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Abstract: We have earlier reported anticancer activity in Withaferin A (Wi-A), a withanolide derived
from Ashwagandha (Withania somnifera) and caffeic acid phenethyl ester (CAPE), an active compound
from New Zealand honeybee propolis. Whereas Wi-A was cytotoxic to both cancer and normal cells,
CAPE has been shown to cause selective death of cancer cells. In the present study, we investigated
the efficacy of Wi-A, CAPE, and their combination to ovarian and cervical cancer cells. Both Wi-A
and CAPE were seen to activate tumor suppressor protein p53 by downregulation of mortalin and
abrogation of its interactions with p53. Downregulation of mortalin translated to compromised
mitochondria integrity and function that affected poly ADP-ribose polymerasel (PARP1); a key
regulator of DNA repair and protein-target for Olaparib, drugs clinically used for treatment of breast,
ovarian and cervical cancers)-mediated DNA repair yielding growth arrest or apoptosis. Furthermore,
we also compared the docking capability of Wi-A and CAPE to PARP1 and found that both of these
could bind to the catalytic domain of PARP1, similar to Olaparib. We provide experimental evidences
that (i) Wi-A and CAPE cause inactivation of PARP1-mediated DNA repair leading to accumulation
of DNA damage and activation of apoptosis signaling by multiple ways, and (ii) a combination of
Wi-A and CAPE offers selective toxicity and better potency to cancer cells.

Keywords: Ashwagandha; Withaferin A; Honeybee propolis; CAPE; Cancer; Mortalin; p53; PARP1;
Regulation

1. Introduction

Withaferin A (Wi-A) is a steroidal lactone found in Withania somnifera (Ashwagandha), a popular
ayurvedic herb. It has been shown to be cytotoxic to a variety of tumor cells [1-9]. Multiple mechanisms
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of its action have been described that include (i) induction of oxidative stress, reactive oxygen
species (ROS) generation and loss of mitochondrial membrane potential yielding caspases and
poly ADP-ribose polymerase (PARP) cleavage mediated apoptosis; (ii) inhibition of NF-kappa B
signaling; (iii) targeting of Vimentin intermediate filaments, an essential protein involved in adhesion,
migration, survival, and epithelial-mesenchymal transition (EMT); (iv) inhibition of AKT signaling;
(v) induction and accumulation of p53 and its downstream proteins involved in growth arrest/apoptosis;
(vi) downregulation of human papilloma virus (HPV) E6 and E7 oncoproteins; and (vii) inhibition of
telomere lengthening process in ALT cancer cells [1-16].

The honeybee hive product propolis and its active ingredient caffeic acid phenethyl ester
(CAPE) have also been assigned several pharmaceutical properties, including anti-inflammatory;,
immunostimulatory, anti-bacterial, anti-viral, and anticancer properties [17-20]. Several studies have
shown that CAPE preferentially kills malignantly transformed cells and is relatively non-toxic to normal
cells [21-23]. Apoptosis and differentiation are the two common endpoints reported for CAPE-treated
cancer cells [24-29]. Furthermore, it has also been proposed to possess potent chemopreventive
activity [21,30,31]. Multiple mechanisms of its action demonstrated in several laboratory studies,
so far, include (i) inhibition of NF-kappa B and nitric oxide synthase (iNOS) signaling [26,32,33];
(ii) restoration of gap junctions and downregulation of p21™ [34,35]; (iii) induction of p53, Bax and Bak
yielding apoptosis [25,36,37]; (iv) inhibition of p21-activated kinase (PAK1), essential for the growth of
both neurofibromatosis type 1 (NF1) and type 2 (NF2) [38]; (v) downregulation of mdr-1 responsible
for drug resistance in cancer cells [39]; (vi) inhibition of Vascular endothelial growth factor (VEGEF),
a key regulator of angiogenesis, invasion and metastasis of cancer cells [40,41]; (vii) downregulation of
Vimentin and Twist 2 that control EMT [42]; (viii) downregulation of Akt signaling, essential for cancer
cell survival [43—45]; (ix) inhibition of histone deacetylase [46]; and (x) disruption of mortalin-p53
complexes leading to nuclear translocation and activation of p53 resulting in growth arrest in cancer
cells [20]. Several studies have shown that CAPE causes decrease in cell migration, mediated by
downregulation of tissue inhibitor of metalloproteinases-2 (TIMP-2), matrix metalloproteinases-2
(MMP-2), MMP-9, and mortalin [20,47-49]. It has also been shown to sensitize cancer cells to IR and
other anticancer drugs [50,51] as well as protect normal tissues against their adverse effects. CAPE was
shown to act both as radioprotector and radiosensitizer [52]. Lee et al. reported that pre-treatment with
CAPE prior to the administration of t-BHP prevented hepatotoxicity [53]. Albukhari et al. showed
protective effects of CAPE against Tamoxifen (TAM)-induced hepatotoxicity [54]. Motawi et al. also
reported that it improves anticancer activity of TAM [55,56]. On the other hand, it attenuated the
inhibition of neuritogenesis and downregulation of markers of neuroplasticity induced by cisplatin
treatment [29]. Similarly, Matsunaga et al. reported the effectiveness of CAPE on cytotoxicity of
doxorubicin and cisplatin; commonly used anticancer drugs. CAPE caused sensitization of cancer cells
to these drugs and was suggested to be a potent adjuvant [57].

Ovarian and cervical cancers, the most common cancers among women worldwide, show high
incidence of recurrence and are the top cause of death among gynecological malignancies.
The treatments, including surgery, radiotherapy, and chemotherapy, are expensive and often
complicated by several adverse side-effects and drug resistance. Poly ADP-ribose polymerase (key
component of DNA repair processes) inhibitors (PARPi) (Olaparib, Rucaparib, and Niraparib) are
the approved drugs for these cancers. Although the oral formulation of these inhibitors is attractive
to patients, their adverse effects such as nausea and fatigue that impact quality of life [58] and high
cost (~ $14,000 USD/month) [59] are of high concern. Natural products, on the other hand, are easily
available, affordable, and considered less toxic alternative and/or combinational therapeutic modules.
With these in mind, we performed bioinformatics and experimental analyses on the molecular effect of
Wi-A and CAPE, and formulated their low dose combination. We demonstrate that Wi-A and CAPE,
(i) in addition to the activation of tumor suppressor protein p53, mimic the activity of PARP1 inhibitor,
Olaparib, and (ii) their low dose combination provides higher efficacy in these mechanisms.
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2. Results

2.1. Wi-A and CAPE Caused Cytotoxicity to Cervical and Ovarian Cancer Cells

Several earlier studies have reported that the cytotoxicity of Wi-A and CAPE to cancer cells is
mediated, at least in part, by targeting mortalin-p53 interactions [7,9,10,20] and reactivation of wild
type p53 activities. We used abrogation of mortalin-p53 interaction and reactivation of p53 as an
assay to screen for anticancer drugs from a library of small molecules including natural and synthetic
compounds. The selected compounds were tested for their cytotoxicity to a variety of human cancer
cells. We found that breast, cervical and ovarian cancer cells showed higher cytotoxicity as compared
to the others including lung, prostate, bone and pancreatic cancer [60]. In this regard, we selected four
cervical (SKGII, SKGIIIb, ME180 and HeLa) and two ovarian (SKOV3 and OKV-18) cancer cell lines
and investigated their response to Wi-A and CAPE.

Using serial doses of Wi-A and CAPE, we found that Wi-A was cytotoxic to all these cell lines with
half maximal inhibitory concentration (ICsg) of 2-3 uM (Figure 1A). CAPE, on the other hand, showed
less toxicity (ICs5y was 45 uM for HeLa and SKGII, 41 pM for OKV-18, 79 uM for ME180, ~100 uM for
SKOV3 and SKGlIIb) (Figure 1B). Mean ICs, values, calculated by plotting cell survival (%) versus
drug concentration (M), from more than three independent experiments are shown in Figure 1A,B.
Normal human cells (MRC5) did not show toxicity to Wi-A at doses <2 pM and CAPE at doses
<60 pM. Interestingly, among the different cell lines examined, SKOV3 showed weak response. On the
other hand, HeLa, OVK18, and SKGII showed strong cytotoxicity in several independent experiments
(Figure 1A,B). Furthermore, CAPE showed selective cytotoxicity to cancer cells (Figure 1B). Based on
these data, we selected HeLa cells for further analysis. Microscopic observations of control and treated
cells showed growth arrest at low dose and apoptosis at high dose (Figure 1C,D). Long-term viability
assays showed dose-dependent decrease in colony-forming efficacy of cells treated with Wi-A or CAPE.
Based on these short- and long-term viability analyses, we selected HeLa for further investigations on
the molecular mechanism(s) of Wi-A and CAPE toxicity.

2.2. Wi-A and CAPE Caused Downregulation of Mortalin and Activation of Tumor Suppressor p53 Protein

Wi-A and CAPE have earlier been shown to target mortalin-p53 interactions in U20S cells causing
nuclear translocation and activation of tumor suppressor p53 protein [61]. We examined control,
Wi-A and CAPE treated HeLa cells for p53 and mortalin expression. As shown in Figure 2A,B,
P53 protein levels showed clear increase in the Western blots. Immunostaining of control and treated
cells with specific antibodies for p53 and mortalin revealed increase in nuclear p53 (Figure 2C,D).
Analysis of p53 and mortalin mRNA revealed dose dependent increase in p53 and decrease in mortalin
mRNA (Figure 2E,F) in treated cells as compared to the untreated counterparts, suggesting that these
compounds not only affect mortalin-p53 interaction at protein level but also regulate their level of
expression at the transcriptional level that may translate to their multiple modes of action.
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Figure 1. Dose dependent cytotoxicity of Withaferin A (Wi-A) and caffeic acid phenethyl ester (CAPE) to
cervical and ovarian cancer cells. (A,B) 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT)-based cell viability assay showing cytotoxicity in various cell lines treated with Wi-A (A) or
CAPE (B). ICs values for each of the cell types used are shown in Table inset in A and B. (C,D)
Phase contrast images showing cell morphology at 24 h and 48 h treatment showing predominant
growth arrest and apoptosis, respectively, when treated with Wi-A (C) or CAPE (D); Scale bar-10 uM.
(E,F) Long-term viability assay showing dose-dependent decrease in number of colonies (clonogenicity)
for cells treated with either Wi-A (E) or CAPE (F). Data were normalized against the control and plotted
as percent difference. Each data set represents the mean + SD for at least three independent biological
replicates. Statistical significance was defined as p-values (*) where * <0.05, ** <0.01 and *** < 0.001
represent significant, very significant and highly significant, respectively.
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Figure 2. Withaferin A (Wi-A) and caffeic acid phenethyl ester (CAPE) caused downregulation of
mortalin and activation of tumor suppressor p53 protein. Wi-A- and CAPE-treated cells showing
dose-dependent decrease in mortalin and increase in p53 protein levels in HeLa cells as detected
by Western blotting (A,B) and immunostaining (C,D); Scale bar-20 uM. Dose-dependent increase in
P53 mRNA and decrease in mortalin mRNA were detected in cells treated with Wi-A (E) and CAPE
(F). Data were normalized against the control and plotted as fold or percent difference as indicated.
Each data set represents the mean + SD for at least three independent biological replicates. Statistical
significance was defined as p-values (*) where * <0.05, ** <0.01 and *** < 0.001 represent significant,
very significant and highly significant, respectively.

2.3. Wi-A and CAPE Triggered PARP1 Cleavage and Apoptosis Signaling

We next examined the control and treated cells for proteins involved in DNA repair and
apoptosis signaling.

As shown in Figure 3A,C and Figure S1, both Wi-A and CAPE caused induction of PARP1 cleavage
that was clearly associated with activation of apoptosis signaling including cleavage of procaspase,
increase in Bcl-2-associated X protein (Bax), and decrease in B-cell lymphoma 2 (Bcl-2) and B-cell
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lymphoma-extra large (Bcl-xL). The results were supported by immunostaining with specific antibodies
(Figure 3B,D and Figure S1). Furthermore, decrease in BRCA1 was detected both in Wi-A and CAPE
treated cells as compared to their untreated counterparts, and was consistent with earlier reports [62,63].
We next investigated if reduction in mortalin and PARP1 in Wi-A/CAPE-treated cells was interlinked.
Cells were compromised for mortalin by mortalin-specific sShRNA. As expected, mortalin-compromised
cells showed increase in p53. Of note, these showed induction of PARP1 cleavage and a decrease in
p300 and BRCA1 (Figure S2A). We also examined the effect of Olaparib and C464 (specific inhibitor of
PARP1/2 and p300, respectively) and found that both cause a decrease in mortalin and an increase in
p53 (Figure S2B,C). These data showed that PARP1 and mortalin-p53 pathways are closely related.

2.4. Combination of Wi-A and CAPE Possesses Stronger Cytotoxicity

As shown above, Wi-A showed stronger cytotoxicity and efficacy (ICsp: 1-3 pM) than CAPE
(ICs5p: 40-100 pM) to cancer cells. Based on these, we hypothesized that it may be possible to
generate a combination of Wi-A and CAPE that might be more potent and selective to cancer
cells. Based on the dose dependent and titration of viability by three independent viability assays
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), Water soluble tetrazolium salt
(WST), and Crystal violet (CV)) (Figure 4A, Figure S3A), we selected combination of Wi-A (1 uM) and
CAPE (20 uM) and observed cytotoxicity in HeLa, ME180, SKGII, SKGIIIb, and OVK18 cells, whereas
normal cells were safe at this combination. We next explored whether the combination of Wi-A and
CAPE could synergistically enhance cytotoxic effect. Combination Index (CI) analysis revealed that
the combination of Wi-A and CAPE exerted synergistic anti-proliferative effect, as evidenced by CI
value 0.7144 (less than 1) (Figure 4A). To exclude selectivity criteria toward a particular cancer cell line,
we used other ovarian and cervical cancer cell lines and performed cell viability assay (Figure S3B)
and found stronger cytotoxic effect in the combination of Wi-A and CAPE as compared to individual
compound in all the cell lines examined. We next examined the effect of combination on mortalin-p53
interaction and PARP1 signaling. As shown in Figure 4B,C, Wi-A + CAPE caused a stronger decrease
in mortalin and an increase in p53 at both protein and transcript levels, respectively. Consistent to these
results, in wild type p53 reporter assays, Wi-A + CAPE treated cells showed several folds higher p53
activity as compared to the cells treated with either Wi-A or CAPE alone (Figure 4D). The data supports
the synergistic effect of the combination as suggested by the CI analysis. Furthermore, we examined
the cells for DNA repair and apoptosis markers. As shown in Figure 5A, Figure S4A, Wi-A + CAPE
treatment resulted in higher level of PARP1 cleavage, decrease in poly (ADP-ribose) polymerase (PAR)
and increase in cleaved Caspase as compared to the ones treated with either Wi-A or CAPE. The results
were confirmed by immunostaining.
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Figure 3. Withaferin A (Wi-A) and caffeic acid phenethyl ester (CAPE) triggered poly ADP-ribose
polymerasel (PARP1) cleavage and apoptosis signaling. Wi-A (A,B) and CAPE (C,D)-treated cells
showed decrease in PARP1, p300, pro-caspase 3, B-cell lymphoma 2 (Bcl-2), B-cell lymphoma-extra
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Figure 4. Combination of Withaferin A (Wi-A) and caffeic acid phenethyl ester (CAPE) possesses
stronger cytotoxicity. 3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny] tetrazolium bromide (MTT)-based cell
viability assay showing dose dependent cytotoxicity either Wi-A or CAPE alone, or in combination
in MRC5 and HelLa cells (A). Wi-A, CAPE, and their combination showed decrease in mortalin and
increase in p53 protein (B) and mRNA levels (C). Wild type p53 protein-driven luciferase reporter
(PG13-Luc) assay showed remarkable increase in cells when treated with the combination (D). Data
were normalized against the control and plotted as fold and percent difference. Each data set represents
the mean + SD for at least three independent experiments. Statistical significance was defined as
p-values (*) where * < 0.05, ** <0.01 and *** < 0.001 represent significant, very significant and highly
significant, respectively.

In order to elucidate the mechanism of action further, we hypothesized that a decrease in mortalin
may lead to compromised mitochondrial function and oxidative stress to the treated cells. To test this,
we investigated the level of adenosine triphosphate (ATP) in control and treated cells. As shown in



Cancers 2020, 12, 1160 9 of 25

Figure 5B, Wi-A + CAPE-treated cells showed a decrease in ATP; the cells treated with a low dose of
either Wi-A or CAPE alone did not show such an ATP decrease. Furthermore, assay for mitochondrial
membrane potential (MMP) revealed decreased MMP in treated cells (Figure 5C). At the same time,
the level of ROS was higher in the latter (Figure 5D), which reasoned for higher number of apoptotic
cells (Figure 5E). In order to evaluate the tumor suppression efficacy of the combination with respect to
each of the individual component, we recruited subcutaneous xenografts in nude mice. HeLa cells,
initially tried, did not make tumors in nude mice. We then used SKOV3 cells. Subcutaneous SKOV3
xenografts generated tumors buds five days post-injection of cells. As shown in Figure 5F, control
mice showed rapid growth of tumors during next 10 days; Wi-A and CAPE treated mice showed clear
suppression of tumor growth early on. Of note, combination resulted in stronger tumor suppression
and was in line with the in vitro data. No change in either the body weight or any other adverse effect
was observed for all the groups during the course of the experiment.

In order to investigate the mechanism of action further, we next investigated whether decrease in
mitochondrial function compromise PARP1 function, and thus performed a PARP1-DNA trapping
assay. As shown in Figure 6A, PARP1 was trapped into the DNA in treated cells and was remarkably
stronger in cells treated with Wi-A + CAPE as compared to the ones treated with either Wi-A or CAPE
or Olaparib (a known PARP1 inhibitor). Inhibition of DNA repair in treated cells was endorsed by
(i) Comet assay that showed accumulation of DNA double strand breaks (Figure 6B) and (ii) H2A
histone family member X (YH2AX) that showed the DNA damage foci and significant increase in
immunostaining and Western blotting, respectively in cells treated with combination of Wi-A and
CAPE (Figure 6C,D). We next used N-acetyl cysteine (NAC), a known ROS inhibitor, to examine
if the induction of DNA damage and production of ROS was linked in treated cells. As shown in
Figure 6C and Figure S4B, whereas Wi-A+CAPE treated cells showed increase in both ROS and
YH2AX (Figure 6C,D), pre-treatment with NAC inhibited their increase. On the other hand, equivalent
treatment in normal (MRC5) cells did not cause induction of either ROS or YH2AX (Figure 6E).
These data endorsed that the selective toxicity of Wi-A + CAPE combination to cancer cells is mediated,
at least in part, through ROS and DNA damage pathways.

2.5. Wi-A and CAPE Directly Interact with PARP1

As Olaparib directly interacts at the catalytic site of PARP1, we next used computational approach
to find whether or not Wi-A and CAPE possessed the similar potential. For using Olaparib as a positive
control, we first estimated a score for the binding affinity of Olaparib for PARP1. The docking score
obtained was —10.71 kcal/mol. The molecular interactions in the docked complex (Figure 7) were quite
similar to the interactions observed in PARP1-Olaparib PDB structure (PDB ID: 5DS3). It was in line
with another computational study, where Autodock was used to study the interaction of Olaparib
with PARP1 and the docking score obtained was —12.5 kcal/mol [64]. In both cases, the residues of
PARP1 involved in polar interactions with Olaparib were Gly863 and Ser904. Therefore, we next
docked Wi-A and CAPE in the same cavity and studied the interactions involved in the complex
formation. The docking score for PARP1-Wi-A and PARP1-CAPE was found to be —4.90 kcal/mol and
—7.46 kcal/mol, respectively. Though binding affinity of Wi-A was little less as compared to CAPE, the
molecular interaction pattern for both the ligands was quite similar to that observed in PARP1-Olaparib
complex (Figure 7). This data suggested that Wi-A and CAPE do possess the capability to interact
directly with PARP1 at its catalytic site.
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Figure 5. Withaferin A (Wi-A) and caffeic acid phenethyl ester (CAPE) in combination caused stronger
activation of apoptosis signaling. (A) Western blot analysis of Wi-A, CAPE, and their combination
treated cells showing stronger decrease in poly ADP-ribose polymerasel (PARP1), poly (ADP-ribose)
polymerase (PAR), and Pro-caspase 3 levels in the latter (A). Whereas Wi-A- and CAPE-treated cells
did not show decrease in adinosine triphosphate (ATP) levels, the combination showed decrease
(B). Wi-A, CAPE, and their combination treatment showed lower mitochondrial membrane potential
as detected by JC-1 staining (C); Scale bar—20 uM and increase in oxidative stress as detected by
reactive oxygen species (ROS) (D); Scale bar-20 pM. Flow cytometric analysis showing increase in
apoptotic cells when treated with the combination as compared to either Wi-A or CAPE alone (E);
quantification of E is shown below. Effect of Wi-A, CAPE, and their combination on tumor growth of
subcutaneous xenografts revealed strong suppression achieved by the later (F). Each data set represents
the mean + SD for at least three independent biological replicates. Statistical significance was defined
as p-values (*) where * <0.05, ** <0.01 and *** < 0.001 represent significant, very significant and highly
significant, respectively.
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Figure 6. Withaferin A (Wi-A) and caffeic acid phenethyl ester (CAPE) directly interact with PARP1
and inhibit its function by DNA trapping. Western blot analysis of PARP1-DNA complexes showing
trapping of PARP1 in DNA in Wi-A, CAPE, and their combination treated cells (A). Stronger trapping
was observed in cells treated with the combination; Olaparib was used as a positive control. Alkaline
comet assay showing accumulation of DNA damage in cells treated with Wi-A, CAPE and their
combination (B); Scale bar-20 uM; the latter showed a remarkable increase. Immunostaining of H2A
histone family member X (YH2AX) in control or in treated cells with either Wi-A or CAPE or their
combination showing sharp increase in the number of YH2AX foci in the latter (C- above); cells pretreated
with NAC showed abrogation in induction of ROS and YH2AX (C- below). Negative control (NC- above)
shows staining with first antibody only; Scale bar-20 uM. Western blot showing increase in YH2AX in
Wi-A, CAPE, and their combination treated cells (D). Inmunostaining of normal cells treated with
Wi-A, CAPE, and their combination is shown (E); Scale bar—20 uM. Data were normalized against
the control and plotted as fold difference. Each data set represents the mean + SD for at least three
independent biological replicates. Statistical significance was defined as p-values where ** <0.01 and
*** <0.001 represent very significant and highly significant, respectively.
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OLAPARIB  WITHAFERIN-A CAPE
Binding Energy:
-10.71 kcal/mol  -4.90 kcal/mol -7.46 kcal/mol
Binding Site:

Catalytic Domain  Catalytic Domain Catalytic Domain

PARP1 residues involved in non-bonded interactions

OLAPARIB WITHAFERIN-A CAPE
Asn770 GIn759 Tyr689
His862 Glu763 Glu763
Gly863 Asp766 Met764
Ser864 Asp770 Asp766
Arg865 His862 Asn767
Asn868 Gly8é3 Trp861

11e872 Ser864 His862
Arg878 Asn868 Gly863

11e879 lle872 Ser864
Ala880 Leu877 Arg865
Pro881 Arg878 Asn868
Tyr889 Ala880 Tyr896
Tyr896 Gly88s Phe897
Phe897 Tyr889 Ala898
Alag898 Met890 Lys903
Lys903 Tyr896 Ser904
Ser904 Leu984 Tyr907
Tyr907 Glu98s His909
His909 Lys903 Glu98s
Gluosg

Figure 7. Molecular docking showing interactions of Withaferin A (Wi-A), caffeic acid phenethyl ester
(CAPE), and Olaparib with poly ADP-ribose polymerasel (PARP1). Wi-A and CAPE docked to PARP1
at the cavity lined by the catalytically active residues of PARP1, which was similar to the binding of
Olaparib to PARP1 (A). Calculated binding energies and (B) details of PARP1 residues involved in
non-bonded interactions (C).

3. Discussion

Anticancer activity of Withania somnifera, has been assigned to Wi-A and Wi-N by a large number of
independent studies that revealed their multiple targets and modes of action [4,7,9,65-68]. Furthermore,
whereas Wi-A, by itself, caused toxicity to normal cells [7]; acute toxicity and pharmacokinetics studies
revealed that in vivo oral administration of Wi-A in Ehrlich ascites carcinoma swiss mice model
produces severe toxicity effects like diarrhea, weight loss and mortality above 70 mg/kg BW [69].
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In humans, patients with high grade osteosarcoma showed good safety profile with oral Wi-A
administration. Although the maximum tolerated dose was not achieved but 216 mg/day appeared as
well tolerated dose by the patients with few side effects like skin rashes, fever, fatigue, edema, diarrhea
and elevated liver enzymes [70]. Wi-A and its combination with Wi-N [7,71] and cisplatin [72] were
shown to have better effects including stronger tumor suppressor, anti-metastasis, lesser drug resistant
and tumor relapse, respectively. On similar lines, combination of Wi-N and Cucurbitacin B was shown
to evoke senescence, selectively, in cancer cells [73]. These studies have endorsed that the combinational
approach may provide a safer and effective alternative for cancer treatment. CAPE, an anticancer
ingredient from honeybee propolis, has been shown to cause selective killing of cancer cells and
inhibit in vivo tumor growth [22,23,74] through multiple modes of action [20,23,26,46,47,49,75,76]. In
view of the low efficacy of CAPE, its several derivatives have also been suggested that may provide
new and better therapeutic anticancer reagents [25,77]. These were also suggested to be effective for
patients with varying p53 mutations in a more specific, effective, and targeted fashion. Interestingly,
propolis, when normalized for CAPE content was shown to be more potent than CAPE alone [46].
CAPE also possessed the ability to enhance the anti-proliferative and cytotoxic effects of docetaxel and
paclitaxel in prostate cancer cells [78] and tamoxifen in breast cancer cells [56] suggesting its potential
for combinatorial therapy. In light of these data, whereas Wi-A and CAPE are limited by toxicity to
normal cells and low efficacy, respectively [7,20,74,79], the combination of the two (safer for normal
cells and high efficacy for cancer cells) was deemed useful for cancer therapeutic regimes.

As stated above, we generated a combination of Wi-A and CAPE in low doses and investigated
its effect on cell phenotype and molecular signaling. Both of these have been shown to target the
interaction of mortalin and p53 in cancer cells causing reactivation of tumor suppressor activity of
p53 protein [7-10,20,80-82]. Whereas in all cancer cells (harboring wild type p53) the abrogation of
mortalin-p53 interaction caused growth arrest, the cells with mutant p53 showed apoptosis [7-10,20,
80-82]. Furthermore, although cells harboring different p53 mutants responded to Wi-A, cells with
p53Y220C mutation showed strong response that was attributed to the reversion of Y220C structural
distortions and gain of wild type like tumor suppressor activity [9]. HeLa cells possess HPV virus
whose E6 protein binds and degrades p53 through ubiquitin pathway [83]. Wi-A has been shown to
downregulate expression of HPV-E6 protein and restore p53 in HeLa cells, resulting in apoptosis [16].
Furthermore, besides p53, Wi-A has been shown to activate ROS, c-Jun N-terminal kinase (JNK) and
stabilize TP73 by phosphorylation in p53 compromised cells [84]. Taking our data together with
existing literature [1-20], Wi-A and CAPE induced apoptosis is likely to be regulated through multiple
signaling pathways. In the cytotoxicity assays, low dose combination showed selective toxicity to
cancer as compared to normal MRC5 cells (Figure 4A and Figure S3A,B). The effect of low dose
combination appeared to be synergistic as seen by calculating combination index. At the molecular
level, we found it to target mortalin-p53 interaction and upregulate p53 tumor suppressor protein
leading to growth arrest/apoptosis in cancer cells. Of note, the p53 activity and the growth arrest was
stronger as compared to each of the reagent alone (Figure 4). Furthermore, we found that Wi-A, CAPE,
and their combination caused decrease in mortalin and increase in p53 mRNA that may translate to
activation of growth arrest and apoptosis signaling mediated by their multiple downstream effector
proteins. Of note, consistent to the enhanced in vitro cytotoxicity of the combination (as compared to
the individual components), in vivo tumor growth assays also revealed its stronger tumor suppressor
activity (Figure 5).

We next examined the molecular interactions of each of the compound with target molecules,
as summarized in Figure S5A. It was found that Wi-A could stably interact with the mortalin-binding
region of p53 (docking score: —2.008 kcal/mol); the residues involved in the formation of hydrogen
bonds were found to be GIn 331 and Thr 329 (Figure S5B). However, CAPE showed interaction with the
ATPase domain of mortalin (docking score: —2.396 kcal/mol). It stably interacted at the p53-binding
region of mortalin. In average structure, it showed hydrogen bond formation with Ala 195 and pi-pi
stacking with Tyr196 (Figure S5C). It is thus suggested that the interaction of Wi-A and CAPE with



Cancers 2020, 12, 1160 14 of 25

the critical residues forming the mortalin-p53 interaction interface might be hindering the complex
formation, therefore setting p53 free to translocate to nucleus and carry out its tumor suppressive
transcriptional activation function. Further, Wi-A and CAPE might also inhibit the chaperonin activity
of mortalin, as both the ligands showed stable interaction in the chaperone’s substrate binding cavity
(Figure S5D,E, docking score: —1.975 kcal/mol and —6.949 kcal/mol). Additionally, Wi-A showed
stable interaction in the mortalin-specific latch region (residues that act as a latch between lid and
cleft region of the protein) as well (Figure S5F, docking score: —3.036 kcal/mol). These data suggest
that Wi-A and CAPE would not compete for binding to residues forming the mortalin-p53 interaction
interface. Different interacting partners and modes of binding, as far as abrogation of mortalin-p53
complex formation is concerned, may be attributed to their synergy and stronger activity as observed
in our experiments.

Of note, the cells treated with combination, as compared to untreated control or treated with
individual reagent, showed a stronger decrease in mortalin at both the protein and transcriptional levels.
Such a decrease in mortalin may further push the reactivation of p53 in treated cells. Furthermore,
since mortalin has multiple functions essential for cell survival, including maintenance of mitochondrial
integrity, ATP production, and chaperoning [82,85], we hypothesized that such decrease in mortalin and
associated mitochondrial dysfunction, increased oxidative stress may translate to apoptosis. Molecular
analysis on apoptosis signaling revealed inhibition of PARP1 signaling, an essential component of
DNA repair process. PARP1 is an established sensor of DNA single strand breaks and executes the
process of DNA repair along with several other proteins (Figures 5 and 6). Comet assay revealed
negligible/ low level of increase in DNA fragmentation in cells treated with either Wi-A or CAPE,
consistent with the earlier report [84]. Of note, the combination caused appreciable increase in DNA
damage. PARP1, due to its amplification in a large variety of cancers and essential role in DNA damage
repair, has emerged as a potent anticancer target [86—89]. Inhibition of PARP1 leads to accumulation
of single and double strand DNA breaks resulting in genomic instability and apoptosis in cancer
cells [90]. We next investigated whether downregulation of mortalin and inhibition of PARP1 were
linked. As shown in Figure S2, mortalin-compromised cells afflicted PARP1 signaling and entered
apoptosis. Cells treated with either Wi-A or CAPE and more specifically with the combination
showed cleavage of PARP1, its trapping into the DNA and accumulation of double strand DNA breaks
(Figures 5 and 6). ROS are a group of short-lived, highly reactive, and oxygen-containing radicals
that can induce DNA damage signaling. In our previous study, we had demonstrated that Wi-A
treatment caused ROS activation and induction of YH2AX [7]. Whereas increase in YH2AX protein
expression was seen in MCF7 cells treated with 1 uM Wi-A, also reported earlier [7,91], HeLa cells
showed milder response (ICsg >2 uM) (Figure 1A). Wi-A at a 2 uM dose caused only ~20% reduction
in viability in HeLa cells (Figure 1A) demonstrating differential response of different cell lines to
Wi-A. Nevertheless, pre-treatment of cells with ROS inhibitor (NAC) abrogated the effect of Wi-A,
CAPE, and Wi-A + CAPE on activation of DNA damage response suggesting essential role of ROS
in anticancer activity of these compounds. Taken together, these results showed that Wi-A caused
oxidative stress leading to ROS generation. This was in line with a previous report that also showed
that activation of, c-Jun N-terminal kinase/Activator protein 1 (JNK/AP-1) mediated apoptosis signaling
in response to ROS [92]. Other studies have reported that Wi-A induces inhibition of proteasomal
degradation resulting in accumulation of ER chaperones (BiP and GRP94) and cytoplasmic heat shock
proteins [93]. Furthermore, Wi-A and mild heat shock treatment was shown to enhance the synergistic
accumulation of HSP70 and HSP30 accumulation synergistically; similar effect was not observed for
BiP and GRP%4 [93]. Together with other reports [1-16], these data have endorsed that Wi-A has
multiple targets and modes of action. In addition to the mechanisms described earlier, we report
that Wi-A and CAPE are able to target PARP1 directly and in a manner similar to its known inhibitor,
Olaparib (Figure 7). Taken together, we found that a low dose combination of Wi-A and CAPE-induced
selective cytotoxicity in cancer cells by mechanisms mediated by downregulation of mortalin, activation
of tumor suppressor p53 and inhibition of PARP1. The two compounds showed non-overlapping



Cancers 2020, 12, 1160 15 of 25

interactions with the target proteins, and their combination yielded stronger effect as compared to the
each of them alone.

4. Materials and Methods

4.1. Cell Culture and Reagents

Human cervical cancer (HeLa, SKGII, SKGIIIb, and ME180), ovarian cancer (SKOV3 and OKV18),
and normal lung fibroblast (MRC5) cells were purchased from the Japanese Collection of Research
Bioresources (JCRB, Tokyo, Japan). All the cells lines were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) (Invitrogen, Carlsbad, CA, USA) supplemented with 5-10% fetal bovine serum
(Fyjifilm WAKO Pure Chemical Corporation, Osaka, Japan) in a humidified incubator (37 °C and 5%
CO;). Wi-A and CAPE were dissolved in dimethyl sulfoxide (DMSO) (WAKO, Osaka, Japan)
to make 5 mM stock and added to the complete cell culture medium, to obtain the working
concentration as indicated. Cells grown at 60-70% confluency were treated with either Wi-A or
CAPE or their combination for 48 h. For microscopic observations, cells were cultured in six-well
plates, and we examined them live and in fixed states (as described below in immunocytochemistry
section). Mortalin-targeting shRNA (shRNA-2166) was used for knockdown of mortalin as described
previously [79,80]. It was transfected into cells using X-tremeGENE™ 9 (Roche, Basel, Switzerland),
following the manufacturers’ protocol. After 2448 h, the transfected cells were subjected to Western
blot analysis.

4.2. PG-13 Luciferase Reporter Assay

HelLa cells were seeded in 6-well plate and allowed to adhere overnight. Cells were transfected
with wild-type p53 responsive luciferase reporter plasmid (PG13-Luc) (a kind gift from Professor Bert
Vogelstein). Plasmid was transfected into cells using X-tremeGENE 9 (Roche, Basel, Switzerland).
The transfected cells were treated with either Wi-A or CAPE or their combination for 48 h. The activity
of luciferase was detected using Dual-Luciferase® Reporter Assay System (Promega, Madison, W1,
USA) following the manufacturer’s instructions. The luciferase activity was measured using Tecan
infinite M200® Pro microplate reader (Tecan Group Ltd., Mannedorf, Switzerland).

4.3. Cytotoxicity/Growth Inhibition Assay

Cytotoxicity of Wi-A, CAPE and their combination was evaluated by quantitative colorimetric
assays using MTT (3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (Sigma Aldrich,
Tokyo, Japan) assay, WST-1 Cell Proliferation Assay (TAKARA BIO, Shiga, Japan) and Crystal Violet (CV)
staining. Cells (5 x 103)/well were plated in 96-well plate and allowed to adhere overnight. Adhered
cells were treated with Wi-A, CAPE and combination as indicated doses for 48 h. For quantitative
colorimetric assay, MTT (0.5 mg/mL) solution was added to the cell culture medium for 4 h, after which
the medium was replaced with DMSO (100 pL) for dissolution of formazan crystals. WST-1 (100 pL)
solution was added to the cell culture medium for 4 h. For CV staining, cell medium was replaced with
ice-cold methanol, incubated at 4 °C for 10 min and then replaced with CV stain followed by incubation
at room temperature for 3 h. The stained cells were incubated with de-staining solution (15% methanol,
15% glacial acetic acid and MQ) until a homogenous color was obtained. Absorbance was recorded at
570 nm for MTT and CV assays, whereas for WST-1 absorbance was recorded at 450 nm, with 630 nm as
reference using spectrophotometer (TECAN Group Ltd., Zurich, Switzerland). The standard deviation
and statistical significance of the three independent experiments was determined by unpaired t-test
using Graph Pad software (GraphPad Software, Inc, La Jolla, CA, USA).

4.4. Colony Formation Assay

Five hundred cells/well were plated in six-well plates and allowed to adhere overnight.
After overnight incubation, cells were treated with Wi-A, CAPE and combination with indicated
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doses. The treated cells were then left to form colonies for the next 10-14 days. Control and
drug-supplemented media was changed every three days. Colonies were monitored under the
microscope, washed gently with PBS, fixed with pre-chilled acetone: methanol (1:1) at room temperature
for 5-10 min, and then stained with 0.5% crystal violet solution (Sigma-Aldrich, C3886) at room
temperature for 2 h. Dishes were washed with tap water to rinse off excessive crystal violet, dried, and
photographed. Colonies were counted manually. Quantitation of the data was obtained from three
independent experiments.

4.5. Western Blot Analysis

Control and treated cells were lysed using RIPA lysis buffer (Thermo Fisher Scientific, Rockford, IL,
USA) containing complete protease inhibitor cocktail (Roche Applied Science, Mannheim, Germany)
in cold room for 30 min. Lysates were centrifuged at 15,000 rpm for 15 min, and the supernatant was
used for Western blotting with specific antibodies as indicated. The protein concentrations of cell
lysate were measured by bicinchoninic acid assay (BCA) (Thermo Fisher Scientific, USA). The cell
lysates containing 10-20 ug protein were separated on 8-12% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica,
MA, USA) using a semidry transfer blotter (ATTO Corporation, Tokyo, Japan). Membranes were
blocked with 3% BSA (WAKO Japan) at room temperature for 2 h. Blocked membranes were probed
with target protein-specific primary antibodies (1-3 ug/mL) including PARP1/2(H-250), p53(FL 393),
p300(F-4), pro-caspase 3 (H-277), Bax (H20X), Bcl-2 (N-19), Bcl-xL (8362), Histone 3 (FL-136) (Santa
Cruz Biotechnology, Paso Robles, CA, USA), BRCA1 (9010S), PARP1 (5625), PAR (ab14459), Caspase
3 (9661), YH2AX (9718S) (Cell Signaling Technology, Danvers, MA, USA), and B-actin (ab49900)
(Abcam, Cambridge, UK) at 4°C overnight. Mortalin antibody was raised in our laboratory. The blots
were incubated with the following secondary antibodies (0.5-1.0 ug/mL) conjugated to horseradish
peroxidase: anti-rabbit IgG or anti-mouse IgG (Santa Cruz Biotechnology) and developed by enhanced
chemiluminescence reaction (ECL) (GE Healthcare, Amersham, Buckinghamshire, UK). (3-actin
antibody (Abcam, Cambridge, UK) was used as an internal loading control. Image] (NIH, Bethesda,
MD, USA) software was used to quantify protein signals.

4.6. Immunocytochemistry

Cells (1-3 x 10%/well) were plated on 18-mm glass coverslips placed in a 12-well culture plate.
After 24 h incubation, cells were treated with Wi-A, CAPE, or their combination for 48 h and were then
fixed in pre-chilled acetone: methanol (1:1) at 4 °C for 5-10 min. The fixed cells were washed thrice
(10 min each time) with PBS, permeabilized by incubation with PBS-0.1% Triton X-100 for 10 min,
blocked with 2% bovine serum albumin in PBST for 1 h, and then incubated with primary antibodies
(1-3 ug/mL) overnight. The details of antibodies used are mentioned in the western blot analysis section.
Immunostaining was visualized by secondary antibody staining. Secondary antibodies (1-2 pug/mL)
conjugated with either Texas RED (Amersham Biosciences, Buckinghamshire, UK) or FITC, Alexa-488
or Alexa-594 (Molecular Probes, Eugene, OR, USA) were used as indicated. Hoechst (Invitrogen,
Molecular Probes, Eugene, OR, USA) was used for nuclear staining. Cells were examined on a Zeiss
Axiovert 200 M microscope by 40x objective lens and analyzed by AxioVision 4.6 software (Carl Zeiss,
Tokyo, Japan). Image] (NIH, Bethesda, MD, USA) software was used to quantify fluorescence signals.

4.7. Comet Assay

DNA comet assay (Trevigen, Inc, Gaithersburg, MD, USA) was used to detect DNA strand breaks
following the manufacturer’s instructions. Open Comet (v1.3) software (GNU General Public License)
was used to calculate the percent DNA in tail. Image ] was used for image processing.
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4.8. ROS Assay

Cells were cultured on glass coverslips and stained for ROS detection using Image-IT™ LIVE
green ROS detection kit (Molecular Probes, Eugene, OR, USA following the manufacturer’s instructions.
Images were captured using Zeiss Axiovert 200M microscope and analyzed by AxioVision 4.6 software
(Carl Zeiss, Tokyo, Japan).

4.9. ATP Assay

ATP levels in control and treated cells were analyzed using Luminescent ATP detection assay kit
(Abcam plc, Cambridge, UK; ab113849) following the manufacturer’s instructions.

4.10. Apoptosis Assay

Control and treated cells were collected by centrifugation at 3000 rpm at 4 °C for 5 mins. Floating
cells were also pooled by centrifugation. The cell pellet was re-suspended with 100 puL fresh media and
stained with Guava Nexin Reagent (EMD Millipore Corporation, Berlington, MA, USA). Apoptotic
cells were quantified by FlowJo software (Version 7.6, Flow Jo, LLC, Ashland, OR, USA).

4.11. Trapping Assay

Control and treated cells were trypsinised with 0.5 mL of trypsin-EDTA and collected by
centrifugation. Different stringency buffer (as follows) were used to perform PARP1 trapping.
These included (i) Hypotonic buffer: 100 mM MES-NaOH pH 6.4, 1 mM EDTA, 0.5 mM MgCl,,
30% sucrose in MiliQ, (ii) Buffer A: 50 mM HEPES-NaOH pH 7.5, 100 mM KCL, 2.5 mM MgCl,,
0.05% Triton X-100, (iii) Buffer B: 50 mM HEPES-NaOH pH 7.5, 250 mM KCI, 2.5 mM MgCl,, 0.05%
Triton X-100, (iv) Buffer C: 50 mM HEPES-NaOH pH 7.5, 500 mM KCL, 2.5 mM MgCl,, 0.1% Triton
X-100, and (v) Buffer D: Buffer A, 5 mM CaCl,. Micrococcal protease inhibitor three-unit (Roche
Diagnostic GmbH, Mannheim, Germany) was added to each of the five. Cell pellets were incubated
with indicated buffer and vortexed for 10 min followed by centrifugation at 16,000 rpm at 4 °C for 10
min. The supernatant was collected and labelled as P1 and the pellet was re-suspended with buffer A
followed by centrifugation at 16,000 rpm at 4 °C for 10 min. The step was repeated in the sequence of
A-D bulffers. Supernatant from each centrifugation was labelled as A, B, C, and D and were subjected
to Western blotting using anti-PARP1/2 and anti-Histone H3 antibodies.

4.12. JC-1 Staining

Control and treated cells were incubated with JC-1 (Molecular probes) reagent for 30 min. Later,
cells were washed with PBS and immediately processed for imaging using Zeiss Axiovert 200M
microscope and analyzed by AxioVision 4.6 software (Carl Zeiss, Tokyo, Japan).

4.13. Combination Index (CI) Analysis

Drug dilutions and combinations were made in culture medium immediately before use. MTT,
WST and CV staining assays were used to evaluate cell viability. Commercially available Chou and
Talalay (Compusync software) was used to calculate CI [94]. Detailed instructions have been followed
during CI calculation. According to the recommendation and methodology of this software, score of CI
less than 1, greater than 1, or equal to 1 represent synergism, antagonism, or additive effect, respectively.

4.14. RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction

Total RNA from control and treated cells was collected using RNeasy mini kit (Qiagen, Stanford
Valencia, CA, USA). RNA (1 pg) was used for reverse transcription following the protocol from
QuantiTect Rev, Transcription Kit (Qiagen, Tokyo, Japan). Quantitative real-time PCR was performed
using Syber Select Master Mix (Applied Biosystem, Life Technologies, Foster City, CA, USA) method.
The condition of qPCR was 50 °C for 2 min, 95 °C for 10 min, followed by 40 cycles of denaturing at
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95 °C for 15 sec and annealing at 60 °C for 1 min. A melting curve was then generated to assess the
specification of the PCR amplification. The geometric mean of housekeeping gene 185 was used as
an internal control to normalize the variability in expression levels. Primers sequences are given in
Table 1.

Table 1. Sequences of primers used.

Gene (Human) Sequence (5’-3")
p53 forward GTTCCGAGAGCTGAATGAGG
p53 reverse TCTGAGTCAGGCCCTTCTGT

Mortalin forward AGCTGGAATGGCCTTAGTCAT
Mortalin reverse CAGGAGTTGGTAGTACCCAAATC
PARP1 forward TCAGCCTCCTTGCTACAGAGG
PARP1 reverse GGTCGTTCTGAGCCTTTAGGG

p300 forward AAACCCACCAGATGAGGAC
p300 reverse TATGCACTAGATGGCTCCGCAG
18S forward CAGGGTTCGATTCCGTAGAG
18S reverse CCTCCAGTGGATCCTCGTTA

4.15. In Vivo Tumor Suppression

Effect of Wi-A, CAPE and their combination was examined by nude mice in vivo tumor growth
assay using subcutaneous xenografts of SKOV-3 (of note, HeLa cells did not make tumors in nude
mice). Female 4-5weeks old BALB/c nude mice were bought from Nihon Clea (Shizuoka, Japan).
All mice were fed on standard food pellet and water ad libitum, acclimatized to laboratory conditions
(24 £ 2 °QC), relative humidity of 55-65%, and 12 h light/dark cycle for 5-7 days. Cells, grown to
80-90% confluency were harvested by trypsinization and suspended in PBS. 5 x 10° cells were injected
subcutaneously (s. c.) on left and right flanks of mice (1 =4) in 100 uL PBS within 30 min of harvesting.
Control and treatment groups were injected (intraperitoneally) with vehicle (phosphate buffered saline,
PBS) or Wi-A (10 mg/kg body weight) or CAPE (100 mg/kg body weight) or combination (Wi-A +
CAPE) every day for next 10 days. Mice were weighed, and tumor were measured using caliper every
alternate day. Tumor volume was calculated using equation V = L x W?/2, where L is length and W is
width. Average body weight and tumor volume from eight tumors/group was plotted. This study was
carried out in strict accordance with the recommendations from the Animal Experiment Committee,
Safety and Environment Management Division, National Institute of Advanced Industrial Science &
Technology (AIST), Japan (Approval Number 2019-0025).

4.16. Bioinformatics Analysis

Docking of PARP1 with Wi-A, CAPE and Olaparib was performed using Glide from Schrodinger’s
small-molecule drug discovery suite [95]. Molecular interaction of mortalin and p53 with Wi-A and
CAPE was also studied. The structure of PARP1 (PDB ID: 5DS3), p53 (PDB ID: 10LG) and mortalin
(PDB ID: 4KBO and 3N8E) was obtained from RCSB PDB. As X-ray crystallographic structure of
mortalin SBD (PDB: 3N8E) is not complete, homology modelling was used to model the C-terminal
residues (598-648 aa), using the E. coli DNAK SBD (PDB: 1DKY) as a template. All the protein
structures were prepared for docking experiment using protein preparation wizard of Schrodinger.
The preparation steps mainly involved the addition and optimization of hydrogen atoms, filling of
missing amino acid side chains, correction of bond orders and energy minimization. The structure of
Wi-A (CID: 265237), CAPE (CID: 5281787), and Olaparib (CID: 23725625) was obtained from PubChem.
These small molecules were further prepared using Ligprep that generates all possible confirmations
of small molecules and minimizes their energy. For PARP], the grid was generated at the catalytic
site, following the mechanism of action of Olaparib [96]. In p53 structure, the small molecules were
targeted at the mortalin-binding region (323-337). For interaction of Wi-A and CAPE with mortalin,
both substrate binding and nucleotide binding domains were explored. The docked complexes were
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subjected to molecular dynamics (MD) simulations using Desmond as previously described [20] to
investigate the stability of protein-ligand interactions. The molecular interaction pattern for each
complex was studied by generating an average structure representing the stable trajectory of its MD
simulation run.

4.17. Statistical Analysis

Data from three or more experiments were expressed as mean =+ standard deviation. Unpaired
t-test (GraphPad Prism GraphPad Software, San Diego, CA, USA) has been performed to determine
the degree of significance between the control and experimental samples. Statistical significance was
defined as significant (* p-value < 0.05), very significant (** p-value < 0.01) and highly significant
(*** p-value < 0.001).

5. Conclusions

In this study, we demonstrated that the anticancer activity of Wi-A and CAPE is mediated
by downregulation of mortalin and PARP1, yielding upregulation of tumor suppressor p53 and
DNA-damage signaling leading to growth arrest/apoptosis in cancer cells. We generated a low dose
combination of Wi-A and CAPE that showed enhanced activity. Further studies on its efficacy to cancer
cell metastasis, stemness, drug resistance in in vitro and in vivo models are warranted.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/5/1160/s1,
Figure S1: Quantitation of apoptosis markers modulated by Wi-A and CAPE treatment, Figure S2: Effect of
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their combination to different ovarian and cervical cancer cells, Figure S4: Quantitation of apoptotic markers in
control and treated (Wi-A, CAPE and combination) cells from data shown in Figure 5A. Quantitative measurement
of fluorescence intensity of ROS and YH2AX in control and treated (Wi-A, CAPE and combination) cells, in presence
or absence of NAC from data presented in Figure 6C, Figure S5: Molecular dockings and simulations to study
the interaction of Wi-A and CAPE to target proteins, mortalin and p53, Figure S6. Western blot of protein of
interest (p53 and mortalin) and respective. (3-actin expression presented at Figure 2A, Figure S7. Western blot
of protein of interest (p53 and mortalin) and respective (3-actin expression presented at Figure 2B, Figure S8.
Western blot of protein of interest (PARP1, Cleaved PARP1, p300, Pro-caspase 3 and Bax) and respective 3-actin
expression presented at Figure 3A, Figure S9. Western blot of protein of interest (Bcl-xL, Bcl-2 and BRCA1) and
respective 3-actin expression presented at Figure 3A, Figure S10. Western blot of protein of interest (PARP1,
Cleaved PARP1, p300, and Pro-caspase 3) and respective 3-actin expression presented at Figure 3C, Figure
S11. Western blot of protein of interest (Bax, Bcl-xL and Bcl-2) and respective -actin expression presented at
Figure 3C, Figure S12. Western blot of protein of interest (BRCA1) and respective (3-actin expression presented
at Figure 3C, Figure S13. Western blot of protein of interest (Mortalin & p53) and respective 3-actin expression
presented at Figure 4B, Figure S14. Western blot of protein of interest (PARP1, Cleaved PARP1, PAR, Pro-caspase
3, and Cleaved caspase 3) and respective 3-actin expression presented at Figure 5A, Figure S15. Western blot
analysis of PARP1-DNA complex showing trapping of PARP1, and H3 as a control presented on Figure 6A, Figure
S16. Western blot analysis of PARP1-DNA complex showing trapping of PARP1, and H3 as a control presented on
Figure 6A, Figure S17. Western blot of protein interest (YH2AX) and respective 3-actin expression presented on
Figure 6D, Figure S18. Western blot of protein of interest (Mortalin) and respective 3-actin expression presented
on Figure 2A, Figure S19. Western blot of protein of interest (p300, PARP1, Cleaved PARP1, p53 and BRCA1) and

respective B-actin expression presented on Figure S2A, Figure S20. Western blot of protein of interest (PARP 3,
p300. Mortalin, p53 and BRCA1) and respective 3-actin expression presented on Figures S2B and S21. Western
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Figure S2C.
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