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The N-Terminal Region of IFITM3 Modulates Its Antiviral Activity by
Regulating IFITM3 Cellular Localization
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Interferon-inducible transmembrane (IFITM) protein family members IFITM1, -2, and -3 restrict the infection of multiple en-
veloped viruses. Significant enrichment of a minor IFITM3 allele was recently reported for patients who were hospitalized for
seasonal and 2009 HIN1 pandemic flu. This IFITM3 allele lacks the region corresponding to the first amino-terminal 21 amino
acids and is unable to inhibit influenza A virus. In this study, we found that deleting this 21-amino-acid region relocates IFITM3
from the endosomal compartments to the cell periphery. This finding likely underlies the lost inhibition of influenza A virus that
completes its entry exclusively within endosomes at low pH. Yet, wild-type IFITM3 and the mutant with the 21-amino-acid dele-
tion inhibit HIV-1 replication equally well. Given the pH-independent nature of HIV-1 entry, our results suggest that IFITM3
can inhibit viruses that enter cells via different routes and that its N-terminal region is specifically required for controlling pH-

dependent viruses.

he interferon-inducible transmembrane (IFITM) proteins

comprise a small protein family that is conserved across many
eukaryotic species (16, 27, 30). Although only about 130 amino
acids in length, they all have two putative transmembrane do-
mains interspersed by a conserved cytoplasmic region. Humans
have five ifitm genes, including ifitm1, ifitm2, ifitm3, ifitm5, and
ifitm10. They are all located on chromosome 11, with #fitm1, if-
itm2, ifitm3, and ifitm5 clustered within a 26.5-kb region and if-
itm10 located 1.4 Mb away (16). Very little is known about the
function of IFITM10 despite the fact that it is the most conserved
of all IFITMs among different species (16). IFITMS5 is expressed
strictly in osteoblasts and is involved in bone mineralization and
maturation (26). Expression of IFITM1, -2, and -3 is stimulated by
interferon (21), which suggests their role in interferon-mediated
antiviral innate immunity.

Indeed, IFITM1, -2, and -3 inhibit multiple important human-
pathogenic viruses. A functional genomic small interfering RNA
(siRNA) screen led to the finding that IFITM]1, -2, and -3 potently
inhibit infection by influenza A HIN1 virus, West Nile virus
(WNV), and dengue virus (4). Subsequently, more viruses were
reported to be subject to IFITM restriction. These include yellow
fever virus (YFV), vesicular stomatitis virus (VSV), Marburg virus
(MARYV), Ebola virus (EBOV), SARS coronavirus (SARS-CoV)
and human immunodeficiency virus type 1 (HIV-1) (4, 6, 17, 18,
22,28, 35). It is noted that these viruses are inhibited to different
extents by different IFITM proteins. For example, influenza A
virus is more sensitive to IFITM3, whereas MARV and EBOV are
more readily restricted by IFITM1 (17). This is likely due to the
sequence divergence that has occurred between IFITM proteins.
In contrast to the high homology shared by IFITM2 and IFITM3,
IFITM1 has a shorter N-terminal region and a relatively longer
C-terminal region (22, 30).

IFITM proteins restrict viral infection by interfering with virus
entry (4). This inhibition mechanism was first revealed by studies
using murine leukemia virus (MLV) that was pseudotyped with
different viral envelope proteins (4). Inhibition was observed for
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MLV pseudovirus bearing envelope proteins from influenza A
virus, WNV, YFV, EBOV, and SARS-CoV but not from lympho-
cytic choriomeningitis virus, Lassa virus, Machupo virus, or am-
photropic MLV (4, 17). More direct evidence was reported in
studies using a BlaM-Vpr-based HIV-1 virion fusion assay to
demonstrate that IFITM3 inhibits entry mediated by HIV-1 enve-
lope protein, influenza A virus hemagglutinin, and VSV-G protein
(12, 22). When the entry of influenza A virus particles was moni-
tored in cells expressing IFITM3 by microscopy, virions were seen
to accumulate in the IFITM3-positive acidic membrane compart-
ments and were found to fail completion of cytosolic entry (12,
17). This suggests that IFITM3 blocks the final escape of virus
particles from late endosomes rather than affecting the earlier
steps of influenza A virus entry, such as binding to the sialic acid
receptor, endocytosis, and trafficking to the late endosomes. In
support of the site of action of IFITM3 being at these acidic com-
partments, IFITM3 restriction of SARS-CoV S protein-mediated
entry was bypassed when trypsin digestion was used to trigger the
membrane fusion at or near the plasma membrane instead of
within low-pH cellular compartments (17).

An in vivo role of IFITM3 in limiting virus infection has been
reported for both mice and humans. First, ifitm3 knockout mice
were found to develop fulminant viral pneumonia when chal-
lenged with an otherwise-low-pathogenicity H3N2 influenza A
virus (10). Second, hospitalized patients who were severely ill
from seasonal flu or 2009 H1N1 pandemic flu exhibited an enrich-
ment of a minor ifitm3 allele (SNP rs12252-C) that lacks the re-
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FIG 1 IFITM3 inhibits infection by VSV-G protein-pseudotyped viruses. (A) Illustration of IFITM3 and its N-terminal mutations. The two transmembrane
domains (TM1 and TM2) and the N-terminal sequence of IFITM3 are depicted. Sequences that are mutated in each mutant are also shown. (B) Western blotting
to show the expression of IFITM3 and its mutants in stably transduced HEK293 cells. Tubulin was probed as an internal control. (C) Flow cytometry data of one
representative infection experiment showing the effect of IFITM3 and its mutants on infection by VSV-G protein-pseudotyped MLV reporter viruses. Control
cells were stably transduced with the pQCXIP empty retroviral vector. The percentages of infected cells (GFP positive) are indicated. (D) The relative infectivity
was calculated by dividing the percentages of GFP-positive cells from IFITM3-expressing cell lines by the percentage from the control cell line (pQCXIP). The
results are the averages of three independent infection experiments. The error bars indicate standard deviations.

gion corresponding to the first amino-terminal 21 amino acids
due to the alteration of a splice acceptor site (10). Results of in vitro
studies further showed that IFITM3 encoded by this allele is un-
able to inhibit influenza virus (10). In line with the latter observa-
tion, removing these 21 amino acids abrogates IFITM3 inhibition
of VSV infection (35), further highlighting the importance of this
region in the antiviral function of IFITM3. We now report that the
N-terminal region of IFITM3 contributes to antiviral action by
regulating its localization to endosomes.

MATERIALS AND METHODS

Plasmid DNA and antibodies. The Tet-IFITM3 DNA construct was de-
scribed previously (22). The N-terminal region of IFITM3 was mutated by
PCR with the indicated primers to generate the following mutations (Fig.
1A): A(1-21), 5'-GCACGGATCCATGGATTACAAGGATGACGACGA
TAAGATGCTCAAGGAGGAGCACGAG-3' and 5'-GCACGAATTCCT
ATCCATAGGCCTGGAAG-3"; A(17-20), 5'-CTCTCCTGTCAACAGT
GGCCAGGAGATGCTCAAGGAGGAGCAC-3’ and 5'-GTGCTCCTCC
TTGAGCATCTCCTGGCCACTGTTGACAGGAGAG-3'; A1718, 5'-CC
TGTCAACAGTGGCCAGAACTATGAGATGCTCAAG-3" and 5'-CTT
GAGCATCTCATAGTTCTGGCCACTGTTGACAGG-3';AY20,5'-CAG
TGGCCAGCCCCCCAACGAGATGCTCAAGGAGGAGC-3' and 5'-GC
TCCTCCTTGAGCATCTCGTTGGGGGGCTGGCCACTG-3'; 17PTAP,
5'-GTCAACAGTGGCCAGCCCACCGCCCCTGAGATGCTCAAGGAGG
AGC-3' and 5'-GCTCCTCCTTGAGCATCTCAGGGGCGGTGGGCTG
GCCACTGTTGAC-3"; 17YPDL, 5'-CCTGTCAACAGTGGCCAGTACC
CCGACCTGGAGATGCTCAAGGAGGAGC-3" and 5-GCTCCTCCTT
GAGCATCTCCAGGTCGGGGTACTGGCCACTGTTGACAGG-3'; K24R,
5'-CAACTATGAGATGCTCAGGGAGGAGCACGAGGTG-3" and 5'-C
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ACCTCGTGCTCCTCCCTGAGCATCTCATAGTTG-3'; Y20F, 5'-GTG
GCCAGCCCCCCAACTTCGAGATGCTCAAGGAGG-3" and 5'-CCTC
CTTGAGCATCTCGAAGTTGGGGGGCTGGCCAC-3';and Y204, 5'-G
TGGCCAGCCCCCCAACGCTGAGATGCTCAAGGAGG-3’ and 5'-CC
TCCTTGAGCATCTCAGCGTTGGGGGGCTGGCCAC-3'.

IFITM3 and its mutants have a Flag tag attached to their N termini to
facilitate their detection by Western blotting or immunofluorescence mi-
croscopy.

The pQCXIP retroviral vector was purchased from Clontech. The in-
fectious HIV-1 proviral DNA clone BH10 was obtained from the NIH
AIDS Research and Reference Reagent Program. Plasmid NLENY1-
ES-IRES was a gift of David Levy (20); the pPCMV-BlaM-Vpr DNA was
provided by Warner Greene (5).

The human Fyn c¢DNA construct was purchased from Origene
(SC118862). Three Fyn mutants, the GGAA, E314A, and E314Q mutants,
were generated by site-directed mutagenesis with the following primers:
for GGAA, 5'-CCCTGCAGTTGATCAAGAGACTGGCCAATGCCCAG
TTTGGGGAAGTATGGATG-3' and 5'-CATCCATACTTCCCCAAACT
GGGCATTGGCCAGTCTCTTGATCAACTGCAGGG-3'; for E314A, 5'-
TGTCCCCCGAATCATTCCTTGAGGCTGCGCAGATCATGAAGAAG
CTGAAGCAC-3" and 5'-GTGCTTCAGCTTCTTCATGATCTGCGCAG
CCTCAAGGAATGATTCGGGGGACA-3'; and for E314Q, 5-TGTCCC
CCGAATCATTCCTTGAGCAGGCGCAGATCATGAAGAAGCTGAAG
CAC-3" and 5'-GTGCTTCAGCTTCTTCATGATCTGCGCCTGCTCAA
GGAATGATTCGGGGGACA-3".

Anti-Src (catalogue number NB110-57592), anti-Hck (catalogue
number NB100-79963), anti-Lyn (catalogue number NB100-92043), and
anti-Fyn (catalogue number NB500-517) antibodies were purchased
from Novus Biologicals, anti-Fgr (catalogue number H00002268-M03)
and anti-IFITM3 (mouse) (catalogue number H00010410-B02) antibod-
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ies from Abnova, anti-phosphotyrosine (pY) antibody from Abcam (cat-
alogue number ab10321), and anti-IFITM3 (rabbit) (catalogue number
11714-1-AP) antibody from ProteinTech. U0126 (catalogue number
U120), PP2 (catalogue number P0042), genistein (catalogue number
G6649), sodium orthovanadate, and a phosphatase inhibitor cocktail
(catalogue number P5726) were purchased from Sigma.

Stable cell lines. Tetracycline-inducible IFITM3 SupT1 cell lines were
produced as previously described (22). We also generated human embry-
onic kidney HEK293 stable cell lines using pQCXIP retroviral vectors that
express IFITM3 and its various mutants. Briefly, HEK293T cells were
transfected with 2 pg pQCXIP, 2 pg pCMV-gag-pol-MLV, and 0.5 pg
pVSV-G. The retroviral particles were then used to infect HEK293 cells in
the presence of Polybrene (5 pg/ml) by spinoculation at 1,800 X g for 45
min at room temperature. The stably transduced HEK293 cells were se-
lected with 2 pg/ml puromycin. Expression of IFITM3 and its mutants
was assessed by Western blotting.

siRNA knockdown of Fyn. The following siRNA oligonucleotides tar-
geting human Fyn were purchased from Qiagen: siRNA1 (catalogue num-
ber SI00605451; AAGACATGTGGTGTATATAAA), siRNA2 (catalogue
number S102654729; GTGGCCCTTTATGACTATGAA), and siRNA3
(catalogue number SI02659545; AAGAAGCAGGATGCTGATCTA).
HEK293T cells (0.3 X 10°/well) were seeded in 6-well plates 1 day before
transfection with 40 nM siRNA using Lipofectamine 2000 (Invitrogen).
After two sequential siRNA transfections, cells were transfected with the
pQCXIP plasmids expressing IFITM3. In order to detect tyrosine phos-
phorylation of IFITM3, cells were treated with 1 mM Na;VO, for 1 h to
block the activity of phosphatases before being harvested for immunopre-
cipitation and Western blotting.

Immunoprecipitation and Western blotting. Cells (2 X 10°) were
lysed in a buffer containing 20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 5
mM EDTA, 1% Triton X-100, I mM Na;VO,, and protease inhibitors
(Roche). Following clarification by centrifugation, the lysates were incu-
bated with anti-Flag M2 affinity agarose (Sigma) overnight at 4°C. Resins
were washed 3 times with the aforementioned lysis buffer, and the bound
proteins were eluted with 3 X Flag solution (Sigma) on ice for 20 min. To
detect the phosphorylation of endogenous IFITM3, HeLa cells (8 X 107)
were first treated with Na;VO, (10 mM) for 1 h and then lysed in the
aforementioned lysis buffer. The cell lysates were incubated with control
IgG or anti-IFITM3 antibody, followed by absorption onto protein
A-agarose (Millipore). After 3 washes, the precipitated materials were
extracted from the agarose with 2 X SDS loading buffer at 90°C for 15 min.
The protein samples were resolved in 1% sodium dodecyl sulfate-12%
polyacrylamide gel electrophoresis (SDS-PAGE) gels and then transferred
onto polyvinylidene difluoride (PVDF) membranes (Roche). The mem-
branes were blocked with 5% skim milk and further probed with the
following antibodies: anti-Flag (1:5,000), anti-pY (1:1,000), anti-Fyn (1:
1,000), anti-Fgr (1:1,000), anti-Src (1:1,000), anti-Lyn (1:1,000), anti-Hck
(1:1,000), and anti-IFITM3 (1:1,000). Following a further incubation with
horseradish peroxidase (HRP)-conjugated secondary antibodies, the pro-
tein bands were visualized by exposure to X-ray films following a brief
treatment of the membranes with enhanced chemiluminescence (ECL)
reagents.

Virus infections. VSV-G protein-pseudotyped MLV-green fluores-
cent protein (MLV-GFP) reporter viruses were produced by transfecting
HEK293T cells with plasmid DNA pCMV-gag-pol-MLV, pCMV-GFP-
MLV, and pVSV-G as described previously (9). The titer of the produced
viruses was determined by infecting HEK293 cells. Infected cells were
scored as GFP positive by flow cytometry, and an amount of viruses that
infected 15% to 20% of HEK293 cells was used in the following infection
studies. Briefly, HEK293 cell lines that expressed IFITM3 and its various
mutants were exposed to VSV-G protein-pseudotyped MLV-GFP re-
porter viruses for 3 h before the inoculated viruses were washed off. Forty
hours later, cells were detached from the plates by trypsin digestion and
fixed with 1% paraformaldehyde. GFP-positive cells were scored by flow

cytometry.
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The HIV-1 BH10 virus was produced by transfecting HEK293T cells.
Virus amounts were then determined by enzyme-linked immunosorbent
assay (ELISA) for viral p24. BH10 virus (equivalent to 20 ng viral p24) was
used to infect SupT1 cells (2 X 10°) that express IFITM3 or its mutants.
Virus production was then determined at various time intervals by mea-
suring viral reverse transcriptase (RT) activity in the supernatants (22).

Virion fusion assay. The virion fusion assay was performed as previ-
ously described (5, 22). BlaM-Vpr-labeled virus particles were prepared
by transfecting HEK293T cells with plasmid DNA BH10 or NLENY1-
ES-IRES and pVSV-G together with pCMV-BlaM-Vpr. The viruses were
concentrated by ultracentrifugation and quantified by ELISA to measure
viral p24 amounts. SupT1 cells were then exposed to virus BH10/BlaM-
Vpr (200 ng p24) or NLENY1-ES-IRES/VSV-G/BlaM-Vpr (50 ng p24) for
2 h before cells were washed with CO,-independent medium (Invitro-
gen). After incubation with CCF2/AM substrates at room temperature for
1 h in darkness, the cells were then maintained in development medium
for 16 h at room temperature before being fixed in 1% paraformaldehyde
and analyzed by flow cytometry to measure the cleavage of CCF2/AM.

Immunofluorescence microscopy. HEK293 cells were seeded in a
4-chamber slide 1 day prior to transfection with pTet-IFITM3 or pTet-
A(1-21) together pTet-ON plasmid DNA. In order to determine the lo-
calization of Fyn and its mutants, HEK293 cells were also transfected with
Fyn plasmid DNA clones. Expression of IFITM3 and the A(1-21) mutant
was induced by doxycycline (500 ng/ml). Both IFITM3 and the A(1-21)
mutant had a Flag tag attached to their N termini. Cells were fixed with 4%
paraformaldehyde (in 1X phosphate-buffered saline) for 10 min at room
temperature and permeabilized with 0.1% Triton X-100 for 10 min at
room temperature. Cells were then stained for 2 h at room temperature
with antibodies against Flag (1:500 dilution, mouse or rabbit), EEA1 (1:
500 dilution, rabbit), CD63 (1:200 dilution, rabbit), TGN46 (1:200 dilu-
tion, rabbit), or Fyn (1:100 dilution, mouse). After being washed with 1X
phosphate-buffered saline, cells were incubated with either Alexa Fluor
488-conjugated secondary anti-mouse antibody (1:2,000 dilution; Invit-
rogen) or Alexa Fluor 594-conjugated secondary anti-rabbit antibody (1:
2,000 dilution; Invitrogen). Images were recorded using the Zeiss Pascal
laser scanning confocal microscope.

RESULTS

IFITM3 mutated at tyrosine residue 20 (Y20) does not inhibit
VSV-G protein-mediated virus infection. It was previously re-
ported that deleting the first 21 amino acids renders IFITM3 un-
able to inhibit VSV (35). We reproduced this observation using
VSV-G protein-pseudotyped MLV-GFP reporter viruses (Fig. 1).
IFITM3 and its A(1-21) mutant were first stably transduced into
HEK293 cells (Fig. 1A and B), followed by infection of these cell
lines with VSV-G protein-pseudotyped MLV-GFP viruses (Fig.
1C). In order to summarize the data of different infection exper-
iments, the virus infection rate of the control cell line (named
pQCXIP) was arbitrarily set as 1. Virus infection rates of IFITM3-
expressing cell lines were calculated accordingly and are presented
in Fig. 1D. The results showed that IFITM3 reduced the infection
by 2-fold, whereas the A(1-21) mutant exhibited no effect (Fig. 1C
and D). We subsequently used this pseudovirus infection assay to
investigate how these 21 amino acids regulate the antiviral func-
tion of IFITM3.

We first asked which of these 21 amino acids are the key deter-
minants of IFITM3 antiviral activity. We noted that this protein
region has a 17-PPNY-20 motif that represents one of the three
viral late domains that enveloped viruses exploit to promote virus
budding (7, 13). The PPxY late domain (“x” represents any of the
20 amino acids) functions through recruiting the Nedd4 E3 ubiq-
uitin ligase, which ubiquitinates viral proteins. The ubiquitinated
proteins are then recognized by the ESCRT (endosomal sorting
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complex required for transport) complexes and sorted into mul-
tivesicular bodies (MVB) (15). We initially speculated that by re-
cruiting Nedd4, the 17-PPNY-20 motif may direct the location of
IFITM3 to the endosomal compartments. To test this hypothesis,
we generated three mutations, A(17-20), A1718, and AY20, in
which the PPNY sequence was completely or partially deleted (Fig.
1A). We also mutated K24 to R, as K24 is the lysine residue closest
to PPNY and if PPNY recruits Nedd4, K24 is most likely ubiquiti-
nated. In addition to PPxY, there are two other types of viral late
domains, P(T/S)AP and YPxL, that can functionally replace PPxY
in recruiting ESCRT and promoting virus budding (13). We
therefore also changed 17-PPNY-20 to 17PTAP or 17YPDL (Fig.
1A). All mutants were expressed at levels similar to that of wild-
type IFITM3 in stably transduced HEK293 cells except for the
A(17-20) and 17YPDL mutants, which were poorly expressed
(Fig. 1B). We also noticed that the AY20, A(17-20), and 17PTAP
mutants exhibited slower mobility than wild-type IFITM3 (Fig.
1B). This may have resulted from alterations in protein local con-
formation or in SDS-binding capacity due to the mutations in-
serted.

We then infected these different cell lines with VSV-G protein-
pseudotyped MLV-GFP reporter viruses and measured virus in-
fection by scoring the rate of GFP-positive cells (Fig. 1C). Com-
pared to wild-type IFITM3, the A(17-20) mutant lost its ability to
inhibit viral infection (Fig. 1C and D). In order to test whether the
lost inhibition of virus infection is due to the low expression level
of the A(17-20) mutant compared to that of wild-type IFITM3,
we generated two mutants, the A1718 and AY20 mutants, that also
had altered 17-PPNY-20 motifs but were expressed at levels sim-
ilar to that of wild-type IFITM3 (Fig. 1B). The results of infection
studies showed that deletion of the Y20 residue, but not 17-PP-18,
abrogated the antiviral activity of IFITM3 (Fig. 1C and D). Con-
sidering the essential role of the two prolines in the function of
PPxY as a viral late domain (13), this result also suggests that Y20
itself, independent of the PPNY motif, enables IFITM3 to inhibit
VSV-G protein-mediated virus infection. Supporting this conclu-
sion, replacing 17-PPNY-20 with 17PTAP or 17YPDL did not
preserve the antiviral activity of IFITM3 (Fig. 1C and D). It is
noted that although 17YPDL was poorly expressed, the expression
level of the 17PTAP mutant was similar to that of wild-type
IFITM3 (Fig. 1B). We also observed that the K24R mutant inhib-
ited virus infection no less than wild-type IFITM3 (Fig. 1Cand D).
In order to further confirm the key role of Y20 in IFITM3 restric-
tion of VSV, we generated two more mutations, Y20F and Y20A.
As expected, neither of these two mutants inhibited VSV-G pro-
tein-pseudotyped reporter virus (Fig. 2). Together, these results
demonstrate that the Y20 residue itself governs the ability of IF-
ITM3 to restrict VSV-G protein-mediated virus infection.

The IFITM3 A(1-21) mutant profoundly suppresses HIV-1
replication. We then asked whether the N-terminal region of
IFITM3 is required for inhibiting other viruses, such as HIV-1. To
answer this question, some of the aforementioned IFITM3 mu-
tants were cloned into the pRetroX-Tight-Pur retroviral vector
and stably transduced into SupT1 cells. Expression of IFITM3 and
its mutants was induced by doxycycline (Fig. 3A). We then chal-
lenged these cell lines with HIV-1. In the absence of doxycycline
(i.e., without induction of IFITM3 expression), virus showed sim-
ilar replication profiles in the different cell lines (Fig. 3B), al-
though moderate differences in the levels of viral RT activity were
noted for different cell lines. This may result from the nonsyn-
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FIG 2 Mutating Y20 abolishes IFITM3 inhibition of infection by VSV-G pro-
tein-pseudotyped virus. (A) Expression of the Y20A and Y20F mutants in
stably transduced HEK293 cells. (B) Infection of HEK293 cell lines by VSV-G
protein-pseudotyped MLV reporter viruses. Results shown are from one rep-
resentative infection. (C) Summary of three independent infections. The in-
fection efficiency of the control cells is arbitrarily set as 1.

chronized growth between cell lines. Given this observation, we
compared the replication of HIV-1 under doxycycline treatment
to that without doxycycline in the context of the same cell line.
The results showed that induction of IFITM3 expression by doxy-
cycline markedly suppressed HIV-1 replication (Fig. 3B). This in-
hibition was not alleviated by deleting the first N-terminal 21
amino acids or by mutating the 17-PPNY-20 motif (Fig. 3B). In
fact, some of the mutants, including the A(17-20), AY20,
17PTAP, and 17YPDL mutants, inhibited HIV-1 replication more
profoundly than wild-type IFITM3 (Fig. 3B). Therefore, as op-
posed to their essential role in IFITM3 inhibition of VSV and
influenza A virus (10, 35), the first 21 amino acids of IFITM3 are
not required for inhibiting HIV-1 replication.

The IFITM3 A(1-21) mutant inhibits virus entry mediated
by the HIV-1 envelope protein but not the VSV-G envelope pro-
tein. We next performed the BlaM-Vpr-based HIV-1 virion fu-
sion assay to directly measure the effect of [FITM3 and A(1-21)
mutant expression on virus entry mediated by either the HIV-1
envelope or the VSV-G protein. We first transfected HEK293T
cells with pCMV-BlaM-Vpr plasmid DNA and infectious HIV-1
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replication. SupT1 cells were infected with HIV-1. Virus growth was monitored over various time periods through measuring viral reverse transcriptase activity
in the culture supernatants.
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BH10 proviral DNA to produce BH10/BlaM-Vpr viruses that bear
HIV-1 envelope proteins. In order to generate VSV-G protein-
pseudotyped BlaM-Vpr-labeled HIV-1 particles, transfections
were conducted with pCMV-BlaM-Vpr, pVSV-G, and NLENY1-
ES-IRES DNA. NLENY1-ES-IRES expresses all HIV-1 proteins
except for viral envelope protein (20). The viruses were concen-
trated by ultracentrifugation, quantified by HIV-1 p24 ELISA, and
then used to infect SupT1 cells expressing wild-type IFITM3 or the
A(1-21) mutant. Two hours after virus exposure, cells were pro-
cessed and the number of BlaM-Vpr-positive cells was determined
by flow cytometry. The results showed that IFITM3 and its A(1-
21) mutant markedly decreased the entry of BH10/BlaM-Vpr vi-
ruses into target cells (Fig. 4A). In contrast, when the same exper-
iments were performed with the VSV-G/NLENY1-ES-IRES/
BlaM-Vpr viruses, inhibition of virus entry was observed only for
wild-type IFITM3 and not for the A(1-21) mutant (Fig. 4B).
Therefore, the N-terminal region of IFITM3 is required for inhib-
iting VSV G protein-mediated, but not HIV-1 envelope protein-
mediated, virus entry.

The N-terminal region of IFITM3 determines its cellular lo-
cation. In order to understand why the IFITM3 A(1-21) mutant
inhibits HIV-1 envelope-mediated virus entry but not entry me-
diated by the VSV-G protein, we studied the cellular locations of
both mutant and wild-type IFITM3 by fluorescence microscopy.
In contrast to wild-type IFITM3, which colocalized with endocy-
tosed transferrin (Fig. 5A), the A(1-21) mutant was mostly seen at
the cell periphery and barely exhibited colocalization with endo-
cytosed transferrin molecules (Fig. 5A). This suggests that the 21-
amino-acid deletion causes a relocation of IFITM3 from the en-
docytic compartments; therefore, IFITM3 may miss the
opportunity to encounter the viruses that enter cells via endocy-
tosis. Since HIV-1 entry occurs at or near the plasma membrane at
neutral pH (25, 31), the A(1-21) mutant, now located at the cell
periphery, is still well positioned to inhibit HIV-1 entry and viral
replication.

We then further characterized the cellular location of IFITM3
through immunostaining for EEA1, CD63, and TGN46, which are
marker proteins of early endosomes, late endosomes, and the
trans-Golgi network, respectively (19, 24, 32). IFITM3 colocalized
with EEA1 and CD63 but not with TGN46 (Fig. 5B), suggesting
that IFITM3 is mainly located at the early and late endosomes.
This observed cellular location enables IFITM3 to inhibit pH-
dependent viruses such as VSV and influenza virus that complete
their entry within endosomes at low pH; i.e., VSV requires a pH of
6 for entry (within early endosomes), whereas influenza A virus
needs a pH of 5 for entry (within late endosomes) (23). We also
investigated the cellular location of the AY20 and A(17-20) mu-
tants. Similar to the A(1-21) mutant, the AY20 and A(17-20) mu-
tants were mainly seen at the cell periphery and barely exhibited
colocalization with the late endosome marker CD63 (Fig. 5B).
Together, these data suggest that the N-terminal region of IF-
ITM3, specifically the Y20 residue, regulates IFITM3 cellular lo-
cation and thus determines the inhibition of pH-dependent vi-
ruses.

IFITM3 tyrosine residue (Y20) is phosphorylated. Tyrosine is
subject to phosphorylation by kinases. This represents an impor-
tant mechanism to regulate protein-protein interaction and relay
signals along various biological pathways. Given the importance
of Y20 in IFITM3 inhibition of VSV-G protein-mediated virus
infection, we further studied whether Y20 is phosphorylated and,
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FIG 4 Effects of IFITM3 and the A(1-21) mutant on virus entry. (A) BlaM-
Vpr-labeled BH10 viruses were used to infect SupT1 cells that were stably
transduced with the pRetro-X-Tight vector itself (control) or the vector ex-
pressing IFITM3 or the A(1-21) mutant. The number of infected cells was
determined by monitoring the cleavage of the CCF2/AM substrate by
BlaM-Vpr. (B) Results of similar experiments performed with BlaM-Vpr la-
beled NLENY1-ES-IRES viruses that were pseudotyped with VSV-G protein.
Data shown are the averages of three independent infections.

if so, how this modification contributes to the antiviral function of
IFITM3. In addition to IFITM3, we also included IFITM1 and
IFITM2 in the assays to detect tyrosine phosphorylation. We first
expressed IFITM1, -2, and -3 proteins in HEK293T cells. Follow-
ing treatment with sodium orthovanadate or a phosphatase inhib-
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FIG 5 Cellular location of IFITM3 and its mutants. (A) IFITM3 and A(1-21)
mutant DNAs were transfected into HEK293 cells. Prior to fixation, cells were
incubated with Alexa Fluor 555-conjugated transferrin (pseudocolored in red)
(5 pg/mlin serum-free Dulbecco modified Eagle medium) for 10 min at 37°C.
IFITM3 and the A(1-21) mutant were detected by immunostaining with anti-
Flag antibodies (pseudocolored in green). (B) IFITM3 and A(17-20) and
AY20 mutant DNAs were transfected into HEK293 cells. Their expression was
detected by immunostaining with anti-Flag antibodies (pseudocolored in
green). The locations of EEA1, CD63, and TGN46 were visualized by immu-
nostaining with respective antibodies (pseudocolored in red). Representative
images are shown.
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itor cocktail for 1 h to block the activity of phosphatases, cells were
harvested and IFITM1, -2, and -3 proteins were immunoprecipi-
tated. The precipitated materials were then probed by Western
blotting with antibodies specifically recognizing phosphorylated
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tyrosine (pY). Only IFITM3, not IFITM1 or IFITM2, was recog-
nized by pY antibodies, suggesting that only the tyrosines of
IFITM3 are phosphorylated (Fig. 6B).

We next asked whether the endogenous IFITM3 is phosphor-
ylated at the tyrosine residue. To explore this, we treated HeLa
cells with alpha interferon (IFN-a«) (500 U/ml) for 24 h, followed
by 1 h of incubation with sodium orthovanadate (10 mM). The
endogenous IFITM3 was precipitated using the anti-IFITM3 an-
tibody and examined by Western blotting with anti-pY antibody.
Indeed, the endogenous IFITM3 was recognized by the anti-pY
antibody, suggesting its phosphorylation by tyrosine kinases
(Fig. 6C).

There are four tyrosines in IFITM3: Y20, Y80, Y99, and Y132
(Fig. 6A). In order to determine which tyrosines are phosphory-
lated, in addition to AY20, we created three other mutations:
Y80A, Y99A, and Y132A. The anti-pY antibodies recognized the
Y80A, Y99A, and Y132A mutants but not the AY20 mutant (Fig.
6D). To further demonstrate that Y20 is phosphorylated, we gen-
erated two more mutants, the Y20F and Y20A mutants, and ex-
amined their phosphorylation status. The results showed that nei-
ther of these two mutants was recognized by the anti-pY antibody
(Fig. 6E). Together, these data suggest that Y20 is the major ty-
rosine phosphorylation site in IFITM3. In support of this obser-
vation, IFITM3 mutants, including the A(1-21), A(17-20), and
17PTAP mutants, that lack Y20 were also not detected by the
anti-pY antibody (Fig. 6F). The 17YPDL mutant has a tyrosine at
position 17 but was not phosphorylated, likely due to the loss of
the sequence context that is required for recognition by tyrosine
kinases (Fig. 6F).

The tyrosine kinase Fyn phosphorylates IFITM3. We next
tried to determine which tyrosine kinase phosphorylates IFITM3.
To this end, we first tested the effect of tyrosine kinase inhibitors
genistein, PP2, and U0126 on IFITM3 phosphorylation. Genistein
is a general tyrosine kinase inhibitor, PP2 selectively inhibits Src
family kinases, and U0126 inhibits mitogen-activated protein/ex-
tracellular signal-regulated kinase (MAPK/ERK) kinases (1, 11,
14). Both genistein and PP2, but not U0126, effectively dimin-
ished IFITM3 phosphorylation (Fig. 7A), suggesting that a mem-
ber(s) of the Src kinase family phosphorylates IFITM3. We next
performed immunoprecipitation experiments to determine
which Src kinases interact with IFITM3. We probed the immuno-
precipitated IFITM3 samples in Western blots using antibodies
against Fyn, Fgr, Src, Lyn, and Hck. A measurable association of
Fyn with IFITM3 was detected (Fig. 7B). Deletion of the Y20 res-
idue diminished this interaction (Fig. 7B). This result is consistent
with a previous observation showing that rat IFITM3/Rat8 is as-
sociated with Fyn (42). In order to further demonstrate the role of
Fyn in phosphorylating IFITM3, we used siRNA to knock down
endogenous Fyn in HEK293T cells and then measured the level of
tyrosine phosphorylation of IFITM3. Among the three siFyn oli-
gonucleotides tested, siFyn1 was the most effective in both deplet-
ing endogenous Fyn and diminishing IFITM3 phosphorylation
(Fig. 7C). In support of the siRNA knockdown data, overexpres-
sion of Fyn substantially increased the level of IFITM3 phosphor-
ylation (Fig. 7D). Moreover, IFITM3 phosphorylation was mark-
edly impeded by the expression of Fyn GGAA, E314A, and E314Q
mutants, which were mutated in the ATP-binding region (G278
and G280) or the catalytic site (E314) and thus lost the kinase
activity (Fig. 7D) (37, 38). Similar to wild-type Fyn, these mutants
also associated with IFITM3, as shown by the results of coimmu-

jviasm.org 13703


http://jvi.asm.org

Jia et al.

e <
A D S Qg<d
c . E YOS o o
117 2|0 2\4 u:o."_'- 2 g g >
MNHTVQTFFSPVNSGQPPNYEMLKEEHEVAVLGAP _____________ —lgL
apY
HNPAPPTSTVIHIRSETSVPDHVVWSLENTLEMNE] IP:
Flag
8|0 99 a Flag
[CCLGFIAFAYSVKSRDRKMVGDVTGAQAYASTAKC
132 Cell a Flag
LNIWALTLGIIMTILIIVIPVLIFQAYG Lysates |17 J
inhibitors o
control NagVO i = o
B 3VO4  cocktail E X2 5L «
. o o o . O F N S o
T T NS TN T N® g > g9d
XSS=EXSsS=5==s= a kg > >
SEEESEEEQEEE
qercegcicc %= apy
- lg-L P
apY .
IP: Flag
Flag a Flag
a Flag iz=
a Flag
a Flag Cell 7
Cell [17-= Lysates
Lysates : i
o —~ S o
C. g 22 YLy
P 8 EsrgQ g
Cell N deggaact €
o S
Lysates &’ X
apY IP:
1= Flag
17--- e
55_- a tubulin Cell
Lysates

FIG 6 IFITM3 is phosphorylated at Y20. (A) Illustration of IFITM3 sequence and the location of tyrosine residues. (B) Detection of IFITM3 phosphorylation
using antibodies recognizing phosphorylated tyrosine (pY). DNA vectors expressing IFITM1, IFITM2, and IFITM3 were transfected into HEK293T cells.

Na;VO, or phosphatase inhibitor cocktail was used to treat cells before cell lysates were harvested. The IFITM1, IFITM2, and IFITM3 proteins were precipitated
(IP) with anti-Flag antibodies and then tested by Western blotting with anti-pY antibodies. (C) Phosphorylation of endogenous IFITM3. HeLa cells were treated
with 500 U/ml IFN-« for 24 h, followed by incubation with 10 mM Na;VO, for 1 h prior to harvest. The endogenous IFITM3 was precipitated and subject to
Western blotting with anti-pY antibody. (D) Detection of phosphorylation of wild-type IFITM3 and the AY20, Y80A, Y99A, and Y132A mutants in Western blotting
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A(1-21), A1718, AY20, A(17-20), 17PTAP, 17YPDL, and K24R mutants. Positions of the IgG light chain (Ig-L) on the gels are indicated by arrows.

noprecipitation and immunofluorescence staining experiments
(Fig. 7D and E), which suggests that these ectopically expressed
Fyn mutants compete with the endogenous Fyn for binding to
IFITM3 and, as a result, diminish IFITM3 phosphorylation. To-
gether, these data indicate that Fyn, which is also membrane asso-
ciated (2), phosphorylates IFITM3.

DISCUSSION

We report several novel findings from this study. First, the N-ter-
minal 21 amino acids of IFITM3 are dispensable for suppressing
HIV-1 replication in vitro (Fig. 3B), although they are essential for
IFITM3 to inhibit VSV-G-bearing MLV pseudovirus (Fig. 1), as
has been observed for both influenza A virus and VSV (10, 35).
Second, deleting the first 21 amino acids changes the location of
IFITM3 from endosomal compartments to the cellular periphery
(Fig. 5A), which suggests that one function of the N-terminal re-
gion of IFITM3 is to target the protein to endosomes where
IFITM3 can encounter invading viruses and block their entry.

13704 jviasm.org

Third, mutagenesis studies reveal Y20 as the key residue that de-
termines [FITM3 localization in cells.

It is intriguing that IFITM3 inhibits virus entry mediated by
both HIV-1 Env and VSV-G protein, given that the entry of VSV
and that of HIV-1 have different requirement for pH (Fig. 4) (12,
22). VSV, like influenza A virus, needs a low pH to trigger the
conformational change of its G protein in order to initiate mem-
brane fusion, whereas HIV-1 entry is pH independent and takes
place at the plasma membrane or early endocytic vesicles. In order
to inhibit both pH-dependent and pH-independent viruses,
IFITM3 is expected to be present at the cellular compartments
where these different viruses complete their entry. Indeed, IFITM3
has been observed to colocalize with several marker proteins of endo-
somes/lysosomes, including Rab5, Rab7, lamp1, and LysoTracker
(12,17, 39). Results of this study further showed colocalization of
IFITM3 with endocytosed transferrin and the endosomal markers
EEA1 and CD63 (Fig. 5).

The localization of IFITM3 to endosomes depends on the Y20
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amino acid. Deletion of Y20 led to relocation of IFITM3 from
endosomes to the cell periphery (Fig. 5B). Since Y20 does not
function in the context of the 17-PPNY-20 motif, we propose a
role of Y20 in the 20-YEML-23 sequence that conforms to a ty-
rosine-based sorting signal with a consensus sequence, Yxx® (P
represents residues with bulky hydrophobic side chains) (3).
Yxx® motifs are involved in rapid internalization of proteins from
the plasma membrane and targeting proteins to lysosomes (3). It
is thus likely that the 20-YEML-23 motif serves as a protein sorting
signal and allows rapid removal of IFITM3 from the plasma mem-
brane. In line with this hypothesis, mutation of Y20 causes accu-
mulation of IFITM3 on the plasma membrane, likely as a result of
the impaired internalization of IFITM3.

Then what is the function of Y20 phosphorylation? This mod-
ification may present a mechanism to regulate the interaction of
the 20-YEML-23 motif with the p subunit of the AP complex and
thereby modulate IFITM3 internalization. This form of regulatory
mechanism has been demonstrated with the T cell costimulatory
receptor CTLA-4. CTKA-4 has a YVKM sequence that can be
phosphorylated at the Y residue when a T cell is activated. The
phosphorylated Y blocks the interaction of YVKM motif with .2
of the AP2 complex and thereby leads to the retention of CTLA-4
on the surface of activated T cells (8, 29, 41). We noted that the
phosphorylated IFITM3 represents a minor fraction of the total
IFITM3 in cells (Fig. 6), which explains the endosomal localiza-
tion of the majority of IFITM3 that is suspected not to be phos-
phorylated at Y20 (Fig. 5). It is conceivable that the extent of Y20
phosphorylation affects IFITM3 distribution in different cellular
membrane compartments.

We identified Fyn as one tyrosine kinase that phosphorylates
Y20 of IFITM3 (Fig. 7). Fyn is a member of the Src kinase family.
Fyn’s association with the plasma membrane is dependent on my-
ristoylation and palmitoylation at its N terminus (33, 36). Mutat-
ing the palmitoylation site, cysteine 3, abrogates Fyn localization
to the plasma membrane. It is notable that IFITM3 is also palmi-
toylated and that this modification is also essential for IFITM3
binding to membranes (40). Our data thus suggest that Fyn phos-
phorylates IFITM3 at Y20 and thereby retains a subpopulation of
IFITM3 at the plasma membrane.

One function of IFITM3 in endosomes appears to regulate
compartment acidification and morphogenesis. The late endo-
somes and lysosomes are enlarged when IFITM3 is induced by
alpha interferon or is overexpressed (12). IFITM3 may do so
through interacting with Atp6vOb and thereby stabilizing the
vacular ATPase proton pump (34). Supporting this, depletion of
IFITM3 leads to a neutralized pH in endosomal compartments
and the loss of clathrin from membrane compartments (34). This
cellular function of IFITM3 in modulating the structure and prop-
erty of endosomes may have allowed IFITM3 to inhibit virus entry
at these membrane compartments (12).

The topology of IFITM3 on membranes has been described in
two models. One model predicts that IFITM3 passes the mem-
brane twice with its N and C termini present within the lumen of
the endoplasmic reticulum (ER) or extracellular. In support of
this prediction, the N or C terminus of IFITM3 has been detected
on cell surfaces by immunostaining (4, 35). However, if this is the
sole topology of IFITM3 on cell membranes, then Y20 would not
have access to Fyn that is located at the cytoplasmic face of the
cellular membranes and so Y20 could not be phosphorylated. This
contradiction is reconciled by a second model proposing that
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IFITM3 is an intramembrane protein with its two termini project-
ing into the cytoplasm (39). The latter model is supported by the
lack of glycosylation of IFITM3, which suggests that IFITM3 is not
exposed to the ER lumen glycosylation machinery (39). Also,
S-palmitoylation at the cysteine residues 71, 72, and 105 is essen-
tial for IFITM3 membrane association, which is a common feature
of a number of cellular intramembrane proteins (39, 40). This
intramembrane model places Y20 within the cytoplasm so Y20
can be phosphorylated. Also consistent with this model, the K24
amino acid was shown to be ubiquitinated, which can only occur
if K24 is exposed to the cytoplasmic ubiquitin E3 ligases (39).

In summary, results of this study suggest that Y20 likely func-
tions as a key residue of a putative sorting signal, 20-YEML-23,
that resides within the N-terminal region of IFITM3 and likely
plays an important role in regulating the distribution of IFITM3 at
different cellular membrane compartments. Phosphorylation of
Y20 may modulate the sorting activity of 20-YEML-23 and
thereby affect IFITM3 subcellular location as well as antiviral
function. Although Y20 is essential for IFITM3 to reside at the
endosomes and thereby to restrict the entry of pH-dependent vi-
ruses, it is dispensable for inhibiting HIV-1, which enters cells in a
pH-independent fashion.
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