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Gene Expression
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ABSTRACT Fasciculation and elongation factor zeta 1 (FEZ1), a multifunctional kinesin-1
adaptor, binds human immunodeficiency virus type 1 (HIV-1) capsids and is required for
efficient translocation of virus particles to the nucleus to initiate infection. However, we
recently found that FEZ1 also acts as a negative regulator of interferon (IFN) production
and interferon-stimulated gene (ISG) expression in primary fibroblasts and human immor-
talized microglial cell line clone 3 (CHME3) microglia, a natural target cell type for HIV-1
infection. This raises the question of whether depleting FEZ1 negatively affects early HIV-1
infection through effects on virus trafficking or IFN induction or both. Here, we address
this by comparing the effects of FEZ1 depletion or IFN-B treatment on early stages of
HIV-1 infection in different cell systems with various IFN-B responsiveness. In either CHME3
microglia or HEK293A cells, depletion of FEZ1 reduced the accumulation of fused HIV-1
particles around the nucleus and suppressed infection. In contrast, various doses of IFN-3
had little to no effect on HIV-1 fusion or the translocation of fused viral particles to the
nucleus in either cell type. Moreover, the potency of IFN-B’s effects on infection in each
cell type reflected the level of induction of MxB, an ISG that blocks subsequent stages
of HIV-1 nuclear import. Collectively, our findings demonstrate that loss of FEZ1 function
impacts infection through its roles in two independent processes, as a direct regulator of
HIV-1 particle transport and as a regulator of ISG expression.

IMPORTANCE As a hub protein, fasciculation and elongation factor zeta 1 (FEZ1) interacts
with a range of other proteins involved in various biological processes, acting as an adaptor
for the microtubule (MT) motor kinesin-1 to mediate outward transport of intracellular
cargoes, including viruses. Indeed, incoming HIV-1 capsids bind to FEZ1 to regulate the
balance of inward/outward motor activity to ensure net forward movement toward the
nucleus to initiate infection. However, we recently showed that FEZ1 depletion also induces
interferon (IFN) production and interferon-stimulated gene (ISG) expression. As such, it
remains unknown whether modulating FEZ1 activity affects HIV-1 infection through its
ability to regulate I1SG expression or whether FEZ1 functions directly, or both. Using distinct
cell systems that separate the effects of IFN and FEZ1 depletion, here we demonstrate that
the kinesin adaptor FEZ1 regulates HIV-1 translocation to the nucleus independently of its
effects on IFN production and ISG expression.

KEYWORDS FEZ1, HIV-1, early infection, interferon induction, interferon-stimulated
genes, motor adaptor, trafficking

ike most viruses, HIV-1 exploits the host microtubule (MT) cytoskeleton to mediate its
long-range transport to the nucleus in infected cells. MTs form a highly dynamic network
that radiates throughout the cell. These networks mediate the intracellular movement of
macromolecular cargos, including viruses, by the inward/retrograde-directed motor, dynein,
and the outward/anterograde-directed kinesin family of motors. However, unlike many
viruses that directly bind to MT motors to reach the subcellular site of their replication, HIV-1
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employs more indirect strategies to exploit MT motors. HIV-1 requires MT- and dynein-based
trafficking to reach the nucleus, but it does not bind to MT motors directly (1, 2). Instead, fas-
ciculation and elongation factor zeta 1 (FEZ1), a multifunctional kinesin-1 adaptor, binds to
incoming HIV-1 capsids to enable the virus to regulate its retrograde motility toward the nu-
cleus (3). Structural analysis further identified FEZ1 as a high-affinity HIV-1 capsid-interacting
cellular factor (4). Mechanistically, negatively charged poly-glutamate stretches in FEZ1 bind
to a ring of positively charged arginine residues within the central capsid hexamer pore to
promote early trafficking of incoming viral cores. HIV-1 also exploits the MT-associated regu-
latory kinase 2 (MARK2) (5), to phosphorylate FEZ1 at serine 58 (S58), which plays a critical
role in controlling kinesin-1-based transport toward the nucleus (3, 6). Although kinesin-1
normally mediates outward cargo movement, capsid-bound FEZ1 enables HIV-1 to control
the balance of forward and backward (bi-directional) movement of viral particles and their
ultimate net forward movement to the nucleus for efficient infection (3). Soon after the dis-
covery of FEZ1, the dynein adaptor bicaudal D2 (BICD2) was found to act as an HIV-1 cap-
sid-specific adaptor for dynein-mediated motility of incoming viral cores (7, 8). In line with
their roles as the respective adaptors for kinesin-1 and dynein, both FEZ1 and BICD2 are
required for retrograde transport and uncoating (capsid remodeling or disassembly) of
incoming cores during early HIV-1 infection (3, 6-8). As such, binding of HIV-1 capsids to MT
motor adaptors is now thought to coordinate cytoplasmic transport and uncoating.

Work from our group and others has shown that modulation of FEZ1 expression also
impacts infection by diverse RNA and DNA viruses (9-12). Beyond infection, FEZ1 regulates
processes such as neuronal development, and in exploring its broader functionality, we
recently found that FEZ1 also regulates beta interferon (IFN-3) production and induction
of interferon-stimulated genes (ISGs) in a stimulator of interferon genes (STING)-independent
manner (13). This function of FEZ1 also requires phosphorylation of S58 in its kinesin regu-
latory domain, which controls FEZ1 binding to and relocalization of heat shock protein 8
(HSPAB8), which in turn influences DNA-dependent protein kinase (DNA-PK) and STING-in-
dependent IFN response pathways (13). As such, it remains unclear whether loss of FEZ1
functionality negatively affects early HIV-1 infection through effects on virus trafficking or
induction of IFN-B and ISG expression or both. To address this, here we investigated the
effects of IFN and FEZ1 depletion in distinct cell systems that separate these two processes.
Our findings demonstrate that the kinesin adaptor FEZ1 regulates HIV-1 translocation to the
nucleus independently of its effects on IFN-B production and ISG expression.

RESULTS

FEZ1 and IFN-f affect distinct stages of HIV-1 infection in CHMES3 cells. Given that
depletion of endogenous FEZ1 increases IFN-B production and ISG expression in human
immortalized microglial cell line clone 3 (CHME3) cells (13), we first tested how IFN-3 treat-
ment affected early HIV-1 infection in these cells. Treatment with low doses of IFN-3 increased
the expression of several 1SGs, namely, MxB, 1SG56, and interferon-induced transmembrane 1
(IFITM1), in @ manner comparable with that of small interfering RNA (siRNA)-mediated deple-
tion of FEZ1, in line with loss of FEZ1 inducing moderate levels of IFN-B production (13)
(Fig. 1A). In contrast, higher levels of IFN-8 resulted in a potent induction of ISGs. Using HIV-1
luciferase reporter viruses pseudotyped with wild-type (WT) envelope (HIV-1-WT-Luc), we
showed that similar to CHME3 cells depleted of FEZ1 (3; Fig. 1B), these IFN-3 treatments
resulted in a corresponding decrease in HIV-1 infection (Fig. 1C and D). To better understand
how IFN- treatment affected early infection, these cells were infected with a double-labeled
HIV-1 (S15-tomato labeling viral membrane and green fluorescent protein (GFP)-Vpr labeling
viral core) carrying WT envelope (HIV-1-DL-WT), followed by analysis of samples fixed and
stained for p24 by confocal microscopy. The maximum p24 fluorescence intensity associ-
ated with each virus particle that had successfully fused and entered the cytoplasm was
then measured. Fused particles shed the S15-tomato-labeled viral membrane (S15-tomato~/
GFP-Vpr*) and appeared green, while unfused particles that might have been nonpro-
ductively endocytosed retained both labels (S15-tomato*/GFP-Vpr+*) and appeared yel-
low (Fig. 2A). Importantly, these virus preparations were >95% double-labeled. The data
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FIG 1 FEZ1 depletion or IFN-B treatment reduces early HIV-1 infection in CHME3 cells. (A) Western blot
(WB) analysis showing ISG (MxB, 1SG56, and IFITM1) levels in CHME3 cells either treated with the negative
control (NC) or FEZ1-specific siRNAs (FEZ1-C) or with various concentrations of IFN-B (low, 4 U; high, 1,000
U, respectively). (B to D) CHME3 cells treated with either NC or FEZ1-C siRNAs (B) or with low (C) or high
(D) IFN-B concentrations were infected with HIV-1 carrying a luciferase reporter and pseudotyped with WT
envelope (HIV-1-WT-Luc) followed by measurements of luciferase activity. Data are shown as the mean =+ SD.
Statistical significance was calculated using a t test. **, P = 0.01; ****, P = 0.0001. Results are representative
of 3 independent biological repeats except in panel B, where the results are representative of 2 experimental
replicates.

revealed that similar to FEZ1 depletion (3; Fig. 2B), IFN-B treatments did not affect the
number of fused (green) viral particles compared with controls within an hour postinfec-
tion (hpi) into the cytosol (Fig. 2C and D). Measuring the distance of the fused HIV-1 par-
ticles from the nucleus revealed that there was a significant reduction in the proportion of
fused particles that reached within 2 um of the nucleus in FEZ1-depleted cells compared
with control siRNA-treated CHME3 cells (Fig. 2E), in line with our previous report using vesic-
ular stomatitis virus (VSV) pseudotyped double-labeled HIV-1 (HIV-1-DL-VSV) in primary
human fibroblasts (3). This is in line with our broader understanding that FEZ1 is required
for the trafficking of incoming viral cores to the nucleus (3, 4). In contrast, the number of
fused viral particles reaching the vicinity of the nucleus was unchanged in IFN-treated
CHMES3 cells, with the exception of a modest reduction at later time points in cells treated
with the highest concentration of IFN-g (Fig. 2F-G). These combined data demonstrate that,
unlike FEZ1, IFN and its associated induction of ISG expression do not affect migration of
incoming HIV-1 cores toward the nucleus but, instead, block HIV-1 infection at a later stage
after translocation to the nucleus. This is in line with findings that MxB acts as a key effector
of the antiviral activity of IFN against HIV-1 and that it blocks HIV-1 nuclear import (14-16).
Effects of IFN-3 and FEZ1 depletion on infection in HEK293A cells further support
the specific role of FEZ1 in HIV-1 transport to the nucleus. Given that HEK293 cells are
known to be defective in several IFN and antiviral response pathways, we next tested
how IFN- treatment affected early HIV-1 infection in these cells. In doing so, we found
that while treatment of HEK293A cells with either high or low doses of IFN-3 induced
ISG56 and IFITM1, only very low levels of MxB induction were detected at the highest
doses of IFN-B tested (Fig. 3A). Further, in line with the notion that MxB is a major effector
of IFN-B's activity against HIV-1, infecting these cells using HIV-1-VSV-Luc reporter virus, we
further found that low doses of IFN-3 had no effect on HIV-1 infection (Fig. 3B), while higher
doses reduced infection by approximately 2-fold (Fig. 3C). The same results were obtained
using higher input doses of the HIV-1VSV-Luc reporter virus (Fig. 3D and E, respectively). To
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FIG 2 FEZ1, but not IFN-3, regulates HIV-1 translocation to the nucleus in CHME3 cells. (A) Representative images showing that depletion of FEZ1 affects nuclear
translocation of HIV-1 particles that have productively fused into the cytoplasm. CHME3 cells were treated with the negative control (NC) or FEZ1-specific siRNAs (FEZ1-
Q). Then, 48 h posttransfection cells were infected with double-labeled HIV-1 (S15-tomato/GFP-Vpr) carrying a WT envelope (HIV-1-DL-WT); 60 min postinfection cells
were fixed and GFP and tomato signals were acquired using a spinning-disc confocal microscope. The cell periphery is outlined. (Middle row) Arrows highlight
examples of fused (green, S15-tomato ™ /GFP-Vpr*) and unfused (yellow, S15-tomato*/GFP-Vpr™") viral particles. (B to G) CHME3 cells treated with either NC or FEZ1-C
siRNAs (B and E) or with various concentrations of IFN-B (low, 4 U; high, 1000 U, respectively) (C and F and D and G, respectively) as in Fig. 1 were infected with
HIV-1-DL-WT followed by measurements of the number of fused particles in cells fixed at the indicated time postinfection as in panel A. The percentage of fused
HIV-1-DL-WT into the cytosol (B to D) or their accumulation within 2 um of the nucleus (E to G) is shown. Data in panels B to G represent the mean of =800 virus
particles analyzed in =55 fields of view (=56 cells) for each condition. Data are shown as the mean = SD. Statistical significance was calculated using a t test. *,
P = 0.05; ****, P = 0.0001; ns, not significant. Results are representative of 3 independent biological repeats except in panels B and E, which are representative of 2
experimental replicates.

investigate whether ISG induction in HEK293A cells upon high-dose IFN-B treatment
affected nuclear translocation of HIV-1, these cells were infected with HIV-1-DL-VSV. Analysis
of fixed samples showed that HIV-1 fusion (Fig. 3F and G) or accumulation of fused (green)
virus particles near the nucleus (Fig. 3H and I) were not affected in IFN-3-treated HEK293A
cells. Comparing these results with the potent induction of MxB expression and suppression
of infection in IFN-treated CHME3 cells, these combined data support the idea that MxB is
the primary effector or determinant of IFN-3’s effects on early HIV-1 infection in these two
cell systems (14-16). Moreover, because of the potency of MxB's antiviral effects in CHME3
cells, these findings also highlighted the potential utility of HEK293A cells in investigating
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FIG 3 IFN-B does not affect HIV-1 translocation to the nucleus in HEK293A cells. (A) WB analysis showing ISG (MxB, I1SG56, and
IFITM1) levels in HEK293A cells treated with various concentrations of IFN-3 (low, 4 U; high, 1,000 U). Control or IFN-8 treated CHME3
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the effect of FEZ1 on trafficking and early infection with fewer complications from IFN and
ISG responses.

The findings described above suggest that the ability of FEZ1 to regulate ISG expression
is likely independent of its effect on virus transport. To independently test this, we determined
the effects of FEZ1 depletion on ISG expression and early HIV-1 infection in HEK293A cells.
Unlike in CHMES3 cells (Fig. 1A), depletion of FEZ1 using either of two independent siRNAs
did not increase ISG expression in HEK293A cells (Fig. 4A). To test whether FEZ1 depletion
affected nuclear translocation of viral particles, siRNA-treated HEK293A cells were infected
with HIV-1-DL-VSV followed by analysis of fixed samples. In doing so, we found that despite
a lack of ISG induction in HEK293A cells, FEZ1 resulted in a significant reduction in the accu-
mulation of fused virus particles near the nucleus as early as 30 min postinfection without
affecting their fusion into the cytosol (Fig. 4B and C). By infecting these cells with various
amounts of HIV-1-Luc reporter pseudotyped with VSV envelope (HIV-1-VSV-Luc), we further
showed that the defect in HIV-1 nuclear translocation resulted in a corresponding decrease
in infection (Fig. 4D and E). Combined, these findings demonstrate that FEZ1 regulates HIV-1
translocation to the nucleus independently of its effects on IFN production and ISG expression.

DISCUSSION

FEZ1 plays a complex role in both host interferon response pathways and viral infection.
In the case of HIV-1, FEZ1 binds directly to incoming HIV-1 capsids and regulates their retro-
grade motility for efficient infection (3, 4, 6), yet more recently, we discovered that FEZ1 also
functions as a negative regulator of host IFN production and ISG expression (13). As such,
this raised the simple but important question as to whether previously reported effects of
FEZ1 depletion on early HIV-1 arise due to induction of IFN-B and ISG expression rather
than its role as a viral transport protein.

Here, we show that FEZ1 regulates early transport of incoming HIV-1 cores toward the
nucleus and that this specific process in infection is not affected by IFN-A3 or ISG induction.
However, our data also highlight the complexity of understanding FEZ1's overall impact on
infection in cell types that retain intact interferon response pathways, due to the impact of
ISGs on subsequent steps in HIV-1 infection. While we find that IFN-3 treatment of CHME3
cells did not impact the fusion or cytoplasmic translocation of fused virus particles toward
the nucleus, IFN- still potently suppressed early infection in these cells. These findings
are in line with a growing number of studies from independent groups suggesting that ISG
responses primarily block early HIV-1 infection at stages at or after nuclear entry steps (17-22).
This includes MxB, which blocks nuclear import and is thought to be a key effector of IFN's
inhibitory effects on HIV-1 infection (14-16). As a result, the contribution of any defects in
virus trafficking to the overall magnitude of defects in HIV-1 infection during FEZ1 deple-
tion are likely to be confounded by the potency of the block to subsequent nuclear import
steps that are imposed by 1SGs. While these two distinct functions of FEZ1 are challenging
to uncouple experimentally, because they are regulated in the same way, our findings
here using distinct cell systems now demonstrate that HIV-1 does indeed exploit FEZ1 for
capsid transport while the host cell uses FEZ1 to control the antiviral state.

Further supporting this notion, we reveal the utility of HEK293A cells as a means to avoid
the complexity of contributions from IFN and ISG responses. Interestingly, IFN-8 is far less
potent in terms of its antiviral activity in these cells, and this correlates with little to no induc-
tion of MxB, despite induction of other ISGs tested. More importantly, we further show that

FIG 3 Legend (Continued)

cells were included as the positive control for ISG induction. L.E., long exposure; S.E., short exposure. (B to ) HEK293A cells treated with
low (B and D) or high (C and E) IFN-B concentrations were infected either with HIV-1 carrying a luciferase reporter and pseudotyped
with VSV envelope (HIV-1-VSV-luc) at two different dilutions as indicated followed by measurements of luciferase activity (B-E) or with
double-labeled HIV-1 (S15-tomato/GFP-Vpr) carrying a VSV envelope (HIV-1-DL-VSV) followed by measurements of the number of fused
particles (S15-tomato~/GFP-Vpr*) in cells fixed at the indicated time postinfection (F-I). The percentage of double-labeled HIV-1-DL-VSV
fused into the cytosol (F and G) or their accumulation within 2 um of the nucleus (H and 1) is shown. Data in panels F to | represent
the mean of =730 virus particles analyzed in =55 fields of view (=60 cells) for each condition. Data are shown as mean =+ SD. Statistical
significance was calculated using a t test (B to I). **, P = 0.01; ***, P = 0.001; ns, not significant. Results in panels A to E are representative

of 3 and in panels F to | of 2 independent biological repeats.
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showing ISG (MxB, 1SG56, IFITM1) levels in HEK293A cells treated with either the negative control (NC) or two
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FEZ1 depletion does not induce 1SGs in HEK293A cells but significantly reduces the number
of productively fused virus particles reaching the vicinity of the nucleus. Combined, our find-
ings demonstrate that the kinesin adaptor FEZ1 regulates HIV-1 translocation to the nucleus
independently of its effects on IFN production and ISG expression. Indeed, the dynein adaptor
for HIV-1, BICD2, also regulates both HIV-1 particle motility and host responses to infection (7).
Our findings add new insights into how motor adaptors that are exploited by HIV-1 to reg-
ulate its trafficking also function independently to control host responses, perhaps sensing
when pathogens coopt their activity.

MATERIALS AND METHODS

Cell lines and IFN-B treatments. Human immortalized microglial cell line clone 3 (CHME3) was described
previously (23), and HEK293A cells were obtained from ATCC. Cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Fisher Scientific) containing 10% Nu-Serum culture supplement (Corning), 2 mM t-glutamine,
100 U/mL penicillin, 100 wg/mL streptomycin, and 1 mM sodium pyruvate for CHME3 cells. For IFN-S treatments,
culture medium was replaced with fresh medium containing human recombinant IFN-B (EMD Millipore) at the
indicated concentrations for 24 h.

Reporter viruses, infections, and luciferase reading. Stocks of HIV-1-Luc-VSV and HIV-1-Luc-WT
viruses were prepared as described previously (6). Cells pretreated with IFN-B for 24 h or transfected with
siRNAs for 48 h, were incubated in the presence of 8 ug/mL polybrene with HIV-1-Luc-VSV for 8 h or with HIV-1-
Luc-WT overnight followed by replacement of the culture medium with fresh medium. Luciferase activity was
measured 48 h postinfection using the luciferase assay system (Promega).

Knockdowns. Expression of FEZ1 was transiently suppressed by using RNA interference (RNAI) as
previously described (13). Briefly, CHME3 and HEK293A cells were plated in 12-well plates in normal
growth medium omitting antibiotics at 80,000 cells/well. The next day they were transfected with 100
pM of NC1 (ID no. AM4635), FEZ1-A (ID no. 15759), and FEZ1-C (ID no. 45101) siRNAs for HEK293A or
with NC1 and FEZ1-C for CHME3 cells. After 24 h cells were split onto coverslips in 24-well plates for HIV-
1 trafficking analysis. After 48 h cells were lysed with Laemmli loading buffer to determine the level of
knockdown or were infected with corresponding virus stock to assess infection efficacy.

Western blotting. Proteins in samples were separated in 10% SDS-PAGE and transferred to nitrocel-
lulose membranes as described (13). Membranes were blocked in 3% nonfat milk in Tris-buffered sa-
line with Tween 20 (TBS-T) for 1 h, washed, and incubated with primary antibodies overnight at +4°C.
The primary antibodies anti-FEZ1 (no. 42480), anti-MxB (no. 43924), and anti-ISG56 (no. 14769) from
Cell Signaling, anti-IFITM1 (11727-3-AP) from Proteintech, and anti-GAPDH (sc-25778) from Santa Cruz
were diluted at 1:1,000 in 3% bovine serum albumin (BSA) in TBS-T. Appropriate secondary antibodies
conjugated with horseradish peroxidase (HRP) were bound during 1 h of incubation at room temperature.
Protein bands were detected using Pierce ECL or Femto high-sensitivity Western blotting substrates (Thermo
Fisher Scientific).

Microscopy and HIV-1 trafficking analysis. In order to evaluate HIV-1 trafficking, CHME3 and HEK293A
cells were treated with IFN-B or transfected with siRNAs and plated onto gelatin-coated coverslips. Then,
CHMES cells were infected with double-labeled HIV-1-GFP-Vpr-WTenv-S15-tomato and HEK293A with double-
labeled HIV-1-GFP-Vpr-VSVenv-S15-tomato using spinoculation as previously described (3). Incorporation of
S15-tomato in the virus particles labeled with GFP-Vpr was greater than 95%. Both stocks were diluted at 1:50
with CO,-independent medium supplemented with 5% Nu-Serum, 2 mM -glutamine, and 8 ug/mL polybrene.
Media on the cells were substituted with diluted virus stocks, and plates were centrifuged for 30 min at
1,200 x g in a centrifuge prechilled at 13°C. Infections were started with 2 brief washes of growth medium
with 8 uwg/mL polybrene prewarmed at 37°C and were stopped at the specified time intervals by fixing
cells with 3.7% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 15 min. Fixed cells were per-
meabilized for 30 min with 0.1% saponin in PBS containing 10% donkey normal serum, rinsed twice, and
washed once with PBS for 5 min. Cell nuclei were stained with 20 g/mL Hoechst 33342 for 20 min. Coverslips
were washed thrice with PBS for 5 min, rinsed with water, partially dried, and fixed onto glass slides with
FluorSave reagent (Calbiochem). Confocal images were acquired using a Leica DMI 6000B motorized micro-
scope equipped with a Hamamatsu ImagEM X2 electron multiplying charge coupled device (EMCCD) camera
and run by Metamorph imaging software. Productively fused virus particles were S15-tomato negative and
GFP-Vpr positive. The numbers of fused particles near nuclei and in the cytoplasm were counted in Metamorph
imaging software.

Statistical analyses. Statistical significance was tested with Student’s t test for two groups and with
one-way analysis of variance (ANOVA) with Turkey’s post hoc test when more than two groups were
compared. Data are represented as means *+ standard deviations (SD). ANOVA with posttest was used
when more than two groups were compared. Statistical significance is shown as follows: *, P < 0.05; **,
P =0.01; ***, P = 0.001; and ****, P < 0.0001, respectively.
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