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Background: Clioquinol is a potent chelator of divalent metal ions including zinc.
Results: Clioquinol fits the zinc-centered active pocket of HDACs and inhibits HDAC activity, which results in cell cycle arrest

and cancer cell apoptosis.

Conclusion: Clioquinol inhibits HDAC activity and induces blood cancer cell death.
Significance: This is the first report to demonstrate that clioquinol inhibits HDAC activity.

The antiparasitic clioquinol (CQ) represents a class of novel
anticancer drugs by interfering with proteasome activity. In the
present study, we found that CQ induced blood cancer cell apo-
ptosis by inhibiting histone deacetylases (HDACs). CQ accumu-
lated the acetylation levels of several key proteins including his-
tone H3 (H3), p53, HSP90, and a-tubulin. In the mechanistic
study, CQ was found to down-regulate HDAC], -3, -4, and -5 in
both myeloma and leukemia cells. Computer modeling analysis
revealed that CQ was well docked into the active pocket of the
enzyme, where the oxygen and nitrogen atoms in CQ formed
stable coordinate bonds with the zinc ion, and the hydroxyl
group from CQ formed an effective hydrogen bond with Asp-
267. Moreover, co-treatment with CQ and zinc/copper chloride
led to decreased Ac-H3. Furthermore, CQ inhibited the activity
of Class I and IIa HDAC:s in the cell-free assays, demonstrating
that CQ interfered with HDAC activity. By inhibiting HDAC
activity, CQ induced expression of p21, p27, and p53, cell cycle
arrest at G; phase, and cell apoptosis. This study suggested that
the HDAC enzymes are targets of CQ, which provided a novel
insight into the molecular mechanism of CQ in the treatment of
hematological malignancies.

Acetylation is an important modification of lysine residues
on histones and other proteins and plays a critical role in mod-
ulating gene expression as an epigenetic regulator (1-3). This
acetylation/deacetylation process is controlled by two kinds of
enzymes: histone acetyltransferases, which add acetyl groups to
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lysine residues, and histone deacetylases (HDACs),” which
remove the acetyl groups from substrate proteins. Acetylation
neutralizes the positive charge in histone proteins by changing
amines into amides, thus decreasing the ability of the histones
to bind to DNA. This decreased binding allows chromatin
expansion, providing access for transcription factors to bind to
their target promoters and permitting genetic transcription to
take place. In contrast, HDACs remove those acetyl groups,
increasing the positive charge of histone tails and encouraging
high affinity binding between histones and the DNA backbone.
Thus HDACs modulate gene expression and cellular processes
by deacetylating histones (1—4). Because deacetylation of his-
tones condenses chromatin structure and represses gene tran-
scription, it is hypothesized that by this mechanism, inhibition
of HDACs slows down replication forks, activates dormant ori-
gins, and induces DNA damage and cancer cell apoptosis (5).
HDAC:s are up-regulated in various cancers such as colorectal
cancer, gastric cancer, and prostate cancer, and the depletion of
HDAC:s could inhibit the growth of various human cancer cell
lines (3, 6).

In recent years, accumulative evidence has suggested that
inhibition of HDAC:s leads to the expression of tumor suppres-
sor genes, such as p21 (7, 8), p27 (8, 9), and p53 (7, 10), therefore
inducing cell cycle arrest and cell apoptosis (1, 9). HDAC inhib-
itors are emerging as a new class of anticancer agents for the
treatment of solid and hematological malignancies (6). Several
HDAC inhibitors such as suberoylanilide hydroxamic acid (6,
11) and the short chain fatty acid sodium butyrate have been
under clinical evaluation for the treatment of blood cancers (6,
12).

HDAC:s could be divided into two groups based on their zinc
dependence (4). Zinc-dependent HDACs include 11 members
covering Classes I (HDACI, -2, -3,and -8), Il (HDAC4, -5, -6, -7,
-9,and -10), and IV (HDAC11). The classic pharmacophore for
HDAC inhibitors consists of three distinct structural motifs:

2 The abbreviations used are: HDAC, histone deacetylase; Ac-H3, acetylated
histone H3; CQ, clioquinol; MM, multiple myeloma; TSA, trichostatin A.
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the zinc-binding group, a hydrophobic linker, and a recognition
cap group (13). The HDAC-specific zinc-binding motif adja-
cent to the active site is likely to participate in substrate recog-
nition and protein-protein interaction and may provide a site
for modulation of activity (14).

Clioquinol (CQ) is an antifungal and antiparasitic drug and is
also a strong chelator of divalent metal ions such as zinc and
copper (15). In the last decade, CQ (16-18) and its analogs
including nitroxoline (19) and 5-amino-8-hydroxyl-quinoline
(20) have been demonstrated to induce cancer cell death,
including prostate cancer, bladder cancer, breast cancer, leuke-
mia, and multiple myeloma (16, 18). Various mechanisms have
been proposed in cell death by these agents. For example, nitr-
oxoline kills bladder cancer by inhibiting type 2 methionine
aminopeptidase protein and angiogenesis (19), although 5-ami-
no-8-hydroxyl-quinoline is associated with proteasome inhibi-
tion (20). CQ is the most studied one. In the treatment of Alz-
heimer’s disease, CQ acts as a chelator to bind to zinc and
copper highly accumulated in the brain tissue (21). In the pres-
ence of zinc and copper, CQ displays great activity to inhibit
proteasome activity and induces cancer cell death. CQ-induced
cancer cell death is probably associated with lysosomal block-
age (22) and reactive oxygen species induction (23). In the
induction of cancer cell death, CQ is also found to inhibit NFxB
and TNF signaling pathway, as well as modulation of zinc or
copper transportation (24). These findings suggest that CQ
probably acts in a broad panel of mechanisms. However, the
capacity to chelate divalent metal ions is probably a key nature
in the biological activity of CQ. Because divalent metal ions are
essential for HDAC activity, we hypothesized that CQ may
induce apoptosis by inhibiting HDAC activity via interfering
with zinc in the active sites of these enzymes. In the present
study, we analyzed the effects of CQ on HDAC activity by com-
puter modeling and cell-free and cell-based assays and found
that CQ-induced leukemia and myeloma cell death is associ-
ated with HDAC inhibition.

EXPERIMENTAL PROCEDURES

Cell Lines—Human multiple myeloma (MM) cell lines
(RPMI-8226 and OPM?2) and leukemia cell lines (U937, K562,
and THP-1) were obtained from American Type Culture Col-
lection, and MM cell lines (OCI-My5 and LP1) and leukemia
cell line OCI-AML2 were generously provided by Dr. Aaron
Schimmer (Ontario Cancer Institute, Toronto, Canada). All
MM cell lines were maintained in Iscove’s modified Dulbecco’s
medium (Invitrogen), and all leukemia cell lines were main-
tained in RPMI 1640 medium (Invitrogen). All media were sup-
plemented with 10% fetal bovine serum (Invitrogen), 100 pg/ml
of penicillin, and 100 units/ml of streptomycin (Hyclone).

Chemicals—Clioquinol was purchased from Calbiochem;
ZnCl, and CuCl, were purchased from Sigma. Trichostatin A
(TSA) was provided by Beyotime Institute of Biotechnology
(Nantong, China).

Primary Chronic Myeloid Leukemia and MM Samples—
Bone marrow from CML and MM patients was obtained from
the First Affiliated Hospital of Soochow University with written
permission from patients. The study was approved by the Eth-
ical Review Board of Soochow University. Mononuclear cells
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were isolated from the samples by density centrifugation with
Ficoll (Sigma). Primary cells were cultured at 37 °C in complete
Iscove’s modified Dulbecco’s medium as described previously
(8,17).

Cell Cycle Analysis—Cells were treated with various concen-
trations of CQ for 24 h, harvested, washed with cold PBS, and
then resuspended in 70% cold ethanol and incubated overnight
at —20 °C. The cells were then treated with DNase-free RNase
(Invitrogen) before staining with 50 pg/ml of propidium iodide.
The detailed procedure and cell cycle analysis was performed as
reported previously (25).

Western Blotting Analysis—Whole cell lysates were prepared
in radioimmunoprecipitation assay buffer as described previ-
ously (26). Protein concentrations were determined by the BCA
assay (Beyotime). Equal amounts (30 ug) of total proteins were
subjected to fractionation by SDS-PAGE followed by transfer to
PVDF membranes (Millipore). Anti-human antibodies against
caspase-3, poly(ADP-ribose) polymerase, cyclin D2, cyclin D3,
p21, p27, p53, HSP90, Histone H3, acetyl-histone 3 (Ac-H3K9),
acetyl-p53 (Lys-379), acetyl-a-tubulin (Lys-40), and a-tubulin
were purchased from Cell Signaling Technology. Anti-acetyl-
HSP90 (Lys-294) was obtained from Rockland Immunochemi-
cals. Antibodies against HDAC1, -2, -3, -4, and -5 were pur-
chased from Biovision. Monoclonal antibodies against 3-actin
and GAPDH were purchased from Sigma. Secondary horserad-
ish peroxidase-conjugated goat anti-mouse and goat anti-rab-
bit IgG were purchased from Beyotime. Detection was per-
formed by the Enhanced Chemical Luminescence method
(Beyotime).

Molecular Docking and Molecular Simulation—The struc-
ture of CQ was constructed in Schrodinger (version 09). The
structure of TSA complexed with HDACS (Protein Data Bank
entry 1t64) (27) was used as the initial structure for the subse-
quent molecular docking studies. The Amber10 molecular sim-
ulation package was used to add hydrogen atoms and assign
protonation states of residues in 1t64 (28). The atomic partial
charges of CQ were derived by semiempirical AM1 geometry
optimization and subsequent single-point Hartree-Fock/6-
31G* calculations of the electrostatic potential, to which the
charges were fitted using the RESP technique (29). The electro-
static potential was calculated using Gaussian09, and the partial
charges and force field parameters of CQ were generated auto-
matically using the antechamber program in AMBERI10 (28). In
simulations, the AMBERO3 force field was used for proteins
(30), and the general AMBER force field was used for ligands
(31). The whole system was immersed in a rectangular box of
TIP3P water molecules. The water box was extended 9 A from
solute atoms in all three dimensions. Then the complex was
relaxed by 5,000 cycles of minimization procedure (500 cycles
of steepest descent and 4,500 cycles of conjugate gradient min-
imization). The last structure from minimization was selected
for the molecular docking studies. Then the inhibitor and the
water molecules were removed from the minimized complex,
and CQ was docked into the active site of HDACS8 using the
Glide program in Schrodinger. The docking sites were
restricted to a cube with a 15 A radius around the zinc ion in the
active site, and no additional constraints were defined. In
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molecular docking calculations, the precision level was set to
extra precision.

Kinase Activity in Cell-free Assays—The effects of CQ on
recombinant HDAC enzyme activities were performed by the
Reaction Biology Corporation and determined with specific
HDAC substrates. Briefly, recombinant HDACs and substrates
were diluted in reaction buffer (50 mm Tris-HCI, pH 8.0, 137
mM NaCl, 2.7 mm KCI, 1 mm MgCl,, 1 mg/ml BSA, 1% dimethyl
sulfoxide). 5 nl of serial diluted CQ (in dimethyl sulfoxide) was
added with the Echo 550 liquid handler (Labcyte Inc). Accord-
ing to the enzymatic specificity, a fluorogenic peptide from p53
residues 379-382 (RHKK(Ac)) was used as the substrate for
Class I (HDACI, -2, -3, and -5), Class IIb (HDAC6 and -10), and
class IV HDACs (HDAC11), and a fluorogenic peptide from
p53 residues 379 -382 (RHK(Ac)K(Ac)) was used for HDACS,
whereas Boc-Lys(trifluoroacetyl)-AMC was used for Class IIA
HDACs (HDAC4, -5, -7, and -9). The reaction was started by
adding substrates into the reaction mixture and was stopped
after 2 h of incubation at 30 °C. Substrate concentrations were
analyzed at excitation and emission wavelengths of 360 and 460
nm.

Luciferase Activity Analysis—The structure of a luciferase
reporter driven by cyclin D2 promoter was reported earlier
(32). The reporter plasmid (5 ug) was transfected in murine
NIH3TS3 cell line for 24 h, followed by splitting and treatment
with CQ for another 24 h. Luciferase activity in these cells were
then measured with a Bright-Glo™ luciferase assay system as
reported previously (32).

RESULTS

Clioquinol Increases Acetylation of Histone H3 in Both
Mpyeloma and Leukemia Cells—To determine the inhibition of
CQ on HDAC, we first evaluated the effects of CQ on the acety-
lation status of histone H3, one of the main targets of HDACs
and the biomarker of HDAC inhibition (1, 2). After incubation
with 0, 5, 10, or 20 uM of CQ or 100 nm of TSA for 24 h, the
Ac-H3 level was analyzed by Western blotting. The results
showed that the pan-HDAC inhibitor TSA markedly increased
the Ac-H3 level (Fig. 1). Similar to TSA, CQ increased Ac-H3 in
both leukemia (THP-1) and myeloma (RPMI-8226) cells in a
dose-dependent manner (Fig. 1a). To confirm this finding, we
analyzed Ac-H3 expression in another leukemia (OCI-AML2)
and MM cell line (LP1). Cells were treated with 10 um of CQ for
12 -48 h and were found that Ac-H3 was induced by CQ in a
time-dependent manner (Fig. 15). In addition to Ac-H3, CQ
also raised the acetylation level of p53, HSP90 (Fig. 1¢), and
a-tubulin (Fig. 1d), but p53 and HSP90 acetylation levels were
seen at higher concentrations only, which was probably due to
varied response sensitivity of individual proteins.

Because p21 and p27 expression is closely modulated by his-
tone hyperacetylation and inhibition of HDACs induces their
expression (33, 34), we next examined the expression of p21
and p27 in MM cell lines LP1 and OCI-My5 using specific anti-
bodies and found that both p21 and p27 were induced by CQ
(Fig. 1e), which was consistent with previous studies (34). This
effect was also observed in primary myeloma and leukemia
cells. CQ raised the Ac-H3 level in primary cells, along with
increased p27 (Fig. 1f) and p53 proteins (Fig. 1g).

NOVEMBER 22, 2013 «VOLUME 288-NUMBER 47

Clioquinol Inhibits HDACs

a cQ  TsA b CQ (10 pM)

(M) 0 510 20 01 (hr) 0 12 24 48
AC-H3 [ = = — Ac-H3[F . T
B-actin .---. THPA GAPDH[e= e == = OCI-AML2

HI[o= = == — = HI[ o s s s

GAPDH[e=sw e GAPDH [ = o o

AcHI[F = === = Ac-H3[[T =5 == ==

B-actin [S5 S — GAPDH S == == ==

—————RPMI- LP1

H3 | o o oo o e | 8226 H3 gy Smem Smey,

GAPDH [ | GAPDH [ e S ]
c cQ TSA d cQ TSA

(M) 0 10 2030 0 0.1 (M) 0 510 20 0.1
Ac-ps3 (R Ac-o-Tubuiin [ E

AcHspoo TR . Tuouin

GAPDH |
Ac-a-Tubulin [EE S5 v ]
a-Tubulin [F55 5 S S S|
GAPDH S|

}OCI-AMLZ

LP1

LP1 OCI-My5
cQum)0 5 10 0 5 10
P21 [ —] [ ——
p27 e — | | — > — |
B-actin [———
f d
CQEM) 0 5 10 cQum) 0 5 10
Ac-H3 [ .| Ac-H3 S|
p27 [ p53 [ME—
B-actin (e e en]| B-actin (S -

Myeloma patient Leukemia patient

FIGURE 1. CQ increases protein acetylation. g, leukemic (THP-1) and
myeloma (RPMI-8226) cells were treated with CQ (0, 5, 10, and 20 uMm) or TSA
for 24 h, followed by Ac-H3 and H3 analysis using Western blotting assay. b,
leukemic (OCI-AML2) and myeloma (LP1) cells were treated with 10 um of CQ
for the indicated times, Ac-H3 and H3 was further evaluated by Western blot-
ting. ¢, THP1 was treated with CQ (0, 10, 20, and 30 um) for 24 h. Acetylated
p53, acetylated HSP90, p53, and HSP90 levels were analyzed with specific
antibodies. d, OCI-AML2 and LP1 cells was treated with CQ (0, 5, 10, and 20 um)
or TSA (0.1 um) for 24 h. Cell lysates were applied for analysis of acetylated
a-tubulin and a-tubulin. e, MM cells (LP1 and OCI-My5) were treated with CQ
atindicated concentrations for 24 h. Proteins of p21 and p27 were evaluated
using Western blotting against specific antibodies. f, mononuclear cells from
the bone marrow of primary myeloma patients were treated with CQ (0, 5,
and 10 um) for 24 h. Cell lysates were then prepared and subjected to Western
blotting analysis for Ac-H3 and p27. g, mononuclear cells from the bone mar-
row of primary leukemia patients were treated with CQ (0, 5, 10 um) for 24 h.
Cell lysates were then prepared and subjected to Western blotting analysis
for Ac-H3 and p53.

Effects of Clioquinol on Expression of Histone Deacetylases—
Increase of Ac-H3 may result from down-regulation of the
expression of HDACs and/or the inhibition of HDAC activity
(8). HDAC:s are expressed in most cancer cells, including leu-
kemia (35, 36), lymphoma (36), and myelomas (8, 36), and these
enzymes are partly associated with chemosensitivity and clini-
cal outcome (37). To determine the effects of CQ on the expres-
sion of HDACs, we examined HDACI, -2, -3, -4, and -5 in
CQ-treated myeloma and leukemia cells. Western blotting
analysis using specific anti-human HDAC enzymes indicated
the effects of CQ on HDACs varied. HDAC2 expression was not
significantly changed by CQ in all cell lines examined (Fig. 2, a
and b), whereas HDACI, -3, and -5 were decreased in all cell
lines by CQ at 20 uM or higher concentrations (Fig. 2). Because
CQ increased H3 acetylation level at 5 or 10 uMm (Fig. 2a), other
events were probably involved in CQ-induced HDAC inhibi-
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FIGURE 2. CQ suppresses HDAC expression. Leukemia (NB4 and THP-1) (a)
and myeloma (LP1 and RPMI-8226) (b) cells were treated with CQ at indicated
concentrations for 24 h. Cell lysates were then prepared and subjected to
Western blotting analysis for the protein expression of representative HDAC
enzymes (HDACs 1-5) using specific antibodies. GAPDH was used as aloading
control.

tion, for example, direct interaction between CQ and HDAC
molecules.

Clioquinol Is Docked into the Active Pocket of HDACS and
Inhibits HDAC Activity by Interfering with Zinc—To investi-
gate whether CQ interacts with HDAC enzymes, we first pre-
dicted the interaction using the Glide program in Schrodinger
as we did previously (8). HDAC8 has been well studied and thus
was used as a prototype of HDACs (8, 38). The results suggested
that CQ was well docked into the active pocket of HDACS (Fig.
3a), where it formed strong and stable coordinate bonds with
zinc ion and interfered with the interaction of zinc and Asp-178
and of zinc and Asp-267 (Fig. 3b). Additionally, the hydroxyl
group of CQ formed an effective hydrogen bond with Asp-267.
Moreover, CQ formed extensive van der Waals interactions
with three hydrophobic residues: Trp-141, Phe-152, and Tyr-
306 (Fig. 3b). These results indicated that CQ strongly inter-
acted with HDAC, which may contribute to the functional inhi-
bition of HDAC.

To confirm our hypothesis that CQ inhibits HDAC by inter-
fering with zinc ion, we performed an experiment by co-treat-
ing LP1 cells with CQ and increasing concentrations of ZnCl,
or CuCl, followed by analysis of Ac-H3 level. As shown in Fig.
4c, zinc or cupper had no effects on H3 acetylation. However,
the addition of zinc or copper attenuated the effects of CQ on
accumulation of Ac-H3 in a concentration-dependent manner
(Fig. 3, d and e). This result was possibly due to the formation of
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CQ-Zn or CQ-Cu complex, which prevented CQ from access-
ing to and interacting with HDAC:s.

Clioquinol Inhibits Class I and Ila but Not Class IIb or IV
HDAC Activity—There are 18 HDACs in human cells, of which
11 are zinc-dependent. To find out the inhibition profile of CQ
on these HDACs, we analyzed HDAC activities in a cell-free
assay by incubating CQ with HDAC enzymes, followed by
measuring the content of fluorogenic substrates as described in
the section of “Experimental Procedures.” Compared with the
pan-HDAC inhibitor TSA, CQ inhibited the activity of Class I
(HDACI1, -2,and -8; Table 1) and Class ITa HDACs (HDAC4, -5,
-7,and -9) (Fig. 4 and Table 1) but had no effects on the activity
of Class IIb (HDACG6 and -10), Class IV (HDAC11), or HDAC3
(a member of Class I) (Table 1), suggesting that CQ selectively
inhibited HDAC activity. Because CQ was the only factor
to interfere with HDAC activity in the cell-free system, this
experiment confirmed that CQ inhibited HDAC activity by
interfering with the active pocket in HDAC, such as disrupting
zinc function.

Clioquinol Arrests Blood Cancer Cells at G,/G, Phase—Be-
cause inductions of p21, p27, and p53 lead to cell cycle arrest in
G,/G, phase, which is also an important event, resulted in
HDAC inhibition (6, 34), we next analyzed the cell cycle of the
CQ-treated leukemia (OCI-AML2 and U937) and myeloma
(LP1 and OCI-My5) cells. Cell cycle analysis by flow cytometry
showed that all cells treated with 20 um of CQ were arrested at
G,/G, phase (data not shown). Compared with the control,
G,/G, fractions were increased by 20 —40%.

Clioquinol Induces Apoptosis in Both Myeloma and Leuke-
mia Cell Lines—Inhibition of HDAC leads to cancer cell apo-
ptosis, to investigate whether CQ can induce cell apoptosis,
MM cell lines (LP1, OCI-My5) and leukemia cell lines (Jurkat,
MDAY-D2) were treated with CQ for 24 h, followed by apopto-
sis analysis using Annexin V-FITC and PI double staining. All
cells underwent apoptosis in the presence of CQ, and this effect
was concentration-dependent (data not shown). CQ-induced
apoptosis was further confirmed by the activation of executive
apoptosis enzyme caspase-3, as well as the cleavage of poly-
(ADP-ribose) polymerase in both myeloma (RPMI-8226) and
leukemia (NB4) cells (Fig. 5). Consistent with our hypothesis
and previous studies, CQ induced leukemia and MM cell
apoptosis.

Clioquinol Acts as an Inhibitor of Both HDACs and
Proteasomes—The above study has shown that CQ was an
inhibitor of HDACs and induced cell cycle arrest and apoptosis
of both leukemia and myeloma cells. However, previous studies
have well established that CQ is also an inhibitor of protea-
somes (16—18). Cell cycle arrest and cell apoptosis can result
from inhibition of both HDACs and proteasomes; to demon-
strate that at least part of cell death or cell cycle arrest from CQ
is via inhibition of HDAC, we examined the effect of CQ on cell
cycle regulator D-cyclins. D-cyclin transcription is modulated
by HDAC:s (39), whereas their degradation is processed via the
proteasomes (40). Therefore, we first examined the expression
of cyclin D3 (CCND3) in leukemia cell lines K562 and OCI-
AML?2 treated with CQ or bortezomib, a typical proteasome
inhibitor. As shown in Fig. 6a, bortezomib treatment led to an
increased CCND3 in both cell lines in a concentration-depen-
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FIGURE 3. CQ inhibits HDAC activity by interacting with zinc and the active pocket of HDACs. a, HDAC8 was used as the prototype to analyze the
interaction of CQ and HDAC using the Glide program in Schrodinger (version 09). CQ was well docked into the active pocket of HDAC8. b, CQ formed stable
coordinate bonds with the zincion and interacted with residues around the active pocket of HDAC. ¢, zinc or copper did not increase Ac-H3 level. LP1 cells were
treated ZnCl,, CuCl,, or TSA for 24 h. Cell lysates were then prepared for AC-H3 and H3 analysis. GAPDH was used as a loading control. d and e, addition of zinc
or copper attenuated Ac-H3 accumulation raised by CQ. LP1 cells were co-treated with 15 um of CQ and zinc (d) or copper (e) chloride for 24 h. Cell lysates were
then prepared and subjected to Western blotting analysis for Ac-H3 and H3. GAPDH was used as a loading control.

dent manner. Notably, increase of CDND3 in K562 was not
significant as that in OCI-AML2, which is probably due to over-
expression of 85 subunit that renders K562 resistant to bort-
ezomib (20). In contrast, CQ decreased CCND3 in both cell
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lines (Fig. 6b). To confirm this effect, we examined cyclin D2
(CCND2), another member in D-cyclins, in myeloma cells LP1
and OCI-My5 treated by CQ. Western blotting analysis
revealed that CQ decreased CCND?2 in both cell lines (Fig. 6¢).
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FIGURE 4. CQ inhibits HDAC activity. Recombinant Class lla (HDAC4, -5, -7,
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d, HDAC9. Solid squares, Test 1 for CQ; open squares, Test 2 for CQ; solid trian-
gles, TSA treatment.

10 -9 -8 -7 6 -5 -4 -3 -
Log[Compound] (mol/L)

TABLE 1
The IC,, values of CQ to zinc-dependent HDACs

Recombinant HDACs were incubated with CQ and individual substrates for 2 h at
30 °C before applying for substrate analysis. ND, not detectable; IC,,, the concen-
tration (mol/liter) that inhibits 50% of the HDAC activity.

HDACs CQ-TEST1 CQ-TEST2 Tricostatin A
Class I

HDACI1 1.06E-04 1.71E-04 5.22E-09

HDAC2 1.16E-04 9.56E-05 1.15E-08

HDAC3 ND ND 5.58E-09

HDACS8 2.07E-05 2.25E-05 7.01E-08
Class 2A

HDAC4 3.11E-05 5.24E-05 3.23E-06

HDAC5 3.07E-05 3.04E-05 1.48E-06

HDAC7 9.68E-05 9.04E-05 2.95E-06

HDAC9 5.70E-05 7.46E-05 4.04E-06
Class IIB

HDAC6 ND ND 1.22E-09

HDAC10 ND ND 1.40E-08
Class IV

HDACI11 ND ND 1.83E-08

RPMI-8226 NB4
CQuM) o 5 10 20 30 0 5 10 20

Pro-Casp—3|- [ —— __l b- - |
Cle-Casp-3 | - el v

B-actin [ 49 --dm
B b =17

Cle-PARP-1
e

B-actin
FIGURE 5. Clioquinol activates the apoptotic signals. MM cell line RPMI-
8226 and leukemia cell line NB4 were used for apoptotic enzyme analysis.
Cells were treated with indicated concentrations for 24 h, followed by total
protein extraction and Western blotting analyses using specific antibodies
against caspase-3 and poly(ADP-ribose) polymerase (PARP). B-Actin was used
as a loading control.

Therefore, in terms of the effects on D-cyclins, CQ did not act
as an inhibitor of proteasome. If CQ down-regulated D-cyclins
as an inhibitor, it should suppress their transcription. To verify
this hypothesis, we next made a luciferase construct driven by
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FIGURE 6. Clioquinol suppresses cyclin D transcription. g and b, K562 and
OCI-AML2 cells were treated with bortezomib (Bort, a) or CQ (b) for 24 h at the
indicated concentrations. CCND3 were evaluated by Western blotting. ¢, LP1
and OCI-My5 were treated with CQ for 24 h, and CCND2 expression was eval-
uated by Western blotting analysis. d, a luciferase construct driven by cyclin
D2 promoter was transfected in NIH3T3 cells, 24 h later, cells were treated
with CQ for another 24 h. Luciferase activity was measured by adding a lucif-
erase substrate (Bright-Glo™; Promega) on a plate reader (Luminoskan;
Fisher Thermo).

cyclin D2 promoter. This plasmid was transfected into NIH3T3
cells followed by CQ treatment for 24 h. Luciferase activity
analysis revealed that cyclin D2 promoter-driven luciferase
activity was decreased by CQ in a concentration-dependent
manner (Fig. 6d). This finding thus suggested that CQ regulates
CCND2 transcription by inhibiting its promoter activity.
Therefore, taken together the present and previous studies, we
could conclude that CQ induced blood cancer cell death via
both HDAC and proteasome pathways.

DISCUSSION

Through all above studies by computer modeling, cell-free
and cell-based assays, we found that CQ inhibited HDAC activ-
ity probably by binding to and interfering with zinc in the active
center of these enzymes. In the last decade, the antimicrobial
agent CQ has been repurposed for the treatment for cancers
(15), Alzheimer disease and Parkinson disease (15). In cancer
treatment, CQ was found to bind to zinc or copper to form a
novel class of proteasome inhibitors (24). CQ was also found to
bind to zinc and to disable lysosomal activity (22). Another
finding is that CQ binds to copper and zinc, thus modulating
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the transportation of these ions (41). In Alzheimer and Parkin-
son disease treatment, CQ binds to copper, thus decreasing
copper concentration accumulated in brain tissues (21). CQ is
also able to inhibit RNA-dependent DNA polymerase and inac-
tivates Rous sarcoma virus and Herpes simplex virus by form-
ing a complex with copper (42). By careful analysis, we can find
that one of the key features in the physiochemical properties of
CQ in the therapeutic activity is that CQ possesses the capacity
to chelate divalent metal ions such as zinc and copper. Because
zinc is essential for HDAC activity, CQ induces cancer cell
death, probably by interfering with HDAC function.

In the family of HDACs, most members including Class I
(HDAC1, -2, -3, and -8), Class II (HDAC4,-5, -6, 7-,9, and -10),
and Class IV (HDAC11) are zinc-dependent, and zinc is local-
ized to the active center of these enzymes. One of important
features of HDAC inhibitors is that they bear a strong Zn**
binding group in the structure (13). For example, the classic
HDAC inhibitors TSA and suberoylanilide hydroxamic acid are
proposed to block the catalytic reaction by chelating the zinc
ion in the active site pocket through its hydroxamic acid group
(43) and to form close contact with the residues that make up
the active site conserved across the HDAC family (43). CQ has
adjacent nitrogen and hydroxyl groups that form the zinc-bind-
ing domain in its chemical structure. Computer modeling
revealed that CQ forms strong and stable coordinates with
HDAC:s. Specifically, CQ binds to the zinc atom at the active
pocket of HDAC via its oxygen and nitrogen. In addition, CQ
also formed strong van de Waals forces with three adjacent
hydrophobic residues: Trp-141, Phe-152, and Tyr-306, and an
effective hydrogen bond with Asp-267. Thus CQ interferes
with HDAC active pocket, which probably leads to the change
of the conformation of the enzyme or blocks the access of the
substrate to the active pocket. This interaction of CQ with zinc
pocket was confirmed by the addition of zinc, which resulted in
attenuated H3 acetylation.

The inhibition of CQ on HDAC activity was further con-
firmed in the deacetylation assay by incubation of CQ and puri-
fied HDAC enzymes. In the cell-free enzyme system, CQ spe-
cifically inhibited Class I (except HDAC3) and Ila HDAC
activities but had no effects on Class IIb or IV HDACs. This
selectivity in HDAC inhibition is possibly due to the structural
difference in individual enzymes. CQ also down-regulates the
expression of HDAC:s including HDAC], -3, -4, and -5, which
solidifies the inhibition of HDAC activity, especially at high
doses.

Acetylation is an important modification of proteins at the
post-translational level and plays a critical role in regulation of
gene transcription and protein stability (1, 2, 4). A direct out-
come from HDAC inhibition is that hyperacetylation of histone
enables the transcription of a small subset of tumor suppressor
genes including p21 (1, 4). Additionally, HDAC1 can bind to the
promoter of p21 and inhibits its expression (44). When HDAC
is decreased, the inhibition will be lifted from p21 promoter and
triggers p21 transcription (44). In our study, CQ led to
increased expression of p21, p27, and p53, which could result
from HDAC inhibition as reported previously (2). In contrast to
the induction of p21 and p27, cyclin D was down-regulated by
CQ, which is probably associated with hyperacetylation of
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NF«kB because of the inhibition of HDACs. NFkB hyperacety-
lation status hinders the access of NFkB to the D-cyclin pro-
moter (39). Thus, by binding to HDAC active pocket and
decreasing expression of HDACs, CQ inhibits HDAC activity,
which leads to condensed chromosomes, and selectively
induces some key genes. Notably, CQ not only induced p53
expression but also increased its acetylation level. This is
important for CQ-induced cell apoptosis because acetylation of
p53 abrogates Mdm2-mediated repression by blocking the
recruitment of Mdm2 to p53-responsive promoters, which
leads to p53 activation independent of its phosphorylation sta-
tus (45). Moreover, p53 acetylation can enhance its sequence-
specific DNA binding thus regulated expression of some spe-
cific genes (46).

To be noted, CQ is also an inhibitor of proteasomes. As
reported earlier, both CQ (16, 17, 47) and its analog 5-amino-
8-hydroxyl-quinoline (20) inhibit proteasomal enzymatic activ-
ity both in vitro and in vivo. In this study, CQ also presents itself
as an effective inhibitor of HDAC:s. Is a proteasomal inhibitor
an HDAC inhibitor, or it is just a coincidence? A recent study
may give the answer. Kikuchi et al. (48) reported that HDACs
are critical targets of bortezomib, the typical proteasomal
inhibitor, which specifically down-regulates the expression of
class I HDACs (HDAC1, HDAC2, and HDAC3) in MM cell
lines and primary MM cells at the transcriptional level, accom-
panied by histone hyperacetylation, as we showed in this study.
Bortezomib down-regulates HDACs because it induces
caspase-8-dependent degradation of Spl protein, the most
potent transactivator of HDACs (48). The detailed mechanisms
under the cross-talk between proteasome and HDAC signals in
CQ-induced cell death should be further investigated.

Taken together, by computer modeling and in vitro and in
vivo assays, we demonstrated that CQ inhibits HDAC activity
by interacting and interfering with the residues and zinc in the
active pocket of HDACs. Because it has also been demonstrated
as a proteasome inhibitor, CQ could induce blood cancer cell
apoptosis via inhibiting both HDAC and bortezomib pathways.
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