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Abstract

Purpose—To determine the safety, dosing schedules, pharmacokinetic profile, and biologic effect

of orally administered histone deacetylase inhibitor suberoylanilide hydroxamic acid (SAHA) in

patients with advanced cancer.

Patients and Methods—Patients with solid and hematologic malignancies were treated with oral

SAHA administered once or twice a day on a continuous basis or twice daily for 3 consecutive days

per week. Pharmacokinetic profile and bioavailibity of oral SAHA were determined. Western blots

and enzyme-linked immunosorbent assays of histones isolated from peripheral-blood mononuclear

cells (PBMNCs) pre and post-therapy were performed to evaluate target inhibition.

Results—Seventy-three patients were treated with oral SAHA and major dose-limiting toxicities

were anorexia, dehydration, diarrhea, and fatigue. The maximum tolerated dose was 400 mg qd and

200 mg bid for continuous daily dosing and 300 mg bid for 3 consecutive days per week dosing. Oral

SAHA had linear pharmacokinetics from 200 to 600 mg, with an apparent half-life ranging from 91

to 127 minutes and 43% oral bioavailability. Histones isolated from PBMNCs showed consistent

accumulation of acetylated histones post-therapy, and enzyme-linked immunosorbent assay

demonstrated a trend towards a dose-dependent accumulation of acetylated histones from 200 to 600

mg of oral SAHA. There was one complete response, three partial responses, two unconfirmed partial

responses, and 22 (30%) patients remained on study for 4 to 37+ months.
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Conclusions—Oral SAHA has linear pharmacokinetics and good bioavailability, inhibits histone

deacetylase activity in PBMNCs, can be safely administered chronically, and has a broad range of

antitumor activity.

INTRODUCTION

Histone deacetylases (HDACs) are enzymes that regulate chromatin structure and function

through the catalysis of the removal of the acetyl modification from lysine residues of histones.
1 While the base sequence of DNA provides the fundamental code for proteins, post-

translational modification of proteins plays a major role in the control of gene transcription.

The amino acid tails of the core nucleosomal histones are subject to post-translational

modifications by acetylation of lysines, methylation of lysines and arginines, phosphorylation

of serines, and ubiquitination of lysines. The most extensively studied post-translational

modification of histones is the acetylation of lysine. The opposing activities of HDACs and

histone acetyl transferases (HATs) regulate the balance of acetylation of histones. HDACs are

also involved in reversible acetylation of nonhistone proteins, such as p53, tubulin, various

transcription factors, and other proteins.2-4

HDAC inhibitors have been shown to cause cultured, transformed cells to undergo growth

arrest, terminal differentiation, apoptosis, or autophagic cell death.1 These agents act

selectively in altering the transcription of relatively few of the expressed genes (generally 2%

to 10% of expressed genes are increased or decreased in their rate of transcription).5-8 HDAC

inhibitors have been found to be additive and even synergistic with a number of anticancer

agents including radiation, anthracyclines, flavopiridol, imatinib, proteasome inhibitors, and

all trans-retinoic acid in blocking the proliferation or inducing apoptosis in tumor cells in

culture.1

Inhibitors of HDAC represent a new class of targeted anticancer agents. A number of structural

classes of HDAC inhibitors have been developed and are in clinical trials, including short chain

fatty acids (the benzamides [MS-275]), the cyclic peptide, depsipeptide (FK-228), and

suberoylanilide hydroxamic acid (SAHA).1 We have previously reported the results of a phase

I clinical trial of the HDAC inhibitor, SAHA, administered intravenously (IV) to patients with

solid or hematologic malignancy.9 This trial showed that SAHA caused an accumulation of

acetylated histones in normal and malignant cells post-therapy, was well tolerated, and had

antitumor activity, indicating the agent was effective in reaching and inhibiting its targets.

These data, supported by in vitro studies, suggested that daily administration of SAHA may

improve the therapeutic benefit, and an oral formulation was developed to improve the

feasibility of daily administration. We now report the results of the phase I clinical study with

orally administered SAHA in patients with advanced cancers.

PATIENTS AND METHODS

Patient Eligibility

Adult patients with solid tumors or hematologic malignancies who had failed or relapsed from

standard therapy were eligible. All patients were required to have a Karnofsky performance

status ≥ 70% and adequate hepatic and renal function. Solid tumor patients were required to

have platelet count ≥ 100,000 cells/μL and WBC ≥ 3,500 cells/μL, and patients with

hematologic malignancies were required to have an absolute neutrophil count ≥ 500 cells/μL

and a platelet count ≥ 25,000 cells/μL. All patients with solid tumors were required to have

radiographic evidence of measurable or nonmeasurable metastatic disease. Patients were

required to have recovered from the acute toxicities of any prior therapy, and no chemotherapy,

radiation therapy, or other investigational anticancer therapy for a minimum of 4 weeks before
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initiating the protocol. Leukemia patients could have received conventional cytotoxic therapy

and lymphoma patients could receive steroids up to 2 weeks before starting therapy.

Patients with clinically significant cardiac or pulmonary disease, active CNS disease, or active

infection were not eligible. Pregnant women and lactating females were excluded. The study

was approved by the Memorial Sloan-Kettering Cancer Center (New York, NY) institutional

review board, and all patients signed an informed consent.

Trial Design and Treatment Plan

Oral SAHA was provided by Aton Pharma, Inc (Tarrytown, NY) as 200-mg capsules and later

in the study a 50-mg capsule was available. The gelatin capsules contain SAHA, and standard

pharmaceutical excipients (microcrystalline cellulose, sodium croscarmellose, and magnesium

stearate). The starting dose was one tenth the maximum tolerated dose (MTD) in nonrodent

species (90 mg/m2/d or approximately 200 mg daily). Due to the initial availability of only the

200-mg capsule, and preclinical data predicting poor bioavailability of SAHA, a fixed dosing

schedule was used. There were eight cohorts of oral SAHA studied. SAHA was given daily at

200 mg qd, 400 mg qd, 600 mg qd, or 400 mg bid (cohorts 1 to 4). The dose was planned to

be escalated to 1,200 mg bid, however, dose-limiting toxicity (DLT) was encountered at 400

mg bid. The protocol was amended to evaluate 200 mg bid and 300 mg bid dose levels (cohorts

5 and 6) and an intermittent dosing schedule of 300 mg bid and 400 mg bid for three consecutive

days weekly (cohorts 7 and 8). Dose escalation proceeded independently in patients with solid

tumors and hematologic malignancies. To minimize exposing patients to subtherapeutic

treatment, hematologic patients were enrolled in cohorts 2 to 5. Patients were instructed to take

oral SAHA at home in a fasting state, but later were allowed to take with food. Patients recorded

the date and time of the ingestion of the oral SAHA capsule(s), and a pill count was performed

to evaluate compliance and accountability of the study drug.

A treatment cycle was 4 weeks of therapy. DLT was defined as: grade 4 neutropenia or

thrombocytopenia; grade 3 neutropenia with fever (solid tumor patients only); and grade 3 or

4 nonhematologic toxicity (solid tumor and hematologic malignancy patients) during the first

cycle of therapy. A treatment delay due to toxicity that lasted longer than 1 week was also

considered a DLT. At least three patients were entered per cohort and individual cohorts were

expanded to six patients after the development of one DLT. MTD was defined as the highest

dose with an observed incidence of DLT in no more than one of six patients treated at a dose

level. At least six and as many as 20 patients would be treated at the MTD in the solid tumor

and hematologic malignancy groups. Toxicities were evaluated by the National Cancer

Institute Common Toxicity Criteria (version 2.0).

Patient Evaluation

The pretreatment evaluation included history and physical examination (H&P), Karnofsky

performance status, a complete CBC, hepatic and renal function tests, coagulation profile

(prothrombin time/partial thromboplastin time), urinalysis, and chest x-ray. A pregnancy test

was obtained in women with childbearing potential. Appropriate tumor markers were obtained

in patients with prostate or breast cancer. Imaging studies included a chest, abdominal, and

pelvic computed tomography (CT) scan, magnetic resonance imaging scan, and positron

emission tomography or bone scan as clinically indicated. All patients had a baseline ECG and

further cardiac work-up if indicated.

Patients were evaluated weekly with H&P and laboratory tests (CBC, hepatic\renal function,

prothrombin time/partial thromboplastin time) and urinalysis during the first 8 weeks of

therapy. Tumor markers were repeated every 2 weeks and imaging studies every 8 weeks. An

ECG was obtained before every cycle of therapy. If the patient was on study longer than 8
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weeks, H&P and laboratory tests were performed every other week for 8 weeks and then

monthly thereafter with imaging studies performed every 4 months.

All patients were assessed for toxicity and response if they received any treatment. Inpatients

with measurabledisease, standard WHO phase II response criteria10 were utilized and

radiographs underwent a blinded review by a radiologist. The Cheson criteria were employed

for patients with lymphoma and leukemia.11,12

Pharmacokinetics Studies—Pharmacokinetic (PK) studies were performed during the

first cycle of therapy in 44 patients. To assess the absolute bioavailability of oral SAHA, the

initial 18 patients received a 2-hour infusion of intravenous SAHA that was equivalent to the

assigned oral dose of SAHA on day 1 of therapy. Blood (10 mL) was drawn at time 0, 30, 60,

115, 135, 150, 180, 210, 240, 300, and 360 minutes following the intravenous infusion of

SAHA. After 1 week without receiving SAHA, patients started the oral SAHA (day 8). On day

8 (fasting), patients fasted (no food or beverage other than water for 2 hours before the ingestion

of SAHA) before the administration of oral SAHA, and on day 9 (fed), all patients received a

standardized meal (a bagel with cream cheese or butter, a pint of orange juice, and a cup of

coffee with milk and sugar) 30 minutes before the ingestion of SAHA capsule(s). PK studies

were performed on days 8 and 9 and on day 15 or 22. Four patients that were on the oral SAHA

therapy for more than 6 months repeated the PK study. PK study consisted of drawing 10 mL

of heparinized blood at time 0, 15, 30, 45, 60, 90, 120, 150, 180, 240, 300, 360, 420, 480, 540,

and 600 minutes following oral SAHA ingestion.

Blood samples were placed on ice and refrigerated until they were centrifuged to separate the

plasma. The plasma (3 to 5 mL) was transferred to a labeled conical 15 mL polypropylene

screw top tube and stored at -20°C. Determination of SAHA concentrations in plasma samples

was conducted in the Pharmacology Analytical Laboratory at the Memorial Sloan-Kettering

Cancer Center. A liquid chromatography-mass spectrometry method was employed. A 450-

μL aliquot of thawed plasma was mixed with 50 μL of d5-SAHA (internal standard). The

plasma was filtered through 0.45-μm cellulose acetate filters (Costar, Corning, NY) by

centrifugation at 3,000 × g for 12 minutes. A 200-μL aliquot of filtrate was transferred to an

autosampler vial. An injection volume of 30 μl was directly injected through a Prospekt 2 in-

line solid phase extraction system (Spark-Holland, Emmen, the Netherlands), which consisted

of a high-pressure eluter and an automated cartridge exchanger. After washing the cartridge

with water, the mobile phase was changed to methanol: 0.1%:formic acid (1:1, vol:vol) at a

flow rate of 0.4 mL/min, and passed over to a Reliance SBC8 4 mm × 80 mm column (Agilent

Technologies, Wilmington, DE). The eluant was assayed using a diode array UV/VIS detector

(at 240 nm), and an Agilent mass spectrometer detector (Agilent Technologies). The mass

spectrometer detector was operated in the atmospheric pressure chemical ionization-positive

mode. The masses monitored were 265 for SAHA and 270 for d5-SAHA. The detection limit

for SAHA was about 15 ng/mL, and the response was linear from 15 ng/mL to 1,000 ng/mL

(r2 > 0.99).

The area under the plasma concentration time curve (AUC) was calculated using the linear

trapezoid method. The terminal elimination rate constant, λz, was calculated as the negative

of the slope of the terminal log-linear portion of the plasma concentration time curve. Total

plasma clearance (CL) and volume of distribution (Vz) were calculated using standard formulas

without correcting for bioavailability. The bioavailability after oral administration (F) was

calculated for each patient at a given dose on the day of sampling (F = AUCoral/AUCIV ×

Doseoral/DoseIV). All PK calculations were performed using noncompartmental methods with

WinNonLin version 3.1 (Pharsight Corp, Mountain View, CA).
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Correlative Studies—Effect of SAHA on histone acetylation in mononuclear cells was

assessed by Western blotting and enzyme-linked immunosorbent assay (ELISA). Peripheral

blood (10 to 30 mL) was obtained in heparinized tubes at pretreatment, 2 hours postinfusion

and between 2 to 10 hours after ingestion of SAHA capsule(s). Histones were isolated from

the peripheral-blood mononuclear-cells (PBMNCs) and acetylated histone H3 was evaluated

by Western blot analysis as previously described.9

For the ELISA, 50 to 100 ng of histone extract was passively adsorbed to triplicate wells of

Immulon microtiter plates (VWR, West Chester, PA) and incubated overnight at 4°C. After

washing with phosphate-buffered saline (PBS) containing 0.05% Tween-20 (PBS-Tween), the

plates were blocked for 1 hour at room temperature using PBS-Tween containing 5% nonfat

milk and 1% goat serum. Total and acetylated histone H3 levels were then quantified by using

an antihistone H3 rabbit polyclonal (Abcam, Cambridge, MA) or an antiacetylated histone H3

rabbit polyclonal (Upstate Biotechnology, Lake Placid, NY), respectively. The primary

antibodies were diluted in PBS-Tween containing goat serum (0.5%) and added to the

appropriate microtiter plates. After 1 hour at room temperature, the plates were washed with

PBS-Tween and a horseradish peroxidase-conjugated goat antirabbit secondary antibody (Bio-

Rad, Hercules, CA) was added. The plates were incubated at room temperature for 1 hour and

then extensively washed with PBS-Tween. Horseradish peroxidase signals were visualized

using the TMB peroxidase substrate kit (Bio-Rad) according to manufacturer’s instructions.

Normalized histone H3 acetylation levels for each sample were derived by dividing the

acetylated histone H3 optical density value by the total histone H3 optical density value derived

independently from the same sample. All samples within each patient set were normalized to

the level of histone H3 acetylation from the pretreatment sample of that patient, which was

assigned a value of 1.

RESULTS

Patient Characteristics and Treatment Administration

Seventy-six patients were enrolled onto the study and 73 received at least one dose of oral

SAHA. Three patients did not receive the study drug due to the development of brain metastasis

in one and rapid disease progression in two patients. The most common tumors were

mesothelioma (n = 13) and non-Hodgkin’s lymphoma (n = 12). Patient characteristics are

described in Table 1. Seventy-eight percent of all patients had received two or more prior

systemic therapies. The majority of hematologic malignancy patients had received three or

more prior systemic therapies (n = 18; 78%). Seventy-three patients received a total of 416

treatment cycles. The median number of treatment cycles was two (range, one to 37+ cycles),

which was the same in patients with solid tumor or hematologic malignancies. Twenty-two

patients (solid tumor, n = 16; hematologic malignancy, n = 6) completed four or more treatment

cycles. Eight completed 12 or more treatment cycles and four patients are still on study with

the longest treatment duration exceeding 37 cycles in two patients.

Fifty-six patients (77%) were discontinued from the study because of progressive disease (solid

tumor, n = 40; hematologic malignancy, n = 16). Ten patients (14%) were discontinued because

of adverse event (solid tumor n = 7; hematologic malignancy n = 3), including one patient with

widely metastatic mesothelioma who died of infection without neutropenia during the second

week of treatment. The death was considered unlikely to be caused by the study drug. Three

patients with hematologic malignancies were removed from the study for protocol violation,

noncompliance, and patient withdrawal of consent.
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DLT and MTD

The number of patients and DLT for each dose level for the solid tumor and hematologic

patients are listed in Table 2. Most of the patients (n = 67, 92%) were treated at the MTD or

above. The DLTs were predominantly anorexia, dehydration, diarrhea, and fatigue. The MTD

for continuous daily dosing for hematologic and solid tumors was 400 mg qd or 200 mg bid,

and for solid tumors 300 mg bid × 3 consecutive days per week. The dosing schedule did not

appear to have a major effect on the pattern of DLTs and at the doses that exceeded the MTD;

the frequency of DLT increased but the pattern and severity remained the same. At the 400 mg

bid dose level, six of nine patients (hematologic and solid tumors) developed DLT in the first

cycle of therapy and four of six DLTs occurred in 14 days or less after starting the oral SAHA.

The median time to resolution of the DLTs was 7 days (range, 3 to 10 days).

Safety and Tolerability

The most common drug-related adverse events (Table 3) were constitutional (fatigue),

gastrointestinal (anorexia, nausea, diarrhea, and vomiting), metabolic (hyperglycemia, and

hypocalcemia), and hematologic (anemia and thrombocytopenia). Grade 4 events occurred in

nine patients (solid tumor, three patients; hematologic malignancy, six patients), most of which

were hematologic: anemia (n = 4), neutropenia (n = 1), thrombocytopenia (n = 1), hyponatremia

(n = 1), elevation in creatine phosphokinase (CPK) (n = 1), and infection (n = 1). Overall, a

higher incidence of grade 3 or 4 thrombocytopenia (21% v 36%) and grade 3 dehydration (21%

v 36%) was observed in the twice-a-day continuous dosing schedule, more so in hematologic

patients than in solid tumor patients. There were no grade 3 or 4 hematologic toxicities seen

in the twice-a-day × 3 days-per-week-treated solid tumor patients, but an increase in the

incidence of severe fatigue was noticed when compared with continuous twice daily and the

once daily regimens (37% v 28% v 17%, respectively). More patients with hematologic

malignancies experienced thrombocytopenia (87%) than solid tumor patients (44%), and

thrombocytopenia was more severe in those patients. Grade 3 thrombocytopenia occurred in

six solid tumor patients (12%) and eight patients with hematologic malignancies (35%), most

of which (79%) resolved to grade 2 within 7 days. Bone marrow biopsies in two patients with

grade 3 or 4 thrombocytopenia suggested that the most probable cause of thrombocytopenia

was maturation arrest. Grade 3 neutropenia occurred in three hematologic patients and grade

4 in one, all of which resolved to grade 2 or less without intervention. No patients had

neutropenic fever or discontinued therapy because of neutropenia. Fatigue was more common

at the higher dose levels on the twice-a-day dosing regimens but was reversible within 3 to 7

days. Mild to moderate GI symptoms of anorexia, diarrhea, nausea, and vomiting were common

and antiemetics and antidiarrheal medications were able to control symptoms. Anorexia was

associated with gustatory changes in 8% of the patients.

Twenty-five patients (34%) reported mild to moderate dyspnea without other associated

cardiopulmonary symptoms or new abnormalities on the chest x-ray or ECGs. Serial ECGs

showed nonspecific ST and QT changes but no consistent patterns were identified. No patients

were found to have cardiac arrhythmias, new onset angina, or other cardiac toxicities.

Pharmacokinetics

PK parameters and mean plasma concentration time curves from patients treated with 200,

400, and 600 mg of SAHA are presented in Table 4 and Figure 1. The pharmacokinetics of

SAHA after oral administration of a single dose of SAHA are linear from 200 to 600 mg (Fig

2). The mean apparent half-life (t½) following oral administration (range, 91.6 to 127 minutes)

was longer than the mean apparent t½ following intravenous administration of the oral

equivalent doses (range, 34.7 to 42.4 minutes). The estimated bioavailability of SAHA at doses

of 200 and 400 mg administered during the fasting state was 43%. Exploratory studies in the

fasting and nonfasting (fed) state suggest that oral administration of SAHA with food does not

Kelly et al. Page 6

J Clin Oncol. Author manuscript; available in PMC 2007 April 24.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



appear to substantially alter the rate or extent of absorption. PK parameters obtained in four

patients after 6 months or more of therapy were similar to baseline values.

Correlative Studies

Histone acetylation was evaluated by Western blot or ELISA on histones isolated from

PBMNCs. Histone samples were isolated from PBMNCs from 50 patients, and accumulation

of acetylated histone H3 (AcH3) was observed at 2 hours after oral ingestion of SAHA

consistently in all dose cohorts (Fig 3). As the dose of oral SAHA was increased from 200 to

600 mg, the duration that an accumulation of AcH3 was observed increased from 4 to 10 hours.

An accumulation of AcH3 in PBMNCs was consistently observed at all dose levels after 3

weeks of oral SAHA. Two patients that remained on study > 6 months had repeat analysis of

the AcH3 (Fig 4). An increase in accumulation of AcH3 was observed in patients on prolonged

treatment with oral SAHA.

Antitumor Activity

Twenty-two patients (30%) remained on study for 4 to 37+ months (Table 5). Of these 22

patients, there was one complete response (CR) in a patient with transformed diffuse large B-

cell lymphoma with normalization of the positron emission tomography scan and resolution

of the bone marrow involvement for 17 months, and three partial responses (PRs) were noted

in the following patients: de novo diffuse large B-cell lymphoma, laryngeal cancer (n = 1), and

papillary thyroid cancer (n = 1). Two unconfirmed partial responses were observed in patients

with metastatic mesothelioma. Stable disease was seen at all dose levels but confirmed CRs

and PRs were only seen at 400 mg bid and 600 mg daily dose levels. An improvement in tumor-

related pain and dyspnea was observed in patients with laryngeal cancer and mesothelioma

who had tumor regression. Prolonged disease stabilization was also seen in patients with renal

cell carcinoma and thyroid cancer with minor objective tumor regression. There were six

patients with metastatic thyroid cancer (four poorly differentiated papillary, one Hürthle cell,

and one medullary) maintained on oral SAHA for a median of 27 months (range, 12 to 37+

months). Three papillary thyroid patients had radioactive iodine (RAI) scans performed post-

therapy and one had an improvement in the RAI scan post-therapy with oral SAHA.

DISCUSSION

This study demonstrates that oral SAHA can be administered safely for prolonged durations

at doses that inhibit HDAC activity, has linear pharmacokinetics with good bio-availability,

and has a broad range of antitumor activity. This study defined a once daily (400 mg qd), twice

daily (200 mg bid), and a twice daily for 3 consecutive days every week (300 mg bid) dosing

schedule that could be used safely in future studies. Fatigue, anorexia, dehydration, and

diarrhea were the DLTs observed across the three dosing schedules. The DLTs and the doses

at which DLTs occurred were similar between patients with hematologic malignancies and

solid tumor patients. This is in contrast to the intravenous study of SAHA that showed that

myelosuppression limited the dose escalation in patients with hematologic malignancies and

there was a three-fold difference in the MTD between solid tumor and hematologic patients.
9 The more extensive prior therapy hematologic patients received may account for these

differences. The DLTs with oral SAHA were not related to prior therapy or the type of

underlying malignancies but remained relatively unpredictable within treatment cohorts. The

fatigue could occur rapidly and was associated with anorexia, dehydration, diarrhea, and a

feeling of dyskinesia. Once the oral SAHA was discontinued, these toxicities resolved quickly

within 4 to 7 days. The etiology of the fatigue is not known, but their rapid resolution after

withdrawing the SAHA suggests a readily reversible metabolic process.
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In this study, the majority of the patients were treated at MTD or above and once on a tolerable

dose, patients could be treated for prolonged periods of time, in some cases for over 2 years

without loss of the biologic effect. Chronic adverse effects (fatigue, renal insufficiency, and

weight loss) seen in long-term treated patients were generally mild to moderate and were

reversible on discontinuation of the study drug, suggesting that chronic administration of

SAHA is feasible and safe.

The altered PK profile of oral SAHA as compared with IV SAHA is likely to have contributed

to the differences in toxicity, prolonged biologic effect, and the clinical outcomes in patients.

As with the IV formulation of SAHA, the extent of exposure after oral SAHA administration

was linear in dose ranges from 200 to 600 mg.9 Peak concentrations were substantially lower

after oral administration, but there was a two- to three-fold increase in the apparent half-life

when compared to the IV administration. Oral SAHA plasma concentrations could be detected

at 10 hours postingestion at the higher dose levels while the plasma concentration of IV SAHA

at similar doses were not detectable after 4 to 6 hours. This would suggest an absorption-rate-

limited drug disposition in the GI tract and possibly hepatic recirculation to the GI tract.

As previously shown with intravenous SAHA using Western blot analysis, an increase in

histone acetylation in PBMNCs was observed 2 hours post-therapy consistently in all patients

evaluated and could persist for up to 10 hours after a single 400 mg or higher dose. This biologic

effect paralleled the prolonged plasma concentrations of oral SAHA. An increase in acetylated

histones was detected in patients who were on study for 6 months or longer, suggesting there

is a sustained biologic effect over time.

Tumor regression and stable disease were observed in a wide range of patients with solid tumors

and lymphomas. Four patients had confirmed CR and PR that occurred at the 400 mg bid and

600 mg qd dosing schedules and three of the 4 patients were treated on a twice daily regimen.

This suggests that higher doses of SAHA with more prolonged daily exposure may be required

for tumor regression. However, prolonged stable disease with minor tumor regression was seen

at all dose levels and dosing schedules. Of particular interest was the clinical activity observed

in patients with lymphoma and malignant mesothelioma. One CR and one PR were seen in

patients with diffuse large B-cell lymphoma and two unconfirmed partial responses in patients

with mesothelioma. Preclinical data suggest that HDACs play a critical role in the malignant

transformation and cell differentiation13-16 in these tumors and provides a rationale for

developing HDAC inhibitors in these diseases. Of note in this study, 30% of the heavily

pretreated patients had stable disease for 4 or more months and five patients remained on

therapy for more than 2 years. Four of the five of these long-term patients had metastatic thyroid

cancer which may have a more indolent course; however, all had objective disease progression

before study entry. Thyroid cancer patients were initially accrued to this trial based on the data

from Kitazono et al, showing that the HDAC inhibitor, depsipeptide, led to an increase in the

expression to the Na+/iodine symporter that could result in an increase 125I uptake in thyroid

cells.17 This could possibly lead to resensitizing RAI-refractory patients to RAI.17,18 In this

study, one patient did have an increase in the RAI scan post-therapy. Other plausible

mechanisms for disease stabilization need to be investigated in thyroid cancer, since one patient

with medullary thyroid cancer was also maintained on therapy for over 2 years.

In summary, this first study of oral SAHA demonstrated that SAHA could be administered

safely for prolonged periods of time while maintaining the biologic effect of the drug and

exhibiting a broad range of antitumor activity at multiple dose levels and dosing schedules.

Future studies need to define the optimal dosing schedule and elucidate the biologic

consequences of HDAC inhibition in patients. Currently, there are multiple phase II studies in

patients with hematologic and solid tumor malignancies that are exploring the efficacy of daily

and twice daily schedules that will help to determine the most optimal dosing regimen.
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Fig 1.

Mean plasma concentrations of suberoylanilide hydroxamic acid on cycle 1/day 9 after oral

administration of 200 mg every day (qd) or twice a day (bid), 300 mg bid, 400 mg qd or bid,

or 600 mg qd under fed conditions.
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Fig 2.

Relationship between area under the curve to infinity (AUCN) and maximum concentration

(Cmax) and dose on cycle 1/day 8 after administration of suberoylanilide hydroxamic acid under

fasting conditions. qd, every day; bid, twice a day.
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Fig 3.

Average histone H3 acetylation by dose group. Histones were isolated at the times indicated

following ingestion of suberoylanilide hydroxamic acid and enzyme-linked immunosorbent

assays performed as described in Patients and Methods. The number of patients analyzed in

the 200-, 300-, 400-, and 600-mg groups was five, three, seven, and three, respectively. Each

determination was performed in triplicate and the error bars represent the standard error of the

mean.
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Fig 4.

Long-term evaluation of peripheral-blood mononuclear cells for histone H3 acetylation in

patients.
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Table 1

Patient Characteristics (N = 73)

Characteristic Solid Tumors (n = 50)
Hematologic Malignancies

(n = 23)

Age, years
 Median 60 59
 Range 25-78 20-79
Sex
 Male 34 16
 Female 16 7
Primary tumor type
 Mesothelioma 13
 Prostate 7
 Urothelial 7
 Thyroid 6
 Renal 6
 Breast 2
 Lung 2
 Adrenal cortical 1
 Germ cell 1
 Laryngeal 1
 Melanoma 1
 Paraganglioma 1
 Skin 1
 Cervical 1
 Hodgkin’s lymphoma 7
  Non-Hodgkin’s lymphoma
  Diffuse large B-cell 7
  Small lymphocytic 1
  Mantle cell 2
  Cutaneous T-cell 1
  Peripheral T-cell 1
 Myeloma 2
 Acute myeloid leukemia 1
 Myelodysplastic syndrome 1
No. of prior systemic therapies: chemotherapy, or biologic therapy, or both
 None 1 0
 One 14 1
 Two 11 4
 Three or more 24 18

J Clin Oncol. Author manuscript; available in PMC 2007 April 24.
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Table 3

Ten Most Common Drug-Related Toxicities in 73 Patients (all cycles, highest grade per event per patient)

Solid Tumors (n = 50) Hematologic Malignancy (n = 23)

Grade 1/2 Grade 3/4 Grade 1/2 Grade 3/4

Hematologic
 Anemia 36 5 10 7
 Thrombocytopenia 16 6 11 9
Nonhematologic
 Anorexia 26 4 10 4
 Diarrhea 19 2 12 7
 Elevated serum creatinine 28 1 19 0
 Fatigue 32 14 16 5
 Hyperglycemia 37 6 17 3
 Hypocalcemia 20 2 12 1
 Nausea 36 3 15 0
 Vomiting 23 2 7 1

J Clin Oncol. Author manuscript; available in PMC 2007 April 24.
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Table 5

Patients on Study ≥ 4 Months

Tumor SAHA dose (mg)
No. of Prior

Systemic
Therapy

Best Response On-Study Duration (months)

Solid tumor
 Thyroid 200 qd 1 SD 22

 Renal cell* 400 qd 3 SD 4

 Urothelial 200 bid 3 SD 10
 Thyroid 200 bid 1 SD 28
 Thyroid 300 bid 1 SD 28+
 Mesothelioma 300 bid × 3 days/week 1 SD 8+

 Mesothelioma 300 bid × 3 days/week 5 PR†† 8

 Mesothelioma† 300 bid × 3 days/week 2 SD 5

 Mesothelioma 300 bid × 3 days/week 0 SD 5
 Mesothelioma 300 bid × 3 days/week 1 PR†† 6

 Mesothelioma‡ 400 bid × 3 days/week 1 SD 10

 Thyroid 400 bid × 3 days/week 1 SD 12

 Laryngeal§ 400 bid 1 PR 10

 Renal cell¶ 400 bid 4 SD 37+

 Thyroid∥ 400 bid 1 PR 34

 Thyroid** 400 bid 2 SD 37+

Hematologic malignancy
 Hodgkin’s lymphoma 400 qd 2 SD 10
 Hodgkin’s lymphoma 400 qd 8 SD 5
 DLBCL (de novo) 600 qd 4 PR 5
 DLBCL (transformed) 200 bid 3 SD 8
 Cutaneous T-cell 200 bid 5 SD 4
 DLBCL (transformed) 400 bid 8 CR 13

Abbreviations: SAHA, suberoylanilide hydroxamic acid; qd, every day; SD, stable disease; bid, twice a day; PR, partial response; DLBCL, diffuse large

B-cell lymphoma; CR, complete response.

*
400 qd for 7 weeks; 200 qd for 9 weeks.

†
300 bid × 3 days/week for 4 weeks; 200 bid × 3 days/week for 14 weeks.

‡
400 bid × 3 days/week for 33 weeks; 300 bid for 7 weeks.

§
400 bid for 2 weeks; 400 qd for 36 weeks.

¶
400 bid for 12 weeks; 400 qd for 136+ weeks.

∥
400 bid for 4 weeks; 400 qd for 132 weeks.

**
400 bid for 93 weeks; 400 qd for 53+ weeks

††
Unconfirmed.
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