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ABSTRACT The latest outbreak of Zika virus (ZIKV) in the Americas was associated
with significant neurologic complications, including microcephaly of newborns. We
evaluated mechanisms that regulate ZIKV entry into human fetal astrocytes (HFAs).
Astrocytes are key players in maintaining brain homeostasis. We show that the cen-
tral mediator of canonical Wnt signaling, b-catenin, regulates Axl, a receptor for
ZIKV infection of HFAs, at the transcriptional level. In turn, ZIKV inhibited b-catenin,
potentially as a mechanism to overcome its restriction of ZIKV internalization
through regulation of Axl. This was evident with three ZIKV strains tested but not
with a laboratory-adapted strain which has a large deletion in its envelope gene.
Finally, we show that b-catenin-mediated Axl-dependent internalization of ZIKV may
be of increased importance for brain cells, as it regulated ZIKV infection of astrocytes
and human brain microvascular cells but not kidney epithelial (Vero) cells.
Collectively, our studies reveal a role for b-catenin in ZIKV infection and highlight a
dynamic interplay between ZIKV and b-catenin to modulate ZIKV entry into suscepti-
ble target cells.

IMPORTANCE ZIKV is an emerging pathogen with sporadic outbreaks throughout the
world. The most recent outbreak in North America was associated with small brains
(microcephaly) in newborns. We studied the mechanism(s) that may regulate ZIKV
entry into astrocytes. Astrocytes are a critical resident brain cell population with
diverse functions that maintain brain homeostasis, including neurogenesis and neu-
ronal survival. We show that three ZIKV strains (and not a heavily laboratory-adapted
strain with a large deletion in its envelope gene) require Axl for internalization. Most
importantly, we show that b-catenin, the central mediator of canonical Wnt signal-
ing, negatively regulates Axl at the transcriptional level to prevent ZIKV internaliza-
tion into human fetal astrocytes. To overcome this restriction, ZIKV downregulates
b-catenin to facilitate Axl expression. This highlights a dynamic host-virus interaction
whereby ZIKV inhibits b-catenin to promote its internalization into human fetal
astrocytes through the induction of Axl.
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Zika virus (ZIKV) is a mosquito-transmitted flavivirus originally discovered in Uganda
in 1947 (1) which expanded into the Americas with outbreaks in 2014 and 2015.

The viral genome consists of an 11-kb single-stranded positive-sense RNA encoding a
single open reading frame between 59 and 39 untranslated regions (UTRs). Upon cell
entry, the viral RNA is translated, and the polyprotein is cleaved by cellular and viral
proteases. Cleavage of ZIKV polyprotein generates three structural proteins, capsid (C),
envelope (E), and premembrane (prM), which form the virion. The remaining proteins
are nonstructural, consisting of NS1, NS2A, NS2B, NS3, NS4A NS4B, and NS5, many of
which act as transcriptional machinery within the host endoplasmic reticulum (ER).
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NS1, NS4A/B, and NS5 contribute to both pathogenesis and host cell immune evasion
(2, 3).

Approximately 20% of ZIKV infections are symptomatic, with patients presenting
with myalgia, arthralgia, rash, fever, conjunctivitis, and, in severe cases, Guillain-Barré
syndrome (4). In newborns, the recent outbreak in the Americas was associated with
congenital ZIKV syndrome, which represents significant neurologic abnormalities,
including microcephaly (small brain), seizures, swallowing problems, hearing and sight
abnormalities, and disrupted neurovasculature (5). Although the mechanisms that
underlie these pathologies are yet to be established, ZIKV is neurotrophic and has a
broad tropism for brain cells, including neural progenitor cells, microglia, and astro-
cytes (6–8). Astrocytes are the first cells to be infected in the brain, as demonstrated by
ZIKV infection of immunocompetent mice; astrocytes subsequently disseminate the
virus throughout the central nervous system (CNS) (9). Further, in vitro studies demon-
strated productive ZIKV infection of astrocytes, which undergo prolonged viral shed-
ding and may ultimately undergo apoptosis (10, 11). Astrocytes are a robust cell popu-
lation in the brain. They play critical roles in fetal brain development, maintaining
blood-brain barrier integrity, scavenging for excess neurotoxin neurotransmitters, reg-
ulating the ion concentration in the brain, storing glycogen to be converted to glu-
cose, releasing neurotrophic factors, and even playing a role in immune regulation in
the brain (12, 13). As such, their dysregulation and/or apoptosis in response to ZIKV
infection can be a critical component of ZIKV-mediated neuropathogenesis; however,
the mechanism(s) driving these effects is not entirely clear.

Wnt/b-catenin is an important pathway for the survival, development, and function
of many organ systems, including the CNS (14). Dysregulation of this pathway is linked
to neurodegenerative and psychiatric disorders, including Alzheimer’s disease,
neuroHIV, and schizophrenia (15–17). Astrocytes robustly express the Wnt/b-catenin
pathway, and their functions are intimately tied to this pathway (18). b-Catenin is a
transcriptional coactivator and the central mediator in the canonical Wnt/b-catenin
pathway. The pathway is initiated by the binding of Wnts (small, secreted glycopro-
teins) to seven transmembrane frizzled receptors and a coreceptor (low-density lipo-
protein receptor-related protein 5/6 [LRP5/6]). This ligand/receptor binding leads to
the destabilization of a proteasomal destruction complex, resulting in b-catenin accu-
mulation. Stabilized b-catenin translocates to the nucleus and binds to T cell factor/
lymphoid enhancer family (TCF/LEF) transcription factors to regulate target gene
expression (19). b-Catenin is also a major structural component of the adherens junc-
tion protein complex linking N-cadherin to a-catenin and actin. The Wnt/b-catenin
pathway has also been implicated in viral life cycles. It is a positive regulator of influ-
enza virus replication (20, 21), and infection with West Nile virus leads to downregula-
tion of the adherens and tight-junction proteins ZO-1, claudin-1, occludin, and b-cate-
nin in brain endothelial cells, leading to higher levels of viral infiltration (22). Further,
b-catenin forms a multiprotein complex with TCF4 and a nuclear matrix protein,
SMAR1, on the HIV-1 promoter to pull the HIV DNA away from the nuclear matrix, pre-
venting RNA polymerase II docking and suppressing HIV-1 transcription (19, 23, 24).

The host receptor(s) mediating ZIKV entry is not completely clear. Evidence sug-
gests that the tyrosine kinases Tyro3, Axl, and Mer can mediate the binding and inter-
nalization of ZIKV into human astrocytes (7, 25–27). Further, ZIKV can utilize Axl to
inhibit interferon-stimulated genes (ISGs) through activation of SOCS1, promoting
astrocyte infection (27). ZIKV also uses Axl to infect human endothelial cells (28).
However, Axl is not a bona fide universal ZIKV receptor, as it is not required for ZIKV
infection of the neuronal progenitor (29) or for infection of mouse models (30, 31). We
evaluated here the effect of various strains of ZIKV on the infection of human fetal
astrocytes (HFAs). We used two Asian-lineage ZIKV strains (PRVABC59 and FLR [herein
ZIKVPRV and ZIKVFLR, respectively) isolated from patients in Puerto Rico and Colombia,
respectively, and two African-lineage strains (MR766 and IBH30656 [herein ZIKVMR and
ZIKVIBH, respectively]). ZIKVMR was isolated from a sentinel rhesus monkey in Uganda
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and ZIKVIBH from human blood from a Nigerian patient. Both African-lineage strains
were extensively passaged intracranially in animals. Our studies reveal that b-catenin
regulates Axl expression at the transcriptional level, which is required for ZIKV internal-
ization into human fetal astrocytes, except in an extensively lab-adapted strain. Further
b-catenin-mediated regulation of Axl is important for infection of endothelial cells and
not kidney epithelial cells, suggesting that the b-catenin/Axl axis is required for the
infection of some brain cells. These findings demonstrate that b-catenin inhibits ZIKV
internalization into human fetal astrocytes through regulation of Axl and that ZIKV in
turn overcomes this restriction through inhibiting b-catenin.

RESULTS
ZIKV infects astrocytes and triggers cytopathic effects. To determine the impact

of diverse ZIKV strains on human fetal astrocytes (HFAs), HFAs were infected with one
of four ZIKV strains (PRVABC59 [ZIKVPRV], FLR [ZIKVFLR], MR766 [ZIKVMR], or IBH30656
[ZIKVIBH]) at a multiplicity of infection (MOI) of 0.5, and cell viability was assessed at 1
to 21 days postinfection. Infection with the Asian-lineage strains representative of the
American outbreak of ZIKVPRV and ZIKVFLR, as well as the African strain ZIKVMR, caused
modest (;15 to 30%) cell death compared to that of mock-infected cells at 7 days
postinfection (dpi), followed by a slight recovery in viability for the remaining time
points up to 21 dpi (Fig. 1a). Infection with ZIKVIBH caused severe cell death in that
.70% of cells were not viable by 7 dpi, and by day 21, most of the cells were dead,
with complete clearance of the plate of adherent cells (Fig. 1a). Given that ZIKVPRV,
ZIKVFLR, and ZKIVMR behaved relatively the same with regard to the kinetics of modest
cell death and that ZIKVIBH showed dramatic effects on cell death, we evaluated ZIKVIBH

versus ZIKVPRV more closely. ZIKVIBH-infected cells had ;10-fold more intracellular viral
RNA than ZIKVPRV-infected cells at 24 h postinfection despite being inoculated at the
same MOI (Fig. 1b), suggesting that ZIKVIBH is more proficient in infecting HFAs than
ZIKVPR. At 48 h, however, intracellular viral RNA levels were similar between the two
strains, which may be due to an accelerated rate of death by ZIKVIBH. Sequence com-
parison of partial ectodomain regions of envelope (E) proteins showed deletion of 6
amino acid residues in the 150 loop region of ZIKVIBH compared with the sequences of

FIG 1 ZIKV infection of human fetal astrocytes (HFAs) and cytopathology. (a) HFAs were propagated in 48-well tissue culture plates to ;90% confluence
and infected with ZIKVPRV, ZIKVFLR, ZIKVMR, or ZIKVIBH at an MOI of 0.5. Twenty-four hours later, the medium was replaced and cells were cultured for 0 to
20 days. The viability of cells was measured by the MTS assay. (b) HFAs were infected with ZIKVPRV and ZIKVIBH at an MOI of 0.5 in a 24-well format, cells
were harvested for RNA at the indicated times postinfection, and viral copy numbers were determined by qPCR. (c) A sequence alignment of partial E
protein ectodomains from all four ZIKV strains, DENV-1, WNV, and YFV is depicted, with residues in color highlighting differences in amino acids to the
50% consensus. The solid box indicates the 150 loop region, and the dotted box indicates the 6-amino-acid region absent in ZIKVIBH. Asterisks denote a P
of #0.001. Data represent means 6 SEM and were analyzed by comparing each strain over time using the one-way ANOVA Bonferroni multiple-
comparison test.
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other Zika strains (Fig. 1c, dotted-line box). Similar deletions of 5 to 9 residues are
found within the 150 loop region of other flaviviruses, such as the Dengue, yellow
fever, and West Nile viruses (DENV, YFV, and WNV, respectively) (Fig. 1c, solid-line box).

ZIKV inhibits b-catenin in HFAs. To investigate the role of b-catenin in ZIKV infec-
tion, we measured the protein expression of total b-catenin by Western blotting (WB)
from HFAs infected with one of the four ZIKV strains at 3 dpi. Total b-catenin expres-
sion was significantly reduced (by 54 to 78%) in cultures infected with ZIKVPRV, ZIKVFLR,
and ZIKVMR but not in cultures infected with ZIKVIBH (Fig. 2a and b). This downregula-
tion of b-catenin occurred at later stages of infection (day 3 postinfection) (Fig. 2c).
Since b-catenin is a pro-survival factor and positively regulates Bcl2 and BcL-xL (antia-
poptotic proteins) (32), we assessed whether overexpression of active b-catenin can
protect the cells from ZIKV-mediated cell death. Due to the limited cell death exhibited
by three of the four strains, a higher virus MOI was used to expand the dynamic range
of the survival assay. Overexpression of a constitutively active b-catenin in HFAs 24 h
prior to ZIKV infection resulted in a significant increase in cell viability (at least 50%
higher than that of mock-infected cells) in both ZIKVPRV- and ZIKVFLR-infected cells but
not in ZIKVMR- or ZIKVIBH-infected cells (Fig. 2d). Further, infection of HFAs with ZIKV in
the presence of pABC (b-catenin overexpression plasmid) significantly decreased
(.50%) the number of ZIKVFLR-infected cells (Fig. 2e), and the amount of ZIKVPRV-
infected cells trended toward a decrease of ;20% (Fig. 2f). Notably, despite a higher
MOI, ZIKVMR infection still resulted in minimal cell death, which may partially explain
b-catenin’s inability to increase survival.

Induction of b-catenin inhibits internalization of ZIKV in HFAs. To determine
the mechanism by which b-catenin impacts ZIKV infection, we evaluated at which
stage in the ZIKV life cycle (early, middle, or late) b-catenin may exert its effect.
b-Catenin was induced in HFAs either by transfection of a constitutively active b-cate-
nin plasmid or by treatment of cells with 6-bromoindirubin-39-oxime (BIO) at a 1mM
concentration. BIO activates b-catenin through inhibition of glycogen synthase kinase

FIG 2 ZIKV infection of HFAs inhibits b-catenin expression, and the induction of b-catenin rescues HFAs from ZIKV-mediated cell death. (a) HFAs were
infected with the ZIKVPRV, ZIKVFLR, ZIKVMR, or ZIKVIBH strain for 4 days, cells were lysed for protein extraction and quantitation, and Western blotting was
performed for total b-catenin. GAPDH was used as a loading control. (b) Band intensities from the WB were calculated using ImageJ, were normalized to
GAPDH, and are represented as fold changes from results for uninfected cells. (c) HFAs were infected with ZIKVPRV or ZIKVFLR at an MOI of 0.5 for 1 to
4 days, cells were lysed for protein extraction and quantified by the BCA assay, and equal amounts of total cell proteins were processed for the detection
of b-catenin and GAPDH by WB for 24 h to 96 h. (d) A constitutively active plasmid of b-catenin (pABC) or a control plasmid (pcDNA) were transfected into
HFAs at 24 h posttransfection, the cells were infected with ZIKVPRV or ZIKVFLR at an MOI of 1.0, and cell viability was measured with MTS at day 4
postinfection. (e) pcDNA (control plasmid [PC]) or pABC was transfected into astrocytes; at 24 h posttransfection, the cells were infected with ZIKVFLR (e) or
ZIKVPRV (f) at an MOI of 1.0, and 24 h later, the percentage of cells positive for ZIKV was calculated by intracellular flow cytometry using an antibody
against ZIKA Env. Data were analyzed by FlowJo. Data are means 6 SEM and were analyzed using a two-tailed one-sample t test. *, P # 0.05.
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3 a/b (GSK3a/b), which is part of the b-catenin destruction complex. Inhibition of
GSK3a/b allows for the accumulation of stabilized b-catenin in the cytoplasm, fol-
lowed by its translocation to the nucleus (33, 34). At a 1mM concentration, BIO induces
b-catenin robustly in human astrocytes without affecting cell viability (34). Twenty-
four hours postinduction of b-catenin, cells were infected with various ZIKV strains at
an MOI of 0.5 for 5 hours, washed, and trypsinized to remove bound virus, and the in-
tracellular level of ZIKV RNA was measured by real-time PCR. Induction of b-catenin
reduced the internalization of ZIKVPRV and ZIKVFLR by .50% (P , 0.05) and of ZIKVMR

by ;50% (P , 0.05) compared to that of a vehicle-treated infected control (Fig. 3a).
Induction of b-catenin had no effect on the internalization of ZIKVIBH (Fig. 3a). Small-
molecule inhibition of GSK3b can have off-target effects, including inhibition of
GSK3b itself. Hence, to rule out this possibility, we repeated the experiments by induc-
ing b-catenin via plasmid-based overexpression of active b-catenin. We observed simi-
lar results, with a .50% reduction in ZIKVPRV, ZIKVFLR, and ZIKVMR (P , 0.05) internaliza-
tion in the presence of induced b-catenin, while ZIKVIBH internalization had no effect
under similar conditions (Fig. 3b). Transfection of pABC into HFAs significantly
increased cytoplasmic b-catenin and demonstrated a higher localization of the tran-
scriptionally active form of b-catenin in the nucleus (Fig. 4a to h). Treatment with BIO
at 1mM along with transfection with a Wnt/b-catenin reporter plasmid (TOPFlash)
induced luciferase reporter activity by approximately 31-fold (Fig. 4g). Further, we used
RNAscope, a highly sensitive in situ hybridization technique, as an independent
approach to quantify the internalization of ZIKV in HFAs with and without inhibition of

FIG 3 The induction of b-catenin inhibits ZIKV internalization in HFAs. (a) HFAs were incubated with 1mM BIO
or a vehicle (DMSO) for 24 h and infected with ZIKVPRV, ZIKVFLR, ZIKVMR, or ZIKVIBH at an MOI of 0.5 for 5 h, and
then RNA was extracted and qPCR performed to measure intracellular ZIKA viral RNA. (b) HFAs were incubated
with 200 ng of the control plasmid (pcDNA) or the constitutively active b-catenin construct (pABC) for 24 h
and infected with the indicated viruses, and ZIKV intracellular RNA levels were measured by qPCR. (c) HFAs
were seeded on coverslips in a 24-well plate, incubated with 1mM BIO or the vehicle (DMSO) for 24 h, and
infected with the indicated viruses at an MOI of 1.0 for 5 h, and then RNAscope was performed to visualize
ZIKV RNA within cells. Arrows point to ZIKV RNA fluorescent signals (spots) in cells. UI, uninfected. (d) ZIKV RNA
spots and nuclei (DAPI) were counted and analyzed using ImageJ, quantified by imaging 5 random fields per
well, and analyzed using one-way ANOVA and Bonferroni’s multiple-comparison test. Data are means 6 SEM
and were analyzed using a two-tailed one-sample t test unless otherwise indicated. *, P # 0.05.
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b-catenin. Treatment with BIO followed by infection with ZIKVPRV and counting of RNA
spots indicated significantly less ZIKV RNA in cells treated with BIO (2.75-fold reduction
in ZIKV RNA spots per cell) (Fig. 3c and d).

Induction of b-catenin negatively regulates the expression of Axl and Tyro3.
Given that ZIKV was reported to use the tyrosine receptor kinases Axl and Tyro3 to
enter target cells (7, 25–27, 35, 36) and we showed inhibition of ZIKV internalization by
induction of b-catenin, we assessed the relationship between b-catenin, Axl, and
Tyro3. Induction of b-catenin, without infection, either by BIO (Fig. 5a) or overexpres-
sion of active b-catenin (Fig. 5b) significantly reduced the mRNA expression of Axl and
Tyro3 in HFAs by 60 to 70%. Conversely, small interfering RNA (siRNA)-mediated knock-
down of b-catenin increased the expression of Tyro3 and Axl mRNAs by ;1.7- and
;1.5-fold, respectively (Fig. 5c). The efficiency of siRNA knockdown (KD) of b-catenin
in HFAs is routinely above 90%, as we reported previously (18, 34). Further, b-catenin
induction led to a reduction in the surface expression of Axl and Tyro3 proteins, as
demonstrated by flow cytometry. Specifically, doubly positive (Axl1 Tyro31) cells and
singly positive (Tyro31 or Axl1) cells were reduced by approximately 2-fold (Fig. 4d
and e). Downregulation of b-catenin by ZIKVFLR infection in HFAs after 72 h postinfec-
tion exhibited no change in the surface expression of Axl, as evaluated by flow cytome-
try (Fig. 5f).

Internalization of ZIKV in HFAs is dependent on Axl and not Tyro3. ZIKV inter-
nalization is not fully understood, with the viral receptor target being contingent on
the cell type. Axl was described as an important receptor for ZIKV entry in astrocytes,
with entry mediated by the binding of the Axl ligand growth arrest-specific 6 (Gas6),
and when expressed, it transiently allows otherwise-nonpermissive cells to become
permissive (7, 26, 27, 36). To determine if the downregulation of Axl and/or Tyro3
reduces ZIKV internalization, we used siRNAs to KD Axl and Tyro3. The targeted siRNAs
were highly effective in the KD of their respective targets (Fig. 6a); Axl siRNA did not
impact Tyro3 (Fig. 6a), and Tyro3 siRNA did not impact Axl (Fig. 6b), demonstrating
specificity for their respective target. We next assessed whether KD of Axl can prevent

FIG 4 Active b-catenin is detected both in the nucleus and in the cytoplasm after induction using a constitutively active construct of b-catenin. (a)
Astrocytes were plated on laminin-coated coverslips in a 24-well format, transfected with pcDNA (control plasmid) or pABC (constitutively active b-catenin)
for 24 h, and stained with fluorescently labeled primary antibodies for total b-catenin (a to c) or active b-catenin (d to f) along with DAPI for the nucleus.
Images were captured using a Keyence BZ-X810 microscope and analyzed using BZ-X800 Analyzer software. (c and f) Magnified images of the boxes in
panels b and e, respectively. Arrows in panel c show the total b-catenin signal in the cytoplasm away from the nucleus (DAPI), and arrows in panel f
indicate the active b-catenin signal in the nucleus. Signal intensities of at least 40 random spots were measured, and the mean brightness was calculated
using BZ-X800 Analyzer software and plotted for total b-catenin (g) and active b-catenin (h). (i) Astrocytes were treated with DMSO or BIO for 24 h and
transfected with TOPFlash (a Wnt pathway reporter plasmid) for 24 h. Cells were lysed, and clarified lysate was subjected to luciferase and BCA assays.
Relative luciferase activity (RLU) was normalized to the total protein content and is plotted as RLU per microgram of protein. Data were analyzed using a
two-tailed one-sample t test and are represented as means 6 SEM. *, P # 0.05; **, P , 0.01.
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the internalization of ZIKVPRV, as it is a strain which demonstrated downregulation of
b-catenin. KD of Axl resulted in a .50% reduction in ZIKVPRV internalization (Fig. 6a),
while KD of Tyro3 had no effect (Fig. 6b). A double KD of Axl and Tyro3 exhibited high
efficiency in Axl and Tyro3 mRNA depletion and, as expected, resulted in an ;50%
reduction (P , 0.05) in ZIKV internalization, showing a specific correlation with the KD
of Axl and the reduction in ZIKV internalization (Fig. 6c). Additionally, overexpression
of Axl via a mammalian expression plasmid increased the entry of ZIKVPRV and allevi-
ated BIO-mediated inhibition of ZIKV entry (Fig. 6d). Taken together, these results dem-
onstrate that Axl and not Tyro3 is crucial for the internalization of ZIKVPRV in HFAs.

b-Catenin interacts with TCF4 to repress Axl transcription. Canonical b-catenin
signaling involves b-catenin interaction with members of the TCF/LEF family of tran-
scription factors (TCF1, TCF3, TCF4, and LEF1) to regulate gene expression. We identi-
fied and analyzed a 2-kb promoter region upstream of the Axl translation site and
found a single consensus binding site for TCF/LEF transcription factors between posi-
tions 21782 and 21775 by PROMO analysis. Further binding sites for Sp transcription
factors were also identified (37) (Fig. 6e). Chromatin immunoprecipitation (ChIP) fol-
lowed by real-time PCR analysis of the promoter region indicated strong binding of
TCF4 and not LEF1 specifically at the TCF/LEF binding site (Fig. 6f). Together, these
results indicate that b-catenin negatively regulates Axl transcription by interacting
specifically with TCF4 to repress Axl gene expression.

b-Catenin regulation of Axl transcription is cell type dependent. Recent reports
have characterized additional cell receptors for ZIKV entry, such as integrin avb5, TIM,
Mer, and DC-SIGN (35, 38, 39), depending on the cell type. Because b-catenin inhibited
ZIKV internalization via downmodulation of Axl in HFAs, we examined whether activa-
tion of b-catenin in other ZIKV-susceptible cells would downregulate Axl and subse-
quently inhibit ZIKV internalization. Human brain microvascular endothelial cells
(HBMECs), an endothelial cell line, are highly permissive to ZIKV infection (40, 41).

FIG 5 Induction of b-catenin downregulates Axl and Tyro3 transcription. (a) HFAs were incubated with 1mM BIO or DMSO for 24 h, and the expression of
Axl, Tyro3, and Mer was determined by qPCR. Data were normalized to GAPDH and are expressed as fold changes from results with the vehicle. (b)
Constitutively active b-catenin (pABC) or a control plasmid (pcDNA) was transfected into HFAs and incubated for 24 h, and then the mRNA expression of
Axl and Tyro 3 was determined by qPCR. Data are normalized to GAPDH and expressed as fold changes from results with the vehicle. (c) siRNA against
b-catenin and scrambled siRNA (SCM) were transfected into HFAs and incubated for 72 h, and then the mRNA expression of Axl, Tyro3, and Mer was
determined by qPCR. Data were normalized to GAPDH and are expressed as fold changes from results for the control siRNA. (d) Representative dot blot of
the surface expression of Axl and Tyro3 on HFAs postincubation with 1mM BIO or DMSO for 24 h. Data were acquired using an LSR II flow cytometer. (e)
Flow data were analyzed using FlowJo and are represented as percentages of cells positive for Axl or Tyro3. (f) HFAs were infected with the ZIKVPRV and
ZIKVFLR strains for 3 to 4 days, cells were lifted by sterile PBS-EDTA (5mM) treatment (followed by gentle scraping or by Accutase treatment), stained with
anti-Axl antibody or control IgG, and subjected to flow cytometry to measure the surface expression of Axl. Data were analyzed using FlowJo and are
represented as percentages of cells positive for Axl. Data are means 6 SEM and were analyzed using a two-tailed one-sample t test unless otherwise
indicated. *, P # 0.05.
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Induction of b-catenin reduced the expression of Axl and ZIKV infection of HBMECs
without altering Tyro3 expression (Fig. 7a). Interestingly, Vero cells that are regularly
used to propagate ZIKV showed increased sensitivity toward ZIKV entry and Tyro3
expression with respect to b-catenin induction and no change in Axl expression
(Fig. 7b). Further, ZIKV infection had no effect on b-catenin expression in these cells
(Fig. 7c and d).

DISCUSSION

ZIKV neuropathogenesis relies heavily on the infection of astrocytes after initial neu-
roinvasion (9, 42). Although ZIKV infection of astrocytes leads to significant cytopathol-
ogy, it also supports prolonged viral shedding (10), which is correlated with worse
patient outcomes (43). Viral RNA shedding has also been observed over weeks in urine
and over months in semen (44, 45), which is likely due to productive infection of renal
proximal tubular epithelial cells and human Sertoli cells (46, 47). In the brain, the con-
tinued shedding of ZIKV in astrocytes can drive neuropathogenesis either through
direct cytopathic effects or indirect viral effects through induction of inflammatory
responses in the brain. We show here that the contemporary and clinically relevant
strains ZIKVPRV and ZIKVFLR and the African strain ZIKVMR infect astrocytes without major
cell death for at least 21 days, confirming the persistent infection of astrocytes with
ZIKV.

While the ZIKVPRV, ZIKVFLR, and ZIKVMR strains exhibited modest killing of HFAs,
ZIKVIBH resulted in .80% loss in cell viability within 7 dpi. Many factors may underlie
this observation. We observed that ZIKVIBH enters nearly 200 times more HFAs than
ZIKVPRV, and this entry is independent of b-catenin and Axl. This robust entry may be

FIG 6 Knockdown of Axl inhibits internalization of ZIKV in HFAs. HFAs were transfected with scrambled or siRNA against Axl (a), Tyro 3 (b), or both Axl and
Tyro 3 (c) at 100 nM each for 72 h and infected with the indicated virus at an MOI of 0.5 for 5 h, and then RNA was measured by qPCR. Data are
normalized to GAPDH and are expressed as fold changes from results for the scrambled siRNA. (d) HFAs were transfected with the control plasmid (pcDNA)
(PC) or a mammalian expression plasmid containing the full-length cDNA for human Axl (pAxl). Twenty-four hours posttransfection, the cells were treated
with BIO or DMSO and 24 h later infected with ZIKVFLR. Five hours postinfection, the cells were processed for the measurement of intracellular RNA levels
for ZIKV and GAPDH by qPCR. (e) The promoter region (;2 kb) for Axl was identified by a PubMed search. Binding sites for Sp1 (SP), Sp3, and TCFs/LEF
were identified by using the PROMO tool. Arrows indicate the primers designed for ChIP. (f) HFAs were processed for ChIP using anti-TCF4, anti-LEF1, and
control (IgG) antibodies to detect the biding of endogenous TCF4 or LEF1. Data are expressed as fold changes from results for IgG. Data are means 6 SEM
and were analyzed using a two-tailed one-sample t test. *, P # 0.05.
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directly linked to an enhanced rate of killing of astrocytes. ZIKVIBH was passaged in
mouse brains 21 times, and this may have promoted viral entry efficiency and adapta-
tion of heightened virulence (48). Other laboratory-adapted viruses, such as HIV-1
strains, have shown decreased dependence on cellular receptors for entry (49), which
may explain how ZIKVIBH internalization is independent of Axl.

The envelope (E) protein of flaviviruses mediates virus entry and hence is an impor-
tant target for neutralizing antibodies. The molecular structure of the ectopic part of
ZIKV E protein with three main domains, b-barrel-shaped domain I, finger-like domain
II, and immunoglobulin-like domain III, has been published (50, 51). An alignment of E
proteins of the 4 strains used in this study shows a deletion of 6 amino acid residues in
the ZIKVIBH strain (Fig. 1c). Atomic structure revealed that these 6 residues are part of
an important region known as the 150 loop or glycan loop in domain I (50, 51). The
150 loop is a highly flexible loop formed by 18 residues, Q151 to R168, that include the
glycosylation site N154 and may serve as a host attachment site for the virus. In addi-
tion to the 150 loop, several positively charged residues around this loop were identi-
fied to be important for ZIKV attachment. While most of the positively charged resi-
dues around this 150 loop are conserved in all 4 ZIKV strains, the deletion of 6 residues
in the ZIKVIBH strain might result in a change in the net charge content around this
loop, resulting in a structural modification favorable to attachment to the host.
Alternatively, a sequence alignment of E proteins of the ZIKVIBH strain and other flavivi-
ruses, such as DENV, WNV, and YFV, indicated similar deletions in the 150 loop (50),
suggesting a possible structure conformation similarity between ZIKVIBH and other fla-
viviruses near the 150 loop region of the E protein. While only TAM (Tyro3, Axl, and
Mer) phosphatidylserine transmembrane receptors were shown to be utilized by ZIKV,

FIG 7 The internalization of ZIKV in different cell types is not dependent on b-catenin and Axl. Human brain microvascular cells (HBMECs) (a) or Vero cells
(b) were incubated with BIO (1mM) or the vehicle (DMSO) for 24 h and infected with ZIKVPRV at an MOI of 0.5 for 5 h, and then ZIKV RNA was measured
by qPCR. Data are normalized to GAPDH and expressed as fold changes from results for the vehicle. (c) Vero cells were infected with ZIKVPRV at an MOI of
0.5 for 1 to 4 days. Cells were lysed for protein extraction and quantified by the BCA assay, and equal amounts of total cell proteins were processed for the
detection of b-catenin and GAPDH by WB on days 2 to 4. Band intensities from the WB in panel d were calculated using ImageJ, are normalized to GAPDH
results, and are presented as fold changes from results for uninfected cells. Data are means 6 SEM and were analyzed using a two-tailed one-sample t test.
*, P # 0.05.
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both the TIM (T cell, immunoglobulin, and mucin) and TAM receptors have been
shown to be used by DENV for cell entry (50, 52). Collectively, one can speculate that,
as with DENV, ZIKVIBH may have evolved to utilize both TIM and TAM receptors to enter
host cells more robustly. Nevertheless, sequence comparison of all available (n=200)
ZIKV strains revealed that this 6-residue gap in the 150 loop is unique to ZIKVIBH and
another strain passaged extensively in mouse brains, which may indicate that ZIKVIBH

entry and the pathogenic phenotype observed here may not be representative of clini-
cally relevant ZIKV strains (48) (Fig. 1c). Furthermore, other differences in the viral ge-
nome may account for these biologic effects, as some ZIKV mutations have been attrib-
uted to increased neuropathogenesis. Specifically, a point mutation in the prM protein
is associated with microcephaly, and NS1 mutation is associated with ZIKV innate im-
munity evasion (53, 54), although ZIKVIBH does not carry these mutations. Due to the
limitations in the availability of ZIKV strains, we cannot exclude the possibility that
b-catenin may not uniformly impact the internalization of diverse ZIKV strains.
Because of this, it will be important to determine whether b-catenin- and Axl-medi-
ated astrocyte entry dependencies differ between clinical ZIKV strains or are instead
lost during serial laboratory passage. Likewise, understanding whether strain differen-
ces are related to a clinical outcome or a result of laboratory adaptation can inform the
potential therapeutic use of b-catenin to restrict ZIKV infection of human fetal
astrocytes.

ZIKV internalization is a dynamic process utilizing the host machinery to enter tar-
get cells (55). Some of those factors described as binding factors for astrocytes are the
receptor tyrosine kinases Axl and Tyro3 and their ligand Gas6 (7, 26, 27). In examining
the expression of these putative receptors, we found that both Axl and Tyro3 were
inhibited by overexpression of b-catenin. Our gene KD studies revealed that while Axl
is crucial, Tyro3 is dispensable for ZIKVPRV entry into HFAs. Current understanding of
the expression of Axl is that it is dependent on the transcription factors specificity pro-
tein 1 (Sp1) and Sp3 (37). We show here that in human fetal astrocytes, b-catenin regu-
lates the expression of Axl through partnering with TCF4 (TCF7L2) at its consensus
binding site, located at nucleotides 21782 to 21775 on the Axl promoter. Generally,
b-catenin functions as a transcriptional coactivator in conjunction with TCF/LEF tran-
scription factors in the Wnt/b-catenin pathway. However, in this case, along with other
recently observed cases, such as the transcription of interleukin 6 (IL-6), IL-8, and HIV
(23, 24, 34), b-catenin appears to act as a cosuppressor of gene transcription.
Activation of b-catenin in other cell types also reduces the transcription of Axl and viral
entry, such as in human endothelial cells (HBMECs) but not in kidney epithelial (Vero)
cells. Ablation of Axl also did not inhibit the infection of neural progenitor cells in a cer-
ebral brain organoid model (29). These findings indicate that ZIKV entry in cells is regu-
lated by complex host gene regulation of specific receptors and binding factors, which
may vary between tissues, cells, and/or developmental stages.

ZIKV infection is associated with hyperexcitability of neurons, and blocking the N-
methyl-D-aspartate (NMDA) receptor protects neurons from ZIKV-mediated cell death
(56, 57). While these adverse effects may be directly related to ZIKV infection of neu-
rons, it may also be indirectly related to dysregulation of astrocytes. Astrocytes are key
players in the maintenance of neuronal health. One of their primary functions is the
conversion of glutamate through its uptake by excitatory amino acid transporter
(EAAT2) on astrocytes and its conversion to glutamine through the enzymatic activity
of glutamine synthetase (GS). Both EAAT2 and GS are regulated at the transcriptional
level by b-catenin (18). Further, inhibition of b-catenin in astrocytes disrupts their
functional integrity, especially as it relates to the glutamate/glutamine cycle and induc-
tion of inflammatory cytokines (18, 34, 58). Because of this, ZIKV-mediated downregula-
tion of b-catenin can mediate neuroinflammation, as inhibition of b-catenin induces
neuroinflammatory cytokines (IL-6) and disruption of glutamate uptake. Induction of
b-catenin may be a pathway to protect against ZIKV-mediated cell death while also
ameliorating and/or reducing ZIKV infection and neuropathogenesis.
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Our studies demonstrate that b-catenin is a host restriction factor for ZIKV in
human fetal astrocytes by inhibiting its internalization through downregulating Axl.
Further, b-catenin can protect human fetal astrocytes from ZIKV-mediated cell death.
This balance is often observed in virus-host interactions. For example, relevant to this
pathway, b-catenin restricts HIV transcription, and HIV in turn inhibits b-catenin to
overcome this restriction (24, 59). The balance in this virus-host dynamic interaction
ultimately will guide the outcome of infection. Lastly, our study adds to a growing list
of viruses that are regulated by b-catenin (e.g., HIV, influenza virus, West Nile virus),
albeit at different stages of their life cycles (19–24). This underscores the wide reach of
the Wnt/b-catenin pathway in impacting virus-host interactions (60).

MATERIALS ANDMETHODS
Cell culture and reagents. Human fetal astrocytes (HFAs) (;18-week gestation; Lonza Inc., Walkersville,

MD) were cultured in the astrocyte growth medium (AGM) BulletKit (Lonza, Basel, Switzerland) supple-
mented with 0.3% heat-inactivated fetal bovine serum, 1 ml/ml ascorbic acid, 1 ml/ml recombinant human
epidermal growth factor (rhEGF), 1 ml/ml AG-1000 (30 mg/ml gentamicin and 15 mg/ml amphotericin), 2.5
ml/ml insulin, and 10ml/ml L-glutamine. Cells at an early passage (P), P2 to P6, were used for all experiments.
Vero 76 (CRL-1587) and human brain microvascular endothelial cells (HBMECs) (ScienCell, Carlsbad, CA; no.
1000) were cultured in complete Dulbecco’s modified Eagle’s medium (cDMEM with 10% fetal bovine serum
[FBS] and 1% penicillin/streptomycin). 6-Bromoindirubin-39-oxime (BIO; no. 025M4611V), was purchased
from Sigma (St. Louis, MO) and used at 1mm.

Virus production and infection. Strains PRVABC59 (NCBI accession no. KU501215.1), designated
ZIKVPRV, FLR (accession no. KU820897.5), designated ZIKVFLR, IBH30656 (accession no. KU963574.2), des-
ignated ZIKVIBH, and MR766 (accession no. LC002520), designated ZIKVMR, were obtained from the ATCC
(Manassas, VA). Viruses were propagated in Vero cells by infecting them at a multiplicity of infection
(MOI) of 0.01, and supernatants were harvested 72 to 96 h postinfection, when significant cell lysis was
observed. The supernatant was centrifuged at 5,000 rpm for 5min, filtered with a 0.45-mm filter, ali-
quoted, and frozen at 280°C. Viral titers in Vero cells (96-well plate) were determined with a 50% tissue
culture infective dose (TCID50). The number of TCID50s per milliliter was calculated by the Reed-Muench
method, and viral titers were expressed as MOIs. For in vitro infection, HFAs were plated at 2 � 105 in
24-well plates, and at 96 h postseeding (;90% confluence), cells were infected with various strains of
ZIKV at the indicated MOIs. After 24 h, additional medium was added to the wells to a total volume of
0.5ml/well. Infected cells were maintained in culture as indicated per experiment.

MTS and viral entry assays. Cell viability was measured using the CellTiter 96 AQueous nonradioac-
tive cell proliferation assay (Promega, Madison, WI). It is a colorimetric cell viability assay based on func-
tional mitochondria within viable cells that are able to reduce a tetrazolium compound [3-(4,5-dime-
thylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] and an
electron-coupling reagent, phenazine methosulfate (PMS). MTS is converted into a formazan product
which absorbs at 490 nm, which was then detected using a Synergy HT microplate reader using Gen5
software (BioTek, Winooski, VT). Virus within the medium was inactivated by mixing the solution with
70% ethanol at a 2:1 ratio, and the assay was performed per the manufacturer’s instructions. To measure
viral internalization, cells were treated as indicated for each experiment, inoculated with ZIKV at an MOI
of 0.5 at 37°C for 5 h, washed with phosphate-buffered saline (PBS), and trypsinized to remove surface-
bound virus. The cells were then suspended in PBS and collected by centrifugation at 1,500 rpm for
5min, the supernatant was removed, and then the pellet was suspended in cell lysis buffer for RNA
extraction using an RNeasy minikit (Qiagen, Hilden, Germany) and analyzed via reverse transcription-
quantitative PCR (qPCR).

Western blotting and antibodies. HFAs were lysed for 5min at 37°C with radioimmunoprecipita-
tion assay (RIPA) buffer containing protease inhibitors (Sigma). The lysate was centrifuged at 5,000 rpm
for 5min, and the protein concentration was determined with a Pierce (Waltham, MA) bicinchoninic acid
(BCA) protein assay kit. Ten micrograms of cell lysates was loaded on a 10% SDS-PAGE gel for separation
and then transferred to a 0.45-mm nitrocellulose membrane and blocked with superblock (Thermo
Fisher Waltham, MA) containing Tween 20 (T20); then the primary antibody was added, and the mixture
was incubated at 4°C overnight. The membrane was washed with Tris-buffered saline with 0.1% T20
(TBST) and incubated with an appropriate secondary antibody conjugated to horseradish peroxidase in
superblock T20 for 1 h at room temperature (RT). The membrane was washed again with TBST and incu-
bated for 3min with the SuperSignal West Femto maximum-sensitivity substrate (Thermo Scientific). For
b-catenin, the primary antibody (rabbit anti-human, no. C2206; Sigma) at a 1:20,000 dilution and sec-
ondary mouse anti-rabbit horseradish peroxidase (HRP) (Cell Signaling; no. 7074) at a 1:50,000 dilution
were used. For GAPDH (glyceraldehyde-3-phosphate dehydrogenase), the primary antibody (rabbit, no.
G9545; Sigma) at a 1:50,000 dilution and secondary mouse anti-rabbit HRP (Cell Signaling; no. 7074) at a
1:100,000 dilution were used. Band intensities were quantified using Image J version 2.1 (NIH, Bethesda,
MD) and normalized to that of GAPDH, and data are represented as fold changes from the intensity of
the control.

Plasmids and siRNA transfections. To overexpress b-catenin, HFAs were transiently transfected
with 200 ng (per well in a 24-well format) of a constitutively active b-catenin S33Y mutant construct
(pABC, no. 19286; Addgene, Cambridge, MA) or a control plasmid (pcDNA31, no. 10792; Addgene) for
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24 h. Similarly, to overexpress Axl, HFAs were transfected with 200 ng of pAxl (pAxl, no. 105933;
Addgene). To measure Wnt/b-catenin pathway activity, a b-catenin reporter plasmid, TOPFlash (M50
Super 8�, no. 12456; Addgene) was used. All plasmid transfections were performed using Lipofectamine
3000 (Invitrogen, Carlsbad, CA). All siRNAs used in these studies were purchased as ON-TARGET plus
SMARTpool from Horizon Discovery (Cambridge, UK) and used at 100 nM. To reduce b-catenin levels,
siRNA targeting b-catenin (L-003482-00) or a scrambled control siRNA (D-001810-10) was transfected
into HFAs using Lipofectamine RNAiMAX (Invitrogen) as previously described (23). Knockdown (KD) of
Tyro3 and Axl was achieved with respective siRNAs (L-003183-00 and L-003104-00).

Real-time PCR. Total RNA was isolated from cells with an RNeasy minikit (Qiagen, Cambridge, MA).
The A260 was measured using a NanoDrop system. An A260/280 of $1.8 was used as a qualitative measure,
and 500 ng of total RNA was used for the indicated experiments. DNA contamination was removed by
treatment with DNase 1 (Sigma) for 15min at RT, followed by DNase denaturation for 15min at 70°C.
cDNA was generated using a qScript cDNA synthesis kit (Quantabio, Beverly, MA). Real-time PCR was
performed with SSO fast SYBR Green 1 supermix (Bio-Rad, Hercules, CA) in a model 7900 real-time PCR
system (Applied Biosystems, Forest City, CA) using SDS software v2.0.1. The PCR conditions were 50°C
for 2min and 95°C for 20s, followed by 40 cycles of 95°C for 15 s and 60°C for 60s. The amount of RNA
was normalized to the amount of GAPDH using the DCT method, where CT is the threshold cycle, and
data are represented as fold changes from the control. The primers used for amplification of ZIKV RNA
were common to all ZIKV strains used in this study. They are ZV F (59-CGC TGC CCA ACA CAA GGT-39)
and ZV R (59-GCT CCC TTT GCC AAA AAG TCC ACA-39), Axl primers F (59-AAC CTT CAA CTC CTG CCT TC-
39) and R (59-CCA TAA CGG GTC TCC TTC TTT C-39), Tyro3 primers F (59-GAG TGT ATG GAG GAC GTG TAT
G-39) and R (59-GTT CCA TTC GCA GAC AAG TAA AG-39), b-catenin primers F (59-TCTTGCCCTTT
GTCCCGCAAATCA-39) and R (59-TCCACAAATTGCTGTGTCCCAC-39), and GAPDH primers F (59-GGT GTG
AAC CAT GAG AAG TAT GA-39) and R (59-GAG TCC CAC GAT ACC AAA G-39). All primers were procured
from Integrated DNA Technologies (Coralville, IA). Copy number was determined by generating a stand-
ard curve using a gBlocks DNA fragment conserved among all ZIKV strains (synthesized by Integrated
DNA Technologies), which can be amplified with the above-mentioned common ZIKV primers.

ChIP. ChIP was performed using the Imprint chromatin immunoprecipitation kit (Sigma) with antibod-
ies for TCF4 and LEF1 from the TCF/LEF family antibody sampler kit (Cell Signaling, Danvers, MA) and a rab-
bit IgG control (Cell Signaling, Danvers, MA). Per immunoprecipitation,;1 � 106 to 2 � 106 cells and 4mg
of antibody were used. Precipitated DNA was washed and purified as per the manufacturer’s instructions.
Samples were analyzed by qPCR as indicated above. Primers used to amplify Axl promoter regions were
59-CACCTGTAATCCCAGCAACT-39 (forward) and 59-GAGACCCAGTCTTGCTTTGT-39 (reverse). Data were nor-
malized to IgG and are represented as fold changes from IgG.

RNAscope. Approximately 100,000 HFAs were seeded onto coverslips. Twenty-four hours prior to
infection, cells were treated with BIO at 1mm or a vehicle (dimethyl sulfoxide [DMSO]) and incubated
with ZIKV at an MOI of 1.0. Cells were then fixed with 4% paraformaldehyde (PFA) at RT for 30min,
washed with PBS, and then dehydrated using 1-min incubations with 50, 70, and 100% ethanol.
Coverslips were immobilized on glass slides, rehydrated using ascending grades of ethanol, and perme-
abilized using PBS with 0.1% Tween 20 for 10min at RT. Cells were treated with hydrogen peroxide for
10min at RT and then incubated with a 1:5 dilution of RNAscope protease III (ACD Bio) at 40°C for 5min.
ZIKV RNA probe no. 467771 was hybridized for 2 h at 40°C, and then the signal was developed using the
RNAscope 2.5 HD detection RED kit (ACD Bio, Newark, CA) according to the manufacturer’s instructions.
Coverslips were mounted with ProLong Gold antifade reagent (Invitrogen, Carlsbad, CA) and imaged on
a Keyence fluorescence microscope (Osaka, Japan). RNA spots and nuclei were counted using ImageJ
version 2.1 (NIH, Bethesda, MA).

Immunofluorescence staining. Approximately 100,000 HFAs were seeded onto coverslips in a 24-well
format. Twenty-four hours later, cells were transfected with pcDNA or pABC for 24h, washed twice gently
with PBS, fixed with 4% PFA at RT for 15min, washed thrice with PBS, and permeabilized with 250 ml/well
PBS plus 0.2% Triton X-100 for 15min at RT; then cells were washed thrice with PBS and blocked with PBS
plus FBS (6%) plus (0.5%) Tween 20 for 1 h at RT. We then removed the blocking buffer and incubated the
mixture with primary antibody in blocking buffer for 2h at RT or overnight at 4°C. We washed the wells with
wash buffer (PBS plus FBS [6%] plus [0.5%] Tween 20) for 5min thrice and incubated the mixture with fluo-
rescently labelled secondary antibodies in blocking buffer for 1 h at RT. Antibody was removed, and cells
were washed with wash buffer for 5min thrice. Coverslips were mounted with ProLong Gold antifade rea-
gent, left in the dark for 5min to dry, and imaged on a Keyence BZ-X810 microscope. Images from 40 ran-
dom spots were quantified using BZ-X800 Analyzer software. For total b-catenin staining, rabbit anti-human
primary antibody at a 1:1,500 dilution was used, and for active b-catenin staining (rabbit, no. 8814S; Cell
Signaling), anti-human primary antibody at a 1:300 dilution was used. Appropriate fluorescently labeled sec-
ondary antibodies were used at a 1:500 dilution.

Flow cytometry. Adherent HFAs were detached from the plate surface by EDTA treatment, followed
by gentle scraping using a cell scraper. Cells were gently pipetted up and down in a 1-ml pipette for a
few times to make single-cell suspensions, washed with PBS, stained with mouse anti human Axl-Alexa
488 (clone 108724R; R&D Systems, Minneapolis, MN) and/or mouse anti human Tyro3-Alexa 647 (clone
6201; R&D Systems) or with their appropriate isotype control antibodies for 30min at RT, and washed
twice in PBS. Data were collected on an LSR II flow cytometer with BD FACSDiva software (BD
Biosciences, San Jose, CA) and analyzed using FlowJo Software version 10 (TreeStar, Ashland, OR).

Statistical analysis. Statistical analyses were performed using Prism software (GraphPad Prism, San
Diego, CA). The variables were compared using either one-way analysis of variance (ANOVA) and
Bonferroni's multiple-comparison test or a two-tailed one-sample t test. All experiments were performed
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independently at least three times, and data are represented as means or fold changes with standard
errors of means (SEM), with a P of #0.05 considered statistically significant.

Data availability. Data are available at https://doi.org/10.17632/bbnxxpc9cr.1 and at the preview
URL https://data.mendeley.com/datasets/bbnxxpc9cr/draft?a=b4d06d8d-8af7-45fa-b7c4-69f167b704a8.
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