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Nucleolar Protein Treacle Is Important for the Efficient Growth
of Mumps Virus
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ABSTRACT The nucleolus is the largest structure in the nucleus, and it plays roles in
mediating cellular stress responses and regulating cell proliferation, as well as in ribo-
some biosynthesis. The nucleolus is composed of a variety of nucleolar factors that inter-
act with each other in a complex manner to enable its function. Many viral proteins
interact with nucleolar factors as well, affecting cellular morphology and function. Here,
to investigate the association between mumps virus (MuV) infection and the nucleolus,
we evaluated the necessity of nucleolar factors for MuV proliferation by performing a
knockdown of these factors with small interfering (si)RNAs. Our results reveal that sup-
pressing the expression of Treacle, which is required for ribosome biosynthesis, reduced
the proliferative potential of MuV. Additionally, the one-step growth kinetics results indi-
cate that Treacle knockdown did not affect the viral RNA and protein synthesis of MuV,
but it did impair the production of infectious virus particles. Viral matrix protein (M) was
considered a candidate Treacle interaction partner because it functions in the process of
particle formation in the viral life cycle and is partially localized in the nucleolus. Our
data confirm that MuV M can interact with Treacle and colocalize with it in the nucleo-
lus. Furthermore, we found that viral infection induces relocalization of Treacle in the nu-
cleus. Together, these findings suggest that interaction with Treacle in the nucleolus is
important for the M protein to exert its functions late in the MuV life cycle.

IMPORTANCE The nucleolus, which is the site of ribosome biosynthesis, is a target
organelle for many viruses. It is increasingly evident that viruses can favor their own
replication and multiplication by interacting with various nucleolar factors. In this
study, we found that the nucleolar protein Treacle, known to function in the tran-
scription and processing of pre-rRNA, is required for the efficient propagation of
mumps virus (MuV). Specifically, our data indicate that Treacle is not involved in viral
RNA or protein synthesis but is important in the processes leading to viral particle
production in MuV infection. Additionally, we determined that MuV matrix protein
(M), which functions mainly in viral particle assembly and budding, colocalized and
interacted with Treacle. Furthermore, we found that Treacle is distributed throughout
the nucleus in MuV-infected cells. Our research shows that the interaction between
M and Treacle supports efficient viral growth in the late stage of MuV infection.
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such as aseptic meningitis, deafness, pancreatitis, orchitis, and oophoritis (4, 5). The vi-
ral genome of MuV is 15,384 nucleotides in length and contains seven genes encoding
eight proteins: the nucleocapsid (N), phospho- (P), V, matrix (M), fusion (F), small hydro-
phobic (SH), hemagglutinin-neuraminidase (HN), and large (L) proteins (6, 7).

Paramyxovirus M proteins interact with both the viral ribonucleoprotein complex,
composed of genomic RNA and three viral proteins (N, P, and L), and the viral envelope
proteins (F and HN), and they induce viral particle formation at the plasma membrane
(8, 9). Although the paramyxovirus life cycle is completed in the cytoplasm, M protein
is known to also localize in the nucleolus during many paramyxovirus infections (10).
M protein has both a nuclear localization signal and a leucine-rich nuclear export signal
and is considered to shuttle between the cytoplasm and the nucleus (10, 11). It has
been reported that the transport of M protein from the nucleolus to the cytoplasm is
dependent on the ubiquitination of lysine residues within the nuclear localization sig-
nal of the protein and that inhibition of M protein ubiquitination via drugs or gene
knockdown reduces the formation of viral particles (10-13).

The nucleolus is a large nonmembranous organelle within the nucleus known pri-
marily for its role in ribosome biogenesis. The nucleolus is divided into three regions:
the fibrillar center (FC), the dense fibrillar component (DFC), and the granular compo-
nent (GC). Ribosomal (r)DNA is transcribed by RNA polymerase | (Pol I) at the boundary
between the FC and the DFC, and then preribosomal (pre-r)RNA is processed at the
DFC and the GC. Pre-rRNA and ribosomal proteins assemble into the precursors of the
40S and 60S subunits at the GC, after which these subunits are transported to the cyto-
plasm where ribosome maturation occurs (14, 15).

Many of the sublocalizations of many nucleolar proteins have been reported; for
example, Treacle (16, 17), NOLC1 (14), and NOP58 (18) function in the FC/DFC, whereas
B23 (14), NOP2 (19, 20), and NOL12 (21) function in the DFC/GC. Treacle, encoded by
the TCOF1 gene, has been predicted to be a nucleolar phosphoprotein, and a genetic
mutation within TCOF1 is a known cause of Treacher Collins-Franceschetti syndrome
(22). In the process of ribosome biosynthesis, Treacle is involved in the transcription
and methylation of pre-rRNA (17, 23).

The nucleolus also has other functions; it plays roles in cell cycle regulation, cell pro-
liferation, and stress sensing (24). Nucleolus functions are important in several viral
infections (25-29), and some nucleolar proteins, such as B23, fibrillarin, upstream bind-
ing factor (UBF), and Treacle, have been identified as interaction partners of paramyxo-
virus (NiV, HeV, or NDV) M proteins. The suppression of these proteins increases or
decreases the level of viral production, depending on the virus (10, 30-32). However,
the relationship between MuV infection and nucleolar factors has not been reported in
detail and remains poorly understood. Here, we investigated whether nucleolar pro-
teins are involved in MuV infection and are associated with M proteins.

RESULTS

Depletion of Treacle inhibits MuV propagation. To investigate whether nucleolus
functions are involved in MuV infection, we selected six nucleolar factors for examina-
tion: Treacle, NOLC1, NOP58, B23, NOP2, and NOL12. We first confirmed that cell viabil-
ity was not affected by the knockdown of any target factor at 168 h posttransfection
(Fig. TA). Viral growth was then assessed by using a recombinant MuV expressing an
Aequorea coerulescens green fluorescent protein (rMuV-AcGFP) (33). As shown in Fig.
1B, a Treacle knockdown significantly reduced virus propagation, whereas knockdowns
of the other target nucleolar proteins did not affect viral growth.

We then further assessed the viral replication kinetics by conducting a time-course
analysis of MuV in Treacle-knockdown cells. The suppression of Treacle was confirmed
at 72 and 168 h posttransfection by immunofluorescence assay (Fig. 2A). No cytotoxic-
ity was observed at 72 or 168 h after treatment with Treacle-specific short interfering
RNA (siTreacle) (Fig. 2B). The AcGFP signal representing virus infection increased in the
cells treated with control small interfering RNA (siNC) up to 96 h postinfection (hpi),
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FIG 1 The effect of nucleolar protein knockdowns on mumps virus (MuV) infection. (A) A549 cells were
transfected with siNC, siTreacle, siB23, siNOP58, siNOLC1, siNOP2, or siNOL12. At 168 h posttransfection,
the cell viabilities were measured. (B) A549 cells transfected with each small interfering RNA (siRNA) were
infected with a recombinant MuV expressing an Aequorea coerulescens green fluorescent protein (rMuV-
AcGFP) at a multiplicity of infection (MOI) of 0.1 at 72 h posttransfection and then cultured for 96 h.
Infectious viral titers were determined by conducting a plaque assay. The presented data are the means
of triplicate measurements, with error bars indicating the standard deviation (SD). The significance of the
difference between cells treated with siNC and cells treated with siTreacle, siB23, siNOP58, siNOP2, or
siNOL12 was determined by performing a Student's t test. *, P < 0.05; ns, not significant.

whereas the expression of AcGFP was remarkably lower in Treacle-knockdown cells at
48 to 96 hpi (Fig. 2C). Consistent with the above finding, the infectious viral titers at 48
to 96 hpi in Treacle-knockdown cells were lower than those in control cells (Fig. 2D).
These results indicate that the nucleolar protein Treacle is important for MuV
propagation.

Treacle is involved in the late stages of the MuV life cycle. To determine the MuV
life cycle stages in which Treacle is involved, we evaluated the effects of Treacle knock-
down on RNA synthesis, protein synthesis, and viral production in a one-step growth
assay. As shown in Fig. 3A and B, the levels of genomic RNA and mRNA in the cells
treated with siTreacle were not significantly different from those in the cells treated
with siNC. The only exception was that the amount of genomic RNA was higher in
Treacle-knockdown cells than in control cells at 24 hpi. The expression levels of N pro-
tein in both groups of cells were comparable up to 24 hpi (Fig. 3C). Although there
was no difference in viral titer between the cells treated with siNC and those treated
with siTreacle at 0 to 16 hpi, the amount of infectious virus released into the superna-
tant of Treacle-knockdown cells at 24 hpi was significantly lower than that of control
cells (Fig. 3D). These data indicate that Treacle plays important roles in the late stages
of MuV infection (after the completion of viral RNA and protein synthesis).

The MuV M protein colocalizes with FC/DFC nucleolar proteins. Because M pro-
tein is the only viral protein that has been detected in the nucleolus, we next con-
firmed the localization of M protein within the nucleolus by using nucleolar marker
proteins. M protein partially colocalized with UBF (an FC marker) and fibrillarin (a DFC
marker), as highlighted by white arrows in Fig. 4A and B. In contrast, nucleolin (a GC
marker) was localized around M protein (Fig. 4C). These results suggest that the MuV M
protein is localized in the FC and DFC rather than in the GC of the nucleolus.
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FIG 2 The effect of Treacle depletion on viral propagation. A549 cells were transfected with siNC or siTreacle.
(A) At 72 or 168 h posttransfection, the cells were stained with anti-Treacle rabbit polyclonal antibody (pAb),
followed by Alexa Fluor 594-conjugated goat anti-rabbit IgG. Enlarged images are shown in the white boxed
areas. Bars, 20 um. (B) The cell viabilities were measured at 72 h (left) or 168 h (right) posttransfection. (C, D)
At 72 h posttransfection, the cells were infected with rMuV-AcGFP at an MOI of 0.1. These cells were
observed by fluorescence microscopy at 0, 24, 48, 72, and 96 h postinfection (hpi) (C), and viral titers in the
supernatant at 0, 24, 48, 72, and 96 hpi were determined by a plaque assay (D). Bars, 100 um. The presented
data are the means of triplicate measurements, with error bars indicating the SD. The significance of the
difference between siNC-treated cells and siTreacle-treated cells was determined by a Student’s t test. **,
P < 0.01; ***, P < 0.001; ns, not significant; DAPI, 4’,6-diamidino-2-phenylindole.

The M proteins of MuV and MeV colocalize with Treacle, and Treacle relocaliza-
tion is induced in virus-infected cells. Treacle functions in the FC and the DFC of the
nucleolus (17). Thus, we next examined whether the MuV M protein and Treacle colocalize
in MuV-infected cells. Our data show that MuV M protein was partially colocalized with
Treacle in the nucleus (Fig. 5A, upper panel). However, a Treacle knockdown did not affect
the transport to the nucleus of MuV M protein (Fig. 5A, lower panels). To determine whether
Treacle also colocalizes with the M protein of another paramyxovirus, we investigated MeV-
infected cells. Like the MuV M protein, the MeV M protein colocalized with Treacle in the nu-
cleus (Fig. 5B, upper panels), and its transport was not affected by a Treacle knockdown (Fig.
5B, lower panels). These data suggest that the MuV M and MeV M proteins were each trans-
ported to the nucleus independently of Treacle function but that the M proteins of both
viruses colocalized with Treacle when they were translocated into the nucleus. Despite both
the MuV M and MeV M proteins colocalizing with Treacle in the nucleus, the intranuclear dy-
namics of the MeV M protein appeared to be different from those of the MuV M protein. In
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FIG 3 One-step growth kinetics of MuV in Treacle-knockdown cells. A549 cells were transfected with
siNC or siTreacle. At 72 h posttransfection, the cells were infected with rMuV-AcGFP at a multiplicity
of infection (MOI) of 3 and then cultured for 0, 8, 16, or 24 h. (A, B) The expression levels of genomic
RNA (A) and mRNA (B) were determined by reverse transcription-quantitative PCR (qRT-PCR). The
values were normalized to the value for the control gene HPRT1. (C) The expression of N protein was
evaluated by Western blotting. (D) The viral titer in the supernatant was determined by a plaque
assay. The presented data are the means of triplicate measurements, with error bars indicating the
SD. The significance of the difference between siNC-treated and siTreacle-treated cells was determined
by a Student’s t test. *, P < 0.05; ns, not significant.

virus-infected cells, the MuV M protein was concentrated inside the area of staining for
nucleolin (the “nucleolin-rich compartment”) (Fig. 5C), whereas MeV M protein was concen-
trated on or outside the nucleolin-rich compartment (Fig. 5D). Furthermore, we found that
the nuclear dynamics of Treacle are altered by viral infection. Treacle was concentrated
inside the nucleolin-rich compartment in uninfected cells (Fig. 5E and F, upper panels), but it
was relocated to outside the nucleolin-rich compartment and distributed throughout the
nucleus in MuV- or MeV-infected cells (Fig. 5E and F, lower panels). Additionally, we revealed
that although the MuV M protein colocalized with the Treacle present inside the nucleolin-
rich compartment (Fig. 5G), the MeV M protein colocalized with the Treacle present outside
the nucleolin-rich compartment (Fig. 5H). These results suggest that MuV and MeV infections
induce a relocalization of Treacle in the nucleus.

To investigate whether Treacle interacts with the MuV M protein, we constructed
two plasmids: one for the expression of N-terminal hemagglutinin tag-fused Treacle
(HA-Treacle) and one for the expression of C-terminal FLAG- and Strep tag-fused M
protein (M-FOS). We confirmed that the cellular localizations of HA-Treacle and M-FOS
were not different from those of wild-type Treacle and M protein, respectively (Fig. 6A
and B). The results of a pulldown assay show that M-FOS interacted with HA-Treacle
(Fig. 6C). Together, these findings reveal that the MuV M protein interacts with Treacle.

Treacle is involved in the propagation of both MuV and MeV. Finally, we exam-
ined whether Treacle is important for infections with other paramyxoviruses by investigating
the effect of Treacle depletion on MeV propagation. In this experiment, a recombinant MeV
expressing EGFP (rMeV-eGFP) (34) was used. As shown in Fig. 7A, a Treacle knockdown
reduced the amount of rMuV-AcGFP growth by ~100-fold, which is similar to the results
shown in Fig. 2D and 3D. Following rMeV-eGFP infection, enhanced membrane fusion and
a strong cytopathic effect were observed in the Treacle-knockdown cells. The rMeV-eGFP
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FIG 4 Nucleolar localization of M protein in MuV-infected cells. Vero cells were infected with MuV. At
16 hpi, the cells were incubated with anti-MuV M antibody and anti-upstream binding factor (UBF)
(A), anti-fibrillarin (B), or anti-nucleolin antibodies (C), followed by Alexa Fluor 488- and Alexa Fluor
594-conjugated secondary antibodies. The enlarged images in the lower panels correspond to the
white boxes in the upper panels. White arrows highlight the colocalization of M protein and UBF (A)
or fibrillarin (B). Bars, 10 wm.

viral titer in Treacle-knockdown cells was ~10-fold lower than that in control cells (Fig. 7B).
These results suggest that Treacle is involved in MeV propagation.

DISCUSSION

Although the majority of mononegaviruses complete their life cycle in the cyto-
plasm, various components of these viruses are localized in the nucleolus of infected
cells (10, 29, 35). Several nucleolar proteins that interact with viral proteins have been
identified, and they may be involved in the regulation of viral replication (25, 26, 28,
29). Thus, interaction with the nucleolus is an important event in the life cycles of
many mononegaviruses, even if the virus does not use the nucleus for its replication.
In paramyxoviruses, the nucleolus is thought to be a viral target because their M pro-
teins localize in the nucleolus and interact with nucleolar factors, thereby regulating vi-
ral propagation (36). The present study demonstrated that Treacle plays an important
role in MuV propagation. The primary function of Treacle is to activate RNA Pol | with
UBF for the transcription of rDNA in the FC. Although synthesized pre-rRNA is methyl-
ated in the DFC by Box C/D of the snoRNP complex composed of fibrillarin, NOP56,
NOP58, and NHP2L1, Treacle is involved in this methylation via NOP56 (14, 17, 37, 38).
Furthermore, Treacle and its paralog NOLC1 are each monoubiquitinated by CUL3-
KBTBD8 to form the Treacle-NOLC1 complex, which regulates RNA Pol | and is involved
in pre-rRNA pseudouridylation (H/ACA complex) and the small-subunit (SSU) process
that controls ribosomal subunit maturation and modification (39). Our data show that
MuV proliferation was not affected in cells in which NOLC1 expression was suppressed,
suggesting that the Treacle-NOLC1 complex may not be involved in MuV infection.
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FIG 5 Colocalization of M protein and Treacle and relocalization of Treacle in MuV- or measles virus (MeV)-
infected cells. (A, B) A549 or A549/hSLAM cells that had been transfected with siNC or siTreacle were
subsequently infected with MuV (A) or MeV (B) at a multiplicity of infection (MOI) of 0.1. At 24 hpi, the cells
were incubated with a combination of anti-Treacle antibody and anti-MuV M or anti-MeV M antibody, followed
by appropriate secondary antibodies. (C to H) A549 cells or A549/hSLAM cells were infected with MuV (C, E,
and G) or MeV (D, F, and H) at an MOI of 0.1. At 24 hpi, the cells were incubated with a combination of anti-
MuV or MeV M antibody and anti-nucleolin antibody (C, D) or with a combination of anti-nucleolin and anti-
Treacle antibodies (E, F) or with a combination of anti-MuV or MeV M antibody and anti-Treacle antibody (G,
H), followed by appropriate secondary antibodies. The enlarged images shown in the right panels correspond
to the white boxes in the panels to their left. Noninfected cells and MuV- or MeV-infected cells are shown in
the upper and lower panels, respectively. Bars, 10 uwm.

Treacle is also associated with the cellular response to DNA double-strand breaks that
are induced by exposure to various stresses in the nucleolus (14, 40). Although double-
strand breaks on rDNA induce the DNA damage response, i.e., DNA damage detection and
the DNA damage repair system, some factors, such as NBS-1 and TOPBP1, are recruited to
rDNA by Treacle, after which rDNA is quarantined from the nucleolus (41, 42). Recently,
Rawlinson et al. identified Treacle as an interaction partner of the HeV M protein and found
that, in HeV-infected cells, M protein interacts with Treacle to inhibit pre-rRNA synthesis by
mimicking the function of NBS-1 (32). Notably, in contrast with our results, their report
shows that suppressing Treacle expression increases the HeV titer (32). This difference sug-
gests that Treacle function may differ between MuV and HeV infections. We also observed
that a Treacle knockdown affected the cell-cell fusion activity in MeV-infected cells but not
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FIG 6 Interaction of MuV M protein with Treacle by pulldown assay. (A) A549 cells were transfected
with the hemagglutinin (HA)-Treacle expression plasmid. At 48 h posttransfection, the cells were
incubated with anti-HA and anti-Treacle antibodies, followed by appropriate secondary antibodies.
Bars, 10 um. (B) Vero cells were transfected with the expression plasmids for M or FLAG- and Strep
tag-fused M protein (M-FOS) protein. At 48 h posttransfection, the cells were incubated with an anti-
M antibody, followed by an Alexa Fluor 488-conjugated secondary antibody. Bars, 20 um. (C) 293T
cells were cotransfected with the expression plasmid for HA-Treacle and that for M-FOS protein or an
empty vector. At 48 h posttransfection, the cell lysate was pulled down using Strep-Tactin beads, and
the precipitants were then subjected to SDS-PAGE and Western blotting (WB) with anti-MuV M and
anti-Treacle antibodies.

in MuV-infected cells. Persistent MeV infection of the brain causes a fatal progressive neuro-
logical disorder known as subacute sclerosing panencephalitis. In many patients with this
condition, MeV has defective M protein expression (43) and fails to produce cell-free viruses.
Additionally, previous reports showed that mutations inhibiting interaction between the M
protein and the viral surface glycoproteins enhance cell-cell fusion and that an M-less MeV
exhibits a hyperfusion phenotype (44). Elimination of the Treacle-M protein interaction may
have promoted membrane fusion and reduced viral production.

Unexpectedly, given the reports from previous studies that B23 (30, 45-47), NOP58 (31),
NOP2 (20), and NOLC1 (48) are involved in the regulation of many other viral infections,
knockdowns of other nucleolar factors did not impair MuV propagation. B23 and NOP58
bind to the M protein of NDV or NiV, and knockdowns of these factors suppress NDV and
NiV replication (30, 31). Thus, the findings of our study and those of other groups together
indicate that, despite belonging to the same family (Paramyxoviridae), many paramyxovi-
ruses use different nucleolar factors for viral propagation. Furthermore, the function of M
protein is unlikely to be conserved among paramyxoviruses, as the M protein of NiV or
HeV is sufficient to induce virus-like particles, whereas MuV particle formation requires not
only M protein but also N and F proteins (10, 49-54).

This study provides new insight into the relocalization of Treacle from the nucleolus to
the nucleoplasm in MuV- or MeV-infected cells. Some studies on herpes simplex virus 1
(HSV-1) indicated that UBF becomes redistributed throughout the nucleus and accumulates
in viral replication components that are formed in the nucleus during HSV-1 infection (55,
56). In addition, nucleolin and B23 are also redistributed from the nucleolus to the nucleo-
plasm during HSV-1 infection, which has been suggested to be dependent on the expression
of viral protein UL24, which localizes in the nucleoli (57, 58). Although we have not analyzed
other nucleolar proteins in this study, it is likely that many components are altered by infec-
tion with MuV or MeV. It is also possible that M proteins, like the UL24 protein of HSV-1, may
be involved in Treacle relocalization during viral infection. Further studies are necessary to
clarify the significance of the dynamic changes in nucleolar components that occur in cells
infected with MuV or MeV.
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FIG 7 The effect of Treacle knockdown on MeV propagation. (A, B) A549 cells (A) or A549/hSLAM
cells (B) that had been transfected with siNC or siTreacle were subsequently infected with rMuV-
AcGFP (A) or a recombinant MeV expressing enhanced green fluorescent protein (rMeV-eGFP) (B) at a
multiplicity of infection (MOI) of 0.05. The cells were observed by fluorescence microscopy and
phase-contrast microscopy at 72 hpi (upper panels). The virus titers in the supernatant at 72 hpi were
determined by a plaque assay. The presented virus titer is the mean of triplicate measurements, with
error bars indicating the SD. The significance of the difference between siNC- and siTreacle-treated
cells was determined by a Student’s t test. ***, P < 0.001; ns, not significant.

In conclusion, we demonstrated the importance of the association between the MuV M
protein and Treacle during viral infection, and our results suggest that the nucleolus is
closely related to the MuV life cycle. However, the detailed molecular mechanisms that pro-
mote the late stage of MuV propagation are still unknown. Nevertheless, the identification
of a host nucleolar factor involved in paramyxovirus propagation is an important step to-
ward understanding paramyxoviruses.

MATERIALS AND METHODS

Cells. Vero (Africa green monkey kidney) cells provided by the U.S. Food and Drug Administration
and 293T (human embryonic kidney) (ATCC CRL-3216) and A549 (human lung epithelial) (ATCC CCL-
185) cells obtained from ATCC were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Nacalai Tesque, Kyoto, Japan) containing 100 mg/mL of streptomycin, 100 U/mL penicillin, and 8% fetal
bovine serum (FBS). A549/hSLAM (59) and Vero/hSLAM (60), described previously, were each cultured in
DMEM containing 0.2 mg/mL of G418 and 8% FBS.

Viruses. We used the MuV Odate strain isolated from a patient with aseptic meningitis (61), rMuV-
AcGFP (33), the MeV IC-B strain isolated from an acute measles patient (62), and rMeV-eGFP (34). For vi-
rus titration, Vero or Vero/hSLAM cells were infected with a serial dilution of MuV or MeV solution for 1
h, overlaid with DMEM containing 0.5% agarose, and cultured for 4 to 5 days at 37°C. The cells were sub-
sequently stained with 0.01% neutral red solution (Sigma-Aldrich, St. Louis, MO, USA) for 24 h, and then
plaques were counted after the agarose was removed.

Antibodies. Anti-MuV M (79D) and anti-MeV M (E388) mouse monoclonal antibodies (MAbs) and
anti-MuVs M and anti-MuV N rabbit polyclonal antibodies (pAbs) have been described previously (63,
64). Anti-TCOF1 (Treacle) rabbit pAb (HPA038237, Sigma-Aldrich), anti-UBF rabbit pAb (HPA006385,
Sigma-Aldrich), anti-nucleolin (D4C70) rabbit MAb (14574, Cell Signaling Technology, Danvers, MA,
USA), anti-fibrillarin (EPR10823[B]) rabbit MAb (ab166630, Abcam, Cambridge, UK), anti-GAPDH (3E12)
mouse MAb (bsm-0978M, Bioss Antibodies, MA, USA), anti-B-actin (AC-15) mouse MAb (A1978, Sigma-
Aldrich), and anti-HA (Poly9023) rabbit pAb (PRB-101C, BioLegend, CA, USA) were purchased and used
as primary antibodies. Alexa Fluor 488-conjugated goat anti-mouse immunoglobulin (Ig)G (H+L) and
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Alexa Fluor 594-conjugated goat anti-rabbit IgG (H+L) highly cross-adsorbed antibodies (Thermo Fisher
Scientific, Waltham, MA, USA) were purchased and used as secondary antibodies.

Plasmids. The construction of pCAGGS-M was described previously (64). For the construction of
pCAGGS-M-FOS, the MuV M gene was amplified from pCAGGS-M by conducting PCR using the primers
Odate-M-FOS-F (5'-CAAACGCGTCTCGAGATGGCAGGATCACAG-3') and Odate-M-FOS-R (5'-ATCGAATCCA
GATCTTAGGTTGCTCATTGA-3') and then inserted into pCAG-MCS2-FOS for the expression of C-termi-
nally FOS-tagged protein (65) using an In-Fusion HD cloning kit (Clontech, Mountain View, CA, USA) in
accordance with the manufacturer’s instructions.

To construct a plasmid for the expression of N-terminally HA-tagged Treacle (HA-Treacle), total RNA was
isolated from A549 cells by using an Rneasy minikit (Qiagen, Hilden, Germany), and cDNA was synthesized
using a PrimeScript RT reagent kit (TaKaRa Bio, Shiga, Japan). The cDNA encoding human TCOF-1 was ampli-
fied by conducting PCR using the primers pCAGGS-nHA-Treacle_F (5'-GCTAAGCTTGGTACCGCCGAGGCC
AGGAAG-3’) and pCAGGS-nHA-Treacle_R (5'-CCCTCTAGACTCGAGTCATACAGTCTGCTC-3) and inserted into
pCAGGS-HA with an In-Fusion HD cloning kit. The sequences of each plasmid were confirmed using a
BigDye Terminator version 3.1 cycle sequencing kit and an ABI PRISM 3500xL genetic analyzer (Thermo
Fisher Scientific).

Plasmid transfection. The cells were seeded in a 24- or 6-well plate and then transfected with plas-
mids using TransIT-LTI (for Vero or A549 cells) or TransIT-293 (for 293T cells) (Mirus Bio LLC, Madison, WI,
USA). Opti-MEM (Gibco, Thermo Fisher Scientific) was used for the dilution of plasmid and reagent.

Indirect fluorescence assay. For observing samples by confocal microscopy, Vero cells, A549 cells,
or A549/hSLAM were seeded in a 24-well plate containing 12-mm round cover glass (Matsunami Glass,
Osaka, Japan). Cells that had been transfected with plasmids or infected with virus were washed three
times in phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde in PBS for 15 min, and perme-
abilized with 0.2% Triton X-100 for 15 min. Each sample was incubated with 2% bovine serum albumin
(BSA) in PBS for 20 min to block nonspecific antibody binding. To detect target proteins, the cells were
treated with primary antibodies followed by Alexa Fluor 488/594-conjugated secondary antibodies in
2% BSA in PBS. Finally, each sample was placed on a glass slide with SlowFade Gold antifade reagent
with 4’,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific) and then observed on an FV3000
Confocal Microscope (Olympus, Tokyo, Japan).

Knockdown experiment. To suppress the expression of target genes, commercially available siRNA
pools targeting each protein and a control nontargeting siRNA pool (siIGENOME SMARTpool) were pur-
chased from Dharmacon (Horizon Discovery, Cambridge, UK). The siRNAs were transfected into A549
cells by using Lipofectamine RNAi-MAX (Thermo Fisher Scientific) in accordance with the manufacturer’s
protocol.

Cell viability assay. The cells were seeded in a 96-well plate and then transfected with siRNA (siNC,
siTreacle, siB23, siNOP2, siNOP58, siNOL12, or siNOLC1) by using Lipofectamine RNAi-MAX. At 72 or 168
h posttransfection, 10 uL of Cell Count Reagent SF (Nacalai Tesque) was added to each well, and the
cells were incubated at 37°C for 30 to 40 min. The absorbance value was measured at 450 nm on a
GloMax Discover Microplate Reader (Promega, Madison, WI, USA).

Western blotting. The cells were washed with PBS three times, lysed in NP-40/TNE buffer (10 mM
Tris-HCI [pH 7.5], 200 mM NaCl, and 10 mM EDTA, with 1% NP-40) and protease inhibitor cocktail and
centrifuged at 12,000 x g for 1 h at 4°C. The resulting supernatant was resolved with Tris-SDS sample
buffer with 2-mercaptoethanol (2-ME) (Nacalai Tesque), boiled for 5 min at 100°C, and subjected to SDS-
PAGE. The proteins were then transferred to a polyvinylidene difluoride membrane (Millipore, MA, USA).
The membrane was incubated with blocking buffer (PBS containing 2% skim milk) for 1 h, treated with
primary antibodies at an appropriate dilution in blocking buffer for 1 h, and finally incubated with 1/
10,000-diluted secondary antibodies labeled with horseradish peroxidase for 1 h. The proteins were
visualized using SuperSignal West Femto maximum sensitivity substrate (Thermo Fisher Scientific) and
detected using an LAS-3000 image analyzer system (Fuji Film, Tokyo, Japan).

Pulldown assay. The cells expressing M-FOS and HA-Treacle were rinsed with PBS three times and
then lysed in NP-40/TNE buffer. StrEP-Tactin Sepharose beads (Nacalai Tesque) were added to the lysate,
and the resulting mixture was incubated for 4 h at 4°C. The beads were then washed with 0.02% Tween
20 in PBS at least five times. The proteins bound to the beads were eluted in Tris-SDS sample buffer with
2-ME and then boiled for 5 min at 100°C. The resulting supernatant was subjected to SDS-PAGE and
Western blotting.

Quantitative Reverse Transcription-PCR (qRT-PCR). Total RNA was extracted using an Rneasy min-
ikit and was then reverse transcribed into cDNA by using PrimeScript reverse transcriptase (TaKaRa Bio)
and the primer 5'-ACCAAGGGGAGAAAGTAAAATCAATTTTTT-3" for MuV genomic RNA or oligo(dT)
primer for viral and cellular mRNAs, in accordance with the manufacturer’s protocol. Quantification of
target cDNA was performed by using LightCycler 480 Probes Master and Universal ProbeLibrary (Roche
Diagnostics, Basel, Switzerland) in accordance with the manufacturer’s protocol. The primers UPL-MuV-
N-F (5'-TTCCTCCAGTTCAACAGCAA-3’) and UPL-MuV-N-R (5'-AACGTCGTCATCTGATTCCT-3') were used
for the measurement of genomic RNA and N mRNA, and the primers UPL-HPRT1-F (5'-GGGAGGCCATC
ACATTGTAG-3’) and UPL-HPRT1-R (5'-CACTATTTCTATTCAGTGCTTTGA-3') were used for the measure-
ment of hypoxanthine phosphoribosyltransferase 1 (HPRT1) mRNA (33). Thermal cycling was carried out
using the LightCycler 480 system (Roche). The expression of target genomic RNA or MuV-N mRNA was
normalized to that of HPRTT mRNA.

Statistical analysis. For all of the presented data, independent experiments were repeated at least
twice. Differences between groups were evaluated using unpaired Student’s t tests. Error bars indicate
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the standard deviations of triplicate measurements. Statistical significance was assumed as follows: *,
P < 0.05; **, P < 0.01; ***, P < 0.001; and ns, not significant.
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