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Abstract: Bloom (BLM) helicase is an important member of the RecQ family of DNA helicases
that plays a vital role in the maintenance of genomic stability. The defect of BLM helicase leads
to a human genetic disorder called Bloom syndrome, characterized by genomic instability, specific
phenotypic features, and a predisposition to many types of cancer. The predisposition to cancer
caused by BLM helicase is due to defects in important DNA metabolic pathways such as replication,
recombination, and repair. Therefore, the aim of this work was to investigate the effects of two
prenylated chalcones, WZH-10 and WZH-43, on the expression of BLM helicase in prostate cancer
cells, as well as the biological activity of the purified BLM helicase from cancer cells. This might
lead to a better understanding of the role of BLM helicase in the aforementioned DNA metabolic
pathways that directly influence chromosomal integrity leading to cancer. The results indicated that
the two prenylated chalcones inhibited the growth of prostate cancer cells PC3 by inducing apoptosis
and arresting the cell cycle. However, they only inhibited the protein expression of BLM helicase
without regulating its transcriptional expression. In addition, they did not significantly regulate the
expression of the homologous family members WRN and RECQL1, although the DNA unwinding
and ATPase activity of BLM helicase were inhibited by the two prenylated chalcones. Finally, a
negligible effect was found on the DNA-binding activity of this enzyme. These results demonstrated
that prenylated chalcones can be an effective intervention on the expression and function of the BLM
helicase protein in cancer cells to inhibit their growth. Therefore, they might provide a novel strategy
for developing new anti-cancer drugs targeting the genomic stability and DNA helicase.

Keywords: BLM helicase; biological activity; prostate cancer; chalcone

1. Introduction

The stability of the genetic material in the DNA guarantees the existence and con-
tinuity of the species. The genetic information is copied from the parental cells to the
daughter cells by the DNA semi-conservative replication, which guides the transcription
and translation. In this process, the double-stranded DNA (dsDNA) needs to be separated
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into two single-stranded DNA (ssDNA) by DNA helicase, providing the templates for
DNA replication [1]. The DNA helicase works as a molecular motor, using the energy
deriving from the catalytic hydrolysis of nucleotide triphosphate (NTP) to translocate
along the nucleic acid strand and separate the complementary strands of the dsDNA [2].
DNA helicases are important for other functions of cell metabolism including genome
replication, DNA repair, recombination, transcription, and telomere maintenance [2,3], as
well as playing a key role in chromosome stability [3-5].

The RecQ helicase family, as an important member of DNA helicase, plays an im-
portant role in chromosome maintenance [3-6]. Defects in human RecQ helicases Bloom
(BLM), Werner (WRN), and RECQL4 are associated with BLM syndrome, WRN syndrome,
and Rothmund-Thomson syndrome, respectively [6,7]. The BLM helicase is associated
with DNA damage repair factors such as RECQ1, WRN (RECQ3), RECQ4, and RECQ5.
BLM syndrome, as a rare autosomal recessive genetic disease, is related to the functional
defect of BLM helicase [8]. It is characterized by genomic instability and susceptibility
to cancer [9]. BLM helicase is ATP-dependent and has a 3/, 5 orientation that unlocks
Watson-Crick double-stranded DNA in vitro [10]. Based on the unique role of human RecQ
helicase in genomic stability, strategies are being explored to combat multiple types of
cancer by regulating the function of human RecQ helicase or its interacting factors [11-14].
Helicase-dependent DNA metabolic pathways in cancer cells are selectively inactivated,
thus accelerating the occurrence and development of tumors [9,15]. Thus, the human RecQ
helicases may be suitable targets for cancer therapy [12,13]. Indeed, many small molecules
are designed to modulate the expression and function of the RecQ helicases for their use in
cancer treatment [7].

Chalcone compounds are a class of natural organic compounds found in medici-
nal plants, which are precursors for the synthesis of flavonoids in plants. In addition,
they are widely present in plants as secondary metabolites [16,17]. The basic skeleton
structure of chalcone compounds is 1,3-diarylpropenone, containing two phenyl rings
(the A- and B-rings) connected by a three-carbon «,[3-unsaturated carbonyl bridge [18].
Its molecule has great flexibility, and can bind to different receptors, making it have an
important pharmacological effect, including anti-bacterial, anti-inflammation, and anti-
cancer [19]. Our previous studies indicated that the design and synthesized prenylated
chalcone WZH-10 could cause Fli-1 expression inactivation through targeted promoter ac-
tivity regulation for inhibiting growth and metastasis of erythroleukemia cells. In this paper,
we investigated the effect of two prenylated chalcones WZH-10 and WZH-43 (the chemical
structure of these minor groove binders is shown in Figure 1A) on the expression and
biological activity of BLM helicase (DNA-binding, DNA unwinding, and ATPase activity)
in vitro on prostate cancer cells (PC3) using methods including fluorescence polarization,
free phosphorus detection, and gel blocking technology. Our results revealed that these
two compounds inhibited the growth of prostate cancer cells PC3 by inducing apoptosis
and arresting the cell cycle, only inhibited the protein expression of BLM helicase without
regulating its transcriptional expression, and inhibited the helicase function, including the
unwinding and ATPase activity, but did not affect the DNA-binding activity. Therefore,
this study could provide an important approach for developing new anti-cancer drugs
targeting DNA helicase.
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Figure 1. Effect of two prenylated chalcones on the proliferation of PC3 cells. (A) Chemical structure
of WZH-43 and WZH-10. Cell viability of PC3 cells in vitro after the treatment with WZH-43 (B)
and WZH-10 (C). (D) morphology of PC3 cells after the exposure to the two compounds for 48 h by
optical microscope. Cells (1 x 10* cells/mL) were treated with compounds at different concentrations
for 48 h. The cell viability was calculated by MTT assay and the ICsy values were determined. Values
are expressed as mean £ SD of three independent experiments. Scale bar = 100 uM in all images.
*p <0.05, ** p < 0.01 compared with the control.
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2. Results
2.1. Prenylated Chalcones Inhibited the Proliferation of PC3 Cells

The percentage of cell survival was significantly decreased with the increase in the
concentration of the compounds (Figure 1B,C), indicating a dose-dependent inhibitory
activity. The evaluation of the IC5, values of the two compounds on the proliferation of PC3
cells revealed that the inhibitory activity of WZH-10 (with an ICsg of 0.375 £ 0.025 umol/L)
on the growth of the PC3 cell was more than (p < 0.01) that of WZH-43 (with an ICs
of 3.863 £+ 0.937 umol/L). In addition, the decrease in cell number was concentration-
dependent, as shown in Figure 1B,C, as the number of the cells decreased with the increase
in the concentration of the compounds. Moreover, some apoptotic bodies were observed in
the cells treated with different concentrations of the compounds at 48 h, suggesting that
both of them may induce apoptosis in PC3 cells (Figure 1D).

2.2. Prenylated Chalcones Induced Apoptosis and Arrested the Cell Cycle in PC3 Cells

The apoptosis of PC3 cells was significantly induced by the highest concentration of
the two compounds, as demonstrated by flow cytometry (p < 0.01) (Figure 2A,B). However,
only a slight but still significant apoptotic effect was observed in the cells treated with
the lower concentration of the two compounds (p < 0.05). In addition, the effect of the
two compounds on the nuclear chromatin of PC3 cells (Figure 2C) revealed a significant
morphological change. The nucleus of the untreated cells was less bright, and the color
was more homogeneous than that of the compounds-treated cells, suggesting that the
two compounds caused chromatin condensation that is the hallmark of apoptosis. The
quantification of the effect of both compounds at different concentrations (WZH-43: 0.5
and 1.0 uM, WZH-10: 0.05 and 0.1 uM) for 48 h on the cell cycle revealed that the number
of cells in G1 and S phases of PC3 were significantly (p < 0.01) decreased, while the G2
phase was significantly (p < 0.01) increased compared to the control, suggesting that the
two prenylated chalcones significantly blocked the cell cycle of prostate cancer cells PC3
(Figure 3A,B).
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Figure 2. Cell apoptosis induced by two prenylated chalcones for 48 h. (A) Cell apoptosis induced
by two prenylated chalcones detected with flow cytometry. (B) The quantification of the results in
(A). Apoptotic cells were counted as percentage of total gated events. (C) Two prenylated chalcones
induced apoptosis as visualized by Hoechst 33,258 staining. Chromatin condensation and fragmenta-
tion were observed by a fluorescent inverted microscope after the treatment with 4.0 yM WZH-43
and 0.4 ptM WZH-10 for 48 h. Scale bar = 100 uM in all images. All experiments were performed in
triplicate. Results are presented as mean + SEM. * p < 0.05, ** p < 0.01 (n = 3) compared with the
control.

2311 Prenylated Chalcones Down-Regulated the Protein Expression of BLM Helicase Gene in PC3
Cells

Cell cycle arrest and cell apoptosis of cancer cells after the compounds treatment
are accompanied by the changes in the expression of many proteins involved in DNA
metabolism; thus, the gene and protein expression of human RecQ family DNA helicase in
PC3 cells was evaluated after drug treatment. The treatment of PC3 cells with 1.0 umol/L of
WZH-43 and 0.1 umol/L of WZH-10 (Figure 4) showed that the two prenylated chalcones
did not significantly modify the transcriptional expression of BLM helicase (Figure 4A)
but significantly (p < 0.01) down-regulated its protein expression (Figure 4B), and did not
significantly regulate the mRNA and protein expression of WRN and RECQL1, the other
two members of the RecQ family. These results indicated that the two prenylated chalcones
inhibited the growth of prostate cancer cells by regulating the protein expression of BLM
helicase.
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Figure 3. Cell cycle analysis of PC3 cells treated with different concentrations of the two prenylated
chalcones for 48 h. (A) Cell cycle changes induced by the two prenylated chalcones by flow cytometry.
(B) The quantification of the results in (A). The G1, G2, and S percentages were related to total diploid
cells. Results are presented as mean + SEM. * p < 0.05, ** p < 0.01 (1 = 3) compared with the control.
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Figure 4. Effect of the two prenylated chalcones on the expression of BLM helicase in PC3 cells.
(A) Expression of the BLM gene in PC3 cells after the treatment with the two agents. (B) BLM
helicase protein expression in PC3 cells by Western blotting. Cells were treated with 1.0 uM WZH-43
and 0.1 uM WZH-10 for 48 h. The results were normalized to the expression of GAPDH, and the fold
change was relative to PC3 cells incubated in medium alone (time matched). Results are presented as
mean + SEM. ** p < 0.01 (n = 3) compared with the control.

2.4. Effects of Two Prenylated Chalcones on the DNA-Binding Activity of BLM Helicase

The effect of WZH-43 and WZH-10 on the DNA-binding activity of BLM helicase,
obtained from prostate cancer cells by recombinant cloning, induced expression, isolation,
and purification, was analyzed using dsDNA as substrates and fluorescence polarization
(Figure 5). The DNA binding activity showed that WZH-43 reacted directly with the
helicase and BLM-DNA complex (Figure 5A). This binding was slightly increased with
increasing WZH-43 concentrations. A similar increase in binding activity was also found in
the reactions of WZH-10 and the BLM helicase and BLM-DNA complex (Figure 5B). The
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effects of the two compounds on the anisotropy of dSDNA were further analyzed (Figure 5C)
by fluorescence polarization technology. The anisotropy of dsDNA also changed with the
increasing concentration of both prenylated chalcones, but it was not statistically significant.
However, the anisotropy was not increased with the increase in the drug concentration
when the DNA substrate was ssDNA (Figure 5D). These results demonstrated that the
DNA-binding activity of BLM helicase was not affected by WZH-43 and WZH-10 treatment.
The result was further confirmed by gel retardation technology (Figure 6A) and the change
in K; values (Figure 6B) after two prenylated chalcones treatment.
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Figure 5. Effect of WZH-43 (A) and WZH-10 (B) on the DNA-binding activity of BLM helicase bound
to dsDNA and on the anisotropy of dsDNA (C) and ssDNA (D). Ap: fluorescence anisotropy of the
fluorescein-labeled DNA. A;: fluorescence anisotropy of the miscible liquid of the helicase at different
concentrations of WZH-43 and WZH-10.
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Figure 6. Effect of the two prenylated chalcones on the DNA-binding activity of BLM helicase.
(A) Effect of WZH-43 and WZH-10 on the DNA-binding activity of the helicase by EMSA. (B) Effect
of WZH-43 and WZH-10 on the K; values of the helicase and DNA substrate.

2.5. Effect of the Two Prenylated Chalcones on the DNA-Unwinding Activity of BLM Helicase

The results revealed that the DNA unwinding was increased at the lower concentration
of the two compounds (0.4 umol/L), indicating the promotion of DNA unwinding activity
by the two prenylated chalcones at concentrations lower than 0.4 umol/L. However, the
anisotropy (Figure 7A) and K,;; values (Figure 7B) of dsDNA unwinding were decreased
with the two compounds at concentrations higher than 0.4 umol/L, indicating the inhibition
of DNA unwinding activity by two compounds. The half inactivating concentration (C;) of
WZH-43 associated with the DNA unwinding activity was 0.83 £ 0.24 pumol/L, similar to
WZH-10 with a C; value of 0.85 4+ 0.18 umol/L.
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Figure 7. Effect of the two prenylated chalcones on the DNA unwinding activity of BLM helicase by
fluorescence polarization (A) and change in K,j; values of DNA unwinding activity of BLM helicase
treated by different concentrations of compounds (B).

2.6. Effect of the Two Prenylated Chalcones on the ATPase Activity of BLM Helicase

Both two prenylated chalcones inhibited the ATPase activity in a dose-dependent
manner (Figure 8A), and no significant difference was found in the inhibitory effect of the
two compounds on the activity of the helicase. The C; values of WZH-43 and WZH-10 for
the ATPase activity were 2.65 &£ 0.25 umol/L and 1.35 & 0.31 umol/L mol/L, respectively,
indicating that the inhibition of WZH-10 was stronger (p < 0.05) than that of WZH-43. The
inhibitory effect of WZH-43 (Figure 8B) and WZH-10 (Figure 8C) was time-dependent.
According to the results from the Michaelis-Menten equation (Table 1), the Kj;;, Viyx, and
Keat constants decreased with the compounds concentration, indicating that the compounds
were behaving as anticompetitive inhibitors for the ATPase activity of BLM helicase. We
selected ML216, a BLM helicase inhibitor, as a reference agent.
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Table 1. Effects of the two prenylated chalcones on the ATPase activity of BLM helicase.

BIM ATPase
Helicase Concentrations Vinax K, Keat Keat/ K
umol/L pmol/min umol/L s—1 s~ 1/umol—1

Control — 146.2 + 25.6 1876 £24 6.1+17 0.033 + 0.004
WZH-43 0.1 1189 £9.5** 105.4 £+ 3.5 ** 50+0.7* 0.047 = 0.003 *
i 0.2 86.6 + 4.8 ** 47.3 4+ 3.9 ** 3.6+03* 0.076 & 0.004 *
WZH-10 0.1 104.3 £11.3*  98.6 = 7.9 ** 444+06* 0.045 =+ 0.006 *
3 0.2 719 £32* 354 +£24* 3.0+04* 0.085 =+ 0.005*
ML216 0.1 1214 £ 7.7 ** 1294 £+ 9.6 ** 43+05* 0.034 + 0.007
0.2 812 £4.2* 68.7 £54** 32+04* 0.048£0.010*

Results are presented as mean £ SEM. * p < 0.05, ** p < 0.01 (n = 3) compared with the control.

3. Discussion

The mechanism of action of numerous anti-cancer drugs is associated with their
regulation on the DNA metabolism, resulting in the inhibition of the rapid growth and
metastasis of tumor cells [20]. The consequence of the perturbations due to these drugs
can be represented by the inhibition of DNA synthesis during DNA replication/repair
or transcription. The introduction into cells of certain chemicals that interfere with DNA
metabolism results in the formation of ssDNA and/or dsDNA strand breaks [21]. Especially,
small molecules working as anti-tumor agents can inactivate DNA metabolism-related
enzymes [15,20]. Therefore, it is a new strategy to fight cancer for investigating small
novel chemical molecules that can cause the inactivation of proteins that unwind dsDNA,
consequently inhibiting cell proliferation [22-24]. A limited number of studies revealed the
effects of small chemical compounds used as chemotherapeutic drugs on the unwinding
activity of human DNA helicases [20,25]. Therefore, this study investigated the effects
of two novel prenylated chalcones on the expression of BLM helicase in prostate cancer
cells, as well as the biological activity of purified BLM helicase from the same cancer cells.
Our results indicated that the two chalcones inhibited the growth of prostate cancer cell
PC3 by inducing apoptosis and arresting the cell cycle. In addition, the two chalcones
only inhibited the protein expression of BLM helicase, without inhibiting its transcriptional
expression, and without significantly changing the expression of the homologous family
members WRN and RECQL1. The DNA unwinding and ATPase activities of BLM helicase
were inhibited by the two compounds, while a negligible effect was detected on the DNA-
binding activity of the helicase. These results demonstrated that prenylated chalcones
might be an effective intervention on the protein expression and function of BLM helicase
in cancer cells to inhibit the growth of cancer cells. Thus, this approach might provide a
new strategy for the development of new anti-cancer drugs targeting the genomic stability
and DNA metabolic pathways.

The two prenylated chalcones used in this work only inhibited the protein expression
of BLM helicase in prostate cancer cells, but no significant change in the gene expression
of BLM helicase was observed, suggesting that the two compounds might effectively
regulate the translation process of the DNA unwinding protein BLM helicase. However,
no previous reports described which key functional genes are involved in regulating
the translation of BLM helicase and the mechanism involved. The findings of this work
provided a valuable guidance to further study the molecular mechanisms of BLM helicase
regulating DNA replication, transcription, repair, and telomere stability. BLM helicase may
be functionally regulated by multiple factors during translation. Some of the results of an
ongoing study in our research group confirmed that BLM could specifically unwind the
G4DNA structure with 3’ terminal ssDNA [26], and after the reduction in BLM mRNA
expression using siRNA, proteomics detection revealed that a variety of genes involved
in the translation process were differentially expressed in cells, such as promoting the
transcriptional activity of the promoter factor ZEB1, promoter regulatory protein RFPL3,
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hTERT precursor mRNA selective splicing regulator BRM, and the interaction proteins
PCDH10, MDM2, and FOXO3a. Other multiple inflammatory factors such as TNF-«, IL-1f3,
IL-6, and IL-8, as well as hTERT and their associated target proteins, were differentially
expressed in cells after BLM deletion (unpublished results). These results might suggest
that the translation process of BLM helicase is involved in the regulation of several key
genes, and these regulatory effects directly or indirectly regulate a variety of DNA metabolic
processes in the cells.

BLM helicase is one of the important motor proteins in the process of DNA unwinding,
leading to the release of the chemical energy by catalytic hydrolysis of the nucleoside
triphosphate to unwind the hydrogen bond between the two strands of the dsDNA, to
transform it into ssDNA and provide a template for DNA replication [27]. All DNA
helicases discovered so far have DNA-dependent ATPase activity. Therefore, BLM helicase
is a multifunctional protein with DNA-binding activity, DNA unwinding activity, and
ATPase activity [10]. This work mainly studied the effect of two novel prenylated chalcones
on the three biological activities of BLM helicase, aiming to prove whether the two chalcones
not only inhibit the protein expression of BLM helicase but also regulate its biological
activities. The effects of two prenylated chalcones on DNA-binding activity were also
studied, as well as the DNA-unwinding and ATPase activities of BLM helicase in vitro. The
results showed that these two compounds could not significantly affect the DNA-binding
activity but could significantly affect the DNA-unwinding and ATPase activities. The same
significant differences were observed between the two drugs and two activities of the
helicase: the inhibitory effect of WZH-43 was more than that of WZH-10 regarding the
unwinding activity of the helicase of prostate cancer cells, while the inhibition level of the
two drugs was not much different from the C; value of the two compounds.

The effect of prenylated chalcones on the biological activity of other DNA helicases
is also scarcely reported. General strategies in some specific and selective DNA helicase
inhibitors are based on the solved structures and functional mechanism of the enzymes.
Drugs targeting the biological activity of the helicase include one or more of the following
mechanisms: (1) The combination of the inhibitors and minor groove of dsDNA substrates
results in the arrest of the effect of helicase on dsDNA. (2) Some inhibitors can promote the
formation of a hairpin structure of ssDNA to prevent the translocation of DNA helicase.
(3) DNA helicase inhibitors are directly bound to ssDNA, inhibiting the binding of the
helicase with dsDNA substrates. (4) DNA helicase inhibitors are directly bound to the
helicase, affecting the structure and function of the helicase, further altering the bioactivity
of the helicase [7,15,20,25]. Our results showed that BLM protein expression is upregulated
in human prostate cancer PC3 cells, and WZH-43 and WZH-10 did not directly interact
with the helicase, as revealed by the analysis of the change in the observed anisotropy. In
addition, the hypothesis of the formation of the DNA hairpin structure was based on the
complementarity of the paired base and the unmatched base in the center, and the DNA
sequences in this study did not have the structure on the ssDNA in the 3'-terminal of the
dsDNA. Therefore, our speculation was that the mechanism used by the two prenylated
chalcones affecting the biological activity of the helicase was that the drug molecule bound
with the minor groove of the dsDNA to prevent the translocation of the helicase on dsDNA.
Nowadays, the basic research of DNA helicase as a potential anti-cancer effect has always
been an international spotlight. A study on the molecular mechanism of RecQ helicase as
an anti-cancer approach can be helpful to develop a new therapeutic target for different
human diseases to provide a new strategy in the design of anti-cancer drugs.

4. Materials and Methods
4.1. Cells and Reagents

The human prostate cancer cell line PC3 was purchased from the Type Culture Col-
lection of Chinese Academy of Sciences (Shanghai, China). Dulbecco’s modified Eagle’s
medium (DMEM) and fetal bovine serum (FBS) were purchased from hicylone (Carlsbad,
CA, USA). ATP was purchased from Sigma-Aldrich (St. Louis, MO, USA). DNA hybrid



Catalysts 2022, 12, 582

15 of 20

buffer was composed of 20 mM Tris-HCI, 100 mM NaCl, 5 mM KCl, and pH 7.9. The same
buffer used for binding and unwinding was composed of 20 mM Tris-HCl (pH 7.9), 20 mM
NaCl, 3 mM MgCl,, and 0.1 mM dithiothreitol (DTT). The pH values were measured using
an ORION pH meter and a 0079 microelectrode (ORION, St. Louis, MO, USA) with a
precision of +0.01 pH unit at 25 °C. SYBR Premix Ex Taq™ IIKit (Perfect Real Time) was
purchased from Takara Bio Inc. (Kyoto, Japan). Polyclonal rabbit anti-rat BLM, WRN, and
RECQL1 were purchased from Abcam (Cambridge, UK; dilution of 1:1000) and GADPH
from GenScript (Nanjing, China; dilution of 1:50,000).

4.2. DNA Substrates

The sequences and lengths of the DNA substrates are listed in Table 2, as described
in previous study [28]. The PAGE-purified, fluorescein-unlabeled, and labeled synthetic
oligonucleotides were purchased from Shanghai Biological Engineering Technology Service
Cooperation (Shanghai, China). dsDNA was made in DNA hybrid buffer (20 mM Tris-
HC1, 100 mM NaCl, and pH 7.4) by adding an equal amount of two types of ssDNA. The
mixture was heated to 85 °C for 5 min and annealing was allowed by slow cooling to room
temperature. The duplexes were used as the DNA substrates in fluorescence polarization
assay.

Table 2. Oligonucleotide sequences of the substrates.

Substrate Length/Mer Sequence
Al 45 5’ AATCCGTCGAGCAGAGTTAGGttaggttaggttagttttttttttd’
A2 21 3'FAM-TTAGGCAGCTCGTCTCAATCC5’
Bl 20 5 TGACCATCAGTTTTTTTTTIT 3

FAM: fluorescent chemical group.

The plasmid DNA (3 kilobase) used as the substrates of EMSA was purified using the
Plasmid DNA Purification Kit. Linear PMD-18T dsDNA was produced by the incubation
in water of the plasmid DNA with Hind III for 3 h at 37 °C. The concentration of dsDNA
was determined using an ultraviolet (UV) spectrophotometer (GE Healthcare, St. Louis,
MO, USA) equipped with a 1.0 cm cuvette.

4.3. Cell Culture

The prostate cancer cells were cultured in DMEM supplemented with 10% fetal bovine
serum (FBS), 1% penicillin, and 1% streptomycin (Sijiging, Hangzhou, China), and incu-
bated at 37 °C under a humidified atmosphere of 5% COs,.

4.4. Cell Proliferation Assay

Cell proliferation was assessed using the MTT assay. Cells were cultured in DMEM
supplemented with 10% FBS and reached 1 x 10* cells per well of a 96-well plate. Then,
the cells were treated with the compounds at different concentrations (up to 20 pmol /L)
and incubated for 48 h. Next, the cells were treated with 5 mg/mL of MTT and incubated
for 4 h. After removal of the MTT solution, 150 pL/well of dimethyl sulfoxide (DMSO)
were added, and the formed crystals were dissolved gently 2 to 3 times by pipetting. The
absorbance was measured at a wavelength of 570 nm. The growth inhibition rate was
calculated according to a previous study [29].

4.5. Cell Apoptosis Assay
4.5.1. Hoechst 33,258 Staining

The Hoechst 33,258 staining method was used to identify cell apoptosis caused by the
compounds [29]. Prostate cancer PC3 cells were treated with 1 umol/L of each of the two
active compounds for 48 h. Cells were harvested and washed with PBS, stained with 1 pL
of Hoechst 33,258 (1 mg/mL in ddH,0), and incubated for 10 min. Nuclear morphological
changes were observed by fluorescence microscopy.
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4.5.2. Flow Cytometry Assay

Cell apoptosis was detected using annexin V-fluorescein isothiocyanate (FITC) and
propidium iodide (PI) staining kits (BD Pharmingen, San Diego, CA, USA). Apoptotic
cells were defined as FITC-positive. The cells were digested with trypsin, centrifuged
at 1000 rpm for 5 min, washed with PBS twice, and suspended again. FITC and PI (Sigma,
St. Louis, MO, USA) were added to the cell suspension, incubated in the dark for 15 min,
and analyzed by flow cytometry (Becton Dickinson, Franklin Lakes, NJ, USA).

4.6. Cell Cycle Analysis

The treated cells were treated with trypsin, washed with PBS, centrifuged at 200x g
for 5 min, and fixed with 75% ethanol. Ethanol was removed by centrifugation at 4 °C for 1 h.
The cell suspension was added with RNase, followed by a 37 °C water bath for 30 min
and PI staining for 15 min. Flow cytometry analysis was performed using FACSArray (BD
Biosciences, Haryana, India). The histogram of PI signal intensity was generated, and the
percentage of GO, G1, S, and G2/M phase cells was determined.

4.7. Differential Expression of RecQ Helicases
4.7.1. mRNA Expression

The mRNA expression of the human RecQ helicases (BLM, WRN, and RECQL1) in
the cells treated with agents was determined by reverse transcriptase-polymerase chain
reaction (RT-PCR) and quantitative real-time PCR. Total RN A was extracted from the treated
cancer cells using Trizol reagent and was transcribed at 37 °C for 1 h in a volume of 20 uL
containing 5 x RT buffer, 10 mmol/L of dNTPs, 40 units of RNase inhibitor, 200 units of
M-MLV reverse transcriptase, and 100 pmole of oligo-dT primer. Subsequently, 0.8 uL of
the reaction mixture from each sample was amplified with 10 pmole of each oligonucleotide
primer (Table 3) designed using Primer 5 (Premier, Vancouver, BC, Canada), 0.2 mmol/L of
dNTPs, 1.5 mmol/L of MgClI2, and 1.25 units of Tag DNA polymerase, at a final volume
of 25 pL. PCR was performed as follows: one cycle of 95 °C for 2 min, followed by 35 cycles
of denaturation at 95 °C for 10 s, annealing at 60 °C for 15 s, and extension at 72 °C for 15 s.
The number of amplification cycles was optimized in preliminary experiments to ensure
that the PCR did not reach a plateau. PCR products were subjected to a 2% (w/v) agarose
gel electrophoresis, and analyzed by ChemiDoc XRS (Bio-Rad, Hercules, CA, USA). Real-
time PCR was performed using SYBR Premix Ex Taq (Takara) and the Real-Time PCR
detection system (Bio-Rad). The PCR analysis for human RecQ helicases was performed as
follows: initial denaturation at 95 °C for 10 min, amplification by denaturation at 95 °C for
10 s, annealing at 58 °C for 15 s, and extension at 72 °C for 15 s for 20 cycles. GAPDH was
used as the endogenous control, and the relative gene expression was calculated by the
278ACT method.

Table 3. List of primer sequences.

Genes Primers Sequences
Primer F 5 -GGATCCTGGTTCCGTCCGC-3/
BLM Primer R 5'-CCTCAGTCAAATCTATTTGCTCG-3/
Primer F 5-AGACCTGGAGCCTTAACAGTC-3/
WRN Primer R 5-AACCAGCATAAGCATCAGTGG-3'
RECOLL Primer F 5-CTCCGAGTTAAAGCTGATTTATGTG-3'
Primer R 5-GGGAACTGCCGCTTTAAGA-3'
Primer F 5-GGAGCGAGATCCCTCCAAAAT-3'
GAPDH Primer R 5-GGCTGTTGTCATACTTCTCATGG-3/

4.7.2. BLM Protein Expression

BLM helicase protein expression in the cells was determined by Western blotting.
PC3 cells were lysed in 50 mmol/L of Tris-HCI (pH 7.6) buffer containing 0.15 mol/L of
NaCl, 1 mmol/L of EDTA, protease inhibitor cocktail, and 1% Triton X-100. Proteins in the
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cell lysates were separated by 10% SDS-PAGE and transferred to a PVDF membrane. The
membrane was blocked using phosphate-buffered saline containing 0.05% (v/v) Tween 20
and 5% (w/w) skim milk. Then, the membrane was treated with the primary antibody and
incubated overnight at 4 °C, followed by the incubation with HRP-conjugated secondary
antibody at room temperature for 1 h. The detection was performed using Chemi DocTM
XRS+ with the image system (Bio-Rad).

4.8. Biological Activity Assay
4.8.1. Recombinant BLM Helicase

Using pET15b expression plasmid, 6 cloned from PC3 cells were expressed in E. coli
strain BL21 (DE3) x His labeled BLM helicase [28]. That is, the overexpressed helicase
was purified by chelating Ni** Sepharose (GE Healthcare) in a rapid flow affinity chro-
matography column at 4 °C, and then purified by an FPLC size-exclusion chromatography
Superdex 200 (Amersham, Buchs, Switzerland) [26]. The purity of the helicase was above
95% according to the blue-stained 10% SDS-PAGE analysis.

4.8.2. DNA-Binding Activity Assays

Two different approaches were used: (1) BLM and dsDNA were incubated together to
form the BLM-dsDNA complex, and then the compounds were added. (2) BLM helicase
was treated with the compounds, and then dsDNA was added. DNA binding activity
was evaluated using a Beacon 2000 fluorescence polarizer (Pan Vera Corp., Madison, WI,
USA) [26,28]. An amount of 2 nM fluorescein-labeled dsDNA (A1A2) or ssDNA (A2) was
added to the reaction buffer (20 mmol/L of Tris-HCl, 20 mmol/L of NaCl, 3 mmol/L of
MgCly, 0.1 mM of dithiothreitol, pH 7.9). It was placed in a temperature-controlled tube
at 25 °C. The measurement of anisotropy was rapid and continuous until it stabilized.
BLM helicase was treated with WZH-43 or WZH-10 at different concentrations for 2 min,
and then the miscible solution was added into a colorimetric tube with a total volume of
150 mL to quickly determine the change in the sample. According to Dou’s report, the
dissociation constant (apparent Kd) of the binding in the presence of drugs is calculated by
Equations (1) and (2) [30]:

n
Dr = NP K 1
aDr Ty, T Kd 1
o= Amax — A (2)
Amax_Amin

Dr is the total molarity of DNA, Pr is the total molarity of helicase, A is the fluorescence
anisotropy at a given concentration of helicase, Amax is the anisotropy at saturation, and
Anmin is the initial anisotropy.

In addition, the interaction between the compounds and the BLM-DNA complex
was evaluated. Two nanomoles of fluorescein-labeled dsDNA or ssDNA were titrated
by the helicase until saturation at 25 °C. Then, the complex was titrated by 1 mmol/L of
WZH-43 or WZH-10, and the changes in the anisotropy were recorded every 8 s until it
was stabilized.

4.8.3. DNA Unwinding Activity Assay

DNA unbinding activity was evaluated by referring to DNA binding assay [26].
The 2 nM fluorescein-labeled dsDNA was added to the reaction buffer in a 25 °C
temperature-controlled test tube, and the anisotropy of the DNA substrate was recorded
every 8 s until it stabilized. BLM uncyclase was treated with WZH-43 or WZH-10 at differ-
ent concentrations and incubated for 2 min. Then, miscible liquid was added to the test
tube to rapidly evaluate the anisotropy changes until stability. An amount of 1 mM ATP
was rapidly added into a colorimetric dish with a total volume of 150 mL, and anisotropic
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changes were recorded every 8 s until it stabilized. According to Equation (3) [25], DNA
untangling kinetic data can be obtained:

Ap = Ay exp(—kopst) ®)

where A; is the anisotropy at time ¢, kys is the observed rate constant, and A; is the
anisotropy when the dsDNA substrate was completely bound to the helicase.

4.8.4. ATPase Activity Assay

According to the colorimetric method of inorganic phosphate produced by ATP en-
zymatic hydrolysis [31], the ATPase activity assay kit was used to measure the activity of
ATPase. The helicase was diluted and reacted in different concentrations of WZH-43 or
WZH-10 for 2 min. Atpase activity assay buffer (0.5 mol/L of Tris, pH 7.9, 10 mmol/L of
ATP, 4 nmol of ssDNA (B1), 0.1 mol/L of MgCl,) was added to trigger the reaction. The
reaction mixture, 200 uL in total, was collected at the following time points (2.5, 5, 7.5, 10,
15, 20, 25, 30 min) and mixed with 50 pL of Gold mixture to stop ATP hydrolysis. Each
sample was added with 50 uL of stabilizer and reacted for 30 min. The OD650 of the sample
was determined by a UV spectrophotometer. The enzyme activity (activity unit - mL~! -
min~!) was expressed as one unit, i.e., the amount of enzyme catalyzing 1 uM of substrate
reaction per minute. According to the kit instructions, the ATPase activity of the undiluted
enzyme was calculated using Equation (4):

AxC
Aactivity = 5008 4)

A is the concentration of the free phosphorus ion (umol/L) determined from the standard
curve; B is the assay time (min); and C is the reciprocal of the enzyme dilution factor.

The steady-state kinetic parameters (Km and Kcat of ATP) of WZH-43 and WZH-10
were determined at concentrations of 0, 40, and 100 umol/L using 10 nmol/L of helicase.
The ATP concentration varied from 0.1 to 1 mmol/L. According to the Michaelis-Menten
equation of the reaction, Km and Kcat values are obtained.

4.8.5. Agarose Gel Mobility Shift Assay

The binding and activity of helicase can be confirmed by agarose gel mobility deter-
mination [32]. When the total volume of DNA buffer is 25 pL at room temperature,
the complex can be formed. Using WZH-43 or WZH-10 of different concentrations
(0-600 umol/L), 60 umol/L of hindIIl restricted 3-kilobase double-stranded DNA was
mixed with 10 pmol/L of helicase and incubated for 30 min. An amount of 5 puL of loading
buffer (40 mmol/L of triacetate, pH 7.5, 50% glycerol, and 0.25% (w/v) bromophenol blue)
was added to each sample. The complexes were separated by electrophoresis with 0.8%
agarose gel in 100 V Tae buffer (40 mm of Tris acetate, 1 mm of EDTA, pH 8.3) for 1 h. The
bands of the complex were observed by gold field staining under ultraviolet light. The
unwinding activity was determined in the same way, but the difference was that 10 mM
ATP was added to the mixture of 60 umol/L of double-stranded DNA and 10 umol/L of
helicase at the above concentration of WZH-43 or WZH-10.

4.9. Statistical Analysis

The results were evaluated by the F-test in SPSS 18.0 (SPSS 18.0, SPSS Inc., Chicago,
IL, USA) statistical software, and the data were analyzed by the general linear model. The
results are expressed as mean =+ standard error (SEM) or standard deviation (SD). When
p < 0.05, the results were considered statistically significant.
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