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ABSTRACT Alphavirus infection induces the expression of type I interferons, which
inhibit the viral replication by upregulating the expression of interferon-stimulated
genes (ISGs). Identification and mechanistic studies of the antiviral ISGs help to bet-
ter understand how the host controls viral infection and help to better understand
the viral replication process. Here, we report that the ISG product TMEM45B inhibits
the replication of Sindbis virus (SINV). TMEM45B is a transmembrane protein that
was detected mainly in the trans-Golgi network, endosomes, and lysosomes but not
obviously at the plasma membrane or endoplasmic reticulum. TMEM45B interacted
with the viral nonstructural proteins Nsp1 and Nsp4 and inhibited the translation
and promoted the degradation of SINV RNA. TMEM45B overexpression rendered the
intracellular membrane-associated viral RNA sensitive to RNase treatment. In line
with these results, the formation of cytopathic vacuoles (CPVs) was dramatically
diminished in TMEM45B-expressing cells. TMEM45B also interacted with Nsp1 and
Nsp4 of chikungunya virus (CHIKV), suggesting that it may also inhibit the replication
of other alphaviruses. These findings identified TMEM45B as an antiviral factor
against alphaviruses and help to better understand the process of the viral genome
replication.

IMPORTANCE Alphaviruses are positive-stranded RNA viruses with more than 30 mem-
bers. Infection with Old World alphaviruses, which comprise some important human
pathogens such as chikungunya virus and Ross River virus, rarely results in fatal diseases
but can lead to high morbidity in humans. Infection with New World alphaviruses usu-
ally causes serious encephalitis but low morbidity in humans. Alphavirus infection indu-
ces the expression of type I interferons, which subsequently upregulate hundreds of
interferon-stimulated genes. Identification and characterization of host antiviral factors
help to better understand how the viruses can establish effective infection. Here, we
identified TMEM45B as a novel interferon-stimulated antiviral factor against Sindbis virus,
a prototype alphavirus. TMEM45B interacted with viral proteins Nsp1 and Nsp4, inter-
fered with the interaction between Nsp1 and Nsp4, and inhibited the viral replication.
These findings provide insights into the detailed process of the viral replication and
help to better understand the virus-host interactions.
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Alphaviruses are positive-stranded RNA viruses (1, 2). The alphavirus virion consists of
a single-stranded RNA (ssRNA) genome of about 11 to 12 kb surrounded by a capsid

shell and a lipid bilayer with embedded glycoproteins (3). The 59- and 39-terminal non-
coding regions of the viral RNA flank two open reading frames (ORFs), which are sepa-
rated by an internal noncoding region. The 59 ORF encodes the nonstructural proteins
Nsp1 to Nsp4, translated directly from the genomic RNA. The 39 ORF encodes the struc-
tural proteins, which are expressed from the subgenomic RNA. The subgenomic RNA is
transcribed via a subgenomic promoter from a negative-strand RNA intermediate.
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Alphavirus entry into the host cell is initiated by receptor binding. After receptor
binding, viral particles are internalized through clathrin-mediated endocytosis (4). The
clathrin coat is subsequently removed, and the virus-containing vesicles enter the early
endosomal compartment. Acidification of the endosome causes exposure of the hydro-
phobic fusion loop of the viral E1 protein, which triggers membrane fusion (5–7). Once
the nucleocapsid is released into the cytoplasm, it is disassembled, liberating the viral
genomic RNA for translation (8, 9).

The 59 ORF is translated into the nonstructural polyproteins P1234 or P123, which
are assembled and transported to the membranous organelles and plasma membrane.
The polyproteins bind to the membranes through the specific alpha-helical peptide
and palmitoylated amino acids of Nsp1 (10–12). After the first cleavage event mediated
by the Nsp2-associated protease activity, the initially formed replication complexes (RCs)
contain Nsp123 and Nsp4 for synthesis of the negative-strand RNA on the genomic RNA
template to form the double-stranded RNA (dsRNA) replication intermediate (13, 14).
The subsequent processing of Nsp123 into Nsp1, Nsp2, and Nsp3 transforms spherule-
associated RCs into the mature form that is active in genomic and subgenomic RNA syn-
thesis (13, 15, 16).

Nsp1 can catalyze the capping reaction of newly synthesized viral genomic and
subgenomic RNA (17, 18). Nsp2 has an RNA helicase activity and a protease activity for
polyprotein processing and facilitates the capping of a newly synthesized viral RNA as
an RNA 59-triphosphatase (19). Nsp4 is an RNA-dependent RNA polymerase, the core
subunit of viral RC (20–22). Nsp3 is a heavily phosphorylated protein (23, 24) whose
macrodomain is critical for initiation of virus replication (25) and affects neurovirulence
in mice (26).

Viral genome replication occurs initially at the plasma membrane in spherules, which are
then endocytosed and fused with early endosomes and lysosomes to form stable, large,
acidic compartments termed cytopathic vacuoles (CPV-I) (11, 27, 28). The dsRNA synthesis
could modulate spherule size (29). CPV-I structures are derived from modified endosomes
and lysosomes (28, 30, 31). In the late stage of infection, trans-Golgi network (TGN)-derived
vacuoles marked with the E1/E2 glycoproteins become predominant (32, 33).

Alphavirus infection induces the expression of type I interferons (IFN). IFN pro-
tects cells from virus infection by inducing interferon-stimulated genes (ISGs) (34–
36). Multiple ISGs have been reported to inhibit alphavirus replication. IFITM3 is a
transmembrane protein that inhibits endosomal fusion of multiple alphaviruses
(37, 38). OAS3, a member of the 29-59-oligoadenylate synthetase (OAS) family,
inhibits the replication of chikungunya virus (CHIKV), Sindbis virus (SINV), and
Semliki Forest virus (SFV) (39). OAS3 produces 29-59-oligoadenylates in response
to dsRNA, activating RNase L to cleave the viral ssRNAs to suppress translation
(40). IFIT1 selectively inhibits the translation of the viral RNA that lacks 29-O-meth-
ylation at the 59 end (41). However, the secondary structure elements in the 59
untranslated regions (UTR) of Venezuelan equine encephalitis virus (VEEV) and
SINV prevent IFIT1 binding to some extent (42). Variability within the 59 secondary
structure of different strains and species of alphaviruses results in a range of sus-
ceptibilities to IFIT1 (43). ZAP (PARP13) inhibits the replication of multiple alphavi-
ruses by inhibiting the translation and promoting the degradation of the viral
RNA (44). Other members of the PARP family (PARP7, PARP10, and PARP12) also
inhibit alphavirus replication by repressing translation (45, 46). BST-2 inhibits the
virion release of SFV and CHIKV (47). Other ISGs that have been reported to inhibit
alphavirus replication include MxA (48), ISG15 (49–51), and promyelocytic leuke-
mia zinc finger (PLZF) (52). The mechanisms of action of these ISGs are not well
defined.

Here, we screened a subset of ISGs that we recently identified for their activity in in-
hibiting the replication of SINV and identified TMEM45B as a potent inhibitor. TMEM45B
interacts with the RC components Nsp1 and Nsp4 and interferes with the interaction
between Nsp1 and Nsp4 to impede the replication of the viral genome.
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RESULTS
TMEM45B inhibits SINV replication. To identify novel host antiviral factors against

SINV, we screened a subset of ISGs we recently reported (53). To facilitate the screening, a
replication-competent SINV virus expressing a nanoluciferase reporter, SVNI-Nsp3-nLuc,
was utilized. In this reporter virus, the coding sequence of nanoluciferase (nLuc) was
inserted into that of Nsp3 of SVNI (Fig. 1A), a neural invasive strain of SINV (54). Viral repli-
cation is expected to result in expression of the nLuc reporter, and thus nLuc activity can
serve as an indicator of the viral replication. The ISG proteins were myc tagged at the C ter-
minus and transiently expressed in 293T cells, followed by infection of the cells with the re-
porter virus. nLuc activity in the infected cells was measured at 24 h postinfection and
served as an indicator of the viral replication. Of the approximately 100 ISGs we screened,
TMEM45B displayed significant inhibitory activity against the viral replication (Table 1).
TMEM45B is a membrane protein with seven putative transmembrane domains, and the
fourth to seventh transmembrane domains have been reported to confer the protein ther-
mal aggregation properties (55). It has been reported that silencing TMEM45B inhibited
cell proliferation and invasion in osteosarcoma, gastric cancer, and prostate cancer (56–58).
However, the underlying mechanisms are not clear.

The antiviral activity of TMEM45B was further validated. NZAP-Zeo, which is a fusion
protein comprising the N-terminal domain of the zinc finger antiviral protein (ZAP) and
the Zeocin resistance gene product (Zeo) and which was previously reported to
potently inhibit SINV replication (44), was used as a positive control. XAF1, an ISG that
did not display any antiviral activity in the above-mentioned screening (Table 1), was
used as a negative control. For comparison, TMEM45B and TMEM45C were also
included. Consistent with the above-described results, TMEM45B significantly inhibited
SINV replication (Fig. 1B). In contrast, TMEM45A, TMEM45C, or XAF1 did not show any
antiviral activity (Fig. 1B). We noticed that the inhibition of TMEM45B against SINV was
only about 10-fold in this assay, while it was 46-fold in the screening (Table 1). A likely
explanation is that the experimental procedures were slightly different: in the screen-
ing assay, the cells were infected with virus at a multiplicity of infection (MOI) of 0.001,
while in this validation assay, the MOI was 0.01. To further demonstrate the antiviral ac-
tivity of TMEM45B, we monitored the viral replication with or without TMEM45B over-
expression in 293T cells. The cells were challenged with the virus. At different time
points postinfection, aliquots of culture supernatants were collected to infect BHK-21
cells, which were later lysed to measure the luciferase activity. In the culture superna-
tants of the control 293T cells, the relative virus titer, as indicated by nLuc activity in
the BHK-21 cells, increased over time (Fig. 1C), reflecting the replication of the reporter
virus. In contrast, in the culture supernatants of the NZAP-Zeo- and TMEM45B-expressing
cells, the virus titer barely increased (Fig. 1C). These results indicate that TMEM45B over-
expression inhibits SINV replication.

To test whether the endogenous TMEM45B is active against the virus, two small
interfering RNAs (siRNAs) targeting different sites of TMEM45B were transfected into
293A cells to downregulate the expression of the endogenous TMEM45B. In the cells in
which TMEM45B expression was downregulated, the viral replication was significantly
enhanced (Fig. 1D). These results indicated that TMEM45B inhibits SINV replication at
the endogenous level.

To probe whether the antiviral activity of TMEM45B is specific to SINV, we analyzed
the effect of its overexpression on the replication of influenza A virus (IAV). While
NZAP-Zeo inhibited the viral replication, as reported previously (59), overexpression of
TMEM45B had no effect on IAV replication (Fig. 1E). These results indicate that the anti-
viral activity of TMEM45B against SINV was not caused by nonspecific toxicity to the
cells.

TMEM45B is localized mainly in the endosomes, lysosomes, and trans-Golgi
network. To explore how TMEM45B inhibits SINV replication, we first analyzed its cellu-
lar localization in BHK or 293T cells. Very similar results were obtained, and the results
with 293T cells are presented in Fig. 2A. Myc-tagged TMEM45B was coexpressed with
red fluorescent protein-tagged organelle markers, and the protein localizations were
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FIG 1 TMEM45B inhibits SINV replication. (A) Schematic representation of SVNI-Nsp3-nLuc. The nLuc reporter
was expressed in fusion with split Nsp3. SG, subgenomic RNA. (B) 293T cells were transfected with plasmids
expressing the proteins indicated. At 48 h posttransfection, the cells were infected with SVNI-Nsp3-nLuc at an
MOI of 0.01 PFU/cell. At 24 h postinfection, the cells were analyzed for luciferase activity (upper panel). Protein
expressions were confirmed by Western blotting (WB; lower panel). EV, empty vector; TM45A, TMEM45A-myc;
TM45B, TMEM45B-myc; TM45C, TMEM45C-myc; ZAP-myc, NZAP-Zeo-myc, to serve as a positive control; XAF1,
XAF1-myc, an ISG product to serve as a negative control. (C) 293T cells were transfected with plasmids
expressing the proteins indicated. At 48 h posttransfection, the cells were infected with SVNI-Nsp3-nLuc at an
MOI of 0.01 PFU/cell. At different time points postinfection, aliquots of culture supernatants were collected to
infect BHK-21 cells, which were later lysed to measure the luciferase activity as an indicator of the relative
amount of the virus in the culture supernatant of the 293T cells (upper panel). Protein expressions were
confirmed by Western blotting (lower panel). (D) 293A cells were transfected with the siRNAs indicated. At 48 h
posttransfection, the cells were infected with SVNI-Nsp3-nLuc at an MOI of 0.01 PFU/cell. At 48 h postinfection,
the cells were analyzed for protein levels and luciferase activity. The intensities of the bands of TMEM45B were
determined by ImageJ and normalized to those of b-actin. The relative protein level of TMEM45B, as indicated
by the normalized intensity, in the control cells was set as 1. Data presented are means 6 SD of the results of
three independent experiments. Ctrli, control siRNA; 45 Bi-1 and 45 Bi-2, siRNAs targeting different sites of
TMEM45B. (E) 293T cells were transfected with plasmids expressing the proteins indicated. At 48 h
posttransfection, the cells were infected with IAV-Gluc at an MOI of 0.01 PFU/cell. At 24 h postinfection, cells
were analyzed for luciferase activity (upper panel). The relative luciferase activity in the control cells was set as
100. Protein expressions were confirmed by Western blotting (lower panel). Data presented are means 6 SD of
the results of three independent experiments. **, P , 0.01; ***, P , 0.001; n.s., P . 0.05.
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TABLE 1 ISGs screened to inhibit SVNI-Nsp3-nLuc productiona

Gene name Fold inhibition
Empty vector 1
TMEM45B 46.081
TMEM217 12.371
BCL2A1 11.330
AGPAT4 7.860
ZAP 5.945
TMEM106A 5.890
ASPHD2 5.500
SEMA4G 5.495
IFI27 4.830
EVL 4.752
GLYATL1 4.742
ST3GAL5 3.808
RTP4 3.723
ITGB7 3.657
CKB 3.655
NPC2 3.559
EPSTI1 3.526
CD36 3.453
TRIM31 3.339
TKTL1 2.967
ETV4 2.724
SLAMF8 2.681
FNDC5 2.566
DCLRE1C 2.514
INPP1 2.487
IFI44 2.449
LMO2 2.448
FTSJD2 2.391
GPR84 2.380
GSDMD 2.373
NAPSA 2.366
RNF213 2.361
FAM122C 2.326
DDX60L 2.257
SELL 2.119
SP140L 1.989
MOXD1 1.976
ENTPD1 1.908
USP18 1.887
FRMD3 1.828
BFSP2 1.780
TPPP2 1.776
TOR1B 1.762
MS4A12 1.741
CHI3L2 1.650
BOC 1.639
MR1 1.615
ENDOD1 1.614
GALM 1.606
C1orf38 1.583
REC8 1.575
CXorf21 1.558
CCDC146 1.519
APOL6 1.484
MYO5C 1.421
IFI6 1.414
RASGRP3 1.357
LGALS3BP 1.329
ECE1 1.322
IFIT5 1.318
TMEM140 1.298

(Continued on next page)
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analyzed by immunostaining imaging. TMEM45B was well colocalized with TGN38
(trans-Golgi marker), Rab5 (early endosome marker), Rab7 (late endosome marker), and
Lamp1 (late endosome/lysosome marker) (Fig. 2A). In comparison, the distribution pat-
tern of TMEM45B was quite different from that of the endoplasmic reticulum (ER)
marker DsRed2-ER (Fig. 2A). In addition, no obvious TMEM45B expression at the plasma
membrane was detected (Fig. 2A).

We next tried to analyze whether the endogenous TMEM45B is localized in the
endosome/lysosome. The anti-TMEM45B antibody failed to detect the endogenous
protein in the immunostaining imaging assay in our hands. We thus employed the cell
lysate fractionation assay. 293T cells were lysed, and the cell lysate was fractionated
using discontinuous iodixanol gradient centrifugation (60). The distribution pattern of
the endogenous TMEM45B overlapped that of the endosome/lysosome marker Lamp1

TABLE 1 (Continued)

Gene name Fold inhibition
LHFPL1 1.268
PARP3 1.239
MGC87042 1.239
ARHGAP25 1.152
B3GNT2 1.111
PDS5A 1.087
GBP4 1.077
MFN1 0.990
XAF1 0.983
CD69 0.903
TIPARP 0.894
TEAD4 0.863
NPHP1 0.853
FCGR2C 0.853
IFI44L 0.830
CFLAR 0.808
NFKBIE 0.707
CASP10 0.667
PHLDA2 0.643
CREM 0.631
C20orf103 0.619
PDE6H 0.616
FAM109B 0.594
XRN2 0.578
DDAH2 0.557
IDH1 0.555
WDFY1 0.508
RNASET2 0.471
GSN 0.411
MVP 0.401
C14orf149 0.394
AZU1 0.374
MSMB 0.349
SNX9 0.321
EGR1 0.305
NAT8L 0.299
PIM1 0.295
BRWD1 0.291
RNF149 0.287
PLAC8 0.269
RUNX3 0.219
FGD2 0.174
TIMD4 0.117
aThe ISGs were cloned into a protein expression vector and transiently expressed in 293T cells, followed by
infection of the cells with the reporter virus SVNI-Nsp3-nLuc at an MOI of 0.001 for 1 h. At 24 h postinfection,
the nLuc activity in the infected cells was measured and used as an indicator of the viral replication. Fold
inhibition was calculated as the luciferase activity in the control cells divided by that in the ISG-expressing cells.
The zinc finger antiviral protein (ZAP) was used as a positive control.
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but not that of the ER marker calnexin (Fig. 2B). These results are consistent with the
above-described imaging results.

TMEM45B interacts with Nsp1 and Nsp4. In attempt to understand how TMEM45B
inhibits SINV replication, we analyzed whether it interacts with the viral nonstructural pro-
teins. Myc-tagged TMEM45B was coexpressed with a Flag-tagged nonstructural protein,
and the interaction was analyzed by coimmunoprecipitation assays. Immunoprecipitation
of Nsp1 or Nsp4 coprecipitated TMEM45B (Fig. 3A). In contrast, immunoprecipitation of
Nsp2 or Nsp3 failed to do so (Fig. 3A). We next tested whether endogenous TMEM45B inter-
acts with Nsp1 or Nsp4. Since we did not have an antibody against Nsp1 or Nsp4, we engi-
neered the SVNI-Nsp3-nLuc virus to tag Nsp1 with a Flag tag at the N terminus. 293T cells
were infected with the engineered virus (SVNI-Flag-Nsp1) (Fig. 3B). Immunoprecipitation of
Flag-Nsp1 coprecipitated endogenous TMEM45B (Fig. 3C), indicating that endogenous
TMEM45B interacts with Nsp1.

To further show the interactions between TMEM45B and Nsp1 and Nsp4, we employed

FIG 2 Intracellular localization of TMEM45B. (A) 293T cells were transfected with a plasmid expressing
TMEM45B-myc, together with a plasmid expressing an organelle marker fused with a red fluorescent
protein. At 16 h posttransfection, the cells were fixed in paraformaldehyde. TMEM45B-myc was stained
with anti-myc antibody and Alexa 488-conjugated secondary antibody (green). Fluorescence images
were obtained by confocal fluorescence microscopy (left). Scale bar, 10 mm. Twenty randomly selected
cells were analyzed to determine the colocalization of TMEM45B with the organelle marker (right). 45B,
TMEM45B. Data presented are representative of three independent experiments. (B) The lysate of 293T
cells was fractionated through iodixanol gradients as described in Materials and Methods. The cell
lysate fractions were subjected to Western blotting to analyze the distribution patterns of the
endogenous proteins indicated. Lamp1, marker for late endosome/lysosome; calnexin, marker for ER.
Data presented are representative of three independent experiments.
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FIG 3 TMEM45B interacts with Nsp1 and Nsp4. (A) Flag-tagged Nsp1, Nsp2, Nsp3, Nsp4, or GFP was transiently
coexpressed with TMEM45B-myc in 293T cells. At 48 h posttransfection, cell lysates were immunoprecipitated
(IP) with Anti-Flag affinity gel, and the precipitated proteins were analyzed by Western blotting. (B) Schematic
representation of SVNI-Flag-Nsp1. SG, subgenomic RNA. (C) 293T cells were infected with SVNI-Flag-Nsp1 at an
MOI of 20 PFU/cell for 6 h at 37°C. After extensive washing, the cells were lysed and immunoprecipitated with
Anti-Flag affinity gel or control IgG. The precipitated proteins were analyzed by Western blotting. (D) The
proteins indicated were transiently coexpressed in BHK-21 cells. At 16 h posttransfection, the cells were fixed
with paraformaldehyde and analyzed by confocal fluorescence microscopy. Scale bar, 10 mm. (E) Myc-tagged
Nsp1 and TMEM45B were either individually expressed or coexpressed together with Flag-tagged Nsp4 or GFP
in 293T cells. At 48 h posttransfection, the cells were lysed and immunoprecipitated with Anti-Flag affinity gel.
The precipitated proteins were analyzed by Western blotting. The intensities of the bands of Nsp1 or TMEM45B
were determined by ImageJ and normalized to those of b-actin. The relative amount of coprecipitated Nsp1 or
TMEM45B was calculated. Data presented are means 6 SD of the results of three independent experiments. (F)
Plasmids expressing the proteins indicated were transiently cotransfected into BHK-21 cells. At 16 h posttransfection,
the cells were fixed. Nsp4-Flag was detected with anti-Flag antibody and Alexa 488-conjugated secondary antibody.
The cells were analyzed by confocal fluorescence microscopy (left). Scale bar, 10 mm. The numbers of puncta with
merged Nsp1 and Nsp4 signals were counted in 40 randomly selected cells (right). Data presented are means 6
standard errors of the mean (SEM) of the numbers of puncta with merged signals. ****, P , 0.0001. 45B, TMEM45B.
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confocal microscopy. TMEM45B was fused with the red fluorescent protein mCherry at the
C terminus, and Nsp1 or Nsp4 was fused with green fluorescent protein (GFP). The pro-
teins were transiently coexpressed in BHK-21 cells. When coexpressed with the control
protein mCherry, Nsp1 was detected at the plasma membrane and puncta in the cyto-
plasm (Fig. 3D). When coexpressed with TMEM45B-mCherry, Nsp1 was also detected at
the plasma membrane and puncta in the cytoplasm, but the puncta appeared to be larger
than those in the cells without TMEM45B-mCherry (Fig. 3D). Obvious colocalization of
Nsp1 with TMEM45B-mCherry was observed in the cytoplasm but not at the plasma mem-
brane (Fig. 3D). When Nsp4 was coexpressed with mCherry, it was distributed throughout
the cytoplasm (Fig. 3D). However, when coexpressed with TMEM45B-mCherry, Nsp4 coloc-
alization with TMEM45B-mCherry to punctate structures was obvious (Fig. 3D). These
results further supported the interactions of TMEM45B with Nsp1 and Nsp4.

As key components of the replication complex, Nsp1 and Nsp4 interact with each
other (61). Given that TMEM45B interacts with both Nsp1 and Nsp4, we speculated
that TMEM45B might interfere with the interaction between Nsp1 and Nsp4. To test
this idea, we analyzed the interaction between Nsp1 and Nsp4 with or without
TMEM45B. In the coimmunoprecipitation assay, TMEM45B reproducibly and signifi-
cantly reduced the interaction (Fig. 3E). Consistently, the presence of Nsp1 reduced the
interaction of TMEM45B with Nsp4 (Fig. 3E). We also employed confocal microscopy to
analyze whether TMEM45B interferes with the interaction between Nsp1 and Nsp4.
TMEM45B was fused with enhanced cyan fluorescent protein (ECFP) at the C terminus,
Nsp1 was fused with mCherry, and Nsp4 was Flag tagged at the C terminus. The pro-
teins were transiently coexpressed in BHK-21 cells. When coexpressed with the control
protein ECFP, obvious colocalization of Nsp1 with Nsp4 was observed in the cytoplasm
(Fig. 3F, left upper panels). In comparison, when coexpressed with TMEM45B-ECFP,
Nsp1 colocalization with Nsp4 to punctate structures was substantially reduced (Fig.
3F, left lower panels). Statistical analysis of the cells showed that the numbers of
merged puncta per cell reduced dramatically in the presence of TMEM45B (Fig. 3F,
right). These results further support the notion that TMEM45B interferes with the inter-
action between Nsp1 and Nsp4.

TMEM45B reduces the protein level expressed from the viral RNA. The foregoing
results revealed that TMEM45B is localized mainly in endosomes, lysosomes, and the
trans-Golgi network but not obviously at the plasma membrane and that TMEM45B
interacts with Nsp1 and Nsp4. We thus speculated that TMEM45B might not inhibit virus
binding to the cells. Given that the viral RNA is associated with Nsp1, which is crucial for
the capping of newly synthesized viral RNA, the interaction of TMEM45B with Nsp1
might interfere with the association of Nsp1 with SINV genomic RNA or with its capping
activity. We thus speculated that TMEM45B might affect the viral protein expression
through inhibition of viral RNA translation or promotion of viral RNA destabilization. In
addition, the interaction of TMEM45B with Nsp1 and Nsp4 suggested that it might inter-
fere with the function of the replication complex.

To examine whether TMEM45B inhibits virus binding, TMEM45B knockdown and con-
trol 293A cells were incubated with the SVNI-Nsp3-nLuc virus at 4°C to allow binding
without penetration. After extensive washing to remove the unbound virus, the amount
of the cell-associated viral RNA was measured. No difference was detected between the
TMEM45B knockdown and control cells (Fig. 4B and C), suggesting that TMEM45B down-
regulation did not affect virus binding to the cells. These results are consistent with the
observations above that TMEM45B was barely detected at the plasma membrane.

We next transfected the viral RNA generated by in vitro transcription to bypass
the virus entry step and analyzed the effect of TMEM45B on viral protein synthesis.
The mutant SINV reporter SINV-Nsp3-nLuc-Pol2 was used. In this SINV strain
Toto1101-based reporter, the nLuc coding sequence was inserted into Nsp3 such
that nLuc is expressed in frame with Nsp3, and a fragment of Nsp4 was deleted to
abolish the enzymatic activity of the RNA-dependent RNA polymerase (Fig. 4A). The
59-capped viral RNA and control firefly luciferase-encoding RNA were generated by in
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FIG 4 TMEM45B inhibits SINV infection at a step after entry. (A) Schematic representation of nLuc-expressing
SINV-Nsp3-nLuc-Pol2. The 36-nucleotide deletion (DKpnI) in the coding sequence of Nsp4 of SINV strain Toto1101
resulted in a defective RNA-dependent RNA polymerase. SG, subgenomic RNA. (B) 293A cells were transfected with
the siRNAs indicated, and the downregulation of TMEM45B was confirmed by Western analysis, as described in the
legend to Fig. 1D. (C) The cells were incubated with SVNI-Nsp3-nLuc (10 PFU/cell) for 1 h at 4°C to allow binding
without penetration of the virus. The cells were washed extensively, and the cell-associated viral RNA level was
measured. (D and E) The cells as described for panel B were transfected with a mixture of in vitro-transcribed and
capped SINV-Nsp3-nLuc-Pol2 RNA and firefly luciferase-encoding control RNA. At the time points indicated, the cells
were analyzed for luciferase activities. (F to H) 293T cells were transfected with plasmids expressing the proteins
indicated. At 48 h posttransfection, the cells were transfected with a mixture of the SINV-Nsp3-nLuc-Pol2 RNA and
firefly luciferase-encoding control RNA. At the time points indicated, the cells were analyzed for protein expressions
(F) and luciferase activities (G and H). EV, empty vector; ZAP and XAF1, controls as described in the legend to
Fig. 1B; 45B, TMEM45B-myc. Data presented are means 6 SD of the results of three independent experiments. **,
P , 0.01; ***, P , 0.001; n.s., P . 0.05.
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vitro transcription and transfected into the TMEM45B knockdown 293A cells. At vari-
ous time points posttransfection, luciferase activities were measured.
Downregulation of TMEM45B increased the nLuc activity expressed from the viral
RNA (Fig. 4D). In contrast, the firefly luciferase activity expressed from the control
RNA was little affected (Fig. 4E). To potentiate these results, TMEM45B was overex-
pressed in 293T cells (Fig. 4F). NZAP-Zeo, which inhibits the expression of the viral
proteins by inhibiting the translation and promoting the degradation of SINV RNA
(44), was used as a positive control, and XAF1 was used as a negative control (Fig.
4F). In line with the above-described results, overexpression of TMEM45B inhibited
luciferase expression from the viral reporter RNA (Fig. 4G) but had little effect on the
control reporter RNA (Fig. 4H). These results indicate that TMEM45B inhibits SINV
infection at a step after virus entry and suggested that TMEM45B inhibits the expres-
sion of the viral protein from the viral RNA.

TMEM45B promotes SINV RNA degradation. We next set to explore whether
TMEM45B affects the stability of the viral RNA. We first tested the effect of downregulation
of endogenous TMEM45B on the stability of the viral RNA. 293A cells in duplicate dishes
were transfected with a control siRNA or the siRNAs targeting TMEM45B and then infected
with SINV-Nsp3-nLuc-ts6 at 4°C for 1 h. In this SINV strain Toto1101-based reporter, the
nLuc coding sequence was inserted into Nsp3 such that nLuc was expressed in frame with
Nsp3, and a mutation was introduced into Nsp4 to make the RNA-dependent RNA

FIG 5 TMEM45B promotes SINV RNA degradation. (A) Schematic representation of SINV-Nsp3-nLuc-ts6.
The Gly-to-Glu mutation in Nsp4 of SINV strain Toto1101 rendered the virus temperature sensitive: the
virus can replicate at 28°C but not at 40°C. SG, subgenomic RNA. (B to E) Cells were transfected with
the siRNAs (B and C) or plasmids (D and E) indicated. At 48 h posttransfection, the cells were incubated
with SINV-Nsp3-nLuc-ts6 virus at an MOI of 20 PFU/cell for 1 h at 4°C. (B and D) The cells were shifted
to 28°C and cultured for 24 h, followed by measurement of the luciferase activity and protein
expression levels. The relative TMEM45B level was determined as described in the legend to Fig. 1D. (C
and E) The cells were shifted to 40°C. At the time points indicated, the cells were lysed and the viral
RNA levels were measured. Data presented are means 6 SD of the results of three independent
experiments. **, P , 0.01; ***, P , 0.001; ****, P , 0.0001; n.s., P . 0.05.
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polymerase enzymatic activity temperature sensitive (Fig. 5A). The virus replicates at the
permissive temperature (28°C) but not at the nonpermissive temperature (40°C) (62). One
dish of the cells was cultured at the permissive temperature to confirm that downregula-
tion of TMEM45B enhanced the viral infection (Fig. 5B). The other dish of cells was
switched to the nonpermissive temperature to prevent viral RNA amplification. At different
time points postinfection, the viral RNA levels were measured. The results showed that
downregulation of TMEM45B increased the stability of the viral RNA (Fig. 5C). To substanti-
ate these results, TMEM45B was overexpressed in 293T cells. HuR was used as a control,
which was reported to stabilize SINV RNA (63). As expected, overexpression of TMEM45B
inhibited and HuR enhanced SINV infection (Fig. 5D). In line with the above-described
results, TMEM45B overexpression reduced the stability of SINV RNA, while overexpression
of HuR enhanced the stability of the viral RNA (Fig. 5E).

TMEM45B rendersmembrane-associated SINV RNA sensitive to RNase A treatment.
As a viral RNA capping enzyme and the membrane anchor of the SINV replication com-
plex (12, 64), Nsp1 is associated with the viral RNA. The foregoing results suggested
that TMEM45B might disrupt the viral replication complex. Hence, one would expect
that TMEM45B might also interfere with the interaction of the viral RNA with Nsp1. To
test this possibility, we analyzed the association of the viral RNA with Nsp1 with or
without TMEM45B. 293T cells were transiently transfected with an empty vector or a
plasmid expressing TMEM45B-myc, followed by infection with the SVNI-Flag-Nsp1 vi-
rus. At 6 h postinfection, the cells were lysed. Under this condition, TMEM45B did not
significantly affect the viral RNA levels (Fig. 6A, left). The cell lysate was immunoprecipi-
tated with control IgG or anti-Flag antibody, and the amount of associated viral RNA
was measured. In the absence of TMEM45B, the viral RNA was enriched by the anti-
Flag antibody but not by the control IgG (Fig. 6A, middle). In contrast, in the presence
of TMEM45B, little enrichment was observed (Fig. 6A, middle). TMEM45B did not affect
the amount of Nsp1 immunoprecipitated by the anti-Flag antibody (Fig. 6A, right).
These results indicate that TMEM45B interferes with the interaction of the viral RNA
with Nsp1.

The viral replication complex of SINV is believed to be associated with the intracel-
lular membrane for protection from cellular defense mechanisms. The above-described
results suggested that TMEM45B might deprive the viral RNA of the protection. To test
this hypothesis, we analyzed the sensitivity of the membrane-associated viral RNA to
RNase A treatment. 293T cells were transfected with a plasmid expressing myc-tagged
TMEM45B and a control plasmid expressing Renilla luciferase-encoding mRNA, fol-
lowed by infection with SVNI-Nsp3-nLuc. At 1.5 h postinfection, the cells were lysed,
the cell lysate was fractionated, and the postnuclear supernatant (PNS) was subjected
to a membrane flotation assay (Fig. 6B). In this assay, the PNS was mixed with 85% sucrose
to a final concentration of 73%. On top of the PNS was layered 65% and 10% sucrose.
After centrifugation, the membrane and associated molecules (including proteins and
nucleic acids) are expected to float up to the interface of 65% and 10% sucrose, and the
nonmembrane-associated proteins are expected to stay in the 73% sucrose, with some dif-
fusion into the 65% sucrose. Twelve fractions were collected, with fraction 3 containing
the membranes and associated molecules. The fractionated lysates were treated with
RNase A, followed by measurement of the RNA levels by quantitative reverse transcription-
PCR (RT-qPCR). TMEM45B was detected mainly in fraction 3, while GFP was detected mainly
in fractions 9 to 11, the nonmembrane fractions (Fig. 6C). The ribosomal protein S16 was
detected in both the membrane and nonmembrane fractions (Fig. 6C). Overexpression of
TMEM45B did not obviously affect the distribution pattern of the viral RNA, which was
detected in both membrane and nonmembrane fractions (Fig. 6D, compare the red and
blue bars). In the absence of TMEM45B, RNase A treatment of the membrane fraction had
little effect on the viral RNA (Fig. 6D, compare the red and orange bars in fraction 3), while
in the nonmembrane fractions, RNase A treatment significantly reduced the viral RNA levels
(Fig. 6D, compare the red and orange bars in fractions 8 to 11). In the presence of
TMEM45B, RNase A treatment of the membrane fraction dramatically reduced the viral RNA
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FIG 6 TMEM45B renders membrane-associated SINV RNA sensitive to RNase A treatment. (A) TMEM45B inhibits the interaction of the
viral RNA with Nsp1. 293T cells were transfected with an empty vector or a plasmid expressing TMEM45B-myc. At 48 h posttransfection,
the cells were infected with SVNI-Flag-Nsp1 at an MOI of 20 PFU/cell for 6 h at 37°C. After extensive washing, the cells were lysed. The
viral RNA levels in the cell lysate were measured (left). The cell lysate was immunoprecipitated with Anti-Flag affinity gel or control IgG.
Association of the viral RNA with Nsp1 or IgG was indicated by relative enrichment, which was calculated as the amount of the viral RNA
in the precipitates divided by that in the input cell lysate. The relative enrichment of the viral RNA immunoprecipitated with control IgG
in the cells expressing empty vector was set as 1 (middle). Precipitated proteins were analyzed by Western blotting (right). Data
presented are means 6 SD of the results of three independent experiments. (B) Schematic illustration of the experimental procedure.
293T cells were transfected with an empty vector or a plasmid expressing TMEM45B-myc. Plasmids expressing Renilla luciferase and GFP-
myc were included to serve as controls. At 48 h posttransfection, the cells were infected with SVNI-Nsp3-nLuc at an MOI of 20 PFU/cell
for 1.5 h at 37°C. After extensive washing, the cells were lysed in hypotonic buffer and the lysates were centrifuged. The postnuclear
supernatant (PNS) was analyzed by the membrane flotation assay (see Materials and Methods for details). (C) Protein levels in each
fraction were analyzed by Western blotting. S16, a ribosomal protein. (D and E) PNS was subjected to the membrane flotation assay, and
fractions were collected. One aliquot of each fraction was treated with RNase A. The RNA in the samples with or without RNase A
treatment was extracted and quantitated. The relative RNA level in fraction 3 of the cells transfected with the empty vector was set as 1.
Control RNA, the Renilla luciferase-encoding RNA expressed from the transfected plasmid. (F) The levels of the control RNA, SVNI RNA,
and ISG15 RNA in PNS were measured. The relative RNA level in the empty vector-transfected cells was set as 100. Data presented are
means 6 SD of the results of two independent experiments. **, P, 0.01; ***, P, 0.001; n.s., P . 0.05. 45B, TMEM45B.
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levels (Fig. 6D, compare the orange and black bars in fraction 3). The viral RNA in the non-
membrane fractions was not protected with or without TMEM45B (Fig. 6D, compare orange
and black bars in fractions 8 to 11). The control Renilla luciferase-encoding mRNA was sensi-
tive to RNase A treatment in both the membrane and nonmembrane fractions (Fig. 6E).
TMEM45B did not significantly affect the total amount of the viral RNA or the control RNA
in the PNS (Fig. 6F). These results are consistent with the notion that SINV RNA is protected
by the intracellular membranes and that TMEM45B overexpression deprived the viral RNA
of this protection. To test whether the exposed viral RNA would trigger an innate immune
response, we analyzed the ISG15 RNA levels. No obvious difference was observed with or
without TMEM45B (Fig. 6F).

The formation of SINV-induced cytopathic vacuoles is diminished in TMEM45B-
expressing cells. The amplification of the viral replication complex leads to the formation
of virus-induced cytopathic vacuoles. To explore whether TMEM45B affects this process, the
TMEM45B-expressing cells were infected with a replication-competent SINV carrying GFP
and the localization of the viral replication complex was monitored over the course of infec-
tion. It was previously established that the newly synthesized viral protein Nsp3 colocalizes
with the double-stranded viral RNA (dsRNA), a hallmark of the viral replication complex (11).
To detect the replication complex, GFP was expressed in fusion with Nsp3 (Fig. 7A) in SVNI,
resulting in the replication-competent virus SVNI-Nsp3-GFP, a strategy adapted from the
above-mentioned studies. The GFP insertion had only a minor effect on the viral replication
and allowed us to monitor the virus-specific protein complex using fluorescence microscopy.

BHK-21 cells were transfected with a plasmid expressing mCherry or TMEM45B-
mCherry. The cells were incubated with SVNI-Nsp3-GFP at an MOI of 500 PFU/cell for 1
h at 4°C to allow virus binding without penetration and then shifted to 37°C. At differ-
ent time points postinfection, the cells were fixed and analyzed by confocal micros-
copy. Consistent with the previously reported results, in the control cells, GFP was first
detected at the plasma membrane at 1.5 h postinfection (Fig. 7B). At 2.5 h postinfec-
tion, GFP was detected in the cytoplasm diffusing from the plasma membrane, and at
4 h postinfection, GFP was detected in vesicles throughout the cytoplasm (Fig. 7B). In
the TMEM45B-expressing cells, GFP was also detected at the plasma membrane at the
early stage of infection (Fig. 7B). We noticed that the GFP signal at 1.5 h postinfection
in the TMEM45B-expressing cells was only slightly weaker than that in the control cells.
However, at later stages of infection, GFP was barely detected in the cytoplasm (Fig. 7B).
For better resolution of the GFP signals, structure illumination (SIM) ultra-high-resolution
fluorescence microscopy was employed. At 1.5 h postinfection, GFP signals were
detected in clusters at the plasma membrane with or without TMEM45B (Fig. 7C). In the
control cells, larger vesicles were seen in the cytoplasm at 2.5 h postinfection, and cyto-
pathic vacuoles (CPV) of about 200 nm were observed at 4 h postinfection (Fig. 7C). In
the TMEM45B-expressing cells, GFP was observed only at the plasma membrane
(Fig. 7C). Quantitative analysis of multiple randomly selected GFP-positive cells revealed
that more than 90% of the cells had GFP signals at the plasma membrane at 1.5 h postin-
fecton, with or without TMEM45B (Fig. 7D). This percentage did not change much over
time for the TMEM45B-expressing cells. However, for the control cells, nearly 90% of the
cells had strong GFP signals in the cytoplasm in the later stages of infection (Fig. 7D).
These results indicate that under this experimental condition, TMEM45B had little effect
on the localization of the viral proteins at the plasma membrane. However, the forma-
tion of CPVs in the cytoplasm was significantly diminished in TMEM45B-expressing cells
(see below for further discussion). The colocalization of Nsp3-GFP with the viral dsRNA
was also analyzed (Fig. 7E). BHK-21 cells were transfected with a plasmid expressing
mCherry or TMEM45B-mCherry, followed by infection with the SVNI-Nsp3-GFP virus. At 6
h postinfection, cells were fixed, stained with anti-dsRNA antibody, and analyzed by con-
focal microscopy. The dsRNA signals colocalized well with the GFP signals (Fig. 7E).
Consistent with the above-described results, in the absence of TMEM45B, nearly 90% of
the cells had strong GFP and dsRNA signals in the cytoplasm (Fig. 7E and F). In contrast,
in the presence of TMEM45B, the GFP and dsRNA signals were detected mainly at the
plasma membrane (Fig. 7E and F).
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TMEM45B interacts with CHIKV Nsp1 and Nsp4. To probe whether TMEM45B
may also inhibit the replication of other alphaviruses, we analyzed the interactions of
TMEM45B with the nonstructural proteins of CHIKV. Coimmunoprecipitation assays
revealed that TMEM45B interacted with CHIKV Nsp1 and Nsp4 (Fig. 8A). Confocal mi-
croscopy analysis showed that TMEM45B colocalized with Nsp1 and Nsp4 (Fig. 8B),

FIG 7 The formation of SINV-induced cytopathic vacuoles is diminished in TMEM45B-expressing cells. (A) Schematic
representation of GFP-expressing virus SVNI-Nsp3-GFP. SG, subgenomic RNA. (B to D) BHK-21 cells were transfected
with a plasmid expressing mCherry or TMEM45B-mCherry. At 24 h posttransfection, the cells were incubated with
SVNI-Nsp3-GFP at an MOI of 500 PFU/cell at 4°C for 1 h and then shifted to 37°C. At the time points indicated, the
cells were fixed and analyzed by confocal fluorescence microscopy or structure illumination microscopy. (B)
Confocal microscopy analysis of the cells. Scale bar, 5 mm. Data presented are representative of three independent
experiments. (C) Structure illumination microscopy analysis of the cells. Scale bar, 5 mm. Data presented are
representative of three independent experiments. (D) Fifty randomly selected cells from panel B were analyzed for
the infection stage at 1.5 h, 2.5 h, and 4 h. Based on GFP localization, the cells were classified into three categories
of infection stages: early (punctate fluorescence or continuous fluorescence at the plasma membrane), intermediate
(diffuse cytoplasmic fluorescence near the plasma membrane), and late (cytoplasmic granular fluorescence). (E) BHK-
21 cells were transfected with a plasmid expressing mCherry or TMEM45B-mCherry. At 24 h posttransfection, the
cells were incubated with SVNI-Nsp3-GFP at an MOI of 500 PFU/cell at 4°C for 1 h and then shifted to 37°C. At 6 h
postinfection, the cells were stained with anti-dsRNA antibody and Alexa 680-conjugated secondary antibody and
analyzed by confocal fluorescence microscopy. Scale bar, 10 mm. Data presented are representative of three
independent experiments. (F) Fifty randomly selected cells at 6 h postinfection in panel E were analyzed for
infection stage, as described above. EV, mCherry; 45B, TMEM45B-mCherry.
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further supporting the interactions of TMEM45B with CHIKV Nsp1 and Nsp4. These
results suggest that TMEM45B might also inhibit the replication of CHIKV, though fur-
ther investigation is needed to prove or disprove it.

DISCUSSION

IFN potently inhibits SINV replication, and multiple IFN-stimulated host antiviral fac-
tors have been reported to inhibit the viral replication through a variety of mechanisms.
However, host antiviral factors targeting the viral nonstructural proteins have not been
documented. Here, we showed that the IFN-stimulated gene product TMEM45B inter-
acted with Nsp1 and Nsp4, interfered with the interaction between Nsp1 and Nsp4, and
inhibited SINV replication.

The genome replication of plus-strand RNA viruses infecting eukaryotic cells is asso-
ciated with cellular membranes. The membranes can be derived from the endoplasmic
reticulum or other organelles of the secretory pathway or from the endolysosomal
compartments. The membrane association provides a structural framework for replica-
tion, fixes the RNA replication process to a spatially confined place, increasing the local
concentration of necessary components, and offers protection for the alien RNA mole-
cules from the host defense mechanisms (65–69). Following the release of viral
genomic RNA of infecting SINV from the early endosome, the viral protein synthesis is
believed to take place on the rough ER. The newly synthesized viral proteins in com-
plex with the viral genomic RNA associate with the intracellular membrane and
migrate to the plasma membrane. TMEM45B is localized on the trans-Golgi network,
late endosomes, and lysosomes (Fig. 2A), the organelles the viral complex would en-
counter during the migration. It is conceivable that the interaction of TMEM45B with
the key components of the viral replication complex, Nsp1 and Nsp4 (Fig. 3), could
interfere with the association of the viral complex with the intracellular membrane.
Furthermore, Nsp1 plays a critical role in the capping of newly synthesized viral RNA,
and the interaction of TMEM45B with Nsp1 may interfere with this process. These rea-
sonings would explain how TMEM45B reduced the protein levels expressed from the
viral RNA (Fig. 4), destabilized the viral RNA (Fig. 5), and rendered the viral RNA sensi-
tive to RNase treatment (Fig. 6). Nonetheless, further investigation is needed to better
understand the mechanisms for the inhibition of viral protein expression by TMEM45B.

We noticed that the expression of TMEM45B did not significantly affect the viral

FIG 8 TMEM45B interacts with CHIKV Nsp1 and Nsp4. (A) Flag-tagged CHIKV Nsp1, Nsp2, Nsp3, Nsp4,
or GFP was transiently coexpressed with TMEM45B-myc in 293T cells. At 48 h posttransfection, cell
lysates were immunoprecipitated with Anti-Flag affinity gel, and the precipitated proteins were analyzed
by Western blotting. (B) The proteins indicated were transiently coexpressed with mCherry or TMEM45B-
mCherry in BHK-21 cells. At 16 h posttransfection, cells were fixed in paraformaldehyde, stained with anti-
Flag antibody and Alexa 488-conjugated secondary antibody, and analyzed by confocal fluorescence
microscopy. Scale bar, 10 mm. Data presented are representative of three independent experiments. 45B,
TMEM45B.
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protein levels on the plasma membrane (Fig. 7), which appears to be inconsistent with
the above results. A plausible explanation is that in the experiments described above,
the cells were infected with SINV at an MOI of 20 PFU/cell. However, to detect the GFP
signals, the cells were infected with the virus at an MOI of 500 PFU/cell. Under this con-
dition, the inhibitory effect of TMEM45B on the viral protein level and RNA stability
could be overwhelmed. In addition, TMEM45B was not localized on the plasma mem-
brane and thus should not affect the formation of spherules on the plasma membrane.

The detailed process of SINV-induced CPV formation is not yet very clear. With the
amplification of the viral replication complex, the spherules grow and migrate toward the
nucleus. In this process, the spherules need to capture more membranes to form CPVs.
The results that TMEM45B is localized on endosomes and lysosomes and that the virus-
induced CPVs were barely detectable in TMEM45B-expressing cells suggest that the grow-
ing spherules likely capture the membranes along with TMEM45B from these organelles,
which inhibits the viral replication and thus prevents formation of the virus-induced CPVs.

Based on the results presented in this report and the above discussion, we propose
a working model for TMEM45B. TMEM45B interacts with Nsp1 and Nsp4 and thus inter-
feres with the association of the viral complex on the intracellular membrane, where
TMEM45B resides. This leads to the reduction in the protein levels expressed from the
viral RNA to some extent. The viral replication complex that escapes TMEM45B
migrates to the plasma membrane to form spherules, where TMEM45 is absent. When
the spherules grow and migrate toward the nucleus, TMEM45B on the membrane of
endosomes or/and lysosomes is brought to the vicinity of the replication complex.
TMEM45B interferes with the interaction between Nsp1 and Nsp4, inhibits the viral ge-
nome replication, and thus prevents the formation of the virus-induced CPVs.

In summary, here we identified TMEM45B as an antiviral factor against SINV.
Analyses of the mechanisms by which TMEM45B inhibits the viral replication help to
better understand the detailed process of the viral genome replication.

MATERIALS ANDMETHODS
Plasmids. The coding sequences of TMEM45B, XAF1, and HuR were PCR amplified from 293T cell

cDNA and cloned into the expression vector pLPCX-3myc (Clontech) with a triple myc tag at the C termi-
nus. pLPCX-NZAP-Zeo-3myc, which expresses the N-terminal 254 amino acids of rat ZAP fused to the
Zeocin resistance gene, has been described previously (70). pcDNA4-mCherry and pcDNA4-TMEM45B-
mCherry, which express mCherry and TMEM45B fused with mCherry at the C terminus, respectively, were
generated by cloning the coding sequences into the mammalian expression vector pcDNA4 (Invitrogen).
pSVNI and pToto1101 are infectious clones of SINV and have been reported previously (54, 71, 72).
Plasmids pSVNI-Nsp3-nLuc, pToto1101-Nsp3-Luc-Pol2 (herein pSINV-Nsp3-Luc-Pol2), and pToto1101-
Nsp3-Luc-ts6 (herein pSINV-Nsp3-Luc-ts6) were generous gifts from Margaret MacDonald of The
Rockefeller University. The plasmid pSVNI-Nsp3-GFP was constructed by in-frame insertion of the GFP coding
sequence into the SpeI site in the Nsp3-coding region of pSVNI. SVNI-Flag-Nsp1 was constructed by insertion
of a tandem Flag tag at the N terminus of Nsp1 in SVNI. The plasmids pSINV-Nsp3-nLuc-Pol2 and pSINV-
Nsp3-nLuc-ts6 were generated by replacing the coding sequence of firefly luciferase with that of the nanolu-
ciferase in pSINV-Nsp3-Luc-Pol2 and pSINV-Nsp3-Luc-ts6, respectively. The coding sequences of SINV Nsp1,
Nsp2, Nsp3, and Nsp4 from pSVNI were cloned into the protein expression vector pcDNA4 with a Flag tag at
the C terminus. The coding sequences of CHIKV Nsp1, Nsp2, Nsp3, and Nsp4, generous gifts from Zhang Bo
of the Wuhan Institute of Virology, were cloned into pcDNA4 with a Flag tag at the C terminus. To express
Nsp1-EGFP and Nsp4-EGFP, the coding sequences of Nsp1 and Nsp4 were cloned into pEGFP-N1 (Clontech)
to generate pEGFP-N1-Nsp1 and pEGFP-N1-Nsp4. To generate the construct expressing TMEM45B-ECFP, the
coding sequence of TMEM45B was cloned into pECFP-N1 (Clontech). Plasmids expressing organelle markers
pDsRed2-ER, pTGN38-mCherry, pLamp1-mCherry, pDsRed2-Rab5, and pRab7-RFP were generous gifts from
Li Yu of Tsinghua University. All plasmid constructions were verified by DNA sequencing.

Cell culture. Cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen) supple-
mented with 10% fetal bovine serum (FBS) (Gibco). Plasmid transfection was performed using Xpregen fol-
lowing the manufacturer9s instructions (Beijing Yu-Feng Biotechnology). To downregulate endogenous
TMEM45B expression, 293A cells were seeded in 35-mm tissue culture dishes. The cells were transfected
with 150 pmol of a control siRNA or an siRNA targeting TMEM45B using Lipofectamine 2000 (Invitrogen).
The target sequences of the siRNAs (GenePharma) are as follows: control siRNA, 59-UUCUCCGAACGUGUC
ACGUTT-39; siTMEM45B-1, 59-CACUGGAUAAAGUUAAUGATT-39; siTMEM45B-2, 59-GCCGCAAUUAGGACUUU
GUTT-39.

Virus production, titration, and infection. The reporter viruses SVNI-Nsp3-nLuc, SVNI-Nsp3-GFP,
SVNI-Flag-Nsp1, and SINV-Nsp3-nLuc-ts6 were produced and titrated essentially as previously reported
(44). Briefly, the infectious clones were linearized with XhoI and in vitro transcribed into RNA with SP6
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RNA polymerase (Promega) in the presence of a cap analog (Promega). The 59-capped transcripts were
transfected into BHK-21 cells using Lipofectamine 2000 (Invitrogen) by following the manufacturer’s
instructions. At 24 h posttransfection, the virus in the culture supernatant was harvested and stored at
280°C. Virus stocks and virus samples were titrated in duplicate by infection of BHK-21 cells at serial
dilutions in DMEM supplemented with 1% FBS. At 1 h postinfection, cells were covered with a DMEM
overlay containing 1.2% agarose and 2% FBS. Plaques were enumerated at 1 to 2 days postinfection. For
the temperature-sensitive SINV-Nsp3-nLuc-ts6, the virus was produced at the permissive temperature
(28°C), and infection was carried out at 28°C or 40°C. The production and titration of influenza A virus
IAV-Gluc have been previously described (73). Control cells or TMEM45B-expressing cells were infected
with IAV-Gluc at an MOI of 0.01 PFU/cell at 37°C for 1 h. The cells were washed twice with phosphate-
buffered saline (PBS) and cultured in DMEM supplemented with 2% fetal bovine serum. At 24 h postin-
fection, the cells were lysed and the Gaussia luciferase activity was measured.

Luciferase assay. For firefly luciferase, Gaussia luciferase, and nanoluciferase assays, cells were lysed
in 5� luciferase cell culture lysis reagent (Promega). Luciferase activity was measured using the lucifer-
ase assay system (Promega) and the Nano-Glo luciferase assay system (Promega) by following the manu-
facturer’s instructions.

Confocal microscopy. To monitor how TMEM45B inhibits SINV replication, pcDNA4-mCherry or
pcDNA4-TMEM45B-mCherry was transfected into BHK-21 cells. At 24 h posttransfection, the cells were
incubated with SVNI-Nsp3-GFP at an MOI of 500 PFU/cell for 1 h at 4°C and then shifted to 37°C. At vari-
ous time points (1.5 h, 2.5 h, and 4 h postinfection), cells were fixed for 1 h with 4% paraformaldehyde,
washed with PBS, and permeabilized with 0.2% Triton X-100. The cells were then stained with DAPI
(49,6-diamidino-2-phenylindole) (Beyotime Biotechnology; catalogue no. C-1005), washed 3 times with
PBS, and photographed using a laser confocal microscope (Zeiss LSM700) or a structure illumination
ultra-high-resolution fluorescence microscope (Applied Precision DeltaVision OMX-V3). To analyze the
localization of the viral dsRNA, the cells were stained with anti-dsRNA antibody and Alexa 680-conjugated
secondary antibody at 6 h postinfection. To analyze the localization of TMEM45B, the plasmid expressing
TMEM45B-myc was transfected into BHK-21 or 293T cells together with a plasmid expressing a red fluores-
cent protein-tagged organelle marker. At 16 h posttransfection, the cells were fixed for 1 h with 4% para-
formaldehyde, washed with PBS three times, and permeabilized with 0.2% Triton X-100. TMEM45B-myc
was stained with anti-myc antibody and Alexa 488-conjugated secondary antibody and photographed
using a laser confocal microscope (Zeiss LSM700). Microscopic analyses of the colocalization of TMEM45B
with Nsp1 and Nsp4 were performed by similar procedures.

Virus binding assay. 293A cells were seeded at 106 cells/35-mm tissue culture dish. The next day,
the cells were transfected with 150 pmol of a control siRNA or an siRNA targeting TMEM45B using
Lipofectamine 2000 (Invitrogen). At 48 h posttransfection, the cells were incubated with 2 � 107 PFU of
SVNI-Nsp3-nLuc in binding medium (DMEM supplemented with 1% FBS). Binding was carried out on a
rocker at 4°C for 1 h with frequent additional manual rocking. The cells were then washed five times
with 2 mL of PBS at 4°C per well. The total RNA was extracted using TRIzol reagent (Invitrogen), followed
by reverse transcription with murine leukemia virus (MLV) reverse transcriptase using random primers.
The levels of SINV genomic RNA were measured by SYBR green real-time PCR in a Rotor Gene 6000
(Corbett Life Science), using GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA as an internal
control.

Membrane flotation assay. Cell fractionation and sucrose gradient centrifugation assays were modi-
fied from those reported previously (74). Briefly, 5 � 106 293T cells were infected with SVNI-Nsp3-nLuc at
an MOI of 20 PFU/cell for 1.5 h at 37°C. The cells were trypsinized, washed with PBS twice, and resus-
pended in 0.5 mL TE buffer (10 mM Tris-HCl [pH 7.5], 4 mM EDTA) supplemented with the cOmplete prote-
ase inhibitor cocktail (Roche). The samples were prepared using a Dounce homogenizer to remove nuclei
and residual cells as described previously (75). After low-speed centrifugation (510 � g, 10 min, 4°C), the
postnuclear supernatant (PNS) was adjusted to 150 mM NaCl and mixed with 85% (wt/vol) sucrose in TNE
buffer (25 mM Tris-HCl [pH 7.5], 150 mM NaCl, 4 mM EDTA) and loaded at the bottom of a centrifuge tube.
On top of this PNS-containing 73% (wt/vol) sucrose mixture was layered 65% and 10% (wt/vol) sucrose in
TNE. The gradients were centrifuged in a P40ST rotor at 100,000 � g for 18 h at 4°C (Himac CP100NX).
Eleven fractions, 1 mL each, were collected, and 1 mL TNE buffer was added to the bottom of the tube to
collect the remaining sample. Each fraction was equally divided into three aliquots. One aliquot was used
for Western analysis. The other two were used for the analysis of RNA levels: one was untreated and one
was treated with RNase A for 30 min. At the end of the treatment, TRIzol (Invitrogen) was added to the
samples, followed by the addition of in vitro-transcribed IAV NS1 RNA to serve as a sample handling con-
trol. The RNA was extracted and analyzed by RT-qPCR using the NS1 RNA as a control.

Cell fractionation assay. The cell fractionation experimental procedure was adapted from published
papers (60, 76, 77). 293T cells in four confluent 10-cm dishes were washed with ice-cold PBS, trypsinized,
washed with PBS twice, and resuspended in 1 mL of ice-cold sucrose homogenization buffer (0.25 mM
sucrose, 1 mM EDTA, pH 7.4) supplemented with the cOmplete protease inhibitor cocktail (Roche). The
cells were homogenized using a Dounce homogenizer with 40 strokes and centrifuged for 10 min at
1,000 � g at 4°C to pellet nuclei and residual cells. The postnuclear supernatant (PNS) was loaded on
iodixanol gradients (0.5%, 1%, 2.5%, 5%, 7.5%, 10%, 12.5%, 15%, 17.5%, 20%, 25%, and 30% [vol/vol] in
0.25 mM sucrose) and ultracentrifuged in a P40ST rotor at 100,000 � g for 1 h at 4°C (Himac CP100NX).
Twenty-seven fractions, 444mL each, were collected and analyzed by Western blotting.

RNA decay assay.Multiple dishes of 293A cells were transfected with an siRNA, and 293T cells were
transfected with the empty vector pLPCX, pLPCX-TMEM45B-3myc, or pLPCX-HuR-myc. At 48 h posttrans-
fection, the cells were incubated with SINV-Nsp3-nLuc-ts6 at an MOI of 20 PFU/cell for 1 h at 4°C. Some
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dishes of the cells were shifted to 28°C for 24 h, followed by analysis for luciferase activity and protein
expression, and the other dishes of the cells were transferred to the nonpermissive temperature (40°C)
to shut off viral transcription. At various time points after shutoff, total RNA was extracted with TRIzol
(Invitrogen). The viral RNA levels were measured by RT-qPCR with the SINV genomic RNA primers (Nsp4-
F and Nsp4-R), using GAPDH mRNA as an internal control.

Coimmunoprecipitation assay. To analyze the interaction of TMEM45B with the nonstructural pro-
teins, 293T cells were transfected with a plasmid expressing Flag-tagged GFP, Nsp1, Nsp2, Nsp3, or Nsp4
and a plasmid expressing myc-tagged TMEM45B. At 48 h posttransfection, cells were lysed in cell culture
lysis reagent (Sigma-Aldrich), and the clarified cell lysates were mixed with the anti-Flag M2 affinity gel
(Sigma-Aldrich) at 4°C for 4 h. The resins were washed with TBST (20 mM Tris-HCl [pH 7.6], 150 mM NaCl,
0.1% Tween 20) five times, and bound proteins were analyzed by Western blotting. To analyze whether
TMEM45B interferes with the interaction between Nsp1 and Nsp4, 293T cells were cotransfected with a
plasmid expressing Flag-tagged Nsp4 or GFP and a plasmid expressing myc-tagged Nsp1 or TMEM45B.
At 48 h posttransfection, the cell lysates were immunoprecipitated with Anti-Flag affinity gel and the
associated proteins were analyzed by Western blotting.

Antibodies. All the antibodies were commercially purchased, including the mouse monoclonal anti-
body against b-actin (GSGB-Bio, China; catalogue no. TA-09), myc-specific mouse monoclonal antibody
9E10 (Santa Cruz Biotechnology; catalogue no. SC-40), Flag-specific mouse monoclonal antibody M2
(Sigma-Aldrich; catalogue no. F3165-5MG), goat TMEM45B-specific antibody (Santa Cruz Biotechnology;
catalogue no. SC-244436), rabbit Lamp1 polyclonal antibody (Proteintech; catalogue no. 21997-1-AP),
rabbit calnexin polyclonal antibody (Proteintech; catalogue no. 10427-2-AP), mouse anti-dsRNA J2
monoclonal antibody (Scicons; catalogue no. 10010200), goat anti-mouse IgG (H1L)–horseradish peroxi-
dase (HRP) conjugate (Promega; catalogue no. W4021), goat anti-rabbit IgG (H1L)–peroxidase conjugate
(ZSGB-Bio; catalogue no. ZB2301), goat polyclonal secondary antibody to mouse IgG(H1L)-Alexa Fluor
488 conjugate (Abcam; catalogue no. ab150113), and donkey anti-mouse IgG (H1L) highly cross-
adsorbed secondary antibody Alexa Fluor Plus 680 IgG (Invitrogen; catalogue no. A32788).

RNA immunoprecipitation assay. To analyze the influence of TMEM45B on the interaction of the Nsp1
with the viral RNA, 293T cells were transfected with an empty vector or a plasmid expressing TMEM45B-myc.
At 48 h posttransfection, the cells were infected with SVNI-Flag-Nsp1 at an MOI of 20 PFU/cell for 6 h at 37°C.
The cells were lysed in cell culture lysis reagent (Sigma-Aldrich), and clarified cell lysates were mixed with Anti-
Flag M2 affinity gel (Sigma-Aldrich) at 4°C for 4 h. The resins were washed with TBST (20 mM Tris-HCl [pH 7.6],
150 mM NaCl, 0.1% Tween 20) five times and equally divided into two aliquots. One aliquot was used for
Western analysis, and the other was used to detect the negative-strand viral RNA. The RNA was extracted with
TRIzol and reverse transcribed with a mixture of negative-strand viral RNA-specific primers, followed by qPCR
quantification using primers Nsp4-F and Nsp4-R (see below). Sequences of the reverse transcription primers
are as follows: RT-1, 59-CCAGTAAACTAATCGAGCTG-39; RT-2, 59-CGGATATATCACCTGACGAT-39; RT-3, 59-ATGG
CCCCGCCAAGAATACA-39; RT-4, 59-CATCCCACTAACGTACCATC-39; RT-5, 59-AGTCTGTCGCCATTCCACTG-39; RT-
6, 59-CGGATCAATTTTCGACGGAG-39; RT-7, 59-CTCCAGTAGCGTACCGGCGA-39; RT-8, 59-GAGCAAGACGAAGA
CAGAAG-39; RT-9, 59-CAATTAGATACAGACCACTT-39; and RT-10, 59-AGTCGACAGTACATGTCCTG-39.

Real-time PCR. Total RNA was extracted using TRIzol reagent by following the manufacturer’s
instructions and reverse transcribed with MLV reverse transcriptase using random primers or specific pri-
mers. The RNA levels were measured by SYBR green real-time PCR in a Rotor Gene 6000 (Corbett Life
Science) using the following program: (i) 50°C for 2 min, 1 cycle; (ii) 95°C for 5 min, 1 cycle; (iii) 95°C for
15 s, 60°C for 30 s, and 72°C for 30 s, 40 cycles; and (iv) 72°C for 10 min, 1 cycle. Sequences of the PCR
primers are as follows: SINV Nsp4-F, 59-CATCGGTGAGAGACCACCTT-39; SINV Nsp4-R, 59-AACCACGCCTT
TGTTTCATC-39; GAPDH-F, 59-CAACAGCAACTCCCACTCTTC-39; GAPDH-R, 59-GGTCCAGGGTTTCTTACTCC
TT-39; IAV NS1-F, 59-AGAACTAGGTGATGCCCCATTCCTTGATCG-39; IAV NS1-R, 59-GCCAACAATTGTCCCCT
CTTCGGTGAAGGC-39; Renilla-F, 59- TGAGGCACTGGGCAGGTGTC-39; and Renilla-R, 59- ATGAAGGAGTCC
AGCACGTTC-39.

Statistical analysis. Excel software (Microsoft) and GraphPad Prism were used to determine average
values and standard deviations (SD). Mean values 6 SD were calculated from three independent experi-
ments unless otherwise indicated, and P values were calculated using the two-tailed paired Student's t
test. P values are indicated in the figures as follows: *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****,
P, 0.0001; n.s. (nonsignificant), P. 0.05.
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