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SUMMARY

Respiratory and arthropod-borne viral infections are a global threat due to the lack of effective 

antivirals and vaccines. A potential strategy is to target host proteins required for viruses but non-

essential for the host. To identify such proteins, we performed a genome-wide knockout screen in 

human haploid cells and identified the calcium pump SPCA1. SPCA1 is required by viruses from 

the Paramyxo-, Flavi-, and Togaviridae families, including measles, dengue, West Nile, Zika, and 

chikungunya viruses. Calcium transport activity is required for SPCA1 to promote virus spread. 

SPCA1 regulates proteases within the trans-Golgi network that require calcium for their activity 

and are critical for virus glycoprotein maturation. Consistent with these findings, viral 

glycoproteins fail to mature in SPCA1-deficient cells preventing viral spread, which is evident 

even in cells with partial loss of SPCA1. Thus, SPCA1 is an attractive antiviral host target for a 

broad spectrum of established and emerging viral infections.

IN BRIEF

In this issue of Cell Host & Microbe, Hoffmann et al. determine that the calcium pump, SPCA1, is 

required for virus spread. Loss of SPCA1 reduces activity of calcium-dependent proteases in the 

trans-Golgi network and consequently, hinders viral glycoprotein maturation. Thus, SPCA1 is an 

attractive host target for viral infections.
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INTRODUCTION

The human respiratory syncytial virus (RSV) is a major pathogen infecting the upper and 

lower respiratory tract, resulting in significant morbidity and mortality in children as well as 

the immunocompromised and elderly populations. Estimates suggest that each year, RSV 

leads to 3.4 million hospitalizations and at least 66,000 deaths in children under five years of 

age (Falsey et al., 2005; Hall et al., 2009; Nair et al., 2010; Shay et al., 1999). Despite 

ongoing efforts, there are no vaccines against RSV and the only treatments available are 

passive immunoprophylaxis (Shadman and Wald, 2011) and nebulized ribavirin (Smith et 

al., 1991). Clearly, new treatment strategies are needed.

One treatment strategy with therapeutic potential is to target host proteins that RSV requires 

for infection. To do this, however, suitable target proteins must first be identified. In recent 

years, genome-wide knockout (KO) screens in human haploid cells—and most recently, 

CRISPR KO screens in a variety of cells—have been used to identify host factors required 

by several viruses from different families e.g. Arenaviridae, Bunyaviridae, Filoviridae, 

Flaviviridae, Orthomyxoviridae and Parvoviridae (Carette et al., 2009; Carette et al., 2011; 

Jae et al., 2014; Jae et al., 2013; Marceau et al., 2016; Pillay et al., 2016; Riblett et al., 2016; 

Savidis et al., 2016; Zhang et al., 2016). In all cases, genes that are essential for N-linked 

glycosylation were highly enriched in the screens. This is likely because cell-surface sugars 

play an important role in virus attachment prior to receptor engagement. While these 

genome-wide KO screens were highly successful in identifying entry factors and virus 

receptors (Pillay and Carette, 2015), few host factors have been described and characterized 

that interfere with later steps in the viral life cycle such as virus maturation and egress. And 

Hoffmann et al. Page 2

Cell Host Microbe. Author manuscript; available in PMC 2018 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



unlike receptors, which are often virus specific, host genes required for late stages of the 

viral life cycle might affect many viruses of the same family or even viruses from different 

families. With their potential for broad antiviral impact, identifying these host factors may 

be of value.

Here, we describe a genome-wide KO screen performed in human haploid cells to identify 

host factors required for RSV infection. Like similar screens with other viruses, proteins 

involved in N-linked glycosylation were highly enriched. However, we also identified the 

calcium pump, SPCA1, which resides in the trans-Golgi network (TGN). Unlike many of the 

other hits in the screen that are likely to affect virus entry, our mechanistic studies suggest 

that SPCA1 is critical for late stages of the virus lifecycle. Indeed, we show that SPCA1 

influences protease activity in the Golgi and is required for proper viral glycoprotein 

processing and virus maturation. Further, we show that in addition to RSV, a variety of RNA 

viruses require SPCA1 for infection. We also provide evidence that even partial reduction in 

SPCA1 protein levels negatively impacts virus spread. Taken together, these features make 

SPCA1 a promising target for therapeutic intervention against a diverse set of emerging 

viruses.

RESULTS

A genome-wide screen identifies SPCA1 as a host factor required for RSV infection

To identify host factors required for RSV infection as potential therapeutic targets, we 

performed a screen utilizing a library of 1 × 108 human haploid cells (Hap1) that were 

mutagenized with a retroviral gene trap as reported previously (Carette et al., 2009; Carette 

et al., 2011; Jae et al., 2014; Jae et al., 2013; Pillay et al., 2016). Cells that survived RSV 

challenge were harvested and gene trap insertion sites were identified by DNA sequencing 

(Figure 1A and Table S1).

Surviving cells showed significant enrichment for disruptive integrations in numerous genes 

compared to non-infected cells (Blomen et al., 2015). Genes involved in heparan sulfate 

biosynthesis were top hits, as were genes important for vesicle trafficking and protein 

maturation within the endoplasmic reticulum (ER) and Golgi apparatus (Figure 1B). Similar 

genes were recently identified in host factor screens for dengue virus (DENV), West Nile 

virus (WNV), Zika virus (ZIKV) and Rift Valley fever virus (Marceau et al., 2016; Riblett et 

al., 2016; Savidis et al., 2016; Zhang et al., 2016). We also identified SPCA1, a secretory 

pathway calcium (Ca2+) transport ATPase encoded by ATP2C1 (Figure 1B) that facilitates 

Ca2+ and Mn2+ uptake into the trans-Golgi network (TGN) (Behne et al., 2003; Lissandron 

et al., 2010; Micaroni et al., 2010). The TGN is rich in enzymes (e.g. glycosyl- and 

sulfotransferases, and proprotein convertases) that require Ca2+ and/or Mn2+ as cofactors 

(Kaufman et al., 1994; Oda, 1992; Vanoevelen et al., 2007), and since SPCA1 has not 

previously been reported to influence virus infection, we chose to further investigate its role.

SPCA1-deficient cells fail to support spread of RSV and other paramyxoviruses

To confirm the importance of SPCA1 for RSV infection, we took advantage of CRISPR 

genome editing to generate KO Hap1 cell clones (Figures S1A and S1B). Consistent with 
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our screen, SPCA1 was non-essential for cell survival, and loss of SPCA1 did not affect cell 

growth (Figure S1C) (Blomen et al., 2015). We then infected wildtype (WT) and SPCA1 KO 

cells with RSV at a high multiplicity of infection (MOI = 1) to monitor initial infection at 24 

h post infection (hpi) or a low MOI (MOI = 0.1) to monitor virus spread at 72 hpi. There 

was a moderate reduction in frequency of RSV-infected cells at 24 hpi when comparing KO 

cells to WT cells, and in the context of strong positive selection, it may be that this moderate 

effect on virus entry allowed SPCA1 KO cells to survive; however, the most prominent 

phenotype was observed at 72 hpi, when SPCA1 KO cells showed a striking decrease in 

virus spread. This phenotype, observed under low MOI conditions, is likely a reflection of 

the need for passage through the steps of virus assembly and egress. The reduced 

susceptibility to RSV infection and the defect in viral spread was rescued by trans-

complementation of SPCA1 (Figures 2A and 2B). These results suggest that SPCA1 may 

play a role during entry but is primarily involved in the later stages of the virus life cycle. 

We made similar observations for human parainfluenza virus 3 (hPIV-3) and measles virus 

(MeV): hPIV-3 failed to spread in SPCA1 KO cells (Figures 2C and 2D), and MeV 

glycoprotein-mediated cell-cell fusion was significantly reduced (Figure 2E). Since few host 

factors that effect virus spread have been studied to date, we focused on characterizing the 

role of SPCA1 on virus spread.

SPCA1’s ability to transport Ca2+ is critical for viral spread

There are nine protein-coding isoforms of ATP2C1: isoforms 1A–F and 2A–C (Figure S1A). 

We used the predominantly expressed isoforms, 1A–F, to reconstitute SPCA1 KO cells, and 

all but the 1C isoform rescued viral spread (Figures 3A and 3C). It has been shown that 

isoform 1C does not transport Ca2+ and is rapidly degraded, which suggests that SPCA1’s 

ability to transport Ca2+ might be important for viral spread (Dode et al., 2005). To test this, 

we reconstituted the SPCA1 KO cells with a mutated form of isoform 1D that has reduced 

Ca2+ binding ability (Fairclough et al., 2003) and found that it failed to rescue viral spread 

(Figures 3B and 3D). To further confirm this, we treated SPCA1 KO cells with calcimycin, 

an ionophore that promotes Ca2+ flux across membranes, and found that it also rescued 

SPCA1 deficiency. This is illustrated by an increase in MeV glycoprotein-mediated syncytia 

formation upon addition of calcimycin (Figure S2A). These results suggest that SPCA1’s 

ability to pump Ca2+ into the TGN is critical for producing functional viral glycoproteins 

that permit virus spread.

SPCA1 deficiency decreases the abundance of furin

The TGN contains proteases such as furin, which are important for maturation of viral 

glycoproteins and require appropriate pH and Ca2+ concentration for activity (Vanoevelen et 

al., 2007). Reduced Ca2+ in the TGN of SPCA1 KO cells may therefore affect protease 

activity. Indeed, we found that furin protein levels are decreased in SPCA1 KO cells and are 

restored upon SPCA1 trans-complementation, suggesting that furin is destabilized under 

reduced Ca2+ conditions (Figures 4F and 4G). Furthermore, treating WT cells with a 

proprotein convertase inhibitor that inhibits furin, Dec-RVKR-CMK, phenocopied the 

hPIV-3 and MeV spread defect in SPCA1 KO cells (Figures S2B and S2C). Interestingly, 

while the spread of both RSV and hPIV-3 is impaired in SPCA1 KO cells, in Lovo cells, 

which are devoid of furin activity, only the spread of RSV is impaired (Figures S3A–S3D) 
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(Takahashi et al., 1995). This suggests that in addition to furin, hPIV-3 can utilize other 

proprotein convertases, which are also impaired in SPCA1 KO cells.

Like furin, all known proprotein convertases undergo a series of orchestrated autoproteolytic 

cleavage steps (Anderson et al., 2002). For different convertases, these maturation events can 

occur in distinct compartments modulated by pH and Ca2+ concentration (Vanoevelen et al., 

2007). Imbalances in these ion concentrations can affect proprotein stability and activation. 

SPCA1 resides in the TGN and is the sole provider of Ca2+ for this compartment. Therefore 

loss of SPCA1 may impact multiple proprotein convertases in the TGN. Indeed, furin is 

localized to the TGN and furin-dependent viruses fail to spread in SPCA1 KO cells. In 

contrast, lymphocytic choriomeningitis virus (LCMV), which utilizes the early Golgi 

protease SKI-1/S1P (Beyer et al., 2003), is unaffected (Figure S4B). This is consistent with 

our results that show LCMV spread is unimpaired in furin-deficient Lovo cells (Figure S3F).

Viral glycoproteins are improperly cleaved in SPCA1-deficient cells

The decreased furin levels in SPCA1 KO cells suggested that they might produce virus 

particles with uncleaved glycoproteins that are fusion impaired. To test this, we infected WT 

and SPCA1 KO cells with hPIV-3 and RSV, collected the supernatants, and quantified viral 

RNA by qRT-PCR and infectivity of progeny virus by plaque assay. Supernatants from both 

cell types had a similar number of viral RNA copies, but supernatants from SPCA1 KO cells 

were significantly less infectious than those from WT cells (Figures 4A–4D).

Next, we evaluated the glycoprotein conformation of particles released from hPIV-3-infected 

WT and KO cells. HPIV-3 infectivity requires cleavage of the precursor F0 viral 

glycoprotein to mediate virus-cell membrane fusion and syncytia. For most paramyxoviruses 

this cleavage is performed by the cellular TGN protease, furin (Chang and Dutch, 2012). 

Notably, we found that the F proteins in viral particles released from SPCA1 KO cells were 

mostly uncleaved (Figure 4H). The defect in viral spread was fully rescued when we added 

trypsin to cell supernatants during viral infection (Figure 4E). These results support a model 

that when SPCA1 is absent or unable to transport Ca2+ into the TGN, furin is less active and 

glycoprotein processing and viral infectivity are reduced.

Selection of hPIV-3 variant capable of spread in SPCA1 deficient cells

Viruses readily adapt to environmental changes and arising escape mutations help to 

understand which viral proteins are targeted. We passaged RSV and hPIV-3 on SPCA1 KO 

cells to select a virus capable of spread. We were unable to select a resistant RSV variant; 

however, after five passages, two mutations appeared in the hPIV-3 F protein: D104G and 

G398D. The G398D mutation is located within the F protein’s antigenic site A and has been 

shown to confer resistance to neutralizing monoclonal antibodies (Coelingh and Tierney, 

1989). It was identified in clinical isolates in conjunction with changes in the proteolytic 

cleavage site (Coelingh and Winter, 1990). Interestingly, the D104G mutation is located 

within the furin-binding pocket at the P6 position directly adjacent to the consensus furin 

cleavage site (Figure 5A). For other respiratory viruses, it has been shown that mutations in 

the F protein cleavage site can alter recognition by cellular proteases (Bando et al., 1991; 

Collins et al., 1993; Glickman et al., 1988; Tashiro et al., 1988). We therefore hypothesize 
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that the D104G mutation facilitates hPIV-3 spread in SPCA1 deficient cells either by 

increasing the F protein’s susceptibility for furin cleavage or by creating a better substrate 

for a different protease (Remacle et al., 2008). Additional work is required to determine if 

D104G alone is sufficient for viral spread in SPCA1-deficient cells or if G398D also plays a 

role.

The selected virus was able to efficiently spread in SPCA1 Hap1 KO cells, however it 

appeared to be more cytotoxic than the WT virus. Interestingly, when BHK-21 cells were 

infected with both viruses, we observed altered fusion properties with the selected variant 

being hyperfusogenic (Figure 5A). Furthermore, while the hPIV-3 variant spread efficiently 

in SPCA1 KO cells, it was less fit than WT virus in primary human airway epithelial (HAE) 

cell cultures. Together, this indicates there is a high fitness cost for this adaptation (Figures 

5B and 5C).

Partial reduction of SPCA1 decreases viral burden in primary cells

SPCA1’s role in promoting virus spread was not limited to Hap1 cells as we observed 

similar defects in virus spread when SPCA1 was knocked out in A549 and HeLa cells. 

Furthermore, the defect was dose-dependent and apparent even in cells with reduced SPCA1 

expression (Figure S5). Encouraged by these results, we obtained primary fibroblasts from 

patients with Hailey-Hailey disease (HHD) - a haplo-insufficiency disorder that occurs when 

only one allele of ATP2C1 is functional (Hu et al., 2000; Sudbrak et al., 2000). As expected, 

SPCA1 protein levels were lower in fibroblasts from HHD patients compared to those from 

WT controls, and though furin protein levels were similar (Figure S6A), hPIV-3 produced in 

patient-derived fibroblasts was less infectious than virus produced in WT cells. Further, we 

were able to fully restore hPIV-3 infectivity by adding trypsin (Figure 6E).

In order to test whether transient suppression of SPCA1 in WT cells could also impair virus 

spread, we treated Hap1 cells and HAE cell cultures with Morpholino oligomers. 

Morpholinos are synthetic molecules that can modify gene expression by blocking 

translation or splicing, and their efficacy in decreasing protein abundance has been 

demonstrated in vitro and in vivo (Bottcher-Friebertshauser et al., 2011; Krahling et al., 

2009; Moerdyk-Schauwecker et al., 2009; Moulton and Moulton, 2010). The Morpholino 

we designed binds specifically to an intron-exon junction of ATP2C1, interferes with its 

splicing, and therefore reduces its abundance (Figure S6B). We observed that hPIV-3 spread 

and titers were significantly decreased in both culture systems (Figures 6A–6C). This was 

true regardless of whether cultures were treated prior to or after infection and this may be 

important with respect to antiviral therapies (Figures 6A–6C).

SPCA1 deficiency inhibits multiple viruses from different families

In addition to paramyxoviruses, many viruses require furin and other TGN proteases for 

glycoprotein processing and infectivity. We therefore set out to determine whether the loss 

of SPCA1 impacted diverse viral pathogens.

All of the flaviviruses we tested—yellow fever virus (YFV), DENV, WNV, and ZIKV—

required SPCA1 to spread efficiently (Figure 7). Similarly, though they were less affected 

than the flaviviruses, all of the togaviruses we tested—Venezuelan equine encephalitis virus 
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(VEEV), Ross River virus (RRV), and chikungunya virus (CHIKV)—also required SPCA1 

for efficient spread (Figure S7). Interestingly, VEEV and CHIKV spread to a minor extent in 

furin-deficient Lovo cells (Figures S3G and S3H). This is consistent with the finding that 

shows, along with furin, CHIKV uses additional proprotein convertases for glycoprotein 

processing (Ozden et al., 2008). The ability to use additional proprotein convertases may 

explain why CHIKV and other togaviruses are less sensitive to SPCA1 deficiency than 

paramyxo- and flaviviruses.

Not all of the viruses we tested required SPCA1 to spread. Viruses that were unaffected by 

loss of SPCA1 included herpes simplex 1 (HSV-1), vesicular stomatitis (VSV), bunyamwera 

(BUNV), and LCMV (Figure S4). HSV-1’s glycoprotein responsible for fusion possesses 

features of the VSV glycoprotein (Heldwein et al., 2006), which does not require proteolytic 

processing (Roche et al., 2006), and BUNV and LCMV glycoproteins are cleaved by 

SKI-1/S1P (Beyer et al., 2003; Vincent et al., 2003), a protease within the early Golgi.

DISCUSSION

Here we present results from a genome-wide knockout screen where we found that SPCA1, 

a Ca2+ pump in the TGN, is critical for RSV infection. Besides affecting viral entry, SPCA1 

deficiency had a major impact on viral spread. Upon further study we found that like RSV, 

other viruses from the Paramyxoviridae, Flaviviridae and Togaviridae families also failed to 

spread in SPCA1-deficient cells. We then showed that when SPCA1 was absent or unable to 

transport Ca2+ into the TGN, furin protease levels were reduced, viral glycoprotein 

processing was impaired, and newly generated virus particles were less infectious.

It is likely that other proteases in the TGN, besides furin, are also negatively affected by 

SPCA1 deficiency. Indeed, we found that while hPIV-3 spread was completely inhibited in 

SPCA1-deficient cells, it spread to low levels in furin-deficient Lovo cells. In the absence of 

furin, hPIV-3 might utilize other proteases for glycoprotein cleavage, which are also 

impaired in SPCA1-deficient cells.

Whereas furin-dependent viruses were highly impaired in SPCA1-deficient cells, VSV and 

HSV-1, which do not rely on host proteases for glycoprotein processing, were unaffected. 

BUNV and LCMV were also unaffected by SPCA1-deficiency. This is likely because 

BUNV and LCMV glycoproteins are processed by the SKI-1/S1P protease located in the 

early Golgi. In the early Golgi, SERCA1-3, not SPCA1, maintains proper Ca2+ levels We 

next showed that even reduced levels of SPCA1 decreased viral spread. Primary fibroblasts 

from patients with Hailey-Hailey disease, a skin disorder caused by ATP2C1 haplo-

insufficiency, were less susceptible to hPIV-3 infections. Similarly, primary lung cell culture 

systems and Hap1 cells treated with Morpholinos targeting ATP2C1 were also less 

susceptible to hPIV-3.

Along with gaining insight into virus-host biology, a goal of this work was to identify 

potential targets for antiviral therapies. In this regard, SPCA1 has several attractive qualities: 

it affects viruses from multiple families; it has an enzymatic active site that can be targeted 

by small molecule compounds; reduced SPCA1 is tolerated in humans; and even partial loss 
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of SPCA1 activity is sufficient to decrease viral burden. Further, the mechanism of action of 

SPCA1 and its impact on TGN proteases suggests that filoviruses like Ebola virus and 

highly pathogenic avian influenza viruses might also be sensitive to SPCA1 deficiency. For 

acute viral infections like these, decreasing viral spread could significantly improve disease 

outcomes.

Another attractive quality of targeting SPCA1 may be its impact on viral entry. We found 

that SPCA1 deficiency not only impaired viral spread but also reduced susceptibility to RSV 

infection. Besides proteases, other Golgi-residing enzymes such as glycosyl- and 

sulfotransferases may be negatively impacted by the loss of SPCA1. The absence of SPCA1 

may therefore decrease glycosylation or maturation of cell surface proteins thereby affecting 

the ability of viral particles to attach to and engage specific receptors. More work is needed 

to elucidate the role of SPCA1 in shaping the plasma membrane proteome but targeting 

SPCA1 may interfere with two critical steps of the viral life cycle: viral glycoprotein 

maturation required for release of infectious particles, and the optimal constellation of cell 

surface determinants for efficient virus binding and entry.

Aside from viral infections, SPCA1 is likely to be important in a variety of biological 

settings. Since SPCA1 controls furin activity, it may also have roles in other diseases where 

furin is important. Bacterial toxins, for example, require cleavage by cell surface furin (e.g. 

anthrax toxin and Clostridium septicum α-toxin) or endosomal furin (e.g. Pseudomonas 
exotoxin A, shiga toxin, and diphtheria toxins) for their activation and pathogenicity 

(Gordon et al., 1997; Gordon and Leppla, 1994; Molloy et al., 1992). Modulation of SPCA1 

may also benefic patients with other diseases caused or exacerbated by furin, such as tumor 

metastasis (Bassi et al., 2001) and Alzheimer’s disease (Bennett et al., 2000).

In conclusion, our results demonstrate that SPCA1 affects cellular proteases in the TGN and 

likely other Golgi-residing enzymes such as glycosyl- and sulfotransferases as well. More 

work is needed, but understanding how these enzymes influence viral entry, replication and 

pathogenicity is an exciting area for future research.

METHODS AND MATERIALS

Contact for Reagent and Resource Sharing

Further information and requests for resources, reagents, and data should be directed to and 

will be fulfilled by the Lead Contact, Charles M Rice (ricec@rockefeller.edu).

Experimental Model and Subject Details

Cells—A549 (human; sex: male), HeLa (human; sex: female), Vero (African green 

monkey; sex: female), Huh-7.5 (human; sex: male) and Lenti-X 293T (human; sex: female) 

cells were maintained in DMEM (Invitrogen) supplemented with 10% fetal bovine serum 

(FBS). Lovo (human; sex: male) cells were maintained in F12K medium (Invitrogen) 

supplemented with 10% FBS. BHK-21 (Syrian golden hamster; sex: male) cells were grown 

in MEM (Invitrogen) supplemented with 7.5% FBS. Hap1 (human; sex: male) cells were 

maintained in IMDM supplemented with 10% FBS. Primary human dermal fibroblasts (sex: 

male and female) (INSERM) were maintained in DMEM supplemented with 10% FBS and 
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1× penicillin/streptomycin. Informed consent was obtained from human subjects according 

to local regulations. Samples were subsequently transferred for experimental testing under 

respective ethics approvals at INSERM in France and at the Rockefeller University in the 

United States. All protocols involving the use of human tissue were reviewed and exempted 

by The Rockefeller University Institutional Review Board. Primary human normal airway 

tracheobronchial epithelial cells (NHBE) (sex: male and female) provided by Lonza, Inc. 

(Walkersville, MD) were grown on collagen-coated transwell membrane supports at air-

liquid interface for 6 weeks to yield well-differentiated polarized human airway epithelial 

(HAE) cultures. Hap1 cells were used for the haploid screen and together with A549, HeLa, 

Lovo cells, primary fibroblasts, and HAE cultures for hit validation and functional studies. 

Huh-7.5, Vero, and BHK-21 cells were used for virus production and virus titration. All cell 

lines have been tested negative for contamination with mycoplasma and were obtained from 

the ATCC (with exceptions for Huh-7.5, Hap1 and Lenti-X 293T cells). Cells have not been 

further authenticated.

Method Details

Viruses—The generation of viral stocks for the following viruses has been previously 

described: hPIV3-GFP (Zhang et al., 2005) (based on strain JS), RSV-GFP (Biacchesi et al., 

2004) (based on strain A2), MeV-GFP (del Valle et al., 2007) (MVvac2-GFP, based on 

vaccine strain, Edmonston lineage), BUNV-GFP (Shi et al., 2010) (based on rBUN-

del7GFP), YFV-Venus (Jones et al., 2010) (derived from YF17D-5′C25Venus2AUbi), 

WNV-GFP (McGee et al., 2010) (derived from pBELO-WNV-GFP-RZ ic), DENV-GFP 

(Schoggins et al., 2012) (derived from IC30P-A, a full-length infectious clone of strain 

16681), RRV-GFP (Shabman et al., 2007) (derived from the T48 strain of RRV), CHIKV-

GFP (Tsetsarkin et al., 2006) (derived from pCHIKV-LR 5′GFP), VEEV-GFP (Petrakova et 

al., 2005) (derived from pTC83-GFP infectious clone), HSV-1 (generously provided by 

Margaret MacDonald, The Rockefeller University), VSV-GFP (Dalton and Rose, 2001) 

(generously provided by John Rose, Yale). ZIKV (PRVABC59 obtained from the CDC, Ft. 

Collins) was amplified in Hap1 cells and titered by plaque assay on Huh-7.5 cells. 

Experiments with WNV and CHIKV were carried out in biosafety level 3 (BSL3) 

containment in compliance with institutional and federal guidelines.

Plasmids—A full-length ORF clone encoding SPCA1 isoform 1C (Sino Biological Inc.) 

was used to generate isoforms 1A-F. Isoforms 1A, 1B and 1D were made by PCR using the 

Expand High Fidelity PCR System (Roche) with synthesized DNA (G-Blocks, IDT) 

encoding for the relevant C-terminus. Isoform 1E and 1F were made using isoforms 1B and 

1A with an internal primer downstream of the SPCA1 initiation codon. Mutations G309C 

and D742Y were introduced into isoform 1D using the QuikChange Site-Directed 

Mutagenesis Kit (Agilent). All constructs were cloned into pDONR221, sequenced and 

transferred into the pLX304 lentiviral backbone via the Gateway cloning system 

(Invitrogen). The pLX304 plasmid was then used to for lentivirus production. Small guide 

RNAs (sgRNA) for CRISPR editing targeting ATP2C1 (sgRNA #1: 5′-

GCATACACTTGCCCGAGACT-3′ and sgRNA #2: 5′-

TCAAACAAGCGTAAGTCAGC-3′) were designed using http://crispr.mit.edu. They were 
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cloned into pX330 for subsequent transfection or into lentiCRISPRv2 for subsequent 

lentivirus production as described previously (Cong et al., 2013; Sanjana et al., 2014).

Lentivirus production and transduction—Lentiviral stocks were generated in Lenti-X 

293T (Clontech) cells by co-transfection of plasmids expressing (1) the ORF or sgRNA of 

interest (2), HIV gag-pol, and (3) the vesicular stomatitis virus glycoprotein (VSV-G) in a 

ratio of 0.55:0.35:0.1. For blasticidin-selectable lentiviral vectors, we used the pLX304 

lentiviral backbone in which the V5 tag was removed, and for puromycin-selectable 

lentiviral vectors, we used the lentiCRISPRv2 lentiviral backbone (gift from Feng Zheng). 

For each transfection, 6 μl Lipofectamine 2000 (Invitrogen) was combined with 2.0 μg total 

DNA in 250 μl Opti-MEM (Gibco). Transfections were carried out for 6 h followed by a 

media change to DMEM with 3% FBS. Supernatants were collected at 48 h, cleared by 

centrifugation at 2,850 RCF, filtered using 0.45 micron syringe filters and stored at −80°C. 

For lenZviral transduction, Hap1, A549, and HeLa cells were seeded into 6-well plates at a 

density of 2 × 105 cells/well and transduced with lentiviral pseudoparticles by spinoculation 

at 930 RCF for 60 min at 37°C in medium containing 3% FBS, 20 mM HEPES, and 4 μg/ml 

polybrene. Cells were selected starting at 24 h post transduction with either 2.5 μg/ml 

blasticidin or 1 μg/ml puromycin.

Haploid genetic screen—Gene trap virus was produced as previously described in 293T 

cells by transfection of gene trap plasmid combined with pAdvantage, CMV-VSVG and 

Gag-pol (Jae et al., 2013). The virus was harvested twice daily for 3 days and concentrated 

using ultracentrifugation for 2 h at 22,000 RPM in a Beckman SW28 rotor. 1×108 Hap1 

cells were infected for 3 consecutive days in the presence of protamine sulfate (8 μg/ml) and 

passaged for 5 days prior to freezing. For the screen, a library of 1×108 mutagenized cells 

was exposed to RSV-GFP at a MOI ~1. The resistant colonies were expanded for 11 days 

and ~1×107 cells were used for genomic DNA isolation.

Sequence analysis of gene trap insertion sites—Insertion sites in RSV-selected 

cells were identified by sequencing the genomic DNA flanking the gene trap insertion site as 

previously described (Blomen et al., 2015). Genomic DNA was isolated from ~1×107 cells 

and subjected to a linear amplification PCR using a biotinylated primer followed by single-

stranded DNA linker ligation, PCR and subsequent sequencing using the HiSeq 2000 

platform (Illumina). The acquired reads were mapped to the human genome (hg19) using 

bowtie allowing for a single mismatch, and insertion sites located in Refseq genes were 

identified. For each Refseq gene, the longest transcript was chosen and overlapping gene 

regions in opposite orientations were disregarded, since orientation bias cannot be 

unambiguously assigned in these areas. The number of disruptive mutations (i.e. in sense 

with transcriptional orientation) and non-disruptive (i.e. in antisense with transcriptional 

orientation) mutations per individual gene was counted and genes significantly enriched for 

disruptive mutations following RSV exposure were determined using a binomial test and 

corrected for multiple testing using a Benjamini-Hochberg false discovery rate (FDR). The 

significantly enriched genes in the RSV dataset were compared to a reference dataset of 

wildtype Hap1 cells (NCBI SRA accession no: SRP058962 dataset SRX1045464) that was 
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analyzed similarly. Genes that were already significantly enriched in the wildtype dataset 

were subtracted from the identified RSV host factor genes.

Identification of CRISPR-induced INDELs—Hap1 cells were cultured for 4 days 

following transfection with pX330 introducing CRISPR editing of ATP2C1. A549 and HeLa 

cells were transduced with lentiCRISPRv2 lentiviruses to introduce CRISPR editing of 

ATP2C1 and selected for 3 days with puromycin (1 μg/ml). Cells were subsequently seeded 

into 96-well plates at a density of 0.7 cells/well in order to generate single cell clones. Only 

wells harboring a single clone were tested further for their expression of SPCA1 by western 

blot as described below. The genomic DNA of Hap1 cell clones was extracted using a 

DNeasy Blood and Tissue Kit (Qiagen), following the manufacturer’s instructions. The 

genomic DNA (20 ng) was subjected to PCR amplification using the Expand High Fidelity 

PCR System (Roche) and a pair of primers that flank the region containing the CRISPR 

editing site (forward primer 5′-GGGGATAGAGTTCCTGCTGA-3′, reverse primer 5′-

ACATTATTTAGCAACTGCAC-3′). The resulting PCR products were resolved on a 1% 

agarose gel and purified using a Qiaquick Gel Extraction Kit (Qiagen), followed by Sanger 

sequencing.

Virus replication assays—To test virus infection and virus spread, cells were seeded 

into 24-well plates at various densities based on their growth rate and size (Lovo − 4×104 

cells/well; Hap1 − 3.5×104 cells/well; A549, HeLa and primary fibroblasts − 2.5×104 cells/

well). Cells were washed with Opti-MEM prior to infection. Viruses were diluted in Opti-

MEM at indicated MOIs and cells were inoculated for 2 h at 37°C. Following incubation, 

viral inoculum was removed and cultures were washed 3 times with Opti-MEM. In order to 

remove any residual virus particles from the initial inoculum, cultures were washed 

additional 3 times at 4 hpi and incubated at 37°C for the duration of the experiment. 

Supernatant with progeny virus (RSV and hPIV-3) was harvested at 24 hpi to determine viral 

titers by measuring genome copies with standard qRT-PCR. Briefly, viral RNA was isolated 

from supernatants using a QiaAmp Viral RNA Mini Kit (Qiagen), followed by cDNA 

synthesis using SuperScript III First-Strand Synthesis system (Invitrogen). The cDNA 

products were amplified by qPCR using 2× SYBR Green PCR Master Mix (Applied 

Biosystems) and primes specific to RSV-GFP (forward: 5′-

GTGGTGCCCATCCTGGTCG-3′, reverse: 5′-GGGTAGCGGCTGAAGCACTG-3′) and 

hPIV-3-GFP (forward: 5′-CTGGATTGCAGGAGATCATGTCG-3′, reverse: 5′-

GTGAATGTACGGTTGCCGTATTGG-3′). To determine the infectious titers of harvested 

supernatants, plaque assays were performed on Vero cells (RSV) or TCID50 assays on 

BHK-21 cells (hPIV-3-GFP). Cells infected with GFP-tagged viruses and ZIKV were 

harvested at various time points to assess initial infection and viral spread. Cells were 

harvested into 300 μl Accumax cell dissociation medium (eBioscience) and transferred to a 

96-well block containing 300 μl 4% paraformaldehyde fixation solution. Cells were pelleted 

at 930 RCF for 5 min at 4°C and resuspended in cold PBS containing 3% FBS, and stored at 

4°C until FACS analysis. Cells infected with ZIKV were subsequently stained using a 

monoclonal antibody anti-flavivirus group antigen 4G2 (Millipore) at 1:500 as a primary 

antibody and AlexaFluor647 at 1:1000 as secondary antibody. Samples were analyzed using 

the LSRII flow cytometer (BD Biosciences) equipped with a 488 nm and 561 nm laser for 
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detection of GFP, YFP (venus) and TagRFP. Data were analyzed using FlowJo software 

(Treestar) with a 0.1% compensation matrix. Cells infected with HSV-1 and BUNV were 

harvested at 72 hpi to determine cell viability using CellTiterGlo (Promega) according to the 

manufacturer’s instructions. Luminescence was measured using a plate reader (FLUOstar 

Omega - BMG labtech). For infections performed with MeV-GFP, we chose a dose, which 

resulted in 5–10% infected cells (MOI ~0.1) at 20 hpi before syncytia formation started in 

wildtype cells.

HAE cultures were rinsed with PBS prior to infection to transiently remove apical secretions 

and supplied with fresh basolateral medium prior to inoculation. We used 3×103 PFU of 

hPIV-3-GFP per culture which was estimated to be a MOI of 0.1. Virus was diluted in PBS 

and the inoculum was applied to the apical surface of HAE for 2 h at 37°C. Following 

incubation, viral inocula were removed, cultures were washed 3 times with PBS and 

incubated at 37°C for the duration of the experiment. Progeny virus was harvested at 

indicated times by performing apical washes with 100 μl of PBS for 30 min at 37°C. Washes 

were collected and stored at −80°C prior to analysis. Viral titers in the apical washes were 

determined by TCID50 assay on BHK-21 cells.

Antibodies, inhibitors, recombinant proteins—The calcium ionophore calcimycin 

(A23817) and the furin inhibitor Dec-RVKR-CMK were obtained from Cayman Chemicals. 

Cells were seeded into 24-well plates for viral infections as described earlier. Compounds 

A23187 and Dec-RVKR-CMK display cytotoxicity during extended treatments. To 

minimize adverse effects due to compound treatment, we infected cells with fast replicating 

viruses such as hPIV-3, and with MeV in order to focus on syncytia formation. After 

removing and washing off the inoculum, Dec-RVKR-CMK was added at a concentration of 

20 μM. The Ca2+ ionophore A23187 was added later during the infection at 12 hpi, at a 

concentration of 200 nM. Both compounds were present throughout the remainder of the 

infections. TPCK-trypsin (Sigma) was used to mimic proteolytic cleavage in hPIV-3 

infections performed in SPCA1 KO cells and in primary human fibroblasts. Cells were 

seeded into 24-well plates for viral infections as described earlier. After removing and 

washing off the inoculum, IMDM containing low serum concentrations (0.1% FBS) was 

added, supplemented with 1 μg/ml TPCK-trypsin, and kept for the remainder of the 

infection. For SPCA1 Western Blots we used a monoclonal antibody 2G1 (Abnova) and for 

furin, the monoclonal antibody MON-152 (Enzo). Western Blots probing for the F protein of 

hPIV-3 were performed with a monoclonal antibody 176635-7 (generously provided by 

Anne Moscona, Columbia University). To determine hPIV-3 F protein cleavage, cells were 

seeded into 6-well plates (5×105 cells/well) and infected the following day with hPIV-3 

(MOI=2) for 2 h at 37°C. The virus inoculum was removed and cells were washed 3 times 

with PBS before adding back medium. In order to remove any residual virus particles from 

the initial inoculum, cells were washed again 3 times with PBS at 4 hpi before adding back 

medium. The supernatant was harvested at 24 hpi and virus particles were concentrated by 

spinning for 2 h at 21,100 RCF at 4°C. The virus pellet was lysed in LDS sample buffer 

(NuPAGE) containing 5% β-mercaptoethanol, heated for 15 min at 70°C and stored at 

−80°C. To interfere with transcription of ATP2C1, vivo-Morpholinos were ordered (Gene 

Tools, LLC) and diluted in distilled water according to the manufacture. The vivo-
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Morpholino targeting ATP2C1 (5′-TTCACGCACACTGTAACACGAAATA-3′) binds to 

the intron-exon-junction of exon 7 and the vivo-Morpholino standard control (5′-

CCTCTTACCTCAGTTACAATTTATA-3′) targets a human beta-globin intron mutation that 

causes beta-thalassemia. It has been broadly used as the appropriate negative control for 

custom vivo-Morpholino oligos. Morpholinos were added to apical site of HAE cultures at 

different concentrations in a volume of 20 μl (48 h prior to infections or 24 h post 

infections). The treatment was replenished every 24 h for the duration of the experiment. 

HAE cultures were harvested at the time of infection (48 h of treatment), to probe for protein 

levels of SPCA1 by western blot. In comparison, Hap1 cells were seeded into 24-well plates 

and received a similar treatment. The culture medium was supplemented with Morpholinos 

(48 h and 24 h prior to infections, at the time of infection or 24 h post infections) and 

replenished every 24 h for the duration of the experiment. Cells were then harvested at the 

time of infection (48 h of treatment) for western blot to probe for SPCA1.

Quantification and Statistical Analysis

Statistical analysis was performed in Prism (GraphPad Software, v6.0d, 2013). The 

statistical tests used and the number of biological replicates is indicated in each figure 

legend. Unless otherwise stated two conditions were compared using two-tailed Student’s t 
tests. Statistical significance was defined as a p value of 0.05.

Data and Software Availability

All data are available upon request to the lead contact author.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• SPCA1 is identified as a host factor required for RSV infection

• Lack of SPCA1 impairs viral spread by inhibiting glycoprotein maturation

• SPCA1 deficiency reduces the infectivity of viruses requiring the furin 

protease

• Decreased levels of SPCA1 in primary airway epithelial cells lowers viral 

burden
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Figure 1. Fishtail plot of hits identified in a RSV screen
(A) Outline of a genetic haploid screen. (B) Fishtail plots of the unselected control set and 

the RSV selected set. Significant hits that were identified in the RSV screen are labeled by 

name and shown in both unselected and RSV selected sets to highlight enrichment. Distinct 

gene-trap insertions were mapped and counted taking into account their orientation relative 

to the affected genes. Per gene, the percentage of sense orientation gene-trap insertions (y 

axis) and the total number of insertions in a particular gene (x axis) are plotted. Hits are 

colored to indicate their involvement in different pathways: blue = heparan sulfate 

biosynthesis; green = vesicular trafficking; red = Golgi calcium transporters; and yellow = 

miscellaneous. See also Table S1.
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Figure 2. Impaired spread of paramyxoviruses in SPCA1 KO cells
Hap1 cells, CRISPR-generated WT and KO clones of SPCA1 (indicated as 1-1 derived by 

sgRNA#1, and 2-1, 2-2 and 2-3 derived by sgRNA#2) and SPCA1-reconstituted clones 

infected with (A) RSV-GFP at a MOI of 1 and (C) hPIV-3-GFP at a MOI of 4 harvested at 

24 hpi. Hap1 cells, CRISPR-generated Hap1 clones and SPCA1-reconstituted clones 

infected with (B) RSV-GFP at a MOI of 0.1 and (D) hPIV-3-GFP at a MOI of 0.01 harvested 

at 72hpi and 48hpi, respectively. (A-D) Harvested cells were analyzed by flow cytometry 

and plotted as a percentage of GFP positive cells. Data represent the mean and SD of 3 
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independent experiments. Cells are colored differently to indicate: parental WT = black; 

CRISPR WT clones = dark blue and green; and CRISPR KO clones = light blue and green. 

(E) Hap1 cells and CRISPR-generated Hap1 clones infected with MeV-GFP at a MOI of 0.1 

and fixed for microscopy at 36 hpi (10× magnification). See also Figures S1, S4 and S5.
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Figure 3. Hap1 cells reconstituted with different SPCA1 isoforms and point mutations
CRISPR-generated WT and KO clones of SPCA1 were reconstituted with (A and C) SPCA1 

isoforms 1A-F and (B and D) isoform 1D bearing Hailey-Hailey disease-derived point 

mutations (G309C and D742Y) important in Ca2+-ion binding. Hap1 cells, un-reconstituted 

and reconstituted clones were infected with (A and B) RSV at a MOI of 0.1 and (C and D) 

hPIV-3-GFP at a MOI of 0.01. Cells, harvested (A and B) at 72 hpi and (C and D) at 48 hpi, 

were analyzed by flow cytometry and plotted as a percentage of GFP positive cells. See also 

Figures S1 and S2.
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Figure 4. Paramyxoviruses produced in SPCA1 KO cells are less infectious
(A and B) Hap1 cells infected with RSV-GFP at a MOI of 1 and (C and D) with hPIV-3-GFP 

at a MOI of 4. The supernatants were harvested at 24 hpi and viral genome copies 

determined by (A and C) qPCR and infectious particles by (B) plaque assay and (D) 

TCID50. (E) Hap1 cells were infected with hPIV-3-GFP at a MOI of 0.01. Cells were 

cultured in low serum conditions (0.1% FBS) and supplemented as indicated with TPCK-

trypsin (1 μg/ml). (A-D) Data represent the mean and SD of 3 independent experiments. 

Cells are colored differently to indicate: parental WT = black; CRISPR WT clones = dark 

blue and brown; and CRISPR KO clones = light blue and yellow. (F and G) Western blot 

analysis of Hap1 cells, CRISPR-generated Hap1 clones and SPCA1-reconstituted clones for 

(F) SPCA1 and (G) furin. (H) Infection of Hap1 cells, CRISPR-generated Hap1 clones and 

SPCA1-reconstituted clones with hPIV-3-GFP at a MOI of 2. Viral particles released into 

supernatants were harvested at 24 hpi and probed by western blot for the viral fusion protein 

F in its uncleaved F0 and cleaved F1 conformation.
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Figure 5. A passaged hPIV-3 isolate in SPCA1 KO cells and primary HAE cultures
(A) The passaged hPIV-3-GFP isolate (P5) bears a mutation (D104G indicated in red) within 

the furin cleavage site of the fusion protein F. The sequence in italics represents the minimal 

furin consensus sequence with the arrow indicating the cleavage site. The microscopy 

pictures display infections of BHK-21 cells with both WT and P5 virus at a MOI of 1 at 24 

hpi, indicating altered fusion properties. (B) Hap1 cells and SPCA1 KO clones were infected 

with both WT and passaged hPIV-3-GFP viruses at a MOI of 0.0001, harvested at 72 hpi, 

analyzed by flow cytometry and plotted as a percentage of GFP positive cells. (C) Primary 

human airway epithelial (HAE) cultures were infected with both WT and passaged hPIV-3-

GFP viruses at a MOI of 0.1. Cultures were washed daily with PBS to harvest the released 

virus, which was subsequently titered by TCID50 assay. Data represent the mean and SD of 

3 independent experiments. Statistical analysis was performed with a 2-tailed Student t-test 

and significance is stated with * p≤0.05. See also Figure S3.

Hoffmann et al. Page 24

Cell Host Microbe. Author manuscript; available in PMC 2018 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Decreased levels of SPCA1 impair viral spread and production of infectious particles
(A) Hap1 cells and (B and C) primary human airway epithelial (HAE) cultures were treated 

with a control Morpholino or a Morpholino targeting ATP2C1 at a concentration of (A) 5 

μM and (B and C) 20 μM. The experiments are outlined schematically above graphs 

indicating treatment start relative to infection - (A) pre-treatment and post-treatment; (B) 

pre-treatment; and (C) post-treatment. Infections were performed with hPIV-3-GFP viruses 

at a MOI of (A) 0.01 and (B and C) 0.1. (A) Cells were harvested at 48 hpi, analyzed by 

flow cytometry and plotted as a percentage of GFP positive cells. Data represent the mean 
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and SD of 3 independent experiments. (B and C) The cultures were washed daily with PBS 

to harvest the released virus, which was subsequently titered by TCID50 assay. Data 

represent the mean and SD of 3 independent experiments. (D and E) Primary fibroblasts 

derived from healthy control individuals (C1, C2, C3, C4) and HHD patients (H1, H2, H3, 

H4) were infected with hPIV-3-GFP at a MOI of 4 in the presence or absence of TPCK-

trypsin. Cells and supernatants were harvested at 24 hpi. (D) Cells were analyzed by flow 

cytometry and the average of control fibroblasts (WT) and HHD fibroblasts (HHD) plotted 

as a percentage of GFP positive cells. (E) Supernatants were titered by TCID50 assay and 

the average of control fibroblasts (WT) and HHD fibroblasts (HHD) plotted as indicated. 

Data represent the mean and SD of 3 independent experiments of 4 biological replicates. 

Statistical analysis was performed with a 2-tailed Student t-test and significance is stated 

with: * p≤0.05, ** p≤0.005 and *** p≤0.0005. See also Figure S6.
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Figure 7. Impaired spread of flaviviruses in SPCA1 KO cells
Hap1 cells, CRISPR-generated Hap1 clones and SPCA1-reconstituted clones infected with 

(A) YFV-venus at a MOI of 0.01, (B) DENV-GFP at a MOI of 0.1, (C) WNV-GFP at a MOI 

of 10 and (D) ZIKV at a MOI of 0.25. Cells were harvested at (A and D) 48 hpi and (B and 

C) 72 hpi, and analyzed by flow cytometry and plotted as a percentage of GFP positive cells. 

Data represent the mean and SD of 3 independent experiments. Cells are colored differently 

to indicate: parental WT = black; CRISPR WT clones = dark blue and green; and CRISPR 

KO clones = light blue and green. See also Figures S3, S4 and S7.
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