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SUMMARY

The invasion of Chlamydia trachomatis, an obligate intracellular bacterium, into epithelial cells is

driven by a complex interplay of host and bacterial factors. To comprehensively define the host

genes required for pathogen invasion, we undertook a fluorescence-activated cell sorting (FACS)-

based CRISPR screen in human cells. A genome-wide loss-of-function library was infected with fluo-

rescent C. trachomatis and then sorted to enrich for invasion-deficient mutants. The screen identi-

fied heparan sulfate, a known pathogen receptor, as well as coatomer complex I (COPI). We found

that COPI, through a previously unappreciated role, promotes heparan sulfate cell surface presen-

tation, thereby facilitating C. trachomatis attachment. The heparan sulfate defect does not fully ac-

count for the resistance of COPI mutants. COPI also promotes the activity of the pathogen’s type III

secretion system. Together, our findings establish the requirement for COPI in C. trachomatis inva-

sion and the utility of FACS-based CRISPR screening for the elucidation of host factors required for

pathogen invasion.
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INTRODUCTION

Chlamydia trachomatis, a major cause of ocular and genital tract infection in humans, is a gram-negative

obligate intracellular bacterium. C. trachomatis serovars are distinguished by their tissue-specific tropism

and associated pathology. Infection of the ocular conjunctival epithelium with C. trachomatis serovars

A–C can lead to trachoma and thus blindness (Hu et al., 2010). Sexually transmitted infection (STI) of

the genitourinary epithelium, caused by C. trachomatis serovars D–K, is associated with pelvic inflamma-

tory disease, ectopic pregnancy, and infertility (Haggerty et al., 2010). C. trachomatis serovars L1–3 cause

lymphogranuloma venereum, another STI, which is characterized by chronic lymphadenopathy in

lymphatic tissues surrounding the genital area. Because C. trachomatis is the leading cause of infectious

blindness as well as bacterial STI worldwide (Centers for Disease Control and Prevention Chlamydia,

2016; Mariotti et al., 2009; World Health Organization, 2011), understanding the molecular mechanisms

of C. trachomatis pathogenesis has important implications for the development of therapeutics. In

particular, identification of host factors necessary for C. trachomatis infection may provide a new avenue

for therapeutic intervention.

The developmental cycle of C. trachomatis is biphasic, with the pathogen alternating between the extra-

cellular elementary body (EB) and the intracellular reticulate body (RB) forms. The EB is the infectious form.

The invasion of C. trachomatis into epithelial cells is driven by a complex interplay between host and bac-

terial factors that enable pathogen attachment and internalization. Invasion is initiated by EB attachment to

and penetration into host cells as a membrane-bound structure. Attachment of EBs to host cells is medi-

ated by engagement with host cell surface sulfated proteoglycans, particularly heparan sulfate (Su et al.,

1996; Elwell et al., 2008; Rosmarin et al., 2012), although C. trachomatis serovar E attachment is not depen-

dent on heparan sulfate (Taraktchoglou et al., 2001). Subsequently, EB uptake into a vesicular compartment

is likely initiated through interactions with growth factor receptors (Elwell et al., 2008; Kim et al., 2011) and

effector-mediated changes to the host actin cytoskeleton (Carabeo et al., 2002). Within 6–12 hr of invasion,

EBs begin to differentiate into RBs and undergo binary fission, leading to the formation of a large parasi-

tophorous vacuole known as the inclusion (Brunham and Rey-Ladino, 2005; Elwell et al., 2016). The nascent

chlamydial vesicle does not acquire typical endocytotic vesicular markers, but instead fuses with a subset of

sphingomyelin-containing exocytic vesicles (Scidmore et al., 2003).
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Essential to the developmental cycle of C. trachomatis is a type III secretion system (T3SS), a multicompo-

nent bacterial apparatus for the injection of proteinaceous ‘‘effectors’’ into the host cytoplasm (Portaliou

et al., 2016). T3SS injection not only begins from EBs, which harbor a pre-synthesized pool of effectors

(Saka et al., 2011), but also actively continue from RBs across the inclusion membrane (Mueller et al.,

2014). Continued T3SS injection by RBs allows C. trachomatis to manipulate host pathways that are critical

for its intracellular survival and expansion of the inclusion. Several key host regulators of vesicular mem-

brane dynamics, such as Rab GTPases, are co-opted in this process and accumulate at the inclusion periph-

ery (Damiani et al., 2014; Moore et al., 2011). Identification of bacterial- and host-derived molecules inter-

acting at the inclusionmembrane has been furthered by proteomic (Aeberhard et al., 2015; Mirrashidi et al.,

2015) and chemical genetic (Kokes et al., 2015) approaches, deepening our understanding of the

C. trachomatis host-pathogen interface.

Although there has been recent progress in creating genetic tools for C. trachomatis (Johnson and Fisher,

2013; Kannan et al., 2013; Mueller et al., 2016; Wang et al., 2011), its obligate intracellular lifestyle has made

genetic manipulation difficult. Consequently, several studies have focused on identifying host factors

contributing to the C. trachomatis invasion process (Derré et al., 2007; Elwell et al., 2008, 2016). Toward

this end, genome-wide, loss-of-function screens in human cells provide a robust forward genetics

approach for unbiased identification of host genetic loci required for bacterial pathogenesis. Elwell

et al. (2008), utilizing Chlamydia muridarum and an RNA interference (RNAi) screen in Drosophila mela-

nogaster S2 cells, identified genes involved in heparan sulfate biosynthesis, as well as the role of the

platelet-derived growth factor receptor pathway. Another RNAi-based screen revealed the contribution

of the MEK-ERK pathway to C. trachomatis replication (Gurumurthy et al., 2010). Rosmarin et al. (2012) con-

ducted a haploid-cell-based screen for null mutants resistant to C. trachomatis cytotoxicity, which enriched

for mutants deficient in heparan sulfate. Finally, in an RNAi screen in Drosophila cells for Chlamydia caviae

infection, Derré et al. (2007) revealed a novel role for the mitochondrial Tom complex in C. caviae replica-

tion and also identified candidates genes in the COPI vesicular trafficking pathway, although the latter’s

role was not investigated further.

COPI is a heptameric protein complex composed of a, b, b0, d, 3, g1/g2, and z1/z2 subunits (Waters et al.,

1991); together they form a cage-like lattice structure that is characteristic of all membrane-associated coat

systems, including clathrin and COPII (Hughson, 2010). Membrane association of COPI is regulated by ADP

ribosylation factors such as Arf1, which must be activated into their GTP-bound state by the nucleotide ex-

change factor GBF1 (Béthune et al., 2006; Kawamoto et al., 2002; Nickel et al., 2002). The best characterized

function of COPI-coated vesicles is in the retrograde transport of cargo from the Golgi apparatus to the

endoplasmic reticulum (ER) (Cosson and Letourneur, 1994; Letourneur et al., 1994), although additional

roles of COPI in anterograde ER-to-Golgi traffic (Gaynor and Emr, 1997; Pepperkok et al., 1993), endosome

function (Whitney et al., 1995), and lipid droplet regulation (Wilfling et al., 2014) have been reported.

The advent of CRISPR/Cas9 editing technology has enabled a new approach for carrying out genome-wide

loss-of-function screens (Hartenian and Doench, 2015; Shalem et al., 2014; Wang et al., 2014). Here, to iden-

tify host factors primarily required for efficient C. trachomatis invasion, we conducted an fluorescence-acti-

vated cell sorting (FACS)-based screen, employing fluorescent C. trachomatis serovar L2. Following infec-

tion of a CRISPR/Cas9 loss-of-function pool, host cells with minimal fluorescence were sorted as a means to

enrich for invasion-deficient mutants. Besides identifyingmost of the genes required for biogenesis of hep-

aran sulfate, the screen also yielded several genes encoding subunits of the COPI vesicular trafficking com-

plex. In subsequent validation studies, we found that COPI facilitates C. trachomatis attachment to host

cells. In particular, we discovered that COPI plays a previously unappreciated role in promoting surface

presentation of heparan sulfate. Furthermore, we found that independent of C. trachomatis attachment,

COPI is also required for efficient T3SS effector translocation. In addition to revealing the importance of

COPI in facilitating both C. trachomatis attachment and type III system secretion, our findings illustrate

the potency of FACS-based CRISPR screens for the identification of host factors that facilitate pathogen

invasion.
RESULTS

A FACS-Based CRISPR Screen for Host Factors that Facilitate C. trachomatis Entry

A high-throughput FACS-based screen was developed to identify host proteins required forC. trachomatis

invasion (i.e., attachment and entry) into human cells (Figure 1A). Initially, HT29 intestinal epithelial cells, in
72 iScience 11, 71–84, January 25, 2019



Figure 1. Identification of Host Factors Facilitating C. trachomatis Entry

(A) Schematic of FACS-based screening strategy. The Avana CRISPR library of HT29 cells (Blondel et al., 2016) was

infected with mCherry-expressing C. trachomatis L2. After 21 hr, a FACS-based positive selection for non-invaded cells

was performed. MAGeCK (Li et al., 2014) was used to calculate the statistical significance of enriched guide sgRNAs.

(B) FACS plots showing profiles of wild-type (top) or SLC35B2 mutant (bottom) HT29 cells infected with fluorescent

bacteria, compared with uninfected control (gray curve). Cells were designated mCherry+ if they exhibited fluorescence

intensity greater than that measured in the 99th percentile of the uninfected control cells (dotted line). The percentage of

mCherry+ cells is shown in red. Cells with different fluorescence intensities were sorted (i–iv) and their intracellular

fluorescence was assessed using confocal microscopy (representative cells are shown). Scale bar, 5 mm.

(C) Heatmap plot showing p values of top genes (listed in rows) identified in the four screen replicates (across columns). As

a negative control, SRY (a Y chromosome-encoded gene) is shown; HT29 cells are derived from a female (Kawai et al.,

2002). Genes are color coded according to the categorization in Figure 1D.

(D) Hits clustered according to corresponding biological process. The radii of the circles vary with the number of genes in

the category. Genes implicated in heparan sulfate biosynthesis were identified based on known functions of biosynthetic

enzymes (see Figure S1) or in a previous haploid cell screen (TMEM165 and COG2; Jae et al., 2013).
which we had previously created a genome-wide CRISPR loss-of-function library (Blondel et al., 2016), were

infected with C. trachomatis L2 constitutively expressing mCherry. The infection time and multiplicity of

infection (MOI) were optimized to limit cytotoxicity while maintaining a high proportion of fluorescent cells.
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Host cell fluorescence was associated with bacterial internalization and inclusion formation, which was

discernible by flow cytometry and fluorescence microscopy (Figure 1B). With an MOI of 50, at 21 hr post

infection (hpi), greater than 90% of cells exhibited mCherry fluorescence (mCherry+, based on a gate drawn

at the 99th percentile of fluorescence in uninfected control cells; Figure 1B, top panel). Analysis of sorted

cells by microscopy confirmed that the fluorescence of most cells was indeed attributable to internalized,

not attached, bacteria, and that the leftmost peak was composed of cells lacking detectable intracellular

bacteria (Figure 1B i–iv). Infection of a sulfation-deficient SLC35B2-null cell line (Blondel et al., 2016), which

was expected to have reduced Chlamydia attachment (Rosmarin et al., 2012), resulted in a greater propor-

tion of cells in the leftmost peak (Figure 1B, bottom panel), consistent with the idea that the cells in this

peak correspond to uninvaded cells. Thus infection with fluorescent bacteria coupled with FACS allowed

for enrichment of mutagenized cells that were not permissive for C. trachomatis entry.

We infected an Avana CRISPR loss-of-function pool of HT29 Cas9 cells (Blondel et al., 2016; Doench et al.,

2016) with mCherry-expressing C. trachomatis using the optimized invasion protocol. The screen was per-

formed in quadruplicate; two pools mutagenized with the same single guide RNA (sgRNA) library (biolog-

ical replicates, A and B) were each screened twice (technical replicates). Infected cells were harvested at

21 hpi, and mCherry� cells were collected. At this time point, it is expected that bacteria will have invaded

the host cells and that mCherry� cells will be enriched for candidate genes that modulate attachment and/

or entry, although steps downstream of invasion, i.e., EB-to-RB conversion and early RB replication, will also

have begun. The positive selection was consistently strong across the replicates, with between 3% and 6%

of the pool of HT29 cells being selected (Figure S1A). For comparative analyses, the library was also directly

harvested without infection. Deep sequencing of the sgRNAs in the sorted cells as well as in the uninfected

cells enabled identification of sgRNAs that were strongly enriched in the sorted population. Analysis of

sgRNA abundances in the input and output HT29 pools demonstrated a strong enrichment of a subset

of sgRNAs, whereas a majority of the sgRNAs became depleted (Figure S1B). We used the MAGeCK algo-

rithm (Li et al., 2014) to evaluate the statistical significance of the enriched guides at the gene level.

MAGeCK takes into account themagnitude of enrichment of the four sgRNAs per gene and compares their

performance against a null distribution of control guides present in the library. A list of genes, ranked by p

value, from each of the four screen replicates was compiled (Table S1). Finally, to integrate the data across

these replicates, we further selected the genes whose p value met a stringent threshold (p < 0.001) in at

least two of the four replicates. Seventeen genes met this criterion and constituted the list of concordant

candidate genes, or ‘‘hits’’ (Figure 1C).

Strikingly, six of the hits corresponded to genes encoding nearly all the required glycosyltransferases within

the heparan sulfate biosynthetic pathway (EXT2, EXTL3, XYLT2, B3GALT6, B3GAT3, and EXT1) (Figure S1).

B4GALT7, which encodes another glycosyltransferase important for heparan sulfate biosynthesis was en-

riched, but did not reach the stringent cutoff. As heparan sulfate is a well-characterized cell surface recep-

tor for C. trachomatis serovar L2 attachment (Rosmarin et al., 2012; Yabushita et al., 2002), our screen’s

comprehensive enrichment for mutants associated with the pathway for heparan sulfate biosynthesis pro-

vided confidence in the screen’s capacity to identify biologically relevant candidate genes. Although

SLC35B2, the Golgi transporter of the sulfate donor PAPS, is required for the biosynthesis of several

sulfated glycosaminoglycans (GAGs), the absence of hits in glycosyltransferases involved in polymerizing

GAGs other than heparan sulfate (e.g., chondroitin sulfate or dermatan sulfate) suggested that SLC35B2

likely contributes to infection via its role in heparan sulfate biosynthesis. In support of this idea, previous

studies have shown that C. trachomatis binding can be blocked by addition of heparan sulfate, but not

by addition of chondroitin sulfate (Su et al., 1996). Interestingly, our screen also yielded two candidate

genes, TMEM165 andCOG2, which were identified in a previous screen for genes implicated in cell surface

heparan sulfate presentation in haploid cells (Jae et al., 2013). Because the products of these genes are not

thought to act as glycosyltransferases, we hypothesize that these proteins may indirectly influence the cell

surface presentation of heparan sulfate. For example, COG-deficient cells have a severe glycosylation

defect due to mislocalization of several glycosyltransferases (Pokrovskaya et al., 2011). Altogether, 9 of

17 of our top candidate genes have been implicated in heparan sulfate biosynthesis or presentation

(Figure 1D), emphasizing the key role of this particular sulfated GAG in C. trachomatis binding. However,

despite heparan sulfate genes being identified as the strongest host candidate factors in our screen, the

decrease in invasion of the sgSLC35B2 mutant (which is deficient in heparan sulfate biogenesis) was only

�20% (Figure 1B), suggesting that there may be no single genetic knockout that confers absolute resis-

tance against C. trachomatis invasion.
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Three genes with roles in actin dynamics, ARPC4, ARPC4-TTLL3, and RAC1, were also hits in the screen.

C. trachomatis internalization depends on polymerization of actin at sites of entry (Carabeo et al., 2002),

and the participation of actin-modulating factors such as Arp2/3 (Hybiske and Stephens, 2007) and Rac1

(Carabeo et al., 2004) is essential. Thus hits in ARPC4 (encoding a subunit of the Arp2/3 complex) and

RAC1 are consistent with these previous observations. We additionally identified ARPC4-TTLL3, which en-

codes a fusion protein resulting from readthrough transcription of ARPC4 with TTLL3, a tubulin glycine

ligase. We cannot rule out that the latter gene may independently facilitate C. trachomatis infection,

because microtubule dynamics has been implicated in the pathogen’s internalization and perinuclear

migration (Clausen et al., 1997). Additional candidate genes were in SLC39A9, a Golgi-resident zinc trans-

porter (Matsuura et al., 2009), and UNC50, a factor that has been implicated in the early endosome-to-

Golgi trafficking of Shiga toxin (Selyunin et al., 2017); the contributions of these factors to infection were

not further explored in this study.

The remaining three top candidate genes—COPA, COPG1, and TMED10—are all associated with the coat-

omer complex I (COPI), which has not been previously implicated in C. trachomatis infection, and hence

became the focus of our investigation. COPA and COPG1, which encode indispensable subunits of the

COPI coat, and TMED10, which encodes a subunit of p24 trafficking protein (a type I transmembrane pro-

tein thought to recruit COPI through its cytoplasmic tail), were among the highest scoring candidate genes

in the screen (Figures 1C and 1D). Two additional COPI subunits—COPB2 and COPE—did not reach our

cutoff threshold, but were, nonetheless, significant hits in individual replicates (Table S1). In contrast to

COPI, genes encoding components of the two other analogous coat systems, COPII and clathrin, which

regulate vesicular traffic in the anterograde ER-to-Golgi and plasma-membrane-to-endosome directions,

respectively, were not significant candidate genes (Figure S1B). Thus the screen results suggest that

C. trachomatis invasion specifically depends on COPI-dependent vesicular trafficking and not vesicular

trafficking in general.

To confirm that the COPI complex plays a role in enablingC. trachomatis invasion, HT29 Cas9-derived cells

in which each of the eight COPI complex structural components were targeted with appropriate sgRNAs

were created. In addition, HT29 Cas9 cells with sgRNAs targeting nucleotide exchange factor (GBF1) and

GTPase-activating proteins (ARFGAPs) that regulate Arf-triggered COPI coat assembly were generated. In

infection conditions that recapitulated those of the screen, most of these cell lines exhibited modest yet

consistent reductions in the percent of cells infected relative to wild-type (WT) HT29 or cells mutated

with a control sgRNA and/or in the mean fluorescence intensity in infected cells (Figure 2). However, immu-

noblotting did not reveal obvious reductions in the amounts of the targeted proteins. Our inability to

generate cells fully deficient in COPI components likely reflects the fact that COPI function is thought to

be critical for cell viability/proliferation; it was deemed to be essential for growth in several cell lines in a

CRISPR screen to identify human essential genes (Wang et al., 2015). COPI-targeting guides may have

been enriched in the screen because CRISPRmutagenesis yielded hypomorphic COPI alleles that compen-

sated for reduced cell viability through protection from C. trachomatis invasion.
COPI Promotes Cell Surface Heparan Sulfate Presentation and C. trachomatis Attachment

To begin to address how COPI facilitates C. trachomatis invasion, we used small interfering RNA (siRNA)-

mediated gene silencing to transiently knockdown (KD) COPA in HeLa cells, thereby circumventing our

inability to generate stable COPI knockout cells. This approach yielded marked reduction in a-COP (en-

coded by COPA) at 48 hr post transfection (Figure 3A). Initially, we tested whether COPA KD had an impact

on bacterial burden assayed at an early time post infection. There was a marked reduction in bacterial

burden quantified with qPCR compared with control cells transfected with a non-targeting siRNA (siCTRL)

at 6 hpi (Figure 3B). As this time point represents an early stage of infection, we hypothesized that COPI KD

compromised either bacterial attachment to the host cell surface and/or an early step in internalization into

host cells. Control andCOPA KDHeLa cells were infected withC. trachomatis at a high MOI for 30 min, and

unbound bacteria were washed off to test whether C. trachomatis attachment to COPA KD cells was

impaired. Counting of attached bacteria, by staining of unpermeabilized cells with a fluorescently labeled

anti-EB antibody, revealed a marked reduction in C. trachomatis attachment to the COPA KD cells

(Figures 3C and 3D), suggesting that COPI facilitates C. trachomatis binding to host cells.

To corroborate and extend these observations, we took advantage of a previously characterized Chinese

hamster ovary (CHO) cell line, ldlF, which bears a temperature-sensitive COPE allele (Guo et al., 1994,
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Figure 2. Validation of COPI Candidate Genes Using Mutant Cell Lines

HT29 Cas9 cells lines expressing sgRNAs targeting the indicated COPI-associated genes (blue bars) were infected with

fluorescent C. trachomatis and harvested 21 hpi for flow cytometry. Cells that exhibited fluorescence greater than that

observed in the 99th percentile of uninfected control cells were scored as invaded. The difference in invasion relative to

infection of wild-type HT29 Cas9 (calculated as follows: (%WT invasion�%mutant invasion)/%WT invasion) is presented.

GMFI is the geometric mean of the fluorescence intensity of the total (ungated) population of cells. The sgCTRL cell

has an sgRNA targeting an intergenic region. Error bars indicate SEM (n = 4). The p values (****p < 0.001, ***p < 0.005,

**p < 0.01, *p < 0.1) are based on a Student’s t test (two-tailed).
1996). Depletion of COPEwas achieved by a temperature shift from 34�C (permissive) to 40�C (non-permis-

sive) for 12 hr (Cureton et al., 2012), which rendered 3-COP protein undetectable (Figure 4A). There was a

similar burden of C. trachomatis 6 hpi in ldlF or WT CHO cells maintained at 34�C (Figure 4B). In contrast,

there was a significantly lower burden of C. trachomatis in ldlF cells grown at 40�C compared with WT cells

(Figure 4B). The temperature shift to 40�C did not alter the bacterial burden found in WT cells, suggesting

that elevated temperature per se was not deleterious for C. trachomatis infection, at least in the time frame

used for the experiment. In addition, visualization of adherent bacteria 30 min post infection revealed that

pathogen attachment to ldlF cells andWT cells was similar at 34�C, but at 40�C, with depletion ofCOPE, far

fewer bacteria were bound to ldlF than to WT cells (Figures 4C and 4D). The congruent observations ob-

tained with the temperature-sensitive COPE in ldlF cells and the siRNA-mediated COPA KD in HeLa cells

support the idea that at least one mechanism by which COPI promotes C. trachomatis infection is by

enabling pathogen attachment.

As the presence of heparan sulfate on cell surface proteoglycans is critical forC. trachomatis L2 to attach to

host cells (Rosmarin et al., 2012), we tested whether COPI depletion decreased the abundance of cell sur-

face heparan sulfate. Flow cytometric analyses of COPA KD HeLa cells stained with an antibody to heparan

sulfate revealed reduced surface-localized heparan sulfate compared with control cells (siCTRL, Figure 5A).

Also, there was reduced surface heparan sulfate in ldlF compared withWT CHO cells grown at 40�C but not

at 34�C (Figure 5B). In contrast, heparan sulfate was undetectable in siEXT2 HeLa cells and pgsD-677 CHO

cells, which have mutated EXT1/2 and thus cannot polymerize heparan sulfate (Lidholt et al., 1992). Collec-

tively, these observations suggest that COPI vesicular trafficking in mammalian cells is required for optimal

cell surface presentation of heparan sulfate. Therefore, the reduced capacity of C. trachomatis to bind to

COPI-depleted cells (Figures 3C, 3D, 4C, and 4D) is likely a consequence of their lack of surface heparan

sulfate.

We tested whether COPI-deficient cells may be impeded in heparan sulfate biosynthesis due to downre-

gulation or mislocalization of heparan sulfate biosynthetic enzymes. In HeLa cells, immunofluorescence of

EXT1 and EXT2 revealed a predominantly ER localization, as evidenced by the colocalizing calnexin signal

(Figure S2). In COPA-depleted cells, neither EXT1 nor EXT2 appeared to be significantly altered in signal

intensity or subcellular localization. We hypothesize that COPI may regulate heparan sulfate biosynthesis at
76 iScience 11, 71–84, January 25, 2019
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Figure 3. Reduction in C. trachomatis Attachment and Entry into HeLa Cells with Diminished COPI

(A) Western blot of COPA protein in lysates of HeLa 48 hr post transfection with nontargeting (siCTRL) or targeting

(siCOPA) siRNA. Beta-tubulin is a loading control.

(B) Quantitation of C. trachomatis burden (measured by qPCR) 6 hpi (MOI 10) in COPA knockdown cells relative to in cells

targeted with siCTRL. Two different COPA siRNAs were used. Each group represents four replicates. Error bars indicate

SEM. The p values (***p < 0.005) are based on a Student’s t test (two-tailed).

(C) Immunofluorescence-microscopy-based detection of C. trachomatis attachment to siRNA-treated cells.

C. trachomatis bound to non-permeabilized HeLa cells was detected with an antibody against EBs; cell boundaries are

shown with dotted white lines, and nuclei are shown with solid white lines. Scale bar, 10 mm.

(D) Attachment assay. The number of bacteria bound to each cell in (C) was counted manually across four different

microscopy fields; 25 cells were counted per group. The p values (****p < 0.001) are based on a Student’s t test (two-

tailed).
later steps, or may regulate the trafficking of heparan-sulfatedGAGs through theGolgi cisternae and trans-

location to the cell surface.

As distinct vesicular trafficking pathways are governed by COPI and COPII, we tested whether COPII was

required for heparan sulfate biosynthesis and/or C. trachomatis infection. HeLa cells were depleted of

Sec13, an indispensable outer coat subunit of COPII (reviewed in Tang et al., 2005) via siRNA (Figure S3A).

Analysis by flow cytometry demonstrated no defects in heparan sulfate cell surface expression, unlike

COPI- or EXT2-depleted cells (Figure S3B versus Figure 5). In addition, infection with C. trachomatis L2,

and qPCR quantitation of bacterial burdens at 6 hpi, revealed no significant differences (Figure S3C).

Therefore COPI retrograde Golgi-to-ER, but not COPII anterograde ER-to-Golgi, trafficking appears

necessary for efficient heparan sulfate biosynthesis and early infection.

COPI Promotes C. trachomatis Invasion at Steps beyond Attachment, Including T3SS

Function

To begin to address whether COPI function is important for steps in C. trachomatis infection beyond hep-

aran sulfate-mediated attachment, we used C. trachomatis serovar E, taking advantage of the fact that se-

rovar E, unlike L2, attaches to host cells in a heparan sulfate-independent manner (Taraktchoglou et al.,

2001). WT, ldlF, and pgsD-677 CHO cells were incubated at 40�C, infected with either serovar E or L2,

and then assessed for bacterial burden via qPCR at 6 hpi. As expected, ldlF and pgsD-677 cells had signif-

icantly reduced burdens of serovar L2 relative to WT cells (Figure 6A). In contrast, pgsD-677 and WT cells

had a similar burden of serovar E at 6 hpi, confirming that serovar E invasion is independent of heparan

sulfate. However, ldlF cells exhibited a significantly reduced bacterial burden relative to both pgsD-677
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Figure 4. Reduction in C. trachomatis Attachment and Entry in CHO Cells Depleted in COPI

(A) Western blot of COPE protein ( 3-COP) in lysates of WT and ldlF CHO cells incubated at 40�C for 12 hr.

(B) Quantitation ofC. trachomatis burden (measured by qPCR) at 6 hpi. CHO cells were incubated at 34�C or 40�C for 12 hr

before infection at MOI 10. Percentages are in reference to the WT burden measured at 34�C. There were four replicates

per group. Error bars indicate SEM. The p values (***p < 0.005; n.s., not significant, p > 0.1) are based on a Student’s t test

(two-tailed).

(C) Immunofluorescence-microscopy-based detection of C. trachomatis attachment to COPI-undepleted or COPI-

depleted CHO cells at 30 min post infection. WT or ldlF cells were incubated at 34�C or 40�C for 12 hr before infection.

C. trachomatis bound to CHO cells was detected with an antibody against EBs. Cell boundaries are shown with dotted

white lines, and nuclei are shown with solid white lines. Scale bar, 10 mm.

(D) Attachment assay. The number of bacteria bound to each cell in (C) was counted manually across four different

microscopy fields; 25 cells were counted per group. Error bars indicate SEM. The p values (****p < 0.001; n.s., not

significant, p > 0.1) are based on a Student’s t test (two-tailed).
and WT CHO cells following infection with serovar E C. trachomatis, although this reduction was less

marked than seen following serovar L2 infection (Figure 6A). These results suggest that reduction in surface

heparan sulfate only partially accounts for the resistance of COPI-deficient cells toC. trachomatis infection,

and thus that COPI may also contribute to steps beyond pathogen attachment, such as pathogen T3

secretion.

To investigate steps beyond C. trachomatis attachment, we used golgicide A treatment to rapidly

inactivate COPI function while sparing heparan sulfate presentation. Golgicide A specifically inhibits

GBF1, leading to rapid dissociation of COPI from cell membranes in treated cells (Sáenz et al., 2009),

but, unlike brefeldin A, it does not inhibit the brefeldin A-inhibited guanine nucleotide exchange factors

(BIG1/2), which participate in clathrin coat assembly (Pacheco-Rodriguez et al., 2002). Importantly,

although the drug leads to rapid inactivation of COPI (e.g., the predominantly Golgi signal observed in

a cell line expressing 3-COP-GFP became undetectable within 2 min of golgicide application; Figure S4A),

cell surface heparan sulfate levels remained near WT levels after 4 hr of drug incubation (Figure S4B),

providing a time window in which the effects of COPI inactivation on bacterial processes other than adhe-

sion could be studied in the absence of an attachment defect (Figure S4C).

Binding of C. trachomatis EBs to the host cell surface is followed by activation of the pathogen T3SS, which

translocates a pre-synthesized pool of effectors that are required for entry and early inclusion formation.

One of the best characterized C. trachomatis effectors is TarP, which is secreted within minutes of host

cell contact (Clifton et al., 2004). TarP possesses intrinsic actin-bundling activity through an F-actin nucle-

ation domain (Jewett et al., 2006), and this activity is critical for EB invasion (Parrett et al., 2016). We used a
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Figure 5. Depletion of COPI Reduces Cell Surface Heparan Sulfate

(A) Flow cytometric detection of surface heparan sulfate in HeLa cells treated with a control siRNA (siCTRL) or siRNAs

targeting COPA or EXT2. Unstained cells were only incubated with secondary antibody. The GMFI (geometric mean

fluorescence intensity) values for each of the conditions are shown. At least 10,000 cells were analyzed per plot. Data are

representative of five independent experiments.

(B) Flow cytometric detection of surface heparan sulfate in wt, ldlF, and pgsD-677 CHO cell lines incubated at the

permissive (34�C) or non-permissive (40�C) temperatures. Unstained cells were only incubated with secondary antibody.

The GMFI (geometric mean fluorescence intensity) values for each of the conditions are shown. At least 10,000 cells were

analyzed per plot. Data are representative of five independent experiments.
C. trachomatis serovar L2 strain (Mueller and Fields, 2015) containing a TarP-beta-lactamase fusion (TarP-

BlaM) to monitor TarP translocation during the first 2.5 hr of infection in golgicide A-treated versus control

cells. Beta-lactamase activity was monitored by cleavage of a fluorescence resonance energy transfer

substrate loaded into live cells, which were subsequently analyzed by flow cytometry. In this protocol,

golgicide A treatment did not alter the bacterial burdens of infected cells (Figure S4D). Flow cytometry

analyses revealed robust beta-lactamase activity in control cells infected with the strain expressing

TarP-BlaM, but not in control cells left uninfected or infected with WT C. trachomatis (not bearing a

TarP-BlaM fusion; Figure 6B). Finally, pretreatment of cells with golgicide A before infection with TarP-

BlaM-expressing bacteria resulted in a dose-dependent reduction in beta-lactamase activity (Figure 6B).

Collectively, these findings suggest that intact COPI function is necessary for efficient C. trachomatis

T3SS translocation of effectors, independent of bacterial attachment. As TarP and other early injected

effectors exist as pre-synthesized pools within the EB, we speculate that secretionmay be impeded at steps

such as T3SS translocon (pore) formation and/or needle stabilization, although future work is required to

investigate these possibilities. The reduced T3SS translocation of TarP, and potentially other T3SS effectors

that contribute to early stages of infection, could account for the reduced infection of COPI-deficient cells

by serovar E (heparan sulfate-independent) C. trachomatis (Figure 6A).
DISCUSSION

Here we undertook an unbiased FACS-based CRISPR screen of the human protein coding genome to identify

key host molecules that promote C. trachomatis invasion. More than half of the top candidate genes in the

screen encode factors required for heparan sulfate synthesis and surface presentation. As this GAG has previ-

ously been shown to be an important receptor for the pathogen, these hits validate our approach. Our screen

also yielded components of the coatomer COPI, a central regulator of vesicular traffic, whose roles in

C. trachomatis invasion into host cells have not been examined. Although Derré et al. (2007) identified

COPI components in an RNAi microscopy-based screen for C. caviae replication in Drosophila S2 cells, they

did not further explore the mechanistic basis of this hit. Here, we discovered a link between the COPI coatomer

and the biogenesis of heparan sulfate, which likely contributes to COPI’s critical role in C. trachomatis

attachment. Furthermore, our data suggest that COPI promotes C. trachomatis invasion at steps beyond hep-

aran sulfate-dependent attachment and show that golgicide A-mediated acute inactivation of COPI inhibits

T3SS injection. Thus our study suggests multiple roles for COPI during C. trachomatis invasion into host cells.

COPI function has not previously been linked to biogenesis and/or cell surface presentation of heparan sul-

fate. COPI genes were not identified as candidate genes in a gene-trap-based screen of haploid leukemia

cells that relied on FACS isolation of heparan sulfate-deficient mutants (Jae et al., 2013). Although this
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Figure 6. COPI Deficiency Reduces C. trachomatis Translocation of a T3SS Effector

(A) Comparison of C. trachomatis serovar E and serovar L2 infection of WT, ldlF, or pgsD-677 (pgsD) CHO cells. CHO cells

were incubated at 40�C for 12 hr, then infected with serovar L2 or E at MOI 10, and the bacterial burden was assessed by

qPCR at 6 hpi. Burdens are expressed relative to that of WT CHO cells infected with serovar L2 (set to 100%). Error bars

indicate SEM (n = 4). The p values (***p < 0.005, **p < 0.01, *p < 0.1) are based on a Student’s t test (two-tailed).

(B) Influence of golgicide A treatment on TarP translocation. HeLa cells were infected with a TarP-BlaM fusion or WT strain

of C. trachomatis serovar L2. At 2 hpi, cells were treated with 1 mM CCF2-AM and 2.5 mM probenecid to load the beta-

lactamase substrate, and then harvested, fixed, and analyzed by flow cytometry. Beta-lactamase activity (in arbitrary units)

is reported as the GMFI change observed in the 535-nm emission channel (monitoring cleaved CCF2-AM), normalized to

uninfected control (arbitrarily set to zero). At least 100,000 cells were analyzed. The error bars indicate SEM (n = 3). The p

values shown are based on a Student’s t test (two-tailed).
screen yielded several known heparan sulfate biosynthesis enzymes, it is likely that COPI loci were not iden-

tified because inactivation of the single copies of these genes in the haploid cells would have rendered the

mutants nonviable. The hypertriploidy of the HT29 cells used in our screen (Kawai et al., 2002), together with

the propensity of non-homologous end joining to result in diverse variants at the CRISPR cut site (Donovan

et al., 2017), may have allowed enrichment of rare hypomorphic COPI alleles in our screen.

COPI deficiency may attenuate synthesis and/or surface presentation of heparan sulfate by several mecha-

nisms. Previous work has demonstrated profound alterations to Golgi morphology upon COPI disruption in

temperature-shifted ldlFCHOcells (Llorente et al., 2003). Thedispersal of theGolgi found inCOPI-depleted

cells resembles that in cells depleted of COG proteins, which regulate intra-Golgi vesicular traffic (Pokrov-

skaya et al., 2011). Furthermore, in COG-deficient cells, there is mislocalization of several N-glycosylation

enzymes that normally reside in the Golgi, which was proposed to explain the decrease in cell surface

N-linked glycoconjugates and sialylated glycans in these cells. Diminished Golgi integrity in COPI-deficient

cells may lead to a similar mislocalization and concomitant reduction in the activity of the O-glycosylation

enzymes required in the biogenesis of heparan-sulfated GAGs. However, we found that EXT1 and EXT2,

the copolymerases involved in the initiation of heparan sulfate biosynthesis, were not mislocalized by

COPI KD in HeLa cells. We cannot rule out that enzymes downstream of EXT1/EXT2 are altered by COPI

disruption, but none of the glycosyltransferases implicated in heparan sulfate biosynthesis contain the

C-terminal KKXX or KXKXXmotifs that are canonically selected by theCOPI coatomer for retrograde sorting

from the Golgi (Jackson et al., 2012), making it unlikely that COPI directly regulates heparan sulfate biosyn-

thetic machinery. Rather, indirect effects of the disruption of Golgi, Golgi-to-ER transit, or otherwise un-

known vesicular dynamics are more likely to account for the defect in heparan sulfate translocation to the

cell surface upon COPI abrogation. Regardless of the mechanism(s) by which COPI influences heparan

sulfate accumulation, our discovery that COPI depletion impedes cell surface heparan sulfate presentation

implies that themyriadpathogens (bacterial, viral, andparasitic; reviewed inBartlett andPark, 2011) that rely

on heparan sulfate for cell attachment also rely on COPI for infection.

Although genes contributing to heparan sulfate biogenesis constituted the best hits in our screen, heparan

sulfate-null mutants are not completely resistant to C. trachomatis infection (e.g., pgsD-677 cells in Figure 6A;
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HS-null clones in Rosmarin et al. (2012)), suggesting that C. trachomatis can use heparan sulfate-independent

routes of entry. Several proteins have been proposed to serve as C. trachomatis receptors, including cystic

fibrosis transmembrane conductance regulator (CFTR) (Chukwuemeka Ajonuma et al., 2010), mannose-binding

protein (Swansonet al., 1998), fibroblast growth factor receptor (Kimetal., 2011), andproteindisulfide isomerase

(PDI) (Abromaitis and Stephens, 2009). However, our top candidate genes did not include potential cell surface

receptors other than heparan sulfate. As heparan sulfate is a ubiquitous proteoglycan modification found on a

variety of proteins, our findings do not support the idea that there is a discreteC. trachomatis receptor protein.

It is possible that such host factors exist, but they did not score as candidate genes in our screen owing to func-

tional redundancy or essentiality.

Our findings revealed that COPI also promotes steps in C. trachomatis entry into host cells that are

downstream of attachment to host cells. Treatment of host cells with golgicide A, which acutely disrupts

COPI while leaving surface heparan sulfate intact, led to a reduction in TarP translocation. Studies of

T3SS function in other pathogens have yielded results that may help to explain the defective T3SS function

in COPI-deficient cells. In Yersinia pseudotuberculosis, Sheahan and Isberg (2015) observed a reduction in

translocon-mediated pore formation in COPI-depleted HeLa cells, suggesting that COPI promotes trans-

locon insertion into and/or stability within the host cell membrane. Furthermore, like C. trachomatis,

S. typhimurium invasion and effector translocation were found to depend on intact COPI (Misselwitz

et al., 2011). This defect was attributed at least in part to the mislocalization of cholesterol and sphingoli-

pids in COPI-depleted cells (Misselwitz et al., 2011). As several studies have linked membrane lipid compo-

sition to T3SS translocon insertion and/or effector translocation (van der Goot et al., 2004; Hayward et al.,

2005; Jamison and Hackstadt, 2008), we hypothesize that alterations in membrane lipid composition in

COPI-depleted cells may underlie the defective T3SS function in C. trachomatis as well as in Y. pseudotu-

berculosis. Regardless of the mechanism(s) by which COPI contributes to C. trachomatis T3SS function, it is

remarkable that screens employing three diverse pathogens all revealed that COPI is implicated in T3SS

activity, highlighting the conservation of host factors required for at least some T3SS.

Factors downstream of effector translocation may also contribute to diminished C. trachomatis invasion of

COPI-depleted cells. In support of this possibility, a comprehensive proteomic screen to define effector

targets revealed that CT223, a putative T3SS effector, interacted with COPG (Mirrashidi et al., 2015), sug-

gesting that C. trachomatis may directly manipulate COPI. Additional studies are required to define how

COPI promotes effector translocation and the significance of the CT223-COPG interaction.

Besides the invasive bacterial pathogensC. trachomatis and S. typhimurium, several human viruses also depend

on host COPI for their entry and/or proliferation. These viruses include influenza (König et al., 2010), vesicular

stomatitis virus (VSV) (Cureton et al., 2012), and Semliki Forest virus (Vonderheit and Helenius, 2005). In the

case of VSV, COPI depletion is also thought to affect several steps in the viral life cycle, including attachment,

endosomal trafficking, and intracellular replication (Cureton et al., 2012). The common reliance of

C. trachomatis, S. typhimurium, and many epidemiologically important viruses on COPI for infection suggests

that development of therapeutics that inactivate COPI could have broad application. However, developing an

agent that would avoid the cellular toxicity of COPI inactivation would be challenging.

The pleiotropic effects of COPI on cell physiologymake dissection of COPI’s contributions to discrete steps

in pathogen infection complex. Acute but transient perturbations are necessary for investigation of essen-

tial gene products such as COPI. In this regard, we benefited from the availability of ldl CHO cells and gol-

gicide A for our studies; however, application of new protein perturbation strategies such as auxin-induc-

ible degradation (Natsume et al., 2016) and mislocalization (Robinson et al., 2010) will facilitate future

investigations of the roles of essential genes in pathogen infection. Also, our findings illustrate the utility

of FACS-based CRISPR screens for revealing molecular mechanisms of pathogen invasion into host cells.

Similar screens should be applicable to many other invasivemicrobes. Finally, our findings show once again

the utility of using intracellular pathogens as probes to elucidate host cell biology.
Limitations of the Study

There are twoprincipal limitations of this study. First, the aimof our studywas to identify host factors required for

C. trachomatis L2 invasion (entry and internalization), but our screenmay have also yielded host factors required

for C. trachomatis proliferation after the invasion process. We designed our screen to take advantage of the

power of FACS to identify and sort uninvaded (non-fluorescent) cells. FACS was carried out 21 hr post
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C. trachomatis infection of the host cell library. This time point was chosen because by 21 hr it was possible to

detect a sufficiently robust fluorescent signal from invaded cells for cell sorting. However, by this time, the path-

ogen is expected to have attached to the surface, internalized, and begun the early steps of EB-to-RB conver-

sion. Thus, besides identifying factors important for attachment and entry, the screen could have yielded host

factors that function ‘‘downstream’’ of cell entry, such as those that enable RB replication and inclusion survival.

Second, Cas9-based CRISPR knockout screens cannot efficiently interrogate loci encoding essential proteins

because it is not possible to generate null mutations in such genes. Additional essential gene products (besides

components of COPI) maybe be required for C. trachomatis invasion, and such loci would have been missed in

our screen. The use of CRISPRi, which relies on guide RNA-targeted dCas9-mediated inhibition of transcription,

rather than gene interruption, should be a potent way to identify essential host factors required for

C. trachomatis invasion in future studies.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Transparent Methods, four figures, and one table and can be found

with this article online at https://doi.org/10.1016/j.isci.2018.12.011.
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Supplemental Figure S1. Related to Figure 1. 
(A) Flow cytometry sorting of mCherry-infected HT29 CRISPR pools. Avana A and Avana B 
refer to the biological replicate pools. Replicate 1 and 2 refer to technical replicates of each pool. 
Cells were gated according to the fluorescence intensity set at the 99th percentile of an uninfected 
control curve, and percentages are shown in red.  
(B) Violin plot representation of sgRNA abundances in the HT29 CRISPR pools before and after 
FACS selection. Inputs refer to the starting pool; i.e. uninfected Avana A and B libraries. 
Outputs are shown as A1, A2, B1 and B2.  
(C) Scheme of heparan sulfate biosynthesis pathway and the participating enzymes. The 
principal candidate genes in the screen are shown in text boxes, color-coded according to 
whether they scored as hits in >2 replicates (red) or not (white). The different sugar groups that 
are transferred to the heparan sulfate core by the various enzymes are indicated by shapes (see 
legend).   
(D) Heatmaps showing p-values of COPII and clathrin genes across the four screening replicates.  
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Supplemental Figure S2. Localization of heparan sulfate biosynthetic enzymes EXT1 and 
EXT2 are unchanged in COPI depleted cells. Related to Figure 5. 
(A) Immunofluorescence of EXT1 (green) and calnexin (CANX, red) in control and COPA-
depleted HeLa cells. Merge with DAPI (staining nucleus, cyan) is shown on the right.  
(B) Immunofluorescence of EXT2 (green) and calnexin (CANX, red) in control and COPA-
depleted HeLa cells. Merge with DAPI (staining nucleus, cyan) is shown on the right. Scale bar 
= 10 microns. 
  



 
Supplemental Figure S3. Sec13 depletion does not inhibit C. trachomatis infection or host cell 
heparan sulfate presentation. Related to Figure 5. 
(A) Western blot of Sec13 in control and Sec13-knockdown HeLa cells. Beta-tubulin was used 
as a loading control. 
(B) Flow cytometry analysis of heparan sulfate in Sec13-knockdown HeLa cells. 20 indicates 
staining with secondary antibody only. The GMFI is shown in the top right corner of each panel. 
(C) qPCR quantitation of bacterial burden at 6 hpi (after infection with MOI 10) in control and 
Sec13-knockdown cells. Each group represents four replicates. Error bars indicate SEM. The p-
value (n.s. = not significant) is based on a Student t-test (two-tailed). 
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Supplemental Figure S4. Golgicide A treatment rapidly dissociates the COPI coat while sparing 
heparan sulfate presentation and bacterial attachment. Related to Figure 6. 
(A) Live cell microscopy of ε-COP-GFP expressing HeLa cells treated with golgicide A (10uM 
for 120s). Scale bar = 10 microns. 
(B) Flow cytometry staining of heparan sulfate in golgicide A treated cells. Cells were treated 
with golgicide A (10uM) for the indicated time-points and then stained for surface heparan 
sulfate with anti-HS antibody. At least 104 cells were analyzed.  
(C) Effect of golgicide A treatment on bacterial attachment. Cells were treated with golgicide A 
for 1 h prior to incubation with C. trachomatis (MOI 200) and then analyzed for bound bacteria 
under microscopy. Twenty cells were counted across four microscopy fields per sample. The p-
values (n.s. [not significant] p>0.1) are based on a Student t-test (two-tailed). 
(D) Golgicide A treatment does not affect bacterial burden prior to flow cytometric analysis for 
the beta-lactamase FRET assay. Cells were treated with golgicide A at the indicated 
concentrations prior to flow cytometry for the FRET-based T3SS assay, then infected with TarP-
Bla encoding C. trachomatis L2 (MOI 10), before being analysed by qPCR for quantitation of 
bacterial 16S (normalized to host GAPDH). Error bars indicate SEM (n=4). The p-value (n.s. = 
not significant) is based on a Student t-test (two-tailed). 
 
Supplemental Table 1 (separate file), related to Figure 1. MAGeCK scoring of genes across the 
four screening replicates, ranked by p value. sgRNAs refers to the number of sgRNAs targeting 
that gene comprised in the Avana library(Blondel et al., 2016); score refers to the MAGeCK 
positive selection score; FDR refers to false discovery rate; log2 FC refers to the log2-
transformed fold-change average of the sgRNA abundance relative to the control (uninfected) 
condition. 
 



Transparent Methods 
 
Mammalian tissue culture  

HT29 cells constitutively expressing human codon-optimized S. pyogenes Cas9 (HT29 
Cas9) were cultured in McCoy’s 5a Medium (Thermo Fisher, Waltham, MA) containing 10% 
fetal bovine serum (FBS) at 37°C and 5% CO2. The construction of the Avana CRISPR library in 
HT29 Cas9 cells has been described previously (Blondel et al., 2016; Hartenian and Doench, 
2015). 293T and HeLa cells were cultured in high glucose DMEM (Thermo Fisher) + 10% FBS. 
Chinese hamster ovary (CHO) cells and the ldlF derivative (gift of Monty Krieger, MIT) were 
cultured in Ham’s F-12 nutrient media (Thermo Fisher) + 10% FBS and maintained at 34°C and 
5% CO2. Cell lines were checked for mycoplasma contamination with PCR (Universal 
Mycoplasma Detection Kit, ATCC) every 2 weeks and were found to be negative. 
 
Growth and isolation of bacteria 

C. trachomatis serovar L2 (434/Bu, ATCC), C. trachomatis p2TK2-SW2 IncDProm-
mCherry-IncDTerm (Agaisse and Derré, 2013) and C. trachomatis TarP-Bla (gift of Kenneth 
Fields (Mueller and Fields, 2015)) were propagated within McCoy cell monolayers grown in 
Eagle’s MEM (Invitrogen) supplemented with 10% FBS, 1.5 g/L sodium bicarbonate, 0.1 M 
nonessential amino acids, and 1 mM sodium pyruvate. C. trachomatis serovar E (VR-348B, 
ATCC) was propagated within McCoy cell monolayers grown in RPMI 1640 (Invitrogen) 
supplemented with 10% FBS, 0.1 M nonessential amino acids, 1 mM sodium pyruvate and 2 
mM L-glutamine. Infected monolayers were dissociated from plates using sterile glass beads and 
sonicated to disrupt the inclusion. Aliquots were stored at -80°C in a medium containing 250 
mM sucrose, 10 mM sodium phosphate, and 5 mM L-glutamic acid and thawed immediately 
before use.  
 
Reagents and antibodies 

Golgicide A was obtained from Sigma and resuspended in cell culture-grade DMSO to 
10mM and 1mg/ml respectively. 4',6-Diamidino-2-Phenylindole (DAPI, Thermo Fisher) was 
resuspended in DMSO to 10 mg/ml. Polybrene (hexadimethrine bromide, Sigma) was 
resuspended in water to 1ug/ul and sterile filtered. Paraformaldehyde (PFA) was obtained as a 
16% aqueous solution from Sigma. CCF2-AM (1mM in DMSO) and probenecid (250mM in 
water) were obtained from Thermo Fisher. The primary antibodies used in this paper were: anti-
GM130 (rabbit monoclonal, 1:2000, ab52649, Abcam), anti-beta tubulin (rabbit polyclonal, 
1:200, ab6046, Abcam), anti-COPA (mouse polyclonal, 1:50, sc-398099, Santa Cruz 
Biotechnology (SCBT)), anti-COPE (mouse monoclonal, 1:50, sc-166046, SCBT), anti-heparan 
sulfate (mouse monoclonal, 1:100, AMSBio), anti-C. trachomatis EB (mouse monoclonal, 
1:1000, AB1120F, EMD Millipore). The secondary antibodies used for immunofluorescence 
were: anti-mouse FITC (goat monoclonal, 1:1000, F9006, Sigma), anti-rabbit Alexa Fluor 594 
(goat monoclonal, 1:1000, A11037, Thermo Fisher). The horseradish peroxidase-conjugated 
secondary antibodies used for Western blotting were goat anti-mouse (1:10,000, 62-6820, 
Thermo Fisher) and goat anti-rabbit (1:2,000, sc-2030, SCBT).  
 
FACS screen for invasion-deficient mutants  

The HT29 Cas9 library was maintained in T225 flasks with a minimum cell count of 8 x 
107 (sufficient to maintain representation of >1,000 cells/sgRNA). The day before infection, cells 



were seeded in three T225 flasks at density of 3.6 x 107 each (for a representation of ~450 
cells/sgRNA), for two infection replicates and one uninfected condition. mCherry-expressing C. 
trachomatis was added to HT29 cells at MOI 50 and 37°C, and flasks were rocked every 30 min 
for 2h. At 21 hpi, cells were washed twice with PBS and incubated with 1x TrypLE Select 
trypsin (Thermo Fisher) for 10 min at 37°C to thoroughly dissociate the cells. Cells were pelleted 
by centrifugation at 300 g for 3 minutes, resuspended to 107 cells/ml in ice-cold FACS buffer 
(PBS + 0.5% bovine serum albumin + 1mM EDTA), then filtered through a 40 micron cell 
strainer (Thermo Fisher) to obtain a uniform single-cell suspension. Cells were kept in the dark 
at 4°C until sorting, which was performed on MoFlo Astrios EQ (Flow Cytometry Core Facility, 
Harvard Department of Immunology) using a 100 um diameter nozzle and 561 nm excitation 
laser. For each replicate, 7 x 107 viable cells (input) were sorted at a rate of approximately 8,000 
events/sec. Cells were considered mCherry- (output) based on a gate drawn at the 99th percentile 
of an uninfected control. Selection with this gating strategy yielded approximately 5x106 output 

cells per screening replicate, which were collected into protein-coated polypropylene tubes, 
pelleted by centrifugation at 300 g for 10 minutes and directly processed for genomic DNA 
extraction. Flow plots from the four screening replicates are shown in Supplementary Figure 1A.  
 
Sequencing and analysis of sgRNA enrichment  

Genomic DNA was isolated from cells collected in the infected and uninfected conditions 
using the Qiagen Mini (<5 x 106 cells) and Maxi (<1 x 108) kits respectively following the 
manufacturer’s protocol. PCR to amplify the gDNA region containing the sgRNA lentiviral 
cassette and to attach Illumina sequencing adaptors and barcodes was performed as previously 
described (Doench et al., 2016) using ExTaq polymerase (Clontech). Samples were sequenced 
on an Illumina MiSeq instrument. Libraries from infected cells were sequenced with at least 3 x 
106 reads and the uninfected library was sequenced with at least 107 reads. 
 Reads were processed using Cutadapt code (Martin, 2011) to eliminate the adapter 
sequences 5’ of the CACCG sequence that appears at the start of every sgRNA. The sgRNAs 
were then mapped to a reference file containing all the sgRNAs in the Avana library (Doench et 
al., 2016). The MAGeCK algorithm was then used to calculate the rank and statistical 
significance of genes (Li et al., 2014). The Avana library contains 1000 control sgRNAs 
(targeting intergenic regions), whose null distribution was used to compute the p-values for all 
genes via the MAGeCK ‘test’ function (Supplementary Table 1).  
 To formulate a stringent list of the strongest host candidate genes, genes whose p-value 
was less than 10-3 were selected from each of the four screening datasets, then further selected on 
the basis of their appearance in at least 2 out of the 4 screening datasets. There were 17 genes 
that met these criteria (Fig. 1C).  
  
Validation of COPI candidate genes with CRISPR-targeted mutant cell lines 

Sequences of sgRNAs targeting COPI genes were picked using the Broad sgRNA Design 
Tool (https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design) and guide 
sequences are found in the table below. Similar to our previously published protocol (Blondel et 
al., 2016), guide RNAs were synthesized as oligos (Integrated DNA Technologies) and cloned 
into the lentiviral sgRNA expression plasmid pLentiGuide-puro (Addgene, plasmid #52963) as 
described. sgRNA plasmids were verified by Sanger sequencing using the U6 forward primer 
(Genewiz). Lentiviral packaging of sgRNA plasmids was done by co-transfection with psPAX2 
and pVSV-G into 293T cells using TransIT-LT1 transfection reagent (Mirus Bio) as described 



(Blondel et al., 2016). Viral transduction of HT29 Cas9 cells was performed in the presence of 
polybrene (4 ug/ml) by centrifugation at 1,000 g at 30°C for 2h. Cells were incubated at 37°C 
overnight and passaged into a 10 cm dish. Stable transductant cells were selected by puromycin 
treatment (1 ug/ml) for a week and collected as a pool of CRISPR targeted cells. 
 Validation was performed by infecting mutant HT29 cells (seeded the previous day at a 
density of 1 x 106 cells/well of a 6-well dish) at MOI 50 with mCherry-expressing C. 
trachomatis. Cells were harvested 21 hpi, then analyzed by FACS. Data was analyzed by FlowJo 
software. The percentage of invaded cells was determined based on a gate set at the 99th 
percentile of an uninfected control and these values were compared to those obtained with 
infection of wt HT29 cells. To calculate the % change in invasion phenotype relative to WT 
infection, the following formula was used: 100 x (% WT invasion - % mutant invasion) / % WT 
invasion. 
 
Sequences of the sgRNAs used for targeted CRISPR mutagenesis. 
Gene sgRNA sequence 
COPA TCTCCTCCAGAGACGAACAG 
COPB2 TGGAATCATGAAACACAGGT 
COPB1 ATAACCAGAAACCATGACGG 
COPG1 GAAGAGTGCGGTACTCCAGG 
COPG2 AAAATTCGACAAGAAGGACG 
ARCN1 GGTGTTCAGAGCCGTCAGAG 
COPE AGTGCATAAACGAGGCGCAG 
COPZ1 CGACACCTACCCCAGTGTCA 
COPZ2 GGGCTCATCCTACGAGAATG 
ARF1 CCCGCACCCAGGCTTCAACG 
ARFGAP1 AGAGTTCCTGGAGTCTCAGG 
ARFGAP2 ACCCAGGCCTGTTTCGACTG 
ARFGAP3 AGTGAACACCAAGTGACCGG 
GBF1 GTCTACGAGAGTGTGCTCTG 
CTRL GATCACCTGCATTCGTACAC 

 
 
siRNA transfection 

HeLa cells were plated to achieve 60-70% confluency on the day of transfection. siRNAs 
(OnTARGETplus, Dharmacon, Lafayette, CO) were resuspended in Dharmafect buffer 
(Dharmacon) and complexed with DharmaFect1 transfection reagent (Dharmacon) in serum free 
DMEM at a final concentration of 25nM. Cells were treated with siRNA in DMEM + 10% FBS 
and incubated for 48h. Knockdown efficiency was monitored by Western blotting of the relevant 
protein. 
  
Western blotting 

Cells were harvested, pelleted then lysed in buffer containing 20mM Tris, 100mM NaCl, 
1mM EDTA and 0.5% Triton-X100. Halt protease inhibitor cocktail (Thermo Fisher, cat# 



78430) was added and samples were kept on ice for 30 min. The lysates were cleared by 
centrifugation at 20,000 g for 15 min at 4°C and the supernatants collected. 20-30ug of cell 
lysate proteins were loaded into each lane of Bis-Tris gels (Thermo Fisher), electrophoresed, 
then transferred to a PVDF membrane (Thermo Fisher). Membranes were blocked in Tris-
buffered saline (20mM Tris-HCl, 150mM NaCl) containing 0.1% Tween 20 (TBST) and 5% 
(w/v) non-fat milk for 1h at RT. Membranes were probed with a primary antibody in TBST for 1 
h at RT, washed, then probed with a horseradish peroxidase-conjugated secondary antibody for 1 
h at RT. Membranes were developed with SuperSignal WestFemto enhanced chemiluminescence 
substrate (Thermo Fisher) and imaged on a ChemiDoc Touch Imaging system (BioRad).  
 
Quantitative PCR  

The levels of C. trachomatis in cells were quantified using a previously described 
quantitative PCR assay (Bernstein-Hanley et al.). Briefly, total DNA from cells was prepared 
using the Quick DNA miniprep kit (Zymo Research, Irvine, CA). Chlamydia 16S DNA content 
was quantified using primer pairs and dual-labeled probes (IDT, San Jose, CA). The 16S primer 
sequences were: forward 5’-TTACAACCCTAGAGCCTTCATCACA-3’ and reverse 5’- 
GGAGGCTGCAGTCGAGAATCT-3’. 
 
Immunofluorescence confocal microscopy 

Cells grown on 12 mm (Electron Microscopy Sciences) glass coverslips were fixed with 
4% paraformaldehyde (PFA) in PBS for 20 min at RT. Cells were permeabilized with 0.5% 
Triton-X100 for 2 min, except for analyses of surface epitopes (extracellular bound EBs or cell 
surface heparan sulfate), when the permeabilization step was skipped. Cells were blocked with 
0.1% BSA or 10% FBS in PBS for 1 h at RT. Primary antibody was diluted in PBS + 0.1% BSA 
or 10% FBS and applied for 1 h at RT. Coverslips were washed and then stained for 1 h at RT 
with fluorophore-conjugated secondary antibody and/or DAPI (Thermo Fisher) in the dark. 
Coverslips were mounted onto glass slides using ProLong Gold Antifade mountant (Thermo 
Fisher) and sealed with nail polish. Confocal microscopy was performed using 100X objective 
lens with a spinning disk Nikon Eclipse Ti microscope and images captured with NIS Elements 
(Nikon) software. Post-processing was performed using FIJI (ImageJ) software.  
 
Flow cytometry of cell surface heparan sulfate 

Cells were harvested by trypsinization with TrypLE Select reagent (Thermo Fisher), 
washed with PBS and resuspended to a density of 3 x 106 cells per 100ul in ice cold PBS + 1% 
BSA. Cells were stained with anti-heparan sulfate antibody (10E4, mouse IgM, AMSBio) used at 
a dilution of 1:100 for 1 h on ice. Cells were washed twice with PBS and then stained with Alexa 
Fluor 488 anti-mouse IgM antibody (Thermo Fisher, cat# A-21042) diluted to 1:1000 for 30 min 
on ice. For unstained controls, the primary antibody was omitted. Cells were immediately 
analyzed by flow cytometry on a FACSymphony instrument (Flow Cytometry Core Facility, 
Harvard Department of Immunology). At least 104 cells were analyzed. Data was visualized with 
FlowJo software. 
 
Attachment assay 

Cells grown on 12 mm glass coverslips (Electron Microscopy Sciences) were infected 
with C. trachomatis at MOI 200 for 30 min at RT. Coverslips were washed five times with PBS 
and then fixed with 4% PFA for 20 min at RT. Cells were blocked in PBS + 10% goat serum for 



1 h at RT. To visualize surface-bound EBs, cells were directly stained with FITC-conjugated 
anti-C. trachomatis EB antibody (AB1120F, EMD Millipore) used at 1:1000 dilution in PBS + 
10% goat serum. Cells were counterstained with DAPI (1ug/ml). Coverslips were mounted onto 
glass slides and imaged with a confocal microscope (described above).  
 
Beta-lactamase reporter assay for T3SS translocation 

HeLa cells were seeded at 105 cells/well of a 12-well plate. The next day, cells were pre-
treated with golgicide A at 5 or 10uM or DMSO (vehicle) for 30 min at 37°C. C. trachomatis 
strains expressing TarP-BlaM or wild-type (TarP with no BlaM fusion) were thawed and 
infected onto cells at MOI of 1. The plates were centrifuged at 1,000 g for 30 min at 37°C. Cells 
were incubated for 1 h at 37°C and 5% CO2. To load the beta-lactamase substrate, cells were 
incubated with CCF2-AM (1uM) and probenecid (2.5mM) for 1 h as described previously 
(Sheahan and Isberg, 2015). Cells were harvested, resuspended in 2% PFA and analyzed on a 
FACSymphony flow cytometer (Flow Cytometry Core Facility, Harvard Department of 
Immunology) with the 403 nm excitation laser and 535 nm emission filter (representing the 
uncleaved substrate). At least 105 cells were analyzed per sample and the experiment was 
performed in triplicate. The beta-lactamase activity was calculated by taking the difference in 
GMFI of each sample vs. the uninfected control cells.  
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