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Hydrazinocurcumin (HC), a synthetic derivative of curcumin,
has been reported to inhibit angiogenesis vie unknown
mechanisms. Understanding the molecular mechanisms
of the drug’s action is important for the development of
improved compounds with better pharmacological properties.
A genome-wide drug-induced haploinsufficiency screening
of fission yeast gene deletion mutants has been applied to
identify drug targets of HC. As a first step, the 50%
inhibition concentration (IC,,) of HC was determined to
be 2.2 uM. The initial screening of 4,158 mutants in 384-well
plates using robotics was performed at concentrations of
2,3, and 4 uM. A second screening was performed to detect
sensitivity to HC on the plates. The first screening revealed
178 candidates, and the second screening resulted in 13
candidates, following the elimination of 165 false positives.
Final filtering of the condition-dependent haploinsufficient
genes gave eight target genes. Analysis of the specific targets
of HC has shown that they are related to septum formation
and the general transcription processes, which may be
related to histone acetyltransferase. The target mutants
showed 65% growth inhibition in response to HC compared
with wild-type controls, as shown by liquid culture assay.

Keywords: Haploinsufficiency, hydrazinocurcumin, septin, faf4,
yeast

One of the most critical steps in drug development is to
optimize therapeutic efficacy while minimizing undesirable
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side effects. Ideally, optimization is carried out using
knowledge of the drug’s mode of action — the molecular
targets that mediate its therapeutic effects and side effects.
Therefore, advancement of useful technologies for target
identification would be important for the drug discovery
process. The generation of genome-wide heterozygous
diploid and haploid gene deletion strains in the budding yeast
Saccharomyces cerevisiae has opened a new era in the
studies of mechanism of action [9, 16]. The heterozygous
gene deletion strains, i.e., where one of the two copies of
each locus is replaced by a unique deletion module, have
been successfully used to identify drug-susceptible strains
and, thus, gene products that play a role in the specific
growth-inhibitory mechanism [8, 22]. The screening strategy,
referred to as drug-induced haploinsufficiency, is based on
the fact that lowering the gene dosage of a drug target
increases the susceptibility to the drug. The targets of numerous
well-characterized compounds have been verified in this
fashion, including the targets of tunicamycin, lovastatin,
hydroxyurea, and methotrexate [8, 9, 16]. The genome-wide
heterozygous deletion strains of budding yeast have been
quantitatively analyzed to discover the mode of action
for various compounds in parallel, by hybridization to an
oligonucleotide array of unique barcode sequences. However,
a high percentage of deletion mutants whose barcode
regions contain mutations may result in difficulties of
interpretation [16]. The limitations may be circumvented
by a separate screening of each strain using direct scoring
of growth inhibition, which is demonstrated in this study.
Curcumin and its derivatives have proven to be significant
inhibitors of angiogenesis as evidenced by the mouse
corneal model [2, 5, 12]. Production of angiogenic growth
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factor has been affected by curcumin in nonmalignant and
malignant cells. Another function of curcumin is reportedly
related to its inhibitory action on histone acetyl transferase
[4]. Hydrazinocurcumin (HC), a synthetic derivative of
curcumin, also functions as an inhibitor of angiogenesis
via unknown mechanisms [26]. However, the identification
of HC drug targets has been a difficult task, because
curcuminoids are notable for the diversity of their biological
actions in preclinical models of carcinogenesis at a very
wide range of doses [25].

This study examined whether the haploinsufficiency
method could be applied to the screening of HC drug
targets using genome-wide Schizosaccharomyces pombe
heterozygous gene deletion mutants [22]. In addition,
the putative drug targets of HC were identified. Moreover,
this study showed that fission yeast genome-wide gene
deletion mutants can be a useful tool for identifying
drug targets, because most of the yeast proteins share a
conserved sequence with at least one known or predicted
human protein, including several hundred genes implicated
in human disease such as cancer and metabolic disease
[11,23,29].

MATERIALS AND METHODS

General Techniques and HC

Cells were routinely cultivated in complete medium YES (0.5%
yeast extract, 3% glucose, and amino acid supplements when
required) or Edinburgh minimal medium (EMM2) with appropriate
supplements at 30°C, unless specified [13, 20]. Transformation was
performed using the lithium acetate procedure as previously
described [20]. Calcofluor staining was performed as previously
described [27]. Cells were observed using a fluorescent microscope
(DM5000B, Leica) equipped with a digital CCD camera (DFC350
FX, Leica). HC was chemically synthesized from curcumin as
previously described [26].

Strains

Genome-wide heterozygous S. pombe deletion mutants were
constructed by the PCR-based gene deletion method using the kanR
marker, as described previously [3,22]. Diploid S. pombe strain
SP286 (h'/h" ade6-M210/ade6-M216 urad-D18/ura4-DI8 leul-32/
leul-32) was transformed with the PCR deletion cassettes and
geneticin-resistant colonies were selected on YES plates containing
100 pg/ml G418. Gene deletion was confirmed by colony check-
PCR.

Inhibitory Concentration 50 (IC,,) Assay

Exponentially growing SP286 cells were diluted to ODg,=0.1
(~2x10° cells/ml) with YES media containing either serially diluted
concentrations of HC or DMSO as a vehicle control and aliquoted
into 96-well plates in triplicate. The plates were then incubated for
24 h at 30°C. IC,, was calculated using Prizm (GraphPad Software
Inc, ver. 2.00) by the sigmoidal dose-response equation; Y=100/
{1+10MLog(IC5,-X)]}, where X is the logarithm of concentration
and Y is the resulting growth normalized as a percentage.

Genome-wide Screening of HC Targets

For a genome-wide screening of HC targets, the set of frozen strains
in the 96-well plates were thawed at room temperature and activated
through a 48-h cultivation in YES medium containing G418
(100 mg/l) at 30°C. The mutant arrays were then transferred to 96-
well plates containing fresh medium and cultivated to saturation for
an additional 24-h incubation at 30°C. Saturated cultures were
necessary to compensate for differences in growth rate among
strains and finally to ensure equal amounts of cells. Approximately
5l of the cells in the 96-well plates were arrayed to a set of four
wells in 384-well plates, which were then filled with 45 pl of YES
medium containing one of three different concentrations of HC (2,
3, and 4 pM) or DMSO as a vehicle control (no HC). Cells in the
384-well plates were grown over a period of 36 h at 30°C. Growth
inhibition was analyzed and compared with the no-drug control
group. As shown in Fig. 1B, a target candidate resulted in growth
inhibition in the presence of HC, due to sensitivity to the HC. At the
second screening, the 178 strains were robotically arrayed onto agar
plates containing either 5 uM of HC or DMSO as a vehicle control
(no HC) (Fig. 1C). Cells were spotted onto plates at the initial cell
density of 2x10° cells and serially 7-fold diluted. After a 2-d incubation,
growth inhibition of the candidates was analyzed and compared
with that of wild-type cells.

Robotics

Biomek NX (Beckman Coulter) was used to manipulate 96- or 384-
well plates with Biomek software (ver 3.2). Optical density (ODy,)
was measured using DTX 600 (Beckman Coulter) with the
Multimode detection software (ver 1.0.0.14).

RESULTS AND DISCUSSION

Determination of IC,, of HC

As shown in the schematic drawing of the screening strategy
(Fig. 1A), determination of the IC,, of HC is a prerequisite
to decide which concentration of HC to treat in a genome-
wide screening. In general, the drug concentration in a
genome-wide screening is similar to the IC,, and in the
range of half to twice of the IC,, [16]. To determine the ICj,
of HC, the growth inhibitory effect was measured over various
concentrations of HC (Fig. 2). Treatment of wild-type cells
with HC showed growth inhibition in a dose-dependent
manner, and its growth inhibitory effects were saturated to
the maximum at a concentration of 10 uM, which showed
a 60% decrease in growth. The IC, of HC was then
calculated from the growth inhibitory effects over various
concentrations of HC (Fig. 2). The IC;, of HC was 2.2 uM.
As with other curcuminoids [6, 14], HC also showed a
mild antifungal activity but no fungicidal effects against S.
pombe at micromolar (uM) level concentrations.

Identification of HC Targets Through the Genome-wide
Screening of S. pombe Heterozygous Deletion Mutants

To identify the mode of action of HC, a set of 4,158
heterozygous diploid deletion strains covering 83% of the S.
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pombe genome were put into a genome-wide screening as
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Fig. 2. Determination of 1C;, of HC,

Exponentially growing SP286 wild-type cells were treated with serially 10-
fold diluted HC, or 0.01% DMSO as a vehicle control. After an additional
24-h incubation, the growth rate was estimated by measuring ODg,,. It was
worthy of note that treztment of SP286 wild-type cells with 10 uM HC
caused a 60% decrease in growth rate of SP286 cells. The IC,, of HC was
calculated from the analysis of the relative growth rate using GraphPad
Prism 2.00. The ICs, of HC is 2.20£0.07 uM (p<0.05). The experiment
was performed at least three times (n25).

drug controls. Although cells were generally treated at
lower concentrations than ICy, in a genome-wide screening,
these cells were treated at a higher concentration to detect
tiny growth differences and prevent premature growth
saturation due to the 36-h culture time period as opposed to
the normal 24-h culture in the determination of ICs,. As
shown in Fig. 1B, 178 candidate strains showing sensitivity
to HC were selected and put into the second screening.
The 178 strains were then robotically arrayed onto agar
plates containing 5 uM HC and their growth inhibition
was compared with that of wild-type cells. Among the 178
strains, 13 candidates showed slight sensitivity to HC
compared with the wild-type controls, eliminating 165
false positives (Fig. 1C).

Identification of Eight HC Target Genes from Thirteen
Candidates

As shown in Table 1, the 13 candidate genes were
catagorized into four groups: activation factors for RNA
polymerase II transcription, septum formation, unclassified,
and condition-induced haploinsufficient genes. However, the
fourth class, referred to as condition-induced haploinsufficient
genes, is likely to be a nonspecific false positive according
to our data (data not shown). The definition of condition-
induced haploinsufficient genes is that they are required
for normal growth in response to any growth-retardation
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Table 1. List of 13 candidate and 8 target genes of HC.

No. Genename  Essentiality” Description” Gene ontology” ;ﬁgﬁ}
1 taf4 E Transcription factor TFIID complex Initiation from RNA pol Il promoter TAF4
subunit
2 mes2 E Cyclin, holo TFIIH complex Regulation of cell cycle CCNH
3 spn3 \Y Septin Cell separation during cytokinesis SEPT7
4 SPBC19C2.10 \Y BAR adaptor protein Barrier septum SH3GL1
5 dicl \Y Dynein intermediate chain Horsetail nuclear movement DYNCCII2
6 SPACI1006.02 E WD repeat protein Disease related, DiGeorge syndrome GNBIL
7 alg9 \Y Mannosyltransferase complex subunit  Protein amino acid N-linked ALG9
glycosylation
ergll E Acetyl-CoA C-acetyltransferase Ergosterol biosynthetic process MRPL3
9 SPAC25B&.17 Peptidase family A22 p-Alanyl-p-alanine endopeptidase HMI3
activity
10 mrpl9 E Mitochondrial ribosomal protein Ribosomal large subunit assembly and RPS4X
subunit L9, peptidyltransferase activity maintenance
11 rpl3202 \Y 60S ribosomal protein L32 Cytosolic large ribosomal subunit RPL32
12 rpal E DNA-directed RNA polymerase | Transcription from RNA polymerase | ACATI
complex subunit promoter
13 rps401 A% 40S ribosomal protein S4 Cytosolic small ribosomal subunit POLRIB

“Data of essentiality are from the S. pombe GeneDB (http://www.genedb.org/genedb/pombe/index.jsp) and tetrad analysis in this study., “E” and “V”

represent essential and viable genes, respectively.
"Description and gene ontology are from the S. pombe GeneDB.
‘Human orthologs are from the KEGG site (http://www.genome.jp/kegg/).

condition compared with rich YES media, such as minimal
EMM2 media or growth-inhibitory drug treatment. Therefore,
deletion of any genes in the condition-induced haploinsufficient
group causes growth retardation in response to a drug
treatment, which makes them look like targets. In addition
to the condition-induced haploinsufficient genes, intrinsic
haploinsufficient genes, which are required for normal
growth without any stimulus, can be represented as
nonspecific false positives, as in the case of S. cerevisiae
[7]. Finally, filtering out the fourth class, condition-induced
haploinsufficient genes, gave eight specific target genes of
HC.

The first class, activation factors for RNA polymerase II
transcription, consists of taf4 and mcs2, which are essential
genes in S. pombe, as shown in Table 1. In general, specific
drug targets are essential for key regulatory genes. The
Taf4 protein is one of the evolutionary conserved TBP-
associated factors (TAFs) consisting of 13~14 proteins and
comprises the RNA polymerase II general transcription
factor TFIID with TATA-binding proteins (TBP) [17].

This result raised the possibility of a linkage between
the diverse biological action of HC and the role of Taf4
in general transcription. This idea is supported by the
observation that inactivation of Taf4 altered fibroblast cell
morphology and led to serum-independent autocrine growth
accompanied by a positive and negative deregulation of
more than 1,000 genes [19]. Among the affected genes are

several secreted growth factors including tumor growth
factor-B1, -B3, and connective tissue growth factor. In
addition to the general role in transcription, Taf4 is also a
component of transcription-related complexes, such as
the histone acetyltransferase complexes in Saccharomyces
cerevisiae, humans, and the Polycomb group complex in
Drosophila [10, 21, 24, 28]. It is well known that curcumin
works as a specific inhibitor of acetyltransferase and affects
histone acetyltransferase-dependent chromatin transcription
[4]. Therefore, the possible influences of HC on Taf4 is
through its inhibitory activity of acetyltransferase. The
other protein, Mcs2, homologous to metazoan cyclin H,
influences transcription through its TFIIH-associated kinase
function when complexed with Mcs6 and Pmhl [15].
However, the molecular mechanism of HC, especially its
possible connection to transcription through Taf4 and/or
Mcs2, is yet to be elucidated.

The second class is related to septum formation and
consists of Spn3 and BAR adaptor proteins. Both genes are
dispensible in vegetative growth, perhaps due to gene
redundancy. Treatment of S. pombe wild-type cells with
various concentrations of HC showed abnormal septum
formation as judged by calcofluor staining (Fig. 3), which
would be a cause of growth retardation. These results are
consistent with the previous reports saying that Spn4, a
member of the septin classes, is important for the progression
of cytokinesis [1]. The other member of the class is BAR,
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Fig. 3. HC-induced abnormality of septum morphology in S.
pombe cells.

Wild-type cells were treated with 4 uM of HC or 0.01% DMSO. After a
6-h incubation, cells were stained with calcofluor. The scale bar represents
10 pm.
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an adaptor protein that reportedly localizes to the barrier
septum [18]. Taken together, these results suggest a possible
inhibitory role of HC in septation. The third class is
unclassified, and consists of two genes related to meiotic
chromosome rearrangement and another two genes related
to transferase activity. However, speculation of a relationship
of HC to these genes will remain unknown until the exact
mechanism of the genes is clearly elucidated.

Confirmation of HC Target Candidates Using Separate
Liquid Culture Assay
Among the 13 candidates, targets from different classes
were selected and their growth inhibition in response to
various concentrations of HC was examined (Fig. 4).
Wild-type cells showed a mild growth inhibition in a dose-
dependent manner. Treatment with 4 uM of HC showed
80% growth of no-drug controls. However, three strains,
tafd Ntaf4", rpl32024/rpl3202°, and spn3A/spn3’, showed
65%, 67%, and 86% growth of no-drug controls at 3 pM
of HC, respectively. The growth inhibition of the taf4A/
taf4” strain was more sensitive than the others in the
specific eight targets.

In conclusion, this technique can be a valuable tool for
the study of systematic and genome-wide characterization
of a drug’s mode of action in combination with the cutting-
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Fig. 4. Confirmation of HC target mutants by individual growth analysis.

Actively growing cells, wild-type strain, tafdAtafd”, rpl32024/rpl3202°, and spn34/spn3”, were diluted into OD,=0.01 in YE media containing 0.01%
DMSO as a vehicle conirol, and treated with the indicated concentration of HC. Their growth rate was measured at the indicated time points from 13 h to
30 h and the degrees of HC-induced growth inhibion in the mutants were compared with that of wild-type cells. The experiment was performed in triplicate

(n23) and data of growth curves represent the average of three experiments.
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edge oligonucleotide array method. Moreover, it requires
no prior knowledge of the drug’s mode of action.
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