






the cytoplasm and deacetylates tubulin, we considered
it as functionally distinct from other known HDACs
and focused on substrates other than histones.

Figure 1 shows the molecular model of compound
2 in complex with HDAC6 (Fig. 1B), HDAC 7 (Fig.
1C), and HDAC8 (Fig. 1D). Interactions of the dansyl
moiety within the CAP regions of HDAC isomers
provide a potential basis for selectivity. Comparison of
HDAC isomers 6 and 8 reveals that the shape of the
HDAC6-binding cavity differs significantly. This data
alongwith differences inHDAC isomer inhibition further
support that there may be significant conformational or

structural dissimilarity in class I and class II HDAC
isomers. Furthermore, electrostatic and steric surface
interactions around the ligand-binding channel show
differences between class I and class II HDACs.

Cell growth inhibition and cell cycle distributions
As promising targets for cancer treatment, HDAC

inhibitors have shown significant antiproliferative and
apoptotic activities on various cancer cells, including
prostate cancer (17–19). HDAC inhibitors are capable
of inducing differentiation and/or apoptosis of prostate
cancer cells. Therefore, we evaluated compound 2 for

Figure 1. A, design of fluorescent hydroxamic acid HDAC inhibitors. B–D, proposed binding model of 2 (green) in complex with HDAC6, 7, and 8. X-ray
structures of HDAC7 and HDAC8 were used, whereas HDAC6 is a homology model based on HDAC7. Highlighted residues that make critical
interactions with compound 2 are represented by the stick model (magenta). Hydrogen bonds are indicated by dotted line (black), zinc shown as orange,
and water shown as blue.
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growth inhibition of 3 human prostate cancer cell lines
including PC-3, C4-2, and LNCaP. Compound 2 inhibited
the growth of all 3 prostate cancer cell lines with GI50s for
PC3 (1.54� 0.27 mmol/L), C4-2 (1.91� 0.15 mmol/L), and
LNCaP (1.30 � 0.41 mmol/L). Treatment with GI50 doses
of compound 2 resulted in an increase of the percentage
of cells in G1 as compared with S or G2 (Table 3). This
effect was observed in both androgen-dependent and
-independent prostate cancer cells. We also evaluated
compound 2 against additional human cancer cell lines
MCF7 and A549 (Table 3). The effects of our compound
on cell cycle distributions were similar to that observed
with SAHA.

Imaging compound 2 in human prostate cancer cells
By utilizing the inherent fluorescent properties of our

compound, we imaged compound 2 in human prostate
cancer cells with confocal miscroscopy. The addition of
20 mmol/L of compound 2 to PC3 (Supplementary
Fig. S2A–C) and DU145 (Supplementary Fig. S2D–F) cells
showed intracellular cytoplasmic delivery. The images
shownherewere obtained 60minutes after cell treatment.
Similar results were obtained after 8 and 16 hours, con-
firming that compound 2 localized to the cytoplasm.
Colocalization experiments with propidium iodide
revealed that compound 2 does not localize to nuclei
(Fig. 2A).

Imaging the effects of compound 2 on histone
acetylation

Next, we determined the effects of compound 2 on
histone acetylation in A549 cells. A549 cells were treated
with 20 mmol/L of compound 2, allowing comparisons to
previously published data (20) and evaluation of this
novel compound in other cancer cell types. Figure 2B
shows that compound 2 increases acetylation of nuclear
histones, a marker of the functional effect on the enzyme,
as compared with controls, which was not shown clearly
in the literature (Fig. 2B, f; ref. 20). Interestingly, com-
pound 2 localized to the cytoplasm (Fig. 2B, d) and not
in the nucleus, prompting a reevaluation of the accepted
mechanisms of HDAC inhibitor action in the nucleus
(21, 22).

Imaging the effects of compound 2 on nonhistone
protein

Class II HDACs shuttle between the nuclei and
cytoplasmic compartments of cells and modify the
acetylation status of tubulin residing in the cytoplasm.
Compound 2 also caused an increase in a-tubulin
acetylation (Fig. 2C) in the cytoplasms of A549 cells
as compared with control (Fig. 2C, e). As shown
in experiments using other cell lines, compound 2
fluoresced in the cytoplasms of these cells as well
(Fig. 2C, b).

Table 2. HDAC isomer inhibition activity

HDAC isomer IC50 (mmol/L)a

Compound 1 2 3 4 5 6 7 8 10 11

2 0.95 1.38 1.12 0.33 0.40 0.13 2.56 3.98 0.42 0.48
3 1.29 7.40 4.89 0.67 0.37 0.08 6.40 2.58 0.42 0.52
SAHA 0.22 0.56 1.79 0.64 0.13 0.027 0.99 2.74 0.11 0.082

aHDAC class I (1, 2, 3, and 8); class II (4, 5, 6, 7, 9, and 10); class IV (11).

Table 1. Physicochemical properties and pan-HDAC inhibition activities

Compound Carbon
linker (n)

HDAC IC50

[nmol/L]
PSA MW CLogP MV(A

�
)3 Excitation

(nm)
Emission
(nm)

1 1 287 213.7 365.45 1.19 1,037.4 320 500
2 2 125 218.4 379.48 1.72 1,067.5 320 500
3 3 116 218.7 393.50 2.25 1,104.2 320 500
4 4 208 216.3 407.53 2.78 1,194.5 320 500
SAHA 80 180.1 264.32 0.99 868.7

NOTE: Compound structures are shown in Fig. 1.
Abbreviations: PSA, polar surface area; MW, molecular weight; CLogP, calculated log of the partition coefficient; MV, molecular
volume; Excitation, excitation wavelength; Emission, emission wavelength.
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Mechanistic studies on HDAC4 interactions with
compound 2

HDAC isomers shownonredundant functions.HDAC6
is amicrotubule-associatedprotein thatdeacetylates tubu-
lin in vitro. The expression of HDAC6 has been reported
exclusively in the cytoplasm (23). HDAC10 was found to
be the closest relative of HDAC6, but it has an incomplete
second HDAC domain (24–26). Other class II HDACs, for
exampleHDAC4 andHDAC5, have been found to shuttle
between the nucleus and the cytoplasm (27, 28), whereas
HDAC7 shuttling is not certain. This correlates to the
observations that compound 2 is potent in inhibiting
HDAC 4, 5, 6, and 10 and also has shown activity against
HDAC11, which combines properties of both class I and
class II HDACs (Table 2). We interpret these data to show
that compound 2 affects the functions of the nuclear
HDAC enzymes without entering the nucleus.

Compound 2 fluorescence was detected in the cyto-
plasm; therefore, we sought to evaluate its interactions
with HDACs capable of shuttling from the nucleus into
the cytoplasm. HDAC4 was selected as the model
HDAC for these studies given its known cytoplasmic
nuclear shuttling (29) and the potency (IC50, Table 2) of
compound 2 against HDAC4. By using an antibody to
HDAC4, we evaluated HDAC4 distribution in PC3 cells
with/without inhibitor treatment (Fig. 3A–C). Confocal
microscopy shows the expected cytoplasmic and
nuclear distributions of HDAC4 (Fig. 3A). Treatment
of PC3 cells with 1 mmol/L of compound 2 resulted in a
significant reduction of HDAC4 in the nucleus. The
40,6-diamidino-2-phenylindole staining of the nucleus

confirmed depletion of HDAC4 (Fig. 3B). Interestingly,
in control experiments, SAHA also depleted the nucleus
of HDAC4 (Fig. 3C). As a control, we evaluated by
Western analysis of 5 HDAC isomers including HDAC1

Figure 2. A, colocalization of fluorescent compound 2 in PC-3 cells.
Images were taken at 695 nm with a multiphoton laser. Cells were treated
with 20 mmol/L of compound 2 and images were obtained 60 minutes
following drug exposure. a, cytoplasm contains fluorescent compound
2 (green); b, nucleus is stained with propidium iodide (red); c, differential
interference contrast image (gray); d, merged image of a, b, and c. B,
compound 2 effects on nuclear histone acetylation in A549 cells. Images
were taken at 695 nm with a multiphoton laser. a, acetylated histone (red);
b, propidium iodide stain of the nucleus; c, differential interference
contrast image; d, 20 mmol/L of compound 2 (green) shown in cytoplasm;
e, fused image of a, b, c and d; f, control acetylation. C, effects of
compound 2 on tubulin acetylation in the cytoplasm of A549 cells. Images
were taken at 695 nm with a multiphoton laser. a, acetylated tubulin (red).
b, 20 mmol/L of fluorescent compound 2 (green); c, differential interference
contrast image; d, merged image of a, b, and c; e, control acetylated
tubulin (without compound 2).

Table 3. Effect of compound 2 on cell cycle
distributions

Compound Cell line Cell cycle distribution (%)

G1 S G2

Control LNCaP 72.50 8.95 8.55
2 LNCaP 85.23 9.18 5.59
Control PC3 47.29 21.15 31.56
2 PC3 64.35 19.91 15.74
SAHA PC3 72.28 14.33 13.39
Control A549 79.27 9.81 10.93
2 A549 82.63 2.03 15.34
SAHA A549 88.58 2.00 9.41
Control MCF-7 62.03 29.73 8.24
2 MCF-7 75.76 12.94 11.30
SAHA MCF-7 77.43 6.68 15.89

NOTE: GI50s of SAHA at 1.04 mmol/L for PC3 and the
compound 2 at 1.54 mmol/L for PC3 and 1.3 mmol/L for
LNCaP were used. A549 cells were treated with 10 mmol/L
of compound 2 and SAHA. No obvious change at 1 mmol/L
concentration was observed. MCF-7 cells were treated with
1 mmol/L of compound 2 and SAHA.
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and 2 and found no change in protein concentration up
to 50 mmol/L dose (See Supplementary Fig. S3). In
addition, PC3 cells treated with compound 2 and immu-
nostained for HDAC1 continued to show HDAC1 in the
nucleus (See Supplementary Fig. S4). These observa-
tions show the usefulness of the new HDAC ligand and
point to potential new interpretations of mechanisms
for inhibition of nuclear HDAC-mediated deacetylation.
The transcription of p21 is regulated through acetyla-

tion of histone. Acetylation of histones results in
increased p21 transcription. Hence, the expression levels
of p21 reflect the inhibitory effects on HDACs by these
compounds. PC3 cells do not express p53, resulting in
decreased p21 levels (30, 31). T24 cells (human bladder
cancer cells) were used to check the expression levels of
p21 following treatment with compound 2. Exposure
of T24 cells to 5 mmol/L of compound 2 resulted in
upregulated expression of p21 (Fig. 4A).
p21 binds to and inhibits cyclin-CDK2, resulting in G1

arrest (32). Compound 2 caused G1 arrest in PC3 and
LNCaP cells (Table 3). Because PC3 cells do not express
p53, these data suggest the presence of an alternative
pathway to G1 arrest.
HDACs play important roles in regulating other cel-

lular activities. Class II HDAC shuttle between the
nuclei and cytoplasm and modify the acetylation status
of tubulin residing in the cytoplasm. When PC3 cells
were treated with compound 2 or with SAHA, the
acetylation levels of tubulin (Fig. 4B) and H3 (Fig. 4C)

were increased. This further supports our findings
with the HDAC isomer inhibition assay (Table 2). Com-
pound 2 showed potent inhibition of class II HDACs,
especially HDAC6.

HDAC6 is known to affect protein stability (33), a
potentially increasing degradation of class I HDACs.
We evaluated 5 HDAC isomers including HDAC1, 2,
3, 4, and 5 and observed no changes in protein levels
up to 50 mmol/L exposure (Supplementary Fig. S3).

Discussion

In this study, we have designed and synthesized
novel fluorescent HDAC inhibitors. We report com-
pounds 2 and 3, HDAC class II selective hydroxamate
inhibitors, especially targeting HDAC4 and HDAC6.
Compound 2 not only exhibited general properties of
hydroxamate HDAC inhibitors, inhibiting cancer cell
growth and causing G1 arrest but was also found exclu-
sively in the cytoplasm of cells. Interestingly, treatment of
cells with compound 2 resulted in increased nuclear
acetylation. We attribute this observation to HDAC4
sequestration, shifting the balance of histone acetylation
to a more acetylated state. This compound also inhibited
tubulin deacetylation in the cytoplasm of human lung
cancer cells, supporting its action on HDAC6. These
activities are promising for developing the compounds
as potential cancer therapies.

Our results showing the localization of a hydroxamate
HDAC inhibitor in the cytoplasm may offer a new para-
digm for understanding how HDAC inhibitors affect

Figure 3. HDAC inhibitor trap HDAC4 in the cytoplasm of human prostate
cancer cells. A, untreated PC3 cells. B, PC3 cells treated with 1 mmol/L
of compound 2 for 24 hours and detected for HDAC4. C, PC3 cells
treated with 1 mmol/L SAHA for 24 hours and detected for HDAC4.
Images were taken at 695 nm with a multiphoton laser.
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Figure 4. A, p21 expression in PC3 cells. B, acetylated tubulin expression
in T24 cell lines. C, acetylated histone 3 (H3) in PC3 cells when treated
with compound 2.
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nuclear function of HDACs. This mechanism may be
related to HDAC trapping of shuttled proteins. Cytoplas-
mic localization of compound 2 further leads to specula-
tion on (i) the effects of compound 2 on nuclear
translocation of HDAC proteins, (ii) potential inhibitory
effects on the process of mRNA nuclear exportation, (iii)
cytoplasmic HDAC degradation, and (iv) effects of com-
pound 2 on protein folding or interactions with nuclear
translocation or chaperone proteins. Also, restriction of
HDAC4 in the cytoplasm may result in disruption of
nuclear complexes that include HDAC4.

Taken together, these observations suggest that com-
pound 2 leads to modified expression and functions of
molecules important for cellular responses by confining
HDACs to the cytoplasmic compartments. This finding
provides a valuable tool for further studies to understand
the mechanism of the action of HDAC inhibitors. Further
studies of the involved isomers and mechanisms are
needed to provide a comprehensive mechanistic under-
standing.
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