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Heterocycle modification has been widely and successfully employed in the antitumor drugs. However, the
different antitumor efficacy was corelated with the heterocycle substituted, and the genetic mechanism under
lying these effects has not been elucidated. In this study, the intrinsic regularity between different types of
heterocycle-substituted DMEP derivative compounds and the mechanisms of their antitumor activity was pre
liminarily disclosed. Triazole/thiadiazole substituted 4′ -demethylepipodophyllotoxin derivatives induced more
severe DNA damage and higher levels of 26S proteasomal Topo IIβ degradation, though inhibited the recruition
of γH2AX to resist the DNA damage. The reduced DNA repair led to higher up-regulation of cell cycle arrest
proteins, and ultimately DNA damage mediated-ATM/ATR apoptotic pathways and specifically activated DNA
damage response gene TMEM133, which induced apoptosis through up-regulation of G2/M cell cycle arrestrelated genes. Over-expression and knock-out of TMEM133 demonstrated that TMEM133 is essential for inhi
bition of the tumor cell growth during treatment with triazole/thiadiazole substituted 4′ -demethylepipodo
phyllotoxin derivatives.

1. Introduction
4′ -Demethylepipodophyllotoxin (DMEP) is a natural bioactive lead
ing compound with extensive antitumor activity by targeting topo
isomerase II (Topo II) and inducing DNA damage (Yu et al., 2017; Zhao
et al., 2020). To improved antitumor activity, molecular structure
modification is a most fundamental and effective way. Heterocycles are
arguably the most significant structural components of pharmaceuticals,
such as lenalidomide, ibrutinib, and palbociclib, used in clinical cancer
treatment over the past fifty years. Roughly 59% of unique,
small-molecule U. S. FDA-approved drugs contain nitrogen heterocycles,
which are mainly divided into five-member-, six-member-, and
condensed nitrogen heterocycles (Dua et al., 2011). In our previous
work, three classes of five-member-, six-member-, and condensed
heterocycle-substituted DMEP derivatives were developed. In vitro
cytotoxicity tests comparing HepG2, BGC823, A549, and HeLa tumor
cells, showed that HeLa cells exhibited the strongest drug sensitivity to
DMEP derivatives. The anti-HeLa cells activity of triazole/thiadiazole

substituted DMEP derivatives (F-Th/F-Tr) (i.e., IC50 value of 0.32 and
0.83 μM) higher than that of six-member heterocycle-substituted DMEP
derivatives (S-Pd/S-Pm) (i.e., IC50 value of 5.6 and 12.92 μM) and
condensed heterocycle-substituted DMEP derivatives (C-Bi/C-Bo) (i.e.,
IC50 value of 1.71 and 10.33 μM) (Li et al., 2015). The reason for these
differences in antitumor activity among heterocycle-substituted DMEP
derivatives remains unknown.
The DNA damage response consists of signaling cascades and DNA
repair processes, which ultimately recognize and remove DNA lesions.
Chromatin regulation plays an essential role, as it has to be reorganized
to allow DNA repair proteins to sites of DNA resection and fix the
damage (Legent et al., 2006). Recent studies showed that drugs con
taining different heterocycle moieties displayed large differences in
antitumor activity by inhibiting proliferation of tumor response to DNA
damage-mediated mutations. What is known is that DMEP derivatives
bind to Topo II, which is responsible for resolving topological problems
of DNA during replication, transcription, and other DNA-protein in
teractions (Li et al., 2015). This binding results in a reduction of Topo II
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Fig. 1. The apoptosis and cell cycle arrest are induced by heterocyclic 4′ -demethylepipodophyllotoxin (DMEP) derivatives and etoposide (VP-16) in HeLa cells. A,
Five-member, condensed, and six-member heterocycle substituted with carbon-sulfur bond at the 4 position of DMEP, respectively. B, Induction of apoptosis is
measured by Annexin-V/PI double-staining assay after treatment with VP-16 and heterocyclic DMEP derivatives at the concentration of 10 μM for 6, 12, 24, and 48 h.
C, Cell cycle arrest detection is measured by PI staining assay after treatment with VP-16 and heterocyclic DMEP derivatives at the concentration of 10 μM for 6, 12,
24, and 48 h. Control represent drug-untreated HeLa cells. Each value represented the mean ± S.E.M. of three independent experiments.

available for repair of DNA double-strand breaks (DSB), the damage
from which subsequently induces multiple recombination/repair path
ways (Zhang et al., 2006). DSBs induced by aborted Topo II activity are a
potential source of genome instability and chromosome translocation
(Wu et al., 2011; Nitiss (2009)). The failure to degrade Topo II triggers
cell death pathways by activation of cell cycle check-points, thus
resulting in an accumulation of cells in the G2/M phase (Pommier
(2013); Salmena et al., 2012).
Here, five-member, six-member, and condensed heterocyclesubstituted DMEP derivatives were studied influence tumor suppressor
genes which contribute to tumor cell apoptosis through inhibition of cell
proliferation. Five-member heterocycle-substituted DMEP derivatives
induced the lowest accumulation of γH2AX by double-stranded breaks
that activate DNA repair pathways. Using CRISPR-Cas9, we generated
HeLa knock-out cell lines as well as overexpression (OE) cell lines to
better understand how these genes participate in apoptotic response
during treatment with DMEP derivatives. In TMEM133 OE treated with
five-member heterocycle-substituted DMEP derivatives, IC50 values
decreased while in knock-out lines these IC50 values increased, indi
cating that loss of TMEM133 function led to decreased antitumor ac
tivity, an effect mirrored in apoptosis induction assays. Neither
modification of VGLL3 and MAS1L in HeLa lines, nor treatment with
other compound types caused a change in tumor inhibition or apoptosis.
This work establishes a basis for rational drug discovery targeting

TMEM133 with five-member heterocyclic compounds.
2. Material and methods
2.1. Drugs
Pyrimidine-4′ -demethylepipodophyllotoxin (Pm-DMEP), pyridine4′ -demethylepipodophyllotoxin (Pd-DMEP), benzothiazole-4′ -demethy
lepipodophyllotoxin (Bo-DMEP), benzimidazole-4′ -demethylepipodo
phyllotoxin (Bi-DMEP), triazole-4′ -demethylepipodophyllotoxin (TrDMEP), and thiadiazole-4′ -demethylepipodophyllotoxin (Th-DMEP)
were synthesized by using the method in our previously work (Li et al.,
2015). Purity of each compound (i.e., Pm-DMEP, Pd-DMEP, Bo-DMEP,
Bi-DMEP,Tr-DMEP, Th-DMEP) was >95% as determined by HPLC.
2.2. Cell lines
Biology assay was performed on HeLa (human cervical carcinoma
cells), which were purchased from ATCC. Cells (1000–10000) in a 100
μL culture medium per well were seeded into 96-well micro-test plates
(NEST). Additionally, HeLa cells were maintained in RPMI 1640 me
dium (Gibco, Thermo Fisher) containing 10% fetal calf serum (Sigma)
and 1% penicillin C/streptomycin (Biosharp). The cells were incubated
at 37 ◦ C in a humidified atmosphere with 5% CO2 for 24 h.
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Fig. 2. Effects of heterocyclic 4′ -demethylepipodophyllotoxin (DMEP) derivatives and etoposide (VP-16) on the differentially expressed genes in HeLa cells. A,
Hierarchical cluster analysis of significantly differentially expressed genes for heterocycle derivatives treatments. B, Significant Genes were analyzed and picked out
in HeLa cells with compound S-Pd, C-Bi, and F-Th treatment, respectively. Red represented up-regulated genes in HeLa cells. Green represented down-regulated genes
in HeLa cells.

2.3. Flow cytometry analysis of apoptosis and cell cycle

substituted DMEP derivatives using Trizol (Invitrogen) according to
standard protocol, and further purified with RNeasy Mini Kit (Qiagen).
Total RNA was used to perform oligonucleotide microarray hybridiza
tion (Affymetrix GenChip Human Transcriptome Array (HTA) 2.0). The
slide scanning and data analysis were completed by Shanghai Biotech
nology Corporation. The 2-fold change between groups with DMEP
derivatives treatments and etoposide (VP-16) was the threshold for
significant regulation.

For the apoptosis determination, HeLa cells were treated with the
heterocycle substituted 4′ -demethylepipodophyllotoxin (DMEP) de
rivatives for 6, 12, 24, 36 and 48 h, and incubated in RPMI medium 1640
(Gibco) containing penicillin-streptomycin and 10% fetal calf serum
(FCS). Cells were trypsinized and harvested at 800 g for 5 min, resuspend in 500 μL annexin-binding buffer (10 mM HEPES, 140 mM
NaCl, 2.5 mM CaCl2, pH 7.4) at the cell density of about 106 cells/ml and
stained with 5 μL annexin V and 10 μL propidium iodide for 15 min at
room temperature in the dark. The stained cells were analyzed by BD
Accuri™ C6 flow cytometer. For the cell cycle analysis, after 6, 12, 24,
36 and 48 h treatments with DMEP derivatives, all cells were collected
and washed twice with PBS. Then cells were immersed in 70% ethanol
overnight at 4 ◦ C (1 ml). After completely removing the ethanol, the cells
were spun down at 800 g for 5 min and washed with PBS. Cells were
treated with 10 μL RNase (10 mg/ml) and 500 μL propidium iodide (1
mg/ml). Cells in different phases of the cell cycle were detected by flow
cytometry and analyzed with ModFit LT™ 3.2 version software.

2.5. Construction of HeLa overexpression (OE) VGLL3, MAS1L, and
TMEM133 cells
Competent cells DH5 alpha, LB medium, SacI enzyme, HindIII
enzyme (endonuclease NEB), Emerald enzyme, EasyTaq enzyme
(TaKara products), 1% agarose gel. pcDNA3. 1 (+) mammalian cell
expression vector, G418, Trizol, c2Myc monoclonal antibody and L
ipofectamineTM 2000 were purchased from Invitrogen company;
Pyrobest™ DNA polymerase, DNA restriction enzyme, T4 ligase, and
molecular weight 2000 were purchased from the company; Plasmid
Extraction Kit, clean kit and gel Recovery Kit were purchased from the
company. Primers were designed using software Primer5.0. In order to
meet the needs of further cloning, the upstream primer terminal was
used. Add EcoR I digestion site (shown in box), Kozak sequence and

2.4. Microarray
Total RNA from HeLa cells was treated with the heterocycle
3
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Fig. 3. Analysis and verification of the apoptotic related key genes. A, The significantly expressed genes in HeLa cells with six-membered heterocycle substituted 4′ -demethylepipodophyllotoxin (DMEP) treatment. B,
The significantly expressed genes in HeLa cells with the fused heterocycle substituted DMEP treatment. C, The significantly expressed genes in HeLa cells with five-membered heterocycle substituted DMEP treatment. D,
Effects of heterocycle substituted DMEP derivatives on proliferation inhibition of HeLa cells with VGLL3, MAS1L, TMEM133 gene overexpression and HeLa cells with VGLL3, MAS1L, TMEM133 gene knockout.
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Fig. 4. A, The protein level of TMEM133 in response to S-Pm, S-Pd, C-Bo, C-Bi, F-Th and F-Tr. B, DNA damage was detected by alkaline comet assay. Overexpression
(OE) and knockdown (KO) of TMEM133 affects DNA damage. C, The overexpression or knockdown of TMEM133 was detected by Western blot. HeLa cells were
treated with S-Pm, C-Bi, F-Th at 50 μM after 24 h incubation, respectively. Nuclear DNA was visualized with 4, 6-diamidino-2-phenylindole (DAPI) (blue).

ATG, remove stop codon at downstream end and add XhoI digestion site.
MAS1L
gene:
The
upstream
primer
was
5′ ggtaccatggtctgggggaaaatttgctgg3′ , downstream guide Compound 3′
gaattcttatgtttccacatcgaccctgtg 5’. TMEM133 gene: The upstream primer
was 5′ ggtaccatgacctcacatcactgcgtagga 3′ , downstream guide Compound
3′ acaggaattctcattcataaacctgcattttccc 5’. VGGL3 gene: The upstream
primer was 5′ aagcttatgagttgtgcggaggtgatgtat3′ , downstream guide
Compound 3′ acaggaattctcaagatctcgccattgcactcca5’. The conditions of
PCR reaction were: pre-denaturation, 95 5 min; cycle conditions, 94 30
s, 64.0 30 s, 72 2 min, 30 cycles; 72 extension for 10 min. The gel of the
amplified product was recovered and digested by SacI and HindIII. The
concentration of exogenous fragments and carriers in ELISA was better
than that in 3–10:1. The condition was pET28a (2 μl), genes mutant (6
μl), 10 × T4 Buffer (1 μl),T4 Ligase (1 μl),reaction 16 ◦ C for 8 h. The
single colony was cultured in a 37 ◦ C incubator for about 10 hs and
verified by colony PCR. The PCR verification system: gene-SacI-F (15 μl),
gene-HindIII-R (15 μl), EasyTaq (3 μl), dNTP (24 μl), ddH2O (213 μl). 1%
of agarose gel electrophoresis confirmed that about 1.0 k should be
obtained. HeLa cells were inoculated into six-well plates and divided
into three groups: control group, empty vector group [transfected
pcDNA3.1 (+)] and transfected group. The method of transfection was
carried out according to Lipofectami 2neTM 2000 reagent operation
instructions. The pcDNA2Psap2Myc and liposome were transfected with
DMEM diluted plasmid without serum and antibiotics respectively. The
two plasmids were diluted for 5 min, and then added into the prepared
cells at room temperature for 45 min. The pcDNA3.1 (+) was transfected
by the same method. After 7 hs, the complete medium was replaced, and
after 48 hs, the cells were screened for 4W with G418 containing 1000
μg/ml. The positive clones were cultured under the screening pressure of
500 μg/ml G418.

2.6. Construction of HeLa knock out (KO) VGLL3, MAS1L, and
TMEM133 cells
CRSPR/Cas9-mediated genome editing of T cells was carried out as
described with modifications. Human peripheral blood pan-T cells were
purchased from STEMCELL Technologies. Upon thawing, the HeLa cells
were rested overnight in RPMI supplemented with FBS, hrIL-2 (Pepro
tech, 50 U/ml) and hrIL-7 (Peprotech, 5 ng/ml) prior to activation.
Activation was induced by adding Dynabeads Human Activator antiCD3/28 (Thermo Scientific) at bead-tocell ratio of 3:1 in RPMI supple
mented with 10% FBS. After 24 hs of activation, HeLa cells were replated on cell culture dishes coated with Retronectin (100 μg/ml) and
the 139 CAR lentivirus for 48 hs. 3 days after activation, activating beads
were removed and electroporation was carried out using an Amaxa P3
Primary Cell kit and 4D-Nucleofecter (Lonza). 40 μg of recombinant S.
pyogenes Cas9 (ToolGen) and 10 μg of chemically synthesized tracr/
crRNA (Integrated DNA Technologies) were incubated for 20 min prior
to electroporation to generate Cas9-gRNA ribonucleoprotein (RNP)
complexes. 3 × 106 stimulated T cells resuspended in P3 buffer were
added to the pre-incubated Cas9-gRNA RNP complexes. Cells were
nucleofected using program EO-115. Following electroporation, cells
were seeded at 5 × 105 cells/ml in RPMI supplemented with 10% FBS,
hIL-2 (Peprotech, 50 U/ml) and hIL-7 (Peprotech, 5 ng/ml). The
following crRNA targeting sequences were used in the study: VGLL3: 5′ CCATCGTAAGCAAACCTTAG-3′ ,
MAS1L:
5′ -CTCTCAAGCT
′
′
GAGTGGGTCC-3 , and TMEM133: 5 -ACGAGCACTCACCAGCATCC-3’
(Supplementary Fig. S3).
2.7. Quantitative real-time PCR (Q-RT-PCR)
To validate the results in microarray analysis, a series of randomly
selected different genes were measured by quantitative real-time RTPCR, using a SYBR Green PCR master mix (Applied Biosystems).
5
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Fig. 5. 4β-Triazole-4′ -demethylepipodophyllotoxin induced apoptosis in HeLa cells, which was wild type (WT), TMEM133 gene overexpression (OE) and TMEM133 gene knockout (KO). The apoptosis ratio was
determined after incubation for 6, 12, 24, 36 and 42 h with the compound concentration of 5 μM, respectively.
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Fig. 6. 26S proteasome-mediated degradation of Topo II β is mediated by heterocyclic 4′ -demethylepipodophyllotoxin (DMEP) derivatives and etoposide (VP-16) in
HeLa cells. A, Topo IIα and Topo IIβ expression levels are measured by Western blot after treatment with heterocyclic DMEP derivatives and VP-16 at the con
centration of 10 μM for 3, 6 and 12 h. HeLa cells are lysed with staphylococcal S7 nuclease treatment by the alkaline lysis solution. B, HeLa cells are treated by the
presence or absence of MG-132 at the concentration of 2 μM for 30 min, respectively. And then HeLa cells are lysed with staphylococcal S7 nuclease treatment by the
alkaline lysis solution. β-actin protein levels serve as a loading control.

Quantifying the transcripts of the genes in each sample normalized to a
housekeeping gene, β-actin. Relative mRNA expression was determined
by using 2-(ΔΔCt) method.

Tris-HCl, pH 8.0, 0.5 ml/L Tween-20) for 30 min. A speciffc primary
antibody was added to bind the target proteins overnight at 4 ◦ C. The
blot was washed with TBST, and then probed with a secondary antibody
in TBST for 1 h at room temperature. All signals were detected by x-ray
films using ECL reagents (Millipore).

2.8. The topoisomerase II (Topo II) down-regulation assay
Briefly, 2 × 105 cells were treated with heterocycle substituted
DMEP derivatives at 10 μM for 3, 6 and 12 h, washed once and
replenished with fresh media, then cultured for an additional 30 min.
Cells were lysed with 50 μL alkali lysis buffer (200 mM NaOH, 2 mM
EDTA), and 8 μL neutralizing buffer (1 M HCl, 600 mM Tris, pH 8.0) for
neutralization. For the S7 nuclease digestion, 6.6 μL 10 × S7 nuclease
reaction buffer (50 mM MgCl2, 50 mM CaCl2, 5 mM DTT, 1 mM EDTA,
10 × protease inhibitor Cocktail) and 60 U staphylococcal S7 nuclease
(Roche) were added to neutralization mixtures with a 30-min digestion
on ice.

2.10. Alkaline comet assay
The alkaline single cell gel electrophoresis (comet assay) was per
formed using the Alkaline Comet Assay® kit (Trevigen, USA). HeLa cells
were seeded in 6-well cell culture plates (NEST, China) at a density of
105 cells per well and grown for 1 day at 37 ◦ C. Cells were incubated
either with or without teniposide and compounds for 24 hs in serum-free
media. Before harvesting cells, LMAgarose was melted in a beaker of
boiling water with the cap loosened and then cooled in a 37 ◦ C water
bath. Trypsinized cells were combined with molten LMAgarose at a ratio
of 1:10 and 80 μL was immediately pipetted onto a CometSlide™. If
necessary, the side of a pipette tip was used to spread agarose/cells over
the sample area to ensure complete coverage of the sample area and the
slides were placed flat at 4 ◦ C in the dark for 40 min. Then slides were
immersed in lysis solution which was cooled at 4 ◦ C before use. After 30
min, slides were incubated in alkaline unwinding solution (0.2 M NaOH,
1 mM EDTA) for 30 min at room temperature and electrophoresed at 15
V for 20 min in electrophoresis solution (0.2 M NaOH, 1 mM EDTA, pH
> 13). Then, slides were washed twice with double distilled water and

2.9. Western blot analysis
HeLa cells were washed with PBS and collected at different time
intervals. Cells were lysed by adding 100 μL RIPA buffer with 1% pro
tease inhibitor PMSF. Protein samples in SDS gel loading buffer were
boiled for 10 min and then analyzed by SDS-PAGE. After electropho
resis, proteins were transferred onto PVDF membrane and membranes
were blocked with 5% bovine serum albumin (BSA) in TBST (20 mM
7
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Fig. 7. Effects of heterocyclic 4′ -demethylepipodophyllotoxin (DMEP) derivatives and etoposide (VP-16) on Topo II-DNA breakage mediated repair and ATM/ATR
cell stress response pathway. A, Homologous recombination (HR) proteins Rad50, MRE11, NBS1 and Rad51 were measured by Western blot after treatment with
heterocyclic DMEP derivatives and VP-16 at the concentration of 10 μM for 12 h. B, Non-homologous end joining (NHEJ) proteins Ku70, Ku80, XRCC4 and DNALigase IV were measured by Western blot after treatment with heterocyclic DMEP derivatives and VP-16 at the concentration of 10 μM for 12 h. C, G2/M cycle arrest
proteins and cycle progression proteins ATM, ATR, Chk1, Chk2, Cdc25c, CDK1, and Cyclin B were measured by Western blot after treatment with heterocyclic DMEP
derivatives and VP-16 at the concentration of 10 μM for 12 h. D, HeLa cells were treated by the presence or absence of MG-132 at the concentration of 2 μM for 30
min, respectively. And then G2/M cycle arrest proteins and cycle progression proteins were measured by Western blot after treatment with heterocyclic DMEP
derivatives and VP-16 at the concentration of 10 μM for 12 h. β-actin protein levels serve as a loading control. Each value represents the mean ± S.E.M. of three
independent experiments. *P < 0.05. **P < 0.01.

once with 70% ethanol for 5 min. Next, samples were dried at 37 ◦ C for 2
hs and stained with diluted 4′ ,6-diamidino-2-phenylindole, dihydro
chloride (DAPI) Blue Staining Solution for 15 min in the dark. Then, they
were mounted with coverslips and sealed with clear nail polish. Images
were captured with a Cytation3 microscope illumination system (Bio
Tek, USA) equipped with an epq100-isolated epifluorescence condenser.
About 50 spots of HeLa cells were randomly analyzed with an image
analysis system (Gen 5, BioTek, USA). Gen 5 software was used to
calculate the lengths of the comet tails. The mean values were taken to
represent the extent of DNA damage.

washed once with PBS and incubated with anti-γH2AX antibody (CST, 1
to 200 dilution) in PBS containing 1% fetal calf serum (FCS), 0.2%
Triton X-100 and 0.1% sodium azide overnight at 4 ◦ C. After washed
twice, cells were incubated with Alexa Fluor-488 conjugated secondary
antibody. The coverslips were washed and nucleus was stained with
DAPI at a concentration of 0.5 μg/ml. After this, the mixture was incu
bated for 15 min and fluorescence images were captured using an
Olympus epifluorescence microscope. The images were recorded with a
Hamamatsu 4742-95 cooled CCD camera.
2.12. In vivo acute toxicity assay

2.11. Immunofluorescence

The animal experiment was carried out in a barrier housing facility
by keeping with the national standard of Laboratory AnimalRequirements of Environment and Housing Facilities (GB 149252001). The care of laboratory animal and the animal experimental
operation conformed to Beijing Administration Rule of Laboratory

HeLa cells were plated onto 6-well tissue culture plates containing
12 mm round coverslips. Cultured cells were overnight and treated with
the heterocycle substituted DMEP derivatives for 6 h followed by fixa
tion with 4% paraformaldehyde in PBS at 4 ◦ C for 1 h. Fixed cells were
8
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Fig. 8. Acute toxicities and antitumor efficacy of F-Th and F-Tr. A, The body-weight of male C57BL6 mice. Compared with VP-16, compounds F-Th and F-Tr showed
low cytotoxicity to mice. VP-16 showed intense lethal toxicity to mice after 50 mg/kg treatment 4 days. B, HE staining of heart, liver, spleen, lung, and kidney of
mice. There was no significant organ toxicity was observed in F-Th and F-Tr groups. The whole structure of myocardial tissue was normal in VP-16 group, but
inflammatory cell infiltration was visible in the tissue. The overall structure of spleen tissue was abnormal in VP-16 group. The spleen cells were markedly edematous
and necrotic in VP-16 group.

Animal et al. The investigation conforms the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996). The study protocol was
approved by the Laboratory Animal Service Center of Shandong Uni
versity (Qingdao, China). The ethical number was SYDWLL, which
approved by the Scientific Ethic Committee of Shandong University. We
promise that the study was performed according to the international,
national and institutional rules considering animal experiments and
biodiversity rights. Male and female C57BL/6 mice were purchased and
housed at the Laboratory Animal Service Center of Shandong University
(Qingdao, China) in pathogen-free conditions, maintained at constant
room temperature, and fed a standard rodent chow and water for acute
toxicity assay. A toxicity study by intraperitoneal injection was con
ducted according to the guidelines of the Organization for Economic Cooperation and Development. For acute toxicity, the mice were injected
with a maximal dosing volume of 10 ml/kg with a volume of 0.2 ml 100
C57BL/6 mice (18.00–20.0 g), half male and half female, were randomly
divided into 10 groups (n = 10). A total of 50, 100, 150 mg/kg drug (VP-

16, F-Th and F-Tr) were intraperitoneal injected with a single dose of 20
mg/kg every half day in three days. The number of rat death was
counted every half day.
2.13. Statistical analysis
All the presented data and results were confirmed by at least three
independent experiments. The data are expressed s means ± S.E.M. and
analyzed with GraphPad Prism 6.0 software. Statistical comparisons
were made by One-way ANOVA and student’s t-test. P < 0.25 was
considered statistically significant.
3. Results
3.1. DMEP derivatives induce apoptosis and arrest cell cycle in HeLa cells
Preliminary in vitro cytotoxicity tests comparing HepG2, BGC823,
A549, and HeLa tumor cells, showed that HeLa cells exhibited the
9
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strongest drug sensitivity to DMEP derivatives (Li et al., 2015), so this
line was selected as the model for subsequent interrogation to determine
the mechanisms and efficacy of these compounds. We chose three types
of heterocycle substituted DMEP derivatives to investigate the effects of
heterocycle substitution on antitumor activity against cancer cells.
These novel compounds are designated “S”, “C”, and “F” to indicate
six-member, condensed, and five-member heterocycle type substituent
groups, respectively. The specific modified compounds used for this
study were pyrimidine (Pm), pyridine (Pd), benzothiazole (Bo), benz
imidazole (Bi), triazole (Tr), and thiadiazole (Th) (Fig. 1A).
Induction of apoptosis was measured in HeLa cells following treat
ment with 10 μM F-Th, F-Tr, C-Bi, C-Bo, S-Pd, S-Pm, and the positive
control etoposide (VP-16) for 6, 12, 24, 36, and 48 h (Fig. 1B). The
apoptotic ratio of untreated HeLa cells was less than 10%. Compared
with the induced-apoptosis by the DMEP clinical drug VP-16 (maximum
ratio of 23% at 48 h), the induced-apoptosis ratios in DMEP derivative
treatments were 0.5–3.5 fold higher. At 48h, treatment with fivemember substituted DMEP derivatives (i.e., F-Th and F-Tr) resulted in
the highest induced-apoptosis ratio of 90%. Apoptosis induced by F-Th
and F-Tr compounds was ~18% greater than that of the condensed
DMEP derivatives C-Bi and C-Bo, which in turn showed a ~20% increase
over six-member DMEP derivatives S-Pd and S-Pm. However, differ
ences in the apoptotic effects of DMEP derivatives with the same type of
heterocycle substitution were negligible.
To further confirm the results, we detected the percentage of HeLa
cells which were arrested in each phase of the cell cycle during the
apoptotic process. All of the DMEP derivatives exhibited time-dependent
activity on the G2/M phase of cell cycle arrest (Fig. 1C). Less than 10% of
the untreated cells were found to undergo cell cycle arrest, while the
percentage of cells in G2/M cell cycle arrest was 50.1% after 48 h of VP16 treatment. After 48h of treatment with S-Pm, S-Pd, C-Bo, or C-Fi
compounds, the percentages of cells arrested in the G2/M phase were
71.6%, 77.2%, 81.7%, and 85.3%, respectively. Corresponding with
apoptosis data, however, the highest percentage of HeLa cells in G2/M
cell cycle arrest was over 90% F-Th treatment groups at 48h. The effects
of treatment with DMEP derivatives were similar when measured by
number of cells arrested in the G2/M phase or by number of apoptotic
cells.
Together, these results suggested that the DMEP derivatives exhibi
ted a higher potency than VP-16 for inducing apoptosis and cell cycle
arrest, with the highest antitumor activity found in five-member DMEP
derivative treatments compared to those with six-member and
condensed heterocycle substitutions.

all commonly expressed in cells from all three DMEP derivative treat
ment groups. The GO enrichment analysis indicated that F-Tr could
significantly induce the immune system process, DNA metabolic pro
cess, stress response, and metabolic process than that of S-Pm and C-Bi
(Supplementary Fig. S1A). Compared with F-Tr, S-Pm significantly
induced the reproduction, mitotic cell cycle, movement of cell or sub
cellular component. The KEGG enrichment analysis indicated that the
top enrichment mRNA expression of signaling pathway, such as tumor
suppressor, G-protien, MAPK, and transmembrane signaling pathway
were significant activated after the treatment of F-Tr (Supplementary
Fig. S1B). Compared with F-Tr, S-Pm activated DNA repair, cell cycle,
p53 and JNK related signaling pathway.
As indicated in Fig. 3A, the activated genes in the S-Pd treatment
(MAGEH1, AJUBA, BIRC1, RAP2B, and SMG1) were not apoptosisrelated genes. Similarly, in the C-Bi treatment the most highly upregulated genes were also non-apoptotic genes (OXSR1, WNK1,
USP12, STX4, MT1F, MT2A, ADAM10, ADAM12), and notably, the
apoptosis-related gene FLOT2 (Fig. 3B) was down-regulated. In contrast
to S-Pd and C-Bi, F-Th treatment specifically activated four apoptosisrelated genes, including VGLL3, MAS1L, DUSP16, and TMEM133
(Fig. 3C). DUSP16 expression was not significantly different between
treatments, so it was excluded from further experiments. These data
strongly suggest that treatment with DMEP heterocycle-substituted de
rivative compounds induces differential gene expression in HeLa cells,
and furthermore VGLL3, MAS1L, and TMEM133 were good candidates
for further study.
3.3. Gene overexpression and knockout in HeLa cell lines shows
TMEM133 participates in F-Th-induced apoptosis response
In order to further examine whether VGLL3, MAS1L, and TMEM133
expression is indispensable for promoting apoptosis in HeLa cells, we
generated overexpression and knockout lines for each gene. Compared
to the control, mRNA expression levels of VGLL3, MAS1L, and TMEM133
were increased by 3.4-, 3.6-, and 5.7-fold, respectively (Supplementary
Fig. S2). Using CRISPR-Cas9 gene editing, we produced HeLa knock-out
lines for VGLL3, MAS1L, and TMEM133 (Supplementary Fig. S3).
As indicated in Fig. 3D, while no significant inhibition of cell pro
liferation was observed under S-Pm or C-Bi treatments in HeLa tumor
cells with VGLL3 or MAS1L gene overexpression and knock-out, the IC50
values of compound F-Th were 0.1 and 1.5 μM against TMEM133 gene
overexpression and knock-out HeLa tumor cells, respectively. Compared
with F-Tr and F-Th, the protein level of TMEM133 in response to S-Pm,
S-Pd, C-Bo and C-Bi were all low in HeLa cells (Fig. 4A). The comet assay
showed that VP-16, S-Pm, C-Bi could significantly induce the fragment
DNA damage. Interestingly, F-Th could not induce the fragment DNA
damage, but induced fragment DNA damage in overexpression
TMEM133 group (Fig. 4B). The Western blot results demonstrated the
overexpression and knockdown of TMEM133 group (Fig. 4C). The same
trend was observed for apoptosis wherein a significant increase was
observed in TMEM133 gene overexpression cells (Fig. 5). Expression of
the TMEM133 gene thus increased sensitivity to F-Th. These results
show that the tumor suppressor gene TMEM133 was activated and
involved in apoptosis response induced by the DMEP derivative F-Th.

3.2. Treatment with DMEP derivatives induces differential gene
expression in HeLa cells
To further clarify the differences in antitumor activity induced by
DMEPs, gene expression profiles were generated for HeLa cells after
treatment with
VP-16,
S-Pd,
C-Bi,
and
FTh using an oligonucleotide microarray (Agilent
HTA
2.0) that
allowed us to probe 44,699 genes and 245,349 potential transcripts.
Clustering analysis indicated that some genes showed markedly dif
ferential expression between HeLa cells that were untreated, treated
with VP-16, or treated with heterocycle-substituted derivatives
(Fig. 2A). Further analysis revealed that the three types of DMEP de
rivatives each had a unique profile of differentially expressed genes
associated with cell adhesion, apoptosis, proliferation, and signal
transduction, with ≥2-fold change compared with their expression in
VP-16 treatment groups. Specifically, STAG1, MAGEH1, AJUBA, SMG1,
and EGR1 were up-regulated in S-Pd treatments, while SFPQ, BIRC8,
RAP2B, NFκBIA, SMC1A, and UBD were down-regulated (Fig. 2B). In the
C-Bi treatment, eight genes were up-regulated and seven downregulated, whereas in the F-Th treatment nine genes were upregulated and four genes were down-regulated. Among these genes
(Supplementary Table S1), SFPQ, SMC1, STAG1, UBD, and NFκBIA were

3.4. γH2AX was formatted after proteasome-mediated degradation of
Topo IIβ with heterocycle substituted 4′ -demethylepipodophyllotoxin
derivatives treatment
One of the earliest events upon double strand break (DSB) induction
is serine phosphorylation of the carboxy-terminal tail of the histone
variant H2AX to form γH2AX (Vos et al., 2011). Degradation of Topo II is
required to expose the dsDNA breaks for subsequent activation of DNA
repair proteins, thus decreasing cell sensitivity to drugs, such as etopo
side (Bonner et al., 2008). Since the level of phosphorylated H2AX
(γH2AX) is proportional to the levels of free double strand breaks (DSBs)
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(Adachi et al., 2004; Donà et al., 2008). We measured the level of γH2AX
as a marker to monitor the generation and repair of DMEP
derivative-induced DSBs resulting from Topo IIβ degradation. Immu
nofluorescence flow cytometry experiments using an anti-γH2AX anti
body revealed that (Fig. 6A), γH2AX levels increased in DMEP derivative
treated HeLa cells, indicating DMEP treatment lead to a higher amount
of DSBs. These data showing an increase in γH2AX formation through
heterocycle-substituted DMEP treatment, the highest being in VP-16
treatments, supports our findings that Topo IIβ degradation also in
creases under these conditions. Furthermore, the γH2AX formation
detected by western blots was consistent with the results of immuno
fluorescence assays (Fig. 6B). As expected, the increase in γH2AX in
DMEP derivative treatments was strongly mitigated by co-treatment
with the proteasome inhibitor, the 26S proteasome inhibitor
carbobenzoxy-leucyl-leucyl-leucinal (MG132) (Tian et al. (2014)), and
the differences in γH2AX accumulation between compound treatments
was also significantly reduced. These results suggest a role for 26S
proteasomes in processing Topo II-DNA covalent complexes into DSBs
during treatment with DMEP derivatives for subsequent repair.

inhibition was found in cells treated with F-Th and F-Tr compounds,
which had the highest anti-tumor and G2/M arrest activity. These ex
periments thus showed that the ATM/ATR pathway was triggered by
DNA damage mediated by inhibition of Topo II.
3.7. Triazole/thiadiazole substituted DMEP derivatives exhibited the low
toxicity in vivo
For acute toxicity, there were no apparent changes in the body
weight of (i.e., 20 g) mice after treatment with 50 mg/kg of F-Th and FTr for 15 days (Fig. 8A). Compared with VP-16, F-Th and F-Tr showed
low cytotoxicity to mice. VP-16 showed intense lethal toxicity to mice
after 50 mg/kg treatment 3 days. 100 mg/kg of F-Th and F-Tr signifi
cantly reduced the growth rate of mice. F-Th and F-Tr showed intense
lethal toxicity to mice after 150 mg/kg treatment 5 days. Additionally,
hematoxylin-eosin staining (H&E) staining of the heart, liver, lung, and
kidney were collected after 50 mg/kg of VP-16, F-Th and F-Tr treatment
15 days. As shown in Fig. 8B, compared with VP-16, there was no
observable major organ-related toxicities on heart, liver, lung, and
kidney in group of F-Th and F-Tr. The above results indicated that F-Th
and F-Tr exhibited significantly reduced toxicity compared with VP-16.

3.5. Five-membered heterocycle-substituted DMEP derivatives showed the
lowest induction of DNA repair proteins in response to free double strand
breaks

4. Discussion

In order to determine the which DNA repair pathways are activated
in response to treatment with DMEP derivatives, we used Western blot
analysis to examine the expression of several specific proteins involved
in homologous recombination (HR) and Non-homologous End Joining
(NHEJ) processes. These proteins include RAD50, MRE11, NBS1, and
RAD51 for HR (Fig. 7A), and Ku70, Ku80, XRCC4 and DNA-Ligase IV, for
NHEJ (Fig. 7B). Compared with untreated control cells, during the 12 h
exposure to heterocycle-substituted derivatives, the levels of all four HR
proteins were significantly decreased. Treatment with VP-16 led to the
highest up-regulation of all proteins, and for DMEP derivatives, upregulation was inversely related to anti-tumor efficacy, with higher ef
ficacy correlating with decreased up-regulation. The five-membered
heterocycle-substituted compounds F-Tr and F-Th thus induced the
lowest protein expression. Similarly, all four NHEJ proteins were acti
vated after compound treatment, also with weaker activation exhibited
by cells exposed to compounds with better antitumor activity.
RAD51, XRCC4, and DNA-Ligase IV, the final determinants for acti
vation of HR and NHEJ, were further tested for expression by 12 h of
exposure to DMEP derivatives. These three proteins all showed a timedependent increase in expression, with changes in rate of expression
consistent between DMEP derivative treatments. Furthermore, the
activation of these three proteins were very weak, suggesting that there
were low levels of DNA damage in these cells. These observations
indicated that the expression levels of repair proteins induced by free
double strand breaks is related to the antitumor efficacy of DMEP
compounds in HeLa cells.

In this work, we systematically explored the genetic mechanisms
underlying the antitumor activity of heterocycle-modified 4′ -demethy
lepipodophyllotoxin (DMEP) derivatives for improvement of their
antitumor efficacy in medicine. We found that treatment with pyrimi
dine/pyridine, benzothiazole/benzimidazole, and triazole/thiadiazole
substituted 4′ -demethylepipodophyllotoxin derivatives all resulted in
differential gene expression in HeLa cells, though triazole/thiadiazole
substituted 4′ -demethylepipodophyllotoxin derivatives, in particular,
activated apoptosis-related genes. Most strongly correlated with this
treatment was TMEM133, identified by its homology with a cDNA clone
(AF099505) found during a differential display screen of mRNA asso
ciated with colorectal cancers, and thus named “colon carcinoma related
protein” (Hai et al., 2003). TMEM133 cDNA was subsequently identified
in placental tissues by similarity to the transcription enhancer 1
(TEAD1) interaction domain (Wang et al., 1999). It remains unclear
whether VGLL3, which is associated with tumor suppression in ovarian
cancer (Maeda et al., 2002), is a bona fide Hippo pathway member.
However, in this work TMEM133 was shown to be directly involved the
inhibition of tumor cell growth.
Initially we found that pyrimidine/pyridine, benzothiazole/benz
imidazole, and triazole/thiadiazole substituted 4′ -demethylepipodo
phyllotoxin derivatives all activated SFPQ (DNA repair regulation) and
SMC1 (G2/M cycle arrest regulation). The interruption of replication by
the DNA-activated ATM/ATR stress response pathway was accompanied
by differential expression of STAG1, UBD, NFKBIA (NFκB-p53 apoptotic
pathway regulation), and EGR1 (MAPK signal pathway regulation).
However, there was no obvious difference in the degree of pathway
activation among the three types of compounds; nor did these results
correlate with antitumor activity data. Previous work showed a large, 330-fold and 6-100-fold increase in antitumor activity exhibited by fivemember derivatives compared to condensed- and six-member de
rivatives, respectively. In this study, five-member derivatives also
showed significantly higher antitumor activity and induced-apoptosis
ratio than that of the condensed derivatives, which performed better
than the six-member heterocycle-substituted DMEP derivatives. The
activation of cycle arrest proteins by DMEP derivatives was mitigated by
co-treatment with the proteasome inhibitor, MG132, and the differences
in expression between treatments disappeared. Additionally, activation
of the ATM/ATR pathway was time-dependent and reached its highest
level of induction at 48 h (Supplementary Fig. S4A).
This work is the first to report on the intrinsic regularity between
DMEP derivative compounds and the genetic mechanisms of their

3.6. ATM/ATR cell stress response pathway is activated by Topo II-linked
DNA breakage
In order to determine the effects of heterocycle-substituted DMEP
derivatives in the activation of the ATM/ATR stress response pathway in
HeLa cells, - Western Blots were used for detection of G2/M cycle arrest
and cycle progression proteins phospho-ATM, phosphor-ATR, Chk1,
Chk2, and Cdc25c (Fig. 7C). Compared with untreated control cells, all
of these proteins were strongly induced by DMEP derivatives and VP-16.
Compared with VP-16, DMEP derivatives induced high expression of pATM, p-ATR, Chk1, Chk2, and Cdc25c. In this case, anti-tumor activity
for DMEP derivatives correlated positively with induction of G2/M
arrest-related proteins, with the highest up-regulation of expression
found in F-Tr and F-Th treatments. In contrast, the expression of cycle
progression proteins CDK1 and cyclin B was inhibited, and the strongest
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