NEOPLASIA

Geldanamycin and herbimycin A induce apoptotic killing of B chronic

lymphocytic leukemia cells and augment the cells’ sensitivity to cytotoxic drugs

Dylan T. Jones, Elena Addison, Janet M. North, Mark W. Lowdell, A. Victor Hoffbrand, Atul B. Mehta, Kanagasabai Ganeshaguru,
Najeem I. Folarin, and R. Gitendra Wickremasinghe

We studied the actions of geldanamycin
(GA) and herbimycin A (HMA), inhibitors of
the chaperone proteins Hsp90 and GRP94,
on B chronic lymphocytic leukemia (CLL)
cells in vitro. Both drugs induced apoptosis
of the majority of CLL isolates studied.
Whereas exposure to 4-hour pulses of 30 to
100 nM GAkilled normal B lymphocytes and
CLL cells with similar dose responses, T
lymphocytes from healthy donors as well as
those present in the CLL isolates were rela-
tively resistant. GA, but not HMA, showed a

modest cytoprotective effect toward CD34*
hematopoietic progenitors from normal
bone marrow. The ability of bone marrow
progenitors to form hematopoietic colonies
was unaffected by pulse exposures to GA.
Both GA and HMA synergized with chloram-
bucil and fludarabine in killing a subset of
CLL isolates. GA-and HMA-induced apopto-
sis was preceded by the up-regulation of the
stress-responsive chaperones Hsp70 and
BiP. Both ansamycins also resulted in down-
regulation of Akt protein kinase, a modula-

tor of cell survival. The relative resistance of
T lymphocytes and of CD34* bone marrow
progenitors to GA coupled with its ability to
induce apoptosis following brief exposures
and to synergize with cytotoxic drugs war-
rant further investigation of ansamycins as
potential therapeutic agents in CLL. (Blood.
2004;103:1855-1861)
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Introduction

B chronic lymphocytic leukemia (CLL) is characterized by theoor response to cytotoxic drugfs?® However, even CLL cells
clonal expansion of CDSCD19* B-lymphoid cells. Although CLL harboring intact p53 genes may be defective in p53-mediated
cells proliferate slowly, defective apoptosis results in progressiepoptosis, resulting from the inactivation of the ATM protein
accumulation of the malignant cloAg€The clinical course of CLL kinase pathwa¥’-3° which links DNA damage induction to p53
is highly variable. Although a proportion of patients survive foup-regulation. Because of the limitations of existing therapeutic
extended periods without the need for clinical intervention, otheaptions?-12:2530 jt is important to evaluate drugs that induce
undergo rapid disease progression and require aggressive traptptosis of CLL cells via actions on novel cellular targéts.
ment. Recent studies have established that a subset of patients Wigitimal new drugs would display a high degree of selectivity for
CLL with unmutated immunoglobulin heavy chain variable (JgV the malignant cells while sparing hematopoietic progenitors and T
genes have an inferior clinical outcome compared to the subsghphocytes. Further advantageous characteristics include a p53-
with mutated IgV; genes'® Furthermore, expression of the proteinindependent mode of action and synergistic actions with conven-
tyrosine kinase ZAP-70 correlates well with an unmutated,lg\tional cytotoxic drugs.
status, providing an accessible alternative criterion for the manage-The ansamycin antibiotics geldanamycin (GA) and herbimycin
ment of patients with CLIS:2 There is an urgent need to developA (HMA) have attracted interest as potential anticancer ageéfifs.
novel protocols for the treatment patients with a poor prognosi$iese drugs target the adenosine triphosphate (ATP)-binding
identified by Ig\{; mutation analysis or ZAP-70 expression. pocket of the cytosolic chaperone heat shock protein 90 (HS|§90).
For many years, the nitrogen mustard chlorambucil has been tiep90 ensures maintenance of the correctly folded conformation of
drug of choice in CLL. More recently, the nucleoside analog range of client proteins involved in signal transduction, including
fludarabine has proved useful, especially for the treatment Akt, Raf-1, Erb B2, and the cyclin-dependent kinases cdk4 and
patients who fail to respond to chlorambutiAlthough high cdk6. Therefore, inhibition of Hsp90 by GA or HMA results in the
remission rates have been achieved using this'dmgelosuppression destabilization of proteins critical for survival or proliferation and
has proved to be a critical dose-limiting factbFludarabine is also the resulting cellular stress often results in cell death or cell cycle
highly toxic to T lymphocytes and results in prolonged depressi@mres£!-32In addition to Hsp90, ansamycins can also target its endoplas-
of CD4* T cells, increasing the risk of opportunistic infectid#$2  mic reticulum (ER)-resident homolog GRP®4esulting in accumula-
Therefore, there has been considerable interest in identifying notieh of misfolded proteins in this cellular compartmé&nthe resulting
drugs that induce CLL apoptosis with greater selectitAg. ER stress initiates signaling pathways that modulate transcriptional
Deletion of the p53 tumor suppressor gene, whose proteip-regulation of a second ER chaperone,BIER stress can also result
product is a key mediator of drug-induced apoptosis, predictsirathe induction of apoptosis in some cellular conteRt¥.

From the Department of Hematology, Royal Free and University College
Medical School, London, United Kingdom.

Free and University College Medical School, Rowland Hill St, London NW3
2PF, United Kingdom; e-mail: r.wickremasinghe@rfc.ucl.ac.uk.

Submitted May 19, 2003; accepted October 17, 2003. Prepublished online as Blood

! < The publication costs of this article were defrayed in part by page charge
First Edition Paper, October 23, 2003; DOI 10.1182/blood-2003-05-1603.

payment. Therefore, and solely to indicate this fact, this article is hereby

Supported by the Leukaemia Research Fund, United Kingdom. marked “advertisement” in accordance with 18 U.S.C. section 1734.

Reprints: R. Gitendra Wickremasinghe, Department of Hematology, Royal =~ © 2004 by The American Society of Hematology

BLOOD, 1 MARCH 2004 - VOLUME 103, NUMBER 5 1855



1856  JONESetal

Here we have studied the actions of GA and HMA on CLL cells
invitro. We show that CLL cells are sensitive to brief pulses of GA
at low nanomolar concentrations, whereas bone marrow CD34"
stem cells and T cells are substantially more resistant to the drug.
Synergistic interactions between GA and cytotoxic drugs are also
documented. GA is aso shown to induce apoptosis by a p53-
independent mechanism.

Patients, materials, and methods

Reagents

Tissue culture materials were from Invitrogen (Paisley, United Kingdom).
Chlorambucil, fludarabine, and 3-4,5-dimethylthiazol-2,5-diphenyl tetrazo-
lium bromide (MTT) were from Sigma (Poole, United Kingdom). HMA
and GA were from Calbiochem (Nottingham, United Kingdom). All drugs
were dissolved in dimethyl sulfoxide and stored at —20°C in aliquots.
AnnexinV was from Bender MedSystems (San Bruno, CA).

Patients and cells

This investigation was approved by the institutional Ethics Committee of
the Royal Free Hospital, London, United Kingdom. Patientswith CLL were
classified into Binet stages A, B, or C by established clinica criteria.®®
Patients had not received treatment for at least 3 months prior to study. After
patients provided informed consent, peripheral blood was collected in
heparinized vids. Malignant cells were isolated by sedimentation on Lym-
phoprep gradients (Matrix Technologies, Wimdow, United Kingdom) as de-
scribed® All CLL isolates studied contained less than 5% CD2" cdlls as
determined by fluorescence-activated cell sorting (FACScan) analysis® Cells
were cultured in RPMI 1640 medium supplemented with 100 U/mL penicillin,
100 pg/mL streptomycin, and 10% fetal calf serum.

Normal peripheral blood mononuclear cells were isolated on Lym-
phoprep gradients. Monocytes were depleted by adherence on plastic tissue
culture surfaces.*0 B and T lymphocytes were isolated by negative selection
procedures using the appropriate magnetically activated cell sorting (MACS)
immunomagnetic cell isolation kits (Miltenyi Biotec, Bergisch Gladbach,
Germany) and subsequently cultured in basal medium. B and T cells were more
than 95% pure asjudged by FACScan analysisof CD19 and CD2 expression.

CD34" cells were isolated from normal bone marrow using the Direct
CD34 Progenitor Cell Isolation Kit (Miltenyi Biotec). More than 90% of the
isolated cells were CD34* by FACScan analysis and were cultured in basa
medium additionaly supplemented with 10 ng/mL interleukin 3 and 40 ng/mL
each of stem cdll factor and Flt 3 ligand (Peprotech, London, United Kingdom).

Determination of ICsqg and combination index

Cytotoxicity was assessed by carrying out triplicate assays for the reduction
of MTT.*1 Synergistic drug actions were evaluated by computing the
combination index (Cl) as described.*? Cytotoxic drugs and ansamycins
were combined at ratios determined by their approximate inhibitory
concentration of 50% (ICsg) values toward CLL cells*2 The cytotoxic
actions of serial 2-fold dilutions of these fixed-ratio combinationsaswell as
the effects of individual drugs were determined. Data were analyzed by
constructing median effect plots using CalcuSyn software (Biosoft, Fergu-
son, MO). Values of 1Csp and ClI were obtained from these plots. Cl values
more than 1.1 were considered to indicate antagonistic drug interactions,
those between 0.9 and 1.1 were considered to indicate additivity, and those
below 0.9 were considered to indicate synergistic interactions.*?

FACScan analysis of cell killing

Cells (5 X 108/mL) were exposed to 4-hour pulses of HMA or GA, washed,
and resuspended in basal medium. Following a further 20-hour incubation, cell
desth was evauated by FACScan andyss of annexin V-stained cdls as
described.* CLL and normal lymphoid populations were smultaneoudly stained
with phycoerythrin-labdled anti-CD19 antibody (Becton Dickinson, Oxford,
United Kingdom) to alow separate andlysis of the CD19" (B-cell) and CD19~
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(T-céll) populations. Residual monocytes were excluded from analysis by using
forward versus side scatter to gate on the lymphoid population.

Agent-specific cell death was computed using a published equation*:
agent-specific death = % annexin-positive cells induced by agent — %
annexin-positive cells in untreated control/100 — % annexin-positive cells
in untreated control.

Culture of bone marrow progenitor cells

Bone marrow cells were incubated in triplicate in methylcellulose-
containing cultures as described,*> using the MethoCult GFH4434 kit
(StemCell Technologies, Vancouver, BC, Canada). Granulocyte-macro-
phage colony-forming units (CFU-GMs) and erythroid burst-forming units
(BFU-Es) were scored after 14 days of incubation.

Western blotting

Proteins were extracted as described.* Protein concentrations were deter-
mined using a colorimetric assay (Bio-Rad, Hemel Hempstead, United
Kingdom). Twenty-five micrograms protein per |ane was loaded onto 4% to
12% sodium dodecyl sulfate-polyacrylamide gradient gels (Invitrogen).
Following electrophoresis, proteins were transferred onto Hybond en-
hanced chemiluminescence (ECL) membranes (Amersham International,
Little Chalfont, United Kingdom). Membranes were blocked in Tris-
buffered saline (20 mM Tris [tris(hydroxymethyl)aminomethane]-HCI, pH
7.6, 150 mM NaCl, 0.2% polyoxyethylene sorbitan monolaureate) contain-
ing 5% (wt/val) polyvinylpyrrolidone and 2% (vol/vol) caf serum and
exposed overnight to primary antibodies in the same solution. Membranes
were washed 3 times in Tris-buffered saline and exposed to an appropriate
horseradish peroxidase-linked secondary antibody (Dako, Glostrup, Den-
mark) for 3 hours. Following further washing, immunoreactive bands were
detected using the ECL system (Amersham International). Band intensities
were gquantified using the GS-700 Imaging Densitometer and Quantity One
Software (Bio-Rad).

Antibodies against the following proteins were used in Western
blotting experiments: p116 poly(ADP ribose) polymerase (PARP) and
XIAP (Becton Dickinson); p85 PARP (Promega, Southampton, United
Kingdom); B-actin (Sigma); Bcl-2 (Dako); p53 (anti-DO-1 monoclo-
nal), Raf, Mcl-1, Hsp70, and BiP/GRP78 (Santa Cruz Biotechnology,
Wembley, United Kingdom); and Akt (Cell Signaling Technologies,
Hitchin, United Kingdom).

For analysis of ZAP-70 expression, CLL cells were purified further by
removal of T lymphocytes using the B-cell isolation kit (Miltenyi Biotec).
Final preparations contained lessthan 0.5% CD2* cells. Western blotswere
analyzed using a ZAP-70 antibody (Upstate Biotechnology, Lake Placid,
NY') and normalized with respect to actin.

Polymerase chain reaction

RNA extraction, cDNA syntheses, and polymerase chain reactions (PCRs)
were carried out as described.*’ Primer sequences were as follows: BiP
(annealing temperature 55°C): forward: GTT CTC ACT AAA ATG AAA
GAA ACC GCT; reverse: GGA CGG GCT TCA TAG TAG ACC G; actin
(annealing temperature 58°C) forward: TGC TAT CCA GGC TGT GCT AT;
reverse: GAT GGA GTT GAAGGTAGT TT.

PCR products were fractionated on agarose gels and stained with
ethidium bromide. Band intensities were quantified using the Gel Doc 2000
system (Bio-Rad).

Statistical methods

The significance of the difference between mean | Csy or Cl values between
different subsets of patientswith CLL was evaluated using Student t test for
unpaired samples. Differences between 1Cs, values for cytotoxic drugs in
the absence or presence of ansamycins were compared using the t test for
paired samples.
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Results
GAis selectively toxic toward CLL cells

We used the annexin V—binding assay“3 to compare the sensitivities
of CLL cells, normal T and B lymphocytes, and CD34" bone
marrow hematopoietic progenitor cells to GA and HMA. In this
series of experiments, cells were exposed to 4-hour pulses of the
drugs, then washed and incubated for a further 24 hours prior to
quantitation of agent-specific cell killing. CLL cells and norma B
lymphocytes were equally sensitive to GA at all concentrations
tested (Figure 1A). However, T lymphocytes from healthy donors
were substantially less sensitive than CLL cells. Autologous T cells
present in the CLL isolates were less sensitive than CLL cells, but
were more sensitive than T cellsfrom healthy donors. The different
sensitivities of normal and autologous T cells may be accounted for
by the atered distribution of T-cell subsetsin CLL.2 GA protected
CD34+ cells from spontaneous apoptosis (Figure 1A).

HMA was also equally toxic toward CLL cells and normal B
lymphocytes (Figure 1B). Whereas normal T cells were relatively
resistant to HMA, patients autologous T cells were as sensitive as
CLL cells. Normal CD34* hematopoietic progenitors were essen-
tialy resistant to 300 nM HMA but were more sensitive at higher
concentrations of the drug (Figure 1B). Taken together, these data
suggest that GA shows a greater selectivity in Killing CLL cells
than doesHMA.

We confirmed the resistance of hematopoietic progenitors to
GA by exposing bone marrow mononuclear cells to 4-hour pulses
of 30 or 100 nM of the ansamycin, followed by plating in standard
colony-forming assays. The data summarized in Table 1 show that
neither the formation of granulocyte-macrophage colonies nor of
erythroid bursts was inhibited by exposureto GA.

Sensitivity of CLL isolates to ansamycins is independent of
ZAP-70 status

ICso values for GA, derived from MTT dye reduction assays, are
listed in Table 2, together with clinicopathol ogic data on individual

1 +30nM GA  +50nM GA  +100 nM GA

-20

20

% specific cell death

10

0
+300 nM HMA +500 nM HMA +1000nM HMA

Normal B Autologous T
O lymphocytes (n=7) lymphocytes (n=7)
B CLLcells(n=7) [l CD34+cells
Normal T (n=3)
lymphocytes (n=7)

Figure 1. Toxicity of GA and HMA toward lymphocytes and bone marrow
progenitors. Cells were incubated at 37°C for 4 hours with the indicated concentra-
tions of GA (A) or HMA (B), washed free of the drug, and incubated for a further 24
hours. Specific cell death was quantified by annexin V staining. Error bars indicate
SEM.
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Table 1. Effect of a GA pulse on colony formation by bone
marrow progenitors

+30nM GA (P) +100 nM GA (P)
CFU-GM 96 + 14 (.72) 112 + 15 (.64)
BFU-E 106 =+ 23 (.94) 131 * 16 (.19)
Total colonies 98 + 18 (.89) 100 + 9.5 (.03)

Bone marrow mononuclear cells from 3 healthy donors were incubated for 4
hours at 37°C with the indicated concentrations of GA, washed free of the drug, and
plated for assay of colony formation. Colonies were counted at 14 days. Data are
shown as percentages of colonies detected in untreated cultures = SEM. P values
were determined by the Student t test for paired samples.

patients and their ZAP-70 expression status. |1Cs, values ranged
from 0.01 to 0.68 M, with a median value of 0.06 wM. There was
no significant difference (P = .45) between the mean 1Cs, for the
ZAP-70- (0.17 = 0.08 uM; n = 10) and ZAP-70* (0.10 * 0.04
pM; n = 11) isolates.

ICsy values for HMA are listed in Table 3. The median ICs,
(0.31 uM) was 5-fold greater than that for GA. Again, therewas no
significant difference (P = .29) between the mean 1Cs for the
ZAP-70" (0.48 £ 0.24 pM; n=4) and ZAP-70" (0.27 = 0.09 p.M;
n = 9) isolates.

The sensitivities of CLL isolatestoward either GA or HMA also
failed to correlate with Binet stage, treatment history, or lympho-
cyte count (Table 2).

GA up-regulates chaperone protein expression in CLL cells

We carried out Western blot experiments to determine the molecu-
lar consequences of GA treatment of CLL cells. GA induced
activation of the apoptotic protease caspase 3, as evidenced by the
cleavage of its substrate PARP to an 85-kDa fragment (Figures 2
and 3). Inhibition of the functions of the cytosolic chaperone Hsp90
and of the ER-resident chaperone GRP94 often result in up-
regulation of Hsp70*” and BiP3* respectively. GA-induced up-
regulation of Hsp70, but not of BiP, was evident in cells from
patient 3 (Figure 2), whereas both chaperones were up-regulated in
cells from patient 20 (Figure 3). In a total of 7 isolates studied,
simultaneous up-regul ation of BiPand Hsp70 was seen in 5isolates
and of either BiP or Hsp70 only in one each of the remaining 2
samples (not shown). These data suggest that the induction of a
heat shocklike response via inhibition of Hsp70, of an ER stress
response via blockade of GRP98, or both, may contribute to killing
of CLL cellshy GA.

The Akt protein kinase plays a key role in maintaining the
survival of CLL cells.*® A marked decline in levels of this protein
was evident 4 hours after addition of GA to cellsfrom patient 3 and
was sustained over the subsequent 20 hours (Figure 2). We failed to
detect significant diminutions in expression of the antiapoptotic
proteins Bcl-2 and Mcl-1 and of XIAP or of the Raf protein kinase
in the same experiment (Figure 2).

A more transient decline in Akt levels was evident at 4 hours
when cells from patient 20 were treated with GA (Figure 3).
Levelsof Mcl-1 and XIAP were decreased following 24 hours of
incubation with the ansamycin. Because these events were
coincident with the onset of caspase activation, it is not clear
whether down-regulation of any of these antiapoptotic proteins
may have contributed to cell killing or were merely a conse-
guence of activation of apoptotic proteases. However, in atotal
of 7 isolates studied, a decline in Akt levels preceding caspase
activation was clearly evident in 6 experiments, suggesting that
this event may contribute to GA-induced apoptosis induction in the
majority of cases.
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Table 2. ICg values for chlorambucil or fludarabine alone or in the presence of GA

BLOOD, 1 MARCH 2004 - VOLUME 103, NUMBER 5

Patient Sex/age, Previous Lymphocyte count, ZAP-70 Cs0, pM

no. ylstage treatment x 109/L status GA Chl Chl/GA, 1000:1 Flu Flu/GA, 100:1

1 M/72/A Chl 66.8 Negative 0.61 24.2 23.7 &3 2.2

2 M/78/A None 54.1 Negative 0.17 61.8 13.7* 1.2 0.3*

3 M/72/A Chl 66.7 Positive 0.08 167 14.3* 54 1.7t

4 F/75/B None 47.4 Positive 0.14 68.6 16.3* 3.3 1.61

5 M/72/C Chl/Flu 74.9 Positive 0.11 27.8 9.0t 2.0 0.961

6 M/76/C None 25.9 Positive 0.50 50.9 42.3 7.5 4.8

7 M/73/B Chl 30.8 Positive 0.03 8.8 10.4 0.76 0.221

8 M/75/A None 23.6 Negative 0.09 60.5 23.3t 1.2 1.2

9 M/57/B None 34.0 Negative 0.01 20.2 7.11 0.38 0.11t
10 M/56/B None 10.9 Positive 0.02 13.2 5.7t 2.6 0.77t
11 M/49/A None 24.4 Positive 0.06 13.3 6.51 11 0.75
12 M/82/C Chl 81.1 Positive 0.07 10.7 6.1 0.68 0.55
13 M/83/A None 43.9 Positive 0.01 588 3.6 0.77 0.37
14 F/63/C Chl 10.1 Negative 0.68 22.6 21.2 ND ND
5 M/66/C None 20.2 Negative 0.06 20.3 10.11 0.70 0.25t
16 M/80/B None 459 Negative 0.03 21.8 7.61 0.45 0.20t
17 M/62/B Chl 41.2 Negative 0.01 18.3 6.9t 0.38 0.47
18 F/63/C Chl 108 Positive 0.07 76.4 10.6* 0.87 1.2
19 F/69/C Chl 63.0 Negative 0.03 44.4 8.9% 0.81 0.98
20 FI78IA None 255 Positive 0.04 18 7.7* 0.19 0.18
21 M/70/A None 10.6 Negative 0.01 7.1 5.9 ND ND

Chlindicates chlorambucil; Flu, fludarabine; and ND, not done.
*|solates whose ICso was decreased by more than 75% in the presence of GA.
Tlsolates whose ICsp was decreased by more than 50% in the presence of GA.

The induction of BiP in response to induction of ER stress is
regulated at the transcriptional level.%® We used semiquantitative
reverse transcriptase-PCR to show that BiP transcripts were
induced 2- to 3-fold relativeto actin transcriptsin CLL cdllstreated for 8
hours with 100 nM GA (Figure 4). Theinduction of BiP transcripts by
GA was confirmed in 2 additional experiments (not shown).

Treatment of cells from patient 16 with GA or HMA aso
resulted in the early decline in Akt levels and simultaneous
up-regulation of Hsp70 and of BiP (not shown), suggesting similar
mechanisms of death induction by both the ansamycins studied here.

GA and HMA synergize with cytotoxic drugs in killing CLL cells

ICs, values for chlorambucil aone or in the presence of GA at a
1000:1 molar ratio are presented in Table 2. GA decreased the | Cy

Table 3. ICsq values for chlorambucil or fludarabine alone or
in the presence of HMA

Patient ICs0, nM
no. HMA Chl ChI/HMA, 100:1 Flu Flu/HMA, 10:1
1 1.2 24.2 23 83 4
2 0.45 61.8 12.6* 1.2 0.77
& 0.86 167 8.9* 5.4 1.3
4 0.46 68.6 16.3* 3.3 1.6
5 0.31 27.8 18.4 2.0 1.1
6 0.65 50.9 26.6 7.5 3.3t
7 0.09 8.8 5.1 0.76 0.27t
8 0.541 60.5 20.71 1.2 1.3
9 0.04 20.2 4.0* 0.38 0.29
10 0.14 13.2 14.6 2.6 1.9
11 0.24 83 10.8 1.1 0.6
12 0.16 10.7 6.2 0.68 0.73
13 0.06 5.3 4.1 0.77 0.34

The patient numbers are as described in the first column of Table 2.
*|solates whose ICso was decreased by more than 75% in the presence of HMA.
Tlsolates whose ICsp was decreased by more than 50% in the presence of HMA.

values for chlorambucil by more than 50% in 14 (67%) of 21
isolates and by more than 75% in 6 (29%) of 21 cases. The
difference between the mean | Cs, for chlorambucil done(36.2 + 8.1
wM) or in the presence of GA (12.4 =2 uM) was highly
significant (P = .006). The ability of GA to have an impact on cell
killing by chlorambucil was most clearly evident in isolates that

NA  +100 nM GA

Time(h) 4 8 24 4 8 24
PLI6 PARP | iyl el el b b |
p8sPARP | el |

p85/p85+pl16 0 0 0 0 0 .18

Bel-2 |Hﬂ---—-|
Bcl-2/actin - .98 .58 1.1 .9 .74 .85
Mel-1 |H uuuu-d
Mcl-l/actin .5 .5 .58 .52.45.47
XIAP |-—---—I
XIAP/actin _1.1.7 1.2 .8 .74.8
1
Akt |g. o o vt o «l
Akt/actin 1.4 1.2 .8 .12 4 .17
Raf [l e bt o ]
Raffactin .43 .6 .82 1.2 4 37
BiP [ N o0 e W ]
BiP/actin 2.3 1.9 2.12.82.1 1.6
Hsp70 [ v g W ]
Hsp70/actin .5 .53.84 1.11.21.8
Actin | ol e b b e

Figure 2. Western blot analysis of GA-treated CLL cells. Cells (107/mL) from CLL
patient 3 (Table 2) were incubated in the absence (NA) or presence of 100 nM GA.
Protein extracts were prepared at the indicated times and analyzed by Western
blotting. All bands were quantified by densitometric analysis and their intensities
normalized with respect to actin. GA-specific apoptosis at 24 hours, quantified by
morphologic criteria,*® was 22%.
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NA  +100nM GA

Time(h) 0 4 8 24 4 8 24
p116 PARP |¢H.Ihh!|
p85 PARP I - -il

p8S/p8S+pll6 0 0 0 .26 0 0 .46

Bol-2 ‘e bt g e ot o |
Bel-2/actin @+ .72 96.96 .83 8 1.1 .8

Mel-1 |L-h-h--h-hl - |
Mel-lactin -~ 1.4 .8 .77.43.93 .86 .2

XIAP |Hhh-huh-!|
XIAP/actin .93 .78.62 .61 .58.75.55

VTSR [ ———
Akt/actin 36 4 .33 .17.22 37 1
Raf Ikb‘l— --i‘buﬂl
Raf/actin .93 41 .22 .23 41 .51.22
BiP [ s s et i |
BiP/actin 5 0.32.43 .36 .7 97 92
Hsp70 I - --..._._hl
Hsp70/actin .07 .18 .18.17 4 .66 .71
Actin |\ s |

Figure 3. Western blot analysis of GA-treated CLL cells. Cells from CLL patient 20
were incubated in the absence (NA) or presence of 100 nM GA. Protein extracts were
prepared at the indicated times and analyzed by Western blotting. GA-specific
apoptosis was 26% at 24 hours.

were relatively resistant to this cytotoxic drug; in isolates with an
ICso more than 35 M, this parameter was decreased by more than
50% in 6 of 7 and by morethan 75% in 5 of 7 cases.

Synergistic interactions between chlorambucil and GA, result-
ing in Cl values below 0.9, were seen in 12 (57%) of 21 cases at
drug concentrations that induced 50% or 75% cell killing, increas-
ing to 16 (76%) of 21 cases under conditions of 90% killing (Figure
5A). At the 50% level of killing, 4 of 21 cases gave Cl values more
than 1.1, indicative of antagonistic interactions between the 2
drugs. Of these 4 cases, one showed an | Cs, for chlorambucil alone
of 20.2 pM and the remaining 3 of less than 10 pM, again
suggesting that synergistic interactions between the drugs were
more pronounced in CLL isolates that were relatively resistant to
chlorambucil aone.

GA decreased the | Csq values for fludarabine by more than 50%
in 9 (47%) of 19 isolates and by more than 75% in only 1 (5%) of
19 cases (Table 2). The difference between the mean 1Cs, for
fludarabine aone (1.8 = 0.4 pM) or in the presence of GA
(2.0 = 0.3 uM) was not statistically significant (P = .14; n = 19).
Nevertheless, analysis of Cl values showed that clear synergistic
interactions between fludarabine and GA were evident in 11 (58%)
of 19 isolates at drug concentrations inducing 50% cell killing,
increasing to 16 (84%) of 19 and 17 (89%) of 19, respectively,
under conditions where 75% and 90% cell killing were achieved
(Figure 5B).

Combinations of HMA with either chlorambucil or fludarabine
also resulted in reductions of the ICsy for each cytotoxic drug
(Table 3) and in evidence of synergistic interaction (Figure 5C-D),
albeit in asmaller proportion of isolates than in the case of GA. CI
values pertaining to these combinations suggested that synergistic
interactions became more pronounced at drug concentrations that
resulted in higher levels of cell killing (Figure 5C-D). However,
when data for CLL isolates 1 to 13 were compared, the degree of
synergy observed using combinations of chlorambucil or fludara-
bine with HMA was significantly less than that observed when
either cytotoxic drug was combined with GA. For example, at drug
concentrations that resulted in 90% cell killing, the mean CI for
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chlorambucil plusGA (0.5 = 0.11) wassignificantly lower (P = .05)
than the mean Cl for chlorambucil plus HMA (0.8 = 0.14).
Likewise, combination of fludarabine with GA resulted in a mean
Cl of 0.33 += 0.03, whereas fludarabine plus HMA gave a higher
mean value of 0.74 = 0.16 (P = .02).

We observed no statistically significant differences in the 1Cs
values for chlorambucil or fludarabine alone, or in the Cl values
pertaining to interactions of either of these drugs with GA, when
CLL patients were dtratified according to ZAP-70 status or
treatment history (not shown).

Cell killing by GA and HMA is not dependent on p53 elevation

Induction of apoptosis by chlorambucil was associated with the
progressive up-regulation of p53, which was maximal at 24 hours
of incubation (Figure 6). However, whereas GA aone induced
PARP cleavage at 24 hours, thiswas not preceded by p53 elevation.
Apoptosis induction by HMA was aso independent of p53
stabilization (not shown). However, treatment with GA and chloram-
bucil resulted in a substantially earlier peak of p53 elevation
(Figure 6). It istherefore plausible that facilitation of p53 induction
following DNA damage induction by chlorambucil may account in
part for the ability of GA to synergize with chlorambucil in
inducing the apoptotic killing of CLL cells.

Discussion

The results here show for the first time that the ansamycin
antibiotics GA and HMA induce apoptotic killing of CLL cellsin
vitro. The I Cg, for thekilling of the majority of CLL isolatesby GA
was below 0.1 wM, in contrast to the much higher concentrations
(approximately 5 M) required for apoptosis induction of ber-abl—
expressing leukemia cell lines. 4

GA showed greater selectivity against CLL cellsthan did HMA.
Whereas nonmalignant B lymphocytes were as sensitive as CLL
cellsto GA, both normal T lymphocytesand T cells present in CLL
cell isolates were significantly less sensitive. Severa recent studies
have identified drugs that show selectivity toward CLL cells
compared to norma T cells.’>2 However, the actions of these
agents on bone marrow progenitor cells was not investigated.
Importantly, we have shown here that GA did not induce apoptosis
of CD34* progenitor cellsfrom normal bone marrow and may even
confer amodest cytoprotective effect.

GA treatment of CLL cells resulted in the up-regulation of
Hsp70 and BiP, consistent with the interpretation that the actions of

PCR cycles
20 22 24 26
NA GA NA GA NA GA NA GA
_|siP
- . = = = = Jactin

0.13 0.4 0.23 0.47 0.38 0.68

BiP/actin densitometric ratio

Figure 4. Induction of BiP transcripts by GA. CLL cells were incubated for 8 hours
in the absence (NA) or presence (GA) of 100 nM GA. RNA was prepared and
analyzed by reverse transcriptase—PCR for actin and BiP transcripts. Following
amplification for the indicated cycles, products were fractionated on an agarose gel,
stained with ethidium bromide, and visualized using a UV transilluminator.
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Figure 5. Cl values for combinations of ansamycin antibiotics and cytotoxic drugs. Cl values for the drug combinations shown were computed under conditions where
50%, 75%, or 90% cell killing was achieved. Median Cl values are shown by solid bars. The dotted lines identify Cl values between 0.9 and 1.1, which were considered to
indicate additive drug interactions. Values above 1.1 indicate antagonism, whereas values below 0.9 suggest synergy. (A) Chlorambucil/GA (1000:1). (B) Fludarabine/GA

(100:1). (C) Chlorambucil/HMA (100:1). (D) Fludarabine/HMA (10:1).

this ansamycin on CLL cells are primarily the consequence of its
ability to inhibit the chaperone functions of Hsp90 or GRP94 or
both. Cellular levels of the Akt protein kinase were rapidly
decreased in the majority of CLL isolates following treatment with
GA. Maintenance of Akt in a correctly folded state is highly
dependent on Hsp90,3! suggesting that down-regulation of this
protein, a key mediator of the surviva of CLL cells* may contribute
sgnificantly to the mechanism of ansamycin-induced killing. However,
it is possible that down-regulation of other client proteins of Hsp90 or
GRP94 may also contribute to gpoptosisinduction.

Paradoxically, inhibition of chaperone proteins may in some
instances block apoptosis induction. Hsp70 inhibits cell death by
blocking recruitment of procaspase 9 to the Apaf-1 apoptosome,*
whereas BiP may inhibit caspase activation directly.® Therefore,
inhibition of Hsp90 and GRP94 by GA and the resulting up-
regulation of Hsp70 and BiP, respectively, may, in some cellular
contexts, override the proapoptotic consequences of chaperone
inhibition discussed. It is plausible that the ability of GA to protect
CD34* bone marrow progenitors from spontaneous apoptosis in
culture may be mediated by this mechanism. However, the low
numbers of progenitor cells available for study precluded the direct
analysis of Hsp70 and BiPinduction by GA. It is also possible that
antiapoptotic actions of stress-induced chaperones may contribute
to the antagonistic interactions between ansamycins and cytotoxic
drugs observed in aminority of CLL isolates.

Both GA and HMA synergized with chlorambucil and fludara-
bine in inducing the killing of a significant proportion of CLL
isolates. However, higher degrees of synergy were observed using
GA than with HMA. The CI value for each of the pair-wise drug
interactions decreased, indicating increasing synergy, asthe percent-
age of cell killing increased. Therefore, ansamycins may be of
value in decreasing the doses of cytotoxic drugs required to obtain
high levels of killing of the malignant cells. For example, whereas
514 wM chlorambucil was required to achieve 90% killing of the
cells from patient 3, the same level of death was obtained with 40
M chlorambucil when combined with 0.04 wM GA, giving adose

4h 8h 24h
& & &
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Figure 6. Western blot analysis of CLL cells treated with chlorambucil and GA.
Cells were incubated with 40 .M chlorambucil (Chl), 100 nM GA, or a combination of
the 2 drugs. Cells were lysed at the indicated times and analyzed by Western blotting.

reduction index*? of 12.8. Therefore, coadministration of ansamy-
cins may allow substantial reductions in the doses of the cytotoxic
drugs required to achieve substantial cell killing in vivo. Signifi-
cantly, the potential for reduction of doses of cytotoxic drugs were
most evident in patients whose malignant cells were relatively
resistant to the latter agents.

Neither GA nor HMA resulted in elevation of p53, suggesting
that CLL cell killing by these agents was not dependent on this
pathway. However, we observed that coincubation with GA
substantially accelerated the up-regulation of p53 by chlorambucil.
It is therefore possble that facilitation of chlorambucil-induced p53
up-regulation by GA may contribute to the observed synergy between
thesedrugs.

Although ansamycins have recently attracted considerable
interest as potential anticancer agents, hepatotoxicity is often the
dose-limiting factor in their clinical application. However, weekly
administration of high-dose ansamycins is better tolerated than
chronic exposure to lower doses.3! We have shown here that GA
pulses at low nanomolar concentrations and as short as 4 hoursin
duration were sufficient to induce substantial apoptosis of CLL
cells. It istherefore plausible that suitable treatment schedules may
be devised that exploit the selectivity and potency of GA while
minimizing its toxic side effects.

Toxic actions of ansamycins unrelated to their ability to inhibit
chaperone proteins may be conferred by their quinone moieties.>
Therefore, efforts are underway to exploit ansamycins as guide
compounds for the synthesis of novel cancer therapeutic agents
showing lower collateral toxicity. A derivative of the compound
PU3, which lacks the quinone moiety, has recently been synthe-
sized. This drug inhibits chaperone proteins at submicromolar
concentrations, selectively depletes their client proteins, and is
freely soluble.®* Novel drugs that combine selectivity for chaper-
one proteins with reduced toxic side effects compared to ansamy-
cins may therefore be of value in future CLL therapy.

In conclusion, the studies reported here identify ansamycins as
potential therapeutic agents that induce apoptosis of CLL cellsin
both ZAP* and ZAP~ subtypes of the disease. The relative
resistance of T lymphocytes and of CD34" bone marrow progeni-
torsto GA, the ability of this ansamycin to induce p53-independent
apoptosis following brief exposures, and its ability to synergize
with conventional cytotoxic drugs suggest that further evaluation
of GA and of novel inhibitors of chaperone proteins may result in
their therapeutic application in the treatment of CLL.
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