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Abstract

Purpose—The HDAC shuttling inhibitor, YK-4-272 functions by restricting nuclear shuttling of

Class II HDACs. Pre-clinical investigations of YK-4-272 bioavailability, pharmacokinetics, in

vivo toxicity and tumor growth inhibition were performed to determine its potential as an HDAC

shuttling disruptor for use in clinical applications.

Methods—The solubility, lipophilicity, in vitro metabolic stability, in vitro intestinal

permeability, and in vivo pharmacokinetics of YK-4-272 were determined by HPLC methods. The

anti-tumor activity of YK-4-272 was determined by monitoring athymic Balb/c nude mice bearing

PC-3 xenografts.

Results—Oral bioavailability of YK-4-272 is supported by its solubility (0.537 mg/mL) and

apparent partition coefficient of 2.0. The compound was chemically and metabolically stable and

not a substrate for CYP450. In Caco-2 cell transport studies, YK-4-272 was highly permeable. The

time-concentration profile of YK- 4-272 in plasma resulted in a Cmax of 2.47 µg/mL at 0.25 h with

a AUC of 3.304 µg×h/mL. Treatment of PC-3 tumor xenografts with YK-4-272 showed

significant growth delay.

Conclusions—YK-4-272 is stable and bio-available following oral administration. Growth

inhibition of cancer cells and tumors was observed. These studies support advancing YK-4-272

for further evaluation as a novel HDAC shuttling inhibitor for use in cancer treatment.
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INTRODUCTION

Four classes of human histone deacetylases (HDACs) are based on structure, sequence

homology, and domain organization. Class I enzymes play roles in cell proliferation and

apoptosis and include nuclear HDACs 1, 2, 3, and 8 (1). Class IIA includes HDACs 4, 5, 7,

and 9, class IIB includes HDACs 6 and 10, and may localize in the cytoplasm or translocate

to the nucleus (2). These enzymes are characterized by a large NH2-terminal domain or a

second catalytic site and their expression pattern in certain tissues are more restricted,

suggesting roles in cellular differentiation and development (1). Class III enzymes, include
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the SIRTs (sirtuins), and are NAD-dependent deacetylases (3,4), and HDAC 11 has been

placed in the new Class IV (5).

HDACs are involved in critical cellular functions, such as cell cycle regulation and

apoptosis, although key functions of HDACs lie in their capacity for transcriptional

regulation. By functioning as components of large multi-protein complexes, HDACs bind to

promoters and repress transcription. Reported acetylation mechanisms have involved

histones and various non-histone proteins, including tubulin (6–9).

Class II compounds shuttle between the cytoplasm and the nucleus; however, both classes of

HDACs have conserved deacetylase core domains of approximately 400 amino acids and

zinc binding sites (3). The core domain has represented the principal target for design of

inhibitory small molecules, however restriction of Class II HDAC shuttling from the

cytoplasm to the nucleus may also serve as a mechanism for functional inhibition. For

example, the recruitment of the Class II HDAC4 to the nuclei of hormone resistant prostate

cancer cells exerts an inhibitory effect on differentiation and contributes to the development

of an aggressive phenotype of late stage prostate cancer (10).

We have reported the discovery of a novel hydroxamic HDAC inhibitor (YK-4-272) with

intrinsic fluorescent properties and have noted restriction of the molecule to the cytoplasmic

sub-cellular compartment (11). YK-4-272, also called compound 2, is a disruptor of HDAC

shuttling (11). Also, we have advanced the hypothesis that cytoplasmic restriction of Class II

HDACS contributes to inhibitor target selectivity and novelty. Here, we report preclinical

studies in support of YK-4-272 as a candidate HDAC shuttling inhibitor suitable for clinical

translation.

MATERIALS AND METHODS

Chemicals

Propranolol, atenolol, verapamil, MK-571, D-Glucose 6- phosphate sodium salt, Glucose-6-

phosphate dehydrogenase (G-6-PDH), β-Nicotinamide adenine dinucleotide phosphate

sodium salt (NADP+), Dimethyl Sulphoxide (DMSO), non-essential amino acids (NEAA),

Hydrogen peroxide, 1-Octanol, Magnesium chloride, Tween80, Acetic acid, Phosphoric

acid, Sodium phosphate monobasic monohydrate, and Sodium phosphate dibasic were

purchased from Sigma (St. Louis, MO). Fetal bovine serum (FBS), Hepes, Glutamine, and

Penicillin/streptomycin were from Invitrogen (Grand Island, NY). Hank’s Balanced Salt

Solution (HBSS), Phosphate-Buffered Saline (PBS), and Sodium pyruvate were from

Cellgro (Manassas, VA). Polyethylene glycol 400 (PEG) was from Hampton (Aliso Viejo,

CA). Hydrochloric acid, Xylene, Tween20, Paraffin phosphate buffer, Formalin, HPLC

grade-acetonitrile, ethanol, ethyl acetate, and methanol were from Fisher Scientific Co

(Pittsburgh, PA).

Animals

Pharmacokinetic studies of YK-4-272 were evaluated in male Sprague-Dawley rat with a

weight of 225 ± 10 g. The animal was fasted for 12 h and had free access to water prior to

the experiment. Female and male Balb/c mice and athymic Balb/c nude mice were
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purchased from the National Cancer Institute (NCI). Female Balb/c mice were used for the

toxicity study, male Balb/c and athymic Balb/c nude mice were used for xenograft study of

YK-4-272. Animals were housed 4–6 per cage with microisolater tops. Food (Furina mice

chow) and water were provided ad libitum. Female mice are nulliparous and non-pregnant.

The light cycle was regulated automatically (12 h light/dark cycle) and the temperature was

maintained at 23 ± 1°C. All animals were allowed to acclimate to this environment for one

week prior to experimental manipulations. The protocol involving animal use is approved by

the Georgetown University Animal Welfare Committee (#11-029) and conducted pursuant

to the Animal Care guidelines.

Preparation of YK-4-272

For this study, we prepared YK-4-272, also called compound 2, as described in the reported

supplemental method (11).

Solubility and pH Chemical Stability

To determine solubility, 20 mg of YK-4-272 was shaken in 1 mL of an isotonic phosphate

buffer solution (pH 6.8) at 25°C for 24 h. After centrifugation, the concentration of

YK-4-272 in a 50 µL portion of the supernatant was analyzed by HPLC. To determine

chemical stability, a 1 mM solution of YK-4-272 was incubated in pH 1.2 hydrochloric acid

buffer or pH 6.8 isotonic phosphate buffer at 37°C for 24 h. At pre-determined intervals, 500

µL aliquots were removed, and the concentrations of YK-4-272 were determined by HPLC.

Apparent Partition Coefficient

The apparent partition coefficient of YK-4-272 was determined as previously reported

(12,13). Briefly, 10 mL of YK- 4-272 solution (1 mM) in pH 6.8 isotonic phosphate buffer

pre-saturated with 1-octanol was added to 10 mL of octanol pre-saturated with pH 6.8

isotonic phosphate buffer. The mixture was shaken for 10 h and allowed to stand for 6 h at

37°C. The concentration of YK-4-272 in the aqueous phase was analyzed by HPLC. The

apparent partition coefficient was calculated by employing the following equation. P = (Co –

Cw) /=Cw, where Co and Cw represent the initial and equilibrium concentration of the

compound in aqueous phase, respectively. Co – Cw is the concentration of the compound

partitioned in the octanol layer.

Cell Culture

Caco-2 cells were obtained from the Tissue Culture Shared Resources of the Lombardi

Comprehensive Cancer Center in Georgetown University Medical Center (Washington, DC)

and cultured in Dulbecco’s modified Eagle medium (DMEM, Cellgro, Manassas, VA). The

medium was supplemented with 10% fetal bovine serum (FBS), non-essential amino acids

(NEAA), glutamine, Hepes, sodium pyruvate, and penicillin/streptomycin. For the transport

studies, a 24- well BIOCOAT® HTS Fibrillar Collagen Multiwell™ Insert System was

purchased from BD Biosciences (Bedford, MA) and Caco-2 cells were seeded at a density of

6×105 cells/cm2 on 24-well and cultured in the seeding medium by following the

manufacturer’s instructions (14). After culturing for 24 h, the medium was replaced with the

cell differentiation-inducing medium and incubated for 72 h. For xenograft study, PC-3 cells
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(ATCC, Manassas, VA) were cultured in DMEM with L-glutamine (Mediatech Inc.,

Herdon, VA) containing 5% fetal bovine serum (FBS), 2.5 mM L-glutamine at 37°C with

5% CO2.

Transport Studies

Caco-2 cells were monolayered in a 24-well plate format. The trans-epithelial electrical

resistance (TEER), a value of the integrity of each chamber containing Caco-2 cell

monolayer was measured using a Millicell-ERS Voltohmmeter (Millipore Corp., Bedford,

MA). The TEER values were measured before and after transport studies and only values

greater than 400Ω/cm2 were used for the transport assay. The integrity of the monolayer was

also determined by Lucifer yellow passage (%) across the monolayer for 1 h using

fluorescence, excitation wavelengths of 485 nm and emission of 535 nm. The Caco-2 cell

monolayers were pre-incubated with pre-warmed HBSS buffer (pH 7.4) at 37°C and 5%

CO2 for 10 min. 100 µM concentrations of the test compound in pre-warmed HBSS buffer

were added to either the apical or basolateral side of the monolayer. The volumes on the

apical and basolateral chambers were 0.5 and 1.0 mL, respectively. The donor compartment

concentration (100 µM) was determined by HPLC before and after incubation for the

recovery and the flux calculation. The test plate was incubated and shaken at 37°C, 5% CO2,

100% humidity, and 50 rpm for 2 h. At indicated intervals, aliquots of 500 µL were taken

from each receiver chamber and replaced with equal volumes of HBSS buffer. The

concentrations of test compound were determined by HPLC. The efflux ratio values were

calculated by employing PappB−A/PappA−B. As a standard compound, propranolol and

atenolol were evaluated for high permeability exhibition and low permeability exhibition,

respectively (15,16).

Metabolic Stability

InVitro CYP™ H-class 10-donor mixed gender pooled human liver microsomes were

obtained from Celsis In Vitro Technologies Inc. (Baltimore, MD). The reaction mixture

consisted of human liver microsomes (1 mg/mL), G-6-PDH (2U/mL), glucose 6-phosphate

(10 mM), and NADP+ (1 mM) in 100 mM of PBS (pH 7.4) containing 10 mM of MgCl2
was prepared (17,18). The mixture was pre-incubated and shaken at 37°C, 5% CO2, 100%

humidity, and 50 rpm for 10 min. 10 µM of YK-4-272 was added to the mixture, incubated

and shaken at 37°C, 100% humidity, and 50 rpm for 2 h. At the pre-determined intervals,

200 µL aliquots were added to 800 µL of ice-cold stop solution consisting of acetonitrile/

methanol (50/50, v/v). The concentrations of YK-4-272 were determined by HPLC.

Cytochrome P450 Inhibition

Human recombinant CYP450-selective enzymes, CYP1A2/ CEC, CYP2C9/MFC,

CYP2C19/CEC, CYP2D6/ AMMC, and CYP3A4/BQ high throughput inhibition screening

kits, were purchased from BD Biosciences (Bedford, MA). The CYP450 inhibition assays

were performed by following the manufacturer’s instructions. 10 mM of YK- 4-272 (50 µL)

or of positive controls (50 µL) of selective enzymes were prepared in acetonitrile in 96-well

black microtiter plates and pre-incubated with NADPH-regenerating system (100 µL) at

37°C for 10 min. The reaction was initiated by the addition of enzyme/substrate mixture
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(100 µL) and incubated at 37°C for 15, 30, or 45 min. Cold stop reagents (75 µL) composed

of acetonitrile/ 0.5 M Tris base (80/20, v/v) were added. The concentration of YK-4-272 or

positive control was analyzed by fluorescence measurement.

Time-Concentration Profiles of YK-4-272 in Plasma After Oral Administration to Rats

Five male Sprague-Dawley rats weighing 225 ± 10 g fasted for 12 h with free access to

water prior to the experiment. 100 mg/kg of YK-4-272 suspension was prepared with 0.5%

Tween 80 aqueous solution. Blood samples were collected pre-dose and subsequently at

0.083, 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4 and 5 h after oral administration of YK-4-272. The

blood samples were centrifuged at 5,000 rpm for 10 min at 4°C. The centrifuge is

Allegra™X-22R (Beckman Coulter, USA) equipment with the rotor of F2402 in this

experiment. 100 µL of plasma was transferred and stored at −20°C until analysis. A 100 µL

volume of blank plasma, calibration standards or plasma samples were spiked into 1 mL of

ethyl acetate. After a 3 min vortex and 10 min centrifugation at 13,400 rpm at 4°C, the

organic layer was evaporated under N2 to dryness and reconstituted with 100 µL volume of

methanol. The sample was transferred immediately to 1.5 mL auto sampler vial and 20 µL

were used for HPLC analyses. For the analysis method development and validation,

accuracy, precision, recovery, and stability of YK-4-272 in plasma after oral administration

was measured, please see Supplementary Material Table I.

HPLC Analytical Method

The HPLC system consists of a CBM-20A connector, a DGU-20A degasser, LC-20 AD

pumps, a SDP-10AV UV detector, and a SIL-HTA Shimadzu autosampler. A Waters

Symmetry® C18 column (4.6×250 mm, 5 µm) equipped with a C18 guard column was used.

The mobile phase was eluted through the column at a flow rate of 1.0 mL/min. The mobile

phase for YK-4-272 consisted of 25% acetonitrile in water containing 0.05% phosphoric

acid. For propranolol, the mobile phase consisted of 20% acetonitrile in water containing

0.1% acetic acid. For atenolol, the mobile phase consisted of 25% acetonitrile in water

containing 0.1% triethylamine. The eluent was monitored at 220 nm for YK-4-272 and 254

nm for propranolol and atenolol by the UV detector measuring the absorption with a

sensitivity of AUFS 0.01. The retention time of YK-4-272, propranolol, and atenolol was

9.68, 6.92, and 5.10 min, respectively. Standard curves were linear in the range of 0.01–

1000 µg/ mL of stock solutions of compounds (r2 = 0.999). And for SD rat pharmacokinetic

studies of YK-4-272, we used Agilent HPLC 1200 system. Agilent Zorbax SB-C18 column

(4.6× 150 mm, 5 µm) equipped with an Agilent Zorbax SB-C18 guard column (4.6×12.5

mm, 5 µm) was used and column temperature was at 40°C. The mobile phase of this system

consisted of 23% acetonitrile in water containing 0.05% phosphoric acid for YK-4-272 and

eluted at a flow rate of 1.0 mL/min. The UV absorption was at wavelength 222 nm.

Acute Toxicity Study

By following the protocol for Acute Toxicity-Up-and Down Procedure (19), YK4-272 was

administered in a constant volume (0.01 mL/1 g body weight) over the range of doses. The

stock solution was prepared using DMSO and PEG at 1: 1 ratio, and the concentration was

200 mg/mL. The working solution was diluted in polyethylene glycol (PEG). Animals were
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dosed by intra-peritoneal (i.p.) injection and uninterrupted observation was maintained for

the first 4 h. Sequencial daily observations were performed for 14 days. Animals were

sacrificed and necropsy was performed. All pathological findings were recorded. The organs

from the death animals were stored in 10% formalin solution for further histopathological

examination. The LD50 and confidence interval of YK-4-272 were determined by AOT 425

StatPgm.

Xenograft Study

Evaluation of effects of YK-4-272 on mouse xenograft was performed as previously

reported (20). Briefly, male athymic Balb/c nude mice weighing 18–22 g were injected with

0.3 mL of 3×106 PC-3 cells in the subcutaneous tissue of the right axillary region of the

body. One week after the injection, the mice were randomly sorted into two groups of four

mice each. A 1 g/mL stock solution of YK-4-272 in DMSO was prepared and PEG 400

(Hampton) and PBS with a 1:1 ratio was added to make the test concentration. The tumor-

bearing mice received an i.p. with either 10 mg/ kg of YK-4-272 or vehicle control once

every other day for 5 weeks. At the same time, the tumor size of each mouse was measured

by caliper and calculated by the formula: Length×width×height/2.

Immunohistochemical Staining Detection of HDAC4 Protein

Nude mice bearing PC3 xenografted tumors were treated with YK-4-272 for 30 days and

euthanized. Tumors were separated and then fixed with 10% paraffin phosphate buffer. De-

paraffinized and re-hydrated as follow: 2× 10 min soaked in Xylene followed by 3 min in a

graded series of ethanol to distilled water. Tumor sections were boiled in citrate buffer (10

mM Citrate, plus 0.05% Tween20, pH 6.0) for 20 min to induce epitope retrieval, and the

slides were allowed to cool for 20 min at room temperature, followed by a distilled water

rinse. Slides were incubated with 3% hydrogen peroxide to block endogenous peroxidase

activation for 10 min at room temperature. Slides were rinsed in 1X Tris buffered saline

with 0.05% Tween20 (TBS-T) for 5 min, and incubated with 10% normal goat serum for 10

min at room temperature. The serum was decanted and incubated with rabbit anti- HDAC4

antibody (Abcam, ab1437), diluted in 1X TBS-T with 5% NGS at 1:1000 dilution for 1 h at

room temperature. A biotin conjugated anti-Rabbit (Vector Labs, BA- 1000) secondary

antibody was applied at a 1:200 dilution for 30 min at room temperature and then incubated

with ABC reagent (Vector Labs, PK-6100) for 30 min at room temperature. Tumor sections

were incubated with DAB chromagen (Dako, K3469). The tumors receiving no treatment

were incubated with primary antibody.

Detection of HDAC4 Expression in Xenograft Tumor Treated with YK-4-272 for 30 days

The expression levels of HDAC4 in PC3 xenografts tumors treated with YK-4-272 for 30

days were analyzed by Western blotting. Briefly, tumors were sonicated for 20 s with 50%

pulse in cold RIPA (Pierce, 89900) with protease inhibitor cocktail (Pierce, 78410) and Halt

phosphatase inhibitor cocktail (Pierce, 78420). The tumors were kept on ice for 20 min with

manual swirling in a microcentrifuge tube, and the mixture was centrifuged at 14,000×g for

20 min to pellet the tissue debris. Protein containing supernatant was collected and the

protein concentration in the supernatant was measured. Samples (25 µg) were separated on

4%–20% Tris- Glycine SDS/PAGE (Invitrogen NP0316) and transferred to PVDF
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(Invitrogen, LC2005) membranes for immunoblotting with HDAC4 antibody (Abcam,

ab1437). Actin antibody (Santacruz, sc-1615) was used for loading control.

Data Analysis

Apparent permeability coefficients (Papp, cm/sec) were calculated by employing the

following equation (21,22):

where V is the volume (mL) in acceptor compartment, A is the membrane surface area

(cm2), and C0 is the initial concentration of test compound in the donor compartment (nmol/

mL). dQ/dt is the appearance rate of the test compound at the receiver side (nmol/mL s). For

the CYP450 inhibition studies, high concentrations and low concentrations of test compound

bracket the 50%inhibition value were determined by plotting % activity versus concentration

(23).

RESULTS

Solubility, pH Stability and Apparent Partition Coefficient

The chemical structure of YK-4-272 is shown in Fig. 1a. The solubility of YK-4-272 was

0.537 mg/mL in pH 6.8 isotonic phosphate buffer at 25°C. YK-4-272 was chemically stable

in pH 1.2 or 6.8 buffer solution at 37°C for 24 h (Fig. 1c). The apparent partition coefficient

of YK-4-272 in 1-octanol/phosphate- buffered (pH6.8) solution was 2.0 at 37°C.

Transport Studies

The Caco-2 cell monolayer permeability test is a well-developed in vitro strategy for

predicting gastrointestinal tract drug transport (17). Caco-2 efflux proteins contain P-

glycoprotein (P-gp) and other members of the multidrug resistance-associated protein

(MRP) family known to mediate trans-membrane drug transport (24). These proteins are

associated with chemotherapy resistance mediated by increases in ATP-binding cassette

(ABC) transport proteins which include P-gp and MRP (25). Therefore, intestinal transport

of anticancer drugs may be affected when P-gp or MRP substrate, inhibitors or inducers are

co-administrated. Transport studies using human colonic adenocarcinoma Caco-2 cells can

provide an early estimation of barriers to gastrointestinal tract absorption and cell membrane

permeation of drug, therefore bioavailability of drug can be determined (26). The transport

of 100 µM of YK-4-272 across Caco-2 cell monolayer was monitored for 2 h in both apical

to basolateral and basolateral to apical directions. The permeation rates in both apical to

basolateral and basolateral to apical direction were calculated from the slope of the

concentration vs. time graph using linear regression. Table I summarizes the Papp values for

permeation of the compounds across Caco-2 cell monolayers in both directions. YK-4-272

exhibited Papp values of 20.7×10−6 cm/sec in the apical to basolateral direction and

20.2×10−6 cm/sec in the basolateral to apical direction. To examine our Caco-2 transport

system efficiency, the well-known low permeability marker, atenolol (16), and the high

permeability marker, propranolol (15) were tested, showing that 100 µM of atenolol
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exhibited Papp values of 3.1×10−6 cm/sec in the apical to basolateral direction and 1.9×10−6

cm/sec in the basolateral to apical direction, and 100 µM of propranolol exhibited Papp

values of 41.6×10−6 cm/sec in apical to basolateral direction and 21.3×10−6 cm/sec in

basolateral to apical direction (Table I). Caco-2 cells express P-gp, MRP1, and MRP2

proteins which can mediate the efflux of a variety of drugs through the Caco-2 cell

monolayers (24). Based on FDA guidance, the compound which has an efflux ratio greater

than 2 can be a substrate or inhibitor of P-gp (17,27). The efflux ratio of YK-4-272 is about

1 (Table I). These data demonstrate that YK-4-272 might be transported well through the GI

tract without limitation by P-gp or MRP1/MRP2.

Metabolic Stability in Human Liver Microsomes

To examine the oral bioavailability of YK-4-272, in vitro metabolic stability of YK-4-272

was determined in 10- donor mixed gender pooled human liver microsomes. YK- 4-272 at a

concentration of 10 µM was stable in the presence of human liver microsomes with the

cofactors by monitoring disappearance of the parent compound over the incubation period

(Fig. 1b). YK-4-272 showed a decrease of 14% over the 2 h period and no new chemical

entities were detected by HPLC. As a positive control of human liver microsomes activity,

10 µM of docetaxel, a taxoid, was also evaluated (28), showing that 45% of the parent

compound was metabolized rapidly over the 2 h incubation period (data not shown).

Cytochrome P450 Metabolism

Cytochrome P450s are mainly involved in metabolic depletion of drugs through oxidative

metabolism (29). To examine the potential of YK-4-272 for CYP450-mediated metabolism,

YK-4-272 was incubated with human recombinant CYP450- selective enzymes, CYP1A2,

2C9, 2C19, 2D6, and 3A4. As seen in Table II, each positive control and the composition of

the assay were summarized. The dose-response curves were demonstrated for YK-4-272 and

each positive compound in Fig. 2. YK-4-272 weakly inhibited the activity of CYP1A2

exhibited by an IC50 (Fig. 2a and Table III). Interestingly, YK-4-272 did not show any

competitive inhibition of CYP3A4, 2C9, 2C19, 2D6 activity (Fig. 2b). The reference

compounds, furafylline, sulfaphenazole, tranylcypromine, quinidine, and ketoconazole

demonstrated IC50 values of 8.34, 0.58, 9.86, 0.013, and 0.124 µM, for CYP1A2, 2C9,

2C19, 2D6, and 3A4, respectively (Fig. 2c and Table III).

Time-Concentration Profiles of YK-4-272 in Plasma After Oral Administration to Rats

The permeability data and proper partition coefficient suggest good systemic absorption of

YK-4-272. To verify that the systemic absorption of YK-4-272 was good in vivo, YK-4-272

was administered to rats by a gastric intubation and the levels of YK-4-272 in the blood

collected for 5 h were monitored. As shown in Fig. 3, the time-concentration profiles of

YK-4-272 in plasma after oral administration to rats showed that the Cmax was 2.47 µg/mL

at 0.25 h and the AUC was 3.304 µg×h/mL after YK-4-272 administration. We summarized

the pharmacokinetic data of YK-4-272 in Table IV. The data suggest that YK-4-272

demonstrates sufficient in vivo absorption following oral administration.

Inhibition of CYP450-mediatedmetabolismcan underlie a mechanism for toxicities from

drug-drug interactions. Compounds have been withdrawn from clinical trials because they
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have been shown to inhibit the metabolism of co-administered drugs or to release toxic

metabolites (26). The cytochrome P450s (CYP) superfamily are the principal enzymes for

the oxidative metabolism of drugs and xenobiotics and play a major role in the phase-I

metabolism of almost all the clinically used drugs (30). The inactivation of a particular CYP

can lead to serious side effects of drugs, resulting in increased clearance or reduced

intestinal absorption. The most commonly responsible CYP450 enzymes for the metabolism

of drugs are CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4 (30). Early evaluation

of candidate small molecules is desirable to examine the metabolic stability, metabolism by

CYP450, and intestinal transport of profiling potential toxicity and assessing bioavailability.

These evaluations provide important predictions on safety and efficacy properties of a drug

or its active metabolites.

Nuclear acetylation of histones is central to regulation of gene expression through chromatin

modification and is determined by histone acetyltranferases (HATs) and histone

deacetylases (HDAC) (31). We have reported a new class of compounds that disrupt the

shuttling of HDACs into the nucleus (11). Furthermore, based on YK-4-272 intrinsic

fluorescent properties, we have observed the cytoplasmic shuttling cellular localization of

the drug. An expected outcome of HDAC inhibition/shuttling disruption YK-4-272 includes

cancer growth inhibition. Therefore, we tested YK- 4-272 oral administration and effects on

human prostate (PC-3) tumor growth in mice.

Antitumor Activity of YK-4-272 Using Xenograft Study

The acute toxicity of YK-4-272 was measured in female Balb/c mice by using the acute oral

toxicity (AOT) up-and– down procedure (19). Estimated LD50 was 550 mg/kg (the one dose

with partial response). 95% profile likelihood confidence interval was 161.9 to 1750. To

evaluate the anti-tumor activity of YK-4-272 in vivo, athymic Balb/c nude mice with human

prostate tumor xenografts were treated via intraperitoneal injection with 10 mg/kg of

YK-4-272 once a day every other day for 5 weeks. Control mice were injected with vehicle

alone. As shown in Fig. 4a, 10 mg/kg dose of YK-4-272 effectively reduced tumor growth

in mice by ~50% compared to control mice over 30 days. No body weight loss or mortality

was detected in mice receiving vehicle or YK-4-272. In addition, the expression levels of

HDAC4 in PC3 tumors treated with YK-4-272 were decreased as shown in Fig. 4b. The

immunohistochemical staining of HDAC4 and counterstaining with Hematoxylin were

shown in Fig. 4c and d. These data show that YK-4-272 is a potential candidate for

inhibiting human prostate tumor growth.

DISCUSSION

Previously, we demonstrated that the novel YK-4-272 localized in the cytoplasm, increased

nuclear acetylation, and inhibited tubulin deacetylation in the cytoplasm of human prostate

cancer cells (11). This observation suggested a new paradigm for understanding how HDAC

inhibitors affect nuclear function of HDACs and furthered our discovery. Here, we have

monitored and evaluated aqueous solubility, cell permeability, cytochrome P450 activity, in

vivo pharmacokinetics and anti-tumor efficacy of the novel fluorescent class II HDAC

selective inhibitor, YK-4-272, to predict oral bioavailability. YK-4-272 exhibits general
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properties required for oral bioavailability, and is effective as an anticancer agent as shown

by inhibiting growth of human PC-3 tumor xenografts.

The FDA guidance on the biopharmaceutical classification system (BCS) shows four

classifications of compounds based on their aqueous solubility and intestinal permeability

for predicting the bioavailability of drugs (27,32). The four categories include high

solubility-high permeability compounds (class I), low solubility-high permeability

compounds (class II), high solubility-low permeability compounds (class III), and low

solubility-low permeability compounds (class IV). Specifically for class I compounds,

immediate release (IR) from solid oral-dosage formulation and rapid in vitro dissolution are

required. To satisfy these conditions, a drug must be stable in the gastrointestinal tract,

excipients used in the formulations must have no significant effect on the rate and extent of

oral drug absorption, the drug should not have a narrow therapeutic index, and the product

of the drug should be designed not to be absorbed in the oral cavity (33).

Pharmacokinetics and toxicology track potential drug actions and underlying mechanisms in

vivo. Delivery of orally administered drugs requires efficient solubility, lipophilicity,

stability, and permeability. The unitless octanol/water partition coefficient (PCoct) is a

predictor of drug absorption, or the capacity of a drug to partition into the lipophilic phase,

represented by octanol (34). Generally, drugs with log P values close to 2 are predicted to be

absorbed completely into the blood system. A log P value over 4 results in decreased

permeability because of low aqueous solubility and slower partition (34,35). Furthermore,

the absorption of drugs having more than 90% of the orally administered dose has high

permeability (33,36). YK-4-272’s solubility shows that it is efficient for oral formulation,

and higher than is reported for SAHA, an FDA approved HDAC inhibitor and soluble in

DMSO (37). YK-4-272’s chemical stability and apparent partition coefficient predict

YK-4-272 as stable and absorbable completely in the gastrointestinal tract.

The transport of drugs across the intestinal epithelium has at least four different routes.

These include passive transcellular and paracellular, carrier mediated, and transcytosis

routes (34). Caco-2 cell monolayers have been used to study drug transport, elicited the drug

transport by different pathways across the intestinal epithelium even though the best

correlation with the absorption in vivo is from passively transported drugs (34). YK-4-272

exhibits high permeability and this is comparable to the well-known high permeability

marker, propranolol, without involvement of P-gp and MRP. Therefore, YK-4-272 is

predicted to be absorbed completely as a highly permeable compound in the gastrointestinal

tract.

Compounds that have high rates of metabolism by several enzymes may exhibit low

bioavailability because of phase I cytochrome P450 oxidations or phase II conjugations in

the liver (26). Human liver microsomes provide an appropriate in vitro metabolic model and

contain CYP450 enzymes and some phase II conjugating enzymes (26). In pooled HLM,

only 14% of YK-4-272 is metabolized over 2 h and in the presence of cDNA-expressed

human CYP proteins, YK-4-272 exhibited inductive effect on CYP2C9 and CYP3A4

enzymes and did not inhibit the evaluated CYP panel. These in vitro studies suggest that

CYP2C9 and CYP3A4 may be key oxidative pathways for metabolic clearance of

Kong et al. Page 11

Pharm Res. Author manuscript; available in PMC 2014 July 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



YK-4-272. Enzymatic stability experiments with YK-4-272 on the basis of hepatic intrinsic

clearance may be needed to predict this compound’s metabolism more accurately (38,39).

Oral pharmacokinetic evaluation of YK-4-272 resulted in a generally favorable metabolic

profile as judged from the Cmax and AUC. Furthermore, 10 mg/kg dose of YK-4-272

effectively reduces tumor growth in mice by about 50% as compared to control mice over 30

days of treatment. HDAC4 protein levels in tumor were also decreased by YK-4-272

treatment. Based on these data, YK-4-272 offers good predicted oral bioavailability and

metabolism at doses required for tumor regression in a model system.

CONCLUSION

In conclusion, our findings provide initial preclinical pharmacologic data for the HDAC

shuttling disruptor, YK-4-272 in support of good bioavailability following oral

administration. YK-4-272 is predicted to be absorbed completely in the gastrointestinal tract

with low toxicity. This study provides support for further preclinical studies to elucidate the

absorption, distribution, metabolism, and excretion properties of YK-4-272 as an anticancer

drug.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

AMMC 3-[2-(N,N-diehtyl-N-methylamino)ethyl]-7- methoxy-4-methylcoumarin

BQ 7-benzoyloxyquinoline

CEC 3-cyano-7-ethoxycoumarin

CYP450 Cytochrome P450

MFC 7-methoxy-4-triflouromethylcoumarin

MRP multidrug resistance-associated protein

P-gp P-glycoprotein

TEER transepithelial electrical resistance
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Fig 1.
(a) Chemical structure of YK-4-272. (b) Metabolic stability of YK-4-272 in human liver

microsomes. 10 µM of YK-4-272 was incubated with 10-donor mixed gender pooled human

liver microsomes (1 mg/mL) for 2 h. (c) Chemical stability of YK-4-272. YK-4-272 was

incubated in pH 1.2 hydrochloric acid buffer or pH 6.8 isotonic phosphate buffer at 37°C for

24 h. At the appropriate time intervals, depletion of YK-4-272 was monitored by analyzing

the concentration of YK-4-272 through HPLC. Each bar represents the mean ± S.D. (n=3).
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Fig 2.
Cytochrome P450 metabolism of YK-4-272. Specific activity (%) of YK-4-272 and

reference compounds (furafylline, sulfaphenazole, tranylcypromine, quinidine, and

ketoconazole) on CYP1A2, 2 C9, 2 C19, 2D6, and 3A4 high throughput inhibition screening

is shown in a dose range from 0.001 to 1000 µM (logarithmic scale). (a) % specific activity

of YK-4-272 and furafylline on CYP1A2. (b) % specific activity of sulfaphenazole,

tranylcypromine, quinidine, and ketoconazole on CYP2C9, 2 C19, 2D6, and 3A4,
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respectively. (c) % specific activity of YK-4-272 on CYP2C9, 2C19, 2D6, and 3A4. The

mean of duplicate analysis is shown.
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Fig 3.
Plasma concentration of YK-4-272 after oral administration. 100 mg/kg YK-4-272

suspension was prepared with 0.5% Tween 80 aqueous solution and administered to rats

(225 ± 10 g) by a gastric intubation. After an appropriate time interval, blood was collected

and the concentration of YK-4-272 in the plasma was determined by HPLC. Each bar

represents the mean ± S.D. (n=5).
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Fig 4.
Antitumor activity of YK-4-272 on the growth of human prostate PC-3 tumor xenografts.

Male athymic Balb/c nude mice were injected with PC-3 cells and the resulting tumors

allowed growing for a week before i.p. injection once a day every other day with 10 mg/kg

of YK-4-272 or vehicle in 1:1 PEG/ PBS solution. (a) The tumor volumes were monitored

up to 30 day. The tumor size of each mouse was measured by caliper and calculated by the

formula: Length×width×height/2. Each bar represents the mean ± SEM (n=4). (b)

Expression of HDAC4 in PC-3 tumor either 1) control (untreated) or 2) YK-4-272 treated.

HDAC4 protein levels in tumor were analyzed by Western blotting. Actin expression is

shown as a loading control. Each data point represents the mean value of optical density for
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HDAC4 from three experiments with similar results. (c, d) Tumors were stained with

HDAC4 antibody and counterstained with Hematoxylin. (c) control (d) treated with

YK-4-272.
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Table I

Permeability (Papp) and Efflux Ratio of YK-4-272 Across Caco-2 Cell Monolayers. Bidirectional Transport of

YK-4-272 was Observed Across Caco-2 Cell Monolayers for 2 h. Highly Permeable Propranolol and Lowly

Permeable Atenolol were Evaluated as Standard Compounds. Data Are Expressed as Mean ± S.D. (n=3)

Compound (concentration) Drug Transport Papp

(× 10−6 cm/sec)
Efflux ratio

A→B B→A

YK-4-272 (100 µM) 20.7±0.05 20.2±0.05 0.98

Propranolol (100 µM) 41.6±2.40 21.3±0.70 0.51

Atenolol (100 µM) 3.1±0.01 1.9±0.01 0.61

Efflux ratio = PappB–A/PappA–B
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Table IV

Pharmacokinetic Properties of YK-4-272 in Plasma After Oral Administration to SD Rats

Parameter YK-4-272

Cmax (ng/mL) 2467

Tmax (h)   0.25

T1/2 (h)   0.87

AUC0-last (ng×h/mL) 3304

MRT (h)   1.3

AUC area under the curve; MRT mean residence time
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