
determined that a Brazilian isolate was more cytopathic than an early Asian one in distinct cell
types. Then, using the Brazilian virus, we studied the impact of ZIKV infection on the expression
of host MRNAs and miRNAs in fetal mice neurons. Notably, we determined a downregulation of
NPAS4 and NR4A transcripts, which have been linked to the neurogenesis process. Moreover, our
integrative analysis showed a correlation between dysregulated mRNAs and miRNAs in the
infected cells. Particularly, NR4A3 transcripts might be controlled by the dysregulated levels of

miR-7116-5p and miR-7013-5p upon the infection.

The results presented in this thesis contribute to the understanding of 1) HIV-1-induced
modification of miRNAs loaded on Dicer and their consequences on mRNASs expression and 2)
ZIKV cytopathicity and its impact on miRNAs and mRNAs expression profile in murine fetal

neurons.
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RESUME

Les cellules eucaryotes possedent différents mécanismes de régulation génique a la fois au niveau
transcriptionnel et traductionnel. L'interférence ARN (iIARN) est un mécanisme de modulation de
I’expression post-transcriptionnelle des génes impliquant de petits ARN double brin, appelés
micro-ARN (miARN). Les miARN ont une complémentarité imparfaite avec une séquence cible
présente sur les ARN messagers (ARNm). La liaison des miARN a un ARNm induit la répression
traductionnelle de ce dernier et/ou sa dégradation. Chez I'humain, I'iARN controle I’expression de
plus de 50% des geénes codant pour des protéines. Le disfonctionnement de I'interférence ARN
conduit au développement de différentes pathologies. En effet, des événements d’origine cellulaire
ou extracellulaire tels que les infections virales peuvent déréguler I'"ARN, que ce soit bénéfique

ou néfaste pour la réplication virale.

Le virus de I'immunodéficience humaine de type 1 (VIH-1) et le virus Zika (ZIKV) ont des
mécanismes d'infection différents. Toutefois, ces deux virus modifient la composition des miARN
cellulaires en perturbant la voie de I'ARN. Cette thése a permis d’explorer I’interaction entre la
voie de 1‘interférence ARN et le VIH-1 ou le ZIKV. Dans le premier projet, nous avons étudié la
relation entre I’'1ARN et le VIH-1. Nos expériences ont démontré que la voie de '1ARN reste
fonctionnelle dans les cellules produisant du VIH-1. De plus, la localisation cellulaire des protéines
du complexe RISC ("RNA-Induced Silencing Complex") n’est pas modifiée dans les cellules
productrices du VIH-1. En revanche, nous avons montré que la protéine Gag du VIH-1 interagit
avec Dicer, une protéine essentielle du complexe RISC. Nous avons constaté que cette interaction
protéique ne modifie pas le clivage des précurseurs de miARN mais modifie leur disponibilité. En
effet, Gag modifie le chargement de miARN spécifiques sur Dicer. Ceci conduit soit a une

sequestration soit a une quantité plus élevee de certains miARN chargés sur Dicer. Parmi ces
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miARN, nous avons trouvé le miR-642a 3p qui ciblerait la protéine AFF4. AFF4 est une protéine

essentielle a la transcription du virus et son absence altére profondément la réplication du VIH-1.

Notre deuxiéme objectif était d’examiner le profil d’expression des ARNm et des miARN de
cellules infectées par le ZIKV. Tres peu d'informations sur les conséquences neurologiques de
I'infection par le ZIKV étaient disponibles au début de notre étude. Nous avons commencé par
comparer deux souches virales distinctes. Ainsi, nous avons déterminé qu’un isolat brésilien était
plus cytopathique qu’une souche de lignée asiatique précoce et ceci dans différents types
cellulaires. Par la suite, en utilisant le virus brésilien, nous avons étudié I’impact de 1’infection du
ZIKV sur I’expression des ARNm et des miARN cellulaires dans des neurones feetaux de souris.
Nous avons déterminé une régulation négative des transcrits NPAS4 et NR4A, qui sont impliqués
dans le processus de neurogenése. De plus, notre analyse intégrative a montré une corrélation entre
les ARNm et les miARN dérégulés dans les cellules infectées. En effet, lors de I'infection par le
ZIKV, les transcrits de NR4A3 pourraient étre contr6lés par les miARN miR-7116-5p et miR-

7013-5p dont I’expression est dérégulée.
Les résultats présentés dans cette thése contribuent a la compréhension:

1) des modifications induites par le VIH-1 dans le chargement de miARN sur la protéine Dicer et

de I’'impact de ceux-ci sur I’expression des ARNm cibles et

2) de effet cytopathique du ZIKV et de I'impact de ce dernier sur le profil d’expression des

miARN et des ARNm cellulaires dans les neurones foetaux murins.
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CONTRIBUTION TO ORIGINAL
KNOWLEDGE

The work presented in this thesis highlights new findings in the field of RNAI and its interplay
with HIV-1 and ZIKV. The elements of the thesis are considered original scholarship and
distinct contributions to knowledge. Of note, this work shows that HIV-1 can modulate the
availability of miRNAs. It is also shown that a cytopathic ZIKV strain can alter the miRNA

landscape and transcriptome upon infection. The research here shows:

Chapter Il

= The HIV-1 protein Gag interacts with the RNAI protein Dicer.

= The Dicer/Gag complex harbors different concentrations of non-coding RNA compared to
Dicer alone.

= Among non-coding RNAs, thre miRNAs (miR642a 3p, miR766 5p and 3p) were bound to

Dicer significantly more in the presence of Gag.
Chapter Il and IV

= A Brazilian ZIKV strain is more cytopathic than an early Asian strain in different cell types.

= Infection of neurons with the Brazilian ZIKV strain resulted in a decrease in the
expression of transcriptional factors NPAS4 and NR4As.

» An integrative analysis of the differentially expressed miRNAs indicates that

transcriptional factors NPAS4 and NR4A3 could be modulated by the miRNA response.
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CHAPTER I
INTRODUCTION
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1.1 RNA interference (RNAI)

RNAIi is a post-transcriptional gene regulation mechanism that represses mMRNAs expression after
its hybridization with small non-coding RNAs (ncRNAS). In humans, it is estimated that more than
60% of protein-coding genes are regulated through this pathway (1). The RNAi impact on human
health goes from normal development and cell cycle to pathological conditions including cancer,
viral infections, genetic diseases, aging and many others. This thesis is relevant to RNAI

components and related pathways and how they are orchestrated in the context of viral infections.

1.1.1 RNAi discovery and general characteristics

The first observation that could retrospectively be attributed to RNAI occurred more than twenty
years ago when Guo and Kemphues found that sense and antisense RNAs were effective to
decrease gene expression (2). Three years later, Fire et al., discovered that using sense and
antisense RNAs as double-stranded RNAs (dsRNA) enhanced the silencing of genes by several
fold (3). Subsequent experiments showed that the RNAI activity is functional through small RNA
sequences of 21-22 nucleotides (nt) length called small interfering RNAs (siRNA) which induces
specific posttranscriptional gene silencing (4). SIRNAs are generated from long dsRNA sequences
within the nucleus and are edited in the cytoplasm by the RNA induced silencing complex (RISC)
to produce the mature siRNA that can hybridize to a specific mRNA and induce its degradation

(5-7).

There are three types of dSRNAs commonly recognized as functional for RNAI: siRNA, short-
hairpin RNA (shRNA) and microRNA (miRNA) (Fig 1.1). SiIRNAs are produced mostly in plants,
nematodes and other small organisms to regulate genes involved in the development, reproduction,

phenotypic plasticity, and immunity. SIRNAs can also be engineered as synthetic linear siRNAs
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that bypasses the cytoplasmic edition of the RISC (Fig 1.1) (8). The DNAs coding for shRNAs are
designed and cloned into a plasmid, which is transfected into competent cells to be transcribed.
ShRNAs are similar to natural siRNAs regarding their processing by the RISC (Fig 1.1) (9).
MiRNAs are mainly produced by mammalian cells and their most characteristic feature is that they
do not have 100 % complementarity with their corresponding target mMRNA. Consequently, unlike
siRNAs, which induce mRNA cleavage, miRNAs trigger complex mechanisms of translational
repression for gene silencing (Fig 1.1). To date, the total number of known miRNASs in humans is

of 2300, controlling 60% of protein-coding genes (10).

1.1.2. The canonical miRNA biogenesis

The canonical pathway of miRNAs begins with the synthesis of a primary miRNA (pri-miRNA)
in the nucleus by the RNA polymerase Il (pol I1) (11). Pri-miRNAs vary in length, but most are
several kilobases in length and include a 5’ cap as well as a 3’ polyadenylation tail (12). Pri-
miRNAs have features within their hairpin structure, such as optimal length, apical loop size, and
sequence motifs that allow them to be processed correctly (13). The nascent pri-miRNA
immediately associates with the nuclear RNase 111 Drosha and its co-factor DiGeorge syndrome
critical region gene 8 (DGCRS8) (14). DGCRS8 binds pri-miRNAs at the single stranded RNA
(ssSRNA)-dsRNA junction and at the terminal loop of ~33 bp. Drosha then simultaneously
recognizes DGCR8 and the pri-miRNA, cleaving the later one helical turn away from the sSRNA-
dsRNA junction to produce a precursor miRNA (pre-miRNA) of 60-110 nt length (12). Once the
pre-miRNA is synthesized, it will bind to Ran(GTP) to be shuttled to the cytoplasm by Exportin 5
where it will associate with the ribonuclease (RNAse) I11 Dicer and the TAR RNA binding protein
(TRBP) to produce a double-stranded miRNA (dsmiRNA) (15-17). This dsmiRNA will be
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unwound where the guide strand is eventually incorporated into the loading RISC created by the
recruitment of Ago2 by the TRBP-Dicer complex, while the passenger strand will degrade. Thus,
the guide strand of the miRNA that is loaded onto the RISC will direct the complex to the proper
target mMRNA (18). If there is perfect hybridization between the miRNA and the target mRNA,
Ago2 will cleave the mRNA. However, hybridization between miRNAs and the target mMRNAS
often includes nucleotide (nt) mismatches. This will result instead in the inhibition of gene
expression via processing bodies (P-bodies) where the mRNA within the miRNA-mRNA duplex
is de-capped and de-adenylated, resulting in either translational arrest or degradation (Fig 1.1)

(18).
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Figure 1. 1 The RNAI pathway in eukaryotic cells.

Endogenous RNAI begins with the transcription of a pri-miRNA/siRNA that is cleaved by Drosha
and DGCR8. The edited product called pre-miRNA/pre-siRNA is exported to the cytoplasm where
it associates with Dicer and TRBP. Dicer associated with TRBP cleaves the pre-miRNA/pre-
SiIRNA and produces a ds-miRNA/ds-siRNA of 22 nt. Ago2 is then recruited to the complex and,
after RNA strand separation, associates with the guide strand, which will then hybridize with the
target mRNA. If there is a perfect complementarity during the hybridization between the sSiRNA
and the mRNA, Ago2 will cleave the mRNA (top). MiRNAs do not generally have perfect
complementarity and the complex will trigger the formation of P-bodies where the mRNA will
either be translationally repressed or degraded after de-capping and de-adenylation (bottom).
RNAI can also be induced by the transfection of plasmids containing shRNAs that transcribe a
pre-shRNA. The pre-shRNA is exported to the cytoplasm, cleaved by Dicer and forms a complex
with Ago2 and targets an mRNA with the same outcome as an endogenous siRNA. In addition,

siRNAs can be engineered and artificially synthesized. These synthetic siRNAs bypass Dicer
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processing, recruit Ago2 and hybridize with their target mRNA that will be cleaved directly by
Ago2.

1.1.3 The loading RISC

1.1.3.1 The loading RISC: Dicer

Dicer belongs to the family of proteins called RNase type IlIl and has a molecular weight of
approximately 215 kDa. Dicer plays a key role in the maturation of miRNAs where it recognizes
dsRNAs and cleaves them to generate products of ~22nt. Dicer is a multidomain protein with a
DEXH-box ATPase helicase domain; a domain of unknown function (DUF) 283; a Piwi,
Argonaut, Zwille (PAZ) domain that function as a platform-PAZ-connector pocket; the RNase 111
A and the RNase 111 B domains; and a dSRNA-binding domain (dsRBD) (19, 20) (Fig 1.2). Protein
models and reconstruction through electron microscopy (EM) has generated an L shape of Dicer;
this shape facilitates the end recognition of dsSRNAs and other motifs through the PAZ domain
(21, 22). Experiments where PAZ was replaced by another RNA-recognition domain, demonstrate
not only the RNA recognition capacity but also a measuring function that generates the specific
length of MIRNAS (23). Next to PAZ, the platform domain carries a phosphate pocket that provides

the efficiency in the miRNA processing and cleavage (20).

The helicase domain is subdivided into the globular domains, HEL1, HEL2, and HEL3, which
form the base of the L shape of Dicer (24). The structure of the Dicer helicase domain is similar
to one of the retinoic acid inducible gene I (RIG-1) protein, wherein the conformation causes Dicer
to clamp dsRNAs (21). The RNase domain, the platform, and the PAZ domain are rigid structures
that contain hinges by which Dicer can clamp and bend dsRNA substrates containing minor

deviations in the duplex from non-canonical base-pairings. This allows Dicer to interact with
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virtually any dsRNA (25, 26), being only limited in its cleavage potential with dSRNAs that lack

open ends (27).

Dicer’s cofactor, TRBP, acts as a molecular ruler to accurately establish the cleavage site within
the pre-miRNA (Fig 1.2B) (7, 27). Beyond mediating the cleavage of pre-miRNAs, Dicer can bind
and cleave other dsRNA (Fig 1.2C) molecules such as transfer RNAs (tRNAs) (28). Dicer’s edition
over a tRNA produces three fragments called tRF-1, tRF-5 and tRF-3 (29). Interestingly, tRNA
(Gly) edition generates tRF-3 and tRF-5, which have characteristics similar to those of pre-
miRNAs that can re-enter into Dicer’s cleavage core for the production of miRNA-like molecules

(30).

Small nucleolar RNAs (snoRNAs) are also edited by Dicer into snoRNA-derived RNAs (SARNAS)
and processed snoRNAs (psnoRNAS) (31, 32). Dicer generates fragments of 17-19 nt on H/ACA
box snoRNAs and 22-27 nt on C/D box snoRNAs with a high resemblance to miRNAs (32). As
examples, among eighteen C/D box snoRNAs and three H/ACA snoRNAs tested for miRNA
production, eleven C/D box and the snoRNAs H/ACA behaved as miRNAs (33). In another study,
snoRNA ACA45 processing needed Dicer but was independent of Drosha and DGCR8 (34).
Furthermore, Dicer also targets transposable elements such as LINE-1, resulting in the production
of repeat-associated siRNAs. These siRNAs then recruit Ago2 and the complex mediates an
autoregulation of LINE-1 (35, 36). Dicer binding and cleavage are not compulsory in all ncRNAs.
For instance, rncs-1 in Caenorhabditis elegans inhibits Dicer RNAse activity and makes it act in

a passive manner (37).

Dicer can also process exogenous RNAs (Fig 1.2C). HIV-1 trans-activation response element
(TAR) sequence has a structure similar to pre-miRNAs, and several studies point out that TAR

generates viral miRNAs (vmiRNA) after Dicer cleavage (38-40). Herpesviruses utilize the RNAI
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pathway inducing hundreds vmiRNASs; some calculations estimate over 200 hundred vmiRNAS
(41, 42). Another example is the Simian Virus 40, which also spawns vmiRNAs using Dicer
cleaving activities (43). Flaviviruses do not produce miRNAs, but the excessive synthesis of
genomic RNAs activates exonucleases like XRN1, which degrades the viral RNA and leaves small

fragments in the 3’untranslated region (UTR) that antagonize pre-miRNA and sequester Dicer

(44).
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Figure 1. 2 Loading RISC components and interactions.

A) Protein components of the loading RISC. Dicer (top) domains are: HEL1/2i/2- helicase
domain, DUF283 domain, platform-PAZ-connector domain, RNAse Il A and B and a dsRBD
(20-22, 45). Dicer can interact with TRBP (middle) through HEL2i domain and TRBP by Merlin-
Dicer-PACT liaison (Medipal) domain (19). Ago2 (bottom) contains five domains and interacts
through the P element-induced wimpy testes (Piwi) domain with the Dicer RNAse I11A domain.
(46). B) The loading RISC interaction and dynamics. 1) Dicer recognizes the pre-miRNA
alongside TRBP. 2) Dicer and TRBP load the pre-miRNA into the Dicer’s processing center for a
precise cleavage. 3) After the cut, TRBP releases its dSRBDs from the miRNA that remains bound
to the Dicer RNase domain. 4) Ago2 binds to Dicer and the miRNA strand selection occurs. Ago2-
Piwi and Middle domain (MID) interact with the miRNA 5’ end while PAZ interacts with the
3’end (47). 5) The Ago2-miRNA association triggers a conformational change that facilitates the
exposure and hybridization of the single strand miRNA to a specific target mRNA. C) Dicer
binding and cleavage capacity to other dSRNAs such as snoRNAs, tRNAs, LINE-1 and exogenous
RNAs like HIV-1 TAR.

1.1.3.2 The loading RISC: TRBP

TRBP plays a significant role in RNAI, along with Dicer. TRBP was identified using an expression
library coding for proteins that bind the radiolabelled HIV-1 TAR. Various assays showed that
TRBP is a translational enhancer of HIV-1 (15, 48, 49). TRBP has two isoforms, TRBP1, and
TRBP2. TRBP2 is 21 amino acids longer than TRBPL1 in its N-terminal end (50). TRBP is a
dsRNA binding protein with two highly conserved dsRNA binding domains (dsRBD1 and
dsRBD?2) and the Dicer, Merlin and protein activator of the interferon-induced protein kinase R

(PACT) liaison (Medipal) domain (Fig 1.2) (51, 52).

Dicer-TRBP interaction occurs through the C4 domain in the Medipal domain of TRBP and the

DEXDH domain in Dicer (19, 53). The loading activity of pre-miRNAs by Dicer and TRBP occurs
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predominantly in the endoplasmic reticulum (ER) (54-56). TRBP can be redistributed from the ER
to the cytoplasm while Dicer remains in the ER. The dissociation consequently reduces Dicer
activity on specific miRNAs (57, 58). In the context of RNAIi, TRBP enhances the cleavage rate
and processing kinetics of Dicer (59, 60). The accuracy of Dicer is compromised in the absence of
TRBP, which leads to the production of miRNA isomers (isomiRNAs) (16, 61). Cryogenic
electron microscopy (CEM) analysis showed a reconstruction of TRBP and how it stabilizes the
stem duplex of pre-miRNAs during Dicer loading (45). TRBP begins the recognition of pre-
miRNAs through the dsRBD1 and dsRBD2 in a sequence-independent manner. When the
precursor is unstable, the Dicer-TRBP complex finds the equilibrium in a pre-dicing state to load

it into the Dicer processing center for a precise cleavage (Fig 1.2B) (45, 62).

TRBP has other functions different than the RNAI pathway, such as inhibiting the interferon-
induced dsRNA-dependent protein kinase R (PKR) (63, 64). PKR regulates RNA translation by
the phosphorylation of the alpha subunit of the eukaryotic translation initiation factor 20 (eIF2a).
Indeed, PKR monomers remain inactive within cells until they bind dsRNA typically found in
viruses (65). The recognition induces dimerization, followed by autophosphorylation at residues
Thr 446 and Thr 451 (65-67). The activated PKR phosphorylates elF2a, which arrests the
formation of the translation initiation complex elF2-GTP-Met-tRNA (68-70). TRBP inhibits PKR
by direct interaction and also by sequestering the dsSRNAs that trigger PKR activation (63, 71). In
addition, PACT, which is structurally homologous to TRBP, activates PKR during cellular stress
in the absence of dsRNA (72). Conversely, a direct interaction between PACT and TRBP can
inhibit the activation of PKR (65, 71, 73). TRBP forms heterodimers with PACT and PKR; these
interactions prevent PACT to bind and activate PKR (74, 75). Moreover, TRBP can be

phosphorylated in stress conditions, which increases its interaction with PKR and contributes to
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cell survival (76). PACT behaves similarly to TRBP and binds to Dicer through its third dSRBD

but its function in the context of RNAi is still unclear (77-80).

1.1.3.3 The loading RISC: Ago2

Ago2 belongs to a large group of proteins called Argonautes (AGO). AGO proteins were first
described for their critical role in plant development and stem cell division in Drosophila
melanogaster (81, 82). Other studies found that AGO proteins are relevant for meiotic silencing
and DNA degradation in different organisms like fungi or ciliates (83, 84). The most characteristic
feature of AGO proteins was demonstrated years later when they were found to participate in the
turnover of mMRNA by gene silencing, chromosome maintenance and heterochromatin formation

(85).

There are three different clades of AGO proteins: The Ago clade, the Piwi clade and the worm-
specific WAGO clade (85, 86). The Ago clade includes all AGO proteins that interact with miRNA
or siRNA during the post-transcriptional gene silencing. The Piwi clade consists of proteins that
interact with Piwi RNAs (piRNAs) expressed exclusively in the testes. piRNAs are expressed
mainly in the nucleus and repress transposon’s expression. Finally, WAGO proteins are AGO
proteins that bind RNA products called 22G-RNAs, which are RNAs of 22 nt lengths with 5°G
residues. WAGO proteins and 22G-RNAs silence different sequences at the post-transcriptional

or epigenetic level (87).

In humans, there are eight AGO proteins. Four proteins belong to the Piwi clade and four to the
Ago clade (85). Chromosome 8 harbors the Ago2 gene, whereas chromosome 1 harbors the Agol,
Ago3 and Ago4 genes (88). Ago2 is the most abundant and the only one that participates in the

loading RISC. Ago2 possess endonuclease activity triggered when a miRNA matches perfectly
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with an mRNA,; the cleavage switches to translational repression in P-bodies when the sequences

are not entirely complementary (89, 90).

Ago2 has four domains: the N terminal domain, the Piwi-Argonaute-Zwille (PAZ) domain, the
middle domain (MID) and the P element-induced wimpy testes (Piwi) domain alongside two
linkers (L1 and L2) that separates PAZ from N and MID (Fig 1.2A), (91). MID and Piwi domains
interact actively with miRNAs. The MID domain interacts with the miRNA at the 5’ end while
Piwi interacts with the 3” end. This interaction exposes the miRNA seed region, which hybridizes

with the mRNA (Fig 1.2B) (47, 92, 93).

1.1.4 MiRNA strand selection and pairing

Following Dicer edition and Ago2 loading, the next step is the strand selection of the miRNA
duplex that will hybridize to the mRNA. The “guide strand” is the strand that targets the mRNA,
and the “passenger strand” is the one that is degraded. The guide strands are chosen based on their
thermodynamic characteristics; they are less stable than passenger strands and therefore, easier to
be recruited by Ago2. Besides, the guide strands usually contain uracils with weaker interactions
at the 5’ and more adenines and guanines (A/G) than the passenger strands (94). The high
concentration of purines in A/G presumably forms hydrophobic interactions with aromatic

compounds in the PAZ domain of Ago2 that favors the selection of the guide strand (95).

The guide strand is functional as long as it satisfies the following conditions: (1) the guide strand
has to match perfectly with the target in the seed region located 2 to 8 nt from the 5’ end. (2)
Bulges or mismatches are tolerated but must be at 9-13 nt from the 5° end of the guide strand and

those, must help Ago2 for repression or cleavage. (3) The complementary miRNA region (from
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13 to 22) allows bulges or mismatches, but they must be after the sixteenth nt from the 5°. The

miRNA functionality may be compromised if those conditions are not met (Fig 1.3) (18).

When Ago2 leaves the loading RISC, the guide strand exposes the seed region and interacts with
the target mMRNA and gains more stability with the complementary area in nucleotides 13 to 16
(Fig 1.3), (18, 96). Ago2 is subjected to phosphorylation and dephosphorylation cycles in highly
conserved amino acids that allow it to bind and unbind to the target mMRNA (97). Once Ago2 brings
the guide strand to the target mRNA, translational repression begins with the recruitment of the

Ago2-miRNA-mRNA complex to P-bodies (Fig 1.1).
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Figure 1. 3 miRNA and mRNA interaction.

The interaction between the miRNA and the mRNA follows specific rules like the perfect pairing
in 2 to 8 nt (seed region) from the 5’ of the MIRNA; bulges are tolerated except in 13-16 nt of the
complementary part. If these characteristics are present, the miRNA will silence the mRNA.

1.1.5 P-bodies

P-bodies are ribonucleoproteins that create non-membrane structures where mRNA is stored for
its translational repression or degradation (98, 99). The main components of P-bodies can be
separated into different groups by their function: (1) proteins of the core, which include decapping

enzymes DCP2, decapping activators (DDX6, DCP1) and enhancers (EDC3, EDC4) in addition
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to deadenylases (PAN2-PAN3, CCR4-NOT complex) and exonucleases (XRN1) (99-102); (2)
MRNA repression factors (Ago2, GW182 and PABPC) and translational activators in P-bodies
that act as repression factors (CPEB, Staufen, and elF4E) (99, 102, 103); (3) Proteins from the
nonsense-mediated MRNA decay (NMD) pathway like UPF and SMG (103). The full list of P-

bodies components and an extensive review can be consulted in references (99, 102, 104).

P-bodies appear as roundish non-membrane structures with a diameter of ~300 nm in electron
microscopy (105). The high concentration of proteins and RNA in P-bodies originates from the
liquid-liquid phase separation where proteins like EDC3 harbors intrinsically disordered regions
appended to RNA-binding domains. Intrinsically disordered regions can promote phase separation
when they interact with RNAs (99, 106). Due to this nature, P-bodies can fuse between them and

create more substantial structures with a higher capacity of mMRNA retention.

Varying lines of evidence show that mMRNA decay occurs mostly within P-bodies. For example,
the decapping products are concentrated and the mRNA 3’UTRs co-localize with the exonuclease
XRN1 (107). In addition, a large amount of decapping events correlates with a increased size of
P-bodies (104). Conversely, in cells under stress mRNA accumulates in P-bodies but shifts to
polysomes when the stress is removed (108). Therefore, P-bodies are structures where mMRNA

repression and degradation occur, but also where mMRNA can be stored under particular conditions.

Besides, under stress conditions, cells create stress granules that contain mRNAs stalled in
translation initiation associated with diverse RNA binding proteins. Unlike stress granules, P-
bodies are generated to control mMRNAs but not at the translation initiation level and mostly in the
absence of stress (109). P-bodies can assemble de novo or be maintained, but this depends on the
P-bodies protein concentration and the amount of repressed mRNA (99). De novo formation of P-

bodies is caused by mRNA repression, which can be triggered by different activators. In yeast
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models, the Puf protein binds to the 3’UTR of mRNA transcripts and activates CCR4-NOT
ortholog complex, which begins the deadenylation process (110). Another example is the
repression of aberrant mRNA sequences that are recognized by UPF1, which recruits other UPF
proteins and SMG?7 to activate decapping enzymes (104, 111). The RNAI pathway can also trigger

MRNA repression and decay.

The mRNA repression and degradation by silencing mechanisms begin with Ago2-miRNA
binding to a target mMRNA. Consequently, Ago2 recruits GW182 [in humans the protein of
Trinucleotide Repeat-Containing gene 6A (TNRC6A, TNRC6B, TNRC6C) gene] through the
PIWI domain and the Ago-binding domain (ABD) (112, 113). GW182 interacts with PABPC (it
is unclear if PABPC is within P-bodies) repressing the translation of the target MRNA (114). This
event makes PABPC recruit deadenylases PAN2, PAN3 and CCR4-NOT complex, which removes
adenines and promotes the oligouridylation by TUT4/7 (114-118). These events trigger mMRNA

decapping and degradation conducted by DCP1-DCP2, DD X6 and XRN1 (Fig 1.4), (47, 118-120).
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Figure 1. 4 mRNA silencing in P-bodies through miRNAs.

MiRNA silencing can lead the target mRNA to be repressed and degraded. MiRNA silencing and
degradation is initiated by the Ago2/GW182 interactions with PABPC and PAN deadenylases.
Next, GW182 recruits (CCR4)-NOT complexes to uridylate the mRNA. These events trigger the
deadenylation and decapping by DCP1 that enhances its activity in the presence of DDX6. Without
cap, XRN1 degrades the mRNA from 5’ to 3°. Reproduced from (102).
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1.2 Human immunodeficiency virus

1.2.1 HIV Discovery, origins, and contemporary impacts

Among the hardest challenges in humankind history are the epidemics originated by viruses. The
first viral epidemic documented was the Antonine plague; it occurred in the second century around
165 A.D. when the Roman troops returned from the East and brought smallpox to the Roman
empire, Killing around five million people (121). Another example is the “Spanish” flu that
occurred in 1918, likely originated in Kansas (US), and was due to the influenza virus HIN1,
causing about 50 to 100 million casualties worlwide (122, 123). The HIV epidemic has lasted for
a very long time, with 74.9 million victims since the discovery of the virus (124). Despite the
prevention, care and treatment, to date, HIV has not been eradicated. Therefore, it is still necessary
to study HIV by exploring new areas of viral and host behaviors.

The identification of HIV epidemics started in the early 1980s when the Centers for Disease
Control and Prevention (CDC) and doctors from California and New York found unexplained
deficiencies in the immune system in young homosexuals. Consequently, these men developed
opportunistic infections (125). Shortly after, more cases of immunodeficiency were reported not
only in homosexuals but also in intravenous drug users and blood transfusion recipients. In 1983
Dr. Barré-Sinoussi in Dr. Luc Montagnier’s lab characterized a new retrovirus in lymph nodes of
affected patients and named it lymphadenopathy associated virus (LAV) (126). In 1984, Dr. Robert
Gallo and his team isolated a similar T-lymphotropic retrovirus from a larger pool of samples and
set up the conditions to propagate the virus in vitro (127). Simultaneously, the group of Dr. Jay
Levy in San Francisco, California cultured a similar retrovirus from patients with AIDS and
associated the specific antibodies produced from the infected individuals with the causative

retrovirus (128). These viruses were variants of the same virus that was later renamed HIV or HIV-
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1 (129). By 1986 another retrovirus with similarities was found in patients from West African
countries, this virus was later known as HIV-2 (130).

In 1989, the origin of HIV-1 was associated with a Simian immunodeficiency virus (SIV) isolated
from two captive chimpanzees (SI1V¢pz) (131). SIVcp; resulted from the recombination of two SIV,
one from the red-capped mangabeys (SIVicm) and another from greater spot-nosed monkeys
(SIVgsn) (132). SIVcp, gave rise to two distinct viruses, the first one was established in gorillas
(SIVgor) and the other one in humans (HIV-1) (Fig 1.5). HIV-1 coming from SIV¢p; is divided into
groups M and N, (133, 134). Group M is responsible for the main HIV-1 pandemic, while group
N is confined into 13 individuals in Cameroon and one more in France (133, 135, 136). Group M
is sub classified in clades A, B, C, D, F, G, H, J, K, L and 51 circulating recombinant forms (125,
133, 137). On the other hand, SIVgor crossed the interspecies barrier and gave rise to two other
groups, O and P of HIV-1. The group O remains in African countries with low prevalence, whereas
group P has been identified in two individuals in Yaounde and Cameroon (Fig 1.5) (133). HIV-2
originated from one common ancestor, an SIV from sooty mangabey monkeys (SIVsmm) (Fig 1.5)
(138). Interestingly, SIVsmm infection is asymptomatic in sooty mangabey monkeys, but its

adaptation to a different species triggered its virulence (125).

Phylogenetic data estimate that HIV began to be transmitted between humans in early 1900 (139,
140). A complementary study showed that HIV-1 group M and SIVcp; shared a common ancestor
that date back between 1799-1904, suggesting that SIV crossed the species barrier at some point
around 1853 (141). This transfer to humans probably occurred by contact with SIV-infected blood

during the hunt and butchering of chimpanzees (142).
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According to UNAIDS, around 75 million people worldwide have been infected with HIV and
almost 37 million people currently live with HIV (124). Moreover, there are 5,000 new infections
per day, with a total of 1.8 million infections yearly (143). To date, only 59% of infected patients
have access to combination antiretroviral therapy (CART) worldwide (143), whose effects only
control the disease without resolving it. Furthermore, the financial burden goes over millions of
dollars each year for prevention, care and treatment. An estimation in 2015 showed that a person
living in the U.S.A. who is infected at 35 years age-old would cost $326,500 U.S in medical care
during his/her lifetime (144). Beyond the financial and health issues, infected individuals are
highly stigmatized, they have physical and psychological problems that often lead them to turn
down diagnosis and healthcare (145). Therefore, it is still necessary to pursue HIV studies for a
better understanding of the virus and find additional treatments that will consequently lead us to a
cure. Due to the HIV-1 importance and distribution, from this part of the thesis onward, HIV will

be referred to as HIV-1 unless it is stated otherwise.
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Figure 1. 5 HIV-1 and HIV-2 evolved from SIV.

HIV phylogenic analysis shows that HIV-1 and HIV-2 are SIV viruses adapted to humans. HIV-1
group M and N originated from SIVcpz, whereas HIV-1 group O and P are derived from SIVgsn.
HIV-2 evolved exclusively from SIVsmm.

1.2.2 HIV-1 genome and virion structure

HIV-1 belongs to the Retroviridae family, of the Lentivirus genus and is classified as being in
group IV within the Baltimore classification system (125). The characteristic of the Retroviridae
family is the fact that these viruses possess a reverse transcriptase (RT) to convert their genomic
RNA into DNA to be integrated into the host genome. Lentiviruses are complex retroviruses
because their genome codes for several regulatory and accessory (also called auxiliary) proteins in
addition to the structural polyproteins group specific antigen (Gag), polymerase (Pol), and

envelope (Env) encoded by simple retroviruses. These additional proteins encoded by complex
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retroviruses are the result of additional open reading frames (ORF) and alternative splicing (146).
HIV-1 virions possess an envelope encoded by the Env gene obtained from the cell membrane
during budding after migration of the Env protein to the membrane. Mature virions contain a
characteristic cone-shaped core given by the assembly of capsid molecules, which protects the
genomic RNA. The virial particle is spherical, typically of ~145nm in size (Fig 1.6A) (147, 148).
The genome length of HIV-1 is 10 kb which encodes a total of 16 proteins from 10 transcripts.
The genome also includes two long terminal repeats (LTR), one at the 5’ end and the other at the
3’ end (Fig 1.6B). Each LTR includes a unique region 3 (U3), a repeat region (R) and a unique
region 5 (U5) on the proviral DNA. The transcription begins with the R region and starts at +1
with the transactivation response element (TAR), which plays a vital role during the viral
transactivation (149). The first protein encoded at the 5° end is the pr55 Gag polyprotein, which
can also be translated as pr160 Gag-Pol due to a frameshift in the ORF. The Env polyprotein is

translated from the 3’ end of the singly spliced RNA.

Gag is a polyprotein composed of different domains such as the matrix (MA) or p17, capsid (CA)
or p24, nucleocapsid (NC) p7, P6 and two spacer peptides SP1 and SP2 that flank NC (125). Each
protein is eventually cleaved from the Gag and Gag-Pol polyproteins by the protease (PR) or p10
present within the Pol and Gag-Pol polyproteins. These Gag and Gag-Pol polyproteins also include
the RT (p66 and p51) and the integrase (IN) or p32 (Fig 1.6B). The Env polyprotein is composed
of the glycosylated precursor gp160, which is processed within the Golgi apparatus by cellular
furin or furin-like proteases to create the surface gp120 and the transmembrane gp4l (150).
Additionally, Env transcripts include the Rev Response Element (RRE), which is necessary for

unspliced and partially spliced viral mMRNAs to be exported to the cytoplasm (151). Finally,
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alternative splicing of viral transcripts generates Vif (23kD), Vpr (15kD), Tat (14kD), Rev (19kD),

Vpu (16kD) and Nef (27kD) proteins.
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Figure 1. 6 HIV-1 virion architecture and viral genome.

A) HIV-1 acquires the viral envelope from the cell along with Env proteins gp120 and gp41. MA
is anchored into the inner leaflet of the viral envelope and right after CA, the main structural protein
of the viral core that protects the viral RNA bound to NC. Other viral proteins P6, Vif, Vpr, Nef,
IN, RT, and PR are found in the viral core. B) HIVV-1 genome consists of 9719 nt that encodes 16
proteins from 10 transcripts due to alternative splicing sites and different open reading frames.

48



1.2.3 The HIV-1 replication cycle and Gag protein

HIV-1 replication can be divided into early and late phases. In the initial stage, the virus attaches
to the cell membrane followed by fusion, entry and uncoating. Retroviral transcription starts in the
viral core and continues during uncoating, forming a dsDNA from the viral RNA. This DNA and
associated proteins form the pre-integration complex (PIC), which shuttles to the nucleus and the
viral DNA is integrated into the host genome to create the provirus (Fig 1.7). In the late phase, the
provirus produces the genomic RNA and transcripts that are translated into proteins for the
assembly and release. The budded viral particle will mature, creating all the cleaved components

necessary for the next round of infection (Fig 1.7).
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Figure 1. 7 HIV-1 replication cycle.

The early stage of the HIV-1 replication cycle encompasses attachment, binding, uncoating,
reverse transcription, nuclear import, and integration. The late phase begins when the provirus
produces Tat, Rev, and Nef. Tat and Rev are imported into the nucleus. Tat increases the
transcription rate whereas Rev facilitates the export of unspliced and singly spliced viral transcripts
to the cytoplasm where they will be translated and also used as the viral genome. Gag protein
orchestrates the assembly and RNA packaging on the inner leaflet of the cell membrane, which
triggers the virion release and maturation. Different drug strategies to counter the replication cycle

are shown in blue squares. Adapted from (152).
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1.2.3.1 Virus binding, entry, and the reverse transcription

HIV-1 infects cells that possess cluster of differentiation 4 (CD4) surface receptors and C-C
chemokine receptor type 5 (CCR5) or C-X-C Chemokine Receptor Type 4 (CXCR4) co-receptors.
The primary targets are CD4* T lymphocytes (CD4* T) as well as macrophages and dendritic cells
(DC) (153). HIV-1 begins the infection by a non-specific attachment of the protein gp120 on the
cell membrane through the interaction with integrins and heparan sulfates (154). This attachment
continues until the gp120 encounters a CD4 receptor forming a specific binding (Fig 1.7). Gp120
heterodimers harbor five constant domains (C1-C5) and five variable domains (V1-V5). The
contact with CD4 causes conformational changes on both proteins allowing the V3 domain to
interact with CCR5/CXCR4 (155). The interaction of gp120 and the co-receptor reveals a gp41l
trimer with fusion peptides that are folded in the hinge region. The conformational change exposes
the amino-terminal peptides that harpoon the cell membrane while the carboxy-terminal domains
remain in the viral envelope. Then, the viral envelope forces the formation of a fusion pore to the

cell membrane allowing the access of the viral core (155, 156).

There are three models of virus uncoating at the post-entry events. The first one supports that the
uncoating occurs right after the entry and close to the inner cell membrane. The second one
proposes that the uncoating gradually occurs while the core goes towards the nucleus and the third
model favors the reverse transcription inside of the core until the nucleus is reached (148).
Regardless of the uncoating model, the reverse transcription starts after the entry by the retro-
transcription complex made by the RT, CA, NC, IN, Vpr and the viral genome. Reverse
transcription is the hallmark of the Retroviridae family, where the RNA is transcribed into double-

stranded DNA (157). The HIV-1 RT is a heterodimer composed by p66 and p55. P66 contains a
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polymerase and an RNase H domain, whereas p51 only has the polymerase domain with a more
compact structure, which stabilizes the heterodimer (158, 159).

Reverse-transcription uses tRNAY? as an initial primer in the 5’ viral RNA, which produces a
negative single-stranded DNA while the RNA strand is degraded. Only a small sequence in the
viral RNA called polypurine tract (ppt) resists the RNase H activity which is then used as a primer
for the synthesis of the complementary DNA strand creating a linear double-stranded viral

complementary DNA (vcDNA) (157, 158).

1.2.3.2 Integration and transcription

After reverse transcription, the vcDNA harbors CA, Vpr, RT, NC, MA and IN to form the pre-
integration complex (PIC). To transport the vcDNA into the nucleus, IN interacts with importin 7
(Imp7), transportin 3 (TNPO3) and Impa3 on the nuclear surface while MA and Vpr assist the
import through nuclear localization signals (NLS) and Imp-a (160-162). Within the nucleus, IN
removes two nucleotides from the 3’ veDNA in each strand, which generates 3°’OH sticky ends
that allows a nucleophilic attack into the 5’ phosphate target DNA (163). IN and CA tether the
VCDNA to the genome by binding the host factors lens epithelium-derived growth factor (LEDGF)
and cleavage and polyadenylation specific factor 6(CPSF6). These interactions modulate the
integration onto spliced transcriptional regions with a high density of GC and CpG, mostly found
in euchromatin (164-166). Once VcDNA is integrated, the PIC is dismantled, and the transferred
VCDNA intermediate is repaired by the host machinery (Fig 1.7) (163).

The proviral LTR is divided into U3, R and U5 regions (167). The U3 is subdivided in the
modulatory segment (-455 to -104) that possesses the transcription binding signals, the enhancer

segment (-109 to -79) that harbors binding sites for the SP1 and the NF-«xB transcription factors
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and the promoter segment (-78 to -1) that has the TATA box-binding sites (168). The R/U5 region
encodes for the TAR element and other regulatory binding sites (169). RNA Pol Il generates the
first viral transcripts; however, the transcription rate is inefficient (169). The first transcripts are
subjected to double splicing and export to the cytoplasm where they produce the first HIV-1
proteins, Tat, Rev, and Nef (Fig 1.7). Tat protein posses a nuclear localization signal (NLS). Tat
recruits the positive transcription elongation factor b (P-TEFb) from the 7SK complex (170). 7SK
is a conserved and abundant ncRNA of 332 nt localized mainly in the nucleus with few pools in
the cytoplasm (171). In addition to the P-TEFb, 7SK harbors other cellular proteins such as La-
related protein 7 (LaRP7) and methylphosphate capping enzyme (MePCE) that stabilizes the RNA
structure whereas HEXM1/2 binds to P-TEFb and regulates its release (172-174). P-TEFb is
composed of cyclin-dependent kinase (Cdk9) and cyclin T1 (CycT1). Tat binds CycT1 and drags
it in proximity to the TAR element. Tat binds to the bulge of TAR RNA, whereas CycT1 binds to
the loop. This association triggers P-TEFb to hyperphosphorylate RNA Polymerase (Pol) I,

making it highly processive and enhancing viral transcripts several hundred-fold (170, 175-177).

HIV-1 produces more than 40 RNA species, which belong to one of the 3 categories: (1) unspliced
genomic RNA, coding for Gag, and Gag-Pol, (2) singly spliced RNAs that produce Vif, Vpr, Vpu
and Env and (3) doubly spliced RNAs that are translated into Tat, Nef and Rev (125, 146, 178,
179). The unspliced and partially spliced RNAs are restricted for nuclear export. To overcome this
stage, HIV-1 uses Rev protein to export viral transcripts. The first step is when Rev gets into the
nucleus through the interaction with Imp-B (180). Within the nucleus, Rev binds the RRE
contained in the Env region of the unspliced and singly spliced RNAs. The Rev-RRE complex

binds to the chromosomal maintenance 1 (CRM1), DEAD-box helicase 3 (DDX3), the host up-
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frameshift protein 1 (UPF1), and Ran (GTP) which makes the transcript reach the nuclear pore
and exit the nucleus (151, 180-182). In the cytoplasm, Ran(GTP) is dephosphorylated to give rise
to Ran(GDP) inducing the release of CRM1 and Rev from RRE, while DDX3 and UPF1 remain
associated to the unspliced viral transcript and ensure an efficient association to ribosomes to be

translated into Gag and Gag-Pol (181, 183).

1.2.3.3 Gag, viral assembly, release and maturation.

Gag is a structural HIV-1 protein that is essential for creating new viruses. Gag is a 55 kD
multidomain protein composed MA, CA, NC, P6, and two spacer peptides SP1, and SP2 flanking
NC (Fig 1.8) (184). Gag transcripts are translated in a ratio of 95% versus 5% for Gag-Pol due to
a frameshift during the translation (184). MA shows a globular structure with myristoyl group at
the N-terminus that permits hydrophobic interactions, and a highly basic region (HBR) that
interacts with phosphatidylinositol-4,5 bisphosphate (PIP2) in the inner plasma membrane (185,
186). MA also interacts with lipid rafts that function as a scaffold for the viral assembly and Env
recruitment (187, 188). CA is a multifunctional protein that associates itself through the C-
terminus and the major homology region (MHR) (189). The N-terminus is rich in prolines that
interact with cyclophilin A (CYPA) into nascent viral particles that protect the HIV-1 core from
cellular restriction factors like TRIMS5a during the entry and the reverse transcription process
(290). In addition, individual units of CA form the cone-shaped core in mature viral particles, each
virion has 5000 units of CA assembled in pentamers and hexamers that create the fullerene cone
(191). NC dimerizes and directs the RNA packaging into viral particles. After the unspliced HIV-
1 RNA is exported from the nucleus, the viral RNA can dimerize in the cytosol or at the plasma
membrane from the W-region located in the 5° UTR, specifically at the stem-loop 1 (SL1)

contained in the dimerization initiation site (DIS) (186, 192). SL1 selectively promotes the
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packaging of unspliced RNAs (151). DIS sequences form RNA dimers that have bound a
tRNADS, The dimer then associates with NC zinc finger domains that stabilize the structure for
the recruitment in nascent viral particles (193, 194). P6 is a small peptide of 55 amino acids (aa)
that interact with the endosomal sorting complexes required for transport (ESCRT) machinery,
especially with ESCRT-I and ESCRT-III, which are essential for the viral budding on the plasma

membrane (195, 196).

CYPA-binding loop

N-terminal f-hairpin

q é-*

E — »Inlwdoma n linker
SP1 SP2
") NC
'\

Figure 1. 8 Gag structure.

HIV-1 Gag protein contains multiple domains that assist the virus assembly and release. MA brings
Gag to the cell membrane and anchors it to the inner leaflet using myristoyl groups that interact
with PIP2. CA mediates Gag multimerization in the inner plasma membrane. CA homodimers
interact with each other through the C terminus and the MHR, whereas a loop rich in prolines at
the N terminus binds to CYPA. SP1 and SP2 are short domains that flank NC, which interacts with
the genomic RNA. P6 recruits ESCRT components for the viral budding on the plasma membrane.

Reproduced from (184).
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Viral assembly starts with the dimerization of viral genomic RNA through the W-region (192).
Gag multimerizes through the CA domain (197) and concomitantly NC domain binds the viral
genomic RNA maintaining its dimer structure (193, 194). In proximity to the plasma membrane,
MA anchors to the inner leaflet, whereas Env units into the cell membrane are recruited by Gag
(184). During assembly, Gag also interacts with different cellular proteins that assist it, such as
ABCE1 (198), DDX6 (199) and Staufenl (200, 201). Indeed, many cellular proteins can interact
with Gag, although, their role throughout the infection is unknown (202, 203). Finally, P6 recruits
the ESCRT machinery through the conserved motif PTAP for the virion release (Fig 1.9) (195,
196). At this point, Vif, Vpr and cellular proteins are also recruited to the nascent virions (204,

205). It is important to state that most of the assembly events occur on the plasma membrane.

Outside the cell, PR is auto-catalyzed from the Gag-Pol polyprotein generating a free PR that
rapidly cleaves in ten different locations in Gag and Gag-Pol producing MA, CA, NC, IN and RT
(206). The result creates a mature viral particle with a different architecture, which is ready for the

next round of infection (Fig 1.9).
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Figure 1. 9 HIV-1 assembly and release.

Gag and Gag-Pol target the inner leaflet of the cell membrane. The binding of Gag and Gag-Pol
to the cell membrane by MA triggers mechanisms that recruit Env onto nascent viral particles.
Simultaneously, NC recruits genomic RNA and P6 binds the first ESCRT proteins to release the
immature virion. Outside of the cell, PR in Gag-Pol cleaves several sites in Gag and Gag-Pol,

which induces virion maturation. Reproduced from (184).

1.2.4 HIV-1 infection
HIV-1 is commonly transmitted by sexual intercourse, intravenous inoculations and less
frequently, during labor and breastfeeding (143). Nonetheless, the risk of infection by each

transmission route is different. A comprehensive literature study in 2014 estimated that blood
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transfusion recipients have a 92.5 % probability of acquiring the virus, vertical transmission from
mother to child 22.6%, needle sharing 0.63%, percutaneous injuries with needles 0.23%, receptive
anal intercourse 1.38%, insertive anal intercourse 0.11%, receptive penile-vaginal intercourse
0.8%, and insertive penile-vaginal intercourse 0.4% (207). The transmission rate can be increased
by different factors such as high viral load in blood and genital ulcer disease (207). The
transmission rate can also be decreased by ART, pre-exposure prophylaxis, use of condom and
circumcision (207). Indeed, heterosexual circumcised individuals lessen by up to 60 % HIV-1
transmission due to a reduction in the activation of the immune response in the inner penis foreskin,

which harbors a large number of targets (208, 209).

Independently of the transmission route, when HIV-1 reaches specific epithelium or bloodstream,
it targets CD4"* T cells with co-receptors CCR5 (HIV-1 strains R5) or CXCR4 (HIV-1 strains X4)
(210). CD4* T cells have subpopulations depending on the co-receptor’s expression. For instance,
high expression of CCR5 in CD4" T cells is linked to memory T cells, whereas low expression
represents naive T cells (211). In the same fashion, there are resting (naive and memory) and
activated T cells, which eventually become memory cells. Resting CD4" T cells show low
expression of CCR5, whereby HIV-1 barely infects these cells (212). The time course in which
HIV-1 depletes the majority of CD4™ T cells varies from person to person albeit, three typical
stages of infection are recognized: acute or primary infection, chronic infection, and acquired
immune deficiency syndrome (AIDS). In the next section, | will describe the cellular events in the

acute, chronic and AIDS stages.
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1.2.4.1 Acute infection and the founder virus.

During the first hours after the transmission, HIV-1 infects CD4* T cells in local tissues that also
contain DC and macrophages (213). Within a few hours, HIV-1 replicates and infects new cells in
the local tissue, disseminating beyond the mucosal barrier in the first days. Infected DCs migrate
to the closest lymphoid organs where they spread the virus to naive and memory CD4* T cells
giving rise to a systemic infection (214, 215). Similarly, infected CD4™ T cells migrate to gut-
associated lymphoid tissue (GALT) that houses the primary source of CD4* CCR5 T cells in the
body, which are obliterated within days (216). These events occur continuously during the first 7
to 21 days and this stage is known as the eclipse phase (217). During the first days of the eclipse
phase, the virus cannot be detected by conventional techniques until the infection reaches a
concentration of 5 RNA copies/mL of plasma (218). The clinical manifestations at this stage are
nonspecific and only 50 to 70% of people show fever, headaches, arthralgias myalgias, malaise,
maculopapular rash on the face and trunk (219, 220). Eleven or twelve days after infection,
laboratory analysis should show a characteristic lymphopenia in CD4" T cells, an increase of CD8*

T cells and detectable HIV-1 RNA levels (221-223).

HIV-1 is genetically heterogeneous with several mutant viral particles called quasi-species (224).
During transmission and acute infection, several quasi-species infect DC or CD4™ T cells in the
host mucosa. Mathematical models based on phylogenetic analysis demonstrated that only one
virion (the founder virus) is responsible for the infection in 80% of heterosexual cases, 60% in
homosexuals and 40% in intravenous inoculations (214, 217). Therefore, individuals that acquired
HIV-1 through injections have more heterogeneity than those who obtained the virus through
sexual contact. This is explained by HIV-1 being subjected to a bottleneck selection from the donor

to the recipient. Briefly, HIV-1 is highly heterogeneous in the donor’s blood, but this diversity is
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reduced in the donor’s mucosa (semen or cervicovaginal mucus) due to lectins and autologous
antibodies (225). Only virions adapted to the donor’s mucosa are transmitted to the recipient’s
mucosa wherein the virions are subjected to another round of selection. Viruses that have low
fitness genotype or that infect cells with a rough environment for replication will not survive and
only the first virus that reaches the perfect target will pass through several rounds of replication

and disseminate across the host (225).

1.2.4.2 Chronic infection and AIDS.

After 4 to 12 weeks of primary infection, the immune response controls the infection and
establishes a set point with a small recovery of CD4* T cell population. However, over time HIV-
1 population increases while CD4* T cells population is diminished. The chronic stage lasts for
years and seems to be asymptomatic for most individuals, albeit some of them develop symptoms
such as night sweats and weight loss as well as illness related to a faint immune response (125).
Regardless of the symptoms, a massive immune activation takes over against the virus. This hyper-
activation can be observed through immune activation markers like CD38 and human leukocyte
antigens (HLA)-B27, HLAB57 for slow progressors and HLA-B35 for individuals that are highly

susceptible to the infection (226, 227).

During the chronic stage, depleted CD4* T cells in GALT provokes translocation of microbial
lipopolysaccharide (LPS) to the bloodstream which triggers a persistent activation of the immune
response (228). The hyperactivation of the immune system also activates T regulatory cells, which
express transforming growth factor-beta 1, augmenting collagen deposits and fibrosis in lymphatic
tissue resulting in architecture disruption that further favors CD4* T cells depletion (229, 230).
The constant reduction of CD4" T cells and activation of the immune system induces the
production of T cells with a short lifetime and abnormal regenerative potential (231). The loss of
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proper functions and the limited proliferative capacity of T cells leads the immune response to
exhaustion and AIDS (232). During AIDS, the CD4* T cell numbers decrease, reaching 500
cells/mL, 200 cells/mL and even 50 cells/mL allowing opportunistic pathogens and malignancies

to take over (125).

AIDS can be reversed and prevented with ART. Currently, HIV-1 infection is no more a fatal
disease but a chronic one when ART is prescribed on time. Although ART is beneficial to eliminate
all the active virus, viral reservoirs are still the challenge. In the next sections, | will describe the

current ART, the viral reservoir and cure strategies.

1.2.5 Current ART

The first antiretroviral drug, a nucleoside analog reverse transcriptase inhibitor (NRTI) known as
zidovudine (AZT), was approved in 1987 (233). AZT was taken as monotherapy for some time
until people began to have a rebound in the viral load due to HIV-1 drug-resistant quasi-Species.
By 1990 other NRTIs were developed and started to be used together to boost the treatment’s
efficacy. By 1995, the combined therapy was named as highly active antiretroviral therapy

(HAART) or currently cCART (234).

In 1995 with the introduction of the first generation of protease inhibitors (PIl) and the non-
nucleoside analog reverse transcriptase inhibitors (NNRTI), thousands of people stopped dying
(235-237). From 1996 onward HAART started to be used, and other antiretroviral drugs with
increased efficacy, decreased toxicity and less virus resistance have been produced and approved
(234). As of the last review in October 2018, the Department of Health and Human Services Panel
on Antiretroviral Guidelines for Adults and Adolescents recognizes more than 30 antiretroviral

drugs divided into 7 classes included NRTIs, NNRTIs, Pls, integrase strand transfer inhibitors
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(INSTIs), fusion inhibitors, CCR5 antagonists and CD4 post-attachment inhibitors (Fig 1.7). In
addition, ritonavir and cobicistat are used to boost the pharmacokinetics of atazanavir, darunavir

and elvitegravir (238).

According to the guidelines for the use of antiretroviral agents in adults and adolescents with HIV
(239), infected individuals must initiate ART by taking two NRTIs and one of any INSTI, NNRTI
or a boosted PI. Suggested regimens are in Table 1 based on the last guidelines for the use of

antiretroviral agents.

Table 1. 1 Initial regimen examples of CART.

Regimen for most people linving with HIV

Treatment Name Cathegory Total pills per day Condition

Bictegravir INSTI
Tenofovir alafenamide  |NRTI

1 Emtricitabine NRTI 3 none
Dolutegravir INSTI
Abacavir NRTI

2 Lamivudine NRTI 3 HLA-B57 negative
Raltegravir INSTI
Abacavir NRTI

3 Lamivudine NRTI 3 HLA-B57 negative and HIV RNA <100,000 copies/mL
Darunavir PI

Ritonavir or Cobicistat Booster
Tenofovir alafenamide  |NRTI

4 Emtricitabine NRTI 4 none
Doravirine NNRTI
Tenofovir alafenamide  |NRTI
5 Lamivudine NRTI 3 none
Darunavir PI
Ritonavir Booster
6 Raltegravir x2 INSTI 4 HIV RNA <100,000 copies/mL, CD4 > 200 cell/mm?>

1.2.6 Latency and viral reservoir

Resting CD4" T cells can be infected by HIV-1, but the virus cannot complete its replication cycle
due to specific cellular factors (240, 241). If these cells are activated shortly after infection, the
viral integration will proceed and the replication cycle will be completed (240). In patients under
ART the activated CD4" T cells will enter in a memory-resting mode with negligible viral particle
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production (240). Thus, CD4* T cells that harbor the provirus but do not express it, are called viral
reservoirs. The half-life of these cells is around twelve years and only 1 over 10° resting CD4* T
cell is a viral reservoir (242). These features make the decay rate so small that it would take

approximately 73 years to eliminate all the reservoirs (243-245).

Virus latency is not totally understood, but some mechanisms explain it. The first mechanism could
be related to the site and orientation in the genome (246), where host genes occlude the LTR (247,
248). A deficiency in transcription explains the second mechanism due to either the absence of
active NF-xB (p50/RelA), which favors deacetylation, or to a failure in the recruitment of
transactivation products like p-TEFb (249, 250). A critical step for virus production is the Tat
acetylation, which allows TAR dissociation between early and late phases in the replication cycle.
Therefore, the third mechanism of latency is represented by improper Tat acetylation (251).
Finally, epigenetic regulation on viral promoters by methylases like MBD2 and deacetylase

HDAC?2 also contributes to latency (252).

Knowing the mechanisms that govern viral latency, researchers' efforts have focussed on
identifying a functional cure. There is one patient that has been completely cured, Timothy Brown,
also called the “Berlin patient” (253, 254). A second possible cured person was reported in 2019
in England, but follow-up analyses need to be done to determine if this patient is definitively cured

(255). In the next section, | will describe the current cure strategies for HIV-1.

1.2.7 HIV-1 cure strategies
Timothy Brown is the only patient throughout the world in whom no HIV-1 rebound has been
observed through the years after a cure treatment. Mr. Brown was infected by HIV-1 and treated

by HAART. After several years, he developed myeloid leukemia and underwent allogeneic
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hematopoietic stem-cell transplantation (HSCT) from a homozygous donor with a mutation in
CCRS5 (CCR5A/A32) (253). The deletion in CCRS5 rendered the donor cells refractory to HIV-1
infection and prevented virus resurgence in the patient. Recently a similar case was reported after
HSCT where a patient has experienced viral remission for 19 months (255). Although both patients
show the feasibility of reaching a cure, both instances were sporadic due to their histocompatibility
and tolerance to the donor and they do not represent a strategy that can be widely applied to all

patients (256).

Early HAART is explored as part of a functional cure due to temporary viral remission in reported
cases like the Mississippi baby, the French VISCONTI cohort and others (257-261). The very early
use of HAART could reduce HIV-1 progression up to 75% (262). However, the most promising
strategies are related to broadly neutralizing antibodies (bnAb), “shock and kill” and “block and

lock” therapies as well as gene therapy.

Among HIV-1 infected individuals, less than 1% are elite controllers (EC) who control plasma
viremia at levels of 50 to 400 RNA copies/mL (263). ECs have different characteristics to modulate
HIV-1, like the production of bnAbs (263-265). BnAbs are Abs that have a broad range of
neutralizing activity in many HIV-1 subtypes and are studied for a functional cure (265). For
instance, bnAbs with Toll-like receptor agonists are sufficient to stop or delay viral infection (266).
Other strategies focus on improving target recognition with engineered bispecific bnAbs and

increasing the number of targeted strains (267, 268).

The “shock and kill” strategy is based on the reactivation of the dormant virus within reservoirs
using latency reversing agents (LRA), which may lead to their recognition and destruction by the
host immune response (269). LRAs are divided into six categories. (1) Histone post-translational

modification modulators, (2) Non-histone chromatin modulators, (3) NF-«kB stimulators, (4) Toll-
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like receptors (TLR) agonists, (5) extracellular stimulators like TNF-a and (6) miscellaneous
compounds whose mechanism of action is not understood (269). The main drawbacks of the
“shock and kill” strategy is the weak response to reactivate viral reservoirs, the cytotoxicity in the
patient and the inability of the immune response to eliminate reactivated cells (270, 271). “Block
and lock” is an alternative strategy, which is based on the use of latency promoting agents (LPAS).
LPAs promote deep latency of the provirus by countering viral or host proteins/mechanisms that

favor virus replication like Tat (272, 273) and the cellular autophagy regulator mTOR (274-276).

Finally, an alternative option is gene therapy, which consists of transplanted stem cells that were
knocked down or knocked out in specific host or viral components like CCR5 gene or viral RNA

(277-280).
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1.3 Zika virus

1.3.1 Emergence of Zika virus

ZIKV is an emerging virus transmitted by mosquitoes, which causes mild symptoms such as fever,
headache, rash, conjunctivitis and arthralgia (281). ZIKV caught the public eye when it was linked
to congenital malformations and neuropathological manifestations. ZIKV dissemination from
Africa, Asia and the Americas makes it a global health problem. ZIKV historical strain MR766
was first discovered and isolated from sentinel rhesus monkeys in Ziika forest of Uganda in 1947
(282). In 1954, the first ZIKV MR776 was found and isolated from humans in Nigeria (283), and
by 1964 to 1970, more infections were reported in Africa (284, 285). Interestingly, ZIKV was
found for the first time in Asia in 1966 (286), which gave rise to the first outbreak by 1977-1978

in Indonesia (287).

For more than twenty years, the virus circulated in South Asia without any outbreak until 2007
when the first major outbreak was reported on Yap Island in the Federated States of Micronesia in
the Pacific Ocean (288). The circulating virus spread faster, presumably infecting more than 900
people with at least 49 confirmed cases. From 2007 to early 2012, ZIKV remained in south Asia
but in late 2012 and 2013, a broader outbreak occurred in French Polynesia with 396 confirmed
cases and 29,000 estimated infections (289-291). Between October 2013 and March 2014, ZIKV

was introduced into 11 Brazilian cities by tourists from French Polynesia (292).

The Brazilian outbreak was the largest ZIKV outbreak in history; there were 7000 cases only
between February and April 2015 (293). Short after, Paraguay, Bolivia, Ecuador, Colombia,
Venezuela, all Central America, including Mexico and some regions in the USA reported cases of
infected people with ZIKV (293). On December 1st 2015, the Pan American Health Organization

(PAHO) and World Health Organization (WHO) announced the association of ZIKV infection
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with neurological syndromes and congenital malformations (293). Meanwhile in 2016, another
outbreak with local strains was declared in Singapore, Philippines, Vietnam and Thailand (294).
Currently, sporadic cases all over the globe have been reported. As of June 2019, the CDC reported
18 new ZIKV cases in North American territories (295). The ZIKV origin and pandemics can be
observed in (Fig 1.10). A few years after the first outbreak in Asia, ZIKV rapidly changed and
adapted, infecting thousands of people in other countries. Therefore, it is necessary to review the
viral architecture, genome, phylogenic and polymorphism to elucidate the sudden expansion from

Asia to America.
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Figure 1. 10 Emergence of ZIKV

ZIKV world map with relevant dates. ZIKV emerged in Uganda in 1947 and disseminated in
central Africa. During the 1960s ZIKV reached Asia causing sporadic infection and some
outbreaks for more than four decades. The French Polynesia outbreak was pivotal for ZIKV to
reach the Americas. In late 2013, ZIKV was brought to Brazil scattering all over Latin America,

the Caribbean, and some regions in the USA.
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1.3.2 ZIKV and genome

ZIKV belongs to group IV in the Baltimore classification from the Flaviviridae family and
Flavivirus genus, such as Dengue, West Nile, yellow fever and Japanese encephalitis viruses (296).
ZIKV posses an sSRNA (+) genome of around 11kb that encodes a single polyprotein, which is
processed by cellular and viral proteases into structural proteins (capsid (C), pre-membrane (prM)
and envelope (E) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5)
(Fig 1.11A) (297, 298). The 5* UTR is capped, but in the absence of the cap, the 5’UTR can
efficiently act as an internal ribosomal entry site (IRES) producing an infection in mammalian or
insect cells (299). The 3’UTR is a conserved sequence in ZIKV and other flaviviruses (300). The
pathogenicity of flaviviruses seems to be linked to the accumulation of the genomic RNAs and
long non-coding RNAs (IncRNA) or also called subgenomic flavivirus RNAs (sfRNA) that
embrace only the 3’UTR (301). The sfRNAs are produced by Xrn1 whose exonuclease activity is
stopped when it encounters RNA structures at the 3’UTR called Xrn1-resistant RNAs (XrRNAS)

(Fig 1.11A) (302).

ZIKV structural proteins form the nascent viral particle with a size of ~ 50 nm (297). The C protein
binds tightly to the genomic RNA, whereas E and prM mediate the binding and fusion to the
cellular membrane followed by the entry in the cell (Fig 1.11B) (297, 303, 304). The NS proteins
have not thoroughly been studied but because of the similarity to other flaviviruses, the comparison
is possible. NS1 is a multifunctional glycoprotein involved in the formation of the replication
complex, virus assembly, modulation of the innate immune response from the host and it is also
secreted (305-307). In addition, NS1 activates the transmission from human to mosquitoes (308).
NS2A recruits viral genomic RNA, contributes to virus assembly and destabilizes the adherent

junction complex impairing the cell-cell junctions (294, 309).
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NS2B is the cofactor of NS3 (NS2B/NS3), the ZIKV protease, essential for the polyprotein
cleavage (310). The main function of NS4A is to rearrange the cytoplasmic membrane, Golgi and
remodel ER but its precise role is unknown (311, 312). NS4B has also a critical role in remodeling
the ER and in the formation of induced membrane structures during the replication (313).
Together, NS4A and NS4B inhibit the neurogenesis by inducing autophagy via mTOR signaling
(314).

Finally, NS5 is the RNA-dependent RNA polymerase (RdRp) that catalyzes the RNA synthesis
through the N domain while the methyltransferase domain in the C terminus adds the cap for

translation (315). Of note, NS proteins interact together and this interaction results essential for

virus replication (NS3-NS5; NS3-NS4B; NS4A-NS4B; NS4B-NS4B; NS1-NS4B; NS1-NS4A-4B

precursor).
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Figure 1. 11 ZIKV genome and viral architecture.

A) ZIKV genome is a monocistronic positive RNA of ~ 10,794 nt, which encodes a single
polyprotein that is cleaved in structural (C, prM, and E) and non-structural proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, NS5). The 5° UTR is a capped conserved site. A high RNA
transcription activates the cellular endonuclease XRN1 that partially degrades the genomic RNA
leaving only a 3’UTR fragment (sfRNA). Reproduced from (291). B) ZIKV virion structure

showing protein E and prM in the envelope and a capsid protein C surrounding the RNA genome.
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1.3.3 ZIKV replication cycle

The complete replication cycle of ZIKV has not been widely studied, but the resemblance with
other flaviviruses has contributed to the elucidation of most of the steps. Here, | will break down
the replication cycle into (1), binding, entry, fusion and release. (2), translation, polyprotein

cleavage and RNA replication. (3), virus assembly and release (Fig 1.12).

1.3.3.1 Binding, entry, fusion and release

ZIKV infects a significant number of cell types (316-319) but since the emergence of the Asian
strains, ZIKV preferentially infects neuroprogenitor cells (NPC) within the brain (320-322). ZIKV
E protein binds to different receptors on the cell membrane like the tyrosine-protein kinase receptor
AXL, Tyro3, DC-SIGN and TIM-1 (316). The binding triggers clathrin-mediated endocytosis,
which internalizes the virus into clathrin-coated vesicles. These vesicles are transported through
the cytoplasm and fuse with early endosomes to generate late endosomes. The low pH in late
endosomes induces a conformational change in E protein from 90 dimers to 60 trimers followed
by the exposure of the fusion peptide, which is then inserted into the endosome membrane creating

a pore where the capsid passes through and reach the cytoplasm (323, 324).

1.3.3.2 Translation, polyprotein cleavage and RNA replication

It is not well documented whether the capsid dissociates immediately after entering the cytoplasm
or if it is brought to the rough endoplasmic reticulum (RER). Regardless of the localization of its
dissociation, ZIKV genomic RNA is transported to the RER and its 5’UTR is recognized by
ribosomes, which translate the sequence into a single polyprotein. The nascent polyprotein
contains hydrophobic signal recognition particles in its C terminus, which allows its translocation

to the RER (303, 325). After the ZIKV polyprotein is inserted into the RER, the NS3 protease and

71



its cofactor NS2B are activated along with cellular peptidases that cleave the polyprotein in
specific locations for the generation of all the structural and nonstructural mature proteins (Fig
1.11A), (325). The cleavage of the polyprotein induces convoluted membranes and vesicle packets
better known as flaviviral replication complexes constituted by NS1, NS2A, NS3, NS4A, NS4B
and NS5 (325, 326). Inside the replication complex, NS5 recognizes the genomic RNA (+) from
the 5> UTR stem-loop A (SLA) sequence and uses the 3’UTR SL sequence as the initial position
to produce a negative uncapped ssSRNA (-) (327). To initiate the synthesis of the negative genome,
the VRNA adopts a circularized form through the interaction between the 5’ and 3’ UTRs (300).
Thus, NS5 uses this negative-strand as a template for the overproduction of RNA (+). During the

synthesis, the first new RNAs (+) replaces the old RNA (+) that helped to create the RNA (-) (328).

The RNA (-) is produced only at the early stages, during the formation of the replication complex,
the production of the RNA (+) occurs in the late stage of viral replication (329, 330). The
replication process takes place within ER which derives in viral replication factories, more

precisely within replication packets, an ultrastructure common to all tested flaviviruses (300).

1.3.3.3 Assembly and release

The nascent RNAs (+) and C proteins associate on the cytoplasmic face of the RER, where a single
RNA (+) is associated with several C units (331). The prM and E associate in trimers along with
C proteins and the RNA (+). This association triggers the formation of invaginations towards the
RER lumen and alterations of the cytoskeleton. The alteration of the cytoskeleton is linked to
replication factories in their whole. This includes structures related to both replication and virus
accumulation within virus bags (332). Virus bags contain assembled immature viral particles,

which are transported for a proteolytic cleavage.
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ZIKV immature particles are strictly intraluminal and need to cooperate with cargo proteins,
possibly with the secretory complex COPII to be transported from the luminal side of the RER to
the trans-Golgi (333). The acidic environment in the trans-Golgi rearranges and aligns the E
protein homodimers on the viral envelope, exposing the junction peptide of the prM, which is
recognized by the cellular protease furin. The cleavage generates a mature M protein with traces
of prM on the external leaflet of the viral membrane (333-335). Mature virions reach the
intracellular plasma membrane where they interact with an octameric protein complex called
EXOCYST, which tethers viral particles to the plasma membrane and facilitates their secretion
(333, 336). Interestingly, ZIKV is highly dependent on low temperature for its secretion, which is
favored at 28°C and decreased at 37°C (337, 338). This characteristic explains the high virus titer

in insect cells (339).
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Figure 1. 12 ZIKV replication cycle.

ZIKV binds to cellular tyrosine-protein kinase receptors that trigger clathrin-mediated
endocytosis. The acidic environment of late endosomes allows the viral envelope to fuse with the
endosomal membrane and release the capsid. The capsid is dismantled, releasing the genomic
RNA (+), which is translated into the polyprotein that becomes anchored to the RER. The
polyprotein is cleaved by viral and cellular enzymes producing all the ZIKV proteins. The NS
proteins create an RNA (-) strand that is used as a template for the RNA (+) amplification. The C,
E and prM along with a single copy of RNA (+) detach from the RER in vesicles that form
immature virions. Immature ZIKV particles encounter the trans-Golgi that rearrange the E and
prM to the mature forms. The virions are transported to the inner leaflet of the cell membrane,

where the EXOCYST complex exports them out of the cell. Reproduced from (340).
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1.3.4. ZIKV phylogenomics and pathogenesis

ZIKV has two main lineages: African and Asian (341, 342). The African ZIKV lineage was
reported for the first time in humans in 1952 and since then, sporadic cases have been circulating
in West Africa (282, 285, 343). The most representative strain of the African lineage is the
MR766, which possesses a higher infection capacity in vitro and in vivo in neurons than the Asian
lineage (344, 345). However, there are no reports of large-scale outbreaks or severe consequences
like congenital ZIKV syndrome (CZVS) or Guillain-Barré syndrome (GBS). A ZIKV variant was
isolated in Malaysia in 1966. The virus then spread to the Pacific Islands and is considered the
origin of the Asian epidemic, with the first large-scale outbreak in the Yap islands in 2007 (286,
288). A few years later, the Asian strain reached French Polynesia by 2012-2013 until it reached
the Americas in late 2013 (292, 293, 295). Multiple studies have tried to understand why
pandemics with Asian strains had more severe consequences such as CZVS and GBS compared

to African strains.

Recent Asian isolates have three distinctive mutations associated to the pathogenesis. The first
mutation located in the prM, at position S139N, is related to neurotropism (341, 346). Experiments
made in mouse and human NPCs showed that the single substitution S139N was sufficient to
increase the replication rate, to induce cell apoptosis and to contribute to microcephaly in fetal
mice (346). The S139N mutation was also found in the virus that was linked to microcephaly cases
in 2013 in French Polynesia, (291). The second one is harbored in the NS1 protein, at the amino
acid 982 (A982V) (291). The consequence of this mutation produces the binding between NS1
and Tank-binding kinase 1 (TBK1) followed by a reduction of its phosphorylation and
consequently a decrease of active IFN-f, which likely decreases the immune response against the

virus (347). The third mutation is a substitution in the NS5 at position M2634V, found only in
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viruses that were isolated in the Americas (American strains) (291), which might contribute to
viral fitness (291). Conversely, other authors observed that this mutation does not help viral

pathogenesis and replication (348).

There are additional mutations that enhance ZIKV pathogenesis and cytopathicity. Our lab showed
that a Brazilian strain possesses the prM S139N and NS5 M2634V and other substitutions
compared to an early Asian one. The increased cytopathicity and higher RNA accumulation of this
Brazilian strain in different cell types might be related to the various mutations across the genome

(349).

1.3.5. ZIKV transmission

ZIKV entry receptors are ubiquitous on cell membranes allowing the virus to infect many cell
types. ZIKV main vectors are mosquitoes Aedes aegypti, Aedes albopictus, and potentially Culex
quinquefasciatus that live in urban, rural and countryside areas (350). EM pictures in mosquitoes
artificially fed with ZIKV showed salivary glands as viral targets (350). The infected cells are
impaired with disruptions in the ER as a consequence of viral replication (350). The production in
salivary glands facilitates the transmission to humans, non-human primates and other mammals
(Fig 1.13). ZIKV can infect humans, macaques, apes, mice and recently, serological evidence
demonstrates that horses are also affected (351, 352). The high concentration of mosquitoes
throughout the world suggest that around 400 million people could be at risk to contract ZIKV

(353).

ZIKV transmission occurs mainly through mosquito bites but is not limited to this route. Brian
Foy from Colorado University traveled in 2008 to Senegal, when he came back, he and his wife

developed Dengue like symptoms. Both were tested for Dengue Ab, but he was the only one in
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the couple to have Ab against Dengue. Two years later, Andrew Haddow, an entomologist at the
University of Texas Medical Branch at Galveston, tested the saved serum from Brian and his wife
for ZIKV Abs, which were both positive (354). Since then, other reports have been disclosed
showing that ZIKV transmission could occur through sexual intercourses in male to male, female
to male and most commonly from male to female (355-358). ZIKV seems to be hidden in the
genital tract. In semen, ZIKV has been cultured after 80 days from the initial symptoms and
detection of viral RNA after six months (359, 360). In male mice, ZIKV infection is associated

with infertility (361).

ZIKV vertical transmission from mother to child was suspected for the first time on October 30™",
2015, when the state of Pernambuco, Brazil reported an increase of new cases of babies born with
congenital microcephaly during the outbreak. By November 2015, ZIKV was found in the
amniotic fluid of pregnant women (362). Multiple fetal malformations associated with ZIKV were
later described along with the intrauterine transmission (363-365). Finally, the presence of ZIKV
RNA in breast milk in nursing mothers suggests another route of infection. However, there is not
enough supporting evidence to state that breastfeeding is a route of transmission in newborns
(366). Therefore, depending on the transmission in the infected individual, the symptomatology

and the clinical features will vary.
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Figure 1. 13 ZIKV transmission cycles.

Schematic representation of sylvatic and urban cycles. The urban cycle of ZIKV embraces
transmission by vectors, including Aedes aegypti, Aedes albopictus and Culex quinquefasciatus.
Additionally, sexual and vertical transmission (mother to child) are considered as part of the urban
cycle. The sylvatic cycle is commonly found in tropical forests where mosquitoes spread the virus

in different monkeys like rhesus macaques.

1.3.6 ZIKV pathology
ZIKV is mainly transmitted by mosquito bites with an incubation time of 3-12 days. The symptoms
are frequently absent or mild, but they included fever, headache, rash, conjunctivitis, retro-orbital

pain and arthralgia (281, 367). Vertical ZIKV transmission pathology differs from the horizontal
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transmission in whose case produces CZVS in neonates, which encompass neurologic, ocular,

musculoskeletal, genitourinary, and other congenital disabilities (362).

1.3.6.1 CZVS, neurologic abnormalities

Evidence accumulated during the Brazilian outbreak brought out in April 2016, the recognition of
ZIKV by the CDC as a pathogen that causes brain abnormalities in neonates (368). Indeed, ZIKV
vertical transmission induces abnormal brain development in neonates and the main symptom is
microcephaly. Microcephaly is diagnosed when the occipitofrontal circumference of the head is
smaller than the average of babies at the same age, and it must show two standard deviations.
Severe microcephaly shows smaller heads than the regular microcephaly and this exceeds three
standard deviations (369). Microcephaly is not the only neurologic abnormality in neonates
produced by ZIKV; it also produces malformations such as hydrocephalus, complete Agrya of
lateral ventricles, micrencephaly, dystrophic calcifications, cortical displacement and focal
inflammation (370). The broad range of abnormalities in the brain and head caused by ZIKV seems
to be multifactorial. Microscopy analysis of brain tissue demonstrates significant loss of neurons,
glial cells, as well as axonal rarefaction and inflammatory cell, infiltrates that contribute to the
apoptosis and necrosis (371). Of note, distinct studies have demonstrated that children with no
apparent defects at birth presented a delay in neurodevelopment years after being exposed to ZIKV

(372, 373).

1.3.6.2 CZVS, ocular and other abnormalities
First reports of children with microcephaly associated with CZVS also presented macular atrophy
in the eyes. A follow-up with a more significant cohort demonstrated other abnormalities such as

optic nerve hypoplasia, alterations in the cup to disk ratio, foveal reflex loss and chorioretinal

79



macular atrophy (364, 374). These characteristics of CZVS in the eye were further explored using
in vivo models where mice presented conjunctivitis, infection in the cornea, retina, iris, optic nerve
and RNA was detected in tears (375). Another study showed mice with uveitis, destruction of
photoreceptor neurons, and retinal ganglion cells (376). ZIKV infects retinal pigment epithelium
and Muiller cells in early stages of development when the blood-retinal barrier and the immune
response are not fully formed (376). Other malformations due to CZVS are craniofacial
malformations, limb abnormalities, congenital joint contracture in all limbs, severe flexion of the
hips and hydrocephaly (377). In addition, other reports point out respiratory, genitourinary,
digestive and heart dysfunctionality (362, 378). Currently, there is no medication for ZIKV
infection and there are only preventive measures against mosquitoes bites. Therefore, it is

necessary to develop treatments and potential vaccines.

1.3.7. ZIKV, potential treatments and vaccines

As of today, no treatment or vaccine is effective against ZIKV albeit several compounds are being
tested to target different steps of the replication cycle. The entry can be targeted with compounds
that can block the attachment. Suramin is a drug used initially to treat Trypanosoma brucei (379).
Recent evidence showed that suramin is effective in inhibiting viral attachment and viral release
in low concentrations and limited toxicity in cell lines (380). The mechanism of action has not
been defined for ZIKV, but sumarin may bind glycosaminoglycans, therefore interfering with the
attachment of the E protein (381, 382). The entry of ZIKV can also be stopped by blocking the
mechanism that governs clathrin-mediated endocytosis. Nanchangmycin is a polyether produced
by Streptomyces nanchagensis that inhibits the uptake of cargo proteins during flavivirus infection

(383).
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The viral protease NS2B-NS3 can be targeted with compounds like novobiocin that increase the
survival rate with low side effects in immunosuppressed mice infected with ZIKV (384). Docking
analysis suggests that novobiocin interact at HIS51 of the NS2B-NS3, which is a conserved residue
necessary for cleavage (384). Sofosbuvir, a nucleotide inhibitor that mimics the natural substrate
of the NS5B and is used in Hepatitis C treatment (385), has also been tested in human hepatoma,
placental cells, and neuronal stem cells and in vivo models with different ZIKV strains. The results
show that sofosbuvir could inhibit ZIKV infection and replication with low toxicity in vitro and in
vivo (386). Furthermore, other cellular proteins and functions essential for viral replication are

being tested, like the modulation of lipid metabolism and the cellular protein Hsp70 (387, 388).

ZIKV vaccines are under development in clinical or pre-clinical phases. Some of them are
promising using purified inactivated virus and confirmed by adoptive transfer studies with purified

IgG, DNA vaccine, and adenoviruses vector-based prM and E proteins as immunogens (389).

Table 1. 2 Examples of ZIKV vaccines in clinical development. Table adapted from (390).

Induction of
Vaccine Antigen neutralizing antibodies Immunocompetence Clinical trial
ZPIV Not applicable yes competent Phase |
DNA prM-E yes competent Phase I/Il
Ad prM-E yes competent/deficient Phase |
mMRNA prM-E yes competent/deficient Phase /1l
MVA NS1 yes competent Phase |
MV prM-E yes not reported Phase |
ZIKV-LAV Not applicable yes competent/deficient Not applicable

ZIPV, ZIKV purified inactivated virus vaccine; Ad, adenovirus-based vaccine; MVA, modified
vaccinia virus Ankara, MV; measles virus-based vaccine; ZIKV-LAV, live attenuated Zika virus
vaccine.
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1.4. RNAI and viruses interplay, HIV-1 and ZIKV

The relationship between miRNAs and viruses in mammalian cells is complex and it remains
debatable whether cellular miRNAs impair viruses or not (391). Furthermore, different viruses can
produce miRNA from their genomes. DNA viruses like herpes viruses encode vmiRNASs and they
regulate triggering mechanisms of replication or latency (391). y Herpes viruses like Kaposi’s
sarcoma-associated herpesvirus encodes 18 mature vmiRNAs located within the latency-
associated region (392). a-Herpes viruses like Herpes simplex virus 1 and 2 produce vmiRNAS
during latency (393, 394). The polyomavirus simian virus 40 generates vmiRNAs from the
3’UTR, which regulates the expression of its T antigen during genome replication. Consequently,

the virus avoids recognition from the immune system (43).

The role of vmiRNAs in RNA viruses remains unclear, mainly because of the controversy to
demonstrate their existence (395). RNA viruses with replication cycles in the cytoplasm cannot
generate vmiRNAs due to the following reasons: 1) They do not reach the nucleus and do not have
contact with Drosha and DGCRS8 to produce pre-miRNAs and 2) most of the sSRNA viruses
encode a polyprotein transcript. MiRNAs are generated from endonucleolytic activity, thereby
compromises its own genome for unproductive cleavage seems to be disadvantageous to the virus
(395). Nonetheless, RNA viruses co-opt the RNAI pathway and miRNAs. For example,
pestiviruses bind miR-17 and let-7 at the 3> UTR, which increases stability for translation (396).
Likewise, miR-122 in hepatocytes amplifies the accumulation and replication of hepatitis C virus
(HCV) several hundredfolds. MiR-122 binds the S’UTR in the HCV genomic RNA, preventing
decay and stabilizing the structure, which facilitates the accumulation and translation of the viral

RNA (397, 398).
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In the context of RNAI proteins, viruses can also impair the pathway affecting the generation of
miRNAs. For example, Ebola VP40 protein degrades Drosha, DGCRS, Dicer and Agol in human
cell lines (399). Human T-lymphotropic virus type 1 Tax protein interacts with Drosha in the
nucleus affecting pri-miRNAs cleavage and changing the global miRNA expression within cells
(400). Also, the expression of E6/E7 oncoproteins from human papillomavirus enhances the
concentration of Drosha and Dicer, therefore dysregulating a proportion of miRNAs, which
contributes to cancer development (401). HIV-1 and ZIKV also modulate the RNAI pathway and
miRNAs; in the following section, | will describe specific examples of dysregulation induced by

each virus.

1.4.1 miRNAs and HIV-1
The interplay between HIV-1 and miRNAs has been described under different aspects. In this
section, I will break down how miRNA, vmiRNAs, and RNAI protein components interact with

HIV-1.

1.4.1.1 Encoded vmiRNAs by HIV-1

There is still controversy whether HIV-1 produces vmiRNAs or not. Hypothetically, HIV-1 has
access to the miRNA machinery in the nucleus and cytoplasm. Bioinformatic prediction analyses
have shown different regions on the HIV-1 genome with possible sites for vmiRNA synthesis,
especially in areas where stem-loops have resemblance with pri-miRNAs or pre-miRNASs. The 5’
and 3’LTR, Gag-CA, Gag-Pol and Nef harbor sites for the potential vmiRNAs (402). Prediction
studies of vmiRNAs have shown the possible implications that favor cycles of replication or
latency. For instance, vmiRNA miR-H1 encoded from viral 3’LTR down-regulates the apoptosis

antagonizing transcription factor (AATF) gene and the expression of the cellular miR-149, which
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targets Vpr (403). However, a follow-up study showed that there are more than 1000 variants of
miR-H1 in ex vivo analysis, reducing the possibilities to this viral RNA of being a real miRNA
(404).

Another example is the vmiRNA miR-N367 sequence cleaved from the Nef sequence, decreases
Nef expression and may contribute to viral latency (39). However, further analysis of HIV-1
miRNAs by next generation sequencing failed to retrieve it, thereby miR-N367 is currently
controversial (405, 406). Deep sequencing experiments in infected SupT1 with HIV-1 showed that
one percent of total small RNAs could map with the HIV-1 RNA genome (407). Conversely,
another study made in cell lines and primary cells infected with HIV-1 did not find any small RNA
that originates from the virus (408). TAR element is 50 nt stem-loop that has resemblance to Dicer
substrates and was predicted to interact with Dicer (402). Confirmatory experiments have shown
that TAR is processed by Dicer into TAR-miR-5p and 3p of 21 nt in length, where TAR-miR-3p
had silencing activity through Ago2 (409-411). More experiments using new approaches like
immunoprecipitation of the RNAI components or single-cell sequencing are necessary to elucidate

and confirm the HIV-1 vmiRNAs.

1.4.1.2 miRNAs that directly target HIV-1 RNA

A single miRNA can target hundreds of mMRNAs (412) and not surprisingly, cellular miRNAs can
hybridize with HIV-1 RNA. Resting CD4" T cells are susceptible but not permissive to HIV-1
(240, 241). This resiliency correlated with miR-28, miR-125b, miR-150, miR-223 and miR-382
that bind viral RNA and are highly produced only in resting CD4* T cells (413). Monocytes are
also less susceptible and less permissive to HIV-1 infection than macrophages. This may be due
in part to the high expression of anti-HIV miRNAs, miR-28, miR-150, miR-223 and miR-382 in

monocytes compared to macrophages. Indeed, a decrease of these miRNAs in monocytes
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increased HIV-1 replication, whereas their overexpression in macrophages reduced HIV-1
replication (414). MiR-29a reduces viral replication by targeting Nef sequence (415). Furthermore,
miR-29a overexpression increased HIV-1 RNA bound to Ago2 purified from P-bodies (416). To
date, there are potentially 16 cellular miRNAs that hybridize in different regions of HIV-1 RNA

like, Gag, Pol, Vif, Env, Nef and the 3’UTR (Fig 1.14).

miR-223-3p
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Figure 1. 14 Cellular miRNA that directly targets HIV-1 RNA.

There are potentially 16 miRNAs that target different positions through the genome. Reproduced
from (406).

1.4.1.3 miRNAs that impair HIV-1 through host dependency factors
HIV-1 requires cellular factors to complete its replication; these host proteins are called host
dependency factors (HDF) and are critical for HIV-1. HDF can be involved at any stage of the

replication cycle and be countered through gene regulation by miRNAs. For example, within the
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late phase, HIV-1 expresses Tat protein, which recruits p-TEFb (Cdk9 and CycT1), an HDF that
will mediate Tat-mediated transactivation (170). Monocytes express low levels of CycT1 until
differentiation into macrophages; this property is correlated to the generation of miR-198 that
controls CycT1 and consequently represses HIV-1 expression (417). Likewise, resting CD4* T
cells produces miR-27b, which also targets and downregulates CycT1. The activation of CD4* T
cells downregulates miR-27b favoring viral replication (418). Another Tat-HDF is Pur-a protein,
which binds TAR/Tat and increases viral transcription by several hundred folds (419).
Endogenously, monocytes can down-regulate Pur-a by synthesizing miR-15a, miR-15b, miR-16,
miR-20a, miR-106b, and miR-93 and repress HIV-1 expression (420). Interestingly, the use of a
combination of all mMiRNAs is required to silence Pur-o; individual miRNAs do not dramatically
impair HIV-1. Conversely, single miRNAs can also restrict HIV-1 replication. Upon the activation
of TLR3/4 by a stimulation, macrophages can produce miR-155 that drastically reduces HIV-1
replication by targeting several HDF such as a disintegrin and metalloproteinase domain-
containing protein (ADAM) 10, TNPO3, nucleoporin (NUP)153, LEDGF/p75, necessary during
the integration (421). The viral entry can also be affected by miRNAs targeting HDF. MiR-221
and miR-222 decrease CD4 synthesis by a direct binding at the 3’UTR mRNA in macrophages,

which could explain why these cells are more resilient to the infection (422).

1.4.1.4 miRNAs that promote HIV-1 replication

Some cellular factors can restrict the HIV-1 expression, but at the same time, cellular miRNAs can
silence these restrictions, promoting viral replication. Activated CD4" T cells express a high
concentration of miR-132 that downregulates MeCP2, a cellular protein that represses viral

integration presumably by an antagonistic competition with LEDGF (423). P21 is an HIV-1
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restriction factor that indirectly controls the pool of deoxyribonucleotide triphosphate (dNTPs)
necessary for HIV-1 replication (424). TWIK-related acid-sensitive K (TASK)1, another HIV-1
restriction factor targets Vpu and degrades it (425). Following HIV-1 infection, both restriction
factors are affected by the augmented levels of Let-7c¢ which downregulates p21 and miR34a and
miR-124a that decrease TASK1 translation (426). Likewise, sirtuin-1 (SIRT1) a deacetylase that
acts over NF-xB and consequently impairs HIV-1 transactivation (427) can be countered by
overproduction of miR-34a and miR-217 upregulated by Tat HIV-1 (428, 429). Therefore,
miRNAs’ production can be modified upon HIV-1 infection and favors its replication cycle by

degrading host restriction factors.

1.4.2 RNAI proteins and HIV-1

The interactome of HIV-1 is defined by the interaction of cellular proteins with viral proteins (202,
203). Some proteins of the RNAI pathway interact directly with viral proteins and some others are
indirectly related to the HIV-1 infection. Drosha has not been observed to interact with any viral
protein, but there is evidence of its importance during HIV-1 infection. For instance, decreased
protein levels of Drosha in peripheral mononuclear blood cells (PBMCs) infected with HIV-1
demonstrated that the viral replication rate is faster than in not infected cells (430). Besides,
reduced levels of Drosha showed that 11 miRNAs are upregulated upon HIV-1 infection. Among
those, the cluster miR-12/92 presented antiviral activity by targeting PCAF, an essential Tat
cofactor (430). Likewise, Drosha’s cofactor DGCR8 seems to control virus replication.
Experiments in where DGCR8 was knocked down in PBMCs of patients under HAART, showed
that the lack of this protein is pivotal for virus reactivation. Thereby, DGCR8 might contribute to

virus latency (431). Exportin-5, whose function is to transport pre-miRNAs from the nucleus to
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the cytoplasm, it has been found to bind HIV-1 Vpu (202). There is no information about the
effects of this interaction.

Outside of the nucleus, Dicer, TRBP and Ago2 interact with HIV-1 components. Host-HIV-1
interactome shows that Dicer interacts with Gag and recently, our lab demonstrated that the
interaction of specific miRNAs with Dicer are increased in the presence of Gag (202, 432). Rev
and Tat harbor NLS that help both proteins to shuttle into the nucleus and mediate the
transactivation and nuclear export process of HIV-1 mRNA (170, 175, 176, 181). These NLS are
made of arginine-rich motifs that may act as an RNA silencing suppressor (RSS) to decrease Dicer
activity (433, 434). Tat also showed interaction with Dicer through RNAs (435). However, a more
recent study demonstrated that neither Tat nor Rev act as RSS. In contrast, TAR and RRE are RSS
by competing miRNA-bound to TRBP (436). Vpr is an accessory protein of HIVV-1 that can recruit
CRLA4PCAFL ybiquitin ligase complex and degrade cellular proteins through the proteasome
pathway (437, 438). Vpr binds Dicer and impairs its functionality through its degradation. Dicer’s
decay occurs through the assembly of Dicer-Vpr-CRL4PCAFL (439).

TRBP also has interactions with HIV-1 components. Indeed, TRBP was discovered by its
association with the association with TAR element (48). This interaction needs a 24 amino acids
peptide in TRBP to bind the upper stem-loop of TAR (48, 51, 440). TRBP also contributes to Tat-
mediated transactivation by amplifying gene expression and consequently enhancing virion
production (48, 440, 441). A decrease of TRBP expression impairs HIV-1 production in
permissive cells (442).

HIV-1 structural and non-structural proteins also target Ago2. Nef is a primary determinant in the
viral pathogenesis and the progress to AIDS due to its modulation of many cellular factors like

CD4, HLA, CCR5, CXCR4 and others (443, 444). Among the cellular factors, Nef binds Ago2
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through two conserved glycine-tryptophan motifs; the interaction relocalizes Ago2 into viral
multivesicular bodies that presumably work as sites of assembly (445). The Nef interaction also
inhibits the endonucleolytic cleavage properties of Ago2 and along with GW182 suppresses the
RNAI activity (445). Gag also binds Ago2; this interaction is independent of RNAs but is
heightened in the presence of miRNAs and mediates Ago2 recruitment to spliced and unspliced
viral RNA (446). Gag has no impact on the Ago2 silencing function but seems to be beneficial for
assembly and virion formation (446). Further experiments using CLIP-seq analysis confirmed that
Ago2 binds to different regions on viral unspliced RNAs adjacent to splicing donor sites, the
authors concluded that Ago2 contributes to the viral splicing and the effective virion production
(447).

During the mRNA repression and degradation in the RNAI pathway, P-body components can also
be targeted by distinct viral proteins. GW182 is relocalized through Ago2/Nef interaction to
multivesicular bodies, restricting miRNA-mediated mRNA silencing (445). HIV-1 interactome
displays the helicase DDXG6 to interact with Env although the function is unknown (202). DDX6
also associates with Gag, which favors its multimerization and viral assembly at the plasma
membrane (199). DCP1 and DCP2 have been reported to interact with Gag, in co-
immunoprecipitation assays (199, 446). BiolD-Gag experiments showed that XRN1 binds to Gag
by the MA domain suggesting that this interaction may lessen the effectiveness of XRN1
endonuclease activity, which might promote higher availability of viral transcripts (448). Figure

1.15 shows the HIV-1 components that can interact with proteins of the RNAI pathway.
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Figure 1. 15 HIV-1 and RNAI protein interactions.

Specific RNAi components have been reported to interact with various HIV-1 proteins. During
HIV-1 replication, TRBP associates to HIV-1 TAR element. Exportin 5 binds to Vpu. In the
cytoplasm, Dicer is targeted by the viral proteins Tat, Gag, and Vpr. Ago2 is also targeted by viral
Gag and Nef, whereas P-bodies components like XRN1, DCP1-DCP2 and DDX®6 are targeted by
Gag.
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1.4.3 miRNAs and ZIKV

Many reports have been published on ZIKV but only a few have studied the interplay between
RNAI and ZIKV. The dsRNA formation during ZIKV replication cycle triggers antiviral factors
like IFN and other cytokines that usually end up in the elimination of the virus or apoptosis.
Neurological damage of ZIKV in newborns has been associated with the high tropism of ZIKV to
NPCs. Interestingly, NPCs cannot use the IFN pathway to eradicate the virus but they have
alternative paths to counter viral infections. Human NPCs have been observed to mount an
antiviral response mediated by siRNAs (vsiRNAS) (449). The evidence of RNAI as an antiviral
response in these cells lies in different facts. 1) Deep sequencing and Northern blot analysis show
that most of the RNAs transcribed by the presence of ZIKV have a size of 18-28 nt where the
majority of them have 22 nt with siRNA characteristics. 2) Downregulation or complete abrogation
of Dicer or Ago2 significantly increases viral replication. Furthermore, viral suppressors of Dicer
cleavage heightens the virus production. 3) Boosters of RNAI like enoxacin remarkably shows

elimination of ZIKV (449, 450).

MIRNA profile analysis of neurons from mice fetuses has found a downregulation in several
mMIRNAs that regulate inflammatory responses (451). Only a few miRNAs that were upregulated
such as miR-155, miR-203, and miR29b have previously been shown to have antiviral activity
(451-454). Consistently, miRNAs screening in neuroblastoma cell lines infected with a Brazilian
ZIKV strain generated a similar response with miRNAs mostly being downregulated and with only
a few upregulations, like miR-145 and miR-148. Follow-up experiments found that these miRNAs
were also upregulated in postmortem tissue of children with CZVS (455). Recently, a study of
MIRNA-mRNA dynamics during ZIKV infection using Ago2-CLIP seq in human NPCs, showed

dysregulation of genes implicated in neurogenesis, stem cell maintenance and metabolism by
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mIRNAs (456). Particularly, miR-let7c and miR-124-3p that are linked to microcephaly

development were singularly more bound to Ago2 during the infection.

Likewise, mosquito cells are deficient in IFN but they possess a strong RNAI response. During
ZIKV infection in mosquito cells, the miRNA profile changes. A comparative study between
infected and noninfected mosquito cells with a contemporary ZIKV strain revealed that 17
miRNAs were differentially expressed (457). Predicted targets of Aedes aegypti (aae)-miR263a-
5p, aae-miR-286, aae-miR-305-5p, aae-miR308-5p, aae-miR-989 and aae-miR-980-3p exhibit
ZIKV RNA affinity (457). Moreover, infected astrocytes unveil a general downregulation of
miRNAs with a small upregulated group like miR-30, miR-296, miR-431 and miR-17, which
manifest antiviral activity and regulation of the unfolded protein response pathway, essential for
protein folding in the ER (458). Strikingly, ZIKV infection in astrocytes downregulates dicerl
transcripts, which disturbs the RNAI pathway (458). Similarly, Drosha, Dicer and Ago2 have had
low transcript concentration in liver, lung and kidney cells after ZIKV infection (459). Indeed,
protein networks between different ZIKV proteins and neuroblastoma proteins indicate that there
is a possible interaction between viral capsid and proteins of the loading RISC like Dicer and

TRBP and also some of the proteins within P-bodies (460).

The complex relationship between RNAI and ZIKV remains poorly understood and many topics
still need to be addressed like the interactomics with miRNA processors in the nucleus, proteins
of the loading RISC and the outcomes of possible interactions with proteins that belong to P-
bodies. Unlike HIV-1, ZIKV might be impaired by miRNAs and the modulation of RNAI seems

to be strictly necessary, especially in cells like NPC or other stem cells that are deficient in IFN.
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1.6 Rationale and hypothesis

Viruses use different mechanisms to infect cells. During the infection process, viruses disrupt key
mechanisms and pathways within the cell to complete the replication cycle. RNAI is a crucial
pathway for cells to regulate gene production. Different evidence accumulated during the years
has demonstrated that viruses can impair or use the RNAI pathway to complete their replication
cycle. Here, using two different viruses (HIV-1 and ZIKV), we hypothesized that the interplay

between these viruses and RNAI, leads to abnormal modulation of miRNAs.

1.6.1 Objectives

The general objective of this thesis was to evaluate the relationships between the RNAi pathway
and HIV-1 or ZIKV infection. This investigation started from observations that showed that HIV-
1 did not impair RNAI activity and did not change the localization of proteins from the RNAI
pathway. As a follow-up, we observed a co-localization and interaction between Gag and Dicer
and analyzed their consequences on the miRNA profile described in chapter 1l (1). For a better
understanding of the RNAI pathway, miRNAs and the changes produced during other viral
infections, we decided to study ZIKV, a highly relevant emergent virus. Because of the lack of
information in 2014-2015 about this virus, we evaluated the cytopathicity a Brazilian isolate of
ZIKV compared to an early Asian strain in different cell types. Our observations are described in
chapter Il (2). Furthermore, we analyzed the transcriptome and miRNA profiles in primary mice
neurons infected with the ZIKV. An integrative approach revealed an association between

dysregulated miRNAs and mRNAs described in chapter 1V.
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Objective 1: Consequences of HIV-1 infection in the RNAI pathway.

Our first objective was to evaluate the interplay between HIV-1 and the RNAI pathway and
consequently the production of miRNAs. Our priority was to discover novel miRNAs that disrupt
or are disrupted upon HIV-1 infection. We also evaluated the components of RNAI and its
association with viral proteins. Novel associations might mean disruption or modification of the

RNAI pathway.

Objective 2: Evaluation of ZIKV cytopathicity between an imported Canadian isolate and a

Brazilian one causative of CZVS.

We first assessed the cytopathicity of a ZIKV isolate from Bahia, Brazil and compared it with a
Thai strain isolated from a Canadian patient. Bahia isolates have been related to the Brazilian
outbreak and with cases of ZIKV congenital syndrome (3-5). We hypothesized that the Brazilian
isolate is more cytopathic than the Thai one regardless of the cell type. The effects in different

cells showed more accumulation of viral RNA, an increase in virus titer and more cell death.

Objective 3: Consequences of ZIKV infection on the transcriptome and miRNAome in infected

primary murine neurons.

We carried on our investigation assessing the transcriptome and miRNA profile of primary
infected murine neurons with the Brazilian ZIKV. We hypothesized that distinct mMRNAs may

change their concentration during the infection and some of those should be related to changes in
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miRNAs. Thus, an integrative analysis of miRNAs and mRNAs was performed to discover the

interrelationship between them and ZIKV.
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CHAPTER Il

HIV-1 Gag interacts with Dicer and increases
Its binding to specific microRNAs.

This chapter is adapted from the following manuscript: Alpuche-Lazcano SP, Scarborough RJ,
Daniels SM, Rance E, Mouland AJ and Gatignol A. 2020. “HIV-1 Gag interacts with Dicer and

increases its binding to specific microRNAs” Manuscript submitted.
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2.1 PREFACE

This chapter shows a new scope of the interplay between RNAi and HIV-1. Here, we demonstrated
that miRNA expression is not impaired in HIV-1 expressing cells. Instead, we obtained novel
evidence where a viral protein modifies miRNAs interactions without affecting the total
concentration. This evidence contributes to the understanding of HIV-1 molecular behavior and
provides new miRNA candidates that might modulate essential factors for the virus replication.

Some of these miRNAs might be further investigated for future strategies towards the HIV-1 cure.
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2.2 ABSTRACT

Viruses interfere with the RNA interference (RNAI) pathway at different levels and modify the
expression or function of micro RNAs (miRNAs). Human Dicer protein is part of the RNAI
pathway, in which it catalyzes the processing of precursor miRNAs (pre-miRNAS) into mature
miRNAs. In this study, we evaluated the extent to which human immunodeficiency virus type 1
(HIV-1) affects the RNAI pathway. We identified that RNAI remains functional in infected cells,
but RNAi components can be modulated by HIV-1 proteins. We showed by immunofluorescence,
immunoprecipitation (IP) and proximity ligation assay that HIV-1 pr55%% (Gag) colocalizes and
is found in complex with Dicer in an RNA-independent manner. Gag did not affect pre-miRNA
processing by Dicer but RNA IP and sequencing analyses (RIP-seq) identified selected miRNAs
that associated with Dicer exclusively in the presence of Gag. Gag enhanced the abundance of
miR642a 3p, miR766 5p and 3p in Dicer IP analyses. This study identified that HIVV-1 co-opts the
RNAI machinery by enhancing recruitment and processing of miRNAs leading to possible changes

in host cell function.

Keywords: Dicer/Gag/HIV-1/miRNAS/RNA interference.
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2.3 INTRODUCTION

Post-transcriptional gene regulation in eukaryotes is mediated in part through microRNAs
(miRNAS), which are 20-22 nucleotides (nt) double-stranded (ds)RNAs in a process called the
RNA interference (RNAI) pathway (1, 2). In the nucleus, RNA polymerase Il transcribes primary
miRNAs, which are cleaved by Drosha and DGCRS, producing precursor miRNASs (pre-miRNAS)
that will be exported to the cytoplasm by exportin-5 (2-5). In the cytoplasm, pre-miRNAs are
processed by the Ribonuclease Il1-like Dicer bound to the TAR RNA-binding protein (TRBP) into
~22 nt mature miRNAs (2, 6). The TRBP-Dicer complex recruits Argonaute 2 (Ago2) to assemble
the RNA-induced silencing complex (RISC) (6, 7). The RISC mediates the strand separation of
the miRNA and the guide strand hybridizes to a target MRNA sequence to mediate its cleavage or
translational repression. In cells, mMRNA degradation is subsequently completed in cytoplasmic
foci called GW or processing (P)-bodies (8, 9). Ago2 and GW182 are recruited to P-bodies and
DDX6 (previously called Rck or p54) is an integral component of these structures (10, 11). To
date, the miRNome size is of 2300 miRNAs that control approximately 60% of all protein-coding

genes in humans (12, 13).

RNAI is highly dependent on the Dicer enzyme. Knocking out the dicer-1 (dcr-1) gene in mice
leads to embryonic lethality (14), but conditional or targeted deletions identifies deficiency in
multiple organ development including heart, brain, reproductive organs and hematopoiesis (15-
17). Dcrl knockout in mouse embryonic stem cells inactivates RNAI giving rise to cells defective
in differentiation and DNA damage repair (18, 19). The interaction between Dicer and TRBP is
required for correct pre-miRNA processing and occurs through the ATPase/Helicase Dicer domain
and the C4 motif in the Medipal domain of TRBP (7, 20). In the absence of TRBP, Dicer loses its

accuracy during pre-miRNAs cleavage and thus, the mRNA targets of each miRNA are
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inaccurately targeted for degradation or translational arrest. (21). Dicer also binds directly to Ago2
to mediate post-transcriptional silencing either by RNA cleavage or by translational repression

(22).

Viruses use and affect cellular pathways during their replication cycle. The human
immunodeficiency virus type 1 (HIV-1) depends on highly regulated processes, which require
several viral and cellular proteins (23). The structural proteins of HIV-1 are synthesized as a 55kDa
viral precursor polyprotein pr55%% also called Gag, which is sufficient to assemble viral-like
particles, and Gag-Pol, which also contains HIV-1 enzymes, protease, reverse transcriptase and
integrase. During the late phase of the HIV-1 replication cycle, the unspliced viral RNA harboring
the Rev Response Element (RRE) is bound by the Rev protein and exported out of the nucleus. It
will then be translated into Gag and Gag-Pol in the cytoplasm (24-26). During maturation Gag is
cleaved by the HIV-1 protease into the matrix (MA), capsid (CA), nucleocapsid (NC) and P6

proteins along with spacer peptides SP1 and SP2 flanking NC (27).

A significant amount of crosstalk exists between HIV-1 and miRNAs, having both proviral and
antiviral outcomes. miRNAs can directly bind HIV-1 RNA and affect its translation or they can
target cellular factors that are essential for virus replication or latency (28, 29). Cellular miRNAs
can also enhance viral production by targeting HIV-1 negative regulators and some HIV-1 derived
miRNAs can modulate viral replication (30, 31). Furthermore, HIV-1 proteins and RNAs can
interact with proteins from the RISC and consequently affect their function in the RNAI pathway
(32-35). For instance, HIV-1 Tat has an RNA-dependent interaction with Dicer but does not
interfere with RNAI function (32, 33). HIV-1 TAR and RRE structures act as RNAI suppressors
by competing with miRNAs bound to TRBP, but this function is masked in the context of the
entire HIV-1 (33). In contrast, the HIVV-1 auxiliary protein, Vpr interacts with Dicer, which brings
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the ubiquitin ligase E3 complex in proximity, inducing Dicer degradation via the proteasome and
enhancing HIV-1 infection in macrophages (34). An HIV-1 Gag mass spectrometry analysis
showed different cellular interacting proteins, including some of the RISC proteins (36, 37).
Indeed, Gag recruits Ago2 through the RNA packaging signals to contribute to the retroviral
replication cycle of HIV-1 and primate foamy virus 1 with no involvement in miRNAs
translational repression (35). Similarly, Agol and Ago2 repress the production of multiply spliced

HIV-1 transcripts in a Dicer independent fashion and enhance virus production (38).

To investigate how HIV-1 impacts the RNAI pathway, we analyzed RNAI function and the
localization of the RISC proteins in HIV-1-producing cells. We characterized that RNAi remains
functional in the presence of HIV-1. Using immunofluorescence (IF), immunoprecipitation (IP)
and proximity ligation assays (PLA), we found that Gag colocalizes and interacts with human
Dicer. RNA sequencing (RNA seq) of small RNAs after Dicer IP showed that the Dicer/Gag
complex increases the binding of specific miRNAs compared to Dicer. Specifically, mature
miR632a and miR766 have a stronger affinity to Dicer/Gag than to Dicer alone. These miRNAs

target many genes from the HIV-1 interactome involved in cell function.
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24 RESULTS

2.4.1 RNA interference remains functional in cells expressing HIV-1

Several studies suggested that RNAI is suppressed or altered by HIV-1 components but others
indicated that it is not the case in HIV-1-replicating cells (33, 39-42). To solve this issue, we first
evaluated whether the RNAI pathway is functional or partially altered in cells expressing HIV-1.
To assess the function of the RNAI pathway, we first assayed a small interfering (si)RNA and an
MIRNA against EGFP, as we previously showed that they were functional in HelLa cells and
sensitive to RNAI dysfunction in TRBP knock-out and knock-down cells (20). We found that the
extent of EGFP decrease by siGFP or miGFP was similar whether the cells were transfected by

the HIV-1 molecular clone pNL4-3 or a control plasmid (Fig 2.1A).

We next determined the functionality of RNAI on endogenous genes using a short hairpin (sh)RNA
targeting GAPDH and evaluated the decrease of the protein whether it was expressed from a
transfected plasmid (GAPDH-PL) or endogenously expressed (GAPDH) (Fig 2.1B). We
simultaneously performed the assay in control (pcDNA3) or pNL4-3 transfected cells and
observed that the expression of HIV-1 did not alter the extent of the decrease of GAPDH with the

corresponding ShGAPDH.

To further determine RNAI function of endogenous miRNAs, we used a reporter assay by
transfecting a plasmid encoding EGFP with the complementary sequence to cellular miRNA Let7
inserted into its 3’UTR (33). We assessed the knock-down of EGFP by the endogenous miRNA
Let7 in the presence and absence of transfected HIV-1 pNL4-3 (Fig 2.1C left) and in HIV-1
infected HelLa-based MAGI cells (Fig 2.1C right). Again, no difference was observed in the
efficiency of EGFP knock-down by Let7 indicating that the endogenous RNAI is functional in

HIV-1-replicating cells.
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Figure 2. 1 RNAI is functional in HIV-expressing cells.

A) Inhibition of EGFP expression by siGFP and miGFP is functional in HIV-expressing cells.
HeLa cells were cotransfected with 2ug pcDNA3 or pNL4-3, 1ug pEGFP-C1 and 4pug shRNA-
NS or shRNA-EGFP or miRNA-NS or miRNA-EGFP as indicated. Effects on knock-down of
EGFP by shRNA or miRNA, HIV-1 Gag and actin expression were observed by immunoblot and
quantified by densitometry analysis. B) Inhibition of endogenous and transfected GAPDH
expression by shGAPDH is functional in HIVV-expressing cells. HeLa cells were cotransfected with
21g pcDNAS3 or pNL4-3, 1ug GAPDH-ProLabel (Clontech) and 1ug pSIREN-shRNA-LucIRR
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(Clontech) or pSIREN-shRNA-GAPDHB (Clontech). Effects on knock-down of GAPDH by
SshRNA, HIV Gag and actin expression were observed by immunoblot and quantified by
densitometry analysis. C) Inhibition of EGFP expression by Let7 is functional in HIV-expressing
or replicating cells. (left) HeLa cells were cotransfected with 0.4pg of pEGFP or pEGFP-Let7, and
1ug of either pcDNA3 or pNL4-3 as indicated. (right) MAGI cells were not infected (lanes 1, 2),
infected with pNL4-3 one million RT cpms (lanes 3, 4) or 2 million RT cpms (lanes 5, 6) of
supernatant. They were cotransfected with pEGFP or pEGFP-Let7 24 h later. Effects on knock-
down of EGFP by miRNA Let7 were observed by immunoblot and quantified by densitometry

analysis.

2.4.2 HIV-1 expression in human cells does not change the localization of RISC proteins in the
cytoplasm

Considering that the RNAI is functional in HIV-1-producing cells, we next questioned if
differences could exist with only minor consequences on the function. We evaluated whether HIV-
1 could change the cellular localization of RISC proteins. HelLa cells were transfected with the
HIV-1 molecular clone pNL4-3 and images were generated 48 h post-transfection using antibodies
targeting the HIVV-1 CA protein (p24), the human autoimmune 18033 serum, that recognizes Gel
and GW182 proteins and considered a P-body marker, as well as different RISC proteins (TRBP,
Dicer, Ago2 and DDX6). We first compared the number of P-bodies in HIV-1-expressing cells
using the 18033 serum in HIV-1-expressing and non-expressing cells (Fig 2.2). Although there
were variations in the number and size of P-bodies in different cells, there were no apparent
differences between p24 positive and negative cells. We then verified the presence of known P-
body markers in HIV-1-expressing cells and found that DDX6 and Ago2 both co-localized to P-
bodies in HIVV-1-expressing and non-expressing cells (Fig 2.2A, B). The localization of TRBP and

Dicer was also similar in cells staining positive and negative for HIVV-1 p24 expression with a
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preferential cytoplasmic distribution outside P-bodies. We also found a partial colocalization
between Dicer and Gag observed by the cyan color in HIV-1-expressing cells (Fig 2.2C, D). We
conclude that the cytoplasmic distribution of the RISC components TRBP, Dicer, Ago2 and DDX6
remains unchanged in HIV-1 expressing HelLa cells and that Gag partially colocalizes with Dicer

as seen by the cyan color (Fig 2.2D right).

18033

HIV p24 Triple merge

Triple merge

HIV p24
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Figure 2. 2 HIV-1 expression in human cells does not change the localization of RISC

proteins in the cytoplasm.

HelLa cells were transfected with 0.2 pg of HIV-1 pNL4-3. A) Cells were fixed and stained 48 h
later with the P-body marker, human sera 18033, HIV-1 p24 antibody and antibodies against
DDX6. B) Cells were fixed and stained 48 h later with the P-body marker, human sera 18033,
HIV-1 p24 antibody and antibodies against Ago2. C) Cells were fixed and stained 48 h later with
the P-body marker, human sera 18033, HIV-1 p24 antibody and antibodies against TRBP. D) Cells
were fixed and stained 48 h later with the P-body marker, human sera 18033, HIV-1 p24 antibody
and antibodies against Dicer. Digitally zoomed images of the merged channels are shown on the
far right, with arrows highlighting colocalization between the P-body marker 18033 and DD X6 or

Ago2, shown as cyan or purple dots, respectively.

2.4.3 Viral Gag colocalizes with Dicer in HIV-1 producing cells.

To further evaluate the colocalization between Dicer and HIV-1 Gag observed in Fig 2D, we
performed IF analyses using a commercial Dicer antibody (Abcam) to confirm any possible co-
localization with Gag, and we next performed microscopy analyses (Fig 2.3). We transfected cells
with the HIV-1 molecular clone pNL4-3 and observed a colocalization between Dicer and Gag at
24 h using a p24 antibody (Fig 2.3, 24 h). A 36, 48 and 72 h time course post-transfection showed
that Dicer/Gag colocalization is maintained throughout the experiment (Fig 2.3). Using Imaris and
Fiji software packages, we counted a total of twenty co-transfected cells and calculated the Pearson

coefficient for each time point, which shows a maximum colocalization at 48 h (Fig 2.3).
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Figure 2. 3 Viral Gag protein colocalizes with Dicer in HIV-1 producing cells.

HeLa cells were transfected with 0.2 pug of HIV-1 pNL4-3. Cells were subjected to transfection
time points of 24 h, 36 h, 48 h and 72 h. After each time point, cells were fixed and stained with
mouse anti-Dicer 13D1 (green) and rabbit anti-p24 (red). The size scale is 20 um and is shown in
each picture on the bottom left. Digitally zoomed images of the merged channels are shown on the
far right. A colocalization channel was built using Imaris software and is displayed in the third
lane. The calculated Pearson coefficient for each time point is the average from 5 cells + standard
error of the mean (SEM) and is: 0.5420 = 0.0532 at 24 h; 0.5320 + 0.0258 at 36 h; 0.6380 + 0.0290
at 48 h; 0.5560 + 0.0660 at 72 h.
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2.4.4 Dicer and HIV-1 Gag interaction is independent of RNA.

Because Dicer and Gag colocalize, we next wanted to determine if the two proteins interact in

cells. We transfected human embryonic kidney (HEK) 293T cells with pNL4-3 and performed IP

with a Dicer antibody. Our results show that endogenous Dicer pulls down Gag from HIV-1

transfected cells, which was not observed with an isotype antibody (Fig 2.4A, B). To further

determine the specificity of this interaction, we co-transfected HEK 293T with GST-Dicer and

Flag-Gag or GST-Dicer and the empty vector pFlag. Co-IP with a GST antibody showed a 55 kDa

band corresponding to Flag-Gag (Fig 2.4C) even after RNases treatment (Fig 2.4D). We therefore

conclude that Dicer and Gag interact in human cells and that this interaction occurs independently

of RNA.
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Figure 2. 4 Dicer and HIV-1 Gag interaction is independent of RNA.

A) Transfected HEK 293T cells with pNL4-3 or pcDNA 3.1 for 48 h were subjected to IP-Dicer.
In the 3" lane (input) is observed Dicer and Gag as part of the transfection as well as in the 6" lane
(output) where Dicer is immunoprecipitated. B) In IP-Dicer of transfected cells with pNL4-3, it
was added an isotype Ab to discard any possible non-specific interaction. The 2" lane (input) and
3" lane (IP-Dicer) have partial Gag cleaved products. C) HEK 293T cells were co-transfected for
48h with GST-Dicer/pFlag, GST-Dicer/Flag-Gag, or mock. The 3™ lane shows the co-expression
of Dicer and Gag in the input. Lane 6 shows the interaction between Dicer and the Gag in an IP-
GST. D) HEK 293T cells were co-transfected with GST-Dicer/Flag-Gag and RNases treatment
was added during the IP (lane 4).

2.4.5 Dicer and Gag are in close proximity in both the nucleus and cytoplasm

To further characterize the interaction between Dicer and Gag, we also performed in situ PLA
assays. PLA is a powerful assay that detects proximity between epitopes/ antibodies at a maximum
distance of 40 nm (43). PLA was performed in HeLa cells transfected with Flag-Gag, pNL4-3 or
mock after 24 h and we analyzed the results using the Imaris software. Dicer/Gag colocalization
can be visualized as green dots in cells harboring pNL4-3 or Flag-Gag. Our results confirm the
presence of Dicer/Gag complexes throughout the cells transfected with pNL4-3 (n=100, p<
0.0001) or Flag-Gag (n=100, p< 0.0001) (Fig 2.5A, B and C). We also evaluated Dicer/Gag (green
dots) colocalization with DAPI using the intensity mean (Fig 2.5A, B, DAPI-colocalization) and
observed that there are Dicer/Gag complexes localized into the cell nucleus (n>10, P< 0.01) (Fig
2.5D). Therefore, we determined that Dicer/Gag interaction occurs in HIV-1 and Gag expressing

cells predominantly in the cytoplasm but also in the nucleus.

139



PLA-DAPI- DAPI- PLA-

Scale s
. i izati Colocalization
. . - ' ' .
- . . . .
o . . . . .
- . . . .
PLA Dicer/Gag D
801
Fkkk DAPI-PLA (Dicer/Gag)
% .
© 60
- *
o ®
o : 107
[=4 ® = *
2 7]
=3 . S
© % Hkkk 2 g
S ol K =
2 c
£ o
o “E 57
« N
© g
5] 2 4
L o o
5 -
o s 2]
Covoves® e
=]
o sosso00e z 4l
N bl
o N @ *> > > Q\’P o>
e\r NG QQ Q’O oev Qév S {b%,
QQO N Q\’b- & P

140



Figure 2. 5 Dicer-Gag is localized in the cell nucleus and cytoplasm.

PLA determined localization and quantification of Dicer/Gag interaction. Images shown are
representative of 100 cells. A) HelLa cells transfected with pNL4-3 or mock. B) HelLa cells
transfected with Flag-Gag or mock. A, B from left to right: the first column corresponds to the size
scale which is 10 um and is shown in the bottom left. The second column shows the merged
channel of PLA-DAPI-colocalization. The third column shows DAPI and PLA signal in the
nucleus (DAPI-colocalization). The fourth column shows PLA and colocalization without DAPI.
The fifth column shows only the colocalization. C) Scatter plot with T-test of Dicer/Gag PLA of
transfected cells with pNL4-3 (p< 0.0001) or Flag-Gag (p< 0.0001). D) Comparison and T-test
analysis of Dicer/Gag DAPI-PLA with pNL4-3 (n>10, p=0.0273) or Flag-Gag (n>10, p=0.0101)

2.4.6 Dicer catalytic activity on pre-miRNA Let7c and pre-miRNA29a is maintained in the

presence of Gag

To determine if Gag interaction with Dicer affects its catalytic activity, we performed a Dicer
cleavage assay with pre-miRNAs (44). We evaluated the cleavage of pre-miRLet7c as a control
for the technique (44) and pre-miR29a because it targets a sequence in the Nef coding region of
HIV-1 RNA (45). Our assay was carried out using a->>P UTP to label the pre-miRNAs and IP with
an antibody against GST tag that was attached or not to Dicer (Fig 2.6). The pre-miRLet7c and
pre-miR29a (Fig 2.6 lanes 1,2,8,9) incubated with GST-Dicer gave rise to a 22 nt band
corresponding to the mature miRLet7c (lanes 3, 6) and miR29a (lanes 10, 13). IP of GST-Dicer in
the presence of Flag-Gag showed no changes in the production of mature miRLet7c and miR29a
(lanes 4, 7, 11, 14) suggesting that the production of the mature miRLet7c and miR29a by Dicer

is maintained in the presence of Gag.
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Figure 2. 6 Dicer catalytic activity on pre-miRNA Let 7c and pre-miRNA29a is maintained
in the presence of Gag.

Pre-miRNA Let-7c and pre-miRNA 29a were evaluated in IP-GST-Dicer cleavage assay to
determine changes in Dicer cleavage capacity in the presence of HIV-1 Gag. Lanes 1-7 show pre-
MIRNA Let 7c catalytic activity where lanes 5,6,7 are duplicates. Lanes 8-14 show Dicer activity

in pre-miRNA 29a where lanes 12,13,14 are duplicates.

2.4.7 Dicer/Gag interaction results in higher binding of specific miRNAs.

Our results and previous studies point out that HIV-1 does not induce major dysfunctions of the
RNAI pathway (33, 46). In contrast, subtle differences in the concentration of miRNAs exist in
HIV-1-infected cells or patients and could be due to either their expression, stability or
incorporation into the RISC (45, 47-51). Because Dicer and Gag interact in cells, we investigated
if this binding could induce modifications in miRNAs loaded on Dicer. To test this hypothesis, we

performed RNA IP followed by sequencing analysis (RIP-seq) experiments in cells expressing
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Dicer (HA-Dicer) and/or Gag (Flag-Gag) followed by a pull down of small RNAs bound to Dicer

in each condition.

RNA was extracted from HA-Dicer/pFlag, HA-Dicer/Flag-Gag or HA/Flag-Gag transfected cells
and IP performed with HA antibody or isotype control. The small RNAs were isolated, sequenced
and analyzed to determine the profile of non-coding (nc)RNAs bound to Dicer vs ncRNAs bound
to Dicer in Gag expressing cells (Fig 2.7). The consensus peaksets of the replicates in the
occupancy analysis produced 175 potential ncRNAs with HA-Dicer alone and 121 potential
ncRNAs with HA-Dicer/Flag-Gag. 105 potential ncRNAs were specific to HA-Dicer and 51
specific to HA-Dicer/Flag-Gag. Thus, we found 70 likely ncRNAs present in both conditions (Fig
2.7A). RNA annotation demonstrated that 22 ncRNAs in both conditions were named as miRNAs
(Fig 2.7B). Based on the miRNA database (52) we chose miRNAs that had an alignment score
over 105 for further normalization (Fig 2.7C). After confirmation of the normalized sequences to
the controls and total reads, we observed that more miRNAs were bound to Dicer/Gag than to
Dicer alone. Specifically, miR642a, miR187, miR30a5p, miR766-3p, miR766-5p, miR3127-5p,
miR339 were more present on Dicer/Gag, whereas miR455-5p, 3p and Let7i were slightly lower
and miR4661, miR3127-3p, miR378a-3p, miR30a-3p were close to equal in both conditions (Fig

2.7C).

Dicer Dicer/Gag
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Figure 2. 7 Dicer/Gag interaction results in higher binding of specific miRNAs.

Transfected HEK 293T cells with HA-Dicer/pFlag or HA-Dicer/Flag-Gag were subjected to RIP-
seg. Sequencing data were analyzed as described in materials and methods. A) Venn’s diagram
of ncRNAs found by group after the consensus peaksets. Dicer in green and Dicer/Gag in red
outline. B) Heatmap of miRNAs in log2 scale was generated with R studio based on occupancy
analysis data of miRNAs that were found in IP-HA-Dicer/pFlag and IP-HA-Dicer/Flag-Gag. R1,
R2, R3 stand for replicates. C) After normalization of total reads, controls and alignment scores,

14 miRNAs were generated and graphed as Dicer or Dicer/Gag. Data represent the mean = SEM.
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2.4.8 Increased binding of miR642a 3p, miR766 5p and miR766 3p to Dicer when HIV-1 Gag is
co-expressed.

To determine if the RIP-seq results reflect the mature miRNA concentration or a specific binding
to Dicer or Dicer/Gag, we evaluated their amount in either the input or IP-HA by quantitative
reverse transcription polymerase chain reaction (QRT-PCR), as performed previously (53), in
transfected cells with HA-Dicer alone or HA-Dicer/Gag. We chose to further validate miR642a,
miR766-3p and miR766-5p because they have the highest binding increase in the presence of Gag
(Fig 2.7C). We also analyzed miR378a-3p because it is predicted to target HIV-1 Vpu (54) and
miR30a5p because it is involved in the control of SAMHD1 expression, an HIV-1 restriction factor
(55). The primers used for each miRNA are shown in Table 2.1. To accurately evaluate the binding
of miRNAs to Dicer and Dicer/Gag, we first determined if their expression was changed in cells
by the presence of Gag. We observed that the normalized expression of these miRNAs was similar
with no significant difference (p > 0.05) (Fig 2.8 A-E). We next quantified their levels after IP
with or without Gag. We observed that all 5 miRNAs were statistically more abundant after IP
with Dicer and Gag compared to Dicer alone (Fig 2.8 F-J). Among those, miR642a 3p showed a
3-fold increase with a highly significant difference (p<0.001) (Fig 2.8 F). miR766 5p and miR766
3p showed a two-fold increased binding in the presence of Gag, which also corroborates the RNA-
Seq data (Fig 2.8 G-H). Although miR30a 5p and miR378a 3p were also more abundant in the
Dicer IP when Gag was present, the comparison with the expression level shows similarities
suggesting that the small difference in binding could reflect the difference in expression (Fig 2.8
I-J compared to D-E). Overall, the highest retention in Dicer-Gag compared to Dicer alone was

most significant for miR642a 3p, and significant for miR766 5p and miR766 3p.

145



inputs

miR30a 5p :
miR642a 3p miR766 5p miR766 3p miR378a 3p
ns
ns ns
- - 1.5 - 1.5 ns - 15 ’—‘ ° ns
M o o 15 [ ’—‘
N N N N N
A . o o s
A
s c¢ T £ 2 $d
o 2 ) 3 o o o o o o
> > 0.5 > > X0 > 0.5
i w g w ‘; w i w ‘g w
> > ° o] ©
24 o 14 24 o
0.0
S S S S S S S S S
& o° \QQ\,D ch’ & o & o \QQ\° g,o?’
& & & <& & e & & & &
o o 9 o & o & o S
. Y K9
o o a ° ¥ o ¥ o ¥ S
¥ ¥ ¥ oF ¥
miR766 5 )
miR642a 3p P miR766 3p miR30a 5p miR378a 3p

Fold increase
~ @
Fold increase
- ~ ©
*
Fold increase
Fold increase

Fold increase
- ~ w

Figure 2. 8 Higher concentration of miR642a 3p, miR766 5p miR766 3p, miR30a 5p and
miR 378a 3p into Dicer when HIV-1 Gag is bound.

The RIP-qRT-PCR validation process of miR642a 3p, miR766 5p miR766 3p, miR30a 5p and
miR 378a 3p was carried out in IP-HA-Dicer/Flag or IP-HA-Dicer/Flag-Gag. A-E) MiRNA AACq
values of the input for miR642a 3p, miR766 5p, miR766 3p, miR30a 5p, miR378a 3p. F-J) Fold
increase of the output for miR642a 3p (p=0.0001), miR766 5p (p=0.0392), MiR766 3p (p=0.0323),
miR30a 5p (p=0.0254), miR378a 3p (p=0.0064). The generated p-values were calculated through
T-test.
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Table 2. 1 Primer sequences to evaluate selected miRNAs.

miRNA Forward 5' to 3" Reverse 5' to 3'

MiR642a3p | CGCAGAGACACATTTGGAGAG | CAGGTCCAGTTTTTTTTTTTTITTGGTTCC
MIR766 5p GCAGAGGAGGAATTGGTGCT | CAGGTCCAGTTTTTTTTTTTTTTTAAGACC
MIR766 3p AGACTCCAGCCCCACAGC CAGGTCCAGTTTTTTTTTTTTTTTIGCTGAG
g"p'RNA 302 | CGCAGTGTAAACATCCTCGACT | CAGGTCCAGTTTTTTTTTTITITICTTCC
miR-378a3p | CGCAGACTGGACTTGGAGTCA | CAGGTCCAGTTTTTTTTTTTTTTIGCCTTC

2.4.9 HIV-1 interacting cellular genes are targeted by miR642a 3p, miR766 5p and miR766 3p

To evaluate the importance of a higher number of mature miRNA transcripts bound to Dicer/Gag
compared to Dicer, we used miRDB database (56, 57) to predict the targets of miR642a 3p,
miR766 5p and miR766 3p. MiRDB predicted 564 targets for miR642a 3p, 1043 for miR766 5p
and 916 for miR766 3p. Due to the high number of targets, we further analyzed those with a
prediction of 95% or more in the target score. We kept 14 targets for miR642a, 21 for miR766 5p
and 15 for miR766 3p. Among those, we next looked for cellular genes coding for a protein with
a known interaction with HIV-1 proteins in the NCBI gene database (interactome). In addition, for
those that were not found in the HIV-1 interactome, we further analyzed them to determine if they
have a relationship with HIV-1 replication. Within 14 predicted targets for miR642a 3p, we found
AF4/FMR2 family member 4 (AFF4) that interacts with Tat (37, 58) and the nuclear receptor
corepressor 1 (NCOR1) that interacts with Vif (37). The poly(A) binding protein nuclear 1
(PABPN1) is part of the Staufen complex together with Env, Gag, GagPol and Nef (59) and
superoxide dismutase 2 (SOD2) is related to Env, Tat and Vif function (60-62) (Fig 2.9A). MiR766

5p targets phosphatidylinositol-4,5-bisphosphate 4-phosphatase 1 (PIP4P1) which is part of the
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HIV-1 interactome (37). MiR766 5p also has predicted targets in genes coding for proteins
involved in an HIV-1 related functions including EPH receptor B2 (EPBHB2), protein phosphatase
1 regulatory subunit 10 (PPPIR10), GTP cyclohydrolase 1 (GCH1), GLIS family zinc finger 2
(GLIS2), E2F transcription factor 3 (E2F3) and POU class 2 associating factor 1 (POU2AF1 OR
OBF1) (Fig 2.9B). Finally, miR766 3p had 3 predicted targets that were related to HIVV-1, glycerol-
3-phosphate dehydrogenase 2 (GPD2), mitofusin 2 (MFN2) and BBX, HMG-box containing
(BBX) (Fig 2.9C). Interestingly, miR766 3p targets the mRNA coding for 6 zinc finger proteins,

which regulate gene transcription.
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Figure 2. 9 MiRNA high ranked targetome.

Schematics of high ranked predicted targets for miRNAs with high affinity to Dicer/Gag. A)
mir642a 3p shows 14 predicted targets with > 95% target score where 2 (yellow) interact with
HIV-1 components, 2 are related to HIV-1 (green) and 1 is part of zinc finger transcription factors
(blue). B) miR 755 5 p shows 21 targets with a high score where 1 (yellow) interact with HIV-1
components, 6 are related to HIV-1 (green) and 1 is a zinc finger transcription factor (blue). C) 15
scored predicted targets were identified for miR755 3p where 6 belong to zinc finger transcription

factors (blue) and 3 are related to HIVV-1 (green).

2.5 DISCUSSION

In the context of HIV-1, the role of RNAIi components on HIV-1 replication, the antiviral role of
RNAI and the activity of RNAI suppressors have been conflicting (32, 33, 39-42, 63-66). In a
previous study, we identified that RRE RNA can suppress RNAI, but this function is masked in
HIV-1-producing cells (33). We have expanded this view by showing that RNAiI mediated by
exogenous or endogenous si-, sh- or miRNAs remains functional in HIV-1 replicating cells,

whether they are transfected or infected by HIV-1 (Fig 2.1). Furthermore, we also found no
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modification of the localization of the RISC proteins TRBP, Dicer, Ago2 and DDX6 in HIV-1-
producing cells nor of their localization in or outside of P-bodies (Fig 2.2). These results are
compatible with the use of siRNAs or shRNAs against the virus shown in several studies and

applicable in a gene therapy setting (67-69).

Unexpectedly, IF images showed that Gag and Dicer partially co-localize in cells (Fig 2.2D). This
observation prompted us to verify this colocalization using time points of HIV-1 production and
interaction of these two proteins using IP assays and we characterized an RNA-independent
interaction between Gag and Dicer (Fig 2.3, 2.4). Dicer’s primary function is to generate miRNAs
in the cytoplasm after its association with TRBP and this association mediates accurate pre-
miRNAs processing (7, 20, 21, 70). Dicer then associates with an Argonaute protein to constitute
the loading RISC that will mediate miRNA-mediated MRNA cleavage or translational repression
(7, 22). Dicer also interacts with 5-lipoxygenase that modulates Dicer pre-miRNA cleavage (71)
and with CLIMP-63 in the endoplasmic reticulum, which helps stabilize Dicer and maintain its

function (72). The interaction with Gag may change these interactions and functions.

Furthermore, PLA assays showed a very close association between the two proteins, mainly in the
cytoplasm but also in the nucleus (Fig 2.5). The nuclear localization may be related to Dicer’s
association with NUP153 in the nuclear periphery and may contribute to its transfer to the nucleus
in some conditions (73). In addition, viral proteins can also affect Dicer such as 17 protease from
vaccinia virus which degrades Dicer (74) or HIV-1 Vpr, which also targets Dicer for degradation
(34). Dicer was identified in mass spectrometry screens using Gag as bait, but no further functional
characterization was pursued (36, 37). Our interaction and co-localization studies on Dicer/Gag

complement previous interactions identified with Dicer and suggest that it may impact its function.
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Several modifications of miRNA expression have been described either in HIVV-1-replicating cells
or in patients in various conditions suggesting that HIV-1 replication impacts miRNA production,
processing and/or function. Specific miRNAs can be involved in maintaining latency in primary
lymphocytes (45), downregulated in HIV-1 multiply exposed uninfected persons (49), or
differentially expressed in chronically infected patients or elite controllers vs. healthy donors (50).
We therefore hypothesized that the interaction between Dicer and Gag might contribute to these
changes. Because our results indicate that Gag does not modify Dicer processing activity on two
pre-miRNA substrates pre-miRLet7c or pre-miR29a (Fig 2.6), we explored if the consequences of

Dicer-Gag interactions may be in loading miRNAs to the Dicer/Gag complex.

Previous RIP-seq analyses for the identification of miRNAs were performed with Ago2 because
the protein concentrates mature miRNAs but none were done with Dicer (38, 75, 76). From our
readouts of Dicer RIP-seq experiments, we found that mature miRNAs were more prevalent than
pre-miRNAs and we retained the most significant for further analysis (Fig 2.7). Overall, Gag
mainly increases the binding of specific miRNAs. Through RIP-gRT-PCR we observed that
miR642a 3p, miR766 5p and miR766 3p were more bound to Dicer/Gag than to Dicer (Fig 2.8 F,
G, H) with no similar increase in the global expression (Fig 2.8 A, B, C). miR30a 5p and miR 378a
were also increased in the Dicer/Gag IP, but this could reflect the observed increased expression
(Fig 2.8 1, J compared to D, E). These findings open the possibility of miRNA regulation mediated

by the HIV-1 Gag/Dicer interaction.

Most of the research done so far is focused on probing the up- or down-regulation of specific
miRNAs. Here, we showed that miR642a 3p, miR766 5p and 3p do not have alterations of their
production in HIV-1 expressing cells but might be functionally impaired or enhanced by Gag’s

interaction with Dicer during HIV-1 expression. The modification of miRNAs loaded onto Dicer
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could be related to the fact that other proteins can bind miRNAs and affect Dicer. For instance,
Lin28a, a cellular RNA binding protein interferes selectively with the processing of pre-miRLet7
by Dicer (77, 78). Lin28a shares homology into conserved motifs with NC in their Zn-knuckle
domain that differ by only one proline, this domain recognizes GGAG and GGUG sequences (79).
Interestingly GGAG and GGUG sequences are present in miR642a and miR766 and NC could
recognize them through these motifs. Overall, two possible scenarios are possible: 1) the
Dicer/Gag interaction could sequester miRNAs, which will make them unavailable for the function

or 2) Gag/Dicer complex could overload Dicer with miRNAS to increase their activity.

MiRNAs bind to several gene transcripts and control their expression through the mRNA
translational repression and degradation. To understand the importance of miR642a 3p, miR766
5p and 3p increased binding to Dicer/Gag, we analyzed their predicted mMRNA targets using
miRDB. Within the top-ranked targets of miR642a 3p, we found that two genes were coding for
HIV-1 interactome components and two had related functions with HIV-1 (Fig 2.9A). In addition,
seven targets for miR766 5p and three for miR766 3p were among the HIV-1 interactome or had
functions regulated by or regulating HIV-1. Any of the predicted targets could change the
replication kinetics of HIV-1. Among them, miR642a 3p targets AFF4, which is essential for
transcriptional elongation (80, 81). A stronger decrease of AFF4 expression by miR642a 3p could
affect the efficiency of viral transcription as observed with other inhibitors of AFF4 (80-82).
Potentially, the retention or overload of miR642a-3p by Dicer and Gag interaction would be
determinant for HIV-1 transactivation through AFF4 availability. In the same fashion, miR766 5p
and miR766 3p retention or overload may affect distinct stages of HIVV-1 life cycle depending on

the potency to repress the distinct targets.
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In summary, our results show that HIVV-1 Gag binds to Dicer and increases its retention capacity
to specific miRNAs. Changing the availability of these miRNAs will modify the targeted mRNAs

and consequently cellular processes and HIV-1 replication.

2.6 MATERIALS AND METHODS

2.6.1 Plasmid constructions

The HIV-1 molecular clone pNL4-3 was previously described (83, 84). GST-Dicer was donated
by Dr. W. Filipowicz (7). To construct pPCMV2-HA-Dicer (HA-Dicer), GST-Dicer was used as a
template. The whole gene was amplified by PCR using
5’AGCGGTCGACCATGAAAAGCCCTGCTTTG3? as a  forward  primer and
5’ATATAGCGGCCGCTCAGCTATTGGGAACCTG3’ as a reverse primer. The PCR products
cut by Sall and Notl were subcloned in frame into pCMV2-HA (Clontech) cut by the same
enzymes. PCDNA3.1 was purchased from Invitrogen and Flag-Gag was previously described (85).
ShRNA and miRNA against EGFP and EGFPlet7 were previously described (20, 33). GAPDH-
ProLabel, pSIREN-shRNA-LuclRR and pSIREN-shRNA GAPDHHB were purchased from

Clontech.

2.6.2 Cell culture and transfections

HeLa and HEK 293T cells were maintained in Dulbecco's modified Eagle's medium (DMEM)
with high glucose (Hyclone) supplemented with 10% fetal bovine serum (FBS) (Hyclone), 50

U/ml Penicillin and 50 pg/ml Streptomycin (Thermo Fisher Scientific).
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For Western blots, RNA extraction and IP, 2.6 x 10° cells were seeded in 10 cm culture plates 12
h prior to transfection whereas 5 x 10* cells were seeded for indirect IF assays. Cells were
transfected with 9 ug of total DNA using polyethyleneimine (PEI) in a ratio of 3:1 total DNA. Co-
transfections were performed using the same amount of DNA for each plasmid. Forty-eight h after

transfection cells were fixed or lysed.

2.6.3 Immunoblotting

Cells were plated in 6-well plates 24 h prior to transfection by using TransIT-LT1 transfection
reagent (Mirus) at a 1:3 DNA/TransIT ratio. Forty-eight h after transfection, cells were washed
twice with phosphate-buffered saline (PBS) (Wisent) and lysed in cold lysis buffer (50mM Tris-
HCI pH7.4, 150mM NaCl, 5mM EDTA pH8.0, 10% Glycerol, 1% Nonidet (N) P-40) with protease
inhibitor cocktail (Roche). The lysates were then chilled on ice and centrifuged for 15 min at
13,000 rpm. Proteins were quantified in supernatants by Bradford assay (Bio-Rad). 40 pg of
protein mixed with Laemmli sample buffer were incubated for 5 min at 95°C. Proteins were
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and wet-
transferred overnight at 150 mA to Hybond nitrocellulose membranes (Bio-Rad) as described (33,
83). Membranes were blocked for 1 h with 5% milk in 0.1% Tris-buffered saline tween 20 (TBS-
T) followed by three washes with TBS-T. The membranes were incubated overnight at 4°C with
anti-EGFP (Santa Cruz) antibody at 1/1000 dilution, anti-GST (GE Healthcare) antibody at 1/1000
dilution, anti-GAPDH antibody (Clontech) at 1/2500 dilution, anti-actin (Chemicon) antibody at
1/10000 dilution, anti-Dicer 13D1 (Abcam) antibody at 1/1000 dilution or anti-HIV-1 p24 183-
H12-5C at a 1/10000 dilution (33, 84, 86). After three washes with TBS-T, membranes were

incubated with horseradish peroxidase-conjugated secondary antibodies (Amersham or Rockland
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Immunochemicals) at a 1:5000 dilution. After three washes with TBS-T, the bands were visualized

with Western Lightning Plus-ECL reagent (Perkin-Elmer).

2.6.4 Immunofluorescence and imaging

HeLa cells transfected with pNL4-3 were subjected to IF at different time points (24, 48, 36 and
72h). Cells were washed with PBS (Wisent) and fixed with paraformaldehyde 4% / sucrose 4%
for 20 min. Cells were washed once with PBS and incubated with 0.1M glycine for 20 min. Cells
were washed once again with PBS and permeabilized with 0.2% Triton X-100 for 5 min. After
permeabilization, cells were washed with PBS and blocked with bovine serum albumin (BSA) 3%.
The cells were incubated with the primary antibodies for 1 h at 37°C using mouse monoclonal
anti-p24 (183-H12-5C) (83)at a 1/400 or 1/1000 dilution, rabbit anti-p24 (from Dr. L. Kleiman) at
a 1/1000 dilution, rabbit anti-Rck/p54/DDX6 (Bethyl labs) at a 1/1000 dilution, mouse anti-Ago2
(Wako 4G8) at a 1/100 dilution, rabbit anti-TRBP673 (87) at a 1/250 dilution, rabbit anti-Dicer
349 (7) at a 1/250 dilution, mouse monoclonal anti-Dicer 13D1 antibody (Abcam) at a 1/500
dilution and human autoimmune serum 18033 (88) at a 1/5000 dilution. Cells were washed 5 times
for 5 min with rinse solution (PBS, tween 20 0.3%, BSA 0.1 %) followed by incubation with Alexa
488, 546 or 647 (Invitrogen) secondary antibodies in total darkness for 1 h on a rocking platform
and rinsed again in darkness 5 times for 5 min. This was followed by mounting the cell’s coverslips
with Immu-Mount (Thermo-electron corporation). Imaging was performed using a Zeiss Pascal
confocal LSM with a 65X objective. Image acquisition was done using LSM AIM Pascal
acquisition Software. Image processing and analysis were performed by Imaris software (version
8.4.1 Bitplane Andor) and Pearson’s R-value (no threshold) was calculated using Fiji image

processing package of image J (89). Imaging experiments were performed at least three times.
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2.6.5 Co-immunoprecipitations (co-I1Ps)

HEK-293T cells were transfected with GST-Dicer, HA-Dicer and/or Flag-Gag. After 48 h cells
were washed once with PBS and lysed with lysis buffer. Total proteins were quantified by Bradford
assay (Bio-Rad). For each condition, 1000 pg of proteins were cleared with agarose protein A
beads (Millipore) at 4°C for 1.5 h on a rocking platform. Samples were centrifuged at 8000 rpm
for 1 min and the supernatant was collected. Two pl of either anti-GST (GE Healthcare) antibody,
anti-HA (Sigma H6908) or anti-Dicer 13D1 were added to the supernatant and incubated with
constant shaking at 4°C overnight. 30 ul of Dynabeads protein A (Thermo Fisher) or Sepharose
protein G (Sigma) were added and further incubated with shaking for 3 h at room temperature.
Samples were centrifuged and washed 3 times for 5 min with lysis buffer. All supernatants were
discarded and 30 pl of Laemmli sample buffer was added and incubated for 5 min at 95°C. Samples

were loaded for SDS-PAGE analysis and analyzed by immunoblotting.

2.6.6 In situ protein-protein interaction assay (DuoLink®)

HeLa cells were transfected with Flag-Gag or pNL4-3 for 48 h followed by in situ PLA using the
DUOLINK II in Situ kit (Duolink) according to the manufacturer’s protocol. PLA is based on two
primary antibodies from different species that target the proteins of interest, followed by secondary
antibodies that carry oligonucleotides. The oligonucleotides will then hybridize, ligate and amplify
as rolling circles if they are at a maximum distance of 40 nm. Finally, the addition of labeled oligos
will hybridize the amplicon giving a signal which is visualized as dots, where each dot represents
one colocalization event. PLA conditions were previously described (90, 91). Mouse monoclonal
anti-Dicer 13D1 antibody was used at a 1:500 dilution and rabbit polyclonal anti-HIV-1 SF2 p24

(National Institute of Health AIDS reagent program) was used at a 1/400 dilution. The antibodies
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were detected using DuoLink Il Detection Reagent Red, Duolink Il PLA Probe Anti-Mouse
MINUS, and DuoLink Il PLA Probe anti-rabbit PLUS. Imaging acquisition was performed on a
confocal laser scanning microscopy Leica DM1600B equipped with WaveFX spinning disk
confocal head (Quorum Technologies). The analysis was done as described (91, 92) using Imaris

software (version 8.4.1 Bitplane Andor). T-tests were carried out in Graph-Pad Prism V6.

2.6.7 Dicer catalytic activity in the presence of HIV-1 Gag

IPs or co-IPs were performed with Sepharose protein G beads. The evaluation of Dicer catalytic
activity was performed according to (44). Briefly, to analyze Dicer catalytic activity we transcribed
T7 promoter-pre-Let7c
5’GCTCCUUGGUUUGCTUGUUGGTTGTUCUGTTUUCTCCCUGGGTGTUUCTCTUUUC
CUTUCUUCCTUCTUCCTCUUCCCGGUTGCCCTATAGTGTGAGTCGTATTA 3’ and T7-
promoter-pre-miR29a
S’ATAACCGATTTCAGATGGTGCTAGAAAATTATATTGACTCTGAACACCAAAAGAA
ATCAGTCCCTATAGTGAGTCGTATTA3’ using the T7 high yield RNA synthesis Kit
(BioLabs) with o®2P UTP (Perkin Elmer) at 800-6000 Ci/mmol > 10mCi/mL. Pre-miRNAs were
cleared from the DNA template using DNase | (QIAGEN) for 15 min and 20 ul of GLB Il (Thermo
Fisher Scientific) mixed and loaded on a denaturing 10% polyacrylamide gel (19:1)/ 7M urea. Pre-
miRNAs were purified from the gel followed by heating and slow cooling for proper folding.
45,000 cpm of labeled RNA were incubated with Dicer IP complexes attached to Sepharose protein
G beads for 1 h at 37°C. RNA was extracted and concentrated by TRizol and ethanol precipitated
with Glycogen and yeast tRNA (Thermo Fisher Scientific). Products were subjected to denaturing

PAGE and visualized in X-ray films after incubation at -80°C for 48 h.
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2.6.8 RNA immunoprecipitation sequencing (RIP-seq) for small RNAs detection

RIP-seq experiments were based on (93) with modifications. Briefly, HEK 293T cells were
transfected with HA-Dicer/pFlag, HA-Dicer/Flag-Gag, HA/Flag-Gag (negative control) and after
48 h cells were washed once with PBS and lysed with RNA extraction buffer [150 mM NaCl, 50
mM Tris, pH 7.5, 5 mM EDTA, 0.5% Nonidet P-40, 0.5% of RNaseOUT (Invitrogen), 0.2% of
Vanadyl (NEB), 100mM of DTT (Invitrogen) protease and phosphatase inhibitor cocktail
(Roche)]. 30 ul of agarose protein A beads (Millipore) washed with RNA extraction buffer were
added to 1 mg of protein lysate for a 1.5 h incubation at 4°C on a rocking platform. After
centrifugation, the supernatant was incubated with 50 ul of 1% BSA blocked Pierce anti-HA
magnetic beads (Thermo Fisher) or 1% BSA blocked Pierce NHS-activated magnetic beads
(Thermo Fisher) with mouse monoclonal IgG1 isotype antibody overnight at 4°C with agitation.
Samples were centrifugated at 8000 rpm for 1 min and the supernatant was discarded. The beads
were washed 3 times with RNA extraction buffer and separated in two samples for protein and
RNA analysis. For protein analysis, 30 pl of Laemmli sample buffer was added to the beads and
incubated 5 min at 95°C. RNA extraction was performed on the second sample of the beads after
adding Trizol reagent and purified with miRNeasy mini kit (QIAGEN). RNase-free DNase set
(QIAGEN) was loaded onto the miRNeasy columns to avoid any DNA contamination. Libraries
were synthesized from 300 ng of total RNA with New England BioLabs NEBNext® Small RNA
Library Prep Set for lllumina®. Libraries were run in Hlumina HiSeq2500, SR50 sequencing lane

at Genome Quebec, Canada.

2.6.9 Small non-coding RNA analysis
RNA bioinformatics was performed at the Canadian Centre for Computational Genomics (McGill

University). Briefly, reads were trimmed from the 3' end to have a phred score of at least 30.

158



Illumina sequencing adapters were removed from the reads. Trimming and clipping were
performed using Trimmomatic (94). The filtered reads were aligned to Homo_sapiens assembly
GRCh37. Each readset was aligned using STAR (95). Then, all readset BAM files from the same
sample were merged into a single global BAM file using Picard (96). All control samples
(HA/Flag-Gag and the isotype antibody sample) were merged into a single file as well to use with
the peak-calling software. Peaks were called using MACSv2 software (97). The mfold parameter
used in the model building step was estimated from a peak enrichment diagnosis run. The estimated
mfold lower bound was 5 and the estimated upper bound was 50. Nmodel and extsize were
adjusted to better reflect the condition of the experiment. Peak call strategy was based in pooled
samples (differences between the samples could be compensated during peak calling, producing a

smaller but more robust set of peaks) and individual samples to increase the sensitivity.

All called peaksets files were annotated using annotatePeaks.pl from Homer (98). The information
used to annotate the peaks came from the Ensembl 75 (99) which includes information on gene
transcript as well as the position of 9,459 miRNA, 5,783 snRNAs, and 54,912 ncRNAs. To
determine the statistical differences between peaks from both experimental conditions, a
Differential Binding Analysis was carried out using the R package DiffBind (100). The purpose
of this package is to find overlapping peaks between the samples, merging the peak sets and then
counting reads in the overlapping intervals of the peak sets. The Differential binding analysis was
carried on by an exploratory step to determine the potential occupancy of a specific locus
(occupancy analysis). A heatmap of miRNAs was made using R package. Each annotated miRNA
was confirmed manually using IGV (101) from the BAM files. Each annotated miRNA was looked

up at miRBase (52) and only those that had more than 105 alignment score were further analyzed.
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The chosen miRNAs from HA-Dicer/pFlag and HA-Dicer/Flag-Gag coverage were normalized to

the total reads and the internal controls.

2.6.10 RIP gRT-PCR

For RIP qRT-PCR experiments, 2.6 x10® HEK-293T cells were co-transfected with a total of 9 pg
of HA-Dicer and Flag-Gag. Cells were collected 48 h post-transfection, washed once with PBS
and lysed with RNA extraction buffer for 15 min at 4°C. The lysate was centrifuged at 13,200 rpm
at 4°C for 15 min, the supernatant was kept, and 2.2 mg of protein was used for the IP and 1% of
it was kept as the input. 30 pl of agarose protein A beads (Millipore) were taken and washed once
with RNA extraction buffer. The protein A beads were diluted with 25 pul of RNA extraction buffer
and were added to the 2.2 mg of protein with constant agitation for 1.5 h at 4°C. The sample was
centrifuged at 8000 rpm for 1 min, and the supernatant was kept and incubated with 2 pl of the
HA antibody or 1 pl of control rabbit serum overnight. 50 ul of pre-blocked Dynabeads protein A
with 1 % BSA RNA extraction buffer was added to the beads and incubated with constant agitation
for 3 h at 4°C. The supernatant was discarded, and the beads were washed 3 times with RNA
extraction buffer (without RNaseOUT) for 5 min with a magnetic stand. After the final wash, 700
pl of TRIzol reagent and 140 ul of chloroform were added to the beads. To extract the RNA,
miRNeasy mini kit was used according to the manufacturer’s protocol. RNase-free DNase set was
loaded onto the RNeasy columns to avoid any DNA contamination and due to the low abundance
of RNAs in IPs we used isopropanol protocol described by QIAGEN for a better recovery of
RNAs. The RNA was diluted from the columns in 60 pl of ultrapure distilled water. The IP RNA
was concentrated by precipitating the RNA with 50 pl of ammonium acetate, 5 pl of Glycogen
and 700 pl of ice-cold ethanol 100% at -80 °C for one hour followed by 30 min of centrifugation

at 13,200 rpm. The pellet was washed once with ice-cold ethanol 70%, dried and diluted in 11.5
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pl - of ultrapure distilled water. 1.5 pl were used to measure the RNA in a
Spectrophotometer/Fluorometer (DeNovix, DS-11 FX+). Our yield of RNA in IPs was HA-
Dicer/pFlag (40-60 ng/ul) and HA-Dicer/Flag-Gag (50-75 ng/ul). 200 ng of total RNA was used
to synthesized cDNA. The protocol to detect miRNA was based on (53, 102). Table 2 shows the
primers to track specific miRNAs. Data Cq acquisition and analysis were performed using Bio-
Rad CFX96 and CFX maestro software respectively. Actin was used to calculate AACq and
percent input method [100*2” (Adjusted input - Ct (IP)] for the abundance of miRNAs in IPs.
The calculated abundance was transformed from percentage to fold change and T-tests were

carried out in Graph-Pad Prism V6.

2.6.10 Mir642a 3p, miR766 5p and miR766 3p predicted targets.

miR642a 3p, miR766 5p and miR766 3p target prediction was performed using miRDB (56, 57).
Due to the high number of targets, we kept targets with a score higher than 95%. Predicted targets
were analyzed in the NCBI gene database (103) to find any interaction with HIV-1 proteins. Genes
not known to be related to HIV-1 replication had a second round of extensive research in PubMed

journal database (104) to find any relationship with HIV-1.
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CHAPTER IIl1

Higher Cytopathic Effects of a Zika Virus
Brazilian Isolate from Bahia Compared to a
Canadian-Imported Thai Strain

This chapter was adapted from the following published manuscript:

Alpuche-Lazcano SP, McCullogh CR, Del Corpo O, Rance E, Scarborough RJ, Mouland AJ,
Sagan SM, Teixeira MM, Gatignol A. 2018. “Higher Cytopathic Effects of a Zika Virus Brazilian
Isolate from Bahia Compared to a Canadian-Imported Thai Strain.”

Viruses 2018. 10: 53
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3.1 PREFACE

To understand the dysregulation of mMiRNAs and mRNAs caused by another virus type, we chose
ZIKV. Because of the lack of information about this emergent virus, we investigated a Brazilian
ZIKV isolate isolated during the outbreak in 2014-2015 and compared its cytopathicity with an
early ZIKV strain. This comparison was necessary to further investigate the interplay between
RNAI/mMRNAs and ZIKV infection. The collected information in this paper allowed us to carry on

our investigation with the Brazilian strain, which is still a current priority for virologists.
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3.2 ABSTRACT

Zika virus (ZIKV) is an emerging pathogen from the Flaviviridae family. It represents a significant
threat to global health due to its neurological and fetal pathogenesis (including microcephaly and
congenital malformations), and its rapid dissemination across Latin America in recent years. The
virus has spread from Africa to Asia, the Pacific islands and the Americas with limited knowledge
about the pathogenesis associated with infection in recent years. Herein, we compared the ability
of the Canadian-imported Thai strain PLCal_ZV and the Brazilian isolate HS-2015-BA-01 from
Bahia to produce infectious ZIKV particles and cytopathic effects in a cell proliferation assay. We
also compared the intracellular viral RNA accumulation of the two strains by quantitative RT-PCR
(reverse transcription polymerase chain reaction) analyses. Our observations show that HS-2015-
BA-01 is more cytopathic than PLCal_ZV in proliferation assays in Vero, Human Embryonic
Kidney HEK 293T and neuroblastoma SH-SY5Y cells. Quantitative RT-PCR shows that the level
of viral RNA is higher with HS-2015-BA-01 than with PLCal_ZV in two cell lines, but similar in
a neuroblastoma cell line. The two strains have 13 amino acids polymorphisms and we analyzed
their predicted protein secondary structure. The increased cytopathicity and RNA accumulation of
the Brazilian ZIKV isolate compared to the Thai isolate could contribute to the increased

pathogenicity observed during the Brazilian epidemic.

Keywords: Zika virus; predicted protein structure; gqRT-PCR; cytopathicity; viral titer
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3.3 INTRODUCTION

Zika virus (ZIKV) is an emerging arthropod-borne flavivirus transmitted mainly through Aedes
sp. mosquito bites. In addition, sexual and maternofetal transmissions have also been documented
in recent outbreaks (1). ZIKV was first identified as a filterable transmissible agent from the serum
of a febrile sentinel rhesus macaque in the Ziika forest (later renamed Zika) of Uganda in 1947
(2). The first human cases of ZIKV infection were reported in 1952, and since then it has slowly
spread through Southeast Asia with the first Asian lineage isolate, P6-740, identified in Malaysia in
1966 (3, 4). A large outbreak occurred in 2007 on several islands in the State of Yap, Micronesia,
in the Western Pacific, followed by epidemics in French Polynesia, Easter Island, the Cook Islands
and New Caledonia in 2013-2015 (5, 6). It reached South America in 2014 resulting in a large
outbreak across Brazil in 2015 where ZIKV RNA was detected in people with exanthematous

iliness and arthralgia (7, 8).

In the early epidemics, ZIKV infection was considered a mild disease. Symptoms included a rash,
conjunctivitis and mild fever while many infected people had no symptoms (9, 10). By December
2015, the Minister of Health in Brazil revealed increased incidence of neurological complications
like Guillain-Barré syndrome (GBS), and a large increase in the number of microcephaly cases in
babies born from infected mothers, specifically in areas of high endemic ZIKV circulation (11-
14). A retrospective analysis in French Polynesia showed that ZIKV-related GBS and
microcephaly also occurred, while there were no or few such reports from the epidemic in Asia
(15-17). ZIKV increased pathogenicity and rapid ability to spread in tropical areas of the Americas
raise questions regarding whether there is a genetic basis for these changes between the early Asian

ZIKV strains and the contemporary Brazilian isolates (17, 18).
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ZIKV is a flavivirus from the Flaviviridae family with similar genome organization to other
members such as Dengue, West Nile, yellow fever and Japanese encephalitis viruses (3). The
ZIKV genome is a monocistronic 11 kb positive-sense RNA, which is translated into a single
polyprotein. The polyprotein is cleaved by host and viral proteases into three structural proteins
(C, prM, E) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5)
(19, 20). The virion size is approximately 50 nm, in which the capsid is surrounded by the structural
membrane protein prM/M and the viral envelope E (19). Compared to other flaviviruses the virion
is thermostable and has a more compact surface, which may contribute to its stability in body
fluids, such as saliva, urine or semen (21). Dermal fibroblasts, epidermal keratinocytes and
dendritic cells are the first cells to be infected by ZIKV after a mosquito bite (22). ZIKV also
infects human microglia, neural progenitors and astrocytes, as well as human fetal endothelial cells
through interactions with the Gas6 ligand and its cellular receptor, AXL. Receptor interactions
trigger clathrin-mediated endocytosis and ZIKV capsids are released through the fusion of the viral
envelope with the endosomal membrane (23-25). While the ZIKV replication cycle proceeds in a
similar manner to the related flaviviruses, the specific host-virus interactions important for ZIKV
infection are not yet clear (7).

Based on phylogenetic analyses, the current circulating ZIKV strains have evolved from the
common African ancestor, MR766, representing the African lineage. A breaking point occurred
with strain P6-740 from Malaysia that determined the beginning of the Asian lineage and the
current ZIKV circulating in the Americas have spread from Asia (26, 27). Due to the changes
between the early Asian disease and the Americas’ epidemics, we studied the virus characteristics
of one example from each epidemic (26) to determine if they could bring some explanation to the

increased pathogenicity and dissemination. In this paper, we compared the cytopathicity of a
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Canadian-imported Thai strain of ZIKV representing the early Asian lineage to a Brazilian strain
isolated from Bahia in 2015. The Brazilian isolate generated higher cytopathicity and intracellular
RNA accumulation in the simian Vero and the human HEK 293T cell lines but higher cytopathicity
with similar intracellular RNA accumulation in a neuroblastoma cell line. We performed an amino
acid (aa) sequence comparison and predicted a-helices, B-strands and coils content between strains.
Further examination of the specific aa polymorphisms may provide some insights on the

underlying causes of these phenotypic differences observed in cell culture.

3.4 RESULTS
3.4.1 Protein Comparison between the Canadian-Imported Thai Strain and the Brazilian Isolate

from Bahia Identifies Amino Acid Polymorphisms across the ZIKV Polyproteins

Based on previous phylogenetic nucleotide analyses, the Canadian-imported Thai strain
PLCal_2ZV of ZIKV represents an early Asian isolate of the virus before the French Polynesian
outbreak (28-31). It is far separated from the Brazilian strain HS-2015-BA-01 (26), which is
closely related to other isolates from Bahia in the Asian lineage (32). To investigate the aa
difference between these two strains, we first compared the whole sequence of the two
polyproteins (Fig S3.1). This comparison showed that there are only 13 aa polymorphisms between

the PLCal_ZV and HS-2015-BA-01 isolates (Figure 3.1).
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Figure 3. 1 Zika virus (ZIKV) genome representation.

Stars through the genome represent the position of aa differences between the Canadian-
imported Thai strain PLCal_ZV and the Brazilian strain HS-2015-BA-01.

The African MR766 reference strain, which is much more divergent, was used for comparison at
each of these polymorphisms between PLCal_ZV vs. HS-2015-BA-01 (Table 3.1). We found 13
aa polymorphisms between the two isolates, and the Brazilian isolate has five of those aa that were
identical to the African reference strain. The aa variation between the Thai and Brazilian isolates
are in the ER anchor of the C, Pr/PrM, NS2A, NS3, NS4A and NS5 proteins. Interestingly, no
difference was found in the viral E protein, which is the main component for viral-cell recognition

(Table 3.1).

Table 3. 1. Amino acid comparison of ZIKV MR766 at the point mutations between
PLCal_ZV and HS-2015-BA-01.

Strain Amino acid position

MR-766 A106 A139 S273 |A1263 |D1622 |Y2086 (L2123 |L2167 [Y2594 |M2634 |V2842 |V2894 |P3162
PLCal_zV T106 S139 S273 |A1263 |D1622 |Y2086 |F2123 |L2167 |Y2594 |M2634 |12842 12894 |S3162
HS-2015-BA-01|A106 N139 |R273 |V1263 |G1622 [H2086 |L2123 |M2167 |[H2594 |V2634 V2842 |V2894 |P3162
Protein ER anchor |pr/prM |prM  |NS2A  |NS3 NS3 NS4A |[NS4A |NS5 NS5 NS5 NS5 NS5

Red: amino acid (aa) that differ from MR766. Blue: ZIKV proteins.

3.4.2 ZIKV Brazilian Isolate Demonstrates Increased Cytopathic Effects When Compared to the

Asian Thai Strain in Three Different Cell Lines

ZIKV has a tropism for different cells and has neuronal cytopathic effects (24, 33-35). To compare
the cytopathicity and the viral titer between the Thai and Brazilian isolates we evaluated their
capacity to induce cell death and to generate new viruses in three different cell lines, Vero, HEK

293T and neuroblastoma SH-SY5Y cells. We first performed a time point infection in each cell
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line and visualized the cells for 6, 12, 24 and 48 h post-infection (Figure 3.2A). We observed that
the cytopathic effects were highly visible starting at 24 h in Vero cells infected by the HS-2015-
BA-01 with the majority of Vero cells lysed at 48 h post-infection. In contrast, Vero cell lysis was
not observed with the PLCal_ZV strain under these conditions (Figure 3.2A). We did not observe
any modification of HEK 293T or SH-SY5Y cell morphology before 48 h of infection with HS-
2015-BA-01. At that time there was cell detachment with partial cell death of HEK 293T and
complete cell death of SH-SY5Y. RNA extraction and quantification could not be performed at 48
h due to cell death and the optimal time for further assays was set-up at 24 h.

To amplify and quantify cell lysis, the supernatant of infected cells was collected at 24 h post-
infection and used for plaque assays in Vero cells. An example of this assay from the supernatant
of Vero cells is shown in Figure 3.2B. From the virus collected at 24 h, we observed that
PLCal_ZV gave plaques at 107" dilution of virus and no plaques were observed at higher dilution.
With HS-2015-BA-01, cells were all lysed with the higher concentrations and plaques were
countable only after a 107° dilution. The shape of the plaques was also different. In the infected
Vero cells with PLCal_ZV, the plagues had reproducibly more fuzzy, indefinite boundaries and
mostly as a shape of a comet. In contrast, the plaques with HS-2015-BA-01 were consistently

round with sharp distinct boundaries, as circles, (Figure 3.2B, zoomed fields).
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Figure 3. 2 ZIKV HS-2015-BA is more cytopathic than PLCal_ZV in Vero, HEK 293T and

SH-SY5Y cells.

(A) Kinetics of cytopathicity of ZIKV in Vero cells. Vero cells were infected at
multiplicity of infection (MOI) 0.1 with mock, PLCal_ZV or HS-2015-BA-01 as
indicated. Live cells were photographed under the microscope after 6, 12, 24 and 48 h

post-infection, scale bar = 63 um. White arrows show the cytopathic effect of HS-2015-
BA on Vero cells (B) plaque assay in Vero cells of ZIKV PLCal_ZV and HS-2015-BA-

01 after infection with 107!, 10~* and 107 dilution of virus from Vero cell supernatants,
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scale bar = 1.74 cm in the plates and 1 mm in the zoomed pictures; (C) quantification of
ZIKV plaque forming units (PFUs) formed by PLCal_ZV and HS-2015-BA-01 produced
in Vero, HEK 293T and SH-SY5Y cell lines. Supernatant from each infected cell line at
MOI of 0.01, 0.1 or 0.5 was collected and filtered on a 0.45 pm pore membrane. The
generated supernatant was used to infect new batches of VVero cells and calculate the PFUs
for every cell line. Detection limit is 400 PFUs/mL. ND = not detected. The graphs
represent the average of three independent experiments + standard error of the mean
(SEM).

Because the two ZIKV strains showed different plaque production at a similar MOI, we quantified
the viral cytopathicity generated by both viruses in each cell line at different MOls (Figure 3.2C). We
observed large differences in viral PFUs generated between PLCal_ZV and HS-2015-BA-01 in all
three cell lines with the Brazilian isolate that consistently generated plaque numbers several logs
higher at all MOls. Overall the results show that HS-2015-BA-01 induces higher cytopathic effects
than PLCal_2ZV in three different cell lines. To determine if the extent of cell killing correlates
with RNA accumulation, we next used qRT-PCR to quantify the RNA from the cells infected by

each ZIKV strain.

3.4.3 ZIKV Brazilian Isolate Infection Results in Higher Viral RNA Accumulation Compared to

Infection with the Thai Strain in Two Cell Lines

To further evaluate phenotypic differences between the two ZIKV isolates, we quantified the
intracellular viral RNA levels in each of the three cell lines used in Figure 3.2. We designed

primers to target the NS5 domain in ZIKV (nucleotides 7871-7962) to amplify similarly
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PLCal_ZV and HS-2015-BA-01 viral RNAs by gRT-PCR assay and quantified viral RNA

accumulation at 24 h post-infection (Figure 3.3).
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Figure 3. 3 ZIKV intracellular RNA accumulation.

Vero (red), HEK 293T (blue) and SH-SY5Y (orange) cells were mock infected or
infected with PLCal_2ZV (A) or HS-2015-BA-01 (B) at MOI 0.01, 0.1 or 0.5 as indicated.
RNA accumulation was quantified by quantitative reverse transcription polymerase chain
reaction (QRT-PCR) at 24 h post-infection. The amount of ZIKV RNA was analyzed by
the threshold cycle (Ct) comparative method and normalized to the reference genes
TATA-box binding protein (TBP) and Peptidylprolyl isomerase A (PPIA) RNAs using
Bio-Rad CFX software. The graphs represent an average of three independent
experiments + standard error of the mean (SEM). GraphPad Prism was used to calculate
P-values for effects on RNA accumulation between PLCal_ZV and HS-2015-BA-01 in
the different cell lines. Results from a two-way ANOVA were: p < 0.0001 for Vero cells,
p < 0.05 for HEK293T cells and not significant for SH-SY5Y cells.

Our results show that in Vero and HEK 293T cell lines infected with HS-2015-BA-01, the amount
of viral genomic RNA was higher than with PLCal_ZV at all MOls. Interestingly, the RNA level

at MOI 0.5 was 16 times higher in Vero cells and 10 times higher in HEK 293T cells with HS-
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2015-BA-01 than with PLCal_ZV. Despite the increased cytopathicity of HS-2015-BA-01 in the
SH-SY5Y cell line (Figure 3.2), the RNA accumulation from the two viral strains was similar at
24 h post-infection. Overall, the level of viral RNA is higher with HS-2015-BA-01 than with
PLCal_ZV at 24 hin Vero and HEK 293T cells, but no apparent difference was observed by gRT-
PCR in SH-SY5Y. Therefore, the cytopathicity may involve another parameter different from

RNA accumulation, at least in the neuroblastoma SH-SY5Y cells.

3.4.4 ZIKV Brazilian Isolate Decreases Cell Viability More than the Thai Strain in All Three

Cell Lines

A different way to assess cytopathicity of the ZIKV strains is to measure their effect on the cellular
metabolism. We used a cell viability assay based on the cleavage of the tetrazolium salt, WST-1,
into a formazan dye. This reaction is dependent on NAD(P)H and is only intact in metabolically
active cells. Vero, HEK 293T and SH-SY5Y cells were infected with PLCal_ZV and HS-2015-
BA-01 viruses at increasing MOI. We observed that the HS-2015-BA-01 decreases cell viability
of Vero cells more than the PLCal_ZV at 24 h, while the differences between the two strains were
negligible for the HEK 293T and SH-SY5Y cells (Figure 3.4A-C). At 48 h, we see a large
difference between the two strains in all three cell lines tested, most notably in the Vero cells
(Figure 3.4D—F). This result shows an increased effect of HS-2015-BA-01 on reducing cell
viability compared to PLCal_2ZV and is consistent with results from plaque assays (Figure 3.2C)

and from gRT-PCR (Figure 3.3).
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Figure 3. 4 Cellular viability assays in different cells infected with PLCal_ZV or HS-2015-
BA-01.

Cells were infected with PLCal_ZV (blue) or HS-2015-BA-01 (red). (A—C) Cell viability
was measured at 24 h in Vero (A); HEK 293T (B) and SH-SY5Y (C); (D—F) Cell viability
assays at 48 h in Vero (D); HEK 293T (E) and SH-SY5Y (F). The OD 450 nm of the
mock was set as 100% viability, and each condition was expressed as a percentage of the
mock. The values are the average of three independent experiments + standard error of
the mean (SEM). GraphPad Prism was used to calculate p-values for effects on cell
viability between PLCal_ZV and HS-2015-BA-01. Results from a two-way ANOVA are

shown on each graph, A—F.

3.4.5 ZIKV Secondary Structure of prM, NS2A, NS3, and NS5 Produce Different Patterns of

Predicted a-Helices, p-Strands and Coils

To determine if the aa differences between the two ZIKV strains could change the structure of the
corresponding proteins, we analyzed the predicted protein secondary structure using a protein

prediction program (http://bioinf.cs.ucl.ac.uk/psipred/). The structures were analyzed by
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comparing the a-helices, B-strands and coils between proteins of PLCal_ZV and HS-2015-BA-01

(Table 3.2 and Figure S3.2).

Table 3. 2. Changes in predicted protein structure between PLCal_ZV and HS-2015-BA-01

ZIKV.
Observed changes in PLCal_ZV and HS-2015-BA-01
Protein |AA Variant position | PL Cal_ZV structure HS-2015-BA-01 structure
pr/prM 139, Coil (171-174,187,202,203) B-strand (171-174,187,202,203)
273 B-strand (235, 236) Coil (235, 236)
NSA2 1263 a-helix (1172, 1214) Coil (1172, 1214)
Coil (1232) a-helix (1232)

NS3

1622,
2086

B-strand (1508,1520,1524,1565,1614,1641,1642,1788,1947-1949,2095)
a-helix (1773,1854,1855, 1994-1997)

Coil (1625, 2066)

Coil (1794, 1958)

a-helix (1998,1999)

Coil (1508,1520,1524,1565,1614,1641,1642,1788,1947-1949,2095)
Coil (1773,1854,1855, 1994-1997)

B-strand (1625, 2066)

a-helix (1794, 1958)

B-strand (1998,1999)

NS5

2594
2634
2842, 2894

3162

B-strand (2554,2555,2600,2970,2997,3237,3240, 3241)
Coil (2607,2608,3270,3271,3287)

Coil (3110)

a-helix (3159,3160)

Coil (2554,2555,2600,2970,2997,3237,3240, 3241)
a-helix (2607,2608,3270,3271,3287)

B-strand (3110)

Coil (3159,3160)

The aa modifications in the ER anchor of the Core protein (TL106A) and in the NS4A protein

(F2123L and L2167M) induced no change of their predicted secondary structures and have little

chances to change their properties. The two aa changes in prM (S139N and S273R) and one in

NS2A (A1263V) induced several predicted modifications in the secondary structures with several

inversions between B-strands and coils (prM) or a-helices and coils (NS2A). Furthermore, the two

aa changes in NS3 and five in NS5 induced many differences between predicted coils, a-helices

or B-strands. Interestingly, in several cases the aa variation induced an upstream or downstream

modification of the predicted secondary structure suggesting that the substructures are

interconnected and could affect overall protein folding.
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3.5 DISCUSSION

The rapid dissemination of ZIKV and increased pathogenicity between the early Asian strains and
the contemporary American isolates prompted us to determine if a difference in cytopathicity and
viral RNA accumulation could provide some insight into novel neurological pathogenesis
observed (11-14, 17, 18). We therefore chose to study the Canadian-imported Thai strain
PLCal_ZV, which belongs to the early Asian lineage and HS-2015-BA-01, a recent Brazilian
isolate from Bahia, a region where fetal pathogenesis was detected early in the epidemic (18, 32,
33, 36, 37). An aa comparison between the two strains identified 13 aa polymorphism that may
contribute to strain phenotypic variations (Figure 3.1).

ZIKV has a tropism for many human cells and tissues (38). It can infect the skin fibroblasts,
keratinocytes and dendritic cells (22), monocytes (39, 40), retinal epithelium (41), brain cells
including neural progenitors, neurons, astrocytes and glial cells (23, 42, 43), uterine fibroblasts
(44), placental cells (45) and testicular cells (46, 47). In cell culture, insect C6/36 and monkey
epithelial Vero cell lines have been widely used to amplify ZIKV (48, 49), whereas human
fibroblasts MRC-5, hepatic Huh7, lung epithelial cells A549, astrocytic U251MG, neuronal stem
cells and neuroblastoma SK-N-SH and SH-SY5Y cell lines are permissive for ZIKV infection (34,
49-52). Human epithelial HEK 293T cells were found to be moderately permissive to ZIKV
infection (22, 34). To better understand the cytopathicity of the two different ZIKV strains, we
infected the monkey epithelial Vero and the human epithelial HEK 293T cell lines. Because the
main concern about ZIKV is its neurological consequences in fetuses and adults, we used the
human SH-SY5Y neuroblastoma cell line as a model for neuronal infection and cytopathicity (16,
43, 53). These cellular models showed greater cytopathic effects with HS-2015-BA-01 than with

PLCal_2ZV as noticed by live cell observation at different time points and quantification of cell
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lysis (Figure 3.2). Furthermore, measurement of cell viability demonstrated that HS-2015-BA-01
induced more metabolic damage than PLCal_ZV in all three cell lines (Figure 3.4). One
explanation could be a different tropism related to the entry receptors. AXL is the main ZIKV
candidate receptor, present in several cell types such as keratinocytes, HEK 293T, neuronal stem
cells, astrocytes, oligodendrocyte precursor cells, microglia and endothelial cells, but its removal
does not protect from ZIKV infection suggesting that others are involved (22, 23, 25, 42, 54-56).
Indeed, Tyro3 and T-cell immunoglobulin and mucin domain (TIM)1 could be part of the ZIKV
entry receptors or co-receptors that enhance the virus entry either alone or with AXL (38, 45).
However, the fact that the E protein has no aa polymorphism does not favor this hypothesis. The
intracellular milieu may also influence the cytopathic effects of the virus by interactions with
cellular components. Those include helper or restriction factors, cellular trafficking, RNA
replication and translation of viral proteins that either favor or restrict ZIKV replication (34, 57-
60). The immune response capabilities of each cell line studied can also influence the replication
rate or cytopathic effects (48, 61). Specific viral proteins can also interact with cellular components
and induce metabolic disturbances in cells, which could lead to pathogenesis, decreased cell

growth and ultimately cell death (33, 43, 50, 52, 62).

In addition, the difference in cytopathicity could have its origin in the extent of viral replication,
which is the result of both cellular and viral factors. To approach viral replication after viral entry,
we measured the intracellular accumulation of viral RNA. Our results show that genomic RNA
levels of HS-2015-BA-01 are greater than that of PLCal_ZV in Vero and in HEK 293T cells at 24
h (Figure 3.3). In neuroblastoma SH-SY5Y cells, at each MOI tested, the viral RNA levels were

similar between the two strains, indicating that the amount of viral RNA accumulation cannot
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explain the increased cytopathicity of the Brazilian isolate in these cells. Previous studies that
compared strains from the African and the Asian lineage have reported a higher replication rate
and cytopathicity for the African lineage in different cell lines (63). Specifically, in a
neuroblastoma cell line SK-N-SH (the precursor of SH-SY5Y), two African strains replicated
faster than two Asian strains, but the viral RNA produced was not quantified (28). When gRT-
PCR was performed to compare the American isolate from Puerto Rico to the African MR766
strain, a higher RNA production was found for the Puerto Rico strain in two endothelial cells but
no neuronal cells were used in this study (54). Therefore, this is the first report that shows higher
viral RNA accumulation and higher cytopathicity for a Brazilian isolate compared to an early Asian
Thai strain in the endothelial monkey (Vero) and human (HEK 293T) cells, whereas in the
neuroblastoma cells SH-SY5Y the cytopathicity of the Brazilian isolate is higher with similar
intracellular RNA levels (Figures 3.2-3.4). These results suggest that some neuropathology may
not be linked to higher viral RNA accumulation but rather to a specific activity of one or several

viral proteins.

Previous studies have shown that aa polymorphism in the ZIKV polyprotein can alter cell tropism,
virulence or the replication rate of viruses. For example, a substitution of five aa in ZIKV has
contributed to the adaptation from mosquitoes to human and a single aa substitution in NS1 was
associated with increased infectivity in mosquitoes (64-66). Here we found no further changes in
the E and NS1 proteins between PLCal_ZV and HS-2015-BA-01 strains, suggesting that the
increased cytopathicity and differences in viral RNA levels may be due to polymorphisms in other
ZIKV proteins (Figure 3.1 and Table 3.1). We therefore compared the predicted secondary

structure of each modified protein (Figure S3.2 summarized in Table 3.2). In the PrM protein,
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S139N and S273R induced modifications that are predicted to cause several changes between 3-
strands and coil structures. A recent report comparing Americas’ isolates to an early Asian strain
from Cambodia identified S139N as a major mutation that contributes to fetal microcephaly in a
mouse model (62). The prM protein is involved in virus maturation and secretion. The higher viral
production despite similar RNA levels in SH-SY5Y for the HS-2015-BA-01 compared to
PLCal_ZV strain suggests that S139N polymorphism in prM may contribute to increased viral
egress and dissemination and consequently to cytopathicity and neuropathology. Additional
polymorphisms of the ZIKV proteins were identified in NS2A, NS3 and NS5. The Y2086H
polymorphism in NS3 protease and helicase occurred between ZIKV PLCal ZV and
THA/2014/SV0127-14, another Thai isolate (20, 30, 36, 67). It remains to be determined if this
mutation has changed the proteolytic activity of NS3 in the subsequent isolates. NS5 acts as a
methyl transferase in its N-terminus and as an RNA-dependent RNA polymerase in its C-terminus
(68). Mutation M2634V in NS5 was identified in all Latin American viruses but not in French
Polynesia isolates. Further studies will be required to determine if it had an incidence on NS5
activity in the Americas’ isolates (30). Although the 5" and 3’ RNA elements could also play critical
roles in the viral replication cycle (20), our study focused on the aa sequence changes and their
impacts on predicted secondary structures. Their consequences on increased cytopathicity may
contribute to neuropathology. HS-2015-BA-01 has been used in vivo in a murine model and in a
primate model (33, 61). The virus kills fetal mice neurons very efficiently (33), but adult monkeys
show an efficient immune reaction against the virus with no major pathology (61). Further research

will address the main determinants of placenta transmission, teratogenesis and neuropathology.
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3.6 MATERIALS AND METHODS

3.6.1. Cell Culture

HEK 293T cells (69, 70) were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
with high glucose (Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS)
(Hyclone, Logan, UT, USA), 50 U/mL Penicillin and 50 pg/mL Streptomycin (Thermo Fisher
Scientific, Burlington, ON, Canada). African green monkey epithelial Vero cells (48) were
maintained in DMEM with high glucose, supplemented with 5% FBS, 1% non-essential amino
acids, 1% L-glutamine, 50 U/mL Penicillin and 50 pg/mL Streptomycin (Wisent, St Bruno, QC,
Canada). Neuroblastoma SH-SY5Y cells (71) were obtained from Dr. Marc Fabian (LDI and
McGill University, Montréal, QC, Canada) and maintained in DMEM/Ham’s F12 50/50 mix
(Wisent, St Bruno, QC, Canada), supplemented with 10% FBS, 50 U/mL Penicillin and 50 pg/mL

Streptomycin.

3.6.2. Zika Virus Strains

The Canadian imported Thai ZIKV strain PLCal_ZV (Genbank accession KF993678.1),
passaged four times in Vero cells was previously described (36, 48). The Brazilian ZIKV strain
HS-2015-BA-01 isolated in August 2015 in Salvador, Bahia was previously described (Genbank
accession KX520666.1). It was passaged three times in Aedes albopictus C6/36 mosquito cells and

once in Vero cells (33).

3.6.3. Zika Virus Amplification

ZIKV stocks were prepared by passaging in Vero cells. Briefly, 6.0 x 108 Vero cells were
plated in a T182.5 flask. On day 1, the growth medium was removed and cells were washed with

Phosphate Buffer Saline (PBS) (Wisent, St Bruno, QC, Canada). Cells were then infected at a
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multiplicity of infection (MOI) of 0.5 in 10 mL of Eagle’s minimal essential medium (EMEM)
(Wisent, St Bruno, QC, Canada) and incubated (37 °C, 5% CO>) for 2 h. The infection medium
was then removed and replaced with ZIKV infection medium: DMEM supplemented with 2%
FBS; 1% non-essential amino acids; 1% L-glutamine; 50 U/mL Penicillin and 50 pg/mL
Streptomycin (Wisent, St Bruno, QC, Canada), and; 15 mM Hepes buffer (Sigma-Aldrich,
Oakville, ON, Canada). At two days post-infection, the supernatant was filtered through a 0.45
uM membrane, viral stocks were tittered by plaque forming unit (PFU) assay, aliquoted and stored

at —80 °C.

3.6.4. Live Cell Imaging of Zika Virus Infection

For this, 3.0 x 10° Vero, HEK 293T and SH-SY5Y cells were seeded in 12-well plates and
incubated overnight. Growth medium was removed and cells were washed with PBS. Cells were
infected at MOI of 0.1 in 1 mL of EMEM with either ZIKV PLCal_ZV or ZIKV HS-2015-BA-01
and incubated for 2 h. The infection medium was replaced with supplemented ZIKV infection
medium in DMEM or DMEM/Ham’s F12 50/50 mix. The infection was followed for 6, 12, 24 and
48 h to observe and visualize the cytopathic effects. Capture imaging of live cells was acquired

with a ZOE cell imager (Bio-Rad, Mississauga, ON, Canada).

3.6.5. Plaque Forming Unit (PFU) Assay

At this stage, 6.0 x 10° Vero cells were seeded in six-well plates and incubated overnight. On
day 1, eight serial dilutions (1 in 10) were performed with the supernatant filtrates in EMEM. The
medium was removed, cells were washed with PBS and then incubated with the virus dilutions for
2 h. After incubation, the virus dilutions were removed and replaced with a mixture of: 1.2%

carboxymethylcellulose (CMC) (Sigma-Aldrich), 2% FBS and 50 U/mL Penicillin and 50 pg/mL
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Streptomycin in EMEM. Four days post-infection, the CMC medium was removed, and after two
washes with PBS, cells were fixed with 2 mL of a 4% paraformaldehyde (PFA) solution, washed
with ddH20 and incubated at room temperature (RT) with a 0.1% crystal violet solution for 30

min to visualize plaques. Viral titers were calculated as follows:

# of plaques

dilution factor X infection volume

3.6.6. Quantitative Reverse Transcription Polymerase Chain Reaction (QRT-PCR)

RNA was extracted from Vero, HEK 293T and SH-SY5Y cell lines mock infected or infected with
PLCal_ZV or HS-2015-BA-01 at MOI of 0.01, 0.1 and 0.5 for 24 h with Trizol reagent (Life
Technologies, Burlington, ON, Canada) and further purified with RNeasy (QIAGEN, Hilden,
Germany). RNase-Free DNase Set (QIAGEN) was loaded onto the RNeasy columns. cDNA was
synthesized using 1000 ng of the extracted RNA using Superscript Il according to the
manufacturer’s protocol (Invitrogen, Burlington, ON, Canada). gPCR was performed by diluting
the cDNA (1:60) due to the comparison with the threshold cycle (Ct) values from the ZIKV
standard curve. The standard curve was generated by serial dilution of pooled samples of infected
cell lines with their respected viruses. BrightGreen g°PCR MasterMix-Low ROX and a Bio-Rad
CFX96 were used for performing the gPCR. Primers for TATA-box binding protein (TBP) and
Peptidylprolyl isomerase A (PPIA) were used as internal controls as previously described (72).
ZIKV primers were designed for this work with the following sequences: Forward 5'-
CAAAAGGAGGCCCTGGTCAT-3', Reverse 5'-ATGAAAGACGTCCACCCCAC-3" (92 bp
product). Samples were loaded in quadruplicates. gPCR conditions were as follows: 95 °C for 5 min
followed by 50 cycles of 95 °C for 10 s, 62 °C for 15 s, 72 °C for 5 s. Finally, one cycle of 65 °C for

5 s and one of 95 °C for 5 s. Data analysis was performed using Bio-Rad CFX software
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(http://www.bio-rad.com/en-ca/category/qpcr-analysis-software) and GraphPad Prism 5

(GraphPad Software, La Jolla, CA, USA).

3.6.7. Cell Viability

Cell viability was evaluated by the metabolism of the water-soluble tetrazolium salt 1 (WST-
1) cell proliferation reagent (Roche, Indianapolis, IN, USA). Briefly, 2.5 x 10* Vero, HEK 293T,
and Neuroblastoma SH-SY5Y cells were seeded in 96-well plates and incubated overnight. On
day 1, the growth medium was removed and cells were washed with PBS. Cells were then infected
with either PLCal_ZV or HS-2015-BA-01 ZIKV isolates at an MOI of 1, 0.5, 0.1, and 0.01 in 100
puL of EMEM. The cells were incubated with the virus dilutions for 2 h. Virus solutions were then
removed and replaced with 100 pL of the respective growth media. 24 and 48 h post-infection, 50
uL of Dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Oakville, ON, Canada) was added to four
wells of each cell line as a control for cell death. After 15 min incubation at RT, 10 pL of WST-1
reagent was added to each well and cells were incubated for an additional 1.5 h at 37 °C. ZIKV
was then neutralized for 20 min by the addition of 50 uL. PBS with 4% NP40 (Sigma-Aldrich,
Oakville, ON, Canada). The plate was then read on a Benchmark Plus microplate
spectrophotometer (Bio-Rad, Mississauga, ON, Canada). Absorbance was measured at 450 nm
(test wavelength) and 690 nm (reference wavelength) and the reference reading was subtracted
from the test reading. The value of the uninfected cells was set as 100% viability. The viability of
each condition was expressed as a percentage of the uninfected cells for each cell line. Each
condition was performed in triplicates, and the percentage viability for each cell line at each MOI

was calculated as follows:
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450 nm 690 nm
ODinfected_ODinfected x 100.

450 nm 690 nm
ODimock  —9Dmock

3.6.8. ZIKV Polyprotein Sequence Alignment and Secondary Structure Predictions

ZIKV DNA sequence from PLCal_ZV and HS-2015-BA-01 were aligned against the ancestor
African strain MR766 to define the protein boundaries in Clustal W (Kyoto University
Bioinformatics Center, Kyoto, Japan) and Molecular Evolutionary Genetics Analysis, MEGA 6
(The Pennsylvania State University, Pennsylvania, USA). This alignment helped us to define the
ZIKV polyprotein sequences of PLCal_ZV and HS-2015-BA-01. Once we defined the precise
boundaries of each ZIKV protein, we submitted the aa sequence of each mature protein to
PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/) to predict the overall secondary structure (a-helix,

B-strand and coil content).

Supplementary Materials: The following are available online at https://www.mdpi.com/1999-
4915/10/2/53, Supplementary Material. Figure S1: Amino acids sequence comparison between the
ZIKV Canadian-imported Thai strain PLCal_ZV and the Brazilian HS-2015-BA-01 strain. Figure
S2: Protein secondary structure comparison between the ZIKV Canadian-imported Thai strain

PLCal_ZV and the Brazilian HS-2015-BA-01 strain.
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CHAPTER IV

Downregulation of nuclear transcription
factor NPAS4 and NR4A family correlates
with the death of fetal mice neurons infected

with ZIKV.

This chapter is adapted from the following manuscript:

Alpuche-Lazcano SP, Saliba J, Costa VVV, Ribeiro LS, Blank V, Mouland AJ, Teixeira MM, and
Gatignol A. 2020. “Downregulation of nuclear transcription factor NPAS4 and NR4A family

correlates with the death of fetal mice neurons infected with ZIKV”. Submitted manuscript.
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4.1 PREFACE

ZIKV infection triggers cytopathic effects in different cell types. We therefore hypothesize that
these effects must be tightly related to changes in the transcriptome, which is regulated by changes
in the RNAI pathway. In this chapter, we used different bioinformatic analyses to integrate changes
in the transcriptome of fetal murine neurons infected with ZIKV to the dysregulated miRNAs

produced by the infection.
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4.2 ABSTRACT

Zika virus (ZIKV) infection in neurons is correlated to neurological complications and congenital
malformations. To date, ZIKV tropism and pathogenesis are not entirely understood. MicroRNAs
(miRNAS) are post-transcriptional regulators of cellular pathways and they contribute to cell
development, disease and death. Very few researchers have reported an integrative analysis of
MRNASs and miRNAs during ZIKV infection. In this study, we used microarrays to analyze gene
expression levels following ZIKV infection of fetal murine neurons. We observed that the
expression of transcription factors like neural PAS domain protein 4 (Npas4) and members of the
orphan nuclear receptor 4 (Nr4as) was decreased after viral infection, likely affecting cellular
pathways such as RNA metabolism and transcription. We next examined the expression of 3195
mMiRNAs in infected murine primary neurons and found that 19 miRNAs were highly dysregulated
upon ZIKV infection. An integrative analysis of the differentially expressed miRNAs indicates
that Npas4 and Nr4a3 could be modulated by the miRNA response. Our data identified profound
abnormal regulation of novel transcriptional factors and miRNAs during ZIKV infection of fetal

murine neurons.

Keywords: ZIKV, mRNAs, miRNAs, Npas4, Nr4as.
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4.3 INTRODUCTION

Zika virus (ZIKV) is an emerging flavivirus transmitted by mosquitoes Aedes aegypti, Aedes
albopictus, and potentially Culex quinquefasciatus (1). ZIKV was first isolated from sentinel rhesus
monkeys in Ziika forest of Uganda in 1947 (2). By 1966, it reached Asia and remained in quietness
for decades until 2013 when it was found in French Polynesia and shortly after reached Brazil, Latin
America and the US (3-5). ZIKV infection triggers mild symptoms in adults such as fever, headache,
rash, conjunctivitis and arthralgia (6, 7). ZIKV is also associated with neurological complications like
Guillain-Barré syndrome and congenital brain abnormalities like microcephaly in neonates (8-11). To

date, neither a vaccine nor a treatment is available to prevent or treat the infection (12).

ZIKV belongs to the Flaviviridae family with a single monocistronic transcript of 11kb positive RNA,
which is translated into a single polyprotein. The polyprotein contains structural domains (C, prM and
E) and non-structural domains (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) that are cleaved by
the viral NS2B-NS3 protease and cellular peptidases including furin (13-16). ZIKV structural and non-
structural proteins have functions similar to other flavivirus enzymes, including the RNA-dependent
RNA polymerase (RdRp) and protease, but specific characteristics are involved in virus-host
interactions and interfere with cell functions (17-21). The E protein of ZIKV mediates its attachment
to cellular receptors like Ax1, Tim-1, Tyro3 and DC-SIGN present on the surface of various cell types,
including epidermal, immune, retinal cells and neurons (22-33). This binding triggers clathrin-
mediated endocytosis followed by the replication cycle in the endoplasmic reticulum (ER) presumably
similar to other flaviviruses (6, 31, 34-37). To date, the interaction of ZIKV with cellular pathways

like the RNA interference (RNAI) pathway is not completely explored.
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The RNAI pathway is a cellular mechanism that represses messenger RNA (mRNA) expression or
mediates its decay through small RNA transcripts of 22 nucleotides called micro RNA (miRNAS). In
humans, more than 60% of protein-coding genes are regulated through the silencing of mMRNAs by
RNAI (38). MiRNAs modulate mRNAs at all times and regardless of the cell condition, from

development to genetic diseases, cancer or during infections (39-44).

Few studies have explored the mRNA and miRNA expression in ZIKV infected cells (45-47) and the
relationship between cellular RNA pathways and ZIKV has not been explored. Experiments on
infected astrocytes revealed an upregulation of miRNAs with antiviral properties, whereas some other
miRNAs were implicated in the regulation of the unfolded protein response pathway, essential for
protein folding in the ER and critical for flaviviruses (45). MRNA and miRNA screening in primary
murine neurons during ZIKV infection found a significant downregulation of genes involved in
inflammatory responses (46). Recently, Ago2-CLIP sequencing analysis in infected human
neuroprogenitor cells (NPCs) revealed miRNA-mediated repression of genes involved in
neurogenesis, metabolism and stem cell maintenance (47). We and others showed that a Brazilian
ZIKV isolate HS-2015-BA-01 was more cytopathic than an early Asian ZIKV strain (48, 49). Here,
we infected primary murine fetal neurons with the ZIKV Brazilian strain and extracted total RNA from
these neurons to determine the mRNA and miRNA profiles at 6 and 24 h of infection. We identified
that Npas4 and Nr4a3 transcription factors are profoundly modulated upon ZIKV infection with a

concomitant increase of miRNAs that target them.
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4.4 RESULTS

4.4.1 ZIKV HS-2015-BA-01 infection induces cell death of fetal murine neurons at 24 h

We previously showed that ZIKV HS-2015-BA-01 infects around 99 % of fetal mice neurons (50).
Therefore, we cultured fetal mouse neurons from the corticostriatal brain region. We performed
IFs and observed that around 99% of the cultured cells were positive to NeuN, an integral marker
of neurons (50, 51). We then infected or mock-infected neurons with ZIKV Brazilian isolate HS-
2015-BA-01 at MOI of 1 for 6 h or 24 h. After each infection time, we carried out IFs using NeuN
and 4G2 antibody (Ab), which recognizes ZIKV protein E (Fig 4.1). Experiments at 6 hpi showed
a high density of neurons (NeuN, 6 h) where ~16% of cells were expressing ZIKV E protein (Fig
4.1, top panels). At 24 hpi, a considerable number of cells was decreased (> 50%) concomitantly

with a high percentage of infection (~59 % ) in the surviving cells (Fig 4.1, bottom panels).

NeuN ZIKV E protein

6 hpi

24 hpi
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Figure 4. 1 Embryonic neurons death by ZIKV is exacerbated through the time.
Embryonic mice neurons were infected with ZIKV HS-2015-BA-01 at MOI of 1 for 6 and 24 h.

After each infection time, cells were fixed and stained with the neuronal marker NeuN (green) and
ZIKV E protein (red). Top panels show the infection at 6 h (~16% expressed E protein), whereas

the bottom lane shows the results at 24 h (~59% expressed E protein).

4.4.2 ZIKV infection of fetal murine neurons induces downregulation of transcription factors
genes

To further understand the consequences of ZIKV infection, we analyzed the transcriptome of
mock-infected and infected fetal neurons. After 6 and 24 hpi at MOI of 1, we extracted RNA and
performed microarrays using Affymetrix technology. We analyzed a total of 34472 genes using
TAC 3.0 with a + 2 fold cutoff and a p< 0.05 criteria to screen dysregulated genes (Fig 4.2A, B).
At 6 hpi, we found that mitochondrially encoded tRNA glutamine (mt-Tq), an unannotated gene
and small nucleolar RNA, H/ACA box 2B (Snora2b) were upregulated (Fig 4.2A, C, Table 1).
Vomeronasal 1 receptor 14 (Vmn1rl4) was the only downregulated gene at 6 hpi. In contrast, the
proportion of downregulated genes at 24 hpi was higher than the upregulated genes. We observed
21 genes negatively regulated and 13 genes that were overexpressed (Fig 4.2B, C, Table 2). We
noticed that the most downregulated genes were coding for transcription factors such as Npas4
and Nr4a family (Nr4al, Nr4a2, Nr4a3) (52, 53). We also observed that the subtilisin-like protease
Pcskl and the non-coding (nc) RNA 1700016P03Rik were downregulated at 24 hpi. Among the
overexpressed genes at 24 h, we detected cyclin-dependent kinase 6 (Cdk6), heat shock protein
beta-8 (Hspb8), the transcription factor (Hes5) and the Glial fibrillary acidic protein (Gfap) that
were increased up to 2.4 folds in the presence of the virus (Fig 4.2D, Table 2). To determine
whether the abnormal regulation of Npas4 and Nr4a family was strongly decreased at 24 hpi, we

validated these genes through gRT-PCR. Our results confirmed that Npas4, Nr4al, Nr4a2 and
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Nr4a3 transcripts were profoundly affected by ZIKV infection after 24 h (Fig 4.3). Likewise, gRT-

PCR results showed that Npas4 transcripts were the most affected genes after 24 hpi (Fig 4.3).

Overall, our collected data demonstrate that ZIKV modifies cellular factors at 6 hpi and more

substantially at 24 hpi.
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Figure 4. 2 Transcriptome analysis of ZIKV infected neurons.

Total RNA was collected after 6 or 24 h infection, and mRNA variations were analyzed by
microarrays. (A and B) Volcano plot of differentially expressed genes after ZIKV infection at 6 h
(A) and 24 h (B). Green (downregulated) and red (upregulated) dots represent differentially
expressed genes with > 2 fold. (C) The number of dysregulated genes > 2 fold change and p<0.05.
(D) Clustered heat map with the top 10 dysregulated genes at 24 h and its comparison at 6 h. The

scale located next to the heatmap represents the gene signal.

Validation of highly dysregulated
genes by ZIKV

1.59

1.0

0.5+

Normalized mRNA expression

Figure 4. 3 QRT-PCR validation for Npas4 and Nr4a family.

QRT-PCR was compared to microarray readouts for Npas4, Nr4al, Nr4a2 and Nr4a3 at 24 hpi in
fetal murine neurons. Error bars represent the standard deviation of three independent experiments.

Ordinary one-way ANOVA was used to assess significance where * represents a p < 0.05.
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Table 4. 1 Dysregulated host genes (>2 fold change) found in primary neurons infected with

ZIKV 6 hpi.

Gene Symbol Fold Change p-value
Mt-tq 2.3 | 0.017035
(Not annotated gene) 2.21 | 0.012189
Snora2b* 2.02 | 0.029254
Vmnlrl4 -2.06 | 0.001573

* We found miRNAs or other non-coding RNAs in Affymetrix MoGene 2.0 array, however, the

array is not optimized for miRNA and ncRNAs and the results must be taken cautiously.

Table 4. 2 Dysregulated host genes (>2 fold change) found in primary neurons infected with

ZIKV 24 hpi.

Gene Symbol Fold Change p-value

Gm22973 2.65 0.047978
(Not annotated gene) 2.64 0.009879
Gm22149 2.63 0.027418
Gm10115 2.47 0.007535
Cdké 2.42 0.000046
Hspb8 2.28 0.000214
Hes5 2.21 0.047549
Gfap 2.19 0.000211
Mir3962* 2.17 0.01149
Far2 2.11 0.004998
Sphkap 2.03| 0.008542
Rgs6 2.03 0.001037
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Cyp2d40 2.02| 0.037422
Gm5373 -2.03 0.029575
Fosl2 -2.09 0.000727
Prdm10 -2.12 0.000048
Capn6 -2.16 0.001462
Tribl -2.2 0.001976
Vin -2.24 0.002113
Ccdc184 -2.28 0.001893
Rem2 -2.36 0.002004
Perl -2.52 0.00056
Rgs4 -2.57 0.000977
Rel -2.61 0.000268
N-r5s54 -2.63 0.00008
Mirl86* -2.67 0.018179
Rgs2 -2.68 0.001718
(not annotated gene) -2.69 0.008003
Nrda3 -2.9 0.000091
Nrda2 -2.93 0.000525
1700016p03rik* -3.1 0.001467
Pcskl -3.18 0.001203
Nrdal -5.55 0.000054
Npas4 -6.32 0.00014

* We found miRNAs or other ncRNAs in Affymetrix MoGene 2.0 array, however, the array is not

optimized for miRNA and ncRNAs and the results must be taken cautiously.
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4.4.3. The neuronal system pathway and the metabolism-transcription of RNA pathway are
disturbed upon ZIKV infection in murine primary neurons.

To investigate the correlation between the atypical regulated genes by ZIKV with the possible impact
within the infected cell, we performed GSEA from 34472 genes. GSEA uses a set of genes and
correlates those genes with possible cellular pathways. We identified that the ranked genes at 6 hpi
were related to the neuronal system and metabolism of RNA pathways (Fig 4.4). The neuronal system
pathway embraces events of transmission across electrical synapses, transmission across chemical
synapses, potassium channels and protein-protein interactions at synapses that are affected (54).
Metabolism of RNA had the highest ratio of genes; this pathway encompasses the mMRNA processing

and export from the nucleus to the cytoplasm (55).

Furthermore, GSEA at 24 hpi identified that neuronal system and metabolism of RNA were still
affected (Fig 4.5A, B, C, E). Additionally, GSEA correlated a cluster to the gene expression pathway
within transcriptional events (Fig 4.5A, D, E) (56). This pathway displayed 15 new genes that were
not modified at 6 h, especially the NR4A family that was drastically downregulated at 24 h (Fig 4.5E,
Table 2). Therefore, GSEA showed that the neuronal system and metabolism of RNA are perturbed at
early and late phases of infection. The gene transcription pathway is largely affected at 24 hpi and our
data suggest that the downregulation of neuronal transcriptional factors like the Nr4a might play a

significant role in the cytopathic effects of the infection.
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Figure 4. 4 GSEA of putative mRNAs at 6 hpi with ZIKV.

(A) Dotplot of inferred pathways at 6 hpi. The size of the circles represents the number of
dysregulated genes and the color represents the p-value. The y-axis displays the pathways by the
dysregulated gene expression, whereas the x-axis shows the fold enrichment. (B and C) GSEA
plot analysis of ranked genes in the metabolism of RNA and neuronal system. The top graph

represents cluster of genes into the chosen pathway whereas the bottom panel reflects up and
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downregulated genes. (D) Gene-Concept Network depicting the linkages of genes and biological

concepts (metabolism of RNA and neuronal system) as a network. Only core enriched genes are
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Figure 4. 5 GSEA of putative mRNAs at 24 hpi with ZIKV.
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(A) Dotplot of inferred pathways at 24 hpi. The size of the circles represents the number of

dysregulated genes and the color represents the p-value. The y-axis displays the pathways by the

214



dysregulated gene expression, whereas the x-axis shows the fold enrichment. (B, C and D) GSEA
plot analysis of ranked genes in the metabolism of RNA, neuronal system and gene expression.
The top graph represents cluster of genes into the chosen pathway whereas the bottom panel
reflects up and downregulated genes. (E) Gene-Concept Network depicting the linkages of genes
and biological concepts (metabolism of RNA, neuronal system and transcription) as a network.

Only core enriched genes are displayed.

4.4.4. Infected fetal murine neurons with ZIKV show dysregulation of specific miRNAs

We then wanted to determine whether miRNAs could contribute to the disruption of gene
expression in the infected neurons. Using Affymetrix GeneChip miRNA 4.0 and TAC 3.0, we
analyzed a total of 3195 miRNAs and filtered those with more or less than 2 fold change and a p<
0.05. After six hours of infection, we found that three miRNAs were differentially expressed. MiR-
Let-7b-3p was upregulated, whereas miR-670-3p and miR3068-5p had lower expression than

mock (Fig 4.6A, C, D Table 4.3).

Conversely, after 24 h of infection, nine miRNAs were upregulated and seven were downregulated
(Fig 4.6B, C, D, Table 4.4). This information allowed us to explore the correlation between
miRNAs and the changes in the transcriptome at similar times. We first sought to identify the
predicted targets of the dysregulated miRNAs (Supplementary S1) at 6 and 24 hpi using miRDB,
Target Scan and Affymetrix TAC 3.0. MiR-Let-7b-3p at 6h had 1380 predicted targets, whereas
the two downregulated miRNAs could target a total of 1137 genes, but no gene correlation was
found at 6 hpi. We then analyzed the targets of 9 upregulated and 7 downregulated miRNAs at 24
h. From a total 4071 predicted targets from the upregulated miRNAs, we identified a correlation
between Npas4, Nr4a3, Rgs2 and Capn6 with the expression of miR-1945, miR-7116-5p, miR-

7013-5p, miR-Let-7d-3p and miR-493-3p (Table 4.5). Interestingly, we noticed that two different

215



miRNAs, miR-7116-5p, miR-7013-5p target Nr4a3. This result suggests a possible transcriptional
regulation of Nr4a3 by miRNAs. We followed our analysis with the 7 downregulated miRNAs,
which generated a total of 2005 potential targets (Supplementary S1). Among them, Cdké and

Rgs6 (Table 4.2) could be modulated by miR-3084-3p and miR-7111, respectively (Table 4.5).
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Figure 4. 6 miRNA analysis of ZIKV infected neurons.

Total RNA was collected after the infection time points and the miRNA expression was analyzed
by microarrays. (A and B) Volcano plot of differentially expressed miRNAs after ZIKV infection
at 6 h (A) and 24 h (B). Green (downregulated) and red (upregulated) represent differentially
expressed miRNAs with >2 fold change in the expression. (C) Dysregulated genes with >2 fold
change and p<0.05, green represents downregulated miRNAs and red the upregulated miRNAs.
(D) Clustered heat map with the top 10 dysregulated miRNAs at 24 h and its comparison at 6 h.

Table 4. 3 Dysregulated miRNAs (>2 fold change) found in primary neurons infected with
ZIKV 6 hpi.

MiRNA Fold Change | p-value

miR-Let-7b-3p 2.35 0.012478
mR-670-3p -2.31 0.025462
miR-3068-5p -2.78 0.029233

Table 4. 4 Dysregulated miRNAs (>2 fold change) found in primary neurons infected with
ZIKV 24 hpi.

MiRNA Fold Change | p-value

miR-7116-5p 3.32 0.008014
miR-1945 3.31 0.024117
miR-7036b-5p 2.82 0.04231
miR-871-5p 2.77 0.005192
miR-7013-5p 2.54 0.001682
miR-493-3p 2.35 0.046602
miR-465c¢-1 2.32 0.005
miR-465c-2 2.32 0.005
miR-Let-7d-3p 2.09 0.024243
miR-711 -2.02 0.004064
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miR-7083-5p -2.21 0.044813
miR-146a-5p -2.31 0.021464
miR-375-3p -2.42 0.048949
miR-155-5p -2.43 0.037988
miR-378b -2.67 0.002953
miR-3084-3p -2.99 0.007623

Table 4. 5 miRNA predicted dysregulated targets

Upregulated miRNAs at 24h

MiRNA fold change

Downregulated target

Target fold change

miR-1945 3.31 | Npas4 -6.32
miR-7116-5p 3.32 | Nrda3 -2.9
miR-7013-5p 2.54 | Nrda3 -2.9
miR-Let-7d-3p 2.09 | Rgs2 -2.68
miR-493-3p 2.35 | Capn6 -2.16

Downregulated miRNAs at 24h

MiRNA fold change

Upregulated target

Target fold change

miR-3084-3p

-2.99

Cdk6

2.42

miR-711

-2.02

Rgs6

2.03

4.5 DISCUSSION

To investigate the consequences of ZIKV infection with an early Brazilian strain during

neurogenesis, we infected mice embryonic neurons with HS-2015-BA-01 and extracted total RNA

at 6 and 24 h to evaluate the changes in the transcriptome and the miRNA profile (Fig 4.1). Our

first observation in the transcriptome at 6 hpi demonstrated the influence of ZIKV in few genes

(Fig 4.2A, C). In contrast, the number of genes that had a change in their MRNA expression was

considerably heightened at 24 hpi (Fig 4.2B, C). Among these genes, we observed that

218




transcription factors from the Npas and the Nr4a family were strongly downregulated (Fig 4.2D,

Table 4.2).

Npas4 and Nrdas belong to immediate-early genes (IEG), which can be stimulated in different
regions of the brain in response to physiological stimuli (calcium influx, nerve growth factors) or
pathological stimuli (inflammatory agents like TNF-a, or lipopolysaccharide LPS) (52, 53). Npas4
is only transcribed into neurons and it regulates the response of neuronal excitation through the
balance of inhibitory and excitatory synapses (57). The disruption of this balance is related to
neurological disorders like schizophrenia, autism, anxiety and depression (58, 59). Npas4 plays a
key role during neuronal development and differentiation in embryonic and postnatal growth (60-
62). The expression of Npas4 influences around 300 genes, among which more than half are linked
to neurological activity (57). In our studies, the infection of neurons with ZIKV downregulated the
transcription of Npas4 by ~6 fold change, which suggests a profound dysregulation in neuronal

functions (Fig 4.2D, Table 4.2).

The IEGs, Nr4as (Nrdal, Nr4a2 and Nr4a3) like Npas4 play an essential role in the homeostasis
and response due to external stimuli (52, 53). Each member behaves differently in distinct tissues.
For instance, Nrdal or Nur77 induces apoptosis in T-cells and macrophages (53, 63, 64) but also
mediates the neuroprotector CAMP response element-binding protein (CREB) and promotes the
synaptic remodeling in neurons (53, 65-67). Nr4a2 (Nurrl) plays an essential role as
neuroprotector and mutations or absence of the gene are associated with dysfunction in neuronal
development and chronic pathologies like Parkinson's disease (68, 69). Similarly, Nr4a3 (NOR-1)
is abundant, but its reduction significantly affects neuronal survival and axon guidance (70). Thus,
we showed that the infection of ZIKV was pivotal for the decrease of Nr4as transcript levels or

stability (Fig 4.2D, Table 4.2).
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Due to the relevance of these genes in neurons in different contexts, we performed gRT-PCR
assays to validate them (Fig 4.3). QRT-PCR demonstrated similar results than using microarrays,
showing a deep decrease in Npas4 and Nr4as. Notably, Npas4 was the most downregulated gene
in both techniques (Fig 4.2D and 4.3). Overall, using two different approaches we confirmed that

Npas4 and Nr4a genes were profoundly affected at 24 hpi with ZIKV.

To understand the influence of the dysregulated genes by ZIKV, we performed GSEA using the
34472 genes contained in Mouse Gene ST 2.0 array. We consistently observed the neuronal system
and metabolism of RNA pathways being affected at both time points and the transcription pathway
only at 24 hpi (Fig 4.4 and 4.5). The strong downregulation of Nr4as at 24h could influence the
transcription pathway, which likely affects hundreds of genes (Fig 4.4E). Of note, Npas4 was not

present in any of the cellular pathway databases we assessed.

Multiple factors can influence the abnormal regulation of genes after viral infection. MiRNAs are
master regulators of posttranscriptional gene activity and their activity modifies cell development,
disease and survival (71-74). In neurons, miRNA activity is critical by its contribution to the
modulation of different processes like synapse development, axon guidance, neurogenesis and
aging (75-78). We analyzed expression levels of a total of 3195 miRNAs and we identified
significant changes during ZIKV infection. Our analysis at 6 hpi showed an upregulation of miR-
Let-7b-3p (Table 3). Netrin-1 (Ntnl) is an axon guidance factor that governs the neuronal
migration and increased levels of this protein are linked to cell survival and axon regeneration (79,
80). Another report found miR-Let7 negatively regulates Ntnl, causing a decrease in the axon
outgrowth (78). Therefore, the early overexpression of Let-7b and the inhibition of axon spread

might contribute to the ZIKV pathogenesis and cell death.
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Few studies have profiled an integrative analysis of mMRNAs and miRNAs in infected ZIKV
embryonic neurons or human neuronal stem cells (NSC) (46, 47). The integrative study from
previous works demonstrated that the inflammatory, apoptotic, cell cycle, neurogenesis, stem cell
maintenance, and metabolism are potentially affected by miRNAs due to ZIKV infection from 12
h to 3 days post-infection (46, 47). Interestingly, the integrative networks of the ZIKV-modulated
MRNAs by miRNAs had upregulated factors such as TP53 or Cdk6 that can be downregulated by
multiple miRNAs (47). Our miRNA data at 24 h showed a significant number of differences
between control and infected cells (Fig 4.6B, C, D). Among the miRNAs with more than two-fold
change, we came across miR-3084-3p that had a reduced expression (Fig 4.6D, Table 4.4). Our
integrative analysis correlated miR-3084-3p with augmented levels of Cdk6 (Supplementary S1
and Table 4.5). Moreover, our integrative study demonstrated that the 2.9 fold downregulation of
Nr4a3 could be attributed to the increased expression of miR-7116-5p and miR-7013-5p (Fig 4.2D,
4.6D, Table 4.5). On the other hand, the overexpression of miR-1945 might contribute to the 6.3
fold decrease of Npas4, but certainly, additional factors could be involved (Fig 4.2D, 4.6D, Table

4.5).

In conclusion, we discovered novel potential factors that influence the pathogenesis of ZIKV in
murine fetal neurons. Our results indicate that the downregulation of transcriptional factors like
Npas4 and Nrda family could affect the RNA transcriptional pathway where some of its

components may interrelate with miRNAs.
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4.6 MATERIALS AND METHODS

4.6.1.Neuronal cell cultures

C57BL/6 mice (25-30g were housed at 23°C on a 12 hours (h) light/12 h dark cycle following the
recommendations of the Brazilian Government (law 11794/2008a) and approved by the Committee on
Animal Ethics of the UFMG (CEUA/UFMG, permit protocol no. 242/2016). Mice embryos on day 15
were dissected to prepare cerebral cortex and striatal region. After tissue digestion and dissociation,
neurons were plated on previously polyL-ornithine-coated dishes with Neurobasal® medium
supplemented with N2 and B27, 2 mM GlutaMAX, penicillin-streptomycin (50 pg/mL each), for five

days as previously described (50, 81).

4.6.2. ZIKV strain and virus infection

ZIKV strain HS-2015-BA-01 was passaged in Aedes albopictus C6/35 mosquito cell lines and titrated
as described (48, 81, 82). Embryonic mice neurons were infected at MOI of 1 with HS-2015-BA-01
or mock-infected. After 1 h, the infection medium was removed and replaced with fresh supplemented
neurobasal medium (Thermo Fisher Scientific). Mock and infected cells were maintained for 6 h and

24 h (50).

4.6.3. Immunofluorescence (IF) and imaging

IFs and imaging have been described elsewhere (50). Briefly, mock and infected embryonic neurons
at 6 h and 24 h were fixed with 4% formaldehyde for 30 min, washed with PBS and permeabilized
with Triton-X (0.3%). Mouse anti-4G2 (1:300) and mouse anti-NeuN (1:500) were added to coverslips
and incubated overnight at 4°C according to (50). Cells were washed with PBS and incubated with

goat anti-mouse (Alexa 546) for 1h. NucBlue™ was used to label nuclei with DAPI. Zeiss LSM 880
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confocal microscope equipped with a 40x/1.30 oil DIC M27 objective was used for imaging

acquisition.

4.6.4. RNA extraction

RNA was extracted from primary neurons, mock and infected cells with HS-2015-BA-01 at 6 h and
24 h in triplicates. The RNA extraction was performed using TRIzol reagent (Invitrogen) and
precipitated with anhydrous ethanol as described (48). Total RNA was centrifuged and resuspended
in Ultrapure DNase/RNase-free distilled water (Invitrogen) followed by purification through
miRNeasy mini kit columns (QIAGEN). RNase-free DNase set (QIAGEN) was added onto the
columns to eliminate any trace of DNA. Total RNA was collected from the column using 50 ul of
ultrapure distilled water. The collected RNA was precipitated using 50 pl of ammonium acetate, 5 pl
of glycogen molecular grade (Thermo Fisher Scientific) and 700 ul of anhydrous ethanol at -80°C for
one hour followed by 30 min of centrifugation at 13,200 rpm. We washed the pellet once with ice-cold
ethanol 70%, dried and diluted in ultrapure distilled water to reach a 3 pg/25 pl concentration required
by Genome Quebec for microarray analysis. The RNA concentration was measured with a

Spectrophotometer/Fluorometer (DeNovix, DS-11 FX+).

4.6.5. Affymetrix microarray chips, Expression Console (EC) and Transcription Analysis

Console (TAC) analysis

RNA samples at 3 pug/25 ul were analyzed by Genome Quebec, Montreal, Canada. Mouse Gene ST
2.0 arrays from Affymetrix were used for mRNA and GeneChip miRNA 4.0 (Affymetrix) Array
(Mouse) for miRNAs. Our readouts were downloaded from Genome Quebec server and analyzed with
Expression Console (EC) software (Affymetrix) to assess the quality metrics such as absolute

deviation residuals, relative log expression and pos_neg_AUC to estimate the correct positive rate.
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After a quality assessment, samples were analyzed with the Transcriptome Analysis Console (TAC
3.0, Affymetrix). We adjusted a + 2 fold cutoff with a p< 0.05 (ANOVA) to filter all genes and

miRNAS in mock, ZIKV 6 h and 24 h samples.

4.6.6. Quantitative Reverse Transcription Polymerase Chain Reaction (QRT-PCR)

After RNA extraction from fetal murine cells infected or mock-infected with HS-2015-BA-01 at
24 h, a 1000 ng were utilized to synthesize complementary DNA (cDNA) using Superscript |1
(Invitrogen) according to the manufacturer’s protocol. qPCR was carried out by diluting cDNA
from mock or infected cells (1:60) due to the comparison with the quantification cycle (Cq) values
from the standard curve of Npas4 and Nr4as genes. BrightGreen 2X gPCR MasterMix (ABM) and
CFX96 thermocycler (Bio-Rad) were used to perform the gPCR assay. Npas4, Nr4al, Nr4a2 and
Nr4a3  primers  were  designed  for  this  work. Npas4  Forward  (F)
5’ACCTAGCCCTACTGGACGTT 3°, Reverse (R) 5> CGGGGTGTAGCAGTCCATAC3’ (99
bp product length). Nr4al F5’CGGCCCATTAGATGAGACCC3’, R 5
GTTGGGTGTAGATGGCGAGG3’ (85 bp product length). Nr4a2 F
S’TGGTTCGCACGGACAGTTTA3’, R 5’ GGGCACTGATCAGACTCACC3’ (108 bp product
length). Nr4a3 F 5’AGGGCTTCTTCAAGAGAACGG3’, R 5’
TACTGACATCGGTTTCGGCG3’ (100 bp product length). Primers for TATA-box binding
protein (Thp) and eukaryotic translation elongation factor 2 (Eef2) were used as internal controls
as previously described (83, 84). qPCR conditions were as follows: 95 °C for 5 min followed by
49 cycles of 95 °C for 10 s, 60 °C for 15 s, 72 °C for 5 s. Finally, one cycle of 65 °C for 5 s and
one of 95 °C for 50 s. Data analysis was performed using Bio-Rad CFX maestro (Bio-Rad) and

GraphPad Prism 6 (GraphPad Software).
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4.6.7. Gene set enrichment analysis (GSEA)
GSEA was performed using normalized expression files (EC and TAC 3.0) from Affymetrix Mouse

Gene ST 2.0 arrays and R packages ReactomePA (85) and clusterProfiler (86) with default settings.

4.6.8.Targetome analysis

Differentially expressed miRNAs at 6 and 24 h post-infection (pi) were analyzed with three databases
of predicted targets to correlate dysregulated genes of infected ZIKV neurons found in Mouse Gene
ST 2.0. We used miRDB (87), Target scan (38, 88-91) and Affymetrix TAC 3.0 to generate targets at

6 and 24 hpi to identify identical genes present into the gene array files.

225



4.7 REFERENCES

10.

11.

12.
13.

14.

15.

Guedes DR, Paiva MH, Donato MM, Barbosa PP, Krokovsky L, Rocha S, Saraiva K,
Crespo MM, Rezende TM, Wallau GL, Barbosa RM, Oliveira CM, Melo-Santos MA,
Pena L, Cordeiro MT, Franca RFO, Oliveira AL, Peixoto CA, Leal WS, Ayres CF. 2017.
Zika virus replication in the mosquito Culex quinquefasciatus in Brazil. Emerg Microbes
Infect 6:e609.

Dick GW, Kitchen SF, Haddow AJ. 1952. Zika virus. 1. Isolations and serological
specificity. Trans R Soc Trop Med Hyg 46:509-20.

Hancock WT, Marfel M, Bel M. 2014. Zika virus, French Polynesia, South Pacific, 2013.
Emerg Infect Dis 20:1960.

Liu ZY, Shi WF, Qin CF. 2019. The evolution of Zika virus from Asia to the Americas.
Nat Rev Microbiol 17:131-139.

Massad E, Burattini MN, Khan K, Struchiner CJ, Coutinho FAB, Wilder-Smith A. 2017.
On the origin and timing of Zika virus introduction in Brazil. Epidemiol Infect 145:2303-
2312.

Relich RF, Loeffelholz M. 2017. Zika Virus. Clin Lab Med 37:253-267.

Zanluca C, Melo VC, Mosimann AL, Santos GlI, Santos CN, Luz K. 2015. First report of
autochthonous transmission of Zika virus in Brazil. Mem Inst Oswaldo Cruz 110:569-72.
Faizan MI, Abdullah M, Ali S, Naqvi IH, Ahmed A, Parveen S. 2016. Zika Virus-
Induced Microcephaly and Its Possible Molecular Mechanism. Intervirology 59:152-158.
Brasil P, Pereira JP, Jr., Moreira ME, Ribeiro Nogueira RM, Damasceno L, Wakimoto
M, Rabello RS, Valderramos SG, Halai UA, Salles TS, Zin AA, Horovitz D, Daltro P,
Boechat M, Raja Gabaglia C, Carvalho de Sequeira P, Pilotto JH, Medialdea-Carrera R,
Cotrim da Cunha D, Abreu de Carvalho LM, Pone M, Machado Siqueira A, Calvet GA,
Rodrigues Baiao AE, Neves ES, Nassar de Carvalho PR, Hasue RH, Marschik PB,
Einspieler C, Janzen C, et al. 2016. Zika Virus Infection in Pregnant Women in Rio de
Janeiro. N Engl J Med 375:2321-2334.

Adebanjo T, Godfred-Cato S, Viens L, Fischer M, Staples JE, Kuhnert-Tallman W,
Walke H, Oduyebo T, Polen K, Peacock G, Meaney-Delman D, Honein MA, Rasmussen
SA, Moore CA. 2017. Update: Interim Guidance for the Diagnosis, Evaluation, and
Management of Infants with Possible Congenital Zika Virus Infection - United States,
October 2017. MMWR Morb Mortal Wkly Rep 66:1089-1099.

Dos Santos T, Rodriguez A, Almiron M, Sanhueza A, Ramon P, de Oliveira WK, Coelho
GE, Badaro R, Cortez J, Ospina M, Pimentel R, Masis R, Hernandez F, Lara B, Montoya
R, Jubithana B, Melchor A, Alvarez A, Aldighieri S, Dye C, Espinal MA. 2016. Zika
Virus and the Guillain-Barre Syndrome - Case Series from Seven Countries. N Engl J
Med 375:1598-1601.

Zou J, Shi PY. 2019. Strategies for Zika drug discovery. Curr Opin Virol 35:19-26.

Shi Y, Gao GF. 2017. Structural Biology of the Zika Virus. Trends Biochem Sci 42:443-
456.

Ye Q, Liu ZY, Han JF, Jiang T, Li XF, Qin CF. 2016. Genomic characterization and
phylogenetic analysis of Zika virus circulating in the Americas. Infect Genet Evol 43:43-
9.

Pierson TC, Diamond MS. 2012. Degrees of maturity: the complex structure and biology
of flaviviruses. Curr Opin Virol 2:168-75.

226



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Barrows NJ, Campos RK, Liao KC, Prasanth KR, Soto-Acosta R, Yeh SC, Schott-Lerner
G, Pompon J, Sessions OM, Bradrick SS, Garcia-Blanco MA. 2018. Biochemistry and
Molecular Biology of Flaviviruses. Chem Rev 118:4448-4482.

Lee JK, Shin OS. 2019. Advances in Zika Virus(-)Host Cell Interaction: Current
Knowledge and Future Perspectives. Int J Mol Sci 20:E1101.

Chung KM, Liszewski MK, Nybakken G, Davis AE, Townsend RR, Fremont DH,
Atkinson JP, Diamond MS. 2006. West Nile virus nonstructural protein NS1 inhibits
complement activation by binding the regulatory protein factor H. Proc Natl Acad Sci U
S A 103:19111-6.

Amorim JH, Alves RP, Boscardin SB, Ferreira LC. 2014. The dengue virus non-
structural 1 protein: risks and benefits. Virus Res 181:53-60.

Phoo WW, Li Y, Zhang Z, Lee MY, Loh YR, Tan YB, Ng EY, Lescar J, Kang C, Luo D.
2016. Structure of the NS2B-NS3 protease from Zika virus after self-cleavage. Nat
Commun 7:13410.

Heinz FX, Stiasny K. 2017. The Antigenic Structure of Zika Virus and Its Relation to
Other Flaviviruses: Implications for Infection and Immunoprophylaxis. Microbiol Mol
Biol Rev 81:e00055-16.

Hamel R, Dejarnac O, Wichit S, Ekchariyawat P, Neyret A, Luplertlop N, Perera-Lecoin
M, Surasombatpattana P, Talignani L, Thomas F, Cao-Lormeau VM, Choumet V, Briant
L, Despres P, Amara A, Yssel H, Misse D. 2015. Biology of Zika Virus Infection in
Human Skin Cells. J Virol 89:8880-96.

Kim JA, Seong RK, Son SW, Shin OS. 2019. Insights into ZIKV-Mediated Innate
Immune Responses in Human Dermal Fibroblasts and Epidermal Keratinocytes. J Invest
Dermatol 139:391-399.

Sun X, Hua S, Chen HR, Ouyang Z, Einkauf K, Tse S, Ard K, Ciaranello A, Yawetz S,
Sax P, Rosenberg ES, Lichterfeld M, Yu XG. 2017. Transcriptional Changes during
Naturally Acquired Zika Virus Infection Render Dendritic Cells Highly Conducive to
Viral Replication. Cell Rep 21:3471-3482.

Foo SS, Chen W, Chan Y, Bowman JW, Chang LC, Choi Y, Yoo JS, Ge J, Cheng G,
Bonnin A, Nielsen-Saines K, Brasil P, Jung JU. 2017. Asian Zika virus strains target
CD14(+) blood monocytes and induce M2-skewed immunosuppression during
pregnancy. Nat Microbiol 2:1558-1570.

Michlmayr D, Andrade P, Gonzalez K, Balmaseda A, Harris E. 2017. CD14(+)CD16(+)
monocytes are the main target of Zika virus infection in peripheral blood mononuclear
cells in a paediatric study in Nicaragua. Nat Microbiol 2:1462-1470.

Rosenberg AZ, Yu W, Hill DA, Reyes CA, Schwartz DA. 2017. Placental Pathology of
Zika Virus: Viral Infection of the Placenta Induces Villous Stromal Macrophage
(Hofbauer Cell) Proliferation and Hyperplasia. Arch Pathol Lab Med 141:43-48.

Bayer A, Lennemann NJ, Ouyang Y, Bramley JC, Morosky S, Marques ET, Jr., Cherry
S, Sadovsky Y, Coyne CB. 2016. Type Il Interferons Produced by Human Placental
Trophoblasts Confer Protection against Zika Virus Infection. Cell Host Microbe 19:705-
12.

Cheng F, Ramos da Silva S, Huang IC, Jung JU, Gao SJ. 2018. Suppression of Zika
Virus Infection and Replication in Endothelial Cells and Astrocytes by PKA Inhibitor
PKI 14-22. J Virol 92:e02019-17.

227



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44,

45.

46.

471.

Nowakowski TJ, Pollen AA, Di Lullo E, Sandoval-Espinosa C, Bershteyn M, Kriegstein
AR. 2016. Expression Analysis Highlights AXL as a Candidate Zika Virus Entry
Receptor in Neural Stem Cells. Cell Stem Cell 18:591-6.

Meertens L, Labeau A, Dejarnac O, Cipriani S, Sinigaglia L, Bonnet-Madin L, Le
Charpentier T, Hafirassou ML, Zamborlini A, Cao-Lormeau VM, Coulpier M, Misse D,
Jouvenet N, Tabibiazar R, Gressens P, Schwartz O, Amara A. 2017. Axl Mediates ZIKA
Virus Entry in Human Glial Cells and Modulates Innate Immune Responses. Cell Rep
18:324-333.

Roach T, Alcendor DJ. 2017. Zika virus infection of cellular components of the blood-
retinal barriers: implications for viral associated congenital ocular disease. J
Neuroinflammation 14:43.

Bagasra O, Addanki KC, Goodwin GR, Hughes BW, Pandey P, McLean E. 2017.
Cellular Targets and Receptor of Sexual Transmission of Zika Virus. Appl
Immunohistochem Mol Morphol 25:679-686.

Wang A, Thurmond S, Islas L, Hui K, Hai R. 2017. Zika virus genome biology and
molecular pathogenesis. Emerg Microbes Infect 6:e13.

Olagnier D, Muscolini M, Coyne CB, Diamond MS, Hiscott J. 2016. Mechanisms of
Zika Virus Infection and Neuropathogenesis. DNA Cell Biol 35:367-72.

Richard AS, Shim BS, Kwon YC, Zhang R, Otsuka Y, Schmitt K, Berri F, Diamond MS,
Choe H. 2017. AXL-dependent infection of human fetal endothelial cells distinguishes
Zika virus from other pathogenic flaviviruses. Proc Natl Acad Sci U S A 114:2024-2029.
Agrelli A, de Moura RR, Crovella S, Brandao LAC. 2019. ZIKA virus entry mechanisms
in human cells. Infect Genet Evol 69:22-29.

Friedman RC, Farh KK, Burge CB, Bartel DP. 2009. Most mammalian mRNAs are
conserved targets of microRNAs. Genome Res 19:92-105.

Gartel AL, Kandel ES. 2006. RNA interference in cancer. Biomol Eng 23:17-34.
Mansoori B, Sandoghchian Shotorbani S, Baradaran B. 2014. RNA interference and its
role in cancer therapy. Adv Pharm Bull 4:313-21.

Cullen BR. 2014. Viruses and RNA interference: issues and controversies. J Virol
88:12934-6.

Vienberg S, Geiger J, Madsen S, Dalgaard LT. 2017. MicroRNAs in metabolism. Acta
Physiol (Oxf) 219:346-361.

Bruscella P, Bottini S, Baudesson C, Pawlotsky JM, Feray C, Trabucchi M. 2017.
Viruses and miRNAs: More Friends than Foes. Front Microbiol 8:824.

Meola N, Gennarino VA, Banfi S. 2009. microRNAs and genetic diseases. Pathogenetics
2:7.

Kozak RA, Majer A, Biondi MJ, Medina SJ, Goneau LW, Sajesh BV, Slota JA, Zubach
V, Severini A, Safronetz D, Hiebert SL, Beniac DR, Booth TF, Booth SA, Kobinger GP.
2017. MicroRNA and mRNA Dysregulation in Astrocytes Infected with Zika Virus.
Viruses 9:297.

Azouz F, Arora K, Krause K, Nerurkar VR, Kumar M. 2019. Integrated MicroRNA and
MRNA Profiling in Zika Virus-Infected Neurons. Viruses 11:162.

Dang JW, Tiwari SK, Qin Y, Rana TM. 2019. Genome-wide Integrative Analysis of
Zika-Virus-Infected Neuronal Stem Cells Reveals Roles for MicroRNAs in Cell Cycle
and Stemness. Cell Rep 27:3618-3628.€5.

228



48.

49,

50.

51.

52.

53.

54,

55.

56.

S57.

58.

59.

60.

61.

62.

63.

64.

65.

Alpuche-Lazcano SP, McCullogh CR, Del Corpo O, Rance E, Scarborough RJ, Mouland
AJ, Sagan SM, Teixeira MM, Gatignol A. 2018. Higher Cytopathic Effects of a Zika
Virus Brazilian Isolate from Bahia Compared to a Canadian-Imported Thai Strain.
Viruses 10:53.

Barnard TR, Rajah MM, Sagan SM. 2018. Contemporary Zika Virus Isolates Induce
More dsRNA and Produce More Negative-Strand Intermediate in Human Astrocytoma
Cells. Viruses 10:728.

Olmo IG, Carvalho TG, Costa VV, Alves-Silva J, Ferrari CZ, I1zidoro-Toledo TC, da
Silva JF, Teixeira AL, Souza DG, Marques JT, Teixeira MM, Vieira LB, Ribeiro FM.
2017. Zika Virus Promotes Neuronal Cell Death in a Non-Cell Autonomous Manner by
Triggering the Release of Neurotoxic Factors. Front Immunol 8:1016.

Wolf HK, Buslei R, Schmidt-Kastner R, Schmidt-Kastner PK, Pietsch T, Wiestler OD,
Blumcke I. 1996. NeuN: a useful neuronal marker for diagnostic histopathology. J
Histochem Cytochem 44:1167-71.

Sun X, Lin Y. 2016. Npas4: Linking Neuronal Activity to Memory. Trends Neurosci
39:264-275.

Safe S, Jin UH, Morpurgo B, Abudayyeh A, Singh M, Tjalkens RB. 2016. Nuclear
receptor 4A (NR4A) family - orphans no more. J Steroid Biochem Mol Biol 157:48-60.
Reactome. 2003. Neuronal System. http://reactome.org/content/detail/R-HSA-112316.
Accessed

Hocine S, Singer RH, Grunwald D. 2010. RNA processing and export. Cold Spring Harb
Perspect Biol 2:a000752.

Reactome. 2019. Gene expression (Transcription). https://reactome.org/content/detail/R-
HSA-74160. Accessed

Lin Y, Bloodgood BL, Hauser JL, Lapan AD, Koon AC, Kim TK, Hu LS, Malik AN,
Greenberg ME. 2008. Activity-dependent regulation of inhibitory synapse development
by Npas4. Nature 455:1198-204.

Gao R, Penzes P. 2015. Common mechanisms of excitatory and inhibitory imbalance in
schizophrenia and autism spectrum disorders. Curr Mol Med 15:146-67.

Jaehne EJ, Klaric TS, Koblar SA, Baune BT, Lewis MD. 2015. Effects of Npas4
deficiency on anxiety, depression-like, cognition and sociability behaviour. Behav Brain
Res 281:276-82.

Damborsky JC, Slaton GS, Winzer-Serhan UH. 2015. Expression of Npas4 mRNA in
Telencephalic Areas of Adult and Postnatal Mouse Brain. Front Neuroanat 9:145.
Klaric TS, Thomas PQ, Dottori M, Leong WK, Koblar SA, Lewis MD. 2014. A
reduction in Npas4 expression results in delayed neural differentiation of mouse
embryonic stem cells. Stem Cell Res Ther 5:64.

Heslin K, Coutellier L. 2018. Npas4 deficiency and prenatal stress interact to affect social
recognition in mice. Genes Brain Behav 17:€12448.

McMorrow JP, Murphy EP. 2011. Inflammation: a role for NR4A orphan nuclear
receptors? Biochem Soc Trans 39:688-93.

Kim SO, Ono K, Tobias PS, Han J. 2003. Orphan nuclear receptor Nur77 is involved in
caspase-independent macrophage cell death. J Exp Med 197:1441-52.

Volakakis N, Kadkhodaei B, Joodmardi E, Wallis K, Panman L, Silvaggi J, Spiegelman
BM, Perlmann T. 2010. NR4A orphan nuclear receptors as mediators of CREB-
dependent neuroprotection. Proc Natl Acad Sci U S A 107:12317-22.

229


http://reactome.org/content/detail/R-HSA-112316
https://reactome.org/content/detail/R-HSA-74160
https://reactome.org/content/detail/R-HSA-74160

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Mount MP, Zhang Y, Amini M, Callaghan S, Kulczycki J, Mao Z, Slack RS, Anisman H,
Park DS. 2013. Perturbation of transcription factor Nur77 expression mediated by
myocyte enhancer factor 2D (MEF2D) regulates dopaminergic neuron loss in response to
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). J Biol Chem 288:14362-71.
Levesque D, Rouillard C. 2007. Nur77 and retinoid X receptors: crucial factors in
dopamine-related neuroadaptation. Trends Neurosci 30:22-30.

Le WD, Xu P, Jankovic J, Jiang H, Appel SH, Smith RG, Vassilatis DK. 2003. Mutations
in NR4A2 associated with familial Parkinson disease. Nat Genet 33:85-9.

Zetterstrom RH, Solomin L, Jansson L, Hoffer BJ, Olson L, Perlmann T. 1997.
Dopamine neuron agenesis in Nurrl-deficient mice. Science 276:248-50.

Ponnio T, Conneely OM. 2004. nor-1 regulates hippocampal axon guidance, pyramidal
cell survival, and seizure susceptibility. Mol Cell Biol 24:9070-8.

Song L, Tuan RS. 2006. MicroRNAs and cell differentiation in mammalian development.
Birth Defects Res C Embryo Today 78:140-9.

Hwang HW, Mendell JT. 2006. MicroRNAs in cell proliferation, cell death, and
tumorigenesis. Br J Cancer 94:776-80.

Ardekani AM, Naeini MM. 2010. The Role of MicroRNAs in Human Diseases.
Avicenna J Med Biotechnol 2:161-79.

Mattick JS, Makunin IV. 2005. Small regulatory RNAs in mammals. Hum Mol Genet 14
Spec No 1:R121-32.

Hu Z, Li Z. 2017. miRNAs in synapse development and synaptic plasticity. Curr Opin
Neurobiol 45:24-31.

Danka Mohammed CP, Park JS, Nam HG, Kim K. 2017. MicroRNAs in brain aging.
Mech Ageing Dev 168:3-9.

Rajman M, Schratt G. 2017. MicroRNAs in neural development: from master regulators
to fine-tuners. Development 144:2310-2322.

Wang X, Chen Q, Yi S, Liu Q, Zhang R, Wang P, Qian T, Li S. 2019. The microRNAs
let-7 and miR-9 down-regulate the axon-guidance genes Ntnl and Dcc during peripheral
nerve regeneration. J Biol Chem 294:3489-3500.

Wang X, Xu J, Gong J, Shen H, Wang X. 2013. Expression of netrin-1 and its receptors,
deleted in colorectal cancer and uncoordinated locomotion-5 homolog B, in rat brain
following focal cerebral ischemia reperfusion injury. Neural Regen Res 8:64-9.

Moon C, Kim H, Ahn M, Jin JK, Wang H, Matsumoto Y, Shin T. 2006. Enhanced
expression of netrin-1 protein in the sciatic nerves of Lewis rats with experimental
autoimmune neuritis: possible role of the netrin-1/DCC binding pathway in an
autoimmune PNS disorder. J Neuroimmunol 172:66-72.

Costa VV, Del Sarto JL, Rocha RF, Silva FR, Doria JG, Olmo IG, Marques RE, Queiroz-
Junior CM, Foureaux G, Araujo JMS, Cramer A, Real A, Ribeiro LS, Sardi SI, Ferreira
AJ, Machado FS, de Oliveira AC, Teixeira AL, Nakaya HI, Souza DG, Ribeiro FM,
Teixeira MM. 2017. N-Methyl-d-Aspartate (NMDA) Receptor Blockade Prevents
Neuronal Death Induced by Zika Virus Infection. MBio 8:e00350-17.

Costa VV, Fagundes CT, Valadao DF, Avila TV, Cisalpino D, Rocha RF, Ribeiro LS,
Ascencao FR, Kangussu LM, Celso MQ, Jr., Astigarraga RG, Gouveia FL, Silva TA,
Bonaventura D, Sampaio Dde A, Leite AC, Teixeira MM, Souza DG. 2014. Subversion
of early innate antiviral responses during antibody-dependent enhancement of Dengue

230



83.

84.

85.

86.

87.

88.

89.

90.

91.

virus infection induces severe disease in immunocompetent mice. Med Microbiol
Immunol 203:231-50.

Presutti D, Ceccarelli M, Micheli L, Papoff G, Santini S, Samperna S, Lalli C, Zentilin L,
Ruberti G, Tirone F. 2018. Tis21-gene therapy inhibits medulloblastoma growth in a
murine allograft model. PLoS One 13:€0194206.

Eissa N, Hussein H, Wang H, Rabbi MF, Bernstein CN, Ghia JE. 2016. Stability of
Reference Genes for Messenger RNA Quantification by Real-Time PCR in Mouse
Dextran Sodium Sulfate Experimental Colitis. PLoS One 11:e0156289.

Yu G, He QY. 2016. ReactomePA: an R/Bioconductor package for reactome pathway
analysis and visualization. Mol Biosyst 12:477-9.

Yu G, Wang LG, Han Y, He QY. 2012. clusterProfiler: an R package for comparing
biological themes among gene clusters. Omics 16:284-7.

Wong N, Wang X. 2015. miRDB: an online resource for microRNA target prediction and
functional annotations. Nucleic Acids Res 43:D146-52.

Agarwal V, Bell GW, Nam JW, Bartel DP. 2015. Predicting effective microRNA target
sites in mammalian MRNAs. Elife 4:05005.

Garcia DM, Baek D, Shin C, Bell GW, Grimson A, Bartel DP. 2011. Weak seed-pairing
stability and high target-site abundance decrease the proficiency of Isy-6 and other
microRNAs. Nat Struct Mol Biol 18:1139-46.

Grimson A, Farh KK, Johnston WK, Garrett-Engele P, Lim LP, Bartel DP. 2007.
MicroRNA targeting specificity in mammals: determinants beyond seed pairing. Mol
Cell 27:91-105.

Lewis BP, Burge CB, Bartel DP. 2005. Conserved seed pairing, often flanked by
adenosines, indicates that thousands of human genes are microRNA targets. Cell 120:15-
20.

231



CHAPTER V

DISCUSSION

232



5.1 MiRNAs friends or foes? MiRNAs during HIV-1 and ZIKV infection.

To date, the exact role that miRNAs play during viral infections in mammalian cells at multiple
levels is not fully elucidated. Infected cells with HIV-1 can produce miRNAs that can impair or
enhance the virus replication. MiR29a hybridizes with a high affinity to Nef sequence and degrades
HIV-1 transcripts within P-bodies (1-3). Monocytes and resting CD4" T cells express high levels
of miR-198 and miR27b that negatively regulates CycT1, which is part of p-TEFb, an essential
factor for virus transactivation (4, 5). Conversely, miRLet-7c, compensates the negative regulation
over p-TEFb degrading P21, which blocks transcriptional elongation (6). Our research did not
focus on new miRNAs that were down or overproduced in the presence of the HIVV-1 Gag. Instead,
we discovered that Gag binds Dicer and changes the loading concentration of miRNAs that were
already produced. This result raises the question of whether the cell produces miRNAs that can be
functionally influenced by HIV-1 proteins with the consequence of an altered function for these
miRNAs. To discriminate whether miRNAs in Dicer/Gag are sequestered with a decreased activity
or loaded faster for an increased activity, it will be necessary to select a specific miRNA,
overproduce it and observe the silencing on one or two targets. These experiments will be carried
out in the absence and in the presence of Gag. The hypothesis of Dicer/Gag sequestering the
specific miRNA should show more protein expression, whereas more loading and activity would

lead to less protein expression.

Dicer activity and processing are complemented by partner proteins TRBP, PACT and Ago2 (7)
and other proteins can modify Dicer’s activity as shown by several examples (8): 1) viral
suppressors like HCV viral core protein can interact with Dicer and antagonizes the gene silencing

(9); 2) ADAR-1 that transiently interact with Dicer, facilitates the cleavage rate and the miRNA
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loading on Ago2 (10); 3) Some proteins influence Dicer localization and regulation. For instance,
NUP 153 or cytoskeleton-linking endoplasmic reticulum membrane protein of 63 kD (CLIMP-63)
can re-localize and regulate Dicer’s function (11, 12). Therefore, we suggest that Gag might obey

to one of these categories affecting the miRNA functionality.

ZIKV infection also modifies the global landscape of cellular miRNAs. In contrast to HIV-1
infection, many miRNAs that are dysregulated upon ZIKV entry may be linked to the innate
immunity against the virus. The increased production of miRNAs during ZIKV infection, the
augmented titers of the virus in the absence of Dicer or Ago2 and the elimination of ZIKV linked
to a boosted RNAI response, all support the idea that RNAI is disadvantageous for ZIKV
replication (13, 14). MiRNA and mRNA profiles of ZIKV infected neurons showed increased
levels of miR-155, miR-203 and miR-29a, which are known to possess antiviral activity (15). To
control the viral spread, primary neurons infected with ZIKV have shown to increase miR-9, which
downregulates the glial cell-derived neurotrophic factor (GDNF) and consequently triggers
apoptotic processes (16). In Chapter IV, we and others demonstrated that an infected cell with
ZIKV increases the production of Cdk6 and changes the concentration of miRNAs that regulate it,
including miR3084-3p (17). The disruption of RNAI in infected cells has been documented by
different experiments. ZIKV stimulates the production of miR148a in different cell types whose
target is DICER1 gene, which consequently impairs RNAI and the modulation of hundreds of
genes (18, 19). ZIKV also upregulates miR125a 3p and 5p, which probably trigger a reduction of
mitochondrial antiviral-signaling (MAVS) (20). MAVS plays an essential role in the signaling of
the innate immune response over key elements like RIG-I and IFN (17). A significant
physiological consequence triggered by the ZIKV miRNA dysregulation has been observed with

the upregulation of miR124-3p. Augmented levels of miR124-3p downregulate the transferrin
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receptor TFR that mediates iron uptake, cell cycle and metabolism regulation and these changes
contribute to CZVS (17, 21). In chapter IV we also describe a possible interplay between
upregulated miRNAs and downregulated genes, which have essential roles in neurogenesis and
early gene transcription. Among them, the nuclear receptor NR4A3 showed decreased levels upon
ZIKV infection. Interestingly, this gene could be modulated by miR7116-5p and miR7013-5p that

were heightened in our experimental results (Table 4.5).

5.2 Dysregulated miRNAs and effects on their respective target genes.

The outcome of disrupting RNA. is the dysregulation of many genes. Our findings in chapters 11
and 1V allowed us to pinpoint different genes that could change HIV-1 and ZIKV replication and
pathogenesis. Dicer/Gag interaction resulted in higher amounts of specific miRNAs bound to Dicer
compared to Dicer alone. Among those miRNA, miR642a-3p might be implicated in HIV-1
replication because it is predicted to target the mRNA of AFF4, a protein that belongs to the super
elongation complex (SEC) of transcription. Indeed, this complex assists RNA Pol Il processivity
during transcription and elongation. SEC is composed of p-TEFb (Cdk9 and CycT1), the
elongation factor for RNA polymerase Il 2 (ELL2), the transcription factor/coactivator ENL/AF9
and the scaffold proteins AFF1 and AFF4 (22). To transactivate HIV-1 RNA, Tat recruits SEC by
binding directly to CycT1 and to AFF4 indirectly (23, 24). Crystal structures and biophysical data
unveiled that AFF4 stabilizes CycT1 and Tat during their conformational change produced by the
interaction with TAR (23). Therefore, in the presence of AFF4, CycT1 and Tat increase their
affinity to TAR by 50 fold (23). AFF4 can be targeted by miR642a-3p, which was found in our
Dicer/Gag readouts as one of the most bound miRNA into this complex. To confirm the effects of

Dicer/Gag-miR642a-3p, we propose to use miRNA mimics (ThermoFisher) and confirm the
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knockdown of AFF4. After having verified that miR642-3p downregulates the expression of
AFF4, we will co-transfect Gag and miR642-3p mimic to determine if AFF4 concentration is
decreased or increased compared to controls. A decreased AFF4 with Gag would mean that Gag
increases miR642-3p activity by enhancing its accessibility to Dicer. If AFF4 expression is
increased, Gag would sequester miR642-3p in a Dicer/Gag complex to block miRNA action. The
consequences of either a decrease or an increased in AFF4 expression should be reflected

respectively by corresponding changes in HIV-1 transactivation.

Other miRNAs that interacted more with Dicer/Gag complexes than to Dicer alone were miR766-
5p, which had seven predicted targets and miR766-3p with three predicted targets that might be
related to HIV-1 infection (Chapter Il). However, these targets have not been explored and we
have little data about their relationships with HIV-1. It would be interesting to overexpressed

miR766-5p and 3p separately and observe if there are changes in the virus replication rate.

Different teams have documented dysregulated miRNAs and the effects on some targets during
ZIKV infection (15, 17, 25). The miRNA profile upon ZIKV entry has been linked to the
dysregulation of different MRNASs and pathways such as inflammation, neurogenesis, metabolism,
stem cell maintenance, protein folding in the ER and apoptosis (15-17, 25). In Chapter IV, we
describe that the NR4A family and NPAS4 were highly downregulated. Our integrative analysis
with mRNAs also demonstrated a possible association with dysregulated miRNAs. Interestingly,
one member of the NR4A family was downregulated, whereas two miRNAs that target it were
increased in infected neurons. NR4A3 is a nuclear receptor transcription factor that is
constitutively active and does not need ligand modulation. Furthermore, NR4A3 and its receptor

family are immediate-early genes that can be triggered by external agents (26). The lack of NR4A3
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in neurons can lead to defective axonal growth and cell death (26). In other cell types like
monocytes and macrophages, NR4A3 has anti-inflammatory properties (27). Distinct experiments
demonstrated that the overexpression of NR4A3 in monocytes shuts off the inflammation process,
whereas downregulation of this molecule in macrophages augments proinflammatory cytokines
and chemokines (28). Our short-term goal will be to investigate whether overexpressed levels of
NR4A3 could impair ZIKV replication, reduce neuronal death and restore normal neuron function.
We next like to corroborate the downregulation of NR4A3 by miR7116-5p and miR7013-5p and
show that they can target NR4AS3 transcripts in infected neurons. Inhibiting miR7116-5p and

miR7013-5p would be a mean to increase NR4A3 protein levels.

5.3. HIV-1 and ZIKV modulate other ncRNAs

Dicer is an endonuclease that participates in the regulation of miRNAs but also binds different
ncRNA like snoRNAs, sdRNAsS, psnoRNAs, LINE-1 and even viral components like HIV-1 TAR
and flaviviral SfRNAs (29-39). Our results show that it is also the case in the context of HIV-1 and
ZIKV infection. RIP-seq results of Dicer/Gag interaction (Chapter 1) demonstrated that for some
miRNAs, the loading or retention on Dicer changes in the presence of Gag (40). During this
process, we identified other RNAs that are also affected by this interaction (Appendix I). Among
them, small nucleolar RNA, C/D box (SNORD) 104 was less concentrated in Dicer/Gag IPs while
SNORD6, SNORD101, SNORD5, SNORD12C, SNORD13 and SNORD118 were more
concentrated (Table 6.1). Box C/D snoRNAs are conserved RNA sequences in the nucleolus of
70-90 nt length generated by Pol Il or derived from intronic sequences (41). Commonly, they
participate in the generation of ribosomal RNA (rRNA) (42). Nonetheless, almost half of the

SNORDs are considered “orphan” because they do not participate in methylation or recruitment
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of enzymes involved in the maturation of rRNA (43, 44). Among non-canonical functions,
SNORDs are functional in alternative splicing (45, 46), mRNA polyadenylation (47), PKR
activation (48) and Dicer substrates for miRNA’s generation (29-31). Some studies have explored
how viruses co-opt SNORDs and what could be their function. Screening experiments in twelve
different viruses showed that 83 SNORDs are necessary for a succesful infection (49). HIV-1 Rev
protein can bind nucleophosmin 1 (NPM1) which allows Rev to relocalize to the nucleolus (50).
Surprisingly, under certain conditions, Gag is imported to the nucleus and accumulates into the
nucleolus (51). Our PLA experiments showed partial re-localization of Dicer/Gag to the nucleus.
A correlation with our RIP-seq results anticipates that it could be possibly relocated to the
nucleolus because of the interaction with SNORDs (Fig 2.5, Table 6.1). Two options fit with these
results. In certain conditions, the RBD domain in Dicer behaves as an NLS interacting with
importins B3, 7, 8 and allowing its access to the nucleus (52). Alternatively Gag through NC domain
could help Dicer be imported to the nucleus and nucleolus (51). Currently, we do not know why
SNORDs are more concentrated in Dicer/Gag IP than in Dicer IP and what possible roles it could
play during the infection. Our short term goal is to validate a few SNORDs in Dicer and Dicer/Gag
complexes as well as to know whether these SNORDs are subjected to Dicer catalytic activity. An
overexpression of SNORDs during HIV-1 replication could also indicate if it helps or inhibit viral

replication.

RIP-seq analysis also demonstrated that other ncRNAs besides SNORDs interact more with
Dicer/Gag than Dicer alone. Our interest was sparked by the observation of 7SK RNA in our list
(Table 6.1). 7SK is a highly abundant 331 nt ncRNA that negatively regulates p-TEFb through the
interaction with HEXamethylene-bis-acetamide-Inducible protein in vascular smooth muscle cells

(HEXIML) (53, 54). After Tat translation and import to the cell nucleus, it competes with HEXIM1
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and removes p-TEFb away from 7SK structure to recruit it to the nascent TAR element where
transactivation events take place enhancing viral production by several hundred-fold (55). A
follow-up experiment from our results on 7SK corroborated the higher abundance of 7SK,
specifically on Dicer/Gag complexes and not in total RNA levels (Fig 6.1). We confirmed that
7SK binds to Dicer and Gag individually which probably could explain the higher abundance. Our
preliminary results suggest that Dicer influences the transactivation process. It remains to be
determined if this is due to either TAR RNA cleavage shown by others (36, 38), or to increased
binding to the Dicer/Gag complex. Further research should test any catalytic activity on 7SK by

Dicer and if HIV-1 Gag influences it.

ZIKV also influences the expression or function of different ncRNAs. LncRNAs are usually
generated from intronic or intergenic regions (56). LncRNAs are more than 200 nt that can be
capped and polyadenylated; they play regulatory functions in proliferation, differentiation,
development and are localized in the nucleus or cytoplasm (57-59). Recent ncRNA screening
found 149 differentially expressed INcCRNAs upon ZIKV infection in NPC linked to the modulation
of different cell processes like cell cycle, apoptosis and immune response (60). A novel
characterized cytoplasmic INcRNA called IncATV inhibits the activity of retinoic acid-inducible
gene | (RIG-I). Upon ZIKV infection, basal levels of InCATV are increased and impair RIG-I
function, thus allowing virus production (61). Our readouts in Chapter IV demonstrated a 3.1 fold
decrease of the uncharacterized INcRNA 1700016P03Rik (Table 4.2). Future experiments must be
carried out to elucidate the role of 1700016P03Rik and the next step is to study how ZIKV

replication might be affected through the rescue of 1700016P0O3Rik.
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5.4 Perspectives on dysregulated miRNAs during HIV-1 and ZIKV infections.

The results described in Chapters Il and 1V could be used for future strategies to cure HIV-1 and
ZIKV infections. In Chapter Il, we observed that the interaction between Dicer and Gag recruits
more miR642a-3p, which is predicted to target AFF4, an essential factor for HIV-1 replication (62,
63). After the target confirmation, we could investigate miR642a-3p with different strategies
toward a model to cure HIV-1. The knowledge obtained from other miRNAs could help us to
elaborate on such strategies. MiR29a targets HIV-1 Nef sequence (2, 64) which is next to the
3’LTR. MiR29a can bind long viral transcripts and take them to P-bodies where they are degraded
(2). Basal levels of miR29a are insufficient to control the virus, thereby transfection and
overexpression or endogenous stimulation of this miRNA reduce HIV-1 replication (3, 65, 66).
These characteristics of miR29a can be further explored in potential clinical applications. The
“shock and kill” strategy seeks the reactivation of HIV-1 within viral reservoirs in patients under
ART. The complete inhibition of miR29a alone or combined with LRAs could be used to stimulate
a more significant viral reactivation, which activates the immune system that destroys the infected
cell (). Alternatively, deep latency using the “block and lock” strategy might be used. A constant
overexpression of miR29a using a lentiviral vector might control the HIV-1 replication.
Nonetheless, because of the nature of miR29a and the close relationship in its dysregulation with
cancer, it is necessary to investigate agonists that can modulate miR29a before incorporating this

strategy into patients (1, 67).

Other miRNAs involved in the regulation of viral replication or latency could also be used in
similar strategies. For example, miR-125b-5p, miR-150-5p, miR133b, miR-138-5p, miR-28 and

miR382 can promote latency whereas miR-155-5p, miR-92a-3p, miR-149-5p and miR-423-3p
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impair HIV-1 replication (62). Targeting HIV-1 HDF is feasible, miR29b, miR150, miR223 and
miR27b are negative regulators of CycT1 expression and miRNA mimics could be used to
maintain the virus in a latent stage, whereas anti-miRNAs could reactivate it. The understanding
of dysregulated miRNA and potential cure strategies using RNAI are not limited to HIV-1.
Computational approaches have unveiled different cellular miRNAs with complementary
sequences to ZIKV transcripts, which might affect its replication (68). In addition, a
comprehensive bioinformatic analysis has determined siRNAs that have a high potential to target
most of ZIKV strains and other flaviviruses (69). Future strategies to cure ZIKV infection using
RNAI not only embraces direct control over viral transcripts but also indirect mechanisms. For
example, an integrative analysis performed in Ago2-CLIP-seq of miRNA-mRNA during ZIKV
infection showed that miR124-3p is upregulated (17). MiR124-3p regulates transferrin receptors
(TFRC), which modulate iron uptake, metabolism and stem cell renewal (21, 70, 71). Iron
regulation is involved in cell cycle and neuronal development. Its deregulation likely contributes

to neuronal damage by the recent ZIKV strains.

Our integrative analysis of miRNA-mRNA during ZIKV infection showed an upregulation in
Cdk6 and a downregulation of a possible miRNA regulator, miR3084-3p. Cdk6 function is part of
the cell cycle regulation, allowing the cell to enter into the S-phase. Mutations in Cdk6 result in
longer S-phase, shorter G1 intervals and abnormalities in centrosomes that provoke an improper
organization of the nucleus and microtubules (72). Therefore, disturbances in Cdké are linked to
a failure in neurogenesis (72). The upregulation of Cdk6, alongside the downregulation of NR4A3
and NPAS4 also involved in neurogenesis, could be part of an approach to restore normal neuronal
functions. The first step will be to determine whether the miRNAs found during our analysis indeed

participate to the regulation of Cdk6, NR4A3 and NPAS4. Second, we need to study if any of
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those cellular factors play an essential role during ZIKV infection. Finally, we could regulate these
factors through the use of miRNA mimics to decrease Cdk6 expression or antagomirs that

sequester miRNAs to increase the levels of NPAS4 or NR4A3.

5.5 Conclusions

The infection by viruses triggers different mechanisms that result in RNAI disturbances. We
explored how two different viruses induce modifications of RNAI in different ways. Extensive
research on RNAI and HIV-1 has been carried out for years and still, definite conclusions have not
been drawn. Many authors have explored different miRNAs produced by the cell upon HIV-1
infection. However, all of these changes do not seem to be final for HIV-1 replication and only the
overexpression or the lack of specific RNAI elements could influence the infection. Our research
brought another perspective, based on our initial evidence, also corroborated by other
investigators, that RNAI is still functional in HIV-1 replicating cells. In addition, we demonstrated
that an interaction between Dicer and HIV-1 Gag could influence the direction of the infection
without altering the miRNA production but affecting the miRNA functionality. We identified for
the first time that miR642a 3p, miR755 5p and 3p are recruited more to Dicer/Gag than to Dicer
in the absence of Gag. Specifically, miR642a 3p is predicted to target AFF4 a crucial factor in the
transcriptional elongation complex essential for the virus transcription. The characterization of
miR642a 3p and AFF4 might lead to significant developments in HIV-1 functional cures,

specifically in approaches of “block and lock™ or “shock and kill”.

Dicer interaction is not limited to pre-miRNAs. We found that Dicer interacts with substrates
different than miRNAs whose binding was changed in the presence of HIV-1 Gag. During RIP-

seq analysis described in chapter Il, we discovered that snoRNAs and IncRNA could bind Dicer,
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but more interestingly, we found that the presence of Gag increases and in some cases, decreases
such interaction. Particularly 7SK, an RNA involved in the transactivation of HIV-1, was more
bound to Dicer/Gag than to Dicer alone. Further investigation is needed to elucidate what is the

outcome of the cell and the infection.

Regarding ZIKV, we first demonstrated how distinct strains impair the cell differently. In this
research, we found that a Brazilian strain causes more cell death than an early Asian one. Further
analysis of the Brazilian strain allowed us to describe the disturbances within neurons by analyzing
their transcriptome. We then integrated the transcriptomics with miRNA screening results and
showed that dysregulated miRNAs might affect their targets found in the transcriptome. Among
the genes, we found that the most affected genes are involved in neurogenesis, like NPAS4,
NR4A3 and Cdk6, and we also identified miRNAs that could regulate them. This information will
be useful to researchers who pursue the understanding of the virus behavior during neuronal

development and its implications on CZVS cases.

The final comment of this thesis is that the relationship between RNAI and viruses are different
depending on the virus. For ZIKV, it is likely that RNAi might help to clear out the infection. Our
results show a profound modification of the transcriptome and the ncRNA profile upon ZIKV
infection, which likely participates in the pathogenesis. For HIV-1, whereas other studies have
shown many alterations of miRNA expression during the virus replication or latency, we have
shown that the function of specific miRNAs could change due to their increased availability or
sequestration by Dicer/Gag complex. Overall, our results have contributed to a better

understanding of the relationship between viruses and the RNAI pathway.
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6.1 INTRODUCTION

HIV-1 replication cycle is a highly regulated process that requires different viral and cellular
proteins. After the provirus integration to the host genome, a small amount of viral RNA is
produced, doubly spliced and exported to the cytoplasm to produce viral proteins Tat, Rev and
Nef. Tat goes to the nucleus and generates significant concentrations of viral RNA by a mechanism
named transactivation. During this process, Tat binds to p-TEFb and brings it to the TAR RNA.
P-TEFb hyperphosphorylates RNA Pol Il at the HIV-1 promoter, augmenting the number of
transcripts several times (1-4). In the absence of Tat, p-TEFb is sequestered by the 7SK RNA
complex (5-7). 7SK is a conserved and abundant ncRNA of 332 nt that mainly remains within the
cell nucleus with some pools throughout the cytoplasm (8). Cellular proteins associated with 7SK,
such as La-related protein 7 (LaRP7) and methylphosphate capping enzyme (MePCE) stabilizes
the RNA whereas HEXM1/2, control p-TEFb through the inhibition of the ATP pocket in Cdk9

(9-11).

Once a large number of viral transcripts are produced, the unspliced and singly spliced products
are exported from the nucleus to the cytoplasm in an assisted process by Rev and the viral sequence
RRE along with the host factors CRM1 and RanGTP (12-14). During the late phase of the
replication cycle, unspliced RNAs will code for Gag and Gag-Pol. Gag contains different domains:
MA, CA, NC, P6 and two spacer peptides flanking NC, SP1 and SP2 (15). Gag is the major

structural protein in HIV-1 and Gag alone is sufficient to assemble virus-like particles (VLP) (16).

Currently, ncRNAs like 7SK are further explored to determine their functions. Proteins of the
RNAI pathway can interact with these ncRNAs types (17, 18). Usually, Dicer recognizes dsRNA
and generates products of ~22nt. Dicer L shape facilitates the dSRNA recognition through the PAZ

domain (19, 20). The RNase, the platform and the PAZ domain are rigid structures but behave like
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hinges that make Dicer bind and bend virtually any dsRNA (21, 22). Indeed, Dicer interacts with
tRNA, snoRNA and IncRNAs (23-26). We previously showed that Dicer interacts with Gag, which
makes specific miRNAs interact better with this complex rather than to Dicer alone (27). In the
present study, we observed that Dicer interacts with ncRNAs like snoRNAs and IncRNAs. We

specifically confirm a higher concentration of 7SK bound to Dicer/Gag rather than Dicer alone.

6.2 RESULTS

6.2.1 Dicer and Dicer/Gag bind snoRNAs and IncRNAs.

Our previous work described that Dicer/Gag complexes recruit a higher concentration of specific
miRNAs compared to Dicer alone and that these complexes can be localized within the cell nucleus
and cytoplasm (27). To further analyze our RIP-seq results of Dicer and Dicer/Gag (Chapter I,
section 2.4.7), we used a different bioinformatic approach after the peak calling using DiffBind
and edgeR software. This approach can reveal Dicer interaction with double-stranded ncRNAs,
and not limited to miRNAs. We found that Dicer binds snoRNAs and other ncRNAs. More
interestingly, we found that Dicer had more or less concentration of ncRNAs in the presence of
Gag as it does with miRNAs. The majority of RNAs in our list do not have an annotation, but few
of them were annotated as SnoRNAs and IncRNAs (Table 6.1).

Among the ncRNAs, our interest was sparked by the increased presence of 7SK RNA, an essential
regulator of HIV-1 transactivation, which sequesters p-TEFb complex and prevents its activity on
transcriptional elongation (5). The 7SK RNA bound to Dicer in the presence of Gag reached an
8.94 fold increase compared to Dicer with a false discovery rate (FDR) of 0.0004. We also noticed
that the transcript length into Dicer or Dicer/Gag is 102 nt instead of 332 nt, the expected length

of 7SK. We looked at this particular result in IGV using the BAM files and found that the entire
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transcript is there. However, most of the reads during the sequencing were aligned to the M7 region

on 7SK (Fig 6.1A).

Table 6. 1 Fold change table of ncRNAs detected on RIP-seq of Dicer and Dicer/Gag.

Transcript length Dicer (fold change) |Dicer/Gag (fold change) |p.value FDR Gene
21 12.69 0 9.56E-06 0.0039
115 10.8 0 1.18E-07 0.000128
389 9.99 0 2.58E-07 0.000187
19 9.87 0 3.65E-05 0.0112
44 9.43 0 4.67E-05 0.0121
83 9.38 0 4.81E-05 0.0121
21 9.07 0 2.45E-06 0.0013
57 9.06 0 5.82E-05 0.0131|SNORD104
89 9.01 0 2.27E-17 1.48E-13
23 8.15 0 0.000105 0.0214
108 7.36 0 0.000185 0.0326
141 7.13 0 0.00022 0.0378
69 7 0 7.13E-06 0.00311
35 6.88 0 0.000269 0.0437
69 6.83 0 0.00028 0.0437
52 5.84 0 0.000281 0.0437
49 0 13.85 1.25E-08 2.72E-05
64 0 11.8 6.57E-08 8.58E-05
63 0 11.57 1.55E-05 0.00596
40 0 10.43 1.54E-07 0.000144|SNORD6
49 0 10.43 2.69E-05 0.0088
51 0 9.8 3.78E-05 0.0112|SNORD101
56 0 9.54 4.39E-05 0.012
261 0 9.25 5.20E-05 0.0122
53 0 9.25 5.21E-05 0.0122|LINC01962
42 0 9.18 1.91E-06 0.00114|SNORD5
102 0 8.94 6.13E-07 4.00E-04|RN7SK
52 0 8.81 6.80E-05 0.0148
31 0 8.7 1.57E-13 5.12E-10
179 0 8.34 9.18E-05 0.0193
44 0 8.15 4.01E-06 0.00187
30 0 7.82 0.000131 0.026
22 0 7.7 0.000144 0.0276
60 0 7.59 2.59E-06 0.0013|SNORD12C
53 0 7.53 0.000163 0.0303|NUFIP1
91 0 7.47 0.00017 0.0309|SNORD13
342 0 7.29 2.11E-07 0.000172
96 0 7.08 1.89E-05 0.00685|SNORD118
151 0 6.97 0.000249 0.0417
238 0 6.06 4.25E-05 0.012
61 0 6.03 2.15E-05 0.00738
508 0 5.72 2.34E-08 3.82E-05

FDR=False discovery rate
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6.2.2 RIP-gRT-PCR and reverse RIP-qRT-PCR of Dicer/Gag complexes concentrate 7SK

To confirm RIP-seq results of 7SK RNA into Dicer and Dicer/Gag complexes, we transfected
HEK 293T cells with HA-Dicer/Flag or HA-Dicer/Flag-Gag. 48h after transfection, we
immunoprecipitated HA or Flag (Reverse IP), followed by qRT-PCR (Material and Methods). We
then compared the collected RNA from the IPs to the input. Because we found an increased amount
of 7SK-M7 regions in the RIP-seq readouts, we used two different primers to analyze 7SK in the
IPs (Fig 6.1). The first set of primers was designed to amplify from the 106 bp (from 7-112 nt)
bars, which is not located in M7 (aqua-green bars). The second set of primers encompasses a small
section of 207-306 nt (100 bp) in the M7 (red bars) found in the RIP-seq results.

Our analysis shows that the basal levels of 7SK (input) do not change in the presence of Gag (Fig
6.1B). In contrast, IP-Dicer readouts validated the RIP-seq results where Dicer/Gag complexes
had more 7SK bound than Dicer regardless of the 7SK region (Fig 6.1C). We followed our analysis
and investigated if we might observe similar changes by reverse IP (IP-Flag). The IP of Gag or
Dicer/Gag showed that Gag could bind 7SK transcripts too, albeit Dicer/Gag complexes had higher
amounts of 7SK regardless of the region (Fig 6.1D). However, the smaller amount of bound 7SK
to Gag and the large variations renders these results less significant, suggesting that Gag binds

7SK with less affinity than Dicer.
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Figure 6. 1 RIP-gRT-PCR of 7SK in Dicer/Gag.

A) Representation of 7SK complex. 7SK M1 region harbors MePCE, M3 shows a dimer of
HEXIM1 along with a dimer of p-TEFb, Dicer or Dicer/Gag was found to interact mainly with
M7 and M8 with LaRP7. On the right side, the 7SK sequence highlighting the primers for
validation, from 7-112 nt in aqua-green and from 207-306 nt in red. B) 7SK AACq of HEK 293T
cells co-transfected with Dicer or Dicer/Gag (inputs). C) Dicer immunoprecipitation and qRT-
PCR of 7SK. The x-axis shows the IP-HA conditions plus isotype control. Aqua-green bars display
an amplicon of 106 bp (from 7-112 nt), p<0.0001. Red bars represent the amplification of 100 bp
(207-306 nt) in the M7 region (red), p<0.0001. D) Gag IP and qRT-PCR of 7SK. The x-axis shows
the IP-Flag conditions plus isotype control. Aqua-green bars display an amplicon of 106 bp ,
p<0.0001. Red bars represent the amplification of 100 bp in red, p<0.0001.
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6.2.3 HIV-1 infected Sup-T1 cells do not display differences in 7SK basal levels.

To further determine if 7SK increase in Dicer binding could be attributed to a difference in its
production by viral products proteins, we infected T-cell lines Sup-T1 with HIV-1 and tracked the
infection up to 9 to 12 days (Fig 6.2A) in three independent experiments. We chose two different
time points during the infection to verify the amount of 7SK. Day five represents HIV-1 passing
the threshold of small quantification of RT activity and day 9 or 12 when the virus has a high
replication rate. We then performed gRT-PCR for 7SK using 7SK1 primers. Our results indicate
that 7SK levels are similar in infected and mock-infected cells (Fig 6.2B). Therefore, the increased
amount of 7SK observed in Dicer and Dicer/Gag complexes cannot be attributed to an increased

production by Gag expression or HIV-1 infection.
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Figure 6. 2 7SK expression on infected Sup-T1 with HIV-1.

A) HIV-1 RT activity tracked and detected with o®?P CTP at days 5, 6, 8, 9 or 12 of infection. Y-
axis displays the counts per minute (CPM) and X-axis the days of infection. B) Relative normalized
expression of 7SK in infected and mock-infected SupT1 with HIV-1 at day 5 and 9 or 12 (as shown
in A).
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6.3 DISCUSSION

Our previous work demonstrated how Dicer/Gag interaction can influence the loading of different
miRNAs. In this preliminary work, we modified specific bioinformatic parameters and discovered
that not only miRNAs could bind to Dicer and Dicer/Gag but also IncRNAs, snoRNAs and other
ncRNAs where no annotation exists. Using a differential binding (Diffbind) analysis and a
statistical approach with edgeR, we identified that Dicer bound 16 sequences at a higher
concentration than Dicer/Gag with a significant FDR value. Among those, SNORD104 was the
only annotated gene for Dicer. The analysis of samples from Dicer/Gag IPs showed 26 more
concentrated RNA sequences than with Dicer alone. Among them, 9 sequences are known. The
majority of these sequences belong to Box C/D snoRNAs that do not participate to the generation
of rRNA. Instead, these snoRNAs might participate in splicing, polyadenylation, or being Dicer
substrates to form miRNAs (24, 25, 28-31). Our readouts also detected the long intergenic non-
protein coding RNA 1962 (LINC01962) an 863 nt RNA, which was found more frequently bound

to Dicer/Gag complexes than to Dicer alone.

The negative p-TEFb regulator 7SK is another IncRNA that binds preferentially to Dicer/Gag
(Table 6.1). 7SK has high relevance to HIV-1 replication because 7SK sequesters p-TEFb, which
can be recruited by Tat for viral transactivation. Our bioinformatic analysis using DiffBind and
statistical analysis with edgeR only recognized a fragment of 102 nt from 332 nt in 7SK. To
elucidate this information, we looked at the BAM files that contain the reads aligned to the human
genome and found that the entire 7SK sequence was bound to Dicer in the presence or absence of
Gag. Interestingly, a 7SK fragment of 102 nt corresponding to the M7 stem loop in 7SK was more
concentrated. Previous work with another member of the 7S family (7SL) (32), identified that

Dicer binds and cleaves 7SL into fragments of different lengths (33). We designed two different
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sets of primers and we confirmed our RIP-seq results by IP-HA-Dicer-qRT-PCR. The first set of
primers (7SK1) was designed to amplify the first nucleotides of 7SK but not M7 and the second
set (7SK2) to detect M7. We corroborated that Dicer/Gag contains more 7SK (p<0.0001) with no
changes in the input (Fig 6.1A, B). Surprisingly, we did not notice any difference of 7SK using

the two different primers.

We then carried out reverse IPs and precipitated Gag in the presence or absence of Dicer. We
noticed that Gag could bind 7SK without Dicer, although the concentration of 7SK was increased
in its presence (Fig 6.1C). Gag is the primary structural protein of HIV-1 that interacts with the
genomic RNA and packages it into the nascent viral particles. But its binding is not limited to viral
RNA (34). NC domain interacts and unwinds tRNAM3 followed by annealing an 18 nt sequence
to the viral RNA that is used as a primer for cDNA synthesis (35). Another example is 7SL, a
cytoplasmic IncRNA that is part of the signal recognition particle complex that mediates the
translocation of proteins into the ER lumen (36). 7SL interacts with Gag and is incorporated into
viral particles (37, 38). Recent data suggest that one virion possesses 14 copies of 7SL but its

function in the context of HIV-1 is unknown (39).

To confirm that 7SK expression is not affected by Gag or any other HIV-1 component, we infected
Sup-T1 cells with HIVV-1 up to 9 to 12 days. After confirming the peaks of infection at day 9 or 12
by RT activity assay, we measure the 7SK expression of mock and infected cells at day 5 and day
9 or 12. Our readouts on 7SK verified that its transcription is not affected by HIV-1 (Fig 6.2).
Therefore, our results suggest that the differences in 7SK concentration between Dicer and
Dicer/Gag observed after IPs are governed only by the binding. In summary, HIV-1 Gag changes

the concentration of ncRNASs bound to Dicer.
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We confirmed that 7SK binds to Dicer and Gag together and individually but the affinity with Gag
seems to be lower as indicated by the normalized percent of input (Fig 6.1C compared to D). A
follow-up investigation should address whether Dicer can cleave 7SK and the consequences in the

viral transactivation.

6.4 MATERIALS AND METHODS

6.4.1. RNA immunoprecipitation sequencing (RIP-seq) and analysis for ncRNAs

We previously described the RIP-sec protocol in chapter II. Briefly, HEK 293T cells were
transfected with HA-Dicer/pFlag (Dicer), HA-Dicer/Flag-Gag (Dicer/Gag), HA/Flag-Gag
(negative control). 48 h after transfection we lysed the cells with the RNA extraction buffer [150
mM NaCl, 50 mM Tris, pH 7.5, 5 mM EDTA, 0.5% Nonidet P-40, 0.5% of RNaseOUT
(Invitrogen), 0.2% of Vanadyl (NEB), 100 mM of DTT (Invitrogen) protease and phosphatase
inhibitor cocktail (Roche)]. The supernatant was preserved and incubated with 50 pl of 1% BSA
blocked Pierce anti-HA magnetic beads (Thermo Fisher) or 1% BSA blocked Pierce NHS-
activated magnetic beads (Thermo Fisher) with mouse monoclonal IgGl isotype antibody
overnight at 4°C with agitation. After this time, the supernatant was discarded and the beads were
washed with RNA extraction buffer three times. 30 pl of Laemmli sample buffer was added to the
beads and heated 5 min at 95°C for protein analysis. RNA extraction was performed by using
Trizol reagent and purified with miRNeasy mini kit (QIAGEN) and DNase set (QIAGEN). Library
preparation was performed with 300 ng of total RNA using New England BioLabs NEBNext®
Small RNA Library Prep Set for Illumina® and run in lllumina HiSeq2500, SR50 at Genome

Quebec, Canada.

Sequencing analysis was performed at Genome Quebec with the following setting: trimming and

clipping were performed using Trimmomatic (40). The filtered reads were aligned to GRCh37 of

258


http://www.usadellab.org/cms/index.php?page=trimmomatic

Homo_Sapiens using STAR (41). The generated BAM files were merged using Picard (42).
Control samples (HA/Flag-Gag and the isotype antibody sample) were merged into a single file as
well to use with the peak-calling software. We use MACSv2 for the peak calling, adjusting the
nmodel and extsize parameters to reflect a better condition for the experiment (43). All called

peaksets were annotated using annotatePeaks.pl from Homer (44).

To determine the statistical differences between peaks from both experimental conditions (Dicer
vs Dicer/Gag), a Differential Binding Analysis was carried out using the R package DiffBind (45).
The main idea of this package is to find overlapping peaks between the samples, merging the peak
sets and then counting reads in the overlapping intervals of the peak sets. Differentially bound sites
are identified based on evidence of binding affinity. The statistical analysis was carried out using

edgeR (46, 47).

6.4.2 RIP- gRT-PCR

RIP qRT-PCR protocol is described in detail in chapter 11 (2.6.10). In brief, 2.6 x10°® HEK-293T
cells were co-transfected with a total of 9 pg of HA-Dicer and Flag-Gag. 48 h post-transfection
cells were washed with PBS, lysed with RNA extraction buffer and centrifuged. The supernatant
was kept, and 2.2 mg of protein was used for the IP and from it, 1% was used as input. Supernatants
were cleared using 30 pl of agarose protein A beads (Millipore) in constant agitation for 1.5 h at
4°C. The sample was centrifuged at 8000 rpm for 1 min, and the supernatant was kept and
incubated with 2 pl of the HA antibody (H6908, Sigma-Aldrich) or 2 pl of the Flag (Anti-Flag
M2, Sigma-Aldrich) antibody or 1 pl of control rabbit serum overnight. 50 pl of pre-blocked
Dynabeads protein A were added for 3 h at 4°C. The supernatant was discarded, and the beads

were washed 3 times with an RNA extraction buffer for 5 min with a magnetic stand.
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After the final wash, RNA was extracted using TRIzol-chloroform. Further purification was
performed with miRNeasy mini kit and RNase-free DNase set. 300 ng of total RNA was used to
synthesize cDNA. The protocol to detect 7SK was based on (48). Table 6.2 shows two different
primers for 7SK. Data Cq acquisition and analysis were performed using Bio-Rad CFX96 and
CFX maestro software respectively. Actin was used to calculate AACq and percent input method
[100*2™ (Adjusted input - Ct (IP)] for the abundance of 7SK in IPs. T-test was applied for

statistical analysis using Graph-Pad Prism V6.

Table 6. 2. 7SK primers

Name Sense Sequence
Fwd GAGGGCGATCTGGCTGCGACAT
75K1 Rev ACATGGAGCGGTGAGGGAGGAA
Fwd CTCCCCTGCTAGAACCTCCAAA
7SK2 Rev GCGCCTCATTTGGATGTGTC

6.4.3 Sup-T1 infection by HIV-1 and gRT-PCR

In biosafety level 3 (BL3) facilities, 2.4 x 10° Sup-T1 cells were plated. Twelve hours later, the
cells were infected with 5 x 10° cpm of HIV-1 in 3 ml RPMI (Hyclone) and incubated for 2 h at
37 °C. After this time, 2 ml of supplemented RPMI with 10% FBS were added in a T25 flask and
incubated at 37 °C overnight. Next, 3 ml of fresh supplemented RPMI were added and re-incubated
at 37 °C. On day two, Sup-T1 cells were centrifuged at 1200 rpm for 5 min at room temperature
and 4 ml of the supernatant were replaced by 4 ml of fresh media. On day 5, 1 ml of resuspended
Sup-T1 was saved for RNA extraction. Sup-T1 cells were centrifuged at 1200 rpm for 5 min at
room temperature and 200 ul of the supernatant were taken and added to a 96 well plate, which

was stored at -20°C for RT-activity assay. 4 ml of supernatant was removed and replaced by fresh
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media and cells were re-incubated at 37 °C. The process was repeated at days 6,8,9 or 12. HIV-1

RT activity protocol is described elsewhere (49).

In BL3 facilities, 1ml aliquots of infected cells at day 5,6,8,9 or 12 were centrifuged at 1200 rpm
for 5 min at room temperature, the supernatant was discarded and 700 pl of TRIzol reagent with
140 pul of chloroform were added. RNA extraction, purification, and qRT-PCR were followed as
indicated in (48) with 7SK1 primers (Table 6.2). Data Cq acquisition and analysis were performed
using Bio-Rad CFX96 and CFX maestro software respectively. Actin was used to calculate AACq

of 7SK. T-test was applied for statistical analysis using Graph-Pad Prism V6.
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APPENDIX 11
KNOCK OUT OF TRBP USING CRISPR-

CAS9
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6.6 INTRODUCTION

MIRNA processing and targeting are carried out by the RISC-loading complex in the cytoplasm,
which is composed of Dicer, TRBP and Ago2 (1). Dicer binds pre-miRNAs that were exported
from the nucleus and edits them into ds-miRNAs (2, 3). After strand separation, the guide strand
of the ds-miRNAs bound to Ago2 reaches the closest target and anneal the miRNA to the mRNA

for later repression and degradation (4-7).

TRBP was originally discovered as a host protein that binds HIV-1 TAR RNA enhancing its
replication and since then, different functions have been identified (8-11). In the context of RNAI,
TRBP provides accuracy and steadiness to Dicer cleavage by placing the pre-miRNA into the right
position, which enhances the processing kinetics (12-15). In the context of RNAI, the absence of
TRBP compromises Dicer’s cleavage, producing iSomiRNAs that impair many mRNAs and,
consequently, cell functions (16-18). TRBP knock out in mice induces a decrease in growth rate
and defect in spermatogenesis in males. Premature death generally occurs at weaning, which

confirms the importance of TRBP during development (19).

Gene editing technology began in 1971 with the production of the first restriction endonucleases
(20) and to date, we use the recombination technology to produce changes within the genome (21).
Three different technologies are currently available to knock out (KO) genes with programable
nucleases, which create double-strand breaks (DSB). First, edition by zinc finger nucleases (ZFN)
is based on the recombination with Fokl (restriction enzyme) that detects and edits sequences of
18 nt (22). Another technology uses transcription activator-like effector nuclease (TALEN), which
combines the activity of Fokl and the bacterial type Ill secretion protein TALE (22). Finally,

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas9 is a recombinational
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technology based on guide RNAs (gRNAS) that recognizes DNA sequences and a Cas nuclease

(22).

CRISPR-Cas9 was first discovered as a mechanism of bacterial immunity against phages (23) and
in 2012 Drs. Emmanuelle Charpentier and Jennifer Doudna proposed to use this bacterial defense
mechanism as a genome-editing tool (24). CRISPR-Cas systems use a Cas enzyme (commonly
Cas9), a crRNA, and gRNA or spacer, which is the complementary sequence to the gene to edit
(25). Following the target recognition, Cas9 cleaves the DNA sequence producing a DSB that is
repaired by the cellular non-homologous end joining (NHEJ) mechanism. During the repair,
insertions or deletions (INDELS) change the reading frame that will encounter stop codons and
consequently the end of translation and gene inactivation (KO). Alternatively, the use of a DNA
donor during the DSB leads to a homology-direct repair (HDR) that brings a specific sequence to
insert into the genome (22). The only limitation of this technology is the use of proto-spacer
adjacent motifs (PAMs), a complementary sequence to the genome made of an NGG sequence.
However, when NGGs are not present, new Cas enzymes are being investigated as alternatives
and as a new technology to target RNA, for gene activation or repression and for epigenetic

modulation (25, 26).

Here, we used CRISPR-Cas9 to produce TRBP KO HEK 293T cells. The creation of these mutant
cells will allow analyzing the importance of TRBP within different contexts, especially in the

analysis of RNAI with various viruses such as HIV-1, ZIKV, Ebola and others.
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6.7 RESULTS
6.7.1 TRBP gRNA in silico and SURVEYOR assay

The critical step to KO a gene using CRISPR-Cas9, is the in silico design of gRNAs. Therefore,
gRNAs for TRBP were made using tool editing program designed by Feng Zhang (27) and
compared with gRNA made using gRNA design tool from Dharmacon (28). Among the options,
we chose one of the best-ranked gRNAs in both programs that revealed only five possible off-
target genes. We cloned the gRNA for TRBP KO using GeneArt CRISPR Nuclease vector kit
(Life Technologies) and transfected HEK 293T cells. After the cell sorting for orange fluorescence
protein expression, we amplified 37 of 192 clones that were generated. Next, we tested 12 clones
in a SURVEYOR assay using GeneArt Genomic Cleavage Detection Kit (Life Technologies) to
detect INDELs. We found that only the 5M and 15L clones were positive to the assay, which

generate 13 and 17% of INDELS accordingly (Fig 6.3).
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Figure 6. 3 INDELSs detection in TRBP KO.

The percentage of insertions and deletions were confirmed by SURVEYOR assay in clones 5M
(13%) and 15L (17%). INDELs percentage was calculated according to (27). Bands at 350 and
500 bp represent PCR products that were re-annealed and detected by the Detection Enzyme (Life

Technologies) that cleaved and generated products of different sizes.
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6.7.2 TRBP KO confirmation of 5M and 15L clones.

We confirmed the TRBP KO cells by Western blot using the clones that were positive for the
SURVEYOR assay. We also tested two other clones that had a good intensity during the sorting.
TRBP has two isoforms, TRBP1 and TRBP2. TRBP2 is 21 amino acids longer than TRBP1 in the
N-terminal end (29). To confirm the KO in the two isoforms, we compared our results with the
overexpressed TRBP1 and TRBP2. In our four tested clones, we could not detect any TRBP signal

(Fig 6.4).
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Figure 6. 4 TRBP KO confirmation by Western blot.

From left to right, the first three lanes correspond to transfected cells with Myc or Myc-TRBPL1 or
Myc-TRBP2. The fourth lane is an empty well followed by HEK 293T TRBP wild type (WT),
TRBP KO clones 15L, 5M, 36 and 8. On the left side, a lower exposure of overexpressing TRBP1
and TRBP2 is shown. GAPDH was used as housekeeping control.
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6.7.3. Sequencing and confirmation of INDELS in TRBP alleles.

We continued our confirmation of TRBP KO clones using capillary electrophoresis sequencing.
We designed and used primers that flanked the cleavage produced by Cas9 in the mutants 5M and
15L. KO genes by CRISPR-Cas9 technology produce a DSB that is repaired by NHEJ, which
introduces random nucleotides or deletes part of the original sequence (22). Our results showed
that CRISPR Cas9 produced deletion for clones 5M and 15L in tarbp2 compared to the WT (Fig
6.5). The translation of these products showed stop codons and, therefore, the complete inhibition

of TRBP.

TRBP WT translation

MLAANPGKTPISLLQEYGTRIGKTPVYDLLKAEGQAHQPNFTFRVTVGDTSCTGQGP SKK
AAKHKAAEVALKHLKGGSMLEPALEDSSSFSPLDSSLPEDI PVETARRAATPVPSVVLTR
SPPMELQPPVSPQQSECNPVGALQELVVQKGWRLPEY TVTQESGPAHRKEFTMTCRVERF
IEIGSGTSKKLAKRNARAKMLLRVHTVPLDARDGNEVEPDDDHFS IGVGSRLDGLENRGP
GCTWDSLRNSVGEKILSLRSCSLGSLGALGPACCRVLSELSEEQAFHVSYLDIEELSLSG
LCQCLVELSTQPATVCHGSATTREAARGEARRRALQY LKIMAGSK*

TRBP 5M translation

MLAANPGKTPISLLQEYGTRIGKTPVYDLLKAEGQAHQPNFTFRVTVGDTSCT GQGPSKK
AAKHKAREVALKHLKGGSMLEPALEDSSSFSPLDSSLPEDIPVETAARAATPVPSVVLIR
SPPMELQPPVSPQQOSECNPVGALQELVVQKGWRLPEY TVTQESAFH*DWEWHFQKIGKAE
CGGONAASSAHGASGCPGWQ*GGAY * *PLLHWCGLPPGWSSKPGPRLHLGFSTKFSRRED
PVPPQLLPGLPGCPGPCLLPCPQ*AL*GAGLSRQLPGY*GAEPEWTLPVPGGT VHPAGHC
VSWLCNHQGGSPW*GCPPCPAVPQDHGRQQVX

TRBP 15L translation

MLAANPGKTPISLLOEYGTRIGKTPVYDLLKAEGQAHQPNFTFRVTVGDTSCTGQGPSKK
AAKHKAREVALKHLKGGSMLEPALEDSSSFSPLDSSLPEDIPVETAARAATPVPSVVLIR
SPPMELQPPVSPQQSECNPVGALQELVVQKGWRLPEY TVTQESGPAHRKEFGVALPKNWQ
SGMRRPECCFECTRCLWMPGMAMRWS LMMT TSPLVWAPAWMVFETGAQVAPGILYEIQ*E
RRSCPSAVAPWAPWVPWALPAAVSSVSSLRSRPFTSATWILRS*A*VDSASAWWNCPPSR
PLCVMALQPPGRQPVVRLPAVPCSTSRSWQAASK

Figure 6. 5 Interruption of tarbp2 in HEK 293T.

TRBP KO clones 5M and 15L were sequenced in proximity to DSB produced by Cas9. From top
to bottom, translation comparison between TRBP WT, TRBP 5M and TRBP 15L mutant. Red

stars represent the stop codons.
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6.8 DISCUSSION

CRISPR-Cas9 is a state of the art technology for gene editing that has constantly improved in
recent years (25). Here, we showed that using this technology, we successfully created a HEK
293T cell line that lost tarbp2 and TRBP protein expression (Fig 6.4). TRBP is an essential protein
for the correct processing of pre-miRNAs. Its absence or lack of interaction with Dicer has severe
consequences in RNAI, PKR activation, cancer, and spermatogenesis (8, 17-19). Nonetheless, the
lack of TRBP in cells has been poorly described, especially in the context of virology. TRBP KO
murine models (19, 30) are not suitable to study most human viruses and tarbp2”- HeLa cells (17)
have not been distributed to virologists. The main goal of KO TRBP was to explore different
effects with various viruses like HIV-1, ZIKV, Ebola and influenza. We partially know TRBP’s
behavior in the context of HIV-1 (9, 10, 31). However, research in the RNAI context has not been
completely analyzed. Therefore, TRBP KO cells will be used to elucidate miRNA changes in the
presence of HIV-1 and whether these changes could impair or not the HIV-1 replication.
Furthermore, evidence suggests that ZIKV replication might be affected by the RNAI pathway
(32, 33). TRBP KO cells might add interesting insights to determine TRBP importance during
ZIKV infection. The modulation of isomiRNAs likely plays roles that establish mechanisms of
dysregulation of ZIKV. In conclusion, we have provided a new model to study the various
implications of TRBP in cell biology. We especially suggest using this KO cell line to study viruses

and their implications on RNAI.
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6.9 MATERIALS AND METHODS

6.9.1. Guide strand analysis for TRBP KO

We first designed gRNAs in silico via the CRISPR design tool suggested in (27) and we compared
them to guides produced in (28). gRNA must be chosen based on PAMs for Cas9 and must contain

minimal off-targets.

6.9.2. GeneArt CRISPR for TRBP KO cells.

GeneArt CRISPR Nuclease vector kit (Life Technologies) was used according to the manufacturer
protocol and cloned in HEK 293T. Sorting was carried out in a FACSAria Fusion (Beckman-
Dickinson). Clones that produced Cas9-orange fluorescent protein at 560 nm were classified in
low, medium and high intensity. Cell sorting was performed in the flow cytometry and cell imaging
core facility at the Lady Davis Institute. After two weeks of incubation, the surviving clones were

expanded in 6 well plates.

6.9.3. Detection of INDELSs by Surveyor nuclease assay.

GeneArt Genomic Cleavage Detection Kit (Life Technologies) was used for the detection of
INDELS, according to the manufacturer. The products were run on a 2% agarose gel stained with

redsafe (Froggabio). INDEL percentage was calculated according to the next formula:

INDEL%= 100 x (1 — /(1 — fcut))

Fcut= PCR product cleaved (27).
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6.9.4. Immunobloting

HEK 293T cells WT and TRBP KO were plated in 6-well plates or plated and transfected using
PEI transfection reagent ata 1:3 DNA/TransIT ratio with 2jug of Myc-TRBP1 or Myc-TRBP2 (18)
for 24 h. Protein inputs were extracted and run according to (34). WT and KO out cells were
washed twice with phosphate-buffered saline (PBS) (Wisent) and lysed in cold lysis buffer (50mM
Tris-HCI pH7.4, 150mM NaCl, 5mM EDTA pH8.0, 10% Glycerol, 1% Nonidet (N) P-40) with
protease inhibitor cocktail (Roche). The lysates were sunk in liquid nitrogen for 15-sec and
centrifuged for 15 min at 13,000 rpm. The supernatant was quantified by Bradford assay (Bio-
Rad) and 40 pg of protein mixed with Laemmli sample buffer were incubated for 5 min at 95°C.
Protein samples were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and wet-transferred overnight at 150 mA to Hybond nitrocellulose membranes (Bio-
Rad) as described (35, 36). Membranes were blocked for 1 h with 5% milk in 0.1% Tris-buffered
saline tween 20 (TBS-T) followed by three washes with TBS-T. The membranes were incubated
overnight at 4°C with anti-TRBP (Médimabs, polyclonal mouse made in house) antibody at 1/1000
dilution and anti-GAPDH antibody (Clontech) at 1/2500 dilution. Next, three washes with TBS-T
to the membranes were applied, followed by incubation with horseradish peroxidase-conjugated
secondary antibodies (Amersham or Rockland Immunochemicals) at a 1:5000 dilution. After three
washes with TBS-T, TRBP or GAPDH were visualized with Western Lightning Plus-ECL reagent

(Perkin-Elmer).

6.9.5. DNA extraction, purification and sequencing

Nuclei lysis buffer (0.01M Tris-HCL, pH 8.2, 0.4M NaCl, 0.002M Na2EDTA), 500 pl of SDS
(20%), Protein-K buffer (1% SDS, 0.002M Na:EDTA) and 250 pl of proteinase K were mix to

make a DNA extraction buffer mix. Then, HEK 293T cells WT and TRBP KO were plated in 6-
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well plates. After 24 h incubation, mutant or TRBP KO were washed once with PBS and 1 ml of
DNA extraction buffer was added to each well. Cell lysates were mixed and transferred to
Eppendorf tubes and incubated overnight at 37°C. 200 ul pf NaCl (6M) are added and mixed
vigorously for 15 sec followed by centrifugation at 13,000 RPM for 10 min. Supernatants were
transferred to 15 ml tubes and 2 volumes of ethanol anhydrous must be added. The supernatant
was gently mixed and precipitated at 4500 RPM for 30 min. The precipitated DNA was washed
once with 70% ethanol and centrifuged at 4500 RPM for 20 min. The pelleted was dried and

dissolved in water (molecular grade).

500 ng of DNA were used to produce TRBP amplicons with primers described in section 6.9.3.
with the following conditions: 1 cycle of 95°C, 40 cycles of 95°C/30sec, 55°C/30 sec, 72°C/30sec
and one final extension of 72 °C/ 7 min. The products were run in a 3.5 % agarose gel and bands
were extracted and purified using QIAquik Gel extraction kit 250 (QIAGEN). Purified bands were

sequenced at Genome Quebec. The sequence was analyzed using CLUSTALW.
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