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Modification Kit (Intergen, Purchase, NY, USA) (Saito ef al.,
2001). This process converts unmethylated cytosine residues
into uracil, whereas methylated cytosine residues remain
unchanged (Frommer er al, 1992). The treated DNA was
resuspended in 50 ul of distilled water and amplified by PCR
using primers specific for the DNA region, to analyse the
status of methylation. After 45 cycles of the first PCR, nested
PCR (45 cycles) was performed; the sequences of the primers
for the seventh intron of the RFX1 gene were as follows: first
sense, 5'-GGT TTT GGG TTA GTT TTA ATT TTT-3; first
antisense, 5-TTC TCT AAA TCC TAA CCC TCT AA-¥;
nested sense, 5-GGT GGA GGT TTG GAG TTT-3; nested
antisense, 5-ACA AAA ACA AAT ATA AAA ACA ACA-Y.
The PCR products were subcloned into the pGEM-T Easy
vector and sequenced.

Reporter gene assay

The seventh intron of the RFX1 gene containing a CpG island
was subcloned into the pGL3-Promoter vector (Promega,
Purchase, WI, USA), which contains an SV40Q promoter
upstream of the luciferase gene. The pGL3-Basic vector
(Promega, Purchase, WI, USA), which lacks eucaryotic
promoter and enhancer sequences, was used as a negative
control vector, and the pGL3-Control vector (Promega,
Purchase, WI, USA), which contains SV40 promoter and
enhancer sequences, was used as a positive control vector. At 2
days after the gene transfection into U251 glioma cells using
LipofectAMINE PLUS™ Reagent (Invitrogen, Carlsbad, CA,
USA), the Juciferase activity of 5 x 10* cells was measured with
the Wallac ARVO™ S§X 1420 multilabel counter (Perkin Elmer
Life Sciences).

Treatment of cells with 5-aza-C andlor TSA

Human glioma U251 celis were plated at a low density, and
5-aza-C (500 nM; Sigma, St Louis, MO, USA) was added to
the medium after 24h. The drug-containing medium was
replaced every 24h for 3 days, with the addition of TSA
(Maegawa et al.,, 2001; Sekita er al., 2001) (WAKO, Osaka,
Japan} at 50ng/ml for the last 24 h, After 4 days of culture, the
total RNAs were isolated from the treated cells.
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Thymidine uptake assay

Full-length human RFX1 c¢DNA digested from pHRFXI
(kindly provided by Dr W Reith) (Siegrist ef al., 1993} was
subcioned inte the mammalian expression vector pFLAG-
CMV-2. The resultant plasmid, pFLAG-HRFXI, expressed
the human RFX] cDNA under the control of the CMV
promoter and was tagged at its N-terminal with FLAG, At |
day after the gene transfection into U251 glioma cells
using LipofectAMINE PLUS™ Reagent, 5000 cells per
well were replated on a 96-well plate, in quadruplicate.
The cells were then cultured for 48h and pulsed with
[FHlthymidine (1 pCijwell) for the last 24h of incubation.
[*H]thymidine uptake was measured using a Top counter
{Perkin Elmer Life Sciences).

Western blot analysis

Cell lysates were prepared using the RIPA buffer (1% NP-40,
0.1% sodium deoxycholate, 150mM NaCl, 50mM Tris-HCl
(pH 7.5), 1mM PMSF, and 0.2U/ml aprotinin). ldentical
amounts of proteins (60ug) were electrophoresed in 7%
polyacrylamide gel under reducing conditions and transferred
to a nitrocellulose membrane. The RFX1 protein was detected
using an anti-RFX1 polyclonal antibody (Santa Cruz Bio-
technology Inc.) diluted 1:250, followed by alkaline phospha-
tase-conjugated anti-goat IgG antibody diluted 1:500 (Sigma,
St Louis, MO, USA).
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Squamous cell carcinoma of the liver originating from non-
parasitic cysts after a 15 year follow-up

Hiroshi Yagi?, Masakazu Ueda?, Shigeyuki Kawachi?, Minoru Tanabe?,

. Kouichi Aiura®, Go Wakabayashi? Motohide Shimazu?, Mituie Sakamoto

and Masaki Kltajlma

Squamous cell carcinoma is an extremely rare primary liver
tumour. A 42-year-old man presented at our hospltal on 19
February 1986, with pain in the right upper quadrant of the
abdomen and general fatigue, and reported an 8 year
history of this complaint. Ultrasonography showed four
cystic masses in the liver with a maximum diameter of

15 ¢cm, one of which contained a solid component, A
computed tomography (CT) scan confirmed a huge,
predominantly cystic, mass in the liver with a small solid
component and irregular wall, Calcifications were seen in
the solid components. On 22 April 1986, a laparotomy was
performed but the masses were too large to be removed.
During 15 years of follow-up after the laparotomy, there
had been ho ¢change seen In his abdominal CT scan. He
subsequently arrived at our hospital again on 10 July 2001
with loss of appetite and of body welght. A CT scan
showed a cyst in the liver of 25 ecm In diameter with
calcification that had a large solid part invading the liver. A
post-mortem pathological dissection showed multiple
cysts, the largest of which was 25 c¢m in diameter, They
had large solid parts with calcification invading the liver.

Introduction

Squamous cell carcinoma is an exwemely rare primary
liver tumour arising from chronic inflammatory condi-
tions of non-parasitic hepatic cysts. We were able to
find only 11 previously reported cases of squamous cell
carcinoma arising from non-parasitic cysts. Qur patient
had had the symptoms from about 8 years before the
first arrival and he died 15 years after a laparotomy. To
the best of our knowledge, this is the first case report
on primary squamous cell carcinoma, arising from
multiple non-parasitic cysts of the liver, after a follow-
up of 15 years.

Case report

A 4Z2-year-old man presented with pain at our hospital
on 19 February 1986, with pain in the right upper
quadrant of the abdomen and general fatigue. The
patient reported an 8 year history of this complaint.
Physical examination revealed a right quadrant mass.

On admission, his temperature was 36.5°C and his liver
was palpable four finger breadths below the costal

0954-691X © 2004 Lippincott Williams & Wilking

There were widespread metastatic lesions. Microscopic
examination showed the tumour to be a well differentiated
squamous cell carcinoma. To the best of our knowledge,
this is the first report of a squamous cell carcinoma arising
from 15 multiple non-parasitic hepatic cysts after a 15 year
follow-up. Furthermore, 23 years had passed since the
patient's symptoms appeared for the first time. Eur J
Gastroenterol Hepatol 16:1051~1056 © 2004 Lippincott
Williams & Wilkins
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margin. Laboratory studies showed the following va-
lues: haematocrit 42%; white cell count 6000; haemo-
glebin  13.7 mg/dl; direct bilirubin 0.5 mg/dl; total
bilirubin 1.2 mg/dl; total cholestero! 185 mg/dl; serum
aspartate transaminase 15 IU/]; alanine aminotransferase
28 1U/l; lactare dehydrogenase 320 IU/l; alkaline phos-
phatase 196 IU/l; total protein 7.7 g/dl; blood urea
nitrogen 20.3 mg/dl; creatinine 1.2 mg/dl; uric acid
7.7 mg/dl; plasma retention rate of indocyanine green at
15 min 7.7%; carcinoembryonic antigen 1.4 ng/ml; al-
pha-fetoprotein 3 ng/ml; CA19-9 1380.0 U/ml.

Ultrasonography showed four cystic masses with a
maximum diameter of 15 cm in segments 4, 5, 6, 7 and
8 of the liver. One of them contained a solid compo-
nent (Fig. 1). A computed tomography (CT) scan
confirmed a huge, predominantly cystic, mass in the
liver with small solid components and an irregular wall,
involving the porta hepatis causing intrahepatic biliary
dilatation. Caleifications were seen in the solid compo-
nents (Fig. 2). Angiography showed a hypovascular
mass with scattered area of neovascularity in the right
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Fig. 3
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Abdominal ultrasanography shows four cystic masses in the liver with a
maximurm diameter of 15 cm in segments 4, 5, 6, 7 and 8. One of them
contains a solid component. Dilatation of the intra-hepatic biliary duct
can be seen.

Abdominal computed tomography (CT)} scan confirmed a huge,
predominantly cystic mass in the liver with small solid components and
iregular wall, involving the porta hepatis and causing intrahepatic
biliary dilatation. Calcifications are seen in the solid components.

anterior hepatic artery (Fig. 3). A liver scintigram, using
YmTe-phytate, showed multiple defects. Fine-needle
aspiration was performed under ultrasound guidance,
which revealed no cancer cells.

The patient’s clinical course is summarized in Table 1.
On 22 April 1986, a laparotomy was performed. Intra-
operatively, large cystic masses occupied the left med-
ial segment, the right anterior scgment and part of the
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Angiography shows a hypovascular mass with a scattered area of
necvascularity in the right anterior hepatic artery.

right posterior segment of the liver with invasion into
the right hepatic vein, and which contained a dark
brown and non-serous fluid. We concluded that they
were impossible to remove. In May 1986, during
angiography, cisplatin (100 mg) was injected into the
common hepatic artery, After that, cisplatin (100 mg)
was injected three times (on 17 August 1986, 17 April
1987 and 24 August 1987). After the laparotomy, the
patient had a CT scan every year which showed only a
minor increase in the size of the tumour without any
change in the solid component (Fig. 4). He lived a
normal daily life for 15 years.

In December 2000 he developed a fever of 38°C and
was treated with antibioties at the ambulatory clinic,
Because his fever failed to drop below 37°C and right
upper abdominal pain appeared, he entered a regional
hospital on 22 February 2001, burt, on 24 March 2001,
he discharged himself from the hospital because of his
work. He entered the hospital again on 21 June 2001
with a loss of appetite and of body weight over the
previous few weeks. On admission, his temperature was
38.5°C and the liver was palpable eight finger breadths
below the costal margin. A CT scan showed the cyst
with calcification in the liver of 25 cm in diameter, and
the solid part was invading the liver (Fig. 5). In
addition, there were multiple cysts contiguous to the
biggest cyst, even ascites and bilateral pleural effusion.
Laboratory studies showed the following values: white
cell count 16 700; haemoglobin 5.9 mg/dl; total bilirubin
12.1 mg/dl; alkaline phosphatase 1217 IU/I; C-reactive
protein 1432 mg/dl; ammenia 102 pmol/l. These data
suggested a radical redevelopment of the tumour, with
hepatic failure and sepsis. He was moved to our
hospital on 10 July 2001, following a strong request



Table1 Clinical course from the first arrival

Entered a Entered a Moved

regional

hospital

10 qur
hospital

regional
hospitaf

Ambulatory

During follow-up there was no

First

Died

Discharged

clinie

particular change on CT

Admission

1 1 ! | 1

i

|

Situation

Antibiotics

TAl TAI TAl

TAI

Laparotomy

Therapy

l

loss

Appetite

37rC

38°C

Feverup

Right upper
quadrant pain

Symptoms-

22 Apr 18 May 17 Aug 17 Apr 24 Aug 29 Feb 18 Dec 22 Feb 24 Mar 21 June 10 July 14 July
2000

19 Feb
1986

2001

1996

1987

CT, computed tomography; TA|, transcatheter arterial infusion.
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Abdominal CT scan in 1997 shows cystic masses with 16 cm
maximum diameter. No change was seen in the solid component.

15:a5¢: .
45395098
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Abdominal CT scan in 2001 shows a cyst in the liver of about 25 cm in
diameter and a large solid part invading the liver. There are also
multiple cysts contiguous to that biggest cyst, even ascites and
bilateral pleural effusion.

from his family. We treated him with antibiotics and
cathecholamine but he died on 14 July.

A post-mortem pathological dissection showed multiple
cysts ranging in size from 3em to 25 cm at the largest
diameter. Each showed a granular brown surface with
chronic inflammation and haemorrhagic foci, but only
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focally lined by bile duct-type epithelium. The cyst
had a large solid part with calcification, which had
invaded the liver, the hepatic vein and the diaphragm.
No replacing growth of carcinoma cells was encoun-
tered along the bile duct epithelium. The cysts con-
tained a dark brown malodorous fluid. There was no
evidence of cirthosis in the remainder of the liver.
There were widespread metastatic lesions from the
tumour, including white metastatic nodules in the
thoracic cavity, bilateral kidneys and adrenal glands.

Microscopic examination showed the tumour to be
composed of infiltrating cords and sheets of mitotically
active, well differentiated squamous cells characterized
by large, hyperchromatic, pleomorphic nuclei and
scant-to-moderate amounts of eosinophilic, occasionally
vacuolated cytoplasm. Keratin' pearls, individual cell
keratinization, and intercellular bridges were prominent
(Fig. 6). The tumour had penetrated multiple portal
vein branches, and was contiguous with the cyst, but a
transition from carcinoma #7 sizw to invasive carcinoma
was not identified.

Discussion

When we see multiple cysts in the liver which have an
enhanced solid portion, it is uvsually diagnosed as
cystadenoma or cystadenocarcinoma. According to Ta-
kayasu and colleagues [1], the incidence of biliary
cystadenocarcinora among hepatic malignant epithelial
tumours is as low as 0.41% and more than 100 cases
have been reported up to the present. Just as in our

Migroscopic examination shows the tumour is composed of well
differentiated squamous cells characterized by large, hyperchromatic,
pleomorphic nuclei and scant-to-moderate amounts of eosinophilic,
occasionally vacuolated cytoplasm, Keratin pearls, individual cell
keratinization, and intercellular bridges are prominent,

183

patient, the most common presenting symptoms are

.abdominal pain with a palpable mass. These lesions are

believed to arise from benign cystadenomas, and show
a multiseptal cystic mass that frequently has calcifica-
tions. Because of these characteristics, we first diag-
nosed our patient as having cystadenocarcinoma. We
only knew our patient had a squamous cell carcinoma
for the first time when we saw the pathology report.

This is the first report of a squamous cell carcinoma
arising from multiple non-parasitic hepatic cysts after a
15 year follow-up. Furthermore, 23 years had passed
since the symptoms had appeared for the first time. It
is very interesting that our patient had a small solid
component from his first arrival, and though it showed
no change during 15 years, it suddenly progressed
dramatically. Though it was not clear whether it was
the effect of the chemotherapy, the sudden malignant
change appeared in the solid component that had no
malignancy at first. We were unable to find a documen-
ted case showing widespread metastatic dissemination
of the tumour like this case.

Squamous cell carcinoma deriving from benign non-
parasitic hepatic cyst is extremely rare. In our review of
the literature, there are only 11 cases of squamous cell
carcinoma {Table 2). Although congenital heparic cysts
are three to five times more commeon in women than in
men [2], there were six men in these cases including
ours. Their median age was 63 years. While the cyst
was solitary in 10 other cases, Pliskin ez «/ found
advanced carcinoma in two of three different cysts in
the same patient [3). Ours is the second case arising
from multiple cysts. Tumour sizes ranged from 2.5 em
to 25 c¢m in diameter and our patient had the biggest
rumour amongst the other cases. Though we could not
resect the tumours because of their size and location,
six patients (50%) were treated operatively. The med-
ian survival time was 5 months in these cases. In five of
these instances, there had been invasion of the sur-
rounding liver and only one had metastasis to another
organ (lymph nodes) [4]. Our patient is the first to have
metastasis to multiple organs including the heart and
lung. We could not detect any sighs of metastasis to the
heart and lungs before he died because the CT scan
showed no thoracic merastasis in 1999. Then, he
suddenly developced high fever and soon after coming
to our hospital he died.

Various types of epithelial lining can be found in these
cases. There was benign squamous epithelium in eighe
cases, and bile duct type epithelium in the remaining
three cases [3-5]. Metaplastic epithelium was addition-
ally reported in three of these 11 cases [3,6,7].

The aeticlogy was most probably secondary squamous
metaplasia due to chronic inflammation of the biliary
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lined cysts or ducts and subsequent neoplastic transfor-
mation [4]. This is consistent with the histology in our
case, with carcinomatous epithelium next to subse-
quent chronic inflammation of the biliary lined cysts.
Because pathological findings showed that the wumour
was completely composed of well differentiated squa-
mous cell carcinoma with no metaplastic lesions, and
probably under the influence of the chemotherapy, the
greater part of the cyst wall had an inflammatory
epithelium with wide calcification, and we could not
find the origin of the tumour, pathologically. Abdominal
CT showed that the tumour appeared to be secondary,
arising from the area where the first solid component
had existed.

The surgical management of solitary non-parasitic cysts
of the liver has not been rigidly defined. Hepatic
anatomical and local resections, drainage, marsupializa-
tion, and aspiration have all been described as giving
satisfactory results [8). Furthermore, the incidence of
malignancy in solitary non-parasitic hepatic cysts is
exceedingly low. Therefore, major hepatic resections
are not believed to be warranted when simple removal
is precluded by the attachment of the hepatic cyst to
vital structures, or when there is extensive multilobular
involvement. However, it is possible that, as additional
reports of malignancy arising in such cysts are accumu-
lated, these recommendations may be revised.

Once squamous cell carcinoma arises from the lining of
the hepatic cysts, the prognosis is extremely grave, and
thus complete surgical excision should be performed
rather than simple drainage, marsupialization, or partial
excision. But it often progresses despite all forms of
surgical and medical management.

Conclusion

Our case and the previously cited cases illustrate the
difficulty in making a correct preoperative diagnosis.
CT seems to be one of the most valuable pre-operative
investigations. ' T i

Survival from the time of diagnosis has not exceeded
1 year, regardless of the form of treatment urilized. Our
case is thought ro be valuable because the longest
recorded survival was 16 mionths after laparotomy. It is
also interesting thatr, finally, the twmour suddenly
progressed and showed widespread metastasis to heart,
lung, kidneys and adrenals.
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Hypozxia-inducible factor-1 (HIF-1) is a master regula-
tor of cellular adaptive responses to hypoxia. Levels of
the HIF-1a subunit increase under hypoxic conditions.
Exposure of cells to growth factors, prostaglandin, and
certain nitric oxide donors also induces HIF-1« expres-
sion under non-hypoxic conditions. We demonstrate
that muscarinic acetylcholine signals induce HIF-1a ex-
pression and transcriptional activity in a receptor sub-
type-specific manner using HEK293 cells transiently
overexpressing each of M1-M4 muscarinic acetylcholine
receptors, The muscarinic signaling pathways inhibited
HIF-1c¢ hydroxylation and degradation and induced
HIF-1c protein synthesis that was confirmed by pulse
labeling studies, Muscarinic signal-induced HIF-1« pro-
tein and HIF-1-dependent gene expression were blocked
by treating cells with inhibitors of phosphatidylinositel
3-kinase, MAP kinase kinase, or tyrosine kinase signal-
ing pathways. Dominant-negative forms of Ras and/or
Rac-1 significantly suppressed HIF-1 activation by mus-
carinic signaling. Signaling via M1- and M3- but not M2-
or M4-AchRs promote accumulation and transcriptional
activation of HIF-1a. We conclude that muscarinic ace-
tylcholine signals activate HIF-1 by both stabilization
and synthesis of HIF-1¢ and by inducing the transcrip-
tional activity of HIF-Io,

Hypoxia activates a number of genes that are important in
cellular and tissue adaptation to low oxygen conditions (1).
These genes include erythropoietin, glucose transporters, gly-
colytic enzymes, and vascular endothelial growth factor
(VEGF).! The hypoxic expression of these different genes is
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controlled at the transcriptional level by the ubiquiteusly ex-
pressed transcription factor hypoxia-inducible factor 1 (HIF-1)
(2). HIF-1 is a heterodimer composed of a constitutively ex-
pressed HIF-18 subunit and an inducibly expressed HIF-1«
subunit (3). The regulation of HIF-1 activity occurs at multiple
levels in vivo. Among these, the mechanisms regulating HIF-1a
protein expression and transcriptional activity have been most
extensively analyzed (4). The von Hippel-Lindau twmor-sup-
pressor protein (VHL) has been identified as the HIF-1o-bind-
ing component of a ubiquitin-protein igase that targets HIF-1a
for proteasomal degradation in non-hypoxic cells (5), Under
hypoxic conditions, the hydroxylation of apecific proline and
asparagine residues in HIF-1« is inhibited due to substrate
(0,) limitation, resulting in HIF-1x protein stabilization and
transcriptional activation (6, 7). The ivon chelator deferrioxam-
ine (DFX) inhibits the prolyl and asparaginyl hydroxylases,
which contain Fe®* at their catalytic sites, causing HIF-1a
stabilization and transactivation under normozic conditions
(8, 8).

Physiological stimuli other than hypoxia can alse induce
HIF-1 activation and the transcription of hypoxia-inducible
genes (9-14). Signaling via the HER2meu or IGF-1 receptor-
tyrosine kinase induces HIF-1 expression by an oxygen-inde-
pendent mechanism. HER2/neu activation increases the rate of
HIF-la protein synthesis via phosphatidylinositol 3-kinase
(PI3K) and the downstream serine-threonine kinases AKT
(protein kinase B) and FRAP (FKBF/rapamycin-associated pro-
tein; also known as mTOR (mammalian target of rapamycin})
(12). IGF-1-induced HIF-1a synthesis is dependent upon both
the P13K and MAP kinase (MAPK) pathways (13), The effect of
HER2/neu signaling on HIF-1a protein translation is depend-
ent upon the presence of the §’-untranslated region of HIF-1a
mRNA. In addition te growth factors, prostaglandin E,, throm-
bin, angiotensin II, and 5-hydroxylryptamine induce HIF-1
activation (11, 14), Notably, cellular receptors for these agents
ave heterotrimeric guanine nucleotide hinding (G) protein-cou-
pled receptors (GPCR). Moreaver, a constitutively active GPCR
encoded by the Kaposi's sarcoma-associated herpes virus/hu-
man herpes virus 8 is reported to induce HIF-1 activation in a
MAPK-dependent manner (15).

In this study, we demonstrate that muscarinic acetylcholine
receptor (mAchR)-mediated signals induce HIF-1 activation in
a receptor-subtype specific manner using HEK293 cells trans-
fected with various types of mAchR. Signaling via M1. and M3-
but not M2- or M4-AchRs promote accumulation and transcrip-
tional activation of HIF-1o. We also provide evidence that the
activation is dependent on Ga- or Gpy-dependent and tyrosine
kinage, MAPK, and PI3K activity.
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Fic. 1. Effect of carbachol on HIF-1« levels in muscarinic ae-
etylcholine receptor-expressing HEE293 cells. A, HEK293 cells
were transiently transfected with an empty vector (EV) or expression
plasmids encoding M1-Mdi-muscarinic acetylcholine receptors (500 ng}
and treated with 100 uM carbachol (CCH) for 20 min, Cells were
harvested, and lysates were subjected to immunoblot assay UB) using
an Ab that recognize the phosphorylated forms of p42/p44 MAPK. B,
transafected cells expressing mAchR were treated with CCH or DFX
(e 2) for 4 h, Cell lysates were subjected to immunocblot assay using
anti-HIF-1a or anti-HIF-18 Abs. C-F, M1-expressing cells were treated
with CCH (100 uM} in the presence or absence of atropine {aty) (5 pm)
{C), with 100 n& to 100 pm CCH (D), with CCH for 1-8 h (E} or with
CCH, DFX, or CCH and atr (F), and analyzed for HIF-1a expression by
immunoblot assay using anti-HIF-1a Ab.
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Fic. 2. Effect of CCH on gene expression, HEK293 cells trana-
fected with EV or an expression vector encoding M1-AchR were treated
with 0, 10, or 100 py CCH, or DFX for 24 h and then total RNA was
isolated from them. Expression of VEGF and HIF-1a mnRNA was ana-
lyzed by blot hybridization using VEGF (top panel) or HIF-1a (middle
panel) ¢DNA probe following ENA transfer from an ethidivm bromide-
stained gel (bottom panel; 28 § and 18 8 ¥RNA indicated).

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—HEK293 cells and human dopaminergic
neuroblastoma SK-N-SH cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum, 100
units/ml penicillin, and 100 pghn] streptomycin. DFX waa obtained
from Sigma. Carbachel (CCH), cycloheximide (CHX), genistein,
LY294002, PD98059, SB203580 and GF109203X were ohtained firom
Calbiochem (San Diego, CA). :

Plasmid Constructs—Ezpression vectors fur porcine M1-M4 AChRs
were described previously (16, 17). Expression vectors pGAL4/HIF-1a-
(531-826), pGAL4/HIF-12-(531-575), pGAL4/HIF-1a-(726-826) and
PGALA/HIF-1a-(786-826) were described previously (8). Plasmid p2.1
contains a 68-bp hypoxia response element (HRE) from the ENOI gene
inserted upatream of an SY40 promoter in the luciferase reporter plas-
mid pGL2-Promoter (Promega) and p2.4 contains a 3-bp mutation in
the HRE (18). Plasmid pVEGF-Kpnl contains nuclectides —2274 to
+379 of the VEGF gene inserted into luciferase reporter pGL2-Basic
(Proinega) (19). The reporter pGSE1bLue contains five copies of a GAL4
binding site upstream of a TATA sequence and firefly luciferage coding
sequences, The expression plasmid pCR3.1-HA-FIH-1 and a plasmid
encoding a dominant negative form of HIF-la (pCEP4-HIF-
1xANBAAB) were described previously (20, 21), The expression plasmid
pCH-NLS-HIF1v-(548-603)-LacZ was described elsewhere (22), Plas-
mids encoding constitutively activated from of heterotrimeric G protein
w-subunits pcDNA3-Gaq Q209L, peDNA3-Gal2 Q229L, and pcDNAS-
Gal3 Q226L were kindly provided by Dr. Manabu Negishi {Kyoto
University, Kyote, Japan) (23). Plusmids encoding bovine G, and Gy,
are made from GB, and pecDNA3.L (-) and Gy, and pcDNA31(+}),
respectively (24), Plasinids encoding a doininant negative form of Ras
(Ras™") or Racl (Racl™”) were generous gifts frorm Dr. Kaikobad Irani
(Johns Hopkins University, Baltimore, MD) (25} and Dr. Kozo Kaibuchi
(Nagoya University, Nagoya, Japan) (26), respectively. A dominant
negative form of MEK1, MEK1I{A) and a dominant negative form of
MEKS5, MEKS5(A) were from Dr. Eisuke Nishida (Kyoto University)
(27, 28,

Hypoxic Treatment—Tissue culture dishes were transferred to e
modular incubator chamber (Billups-Rothenherg, Del Mar, CA) which
was fushed with 1% 0,, 5% CO,, Y4% N,, sealed, and placed at 37 °C
129).

Immunoblot Assays—Whole cell lysates were prepared by incubating
cells for 3¢ min in cold radicimmune precipitation assay (RIPA) buffer
containing 2 mnt dithiethreitol, 1 mu NaVO,, and Complete protease
inhibitor™ (Rache Applied Science) (29). Samples were centrifuged at
10,000 x g to pellet cell debris. For HIF-1a and HIF-18, 100-pg aliquots
were fractionated by 7.5% SDS-polyacrylamide gel electrophoresis and
subjected to immunoblot assay using mouse monoclonal antibodies
against HIF-la or HIF-1g (Hla67 and H1p234; Novus Biologicals,
Littleton, CO) at 1:1000 dilution. Signal was developed using the ECL
reagent (Amersham Bioscicnces), For analysis of phosphorylated pro-
teins, HEK293 cells were treated with CCH and 50-xg aliquots were
analyzed using specific antibodies (1:1000 dilution) (Cell Signaling
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Fi. 3. Effect of musearinic signaling on [IRE.dependent gene
expression, 4, HEK293 cells were transfected with pTI-RL (10 ng),
encoding Renille luciferase, and HRE reporter p2.1 (150 ng), encoding
firefly luciferase, with expression vector (300 ng) encoding 8 muscarinic
AchR or EV. After 6 h, cells were treated or not treated with CCH (100
M) or DFX (100 un) for 16 h and then harvested for luciferase assays.
The ratio of firefly:Renilla luciferase activity was determined and nor-
malized to the value obtained from untreated cells transfected with
empty vector to obtain the relative luciferase activity (RLA). B, HEK233
cells were transfected with pTK-RL, p2.1, and either M1-AchR (1pper)
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Fic. 4. Involvement of G proteins in HIF-1a accumulation. A,
HEK293 cells were transfected with plasmid encoding a constitutively
activated form of Gaﬂ, Gay,, or Gayy After 24 h, cells were harvested,
and lysates were subjected to immunoblot assay using anti-HIF-1a Ab,
B and C, HEK293 cells expressing M1-AchR were treated with CCH
alone or plus pertussis toxin (PTX) (B), or treated with isoproterencl
(ISO; lene 2) or CCH (lgne 3) (C) and analyzed for HIF-1a protein
expression. [, HEK293 cells expressing M1-AchR were transfected
with pTK-RL, HRE repotter p2.1, and expression vector encoding a
constitutively activated form of Ge,, Gy, Goyg, or Gy, Transfected
cells were incubated for 24 h, harvested, and lysates were subjected to
luciferase aseays.

Technology, Beverly, MA). Signal was developed using the ECL reagent
{Amersham Biosciences).

Inluibitor Treatments—PDI8059, SB203580, LY294002, GF109203X,
or genistein was added 1 h before exposure to CCH or 1% O,. CHX was
added to the medium of HEK293 cells that were treated with CCH, or
DFX for 4 h, and whole cell extracts were prepared at 15, 30, and 60 min
{12, 13

RNA Blot Hybridization—Total RNA was extracted from HEK293
cells using TRIzol reagent (Invitrogen) 24 h after CCH astimulation and
48 h afier transfection of expression plasmid encoding AchR. 10-ug
aliquots of RNA were fractionated by electrophoresis in 1.5% agarose,
2.2 M formaldehyde gels, transferred to Hybond N +membranes (Am-
ershan Piosciences), and hybridized with a **P-labeled human HIF-1a
or VEGF cDNA probe as desciibed previously (13).

or M3-AchR expression vector, After 6 h, cells were treated with the
indicated doses of CCH for 16 h and then harvested for luciferase
assays. C, HEK293 ells were co-transfected with M1-AchR, p2.1 or
mutant HRE reporter p2.4, pTILRL, and expression vector encoding
either no protein (EV) or a dominant negative form of HIF-1a (DN).
After 6 h, cells were treated with 100 pn CCH for 16 h and then
harvested for luciferase assays. D, HEK293 cells were transfected with
pTK-RL, VEGF promoter reporter pVEGF-Kpnl, and ecither MI- or
M2-AchR plasinid. After 6 h, cells were treated with 100 up CCH alone
or plus 5 pM atropine for 16 h and then harvested for luciferase assays.
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Fic. 5. Effect of CCH, DFX, and IGF-1 on HIF-1« protein sta-
bility and synthesis. 4, HEK293 cells were transfected with M1
AchR, plasmid pCH-NLS-HIF-1u-(574-603)-LacZ and pGL-Cantrol
vector, which {5 a SV40 promoter- and enhancer-driven luciferase ex-
pression plasmid. Cells were treated with 100 ub (—4), 10 uM (—5)
CCH, 100 ng/ml IGF-1, or 100 um DFX for 12 h and subjected to 8-gal
assay. Normalized 3-galactosidase activity ia indicated in the figure. B,
analyuis of HIF-1a stability, HEK293 cells transfected with EV or
M1-AchR plasmid were exposed to 100 uM CCH (top), 100 um DFX
{middle), or 100 cg/m] 1GF-1 (boftom) for 4 h and then CHX was added
to a final concentration of 100 um. The cells were incubated for 0-60
min, and whole cell lysates were subject to immunoblot assay using
anti-HIF-1a Ab. C, pulse labeling of HEK293 cells. Serum-starved cells
expressing M1-AchR were pretreated with no drug, 10¢ un CCH, or 100
nghnl IGF-1 for 30 min in Met-free medium. [3* §]Met-Cys was added,
and the cells were incubated for 40 min prior to preparation of cell
lysates and immunoprecipitation of HIF-1a {upper). Parallel to the
pulse label experiment, expression of HIF-1« mRNA was examined by
RT-PCR (lower).

Reporter Gene Assays—Reporter assays were performed in HEK293
cells as described previcusly (29-31). Cells were transferred to 24-well
plates at a density of 5 X 10" cells per well on the day before transfec-
tion. FuGENE 6 reagent (Roche Applied Science) was used for trans-
fection. For luciferase assay, each mAchR, the repurter gene plasmid,
and the ¢ontrol plasmid pTI-RL (Promega), containing a thymidine
kinase promoter upstream of Renillu reniformis huciferase coding se-
quences, were pre-mixed with the Lransfection reagent. In each assay
the total amount of DNA was held constant by addition of empty vector,
After treatment, the cells were harvested and the luciferase activity
was determined using the Dual-Luciferase Reporter Assay System
(Promega). The ratio of firefly to Renilla luciferase activily was deter-
mined. For each experviment, at least two independent transfections
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Fic. 6. Analysis of interaction of HIF-1o and VHL. GST or GST-
HIF-1a-{429-608} fusion protein was incubated with in vitro-trans-
lated and **3-labeled VHL in the presence of phosphate-buffered saline
(Ianes I and 2) or lysates prepared from M1-expressing HEK293 cells
that were untreated (lane 3) or exposed to 100 pnt CCH (Iane 4) or from
M2-expressing HEK293 ¢ells that were untreated (lane 5) or exposed to
100 uM CCH ulane 6). Glulathione-Sepharose beads were uvsed ta cap-
ture GST or GST-HIF-1« and the presence of bound VHL in the saxnples
was determined by PAGE and autoradiography. One-fifth of the input
VHL protein was also analyzed.

were performed in triplicate. g-galactosiduse (B-gal) activity was deter-
mined using a commercial assay system (Roche Applied Science) (32).
To nermalize B-gal activity of each sample, pGL-Control plasmid was
co-transfected with a p-gel-coding plasmid. Net g-gal count of each
gample was divided by its luciferase count and nonmnalized mean
count * S.D. of three independent transfections is shown as relative
activity.

Metabolic Labeling Assay—The protocol is described elsewhere {12).
Briefly, HEK293 cells were plated in a 20-cm dish, and transfected with
M1-AchR plasmid, and 18 ki later the cells were serum-starved for 20 h.
The cells were pretreated with 100 us CCH or IGF-1 for 30 min in
methionine-free Dulbecco’s modified Eagle’s medium. [*55)Met-Cys was
added to a final concentration of 0.3 mCi/ml, and the cells were pulse-
labeled for 20-40 min and theno harvested. Whole cell extracts were
preparved, and 1 mg of extract was precleared with 60 ul of protein
A-Sepharose for 1 h. Twenty microliters of anti-HIF-1a antibody H1«67
was added to the supernatant and rutated overnight at 4 *C. Forty
microliters of protein A-Sepharose was added, rotated for 2 h at 4 °C,
pelleted, and washed five times with 1 ml of radicimmune precvipitation
assay buffer. The samples were analyzed by SDS-polyacrylamide gel
electrophoresis. The gel waas dried and exposed to x-ray film.

In Vitro HIF-1a-VHL Interaction Assay—[**S]Methionine-labeled
VHL protein was synthesized in vitro and plutathione S-transferase
(GST)-HIF-1x-(429~608) fusion protein was expressed in E. coli as
described previously (20). HEK293 cells expressing M1-or M2-AchR
were treated with CCH or DFX for 4 h prior to lysate preparation.
GST-HIF-1a-(429-608) was preincubated with 10 ul of the HEK293
cell lysate for 30 roin at 30 °C. 5-ul aliquots of the GST-HIF-1a-(420-
608) preincubation and VHL in vitro translation reactions were mixed
in 150 pl of NETN buffer (150 mu NaCl, 0.5 ma EDTA, 20 mn Tris-HCl
(pH 8.0), .5% (v/v) Nunidet P-40). After 90 min at 4 °C, 20 pl of
glutathione-Sepharose-4B (Amersham Biosciences) was added. After 30
min of mixing on a rotator, beads were washed three times with NETN
buffer, Proteing were eluted in 2X SDS sample buffer, fractionated by
SDS-PAGE, and detected by asutoradiegraphy.

RESULTS

Muscarinic Acetylcholine Receptors Induce HIF-1 Activity in
@ Receptor Subtype-specific Manner under Non-hypoxic Condi-
tions—Because HEK293 cells express only low levels of
mAchRs (33), it is possible to examine the effect of individual
mAchR signaling on BIF-1 activation by overexpression of each
mAchR, HEK293 cells were transfected with expression plas-
mid encoding the M1-, M2-, M3-, or M4-AchR and stimulated
by the addition of the cholinergic agonist CCH. As shown in
Fig. 1A, p42FF%%/p44FRRI MAPKS were activated in response to
treatment with CCH (100 p) (larnes 4, 6, 8, and 10). CCH
simulation also induced transcriptional activation of Elk-1 in
mAchR-expressing HEK293 cells {(data not shown). Together,
these data demonstrate that each mAchR subtype was func-
tionally expressed in IIEK293 cells. Furthermore, the levels of
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ERK1/2 phosphorylation in response to CCH stimulation were
similar, suggesting that the different mAchRs were expressed
_ at comparable levels,

Using this system we investigated impact of mAchR stimu-
lation on activation of HIF-1. 100 pM CCH increased HIF-1a
protein levels in M1- or M3-AchR- but not in M2- or M4-AchR-
expressing HEX293 cells (Fig, 1B), In contrast, HIF-13 protein
levels were not affected by the binding of CCH to mAchR in
HEK293 cells, The induction of HIF-1a expression was inhib-
ited by atropine, demonstrating that the effect is receptor ag-
onist-specific (Fig. 1), The M1- or M3-AchR signal induced the
accumulation of HIF-1e in a CCH dose-dependent manner to
100 nM (Fig, 1D), In M1-transfected HEK2923 cells exposed to
CCH (100 pm), HIF-1« protein levels peaked at 4 h (Fig. 1E).
We next investigated involvement of mAchR in HIF-1a protein
accumulation in SK-N-SH human neurcblastoma cells, which
endogenously express M3-AchR. Treatment with CCH (100 pn)
induced accumulation HIF-1a protein in 4 h and this accumu-
lation was inhibited by treatment with atropine (Fig. 1F). Thus
mAchR-mediated signals induced HIF-1a protein accumula-
tion under non-hypozic conditions,

M1- or M3-AchR Stimulation Activates HIF-1.dependent
Gene Expression—We examined the impact of mAchR system
on HIF-1-dependent gene expression. As shown in Fig, 2,
VEGF gene expression was induced in M1-AchR-expressing
HEK293 cells exposed to CCH (100 unm) er to the iron chelator
DFX. The expression of HIF-1a mENA was not affected by any
treatment.

Next, HEK293 cells were transfected with reporter plasmid
p2.1, which contains a HIF-1-dependent HRE, or p2.4, which
contains a mutated, non-functional HRE. Stimulation of M1- or
M3-AchR with CCH induced HRE-dependent expression cem-
parably to 100 uM DFX treatment (Fig. 34). The activation was
CCH doge-dependent (Fig. 3B). In contrast, the reporter p2.4
wag not activated by the treatment, Expression of a dominant
negative form of HIF-1«¢ markedly reduced p2.1 reporter gene
expression, demonstrating that gene activation was both HRE-
and HIF-1-specific (Fig. 3C). CCH treatment of cells expressing
M1-AchR alsc induced expression of the pVEGF-Kpnl reporter,
which contains premoter sequences encompassing nucleotides
—2274 to +379 relative to the transeription start site of the
VEGF gene. In contrast, CCH had no effect on VEGF promoter
activity in cells transfected with expression vector M2-AchR or
empty vector (Fig. 3D).

Involvement of G Proteins in M1- or M3-AchR Stimulation—
Because mAchRs are G protein-coupled receptors, we examined
involvement of G proteins in the activation of HIF-1, Because
M1- or M3-AchR mainly couples with Ge, protein in HEK293
cells (33, 34), we first examined invelvement of Ga, in the
process. Expression of a constitutively activated form of Ge,
(Ga,-Q209L) induced the accumulation of HIF-1a protein (Fig.
4A, lane 3) in HEK293 cells, Expression of Ga;,-Q229L or
Gy 5-Q226L algo induced the accumulation of HIF-1a (lanes 4
and 5). M1-AchR-mediated HIF-1a accumulation was not af-
fected by treatment with pertussis toxin, which blocks interac-
tion of Gey GTPase with receptors (Fig. 4B). Stimulation of the
endogenous B-adrenergic receptor with the g-adrenergic ago-
nist isoproterenocl did not induce HIF-1a protein accumulation,
supgesting that Ga,mediated signaling did not contribute to
HIF-1a accumulation (Fig. 4C) (35). Expression of a constitu-
tively activated form of Gag-, Goyyr, Goggm, or GByinduced
HRE-dependent reporter gene expression in HEK293 cells
(Fig. 4D).

M1-AchR Stimulation Stabilizes B-Galactosidase Fused to
the O, -dependent Degradation Domain of HIF-1o—We exam-
ined the impact of M1-AchR-mediated signaling on the stability
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Fic. 7. Effects of muscarinic signaling on HIF-1« transactiva-
tion domain function, Constructs encoding the DNA-binding domain
(aminag acida 1-147) of the yeast transeription factor GAL4 fused to the
indicated amino acids of HIF-1w were analyzed for their ability to
transactivate reporter gene pGAiE1hLuc, which containg five GAL4-
binding sites. HEK283 cells were co-transfected with muscarinie recep-
tors (200 ng), pTK-RL (10 ng), GAL4ElbLuc (150 ng), and GALA4-
HIF-1a fusion protein expression plasmids (200 ng). Cells were exposed
to CCH {100 uM) for 16 h and harvested. The ratio of firefly:Renilla
luciferase activity was determined and normalized to the value ob-
tained from untreated cells transfected with plasmid encoding GAL4-
{1-147) to obtain the relative luciferase activity (RLA),

of HIF-1a protein by transfecting cells with expression vector
pCH-NLS-HIF1e-(548-603)-LacZ, which encodes a fusion pro-
tein consisting of B-gal and the HIF-1a sequences encompass-
ing the hydroxylation site at Pro-564. The levels of this protein,
which can be monitored by measuring -gal activity, are neg-
atively regulated by O,-dependent hydroxylation, ubiquitina-
tion, and proteasomal degradation (22). HEK293 cells trans-
fected with M1-AchR and pCH-NLS-HIF1a-(548-603)-LacZ
were treated with CCH, DFX, or IGF-1 and lysates were ana-
lyzed for B-gal activity. As shown in Fig. 54, CCH (100 um)
stimulation induced B-gal activity although to a lesser extent
than DFX. In contrast, IGF-1 stimulation did not significantly
induce @-gal activity. These data suggest that M1-AchR signal-
ing results in stabilization of HIF-1a protein.

To further investigate whether mAchR signaling affected
HIF-1q protein half-life, mAchR-expressing HEK293 cells were
treated with CCH, 1GF-1, or DFX for 4 h to induce HIF-1«
expression, CHX was added to block ongoing protein synthesis,
and cell Iysates were prepared for immunoblol assay (Fig. 5B).
In the presence of CHX, the half-life of HIF-1 was more than
60 min in DFX-treated cells, ~30 min in CCH-treated cells, and
less than 15 min in IGF-1-treated cells. These results indicate
that M1-AchR stimulation induced accumulation of HIF-1« by
increasing protein halflife.

To analyze the rate of HIF-la synthesis, serum-starved
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of no kinase inhibitor or co-treatment with 50 pm PD, 25 um 8B, 50 pm GF,

100 pm GEN, or 60 uM LY, Cells were barvested after 16 h for analysis,

D and E, M1l-expressing HEK203 cells were subjected to veporter gene assay using p2.1 with dominant negative (DN) forms of the G proteing Ras
andfor Racl (D) vr a dewwivani negalive form of MEKI or MEES (8], Aller 6 b, cells were treaied wiik 160 pn COH for 16 h and then harvested

for luriferase assays.

HEK293 cells were pretreated with CCH or IGF-1 for 30 min
and then pulse-labeled with [*% S]Met-Cys for 40 min, followed
by immunoprecipitation of HIF-1« (Fig. 5C). In contrast to
control serum-starved cells, ¥8-labeled HIF-1« was clearly
increased in CCH-treated cells ag well as IGF-1-treated cells
{Fig. 5C, upper). Expression of HIF-1a mRNA was not affected
during treatment (lower), Thus, both the cycloheximide and
metabolic labeling experiments provide evidence for inereased
synthesis of HIF-1a in response to M1-mediated signal.

AchR Signaling Inhibits the Interaction of HIF-Ia and
VHL—Incubation of a GST-HIF-1a-(429-608) fusion protein
with control lysate from untreated cells resulted in prolyl hy-
droxylation of HIF-1c and interaction with VHL (Fig. 6, lane 1).
Lysate from DFX-treated 293 cells did net promote the inter-
action of GST-HIF-1« with VHL ({zne 2). Lysate from CCH-
treated M1-AchR-expressing cells was less effective in promot-
ing the interaction (lane 5) than lysate from MI-AchR
expressing cells without CCH treatinent (Inne 4). In contrast,
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lysates from M2-AchR-expressing cells promoted the interac-
tion of GST-HIF-1a with VHL regardless of whether they were
exposed to CCH or not (lanes 6 and 7).

mAchR Signaling Stimuletes the Transcriptional Activity of
HIF-1a—Two independent transactivation domains have been
localized to amino acid residues 531-575 (TAD-N) and 786- 826
(TAD-C) of HIF-1u (8, 20). Because it has been shown that
steady-state levels of the fusion proteins containing GAL4 DNA-
binding domain and HIF-1« TAD are similar under hypoxic and
non-hypoxic condition, these GAL4-HIF-1x fusion proteins can
be utilized to analyze IIIF-1x TAD activity independent of any
effects on protein expression, Activity of TAD-N is hypoxia-in-
duced whereas TAD-C is constitutively active, M1- or M3-AchR
stimulation enhanced gene expression mediated by GAL4-HIT-
10a-(531-826), which contains both TAD-N and TAD-C (Fig. 7).
GAL4-HIF-1a-(531-575)-mediated gene expression is also stim-
ulated by M1- or M3-AchR, indicating that TAD-N function is
regu]ated‘ by mAchR signaling. The activity of GAL4-HIF-]o-
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(786—826) was not affected by mAchR stimulation,

Effect of Kinuse Inhibitors on AchR-mediated HIF.1 Activa-
tion—To investigate further the molecular mechanisms
whereby muscarinic receptors activate HIF-1, M1-AchR-ex-
pressing HEK293 cells were stimulated by CCH under treat-
ment with LY284002, PD98053, SB203580, GF109203X, or
genistein which are selective pharmacologic inhibitors of PIJK,
MEK, p38 MAPK, PKC, and tyrosine kinase activity, respec-
tively. As shown in Fig. 84, genistein almost completely inhib-
ited HIF-1a accumulation induced by CCH (lene 7) similar to
the effect of atropine (lane 8). GF109203X (lane 6) partially
inhibited HIF-l1a accumulation (lane 6), whereas treatment
with LY294002 (lane 3), PDO8059 (lane 4), or SB203580 (lune
5) had little or no effect.

Next, we investigated the effect of the inhibitors on HRE-
dependent gene expression using the HRE-dependent p2.1
reporter (Fig. 8B). Genistein or PD98059 almost completely
suppreased the gene expression by CCH, GF109203X had a
partial inhibitory effect. In contrast, treatment with
LY224002 or SB203580 did not have any inhibitory effect.
The transcriptional activity of HIF-1a was examined using
pGAL4/HIF-1a-(531-826) and pG5ElbLuc (Fig. 8C).
PD98059 or GF109203X almost completely suppressed
HIF-1a TAD activation induced by CCH. In contrast, treat-
ment with genistein, LY294002, or SB203580 did not block
TAD function induced by CCH.

Previously, we demonstrated that small G protein Ras and
Racl are involved in hypoxia-induced HIF-1 activation process
(29). We next examined involvement of Rag and Racl in the
CCH-induced HIF-1 activation (Fig. 8D). Expression of domi-
nant negative forms of Ras (Ras™*"} or Racl (Rac1™7) inhib-
ited CCH-induced HRE-dependent gene expression in MI-
AchR-expregsing HEK293 cells. Expression of a dominant
negative form of MEK1 or MEKS also inhibited CCH-induced
gene expression (Fig, 8F), which is consistent with the chserved
effects of PD98059 in Fig. 8B.

DISCUSSION

Molecular cloning studies have revealed the existence of five
distinct muscarinic receptor subtypes referred to as M1-M5
(33). The M1-Mb receplors are members of the GPCR super-
family. Although even numbered receptors (M2 and M4) are
selectively coupled to G proteins of the Goy/Ga, family, the
odd-numnbered receptors (M1, M3, and M5) are preferentially
linked to Ga,/Gay, proteins (16, 17). Qur results demmstrate
that muscarinic acetylcholine receptor-mediated signals induce
HIF-1 activation under non-hypoxic conditions in a receptor
subtype-specific manner. Only odd numbered receptors in-
duced HIF-1a protein expression and transcriptional activity
in a receptor-ligand-dependent manner in HEK293 cells. Ex-
pression of a constitutively activated form of G, Gayg, Gayg,
or G3y is sufficient to induce accumulation of HIF-1« and
HIF-1-mediated transcription (Fig. 4D). The selective effect of
M1- or M3- versus M2- or M4-AchR signaling dees not appear
to be related to the level of receptor expression based on the
ERK activation (Fig. 14).

HIF-1x protein expression level is determined by the balance
between protein synthesis and degradation {12, 13). CCH stim-
ulation of M1-expressing HEK293 cells increased the half-life
of HIF-1a protein compared with that in IGF-1-treated cells
although the effect waa less than that induced by DFX, which
inhibits HIF-1« prolyl hydroxylases (Fig. 5B). CCH also in-
duced stabilization of HIF-1a-(548-603)-B-gal fusion protein in
HEK293 cells expressing M1-AchR (Fig. 54). Moreover, lysate
of Ml-expressing HEK293 cells stimulated by CCH was less
effective than lysate from unstimulated cells in promoting the
interaction between HIF-1a and VHL. Together, these results
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Fic. 9. Schematic representution of mAchR signaling to HIF-1.
The effects of pharmacologie inhibitors suggest that multiple signaling
pathways downstream of muscarinic receptors slimulate HIF-1a pro-
tein expression and HIF-1o transactivation domain (TAD) function.

suggest that M1-AchR signaling regulates HIF-1a hydroxyla-
tion, ubiquitination, and/oy proteasomal! degradation, How-
ever, the effect of mAchR signaling on HIF-1« accumulation is
not explained fully by the stabilization mechanism, because the
effect on the half-life of HIF-1a is much less that that induced
by DFX (Fig. 5B). We have reported that certain growth factors
such as IGF-1 (12, 13), prostaglandin E, (14), and the nitric
oxide donor NQOC18 increase the rate of HIF-1a protein syn-
thesis rather than increasing the stability of HIF-1a. The
pulse-labeling data (Fig. 5C) indicate that mAchR stimulation
also increases the rate of HIF-1a synthesis. The dual effects on
both synthesis and stability account for the high levels of
HIF-1x induced by mAchR signaling.

Sve family kinases are also activated by Ge /Gey-coupled
receptors via the proline-rich tyrosine kinase 2 (PKY2) (36).
v-Sre and RasV? signaling in RCC4 and 7860 cells has been
shown to stabilize HIF-1a by inhibiting hydroxylation of Fro-
b64 (37), The effects of dominant negative forms of Ras and
Racl (Fig. 8D) suggest that similar mechanisms may be in-
volved in AchR-mediated HIF-1 activation. We demonstrate
that the activation of HIF-1 in response to muscarinic signaling
is suppressed by the PKC inhibitor GF109203X or the tyrosine
kinase inhibitor genistein. (Fig. 8). M1 and M3 muscarinic
receptors stimulate phospholipase C,, which hydrolyzes phos-
phatidylinositel 4,5-bisphosphate to generate the second mes-
sengers diacylglycerol and inositol 1,4,5-triphosphate (34)
causing PKC activation, In fact, genistein or GF109203X in-
hibits M1-AchR-mediated HIF-la accumulation, Taken to-
gether, the pathway may lead to HIF-1o accumulation (Fig. 9).
Regulation of HIF-1 activity invelves changes in both the pro-
tein expression and transeriptional activity of 1IIF-1« (8, 20,
29). Our data analyzing transactivation mediated by Gal4-HIF-
1a-TAD fusion proteins demonstrate that muscarinic receptor
signaling also induces HIF-1a TAD activity under non-
hypoxic conditions. A major determinant of TAD function is
the interaction between HIF-la and the coactivators p300/
CRBP, which regulated by O,-dependent hydroxylation of Asn-
803 by FIH-1 (7, 20}, TAD activity is also regulated by a
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MAPK-dependent mechanism (29, 38) that enhances recruit-
ment of p300/CBP (39). The MEK inhibitor PD98059, which
is a selective pharmacologic inhibitor of MEK1 and MEKS,
blocked muscarinic signal-induced HIF-1, suggesting a link
between muscarinic signaling, MEK/ERK, and HIF-1a. The
data presented in Fig. 8F suggest that MEK1 and MEKS
cooperatively play a critical role in this process. The signal
transduction pathway leading from muscarinic receptor acti-
vation to HIF-1a TAD activation is also sensitive to the PKC
inhibitor GF109203X,

The M1-M4 receptors are widely expressed throughout the
central and peripheral nervous systems (34). The M1 receptor
is found in greatest abundance in the cortex and hippocam-
pus where it constitutes 40-50% of the total mAchR. Activa-
tion of HIF-1 may provide a mechanism to increase glucose
uptake and/or perfusion in response to increased neuronal
activity via increased transcription of genes encoding glucose
transporters and angiogenic factors such as VEGF. In PC12
pheochromocytoma cells, HIF-1 serves as a neuroprotective
factor against amyloid B peptide, which is involved in the
pathogenesis of Alzheimer's disease (40), Notably, the M1
receptor is coupled with processing the amyloid precursor
protein (41), Finally, mice with a deletion of the HIF-1 bind-
ing site within the HRE of the Vegf gene develop motor
neuron degeneration similar te amyotrophic lateral sclerosis
(42), indicating an important role for HIF-1 in VEGF-
mediated motor neuron survival. Further studies are re-
quired to determine whether HIF-1 activation by muscarinic
receptor signaling may play an important role in regulating
cell survival in neurodegenerative dizorders.
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Targeting hypoxic cancer cells with a protein prodrug
is effective in experimental malignant ascites
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Abstract, Tumor hypoxia in a solid tumor mass has long
been recognized us a cause of resistance 1o current cancer
therapies, and has also been suggested to be a potent driving
force towards malignancy. Recent progress in the under-
standing of the molecular mechanism of the tumor response
to hypoxia has increased attention on targeting hypoxia for
cancer therupy. We have generated a hypoxia-targeting fusion
protein, TOP3, which is composed of a protein transduction
domain (PTD) of HIV TAT, an oxygen-dependent degradation
domain (ODD) of HIF-1a, and procaspase-3. Here, we examine
the effects of TOP3 in a rat ascites model. First, we clarified
that the tluid in ascites from MM cells, which are derivatives
of AH130 rut ascites hepatoma cells, was highly hypoxic.
I vitro, MM cells retained protein degradation machinery
throiigh the ODD domain, and TOP3 effectively impaired
MMI cell growth in culture under hypoxic conditions by
inducing apoptosis, Intraperitoneal administration of TOP3
prolonged the life span of rats bearing a significant amount
of malignant ascites, and 60% of the treated animals were
curcd without recurrence of ascites. Thus, TOP3 had a dramatic
effect on malignant ascites and, hence, we propose that
rodent malignant ascites is an appropriate plutform for testing
hypoxia-targeted drugs.
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mRNA, messenger RNA
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Introduction

Tumor hypoxia is of critical importance in tumor physiology
and cancer treatment, and it appears to be strongly associated
with malignant progression and resistance o therapy. Low
oxygen levels in tumors are associaled with increased meta-
stasis, prompting gene mutations, such as those in p53 (1,2),
and stimulating increased expression of genes favoring wmor
survival and motility (3,4). Hypoxia has long been known
to reduce the cytotoxic effects of ionizing radiation and, in
some cases, of anticancer drugs (5). However, driven by the
recent dramatic progress in the molecular understanding of
the tumor hypoxia response, various strategies for molecular
targeting of hypoxic cancer cells are emerging (6), such as
blocking of the HIF-1u (hypoxia inducible factor [o) signal
(M.

Since HIF-1a has been shown to be a key molecule in
hypoxic response for both normal and malignant cells, the
HIF-1q signal is potentially a suitable target for hypoxia-
targeted therapy. However, HIT-{ ¢ is a multifunctional trans-
cription factor, and the results of targeting the signal in wmor
cells ave therefore rather unpredictable. Indeed, a recent report
demonstrated that the signal can work as either a positive or
negative reguiator of mor growth, depending on the ceil
type and the microenvironment (8).

TUtilization of the death signal, which is elevated in cancer
cells under hypoxic conditions, through caspase aclivalion
provides an alternative approach for targeting hypoxic
cancer cells. We have generated a novel hypoxia-targeting
protein, TOP3 (TAT-ODD-procaspase-3) (9). TOP3 consists
of three components: PTI); the protein transduction domain
of HIV TAT protein that enables the fusion protein to be
non-specifically transferred into the cell, ODD; the oxygen-
dependent degradation domain of HIF-Ta that regulates the
stability of the fusion protein, depending on the intra-cellular
oxygen concentration, and procaspase-3, which is an inactive
precursor of the exccutioner protease in apoptasis. Although
tumor cells are resistant to the hypoxia-induced cell death
signal, TOP3 induces the death of hypoxic tamor cells through
caspase activity, which is induced by hypoxic stress, following
transformation of the supplemented procaspase-3 inro active
caspase-3. Thus, TOP3 induces cell death only in hypoxic
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malignanl cells, and not in oxygenated normal cells. We have
previously reporied that i p. administration of TOP3 moderately
inhibited solid mor growth without any significant side effects
(9).

Ascites tumor cells have long been known to adapt and
grow under severe hypoxia (10}, providing a large number of
homogeneous hypoxic cells. The cells in ascites fluid are
potently anti-apoptotic under extreme hypoxia, under acidosis
and at low glucose levels, recapitulating, at least partly, the
malignant features of cancer cells (1,2). In solid tumors,
hypoxia is accompanied by a wide variety of compounding
conditions, such as low pH and low concentration of nutrients
{11). Since it is extremely hard to reproduce such complex
conditions in vitrg, malignant ascites provides a unique
platform to evaluate a hypoxia-targeting drug it vivo.

In this study, we show that TOP3 inhibits the accumulation
of malignant ascites in a vat model, and that TOP3 has a
dramatic effect on hypoxic cancer cells in vivo.

Materials and methods

Cell and cell culture. MM is a derivative clone originating
from AH130 rat ascites hepatoma cells (12), MM cells were
cultured in M-MEM supplemented with 10% FCS. Hypoxia
was achieved by incubating cells with 1% O, and 3% CO,in a
Multigas Incubator (Astec, Fukuoka, Japan). Anoxic condilions
were achieved using an AneroPack system (Mitsubishi Gas
Chemical, Tokyo, Japan). The cells were cultured under the
hypoxic or anoxic conditions for the time periods described
in the text.

Animal model. To produce malignant ascites, we injected
2x107 MM cells in 1 ml of phosphate-buffered saline (PBS)
into the peritoncum of 6-week-old male Donryu rats (SLC,
Hamamatsu, Japan). Cell viability was assessed by trypun blue
stuining. Ascites volume was measured us the sum of fluid
volume gathered by suction and the weight gain of gauze with
which the entire abdominal cavity wuas wiped. A cytologist
who was not informed ot any experimental details counted
cells on smeuwrs of ascites fluid. TOP3 (3 mg/kg) or buffer
alone was injected intraperitoneally on day 7, 9 and 12 after
inoculation of the cancer cells. All animal studies were
approved by the Animal Care and Use Committee of Osuka
Medical Center for Cancer and Cardiovascular Diseases.

Body measurement inethod. Under unesthesia with slight
dicthyl ether inhalation, a rat was held by its tail, and then 1
photograph was taken front on with a digital camera (CoolPics;
Nikon, Tokyo, Japan). The images were transferred to a
personal computer and analyzed using Photoshop software
(Adobe, San Jose, CA). The distance between the top of the
penis and the cross point of the front limbs on the chest was
designated as Y and the maximum width of the belly ortho-
gonal to line Y was designated as X, The ratio of 20Y was
calculated and is referred to as the abdominal ratio.

Plasmids and transfection, Retrovirus vector, pMXiresEGFP
(13) and pMX-FL (14) were generous gifts from Dr Kitamura
(University of Tokyo, Japan), pMX-NLS-ODD-EGFP was
constructed by insering a BsiXI-digested PCR {ragment
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containing NLS-ODD into the BstXI sites of pMX-FL. PCR
was performed using the plasmid pGEX/3-0/Casp3WT (9) as
a template and the oligonucleotides 5'-~AACCCAGTGTGG
TGCGCACCATGGACCCTAAGAAGAAGAGGAAGAAGA
ACCCATTTTCTACTCA-3' and 5-GGTGCCACTGTGC
TGGCTGCTGGAATACTGTAACTG-3' as primers. The
initiation codon of the EGFP gene was mutated into ATA
with a Quick Change mutagenesis kit (Stratagene, La Jolla,
CA). The complele sequence was confirmed using an ABI
PRISM 3100 Genetic Analyzer (Applied Biosystems, Foster
City, CA). High titer retroviruses were produced using the
packaging cell line Plat-E (15). For infection of MM cells,
4x105 cells were mixed with 850 pl of virus stock containing
Polybrene (8 pl/ml) and cultured in 12-well plates. After 16-h
incubation, the cells were transferred into 20 ml of culre
medium. Thereatter, cloning of the transfected cells was
performed by the limiting dilution method.

Oxvygen tension, pH, and glucose concentration of ascites.
Ascites samples were drawn from the abdominal cavity by
puncturing with heparin-containing syringes, and then
immediately subjected to analysis (ABL 700 series, Radio-
meter, Copenhagen, Denmark) for oxygen tension, pH and
glucose concentration. Since the oxygen tension was below
sensitivity, we approximated it using the following method.
Ascites Nuid was analyzed vsing an oxygen measuring system
with a Clark type electrode (Systemt 203, Instech, Plymouth
Meeting, PA). To obtain reference measurements, non-treated
ascites plasma was drawn from the ascites fluid, and bubbled
in an airtight glass bottle for 1 h with the reference gas: air,
1% 0, (1% oxygen, 99% nitrogen) or 0% 0, (pure nitrogen).
The ascites plasma was drawn from each bottle without
allowing contact with air, and analyzed immediately. The
prohe-off mode was adjusted to a value of zero, and the air
bubbled plasma was assigned a value of 150. A value for a
sample was recorded 15 min after it was injected into the
monitoring cell when the value did not change for at lcast
1 min.

Real-time quantitative RT-PCR of hypoxia-inducible gene
expression, The ascites fluid was first mixed with an excessive
amount of erytrocyte lysis bufter (150 mM NH,CI, 15 mM
NallCO,, and 0.1 mM EDTAZNa, pll 7.3} to remove erythro-
cytes. Total RNA from MMI cells cultured under normoxic
and hypoxic conditions and from ascites cells was extracted
with TRIzol {Invitrogen, Carlsbad, CA). The RNA was
reverse transcribed to obtain cDNA using Ready-To-Go beads
{Amersham Bioscience, Tokyo, Japan). Probe primer sequences
for all rat genes are as tollows: VEGF-A 5-TGTACCTCCA
CCATGCCAAGT-Y, 5-TGGAAGATGTCCACCAGGGT-3,
GLUT-1 §-CTTTGTGTCTGCCGTGCTTA-3, 5'-CACATA
CATGGGCACAAAGC-3'; HO-1 5-CACGCATATACCCG
CTACCT-3", 5-AAGGCGGTCTTAGCCTCTTC-3", Reul-time
quantitative PCR reactions were run in 96-well plates in an
iCycler iQ Real-Time PCR Detection System (Rio-Rad,
Hercules, CA), using iQ SYBR Green supermix (Bio-Rad)
according to the manufacturer's protocol. RT-PCR conditions
were 3 min at 95°C, 40 cyceles of 15 scc at 95°C and | min at
62°C, followed by a step of 60°C for | min, Each sample was
tun in triplicate, The level of expression was stundardized to
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the primer set specific for rat 8-actin (5'-CCTGAGGAGC
ACCCTGTG-3', 5-AACACAGCCTGGATGGCTAC-3'). The
2-44x method was applied for the analysis of relative gene
expression (16).

HIF-1a imnumoblotting, Cultured MM cells and ascites
cells were collected by centrifugation and the pellet was
lysed with lysis buffer containing 10 mM Tris HCI (pH 7.2),
1 mM EGTA, 150 mM NaCl, 1% Triton X-100, 0.1% SDS,
1% sodium deoxycholate, | mM PMSF, and 50 mM sodium
fluoride. Western blot analysis was performed as previously
described (17). Briefly, proteins separated in an SDS-poly-
acrylamide gel (PAGE) were transferred electrophoretically
to a PVDF membrane. The membrane was blocked with 5%
non-fat dry milk solution in TBST, and incubated with a
primary antibody against HIF-1« (HIa67; Navus, Littleton,
CO} in TBST overnight at 4°C. After washing with TBST,
the membrane was allowed to react with a sccondary anti-
body (goat anti-mouse TgG; Santa Cruz Biotechnology, Santa
Cruz, CA) conjugated with HRP (horseradish peroxidase).
After extensive washing, signals were detected using ECL
(Amersham Biosciences).

Preparation of the fusion proteins. The fusion proteins; TOP3
was prepared as previously described (9). Briefly, the plasmids
(pGEX/3-0/Casp3WT) was transformed into BL21(DE3)pLysS
(Novagen, Madison, WI), and the proteins were purified
using Glutathione Sepharose 4B and PreScission Protease
(Amersham Biosciences) following the manufacturer's
instruction manual.

Flow cytometry. For EGFP degradation analysis, the cells
were immediately {ixed with 5% neutral buflcred-formalin and
rinsed wice with PBS. Cells in asciles {luid were centrifuged
and treated with lysis buifer to remove erythrocytes and
rinsed twice with PBS. The cells were analyzed on a Becton
Dickinson FACSCalibur flow cytometer. Data were analyzed
using CellQuest sottware (Becton Dickinson, San Jose, CA).
Dcad ccells and debris were excluded based on forward-angle
and side scater. Ten thousand cvents were collected for exch
sample. Immunostaining was f{irst performed with mouse
anti-rat CD11b (MCA273R, Serotec, Oxford, UK) and then
with a secondary antibody; Alexa Fluor 594, goat anti-mouse
TgG (Molecular Probes, Fugene, OR},

Apoptosis and cell death assay. Caspase-3 activity was assayed
with a CPP32 colorimetric Protease Assay Kit (BioVision,
Mountain View, CA). To analyze the DNA content, MM1
cells (1x10° cells/5 ml in a 6-well plate) were pre-incubated for
18 h under normoxic (219 O,) or hypoxic (1% O,) conditions,
and then various amounts of TOP3 protein were added to the
medium. The cells were turther cultured for 24 h under the
samec conditions as for the pre-incubation. Then the cells
were harvested with centrifugation and the cell pellet was
gently suspended in PBS and mixed with an equal volume
of 2X hypotonic fluorochrome solution (100 mg/ml PI in
0.2% sodium citrate - 0.2% Triton X-100) immediately
before analysis by flow cytometry using CellQuest (Becton
Dickinson). For the DNA ladder, the same cell suspension
uscd to analyze DNA content was treated with a DNA ladder
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detection kit (Roche Diagnostics, Mammheim, Germany)
according (o the manufacturer's instructions.

Statistical analysis. Statistical analysis was performed with
GraphPad Prism 4 (GraphPad Software, San Diego, CA).
The statistical significance of the results was tested with an
unpaired-t, one-way ANOVA, a lincar regression test, or a
log-rank rest for survival, depending on the hypothesis. p<0.05
was considered Lo be statistically significant,

Results

MM cell-induced malignant ascites fluid is hypoxic.
Experimental malignant ascites cells are known to grow
under severe hypoxia, under acidosis and at low glucose
concentrations. Del Monte reported that ascites fluid praduced
by AHI[30, the parent cell line of MM I, was nearly anaerobic
(18). To characterize the MM cell ascites, we performed the
following analysis. First, we measured the oxygen tension of
the ascites fluid on duy 9. As shown in Fig. 1A, the oxygen
level in the ascites tluid wus >1%, compared with the oxygen
level of ascites plasma saturated with gas containing 1%
oxygen.

Next, to confirm the hypoxic response of the MM1 cells
in ascites fluid, we examined expression levels of the known
hypoxia-inducible genes, VEGF-A (vascular endothelial
growth fuctor A) (19), GLUT-1 (glucose wrunsporier-1) (20)
and HO-] themeoxygenase-1) (21) by real-time quantitative
RT-PCR (Fig. IB). The expression levels of both genes in
cells recovered from ascites were higher than those in cells
cultured under normoxic conditions, consistent with the
pattern seen in cells cultured under hypoxic conditions. The
expression of hypoxia inducible factor la (HTF-1a) is known
to be regulated at the protein level (22). As shown in Fig. 1C,
HIF-1« protein expression was upregulated in the ascites,
although the mRNA level was slightly decreased (data not
shown). The pH and glucose concentration of the ascites
fluid on day 8 after injection were also examined. The pH
value was 6.84+0.04 (n=5) and the glucose level was less
than 2 mg/dl (n=5) (under the detection sensitivity).

Taken together, these resulls show (hat the ascites [luid
produced by MM cells is hypoxic and has compounding
conditions that include low pll and low glucose concentration,
The results also show that the ascites cells are responsive to
the hypoxic conditions.

Kinetics of the imalignant ascites model. To investigale the
kinetics of the animal model, we sacrificed the ascites-
bearing animals at various time points, and measured the
ascites fluid volume and the cell concentration, The total
number of tumor cells in the ascites fluid was calculated by
multiplying the ascites volume by the cell concentration.
Both ascites volume and total cell number increased Tingarly
from day § to day 13 (Fig. 2A and B). Thus, MM cclls survive
and proliferate in severely hypoxic conditions.

To evaluate the ascites volume without any further
intervention, we established a body measurement method.
Immediately after taking photographs for image analysis and
determination of the abdominal ratio, we sacrificed the animals
and mcasured the precise volume of the ascites fluid (sce
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Tigure 1. Malignant ascites produced by MM cells are hypoxic. (A), Low
uxygen tension of ascites fluid from MM cells, Oxygen tension was measured
in ascites Muoid (uscites) on duay 9 after inoculation and in ascites plasma
bubbled with pure nitrogen (0% Q,)or a 1% oxygen and 9% nitrogen niixwre
(1% O,). Values ure mean = SI); "p<0.01 conpared with the ascites oxygen
Tevel by Stadent's wtest, n=3. (B), Elevated messenger RNA level of known
hypoxia response genes in the ascites cells. The mRNA levels of VEGF-A,
GLUT-1 and HO-1, which are known hypoxia response genes, were exunined
i cells cultured under 1% O, (gray bar) and in ascites cells (black bar) by real-
time RT-I'CR, normalized to the level of B-actin, and represented as the fold
increuse over the Ievels of each gene under normoxic conditions (open bar).
(C), Elevated level of HIF-1a protein in the ascites cells. Western blotting of
the cell extract [rom MM1 cells cultured under nomoxia (N) or (rom ascites
cells (ascites) was performed with anti-HIF- e antibody, The membrane was
stripped and re-probed with anti-8-actin antibody.

Materials and methods). Linear regression analysis showed
that fluid volume and body size was significan(ly correlated
with a p-value of <0.001. Hence, (he body size is reliable for
approximating the ascites volume (Fig. 2C).

Protein instability via QDD is functional in MMI cells in
vitre. To assess whether the protein degradation system
through ODD is maintained in MM ccells, a plasmid vector,
pMX/NLS-ODD-EGTP was stably transiecied inlo MM
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cells as a reporter. Green fluorescent protein (GFP) 1s suitable
for comparing protein stability under hypoxia and normoxiu
as GFP chromophore formation is only impaired at near-
anoxic conditions (23). The reporter plasmid contained the
same HIF-1a ODD domain as TOP3, so that the fusion protein,
NLS-ODD-EGFP, should be unstable at a normal oxygen
concentration if protein degradation by the pVIIL-proteasome
system occurs in MM cells. Hence, the fluorescence signal
should be wenker under normoxia than under hypoxia. As
shown in Fig. 3, control vector-transfected cells had the same
or slightly reduced fluorescence under hypoxia as under
normoxia, while in (wo clones that were examined, the green
fluorescence intensity was stronger under hypoxia than
normoxia. Similar results were vbtained when the cells were
cultured with cobalt chloride (Sigma-Aldrich, Tokyo, Japan)
as a hypoxic mimic. These results imply that the ODDD domain
in TOP3 is functionally preserved in MMI cells.

TOP3 induces cell death in vitro. Caspase-3 is an executioner
protease that is first produced as an inaclive form,
procaspase-3, With an apoptotic signal, procaspase-3 is
cleaved into its active forin by upstream initiator caspases,
and then the active protease cleaves vital molecules to
complete the programmed cell death (24), Hence, upon
delivery into the target hypoxic cancer cells, the procaspase-3
of TOP3 should be activated to destroy the cells. To examine
the upstream signals that activale procaspase-3, we first
examined the endogenous caspase-3 activity in hypoxic cells
(Fig. 4A). The hypoxic MMI cells showed about 3-fold
higher activity than the normoxic cells. Since MM1 cells
underwent low but detectable apoptosis under hypoxic
conditions (Fig. 4B), it is possible that the hypoxic stress
stimulated the cuspase cascade signal to the degree of
activating procaspase-3 in hypoxic MML cells. Indeed, on
adding TOP3 to MMI1 cell culture medium, the caspase-3
activity elevated dose-dependently under hypoxic conditions.
Tnn contrast, no significant elevation of caspase-3 activity was
observed under normoxia. Taken together, the above results
suggest that TOP3 is stabilized only under hypoxic conditions
and is activated by hypoxic stress, through which endogenous
procuspase-3 is also activated to some degree. .

We next examined TOP3-induced apoptlosis. MMI cells
were cultured in hypoxic or normoxic conditions and then
teuated with various concentrations of TOP3, First, the subGl
population was assessed by flow cytometry, As shown in
Fig. 4B, the suhG1 population increased dose-dependently
under hypoxia, while no change was observed under normoxia,
cven with a high dose of TOP3. Next, the same samples were
examined for DNA ladders. With TOP3, DNA [ragmentation
by apoptosis increased dose-dependently under hypoxia
(Fig. 4C). These results show that TOP3 enhances apoptosis
of MM cells under hypozxic conditions in vitro.

TOP3 is effective in an in vivo ascites madel. We were
encouraged by the results in vitro, and we went on to test
TOP3 in vivo. No toxic eficct was obscrved in healthy animals,
In the experiment shown in Fig. 5A, all (nine out of nine)
ascites-bearing animals treated with the buffer died within 17
days after tumor cell inoculation. In contrast, treated annmals
lived longer and had a decreased ascites volume, Six out of
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