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Background: Interferon-induced transmembrane (IFITM) proteins limit a broad range of RNA viruses.
Results: Tyrosine phosphorylation of IFITM2 and IFITM3, and S-palmitoylation of the IFITM proteins, are crucial for anti-

hepatitis C virus (HCV) activity.

Conclusion: IFITM2 and IFITM3 are able to limit HCV infection by targeting the late entry stages of the virus.
Significance: IFITM proteins inhibit HCV at early and late stages of entry.

The interferon-induced transmembrane (IFITM) family of
proteins have recently been identified as important host effector
molecules of the type I interferon response against viruses.
IFITM1 has been identified as a potent antiviral effector against
hepatitis C virus (HCV), whereas the related family members
IFITM2 and IFITM3 have been described to have antiviral
effects against a broad range of RNA viruses. Here, we demon-
strate that IFITM2 and IFITM3 play an integral role in the inter-
feron response against HCV and act at the level of late entry
stages of HCV infection. We have established that in hepato-
cytes, IFITM2 and IFITM3 localize to the late and early endo-
somes, respectively, as well as the lysosome. Furthermore, we
have demonstrated that S-palmitoylation of all three IFITM
proteins is essential for anti-HCV activity, whereas the con-
served tyrosine residue in the N-terminal domain of IFITM2
and IFITM3 plays a significant role in protein localization. How-
ever, this tyrosine was found to be dispensable for anti-HCV
activity, with mutation of the tyrosine resulting in an IFITM1-
like phenotype with the retention of anti-HCV activity and co-
localization of IFITM2 and IFITM3 with CDS81. In conclusion,
we propose that the IFITM proteins act in a coordinated manner
to restrict HCV infection by targeting the endocytosed HCV
virion for lysosomal degradation and demonstrate that the
actions of the IFITM proteins are indeed virus and cell-type
specific.

Hepatitis C virus (HCV)? is a major public health problem,
with over 185 million people infected worldwide (1, 2). Approx-
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imately 80% of infected individuals develop a chronic life long
infection with a proportion progressing to significant liver dis-
ease such as fibrosis, cirrhosis, and in some cases hepatocellular
carcinoma (3). The newly approved direct acting antivirals have
improved sustained virological response rates (upwards of
95%), however, interferon-a (IFN-«) therapy is still required in
combination to reduce the development of viral resistance (4).
IEN, whether endogenous or exogenous, induces the expres-
sion of hundreds of interferon-stimulated genes (ISGs), the pri-
mary host effectors to mediate an antiviral state against viral
infection. Only a handful of ISGs have been characterized in
limiting HCV replication, and although the spectrum of ISGs
capable of controlling HCV is emerging many more anti-HCV
ISGs remain to be discovered and characterized.

Five interferon-induced transmembrane (IFITM) proteins
have been identified in humans to date: IFITM1, IFITM2,
IFITM3, IFITM5, and IFITM10. IFITM1, IFITM2, and IFITM3
are inducible by both type I and II IFN (5). IFITM5 is not IFN-
inducible and little is known about the function of IFITM10 (6,
7). IFITM1, IFITM2, and IFITM3 have recently been identified
as antiviral mediators conferring resistance against a broad
range of viruses including influenza A virus (8, 9), West Nile
virus (WNV) (8, 10), Dengue virus (11, 12), vesicular stomatis
virus (VSV) (13), human immunodeficiency virus (HIV) (14),
SARS coronavirus and Marbug virus (15). The IFITM proteins
are the first known ISGs to target the late entry step of viral
entry by preventing viral-cell fusion, although exact mecha-
nisms still remain unclear. They primarily inhibit RNA viruses
that require low pH-dependent entry into target cells (16, 17).
The localization of IFITM3 to the late endosome and lysosome
explains the unique antiviral actions of these ISGs, whereas
IFITM1 has been found to localize to the plasma membrane
and the early endosome. IFITM1 has recently been demon-
strated to significantly restrict HCV entry into hepatocytes by
disrupting the sequential interactions between the virus and the

assay; FFU, focus-forming units; m.o.i., multiplicity of infection; CIL, con-
served intracellular loop; IRES, internal ribosome entry site.
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essential host co-receptors, in particular CD81 (18). Ray-
choudhri et al. (19, 20) have also reported the anti-HCV actions
of IFITM1, whereas the expression of IFITM1 has been shown
to be regulated by HCV through the up-regulation of mir-130a.
Several genomic screens have identified IFITM2 and IFITM3 as
possible anti-HCV effectors at the level of HCV RNA replica-
tion and translation, however, more comprehensive studies are
required to characterize the relative anti-HCV activity and the
mode of action (21).

HCV entry into the hepatocyte is coordinated through
sequential interactions with the essential co-receptors: SR-BI,
CD81, Claudin-1 (CLDN1), and Occludin (OCLN). The entry
pathway is not completely understood, although it is postulated
that HCV binds LDL receptors and heparin sulfate glycosami-
noglycans leading to high-affinity interactions with SR-BI and
CD81 on the hepatic surface (22). The interaction of HCV
bound CD81 with the tight junction molecule CLDN1 initiates
clathrin-mediated endocytosis of the HCV virion resulting in
its traffic along actin stress fibers to Rab5a-containing early
endosomes (22, 23). Fusion and acidification of the endosome
results in the release of the viral genome to the cytoplasm where
it is directly translated. Because HCV entry into the hepatocyte
is low pH-dependent and utilizes the endocytic pathway, it is
plausible that IFITM2 and IFITM3 may contribute to the anti-
HCV response of IFN in a mechanism similar to that observed
for other viruses.

To this end, we investigated the role of IFITM2 and IFITM3
in the context of the full HCV life cycle, including entry, trans-
lation, replication, and egress. We present evidence that
IFITM2 and IFITM3 display anti-HCV activity that may com-
plement the anti-HCV activity of IFITM1 (18) by inhibiting the
late stages of HCV entry, possibly in a coordinated manner by
trapping the virion in the endosomal pathway and targeting it
for degradation at the lysosome. Furthermore, we demonstrate
that post-translational modifications, in particular S-palmitoy-
lation and tyrosine phosphorylation to contribute to the cellu-
lar localization and the anti-HCV activities of the IFITM
proteins.

Experimental Procedures

Plasmid DNA and Transfections—Human IFITM genes were
PCR-amplified from cDNA synthesized from Huh-7 cells stim-
ulated with IFN-a (1000 units/ml) for 16 h using primers and
cloned, in-frame, into BamHI and Xhol sites of pLenti6/V5-D-
TOPO (Invitrogen). A FLAG tag was attached to the N termi-
nus of each IFITM. Transfection of all plasmids was performed
using FuGENE6 (Roche Applied Science) according to the
manufacturer’s recommendations. Mutant versions of each
protein were constructed into pLenti6/V5-D-TOPO utilizing a
QuikChange II XL Site-directed Mutagenesis system (Strat-
agene, La Jolla, CA). Plasmids pLenti6-mCherry-Rab5a, pRC-
CMV-Viperin, and pRL-HL have been previously described
(24.-26).

Establishment of Cell Lines and Culture Conditions—The
human hepatoma cell lines Huh-7 and the HCV genomic rep-
licon line NNeoC-5B(RG) were maintained as previously
described (27). Huh-7 cells stably expressing the IFITM pro-
teins and an empty vector control were generated and desig-
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nated Huh-7+IFITM1, Huh-7+IFITM2, Huh-7+IFITM3, and
Huh-7+Vector. Lentiviral particles were prepared by co-trans-
fecting 293T cells with equivalent amounts of the packaging
vectors psPAX2 (Addgene 12260), pRSV-Rev (Addgene 12253),
and pMD2.G (Addgene 12259), along with the IFITM and
empty plasmid DNAs. Supernatant containing virus was col-
lected 48 and 72 h post-transfection, filtered (0.45 wm), and
applied to Huh-7 cells at a 1:5 ratio with normal culture
medium. Polyclonal cell populations were selected with 3
pg/ml of blasticidin.

Virus Generation and Infection—Cell culture-propagated
HCYV particles (HCVcc, Jc1) were generated as described else-
where (28) and used experimentally at m.o.i. 0.03. Pseudovi-
ruses encoding luciferase were generated by co-transfection of
293T cells with the packaging plasmid pNL43-LucRE and the
VSV-G envelope expression plasmid pMD2.G (Addgene plas-
mid 12259) for generation of VSVpp, the expression plasmid
pE1E2-GT1b (212) for generation of HCVpp, the expression
plasmid pMLV for generation of MLVpp, or empty plasmid
pcDNA3 for generation of Env-pp. Supernatants were har-
vested at 48 h post-transfection and filtered (0.45 wm). Virus-
containing cell culture supernatants were incubated with target
cells, seeded at 8 X 10 cells/cm? the day before (unless other-
wise specified), overnight before washing with PBS, and
returned to culture. Pseudoparticle infections were performed
in the presence of 10 ug/ml of Polybrene. At 72 h post-infection
luciferase activity was measured using a Luciferase Assay Sys-
tem (Promega) and a GloMax 96 microplate luminometer (Pro-
mega). Specific HCVpp, MLVpp, and VSVpp infectivity levels
were determined by subtraction of the luciferase signals asso-
ciated with the use of non-enveloped pseudoparticles (Env-pp).

Huh-7+IFITM stables were electroporated as described (3)
and plated into 10-cm dishes for 24 h. To determine the amount
of intracellular infectious virus, the cells were harvested via
trypsinization, resuspended in complete medium, washed
twice with 1X PBS, and lysed via 4 freeze/thaw cycles at —80 °C.
Lysates were then clarified by centrifugation at 2300 X g for 5
min prior to inoculation on to naive Huh-7 cells. Extracellular
medium was collected at the same time. Amounts of intracel-
lular and extracellular infectious virus were determined by
focus forming assay (3).

Immunoblotting—Western blotting was performed as de-
scribed elsewhere (29) and used the following antibodies:
mouse anti-FLAG (Sigma) diluted at 1/1000 and mouse anti-
phosphotyrosine (Millipore) diluted at 1/1000. Mouse anti-hu-
man B-actin (Sigma) was used to control loading of protein at
1:10,000. Appropriate secondary antibodies labeled with horse-
radish peroxidase (Cell Signaling) were used, and bound pro-
tein was detected by chemiluminescence using SuperSignal
West Femto (Pierce).

Immunoprecipitation—Immunoprecipitation of FLAG-tagged
proteins was carried out as described (29), with samples har-
vested in the presence of phosphatase inhibitor (Calbiochem).

Immunofluorescence Microscopy—Cells were grown on 0.2%
gelatin-coated coverslips overnight, transfected where applica-
ble, and fixed the following day using acetone/methanol (1:1)
for 5 min on ice for standard fluorescence microscopy or with
4% parafomaldehyde for 10 min on ice followed by a 10-min
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incubation in 0.1% Triton X-100 in PBS for confocal micros-
copy, prior to incubation with primary antibodies at room
temperature for 1 h. Cells were washed in PBS and incubated
with secondary antibodies for 1 h at 4°C before being
mounted with ProLong Gold reagent (Invitrogen). Images
were acquired with a Bio-Rad Radiance 2100 Confocal or a
Nikon TiE inverted microscope. Mouse monoclonal anti-
FLAG and rabbit polyclonal anti-FLAG were obtained from
Sigma. Rabbit monoclonal antibodies against Rab5a, Rab7, and
Lamp1 were obtained from Cell Signaling. Mouse monoclonal
anti-CD81 was obtained from BD Pharmingen, rabbit poly-
clonal anti-mCherry was obtained from BioVision, and human
anti-HCV serum was generated as previously described (3).

HCV RNA Quantitation—Extraction of total cellular RNA,
first-strand cDNA synthesis, and real-time RT-PCR was per-
formed as described elsewhere (26).

Fluorescence Energy Resonance Transfer (FRET) Analysis—
FRET by acceptor photobleaching was carried out essentially as
described previously (30).

Proximity Ligation Assay (PLA)—Cells were cultured on 0.2%
(w/v) gelatin-coated coverslips in 24-well culture plates prior to
fixation with 4% paraformaldehyde. Proximity ligation assay
(PLA) was conducted using the Duolink® In situ kit (Olink®
Biosciences) as per the manufacturer’s instructions. Positive
interactions visualized using a Nikon Eclipse TiE fluorescence
inverted microscope and images were captured using NIS Ele-
ments software.

Statistics—Results are expressed as mean * S.E. Student’s ¢
test was used for statistical analysis. p < 0.05 was considered to
be significant. All statistical analysis was performed using Prism
6 (GraphPad Software).

Results

IFITM1, IFITM2, and IFITM3 Limit HCV Infection in Vitro—
Several functional genomics screens have identified IFITM1,
IFITM2, and IFITM3 as potential anti-HCV effector molecules
(21, 31, 32), with a recent study by Wilkins et al. (18) character-
izing the anti-HCV nature of IFITMI1. Examination of the
IFITM family of proteins (Fig. 14) revealed that all three [IFITM
proteins share high amino acid homology, containing two
hydrophobic membrane-associated domains (M1 and M2) sep-
arated by a conserved intracellular loop (CIL) but differing at
their N- and C-terminal domains. In contrast to IFITMI,
[FITM2 and IFITM3 contain 20 and 21 amino acid extensions
at the N-terminal domain, respectively, whereas IFITM1 con-
tains a 13-amino acid extension at the C terminus (5, 33). It has
also been shown that the promoter regions of all three IFITM

IFITM Proteins Control HCV Entry

genes contain ISRE and GAS elements (5). Thus we hypothe-
sized that based on the high similarity in protein sequence and
the recent findings in the literature, IFITM2 and IFITM3 may
also have a significant antiviral activity against HCV. Initially
we investigated the ability of Huh-7 cells and primary human
hepatocytes to express IFITM1 in the presence of IEN-a/A. As
expected IFN-« and -A induced expression of IFITM1 mRNA
and protein in a concentration- and time-dependent manner
(data not shown). Due to the high level of protein conservation
between IFITM2 and IFITM3, we were unable to design spe-
cific RT-PCR primers or obtain specific antibodies for either
protein and thus we were unable to extend these observations
to endogenous I[FITM2 or IFITM3. To determine the role of
endogenous IFITM1 following IFN-« stimulation, we gener-
ated a polyclonal Huh-7 cell line stably expressing shRNA spe-
cifically targeting IFITM1 mRNA (Fig. 1B, i). These cells were
either pretreated with 50 IU/ml of IFN-« for 24 h followed by
HCV Jcl infection or infected with Jc1 prior to stimulation with
IEN-« (Fig. 1B, ii). Interestingly the anti-HCV activity of IFN-«
is attenuated in IFITM1 shRNA cells compared with controls
only in the pre-IFN-« treatment setting. These results suggest
that IFITM1 plays an important, but not exclusive, role in the
antiviral effects of IFN-« against the early stages of HCV infec-
tion in vitro.

To characterize the relative anti-HCV roles of IFITMI1,
[FITM2, and IFITM3 and their cellular localization, we gener-
ated polyclonal Huh-7 cells stably expressing each of the IFITM
proteins (Huh-7+IFITM) with a N-terminal FLAG tag to facil-
itate detection. Protein expression in these stable cell lines was
confirmed by immunofluorescence and immunoblot analysis
(Fig. 1C). In Huh-7 cells, IFITM1 localized predominantly to
the cell surface with some intracellular localization, whereas
IFITM2 and IFITM3 localized to specific intracellular compart-
ments within the cytoplasm. HCV infection (Jc1) of the stable
Huh-7+IFITM cell lines and analysis of HCV RNA 24 h there-
after demonstrated that IFITM1, IFITM2, and IFITM3 were
able to significantly decrease HCV RNA levels by 77, 61, and
57%, respectively (Fig. 1D), compared with vector control. Sim-
ilar results were obtained upon extending HCV infection to 48
and 72 h. Interestingly, Huh-7+IFITM cells infected with Jcl
for 72 h depicted a “viral exclusion” phenotype, where cells
expressing the IFITM proteins do not appear to be infected
with HCV, whereas neighboring cells lacking IFITM expression
were infected (Fig. 1E). These results corroborate the known
anti-HCV activity of IFITM1, and for the first time demonstrate
the anti-HCV nature of IFITM2 and IFITM3.

FIGURE 1.IFITM2 and IFITM3 inhibit HCV infection. A, schematic representation of human IFITM1, IFITM2, and IFITM3. IFITM1 differs from IFITM2 and IFITM3
with a 21-amino acid truncation at the N terminus and a 13-amino acid extension at the C terminus. B, i, Huh7+shControl and Huh-7+shIFITM1 cells were
stimulated with 100 IU/ml of IFN-a for 16 h. Total RNA was harvested for RT-quantitative PCR for IFITMT mRNA levels (data represented as a mean = S.E. with
a significance of **** p < 0.0001 calculated using a Student’s t test). ii, Huh7+shControl and Huh-7 +shIFITM1 cells were either pretreated for 24 h before Jc1
infection (m.o.i. = 0.03) or post-treated 24 h after Jc1 infection for 16 h with 50 IU/ml of IFN-«. Total RNA was harvested for RT-quantitative PCR for HCV RNA
levels (data represented as a mean = S.E. with a significance of *, p = 0.035, calculated using a Student’s t test). C, Huh-7+IFITM and Huh-7 +vector control cells
were either stained with a mouse monolconal anti-FLAG antibody, followed by an Alexa 555-conjugated anti-mouse IgG (/) or cellular lysate harvested to detect
specific IFITM protein expression (ii). D, Huh-7+IFITM and Huh-7+vector control cells were infected with HCV Jc1 (m.o.i. 0.03). Total RNA was harvested at the
indicated time points for RT-quantitative PCR for HCV RNA levels (data represented as a mean = S.E. with a significance of *, p < 0.05; **, p < 0.005 calculated
using a Student’s t test). £, Huh-7 +IFITM and Huh-7 +vector control cells were infected with HCV Jc1 (m.o.i. 0.03) and immunofluorescence analysis conducted
72 h later using mouse monoclonal anti-FLAG and human anti-HCV serum antibodies, followed by an Alexa 555-conjugated anti-mouse IgG and an Alexa
488-conjugated anti-human IgG, respectively.
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IFITM Proteins Inhibit HCV Infection at an Early Stage of ticles (HCVpp) to enter Huh-7+IFITM cells in comparison to
Infection—Recent studies have identified IFITM1 to be able to  vector control cells (Fig. 24). As expected, we observed a signif-
limit HCV infection at the level of HCV entry through an inter-  icant reduction in the entry of HCVpp into cells expressing
action with the essential entry co-receptor CD81 (18). Todeter- IFITM1 compared with control. Similar reductions in HCVpp
mine whether this mechanism was also true for IFITM2 and entry were observed in cells expressing IFITM2 and IFITM3,
[FITM3, we compared the ability of HCV (E1/E2) psuedopar- demonstrating that the anti-HCV activity observed for these

FIGURE 2. IFITM1, IFITM2, and IFITM3 limit HCV entry into Huh-7 cells. A, Huh-7+IFITM and Huh-7+vector control cells were transduced with
pseudoparticles containing envelopes of HCV, MLV, and VSV. Viral entry was determined by luciferase activity 72 h post-transduction (data represented
as amean = S.E. with a significance of *, p < 0.02; ***, p < 0.003; **** p < 0.0001 calculated using a Student'’s t test). B, Huh-7+IFITM cells were stained
with rabbit polyclonal anti-FLAG and mouse anti-CD81 antibodies, followed by an Alexa 488-conjugated anti-rabbit IgG and an Alexa 555-conju-
gated anti-mouse IgG. C, Huh-7+IFITM1 cells were stained with a rabbit polyclonal anti-FLAG and mouse anti-CD81, followed by an Alexa 555-
conjugated anti-rabbit IgG and a CY5 goat anti-mouse IgG, respectively. Cells were analyzed on a Zeiss Axioplan microscope using FRET (Carl Zeizz,
Oberkochen, Germany). DIF, difference in fluorescence.
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monoclonal anti-FLAG and rabbit monoclonal anti-Lamp1 antibodies, followed by an Alexa 488-conjugated anti-mouse IgG and an Alexa 555-conjugated

anti-rabbit IgG (20 wm scale bar).

proteins is also at the level of HCV entry. Based on these results
and even though IFITM2 and IFITM3 show a predominantly
intracellular localization, we next examined the localization of
IFITM2 and IFITM3 in relationship to all HCV entry factors
(CD81, SR-BI, CLDN1, and OCLN). We confirmed the co-local-
ization (Fig. 2B) of IFITM1 with CD81 and extended this to show a
physical interaction between IFITM1 and CD81 via FRET (Fig.

25952 JOURNAL OF BIOLOGICAL CHEMISTRY

2C) and PLA (data not shown). In contrast, IFITM2 localized
solely to the cytoplasm and hence did not co-localize with CD81,
however, IFITM3, whereas predominantly cytoplasmic, did par-
tially co-localize with CD81 in some instances (Fig. 2B). None of
the other HCV entry receptors tested (SR-BI, CLDN1, and OCLN)
were found to interact with any of the IFITM proteins as deter-
mined by FRET and PLA (data not shown).
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monoclonal anti-FLAG, followed by an Alexa 555-conjugated anti-mouse IgG. D, i, Huh-7 +IFITM2, Huh-7 +IFITM3, Huh-7 +1FITM2:Y19A, Huh-7 +IFITM3:Y20A,
and Huh-7+vector control cells were infected with HCV Jc1 (m.o.i. 0.03). Total RNA was harvested at the indicated time points for RT-quantitative PCR for HCV
RNA levels (data are represented as mean = S.E. with a significance of p = 0.004 calculated using a Student’s t test); ii, Huh-7 +IFITM2:Y19A and Huh-7 +IFITM3:
Y20A were infected with HCV Jc1 (m.o.i. 0.03) and immunofluorescence analysis was conducted 72 h later using mouse monoclonal anti-FLAG and human

anti-HCV serum antibodies, followed by an Alexa 555-conjugated anti-mouse IgG and an Alexa 488-conjugated anti-human IgG, respectively. IP,
immunoprecipitation.
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We next investigated the role of the IFITM proteins on the
rest of the HCV life cycle. Transient expression of each of the
IFITM proteins did not significantly effect HCV RNA replica-
tion in genomic HCV replicon cell lines (Fig. 34, i). This is in
contrast to the anti-HCV activity of the well characterized ISG
viperin that served as a positive control (30, 34). Interestingly,
the viral exclusion phenotype observed using the HCVcc sys-
tem was no longer evident upon expression of the IFITM pro-
teins in these cells (Fig. 34, ii), with co-expression of IFITM
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proteins and cells harboring HCV replication suggesting that
the IFITM proteins do not impact upon HCV RNA replication.
Furthermore, the IFITM proteins had no effect on HCV IRES
promoter activity, upon transfection of the Huh-7+IFITM cells
with a construct containing the HCV IRES driving a luciferase
reporter gene (Fig. 3B). Finally we examined HCV egress using
an extracellular:intracellular infectivity assay, where Huh-
7+IFITM and vector control cells were electroporated with
HCV Jcl RNA to bypass entry and after 24 h the extracellular
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and intracellular supernatant was applied onto naive Huh-7
cells prior to measurement of HCV infectivity by a focus-form-
ing assay. IFITM1, IFITM2, and IFITM3 did not limit HCV
egress following analysis of both raw HCV focus-forming units
(FFU) (Fig. 3C, i) and the ratio of extracellular FFU:intracellular
FFU (Fig. 3C, ii). Collectively this data demonstrates that all
three IFITM proteins block de novo HCV infection with no
detectable effect on other stages of the HCV life cycle, indicat-
ing that IFITM1, IFITM2, and IFITM3 primarily act on the
early stages of HCV infection.

IFITM?2 and IFITM3 Co-localize with Early and Late Endo-
somes and Lysosomes in Hepatocytes—The cellular localization
of IFITM2 and IFITM3, particularly IFITM3, has been exam-
ined in a number of different cell lines (A549, HEK293, and
HeLa) in relationship to their antiviral activity against other
viruses (9, 15, 16, 35). These studies have identified that IFITM2
and IFITM3 partially co-localize with late endosomes and lyso-
somes within the majority of cells. We sought to investigate this
localization within Huh-7 cells, and probed the Huh-7+IFITM
cells with specific antibodies targeting early endosomes
(Rabba), late endosomes (Rab7), and lysosomes (Lamp1). Co-
localization immunofluorescence analysis found that in Huh-7
cells, [IFITM2 and IFITM3 partially co-localized with late and
early endosomes, respectively (Fig. 4, A and B). Interestingly,
both IFITM2 and IFITM3 were found to co-localize with lyso-
somes, whereas partial co-localization between intracellular
IFITM1 and lysosomes was also observed in some cells (Fig.
4C). Although these observations were not solely unexpected, it
is interesting to note the difference in localization of the IFITM
proteins between cell types. In the context of this study, the
endosomal localization of IFITM2 and IFITM3 is most note-
worthy, as HCV entry requires Rab5a-positive endosomes,
whereas the formation of the HCV replication complex re-
quires both Rab5a and Rab7 (36).

The Conserved N-terminal Tyrosine Residue Common to
IFITM?2 and IFITM3 Crucial for Cellular Localization but Does
Not Affect Anti-HCV Activity—Tyrosine residue 20 (Tyr-20) in
the N-terminal domain of IFITM3 has recently been identified
to be important for both cellular localization and antiviral activ-
ity, particularly against influenza A virus, Dengue virus, and
VSV (16, 37). Furthermore, recent studies have demonstrated
Tyr-20 to be part of an endocytic signal (YEML) targeting
IFITM3 to the late endosome (38, 39). We examined the pro-
tein sequences between the three IFITM proteins and discov-
ered that this N-terminal tyrosine residue is conserved in
[FITM2 (Tyr-19) but is not present in IFITM1 due to the 21-
amino acid N-terminal truncation (Fig. 54). Based on this obser-
vation, we decided to investigate the importance of this con-
served N-terminal tyrosine residue on the anti-HCV activity of
[FITM2 and IFITM3. We generated tyrosine to alanine mu-
tants for IFITM2 and IFITM3, Y19A and Y20A, respectively,
and created polyclonal constitutively expressing cell lines as
previously described. First we sought to confirm the loss in
phosphorylation upon mutating the tyrosine residue, where
IFITM2, IFITM3, and the tyrosine mutant cells were treated
with a phosphatase inhibitor mixture prior to harvesting for
immunoprecipitation. The precipitated samples were probed
by immunoblot with antibodies specifically targeting phosphor-
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IFITM1

IFITM2

IFITM2:Y19A

IFITM3:Y20A

FIGURE 6. IFITM2:Y19A and IFITM3:Y20A mutants co-localize with CD81
on the cell surface. Huh-7+IFITM cells and Huh-7+IFITM2:Y19A and Huh-
7+IFITM3:Y20A cells were stained with rabbit polyclonal anti-FLAG and
mouse anti-CD81 antibodies, followed by an Alexa 555-conjugated anti-rab-
bit IgG and an Alexa 488-conjugated anti-mouse IgG.

ylated tyrosine (Tyr(P)). A complete loss in phosphorylation
was observed for Y1I9A and Y20A compared with wild-type
[FITM2 and IFITMS3, respectively (Fig. 5B). We extended our
observations to the cellular localization of IFITM2:Y19A and
IFITM3:Y20A compared with wild-type, as mutation of Tyr-20
has previously been reported to change IFITM3 localization
from the endosome to the plasma membrane and abrogate anti-
viral activity. Immunofluorescence analysis confirmed this
redistribution, with the localization of Y20A within Huh-7 cells
resembling that of wild-type IFITM1 on the cell surface (Fig.
5C). Y19A also displayed a change in localization although not
as striking as that of Y20A, where the majority of protein local-
ization was redistributed to the plasma membrane with some
perinuclear localization still present (Fig. 5C). We next sought
to determine whether this change in localization would alter
the anti-HCV activity of IFITM2 and IFITM3. HCV infection of
cells stably expressing either wild-type or tyrosine mutant
IFITM2 and IFITM3 for 24 h revealed no loss in anti-HCV
activity in cells expressing the tyrosine mutants compared with
vector control (Fig. 5D, i). The viral exclusion phenotype was
retained in cells expressing the tyrosine mutants, where Jcl
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FIGURE 7. IFITM1, IFITM2, and IFITM3 require palmitoylation for anti-HCV activity. A, schematic representation of IFITM1, IFITM2, and IFITM3 and the
palmitoylation mutant derivatives. B, Huh-7 cells were transfected with wild-type IFITM proteins, the palmitoylation mutants, and vector control (empty) for
24 h prior to infection with HCV Jc1 (m.o.i. 0.003). Total RNA was harvested 24 h post-infection for RT-quantitative PCR for HCV RNA levels (data represented as
amean = S.E. with a significance of **, p < 0.001; ***, p = 0.003; ****, p < 0.0001 calculated using a Student’s t test).

infection was only observed in neighboring cells lacking
IFITM2:Y19A and IFITM3:Y20A expression (Fig. 5D, ii). Fur-
thermore, it can be noted that the Y1I9A and Y20A mutants
exhibited enhanced anti-HCV properties compared with wild-
type. These results were unexpected based on previous studies
where the mutation of the tyrosine resulted in loss of antiviral
activity for IFITM3. Interestingly, the enhanced anti-HCV ac-
tivity of both Y19A and Y20A resemble the level of anti-HCV
activity observed in Fig. 1C for IFITM1. To investigate whether
the loss of a single tyrosine residue reverted IFITM2 and
IFITM3 to an IFITM1-like phenotype, we examined the local-
ization of Y19A and Y20A in the context of CD81. Significant
co-localization was observed between the IFITM2 and IFITM3
tyrosine mutants and CD81 (Fig. 6), mirroring the localization
of IFITM1. These results demonstrate for the first time that the
conserved N-terminal tyrosine residue in IFITM2 and IFITM3
is important for cellular localization but not for the anti-HCV
properties of these proteins.

Palmitoylation of the IFITM Proteins Is Important for Anti-
HCYV Activity—S-palmitoylation is a post-translational modifi-
cation resulting in the addition of a palmitoyl group to cytosolic
cysteine residues and in many instances is essential for protein
stability, localization, and association with lipid rafts (40).
Yount et al. (41) identified for the first time that the IFITM
proteins undergo S-palmitoylation at three specific cysteine
residues: two consecutive cysteine residues found in the first
membrane-associated domain (M1), whereas the other cys-
teine residue is in the CIL. Additional studies have identified
S-palmitoylation of the IFITM proteins, particularly the Cys-72
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residue of IFITM3 to be vital for antiviral activity against influ-
enza A virus and Dengue virus (16, 41, 42). Interestingly, it has
been noted that S-palmitoylation of the IFITM proteins is not
required for their anti-HIV activity (43). To examine whether
S-palmitoylation of the IFITM proteins was important for anti-
HCV activity, double (M1, C50A/C51A; M2, C70A/C71A; M3,
C71A/C72A) and single (M1, C84A; M2, C104A; M3, C105A)
cysteine to alanine mutants were generated for each of the
IFITM proteins (Fig. 7A). Transient expression of wild-type
and palmitoylation mutants prior to infection with HCV (Jc1)
for 24 h revealed the single cysteine residue in the CIL of each
IFITM proteins to be important for anti-HCV activity, as a
complete loss of anti-HCV activity was observed for the CIL
mutants compared with vector control (Fig. 7B). [IFITM3, how-
ever, also requires the two cysteine residues found in the first
membrane-associated domain (M1) for its anti-HCV activity.
Previous studies have reported conflicting roles of S-palmitoy-
lation on IFITM localization within the cell. Yount et al. (41)
demonstrated that S-palmitoylation played a role in the clus-
tering of IFITM3 near the ER, whereas John et al. (16) showed
the converse, where the removal of the cysteine residues
resulted in significant clustering within the cell. To determine
whether a similar change in localization occurred in Huh-7
cells, the cellular localization of the palmitoylation mutants was
examined in relationship to previously identified subcellular
markers (Fig. 8). We demonstrate for the first time that muta-
tion of the cysteine residue within the CIL resulted in each of
the IFITM proteins predominantly localizing to the lysosome.
This redistribution was also observed for M1 palmitoylation
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M1 re||on CIL re||on

FIGURE 8. Cysteine mutations targeting the CIL region of the IFITM pro-
teins re-localize to the lysosome. i, Huh-7 cells transiently transfected for
24 h with either wild-type IFITM1 or the respective IFITM1 palmitoylation
mutants were stained with mouse monoclonal anti-FLAG and either mouse
anti-CD81 or rabbit monoclonal anti-Lamp1 antibodies, followed by an Alexa
488-conjugated anti-mouse IgG and an Alexa 555-conjugated anti-rabbit
19G. ii, Huh-7 cells transiently transfected or 24 h with either wild-type IFITM2
or the respective IFITM2 palmitoylation mutants were stained with mouse
monoclonal anti-FLAG and either rabbit monoclonal anti-Rab7 or rabbit
monoclonal anti-Lamp1 antibodies, followed by an Alexa 488-conjugated
anti-mouse IgG and an Alexa 555-conjugated anti-rabbit IgG. jii, Huh-7 cells
transiently transfected for 24 h with either wild-type IFITM1 or the respective
IFITM1 palmitoylation mutants, as well as a mCherry-Rab5a expression plas-
mid, were stained with mouse monoclonal anti-FLAG and either rabbit poly-
clonal anti-mCherry or rabbit monoclonal anti-Lamp1 antibodies, followed
by an Alexa 488-conjugated anti-mouse IgG and an Alexa 555-conjugated
anti-rabbit IgG.

mutants C50A/C51A and C71A/C72A in IFITM1 and IFITM3,
respectively. Interestingly, the C70A/C71A mutant of IFITM2
retained partial co-localization at the late endosome and lyso-
some similar to wild-type. The loss of localization of the CIL
mutants, and IFITM3, C71A/C72A, validates the complete
abrogation of anti-HCV activity observed for these mutants in
Fig. 7B and suggest possible degradation of these mutants at the
lysosome. This indicates the importance of this cysteine residue
and hence conceivably S-palmitoylation for the anti-HCV
activity of these proteins. It is interesting, however, to note, that
the C50A/C51A and C70A/C71A mutations in IFITM1 and
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IFITM2, respectively, retain partial wild-type localization and
this provides an explanation for the anti-HCV activity observed
for these mutants. Nevertheless, the partial retention of subcel-
lular localization for these mutants indicates a possibility that
these proteins are also able to associate with either the virus or
a new host protein to limit HCV infection, highlighting the
versatility of these proteins to retain anti-HCV activity.

Discussion

The antiviral actions of the type I interferon response is key
in the control of viral infection and the foundation behind
interferon therapy for chronic hepatitis C virus infection that is
still used in conjunction with the new wave of direct acting
antivirals. IFN induces the expression of hundreds of antiviral
ISGs; however, the subset of ISGs essential to mediate the IFN
response against HCV and many other viruses is yet to be
elucidated.

Previous studies using genome-wide siRNA screens have
identified the importance of IFITM1, IFITM2, and IFITM3
in the antiviral response against HCV, whereas recent stud-
ies have identified a specific role for IFITM1 against HCV
entry (18). Here we confirm and extend these studies further by
first corroborating the ability of IFITM1 to interact with CD81
to limit HCV entry, whereas also establishing IFITM2 and
IFITM3 as anti-HCV ISGs that target the late-entry stages of
viral infection. IFITM2 and IFITM3 have no discernable effect
on the post-entry stages of HCV infection such as RNA repli-
cation, translation, or viral egress but were able to limit HCV
entry. Although the observed restriction of HCV entry was not
as significant as that observed for IFITM1 (using a HCVpp
assay), the localization of IFITM2 and IFITM3 at both early and
late endosomes as well as lysosomes indicates that these pro-
teins are following the established paradigm of acting at the late
entry stages of HCV entry. Our data suggests that the IFITM
proteins may be acting in a sequential and combined manner to
limit HCV entry by directly targeting HCV-host receptor inter-
actions as well as the processes of uncoating and release of the
HCV genome into the cytoplasm (Fig. 9).

Endosomal-lysosomal degradation is a sequential process
requiring endosomal maturation starting at the early endo-
some, moving to the late endosome and culminating in the
fusion of the late endosome with the lysosome, resulting in the
degradation of trapped particles (44). We hypothesize that
although IFITM1 limits HCV infection by disrupting HCV co-
receptor assembly as demonstrated by Wilkins et al. (18),
[FITM2 and IFITM3 limit HCV infection by preventing viral-
endosomal fusion thereby “trapping” the endocytosed virion
within the endocytic pathway targeting it for lysosomal degra-
dation. The ability of the IFITM proteins to alter membrane
fluidity and curvature to prevent viral hemifusion provides an
explanation for this hypothesis (45). Furthermore, IFITM3-me-
diated enrichment of endolysosomal membranes has also been
shown by several independent studies, and whereas it is possi-
ble that IFITM3-induced cholesterol accumulation contributes
to changes in endosomal membrane function within hepato-
cytes, it is not through an interaction with VAPA, as was shown
by Amini-Bavil-Olyaee et al. (35) (data not shown). Li et al. (46)
proposed that [FITM-induced alterations to endosomal mem-
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FIGURE 9. Model of the role of IFITM1, —2, and -3 on the HCV life cycle. IFITM1 interacts with CD81 on the cells surface to limit HCV entry into the hepatocyte.
HCV virions that bypass this inhibition enter the cell via clathrin-mediated endocytosis and enter Rab5a- and IFITM3-positive early endosomes. Alterations to
endosomal membrane function traps the HCV virion within the early endosome, which is targeted for endosomal-lysosmal degradation via interactions
between IFITM proteins, found in opposing endosomal and lysosomal membranes.

brane function promoted fusion with opposing membranes
expressing IFITM proteins. Thus, we postulate that HCV is
trapped in the early endosome after clathrin-mediated endocy-
tosis due to IFITM3-mediated alterations at the early endo-
somal membrane preventing fusion and subsequently targeting
the virion for degradation via the late endosome and lysosome
through interactions between the different IFITM proteins
found at these organelles.

Post-translational modifications of the IFITM proteins have
been identified to play a crucial role in the localization and
function of these proteins. Our data indicates for the first time
that the conserved cysteine residue found in the CIL is impor-
tant for cellular localization and anti-HCV activity of all three
[FITM proteins. In addition, Cys-71 and Cys-72 found within
the first membrane-associated domain of IFITM3 are also
important for anti-HCV activity. S-palmitoylation of Cys-72
has been shown to be essential for the ability of IFITM3 to
restrict influenza A virus and Dengue virus (16, 41). The addi-
tion of palmitoyl groups is associated with protein stability,
localization, and the association of proteins with lipid rafts, thus
explaining the importance of S-palmitoylation for the antiviral
activity of the IFITM proteins. Interestingly, we also noted that
mutation of the M1 cysteine residues in IFITM1 and IFITM2
retained anti-HCV activity despite partial retention of wild-
type localization, perhaps suggesting a novel association with
either a viral or host factor. We also confirmed the importance
of the highly conserved YXXF motif and the phosphorylation of
SASBMB
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this tyrosine residue in the IFITM2 and IFITM3 N-terminal
domain for the localization of these proteins at endosomal
compartments, but unexpectedly found that the N-terminal
domain tyrosine mutants enhanced anti-HCV activity com-
pared with wild-type. The IFITM2 and IFITM3 tyrosine
mutants co-localize with CD81 on the hepatic cell surface thus
mirroring the localization and potentially the anti-HCV activity
of [FITML. For the first time we demonstrate a unique feature
of the IFITM proteins against HCV infection, where a single
mutation in [FITM1, [FITM2, and IFITM3 can still maintain
significant anti-HCV activity despite significantly altered local-
ization. This suggests that whereas the IFITM proteins proba-
bly act broadly at the site of viral-cell fusion, the exact mecha-
nisms of antiviral activity of these proteins is both virus and
cell-type specific.

In this study we demonstrate that the IFITM proteins may
act sequentially to limit HCV infection, and support the theory
that the IFITM proteins, in particular IFITM2 and IFITM3
exhibit antiviral activity by altering virus-cell fusion. Further
questions remain to define the mechanism of action of these
proteins, in particular the site of this potential disruption and
whether any cofactors are involved. Insights into the cellular
functions of the IFITM proteins could lead to strategies to spe-
cifically induce IFITM protein expression or mimic the func-
tion of these proteins to complement not only existing anti-
HCV therapies but to also target other viral infections.
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