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Abstract Purpose: 17-demethoxy 17-[[(2-dimethylami-
no)ethyllamino]geldanamycin (17DMAG, NSC 707545)
is a water-soluble analogue of 17-(allylamino)-17-de-
methoxygeldanamycin (17AAG), a compound currently
in clinical trials. These preclinical studies: (1) character-
ized 17DMAG concentrations in plasma, normal tissues,
and tumor after i.v. delivery to mice; and (2) correlated
tumor and normal tissue I7DMAG concentrations with
alterations in heat shock protein 90 (HSP90) and selected
HSP90-chaperoned proteins. Methods: At specified times
after i.v. administration of 75 mg/kg 17DMAG, SCID
mice bearing s.c. MDA-MB-231 human breast xeno-
grafts were killed and plasma and tissues were retained.
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17DMAG concentrations were determined by HPLC.
Raf-1, heat shock protein 70 (HSP70), and HSP90 in
tissues were determined by Western blotting. Results:
Peak plasma 17DMAG concentration was 15.4 £+ 1.4 pg/
ml. The area under the plasma 17DMAG concentration
versus time curve was 1072 pg/ml min, corresponding to
a total body clearance of 70 ml/kg/min. Peak 17DMAG
concentrations in liver (118.8+5.7 pg/g), kidney
(122.9+£10.6 pg/g), heart (81.3+8.1 ug/g), and lung
(110.6 £25.4 pg/g) occurred at 5-10 min, while peak
concentrations in spleen (70.6+£9.6 pg/g) and tumor
(9.0£1.0 pg/g) occurred at 3045 min. At 48 h,
17DMAG was detectable in tumor but not in any normal
tissue. Raf-1 in tumors of 17DMAG-treated mice killed
at4, 7,24 and 48 h was about 20% lower than in tumors
from vehicle-treated mice. HSP90 and HSP70 in tumors
of 17DMAG-treated animals were significantly lower
than in tumors of control animals at 4, 7, and 24 h.
Hepatic Raf-1 was decreased by more than 60% at all
times after 17DMAG treatment; however, hepatic
HSP90 was not affected. HSP70 was undetectable in
livers of vehicle-treated mice or mice killed at 2 or 4 h
after 17DMAG treatment, but was detected in livers at 7,
24 and 48 h. 17DMAG did not affect renal Raf-1. In
contrast, renal HSP70 and HSP90 were decreased by
more than 50% at 2 and 4 h after 17DMAG treatment.
Renal HSP70 increased approximately twofold above
that in kidneys from vehicle-treated control mice at 7 and
24 h, while HSP90 relative protein concentration was no
different from that in controls. Conclusions: Plasma
pharmacokinetics of 17DMAG in tumor-bearing mice
were similar to those previously reported in nontumor-
bearing mice. 17DMAG was distributed widely to tissues
but was retained for longer in tumors than normal tis-
sues. Raf-1, HSP90, and HSP70 were altered to different
degrees in tumors, livers, and kidneys of 17DMAG-
treated animals. These data illustrate the complex nature
of the biological responses to 17DMAG.
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Introduction

17-Demethoxy 17-[[(2-dimethylamino)ethyllamino]gel-
danamycin (17DMAG, NSC 707545) [28, 58, 59] is an
analogue of geldanamycin [17, 52, 63, 69] and 17-(ally-
lamino)-17-demethoxygeldanamycin (17AAG) [18, 20,
22], the latter of which is currently in clinical trials [7, 13,
24, 61, 67] (Fig. 1). The antiproliferative activity of
geldanamycin and 17AAG is related to their ability to
bind specifically to heat shock protein 90 (HSP90) [26,
45,47, 49, 51, 62] and its homologue GRP94, destabilize
HSP90-oncoprotein  heterocomplexes, and thereby
deplete oncoproteins such as pl85°°B2 mutant p53,
Raf-1, and other proteins that are clients of HSP90 [2-5,
8,9, 12, 31, 33, 34, 37, 39, 42, 43, 54, 56, 60, 66, 68].

Fig. 1 Structures of geldanamycin, 17AAG, 17AG, 17DMAG, and
previously known metabolites of 17AAG

Although 17AAG, which is currently undergoing
extensive clinical evaluation [7, 13, 24, 61, 67], was
developed as part of an effort to develop novel, potent,
and selective inhibitors of HSP90 that are useful
antitumor agents [4, 25, 35, 40, 41, 48, 53, 64], it has
several drawbacks, including formulation in a relatively
complex vehicle and metabolism by CYP3A to poten-
tially toxic metabolites [18, 20]. Thus, there are ongoing
efforts to develop additional geldanamycin analogues
that have advantages over 17AAG. One of these,
17DMAG [21, 23, 28, 58, 59], is about to enter clinical
trials.

We have extended earlier studies, in which the plasma
pharmacokinetics and tissue distribution of 17DMAG
were determined in normal CD,F; mice [21], by char-
acterizing the pharmacokinetics and pharmacodynamics
of 17DMAG in SCID mice bearing xenografts of the
human estrogen receptor-negative breast cancer, MDA-
MB-231. The objectives were to: (1) determine if the
plasma pharmacokinetics and tissue distribution of
17DMAG were similar in tumor-bearing and nontumor-
bearing mice; (2) define the concentrations and time
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course of 17DMAG in tumor tissue; and (3) investigate
whether treatment with [7DMAG resulted in alterations
in relative protein concentrations of HSP90 and selected
HSPY0 client proteins in tumor and normal tissues.

Materials and methods
Reagents

Alpha-naphthoflavone was purchased from Aldrich
Chemicals (Milwaukee, Wis.). Sodium pyrophosphate,
sodium vanadate, sodium fluoride, aprotinin, leupeptin,
pepstatin, microcystin and Nonidet P40 were purchased
from Sigma Chemical Company (St Louis, Mo.). Tris-
glycine-SDS buffer, SDS 4-15% gel packs, PVDF
membranes, goat anti-rabbit IgG-HPR-conjugated anti-
body or rabbit anti-mouse IgG-HPR-conjugated anti-
body, prestained protein markers, and a protein assay kit
were purchased from BioRad (Hercules, Calif.). Anti-
bodies against HSP70 and HSP90 (SPA-810 and SPA-
830) were purchased from StressGen Biotechnology
Corporation (Victoria, Canada). Antibodies against Raf-
1 (sc-133) and S-actin (clone AC-15) were purchased from
Santa Cruz Biotechnology (Santa Cruz, Calif.) and Sig-
ma Chemical Company, respectively. A Western blot
chemiluminescence (ECL) detection system was pur-
chased from NEN Life Science Products (Boston, Mass.).

Drugs

17DMAG, 17AAG, and 17AG were supplied by the
Developmental Therapeutics Program, National Cancer
Institute (Bethesda, Md.) and were stored in the dark at
4-8°C until use. Dosing solutions of 17DMAG were
prepared at 5.0 mg/ml in sterile 5% dextrose-in-water
(D5W). 17DMAG dosing solutions were freshly pre-
pared on the morning of each study.

Mice

Specific-pathogen-free  adult female SCID mice
(5-6 weeks of age) were obtained from the animal pro-
gram administered by the Biological Testing Branch of
the National Cancer Institute. Mice were handled in
accordance with the Guide for the Care and Use of
Laboratory Animals (National Research Council, 1996)
and on a protocol approved by the Institutional Animal
Care and Use Committee of the University of Pitts-
burgh. Mice were given at least 1 week to acclimate to
the animal facility before they were studied. To minimize
exogenous infection, mice were maintained in sterile
microisolator cages. Ventilation and air flow in the
animal facility were set to 12 changes per hour. Room
temperature was regulated at 72 +2°F, and the rooms
were kept on automatic 12-h light/dark cycles. Mice
received Prolab ISOPRO RMH 3000, Irradiated Lab
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Diet (PMI Nutrition International, Brentwood, Mo.)
and sterile water ad libitum. However, on the evening
prior to study, food was removed at approximately 6
p.m. and withheld until 4 h after dosing on the next day.
Sentinel mice, housed in 20% dirty bedding from study
mice, remained murine antibody profile-negative using
Assessment + (Charles River Laboratories, Wilmington,
Mass.), indicating that the study mice were specific-
pathogen-free.

Tumor cell lines

MDA-MB-231 human breast cancer cells were obtained
from ATCC (Manassas, Va.) and expanded in culture in
RPMI 1640 medium (Gibco, InVitrogen Corporation,
Carlsbad, Calif.) supplemented with 10% fetal bovine
serum (Biofluids, Rockville, Md.) and 10 pg/ml genta-
micin (Gibco, InVitrogen). Cells were maintained at
37°C in an incubator under an atmosphere of 95% air/
5% CO; at 95% humidity.

For in vitro studies, MDA-MB-231 cells were plated
into 30-mm culture dishes at a concentration of 5x10°
cells per dish. After 24 h, 100 pl 1”7DMAG in 5% D5W
or 100 pl D5SW was added to the culture medium, and
the dishes were gently mixed. The final concentrations of
17DMAG in the culture dishes were 20 or 100 nM. At 7
or 24 h after the addition of 17DMAG in D5W or 24 h
after the addition of D5W, the medium was removed,
and the cells were rinsed with Hanks balanced salt
solution. Cells from three culture dishes per treatment at
each time point were harvested using a cell scraper,
transferred by pipette to a microcentrifuge tube and
centrifuged at 13,000 g for 2 min. The resulting super-
natant was discarded, and the cell pellets were lysed
using lysing buffer. The relative protein concentrations
of HSP90, HSP70 and Raf-1 in cell lysates were deter-
mined by Western blot analysis as described below.

Before implantation into study animals, cells
(5x10° cells/mouse) were injected s.c. into the right
flanks of passage SCID mice. Tumor volumes were
calculated twice weekly wusing the formula, vol
(mm’)=LxW?/2, and length (L, mm) and width (W,
mm) were measured using a digital caliper. When the
tumors in the passage mice reached approximately
500-1000 mm°>, the mice were killed, and the tumors
were removed using sterile technique. Tumors were cut
into approximately 25-mg fragments, and the fragments
were placed in sterile medium until s.c. implantation on
the right flanks of the study mice. When tumor volumes
were greater than 200 mm®, the study mice were strati-
fied into groups (n=3) by body weight and tumor vol-
ume so that all groups were similar based on results of
ANOVA (Minitab, State College, Pa.).

Dosing

17DMAG (0.015 ml/g exact body weight) was admin-
istered as an i.v. bolus at 75 mg/kg through a 27-gauge
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needle and into a lateral tail vein. Vehicle-treated mice
received DS5SW at 0.015 ml/g exact body weight.
17DMAG concentrations in dosing solutions were
confirmed with the HPLC assay described below.

Sampling

Three mice were killed by CO, inhalation, and blood
was collected by cardiac puncture using heparinized
syringes at the following times after dosing: 5, 10, 15, 30,
45, 60, 120, 180, 240, 360, 420, 1140, 1440, and 2880 min
or 5 min after the administration of vehicle. Blood was
transferred to microcentrifuge tubes and stored on ice
until centrifuged at 13,000 g for 4 min to obtain plasma
and red blood cells (RBCs). Livers, kidneys, hearts,
lungs, spleens and tumors were rapidly dissected, placed
on ice, weighed, transferred to cryovials, and snap-fro-
zen in liquid nitrogen. RBCs, plasma and tissues were
stored at —70°C until analysis by HPLC as described
below. Three additional mice were killed at 120, 240,
420, 1440, and 2880 min after i.v. dosing with 75 mg/kg
17DMAG or at 5, 1440 and 2880 min after i.v. admin-
istration of vehicle. The tissues from these mice were
handled as described above, except the tissue samples
were used for Western blot analysis of HSP70, HSP90,
and Raf-1.

HPLC analysis

Plasma and tissue concentrations of 17DMAG were
determined wusing a previously published HPLC
method [20, 21]. Because there was a remote
possibility that 17AG could be a metabolite of
17DMAG [21], standard curves were prepared for
both 17DMAG and 17AG. Internal standard (5 ul of
200 pg/ml 17AAG in acetonitrile) was added to each
plasma sample, which were extracted directly. Tissues
were thawed on ice and homogenized in three volumes
of phosphate-buffered saline, pH 7.4 (Biofluids,
Rockville, Md.), and internal standard was added
prior to extraction.

The HPLC system consisted of a Waters 717 auto-
sampler and a Waters 600E system controller and sol-
vent delivery system fitted with a Waters Novapak C18
guard column and a Waters Novapak C18 column
(5 pm, id 3.9x150 mm; Waters Associates, Milford,
Mass.). A gradient mobile phase consisting of acetoni-
trile/25 mM sodium phosphate, pH 3.0, with 10 mM
triethylamine (65:35, v/v) was pumped at 1 ml/min.
Column eluate was monitored at 330 nm with a Spec-
troflow 757 absorbance detector (ABI Analytical, Kra-
tos Division, Ramsey, N.Y.), and detector output was
processed with Chrom Perfect software (Justice Inno-
vations, Denville, N.J.) so as to integrate the areas under
the 17DMAG and internal standard peaks. Concentra-
tions of 17DMAG were determined by calculating the
ratio of the area of the 17DMAG peak to that of

internal standard in the sample and comparison of that
ratio to a concomitantly performed standard curve that
had been prepared in the appropriate biological matrix.
Specific details regarding the quantitative performance
of this assay in our laboratory have been published
previously [21].

Pharmacokinetic analysis

The time-course of plasma 17DMAG concentrations
was analyzed by both noncompartmental and com-
partmental methods. The area under the concentration
versus time curve (AUC) and t;, were estimated by
noncompartmental analysis using the LaGrange func-
tion [70], as implemented by the computer program
LAGRAN [50]. Total body clearance (CL,) was cal-
culated from the equation:

CLy, = Dose/AUC,

and steady-state volume of distribution (V4s) was cal-
culated as follows:

Viss = Dose X (AUMC/AUCZ),

where AUMC is the area under the moment curve.

Tissue AUCs were also calculated using the LaG-
range function.

Compartmental modeling using mean concentrations
of 17DMAG detected in plasma was performed with the
program ADAPT II [16], using maximum likelihood
estimation. Two- and three-compartment open linear
models were fitted to the data, and model discrimination
was based on Akaike’s information criteria (AIC), cal-
culated as:

AIC = 2p + n(In WSSR)

where p represents the number of parameters, n is the
number of observations and WSSR is the weighted sum
of squares residuals [1].

Western blots

Tissues were thawed on ice and homogenized using an
Omni Tissuemizer (Omni International, Westbury, Ct.)
in ten volumes of ice-cold lysing extraction buffer. The
lysing extraction buffer consisted of: 50 mM Tris-HCI,
pH 7.9, 2 mM EDTA, 100 mM NaCl, and 1% Nonidet
P40. Freshly prepared protease inhibitors were added
just prior to homogenization and included 10 mAM NaF,
10 mM sodium vanadate, 1 pg/ml pepstatin, 10 pg/ml
aprotinin, 5 pg/ml leupeptin, 5 mM PMSF, 0.1 uM
microcystin, and 5 mM Na pyrophosphate. After
homogenization, the samples were centrifuged for
10 min at 13,000 g. The cold supernatant was divided
into aliquots, transferred to cryovials, and stored at
—70°C until analysis. Tissue homogenate protein con-
centrations were determined using the Bio-Rad protein
assay kit and bovine serum albumin standard curves.



Protein concentrations in samples were adjusted so that
20-30 pg of protein was loaded into each well. Samples
were diluted with 3%, modified Laemmli sample buffer
(Bio-Rad), which contained 0.4 M Tris-HCl, pH 6.8,
8% SDS, 39% glycerol, 0.04% bromophenol blue, and
0.4 M dithiothreitol. Sample protein or protein stan-
dards (20 pl) were loaded onto 4-15% SDS gradient
gels. Proteins were separated by electrophoresis and then
electrotransferred to PVDF membranes and blotted
with antibodies against Raf-1, HSP90 and HSP70. The
membranes were also blotted with an antibody against
p-actin, and f-actin relative protein concentration was
used as a loading control. Blots were developed using an
ECL detection system. Immunoreactivity signals were
quantified by densitometry with UN-SCAN-IT software
(Silk Scientific, Orem, Utah). The pixels for each band
were normalized to the pixels of the corresponding
f-actin band. All values for each marker were then
normalized to the control markers. This was done by
dividing the values for each marker by the values ob-
tained for each marker in the control animals, and the
mean for each of the treated groups was calculated. No
differences in detection by the Western blots were ob-
served when antibodies were used separately or when
they were combined, and the immunoreactivity signals
were linear over a protein range of 4-32 pg loaded on
the gel.

Results
Pharmacokinetic studies

After an 1iv. dose of 75 mg/kg, “peak” plasma
17DMAG concentrations were measured at 5 min after
injection and were 15.4+1.4 pg/ml (Table 1). Thereaf-
ter, plasma 17DMAG concentrations declined with a
half-life (t | ») of 32-55 min and in a manner best fit by a
two-compartment open linear model (Fig. 2a), so that
by 420 min, they were below the lower limit of quanti-
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Fig. 2 Concentrations of 17DMAG detected in (a) plasma and in
(b) tumor of C.B-17 SCID female mice bearing MDA-MB-231
tumor and given a 75 mg/kg i.v. dose of 17DMAG. The data
points (circles) represent the mean of three samples at each time
point, and error bars represent +SD. Lines represent the predicted
data by compartmental modeling

tation of the HPLC assay used (Table 1, Fig. 2a). When
calculated with noncompartmental methods, the plasma
AUC was 1072 pug/ml min, corresponding to a CL, of

Table 1 Concentrations and AUCs of 17DMAG in plasma and tissues of C.B-17 SCID mice bearing MDA-MB-231 tumors and injected
i.v. with a 75 mg/kg dose of 17DMAG. Each value is the mean+SD of three samples (ND not detected)

Time (min) Plasma (pg/ml)  Liver (ng/g) Kidney (ng/g) Lung (ng/g) Heart (pg/g)  Spleen (ug/g)  Tumor (ng/g)
5 154414 102.9447.5  109.4+29.2 110.6+254 81.3+8.1 28.2+16.4 50+2.8
10 1244022 1188457  122.9+10.6 97.6+15.1  67.6+239  46.8+7.8 6.0+0.4
15 8.9+0.6 103.2+11.0  103.0+10.2 763+11.6  46.5+3.8 66.1+£10.2 6.9+2.9
30 7.0+1.2 82.7+7.2 87.4+2.2 68.9+1.8 36.8+104  63.5+14.1 9.0+1.0
45 6.6+0.5 84.6+202 759443 56.1+1.1 23.6+1.9 70.6+9.6 8.8+1.3
60 45+1.1 649+16.9  63.7+26.3 38.7+144  17.0£8.7 4934213 8.5+0.4
120 3.8+0.7 41.7+£9.2 417+11.6 26.2+4.0 11.5+4.0 37.44+10.6 78428
180 1.840.7 30.3+9.0 258+9.1 13.0+3.2 51+1.5 18.8+5.2 6.7+1.4
240 1.5+0.5 21.6+2.6 ND 10.9+2.1 3.940.9 17.1+3.7 6.7+0.7
360 0.3+0.1 6.4+1.9 4.0+18 34409 0.5+0.4 59+1.8 44413
420 0.2+0.0 8.1+1.0 3.5+1.0 3.3+0.1 0.3+0.6 5.9+0.8 54+1.6
1440 ND? 21+1.9 0.4+0.4 0.4+0.6 ND 0.8+1.0 3.0£08
2880 ND ND ND ND ND ND 24406
AUCy_.(ug min/ml 1,072 25,693 13,520 10,552 3,748 14,569 19,876

or g min/g)
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Table 2 Compartmental and noncompartmental pharmacokinetic
analyses of plasma 17DMAG concentration-versus-time data
associated with administration of I7DMAG (75 mg/kgi.v.) to C.B-
17 SCID mice bearing MDA-MB-231 xenografts. Compartmental
modeling was performed using the program Adapt II (k> transfer

rate constant from the central compartment to the peripheral
compartment, k,; transfer constant from the peripheral compart-
ment back to the central compartment, k;, elimination rate con-
stant from the central compartment, V. volume of the central
compartment)

Analysis k12 k21 k]() tl/'Z Vc IAU(:(),<>° Vdss Cle
(min~" (min~" (min~" (min) (ml/kg) (pg min/ml) (ml/kg) (ml/min/kg)

Compartmental 0.0813 0.0646 0.0220 3044 1119 5797 67

Noncompartmental 1072 7701 70

70 ml/min/kg. Very similar values for AUC and CL,,
were obtained when a two-compartment open linear
model was fitted to the plasma concentration versus
time data (Tables 1 and 2). Other pharmacokinetic
parameters related to noncompartmental and compart-
mental analyses of plasma 17DMAG concentration
versus time data are displayed in Table 2.

After i.v. administration, 17DMAG was widely dis-
tributed to tissues (Table 1). The highest tissue concen-
trations of 1”7DMAG were observed in liver, kidney, and
lung, with lower concentrations being present in heart,
spleen, and tumor at the early time points. I[7DMAG
concentrations in liver, kidney, and lung peaked at
5 min and were approximately eight- to tenfold higher
than the 17DMAG concentrations observed in plasma
at that time. Peak spleen 17DMAG concentrations did
not occur until 45 min after I”7DMAG administration.
Although 17DMAG concentrations in all tissues
declined with time, I7DMAG was detected in all tissues
for at least 7 h after drug delivery and persisted in liver,
spleen, kidney, and lung for 24 h. When expressed as
AUC, the exposure of all the tissues to 17DMAG was
greater than that of plasma (Table 1). 17DMAG con-
centrations in tumor peaked later and persisted longer
than in normal tissues. Specifically, I[7DMAG concen-
trations peaked at 30 min (9.0 +1.0 pg/g) and remained
measurable (2.4+0.6 pg/g) until 48 h after 17DMAG
administration (the last time sampled, Table 1, Fig. 2b).
The AUC,_.. of 17DMAG in the tumor (19,876 pg/
ml min) was approximately 19 times greater than the
plasma 17DMAG AUC and was greater than that of
any normal tissue except liver.

There was no evidence of 17AG or any other
metabolite of 17DMAG present in plasma or any of the
tissues.

Pharmacodynamic studies

The in vitro effect of 1”7DMAG on target proteins of
logarithmically growing MDA-MB-231 cells was char-
acterized before in vivo studies with MDA-MB-231
xenografts were undertaken. In vitro treatment of
MDA-MB-231 cells with either vehicle or 20 nM
17DMAG had no effect on the relative protein concen-
tration of HSP90, HSP70 or Raf-1 (data not shown);
however, 24-h treatment with 100 nM 17DMAG re-
sulted in a slight increase in HSP90, a greater than

twofold increase in HSP70 and a 30% decrease in Raf-1
relative protein concentration compared to cells exposed
only to vehicle (Fig. 3).

Treatment with vehicle did not alter the relative
protein concentration of Raf-1, HSP90, or HSP70 in
tumors, livers, kidneys, spleens, lungs, and hearts of
mice killed at 5, 1,440 or 2880 min after vehicle
administration (data not shown). Therefore, the relative
protein concentration of these proteins in the S5-min
vehicle-treated mice were used for comparison with their
relative protein concentration in organs from
17DMAG-treated mice (Figs. 4, 5, 6).

At all times except 2 h, Raf-1 relative protein con-
centration in tumors of 17DMAG-treated mice were
20% less than the relative protein concentration of Raf-
1 in tumors of vehicle-treated mice (Fig. 4). Both HSP90
and HSP70 were significantly decreased in tumors from
mice treated with 17DMAG, although the magnitude
and time course of these effects was quite different from
that of Raf-1 (Fig. 4). At 2, 4, and 7 h after I[7DMAG
treatment, the relative protein concentration of HSP90
and HSP70 was between 40% and 50% of that in
tumors from vehicle-treated mice. Between 24 h and
48 h after 17DMAG treatment, HSP90 and HSP70
concentrations in tumor increased so that by 48 h after
17DMAG treatment, they had returned to values similar
to those observed in tumors of vehicle-treated mice.

17DMAG treatment also caused changes in Raf-1,
HSP90 and HSP70 in normal murine tissues (Figs. 5 and
6). At all time points examined, relative protein con-
centration of Raf-1 in livers was decreased to 30-40% of
that observed in the livers of vehicle-treated mice
(Fig. 5). In contrast to tumors, there was no alteration in
the hepatic relative protein concentration of HSP90 at
any time after 17DMAG treatment. HSP70 was not
detectable in the livers of vehicle-treated or untreated
control mice. Therefore, the relative protein concentra-
tion of this protein in the livers of the 17DMAG-treated
mice was determined as the ratio of the density of the
HSP70 band to that of the fS-actin band in the same
sample; whereas 17DMAG treatment was associated
with a decrease in tumor HSP70 relative protein con-
centration, 17DMAG administration was associated
with an increase in HSP70 concentrations in liver, so
that HSP70 relative protein concentration was easily
detected in liver samples collected at 7, 24, and 48 h.

There were no changes in renal Raf-1 relative protein
concentration at any of the time points examined after
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17DMAG administration (Fig. 6). Renal HSP90 relative
protein concentration was decreased at 2 h and 4 h after
17DMAG treatment, but at 7 h and 24 h was similar to
the relative protein concentration of HSP90 in the kid-
neys of the vehicle-treated mice. Renal HSP70 relative
protein concentration was decreased at 2 h and 4 h after
administration of 17DMAG, but at 7 h and 24 h had
increased to approximately two times the relative pro-
tein concentration measured in the kidneys of vehicle-
treated mice. 17DMAG treatment was not associated
with any statistically significant changes in Raf-1,
HSP90 or HSP70 relative protein concentrations in
spleens, lungs, or hearts (data not shown).

Discussion

The benzoquinone ansamycin antibiotics, such as gel-
danamycin and herbimycin, possess potent antitumor
activity [2, 11, 14, 27, 30, 32, 36, 39, 42, 52, 58, 60, 69],
which is closely related to their ability to inhibit the
function of the HSP90 molecular chaperone. By binding
to the ATP-binding site of HSP90, geldanamycin blocks
the proper folding and release of client signal transduc-
tion pathway molecules such as Raf-1, Erb-B2, Akt, and
mutant p53 [2-5, 8,9, 12, 31, 33, 34, 37, 39, 42, 43, 54, 56,
60, 65, 66, 68]. However, geldanamycin is poorly water-
soluble and proved too toxic to be used clinically [63].
The geldanamycin analogue, 17AAG, is currently
undergoing phase I clinical evaluation [7, 13, 24, 61, 67].

17AAG downregulates the same oncoproteins as does
geldanamycin, presumably through similar interactions
with HSP90 [10, 28, 55, 58, 59]. 17DMAG, another gel-
danamycin analogue, is much more water-soluble than is
17AAG and is not metabolized to the potentially toxic
metabolites that arise from CYP3A-mediated metabo-
lism of the 17-allyl side chain of 17AAG [21, 18, 20].

The studies described here examined the relationship
between the pharmacokinetics and the pharmacodynamic
effects associated with administration of the highest
nontoxic i.v. dose of 17DMAG to SCID mice bearing a
human breast tumor xenograft. The plasma concentra-
tions and distribution of I7DMAG in normal tissues of
SCID mice bearing MDA-MB-231 xenografts were sim-
ilar to those previously described in nontumor-bearing
CD,F; mice given the same i.v. dose of 17DMAG [21],
although 17DMAG persisted somewhat longer in the
tissues of SCID mice. In neither mouse strain was the
metabolite 17AG detected in plasma or any tissue.

The retention of 177DMAG by tumor in this study is
similar to that observed in earlier studies in which lower
doses of 17AAG were administered to mice bearing PC3
human prostate cancer xenografts [19] or MDA-MB-453
human breast cancer xenografts [22]. These observations
are quite consistent with recent observation that HSP90
derived from tumor cells has a 100-fold higher bind-
ing affinity for 17AAG than does HSP90 from normal
cells [29].

In vitro treatment of MDA-MB-231 cells with
17DMAG doses comparable to the doses of 17AAG
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Fig. 4 Western blot analysis of Raf-1, HSP90, and HSP70 relative
protein concentrations in the tumors of C.B-17 SCID mice bearing
MDA-MB-231 tumors and treated with 75 mg/kg 17DMAG i.v.
p-Actin served as a control for sample loading. a Western blot
imaging. b, ¢, d Time courses of relative protein concentrations of
target proteins in tumors to those in the tumors of vehicle-treated
mice, as determined by densitometric measurements of tumors
from three mice at each time point. The ratios of target proteins/
actin were normalized to those of vehicle controls. Data are
means +SD. *P <0.05. b Raf-1; ¢ HSP90; d HSP70

required to alter relative protein concentrations of
HSP90 client proteins [55] resulted in decreases in Raf-1
relative protein concentration and in increases in HSP70
relative protein concentration; however, the changes
observed in cultured MDA-MB-231 cells after
17DMAG treatment were not the same as were observed
in the xenografts following i.v. administration of
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Fig. 5 Western blot analysis of Raf-1, HSP90, and HSP70 relative
protein concentrations in the livers of C.B-17 SCID mice bearing
MDA-MB-231 tumors and treated with 75 mg/kg 17DMAG i.v.
p-Actin served as a control for sample loading. a Western blot
imaging. b, ¢ Time courses of relative protein concentrations of
Raf-1 and HSP90 in livers from treated mice to those from livers of
vehicle-treated mice. Relative protein concentrations were deter-
mined by densitometric measurements of livers from three mice at
each time point. The ratios of target proteins/actin were normalized
to those of vehicle controls. Data are means+SD. *P <0.05.
d Data represent the densitometric ratios of HSP70 at each time
point to that of actin on the same lane. *P <0.05

17DMAG. In the tumors, Raf-1 relative protein con-
centration was decreased by only 20%, while HSP70 was
decreased in the tumors, in contrast to the relative
protein concentration observed in vitro.

Although the ability of 17DMAG to modulate rela-
tive protein concentrations of HSP90 and its client
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Fig. 6 Western blot analysis of Raf-1, HSP90, and HSP70 relative
protein concentrations in the kidneys of C.B-17 SCID mice bearing
MDA-MB-231 tumors and treated with 75 mg/kg 17DMAG i.v.
p-Actin served as a control for sample loading. a Western blot
imaging. b, ¢, d Time courses of relative concentration of target
proteins in kidneys to those in the kidneys of vehicle-treated mice,
as determined by densitometric measurements of kidneys from
three mice at each time point. The ratios of target proteins/actin
were normalized to those of vehicle controls. Data are means +SD.
b Raf-1; ¢ HSP90; d HSP70

proteins in tumor tissue is consistent with changes in
HSP90 client proteins described in preclinical and clin-
ical studies with 17DMAG and 17AAG [6, 7, 19, 22,
59-61], it is unclear whether these changes correlate with
antitumor effect. In mice bearing CWRSA6 xenografts,
4 days of treatment with 17AAG decreased intratumoral
relative protein concentrations of HSP90 client proteins,

29

including HER2, Akt, and the androgen receptor, and
did so in a dose-dependent fashion [60]. In other studies,
17AAG treatment decreased HER2 and Raf-1 relative
protein concentrations in MDA-MB-453 xenografts
[22]. However, Banerji et al. found that HSP90 client
proteins in two different ovarian xenografts were not
affected in the same way following treatment with
17AAG [6]. Moreover, when the colon cell lines HT29,
HCT116, KM12, and HCT15 were treated in vitro with
17AAG, the only consistent change observed in HSP90-
related proteins was an increase in HSP70 [15]. This
variability in the observed modulation of HSP90 client
proteins by 17AAG and 17DMAG suggests that it will
be a challenge to select informative pharmacodynamic
markers that correlate with response as clinical devel-
opment of these compounds progresses.

Although it is unclear as to what, if any, relationship
exists between the pharmacokinetic and molecular
pharmacodynamic effects of 177DMAG in tumor tissue
and antitumor effect, analogous questions exist regard-
ing how similar data in normal mouse tissues might re-
late to the toxicities associated with 17DMAG
treatment. In view of the known hepatotoxicity of
17DMAG [23], it is interesting to note that the exposure
of the liver to 17DMAG (25,693 pg/g min) was the
highest among the normal tissues examined. Moreover,
not only was liver the only normal tissue in which Raf-1
relative protein concentration decreased, but the de-
crease in hepatic Raf-1 relative protein concentration
was greater than that observed in tumor tissue. On the
other hand, hepatic Raf-1 relative protein concentration
was unaffected by 17AAG treatment [22], yet 17AAG
has proven to be hepatotoxic in preclinical and clinical
studies [44, 46, 61, 67].

Understanding the basis of the antitumor activity of
17DMAG, as well as that of 17AAG, may be critical for
their optimal evaluation and use in patients and for
development of other novel HSP inhibitors. Although
there are a growing number of studies on the potential
anticancer mechanisms of HSP90-interactive drugs
[4, 25, 35, 40, 41, 48, 53, 64], it is still unclear as to
exactly how the molecular and cellular effects of 17AAG
and 17DMAG result in suppression of tumor growth or
clinical toxicities. This first report describes the in vivo
effects of 177DMAG on signal transduction molecules
that are HSP90 client proteins. The data indicate that
17DMAG acts in the same way as does 17AAG, with
HSP90 as a molecular target and the potential inhibition
of signaling through the Ras/Raf/MEK/ERK pathway.
The complexity of the response at the cellular and
molecular level makes it difficult to predict how gener-
ally applicable these observations are to different tumor
types. Studies have demonstrated that 17AAG can
deplete Raf-1 in ovarian, breast, and colon cancer cell
lines [22, 27, 38, 57]. It is likely that many of the pro-
teins, depleted by 17AAG, will also be affected by
17DMAG. However, the effect of this depletion on
events downstream from the depleted protein will
depend on how reliant the particular cell is on the pro-
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teins that are depleted and also on the relative protein
concentration profile of cell cycle control and pro- and
antiapoptotic proteins within the cell. Despite the
potential complexities of the pharmacology of
17DMAG, we have shown in these studies for the first
time that HSP90 client proteins are affected by the drug
in mice bearing human breast cancer xenografts. These
results suggest that 17DMAG may allow exploitation of
a new strategy for cancer treatment and may have fewer
problems with solubility and toxicity than do its prede-
cessors, geldanamycin and 17AAG.
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