UC Davis
UC Davis Electronic Theses and Dissertations

Title
From Inhibition to Benefit: Exploring the Relationship Between Zika Virus NS4A and
ANKLE?2

Permalink
https://escholarship.org/uc/item/3gp7s371

Author
Fishburn, Adam

Publication Date
2024

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3gp7s371
https://escholarship.org
http://www.cdlib.org/

From Inhibition to Benefit: Exploring the Relationship Between Zika Virus NS4A and ANKLE2
By

ADAM FISHBURN
DISSERTATION

Submitted in partial satisfaction of the requirements for the degree of
DOCTOR OF PHILOSOPHY
in
Microbiology
in the
OFFICE OF GRADUATE STUDIES
of the
UNIVERSITY OF CALIFORNIA
DAVIS

Approved:

Priya Shah, Chair

Lark Coffey

Bennett Penn
Committee in Charge

2024



Acknowledgments

My Ph.D. and this thesis would not be possible without the enduring support of those around me.
First, | would like to extend my most sincere appreciation for my advisor Dr. Priya Shah. Her
enthusiasm and demeanor are what originally got me interested in these topics. She provided me
with comfort when things did not go as | wished and tempered my often over-ambitious nature to
do everything all at once. Her candidness as a scientist, professor, and mentor has taught me so
much about what it means to be in her position and inspires me to follow a similar path. | cannot
recall a single moment when | felt uncomfortable, unsupported, or unwanted. | thank her for
allowing me the opportunity to continue that which she started and for allowing me to influence
the project in my own ways. | would not be where | am, or be who | am, without her guidance and

mentorship.

| would like to thank the members of my Dissertation Committee Dr. Lark Coffey and Dr. Bennett
Penn. They have both supported me through my Qualifying Exam and the years of research that
followed. Their encouragement and supply of new ideas has been instrumental in the
development of my projects. | would also like to extend thanks to Dr. Bruce Draper who served

as a mentor and member of this committee in the early stages of my Ph.D.

Next, | would like to acknowledge and thank those who have contributed to my research projects
presented here. | would like to thank the members of the Shah Lab that have helped me weather
the hardships and grow over the last 5 V2 years. The science we do is undoubtedly difficult, and
they have all made it bearable. | would like to thank Dr. Nitin Beesabathuni, Dr. Shiaki Minami,
and Matthew Kenaston for standing by me all the times | came to complain when things failed
and shared my joy when things worked. Each of them has contributed so much to the scientific
progress of my projects and | consider them all to be close friends. | would like to thank Nicholas
Lopez, Thomas Klaessens, and Cole Florio who worked tirelessly alongside me and helped

execute my vision. Each of them has contributed so much to this work and | could not have done



this all without them. | would like to thank the current and former post-doctoral researchers in the
lab Dr. Marine Petit, Dr. Robert Stott, Dr. Efra Rivera-Serrano, Dr. Oanh Pham, and Dr. Liuba
Cherkashchenko who have all taught me so much. | would like to thank other present and past
members of the lab Shruthi Garimella, Neil Adia, Chase Skawinski, Ritika Gangarju, and Ariana
Nagainis who have each contributed to my journey in their own ways. | would like to thank all the
undergraduate students that have worked with me and assisted with projects: Traci Shiu, Tulika
Singhal, Shahabal Khan, Sophia Haggard, Danny Kuei, Michelle Ramos, and Sydney Becker.
Finally, | would like to thank all the trainees and rotations students that have joined me over the
years: Natalie Sahabandu, Inglis Tucker, Zoila Estrada-Tobar, Jeannine Stroup, Vivian Hoang,
Julia Godinez, Lucy Moore, and Marcella Mirabelli. | would also like to extend my appreciation to

all the collaborators who have shared their time, resources, and advice to help progress our goals.

| would like to thank those closest to me for always encouraging me. Thank you to my close
friends Derek Hamilton, Nawraz Bashir, and Marshall Everett for always being there when |
needed a break from my studies. Thank you to thank my parents, Debbie and Scott, and my
brother Jordan for their unwavering love and support. Thank you to my dog Stormy for being there
every step of the way with me. Finally, | would like to thank my wife, partner, and best friend Judith.
| know for certain that | would not have done this and could not have finished this without your
encouragement and unending devotion. You inspire me every day to be the best version of myself

that | can be. | hope that | have made you all proud.



Abstract

Flaviviruses are arthropod-transmitted positive-sense single stranded RNA viruses, capable of
causing significant human disease. Their RNA genomes are translated by host machinery and
produce a viral polypeptide of ten viral proteins, three structural and seven non-structural. The
non-structural proteins are essential for mediating virus genome replication, host defense
silencing, and cell remodeling. Much of this is accomplished through physical interactions
between viral protein and host proteins, which interrupts or otherwise impacts their cellular
function for virus benefit. Inhibition of host protein function during these interactions can be
connected to viral pathogenesis and disease. In the case of Zika virus (ZIKV) the primary disease
outcome of concern is birth defects or fetal demise that occur in fetuses that are infected in utero
via vertical transmission from the infected mother. Birth defects arising from ZIKV infection are
broad and collectively termed congenital Zika syndrome (CZS). Most infamous of these is
microcephaly, a condition where brain and head are not fully grown at birth. Microcephaly is
associated with a wide range of debilitating development problems that last throughout life. The
molecular mechanisms that contribute to microcephaly observed in CZS cases are not fully

understood and likely multifactorial.

To understand if ZIKV-host protein-protein interactions are contributing to neurodevelopmental
defect, global proteomics was previously performed on ZIKV proteins to identify host interactors.
This revealed the interaction between ZIKV non-structural 4A (NS4A) and the host protein ankyrin
repeat and LEM domain containing 2 (ANKLE2). ANKLE2 is involved in nuclear envelope
dynamics during mitosis and asymmetric cell division during neurogenesis, a key step in brain
development. Mutations in ANKLE2 are associated with primary congenital microcephaly in
humans. Expression of ZIKV NS4A in vivo results in abnormal brain development in fruit flies.
This phenotype is rescued by overexpression of human ANKLEZ2. Together this data supports the

hypothesis that NS4A physically interacts with ANKLEZ2, inhibiting its function during



neurodevelopment to cause microcephaly. However, the basis for the physical interaction and the
specific ways NS4A inhibits ANKLEZ2 function through it are still mysterious. Beyond this is the
question of why NS4A interacts with ANKLE2 to begin with? Is the interaction, and the
pathogenesis that follows, purely coincidental, or does NS4A interact with ANKLE2 to serve in

some aspect of ZIKV replication?

This work serves to explore the questions revolving the NS4A-ANKLEZ2 interaction. First, we
establish that ANKLE2 has the opportunity to impact ZIKV replication by showing colocalization
of ANKLEZ2 with ZIKV factors during virus replication. To explore if ANKLE2 is actively participating
in some aspect of virus replication we then genetically deplete ANKLE2 using CRISPRI
knockdown or CRISPR mutagenesis. Cells with diminished or depleted ANKLE2 were infected
with ZIKV and had reduced replication across multiple conditions and cell lines. This work
provides substantial evidence that ANKLE2 supports ZIKV replication in human cells. During a
flavivirus transmission cycle the virus must efficiently replicate in both human and mosquito cells.
In collaboration with another group, we show that depletion of the Ankle2 ortholog in mosquito
Aag2 cells also leads to reduced ZIKV replication, supporting that Ankle2 is beneficial to virus
replication across hosts. Further, we show that physical interaction between ANKLE2 and NS4A
is conserved across four other mosquito-borne flaviviruses and that ANKLE2 plays a role in the

replication of some of these viruses.

In order to investigate the physical determinants of the ANKLE2-NS4A interaction we developed
a series of truncation mutants that serially express fewer domains of each protein. To test physical
interaction between the proteins, we performed co-transfection and co-immunoprecipitation
experiments. This revealed the N-terminal region of ANKLEZ interacts with the C-terminal region
of NS4A. Further, we show that this non-interacting ANKLE2 mutant does not colocalize with ZIKV
NS4A during infection. However, the data suggest that there are multiple contact sites between

ANKLE2 and NS4A, across separate domains.



ANKLE2 is a scaffolding protein that modulates the cell cycle through physical protein
interactions. To explore how these interactions may be perturbed during infection and how new
interactions may be driven to benefit virus replication, we performed affinity-purification and mass
spectrometry on ANKLE2 with and without ZIKV infection. These revealed hundreds of candidate
protein interactions which enlighten both how ZIKV inhibits normal ANKLE2 function and also
potential pathways through which ANKLE2 promotes virus replication. Altogether, this work vastly
expands on our understanding of the ZIKV NS4A-ANKLEZ2 interaction and supplies avenues for

future exploration.

Vi
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Chapter 1: Introduction

The molecular nature of viruses is contradictory to their biological size. Compared to multicellular
eukaryotic organisms and even unicellular prokaryotes, most viruses have a minuscule genome
and proteome (1). Despite this, viruses infiltrate organisms in every branch of the tree of life
without fail. In many cases, their existence within their host is that of a shadow, endlessly present
and shifting, but overall harmless. After all, killing your host means not being able to replicate in
it. However, not all viruses follow this trend. Certain viruses must destroy their host cell to continue
forward (2). The recent COVID-19 pandemic stands as the extreme example of the devastation
viruses can unleash on humankind. Thus, it goes without saying that the study of viruses is
essential for our collective ability to counter their advances, combat them within our bodies, and
treat the diseases they cause. These three components: transmission, replication, and
pathogenesis are at the forefront of virus research worldwide. And so, we return to the
contradiction underlying viruses, the complexity concealed within the simplicity. How do they
accomplish transmission between different cells, tissues, and hosts? How do they enter their
host’s cells, replicate their genomes, produce more viruses, all while silencing and counteracting
the host’s inherent defenses? How does their replication cause intentional or accidental detriment
to the host? Finally, how do these seemingly simple entities, which are not even qualified as being
alive by traditional metrics, accomplish all these complicated molecular feats with relatively few
genes and proteins? This question serves as the bedrock for all the following work. At the base
of all my study is the search for how viruses can circumvent their genetic size and perform things
we would consider biologically miraculous. At the most basic level, viruses use their limited
toolbox of proteins to hijack their host's much larger set to remodel, silence, rewire, create, or
destroy whatever they need to replicate. This is often accomplished through physical protein-
protein interactions (PPIs) between viruses and their target host proteins. These interactions can

have many consequences on the target host protein including the alteration of subcellular



localization, functional changes through post-translational modification leading to inhibition or
enhancement of enzymatic activity, or destruction through proteolytic cleavage or targeting to
cellular degradation pathways, as will be discussed in Chapter 2. The underlying goal of this work
is to explore how flaviviruses mediate their replication and cause disease through specific virus-
host PPlIs. In the rest of this Chapter, we will introduce and review the history of Zika virus, and
the findings that serve as the foundation for this work. In Chapter 2 we will review PPIs between
orthoflaviviruses and their hosts, and how these mediate virus replication and pathogenesis. In
Chapter 3 we will review the cellular biology of the host protein ANKLEZ2. In Chapter 4 we present
original work on the role of ANKLEZ2 in promoting orthoflavivirus replication. In Chapter 5 we
present experiments that serve to understand the biochemical nature of the PPI. In Chapter 6 we
present an initial proteomic study of ANKLE2 interactions and how these change during virus
infection. Finally, in Chapter 7 we will present preliminary work and propose unanswered

questions that will serve as the basis for future work.

The origin of Zika virus and ties to congenital birth defects

The virus family Flaviviridae consists of four genera of positive-sense single-stranded RNA
viruses, including Pestivirus, Pegivirus, Hepacivirus, and Orthoflavivirus. The name Flaviviridae
originates from the latin “flavi” for yellow, arising from individuals with jaundice, a signature
symptom of yellow fever disease. In the late 1800’s to early 1900’s it was discovered that this
disease was transmitted by mosquitoes and that the causative agent was a virus, appropriately
named yellow fever virus (YFV) (3). YFV was one of the earliest known viruses and the first to be
discovered in humans. Recently, to differentiate from the family name Flaviviridae, the genera
orthoflavivirus was renamed from its original flavivirus. This name roughly translates from latin to
mean “true flavivirus” or “proper flavivirus”, since this genus includes the original YFV and related

viruses (4). Orthoflaviviruses are enveloped, arthropod-transmitted viruses with RNA genomes of
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approximately 11 kb. The molecular virology of flaviviruses and the interactions with their hosts

are extensively reviewed in Chapter 2.

The following work will primarily focus on Zika virus (ZIKV). ZIKV is an orthoflavivirus accidently
discovered in 1947 in Uganda on an expedition to isolate YFV from monkeys in the Ziika forest
(5). The virus they isolated from one monkey was similar to other endemic orthoflaviviruses like
dengue virus (DENV) and YFV but did not cross-react with antibodies against these viruses. This
suggested to the researchers that their isolated virus was a novel orthoflavivirus member, and so
it was named Zika virus after the place it was discovered. In the decades following its discovery,
human cases of ZIKV infection and detection of the virus in local monkey populations were rare
(6). ZIKV has a similar transmission cycle to that of other orthoflaviviruses. In dense tropical
forests it is transmitted by forest-dwelling mosquitoes between non-human primates (7). This is
referred to as the sylvatic cycle. The concern with all viruses such as these is when human
habitation closely borders these forests, and the risk arises of virus spillover from sylvatic cycle

into humans.

The first notable outbreak of ZIKV occurred in 2007 on the small Pacific Island of Yap. In this
outbreak, 185 cases of suspected ZIKV infection occurred, with 49 later being confirmed by PCR.
No cases were severe enough to cause death or even warrant hospitalization (8,9). Prior to this,
only 16 cases of ZIKV disease in humans had been documented (6). Between 2010 and 2015,
there were sporadic cases of ZIKV infection throughout Asia, including a Canadian traveler who
was infected in Thailand (10). This clinical isolate, termed PLCal, will serve as the model for many
experiments in the following work. Also in 2013, a larger outbreak of ZIKV occurred in French
Polynesia, another island in the Pacific Ocean. Over 8,500 cases were suspected with 396 being
diagnostically confirmed by PCR or ELISA, although many more cases were estimated and likely
unreported. Alarmingly, of these 396, 40 individuals were diagnosed with Guillain-Barré syndrome

(GBS) within three months (11-13). GBS is a form of autoimmune disease that damages



peripheral nerves and causes tingling in the extremities, muscle weakness, and paralysis. Further,
two mothers gave birth during this epidemic and their newborns tested positive for ZIKV in their
serum, suggesting for the first time that ZIKV could be transmitted transplacentally to the
developing fetus (14). Thankfully in these two cases, both mothers and newborns were clinically
unharmed by the infection. The French Polynesia outbreak served as the first significant alarm to

the global health community that ZIKV may emerge as a significant public health threat.

In early 2015, Brazilian health officials noticed an unusually high number of cases of patients
presenting with neurological syndromes (15,16). In May 2015, the Pan American Health
Organization (PAHO) issued their first epidemiological alert regarding ZIKV. A second alert in
November updated the public to the association of ZIKV with neurological syndromes and
congenital birth defects (6,17). In January 2016, the US CDC issued a formal travel advisory to
warn pregnant women against traveling to affected areas due to the suspected risk (18). By the
middle of 2016, the causality between in utero ZIKV infection with adverse birth defects was clear
to most of the scientific community, based on a number of published single case descriptions, as
well as several larger studies (19-24). A retrospective review of the 2013 French Polynesia

outbreak also revealed 8 cases of ZIKV-associated neurodevelopmental birth defects (25).

The observed disease consists of a broad set of birth defects and was collectively termed
congenital Zika syndrome (CZS). The most severe and notable symptom of CZS is microcephaly,
which is clinically characterized as head and brain size smaller than two standard deviations (SD)
from mean for a given sex and age. Severe microcephaly is characterized as smaller than 3 SD
from the mean. ZIKV is not the only pathogen known to cause congenital birth defects or
microcephaly. An established group called the TORCH pathogens (which stands for
Toxoplasmosis, other, Rubella, Cytomegalovirus [CMV], and Herpes) all cause severe disease in
the fetus or newly born offspring (26). ZIKV now soundly resides in the “other” group along with

HIV, Syphilis, Chickenpox, and Parvovirus. Microcephaly in CZS is often accompanied by fetal



brain disruption sequence (FBDS), in which the morphology and development of the cranium itself
is severely abnormal (27). While FBDS is not unique to CZS, it is rarely reported otherwise, and
much more common in CZS associated cases. CZS also often leads to intracranial subcortical
calcifications. This is divergent from the pathology of CMV, which also causes similar congenital
microcephaly, but results in periventricular calcifications, suggesting the molecular etiology of
disease is not entirely shared. In addition to calcifications, many neurological abnormalities have
been described in CZS brains, including hypoplasia of the corpus collosum or cerebellum,
abnormal gyral patterns, increased fluid spaces, and cortical thinning. Additionally, an array of
ocular abnormalities, congenital contractures, and hip displacement are common manifestations
of CZS (28-30). CZS-associated microcephaly has a mortality rate of approximately 10% (31,32),
and in non-lethal cases, CZS is highly detrimental to the health and wellbeing of affected
individuals. Severe CZS is often associated with dramatic neurological deficits and developmental
delays including cognitive, speech, and motor ability. More rarely, defects in hearing or vision
development, irritability, or predisposition to seizures have been observed (29). Follow-up studies
of infants affected by CZS are limited, however studies suggest that neurological, ocular, and
motor impairments are maintained over the first several years of life (33,34). Interestingly, physical
therapy regiments have been shown to marginally improve motor function of CZS infants (35,36).
To date, no other treatments, therapeutics, or preventatives have been fully developed to aid in
battling ZIKV or CZS in humans, although vaccines are in development (37). The burden of ZIKV
has waned significantly since the 2015-2016 epidemic, although it still resides primarily within
Brazil, with several thousand confirmed cases every year since the epidemic (38). This
persistence is likely contributed to by the establishment of a sylvatic cycle in the tropical forests

of the region (39).



Current molecular models for ZIKV pathogenesis.

In the years following the ZIKV epidemic, the molecular mechanisms by which ZIKV causes CZS
remained mysterious. It is clear that ZIKV can be transmitted vertically from a person infected in
pregnancy to their fetus and can infect neurons in the fetal brain. However, the molecular, cellular,
and organismal events that ultimately lead to birth defects and microcephaly remained nebulous
and unclear. It is important to preface that the causes of CZS are likely multifactorial, likely arising
from any number of genetic, environmental, viral, or cellular contributors. In the seven years since
the ZIKV epidemic, several groups have developed potential models to explain how ZIKV induces

CZS and microcephaly.

Temporally and spatially, the first step in CZS-associated pathogenesis is overcoming the
placental barrier, which serves to protect the developing fetus. Several hypotheses have been
generated for how ZIKV is able to subvert this barrier and access the fetal compartment. One of
the main routes proposed is via transplacental infection, in which ZIKV infects placental cells,
damaging the barrier integrity and increasing permeability (40). It is possible this is mediated by
secreted non-structural protein 1 (NS1), which has been shown to induce vascular leakage and
permeability (41,42). ZIKV has also been shown to induce apoptosis in placental cells, which
could compromise barrier function (43,44). Infection of placental cells is also associated with
dramatic shifts in proteomic profile (45,46). Alternatively, mechanisms involving paracellular
movement of virions between cells by disrupting tight junctions or transcytosis through infected

barrier cells have been proposed (47,48).

Once past the placental barrier, the blood-brain barrier must be overcome to infect the fetal brain
and cause disease. Whether the blood brain barrier integrity is compromised to allow for virus
passage is contested in the field, with some studies supporting barrier disruption (49-51), and
other suggesting that barrier integrity is maintained (52,53). Similar mechanisms of paracellular

migration and transcytosis have been proposed to circumvent this barrier as well (47).
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Transmigration into the brain through infection of monocytes has also been proposed in vitro (54).
Transmigration into the fetal brain has also been supported in vivo via yolk sac derived microglia,
although depletion of these cells did not completely eliminate fetal infection (55). Altogether, these
studies provide plenty of potential routes for fetal nervous system infection. It is entirely possible
that ZIKV is not limited to only one pathway, instead using a combination of these mechanisms to

circumvent the blood-brain barrier.

Considering that neurodevelopmental defects are the major disease outcome of concern, many
groups have explored how ZIKV infects, alters, and damages neurons. ZIKV readily infects human
neural progenitor cells (hNPCs) and alters their cell division (56,57). ZIKV infection in these cells
is associated with DNA damage which leads to S-phase mitotic arrest, nuclear morphology

defects, and increases in virus replication (58,59).

The developmental process of neurogenesis involves generation of neurons in the brain, and
defective or inhibited neurogenesis is considered one of the primary routes to microcephaly. Thus,
the effects of ZIKV on neurogenesis were rapidly explored after the epidemic. Intracranial ZIKV
infection of immunocompetent embryonic mice leads to mild microcephaly and defects in NPC
division and cell survival (60). Expression of ZIKV proteins NS4A and impairs neurogenesis using
human neurospheres (61). In another study, ZIKV infection in human neurospheres reduced
growth by depleting the pool of hNPCs (62). ZIKV infection or expression of NS2A alone was able
to dysregulate neurogenesis by disrupting the adherens junctions between cortical neurons (63).
Additionally, several other studies have shown dysregulation of developmental pathways and

proteins involved in neurogenesis (64—66).

Neurons are not the only cells in the brain susceptible to or negatively affected by ZIKV infection.
Neurons in the central nervous system (CNS) are supported by a cast of cells collectively called
glial cells, which include astrocytes, oligodendrocytes, and microglia. Astrocytes provide

metabolic and structural support to neurons and vastly outnumber neurons in the brain. ZIKV
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readily infects astrocytes and data suggests that infection impairs aspects of synapse control,
axon guidance, and neurodevelopment (67—69). Many other studies have explored alternative
routes of ZIKV pathogenesis. The rates of naturally occurring genetic variants in key host genes
has been explored in cohorts of microcephalic newborns and their mothers, although molecular
follow-up on the role of these genes is still required (70—72). Multi-omics approaches on infected
fetal mouse brains identified dysregulation of NAD+ metabolism as an underlying factor in ZIKV-
induced cell death and microcephaly (73). ZIKV-induced degeneration of retinal neurons through
induction of inflammatory and ER stress genes has been shown in developing mice (74). ZIKV
Capsid has been shown to cause neurodevelopmental defects by interacting with and inhibiting
the key antiviral protein Dicer in developing neural stem cells (75). These studies collectively
suggest multiple avenues for ZIKV-associated disruption of CNS development and function. It is
clear that CZS severity and the likelihood of microcephaly is increased the earlier in gestation the
infection occurs (76), although it is unclear if this is due to increased susceptibility related to
incomplete barrier formation (either placental or blood-brain) or because simply dysregulating

brain development earlier results in more damage.

Uncovering the connection between Zika virus NS4A, ANKLE2, and

microcephaly

At the onset of the ZIKV epidemic the labs of Raul Andino and Nevan Krogan at UCSF aimed to
identify ZIKV-host PPls that may contribute to CZS. At the time, they had been working to map
DENV interactions and were poised to easily adapt their studies to include ZIKV, since the
polypeptide organization is very similar. To accomplish this the Krogan lab used global proteomics
to systematically express each viral protein (prey) in cells and co-purify interacting proteins (bait).
These bait proteins were then identified using affinity-purification coupled to tandem mass
spectrometry (AP-MS). Using control prey proteins to account for non-specific identifications and
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unbiased scoring algorithms, an interaction network can be generated for each viral protein (77).
This approach had been used to map the global interaction networks of viruses at the time and

several more since (78-81).

For ZIKV, interaction networks with human proteins from HEK293T cells were successfully
generated for five viral proteins: capsid, NS2B3, NS3, NS4A, and NS5. Hundreds of specific
interactions were identified along with enrichment for specific pathways and complexes (82).
Review of human proteins revealed seven involved in neurodevelopment, including the host
protein ANKLE2, which interacted with NS4A. ANKLE?2 is a scaffolding protein that mediates
nuclear envelope dynamics during cell division (83) and is extensively reviewed in Chapter 3. Full-
length ANKLE2 is 938 amino acids in length, with a mass of approximately 104 kDa. It is
composed of thirteen protein-coding exons, and six protein isoforms have been identified
(Appendix A-1), however the function of these isoforms has not been studied. At the time the
NS4A-ANKLE2 interaction was identified, relatively little was known about ANKLEZ2 beyond its
function in cell division and one study that identified its role in brain development and
microcephaly (84). In this study by Hugo Bellen at Baylor College of Medicine, fruit flies
(Drosophila melanogaster) were used to identify novel genes involved in nervous system function
and development by way of a forward genetic screen. In this experiment, male flies were randomly
mutagenized using ethyl methane-sulfonate (EMS). Flies were screened for multiple phenotypes
or defects including in the bristles or eyes, which would indicate abnormal neurodevelopment.
Ultimately, mutations from the screen were mapped to gene loci, some of which had human
homologs previously identified to have roles in human disease. To identify new human disease
genes, the homologs of 237 fly genes identified in the screens were searched for any genetic
variants within whole-exome sequencing data from undiagnosed cases of Mendelian disease. A
L326H missense mutation in the Drosophila gene I(1)G0222 (renamed to dAnkle2), the homolog

to human ANKLEZ2, caused developmental defects in thoracic bristles and sensory organs.



Whole-exome sequencing data identified variants in ANKLEZ2 that appeared to be responsible for
recessive microcephaly. The proband, with compound heterozygous mutations in ANKLEZ2
(Q782X/L573V), was born with significant developmental defects and microcephaly. The parents
of the proband had another child, who was also born with the same mutations in ANKLE2 and
severe congenital microcephaly, and unfortunately only survived ~24 hours due to congenital
cardiac complications. To connect the apparent association of ANKLE2 mutations with congenital
microcephaly, larval brains of dAnkle2 mutagenized flies were observed. In these experiments
the Bellen lab measured significant brain volume reduction in third instar larval brains, as well as
reduction in the number of neuroblasts and an increase in apoptosis using a TUNEL assay.
Remarkably, these phenotypes were completely rescued when human ANKLEZ2 cDNA was
ubiquitously expressed in these mutants, suggesting that human ANKLE2 and Drosophila
dAnkle2 have a conserved function in brain development (Figure 1-1A) (84). This work

established ANKLEZ2 has a novel primary microcephaly (MCPH) gene (Appendix A-2).

Given the physical interaction between NS4A and ANKLEZ2, and the strong association between
ANKLE2 and MCPH, the team hypothesized that NS4A induces microcephaly during CZS by
perturbing ANKLEZ2 function. To explore this a collaboration was formed between the labs at
UCSF and Hugo Bellen’s group at Baylor College of Medicine that had previously explored
dAnkle2. NS4A was transgenically expressed in fruit flies and brain size of third instar larvae was
measured as was done previously for dAnkle2 mutants. In this experiment, NS4A expression led
to a decrease in brain size that was similar to the reduction observed when dAnkle2 was mutated.
Importantly, the NS4A phenotype could be rescued by the simultaneous expression of wild-type
human ANKLEZ2, but not the loss-of-function mutant Q782X (Figure 1-1B) (82). Drosophila Ankle2
was also able to rescue the phenotype, and DENV NS4A also partially reduced brain volume. Cell
death in larval brains was also increased in NS4A expressing animals, as measured by TUNEL

assay. Interestingly, dAnkle2 heterozygous flies had normal brain development, but when NS4A
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was expressed in these heterozygotes, brain development phenotypes were much more severe.
This, combined with the observation that overexpression of human ANKLE2 could rescue the
NS4A phenotype, led to the hypothesis that the stoichiometry between NS4A and functional

ANKLEZ2 was a critical component of this phenomenon (82).

A Srd Instar Control Mutagenized Mutagenized
Larvae Fly Brain Ankle2 Fly Brain Ankle2 Fly Brain
+ Human ANKLE2
v

B Control Transgenic Transgenic Transgenic
Fly Brain NS4A Fly Brain NS4A Fly Brain NS4A Fly Brain
+ WT Human ANKLE2 + ANKLE2 Q782X

Figure 1-1: Cartoon summarization of fruit fly models of Ankle2- and NS4A-induced
microcephaly. (A) The developing brain of third instar Drosophila larvae are dissected and
evaluated to assess neurodevelopment. In mutagenized Ankle2 larvae, brain volume is
dramatically reduced. This phenotype is rescued upon expression of human ANKLE2 cDNA,
suggesting that Drosophila and human ANKLE2 have a conserved role in brain development (84).

(B) Similar reductions in larval brain size were observed when ZIKV NS4A was transgenically
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expressed. This phenotype could also be rescued by the expression of wild-type human ANKLE?2,
but not the loss-of-function variant Q782X. This suggests that NS4A induces microcephaly in an

ANKLEZ2-dependent manner (82).

Following this study, questions remained regarding the mechanism by which disruption of Ankle2
function leads to microcephaly. Given that the previous Drosophila Ankle2 mutants contained only
a single missense mutation (L326H) (referred to as Ankle2”in this study), the impact of complete
disruption of Ankle2 on brain development was explored. Null mutants were generated by
integrating a CRISPR-Cas9-mediated MIMiC-like (CRIMIC) into the 5 intron of Ankle2, (referred
to as Ankle2CR™MC) (85). This resulted in truncated Ankle2 and animals that died as third instar

2CRIMIC

larvae. The brain size of Ankle animals was significantly reduced compared to controls, and

dramatically smaller than Ankle2* animals. Expression of C-terminally tagged Ankle2-GFP fusion
could rescue both brain development and survival phenotypes in Ankle2* and Ankle2CRMC
animals. As seen previously, expression of wild-type human ANKLE2 could rescue brain size
phenotypes in Ankle2” animals. However, expression of the human pathogenic variants Q782X
A109P, or G201W, could not rescue these phenotypes. These experiments solidified the role of
Ankle2 in brain development and that human ANKLE2 has a conserved role in this process.
Immunofluorescence revealed that Ankle2* neuroblasts had irregular Sec61p and Calnexin 99a
localization, suggesting the ER and nuclear envelope may be disrupted. Further observation
revealed that these neuroblasts had severely defective localization of partitioning proteins, vital
for the asymmetric division which ultimately produces neurons. Specifically, this phenotype
consists of misalignment of the mitotic spindle with the polarity of fate-inducing factors (explained

further in Chapter 3). Expression of ZIKV NS4A also resulted in defective asymmetric division,

suggesting that NS4A may inhibit Ankle2’s role in this process to cause microcephaly (85).
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Altogether, these studies support a model in which ZIKV NS4A inhibits the function of ANKLEZ2 in
brain development contributing to the development of microcephaly. Yet several unresolved
questions remain. Is the physical interaction between NS4A and ANKLEZ2 necessary for inhibition
of its function in brain development? Does ZIKV benefit from the interaction with ANKLE2? How
do NS4A and ANKLEZ2 physically interact? In what ways does ZIKV impact ANKLE2-host
interactions, and what can this tell us about mechanisms of disease? Thus, the goal of the work

presented here is to further explore this model and answer these unresolved questions.
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Chapter 2: Flavivirus-Host Protein—Protein Interactions in

Replication and Pathogenesis

Flaviviruses comprise a genus of viruses that pose a significant burden on human health
worldwide. Transmission by both mosquito and tick vectors, and broad host tropism contribute to
the presence of flaviviruses globally. Like all viruses, they require utilization of host molecular
machinery to facilitate their replication through physical interactions. Their RNA genomes are
translated using host ribosomes, synthesizing viral proteins that cooperate with each other and
host proteins to reshape the host cell into a factory for virus replication. Thus, dissecting the
physical interactions between viral proteins and their host protein targets is essential in our
comprehension of how flaviviruses replicate and how they alter host cell behavior. Beyond
replication, even single interactions can contribute to immune evasion and pathogenesis,
providing potential avenues for therapeutic intervention. In this Chapter, we review protein
interactions between flavivirus and host proteins that contribute to virus replication, immune

evasion, and disease.

Introduction

Flavivirus is a genus of positive-sense, single-stranded RNA (ssRNA+), arthropod-transmitted
viruses within the family Flaviviridae. The ssRNA genome contains a single open-reading frame
which is translated by host ribosomes into a large viral polyprotein. This polyprotein is co-
translationally processed by viral and host proteases into ten individual viral proteins. Three of
these proteins are referred to as structural proteins which include Capsid (C), pre-Membrane
(prM), and Envelope (Env) proteins, which form the physical virion. The remaining seven proteins
are referred to as non-structural (NS) proteins which include NS1, NS2A, NS2B, NS3, NS4A,

NS4B, and NS5. These proteins are not components of infectious virions but rather play broad
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roles within infected cells in generating virus progeny. Four distinct enzymatic activities are
encoded within two NS proteins. NS3 serves as the helicase. It also interacts with NS2B as a
cofactor (NS2B3) to form the viral protease (1). NS5 is both the RNA-dependent RNA-polymerase
and methyltransferase, which synthesizes and caps new RNA genomes (2—4). The RNA genome
also contains 3’ and 5’ untranslated regions (UTRs) with loop-like structures that play roles in
genome stability and translation (5, 6). Genome replication occurs within the remodeled ER in
involuted structures referred to as virus replication organelles or replication compartments (7).
These substructures serve to concentrate replication substrates and hide viral nucleic acids from
detection by the host immune response. Here, the viral NS proteins assemble into the replication
complex, which performs the enzymatic steps of RNA synthesis (8, 9). Viral ssRNA+ is initially
used as a template for the synthesis of negative-sense ssRNA, which in turn is used as a template
to synthesize more ssRNA+. As replication progresses these genomes are either further amplified
or packaged into progeny virions. In addition to genome replication by the replication complex,
viral NS proteins mediate different aspects of virus replication, such as ER remodeling and

modulating the host immune response.

The most well studied flaviviruses are those that cause significant disease in humans. For
mosquito-transmitted viruses this includes dengue virus (DENV), Zika virus (ZIKV), West Nile
virus (WNV), yellow fever virus (YFV), and Japanese encephalitis virus (JEV). These flaviviruses
are all transmitted by mosquitoes of either Aedes or Culex spp. (10). DENV is the most
widespread and threatening flavivirus. Currently, there are four well- described serotypes of
DENV, referred to as DENV1-DENV4, that each have distinct molecular and physiological
characteristics (11, 12). World-wide there are an estimated 390 million cases of DENV infection
per year, occurring across 128 countries, although most infections occur in Asia (13, 14). Recently,
the emergence of a 5" DENV serotype (DENV5) with a sylvatic replication cycle has been

reported (15, 16). However, DENV5 remains a controversial topic, as the evidence to support the
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existence of this serotype is limited and mathematical modeling suggests a low probability for the
emergence of new DENV serotypes (17). ZIKV recently received major research attention due to
the 2015-16 epidemic and the revelation that congenital ZIKV infection causes birth defects,
collectively referred to as congenital Zika syndrome (CZS) (18, 19). ZIKV infection in adults is
usually limited to mild flu-like illness but can be rarely associated with Guillain-Barré Syndrome,
a condition where nerves are damaged, usually in the extremities (20). While less common, WNV
and JEV can also cause encephalitis (21, 22). Tick-borne flaviviruses are transmitted by many
different ticks, including Haemaphysalis, Ixodes, Dermacentor, and Ornithidoros spp. (23). These
account for much fewer total human infections compared to the mosquito-borne flaviviruses, many
of which are in vastly different geographical settings compared to the tropical climates which more
prevalently host mosquitoes. The most studied of these are tick-borne encephalitis virus (TBEV)
and Powassan virus (POWYV). While the number of human infections arising from tick-borne
viruses is relatively limited the resulting disease can be very severe. Encephalitis resulting from
TBEYV infection can appear in several forms, with an overall mortality rate of around 2% (24).
Given the severity of disease caused by flaviviruses, it is critical to understand mechanisms of

replication and pathogenesis.

In general, flaviviruses have a conserved replication cycle, which includes viral entry, virion fusion
with the endosome and release of viral RNA, genome replication and protein production in the
ER, virion packaging and processing through the secretory pathway, and viral release via
exocytosis (Figure 1). At each of these stages, flaviviruses are dependent on host machinery to
perform necessary functions. The limited flavivirus genome size requires them to maximize the
functions of each protein they encode. Flavivirus replication is therefore largely dependent on the
interactions between viral proteins and host proteins to manipulate their biology through direct
and indirect mechanisms. These protein interactions can be identified using targeted and

comprehensive screening approaches (25-34). This Chapter will focus on virus-host protein-
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protein interactions (PPIs) emerging from both targeted and comprehensive studies that directly
facilitate flavivirus replication, dampen host immune response, or disrupt cellular processes to
cause disease. While not covered here, it is worth noting that additional virus-host interactions,
such as RNA-protein, and RNA-RNA interactions also play important roles in flavivirus replication

and disease (35-38).
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Figure 2-1: Flavivirus replication cycle. Flavivirus infection begins by receptor-mediated
binding to the host cell and entry via clathrin-mediated endocytosis. Decreases in endosome pH
trigger virion envelope fusion with the endosome membrane, releasing the genome into the host
cytosol. After uncoating, the viral RNA genome is translated by host ribosomes into the viral
polypeptide, which is co-translationally processed, including insertion of transmembrane proteins
into the ER and cleavage of the polypeptide by host and viral proteases into individual proteins.
Non-structural viral proteins form replication complexes which replicate viral RNA genomes within
invaginated ER compartments. Structural viral proteins are assembled and loaded with viral
genetic material in the ER prior to entering the trans-Golgi network. In the Golgi, immature virions
are processed by furin protease cleavage of prM, resulting in mature, infectious virions. These
virions exit the cell by exocytosis and continue the replication cycle by initiating infection of other

host cells.

Flavivirus-host PPls facilitate fundamental aspects of flavivirus

replication

In this section we review the data emerging from both comprehensive and targeted studies of

flavivirus-host PPls as they relate to various stages of flavivirus replication.

Virus attachment factors

The first step in any virus replication cycle is entry into the host cell and involves the classic virus-
host protein interaction between a virion structural protein and a host attachment factor. In the
case of flaviviruses, Env proteins on the virion exterior interact and attach to host factors on the
plasma membrane surface. Flavivirus Env proteins are quite promiscuous and can bind many
different host factors. While each flavivirus appears to bind multiple host factors, not all flaviviruses

use the same set of host factors for entry. Generally, flaviviruses use TAM (e.g. Tyro3, Axl, Mer)
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family receptor tyrosine kinases (39, 40), phosphatidyl serine receptor T-cell immunoglobulin
(TIM) (41-43), C-type lectin receptors (e.g. DC-SIGN) (44-46), integrins (47, 48), heat-shock
proteins 70/90 (49-51), laminin receptor (LAMR1) (52, 53), and heparan sulfate (54, 55) as means
of attachment. Subtle differences in Env protein sequence likely contribute to differences in host
factor usage, and distinct tissue tropisms between flaviviruses. The well-established flavivirus-
host attachment factors are described in Figure 2; however, it is essential to note that there are

likely others that each virus uses that have not been identified.

Interestingly, some entry determinants are dependent on specific intracellular virus-host
interactions that provide newly generated progeny virions with additional receptor targets. Arecent
study elegantly showed how the interaction between TRIM7, an E3-ubiquitin ligase, and Env
resulted in specific polyubiquitination in the infected cell that allowed progeny virion binding toTim-
1 of the new target cell (56). Here, ZIKV Env was ubiquitinated on three lysine residues: K38,
K63, and K281. A recombinant virus in which one of these lysines was swapped with arginine (E-
K38R) was significantly attenuated in JEG-3 placental trophoblast cells and in vivo in mice, but
not in mosquitoes. Intriguingly, the ZIKV E-K38R titers in vivo varied significantly by tissue,
suggesting that Env ubiquitination may drive tissue specific tropism. To further explore this, they
generated TRIM7 knockout cells which attenuated ZIKV replication in JEG-3 cells but did not
affect DENV replication in A549 lung epithelial cells. Similar results were observed in Trim7”
knockout mice. In this model ZIKV replicated similarly to WT in the heart, liver, lung, and muscle,
whereas ZIKV replication in the brain, eyes, and reproductive tissues was significantly reduced.
Finally, they identified that Tim-1 interacted with wild-type ZIKV but very minimally with K38R viral
particles, suggesting that ubiquitination at this site is critical for the interaction and virus entry
through Tim-1. This was supported both by reduced attachment of ZIKV to Tim-1 knockout JEG-
3 cells and reduced replication of ZIKV in the brains of Tim1” knockout mice (56). All together,

these results indicate an important interaction between ZIKV Env and TRIM7, providing
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ubiquitination that mediates entry into the brain and other tissues that are major contributors to
ZIKV pathogenesis. Currently, it is unknown if other flaviviruses use TRIM7 ubiquitination of Env

to mediate entry via TIM-1, as many other flaviviruses use TIM-1 as a host receptor (39, 41-43).

Intriguingly, a recent study identified this same ZIKV Env ubiquitination is also targeted by host
factors and restricts virus infection (57). The laminin receptor LAMR1 consists of an intracellular
domain, a transmembrane domain, and a larger extracellular domain which is known to be utilized
as an attachment factor by several flaviviruses that are not ZIKV (52, 53, 58, 59). Unsurprisingly,
ZIKV Env was also found to interact with LAMR1. However, it only interacts with the intracellular
region, not the extracellular region that would mediate extracellular virion attachment.
Overexpression of LAMR1 reduced virus replication and repression of LAMR1 by shRNA resulted
in significant increases in viral titer. The interaction between ZIKV Env and LAMR1 is mediated
by a single amino acid in Env, G282. Interestingly, G282 is very highly conserved among ZIKV
strains, but is not conserved at all with other flaviviruses. Further, the authors found that LAMR1
recruits eukaryotic translation initiation factor 3 subunit 5 (EIF3S5), a member of the ubiquitin
proteasome system (UPS). Knockdown of EIF3S5 reduced Env deubiquitination and increased
the levels of NS5, Env, and viral RNA in infected HelLa cells (57). Thus, Env ubiquitination can

have opposing effects mediated by different Env-host protein interactions.

It is worth noting that there is plentiful information on the host entry factors of mosquito-borne
flaviviruses. However, knowledge on the attachment factors utilized by tick-borne flaviviruses is
extremely limited. One recent study attempted to identify attachment factors for Langat virus
(LGTV). They found that LGTV did not utilize heparin sulfate, O- or N-linked glycans, or glycolipids
for entry, suggesting that the host receptor is protein in nature. However, they were unable to
definitively identify such a protein (60). A pair of studies suggests one such attachment factor
might be LAMR1, although additional studies are required (61, 62). Another recently published

study used multiple methods to identify TIM-1 as an entry factor for TBEV (43).
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Figure 2-1: Summary of host proteins used by flaviviruses for entry. Flaviviruses recognize
and bind plasma membrane host factors to initiate entry into the host cell. Different flaviviruses

utilize a similar pool of host proteins for entry.

Fusion and uncoating

After a flavivirus binds to an extracellular host entry factor, it enters the intracellular space by
clathrin-mediated endocytosis (63, 64). There are several cargo internalization factors involved in
this process that are necessary for flavivirus infection. Specifically, LYGE has been shown to
reorganize itself into tubule-like structures to support entry of WNV, ZIKV, and DENV (65), though
direct virus-host interactions have yet to be identified in this case. Following endocytosis, the
membrane of the virus envelope must fuse with the endosome membrane. This process happens
through an indirect mechanism, not requiring any physical virus-host protein interactions. V-
ATPase pumps protons from the cytoplasm into the lumen of various organelles, including
endosomes, decreasing the intra-endosomal pH (66, 67). This triggers conformational changes

in viral Env proteins that ultimately lead to their insertion into the endosome membrane and
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formation of the fusion pore, releasing the nucleocapsid to the cytosol (68, 69). Once released
the viral genome is not immediately capable of being translated. It first must be stripped of the
capsid proteins that otherwise stabilize and protect viral RNA. This occurs through the
ubiquitination of Capsid proteins by host UBA1 (70), with subsequent nucleocapsid disassembly
shown to be mediated by VCP (71). Once uncoated, the flavivirus RNA genome may be translated

into the viral polyprotein.

Interactions Involved in Viral Protein Translation and Stability

Translation of flavivirus genomes into functional viral proteins is dependent on the activity of
several host pathways. As is true of all viruses, host ribosomes are required to initially translate
the genome into the viral polyprotein. Several host proteases are necessary for polyprotein
cleavage into singular proteins. However, many of these NS proteins contain multiple
transmembrane domains, specifically NS2A, NS2B, NS4A, and NS4B, which all must be correctly
inserted into the ER membrane in the correct orientation in order to be functional (72—75). The
stability and insertion of these proteins is performed by the signal-recognition particle (SRP), host
SECG61 translocon, and ER membrane complex (EMC). These complexes have been shown to
be critical host factors for many viruses, including flaviviruses (76—79). In this section, we will
review recent work that has advanced our understanding of how flaviviruses co-opt these

complexes during infection (Figure 3).

SRP-Translocon Pathway

Flaviviruses replicate within the ER and utilize ER-associated ribosomes for translation. The
translated polyprotein contains many transmembrane domains that must be properly integrated

into the ER membrane. This function is performed by the SRP-translocon pathway, in which the
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SRP ribonucleotide complex binds and identifies a hydrophobic transmembrane region of the
nascent polypeptide, arrests translation, and brings the ribosome to a translocon where
translation continues (80). In eukaryotes, the Sec translocon is made up of the SEC61 complex
(SEC610a/Bly), SEC62/63, and a number of other proteins that can vary depending on substrate
(81). Flavivirus polypeptide insertion into the ER membrane is thus at least partially reliant on the
interaction with SRP and SEC proteins. Unsurprisingly, these proteins have been found in several
flavivirus-host protein interaction studies, including interactions between ZIKV/DENV NS4A with
SEC62, SEC61y, and SRPR, NS4A/2B with SEC613, and NS4B with SEC61a (26, 27). Along
with these interaction-based screens, these proteins have been identified in genetic screens as
host factors supporting flavivirus replication (76, 78, 79, 82, 83). Interestingly, while the SEC61
translocon is essential for protein biogenesis, pharmacological modulation of this complex inhibits
DENV and ZIKV replication (27, 77, 84). Together these results highlight the importance of the

SRP/SEC61 translocon on flavivirus replication and the potential for a pan-flaviviral drug target.

ER Membrane Complex

The ER membrane complex (EMC) co-translationally interacts with nascent proteins and prevents
their degradation by associating with chaperones. The EMC preferentially stabilizes multipass
membrane proteins that may otherwise have difficulty being inserted into the ER membrane,
thereby avoiding misfolding and degradation (85, 86). Similar to the SEC61 complex, EMC
proteins have been identified in a number of flavivirus protein interactions (25, 27) and genetic
screens (78, 83, 87, 88), underlining their importance. Three recent papers dissect their role in
flavivirus replication. Through a combination of biochemical assays and pulse-chase experiments
with gene knockdown, Lin and colleagues demonstrated that EMC1 promoted NS4B biogenesis,
but not its post-translational stability. Interestingly, NS4B’s dependence on the EMC arises from

its two N-terminal transmembrane regions, which are marginally hydrophobic, as altering the
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nature of these regions in either direction, more or less hydrophobic, rescued expression in EMC
knockout cells. Together, this suggests that the generation and co-translational stability of
flavivirus multi-pass proteins, including NS4B, depends on the interaction with EMC for protection
from degradation and integration into the membrane. (89). Similar inhibition of virus replication
and decreases in viral protein production were also shown by Ngo et al., 2019, using a similar
CRISPR knockout setup. Using a dual-fluorescence reporter system they were able to identify
that NS4B’s underlying reliance on the EMC stems from its link to NS4A through the 2K peptide,
a transmembrane region which serves as a signal sequence for the translocation of NS4B (90).
Barrows et al., 2019 additionally found that knockout of EMC4 led to near complete loss in
replication of DENV, ZIKV, and YFV, but did not affect WNV replication at all. They speculated this
difference may arise from the WNV being transmitted by Culex mosquitoes, rather than Aedes.
This vector specific hypothesis was supported by their finding that DENV titer in Aedes mosquito
midguts was reduced after siRNA targeting of EMC2/3/4, although the decreases in replication
were not nearly as severe as what was observed in human cells (91). Altogether, the EMC is a
vital host factor utilized by Aedes-transmitted flaviviruses for correct viral protein insertion into the

ER membrane.

Signal Peptidase and Oligosaccharyltransferase Complexes

Gene perturbation screens have long been used to identify essential flavivirus host factors. With
the advances of CRISPR, these screens have become even more powerful. A pair of such
screens published together in 2016 mapped host factors of multiple flaviviruses (78, 79).
Unsurprisingly, proteins involved in ER translocation of and polypeptide stability, including
SEC61B and EMC proteins, were among the hits in these screens. Additionally, signal peptidase
complex (SPCS) and oligosaccharyltransferase (OST) complex were found to be essential for

replication of many flaviviruses. Knockout of SPCS1, a major component of the SPCS, in
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HEK293T embryonic kidney cells completely ablated replication of all tested flaviviruses, but had
little effect on other unrelated RNA viruses, suggesting its role in virus replication was specific to
Flaviviridae. Further experiments revealed that the SPCS1 is responsible for several polyprotein
cleavage events, specifically C-prM, prM-E, E-NS1, and 2K-NS4B (79). The cleavage between
NS1 and NS2A occurs through an unknown signal peptidase pathway mechanism. Interestingly,
the OST complex plays a role in replication separate from its enzymatic activity. Normally the OST
complex is responsible for the N-linked glycosylation of host proteins. Knockout of major OST
complex component STT3A had major effects on the replication of DENV, YFV, WNV, JEV, and
ZIKV (78, 79). However, these replication defects could be rescued by the expression of
catalytically dead STT3A mutants, suggesting that the OST complex serves virus replication
through function outside its ability to glycosylate proteins (78). Physical interactions with flavivirus
replication complex members NS1, NS2B, NS3, and NS4B along with its close association with
sites of virus replication in the ER suggest that the OST complex may serve a structural role in

genome replication (78, 92).

ER remodeling and virus replication compartment formation

The majority of flavivirus replication occurs within the ER membrane. Flaviviruses employ a
variety of mechanisms to remodel the host ER into a niche which maximizes the efficiency of
genome replication and viral packaging. The task of remodeling the ER is primarily performed by
the viral NS proteins through a combination of direct remodeling and specific virus-host
interactions. NS4A and NS4B contain transmembrane domains which pass through the ER and
helices that lie in the plane of the ER lumen to induce positive curvature of the membrane (72,
93, 94). Membrane alteration is further driven by the oligomerization of NS4A (95). In addition to
the action of these viral proteins on their own, they recruit and hijack the function of a number of

other host proteins involved in ER morphology. The highly curved and tubular host ER membrane
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system is stabilized and maintained by several protein families including the reticulon (RTN)
family, the atlastin (ATL) family, and the Lunapark (LNP) protein (96, 97). Even beyond these
canonically ER proteins, other host factors have been shown to be involved in flavivirus-mediated
ER modifications. Recently several groups have evaluated the roles of these protein families in

flavivirus replication and ER remodeling during infection.

Reticulon

Proteins in the RTN family all have a domain including two transmembrane regions separated by
a single hydrophilic loop which, similarly to NS4A, induces membrane curvature (98). Reticulon
3A (RTN3A) is known to be involved in the replication of other viruses, including the Flaviviridae
family member Hepatitis C virus (HCV) (99-101). Aktepe et al., 2017 found that the broadly
expressed RTN3.1A plays a role in the replication of several flaviviruses, including WNV, DENV,
and ZIKV. RTN3.1A colocalized with sites of virus replication and siRNA silencing resulted in
significant decreases in viral titer after infection. ZIKV infection in RTN3.1A-silenced cells
displayed dramatically less membrane curvature with fewer replication complexes. Using a
combination of immunofluorescence microscopy and fluorescence resonance energy transfer
(FRET) the authors determined that RTN3.1A specifically interacted with WNV NS4A, whereas
ZIKV and DENV NS4A did not (102). However, later proteomics studies did identify an interaction
between ZIKV NS4A and RTN3 (27). A yeast-two hybrid screen also showed that ZIKV NS4A and
NS2B interact with RTN1, suggesting that flaviviruses may utilize RTN family members

differentially for roles in ER remodeling (31).
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Atlastins

The ATL family of proteins is composed of three (ATL1/2/3) membrane-bound, dynamin-related
GTPases that function in maintaining Golgi (ATL1) and ER (ATL2/3) morphogenesis through the
formation of three-way junctions (103, 104). ZIKV is known to actively remodel the ER and induce
the formation of large ER-derived cytoplasmic vacuoles. Ultimately this results in cell death
through paraptosis, a caspase-independent, non-apoptotic form of cell death (84). The formation
of these vacuoles in Hela cells is dependent on the activity of ATLs. Knockout of ATL2 and ATL3
led to nearly a complete loss in the formation of these vacuoles during ZIKV infection and
significant reduction in ZIKV replication. These phenotypes could be rescued by expression of
wild-type ATL3, but not a GTPase-deficient mutant (105). Another group similarly found that
knockdown of ATL2/3 reduced the replication of both ZIKV and DENV and that ATL3 played an
important role in DENV maturation (106). There appears to be multiple methods by which
flaviviruses physically interact with ATL proteins. Using co-immunoprecipitation (Co-IP) and
immunofluorescence analysis, one group determined that ATL3 strongly interacted with both ZIKV
NS2A and NS2B3, although they did identify partial interaction with both NS4A and NS4B as well
(105). ATL2/3 were found to interact with DENV NS2B, NS3, and NS5. Interestingly, ATL3 was
also found to further interact with DENV NS1, envelope, and capsid proteins (106). Flavivirus-ATL
interactions have also been identified in a number of proteomic screens including WNV NS4B
with ATL2 (29) and ZIKV NS4A and NS2A with both ATL1 and ATL2 (25). Thus, while multiple

flaviviruses hijack atlastin proteins, the molecular mechanisms appear to be unique.

Lunapark

While RTN family proteins induce curvature within the ER membrane and ATL form three-way
tubular junction, the LNP protein stabilizes these junctions and is required for their mobility, a

necessary feature of the dynamic ER (107). Similar to RTN and ATL, siRNA silencing of LNP
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results in significant reduction in flavivirus induced replication compartments and corresponding
decreases in genome replication. Using Co-IP, Tran et al, 2021 identified that TBEV NS4B
interacted with LNP through its C-terminal region (108). Additionally, ZIKV NS4A has been
identified to interact with LNP, and may constitute virus-specific mechanisms of ER-remodeling
(27). All together these findings show that flaviviruses physically hijack a number of host pathways

to remodel the ER membrane system to create a space conducive to virus replication.

TMEM41B and VMP1

A recent CRISPR genetic screen assessed host factors involved in flavivirus infection (83). In
addition to identifying many ER proteins discussed previously, the authors also identified two
transmembrane ER proteins, TMEM41B and VMP1. These proteins function as phospholipid
scramblases and have similar roles in lipid mobilization, lipoprotein biogenesis, autophagy, and
the induction of membrane curvature (109-112). Knockout of either gene dramatically inhibited
the replication of a wide range of mosquito- and tick-borne flaviviruses. TMEM41B was also
shown to be critical for infection across multiple cell types, including mosquito C6/36 cells. The
authors found TMEM41B interacts and colocalizes with ZIKV NS4A and YFV NS4B during
infection, which is supported by the previous identification of ZIKV NS4B’s interaction with
TMEM41B (26). Given its role in inducing membrane curvature, this suggested that TMEM41B
may be involved in the formation of viral replication compartments in the ER. Intriguingly,
TMEMA41B-deficient cells were observed to have heightened innate immune responses after
infection. Using YFV replicons this was elegantly shown to be due to increased sensing of viral
dsRNA in TMEM41B knockout cells (83). Together, these results show that TMEM41B is a pan-
flavivirus host factor that is likely involved in the formation of replication compartments in the ER,
and loss of this protein results in the inability to retain viral dsRNA in the ER, leading to detection

by host immune response sensors.
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Vimentin

The RTN, ATL, and LNP family proteins are logical targets for virus-mediated ER remodeling
based on their canonical roles in regulating ER morphology. However, flaviviruses are also
capable of hijacking host proteins with more divergent functions to establish replication
compartments within the ER. A 2014 study by Teo and Chu established that DENV NS4A
interacted with host vimentin, a major component of cytoskeletal intermediate filaments, to anchor
replication compartments in the ER. They found that the N-terminal cytoplasmic region of NS4A
mediated this interaction and that DENV infection increasing the phosphorylation of vimentin,
promoting depolymerization and reassembly to the perinuclear region where it was utilized for
virus replication. Phosphorylation of vimentin was shown to be crucial for replication as siRNA
silencing of the vimentin-targeting kinase CaMKIly led to significant decreases in DENV

replication (113).

RACK1

The Receptor for Activated C Kinase 1 (RACK1) protein is a known scaffolding protein with roles
in protein shuttling, anchoring, and stabilization, as well as mediating cellular pathways through
protein interactions (114). The interaction between DENV NS1 and host RACK1 was first identified
in a DENV NS1 specific proteomics screen (92) but the role of this interaction was not fully
explored until recently by Shue et al 2021. They performed a genome-wide CRISPR knockout
screen in Huh7 cells to identify host genes involved in ZIKV replication. This identified several
potential host genes including members of the ER membrane complex (EMC) (discussed earlier
in this Chapter), as well as RACK1. Additionally, they found that silencing of RACK1 impacted the
replication of several flaviviruses including ZIKV, DENV, WNV, POWYV, and LGTV, and even
SARS-CoV-2. However, they found that YFV, herpes simplex virus (a DNA virus), and vesicular

stomatitis virus (negative-strand ssRNA virus) were not affected by RACK1 silencing. Using a
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Renilla luciferase DENV replicon they determined that RACK1 specifically played a role in viral
genome replication, rather than viral entry or translation. Using replication-independent
expression system that induces the formation of replication compartments in the ER without virus
infection they found that RACK1 silencing led to reduced formation of these compartments in the
ER (115). These studies are a great example of the power of integrating proteomic and genetic
screens to identify mechanisms of virus replication. In the future utilization of existing screens will
advance our understanding of these mechanisms and identify new interactions that are necessary

for flavivirus replication.

One interesting feature of flavivirus infection worth noting is the induction of convoluted
membranes (Figure 3). These peculiar membranous structures contain vast arrangements of
smooth ER, however they appear to form only under certain conditions, as their presence can
vary with virus or cell type (116—119). Convoluted membranes contain viral proteins but lack viral
RNA, suggesting these are not sites of genome replication (8). The virus-host PPls that contribute
to the formation of these membrane structures are still under investigation. It has been shown
that NS4B associated with mitochondria physically contact these structures, potentially to tether
them near sites of virus replication or assembly or to dampen innate immune response signaling

(120).
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Figure 2-3: Flaviviruses co-opt host proteins to remodel the ER. Flaviviruses dramatically
alter the morphology of the host ER to create a niche that maximizes the efficiency of genome
replication and virion packaging. Replication compartments are formed by the involution of the
ER membrane by both viral and host proteins. Viral replication complexes reside within these
compartments and carry out RNA replication. These complexes also physically associate with
host proteins. Viral ssRNA+ genomes are translated on the ER by host ribosomes. The resulting
viral polyprotein is co-translationally processed to ensure its stability, insertion into the ER
membrane, and proper cleavage into individual viral proteins. *TMEM41B is known to interact

with either ZIKV NS4A or YFV NS4B and may facilitate ER remodeling.

Flavivirus interactions for host processes outside the ER
While the ER is a major site of flavivirus replication, virus-host protein interactions in other
organelles are critical for replication. Soluble viral proteins such as NS3 and NS5 are known to

have dispersed localizations during infection, thus it is unsurprising that identified interacting host
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proteins also have a wide range of localizations. Here, we will review important and recently

identified virus-host PPIls outside context of ER replication that promote virus replication.

Trafficking

After virions are packaged and assembled in the ER lumen they must be processed prior to
release. Specifically, the prM protein on the outermost part of the virion must be cleaved by furin,
a host protease within the Golgi apparatus. Cleavage sites on prM are only made accessible by
the relatively acidic environment of the Golgi and secretory vesicles (121-123). This prM
maturation is required to allow future viral entry into host cells after release. Vesicles containing
immature virions reach the Golgi through the host’s secretory pathway or trans-Golgi network
(TGbN). Golgi proteins and others involved in TGN trafficking have been identified in proteomic
screens (124), but in-depth studies on the role of these interactions in flavivirus replication are
very limited. Recently several specific virus-host PPIs have been identified here with roles in virus

maturation and replication.

As trafficking through the TGN is essential for flaviviruses, one anti-viral host mechanism is to
limit this processing by halting virion progression at the Golgi, preventing release. One well-
studied protein with this function is bone marrow stromal cell antigen 2 (BST2), also known as
tetherin. BST2 is known to restrict the replication of many viruses, including filoviruses,
retroviruses, and alphaviruses, by tethering virions to the cell surface or by interrupting virion
release from the TGN prior to exit from the cell (125-128). Accordingly, several viruses have
evolved measures to counteract this inhibition. For example, the Vpu protein of HIV-1 inhibits the
anti-viral tethering effects of BST2, allowing release of infectious virions from the cell (129).
However, there are some conflicting reports about the effects of BST2 on flaviviruses. A 2012
study described significant BST2-mediated inhibition of DENV release from Huh7 cells (130).
Conversely, another study found only modest effects on non-infectious, “virus-like particle”
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release from TRex HEK293 cells expressing BST2 and transfected to express DENV Env (128).
Whether these discrepancies are methodological or cell-type derived is unclear. More recently, Li
et al. investigated the potential mechanisms by which JEV escapes BST2 restriction. Endogenous
BST2 proteins levels were actively decreased during JEV infection and expression of JEV Env
alone was sufficient to reduce BST2 expression. JEV Env physically interacted with BST2 at its
transmembrane and cytoplasmic loop domains, and targeted it for lysosomal degradation (131).
Thus, the interaction between Env and BST2 promotes virus replication by eliminating the anti-
viral activity of BST2. Whether other flaviviruses interact with and inhibit BST2 using similar
mechanisms requires further study. Previously we also discussed the interaction between ATL3
and multiple viral proteins, and the role of this interaction in ER remodeling. Interestingly, this
study also identified a role of ATL3 in flavivirus maturation and furin recycling. Knockdown of ATL3
increased levels of extracellular un-cleaved prM and altered furin localization away from the Golgi.
The relocalization of furin was specifically observed after knockdown of ATL2 and ATL3, whereas

knockdown of other ER remodeling proteins RTN3 and LNP had no effect (106).

Autophagy

Autophagy is an essential intracellular degradative process that recycles cytoplasmic components
(132). Autophagy involves three major steps, the formation of autophagosomes and simultaneous
capture of cytoplasmic material, the fusion of autophagosomes with lysosomes to form
autolysosomes, and the turnover of autolysosomes. The cytoplasmic components, often referred
to as cargo, can either be selectively or non-selectively degraded (133). For selective autophagy,
cargo such as mitochondria is tagged by cargo receptors which are then encapsulated and
degraded by autophagy. Autophagy is involved in the replication of various flaviviruses. The

overall role of autophagy as proviral or antiviral in flavivirus replication is complex and has no
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clear consensus (134-136). Here, we discuss the studies that have implicated the role of

autophagy-related proteins in virus replication through physical interactions with viral proteins.

DENV and ZIKV hijack various aspects of selective autophagy for efficient virus replication.
Regulation of lipid metabolism during DENV infection has been reported by multiple groups (137—
141). DENV NS4A physically interacts with unubiquitinated AUP1 to translocate lipid droplets to
autophagosomes to induce lipophagy (142). Interestingly, DENV NS4B or DENV infection is
essential for this interaction. Ubiquitination of AUP1 impeded its interaction with NS4A, which led
to defective lipophagy and reduced viral titers. This study highlights the importance of lipophagy
during virus infection that is regulated by virus-host protein interactions. Regulation of apoptosis
through autophagy is another strategy utilized by DENV for prolonged virus replication (143), and
DENV NS1 interacts with Beclin-1 to activate autophagy and prevent apoptosis at early stages of
infection (144). FAM134B, an ER phagy (reticulophagy) selective cargo receptor was identified to
interact with DENV and ZIKV NS2B3 (145). The researchers demonstrated that DENV and ZIKV
NS2B3 cleave FAM134B to inhibit the degradation of viral proteins through reticulophagy.
Additionally, overexpression of FAM134B leads to decreased virus replication. These results
indicate selective degradation of ER is subverted by viruses even though overall autophagy could
be upregulated during infection. In a recent study, Ponia and colleagues observed inhibition of
mitophagy through the interaction of ZIKV NS5 with the host protein Ajuba (146). Ajuba is a key
regulator of mitophagy and is translocated to depolarized mitochondria to initiate PINK1-Parkin
mediated mitophagy. NS5 interaction with Ajuba impeded its translocation to depolarize
mitochondria, thus inhibiting mitophagy. The authors further use in vivo ZIKV infection studies in
mice to demonstrate increased early pro-inflammatory chemokines and viral load in tissue due to
inhibition of mitophagy, further underlining the importance of the NS5-Ajuba interaction. These
studies point towards the regulation of selective autophagy by DENV and ZIKV. Systematic

measurements of degraded cargo during virus infection can provide key insights. In the future, it
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will also be valuable to explore if modulation of selective autophagy is a common theme for other

flaviviruses and other types of selective autophagy (e.g., pexophagy, and xenophagy).

Interactions of general autophagy-related proteins with WNV and JEV proteins have also been
identified. WNV Capsid protein interacts with AMPK, an autophagy inducer (147). This interaction
mediated the degradation of AMPK through the proteasome pathway and led to the accumulation
of ubiquitinated protein aggregates. A mutant Capsid protein reduced the interaction with AMPK
and its degradation. Even though disrupting this interaction did not affect virus replication, it led
to lower protein aggregates in mouse brain and reduced neurological symptoms. For JEV, Sharma
et al have shown that autophagy acts as an antiviral response during JEV infection in neuronal
cells (148). They also observed NS1 colocalization with LC3-I, an important autophagy protein
whose depletion caused decreased viral titers. In a more recent study, the same group also
demonstrated Capsid protein interaction with LC3-l, using immunoprecipitation (149). The
functional role of these interactions in virus replication and autophagy is uncharacterized and

could be a potential study.

Future efforts can be focused on investigating known uncharacterized physical interactions. The
mTOR pathway is an important autophagy pathway that is differentially regulated during flavivirus
infection (139, 150-153). Moreover, viral protein interactions with mTOR were also found using
proteomic approaches (27). However, characterizing the role of virus-mTOR PPlIs in the context
of virus infection is largely unexplored and could be a potential future direction. Selective
autophagy during virus infection is another interesting attribute for potential study. Viruses appear
to exploit the selective nature of autophagy by variably regulating specific cargo degradation. For
example, DENV upregulates lipophagy while downregulating reticulophagy for effective
replication (142, 145). Thus, further investigating the interactions found between the viral proteins
and cargo receptors could be a promising direction. We explored the literature to generate a list

of virus-autophagy PPIls that have been identified in various proteomic screens which could
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further explain the role of autophagy during virus infection (Table 1). Interestingly, while many
autophagy proteins were identified in these screens, none were pursued mechanistically in those
published studies, leaving the door open to many systematic studies of these PPls. Finally,
capturing the temporal change in cargo degraded during virus infection may also provide novel

insights into the dynamic replication cycle.

Autophagy protein Autophagy related role Viral proteins

ACBD5 Pexophagy receptor NS4A!
AMBRA1 Key regulator of autophagy by modulating the NS1’, NS2B’
BECN1-PIK3C3 complex
ATG9A Supplies membrane for the growing Env’
autophagosome
BNIP3 (NIP3) Mitophagy receptor NS512
El24 (EPG4) Regulates formation of degradative NS12, NS4B?3
autolysosomes
LGALSS Restricts infection by initiating autophagy via NS36
interaction with CALCOCO2/NDP52
MTOR Key regulator of autophagy through NS4A!?
phosphorylation of ULK1, DAP, AMBRAL, and
RUBCNL
PHB2 Mitophagy receptor NS2B33, NS4B3
SQSTM1 (p62) Multiple cargo receptor NS4B2
STX17 Regulates autophagosome fusion with lysosomes NS2A’
VCP Essential for the maturation of ubiquitin- NS2B3°
containing autophagosomes and the clearance of
ubiquitinated protein by autophagy
WAC Regulator of autophagy NS2B®
AUP1 Lipophagy regulator NS2A%, NS4B3#4
FAM134C Reticulophagy receptor NS4A?, NS4B3
RTN3 Reticulophagy receptor NS4A!
SEC62 Reticulophagy receptor NS4A2
CALCOCO1 Reticulophagy receptor NS5°
NBR1 Aggrephagy, pexophagy and xenophagy receptor NS2A*
VMP1 Required for autophagosome biogenesis NS4A*
TMEM41B Required for autophagosome biogenesis NS4B3
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Table 2-1: Protein-protein interactions between flavivirus proteins and host autophagy
factors. PPI found between autophagy proteins and viral proteins from 7 data sets (25-27, 29,
31, 33). PPI that were found significant by the authors were considered for the search.
Approximately 100 autophagy proteins were probed for interactions based on a list of proteins
mentioned in these studies (133, 154, 155). 'Shah 2018 (ZIKV), 2Shah 2018 (DENV), 3Scaturro
2018 (ZIKV), “Coyaud 2018 (ZIKV), 5Li 2019 (WNV), 8Golubeva 2020 (ZIKV), and "Zeng 2020

(ZIKV)

Mitochondrial Dynamics and Morphology

Mitochondria are dynamic organelles with widespread functions in cellular homeostasis including
ATP production, immune response signaling, and apoptosis activation. Unsurprisingly, many
viruses interact with and perturb these functions to benefit their own replication (156). Recently
the mechanisms and protein interactions that flaviviruses use to modulate these mitochondrial
functions have revealed dynamic alterations in mitochondrial morphology that impact virus

replication.

The morphology of host mitochondria are constantly changing. The constant fusion and fission of
mitochondria is critical for cellular homeostasis. The fusion of mitochondria together is mediated
by mitofusin 1 (MFN1) and MFN2 in the outer mitochondrial membrane and optic atrophy protein
1 (OPA1) in the inner membrane. Fission is mediated by dynamin-related protein 1 (DRP1) which
is soluble and recruited to mitochondria by mitochondrial fission protein 1 (FIS1) (157). ZIKV and
DENV both impact mitochondrial morphology, albeit in cell-type and virus specific manners (120,
1568-160). DENV and ZIKV infection in Huh7 hepatocytes induces dramatic mitochondrial
elongation. This is associated with significant decreases in DRP1 fission activity, specifically
through decreased phosphorylation at S616, a site which induces fission by DRP1. NS4B
interacts with many mitochondrial proteins (26, 27) and its expression alone is sufficient to alter
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mitochondrial morphology (120). NS4B expression is linked with decreased expression of CDK1,
the kinase which phosphorylates DRP1 at S616. Knockdown of DRP1 further increases DENV
and ZIKV replication, while increasing fusion through knockdown of MFN2 decreases replication
(120, 158). Interestingly, knockdown of DRP1 did not impact the replication of fellow flavivirus
WNYV or the closely related HCV (120). Together, this suggests that DENV and ZIKV specifically
induce the elongation of mitochondria in these cells. It appears this elongation may serve two
functions for virus replication. Firstly, elongated mitochondria have increased respiratory function,
resulting in greater energy production which may be utilized directly for virus replication or
promote host cell survival (158). Secondly, this elongation impedes mitochondrial innate immune
response signaling by preventing the translocation of RIG-I to mitochondrial-associated
membranes, decreasing MAVS-associated IFN production (120, 161). The interplay between
flaviviruses and innate immune signaling, including through MAVS and RIG-I, will be discussed in

more detail later in this Chapter.

Intriguingly, mechanisms that promote mitochondrial fission, rather than fusion, have been
observed during DENV and ZIKV infection in other cell types (160, 161). In A549 cells, DENV
infection also leads to abnormal mitochondrial dynamics, however independent of DRP1. Rather,
MFN1 and MFN2 are cleaved by the DENV NS2B3 protease, resulting in decreased fusion and
more mitochondrial fragmentation. Specifically, cleavage of MFN1 results in decreased MAVS-
mediated IFN production, while cleavage of MFN2 decreased the activation of cell-death
associated caspases. Again, this activity does not appear to be conserved across all flaviviruses,
as NS2B3 from JEV was unable to perform the same cleavage events (161). This specificity may
contribute to the unique pathogenesis of some flaviviruses. Congenital ZIKV is associated with
the development of neurological and ocular abnormalities which are not observed with other
flaviviruses (162, 163). It is possible that perturbation of mitochondrial processes by viruses are

especially potent in these tissues, as metabolic demands are high and these tissues are very
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sensitive to mitochondrial dysfunction (164, 165) In ZIKV-infected neural stem cells (NSCs)
mitochondria numbers and size are significantly decreased, associated with concomitant
decreases in MFN2 protein expression, whereas the other fusion/fission proteins (MFN1, OPA1,
DRP1, and FIS1) were unchanged (160). ZIKV had similar effects on the mitochondria of retinal
pigment epithelial (RPE) cells, with mitochondria appearing more fragmented and punctate in
nature (159). In both cases, ZIKV-associated morphology changes involved the loss of
mitochondrial membrane potential, resulting in diminished ATP production and mitochondrial
function. Whether ZIKV NS2B3 performs similar cleavage of MFN2 as the DENV protease or if

ZIKV relies on other unique interactions requires further experimentation.

Antagonism of host immunity by flavivirus-host PPls

While some interactions between viral proteins and host proteins associated with the immune
system restrict flavivirus replication and pathogenesis (166—168), flaviviruses have evolved
numerous mechanisms to sabotage the host innate immune response via interactions with host
proteins. Here, we review the major mechanisms of antagonism associated with IFN production,

IFN signaling, and the complement system (Figure 4).

IFN production

Pattern-recognition receptors (PRRs) sense flaviviruses upon entry. The major PRRs relevant for
flaviviruses are TLR3 and TLR7/8, which are located primarily in endosomal vesicles and
recognize viral RNA of incoming virions (169, 170); retinoic-acid inducible gene-l1 (RIG-I) and
myeloma differentiation factor 5 (MDAS5), which recognize cytosolic RNA (171); and cyclic GMP-
AMP synthase (cGAS) which recognize cytosolic DNA (172). Mechanistically, activated TLR3 and

TLRY7 recruited adaptor protein MyD88 and TRIF to initiate further changes regulating the

49



expression of cytokines, chemokines, and type | IFNs (173). After sensing viral RNA, RIG-I and
MDAS5 move from the cytosol to mitochondria and interact with their adaptor, mitochondrial
antiviral signaling protein (MAVS), to continue further downstream signaling that activates IRF3
and NF-kB (174). cGAS activation after recognizing cytosolic DNA catalyzes the synthesis of
cyclic GAMP (cGAMP) which activates STING, which subsequently activates IFN expression
(175). The signaling induced by these sensors converges on a common cascade that induces the
production of interferon (IFN) and downstream genes stimulated by IFN called interferon-

stimulated genes (ISGs) (176).

Flaviviruses have evolved different strategies to interfere with the host production of IFNs. A major
mechanism for flaviviruses is to disrupt double-stranded RNA-sensing pathway. NS3 from DENV
and ZIKV binds 14-3-3¢, an important protein in antiviral immunity (177), via a conserved
phosphomimetic motif on NS3 and prevent the translocation of RIG-lI to mitochondria, and
consequently IFN production (178, 179). During DENV infection, DENV NS4A also physically
interacts with MAVS to prevent RIG-I from forming complexes with MAVS in mitochondria-
associated endoplasmic reticulum membranes (MAMs), leading to the disruption of RIG-I-induced

IRF3 activation and subsequently suppression of IFN production (180).

Further down in the RIG-I-induced type | IFN pathway, DENV serotypes 1, 2, 4 (DENV1, DENV2,
DENV4) NS2A and NS4B proteins inhibit RIG-I/MDAS-regulated interferon beta (IFN-f) induction
by blocking TBK1/IRF3 (181). DENV NS2B3 interacts with IKKe to prevent IRF3 phosphorylation
(182) potentially changing the activation of multiple antiviral genes including type | IFN. JEV
inhibits IFN-B production by suppressing IFR3 and NF-kB (183). Mechanistically, JEV NS5
interacts with nuclear transport proteins KPN2, KPN3, KPN4 and block their interaction with IRF3
and P65, therefore preventing nuclear translocation of IRF3 and NF-k@3 and reducing type | IFN

production.
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Even as RNA viruses, flaviviruses also antagonize IFN production by interfering with cytosolic
DNA-sensing pathway by cGAS and its adaptor STING. Specifically, as DENV infection triggers
innate immune response through mtDNA sensing by cGAS (184), DENV NS2B protease targets
the DNA sensor cGAS and degrades it to prevent the detection of mitochondrial DNA released
during DENYV infection, blocking the activation of cGAS/STING pathway and the induction of type
I IFN (185). DENV NS2B3 also physically interacts with and cleaves STING to inhibit type | IFN
production in species-specific manner (186, 187). During ZIKV infection, cGAS is targeted and
cleaved by NS1-stablized caspase-1, leading to enhanced NLRP3 inflammation activation and
reduced type | induction to benefit the infection (188). The multiple mechanisms by which
flaviviruses antagonize DNA sensing suggest that this is an important mechanism of immune

evasion for RNA viruses and represents a new frontier of investigation for virus-host interactions.

Flavivirus NS5 proteins also antagonize innate immunity upstream of IFN production and
signaling, primarily through interactions with host gene expression machinery in the nucleus. The
extent of NS5 localization to the nucleus varies depending on flavivirus species, yet some nuclear
localization and nuclear/cytoplasmic shuttling appears to occur for nearly all NS5s, with the
exception of duck Tembusu virus (189-196). NS5 protein interactions with host gene expression
machinery have been noted through several unbiased screens, including mass spectrometry and
yeast-two-hybrid screens (25-27, 29, 197—199). Several of these protein interactions have been
linked back to NS5 perturbation of host gene expression. For example, a proteomic study of DENV
NS5 during infection revealed interactions with CD2BP2 and DDX23, core components of U5
small nuclear ribonucleoprotein particles (U5 snRNPs) that ultimately interfere splicing efficiency
(199). DENV NS5 also dysregulates host splicing by physically interacting with RBM10, a splicing
factor that regulates spermidine/spermine-N1-acetyltransferase (SAT1) splicing and promoting
RBM10 proteasomal degradation. The interaction potentially restricts RBM10 from its

proinflammatory function and benefits DENV replication (200). In our recent studies on DENV-
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human protein interactions, we identified an interaction with PAF1C (27), which regulates the
transcription elongation of many immune response genes (201, 202). Our recent work dissecting
the NS5-PAF1C interaction demonstrated that PAF1C regulates immune response genes
upstream of type | IFN production, including the RIG-I/DDX58 signaling axis. Breaking the NS5-
PAF1C interaction through mutagenesis of NS5 rescued PAF1-dependent gene expression,

underlining the importance of this protein interaction (196).

The recurring theme of NS5 nuclear localization and interactions with nuclear proteins has led to
much speculation in the field regarding why the polymerase and methyltransferase of a
cytoplasmic RNA virus would have such behavior. There is mounting evidence that flavivirus NS5
protein can perturb host gene expression, both through dissection of virus-host protein
interactions, and through more generalized gene expression studies. For example, independent
studies of ZIKV, WNV, and DENV NS5 all point to overall inhibition of immune gene expression
(196, 203, 204). On the other hand, studies involving infection have not revealed in vitro or in vivo
phenotypes for DENV mutants that reduce NS5 nuclear localization (192, 193, 195), resulting in
skepticism regarding the biological significance of NS5 nuclear localization. However, for studies
involving DENV serotype 2, it should be noted that there are two distinct nuclear localization
signals (NLSs) that contribute to nuclear localization. In fact, mutation of a single NLS still results
in substantial NS5 nuclear localization (~1:1 nuclear:cytoplasmic ratio). In our own studies, we
show that only mutation of both NLSs truly excludes NS5 from the nucleus and disrupts the NS5-
PAF1C interaction (196). Thus, a modest amount of NS5 nuclear localization may be sufficient for
its role in perturbing host gene expression. Using a double NLS mutant to study protein
interactions and virus replication phenotypes will be essential to understanding the true function
of nuclear NS5. Creating similar NLS mutants for other flavivirus NS5 will also strengthen the

evidence supporting a role for nuclear NS5 in general.
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IFN signaling

Although flaviviruses actively exploit various strategies to suppress the production of IFN by
infected cells, secreted IFN can still bind to the heterodimeric IFN receptor, IFNR1 and IFNR2,
that are present on most cells. Binding of IFN to the receptors triggers the activation of JAK1 and
Tyk2 to phosphorylate cytoplasmic STAT1 and STAT2 (205). The phosphorylated STAT1 and
STAT2 form a heterotrimeric complex with interferon regulatory factor 9 (IFR9) known as IFN-
stimulated gene factor 3 (ISGF3) which translocate to the nucleus and binds to interferon-
stimulated response element (ISRE) to regulate the transcription of IFN-stimulated genes (ISGs),

many of which are antiviral (206).

Multiple studies have shown that flaviviruses use different ways to manipulate IFN signaling.
DENV NS2A, NS4A, and NS4B block the IFN-induced transduction cascade in human A549 cells
by interfering STAT1 phosphorylation, resulting in decreased IFN-induced ISRE-promoter
activation and enhanced DENV2 virus replication (207, 208). NS5 also inhibits IFN signaling via
multiple mechanisms that appear to be virus-specific (191, 209-213), and we will highlight
mechanisms for which the role of NS5-host protein interactions has been dissected. NS5 of
Langat virus (LGTV), a member of tick-borne encephalitis complex of viruses, also interacts with
IFN-a/b receptor subunit (IFNAR2) and IFN-g receptor subunit (IFNGR1) to block Jak1 and Tyk2
phosphorylation (209, 212). TBEV NS5 protein also interacts with hScrib, a protein expressed at
the membrane of mammalian cells and controls cell-to-cell contact, resulting in impaired pSTAT1
formation in response to IFN-a/b and IFN-g (214). TBEV and WNV NS5 can also inhibit IFNAR1
mutation and accumulation at the cell surface through an interaction with PEPD (215). DENV and
ZIKV NS5 interact with and target STAT2 for proteasome-mediated degradation to inhibit IFN-
induced signaling (191, 216-218). Interestingly, DENV and ZIKV NS5 can target and degrade
human STAT2 (hSTATZ2) but not mouse STAT2 (191, 219). Thus, STAT2 is a species-specific

target of a flaviviral nonstructural protein, similar to STING. Given the many emerging flaviviruses

53



that circulate in non-human reservoirs, exploring the biophysical and biochemical differences

underlying species-specific virus restriction could help predict the constraints to emergence.

Complement system

The complement system is an important part of innate immunity to control early infection. It
contains more than 50 plasma proteins and membrane proteins expressed on cell surface (220).
Complement activities occur in plasma, in tissues, or within cells (221). The activation of
complement happens through three distinct target-dependent pathways: classical, lectin, and
alternative pathways. The classical pathway is initiated by the direct binding of C1qg to the
pathogen surface or antigen-antibody complexes; the lectin pathway is activated when mannose
binding lectin (MBL), a serum protein, binds to mannose-containing carbohydrates on pathogens;
and the alternative pathway is active when a spontaneously activated complement component
binds to the pathogen surface (220). Each pathway has its own protease to target and process
different antigens, but they all generate a protease called C3 convertase and share common
terminal outcomes after C3 cleavage: pathogen opsonization, regulation of inflammation,
clearance of immune complexes and cell debris. Complement activation is a bridge linking innate

immune response and adaptive response by B cells and T cells in viral infection (222, 223).

Flaviviruses have evolved mechanisms to antagonize this part of the innate immune system.
Among NS proteins from flavivirus, NS1 has been recognized as an immune invasion protein that
interferes with the complement system. A study by Avirutnan showed that NS1 from DENV, WNV,
and YFV reduced complement activation pathways by interacting and forming a complex with C4
and C1s, leading to reduced classical pathway C4b deposition and C3 convertase (C4b2a) activity
and consequent protection of DENV from complement-regulated neutralization (224). In another
study, NS1 from these flaviviruses directly binds to C4b binding protein (C4BP), a regulatory
plasma protein of the classical and lectin pathway, to inactivate C4b in both cell surface and fluid;
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thereby protecting the viruses from complement attack (225). WNV NS1 also binds to factor H
(fH), a key regulator of the alternative pathway, and facilitates factor I-mediated cleavage of C3b.
Additionally, cell surface-associated NS1 recruits fH and reduces C3b deposition and C5b-9
membrane attack complexes on cell surfaces, reducing the recognition of infected cells by
complement system (226). For the lectin pathway, insect-derived DENV NS1 not only bind to
human C1s, C4, and C4b-binding protein to suppress classical pathway of complement activation
but also bind to mannose binding lection (MBL) to disrupt neutralization by the lectin pathway
(227). DENV NS1 was also reported to interact with other proteins and interfere with the terminal
pathway of complement activation. Specifically, NS1 interacts with complement regulator
vitronectin (VN) and inhibits membrane attack complex (MAC) formation, suggesting a role of

NS1 in antagonizing complement activation (228).
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Figure 2-4: Host innate immune response is antagonized by flavivirus protein interactions.
Upon entry, flaviviruses are sensed by different pattern-recognition receptors (PRRs) such as
TLR-3 and RIG-I. The signaling induced by these sensors converges on a common cascade that
induces the production of interferon (IFN) and downstream genes stimulated by IFN called
interferon-stimulated genes (ISGs). Flaviviruses have evolved invasive strategies to interfere with
host immune response by antagonizing different protein components of innate immune signaling

pathways associated with IFN production and IFN signaling.
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Flavivirus-host PPIs involved in disease

While identifying virus-host PPls is important to inform on the fundamental mechanisms driving
their replication, they can also be critical to understanding pathogenesis. Indeed, in recent years
several individual interactions have sparked interest in how flaviviruses alter host cellular behavior
to cause disease. ZIKV has deservedly received significant research attention due to its unique
association CZS. The most notable presentation of CZS is microcephaly, a condition in which
head and brain size are dramatically reduced at birth (19). Many studies have provided insight
into the mechanisms by which ZIKV causes CZS. Notably, however, is that many of these studies
focus on virus strain/variants, placental damage, the innate immune response in utero (229-234).
Here, we review how flavivirus-host PPIs directly dysregulate important developmental pathways

to cause CZS.

In our own global proteomics screen, we identified an interaction between ZIKV NS4A and host
ANKLE2 (27), mutations in which are known to be associated with hereditary microcephaly in
humans and small-brain phenotypes in Drosophila melanogaster (flies) (235). NS4A expression
alone in flies is sufficient to induce similar brain size defects in an ANKLE2-dependent manner.
Further investigation revealed ANKLE2 is critical for spindle pole alignment during asymmetric
division of fly neuroblasts, akin to mammalian neuroprogenitor cells that are targeted by ZIKV,
and expression of NS4A results in similar division defects. Elegant fly genetics were used to
demonstrate that NS4A inhibits the ANKLE2 pathway specifically (236). Together, this
demonstrates NS4A interacts with and disrupts ANKLE2 function, which in susceptible
neuroblasts can disturb brain development. The extent to which this specific interaction impacts
vertebrate brain development requires further investigation. Additionally, these studies bring to
light the interplay between host genetics and viral pathogenesis. In flies Ankle2 mutation
heterozygosity results in normal brain development. However, NS4A expression in these flies is

dramatically more severe than in wild-type flies (27, 236), suggesting that host genetics can pre-
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dispose an organism to disease that may be associated with virus-host PPIs. Another example of
this phenomenon involves the previously discussed host-factor TMEM41B. Naturally occurring
single nucleotide polymorphisms that lead to lle266Val/Leu substitutions are prevalent in certain
human populations but fail to rescue flavivirus replication in TMEM41B KO cells. This suggests
these variants cannot be utilized by flaviviruses for the function they require to effectively replicate

(83).

One of the most common clinical findings associated with CZS is intracranial calcifications (237).
A recent study explored how ZIKV induces these calcifications through the specific interaction
between the viral protease NS3 and host bone morphogenic protein 2 (BMP2). BMP2 is an
essential signaling protein in the process of osteogenesis, inducing the expression of downstream
genes that ultimately facilitate bone growth. BMP2 normally must be cleaved by furin-type
proteases prior to secretion, where it then induces these signaling cascades. Infection with ZIKV
leads to increased expression of BMP2 and downstream genes, and subsequent calcification in
vitro and in vivo. In fact, the expression of NS3 alone is sufficient to induce these phenotypes in
U20S osteosarcoma epithelial cells, but not a protease-defective mutant, suggesting that ZIKV
NS3 cleavage of BMP2 initiates osteogenesis in the brain, leading to intracranial calcifications

(238).

Beyond these examples, several other ZIKV-host interactions have been found to impact brain
development and may ultimately play a role in human pathogenesis. Even while the ZIKV
epidemic was ongoing it was shown that expression of ZIKV NS4A and NS4B specifically impaired
the growth of neural stem cells by perturbing autophagy, while corresponding DENV proteins did
not (151). This is not the only example of ZIKV-specific effects. Expression of ZIKV NS2A in vivo
disrupts neurogenesis through physical interactions with adherens junctions in radial glial cells
(239). In another recent study, systematic proteomics in neural stem cells (NSCs) revealed the

interaction between ZIKV Capsid and Dicer, a pivotal protein in the host RNAi pathway with
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implications in neurodevelopment (33). Amongst flaviviruses this interaction is also unique to
ZIKV. Mechanistically, Dicer is a host restriction factor and ZIKV Capsid interaction inhibits this
antiviral function, as infection with a H41R mutation which ablates this interaction leads to less
viral burden in vivo. Indeed, even ZIKV Capsid expression alone, dependent on its interaction

with Dicer, is sufficient to induce severe defects in brain development.

Together, these studies highlight how certain aspects of pathogenesis may be uniquely derived
from single virus-host PPls. However, given the incredible complexity of human development, it
is not likely that any single interaction during infection is solely responsible for disease outcome.
More realistically in the case of ZIKV, it is the culmination of these perturbations and dysregulation
of brain development by multiple mechanisms that results in CZS. Intriguingly, the intersection of
flavivirus-host PPls and disease, including host factors implicated in hereditary disease, opens
the door to the possibility of host genetics being a major and overlooked contributing factor to
susceptibility to CZS. For example, loss-of-function variants for host factors like ANKLEZ2, which
are haplo-sufficient for their role in development in the absence of a virus-host PPI, but haplo-
insufficient in the context of a virus-host PPI, could tip the balance in the favor of disease in an

otherwise healthy individual. Future studies exploring this concept are warranted.

Concluding Remarks

Flaviviruses are arthropod-borne viruses that cause significant human disease worldwide. Their
limited genome requires them to co-opt host proteins through physical interactions during infection
to properly replicate. Some of these interactions appear to be broadly conserved amongst
flaviviruses, while other unique interactions contribute to observed differences in host tropism and
pathogenesis. Flaviviruses employ a wide range of host receptors utilized for entry into host cells.

Replication within the ER involves vast remodeling into a microenvironment well-suited to the
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generation of viral progeny. Even outside the ER viral proteins orchestrate modulation of host cell
systems. This includes physical interaction with other cellular pathways and organelles critical to
virus replication and with different protein components of the host innate immune system. These
virus-host PPIs can be influential in the development of pathogenesis. Thus, understanding these
mechanisms is essential for creating new therapeutics to alleviate human disease caused by

flaviviruses.
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Chapter 3: Molecular functions of ANKLE2 and its implications

in human disease.

Ankyrin repeat and LEM domain containing 2 (ANKLEZ2) is a scaffolding protein with established
roles in cell division and development, the dysfunction of which is increasingly implicated in
human disease. ANKLEZ2 regulates nuclear envelope disassembly at the onset of mitosis and its
reassembly after chromosome segregation. Its dysfunction is associated with abnormal nuclear
morphology and cell division. ANKLE2 regulates the nuclear envelope by mediating protein-
protein interactions with barrier to autointegration factor (BAF/BANF1) and with the kinase and
phosphatase that modulate BAF’s phosphorylation state. In brain development, ANKLE?2 is crucial
for proper asymmetric division of neural progenitor cells. In humans, pathogenic loss-of-function
mutations in ANKLE?2 are associated with primary congenital microcephaly, a condition in which
the brain is not properly developed at birth. ANKLEZ2 is also linked to other disease pathologies,
including congenital Zika syndrome, cancer, and tauopathy. Here, we review the molecular roles

of ANKLE2 and the recent literature on human diseases caused by its dysfunction.

Introduction

ANKLE2, also known as LEM4, KIAA0692, or MCPH186, is named after its LEM and ankyrin repeat
domains (1). LEM domains form globular motifs composed of two parallel a-helices of ~40 amino
acids and are mostly found in inner nuclear membrane (INM) proteins (2) (Appendix A-3). Named
after the proteins in which they were first discovered: LAP2, emerin, and MAN1 (3,4), LEM
domains mediate protein-protein interactions with barrier-to-autointegration factor (BAF, also
known as BANF1) (5-7). BAF has distinct functions in the nucleus during different phases of the
cell cycle. During interphase BAF has high mobility within the nucleoplasm where it binds

chromatin and many nuclear proteins (8). During nuclear envelope reassembly BAF binds to
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chromatin and membrane-bound LEM domain proteins, including ANKLEZ2, tethering DNA to the
reforming nuclear envelope (9-11). This creates a meshwork with the nuclear lamina to provide
stability to the nuclear envelope (Appendix A-3).

The second functional domain of ANKLE?2 is its ankyrin repeat domain. Ankyrin repeat domains
are widely found in proteins across the tree of life. Composed of 33 residues with a clear
consensus sequence (12,13), these domains confer protein stability and scaffolding function for
protein-protein interactions (14). They often occur in 2-7 tandem repeats, but can repeat up to 33
times (13). Given the high prevalence of ankyrin repeats in many proteins, their function is linked
to many cellular processes, including molecule transport, adhesion, signaling, cytoskeletal
stability, and cell division. Unsurprisingly, mutations in the ankyrin repeats of these proteins
contribute to a wide array of human diseases (15).

The combination of both a LEM domain and ankyrin repeat domain in a single protein is rare,
shared only by ANKLE2 and ANKLE1 (also known as LEM3). Like ANKLE2, ANKLE1 interacts
with chromatin via a physical interaction with BAF (16). However, the functional similarities
between these two proteins appear to end here, as ANKLE1 then acts as an endonuclease to
cleave genomic or mitochondrial DNA (16—18). By contrast, ANKLEZ2 lacks any known enzymatic
domains or activity, instead functioning as a scaffold for other protein-protein interactions. Several
canonical ANKLE2-protein interactions mediate the stability of the nuclear envelope, assisting in
cell division. However, proteomic studies suggest ANKLEZ2 likely has many other interacting
partners (19-22), and is speculated to have diverse roles in cell biology and human disease as
we will discuss later.

This review aims to provide background on the molecular structure and function of ANKLEZ2 and
relate this to human disease. We review reported insights into the molecular and cellular functions
of ANKLEZ2. Finally, we explore recent findings that suggest novel roles for ANKLEZ2 in
neurodevelopment, cancer, neurodegenerative diseases, immune system development, and virus
pathogenesis.
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Conservation of ANKLE2 Molecular Architecture

ANKLE?2 is conserved throughout metazoans. LEM proteins and the LEM domain are proposed
to have coevolved with BAF to act as INM tethers (23). ANKLEZ2 contains both characterized and
uncharacterized structural domains predicted by AlphaFold, and the organization of these motifs
within ANKLEZ2 is consistent across orthologs (Figure 3-1). In humans and many other vertebrates
ANKLE2 begins with an N-terminal transmembrane (TM) domain, which acts as an anchor to the
INM and endoplasmic reticulum (ER) membrane. In human cells loss of this TM domain causes
ANKLE2 to mislocalize to the cytoplasm (24,25). Interestingly, invertebrates do not have this TM
domain (Figure 3-1B), although Drosophila melanogaster Ankle2 maintains INM and ER
localization through an unknown mechanism (26). The LEM domain follows the TM domain, and
its standard helix-linker-helix structure is maintained throughout vertebrates (Figure 3-1).
Invertebrates have no recognizable LEM domain, although a LEM domain-equivalent might have
a different organization or structure. Given the absence of a conserved LEM domain in
invertebrates, it is especially interesting that the uncharacterized structure that follows the LEM
domain (amino acids 197-252 in human ANKLE2) is present in all species examined (Figure 3-
1B). This structure consists of 50-60 amino acids and is predicted to form a 8 sheet-a helix-
sheet-a helix (Figure 3-1A). In certain databases this region is annotated as a Caulimovirus
viroplasmin VI domain, which in Caulimoviruses mediates the formation of viral inclusion bodies
and acts as a site of virus assembly (27). For the sake of this review, we refer to this structured
region as the Caulimovirus domain. It is worth noting that no study has determined if this region
arose via horizontal gene transfer from these viruses or through convergent evolution. The
potential function of the Caulimovirus domain in mediating specific ANKLEZ2 interactions will be
discussed in more detail later.

Following the Caulimovirus domain is the ankyrin repeat domain, which acts as the scaffolding

domain for protein-protein interactions (Figure 3-1A). The amino acids of the LEM and ankyrin
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repeat domains are more highly conserved across orthologs compared to the rest of the protein
(Figure 3-1C-E). Immediately following the ankyrin repeat domain is a large, structured region
(amino acids 472-620 in human ANKLE2) of unknown significance or function. This region's
presence and its overall organization is broadly conserved (Figure 3-1B). Given its proximity to
the ankyrin repeat domain, this structured region might stabilize or expand its function. In
vertebrates, the remainder of ANKLE2 appears to be disordered except for a small, structured
region that coils back to interact with the previously mentioned uncharacterized structure. The
space between each of these structured regions seemingly consists of intrinsically disordered
protein (Appendix A-3). Intrinsically disordered regions are known to regulate protein-protein
interactions and serve as sites for protein regulation and signaling (28,29). The molecular
functions of these uncharacterized structured regions are largely unknown. However, they likely
play key roles in ANKLEZ2 function as mutations that disrupt these regions are linked to human

disease, as we discuss later in this review.
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Figure 3-1: Conservation of ANKLE2 structural domains. A) AlphaFold structural prediction
of human ANKLEZ2 (UniProt Q86XL3) with annotated and uncharacterized structural regions
highlighted by color and number. B) ANKLE2 and orthologous sequences (sequences come from
NCBI). Structured domains not previously annotated (such as LEM or ankyrin repeat domain)
were identified using AlphaFold (103,104). Regions were considered structured if AlphaFold
pLDDT was greater than 70 for each given residue. Transmembrane domains were annotated
using DeepTMHMM (105). The Caulimovirus domain in D. melanogaster Ankle2 appears to
maintain a similar structure but is broken into two segments with a B sheet-disordered region-a
helix-B sheet-a helix organization. The region in D. melanogaster Ankle2 between 713-894 amino
acids represents an uncharacterized structured region between region 5 and 6 with no clear
orthologous region among other evaluated orthologs. C-E) Amino acid conservation among
ANKLE2 orthologs and for specific protein domains (as shown in B) determined using Clustal
Omega multiple sequence alignment (106). (C) Amino acid conservation in the total ANKLE2
protein sequence, (D) the ankyrin repeat domain, and (E) the LEM domain, showing that these

vital domains have higher degrees of conservation.

Molecular and Cellular Functions of ANKLE2

Studies over the last decade have given insight into the cellular functions of ANKLEZ2, however,
much is still unclear. In this section we will review the known functions of ANKLE2 in aspects of

cell division, T cell development, and asymmetric division of neural progenitor cells.

Cell Division
A major feature of cell division is the assembly and disassembly of the nuclear envelope. During
eukaryotic interphase, the nuclear envelope exists as a double lipid bilayer membrane. During

mitosis, the nuclear envelope must disassemble to allow for chromosome condensation in
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prophase and for chromatid segregation into the two daughter cells (30). Thereafter, the nuclear
envelope must quickly and efficiently reassemble to enclose the DNA again. The initial
disassembly of the nuclear envelope is triggered by phosphorylation of many nuclear envelope
proteins (31,32). This includes the DNA-binding protein BAF, which is phosphorylated by the
widely expressed serine/threonine kinase VRK1. Despite its small size, BAF has many binding
partners and roles in the cell, including gene regulation, DNA damage responses, and defense
against DNA viruses (8). BAF’s phosphorylation reduces its DNA binding affinity (33) and alters
its localization (33,34). During interphase, unphosphorylated BAF localizes diffusely throughout
the nucleoplasm, where it interacts with chromatin (35). Early in mitosis, BAF is phosphorylated
and becomes evenly distributed throughout the cytoplasm. After metaphase, BAF is
dephosphorylated and localizes to the DNA “core region” around centromeres. Interestingly, BAF
is the first protein to associate with this region, where it forms an immobile complex with other
proteins to enable nuclear envelope reassembly to be initiated (36). The depletion of BAF, or of
its kinase VRK1, dramatically alters nuclear envelope architecture, chromatin dynamics during
mitosis, and nuclear envelope reassembly in the roundworm Caenorhabditis elegans (37) or
human cell lines (38). Thus, the coordination of BAF phosphorylation and localization are of crucial
importance for nuclear envelope dynamics and for cell division in eukaryotic cells.

The first foundational study of ANKLEZ2 discovered its role in coordinating BAF-1/BAF
phosphorylation and dephosphorylation in C. elegans and HelLa cells (39). The C. elegans
ortholog of ANKLEZ2, named lem-4 like (lem-4L) due to the lack of a clear LEM domain, also plays
a role in nuclear envelope formation and BAF regulation. Temperature-sensitive mutations in lem-
4L are lethal in early C. elegans development and give rise to cells with defective nuclear
morphology. Interestingly, a random mutagenesis suppressor screen (Appendix A-3) yielded a
lem-4L C. elegans mutant line that could grow at previously lethal temperatures due to a newly
introduced P69L mutation in the VRK1 ortholog (vrk-1). RNAi silencing of vrk-1 is tolerated in lem-
4L mutants, despite being lethal in lem-4L wild-type embryos. Depletion of vrk-1in lem-4L mutants
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restores nuclear morphology. This suggests that mutation or reduction of vrk-1 suppresses the
aberrant effects of lem-4L mutation. An analysis of BAF-1 phosphorylation states revealed that
the silencing of lem-4L, but not other LEM genes (lem-3, lem-2, or emr-1), increases BAF-1
phosphorylation. Whereas, the silencing or mutation of vrk-1 dramatically decreases BAF-1
phosphorylation, consistent with its ability to rescue lem-4L mutant lethality. Interestingly, the
silencing and/or mutation of both lem-4L and vrk-1 leads to balanced BAF-1 phosphorylation.
These opposing effects on BAF-1 phosphorylation indicate that LEM-4L plays a role in reversing
BAF-1 phosphorylation by VRK-1. Glutathione-S-transferase (GST) pulldown experiments
(Appendix A-3) revealed that LEM-4L and VRK-1 physically interact, as do their human orthologs
(ANKLEZ2 and VRK1), although it is unclear if this physical interaction is limited to a particular
phase of the cell cycle. In vitro kinase assays revealed that both LEM-4L and human ANKLE2
can inhibit the VRK-1-mediated phosphorylation of BAF-1 in a concentration-dependent manner,
via a mechanism that was initially unclear (39).

ANKLE2 also interacts with phosphatases. Proteomics studies have previously reported that
human ANKLEZ2 interacts with several subunits of the serine/threonine protein phosphatase 2A
(PP2A) complex (40,41). This complex has a broad substrate range and controls cell cycle entry
and exit (40,42,43). Asencio et al. demonstrated in their 2012 study that ANKLE2 and PP2A
(specifically subunits PP2A-C, PP2A-R1, and PP2A-B55a) physically interact, and that PP2A can
directly dephosphorylate BAF in vitro. Interestingly, a truncated portion of ANKLE2 (amino acids
162-349) can interact with all these PP2A subunits, but a smaller truncated form (amino acids
255-349) that excludes the Caulimovirus domain (amino acids 197-252) cannot. This suggests
that the Caulimovirus domain supports the interaction with PP2A. RNAI depletion of these PP2A
subunits in HeLa cells decreases the anaphase recruitment of BAF to chromatin, indicating that
PP2A regulates BAF’s phosphorylation state to control mitosis. These trends were mirrored in C.
elegans upon the silencing of the C. elegans orthologs (let-92 and tag-93 which are the orthologs
of human PP2A-C and PP2C-B, respectively) (39).
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Further studies in human cells expanded our knowledge of the range of cellular functions of
ANKLE2. A study by Snyers et al. used ANKLE2-deficient HeLa cells to determine which regions
of ANKLE2 mediate BAF-chromatin association during cell division (44). ANKLEZ2 knockout HelLa
cells expressing GFP-tagged BAF were analyzed using fluorescence microscopy. In these
ANKLE2-deficient cells, the association of BAF with chromatin was dramatically reduced and BAF
was diffusely localized in the cytoplasm. To determine which regions of ANKLE2 mediated this
process, the authors generated various ANKLEZ2 truncation mutations and introduced them into
the ANKLEZ2 knockout cells. Surprisingly, mutants lacking the TM or LEM domain restored BAF’s
association with chromatin. However, three mutants lacking the Caulimovirus domain or C-
terminal uncharacterized region of ANKLE2 (ANKLE2 241-938, 311-938, or 1-822) failed to
restore this association (44). This further highlights the importance of the Caulimovirus domain
and suggests that these conserved regions, for which the molecular functions are not fully
understood, play vital roles in ANKLEZ2’s regulation of BAF (Figure 3-1).

Another study has highlighted a potential mechanism to regulate ANKLEZ2’s control of nuclear
envelope reassembly. In 2016, Kaufmann et al. reported that ANKLE2 and the deacetylase,
Sirtuin 2 (SIRT2), physically interact in vitro. SIRT2 has many substrate proteins that collectively
regulate microtubule dynamics and cell cycle progression (45). Both the depletion and
overexpression of SIRT2 lead to abnormal nuclear morphologies in U20S cells, mimicking cells
with depleted ANKLE2 (46). However, overexpression of ANKLE2 did not impact nuclear
morphology. Kaufmann et al. (2016) then showed that SIRT2 directly deacetylates ANKLE2 and
regulates the acetylation and phosphorylation of ANKLEZ2 during the cell cycle. Importantly, they
showed that acetylation of K302 in the N-terminal portion of the ankyrin repeat domain of ANKLE2

is important for nuclear envelope reassembly in U20S cells (46).
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Together, these experiments established the model of ANKLE2-mediated control of nuclear
envelope disassembly and reassembly. During interphase, unphosphorylated BAF is present in
the nucleoplasm, where it may bind to chromatin and the nuclear envelope via lamins and LEM
proteins, including ANKLEZ2. During interphase, some fraction of phosphorylated BAF may exist
in the cytoplasm (35,47). On mitotic entry VRK1 phosphorylates the remaining nuclear BAF,
reducing its affinity for DNA and its nuclear retention. Later, ANKLEZ2 inhibits the VRK1-mediated
phosphorylation of BAF and PP2A dephosphorylates BAF, presumably via its physical interactions
with ANKLEZ2. This restores the binding of DNA to BAF, allowing BAF to concentrate at the “core

region” after anaphase and to initiate nuclear envelope reassembly (Figure 3-2).
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Figure 3-2: Model of ANKLE2’s role in nuclear envelope disassembly and reassembly via
its regulation of BAF phosphorylation. A) AlphaFold structural prediction of human ANKLE2
(UniProt Q86XL3) with annotated and uncharacterized structural regions highlighted by color and
number. B) ANKLE2 and orthologous sequences (sequences come from NCBI). Structured
domains not previously annotated (such as LEM or ankyrin repeat domain) were identified using
AlphaFold (105,106). Regions were considered structured if AlphaFold pLDDT was greater than
70 for each given residue. Transmembrane domains were annotated using DeepTMHMM (107).
The Caulimovirus domain in D. melanogaster Ankle2 appears to maintain a similar structure but
is broken into two segments with a B sheet-disordered region-a helix-3 sheet-a helix organization.
The region in D. melanogaster Ankle2 between 713-894 amino acids represents an
uncharacterized structured region between region 5 and 6 with no clear orthologous region among
other evaluated orthologs. C-E) Amino acid conservation among ANKLE2 orthologs and for
specific protein domains (as shown in B) determined using Clustal Omega multiple sequence
alignment (108). (C) Amino acid conservation in the total ANKLEZ2 protein sequence, (D) the
ankyrin repeat domain, and (E) the LEM domain, showing that these vital domains have higher

degrees of conservation.

ANKLE? is expressed throughout the body in human adults (48), and likely plays a fundamental
role in mitosis. In humans ANKLE?2 is seemingly expressed throughout development, from 10
weeks post conception. Its expression has also been observed in all seven evaluated tissues
(brain, cerebellum, heart, kidney, liver, ovary, and testis), supporting that ANKLEZ is ubiquitously
expressed in humans throughout life (49). It is also expressed throughout development in other
organisms, including in mice (Mus musculus) (50), zebrafish (Danio rerio) (51), and fruit flies (D.

melanogaster) (52). In the remainder of this section, we review what we know about the
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temporospatial patterns of ANKLE?2 expression and what this tells us about its specific roles in

development.

Immune Cell Development

ANKLE2 has been recently implicated in immune cell development, and specifically in T cell
maturation. This occurs via ANKLEZ2’s transcriptional regulation by the zinc finger protein 335
(ZFP335), which regulates ANKLEZ2 expression by binding to its promoter. ZFP335 is a C2H2
zinc-finger, transcription factor protein that is essential for vertebrate embryonic development and
functions in T cell maturation (53,54). In mice that harbor a Zfp335 R1092W mutation, Zfp335’s
binding to Ankle2’s promoter is abolished, reducing the expression of Ankle2. This loss of Ankle2
is accompanied by T cell maturation defects throughout multiple stages of T cell development,
and results in a decreased number of T cells. In vitro overexpression of mouse Ankle2 in a Zfp335
mutant background partially rescues T cell maturation. This finding indicates that Ankle2 is a
downstream target of Zfp335 required for T cell maturation (54). Another recent study found that
the continuous expression of Zfp335 and Ankle2 is necessary for DN4 thymocyte (Appendix A-3)
survival in mice and for the proper late stage T cell development in the thymus. The authors of
this study hypothesized that decreased levels of Ankle2 might lead to increased levels of
hyperphosphorylated Baf, and thus disrupt nuclear envelope assembly. The resulting nuclear
envelope morphology defects would in turn lead to increased levels of cytoplasmic DNA, thereby
activating cGAS/STING-mediated apoptosis (Appendix A-3). Thus, the loss of Zfp335 resulted in
impaired T cell development due to the disruption of the Zfp335/Ankle2/Baf axis, ultimately
triggering DN4 cell death through cGAS/STING signaling (55). These findings are supported by
previous studies showing that depleted levels of ANKLE2 (and of its orthologs) disrupt nuclear
envelope morphology (26,39,56). In human cells, BAF has direct roles in cGAS/STING signaling

as a modulator of basal cell-intrinsic immunity in response to viral infection. It does so by
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regulating cGAS-dependent interferon-stimulated gene homeostasis, as well as affecting the
levels of cytoplasmic DNA (57). However, whether ANKLEZ2 directly participates in this signaling

is unknown.

Asymmetric Cell Division in Neural Progenitor Cells

ANKLE2 also plays a specialized role in regulating asymmetric cell division in neural
progenitor cells (NPCs). To maintain stemness, NPCs segregate their stem-like proteins
asymmetrically during cell division. The mutation of Ankle2 in D. melanogaster results in aberrant
NPC division, with reduced cell proliferation and increased cell death (58). The depletion or
mutation of D. melanogaster Ankle2 also leads to the disruption of the ER and nuclear envelope,
which in turn causes the release of the VRK1 ortholog, Ballchen, into the cytosol. Interestingly,
this is accompanied by defects in NPC polarity and spindle alignment, which are both required for
asymmetric cell division. There are also defects in the phosphorylation of atypical protein kinase
C (aPKC) in D. melanogaster Ankle2 mutants. aPKC is part of the Par complex together with Par-
3 and Par-6. This complex localizes apically during mitosis in NPCs, and the activity of this
complex ensures asymmetric cell division proceeds properly. Phosphorylation of aPKC is thought
to be associated with its activation (59) (Appendix A-3). The Par complex is negatively regulated
by physical interaction between aPKC and Lethal (2) giant larvae (L(2)gl), but when aPKC is
active it phosphorylates L(2)gl to prevent it from binding aPKC (60,61). Defects in NPC
asymmetric division in Ankle2 mutant D. melanogaster can be rescued by partial loss of ballchen,
or a temperature sensitive mutation in /(2)gl, suggesting both Ball and L(2)gl are overactive in
Ankle2 mutants and providing a genetic link between Ankle2 and the Par complex (26) (Figure 3-

3).
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Figure 3-3: Model of the ANKLE2-mediated dysregulation of asymmetric division in neural
progenitor cells, leading to microcephaly. A) During brain development, neural progenitor cells
(NPCs) divide asymmetrically to give rise to two daughter cells: one acquires a neuronal fate, and
the other a fate that retains it as a progenitor. These differing daughter cell fates are brought about
by the polarization of fate-determining factors in NPCs across the metaphase plate. Thus, this
process depends on the alignment of cell polarity with the mitotic spindle and is required for proper
neurogenesis and brain development. B) In ANKLE2-deficient cells the polarity of cell fate factors
becomes misaligned relative to the mitotic spindle. The resulting dysregulation of NPC polarity
leads to a reduction in neuronal cell numbers generated during neurogenesis. This effect is

compounded by increased apoptosis and by decreased cell division, resulting in microcephaly.

In summary, ANKLE2 has multiple roles in cell biology through its functions in regulating nuclear
envelope dynamics, T cell maturation, and asymmetric cell division. Next, we will expand our

review to the physiological human diseases caused by disruption of ANKLEZ2 function.
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Roles of ANKLE2 in human disease

The control of cell division during development is a complex and carefully coordinated process
that can be perturbed in many ways, with often disastrous consequences for a cell and/or
organism. Given ANKLEZ2’s role in regulating cell division, its altered or inhibited function can lead
to severe cellular defects that ultimately result in dysregulated neurodevelopment or cancer.
Microcephaly

Microcephaly describes a neurological condition in which brain and head size are greatly reduced.
In clinical terms, someone with a head circumference 2-3 standard deviations (SD) below the
mean for their age and sex is classified as having microcephaly, with a reduction of >3 SD being
classified as severe microcephaly (62). While head circumference is the main criteria for
diagnosing microcephaly, it is often characterized by a disproportionally small brain and head size
relative to the rest of the face and body.

Microcephaly can be caused by a wide range of factors, including toxins (63), pathogen infection
during pregnancy (64—67), metabolic conditions such as maternal phenylketonuria (68), traumatic
brain injuries (69), and genetic mutations in a wide array of genes (70—72). Microcephaly can be
further broken down into two main types, primary and secondary microcephaly. Primary
microcephaly (MCPH) describes microcephaly that is present at birth, usually due to
neurodevelopmental defects. Secondary microcephaly occurs when a normally sized brain at birth
does not grow appropriately with age. There is no cure for microcephaly nor are treatments
available to restore brain size or growth. The condition is commonly accompanied by seizures,
severe developmental delays, and impaired motor, vision, or auditory functions (62).

Genetic MCPH was first identified through autozygosity mapping in two consanguineous families,
which revealed a genetic locus (MCPH1) for autosomal recessive MCPH (73). There are 30
known genes whose mutations cause primary microcephaly, and more MCPH genes are identified

almost every year, suggesting that yet more genes contribute to this condition (74). Of the 30
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genes identified so far, more than 20 are linked to the molecular regulation of mitosis (74—76).
ANKLE2 was first discovered to cause MCPH in a D. melanogaster forward mosaic genetic
screen (Appendix A-3) that identified a neurodevelopmental phenotype in an Ankle2 mutant (58).
Flies harboring a L326H mutation in Ankle2 had reduced brain size without an overall growth
defect at the third instar larval stage of development (26,58). In Ankle2 CRISPR-null mutant flies,
brain size was even further decreased and associated with smaller overall animal size and failure
to survive beyond the third instar stage (26). A corresponding search of human whole-exome
sequencing data identified a patient who recessively inherited MCPH through a compound
heterozygous ANKLE?2 mutation. This compound mutation consisted of one allele with an L573V
missense mutation, and another allele with a nonsense mutation, Q782X. L573 lies in the
structured region following the ankyrin repeat domain and Q782X results in a truncated ANKLE2
lacking the last structured region (Figures 3-1 and 3-4). This individual presented with severe
microcephaly at birth, and at 5.5 years old had a frontal-occipital circumference of -9 SD. A sibling
with the same mutations also had severe microcephaly, but unfortunately died shortly after birth.
To establish whether human ANKLE2 was directly responsible for the neurodevelopmental
defects diagnosed in this family, a rescue experiment was performed via human ANKLE2
expression in Ankle2 mutant flies. The expression of wild-type human ANKLE2 restored brain
development to near normal levels, highlighting that ANKLEZ2’s role in brain development is
functionally conserved between humans and Drosophila (26,58).

Due to its association with MCPH, ANKLE?2 is sometimes called MCPH16. MCPH16 is also the
clinical name for microcephaly arising from mutations in ANKLEZ2. Additional studies have
expanded the range of ANKLEZ2 mutations and allele combinations associated with this disease
(Figure 3-4 and Appendix A-4) (26,77,78). Other studies have also implicated VRK? (72) and
ZFP335 (53) mutations in MCPH, further supporting a role for the ANKLE2 pathway in
neurodevelopment. In addition, in depth imaging and clinical evaluation of ANKLE2-associated
microcephaly in humans revealed 12 additional MCPH16 cases and new pathogenic ANKLE2
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variants located in various domains of ANKLEZ2 (Figure 3-4 and Appendix A-4). In ten of these
cases, MCPH16 patients had missense mutations and in two cases, the patients had nonsense
mutations that resulted in premature protein termination. These pathogenic mutations were
associated with a broad range of structural brain abnormalities and developmental delays, with

speech and language delays being the most common abnormality (78).
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Figure 3-4: Pathogenic mutations in human ANKLE2 associated with primary congenital
microcephaly. ANKLE2 protein structure, showing sites of known pathogenic mutations, as
originally described in (26,58,72,77,78). Point mutations leading to missense mutations are shown
in black, while mutations leading to protein truncations are shown in red. G510* describes a
hypothesized splicing mutation that leads to premature protein termination (c. 1421-1 G>C), which
was identified in a compound heterozygous individual along with A109P (26). Allele combinations

are described in Appendix A-4.

In addition to clinical studies, animal models have elucidated how ANKLE2 regulates brain
development and how ANKLEZ2 mutations lead to the formation of MCPH16. While pathogenic
mutations in ANKLEZ2 were first uncovered in the invertebrate model D. melanogaster (26,58), the
role of ANKLEZ in vertebrate brain development has only recently been explored using a zebrafish
model (56). Surprisingly, in zebrafish (D. rerio), ankle2 null mutation resulted in normal body and
brain size at 6- or 14-days post fertilization (dpf). However, at 14 dpf, radial glial progenitor cell

numbers and locomotor activity were significantly reduced. Reduced brain size in ankle2 null adult
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fish manifested later, at 3-4 months post fertilization (mpf), with the cerebellum and telencephalon
(Appendix A-3) being primarily impacted. These brain regions are consistent with those impacted
in humans with pathogenic ANKLE2 mutations, despite the delay in phenotype onset in zebrafish.
While brain size is clearly affected in these animals, it is unclear if these impacts were specific or
accompanied by general reductions in animal size. Nonetheless, the small brain phenotype could
be rescued using morpholino-based vrk7 knockdown, recapitulating the previously established
relationship between these two genes (26,39). Finally, in this zebrafish model, the depletion of
ankle2 also led to infertility due to defective spermatogenesis that was partially rescued by
mutation of vrk1 (56). The finding that vrk1 is involved in fertility is supported by observations from
D. melanogaster in which vrk1 mutations also lead to fertility defects (79-81). Currently, the
impacts of ANKLE2 on fertility and on spermatogenesis have yet to be explored in humans,

although alternative ANKLE?Z transcripts have been identified in human spermatid cells (24).

Congenital Zika Syndrome

In 2015-2016, Zika virus (ZIKV) emerged as a global public health threat due to an epidemic
across South and Central America. ZIKV is often clinically mild in healthy adults, except for rare
cases of Guillan-Barré Syndrome (82) (Appendix A-3). In pregnant women ZIKV can be vertically
transmitted and in utero infections can cause congenital Zika syndrome (CZS). CZS is
characterized by a range of significant birth defects, including congenital contractures, ocular
abnormalities (83), hip displacement (84), and in the most severe cases MCPH (66,85,86). The
occurrence of microcephaly after congenital ZIKV exposure is roughly 5% and varies dramatically
based on gestational timing (87), as well as many other environmental- and viral-associated
factors (88,89). CZS-associated microcephaly has a mortality rate of approximately 10%, but this
also varies with severity of disease and other factors (90). Similar to other etiologies of

microcephaly, CZS-associated microcephaly can present with multiple neurological defects,

104



including ventriculomegaly, hypoplasia, simplified gyral patterns, and calcifications (91). The
molecular mechanisms by which ZIKV causes microcephaly are still not fully understood and are
likely to be multifactorial (92).

To investigate the molecular mechanisms of CZS, we assessed protein interactions between ZIKV
and host proteins using a global proteomics approach. In these experiments, individual ZIKV
proteins were expressed in HEK293T cells and subjected to affinity purification and mass
spectrometry (Appendix A-3) to identify protein-protein interactions between each viral protein
and the host proteome. This pipeline identified hundreds of high-confidence ZIKV-host protein-
protein interactions, including an interaction between ZIKV non-structural protein 4A (NS4A) and
host ANKLE2 (93). Transgenic expression of ZIKV NS4A under different ubiquitous or tissue-
specific promoters in D. melanogaster larvae induced a small brain phenotype. As in Ankle2
mutant flies, this virally induced small brain phenotype could be rescued by human ANKLEZ2
expression, by partial loss of VRK1 ortholog ballchen, or a temperature sensitive mutation in the
polarity regulator /(2)gl. The expression of pathogenic loss-of-function ANKLE2 mutant Q782X
failed to rescue this small brain phenotype, further underlining ZIKV NS4A inhibition of ANKLE2
(26,58,93). Interestingly, while Ankle2 heterozygous animals had normal brain development,
expression of ZIKV NS4A in these heterozygous animals led to more severe brain development
phenotypes than observed for ZIKV NS4A expression in wild-type animals. This suggests that
typically non-pathogenic variation in ANKLE2 may sensitize individuals to ZIKV-induced
microcephaly, tipping the scales from haplosufficiency to haploinsufficiency. This could also
provide a host genetic basis for the spectrum of clinical outcomes observed in CZS (93).

In addition to inhibiting gross brain development, ZIKV NS4A also inhibits cellular functions of
Ankle2. In the same Drosophila model described above, ZIKV NS4A expression induced similar
disruption of NPC polarity and spindle alignment in wild-type flies as those seen in Ankle2 mutants
(26) (Figure 3-5). Together, these findings suggest that ZIKV NS4A interacts with host ANKLEZ2 to
inhibit its functions in cell division, subsequently dysregulating NPC development, leading to
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microcephaly. Identifying the physical determinants of this protein-protein interaction is vital in
understanding the mechanism behind ZIKV NS4A inhibition of ANKLE2. While these determinants

are not fully established, they are of continuing interest to our group (25).
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Figure 3-5: Zika virus NS4A inhibits ANKLE2 and causes similar pathogenic outcomes. (A)
During mitosis, ANKLE2 interacts with BAF, VRK1, and PP2A to regulate nuclear envelope
dynamics. During asymmetric cell division the ANKLE2-VRK1 pathway is crucial for establishing
proper cell polarity. Zika virus (ZIKV) NS4A interacts with ANKLEZ2 and inhibits its function to cause
microcephaly. (B) Cartoon examples of normal human brain development compared to
microcephaly arising from dysfunction ANKLEZ2 or from congenital Zika syndrome (top). Small
brain phenotypes (middle) and defects in asymmetric neuroblast division (bottom) are also

mirrored in larval Drosophila brains.
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Cancer

ANKLEZ2’s function as a mitotic regulator also has implications in ovarian and breast cancer.
Cancer arises due to defects in cell cycle control mechanisms leading to abnormal mitosis and
unchecked cell proliferation. In high grade serous ovarian carcinoma (HGS-OvC), ANKLEZ is part
of a network of 12 genes that interact with VIRMA, an RNA methylation/adenylation gene that
contributes to tumor aggressiveness through N6-methylation of adenosine (m6A), which targets
RNA for their ultimate destination (94). RNAI silencing of ANKLEZ2 in various human ovarian
cancer cell lines (SKOV3, OVCAR, and APOCC) decreases cell viability and cell migration, and
increases chemosensitivity to paclitaxel, a common chemotherapy used in ovarian cancer (95).
Similarly, in estrogen receptor-positive (ER+) human breast cancer cells lines (T47D, BT474, and
MCF7), ANKLE2 overexpression contributes to tamoxifen resistance and accelerated tumor
growth (96). In ER+ human breast cancer, ANKLE2 acts as a scaffold by stabilizing and facilitating
the phosphorylation of estrogen receptor alpha (ERa) through Aurora-A kinase, thus activating
ERa signaling and increasing DNA binding and transactivation. Phosphorylated ERa directly
targets cyclin D to cause tamoxifen resistance (97). Gao et al., 2018 also showed that ANKLE2
facilitates phosphorylation of the tumor suppressor retinoblastoma protein (Rb), activating the
cyclin D-CDK4-Rb signaling axis to promote tamoxifen resistance by sending the cell from G1 to
S phase (96). For other cancers, such as prostate adenocarcinoma, LEM-domain containing
proteins, including ANKLE1, EMD, and LEMDZ2, can serve as prognostic markers. However, in

this type of prostate cancer, there were no significant changes in ANKLEZ2 expression (98).

Conclusions

ANKLE?2 is a multifunctional protein with established and emerging roles throughout the cell. In
its most studied function in cell division, ANKLE2 acts as a scaffold to regulate BAF

phosphorylation and control nuclear envelope dynamics. These roles in cell division are directly
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linked to development in multicellular organisms. While clearly important for brain development
and neurogenesis, the ubiquitous expression of ANKLEZ2 implies it has broader functionality. We
speculate that ANKLE2 has at least two functionalities, depending on its subcellular localization
and cell type. At the INM it interacts with and regulates BAF, while at the ER its interactions or
roles are not understood. This hypothesis arises from the observation that ANKLE2 has distinct
and conserved localization to the ER, while most LEM-domain containing proteins are primarily
nuclear or retained to the INM. This observation, along with the ubiquitous expression of ANKLE2,
suggests the potential for a broader post-mitotic function in the ER. Our group has explored this
unknown ER function and recently showed in a preprint that it may be coopted for ZIKV replication
(25). It is enticing to speculate that the scaffolding function of ANKLEZ2 could be hijacked by viral
proteins, including ZIKV NS4A, to mediate aspects of virus replication in the ER that are otherwise
inefficient.

Though not as well established, a post-mitotic function of ANKLE2 may also regulate the
development of tauopathies. Tauopathies, including Alzheimer’s Disease, are a group of
neurodegenerative disorders characterized by the aggregation of tau protein as intracellular
neurofibrillary tangles in neurons (99). It is speculated that these aggregations are driven by
changes in tau phosphorylation (100,101), and ANKLE2 may in fact prevent tau aggregation.
Knockdown of ANKLE?2 in HEK293T tau biosensor cells led to the aggregation of insoluble and
phosphorylated tau, as well as nuclear proteins like BAF in the cytoplasm (102). Another study
involving ANKLE2 knockdown in similar cells identified ANKLE2 as a key regulator in the
development of both exosomal and vesicle-free aggregates of tau outside of the cell (103).
Together, these studies raise the potential for a post-mitotic role of ANKLE2 in regulating tau
phosphorylation. While the mechanism by which ANKLEZ interacts with and regulates tau is still
unclear, these data suggest a potentially important role for ANKLE2 in the development of
neurodegenerative diseases. Notably, we recently showed that ZIKV NS4A not only inhibits fly
brain development in an ANKLE2-dependent manner, but it also causes retinal
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neurodegeneration in adult flies (104). It is interesting to speculate that this degenerative
phenotype is also ANKLE2-dependent and disrupts a post-mitotic role of ANKLE2.

Future research is necessary and warranted to explore these possibilities and the roles of
ANKLE2 in human diseases. As a scaffolding protein, evaluating protein-protein interactions is an
obvious avenue to identify potential processes in which ANKLE2 is involved. A current significant
challenge is the lack of an experimentally determined structure, complicated by many disordered
regions. A well-defined structure would allow for a clearer understanding of how ANKLE2 interacts
with other host proteins, such as BAF, PP2A, VRK1, tau, or others. This may also illuminate how
naturally occurring mutations or ZIKV NS4A may inhibit these interactions to cause disease.
Understanding how this set of ANKLEZ2-interacting proteins varies between different stages of
development (NPCs vs. post-mitotic neurons) or cell states (interphase vs. mitotic, healthy vs.
diseased, etc.) will provide new insights into the dynamic nature of ANKLE2, and how changes in

these interactions can cause disease.
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Chapter 4: Microcephaly protein ANKLE2 promotes Zika virus

replication

Orthoflaviviruses are positive-sense single-stranded RNA viruses that hijack host proteins to
promote their own replication. Zika virus (ZIKV) is infamous among orthoflaviviruses for its
association with severe congenital birth defects, notably microcephaly. We previously mapped
ZIKV-host protein interactions and identified the interaction between ZIKV non-structural protein
4A (NS4A) and host microcephaly protein ankyrin repeat and LEM domain-containing 2
(ANKLEZ2). We showed that NS4A induced microcephaly in an ANKLE2-dependent manner. Here,
we explore the role of ANKLEZ2 in ZIKV replication to understand the biological significance of the
interaction from a viral perspective. We observe that ANKLEZ2 localization is drastically shifted to
sites of NS4A accumulation during infection. We show that transient knockdown or stable
knockout of ANKLEZ2 reduces ZIKV replication in multiple human cell lines. Using transmission
electron microscopy, we observe disrupted virus replication organelles in ANKLE2 knockout cells.
Knockdown of the ANKLE2 ortholog in mosquito Aag2 cells also leads to decreased virus
replication, suggesting ANKLEZ2 is a beneficial replication factor across hosts. Finally, we show
that NS4A from four other orthoflaviviruses physically interacts with ANKLE2 and that ANKLE2 is
beneficial to the replication of dengue virus. Taken together with our previous results, our findings
indicate that ZIKV disrupts the physiological function of ANKLE2 to cause disease in the process

of hijacking it for replication.

Introduction

Orthoflaviviruses are positive-sense single-stranded RNA viruses that cause severe disease.
Many orthoflaviviruses, such as Zika virus (ZIKV), dengue virus (DENV), West Nile virus (WNV),

and yellow fever virus (YFV) are transmitted by mosquitoes and represent significant public health
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threats worldwide. The RNA genome of orthoflaviviruses is roughly ~11kb. Upon entry, this
genome is directly translated into a single viral polyprotein and cleaved by host and viral proteases
into 10 individual viral proteins. Three structural proteins (capsid, prM, and envelope [E]) makeup
the physical virion, while seven non-structural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5) facilitate aspects of virus replication within the host cell (1). Orthoflavivirus
replication occurs on the cytoplasmic side of the host endoplasmic reticulum (ER) membrane,
which is remodeled by other viral proteins to form virus replication organelles (2,3). These
organelles include replication compartments or vesicles (Ve), which bud into the ER membrane
to concentrate substrates and conceal newly generated dsRNA from host detection (4). In addition
to Ve, orthoflaviviruses also generate amorphous structures called convoluted membranes (CM).
CM are believed to mediate aspects of protein translation, maturation, and degradation (5-7).
NS4A is integral to the formation of orthoflavivirus replication organelles in the ER by inducing

membrane curvature (8,9) and through its interactions with host proteins (10-13).

ZIKV emerged as a global threat in 2015 during an epidemic that spread across South and Central
America (14). ZIKV infection in adults typically leads to mild symptoms and very rarely Guillain-
Barré Syndrome (15). The primary concern surrounding ZIKV arises from the occurrence of
Congenital Zika Syndrome (CZS) in individuals infected in utero (16). CZS is a spectrum of
disease and can be clinically characterized by multiple hallmark features, including congenital
contractures, ocular anomalies, cortical calcifications, and in the most severe cases, microcephaly
(17,18). Microcephaly is a condition in which the head and brain size are significantly reduced at
birth (more than two standard deviations below the mean), and it is associated with a wide range
of complications, including developmental delays, intellectual disability, and predisposition to
seizures (19). In recent years, significant research has been dedicated to understanding
mechanisms of ZIKV-induced neuropathogenesis. The mechanisms can be non-specific and

broadly acting, such as the cytopathic effect of virus replicating in developing tissues, the systemic
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immune response, and the disruption of important biological barriers (e.g., placenta, blood-brain-
barrier) (20,21). Mechanisms can also be highly specific, such as modulation of neuronal or neural
progenitor cell growth through molecular interactions between viral and host components (22—

24).

Previously, we used affinity-purification and mass-spectrometry to identify ZIKV-host protein-
protein interactions that may contribute to the development of microcephaly in CZS (25). By
searching for host proteins with known roles in neurodevelopment or associations with
microcephaly, we identified the interaction between ZIKV NS4A and host ankyrin repeat and LEM
domain-containing 2 (ANKLEZ2). ANKLEZ2 is primarily considered a scaffolding protein, facilitating
protein-protein interactions between kinases, phosphatases, and their substrates. ANKLE2
localizes to the ER and inner nuclear membrane where it mediates interactions with proteins,
including barrier to autointegration factor (BANF 1), vaccinia related kinase 1 (VRK1), and protein
phosphatase complex 2A (PP2A), to control nuclear membrane disassembly during cell division
(26,27). Pathogenic mutations in ANKLEZ2 cause congenital microcephaly in humans (28-30).
Loss-of-function mutations in fly Ankle2 cause small brain phenotypes and cellular defects in
neuroblasts of third instar larvae. These phenotypes are rescued by the expression of human
ANKLE2, suggesting that human ANKLE2 and fly Ankle2 are functionally conserved in brain
development (28,30). Using this Drosophila model, we previously showed that transgenic
expression of ZIKV NS4A induces similar microcephaly phenotypes which are also rescued by
the expression of human ANKLEZ2. Overall, this suggests NS4A induces microcephaly in vivo in

an ANKLE2-dependent manner (25,28).

Whether NS4A inhibition of ANKLE2 function during development is simply an unfortunate
coincidence, or if there is a functional role for this virus-host protein interaction in ZIKV replication
is unknown. In this study we explore the possibility that ANKLEZ2 plays a role in ZIKV replication.

We find ANKLE2 concentrates at sites of NS4A accumulation during infection. Depletion of
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ANKLE2 reduces ZIKV replication in multiple cell lines that represent biologically relevant sites of
ZIKV infection. Transmission electron microscopy (TEM) of ANKLE2 knockout cells reveals
deficiencies in the formation of virus replication organelles, providing insight into a potential
mechanism. Further, we show that silencing of the ANKLE2 ortholog in mosquito cells also
reduces ZIKV replication, suggesting a conserved role in replication across hosts. The NS4A-
ANKLE?2 interaction is conserved across mosquito-borne orthoflaviviruses and ANKLE2’s role in
virus replication is conserved to varying degrees. Altogether, we report the novel function of
ANKLE2 in promoting ZIKV infection, providing evidence that NS4A disruption of

neurodevelopment through ANKLE2 may arise from an underlying virus replication mechanism.

Results

ANKLE2 colocalizes with NS4A during ZIKV infection

Our previous studies established the interaction between ANKLE2 and NS4A (25), but only in the
context of exogenously expressing a single viral protein. Therefore, we evaluated ANKLE2
subcellular localization during ZIKV infection. We generated HEK293T cells that express FLAG
affinity tagged fusions of ANKLE2 (ANKLE2-FLAG). As controls, we also generated cells that
express GFP-FLAG as a general non-specific control and ANKLE1-FLAG to distinguish between
intrinsic localization in this family of proteins, and localization unique to ANKLE2. We infected
these cells with three ZIKV strains (PLCal, MR766, and PRVABCS59) and evaluated the
colocalization of FLAG and NS4A. Strikingly, we found that ANKLE2 distribution became
concentrated after infection, with near perfect overlap with NS4A (Figure 4-1A). Conversely, we
found that the localization of GFP and ANKLE1 did not change following ZIKV infection (Figure 4-
1B-C). We measured colocalization between FLAG and NS4A signal using Pearson’s correlation
and consistently found very high levels of colocalization between ANKLE2 and NS4A, which was

significantly higher than GFP or ANKLE1 with NS4A (Figure 4-1D).

125



A a-FLAG Merge with B
(ANKLE2) a-NS4A DAPI
- .
- .. |
o ..
. ..
C a-FLAG Merge with D
(ANKLE1)  a-NS4A DAPI
- ...
- -..
o -. |
. .. “

a-FLAG
(GFP)

a-NS4A

Merge with
DAPI

0.8 ?

()

=] °

2 :

= 0.6

(14

_(IJ

c

9 0.4 @

E [

()

o
0.2
0.0 ]Q] T |Q| PLQ' 1

3% N ) N N

SO FE (Fo
S S R
ZIKV: PLCal MR766 PRVABC59

Figure 4-1: ANKLE2 colocalizes with ZIKV NS4A during infection. (A-C) HEK293T cells

expressing either ANKLE2-, GFP-, or ANKLE1-3xFLAG were infected with designated ZIKV strain

for 48 hours. Cells were then fixed and imaged using confocal microscopy. (D) Pearson's

correlation was determined to quantify degree of colocalization between FLAG and NS4A, n =

16-24 cells per condition. **** p > 0.0001, one-way ANOVA with Sidak multiple comparisons test.

Grey circles represent the values of individual cells. All scale bars = 5 um.
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Given the known role of NS4A in forming orthoflavivirus Ve, we next explored if ANKLE2
colocalizes with dsRNA generated in these Ve. In HEK 293T cells infected with ZIKV MR766, we
observed a punctate dsRNA signal compared to ANKLE2 and NS4A (Figure 4-2A and B). Despite
this, correlation of ANKLE2 and NS4A with dsRNA was still significantly higher than correlation of
ectopically expressed GFP with dsRNA (Figure 4-2C and D), suggesting that this modest
correlation is still biologically meaningful. Given the physical interaction and high colocalization
between NS4A and ANKLEZ2, as well as the similarities between the colocalization of these

proteins with dsRNA, we speculated that ANKLE2 may be participating in ZIKV replication.
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Figure 4-2: ANKLE2 partially colocalizes with ZIKV dsRNA during infection. (A-C) Confocal
microscopy of HEK293T cells infected with ZIKV MR766 at MOI 5 for 48 hours. (D) Pearson's
correlation was determined to quantify the degree of colocalization between denoted target signal
and dsRNA, n = 21-24 cells per condition. One-way ANOVA with Tukey's multiple comparisons
test, n.s., not significant, **** p < 0.0001. Grey circles represent the values of individual cells. All

scale bars =5 ym.
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ANKLE?2 depletion reduces ZIKV replication in Huh7 cells

We next tested the role of ANKLEZ2 in ZIKV replication using a gene perturbation approach. We
chose Huh7 cells, derived from a human hepatocarcinoma, since they are readily infected by
ZIKV in vitro (31,32), and the liver is an established site of ZIKV replication in vivo (33-35). We
also observed similar localization patterns of ANKLE2 and dsRNA in these cells (Figure 4-4A).
Initially, we used a transient CRISPRi knockdown system by reverse-transfecting gRNAs into
dCas9-expressing Huh7 cells. We observed modest, but consistent, decreases in ZIKV replication
following ANKLE2 knockdown across two ZIKV strains and multiple multiplicities of infection
(MOQls) (Figure 4-3). We hypothesized that these modest phenotypes arise from incomplete

depletion of ANKLEZ2 in this system (Figure 4-3C and 1H).
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Figure 4-3: CRISPRi knockdown of ANKLE2 in Huh7-dCas9 cells reduces ZIKV replication.
(A) Western blot to evaluate the expression of dCas9-HA in Huh7 cells that were used for
CRISPRI experiments. (B) Schematic of ANKLE2 and the targeting guide RNAs (gRNA) that were
used to knockdown ANKLE2 expression. (C) Western blot to evaluate ANKLEZ2 expression after
CRISPRI knockdown with three different gRNAs. The primary isoform is shown at 104kDa, and
the knockdown of various other isoforms can be observed at 76 and 73kdA (Appendix A-1). A
known background band associated with this antibody at ~96kDa is visible and unchanged. (D)
Densitometry analysis to quantify ANKLE2 band intensity. ANKLE2 band intensity was normalized

to its respective loading control and then normalized to ncRNA. Error bars represent the standard
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deviation between three biological replicates. (E) ANKLE2 gene expression after knockdown was
quantified by qRT-PCR. Error bars represent the standard deviation between three biological
replicates. (F) Cell viability was evaluated using ZombieGreen dye. Data represents the average
cell viability across ten images for each condition. (G) Schematic for 72-hour CRISPRI
knockdown, followed by 72-hour ZIKV infection. Supernatant was harvested from infected cells
at 0, 18, 24, 48, and 72 hours post infection and assessed by plaque assay. (H) Western blot
validation that ANKLE2 knockdown persists for additional 72 hours after removal of transfection
reagents. (I-M) After a 72-hour knockdown, transfected cells were infected with either ZIKV
MR766 (I-J) or PLCal (K-M) at designated MOI. Virus titers were determined using plaque assay.
All error bars represent the standard deviation. (I, J, M) Three technical replicates. Student’s
unpaired two-tailed t-test. (K, L) Five biological replicates. Student’s paired two-tailed t-test. All
statistical tests compared to ncRNA condition, n.s., not significant, * p < 0.05, ** p < 0.01, ** p <

0.001.

We next sought to achieve more complete depletion of ANKLEZ2 in Huh7 cells using CRISPR
mutagenesis. We generated two stable knockout clones by targeting the first exon of ANKLE2
(hereon referred to as H1 and H2). As a control we also generated a bulk cell line using a non-
specific negative control gRNA (referred to as H-ncg). We observed substantial depletion of
ANKLE2 in our two clonal populations, with some residual ANKLE2 remaining the H1 clone
(Figure 4-4B). We evaluated virus replication in these cells by infecting them with ZIKV PLCal at
MOI 0.1 and western blotting for viral proteins at 0, 48, and 72 hours post infection (hpi). We
observed substantial depletion of ANKLE2 in our two clonal populations, with some residual
ANKLEZ2 remaining the H1 clone. We observed reduced levels of ZIKV E protein in H1 cells and
no E protein detected in H2 cells (Figure 4-4B). We repeated this experiment at MOI 0.1 and 1

and evaluated the abundance of other ZIKV proteins (NS4A and capsid), which were also strongly
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reduced in our clonal populations (Figure 4-4C). Next, we measured titers of ZIKV PLCal in these
cells and found significant and consistent reduction in ZIKV titers at three MOls (0.1, 1, or 10),
with a maximum decrease of ~2.5 logs in the H2 clone when infected at MOI 0.1 (Figure 4-4D-F).
Interestingly, we observed a consistent difference between clones H1 and H2, with H2 having the
more dramatic phenotype. This is supported by a small amount of ANKLE2 remaining in the H1
clone (Figure 4-4B). The more modest phenotype in our H1 clone resembles the ~1 log decreases
in virus titer that we observed in CRISPRI experiments where ANKLE2 expression was only
partially suppressed (Figure 4-3). Further, sequencing our clones revealed H2 had a single
ANKLE?2 mutation, while H1 was not entirely a monoclonal population and contained four similarly
abundant mutations (Appendix B-2). To validate our results, we infected H-ncg and H2 with other
Asian lineage ZIKV strains, PRVABC59, FSS13025, or H/PF/2013, and observed similar ~1-2 log

decreases in virus replication at 48 and 72 hpi (Figure 4-4G-l).
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replication in Huh7 cells. (A) Confocal

microscopy of ANKLE2 and dsRNA in ZIKV infected Huh7 cells (MOI 5, 48 hours). (B) Clonal

ANKLEZ2 knockout Huh7 cells (H1 and H2) were generated with CRISPR and infected with ZIKV

PLCal at MOI 0.1. Expression of ANKLEZ2 and viral proteins were assessed by western blot and

compared to mock infected cells "M". (C) Cells were infected with ZIKV PLCal at MOI 0.1 or 1 for

72 hours and ZIKV protein levels were evaluated by western blot. (D-F) Knockout cells were

infected with ZIKV PLCal at noted MOI. Supernatant was collected at noted times and virus titer

was determined by plaque assay. All statistical comparisons are made to negative control guide

RNA (H-ncg) cells. (G-1) Replication kinetics of additional ZIKV strains in control and H2 clonal

cells. (J) Cells were infected with ZIKV PLCal or PRVABCS59 at MOI 1 for 48 hours prior to analysis

by immunofluorescence microscopy. Images identities were blinded prior to counting infected
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cells. Three biological replicates, at least 10 images per replicate, n = ~2800 - 5600 total cells per
condition. Student's two-tailed T-test., n.s., not significant, * p < 0.05, ** p < 0.01, *** p < 0.001,

**** p <0.0001.

To further characterize and validate our Huh7 clones we performed confocal and high-throughput
fluorescence microscopy, either in mock-, PLCal-, or PRVABC59-infected cells at MOI 1 for 48
hours. We observed a significant reduction in ANKLE2 fluorescence intensity and hypothesize
that the residual signal is likely background (Supplemental Figure 4-5A-B). ANKLE2 knockout
HelLa cells show dramatic increases in nuclear area (27), however we did not observe any
biologically relevant increase in our Huh7 knockout cells (Supplemental Figure 4-5C). We
determined the percentage of cells infected based on the presence of E signal, as measured by
4G2 staining. This recapitulated the results of our previous titration experiments, with decreases
in H1 and H2 for both PLCal and PRVABC59 strains (Figure 4-4l, Figure 4-5D). Due to the
established role of ANKLEZ2 in nuclear envelope disassembly and neuroprogenitor division
(26,28), we hypothesized we might observe aberrations in cell division. However, we observed
no difference in the number of mitotic cells in either clone, in the absence or presence of virus

infection (Figure 4-5E).
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Figure 4-5: Morphological characterization of ANKLE2 knockout cells. (A) Confocal
microscopy of Huh7 ANKLEZ2 knockout cells. Evaluating ANKLE2 (magenta) and DAPI (blue). (B)
ANKLE2? fluorescence intensity was measured across three biological replicates, n = ~1500 -
2100 cells per condition. (C) Nuclei area was determined using cellpose masking. Three biological
replicates, n = ~2600 - 3300 cells per condition. (D) Representative images of cells infected with
ZIKV (PLCal or PRVABC59) at MOI 1 for 48 hours used to determine percent of cells infected
(Figure 2I). (E) Images were assessed for cells visibly in any stage of mitosis. Grey circles
represent the average value of each technical replicate (at least ten images per replicate). One-
way ANOVA with Dunnett's multiple comparisons when appropriate. All statistical tests compared

to ncgRNA condition, n.s., not significant, **** p < 0.0001.
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To eliminate the possibility of off-target effects we sought to complement ANKLE2 expression to
our knockout cells. We transduced our H-ncg or H2 cells with lentivirus to stably induce expression
of ANKLE2-mCherry-3xFLAG (A2) or mCherry (Ch) alone as a control. Confocal microscopy
showed expression of our fusion protein and that expression in rescued cells was higher than
endogenous levels (Figure 4-6A). The fusion protein also retained correct ER localization (Figure
4-6B). ZIKV infection of these cells revealed nearly complete absence of ZIKV E protein in H2+Ch
cells, with a moderate increase in H2+A2 cells, however this was still much less than either H-
ncg population, suggesting only a partial rescue of the replication phenotype (Figure 4-6C). This
was consistent with virus titers which showed a ~0.5 log increase in our rescue population
compared to the knockout (H2+A2 vs H2+Ch) (Figure 4-6D). Evaluation of > 7,000 cells using
immunofluorescence microscopy revealed a rescue rate of only ~8%, suggesting that our partial
rescue is due to incomplete ANKLE2 restoration (Figure 4-6E). It is unclear if this is due to
transcriptional silencing, incomplete selection, or instability of the fusion protein. We measured
the infection rate by immunofluorescence of this same cell population and observed a partial
rescue of this infection rate, similar to our virus titer measurements (Figure 4-6F). In fact, a
Fisher’'s exact test revealed that the small number of successfully rescued H2 cells were more
likely to be infected than those without rescue (p-value = 0.00015). Altogether, these results
suggest that our rescue phenotypes would be stronger if ANKLE2 expression were more

homogeneously restored and that ANKLEZ2 supports ZIKV infection in Huh7 cells.
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Figure 4-6: Restoration of ANKLE2 to Huh7 knockout cells partially rescues virus
replication phenotype. Huh7-ncg control or H2 knockout cells were transduced with lentivirus to
express mCherry (mCh) or ANKLE2-mCherry-3xFLAG (A2). (A-B) Cells were immunostained for
ANKLE2 (A) or ER marker Calnexin (B) and evaluated by confocal microscopy. Pearson's

Correlation was used to measure colocalization. Grey dots represent individual cells, n = 25-35
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cells. All scale bars = 20 um. (C-D) Cells were infected with ZIKV PLCal at MOI 0.1 for 72 hours.
ANKLE2 and ZIKV E protein levels were assessed by western blot and measured by
densitometry. Virus titers were measured using plaque assay. Grey dots represent technical
replicates. (E-F) Cells were plated on coverslips and infected with ZIKV PRVABC59 at MOI 1 for
48 hours. Cells were immunostained for FLAG and ZIKV E protein using the 4G2 antibody.
Fluorescent images were acquired (at least ten per replicate) and identities were blinded prior to
counting the number of rescue and infected (4G2 positive) cells. Grey dots represent rescue or
infection rate from all cells within each of three technical replicates (n = 2100-3400 cells per

replicate).

ANKLE?2 is not associated with ZIKV entry or internalization

To begin exploring potential mechanisms by which ANKLEZ2 appears to promote ZIKV replication
we sought to initially eliminate entry or internalization as possibilities. We hypothesized that these
steps would not be mediated by ANKLE2 based on its established localization to the ER. To test
this, we chilled H-ncg or H2 cells on ice to inhibit endocytosis, prior to adding ZIKV PRVABC59 at
MOI 2 for 90 minutes. Incubating the inoculum on ice allows for ZIKV binding of host receptors,
but not for entry into the cell. After incubation, the cells were thoroughly washed to remove any
unbound virions, such that only receptor-bound viruses remained (Figure 4-7A). To assess
binding efficiency, RNA was collected immediately after these washes, while the cells remained
on ice. If ANKLE2 was an entry receptor for ZIKV then its absence would result in a significant
decrease in bound virus and less viral RNA, however we did not observe this, confirming that
ANKLEZ2 is not a receptor for ZIKV (Figure 4-7B). To assess internalization this process was
repeated and after virus binding/washing the cells were reintroduced to 37°C to initiate
endocytosis. RNA was then collected at 3, 6, 12, 24, or 48 hpi. 3 and 6 hpi represent ZIKV

internalization, while 12, 24, and 48 hpi represent the progression of ZIKV replication and spread.
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Here, we observed no significant differences at 3 or 6 hpi, supporting our hypothesis that ANKLE2
is not associated with ZIKV internalization. However, we did observe a significant decrease in H2
ZIKV RNA starting at 12 hpi, with progressively larger decreases at 24 and 48 hpi (Figure 4-7B).
This additionally manifested in decreased virus titer at 24 and 48 hpi as measured by plaque
assay (Figure 4-7C). Similar virus titers at 12 hpi suggest that the initial round of virus production
may not be impaired, but genome replication and virus production in H2 is much less efficient as

infection progresses.
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Figure 4-7: ANKLE2 is not necessary for ZIKV entry or internalization. (A) Visual
representation of entry/internalization assay. Huh7 cells were chilled on ice to inhibit endocytosis.
ZIKV was added and allowed to bind host cell receptors. Cells were then washed thrice to remove
unbound viruses, prior to warming cells to allow for virus entry. After 0, 3, 6, 12, 24, or 48 hours
of incubation, RNA was harvested to measure relative amounts of ZIKV bound or internalized. At
12, 24, and 48 hours, virus-supernatant was also collected for quantification by plaque assay. (B)
Quantification of relative ZIKV RNA by gqRT-PCR. H2 (blue line) normalized to H-ncg, represented
by dashed line. (C) ZIKV titers at 12, 24, or 48 hours post infection as measured by plaque assay.
Data represent average * standard deviation of four (0, 3, 6 hpi) or three (12, 24, 48 hpi) biological
replicates. Student's two-tailed T-test, n.s., not significant, * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.
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Electron microscopy analysis of ZIKV-induced ER remodeling in ANKLE2 knockout cells

Given that ANKLE2 colocalized with NS4A, we hypothesized that ANKLE2 mediates aspects of
ER remodeling and generation of virus replication organelles. To explore this, we examined the
structure of the ER and virus replication organelles in control H-ncg cells and ANKLE2 knockout
H2 cells by transmission electron microscopy (TEM). The ER in mock infected cells appeared
normal in both H-ncg and H2 cells, suggesting that ANKLE2 is not inherently involved in higher-
level ER integrity, organization, or structure (Figure 4-8A and B). In ZIKV infected H-ncg cells, we
observed stereotypical virus replication organelles in 12 out of 34 cells analyzed, including
clusters of CM and Ve which matched the expected size and organization (Figure 4-8C) (2). In
ZIKV-infected H2 cells we only observed replication organelles in two out of 38 cells, and the
structure of CM was poorly defined (Figure 4-8D). Overall, we observed significantly fewer CM
clusters per cell in H2 cells (Figure 4-8E). These data support the idea that ANKLE2 promotes the

formation of virus replication organelles to facilitate virus replication.
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Figure 4-8: Evaluation of ZIKV replication organelles in ANKLE2 knockout Huh7 cells. (A-
D) TEM images of ~100-nm thin sections and resin-embedded Huh7 cells. Cells were mock
infected (A-B) or infected with ZIKV PRVABC59 at MOI 1 for 48 hours (C-D). Red boxes indicate
enlarged images. (C) Stereotypical flavivirus replication organelles were consistently observed in
infected H-ncg cells, including virus induced replication vesicles (Ve) and convoluted membranes
(CM). Replication organelles were often adjacent or in close association with mitochondria (M).
(D) In ZIKV-infected ANKLEZ2 knockout H2 cells, fewer ZIKV replication organelles were observed
and were poorly defined compared to structures observed in control cells. Additional enlarged

images of CM and Ve included in C and D from separate cells. The number of cells with observed
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CM and Ve are noted in the top left corners. (E) ZIKV-infected H-ncg and H2 cells were
indiscriminately imaged and evaluated for presence and amount of CM, which often appeared in
discrete clusters throughout the cell. Mann Whitney test, ** p < 0.01. Other abbreviations: ER =

endoplasmic reticulum, Nuc = nucleus, A* = TEM artifact.

ANKLE?2 depletion reduces ZIKV replication in SK-N-SH and JEG-3 cells

We next investigated cell lines representative of tissues targeted by ZIKV during human infection.
ZIKV replicates in the developing brain, and we therefore examined the role of ANKLE2 in the
neuroblastoma SK-N-SH cell line. We generated a bulk knockout population (SK-g1), with an
accompanying control line (SK-ncg). Western blotting revealed a modest ~50% decrease in
ANKLEZ2 protein levels in SK-g1 cells (Figure 4-9A). Unfortunately, SK-N-SH cells were difficult to
grow at low cell densities in our hands, so we were unable to generate clonal knockout populations
in this cell line. ZIKV infection in SK-g1 cells revealed substantial reduction of ZIKV capsid protein
compared to SK-ncg control cells (Figure 4-9A). Virus titers were also significantly reduced across

the 72-hour infection for SK-g1 cells (Figure 4-9B).

The placenta is also actively infected during human ZIKV infection and this process is very likely
responsible for vertical transmission (36,37). We therefore generated additional knockout clones
in placental choriocarcinoma JEG-3 cells (referred to as J1 and J2) with an accompanying control
line (J-ncg). ANKLEZ2 depletion was confirmed by western blotting (Figure 4-9C). We infected
these cells with ZIKV and observed reduced levels of ZIKV E and NS4A proteins in J1 and J2
cells by western blotting (Figure 4-9C). We also observed a strong ~1-2 log reduction in virus
titers in J1 and J2 cells compared to J-ncg (Figure 4-9D). As a complementary approach we
infected all our control and knockout lines and evaluated the fold change of viral genomic material
using RT-gPCR. Here, we observed very strong decreases in all our ANKLE2-depleted cell lines

(Figure 4-9E). As we did with our Huh7 knockouts, we sought to rescue replication phenotypes
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by restoring ANKLE2 expression in JEG-3 cells. We transduced our J-ncg or J2 cells with

lentivirus to stably induce expression of ANKLE2-mCherry-3xFLAG (A2) (Figure 4-9F-G) or

mCherry (Ch) (not shown). Virus titers showed that J2+A2 had similar virus titers to J-ncg cells,

and significantly more than J2+Ch (Figure 4-9H). We did not observe any further increase in E

protein or virus titers from J-ncg+Ch to J-ncg+AZ2 cells, suggesting that overexpression of ANKLE2

does not further increase ZIKV replication. Taken together, we conclude that ANKLE2 supports

ZIKV replication in multiple human cell lines and types.
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Figure 4-9: Knockout of ANKLE2 reduces ZIKV replication in SK-N-SH and JEG-3 cells. (A-
B) A bulk population of ANKLE2 knockout SK-N-SH cells were generated by CRISPR. Cells were
infected with ZIKV PLCal at MOI 0.1. ANKLE2 and ZIKV E protein from infected cells were
assessed by western blot and virus titer was measured by plaque assay. (C-D) Clonal ANKLE2
knockout JEG-3 cells (J1 and J2) were generated with CRISPR and infected with ZIKV PLCal at
MOI 0.1. Expression of ANKLE2 and viral proteins were assessed by western blot. Virus titers
from infected-cell supernatant were measured by plaque assay. (E) ANKLE2 knockout Huh7,
JEG-3, and SK-N-SH lines were infected with ZIKV PLCal at MOI 0.1 for 48 hours. RNA was
harvested and ZIKV replication relative to corresponding ncg line was measured by qRT-PCR.
Student's unpaired t-test compared to corresponding normalized ncg control (dashed line). (F-G)
JEG-3 cells were transduced with lentivirus to induce expression of mCherry (Ch) or ANKLE2-
mCherry-3xFLAG (A2). Confirmation of expression and expected localization was confirmed by
western blot and confocal microscopy. (H) Rescued JEG-3 cells were infected with ZIKV PLCal
at MOI 0.1 for 72 hours. Virus titers were measured by plaque assay. All bar values shown are
means + standard deviation of three infection technical replicates. Grey circles represent the value
of each individual replicate. Student's unpaired t-test, n.s., not significant, * p < 0.05, ** p < 0.01,

=% 5 < 0.001, *** p < 0.0001.

Mosquito ANKLE2 also promotes ZIKV replication

While ZIKV can be transmitted between humans sexually, vertically, and via blood or organ
donation, it is primarily an arbovirus transmitted by Aedes aegypti mosquitoes. Successful
transmission requires active replication in the mosquito vector. The predicted ANKLEZ2 ortholog in
A. aegypti (LOC5576059, UniProtID AOA6I8U7J4) has not been previously characterized, but
appears to contain an ankyrin repeat domain very similar to that of human ANKLEZ2. Given that

ZIKV benefits from ANKLEZ2 in human cells, we hypothesized that ZIKV similarly uses mosquito
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ANKLE2 in some capacity as a conserved replication host factor. To test this hypothesis, we
performed dsRNA knockdown of ANKLEZ2 in vitro using Aedes aegypti Aag2 cells with a GFP
targeting dsRNA as a control (Figure 4-10A). Here, we achieved modest decreases in ANKLE2
MRNA expression after 48 hours (Figure 4-10B). We then infected these cells with three strains
of ZIKV at three MOls each and assessed virus titers by plaque assay. We observed consistent
decreases in ZIKV titer at 48 hpi across MOls and ZIKV strains (Figure 4-10C-E, Appendix B-1).
These experiments support our hypothesis that the ANKLE2 ortholog is beneficial for ZIKV

replication in mosquito cells and may serve as a conserved ZIKV replication factor.
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Figure 4-10: Silencing of ANKLE2 ortholog in mosquito Aag2 cells reduces ZIKV
replication. (A) Experimental design for evaluating impact of Ankle2 mosquito ortholog in ZIKV
replication. Aag2 cells were transfected with either GFP- or Ankle2-targeting dsRNA for 48 hours

prior to qRT-PCR or ZIKV infection. (B) After dsRNA transfection, expression of ANKLE2 was
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measured by gRT-PCR in eight transfection replicates across two experiments. (C-E) After dssRNA
transfection, cells were infected with noted ZIKV strain at either MOI 0.1, 1, or 10. Viral
supernatant was harvested and virus titers were measured by plaque assay. Four
knockdown/infection technical replicates were performed for each condition. Grey circles
represent the value of each individual replicate. Student’s unpaired T-test. All statistical tests

compared to corresponding GFP condition, * p <0.05, ** p < 0.01, *™* p < 0.001, *** p < 0.0001.

Conservation of orthoflavivirus NS4A and its interaction with ANKLE2

Given that ANKLEZ2 promotes ZIKV replication, we next sought to explore the conservation of this
interaction. Comparing NS4A amino acid similarity showed moderately high conservation
amongst mosquito-borne orthoflaviviruses (Figure 4-11A). Our previous work established the
physical interaction between ZIKV NS4A and ANKLE?2 (25), so we next tested the extent to which
this interaction was conserved for other mosquito-borne orthoflaviviruses. We generated NS4A
C-terminal strep-tagged fusions for four additional mosquito-borne orthoflaviviruses (DENV, WNV,
YFV, and JEV) and evaluated their physical interaction with ANKLE2-3xFLAG using FLAG affinity
purification and western blotting. We observed that these NS4As expressed higher than ZIKV
NS4A, and all were immunoprecipitated by ANKLE2-3xFLAG (Figure 4-11B). This suggests that
the NS4A-ANKLE2 physical interaction is conserved across mosquito-borne orthoflaviviruses. To
evaluate a potential role for ANKLE2 in orthoflavivirus replication beyond ZIKV, we infected our
Huh7 and SK-N-SH ANKLE2 knockout cells with WNV (NY2000) and DENV (serotype 2 16681).
For WNV we observed statistically significant but biologically irrelevant decreases in virus
replication (Figure 4-11C-D). However, DENV infection resulted in an early replication deficit in
H2 cells (Figure 4-11E) and a sustained replication defect in SK-g1 cells (Figure 4-11F). Together,
these data suggest that multiple orthoflaviviruses interact with ANKLEZ2, though its impact on

orthoflavivirus replication in vitro is variable.
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Figure 4-11: The NS4A-ANKLE2 interaction is conserved across mosquito-borne
orthoflaviviruses but the role of ANKLE2 in virus replication varies. (A) NS4A total amino
acid biochemical similarity using EMBOSS Needle (38). (B) HEK293T cells were co-transfected
with ANKLE2-3xFLAG and NS4A-2xStrep from corresponding flavivirus. FLAG affinity purification
(AP) and western blot were performed to determine physical interaction between proteins. NS4A-
2xStrep bands vary in size corresponding to each virus. (C-D) Huh7 or SK-N-SH ANKLEZ2
knockout cells were infected with WNV NY2000. Virus titers at 0, 18, 24, 48, and 72 hours post
infection were measured using plaque assay. (E-F) Huh7 or SK-N-SH ANKLEZ2 knockout cells
were infected with DENV2 16681 at MOI 1 or 0.1. Virus titers at 0, 18, 24, 48, and 72 hours post
infection were measured using plaque assay. All values shown are means + standard deviation
of three technical replicates. Error bars represent standard deviation, assume bars not shown are
within the bounds of the dot. All statistical tests compared to corresponding ncgRNA condition,
n.s., not significant, * p < 0.05, ** p < 0.01, ** p < 0.001, **** p < 0.0001. ncg = negative control

CRISPR gRNA control.
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Conclusions and Discussion

In this study we explore the relationship between ZIKV and host ANKLEZ2, with a focus on virus
replication. ANKLE2 actively colocalizes with ZIKV NS4A during infection and depletion of
ANKLE2 in human cells leads to consistent reduction in ZIKV replication. TEM revealed that
knockout of ANKLE2 results in fewer and more poorly formed virus replication organelles.
Interestingly, dsRNA knockdown of the ANKLEZ2 ortholog in mosquito cells also produces similar,
albeit modest, decreases in ZIKV replication, suggesting that ANKLE2 may be a conserved host
factor. Further, we showed that the physical interaction between NS4A and ANKLEZ2 is conserved
across four additional mosquito-borne orthoflaviviruses, and that ANKLE2 promotes DENV

replication.

The conserved role of ANKLEZ in replication across hosts and orthoflaviviruses revises our model
in which ZIKV NS4A inhibits ANKLEZ2 to cause microcephaly (25,28). Though ANKLE2 has a very
specific and non-redundant role during fetal brain development, it may have additional roles in
cell physiology when expressed in other tissues. Our data suggests that ANKLE2 may be hijacked
by orthoflaviviruses in general to facilitate replication in many different tissues. We speculate that
other orthoflavivirus NS4As can inhibit ANKLEZ2 function through a conserved protein interaction
to cause neurodevelopmental defects, however non-teratogenic orthoflaviviruses lack the ability
to access the fetal brain during the time in which ANKLE2 inhibition can cause
neuropathogenesis. This is supported by our previous data that shows transgenic expression of

DENV NS4A also leads to reduced brain size in larval fruit flies (25).

The supportive role of ANKLE2 in ZIKV replication raises exciting possibilities about ANKLE2
function during orthoflavivirus replication. Beyond BANF1, PP2A, and VRK1 (26,27), ANKLE2
also interacts with many other host proteins. For example, ANKLE2 also influences the cell cycle
by interacting with Aurora-A and estrogen receptor alpha (ERa) to mediate ERa phosphorylation

(39). Plentiful other ANKLE2-host protein interactions have been found in proteomic screens (40—
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43). It is particularly appealing to speculate that ZIKV leverages the protein interaction/scaffolding
function of ANKLEZ2 to facilitate protein interactions within orthoflavivirus replication organelles.
Orthoflavivirus non-structural proteins interact with ER associated degradation (ERAD) factors,
which regulate CM morphogenesis, virus propagation, and virus-induced cell death (7,44,45).
DENV utilizes the host protein HMGCR in the process of replication complex formation, which is
significant as HMGCR is also regulated by PP2A (46). Many other host factors are co-opted by
orthoflaviviruses to remodel the ER and assist in the formation of replication compartments or
complexes (10,12,47-51), and ANKLE2 may play a scaffolding role in this remodeling process.
Future mechanistic studies exploring ANKLEZ2 protein interactions during orthoflavivirus infection
will be valuable in uncovering the molecular mechanisms by which ANKLE2 accelerates

orthoflavivirus replication.

To our knowledge, the NS4A-ANKLE2 interaction is a rare example of a ZIKV-host protein
interaction that dysregulates the host function to cause neuropathogenesis (25,28) in the process
of promoting ZIKV replication. Several other protein interactions impact aspects of
neurodevelopment but appear distinct from virus replication. ZIKV NS3 cleaves host BMP2,
inducing osteogenesis and intracranial calcification commonly seen in CZS (22). Expression of
NS2A in vivo impacts neurodevelopment by disrupting adherens junctions in radial glial cells (24).
Expression of NS4A and NS4B impairs the growth of neural stem cells in vitro and perturbs
autophagy (52). While the host factors from these studies are involved in pathogenesis, they were
not linked to virus replication directly. A notable exception is the interaction between ZIKV capsid
and Dicer. Capsid interacts with Dicer and inhibits its antiviral activity to promote ZIKV replication
while simultaneously inducing neurodevelopmental defects (53). These types of virus-host
interactions, which result in compounding losses for the host, represent an exciting system to

simultaneously study virus replication and neuropathogenesis.
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Materials and Methods

Cells. HEK293T (gift of Dr. Sam Diaz-Mufioz), Huh7 (gift of Dr. Raul Andino), JEG-3 (ATCC), SK-
N-SH (ATCC), and Vero (ATCC) cell lines were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco ThermoFisher) supplemented with 10% fetal bovine serum (FBS, Gibco
ThermoFisher) at 37°C, 5% CO.. Cells we washed with Dulbecco’s phosphate buffered saline (D-
PBS, Life Technologies) and dissociated with 0.05% Trypsin-EDTA (Life Technologies). Cells were
tested for Mycoplasma spp. monthly by PCR. Mosquito Aag2 (Aedes aegypti) cells were cultured
at 27°C in Schneider's Drosophila Medium (Gibco; +Glutamate) supplemented with 7% FBS and

antibiotics (100 units mL penicillin, 100 pg/mL streptomycin, 5 ug/mL gentamicin).

Plasmids. Lentiviral plasmid (pHR-UCOE-EF1a-KRAB-dCas9-P2A-Bls) encoding a catalytically
dead Cas9 (dCas9) with a C-terminal hemagglutinin (HA) tag was a gift from Dr. Sean Collins.
For stable, inducible expression in HEK293T cells, ANKLE2 and GFP sequences were amplified
by PCR and cloned into pLVX-TetOne-Puro, cut with EcoRI, using Gibson assembly. Codon-
optimized ANKLE1 sequence was acquired from Twist BioSciences and similarly inserted into
pLVX-TetOne-Puro, cut with EcoRI, with C-terminal APEX2 and 3xFLAG affinity tags.
Orthoflavivirus (DENV, YFV, WNV, JEV) NS4A sequences were acquired from Twist Bioscience
and inserted into pcDNA4_TO, cut with BamHI and Xhol, with C-terminal 2xStrep tags using
Gibson assembly. ANKLE2-mCherry-3xFLAG-P2A-BLS rescue fusions were cloned into pHR-
UCOE-EF1a-KRAB-dCas9-P2A-Bls cut with Mlul and Notl remove dCas9. Gene fragments were
acquired from Twist BioSciences and inserted with Gibson Assembly. All plasmids were prepared
in Stbl3 or DH5a using MiniPrep (Sigma-Aldrich) or MidiPrep (Macherey-Nagel) kits and verified
using sequencing services provided by GeneWiz. All sequence accession numbers are available
in Appendix B-5. Primer sequences used for the generation of all our constructs are available in

Appendix B-6.
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Lentiviral packaging, transduction, and cell selection. Lentiviral packaging and
transduction were performed as previously described (54) using the calcium phosphate protocol
(Yu and Schaffer, 2006). In short, 3.5 ug of cloning product plasmid were transfected into
HEK293T with lentiviral packaging plasmids including 1.8 ug pMDLg/p-RRE, 1.25 ug pCMV-VSV-
g and 1.5 ug pRSV-Rev. After 48 hours lentivirus particles were collected, and cell debris was
removed by centrifugation (Eppendorf centrifuge 5810 R, Rotor S-4-104, 94 g, 5 minutes) and
filtration through a 0.45 pm filter. The resulting lentiviral stocks were used to transduce HEK293T
cells. Transduced cells were bulk selected for puromycin or blasticidin resistance (1 or 10 pg/mL,
respectively, ThermoFisher). A control lentiviral plasmid encoding GFP without a selection marker

was used in tandem as a control to ensure efficient packaging, transduction, and selection.

Viruses and stock preparation. All virus (ZIKV, DENV, WNV) stocks were propagated in Vero
cells and monitored for CPE. Supernatant was then harvested, and cell debris was removed by
centrifugation (Eppendorf centrifuge 5810 R, Rotor S-4-104, 211 g, 5 minutes, 4°C) Cleared
supernatant was then distributed into 1 mL aliquots and frozen at -80°C. Each aliquot was only
used once to prevent repetitive freeze-thaw. Aliquots were titered by plaque assay (method
below). Strains used were ZIKV PLCal/2013 (gift of Dr. Richard Wozniak), ZIKV PRVABC59 (gift
of Dr. Lark Coffey), ZIKV FSS13025 (gift of Dr. Helen Lazear), ZIKV H/PF/2013 (gift of Dr. Helen
Lazear), ZIKV MR766 (BEI Resources, NIAID, NIH, as part of the WRCEVA program: Zika Virus,

MR 766, NR-50065), DENV2 16681 (25), and WNV NY2000 (gift of Dr. Helen Lazear).

Western blot. For whole cell lysates, cells were lysed in RIPA buffer (150 mM NaCl, 50 mM Tris

Base, 1% Triton X-100, 0.5% sodium deoxycholate) supplemented with protease inhibitors for 5
minutes at room temperature. Cell lysate was incubated on ice for 30 minutes prior to

centrifugation (Eppendorf centrifuge 5424 R, Rotor FA-45-24-11, 13,500 g, 4°C, 20 min). When
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possible, the total protein concentration of each sample was normalized by BCA assay. Protein
samples (lysates or IP eluates) were resuspended in NUPAGE LDS sample buffer supplemented
with TCEP and boiled at 95°C for 10 minutes. Samples were run on 7.5-12% polyacrylamide gels
for ~1 hour at 150V and transferred to PVDF membranes (VWR) for 1 hour at 330 mA on ice.
Membranes were then blocked in 5% milk solution for 1 hour prior to overnight incubation in
primary antibodies (Appendix B-4) at 4°C. Membranes were washed three times in Tris-buffered
saline with Tween-20 (TBS-T) (150 mM NaCl, 20 mM Tris Base, 0.1% Tween-20, Fisher) and
incubated with HRP-conjugated secondary antibodies in 5% milk for 1 hour at room temperature.
Membranes were again washed three times in TBS-T and 1x in TBS (without Tween-20) prior to
Pierce™ ECL activation (Fisher). Membranes were imaged using Amersham Imager 600 (GE).
Western blot images were analyzed using Fiji. Densitometry was calculated by measuring the

band intensity ratio of the experimental band to the loading control band.

ANKLE2 CRISPRI knockdown and ZIKV Infection. Custom synthetic guide RNAs (gRNA)
were acquired from Sigma and resuspended to 3 uM in TE buffer (10 mM Tris Base, 1 mM EDTA,
pH 8.0). For Huh7-dCas9 knockdown in 12-well dishes 30 uL of each gRNA was combined with
7 uL TransIT-CRISPR transfection reagent (Sigma) in 363 yL OPTI-MEM (Life Technologies) and
complexed at room-temperature for 20 minutes prior to being added to each well (90nM final
gRNA concentration). A total of 1.2x10° Huh7-dCas9 cells were then added and grown overnight
at 37°C. Additional DMEM was then added 24 hpt. Viability experiments were done 72 hpt with
ZombieGreen dye (BioLegend, gift of Dr. Scott Dawson) diluted 1:100 in D-PBS and incubated
on live cells for 5 minutes. Ten images were taken for each condition and total and dead cells
were then counted to determine viability. ZIKV replication after ANKLEZ2 knockdown was done by

removing media from each well 72 hpt. 2 mL of fresh DMEM and appropriate volume of ZIKV
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stock was then added to each well. Supernatant aliquots were harvested at 0, 18, 24, 48, and 72

hpi and frozen at —80°C.

Aag2 cell dsRNA knockdown. Gene-specific dsRNA was generated using PCR primers
designed to amplify Ae. aegypti ANKLEZ2 and containing the T7 promoter sequence. Aag2 cell
cDNA generated using the High-Capacity cDNA reverse transcription kit (Applied Biosystems)
was used as a template to amplify a 355 bp fragment of the ANKLE?2 transcript for dsRNA
synthesis. After PCR amplification, dsRNA was generated via in vitro transcription using the
MEGAScript™ RNAI kit (Thermo Fisher). As a non-specific control dsRNA, GFP dsRNA was
generated from a GFP containing plasmid. For Aag2 knockdown in 24-well plates, 500ng of
dsRNA was combined with 1.5 pL of Lipofectamine RNAIMAX (Thermo Fisher), diluted to a total
volume of 100 uL in Opti-MEM (Thermo Fisher), and complexed at room-temperature for 20
minutes prior to being added to each well. A total of 2x10° cells in 1 mL of culture media was then
added to each well. Cells were incubated for 48 h before RNA extraction or virus infection. Aag2
cells were infected with ZIKV by removing the culture media and adding the appropriate volume
of ZIKV diluted in a total of 200 uL of DMEM (no additives). After 1 h, the virus-containing media
was removed and replaced with 1 mL of complete culture media. Supernatant aliquots were

harvested at 0, 24, 48, and 72 hpi and frozen at —80°C.

Plaque assay. Vero cells were grown as a monolayer in 6-well dishes overnight. Virus aliquots

were thawed on ice then subjected to 10-fold serial dilution. Media was removed from Vero cells
and the monolayer was washed with 1mL D-PBS. For ZIKV and WNV 500 pL of each virus dilution
was then added and incubated for 1 hour at 37°C with periodic rocking. Virus was then removed
and cells were overlayed with 3 mL of DMEM with 0.8% methylcellulose (Sigma), 1% FBS, 1%

penicillin/streptomycin (Thomas Scientific) and incubated at 37°C for 4 days. For DENV, cells
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were infected with 800 pL for 2 hours at 37°C and incubated in DMEM/methylcellulose mixture for
8 days. Cells were then fixed with 4% formaldehyde (Fisher) for 30 minutes at room temperature.
Formaldehyde and media were then removed, and cells were stained with 0.23% crystal violet

solution (Fisher) for 30 minutes. Solution was then removed, and plaques were counted.

Quantitative RT-PCR. RNA was harvested using Quick-RNA Miniprep kit per manufacturer’s
instructions (Zymo). Purified RNA (500 ng) was then used to make cDNA using iScript™ cDNA
synthesis kit (Bio-Rad). After cDNA synthesis each sample was resuspended to a total volume of
100 pL using RNase-Free water. A total of 2 uL of cDNA was then used for each gPCR reaction
(with 2-3 replicate wells for each gene measurement) using LightCycler 480 SYBR Master Mix
(Fisher). Samples were run in a Roche LightCycler® 480 Il Instrument using relative quantification
and temperatures of 95°C (5 sec), 55°C (10 sec), and 72°C (30 sec) for melting, annealing, and
elongation, respectively. Quantification of SYBR signal was measured at the end of each
elongation step for 40-45 cycles. Changes in gene expression were calculated using the Livak
method (224°t) comparing to GAPDH expression as an internal control (55). Primer sequences

are listed in Appendix B-6.

Immunofluorescence microscopy. HEK293T, Huh7, or JEG-3 cells cultured on #1.5
coverslips were fixed with 4% paraformaldehyde (Fisher) for 15 minutes at room temperature.
Cells were permeabilized with 0.1% Triton X-100 (Integra) for 10 minutes and blocked with 5%
goat serum (Sigma) in PBS-Tween (0.1% Tween-20, Fisher). Coverslips were incubated with
primary antibodies overnight at 4°C. Coverslips were then washed in PBS-Tween and incubated
in secondary antibody at room temperature for 1 hour. Nuclei were visualized with Hoechst
(Invitrogen). Confocal images were acquired using an Olympus FV1000 Spectral Scan point-

scanning confocal fitted to an Olympus IX-81 inverted microscope using a PlanApo 60x/NA1.40
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oil immersion lens (Figures 4-1, 4-2, and 4-4) or Zeiss Airyscan LSM980 with Axiocam using a
63x/NA1.40 oil immersion lens (Figures 4-5A, 4-6, 4-9). Laser lines at 405, 488, and 543nm were
employed sequentially for each image using optics and detector stock settings in the “Dye List”
portion of the FluoView microscope-controlling software. Other microscopy images (Figures 4-
5D) were captured using a Nikon Ti2 inverted microscope, CFI PLAN APO LAMBDA 40X CF160
Plan Apochromat Lambda 40X objective lens, N.A. 0.95, W.D. 0.17-0.25 mm, F.O.V. 25 mm, DIC,
Correction collar 0.11-0.23 mm, Spring Loaded, and using Andor Zyla VSC-08688 camera. All
antibodies and dilutions are listed in Appendix B-4. Microscopy images were analyzed using
Imaged (Fiji) software (56). Signal colocalization was quantified using Pearson’s correlation
coefficient (R-value) determined with the “Colocalization 2” analysis tool within Fiji after masking

signal in entire individual cells across at least five images.

ZIKV Entry/Internalization Assay.

Cells were seeded into 6-well plates one day prior to infection. On the day of the infection cells
were pre-cooled on ice for 10 minutes. Media was removed and the cells were washed with chilled
D-PBS. Equal amounts of chilled binding buffer (DMEM pH ~7.4 containing 0.2% BSA, 2mM
MgCI2, and 1mM CaCl2) was added to each well. ZIKV PRVABC59 was added at MOI of 2 and
incubated on ice for 90 minutes. After incubation, the binding buffer was removed, and cells were
washed three times with ice cold PBS. Fresh media (DMEM pH~7.4 containing 10% FBS) was
added to the wells and rapidly warmed up to 37°C. At indicated times cells were washed once
with D-PBS and lysed in Zymo RNA lysis buffer for RNA purification. 500 ng of total RNA was
converted to cDNA and used for gqRT-PCR with either GAPDH or ZIKV primers (see previous).

Media supernatant was harvested at later timepoints for PFU quantification using plaque assay.
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Transmission Electron Microscopy. Cells were mock-infected or infected with ZIKV
PRVABC59 for 48 hours prior to collection. Cells were washed with D-PBS and then placed in
fixative (2.5% glutaraldehyde, 2% paraformaldehyde, 0.1M sodium phosphate buffer) for at least
3 hours. Cells were washed with 0.1M sodium phosphate buffer prior to secondary fixation in 1%
osmium tetroxide, 1.5% potassium ferrocyanide for 1 hour. Cells were washed with cold water 3
times and then serially dehydrated in ethanol (30%, 50%, 70%, 95%, 3x 100%, 10 minutes each).
Cells were then washed with propylene oxide twice for 10 minutes each. Half resin (dodecenyl
succinic anhydride, Araldite 6005, Epon 812, Dibutyl Phthalate, Benzyldimethylamine) and half
propylene oxide were allowed to infiltrate overnight at room temperature. The mixture was then
removed and replaced with 100% resin and left to infiltrate for 4 hours. Resin was then replaced
with fresh resin and allowed to polymerize at 70°C overnight. Resin blocks were sectioned on
Leica EM UCG6 ultramicrotome at approximately 100 nm. Sections were collected onto copper
grids and dried at 60°C for 20 minutes. Grids were stained with 4% aqueous uranyl acetate and
0.1% lead citrate in 0.1N NaOH. Sections were imaged using FEI Talos L120C at 80kV with a 4k

x 4k Ceta camera.

ANKLE2 and NS4A co-transfection and FLAG affinity-purification. For transfection
5x10° HEK293T cells were plated in 10 cm dishes and grown overnight. Transfection was
performed by combining 3.5 pg of each corresponding plasmid DNA with 700 yL of serum-free
DMEM. Next, 21 L of PolyJet transfection reagent (SignaGen) was combined with 700 pyL serum-
free DMEM and added to each plasmid DNA tube. Samples were mixed and incubated at room
temperature for 15 minutes prior to addition to cells. Cells were then grown for an additional 24
hours. Transfection efficiency was confirmed using a GFP encoding plasmid. Media was then
removed from each plate. To dissociate cells, 5 mL of D-PBS supplemented with 10 mM EDTA

was added and allowed to incubate for several minutes. Cells were resuspended in 5 mL of D-
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PBS and transferred to 15 mL conical tubes prior to centrifugation 94 g, 4°C for 5 minutes
(Eppendorf centrifuge 5810 R, Rotor S-4-104). Cell pellets were washed with 5 mL D-PBS and
centrifugation was repeated. Supernatant was removed and pellets were then resuspended in 1
mL IP buffer (50 mM Tris Base, 150 mM NaCl, 0.5 M EDTA, pH 7.4) with Pierce™ protease
inhibitor tablets (Thermo Scientific) supplemented with 0.5% NP-40 Substitute (Igepal™ CA-630,
Affymetrix). Cells were lysed for 30 minutes at 4°C, and lysate was then centrifugated at 845 g,
4°C, for 20 minutes (Eppendorf centrifuge 5424 R, Rotor FA-45-24-11). A portion of each lysate
(60-100 uL) was collected, normalized by BCA assay (Thermo Scientific), and saved for western
blot analysis. Remaining lysate was added to 40 uL of magnetic FLAG beads (Sigma) and
incubated overnight at 4°C with gentle rotation. Beads were then washed four times with 1 mL IP
buffer with 0.05% NP-40 and once with 1 mL IP buffer without NP-40. Beads were then incubated
in 40 uL of 100 ng/mL 3x FLAG peptide (APExXBIO) at 211 g for 1 hour at room temperature
(Eppendorf ThermoMixerC). Eluate was then removed. Eluate and lysate were resuspended in
NuPAGE LDS sample buffer and bond-breaker TCEP (Thermo Scientific) according to
manufacturer’s recommendation. Samples were boiled for 10 minutes at 95°C prior to evaluation

by western blot (below).

Statistical analysis.

Statistical analysis and plotting were performed using GraphPad Prism 6 software (GraphPad
Prism 6.0; GraphPad Software Inc., La Jolla, CA, USA). Error bars represent standard deviations.
Data were considered statistically significant when a p < 0.05 was determined by Student's T-test

or one-way ANOVA with noted multiple-comparison test.
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Chapter 5: Determining the molecular determinants of the
NS4A-ANKLE2 protein interaction

Introduction

Our work presented in Chapter 4 suggests that ANKLE2 promotes ZIKV replication by facilitating
aspects of ER remodeling. Given our previous work that showed ZIKV NS4A interacts with and
inhibits the function of ANKLE2, we hypothesize that NS4A specifically hijacks ANKLE2 to
promote ZIKV replication. However, showing that the beneficial role of ANKLEZ2 in ZIKV replication
is dependent on interaction with NS4A is not trivial. Further, understanding the interaction can
allow for expanded study of how the NS4A-ANKLE?2 interaction impacts neurodevelopment in
vivo. To show that the physical interaction is directly what mediates the role of ANKLE2 in ZIKV
replication and that NS4A inhibits ANKLE2 to cause microcephaly, the physical determinants of
this interaction must be determined. Following this, the interaction can be broken at the amino
acid level and the impacts on these processes can be evaluated. In this Chapter, we explore the
physical determinants of the NS4A-ANKLE2 interaction from both sides and establish general

regions required for the physical interaction.

As we have previously introduced, ANKLEZ2 is a 938 amino acid long resident of the ER and inner
nuclear membrane, where it is anchored to the membrane by the single N-terminal
transmembrane domain from amino acids 9-34 (Figure 3-1). The remaining majority of ANKLE2
is outstretched from the membrane towards the cytoplasmic side of the ER or the nuclear side of
the inner nuclear membrane. On the other hand, orthoflavivirus NS4A has a more complex
membrane orientation, despite its small size of 150-151 amino acids (depending on the virus).
The topology of the polyprotein is such that the N-terminal portion of NS4A, following NS3, lies
on the cytoplasmic portion of the ER membrane, where it is cleaved from NS3 by the viral protease

(1). An N-terminal portion of approximately 50 amino acids remains outstretched on this side of
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the membrane. Following this portion are a series of transmembrane domains which we will refer
to as TM1 — 4. TM1 spans the membrane to the lumenal side, where it is quickly followed by TM2
which interestingly remains integrated horizontally in the membrane without spanning it. This
integrated portion is followed by TM3 which spans the membrane back to the cytoplasmic side.
Following this is TM4 or the “2K-peptide”, which spans the membrane again to the ER lumen (2).
NS4B follows 2K and begins on the lumenal side of the membrane (Figure 2-1). Studies on Kunjin
virus (KUNV) NS4A-2K-NS4B have shown that NS4A is cleaved from 2K-NS4B first by NS3,
followed by 2K separation from NS4B by host signal peptidase (3). It is assumed that the
processing of other orthoflavivirus NS4A follows these temporal steps, but that has never been
explicitly shown. The cleavage of NS4A from 2K is a seemingly important step, but the ability for
NS4A to induce membrane rearrangements appears to vary by specific virus. DENV NS4A was
shown to only induce membrane rearrangements after removal of 2K, while for KUNV, both NS4A
with and without 2K were able to accomplish this (3), although it is worth noting that the data in
this study suggests that NS4A-2K would not exist separated from NS4B. In this Chapter, we will

refer to NS4A with 2K as “NS4A-2K” and NS4A without 2K as “NS4A ATM4”.

Results

ANKLE?2 interacts with NS4A through its TM and LEM domains

To further understand the biophysical interaction between NS4A and ANKLE2, we sought to
determine which domains of ANKLE2 were necessary for the interaction. The structure of
ANKLEZ2 has not yet been experimentally resolved. Thus, we employed the structural prediction
provided by AlphaFold2 (4,5). This revealed high-confidence structured regions corresponding to
the known TM, LEM, and ankyrin repeat (ANK) domains. Surprisingly, this also revealed three
previously uncharacterized high-confidence structures (Figure 3-1). Using this predicted structure
as a template, we then generated seven C-terminal truncation mutants with progressively fewer
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of these domains or structures, each with FLAG affinity tags (3xF) (Figure 5-1). To characterize
the biochemical behavior of these truncations we performed subcellular fractionation to enrich
cytosolic, membrane, and nuclear/nuclear lamina compartments. Western blotting analysis of
these fractions showed the presence of each primarily in the membrane-bound (including ER,
Golgi, etc.) and nuclear/nuclear-lamina fractions (Figure 5-1B). We attempted to quantify this
using the relative densitometry of FLAG vs. each compartment’s marker (GAPDH, SERCA2,
Lamin A/C) (Figure 5-1C). This result is expected given the established localization of ANKLE2
to the ER and inner nuclear membrane (6-8), and the role of the TM, which was not deleted, in
facilitating ER localization (9). To evaluate interaction of these ANKLEZ2 truncations with NS4A
we co-transfected each with C-terminally Strep-tagged NS4A-2K plasmid we generated
previously (10) and then performed FLAG affinity purification (FLAG-AP). Intriguingly, FLAG co-
AP revealed that each truncation maintained its interaction with NS4A-2K, although A54-938 only
very weakly interacted (Figure 5-1D). Intriguingly, we observed consistent FLAG bands above
and below the band at the expected mass. We interpret the lower bands as N-terminal
degradation products, as the C-terminal FLAG tag must be maintained for western blot detection.
We speculate that the higher mass bands may be dimers or aggregations of variously sized
ANKLE?2 products. Together, these results showed the C-terminal deletions of ANKLE2 do not
substantially impact its localization or interaction with ZIKV NS4A, except for A54-938 which may

have reduced interaction.
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Figure 5-1: C-terminal truncations of ANKLE2 reveal retained localization patterns and
physical interaction with ZIKV NS4A. (A) Schematic of C-terminal ANKLE2 truncations, using
AlphaFold structural prediction as guide for characterized and uncharacterized domains (Fig S4).
(B) ANKLEZ2 truncations were transfected into HEK293T cells and lysate was fractionated.
Fractions were then assessed by western blot using indicated cellular markers. (C) Densitometry
analysis to determine relative abundance of each truncation in different cellular spaces. (D)
HEK293T cells were co-transfected with ZIKV NS4A-2xStrep and each ANKLEZ2 truncation.
ANKLE2 interaction with NS4A was determined by FLAG affinity-purification (FLAG-AP) and

western blot.

Given that C-terminal deletions did not significantly impact ANKLE2 or its interaction with NS4A,
we generated additional mutants with either N-terminal deletions of the TM domain only (A2-53),
the TM and LEM domains (A2-157), the LEM domain only (A54-158), or the LEM through ANK
domains (A54-474) (Figure 5-2A). We performed similar subcellular fractionation analysis which
showed that A2-53 and A2-157 were enriched in the cytosolic fraction and depleted in the
nuclear/nuclear lamina fraction but maintained some membrane (ER) localization (Figure 5-2B-
C). Confocal microscopy of A2-53 and A2-157 showed disperse signal in the cytosol with
decreased overlap with the ER marker Calreticulin, whereas WT ANKLE2 and internal deletions
A54-158 and A54-474 had high colocalization with the ER as measured by Pearson’s correlation
(Figure 5-2D-E). Thus, both ER and nuclear/nuclear lamina localization were disrupted in the A2-
53 and A2-157 mutant. Co-transfection with NS4A-2K and FLAG-AP of these ANKLE2 mutants
revealed that deletion of both the TM and LEM domains (A2-157) strongly ablated interaction with
NS4A-2K, whereas deletion of either the TM or LEM domain alone retained the interaction with
NS4A-2K (Figure 5-2F). This was somewhat surprising since deletion of the TM substantially
altered subcellular localization that could preclude the interaction with NS4A in cells. To
corroborate this biochemical finding, we visualized the subcellular localization of these ANKLE2
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truncations along with NS4A during infection. Here, we clearly observed similar clusters of NS4A
that colocalized with wild-type ANKLEZ2, but not the A2-157 mutant. Instead, we observed our A2-
157 ANKLEZ2 mutant appeared to be distinctly separated from sites of NS4A accumulation (Figure
5-2G). Altogether, these results suggest that while the TM domain controls ER and nuclear lamina
localization of ANKLEZ2, both the TM and LEM regions together contribute to the interaction with

NS4A, with presence of at least one being sufficient for the biochemical interaction.
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Figure 5-2: ANKLE2 N-terminal truncation mutations reveal physical determinants for

localization and interaction with ZIKV NS4A. (A) Schematic of human ANKLE2 N-terminal

truncations with known domains and predicted structural regions mapped. (B) HEK293T cells

transfected with ANKLEZ2 truncations. After transfection, lysate was fractionated and assessed by

western blot. (C) Densitometry analysis of (B) using each fractions marker to normalize
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expression levels within each fraction (Cytoplasmic = GAPDH, Membrane-Bound = SERCAZ2,
Nuclear/Nuclear Lamina = Lamin A/C. (D) HEK293T cells were transfected as done in (B) and
localization of each mutant was compared to the ER marker calreticulin using confocal
microscopy. Scale bars = 10 um. € Pearson’s correlation was quantified from n = 21-41 cells
across 5-11 images for each condition. Grey circles represent individual cells. One-way ANOVA
with Dunnett’s multiple comparison test compared to WT ANKLEZ2, n.s., not significant, *** p >
0.001, *** p > 0.0001. (F) HEK293T were co-transfected with ZIKV NS4A-2xStrep and
designated ANKLE?2 truncation. 24 hours post transfection, cell lysate was collected and FLAG
affinity-purification was performed to assess physical interaction with NS4A. The presence of N-
terminal degradation bands was confirmed using ANKLE2 antibody. Endogenous ANKLE2 is
present in Lysate but too faint to visualize. (G) HEK293T cells were infected with ZIKV MR766
(MOI 5). 24 hours post infection cells were transfected with each ANKLEZ2 truncation as done
previously. 24 hours post transfection (48hpi) cells were fixed and examined using confocal

microscopy. Scale bars = 5 uym.

NS4A-ANKLE?2 interaction is dependent on NS4A TM2 and TM3

To further explore the determinants of the NS4A-ANKLE2 interaction, we sought to generate
NS4A truncation mutants. Using a previous evaluation of dengue virus (DENV) NS4A as a
template (2), we initially generated plasmids encoding one of three C-terminal truncations, each
removing an additional TM domain (Figure 5-3A and B). As done previously with our ANKLE2
truncations, we characterized the localization of these NS4A truncations using subcellular
fractionation and confocal microscopy. Contrary to the relatively disperse localization of ANKLEZ2,
fractionation experiments on NS4A truncations revealed very distinct localization to the
membrane fraction, with very little signal detected in the cytoplasmic or nuclear portions (Figure

5-3C-D). Confocal microscopy further confirmed ER retention of all truncations as all had similar
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colocalization with the ER-marker Calnexin (Figure 5-3E-F). We considered N-terminal truncation
mutants of NS4A as well but were concerned about proper membrane insertion and topology, so

these mutants were not evaluated.
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Figure 5-3: C-terminal truncations of ZIKV NS4A do not alter ER localization. (A) Schematic
of ZIKV NS4A in the ER membrane based on previous studies (Miller 2007) and using TMHMM2.0
which was later upgraded to DeepTMHMM (Hallgren). (B) Schematic of cloned C-terminal NS4A
truncations with 2xStrep tags for purification and identification. (C) Western blot analysis of
subcellular fractions of cells transfected with the indicated NS4A construct. SERCA2 and Lamin

A/C antibodies were used to validate enrichment of membrane-bound and nuclear fractions,
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respectively, while GAPDH was used as a cytoplasmic marker. We were unable to detect NS4A
ATM1-4 in these experiments. (D) Densitometry analysis was performed on western blot images
by measuring the intensity of Strep bands relative to each fraction’s marker. These values were
then plotted as a fractional distribution for relative intensity across all fractions. (E) Confocal
microscopy of HEK293T cell transfected with noted NS4A-2xS truncations. Scale bars = 10 um.
(F) Pearson’s correlation was determined to quantify the degree of colocalization between NS4A-
2xStrep and Calnexin. Signal in five images for each condition. N = 17-26 cells per condition.
Grey circles represent the value of each individual replicate. One-way ANOVA, n.s., not

significant.

Next, we expressed these NS4A truncations in HEK293T cells and performed affinity-purification
against the Strep affinity tag (Strep-AP) to determine interaction with endogenous ANKLE2
(Figure 5-4A). The first of these truncations, NS4A ATM4 representing processed NS4A,
appeared to have better expression and interaction with ANKLE2 than our full-length NS4A-2K.
This also represents a biologically relevant form of NS4A during ZIKV infection, since the 2K-
peptide is first cleaved at the C-terminus of NS4A to separate NS4A from 2K-NS4B (3). The other
truncations, NS4A ATM3-4 and ATM2-4, had significantly reduced to no visible interaction with
ANKLE2, suggesting that at least TM3 is crucial for stabilizing the interaction with ANKLE2 (Figure
5-4A). To corroborate this result, we co-transfected our ANKLE2-3XxFLAG and NS4A-2xStrep
truncation constructs and performed FLAG-AP (Figure 5-4B). Here, to display the importance of
NS4A TM domains, we additionally generated a fourth NS4A truncation that does not express
any TM domains (NS4A ATM1-4). In this experiment we observed that NS4A ATM3-4 had
detectable but dramatically reduced interaction with ANKLE2. However, NS4A ATM2-4 had no
detectable interaction. Additionally, ATM1-4 had very low expression and we could not draw
conclusions regarding its ability to interact with ANKLEZ2. Our Strep-AP results indicate that both
TM2 and TM3 contribute to the interaction with ANKLE2. Finally, we evaluated the effect of the
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2K-peptide on the interaction between NS4A and ANKLE2 A2-158, which had strongly reduced

interaction with NS4A-2K previously (Figure 5-2F). We observed faint and reduced interaction

between ANKLE2 A2-157 and NS4A-2K, but no detectable interaction between ANKLE2 A2-157

and NS4A ATM4, suggesting that the 2K-peptide may stabilize the interaction outside of the TM

and LEM domains, but that the processed form of NS4A requires these ANKLE2 domains for

interaction.
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Figure 5-4: C-terminal truncation of ZIKV NS4A reveal physical determinants for interaction

with ANKLEZ2. (A) NS4A-2xS truncations were transfected in HEK293T cells and interaction with

endogenous ANKLE2 was determined using Strep affinity-purification (Strep-AP) and western
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blot. (B) NS4A-2xS truncations and WT ANKLE2-3xF or ANKLE2-3xF A2-157 were co-
transfected in HEK293T cells. Interaction between the two proteins was achieved with FLAG

affinity-purification (FLAG-AP) and western blot.

Given the apparent conservation of the physical interaction we hypothesized that conserved
amino acids within NS4A may be contributing. To further investigate this, we used Jensen-
Shannon divergence to measure NS4A conservation at each amino acid position for a variety of
other medically relevant orthoflaviviruses (all DENV serotypes, St. Louis encephalitis virus
[SLEV], Powassan virus [POWV] and Langat virus [LGTV]) (Figure 5-5A) (11). The location of the
TM domains for ZIKV are included as a general reference, although the exact positioning varies
for each virus. The regions outside of the TM domains generally had higher conservation,
highlighted by the stretch prior to TM1, between TM1 and 2, and after TM3 (Jensen-Shannon
divergence score > 0.7). Sequence logo analysis of this region revealed several amino acids in
the interaction domain that were highly conserved, including G84, W96, A106, L115, L119, and
the entire stretch from 121-127. (Figure 5-5B). Amino acids 121-127 likely have very high
conservation due to acting as a signal for cleavage by NS3 to separate NS4A from 2K, although
this does not exclude the possibility these residues also play a role in mediating interaction with

ANKLEZ2.
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Figure 5-5: Amino acid conservation of orthoflavivirus NS4A by residue. (A) Conservation
of NS4A across 12 orthoflaviviruses measured by Jensen-Shannon divergence at each amino
acid position (11). (B) Logo analysis of the ANKLEZ2 interaction domain of NS4A (TM2 and TM3,
amino acids 73-127), compiled from 12 orthoflaviviruses, with consensus TM domains from ZIKV

NS4A overlayed (12,13). Only a portion of TM1 is shown as a reference.

Conclusions and Discussion

Our work provides molecular-level insight into the biophysical nature of the NS4A-ANKLE2
interaction. AP studies revealed that both the TM and LEM domains of ANKLE?2 together mediate
the interaction. Loss of the TM alone is sufficient to disrupt the colocalization of ANKLE2 to sites
of NS4A during infection, though physical interaction appears to remain possible. The TM anchors
ANKLE2 to the ER and nuclear envelope, and its loss reduces this localization in favor of
cytoplasmic localization (9). This deletion separates ANKLEZ2 from NS4A, which would otherwise
interact with the LEM domain. This does not imply an inherent necessity of the TM domain for the

interaction with NS4A. The presence of this domain varies between organisms with no clear
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phylogenetic separation. Mammalian (human, primate, mouse, etc.) ANKLE2 and the C. elegans
homolog LEM-4L all contain an N-terminal TM. Drosophila Ankle2 lacks a clear TM but does have
structured elements at the N-terminus, although these appear to be more similar to the
“Caulimovirus domain” rather than a TM domain (Figure 3-1). Despite this, Drosophila Ankle2 still
localizes to the ER and is inhibited by NS4A (8), suggesting its ER localization is mediated by
other factors or regions. Moreover, the interaction with NS4A could still be detected biochemically
by AP for the TM-deleted ANKLE2. This is likely due to mixing of cytoplasmic and ER
compartments during lysis, which enables the interaction through the LEM domain even in the
absence of correct ER localization. Thus, ER localization and the TM and LEM domains are the
major contributors to the interaction. Dissecting this interaction with amino acid resolution in the
future has the potential to identify ANKLE2 mutants that do not interact with NS4A (or vice versa).
This would enable direct testing of the importance of this protein interaction for ZIKV replication.
Ultimately it could reveal protective ANKLEZ2 variants which are functional in brain development,
but do not interact with NS4A and thus do not support replication.

Finally, we identified the NS4A determinants of the interactions and demonstrated that the NS4A-
ANKLE2 protein interaction is highly conserved amongst mosquito-borne flaviviruses. The
conserved nature of the interactions suggests that while inhibition of ANKLE2 to cause
microcephaly may be unique to ZIKV, co- opting ANKLEZ2 to promote replication maybe a general
feature of flaviviruses. By analyzing the sequence of this interaction domain (TM2 and TM3) for
diverse flaviviruses, we were able to identify highly conserved amino acids in this region that may
mediate the interaction with ANKLE2. Mutagenesis of this region will be critical to generating a
ZIKV mutant that does not interact with ANKLEZ2. Such a mutant could be evaluated for replication,

and if viable, neuropathogenesis.
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Materials and Methods

Plasmids. ANKLE2 truncations were designed based on AlphaFold2 structural prediction
(Jumper, Varadi) using NM_015114.3 accession sequence (searched August 8", 2021). Codon
optimized DNA fragments with C-terminal 3xFLAG affinity-tags were acquired from Twist
Bioscience and inserted into pcDNA4_TO, cut with Kpnl and Apal, using Gibson assembly. A full
length pcDNA4_TO ZIKV NS4A-2xStrep plasmid was previously generated (10) and used as a
template for generation of NS4A truncation sequences using PCR amplification. Products were

inserted into pcDNA4_TO cut with BamHI and EcoRI upstream of 2xStrep using Gibson assembly.

Cells. HEK293T (gift of Dr. Sam Diaz-Mufioz) and HelLa (gift of Dr. Luc Snyers) cell lines were

maintained as previously described in Chapter 4.

Subcellular fractionation. Proteins were isolated from the cytosol, membrane-bound
organelles, and the nucleus using a previously established protocol for cultured cells (10). In brief,
cells were sequentially lysed in buffer (3 M NaCl, 1 M HEPES, 1 M glycerol, 1X protease inhibitor)
containing increasingly stronger detergents. Following cell trypsinization, buffer with digitonin (25
pug/mL) disrupted the plasma membrane over the course of gentle rotation at 4°C. Buffer with
Igepal (1% v:v, NP-40 substitute) permeabilized membrane-bound organelles during incubation
on ice. The nuclear membrane was disrupted by buffer containing sodium deoxycholate (0.5%
w:v) and sodium dodecyl sulfate (0.1 % w:v), with subsequent sonification to disrupt genomic
DNA. All separations were performed by centrifugation (Eppendorf centrifuge 5424 R, Rotor FA-

45-24-11, 4°C). Cell fractions were evaluated by western blot.
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Western blot. Performed as previously described in Chapter 4.

ANKLE2 and NS4A co-transfection and FLAG affinity-purification. For transfection
5x10° HEK293T cells were plated in 10 cm dishes and grown overnight. Transfection was
performed by combining 3.5 ug of each corresponding plasmid DNA with 700 uL of serum-free
DMEM. Next, 21 uL of PolyJet transfection reagent (SignaGen) was combined with 700 pL serum-
free DMEM and added to each plasmid DNA tube. Samples were mixed and incubated at room
temperature for 15 minutes prior to addition to cells. Cells were then grown for an additional 24
hours. Transfection efficiency was confirmed using a GFP encoding plasmid. Media was then
removed from each plate. To dissociate cells, 5 mL of D-PBS supplemented with 10 mM EDTA
was added and allowed to incubate for several minutes. Cells were resuspended in 5 mL of D-
PBS and transferred to 15 mL conical tubes prior to centrifugation 94 g, 4°C for 5 minutes
(Eppendorf centrifuge 5810 R, Rotor S-4-104). Cell pellets were washed with 5 mL D-PBS and
centrifugation was repeated. Supernatant was removed and pellets were then resuspended in 1
mL IP buffer (50 mM Tris Base, 150 mM NaCl, 0.5 M EDTA, pH 7.4) with Pierce™ protease
inhibitor tablets (Thermo Scientific) supplemented with 0.5% NP-40 Substitute (Igepal™ CA-630,
Affymetrix). Cells were lysed for 30 minutes at 4°C, and lysate was then centrifugated at 845 g,
4°C, for 20 minutes (Eppendorf centrifuge 5424 R, Rotor FA-45-24-11). A portion of each lysate
(60-100 uL) was collected, normalized by BCA assay (Thermo Scientific), and saved for western
blot analysis. Remaining lysate was added to 40 pL of magnetic FLAG beads (Sigma) or non-
magnetic Streptactin beads (Fisher #NC1506023) and incubated overnight at 4°C with gentle
rotation. Beads were then washed four times with 1 mL IP buffer with 0.05% NP-40 and once with
1 mL IP buffer without NP-40. Beads were then incubated in 40 uL of 100 ng/mL 3x FLAG peptide
(for FLAG-AP) (APEXBIO) or 40 pL of 2.5mM desthiobiotin (for Strep-AP) at 211 g for 1 hour at

room temperature (Eppendorf ThermoMixerC). Eluate was then removed. Eluate and lysate were
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resuspended in NUPAGE LDS sample buffer and bond-breaker TCEP (Thermo Scientific)
according to manufacturer’s recommendation. Samples were boiled for 10 minutes at 95°C prior

to evaluation by western blot (below).

Immunofluorescence microscopy. Performed as previously described in Chapter 4. Images

in Figure 5-2G were captured using the Olympus FV1000 and Figures 5-2D and 5-3 were

captured using Zeiss Airyscan LSM980.

Viruses and stock preparation. Performed as previously described in Chapter 4.
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Chapter 6: Investigation of ANKLE2-host interactions and
perturbation by ZIKV using proteomics

Introduction

As we discussed in Chapter 3, ANKLEZ2 is a scaffolding protein with multiple roles in the cell.
ANKLE? itself has no enzymatic or catalytic activity that we can directly measure or detect. Thus,
the best way to determine ANKLEZ2’s function is to evaluate the proteins it interacts with. The data
presented in Chapter 4 suggests that ANKLE2 colocalizes with sites of ZIKV replication and
promotes replication in some aspect of ER remodeling. Together, we hypothesize that ANKLE2
will have new protein-protein interactions during ZIKV infection to facilitate this process, while
other interactions are maintained or are less frequent. To test this hypothesis, we will utilize
affinity-purification and mass-spectrometry (AP-MS) to purify ANKLE2 and interacting proteins
from cells with and without ZIKV infection. From this we specifically hypothesize we will identify a
base set of consistent ANKLEZ2-interactors and subsets of variable interactions that are gained or
lost during ZIKV infection. The ultimate goal of these experiments is to pinpoint pathways through
which ANKLE2 promotes ZIKV replication and potential pathways that are disrupted during ZIKV

infection that could contribute to abnormal neurodevelopment.

For our proteomics experiments we utilized liquid-chromatography tandem mass spectrometry
(LC-MS/MS) with data-independent acquisition (DIA). Mass spectrometry is a technically complex
and sensitive technique. At its simplest level, proteins are proteolytically digested into smaller

peptides by trypsin which non-specifically cleaves at lysine and arginine residues. These peptides

are separated by hydrophobicity on a reverse phase liquid chromatography column so that like
peptides are grouped together and enter the mass-spectrometer together. Peptides flow from the
column into the machine at a steady rate over time. In the mass-spectrometer these peptides are

ionized, accelerated through an electric field, and shot at a detector. The time for the ions to reach
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the detector is referred to as the time of flight (ToF), which can be used to determine the
mass/charge (m/z) ratio of the specific ion. This information is quantified in the form of mass
spectra with the m/z on the x-axis and the arbitrarily quantified intensity of the detected ions on
the y-axis. This is referred to as the MS1 spectra, which provides information on the mass and
abundance of the peptides detected in a certain time window but does not inform on their
individual sequences. To determine this, each individual group of peptide ions is randomly
fragmented, resulting in a pool of various fragments. This fragmented population is then shot at
the detector again, providing information on the mass of each individual fragmentation product,
called the MS2 spectra. This information is more difficult to decipher but sophisticated software
can parse the m/z fragmentation data to determine the sequence of the peptide it originated from
(Figure 6-1). This is repeated for the thousands of peptides that are measured. With the sequence
of each peptide, they can then be mapped back to the human proteome and if they are specific
to a particular protein then the amount of that protein in each sample can be quantified. Executing
this experimental pipeline with careful biological and statistical controls can reveal protein-protein
interactions between our bait protein (ANKLE2 in this case) and the prey proteins which are

affinity-purified by it (1).
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Figure 6-1: Simplified mass spectrometry process. Proteins are purified by affinity-purification

and digested by trypsin. Digested peptides are separated by hydrophobicity using liquid
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chromatography. This column feeds into the mass spectrometer where peptides are ionized and
accelerated towards the detector by an electric field. The flight path is extended by reflecting ions
off a reflectron/ion mirror, improving the detection resolution. The mass to charge (m/z) ratio is
computed based on the time for the ion to reach the detector and the detected charge. In DIA,
windows (dashed lines) of MS1 spectra and fragmented together. The m/z of these fragments are
then detected and used to ultimately determine the originating peptide’s sequence and precursor

protein.

To explore ANKLE2 protein-protein interactions using AP-MS we use HEK293T cells. These cells
are ideal for proteomics experiments due to their fast-growing nature, wide array of expressed
proteins, and because they are relatively easy to genetically engineer. While not representative
of biologically relevant ZIKV infection, we do not anticipate the molecular biology that governs
fundamentals of physical protein-protein interactions to change significantly between cell types.
However, we will miss interactions for proteins that are not expressed in HEK293T, but are
expressed in other cells, and we run the risk of identifying interactions that occur in HEK293T but
are not relevant for ZIKV replication in humans because they are with proteins expressed in

HEK293T but not in susceptible or relevant tissues.

The work in this Chapter aims to explore ANKLEZ2 interactions using traditional AP-MS
methodology and to explore how to assess the degree to which these interactions are impacted

by ZIKV infection.
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Results

Generation and validation of cell lines for proteomics

To perform AP-MS on ANKLE2 we chose to stably express human ANKLE2 (NM_015114.3) with
a 3x-FLAG affinity tag (3xF), similar to what we used to explore the NS4A-ANKLE2 interaction
previously in Chapter 5. We cloned ANKLEZ2-3xF into the pLenti plasmid backbone which allows
for lentivirus packaging. As a control we generated a similar plasmid that encoded for GFP-3xF.
HEK293T were then transduced with our generated lentivirus and selected for Zeocin antibiotic
resistance. Expression of both ANKLE2-3xF and GFP-3xF was confirmed by western blot. Here,
we observed that GFP-3xF expression was much higher than that of ANKLE2-3xF (not shown).
We also validated our ANKLE2-3xF cell line using confocal microscopy (Appendix C-1). We
observed high colocalization between ANKLE2-3xF and the ER marker SERCAZ2, and less with

the mitochondrial marker TOMMZ20 or the Golgi marker GRASP65.

For our proteomics experimental setup, we prepared four biological replicates for each cell line.
In each replicate half of the plates were infected with ZIKV MR766 at MOI 5 for 48 hours, since
this strain was the only ZIKV strain available that can replicate efficiently in these cells (Chapter
4). We confirmed that ZIKV infection in these cells produced the same colocalization between
ANKLE2 and NS4A or E (Appendix C-1) as we previously observed (Figure 4-1). Prior to harvest,
the cells were illuminated under UV for 60 minutes to inactivate the virus. We confirmed this UV
irradiation did not alter GFP fluorescence or short-term cell viability (Appendix C-2). Cells were
then collected and lysed in a relatively mild lysis buffer to maintain membrane proteins and
complexes as much as possible. Insoluble protein was removed by centrifugation and the
remaining lysate was frozen at -80°C until all the replicates were prepared. Next, all the cell
lysates were applied to FLAG binding beads overnight at 4°C, followed by a series of washes to
remove non-interacting proteins. The beads for each replicate were then split 2:1, with one part

continuing to elution with FLAG peptide. This portion was used to confirm expression of target
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protein by western blot and pulldown of other proteins by silver stain (Figure 6-2). This strategy
of performing all the purifications at once removes one additional point of variability in our
experiment. Silver stains revealed that ANKLEZ2 pulled down many other proteins, while GFP had
significantly fewer other proteins visible. We also found that the amount of ZIKV replication during
the experiment was significantly different between the ANKLE2-3xF and GFP-3xF expressing
cells (Appendix C-3A). Next, the proteins on the remaining two portions of beads were digested
by trypsin into peptides for mass-spectrometry analysis. The remaining processing was performed

by the UC Davis Proteomics Core.
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Figure 6-2: Validation of pulldown efficiency in proteomic analysis samples. (A) Western
blot analysis of elution product after FLAG affinity purification from ANKLE2-3xF and GFP-3xF
HEK293T cells. Cells were either mock infected or infected with ZIKV MR766 at MOI 5 for 48
hours. Both proteins appear at their expected sizes and with N-terminal degradation products. (B)

Silver stain of eluted protein confirms the presence of proteins pulled down by ANKLEZ2.
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Assessment and determination of ANKLE2 candidate interactors

Raw LC-MS/MS data was analyzed by the Proteomics Core facility team using the Spectronaut
software. Peptides were mapped to the entire human proteome and included a list of individual
ZIKV proteins and common contaminants. Unfortunately, one of the samples (replicate #3 of GFP-
Mock) was unable to be quantified, although we still had three other replicates so statistical tests
could still be performed. Across our remaining 15 samples we detected 119,342 different peptides
that were mapped to 8,862 protein groups (Appendix C-3B). Principle component analysis (PCA)
of this data revealed two distinct groups, separating the GFP samples from ANKLE2 samples
(Appendix C-3C). However, the differences between mock and ZIKV infected appeared to be less

substantial.

To initially filter the data, we removed clear contaminant proteins from either non-human species
(bacteria, carry-over from bovine serum, etc.) or common human contaminants (keratin, tubulin,
etc.). We also removed proteins which were part of non-specific protein groups. These protein
groups arise from peptides which are present in multiple, usually very similar proteins, so the
precise identity of which protein was present in the sample is ambiguous. In total, this removed
157 identifications, leaving 8,705 proteins in our analysis. To determine which ANKLE interactions
may be true interactions we first needed to account for background using our GFP samples. To
do this we first compared protein quantities from mock or ZIKV-infected ANKLE2 vs. GFP samples
(ZIKV vs. ZIKV or mock vs. mock). To perform this analysis, we used significance analysis of
interactome (SAINT), which determines the probability that a specific bait-prey pair interaction is
true based on the data in the negative controls (2). This is referred to as a semi-supervised mixture
model since the negative distribution is determined from experimental data from negative control
purifications, in our case GFP-3xF. The early versions of this model were designed for spectral
count data obtained in data-dependent acquisition (DDA) proteomics, but a recent version

SAINTexpress was improved to use intensity-based data generated in DIA experiments like ours
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(3). SAINTexpress returns several values of interest: a Bayesian false-discovery rate (BFDR), a
logzfold change in protein quantity between the experimental condition and negative control, and
a SAINT score, which ranges from 0 to 1. Ouir first filter was a BFDR of < to 0.1. Next, we used a
2 1.5 log, fold change in protein quantity between ANKLE2 and GFP protein IDs to further filter
our data. If all the replicates for a sample were 0 then we made the average protein quantity 1 for
the sake of this comparison so that this could be computed. We opted to use these cutoffs over
the traditional SAINT score cutoff of = 0.95 since these scores were highly sensitive to missing
values given our number of replicates. Importantly, our BFDR and log; fold change cutoffs were
benchmarked by the presence of ANKLEZ2 in the identified proteins for both mock (log. fold change
= 2.73, BFDR = 0.06, but SAINT = 0.75) and ZIKV-infected samples (log fold change = 2.47,
BFDR = 0.09, but SAINT = 0.5). As a final scoring metric, we used MSstats which we used to
compare the samples at both the peptide and protein level. Here, we used an adjusted p-value <
0.005 as our cutoff (4). After these three filters we ended with 711 proteins candidates in the mock
condition (Appendix C-4) and 717 in the ZIKV condition (Appendix C-5). Each of these populations
represented ~8.2% of the total protein population. Overall, we identified 909 protein candidates,
with most overlapping between the mock and ZIKV sets (Figure 6-3). We referred to these 909
proteins as our candidate proteins. It is unlikely and unrealistic to expect that all these proteins
are true ANKLEZ2 interactors, but this systematic analysis provides a strong starting point for

further analysis.
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Figure 6-3: Experimental workflow leading from cells to candidate protein interactions.
HEK293T cells constitutively expressing ANKLE2 or GFP with 3xFLAG affinity tags were either
mock infected or infected with ZIKV MR766 at MOI 5 for 48 hours. Four biological replicates were
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performed for each condition. Protein lysates were applied to FLAG affinity beads. After washing,
the beads were split for either validation or for on-bead tryptic digest. Digested peptides were
given to the UC Davis Proteomics Core for further processing and analysis by liquid
chromatography tandem mass-spectrometry. Mass-spectrometry data was analyzed using

Spectronaut and then filtered using SAINTexpress (2) and MSstats (4).

Enrichment analysis of candidate proteins

Next, we faced the challenge of determining which of our 909 candidate proteins were biologically
feasible for ANKLE2 to interact with, relevant for ZIKV replication or neurodevelopment, or
interesting to study. Further, the main questions remained regarding how these protein
interactions change during ZIKV infection, and how this may relate to ANKLEZ2’s role in facilitating
virus replication or its dysfunction related to abnormal neurodevelopment. To explore this we
performed functional gene enrichment analysis using g:GOSt within g:profiler (5). This analysis
examines the given genes or proteins in a set and compares to how many proteins in the set are
present in pre-defined, manually curated, and experimentally validated enrichment categories. A
cumulative hypergeometric test and multiple testing correction (g:SCS) (6) are performed to
provide an adjusted p-value for each enrichment category. This analysis integrates multiple
databases, including gene ontology (GO) (7), KEGG (8), reactome (9), and CORUM (10), to
provide additional confidence that identified categories are not unique to a particular database.
The GO database is broken down into three subcategories for biological process (BP), molecular
function (MF), and cellular compartment (CC). Additionally, the Human Phenotype Ontology (11)

provides insight into how disfunction of the given proteins may be related back to human diseases.

We input each entire candidate proteins from the Mock (711 proteins) or ZIKV (717 proteins) sets
or just the overlapping shared proteins (519 protein). Next, we evaluated enriched categories for
those with consistently significant scores and realistic biological properties. Since ANKLE2 is
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integral to the ER and nuclear envelope, we expected enrichment for membrane pathways.
Indeed, categories involved in membrane biology including “organelle membrane,” “ER
membrane,” “membrane organization,” and “endomembrane system organization,” are
significantly enriched in all protein sets, suggesting this is a foundational aspect of ANKLE2
behavior (Figure 6-4, some not shown). Interestingly, aspects of mitochondrial respiration are also

consistently amongst the top enriched categories, including “mitochondrion organization,” “inner

[T

mitochondrial membrane protein complex,” “respiratory electron transport chain,” and “ATP
synthesis coupled electron transport” (Figure 6-4, some not shown). The potential role of ANKLE2
in mitochondrial respiration has never been explored and changes in metabolic potential have
never been described in ANKLE2-deficient cells. Whether ANKLEZ2 is truly involved in these
biological functions requires additional experimentation. Some enrichment categories were
especially interesting given the potential role in ZIKV replication or clear changes in score

between the mock and ZIKV datasets and will be described individually (bolded in Figure 6-4 and

shown in Figure 6-5).
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Figure 6-4: Protein enrichment analysis of ANKLE2 candidate interactions using gProfiler.
Functional gene enrichment analysis of candidate protein from the entire ANKLE2-mock (711
proteins), ANKLE2-ZIKV (717), or overlapping (519) sets. Enrichment categories were selected
based on biological relevance and relative significance level (adjusted p-values less than x10-3°
were avoided for the sake of visualization). Categories were considered significantly enriched if
the adjusted p-value was less than 0.05 (-log1(0.05) = 1.32). Categories not enriched in a given
set are colored grey. Abbreviations: GO = gene ontology, BP = biological process, MF = molecular
function, CC = cellular compartment, KEGG = Kyoto Encyclopedia of Genes and Genomes,
REAC = reactome, CORUM = comprehensive resource of mammalian protein complexes, ERAD
= ER-associated degradation, GPI = glycosylphosphatidylinositol, EMC = ER membrane
complex, SNAP = soluble N-ethylmaleimide-sensitive factor attachment proteins, SNARE = SNAP

receptors.

SNAP Receptor Activity

Soluble N-ethylmaleimide-sensitive fusion (NSF) attachment proteins (SNAPs) and related
proteins mediate vesicle targeting and fusion (12). The enrichment category contains a wide array
of proteins with various roles in this process, including syntaxins (STXs) and vesicle-associated
membrane proteins (VAMPs). These SNAP receptor proteins (SNARESs) have established roles
in neurotransmitter vesicle docking and release (13). We observe that these categories are more
highly enriched in the ZIKV dataset, suggesting this pathway may be a target to enhance ZIKV
replication through ANKLE2. While these SNARE proteins are involved in the entry of other
enveloped viruses (14), no literature has explored their impact on orthoflavivirus entry or
replication. Our previous data suggests that ANKLE2 is not involved in ZIKV entry (Figure 4-7),

but it is plausible that other aspects of trafficking to the Golgi may be targets of ANKLE2 function.
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ER Protein Processing: EMC, ERAD, and OST Complexes

We identified multiple proteins, pathways, and complexes involved in protein processing and ZIKV
replication mechanisms (Figure 6-5). The ER membrane complex (EMC) is a 10-protein complex
that spans the ER membrane and plays significant roles in mediating membrane protein topology
by facilitating correct insertion of transmembrane domains (15). We identified all 10 of these
proteins in our proteomics, with 9/10 being identified as candidates in both datasets (Figure 6-5).
Given that orthoflavivirus polyproteins are generated at the ER membrane and contain many
transmembrane domains (Figure 2-1), it is no surprise that they heavily rely on the host EMC for
their viral protein processing (16,17). Given the presence of the EMC complex in both datasets,
ANKLE2 may universally interact with the complex in the ER and may play a beneficial role in

orthoflavivirus utilization of this complex.

We identified 8 members of the HRD1 complex which mediates ER-associated degradation
(ERAD) through its activity as a ubiquitin ligase complex (18). Orthoflaviviruses have been shown
to depend on host ERAD pathways for viral protein homeostasis (19), and several of the complex
members (SEL1L, AUP1, and UBE2J1) enhance or are required for flavivirus replication (20-22).
We also identified other ERAD related proteins DERL1 and ERLIN1, further supporting that
ANKLE2 may participate in ERAD. Another striking complex we identified is the
oligosaccharyltransferase (OST) complex. This complex mediates asparagine linked
glycosylation on newly produced glycoproteins in the ER which is vital for protein folding and
export (23). This complex has repeatedly been shown to be critical for orthoflavivirus RNA genome
replication, in a role separate from its catalytic activity (24,25). Both the HRD1 and OST
complexes were present in both ANKLEZ2 datasets, suggesting that again, this may be a universal

function of ANKLE2 that is hijacked during orthoflavivirus replication.
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GPI

Multiple categories revolving around glycosylphosphatidylinositol (GPI) synthesis and attachment
were enriched in all sets (Figure 6-4 and Figure 6-5). The GPI anchor synthesis and attachment
pathway occurs on the ER membrane so it is feasible that ANKLE2 could participate in this
process, although the catalytic attachment of GPI to the target protein occurs on the ER lumen
(26), which contains only a small portion of ANKLEZ2. Involvement of GPI in orthoflavivirus biology
has only been minimally explored, with only one study showing that DENV NS1 having a GPI-

anchor attached (27), and the participating GPI proteins were not identified.

G Proteins

One of the most interesting outcomes of our gene enrichment analysis was the presence of
proteins related to G protein signaling that only appeared in the mock data set and were lost upon
ZIKV infection. G proteins are plasma membrane proteins that bind guanine nucleotides and
transmit a wide array of extracellular signals to the intracellular space to facilitate some cellular
response. G proteins are activated upon ligand binding to the G protein coupled receptor (GPCR),
which induces a conformational change in the G protein, allowing for binding to GTP. GTP-binding
induces the dissociation of a G protein into its alpha subunit bound with the GTP (Ga-GTP) and
the beta-gamma dimer (GBy). Both of these subunits can then independently modulate cell
effectors to mediate cell responses (28). In our proteomics data, we identified 12 members
involved in these processes, including several G protein subunits and two adenylate cyclases
which are activated by Ga-GTP to convert ATP to cyclic AMP. While these processes are
interesting due to their foundational roles in cellular behavior, it is unclear how ANKLE2 interacts

with these proteins on the plasma membrane.
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Src Family Kinases

In addition to these G proteins, we also identified interactions with the Src family tyrosine kinases
LYN, FYN, and YES1 only in the mock dataset. These kinases are broadly targeting and have
wide roles in regulatory and signal transduction pathways (29-31). Interestingly, these kinases
are involved in different aspects of the immune response, including the activation of T cells (32),
B cells (33), and NK cells (34). This could provide an interesting connection to the potential
inhibition by ZIKV infection. Large scale proteomic analysis also suggests that LYN interacts with
the G protein subunits GNAI1, GNAI2, and GNIA3 (35). Small-scale studies have shown
interaction between LYN and GNAI3 in human ovarian cells (36) and Fyn or Lyn with
undetermined Ga subunits in rat cells (37). Whether these kinases phosphorylate these G protein
subunits or have their function influenced by them is unknown, although the activity of G proteins
is regularly controlled through post-translational modifications, including tyrosine phosphorylation
(38,39). Additionally, these kinases interact with the protein phosphatase complex members
PPP2CB, PPP2R1A, and PPP2R5E (Figure 6-5). This array of protein interactions could be the
first indication of another substrate-kinase-phosphatase trio regulated by ANKLEZ2, akin to BAF-

VRK1-PP2A we discussed previously (Chapter 3).

Additional Microcephaly Related Factors

In addition to established enrichment categories, we were also interested in candidates
associated with either congenital microcephaly or orthoflavivirus replication. Our candidate list
does not contain any of the other 29 established primary microcephaly (MCPH) genes (Appendix
A-2). Thus, we performed an expanded literature review of all 909 candidate genes for any known
involvement in microcephaly. This revealed 48 candidate proteins with published connections to

clinical microcephaly (Appendix C-6, rounded rectangles in Figure 6-5). For microcephaly, this is
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a slightly challenging investigation since there is less clinical evidence tying these genes to the
specific clinical outcome, most of these proteins lack clear interactions with each other, and we
did not identify a clear unifying function amongst them (Figure 6-5). Most interesting among these
were the genes GNB17, a member of our G protein related gene enrichment category (40), the
OST complex members STT3B (41) and TUSC3 (42,43), and the protein phosphatase complex
members PPP1R15B (44,45) and PPP2R1A (46,47) (Figure 6-5). The relationship of these
proteins with microcephaly through an interaction with ANKLE2 or through its function in

neurodevelopment is speculative and requires future exploration.

Additional Orthoflavivirus Replication Factors

We performed a similar literature search of all 909 candidate proteins for any published roles in
orthoflavivirus replication. We expanded our search beyond ZIKV because very little molecular
level research was performed on ZIKV before 2015. Excitingly, we identified 55 proteins with
known roles in orthoflavivirus replication (Appendix C-6, red outline in Figure 6-5), including well
established host factors that have been identified in recent years. Perhaps unsurprisingly, most
of the replication factors we identified revolve around ER processes, and include some previously
mentioned complexes (EMC, OST, HRD1). Additionally, we identified other ER translocation
proteins such as SEC62 and all five subunits of the signal peptidase complex (SPC) (SPCS1/2/3
and SEC11A/C) in both mock and ZIKV groups. The SPC is a membrane spanning complex which
proteolytically cleaves N-terminal signals as they are translocated into the ER lumen (48). SPCS1
has been shown to facilitate replication of JEV through an interaction with NS2B (49) and is
amongst many other protein processing factors identified in a large CRISPR screen (50). We also
identified ER remodeling factors we previously discussed in Chapter 2, including ATL2 and ATL3

(51), Lunapark (LNPK) (52), and TMEM41B (53). Given that the mechanisms for how these
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proteins facilitate replication is already known, exploring if they are mediated by ANKLE2 is an

interesting and promising next step.
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Figure 6-5: Network of proteins from highlighted enrichment categories. Protein interaction

networks of selected gene enrichment categories (bolded in Figure 6-4) and candidates with

published associations with orthoflavivirus replication (red outline) or clinical microcephaly

(rounded rectangle). All selected proteins were entered into STRING to identify supported protein

interactions (grey lines) and the networks were formatted in Cytoscape. Individual proteins are

colored based on dataset grouping. Proteins belonging to certain enrichment categories are

shown in shaded areas with the number of identified proteins out of the total number of proteins

in the category.
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Direct comparison between mock and infected states

Given that these candidate proteins were determined by comparing ANKLE2 conditions to GFP
conditions, we next sought to compare our ANKLE2-ZIKV vs. ANKLE2-mock directly. To do this
we used MSstats to directly compare these conditions, but only on our 909 candidate proteins.
We considered these candidates mostly free of background since this should have been removed
in our initial filtering against the coinciding GFP control. In this direct comparison we used a p-
value of less than 0.01 as our only cutoff (Figure 6-6A). For some proteins, they were not identified
in any of the four ZIKV-infected replicates and were not imputed so a p-value could not be
calculated. We included these in our significantly changing proteins if they appeared in at least
three of four mock replicates (FHIP2B, ERC2, MME, and C110rf52) (not shown in Figure 6-6A).
Unsurprisingly, ZIKV proteins were the most significantly enriched proteins in the infected state.
However, beyond these viral proteins we did not detect many proteins that increased in their
interaction with ANKLEZ following ZIKV infection. PPP2CB, MARCHF6, CTDNEP1, and C100rf90
were the only other proteins with a significant p-value and a positive ZIKV vs. mock fold change
(Figure 6-6). Interestingly, we did observe more proteins that were significantly enriched in the
mock condition over ZIKV infection. This included several of the G protein subunits (GNAI1,
GNAI2, GNAI3, GNAZ, and GNG4) and Src family kinases (LYN and FYN) we discussed
previously (Figure 6-6B). This provides additional evidence supporting that this pathway is
significantly impacted by ZIKV infection. This analysis also revealed contactin-1 (CNTN1) as one
of the most significant results. This is exciting since CNTN1 is involved in many aspects of
neuronal biology and development (54,55). Other hits, such as limbic system-associated
membrane protein (LSAMP) and ubiquitin domain-containing protein 1 (UBTD1) are poorly
studied so understanding the significance of finding them amongst our top hits is less clear. Next
steps will require the validation of the physical interaction between ANKLEZ2 and these proteins

and evaluation of how much the interaction changes during ZIKV infection.

200



A Candidates: ANKLE2-ZIKV vs. ANKLE2-Mock

91 |Cutoffs
p-value < 0.01

¢/ |Candidates

37/909 Proteins
4 1% of Candidates

7- 0.4% of Total Proteins
6 - CN:I'N1
g
T 5. «UBTD1
=
&
o [|GNG4-
g EYN
T GNAZ\. PAGT LyN
3- . .

ZIKV,, zIKV
NS1 Membrane

ZIKV
NS3

ZIKV
Envelope

ZIKV
NS4A

-PPP2CB

Log, Fold Change

201



Figure 6-6: Statistically significant changes in protein abundance between ANKLE2-ZIKV
and ANKLE2-Mock. (A) All 909 candidate proteins were analyzed again using MSstats to
compare ANKLE2-ZIKV directly to ANKLE2-Mock. Here, we considered all proteins with a p-value
< 0.01 as significantly different from the other condition. Four additional proteins (FHIP2B, ERC2,
MME, and C110rf52) were included that had p-values that could not be computed due to no
detection in the ZIKV dataset but were found in at least three of four mock replicates. (B)
Interaction network of 37 significantly different candidate proteins. Proteins colored by log> fold

change of ZIKV vs. Mock.

Conclusions and Discussion

Our first exploration of ANKLEZ2 interactions and the changes induced by ZIKV using affinity-
purification and mass-spectrometry revealed over 900 candidate protein interactions. Amongst
these proteins are many biologically important pathways that did not appear to have significantly
changed upon ZIKV infection. This suggests that ANKLEZ2’'s unresolved ER function is
multifaceted and that ZIKV interacts with ANKLE2 to utilize these proteins. However, there are
significant limitations with this initial study that require recognition prior to complete commitment
to these results. First, the utilization of HEK293T is a significant limitation which complicates the
analysis in two separate ways. While HEK293T are optimal cells for protein production and
expression they are not a reliable representation of any specific tissue or organ, making the ties
to any candidate protein with brain development or microcephaly potentially out of place. Second,
these cells limit the strains of ZIKV that can be used, with the African lineage MR766 strain being
required at high MOI for even partially thorough infection. The utilization of a neuronal cell line in
future experiments would alleviate both issues, by placing protein-protein interactions in the

context of a biologically relevant cell type and would allow for the use of Asian lineage ZIKV strains

202



at lower MOls (Appendix C-7). The difficulty then becomes consistent and complete expression

of ANKLEZ2 in a manner conducive for affinity-purification.

Next, our 909 candidate ANKLE2-protein interactions are likely far too many to be biologically
feasible for a single protein. Studies suggest that, on average, yeast proteins have 16 protein
interactions (56) and human proteins have 8 interactions, although some proteins certainly have
interactions ranging in the hundreds (57). Even after considering that ANKLEZ2 is a scaffolding
protein with potentially numerous roles, it is unrealistic to suggest that every of the 909 proteins
that met our initial three-cutoffs is a true interaction. Additionally, the lack of canonical protein
interactions (BANF1 or VRK1) even in our broad set of candidates is concerning, although these
may be underrepresented due to cell cycle stage dependency. ANKLEZ2 interactions have been
cataloged in large global proteomic screens and current data supports 198 unique physical protein
interactions (BioGrid:116758) (57—61). Interestingly, BANF1 or VRK1 are not amongst these
interactions either, supporting the hypothesis that identification of these protein-protein
interactions by proteomics may not be possible. Of these 198 experimentally supported
interactions, 31 are candidates in our data, including PPP2CB and PPP2R1A, which are
unsurprisingly the most commonly identified ANKLE2-interactors. Also in this group of overlapping
proteins are OST-complex members RPN1 and RPN2, ER processing proteins SEC62, DERLA1,
LMAN1, and SSR1, and SNAP receptor family protein STX7, supporting the role and involvement
of ANKLEZ2 in these processes. Most of the mitochondrial respiration proteins, G proteins, and
GPl-related proteins are missing from this set of supported ANKLEZ2-interactors, increasing the
need to experimentally validate these hits, either to identify novel functions of ANKLE2 or to

eliminate them as background.

Several studies have profiled the proteomic landscape of ZIKV proteins. Most were performed by
transiently expressing and affinity-purifying individual viral proteins (62—66). These studies often

identify hundreds of individual virus-host interactions, which have variable overlap with the
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candidate proteins identified in our ZIKV dataset (Appendix C-8). The degree of overlap does not
seem to correlate with technique and no unifying protein was identified in all the examined data.
A more recent study expanded on this principle by performing fractionation prior to purifying ZIKV-
infected ER membranes by pulldown of HA-tagged Calnexin (67). This approach identified
proteins expected to be involved in ZIKV replication, although many of the expected orthoflavivirus
host factors we discussed previously were not identified. This analysis did reveal novel host
factors involved in ZIVK secretion, assembly, RNA processing, and lipid metabolism, although
none of these hits overlapped with our candidates. Three proteins identified in their study (IMMT,
PHB2, and STOM) were identified in our candidates, although the function of these proteins in

orthoflavivirus replication has not been studied (Appendix C-8).

Validating candidate interactions at the individual protein or pathway level is the next major step.
While less sensitive, affinity-purification and western blot is a standard tool to confirm physical
interactions between proteins identified in mass spectrometry experiments. This is limited by the
availability, quality, and cost of specific antibodies against target proteins. Thus, this is often done
on a small subset of chosen proteins. Confirming that ANKLEZ2 interacts with PPP2R1A and
PPP2CB is a good initial experiment since these interactions are well established. Next,
confirming interactions with individual proteins from the most interesting enrichment categories
(G protein signaling, ER processing, GPI attachment, etc.) can provide substantial support for the
role of ANKLE2 in these pathways. In coordination with this approach is evaluation of entire
pathways potentially associated with ANKLEZ2. Mitochondrial respiration is a top hit throughout
the enrichment analysis and over 50 proteins involved in the electron transport chain were
identified as candidates in our data. Assessment of aerobic respiration in wild-type and ANKLE2
knockout cells using a metabolic assay, such as the Seahorse XF assay (68), can provide quick
determination regarding whether these are background proteins or truly related to ANKLE2

function.
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The pathways identified in this experiment also provide potential insight into how ANKLE2
promotes ZIKV replication. The mechanism by which ANKLEZ2 influences virus replication has
remained elusive to us. This analysis has revealed several interesting ER homeostasis pathways
that are certainly important for orthoflavivirus replication, and the main question now becomes if
these are mediated in any way by ANKLEZ2. To test this, we can now explore how the loss of
ANKLE?2 in our knockout cells (Huh7 or JEG-3) impacts the transcriptional expression and protein
function of these pathways or complexes. For example, ATF6 is an ANKLE2 candidate interactor
in both mock and ZIKV datasets. ATF6 is a major component of the unfolded protein response
(UPR) pathway in the ER. ER stress initiates ATF6 transit from the ER to the Golgi, where it is
proteolytically cleaved, yielding a fragment which acts as a transcription factor to upregulate
genes involved in maintaining ER folding and homeostasis (69). Activation of this pathway can be
evaluated by western blot to determine the degree of this cleavage. Additionally, evaluating the
expression of ATF6 or its downstream targets (BiP/GRP78, GRP94, ERDJ3, etc.) by gPCR in WT
and ANKLEZ2 KO cells under mock and ZIKV infected conditions will illuminate if this pathway is
mediated by ANKLE2 (70,71). This approach can be expanded to investigate other ER
homeostasis pathways including ERAD, lipid metabolism and reticulophagy. In summary,
exploration of ANKLEZ2 interactions using AP-MS has revealed many potential novel ER functions

in host processes that could be coopted to promote ZIKV replication.

Materials and Methods

Cells. Cell lines were maintained as previously described in Chapter 4.

Lentiviral packaging, transduction, and cell selection. Lentivirus was prepared as

previously described in Chapter 4. Transduced cells were bulk selected for zeocin resistance.
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Viruses and stock preparation. ZIKV stocks were prepared as previously described in

Chapter 4.

Sample preparation. For proteomic sample preparation 1x10” HEK293T or 5x108 HEK293T
cells were plated in 15 cm or 10 cm dishes, respectively and grown overnight. Cells were then
mock infected with DMEM or infected with ZIKV MR766 at MOI 5. After 48 hours, a media sample
was taken for later determination of virus titer. Lids were then removed, and dishes were left in
the hood under UV for 60 minutes to neutralize the remaining virus. Media was then removed
from each plate. To dissociate cells, 5 mL of D-PBS supplemented with 10 mM EDTA was added
and allowed to incubate for several minutes. Cells were resuspended in D-PBS and transferred
to conical tubes prior to centrifugation 94 g, 4°C for 5 minutes (Eppendorf centrifuge 5810 R,
Rotor S-4-104). Cell pellets were washed with D-PBS and centrifugation was repeated.
Supernatant was removed and pellets were then resuspended in 1 mL IP buffer (50 mM Tris Base,
150 mM NaCl, 0.5 M EDTA, pH 7.4) with Pierce™ protease inhibitor tablets (Thermo Scientific)
supplemented with 0.5% NP-40 Substitute (Igepal™ CA-630, Affymetrix). Cells were lysed for 30
minutes at 4°C, and lysate was then centrifugated at 845 g, 4°C, for 20 minutes (Eppendorf
centrifuge 5424 R, Rotor FA-45-24-11). The soluble lysate was transferred to a fresh 1.5 mL tube
and frozen at -80°C until all replicates were complete. Once all replicates were ready, the lysate
samples were thawed on ice. Lysate was added to 100 pL of ChromoTek DYKDDDDK Fab-Trap™
Agarose (Proteintech) and incubated overnight at 4°C with gentle rotation. Beads were then
washed four times with 1 mL IP buffer with 0.05% NP-40 and once with 1 mL IP buffer without
NP-40. Beads were then split (2:1, 66.7 uL:33.3 uL) for on-bead tryptic digest or sample validation.
The smaller fraction was incubated in 40 yL of 100 ng/mL 3x FLAG peptide (for FLAG-AP)
(APEXBIO) at 211 g for 1 hour at room temperature (Eppendorf ThermoMixerC). Eluate was then

removed. Eluate and lysate were resuspended in NUPAGE LDS sample buffer and bond-breaker
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TCEP (Thermo Scientific) according to manufacturer’s recommendation. Samples were boiled for

10 minutes at 95°C prior to evaluation.

Western blot. Western blot was performed as previously described in Chapter 4.

Silver Stain. Polyacrylamide gels (1.5 mm, 4% stacking / 10% resolving) were manually cast.
4.5 uL PageRuler unstained ladder (Thermo Scientific, #26614) was loaded flanking the samples.
10 uL (ANKLEZ2) or 2.5 uL (GFP) of sample was loaded into gel. Gel was run at 115V, 15minutes
then 150 V for ~50 minutes. Silver stain was accomplished using the Pierce™ Silver Stain Kit
(#24612). In full, the gel was removed from the cast and transferred to a 15 cm dish filled with
UltraPure water and washed twice for 5 minutes at ~50-60 rpm. Gel was fixed in 30% Ethanol:
10% Acetic acid solution for 15 minutes twice. Gel was washed twice in 10% ethanol solution for
5 minutes, followed by water twice for 5 minutes. Sensitizer working solution was prepared by
adding 50uL sensitized to 25mL UltraPure water and then added to gel for exactly 1 minute. Gel
was again washed twice with UltraPure water for 1 minute. Silver stain working solution was
prepared by adding 500uL silver stain enhancer to 25mL silver stain and then added to gel for
~45-60 minutes. Silver stain solution was removed, and gel was quickly washed twice with
UltraPure water for 20 seconds. Developing solution was prepared by adding 500uL silver stain
enhancer to 25mL silver stain developer. Developing solution was added to gel and gently shaken
for 1-3 minutes until bands were desired appearance. 5% acetic acid solution was added to stop
reaction, shaking vigorously briefly before replacing with new 5% acetic acid. Gel was shaken
vigorously for several minutes prior to imaging on Amersham Imager 600 Luminescent Image

Analyzer using chemiluminescent setting with diffuser on bottom.
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On-bead tryptic digest. The larger fraction of washed FLAG-binding beads was equilibrated
in diminishing volumes (200 pL, 100 uL, 50 uL, 25 pL) of 50 mM Triethylammonium bicarbonate
(TEAB) buffer (Thermo Scientific) at 4°C for 20 minutes on a tube rotator. At the final wash, 500
ng of Sequencing Grade Modified Trypsin (Promega) was added to each sample. Beads were
then incubated under agitation (1300 rpm) overnight (~16 hours) at 37°C. The following morning,
digest supernatant was transferred to a new protein LoBind tube (Eppendorf). Another 200 ng of
trypsin was added to the beads along with 40 uL of TEAB and incubated for another 2 hours; this
digest was combined with the previous extract. Samples were placed on ice and then immediately
delivered to the Proteomics Core facility. Raw Spectronaut data revealed missed tryptic cleavage

percentages between 44.6%-57% across all 15 replicates.

Mass-spectrometry. Digested peptides were directly loaded onto an Evosep C18 tip and
separated using the Evosep One. Peptides were eluted and ionized using a Bruker Captive Spray
emitter. A Bruker TimsTof Pro 2 mass spectrometer running in diaPASEF mode was used for
acquisition. The acquisition scheme used for diaPASEF consisted of 6x3 50 m/z windows per
PASEF scan. DIA data was searched using Spectronaut 17 (Biognosys) against the human
UniProt proteome (UP000005640) and ZIKV MR766 protein sequences (DQ859059.1), and the
standardized common contaminants database. Direct DIA + workflow was used under default
settings. Briefly, trypsin/P Specific was set for the enzyme, allowing two missed cleavages. Fixed
Modifications were set for Carbamidomethyl, and variable modification were set to Acetyl (Protein
N-term) and Oxidation. For DIA search identification, PSM and Protein Group FDR were set to
0.01%. A minimum of two peptides per protein group were required for quantification. Raw
intensities values were normalized to all mapped peptides. Background detections were

eliminated by excluding intensity values below the median intensity value for each protein, and
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common contaminants were removed. Redundant protein groups were reduced to the intensity

values of the most specific group.

Scoring and statistical analysis of candidate interactors. Data was exported from
Spectronaut with UniProt ID, gene ID, organism, molecular weight, and protein group quantity
value for each sample. Identifications from non-human or ZIKV species and ambiguous protein
groups (>1 UniProt ID) were removed from analysis. UniProt IDs were used to map amino acid
length using UniProt's ID mapping tool (UniProtKB_AC-ID — UniProtKB-Swiss-Prot).
SAINTexpress (choi 2011) was used with default setting (100 replicates, 1 virtual control) via the
APOSTL Galaxy Server developed by the Moffitt Cancer Center. ZIKV-infected samples and mock
samples were scored separately (ANKLE2-Mock vs. GFP-Mock and ANKLE2-ZIKV vs. GFP-
ZIKV). The “bait” files were set up with GFP as the control. The “prey” file was set up with gene
ID, amino acid length, and UniProt IDs. The “interaction” files were set up with replicate ID,
condition ID, UniProt ID, and determined protein quantity. This output was used to acquire protein
quantity log> fold change and Bayesian false discovery rate (BFDR). The log. fold change was
calculated by taking log. of the average protein quantity for all replicates of a given condition. If
all replicates had 0, then the average was manually set to 1 to calculate acquire a defined value,
although arbitrary. ABFDR =< 0.1 and log: fold change = 1.5 were used as candidate criteria. For
the final criteria, MSstats (v4.8.7) was used in R Studio (v4.3.1). A MSstats report was exported
directly from Spectronaut and imported into R Studio. The “SpectronauttoMSstatsFormat” function
was used with following important parameters: qvalue cutoff = 0.01, useUniquePeptide = TRUE,
removeProtein_with1Feature = TRUE. Next, the “dataProcess” function was used with following
important parameters: logTrans = 2, normalization = "equalizeMedians", featureSubset = "all",
censoredint ="0", and MBimpute = FALSE. Finally, a comparison matrix was established and the

“groupComparison” function was used with default parameters. The adjusted p-value was used
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as the final criteria for determining candidate interactors. For instances where MSstats p-value
and log> fold change could not be computed due to all GFP replicates being 0, the protein was
considered a candidate if the BFDR cutoff was met, and the protein was detected (quantity > 0)

in 3 out of 4 ANKLE2 replicates.

Enrichment analysis. Gene set enrichment analysis on mock, ZIKV-infected, or shared protein
lists was performed using g:GOst functional profiling (version €110 _eg57 p18 4b54a898) in
g:Profiler. Default parameters were used: statistical domain scope was set to “only annotated
genes,” significance threshold was set to “g:SCS threshold,” user threshold was set to 0.05.
Ensembl ID with the most GO annotations were used for proteins with multiple annotations. Term

IDs and adjusted p-values for all three protein lists were noted for interesting categories.

Data visualization. Volcano plots were generated using R studio (v4.3.1) and the geom_point
function within ggplot (v3.4.4). Enrichment analysis heatmap was generated using the pheatmap
function (v1.0.12). Protein interaction networks were generated using STRING (v12.0) with active
interaction sources set to only include experiments and databases. Cytoscape (v3.10.01) was

used for network visualization. Other plots were generated using GraphPad Prism 10.
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Chapter 7: Ongoing experimental goals and final conclusions.

Introduction

In previous Chapters we have explored the interaction between ZIKV NS4A and host ANKLE2
using a variety of approaches and techniques. This has led to the developed projects with
interpretable findings and conclusions presented in the previous three Chapters. However, we
have also explored other questions that are still in earlier stages of execution and designed
projects that are still in development. In this final Chapter we will briefly introduce these preliminary
studies as a platform for highlighting the various future experiments and inquiries regarding,

ANKLE2, NS4A, ZIKV, and the birth defects arising from them all.

Ongoing Projects

Comparative proteomics of naturally occurring, pathogenic ANKLE2 variants

As discussed in Chapter 3, pathogenic mutations in ANKLE2 are now well known for their
association with congenital primary microcephaly in humans (Figure 3-4). In the previous Chapter
we performed proteomic analysis on wild-type ANKLEZ2 after ZIKV infection to determine what
interactions may be perturbed to cause abnormal neurodevelopment during CZS. We hypothesize
that these pathways are the same that are perturbed during natural ANKLEZ2-related congenital
microcephaly and that different pathogenic ANKLE2 mutants will have similar disruption of key
developmental pathways. To test this, we have cloned six ANKLE2 pathogenic variants (A109P,
G201W, V229G, R236X, R536C, and Q782X) with C-terminal 3xFLAG affinity tags into
expression vectors so we can determine their interactions using a proteomics approach similar to
what we used in Chapter 6 (Figure 7-1). We expect the two nonsense mutants, R236X and
Q782X, to have the most differences from WT ANKLEZ2, due to the dramatic loss in protein

content. A109P is an interesting mutation because it is the only known pathogenic mutation in the
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LEM domain, and this amino acid substitution may significantly alter the structure or function of
this region (Figure 3-4) (1). The G201W and V229G mutations are especially interesting because
they are the only known pathogenic homozygous mutations, with G201W being identified in two
separate patients (Appendix A-4) (2). Finally, R536C was identified in two separate patients, but
each time as one of two alleles in compound heterozygous pairings (Appendix A-4) (3). This
missense mutation to cysteine also provides the opportunity for dramatic changes in protein
behavior arising from new disulfide bonds formed between cysteine residues (4). This
combination of variants supplies a variety of nonsense and missense mutations throughout the
ANKLE2 protein, which we hypothesize will yield an interesting array of interactions for which to

compare against WT ANKLEZ2.

To further improve our proteomics experiment in this new exploration we also generated additional
controls to account for the spatial differences between different organelles. GFP-3xF is still an
ideal general control, due to its widespread localization, but additional controls to account for the
compartments ANKLEZ2 resides in may give additional insight into the background present in these
locations. We hope that identification and removal of this background will improve determination
of true ANKLEZ2-interactors. To account for ER background, we generated a construct of GFP-
3xF with an N-terminal C1 ER signal sequence from cytochrome P450 2C1, which is sufficient for
ER retention (5). Since ANKLE2 also localizes to the inner nuclear membrane we generated a
GFP-3xF fusion with a C-terminal nuclear localization signal (NLS) with a linker and
transmembrane domain, however expression of this construct requires further optimization

(Figure 7-1).

The protein-protein interactions detected between our variants and other host proteins will be
detected using the same techniques applied in Chapter 6. After background removal and scoring
these interactions can be compared at the pathway level to WT ANKLE2 to identify disrupted

biological processes.
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Figure 7-1: Expression of pathogenic ANKLE2 variants for proteomic studies. HEK293T
cells were transfected with expression vectors containing pathogenic variants of ANKLE2 or GFP

controls. Relative expression and size of each protein was confirmed by western blot.

Potential for the ANKLE2 interaction with NS4A from tick-borne orthoflaviviruses

In Chapter 4 we established that ANKLE2 supports replication for ZIKV and DENV and is capable
of physically interacting with NS4A from other mosquito-borne orthoflaviviruses (YFV and JEV)
(Figure 4-11). To determine if this physical interaction was conserved beyond mosquito-borne
orthoflaviviruses into those transmitted by tick, we cloned NS4A from tick-borne encephalitis virus
(TBEV) and Powassan virus (POWYV) into the same plasmid backbone we used previously. Using
a similar co-transfection and affinity-purification strategy were able to show that ANKLE2 can
interact with these NS4A as well (Figure 7-2). Due to serious health risks both of these viruses
have high biosecurity ratings and require BSL-3 containment to study. However, Langat virus,
within the TBEV complex of viruses, only requires BSL-2 and is not known to cause human
disease (6), potentially allowing for future evaluation of a role for ANKLE2 in tick-borne

orthoflavivirus replication. These tick-borne viruses are much less studied than their mosquito-
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borne counterparts but in general they are believed to generally replicate with similar
mechanisms, albeit slower (7). Exploring if ANKLEZ2 is involved in the replication of tick-borne
orthoflaviviruses will be important to determine how far reaching a potential beneficial role in
replication may be. Certainly, pan-flavivirus host factors exist, such as TMEM41B (8), while other

host factors only promote replication of viruses transmitted by specific host species (9).
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Figure 7-2: Interaction between ANKLE2 and tick-borne orthoflavivirus NS4A. HEK293T
cells were co-transfected with ANKLE2-3xFLAG and NS4A-2xStrep from TBEV or POWV. After
transfection, cell lysate was collected and purified on Strep-binding beads. Whole cell lysate and

affinity-purified eluate were examined for the presence of ANKLE2 and NS4A by western blot.

Animal models to explore role of ANKLEZ2 in ZIKV pathogenesis
The natural progression of this work is to transition our in vitro findings into in vivo animal models
where the results can be more closely related to human biology and disease. Mice are commonly

used for the study of orthoflavivirus replication, pathogenesis, and transmission, as well as the
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development of antiviral therapies or vaccines against these viruses (10-12). Mouse ANKLE2
(mANKLEZ2) has a similar structural organization to that of human ANKLEZ2 (Figure 3-1, Figure 7-
3A), but it was unclear if it could interact with ZIKV NS4A. To test this, we cloned mouse Ankle2
with a 3xFLAG affinity tag into an expression vector and co-transfected it along with ZIKV NS4A-
2xStrep, as done previously in Chapter 5. Affinity purification revealed that mANKLE2 could
indeed physically interact with ZIKV NS4A (Figure 7-3B). Further, confocal microscopy of
transfected Hela cells revealed similar colocalization between human and mANKLEZ2 with the ER
marker Calnexin, supporting it retains the expected ER localization (Figure 7-3C). Microscopy of
ZIKV infected cells also reveals high colocalization between mMANKLEZ2 and NS4A, supporting it
may be utilized in replication similar to human ANKLEZ2 (Figure 7-3D). These results provide
important biochemical validation that mMANKLEZ2 can interact with ZIKV NS4A and behaves in a
similar manner as human ANKLEZ2, providing support that mice will serve as a good model for

further study of the NS4A-mANKLE?2 interaction in vivo.
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Figure 7-3: Structure of mMANKLE2 and physical interaction with ZIKV NS4A. (A) AlphaFold2

structural prediction of mMANKLEZ2 (UniProt ID Q6P1H6) with domains annotated by color (13,14).

(B) HEK293T cells were co-transfected with human ANKLE2-3xFLAG (hANKLE2) or mouse

ANKLEZ2-3xFLAG (MANKLEZ2) with ZIKV NS4A-2xStrep. After transfection, whole cell lysate was

affinity-purified on FLAG binding beads. Physical interaction was determined by evaluating the

eluate for the presence of ZIKV NS4A. “No NS4A” condition includes hANKLE2. (C) Confocal

microscopy of HelLa cells transfected with either hANKLEZ2 or mANKLE2. After transfection, cells

were fixed and immunostained for FLAG and the ER-marker Calnexin. Pearson’s correlation was

quantified to determine colocalization. (D) HeLa cells were similarly transfected, and then infected

with ZIKV MR766 at MOI 5 for 24 hours, prior to fixation and immunostaining for FLAG and ZIKV
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NS4A. Dots represent values from individual cells, n = 10-20 cells per condition, Student’s

unpaired t-test, n.s. = not significant.

To examine potential impacts of Ankle2 on ZIKV replication and pathogenesis in vivo we sought
to perform experiments in Ankle2 deficient mice. Unfortunately, Ankle2 null mice (Ankle2") are
non-viable and are resorbed during development. While this is currently anecdotal and
unpublished, this observation has been recapitulated in our hands, given that our crosses of
Ankle2*" heterozygous mice have never yielded an Ankle2" offspring. Therefore, we performed
experiments in heterozygous mice to test if any depletion, even minor, influenced ZIKV replication.
We generated Ankle2*";Ifnar1”- mice and infected them with 1000 PFU of ZIKV PRVABC59 via
subcutaneous footpad injection at ~7 weeks old. This route of inoculation most closely resembles
a natural mosquito bite into the skin. These infections are done in an immunodeficient Ifnar1”
background in order for ZIKV to induce pathogenesis (15), which does not readily occur in
immunocompetent mice. Infection was allowed to progress for 5 days, in which no significant
differences in weight were observed between Ankle2";Ifnar1”’- and our Ankle2**;Ifnar1” control
mice (Figure 7-4A). We then performed necropsy and harvested serum, brain, spleen, eyes, and
gonads from all infected mice. We observed no significant differences in viral titer in the serum,
brain, spleen, or eyes (Figure 7-4B-E). We observed sex differences in ZIKV titer in the gonads,
with the male testes having higher ZIKV burden than female ovaries (Figure 7-4F), but we did not
observe a meaningful difference between Ankle2 genotypes. This is supported by established
observation of persistent ZIKV infection in the testes (16). We hypothesized the lack of phenotype
in these experiments could be due to incomplete depletion of ANKLEZ2 in heterozygous mice,
which was explored by western blot (Figure 7-4G-H). This experiment revealed seemingly
variable expression of ANKLE2 between different tissues. The brain appeared to have the highest

expression levels, with no difference between genotypes, while the spleen had no detectable

225



signal in either genotype. The eyes of the heterozygous mouse did have less than the wild-type,
however only a lower molecular weight band was expressed, and both observed bands appeared
lower than the expected size of 106 kDa. In a wild-type mouse testes we observed low expression
of a band at the expected size. These preliminary results suggest either variable expression of
mouse ANKLEZ2 isoforms or inadequate detection by our antibody designed against human

ANKLEZ2.

Overall, this experiment is limited by the scale, both in the number of mice used and in the length
of the infection. Additionally, data suggests that ZIKV PRVABC59 is less pathogenic in this model
than other Asian lineage strains FSS13025 or H/PF/2013 (17,18). Additional experiments using
these strains and a longer course of infection may improve our ability to identify a difference
between Ankle*"* and Ankle*- mice. One future option may also be the generation of conditional
knockouts, which may produce viable Ankle2" offspring for use in experimentation, although this

is time-consuming and technically difficult (19), thus this option remains outside our current project
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Figure 7-4: Initial evaluation of ZIKV PRVABC59 replication in wild-type and Ankle2"- mice.
~7-week-old C57BL/6 mice (mix of male/female and Ifnar1”, Ankle2"" or ***) were infected with
1000 PFU of ZIKV PRVABCS59 via footpad intradermal injection. (A) Mice were weighed prior to
infection (dpi = 0) and every 24 hours for 5 days. (B-F) Serum and tissues were harvested from
infected mice and homogenized. Viral titer in homogenate was determined by plaque assay. (G)
Representative Ankle2 genotyping by PCR. (H) Attempted western blot probing for mouse
ANKLEZ2 using human ANKLE2 antibody (SAB3500750) with expected reactivity against the
mouse homolog. Two bands appeared at lower size than expected for mouse ANKLE2 (106.2

kDa). Student’s two-tailed T-test, unpaired, n.s. = not significant (p > 0.05).

Animal models to explore genetic predisposition to adverse congenital ZIKV
syndrome outcomes

While the inability to easily perform experiments on Ankle2” mice certainly limits our ability to
explore the role of Ankle2 in ZIKV pathogenesis and vertebrate brain development, we can still
leverage Ankle2*- animals to explore other interesting questions. As discussed earlier, in
heterozygous dAnkle2” flies, brain development occurs normally (20). However, when NS4A was
expressed in these flies, the phenotypes were much more severe and required growth at lower
temperatures to allow survival until the third instar larval stage for brain dissection. This
phenomenon suggests that dAnkle2” heterozygosity sensitized animals to a more severe NS4A
outcome. The major question remains if this can be recapitulated in a vertebrate ANKLE2
heterozygote with more complex brain development. Beyond this lies the larger question of
whether this haploinsufficiency is ANKLEZ2 specific or does heterozygosity of any number of genes
underlie variable disease outcomes. This hypothesis could serve to explain the apparent multitude

in disease outcomes from CZS and many other diseases.

227



To test this hypothesis, we will aim to determine if Ankle2 heterozygosity results in worse fetal
outcomes from vertically transmitted ZIKV. In this proposed experiment we will mate
immunodeficient Ankle2™*, Ifnar1” or Ankle2"", Ifnarl”- female mice (dams) with
immunocompetent wild-type male mice (sires). Mating with an immunocompetent sire allows for
ZIKV to replicate effectively in the pregnant immunodeficient dam, while limiting pathogenesis in
the pups themselves, so that only pathology arising from differences in Ankle2 is observed. ZIKV
infection at E7 or E9 has been shown to induce fetal pathology in the pups in the form of embryo
resorption or intrauterine growth restriction (IUGR) (17). Embryonic resorption occurs when the
embryo experiences significant development abnormalities or dies during development, with the
remnants being resorbed by the maternal immune cells (21). In mice, the resorbed embryos are
retained within the placenta and can be counted during necropsy along with any remaining, viable
embryos. The rate of resorption after ZIKV heavily depends on gestational timing (22) and can be
a relatively rare outcome after infection at E9 (17). IUGR arises from ineffective or inefficient
development, resulting in overall growth restrictions, and is also observed after ZIKV in varying
frequencies. Microcephaly, by the true definition of reduced head and brain size, is not a feasible
experimental readout for this model since the fetal heads are so small and measuring brain size
itself would be prone to inaccuracies. Instead, the virus burden within the entire fetal head can be
determined, along with relative fetal weight and size of the fetus by crown-rump length (17).
Histological analysis of viable embryo brains is also a powerful experimental tool to gain insight
into the architecture of the developing brain and the specific cell types present. If our hypothesis
is correct, then significantly more embryos from Ankle2*- dams will exhibit these abnormal
developmental phenotypes than embryos from Ankle2*"* dams. If successful, this approach could
serve as a powerful model system for exploring the impact of other genes on sensitizing adverse

developmental outcomes from ZIKV.
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Final Conclusions and Discussion

ZIKV is an orthoflavivirus that recently emerged as a global health threat due to the risk of birth
defects, including microcephaly, associated with congenital infection. Exploration into the
mechanisms driving ZIKV neuropathogenesis revealed the physical interaction between ZIKV
NS4A and host ANKLE2, a protein involved in cell division and mutation which also causes
congenital microcephaly. Early experiments showed that NS4A induces a small brain,
microcephaly-like phenotype, in larval fruit flies in an ANKLE2 dependent manner, suggesting that
ZIKV NS4A induces this phenotype by perturbing ANKLE2. The work presented here initially
summarized and reviewed how orthoflaviviruses hijack their hosts to facilitate replication and
cause disease (Chapter 2), and the roles of ANKLEZ in cellular functions and how dysregulation

of these functions causes human disease (Chapter 3).

One of the major questions we explored was if ANKLEZ2 played a role in ZIKV replication, and if
this function could explain why ZIKV interacts with it in the first place? In Chapter 4 we showed
that ANKLEZ2 colocalizes with sites of ZIKV protein and around sites of dsRNA suggesting
ANKLE2 may be involved during replication (Figures 4-1 and 4-2). Next, genetic depletion of
ANKLE2 by knockdown or knockout showed reduced ZIKV replication in several different cell
types and conditions (Figures 4-3, 4-4, and 4-9). Electron microscopy revealed that ZIKV
replication organelles were fewer and appeared less developed in ANKLE2 knockout cells
compared to controls, suggesting that ANKLE2 may function in ER remodeling or the formation
of these virus-induced structures (Figure 4-8). Depletion of the ANKLEZ2 ortholog in mosquito cells
by dsRNA also showed consistent reduction in ZIKV replication, supporting the hypothesis that
ANKLE?2? is utilized by ZIKV across hosts (Figure 4-10). Finally, we showed that NS4A from other
mosquito borne orthoflaviviruses (DENV, YFV, and WNV) can also physically interact with

ANKLEZ2, and while WNV replication was altered to a relevant degree, DENV replication was
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significantly reduced (Figure 4-11). This raises the potential for ANKLEZ2 to being a beneficial host

factor across different orthoflaviviruses.

The degree to which ANKLE2 enhances replication appears to vary on cell type and virus and is
an alluring future line of investigation. Further, the specific molecular mechanisms by ANKLE2
supports replication are very interesting. Determining what specific regions of ANKLE2 are
required to provide this benefit may provide initial evidence for this function. Specifically, if
ANKLEZ2 knockout cells are rescued with various truncation mutants of ANKLEZ2 can restore virus
replication phenotypes. For example, if ANKLE2 without an ankyrin repeat domain does not
rescue the ZIKV phenotype, it may imply that the function provided by this domain is utilized in
supporting virus replication. This line of experimentation would certainly require a more optimized
rescue system than currently developed (Figure 4-6). These results provide initial support for the
hypothesis that ZIKV NS4A interacts with ANKLE2 to facilitate this beneficial function. However,
whether the beneficial role of ANKLE2 in orthoflavivirus replication is dependent on interaction

with NS4A is still uncertain.

We explored the physical determinants of this interaction in Chapter 5. We found that C-terminal
truncations of ANKLEZ2 did not alter the ability to interact with NS4A (Figure 5-1). Alternatively, an
N-terminal deletion of amino acids 2-157 did ablate interaction with NS4A (Figure 5-2). This region
makes logical sense as it is set within and proximal to the ER membrane where NS4A resides.
The fact that truncations of 1-53 and 54-938 also interact with NS4A further suggests that there
are multiple contact sites between ANKLE2 and NS4A, at least one in the transmembrane domain
region and at least one in the LEM domain or surrounding region. Using truncations of NS4A we
showed that the C-terminal region of NS4A is required for the interaction (Figure 5-4). This alone
does not deny the possibility of interacting residues in the N-terminal portions, and investigating
this region is complicated due to the apparent difficulty in expressing these regions alone. The

cytoplasmic region of NS4A (1-56) has inconsistent expression levels and appears to induce high
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toxicity in transfected cells (not shown). Both the low expression and toxicity may be due to
misfolding of the truncated protein. These effects were also observed in early trials of other N-
terminal NS4A truncations (not shown). Together, our experiments revealed that C-terminal

regions of NS4A interact with N-terminal portions of ANKLEZ2.

Much is still left to do in determining the specific physical determinants of this interaction at the
residue level. Initial trials attempted to disrupt the interaction by targeting the conserved amino
acids in the C-terminal portion of NS4A between 121-127, due to the high degree of conservation
in this region (Figure 5-5), however these substitution of these residues to alanine did not appear
to change their ability to interact with ANKLE2 (not shown). The standard alanine scanning
approach is likely ineffective in resolving the interacting residues, due to observation that multiple
different domains interact and disruption of both is required to ablate interaction. Systemically
performing alanine scanning on many different residues in different regions would be
experimentally exhaustive and inefficient. However, it is still important to explore this. Therefore,
we have begun developing alternative strategies to determine which residues are likely mediating
the interaction. Using molecular dynamics simulation (23), we have begun to explore ANKLE2’s
structure beyond its AlphaFold prediction shown earlier (Figure 3-1). While not shown here, this
structure resembles a more realistic and compact orientation of the protein. With this we have
used molecular docking to simulate the physical interaction between NS4A and ANKLE2 (24).
After allowing the two proteins to interact and stabilize in silico we can examine the amino acid
residues in contact between the two proteins. Indeed, this approach has revealed compelling
candidate residues in both NS4A and ANKLEZ2 that could facilitate the interaction, however

experimentally exploring this in vitro is still underway.

Determining the specific interacting residues is powerful in two contexts, one for each protein. If
the specific NS4A residues can be broken, then an infectious clone of the virus harboring that

mutation can be created. Whether that mutant virus can be rescued and is capable of replicating
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in cells is highly dependent on which residues are changed and what mutations are required.
Indeed, substitutions to amino acids other than alanine may be able to ablate interaction while
being less detrimental to the function of NS4A in virus replication. To identify the spectrum of
flexibility in the amino acids of NS4A we have collaborated with Matthew Evan’s group to perform
deep mutational scanning (DMS) of ZIKV MR766 NS4A. This approach employs the use of a
library of infectious clones with the residues of a given protein substituted for every other amino
acid so that every possible change is present in the population. Cells are infected with this library
of viruses and after allowing several rounds of infection to occur the remaining viruses are
sequenced. The ratio of the final abundance of each specific virus (each containing a specific
residue mutation) is compared to the starting amount to determine if the virus was successful in
replicating or not. This is interpreted as fitness advantage or disadvantage provided by the specific
mutation present in that virus (25). In our case we would use the DMS data as a guide when
designing mutations in NS4A that ablate the interaction with ANKLE2, while maintaining the
overall replicative ability of the virus. If successful, this would be an extremely alluring and
powerful tool in investing the contribution of the NS4A-ANKLE?2 interaction to CZS. We would
hypothesize that ZIKV which encodes an NS4A that does not interact with ANKLE2 to have
reduced developmental neuropathogenesis, and this could be experimentally tested using the

vertical transmission mouse model described earlier.

The second application of fully understanding the residues which mediate the NS4A-ANKLE2
interaction is related to potentially protective ANKLEZ2 alleles. Protective alleles occur when
proteins are mutated in such a way that prevents disease, usually through some loss-of-function
mutation (26). In this hypothetical case, if the interaction mediating residues of ANKLE2 were
known, human genetic data could be scoured for randomly occurring missense mutations in those
sites that may maintain proper ANKLEZ2 cellular function, while losing the interaction with NS4A,

and potentially protecting from CZS.
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As introduced in Chapter 3, the ER localization of ANKLE2 is a distinguishing feature compared
to other LEM-domain proteins. The role of ANKLE2 in ER-based ZIKV replication certainly
suggests some function in this cellular compartment. Our proteomics in Chapter 6 revealed
hundreds of candidate protein interactions, which will serve as the base for future exploration into
what additional functions ANKLEZ2 has in the cell. Further, how these functions are hijacked by
ZIKV to promote virus replication is especially interesting, given the conserved nature of the
interaction between NS4A and ANKLE2. While there is certainly much more work to be done on
ANKLE2 and its relationships with virus replication and disease, the future is bright and ripe with

opportunities for exciting new findings.

Materials and Methods

Plasmids. ANKLE2 variant sequences were made by taking the wild-type sequence
(NM_015114.3), performing human codon optimization, and then making the desired amino acid
substitution. Fragments with C-terminal 3xFLAG tags were synthesized by Twist Biosciences in
two parts and inserted into pcDNA4_TO cut with Kpnl and Apal using Gibson Assembly. NS4A
sequence from TBEV (strain Sofjin, JX498940.1) and POWV (strain LB, L06436.1) was human
codon optimized. The sequence was synthesized by Twist Biosciences and cloned into
pcDNA4_TO cut with BamHI and EcoRI upstream of the 2xStrep tag as done previously. Mouse
Ankle2 (NM_001253814.1) was human codon optimized and synthesized with a C-terminal

3xFLAG tag. It was cloned into pcDNA4_TO cut with Kpnl and Apal using Gibson Assembly.

Strep-Affinity Purification. Affinity purification was performed on TBEV and POWV NS4A by

co-transfecting ANKLE2-3xF and NS4A-2xS plasmids in equal amounts (3.5 ug each). Cell lysate

was harvested and purified on Streptactin beads as previously described in Chapter 5.
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Western Blot. Western blot was performed as previously described in Chapter 4.

Confocal Microscopy. Hela cells were plated on cover slips and transfected with human or

mouse ANKLEZ2 and then mock-infected or infected with ZIKV. Cover slips were prepared and

imaged as previously described in Chapter 4.

Mouse Husbandry. C57BL/6 (Jackson Labs) were housed with similar sexes (unless breeding)
(1-5 per cage) in ventilated isolation cages and fed standard rodent diet and autoclaved tap water
ad libitum. Vivarium was set to a 12:12 hour light:dark cycle with an ambient temperature of 22-
27°C with 20-30% relative humidity. Breeding pairs were setup with one male with one or two
females. After 10-14 days, haram breeding females were separated from each other to allow for
separate litters. Between the age of 10-14 days litter pups were uniquely identified by ear clipping
and tail tissue was collected for genotyping. Pups were weaned at 20-23 days old. All animal
procedures were conducted under the accordance of the University of California Davis

Institutional Animal Care and Use Committee (IACUC).

Mouse Genotyping. Tail tissue was collected from mice between the age of 10-14 days and
placed in 250 uL lysis buffer (100 mM Tris, 5 mM EDTA, 0.2% SDS, 250 mM NacCl) supplemented
with 6.25 pL of Proteinase K (NEB, #P8107S) overnight in a 55°C water bath. Tubes were
centrifugated at ~17,000 g for 10 minutes. Supernatant was carefully transferred to a fresh tube
and combined with 250 pL 100% isopropanol to precipitate genomic DNA. Tubes were
centrifugated again. Supernatant was removed from the DNA pellet and allowed to ambiently dry
for ~1 hour. Pellet was resuspended in 50 pL nuclease-free water and DNA was used for nested

PCR using 2X MyTaq HS Red Mix (Thomas Scientific, #C755G96).
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Mouse Infection and Evaluation of ZIKV Replication. 45- to 49-day-old mice (C57BL/6,
Ifnar1”, and either Ankle2** or Ankle2*", n = 5 each) were transferred from the ABSL1 space to
the ABSL2 space in the same cages and allowed to acclimate to the new environment for 2 days.
In the ABSL2 space, mice were housed with similar sex (2-3 per cage) in ventilated isolation
cages and fed 18% protein irradiated rodent diet and autoclaved tap water ad libitum. Vivarium
was set to a 12:12 hour light:dark cycle with an ambient temperature of 22-27°C with 20-30%
relative humidity. Mice were weighed and anesthetized with isoflurane (NDC 13985-528-60) in a
bell jar system (2-5% saturation). They were then inoculated with 10% PFU of ZIKV PRVABC59 in
10 uL sterile D-PBS via footpad injection. Mice were returned to original housing after a recovery
period. Body weight was measured daily and wellness checks were performed three times daily.
Mice were monitored for hunched posture, decreased mobility, pilorection, weight loss >20% of
starting, and overall conditioning. After 5 days of ZIKV infection, mice were euthanized by CO.
exposure. Blood was collected from the heart and necropsy was performed to harvest spleen,
brain, gonads (testes or ovaries), and eyes. Tissues were placed in 2 mL round bottom tubes with
a 5 mm glass bead (Neta Scientific, WLMD-LG-6750-102) and weighed. DMEM media was then
added to each tube and tissues were homogenized using a TissuelLyser (Retsch MM400) at 30

Hz for 4 minutes. Tubes were then centrifugated at 12,000 g for 4 minutes and stored at -80°C.

Plaque Assay. Plaque assays were performed as previously described in Chapter 4.
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Appendix A:

Wild-Type ANKLE2 (NM_015114.3)
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Appendix A-1: Known ANKLE2 isoforms. Sequence of human ANKLE?2 isoforms were obtained
from NCBI (Gene ID: 23141). Two separate transcript variants were identified for isoform X3

(XM_011534787.4 and XM_011534788.2 both produce XP_011533089.1), but only the latter is

shown for simplicity.
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Appendix A-2: List of Known Primary Microcephaly (MCPH) Genes

Primary Alternative Cellular Function First Publication(s) Establishing
Gene Name | Gene Name Association with Microcephaly
Chromosome condensation and Jackson et al., 2002, American
MCPH1 N/A .
DNA damage responses Journal of Human Genetics
WDR62 MCPH2 Centriole duplication Roberts et al., 1999, Eurppean
Journal of Human Genetics
CDKSRAP? MCPH3 Mitotic -Checkpomt and centrosome | Moynihan et al., 2000, Amerlcan
regulation Journal of Human Genetics
KNL1 MCPH4 Kinetochore scaffold Jamieson etal., 1999, Amencan
Journal of Human Genetics
ASPM MCPH5 Microtubule regulation at spindle Pattison et al., 2000, Amgncan
poles Journal of Human Genetics
CENPJ MCPH6 Centriole duplication Leallet al, 200.3’ Journal of
Medical Genetics
STIL MCPH7 Regulation of centriole duplication Kumar et al., 2009, Amepcan
Journal of Human Genetics
CEP135 MCPHS8 Centriole biogenesis Hussain et al., 2012, Amgncan
Journal of Human Genetics
CEP152 MCPH9 Centrosome scaffold Guemsey et al., 2010, Amerlcan
Journal of Human Genetics
Transcription factor, component of
ZNF335 MCPH10 histone methyltransferase Yang et al., 2012, Cell
complexes
PHC1 MCPH11 Transcriptional regulation through Awad et al., 2013, Human
development Molecular Genetics
CDK6 MCPH12 Cell cycle control and differentiation Hussain et al., 2(.)13’ Human
Molecular Genetics
CENPE MCPH13 Kmetochgre motor, chromosome erzag et al., 2014, Human
congression Genetics
SASS6 MCPH14 | Centriole scaffolding Khan et al., 2014, Human
Molecular Genetics
Sodium-dependent Alakbarzade et al., 2015, Nature
lysophosphatidylcholine symporter, | Genetics
MFSD2A MCPHIS involved in blood-brain barrier Guemez-Gamboa et al., 2015,
formation and function Nature Genetics
ANKLE2 MCPH16 Nuclear envelope dynamics Yamamoto et al., 2014, Cell
Li et al., 2016, American Journal
. N of Human Genetics
CIT MCPH17 Regulation of cytokinesis Harding et al., 2016, American
Journal of Human Genetics
WDFY3 MCPH18 Selective macroautophagy Kadir et al., 2016, PLoS Genetics
COPB2 MCPH19 Golgl b_uddlng and vesicular DiStasio et al., 2917, Human
trafficking Molecular Genetics
KIF14 MCPH20 Microtubule motor protein Moawia et al., 2017, Annals of
Neurology
NCAPD2 MCPH21 Regulatory subunit of condensin Martin et al., 2016, Genes and
complex Development
NCAPD3 MCPH22 Regulatory subunit of condensin-2 Martin et al., 2016, Genes and
complex Development
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Regulatory subunit of condensin

Martin et al., 2016, Genes and

NCAPH MCPH23
complex Development
NUP37 MCPH24 Component of nuclear pore Brggn et al., 2.018., Journal of
complex Clinical Investigation
TRAPPC14 MCPH25 Subunit of vesicle tethering complex | Perez et al., 2019, Brain
LMNB1 MCPH26 Component of nuclear lamina Cristofoli et al., 2020, Amerlcan
Journal of Human Genetics
LMNB2 MCPH27 Component of nuclear lamina Parry .et al,, 2021, Genetics in
Medicine
RRP7A MCPH28 rRNA processing in nucleoli Faroog eF al._, 2020, Nature
Communications
PDCD6IP MCPH29 Endopytogs, membrgne repair, Khan gt al., 2020, Clinical
cytokinesis, apoptosis, etc. Genetics
BUB1 MCPH30 Mitotic checkpoint control Carvalhal etal., 2022, Science

Advances
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Appendix A-3: Chapter 3 Glossary

Term Description

Affinity-purification In Shah et al., 2018, individual ZIKV proteins with C-terminal Strep affinity tags

and mass- were expressed in HEK293T cells by transfection. Cell lysate is harvested and

spectrometry applied to Strep-binding beads which purifies the ZIKV protein and any
physically interacting proteins. The beads are washed, and bound proteins are
eluted, processed, and submitted for mass-spectrometry analysis which
identifies and quantifies the proteins in the sample.

CGAS/STING- Cytosolic DNA is sensed by cGAS, resulting in transcriptional expression of

mediated apoptosis

cGAS-STING induced interferons which enhance apoptosis progression (Xu et
al., 2023).

DN4 thymocyte

In the initial stages of T cell development within the thymus, precursor cells
exhibit no expression of CD4 and CD8 and are denoted as double negative
(DN) thymocytes. There are four early differentiation stages (DN1-4). DN4
thymocytes are the last stage of development before functional maturation is
completed.

Forward mosaic
genetic screen

In Yamamoto et al., 2014, adult male Drosophila were mutagenized with ethyl
methane-sulfonate. This results in stocks harboring random mutations which
were then screened for various visual phenotypes. Flies with interesting
phenotypes were then sequenced to identify the mutated gene underlying the
phenotype.

Glutathione S-
transferase (GST)
pulldown

A common biochemical technique to determine physical protein-protein
interactions. A GST-fusion bait protein is expressed and bound to a glutathione
sepharose matrix. Cell lysate is incubated on the matrix and proteins that
interact with the bait are retained. These proteins are later eluted and can be
detected by a number of other methods.

Guillan-Barré
Syndrome (GBS)

A rare autoimmune disorder in which the host immune system damages the
myelin sheathes of peripheral nerves. Commonly, it causes weakness in the
extremities and can cause paralysis or difficulty breathing in severe cases.

Inner nuclear
membrane (INM)

The inner membrane of the double phospholipid nuclear envelope. Enriched for
proteins involved in maintaining nuclear structure and chromatin organization.

Intrinsically
disordered protein

Proteins or portions of a protein which lack fixed, organized, or stable three-
dimensional structure. Disordered regions can serve as flexible linkers between
other structured regions or act as linear motifs which can mediate interactions
between the protein and other substrates (protein, RNA, DNA, etc.) (Trivedi et
al., 2022).

Nuclear envelope

The nucleus is surrounded by a double phospholipid membrane which
separates the nucleoplasm from the rest of the cell. This barrier can be
bypassed through nuclear pore complexes. The nuclear lamina on the inner
side of the envelope is composed of filament lamin proteins and provides
structure to the nucleus.
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Par complex

A protein complex composed of proteins responsible for asymmetrically
partitioning developmental determinants, allowing for variable daughter cell fate
outcomes during embryogenesis.

Random
mutagenesis
suppressor screen

In Asencio et al., 2012, temperature sensitive lem-4L(ax475) mutant C. elegans
were randomly mutagenized ethyl methane-sulfonate. Mutagenized
populations were then screened for those that randomly acquired mutations
which allowed for growth and reproduction at previously lethal temperatures.

Telencephalon

In vertebrate brain development, the brain first forms with three distinct
sections, the forebrain (prosencephalon), midbrain (mesencephalon), and
hindbrain (rhombencephalon). Later the forebrain develops into two parts, the
telencephalon and diencephalon. The telencephalon is also known as the
cerebrum which contains multiple lobes, each with many functions.
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Appendix A-4: Pathogenic variants of ANKLE2 associated with congenital microcephaly.
The type of mutation along with the DNA sequence (c.) and subsequent protein sequence (p.)
changes in each allele. For L573V/Q782X, two individuals were identified from one family
(Yamamoto et al., 2014), while for homozygous G201W, two individuals were identified from two
separate families (Shaheen et al., 2019).

Type Allele 1 Allele 2 Reference(s)

Compound c.1717 C>G, | ¢.2344 C>T, Yamamoto et al., 2014;

Heterozygous p. L573V p. Q782X Thomas et al., 2022

(Two individuals)

Homozygous c. 1745 G>T, | ¢c. 1745 G>T, | Shaheen et al., 2019;
p. G585V p. G585V Thomas et al., 2022

Homozygous c. 601 G>T, c. 601 G>T, Link et al., 2019;

(Two individuals) p. G201W p. G201W Shaheen et al., 2019;

Thomas et al., 2022

Homozygous . 686 T>G, C. 686 T>G, Link et al., 2019;

p. V229G p. V229G Thomas et al., 2022
Compound c. 325 G>C, c. 1421-1 Link et al., 2019;
Heterozygous p. A109P G>C, splicing | Thomas et al., 2022
Compound c. 706 C>T, c. 1606 C>T, | Linketal., 2019;
Heterozygous p. R236X p. R536C Thomas et al., 2022
Compound c. 23 C>T, c. 80 C>G, Link et al., 2019;
Heterozygous p. A8V p. A27G
Compound Exon 11/12 c. 1606 C>T, | Thomas et al., 2022
Heterozygous deletion p. R536C
Compound c. 940 C>T, c. 2505 T>G, | Thomas et al., 2022
Heterozygous p. R314W p. N835E
Compound c.1175T>C, | c. 1352 A>T, | Thomas et al., 2022
Heterozygous p. L392P p. N451V
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Appendix B:
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Appendix B-1: Full time-courses of dsRNA ANKLE2 silencing in mosquito Aag2 cells. (A-
C) After dsRNA transfection, Aag2 cells were infected with noted ZIKV strain at either MOI 0.1, 1,
or 10. Viral supernatant was harvested and virus titers were measured by plaque assay. Student's
unpaired T-test, * p < 0.05, * p < 0.01, ™ p < 0.001. Any timepoints without stars are not

statistically significant (p > 0.05).
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Appendix B-2: Summary of Huh7 CRISPR ANKLE2 Mutagenesis Sequencing

Target Sequence Reads Type | Percent
H-ncg
CCCCAGTTCCTCCGCCAAGCGCGGLCLGeeaee 83652 WT 77.36
CCCCAG-TCCTCCGCCAAGCGCGGLCeaGeeaee 3693 Deletion 3.42
CCCCAGT------------- GCCGCCGCC 2778 Deletion 2.57
CCCCA--TCCTCCGCCAAGCGLCGGLLCGLeaGee 2409 Deletion 2.23
CCC----TCCTCCGCCAAGCGLCGGLCLCGLeeaee 2103 Deletion 1.94
Other 13501 N/A 12.48
H1
CCCCAG-TCCTCCGCCAAGCGLCGGLLeGLeeaee 37801 Deletion 23.74
CCC----TCCTCCGCCAAGCGLCGGLLCGLeeaee 37507 Deletion 23.55
CCCCA--TCCTCCGCCAAGCGLCGGLLCGLeeaee 36867 Deletion 23.15
CCCCAGT------=-==------ GCCGCCGCC 30720 Deletion 19.29
CCCCAGTTCCTCCGCCAAGCGLCGGLCeGeeaee 1408 WT 0.88
Other 14955 N/A 9.39
H2
CCCCAG-TCCTCCGCCAAGCGLCGGLLeGLeeaee 39059 Deletion 54.97
CCCCAGTTCCTCCGCCAAGCGCGGLCeGeeaee 5934 WT 8.35
CCCCAGT------=-==------ GCCGCCGCC 5453 Deletion 7.67
CCC----TCCTCCGCCAAGCGCGGLCLCGLeaGee 4663 Deletion 6.56
CCCCA--TCCTCCGCCAAGCGLCGGLLCGLeeaee 4618 Deletion 6.50
Other 11325 N/A 15.95
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Appendix B-3: Summary of JEG-3 CRISPR ANKLE2 Mutagenesis Sequencing

Target Sequence Reads Type | Percent
J-ncg
CCCCAGTTCCTCCGCCAAGCGCGGCCGCCGCC 266944 WT 82.78
CCCCAGTTCCTCCGCCAAGCGCGGCCGCCGLCC 4197 Insertion 1.30
CCCCAGTTCCTCCGCCAAGCGLCGGLCLCGeeasee 1 Base
912 Change 0.28
CCCCAGTTCCTCCGCCAAGCGLCGGLCLCGeea e 1 Base
777 Change 0.24
CCCCAGTTCCTCCGCCAAGCGCGGCCGCCGLCC 1 Base
747 Change 0.23
Other 41651 N/A 15.17
J1
CCCCA--TCCTCCGCCAAGCGLCGGLCCGLeeaee 327688 Deletion 84.48
CCCCA--TCCTCCGCCAAGCGCGGCCGCCGCC Insertion and
3680 Deletion 0.95
CCCCAGTTCCTCCGCCAAGCGCGGCCGCCGCC 1957 WT 0.50
CCCCA--TCCTCCGCCAAGCGLCGGLCCGLeeaee 1489 Deletion 0.38
CCCCA--TCCTCCGCCAAGCGLCGGLCCGLeeaee 1131 Deletion 0.29
Other 43350 N/A 13.40
J2
TCTGG----------mmmmmm- TCCTCCGC 129939 Deletion 83.11
TCTGGGCCGCAGCGGGACCCCAGTTCCTCCGC 4884 WT 3.12
TCTGG--------m-mmmmmm--- TCCTCCGC Insertion and
1356 Deletion 0.87
TCTGG------------------- TCCTCCGC 648 Deletion 0.41
TCTGG----------mmmmm- TCCTCCGC 409 Deletion 0.26
Other 19114 N/A 12.23
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Appendix B-4: Antibodies. WB = Western blot, IF = Immunofluorescence

Antibody Host Dilution Supplier (Catalog #) RRID
Species Used
GAPDH Mouse 1:1000 (WB) [Fisher (PIMA515738) IAB_2537652
1:200 (IF), . .
FLAG-M2 Mouse 1:1000 (WB) MilliporeSigma (F1804) AB 262044
Strep Mouse 1:1000 (WB) |Qiagen (34850) AB_2810987
AG2 (Flavivirus E) Mouse 1:250 (IF) ATCC (HB-112) CVCL_J890
rJ2 (dsRNA) Mouse 1:40 (IF) MilliporeSigma (MABE1134) |AB_2819101
. . Cell Signaling (4777) AB_10545756
Lamin A/C (4C11) Mouse 1:1000 (WB) Gift from Dr. Jodi Nunnari
1:100 (IF), . IAB_325502
SERCA2 Mouse 1:500 (WB) Invitrogen (MA3919)
FLAG Tag Rabbit 1:400 (IF) Cell Signaling (14793) AB_2572291
. ) Atlas Antibodies
ANKLE?2 Rabbit 1:80 (IF) (HPA074838) N/A
. i Atlas Antibodies
ANKLE2 Rabbit 1:1000 (WB) (HPA003602) AB_1858349
IANKLE2 Rabbit 1:1000 (WB) [Bethyl Labs (A302-966A-M) |AB_2780882
ZIKV Envelope (E) Rabbit 1:1000 (WB) |GeneTex (GTX637298) N/A
ZIKV NS4A Rabbit \1/\:,%())00 UF. lGeneTex (GTX133704)  |AB 2887067
ZIKV Capsid Rabbit 1:1000 (WB) |GeneTex (GTX133317) AB_2756861
DENV NS5 Rabbit 1:1000 (WB) [GeneTex (GTX103350) AB_1240701
DENYV Capsid Rabbit 1:1000 (WB) |GeneTex (GTX103343) AB_1240697
Actin Rabbit 1:5000 (WB) [Sigma (A2066) IAB_476693
IAnti-Mouse IgG-HRP Rabbit 1:5000 (WB) [SouthernBiotech (6170-05) |AB 2796243
. . . Proteintech (10427-2-AP)
Calnexin Rabbit 1:250 (IF) Gift from Dr. Jodi Nunnari IAB_2069033
TOMM20 Rabbit 1:250 (IF) Proteintech (11802-1-AP)  |AB_2207530
GRASPG65 Rabbit 1:250 (IF) Gift from Dr. Nevan Krogan |N/A
. MilliporeSigma (3F10)

HA Rat 1:2000 (WB) Gift from Dr. Joanna Chiu IAB_2314622
/Anti-Rabbit IgG-HRP Goat 1:5000 (WB) [SouthernBiotech (4030-05) |AB_2687483
IAnti-Mouse AlexaFlour-488 (Goat 1:1000 (IF) Invitrogen (A28175) AB_2536161
IAnti-Mouse AlexaFlour-555 |Goat 1:1000 (IF) Invitrogen (A21422) AB 2535844
IAnti-Rabbit AlexaFlour-488 [Goat 1:1000 (IF) Invitrogen (A11008) AB_143165
IAnti-Rabbit AlexaFlour-555 |Goat 1:1000 (IF) Invitrogen (A27039) AB_ 2536100
IAnti-Mouse AlexaFlour-680 |Goat 1:1000 (IF) Invitrogen (A21057) AB 2535723
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Appendix B-5: Sequences

Sequence Accession Relevant Figure(s)
Number

Human ANKLE2 NM_015114.3 4-1, 4-3, 4-6, 4-9, 5-1,
5-2, 5-3, 5-4, 5-5, 6-2,
7-1,7-3, A-1

Human GAPDH NM_003860.4 4-3, 4-8

Human ANKLE1 NM_152363.6 4-1

eGFP UDY80669.1 4-1, 4-10, 5-1, 5-2, 6-2,
7-1, B-1

mCherry AY678264.1 4-6, 4-9

Mosquito ANKLE2 XM_021856854.1 | 4-10, B-1

Zika virus (ZIKV) PRVABC59 MK713748.1 4-11, 5-1, 5-2, 5-3, 5-4,
5-5

Dengue virus serotype 1 (DENV1) QZN14214.1 5-5

Dengue virus serotype 2 (DENV2) NC_001474.2 4-11, 5-5

Dengue virus serotype 3 (DENV3) QXM02604.1 5-5

Dengue virus serotype 4 (DENV4) QTX92397.1 5-5

Yellow Fever virus (YFV) Asibi KF769016.1 4-11, 5-5

West Nile virus (WNV) NY99 DQ211652.1 4-11, 5-5

Japanese encephalitis virus (JEV) NC_001437.1 4-11, 5-5

Tick borne encephalitis virus (TBEV) | JX498940.1 5-5,7-2

Sofjin

Powassan virus (POWV) LB L06436.1 5-5,7-2

St. Louis encephalitis virus (SLEV) QVN47903.1 5-5

Langat virus NP_620108.1 5-5

Mouse Ankle2 NM_001253814.1 | 7-3, 7-4
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Appendix B-6: Oligonucleotides

Oligo Name

Sequence

Application

ANKLE2 CRISPRi gRNA #1

GCGGCTGGCGGCGGCCGAGT

CRISPRi sygRNA

ANKLE2 CRISPRi gRNA #2

GCCGGGCGGCGGCGATGCTG

CRISPRi sygRNA

Negative CRISPRi gRNA

Proprietary sequence from Millipore Sigma

CRISPRi sygRNA

Reverse Oligo

ANKLE2 CRISPR Forward CACCGCCGCGCTTGGCGGAGGAACT CRISPR gRNA
Oligo

ANKLE2 CRISPR Reverse AAACAGTTCCTCCGCCAAGCGCGG CRISPR gRNA
Oligo

Negative CRISPR gRNA CACCGACCCTCCGAATCGTAACGGA CRISPR gRNA
Forward Oligo

Negative CRISPR gRNA AAACTCCGTTACGATTCGGAGGGTC CRISPR gRNA

ANKLEZ2 Sequencing
Forward w/ Adapter

ACACTCTTTCCCTACACGACGCTCTTCCGA
TCTGTGCTGCTGATCGCTGTG

Sequencing ANKLE2 KOs
(with Illumina Adapter)

ANKLEZ2 Sequencing
Reverse w/ Adapter

GACTGGAGTTCAGACGTGTGCTCTTCCGAT
CTGTGGTAGAAAGAAGACAGCC

Sequencing ANKLE2 KOs
(with Hlumina Adapter)

GAPDH Forward

ACATCGCTCAGACACCATG

gPCR Control

GAPDH Reverse

TGTAGTTGAGGTCAATGAAGGG

gPCR Control

ANKLE2 Forward

AAAGAGAACCAGGCTTCCATC

gPCR Analysis (Human)

ANKLE2 Reverse

CACGTTGACTACATCTGCATTTC

gPCR Analysis (Human)

ZIKV Forward

CGCCACCAAGATGAACTGATTG

gPCR Analysis

ZIKV Reverse

CATCCATTCTCCCTTTCCATGGAT

gPCR Analysis

ANKLEZ2 dsRNA Target
Forward

TAATACGACTCACTATAGGGGCTGGAAATC
AAAGCCTACG

Aag2 dsRNA Knockdown
(with T7 Promoter)

ANKLEZ2 dsRNA Target
Reverse

TAATACGACTCACTATAGGGTTTCTCGTCC
AGTTGTCGCT

Aag2 dsRNA Knockdown
(with T7 Promoter)

GFP dsRNA Target Forward

TAATACGACTCACTATAGGGATGGTGAGCA

Aag2 dsRNA Knockdown

AGGGCGAGGAGCTGTTC (with T7 Promoter)
GFP dsRNA Target Reverse | TAATACGACTCACTATAGGGCTGGGTGCTC | Aag2 dsRNA Knockdown
AGGTAGTGGTTGTCGGGC (with T7 Promoter)

ANKLE2 Forward

CCTCCAGAACTTCCTCGATTTC

gPCR Analysis (Aedes)

ANKLE?2 Reverse

CGGAGGAGTTCGTCTGATTATTT

gPCR Analysis (Aedes)

GFP Forward #1

TAAAGGCCGCCATGGTGAGCAA

Gibson Assembly preparation
of GFP-APEX2-3xFLAG

GFP Reverse #1

CGCTCTTGTACAGCTCGTCCAT

Gibson Assembly preparation
of GFP-APEX2-3xFLAG

GFP Forward #2

CTTATACCAACTTTCCGTACCACTTCCTACC
CTCGTAAAGGCCGCCATGGTGAGCA

Gibson Assembly of GFP-
APEX2-3xFLAG

GFP Reverse #2

CAGATCCACCTCCTGAACCACCTCCGCTAC
CGCCACCGCTCTTGTACAGCTCGTCCATG
C

Gibson Assembly of GFP-
APEX2-3xFLAG

ANKLE2 Forward #1

TAAAGGCCGCCATGCTGTGGCCGCGG

Gibson Assembly preparation
of ANKLE2-APEX2-3xFLAG
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ANKLE2 Reverse #1

GCTCAGGGCGGCAAGCTCAGCCAGG

Gibson Assembly preparation
of ANKLE2-APEX2-3xFLAG

ANKLE2 Forward #2

ACTTCCTACCCTCGTAAAGGCCGCCATGCT
G

Gibson Assembly of
ANKLE2-APEX2-3xFLAG

ANKLEZ2 Reverse #2

CCGCTACCGCCACCGCTCAGGGCGGCAAG

Gibson Assembly of
ANKLE2-APEX2-3xFLAG

ANKLE1 Forward #1

GCCGCCATGTGTTCCGAAGCCC

Gibson Assembly preparation
of ANKLE1-APEX2-3xFLAG

ANKLE1 Reverse #1

CGCTTCCACGCGCTTGAATATCT

Gibson Assembly preparation
of ANKLE1-APEX2-3xFLAG

ANKLE1 Forward #2

ACTTCCTACCCTCGTAAAGGCCGCCATGTG
T

Gibson Assembly of
ANKLE1-APEX2-3xFLAG

ANKLE1 Reverse #2

TCCGCTACCGCCACCGCTTCCACGCG

Gibson Assembly of
ANKLE1-APEX2-3xFLAG

pcDNA Upstream

TGGGAGTTTGTTTTGGAACCA

Sequencing of pcDNA
constructs

pcDNA Downstream

CAGATGGCTGGCAACTAGAAG

Sequencing of pcDNA
constructs

Mycoplasma Forward #1

TGCACCATCTGTCACTCTGTTAACCTC

For Mycoplasma sp.
detection

Mycoplasma Reverse #1

GGGAGCAAACAGGATTAGATACCCT

For Mycoplasma sp.
detection

Mycoplasma Forward #2

GGCGAATGGGTGAGTAACACG

For Mycoplasma sp.
detection

Mycoplasma Reverse #2

CGGATAACGCTTGCGACCTATG

For Mycoplasma sp.
detection

NS4A Forward

CTTGGTACCGAGCTCGGATCCGCCACCAT
GGGAGCCG

Gibson Assembly of ZIKVpr
NS4A C-terminal truncations

NS4A 1-54 Reverse

CATCCACCGCCTCCCTCGAGCGTTTCGAG
AGTTTCCGGGAG

Gibson Assembly of ZIKVpr
NS4A 1-54

NS4A 1-72 Reverse

GTGCTGGATATCTGCAGAATTCAAGGACGA
AAAATATACCGAGAGAGACG

Gibson Assembly of ZIKVpr
NS4A 1-72

NS4A 1-96 Reverse

GTGCTGGATATCTGCAGAATTCCCACATCA
GCCATGCGC

Gibson Assembly of ZIKVpr
NS4A 1-96

NS4A 1-127 Reverse

GTGCTGGATATCTGCAGAATTCGCGTTGCT
TCTCCGGCT

Gibson Assembly of ZIKVpr
NS4A 1-127

Mouse Ankle2 Forward 1

GAGACAAGGTCTCAATCATGTTAATCCACA

For mouse Ankle2 genotyping

Mouse Ankle2 Forward 2

GTGCCAGCTGACATTAGAGACTCTGGAGA
A

For mouse Ankle2 genotyping

Mouse Ankle2 Reverse

GCAAGTGTCTTTGAGTCACTTCTGC

For mouse Ankle2 genotyping

Mouse Ifnarl Forward 1

CGAGGCGAAGTGGTTAAAAG

For mouse Ifnarl genotyping

Mouse Ifnarl Forward 2

ACGGATCAACCTCATTCCAC

For mouse Ifnarl genotyping

Mouse Ifnarl Reverse

AATTCGCCAATGACAAGACG

For mouse Ifnarl genotyping
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Appendix C
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Appendix C-1: Colocalization of ANKLE2-3xFLAG with organelle markers and ZIKV
proteins. ANKLE2-3xFLAG was stably expressed in HEK293T cells by lentiviral transduction.
After antibiotic selection, cells were seeded on cover slips prior to fixation and antibody staining
for confocal microscopy visualization. Cells were stained for FLAG (shown in green) to assess
localization and expression of ANKLE2-3xFLAG. Cells were counterstained (shown in magenta)
for various organelle markers (SERCA2 = ER, TOMM20 = mitochondria, GRASP65 = Golgi). Two
wells were infected with ZIKV MR766 at MOI 5 for 48 hours and stained for ZIKV proteins (NS4A
and E in magenta). At least five images were captured of each condition and colocalization of
between FLAG and the counterstained protein was measured for 22-30 individual cells using

ImageJ.
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Appendix C-2: Validation of ZIKV neutralization by UV sterilization. (A) HEK293T GFP-3xF
cells were infected with ZIKV MR766 at MOI 5 for 48 hours. Brightfield and GFP images were
acquired using ZOE Fluorescent Cell Imager (BioRad). (B) ZIKV titer was measured in technical
duplicate from the cell media supernatant at shown times after UV sterilization. One plate was left
with the polypropylene lid on while the other plate was left in the hood without the lid. ZIKV titer

was determined by plaque assay.
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Appendix C-3: Initial validation of ANKLE2 proteomic samples and data. (A) After each
infection replicate, a sample of cell media was harvested and frozen at -80°C. One all replicates
were complete, ZIKV titer of each replicate was determined by plaque assay. (B) Analysis plot
from Spectronaut™ showing number of identified protein groups per replicate. Colors indicate the
number of samples that each protein identification was found. (C) Principal component analysis

plot generated by Spectronaut™ showing relative separation of GFP and ANKLE2 datasets.
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ANKLE2-Mock vs. GFP-Mock
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Appendix C-4: Volcano plot of protein identifications from mock infected ANKLE2-3xF vs.

GFP-3xF samples. Volcano plot of all proteins identified in ANKLE2 or GFP mock data. On x-
axis proteins are distributed by log. fold change (ANKLE2/GFP) in protein quantity. On y-axis
proteins are distributed by -log1 adjusted p-value calculated by MSstats. Values on top of graph
represent identifications with adj. p-value = 0, arising from no identification of the given protein in
one set of data. Additionally, candidates were filtered using the Bayesian false-discovery rate
(BFDR) using SAINTexpress. Proteins that meet all three criteria are colored blue and represent

candidate mock ANKLE2-interactors.

257



ANKLEZ2-ZIKV vs. GFP-ZIKV

- RS EE WO & O o ®r soman - oo

Cutoffs
BFDR £ 0.1

adj.p-value < 0.005
Log, Fold-Change 2 1.5

Candidates »
717/8705 Proteins (8.2%)

L]
°

' i

TP L Gy g iy g g

() ®
735 2o8% e, o
(Y L L)
|> 6_‘ o""; d g
Q. ‘.:.‘ S 4 b
AL BT
© .‘ }‘ Pe &L o
Qo M °os
w 5" :'uﬁ > .l .
2, ol o = e
o | o o, e » &
© - 3 #
o 4— K s AL ®
6—) , 8 >
ke) . . 8
| 3-< 2 : ,...
': . ‘.0'0 e
.................................... =z '--!..--_-_-_Q.-...-Q...---_---_.‘
2..
I
1‘ o
K
il
)
. Wt
0 . i

0 -8 -6 -4 -2 0 2 4 6 8 10
Protein Quantity log, Fold Change
Appendix C-5: Volcano plot of protein identifications from ZIKV infected ANKLE2-3xF vs.
GFP-3xF samples. Volcano plot of all proteins identified in ANKLE2 or GFP ZIKV-infected data.
On x-axis proteins are distributed by log. fold change (ANKLE2/GFP) in protein quantity. On y-
axis proteins are distributed by -log1o adjusted p-value calculated by MSstats. Values on top of
graph represent identifications with adj. p-value = 0, arising from no identification of the given
protein in one set of data. Additionally, candidates were filtered using the Bayesian false-discovery

rate (BFDR) using SAINTexpress. Proteins that meet all three criteria are colored pink and

represent candidate ZIKV ANKLE2-interactors.
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Appendix C-6: Candidate Proteins with ties to orthoflavivirus replication or clinical

microcephaly.

Protein | UniProt Search Term Reference(s)
ID
ACBD5 Q5T8D3 | Clinical Microcephaly | Kaiyrzhanov et al., 2013, Brain
ADCY7 P51828 Flavivirus Replication | Rossi et al., 2019, Journal of Internal Medicine
Regal et al., 2014, Molecular Genetics and
Metabolism Reports
ALG11 Q2TAA5 | Clinical Microcephaly | Mulkey et al., 2019, Pediatric Neurology
Chantert et al., 2002, Journal of Biological
ALG12 Q9BV10 | Clinical Microcephaly | Chemistry
Tréguier et al., 2022, Journal of Virology
APOE P02649 Flavivirus Replication | Faustino et al., 2015, Science Reports
ATL2 Q8NHH9 | Flavivirus Replication | Neufeldt et al., 2019, Nature Microbiology
ATL3 Q6DD88 | Flavivirus Replication
Karacan et al., 2019, Turkish Journal of
ATP6VOA2 | Q9Y487 | Clinical Microcephaly | Haematology
ATP9A 075110 Clinical Microcephaly | Vogt et al., 2022, Journal of Medical Genetics
AUP1 Q9Y679 | Flavivirus Replication | Zhang et al., 2018, Cell Host & Microbe
Ambrose and Mackenzie, 2013, Journal of
ATF6 P18850 Flavivirus Replication | Virology
B3GAT3 094766 Flavivirus Replication | Gao et al., 2019, Virology
Cacciagli et al., 2013, American Journal of
BCAP31 P51572 Clinical Microcephaly | Health Genetics
BCL6 P41182 Flavivirus Replication | Guo et al., 2018, Veterinary Microbiology
CACNA1H | 095180 | Flavivirus Replication | Long et al., 2016, Genes and Immunity
Oliveira et al., 2018, PLOS Neglected Tropical
CHST10 043529 | Flavivirus Replication | Diseases
Veeramah et al., 2013, Epilepsia
CLCN4 P51793 Clinical Microcephaly | Li et al., 2023, Frontiers in Neurology
Accogli et al., 2019, European Journal of
CNNM2 Q9H8M5 | Clinical Microcephaly | Medical Genetics
Vieira et al., 1995, Blood
Shirabe et al., 1995, American Journal of
CYB5R3 P00387 Clinical Microcephaly | Human Genetics
DDOST P39656 Flavivirus Replication | Petrova et al., 2019, Viruses
DERL1 Q9BUNS8 | Flavivirus Replication | Tabata et al., 2021, Journal of Virology
DHODH Q02127 Flavivirus Replication | Tang et al., 2022, Journal of Medical Virology
DOLK Q9UPQ8 | Clinical Microcephaly | Komlosi et al., 2021, Frontiers in Genetics
EMC2 Q15006 Flavivirus Replication | Ma et al., 2015, Cell Reports
EMC3 Q9P0I2 Flavivirus Replication | Marceau et al., 2016, Nature
Marceau et al., 2016, Nature
EMC4 Q5J8M3 | Flavivirus Replication | Bagchi et al., 2022, PLOS Pathogens
ERLIN1 075477 Flavivirus Replication | Whitten-Bauer et al., 2019, Cells
FBXL4 Q9UKA2 | Clinical Microcephaly | El-Hattab et al., 2017, Human Mutation
FBX028 Q9NVF7 | Clinical Microcephaly | Schneider et al., 2021, Epilepsia
FKRP Q9H9S5 | Clinical Microcephaly | Louhichi et al., 2004, Neurogenetics
Wispelaere et al., 2013, Journal of Virology
Vincetti et al., 2015, Journal of Medicinal
FYN P06241 Flavivirus Replication | Chemistry
GNB1 P62873 Clinical Microcephaly | Lee et al., 2020, Frontiers in Genetics
HMGCR P04035 Flavivirus Replication | Soto-Acosta et al., 2017, PLOS Pathogens
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Su et al., 2020, FASEB

HMOX1 P09601 Flavivirus Replication | Yan et al., 2023, Journal of Medical Virology
Esk et al., 2020, Science
Sobu et al., 2022, Journal of Clinical Research
IER3IP1 Q9Y5U9 | Clinical Microcephaly | in Pediatric Endocrinology
ITGB5 P18084 Flavivirus Replication | Zhu et al., 2020, Cell Stem Cell
Faustino et al., 2014, Nanomedicine
Huang et al., 2021, Emerging Microbes and
LDLR P01130 Flavivirus Replication | Infections
LMAN2L Q9HOV9 | Flavivirus Replication | Xi et al., 2020, Veterinary Microbiology
Malhotra et al., 2021, Journal of Medical
LMBRD2 Q68DH5 | Clinical Microcephaly | Genetics
LNPK Q9COE8 | Flavivirus Replication | Tran et al., 2021, Viruses
LYN P07948 Flavivirus Replication | Li et al., 2020, Nature Communications
MAGT1 Q9HOU3 | Flavivirus Replication | Lin et al., 2017, mBio
Farné et al., 2020, American Journal of
MBOAT7 Q96N66 | Clinical Microcephaly | Medical Genetics Part A
MFF Q9GZY8 | Clinical Microcephaly | Nasca et al., 2018, Frontiers in Genetics
NAAA Q02083 Flavivirus Replication | Lai et al., 2023, Antiviral Research
NDUFA8 P51970 Clinical Microcephaly | Yatsuka et al., 2020, Clinical Genetics
Hoefs et al., 2020, Molecular Genetics and
Metabolism
NDUFS1 pP28331 Clinical Microcephaly | Roberts et al., 2014, Gene
Budde et al., 2000, Biochemical and
NDUFS4 043181 | Clinical Microcephaly | Biophysical Research Communications
Farach and Northrup, 2016, American Journal
of Medical Genetics Part A
Lange et al., 2016, Journal of Medical
NEXMIF Q5QGS0 | Clinical Microcephaly | Genetics
0s9 Q13438 | Flavivirus Replication | Noack et al., 2014, Journal of Virology
OSBP P22059 Flavivirus Replication | Meutiawati et al., 2018, Antiviral Research
Granzow et al., 2015, Molecular and Cellular
Probes
PGAP1 Q75T13 | Clinical Microcephaly | Kettwig et al., 2016, BMC Neurology
Swoboda et al., 2014, American Journal of
PIGA P37287 Clinical Microcephaly | Medical Genetics Part A
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Appendix C-7: Replicative ability of different ZIKV strains in different cell lines. HEK293T
or SK-N-BE2 cells were infected with three different ZIKV strains (MR766, Uganda 1947,
H/PF/2013, French Polynesia 2013, or PRVABC59, Puerto Rico 2015) at MOI 1. Virus

supernatant was harvested every 24 hours and titer was determined by plaque assay.
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Appendix C-8: Overlap of ANKLE2-ZIKV proteomic candidates with other ZIKV proteomics

studies.
#in screen | # of candidate .
0, 0,
Dataset (Unique overlap (ZIKV) c:r)gifclc:tjés % (cj);:Zelr Technique (Cell Line)
Proteins) (717 total)
Shah, Streptactin-AP of ind. ZIKV
2018 366 75 10.46 20.49 proteins (HEK293T)
Coyaud, BiolD and FLAG-AP of ind.
2018 873 133 18.55 15.23 ZIKV proteins (HEK293T)
Scaturro, HA-AP of ind. ZIKV proteins
»o18 275 45 6.28 16.36 (SK-N-BE2)
Golubeva, Streptavidin-AP of ind. ZIKV
2019 150 4 0.56 2.67 NS proteins (HEK293T)
Zeng, FLAG-AP of ind. ZIKV
2020 201 10 1.39 4.98 proteins (Neural Stem Cells)
Denoll HA-AP of Calnexin-
2023y, 46 3 0.42 6.52 associated ER membranes
after ZIKV infection (A549)
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