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Cytotoxic effects of (R)-40-methylklavuzon were investigated on hepatocellular carcinoma cells (HuH-7
and HepG2) and HuH-7 EpCAMþ/CD133þ cancer stem cells. IC50 of (R)-40-methylklavuzon was found as
1.25 mM for HuH-7 parental cells while it was found as 2.50 mM for HuH-7 EpCAMþ/CD133þ cancer stem
cells. (R)-40-methylklavuzon tended to show more efficient in vitro cytotoxicity with its lower IC50 values
on hepatocellular carcinoma cell lines compared to its lead molecule, goniothalamin and FDA-approved
drugs, sorafenib and regorafenib. Cell-based Sirtuin/HDAC enzyme activity measurements revealed that
endogenous Sirtuin/HDAC enzymes were reduced by 40% compared to control. SIRT1 protein levels were
upregulated indicating triggered DNA repair mechanism. p53 was overexpressed in HepG2 cells. (R)-40-
methylklavuzon inhibited CRM1 protein providing increased retention of p53 and RIOK2 protein in the
nucleus. HuH-7 parental and EpCAMþ/CD133þ cancer stem cell spheroids lost intact morphology. 3D
HepG2 spheroid viabilities were decreased in a correlation with upregulation in p53 protein levels.

© 2019 Elsevier Masson SAS. All rights reserved.
1. Introduction

Tumor recurrence and drug resistance in cancer therapy are
major barriers to completely treat patients and save their lives.
Some of the well-known chemotherapeutic agents are anthracy-
clines (doxorubicin, idarubicin, epirubicin, daunorubicin), taxanes
(paclitaxel, docetaxel), camptothecin and its derivatives (topotecan,
irinotecan), podophyllotoxin and its derivative (etoposide, tenipo-
side), vinca alkaloids (vincristine, vinorelbine, vindesine, vinblas-
tine) [1].

Styryl lactones are a member of these classes and lowmolecular
weight phenolic secondary metabolites isolated from natural
sources like genus Goniothalamus. Approximately 100 styryl
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lactones exist and some compounds act as immunosuppressive,
antimycobacterial, antifungal, anti-inflammatory, insecticidal, anti-
plasmoidal [2e4], trypanocidal [5], and antifertility agents [6].
Styryl lactones were also reported to show effects of anti-tumor,
teratogenic, pesticidal, embryotoxic activities [7].

Goniothalamin is one of the styryl lactones and exhibit cytotoxic
and antiproliferative effects against several types of tumor cells [8].
Goniothalamin was shown to be cytotoxic against hepatocellular
carcinoma [9], hepatoblastoma [10,11], HeLa cells [12,13], breast
carcinomas, Jurkat cells, gastric, kidney cells [14e18] while it
doesn't show cytotoxicity against normal cells and blood cells [1]. It
was reported that antiproliferative ability of goniothalamin was
explained with existence of Michael acceptor against cysteines and
other nucleophiles [19e21].

Michael acceptors (soft electrophiles) specifically react with soft
nucleophiles such as thiol group in molecules like glutathione
(GSH) and cysteine amino acids [22e25].

FDA approved drugs; afatinib, ibrutinib, osimertinib proved the
importance of unique cysteine targeting of a specific protein via
irreversible hetero-Michael addition reaction as a next generation
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approach for drug discovery.
Relationship of goniothalamin with sirtuin-1 (SIRT1) enzyme

was shown via increased SIRT1 levels in IL-10 knock-out mice.
SIRT1 is involved in TNF-a pathway and have ability to inhibit
transcription factors, such as NF-kB and STAT-3, which increase
pro-inflammatory responses followed by cancer progression,
resulting in inhibition of inflammation [26,27].

Hepatocellular carcinoma (HCC) is the fifth most common can-
cer and second leading cause of cancer-related deaths worldwide.
FDA approved drugs like sorafenib and regorafenib do not
ameliorate the prognosis of the disease. HCC is characterized as
highly aggressive type of tumor because of its heterogeneity,
metastatic nature, poor prognose and drug resistance. The het-
erogeneity of tumor cells comes out as a result of the hierarchical
organization of cancer stem cells (CSCs) [28]. So, besides conven-
tional cytotoxic therapies targeting entire tumor cells in a non-
selective manner, CSCs must be targeted for the efficient treat-
ment of various types of cancer, including HCC [29].

Zheng et al. demonstrated that cells carrying surface markers,
EpCAM, CD133, CD24, CD90, CD44, CD13, are thought to be HCC
tumor initiating cells and have ability of differentiation, self-
renewal and production of heterogeneous tumors. They revealed
that cells with abovementioned surface markers are tran-
scriptomically, phenotypically and functionally heterogeneous at
the single-cell level. Besides this heterogeneity, they revealed that
Tripleþ marker (EpCAM, CD133, CD24) phenotype is tumor specific
compared to non-tumor tissue according to Liver Cancer Institute
(LCI) and The Cancer Genome Atlas (TCGA) cohorts [30]. Most of the
approved drugs do not target these kinds of tumor initiating cells
which can form tumors from a very little number of cell
populations.

Moreover, CD133þ CSCs were resistant to chemotherapeutic
agents such as doxorubicin and 5-fluorouracil as a result of upre-
gulation of ATP-binding cassette (ABC) superfamily transporters
[31]. Besides CD133þ surfacemarker, Yamashita et al. demonstrated
that EpCAMþ HCC cells display hepatic cancer stem cellelike traits
with self-renewal and differentiation ability and can initiate tumor
from a very low number of cells in SCID mice [29].

It was shown that FDA-approved small molecules covalently
bind to unique cysteine residues of certain proteins in various
cancers. These small molecules can be listed as afatinib, (Cys797 of
EGFR) for the treatment of metastatic non-small cell lung cancer
(NSCLC); ibrutinib, (Cys481 of BTK) for B-cell malignancies; osi-
mertinib, (Cys797 of EGFR T790M mutant) for NSCLC; neratinib
(Cys773 and Cys805 of EGFR and HER2þ) for breast cancer [32e38].

Our drug candidates, (R)-40-methylklavuzon and TK126, which
carry a Michael acceptor in their structures, are capable of targeting
cysteine residues by making Michael addition reaction. Both drug
candidates may act like acrylamide for cysteine residues. Previ-
ously, it was found that (R)-goniothalamin (1) and (R)-40-methyl-
klavuzon (2) are novel irreversible inhibitors of topoisomerase I
[39]. Additionally, immunosuppressive effects of 40-methyl-
klavuzon was shown by inhibition of IL-2 production in T lym-
phocytes (Jurkat e6-1) with limited cytotoxicity [40]. Compound 3
(TK126) is also another klavuzon derivative and show remarkable
cytotoxic activity over 3D spheroids of HuH-7 cell line (Fig. 1) [41].

Additionally, in house experiments revealed increased G1 and
G2 arrests by (R)-40-methylklavuzon in cancer cells directing us
epigenetic modulators like class I/II histone deacetylases (HDACs)
and sirtuins [41]. Specifically, SIRT1 and HDAC1 have roles in
regulation of histones and non-histone proteins like p53. Moreover,
structural similarity of (R)-40-methylklavuzon and TK126 to
goniothalamin which was shown to be CRM1 inhibitor, allowed us
to test its CRM1 inhibitory properties in HCC cells for the first time
in this study.
There have been several studies including antiproliferative ac-
tivities of small molecules in various types of cancer cell lines via
SIRT1 inhibition [42,43]. Up to date, there is no reported covalent
inhibitor of SIRT1. On the other hand, it was demonstrated that 4-
hydroxynonenal covalently binds to the Cys280 residue of SIRT3
by a Michael addition reaction. It was resulted in an allosteric in-
hibition of SIRT3 activity by disturbing the conformation of the
zinc-binding domain [44]. Similarly, catalytic site of SIRT1 contains
Zn2þ tetrathiolate subdomain which includes four surface exposed
cysteine residues (Cys371, Cys374, Cys395, Cys398), conserved
among all seven human sirtuins, to coordinate Zn2þ ion. It was also
shown that, indirect effects like nitrosative/oxidative stress might
also disrupt Zn2þ coordination by S-nitrosation of any cysteine
residue resulting in complete inhibition of SIRT1 [45]. Hence, these
cysteine residues of SIRT1 may also be an important target for
klavuzon derivatives.

SIRT1 is a member of class III HDAC family which is NADþ

dependent whereas class I/II HDAC families are zinc dependent for
catalytic activity. SIRT1 has crucial roles in the maintenance of
stemness as an epigenetic regulator. It is also speculated that CSCs
and normal stem cells of the corresponding tissue include distinct
stem cell networks which provides unique roles for sirtuins in CSCs
[46]. Loss of SIRT1 provides reduced expression of CSC markers,
decreased sphere formation and increased sensitivity to treatment.
According to mutational analyses, only wild-type SIRT1 induces
HCC cell proliferation and colony formation whereas mutation in
deacetylase domain of SIRT1 deacetylase domain mutant doesn't
induce the proliferation suggesting that HCC progression is main-
tained by deacetylation function of SIRT1 [47].

Li et al. showed that selective targeting of drug-resistant CSCs is
possible by the inhibition of SIRT1 activity. In this study, elimina-
tion of imatinib-resistant CD34þ chronic myeloid leukemia (CML)
stem cells was achieved by in vivo treatment of Tenovin-6 (a small-
molecule inhibitor of SIRT1 and SIRT2). This was basically a result of
SIRT1 inhibition followed by the elevation of acetylated and total
p53 levels [48].

It was found that SIRT1 is overexpressed in liver tumor cell lines
(HuH7, HepG2, Hep3B, SKHep-1, HepKK1, HLF, HLE) in contrast to
its very low levels in normal liver cells [49,50]. It was also
demonstrated that in vivo inhibition of SIRT1 activity in HCC
xenograft mice models reduces tumor growth. In vivo biolumi-
nescent imaging showed that 80% of control mice developed tu-
mors after day 11 whereas 33% of the mice that are SIRT1-knocked
down developed tumors up to 30 days. All indicated HCC cell lines,
regardless of their p53 status, HepG2 (wild-type), Hep3B (null) or
HuH-7 (mutated) overexpress SIRT1 and their proliferations were
reduced after SIRT1 inhibition [49].

CRM1 (exportin-1) causes aberrant export of tumor suppressors
(p53, p73 and FOXO1), anti-apoptotic proteins (SIRT1, NPM and AP-
1) and growth regulator/pro-inflammatory proteins (p21, p27, Rb,
BRCA1, IkB and APC) from nucleus to cytosol in related cancer cells
[51e53]. CRM1 was found to be overexpressed in HCC compared to
non-tumorous liver tissue and specifically highly expressed in HCC
subgroup (G3) which was identified by p53 mutations and over-
expression of cell cycle regulating genes [54,55]. Overexpressed
CRM1 causes inhibition of functional wild-type p53 by aberrant
exportation from nucleus to cytoplasm [52]. Inhibition of CRM1 by
small molecules like a,b-unsaturated d-lactones is one of the
therapeutic strategies in cancer research [56]. One of the cargo
proteins of CRM1 is RIOK2 (right open reading frame 2) which is
classified in RIO kinase family [57,58]. RIOK2 was found to be
involved in the cell cycle regulation as a result of its phosphoryla-
tion by Polo-like kinase (PLK1) that functions in G2/M transition,
spindle formation, chromosome congression and segregation, as
well as cytokinesis by phosphorylating its specific substrates.



Fig. 1. Structures of (R)-goniothalamin (1), (R)-40-methylklavuzon (2) and TK126 (3).
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Prolonged mitotic exit was observed when RIOK2 was overex-
pressed whereas acceleration in mitotic progression was found
when RIOK2 was silenced [59].

In this study, growth inhibitory effects of (R)-40-methylklavuzon
and its newly synthesized derivative, TK126 were tested on both
hepatocellular carcinoma cell lines (HuH-7, HepG2) and EpCAMþ/
CD133þ cancer stem cells sorted from HuH-7. It was firstly
demonstrated that (R)-40-methylklavuzon causes cell cycle arrest
by inhibiting endogenous SIRT1/HDAC and CRM1 activity in HuH-7.

2. Results and discussion

2.1. Synthesis of (R)-40-methylklavuzon and TK126

Asymmetric synthesis of 40-methylklavuzon (2) was performed
starting from 4-methyl-1-naphthaldehyde (4) as summarized in
Fig. 2. Simply, asymmetric allylation of aldehyde 4 was carried out
by addition of allyltrimethoxysilane in the presence of (R)-Tol-
BINAP.AgF catalyst developed by Yamamoto and coworkers to
produce homoallylic alcohol 5with 85% yield and 88% ee [60]. Then,
treatment of produced alcohol with acryloyl chloride under basic
condition gave acrylate ester 6with 93% yield. Finally, Ist generation
Grubbs' catalyst was used to perform ring closing metathesis re-
action to produce the target klavuzon (2) with 69% yield [61].

Racemic synthesis of another klavuzon derivative, TK126 was
performed according to the procedure reported in the literature
[41].

2.2. (R)-40-methylklavuzon inhibits proliferation of HuH-7 parental
and EpCAMþ/CD133þ cancer stem cells

To determine cytotoxic effects of drug candidate (R)-40-meth-
ylklavuzon, we firstly performed MTT cell viability assay to identify
Fig. 2. Asymmetric synthesis of
IC50 value. Based on the data, IC50 values of (R)-40-methylklavuzon
on HuH-7 parental cells were determined as 10 mM for 24 h,1.25 mM
for 48 and 72 h while IC50 values for EpCAMþ/CD133þ cancer stem
cells were determined as 10 mM for 24 h, 2.5 mM for 48 h and
1.25 mM for 72 h. So, CSCs were determined as more resistant
against the drug candidate for 48 h compared to HuH-7 parental
cells (Fig. 3A). IC50 values for EpCAM�/CD133- cells were similar as
parental counterparts (Fig. S1A).

Furthermore, cell cycle analysis revealed a significant increase at
G1 arrest in both parental and EpCAMþ/CD133þ CSCs at low con-
centrations of 1.25 and 1.0 mM after 48 h of drug administration,
respectively. Notably, only high concentration of drug (10 mM) re-
sults in significant increase at G2 arrest in HuH-7 parental cells
after 48 h of drug administration (Fig. 3B). Similar results were
obtained with EpCAM�/CD133- cells as illustrated in Fig. S1A.

Significant increase at early apoptosis in HuH-7 parental cells at
10 mM was detected after 48 h of drug administration. No signifi-
cant apoptotic effects were detected but dose-dependent increase
in apoptosis was observed in EpCAMþ/CD133þ CSCs (Fig. 3B).
Apoptotic effects of (R)-40-methylklavuzon on EpCAM�/CD133-

cells were found similar as illustrated in Fig. S1B.
When we analyzed the main regulators of cell cycle as CDK in-

hibitors, p21 and p27, we found that their expressions in HuH-7
parental cells were significantly upregulated at the intervals of
24, 48, 72 h after drug administration (Fig. 3C). p21 was also
significantly upregulated in EpCAMþ/CD133þ cancer stem cells af-
ter 72 h of treatment (Fig. 3C). Similar results related to p21 gene
expressions were obtained in EpCAM�/CD133- cells (Fig. S1B).

Conventional 2D microscopic analysis revealed that
morphology and number of cells were significantly altered after
drug administration as a consequence of cell cycle arrest and
apoptosis (Fig. 3D). Similar alterations related to morphology and
number of cells were obtained in EpCAM�/CD133- cells (Fig. S1C).
(R)-40-methylklavuzon (2).



Fig. 3. A) Cytotoxicity analysis of HuH-7 parental and EpCAMþ/CD133þ cancer stem cells, (B) Cell cycle analysis indicating G1 and G2 arrests in HuH-7 parental and EpCAMþ/
CD133þ cancer stem cells after 48 h, Apoptosis analysis showing increased early and late apoptosis in HuH-7 parental and EpCAMþ/CD133þ cancer stem cells after 48 h, respectively.
(C) Fold changes in p21 and p27 gene expressions in HuH-7 parental and EpCAMþ/CD133þ cancer stem cells after 72 h, (D) Microscope images of 2D HuH-7 cells (10X) and 3D
spheroids in matrigel (40X) formed with HuH-7 parental and EpCAMþ/CD133þ cancer stem cells after 48 h of incubation with (R)-40-methylklavuzon. Images were obtained by
using 10X objective with 100 mm scale and 40X objective with 50 mm scale. Statistical analysis was performed with one-way ANOVA and p-values are <0.001 in ****, <0.001 in ***,
<0.01 in ** and <0.05 in * indicating that results are statistically significant.
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After (R)-40-methylklavuzon treatment, HuH-7 parental and
EpCAMþ/CD133þ CSC 3D spheroids in matrigel became unhealthy
and lost intact morphology at high doses of drug, especially at
62.5 mM concentration (Fig. 3D).
2.3. (R)-40-methylklavuzon inhibits SIRT1 rather than class I/II
HDAC enzymes in vitro

Importance of SIRT1 inhibition in selective targeting of drug-
resistant cancer stem cells directed us to measure the effects of
our drug candidate on SIRT1 activity. In silico docking of (R)-40-
methylklavuzon was performed by using Autodock Vina software
[62] to verify spatial positioning of drug candidate in SIRT1 enzyme
catalytic site (PDB ID: 4ZZI) [63]. We found that docking was
spontaneous as it was revealed �9.4 kcal/mol as Gibbs free energy
(Fig. 4A). Additionally, based on in vitro assay, (R)-40-methyl-
klavuzon inhibits SIRT1 enzyme activity in a dose dependent
manner while it has no inhibitory effects on HDAC1 enzyme
(Fig. 4A).

Cell-based assay revealed that Sirtuin/HDAC enzyme activity
was reduced by 35e40% compared to control via drug adminis-
tration at doses ranging from 0.10 to 5.0 mM and this significant
decrease in enzyme activity remained constant at all doses after
24 h of drug administration. Notably, decrease in the enzymatic
activity was consistent with the decrease in cell viability indicating
the relationship between cytotoxicity of (R)-40-methylklavuzon
with Sirtuin/HDAC enzyme activity inhibition after 24 h. Further-
more, nuclear proteins containing class I/II HDAC enzymes that
were isolated from HuH-7 parental cells were also tested with (R)-
40-methylklavuzon and no significant inhibition was achieved
(Fig. 4B).

Similar results were obtained from EpCAMþ/CD133þ CSCs with
32e39% of decrease in endogenous Sirtuin/HDAC enzyme activity
and this decrement was correlated with a decrease in cell viability



Fig. 4. (A) In silico analysis of (R)-40-methylklavuzon docking in SIRT1 enzyme catalytic site, Inhibition of SIRT1 activity in vitro, Non-inhibitory effects of drug candidate on HDAC1
enzyme in vitro, (B) Inhibition of endogenous Sirtuin/HDAC activity in HuH-7 parental cells after 24 h, Correlation of endogenous Sirtuin/HDAC inhibition with HuH-7 parental cell
viability after 24 h, Non-inhibitory effects of drug candidate on class I/II HDAC enzymes in nuclear extracts of HuH-7 parental cells after 24 h, (C) Inhibition of endogenous Sirtuin/
HDAC activity in EpCAMþ/CD133þ cancer stem cells after 24 h, Correlation of endogenous Sirtuin/HDAC enzyme activity inhibition with EpCAMþ/CD133þ cancer stem cell viability
after 24 h, Non-inhibitory effects of drug candidate on class I/II HDAC enzymes in nuclear extracts of EpCAMþ/CD133þ cancer stem cells after 24 h, (D) DCFDA staining of increased
reactive oxygen species after 24 h of drug treatment, Upregulation of endogenous SIRT1 protein levels in HuH-7 parental cells after 24 h, Comparison of cell-based Sirtuin/HDAC
enzyme activity inhibition with endogenous SIRT1 protein levels after drug administration, (E) Level of H3K27me3 modification increases in HuH-7 parental and EpCAMþ/CD133þ

cancer stem cells. Statistical analysis was performed with one-way ANOVA using Dunnet's multiple comparisons test and p-values are <0.001 in ***, <0.01 in **, <0.05 in * and for
SIRT1 ELISA data <0.003 in *** indicating that results are statistically significant.
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after 24 h. Nuclear proteins containing class I/II HDAC enzymes that
were isolated from EpCAMþ/CD133þ cancer stem cells were also
tested with (R)-40-methylklavuzon and no significant inhibition
was achieved (Fig. 4C). Similar effects of drug candidate on cell-
based and in vitro HDAC enzyme activity in HuH-7 EpCAM�/
CD133- cells are illustrated in Fig. S2.

It was found that (R)-40-methylklavuzon does not have signifi-
cant inhibitory effects on HDAC1 enzyme activity in vitro. Data
obtained from HDAC1 activity measurement is parallel to data
obtained from in vitro class I/II histone deacetylase enzymatic ac-
tivity measurement.

According to cell-based data, (R)-40-methylklavuzon inhibits
endogenous class I/II HDAC enzymes. But both in vitro class I/II
HDAC enzyme activity measurement and in vitro HDAC1 enzyme
activity measurement showed that (R)-40-methylklavuzon does not
have significant inhibitory effects on HDAC enzymes. However,
in vitro SIRT1 enzyme activity measurement showed that 100 mMof
(R)-40-methylklavuzon already inhibits SIRT1 activity by half. This
data supports that inhibition obtained from cell-based HDAC
enzymatic activity measurement might have been achieved by
sirtuin inhibition rather than HDAC inhibition because tested sub-
strate (Boc-Lys (Ac)-7-Amino-4-Methylcoumarin (Boc-Lys (Ac)-
AMC)) can also be deacetylated by sirtuins [64e66].

(R)-40-methylklavuzon increased the ratio of reactive oxygen
species in HuH-7 parental cells at 1.0 mM concentration after 24 h of
drug administration. It is known that SIRT1 is involved in DNA
repair mechanism which can be triggered by genotoxicity or
accumulation of reactive oxygen species [67,68]. ELISA assays
showed (R)-40-methylklavuzon upregulates intracellular SIRT1
protein levels in parental cells dose dependently except 5.0 mM
which is lethal dose after 24 h. We can also emphasize that SIRT1
protein levels were increased 3.3, 3.9 and 2 times at 1.0, 3.0 and
5.0 mM concentrations compared to the untreated cells, respec-
tively. Comparison of cell-based Sirtuin/HDAC enzyme activity in-
hibition and endogenous SIRT1 protein levels provided a
supporting evidence for endogenous SIRT1 inhibition inside the
cells. Although SIRT1 protein levels were significantly upregulated
at the abovementioned concentrations, endogenous Sirtuin/HDAC
enzyme activity was decreased at the same concentrations after
24 h (Fig. 4D).

(R)-40-methylklavuzon significantly overexpresses intracellular
SIRT1 protein levels. This overexpression might be a result of DNA
break formation, increased reactive oxygen species or topoisom-
erase I inhibition by (R)-40-methylklavuzon. Inhibition of basal
SIRT1 enzyme activity might also be a consequence of this
overexpression.

Studies show that there are still conflicting reports for the
upregulation or downregulation status of SIRT1 even in the same
type of cancer tissues such as breast, colon, gastric and liver
[69e74]. Chen et al. showed that SIRT1 was upregulated in a subset
of HCC tissues while Wang et al. revealed that SIRT1 was down-
regulated in HCC [74,75]. Tumor suppressive effect of SIRT1 over-
expression was demonstrated in various types of cancers like
gastric and colon cancer. Zhang et al. showed that SIRT1 is down-
regulated in gastric cancer and ectopic overexpression of SIRT1
increased G1 phase arrest and apoptosis [73]. Kabra et al. demon-
strated that SIRT1 is overexpressed in approximately 25% of stage I/
II/III colorectal adenocarcinomas and rarely overexpressed in stage
IV tumors. They also revealed that approximately 30% of colon
carcinomas have lower SIRT1 expression compared to normal pa-
renchyma. In this study, they found that SIRT1 overexpression re-
duces tumor formation. Paradoxically, they showed that
pharmacological inhibition of SIRT1 sensitizes cells to apoptosis by
chemotherapeutic drugs [72]. In 2011, Chen et al. revealed that
SIRT1 mRNA levels between HCC and non-tumoral tissues do not
differ but nuclear SIRT1 protein is overexpressed in 46 of 150 HCC
tissue samples, which accounts for approximately 30% of the
collection. Difference in mRNA and protein levels in HCC samples
indicate that SIRT1 is post-transcriptionally overexpressed in HCC.
In 2012, Chen et al. showed that SIRT1 is overexpressed in 95 of 172
HCC samples accounting for 50% of the collection. They revealed
that SIRT1 protein is regulated by 26S proteasome in a ubiquitin
dependent manner. Although SIRT1 is overexpressed in HCC tis-
sues, (R)-40-methylklavuzon might have inhibited deacetylase
enzymatic activity of SIRT1, which was shown to be responsible of
HCC tumorigenesis. The other reason of SIRT1 overexpression after
drug treatment might be an interference in proteasomal degrada-
tion by drug candidate. Therapeutic effects of (R)-40-methyl-
klavuzon via SIRT1 overexpression might still be useful for other
subtypes of HCC or other cancers (gastric and colon) inwhich SIRT1
is downregulated.

When DNA damage occurs, cells epigenetically silence damaged
region to prevent incorrect gene expression. One of the silencing
mechanisms is the upregulation of H3K27me3 by EZH2 which is
the only known methyl transferase of H3K27 residue [76]. (R)-40-
methylklavuzon was found to upregulate H3K27me3 expression in
both HuH-7 parental and EpCAMþ/CD133þ cancer stem cells which
were sorted by fluorescence-activated cell sorting (FACS) (Fig. 4E).

2.4. TK126 inhibits proliferation of HCC cell lines

In our previous study, novel derivative of (R)-40-methyl-
klavuzon, TK126, showed superior cytotoxic effect on pancreatic
cancer cell line Mia-PaCa2 with its low IC50 value of 0.16± 0.03 mM
concentration [41]. We also tested effect of TK126 on the prolifer-
ation of HuH-7 and HepG2 cells. According to MTT cell viability
assay, IC50 values of TK126were found as 5.0 mM for 24 h, 2.5 mM for
48 h and 1.25 mM for 72 h in HuH-7 parental cells (Fig. 5A). HepG2
cells were slightly sensitive to TK126 with IC50 values of 5.0 mM for
24 h, 0.625 mM for 48 h and 0.1 mM for 72 h. TK126 showed similar
IC50 values like its lead molecule (R)-40-methylklavuzon on HuH-
7 cells but it wasmore effective on HepG2 cells with its IC50 value of
0.625 mM and 0.10 mM after 48 and 72 h, respectively (Fig. 5A).

According to literature, goniothalamin has similar IC50 values on
hepatocellular carcinoma and hepatoblastoma cell lines. It was
reported as IC50¼1.6 mM on HepG2 and IC50¼ 5.4 mM on Hep3B. In
a different study, IC50 values of goniothalamin were calculated as
9.2, 8.3 and 4.6 mMat the incubation times of 24, 48 and 72 h,
respectively. It is obvious that both (R)-40-methylklavuzon and
TK126 are more effective small molecules compared to goniotha-
lamin on HepG2 cell line with calculated IC50 values ranging be-
tween 0.625, 1.25 and 2.5 mMat 48 and 72 h of incubation times
[2,77].

Various studies showed that FDA-approved drugs, sorafenib and
regorafenib tended to show moderate IC50 values on HepG2 cells.
Comparedwith the IC50 values of (R)-40-methylklavuzon and TK126
on HepG2, both small molecules tended to have more efficient
cytotoxic activities than sorafenib and regorafenib in vitro with
their lower IC50 values [78e82].

Docking of TK126 in SIRT1 enzyme catalytic site was more
spontaneous than (R)-40-methylklavuzon with a higher binding
score (Fig. 5B). It was also found that 10 and 100 mM of TK126
inhibited 17% and 65% of SIRT1 enzyme activity in vitro, respectively
(Fig. 5B). Of note, 100 mM of TK126 showed higher inhibitory effect
compared to the inhibition achieved by the same concentration of
(R)-40-methylklavuzon.

Docking studies confirmed that (R)-40-methylklavuzon and
TK126 spontaneously interact with SIRT1 enzyme catalytic site. It
was found that (R)-40-methylklavuzon and TK126 inhibit SIRT1
enzyme activity in a dose dependent manner in vitro. Sirtuins



Fig. 5. (A) Cytotoxicity analysis of TK126 on HuH-7 parental and HepG2 cells, (B) In silico docking analysis of TK126 in SIRT1 enzyme catalytic site, Inhibition of SIRT1 enzyme by
TK126, Non-inhibitory effects of TK126 on HDAC1 enzyme in vitro. Statistical analysis was performed with one-way ANOVA and p-values are <0.001 in ****, <0.001 in ***, <0.01 in **

and <0.05 in * indicating that results are statistically significant.
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contain highly conserved residues in their catalytic site or NADþ

binding site [83]. Inhibition of SIRT1 by drug candidates might be
indicative of inhibiting other sirtuin enzymes due to amino acid
sequence similarity. This inhibition might have been caused by
conformational alterations in SIRT1 protein via docking of drug
candidates to catalytic site or interactions of drug candidates with
cysteines (Cys371, Cys374, Cys395, Cys398) in Zn2þ tetrathiolate
subdomain resulting in disruption of Zn2þ ion coordination.

Patients with high SIRT1 protein levels show chemoresistance to
drugs [50,84]. Oncogenic roles of SIRT1 can be decelerated via in-
hibition of its enzymatic activity by (R)-40-methylklavuzon and
TK126. According to literature, (R)-40-methylklavuzon and TK126
have a chance to reduce this resistance against chemotherapy and
sensitize cancer cells for other chemotherapeutical combinations. It
was reported that overexpression of SIRT1 attenuates p53-
mediated apoptosis which is caused by DNA damage and oxida-
tive stress resulting in cancer cell survival [85]. (R)-40-methyl-
klavuzon inhibits enzymatic activity of overexpressed SIRT1
protein resulting in a decrement in cancer cell proliferation which
might be achieved probably by an interference in DNA repair
mechanism ability of SIRT1.
2.5. (R)-40-methylklavuzon inhibits CRM1 resulting in RIOK2 and
p53 nuclear retention in HCC cell lines

(R)-40-methylklavuzon is structurally similar to goniothalamin
which is a CRM1 inhibitor. Previously it was shown by our group
that drug candidate inhibits CRM1 mediated nuclear export of
RIOK2 (Serine/threonine-protein kinase RIOK2) in HeLa cells. Data
revealed that drug candidate starts to inhibit CRM1 at 0.2 mM
concentration even at the end of 90min of incubation and it almost
inhibits CRM1 completely in all cells at 50 nM concentration [41].
Similarly, we tested CRM1-inhibitory properties of drug candi-
date on HepG2 cells. Firstly, cytotoxic effects of (R)-40-methyl-
klavuzon was tested on HepG2 cells and found more effective
compared to HuH-7 cells after 24 h of incubation (Fig. S3). Accu-
mulation of RIOK2 in the nucleus is the indication of CRM1 inhi-
bition in the cell. (R)-40-methylklavuzon inhibits CRM1 in HepG2
cells after 6 h at all tested concentrations and maintains this inhi-
bition at 1.00 and 10 mM concentrations after 24 h (Fig. 6 and
Fig. S4). Inhibitions of CRM1 in HepG2 cells were also observed
after TK126 treatment (Fig. S5). Similar inhibitory effects of (R)-40-
methylklavuzon (Figs. S6 and S7) and TK126 (Fig. S8) for CRM1
inhibition were obtained in HuH-7 cells.

We tested outcomes of SIRT1 and CRM1 inhibitions on p53 ac-
tivity and localization as a mechanism of action that triggers cancer
cell death. HepG2 cells were tested due to their low levels of basal
p53 protein levels to indicate difference between drug treated and
control cells [86]. Significant upregulation in p53 protein levels was
achieved at all tested concentrations at the intervals of 6 and 24 h of
incubation in HepG2 cells (Fig. 6). Overexpressed p53 protein was
observed to be accumulated mainly in the nucleus rather than
cytoplasm or entire cell as a result of CRM1 inhibition. Slight
upregulation of p53 was also obtained in HuH-7 cells (Fig. S9).

CRM1-inhibitory properties of (R)-40-methylklavuzon and
TK126 in HuH-7 and HepG2 cells were shown for the first timewith
this study. As a result of CRM1 inhibition, RIOK2 was accumulated
in nucleus. RIOK2 is considered to play important roles in G2/M
transition and it was reported that prolonged mitotic exit was
detected when RIOK2 was overexpressed [59]. G2 arrests in HuH-
7 cell populations might have been caused by RIOK2 accumulation
in nucleus.

We also tested effects of drug candidates and goniothalamin on
3D HepG2 spheroids which were formed in medium by using



Fig. 6. Spinning disc confocal microscopy imaging of RIOK2 retention in nuclei of HepG2 cells after (R)-40-methylklavuzon treatment indicating CRM1 inhibition. Fluorescence
microscopy imaging of p53 in HepG2 cells showing p53 upregulation and nuclear accumulation. Images related to CRM1 inhibition were obtained by using 100X objective with
10 mm scale and images related to p53 upregulation and nuclear retention were obtained by 40X objective with 20 mm scale.

Fig. 7. Microscope images of 3D HepG2 spheroids stained with p53 antibody (A) and PI
(B) after treatment at the end of 24 h of incubation.
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hanging drop method without matrigel. Significant upregulation in
p53 protein levels was obtained dose dependently. Propidium io-
dide (PI) staining revealed that 3D spheroids undergo apoptosis at
all tested concentrations of the molecules except 0.1 mM of (R)-40-
methylklavuzon. 10 mM of (R)-40-methylklavuzon and TK126 are
equally efficient to 50 mM of goniothalamin. Increase in the p53
protein levels and propidium iodide DNA staining was correlated.
Drug candidates killed 3D HepG2 spheroids within 24 h although
there was no decrement in spheroid volumes (Fig. 7).

Overexpression and stabilization of p53 in cancer patients are
one of the most leading therapeutic targets due to their strong
tumor suppressive ability. (R)-40-methylklavuzon slightly triggers
p53 overexpression in HuH-7 parental cells while it significantly
triggers p53 overexpression in HepG2 cells at a lower concentration
within a shorter period of time. Moreover, it significantly upregu-
lates p53 protein in HepG2 spheroids in a dose dependent manner
resulting in spheroid death according to propidium iodide staining
which indicates penetration of drug candidate into entire spheroid.
TK126 also shows similar effects on HepG2 spheroids. This data
might have been achieved due to a possible DNA damage caused by
drug candidate. It was previously showed by our group that (R)-40-
methylklavuzon forms comet (DNA breaks) in Mia-PaCa2 cells [41].
Transcriptional activity of p53 is silenced by SIRT1 via deacetylation
[87,88]. In addition to p53-regulatory property of HDAC1, SIRT1 is
considered to play a crucial role in deacetylation of p53 in cyto-
plasm whereas HDAC1 deacetylates p53 mostly in nucleus [88,89].

We propose two possible simultaneous mechanism of action
related to (R)-40-methylklavuzon and TK126 illustrated in Fig. 7. In
cancer cells, SIRT1 is overexpressed and removes acetyl group at
Lys382 of p53 protein resulting in an accumulation of p53 in the
cytoplasm. Accumulated p53 is transported to mitochondria and it
triggers cytochrome c release causing p53 transcription-
independent apoptosis. When SIRT1 is inhibited, acetyl group at
Lys382 is maintained and p53 enters nucleus to transcribe its
related tumor suppressor genes like p21 which directs cancer cells



Fig. 8. Mechanism of action underlying G1 arrest caused by (R)-40-methylklavuzon. (A) p53 enters nucleus and activates its target genes like p21 for DNA repair, cell cycle arrest or
apoptosis when acetylated at the Lys382 residue. When SIRT1 deacetylates p53 at the Lys382 residue, it cannot enter nucleus and it accumulates in cytoplasm followed by transport
to mitochondria resulting in p53 transcription-independent apoptosis via cytochrome c release. Inhibition of SIRT1 by (R)-40-methylklavuzon and TK126 results in entrance of p53
into nucleus and overexpression of p21 causing cell cycle arrest [90], (B) CRM1 transports cargo proteins like RIOK2 and p53 from nucleus to cytoplasm. Aberrant transportation of
related proteins causes increased cytoplasmic RIOK2 and p53 levels. Inhibition of CRM1 by (R)-40-methylklavuzon and TK126 results in increased nuclear RIOK2 and p53 levels.
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to cell cycle arrests and apoptosis (Fig. 8A). CRM1 is overexpressed
in many cancer cells and causes aberrant transportation of various
cargo proteins (p21, p53 and SIRT1) and RNA molecules from nu-
cleus to cytoplasm preventing tumor suppressor proteins to play
their roles in apoptosis. When CRM1 is inhibited, cargo proteins
(p21, p53 and SIRT1) are not exported and retained in nucleus
providing their influence in the apoptosis of cancer cells (Fig. 8B).
3. Conclusion

HCC is the second leading cause of death among other cancers
and FDA approved drugs such as sorafenib and regorafenib do not
cure patients efficiently. It is an urgent need to find novel drug
candidates to treat HCC. Here, we proposed (R)-40-methylklavuzon
and its derivative TK126 as drug candidates to kill both HCC cells
and cancer stem cells.

(R)-40-methylklavuzonwas previously synthesized by our group
and its cytotoxic effects were demonstrated on prostate, colon,
pancreatic, breast, ovary cancer cells [39,41,91,92]. (R)-40-methyl-
klavuzon was also found to irreversibly inhibit topoisomerase I
enzyme [39]. Topoisomerases which are classified by Topo I and
Topo II, are responsible for regulating DNA topology by forming
single or double strand breaks, respectively. Topoisomerase I is
overexpressed in liver cancer tissue compared to non-cancerous
tissue. Topoisomerase I was reported as an oncogene in HCC and
could be used as a biomarker to predict prognosis of the liver cancer
patients for efficient treatment options [93]. In this study, we tested
growth inhibitory properties of (R)-40-methylklavuzon on HCC cells
and HuH-7 EpCAMþ/CD133þ cancer stem cells by starting the first
step to identify possible mechanism of action which is not known
yet. Our previous data revealed that (R)-40-methylklavuzon causes
G1 and G2 arrests in cancer cells dose dependently [41]. The
investigation for mechanism of action related to G1 phase accu-
mulating property of (R)-40-methylklavuzon was the starting point
of this study to identify roles of possible players such as class I/II
histone deacetylases and class III histone deacetylases called sirtuin
enzymes. Another (R)-40-methylklavuzon derivative, TK126 was
also tested for growth inhibitory effects on HCC cell lines and it was
examined for inhibition of SIRT1 enzyme.

Histone deacetylases (HDAC) which are responsible for the
removal of acetyl groups from histone proteins are overexpressed
in various types of cancer followed by the downregulation of tumor
suppressor genes. Re-acetylation of the chromatin and upregula-
tion of the tumor suppressor genes by inhibiting overexpressed
HDAC activity are one of the main therapeutic strategies against
cancer.

Class III histone deacetylases, sirtuins, are novel therapeutic
targets due to their high occurrence in various diseases such as
cancer and Huntington's disease. Sirtuins deacetylate transcription
factor p53 resulting in its downregulation. Targeting SIRT1 inhibi-
tion is a new alternative to treat related cancers by upregulating
p53 levels or stability in cancer cells followed by p53-dependent
apoptosis. Inhibition or activation of sirtuins may be useful for
treatment according to the sirtuin expression status in the disease.
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The role of sirtuins is still an unknown area caused by their function
as either tumor-promoter or tumor-suppressor according to cell
types and pathways involved. Sirtuin inhibitors will provide us both
therapeutic agents and knowledge about mechanism of action.

(R)-40-methylklavuzon and TK126 inhibited proliferation of HCC
cell lines, HuH-7 and HepG2 in a dose dependent manner. Addi-
tionally, (R)-40-methylklavuzon inhibits proliferation of HuH-7
EpCAMþ/CD133þ cancer stem cells by half although they have
resistance against anti-cancer molecules. HuH-7 EpCAMþ/CD133þ

cancer stem cells showed twice fold resistance against (R)-40-
methylklavuzon compared to HuH-7 parental cells. Possible reason
of this situationmight be that ABC-transport proteins in cell plasma
membrane are overexpressed in cancer stem cells compared to
HuH-7 parental cells [31]. (R)-40-methylklavuzon simultaneously
kills HCC cells (HuH-7 and HepG2) and HuH-7 EpCAMþ/CD133þ

cancer stem cells providing an opportunity to prevent recurrence.
Besides role of SIRT1 in DNA repair mechanism, topoisomerases

are important factors in DNA repair. In house experiments showed
that (R)-40-methylklavuzon inhibits topoisomerase I which means
an interference in DNA repair mechanism [39]. Another apoptosis
regulator, E2F1 is known to provoke apoptosis as a consequence of
DNA damage. E2F1 is downregulated via deacetylation by SIRT1
[94]. Inductive effects of drug candidate on E2F1 should be inves-
tigated as a future perspective.

According to our data in this study, SIRT1 enzyme was inhibited
and SIRT1 protein levels were significantly upregulated by (R)-40-
methylklavuzon. In addition to possible DNA damage, p53 levels
might have been stabilized or increased due to SIRT1 inhibition in
HepG2 cells as well. When SIRT1 is inhibited, p53 cannot be
deacetylated by SIRT1 and ubiquitinated by MDM2 ligase. As a
result of blockage in ubiquitination, p53 cannot be directed to
proteasomal degradation and it is maintained in the cell.

It is reported that loss of SIRT1 activity shows cytotoxic effect on
HCC cells as a result of G1 arrest [49]. We also found that (R)-40-
methylklavuzon causes G1 arrest in both HCC parental cells and
HuH-7 EpCAMþ/CD133þ cancer stem cells which is consistent with
previous literature data. Cytotoxic effect of (R)-40-methylklavuzon
on HCC cells and HuH-7 EpCAMþ/CD133þ cancer stem cells might
be a result of SIRT1 and CRM1 inhibitions followed by increased
p53 stability and activity.

It is known that sirtuin and HDAC inhibitors cause G1 arrest in
cancer cells as a result of upregulated p21 which is an inhibitor of
CDK 4/6. It was shown that (R)-40-methylklavuzon inhibits
endogenous sirtuins and upregulates p21 gene expression. More-
over, it caused increase in G1 arrest in HuH-7 cells and EpCAMþ/
CD133þ cancer stem cells. This increment may be a result of
increased p21 gene expressions.

All this data indicates that (R)-40-methylklavuzon damages DNA
and increases oxidative stress in HCC cells resulting in p53 protein
upregulation and it simultaneously inhibits topoisomerase I pre-
venting DNA repair mechanism. It also inhibits both SIRT1 and
CRM1 preventing deacetylation of p53 and nuclear export of p53,
respectively. In conclusion, p53 was upregulated due to a possible
DNA damage, it was stabilized by endogenous SIRT1 inhibition
resulting in its blockage of proteasomal degradation and main-
tained in nucleus as a result of CRM1 inhibition. p53 which is
accumulated in nucleus binds promoter of p21 and upregulates p21
gene expression resulting in G1 arrest.

It is expected that anti-cancer drugs should eliminate cancer
stem cells to prevent recurrence of the cancer tissue in patients. We
have shown that (R)-40-methylklavuzon inhibits proliferation of
hepatocellular carcinoma cells and EpCAMþ/CD133þ cancer stem
cells providing a novel drug candidate for the treatment of hepa-
tocellular carcinoma for literature.
4. Experimental

4.1. Cell culture

HuH-7 parental, HuH-7 EpCAMþ/CD133þ CSCs, HuH-7 EpCAM�/
CD133- non-CSCs and HepG2 were cultured in DMEM supple-
mented with 10% heat inactivated FBS, 100 U/ml penicillin, 0.1mg/
ml streptomycin, 2mM L-glutamine and 1% non-essential amino
acids solution in a humidified 5% CO2 incubator at 37 �C.

4.2. Sorting of cancer stem cells by magnetic cell (MACS)

Cancer stem cells were separated from HuH-7 parental cells by
using commercial kits from Miltenyi Biotec which is based on the
surface markers called CD133 and EpCAM using specific antibodies.
EpCAMþ/CD133þ cell population which is considered to be cancer
stem cells in HuH-7 cell line was separated from EpCAM�/CD133-

cell population by using magnetic cell separation method.
10� 107 cells were resuspended in 500 ml of MACS Buffer (5% Fetal
Bovine Serum and 2 mM EDTA in 1X PBS) and filtered firstly with
100 mm (BD Falcon, 352360) and then 40 mm sterile filters (BD
Falcon, 352340). Filtered cells were centrifuged at 2500 rpm
and þ4 �C followed by resuspension in 300 ml of MACS buffer and
treated with 100 ml of FcR blocking buffer (Miltenyi, 130-059-901)
to prevent non-specific bindings. EpCAM-FITC antibody (Miltenyi
130-080-301) was added in a ratio of 1:10 as a final concentration
and incubated for 10 min at þ4 �C in the dark. After antibody
labelling, cells were rinsed twice with MACS buffer and centrifuged
at 2500 rpm and þ4 �C to remove unbound antibodies. EpCAM
labelled cells were resuspended in 300 ml of MACS buffer and then
anti-FITC magnetic beads (Miltenyi 130-048-701) were added into
the suspension. Cells were incubated with magnetic beads for
12 min in the dark at þ4 �C and were rinsed twice with MACS
buffer. The cell suspension was loaded on positive separating col-
umns (Miltenyi, 130-042-401) to provide the immobilization of
labelled cells in the column while unlabeled cells elute from
column.

EpCAM� cells were loaded onto negative separating columns
(Miltenyi, 130-042-901) to sort them from all the remaining
EpCAMþ cell population. Cells in the positive selection column
were eluted after turning the magnetic field off and washing pro-
cedure. Same procedures were performed for CD133 surface
marker by using specific antibody (Miltenyi, 130-090-826) and
micro beads (Miltenyi, 130-090-855). At the end of the entire
protocol, EpCAMþ/CD133þ and EpCAM�/CD133- cell populations
were obtained and percentage of the positive and negative cells in
entire populations were analyzed using flow cytometer (FACS
Canto II, BD). Percentage of positivity and negativity in EpCAMþ/
CD133þ was 85.9% and 5.3%, respectively. Percentage of positivity
and negativity in parental cells was 10.6% and 52.8%, respectively.
Percentage of positivity and negativity in EpCAM�/CD133- cells was
12.4% and 42.9%, respectively. Cells sorted by MACS were used in
cell viability, cell cycle analysis, apoptosis analysis, p21/p27 gene
expression analysis, cell-based HDAC enzyme activity assay.

4.3. Separation of cancer stem cells by fluorescent activated cell
sorting (FACS)

Cells were harvested with trypsin and centrifuged at 1500 rpm
and þ4 �C for 5 min. Cell pellet was washed with 10 ml of FACS
buffer (1 mM EDTA, 25 mM HEPES, 1% FBS in PBS). Cells were
sequentially filtered with 100 mm (BD Falcon, 352360) and then
40 mm filters (BD Falcon, 352340) to obtain individual cells and then
counted. Cells were centrifuged at 1500 rpm and þ4 �C for 5 min.
Cell pellet was resuspended in FACS buffer and labelled with
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EpCAM-FITC antibody (1:11 dilution, Miltenyi 130-080-301) and
CD133 antibody (1:11 dilution, Miltenyi 130-090-826). FcR blocking
reagent (Miltenyi, 130-059-901) was used to prevent nonspecific
bindings. Cells were incubated with abovementioned antibodies
at þ4 �C for 10 min in the dark. Cells were washed with FACS buffer
and centrifuged at 1500 rpm and þ4 �C for 5 min to discard un-
bound antibodies. Pellet was aliquoted as 20 � 106 cells/2 ml in
FACS buffer. Cells were labelled with 0.5 mM/ml of DAPI to distin-
guish live cells. EpCAMþ/CD133þ cells were sorted using flow cy-
tometer (FACS Aria III, BD). Cells sorted by FACS were used in
trimethylation analysis of H3K27. Percentage of positive cells were
analyzed as 97% after sorting.

4.4. Cell viability assay

2� 103 cells/well were seeded in 96-well plate and incubated
overnight. Cells were treated with 20.00, 10.00, 5.00, 2.50, 1.25,
0.625 and 0.10 mMof (R)-40-methylklavuzon dissolved in DMSO and
growth medium for 24, 48 and 72 h. The control cells were treated
with only DMSO in 1% final concentration as drug treated cells
received. At the end of related intervals, cells were treated with
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide, Sigma M5655) solution in culture media and further incu-
bated for 4 h at 37 �C in 5% CO2 incubator. Plates were centrifuged
for 10min at 1800 rpm and medium was removed. 100 ml/well of
DMSO was added and plates were shaked orbitally for 15min.
Absorbance measurement was performed at 570 nm with auto-
matic plate reader (Thermo, Varioskan). All experiments were
repeated thrice in triplicates.

4.5. Cell cycle analysis

6� 104 cells/well were seeded in 6-well plates and incubated
overnight. Final concentrations of 10.0, 1.0 and 0.1 mM of (R)-40-
methylklavuzon that is dissolved in DMSO and growthmediumwas
applied to the cells and incubated for 24, 48 and 72 h. The control
cells were treated with only DMSO at 1% final concentration as drug
treated cells received. At the end of related intervals, cells were
harvested, washed with 1X PBS and centrifuged at 800 rpm for
10min. Cell pellet was resuspended in 1ml of 1X ice-cold PBS. Ice-
cold absolute ethanol was added dropwise while vortexing. Cells
were fixed at �20 �C overnight. After fixation, cells were centri-
fuged at 1200 rpm for 10min, washed with ice-cold 1X PBS and
centrifuged. Pellet was resuspended in 200 ml of 0.1% Triton X-100
in ice-cold 1X PBS and treated with 20 mL of RNaseA (200 mg/ml)
and then incubated at 37 �C under 5% CO2 for 30min. Then 20 mL of
propidium iodide (1mg/ml) was added into cell suspensions and
incubated for 15min at room temperature. The percentages of cell
cycles were analyzed by a collection of 10000 events using flow
cytometer (BD FACS Canto II, BD) and ModFit LT statistics software.
Assays were performed in triplicate in parental cells, duplicate in
other cell populations.

4.6. Apoptosis analysis

Apoptosis analyses were investigated using Annexin V-FITC
(Biovision, K101-100) commercial kit. 6� 104 cells/well were
seeded in 6-well plate and incubated overnight. Cells were treated
with 10.0, 1.0 and 0.1 mM concentrations of (R)-40-methylklavuzon
that was dissolved in DMSO and growth medium for 24, 48 and
72 h. The control cells were treated with only DMSO at 1% final
concentration as drug treated cells received. At the end of related
intervals, cells were harvested, washed with ice-cold 1X PBS and
centrifuged at 800 rpm at þ4 �C for 5 min 250 mL of binding buffer
was used to resuspend cell pellet. 2.5 mL of Annexin V-FITC and
2.5 mL of propidium iodide were added and incubated for 5 min in
the dark. Apoptosis analysis was performed using flow cytometer
(FACS Canto II, BD) and ModFit LT statistics software. Assays were
performed in triplicate in parental cells, duplicate in other cell
populations.

4.7. Cell-based histone deacetylase enzyme activity measurement
using cells sorted by MACS

(R)-40-methylklavuzon was tested on endogenous histone
deacetylases inside the hepatocellular carcinoma HuH-7 cell pop-
ulations by using a commercial kit called cell-based HDAC activity
assay kit (Cayman, 600150). Experimental criteria was to maintain
equal cell numbers between control and drug-treated populations
by using lower concentrations of drug candidate. According to the
manufacturer's instructions, 10,000 cells/well were seeded into the
black 96-well plates and incubated overnight. 5.00, 3.00, 1.00, 0.50,
0.25 and 0.10 mM concentrations of (R)-40-methylklavuzon were
tested on three different cell populations for 24 h. The control cells
were treated with only DMSO at 1% final concentration as drug
treated cells received. After drug treatment was completed, plate
was centrifuged at 500 g for 5min. Medium was replaced with
200 mL of assay buffer and plate was centrifuged at 500 g for 5min.
Cells were treated with HDAC substrate called Boc-Lys (Ac)-7-
Amino-4-Methylcoumarin (Boc-Lys (Ac)-AMC) for 2 h at 37 �C un-
der 5% CO2. Trichostatin A (TSA) was used as positive control. Lysis/
Developer solution was added into each well and fluorescence
measurement was performed at 360 excitationwavelenght and 460
emission wavelenght by using a plate reader (Thermo, Varioskan).
Results were analyzed using standard curve plotted on a graph. All
experiments were repeated in triplicates.

4.8. In vitro SIRT1 enzyme activity measurement

Commercially available fluorescence based SIRT1 Fluorometric
Drug Discovery Kit (Enzo, Flour De Lys, BML-AK555) was used to
determine inhibitory effects of (R)-40-methylklavuzon on SIRT1
enzyme. The SIRT1 Fluorescent Activity Assay includes Fluor de
Lys®-SIRT1 Substrate and Developer II. The Fluor de Lys®-SIRT1
Substrate is a peptide having amino acids 379e382 of human p53
(Arg-His-Lys-Lys (Ac)). The assay's fluorescence signal is generated
via deacetylation of the Lys-382 which is an in vivo target of SIRT1.
In the first step of the procedure, the Fluor de Lys®-SIRT1 Substrate
is incubated with human recombinant SIRT1 in the prescence of
cosubstrate NADþ. The substrate is sensitized by deacetylation of
Fluor de Lys®-SIRT1 and in the second step, a fluorophore signal is
produced via treatment with the Fluor de Lys® Developer II.
Resveratrol was used as activator and suraminwas used as inhibitor
of SIRT1. Effects of (R)-40-methylklavuzon on SIRT1 enzyme activity
was tested by combining 1 unit/well of SIRT1 enzyme with 50 mM
and 100 mM of drug candidate. SIRT1 was pre-treated with drug
candidate before addition of substrate for 2min. SIRT1 and (R)-40-
methylklavuzonwere incubated for 1 h at 37 �Cwith 50 mMof Fluor
de Lys Substrate and 500 mM of NADþ. After incubation, developer
solution was added and incubated for 45min at room temperature.
Fluorescence was measured at 360 nm excitation wavelenght and
460 nm emission wavelenght with a plate reader (Thermo, Vari-
oskan). Results were analyzed by using the standard curve plotted
on a graph. All experiments were repeated thrice in triplicates.

4.9. Quantification of intracellular SIRT1 levels by ELISA

Intracellular SIRT1 levels in HuH-7 parental cells after (R)-40-
methylklavuzon treatment were investigated using a commercially
available Sirtuin 1 (human) (IntraCellular) ELISA Kit (Adipogen, AG-
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45A-0029YEK-KI01). SIRT1 level was measured based on a sand-
wich Enzyme Linked-Immunosorbent Assay (ELISA) and mono-
clonal SIRT1 antibody was precoated onto the 96-well microtiter
plate. 5� 105 Cells were inoculated into tissue culture petri dishes
and incubated overnight. 5.00, 3.00 and 1.00 mM concentrations of
(R)-40-methylklavuzon were applied to the HuH-7 parental cells
and incubated for 24 h. The control cells were treated with only
DMSO at 1% final concentration as drug treated cells received. BCA
Protein Assay (Pierce, 23227) was used to determine total protein
concentration. 44 mg/well cell lysate was added into ELISA plate
which is coated with monoclonal SIRT1 antibody and incubated at
room temperature. After extensive washing, SIRT1 was detected by
a purified polyclonal antibody specific for SIRT1. After excess
polyclonal antibody was removed, HRP conjugated anti-rabbit IgG
was added and peroxidase activity was measured using the sub-
strate 3,30,5,50-tetramethylbenzidine (TMB) at 450 nm on a plate
reader (Thermo, MultiSkan). All experiments were repeated thrice
in triplicates.

4.10. Spheroid assay based on matrigel

3.76mg/ml poly-HEMA (Sigma, P3932) in 95% ethanol was used
to coat 48-well plates for overnight in incubator at 37 �C and then
rinsed with 1X PBS twice. 1000 cells/well were seeded with 2.5mg/
ml matrigel (Corning, 354234) in DMEM. Cell suspensions in 250 ml
of matrigel and DMEM mixture were inoculated into four different
wells. Plates were centrifuged at 1000 g for 10min at room tem-
perature and incubated under 37 �C and 5% CO2 incubator. 350 ml of
fresh DMEM medium was added after one day and cells were
incubated for four days. Spheroids were treated with only 1% of
DMSO as control, 12.5 mMand 62.5 mMof (R)-40-methylklavuzon for
72 h. Microscopic images were obtained at the end of 24, 48 and
72 h by using inverted microscope (Olympus).

4.11. Statistical analysis

Statistical analyses were performed using one-way ANOVA
(Analysis of Variance) by GraphPad Prism version 5 (GraphPad
Software, San Diego, CA, USA). All drug treated samples were
compared versus control groups using Dunnett's multiple com-
parison test. All data was presented as mean± SD and p-values less
than 0.05 were considered as statistically significant.

Additional methods are given in supplementary material of this
manuscript.
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