
Phase I Clinical Trial of Histone Deacetylase Inhibitor:
Suberoylanilide Hydroxamic Acid
Administered Intravenously1

Wm. Kevin Kelly,2 Victoria M. Richon,
Owen O’Connor, Tracy Curley,
Barbara MacGregor-Curtelli, William Tong,
Mark Klang, Lawrence Schwartz,
Stacie Richardson, Eddie Rosa, Marija Drobnjak,
Carlos Cordon-Cordo, Judy H. Chiao,
Richard Rifkind, Paul A. Marks, and
Howard Scher
Genitourinary Oncology Service [W. K. K., H. S.], Lymphoma
Service [O. O.], Departments of Medicine [W. K. K., O. O., H. S.],
Nursing [T. C., B. M-C.], Pharmacy [M. K.], Radiology [L. S.],
Epidemiology and Biostatistics [S. R.], and Pathology [M. D., C. C-
C.], Laboratory of Analytical Pharmacology [W. T.], and Cell
Biology Program of Sloan-Kettering Institute [R. R., P. A. M.],
Memorial Sloan-Kettering Cancer Center and Joan and Sanford Weill
Medical College of Cornell University, New York, New York 10021,
and Aton Pharma, Inc., Tarrytown, New York [V. M. R., E. R.,
J. H. C.]

ABSTRACT
Purpose: To evaluate the safety, pharmacokinetics,

and biological activity of suberoylanilide hydroxamic acid
(SAHA) administered by 2-h i.v. infusion in patients with
advanced cancer.

Experimental Design: SAHA was administered for 3
days every 21 days in part A and 5 days for 1–3 weeks in
part B. Dose escalation proceeded independently in patients
with solid tumor and hematological malignancies (part B

only). Pharmacokinetic studies were performed along with
assessment of acetylated histones in peripheral blood mono-
nuclear cells and tumor tissues.

Results: No dose-limiting toxicities were observed in 8
patients enrolled in part A (75, 150, 300, 600, and 900
mg/m2/day). Among 12 hematological and 17 solid tumor
patients enrolled in part B (300, 600, and 900 mg/m2/day),
therapy was delayed >1 week for grade 3/4 leukopenia
and/or thrombocytopenia in 2 of 5 hematological patients at
600 mg/m2/day � 5 days for 3 weeks. The maximal-tolerated
dose was 300 mg/m2/day � 5 days for 3 weeks for hemato-
logical patients. One solid patient on 900 mg/m2/day � 5
days for 3 weeks developed acute respiratory distress and
grade 3 hypotension. The cohort was expanded to 6 patients,
and no additional dose-limiting toxicities were observed.
Mean terminal half-life ranged from 21 to 58 min, and there
was dose-proportional increase in area under the curve. An
accumulation of acetylated histones in peripheral blood
mononuclear cells up to 4 h postinfusion was observed at
higher dose levels. Posttherapy tumor biopsies showed an
accumulation of acetylated histones by immunohistochemis-
try. Four (2 lymphoma and 2 bladder) patients had objective
tumor regression with clinical improvement in tumor re-
lated symptoms.

Conclusions: Daily i.v. SAHA is well tolerated, inhibits
the biological target in vivo, and has antitumor activity in
solid and hematological tumors.

INTRODUCTION
Histone acetylation is a posttranslational modification of the

core nucleosomal histones that affects chromatin structure and gene
expression. The acetylation status of histones is determined by the
opposing activities of HATs3 and HDACs (1). Defects in both
HAT activities and HDACs have been described in a variety of
cancers. Genes that encode HAT enzymes are translocated, ampli-
fied, overexpressed, and/or mutated in cancers, including both
hematological and epithelial malignancies. HDACs have been
shown to be involved in oncogenic transformation by mediating the
function of transcription factors. For example, in acute promyelo-
cytic leukemia, the oncogenic translocation product PML-RAR �
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represses transcription by associating with a corepressor complex
that contains HDAC activity (2).

Inhibitors of HDAC activity induce differentiation, growth
arrest, and/or apoptosis of transformed cells in culture and
inhibit tumor growth in animals (1). Linear hydroxamic acids
such as SAHA are inhibitors of HDAC activity (3). Mammalian
HDACs have been grouped into three classes (1, 4). Class I
human HDACs are homologous to the yeast HDAC Rpd3 and
include HDAC1, HDAC2, HDAC3, HDAC8, and HDAC11.
Class II HDACs include HDAC4, HDAC5, HDAC6, HDAC7,
HDAC9, and HDAC10 and are homologous to the yeast HDAC
Hda1. The third class of human HDACs consists of homologues
of yeast Sir2 and requires NAD� for activity. SAHA has been
shown to inhibit the activity of HDACs in both class I and class
II but does not inhibit the activity of hSirT1 (class III HDAC;
Ref. 1).

SAHA induces differentiation, growth arrest, or apoptosis
of transformed human cells in culture at micromolar concentra-
tions. SAHA was originally identified based on its ability to
induce differentiation of murine erythroleukemia cells (5). Sub-
sequently, it was found to induce differentiation of human breast
adenocarcinoma cells and growth arrest in human prostate car-
cinoma and bladder transitional cell carcinoma cells (3, 6).
SAHA induces apoptosis in transformed hematopoietic cells,
including Jurkat, CEM cells, and ARP-1 cells (1).

The antitumor activity of SAHA was demonstrated in
several in vivo models of cancer, including a xenograft model of
human prostate cancer (CWR22; Ref. 6), a transgenic mouse
model of leukemia (promyelocytic leukemia zinc-finger-retinoic
acid receptor �), and a carcinogen-induced tumor model in
rodents (N-methylnitrosourea-induced mammary tumors; Ref.
7). SAHA showed activity when administered either by daily
i.p. injections (CWR22 and PLZF-RAR �) or oral (p.o.) admin-
istration by incorporation into the diet (the carcinogen-induced
tumor model; Ref. 1).

Initial toxicology studies in mice and rabbits showed that a
2-h infusion of SAHA at the maximal administered dose of 3000
mg/m2/day for 3 days produced no drug related deaths or organ
toxicities. On the basis of this study and studies regarding the
efficacy of SAHA in a mouse tumor xenograft model (efficacy
at 150 mg/m2/day), we calculated a safe and biologically active
starting dose in humans to be 75 mg/m2/day for 3 days. This
study reports the experience of i.v. administered SAHA in
patients with advanced solid tumors and hematological malig-
nancies.

PATIENTS AND METHODS
Patient Eligibility and Pretreatment Evaluation

Patients with histologically documented, progressive ad-
vanced stage, primary, or metastatic solid tumors that were
refractory to standard therapy or for which no curative standard
therapy existed were considered eligible for the study. After we
established some of the preliminary dosing and toxicity param-
eters, the study was amended to include patients with hemato-
logical malignancies (refractory or relapsing leukemia, MM,
indolent or aggressive non-Hodgkin’s lymphoma, mantle cell
lymphoma, or Hodgkin’s disease). The diagnosis for hemato-
logical malignancies were confirmed at Memorial Sloan-Ketter-

ing Cancer Center and, where indicated, patients must have
failed, relapsed, or not be eligible for a peripheral blood stem
cell transplant. To help distinguish the two groups, group A
refers to the patients with solid tumors, whereas group B in-
cludes those patients with hematological malignancies.

All patients were required to have a KPS � 70%, total
bilirubin and AST � 1.5 � upper limit of normal, creatinine �
2.0, and prothrombin time � 14 s. A platelet count � 100,000
cells/mm3 and WBC � 3,500 cells/mm3 were required for all
patients with solid tumors, whereas patients with hematological
malignancies were required to have a platelet count � 25,000
cells/mm3.

All patients were required to have recovered from the acute
toxicities of any prior therapy and could not receive chemother-
apy, radiation therapy, cytokine therapy, or other investigational
anticancer therapeutic drugs for at least 4 weeks before entry
into the trial. Patients with leukemia and lymphoma or MM may
have received hydroxyurea or steroids, respectively, up to 2
weeks before starting therapy.

Patients were required to be at least 18 years of age and
were informed of the potential risk of procreation while partic-
ipating in this trial and required to use effective contraception
during the entire study period. All patients signed an informed
consent. Patients with clinically significant cardiac disease
(New York Heart Association Class III or IV) or severe debil-
itating pulmonary disease, active central nervous system or
epidural tumor, active infection requiring i.v. antibiotic treat-
ment, or severe medical problems that would increase the pa-
tient’s risk for toxicity were not eligible to participate in the
study. Pregnant women and lactating females were excluded
because of the unknown teratogenic effects of the compound
and because the excretion of the compound into breast milk has
not been characterized.

The pretreatment evaluation included a complete history
and physical examination with a baseline KPS. Laboratory
studies included an automated blood and platelet count (CBC),
serum electrolytes, and comprehensive screening profile (alka-
line phosphatase, lactate dehydrogenase, aspartate transglutami-
nase, blood urea nitrogen, creatinine, calcium, phosphorus, uric
acid, total protein, albumin, total bilirubin, and electrolytes).
Prostate cancer patients had serum acid phosphatase and pros-
tate-specific antigen levels. Imaging studies included a chest,
abdominal, and pelvic CT or magnetic resonance imaging scan,
bone scan, and chest radiograph as indicated. All patients had a
baseline EKG and additional cardiac work-up if indicated. Pa-
tients with lymphoma, leukemia, and MM had a baseline bone
marrow aspiration and biopsy as clinically indicated to monitor
their disease status.

Trial Design and Treatment
Patients received SAHA by a 2-h i.v. infusion through a

central venous catheter. The study was divided into parts A and
B as outlined in Table 1. Part A investigated 3 consecutive days
of SAHA administration starting at a dose of 75 mg/m2/day and
escalated to 900 mg/m2/day repeated every 21 days. Starting at
300 mg/m2, part B increased the number of days the infusion
was given to 5 days and the number of consecutive weeks of
treatment to 3 weeks then subsequently increased the dose of
SAHA to 600 and 900 mg/m2 as outlined in Table 1. An
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accelerated titration design was used in part A of the study. A
single patient was entered and observed at each specified dose
level for at least one treatment cycle until a grade 2 or greater
toxicity (other than hemoglobin-anemia) was encountered in the
first cycle or when two different patients experienced a grade 2
toxicity (other than hemoglobin-anemia) during any course of
treatment. This marked the end of the accelerated phase and
standard dose escalation was initiated. In the standard dose
escalation phase, 1 patient was entered in cohort 1b, and 3
patients were entered in subsequent cohorts. In the event of a
DLT, the cohort was expanded to 6 patients.

Starting at cohort 3b, the trial was amended to allow the
participation of patients with hematological malignancies. Dose
escalation proceeded independently in patients with solid tu-
mors (group A) and patients with hematological malignancies
(group B).

A cycle of therapy was defined as the treatment period (1–3
weeks) plus the observation period (1–2 weeks). For solid tumor
patients, the DLT was defined as grade 4 neutropenia or throm-
bocytopenia, grade 3 neutropenia with fever or any grade 3 or 4
nonhematological toxicity using the National Cancer Institute
Common Toxicity Criteria during the first cycle of therapy. All
patients with solid tumors must have recovered from the toxicity
(grade 0 or 1) before receiving the next cycle of therapy. For
patients with hematological malignancies, the DLT was defined
as a grade 3 or 4 nonhematological toxicity using the National
Cancer Institute Common Toxicity Criteria during the first cycle
of therapy. Patients with hematological malignancies could be
re-treated if nonhematological toxicity and WBC recovered
from toxicity (grade 0 or 1) and platelet count � 25,000 cells/
mm3. If the treatment was delayed secondarily from toxicity �1
week, this was also considered a DLT. Maximum-tolerated dose
was defined as the highest dose with an observed incidence of
DLT in no more than 1 of 6 patients treated at a particular dose
level.

Drug Preparation
SAHA was manufactured at Southern Research Institute

(Birmingham, AL) and ChemSyn Laboratories (Lenexa, KS).
The i.v. solution was prepared in the investigational pharmacy at
Memorial Sloan-Kettering Cancer Center. The SAHA solution
was prepared in a sterile isotonic solution of water for injection
and sodium chloride (�300 mOsm) at pH 11.2 with a buffer
capacity of 0.006 mol/l/pH unit. The protocol for preparation of
100 ml of a 5 mg/ml SAHA formulation for i.v. infusion was as
follows: add 25 ml of NaOH (0.25 N) to 0.5 g of SAHA and stir
until dissolved without heating. Add 25 ml of water for injection
and 0.55 g of NaCl and stir until dissolved. Add 0.1 N HCl
slowly until the pH of the solution is 11.2. The volume was
adjusted to 100 ml. The pH was checked and maintained be-
tween 11.0 and 11.2. Solution was subsequently sterilized by
filtration through a cellulose acetate (0.22 �m) filter before
administration.

Posttreatment Evaluation
Patients were evaluated weekly with a medical history,

physical exam, toxicity assessment, CBC, comprehensive
screening profile, coagulation profile (prothrombin time, partial
thromboplastin time, and international normalized ratio) and
urinalysis. Tumor markers, including acid phosphatase and
prostate-specific antigen, were repeated every 2 weeks while on
the study. Imaging studies were repeated every 8 weeks in
patients as clinically indicated. An EKG was repeated at base-
line and before every cycle of therapy. Bone marrow aspiration
and biopsy were performed at baseline and repeated as indi-
cated.

All patients registered were eligible for assessment of
toxicity and response if they received any treatment. Toxicities
were graded on the Common Toxicity Criteria from the Cancer
Therapy Evaluation Program (version 2) of the National Cancer
Institute (Bethesda, MD). Outcomes were assessed independ-

Table 1 Dose escalation schedule

Part A
Cohort Dose (mg/m2) No. of days/week No. of consecutive weeks Observation period (wk) No. of patients

Solid tumor patients
1a 75 3 1 2 1
2a 150 3 1 2 1
3a 300 3 1 2 1
4a 600 3 1 2 1
5a 900 3 1 2 4

Part B
Cohort Dose (mg/m2) No. of days/week No. of consecutive weeks Observation period (wk) No. of patients

Solid tumor patients
1b 300 5 1 2 1
2b 300 5 2 2 3
3b 300 5 3 1 3
4b 600 5 3 1 3
5b 900 5 3 1 7

Cohort Dose (mg/m2) No. of days/week No. of consecutive weeks Observation period (wk) No. of patients

Hematological patients
3b 300 5 3 1 7
4b 600 5 3 1 5
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ently using CT or magnetic resonance imaging scans for meas-
urable lesions, radionuclide bone scans, and posttherapy
changes in serum tumor markers (8). In patients with measura-
ble disease, standard Phase II response criteria (9) were used,
and radiographs were reviewed independently, with the re-
viewer (L. S.) blinded to the clinical outcome.

The time to progression was calculated from the start of the
therapy to the off study date defined by the criteria for progres-
sion based on measurable or osseous disease or removal from
the study because of toxicity or death.

Pharmacokinetics
Pharmacokinetic studies were performed on the first and

last day of i.v. therapy in the first cycle of therapy. Ten ml of
heparinized blood from a peripheral vein were collected at
baseline, 30 min, and 1 h during the infusion and at end of the
2-h infusion. Postinfusion blood samples were drawn at 15 min
and 0.5, 1, 1.5, 2, 3, and 4 h. SAHA samples were placed on ice
and refrigerated until they were centrifuged to separate the
plasma. The plasma (3–5 ml) was transferred to labeled conical
15-ml polypropylene screw top tube and stored at �20 C° until
they were analyzed by HPLC in the laboratory of Analytical
Pharmacology. The HPLC method involved the addition of 10
�l of 1 N hydrochloric acid to 200 �l of plasma. After mixing,
200 �l of methanol were then added to precipitate the protein
that was isolated by centrifugation. The supernatant was ana-
lyzed with an XDB-C18 Eclipse column (3 � 250 mm; HP)
with the mobile phase A consisting of 14% acetonitrile in 50 mM

potassium phosphate buffer with 0.025% triethylamine and mo-
bile phase B consisting of 30% acetonitrile in 50 mM potassium
buffer with 0.025% triethylamine, delivered at a flow rate of 0.5
ml/min. The eluate was monitored at 240 nm, and the lower
limit of detection was 31.25 ng/ml.

Twenty-four-h urine collection was performed in each pa-
tient starting at the initiation of the i.v. therapy on day 1.
Aliquots of urine were frozen at �20 C° for evaluation by
HPLC. Pharmacokinetic parameters were calculated according
to a noncompartmental analysis using WinNonLin version 3.1
(Pharsight Corp., Mountain View, CA). AUC was estimated
using the linear trapezoid method. The first order rate constant
(�z) associated with the terminal phase was estimated by linear
regression of at least three terminal plasma concentration-time
data points. Clearance (Cl) was calculated by the standard
formula (i.e., total dose divided by AUC0-	). Volume of distri-
bution based on the terminal phase was calculated using Cl and
z (i.e., Cl/lambda z).

Correlative Studies
Effect on Histone Acetylation in Mononuclear Cells.

Ten to thirty ml of peripheral blood were obtained in hepa-
rinized tubes. PBMN cells were isolated from the whole blood
by centrifugation using Ficoll-Paque (Pharmacia, Peapack, NJ)
at a bedside laboratory according to the manufactures guide-
lines. Nuclei from mononuclear cells were then isolated by lysis
in buffer containing 10 mM Tris-HCl (pH 6.5), 50 mM sodium
bisulfite, 1% Triton X-100, 10 mM MgCl2, 8.6% sucrose, and
Dounce homogenization. Histones were isolated from the mono-
nuclear cells as described by Yoshida et al. (10). Equal amounts

of partially purified proteins (1–5 �g) were electrophoresed on
15% SDS-PAGE minigels (Bio-Rad, Hercules, CA) and trans-
ferred to Hybond-P filters (Amersham). Filters were blocked
with 3% milk. Purified rabbit polyclonal (anti-Ac-H4) antibody
or anti-Ac-H3 antibody (Upstate Biotechnology, Inc., Lake
Placid, NY) were used to detect acetylated histone H4 and H3,
respectively. Levels of acetylated histone were visualized using
a horseradish peroxidase-conjugated goat antirabbit antibody
(1:5000) and the Super Signal chemiluminescent substrate
(Pierce, Rockford, IL). As a control for the amount of protein
loading, parallel gels were stained with Coomassie blue stain.

During cycle 1, mononuclear cells for histone acetylation
were evaluated pretreatment, end of the infusion, and then
between 15 min and 4 h after infusion. These studies were
repeated on the last day of therapy in the first cycle.

Effect on Histone Acetylation on Tumor Tissues. Tu-
mor biopsies were performed pretreatment and during the last
week of therapy of cycle 1 in patients willing to undergo a tumor
biopsy. The posttherapy biopsy was performed within 6 h of the
completion of the SAHA infusion. Informed consent was ob-
tained for these biopsies. Biopsies were formalin fixed and
paraffin embedded. Slides (5 �m) were sectioned from the
paraffin block immediately before immunostaining. The slides
were stained using a rabbit polyclonal anti-Ac-H3 antibody
(Upstate Biotechnology, Inc.) and titrated with serial dilutions
of 1:1000, 1:2500, and 1:5000. Standard streptavidin techniques
were used. 3,3
-Diaminobenzidine was used as the counterstain.
The samples were read using the pretherapy sample as the
control for histone H3 accumulation and graded the posttherapy
samples as a grade �1, �2, or �3 increase in histone H3
acetylation.

RESULTS
Patient Characteristics

Thirty-nine patients were registered to the study; 2 patients
with Hodgkin’s disease had rapid progression and were with-
drawn from the study before receiving SAHA. Thirty-seven
patients (25 solid tumor and 12 hematological malignancies)
received a total of 1010 (range, 1–134) doses of i.v. SAHA from
February 2000 to August 2002, and the median number of doses
was 15. Baseline characteristics for solid tumor and hematolog-
ical patients are listed in Table 2. KPS was good for both groups
of patients, but the median age was substantially less for the
hematological patients (39 years; range, 19–77 years) than
patients for the solid tumors (63 years; range, 42–81 years). The
majority of patients were heavily pretreated, and in the case of
the hematological patients, 67% of the patients had prior pe-
ripheral blood stem cell transplants.

SAHA Dose Escalation
In part A of the study, 1 patient was entered at the 75, 150,

300, and 600 mg/m2 dose level. No grade 2 or greater toxicity
was seen, but it was elected to expand the 900 mg/m2 dose level
to evaluate this dose in a larger number of patients. Four patients
were entered, and 1 patient was withdrawn from the study after
the first dose of SAHA for noncompliance. No DLTs were
observed.

In part B, there were no DLTs in cohorts 1b through 4b in
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patients with solid tumors. In the initial 3 patients in cohort 5b
(900 mg/m2 � 5 days � 3 weeks), 1 patient with metastatic
breast cancer with lymphangitic lung metastasis developed an
acute adult respiratory distress syndrome and grade 3 hypoten-
sion possibly related to SAHA prompting an expansion of the
cohort. This patient recovered and was taken off study for
progression of disease. One additional patient in cohort 5b had
an acute cardiac event during his observation week and died.
This patient had a long history of cardiopulmonary disease. He
suddenly ceased smoking and self-medicated with nicotine
patches on his week off therapy. Before his death, EKGs
showed no acute changes from his baseline EKG, and electro-
lytes were within normal. There was no grade 3 or 4 toxicities,
and the only grade 2 toxicities observed in this patient were
anemia and thrombocytopenia. A postmortem exam was not
performed. The death was considered unlikely related to the
study drug. An additional 4 patients (the later patient was
replaced. and 3 were enrolled as per protocol) were treated in
cohort 5b. To further explore the possible cardiac effects from
the drug, EKGs were performed in these patients before therapy
while receiving the i.v. infusion and posttreatment. There were
nonspecific ST changes noted on EKG, but no acute cardiac
events or DLTs were seen in the additional 4 patients enrolled in
cohort 5b. Additional dose escalation of IV SAHA was sus-
pended at this juncture because of the availability of an oral
formulation of SAHA.

In patients with hematological tumors, 12 patients were

treated in two cohorts (3b and 4b). Two of 5 patients in cohort
4b developed DLT. One patient with Hodgkin’s disease and
prior history of two peripheral stem cell transplants developed
grade 4 nonfebrile neutropenia for 6 days. Her treatment was
delayed for �1 week. The patient subsequently had her dose
reduced to 300 mg/m2 � 5 days � 3 weeks, and she tolerated
therapy without any additional neutropenia. A second patient
with diffuse large-cell lymphoma and history of one prior pe-
ripheral stem cell transplant developed a fever. On admission,
the patient had grade 3 leukopenia (grade 1 neutropenia) and
thrombocytopenia that lasted 3 days. No bleeding was noted in
this patient. Despite a full course of antibiotics, the fever per-
sisted, and it was felt this represented tumor fever. The patient
was rechallenged at the same dose of i.v. SAHA but again
developed leukopenia. Subsequently, this patient had increasing
fatigue and dyspnea related to his progressive metastatic disease
and was removed from the study. Because the patient had
treatment delay �1 week, which was considered a DLT, no
additional patients were enrolled at this dose. Three additional
patients were treated in the proceeding dose level (cohort 3b:
300 mg/m2 � 5 days � 3 weeks). One patient with MM after 1
week of therapy fell and fractured his shoulder. This patient was
removed from the study, and 1 additional lymphoma patient was
treated. No additional DLTs were seen in these additional 3
patients treated at 300 mg/m2 � 5 days � 3 weeks, and this dose
level was considered to be the maximum-tolerated dose for the
hematological patients.

Adverse Events
The most common adverse events for solid tumor and

hematological patients are listed in Tables 3, a and b. There was
an increased incidence of leukopenia and thrombocytopenia
associated with the treatment of patients with lymphoma com-
pared with the solid tumor patients. The nonhematological ad-
verse events were similar between the groups.

Hematological. Treatment delay longer than 1 week be-
cause of leukopenia or thrombocytopenia was the DLT in pa-
tients with hematological malignancies. Considering all cycles
of therapy given to the hematological patients, 1 patient devel-
oped a grade 4 leukopenia and a grade 3 thrombocytopenia, 1
had a grade 4 leukopenia/neutropenia, and 1 was observed to
have grade 3 thrombocytopenia. No significant first-cycle leu-
kopenia or thrombocytopenia was seen in the solid tumor pa-
tients. There was evidence of cumulative marrow toxicity seen
in solid tumor patients with 44, 12, and 4% developing grade 1,
2, or 3 thrombocytopenia, respectively. One solid tumor patient
developed a grade 3 thrombocytopenia after four cycles of
therapy. The platelet count would typically rebound within 7
days after the discontinuation of SAHA.

Cardiovascular/Pulmonary. One patient suffered an
acute myocardial infarction as described above, but no other
acute cardiac events were noted in other patients. EKGs were
performed weekly before therapy, during therapy, and after
treatment, subsequently. Nonspecific asymptomatic ST changes
were observed in patients but considered not clinically signifi-
cant. No patients had any cardiac dysrhythmias while on study.
One patient with metastatic breast cancer with diffuse lym-
phangitic disease to the lung developed hypotension and acute
respiratory distress syndrome. After discontinuation of SAHA

Table 2 Patient characteristics

n (%)

Solid tumor patients 25
Male 17 (68%)
Female 8 (32%)
White, non-Hispanic 21 (84%)
Black, non-Hispanic 2 (8%)
Asian 2 (8%)

Tumor type
Prostate 8 (32%)
Bladder 6 (24%)
Breast 4 (16%)
Colon 4 (16%)
Ovarian 1 (4%)
Renal 2 (8%)

Median age, yr (range) 63 (42–81)
Median KPS 80 (70–90)
Median no. of prior chemotherapies and

biological therapies (range)
5 (2–15)

Hematological tumor patients 12
Male 7 (58%)
Female 5 (42%)
White, Non-Hispanic 11 (92%)

Tumor type
Hodgkin’s lymphoma 5 (42%)
Non-Hodgkin’s lymphoma 6 (50%)
Multiple myeloma 1 (8%)

Median age (range) 39 (19–77)
Median KPS 80 (70–90)
Median no. of prior chemotherapies and

biological therapies (range)
7 (4–15)

Stem cell transplants 8 (67%)
1 7 (58%)
2 1 (8%)
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and steroid treatment, symptoms resolved to her baseline respi-
ratory status. This event was considered possibly related to the
SAHA administration.

Gastrointestinal. Transient mild nausea, constipation
and diarrhea were seen in patients postinfusion that was self
limiting and did not require medical intervention.

Metabolic. Significant hepatotoxity was not encoun-
tered. Five patients (4 solid tumor and 1 hematological patient)
developed grade 2 renal insufficiency after median of 4 months
of therapy. On discontinuation of the drug, the renal insuffi-
ciency returned to the baseline. Hyperglycemia (�160 mg/dl,
grade � 2) was seen in 17–40% of the patients, but medical

Table 3 Common adverse events

a. Solid tumors

Adverse event

Grade

1� 2� 3� 4� 5�

Cardiac/thromboembolic
ARDSa 0 (0%) 0 (0%) 0 (0%) 1 (4%) 0 (0%)
Cardiac ischemia 0 (0%) 1 (4%) 0 (0%) 0 (0%) 1 (4%)
Hypotension 0 (0%) 1 (4%) 1 (4%) 0 (0%) 0 (0%)
Thrombosis 0 (0%) 0 (0%) 0 (0%) 1 (4%) 0 (0%)

Hematological
Hemoglobin 7 (28%) 14 (56%) 2 (8%) 0 (0%) 0 (0%)
Leukocytes 8 (32%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Platelets 11 (44%) 3 (12%) 1 (4%) 0 (0%) 0 (0%)

Metabolic
Creatinine 4 (16%) 4 (16%) 0 (0%) 0 (0%) 0 (0%)
Hyperglycemia 13 (52%) 6 (24%) 4 (16%) 0 (0%) 0 (0%)
AST 8 (32%) 1 (4%) 0 (0%) 0 (0%) 0 (0%)
ALT 5 (24%) 2 (8%) 0 (0%) 0 (0%) 0 (0%)

Gastrointestinal
Anorexia 13 (52%) 2 (8%) 0 (0%) 0 (0%) 0 (0%)
Constipation 10 (40%) 4 (16%) 0 (0%) 1 (4%) 0 (0%)
Diarrhea 15 (60%) 1 (4%) 1 (4%) 0 (0%) 0 (0%)
Vomiting 6 (24%) 4 (16%) 0 (0%) 0 (0%) 0 (0%)

General
Abdominal pain/cramping 3 (12%) 1 (4%) 1 (4%) 1 (4%) 0 (0%)
Dyspnea 5 (20%) 6 (24%) 1 (4%) 0 (0%) 0 (0%)
Fatigue 13 (52%) 1 (4%) 1 (4%) 0 (0%) 0 (0%)
Tumor pain 0 (0%) 0 (0%) 2 (8%) 0 (0%) 0 (0%)

b. Hematological malignancies

Adverse event

Grade

1� 2� 3� 4�

Cardiac/thromboembolic
Hypotension 1 (8%) 2 (17%) 0 (0%) 0 (0%)
Pulmonary, other 0 (0%) 0 (0%) 1 (8%) 0 (0%)
Thrombosis 0 (0%) 1 (8%) 2 (17%) 0 (0%)

Hematological
Hemoglobin 2 (8%) 5 (42%) 5 (42%) 0 (0%)
Leukocytes 1 (8%) 1 (8%) 0 (0%) 2 (17%)
Platelets 4 (33%) 2 (17%) 2 (17%) 0 (0%)

Metabolic
Creatinine 2 (17%) 1 (8%) 0 (0%) 0 (0%)
Hyperglycemia 8 (67%) 2 (17%) 0 (0%) 0 (0%)
AST alanine 3 (25%) 0 (0%) 0 (0%) 0 (0%)
Aminotransferase 3 (25%) 0 (0%) 0 (0%) 0 (0%)

Gastrointestinal
Anorexia 6 (50%) 1 (8%) 0 (0%) 0 (0%)
Constipation 4 (33%) 0 (0%) 1 (8%) 0 (0%)
Diarrhea 4 (33%) 0 (0%) 1 (8%) 0 (0%)
Vomiting 1 (8%) 2 (17%) 0 (0%) 0 (0%)

General
Abdominal pain/cramping 1 (8%) 1 (8%) 0 (0%) 0 (0%)
Dyspnea 3 (25%) 2 (17%) 3 (25%) 1 (8%)
Fatigue 3 (25%) 4 (33%) 3 (25%) 0 (0%)
Tumor pain 1 (8%) 0 (0%) 0 (0%) 0 (0%)

a Acute respiratory distress syndrome.
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interventions were not required for any patient, except for diet
control and close monitoring.

General. The most common adverse event was fatigue
(grade 1 or 2). In general, the fatigue increased as the number of
consecutive weeks of therapy and dose was increased. The fatigue
resolved during the observation period or discontinuation of the
therapy. In 3 patients, there was an increase in tumor-related pain
with the administration of i.v. SAHA. Tumor pain flares were seen
in 3 cases (2 solid tumor and 1 hematological patient) and required
narcotics to complete the infusion in the 2 solid tumor patients that
had large tumor burdens. The pain flares were most severe on the
first day of the infusion and decreased on subsequent days. The rate
of the infusion did not affect the intensity of the pain. One patient
with metastatic colon cancer with peritoneal disease had an in-
crease in abdominal pain and cramping associated with the infusion
requiring additional narcotics.

Pharmacokinetics
Samples for pharmacokinetic analysis were obtained in all

patients. Representative semilogarithmic plots of mean plasma

SAHA concentration-time profiles are shown in Fig. 1. Higher
maximum plasma concentration (Cmax) and AUCinf were
achieved with higher doses and there was linearity between total
dose and exposures (Figs. 2 and 3).

The Cmax, terminal half-life (T1/2), AUCinf, volume of
distribution (Vz) and Cl per dose level are summarized in
Table 4. The SAHA concentration peaked at the median of 60
min (range 25–120 min) from the beginning of the infusion.
The explanation for the decline of SAHA concentration dur-
ing the constant infusion is not clear. To further evaluate
whether this was related to rapid fall immediately after the
discontinuation of therapy at 120 min, end of infusion levels
were drawn at 115 min. This trend for lower SAHA concen-
trations at the end of infusion persisted. Mean estimates for
the T1/2 ranged from 21 to 58 min on the first day of dosing.
Within a dose group, estimates of terminal Cmax, terminal
T1/2, and AUCinf were consistent on different dosing days.
The few patients on each dose level precludes a reliable
assessment of the relationship between pharmacokinetic pa-
rameters and adverse events.

Fig. 2 AUCinf on cycle 1, day 1 of therapy normalized to dose.
Fig. 3 Maximum plasma concentration (Cmax) on cycle 1, day 1 of
therapy normalized for dose.

Fig. 1 Cycle 1, day 1 mean plasma concen-
trations over time for escalating doses of i.v.
SAHA administered over 2 h.
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Correlative Studies
Effect on Histone Acetylation in Mononuclear Cells.

In 37 patients, 162 peripheral blood samples were analyzed for
histone acetylation in PBMN cells. Ninety-eight percent (158 of
162) of these samples had sufficient material for histone extrac-
tion for Western analysis. An increase in the accumulation of
acetylated histones was observed at the completion of the 2-h
infusion at day 1 and last day of therapy (days 3, 5, 12, and 19)
of the first cycle in all patients. The plasma concentration of
SAHA during the infusion exceeded 2.5 �M at all dose levels.
This correlates with the concentration of SAHA that inhibits cell
proliferation in vitro and causes accumulation of acetylated
histones. To determine the duration of the accumulation of
acetylated histones, blood for analysis was drawn 2 and/or 4 h
after the completion of the therapy. An increased accumulation
of acetylated histones was not consistently detected 2 h after
infusion at the lower dose levels (75–300 mg/m2). At the higher
dose levels (600 and 900 mg/m2), accumulation of acetylated
histones was seen consistently at 2 and 4 h after infusion,

respectively (Fig. 4). These effects on acetylation of histones
correlate with the observed short T1/2 of SAHA and the revers-
ible nature of the SAHA inhibition of HDAC activity.

Effect on Histone Acetylation on Tumor Tissues. All
patients were approached to obtain pre- and posttherapy tumor
biopsies, although this was not a requirement to participate in
the study. Eleven of 37 patients (30%) consented to the pre- and
posttherapy tumor biopsies. Five of the 11 had sufficient amount
of tumor in the pre- and posttherapy specimens to make a
comparison. The remaining 6 patients had inadequate material
in the pre- or postbiopsy specimen or refused follow-up biopsy.
Using serial dilutions (1:1000, 1:2500, and 1:5000) of the anti-
acetylated H3 antibody, 3 of 5 patients showed an increased
accumulation of acetylated histones in the posttreatment biopsy
sample. Fig. 5 shows an increase in the proportion and intensity
of immunohistochemical staining using an anti-Ac-H3 anti-
body in the posttherapy tumor biopsy of a metastatic prostate
skin nodule. This suggests SAHA inhibited HDAC activity in
the tumor.

Table 4 Pharmacokinetic parameters

a. i.v. SAHA

Dose level n
Cmax (ng/ml)
Mean � SD

T1/2 (min)
Mean � SD

AUCinf (h � ng/ml)
Mean � SD

Vz liters/m2

Mean � SD
Cl liters/h/m2

Mean � SD

75 mg/m2

Day 1 1 770 21 1501 24 49
Day 3 1 683 Ab A A A

150 mg/m2

Day 1 1 1649 A A A A
Day 3 1 1631 21 2862 28 56

300 mg/m2

Day 1 11 2646 � 588 33 � 27 4285 � 1150 62 � 56 75 � 21
Day 3 1 2339 18 4027 33 75
Day 5 1 2408 38 4634 59 65
Day 12 3a 2721 � 944 21 4592 32 65
Day 19 6 2963 � 559 37 � 12 5053 � 1159 57 � 27 62 � 13

600 mg/m2

Day 1 9 6334 � 3086 58 � 38 11233 � 6928 103 � 101 66 � 25
Day 3 1 4167 35 7584 67 79
Day 19 5 8628 � 5475 72 � 30 16697 � 11523 85 � 49 45 � 16

900 mg/m2

Day 1 11 9525 � 1611 46 � 28 16611 � 4533 66 � 50 60 � 19
Day 19 6 14169 � 2010 50 � 27 29198 � 8723 42 � 22 36 � 16

b. i.v. SAHA for solid tumor and hematological patients

Dose level n
Cmax (ng/ml)
Mean � SD

T1/2 (h)
Mean � SD

AUCinf (h � ng/ml)
Mean � SD

Vz liters/m2

Mean � SD
Cl liters/h/m2

Mean � SD

Solid (300 mg/m2)
Day 1 8 2650 � 656 22 � 4 4434 � 1278 40 � 21 74 � 24
Day 19 3 3298 � 438 28 � 10 5725 � 1298 35 � 10 54 � 12

Hematologic (300 mg/m2)
Day 1 4 2638 � 515 53 � 39 4026 � 1002 101 � 81 78 � 17
Day 19 3 2627 � 501 47 � 5 4382 � 564 78 � 17 69 � 9

Solid (600 mg/m2)
Day 1 4 5674 � 545 38 � 12 9341 � 1107 59 � 17 65 � 8
Day 19 2 5347 � 760 80 � 29 10832 � 500 107 � 44 55 � 3

Hematologic (600 mg/m2)
Day 1 5 6862 � 4246 74 � 45 12748 � 9414 137 � 129 66 � 34
Day 19 3 10815 � 6459 66 � 36 20606 � 14426 70 � 55 38 � 18
a Includes number of patients having pharmacokinetics studies during cycles 1 and 2.
bA, missing data points to adequately calculate parameters.
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Clinical Outcomes. Median duration of therapy was 6.4
(range, 1.6–40) weeks for all 37 patients, and the median
duration of therapy for solid tumor and hematological malig-
nancy patients was 7 (range, 2.1–35.6) weeks and 6.7 (range,
1.6–40) weeks, respectively. Two patients with refractory met-
astatic bladder cancer treated at the 600 mg/m2 � 5 days � 3
weeks dose level had a minor objective response on CT scans
(17 and 32% reduction of pelvic tumor mass and lymphadenop-
athy) with clinical improvement of tumor-related pain. These 2
patients were maintained on therapy for 6 and 7 months, respec-
tively. Both patients showed disease progression and return of
pain within 2 months after they were taken off therapy because
of line or urinary sepsis. A refractory breast cancer patient did
show transient inhibition of the CA-125 breast cancer marker
while on SAHA therapy. Antitumor activity was also observed
in 2 patients with refractory Hodgkin’s disease that previously
failed autologous transplants. One patient had a 30% objective
tumor regression in her multiple lung lesions and marked im-
provement in her pulmonary and overall performance status on
the 600 mg/m2 dose level. This was maintained for 3 months,
then the disease progressed while she was off therapy second-
arily to systemic infection. An additional patient on the 300
mg/m2 dose level with refractory Hodgkin’s disease was main-
tained on therapy for 8 months, returned to work full time, had
stable disease on CT scan, and her positron emission tomogra-
phy scan normalized. This patient was subsequently converted
to the oral SAHA formulation for ease of administration.

DISCUSSION
This is the first report of a clinical trial of the novel HDAC

inhibitor SAHA. This study showed that SAHA could be safely
administered using a daily 2-h i.v. infusion for 5 consecutive
days a week for 3 consecutive weeks followed by 1 week of rest.
An accumulation of acetylated histones in PBMN cells was
observed in all patients at each dose level immediately after
infusion. Posttreatment tumor tissue obtained within 4 h after
SAHA infusion showed an accumulation of acetylated histones

when compared with a pretherapy tumor biopsy. Although no
partial or complete tumor responses were seen, tumor regression
on radiographs with clinical improvement in cancer-related
symptoms were observed, suggesting that SAHA has antitumor
activity when administered as a daily 2-h i.v. infusion.

Unique to this Phase I trial was the inclusion of refractory
lymphoma patients in the later stages of the study and the
independent dose escalation in patients with solid tumor and
hematological malignancies. A 3-fold higher dose of SAHA was
safely administered to patients with solid tumors compared with
the hematological patients, although the pharmacokinetic pa-
rameters were similar between groups (Table 4). The treatment
delay due to leukopenia/neutropenia and thrombocytopenia ob-
served in the lymphoma patients is most likely related to the
limited marrow reserve in these heavily pretreated patients be-
cause 67% of the patients had prior peripheral stem cell trans-
plants for their disease.

The daily infusions of SAHA were well tolerated, but in 2
cases, an exacerbation of tumor-related pain was observed,
which was similar to what has been previously described with
Vinca alkaloids (11). They occurred in patients with large tumor
burdens; it was not related to the rate of infusion, and pain went
back to pretreatment baseline once therapy was discontinued.
The explanation for these tumor pain flares is not clear but has
been previously been reported with other HDAC inhibitors (12).

As the duration of treatment of SAHA was escalated from
1 week to 3 weeks, mild to moderate fatigue increased along
with cumulative thrombocytopenia and renal insufficiency,
which were observed in several patients that were on therapy for
�4 months. Both the fatigue and renal insufficiency were re-
versible within 1–2 weeks after discontinuing the drug. There
were two serious adverse events noted in the study that included
1 cardiac death that occurred on study after the completion of
3 weeks of therapy, but this was not considered related to the
administration of SAHA. Additional cardiac monitoring was
implemented but revealed no additional significant cardiac
events. One patient developed adult respiratory distress syn-
drome that was considered likely to be related to the adminis-
tration of SAHA, however, the etiology of this pulmonary
complication is not known.

The pharmacokinetic analysis demonstrated that SAHA is
rapidly eliminated and has linear pharmacokinetics with dose-
proportional increases in Cmax and AUC in the dose range of
75–900 mg/m2. The Cmax at the lowest dose level (75 mg/m2)
exceeded the optimal concentration for differentiation in the
murine erythroleukemia cell lines (2.5 �M), indicating that the
effective in vitro concentration of SAHA could be achieved in
vivo. Clearance ranged from 49 to 75 liters/h/m2 across the dose
range of 75 to 900 mg/m2 on the first day of dosing. The
interpatient variability of the clearance was 28–38% (coefficient
of variation), suggesting that elimination of the drug was not
saturable in the dose range studied. The time to reach the
maximal plasma concentration was less than the 120-min infu-
sion and could be because of sampling time errors, drug insta-
bility, or in vivo effects of drug metabolism and Cl. To eliminate
the possible sampling time errors, patients had pharmacokinetics
samples drawn 5 min before the completion of the 2-h infusion.
The lower levels of SAHA persisted at the end of the infusion,
suggesting the possibility of an in vivo effect.

Fig. 4 Peripheral whole blood was collected from patients before (�),
at the end of the 2-h infusion of SAHA (�), and at either 2-h after
infusion (�2) or 4 h after infusion (�4). Western blot analysis was
performed as described using a rabbit purified polyclonal antiacetylated
histone H3 antibody (�-Ac-H3). As a loading control for the histone
proteins, parallel gels were run and stained with Coomassie. An accu-
mulation of acetylated histones was observed at each dose level (75,
150, 300, 600, and 900 mg/m2) after infusion. At 600 and 900 mg/m2,
an accumulation of acetylated histones was seen 2 h after the completion
of the infusion, and an accumulation of acetylated histones was seen at
4 h after infusion at 900 mg/m2 dose level. Similar results were obtained
in the second cycle of therapy. Evaluation of differences in the level of
acetylation of histones in peripheral mononuclear cells was performed
by densitometric scanning of the films. The increase in density of the
signal intensity after SAHA infusion was 2.5–5.6-fold greater than
preinfusion samples.
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Cell lines cultured with SAHA results in the accumulation
of acetylated histones as early as 1 h after the addition of the
HDAC inhibitor (3). It is believed, based on these studies, that
histone acetylation is a useful biological marker of SAHA
activity at the cellular level. To assess the biological activity of
SAHA in normal tissue and tumors, we evaluated PBMN cells
and posttreatment tumor samples for the accumulation of acety-
lated histones. Western blot analysis demonstrated an increase
in accumulation of acetylated histones in PBMN cells immedi-
ately after therapy in all patients treated with SAHA, and at
higher dose levels (600 and 900 mg/m2), an accumulation of
acetylated histones was detected at 4 h after infusion. We also
observed the accumulation of acetylated histones in PBMN cells
drawn immediately after infusion after 3 weeks of treatment,
suggesting that inhibition of HDAC by SAHA did not diminish
after repeated dosing. To establish that we did achieve a bio-
logical level of SAHA in the tumor, pre- and posttherapy tumor
biopsies were obtained in 11 patients. Five of these patients had
sufficient pathological material to perform immunohistochemi-
cal analysis. Three patients showed an increase in accumulation
of acetylated histones in the posttherapy samples. Two of the 5

patients showed no difference in the immunohistochemical
staining pattern comparing pre- and postbiopsy samples. This
may be the result of inadequate levels of SAHA in tumor or be
related to the handling of the pathological material. Although
studies with other HDAC inhibitors showed an increased his-
tone acetylation in peripheral mononuclear cells (13), this is the
first trial to demonstrate an increase in histone acetylation in
human tumor tissues. Unlike many other biological assays,
assessing the histone acetylation status in normal and malignant
tissue has been a valuable aide in confirming that SAHA can
inhibit target enzymes in normal and malignant tissues in vivo.
The study was limited in determining the changes associated
with acetylated histone H3 or H4. In the future, the use of this
biological marker will be further explored by examining the
patterns of expression of acetylation of other histones in tumor
tissue before the therapy, correlating the clinical outcome to
changes in acetylation, developing specific antibodies to all of
the HDACs, and elucidating the downstream effects from these
agents on the expression of genes.

Other HDAC inhibitors such as phenylbutyrate, depsipep-
tide, and CI-994 have been evaluated in patients (12, 13–16).

Fig. 5 Pre- and posttherapy biopsy of metastatic skin lesion in a patient with metastatic castrate prostate cancer. The posttherapy sample was obtained
within 4 h after infusion of 300 mg/m2 of i.v. SAHA. A rabbit polyclonal anti-Ac-H3 antibody (1:2500) was used to access the changes in
accumulation of acetylated histones. At low magnification, there is an accumulation of acetylated histones observed in the posttherapy sample (B)
compared with the pretherapy biopsy (A). These results are further identified at higher magnification showing increased accumulation posttherapy (D)
compared with the pretherapy (C) biopsy.
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Phenylbutyrate has been extensively evaluated, using a pro-
longed i.v. infusion. Somnolence and confusion were DLTs in
these studies (15). Central nervous system adverse effects have
not been observed with i.v. SAHA. Whether SAHA crosses the
blood-brain barrier in humans has not been established, but
studies in rodents reveal that SAHA can cause the accumulation
of acetylated histones in the brain (17), suggesting diffusion
across the blood-brain barrier. Thrombocytopenia has been a
dose-limiting factor with depsipeptide and CI-994 (13, 16). In
our study, thrombocytopenia was mild in most patients and only
required stopping drug administration in 1 solid tumor patient.
The thrombocytopenia was rapidly reversible, suggesting an
inhibitor effect on the bone marrow precursors rather than a
cidal effect. In our study, we observed cumulative thrombocy-
topenia and renal insufficiency that was not reported with the
other HDAC inhibitors. This may be related to patient selection
or the duration that some patients were treated. Although fatigue
was common among patients treated with SAHA, this was not
dose limiting as seen in 3 of 8 patients treated at the highest dose
level of depsipeptide (13). This may be related to the differences
in the potency between drugs or this may be related to the
duration of the HDAC inhibition in vivo because depsipeptide
has a longer terminal T1/2 ranging from 4.3 to 49.5 h versus
SAHA (0.35–1.3 h). Dose-limiting fatigue has also been seen
with another hydroxamic acid HDAC inhibitor, pyroxamide,
when administered as a 7-day continuous infusion (L. Saltz
et al., personal communication). These data suggest that pro-
longed HDAC inhibition may contribute to the fatigue and
intermittent dosing schedules might be better tolerated. Cardiac
toxicity was suggested in the preclinical data with depsipeptide,
however, after extensive cardiac evaluation and monitoring in
the Phase I study of depsipeptide, dysrhythmia was seen in 1
patient, and nonsymptomatic EKG changes occurred in the
majority of the cases (13). Although this SAHA study had less
intensive cardiac monitoring, nonspecific EKG changes after
therapy were also observed but were not clinically significant.
These data suggested that short-term administration of HDAC
inhibitors appears to have minimal cardiac toxicity, however,
long-term effects of these drugs on the myocardium are not
known.

This study has established that SAHA can be administered
safely to patients at doses that inhibit HDAC activity in vivo
with evidence of antitumor activity. To improve the conven-
ience of the administration of SAHA, an oral formulation has
been developed and is currently being evaluated in clinical
trials.
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