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Gastrointestinal syndrome after high-dose acute radiation whole body exposure is difficult to treat,
although it is a well-known complication. In this report, we describe the clinical and pathological features
of a patient who died after the criticality accident which occurred in Japan on 30 September 1999. The
patient was estimated to have been exposed to 16-25 Gy equivalent of gamma ray, and died of multiple
organ failure after acute radiation syndrome, especially gastrointestinal syndrome, on day 82. The stomach
and small intestine contained a large amount of blood clots and the gastrointestinal epithelial cells were
almost totally depleted at autopsy. In addition, the degree of the mucosal damage was dependent on the
segment of the gastrointestinal tract; the mucosa of stomach, ileum and ascending colon was entirely
depleted, but the esophagus, descending and sigmoid colon and rectum retained a small portion of the epi-
thelial cells. From the posture of the patient at the time of exposure, the absorbed dose was presumed to
be highest in the right-anterior abdomen. This agreed with the pathological differences in the mucosal
damage by the position in the abdomen; which depended presumably on the radiation dose. This is the
first report documenting the relationship between the absorbed dose and the severity of gastrointestinal
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damages in.vivo.

INTRODUCTION

Patients suffering from accidental acute radiation expo-
sure are often difficult to treat for several reasons: the diffi-
culty and uncertainty of estimating the exposure dose, the
heterogeneity of the absorbed dose in the body, the scarcity
of medical staff who are well acquainted and experienced
with the treatment of radiation damage to the organs, and the
lack of sufficient human data on acute radiation damage to
the organs after a single high-dose radiation exposure.”

Recent studies have revealed the close relationship between
acute radiation syndrome and multiple organ. dysfunction
syndrome (MODS) or multiple organ failure (MOF)*?
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Moreover, the gastrointestinal tract plays an important role in
developing MODS by the collapse of the intestinal barrier
function from enteric bacterium after radiation exposure as
well as after severe burns or other trauma.*®

The criticality accident occurred at the uranium fuel
processing facility of JCO:Co: Ltd. in Tokai-mura, Ibaraki,
Japan in 1999, Two workers were pouring uranyl nitrate solu-
tion manually from a bucket into a precipitation tank, when
the tank reached the critical state. Three workers received
mixed gamma ray and neutron beam, Two of the victims died
due to radiation damage. In this report, we focused on the
gastrointestinal ‘syndrome of the patient who was exposed
most heavily and was treated at our hospital. We present the
clinical course and pathological findings related to the irradi-
ation damage in the patient’s gastrointestinal tract.

MATERIALS AND METHODS

Clinical course of the patient

The patient was 35-year-old male. The patient’s exposure
was estimated to be a systemic mean dose of 16-25 Gy
equivalent of gamma ray by the criticality accident at JCO
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Co., Ltd., an uranium fuel processing plant in Tokai-mura,
Ibaraki. Japan, on 30 September 1999.% He was transferred
from the National Institute of Radiological Sciences to the
University of Tokyo Hospital on day 2. After his admission
at our hospital, continuous intravenous administration of L-
alanyl-L-glutamine was started expecting promotion of the
epithelial regeneration of the gastrointestinal tract after
radiation exposure. He received peripheral blood stem cell
transplantation on days 6 and 7. Endotracheal intubation
under sedation was introduced on day 10 because of gradual
worsening in the patient’s respiratory status and in
preparation for the future deterioration in the patient’s gen-
eral condition. Despite the intensive care for his symptoms,

exudation from the skin and diarrhea had got worse day by
day. He had died on day 82. Details of the clinical course
were documented previously.”

Daily volumes of fluid discharge are shown in Fig. 1.
Clinical course related to gastrointestinal injuries is summa-
rized below. Mild diarrhea was observed for the first two
days after the accident as a symptom of prodromal syndrome
and, on day 26, severe diarrhea with bilious watery stoo}
started as a symptom of radiation-induced gastrointestinal
syndrome. The volume of watery stool increased to 3500 mL
per day on day 39. Bloody stool was observed starting on
day 45. The volume of bloody stool increased day by day.
Continuous arterial infusion of vasopressin was started from
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Fig. 1. Daily change in the volume of fluid loss from lower gastrointestinal tract. Light gray bars represent watery diarrhea.
Bloody stool, shown by dark gray bars, started on day 45. Major treatments and events are indicated. Abbreviation: PBSCT =

peripheral blood stem cell transplantation.
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Fig. 2. The appearance of the ileum and colon by colonoscopy. The mucosa appeared almost normal on day 15, but the spots were
observed on day 26. After day 35, no mucosa was observed in either the ileum or the colon. The number of bleeding sites thereafter

increased.
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an indwelling catheter in the superior mesenteric artery on
day 55. The volume of bloody stool decreased from 4000
mL to 2000 mL per day by continuons vasopressin infusion.
Vasopressin infusion, however, was discontinued on day 58,
when there was a cardiac arrest of undetermined etiology.
The patient was successfully resuscitated at that time. The

volume of melena suddenly decreased on day 67, implying
a blood clot-induced intestinal obstruction. A series of high-
pressure enemas was tried thereafter but failed to relieve the
obstruction. After the episode of cardiac arrest, multiple
organ hypoperfusion developed, and finally the patient died
of MOF on day 82.

Fig. 3. Abdominal radiographs (A) and abdominal CT images (B). (A) The radiogiaph on day 2 appeared almost normal. Ileac gas was
prominent on day 11; but Kerckring’s folds were observed. On day 45, the small intestine was swollen without Kerckring’s folds. The
abdominal opacity decreased and the small intestine was more swollen with intestinal gas on day 68, when melena suddenly stopped. The
decreased opacity of the abdomen represented the increased ascites and intestinal bleeding. On day 74; the decrease in the abdominal opac-
ity was more prominent, and the ileac gas decreased. (B) Only the wall of the ascending colon was thickened, but the small intestine and the
transverse and descending colon appeared normal on day 1. Thickening of the entire intestinal wall with the contents of fluids and air was
observed on day 29. The wall thickening and the fluid collection were more prominent on day 37. The arrowhead indicates thickening of the
colon wall and mesentery. with intestinal fluid collection. Ascites’ appeared on day 47. The' intestinal wall thickening was generally
decreased, but the wall of the ascending colon remained thickened.

B)

=]
Fig. 4. The macroscopic findings at autopsy. (A) The macroscopic appearance of the small intestine and the colon, which was
swollen and contained a large number of blood clots in situ. Erosive lesions were observed in the mucosa of the entire intestine.
(B) Magnified view of the ileum. Segmental intestinal bleeding is present.
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RESULTS

Endoscopic findings

Figure 2 illustrates representative serial endoscopic find-
ings in the ileum and colon from days 15 to 65. The patient
had his first colonoscopy on day 15, revealing bilious intes-
tinal contents with no signs of mucosal injection or loss. The
second colonoscopy was performed on day 26, since the vol-
ume of watery stool increased suddenly to 1433 mL a day.
There were brown spottings on'the sigmoid and descending
colon, and'the surface was covered with a: pseudo-
membranous white coat- on the transverse and: ascending

colon. The mucosa was generally injected, but the edema-
tous appearance was slightly relieved compared with the
findings of the previous colonoscopy. The ileal mucosa was
totally lost and presented a so-called lead-pipe appearance
on day 35. Colonoscopy performed on day 52 revealed that
the ileal mucosal spots had increased in number. On day 65,
the colon contained a large number of blood clots, which
occupied the majority of the intraluminal space of the colon.
Areas of patchy bleeding were observed on the ileal wall.

Radiological findings
Representative abdominal radiographs and CT images
were shown in Fig. 3. CT images revealed that the wall of

Fig. 5. Microscopic findings of the mucosa of esophagus, stornach; and ascending colon; by hematoxylin and eosin staining. In the
esophagus, few squamous cells were observed and the esophageal glands were partly remnant. But, no epithelial cells were remnant in

the mucosa of the stomach or ascending colon.
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Fig. 6. Hematoxylin and eosin staining, TdT-mediated dUTP-biotin nick end labeling (TUNEL), and anti-Ki-67 immunostaining of
the ileum, descending colon; and sigmoid colon. The cells positive for TUNEL, representing apoptotic cells, were hardly seen in the
ileum, descending colon, or sigmoid colon. Anti-Ki-67 immunostaining revealed that there were no mitotic cells in the ileum, but 71%
and 35% of the epithelial cells were positive for Ki-67 antigen in the descending and sigmoid colon, respectively.

J. Radiat. Res., Vol, 49, No. 1 (2008); http:/jrr.jstage.jst.go.jp

—842—



Gl Changes in a Victim of the Criticality Accident 59

the ascending colon was swollen and edematous as early as
day 1, but there were no specific findings in other sites of
the gastrointestinal tract (Fig. 3). An abdominal radiograph
on day 2 was almost normal. On day 11, the dilated small
bowel with prominent ileac gas was observed. The wall
thickening of the entire gastrointestinal tract increased
thereafter, suggesting the presence of inflammation such as
infectious enteritis and radiation-induced enteritis. The
volume of ascites was estimated to be 2500 mL by abdom-
inal ultrasonography on day 42. The ileum was partly dilated
with gas on day 45 on the abdominal radiograph. The atten-
uation level was increased in the whole abdomen, which
suggested an increased volume of ascites. On day 68,
dilatation of the ileum filled with gas was more remarkable.
But on day 74, bowel gas decreased and the attenuation level
was more prominent in the whole abdomen, which was a so-
called gasless abdomen.

Postmortem examination findings

Postmortem examination was performed 4 hours after the
patient’s death. The stomach, jejunum, and ileum were filled
with coagulated bloody content and were prominently
congested at autopsy (Fig. 4). The stomach and small intes-

(A)

tine contained 2040 g and 2680 g of clots, respectively.
Throughout the gastrointestinal tract, the mucosal epithelial
cells were ablated, mucosal congestion was seen, and bleed-
ing occurred in many places (Fig. 4). Dyskaryotic cells pro-
liferated in the stroma, and fibrotic changes in the submu-
cosa and smooth muscle degeneration were also observed
(Fig. S and 6).

A few squamous cells were observed in the esophagus.
and the esophageal glands were partly remnant. No epithe-
lial cells were remnant from the stomach to the ascending
colon, but a few epithelial cells were observed in the
descending colon, sigmoid colon, and rectum (Fig. 5 and 6).
In the colon, fibrotic change was seen in the lamina propria,
which was covered partially with regenerating epithelial
cells. The proliferative status of the epithelial cells in the
descending and sigmoid colon were examined by anti-Ki-67
immunostaining (Fig. 6). In the descending and sigmoid
colon, 71% and 35% of the epithelial cells were positive for
Ki-67 immunostaining, respectively. In addition, the activity
of the apoptotic cascade in these epithelia was also exam-
ined by TdT-mediated dUTP-biotin nick end labeling
(TUNEL) and anti-p53 and anti-p21 immunostaining (Figs.
6 and 7B). Apoptotic cells were not observed in these epi-

Fig. 7.

(A) Magnified view of hematoxylin and eosin staining of the descending and sigmoid colon. Dyskaryosis was more severe in the

descending colon than in the sigmoid colon. (B) Anti-p53 and anti-p21 immunostaining of the descending colon, Staining of the epithelial

cells was negative for both.
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Table 1. The estimated absorbed dose by the gastrointestinal tract

Site Gammaray (Gy)  Neutron beam (Gy)  Total dose (Gy)  Equivalent dose * (GyEq)
Esophagus 8.8-13.9 1.1- 4.6 9.8-18.5 10.6-21.7
Stomach 9.1-25.1 1.9-16.3 11.041.3 12.3-52.7
Small intestine 7.2-29.2 2.1-19.0 9.3-48.2 10.7-61.6
Ascending colon 20.9-33.8 15.1-24.5 36.0-58.4 46.6-75.5
Descending colon 8.4-13.7 1.0- 7.6 9.5-21.2 10.2-26.5
Sigmoid colon 10.3-12.5 3.3- 6.7 13.7-19.2 16.0-24.0

Notes. The absorbed dose of each segment of the gastrointestinal tract was estimated by projecting CT images
acquired after the patient’s hospitalization on the phantom model of the dose distribution.'”

“The equivalent doses were calculated assuming the relative biological effectiveness of the neutron beam as 1.7
according to the report by National Institute of Radiological Sciences.®!

thelia, because the epithelial cells were negative for TUNEL
as well as for both p53 and p21 immunostaining. On the ileal
mucosa, neither mitotic cells nor apoptotic cells were seen.
Comparing the epithelial appearance of the descending
colon and the sigmoid colon, the dyskaryosis was more
severe in the epithelial cells of the former (Fig. 7A). The
absorbed dose of each segment of the gastrointestinal tract
was estimated from the phantom model of the dose distribu-
tion and CT images, as shown in Table 1. Although the
methods of estimating these absorbed doses have uncertain-
ties, pathological changes of the radiation-induced tissue
injuries in each segment of the gastrointestinal tract
appeared to be dose-dependent in general,

Major findings other than those for the gastrointestinal
systems were previously reported elsewhere.®

DISCUSSION

‘We report the clinical course and the pathological features
of the gastrointestinal tract in a severely radiation-exposed
victim of the 1999 Tokai-mura criticality accident. At 82
days after the accident, the patient died of MOF caused by
acute radiation syndrome, especially by gastrointestinal
syndrome due to radiation exposure.

Abdominal radiograph revealed enlargement of the small
intestine on day 11, Since then, the small intestine was con-
sistently swollen, and Kerckring’s folds were not observed
on the abdominal radiograph. This suggested peristaltic dys-
function, although no clinical signs of such abnormalities
were seen. The mucosa of the colon, however, appeared
almost normal during the colonoscopy on day 15. These
observations together indicate that functional disruption of
the gastrointestinal tract preceded the morphological chang-
es. Watery diarrhea started on day 26, and on the same day
the second colonoscopy revealed multiple spotty bleeding on
the mucosa of the colon. Thereafter, the symptom of watery
diarrhea deteriorated and bloody. diarthea also developed.
These observations can be interpreted as a collapse in the

absorptive function of the gastrointestinal systems due to
radiation exposure, with no obvious recovery process. Total
depletion of the mucosa, which was observed both during
the colonoscopy and at autopsy, appeared to cause these gas-
trointestinal malfunctions.

There are some previous reports on autopsy results after
acute radiation exposure accidents. In the Los Alamos criti-
cality accident of 1946 and in the Norwegian case of ®°Co
gamma ray exposure in 1982,'¥ victims were exposed to
doses similar to that received by the patient we present here,
and they died on the 9th day and 13th day after exposure,
respectively (estimated approximate systemic dose of 21 Gy
for the Los Alamos case and 10-30 Gy for the Norwegian
case). At autopsy, the gastrointestinal epithelium was entire-
ly ‘depleted in those two cases.™'® In' general, the patient
experiences radiation-induced gastrointestinal syndrome 4
10 days after exposure to a dose in the range of 5-12 Gy.'"
The Los Alamos and Norwegian cases appeared to present
typical clinical courses.

On the other hand, the mucosa of the colon looked almost
normal in the patient we treated by the colonoscopy even on
day 15. In addition, this patient did not suffer from apparent
symptoms of MODS before day 18, when a deep burn devel-
oped in the right forearm and was presumed to be the onset
of MODS. The reason for this difference is unknown, but the
early start of intensive care for this patient might have had
a good clinical effect; such care included blood stem cell
transfusion on days 6 and 7, prophylactic administration of
anti-bacterial, anti-fungal, and anti-viral drugs started on day
2, selective digestive tract decontamination, and intravenous
administration of high-dose L-glutamine. Ziegler et al. sug-
gested that infection might alter gut barrier function to facil-
itate translocation of bacteria and absotption of endotoxin.'®
Inflammation cascade: following such major stress contrib-
utes to a patient’s susceptibility to MODS.2¥

Many other radiation accident victims who received a sys-
temic dose of greater than 10 Gy are reported to experience
similar clinical courses of gastrointestinal malfunctions.
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These symptoms included nausea, vomiting, and mild diar-
rhea shortly after the exposure, with no obvious deteriora-
tion for several days. Thereafter, the symptoms deteriorated
progressively to watery diarrhea and bloody stool, resulting
in MODS. The diminished barrier function of the gas-
trointestinal tract is associated with systemic infection or
MOF after acute radiation exposure, as is in the case of
trauma or skinburns,>>"'9

The systemic radiation dose was inhomogeneous. The
dose to the ascending colon was assumed to be highest
among segments of the gastrointestinal tract, because the
patient was irradiated from the right-anterior direction from
the detailed inquiry about the situations and the postures of
each victims at the accident.'®"'® The severity of the radia-
tion damage to the gastrointestinal tract in the patient pre-
sented here depended on the absorbed dose (Figs. 5 and 6
and Table 1). Total depletion of the epithelial cells in the
ileum and ascending colon indicates high-dose radiation,
whereas the mucosa in the esophagus, descending colon, and
sigmoid colon was less damaged because of the relatively
lower radiation dose. At autopsy, the epithelial cells were
positive for Ki-67 staining and negative for both p51 and p21
immunostaining in the descending and sigmoid colon,
implying active proliferation of the epithelial cells without
activation of the apoptotic cascade (Figs. 6 and 7B). This is
interpreted as the process of tissue recovery of the colon
epithelium from radiation injury. Pathologically, the
absorbed dose in the descending colon was speculated to be
higher than that in the sigmoid colon, because the rate of Ki-
67-positive epithelial cells was higher and dyskaryosis of
the epithelial cells was more severe in the descending colon
(Fig. 7A). These observations did not appear to reflect the
estimated absorbed dose shown in Table 1 (10.7-25.2 GyE
in the descending colon vs, 16,0-24.0 GyE in the sigmoid
colon). Possible explanations for this include: (a) the inher-
ent uncertainties of absorbed-dose estimation;®'” (b) the
posture-related differences in the positions of the descending
and sigmoid colon in the abdomen between the time of the
accident and that of the CT examination used for calculation
of the absorbed dose of each gastrointestinal segment; (c)
the location on the colon of the tissue sample used for the
pathological evaluations. However, pathological findings in
terms of tissue injury caused by acute radiation exposure
generally correlated well with the estimated absorbed dose
of each segment of the gastrointestinal tract.

When a person is exposed to radiation exceeding the dose
at which bone marrow death occurs, bone marrow or stem
cell transplantation is generally considered." For many
radiation victims, however, even successful bone marrow or
stem cell transplantation would not have enabled them to
survive acute radiation syndrome.” Those patients died of
MOF with severe gastrointestinal syndrome, as far as the
dose was not sufficient to cause radiation-induced central
nervous system or myocardial injuries. Moreover, radiation

accidents themselves are rare. Accordingly, it is quite impor-
tant to describe both the clinical course and the pathological
confirmation and to confirm the pathology in order to assess
the radiation effects on the gastrointestinal systems. In this
respect, our report is unique in its focus on the clinical
course and the pathological features of the gastrointestinal
function.

In conclusion, the epithelial cells in the stomach, ileum,
and ascending colon were totally depleted, but a small
portion of the epithelial cells was remnant in the esophagus,
descending colon, sigmoid colon, and rectum at autopsy.
The degree of radiation injury of the gastrointestinal tract in
this patient differed pathologically by the position in the
abdomen, depending possibly on the radiation dose These
findings we presented here in this report have not been
described in vivo in the previous literature, although it is a
well-known fact that the whole body radiation dose is inho-
mogeneous in the victim of an accident of high-dose radia-
tion exposure. Detailed inquiry about the situations at the
Tokai-mura criticality accident enabled us to specify the
radiation dose absorbed in each segment of the gastrointes-
tinal tract in this patient and to clarify the correlation
between the absorbed dose and the severity in the
gastrointestinal damages. In this point of view, detailed
description of the patient’s course contributes to an under-
standing of the fundamentals of acute radiation injuries and
to clinical decision-making for the treatment of such patient.
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Perturbed DNA replication either activates a cell cycle checkpoint, which
halts DNA replication, or decreases the rate of DNA synthesis without
activating a checkpoint. Here we report that at low doses, replication
inhibitors did not activate a cell cycle checkpoint, but they did activate a
process that required functional Bloom’s syndrome-associated (BLM)
helicase, Mus81 nuclease and ataxia telangiectasia mutated and Rad3-
related (ATR) kinase to induce transient double-stranded DNA breaks. The
induction of transient DNA breaks was accompanied by dissociation of
proliferating cell nuclear antigen (PCNA) and DNA polymerase o from
replication forks. In cells with functional BLM, Mus81 and ATR, the transient
breaks were promptly repaired and DNA continued to replicate at a slow
pace in- the presence of replication inhibitors. In cells that lacked BLM,
Mus81, or ATIR, transient breaks did not form, DNA replication did not
resume, and exposure to low doses of replication inhibitors was toxic. These
observations suggest that BLM helicase, ATR kinase, and Mus81 nuclease are
required to convert perturbed replication forks to DNA breaks when cells
encounter conditions that decelerate DNA replication, thereby leading to the
rapid repair of those breaks and resumption of DNA replication without
incurring DNA damage and without activating a cell cycle checkpoint.
Published by Elsevier Ltd.

Keywords: BLM; Mus81; ATR, double-strand breaks; replication fork
blockage; aphidicolin
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ATRkd, ATR kinase dead; BLM, Bloom; BS, Bloom's
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bromodeoxyuridine; CIdU, 5-chloro-2'-deoxyuridine;
DMEM, Dulbecco’s modified Eagle’s medium; DNA-PK,
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proliferating cell nuclear antigen; RPA, replication protein
A; ssDNA, single-strand DNA; WT, wild-type.

0022-2836/% - see front matter. Published by Elsevier Ltd.

Cells:are constantly exposed to exogenous radia-
tion and chemicals as well as to.endogenous
metabolic products that perturb. DNA replication.
Perturbed replication may lead to mutations or DNA
breaks, which cause genomic instability and activate
the S-phase checkpoint.. This' S-phase. checkpoint,
which is regulated by the ataxia telangiectasia mu-
tated (ATM) and Rad3-related (ATR) and Chkl
kinases, prevents further initiation of DNA replica-
tion as long as DNA damage persists.' The mechan-
ism by which perturbed replication leads to lesions
that are recognized as DNA. damage is unclear. It is
thought that DNA polymerase collisions or replica-
tion fork collapses- generate double-strand DNA
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breaks (DSBs) that are recognized as a form of DNA
damage, but the precise mechanism by which this
occurs is poorly understood.

The protein implicated in Bloom'’s syndrome, BLM,
is a member of the RecQ family of DNA helicases.
Bloom's syndrome is associated with growth retarda-
tion, immunodeficiency, premature aging, and cancer
predisposition.>™ Cells deficient in BLM exhibit an
elevated frequency of sister chromatid exchange,*
implicating BLM in suppression of homologous
recombination. In addition to its role in homologous
recombination, BLM plays one or more roles during
DNA replication. BLM, which can be found in PML
bodies,” localizes to sites of unperturbed and per-
turbed DNA replication (i.e. replication foci)®” and
interacts with the single-stranded DNA (ssDNA)
binding protein RPA.? BLM physically and function-
ally interacts and co-localizes with Mus81 endo-
nuclease,” an enzyme that is involved in the repair of
UV damage' and intrastrand crosslinks."” Cells
deficient in BLM display are sensitive. to replication
inhibition by hydroxyurea (HU) and camptothecin
(CPT)'>" and’ exhibit an endogeneous level of
double-stranded DNA breaks even in the absence
of drug treatment."* BLM plays a role in facilitating
re-start of stalled replication forks following inhibi-
tion of DNA replication.”>® It was suggested'>'®
that BLM might process stalled replication forks to
generate a DNA structure that serves as a substrate
for the DNA repair machinery and activates check-
point signals. Consistent with this suggestion, BLM
deficient cells display. a discrete replication profile
characterized by a global rediiced. fork velocity and
shorter inter-origin distance,* suggesting that those
hard-to-resolve structures might also:occur at low
frequency inthe absence of replication inhibiting
drugs. However, the nature of the lesions generated
by BLM and the mechanism by which those lesions
are recognized by the DNA repair and cell cycle
checkpoint pathways have not yet been elucidated.

Aphidicolin (APH) is a mycotoxin isolated from
Cephalosporium aphidicola that specifically inhibits
the activity of DNA polymerase a (pol «) in eukar-
yotic cells, but has little effect on RNA, protein, and
nucleotide biosynthesis.””'” APH forms a ternary
complex with pol a and DNA® that only interferes
with the elongation step of DNA replication. Thus,
APH inhibits progression of S-phase cells, but does
not affect cells in G2; M, or G1 phases. High levels of
APH inhibit DNA replication and induce an S-phase
checkpoint mediated by active Chk1.! Low doses of
APH; which perturb DNA replication but are below
the threshold for checkpoint activation, are not toxic.
Because cells rapidly resume replication after APH
removal, APH can be used to' synchronize cells in
early S-phase.’”"?

This study examines the activities and functions of
BLM ' and Mus81 in cells -undergoing perturbed
replication in the presence of replication inhibitors.
The results show that brief- exposure to low non-
toxic doses of APH induced transient DNA breaks in
BLM-proficient but not in BLM-deficient cells. BLM-
proficient, but not BLM-deficient cells also exhibited

dissociation of DNA polymerase « and proliferating
cells nuclear antigen (PCNA) from replication forks.
The dissociation of replication proteins from repli-
cation forks and the induction of transient DNA
breaks occurred without activating a cell cycle check-
point. Mus81 endonuclease and a functional ATR
kinase were also required for induction of APH-
induced DNA breaks and unraveling of replication
forks. Following the repair of APH-induced breaks,
BLM-proficient, Mus81-proficient cells re-estab-
lished replication forks and resumed DNA synthesis
at a slow pace in the presence of APH. BLM-deficient
or Mus81-deficient cells, which did not induce
transient breaks, exhibited an irreversible replication
arrest that eventually leads to stable DNA breaks,
activation of the S-phase checkpoint and homolo-
gous recombination. These observations suggest
that BLM and Mus81 are both required to induce
transient DNA breaks in response to stalled replica-
tion forks. Those transient breaks, which are formed
in an ATR-dependent manner, are likely to serve as
intermediates in the pathway that leads to recovery
from stalled replication and resumption of replica-
tion at a slow pace.

Results

Formation of transient APH-induced DSBs and
y-H2AX foci requires BLM

The role of BLM in the response to APH-induced
replication stress was examined in BLM-deficient
fibroblasts (PSNG13) or in BLM-deficient fibroblasts
complemented with BLM c¢cDNA (PSNF5; BLM-
complemented).”’ A DNA comet assay was carried
out under neutral conditions to measure double-
strand DNA breaks (DSBs) in these cells (Figure 1).
The comet assay showed that DSBs were detected
within 10 min after treating BLM-complemented
cells with APH, but DSBs were not detected when
BLM-deficient cells were treated in the same manner
(compare PSNF5 and PSNF13; Figure 1(a), middle
panel). Quantification of the comet assay data (50
nuclei per sample) confirmed that exposure to 1 or
10 ug/ml APH altered the distribution of comet tail
length in BLM-complemented but not in BLM-defi-
cient cells (Figure 1(b)).

The kinetics of DSB formation was examined in
APH-treated BLM-deficient and BLM-complemented
cells by immunostaining APH-treated cells with anti-
bodies to phosphorylated H2AX (yv-H2AX), a marker
for DNA breaks?>23 (Figure 2). The number of cells
exhibiting above-threshold levels of y-H2AX staining
was recorded using Pathway analysis. When cells
are exposed to agents that are known to induce DSBs,
v-H2AX appears rapidly and associates with nascent
DSBs, forming discrete foci.””*® Immunostaining
with antibodies that detect y-H2AX and PCNA, a
marker of S-phase, showed that BLM-complemented
cells that exhibited PCNA staining induced transient
v-H2AX foci within 10 min of treatment with low
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Figure 1. DSBs formed after APH treatment evaluated by neutral comet assay. (a) Neutral comet assays were
performed using cells exposed to H,O, (500 uM) for 15 min or APH (1 ug/ml) for 10 min as indicated. (b) Average tail
length was quantified as described in Methods. BLM-complemented PSNF5 or BLM-deficient PSNG13 cells were used, as
indicated. For each data point, 50 nuclei were scored, using data from two independent experiments.

doses ‘of APH (PSNF5; Figure 2). y-H2AX foci
dissociated within 60 min despite the continued pre-
sence of low doses of APH (0.5 and 1 pg/mil; Figure
2(a) and (b)). In BLM-complemented PCNA-positive
cells treated with 10 pg/ml of APH, v-H2AX foci
appeared . with similar kinetics, but remained stable
beyond 60 min. PCNA-negative cells: did not form
v-H2AX foci - (data -not.. shown), indicating: that
APH-induced DSBs only formed during S-phase.

BLM-deficient PCNA-positive cells did not form
transient y-H2AX foci after exposure to 0.5,.1.0 or
10 ug/ml of APH (Figure 2; PSNF13); however, a
small number of persistent y-H2AX foci appeared
graddally in BLM-deficient: cells during exposure
to. APH for: 60 min (Figures 2(b)~(d)).. Cell. cycle
analyses: indicated that. the  fraction of cells in
S-phase was similar in. BLM-proficient and. BLM-
deficient cell cultures. (Supplementary Data, Figure
1).. Therefore, the different response of BLM-com-
plemented and BLM-deficient cells to APH did not
result from different kinetics of cell cycle progression
in these cells.

We have also investigated the effects of APH on
primary normal human fibroblasts (GM00037) and
primary Bloom's Syndrome (BS) human fibroblasts
(GM01492) {Figure 2(d)). These results confirm that
BLM is required for formation of transient APH-
induced DSBs. Consistent with this idea, the slow
accumulation. of  persistent DSBs. in APH-treated
BLM-deficient cells was associated with significantly

lower survival than BLM-proficient cells (Supple-
mentary Data, Figure 2(a)).

Since it was reported that H2AX can be phos-
phorylated and recruited to DNA damage sites that
do: not indude double-strand breaks,2%2> it was
important to. evaluate the breaks we have detected
indeed represented double-stranded and not other
lesions, such' as: single-stranded DNA breaks. To
insure that the comet assay we have performed
above (Figure 1) was specific for DSBs, cells were
treated with hydrogen peroxide to generate ssDNA
breaks. Cells were then analyzed by neutral comet
assays- under neutral conditions, that detect only
double-stranded . DNA breaks, or under alkaline
conditions, in which strands unwind and the broken
DNA can be detected by comet.”® When a neutral
comet assay was performed, the distribution of DNA
tail length was not changed by exposure to hydrogen
peroxide: (500 pM-: for 15 min; Figure 1(a), right
panels); however, when an alkaline comet assay was
performed, the distribution of DNA tail length was
changed by exposure to hydrogen peroxide (data not
shown). These data confirm that exposure to APH
induces DSBs in BLM-proficient cells.

Formation of APH-induced y-H2AX foci requires
Mus81

Previous studies showed that BLM recruits Mus81
nuclease to stalled replication forks and that BLM
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Figure 2. BLM-dependent y—H2AX foci. Cells were treated with APH and then immunostained with PCNA and
y—H2AX. (a) Cells were treated with 1 pg/ml of APH for the indicated amount of time and stained for PCNA (green) and
y—H2AX (red) as described in Methods. Insets show images at higher magnification. (b) and (c) The number of y-H2AX-
positive PCNA-positive PSNF5 (filled circles) and PSNG13 cells (open circles) per 100 cells was counted. APH treatment
was at the concentration and for the amount of timie indicated. (d) The number of y~H2AX-positive PCNA=positive
GMO0037 and GM1492 cells per 100 cells was counted. Cells were treated with 1 pg/ml of APH for the indicated amotnt of
time. Experiments were repeated three times with independent samples. Error bars represent standard deviations.

enhances the nuclease activity of Mus81.” Thus, it
seemed possible that Mus81 nuclease might play a
role -in' generating APH-induced BLM-dependent
DSBs. Therefore, the kinetics' of y—~H2AX: foci for-
mation” was ‘examined in APH-treated Mus81-
proficient HCT116 cells as well as in Mus81-deficient
cells (HCT116 Mus81~/~) and HCT116 Mus81-/—
cells' complemented with Mus81 ¢DNA' (Figure 3).
Since' the parental HCT116 cells exhibited a lower
threshold for APH sensitivity, a lower concentration
of APH (0.5 ng/ml)y was used in experiments with
those cells and their derivatives. In Mus81-proficient
and Mus81-complemented cells; transient y-H2AX
foci appeared 10 min after exposure to APH and
disappeared about 1 h after the beginning of the
exposure; although APH was' continuously present
in the culture medium (Figure 3(a) and (b)) In
contrast, transient y-H2AX foci were not detected in
APH-treated Mus81-deficient: cells; those cells
slowly accumulated stable DNA breaks. Similarly,

Mus81-proficient ‘cells’ treated with HU ‘exhibited
faster kinetics of accumulation of DNA breaks than
Mus81-deficient cells (Figure 3(c)). Consistent with
the notion that Mus81 contributes to the processing
of stalled replication forks by induction of rapidly
repaired DNA breaks, exposure of Mus81 proficient
cells to 0.5 ug/ml-APH did not activate an S-phase
replication checkpoint that phosphorylates the Chkl
kinase; Mus81 deficient cells, which did not exhibit
transient breaks but exhibited slow accumulation of
persistent DNA breaks, had activated the phosphor-
ylation of Chk1 following 30 min exposure to APH
(Figure 3(d)).

The above observations demonstrate that Mus81
is required for formation of APH-induced DSBs and
APH-induced v-H2AX foci. Consistent with this,
Mus81 deficient cells were hypersensitive to APH
(Supplementary Data, Figure 2(b)). These observa-
tions suggest that Mus81 contributes to formation of
APH-induced BLM-dependent transient DSBs and
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that this activity is essential for the recovery from
transient inhibition of DNA replication.

Role of ATR in the BLM-dependent response to
APH-induced replication stress

BLM is phosphorylated on threonine 99 and 122
by the ATM and ATR kinases.'*'® The effect of APH
on BLM phosphorylation was examined using
antibodies to phospho-BLM-T99,'* considered to
be the active form of BLM. Cells were concomitantly
stained for PCNA as a marker for S-phase nuclei.

PSNFS5 (BS, BLM Complemented)

C)

Phosphorylation of BLM, which was absent in un-
treated cells, was induced in PCNA-positive cells
within 10 min of exposure to APH (Figure 4(a)).
Cells that did not stain positive for PCNA did not
exhibit phosphorylation of BLM (data not shown),
suggesting that APH-induced BLM phosphoryla-
tion was restricted to the S-phase of the cell cycle.
Although phospo-BLM was restricted to PCNA-
positive cells, PCNA foci did not co-localize with
phospho-BLM. By contrast, phospho-BLM and -
H2AX co-localized - and ‘appéared with similar
kinetics (Supplementary Data, Figure 3), suggesting

GMO037 (BLMWT)

PCNA (red) p-BLM (green) Marge

Control

1 ugrml

ATAWT

(b)

p-BLM {grean) Merge

ATRK/d
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Figure 4. Phosphorylation of BLM and formation of DSBs after treatment with low levels of APH. (a) and (b) Cells
were treated with 1 pg/ml of APH for 10 min and immunostained for PCNA (red) and p-BLM (green). Insets show images
at higher magnification. (c) ATR is required for formation of DSBs. The extent of DSB formation was measured by comet
assay in cells that contain an active ATR kinase and in cells in which the ATR kinase was inactivated (ATR K/D). Comet
assays were performed as described in the legend to Figure 1.
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that phospho-BLM accumulates at or near APH-
induced DSBs.

BLM phosphorylation was also examined in cells
expressing a conditional, doxycycline-inducible
dominant-negative kinase-dead form of ATM and
Rad3-related kinase (ATRkd). The results showed
that APH induced BLM phosphorylation in ATR
wild-type (WT) cells but not in ATRkd cells (i.e. pre-
treated with 2 pg/ml of doxycycline for two days to
induce ATRkd; Figure 4(b)). By contrast, cells defi-
cient in the PI3 kinase ATM exhibited phosphoryla-
tion of BLM with similar kinetics as WT cells (Supple-
mentary Data, Figure 4). These observations suggest
that ATR, but not ATM, is required for APH-induced
phosphorylation of BLM. To determine if ATR was
required for the formation of BLM-induced DNA
breaks, we performed comet assays on ATR WT and
ATRKkd cells. As shown in Figure 4(c), comet tails did

(@

GMOOD37 (BLM WT) GM1492 (BLM-)

Control

APH
1 pg/mi

(b)

% red-green tracks

APH

APH

~8- GMO037 {BLM WT) ~o—- GM1492 (BLM deficient)
—+— PSNF5 (BLM complemented)) 0 PSNG13 (BLM deficient)

not form in APH-treated ATRkd cells, suggesting that
ATR was essential for the formation of APH-induced
BLM and Mus81-dependent transient DSBs.

Effect of APH on elongation of DNA replication
in BLM-deficient and BLM-proficient cells

To determine whether the formation and resolu-
tion of DSBs after APH treatment play a role in the
resolution of stalled replication forks and the re-
sumption of DNA synthesis, we examined replica-
tion fork progression in APH-treated BLM-deficient
and BLM-complemented cells using a DNA fiber
assay.”’ Cells were pulse labeled with 5-lodo-2'-
deoxyuridine (IdU), treated with APH (detected by
Cy3; red signal) and labeled with 5-chloro-2’-
deoxyuridine (CldU) (detected by Alexa 488; green
signal). Figure 5(a) shows that several labeling pat-

HCT116 HCT118
MusBt-deficient - MusBi-complemented

HCT118
I B ~. P
™~

m@&"‘\

o

g \ \‘\‘
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Figure 5. Stalled replication forks in cells treated with APH. Replication fork progression was assessed in PSNF5,
PSNG13, GM00037, and GM01492 cells. The cell labeling protocol is shown schematically above (a). Cells were labeled
with IdU for 10 min. IdU was then washed out and the cells were exposed to APH and CldU for 20 min. IdU was
immunodetected by Cy3-labeled antibodies (red color). CIdU was detected by Alexa488-labeled antibodies (green color).
(a) Representative images of labeled cells are shown. Red-green tracks (R-G), red-only tracks (R), green-only tracks (G),
and green-red-green tracks (G-R-G) are indicated by arrowheads. (b) Abundance of R-G (elongation), G (initiation) and R
(termination/ stalling) in GM00037, GM01492, PSNF5, and PSNG13 cells.(c) Abundance of R-G (elongation), G (initiation)
and R (termination/stalling) in HCT116, Mus81-deficient and Mus8-complemented HCT116. Experiments were repeated
at least three times with independent samples. Standard deviations are in parenthesis. Experiments were repeated at least

three times with independent samples.
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terns were observed in these cells: initiation of DNA
replication during the second labeling period (in the
presence of APH) generated green tracks (G);
initiation during the first labeling period generated
green-red-green tracks (G-R-G, red signal flanked
by two green signals); and initiation before IdU
labeling generated unidirectional red-green tracks
(R-G). In addition, a few red (R) and rare R-G-R
tracks were detected; these are likely due to
termination events. The length of DNA fibers can
be quantified, providing an alternative to the use of
2D gels, often used in yeast to estimate the extent of
initiation and elongation of DNA replication.

The frequency of these different patterns was
estimated in BLM-deficient and BLM-complemen-
ted cells treated with or without APH. Although
BLM deficient cells exhibit a slightly reduced rate of
DNA synthesis, ' those differences were not appar-
ent under the short labeling conditions we have
used and the length distributions of replicating
DNA tracks were similar in BS and WT celis. How-
ever, significant differences were observed  after
exposure to APH (Figure 5; Supplementary Data,
Table 1). In BLM-complemented or BLM-proficient
cells (PSNF5 and GMO00037), the replicating DNA
tracks (green CIdU signals in R-G tracks) were
significantly shorter in cells treated with APH
(Figure 5(a), compare panels a and c); but the fre-
quency of initiation (green-only fibers) was similar
in APH-treated and untreated cells (Supplementary
Data, Table 1). These results show that replication
fork progression was suppressed, but continued at a
slow rate, in BLM-proficient cells treated with
<1 ug/ml of APH (Figure 5(b), left panel). Treat-
ment with higher doses of APH (10 jig/ml) resulted
in stalling of replication forks and reduced initiation
rates in both cell lines.

In BLM-deficient cells (PSNG13 and GM01492),
most replication forks were stalled (ie. R-only
tracks) after treatment with <0.1 pg/ml of APH
(Figure 5(a), compare panels b and d; Figure 5(b),
left panel; Supplementary Data, Table 1) and rep-
lication was completely inhibited in cells exposed
to higher doses (1-10 pg/ml of APH). Similarly,
elongation of replication forks was completely
inhibited by APH in Mus81-deficient cells (Figure
5(a), compare panels f and I; Supplementary Data,
Table 1), while slow elongation of replication
continued in APH-treated Mus81-proficient cells
(Figure 5(a), compare panel h to panels i and j;
Figure 5(b), right panel). These data confirm that
BLM and Mus81.play a role in the response to APH-
induced replication stress, allowing slow replication
in cells exposed to low levels of APH.

APH-induced disassembily of replication forks
requires BLM

We also investigated the levels and spatial distri-
bution of chromatin-bound PCNA, RPA and DNA
polymerases « and € in APH-treated BLM-deficient
and ‘BLM-complemented cells. In BLM-proficient
cells, the level of total PCNA in the nucleus was not

affected by APH, but levels of chromatin-bound
PCNA were lower in APH-treated than in untreated
cells. In contrast, the levels of chromatin-bound
PCNA were unaffected in APH-treated BLM defi-
cient cells (Figure 6(a)). Consistent with this, we
observed lower levels of PCNA in RPA foci after
treatment of BLM-proficient cells by APH (Figure
6(b)). We have also observed that DNA polymerase
a-primase leaves chromatin after a short exposure
to APH in BLM-proficient, but not deficient cells
(Figure 6(c)). By contrast, Replication protein A
(RPA), which binds single-stranded DNA, continues
to exhibit a focal pattern after treatment with low
levels of APH. RPA co-localized with PCNA in
untreated cells, but not in cells that were treated
with APH for 10 min. RPA foci co-localized with
v-H2AX foci in cells exposed to APH for 10 min
(Supplementary Data, Figure 5), suggesting that
DSBs were formed in stalled replication factories.

Although PCNA and DNA polymerase a-primase
dissociated from RPA foci in BLM-proficient cells,
the distribution of PCNA and DNA polymerase a-
primase was not affected in BLM-deficient cells
(Figure 6(b); Supplementary Data, Figure 6). The
distribution of pol &, which facilitates leading strand
synthesis, was not- altered by ‘exposure of BLM-
deficient or BLM-complemented cells to APH
(Figure 6(d)). PCNA co-localized with pol ¢ in
untreated but not in APH-treated cells, consistent
with the depletion of PCNA from chromatin in
APH-treated BLM-complemented cells, observed
above. These data suggest that BLM facilitates
disassembly of replication forks in cells with APH-
induced replication stress. RPA and pol & remain at
replication forks and co-localize with DNA breaks,
whereas PCNA. and DNA polymerase o-primase
leave replication forks.

Discussion

This study shows that low doses of APH induce
DSBs in replicating cells, and that formation of these
DSBs requires BLM and Mus81. APH-induced BLM-
dependent DSBs are transient and appear to be
rapidly repaired by non-homologous end joining
(NHE]),”® whereas BLM-independent DSBs, which
form infrequently with delayed kinetics in APH-
treated BLM-deficient cells, are persistent and
accumulate irreversibly. In cells that contain func-
tional BLM, Mus81 and ATR, DNA replication
proceeds slowly in the presence of low doses of
APH following the repair of the transient surge of
DSBs. By contrast, in cells deficient in BLM, ATR or
Mus81, replication elongation is completely inhib-
ited” and -cells- cannot progress in S-phase. The
inability to replicate slowly in the presence of APH
is illustrated by the hypersensitivity of those cells to
APH. These data suggest that BLM, Mus81 and ATR
are required to induce transient DSBs after short
exposure to APH. Since cells that are deficient in
each of the above components could not induce
transient DSBs, it is plausible to assume that all three
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(a) Soluble Insoluble
PSNF5 PSNGT3 PSNFS PSNG13
Dose of APH  (,BLM) {(NO BLM) {+BLM) {NO BLM}
{ug/mi)
0 1 0 1 0 1 0 1
PCNA
LaminB
(b) PSNFS {(BLM-complemented) PSNG13 [BLM-deficient)
RPA (red} PCNA (green) Merge RPA {red) PCNA {green) Merge
Control
APH
0.5 ugmi
10 min,
© PSNFS (BLM-complemented) _ PSNG13 (BLMdeficiert)
PCNA(red) . Pola (green) PCNA (red) Pol & (green) Merge
Contral
APH

1 ug/ml

(d) ; ., PBNG13 (Bl M-deficient) PSNF5 {(BLM-complemented)

Pole (red) ©  PCNA(green)

Contrpl

APH
1 pg/mi

Pole {red) PCNA {grean)

Figure 6. PCNA levels and distribution in response to inhibition of DNA replication. (a) Abundance of PCNA in
soluble and insoluble fraction in BLM-deficient and BLM-complemented cells treated with APH. LaminB is for loading

control. Cells were treated with 1 pg/ml of APH for 1 h and then immunoblotted with PCNA and LaminB as described in
Methods. (b) Immunostaining for PCNA (green) and RPA (red). {¢) Immunostaining for PCNA (red) and pol « (green). (d)
Immunostammg for PCNA (green) and pol & {red). Cells were treated w1th 1 pg/ml of APH as indicated. Insets show

images at higher magnification.
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proteins act in the same pathway, although the
biochemical details of the interaction remain to be
elucidated.

The studies presented here suggest that transient
DSBs are formed in an active manner and that their
rapid repair prevents the activation of the S-phase
checkpoint and the accumulation of slower, stable
DSBs. Our previous study® suggests that those
transient DSBs are repaired via the NHE] pathway,
and that the repair process allows stalled replication
forks to resume replication at a slow pace. The
assumption that the NHE] pathway is required to
repair transient APH-induced breaks is based on the
observation that APH-induced breaks persist in cells
deficient in enzymes involved in the NHE] pathway,
such as DNAPK and XRCC4 ligase. We have also
shown that cells that cannot form or process the
transient breaks. accumulate stable. DNA breaks
activate the 5-phase checkpoint and recruit compo-
nents of the homologous recombination pathway to
resolve the permanent breaks. Together with the
data presented here, our observations suggest that
the S-phase checkpoint and homologous recombi-
nation are involved in the response to perturbed
replication if DNA replication cannot resume, for
example, in cells that exhibit inefficient repair
(absence or inhibition of DNA-PK or XRCC1),
inefficient formation of transient breaks (in cells
that do not contain active forms of either BLM,
Mus81 or ATR) or when cells are exposed to high
doses of replication inhibitors. -1t is therefore
hypothesized: that the BEM and Mus81 depended
transient breaks reported here are repaired by the
non-homologous end-joining pathway to allow
DNA replication to resume. The formation of irre-
versible DNA breaks in the absence of BLM was also
reported in Xenopus cell extracts, in which BLM

APH

N NN Stalled/uncoupled

replication forks

{Low doges in BLM, MusSt o ATR dafitsent oebis)

-

S min

Persisten
breaks
\

ATR--> p-Chk1
S-phase checkpoint,
Homologous recombination

B ATR--> p-BLM,
Mus81

< Transient DNA breaks
»

¥ % DNA-PK,
XRCC4

NHEJ
Recovery
Slow replication

prevents the accumulation of DNA breaks during
DNA replication.* A model summarizing the pro-
posed cellular response to APH-induced replication
stress is presented in Figure 7.

The suggestion that BLM/Mus81 trigger rather
than resolve breaks following exposure to replica-
tion inhibitors is in line with experiments in mam-
malian cells proposing a role for BLM helicase in
resolving replication lesions™'>* and with data on
yeast suggesting that Sgsl represses homologous
recombination after stalling of replication forks.31-32
Mus81 converts intrastrand DNA crosslinks to
DSBs™ providing a precedent for such a role for
Mus81 nuclease. BLM-dependent disassembly of
replication forks, indicated by the removal of PCNA
and pol a from replication foci, might play a role in
the conversion of stalled replication forks to DNA
breaks. Disassembly of replication forks was ob-
served during the processing of other replication-
dependent lesions, such as lesions induced by
etoposide® and MMS-induced replication arrest in
Xenopus egg extracts, in which replication arrest was
accompanied by dissociation of PCNA, but not RPA
or polymerase £.%

The observations reported here suggest that ATR-
dependent phosphorylation of BLM plays a role in
the formation of transient APH-induced DNA
breaks, consistent with the notion that phosphoryla-
tion of BLM by ATR plays a role in the resolution of
APH-induced replication stress.'*!>'® By contrast,
cells treated with the topoisomerase inhibitor CPT
exhibit  ATM-mediated . phosphorylation of BLM,
which is required for rapid phosphorylation of
y=H2AX.131537. The involvement of different
kinases in the response to those different drugs
might reflect two different pathways for the phos-
phorylation of BLM. When a DNA replication fork

Figure 7. Schematic representa-
tion of the proposed events triggered
by exposure to replication inhibitors
such ‘as APH. Low doses of inhibi-
tors. cause temporary inhibition of
replication forks that is resolved by
conversion of those forks to transient
DNA breaks by the action of BLM
helicase and Mus81 nuclease. This
activity requires phosphorylation of
BLM by ATR. The transient breaks
are rapidly repaired by the non-
homologous: end-joining pathway
(NHEJ); repair lead to recovery of
replication at a slow rate even in the
presence of the drug,. In the absence
of components of the NHEJ path-
way, such as DNA-PK or XRCC4,
the breaks persist and lead to the
activation of the S-phase checkpoint.
High. doses of inhibitors, BLM,
MusB1 or ATR deficiencies may
also lead to persistent breaks and
checkpoint activation.
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encounters a topoisomerase: CPT cleavage complex,
the encounter directly forms DSBs that trigger phos-
phorylation of BLM by ATM. In contrast, APH-
induced replication stress might create a precursor
lesion that is subsequently converted to a DSB via a
process that requires ATR, BLM - and Mus81. It is
likely that the precursor lesion contains stretches of
ssDNA that are bound to RPA. In vitro, perturbation
of DNA replication by APH forms ssDNA, possibly
by uncoupling leading and lagging strand replica-
tion.*® The resulting ssDNA is sufficient to activate
ATR-mediated phosphorylation® by associating
with RPA,* thereby recruiting ATR wvig ATRIP.%!
Consistent with this, RPA-ssDNA can function as a
substrate for BLM helicase activity in vitro,® possibly
facilitating the resolution of stalled reglication forks
leading to chicken-foot structures.” Thus, the
transient BLM and Mus81-mediated DNA breaks
reported here might play an intermediate role in
both the detection of replication lesions and in their
resolution,®7 1> _

Previous studies have shown that purified yeast
Mus81-Emel resolves Holliday junctions by a nick
and counternick mecharism* and that human
Mus81 cleaves Holliday junctions into linear du-
plexes,® supporting a role for Mus81 endonuclease
in generating DNA lesion-induced DSBs. Although
genetic defects in mus81 are not lethal in mice, cells
deficient in Mus81 constitutively activate compo-
nents of the S-phase checkpoint pathway, suggesting
that Mus81 might regulate S-phase progression in the
absence of exogenous DNA damage. However, it is
probable that many types of non-lethal lesions are
generated during normal DNA replication and cell
growth, and that BLM and Mus81 promote genomic
stability by facilitating repair of these non-lethal
lesions.

Methods

Cells and culture conditions

BLM-deficient (PSNG13): and BLM-complemented
(PSNF5) fibroblasts”. were a- gift from Dr Ian Hickson
(Oxford, UK) and were grown in Minimal Essential-Alpha
Medium (MEM) supplemented with-10%(v/v)- heat-
inactivated fetal calf serumcontaining 350 pg/ml of
G418 (Invitrogen).. GM00037 (normal human) and
GM01492 (untransformed. BS). were obtained from the
Coriell Cell Repository (Camden, NJ) and were grown in
DMEM supplemented with 10%(v/v) fetal bovine
serum, ATRkd cells were grown in DMEM supplemented
with 10% heat-inactivated fetal calf serum and: L-gluta-
mine containing 400 png/ml of G418. HCT116, HCT116
Mus81-/-, and Mus81-/~ +Mus81 cells* were grown in
McCoy’s: 5A. medium (Invitrogen) supplemented with
10% heat-inactivated fetal calf serum. Viability after ex-
posure to drugs was measured as described.”®

Drugs

APH was purchased from Wako, USA, dissolved in
Me,SO (1 mg/ml) and stored at —20 °C.

Neutral comet assay

Neutral comet assay was performed using the Come-
tAssay Kit (Trevigen) following the manufacturer’s pro-
tocol. Cells were treated with APH or H,0O, for the
indicated times. Cells were collected and suspended in
low-melting-point agarose. The agarose was applied to
CometSlides™ and allowed to set at 4 °C in the dark. After
lysis of the agarose-embedded cells in lysis solution (2.5 M
NaCl, 100 mM EDTA (pH 10), 10 mM Tris base, 1%{(w /v)
sodium lauryl sarcosinate, 0.01%(v/v) Triton X-100), the
slides were electrophoresed in TBE (pH 8) (0.089 M Tris,
0.089 M boric acid, 0.003 M EDTA). The samples were then
fixed in 70% (v/v) ethanol and dried overnight before
staining with SyBr® Green (Molecular Probes, Eugene,
OR) to visualize cellular DNA. Images of nuclei were
captured using a CCD camera (Roter Scientific; Cool
SNAP FX) with epifluorescence microscopy (Olympus;
IX70) using a 20x objective lens. For each sample, 50 cells
were scored for tail length. Tail length was manually
measured using IPLab software. Two independent experi-
ments were performed for each data set.

DNA fiber analysis

DNA fiber analysis was performed as described.” Cells
were labeled with 20 uM IdU for 10 min and then labeled
with 20 pM Cl1dU for 20 min. Cells were trypsinized and
resuspended in phosphate-buffered saline (PBS) at 1x 10°
cells/ml. The cell suspension (2.5 ul) was mixed with 7.5 ul
of lysis buffer (0.5%(w/v) SDS in 200 mM Tris-HCI (pH
7.4), 50 mM EDTA) on an uncoated glass slide (Daigger).
After 8 min, DNA spreads were fixed in 3:1 methanol/
acetic acid for 5 min and stored in 70% ethanol at 4 °C.
Double immunostaining of CldU and IdU was performed
according to Dimitrova and Gilbert.”> The slides were
incubated in 100% methanol at room temperature for
5 min and rehydrated with PBS. DNA was denatured with
2.5 M HCl at 37 °C for 30 min, then washed and incubated
with primary antibodies. The anti-CldU (Accurate Che-
mical and Scientific Corporation) and anti-IdU (Becton
Dickinson) antibodies were diluted in PBS with 0.5%
bovine serum albumin (BSA). Cells were incubated with
the antibodies for 1 h at 37 °C. The slides were then
washed three times with 0.1% Triton-X-100 in PBS and
incubated for 1 h at 37 °C with secondary antibody
conjugated with Alexa 488 (Molecular Probes. for rat
immunoglobin G) and Cy-3-(Jackson Immuno Research
Laboratories, Inc.-for mouse immunoglobin). The: slides
were washed three times with 0.1% Triton X-100 in PBS
and: counterstained: for DNA with 4 pg/ml- of 4'-6-
diamino-2-phenylindole in aqueous. mounting medium
(Biomeda Corp.). Images of DNA fibers were captured by
epifluorescence microscopy using 100x objective lens.

Fluorescence-activated cell sorting (FACS)
analysis

Cells were labeled with 20 pM BrdU and 025 pM
fluorodeoxyuridine (FdU; Fluka), washed with PBS, and
fixed in 70% ethanol overnight. DNA was denatured with
1 M HC], 0.1% Triton X-100 on ice for 10 min followed by
boiling for 10 min. Cells were incubated with fluorescein
isothiocyanate-conjugated anti-BrdU - antibody (Becton
Dickinson) for 1 h, and DNA was stained with propidium
iodide in the presence of RNase. BrdU-positive cells were
detected and quantified by FACScan (Becton Dickinson).
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immunofluorescence

Cells were grown on 18 mmX18 mum cover slips. After
treatment with APH, cells were washed with PBS, treated
with a hypotonic lysis solution (10 mM Tris-HCI (pH 7.4),
2.5 mM MgCl,, 1 mM phenylmethylsulfonyl fluoride, and
0.5% (v/v) Nonidet P-40) for 8 min on ice. Cells were fixed
in 4% (w/v) paraformaldehyde in PBS for 10 min, washed
in PBS, made permeable in 100% methanol at —20 °C for
15 min, and then washed and blocked with PBS containing
1% BSA and 0.1% Triton X-100 for 30 min. Cells were
incubated with anti-PCNA (Santa Cruz), anti-y-H2AX
(Upstate), anti-T99p-BLM" and anti-phospho-Chk1-Ser-
ine-317 (Cell Signaling) antibodies. Antibodies were
diluted in PBS with 0.5% BSA for 1 h at 37 °C. Slides
were then washed three times with 0.1% Triton X-100 in
PBS and incubated for 1 h at 37 °C with secondary
antibody conjugated with Alexa 488 (Molecular Probes) or
Cy-3 (Jackson Immuno Research Laboratories). Slides
were washed three times with 0.1% Triton X-100 in PBS
and counterstained for DNA with 4'-6-diamino-2-pheny-
lindol. Images were captured by confocal microscopy
(Nikon; PCM 2000) using 100x objective lens. For
quantitative analyses, slides were imaged on a Pathway
HT™ automated fluorescence imaging workstation (Atto
Bioscience, Rockville, MD) equipped with a Hamamatsu
ORCA-ER CCD camera. An air Olympus 40x/340UAPO
0.9 na (0.21 mmx0.15 mm field of view) objective was
used to capture images in the blue (DAPI = 360/10 nm
excitation; 435 nm LP emission); green (Alexa 488 — 488/
10nm; 540/30nm), and red (Cy3~ 548/20 nm; 570 nm LP)
channels. Quantitative analyses of the intensity of each
dye: in each cell were performed IPlab for Pathway. To
measure the intensity and distribution of PCNA, slides
were imaged on a Pathway HI™ automated fluorescence
imaging workstation' (Atto’ Bioscience, Rockville,” MD)
equipped with a Hamamatsu ORCA-ER CCD camera. An
air Olympus 40x /340UAPO 0.9 na (021 mmx0.15 mm
field of view) objective was used to capture images in the
blue (DAPI - 360/10 nm excitation; 435 nm LP emission);
green (Alexa 488 ~ 488/ 10 nm; 540/30 nim. The intensity of
each dye in" each cell' was ‘measured using the ‘IPlab
software.

Waestern blot analysis

Western blot analysis was carried out as’ described®®
with minor variations. Membrane was blocked: with: 5%
(w/v)non-fat milk for 1 h and incubated with rabbit anti-
phopho-Chk1 (Ser317) (Cell Signaling) overnight in a cold
room: Secondary incubation with: peroxidase-conjugated
anti-rabbit IgG antibody (Santa Criiz) was performed for
1 h-and detection was achieved: with Lumi-LightPLUS
Western blotting substrate (Roche):

Acknowledgements

We thank William M. Bonner and Kurt W. Kohn
for their critical reading of the manuscript and. for
helpful suggestions. We are grateful to Chii-Mei Lin,
Lixin Wang, Haiging Fu, Chiara Conti, and Asako
Nakamura for helpful suggestions. This study was
supported by the Intramural Research Program of
the NIH, Center for Cancer Research, National

Cancer Institute and by fellowships from the Uehara
Memorial Foundation and the Japan Society for the
Promotion of Science.

Supplementary Data

Supplementary data associated with this article
can be found, in the online version, at doi:10.1016/
j-jmb.2007.11.006

References

1. Feijoo, C., Hall-Jackson, C., Wy, R, Jenkins, D., Leitch,
., Gilbert, D. M. & Smythe, C. (2001). Activation of
mammalian Chk1 during DNA replication arrest: a
role for Chkl in the intra-5 phase checkpoint mo-
nitoring replication origin firing. J. Cell Biol. 154,
913-923.

2. Hickson, L. D. (2003). RecQ helicases: caretakers of the
genome. Nature Rev. Cancer, 3, 169-178.

3. Bachrati, C. Z. & Hickson, 1. D. (2003). RecQ helicases:
suppressors of tumorigenesis and premature aging.
Biochem. |. 374, 577-606.

4. Chaganti, R. 5., Schonberg, S. & German, J. (1974). A
manyfold increase in sister chromatid exchanges in
Bloom’s syndrome lymphocytes. Proc. Natl Acad. Sci.
LISA, 71, 4508-4512.

5. Bischof, O., Kim, S. H., Irving, J., Beresten, S., Ellis,
N. A. & Campisi, J. (2001). Regulation and localiza-
tion of the Bloom syndrome protein in response to
DNA damage. ], Cell Biol. 153, 367-380.

6. Rassool, E. V,, North, P. S, Mufti, G. J. & Hickson, L. D.
(2003). Constitutive DNA' damage is linked to DNA
replication abnormalities in ‘Bloom’s syndrome cells.
Oncogene, 22, 8749-8757.

7. Sengupta, S., Robles, A. L, Linke, S: P., Sinogeeva, N.
L, Zhang, R., Pedeux, R. et al. (2004). Functional
interaction between BLM helicase and 53BP1 in a
Chk1l-mediated pathway during S-phase arrest. J. Cell
Biol. 166, 801-813.

8. Brosh, R. M,, Jr, 1j, ]. L., Kenny, M. K, Karow, ]. K.,
Cooper, M. P, Kureekattil, R. P. ef al. (2000). Replica-
tion protein A physically interacts with the Bloom's
syndrome protein and stimulates its helicase activity.
J. Biol. Chem.. 275, 23500-23508.

9. Zhang, R., Sengupta, S., Yang, Q. Linke, 5. P,
Yanaihara, N:; Bradsher, J. et al. (2005). BLM helicase
facilitates Mus81 ‘endonuclease activity in human
cells. Cancer Res: 65, 2526-2531.

10. Gao, H,, Chen; X. B. & McGowan, C. H. (2003). Mus81
endonuclease localizes to nucleoli and to regions of
DNA damage in human S-phase cells: Mol. Biol. Cell,
14, 4826-4834:

11.- Wyman, C. & Kanaar; R. (2006). DNA double-strand
break repair:-all’s well that ends well. Annu. Rev.
Genet. 40, 363--383.

12. Franchitto, A. & Pichierri, P. (2002). Bloom’s syndrome
protein- is- required for' correct relocalization of
RAD50/MRE11/NBS1 complex after replication fork
arrest. J. Cell Biol, 157, 19-30.

13. Rao, V. A, Fan, A.M.,Meng, L., Doe, C. F, North, P.5.,
Hickson, 1. D. & Pommier, Y. (2005). Phosphorylation
of BLM, dissociation from topoisomerase Ilfaipha,
and colocalization with gamma-H2AX after topoi-
somerase I-induced replication damage. Mol. Cell. Biol.
25, 8925-8937.

~858—



