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Summary

The interferon-inducible transmembrane proteins (IFITMs) are a family of small
transmembrane proteins belonging to the interferon (IFN)-stimulated gene (ISG)
superfamily and strongly induced by IFNs. In this paper, we studied the expression
profile of IFITMs in 32 organ tissues. The IFITM mRNA expression profile showed that
IFITM1, IFITM2 and IFITM3 were expressed in each tissue, especially, in spermatophore,
spermaduct, testicle and epididymis. The expression of IFITM1, IFITM2 and IFITM3
showed a trend from high to low. Except for IFITM3 and IFITM®6, the others IFITMs were
highly expressed in the bone marrow, and the expression level of them was higher in the
tibia than that in other parts of the long bones. In liver, the relative expression of IFITM1
and IFITM3 was higher than that of other members. The expression level of IFITMS5 was
the highest in bone marrow, successively in pancreas, and it was low in skin, smooth muscle
and fat. Interestingly, the expression profile of IFITM2 and IFITM?7 in tissues was similar to
IFITMS. The expression of IFITM2, IFITMS and IFITM10 were higher in smooth muscle
than that in skeletal muscle. IFITM2, IFITMS, IFITM7 and IFITM10 were both highly
expressed in esophagus and trachea. In addition, the expression of IFITM6 in eyes was high,
and also in pancreas, gallbladder and bone. In the present study, we systematically analyzed
the mRNA expression profile of IFITMs in 32 organ tissues, providing the foundation for
the study of the function of the IFITMs.
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1. Introduction

Interferons (IFNs), a group of low molecular
glycoproteins synthesized by host cells, was discovered
by Isaacs, who studied the interference factor about
influenza virus in chick embryo chorioallantoic
membrane (/). The following interferons are classified as
type I, including IFN-a and IFN-f, and type II including
IFN-y only (2). INFs are a family of proteins that are
released by a variety of cells in response to infections
caused by viruses. A high level of antiviral protection
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is achieved by IFN-a, IFN-B and IFN-y. Antiviral
activity of interferons is based on the induction and
regulation of innate and acquired immune mechanisms.
By binding to transmembrane receptors, INFs interact
with target cells activating the JAK/STAT pathways,
but also other signaling pathways (3). This leads to
induction and activation of many antiviral agents, such
as protein kinase RNA-activated (PKR), the expression
of interferon inducible transmembrane proteins (ISGs),
ribonuclease 2-5A pathway, and Mx proteins, as well
as numerous apoptotic pathways. As a result of the
protective effect of interferons, virus binding to cells is
stopped. Interferon inducible transmembrane protein
(IFITM) is a key class of proteins in the ISGs-regulated
expression products (4). The IFITM family has different
functions, including the control of cell proliferation,
promotion of homotypic adhesion, prevention of viral
infection, maturation of bone matrix mineralization,
regulation of germ cell development, etc (5-7).
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The human IFITM family consists of 5 members,
namely IFITMI1, IFITM2, IFITM3, IFITMS5 and
IFITM10, located on chromosome 11. Differently, the
mice [FITM family includes IFITM1, IFITM2, IFITM3,
IFITMS, IFITM6, IFITM7 and IFITM10. Except for
IFITM7 located in chromosome 16, other genes in mice
are located on chromosome 7. IFITM1, expressed in
leukocytes and endothelial cells, has anti-proliferation
functions and promotes homotypic adhesion (35,8,9).
In many cell lines, IFITM2 could cause the cell cycle
to stagnate and p53-dependent apoptosis (/0). IFITM3
can inhibit the proliferation of cells (//-13). As a host
immune barrier, IFITM1, IFITM2 and IFITM3 play
an important role in the process of defense against
respiratory virus invasion (/4-17). Recently, they also
have been reported as biomarkers of several tumors
(11,18-20). IFITMS is a IFITM-like protein, only
expressed in human and mouse bone, especially in
osteogenesis cells (27). The point mutation of IFITMS
causes osteogenesis imperfecta type V (22), and the
overexpression of the mutant gene could promote Saos2
cell line apoptosis (23). IFITM6 was strongly expressed
in spleen macrophages of tumor bearing mice. The
IFITM10 sub-family is divided into two groups: aquatic
and terrestrial types, suggesting that IFITM10 might be
associated with adaptation to the aquatic environment.
In addition, IFITM10 with CTSD can be used as a
molecular marker for breast cancer (24). So far, no one
has reported the function of IFITM7.

In the present study, we analyzed the expression
pattern of IFITMs in different tissues of rats, providing
a theoretical foundation for further research on their
function.

2. Materials and Methods
2.1. Rat tissue collection

Rats (Wistar rats, male, 6-week-old) were purchased
from the Animal Experimental Center of Shandong
University. The study tissues compromised 32 organ
tissues, including lung, heart, spleen, stomach, pancreas,
liver, gallbladder, kidney, small intestine, large intestine,
esophagus, trachea, cartilage, humerus, ulna, thighbone,
tibia, eye, ear, skin, hair, spermatophore, spermaduct,
epididymis, testis, skeletal muscle, smooth muscle, fat,
brain, bone marrow and blood, efc. Each portion was
frozen in liquid nitrogen and stored at -80°C until RNA
was extracted. Total RNA was isolated with Trizol
reagent (Invitrogen) according to the manufacturer's
instructions.

2.2. Primer design
According to the IFITM family gene sequence on

GenBank, primers were designed using https://
lifescience.roche.com. Three pairs of primers were

designed for each IFITM gene, according to the Ct
value and the peak melting curve.

2.3. Reverse transcription (RT)-PCR analysis

Total RNA was isolated with Trizol reagent (Invitrogen)
according to the manufacturer's instructions. RNAs
from organ tissues were reverse-transcribed using
PrimeScript™ RT Master Mix (Perfect Real Time)
(Takara Biotechnology (Dalian) Co. Ltd.), and cDNAs
of IFITMs were amplified by PCR using mice IFITMs
specific primers. RT of RNA was performed in a final
volume of 20 pL containing Random Primer (100 pmol/
pL) of 1 pL, dNTP (10 mM) of 1 pL, 4 pg total RNA
and diethyl pyrocarbonate (DEPC)-treated water. After
incubation at 65°C for 5 min, 4 pL 5xPrimerScript
Buffer, 0.5 uL. RNase Inhibitor (40 U/uL) and 1 pL
RNase (200 U/uL) were added, then the reaction was
incubated at 30°C for 10 min, 42°C for 60 min, 75°C
for 15 min and 4°C for 20 min. Quantitative PCR was
performed using LightCycler 480 (Roche). Quantitative
PCR was performed using LightCycler 480 (Roche). PCR
was performed in a final volume of 40 pL containing
10 uL SYBR Green Master I (Roche), 1 uL upstream
primers (10 mol/uL) and 1 pL downstream primers (10
mol/pL), 0.4 uL ¢cDNA and 7.6 pL DEPC-treated water.
PCR was performed for 40 cycles (denaturation at 94°C
for 5 s, annealing at 55°C for 15s and extension at 72°C
for 15 s). The IFITMs mRNA copy numbers in organ
tissues were normalized to mRNA copy numbers of the
house keeping gene, B-actin to give a value ACt. Other
samples were then normalized to the lung sample giving
AACt and finally the amount of [FITMs in organ samples
relative to the lung sample was expressed as 2 **“". This
final value was used to determine the expression profile
in 32 organ samples.

3. Results
3.1. RT-gPCR primer design and screening

The primers used for beta-actin (control) were
5'-CCAGAGCAAGAGAGGTAT-3' (forward) and
5'-CTGTGGTGGTGAAGCTGTAG-3' (reverse). The
primer sequences of IFITMs are listed in supplementary
Table S1. According to the Ct value and the peak
melting curve, the best pairs we obtained are listed in
Table 1 and used in our study.

3.2. mRNA expression profiles of IFITMs in different
tissues

According to the RT-PCR, we obtained a result that
the IFITM1, IFITM2 and IFITM3 genes of the rat
were expressed in all 32 organ tissues examined
(Figure 1). In bone marrow, the relative expression
levels of IFITM1 and IFITM2 were higher, whereas
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Table 1 Ct value of IFITM genes by RT-QPCR IFITM3 was lower. In spleen, stomach, pancreas, liver,
Name Mean Ct SD gallbladder and kidney, the re.lative expression levels of
IFITMI and IFITM3 were higher. Except for IFITM1,
[FITM]1-1 33.90 0.211974841 the expression levels of IFITM2 and IFITM3 were
g gﬁii 32'32 g'ﬁgg;ggs strong in skin and fat, while the relative expression
[FITM2-1 33.66 0.140118997 levels of IFITM2 and IFITM3 were hlgher in skele'tal
IFITM2-2 33.00 0.146401275 muscle than in smooth muscle. In addition, the relative
IFITM2-3 33.01 0.321299445 expression levels of IFITM1, IFITM2 and IFITM3 in
LELIM3-1 3292 0.130128142 bone were lower, however those in spermatophore were
IFITM3-2 33.11 0.31214313 hich di ididvmi 1 . £ th
IFITM3-3 36.37 0482942371 ighest and in epididymis were owest in tissues of the
IFITM5-1 37.91 0.160934769 reproductive system.
IFITM5-2 3774 0.972950838 The relative expression levels of IFITMS5 and
ggﬁg? ;;3? g?zggzgzig IFITM10 in the bone marrow were highest, and
IFITM6-2 3729 0362261416 IFITMS and IFITM10 were highly express.ed only .in
IFITM6-3 33.53 0.167431578 esophagus, trachea, skull, bone, eye, ear, hair and skin,
IFITM7-1 30.92 0.102632029 whereas they were expressed at a lower level in large
g gﬁ;i i?;; ggégg‘;gfg; intestine, small intestine, brain, blood and the tissues
IFITM10-1 40 0 of the reproductive system. In smooth muscle, IFITM35
IFITM10-2 40.00 0 and IFITM10 expression was significantly higher than
IFITM10-3 31.53 0.17691806 that in skeletal muscle. The relative expression level of
B-Actin 26.61 0.060827625 IFITMS5 was higher in pancreas and IFITM5 was also
Note: the marked primer was chosen to use in our study. expressed in fat (Figure 2).
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Figure 1. The relative expression of IFITM1(1A), IFITM2(1B) and IFITM3(1C) in different rat tissues.
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Figure 2. The relative expression of IFITMS and IFITM10 in different rat tissues.

A\

340 -

320 -

300 <

T

T

T T T Y T T

LAY 1
g 2 8 8 8 8

(38ueypd poyy)
9IALIAT Jo uoissaxdxa aAne[dy

1
S
o~

1
S
—

Y

I
(=

Figure 3. The relative expression of IFITM6 in different rat tissues.
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Figure 4. The relative expression trends of IFITM2 and IFITM?7 in different rat tissues.

The expression level of IFITM6 was the highest in
eye, higher in pancreas, gallbladder and bone, and very
low in spleen, intestine, brain and the tissues of the
reproductive system (Figure 3). The expression level
of IFITM7 was similar to IFITM2, with the highest in
skin, higher in the esophagus, eye, ear, hair, skeletal
muscle, smooth muscle and bone marrow, and lower in
other tissues (Figure 4).

4. Discussion

Interferon inducible transmembrane (IFITM) proteins,
playing an important role in cell proliferation,
adhesion and immune system regulation, are a recently
discovered family of cellular anti-viral proteins that
restrict the replication of a number of enveloped and
non-enveloped viruses. IFITM proteins are located in
the plasma membrane and endosomal membranes, the
main portals of entry for many viruses. The interferon-
inducible transmembrane proteins (IFITMs) are a
family of small transmembrane proteins belonging to
the ISG superfamily and strongly induced by IFNs
(25). The IFITM proteins are the distinct restriction
factors known to block viral entry, including restriction
of virus fusion with the late endosomal or lysosomal
compartments and penetration into the cytoplasm (4,26).
It has been shown that gene cluster IFTIMI, 2, and

3, the immune-related genes, are critically involved
in immune defense against a broad variety of viruses,
including influenza virus, dengue virus, filoviruses,
coronavirus, hepatitis C virus, lyssaviruses, and West
Nile virus (/4,27-29). Bailey showed that IFITM3
was expressed in the epithelial cells of the airway
and visceral pleura, while IFITM1 and IFITM2 had
low expression in other parts of the body (30). In our
study, they were expressed in lung and trachea, but
also expressed in other tissues. These findings are
consistent with previous research that IFITM1, IFITM2
and IFITM3 were widely expressed in the human
body (4), and had a differential expression profile in
the development of primordial germ cells (/3). The
relative expression levels of IFITM2 and IFITM3
in skin were significantly higher than those in other
tissues, suggesting that [IFITM2 and IFITM3 may be
related to antiviral defense. In testis and epididymis,
spermatophore and spermaduct, IFITMI1, IFITM2
and IFITM3 expression showed a trend from high to
low, while IFITMS, IFITM6, IFITM7 and IFITM10
expression is very low. IFITM7 expression is similar
to that of IFITM2, indicating that they have a similar
function. Moffatt reported that IFITMS is related to
calcium deposition in bone (27). We found that IFITM5
was not only expressed in bone, but also expressed
in bone marrow, skin, pancreas and smooth muscle,
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and this is inconsistent with previous studies that
IFITMS was only expressed in bone. The reason for
this difference may be that the specific expression of
IFITMS in bone is only in certain mammals (27). In
the zebrafish model, IFITM5 was expressed in brain,
muscle and liver tissues with no expression in bone; in
the chicken model, its expression was high in muscle
and liver, low in brain and ovary, but none in bone
(31). Therefore, the expression level of IFITMS in
bone is different in various species, indicating that the
IFITMS5 gene may have other functions other than bone
mineralization.

In addition, IFITM10 was highly expressed in the
bone marrow; in smooth muscle, its expression was
significantly higher than that in skeletal muscle; in the
tissues of the intestinal and reproductive systems, it was
unexpressed. Thus, the expression profile of IFITM10
is similar to that of IFITMS. Their distribution may be
related to their gene homology (37), suggesting that
IFITM10 and IFITMS5 have similar functions. It is
reported that IFITM10 was expressed in the brain and
spleen of mice, whereas not expressed in bone (37). The
expression level of IFITM10 in chicken was decreased
with the continuous development of embryonic germ
cells (32). IFITM10 had been reported in spleen tissues,
and we found that IFITM10 was also expressed in
esophagus, trachea, bone and muscle. IFITM6 was
highly expression in macrophages (7), however, our
results showed that IFITM6 was highly expressed in
eye but not in spleen. There are still a few studies on
IFITM6, IFITM7 and IFITM10. Currently, researchers
pay more attention to the mechanism of their resistance
to virus invasion and their relationship with tumors
(30,33). In the present study, mRNA expression profile
of IFITMs in different tissues was systematically
compared and analyzed in rats, providing a favorable
reference for revealing the functions of IFITMs. Next,
we will analyze the protein expression profile of the
IFITM family members.
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Gene name Upstream primer sequence (5'-3') Downstream primer sequence (5'-3")
IFITM1-1 TGAGATCTCCACGCCTGAC CCACCATCTTCCTGTCCCTA
IFITM1-2 GCTGAGATCTCCACGCCTG ACCATCTTCCTGTCCCTAGA
IFITM1-3 CGACAACCACCACAATCAAC CCATCTTCCTGTCCCTAGACTTC
IFITM2-1 CTGGTCCCTGTTCAATACGC CATCTTCCTGTCCCTGGACTT
IFITM2-2 GGTCTGGTCCCTGTTCAATA CACCATCTTCCTGTCCCTGGA
IFITM2-3 CGGTAGTCTTTCAGTCGCTTTC TGTGGACAGATATACGAAGGT
IFITM3-1 CTGGTCCCTGTTCAATACGC ACCATCTTCCGATCCCTAGAC
IFITM3-2 GTCTGGTCCCTGTTCAATAC CCACCATCTTCCGATCCCTAG
IFITM3-3 TCAACATGCCCAGAGAGGT CCATCTTCCGATCCCTAGACT
IFITM5-1 ATCTGTGCTGCCTTGGTTTC GCTTTGGAGCCATACTGCTT
IFITMS-2 CTGTGCTGCCTTGGTTTCCT TTTGGAGCCATACTGCTTTG
IFITMS-3 GCTGGTCCACTCTGTCAAGG GTCCCAGGAGCAGCAATG
IFITM6-1 CTGGTCCACATTCAGCACA CATCTTCCTGTCCCTGGACTT
IFITM6-2 TGTGGTTTACATCAACAGTGACA CATCTTCCTGTCCCTGGACTT
IFITM6-3 GGGTTTCATTGCCTATGTCTACTC TGATAAGTATGATGAAGCAGACGAC
IFITM7-1 GTGTTCAACGTGCCCAGAG ATTGAACAGGGACCAGACCA
IFITM7-2 ACGCTCTTCATGAACTTCTGC TCTGCCGATCCCTACACTTC
IFITM7-3 TGGTCTGGTCCCTGTTCAAT TCTGCCGATCCCTACACTTC
IFITM10-1 GACACCACAGAGGTGAACGA GCTTCTTGTCCCGAACTTTG
IFITM10-2 AGTAGGTGAGCGGTACTGGTG GCCTGGGAATCCAGAAGG
IFITM10-3 TGGGAACAAAGTGGAGTGCT CAGCCAGAGCCTGACTCAC
B-Actin GGCAATGAGCGGTTCCGAT TGCCTGGGTACATGGTGGT
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