CancerTherapy: Clinical

Histone Deacetylase Inhibitor Panobinostat Induces Clinical
Responses with Associated Alterations in Gene Expression
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Abstract

Purpose: Histone deacetylase inhibitors can alter gene expression and mediate diverse antitumor activities. Herein, we report the safety and activity of the histone deacetylase inhibitor
panobinostat (LBH589) in cutaneous T-cell lymphoma (CTCL) and identify genes commonly
regulated by panobinostat.
Experimental Design: Panobinostat was administered orally to patients with CTCL on Monday,
Wednesday, and Friday of each week on a 28-day cycle. A dose of 30 mg was considered excessively toxic, and subsequent patients were treated at the expanded maximum tolerated dose of
20 mg. Biopsies from six patients taken 0, 4, 8, and 24 h after administration were subjected to
microarray gene expression profiling and real-time quantitative PCR of selected genes.
Results: Patients attained a complete response (n = 2), attained a partial response (n = 4),
achieved stable disease with ongoing improvement (n = 1), and progressed on treatment
(n = 2). Microarray data showed distinct gene expression response profiles over time following
panobinostat treatment, with the majority of genes being repressed. Twenty-three genes were
commonly regulated by panobinostat in all patients tested.
Conclusions: Panobinostat is well tolerated and induces clinical responses in CTCL patients.
Microarray analyses of tumor samples indicate that panobinostat induces rapid changes in gene
expression, and surprisingly more genes are repressed than are activated. A unique set of genes
that can mediate biological responses such as apoptosis, immune regulation, and angiogenesis
were commonly regulated in response to panobinostat. These genes are potential molecular
biomarkers for panobinostat activity and are strong candidates for the future assessment of their
functional role(s) in mediating the antitumor responses of panobinostat.

Cutaneous T-cell lymphomas (CTCL) are extranodal nonHodgkin’s lymphomas that are characterized by the accumulation of clonal T lymphocytes in the skin (1, 2). The most
common variants are mycosis fungoides and the leukemic
variant, Sezary syndrome. The lesions of patients with
mycosis fungoides with early-stage disease (patch or plaques
with no tumor or nodal/visceral involvement) are generally
well controlled with skin-directed therapies such as photo-

therapy or topically applied corticosteroids (3). Advancedstage skin disease such as tumor lesions or erythroderma,
nodal/visceral disease require biological response modifiers
such as IFN-a, retinoids, denileukin diftitox, or multiagent
chemotherapy; recently, the histone deacetylase inhibitor
(HDACi) vorinostat (Zolinza) has been approved by the
U.S. Food and Drug Administration for the treatment of
CTCL (4). Although partial and complete remission can be
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Table 1. Responses following treatment with panobinostat
ID

Treatment duration
(wk)

Dose
(mg)

Biopsy for
correlative studies

Response
PGA
(days to onset)

101
102
103
104
105
106
107
109
110
111

4
10
24
14
14
8
116
4
38
36

30
20
20
20
20
20
20
20
20
20

Yes
Yes
Yes
Yes
Yes
Yes
No
No
No
No

PGA
(best response)

PR (105)
SD
PR (106)
PR (57)
PD
SD
PR (113)
PD
PR (57)
PR (28)

0
5
0
3
5
4
2
6
2
1

CA
(days to onset)
PR (62)
SD
PR (106)
SD
N/Ax
SD
N/Ax
SD
PR (57)
PR (85)

*Other non-drug-related toxicity: grade 3 atrial fibrillation (see text).
cCR occurred 167 days following last dose of LBH.
bDue to grade 2 fatigue.
xTotal body involvement at baseline response based solely on PGA.
kDue to progressive disease on study.

achieved, subsequent relapses are common and curative
therapy remains elusive (3, 5 – 8).
HDAC are enzymes that regulate chromatin structure and
function through the removal of acetyl groups from lysine
residues of core histones, facilitating a closed chromatin state
and transcriptional repression (9). The opposing activities of
HDAC and histone acetyltransferases regulate histone acetylation and chromatin architecture (9). There is growing evidence
that epigenetic changes play a crucial role in cancer onset and
progression, and it has been widely recognized in recent years
that HDAC are promising targets for therapeutic interventions
intended to reverse aberrant epigenetic states associated with
cancer (10 – 13).
HDACi are a new class of chemotherapeutic drug shown in
preclinical studies to have potent anticancer activities (9, 13).
Although it is not yet clear exactly how HDACi achieve
therapeutic anticancer responses, these agents induce rapid
histone hyperacetylation and chromatin remodeling and can
activate or repress genes regulating apoptosis, proliferation,
differentiation, angiogenesis, and immune responses (9).
Panobinostat (LBH589) is a novel HDACi that belongs to the
cinnamic hydroxamic acid class of compounds (14). Panobinostat is formulated as both an oral capsule and an i.v. solution
currently undergoing phase I trials (13). Two other HDACi,
romidepsin (depsipeptide) and suberoylanilide hydroxamic
acid (vorinostat), have been recognized to induce disease
regression in CTCL (15 – 17). The therapeutic action of HDACi
in CTCL patients may relate to induction of histone hyperacetylation, altered gene expression, and subsequent apoptosis
of malignant T cells (18), although other effects such as loss of
cell proliferation and decreased angiogenesis may also play a
role (19).
We are conducting an ongoing phase I, open-label, doseescalation study in patients with solid tumors and nonHodgkin’s lymphoma with the primary objective of evaluating
the safety, tolerability, biologic activity, and pharmacokinetic
profile of oral panobinostat. That ongoing study investigates
various schedules of panobinostat, one of which is the
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Monday/Wednesday/Friday (MWF) schedule presented here
(20). Moreover, in this particular cohort, we accrued patients
with CTCL and we present the results of these CTCL patients
in this article. We recognized we had an entirely unique
opportunity in this study to examine for the first time serial
changes in tumor acetylation status and gene expression
following HDACi administration by performing repeated
tumor biopsies at short time intervals, something not possible
in patients with systemic or internal tumors. Moreover, this
was a group of patients who showed responses to the HDACi
therapy. Thus, using biopsy samples from patients on study,
we did microarray-based gene expression profiling studies
and assessed panobinostat-mediated histone hyperacetylation
over time.

Materials and Methods
All patients signed an informed consent form and the study was
approved by the institution regulatory boards. Two centers (Peter
MacCallum Cancer Centre and Duke University Medical Center) were
involved in enrolling this subset of patients with CTCL.
Patient eligibility. Patients at least 18 years old with cytopathologically confirmed CTCL whose disease had progressed despite standard
therapy or for whom no standard therapy exists were eligible. Inclusion
was irrespective of stage of disease or extent of prior therapy. Patients
were also required to have an Eastern Cooperative Oncology Group
performance status score of V2 and a life expectancy of >12 weeks. All
patients were required to have an absolute neutrophil count z1.5 
109/L, hemoglobin z90 g/L, and platelets z100  109/L. Potassium,
total calcium, magnesium, and phosphorus levels needed to be equal or
above the lower limit of normal or correctable with supplements.
Patients were excluded from the study if there was impaired cardiac
function, clinically significant cardiac diseases, or congenital prolonged
QT syndrome.
Study design. This study is a part of an ongoing phase I, multicenter,
dose-escalation study of panobinostat (Novartis) administered orally
on two dose schedules in adult patients with advanced solid tumors or
non-Hodgkin’s lymphoma. The primary objective of this study was to
determine the maximum tolerated dose and dose-limiting toxicity
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Table 1. Responses following treatment with panobinostat (Cont’d)
Response
Best
response
CR* (172)c
SD
CR (190)
PR
PD
SD
N/A
PD
PR
PR

Time to
response (d)

Time to
progression (d)

Overall
survival

Reason for
discontinuation

Follow-up
(months since initiation)

62
N/A
106
57
N/A
N/A
113
N/A
57
28

252
79
338
106
103
56
794
27
256
254

368
1,109+
9,711+
545
1,010+
871+
1,001+
48k
844+
259+

Adverse event (grade 3 diarrhea)
Disease progression
Subject withdrew consentb
Adverse event (grade 3 diarrhea)
Disease progression
Adverse event (prolonged cytopenia)
Disease Progression
Disease progression
Disease progression
Disease progression

12
23
22
4
5
3
27
2
10
9

(DLT) of oral panobinostat when administered as a single agent to
adult patients. Additionally, the study was designed to characterize the
safety, tolerability, biologic activity, and pharmacokinetic profile of oral
panobinostat when administered to this patient population.
Oral panobinostat was administered as 5 or 20 mg hard gelatin
capsules. The starting dose was 15 mg with potential escalation to 20,
30, and 40 mg. In this part of the study, panobinostat was administered
orally once daily on Monday, Wednesday, and Friday of each week on a
28-day cycle. The dose of 30 mg was deemed the DLT dose of a MWF
schedule and subsequent patients were treated at the expanded
maximum tolerated dose of 20 mg (20). DLT toxicity was defined as
an adverse event or abnormal laboratory value assessed as unrelated to
disease progression, intercurrent illness, or concomitant medications
and occurs during the first 28 days following the first dose of oral
panobinostat in cycle 1 and met any of the criteria according to
National Cancer Institute Common Terminology Criteria for Adverse
Events version 3.0. Patients continued treatment with oral panobinostat
until the patient experienced unacceptable toxicity that precluded any
further treatment or disease progression.
Patient evaluation/pretreatment evaluation. Dermatologic assessment was carried out at baseline, day 1 of each cycle, and at the time
of treatment completion, measuring the body surface area involvement
by patch and plaque. Photographs of index lesions were taken at
baseline and at every scheduled visit using standardized methods. The
CTCL regional index and index lesion photographs and postbaseline
histologic analyses of any CTCL lesion biopsy specimens obtained
served as supporting data to the efficacy endpoint evaluations.
Pretreatment evaluation included routine biochemical and hematology
profile (full blood exam) including blood film and flow cytometry for
assessment of circulating Sezary cells. Assessment of extracutaneous
involvement by imaging studies included chest X-ray, cardiac imaging
(multiple-gated acquisition scan or echocardiogram), chest, abdomen,
and pelvic computed tomographic scan with contrast, and [18F]fluorodeoxyglucose positron emission tomography as clinically indicated.
Bone marrow aspirate and biopsy were done in all patients.
Response/on-treatment and post-treatment evaluation. Patients were
evaluated at day 1 of each cycle before administration of oral
panobinostat with laboratory tests; additionally, a full blood exam
was repeated on days 8, 10, 15, 17, 22, and 24 of cycle 1 as well as day
15 of cycle 2 and each subsequent cycle. Coagulation profile was
obtained on day 1 of cycle 2 or repeated at least once while receiving
study drug. Hepatic and renal function tests were done on days 8, 15,
and 22 of cycle 1 and 2 and day 15 of cycle 3 and each subsequent
cycle.
Skin lesion response was completed using the Physician’s Global
Assessment of Clinical Condition (PGA; Supplementary Table S1) and
Composite Assessment of Index Lesion Disease Severity (CA; ref. 5).
Response by a PGA from baseline represented the investigator’s

Clin Cancer Res 2008;14(14) July 15, 2008

assessment of the overall extent of improvement or worsening of the
patient’s cutaneous disease compared with baseline. A clinical partial
response (PR) required at least 50% improvement and a clinical
complete response (CR) required 100% improvement (histologic
confirmation not required). The CA efficacy endpoint had two separate
components based on up to 5 representative index lesions using a 0 to
8 scale to independently assess scaling, erythema, plaque elevation, and
hypopigmentation or hyperpigmentation. In addition, the surface area
of each index lesion was calculated by multiplying the maximal
bidirectional diameters of each index lesion. The sum of all measurements (scores) were summed and added to the sum for all clinical signs
to establish the CA score at baseline. At each subsequent evaluation, the
sum of these variables was divided by the baseline CA. A CA ratio V 1.0
indicates improvement in disease and a CA ratio z 1.0 indicates a
worsening of disease. A clinical CR required that the CA ratio = 0
without confirmatory biopsy. PR is defined as a CA ratio V 0.5.
Improvement in the PGA and CA index required confirmation by at
least two consecutive observations separated by at least 4 study weeks
before a patient could be classified as a responder. Clinical progressive
disease (PD) requires worsening of disease compared with baseline by
>25% and/or z50% increase in the sum of the products of the
abnormal lymph nodes and visceral disease from baseline or from the
on-study nadir (which ever is smaller) for PGA. PD is defined as 50%
increase from best response (nadir) of the CA ratio or score. Patients in
whom PD developed before a response occurred were classified as
having PD even in the event of later improvement. A patient was
classified as a responder if that patient met response criteria for either
the PGA or the CA endpoint. Patients with total body involvement with
mycosis fungoides were classified as responders based solely on PGA
endpoints. Patients who came off panobinostat for reasons other than
disease progression continued to be monitored on a monthly basis with
physical examination and routine full blood exam and biochemistry
with imaging done if disease progressed according to local investigator
methodology, which was to approximate the protocol-specified times.
Statistical analysis. All patients who received one dose of panobinostat were included in the response and safety analyses. As the primary
study objective was not hypothesis testing, rigorous sample size and
power calculations were not applied. Patient demographics, safety, and
disposition data are presented using descriptive statistics. Response rates
were calculated with their 95% confidence intervals using the ClopperPearson exact method.
Detection of acetylated histone H3 by immunohistochemistry. Autotomated immunohistochemistry was done on sections from six CTCL
patients using a DAKO Autostainer Plus (DakoCytomation Detection
Systems). Sections were incubated with anti-acetyl histone H3
polyclonal antibody (1:1,200; Upstate) and then treated with EnVision+ System horseradish peroxidase anti-rabbit (DakoCytomation
Detection Systems). Sections were counterstained using an in-house
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formulated hematoxylin. Samples were quantitated for the level of
acetylation by using Metamorph 7 (Molecular Devices).
Effect on histone acetylation in mononuclear cells. Mononuclear cells
were taken post-dose 1 at 3, 8, 24, and 48 h, post-dose 2 at 48 h, and
post-dose 3 at 72 h and whole-cell lysates were prepared in lysis buffer
(Qiagen). Proteins (25 Ag) were separated by SDS-PAGE and Western
blotting was done using anti-acetyl histone H3 and histone H4
antibodies (Upstate) and with anti – glyceraldehyde-3-phosphate dehydrogenase (Upstate) to control for protein loading. Blots were
incubated in Alexa Fuor 680 anti-mouse (Molecular Probes) and IRDye
800 anti-rabbit (Rockland Immunochemicals) secondary antibodies
and acetylated histones were quantitated using an Odyssey detection
System (Li-Cor Biosciences).
RNA purification. To ensure sample processing did not influence
array data, 3-mm punch biopsies taken at the indicated times were
imbedded in OCT medium and immediately snap frozen in liquid
nitrogen to ensure tissue integrity. All samples were stored at -80jC and
all subsequent RNA extraction or immunohistochemistry preparation

was done on the same day. Total RNA was purified from patient
skin biopsies samples taken at 0, 4, 8, and 24 h post-panobinostat
administration with TRIzol reagent (Invitrogen) before being applied to
a Qiagen RNeasy kit according to manufacturer’s instructions.
Microarray hybridization. Double-stranded cDNA was generated
using a GeneChip Expression 3¶-Amplification Two-Cycle Synthesis kit
(Affymetrix) and biotin-labeled antisense cRNA was synthesized by in
vitro transcription. cRNA (20 Ag) was then fragmented and hybridized
to a Human Genome U133A Plus 2.0 Gene Chip (Affymetrix)
GeneChip. All proceeding washes, stains, and scanning protocols were
done according to the manufacturer’s instructions. Chips were then
scanned twice using a 2500 Scanner. Data were extracted using
Affymetrix GeneChip Operating Software version 1.0.
Quality assessment and normalization. Raw data for each GeneChip were quality assessed using a variety of graphical methods (21).
These assessments led us to the discard of one array as showing
insufficient signal probably because of insufficient RNA in the sample.
Intensities were background corrected, normalized, and summarized

Fig. 1. Clinical effects of panobinostat. Photographs of
patient 101taken at baseline (top) and post-treatment
with panobinostat (bottom) showing complete remission.
Responses of erythematous plaques on the face and torso
of patient 101to treatment with panobinostat.

www.aacrjournals.org

4503

Clin Cancer Res 2008;14(14) July 15, 2008

Downloaded from clincancerres.aacrjournals.org on March 8, 2021. © 2008 American Association for Cancer
Research.

CancerTherapy: Clinical

Fig. 2. Clinical effects of panobinostat. Photographs of patient 107 with Sezary syndrome taken at baseline (top) and after 8 months of treatment with panobinostat
(bottom) with ongoing partial remission. Response of erythematous plaques with hyperkeratotic scale and fissures on the palms and feet of patient 107 to treatment
with panobinostat.

at the probe-set level using the gcRMA algorithm (22) implemented in
the gcRMA software package for R.12 Probe sets not reaching a
normalized intensity of 24 = 16 on at least 4 of the 22 GeneChip were
filtered from further analysis.
Differential expression. Analysis of individual patient gene expression was analyzed using GeneSpring GX 7.3.1 (Aligent Technologies).
Raw data were initially background corrected using gcRMA algorithm.
Changes in gene expression following panobinostat administration
were further corrected by normalizing to the corresponding baseline
arrays, and final expression analysis was finally corrected for by
selecting for genes changing 2-fold in their gene expression patterns.

12

http://www.r-project.org
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Differential expression analysis of genes that were altered in all
patients consistently over time in response to panobinostat was done
with the limma software package for R (23). An additive ANOVA model
was fitted for each probe set with patient and time as the two
explanatory factors. This allowed us to detect genes that respond to
panobinostat while adjusting for differences between patients. The
additive ANOVA finds genes that respond to panobinostat in a
consistent way across the six subjects.
As there was some subtle graduation in data quality between the
different RNA samples, empirical array quality weights were estimated
from the expression data and incorporated into the differential
expression analysis (24). This served to down-weight lesser-quality
arrays, in a graduated way, improving the precision and power of the
overall differential expression analysis. Differentially expressed genes
were selected based on empirical Bayes F statistics for time across the
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different schedules (25). The method of Benjamini and Hochberg (26)
was used to control the expected false discovery rate of <15%.
Real-time quantitative PCR analysis. Real-time quantitative PCR
was done to verify the expression of selected genes that responded to

panobinostat (false discovery rate < 15%). cDNA was synthesized and
consequent gene expression was analyzed as described previously (27).
Primers to human GUCY1A3 (forward 5¶-CAGACGTTTAGCGGGATCAT-3¶ and reverse 5¶-CCCCAAAAACAAGATTGC-3¶), NR2F2 (forward

Fig. 3. Effects of panobinostat on histone acetylation. A, tumor biopsies from patients 104 and 106 were obtained directly before they received the first dose of panobinostat
or at various times points (4, 8, and 24 h) following therapy. Immunohistochemistry using an anti-acetyl histone H3 antibody was done, which showed an increase in
acetylated histone H3 in mononuclear cells over time following panobinostat treatment. The fold increase in acetyl histone H3 staining over background (T0) for
patients 104 and 106 in tumor biopsy samples (B) and isolated mononuclear cells (C) was quantitated as detailed in Materials and Methods.

www.aacrjournals.org
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Fig. 4. Effects of panobinostat on histone acetylation.
A, tumor biopsies from patients 104 and 106 were
obtained directly before they received the first dose of
panobinostat or at various times points following therapy
and changes in gene expression were assessed by
microarray. Genes that were differentially regulated by
at least 2-fold from time 0 h to at least one later time point
in response to panobinostat are shown. Red, up-regulated
genes; green, down-regulated genes. Each line
corresponds to a single gene. B, 23 genes (3 up-regulated
and 20 down-regulated) were found to respond to
panobinostat in all six patients tested.

5¶-CGGAGGAACCTGAGCTACAC-3¶ and reverse 5¶-CAGGTACGAGTGGCAGTTGA-3¶), ANGPT1 (forward 5¶-GGGAGGAAAAAGAGAGGAAGA-3¶ and reverse 5¶-ATTCCTTCCAGCCTCTTTGG), and
CCND1 (forward 5¶-AACTACCTGGACCGCTTCCT-3¶ and reverse 5¶CCACTTGAGCTTGTTCACCA-3¶) were designed using the University of
California-Santa Cruz genome browser13 and primer 314 Web sites. The
ribosomal gene L32 (forward 5¶-TTCCTGGTCCACAACGTCAAG-3¶ and
reverse 5¶-TGTGAGCGATCTCGGCAC-3¶) was used as the control gene.

Results
Patient characteristics. Ten CTCL patients were registered to
the study and the result of the CTCL patients are presented in
detail in this article. The characteristics of these patients are
described in Supplementary Table S2. This CTCL cohort was
part of a larger MWF weekly dosing cohort into which 32
patients were entered and have been presented in abstract form
(20). Briefly, with respect to the larger 32-patient cohort,
patients received 15 mg (n = 3), 30 mg (n = 10; the DLT), or
20 mg (n = 19; the maximum tolerated dose). Tumor types
included CTCL (n = 10), renal cell (n = 6), melanoma (n = 6),
prostate (n = 4), hepatic (n = 1), rhabdomyosarcoma (n = 1),
mesothelioma (n = 1), colon (n = 1), bladder (n = 1), and
parotid gland (n = 1). Three DLT were reported: grade 3
13
14

http://genome.ucsc.edu
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3____ www.cgi
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diarrhea at 30 mg, transient grade 4 thrombocytopenia at 30
mg, and grade 3 fatigue at 20 mg. The most common adverse
events were anorexia, nausea, fatigue, diarrhea, and transient
thrombocytopenia. Panobinostat was rapidly absorbed in
plasma (T max, 1.5 h) and then declined with a mean terminal
half-life of 16 h. C max and AUC increased linearly with doses
between 15 and 30 mg (20).
The median age of the CTCL patients was 59.5 years and
8 patients had advanced-stage mycosis fungoides (stage IIB or
higher). One patient (101) received 30 mg MWF and the
remaining 9 patients received 20 mg MWF weekly. A summary
of the patients’ treatment and response information is shown in
Table 1. The 9 patients in the 20 mg treatment group had a
median duration of panobinostat treatment of 14 weeks (range,
4-116 weeks), whereas the patient treated with 30 mg/dose
with this schedule was treated for only 4 weeks due to doselimiting diarrhea. Ultimately, 6 patients discontinued due to
disease progression, 3 patients withdrew due to adverse
experiences, and 1 patient withdrew consent due to a
combination of grade 2 fatigue and difficulty with frequent
monitoring visits.
Toxicity. Within the CTCL cohort of 10 patients, one DLT
was reported: grade 3 diarrhea at 30 mg (101). The most
common adverse events were anorexia, nausea, fatigue,
diarrhea, and transient thrombocytopenia. The major toxicity
observed was diarrhea (2 patients) seen as early as week 3. In
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patient 101, despite drug dosage reduction to 15 mg,
concomitant medication administration, and hospitalization,
recurrent diarrhea developed and panobinostat was discontinued. The patient, however, had ongoing improvement

without further therapy, achieving CR 167 days later (Fig. 1).
Other grade 3 toxicities observed were thrombocytopenia
(2 patients, both occurring during week 8 of treatment),
neutropenia (2 patients), skin infection, atrial fibrillation, eye

Fig. 5. Validation of microarray data by QRT-PCR. RNA from biopsy samples was obtained from patients 101, 103, 104, and 106 before panobinostat treatment or at various
time points following treatment. QRT-PCR was used to detect expression of the following genes: (A) GUCY1A3, (B) NR2F2, (C) ANGPT1, and (D) CCND1, whose
expression was altered in all patients tested.Values for each gene were normalized to expression levels of L32 and fold induction at each time point was calculated relative
to time 0 h. Left, microarray data; right, results from QRT-PCR.

www.aacrjournals.org
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swelling, and anemia. The patient who developed atrial
fibrillation developed symptoms 6 h after receiving panobinostat on day 1 of cycle 2; magnesium and potassium levels were
normal. The atrial fibrillation responded rapidly to digoxin and
the patient continued on panobinostat therapy. The patient had
no episodes of atrial fibrillation either prior or since. One
patient (103) was discontinued from the study due to grade 2
fatigue, which developed at week 12.
Clinical efficacy. Median duration of therapy was 14 weeks
(range, 4-116) for all 10 patients. Responses to treatment are
detailed in Table 1. Clinical efficacy was observed in 8 patients:
CR was seen in 2 patients (CR was seen at both 20 and 30 mg
daily dose levels; Fig. 1), 4 CTCL patients reached a PR with
median time to onset of response of 57 days (28-113 days), and
an additional 2 CTCL patients met the criteria for stable disease
(SD). Of note, both patients achieved a CR following
discontinuation of drug, one 2 weeks and the other 24 weeks
following last dose of panobinostat. The median time to
response was 60 days (range, 28-113). Median time to
progression was 179 days (range, 27-794). Two of the 3 patients
with circulating Sezary cells responded to panobinostat (Fig. 2).
Immunohistochemistry. Panobinostat-mediated histone
acetylation in patient biopsy samples before and after
administration of panobinostat was assessed (Fig. 3A). Hyperacetylation of histone H3 was observed in tumor cells as little as
4 h after administration of panobinostat and increased over
time, whereas little histone hyperacetylation was observed in
surrounding stromal cells. Histone hyperacetylation was
quantified using Metamorph software and found that peak
hyperacetylation levels of f4-fold over untreated control levels
were observed 4 to 8 h following therapy (Fig. 3B).
Effect on histone acetylation in mononuclear cells. To further
evaluate the pharmacodyamic effect of panobinostat, 9 patients
were evaluable for histone acetylation in blood mononuclear
cells. Following each of MWF doses, hyperacetylation was
consistently observed to 48 h (before next dose) and out to
72 h (following the Friday dose and before Monday dosing).
Panobinostat induced histone acetylation in both responding
and nonresponding patients, and a representative analysis of the
kinetics of histone hyperacetylation in patients 104 and 106
treated during the first cycle of panobinostat is shown in Fig. 3C.
Gene expression profiling. To identify changes in gene
expression following treatment with panobinostat, microarray
studies using patient biopsy samples were obtained directly
before treatment and at 4, 8, and 24 h following the first dose
of panobinostat (day 1, cycle 1). As shown in Fig. 4A using gene
expression profiles from patients 104 and 106 as examples,
changes in gene expression were observed consistently at
4 h and persisted to at least 8 h for most genes. The number
of genes showing a z2-fold change in expression in at least one
time point following panobinostat treatment compared with
untreated biopsy samples is as follows: patient 101 (1,358
genes changed, 12% up-regulated and 88% down-regulated),
patient 103 (1,281 genes changed, 23% up-regulated and 77%
down-regulated), patient 104 (1,466 genes changed, 61% upregulated and 39% down-regulated), patient 105 (310 genes
changed, 36% up-regulated and 64% down-regulated), and
patient 106 (285 genes changed, 10% up-regulated and 90%
down-regulated). Evidently, in most patient samples, panobinostat induced transcriptional repression of more genes than
were activated.
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We used a two-way additive ANOVA model and empirical
Bayes F statistics to find genes showing a consistent and
statistically significant response to panobinostat over time
across all the patients. Twenty-three genes were significant at a
false discovery rate of <15% (Fig. 4B; Supplementary Table S3).
Twenty genes were repressed following panobinostat treatment,
whereas only 3 genes were activated. Interestingly, genes such
as IGF1 and CCND1 (encoding cyclin D1) identified previously
in in vitro studies as HDACi-regulated genes (28, 29) were
identified in our screen. Moreover, genes that mediate
biological responses known to be downstream of HDAC
inhibition [Septin10, TEF, and SORBS2 (apoptosis); NR2F2,
CCND1, and TM4SF18 (cell proliferation); GUCY1A3 and
ANGPT1 (angiogenesis); and LAIR1 (immune modulation)]
were identified. Previous studies had indicated CDKN1A
(encoding p21WAF1/CIP1) to be a gene readily up-regulated in
response to HDACi treatment in vitro (30). Our data indicate
that CDKN1A was not universally up-regulated in response to
panobinostat. Patient 101 (CR), patient 103 (CR), and patient
105 (PD) displayed a slight, significantly significant increase in
expression of CDKN1A, whereas patient 104 (PR) and patient
106 (SD) showed no increase in CDKN1A expression following
treatment with panobinostat.
To validate the gene expression data obtained by microarray,
QRT-PCR was used to assess the expression of selected genes
from Supplementary Table S3. As shown in Fig. 5, there was a
strong overlap in gene expression profiles as assessed by
microarray and QRT-PCR in terms of both magnitude and
kinetics of the response.

Discussion
Here, we present the results of a cohort of 10 patients with
CTCL within the ongoing phase I study of the oral formulation
of the HDACi panobinostat. That ongoing study investigates
various schedules of panobinostat, one of which is the MWF
schedule presented here. In this group of patients, we took
advantage of the unique opportunity to study serial changes in
tumor acetylation status and gene expression following HDACi
administration by performing repeated tumor biopsies at short
time intervals, something not possible in patients with systemic
or internal tumors. Moreover, this was a group of patients who
showed responses to the HDACi therapy.
HDACi are promising new agents for the treatment of
hematologic malignancies and possibly solid tumors. To date,
results from clinical trials using structurally diverse HDACi,
including phenylbutyrate, valproic acid, vorinostat, MS-275,
CI-994, PXD-101, AN-9, and MGCD-0103, have been published (13). In general, these agents can be safely administered
with class-related toxicities including transient cytopenia,
nausea, diarrhea, somnolence, fatigue, and QTc prolongation,
which appear to be schedule, route, and dose dependent (13).
Romidepsin (17, 31) and vorinostat (19) have shown activity
in CTCL; indeed, vorinostat was recently approved by the U.S.
Food and Drug Administration for the treatment of cutaneous
manifestations in patients with CTCL who have progressive,
persistent, or recurrent disease on or following two systemic
therapies (32). Panobinostat is a cinnamic hydroxamic acid
HDACi that can kill primary chronic myelogenous leukemia,
acute myelogenous leukemia, and multiple myeloma cells
in vitro (14, 33 – 35). In a phase I study in leukemia and
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myeloproliferative disorders, panobinostat administered orally
has produced objective responses (36).
Oral panobinostat showed antitumor effects with 6 of 10
patients responding using stringent CTCL-specific response
criteria, including 2 patients with disease progression while on
panobinostat who attained complete remissions several weeks
after discontinuation of therapy. The median time to response
was 60 days. The median duration of therapy was 14 weeks,
with 1 patient receiving therapy for 29 months. Thus,
panobinostat can now be added to the list of HDACi with
demonstrable benefit in T-cell lymphomas along with vorinostat (19) and romidepsin (17, 31).
Based on previous studies conducted with HDACi, it has
been hypothesized that the primary molecular mechanisms of
action by HDACi were to alter the acetylation status of the core
histone proteins, thus facilitating chromatin remodeling and its
consequent alterations in gene expression (9). The baseline
level of acetylation assessed in our patient tumor samples was
relatively low. Because of the unique design of this study,
whereby we serially sampled tumor specimens following drug
dosing, we then assessed tumoral acetylation changes over the
first 24 h. Following the administration of panobinostat, we
observed rapid acetylation of histone H3, suggesting that early
acetylation of histones may be an important mechanism
required for the action of panobinostat in patients. The changes
paralleled that observed in the peripheral blood mononuclear
cells; indeed, in peripheral blood mononuclear cells, hyperacetylation was observed to 72 h, the longest gap between drug
dosing. Bearing in mind the small number of patients in the
study, there was no observable relationship with peripheral
blood mononuclear cell acetylation status and disease response.
Again, the unique design of this study allowed us to gain
insight into the alteration in gene expression in tumor cells over
time following administration of a HDAC. Early induction of
histone acetylation was concomitant with observed alterations
in gene expression. Altered gene expression within 4 h of
treatment with panobinostat occurred in all patients with <10%
of genes altered, which is consistent to that observed in various
tumor cell lines (29, 37). Of note, most patients showed a timedependent decrease in gene expression in the majority of
differentially expressed genes, with only patient 104 showing
more genes up-regulated in response to panobinostat. Moreover, most of the genes showed peak altered expression at the 4h time point, indicating that future gene profiling studies using
samples from patients treated with panobinostat could be done
at the early time point. Due to the relatively low patient
numbers, it was not possible to correlate altered expression of a
particular gene(s) with patient outcome.
A collective study was also done to investigate genes that
move consistently over time in all patients. Our study design
allowed a rigorous statistical analysis adjusting for differences
between the patients and variations in precision between the
RNA samples. A total of 23 genes showed statistical signifi-

cance. From these collected data, 4 genes were further selected
for validation by QRT-PCR. Duvic et al. recently showed that
treatment of CTCL patients with vorinostat resulted in altered
expression of TSP-1, a potent inhibitor of angiogenesis (19).
Likewise, CTCL patients receiving panobinostat displayed
down-regulation of guanylate cyclase 1A3 (GUCY1A3) that
when down-regulated by small interfering RNA results in
reduced angiogenic activity (38). The proangiogenic gene
ANGPT1 was another gene consistently down-regulated in
response to panobinostat. Down-regulation of ANGPT1 in
response to other small-molecule anticancer agents such as
bortezomib has been proposed to play an important anticancer
role for this agent in multiple myeloma (39). Finally, the
transcription factor COUP-TFII (NR2F2), which is an upstream
regulator of genes including ANGPT1, hTERT, and CCND1 and
has been shown to regulate cell cycle progression (40) and
angiogenesis (41), was down-regulated in response to panobinostat. Whether the panobinostat-mediated changes in expression of ANGPT1 and CCND1 occur as a consequence of altered
expression of NR2F2 remains to be determined. CCND1 is a
gene commonly down-regulated by various HDACi (42), and
given the important oncogenic role of cyclin D1 due to its
ability to regulate cell cycle progression (43), the significance of
down-regulation of CCND1 for the therapeutic activities of
panobinostat should be assessed in more detail.
Panobinostat achieves clinical responses in CTCL at a dose of
20 mg MWF each week, including complete responses and
responses that in some patients can be prolonged. The unique
design of this study allowed us to monitor tumor gene
expression over time. The correlative data suggest that the
antiangiogenic, immune modulation, and apoptotic properties
of panobinostat shown by distinct changes in gene expression
may underpin the observed clinical response in CTCL patients.
Although these results offer a possible explanation to the
molecular mechanisms underlying patient response to panobinostat, a greater implication could be the possible identification
of biomarkers as these genes have shown to respond to
panobinostat in all patients, although a larger study for further
investigation is still required.
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