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Abstract

Purpose—[131I]-meta-iodobenzylguanidine ([131I]-MIBG) is the most commonly employed

treatment for metastatic pheochromocytoma and paraganglioma; however, its success is limited.
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Its efficacy depends on the [131I]-MIBG concentration reached within the tumor through its uptake

via the norepinephrine transporter and retention in neurosecretory granules. Purpose is to enhance

[123I]-MIBG uptake in cells and liver pheochromocytoma tumors.

Experimental Design—We report the in vitro effects of two histone deacetylase (HDAC)

inhibitors, romidepsin and trichostatin A, on increased uptake of [3H]-norepinephrine and [123I]-

MIBG in mouse pheochromocytoma (MPC) cells, and the effect of romidepsin on [18F]-

fluorodopamine and [123I]-MIBG uptake in a mouse model of metastatic pheochromocytoma. The

effects of both inhibitors on norepinephrine transporter activity were assessed in MPC cells by

[123I]-MIBG uptake studies with and without the transporter blocking agent desipramine and the

vesicular blocking agent reserpine.

Results—Both HDAC inhibitors increased [3H]-norepinephrine, [123I]-MIBG, and [18F]-

fluorodopamine uptake through the norepinephrine transporter in MPC cells. In vivo, inhibitor

treatment resulted in increased uptake of [18F]-fluorodopamine and in pheochromocytoma liver

metastases as measured by maximal standardized uptake values on PET imaging (p < 0.001).

Analysis of biodistribution after inhibitor treatment confirmed the PET results in that uptake of

[123I]-MIBG was significantly increased in liver metastases (p < 0.05). Therefore, HDAC inhibitor

treatment increased radioisotope uptake in MPC cells in vitro and in liver metastases in vivo,

through increased norepinephrine transporter activity.

Conclusion—These results suggest that HDAC inhibitors could enhance the therapeutic efficacy

of [131I]-MIBG treatment in patients with malignant pheochromocytoma.
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Introduction

Up to 36% of patients with pheochromocytoma will develop metastatic disease and have a

5-year survival rate of approximately 50% after diagnosis (1-5). Moreover, patients with

metastatic pheochromocytoma exhibit excessive levels of circulating catecholamines. This

results in an increased risk of hypertensive complications, including strokes and cardiac

arrhythmias. Current treatments for malignant pheochromocytoma include targeted radiation

using [131I]-meta-iodobenzylguanidine ([131I]-MIBG), cytotoxic chemotherapy, octreotide,

tumor chemoembolization and, less frequently, radiofrequency or cryoablation (6-12). The

success of these treatments is limited and varies based on the sites and growth rates of

metastatic lesions.

[131I]-MIBG is one of the most effective therapies because it specifically targets chromaffin

and pheochromocytoma cells. MIBG, a sympathomimetic amine analogue of guanethidine,

is avidly taken up by chromaffin cells via the transmembrane norepinephrine transporter

(13-15). Similar to normal chromaffin cells, pheochromocytoma cells also express the

norepinephrine transporter. Uptake of [131I]-MIBG results in accumulation of 131I in the

tumor cells and their destruction by beta irradiation. Unfortunately, only 30% of

pheochromocytoma patients show a response to [131I]-MIBG (6). This disappointing

response rate is most likely related to reduced expression of the norepinephrine transporter
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and a reduced number of catecholamine storage granules, which results in a suboptimal

[131I]-MIBG concentration within the tumor cells. In addition, the elevated circulating

catecholamines in pheochromocytoma patients compete with [131I]-MIBG for transporter-

mediated entry into the tumor cell, further reducing [131I]-MIBG uptake. Kolby et al.

indicated the importance of secretory granules containing vesicular monoamine transporters

for the uptake and retention of [123/131I]-MIBG (16).

A number of histone deacetylase (HDAC) inhibitors have shown promise as anticancer

agents (17). They can arrest growth, induce differentiation and apoptosis in various cancer

cell lines, and inhibit the growth of tumors in animal models (18). Interestingly, low

concentrations of the HDAC inhibitor romidepsin (depsipeptide, FK228) have been found to

increase expression of the Na+/I- symporter in poorly differentiated thyroid carcinoma cells,

thereby enhancing intracellular iodine accumulation (19). HDAC inhibitors might also be

effective in the treatment of pheochromocytoma by virtue of their ability to induce growth

inhibition and/or apoptosis in pheochromocytoma cells, increase entry and retention of

radioisotopes (e.g. [131I]-MIBG), and stimulate the differentiation of malignant

pheochromocytoma cells-with partial or total restoration of the phenotypic traits of the

normal chromaffin cell (20).

We examined the effects of two structurally unrelated HDAC inhibitors, romidepsin and

trichostatin A, in mouse pheochromocytoma (MPC) cells in vitro and in a mouse model of

metastatic pheochromocytoma. MPC cells closely resemble normal and neoplastic human

chromaffin cells in that they express phenylethanolamine-N-methyltransferase, which

converts norepinephrine to epinephrine (21). We examined the effects of HDAC inhibition

on proliferation, uptake of [3H]-norepinephrine, [123I]-MIBG, and [18F]-fluorodopamine,

and norepinephrine transporter expression in MPC cells. Using positron emission

tomography (PET) and biodistribution studies, we assessed the effect of a single dose of

romidepsin on [18F]-fluorodopamine uptake by pheochromocytoma liver metastases in nude

mice. In addition, we demonstrated the effect of trichostatin A on [123I]-MIBG uptake by

liver lesions in a mouse model of metastatic pheochromocytoma (22, 23). Uptake of [18F]-

fluorodopamine, an investigational imaging tracer that has been successfully used for

localization of human pheochromocytoma (24), was similar to that of [131I]-MIBG in

pheochromocytoma cells (25).

Materials and Methods

Reagents

RPMI 1640, Dulbecco's modified Eagle medium (DMEM), trypsin-EDTA, penicillin/

streptomycin 100×, and N-2-hydroxyethylpiperazine-N′-2-ethane sulfonic acid (HEPES)

buffer (1M) were purchased from Invitrogen-Life Technologies (Carlsbad, CA). Fetal

bovine serum (FBS) and donor horse serum (DHS) were obtained from Gemini Bio-

Products (Woodland, CA). Levo-2, 5, 6-3H-norepinephrine was purchased from NEN Life

Science Products (Boston, MA). Bovine serum albumin (BSA), dimethyl sulfoxide (DMSO)

and all the components of the Krebs Ringes Glucose (H-KRG) buffer were purchased from

Sigma Chemical Co. (St. Louis, MO). Phosphate buffered saline was obtained from

Biosource International (Camarillo, CA), and Triton X-100 was obtained from Fisher
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Scientific (Suwajanee, GA). Dr. A. T. Fojo (Developmental Therapeutics Program, National

Cancer Institute, Bethesda, MD, USA) kindly provided romidepsin. Trichostatin A was

purchased from Sigma Chemical Co. (St. Louis, MO).

In vitro studies

Cell culture—MPC cells (cell line 4/30/PRR) were established from heterozygous

neurofibromatosis knockout mice (21). Cells were cultured in RPMI 1640 medium,

supplemented with 10% DHS, 5% FBS, and penicillin/streptomycin, and maintained at 37°C

in 5% CO2. Cells from passages 26-38 were used in the experiments.

Cell proliferation assay—The cytotoxic effects of romidepsin and trichostatin A were

examined using the XTT-assay (Cell Proliferation Kit II, Roche Applied Science,

Indianapolis, IN). MPC cells were seeded in 96-well flat-bottom plates at 50,000 cells/well

and incubated with increasing concentrations of romidepsin or trichostatin A diluted in

medium at 37°C for 48 or 72 hr. The XTT mixture was then added, and the cells were

incubated for 18 hr. After incubation, spectrophotometric absorbance was measured using a

microplate reader (Bio-Rad Laboratories, Philadelphia, PA). All experiments were

performed in octuplicate.

Uptake of [3H]-norepinephrine—The uptake of norepinephrine by MPC cells was

determined using [3H]-norepinephrine and a modification of the protocol described by

Jaques et al. (26). MPC cells (100,000 cells/well) in 24-well plates were treated with

increasing concentrations of romidepsin (0.001-10 ng/mL) or trichostatin A (6.25-100

ng/mL) and diluted in medium for 48 or 72 hr at 37°C. After treatment, cells were washed

three times with 0.5 mL H-KRG buffer (H-KRG: 125 mM NaCl, 4.8 mM KCl, 2.6 mM

CaCl2, 1.2 mM MgSO4, 5.6 mM glucose, 25 mM HEPES, 1 mM ascorbic acid, pH 7.35),

followed by a 10 min preincubation in H-KRG buffer (0.5 mL/well) at 37°C. Next, [3H]-

norepinephrine (25 nM/well) was added and the cells were incubated at 37°C for 10 min.

[3H]-norepinephrine uptake was stopped by rapidly chilling the plates on ice, and the cells

were washed twice with 0.1% albumin in PBS at 4°C. Cells were lysed with 0.5 mL Triton-

X100 0.1% and aliquots of the cell lysates were transferred into scintillation vials. After

addition of the Biosafe-II scintillation cocktail (Research Products International, Mount

Prospect, IL), cell-associated beta radiation was counted in a beta-counter (Beckman Coulter

LS 60000 IC).

Uptake of [123I]-MIBG and [18F]-fluorodopamine—[123I]-MIBG and [18F]-

fluorodopamine uptake studies, treatment of cells, washing steps and incubations were

performed following the same protocol used for [3H]-norepinephrine. MPC cells were

treated with romidepsin (0.5 ng/mL) or trichostatin A (12.5 ng/mL) and incubated for 48 or

72 hr at 37°C. [123I]-MIBG (0.6-0.7 μCi/ml,, specific activity of 2mCi/0.08mg), [18F]-DA

(0.6-0.7 μCi/ml, specific activity of 20mCi/3.23mg, or 17.31mCi/2.49mg) was added to the

plates, which were incubated at 37°C for 10 min to asses uptake and 120 min to asses

accumulation in cells. After incubation, [123I]-MIBG uptake was stopped by rapidly chilling

the plates on ice, and the cells washed twice with 0.1% albumin in PBS at 4°C. The

incubation medium was collected, and the cells were washed with cold PBS, trypsinized,
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and the cell-associated radioactivity was measured using a gamma-counter (1480 Wizard 3,

Automatic Gamma Counter, Perkin-Elmer, Waltham, MA, USA).

In a subset of experiments, uptake studies with romidepsin and trichostatin A treatment were

carried out in the absence or presence of 1 μM desipramine to block neuronal catecholamine

uptake (27), or 10 μM reserpine to block vesicular catecholamine translocation (28, 29). All

experiments were performed in quadruplicate.

Protein collection and analysis—For these experiments, cells were incubated in 25 mL

flasks with 0, 0.25, 0.5 or 0.75 ng/mL of romidepsin or 0, 6.25, 12.5 or 25 ng/mL of

trichostatin A for 72 hr. After two washes with PBS, cells were pelleted and lysed. Cell

lysates were added to the loading buffer (1:1 GTC/PBS, Invitrogen/Cellgro). The samples

were serially diluted 1:2 and loaded into a 96-well vacuum manifold (Bio-Rad, Hercules,

CA) with two sheets Protran membrane (Schleicher & Schuell, Keene, NH) and a vacuum

slowly applied. The membrane was removed and washed twice in TBS before being probed

for GAPDH at 1:500 (American Research Products, City, State). After antibody binding, the

membrane was washed three times in TTBS. The blot was then incubated with horseradish

peroxidase linked anti-mouse Ig whole antibody at 1:1000 (Amersham) and imaged using

ECL western blotting kit (Amersham). Next, the membrane was stripped using Re-Blot Plus

Mild (Chemicon, Temecula, CA) for 10 min. Subsequently, it was probed for anti-acetyl

histone H3 1:2200 and again washed three times in TTBS, followed by horseradish

peroxidase linked anti-rabbit Ig whole antibody at 1:1000 (Amersham) and imaged as

before. Densitometry was performed on films using the IPLab gel software.

Ultrastructural studies—The effect of treatment with either 0.5 ng/mL romidepsin or

12.5 ng/mL trichostatin A on MPC cell morphology and ultrastructure was examined by

electron microscopy. After 3 washes with PBS, cells were double-fixed in PBS-buffered

glutaraldehyde (2.5%) and osmium tetroxide (0.5%), dehydrated, embedded into Spurr's

epoxy resin, and coded to insure unbiased assessment. Ultrathin sections (90 nm) were made

and double-stained with uranyl acetate and lead citrate and viewed in a Philips CM10

transmission electron microscope. The percentage of cells containing neurosecretory

granules and the number of granules per cell were counted under the microscope in a

minimum of 100 randomly selected cells per treatment. The influence of the treatments on

the occurrence and frequency of apoptotic features was also evaluated. Two investigators

blinded to treatment performed the microscopic assessment. Experiments were done in

duplicate.

In vivo studies

Animal model—The metastatic mouse pheochromocytoma model used in this study was

previously described (22, 30). Briefly, female 6-8 week old (20-22 g) athymic nude mice

(NCr-nu; Taconic, Germantown, NY) were injected by tail vein with 1×106 MPC (MPC

4/30 PRR) cells. MPC cells were mixed with 100 μL of PBS and held at room temperature

prior to injection. Mice were anesthetized using isoflurane/O2 (1.5-5% v/v) before all

imaging and treatment procedures. All animal studies were conducted according to the
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National Institutes of Health Guide for the Care and Use of Animals under an approved

protocol from the Institutional Animal Care and Use Committee.

In vivo magnetic resonance imaging (MRI)—Magnetic resonance images were

obtained with a 3 Tesla MRI scanner (Intera, Philips Medical System, Best, Netherlands)

using a dedicated 40 mm inner diameter solenoid coil (Philips, Best, Netherlands).

Localization and monitoring of liver lesions were carried out as previously described (30).

Briefly, with anesthetized animals in the prone position, respiratory triggered T2-weighted

spectra were acquired with the following parameters: FOV 8.0 × 8.0 × 2.0 cm3, data matrix

512 × 512, 40 slices, TE/TR 65/4500 ms, flip angle 90°, slice thickness 0.5 mm, 0.156 ×

0.156 mm2 in-plane resolution, scan time of 5-7 min for two signal averages depending on

the respiratory rate. No contrast agent was used for MRI. Animals were scanned 4-5 weeks

after the injection of MPC cells to determine liver tumor size.

[123I]-MIBG and [18F]-fluorodopamine biodistribution studies—HDAC inhibitor

treatment was carried out using the protocol described by Goldsmith et al. (31) with a slight

modification. Briefly, female athymic nude mice were treated with romidepsin at a dose of

3.6 mg/kg; however, mice with liver metastases did not tolerate that dose. Thus, a single

lower dose of romidepsin (2.5 mg/kg) was administered to evaluate its effect on isotope

accumulation in the tumors. The same concentration was used for trichostatin A. Both

romidepsin and trichostatin A were resuspended in saline and intravenously administered by

injection of 150 μL at a rate of 10 μL per min. [123I]-MIBG and [18F]-fluorodopamine

biodistribution studies began 24 hr after drug administration.

For [123I]-MIBG biodistribution studies, anesthetized mice (n = 3) were injected through the

lateral tail vein with a dose of 150 μL saline solution containing 2.5 mg/kg of trichostatin A

over 15 min. Trichostatin A was injected twice, 24 hr and 2 hr before administration of

25-27 μCi of [123I]-MIBG. Untreated control mice (n = 4) were injected with a total volume

of 150 μL saline solution and vehicle, followed at the same time points with the same dose

of [123I]-MIBG. Both groups were sacrificed by cervical dislocation at approximately 120

min post injection of [123I]-MIBG. Samples of the liver lesions and normal liver were

collected and weighed.

For [18F]-fluorodopamine biodistribution studies, a single dose of romidepsin 2.5 mg/kg was

injected into mice (n = 7) 24 hr before administration of 50-60 μCi of [18F]-fluorodopamine.

Control mice (n = 7) received the same dose [18F]-fluorodopamine. Both groups were

sacrificed 60 min post-injection. Samples of the liver lesions and normal liver were collected

and weighed. The concentrations of [123I]-MIBG and [18F]-fluorodopamine in the liver

tumors and normal liver tissue were assayed using an automatic gamma-counter (Model

1480 Wallac Wizard, Perkin Elmer, Shelton, CT City, State). Standards of 1:10 of the

injected dose were prepared and counted along with all samples. Background counts were

subtracted from the reported 123I and 18F counts per minute. The injected counts were

determined from the standard counts and the quantitative data, expressed as standardized

uptake value, was determined as described previously (32).
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[18F]-fluorodopamine positron emission tomography imaging—PET is a

noninvasive imaging technique that allows the longitudinal monitoring of tumors. The

procedure for romidepsin pretreatment evaluation consisted of two PET scans, where mice

were injected with 50-60 μCi of [18F]-fluorodopamine in the same mice. Mice were treated

with a single dose of romidepsin 2.5 mg/kg; n = 4). The first scan was performed before

treatment as a baseline measurement and one week later the second scan, started 24 h hours

after treatment with romidepsin, was performed on the same mice.

PET scans were performed using the Advanced Technology Laboratory Animal Scanner

(ATLAS; (33) which has a transverse field-of-view of 6.8 cm and an axial FOV of 2 cm.

PET images were reconstructed by a 2D-ordered-subset expectation maximization (2D

OSEM) algorithm (5 iterations and 16 subsets), achieving a 1.5-mm full width at half

maximum (FWHM) resolution at the center (34). The reconstructed voxel size was 0.56 ×

0.56 × 1.125 mm3. No correction was applied for attenuation or scatter. Dynamic data

acquisition determining the pharmacokinetics of [18F]-fluorodopamine in liver tumors and

liver parenchyma started about 1 min after injection. Scanning parameters were set for one

frame/10 min, up to 6 frames. Whole body data acquisitions (2 bed positions, each 10 min)

started consecutively after the dynamic acquisition. Whole body acquisitions (achieving 2 ×

2 cm = 4 cm of the field of view), including images of the lungs through the kidneys, were

acquired after administration of 50-60 μCi of [18F]-fluorodopamine.

Each liver lesion was analyzed individually for the maximal uptake based on the most active

voxel cluster located within the region of interest. This is equivalent to the maximum

standardized uptake value used in clinical PET studies (35). If liver tumors are smaller (in

any dimension) than approximately 2.5 times the FWHM of the spatial resolution of the PET

scanner, a distortion called a partial volume effect occurs (36). Therefore, liver lesions were

analyzed only if they were larger than 4 mm in diameter as obtained by MRI. This is the

minimum size required to exclude partial volume effects in small animal PET when

monitoring lesions for potential physiological changes (37). The 18F activity concentration

of the radionuclide was expressed as the tumor-to-liver ratio (TLR), which was obtained by

comparing uptake in the liver lesions with that in the liver parenchyma.

SYBR Green real-time PCR for quantification of norepinephrine transporter
expression in liver tumors—Norepinephrine transporter expression was quantified by

quantitative real-time PCR. Total RNA was extracted from the liver metastases of untreated

control mice and from trichostatin A-treated mice using the RNeasy Midi Kit (Qiagen, City,

State) according to the manufacturer's instructions. After reverse transcribing mRNA, real-

time PCR was performed in triplicate using the SYBR Green PCR Master Mix (Applied

Biosystems, Foster City, CA) in a 7500 Real-time PCR system (Applied Biosystems) as

previously described (38). Use of forward primer 5′ AGAGCAGTGGGATCCATGAC 3′

and reverse primer 5′ CCAGGAGCACAAACAAGACA 3′ yielded a 168 base pair product.

Obtained CT (threshold cycle) values of the norepinephrine transporter gene (in liver lesion

samples after trichostatin A treatment, n = 7) were normalized to those of beta-actin, and

their relative mRNA expression was expressed as fold induction over the baseline (control

untreated liver lesions, n = 6). The dissociation curves of the primer pairs showed a single
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peak, and PCR reactions produced a single expected DNA band in an agarose gel analysis.

Statistical analyses were carried out by unpaired t-test with the two-tailed p value.

Data analyses—Results are presented as the mean ±SEM from a minimum of three

experiments for both in vitro and in vivo experiments. Before performing any statistical test,

all data were tested for normal distribution and equal variance. Statistical differences

between groups of data were assessed by ANOVA, followed by the Student-Neuman-Keuls

test for group comparison. The level of statistical significance was set at p < 0.05.

Results

In vitro experiments

Dose- and time-dependent inhibition of MPC cell proliferation by romidepsin
and trichostatin A—Treatment with romidepsin or trichostatin A induced a dose-

dependent decrease in MPC cell proliferation. Growth inhibition curves after 48 and 72 hr of

exposure to the drugs are shown in Fig. 1A and 1B. After a 72 hr exposure, the 50%

inhibitory concentrations (IC50) were determined to be 1.56 ng/mL for romidepsin and 50

ng/mL for trichostatin A.

Increased specific [3H]-norepinephrine uptake in MPC cells after treatment
with romidepsin and trichostatin A—A significant dose- and time-dependent increase

in the specific [3H]-norepinephrine uptake was observed in MPC cells treated with

romidepsin concentrations of 0.25-0.5 ng/mL, and trichostatin A concentrations of 6.25-12.5

ng/mL. This increase was followed by a decrease at the highest concentrations of both

romidepsin and trichostatin A (Fig. 1C and 1D). The maximal increase in [3H]-

norepinephrine uptake occurred in MPC cells after 72 hr of treatment with 0.5 ng/mL of

romidepsin and 12.5 ng/mL of trichostatin A. In subsequent experiments, concentrations of

0.5 ng/mL romidepsin and 12.5 ng/mL trichostatin A were used.

Increased [123I]-MIBG and [18F]-fluorodopamine uptake in MPC cells after
treatment with romidepsin or trichostatin A—The maximal amount of [123I]-MIBG

uptake in MPC cells occurred 72 hr after treatment with romidepsin (0.5 ng/mL), in both

short-term (Fig. 2A) and long-term (Fig. 2B) contexts. Trichostatin A (12.5 ng/mL)

promoted approximately the same levels of uptake of [123I]-MIBG after 48 hr as after 72 hr

(Fig. 2A and 2B). The uptake of [123I]-MIBG in MPC cells was approximately 3.6 times

higher than in the control group at 10 min, and 4.4 times higher at 120 min after 72 hr

treatment with trichostatin A. Similarly, for romidepsin the uptake of [123I]-MIBG was

approximately 1.5 times that in the control group at 10 min, and 2.2 times higher at 120 min.

In order to find out whether the increase of [123I]-MIBG uptake was due to inhibition of

transport over the cellular membrane, or due to impaired granular storage, we examined the

effect of desipramine on cellular [123I]-MIBG uptake and retention and also the effect of

reserpine on storage of [123I]-MIBG in vesicles. Desipramine inhibited the entry of [123I]-

MIBG into both untreated and treated MPC cells; the inhibitory effect was more pronounced

at 10 min than at 120 min (Fig. 2 A and B). A similar, though less pronounced, inhibitory

effect was observed with reserpine at 120 min in untreated cells, and at 10 and 120 min in
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cells treated with trichostatin A (Fig. 2 A, and B). Similarly, increased accumulation of

[18F]-fluorodopamine was observed in MPC cells after treatment with romidepsin for 48 and

72 hr (Fig. 2C). Desipramine significantly inhibited the entry of [18F]-fluorodopamine into

MPC cells (Fig. 2C).

Treatment of MPC cells with romidepsin or trichostatin A increased
acetylation of histone H3—As expected, blot analysis showed increased acetylation of

histone H3 in MPC cells at the same doses of romidepsin or trichostatin A that had been

proven to influence proliferation and [3H]-norepinephrine and [123I]-MIBG uptake (Fig.

3A). The neurosecretory granules were present in control and treated cells, but no significant

changes were visible (Fig. 3B).

In vivo experiments

MRI imaging—MRI detected multiple liver lesions in our in vivo model. Liver lesions 4

mm in diameter were found five weeks after tail vein injection of MPC cells. Lesions at this

size were suitable for PET imaging. Also, we were able to determine the growth of

individual lesions and correlate radionuclide uptake with the size of the lesions.

Trichostatin A and romidepsin increased [18F]-fluorodopamine and [123I]-
MIBG uptake in metastatic lesions—Tumor bearing mice were sacrificed 120 min post

[123I]-MIBG injection, and various sized liver lesions (2 mm to >8 mm diameter) were

dissected to determine the relationship between [123I]-MIBG uptake and tumor size. The

average concentration of [123I]-MIBG in all liver metastases after treatment with trichostatin

A was 2.08 ±0.287 standardized uptake value units compared to 0.87 ±0.123 in untreated

control liver metastases (p < 0.001). The corresponding TLR values were 3.09 after

treatment with trichostatin A and 1.82 in the untreated control mice. Similar results were

observed for [18F]-fluorodopamine biodistribution. Mice treated with romidepsin

demonstrated standardized uptake values of 3.522 ±0.329 vs. 0.926 ±0.464 (p < 0.001), and

the TLR value was significantly higher in the treated group, 4.402 vs. 1.12. Figure 4

demonstrates no relationship between tumor size and uptake of either [18F]-fluorodopamine

or [123I]-MIBG in both the control and HDAC inhibitor-treated groups. If the increased

uptake of [18F]-fluorodopamine and [123I]-MIBG by liver tumors is independent of tumor

size, it must be an effect of increased expression of the norepinephrine transporter.

Increased [18F]-fluorodopamine uptake in metastatic pheochromocytoma liver
lesions in mice treated with romidepsin—The effect of romidepsin was evaluated by

longitudinal PET imaging. The size of liver lesions was measured by MRI one day before

[18F]-fluorodopamine PET imaging both pre- and post-romidepsin treatment. Representative

dynamic PET images, acquired over 60 min after injection of [18F]-fluorodopamine, showed

increased radionuclide accumulation in post-treatment scans compared to pretreatment scans

of large and small tumors (Fig. 5A). Whole body PET images confirmed the increased

accumulation of [18F]-fluorodopamine in pheochromocytoma liver metastases after

romidepsin treatment compared to the baseline scan. Uptake of [18F]-fluorodopamine was

significantly higher in liver lesions after romidepsin treatment (SUVmax 3.8 ±1.44)

compared to liver lesions in pretreatment scans (SUVmax 1.259 ±0.357; p < 0.001; Fig. 5B).
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TLR values were 1.9 pretreatment and 6.3 for post-treatment. These results were consistent

with the increased [18F]-fluorodopamine concentration detected in liver lesions.

Representative pre- and post-treatment PET/MRI images of the same mouse are presented in

Fig. 5C. The color scale indicates the maximum standardized uptake values in the PET

images.

Increased genomic expression of the norepinephrine transporter in liver
tumors treated with trichostatin A compared to untreated liver tumors—
Quantitative PCR demonstrated a significant increase in the expression of the

norepinephrine transporter in the liver metastases of mice treated with trichostatin A in

comparison to untreated animals' tumors (Fig. 5D).

Discussion

HDAC inhibitors can induce growth arrest, differentiation and/or apoptosis in various tumor

cell lines. Additionally, they can inhibit tumor growth in vivo (39). In view of these anti-

tumor effects, several HDAC inhibitors are now in clinical trials or have been approved for

the treatment of selected cancers, either as monotherapies or in combination with other

agents. The inhibitor voronistat (Zolinza®) is approved for the treatment of T-cell lymphoma

as a single agent (40). HDAC inhibitors have also been combined with cytotoxic

chemotherapy, differentiation agents, or radiotherapy (41, 42).

Current treatment options for malignant pheochromocytoma are limited and responses are

often transient (6-9, 12, 25). The success of [131I]-MIBG, the most frequently applied

therapeutic modality, depends on the dose and interval used (43, 44). Response rates are

increased with higher doses of [131I]-MIBG (45), but higher doses are associated with

greater toxicity (43, 44). These side-effects are the results of systemic beta-irradiation from

the nonspecific uptake of [131I]-MIBG by normal tissues (46, 47). High doses of [131I]-

MIBG increase the long term risk of a second malignant neoplasm (48, 49).

One way of increasing the efficacy of [131I]-MIBG, while at the same time decreasing

nonspecific uptake in non-target tissues, is to increase the expression of the norepinephrine

transporter in the tumor cells. This transporter carries the [131I]-MIBG across the plasma

membrane (13, 15, 50), and increased expression results in increased [131I]-MIBG uptake

(13). Conversely, drugs that block NET activity, such as tricyclic antidepressants, reduce

[131I]-MIBG uptake (50). These findings have led to the use of the norepinephrine

transporter as a reporter gene (51). In our experiments, we showed that nanomolar

concentrations of two structurally unrelated HDAC inhibitors increase [3H]-norepinephrine

uptake in MPC cells in vitro. The increase is dose-dependent and at its greatest 72 hours

after treatment with either 0.5 ng/mL of romidepsin or 12.5 ng/mL of trichostatin A.

Moreover, increased uptake of [123I]-MIBG in MPC cells after romidepsin or trichostatin A

in vivo, supports the potential use of HDAC inhibitors to increase [131I]-MIBG uptake in

clinical pheochromocytomas. Examining the effect of desipramine and reserpine in MPC

cells suggested that both immediate uptake via the norepinephrine transporter and longer-

term retention in vesicles are responsible for the increased [123I]-MIBG activity in MPC

cells after romidepsin and trichostatin A treatment. However, other effects like permeability
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of the cell membrane and osmotic activity should be taken into consideration and should be

explored in future work.

In a phase I trial of romidepsin, patients with various refractory neoplasms were

administered doses of romidepsin without significant toxicity. This indicates that the

concentrations used in the present study can be easily achieved in the clinic (52). At higher

concentrations, a decrease in norepinephrine uptake was observed. This effect may result

from the decreased number of cells available for uptake because of the growth inhibition by

HDAC inhibitors at these concentrations.

The biodistribution studies were performed for confirmation of the HDAC inhibitors' effect

on [18F]-fluorodopamine and [123I]-MIBG uptake in hepatic pheochromocytoma lesions.

We wanted to test both romidepsin and trichostatin A on mice having a similar amount of

liver involvement, and similar tumor growth rates. Increased uptake of both [18F]-

fluorodopamine and [123I]-MIBG in inhibitor-treated liver tumors compared to that in

control liver tumors in vivo confirmed our in vitro findings. These results could potentially

be translated into the clinic for improvement of [123I]-MIBG scintigraphy as well as

enhancement of radiotreatment with [131I]-MIBG for metastatic pheochromocytoma and

paraganglioma patients.

Promising results from in vitro studies prompted us to investigate the effects of a single dose

of romidepsin on [18F]-fluorodopamine uptake in liver metastases by PET. Post-treatment

[18F]-fluorodopamine uptake in liver metastases was significantly increased 24 hours after

administration of romidepsin, compared to the [18F]-fluorodopamine uptake in the same

lesions on the pre-treatment PET scan. This increased uptake was not related to the volume

of the liver lesions. [18F]-fluorodopamine uptake in the same liver lesion as it grows either

remained the same or decreased over the time.

Of concern, HDAC inhibitors can cause toxicity in mice. Mice treated with romidepsin with

dose of 3.6 mg/kg were dying during dosing. Toxic effects were seen as a result of

anesthesia intolerance and liver toxicity due to the romidepsin treatment. Due to numerous

liver metastases in this animal model and the low percentage of healthy liver parenchyma,

anesthesia itself can be toxic (53). Anesthesia will not be used in human patients during

romidepsin administration, thus we do not expect similar complications.

For biodistribution studies, trichostatin A was administered twice, 24 hours and 2 hours

before [18F]-fluorodopamine injection. The reason for this was the rapid and extensive

metabolism of trichostatin A. It was demonstrated that following intraperitoneal

administration to mice (54), trichostatin A was rapidly absorbed from the peritoneum and

was detectable in plasma within 6-9 minutes. To translate these results into humans, the

half-life of the HDAC inhibitors should be taken into consideration. From these studies, we

conclude that romidepsin would be more suitable for translational human study than

trichostatin A due to its longer biological half-life.

Our results raise the possibility of using romidepsin to increase the sensitivity of metastatic

pheochromocytoma lesions to [131I]-MIBG treatment; however, several issues remain to be

addressed before a clinical trial with a combination therapy can be initiated in malignant
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pheochromocytoma. First, our results need to be confirmed with [123\131I]-MIBG

scintigraphy coupled with dosimetry measurements in patients with metastatic

pheochromocytoma. Second, [18F]-fluorodopamine uptake is overall superior to [123\131I]-

MIBG in patients with malignant pheochromocytoma (55). Whether the results of similar

experiments with [131I]-MIBG would be less dramatic than observed in the present study

with [18F]-fluorodopamine is unknown. However, there is also a possibility that such results

could also be more impressive, as [131I]-MIBG may exhibit greater uptake due to increased

expression of the norepinephrine transporter. Third, future studies will focus on determining

the optimal timing and dose of romidepsin. Ideally, synergy between romidepsin and [131I]-

MIBG would allow both drugs to be used at concentrations lower than employed as single

agent therapy. This may be especially important for studies involving patients with

metastatic pheochromocytoma. Since romidepsin will not be used as a monotherapy, but as a

sensitizer, and only a few doses well below that associated with cardiac toxicity will be

administered before [131I]-MIBG treatment, we expect that the dosage and treatment

intervals required will be associated with minimal risk of cardiotoxicity (42, 56).

In summary, treatment with HDAC inhibitors increased radioisotope uptake in MPC cells in

vitro and in vivo, through both increased expression of the norepinephrine transporter and

enhanced retention in neurosecretory granules. These results suggest that HDAC inhibitors

might be used to increase the response of patients with malignant pheochromocytoma to

[131I]-MIBG treatment. The same approach could be used also to improve diagnostic

localization of metastatic lesions. Pretreatment with romidepsin could be beneficial to the

patients whose tumor do not take up [123I]-MIBG for scintigraphy and thus diagnostic

approach could be increased. It was also confirmed, that loss of NET with chemo therapy

which is similar to what happens with 131I treatment of thyroid cancer described by

Beierwaltes (57, 58). Further studies are in progress to investigate this possibility.
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Figure 1.
Dose- and time-dependent effect of romidepsin (A) and trichostatin A (B) on MPC cell

growth. Results are presented as mean ±SEM. Increased [3H]-norepinephrine ([3H]-NE)

uptake in MPC after treatment with romidepsin (C) and trichostatin A (D). (* = p < 0.05; **

= p < 0.005, compared to control, untreated cells).
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Figure 2.
Increased [123I]-MIBG uptake in MPC cells after treatment with romidepsin and trichostatin

A. (A) The effect of the norepinephrine transporter blockers desipramine (DMI) and

reserpine (RES) on 10 min of uptake time of [123I]-MIBG after 48 and 72 hr of treatment

with romidepsin and trichostatin A. Data are shown as percentage of [123I]-MIBG uptake in

untreated control cells (baseline). (B) The effect of desipramine (DMI) and reserpine (RES)

on 120 min of uptake time of [123I]-MIBG after 48 and 72 h of treatment with romidepsin

and trichostatin A. (C) The uptake of [18F]-fluorodopamine in MPC cells in 10 and 120 min.

The effect on [18F]-fluorodopamine uptake was studied after 48 and 72 hr of romidepsin

treatment, and the association of specific transporters with uptake of [18F]-fluorodopamine

was confirmed with desipramine (DMI). Desipramine and reserpine were added 30 min

prior to [123I]-MIBG and [18F]-fluorodopamine dosing. Results are presented as mean

±SEM. (NS = not significant, * = p < 0.05; ** = p < 0.005)
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Figure 3.
(A) Expression of acetylated histone H3 for at various concentrations of romidepsin and

trichostatin A as examined by dot blot analysis. GAPDH was a loading [?] control. (B) EM

photomicrographs of MPC cells showing the presence of granules in treated cells: (a)

untreated cells, (b) romidepsin 0.5 ng/mL, (c) trichostatin A 12.5 ng/mL. Bar = 1 micron.
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Figure 4.
Summary of biodistribution of both tracers after romidepsin and trichostatin A treatment.

The biodistribution of (A) [18F]-fluorodopamine and (B) [123I]-MIBG has no relationship to

tumor size in either the control or the treated group. [18F]-Fluorodopamine uptake was

evaluated from 14 control liver tumor samples and 15 treated liver tumor samples. [123I]-

MIBG uptake was evaluated from 30 control tumor samples and 29 treated tumor samples.

Every tumor size is derived from the mean ±SEM of at least three tumor samples. Increased

uptake of [123I]-MIBG was significant in liver metastases after treatment compared to

uptake in control liver lesions (p < 0.05).
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Figure 5.
(A) Dynamic PET acquisition captured the pharmacokinetics of [18F]-fluorodopamine in

liver tumors, and in liver, both pre- and post-treatment, with a 60-minute imaging period.

(B) PET imaging showing [18F]-fluorodopamine uptake as mean (±SEM) maximum

standardized uptake values (SUVmax) 6 days before and 24 hr after treatment with a single

intravenous dose of romidepsin (2.5mg/kg), in liver, pheochromocytoma liver metastases,

and muscle. [18F]-fluorodopamine uptake in the metastatic liver lesions is significantly

increased after administration of romidepsin compared to the uptake in the same lesions one

week earlier on the pretreatment scan (p < 0.001). (C) Representative pre- and post-

treatment PET/MRI images of the same mouse. There was one week between pre- and post-

treatment scans. Tumor growth over that one week is presented in MRI (left panels), and the

corresponding PET of [18F]-fluorodopamine uptake (right panel) was imaged 24 hours after

MRI. (D) Relative mRNA expression of the norepinephrine transporter in liver lesion

samples after trichostatin A treatment (n = 7) is higher than in control, untreated liver lesions

(n = 6). RNA concentrations were normalized to beta-actin.
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