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Abstract Purpose: Recently, it has been shown that
geldanamycin (GA), a benzoquinone ansamycin, is able
to deplete mutant p53, p185erbB2 and Raf-1 proteins in
cancer cells. However, the relationship between these
activities of GA and its antiproliferative activity is not
clear. Here we investigated the e�ects of 28 GA deriv-
atives in SKBr3, a human breast cancer cell line.
Methods: We performed Western blot analysis of Raf-1,
p185erbB2 and mutant p53 proteins following drug
treatment and correlated these ®ndings with the cyto-
toxicity of the various GA derivatives. Results: We
found that downregulation of Raf-1, p185erbB2 and
mutant p53 proteins was correlated. Thus, a drug that
was active against one oncoprotein was equally active
against the two others. Inactive derivatives were identi-
®ed by their inability to downregulate these oncopro-
teins, even at a high dose (2 lM). These inactive drugs
also had no or minimal antiproliferative activity
(IC50 > 3 lM). All other analogs (at a concentration of
2 lM) downregulated p53, p185erbB2, and Raf-1, and
also displayed cytotoxicity (IC50 in the range 6±600 nM).
This category of drugs was further divided into more-
and less-active agents by testing at lower doses (40 nM).
The drugs that remained active against their molecular
targets had an IC50 for antiproliferative activity of less
than 40 nM. Maximal e�ects on mutant p53, p185erbB2

and Raf-1 were observed at doses that were 4±5 times
greater than the cytotoxic IC50. Conclusions: These
®ndings suggest that GA and its derivatives are cyto-
static/cytotoxic at concentrations that also downregulate
Raf-1, p185erbB2 and mutant p53, and raise the possi-

bility that depletion of these proteins and the antipro-
liferative activities of GA have a common mechanism.
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Introduction

Pharmacologic targeting of speci®c signal transduction
pathways related to oncogenic transformation is a
promising approach in cancer treatment. Although
current approaches favor speci®c targeting of individual
gene products, cancer cells have multiple genetic alter-
ations involving oncogenes and tumor suppressor genes.
Therefore, in order to reverse the transformed pheno-
type, it would be desirable to identify an agent capable
of a�ecting multiple targets in the signal transduction
pathway.

The wild-type p53 gene product is a tumor suppressor
protein, and is one of the most commonly mutated
proteins found in cancer cells [1, 12, 19]. Besides losing
their tumor suppressor function, mutated p53 proteins
may also have a dominant positive [7, 8, 11], as well as a
dominant negative, role in fostering tumorigenesis [18,
25]. P185erbB2 (erbB2) overexpression is common in
breast and ovarian cancer, and is associated with poor
prognosis and drug resistance (for review see reference
13). Several approaches including monoclonal anti-
erbB2 antibodies [10] and erbB2 antisense oligonucleo-
tides [28] have been proposed as anticancer agents.
Raf-1 is a central component of the signal transduction
pathway utilized by many growth factors via p21ras [14].
Since p21ras-activating mutations are involved in various
malignancies, members of this signal transduction
pathway also can be considered as targets for anticancer
chemotherapy [20].

Geldanamycin (GA), an antibiotic of the benzoqui-
none ansamycin class, has been shown to bind speci®-
cally to heat shock protein 90 (HSP90) and its homolog
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localized to the endoplasmic reticulum, GRP94
[6, 17, 26]. This drug is able to destabilize several
HSP90-associated proteins, including multiple oncogene
and protooncogene products. Rapid degradation of Raf-
1 and erbB2 proteins following GA treatment follows
the dissociation of these proteins from HSP90 and
GRP94, respectively [6, 14, 16, 17, 23]. Mutant but not
wt p53 binds members of the HSP90 family in vivo and
in vitro [5, 24]. Targeting of HSP90 by GA also results in
alteration of the conformation of mutant p53 with
subsequent reduction in its stability and steady-state
level [4, 5].

However, GA may exert other e�ects on cells [2], and
its cytotoxicity could be unrelated to the targeting of
these oncoproteins. In order to determine the relation-
ship between the cytotoxicity of GA and its ability to
downregulate selected oncoproteins, we compared 28
derivatives of GA in this regard. The human breast
cancer cell line, SKBr3, was used for investigation since
these cells express high levels of erbB2, detectable Raf-1,
and mutant p53 (see references 4 and 6). We found a
correlation between the ability of the various GA de-
rivatives to destabilize oncoproteins and their cytotox-
icity. Thus, we propose that there is a common
mechanism responsible both for depletion of mutant
p53, erbB2 and Raf-1 proteins, and for the antiprolif-
erative activity of GA and its derivatives.

Materials and methods

Materials

GA was obtained from the Developmental Therapeutics Program,
NCI. Geldanamycin and dihydrogeldanamycin derivatives were
obtained from P®zer Central Research and have been described
previously [21, 22]. These analogs have been tested for their ability
to inhibit erbB2 autophosphorylation in cell culture [21, 22].
Modi®cations to the 17±19 positions of the quinone ring have re-
vealed a broad structure ± activity relationship in vitro. Optimum
substitutions at the 17 position of ansamycins have identi®ed small
alkylamino groups unfunctionalized or bearing hydroxyl or amino
groups as the best inhibitors. 17, 18-Bicyclic and tricyclic ring
quinones are similarly active. Modi®cations at the 19 position are
not tolerated [21, 22]. All drugs were dissolved in DMSO as 5 mM
stock solutions.

Cell culture

SKBr3, a human breast cancer cell line, was obtained from the
American Type Culture Collection (Rockville, Md.). Cells were
cultured in Dulbecco's modi®ed Eagle's medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) and 10 mM L-glu-
tamine.

Western blotting

Cells were lysed in TNES bu�er as previously described [4]. The
protein concentration was determined with the BCA reagent
(Pierce, Rockford, Ill.). The protein (25 lg) was subjected to elec-
trophoresis on 8% polyacrylamide gels (for p53 and Raf-1 deter-
mination), transferred to nitrocellulose by electroblotting, and
probed with anti-p53 (pAb-2, clone 1801, Oncogene Science,

Cambridge, Mass.), or anti-Raf-1 (Santa Cruz, Santa Cruz, Cal.)
antibodies, as previously described [4, 23]. For erbB2 determina-
tion, lysates were subjected to electrophoresis on 7% polyacryl-
amide gels, transferred to nitrocellulose by wet electroblotting
overnight, and probed with anti-erbB2 antibody (Oncogene Sci-
ence). Protein band intensities were quanti®ed by computerized
densitometry using image analysis software. Equal loading was
con®rmed by HSP90 Western blot analysis and by Coomasie Blue
staining of the membrane.

Antiproliferative (cytotoxic/cytostatic) assay.

Cells were seeded in 96-well ¯at-bottomed plates (Costar) at a
density of 3000/well in 0.1 ml DMEM with 10% FBS. Next day
0.1 ml of medium containing drugs was added to triplicate wells.
MTT assays assessing viable cell numbers were performed after
3 days, as described previously [3].

Results

Raf-1, p53 and erbB2 downregulation

As had been previously shown, GA was able to decrease
steady-state levels of Raf-1 and mutant p53 proteins in
SKBr3 cells. In comparing the abilities of the di�erent
GA derivatives to downregulate these proteins, a cor-
relation was found between the ability of the drugs to
decrease the levels of mutant p53 and Raf-1 after 16 h
treatment (Fig. 1A). Although downregulation of Raf-1
protein was more pronounced than that of p53 protein,
the ®ve compounds that failed to downregulate Raf-1
protein also showed no activity against p53 (Fig. 1A).
The same ®ve compounds were also inactive against
erbB2 protein (Fig. 1B), whereas a perfect match was
observed with other drugs in their ability to downregu-
late all three proteins (Fig. 1B). Thus active drugs were
similarly active against all three molecular targets.

E�ects on Raf-1, p53
and erbB2 correlate with antiproliferative activity

Antiproliferative activity of all compounds was deter-
mined using an MTT test. In this assay, GA had an IC50

of 7 nM. The IC50 of the ®ve inactive drugs exceeded
3 lM , whereas the IC50 of the remaining active drugs
ranged from 6 to 600 nM (Fig. 2). The maximal anti-
proliferative e�ect of the active drugs was achieved at a
concentration ®ve fold greater than their IC50 values,
and a further increase in drug concentration did not
exert any additional antiproliferative e�ect (data not
shown).

Despite 100-fold di�erences in their cytotoxicity IC50

values, all active drugs appeared to be similarly e�ective
as anti-Raf-1 agents when tested at a concentration of
2 lM (Fig. 2A). Since this concentration far exceeded the
IC50 of these compounds, we also determined drug ef-
fects on Raf-1 downregulation at lower drug concen-
trations. At a dose of 40 nM, compounds with a
cytotoxicity IC50 below 40 nM still downregulated
Raf-1. In contrast, compounds with a cytotoxicity IC50
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between 40 and 600 nM failed to downregulate Raf-1
when tested at 40 nM, demonstrating a correlation
between Raf-1 downregulation and cytotoxicity
(Fig. 3B).

The cytotoxicity IC50 of these drugs also correlated
with their ability to downregulate mutant p53 and erbB2
proteins (Fig. 3). When tested at 40 nM, all drugs which
had a cytotoxicity IC50 less than 10 nM were maximally
active against all oncoproteins (Fig. 2B, Fig. 3).

Discussion

GA, a benzoquinone ansamycin antibiotic, possesses
potent tumoricidal activity [26, 27]. Although originally
described as tyrosine kinase inhibitors, benzoquinone
ansamycins have been shown to be inactive when added
directly to puri®ed tyrosine kinases [9, 26]. Recently, we
have shown that GA downregulates Raf-1, mutant p53
and erbB2 proteins [4, 16, 22], but not wild-type p53 [4].
The conformation of wild-type p53, in contrast to mu-
tant p53, does not require functional HSP90 [5], one of

the targets of GA. However, it is not clear how the
ability to deplete these proteins relates to the antipro-
liferative e�ects of GA. For example, it has been dem-
onstrated that GA can induce wild-type p53 in A2780
cells, but this induction appears unrelated to GA cyto-
toxicity [15]. Cancer cells have multiple genetic altera-
tions, involving, overexpression of oncoproteins and

Fig. 1A,B Downregulation of Raf-1, mutant p53 and erbB2. A
Correlation between e�ects of GA derivatives on p53 and Raf-1
proteins. SKBr3 cells were incubated with 2 lM of each drug
overnight (16 h). Cells were lysed and p53 and Raf-1 protein levels
were measured as described in Methods. Levels of mutant p53 and
Raf-1 are expressed as percent of control (untreated cells) and are
plotted against each other. Each point on the graph represents an
individual drug. The group of inactive drugs is outlined (group 1). B
E�ects of some active and inactive GA derivatives on erbB2, Raf-1
and mutant p53 levels. SKBr3 cells were incubated with 2 lM of each
drug for 8 h and Western blots were performed as described in
Methods (C control, boxed lanes (9, 10, 11, 13, 15) inactive drugs)

Fig. 2A,B Relationship between Raf-1 depletion by high (2 lM) or
low (40 nM) drug concentration and antiproliferative IC50 values.
Raf-1 protein levels were measured by Western blot as described in
Methods. Levels of Raf-1 are expressed as percent of control
(untreated cells). IC50 was determined using the MTT assay as
described in Methods. A Levels of Raf-1 protein after exposure of
SKBr3 cells to the drugs at a concentrate of 2l for 8 h were plotted
against the antiproliferative IC50 values (determined by the MTT
assay) of the same drugs. Each point on the graph represents an
individual drugGroup 1 inactive drugs.B Levels of Raf-1 protein after
exposure of SKBr3 cells to the drugs at a concentration of 40 nM for 8
h were plotted against the antiproliferative IC50 values (determined by
theMTT assay) of the same drugs. Each point on the graph represents
an individual drug. Three groups of drugs are outlined: group 1
inactive drugs, group 2 drugs active at low concentration, group 3
drugs active the high concentration
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mutations or deletions of tumor suppressor genes. Thus,
SKBr3 breast cancer cells express high levels of erbB2
oncoprotein and mutant p53 tumor suppressor protein.
Here, we found by testing 28 GA derivatives against
SKBr3 cells that a drug that was active against one
oncoprotein (Raf-1, mutated p53, or erbB2) was also
active against the two others. These results suggest a
common mechanism for depletion of Raf-1, erbB2 and
mutated p53 by GA and its active derivatives, perhaps
involving drug binding to HSP90/GRP94 [4, 6, 16, 23,
25]. In this study, we have presented evidence that a
similar mechanism may play a role in the antiprolifera-
tive activity of GA.
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