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In April and May 2011, there was a serious food-poisoning outbreak in Japan caused by enterohemorrhagic Escherichia coli
(EHEC) strains O111:H8 and O157:H7 from raw beef dishes at branches of a barbecue restaurant. This outbreak involved 181
infected patients, including 34 hemolytic-uremic syndrome (HUS) cases (19%). Among the 34 HUS patients, 21 developed acute
encephalopathy (AE) and 5 died. Patient stool specimens yielded E. coli 0111 and O157 strains. We also detected both EHEC
0111 stx, and stx-negative E. coli O111 strains in a stock of meat block from the restaurant. Pulsed-field gel electrophoresis
(PFGE) and multilocus variable-number tandem-repeat analysis (MLVA) showed that the stx-negative E. coli O111 isolates were
closely related to EHEC O111 stx, isolates. Although the EHEC O157 strains had diverse stx gene profiles (stx,, stx,, and stx;
stx,), the PFGE and MLVA analyses indicated that these isolates originated from a single clone. Deletion of the Stx2-converting
prophage from the EHEC O111 stx, isolates was frequently observed during in vitro growth, suggesting that strain conversion

from an EHEC O111 stx, to an stx-negative strain may have occurred during infection.

nterohemorrhagic Escherichia coli (EHEC) strains cause a va-
riety of human illnesses, such as uncomplicated diarrhea,
hemorrhagic colitis, hemolytic-uremic syndrome (HUS), and re-
lated acute encephalopathy (1). Shiga toxin 1 (Stx1) and Stx2 are
EHEC virulence factors that cause endothelial cell damage with
consecutive systemic thrombotic microangiopathy, resulting in
hemorrhagic colitis and subsequent renal failure and involvement
of other organs (1-4).

EHEC infection is a category III notifiable infectious disease in
Japan, according to the Law Concerning the Prevention of Infec-
tious Diseases and Medical Care for Patients of Infections (Infec-
tious Diseases Control Law). All EHEC cases must be reported by
the physician who made the diagnosis. Prefectural and municipal
public health institutes (PHIs) conduct EHEC isolation, serotyp-
ing, and verotoxin (VT) typing and report their results to the
Infectious Disease Surveillance Center (IDSC) of the National In-
stitute of Infectious Diseases (NIID), Japan. Approximately 4,000
cases are reported annually. 0157 is the most common EHEC
serogroup in gastrointestinal tract infections, accounting for 60 to
70% of the reported EHEC infections. Among non-0157 EHEC
serogroups, O26 is the second most common serogroup, account-
ing for 20 to 25% of the EHEC cases, followed by serogroups
0111, 0121, and O103.

Hemolytic-uremic syndrome (HUS) is an illness characterized
by acute kidney injury, thrombocytopenia, and microangiopathic
hemolytic anemia. Approximately 100 HUS cases associated with
EHEC infections are reported annually in Japan, corresponding to
3 to 4% of the symptomatic EHEC infections. EHEC O157 is the
most prevalent EHEC serogroup causing HUS, accounting for
approximately 90% of the HUS cases identified among EHEC
isolates. However, a wide variety of EHEC non-O157 serogroups
might also cause HUS.

The EHEC O111 serogroup is the etiological agent of approx-
imately 4% of the EHEC cases in Japan (5). During 2006 to 2010,
there were 83 EHEC outbreaks in Japan, in which 10 or more

August 2014 Volume 52 Number 8

Journal of Clinical Microbiclogy p. 2757-2763

EHEC-positive cases were reported. Six of these outbreaks were
caused by EHEC O111 strains (6-10): three by EHEC O111 stx,
strains, and the other three by EHEC O111 szx; stx, strains. EHEC
O111 stx, isolates are very rare in Japan, consistent with data from
other countries (11-13). Although some serious outbreaks due to
EHEC O111 isolates have been reported in Western countries
(14-16), EHEC O111 outbreaks with serious complications, like
HUS, have been rare in Japan.

The important EHEC virulence factors are Stx1 and Stx2 and
the locus of enterocyte effacement (LEE) element that is respon-
sible for intimate adhesion to host intestinal cells. The stx; and stx,
genes are encoded in different but similar prophage genomes. The
loss and gain of these prophages must affect EHEC virulence.
Since Stx-converting phages have been reported to be lost during
in vitro culture (17, 18), they may also be lost under in vivo con-
ditions, although no conclusive in vivo data are currently avail-
able.

There was a large EHEC outbreak in Japan in April and May
2011. A case-control study showed that raw beef dishes consumed
at a chain of barbecue restaurants were the vehicles for these in-
fections (Y. Yahata, T. Misaki, Y. Ishida, M. Nagira, M. Watahiki,
J. Isobe, J. Terajima, S. Iyoda, J. Mitobe, M. Ohnishi, T. Sata, K
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Taniguchi, Y. Tada, N. Okabe, and E. coli Outbreak Investigation
Team, unpublished data). A total of 941 individuals ate at the
restaurant chain from 19 April to 4 May 2011, and 181 presented
as outbreak-related cases, including 34 HUS cases. Only 55 of the
181 infections were confirmed by laboratory isolation to be from
the EHEC O111 and/or O157 serogroups. Of the 34 HUS cases, 21
developed acute encephalopathy and 5 died. Here, we report stud-
ies characterizing the E. coli O111 and O157 strains isolated from
the cases in this outbreak.

MATERIALS AND METHODS

Case definition. The case definition for the 181 patients in this outbreak
was a person who developed illness >10 h after eating at one of the res-
taurants in the implicated restaurant chain in April 2011, and who pre-
sented with at least one of the following symptoms: (i) bloody stools, (ii)
more than two gastrointestinal symptoms, such as diarrhea, nausea or
vomiting, abdominal pain, and tenesmus, (iii) one of the gastrointestinal
symptoms in addition to at least two additional symptoms, such as fever
(temperature of >37.5°C), malaise, or headache, or (iv) a stool culture
positive for E. coli O111, EHEC O111, or EHEC O157.

Strains. A total of 104 EHEC O111, EHEC 0157, and stx-negative E.
coli O111 isolates were collected from three public health centers in
Toyama Prefecture, Japan, and sent to the Toyama Institute of Health
(TIH). EHEC strains were also obtained from public health institutes in
Fukui Prefecture, Ishikawa Prefecture, Kanazawa City, and Yokohama
City, where related cases were detected. EHEC O111 strain 11128 (19) and
EHEC 0157 strain Sakai (20), used as reference strains, were obtained
from the National Institute of Infectious Diseases (Tokyo, Japan) and the
Research Institute for Microbial Diseases, Osaka University (Osaka, Ja-
pan), respectively.

Isolation of EHEC and serotyping. Specimens were collected from
seven public health and medical laboratories (listed in Acknowledg-
ments). Stool specimens (n = 188) from patients, samples from leftover
food from the implicated restaurants (n = 20), and smear samples from
the implicated restaurant kitchens (n = 14) were collected and sent to the
TIH for analysis. For EHEC isolation, the specimens were analyzed by
enrichment culture, immunomagnetic separation (IMS) (21) with O111
or Q157 lipopolysaccharide (LPS) antibodies, and acid treatment before
plating on selective agar medium, as described below (22). The enriched
samples were spread on cefixime-tellurite (CT)-MacConkey sorbitol
agar, CT-MacConkey sorbose agar, CHROMagar O157 TAM, CT-
CHROMagar 0157 TAM, or CHROMagar Shiga toxigenic E. coli
(STEC). After the plates were incubated overnight at 35°C, the isolated
colonies were transferred to Trypticase soy agar (TSA) plates (Becton,
Dickinson and Company), and these plates were incubated at 35°C over-
night. The colonies (>4) isolated from the TSA plates were tested by PCR
for the presence of the stx, gene and serotyped using anti-E. coli O111 and
0157 antisera (Denka Seiken Co., Ltd., Tokyo, Japan). Determination of
the flagellar antigen type of the EHEC O111 outbreak strain was carried
out by fliC typing with PCR-restriction fragment length polymorphism
(23). The PCR amplicons were digested with Hhal (Nippon Gene Co.,
Ltd., Toyama, Japan) and separated by 2% agarose gel electrophoresis.

Pulsed-field gel electrophoresis. Pulsed-field gel electrophoresis
(PFGE) was performed using the PulseNet protocol (24). Genomic DNA
in agarose plugs was digested overnight with 30 U Xbal (Nippon Gene Co.
Ltd., Toyama, Japan) at 37°C. Electrophoresis of the Xbal-treated plugs
was performed with the CHEF Mapper system (Bio-Rad Laboratories)
using pulsed-field certified agarose (Bio-Rad Laboratories) with 0.5X
Tris-borate-EDTA (TBE) running buffer. The electrophoretic conditions
were as follows: 6 V/cm for 19 h, pulse time ranging from 2.2 to 54.2 s, and
0.5X TBE buffer at 12°C. Salmonella enterica subsp. enterica serovar
Braenderup genomic DNA in an agarose plug was also digested overnight
with 30 U Xbal and used as a molecular size marker. After electrophoresis,
the gels were stained with ethidium bromide (final concentration, 50 ng/
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ml), destained by washing with distilled water, and photographed with
ChemiDoc XRS (Bio-Rad Laboratories).

Multilocus variable-number tandem-repeat analysis. Multilocus
variable-number tandem-repeat analysis (MLVA) was carried out as de-
scribed in previous reports (25, 26). The PCR products labeled at the 5
termini of the target loci for MLVA were separated using an ABI 3130x1
Genetic Analyzer (Applied Biosystems). The repeat copy number for a
null allele (i.e., when no PCR product was obtained) was designated —2.

Detection of virulence-related genes. Test strains were selected from
10, nine, five, two, and two representative isolates of the EHEC O111:H8
stx,, stx-negative E. coli 0111, EHEC O157 stx, stx,, EHEC O157 stx,, and
EBHEC O157 stx, isolates, respectively. The E. coli strains were resuspended
in 200 pl of 5% (wt/vol) Chelex 100 resin (27) and heated for 10 min at
100°C. After centrifugation, the supernatants were quantified by using a
NanoDrop ND-1000 (Thermo Fisher Scientific). The DNA preparations
were diluted to a final concentration of 10 ng/pl and used as a template for
PCR. The PCR primers used to detect stx genes were commercially pur-
chased EVC-1 and EVC-2 to simultaneously detect common stx genes,
EVT-1 and EVT-2 to detect stx,, and EVS-1 and EVS-2 to detect stx,
(TaKaRa Bio, Inc.). Other virulence-related genes were analyzed by a mul-
tiplex PCR-based protocol (28). The target genes were stx), six,, eae,
CVD432, aggR, invE, elt (labile toxin [LT] gene), esth (saitohin [STh]
gene), estp (sulfotransferase [STp] gene), bfp, EAF, and astA. The Stx-
encoding genes, stx; and stx,, of the EHEC isolates in this outbreak were
subtyped using PCR (29).

To detect the norV gene (30), a primer pair was designed from the
EHEC O111 genome norV sequence (GenBank accession no. AP010960):
norV-337f (5'-CAT ACC TCA CCG AGT G-3') and norV-914r (5'-GAG
CGG AAG ACA TTG GTC AGG-3'). To detect the ospG gene (31), the
primer pair was ospG-F (5'-CCA TTT GAG AAT AAT AAT TCT CAT
GCT G-3') and 0spG-R (5'-GCA TTT GTA ATC GTC GGT CGA TAA
TC-3").

Titration of Stx in EHEC cultures. To detect Shiga toxin in the culture
medium of the EHEC isolates, the strains were grown in Casamino Acid-
yeast extract (CA-YE) medium (Denka Seiken Co., Ltd., Tokyo, Japan)
overnight with shaking at 35°C. Each culture was centrifuged (900 X g for
15 min), and the supernatant was used for the Stx1 and Stx2 assays. Each
toxin was detected in a 2-fold dilution series of the supernatant by a
verotoxin E. coli reversed passive latex agglutination assay (VTEC-RPLA)
(Denka Seiken Co., Ltd., Tokyo, Japan), according to the manufacturer’s
specifications. The toxin titers were expressed as the maximum dilution
with a positive reaction.

RESULTS
Isolation of EHEC from patients. During this outbreak, we iden-
tified 34 patients with HUS cases and, in the early phase of the
outbreak, stx-negative E. coli O111-positive cases were identified.
Therefore, we reexamined the stool specimens that had given cul-
ture-negative results. After enrichment using anti-LPS (O111 or
0157) antibody-conjugated magnetic beads, multiple colonies
(usually 4 or more; at most, 800 colonies) were checked for stx
genes. A total of 55 patients were found to be positive for EHEC
0111 with fliCyg and/or O157 with fliCyy,. These laboratory-con-
firmed cases were divided into three groups: only EHEC O111
isolated (group 1), both EHEC 0157 and O111 isolated (group 2),
and only EHEC 0157 isolated (group 3). The groups contained
25,12, and 18 cases, respectively (Table 1). Of the 37 EHEC O111-
positive cases (groups 1 and 2), 17 developed HUS, including 13
cases of acute encephalopathy. However, of the 30 EHEC O157-
positive cases (groups 2 and 3), only 9 cases developed HUS, in-
cluding 6 cases of acute encephalopathy. Therefore, the HUS rate
in patients infected with group 1 EHEC was 28%, with group 2
EHEC was 67%, and with group 3 EHEC was 6%.

We did not isolate any EHEC strains from 126 of the 181 cases
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TABLE 1 Numbers of patients in the groups defined by isolation of
EHEC in stool specimens

No. of patients in groups based on
isolation of EHEC serotypes”

Clinical “Group Group Group Group Total
presentation® 1 2 3 4 no.
HUS + AE, death 3 0 0 2 5
HUS + AE 4 6 0 6 16
HUS 2 2 1 8 13
Non-HUS® 16 4 17 110 147
Total no. of patients 25 12 18 126 181

“HUS, hemolytic uremic syndrome; AE, acute encephalopathy.

# Group 1, only EHEC O111 isolated from these patients; group 2, both EHEC O111
and EHEC 0157 isolated from these patients; group 3, only EHEC Q157 isolated from
these patients; and group 4, neither EHEC O111 nor EHEC 0157 isolated from these
patients.

¢ More than one gastrointestinal symptom.

(Table 1, group 4). Of these 126 cases from group 4, 16 developed
HUS, for an HUS rate of 13%, and 8 of these 16 HUS cases devel-
oped acute encephalopathy. In the serum samples of 10 patients of
the 16 group 4 HUS cases, the anti-O111 antibody was detectable
in all samples, whereas the antibody to O157 was only detectable
in two samples. These data indicate that EHEC O111 isolates
caused most infections, but these patients were no longer shed-
ding EHEC (32).

An interesting feature of this outbreak was that stx-negative E.
coli O111 strains were isolated from patient stool specimens. In
addition, EHEC 0157 strains with several types of toxins were
isolated. These results are summarized in Table 2. stx-negative E.

TABLE 2 Profiles of serotypes and toxins of EHEC strains isolated from
outbreak patients

Serogroup
No. of 0111 Serogroup 0157
Group” cases Stx, stx— stx; stx, stx, St
1 10 +* b - - -
15 + + - - -
2 5 + + + - -
2 + + + + -
3 + - + - -
1 + - + - +
1 + + - + -
3 3 - + + - -
2 - + + + -
5 - - + - -
1 - - + + -
3 - - + - +
4 - - - + -
4 102 - - - - -
24 - + - — -
Total no. of 37 52¢ 25 10 4
positive
isolates

“ Groups 1 to 4 are defined in the Table 1 footnotes.

b Symbols indicate that the strain was isolated (+) or not isolated ().

¢ Of these 52 isolates, 3 were not available and were therefore excluded from further
analysis.
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{550- kis)
{490- kb) > 18

Number of isolates 37 48 1 1 1 30 8 1

stx, 37 1 4
stx, 10

StX;5EX, 6 8 1
stx- 48 1 1

FIG 1 PFGE patterns of the E. coli O111 and E. coli O157 isolates and toxin
types present. (A) Serogroup O111 isolates: lanes 1 and 3, stx,-positive strains;
lanes 2, 4, and 5, stx-negative strains. (B) Serogroup 0157 isolates: lane 1, 16
stx, Stx,, 10 stx;, and four stx,-positive strains: lane 2, eight stx, stx,~positive
strains; lane 3, one stx; stx,-positive strain. Each lane shows a representative
PEGE pattern for each strain derived from the photographs of the separated
gels. The tables in panels A and B show the number of strains with identical
PFGE patterns and list a breakdown of the number of strains with each toxin
type. Lane M, molecular markers; stx—, stx-negative.

coli O111 organisms were isolated from 28 of the 55 EHEC-posi-
tive cases (groups 1, 2, and 3) and from 24 of the 126 EHEC-
negative cases (group 4). Further analysis was carried out on 37
EHECO111 stx,, 49 stx-negative E. coli 0111, 25 EHEC O157 stx;,
10 EHEC O157 stx,, and 4 EHEC O157 stx; stx, strains, in addition
to an EHEC O111 stx, and a stx-negative E. coli 0111 isolate from
a beef sample from the same lot as the suspected contaminated
food, the raw beef dish yukhoe.

Molecular typing of E. coli isolates. If an EHEC strain loses its
Stx prophage during infection, the resulting strain is an stx-nega-
tive eae-positive strain. Therefore, PEGE molecular typing was
carried out to investigate the genetic relationships between the
stx-positive and -negative EHEC O111 strains in this study. The
PFGE patterns are shown in Fig. 1. All EHEC O111 six, strains,
including an isolate from a beef sample, had the same Xbal diges-
tion pattern (Fig. 1A, lane 1), except one strain that had a similar
pattern but with a three-band difference (Fig. 1A, lane 3). Of the
50 stx-negative EHEC O111 strains, 48 (96%), including an isolate
from a beef sample, had the pattern shown in Fig. 1A, lane 2. There
was only a two-band difference between the patterns of almost all
stx-positive and -negative EHEC O111 strains (cf. Fig. 1A, lanes 1
and 2). A comparison of these PEGE patterns identified an ap-
proximately 550-kb band in stx-positive EHEC O111 strains that
was not present in the patterns of stx-negative EHEC O111 strains,
as well as an approximately 490-kb band in stx-negative EHEC
O111 strains that was not present in the patterns of stx-positive
EHEC O111 strains. The size difference of these bands, 60 kb,
corresponds to the genome size of Stx-converting phages (33).
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A

slv2_0111 (n=2,  \

locus 0157-37=16)

SWV3_0111 (n=2,

MLVA-0111
(n=80)

Slvi_o111
(n=2, locus EHC-1=8)

B
SLV1_0157
(n=5, locus 10=22)
MLVA-0157
SLv4_0157 (n=31) SWV2_0157

(n=1, locus 10=20)

(n=1, locus 10=19)

locus EH111-8="-2")

SLv5_0111 (n=1, locus 0157-37=8)

MLVA profile of MLVA-0111

SWV3_0157 {n=1, locus 10=33)

Sva_0111 (n=1, locus EHC-2=11)

Locus 1E1H1 fﬂ fSH? g’; EHC  EHC  0157- O157- O157- O157- 0157  O157- 0157- 0157
woom o z 5 -6 10 17 19 25 34 36 3 9

Repeat | 1 3 2 2 3 2 2 1 2 3 2 2 11

no. ke

MLVA profile of MLVA-0157

Locus 25 3 34 9 17 19 6 37

Repeat 4 5 9 18 7 4 12 7

no.

FIG 2 Minimum spanning trees of MLVA of the E. coli O111 and E. coli 0157 isolates. Shown are serogroup O111 isolates with stx, (black circle) or stx-negative
E. coli (circle with dots) (A) and serogroup 0157 isolates with stx, stx, (white circle), stx, (gray circle), or stx, (black circle) (B). One circle represents one MLVA
type, and the size of the circle is proportional to the number of isolates. The tables in panels A and B show the MLVA profiles for E. coli O111 and E. coli 0157
strains, with the gray columns indicating the locus detected single-locus variants (SLVs). Each SLV represents each satellite circle with the number of isolates and

its locus type.

To confirm the genetic relationship of the EHEC O111 isolates
from the outbreak, MLVA was carried out. Of the 88 E. coli 0111
isolates, including the isolate from a beef sample, 80 (including
both stx-positive and -negative isolates) had an identical MLVA
profile. The remaining eight EHEC O111 isolates had similar
MLVA profiles, but each had a repeat number variation at one
locus among the 18 loci. These data strongly suggest that the E. coli
O111 strains isolated during this outbreak were genetically closely
related. The isolates from beef had a PFGE type (Fig. 1A, lane 1)
and MLVA type (MLVA-O111) that appeared to be identical to
those of the most prevalent stx-positive and -negative E. coli O111
isolates from clinical specimens, supporting the hypothesis that
yukhoe beef was the vehicle for this outbreak.

The EHEC 0157 isolates in this study were also analyzed by
PFGE and MLVA to investigate the genetic relatedness of the three
different toxin types present in these strains. There were three
groups of EHEC 0157 isolates based on a PFGE analysis of their
Xbal restriction digest patterns, with one- to three-band differ-
ences (Fig. 1B). Of the 39 O157 isolates, 30 showed an identical
PFGE pattern (Fig. 1B, lane 1). This pattern was found in all the
EHEC O157 isolates carrying stx, stx,, stx;, and stx,. An analysis of
the MLVA results showed that the 39 EHEC O157 strains could be
divided into five MLVA types (Fig. 2B). MLVA-O157 was the

2760 jcmasm.org

most commonly found MLVA type in 31 of the 39 strains and
included strains with all three toxin types: stx; stx,, stx;, and stx,.
The remaining eight EHEC O157 strains were single-locus vari-
ants of MLVA-O157, each with a repeat number variation at locus
10 (see Fig.2, table for E. coli O157 in Fig. 2). Therefore, although
EHEC Q157 strains possessing different toxin types were isolated
during this outbreak, all of the strains may have originated from a
single common strain.

Shiga toxin production and other virulence markers. This
outbreak produced an extraordinary number of cases of HUS and
encephalopathy. In this outbreak, proinflammatory cytokines
were induced in most patients with acute encephalopathy and
severe HUS (34, 35). In addition to E. coli LPS, Stx1 and Stx2 can
induce expression and synthesis of cytokines in Caco-2 cells, a
human colon epithelial cell line (36). Therefore, we attempted to
estimate the amount of Stx1 and Stx2 present in the culture media
of EHEC strains isolated from outbreak patients. The 8 isolates of
EHEC O111 stx, and 3 isolates of EHEC O157 stx, stx, produced
Stx2 titers of 1:64 and 1:32, respectively, which were lower than
those produced by EHEC O111 strain 11128 and EHEC 0157
strain Sakai (1:128 and 1:256, respectively). The Stx1 titer of the
EHEC O157 stx, stx, strains was also lower than that of the EHEC
Q157 strain Sakai (1:32 versus 1:128).

Journal of Clinical Microbiology
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A. Primary isolates

B. First subculture

C. Second subculture

FIG 3 Stability of stx, genes of the five EHEC O111 stx, strains in successive
subcultures. Ten O111 colonies (1 to 10) isolated from a stool specimen were
picked, and each colony was spread on a TSA plate (A). A portion of each
overnight subculture was transferred to a new TSA plate, and then this proce-
dure was repeated to produce two subcultures. Following overnight incuba-
tion, the subcultures were tested using colony-sweep PCR for stx, (A, B, and
C), and the five six,-positive colonies (1, 2, 4, 5, and 6) from the primary
isolates were selected for the second round of subculture (C). The stx, and 16S
rRNA gene amplicons were 404 bp and 544 bp, respectively. Sakai, EHEC 0157
stx, stx, Sakai strain as a positive control; NC, template DNA-free reaction asa
negative control.

To investigate additional potential virulence factors, like the
hybrid type of STEC isolated in Germany in 2011 (36), the pres-
ence of major diarrheagenic E. coli virulence factors was examined
by PCR. EHEC 0111 stx,, toxin-negative E. coli, and EHEC 0157
isolates carried eae, hlyA, and ospG but were negative for CVD432,
aggR, invE, elt, esth, bfp, EAF, and astA (data not shown). EHEC
0111 strains had an intact norV gene, but EHEC O157 strains had
a deletion in the norV gene (data not shown).

Furthermore, PCR subtyping of the Stx1 and Stx2 toxins from
both the EHEC O111 and O157 strains in this outbreak showed
that the toxins were types Stxla and Stx2a.

Stability of the stx, gene during EHEC subculture. The EHEC
isolates from some clinical specimens appeared to have lost the
stx, gene during isolation and growth on the agar plates. For
some EHEC O111 strains, we noted that the PFGE patterns,
which were confirmed by PCR to be stx, positive, sometimes
changed to the PEGE pattern of stx-negative E. coli O111 strains.
To investigate the stability of the Stx2 prophage, 10 O111 colonies
(1 to 10) isolated from a stool specimen were picked, and each
colony was spread on a TSA plate. A portion of each overnight
subculture was transferred to a new TSA plate, and then this pro-
cedure was repeated to produce two subcultures. After the over-
night culture, the subcultures were tested using colony-sweep
PCR for stx,, and the five stx,-positive colonies were selected from
the primary isolates for the second subculture (Fig. 3). After the
first subculture, the amount of PCR amplicon produced from
isolate 6 was less than that produced from the other isolates. After
the second subculture, no PCR stx, amplicon was seen in two of
the five isolates (Fig. 3, isolates 1 and 6). The E. coli O111 strain,
which converted to stx, negative in this experiment, had a PEGE
pattern that was identical to that of the stx-negative E. coli O111
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strains (data not shown), indicating that an Stx2 prophage had
been lost during subculture. Collectively, these data indicate that
some Stx2 prophages in the EHEC O111 strains isolated in this
outbreak were unstable during in vitro cultivation, and they sug-
gest that loss of the Stx2 prophage may have occurred in the in-
fected patients.

DISCUSSION

Several reports have identified EHEC-associated HUS cases that
no longer shed EHEC but do shed stx-negative EHEC organisms
that presumably lost stx during infection (18, 37-39). Stx is the
most important EHEC virulence factor, causing the specific clin-
ical features of EHEC infection (1-4). Therefore, stx-negative E.
coli organisms may be produced by excision of the Stx-converting
phage during infection. In agreement with this suggestion, more
stx-negative EHEC strains have been isolated at follow-up testing
of EHEC-infected patients (38). In HUS patients who shed only
stx-negative EHEC, the etiology of HUS can be missed using cur-
rent bacteriological methods based on detecting only the stx gene
or Stx. This can hamper epidemiological investigations and lead to
inappropriate clinical management, especially with a cluster of
sporadic cases. '
The etiology of the EHEC O111/0157 outbreak studied here
was confirmed in only 18 of the 34 HUS cases by isolating EHEC
0111 (9 cases), EHEC O157 (1 case), and both EHEC O111 and
0157 (8 cases). The remaining 16 HUS cases were EHEC negative,
even after extensive efforts to isolate EHEC, with up to 800 E. coli
colonies examined after O111 enrichment using immunomag-
netic beads. Since serologically positive results for the E. coli 0111
antigen were found from all but one of the EHEC-negative HUS
cases (32), EHEC O111 may be the primary cause of the severe
HUS complications. An stx-negative E. coli O111 strain was iso-
lated from most EHEC-positive HUS cases (13 of 18 HUS cases)
and from a few EHEC-negative HUS cases (3 of 16 HUS cases). We
also isolated EHEC O111 stx, and stx-negative E. coli O111 organ-
isms from a beef sample from the same lot as the suspected infec-
tion vehicle. Therefore, conversion from stx-positive to stx-nega-
tive E. coli O111 may occur in contaminated food, during
infection, and/or bacteriological testing. The subculture data pre-
sented here show that the EHEC O111 six, isolates in this study
can lose the Stx2 prophage during in vitro subculture (Fig. 3). This
may have biased our bacteriological analyses, resulting in an un-
derestimation of the scale of the outbreak. Since the loss of the stx
gene was not consistent in all EHEC O111 isolates in this study,
with some isolates remaining stx, positive during subculture and
other isolates losing stx,, the molecular mechanism and factors
affecting the loss of the stx, phage require further study.
Bielaszewka et al. (40) reported the isolation of stx-negative
EHEC organisms from approximately 5% of the HUS patients. In
that report, the majority of the stx-negative/eae-positive isolates
belonged to serogroups 026, 0103, 0145, and O157:H7/NM, but
no stx-negative/eae-positive E. coli O111 isolates were reported.
The absence of stx-negative/eae-positive E. coli O111 isolates in
the HUS patients may be explained by the fact that a majority
of the EHEC O111 isolates possessed stx, solely or in combination
with stx, (13), and the Stx1 prophage of EHEC O111 is thought to
be defective, resulting in immobilization and stability in the EHEC
chromosome (41). In contrast to a previous investigation (39),
there were 16 HUS cases (47.1% [16 in 34 HUS cases]) in this
outbreak from patients whose stools contained stx-negative E. coli
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O111 strains. It is probably because EHEC O111 in this outbreak
possessed the Stx2 prophage only, which was unstable and pro-
gressively lost from the genome. An HUS outbreak in Italy in 1992
may have involved a similar loss of Stx phages during EHEC O111
infection (15). That HUS outbreak had nine HUS cases, including
6 cases that were diagnosed by detecting a serum antibody to E. coli
0111 LPS. Stx-producing E. coli was isolated from a stool speci-
men in only one case. Unfortunately, there were no data on the
isolation of stx-negative strains.

The prevalence of HUS (19% [34 of 181 EHEC-infected pa-
tients]) was unexpectedly high in the 2011 outbreak, even if the
suspected cases are included in the calculation. The most probable
explanation for this relatively high HUS prevalence is that the
concentration of EHEC in the EHEC-contaminated food was
high. However, the EHEC O111 and EHEC O157 concentrations
in the vehicles for the outbreak studied here are not known. We
were unable to examine the raw beef dish, yukhoe, which was the
vehicle for EHEC O111, and thus far, the vehicle for EHEC O157
has not been confirmed. The cytokine profiles of the patients with
serious complications in this outbreak indicate that massive in-
duction of proinflammatory cytokines may have contributed to
the development of serious complications (34, 35). The high level
of cytokine induction may have been due to LPS release in the
intestinal tract, although it remains unclear how LPS-dependent
induction might have occurred in this outbreak. In addition,
although Stx1 and Stx2 may induce cytokines, including tumor
necrosis factor alpha, the amount of Stx2 production in the
EHEC O111 strains, as well as Stx1 and Stx 2 production in the
EHEC 0157 strains, in this outbreak was low or similar to that
in EHEC O111 strain 11128 and EHEC O157 Sakai by in vitro
testing. Unfortunately, we did not determine the reasons for this
high HUS prevalence using the in vitro bacteriological testing
alone. Another possibility is that the instability of the Stx2 pro-
phages in the EHEC O111 strains may have played a role in the
high HUS prevalence in this outbreak. Mellmann et al. (42) sug-
gested that stx-negative EHEC strains might be the recipients of
Stx-converting phages from isogenic stx-positive strains. In fact,
we detected many Stx2 phage plaques in the culture lysates of
some EHEC O111 isolates following incubation with mitomycin
C, as well as in some of the bloody stool specimens (data not
shown). Almost all of these plaques were shown to be stx, positive
by the PCR assay, and these phages were found to be functional
Stx2-converting phages. This would suggest a highly dynamic sys-
tem that converts in both directions by the loss or gain of Stx2
phages. This cycling lifestyle might be enhanced by a mixture of
stx-positive EHEC organisms and its isogenic stx-negative strain
in the contaminated vehicle or during infection. Further studies of
integrated prophages in both the EHEC O111 and EHEC O157
strains isolated during this outbreak need to be carried out, be-
cause the dynamic conversion of these strains might influence the
outcome of disease.
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DAP1, a Negative Regulator of Autophagy, Controls SubAB-Mediated
Apoptosis and Autophagy
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Autophagy and apoptosis play critical roles in cellular homeostasis and survival. Subtilase cytotoxin (SubAB), produced by non-
0157 type Shiga-toxigenic Escherichia coli (STEC), is an important virulence factor in disease. SubAB, a protease, cleaves a spe-
cific site on the endoplasmic reticulum (ER) chaperone protein BiP/GRP78, leading to ER stress, and induces apoptosis. Here we

report that in HelLa cells, activation of a PERK (RNA-dependent protein kinase [PKR]-like ER kinase)-eIF2« (¢ subunit of eu-
karyotic initiation factor 2)-dependent pathway by SubAB-mediated BiP cleavage negatively regulates autophagy and induces
apoptosis through death-associated protein 1 (DAP1). We found that SubAB treatment decreased the amounts of autophagy
markers LC3-11 and p62 as well as those of mTOR (mammalian target of rapamycin) signaling proteins ULK1 and S6K. These
proteins showed increased expression levels in PERK knockdown or DAP1 knockdown cells. In addition, depletion of DAP1 in
HeLa cells dramatically inhibited the SubAB-stimulated apoptotic pathway: SubAB-induced Bax/Bak conformational changes,
Bax/Bak oligomerization, cytochrome ¢ release, activation of caspases, and poly(ADP-ribose) polymerase (PARP) cleavage.
These results show that DAP1 is a key regulator, through PERK-elF2«-dependent pathways, of the induction of apoptosis and

reduction of autophagy by SubAB.

higa-toxigenic Escherichia coli (STEC) infection causes gastro-
intestinal disease, including diarrhea, hemorrhagic colitis (1),
and hemolytic-uremic syndrome (HUS) (1-3). The bacterial
products Shiga toxins 1 and 2 are important virulence factors in
the pathogenesis of disease (4). In addition, subtilase cytotoxin
(SubAB) was discovered in STEC Q113:H21 strain 98NK2, which
was responsible for an outbreak of HUS (5). SubAB is produced
primarily by a variety of non-O157 serotypes of STEC; STEC
0157:H7, the most common serogroup implicated in hemor-
rhagic colitis and HUS, almost never produces SubAB (6-9).
SubAB has an enzymatically active subunit, which is a subtilase-
like serine protease, and five receptor recognition domains, which
play important roles in binding to the receptor on the target cell
surface (5).

In order to understand SubAB cytotoxicity, it was investigated
in cultured cells. First, it was observed that SubAB bound to sur-
face receptors (e.g., Neu5Gce [10]), shown to be terminally sialic
acid modified membrane proteins (11, 12), and was translocated
into target cells. After being endocytosed, SubAB was transported
to the Golgi apparatus, which was confirmed by its colocalization
with golgin-97, a marker protein of the Golgi apparatus. SubAB
was delivered to the endoplasmic reticulum (ER) via a COG (con-
served oligomeric Golgi)/Rab6/COPI (coat protein I)-dependent
pathway (13).In the ER, SubAB cleaves a specific site at Leu416 on
endoplasmic reticulum chaperone BiP/GRP78 (14). SubAB-de-
pendent BiP cleavage is inhibited by brefeldin A (BFA), a Golgi
complex-disrupting agent (15, 16). SubAB-induced ER stress due
to BiP cleavage causes activation of stress sensor proteins, fol-
lowed by the induction of various cellular events leading to cell
damage, e.g., transient inhibition of protein synthesis (17), Go/G,
cell cycle arrest (15, 17), caspase-dependent apoptosis via mito-
chondrial membrane damage (18), activation of Akt-NF-«B sig-
naling (19), downregulation of gap junction expression (20), ac-
tivation of RNA-dependent protein kinase (PKR)-like ER kinase
(PERK) followed by caspase-dependent apoptosis (12), and inhi-
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bition of lipopolysaccharide (LPS)-stimulated NO production
through inhibition of NF-kB nuclear translocation and inducible
nitric oxide synthase (iNOS) expression (21).

Macroautophagy (referred to below as autophagy) is mediated
by autophagosomes, double-membrane vesicles that enclose a
portion of the cytoplasm for delivery to the lysosome. Autopha-
gosome formation is dynamically regulated by starvation and
other stresses and involves complicated membrane reorganization
(22). Recent studies have shown that autophagy is an important
component of the innate defense against a variety of infectious
agents. Microorganisms, however, have evolved strategies for
evading or subverting host autophagy so as to survive and estab-
lish persistent infections (23, 24). In addition, there are negative
regulators of autophagy (e.g., HO-1, Nrf2) (25-27). Death-asso-
ciated protein 1 (DAP1) has been identified as a novel substrate of
mammalian target of rapamycin (mTOR) that negatively regu-
lates autophagy (28). DAP1 (15 kDa) was initially identified for its
role in programmed cell death (29) and was shown to be ubiqui-
tously expressed in many types of cells and tissues (30). We show
here the molecular mechanisms involved in SubAB-mediated
suppression of the generation of autophagy marker LC3-11, in-
cluding reduced expression levels of factors of autophagy. We ob-
served that DAP1 was a key factor in the regulation of SubAB-
induced apoptosis and autophagy.
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MATERIALS AND METHODS

Subtilase cytotoxin preparation. Escherichia coli producing recombinant
His-tagged wild-type (wt) subtilase cytotoxin (SubAB) or catalytically in-
activated mutant (mt) SubAB (with an S272A alteration in SubA) was
used as the source of toxins for purification according to a published
procedure (17).

Antibodies and other reagents. Antibodies against Atg5, Atg7, Atgl2,
Atgl6Ll, Beclin 1, DAPI, elF2a, phospho-elF2a(Ser51), LC3B, ULKI,
phospho-ULK1(Ser757), p70 S6 kinase (S6K), phospho-S6K(Thr389),
cleaved caspase-7 (cCas7), cleaved poly(ADP-ribose) polymerase
(cPARP), PERK, SQTMT1/p62, mTOR, and phospho-mTOR(S2448)
were purchased from Cell Signaling. Mouse monoclonal antibodies
against BiP/GRP78 were from BD Biosciences, and the antibody against
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was from Gene-
Tex. The anti-LC3 monoclonal antibody (clone 1703) was from Cosmo
Bio; Z-Val-Ala-Asp-fluoromethylketone (Z-VAD-FMK) was from R&D
Systems; Necrostatin-1 and the anti-a-tubulin antibody were from Sig-
ma-Aldrich; 3-methyladenine (3-MA) was from MP Biomedicals; and
bafilomycin A1 (Baf A1) and cycloheximide were from Wako.

Cell culture and gene transfection. HeLa cells were cultured in Earle’s
minimal essential medium (Sigma) containing 10% fetal calf serum
(FCS). Cells were plated into 24-well dishes (5 X 10* cells/well) or 12-well
dishes (1 X 10 cells/well) with medium containing 10% FCS. RNA inter-
ference-mediated gene knockdown was performed using validated Qia-
gen HP small interfering RNAs (siRNAs) for Atgl2 (S102655289) and
PERK (8102223718). The Atgl6L1 siRNA (5'-CAGGACAATGTGGATA
CTCAT-3') was designed and validated as described previously (31).
SQSTM1/p62 siRNAs (5'-GUAAGCCUAGGUGUUGUCATT-3") were
designed and validated as described previously (32). DAP1 siRNAs were
purchased from Dharmacon. Negative-control siRNAs were purchased
from Sigma-Aldrich. Cells were transfected with siRNAs at 50 to 100 nM
for 48 h by using Lipofectamine RNAiMax transfection reagent (Invitro-
gen) according to the manufacturer’s protocol. The knockdown of the
target proteins was confirmed by immunoblotting. The Myc-tagged
hULK]1 plasmid (33) was obtained from Addgene (plasmid 31961). HeLa
cells were transfected with X-tremeGENE HP DNA transfection reagent
(Roche) according to the manufacturer’s instruction manual.

Cell viability assay. HeLa cells (1 X 10*/well) were incubated with
wild-type or catalytically inactive mutant SubAB (200 ng/ml) for the in-
dicated times. Cell viability was measured by a Cell Counting kit (Do-
jindo) according to the manufacturer’s instructions.

Immunoprecipitation. Conformationally changed Bax or Bak was
coimmunoprecipitated as described previously (34). Briefly, the indicated
siRNA-transfected HeLa cells were treated with wt or mt SubAB for 3 h.
After a wash with ice-cold phosphate-buffered saline (PBS), cells were
solubilized with lysis buffer {10 mM HEPES, 150 mM NaCl, 1.5 mM
MgCl,, 1 mM EGTA, 2% 3-[(3-cholamidopropyl)-dimethylammonio]-
1-propanesulfonate [CHAPS] [pH 7.4]} containing protease inhibitor
cocktail (Roche Diagnostics) and were incubated for 30 min on ice. After
centrifugation at 17,400 X g for 15 min at 4°C, solubilized extracts (100
1.8/200 pl) were collected and were incubated with a conformation-spe-
cific anti-Bax (clone 3; BD Bioscience) or anti-Bak (Ab-2; Calbiochem)
antibody at 4°C for 3 h. Immunoprecipitates were collected by incubation
with protein G-Sepharose (Invitrogen) for 1 h, followed by centrifugation
for 1 min at 4°C. After immunocomplexes were washed three times with
lysis buffer, proteins were dissolved in SDS sample buffer, subjected to
SDS-PAGE in 15% gels, and transferred to polyvinylidene difluoride
(PVDF) membranes, which were then analyzed by Western blotting using
anti-Bax or anti-Bak antibodies (Cell Signaling).

Immunoblot analysis. Cell lysis and immunoblotting were per-
formed as described previously (12). Briefly, proteins were separated by
SDS-PAGE and were transferred to PVDF membranes, which were incu-
bated with the indicated primary antibodies. Detection was performed
with horseradish peroxidase-labeled goat anti-mouse or anti-rabbit sec-
ondary antibodies, followed by enhanced chemiluminescence (Super

4900 {atasm.org

Signal; Pierce). Bands were visualized using a LAS-1000 system (Fujifilm).
Densitometric analysis was performed by Image Gauge software (Fujif-
ilm) on the scanned blots, and protein levels were normalized to those of
a-tubulin or GAPDH.

Immunofluorescence confocal microscopy. For immunofluores-
cence analysis of LC3B or SQSTM1/p62, 1 X 10° Hela cells on the micro-
coverglass (Matsunami) were incubated with 200 ng/ml wt or mt SubAB
for the indicated times. Cells were fixed with 4% paraformaldehyde (PFA)
at room temperature for 15 min, washed twice with PBS, and then imme-
diately permeabilized with ice-cold 100% methanol for 10 min at —20°C.
The cells were then rinsed three times with PBS and incubated with block-
ing buffer (5% goat serum, 0.3% Triton X-100 in PBS) at room temper-
ature for 1 h. To visualize LC3B (D11; dilution, 1:200) or SQSTM1/p62
(D10E10; dilution, 1:400), cells were further incubated with primary an-
tibodies in 0.4% bovine serum albumin (BSA)-PBS buffer at 4°C over-
night, washed twice with PBS, and incubated with a DyLight 488-conju-
gated anti-mouse antibody (Rockland) or a Cy3-conjugated anti-rabbit
antibody (Sigma) at room temperature for 1 h in the dark. After three
washes with PBS, cells were mounted on glass slides using Prolong
Gold Antifade reagent with 4’,6-diamidino-2-phenylindole (DAPI).
The stained cells were visualized by FV10i-LIV confocal microscopy
(Olympus). The images were arranged with Adobe Photoshop CS4.

Statistics. The P values for densitometric analysis and vacuolating
assays were determined by Student’s ¢ test with GraphPad Prism software
(GraphPad, San Diego, CA). P values of <0.05 were considered statisti-
cally significant.

RESULTS

SubAB negatively regulates autophagy in HeLa cells. To under-
stand the relationship between autophagy and SubAB-induced
apoptosis in HeLa cells, we examined the effect of SubAB on the
conversion of LC3 and the expression level of p62. Studies have
shown that during autophagosome formation, the level of au-
tophagy marker LC3-II was increased and it accumulated in au-
tophagosomal membranes, while the level of p62 was decreased in
autophagosomes (35, 36). We first investigated the effect of
SubAB on HeLa cell viability, which was significantly decreased
after 48 h of incubation with wild-type (wt) SubAB, but not with
catalytically inactive mutant (mt) SubAB (Fig. la). Although
SubAB-induced caspase-7 activation was observed after 3 h of
incubation, the amounts of LC3-II and p62 were decreased in a
time-dependent manner (Fig. 1b). We next investigated the effects
of SubAB on the classical mTOR pathway in HeLa cells. As shown
in Fig. 1c, wt SubAB, but not mt SubAB, induced BiP cleavage
within 1 h. SubAB treatment for 3 h suppressed ULK1 and S6K
expression. Previous studies have shown that ULK1 is a regulator
of autophagy (33). Therefore, we examined the effect of transient
expression of ULK1 in HeLa cells on the inhibition of LC3-1I gen-
eration by SubAB. Compared with control plasmid-transfected
cells, ULK1 overexpression did not inhibit the suppression of
LC3-II and p62 by SubAB (Fig. 1d). Further, we also investigated
the effect of ULK1 overexpression on SubAB-induced apoptosis.
As shown in Fig. le, overexpression of ULKI1 did not affect
SubAB-induced PERK phosphorylation, e[F2« phosphorylation,
caspase-7 activation, or PARP cleavage. These data suggest that
SubAB functions independently of ULK1.

SubAB suppression of autophagy is required for PERK-me-
diated signaling. Previously, we demonstrated that SubAB induc-
tion of apoptosis by BiP cleavage was mediated by the ER stress
sensor protein PERK (12). Therefore, we next investigated if
PERK-related signaling pathways were associated with SubAB
suppression of autophagy in HeLa cells. We determined the effects
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FIG 1 Effect of SubAB on autophagy in HeLa cells. (a) HeLa cells were incubated with catalytically inactivated (mt) or wild-type (wt) SubAB (200 ng/ml) for 0,
3, 6,24, and 48 h. Cell viability with SubAB was determined with a Cell Counting kit as described in Materials and Methods. Data are means = standard deviations
of values from three experiments, with three duplicates per experiment (1 = 6). *, P < 0.05. (b) HeLa cells were incubated with mt or wt SubAB (200 ng/ml) for
0,0.5, 1, and 3 h. (Top) Cell lysates were analyzed by Western blotting using the indicated antibodies. (Bottom) The amounts of LC3-II and p62 after incubation
with mt or wt SubAB were quantified by densitometry. Data are means == standard deviations of values from three experiments. *, P < 0.05. (¢) HeLa cells were
treated with mt or wt SubAB for the indicated times. (Top) Cell lysates were analyzed by Western blotting using the indicated antibodies. (Bottom) The amounts
of ULK1 and S6K after incubation with mt or wt SubAB were quantified by densitometry. Data are means = standard deviations of values from three experiments.
*, P<0.05. {d) Cells transiently expressing Myc-tagged ULK1 were incubated with mt or wt SubAB for 3 h at 37°C. (Top) The amounts of LC3-1I, p62, and ULK1
were determined by immunoblot analysis. (Bottom) The amounts of LC3-II and p62 after incubation with mt or wt SubAB for 3 h were quantified by
densitometry. Data are means = standard deviations of values from three experiments. ¥, P < 0.05. (e) Cells transiently expressing ULK1 cDNAs were treated
with mt or wt SubAB for 0, 1, or 3 h at 37°C. (Left) Cell lysates were analyzed by Western blotting using specific antibodies as indicated. All experiments were
repeated three times with similar results. (Right) The amounts of cCas7 and cPARP after incubation for 3 h with mt or wt SubAB were quantified by densitometry.
Data are means * standard deviations of values from three experiments. ¥, P < 0.05.

of SubAB on the mTOR-signaling pathway in PERK knockdown
cells. In control siRNA-transfected cells, the amounts of phospho-
mTOR, ULKI1, phospho-ULKI, S6K, phospho-S6K, p62, and
LC3-1I were decreased by SubAB. In contrast, SubAB increased
the levels of activation of caspase-7. In PERK knockdown cells, the
expression level of PERK was significantly suppressed, and the
amounts of ULKI, S6K, p62, and LC3-II were not decreased in
the presence of SubAB. SubAB-induced caspase-7 activation was sig-
nificantly suppressed in PERK knockdown cells, as described previ-
ously (12). The catalytically inactive SubAB had no effect (Fig. 2a).
We next investigated the effect of bafilomycin Al (Baf Al) on
the expression levels of LC3-II and p62 in the presence of SubAB

November 2014 Volume 82 Number 11

in PERK knockdown cells. In control siRNA-transfected cells, the
decreases in LC3-1I and p62 levels by SubAB were not inhibited by
Baf Al, which prevents the maturation of autophagic vacuoles
(37). In PERK knockdown cells, the amounts of LC3-II and p62
were not decreased in the presence of mt or wt SubAB; they were,
however, significantly increased in the presence of Baf Al (Fig.
2b). As observed by confocal microscopy, SubAB decreased the
number of cells showing LC3-1I, even in the presence of Baf Al
(Fig. 2c, top). In contrast, in PERK knockdown cells, basal
amounts of LC3-II were increased and were not significantly sup-
pressed by SubAB with or without Baf A1 (Fig. 2¢, bottom).
Previously, we demonstrated that SubAB-induced apoptosis is
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FIG 2 PERK controls apoptosis and autophagy by SubAB in HeLa cells. (a) Nontargeting control (NC) and PERK siRNA-transfected HeLa cells were incubated
with mt or wt SubAB for 3 h. NC, nontargeting control siRNA. (Left) Cell lysates were analyzed by Western blotting using specific antibodies as indicated. (Right)
The amounts of PERK, LC3-1], $6K, phospho-S6K (p-S6K), phospho-mTOR (p-mTOR), and p62 after incubation with mt or wt SubAB in control (NC) or
PERK knockdown cells were quantified by densitometry. All experiments were repeated three times with similar results. Data are means * standard deviations
of values from three experiments. *, P < 0.05. (b) The siRNA-transfected HeLa cells were incubated with mt or wt SubAB in the presence or absence of 100 nM
bafilomycin Al (Baf A1) for 3 h. (Top) Cell lysates were analyzed by Western blotting using anti-LC3B, anti-p62, and anti-BiP antibodies. Tubulin was used as
aloading control. (Bottom) The amounts of LC3-1I and p62 were quantified by densitometry. All experiments were repeated three times with similar results. Data
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30 cells were randomly selected for averaging the number of LC3 puncta per cell.

caspase dependent (18). Recent studies have shown that apopto-
sis-mediated cleavage of Beclin 1 and Atg5 inhibits autophagy (38,
39). We next investigated the effect of SubAB on the expression of
Atg5 and Beclin 1 in HeLa cells. SubAB treatment did not alter the
amounts of Atg5 and Beclin 1 (Fig. 3a). We next examined if
SubAB-induced caspase activation had an effect on the suppres-
sion of LC3-I1 and p62. A general caspase inhibitor, Z-VAD-FMK,
completely suppressed SubAB-induced caspase-7 activation;
however, SubAB action resulting in the reduction of LC3-1I and
p62 expression was not affected. Further, SubAB did not affect the
amounts of Atg5 and Beclin 1. A necrosis inhibitor, Necrostatin,
did not affect SubAB-induced reduction of LC3-II and p62 ex-
pression (Fig. 3b).

Furthermore, we investigated the effect of 3-methyladenine
(3-MA), an autophagy inhibitor, on SubAB-suppressed LC3-II

4902 iaiasm.org

and p62. Although treatment with 3-MA enhanced SubAB-in-
duced S6K dephosphorylation, 3-MA incubation did not alter
SubAB-mediated BiP cleavage or SubAB-suppressed LC3-1I and
p62 expression (Fig. 3¢, left). To examine whether autophago-
some formation is involved in SubAB-induced apoptosis, we
tested the effect of silencing of the Atgl6L1 gene on SubAB-in-
duced caspase activation. PERK knockdown dramatically sup-
pressed SubAB-induced activation of caspase-7 and cleavage of
PARP. The amounts of LC3-II and p62 were not decreased by
SubAB in PERK knockdown cells (Fig. 2). Knockdown of Atg16L1
reduced the basal levels of LC3-II and Atg5 proteins. However,
SubAB-induced PARP cleavage and caspase-7 activation were not
affected by Atgl6L1 knockdown. In PERK and Atgl6L1 double-
knockdown cells, SubAB-induced PARP cleavage and caspase-7
activation were not significantly increased over levels in mt
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FIG 3 Effects of SubAB on autophagy-related proteins in HelLa cells. (a) Hela cells were incubated with mt or wt SubAB for 3 h. Cell lysates were analyzed by
Western blotting using anti-Beclinl and anti-Atg5 antibodies. GAPDH was used as a loading control. N.S., not significant. (b) HeLa cells were pretreated with
10 uM Z-VAD-FMK (VAD) or 20 wM Necrostatin 1 (Necro) for 30 min and were then incubated with mt or wt SubAB for 3 h. Cell lysates were analyzed by
Western blotting using specific antibodies as indicated. Cont, control. (¢) HeLa cells were preincubated with 5 mM 3-methyladenine (3-MA) for 30 min and were
then incubated with mt or wt SubAB for 3 h. (Left) Cell lysates were analyzed by Western blotting using specific antibodies as indicated. (Right) The amounts of
LC3-11, p62, and p-S6K were quantified by densitometry. All experiments were repeated three times with similar results. Data are means = standard deviations
of values from three experiments. ¥, P < 0.05. (d and e) The indicated siRNA-transfected HeLa cells were incubated with mt or wt SubAB for 3 h. Cell lysates were
analyzed by Western blotting using the indicated antibodies. The amounts of cPARP and cCas7 were quantified by densitometry. All experiments were repeated
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SubAB-treated cells (Fig. 3d). We next investigated the effects of  Fig. 3e, p62 knockdown did not affect SubAB-induced PARP
p62 knockdown on SubAB-induced apoptosis. p62, a substrate of ~ cleavage or caspase-7 activation. Taken together, these findings
autophagy, is accumulated under autophagy-defective conditions  suggest that autophagosome-related proteins (e.g., Atgl6L1, p62)
and perturbs signal transduction pathways (36). As shown in  do not affect SubAB-induced apoptosis. Further, we investigated
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All data are representative of the results of at least three separate experiments.

the effect of other types of Atg proteins, such as Atg12 and Atg7, on
SubAB-induced apoptosis. Knockdown of Atgl2, which is essen-
tial for autophagosome formation, did not affect SubAB-induced
PARP cleavage or caspase activation. However, Atg7 knockdown
significantly enhanced SubAB-induced apoptotic activity (Fig.
3f), as reported previously (40). These results suggest that Atg7
not only participates in autophagosome formation but also is in-
volved in apoptosis.

Death-associated protein 1 (DAP1) plays an important role
in SubAB-regulated apoptosis and autophagy. Since Atg family
proteins were not associated with SubAB-regulated autophagy
and apoptosis, as shown above, we next examined the role of
DAPI, which has been reported to be an mTOR substrate and a
negative regulator of autophagy (28, 41), in SubAB-regulated au-
tophagy and apoptosis. First, we investigated the effect of siRNA-
mediated knockdown of DAP1 on SubAB-associated apoptosis
and autophagy. DAP1 expression was significantly suppressed by
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the siRNA. Depletion of DAP1 did not inhibit SubAB-mediated
BiP cleavage. In control siRNA-transfected cells, SubAB treatment
for 3 h significantly decreased LC3-II and p62 protein levels, while
it increased caspase-7 activation and PARP cleavage. In contrast,
in DAP1 knockdown cells, the basal level of DAP1 was decreased
and SubAB treatment slightly decreased LC3-II and p62 levels,
while SubAB-induced caspase-7 activation and PARP cleavage
were significantly suppressed (Fig. 4a and b). To explore whether
DAPI regulates the PERK-elF2a signaling pathway, we investi-
gated, in DAP1 knockdown cells, the effect of SubAB on phospho-
elF2a. Asshown in Fig. 4¢,in control cells, SubAB increased elF2a
phosphorylation, which was not inhibited in DAPI siRNA-trans-
fected cells. As a positive control, in PERK knockdown cells,
SubAB-induced elF2a phosphorylation was suppressed. Thus,
DAP1 acts downstream of SubAB-mediated BiP cleavage and
PERK-elF2a and controls both apoptosis and autophagy.

We next explored the effect of DAP1 depletion on mTOR sig-
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naling by SubAB. A previous study showed that mTOR activity in
Hela cells was not affected by depletion of DAP1 (28). As shown
in Fig. 4d, SubAB treatment significantly decreased phospho-
ULK1 and phospho-S6K levels in DAP1 knockdown cells, effects

“similar to those seen in control siRNA-transfected cells, suggest-
ing that these effects were independent of DAP1.

Wealso assessed the effect of DAPI knockdown on the levels of
Atg proteins. As shown in Fig. 4e, in control siRNA-transfected
cells, SubAB treatment slightly decreased the amount of Atgl6L1.
Depletion of DAP1 increased the amounts of Atg5, Atgl2, and
Atgl6L1, which were not decreased by SubAB.

Next, we investigated the effect of rapamycin, an mTOR com-
plex 1 (mTORC1) inhibitor (42), on caspase activation by SubAB.
It is known that rapamycin has protective effects against proapo-
ptotic insults (40). S6K phosphorylation was suppressed by rapa-
mycin in a dose-dependent manner. SubAB treatment decreased
the amounts of LC3-I1, p62, and S6K; rapamycin did not prevent
caspase-7 activation or PARP cleavage by SubAB (Fig. 4f). Thus,
rapamycin did not prevent the proapoptotic effects of SubAB.

DAP1 regulates Bax/Bak conformational changes, Bax/Bak
oligomerization, and cytochrome ¢ release. DAP1 affected
SubAB-induced apoptosis and negatively regulated autophagy as
shown above. Qur previous studies and those of others showed
that SubAB-induced apoptosis in HelLa cells was caused by Bax/
Bak conformational changes and cytochrome ¢ release, followed
by caspase activation (12, 43, 44). We next examined the effect of
the transfection of Hela cells with DAP1 siRNA on SubAB-in-
duced Bax/Bak conformational changes and Bax/Bak oligomer-
ization by using conformation-specific anti-Bax (cBax) or anti-
Bak (cBak) monoclonal antibodies. We also monitored the release
of cytochrome ¢ from mitochondria to the cytosol. Silencing of the
DAP1 gene did not affect Bax and Bak levels. Densitometric anal-
ysis showed that SubAB-induced Bax/Bak conformational
changes, Bax/Bak oligomerization, and cytochrome ¢ (Cyt ¢) re-
lease were dramatically reduced in DAP1 knockdown cells from
those in control siRNA-transfected cells (Fig. 5a and b).

DISCUSSION

Recent studies have shown that several bacterial cytotoxins in-
duced autophagy, which was associated with cell death (45-49).In
contrast, cyclic AMP (cAMP)-elevating toxins from Bacillus an-
thracis and Vibrio cholerae suppressed host autophagy and thereby
suppressed immune responses and modulated host cell physiol-
ogy (50). It was also suggested that these toxins might disrupt a
downstream step in autophagosome formation (50). Further-
more, it was demonstrated that cAMP-elevating toxins contribute
to increased bacterial replication (50). In STEC infection, it is not
known whether autophagy contributes to pathogenesis. SubAB
was found mainly in non-0157, LEE-negative Stx2-producing
STEC strains (51, 52). A recent study showed that Shiga toxins
(Stxs), which are major virulence factors, induced autophagy in
Stx-sensitive and Stx-insensitive cells (46). It showed that Stx-
induced LC3-II generation depended on Stx B subunits, indicat-
ing that toxin enzymatic activity was not required for autophago-
some formation; rather, toxin activity in sensitive cells was
involved in caspase activation, leading to Atg5 and Beclin 1 cleav-
age (46). After treatment with SubAB, the amounts of Atg5 and
Beclin 1 were unaltered. Pretreatment with a general caspase in-
hibitor (Z-VAD-FMK) or a necrosis inhibitor (Necrostatin) did
not prevent SubAB-induced reduction of LC3-II and p62 levels,
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FIG 5 Depletion of DAP1 inhibits SubAB-induced Bak/Bax conformational
changes. (a) NC and DAP1 siRNA-transfected cells were incubated with mt or
wt SubAB (0.2 ug/ml) for 3 hat 37°C. Then cells were lysed, and proteins were
immunoprecipitated with conformation-specific anti-Bax (cBax) or anti-Bak
(cBak) monoclonal antibodies as described in Materials and Methods. The
immunocomplexes (IP) or total-cell lysates (TCL) were analyzed by SDS-
PAGE, followed by immunoblotting with anti-Bax and anti-Bak antibodies.
(b) The level of cytochrome ¢ (Cyt ¢) release into the cytoplasmic fraction was
determined as described in Materials and Methods. Cytochrome ¢ and tubulin
were detected by Western blotting. Conformationally changed Bax, conforma-
tionally changed Bak, Bax/Bak complexes, and released Cyt ¢ obtained with mt
and wt SubAB were quantified by densitometry. Data are means = standard
deviations of values from three experiments. *, P < 0.05.

suggesting that SubAB-mediated inhibition of autophagy is not
associated with inactivation or reduction of Atg proteins and Be-
clin 1 due to activation of caspase.

Here we show that SubAB toxin appears to suppress basal levels
of autophagy in Hela cells. Our results indicate that SubAB
caused ER stress by BiP cleavage, resulting in the activation of a
PERK-dependent pathway, leading to cell damage and a cytotoxic
response, with suppression of autophagosome formation. This
inhibition was not observed in PERK knockdown cells, where the
basal level of LC3-II was significantly increased. Thus, a PERK-
dependent pathway was involved in the SubAB-dependent de-
crease in autophagy.

Previous studies showed activation of PERK/elF20/ATF4 by
the unfolded protein response, leading to inhibition of mMTORCI1~
phospho-S6K signaling and the subsequent induction of cytopro-
tective autophagy (53, 54). We also investigated the effect of
SubAB on mTORCI signaling in Hela cells. SubAB treatment
decreased the levels of ULK1, S6K, phospho-ULK1, and phospho-
S6K. Knockdown of PERK led to increases in the basal levels of
ULK1 and S6K proteins, which were slightly reduced by SubAB
treatment. In addition, we observed that SubAB decreased LC3-II
and p62 protein levels even in ULK1-overexpressing cells. Thus,
inhibition of autophagosome formation by SubAB is independent
of ULK1-signaling pathways.
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Several studies have identified factors responsible for the neg-
ative regulation of autophagy (55). We looked for candidate pro-
teins that could serve as negative regulators of autophagy in
SubAB-treated cells. Interestingly, we found that DAP1, which is
expressed ubiquitously in many types of cells and tissues (28), is
involved both in the suppression of autophagy by SubAB and in
SubAB-induced apoptosis. DAP1 was identified as a novel sub-
strate of mTOR that negatively regulates autophagy (28). More-
over, DAP1 has been shown to be a positive mediator of gamma
interferon (IFN-v)- and tumor necrosis factor alpha (TNF-a)-
induced programmed cell death (30, 56). Silencing of the DAP1
gene in HeLa cells significantly inhibited the reduction in LC3-II
and p62 expression seen with SubAB, effects similar to those of
PERK knockdown. SubAB-induced phosphorylation of elF2wx
was not altered by DAP1 depletion, suggesting that DAP1 was
downstream of PERK-elF2a.. DAP1 knockdown did not affect the
reduction of mTOR-dependent S6K phosphorylation by SubAB,
suggesting that DAP1 may negatively regulate autophagy via an
mTOR-independent pathway. Recent studies have shown that
various factors, e.g., intracellular Ca®*, cAMP, extracellular sig-
nal-regulated kinase (ERK), p38 mitogen-activated protein kinase
(MAPK), reactive oxygen species (ROS), FoxO proteins, and tran-
scription factor EB (TFEB), are involved in the induction of au-
tophagy (57, 58). We did not observe any effect of an ERK inhib-
itor (U0126) on the protein levels of LC3-II and p62 or on the
activation of caspase-7 by SubAB in DAP1 knockdown cells (data
not shown). These results indicated that ERK phosphorylation did
not participate either in the suppression of autophagy by SubAB
or in SubAB-induced apoptosis through DAP1. We found that the
levels of some proteins (e.g., ULKI, S6K) that were decreased by
SubAB were significantly increased in DAP1 knockdown cells.
The proteins whose levels were increased may be associated with
mTOR-independent control of autophagy by DAP1 and may play
an essential role in the reduction of autophagy by SubAB.

A previous report showed that DAP1 is functionally silenced in
growing cells through mTOR-dependent phosphorylation of Ser3
and Ser51, with the dephosphorylated form of DAP1 acting as the
active form that suppresses autophagy (28). To investigate
whether the dephosphorylated form of DAP1 activates or inacti-
vates the effects of SubAB, either FLAG-tagged DAP1, a nonphos-
phorylated (S3A S51A) mutant of DAP1, or the phosphomimetic
(S3D S51D) mutant of DAP1 was transiently transfected into
HelLa cells. However, these overexpressed DAP1 mutants did not
alter SubAB-induced PARP cleavage from that with wild-type
DAP1 (data not shown). Thus, our findings suggest that these
DAP1 phosphorylation sites do not participate in SubAB-induced
apoptosis. DAP1 may require other phosphorylation sites or an
unknown interaction factor to participate in SubAB-induced
apoptosis.

Further, we found that DAP1 was required for the stimulation
of Bak/Bax-dependent apoptosis by SubAB. In SubAB-induced
apoptosis, Bak/Bax conformational changes, Bak/Bax oligomer-
ization, and cytochrome c release, leading to activation of
caspases, were regulated by the ubiquitin-proteasome pathway
(43, 44). Interestingly, sequence analysis of DAP1 showed thatit s
identical to promyelocytic leukemia (PML)-interacting clone 1
(PIC1) and sentrin, a Fas receptor-associated protein. These pro-
teins share a significant degree of homology to ubiquitin and other
ubiquitin homology proteins (56). In conclusion, we found that
SubAB suppression of autophagy proceeded through a PERK-
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elF2a-dependent pathway, which might promote STEC infection
and participate in the pathogenesis of severe disease, Further, we
showed here that DAP1 is a key regulator of both autophagy and
apoptosis in cells intoxicated by SubAB. Recent studies have
shown that DAP1 plays a proapoptotic role in human breast can-
cer (59). Loss of DAP1 in colorectal cancer cells resulted in a gain
in cellular migration and a loss of sensitivity to apoptosis induced
by a chemotherapeutic agent, 5-fluorouracil (5-FU) (60). Thus,
DAP1 plays critical roles in cellular homeostasis and survival. Fi-
nally, understanding of DAP1-related signaling and its compo-
nent proteins may help better characterize mTOR-independent
autophagy and apoptosis.
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~The novel cylotoxic factor subtilase cytotoxin
(SubAB) is produced mainly by non-0157 Shiga-
_ toxigenic Escherichia coli (STEC). SubAB cleaves
the molecular chaperone BiP/GRP78 in the
endoplasmic reticulum (ER), leading to activation
- of RNA-dependent protein kinase (PKR)-like ER
- kinase (PERK), followed by caspase-dependent cell
death. However, the SubAB uptake mechanism in
Hela cells is unknown. In this study, a variety of
inhibitors and siRNAs were employed to character-
ize the SUbAB uptake process. SubAB-induced BiP
cleavage was inhibited by high concentrations of
Dynasore, and methyl--cyclodextrin (mBCD) and
~Filipin Ill, but not suppressed in clathrin-, dynamin
V-, caveolini- and caveolin2-knockdown cells. We
- observed that SubAB treatment led to dramatic
actin rearrangements, e.g. formation of plasma
membrane blebs, with a significant increase in fluid
uptake. Confocal microscopy analysis showed that
‘SubAB uptake required actin cytoskeleton remod-
elling and lipid raft cholesterol. Furthermore,
internalized SubAB in cells was found in the
detergent-resistant domain (DRM) structure. Inter-
estingly, IPA-3, an inhibitor of serine/threonine
kinase p21-activated kinase (PAK1), an important
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protein of macropinocytosis, directly inhibited
SubAB-mediated BiP cleavage and SubAB inter-
- nalization. Thus, our findings suggest that SubAB
uses lipid raft- and actin-dependent, but not
clathrin-, caveolin- and dynamin-dependent path-
ways as its major endocytic translocation route.

Introduction

Subtilase cytotoxin (SubAB) is the prototype of a new
ABs toxin family that was identified in Shiga toxigenic
Escherichia coli (STEC) O113; H21 strain 98NK2, which
was responsible for an outbreak of haemolytic uremic
syndrome (HUS) (Paton et al., 2004). After binding to the
target cell receptor, SubAB is translocated into the cell,
resulting in a site-specific cleavage of endoplasmic reticu-
lum (ER) chaperone protein BiP/Grp78 (Paton etal.,
2008). Previous studies showed that BiP/Grp78 cleavage
by SubAB triggers an ER stress response, leading to
activation of various signalling and metabolic pathways,
including transient inhibition of protein synthesis, cell
cycle arrest in Gy phase (Morinaga et al., 2007) and RNA-
dependent protein kinase (PKR)-like ER kinase (PERK)
activation, followed by caspase-dependent apoptosis
(Yahiro etal., 2012). Recently, we demonstrated that
SubAB-induced ER stress signals inhibited LPS-
stimulated NO production through inhibition of NF-xB
nuclear translocation and INOS expression (Tsutsuki
etal,, 2012).

Regarding SubAB entry, previous studies from our labo-
ratory and elsewhere reported that SubAB first binds
to N-linked terminal sialic acid-modified membrane pro-
teins, such as 02B1 integrin (ITG) (Yahiro et al., 2006;
2011) and N-glycolylneuraminic acid (Neu5Gc) -modified
glycoproteins (Byres et al., 2008). A recent paper reported
that SubAB was internalized in Vero cells by clathrin-
dependent endocytosis (Chong etal, 2008). After
being endocytosed, SubAB transport via Golgi involved a
novel COG/Rab6/COPI-dependent pathway (Smith et al.,
2009).

Pathogen endocytosts is known to occur by pathways
involving clathrin- and caveolae-mediated endocytosis,
and macropinocytosis. Clathrin-mediated endocytosis,
one of the best-studied receptor-dependent pathways, is




characterized by the formation of clathrin-coated pits, fol-
lowed by their movement into the cytoplasm to form
clathrin-coated vesicles. It plays an important role in
neurotransmission, signal transduction and the regulation
of many plasma membrane functions (McMahon and
Boucrot, 2011).

Some small viruses (Sieczkarski and Whittaker, 2002)
and Shiga-toxin produced by E. coli (Torgersen et al.,
2005) enter host cells using this pathway. The caveolae-
mediated pathway is also involved in various cellular
processes. Small vesicles termed caveolae, which are
enriched in caveolin, cholesterol and sphingolipid
(Hommelgaard et al., 2005), have been implicated in the
entry of the toxins (cholera and shiga toxin) (Nabi and Le,
2003), small viruses (e.g. SV40 virus; Hommelgaard
et al., 2005) and prions (Toni et al., 20086).

Macropinocytosis is a pivotal endocytic route responsi-
ble for entry of pathogens into host cells (Sanchez et al.,
2012). It is an actin-dependent endocytic process, asso-
ciated with vigorous plasma membrane activity in the
form of ruffles or blebs (Mercer and Helenius, 2009), and
regulated by kinases, such as phosphatidylinositol (Pl)
3-kinase (PI3K) (Falcone et al., 2006), Na*/H* exchange
(Sieczkarski and Whittaker, 2002; Sanchez et al., 2013),
intracellular Ca?* (Jiang and Chen, 2009), protein kinase
C, general kinases, DAG-lipase (Mercer and Helenius,
2008; Mercer etal., 2010)and p21-activated kinase
(PAK)1 (Dharmawardhane et al., 2000).

Further, several recent studies demonstrated
that clathrin-independent carriers/GPl-anchored protein-
enriched endosomal compartment (CLIC/GEEC) pathway
was also involved in viral infection (Nonnenmacher and
Weber, 2011) and uptake of bacterial toxins (Harper et al.,
2013). A feature of endocytosis via the CLIC/GEEC is that
it is functionally dependent on the actin cytoskeleton,
membrane cholesterol, GRAF1, Cdc42 and Arf1, and that
internalized vesicles are associated with a cholesterol-
rich, detergent-resistant membrane (DRM)-containing
GPl-anchored proteins and GRAF1 (Kumari ef al., 2010;
Nonnenmacher and Weber, 2011).

We investigated SubAB uptake in Hela cells, using
pharmacological inhibitors, small interfering RNA (siRNA)
gene silencing and confocal microscopy. We show that
SubAB uptake is independent of dynamin, clathrin and
caveolin pathway, and predominantly utilizes an actin and
lipid raft-dependent pathway.

Results

SubAB entry is by a clathrin- and
dynamin-independent pathway

A previous study reported that SUbAB was endocytosed
into Vero cells via a clathrin-dependent pathway (Chong
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et al., 2008). However, it is not known whether this uptake
pathway is specific to Vero cells and whether different
pathways might be used in other cell types (e.g. Hela
cells).

Dynamin, a cytosolic GTPase, is required for clathrin-
mediated endocytosis as well as for formation of
caveolae but is not required for macropinocytosis
(Henley et al., 1998). To determine whether SubAB entry
in Hela cells requires dynamin, we first investigated the
effect on SubAB uptake of Dynasore, a reversible inhibi-
tor of dynamin1 and dynamin 2 GTPase activities, which
is usually effective at 80 uM (Macia et al., 20086). Cells
were pretreated with the indicated concentrations of
Dynasore for 30 min, and then incubated with SubAB for
1 h and its uptake and action were measured by guan-
tifying BiP cleavage. The high concentration of Dynasore
inhibited SubAB-induced BiP cleavage (Fig. 1A). In
agreement, densitometric analysis also showed that
Dynasore pretreatment resulted in a significant increase
in the uncleaved form of 78 kDa BiP (Fig. 1B, left panel).
To examine the role of clathrin-mediated endocytosis
in SubAB action, we investigated the effect of two
well-known clathrin inhibitors, chlorpromazine (CPZ)
and monodansylcadaverine (MDC). It was reported that
CPZ inhibits the assembly of coated pits at the plasma
membrane (Eash etal, 2004) and MDC specifically
inhibits membrane-bound transglutaminase type 1 and
thus interferes with protein—protein cross-linking reac-
tions and hence clathrin-mediated vesicle formation
(Kagan et al., 2008). As shown in Fig. 1A and B (centre
and right panels), pretreatment with the compounds
inhibited SubAB-induced BiP cleavage. We next moni-
tored SubAB internalization by using Alexab55-labelled
SubAB in the presence or absence of 80 uM Dynasore.
Iin control cells, SubAB bound to the cell surface, fol-
lowed by internalization and accumulation in the ER,
which contains BiP (Fig. S1A). SubAB entry was not
inhibited by Dynasore (Fig. 1C) at this concentration;
200 uM Dynasore was also inactive (data not shown).
The clathrin inhibitors, CPZ or MCD, did not inhibit
SubAB uptake (Figs 1C and S1B). These data sug-
gested that these inhibitors did not affect SubAB uptake,
rather they obstructed movement to ER of SubAB after
uptake.

To further explore the involvement of clathrin-mediated
endocytosis on SubAB entry in Hela cells, we tested
the impact on SubAB uptake of siRNA-mediated
downregulation of clathrin. As shown in Fig. 1D, clathrin
expression was significantly suppressed by the siRNA.
SubAB-mediated BiP cleavage was not inhibited in
clathrin-knockdown cells. We used Alexa488-labelled
transfertin as a positive control for clathrin-mediated
transport. In control cells, both SubAB and transferrin
were internalized and accumulated in the cytoplasm. In




