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ABSTRACT Measles virus (MeV), an enveloped RNA virus in the family Paramyxoviridae,
is still an important cause of childhood morbidity and mortality worldwide. MeV usually
causes acute febrile illness with skin rash, but in rare cases persists in the brain, causing
a progressive neurological disorder, subacute sclerosing panencephalitis (SSPE). The dis-
ease is fatal, and no effective therapy is currently available. Although transsynaptic cell-
to-cell transmission is thought to account for MeV propagation in the brain, neurons do
not express the known receptors for MeV. Recent studies have shown that hyperfuso-
genic changes in the MeV fusion (F) protein play a key role in MeV propagation in the
brain. However, how such mutant viruses spread in neurons remains unexplained. Here,
we show that cell adhesion molecule 1 (CADMT; also known as IGSF4A, Necl-2, and
SynCAM1) and CADM2 (also known as IGSF4D, Necl-3, SynCAM?2) are host factors that
enable MeV to cause membrane fusion in cells lacking the known receptors and to
spread between neurons. During enveloped virus entry, a cellular receptor generally
interacts in trans with the attachment protein on the envelope. However, CADM1 and
CADM2 interact in cis with the MeV attachment protein on the same cell membrane,
causing the fusion protein triggering and membrane fusion. Knockdown of CADM1 and
CADM2 inhibits syncytium formation and virus transmission between neurons that are
both mediated by hyperfusogenic F proteins. Thus, our results unravel the molecular
mechanism (receptor-mimicking cis-acting fusion triggering) by which MeV spreads
transsynaptically between neurons, thereby causing SSPE.

IMPORTANCE Measles virus (MeV), an enveloped RNA virus, is the causative agent of
measles, which is still an important cause of childhood morbidity and mortality
worldwide. Persistent MeV infection in the brain causes a fatal progressive neurologi-
cal disorder, subacute sclerosing panencephalitis (SSPE), several years after acute
infection. However, how MeV spreads in neurons, which are mainly affected in SSPE,
remains largely unknown. In this study, we demonstrate that cell adhesion molecule
1 (CADM1) and CADM2 are host factors enabling MeV spread between neurons.
During enveloped virus entry, a cellular receptor generally interacts in trans with the
attachment protein on the viral membrane (envelope). Remarkably, CADM1 and
CADM?2 interact in cis with the MeV attachment protein on the same membrane,
triggering the fusion protein and causing membrane fusion, as viral receptors usually
do in trans. Careful screening may lead to more examples of such “receptor-mimick-
ing cis-acting fusion triggering” in other viruses.

KEYWORDS SSPE, cis-acting, evolution, fusion triggering, host factor, measles virus,
receptor, subacute sclerosing panencephalitis

easles, an acute febrile illness with skin rash, is still an important cause of child-
hood morbidity and mortality worldwide (1, 2). The causative agent of the dis-
ease is measles virus (MeV), an enveloped RNA virus in the family Paramyxoviridae.
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Persistent MeV infection in the brain causes subacute sclerosing panencephalitis
(SSPE), a progressive fatal neurological disorder (2, 3). The first symptoms of SSPE, be-
havioral and intellectual disabilities, insidiously emerge 4 to 10years after acute mea-
sles, followed by paroxysmal movements, myoclonic jerks, and/or negative myoclonus
(2). Progressive neurological deterioration and eventual death generally occur within
4years of diagnosis (2). The incidence of SSPE is 6.5 to 11 per 100,000 cases of measles
(2), and the disease remains incurable due to the lack of effective therapies (4).

MeV bears two envelope glycoproteins, the hemagglutinin (H) and fusion (F) pro-
teins (3, 5). Upon binding a receptor on the cell surface, the H protein triggers confor-
mational changes of the F protein, causing the fusion of the envelope with the cell
membrane and subsequent delivery of the viral genome into the cell. The H and F pro-
teins are also expressed on the surface of infected cells, inducing syncytia via cell-to-
cell fusion with neighboring receptor-positive cells.

The signaling lymphocytic activation molecule family member 1 (SLAMF1; also
known as SLAM and CD150) on immune cells and nectin-4 on epithelial cells act as
receptors for MeV (6-8). MeV initially infects SLAMF1* immune cells in the respiratory
tract and subsequently spreads to the whole lymphatic organs (9). At the later stage of
infection, MeV is transmitted to nectin-4* epithelial cells, resulting in shedding into the
airway lumen and transmission to the next host (7, 8). Thus, SLAMF1 and nectin-4
nicely explain how MeV causes measles. On the other hand, MeV mainly infects neu-
rons lacking SLAMF1 and nectin-4 in SSPE (3, 10, 11), suggesting the presence of un-
identified neuronal receptors.

Importantly, genomic changes are required for persistent MeV brain infection,
because wild-type (WT) MeV isolates from acute measles are not neurotropic (12). The
genomes of MeV isolates from SSPE patients are indeed hypermutated (13). Since the
mutations generally preclude the production of free MeV particles (13), transsynaptic
cell-to-cell transmission is thought to account for MeV propagation in neurons (14-17).
The mutations also cause specific substitutions in the ectodomain of the F protein
(e.g., T461l), enabling the virus to spread in primary human neurons in vitro as well as
in the brains of experimentally infected mice and hamsters (4, 12, 17-22). These substi-
tutions destabilize the prefusion form of the F protein, rendering it hyperfusogenic (12,
23). F proteins containing such substitutions, but not the WT F protein, can induce
membrane fusion in SLAMF1- and nectin-4-negative cells, when expressed together
with the WT H protein (19).

Recently, by employing so-called “receptor-blind” MeV H proteins that have substi-
tutions within the receptor binding sites, we demonstrated that the weak interaction
between the SLAMF1-blind H protein and SLAMF1 or between the nectin-4-blind H
protein and nectin-4 could support membrane fusion mediated by hyperfusogenic
and unstable mutant F proteins, but not the WT F protein (24). Unexpectedly, the cis,
but not trans, interaction of the SLAMF1-blind H protein with SLAMF1 could trigger the
hyperfusogenic F(T4611) protein for membrane fusion where cell-to-cell contact is
maintained (24).

We reasoned that neuronal MeV receptors could also weakly interact in cis with the
H protein. In this study, we examined both cis- and trans-acting molecules and identi-
fied cell adhesion molecule 1 (CADM1; also known as IGSF4A, Necl-2, and SynCAM1)
and CADM2 (also known as IGSF4D, Necl-3, and SynCAM?2) as host factors that allow
neuropathogenic MeVs to cause membrane fusion through cis-acting fusion triggering.

RESULTS

CADM1 and CADM2 induce membrane fusion with hyperfusogenic F proteins.
We first looked for MeV neuronal receptors using recombinant MeVs bearing the
hyperfusogenic mutant F proteins, but failed to identify them despite years of effort.
This made us adopt a different approach. SLAMF1 is a member of the SLAM family of
receptors (25), whereas nectin-4 is a member of the nectin family of cell adhesion mol-
ecules (26). These families belong to the immunoglobulin superfamily, and their
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members have closely related structures and sequences, exhibiting homophilic and/or
heterophilic interactions within respective families (25, 26). Thus, we hypothesized that
other molecules expressed in human brains from the SLAM and nectin families act as
neuronal receptors in combination with hyperfusogenic F proteins, because they may
weakly interact with the WT H protein.

The dual split protein (DSP) assay using 293FT cells was employed to quantitate lev-
els of cell-to-cell fusion (24, 27-29). In this system, a pair of chimeric reporter proteins,
DSP1 and DSP2, each comprised of the split Renilla luciferase (RLUC) and split green
fluorescent protein (GFP), are stably expressed in 293FT cells, respectively (293FT/DSP1
and 293FT/DSP2 cells). When cell-to-cell fusion is induced between 293FT/DSP1 and
293FT/DSP2 cells, Renilla luciferase and GFP activities are restored by the association of
DSP1 and DSP2. We examined SLAMF4, SLAMF5, and SLAMF8 in the SLAM family and
nectin-1, nectin-2, nectin-3, major histocompatibility complex class | (MHC-I)-restricted
T-cell associated molecule (CRTAM), and poliovirus receptor (PVR) in the nectin family
by the DSP assay. These molecules are expressed in the brain. The CADM family is
structurally and evolutionally related to the nectin family, and CADM family molecules
are expressed in various tissues, including the brain (30). We therefore additionally
examined all CADM family molecules. None of the SLAM and nectin family molecules
were able to induce the levels of luciferase activities comparable to those with SLAMF1
and nectin-4, whether in combination with the WT F protein (Fig. 1A) or in combina-
tion with the F(T461l) protein (Fig. 1B). However, CADM1 and CADM2 induced
increased levels of luciferase activity when expressed with the F(T461l) protein (Fig.
1B). The results indicate that CADM1 and CADM2, like SLAMF1 and nectin-4, have the
unique activity to trigger membrane fusion, whereas other molecules examined do
not.

Cell-to-cell fusion was also evaluated by syncytium formation. Expression plasmids
respectively encoding the WT H protein, the WT F or F (T461l) protein, enhanced GFP
(EGFP), and one of SLAMF5, CADM1, CADM2, SLAMF1, and nectin-4 proteins were
transfected into 293FT cells, and the cells were observed 36 h after transfection. With
the WT F protein, syncytia were observed only when SLAMF1 or nectin-4 was
expressed (Fig. 1C). In contrast, with the F(T461l) protein, syncytia were detected not
only after expression of SLAMF1 or nectin-4 but also after expression of CADM1 or
CADM2 (Fig. 1D). Syncytia were also induced in 293FT cells transiently expressing
CADM1 or CADM2 after infection with the recombinant MeV possessing the F(T461I)
protein [MeV-F(T4611)], but not with the WT MeV (Fig. 1E). It should be noted that small
syncytia were observed in cells expressing the WT H and F(T461l) proteins even with-
out exogenous expression of receptors (indicated by white arrows in Fig. 1D and E).
They may be caused by endogenously expressed CADM1 (see Fig. 3A below). These
findings are consistent with the results of the DSP assay (Fig. 1A and B). With different
amounts of plasmids encoding CADM1 and CADM2 in the DSP assay, luciferase activ-
ities were found to increase in a dose-dependent manner, but coexpression of CADM1
and CADM2 showed little synergistic effect (Fig. 1F).

We then examined whether CADM1 can induce cell-to-cell fusion in combination
with two other hyperfusogenic F proteins, F(M94V) and F-triple (51031 N462S N465S).
These substitutions in the F protein have been detected in multiple MeV isolates from
SSPE patients (12, 19). They also induced increased luciferase activity, like the F(T4611)
protein (Fig. 1G). Expression of the F(T461l) protein without the H protein did not
induce cell-to-cell fusion with CADM1 or CADM2, although its surface expression level
was rather increased compared with that in the presence of the H protein (Fig. TH and
I). The result indicates that the H protein is necessary for CADM1 and CADM?2 to induce
membrane fusion.

CADM1 and CADM2 act in cis with respect to MeV envelope proteins. We then
examined whether CADM1 and CADM?2 act in trans (in cells different from those
expressing MeV envelope proteins, like the usual receptors) or in cis (in cells also
expressing MeV envelope proteins). CADM1 and CADM2 were expressed in trans or in
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FIG 1 CADM1 and CADM2 induce membrane fusion with hyperfusogenic F proteins. (A and B) The DSP assay with host molecules
using the WT F (A) or F(T4611) protein (B). pCA7 expression plasmids respectively encoding MeV H and MeV F proteins with pCA7

(Continued on next page)
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cis with respect to H and F proteins in the DSP assay. When expressed in trans, CADM1
and CADM2 did not induce increased levels of luciferase activity, unlike SLAMF1 and
nectin-4 (Fig. 2A). However, when expressed in cis, they did induce increased levels of
luciferase activity (Fig. 2B). These data indicate that CADM1 and CADM2 act in cis, but
not in trans, to trigger membrane fusion. In these experiments, the interaction of over-
expressed CADM1 or CADM2 with endogenously expressed CADM1 likely mediated
cell-to-cell contact (see Fig. 3A below).

We next examined the interaction of the WT H protein with CADM1 or CADM2
using surface plasmon resonance (SPR) analysis. The ectodomains of the WT H protein
(residues 149 to 617), CADM1, CADM2, and SLAMF1 were prepared and analyzed. The
WT H protein was found to bind SLAMF1, but not CADM1 or CADM2 at all, while
CADM1 and CADM2 bound each other as reported previously (31) (Fig. 2C,D and E).
The interaction of the WT H protein with CADM1 or CADM2 was also examined by
coimmunoprecipitation analysis. For this analysis, the hemagglutinin (HA) tag-fused H
protein (H-HA) and FLAG tag-fused proteins (CADM1-FLAG, CADM2-FLAG, SLAMF1-
FLAG, and EGFP-FLAG) were used. These HA and FLAG peptide tags did not influence
the functions of the proteins in membrane fusion (Fig. 2F). When the H-HA protein and
FLAG tag-fused proteins were expressed in trans, the interaction of the H protein with
SLAMF1, but not with CADM1, CADM2, or EGFP, was observed (Fig. 2G). In contrast,
when the H-HA protein and the FLAG tag-fused proteins were expressed in cis (in the
same cells), the H protein was found to coimmunoprecipitate with CADM1 and
CADM2, but not with EGFP (Fig. 2H). Thus, the H protein interacts in cis, but not in
trans, with CADM1 and CADM2. The WT H protein also interacted in cis with SLAMF1
(Fig. 21 and J), although SLAMF1 did not induce membrane fusion in cis because of the
downregulation of the H protein from the cell surface (24). The SLAMF1-blind H protein
interacted in cis, but not in trans, with SLAMF1.

Expression of CADM1 and CADM2 in cells. Expression of CADM1 and CADM2 and
syncytium formation induced by the WT H and F(T461l1) proteins were examined in sev-
eral SLAMF1- and nectin-4-negative human cell lines (Fig. 3A). HEK293 is derived from
human embryonic kidney cells, but its most likely origin is an embryonic adrenal pre-
cursor cell (32). 293FT is a derivative of HEK293 and was used for the DSP assay. IMR32
and CHP-212 are derived from human neuroblastoma cells. CADM1 was expressed in
all the cell lines, while CADM2 was detected only in CHP-212 cells. When the WT H and
F(T4611) proteins were transfected, all these cell lines developed syncytia. The human
embryonal carcinoma cell line NTERA-2cl.D1 (NT2) can be differentiated into neurons
(NT2n) following treatment with retinoic acid (17, 33). Our previous study has shown
that while WT MeV and MeV-F(T4611) infect NT2n cells at the comparable low efficien-
cies, MeV-F(T461l), but not WT MeV, spreads between NT2n cells (17). We confirmed
the efficient spread of MeV-F(T4611) between NT2n cells (Fig. 3B) and detected expres-
sion of CADM1 and CADM2 in them (Fig. 3C). Thus, the expression patterns of CADM1
and CADM2 support the hypothesis that these molecules are individually or jointly
involved in syncytium formation and virus spread mediated by hyperfusogenic F pro-
teins in SLAMF1- and nectin-4-negative cells.

Knockdown of CADM1 and CADM2 inhibits syncytium formation and virus
spread mediated by the hyperfusogenic F protein. To strengthen the above hypoth-
esis, HEK293 cells were transfected with three kinds of small interfering RNAs (siRNA-1,

FIG 1 Legend (Continued)

encoding a host protein or with pCA7 alone as a control were transfected into cocultured 293FT/DSP1 and 293FT/DSP2 cells
[DSP1 + DSP2 cells]. (C and D) The fusion assays with host molecules using the WT F (C) or F(T461I) protein (D). pCA7 expression
plasmids respectively encoding MeV H, MeV F, and EGFP with pCA7 encoding a host protein or pCA7 alone were transfected into
293FT cells. White arrowheads indicate small syncytia. (E) 293FT cells expressing CADM1 or CADM2 infected with WT MeV or MeV-F
(T4611). pCA7, control plasmid. A white arrowhead indicates a small syncytium. (F) The DSP assay with the H and F(T461l) proteins
using different amounts of plasmids encoding CADM1/2 (0 to ~300ng). (G) The DSP assay using various F proteins with the H and
CADM?1 proteins. (H) The F(T4611) protein was transiently expressed with or without the H protein in 293FT cells. Surface expression
of the F protein was analyzed by flow cytometry. Percentages of the F protein-positive population in compartment b are shown. (I)
CADM1 or CADM2 was expressed with the F(T461l) protein with or without the H protein in the DSP assay. n=3; mean * standard

deviation (SD) (A, B, F, G, and I). Scale bar=200um (C, D, and E).
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FIG 2 CADM1/2 act in cis. (A) Examination of trans-acting fusion-triggering functions of CADM1, CADM2, SLAMF1, and nectin-4 by the DSP assay
(n=3; mean * SD). 293FT/DSP1 cells [DSP1 cells] were transfected with pCA7 encoding CADM1, CADM2, SLAMF1, or nectin-4 or with pCA7 alone
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-2, -3) targeting different sequences of the CADM1 gene. All the siRNAs knocked down
the expression of CADM1 to various degrees (Fig. 4A), and upon expression of the WT
H and F(T4611) proteins, CADM1 knocked-down (KD) cells formed fewer syncytia than
those transfected with the control siRNA (Fig. 4B and C). CADM1 was also knocked
down in IMR32 cells by using lentivirus vectors (CADM1-KD-1 and CADM1-KD-2) carry-
ing small hairpin RNAs (shRNAs) against CADM1. At 72 h after infection with MeV-F
(T4611), expression of the MeV nucleocapsid (N) gene, as determined by quantitative
PCR (qPCR), was decreased in CADM1 KD IMR32 cells (Fig. 4D).

To determine the effect of CADM1 and CADM2 knockdown on MeV spread between
neurons, we examined mouse primary neurons, as human NT2n cells were severely dam-
aged by transfection or lentivirus infection. The use of mouse primary neurons is warranted
by the finding that recombinant MeVs possessing hyperfusogenic F proteins, but not the
WT MeV, spread in mouse brains (12). Indeed, when expressed together with the WT H
and F(T461l) proteins, mouse CADM1 and CADM2 induced syncytia in 293FT cells as effi-
ciently as human CADM1 and CADM2 (Fig. 4E). The results suggest that hyperfusogenic
MeVs spread in human and mouse brains in the same manner. MeV-F(T461l), but not the
WT MeV, efficiently spread in mouse primary neurons isolated from the cerebral cortex of
fetal C57BL/6 mice (E17) (Fig. 4F). While singly infected cells were found upon infection
with the WT MeV, local areas with multiple infected cells (here referred to as infected spots)
were detected only after infection with MeV-F(T461I) (Fig. 4F). Mouse primary neurons
were infected with the lentivirus vector carrying shRNAs against CADM1 or CADM2 and
then 3days later infected with MeV-F(T461l). After an additional 4days, the cells were
observed with a fluorescence microscope and then collected for RNA isolation to evaluate
knockdown efficiency by qPCR. The targeted molecule (CADM1 or CADM2) was signifi-
cantly knocked down (Fig. 4G), and the number of infected spots was reduced both in
CADM1 KD neurons and in CADM2 KD neurons (Fig. 4H).

DISCUSSION

SSPE is a fatal complication of MeV infection, and no effective therapy is currently
available. Our results show that CADM1 and CADM?2 are host molecules required for
MeV spread in neurons lacking SLAMF1 and nectin-4. How neurons are initially infected
by MeV is currently unknown. It has been shown that the WT viruses can infect
SLAMF1- and nectin-4-negative cells at low efficiencies (2 to 3 logs lower than those
for SLAMF1-positive cells) (34). Thus, during the viremic phase, MeV-infected immune
cells (lymphocytes, dendritic cells, and macrophages) may transfer the virus to neurons
by occasionally invading the brain through the blood-brain barrier. A recent study also
suggested that transendocytosis elicited by nectins may account for transmission of
MeV from infected epithelial cells to neurons (35). However, without any mechanism
allowing MeV spread within the brain, the infection would be limited to the first
infected neurons. Thus, MeV adaptation, including hyperfusogenic changes in the F
protein and use of CADM1 and CADM2, may be required for persistence.

CADM 1- and CADM 2-mediated MeV spread may be a promising target for ther-

FIG 2 Legend (Continued)

as a control. The cells were mixed with 293FT/DSP2 cells [DSP2 cells] transfected with pCA7 plasmids respectively encoding the H and the F
(T4611) proteins. (B) Examination of cis-acting fusion-triggering functions of CADM1, CADM2, SLAMF1, and nectin-4 by the DSP assay (n=3; mean =
SD). 293FT/DSP1 cells were transfected with the empty pCA7 plasmid. The cells were mixed with 293FT/DSP2 cells transfected with pCA7 plasmids
respectively encoding the H and F(T461l) proteins with pCA7 encoding CADM1, CADM2, SLAMF1, or nectin-4 or with pCA7 alone. Significance by
unpaired multiple t test: *', P=0.52; *?, P=0.0080; *3, P=0.0000023; *4, P=0.000000028; **, P=0.000036; *, P=0.0000034; *’, P=0.32; *&, P=0.038. (C
to E) SPR analysis does not detect interactions of the MeV H protein with CADM1 and CADM2. The ectodomain of the WT H protein (C) was
immobilized on research-grade CM5 chips. Then, 100 M ectodomain of CADM1 or CADM2 or 0.5 uM ectodomain of SLAMF1 in HBS-P buffer was
injected over the immobilized WT H protein. The ectodomain of CADM1 (D) or CADM2 (E) was immobilized on research-grade CM5 chips. Then,
10 uM ectodomain of CADM1 or CADM2 in HBS-P buffer was injected over the immobilized protein. (F) The WT H or H-HA protein was expressed
together with the F(T461I) protein, with or without CADM1, CADM2, CADM1-FLAG or CADM2-FLAG in the DSP assay (n=3; mean * SD). (G and H)
Interactions of the H-HA protein with CADM1-FLAG, CADM2-FLAG, SLAMF1-FLAG, and EGFP-FLAG in trans (G) or in cis (H) examined by
coimmunoprecipitation assay using anti-FLAG antibody (Ab). Total lysates (INPUT) and immunoprecipitates (IP) were detected by immunoblotting
(IB) using anti-HA (upper) Ab or anti-FLAG Ab (lower). (I and J) Interactions of the WT or SLAMF1-blind (R533A) H-HA protein with SLAMF1-FLAG and
EGFP-FLAG in trans (I) or in cis (J) were examined by coimmunoprecipitation assay using anti-FLAG antibody (Ab). Total lysates (INPUT) and
immunoprecipitates (IP) were detected by immunoblotting (IB) using anti-HA (upper) or anti-FLAG (lower) Ab.
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FL1-Height

apeutic antiviral drugs. Tissue distributions of CADM1 and CADM2 at the mRNA
(Fig. 5) and protein (Fig. 6) levels indicate that they are abundantly expressed in
human brains. The members of the CADM family have been implicated in diverse
physiological processes, including cell adhesion (30), spermatogenesis (36, 37), tu-
mor suppression (38), and development of the nervous system (30). They are
located on both sides of the synaptic cleft, participating in the formation of synap-
ses (39). Interestingly, CADM1 is a marker of human T cell lymphotropic virus 1-
infected cells (40).

Importantly, CADM1 and CADM2 act only in cis, but not in trans (Fig. 2A and B). The
data indicate that CADM1 and CADM2 induce membrane fusion in cis by mimicking
part of receptor function. Like SLAMF1 and nectin-4, CADM1 and CADM2 bind the H
protein, thereby triggering the conformational changes of the F protein for membrane
fusion (although the F protein must be a hyperfusogenic mutant). However, CADM1
and CADM2 act in cis on the H protein present on the same membrane (Fig. 7). Thus,
CADM1 and CADM2 are different from usual receptors that act in trans on viral attach-
ment proteins present on different membranes. Virus receptors usually connect two
separate membranes by interacting with attachment proteins. Since the contact
between pre- and postsynaptic membranes is maintained by various synaptic adhesion
molecules (including CADMs themselves) (41), the cis interaction between the H pro-
tein and CADM1/CADM2 on the same membrane may suffice to cause virus transmis-
sion at synapses (Fig. 7).

In the experiments in Fig. 1A and B, the cell-to-cell contact was likely mediated by
the interaction of overexpressed CADM1 or CADM2 with endogenously expressed
CADM1 in 293FT cells. In the literature, heterophilic interactions of CADM1 with
CADM2, CADM3, CADM4, nectin-3, CRTAM, and PVR have been reported (26, 42, 43).
However, it is still possible that the cis-acting function of the other molecules
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FIG 4 Knockdown of CADM1 inhibits syncytium formation and virus spread. (A) CADM1 knockdown efficiencies in HEK293 cells analyzed by flow
cytometry. Green and red lines indicate cells transfected with nontargeting control (NC) and CADM1-targeting siRNAs, respectively. Unstained controls are
also shown (purple). (B) Syncytia in CADM1 KD cells induced by the WT H and F(T461I) proteins. pCA7 expression plasmids respectively encoding H, F
(T4611), and EGFP were transfected into the cells. (C) Syncytium formation was quantitated by measuring the total area of syncytia (>2,000 um?) per field
using a BZ-X710 microscope with the BZ-X analyzer (Keyence) (n=6; mean * SD). (D) Relative expression of CADM1 and MeV N mRNAs in CADM1 KD
IMR32 cells after infection with MeV-F(T4611) (n=3; mean * SD). (E) Syncytia in 293FT cells induced by human/mouse CADM1 or CADM2. 293FT cells were
transfected with expression plasmids respectively encoding H, F(T461l), EGFP, and human/mouse CADM1 or CADM2. (F) Mouse primary neurons infected
with WT MeV or MeV-F(T4611) as examined by a phase-contrast or fluorescence microscope. While a singly infected cell is found in the left lower panel, an
infected spot (a local area with multiple infected cells) is detected in the right lower panel. (G) Relative expression of CADM1 and CADM2 mRNAs in KD
mouse primary neurons infected with MeV-F(T4611) (n=3; mean = SD). (H) Numbers of infected spots in CADM1 or CADM2 KD mouse primary neurons
(n=4; mean = SD). Scale bar=200um (B, E, and F). Significance by unpaired multiple t test: *', P=0.0000039; *2, P=0.000031; *3, P=0.0000087; **,
P=0.00000029; **, P=0.0022; *¢, P=0.042; *’, P=0.026; *¢, P=0.00072; *°, P=0.0010; *'°, P=0.00041; *'', P=0.0019.
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FIG 5 Tissue expression patterns of CADM1 and CADM2 at the mRNA level. Tissue expression patterns of CADM1 (upper) and CADM2 (lower) at the mRNA
level were obtained from the Genotype-Tissue Expression (GTEx) consortium using the GTEx Portal (https://www.gtexportal.org/home/gene/CADM1 and
https://www.gtexportal.org/home/gene/CADM2). TPM, transcripts per million.

examined in Fig. 1A and B was masked due to the lack of appropriate binding partners
to bring cell membranes into close contact. This possibility will be carefully investi-
gated in our future studies. We have previously shown that SLAMF1 could interact in
cis with the SLAMF1-blind H protein on the same membrane, causing fusion triggering
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FIG 6 Tissue expression patterns of CADM1 and CADM2 at the protein level. Tissue expression patterns of CADM1 and CADM?2 at the protein level were
obtained from the Human Protein Atlas (HPA) (54-56) using the webpage of HPA (http://www.proteinatlas.org). Images are available from https://www
.proteinatlas.org/ENSG00000182985-CADM1/tissue and  https://www.proteinatlas.org/ENSG00000175161-CADM2/tissue  (v19.3.proteinatlas.org). Protein
expression scores are based on a best estimate of the “true” protein expression from a knowledge-based annotation, described in more detail at https://
www.proteinatlas.org/about/assays+annotation#ihk.

and membrane fusion (24). The present study demonstrates the first real example of
“receptor-mimicking” cis-acting fusion triggering, which could occur where cell-to-cell
contact is naturally maintained.

Coimmunoprecipitation detected the interactions of the H protein with CADM1 and
CADM2 only when the molecules were expressed in the same cells (Fig. 2G and H). The cis
interactions may be mediated by the specific conformations formed only when these mole-
cules are present in the same cells, the structures at their stalk, transmembrane and cyto-
plasmic regions, and/or other supporting molecules. In our previous study, the WT H pro-
tein was not able to trigger the hyperfusogenic F protein, upon binding to SLAMF1 on the
same cell (24). The copresence of SLAMF1 in the same cell downregulated the strongly
interacting WT H protein from the cell surface, but not the weakly interacting SLAMF1-blind
H protein (24). Even if the interaction between the SLAMF1-blind H protein and SLAMF1 is
weak, the local enrichment of these molecules expressed in the same cell might allow for
their functional interaction. In fact, coimmunoprecipitation detected the interaction of the
SLAMF1-blind H protein with SLAMF1 in cis, but not in trans (Fig. 2| and J). Similarly, the cis
interaction of the H protein with CADM1/CADM2 may be relatively weak. Further physical,
biochemical, and structural studies are needed to solve this issue.

Besides CADM1 and CADM2 at neurological synapses, other cis-acting molecules
may also play a role in cell-to-cell transmission of enveloped viruses where close cell-
to-cell contacts exist so that trans interactions are not essential for membrane fusion
(e.g., polarized epithelia). cis interactions of receptors with their ligands expressed on
the same cell have been described in other biological systems (44, 45). Interactions
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between these cis-acting molecules and virus attachment proteins may be considered
to belong to the same category.

Unlike MeV isolates from acute measles patients that cannot spread in neurons,
viruses in the brains of SSPE patients acquire specific substitutions in the F protein, not
in the receptor-binding H protein, to utilize receptor-mimicking cis-acting fusion trig-
gering. This is a novel evolutionary mechanism for the expansion of viral tropism and
pathogenicity where authentic receptors do not exist.

MATERIALS AND METHODS

Cell lines and culture conditions. 293FT, HEK293, IMR32, CHP-212, and NT2 cells as well as Vero
cells stably expressing human SLAMF1 (Vero/hSLAM cells) (46) were maintained in Dulbecco's modified
Eagle medium (DMEM; Fujifilm Wako Pure Chemical Corporation) supplemented with 10% fetal bovine
serum (FBS). The 293FT line is a derivative of 293T and was obtained from Invitrogen. 293FT cells stably
expressing DSP1 (293FT/DSP1) or DSP2 (293FT/DSP2) (27-29) (gifts from Z. Matsuda) were maintained in
DMEM supplemented with 10% FBS and 1 ug/ml puromycin (InvivoGen). A protocol of neuronal differ-
entiation of NT2 cells was described previously (17, 33). Mouse primary neurons were isolated from the
cortex of the C57BL/6 mouse at embryonic day 17 and cultured according to the protocol described pre-
viously (47).

Plasmids. The eukaryotic expression vector pCA7 is a derivative of pCAGGS (48, 49). The pCA7 plas-
mids respectively encoding WT H (the IC-B strain), Ed-H (the Edmonston strain), WT F, F(T4611), F(M94V),
F-triple (51031 N462S N465S), SLAMF1 (accession no. NM_003037.5), and nectin-4 (NM_030916.3) were

July 2021 Volume 95 Issue 14 e00528-21

Journal of Virology

jvi.asm.org

12


https://www.ncbi.nlm.nih.gov/nuccore/NM_003037.5
https://jvi.asm.org

Receptor-Mimicking Measles Virus Fusion Triggering

described previously (19, 24, 50). Plasmids encoding the SLAM, nectin, and CADM family molecules were
purchased from KK. DNAFORM under the following clone ID numbers: 100071880 (SLAMF4; accession
no. NM_016382.4), 100004338 (SLAMF5; accession no. NM_003874.4), 40004601 (SLAMF8; accession no.
NM_020125.3), 100072606 (nectin-1; accession no. NM_002855.5), 100009475 (nectin-2; accession no.
NM_002856.3), 100070930 (CRTAM; accession no. NM_019604.4), 3902226 (PVR; accession no. NM_006505
.5), 40118330 (CADM1; accession no. NM_001098517.2), 5259422 (CADM2; accession no. NM_001167675.2),
100008462 (CADM3; accession no. NM_001127173.3), 100014610 (CADM4; accession no., NM_145296.2),
5372277 (mouse CADM1; accession no. NM_001025600.1), and A830029E02 (mouse CADM2; accession no.
NM_178721.4). The synthesized DNA encoding nectin-3 (accession no. NM_015480.3) was purchased from
Eurofins Genomics K.K. DNA fragments respectively encoding SLAMF4, SLAMF5, SLAMF8, nectin-1, nectin-2,
nectin-3, CRTAM, PVR, CADM1, CADM2, CADM3, CADM4, mouse CADM1, and mouse CADM2 were PCR
amplified and inserted into pCA7 predigested with EcoRl and Notl. For coimmunoprecipitation analysis, the
HA tag (YPYDVPDYA) and FLAG tag (DYKDDDDK) sequences were fused to the C termini of the WT H protein
and other proteins (CADM1, CADM2, SLAMF1, and EGFP), respectively. shRNA lentivirus plasmid vectors
(pLVRHTMP) against human CADM1 were purchased from GeneCopoeia (catalog no. CSHCTR001-1-
LVRH1MP [negative control], HSH065250-LVRH1MP-a [CADM1-KD-1], and HSH065250-LVRH1MP-b [CADM1-
KD-2]). pLLX is a dual-promoter lentivirus vector constructed by inserting the U6 promoter-driven shRNA cas-
sette 5" to the ubiquitin-C promoter in the FUIGW plasmid (51, 52). The pLLX plasmid and support plasmids
for lentivirus vector production, pCMV-VSV-G-RSV-REV and pCAG-HIVgp, were provided by Z. Zhou and M. E.
Greenberg. shRNA lentivirus plasmid vectors against Renilla luciferase (control), mouse CADM1, and mouse
CADM2 were generated by inserting annealed primer dimers into the Hpal and Xhol restriction sites in the
pLLX plasmid. The shRNA sequences introduced were 5'-CGGCCTCTTCTTATTTATGGTTCAAGAGACCATAAATA
AGAAGAGGCCGC-3" for Renilla luciferase (RLUC), 5'-GGGAGGAGATTGAAGTCAACTTTCAAGAGAAGTTGACTT
CAATCTCCTCCC-3" for mouse CADM1 (CADM1-KD), and 5'-GTGCTAGAAATTCACTATACACCTTCAAGAGAGGT
GTATAGTGAATTTCTAGCAC-3' for mouse CADM2 (CADM2-KD).

Virus preparation. Two recombinant MeVs encoding EGFP, IC323-EGFP and 1C323-EGFP-F(T461l),
were described previously (19, 34). Vero/hSLAM cells cultured in a 15-cm dish were infected with each
recombinant MeV at a multiplicity of infection of 0.001. The cells were harvested and then lysed by three
freeze-thaw cycles. Lysates were centrifuged at 2,500 x g for 10 min at 4°C. Supernatants were collected
and concentrated by centrifugation at 6,000 x g overnight at 4°C. Pellets were suspended in 2ml each
of Neurobasal medium (Thermo Fisher Scientific) and stored at —-80°C.

Lentivirus vector preparation. Each lentivirus vector plasmid carrying shRNA (20 ng) was trans-
fected, together with pCMV-VSV-G-RSV-REV (4 g) and pCAG-HIVgp (4 ng), into 293FT cells cultured in a
15-cm dish, using PEI-MAX (84 ul; Polysciences). The medium was exchanged for fresh medium 24 h af-
ter transfection. Then, supernatants were harvested and filtered through a 0.45-um-pore filter (Thermo
Fisher Scientific) at 2 days after transfection. Collected supernatants were centrifuged at 6,000 x g over-
night at 4°C for concentration. Pellets were suspended in 1.5 ml each of Neurobasal medium and stored
at -80°C.

DSP assay. DSP1 and DSP2 are split proteins of Renilla luciferase and green fluorescent protein
(GFP), which become functional when reassociated with each other after 293FT/DSP1 and 293FT/DSP2
cells are fused. The protocol of the DSP assay was described previously (24). Briefly, pCA7 expression
plasmids respectively encoding MeV H and MeV F proteins with pCA7 encoding a host protein or pCA7
alone as a control was transfected into cocultured 293FT/DSP1and 293FT/DSP2 cells in 24-well plates
using Lipofectamine LTX (Thermo Fisher Scientific). The Renilla luciferase activity was analyzed 24 h after
transfection using the Renilla luciferase assay system (Promega).

To evaluate trans-acting functions of host molecules in fusion triggering, 293FT/DSP1 cells were
transfected with pCA7 encoding CADM1, CADM2, SLAMF1, or nectin-4 or with pCA7 alone as a control.
The cells were mixed with 293FT/DSP2 cells transfected with pCA7 plasmids respectively encoding the
WT H and the F(T461l) proteins. To evaluate cis-acting functions, 293FT/DSP1 cells were transfected with
the empty pCA7 plasmid. The cells were mixed with 293FT/DSP2 cells transfected with pCA7 plasmids
respectively encoding the WT H and F(T4611) proteins with pCA7 encoding CADM1, CADM2, SLAMF1, or
nectin-4 or with pCA7 alone. The Renilla luciferase activity was analyzed 24 h after the cells were mixed.

A small increase of luciferase activity (compared with the background level) is observed when the
MeV H and hyperfusogenic F proteins are used for the assay, and cell-to-cell contact is maintained by
the interactions between some adhesion molecules (24). This presumably occurs because 293FT cells
endogenously express CADM1 that can interact with the H protein, triggering the hyperfusogenic F pro-
tein for membrane fusion (as shown in the present study). When SLAMF1, nectin-4, CADM1, or CADM2 is
overexpressed, a much higher level of luciferase activity is observed.

Fusion assay. Cells cultured in 24-well plates were transfected with different combinations of pCA7
plasmids respectively encoding MeV H (WT H or Ed-H) (0.1 ng), MeV F [WT F, F(T461l), F(M94V) or F-tri-
ple] (0.1 ng), EGFP (0.1 ng), and a host molecule (SLAMF1, SLAMF5, nectin-4, CADM1, CADM2, or none)
(0.3 ug) using Lipofectamine LTX (1 ul). The cells were observed 30 to 48 h after transfection by fluores-
cence microscopy.

Infection of 293FT cells transiently expressing CADM1/2 with MeV. 293FT cells cultured in 6-well
plates were transfected with pCA7 plasmids respectively encoding CADM1 and CADM2 (2 u.g) using
Lipofectamine LTX (4 ul) and subsequently infected with WT MeV or MeV-F(T4611) 24 h after transfection.
The cells were observed 48 h after infection by fluorescence microscopy.

Flow cytometry. For evaluation of levels of CADM1 and CADM2 expression on the surfaces of cells,
HEK293, 293FT, IMR32, and CHP-212 cells were collected and fixed with phosphate-buffered saline (PBS)
containing 4% paraformaldehyde for 15 min at room temperature. After being washed with PBS, cells
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were then incubated with chicken monoclonal antibody (Ab) against CADM1 (CMO005-3; Medical &
Biological Laboratories) or rabbit polyclonal Ab against CADM2 (15690-T32; Sino Biological) for 1 h on
ice, followed by incubation with fluorescein isothiocyanate (FITC)-conjugated anti-chicken IgY (abcam)
or Alexa Fluor 488-conjugated anti-rabbit IgG (Thermo Fisher Scientific), respectively. For evaluation of
the surface expression of the MeV F protein, 293FT cells were transfected with pCA7 encoding the F
(T4611) protein together with that encoding the WT H protein or pCA7 alone for control. The cells were
incubated with mouse polyclonal Ab against the MeV F protein 48 h after transfection, followed by
Alexa Fluor 488-conjugated anti-mouse IgG (Thermo Fisher Scientific). Cells were then analyzed on the
FACSCalibur HD flow cytometer and the BD CellQuest Pro version 5.2.1 software (BD Biosciences). Target
cell populations were distinguished from cell debris by forward scatter (FSC) and side scatter (SSC) gat-
ing, followed by detection of the target protein-positive populations.

Coimmunoprecipitation assay. To evaluate trans-interactions of the WT H protein with host mole-
cules, 293FT cells cultured on 6-well plates were transfected with pCA7 encoding CADM1-FLAG, CADM2-
FLAG, EGFP-FLAG, or SLAMF1-FLAG or with empty pCA7 as a control. 293FT cells cultured on 6-well
plates were separately transfected with pCA7 encoding the H-HA protein or the SLAMF1-blind H
(R533A)-HA protein (24). At 3 h after transfection, these two sets of transfected cells were mixed and cul-
tured for an additional 21 h. To evaluate cis-interactions, 293FT cells cultured on 6-well plates were trans-
fected with pCA7 encoding the H-HA protein or the SLAMF1-blind H(R533A) protein and that encoding
CADM1-FLAG, CADM2-FLAG, EGFP-FLAG, or SLAMF1-FLAG or with none as a control. At 24 h after trans-
fection, the cells were washed with PBS, and lysed in 500 ul of the immunoprecipitation (IP) lysis buffer
(Thermo Fisher Scientific) containing the protease inhibitor cocktail (Sigma-Aldrich). After incubation for
15 min on ice, the lysates were centrifuged at 12,000 x g for 30 min at 4°C. Then, 50 ul each of superna-
tant was mixed with an equal volume of 2x sodium dodecyl sulfate (SDS) loading buffer (125 mM Tris-
HCI [pH 6.8], 10% 2-mercaptoethanol, 4% SDS, 0.1% bromophenol blue, and 20% glycerol), boiled for
5min, and stocked as the input samples at ~20°C. For preclearing of the lysate, the rest of the superna-
tant was incubated for 30 min at 4°C with protein G-Sepharose (GE Healthcare AB). The precleared cell
lysate was collected by centrifugation, and the bead pellet was discarded. The cell lysate was treated
with mouse anti-FLAG monoclonal Ab (F1804; Sigma-Aldrich) and protein G-Sepharose for 3 h at 4°C.
The samples were centrifuged and washed three times with the IP lysis buffer. Pellets were mixed with
30 ul of the 2x SDS loading buffer, boiled for 5 min, and stocked as the IP samples at -20°C.

Western blotting. Proteins in samples were separated by SDS-polyacrylamide gel electrophoresis
and blotted onto polyvinylidene difluoride membranes (Hybond-P; Amersham Biosciences). The mem-
branes were then incubated with primary Abs for 1h. Rabbit polyclonal Abs against FLAG (F7425;
Sigma), HA (Y-11; Santa Cruz Biotechnology), CADM1 (orb48299; Biorbyt), and CADM2 (MBS9604993;
MyBioSource) and mouse monoclonal Ab against B-actin (3598R-100; Santa Cruz Biotechnology) were
used, respectively. The membranes were washed with Tris-buffered saline containing 0.05% Tween 20
(TBS-T) and incubated with horseradish peroxidase-conjugated goat anti-mouse (Bio-Rad) or anti-rabbit
(Zymed) IgG Ab for 1h at room temperature. After being washed with TBS-T, the membranes were
treated with the ECL Plus reagent (Amersham Biosciences), and chemiluminescent signals were detected
and imaged using a VersaDoc 5000 imager (Bio-Rad).

SPR. SPR experiments were performed by using BIAcore3000 (BIAcore) as described previously (53).
Briefly, streptavidin was covalently coupled onto research-grade CM5 chips (BIAcore), and the biotinyl-
ated WT H protein (residues 149 to 617) was immobilized on the streptavidin-coupled chips. The His-
tagged purified ectodomains of CADM1 and CADM2 were also covalently coupled onto research-grade
CM5 chips. The His-tagged purified ectodomains of SLAMF1, CADM1, and CADM2 in HBS-P (10 mM
HEPES; 150 mM NaCl; 0.005% surfactant P20, pH 7.4) buffer were respectively injected over the immobi-
lized the WT H protein, CADM1, or CADM2.

Knockdown by siRNAs. siRNAs against human CADM1 were purchased from Dharmacon (ID no.
D-001810-10-05 [nontargeting control], J-016565-05-0002 [siRNA-1], J-016565-06-0002 [siRNA-2], and
J-016565-07-0002 [siRNA-3]), and 40 pmol each of RNA interference (RNAi) duplex was diluted in 400 ul
DMEM without serum in a well of 6-well culture plate. Then, 4 ul of Lipofectamine RNAIMAX (Thermo
Fisher Scientific) was added to each well containing the diluted RNAi molecules. After incubation for
20 min at room temperature, 2 ml of the diluted HEK293 cells (1 x 10° cells/ml) was added to each well.
After 48 h of culture, the cells were transfected with pCA7 plasmids respectively encoding the WT H pro-
tein (0.7 nq), F(T4611) protein (0.7 ng), and EGFP (0.7 ng) using Lipofectamine LTX (4 wl). The cells were
observed at 48 h after transfection by fluorescence microscopy. Syncytium formation was quantitated
by measuring the total area of syncytia (>2,000 um?) per field using a BZ-X710 microscope with the BZ-
X analyzer (Keyence).

Knockdown by lentivirus vectors carrying shRNAs. IMR32 cells cultured in 24-well plates (2 x 10°
cells per well) were infected with 500 ul of lentivirus vectors carrying shRNAs against human CADM1. At
2 days after lentivirus infection, the culture medium was replaced by 500 x| of medium containing MeV-
F(T4611). The cells were collected for RNA isolation at 3 days after MeV infection.

Mouse primary neurons cultured in 24-well plates (1 x 10° cells per well) were infected with 500 ul
of lentivirus vectors carrying shRNAs against mouse CADM1 or CADM?2 at the day of isolation. Half of the
culture medium was replaced by 250 ul of medium containing the concentrated MeV-F(T4611) stock at
3 days after lentivirus infection. At 3 days after MeV infection, half of the culture medium was replaced
by 250 ul of culture medium. At 4 days after MeV infection (7 days after shRNA treatment), the number
of infected spots (defined in the text) was counted under a fluorescence microscope, and the cells were
collected for RNA isolation.
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RNA isolation and reverse transcription. Cells cultured in 24-well plates were washed with PBS
and lysed in 500 ul of the TRIzol reagent (Thermo Fisher Scientific), and extracted RNAs were resus-
pended in 50 ul of nuclease-free water. Then, 1 ul each of RNA samples was mixed with 0.5 ul of 50 uM
oligo(dT) primer, 0.5 ul of 10 mM deoxynucleoside triphosphate (dNTP) mixture, and 4.5 ul of nuclease-
free water. Samples were incubated at 65°C for 5 min and then placed on ice for 1 min. After addition of
3.5 ul of cDNA synthesis mixture (2 ul of 5% First-Strand buffer, 0.5 ul of 0.1 M dithiothreitol [DTT], 0.5 wl
of RNaseOUT [Thermo Fisher Scientific], and 0.5 ul of Superscript Ill reverse transcriptase [Thermo Fisher
Scientific]), samples were incubated at 50°C for 50 min and then at 85°C for 5 min to terminate reactions.
Then, 1 U of RNase H (TaKaRa) was added to each sample, followed by incubation for 20 min at 37°C.
Forty microliters of nuclease-free water was added to each sample, and cDNAs were stored at —20°C.

qPCR. qPCR (45 cycles of 95°C for 15 s and 60°C for 30 s) was performed with Thunderbird SYBR
qPCR mixture (Toyobo) using a CFX96 real-time system (Bio-Rad). The primers used for this assay were
5'- CCATCAGTTGCCAAGTCAATAAG-3' and 5'-GGCCTGAAGTCCCTGAAATAA-3' for human CADM1 mRNA,
5'-GGTGTGAACCATGAGAAGTATGA-3' and 5'-GAGTCCTTCCACGATACCAAAG-3’ for human GAPDH (glycer-
aldehyde-3-phosphate dehydrogenase) mRNA, 5'-CCCAACAGGCAGACCATTTA-3" and 5'-GTGTAGAGCTGG

for mouse CADM1

mMRNA, 5'-GACAGTACACCTGCTCCTTATT-3" and 5'-AATCCACTAA

TCTGAGGCTTCTC-3' for mouse CADM2 mRNA, 5'-AACAGCAACTCCCACTCTTC-3" and 5'-CCTGTTGCTGTAGC
CGTATT-3' for mouse GAPDH mRNA, and 5'-GGAAGATAGGAGGGTCAAACAG-3' and 5'-ATGCAGTGTCAATG
TCTAGGG-3' for MeV N mRNA, respectively. The amounts of individual mRNAs were normalized to that
of GAPDH mRNA, and the levels of relative expression of control samples were set to 1.0. Data were ana-
lyzed with the CFX Maestro software (Bio-Rad).
Measurements and statistical tests. All measurements were taken from distinct samples. All statis-
tical tests were performed using GraphPad Prism 7 software (a two-tailed unpaired multiple t test [the
Holm-Sidak test]).
Animal experiments. All animal experiments were performed in accordance with procedures
approved by the Animal Care and Use Committee of Kyushu University (permit no. A19-383-0) and were
in compliance with all relevant ethical regulations.
Data availability. The data sets generated and/or analyzed during the current study are available
from the corresponding authors on reasonable request.
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