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A potenttumoricidal co-drug ‘Bet-CA’ -an
ester derivative of betulinic acid and
dichloroacetate selectively and
synergistically kills cancer cells
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Drug Development Diagnostics and Biotechnology Division, CSIR- Indian Institute of Chemical Biology (CSIR-ICB), 4, Raja S.C.
Mullick Road, Kolkata-700032, West Bengal, India.

Selective targeting of cancer cells employing multiple combinations as co-drug holds promise for new
generation therapeutics. Betulinic acid (BA), a plant secondary metabolite kills cancer cells and
Dichloroacetate (DCA) is capable of reversing the Warburg phenotype by inhibiting pyruvate
dehydrogenase kinase (PDK). Here, we report synthesis, characterization and tumoricidal potential of a
co-drug Bet-CA, where a DCA molecule has been appended on C-3 hydroxyl group of BA to generate an
ester derivative for increased solubility and subsequent cleavage by internal esterase(s) to release one unit
each of BA and DCA. In vitro studies revealed pronounced synergistic cytotoxicity of Bet-CA against a broad
spectrum of cancer cells and it selectively killed them when co-cultured with human fibroblasts. Bet-CA
treatment increased reactive oxygen species (ROS) production, significantly altered mitochondrial
membrane potential gradient (A'Y,,,); followed by the release of cytochrome ¢ (Cyt ¢) which prompted cells
to undergo mitochondria mediated apoptosis. In vivo experimentation expectedly exhibited tumor
inhibitory potential of Bet-CA and clinically achievable doses did not produce any apparent toxicity. Taken
together, results suggestively raise an important corollary hypothesis stating that Bet-CA selectively and
synergistically combats cancer without producing toxic manifestations and emerges to be the prospect for
the new generation therapeutics.

of tumor cells to avidly consume glucose in a hypoxic environment is known as Warburg phenotype'.

Although no etiological significance can be drawn with carcinogenesis and much remains unproven
about this phenomenon, this acidic environment promotes angiogenesis facilitating metastasis®. The glycolytic
phenotype of cancer cells and its ability to evade apoptosis takes them to an advantageous high where prolifera-
tion predominates death’. The global burden of cancer tends to ascend due to incorporation of cancer causing
habits and there is a parallel decline in the survival rate among patients from developing countries*. Armed with
its own risks the option continues to be chemotherapy, when it comes to curbing down cancer, but its prime
disadvantages remain as patients develop variety of side effect. Most of the present chemotherapeutic drugs are
cytotoxic and do not specifically target cancer cells. Therefore, there is an urgent need to actualize a novel therapy
that would provide a possible juncture to trigger targeted killing of cancer cells and confer an effective treatment
regimen to reduce the side effects and increase the response to therapy. Cytotoxicity associated with chemother-
apy is a major impediment in the field of cancer therapeutics for which we were fuelled with conviction to
concentrate on developing a co-drug that would selectively and synergistically target cancer cells and orchestrate a
benefit to cure.

One highly promising class of natural compound, betulinic acid (33, hydroxyl-lup-20(29)-en-28-oic acid), is a
prominent representative from the class of the pentacyclic triterpenoid®”’. In-vitro studies recognized this mole-
cule as a promising candidate to potentially act against a wide variety of cancer cell lines including therapy
rebound tumors but strikingly it is ineffective towards normal cells®. Numerous studies have shown that BA
induces subsequent alteration in mitochondrial membrane potential (MMP) and induces apoptosis via the
mitochondrial pathway®'°. Unfortunately, poor solubility of BA is the stumbling block in its routine medical
practice'’. It possesses three sites that are amenable to modification including the C-3 hydroxyl, C-20 alkene and

O ne of the most threatening conditions afflicting human health in today’s world is cancer. The propensity
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C-28 carboxylic acid positions to convey and fine-tune the desirable
properties such as selective killing, lipophilicity, solubility and
increased cellular uptake.

It is a well established fact that two drugs when added in combina-
tion at defined doses can inhibit cancer in a synergistic way by chan-
ging the characteristic metabolic signatures of cancer cells, driving
them towards apoptosis'>". There is recently an emerging evidence
for the effect of co-drug against cancer cell signalling and given the
momentum that the co-drug theory against cancer is gaining interest
in developing targeted metabolic modulators as cancer therapies, we
introduced DCA and appended it to BA on its C-3 hydroxyl end for
potentiating activity.

Dichloroacetate (DCA) is used regularly against lactic acidosis'***.
DCA inhibits the activity of pyruvate dehydrogenase kinase (PDK) by
alleviating its inhibitory effect over pyruvate dehydrogenase (PDH)
and as a result flux of pyruvate is channelized to the mitochondria for
resuming the TCA cycle regenerating large amount of ATP. Thus, by
inhibiting PDK"%, DCA steers the cellular metabolism from glycolysis
to glucose oxidation, which presents the cancer cells a proliferative
disadvantage and subsequent descend in MMP'”'®. This results in
opening of the mitochondrial inner membrane pores and facilitates
translocation of Cyt ¢ with other apoptotic mediators from mitochon-
dria to cytosol triggering apoptosis'. DCA reverses the malignancy
making cancer cells vulnerable towards programmed cell death®**'.
Avalanche of preclinical studies and discoveries for DCA using both
in vitro and in vivo models claim that it might be used as an attractive
sensitizer for chemotherapy and radiotherapy’>*. Being an orphan
drug it is readily available and many cancer patients opt for it
although not yet approved for cancer therapy*.

The idea of fabricating Bet-CA was envisioned to manifest a boost
in tumor killing potential, to reduce the subtoxic doses (ICs) of both
the molecules and to bring about a prominent, equimolar and sim-
ultaneous surge of BA and DCA under physiological condition post
cleavage by intracellular esterase(s). Our tactic was therefore to use an
established, effective, natural anticancer compound BA alongwith a
small molecule DCA that inhibits lactic acidosis to generate a deriv-
ative, Bet-CA that would not only target but demolish cancer cells
leaving normal cells unharmed. We successfully esterified C-3
hydroxyl group of BA with DCA to form a co-drug that would not
only possess increased activity but also enhanced solubility and there-
fore postulated that the derivatized molecule would upgrade the tumor
killing potential in a selective and synergistic manner. BA and DCA
released upon cleavage would lead to the increased production of ROS,
prompt the alteration in MMP and induce mitochondria mediated
apoptosis. Here, we present for the first time successful synthesis and
characterisation and have triangulated new and meaningful insights
about the tumorigenic potential of Bet-CA that possess complement-
ary synergistic and selective capability to stall malignancy.

Results
Synthesis and characterisation of Bet-CA. Bet-CA was synthesized
by treating betulinic acid with dichloroacetylchloride in dry

Dichloroacetylchloride, Pyridine, DMAP
OOH ? ’

dichloromethane (DCM) under N,-atmosphere with high yield of
about 75% (Fig. 1). Formation of Bet-CA was evidenced by the
disappearance of C-3 O-H stretching frequency at 3450 cm™' of
BA and appearance of an ester C=0 stretching band at 1745 cm™
in Infrared spectra. Structure of Bet-CA was confirmed by ESI-MS,
'H-NMR and *C-NMR. ESI-MS (M-Na) calculated 589.29, found
589.28. "H-NMR (600 MHz, CDCl;) &: 0.802, 0.817, 0.888, 0.901,
0.944, 1.738 (all s, each 3H, H-23, H-24, H-25, H-26, H-27, H-30),
4744 (s, 2H, H-29), 5933 (s, 1H, H-32). *C-NMR (600MHz,
CDCly), &: 20.8, 22.7, 23.2, 24.9, 25.4, 27.8, 29.1, 29.3, 29.6, 30.5,
30.9, 31.9, 32.1, 34.1, 37.0, 37.1, 38.2, 38.3, 40.7, 42.4, 46.8, 49.2,
50.4, 55.3, 56.2, 64.8, 65.1, 76.8, 84.9, 109.7, 150.3, 164.3, 179.4. See
supplementary Fig. S1-S4. Melting Point: 269°C.

Bet-CA inhibits proliferation and survival of cancer cells. With
background information on BA and DCA, we speculated that our
derivatized Bet-CA might have a better cytotoxic activity and
selective animosity against cancer cells and thereby sought to
determine whether this compound can inhibit cancer cell viability
and proliferation. Actualizing this assumption, we screened Bet-CA,
BA, DCA and equimolar proportions of BA and DCA on MCF7,
MDA-MB-231, MDA-MB-468, DU 145, PC-3, B16-F10, WI-38 and
NIH/3T3 cell lines. Cells were incubated with these compounds at
concentrations ranging from 5 to 70 uM for 72 h and preliminary
cancer cell inhibitory effects were testified using MTT assay. Table 1
depicts that the concentration of Bet-CA required to confer 50%
cancer cell viability (ICs) and as anticipated the dose is
significantly lower when compared with its individual counterparts
and/or their mixture and therefore Bet-CA might be considered a
potential candidate to inhibit cancer cell proliferation and survival.

In vitro cellular pharmacokinetic analysis of Bet-CA. The demons-
trable cellular killing potential of Bet-CA based on aforementioned
results further hinted us to scrutinise the intuitive postulation raised
for the cleavage of Bet-CA by intracellular esterases. In principle one
simple way to depict the phenomenology would be to enumerate the
amount of Bet-CA entering the cells at a time point and its subsequent
degradation to BA and DCA. Thereby MCEF?7 cells were exposed to
subtoxic doses of Bet-CA for varying time points and extracted using
t-butyl methyl ether and rationalized using HPLC. Graphical depictions
of the uptake milieu and intracellular cleavage are shown in Fig. 2A
and the representative HPLC chromatogram is charted out in
Supplementary Fig. S5. Observations readout that at 4 h there was
accumulation of Bet-CA within the cells and when studied for the
next 6 and 8 h, a gradual cumulative increase of BA was noted.
Significantly within 16 h, 98.7% of Bet-CA breakdown to BA was
registered. The eluents collected at 9.2 and 10.2 min suggestive of
being BA and Bet-CA respectively from the retention time of pure
BA and Bet-CA, were further confirmed by ESI-MS (see
Supplementary Fig. S6). Observations draw a reasonably complete
picture for the fact that BA loads up gradually within the cells to
provocatively point out the fact that Bet-CA enters the cells and gets
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Figure 1| Synthetic scheme of Bet-CA.
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‘ch|e 1 | Comparison of the ICsq values (in pM) for Bet-CA, BA, DCA and BA+DCA (1:1) against cancer and normal cell lines as

determined using MTT assay

Cell lines*

Treatments MCF 7 MDA-MB-231 MDA-MB-468 DU 145 PC-3 B16-F10 WI-38 NIH/3T3
Bet-CA 9.46 11.49 14.4 10.22 10.78 9.89 >100 >100
BA 51.29 67.97 65.45 67.9 69.5 70 >100 >100
DCA >100 >100 >100 >100 >100 >100 >100 >100
BA+DCA 54.9 70 47.13 65.3 69.87 27.6 >100 >100

*MCF7, MDA-MB-231 and MDA-MB-468, human breast adenocarcinoma; DU-145, human prostate carcinoma; PC-3, human grade IV prostate adenocarcinoma; B16-F10, murine melanoma; WI-38,

normal lung fibroblast and NIH/3T3, murine embryonic fibroblast.

cleaved afterwards. To rule out the supposed pretentions of non-specific
Bet-CA cleavage due to esterases present in FBS, Bet-CA was incubated
for varying time point upto 72 h in complete media. Clarifying the
premonitions, results depict a significant maximal 2.5% of Bet-CA
cleavage to BA (Fig. 2B) and the representative HPLC
chromatograms (see Supplementary Fig. S7) significantly state the
absence of nonspecific extracellular cleavage. Implicit to this notion
the observations register a reasonably complete picture relating to the
fact that Bet-CA specifically enters the cells and gets cleaved to release
BA and DCA as documented from these collective corroborative HPLC
analyses. Thus, Bet-CA is endowed with the ability to enter the cells and
invoke a comprehensive tumor killing response.

Bet-CA mediates selective killing and forgoes cytotoxicity. Based
on the observation that Bet-CA has an obvious toxic effect on cancer
cells, we promptly went on to decipher its toxicity towards normal
cells. WI-38 (human lung normal fibroblast) and NIH/3T3 (mouse
embryonic fibroblast) were treated with Bet-CA upto 70 uM for 72 h
and MTT assay was carried out. Figure 3A represents comparative
depiction of the effect of Bet-CA on both cancer and normal cells
lines and delineates that it has practically no effect on normal cells.
We further performed flow cytometric analysis using Annexin-V-
FITC and propidium iodide (PI) on NIH/3T?3 cells. The readout held
clear as about 80% of fibroblasts were alive even after 50 M of Bet-
CA treatment for 24 h whereas this concentration poses to be the
subtoxic dose for the neoplastic variety (Fig. 3B).

Additionally to reaffirm the preferential treatment of Bet-CA
towards cancer cells, a straightforward method of study was extended

B

to the culture of WI-38 and DU 145 cells. WI-38 cells were seeded on
3 um transwell chambers and cancerous DU 145 cells on 24 well
plates. The plate chambers with hanging inserts were treated with
50 pM of Bet-CA for 24 h and the responses of both these cell lines
were evaluated using TUNEL assay. Graph showcases that after
treatment with 50 uM of Bet-CA there is an absolute maximal
increase of 3.36% TUNEL positive WI-38 cells whereas the same
challenge fated a staggering 38.8% of DU 145 cells to death as implied
with the increase in the number of TUNEL positive staining
(Fig. 3C). Furthermore the co-culture of WI-38 and DU 145 cells
was treated with 10, 30 and 50 pM of Bet-CA for 24 h and the
responses of both these cell lines to Bet-CA were evaluated and
morphology analysed by visualizing them under confocal laser scan-
ning microscopy (CLSM) as the two types of cells are clearly distin-
guishable due to their differences in morphology. Figure 3D reveals
that Bet-CA has no significant effect on the viability of the fibroblasts
whereas it selectively killed the cancerous cells. Arrows indicate can-
cer cells exhibiting apoptotic morphology whereas the fibroblasts
appear unaffected by Bet-CA.

A further experimentation followed close on the heels of the above
observations and we deduced the cytotoxic potential of Bet-CA by
determining its ability to induce chromosomal aberration and micro-
nuclei (MN) formation in primary culture of human lymphocytes in
presence of 100 uM of Bet-CA for 72 h. The results propose a sig-
nificantly low percentage of chromosomal aberration and micronu-
clei formation upto 100 pM of Bet-CA treatment when compared to
that of positive control (Fig. 3E). Taken together underpinnings of
these results attribute to the fact that Bet-CA resoundingly manip-
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Figure 2 | Pharmacokinetic uptake study of Bet-CA. (A) Graphical representation demonstrating cleavage of Bet-CA by intracellular esterases of MCF7
cells and increased accumulation of BA over time points. (B) Graph depicts the percent of nonspecific extracellular cleavage of Bet-CA when
incubated with DMEM + 10% FBS at the mentioned time points. (* p < 0.05, ** p < 0.01, compared to Bet-CA cleavage at 0 h time point). In all panels

error bars represent mean = SD.
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are dead. (C) Graph demonstrating the % of TUNEL positive cells after 24 h of Bet-CA treatment in the co-culture of malignant DU 145 cells and normal
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(E) The graph shows % of micronuclei formation and chromosomal aberration in human peripheral lymphocytes after 72 h Bet-CA treatment. (* p <
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ulates its potential to spare the normal cells and mediate selective
killing of cancer cells.

Bet-CA induces loss in MMP and mitochondria mediated cell death.
To explore the effectiveness of Bet-CA in targeting mitochondria of
cancer cells, alterations in the mitochondrial transmembrane potential
were determined. Cancerous MCF7 cells were treated with 50 pM of
Bet-CA for 16 h and subsequently stained with 5, 5', 6, 6'-tetrachloro-1,
1', 3, 3'- tetraethyl benzimidazolyl carbo-cyanine iodide (JC-1), a
surrogate marker extensively used to detect damages in the
mitochondrial potential®. As with previous experiments, the effect of
Bet-CA was apparent as shown in (Fig. 4A). Control MCF7 cells
depicted a heterogeneous staining pattern exhibiting both green and
red fluorescence whereas treatment with Bet-CA reflected a sharp
decrease in red fluorescence analogous with an increase in green
fluorescence as noted via CLSM. Actualizing the selective aptitude
concept of Bet-CA, NIH/3T3 cells were challenged with 50 uM of
Bet-CA for 16 h and alterations of the red and green fluorescence
intensities were quantitatively determined. Changes in their ratio was
analysed and graphically documented to significantly decipher and
establish the presumed postulation (Fig. 4B). Cytometric data
conferred no effective alteration in MMP of the fibroblastic
mitochondria factually drawing us to a conceptual paradigm
regarding the preferential potential of Bet-CA to limit the
deterioration of MMP within the tumorigenic population. MCF7 cells
were additionally treated with 50 pM each of Bet-CA, BA, DCA and
BA+DCA (1:1) to understand the dynamic behaviour of Bet-CA that
becomes crucial to establish its synergistic effect. Flow cytometric data

suggestively depict that BA and DCA alone or their 1:1 stoichiometric
mixture fails to mount a demonstrable destruction of the neoplastic
mitochondria. Thereby, Bet-CA presents a double benefit in that it is
selective and at the same time endowed with synergistic ability to
mitigate cancer (Fig. 4C).

Mitochondrial potential dilapidation leads to stress accompanied
by calcium overload and ATP depletion that induces mitochondrial
permeability transition (MPT) with formation of nonspecific MPT
pores (MPTP) in the inner mitochondrial membrane. Pore opening
assertively induces mitochondrial dysfunction eventually leading to
cell death*”. Stress prone mitochondria allow the passage of various
molecules®® and in analogy with the same phenomenon we consid-
ered that Bet-CA might as well promote MPTP and this was validated
using the fluorescent dye calcein acetoxymethyl (calcein-AM) and its
quencher CoCl,*. Figure 4D depicts that under normal conditions,
without the quencher, MCF7 cells exhibited high levels of green
intensity which expectedly declined when CoCl, was added. 50 pM
of Bet-CA treatment for 16 h resulted in a distinct fall in intensity
suggesting that CoCl, entered via the MPTP generated by Bet-CA.

MPTP promotes swelling of the mitochondria and this was vali-
dated employing atomic force microscopy (AFM). Isolated mito-
chondria from vehicle control and Bet-CA treated MCF7 cells
were analyzed for subsequent changes in size along with surface
morphology. Figure 4E represents ~1.6 fold increase in size in
treated sets in contrast to that of control, leading us to infer that
mitochondria are robustly affected due to Bet-CA treatment.

MPTP and mitochondrial swelling insisted us further to check the
status of the Bcl-2 family proteins along with Bax that actively takes
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Figure 4 | Bet-CA promotes mitochondrial damage and initiates the caspase cascade. (A) Representative confocal images demonstrating MMP

alteration using JC-1 dye. Control MCF7 cells (upper panel) show heterogeneous staining pattern of red and green fluorescence whereas treatment with
Bet-CA (lower panel) causes increase in green and decrease in red fluorescence intensities. (B) Graph demonstrates quantitative determination of red:
green fluorescence intensity ratio in NIH/3T3 cells after 16 h of Bet-CA treatment. (C) Graph represents quantitative determination of alterations in
MMP. Bet-CA, BA, DCA and BA+DCA (1:1) treated MCF7 cells were stained with JC-1, subjected to flow cytometry and analyzed. Quantitative
comparative analysis depicts a significant decrease in red: green fluorescence intensity ratio with respect to the other counterparts. (D) Graph shows flow
cytometric analysis of MPTP. After Bet-CA treatment for 16 h, control and treated MCF?7 cells were loaded with calcein-AM and quencher CoCl, and
green fluorescence intensity of the cells were estimated. Fluorescence of treated cell mitochondria is highly reduced to that of control. (E) Figure represents
AFM images of control and treated MCF7 mitochondria. Change in surface morphology and swelling of mitochondria with respect to that of control is
obvious after treatment as indicated. (F) MCF7 cells were treated for 24 h with Bet-CA and subjected to flow cytometric analysis for determination of Bcl-
x1 levels. Results depict a subsequent decrease in Bcl-xI expression in a dose dependent manner. (G) Bet-CA treated MCF?7 cells were subjected to
immunoblotting for determination of Bax expression where B-actin was used as loading control. (H) Representative fluorescence micrographs of control
(upper panel) and Bet-CA treated (lower panel) MCF7 cells and WI-38 cells depicting Cyt c release after 16 h. (I) Representative CLSM images showing
increase in the levels of cleaved caspase-3. MDA-MB-231 cells were treated with Bet-CA for 24 h, fixed and stained with anti-cleaved caspase-3 (PE

conjugate) antibody. (* p < 0.05, ** p < 0.01, compared to the vehicle control sets). In all panels error bars represent mean = SD.

part in the pro-survival programme of tumor cells®. Results clearly
ascertain that Bet-CA treatment leads to the decline of Bcl-xl express-
ion and enhancement of Bax expression in MCF?7 cells (Fig. 4F and
4G).

In context with Bet-CA induced enhanced Bax expressions, we
investigated whether this event is succeeded by Cyt c release from the
mitochondria®***. MCF7 and WI-38 cells were treated with 50 uM of
Bet-CA for 16 hand Cyt c release from the mitochondria was studied
using immunofluorescence assay. Control MCF7 and WI-38 cells
were characterized for their distinct punctuate mitochondrial
immunostaining pattern whereas treatment for 16 h resulted in
Cyt c efflux from that of the neoplastic mitochondria as evidenced
by the diffuse green cytoplasmic immunofluorescence staining pat-
tern. The phenomenology of Cyt c efflux was not observed in fibro-
blast cell line (Fig. 4H). MCF7 cells were further treated with 50 pM
each of BA, DCA and BA+DCA (1:1) and their effects were eval-

uated further (see Supplementary Fig. S8). Presumably none of them
garnered a significant impact albeit in the aforementioned concen-
tration hinting on the synergistic potential of Bet-CA.

Cyt c release from the mitochondria might lead to the activation of
the caspase cascade®**. To address this possibility, we determined
the status of caspases employing immunofluorescence assay (Fig. 4I).
Staining showed higher levels of cleaved caspase-3 in Bet-CA treated
MDA-MB-231 cells and no prominent generation of the same in WI-
38 cell line (see Supplementary Fig. S9). These results indicate the
activation of the caspase cascade prior to the apoptotic event in
malignant cells. Hitherto, Bet-CA appears to damage the mitochon-
dria and specifically recruit caspases in mediating apoptosis.

Bet-CA induces oxidative stress and cell death. The major feature
of cancer cells when compared to normal cells is their propensity to
manifest a pro-oxidative state by generation of superoxide radical
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Figure 5 | Bet-CA induces ROS generation resulting in apoptosis. (A) Representative confocal micrographs depicting ROS generation in MCF7 cells

after treatment with Bet-CA for mentioned time points. (B) Graph shows

quantification of DCF fluorescence intensity in MCF7 cells at indicated

time points after Bet-CA addition employing flow cytometric analysis. (C) MCF?7 cells were treated with 50 M each of Bet-CA, BA, DCA and BA+DCA
(1:1) stained with H2 DCF-DA and DCF fluorescence intensity was analyzed using flow cytometry. Graph depicts comparative quantitative fold increase
in DCF fluorescence intensity at 6 h time point. (D) TUNEL assay showing inter-nucleosomal DNA breakage in MCF?7 cells after 24 h of Bet-CA
treatment. Cells were stained using FITC labelled BrdU antibody and counterstained with PI. Graph shows % of TUNEL positive cells in vehicle control
and treated sets. (E) Apoptosis was analysed by flow cytometry using Annexin-V-FITC and PI. Stacked bar graph represents the comparative results
obtained after treatment of MCF?7 cells with varying doses of Bet-CA, BA, DCA and BA+DCA (1:1) treatment at 24 h time point. (* p < 0.05, ** p <
0.01, compared to the vehicle control sets). In all panels error bars represent mean = SD.

which provides them the advantage to cope with various stresses®.

Higher levels of ROS are the general phenotype of the cancer cells,
however, when exposed to excessive ROS their viability is challenged
leading them towards mitochondria mediated apoptotic death®*. To
dissect the relative contribution of ROS in mitochondria mediated cell
death we exemplified the ability of Bet-CA to produce ROS using 2’, 7'-
dichlorodihydrofluorescein diacetate (H2 DCF-DA). To test this, MCF7
and WI-38 cells were treated with 50 uM of Bet-CA for 0, 2, 4, 6 and
8 h, stained with H2 DCF-DA and analyzed using CLSM. Highest level
of mean fluorescence intensity was observed at 6 h time point in case of
cancerous cells (Fig. 5A) whereas there was no counterintuitive
existence of ROS in fibroblasts (see Supplementary Fig. S10A).
Furthermore, MCF7 cells were treated with 50 pM of Bet-CA for 0,
2,4,6,8 and 16 h time points and the amount of DCF fluorescence was
quantified employing flow cytometry. Graphical depictions of the
cytometric data is in absolute concordance with the microscopic

images and thereby helps us to infer and unequivocally cement that
maximum ROS accumulation occur at 6 h time point (Fig. 5B).
Additionally, to evaluate the synergistic capability of Bet-CA, MCF7
cells were treated with 50 UM each of Bet-CA, BA, DCA and
BA+DCA (1:1) and ROS generation was quantitatively notified
adopting flow cytometry. Supplementary Fig. SI0B represents the
comparative analogous ROS generation after treatment with the
above mentioned regimens at varying time points. To obtain a clearer
understanding we chalked out the fold increase in green fluorescence at
6 h time points from each treatment regimens. Data depicts the fruition
of a significant 1.8 fold elevation in the mean fluorescence intensity of
Bet-CA treated sets at 6 h time point which significantly out levelled the
other sets (Fig. 5C) demonstratively allowing us to conclusively justify
the supposed synergistic potential of Bet-CA to generate ROS.
Reports provide evidence that ROS is involved with the induction
of apoptosis®*. Since Bet-CA treated neoplastic cells experience
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Figure 6 | Reduction of melanoma tumor growth and pulmonary metastasis post Bet-CA treatment. Six tumor bearing BALB/c mice were taken for
each of Bet-CA, BA, DCA and BA+DCA (1:1) treated and vehicle control groups and six normal BALB/c mice were also taken as untreated control. (A)
Outline of the dosing schedule used in primary melanoma model. 2.5 mg/kg each of Bet-CA, BA, DCA and BA+DCA (1:1) was directed to the
tumor challenged mice on the respective days as indicated. (B) Inhibition of primary melanoma tumor growth after Bet-CA treatment. Mice were
sacrificed on day 25, tumor excised, volume assessed and photographed. Graph outlines comparative quantification and reduction of tumor growth rate
in treated mice sets with respect to that of vehicle control. Bet-CA significantly hinders tumor growth rate when compared to that of other treated sets. (C)
Outline of the dosing schedule used in pulmonary metastatic model of BALB/c mice. Intravenous injections each of 2.5 mg/kg of Bet-CA, BA, DCA and
BA+DCA (1:1) was administered to the tumor challenged mice as designated in the schedule. (D) Representative images of lungs obtained from
untreated, vehicle control, Bet-CA, BA, DCA and BA+DCA (1:1) treated mice on day 14. Graph represents quantification of metastatic lesions on both
dorsal and ventral sides of lungs after excision. Tumor nodules of Bet-CA treated animals when assessed appear to be much less in number than that of
vehicle control or other treated sets. Bet-CA responsibly limits the number of pulmonary metastatic lesions. (* p < 0.05, ** p < 0.01, compared to that of

vehicle control sets). In all panels error bars represent mean = SD.

mitochondrial damage and a subsequent avalanche of ROS, we sought
to determine whether these responses are finally coupled with DNA
degradation and apoptosis. MCF?7 cells were treated with 10, 30 and
50 uM of Bet-CA for 24 h and DNA strand breakage was assessed
using the Terminal deoxynucleotidyl transferase dUTP nick end label-
ling (TUNEL) assay technique. Bars represent the number of TUNEL
positive cells which increased in an escalating manner indicating a
dose dependent effect of the compound on the cancer cells (Fig. 5D).
To further add impetus and quantify apoptosis in cancer cells, annexin
V assay was performed using flow cytometry. With this analysis the
numbers of apoptotic cells were determined at 24 h after exposure to
10, 30 and 50 UM each of Bet-CA, BA, DCA and BA+DCA (1:1). A
significant 43% of the cell death was noted after 50 UM of Bet-CA
treatment whereas the same concentration for BA, DCA and
BA+DCA (1:1) proved ineffective as 22.1, 12 and 28.5% of cellular
sacrifice was observed respectively (Fig. 5E). These data exemplify the
role of Bet-CA in enhancing ROS and inducing apoptotic death in
malignant cells and stipulate Bet-CA as a potential candidate to syner-
gistically inhibit survival and proliferation of cancer cells.

Bet-CA inhibits tumor formation and pulmonary metastasis in
syngeneic model of mouse melanoma. Prompted by the in vitro
observations depicting the manifestations of Bet-CA we examined
whether it also exhibited the tumor abrogating effect in vivo.
Syngeneic 10° B16-F10 cells were injected subcutaneously on the
right flank of immuno-competent female BALB/c mice. After three
days, intravenous (i.v.) injections of 2.5 mg/kg body weight of Bet-CA,
BA, DCA, BA+DCA (1:1) and vehicle control were administered
according to the schedule via lateral tail vein during the next 25
days (Fig. 6A). Mice were regularly monitored for tumor formation
in control and treated sets. On the 25" day, control and experimental
mice were sacrificed and accordingly tumor volume was measured.
Representative images of the excised tumors from that of the vehicle
control and treated mice and comparative graphical analysis of the
tumor volumes depict a suggestive decrease in the parameter,
evidently exemplifying the increased effectiveness of Bet-CA in
comparison to the other treatment regimens (Fig. 6B).

We next evaluated the comparative and synergistic role of Bet-CA
in inhibiting metastasis in syngeneic model of metastatic B16-F10
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mouse melanoma. Intravenous injection of B16-F10 cells yields
highly reproducible number of pulmonary tumor metastasis*'.
Accordingly, female BALB/c mice were injected intravenously with
10° B16-F10 cells. 3 days post tumor challenge, i.v. doses of 2.5 mg/kg
each of Bet-CA, BA, DCA and BA+DCA (1:1) were administered
once every alternate day for 14 days (Fig. 6C). Mice were sacrificed on
the 14™ day and images of representative mice from each group are
shown. The pulmonary metastatic lesions were assessed and graph
portrays the number of metastatic nodules in the treatment groups
compared to that of vehicle control (Fig. 6D). As anticipated, a sig-
nificant reduction of lesions was observed in Bet-CA treated sets as
compared with that of the other sets, provocatively implying its
synergistic effect. Additionally toxic effects of Bet-CA within organs
were analysed using haematoxylin/eosin staining of representative
tissue sections (see Supplementary Fig. S11). Histological sections of
lung, liver, spleen and kidney when visualized showed that Bet-CA
does not manifest any toxicity as treated tissue sections appeared
absolutely at par to that of control with normal nucleation and epi-
thelium. Evidently Bet-CA not only stalls primary tumor growth but
also effectively controls the metastatic spread. Therefore, we infer
that Bet-CA regulates the spread of primary tumor and slows the
progression of life threatening metastasis without any aversive side
effects.

Discussion

Here we describe a therapeutically unique strategy to combat cancer,
sidelining the cytotoxicity towards normal cells. Ushering this con-
cept itself is challenge to the establishment but uncorking the bottle-
neck in the drug development industry requires novel concepts to
increase the drug spectrum to unprecedented level. The co-drug Bet-
CA was developed by esterifying BA, a plant secondary metabolite
possessing anticancer property alongwith DCA, used against lactic
acidosis'®~*°. There is an emerging evidence for the co-drug concept
against cancer cell signalling*” and such knowledge may inturn lead
to opportunities to develop novel therapies that understand and
exploit the differences in order to selectively target tumor cells.
Given the impetus for the co-drug theory against cancer this intri-
guing mechanism may provide an unmatchable agility and flexibility
to combat dynamic malignancy and therefore we gained renewed
interest in developing targeted metabolic modulators as cancer ther-
apies. Derivatization of such co-drug molecules using BA and DCA is
by itself a novel concept and its actualization fuelled us to evaluate the
therapeutic impact of Bet-CA on cancer, which has so far not been
studied. A single step synthetic procedure benefitted us with a high
yield of Bet-CA and we hereby extend the evidence justifying our
postulation that this compound can selectively promote apoptosis
mechanistically in cancer cells directly to a criterion in which they
can have additional beneficial effects, decreasing the toxicity towards
normal cells and increase the response to therapy.

In this study we accentuated the effect Bet-CA deliberates on
cancer cells and furthermore the molecular mechanisms by which
it induces cell death. It potently inhibits proliferation and induces
apoptosis on a wide spectrum of cell lines. Equally importantly,
applying discreet yet novel experimental designs we confer Bet-CA
spares normal fibroblasts and additional data produced promising
evidence for the fact that Bet-CA is purportedly a non toxic com-
pound. Thus, the theme emerging from the studies is that Bet-CA
selectively targets the neoplastic cells and impairs their survival and
proliferation.

Cellular uptake studies were performed to document the proposed
postulation regarding the cleavage of Bet-CA by intracellular ester-
ase. Astoundingly it was noted that Bet-CA being an ester derivative
can bypass the barriers of extracellular breakdown, offer itself for
cleavage by cellular esterases to present a prominent damage to the
malignant variety. Therefore it can be convincingly claimed that Bet-

CA is fortuitously endowed with the potential to escape non-specific
degradation and synergistically act for benefit.

Suppressed glucose oxidation/glycolysis ratio, mitochondrial
hyperpolarization and increased levels of handling stress contribute
to the resistance of apoptosis. As cancer cells already have elevated
levels of intrinsic ROS it is quite apparent that these malignant cells
will become vulnerable when exposed to further oxidative insults®.
Exposure of cancer cells to subtoxic doses of Bet-CA leads to the
significant enhancement of ROS in a temporal fashion. Furthermore,
Bet-CA caused no significant generation of ROS in the fibroblastic
cell line clarifying the ambiguity and ascertaining the paradigm for
the selective killing property of Bet-CA. Of equal importance when
cancer cells were challenged with a similar dose of BA, DCA or its
stoichiometric mixture and analysed, there was no significant accu-
mulation of intracellular ROS to immediate apoptosis and this phe-
nomenology uncovered suggestively yet another simplifying notion
and unequivocally concreted the synergistic potential of Bet-CA.

Cells cannot gain a growth of advantage by losing a mitochondrion
and thereby damages inflicted upon it prove to be fatal**. True to this
fact, Bet-CA confers the degeneration of MMP, opening of MPTP
and swelling of the mitochondria. Furthermore, our studies establish
that Bet-CA treatment leads to the downregulation of Bcl-xl and
activation Bax expression. We have critically determined that Cyt ¢
efflux is followed by apoptosis via the caspase cascade in our experi-
mentations. TUNEL assay documented DNA strand breakage and
the phenomenon of apoptosis was further confirmed by dual colour
mode flow cytometric analysis. These data are in general agreement
with the observation that Bet-CA regulates the expression of apop-
tosis related proteins, leads to the release of Cyt c and initiates caspase
mediated cell death. To detail the granularity for the selective poten-
tial of Bet-CA, its effect was studied on the normal cell line. Opposed
to the effect Bet-CA poses on the neoplastic cells, there was no
alteration in MMP, neither release of Cyt ¢ nor increase in the levels
of cleaved caspase-3. Additionally equivalent doses of BA, DCA or
BA+DCA (1:1) failed to confer a degradation of AWy, or the release
of Cyt c and observations readout a similar phenomenon straightway
pointing the obvious hypothesis for the synergistic potential of Bet-
CA. Therefore, what was a rather provocative hypothesis initially,
gained a solid basis with ultimate precision factually obviating the
selective and synergistic potential of Bet-CA to establish it as the
futuristic version of medicine for tackling the nettlesome problems
associated with therapy.

In vitro observations enticed us to explore and evaluate whether
Bet-CA poses similar barriers to the growth of cancer cells in vivo.
Our observations were further corroborated in syngeneic mice mel-
anoma model and pulmonary metastatic melanoma model of BALB/
¢ mice. Expectedly, Bet-CA treatment significantly limited tumor
growth and metastatic nodule formation in lungs. The results clearly
authenticate the apparent synergistic antitumor behaviour of this
compound in vivo. Histological appearances of the organs in treated
sets were normal depicting no level of toxicity of Bet-CA.

From the above studies we present an important consequential
agenda that Bet-CA is endowed with ability to target and kill cancer
cells. Our data clearly indicate that Bet-CA might be considered a
capable drug as it enforces repression of cancer cell proliferation in
vitro and tumor initiation and growth in vivo without any toxic
manifestations. The conjunction of a plant secondary metabolite
with a small molecule presents a promising synergistic and encour-
aging selective strategy to circumvent malignancy and obliterate
cytotoxicity. Based on our findings further elucidation of detailed
course of action of Bet-CA is a riveting area and likely to resonate
a substantial promise for the future.

Methods

Chemicals. Betulinic acid (>90% pure), dichloroacetylchloride, N,N-
dimethylaminopyridine (DMAP), dimethylsulphoxide (DMSO), paraformaldehyde,
Dulbecco’s modified eagles medium (DMEM), bovine serum albumin (BSA) and
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Histopaque-1077 were purchased from Sigma (St. Louis, Missouri, USA). RPMI 1640,
PenStrep, MTT (3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyltetrazoliumbromide),
Hoechst 33342 (bisbenzamide trihydrochloride), 5,5',6,6'-tetrachloro-1,1',3,3'-
tetraethyl benzimidazolyl carbocyanine iodide (JC-1), fetal bovine serum (FBS),
Calcein-AM was obtained from Life Technologies (Carlsbad, CA, USA).
Dichlorofluorescein diacetate (DCFDA) and Protein-A HRP were obtained from
Calbiochem/Merck-Millipore (Darmstadt, Germany). The antibodies viz., anti-Bcl-2,
anti-Bcl-xl, anti-Bax, anti-Cyt ¢, anti-cleaved caspase3, anti-B-actin was purchased
from Cell Signalling Technologies (Beverly, MA). Other reagents were of analytical
grade.

Synthesis and characterisation of Bet-CA. Bet-CA was obtained by treating
betulinic acid (500 mg, 1.1 mmole) with dichloroacetylchloride (194 mg,

1.3 mmole) in presence of pyridine and DMAP (pinch) in dry CH,Cl, (30 ml). After
stirring at room temperature for 18 h under nitrogenous atmosphere, the reaction
was stopped and the reaction volume was reduced in rotor evaporator. The reaction
mass was initially purified using silica gel (60-120 mess) column chromatography
(ethyl acetate: petroleum ether: 3:7) followed by RP C-18 HPLC column (X-Terra,
300 X 10 mm, 5 pm, Waters) chromatography using 209 nm UV detector. Purity of
Bet-CA (yield: 78%, 390 mg) was checked using '"H-NMR (600 MHz), *C-NMR
(600 MHz), FT-IR and ESI-MS.

Cell culture. MCF7, MDA-MB231, MDA-MB468 (breast cancer), DU 145, PC-3
(prostate cancer), B16-F10 (mouse skin cancer), WI-38 (lung fibroblast) and NIH/
3T3 (mouse embryonic fibroblast) were cultured in DMEM or RPMI 1640
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin in 5%
CO, at 37°C. Cells from exponentially growing cultures were used for all the
experiments.

Bet-CA, BA was dissolved in DMSO, DCA in PBS and accordingly used for
experimentations.

Cellular uptake study. 50 pM of Bet-CA was added to DMEM containing 10% FBS
or to complete culture media containing MCF?7 cells for varying time points. In case of
measurement for cellular uptake and subsequent specific intracellular esterase
cleavage of Bet-CA, cells were harvested using trypsin/EDTA, washed with PBS and
processed for HPLC analysis. Additionally, to determine the non-specific
extracellular cleavage of Bet-CA, if any, the media containing 10% FBS was processed
for subsequent analysis. Bet-CA was extracted from the cells and the media by
vortexing with t-butyl methyl ether for 2 min and repeated twice. From the respective
experimental sets organic and aqueous layers were separated through centrifugation
(8000 X g, 10 min), organic layers were pooled, evaporated to dryness and dissolved
in acetonitrile. Standard was prepared by dissolving Bet-CA in DMSO, diluted in
acetonitrile and subjected to HPLC (Waters Corporation 1525 binary pump, 2487
dual UV detector) analysis using 100% acetonitrile as mobile phase before analysing
the experimental batches. The column was re-equilibrated at initial conditions for
30 min before next injection and the corresponding analytes were monitored using
UV detector at 209 nm and the peak area was quantified using Empower Pro 2006
Waters Corporation Empower 2 software.

Measurement of MMP using JC-1. Mitochondrial depolarization was assessed by
CLSM (Andor) and flow cytometry using the cationic carbocyanine dye JC-1. Cells
were cultured on coverslips overnight, treated with 50 uM of Bet-CA for 16 hat37°C,
washed twice with PBS and incubated with 10 pg/ml of JC-1 at 37°C for 15 min.
Finally cells were washed and analysed by CLSM at 40X. For FACS, 50 uM of Bet-
CA, BA, DCA and BA+DCA (1:1) pre-treated cells were harvested by
centrifugation, suspended in PBS and incubated with 10 pg/ml of JC-1 at 37°C for
15 min. Stained cells were washed twice, suspended in PBS and analysed using BD
LSRFortressa II flow cytometer.

MPTP assay using Calcein-AM. Mitochondrial permeability transition pore
(MPTP) opening was assessed using calcein-AM. Neoplastic cells were cultured in
presence or absence of Bet-CA (50 pM, 16 h), harvested and incubated with calcein-
AM (1 mM) at 37°C in the dark. After 30 min, CoCl, (1 mM) was added and the cells
were incubated for another 10 min at 37°C in the dark. The fluorescence signal of
mitochondria-trapped calcein in control and treated cells were analyzed using a BD
LSRFortessa II flow cytometer at the excitation wavelength of 488 nm. For each
experiment, fluorescence from 10,000 cells was acquired and analyzed using the
FACS Diva 6.2 software.

Atomic force microscopy of mitochondria. Cells were seeded on a 6-well plate and
treated with 50 pM Bet-CA or vehicle for 16 h at 37°C and 5% CO,. Mitochondria
were isolated using Qproteome mitochondria isolation kit (Qiagen) according to the
manufacturer’s protocol. Mitochondria were deposited onto freshly cleaved
muscovite Ruby mica sheet (ASTM V1 Grade Ruby Mica from MICAFAB, Chennai)
and dried. Samples were gently washed and further dried. The ultrastructures of the
mitochondria were detected by an AFM (Agilent Technologies USA) at ~20 to 24°C.
AFM probes with resonance frequency of 275.1 kHz and spring constant of 21e98 N/
m were used with a scan rate of 0.499 lines/sec or 0.474 pum/sec. Images were
processed and length, height and width of mitochondria were measured using Pico
view 1.10.1 software.

Immunofluorescence assay. Cells were seeded on coverslips, incubated at 37°C, 5%
CO; and treated as mentioned. The coverslips were washed several times in PBS
before fixing with 4% (w/v) paraformaldehyde for 20 min at room temperature and
subsequently permeabilized with 0.2% Triton X-100 for 15 min on ice. After blocking
in 1% BSA for one hour at room temperature, cells were incubated overnight with
primary antibodies against Cyt c and cleaved caspase-3 (PE conjugate) at 4°C. In case
of Cyt ¢, coverslips were incubated with secondary antibody (Alexa Fluor-488
conjugate) in 1% BSA at room temperature for 2 h. Nucleus was stained using
Hoechst 33342. Finally, coverslips were washed in PBS, mounted on glass slides and
examined under microscope. Cyt ¢ images of MCF7 and WI-38 cells were captured
using fluorescence microscope (Nikon Eclipse Ti) at 60X and processed using NIS-
Elements AR 4.20.00 software. Caspase-3 images were captured employing CLSM at
40X magnification and processed using Andor iQ2 software.

Estimation of intracellular ROS. To examine the comparative effect of Bet-CA, BA,
DCA and BA+DCA (1:1) on the generation of ROS, H2 DCF-DA was used. Cells
were treated with 50 pM of each for six different time points of 0, 2, 4, 6, 8, 16 h. After
treatment, cells were washed in PBS twice and incubated with H2 DCF-DA (10 uM)
for 15 min at 37°C and immediately analyzed using CLSM or harvested for flow
cytometry. Green fluorescence of 2, 7-dichlorofluorescein (DCF) was measured using
CLSM as well as flow cytometer (BD LSRFortressa II) with excitation at 488 nm and
emission at 530 nm. Mean fluorescence intensity was estimated using BD FACS
DIVA 6.2 software and CLSM images were analyzed using Image]J software. Images
were captured at 40X magnification.

Flow cytometry (live-dead). Bet-CA, BA, DCA and BA+DCA (1:1) induced
apoptosis was determined using flow cytometric analysis. Cells were treated for 24 h,
washed with PBS, resuspended in 100 pl of binding buffer and further incubated with
Annexin-V FITC and PI for 15 min in dark at room temperature. Prior to flow
cytometric analysis, 400 pl of binding buffer was added and immediately subjected
for quantification of the number of apoptotic cells. Data was generated using BD
LSRFortressa II and analyzed using BD FACS DIVA 6.2 software.

Animal maintenance and melanoma tumor model. Adult female BALB/c mice (20—
25 gm) used in this study were received from the animal house of the institute and
maintained under laboratory conditions (12: 12, dark: light cycle), fed with standard
pellet diet and water ad libitum. All experiments were performed in accordance with
the national guidelines and as recommended by the institute’s animal ethics
committee. All possible efforts were made to minimize the animals’ suffering and to
reduce the number of animals used. The institutional animal care committee of CSIR-
Indian Institute of Chemical Biology reviewed and approved the animal
experimentations.

Female virgin BALB/c mice were challenged with 10° melanoma cells subcuta-
neously to form primary tumor or via i.v. administration of cells to achieve pulmo-
nary metastatic lesions. The mice were treated intravenously with 2.5 mg/kg of Bet-
CA, BA, DCA and BA+DCA (1:1) according to the dosing schedule after day 3 of
tumor challenge. The mice were sacrificed on the respective day and tumors were
excised for further studies.

Statistical analysis. All experiments were performed in triplicates and data are
representative of three independent experiments. For continuous normally
distributed data, one-way ANOVA was used to determine differences among
different treatments. If the test was significant, (P < 0.01/0.05), pairwise two-sided
Student’s t-test was used to compare between treatments. When measurements not
normally distributed a Kruskal-Wallis rank test was used and if found significant (p <
0.05), Mann-Whitney test was performed for comparisons between different
treatments. All statistical calculations were carried out using Origin 6.0 Professional
software.
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