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Abstract Purpose: The pharmacodynamic properties of MGCD0103, an isotype-selective inhibitor of
histone deacetylase (HDAC), were evaluated in preclinical models and patients with a novel
whole-cell HDAC enzyme assay.
Experimental Design: Boc-Lys(q-Ac)-AMC, a HDAC substrate with fluorescent readout, was
found to be cell permeable and was used to monitor MGCD0103-mediated HDAC inhibition in
cultured cancer cells in vitro, in peripheralWBC ex vivo, in mice in vivo, and in human patients.
Results: MGCD0103 inhibited HDAC activity in several human cancer cell lines in vitro and in
human peripheralWBC ex vivo in a dose-dependent manner. Unlike suberoylanilide hydroxamic
acid, the HDAC inhibitory activity of MGCD0103 was time dependent and sustained for at least
24 hours following drug removal in peripheral WBC ex vivo. Inhibitory activity of MGCD0103
was sustained for at least 8 hours in vivo in mice and 48 hours in patients with solid tumors.
HDAC inhibitory activity of MGCD0103 in peripheralWBC correlated with induction of histone
acetylation in blood and in implanted tumors in mice. In cancer patients, sustained pharmacody-
namic effect of MGCD0103 was visualized only by dose-dependent enzyme inhibition in peri-
pheralWBC but not by histone acetylation analysis.
Conclusions:This study shows that MGCD0103 has sustained pharmacodynamic effects that
can be monitored both in vitro and in vivo with a cell-based HDAC enzyme assay.

Recent evidence shows that cancer is associated with identi-
fiable epigenetic changes and dysfunctional transcriptional
regulatory mechanisms, thus providing a novel therapeutic
strategy (1–3). Both acetylation and deacetylation of histones
play a fundamental role in the remodeling of chromatin and
epigenetic regulation of gene expression. Transcriptionally
active genes are associated with hyperacetylated chromatin,
whereas transcriptionally silent genes are associated with
hypoacetylated chromatin. Histone deacetylases (HDACs)
remove the acetyl groups from the acetylated lysines in histones
and function as transcriptional corepressors (4–6). HDACs
are grouped in four classes based on the structure of their
accessory domains. Class I, II, and IV HDACs are Zn2+-

dependent enzymes, whereas class III enzymes are defined by
their dependency on NAD+ and are referred to as sirtuins. Class
I HDACs include HDAC 1 to 3, and 8; class II HDACs include
HDAC 4 to 7, 9, and 10. HDAC 11 belongs to class IV but
shares features of both class I and II enzymes.

Dysregulation of HDACs and aberrant chromatin acetylation
and deacetylation have been implicated in the pathogenesis of
cancer. Consequently, inhibition of HDAC activity has been
explored as a therapeutic strategy in cancer (4–8). The
anticancer activity of HDAC inhibitors is thought to occur
through a decrease in transcriptional repression, resulting in
inhibition of proliferation, induction of apoptosis, and/or
terminal cell differentiation (9, 10). In preclinical studies,
several structurally diverse HDAC inhibitors have been found to
have potent antitumor activities and tumor specificity. Among
these inhibitors are the hydroxamic acids suberoylanilide hydro-
xamic acid (SAHA)/vorinostat (Zolinza; refs. 11–13), NVP-LAQ-
824 (14), LBH589 (15), and PXD101/belinostat (16, 17);
benzamides MS-275 (18–20) and MGCD0103 (21–23); and
natural products such as depsipeptide/romidepsin (24). SAHA
was the first HDAC inhibitor approved and is indicated for
treatment of advanced refractory cutaneous T-cell lymphoma (12).

Unlike SAHA, MGCD0103 is a nonhydroxamate isotype-
selective HDAC inhibitor that targets HDAC isotypes 1 to 3 and
11 (25). Preclinical studies showed that MGCD0103 has
significant in vivo antitumor activity with low toxicity.
Induction of histone acetylation in tumors by MGCD0103
has been observed to correlate with antitumor activity in mouse
models with human tumor xenografts (23).
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As efforts in the development of HDAC inhibitors for
therapeutic treatment progress, the need for assays to determine
the pharmacodynamic effects of HDAC inhibitors is emerging.
In past clinical trials of SAHA and MS-275, pharmacodynamic
effects in patients were monitored by analyzing induction of
histone acetylation in peripheral WBC by immunoblotting,
ELISA, or fluorescence-activated cell sorting (11, 18) or in
tumor tissues by immunocytochemistry (18, 20). However, for
many of these assays, the sensitivity or limitation of clinical
materials has created constraints. In addition, current enzyme
assays relying on purified enzymes or lysates do not necessarily
reflect in situ activity, because they are likely to disrupt normal
protein-protein interactions. Our aim was to develop a HDAC
assay using a cell-permeable small-molecule substrate in
intact cells from human patients. Here, we present our findings
that Boc-Lys(q-Ac)-AMC, a substrate used previously in vitro
for HDAC enzyme assay (26), is cell permeable and is suitable
to monitor the inhibitory activity of MGCD0103 in several
preclinical models, in vitro and in vivo. This assay was then
applied to monitoring pharmacodynamic effects of MGCD0103
in a clinical phase I study on patients with advanced solid
tumors.

Materials andMethods

Materials. MGCD0103, N-(2-amino-phenyl)-4-[(4-(pyridin-3-yl)-
pyrimidin-2-ylamino)-methyl]-benzamide dihydrobromide, was
designed and synthesized at MethylGene (21). The free base form of
MGCD0103 was used for all in vitro assays and mouse in vivo analyses.
For clinical trials, MGCD0103 was used as the dihydrobromide salt.
Compound A is an inactive analogue of MGCD0103 missing an amino
group and was also designed and synthesized at MethylGene. All other
comparator HDAC inhibitors used were synthesized at MethylGene.
Boc-Lys(q-Ac)-AMC was purchased from Bachem. Fluor-de-Lys Deve-
loper was purchased from BioMol.

Cell culture. Cancer cell lines HCT116 (human colon cancer),
Jurkat (human acute T-cell leukemia), T24 (human bladder cancer),
MCF-7 (human breast adenocarcinoma), PANC-1 (human pancreas
carcinoma), HeLa (human cervix carcinoma), A549 (human non-small
cell lung cancer), 293T (human embryonic kidney), DU145 (human
prostate cancer), and SW48 (human colorectal adenocarcinoma) were
purchased from the American Type Culture Collection. HMEC (human
mammary epithelial cells) were purchased from BioWhittaker. All cell
lines were cultured following vendor instructions.

Peripheral WBC isolation. Whole blood was collected in sodium
heparin tubes (BD Biosciences) and shipped at room temperature
within 24 h. Buffy-coat cells were separated from erythrocytes by
centrifugation at 1,850 rpm for 5 min and further purified with EL lysis
buffer (Qiagen) following the manufacturer’s instructions.

Whole-cell HDAC enzyme assay. Boc-Lys(q-Ac)-AMC (Bachem) has
been described previously as a small-molecule substrate for HDAC
enzymes in vitro (27). In the present study, it was used with intact cells
as sources of HDAC enzymes. Cells were seeded in 50 AL in 96-well
culture plates (Corning) at a density that has been found previously to
be in the linear range of the assay (for HCT116, 1 � 105 cells per
well were seeded; for DU145, A549, 293T, T24, Jurkat, MCF-7, PANC-1,
and HeLa, 5 � 104 cells per well; for isolated buffy-coat cells, 3 � 105-
8 � 105 cells per well). The reaction was initiated by adding 1 AL of
15 mmol/L Boc-Lys(q-Ac)-AMC (Bachem; stock solution in DMSO) to
reach a final concentration of 0.3 mmol/L. Cells were incubated with
the substrate for 1 h at 37jC with 5% CO2. The reaction was then
stopped by adding 50 AL buffer [25 mmol/L Tris-HCl (pH 8.0),
137 mmol/L NaCl, 2.7 mmol/L KCl, 1 mmol/L MgCl2] containing
1 Amol/L trichostatin A (BioMol), 1:60 diluted Fluor-de-Lys Developer,

and 1% NP-40 (Sigma-Aldrich Canada). Trichostatin A in the stop
mixture prevented any further deacetylation, whereas Fluor-de-Lys
Developer released a measurable fluorescent moiety from the deacety-
lated product, and NP-40 lysed the cells to allow intracellular
deacetylated product to be accessible to the developer. The reaction
was allowed to develop for z15 min at 37jC, and the fluorescent signal
was detected by fluorometer (GeminiXS; Molecular Devices) at
excitation 360 nm, emission 470 nm, and cutoff 435 nm. A standard
curve of Boc-Lys-AMC (Bachem) allowed the conversion of fluorescent
signal into picomoles of deacetylated product.

Detection of histone acetylation. Isolated peripheral WBC or frozen
tumor pieces were lysed in the presence of 5 mmol/L sodium butyrate
and histones were acid extracted as described in ref. 28. Protein
concentrations were determined using Bradford protein assay reagent
(Bio-Rad), and 10 Ag from each sample were resolved by electropho-
resis on a 4% to 20% SDS-polyacrylamide gel. Proteins were transferred
to a polyvinylidene difluoride membrane, probed with anti-H3Ac
antibody (Upstate; 1:3,000 dilution) and either anti-pan-histone
(Chemicon; 1:2,000 dilution) or anti-H4 antibody (Upstate; 1:2,000
dilution), and then revealed with horseradish peroxidase–conjugated
anti-rabbit antibody (Sigma; 1:5,000 dilution) and ECL+ chemilumi-
nescent detection reagents (Amersham Biosciences). The signal was
scanned and quantified on Storm860 imaging system (Amersham
Biosciences).

In vivo studies. Female CD-1 normal mice (Charles River Labora-
tories) or 8- to 10-week-old CD-1 nude mice (Charles River Labora-
tories) bearing either human colon SW48 tumors or HCT116 tumors
were used. MGCD0103 or its inactive analogue (compound A) with
an amino group deletion were dissolved in PBS acidified with 0.1 N
HCl and animals were dosed once by oral gavage (200 AL) using either
vehicle or compounds. At the end of each experiment, blood and
tumors were collected from animals. For HDAC activity, the blood was
stored overnight before processing to mimic shipment conditions of
clinical samples. To evaluate histone acetylation by immunoblot
analysis, tumors and blood were harvested and immediately flash-
frozen.

Pharmacodynamic analyses in cancer patients with advanced solid

tumors. An open-label, nonrandomized, dose-escalation, multicenter
phase I study was done in patients with advanced solid malignancies.
The trial was conducted at the Kimmel Cancer Center at Johns Hopkins
and Princess Margaret Hospital. The study was approved by the
local institutional ethics committee of each institution, and patients
provided informed consent for their participation. MGCD0103 was
administered in 3-week cycles consisting of an oral dose ranging from
12.5 to 56 mg/m2/d given three times weekly for 2 weeks followed by
a 7-day rest period. This cycle was repeated every 3 weeks. Pharma-
codynamic samples were collected before onset of treatment, as well
as at 4 h, 24 h, day 3 (48 h after the first dose), and day 8 (72 h after
the third dose) for evaluation of total HDAC enzyme activity in
peripheral WBC.

Statistical analysis. In vivo xenograft data were subjected to ANOVA
followed by Dunnett’s test comparing each treated group with the
vehicle control, with a level of significance of 0.01. The data on
inhibition of HDAC activity in clinical samples were subjected to
ANOVA followed by a Student’s-Newman-Keuls’ procedure for pair-
wise comparisons with a level of significance of 0.05. In addition, a
linear trend test, which evaluates whether the response is dose
dependent, was applied. To circumvent the influence of an outlier in
the day 3 time-point data set, the data were also ranked and analyzed
with ranked linear trend test and ranked ANOVA followed by ranked
Student’s-Newman-Keuls’ procedure.

Results

Boc-Lys(e-Ac)-AMC is a cell-permeable HDAC substrate. In
the absence of cells (Fig. 1A, column 1), the substrate Boc-Lys(q-
Ac)-AMC was not converted to product and did not generate
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fluorescence. Likewise, when no substrate was added, the cells
alone generated very low background fluorescence (Fig. 1A,
column 5). Measurements of cell-associated and cell-free
product showed that Boc-Lys(q-Ac)-AMC is cell permeable
(Fig. 1A, column 2) and that the deacetylated product Boc-Lys-
AMC also diffuses out of the cells (Fig. 1A, columns 3 and 4).
There was no extracellular HDAC activity, because conditioned
medium, incubated previously with cells (Fig. 1A, column 6),
did not generate more fluorescence than background (Fig. 1A,
column 1).
Characteristics and kinetics of whole-cell HDAC enzyme assay

in human cancer cell lines in vitro. The assay was time
dependent and linear over 2 hours in 293T cells (Fig. 1B). It
was also cell number dependent and linear up to 5 � 104 cells
per well (for 1 hour of reaction time) for several cell lines
examined (HCT116, A549, DU145, and HMEC; Fig. 1C). To
calculate Vmax and Km for several cell lines, HDAC activity was
measured as a function of time and substrate concentration
(Fig. 1D). Vmax values (expressed in pmol converted product/
min) were 9.47 F 0.37 for A549, 14.06 F 0.70 for DU145,
28.56 F 1.19 for HCT116, and 6.16 F 0.38 for peripheral
WBC. Km values (Amol/L) were 130 F 16 for A549, 140 F 21
for DU145, 255 F 26 for HCT116, and 122 F 23 for WBC.
Based on these results, the substrate concentration for
subsequent assays was set at 300 Amol/L.

Inhibitory activity of MGCD0103 and other HDAC inhibitors
in human cancer cell lines in vitro. The whole-cell HDAC
activity assay was used to evaluate the potency of HDAC
inhibitors. Unlike hydroxamate-based compounds such as

Fig. 1. Validation of whole-cell HDAC assay. A,1, no cell control: all reagents were included in the wells, except for cells; 2, total activity: 293Tcells (5� 104 per well) were
incubatedwith the substrate, thenwere lysed and the product was convertedwith Fluor-de-LysDeveloper (BioMol) into ameasurable fluorescent compound; 3, cell fraction:
293Tcells were incubated with the substrate, but before lysis the supernatant was replaced with fresh medium; 4, supernatant: 293Tcells were incubated with the
substrate as in 2 , but before stopping the reaction the supernatant was collected, cleared from potentially floating cells by centrifugation, and transferred to empty wells;
5, no substrate control: all the components of the reactionwere added, except for Boc-Lys(q-Ac)-AMC; 6, conditionedmedium: 293Tcells were incubated inmediumwithout
substrate, then the mediumwas centrifuged to remove any cells, and Boc-Lys(q-Ac)-AMC was added to the clear, conditioned medium. B, assay linearity as a function
of time. 293Tcells were incubated with Boc-Lys(q-Ac)-AMC for various amounts of time before the reaction was stopped. Bars, SE. C, assay linearity as a function of cell
number. Cell lines (HCT116 colon carcinoma, A549 lung carcinoma, DU145 prostate carcinoma, and HMEChumanmammary epithelial cells) were seeded in 96-well plates at
the indicated cell densities and incubated with Boc-Lys(q-Ac)-AMC for1hour before the reaction was stopped. D, determination of Km in cultured cell lines and peripheral
WBC. HDAC activity was measured with various amounts of Boc-Lys(q-Ac)-AMC for a determined amount of time.The velocityV (pmol/min) was plotted as a function of
substrate concentration S (Amol/L) in a double reciprocal graph.

Fig. 2. Time dependency of benzamide-based HDAC inhibitors. HDAC activity
was assayed in HCT116 with doses of MGCD0103, MS-275, SAHA, or
NVP-LAQ-824 in serial dilutions ranging from 0.006 to 60 Amol/L. IC50, defined as
the concentration (Amol/L) of compound inhibiting 50% of initial HDAC activity,
was determined and plotted as a function of time of pretreatment (hours).

Pharmacodynamic Effects ofMGCD0103
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SAHA or NVP-LAQ-824, MGCD0103 and MS-275 show
increasing potency over time. Their IC50 values were time
dependent, shifting with time over a 100-fold range, and only
reaching full potency after 16 hours of incubation with cells at
37jC (Fig. 2). Consequently, the drug exposure time was set at
16 to 18 hours before adding Boc-Lys(q-Ac)-AMC in further
activity assays.

Alamar Blue (BioSource, Invitrogen), an indicator of
mitochondrial metabolism, did not reveal any cell cytotoxicity
within the exposure time of the assay (data not shown). In
addition, other cytotoxic, non-HDAC inhibitors, such as
paclitaxel, did not inhibit HDAC whole-cell activity in this
assay (data not shown).

To ensure that the observed decrease in substrate conversion
on treatment with HDAC inhibitors was not due to HDAC
down-regulation or depletion, we detected the levels of several
major HDAC isotypes by immunoblot analysis (Supplementary
Fig. S1) and found that, after 16 hours of pretreatment
with either MGCD0103 or NVP-LAQ-824 (at a concentration
f10 times their respective IC50 values), the levels of HDAC 1 to
3, 6, and 8 were unaffected. HDAC7 was down-regulated by
both MGCD0103 and NVP-LAQ-824 as reported previously for
other HDAC inhibitors (29). This HDAC7 down-regulation,
however, was not correlated with HDAC inhibition measured
by the whole-cell assay (Supplementary Fig. S2). For example,
at 7 hours of pretreatment, 5 Amol/L MGCD0103 (f10 times
the IC50) could inhibit HDAC activity without down-regulating
HDAC7. Moreover, NVP-LAQ-824 could very efficiently inhibit
activity with no time dependency even at time points where
HDAC7 levels were not yet affected (V3 hours pretreatment).
Therefore, the measured decrease in substrate deacetylation
on treatment with HDAC inhibitors is probably not much
influenced by down-regulation of HDAC gene expression.
Rather, it is believed to mostly reflect direct inhibition of HDAC
activity.

The inhibitory activities of MGCD0103, MS-275, and SAHA
were compared using a panel of cell lines (Table 1). Although
the measured IC50 varied between cell lines, MGCD0103 was
always more potent than the comparator molecules in all cases
examined. MGCD0103 was more than 7-fold more potent than
SAHA in PANC-1 pancreatic cancer cells and more than 6-fold

in HCT116 colon cancer. Compound A showed no inhibition
in any cell line up to 50 Amol/L.
Profile and persistence of MGCD0103 inhibitory activity in

human peripheral WBC ex vivo. The whole-cell HDAC enzyme
activity assay was also shown to behave in a linear fashion as
a function of time and cell number in healthy human
peripheral WBC ex vivo (Fig. 3A). MGCD0103 induced
significant inhibition of HDAC activity in a dose-dependent
manner in human peripheral WBC treated ex vivo for 18 hours
(Fig. 3B), and the calculated IC50 F SE of MGCD0103 was
0.35 F 0.08 Amol/L (n = 16). Inhibition with MGCD0103
reached a plateau at 1.5 Amol/L, which corresponds approxi-
mately to a 70% reduction of total HDAC activity. Some
enzyme activity remained uninhibited even at very high doses
of the compound (up to 50 Amol/L). Nonselective hydrox-
amate-based inhibitors such as SAHA and NVP-LAQ-824, on
the other hand, were able to inhibit the cellular pool of HDAC
activity almost completely, with an IC50 of 0.9 Amol/L for
SAHA and 0.05 Amol/L for NVP-LAQ-824.

The HDAC inhibitory activity of MGCD0103 was long-
lasting in human peripheral WBC treated ex vivo with
MGCD0103, and whole-cell HDAC inhibition was sustained
even 24 hours after removal of the compound (Fig. 3C). In
contrast, SAHA showed very rapid reversal of HDAC inhibition
on drug removal, as enzyme activity was fully restored as soon
as the compound was removed.
In vivo pharmacodynamic effects in tumor and peripheral WBC

following oral dosing of MGCD0103 in mice. With the aim of
using the whole-cell HDAC activity assay as a pharmacody-
namic endpoint during clinical trials, it was necessary to
validate the use of blood as a surrogate tissue for tumors. Mice
(n = 5 per group) were administered MGCD0103 (free base)
orally at 90 mg/kg, a dose that has antitumor efficacy in all
xenograft models we have tested previously (23). At several
time points, blood was collected and stored overnight to mimic
shipment conditions of clinical samples. As shown in Fig. 4A,
the HDAC inhibitory activity was time dependent, with
maximal inhibition (40% of initial level) rapidly achieved
within the first hour following administration. Inhibition was
sustained for f8 hours, and HDAC activity returned to
baseline levels by 24 hours. Inhibition was highly significant,
with P < 0.01 as determined by post-ANOVA Dunnett’s test, for
all time points up to and including 8 hours.

The observed in vivo HDAC inhibition was associated with an
increase in histone acetylation in SW48 tumors implanted in

Table 1. IC50 values of compounds for HDAC inhibition in cancer cell lines, mean F SE (n)

IC50 (Mmol/L)

HCT116 Jurkat T24 MCF-7

MGCD0103 0.45* F 0.05 (11) 0.11 F 0.02 (5) 0.22 F 0.04 (6) 0.21 F 0.01 (5)
MS-275 2.50 F 0.26 (5) 0.26 F 0.01 (5) 0.27 F 0.04 (5) 0.36 F 0.01 (5)
SAHA 2.98* F 0.18 (4) 0.46 F 0.06 (5) 0.43 F 0.07 (5) 0.63 F 0.11 (5)
Compound A >50 (3) >50 (4) >50 (4) >50 (4)

NOTE: Cells were seeded on day 0 at 1 � 105 (HCT116) or 5 � 104 (all other lines) per well in a 96-well culture plate and assayed for HDAC
activity on day 2 following an 18-hour treatment with various doses of MGCD0103, MS-275, SAHA, or compound A. The numbers represent the
concentration (Amol/L) inhibiting 50% of the total HDAC enzyme activity. NA, not available.
*These values were presented in Fournel et al.4 and are used here for the sake of comparison.

4M. Fournel, C. Bonfils,Y. Hou, et al. MGCD0103, a novel isotype-selective histone
deacetylase inhibitor, has broad-spectrum antitumor activity in vitro and in vivo,
Mol Cancer Ther 2008;7:759^68.
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nude mice. As shown in Fig. 4B and C, MGCD0103 induced
histone H3 hyperacetylation in SW48 tumors as early as
4 hours following acute administration of MGCD0103 free base
(90 mg/kg). Acetylation increased over time, with a 4.3-fold
peak at 16 hours. After 48 hours, the levels of H3 acetylation in
tumors returned to baseline values. In peripheral WBC of the
same mice, H3 acetylation levels, normalized with total H4
histone levels, paralleled those of SW48 tumors, although to a
lesser degree with a 2.6-fold peak after 16 hours, with values
returning to baseline levels within 48 hours (Fig. 4B and C). H3
hyperacetylation in both tumor cells and peripheral WBC
correlated with inhibition of HDAC activity (Fig. 4A). In this
model, H3 acetylation in peripheral WBC appears to be a valid
surrogate for MGCD0103 activity in the tumor.

H3 acetylation was also examined in HCT116 tumors
implanted in nude mice (Fig. 4D). In this model, MGCD0103
induced a very modest but highly significant (P < 0.01, post-
ANOVA Dunnett’s test) H3 hyperacetylation. The effect reached
a plateau 8 hours post-treatment and lasted for at least
48 hours.
Baseline whole-cell HDAC activity levels in human peripheral

WBC from volunteers. We determined the natural variability
in HDAC activity levels in peripheral WBC from eight healthy
volunteers at two different time points, 2 months apart.
Figure 5A shows that the baseline HDAC activity levels in
WBC, as determined by this whole-cell HDAC activity assay,
are constant across individuals (with a coefficient of variation
of 6.6% for the first time-point and 8.2% for the second time-
point) and across time points (with coefficients of variation of
1.0-11.3%). Moreover, we tested various shipment-mimicking
conditions with blood from healthy donors. Blood was
collected in heparin-coated regular or BD-Vacutainer-CPT tubes
and stored at 4jC or ambient temperature for 0, 24, or 48 hours
after collection before isolation of peripheral WBC. No
significant difference in baseline HDAC activity was observed
among these conditions (data not shown).
Pharmacodynamic effects of MGCD0103 in peripheral WBC

from patients with solid tumors in phase I trial. The whole-cell
HDAC enzyme assay was used to monitor the inhibitory
activity of MGCD0103 in peripheral WBC from subjects with
solid tumors in a phase I clinical trial. The overall clinical
outcome of MGCD0103 in this trial and pharmacodynamic
effects of MGCD0103 at 24 hours were reported in a separate
publication (30). A closer examination of the dose- and time-
dependent pharmacodynamic effects at later time-points is
presented here.

To determine the dynamic range of the HDAC enzyme assay,
we measured the inhibitory activity of MGCD0103 in four
groups of subjects treated orally at doses of 27, 36, 45, or
56 mg/m2 MGCD0103. As shown in Fig. 5B and C, MGCD0103-
mediated enzyme inhibition was dose dependent and sustained

for at least 48 hours after the first administration (day 3,
Fig. 5B) and up to 72 hours after the third administration
(day 8, Fig. 5C). At the highest dose (56 mg/m2), HDAC
inhibition was significantly higher than at 27 and 36 mg/m2 in
both day 3 and day 8 time points, as determined by the
Student’s-Newman-Keuls’ procedure following ANOVA, with a
significance level of 0.05. However, one of the samples from
the day 3 data set treated at 27 mg/m2 met all the criteria of
an outlier, explaining why the average in this group was so
different from the median (Fig. 5B). It was therefore justifiable
to perform a nonparametric ranked analysis. When the ranked
Student’s-Newman-Keuls’ test was applied to the day 3 data
set, it appeared that HDAC inhibition at 56 mg/m2 was also
significantly higher than at 45 mg/m2 (P < 0.05). The ranked
analysis did not change conclusions for the day 8 time point.
Moreover, whether the data were analyzed raw or ranked, the
linear trend test showed that the dose dependency was highly
significant (P < 0.01) at both time points.

Discussion

The whole-cell HDAC enzyme assay allows the assessment
of HDAC activity in a context in which interactions of HDAC
enzymes with associated proteins remain intact. This is
important as the complexes involving HDACs differ in various
cell lines and tissues. Indeed, the differences in IC50 values
reported in Table 1 reflect this disparity. In contrast, in vitro
measurements rely on the purification of specific HDAC
isotypes, which may create artificial conditions and alter
normal protein-protein interactions. Therefore, assessing
HDAC activity in a native, whole-cell context may be more
physiologically relevant.

The cell-based activity assay was also informative regarding
inhibitor selectivity. Only a portion of total cellular HDAC
activity could be abrogated by MGCD0103, whereas SAHA and
NVP-LAQ-824 almost completely inactivated the cellular
enzyme pool at high concentrations. Obviously, the cellular
HDAC activity measured in this assay is defined by the isotypes
that can use the substrate. Boc-Lys(q-Ac)-AMC is a pan-HDAC
substrate, although class I enzymes use it with a greater
turnover rate than class II or III isotypes.5 Class III isotypes
(sirtuins) are not inhibited by NVP-LAQ-824, SAHA (31), or
trichostatin A; yet those inhibitors almost completely abrogate
the measured activity, so it is unlikely that the deacetylase
activity measured in this assay comes from sirtuins. Therefore,
the isotypes contributing to the total measured activity are class
I and II enzymes, with a preference for class I isotypes. Unlike

Table 1. IC50 values of compounds for HDAC inhibition in cancer cell lines, mean F SE (n) (Cont’d)

IC50 (Mmol/L)

PANC-1 HeLa A549 293T

0.09 F 0.03 (3) 0.08 F 0.01 (4) 0.38 F 0.04 (9) 0.45 F 0.02 (57)
0.45 F 0.04 (3) 0.34 F 0.03 (4) 0.54 F 0.16 (4) 2.65 F 1.06 (5)
0.69 F 0.32 (3) 0.39 F 0.03 (4) 0.53 F 0.06 (4) 2.59 F 0.52 (5)

>50 (2) >50 (4) >50 (3) NA

5 A-H. Lu andJ. Rahil, unpublished data.
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NVP-LAQ-824 or SAHA, MGCD0103 specifically inhibits only
a subset of the measured HDAC isotypes. The uninhibited
enzymes account for f35% of the total measured cellular
HDAC activity at 1.5 Amol/L in peripheral WBC. These results
are consistent with the finding that MGCD0103 in vitro
primarily inhibits only human HDAC 1 and 2 and less potently
HDAC 3 and 11 (25, 32).4

Interestingly, the IC50 values of MGCD0103 and other
benzamide-based inhibitors, such as MS-275, shift with time
over a 100-fold range. Closer examination of their biochemical
properties revealed that benzamide-based inhibitors have the
characteristics of a slow-tight inhibitor, which will be described
elsewhere.6 Consequently, one might argue that the inevitable
delay between blood collection and time of assay, due to
shipment, might amplify the apparent MGCD0103 inhibitory
activity. However, the shift in IC50 is dramatic only in the first
8 hours of exposure in cultured cell lines; therefore, clinical
samples at later time-points are not likely to be meaningfully
affected by this factor. Otherwise, we found no significant
differences in the basal level of HDAC activity between samples
from healthy donors, whether they were fresh or stored for
24 or 48 hours or taken at several time points. Thus, the delay
due to shipment does not appear to affect the measurement
of HDAC activity per se, and changes in HDAC activity levels
during clinical trials are believed to be accounted for by the
treatment rather than by natural fluctuations.

As a corollary of the slow-tight kinetic properties of
MGCD0103, the off-binding rate is very slow and can account
for the prolonged inhibitory effect of MGCD0103 observed
in ex vivo treated cells after the compound had been removed
(Fig. 3C). One implication of these results is that patients may
receive fewer doses of MGCD0103 while the pharmacodynamic
effects are maintained. Another implication is that detection
of HDAC inhibition in isolated peripheral WBC from patients
would not be compromised by unavoidable washing steps
during the isolation protocol. The clinical pharmacodynamic
data are, therefore, assumed to be relevant to the actual
inhibitory activity of MGCD0103.

The utility of blood as a surrogate tissue for solid tumors was
validated in nude mice bearing implanted tumors (Fig. 4). At
a dose shown previously to have efficacy against implanted
tumors (90 mg/kg; ref. 23), we observed reduction in
peripheral WBC HDAC activity in a time-dependent manner,
concomitant with induction of histone acetylation both in
peripheral WBC and in implanted tumors. These data indicate
that MGCD0103 was biologically active as expected. Moreover,
in mice, t1/2 for MGCD0103 was found to be f0.7 hour,7

whereas HDAC inhibition was sustained for at least 8 hours
and histone acetylation peaked at 16 hours in SW48 tumors
and lasted for at least 48 hours in HCT116 tumors. Therefore,
in mice, the pharmacodynamic effect of MGCD0103, as
monitored by HDAC inhibition and histone acetylation,
outlasted detectable plasma exposures.

Pharmacokinetic variables for MGCD0103 in plasma from
treated patients have been analyzed (32–34). Correlation with
HDAC inhibition has been observed and was described in
detail elsewhere (30). Briefly, in patients receiving 27 mg/m2

Fig. 3. Whole-cell HDAC assay in human peripheralWBC ex vivo. HDAC enzyme
activity was monitored with Boc-Lys(q-Ac)-AMC in human peripheralWBC (from
buffy coat) isolated fromvolunteer blood.A, time dependency.B, human peripheral
WBC were treated with a range of doses of either SAHA, MGCD0103, or
NVP-LAQ-824 for16 hours and then assayed for HDAC activity with
Boc-Lys(q-Ac)-AMC. C, human peripheralWBC were treated with a range of
doses of either SAHAorMGCD0103 for16 hours before compoundswere removed
from the medium by washing cells with PBS. Cells were then resuspended in fresh
medium at time 0 hour ¶ and assayed at indicated time points postwash for
whole-cell HDAC activity with Boc-Lys(q-Ac)-AMC.

6 A-HLu, J. Rahil, et al., unpublished data.
7 J.Wang et al., unpublished data.
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Fig. 4. HDAC activity in mice in vivo. A, CD-1mice (n = 5 per group) were given
oral MGCD0103 free base (90 mg/kg). At indicated time points, blood was
collected and peripheralWBC were isolated from individual mice and assayed for
HDAC activity using 4 � 105 cells per well. Columns, averages for each group of
mice; bars, SE. P < 0.01, Dunnett’s test following ANOVA. B and C, CD-1nude
mice (n = 3 per group) with SW48 colon cancer xenografts (f1,000 mm3) were
given a single oral administration of MGCD0103 free base (90 mg/kg) and then
were sacrificed after specified amount of time. Both blood and tumors
were collected and peripheralWBC were isolated from blood. Histones were acid
extracted from individual animals and pooled for immunoblot analysis (10 Ag/lane)
using antibodies against acetylated H3 histones and total H4 histones (B). Signals
were quantified by densitometry and normalized by dividing the H3Ac signal with
total H4 to correct for uneven loading (C). D, CD-1nude mice (n = 5 per group)
with HCT116 colon cancer xenografts were treated with a single oral dose of
MGCD0103 free base (90 mg/kg). At specified times, mice were sacrificed and
tumors were collected. Histones were acid extracted and analyzed by immunoblot
(10 Ag/lane) using antibodies against acetylated H3 histones and pan-histones.
Signals were quantified and normalized by dividing the H3Ac signal with the signal
for pan-histones.

Fig. 5. HDAC activity inWBC from healthy volunteers and cancer patients in vivo.
A, basal HDAC activity levels were measured in peripheralWBC (8 � 105 cells per
well) isolated from eight different volunteers, at two time-points 2 mo apart, using
the whole-cell HDAC activity assay. B and C, phase I trial subjects with
solid tumors were treated three times a week with MGCD0103 at 27, 36, 45, or
56 mg/m2. At specified time points, HDAC activity was evaluated in peripheral
WBC (8� 105 cells per well) from all evaluable subjects.The results were expressed
relative to the 0-hour time point (before onset of treatment) and graphed as box
plots.The boxes are delimited by the lower and upper quartiles, whereas the middle
bar represents the median.The whiskers reach to the smallest and the largest data
points of each set.The cross represents the average. B, day 3 time point,
collected 48 h after onset of treatment and before the second dose, at
27 mg/m2 (n = 6), at 36 mg/m2 (n = 6), at 45 mg/m2 (n = 9), and at 56 mg/m2

(n = 2). C, day 8 time point, collected 72 h after the third dosing, at 27 mg/m2

(n = 6), at 36 mg/m2 (n = 4), at 45 mg/m2 (n = 11), and at 56 mg/m2 (n = 2).
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dose, Cmax F SD was 71.6 F 50.4 ng/mL, which translates
to 0.18 F 0.12 Amol/L. In patients receiving 56 mg/m2 dose,
Cmax FSD was 172.0 F 28.3 ng/mL, which corresponds to
0.43 F 0.07 Amol/L. t1/2 was f10 hours and Tmax was
f1 hour regardless of the dose. The magnitude of HDAC
inhibition was, not surprisingly, rather limited in the 27 mg/m2

dose group because the Cmax was well below the IC50 measured
in ex vivo treated peripheral WBC. In the 56 mg/m2 dose group,
however, Cmax was above the IC50 as determined in ex vivo
assay (0.35 Amol/L). In this dose group, a significant reduction
of HDAC enzyme inhibition was seen at 24 hours (30) and
48 hours after the first administration as well as 72 hours after
the third administration. The whole-cell HDAC enzyme assay
appears to be applicable to determine the pharmacodynamic
effect of MGCD0103 at least in peripheral WBC from patients
with solid tumors. In leukemia patients, whose peripheral WBC
contain leukemia blasts, we need to consider that apoptotic
cells get rapidly cleared from the blood (35). If MGCD0103-
mediated HDAC inhibition increased apoptosis of cancer
cells, as has been suggested elsewhere,5 the detected HDAC
inhibition in peripheral WBC from leukemia patients would
likely be underestimated.

Interestingly, HDAC enzyme inhibition was sustained in
MGCD0103-treated cancer patients for up to 48 to 72 hours
(Fig. 5B and C), although plasma concentrations of the drug
were decreased to below the limits of detection at these time
points. This finding is further supported by a similar observation
in both the ex vivo assay with peripheral WBC from human
volunteers and in vivo in mice. This suggests that a less frequent
dosing schedule may be desired to reach the best therapeutic
index. Indeed, the observed half-life of MGCD0103, combined
with the sustained pharmacodynamic, allow for dosing sched-
ules of two to three times per week (32, 36).

Histone acetylation was measured in samples from
MGCD0103-treated solid tumor patients (30). A modest but

significant induction of histone acetylation (f1.8-fold),
correlating with HDAC inhibition, was observed transiently
24 hours after the first administration in patients who received
the highest dose of MGCD0103 (30). However, no significant
histone acetylation was found in peripheral WBC from subjects
treated with MGCD0103 at the other dose levels or time
points.8 This lack of sensitivity for the histone acetylation assay
in human patients may be due to the constraints of the clinical
trial setup and the fact that the samples were evaluated after
overnight shipment rather than fresh. In contrast, the whole-
cell HDAC activity assay revealed inhibitory activity at all time
points and the dynamic range was wider than for the
acetylation assay under the current shipment conditions.

In conclusion, the data presented here confirm the HDAC
inhibitory activity and ability of MGCD0103 to induce histone
acetylation in mice and show that the MGCD0103-mediated
HDAC inhibition can be monitored by a novel whole-cell
HDAC enzyme assay in patients. This enzyme assay is more
sensitive than histone acetylation assays and provides rapid
results while using few peripheral WBC from patients. Thus, it
could prove to be a useful pharmacodynamic assay in future
clinical studies of MGCD0103 and other HDAC inhibitors.
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