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Sphingomyelin synthase 1 supports two steps
of rubella virus life cycle

Mayuko Yagi," Minami Hama,' Sayaka Ichii,” Yurie Nakashima,' Daiki Kanbayashi,” Takako Kurata,” Kosuke Yusa,*
and Jun Komano'4*

SUMMARY

Our knowledge of the regulatory mechanisms that govern the replication of the rubella virus (RV) in hu-
man cells is limited. To gain insight into the host-pathogen interaction, we conducted a loss-of-function
screening using the CRISPR-Cas9 system in the human placenta-derived JAR cells. We identified sphingo-
myelin synthase 1(SGMS1 or SMS1) as a susceptibility factor for RV infection. Genetic knockout of SGMS1
rendered JAR cells resistant to infection by RV. The re-introduction of SGMS1 restored cellular suscepti-
bility to RV infection. The restricted step of RV infection was post-endocytosis processes associated with
the endosomal acidification. In the late phase of the RV replication cycle, the maintenance of viral persis-
tence was disrupted, partly due to the attenuated viral gene expression. Our results shed light on the
unique regulation of RV replication by a host factor during the early and late phases of viral life cycle.

INTRODUCTION

Rubellais a contagious viral disease mostly affecting children.” It is generally a self-limiting disease characterized by fever, catarrh, and rash. It
has been successfully controlled in many geographic areas, mainly via the administration of a live-attenuated vaccine. Rubella virus (RV) infects
the placental tissue upon viremia, and is transmitted to the fetus via the transplacental route. RV infection can lead to congenital disorders in
infants or even fetal death.” The former is known as congenital rubella syndrome (CRS), which occurs most frequently when the mother is in-
fected with RV during the first trimester, the early stage of pregnancy. The type of birth defects depends on the gestational age at the time of
RV infection. The lack of understanding of the molecular interaction between the virus and its host is partly due to rubella being a vaccine-
preventable disease. The molecular basis of RV teratogenicity remains largely unclear.

RV belongs to the genus Rubivirus of the family Matonaviridae. It has a single-stranded positive-sense RNA as a genome. RV replicates in
many tissue culture cell lines and establishes persistent infection, including African green monkey-derived Vero, rabbit kidney-derived RK13,
and baby hamster kidney-derived BHK. Not many human-derived cell lines can support the persistent RV infection®; however, persistent
infection is found in RV-infected individuals.® Basic research on RV replication has been conducted in human-derived primary and established
cells as well as non-human mammalian cell lines; nevertheless, the natural host of RV is solely the humans. Although the receptor of RV has not
yet been determined, a candidate molecule has been reported.” Once RV is attached to the cells, it enters them via clathrin-dependent endo-
cytosis.® Virus-cell membrane fusion depends on the acidic environment and calcium ions in the endosome.” RV replication occurs in a mem-
brane-surrounded microstructure, named replication complex (RC) or cytopathic vacuole, the formation of which involves cellular organelles,
including the endoplasmic reticulum, lysosome, mitochondria, and Golgi apparatus.'”'’ Replication foci should be passed onto daughter
cells to maintain the viral persistence although the precise mechanisms remained unclear. Only a limited number of host cell factors are iden-
tified to help support the viral replication.’* "

Recent advances in genome-editing technology, based on the CRISPR-Cas?, have enabled loss-of-function screening at the genetic level.
CRISPR-Cas? can irreversibly dysregulate targeted genes. A systematic genetic knockout strategy adopting the CRISPR-Cas9 system com-
plements cDNA-based gain-of-function screens as well as loss-of-function screens adopting RNA interference that partially limits target
gene expression. Loss-of-function screen is applicable for identifying genes susceptible to cell-damaging agents, such as toxins. RV infection
results in apoptotic cell death in many cell lines.'”'® Thus, CRISPR-Cas9-based genetic loss-of-function screening would be suitable for
exploring positive regulatory factors that allow the RV infection.

This study aimed to conduct a genome-wide loss-of-function screening to identify the genes necessary for the RV infection in human cells.
Among the eight candidate genes identified, we investigated sphingomyelin (SGM) synthase 1 (SGMST or SMS1) whether it serves as a pos-
itive regulator of RV infection.
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Figure 1. CRISPR-Cas9-based knockout screening to identify host regulatory factors for RV replication

(A) Establishment of RV persistency in JAR and JEG3 cells after several passages. The percentage of viral antigen-positive cells was evaluated by IFA. Filled, field
isolate; open, vaccine strain.

(B) Cell growth kinetics of RVyac-infected JAR cells. Filled, uninfected; open, infected.

(C) Volcano plots showing the LV-encoded target genes that enriched in the RVg-infected JAR cells. Each dot represents a gene, and the eight genes with the
highest enrichment were noted.

RESULTS
Genetic screening in search of RV infection regulators

In JAR and JEG3 human choriocarcinoma cell lines, RV infection resulted in persistent infection, with almost all the cells testing positive for RV
antigens using immunofluorescence assay (IFA) after several passages post-infection, using either vaccine strain Matsuura or a field isolate
Osaka2019 (RVyac and RV hereafter, respectively; Figure 1A). Tissue culture supernatant from the persistently infected cells contained in-
fectious virions. The cell growth kinetics of virus-infected cells was slower than that of the parental cells, suggesting that the persistent RV
infection had a negative impact on cell growth (Figure 1B).

To identify the positive regulatory factors of RV infection in the host cell, we conducted a loss-of-function screening using JAR cells. We
established a JAR cell clone stably expressing SpCas? and infected it with a lentiviral vector (LV) encoding a gRNA library covering all the
human genes in order to produce a cell pool. These cells were further infected with RVg.. Two weeks post infection, we analyzed enriched
LV-encoded gRNA repertoire in the RV-infected cells and compared it to that in the RV-uninfected cells (Data S1). We identified eight genes
significantly enriched in the RV-infected cells, namely IFNAR1, EIF2AK2, EIF2B1, RAB10, RALGAPB, SGMST1, IFNARZ2, and RABIF, listed on the
order of the magnitude of enrichment (Figure 1C).

Four genes were related to interferon (IFN) responses, including receptors of type | interferon (IFNART and R2), an IFN effector (EIF2AK2 or
PKR), and a target of the IFN effector (EIF2B1). Three genes were involved in the membrane trafficking/vesicular transport, possibly support-
ing the IFN and/or IFN receptor trafficking (RAB10, RABIF, and RALGAPB). Since IFN retards the rate of cell proliferation, the selection of
these genes in the screen seemed reasonable. SGMST was the only gene that was unrelated to IFN responses according to the literature.
SGMST1 is enriched at one week post infection, and the same result was observed when the screening was performed using RVyac. We focused
on SGMS1 and investigated whether the susceptibility to RV infection could indeed be attenuated by gene disruption.

SGMS1 as a positive regulatory factor in RV infection

JAR cells were transfected with a plasmid that co-expressed SpCas? and gRNAs that targeted two genomic loci of SGMST. This was done to
disrupt the gene by removing a part of it as shown in Figure 2A (Figure 2A). Cells were then selected in the presence of puromycin. Among the
12 clones that were screened, PCR analysis identified two clones, namely #1 and #4, as SGMS1~/~, with an isolation frequency of 17% (Fig-
ure 2B). Western blot analysis of the representative knockout clone #4 revealed undetectable expression of SGMS1 protein (Figure 2C). In
SGMS1-null cell clones, the content of SGM was found to be reduced to 22.2% and 52.3% compared to the control JAR cell clones (Figure 2D),
consistent with earlier reports (20%-50%).""' It was observed that SGM could still be supplied to SGMST-null cell clones either through
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Figure 2. SGMS1 as a positive regulator of RV infection

(A) Schematic diagram of the gene organization and protein structure of SGMS1. SGMST contains 11 exons (boxes). The gRNA-targeted genomic loci (scissors)
and PCR primers to screen for the gene-disrupted cell clones (arrows) are shown. The red dots represent three key amino and residues, namely H285, H328, and
D332, constituting the catalytic center of the SGM synthase activity. CDS, coding sequence; pA, polyadenylation.

(B) Amplification of the SGMST genomic locus of JAR cell clones by PCR. Wild-type (WT) SGMST gene and the knockout (KO) yielded approximately 1.4 and
1.2 kbp products, respectively. MWM, molecular weight markers.

(C) Immunoblotting for SGMS1 detection in JAR clone #4.

(D) Sphingomyelin content in JAR cell clones. Concentrations corresponding to 1x10° cells lysed in 50 uL assay buffer are shown.

(E) Susceptibility of JAR cell clones to RVyac infection. RNA was harvested from the tissue culture medium and from cells at 9 and 10 days post infection,
respectively, and subjected to real-time quantitative RT-PCR. The dashed line indicates the limit of detection (5 copies/reaction).

(F) Susceptibility of JAR cell clones to MeV vaccine strain. Cellular RNA was recovered at 4 days post infection. Clones with SGMST* and SGMST~/~ genotypes
are shown in white and blue gray, respectively. Cell clones transduced with both mCherry and puromycin resistance genes were used as controls (Ctr, filled). Data
shown in bar graphs represent the average value and the standard deviation (SD) of triplicate reactions. Asterisk, p < 0.001 compared to either Ctr, Cl #2, or #4.

endogenous expression of SGMS2 or from the serum-supplemented tissue culture medium. Furthermore, unlike in Hela cells, rates of cell
proliferation were found to be indistinguishable across the cell clones.'? As per quantitative RT-PCR and IFA analysis, SGMS1 knockout clones
#1 and #4 showed significantly reduced support for replication of both RV and RVyac, while viral genomic RNA was detected at the levels
slightly above the detection limit in RNA recovered from either the culture supernatant or cells (Figures 2E and 3B). On the other hand, RV
infection in cell clones #2 and #9, bearing SGMS1**, was comparable to that in the control cells (Figure 2E). To determine the specificity of the
loss of susceptibility to RV infection, these cell clones were also exposed to Measles virus (MeV), and the efficiency of infection was then as-
sessed by quantitative RT-PCR. It was observed that all the cell clones supported MeV infection at comparable levels (Figure 2F). Similar ob-
servations were made with adenovirus type 5 and vesicular stomatitis virus (VSV)-G-pseudotyped murine leukemia virus (MLV, described later).
The data suggested that the genetic loss of SGMS1 specifically affected RV infection, and did not affect transcription and translation.

SGMS1 encodes a protein with six membrane-spanning domains (Figure 2A). Upon transient transfection of SGMS1 fused to mApple, a
red fluorescent protein, at its carboxy terminus, into cell clones #1 and #4, SGMS1-mApple was observed in a punctate pattern in the cyto-
plasm, mostly around the nucleus and evenly on the plasma membrane (Figure 3A). This distribution pattern was consistent with the previous
findings'” and was also observed in other human cell lines, including Hela, NP-2, and 293FT cells. The susceptibility of SGMS1~/~ clones #1
and #4 to RV infection was restored upon transient or stable expression of SGMS1-mApple, as confirmed by IFA (Figures 3B and 3C). More-
over, ectopic expression of SGMS1-mApple in parental JAR cells resulted in a 2-fold increase in susceptibility to RV replication, as determined
by quantitative RT-PCR (Figure 3D). These findings were supported by the observation that the SGM content was approximately 2-fold higher
than SGMS1-mApple-expressing cells compared to control cells (Figure 3E). Overall, these results confirm that SGMST is indeed a positive
regulatory factor in RV infection.
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Figure 3. RV infection in cells expressing sphingomyelin synthase gene family

(A) Intracellular distribution of SGMS1-mApple in JAR SGMST null clone #4 imaged by the confocal microscopy with different sensitivities. Red represents the
fluorescence of SGMS1-mApple and blue represents DAPI-stained nucleus, respectively. Left, magnification 400%; right, magnification 200%. Scale bar, 10 um.
(B) Detection of RV-infected cells by IFA. JAR cell clone #4 lacking SGMST1 were transiently express the indicated genes fused to mApple, followed by infection of
either RVyac (upper panels) or RV (lower panels) at 2 days post transfection. RV antigens were detected by IFA at 4 days post transfection, as shown in green.
Parental JAR cells were shown as a positive control. A red fluorescent protein mCherry was used as a vector control. Blue represents the DAPI-stained nucleus;
magnification 400%. Scale bar, 10 pm.

(C and D) Effect of the stable expression of indicated genes in either SGMS1-null JAR cell clone #4 (C) or parental JAR cells (D) on RVyac infection. Each gene was
fused to mApple as its carboxy terminus. RNA was recovered from the tissue culture medium at 9 days post infection and subjected to the real-time PCR. For the
control, G418 resistance gene was transduced (C). The average values and the standard deviation (SD) of three independent wells are shown. Gray indicates the
range of the control levels (Figure 2E), and the dashed line indicates the limit of detection (5 copies/reaction). Asterisk, p < 0.001 compared to the control shown in

Figure 2E, examined in parallel.
(E) Sphingomyelin content in SGMS1-null JAR cell clone #4, stably expressing the indicated genes fused to mApple. The concentrations corresponding to 1 x 10°
cells lysed in 50 ulL assay buffer are shown. The dashed line represents the parental cell levels (Ctr in Figure 2D).

Property of SGMS1 that supported RV infection

SGMS1is part of a gene family that includes SGMS2 and SMSr, all of which possess ceramide phosphoethanolamine synthetase activity. How-
ever, only SGMS1 and SGMS2 exhibit SGM synthase activity. SGMS1 provides the major SGM synthase activity in mammalian cells.”” SGMS2
and SMSr share amino acid homologies of 61.7% and 37.2%, respectively, when compared to SGMS1. These genes are ubiquitously ex-
pressed in tissue culture cell lines, as determined by our study and previous reports (Document S1). Our study detected abundant levels
of SGMS1 and SMSr in human cell lines of various origins, regardless of their susceptibility to RV, as assessed by RT-PCR. SGMS2 was faintly
detectable in some cell lines, and its detection could have been challenging since it has several splice variants. To verify the SGM synthase
activity in SGMS1-, SGMS2-, and SMSr-mApple, we expressed each of them constitutively in SGMS1-null cells. SGM synthase activity was
confirmed in SGMS1- and SGMS2-mApple, but not in SMSr-mApple (Figure 3E). Interestingly, ectopic expression of SGMS2-mApple, but
not SMSr-mApple, rendered cells susceptible to RV infection, albeit slightly less efficiently than SGMS1-mApple (Figures 3B and 3C). We
did not initially detect SGMS2in our genetic screen, likely due to its lower expression levels in JAR cells compared to SGMST. To investigate
the contribution of SGM synthase activity to RV infection, we constructed an SGMS1 mutant bearing a D332A mutation, which affects the HHD
motif at the 3" extracellular loop and 4" and 6™ membrane-spanning domains (Figure 2A). Stable expression of SGMS1P¥2A.mApple
increased the SGM contentin SGMST-null JAR cell clone #4 to levels similar to those of SGMS1-mApple, indicating that SGM synthase activity
was intact in the mutant (Figure 3E). However, SGMS1P332A.mApple failed to restore the cellular susceptibility to RV infection (Figures 3B and
3C). These data suggest that the physical presence of SGMS1 protein may be crucial for cellular susceptibility to RV infection in JAR cells.

Restricted process in the early phase of RV’s life cycle

Initial experiments indicated that RV replication is limited in JAR SGMS1~/~ cell clones, likely due to a restriction in the early stages of viral
life cycle (Figure 2E). To further investigate this restriction, we examined the attachment of RV to the cell surface. Cells were exposed to
viruses either RVg or RVyac at 4°C for 30 min, and the amount of cell-associated virus was then measured using real-time RT-PCR after
washing intensively with PBS. We found that the amount of cell-associated virus on SGMST-null cell clone #4 was comparable to that
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Table 1. Efficiency of RV attachment onto JAR cells expressing SGMS1

Virus Experiments Cells® RV viral RNAP % control
RVyac 1 SGMS1-null 2.5 + 0.1 136.0
SGMS1-mApple 3.4 £ 0.1
2 SGMS1-null 2.1+ 0.1 98.9
SGMS1-mApple 2.1+ 0.1
3 SGMS1-null 51402 101.7
SGMS1-mApple 52406
RVk 1 SGMS1-null 1.3+ 0.1 60.4
SGMS1-mApple 0.8 + 0.1
2 SGMS1-null 1.2+ 01 197.0
SGMS1-mApple 2.4 + 0.1
3 SGMS1-null 7.4 £0.2 105.4
SGMS1-mApple 7.8 £06

“Tested cells were derived from JAR SGMS1-null cell clone #4 either constitutively expressing mCherry (SGMS1-null) or SGMS1-mApple.
PRV viral genome copy number assessed by quantitative RT-PCR (x 10° copies/reaction) The average value and the standard deviation of three independent
reactions are shown.

on the cells expressing SGMS1-mApple (116.6 + 46.2%, average and SD of six independent experiments, Table 1), suggesting that viral
attachment was not restricted in cells lacking SGMS1. E1 is a viral protein that binds to the surface of cells, mediating the attachment of the
virus to the cells.”’ We found that the purified recombinant E1-Fc protein capable of blocking RV infection was bound to JAR cells positive
for SGMS1 at similar levels to cells lacking SGMS1 as per flow cytometry results (Figure 4A). These data suggested that viral attachment
was not restricted in the JAR cells lacking SGMS1. Previous studies have shown that SGMS1 regulates transferrin-induced clathrin-depen-
dent endocytosis,””** while RV enters cells via clathrin-dependent endocytosis.” To determine whether SGMS1-deficient cells are unable to
take up viruses via endocytosis, we used viral vectors as probes. Adenovirus enters cells via clathrin-dependent endocytosis.”* VSV-G-pseu-
dotyped MLV infects cells via endocytosis, mimicking VSV.?>?/ We found that the infection efficiencies of adenovirus and VSV-G-pseudo-
gyped MLV were comparable between JAR cells lacking SGMST and those expressing SGMST (Figures 4B and 4C), indicating that SGMS1-
null cells are competent in endocytosis. Since both adenovirus and VSV-G require endosomal acidification to establish an infection, the
acidification process in the endosome must be intact in cells lacking SGMS1. The vacuolar proton-ATPase (V-ATPase) is the main player
in endosomal and lysosomal acidification, and SGM facilitates the function of V-ATPase, enabling the maturation of early endosomes into
late endosomes.”® % In JAR SGMS1~/'~ cell clones, the reduced amount of SGM might attenuate the acidification process in the endo-
some. To investigate this, we visualized acidic organelles using the fluorescent probe LysoPrime dye that fluoresced at pH lower than
6.0 (Figure 4D). Acidic organelles, mostly lysosomes, were detected in both SGMS1-positive and negative cells, indicating that the degra-
dative pathway was intact regardless of SGMST status. However, the fluorescent signals were fewer, fainter, and smaller in cells without
SGMS1 than in cells expressing SGMS1. Parental JAR and SGMST-reintroduced cells had 11.7 + 6.4 (N = 100) and 7.3 + 3.5 (N = 100)
acidic organelle signals per cell, respectively, whereas their SGMS1-deficient counterparts had 1.4 + 1.8 (N = 100) and 2.0 + 2.8
(N = 129) per cell, respectively, examined under confocal microscopy (Figure 4D). The number of acidic organelle signals in SGMS1-
deficient cells was significantly smaller than their SGMS1-positive counterparts (p < 0.001). These data suggested that the acidification
of endosomes does not proceed effectively in cells lacking SGMS1.

Restriction in the late phase of RV’s life cycle
To test if JAR SGMS1~/~ cells could support persistent infection of RV, we transfected SGMST-null JAR cell clone #4 with a plasmid co-ex-
pressing SGMS1-mApple and mouse CD4. Cells were selected using magnetic beads directed toward mouse CD4, and exposed to
RVyac. The cells were then subjected to the limiting dilution cloning in a 96-well plate, and the emerged cells were examined for RV antigen
expression by IFA. Out of the 30 wells that cells emerged in, one well was positive for RV antigens (3.3%, Table 2). However, the percentage of
RV antigen-positive cells was approximately 10%. These cells were subjected to another round of limiting dilution cloning. Out of the 40 wells
in which cells emerged, two were positive for cells with RV antigens (5.0%). However, the percentage of RV antigen-positive cells was 10% and
40%, respectively (Table 2). To confirm the clonality of these cells, one of the cells was subjected to the limiting dilution cloning. Among 41
wells positive for the cell outgrowth, 14 were positive for the cells bearing RV antigens (34.1%). However, similar to the previously described
experiments, the percentage of RV antigen-positive cells was at most 70%. In the control experiment, the parental JAR cells persistently
infected with RV were tested. Almost all the cells that emerged in the 96-well plate (35/36 wells, 97.2%) were RV antigen positive, and the
percentage of RV antigen-positive cells was higher than 90% (Table 1).

We further analyzed three RV antigen-positive cell clones #4-L4, L9, and L22, which emerged in the third limiting dilution cloning exper-
iment (denoted by superscript cin Table 2). The percentage of RV antigen-positive cells was approximately 40%, 60%, and 70%, for #4-L4, L9,
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Figure 4. Effect of loss of SGMS1 expression on the early phase of viral replication cycle

(A) Binding of recombinant purified E1-Fc on JAR cells was examined by flow cytometry. Cells were treated with 5 ng/mL E1-Fc, followed by anti-human goat IgG
and anti-goat rabbit IgG conjugated with Alexa 488. X axis represents the green fluorescence reflecting the E1-Fc binding. Negative control represents JAR cells
without anti-human goat IgG. Ctr, control cells transduced with mCherry gene.

(B and C) Susceptibility of JAR cells with or without SGMS1 to adenovirus (B) and VSV-pseudotyped MLV (C) vectors. The adenovirus and MLV vectors encoded
beta-galactosidase and firefly luciferase expression cassettes, respectively. The average values and the standard deviation (SD) of three independent wells are
shown. Ctr, control cells transduced with mCherry gene; RLU, relative light unit; ns, not significant.

(D) Detection of acidic compartments by confocal microscopy in the cells analyzed in (B) and (C), respectively. Green represents the acidic organelles bearing pH
lower than 6.0 and blue represents the DAPI-stained nucleus. Magnification, 400%. Scale bar, 10 pm.

and L22, respectively. The cells were confirmed negative for SGMS1-mApple as assessed by RT-PCR (data not shown). Viral antigens visual-
ized in IFA were accumulated in the cell cytoplasm, yielding punctate signals (Figure 5A). However, the fluorescence intensity and the number
of the puncta were lower in SGMS1~/~ cell clones than in the parental JAR cells persistently infected with RV. Soon after the limiting dilution
cloning, the copy numbers of viral genomic RNA in the SGMS1~/~ cell clones were comparable to the parental levels. However, they were
decreased upon the cell passage in JAR SGMS1™/~ cell clones, whereas no such effect was observed in the parental JAR cells (Figure 5B).
The magnitude of reduction of viral genomic RNA was on average 601.2-fold after 61 days of culture. The copy numbers of viral genomic
RNA in the culture supernatant were parallel to those in cell-derived RNA (Figure 5B). The RV antigen positivity was decreased by 29.8%
on average of the three cell clones as assessed by IFA after 141 days (Figure 5B). The estimated appearance rate of virus-uninfected cells
was 0.136 per cell generation. Reduction of viral capsid antigen expression was also observed in western blot analysis (Figure 5C). These
data suggest that the late phase of the viral life cycle was restricted in JAR SGMS1™~ cells. The replication step likely affected the most
was transcription and/or translation in the late phase of the viral life cycle. The instability of viral persistence was partly attributable to inef-
ficient viral RNA amplification.

DISCUSSION

We provide evidence that SGMST1 plays a role in supporting RV infection at both the early and the late phases of the viral life cycle. This is the
first documentation of a dual-acting positive regulatory factor for RV replication.

SGMS1 is an enzyme that transfers the phosphocholine head group of phosphatidylcholine onto ceramide to produce ceramide phospho-
choline, alternatively called SGM, with diacylglycerol as a byproduct. The effect of SGM content or metabolism on viral replication has been
reported for some viruses. Specifically, genetic loss of SGMST has been reported to lead to cell resistance to the human influenza virus (hIFV),
Japanese encephalitis virus (JEV), and pseudorabies virus (PrV). More recently, SGMS1T was identified as a positive regulator of RV infection.”'
Early stages of viral infection were found to be affected in JEV, PrV, and RV.”'* In the case of JEV, virus attachment of the virus was strongly
affected in SGMS1/SGMS2 double-knockout cells. Interestingly, the re-introduction of SGMS1, but not SGMS2, restored the cellular suscep-
tibility to JEV infection, suggesting that SGMS1 and SGMS2 function differently.*” hIFV infects cells via endocytosis and requires low pH for
membrane fusion to occur.>* However, rather than the entry, post-translational processes were attenuated for hIFV." In our study, the
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Table 2. Assessment of viral persistence in JAR cells lacking SGMS1 by limiting dilution cell cloning

Initial cell status After limiting dilution
Viral #of wells % of wells  # of wells positive % of wells with  # of wells with cells bearing given viral antigen positivity (%)
antigen-positive  # of 96-well positive  with cell for cells expressing viral antigen-
Experiment cells (%) plates for cells  emergence® viral antigens positive cell 0~ 10~ 20~ 30~ 40~ 50~ 60~ 70~ 80~ 90~
1 NA 5 30 6.3% 1 3.3% 29 1° 0 0 0 0 0 0 0 0
2 ~10 5 40 8.3% 2 5.0% 38 1 0 0 1° 0 0 0 0 0
3 ~40 10 41 4.3% 14 34.1% 27 5 3 190 9 190 0
Control ~100 5 36 7.5% 35 97.2% 1 0 0 0 0 0 0 0 0 35

NA, not assessed.

*Number of wells emerged with cell colonies per number of wells into which cells were seeded.
bSubjected to the limiting dilution cloning in the next round.

“Subjected to the limiting dilution cloning in the next round.

C‘Subjected to further analysis (see text).
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Figure 5. Effect of loss of SGMS1 expression on the late phase of viral replication cycle

(A) Detection of RV antigens by IFA. JAR cell clone #4 lacking SGMS1 was infected with RVyac and subjected to the limiting dilution. Three clones were tested for
viral antigen, as shown in green. A parental JAR cells infected with rubella virus were used as a control (Parental). Blue represents the DAPI-stained nucleus;
magnification 400X. Scale bar, 10 pm.

(B) Loss of rubella viral RNA and protein from JAR cell clone lacking SGMST. Three cell clones isolated in the limiting dilution were maintained in cell culture and
the viral RNA (left axis) and the viral antigen-positive rate was determined (right axis). The viral RNA was quantified by real-time PCR using the RNA extracted from
the cells (filled) or from the culture medium (open) at the indicated weeks after clones were established. Shown are the average and the standard deviation (SD) of
three independent reactions. RV antigen-positive rate was examined by IFA; it is indicated by the diamond symbols. The dashed line indicates the limit of
detection (5 copies/reaction). Asterisk represents p value less than 0.05 compared to the corresponding parental data by Student's t test, two-sided.

(C) Immunoblotting for RV capsid antigen or beta actin (loading control) detection in JAR cell clone lacking SGMST1 infected with RV. The triangles of the anti-
capsid blots represent 37 and 25 kDa of the molecular weight markers, respectively. The triangles of the anti-B actin blots represent 50 and 37 kDa of the
molecular weight markers, respectively.

attachment of RV onto the cells was found to be unaffected by SGMS1 deficiency, and both SGMST and SGMS2 supported RV infection. Our
results suggest that SGMST does not serve as an RV receptor, and highlighting the unique nature of RV.

Membrane microdomains are portions of the plasma membrane that are rich in SGM and cholesterol; they serve as a platform to receive
cytokines and chemokines, initiate signal transduction, trigger endocytosis, and act as a portal for some viruses to infect cells.*® Otsuki N. et al.
has reported that SGM plays a role in the binding of RV virions to the cell surface via viral E1 envelope glycoprotein.*® Our data suggested that
the RV life cycle is restricted in SGMST-null JAR cells, particularly during the steps following adsorption and at or before the initiation of viral
gene transcription. We considered the possibility that acidification-dependent processes are targeted by SGMS1. Membrane fusion between
the RV envelope and endosomal membrane is mediated by the viral glycoprotein E1. Acidic conditions trigger conformational changes in E1,
which initiate membrane fusion. Additionally, capsid uncoating of RV also requires a low pH. The acidic environment in the endosome induces
conformational changes in the viral capsid protein, allowing the uncoating of RV. The two processes require a distinct degree of acidification.
While the former is induced the most efficiently at pH 6.0-6.2,”’ the latter is induced at pH 5.0-5.5.® Adenovirus enters cells via endocytosis
and requires an acidic environment pH 6.0 to penetrate the early endosomal membrane and establish infection.”**” VSV infects cells via endo-
cytosis, requiring exposure to an acidic environment at pH 6.5 in the early endosome,”’ thereby suggesting that VSV-G-pseudotyped MLV
behaves similarly to VSV.*° Given that adenovirus and VSV-G-pseudotyped MLV infect JAR SGMS1~/~ cells efficiently, the acidification should
proceed to ensure pH 6.0 in the endosome, which would then cause RV E1 to undergo a conformational change. Further acidification of the
virus-containing endosomes may be attenuated, preventing the priming of the RV uncoating process. Unless the appropriate acidification
occurs in a timely manner, the virus-containing endosomes would fuse with lysosomes, and the virus would be degraded. Recently, Mori
et al. suggested that RV infection was restricted in JAR SGMS1~/~ cells at the membrane fusion step.>' Our findings were consistent with their
findings since insufficient acidification of endosomes should result in the block of Env conformational change to endorse virus-cell membrane
fusion. Even if membrane fusion occurred, transcription of viral RNA would not be initiated without the priming of the capsid uncoating.
Disturbance of endosomal acidification is likely due to the attenuated V-ATPase function without the sufficient levels of SGM.?*~° A mutant
of SGMS1bearing SGM synthase activity failed to restore the susceptibility of JAR SGMST~/~ cells to RV infection in the transient transfection
experiment. These data probably suggested that the enzyme activity of the mutant SGMS1 was not high enough to support RV infection in the
transient experimental settings whereas the accumulation of SGM could be restored in the long-term cultivation. Another possibility to
address is the amount of ceramide that should be increased in SGMS1~/~ cells.'”*'~** We have not investigated the endosomal calcium con-
centrations in our study since no reports have suggested a direct link between SGMS1 and calcium metabolism in the endosome. However,
this is an open possibility to address in the future.
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Our data suggest that SGMST plays a role in the late phase of RV's life cycle. We demonstrated RV persistency in human placenta-derived
cell lines, which contrasted with previous findings by Adamo et al., in which RV infection induced apoptosis in primary cells derived from the
human placenta.*" In the persistently infected JAR SGMS1~/~ cells, the viral genomic RNA and the viral protein levels were both reduced.
Thus, the affected step was at or before the transcription/translation of the viral genes, despite the two steps being coupled to each other.
The Golgi apparatus consists of RV's RC."%"" SGMS1 is mostly localized to the Golgi apparatus.”’ The structure and function of the Golgi
apparatus depend on de novo synthesized SGM.** The deficiency of SGMST may affect RV replication through the dysfunction of the Golgi
complex. Consistent with our observation, viral transcription was downregulated, albeit modestly, in the transient reporter assay shown by
Mori et al.>' They suggested that the late phase of RV life cycle was unaffected in JAR SGMS1™/~ cells. In our study, the RV persistence
was monitored for more than 20 weeks after infection of JAR SGMS1~/~ cells with RV. The previous study did not assess the long-term main-
tenance of RV replicon, which explained the difference between the two. This study provides the first genetic evidence that identifies a host
factor affecting the persistence of RV infection. Multiple RC foci were present in the cytoplasm, distributed around the nucleus, as visualized
by IFA. The appearance of RV antigen-negative cells from virus-infected cells suggests that SGMS1 contributes to either the maintenance of
the RC or the distribution of RC onto the daughter cells, or both. When the number of replication foci became few, a daughter cell might fail to
inherit the viral replication machinery. The segregation process of the RV's RC, once the mechanisms are clarified, can be targeted to interfere
with persistent RV infection.

Finally, our findings are relevant to the pathogenesis of mother-to-child transmission of RV and virus-induced teratogenicity. RV is detected
in almost all tissues of infants infected with RV in utero.? In this study, we demonstrated that the trophoblast-derived cells are highly permissive
to persistent RV infection. This suggested that the placenta can actively transmit the virus from mother to fetus. The persistence of RV in tro-
phoblasts may interfere with the placental functions, possibly leading to the intrauterine growth restriction of the fetus. The in-depth char-
acterization of RV-SGMST interaction could contribute to the understanding of the life cycle of RV and its pathogenicity.

Limitations of the study

While genetic interactions between RV and SGMS1 have been demonstrated, it has become evident that cells lacking SGMS1 experience
inhibitions during both the early and late phases of the viral life cycle. However, there is still a need to elucidate the molecular mechanisms
underlying these inhibitions in each of these processes. In the early phase, the absence of SGMS1 has been suggested to interfere with endo-
somal acidification. However, the detailed molecular mechanism remains to be clarified. In the late phase, the precise molecular role of
SGMS1 in maintaining persistent infection remains undefined. If the enzymatic function of SGMS1 plays a role in supporting viral life cycle,
it is critical to determine how reductions in substrate or the accumulation of the metabolites influence RV replication. If the interaction is medi-
ated by protein-protein interactions, a technical challenge arises due to SGMS1 being a membrane protein, which is generally difficult to
handle in biochemical assays.

In this study, the cell types used for validation are limited to human placental-derived cell lines. It is unknown whether SGMS1 plays a cen-
tral role in supporting RV infection in other cell types. Additionally, further investigation is needed to determine the extent of SGMS2's involve-
ment. Lastly, addressing the role of SGMS1 in the pathogenesis of rubella and CRS requires examination within an in vivo context.
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains
Rubella virus vaccine strain BIKEN, Osaka, Japan N/A
Rubella virus circulating isolate Osaka Institute of N/A
Public Health

Experimental models: Cell lines

JAR cells American Type HTB-144
Culture Collection
JEG3 cells American Type HTB-36

Culture Collection

Deposited data

Confocal micrographic images Mendeley Data https://doi.org/10.17632/6c64ppnx8f.1
Western blot images Mendeley Data https://doi.org/10.17632/6c64ppnx8f.1
Agarose gel electrophoresis image Mendeley Data https://doi.org/10.17632/6c64ppnx8f.1
Flow cytometric data Mendeley Data https://doi.org/10.17632/6c64ppnx8f.1

Recombinant DNA

Gene knock-out vectors and mammalian expression VectorBuilder VB200803-1147nch; VB160923-1033trt; VB190602-107 1dgq;

vectors related to SGMS1, SGMS2 and SMSr VB200730-1155jxw; VB200928-1282cbg; VB210117-1177vqg;
VB210824-1257hkm; VB200804-1173dpk; VB220224-1113cur;
and VB210118-1185hjb

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jun Komano (jun.
komano@ompu.ac.jp).

Materials availability

Cell lines JAR and JEG3 used in this study are available from American Type Culture Collection. Other cell lines are commercially available or
provided by the lead contact upon request. The vaccine strains of rubella and measles virus are commercially available. The circulating isolate
of rubella virus is provided by the lead contact upon request. Plasmids generated in this study are available from a commercial resource. Any
additional materials reported in this paper is available from the lead contact upon request.

Data and code availability

Original Western blot and confocal micrography images have been deposited at Mendeley and are publicly available as of the date of pub-
lication. The genetic screen result is summarized in an excel file and deposited at Mendeley. The DOl is listed in the key resources table. Any
additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

JAR and JEGS3 cells were obtained from American Type Culture Collection (HTB-144 and HTB-36, respectively). 293FT cells were purchased
from Invitrogen (Tokyo, Japan). Cells were maintained in RPMI-1640 medium (Nacalai Tesque, Kyoto, Japan) supplemented with 10% FBS (Lot
no. 173012, Sigma-Aldrich, Tokyo, Japan), 100 U/mL penicillin, and 100 mg/mL streptomycin (Fujifilm Wako Pure Chemical, Osaka, Japan), at
37°C in a humidified 5% CO, atmosphere. Hygromycin (Fujifilm), G418 (Fujifilm), and puromycin (Sigma) were used at concentrations of 500,
500, and 1 pg/mL, respectively. Cells were transfected using either Lipofectamine 2000 (Invitrogen) or polyethylenimine. Magnetic cell
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separation was performed using anti-mouse CD4-conjugated magnetic beads (BD Biosciences, San Jose, CA). Limiting dilution cell cloning
was performed by seeding cells at 0.3 cells per well in 96-well plates.

Plasmids

The plasmid vectors used to in this study were purchased from VectorBuilder (Kanagawa, Japan). The vector IDs, which can be used for
retrieving detailed information on the vector on vectorbuilder.com, are as follows: SGMS1 knockout vector, VB200803-1147nch; mammalian
expression vectors for SpCas9, VB160923-1033trt; mCherry, VB190602-1071dgg; SGMS1-mApple, VB200730-1155jxw; SGMS2-mApple,
VB200928-1282cbg; SMSr-mApple, VB210117-1177vqg; fSGMS1-mApple, VB210824-1257hkm; dSGMS1-mApple carrying D332A,
VB200804-1173dpk; SGMS1-mApple and mouse CD4 under the bicistronic expression system using Thosea asigna virus 2A (T2A),
VB220224-1113cur; and a bacterial expression vector for E1-Fc, VB210118-1185hjb. Plasmids expressing SpCas? and mApple fusion proteins
encoded hygromycin and puromycin resistance genes, respectively. For cell cloning with G418 resistance, pcDNA3 was used (Invitrogen).
Plasmid vectors required for the production of MLV vectors have been described previously.*

Viruses

The RV genotype 1a strain, Matsuura, was isolated from a freeze-dried live attenuated rubella vaccine (BIKEN, Osaka, Japan).‘“ The endemic
genotype 1E Osaka2019 RV strain was isolated from the throat swab of a patient with rubella in Osaka, Japan. Virus isolation was performed
using Vero E6 cells.*® RV was propagated in either Vero E6, RK13, or JAR cells. The tissue culture infectious dose (TCID) of RV was determined
as described previously.”” In brief, the RK13-based reporter cell line yielding luciferase upon RV infection was seeded in an 96-well plate and the
virus preparation was inoculated with 10-fold serial dilutions. The luciferase positive wells were considered positive for virus infection, and the
TCIDso was calculated. For RV infection in JAR cells, 1-2 x 10° cells were seeded per well in a 24-well plate a day before infection, and were
exposedto 5 x 103 TCIDsgvirus, corresponding to approximately 0.1 MOl in JAR cells. The MeV vaccine strain, Schwarz (Takeda Pharmaceutical,
Osaka, Japan), was recovered from the vaccine formulations in B95a or Vero-SLAM cells and was propagated in BJAB-LMP1 cells.”® The cells
were exposed to MeV at0.01 MOl in the same experimental settings. The adenovirus vector and MLV vectors have been described previously.*

METHOD DETAILS

Genetic screen

The knockout screening was performed according to the procedures described previously,”'*? with the modification that the target was JAR

cells. Initially, a JAR cell clone stably expressing SpCas9 was established. In brief, 3 x 108 JAR-SpCas9 cells were infected with an LV encoding
a gRNA library covering all the human genes in order to produce a cell pool with approximately 30% transduction efficiency. Two days post-LV
infection, cells were selected in presence of 1 pg/mL puromycin for 5 days. A total of 5 x 107 cells were exposed to RV 0.1 multiplicity of
infection (MOI) and maintained in a 15-cm tissue culture dish. At two weeks post-RV infection (5 passages after infection), the cells were har-
vested for genomic DNA extraction (Qiagen, Tokyo, Japan). While 2-4 x 10° cells were harvested, 1 x 107 cells were harvested for MOCK
cells. DNA preparations were subjected to PCR, followed by sequencing to analyze the enrichment of LV-encoded gRNA repertoire
compared to that in the RV-uninfected cells.

Quantification of sphingomyelin content

Cellular sphingomyelin content was measured using the Amplite Fluorimetric Sphingomyelin Assay Kit (AAT Biogquest, Sunnyvale, CA, USA).
The fluorescence signal was detected using an Enspire plate reader (PerkinElmer Japan, Tokyo, Japan).

Analysis of proteins

Western blotting was performed as described previously,48 using an anti-SGMS1 antibody (G-8, Santa Cruz, Dallas, TX, USA), anti-beta actin
antibody (6D1, MBL, Tokyo, Japan), anti-RV capsid antibody (9B11, Abcam, Cambridge, United Kingdom), ImmPRESS Polymer Kit (Vector
Laboratories, Burlingame, CA, USA), and Envision Dual Link System-HRP (Dako, Glostrup, Denmark). Chemiluminescence was generated us-
ing SuperSignal ELISA Femto reagent (Thermo Fisher Scientific, Tokyo, Japan), and the signals were detected using an Amersham Imager 600
(GE Healthcare Life Science). A mammalian expression vector for E1-Fc was transfected into 293FT cells, which were lysed in a buffer contain-
ing 150 mM NaCl, 0.5% Triton X-100, 10 mM HEPES (pH7.4), 5% glycerol, and protease inhibitor cocktail (Sigma) at 2-3 days post-transfection.
The cell lysate was incubated on ice for 60 min and subsequently subjected to centrifugation. The collected supernatant was incubated over-
night with microbeads conjugated with anti-FLAG monoclonal antibody M2 (Sigma) at 4°C and washed five times with a buffer containing
300 mM NaCl, 50 mM Tris-HCI (pH 7.4), 1 mM EDTA, and 1% Triton X-100. Finally, the E1-Fc was eluted in phosphate-buffered saline con-
taining 1 mg/mL FLAG peptide (MBL) by overnight incubation at 4°C. The magnetic beads were removed by centrifugation. The purified
E1-Fc was separated in SDS-PAGE gel, stained by Coomassie Brilliant Blue, and subjected to the densitometric analysis to determine the
concentration using an Amersham Imager 600 in reference to bovine serum albumin.

Nucleic acid extraction and amplification

Cellular DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen). Total RNA from cells was extracted from the cells using the
RNeasy Mini Kit (Qiagen). Extraction of RNA from the tissue culture medium was performed using MagLEAD 12gC (Precision System Science,
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Tokyo, Japan). PCR was performed to screen SGMST gene-edited cells by using primers: 5'-CAG GAA ATC AGT AGT CCC TGAAAC G-3'and
5-GCC AAT TTA TAG TGC TTA GGC CAA C-3'". Real-time quantitative RT-PCR was performed as described previously for RV>® and for
MeV,>**° respectively, using the RT-PCR quick master kit (Toyobo, Osaka, Japan). The primers and the TagMan probes used to detect RV
and MeV were follows: RV, 5-CCT AHY CCC ATG GAG AAA CTC CT C-3', 5-AAC ATC GCG CAC TTC CCA-3', and 5' FAM-CCG TCG
GCA GTT GG-MGB 3'; MeV, 5-TGG CAT CTG AAC TCG GTA TCA C-3', 5-TGT CCT CAG TAG TAT GCA TTG CAA-3', and 5' FAM-CCG
AGG ATG CAAGGCTTG TTT CAG A-TAMRA 3'. The transcripts of SGMS1, SGMS2, SMSr, and GAPDH were detected by using the following
primers: SGMS1,5-GGC TCC TGG ACATGATAG AAA C-3'and 5'-GTT GTG AGA GCC AGT GAT AGA C-3', SGMS2, 5'-GCAAGATGCTGT
GGG ATA GT-3"and 5-CGT AGG ATC ACT GGG TTG ATT T-3'; SMSr, 5'-CGA GCC TTT GCC ATT TGG AG-3'and 5-TGG GCA GCC AAG
ATG AAG AA-3'; and GAPDH, 5'-CCA GCT ACT CGC GGC TTT A-3'and 5-TTC CCATTC TCG GCC TTG AC-3". The oligonucleotides were
synthesized by Sigma.

Reporter assay

For MLV vector infection, 1-2 x 10* cells were seeded per well of a 96-well plate and exposed to the viral preparation the next day. The
following day, the cells were replated in a fresh well. The cells were lysed and luciferase activity was measured at 3 days post-infection by using
the One-Glo kit (Promega, Madison, WI), according to the manufacturer’s protocol. For adenovirus vector infection, 1 x 10% cells were seeded
per well of a 96-well plate and exposed to the viral vector the following day. The cells were lysed and the beta-galactosidase activity was
measured at 2 days post-infection by using a Beta-Glo kit (Promega). Chemiluminescence was detected using an Enspire plate reader
(PerkinElmer).

Cell imaging

JAR cells were plated in a well of a 24-well plate at a density of 1 x 10° cells per well. Cells were transfected with plasmids the next day, and re-
plated in two wells of a 24-well plate. At two days post-transfection, the cells were exposed to RV at approximately 0.1 MOI. The cells were
placed on a 12-well hole slide glass (TF1205, Matsunami Glass, Osaka, Japan) coated with iMatrix-511 substrate (Nippi, Tokyo, Japan) at two
days post-infection, and subjected to immunofluorescence assay (IFA) at three days post-infection, as detailed below. When red fluorescence
protein was visualized, the cells were placed on a glass slide at one-day post-transfection. Cells were fixed in 4% formaldehyde in PBS, stained,
and mounted in Vectashield antifade mounting medium with DAPI (H-1200, Vector Laboratories, Burlingame, CA, USA). For viral antigen
detection, the cells were stained with an anti-rubella virus antibody conjugated with FITC (Code 36361, GeneTex, Irvine, CA, USA). For
the organelle staining, LysoPrime Green (Dojindo Laboratories, Kumamoto, Japan) was used. Cells were imaged using the confocal fluores-
cence microscope LCM700 (Carl Zeiss, Tokyo, Japan). The images were adjusted for brightness and contrast as visualized on the printed pa-
per and on the screen.

Estimation of the appearance of cells without RV infection

The mammalian cell growth curve was represented by an exponential model,

N (X) = 2%

where N(X) is the number of cells after X times of cell divisions. Considering k as the appearance rate of cells without RV infection, the number
of virus-uninfected cells Ny(X) after X cell divisions were

Ny (X) = (2 — k)*
Considering that the mammalian cell division cycle takes approximately 24 h, the number of culture days equals the number of cell

divisions.

Statistical analysis

Experimental results were analyzed using a two-sided Student's t test. Statistical significance was set at p < 0.05.
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