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Abstract

Purpose Heat shock protein 90 (Hsp90) is a conserved
chaperone involved in crucial signaling events in normal
and malignant cells. Previous research suggests that tumor
cells are particularly dependent on Hsp90 for survival as
well as malignant progression. Hsp90 inhibitors which are
derivates of the natural compound geldanamycin, such as
the orally bioavailable 17-(dimethylaminoethylamino)-17-
demethoxygeldanamycin (17-DMAG), are currently being
tested in clinical trials and small molecule inhibitors are in
development. In this study we investigated the response of
a panel of cervical carcinoma cell lines in vitro and in vivo
to determine potential factors that might influence the sen-
sitivity towards Hsp90 inhibition.

Methods Cell viability, proliferation and drug-induced
changes on Hsp90 chaperoned “client” factors were
examined with focus on G2/M cell cycle regulators, and a
comparison with immortalized and normal keratinocytes
was performed. ME180 and CaSki cells were grown as
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subcutaneous xenografts in mice treated with 6—10 mg/kg
17-DMAG by oral gavage 2x/day on a chronic schedule.
Tissue concentrations of 17-DMAG were measured by high
performance liquid chromatography.

Results  Cell death during abnormal mitosis was observed
within 48 h after treatment start. ME180 and CaSki showed
more cell death at this time point than SiHa and HeLa, and
higher levels of pre-treatment Akt activity. ICs, values
ranged between 17 and 37 nanoM geldanamycin (MTS).
Keratinocytes were at least as sensitive as carcinoma cells.
All cell lines responded with an increase of the G2/M frac-
tion. Despite in vitro effectiveness and tissue concentrations
of 1 uM, only a limited tumor growth reduction was
observed with 17-DMAG given close to the maximum tol-
erated dose level. Lower levels of Hsp90 protein, a lower
Akt activity and signs of tissue hypoxia were observed in
xenografts compared to cell cultures.

Conclusions We show here that Hsp90 inhibition effec-
tively induces apoptosis and growth arrest in cervical carci-
noma cells in vitro. Mitotic catastrophe was identified as
one mechanism of cell death. In contrast, a limited efficacy
of 17-DMAG was observed in subcutaneous xenograft
models. Induction of a heat shock response has previously
been implicated in resistance towards Hsp90 inhibition.
Additional factors might be (1) an altered abundance and/or
activity of primary (Hsp90) and secondary (e.g., Akt) tar-
get(s), (2) a narrow therapeutic range of 17-DMAG by oral
application and (3) response-modifying factors within the
tumor environment. The further development of synthetic
Hsp90 inhibitors with increased therapeutic window is
warranted.

Keywords Hsp90 - Geldanamycin - Ansamycin -
Pharmacodynamics - Xenograft
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Introduction

Heat shock protein 90 (Hsp90) is a conserved and essential
chaperone protein involved in the regulation of diverse bio-
logical processes such as cell signaling, proliferation and
survival. The function of Hsp90 is to maintain the properly
folded conformation of approximately 100 different “cli-
ent” proteins, and inhibition of the chaperone results in the
degradation of its clients by the proteasome. The biologi-
cally active form of Hsp90 has been identified as part of a
multichaperone complex [1], and the preponderance of this
form in tumor cells has been proposed as the rationale for
Hsp90 targeted therapies [2].

Geldanamycin, isolated from Streptomyces hygroscopi-
cus var. geldanus, was identified as the first Hsp90 inhibitor
[3, 4], and its relatively specific inhibition was later recog-
nized to be due to a structurally unique “Bergerat fold”
ATP-binding site in Hsp90 [5]. Semi-synthetic benzoquinone
ansamycin compounds developed based on the prototypic
molecule include the 17-(allylamino)-17-demethoxygel-
danamycin (17-AAG) and the water soluble 17-(dimethyla-
minoethylamino)-17-demethoxygeldanamycin (17-DMAG).
These drug-like molecules are now being investigated in
clinical trials [6]. 17-DMAG is more water soluble and
shows greater oral bioavailability than 17-AAG [7]. The
biological activity of the derivate has recently been demon-
strated in xenograft tumor models [8, 9]. Data from preclin-
ical toxicity studies for 17-DMAG in animal models have
recently become available [10] and phase I clinical trials
are being performed [11]. Most recently, fully synthetic,
small molecule inhibitors of Hsp90 have been developed
[12].

Despite a decreasing incidence due to widespread
screening programs in most developed countries, carci-
noma of the uterine cervix remains a major cause of cancer
mortality ranking as the second most common cancer
among women worldwide with an estimated 493,000 new
cases and 274,000 deaths in the year 2002 [13]. Cervical
cancer occurs at all ages including a relatively young age
group, and sexual transmission of human papilloma virus
(HPV) is the major aetiological factor [14]. A recent study
underlined the increased long-term risk for invasive cervi-
cal cancer in woman after treatment of cervical intraepithe-
lial neoplasia [15], and even after radical hysterectomy for
FIGO IBI recurrent disease will develop in about 20% of
patients [16].

In this study we investigated the response of a panel of
cervical carcinoma cell lines in vitro and in vivo to determine
potential factors that might influence the sensitivity towards
Hsp90 inhibition. A comparison with immortalized and nor-
mal human keratinocytes was performed since it had been
suggested that the cell cycle changes induced by Hsp90
inhibitors are dependent on a functional Retinoblastoma
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(Rb) pathway, a view that has recently become contested
[17]. Also, the heat shock factor-1-dependent up-regulation
of cytoprotective chaperones including Hsp70 and Hsp27
has been implicated with resistance mechanisms towards
Hsp90 inhibitors [18-20]. It remains unclear, however, to
what extent this particular mechanism and/or other factors
contribute to the response observed with Hsp90 inhibitors
in vivo. Hence, a better understanding of the complex
changes induced by those compounds will help to identify
factor(s) associated with clinical response or non-response
and potentially explain the varying biological activities
observed with different in vivo models [9]. Our results indi-
cate that despite excellent sensitivity of the carcinoma
panel in vitro, the efficacy of Hsp90 inhibition with 17-
DMAG in vivo is influenced by factors that may include a
target modulation, a narrow therapeutic range by oral appli-
cation and response-modifying effects conferred by the
tumor environment in addition to the known induction of a
heat shock response.

Materials and methods
Drugs and chemicals

Geldanamycin (Biomol, Plymouth Meeting, PA, USA) was
dissolved in dimethyl sulfoxide (DMSO) to a concentration
of 10 mM and aliquots were stored at -20°C until use.
17-(dimethylaminoethylamino)-17-demethoxygeldanamycin
(17-DMAG, NSC707545) was supplied by the Cancer
Therapy Evaluation Program of the National Cancer
Institute (Rockville, MD, USA), stored at -20°C and freshly
dissolved in water daily immediately before use. All other
chemicals used were commercially available and of analytical
grade.

Cell culture

SiHa, ME180, HelLa, CaSki cervical carcinoma and Ectl/
E6E7 immortalized cells from the normal ectocervix were
obtained from American Type Culture Collection (ATCC,
Manassas, VA, USA) and cultured in the recommended
media to a maximum of 15 passages. Normal human epi-
dermal keratinocytes (NHK) were purchased from Camb-
rex Bio Science (Walkersville, MD, USA) and cultured in
Clonetics® keratinocyte growth medium supplemented with
bovine pituitary extract according to the instructions pro-
vided by the supplier. Low passage NHK cells (<4 pas-
sages) were used for all experiments. Cell cultures were
regularly checked by staining with Hoechst33342 (Sigma—
Aldrich, Oakville, ON, Canada) and microscopy to confirm
absence of Mycoplasma contamination. Cell counts were
performed using a Z1™ Coulter Counter® (Beckman Coulter,
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Inc., Mississauga, ON, Canada). Doubling times (f,) were
estimated based on three independent experiments with
each cell line. Four cell counts were obtained from expo-
nentially grown cultures at 24 h intervals and the following
equations were applied: (1) N =N0ekl and (2) t, =1n 2/k.
Cell culture under hypoxic conditions was performed as
previously described [21]. Briefly, 96 well culture plates
were exposed to a 0.2% oxygen atmosphere or normoxia
with 5% carbon dioxide in Modular Hypoxia Chambers
(Billups-Rothenberg, Del Mar, CA, USA) for 48 h with a
continuous gas flow of ~15 I/h.

Live-cell imaging

A high-contrast live-cell imaging system (LCIS) manufac-
tured by Richardson Technologies, Inc. (Toronto, ON, Can-
ada) was used as previously described [22]. Briefly, a
suspension of ~5 x 10° SiHa cells in 1 ml culture medium
was loaded into a collagen-coated chamber slide and placed
onto the pre-warmed microscope stage. The sample space
temperature was maintained at 37°C. Medium perfusion
was started after cell adherence with conditioned medium
obtained from exponentially grown SiHa cultures. Geldana-
mycin was added to the medium at a final concentration of
100 nM after an initial 24 h observation period, and
changes in cell behavior and morphology were observed for
up to 72 h. Images were captured at a rate of 1 frame per
3 min, and QuickTime movie files were generated from
each image series. Image series were generated using Final
Cut Pro software (Apple Computer, Inc., Cupertino, CA,
USA).

Cell proliferation assays

Between 2 x 10° and 6 x 10* cells per well were seeded
into 96-well cell culture plates based on initial experiments
performed to determine the appropriate density for each
cell line and assay. Geldanamycin, 17-DMAG or carrier
were added to each well 24 h after cell culture was started.
Cells were cultured for 48 h in presence of drug. Cell Titer
96® AQueous One [3-(4,5-dimethylthiazol-2-yl)-5-(3carb-
oxymethoxyphenyl)-2-(sulfophenyl)-2H-tetrazolium, inner
salt; MTS] (Promega, Madison, WI, USA) was used
according to the instructions of the manufacturer. As a sec-
ond assay, independent of the bioreductive capacity of the
cells, crystal violet staining with a 0.5% [w/v] solution
(Sigma—Aldrich) in 20% [v/v] methanol was used in paral-
lel. A separate 96 well plate was stained with each crystal
violet assay to determine pre-treatment values at the start of
drug treatment. Elution of the crystal violet dye was per-
formed with a 1:1 solution of 0.1 M sodium citrate and eth-
anol. Absorbance was measured at a wavelength of 490 nm
for MTS and 570 nm for crystal violet using a Multiskan

EX spectrophotometer (Thermo Electron Corporation,
Waltham, MA, USA).

Electrophoresis and immunoblotting

Whole cell lysates were prepared from subconfluent cul-
tures treated with 1 puM geldanamycin or 17-DMAG.
Monolayer cell cultures and tumor xenografts were lysed
with 50 mM Hepes-buffer, pH 8.0, containing 10% [v/v]
Glycerol, 1% [v/v] Triton-X 100, 0.1% [v/v] sodium dode-
cylsulfate, 150 mM NaCl, 1 mM EDTA, 1.5 mM MgCl,,
100 mM NaF, 20 mM NaP,0,, two tablets “complete” pro-
tease inhibitor cocktail (Roche, Penzberg, Germany) per
10 ml buffer. Samples were incubated with 4x sample
buffer (200 mM Tris-buffer, pH 6.8, with 8% [w/v] sodium
dodecylsulfate, 40% glycerol, 15% [v/v] 2-mercaptoetha-
nol and 0.1% [w/v] bromophenol blue) at ~95°C for 5 min.
Separation by sodium dodecylsulfate polyacrylamide gel
electrophoresis and Western blot detection were performed
as previously described [21]. Nitrocellulose membranes
were probed with antibodies directed against Akt, Akt
[pS473], Akt [pT308], Cdc2, Cdc2 [pY15], Mytl, Weel,
Plk1 (208G4), Cyclin B1 (V152), PARP, Rb (4H1) (Cell
Signaling Technology, Danvers, MA), Histone H3 [pS10]
(Upstate/Millipore, Billerica, MA, USA), GAPDH (6C5)
(Ambion, Austin, TX, USA), p-glycoprotein (MDR Ab-2,
F4) (Lab Vision, Fremont, CA, USA), Hsp90o (9D2),
Hsp90 (16F1), Hsp27 (G3.1) (Nventa, Ann Arbor, MI,
USA) and p53 (Bp53-12) (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Signal detection after incubation
with secondary antibodies (GE Healthcare-Amersham,
Buckinghamshire, UK or Nventa) was performed with
SuperSignal® West Pico chemiluminescent substrate
(Pierce, Rockford, IL, USA). Quantification of Western
blot signals was performed using the Typhoon™ 9410
imaging system (GE Healthcare, Buckinghamshire, UK)
with ECL plus Western blotting reagents and Image Quant
5.2 software. Image Quant analysis was performed by cal-
culating an index based on signal intensity multiplied by
signal area.

Flow cytometry

Cell death due to Hsp90 inhibition was measured using a
Hoechst33342/propidium iodide flow cytometric assay.
5 x 10* to 1 x 10° cells were seeded into 6-well culture
plates (Nunc, Roskilde, Denmark) and grown for 24 h
before treatment with geldanamycin (10-5,000 nM) or
DMSO (<0.1%) as control for 48 h. Floating and adher-
ent cells were collected and stained with 10 pg/ml Hoe-
chst33342 (20 min, 37°C). Five pg/ml propidium iodide
(Sigma—Aldrich) was added 5 min before analysis. For
cell cycle analysis the cells were harvested, resuspended
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in medium, permeabilized with 0.1% Triton X-100 and
stained with 1pg/ml 4’',6-diamidino-2-phenylindole
(DAPI) for 30 min. Human lymphocytes were used as
DNA standard. DNA histograms were analyzed using
ModFit LT™ (Verity, Topsham, ME). To test for a
potential multi-drug resistance phenotype, a functional
and an immunofluorescence-based assay were performed
with all cell lines essentially as described [23]. For the
latter assay phycoerythrin-conjugated anti-CD243 (Beck-
man-Coulter, Mississauga, ON, Canada) was used.
CCRF-CEM T-lymphoblastic cell line and the vinblas-
tine-resistant variant VLB 1.0 were used as negative and
positive controls for flow cytometry and Western blot
confirmation, respectively. Analysis was performed
using either a LSR II (BD Biosciences, San Jose, CA,
USA) or an Epics Elite flow cytometer (Beckman-Coul-
ter, Miami, FL, USA).

Animal xenografts

Female severe combined immunodeficient (SCID) mice
were obtained from an in-house breeding program. Ani-
mals were housed at the Ontario Cancer Institute animal
facility and had access to food and water ad libitum. All
experiments were done under protocols approved accord-
ing to the regulations of the Canadian Council on Animal
Care. (Animal weight loss and tumor mass not exceeding
20 and 10% of normal bodyweight, respectively.) Tumor
xenografts were initially grown from suspensions of
ME180 and CaSki cells (ca. 1.5 x 10°) injected into the
left hindleg. As the tumors approached 10 mm in diameter
the donor mice were killed and tumor fragments of ~3 mm
diameter were implanted into the flanks of recipient mice.
This procedure ensured a similar size of all xenografts dur-
ing the treatment. Tumor growth was monitored with cali-
per measurements and tumor volumes were determined
according to the formula: Width?xLength/2. Treatment
was started at a mean tumor volume of ~200 mm? in the
recipient mice. 17-DMAG was given at 6 or 10 mg/kg
dose twice daily by oral gavage in cycles of 5 consecutive
days with 2 days interval between each cycle. Control
mice received water on the same schedule. All mice were
killed on day 30 (ME180) or day 22 (CaSki) after com-
mencement of the study by cervical dislocation ~4 h after
the last treatment, and immediately sampled for plasma
and tumor tissue. Tumors were explanted and dissected to
obtain 4 samples (snap frozen in liquid nitrogen, tumor cell
lysate, formalin-fixed for paraffin-embedding, embedded
in optimum cutting temperature medium) from each xeno-
graft. Percent tumor growth inhibition at the end of the
study was calculated based on the mean tumor volumes of
each group with following equation: (1—[treated/
control]) x 100.
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Immunohistochemistry

Tumor tissue was fixed overnight in 10% neutral buffered
formalin, embedded in paraffin and cut into 4 pm sections
that were processed by standard procedures. The following
primary antibodies and dilutions were used: Hsp27
(1:2,000) (G3.1) (Nventa), Akt [pS473] (736E11) (1:100),
Akt [pT308] (244F9) (1:100) (Cell Signaling Technology),
HIF-1a (clone54) (1:400) (BD Transduction Laboratories,
San Diego, CA, USA). Immunohistochemistry was carried
out after primary antibody incubation with linking and
labeling reagents (IDetect Ultra HRP Detection System, ID
Labs, London, ON, Canada) for 30 min each followed by
diaminobenzidine (Dako, Carpinteria, CA, USA) for 5 min.
Sections were counterstained with Gill modified hematoxy-
lin and coverslipped with Permount* Mounting Medium
(Fisher Scientific, Nepean, ON, Canada).

High performance liquid chromatography (HPLC)

17-DMAG was measured in tumor tissues using a HPLC
method as previously described [7]. Briefly, tumor samples
were homogenized in 2.5 ml phosphate-buffered saline
(PBS) and extraction was performed with 2.5 ml of a 1:1
solution of ethyl acetate and methyl-tert-butyl ether added
to 1.25 ml homogenate. Samples were then centrifuged at
3,000 rpm for 10 min. Supernatants were separated and
dried using a Universal Vacuum system (Thermo Electron
Corporation). Residues were reconstituted with 0.3 ml of a
2:1 solution of methanol and water. Fifty microliter of the
final sample was injected into a LC-10AD liquid chroma-
tography system equipped with a SPD-10A UV detector
(Shimadzu Scientific Instruments, Kyoto, Japan). Separa-
tion of 17-DMAG and internal standard was achieved at
ambient temperature using a Symmetry® C18 reverse-phase
analytical column (150 x 4.6mm, 5 pm particles) protected
by a Symmetry® C18 guard column (Waters Associates,
Milford, MA, USA). The isocratic mobile phase consisted
of acetonitrile:25 mM potassium phosphate (30:70, v/v),
pH 5.0, with 0.2% triethylamine and was pumped at a flow
rate of 1.0 ml/min. The detector was set to a wavelength of
330 nm. Data were collected and analyzed using Shimadzu
Class VP software (VP 7.1.1 SP1). Run time was 30 min.
The retention times of 17-DMAG and OSI-420 (internal
standard) were approximately 6.6 and 14.7 min, respec-
tively. Calibration curves were prepared with 10—1,000 ng/ml
17-DMAG.

Statistical analysis
All experiments were performed at least three times. Statis-

tical analysis of in vitro data was performed using Stu-
dent’s t test. Data obtained from the xenograft model
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(tumor volume and animal weight) were analyzed using
mixed modeling. To stabilize the variance of the residuals
the tumor volume was transformed and the model was per-
formed on the cubic root of the volume. P values of < 0.05
were considered statistically significant.

Results

Abnormal cytokinesis and mitotic catastrophe occur
due to Hsp90 inhibition

To examine the changes in cell behavior and morphology
induced by Hsp90 inhibitor treatment, SiHa cells were

Fig. 1 Hsp90 inhibition causes
a cytokinesis defect and apopto-
sis by mitotic catastrophe. A The
cytokinesis defect (A: left panel,
images a—f, arrow) gives rise to
bi-nucleated cells. Mitotic catas-
trophe (A: right panel, images
a—f, arrow) occurs after pro-
longed M-phase (~9 h), and
complex changes in cell mor-
phology can be observed in other
cells (A: right panel, image a,
asterisk). Time is indicated as
hours:minutes after treatment
start in the right lower corner of
each image. Size bars equal

10 pm. B Treatment of SiHa
cells with 1 uM geldanamycin or
17-DMAG causes a sequential
increase of phosphorylated His-
tone H3, Cyclin B1 and cleaved
PARP. The increase of Hsp70
indicates the heat shock re-
sponse induced by the treatment.

A Cytokinesis Defect

D

O g

cultured in a live-cell imaging system. Addition of 100 nM
geldanamycin to the perfusion medium resulted in abnor-
malities of cytokinesis with dumbbell-shaped nuclei and
occurrence of bi-nucleated cells (Fig. IA: Cytokinesis
Defect). Cells undergoing mitosis remained in a rounded
state for a prolonged period (Fig. 1A: Mitotic Catastrophe)
before undergoing cell death, which was indicative of
mitotic catastrophe. In addition, complex alterations of the
cell morphology were observed with increasing duration of
drug exposure (Fig. 1A, asterisk) which was most likely
due to the degradation of client factors such as FAK and
Src that control cell shape and motility.

Biochemical evidence for the mechanism of cell death
was obtained from a time-course experiment during which

8
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SiHa and ME180 cells were exposed to 1 pM geldanamy-
cin or 17-DMAG for time periods up to 48 h (Fig. 1B + C).
Both cell lines responded with a sequential increase of
phosphorylated Histone H3 and occurrence of cleaved poly
(ADP-ribose) polymerase (PARP) 12-24 h after start of the
treatment. SiHa cells also showed a transient increase of
Cyclin B1. Hsp70 levels increased as consequence of the
heat shock response induced by the treatment.

Entry of eukaryotic cells into M phase is regulated by
activation of Cdc2 kinase (Fig. 1D). Phosphorylation and
inhibition of Cdc2 is carried out by Mytl and Weel, de-
phosphorylation and activation by Cdc25 phosphatase.
Multiple kinases regulating this transition are recognized
Hsp90 client factors, which provides a possible rationale
for the observed mechanism of cell death [24].

Cell death due to Hsp90 inhibition is modified
by factors other than proliferation rate

If cell death due to Hsp90 inhibition was solely dependent
on the proportion of cells entering mitosis, then the drug
response should be directly correlated with surrogates of
the proliferation rate (e.g., doubling time). To test this
hypothesis a panel of cervical carcinoma cell lines was
treated with increasing concentrations of geldanamycin and
the proportion of non-viable cells was measured 48 h after
treatment start based on an increased plasma membrane
permeability for propidium iodide. HeLa and SiHa cells
displayed cell death with a proportion of ~15% non-viable
cells after 48 h, whereas a proportion of ~30% was mea-
sured for CaSki and MEI180 (Fig.2a). The observed
response remained relatively constant across the concentra-
tion range of 100-5,000 nM lending further support to the
hypothesis that cell death within 48 h after treatment start
occurred in a proliferation-dependent fashion. An estimate
of the individual doubling times of the cell lines revealed,
however, that the proliferation rate was unlikely the sole
factor determining the response towards Hsp90 inhibition.
HeLa cells with an in vitro doubling time of 21 h responded
more similar to SiHa cells, which had with 37 h the longest
doubling time in the panel (Table 1). The observed differ-
ences between the cell lines were not due to multi-drug
resistance drug transport proteins whose absence was con-
firmed by flow cytometry and Western blotting (data not
shown). Thus, additional factors are likely to modify the
response towards Hsp90 inhibition.

It has previously been shown that normal cells can be less
sensitive to Hsp90 inhibition than malignant cells [2]. These
experiments were performed with a comprehensive panel of
different cell lines. However, normal and immortalized kerat-
inocytes, the counterparts of malignant squamous carcinoma
cells were not previously tested. Hence, we performed prolif-
eration assays to estimate the ICs, values for the carcinoma
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Fig. 2 Hsp90 inhibition causes cell death and growth inhibition in a
cell line specific manner. a The proportion of non-viable cells after
48 h of treatment with geldanamycin was determined by flow cytome-
try based on Hoechst33342/propidium iodide staining. (*P < 0.005;
bars, SEM) b + ¢ The drug-response curves of geldanamycin-treated
cervical carcinoma cells (HeLa, SiHa, CaSki, ME180), immortalized
keratinocytes (Ectl/E6E7) and normal keratinocytes (NHK) were
determined based on MTS (b) and crystal violet assay (¢). Data points
are mean values of 3 independent experiments performed with tripli-
cates; bars, SEM. The arrow in c indicates the average value at the start
of drug treatment

cell line panel as well as E6/E7-immortalized and normal
keratinocytes. Two assays were performed in parallel, a tetra-
zolium-based (MTS) assay relying on the bio-reductive
capacity of the cells and a purely colorimetric (crystal violet)
assay which measured the amount of cell protein that
remained attached in the 96-well plate after treatment. For
the latter assay the pre-treatment value, i.e., the amount of
cell mass at the time point of inhibitor addition to the culture,
was measured. As expected, the ICs, values for the
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Table 1 Doubling times of the cell line panel and ICs, values for
Hsp90 inhibition with geldanamycin

Cellline  Doubling time  ICs, (MTS) ICs, (Crystal)
Mean + SD (h) Mean £ SD (nM) Mean &+ SD (nM)
HeLa 213+ 1.6 3524123 139.8 £ 115.6
SiHa 36.6 £1.7 26.1 £11.8 52.5+£229
CaSki 303+1.8 373+ 6.8 747 £25.5
ME180 269+£1.6 325£13.5 63.0 £41.9
Ectl/E6E7 26.7+1.6 2294138 56.1 £39.4
NHK N.D. 17.1 £82 33.9+£228

IC5, values were calculated based on two different assays indicated as
MTS and Crystal

ND not determined

carcinoma panel fell within a range of 26-37 nM based on
the tetrazolium assay and 53-140 nM based on the crystal
violet assay (Table 1; Fig.2 b + c). The difference between
the two assays was expected since a low dose treatment may
require a longer time period to cause growth inhibition
despite compromised viability at the endpoint. However, the
sensitivity of the immortalized and normal keratinocytes with
ICs, values of 23 and 17 nM (MTS), respectively, was an
unexpected result and not due to a higher proliferation rate of
these cells. Furthermore, SiHa cells seemed to retain a lim-
ited ability to proliferate even in the presence of Hsp90 inhib-
itor as indicated by a higher plateau value in the
concentration range of 0.2-5 uM (Fig. 2b + ¢). This could be
due to the longer doubling time of these cells, which may
permit a limited repair or bypass of some inhibitor-induced
effects.

Hsp90 inhibition affects multiple cell cycle regulators
of the G2/M transition

To further explore the cell cycle-related effects that may be
associated with a differential sensitivity towards Hsp90
inhibition, the cell cycle distribution in cervical carcinoma
cells and keratinocytes after treatment with 1 uM geldana-
mycin was examined. In all cells, irrespective of their pre-
treatment level of Retinoblastoma protein, an increase of
the G2/M fraction of the cell cycle was observed 24 h after
treatment start (Figs. 3, 4 [Rb: arrow]). This increase was
most pronounced in CaSki cells, whereas HeLa, SiHa,
ME180 and Ectl/E6E7 cells showed very similar distribu-
tions. NHK cells displayed a relatively small increase of the
G2/M fraction, and an inverse relationship of the G2/M
response with increasing passage number was noticed (data
not shown). The increase of the G2/M fraction was mani-
fest in all cell lines at 24 h and only minimal changes were
observed thereafter (48 and 72 h) suggesting a complex cell
cycle-inhibitory effect of the treatment (data not shown).

Western blotting for regulators of the G2/M transition as
well as Akt, a protein kinase with important pro-survival
functions and dependency on Hsp90 chaperone activity, was
performed to gain insight into differences between the cell
lines that might provide an explanation for the varying rates
of cell death. A rapid degradation of multiple cell cycle reg-
ulatory kinases as well as a decrease in Akt protein levels
and phosphorylation was observed within 24 h of treatment
(Fig. 4). Apart from a pronounced decrease of Cdc2, a
destabilization of the negative G2/M regulators Mytl and
Weel was observed. A high molecular weight form of Mytl
corresponding to the hyperphosphorylated, inactive mole-
cule was observed in SiHa, CaSki, ME180 and Ectl/E6E7
cells. An increase in phosphorylated Histone H3 [pS10] was
observed in SiHa, CaSki and MEI180 indicating that cells
proceed into M phase during the first 24 h of inhibitor treat-
ment (Fig. 4, arrowheads). Plk1 is a positive regulator of the
G2/M transition and has been recognized previously as a
Hsp90 client [25]. Surprisingly, Plkl remained relatively
stable within 24 h in most of the cell lines used in this study
except NHK. Normal cells displayed a loss of all G2/M reg-
ulators within 24 h after treatment start and no increase in
phosphorylated Histone H3 was observed. The occurrence
of the cleaved form of PARP (Fig. 4, asterisk) indicated,
however, that apoptosis as a consequence of Hsp90 inhibi-
tion was triggered in all cell lines.

Interestingly, ME180 and Caski cells, which showed a
higher proportion of cell death, as well as Ectl/E6E7 and
NHK had much higher pre-treatment levels of active Akt
compared to SiHa and HeLa cells (Fig. 4, dotted line). Akt is
a positive regulator of cell proliferation and survival involved
in a complex signaling network and has also been recognized
in its role as one of the kinases that mediate Mytl hyper-
phosphorylation [26]. Thus, high levels of Akt activity might
be a potential predictor for an efficient induction of cell death
due to Hsp90 inhibition. The increase Hsp27 in all cell lines
was consistent with an expected heat shock response and
confirmed the effective inhibition of Hsp90.

Diminished efficacy of Hsp90 inhibition in vivo
is associated with alterations in target abundance
and activity

ME180 and CaSki cells were grown as subcutaneous tumor
xenografts in SCID mice in order to test their response
towards Hsp90 inhibition in an in vivo model. 17-DMAG
has properties such as its oral bioavailability that make this
substance particularly attractive, and in vivo growth-inhibi-
tory effects of the derivate have recently been shown [9]. In
vitro proliferation assays performed with ME180 to com-
pare geldanamycin and 17-DMAG indicated an ICs, of 17-
DMAG that was approximately twofold higher, but still
below 100 nM by MTS assay (data not shown).
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Fig. 3 Cell cycle response of geldanamycin-treated cervical carci-
noma cells (HeLa, SiHa, CaSki, ME180), immortalized keratinocytes
(Ect1/E6E7) and normal keratinocytes (NHK). Percent cells in G1-S-

17-DMAG was given by oral gavage at two different
dose levels, 6 and 10 mg/kg, twice daily for 5 days per
week to treat the ME180 xenografts. The higher dose level
was close to the maximum tolerated dose for chronic appli-
cation as previously reported [9], and a statistically signifi-
cant weight loss was detected in this group (ME180:
P <0.0001). Gastrointestinal complications were observed
in separate experiments in mice for which this dose was
surpassed. Despite confirmed in vitro sensitivity, no statisti-
cally significant tumor growth inhibition was detected with
ME180 (10 mg/kg 17-DMAG: P=0.10, 6 mg/kg 17-
DMAG: P=0.92, n=9 animals/group; Fig. 5a). These
results were confirmed using CaSki xenografts treated with
10 mg/kg 17-DMAG twice daily (weight loss: P =0.023,
growth inhibition: P = 0.43, n = 6 animals/group; data not
shown). Comparison of treatment (10 mg/kg) and control
groups at the end of the study showed a very limited effect
with a reduction in tumor volume of 21 and 18% for
ME180 and CaSki, respectively.

To confirm drug delivery into the tumor, HPLC analysis
for 17-DMAG was performed on snap-frozen tissue
samples from the MEI180 xenografts acquired approxi-
mately 4 h after the last drug application. A mean concen-
tration of 490 ng/g (standard deviation: 102 ng/g) and
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G2/M phase are given for control (Ctrl) and treatment (GM: 1 uM gel-
danamycin, 24 h). DI DNA index

595 ng/g (standard deviation: 142 ng/g) was measured for
the low and the high dose treatment group, respectively.
This corresponds to approximately 794 and 964 nM 17-
DMAG (molecular weight: 617). Thus, Hsp90 inhibition
with 17-DMAG showed a relative lack in efficacy in vivo
as compared to in vitro in this model.

Western blotting performed with tumor lysates to
detect Akt protein and phosphorylated Akt [pT308]
showed a trend towards lower levels in the treated group
of the MEI180 xenografts. Hsp27 and Hsp70 were
slightly increased consistent with a heat shock response
induced by Hsp90 inhibition (Fig.5b +c). However,
conspicuously lower levels of Hsp90 as well as lower
phosphorylated Akt [pT308] were detected in all ME180
xenograft tumors compared to monolayer cell cultures
(Fig. 5b, arrows). Lower levels of Hsp90 were also
detected in CaSki xenografts compared to cultured cells.
This result was confirmed with a second antibody which
detects both isoforms of Hsp90, o and f, albeit with a
somewhat weaker signal. In addition, lower levels of
Cyclin B1 were detected in tumors compared to cell
culture indicative of changes in cell proliferation that
might have an impact on the response towards Hsp90
inhibition.
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Fig. 4 Hsp90 inhibition leads to a rapid decrease of Akt protein levels
and activity as well as cell line specific alterations of the G2/M transi-
tion. Western blot analysis for Akt and G2/M regulatory factors in gel-
danamycin-treated cervical carcinoma cells, immortalized and normal
keratinocytes. Treatment with 1 pM geldanamycin for 24 h is indi-
cated at the top of the panel (GM). Pre- and post-treatment levels of Akt
are shown. HeLa and SiHa cells display lower levels of pre-treatment
Akt activity compared to the other cell lines of the panel (dotted line).
A range of cell line specific levels of Retinoblastoma (Rb) protein was
detectable (arrow). Hyperphosphorylated Mytl and an increase in
phosphorylated Histone H3 indicate entry into mitosis (arrowheads).
Cleaved PARP indicates apoptotic cell death (asterisk). The loss of
multiple G2/M regulators in NHK cells due to Hsp90 inhibition is
highlighted (dotted box)

The tumor environment potentially contributes
to an altered efficacy of Hsp90 inhibition with 17-DMAG

Immunohistochemistry performed for phosphorylated Akt
on MEI80 xenograft sections revealed an accentuated
staining in tumor cells adjacent to the blood vessel contain-
ing stroma islets. A decrease in staining intensity for phos-
phorylated Akt [pS473] was most noticeable in those
perivascular areas if treated tumors were compared to con-
trol (Fig. 6a + b, highlighted areas). However, high levels
of Akt phosphorylation were maintained at the invasion
front (Figure 6b, insert). No obvious changes in staining
pattern could be discerned for Hsp27. Thus, changes in
abundance of primary and/or secondary target(s) as well as
a potential lack of response at the periphery of the xeno-
grafts may contribute to a relative drug resistance in vivo.

Recently it has been reported that low doses of Hsp90
inhibitors can cause an induction of the hypoxia-inducible
factor system with increased activity of the heterodimeric
transcription factor HIF-1 [27]. In agreement with those
results we had previously observed that low doses of gel-
danamycin can induce an increase of the Hsp90 dependent
regulatory subunit HIF-1o [21]. Interestingly, the xenograft
tumors examined in this study showed extensive necrotic
areas in all groups, presumably due to hypoxia and nutrient
deprivation. Consistent with that, a marked induction of
HIF-1o0 was observed in all ME180 xenografts indepen-
dently of the treatment (Fig. 6¢). To test if exposure to low
doses of Hsp90 inhibitors may be able to protect cells from
the adverse effects of hypoxia, we performed proliferation
assays for geldanamycin and 17-DMAG with cells cultured
for 48 h under 0.2% oxygen. Exposure of ME180 cells to
the Hsp90 inhibitors geldanamycin (data not shown) and
17-DMAG (Fig. 6d) at very low concentrations (5—10 nM)
caused a slight pro-proliferative effect compared to control
under hypoxic conditions. Although clearly higher doses of
17-DMAG were measured in our xenografts by HPLC, this
result suggests that Hsp90 inhibition in the context of a
hypoxic environment may result in unpredicted changes in
net sensitivity if tumor areas are not exposed to sufficient
concentrations of the inhibitor during the entire course of
the treatment.

Discussion

We show here that Hsp90 inhibition effectively induces
apoptosis and growth arrest in a panel of cervical carci-
noma cell lines in vitro. However, application of the orally
bioavailable Hsp90 inhibitor 17-DMAG had only limited
growth inhibitory effects in two in vitro-sensitive cell lines
tested as subcutaneous xenografts. This may be due to (1)
differences in abundance of the primary (Hsp90) and the
activity of secondary (e.g., Akt) targets, (2) a narrow thera-
peutic range by oral application preventing further dose-
escalation, (3) response-modifying factors within the tumor
environment (e.g., drug penetration, tissue hypoxia) or (4) a
combination of the factors mentioned above.

Hsp90 is involved in a broad array of vital cellular pro-
cesses by maintaining the functional conformation of
different signal transduction factors involved in growth
control, survival and development. Increasing insight into
the biology of this unique chaperone suggests that Hsp90
could be a more effective target in oncology than single-
pathway oriented strategies whose success might be ham-
pered by the evolution of new cell clones and the plastic-
ity inherent to signal transduction networks in tumor cells.
In addition, studies performed with different biological
model systems provide compelling data that suggest a role
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Fig. 5 Efficacy of Hsp90 inhibi-
tion in a subcutaneous model
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of the chaperone during evolutionary processes, which
may also occur during tumor progression [17]. Thus, the
targeting of Hsp90 has become a focus of current drug-
development efforts.

Despite the success of screening programs in developed
countries, carcinoma of the uterine cervix still represents a
global health problem, and therapeutic options for patients
with distant spread or recurrent disease are limited [28].
Few studies have focused so far on chaperone proteins in
cervical carcinoma [29] and, to the best of our knowledge,
no study has systematically explored the effects of Hsp90
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inhibitors in cervical carcinoma cells and their benign
counterparts. Our results show that cervical carcinoma cells
display a nanomolar range of sensitivity towards Hsp90
inhibition with growth inhibition and induction of apoptotic
cell death. At least part of the apoptotic response can be
attributed to a dysregulation of kinases responsible for the
coordinated execution of mitosis. Similar results have pre-
viously been obtained for glioma cells [30] and interesting
data recently published by Basto et al. [31] implicate Hsp90
in the targeting of Cyclin B to centrosomes and spindle
microtubules during mitosis.
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Fig. 6 Potential factors that may alter the in vivo efficacy of Hsp90
inhibitors include lack of client protein destabilization at the invasion
front and tumor hypoxia. a + b: Phosphorylated Akt [pS473] detected
by immunohistochemistry in two representative ME180 xenograft
specimens of control and treatment group. Differences in staining
intensity and pattern are noticeable in perivascular regions (dotted cir-
cles). Strong staining persists at the tumor periphery despite treatment
(right panel, insert). Size bar in the insert equals 250 pm. c: A large
central necrotic core (outline) within a representative ME180 xeno-

The comparison performed with our cell line panel
underlines, however, that factors other than mitotic catas-
trophe contribute to a differential cell line-specific response.
Interestingly, a higher Akt activity was detectable in those
cell lines that had a higher proportion of non-viable cells
after treatment. Akt, also referred to as PKB (protein kinase
B), plays a critical role in controlling the balance between
cell survival and apoptosis [32], and inhibition of Hsp90
leads to a rapid dephosphorylation of the kinase [33]. Akt is
also involved in cell cycle regulation via different pathways
including the phosphorylation and inactivation of Mytl.
This, however, does not exclude the contribution of other
signal transduction pathways such as the MAPK pathway
and its downstream factor p90RSK. Furthermore, it has
been shown that the magnitude of cellular signals involving
the Akt and the MAPK pathways can increase early during
treatment with Hsp90 inhibitors [34], and we cannot
exclude that this effect may contribute to the accumulation
of cells in G2/M. This scenario is likely subject to drastic
changes over time depending on the degradation kinetics of
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graft and immunohistochemistry showing an accumulation of hypoxia-
inducible factor-1o (HIF-1a) throughout the viable tumor area indicate
the presence of tissue hypoxia. The dotted box corresponds to the
magnified insert. Size bar in the insert equals 500 pm. d Low dose
treatment with the Hsp90 inhibitor 17-DMAG causes a slight pro-pro-
liferative effect under hypoxic conditions. Data points are mean values
of 6 experiments (crystal violet assay) performed with triplicates; bars,
SEM. The arrow indicates the average value at the start of drug treat-
ment. (*P < 0.05 compared to control under hypoxia)

individual client proteins, and the complex alterations asso-
ciated with Hsp90 inhibition might prove difficult to
unravel without the use of more comprehensive analytical
techniques such as (phospho-) proteomic approaches. The
apparent association between Akt activity and drug sensi-
tivity, however, emphasizes the significance of the kinase
as an important Hsp90 client despite the fact that the cell
lines examined here were non-isogenic.

The sensitivity observed with normal and immortalized
keratinocytes was somewhat unexpected since previous
research pointed towards a greater resistance of non-malig-
nant cell types [2]. However, these findings might have
been influenced by the specific cell types chosen, as well as
the type-specific life cycle of normal cells. Sanderson et al.
recently reported that cell death due to Hsp90 inhibition in
human vascular endothelial cells is dependent on the prolif-
erative state, which is more in line with our results [35]. In
addition, the drug-induced increase of the G2/M fraction
observed with normal keratinocytes contradicts a previous
model that associated the position of the cell cycle arrest
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with the existence of alterations in the Retinoblastoma
pathway. That this Rb-dependency might in fact be tumor/
cell-type specific has also been pointed out in a recent
review by Whitesell and Lindquist [17].

Despite confirmed sensitivity of the two selected cell
lines in vitro, only a limited growth inhibitory effect was
observed in the corresponding xenograft models treated
close to the maximum tolerated dose level. The subse-
quent comparison between samples from monolayer cul-
tures and xenografts revealed lower levels of Hsp90 in
the latter which may be associated with a change in
Hsp90 dependency for cell survival. In addition, a lower
activity of Akt kinase was observed in xenografts indicat-
ing a combined modulation of primary and secondary
target(s). A second potential contributor to the lack of
in vivo efficacy is the tumor environment, which may
influence drug distribution. The xenograft model used in
our study tested the growth inhibitory effect of 17-
DMAG on established tumors, which may be different
from models that use an earlier administration of drug
after subcutaneous inoculation of cell suspensions.
Extracellular matrix structure and angiogenesis may play
arole in this context.

The pro-proliferative effect observed in our study in
monolayer culture was confined to an extremely low con-
centration range. However, possible pleiotropic effects of
Hsp90 inhibitors under hypoxic conditions may need to be
examined in further detail. Our results also strongly empha-
size the need for more relevant in vitro models (e.g.,
3-dimensional tissue culture, hypoxia and nutrient-depriva-
tion models) for pharmacodynamic testing. Interestingly,
experiments performed with orthotopic xenografts grown
in the uterine cervix of mice indicated significantly higher
tissue concentrations of 17-DMAG and more pronounced
effects on client protein phosphorylation (J. Schwock,
unpublished results).

Although the results described here may be inter-
preted as a caveat for the extrapolation of in vitro data
towards in vivo models or even a clinical situation, cell
lines will still remain the primary model to evaluate new
therapeutics and to guide any research performed with
more complex systems. For Hsp90 inhibitors of the ben-
zoquinone ansamycin group a further careful examina-
tion of their potentially beneficial properties seems
warranted to define their value for the treatment of
different oncologic entities particularly in combination
with other therapeutic modalities such as radiation [36,
37]. In addition, the development of novel Hsp90 inhibi-
tors with a better therapeutic window [38, 39] as well as
the largely unexplored effects of these compounds on
tumor progression and metastasis development hold a
significant potential and deserve in-depth examination in
the future.
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