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Chondroitin sulfate proteoglycan 4 functions as the
cellular receptor for Clostridium difficile toxin B

Pengfei Yuan', Hongmin Zhang', Changzu Cai', Shiyou Zhu', Yuexin Zhou', Xiaozhou Yang', Ruina He',
Chan Li', Shengjie Guo', Shan Li’, Tuxiong Huang’, Gregorio Perez-Cordon’, Hanping Feng’, Wensheng Wei'

'Biodynamic Optical Imaging Center (BIOPIC), State Key Laboratory of Protein and Plant Gene Research, School of Life Scienc-
es, Peking University, Beijing 100871, China; *School of Bioscience and Biotechnology, South China University of Technology,
Guangzhou, Guangdong 510006, China; *Department of Microbial Pathogenesis, University of Maryland Dental School, Balti-
more, Maryland 21201, USA

As a gram-positive, spore-forming anaerobic bacillus, Clostridium difficile (C. difficile) is responsible for severe
and fatal pseudomembranous colitis, and poses the most urgent antibiotic resistance threat worldwide. Epidemic C.
difficile is the leading cause of antibiotic-associated diarrhoea globally, especially diarrhoea due to the emergence of
hypervirulent strains associated with high mortality and morbidity. TcdB, one of the key virulence factors secret-
ed by this bacterium, enters host cells through a poorly understood mechanism to elicit its pathogenic effect. Here
we report the first identification of the TcdB cellular receptor, chondroitin sulfate proteoglycan 4 (CSPG4). CSPG4
was initially isolated from a whole-genome human shRNAmir library screening, and its role was confirmed by both
TALEN- and CRISPR/Cas9-mediated gene knockout in human cells. CSPG4 is critical for TcdB binding to the cell
surface, inducing cytoskeleton disruption and cell death. A direct interaction between the N-terminus of CSPG4 and
the C-terminus of TcdB was confirmed, and the soluble peptide of the toxin-binding domain of CSPG4 could pro-
tect cells from the action of TcdB. Notably, the complete loss of CSPG4/NG2 decreased TcdB-triggered interleukin-8
induction in mice without significantly affecting animal mortality. Based on both the in vitro and in vivo studies, we
propose a dual-receptor model for TcdB endocytosis. The discovery of the first TcdB receptor reveals a previously un-
suspected role for CSPG4 and provides a new therapeutic target for the treatment of C. difficile infection.
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Introduction

Clostridium difficile (C. difficile) produces two large
proteins to elicit its toxic effect: enterotoxin TcdA (308
kDa) and cytotoxin TedB (270 kDa) [1]. Although clin-
ical isolates of C. difficile that lack these two toxins are
non-pathogenic [1], the individual significance of TcdA
and TcdB in C. difficile infection (CDI) has been con-
troversial. Nevertheless, TcdB proved essential for high
virulence [2, 3]. Both TcdA and TcdB are single-chain
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proteins possessing a similar primary structure, which
includes a C-terminal receptor-binding domain featuring
repetitive peptide elements called combined repetitive
oligopeptides (CROPs), an intermediate cysteine protease
domain, a transmembrane domain (TD), and an N-ter-
minal glucosyltransferase domain (GTD) that exhibits
mono-glucosyltransferase activity [4]. The catalytic GTD
of TcdA or TcdB utilizes the nucleotide sugar UDP-glu-
cose as a cosubstrate to transfer the glucose moiety onto
Rho GTPases, leading to cytoskeleton disruption and cell
rounding [5].

The endocytic uptake of TcdA/B is clathrin-dependent
[6], and both toxins enter the cells through receptor-me-
diated endocytosis that requires acidified endosomes
for translocation [7] and exert their cytotoxic effect in-
tracellularly [8]. Whereas the toxin A receptor has been
partially characterised [9, 10], nothing is known about
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the toxin B receptor(s), except that it is different from the
TcdA receptor [11].

Here we report the first identification of the TcdB
functional receptor, chondroitin sulfate proteoglycan 4
(CSPG4). Through direct binding, CSPG4 mediates the
endocytosis of TcdB, and consequently its cytopathic ef-
fects post internalization.

Results

Identification of CSPG4, a cell surface protein involved
in TedB toxicity

To identify host cellular proteins that specifically af-
fect TcdB toxicity, we designed a functional screening
procedure in HeLa cells (Supplementary information,
Figure S1A). An shRNAmir library targeting about 20
000 human genes was constructed through lentiviral
infection, and this library of HeLa cells was exposed to
the TcdB for 8 h; majority of the cells became loosely
attached and were removed by repeated pipetting. After
changing to fresh DMEM medium, few survival cells re-
mained spindle-shaped, and these cells were grown and
expanded from the library (Supplementary information,
Figure S1B). These cells were again challenged with
TcdB, and this cycle was repeated six times until the sur-
vival cells no longer turned round after toxin exposure.
The genomic DNAs isolated from these toxin-resistant
cells, as well as the original HeLa library cells, were
used as templates for subsequent PCR amplification, and
the regions harboring the shRNA-coding DNA were am-
plified using a pair of specific primers (Supplementary
information, Figure S1C). The PCR products were then
subjected to deep-sequencing analysis.

A few thousand distinct ShRNA sequences from the
library screening were revealed using high-throughput
sequencing analysis, and the targeted genes correspond-
ing to each individual shRNA were obtained from Blast
analysis. Two different shRNAs targeting the same gene
that encodes a cell surface receptor protein, CSPG4, were
enriched and ranked among the top hits from the screen-
ing (Figure 1A). Interestingly, the cytoplasmic domain
of CSPG4 is involved in the activation of the Rho family
GTPases Rac and Cdc42 [12].

Deficiency of CSPG4 gene conferred cell resistance to
TedB, but not to TedA

To confirm the role of CSPG4 in the cytotoxicity of
TcdB, we generated CSPG4-knockout HeLa cells using
the TALEN technique [13]. A pair of TALEN constructs
was designed to target the first exon of the CSPG4 gene
(Figure 1B). After transfection and antibiotic selection,
individual colonies were challenged with 70 pg ml™

TcdB. Most cells turned round after 8 hours of toxin ex-
posure; however, some colonies appeared resistant and
maintained a healthy morphology (Supplementary infor-
mation, Figure S2A). Immunoblotting analysis demon-
strated that the expression of CSPG4 protein completely
disappeared from five randomly selected TcdB-resistant
clones (Supplementary information, Figure S2B). We
selected one of the TALEN clones for further study.
Sequencing analysis revealed that the CSPG4-targeting
TALENS in this clone generated two kinds of deletions
in the coding region (7 and 8 nt deletions), both of which
resulted in a frame shift (Figure 1B) and the complete
inhibition of protein production (Figure 1C). We cloned
the full-length human CSPG4 gene into a lentiviral ex-
pression vector. Through viral infection, a CSPG4 stably
expressing clone was isolated from HeLa/CSPG4 ™~ cells.
The loss of CSPG4 protein production was complete-
ly restored to a level that was even higher than that in
wild-type HeLa cells (Figure 1C). We then examined
the role of CSPG4 in TcdB-mediated cytopathic effect.
Eight hours of TcdB exposure at a concentration of 0.1
ng ml™" induced typical cell rounding in both wild-type
and HeLa/CSPG4 " /CSPG4 cells, but not in CSPG4-
null HeLa cells (Figure 1D). We further examined the
status of Racl glucosylation after toxin exposure. After
treatment with TcdB toxin, Racl glucosylation clearly
increased in both wild-type and HeLa/CSPG4 " /CSPG4
cells in a timely manner, as indicated by the decreased
amount of the non-glucosylated (Non-glu.) Racl. The
higher the concentration of TcdB used, the faster the rate
of Racl glucosylation was. Consistently, Racl glucosyla-
tion was significantly inhibited in HeLa/CSPG4 " cells
when treated with all three doses of toxin (Figure 1E).

To quantitatively measure the effect of CSPG4 on
the cytotoxic activity of TcdB, we recorded the cell
morphology changes every 2 h for an 8-h period.
TcdB-induced cell rounding was significantly inhibited
in HeLa/CSPG4 ™ cells at all three concentrations of
toxins tested, although the difference was reduced as
the dose of TcdB increased. Exogenous expression of
CSPG4 completely restored the loss of the TcdB-caused
cell-rounding phenotype in HeLa/CSPG4 "~ cells (Figure
1F). Because CSPG4 could be covalently attached to
chondroitin sulphate glycosaminoglycan (GAG) [14],
we wanted to know whether this modification is critical
for TcdB toxicity. We constructed a CSPG4-expressing
plasmid that contains a mutation at the GAG acceptor
site (S995A, CSPG4(GAG*); Supplementary informa-
tion, Figure S3A). After introducing this plasmid into the
HeLa/CSPG4 ™" cells, the lost sensitivity to TcdB was
fully restored in the cell-rounding assay (Supplementa-
ry information, Figure S3B). This result confirmed that
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Figure 1 CSPG4 is essential for TcdB toxicity in HeLa cells. (A) Ranking of shRNA abundance of the TcdB-resistant cells
after library screening. The x-axis labels indicate the serial number of the distinct shRNAs, and the y-axis labels indicate the
log2 ratio of the reads of any given shRNA in the TcdB survival pools vs the controls according to the deep-sequencing analy-
sis. All of the data for the shRNAs that remained in the survival pools were plotted in descending order. shRNAs targeting the
CSPG4 gene are highlighted. The arrows point to the ranking position of two distinct CSPG4-targeting shRNAs. (B) Partial
coding sequences of the CSPG4 gene in the genome containing the TALEN binding regions (overlined for TALEN" and un-
derlined for TALENF) and the sequencing analysis of the mutated alleles from 8 randomly selected TALEN clones. The dash-
es indicate deletions. (C) Immunoblot analysis of the indicated HelLa cell lysates. A rabbit monoclonal antibody against hu-
man CSPG4 was used. The B-tubulin bands were used as internal controls in this and other figures. (D) Microscopic images
of the indicated HelLa cells exposed to 0.1 ng ml™" of TcdB for 8 h. The images were taken using an ImageXpress Micro XLS
System (Molecular Device). Scale bar, 100 um. (E) Immunoblot analysis of total Rac1 and non-glucosylated (non-glu.) Rac1
in the indicated HelLa cells. The cells were treated for increasing time intervals with three different concentrations of TcdB
(0.1, 0.5 and 1 ng ml™"). Total Rac1 was detected using an antibody targeting both glucosylated and non-glucosylated Rac1.
(F) Cells were treated with different concentrations of TcdB as indicated and were imaged every 2 h over an 8-h time course.
Cell rounding was defined by an area less than 500 um® and a shape factor above 0.95. The percentage of round cells was
normalized to the percentage of round cells at the initial time point. The images were acquired and analyzed using the Im-
ageXpress Micro XLS System. The data are the mean + SD, n = 12. (G) The indicated HeLa cells were treated with serially
increasing amounts of TcdB (0-10 000 ng mi™") for 8 h prior to the LDH cytotoxicity assay. The data are the mean + SD, n = 3.

CSPG4 is critical for TedB’s function in inducing the  TcdB toxicity.
cell-rounding phenotype, and the GAG side chain fre- As high doses of TcdB could induce necrotic cell
quently associated with CSPG4 is irrelevant in mediating ~ death [15, 16], we investigated whether CSPG4 also
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affects TcdB-triggered cell death. HeLa/CSPG4 ™ cells
showed significantly decreased levels of TedB-induced
cell death compared with wild-type cells until the TcdB
dose reached 10 000 ng ml™', and CSPG4 overexpres-
sion significantly increased the sensitivity of the cells to
TcdB-induced cell death (Figure 1G).

We further investigated CSPG4-mediated effects in
a colon cell line, HT29, which is widely used to study
C. difficile toxin activities [2, 3, 10]. We generated a
CSPG4-knockout HT29 cell line using the CRISPR/Cas9
technique [17]. Sequencing analysis of one isolated clone
revealed three kinds of indels, all of which resulted in
a frame shift in the gene and a complete loss of CSPG4
protein expression. Again, ectopic expression of CSPG4
protein wild-type HT29 cells increased the total expres-
sion level of this protein. We conducted the Racl gluco-
sylation assay after TcdB exposure (1, 5, 10, and 50 ng
ml ") in these three types of HT29 cells. Consistent with
the data obtained from the HeLa cells, the loss of CSPG4
dramatically inhibited TcdB-triggered Racl glucosyla-
tion, and CSPG4 overexpression increased the sensitivity
of HT29 cells to TcdB toxicity (Supplementary informa-
tion, Figure S4).

The effect of CSPG4 was only specific to TcdB, as
HeLa/CSPG4 ™ cells behaved the same as wild-type cells
in terms of toxin-induced cell rounding, Racl gluco-
sylation, and cell death after exposure to TcdA, a closely
related C. difficile toxin (Supplementary information,
Figure S5).

CSPG4 mediates both binding and internalization of
TedB to cells

Because CSPG4 is a cell surface protein, we hypoth-
esized that it is a functional TcdB receptor or co-recep-
tor. To test this hypothesis, we investigated the role of
CSPG4 in the binding and uptake of TcdB. When cells
were incubated with TcdB on ice, the amount of the
toxin bound to the cell surface correlated with the level
of CSPG4 expression as measured by immunoblotting
(Figure 2A). When the temperature was shifted to 37
°C, the same pattern was observed and the toxin uptake
paralleled the CSPG4 expression level (Figure 2B). To
further confirm that CSPG4 acts as a cell surface recep-
tor and mediates the binding of TcdB to the membrane,
HeLa cells were incubated with Alexa Fluor 488-labelled
TcdB on ice, and cell surface-bound fluorescence was
subsequently detected by flow cytometry. Consistent
with the immunoblotting results, the intensity of cell
surface-bound fluorescence correlated with the level of
CSPG4 expression (Figure 2C). Immunofluorescence
microscopy further confirmed the strong correlation of
the amount of CSPG4 and the level of TedB binding to

the cell surface, as well as the co-localization of mem-
brane-bound TcdB and CSPG4 (Figure 2D).

CSPG4 N-terminus directly binds to TcdB C-terminal
non-CROPs domain

CSPG4 is a surface protein with a single transmem-
brane domain. The N-terminal domain contains the se-
cretion signal (amino acids 1-29) and two laminin G-type
motifs, whereas the middle domain features 15 CSPG
repeats. To determine whether CSPG4 can interact with
TcdB and which domain(s) is responsible for this interac-
tion, we created constructs expressing either full-length
or truncated forms of CSPG4, as indicated (Figure 3A). A
co-immunoprecipitation (Co-IP) assay showed that TcdB
co-precipitated with the native CSPG4 protein (Figure
3B). Similarly, full-length CSPG4 protein co-precipitated
with TedB, whereas the CSPG4 protein lacking amino
acids 30-640 (CSPG4AN, ) lost the ability to bind to
the toxin (Figure 3C). In agreement with this binding re-
sult, CSPG4AN; ¢, unlike the full-length protein, failed
to rescue the lost phenotype of the HeLa/CSPG4 ™ cells
in response to TedB exposure in the cell rounding assay
(Figure 3D), suggesting that the N-terminal domain (ami-
no acids 30-640) is critical for both toxin binding and the
function of CSPG4 in mediating TcdB toxicity. We then
made a construct that expresses only the first 640 ami-
no acids of CSPG4 (CSPG4-N, 44, Figure 3A), and the
Fc-tagged CSPG4-N, 44 Was purified using protein G
agarose. Both the negative control Fc-tagged ANTXRIN
(N-terminal anthrax toxin receptor 1 (ANTXR1)/TEMS)
protein [18] and the His-tagged TcdB protein [19] were
also purified and shown on a Coomassie blue-stained
SDS-PAGE gel (Supplementary information, Figure
S6A). The purified CSPG4-N,, ,, and TcdB were mixed
for the pull-down assay. The TcdB protein co-precipi-
tated only with CSPG4-N; ¢4, and CSPG4-N,,,, only
co-precipitated with TcdB. In contrast, ANTXRIN-Fc
was not found to co-precipitate with TcdB (Figure 3E).
This result demonstrates that TcdB directly binds to the
N-terminal domain of CSPG4. Importantly, because no
interaction was detected between CSPG4AN; 4, and
TcdB (Figure 3C), the N-terminal region (CSPG4-N5 ¢40)
is the only site for TcdB binding.

TcdB consists of four domains with distinct functions,
and the putative receptor-binding domain is located
at the C-terminus and contains the CROPs [4, 20]. To
identify the specific region within TcdB that interacts
with CSPG4, we expressed two truncated forms of TcdB
fragments, TcdB-C 502566 and TcdB-C 45,5346 (Figure 3F).
Both GST-tagged truncated TcdB proteins were purified
and shown on a Coomassie blue-stained SDS-PAGE gel
(Supplementary information, Figure S6B). A pull-down
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Figure 2 Effect of CSPG4 on the binding and internalization of TcdB. (A-B) Immunoblot analysis of the amount of TcdB bound
to the cell surface at 4 °C (A) and associated with the cell membrane at 37 °C (B) in the different HeLa cells as indicated. The
cells were exposed to 10 ug mli™" TedB for 1 h (A) or 30 min (B) before being lysed for analysis. A mouse monoclonal antibody
against TcdB and a rabbit monoclonal antibody against human CSPG4 were used. The p-tubulin (A) and Claudin-1 (B) bands
were measured as internal controls. (C) The indicated HelLa cells were incubated with or without 5 ug of TcdB-Alexa 488 pro-
tein for 30 min on ice, and washed twice before subjected to FACS analysis. Single cell events were plotted against the inten-
sity of bound fluorescence (in log phase). (D) Immunofluorescence staining of TcdB (green) and CSPG4 (red) in the indicated

Hela cells.

assay showed that only TcdB-C, 590565 CO-precipitated
with the purified CSPG4-N; 4., protein (Figure 3G),
indicating that CSPG4 binds to some amino acids from
1 500 to 1 851 within TcdB, a region just upstream of
CROPs. Consistently, the presence of an alternative re-
ceptor-binding domain in addition to the CROPs has also
been proposed by a previous study using truncated forms
of TedB [20].

Based on these results, we predicted that the extracel-
lular addition of CSPG4-N,,,, proteins might compete
with the full-length CSPG4 protein for TcdB binding,
potentially resulting in an inhibitory effect. To test
this hypothesis, we incubated HeLa cells with a fixed
amount of TcdB and a series of doses of CSPG4-N,, ¢,
proteins. Indeed, CSPG4-N;; ¢4, but not ANTXRIN,
protected cells from TcdB-induced cell rounding (Fig-
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ure 3H) and significantly inhibited TcdB-triggered Racl
glucosylation (Figure 3J). We further narrowed down
the toxin-binding domain to a region spanning amino
acids 401-560 within the N-terminus of CSPG4. The
binding affinity of CSPG4-N, ss to TcdB is higher
than that of CSPG4-Nj; 4.0, based on the Co-IP assay
(Supplementary information, Figure S7). This smaller
peptide, CSPG4-N,, s¢, could protect cells from TcdB
toxicity (Figures 31 and 3K) with even better efficiency.
To characterize the kinetics of the interaction between
CSPG4-Ny,5¢0 and TcdB, we performed surface plasmon
resonance (SPR) spectroscopy, and an equilibrium disso-
ciation constant of 28.9 + 0.7 nM was obtained (Supple-
mentary information, Figure S8), whereas no direct bind-
ing was observed between ANTXRIN and TcdB under
the same condition.
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Figure 3 The N-terminal domain of CSPG4 directly binds to the C-terminal non-CROPs domain of TcdB. (A) A multi-domain
schematic diagram of CSPG4 and two recombinant CSPG4 with partial deletions, CSPG4AN;,4,, and CSPG4-N, g4. The
N-terminus of the first 640 amino acids contains a secretion signal (amino acids 1-29) and two laminin G-type domains. Fif-
teen CSPG repeats are located in the middle, along with a GAG acceptor site that can bind to the GAG side chain. A single
transmembrane domain and a short intracellular domain are located at the C-terminus [14]. (B) Co-IP of endogenous human
CSPG4 with the TcdB toxin in HelLa cells. WCL: whole cell lysate. (C) Co-IP of TcdB-His with the indicated CSPG4 proteins
in HEK293T cells transfected with the indicated Flag-CSPG4 constructs. Immunoblot analysis was conducted using anti-Flag
and anti-TcdB antibodies after co-incubation of the cell lysate with 5 ug of TcdB at 4 °C overnight. (D) Effect of CSPG4AN;; 440
expression on the restoration of the lost CSPG4 function in HeLa/CSPG4™" cells in response to TcdB treatment. Cell rounding
analysis was the same as described in Figure 1F. The data are the mean = SD, n = 12. (E) Co-IP of 10 ug of purified CSPG4-
Nages0-FC With 10 pg of TcdB-His. ANTXR1N-Fc (10 pg) pure protein was used as a control. (F) A multi-domain schematic di-
agram of TcdB and two recombinant TcdB with partial deletions, TcdB-Cgs;.0365 @nd TcdB-Cspo0366. (G) The pull-down assay of
CSPG4-N3, 640 With purified TcdB protein in truncated form as indicated. (H-l) Effect of the addition of extracellular CSPG4-N,.
s0-FC (H) and CSPG4-N,q, sc-Fc (1) on cell's susceptibility to TcdB. TedB (1 ng ml™") was pre-incubated with different molar ratio
of indicated proteins for 1 h at 4 °C before applied to HelLa cells at 37 °C. Cell rounding was monitored as described in Figure
1F. ANTXR1N-Fc was used as the control. The data are the mean + SD, n = 12. (J-K) Immunoblot analysis of non-glucosylated
Rac1 was performed in HelLa cells after exposure to TcdB toxin for 2 h, which was pre-incubated with CSPG4-N;y440-FC (J) or
CSPG4-N,s60-FC (K) for 1 h at 4 °C. Total Rac1 was detected using an antibody targeting both glucosylated and non-gluco-
sylated Rac1. ANTXR1N-Fc was used as the control. +, 1:1 200; ++, 1:6 000; +++, 1:30 000 (molar ratio of TcdB and peptides).
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Complete loss of CSPG4/NG2 impaired TcdB-triggered
interleukin-8 (IL-8) induction in mice

CSPG4 is a human homolog of rat neuronal/glial 2
(NG2) [21]. To further investigate the physiological role
of CSPG4, we examined the effect of NG2 knockout [22]
in response to systemic TcdB challenge, as the toxin is
disseminated into systemic circulation in severe infection
[23] and the disease severity can be precisely controlled
by the amount of challenged toxin [24]. Both wild-type
and NG2-null C57BL/6 mice were challenged with TcdB
toxin intraperitoneally and monitored for either IL-8
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induction or animal survival. The plasma levels of IL-8
increased dramatically in wild-type mice 5 h post toxin
injection — a result consistent with prior reports [25-
27], whereas the induced IL-8 levels in NG2-null mice
were notably lower (Figure 4A). However, the difference
in animal viability was marginal between wild-type and
NG2-null mice (Figure 4B). These results are in con-
gruent with our prior data suggesting the existence of a
CSPG4-independent pathway as CSPG4-deficient cells
appeared susceptible to high concentration of TcdB (Fig-
ure 1 and Supplementary information, Figure S4).
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Figure 4 Effects of NG2 knockout in mice in response to TcdB intoxication. (A) Plasma levels of IL-8 in wild-type (n =7, 5
female and 2 male) and NG2-knockout (n = 8, 6 female and 2 male) mice with or without TcdB challenge intraperitoneally (10
ng per mouse, 5 h). The data are the mean + SEM; *P < 0.05; N.S., not significant; Welch’s t-Test. (B) Kaplan-Meier survival
curves of wild-type (n = 6, 3 female and 3 male) and NG2-knockout (n = 6, 3 female and 3 male) mice challenged intraperito-
neally with TcdB (20 ng per mouse). P = 0.067; Log-rank test. (C) A dual-receptor model for TcdB endocytosis. Both CSPG4
and an unknown alternative receptor are capable of mediating TcdB binding to cell surface and internalization.
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Discussion

We identified CSPG4 as the cellular receptor of TcdB
based on the following evidence: (1) shRNA-mediated
knockdown of CSPG4 in two independent cases con-
ferred increased resistance of HeLa cells to TcdB intox-
ication; (2) CSPG4 gene knockout by either TALENs
or CRISPR/Cas9 conferred significantly increased cell
resistance to pathogenicity effects caused by TcdB chal-
lenge; (3) CSPG4 affects the specific binding and inter-
nalization of TcdB to host cells; (4) the direct interaction
was detected between CSPG4 N-terminus and TcdB
C-terminal non-CROPs domain; and (5) the soluble pep-
tide of the toxin-binding domain of CSPG4 protects cells
from the action of TcdB.

CSPG4, a human homolog of the rat NG2 CSPG mol-
ecule [21], also known as high molecular weight-mela-
noma associated antigen or melanoma CSPG, is a surface
antigen frequently expressed in human melanoma cells,
and is involved in cell adhesion, invasion and spreading,
angiogenesis, complement inhibition and signaling [14,
28]. CSPG4 typically consists of a 250-kD core glyco-
protein and many characteristic GAG side chains, and
contains an open reading frame of 2 322 amino acids, en-
compassing a large extracellular domain, a hydrophobic
transmembrane region, and a relatively short cytoplas-
mic tail [29] (Figure 3A). CSPG4/NG?2 interacts with a
number of proteins, such as type V and VI collagens [30,
31], PDGF a-receptor [32], multi-PDZ domain protein
MUPPI1 [33], kringle domain-containing plasminogen
[34], glutamate receptor interaction protein GRIP1 [35],
galectin-3 [36], syntenin-1 [37] and NEDD9 [38]. The
cytoplasmic domain of CSPG4/NG?2 is involved in acti-
vation of the Rho family GTPases Rac and Cdc42 [12,
39, 40]. It remains to be determined whether any of its
interacting proteins participates in CSPG4’s function in
mediating TcdB endocytosis pathway.

CSPG4/NG2 was found abundantly distributed in
mouse and human intestines [41]. CSPG4 is also highly
expressed on pericytes in angiogenic vasculature within
the tumor microenvironment as well as angiogenic blood
vessels in normal tissues [42]. Interestingly, TcdB toxin
has been reported to cause cardiovascular damage in ze-
brafish embryos [43]. Given that CSPG4 is evolutionari-
ly conserved from worm to human [44], it is important to
find out whether CSPG4 is responsible for TcdB-caused
cardiovascular damage in zebrafish. Coincidentally, two
anthrax toxin receptors, ANTXR1/TEMS8 and ANTXR2/
CMG2 [45, 46], are also involved in the regulation of
tumor angiogenesis [47]. It remains to be elucidated why
the pathogenic bacteria preferentially target angiogenesis
markers to gain their entry into host cells.

Our results demonstrate that CSPG4 is the receptor
that mediates TcdB endocytosis and the subsequent
cytopathic and cytotoxic effects, including glucosyla-
tion of small GTPase Rho family proteins that results
in cellular cytoskeleton disruption and cell rounding,
and necrotic cell death. However, it is likely that an al-
ternative CSPG4-independent pathway exists, which
could also mediate TcdB endocytosis. The evidence in
support of this alternative pathway includes: (1) the high
concentration of TcdB was able to cause cell rounding
in CSPG4-deficient cells (HeLa/CSPG4 ™ and HT29/
CSPG47); and (2) high concentration of TcdB was able
to trigger cell death in HeLa/CSPG4 ™~ cells. In consis-
tent with our results, the presence of an alternative re-
ceptor-binding domain besides the CROPs has recently
been proposed based on truncation study of TcdB toxin
[20, 48]. We therefore propose a dual-receptor model
for the cellular binding of TcdB, in which CSPG4 binds
to the C-terminal non-CROPs domain of TcdB through
its N-terminal domain (amino acids 401-560), and an
unknown alternative receptor interacts with TcdB pos-
sibly through CROPs (Figure 4C). The existence of an
alternative receptor might explain the marginal differ-
ence we observed in animal viability between wild-type
and NG2-knockout mice during the systemic challenge
of TcdB. Although CSPG4 plays a more dominant role
in the two human cell lines that we tested, the vis-a-vis
significance of these two receptors in mouse might be
different from that in human. A two-receptor working
model of TcdA has also been proposed as both TcdA, 4,
and TcdA-CROPs could bind to cell surface [49, 50]. In
fact, it is not uncommon that a single bacterial toxin has
more than one receptor, such as anthrax toxin [17].

In summary, the identification of the TcdB receptor is
an important step toward the better understanding of the
underlying molecular mechanism of host intoxication by
the toxin and may provide a novel therapeutic target for
treating CDI.

Materials and Methods

Cell lines and medium

HeLa, HT29 and HEK293T cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM; Gibco #12800-017) contain-
ing 10% fetal bovine serum (FBS; Hyclone #SN30087.02).

Antibodies and reagents

We used the following primary antibodies: rabbit monoclo-
nal antibody against human CSPG4 (Epitomics, 6871-1); mouse
monoclonal antibodies against TcdB (GeneTex, GTX41668),
non-glucosylated Racl (BD, #610650), Racl (Millipore, #05-389),
and Flag-tag (Sigma, A8592); rabbit polyclonal antibody against
Claudin 1 (Sigma, SAB4200534); goat anti-human IgG against Fc-
tag (Zsbio, ZB-2304). The HRP-conjugated goat anti-mouse IgG
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(H+L) (#115-035-003) and HRP-conjugated goat anti-rabbit IgG
(H+L; #111-035-003) secondary antibodies were purchased from
Jackson ImmunoResearch.

Plasmids

The full-length CSPG4 gene was obtained by merging all of
the exons of this gene, which were cloned separately from human
genomic DNA, and was subsequently cloned into the pEF6/My-
cHis-B (Invitrogen #V962-20) and pIRES2 vectors (a kind gift
from Dr Xianwen Hu), respectively. CSPG4 (GAG*), CSPG4-N,.
ss0-Fc and CSPG4-N,, s¢-Fc (with signal peptide) were cloned
into the pIRES2 vector, and CSPG4AN,, 4, was cloned into the
pEF6/MycHis-B vector.

ShRNAmir library construction and functional screening

The shRNAmir library plasmids in the pGIPZ lentiviral vector
(OpenBiosystems, Inc.) were kindly provided by Dr Hong Zhang
(University of Massachusetts Medical School). HEK293T cells
(lentivirus packaging cell line) were transfected with the shR-
NAmir library plasmids using the PEI method, according to the
manufacturer’s recommendations [51]. The transfected cells were
incubated in DMEM supplemented with 30% FBS at 37 °C for 72
h, and the lentiviruses were harvested from the supernatants. HeLa
cells were infected with an MOI of 0.05, and the HeLa cell library
was obtained following selection with 1 pg ml™' puromycin; the
complexity of the library was estimated to be about 2 x 10°. The
library of cells was challenged with 70 pg ml"' TcdB for 8 h be-
fore the loosely attached round cells were removed by repeated
pipetting. The survival, spindle-shaped cells were transferred to
fresh DMEM medium. After these cells grew to about 30%-40%
confluence, the cells were challenged again with TedB toxin (70
pg ml™") for 8 h, followed by repeated pipetting to remove the
loosely attached cells. After this procedure was repeated 6 times,
the cells no longer became round after TcdB exposure. Genomic
DNA was isolated from these survival clones, as well as from the
original library cells. Using these genomic DNAs as templates, the
shRNA-coding regions were PCR amplified using a pair of specif-
ic primers: F-shRNA (5'-ACGTCGAGGTGCCCGAAGGA) and
R-shRNA (5-TACATCTGTGGCTTCACTA). The PCR products
were subjected to high-throughput sequencing analysis (Illumina
Hiseq 2000).

Construction of stable knockout cell lines using the TALEN
and CRISPR/Cas9 techniques

The design and assembly of the two pairs of TALEN constructs
used for CSPG4 gene-knockout were based on our own ULti-
MATE protocol [13]. More specifically, the two targeting sequenc-
es for the CSPG4 locus are 5'-CTGGCCAACATAGTC-3' for
TALEN" (CSPG4) and 5'-TCCAGCCCCCGGCCT-3' for TALEN®
(CSPG4), with a spacer sequence (5'-GGCCTTGGCTTTGAC-
CCT-3"). The identification and verification of the gene knockout
events were based on sequencing analysis of the genomic PCR
fragments of the target loci and immunoblotting analysis using
antibodies specifically against CSPG4. The sgRNA-binding se-
quence (5'-TTGGCCAGACTTGCATCCG) was used for CSPG4
disruption with the CRISPR/Cas9 system.

Cell rounding assay
The green fluorescence of cells transfected with maxGFP was
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used to determine cell shape. The shape factors for circle and
square are pre-determined as 1 and 0, respectively. The round cells
were defined as having an area less than 500 pm” and a shape fac-
tor above 0.95. The rounding percentage (P) at any given time (t)
was calculated using the following equation:

T(1)—R(0)

P(t): rounding percentage (P) at time point t;

R(t): total number of round cells at time point t;

R(0): total number of round cells at time point 0,

T(t): total number of cells at time point t.

The images were captured and analyzed using the ImageXpress
Micro XLS Widefield High Content Screening System (Molecular
Device).

LDH cytotoxicity assay

HeLa cells were seeded in 96-well plates for 16 h before the
addition of the serially diluted toxin. LDH staining and detection
were performed as described in the product instructions (CytTox96,
Promega). The starting concentration of cells was 5 000 cells per
well, and the cells were incubated with TcdB toxin for variable pe-
riods of time at 37 °C prior to the LDH assay. The spectrophotom-
eter readings at 490 nm were determined using a Multi-Detection
Reader (TECAN, Infinite M200). The death signal represented by
the amount of LDH release was normalized to the wells with the
maximum LDH activity of total lysed cells. Each data point and
related error bars shown in the figures for the LDH assays repre-
sent the average results from three repeats.

Protein production and purification

TcdB protein was produced and purified as previously de-
scribed [19]. TcdB-Alexa 488 protein was obtained using Alexa
Fluor 488 Protein Labeling Kit (Life Technologies, #A-10235).
CSPG4N; ¢4-Fc, CSPG4N,,5¢0-Fc and ANTXRIN-Fc were pro-
duced and purified using CHO cells and HiTrap Protein G HP (GE,
#17-0404-01).

Immunoblotting and Co-IP analyses

For immunoblotting analysis, the cells were treated with the
toxin for different periods of time and were then lysed for immu-
noblotting analysis according to a standard protocol [52]. For the
Co-IP assay, the plasmids were transfected into HeLa cells prior
to treatment with the toxin, and immunoprecipitation analysis was
performed according to the manufacturer’s protocol. Specifically,
the cells were lysed with the lysis buffer (0.5% Triton X-100, 20
mM HEPES pH 7.4, 150 NaCl, 12.5 mM f-glycerophosphate, 1.5
mM MgCl,, 10 mM NaF, 2 mM DTT, 1 mM Na,VO,, and 1 mM
PMSF) at 4 °C for 45 min before being subjected to centrifugation
at 20 800 g at 4 °C for 10 min. The proteins from the cell lysates
or purified proteins in PBS were incubated with Ni-NTA Super-
flow (Qiagen, 30450), Protein A Sepharose (GE, 17-5280-02),
or Anti-Flag M2 Affinity Gel (Sigma, A2220) at 4 °C overnight.
After being washed three times with the lysis buffer or PBS, the
proteins were subjected to immunoblotting analysis.

Immunofluorescence microscopy
HeLa cells (CSPG4™~ and CSPG4 ™ /CSPG4) were grown on
poly-L-lysine coverslips in 24-well plates and were treated with
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TedB (10 pg ml™) for 30 min at 4 °C. The cells were then washed
3 times with MEM, 2% FBS. Primary polyclonal mouse antibody
against TcdB (1:1 000) and rabbit polyclonal antibody targeting
NG2/CSPG4 (1:250, suspended in PBS, 0.1% BSA) were added
for overnight incubation at 4 °C. After washing 3 times with PBS,
the secondary antibodies (Alexa-Fluor 488 goat anti-mouse 1gG
and Alexa-Fluor 568 goat anti-rabbit IgG) were added at a dilution
of 1:500 and incubated for 30 min at room temperature. After 3
times of PBS washing, the coverslips were mounted onto slides
with a ProLong Gold antifade reagent, and cells were observed
under confocal microscope.

TcdB binding assay

The cells were seeded in 6-well plates at a concentration of 1
x 10° cells per well. After incubation at 37 °C for 16 h, the cells
were transferred to 4 °C for 15 min and then incubated with 10 pg
ml™" TedB at 4 °C for 1 h. The cells were then washed five times
with ice-cold PBS before lysis. The lysate was subjected to immu-
noblotting analysis.

SPR measurements

Dynamic interactions of CSPG4-N,;,s¢, and TcdB were ana-
lyzed using Biacore T200 system (GE). Mouse anti-human IgG
was amine-coupled on a CM5 sensor chip according to the man-
ufacturer’s instructions, and CSPG4-N,,, s¢-Fc was captured at
~500 RU. A blank flow cell with amine-coupled mouse anti-human
IgG was used to subtract the buffer effect on sensograms. All SPR
measurements were performed in the buffer (10 mM Hepes, 150
mM NaCl, and 0.05% Tween-20 at pH 7.4) at 25 °C with a flow
rate of 30 pl/min, and the chip surface was regenerated by 3 M of
MgClL,. Five concentrations of TcdB (15.625 nM, 31.25 nM, 62.5
nM, 125 nM and 250 nM) were injected for 180 s per cycle, and
the dissociation was monitored for 600 s. Kinetic constants were
calculated using the Biacore evaluation software.

FACS analysis

Cells were detached from the culture dishes by incubation with
cell stripper (CORNING, #25-056-CI) to preserve cell surface
proteins from degradation. Suspensions of cells were then mixed
with 5 pg of Alexa-Fluor 488-labelled TcdB and incubated for 30
min on ice. After being washed twice with cold PBS, cells were
subjected to FACS analysis. Cell surface-bound fluorescence was
detected with an argon-ion laser (488 nm) and the 530-nm-band-
pass filter (FL1).

TcdB in the membrane fraction

Cells were seeded in 100-mm plates at a concentration of 4 x
10° cells per plate. After incubation at 37 °C for 16 h, TcdB was
added to a final concentration of 10 ug ml™' and incubated for 30
min to allow toxin binding and endocytosis. The cell membrane
fraction was extracted using the FractionPREP Cell Fraction Kit
(BioVision, K270-50) and was evaluated using immunoblotting
analysis.

GST pull-down assay
The pull-down assay was performed using MagneGST Pull-
Down System (Promega# V8870).

Animal work
All mice used in this study were kindly provided by William

Stallcup (Sanford/Burnham Medical Research Institute). Eight-
week-old wild-type and NG2-knockout C57BL/6 mice were
housed in dedicated pathogen-free facilities. The animal study
protocol was approved by the Institutional Animal Care and Use
Committee of Peking University. To assess the IL-8 induction of
mice in response to TcdB intoxication, mice were challenged in-
traperitoneally with TcdB (10 ng per mouse). Blood samples were
collected by submandibular bleeding technique the night before (0
h) and 5 h after challenge, and plasma IL-8 concentrations were
measured using the ELISA kit (NeoBioscience #EMC104). For
survival assay, mice were intraperitoneally injected with TcdB (20
ng per mouse), and data were analysed using Kaplan-Meier meth-
od.
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A HeLa shRNAmir library
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Supplementary information, Figure S1 shRNAmir library screen for host genes important for TcdB toxicity. (A)
Schematic of the shRNAmir library screen for human genes important for the toxicity of C. difficile toxin B. (B)
Light microscopic images of HeLa cells after exposure to 70 pg miI~! TcdB for 8 hr. The arrow points to cells that
remained spindle-shaped after toxin exposure. Scale bar = 50 um. (C) Two specific primers were used to amplify
the shRNA-coding sequences from the HeLa shRNA library clones. The F-shRNA primer (5’-
ACGTCGAGGTGCCCGAAGGA) matches the sequence upstream of the shRNA stem region, and the R-shRNA
primer (5-TACATCTGTGGCTTCACTA) matches the loop region of the shRNA.



TcdB-resistant TALEN Clones
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CSPG4 ‘ —

Supplementary information, Figure S2 Effect of TALEN-mediated CSPG4 knockout on the susceptibility of
HelLa cells to TcdB. (A) Microscopic image of Hela cells harbouring the CSPG4-targeting TALEN constructs after
exposure to 70 pg ml=' TcdB for 8 hr. Scale bar: 200 ym. The white arrow points to the colony of cells that was
toxin resistant. (B) Immunoblot analysis of CSPG4 expression in five randomly selected TALEN HeLa cell clones
that demonstrated TcdB resistance. A rabbit monoclonal antibody against human CSPG4 was used. The 3-tubulin

bands were measured as internal controls.
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Supplementary information, Figure S3 GAG is irrelevant to CSPG4’s function in mediating TcdB toxicity. (A)
Multi-domain schematic of CSPG4 and CSPG4 (GAG*). CSPG4 (GAG®) is a mutant form of CSPG4 that contains
a mutation at the GAG acceptor site (S995A), which abolishes the ability of the CSPG4 protein to bind to
chondroitin sulphate glycosaminoglycan (GAG). (B) The indicated cells were treated with different concentrations
of TcdB and were imaged every 2 hr over an 8-hr time course. The percentage of round cells was quantified

according to the procedure described as in Figure 1F. The data are the mean + s.d., n = 12.
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csps4-/-{ CCC6GCCTGGCCTTGGCTTTGACCCTGACTATGTTGGCCAGACTTGCA-— - -~ GTGAGTGAGGGGCCT (A7)
CCCGGCCTGOCCTTGGCTTTGACCCTGA = m - mm oo GTGAGGGGCCT (A31, interrupting splicing)
B C HT29 HT29/CSPGA4™ HT29/CSPG4
4 Time(hr) 0 2 2 3 4 TcdB(ng ml™)
Non-glu. Rac |..--|}....||- I
1
e - - > 5> B ST e @ - e

Non-glu. Rac1|-— — H...-H- ‘

B-tubulinEl - - o S o —— ’

Non-glu. Rac1 [-— — H“.-H- ‘ 10
Y G ot Tt

Non-glu. Rac1 ‘- H-- -_ H- ‘

e omm———" 0 G S S

Supplementary information, Figure S4 Effect of CSPG4 expression on the susceptibility of HT29 cells to TcdB
toxicity. (A) Partial coding sequences of the CSPG4 gene in the genome containing the CRISPR/Cas9 sgRNA
binding region (underlined) and sequencing analysis of the mutated alleles from 8 randomly selected clones. The
shaded nucleotides represent the PAM sequence that guides the Cas9 for DNA recognition and cleavage. The
exon and intron close to the sgRNA targeting region are indicated, and the dashes indicate deletions. (B)
Immunoblot analysis of the indicated HT29 cells, following the same method described in Figure 1C. A rabbit
monoclonal antibody against human CSPG4 was used. (C) Immunoblot analysis of the total and non-glucosylated
Rac1 in the indicated HT29 cells. Cells were treated for increasing time intervals with four different concentrations

of TedB (1, 5, 10 and 50 ng mI™").
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Supplementary information, Figure S5 CSPG4 has no effect on TcdA-mediated toxicity. (A-B) The indicated
HelLa cells were treated with 0.1 ug miI~' (A) or 1 ug ml~' (B) TcdA and were imaged every 2 hr over an 8 hr time
course. Cell rounding analysis was performed as described in Figure 1F. The data are the mean £ s.d., n = 12.
(C) Immunoblot analysis of total Rac1 and non-glucosylated (non-glu.) Rac1 in the indicated HelLa cells, which
were treated for increasing time intervals with 0.5 pg ml~" TcdA. Total Rac1 was detected using an antibody
targeting both the glucosylated and non-glucosylated Rac1 to ensure equal loading. (D) The indicated Hela cells
were treated with serially increasing amounts of TcdA (0.01 - 100 ug mli=") for 24 hr prior to the LDH cytotoxicity

assay. The data are the mean £ s.d., n = 3.
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Supplementary information, Figure S6 Production and purification of proteins. (A) Coomassie blue staining of
the purified TcdB-His, CSPG4-N3o-s40-Fc, and ANTXR1N-Fc following SDS-PAGE analysis. (B) Coomassie blue

staining of the purified TcdB-C1ss2-2366 and TcdB-C1s00-2366 following SDS-PAGE analysis.
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Supplementary information, Figure S7 Coimmunoprecipitation of TcdB-His with the indicated CSPG4 proteins
in HEK293T cells transfected with indicated Flag-CSPG4 constructs. Immunoblotting analysis was conducted
using anti-Flag and anti-TcdB antibodies after co-incubation of the cell lysates with 5 ug of TcdB at 4°C overnight.

CSPG4-N3o-640 proteins extracted from two independent-acquired clones were used for better representation (A).
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Supplementary information, Figure S8 Surface plasmon resonance (SPR) measurements for the binding

constant between TcdB and CSPG4-Na4o1-560.





