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ABSTRACT Long noncoding RNAs (IncRNAs) are involved in numerous cellular proc-
esses. Increasing evidence suggests that some IncRNAs function in immunity through vari-
ous complex mechanisms. However, implication of a large fraction of IncRNAs in antiviral
innate immunity remains uncharacterized. Here, we identified an IncRNA called IncRNA
IFITM4P that was transcribed from interferon-induced transmembrane protein 4 pseudogene
(IFITM4P), a pseudogene belonging to the interferon-induced transmembrane protein
(IFITM) family. We found that expression of IncRNA IFITM4P was significantly induced by
infection with several viruses, including influenza A virus (IAV). Importantly, IncRNA
IFITM4P acted as a positive regulator of innate antiviral immunity. Ectopic expression of
INcRNA IFITM4P significantly suppressed IAV replication in vitro, whereas IFITM4P defi-
ciency promoted viral production. We further observed that expression of IncRNA IFITM4P
was upregulated by interferon (IFN) signaling during viral infection, and altering the
expression of this INcRNA had significant effects on the mRNA levels of several IFITM fam-
ily members, including IFITM1, IFITM2, and IFITM3. Moreover, IncRNA IFITM4P was identi-
fied as a target of the microRNA miR-24-3p, which represses mRNA of IFITM1, IFITM2, and
IFITM3. The experiments demonstrated that IncRNA IFITM4P was able to cross-regulate
the expression of IFITM family members as a competing endogenous RNA (ceRNA), lead-
ing to increased stability of these IFITM mRNAs. Together, our results reveal that IncRNA
IFITM4P, as a ceRNA, is involved in innate immunity against viral infection through the
INcRNA IFITM4P-miR-24-3p-IFITM1/2/3 regulatory network.

IMPORTANCE IncRNAs play important roles in various biological processes, but their
involvement in host antiviral responses remains largely unknown. In this study, we
revealed that the pseudogene IFITM4P belonging to the IFITM family can transcribe
a functional long noncoding RNA termed IncRNA [FITM4P. Importantly, results
showed that IncRNA IFITM4P was involved in innate antiviral immunity, which resem-
bles some interferon-stimulated genes (ISGs). Furthermore, IncRNA IFITM4P was iden-
tified as a target of miR-24-3p and acts as a ceRNA to inhibit the replication of IAV
through regulating the mRNA levels of IFITM1, IFITM2, and IFITM3. These data pro-
vide new insight into the role of a previously uncharacterized IncRNA encoded by a
pseudogene in the host antiviral response and a better understanding of the IFITM
antiviral network.
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nfluenza virus causes pandemics and seasonal epidemics worldwide, which poses a
great threat to human beings (1-4). Influenza-associated respiratory diseases have
been estimated to take 291,243 to 645,832 human lives annually (5). Besides deaths or
symptoms directly caused by influenza infection, people with chronic disorders, such
as cardiovascular disease, are particularly vulnerable to influenza virus infection (6).
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Human influenza A and B viruses are prevalent among human beings. However, most
influenza A virus (IAV) genes have a higher evolutionary rate than that of influenza B vi-
rus (7-10). IAVs are subtyped according to their surface antigen hemagglutinin (HA)
and neuraminidase (NA). Reassortment between distinct IAVs leads to the generation
of new subtypes of 1AV, which may cause the emergence of highly pathogenic strains
that have pandemic potential (2, 11).

During IAV infection, the recognition of pathogen-associated molecular patterns
(PAMPs) by pathogen recognition receptors (PRRs) like retinoic acid-inducible gene |
(RIG-]) is the first step to activate host antiviral response. Transcription factors, includ-
ing NF-«B and IRF3/7, are then activated, respectively, which together with other com-
ponents, constitute an enhanceosome to trigger interferon (IFN) transcription (12, 13).
IFNs bind to their corresponding receptors that activate Janus protein tyrosine kinase-
signal transducer and the activator of transcription (JAK-STAT) signaling pathway to
induce the expression of antiviral proteins encoded by interferon-stimulated genes
(ISGs) (14). Moreover, initial activation of STAT1 could be mediated by the spleen tyro-
sine kinase (Syk) to induce ISGs downstream of RIG-I/MAVS pathway at an early stage
of viral infection (15).

IFN-induced transmembrane (IFITM) proteins, which belong to the Dispanin/CD225
family, are well-characterized antiviral ISG products (16-18). The CD225 superfamily
proteins harboring the CD225 domain can regulate vesicular membrane fusion (19).
Human IFITM genes are located on chromosome 11 and are composed of four main
functional members: IFITM1, IFITM2, IFITM3, and IFITM5. IFITM4P is a pseudogene
located on chromosome 6. IFITM proteins share the same topology (16). IFITMT,
IFITM2, and IFITM3 are basally and almost ubiquitously expressed in human tissues,
while IFITM5 is primarily expressed in osteoblasts (20). Among those family members,
IFITM1, IFITM2, and IFITM3 are termed immunity-related IFITMs (16, 21). Studies have
revealed that IFITM proteins could restrict the replication of multiple pathogenic
viruses, especially enveloped viruses (20, 22-27). IFITM3 has been reported to be an
essential barrier against IAV infection both in vivo and in vitro (20, 24). IFITM proteins
seem to restrict IAV entry through multiple ways, including impairing the formation of
fusion pores, inhibiting viral membrane hemifusion, and promoting membrane rigidity,
thereby preventing virion-host membrane fusion and trapping the endocytosed virions
within the vesicles (20, 25, 28, 29). Emerging evidence indicates that some viruses can
be engaged by IFITM3 and shuttled to lysosomes (30). IFITM3 is able to amplify phos-
phatidylinositol 3-kinase (PI3K) signaling in B cells as a PIP3 scaffold (31). Additional
evidence suggests that IFITM proteins are also involved in diverse biological processes,
such as bone mineralization and germ cell specification (32, 33).

Long noncoding RNAs (IncRNAs) are defined as transcripts longer than 200
nucleotides (nt) with no protein coding potential. Increasing data indicate that they are
involved in modulating multiple kinds of cellular processes, including antiviral innate
immunity through diverse mechanisms (34). For example, lincRNA-Cox2 is able to mod-
ulate the Pam;CSK,-induced inflammatory response, and it has been shown that
IncRNA can mediate both activation and repression of immune response genes (35).
We have also reported that a IncRNA named negative regulator of antiviral response
(NRAV) negatively regulates host antiviral responses through suppressing transcription
of several critical ISGs by affecting the histone modification of those ISGs (36). Another
virus-induced IncRNA, termed IncRNA ACOD1, promotes viral replication by modulat-
ing cellular metabolism (37). However, only a small number of functional IncRNAs
involved in antiviral responses have been well studied so far, and the functions of most
identified IncRNAs remain largely uncharacterized (38). In-depth mechanisms underly-
ing regulation of gene expression by IncRNAs are largely unexplored.

Here, we unveiled that IFITM4P, a pseudogene from the widely reported IFITM fam-
ily, transcribed an IncRNA that can function as an important regulator of the host anti-
viral immunity. Our study identified IncRNA IFITM4P as a competing endogenous RNA
(ceRNA) that was involved in innate immunity against viral infection by cross talking
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with other IFITM family members. These data provide a new line of evidence for the
function of a pseudogene in the host-virus interaction.

RESULTS

The transcript of IFITM4P is identified as an IncRNA that can be induced by
multiple viruses. To investigate the roles of host IncRNAs in IAV infection and patho-
genesis, cDNA microarray analysis was performed on human A549 cells infected or not
infected with influenza virus A/WSN/33 (H1N1) for 12 h as described previously (http://
www.ncbi.nlm.nih.gov/geo; GEO accession no. GSE58741) (39). Among 1,051 differen-
tially expressed IncRNAs, 10 upregulated and 7 downregulated (fold change of >2;
P < 0.05) IncRNAs were selected and analyzed (Fig. 1A). The differential expression of
these IncRNAs was then confirmed by reverse transcription-PCR (RT-PCR) (Fig. 1B). Due
to significant changes of its expression in IAV-infected cells and membership in the
IFITM family, IFITM4P was chose for further investigation. IFITM4P, a pseudogene
belonging to IFITM family, unlike other family members, is located on chromosome 6
(Fig. 1Q). To further investigate the expression of IFITM4P during IAV infection, quanti-
tative RT-PCR (gRT-PCR) was performed to detect the IFITM4P RNA levels at indicated
infection time points. Results showed that IncRNA IFITM4P was induced by the viral
infection in a time-dependent manner, and its levels reached the highest point at 14 h
postinfection (Fig. 1D). Furthermore, we explored whether expression of IncRNA
IFITM4P was elevated by a broad spectrum of viruses. Interestingly, we found that
IFITM4P expression was significantly increased in 293T or A549 cells infected with vari-
ous |AV strains, such as PR8, CA04, seasonal influenza A virus—Shanghai, and also
other RNA viruses, like SeV and Muscovy duck reovirus (MDRV), as well as DNA viruses
like herpes simplex virus 1 (HSV-1) (Fig. 1F). However, infection with pseudorabies virus
(PRV), a DNA virus, did not induce the expression of IFITM4P in A549 cells (data not
shown).

The levels of INcRNA IFITM4P induced by IAV strain WSN in other human cell lines
were also examined. Increased expression of IFITM4P could be detected in several
human cell lines infected with WSN, including A549, 293T, Huh7, K562, and Hela.
There was a rather moderate change of IFITM4P level in MCF7 cells after IAV infection.
In HepG2 cells, however, the RNA level of IFITM4P was not obviously changed (Fig. 1G).
Taken together, these data demonstrated that IFITM4P could be induced by infection
of several types of viruses in some, but not all, human cell lines.

To determine the full length of IncRNA IFITM4P, 5 rapid amplification of cDNA
ends (RACE) and 3’ RACE experiments were performed. The full length of IncRNA
IFITM4P is 961 nt (Fig. 1E). Coding potential analyses tools, including NCBI ORF Finder
(https://www.ncbi.nlm.nih.gov/orffinder) and Coding Potential Calculator (CPC; http://
cpc2.gao-lab.org/), were employed to ascertain whether IncRNA IFITM4P has protein
coding potential. We noticed that all potential open reading frames (ORFs) of IFITM4P
were less than 300 nt, and the CPC score for IFITM4P was minus, indicating that it is a
noncoding RNA (data not shown). Next, we employed experimental translation tools in
vitro and Western blotting to test the coding potential of IFITM4P. IFITM3 was used as
a positive control. The band of Flag-tagged IFITM3 was observed at the position of
right size, but no band was detected for Flag-tagged IFITM4P (Fig. TH). Subcellular frac-
tionation analysis showed that IFITM4P was localized in both cytoplasm and nucleus,
but particularly in the nucleus (Fig. 11). Collectively, these results suggest that IncRNA
IFITM4P, the transcript of pseudogene IFITM4P, is a long noncoding RNA that can be
induced by multiple viruses.

IncRNA IFITM4P can inhibit IAV and MDRYV replication in vitro. To investigate
whether IncRNA IFITM4P is a functional transcript involved in viral infection, we exam-
ined effects of altered expression of IncRNA IFITM4P on host antiviral responses. For
this, we designed two short hairpin RNAs (shRNAs) to disrupt IncRNA IFITM4P expres-
sion specifically in A549 cells (Fig. 2A and B). A plaque-forming assay (PFA) was applied
to determine the differences in virus titers between IncRNA IFITM4P knockdown cells
and control cells infected with IAV. It was noteworthy that silencing IncRNA IFITM4P
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FIG 1 Transcript of IFITM4P is identified as an IncRNA that can be induced by multiple viruses. (A) The differentially expressed IncRNAs in A549 cells
infected or not infected with A/WSN/33 influenza virus were analyzed by using a cDNA microarray. Cells infected with WSN were collected at 12 h
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remarkably promoted IAV replication in host cells (Fig. 2C). Similarly, the hemaggluti-
nation (HA) assay showed increased IAV titers in A549 cells with disrupted IncRNA
IFITM4P expression (Fig. 2D).

On the other hand, to define the role of IncRNA IFITM4P, we generated an A549 cell
line stably overexpressing IncRNA IFITM4P (Fig. 2E and F). Both PFA and HA assay
results showed that virus titer was remarkably decreased in the supernatant of IncRNA
IFITM4P-overexpressing cells compared to that in control cells after WSN infection, sug-
gesting that ectopic expression of IncRNA IFITM4P significantly impaired the replica-
tion of IAV in A549 cells (Fig. 2G and H).

We also utilized Muscovy duck reovirus (MDRV) and Sendai virus (SeV) to infect
293T cell lines aberrantly expressing IncRNA IFITM4P. Lentiviral shRNAs silencing
IncRNA IFITM4P led to increased mRNA levels of MDRV P10 (Fig. 2I), whereas the P10
MRNA levels in 293T cells overexpressing INncRNA IFITM4P exhibited a moderate decline
compared with the control (Fig. 2J). This finding indicates that IncRNA IFITM4P may in-
hibit the MDRV replication. However, altering IFITM4P expression had no significant
effect on the replication of SeV in 293T cells (Fig. 2K and L). Together, the results reveal
that IncRNA IFITM4P is a functional IncRNA that can restrict some viruses such as IAV
and MDRV.

Expression of IncRNA IFITM4P is regulated by IFN signaling during viral infection.
Since viral infection induced IncRNA IFITM4P expression immediately within a few hours
postinfection, and increased IncRNA IFITM4P inhibited viral production, we speculated
that IncRNA IFITM4P might be involved in antiviral innate immunity. Therefore, we asked
whether innate immune signaling activated by invading viruses was responsible for the
upregulation of IncRNA IFITM4P. To test this possibility, we transfected polyinosinic poly
(Q) [poly(I-Q)], a synthetic analog of double-stranded RNA (dsRNA), into A549 cells to
examine effect of dsRNA on the induction of IncRNA IFITM4P. Indeed, we observed that
poly(l-C) significantly induced IncRNA IFITM4P expression in a dose-dependent manner
(Fig. 3A and B). Viral RNA (VRNA) also triggered the expression of IncRNA IFITM4P,
whereas VRNA deprived of 5’ phosphates after being treated with calf intestinal alkaline
phosphatase (CIAP) showed an inefficiency in inducing IncRNA IFITM4P (Fig. 3Q). In addi-
tion, silencing or knockout of RIG-I caused remarkable inhibition of IncRNA IFITM4P
expression (Fig. 3D and E). Treatment with BAY 11-7082, an irreversible inhibitor of NF-
kB, significantly decreased the IAV-induced IncRNA IFITM4P level in A549 cells compared
with the control (Fig. 3F and G). Consistently, silencing the NF-«B p65 subunit with small
interfering RNA (siRNA) led to a diminished amount of IncRNA IFITM4P in comparison
with the control (Fig. 3H). Moreover, supernatants derived from WSN-infected A549 cells
for 14 h were then used to stimulate fresh A549 cells. IncRNA IFITM4P expression level in
A549 cells stimulated with the supernatants for 2 h was clearly elevated compared with
that in the control cells, which was similar to that in A549 cells directly infected with
WSN for 14 h (Fig. 3I).

In addition, we noticed that IncRNA IFITM4P could be upregulated by IFN-B in a
concentration-dependent manner (Fig. 3J and K). Consistently, knockout of IFNAR in
A549 cells impaired the production of IncRNA IFITM4P to some extent (Fig. 3L). Taken

FIG 1 Legend (Continued)

postinfection. Shown are representative IncRNAs whose expressions significantly changed after viral infection. IFITM4P is indicated in a red rectangle. (B)
RT-PCR was performed to determine the expression of 17 IncRNAs in A549 cells infected or not infected with WSN (MOl of0.5) for 14 h. IFITM4P is
indicated in a red rectangle. (C) Shown is a paradigm of the genomic location of IFITM4P. (D) qRT-PCR was employed to detect RNA levels of IFITM4P in
A549 cells infected with WSN (MOI of 0.5) for the indicated times. Data represent mean values = SEM (n=3; *, P < 0.05; **, P < 0.01; ***, P < 0.001). (E) 5’
and 3’ RACE analyses were performed. Shown are the 5’ end and 3’ end sequences of IFITM4P. (F) qRT-PCR was employed to detect the RNA levels of
IFITM4P in A549 cells infected with A/Puerto Rico/8/1934 (PR8), A/California/04/2009 (CA04), A/Shanghai-Jiading/SWL1970/2015 (Season) or herpes simplex
virus 1 (HSV-1), and in 293T cells infected with Sendai virus (SeV) or Muscovy duck reovirus (MDRV). Data represent mean values *+ SEM (n=3; *, P < 0.05;
** P < 0.01; *** P < 0.001). (G) Human cell lines, including A549, 293T, Huh7, K562, HeLa, MCF7, and HepG2, were infected or not infected with WSN
(MOl of 0.5) for 14 h. Expression of IFITM4P and IAV nucleoprotein (NP) in these cell lines was assessed by RT-PCR and Western blotting, respectively. (H)
The full length of IFITM4P was cloned into pNL vector with an N-terminal Flag tag in three reading frames. Flag-IFITM3 served as the positive control.
Yellow, orange, and green rectangles indicate Flag tag, IFITM3, and IFITM4P, respectively. Plasmids were transfected into 293T cells for 48 h, and cell
lysates were subjected to Western blotting with anti-Flag antibody. (I) The RNA levels of IFITM4P in cytoplasmic and nuclear fractions from A549 cells were
examined by qRT-PCR. U6, GAPDH, and total RNA levels served as the nuclear, cytoplasmic, and input RNA controls, respectively. Data are shown as
percentage of input. Data represent mean values = SEM. Shown are representatives from three independent experiments.

November 2021 Volume 95 Issue 21 e00277-21 jviasm.org 5


https://jvi.asm.org

Xiao et al.

IFITM4P

GAPDH

Virus titer [log2(HA titer)]

N W
0 <o

Virus titer
N~
]

(105PFU/mL)

—_
S S W

& = =
= ) - N

=

Relative P10 mRNA levels
-

=
~

=

B C
1.2 1
=2
8 N g
s & 2 19
N & «
W » z
s & ¥ Z 0.8 1 5
S S S A % % £
) @»
0.6
) >
1 0.57  0.36 o 0.4
>
9
-4
0
&~ 0 S
"y & &
S & &
& &
% 3
& &
E
’—-.’{\'\ &é\uQ
< A
© ¢
é\f e\f
Q A
ey —
—®— - 5h1-IFITM4P
14 16 18 20 22 24
Hours post-infection
* H
S 1
x =
L
s 6
S5
2
54
‘é R —8— )NL-EV
§ - -G . - pNL-IFITM4P
, 2 & . . . . ,
4 12 14 16 18 20 22 24
g &
S Hours post-infection
N V,{? P
§
. K L
6 -
| g ,!ﬂ—"—i'v'\":'; ?
= &= =
< 51 x!'ﬂ =
=3 P z
S o K
2 4 - /! 2
5 7 o
= .& ..... & shluc g
*
£ o,.;‘{ - & - sh1IFITM4P 5
> é‘?’ - =A- = sh2 IFITM4P S
' 2 L 1 'l L L J
Q 12 14 16 18 20 22 24
® @“s
& & Hours post-infection
&

Journal of Virology

180 1
160 1 iy
140 -

2120 1

] *

S 100

=

& 80 -

=}

= 60 1 T

ak
40 1
20 1
0
> N »
s & &
S
& N
& By
F * %
L, 140 1 |
s
% 120 1
= 100 A
&
E 80 1
= 60
=
S 40 1
&
= 20 1
9
&
0 L
Q N
& K\
ol &
Q R
§
1.4 1
2 * =
S 1.2 -
g
< 11
Z
E 0.8
>
= 0.6 4
o E
2 0.4
=
S 021
0 \
v » N
S
& «§
3 3
& &

6 -

5 -

4 1 X

‘/
3 4 —o— pNL-EV
/ - -& - - pNLIFITM4P
2< 3 1 L 1 L L J
12 14 16 18 20 22 24

Hours post-infection
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together, these results suggest that like other IFITM family members, the expression of
IncRNA IFITM4P is regulated through IFN signaling activated by viral infection.

Expression of IncRNA IFITM4P affects the mRNA levels of other IFITMs. Some
pseudogenes, by acting on homologous sequences, can affect expression of protein-cod-
ing genes. High homology does exist between IFITM4P and IFITM3; thereby, we wanted to
explore if altering IncRNA IFITM4P expression could have any impact on IFITM3 level.
Specific shRNAs were designed to target IncRNA IFITM4P, and the specificity of these
shRNAs was further confirmed by coexpression of the IFITM family members and their
shRNAs (Fig. 4A; also see Fig. 6). It was worth noting that disrupting IncRNA IFITM4P
expression resulted in lower IFITM3 protein accumulation in cells either infected or not
infected with IAV (Fig. 4B). In contrast, ectopic expression of IFITM4P in A549 cells notably
upregulated IFITM3 protein levels (Fig. 4C). To further investigate whether this kind of
effect happened only at the stage of translation, or occurred due to the changes of IFITM3
mMRNA level, and whether other members of the IFITM family could also be regulated by
IncRNA IFITM4P, three critical IFITM mRNA levels in cell lines with IFITM4P depleted or
overexpressed were examined by gRT-PCR. Disrupting IFITM4P expression in A549 cells
resulted in decreases in the mRNA levels of IFITM1, IFITM2, and IFITM3 (Fig. 4D), whereas
upregulated mRNA levels of these IFITMs were observed in IncRNA IFITM4P-overexpress-
ing cells infected or not infected with IAV (Fig. 4E). The results presented above revealed
that IncRNA IFITM4P positively regulates the expression of other IFITM members.

IncRNA IFITM4P is a target of miR-24. Our findings suggested a possibility
that IncRNA IFITM4P might cross talk with its family members through an intermediate.
To ascertain the underlying mechanism by which IncRNA IFITM4P might interact with its
family members, we conducted a predictive bioinformatic analysis to identify whether
there were any microRNAs (miRNAs) that might play a role in the process of IFITM4P-
IFITM interaction. Previous studies and prediction results acquired from miRBase,
TargetScanHuman, and PicTar were considered synthetically, and miR-24-3p, miR-122-5p
and miR-130a-3p were sifted out as the most probable candidates (40-42). In particular,
miR-24-3p was predicted to target IFITM1, IFITM2, IFITM3, and IFITM4P, and miR-122-5p
might target IFITM1, IFITM3, and IFITM4P. Although miR-130a-3p was also predicted to
likely target IFITM1, IFITM2, and IFITM4P, our experiments demonstrated that miR-130a-
3p was unable to downregulate the RNA levels of IFITM4P significantly (data not shown).
We found that IFITM1, IFITM2, IFITM3, and IFITM4P were able to match sequences of
miR-24-3p and miR-122-5p, although they were located at different regions (Fig. 5A and
B) (data not shown). Thus, we first examined the expression of miR-24-3p and miR-122-
5p in A549 cells and found that they were abundant in A549 cells (Fig. 5C). We noticed
that IAV infection slightly downregulated the endogenous miR-24-3p level, but it had lit-
tle impact on miR-122-5p expression (data not shown). To determine the influence of
miR-24-3p and miR-122-5p on expression of these IFITMs, A549 cells were transfected
with the negative control or corresponding mimic, and the RNA levels of these IFITMs
were examined. We observed that A549 cells treated with mimic-24-3p or mimic-122-5p
had a lower level of IncRNA IFITM4P than that in control cells (Fig. 5D and E).
Transfection of mimic-24-3p also led to a decline in the mRNA levels of IFITM1, IFITM2,
and IFITM3 in A549 cells compared with the control (Fig. 5D). Similar results
were obtained in A549 cells treated with mimic-122-5p, which showed that both IFITM1

FIG 2 Legend (Continued)

densitometry and normalized to GAPDH expression. The maximum value was regarded as 1. (C) Supernatants from IncRNA IFITM4P knockdown and
control A549 cells infected with IAV were collected at 16 h postinfection (MOl of 0.5). IAV titers in the supernatants were examined by plaque-forming
assay. (D) IAV titers in supernatants of infected IncRNA IFITM4P knockdown and control cells were measured at indicated time points by
hemagglutination assay (MOl of 0.5). (E and F) The full length of IncRNA IFITM4P was cloned into the pNL vector, and its overexpression efficiency in
A549 cells was assessed by RT-PCR (E) and gRT-PCR (F). (G) Cells were infected as described for panel C. IAV titers in supernatants from IncRNA
IFITM4P-overexpressing and control cells were examined by plaque-forming assay. (H) The hemagglutination assay was performed to detect IAV
replication in supernatants from IncRNA IFITM4P-overexpressing and control cells at indicated infection time points. (I and J) The mRNA levels of
MDRV P10 in IncRNA IFITM4P knockdown and luciferase control cells (I) or IncRNA IFITM4P-overexpressing and control cells (J) were measured by
gRT-PCR. Data represent mean values = SEM (n=3; *, P < 0.05; **, P < 0.01). (K and L) Sendai virus titers in supernatants derived from IncRNA
IFITM4P knockdown (K) or overexpressing (L) and control 293T cells infected with Sev (MOIlof0.7) were measured at indicated time points by
hemagglutination assay. Data represent mean values = SEM. Shown are representatives from three independent experiments.
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FIG 3 Expression of IncRNA IFITM4P is regulated by IFN signaling during viral infection. (A and B) A549 cells were transfected with poly(l-C) at
the indicated concentrations for 4 h. The levels of IncRNA IFITM4P were examined by RT-PCR (A) and gRT-PCR (B). (C) Total RNAs were
extracted from A549 cells infected or not infected with WSN for 14 h. The RNAs were then treated with or without calf intestine alkaline
phosphatase (CIAP) and transfected into A549 cells for 4 h. Levels of IncRNA IFITM4P were examined by RT-PCR. (D and E) Knockout efficiency
of RIG-I in A549 cells was assessed by Western blotting (D). RT-PCR (D) and qRT-PCR (E) were applied to examine IncRNA IFITM4P expression
in RIG-I knockout or knockdown cells infected or not infected with WSN for 14 h (MOl of 0.5). (F and G) A549 cells were treated with BAY 11-
7082 (8 uM) or the DMSO control 30 min before IAV infection. The RNA levels of IncRNA IFITM4P in A549 cells infected or not infected with
WSN for 14 h were determined by RT-PCR (F) and gRT-PCR (G). (H) In A549 cells, knockdown efficiency of the NF-«B p65 subunit using siRNA
was evaluated by Western blotting. The IncRNA IFITM4P levels in p65 knockdown or control cells infected or not infected with WSN for 14 h
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FIG 4 Expression of IncRNA IFITM4P affects the mRNA levels of other IFITMs. (A) pNL-IFITM4P plasmid (0.5 ng) and plasmid
(4.5 ng) carrying shRNA targeting either IFITM1, IFITM2, IFITM3, or IFITM4P were cotransfected into 293T cells. INcRNA IFITM4P
levels were determined by RT-PCR 48 h posttransfection. (B and C) Knockdown (B) and overexpression efficiency (C) of IncRNA
IFITM4P in A549 cells were assessed by RT-PCR. Western blotting was employed to assess the IFITM3 protein expression in
IncRNA IFITM4P knockdown (B) and overexpressing (C) cells infected or not infected with WSN (MOI of 0.5). (D) IncRNA IFITM4P
knockdown or control cells were infected or not infected with WSN for 14 h. The mRNA levels of IFITM1, IFITM2, and IFITM3
were then determined by qRT-PCR. (E) Samples of A549 cells overexpressing IncRNA IFITM4P were obtained as described for
panel D. The mRNA levels of IFITM1, IFITM2, and IFITM3 were determined by gRT-PCR. Data represent mean values * SEM

(n=3; % P <005 *, P <0.01; ** P < 0.001).

and IFITM3 mRNA levels were downregulated by mimic-122-5p treatment (Fig. 5E).
Conversely, RNA levels of IFITM1, IFITM2, IFITM3, and IFITM4P increased in A549 cells
treated with specific chemically modified inhibitor to inhibit endogenous miR-24-3p

(data not shown).

To further verify the validity of predicted microRNA binding sites on IncRNA
IFITM4P, wild-type IFITM4P (IFITM4P-WT) or its mutants devoid of the specific
microRNA binding sites were cloned into the downstream of the Renilla luciferase
gene in the pRL-TK vector (Fig. 5F). We constructed IFITM4P mutants carrying either
the mutated three miR-24-3p binding sites shared by IFITM1, IFITM2, IFITM3, and
IncRNA IFITM4P or the mutated miR-122-5p binding site in IFITM4P shared by IFITM1,

FIG 3 Legend (Continued)

were detected by RT-PCR. (I) Native A549 cells were stimulated with supernatants from A549 cells infected or not infected with WSN for 14 h
or were infected with WSN directly for 2 or 14 h. IncRNA IFITM4P expression was examined by RT-PCR. (J and K) A549 cells were treated with
IFN-B at indicated concentrations for 2 h, and expression of INcRNA IFITM4P was examined by RT-PCR (J) and gRT-PCR (K). (L) IncRNA IFITM4P
levels in IFNAR knockout or A549 control cells infected or not infected with WSN for 14 h were detected by RT-PCR. Data represent the mean

values = SEM (n=3; *, P < 0.05; **, P < 0.01).
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FIG 5 IncRNA IFITM4P is a target of miR-24. (A and B) Shown are sequences of miR-24-3p binding sites in
IncRNA IFITM4P, IFITM1, IFITM2, and IFITM3. (C) Levels of miR-24-3p and miR-122-5p were examined by gRT-
PCR and compared with U6 in A549 cells. (D and E) A549 cells were transfected with negative-control and
mimic-24-3p (D) or mimic-122-5p (E), the synthetic simulant of miR-24-3p or miR-122-5p. RNA levels of IFITM1,
IFITM2, IFITM3, and IncRNA IFITM4P were examined in the A549 cells by qRT-PCR. (F) Wild-type IncRNA IFITM4P
(IFITM4P-WT) or its mutants (IFITM4P-MU) were cloned downstream of the Renilla luciferase gene in the vector
PRL-TK. A schematic diagram shows constructs generated for luciferase assays. (G) Shown is a diagram for the
mutation sites of miR-24-3p and miR-122-5p response elements in IncRNA IFITM4P. (H and 1) miR-24-3p
response element-mutated IncRNA IFITM4P (IFITM4P-MU-miR-24) and miR-122-5p response element-mutated
IncRNA IFITM4P (IFITM4P-MU-miR-122) in pRL-TK vector were, respectively, transfected into 293T cells, together
with mimic-24-3p (H), mimic-122-5p (), or the negative-control mimic (NC). The luciferase assay was performed
as described in Materials and Methods. Data represent mean values = SEM (n=3; *, P < 0.05; **, P < 0.01).
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IFITM3, and IncRNA IFITM4P (Fig. 5G). Plasmids were then transfected into 293T cells,
respectively, together with the corresponding mimic or a negative control. As shown
in Fig. 5H, mimic-24-3p suppressed the expression of the luciferase gene containing
IFITM4P-WT but had no significant effect on the expression of the luciferase gene con-
taining IFITM4P with mutation of miR-24-3p binding sites. Similar experiments were
conducted in 293T cells transfected with IFITM4P carrying the miR-122-5p binding site
mutation. However, only a slight difference in relative luciferase levels between
IFITM4P-WT and its mutants was observed (Fig. 51). These data suggest that mutations
of the microRNA response elements (MREs) affect the capacity of IncRNA IFITM4P to
bind with miR-24-3p. Additionally, the results imply that there might exist other
unknown miR-122-5p binding sites in INcRNA IFITM4P.

Silencing IFITMs suppresses expression of IncRNA IFITM4P. On the other hand,
we asked whether altering the levels of the other IFITMs had any influence on IncRNA
IFITM4P expression. To this end, we generated A549 cell lines stably expressing specific
shRNAs targeting either IFITM1, IFITM2, or IFITM3. The knockdown specificity of these
shRNAs was further verified by coexpression of the IFITMs and shRNAs (Fig. 6A and D
and G). RT-PCR, gRT-PCR, and Western blotting were performed to evaluate the knock-
down efficiency of these IFITMs in A549 cells (Fig. 6B, C, E, F, H, and I). Indeed, the
amount of IncRNA IFITM4P was markedly reduced in IFITM1- and IFITM3-silenced cell
lines (Fig. 6J and L). However, deficiency of IFITM2 only slightly reduced the level of
IncRNA IFITM4P, which might be due to the weak ability of IFITM2 in binding miR-24-
3p compared with IFITM1 and IFITM3 and the modest knockdown efficiency of the
shRNA targeting IFITM2 (Fig. 6K). These data indicate that silencing of IFITM1 and
IFITM3 can suppress the expression of INcRNA IFITM4P.

Overexpression of IFITM1 or IFITM3 significantly upregulates the levels of
IncRNA IFITM4P. To further substantiate the effect of these IFITMs on IncRNA IFITM4P
expression, we examined INcRNA IFITM4P levels in cell lines with IFITM1, IFITM2, and
IFITM3 overexpressed. Ectopic expression efficiencies of the IFITMs were examined by
RT-PCR, gRT-PCR, and Western blotting in A549 cells (Fig. 7A to F) (data not shown). As
expected, overexpression of IFITM1 and IFITM3 in vitro, especially IFITM3, significantly
enhanced IncRNA IFITM4P expression (Fig. 7G and H), while cells with increased IFITM2
expression displayed limited promotion of the IncRNA IFITM4P level (data not shown).

Since altering levels of other IFITMs could consistently modulate IncRNA IFITM4P, we
further investigated whether changes in miR-24 response elements of IncRNA IFITM4P
could influence members of the IFITM family. To this end, wild-type IncRNA IFITM4P
(IFITM4P-WT) and its mutant devoid of the miR-24-3p binding sites (IFITM4P-MU-miR-24)
were cloned into the pNL vector. Overexpression effects of IFITM4P-WT and IFITM4P-MU-
miR-24 were confirmed in A549 cells by RT-PCR (Fig. 71). Next, we compared the mRNA
levels of the IFITMs in A549 cells with the overexpressed IFITM4P mutant or IFITM4P-WT.
The results showed that the ectopic expression of IFITM4P-WT triggered increased expres-
sion of the IFITMs at mRNA levels, whereas mutation of the IFITM4P devoid of miR-24-3p
response elements markedly impaired the ability of IncRNA IFITM4P to upregulate the
levels of other IFITMs (Fig. 7J to L). Together, the experiments demonstrate that IncRNA
IFITM4P can cross-regulate the expression of IFITM family members as a ceRNA to bind
shared microRNAs, at least including miR-24-3p, during viral infection.

DISCUSSION

IFITM proteins have been reported to broadly inhibit the replication of multiple
IAV strains and other pathogenic viruses (20, 23, 24, 43). Although numerous studies
have been done to explore antiviral roles of the IFITM family, little information is
available about IFITM4P, a pseudogene in this family. Here, we identified that
IFITM4P, the RNA transcript of pseudogene IFITM4P, is an IncRNA. IncRNA IFITM4P,
which was found to be expressed in various human cells, could be significantly up-
regulated by infection of several viruses, such as IAV, SeV, MDRV, and herpes simplex
virus 1 (HSV-1). Notably, altered expression of IFITM4P had a profound effect on repli-
cation of some viruses, such as IAV and MDRV. For example, diminished expression of
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FIG 6 Silencing of IFITMs suppresses expression of INCRNA IFITM4P. (A) pNL-IFITM1 (0.5 ng) plasmid and plasmid (4.5 wg) carrying shRNA targeting
IFITM1, IFITM2, IFITM3, or IFITM4P, were cotransfected into 293T cells. IFITM1 levels were examined by Western blotting 48 h posttransfection. (B
and Q) In A549 cells infected or not infected with WSN (MOI of 0.5), knockdown efficiency of IFITM1 was determined by Western blotting (B) and
gRT-PCR (C). RT-PCR (B) was applied to detect IncRNA IFITM4P expression in IFITM1-silenced and control cells with or without viral infection for 14
h. (D) 293T cells were cotransfected with 0.5ug pNL-IFITM2 plasmid and 4.5ug plasmid carrying shRNA targeting IFITM1, IFITM2, IFITM3, or
IFITM4P. Western blotting was used to assess the protein levels of IFITM2. (E and F) IFITM4P RNA levels in control and IFITM2 knockdown A549
cells infected or not infected with WSN (MOI of 0.5) for 14 h, were determined by RT-PCR. (G) 293T cells were cotransfected with 0.5 ug pNL-IFITM3
plasmid and 4.5 ug plasmid carrying shRNA targeting IFITM1, IFITM2, IFITM3, or IFITM4P. Western blotting was used to assess the protein levels of
IFITM3. (H and 1) RT-PCR was used to assess INcRNA IFITM4P levels in IFITM3 knockdown and control A549 cells with or without WSN infection
(MOI of 0.5) for 14 h. (J to L) IncRNA IFITM4P levels in control and IFITM1 (J), IFITM2 (K), or IFITM3 (L) knockdown A549 cells infected or not
infected with WSN, were determined by qRT-PCR. Data represent mean values + SEM (n=3; *P < 0.05; **P < 0.01).

IncRNA IFITM4P significantly promoted the multiplication of WSN in A549 cells.
Another finding is that IncRNA IFITM4P showed no effect on the replication of Sendai
virus. This observation was consistent with previous studies claiming that IFITM1 and
IFITM3 cannot inhibit the proliferation of SeV (44). However, more viruses should be
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FIG 7 Overexpression of IFITM1 or IFITM3 significantly upregulates the levels of IncRNA IFITM4P. (A to C) Overexpression efficiency of IFITM1 in A549
cells was determined by RT-PCR (A) and gRT-PCR (C). RT-PCR (A) was also employed to detect IncRNA IFITM4P expression in IFITM1-overexpressing and
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FIG 8 IncRNA IFITM4P regulates innate antiviral responses by acting as a competing endogenous RNA.
IncRNA IFITM4P is identified as a target of miR-24-3p that represses mRNA of IFITM1, IFITM2, and IFITM3.
IFITM4P can cross-regulate the expression of IFITM family members as a competing endogenous RNA
(ceRNA), leading to increased stability of these IFITM mRNAs, thereby regulating antiviral responses and
virus replication in host cells. This graphic model was created with BioRender.com.

tested in the future to determine whether INncRNA IFITM4P might be a broad-spec-
trum antiviral host factor.

The results obtained from a series of experiments reveal that expression of IncRNA
IFITM4P was regulated through an IFN signaling pathway during the viral infection,
which is very similar to that of other IFITMs (20, 45). This finding led us to investigate fur-
ther the function of IFITM4P in host innate immune response against viral infection.
Interestingly, altering the expression of IncRNA IFITM4P could affect the mRNA levels of
other IFITMs, suggesting that IFITM4P may play a role in antiviral immunity through cross
talk with its family members. Furthermore, our data indicate that IncRNA IFITM4P acts as
a ceRNA to cross-regulate the expression of other IFITMs (Fig. 8). MicroRNAs are approxi-
mately 22-nt endogenous RNAs that play important regulatory roles in various biological
processes by targeting mRNAs for cleavage or translational repression (46-49). It has
been proposed that microRNA targets may serve as competitive inhibitors of microRNA,
keeping microRNAs from binding another target by sequestering them (50). Increasing
evidence supports the ceRNA hypothesis, suggesting that RNA transcripts can communi-
cate with and coregulate each other by competing for binding to shared microRNAs,

FIG 7 Legend (Continued)

Journal of Virology

control cells with or without viral infection for 14 h. NP levels in panel A were quantitated by densitometry and normalized to GAPDH expression. The
maximum value was regarded as 1 (B). (D to F) In A549 cells, the overexpression efficiency of IFITM3 was determined by Western blotting (D) and qRT-
PCR (F). IncRNA IFITM4P expression in IFITM3-overexpressing and control cells infected or not infected with WSN for 14 h was determined by RT-PCR
(D). NP levels in panel D were quantitated by densitometry and normalized to B-actin levels. The maximum value was regarded as 1 (E). (G and H)
Levels of INcRNA IFITM4P in IFITM1 (G)- or IFITM3 (H)-overexpressing and control A549 cells infected or not infected with WSN were determined by
gRT-PCR. (I to L) The mRNA levels of IFITM1 (J), IFITM2 (K), and IFITM3 (L) in IFITM4P-WT or IFITM4P-MU-miR-24-overexpressing and control A549 cells
(I) with or without WSN infection (MOI of 0.5) were examined by qRT-PCR. Data represent mean values = SEM (n=3; *, P < 0.05; **, P < 0.01).
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and cross talk between the RNAs through miRNAs forms large-scale transcriptome regu-
latory networks (51, 52). Thus, altering the levels of one ceRNA would have impacts on
expression of other RNAs that share the same MREs.

By the same token, the high sequence identity between IFITM4P and other IFITM
family members, especially IFITM3, implies that the same MREs may exist on their
RNAs. Bioinformatic analysis further suggest that miR-24, miR-122, and miR-130a bind-
ing sites are among the list. Consistently, serial analysis and experimental observations
indicated that miR-24-3p and miR-122-5p were effective in binding and regulating the
RNAs of IFITMs. Notably, IFITM1, IFITM3, and IFITM4P harbor complementarity to both
miR-24 and miR-122, while IFITM2 only has complementarity to miR-24. It was shown
that the repression effect of miR-24 on IFITM2 was weaker than those on IFITM1 and
IFITM3, suggesting a weaker interaction between IFITM2 and miR-24. In addition, it
seems that the shRNA targeting IFITM2 had distinct knockdown efficiency in different
cell lines, as much higher knockdown efficiency was observed in 293T cells than that in
A549 cells. These may be the reasons why the weaker cross-regulation was observed
between IFITM2 and IFITM4P compared with IFITM1/3 and IFITM4P.

In this study, miR-130a-3p is not further discussed because it appeared unable to tar-
get IFITM4P. However, we noticed that it could remarkably decrease the mRNA levels of
both IFITM1 and IFITM2 in vitro. Interaction between miR-130a and IFITM1 has also been
reported previously (53). We consider the effect of miR-130a on IFITM2 could also be
noteworthy in future studies. On the other hand, in order to ensure that IncRNA IFITM4P
inhibited 1AV replication through the interaction with its family members, we merely
mutated miR-24-3p or miR-122-5p binding sites in INcRNA IFITM4P to verify its effect on
other IFITMs. The results showed that mutation of miR-24-3p response elements in
IncRNA IFITMA4P clearly impaired its capacity to regulate the mRNA levels of other IFITM
family members, suggesting that the MREs are the key binding sites on IncRNA IFITM4P
for cross talk with other IFITMs. Similar experiments were performed to determine the
miR-122-5p binding site in IncRNA IFITM4P, but only a slight change in IncRNA IFITM4P
capacity was observed, indicating that there might exist other unknown miR-122-5p
binding sites in INCRNA IFITM4P. This remains to be further defined.

We also observed that, compared to the IFITM4P overexpression group, loss of
IncRNA IFITM4P in A549 cells had more significant effects on IAV titers. A possible expla-
nation is that IncRNA IFITM4P was originally expressed at a relatively high basal level,
and impaired IncRNA IFITM4P expression renders microRNAs acting on IncRNA IFITM4P
binding to the mRNAs of other IFITMs. However, excessive IncRNA IFITM4P sponged
microRNAs to the greatest extent, and the finiteness of endogenous microRNAs limited
the effectiveness of overexpressed IncRNA IFITM4P.

Based on these findings, we conclude that IncRNA IFITM4P, as a ceRNA, is involved
in the innate immunity against viral infection through the IncRNA IFITM4P-miR-24-
3p-IFITM1/2/3 regulatory network. However, although we inferred that IncRNA
IFITM4P functions as a ceRNA to regulate other IFITM family members, this may not be
the only mechanism by which IncRNA IFITM4P works to inhibit the viral replication.
Investigation of other functions of INncRNA IFITM4P and the precise mechanisms by
which IncRNA IFITM4P regulates biological processes remains an ongoing task.

Additionally, the number of IFITM genes and pseudogenes varies, depending on
species, suggesting there may be some species-specific gene duplications (54). Thus, it
is likely that more functional IFITM pseudogenes may exist in humans, nonhuman pri-
mates, and other species, and their functions may be similar to or different from that
of the pseudogene IFITM4P. These deserve further investigations in the future.

MATERIALS AND METHODS

Cell lines and cell culture. The A549, 293T, K562, Hela, and MDCK cell lines were purchased from
American Type Culture Collection (Manassas, VA, USA). The Huh7, Mcf7, and HepG2 cell lines were purchased
from the National Infrastructure of Cell Line Resource (Beijing, China; http:/cellresource.cn). Cells were cul-
tured in Dulbecco's modified Eagle's medium (DMEM) or RPMI 1640 (Gibco, USA) supplemented with 10% or
other required concentrations of fetal bovine serum (Gibco, USA), penicillin (100 U/ml), and streptomycin
(100 U/ml) at 37°C under a humidified 5% CO, atmosphere as previously described (36).
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Viruses and viral infection. Influenza A virus strains, including A/WSN/1933 (H1N1), A/Puerto Rico/8/
1934 (H1N1), A/California/04/2009 (H1N1), A/Shanghai-Jiading/SWL1970/2015 (H1N1) (a seasonal H1N1
influenza A virus, provided by Dayan Wang from the Chinese National Influenza Center, Beijing, China),
and Sendai virus (SeV) were propagated in specific-pathogen-free (SPF) embryonated chicken eggs as pre-
viously described (55). Herpes simplex virus 1 (HSV-1) and Muscovy duck reovirus (MDRV) were propa-
gated in Vero cells as previously described (36). PR8, CA04, seasonal influenza A virus—Shanghai, pseu-
dorabies virus (PRV), and HSV-1 were used to infect A549 cells. SeV and MDRV were employed to infect
293T cells. Cells were incubated with virus for 1 h and cultured in DMEM for the indicated times.

Cell stimulation. Reagents, including poly(l-C), dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Germany),
BAY 11-7082 (Sigma-Aldrich, Germany), and recombinant human IFN-8 (PeproTech, USA) were purchased,
and cells were treated following the manufacturer’s instructions.

Virus titer assay. Cell culture supernatant was harvested at indicated time points after virus infec-

tion. Virus titers in the supernatant after serial dilutions were determined by a standard hemagglutina-
tion (HA) assay or a plaque-forming assay (PFA) using MDCK cells as described previously (56).

5’ RACE and 3’ RACE. The 5’ and 3’ RACE analyses were performed using the SMARTer RACE 5'/3’
kit (Clontech, USA) as per the manufacturer’s instructions. The purified RACE PCR products were cloned

into pRACE vector (Clontech, USA) and sequenced as described previously (31).

Subcellular fractionation. A549 cells were harvested and lysed with TD buffer (25 mM Tris-HCl,
100 mM Nacl, 5mM KCl, and 0.7 mM Na,HPO,) containing 1% NP-40. The lysates were then centrifuged
under 12,000 x g for 5 min at 4°C. The supernatant was collected as the cytoplasmic fraction. The nuclear
precipitates were washed with TD buffer containing 0.5% NP-40 and centrifuged in order to clear away
cytoplasm remnants as described previously (57).
MicroRNA detection. MicroRNAs were extracted using the RNAmisi miRNA isolation kit (Aidlab,
Beijing, China). cDNAs were generated using an miRNA cDNA synthesis kit (Aidlab, Beijing, China) and
examined with an miRNA real-time PCR assay kit (Aidlab, Beijing, China) according to the user’s manuals.
U6 small nuclear RNA (snRNA) served to normalize microRNA levels.
Primers and shRNAs. The following primers were used: IFITM1-F (5'-CAA CAT CCA CAG CGA GAC-
3’), IFITM1-R (5'-TCA CAG AGC CGA ATA CCA-3’), IFITM2-F (5'-CGG CCA GCC TCC CAA CTA C-3'), IFITM2-
R (5’-GCT GGG CCT GGA CGA CCA A-3'), IFITM3-F (5’-GGC CAG CCC CCC AAC TAT-3'), IFITM3-R (5'-CCA
TAG GCC TGG AAG ATC AGC-3'), IFITM4P-F (5'-TGC CCA AAC CTT CTT CAT TCC-3'), and IFITM4P-R (5'-
TGG GGG TTC ATG AAG AGG ATG-3’). The shRNAs targeting IFITM4P are sh1-IFITM4P (ATG TCC ACC ATG
ATC CAT ATC TG) and sh2-IFITM4P (GCT CAC CAT CAT CAT CCT AGT).
Antibodies and Western blotting. The following antibodies were used in this study for Western blot-
ting: anti-IFITM1 (Proteintech, 60074-1-Ig), anti-IFITM2 (Proteintech, 66137-1-1g), anti-IFITM3 (Proteintech,
11714-1-AP), anti-Flag (Sigma, F1804 M2), and anti-B-actin (Santa Cruz, sc-1616). For Western blotting, cell
lysates were separated by SDS-PAGE, transferred onto a 0.45-um-pore nitrocellulose membrane, and
probed with indicated antibodies as previously described (58).
Luciferase assay. INncRNA [FITM4P (IFITM4P-WT) and its mutant devoid of specific miRNA-binding
sites (IFITM4P-MU-miR-24) were cloned into the 3’ untranscribed region (UTR) of the Renilla luciferase
gene in the vector pRL-TK (Promega, Madison, WI, USA). Then, the plasmids were transfected into 293T
cells, together with specific miRNA mimics or a negative-control mimic (RiboBio, Guangzhou, China). A
firefly luciferase gene in the vector pGL3-control (Promega, Madison, WI, USA), which provides an inter-
nal control that serves as the baseline response, was used as a reference for transfection efficiency.
Luciferase assays were performed using the dual-luciferase reporter assay system kit (Promega, Madison,
WI, USA) according to the manufacturer’s instructions. Luciferase levels were detected by a Modulus sin-
gle-tube multimode reader (Promega, Madison, WI, USA). The relative luciferase expression equals the
expression of Renilla luciferase divided by the levels of firefly luciferase (59).
Statistical analysis. Comparison between groups was made using Student's t test. Data represent mean
values = the standard error of the mean (SEM). Differences were considered statistically significant at P < 0.05.
Accession number(s). The sequence of full-length IFITM4P has been submitted to GenBank under
accession no. MW448341.
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