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cells in a p53-independent manner
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A B S T R A C T

Cardiac glycosides are plant-derived molecules that have shown antiproliferative properties against cancer cells,
though the mechanism of action is not completely understood. We show that one cardiac glycoside, con-
vallatoxin, presents antiproliferative effects against colorectal cancer cells in culture and that the resulting cell
death is independent of the p53 tumor suppressor. Our data suggest that convallatoxin may be useful in the
treatment of cancers that harbor inactivating mutations in the p53 signaling pathway.

1. Introduction

It is becoming more evident that cancer can be defined as a meta-
bolic disease [1]. One type, colorectal cancer, is on the rise with current
statistics showing it as the second most common cancer in women and
the third most prevalent cancer in men [2,3]. These cancers are char-
acterized by mutations in a number of oncogenes and tumor sup-
pressors, with KRAS and p53, respectively, being the most commonly
mutated [4]. In cancers that maintain intact p53 signaling, there is
some promise in using small molecules to reactivate this pathway to
inhibit cancer cell growth [5]. However, given the high mutational rate
of p53 in colorectal cancers, it is imperative that research continue to
explore and identify molecules that are effective at stopping the growth
of colorectal cancers that lack functional p53.

Cardiac glycosides are plant-derived molecules that have tradi-
tionally been used to treat symptoms of cardiac congestion and ar-
rhythmias [6], with one mechanism being inhibition of the Na+/K+

transporter [7,8]. In addition to their functional effect on cardiac
physiology, a number of cardiac glycosides have been reported to have
anti-proliferative properties [9–11]. One of these cardiac glycosides,
convallatoxin, exhibits antiproliferative properties against a number of
cancer types [11–13]. It has previously been suggested that con-
vallatoxin exposure presents a cytotoxic effect on colorectal cancer cells
in culture [14], however the mechanism of action and whether this
antiproliferative effect is dependent on p53 has not yet been explored.

In this study, we hypothesized that convallatoxin would be an ef-
fective antiproliferative agent against colorectal cancer cells in vitro,
and that this effect would be dependent on the activity of the p53 tumor
suppressor. We present data showing that convallatoxin inhibits the

growth and initiates an apoptotic pathway in HCT116 colorectal cancer
cells. Most importantly, we show that this effect is independent of p53,
suggesting that convallatoxin may be a useful agent to treat colorectal
cancers harboring inactivating mutations in the p53 pathway.

2. Methods

2.1. Cell lines and culture conditions

HCT116+/+ (#CCL-247; p53-positive) and WI-38 (#CCL-75) cells
were purchased from ATCC. HCT116−/− (p53-null) cells were kindly
provided by Dr. Jennifer Pietenpol (Vanderbilt University). All cells
were cultured in monolayer in Dulbecco's Modified Eagle Medium
(DMEM; Gibco) supplemented with 10% heat-inactivated fetal bovine
serum (FBS; Gibco), and 1% Penicillin/Streptamycin (Gibco).

2.2. Cell proliferation and viability assays

Convallatoxin (CNT) was purchased from Sigma-Aldrich (#C9140),
suspended in sterile water, and stored at 4 °C. For proliferation assays,
cells were plated at 2.5 × 104 cells/well in 12-well plates and exposed
to different concentrations of CNT. 24 h after treatment, cells were
trypsinized and counted with a TC10 Automated Cell counter (BioRad)
and cell numbers were normalized to control-treated wells. For viability
assays, HCT116 cells (1 × 104) and WI-38 cells (2 × 103) were seeded
in triplicate in 96-well plates and incubated for 24 h. Medium was then
replaced with either control medium or medium containing 2-fold di-
lutions of CNT (starting concentration = 500 nM) and incubated for
24 h. Viability was determined by the addition of alamarBlue for 4 h
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and reading at 570 nm. 600 nm readings were used to detect back-
ground signal and data were normalized by determining the ratio of
570 nm/600 nm.

2.3. Mitotic and apoptotic analyses

To analyze mitotic and/or apoptotic cells, HCT116 cells (1 × 104)
were grown on glass coverslips and exposed to CNT (40 nM) for 24 h.
Following exposure, cells were stained with Hoechst 33,342 (Molecular
Probes) per the manufacturer's protocol. Mitotic cells were visualized
by the presence of chromosome condensation and metaphase/anaphase
characteristics, while apoptotic cells were visualized by the presence of
chromosomal and nuclear blebbing. A minimum of five random images
were taken from each slide and all cells on each image were counted
and characterized as interphase, mitotic, or apoptotic. CNT-treated cell
counts were normalized by comparing numbers to control-treated cells.

2.4. Gene expression analysis

Total RNA was isolated using the SurePrep™ TrueTotal™ RNA
Purification Kit (Fisher Scientific). cDNA was produced using TaqMan
Reverse Transcription Reagents (Applied Biosystems) according to the
manufacturer's protocol. 500 ng of total RNA was used in the reaction.
SYBR Green reagents (BIO-Rad) were used to carry out real-time PCR
using the QuantStudio3 qPCR machine (Thermo-Fisher). Primer se-
quences are described in Table 1. Data from select genes were nor-
malized to Actin expression and analyzed using the ΔΔCt method for
relative quantification.

3. Results

3.1. Convallatoxin inhibits the growth of HCT116 cells in culture

Convallatoxin has previously been shown to be an effective anti-
proliferative agent against some cancer types, but its effectiveness
against colorectal cancer is currently unknown. To test the efficacy of
convallatoxin (CNT) as an antiproliferative agent against colorectal
cancer, HCT116+/+ (harboring two functional p53 alleles) cells were
exposed to increasing concentrations of CNT and then counted after
24 h. While low doses were ineffective at halting cellular growth, we
found that high doses (500 nM) of CNT nearly completely blocked cell
growth, with the LD50 concentration being approximately 50 nM
(Fig. 1A). To confirm these results via a different methodology, HC-
T116+/+ cells were exposed to serially diluted concentrations of CNT
for 24 h and then assayed for viability using alamarBlue reagent.
Consistent with Fig. 1A, CNT was effective in reducing the viability of
HCT116+/+ cells (Fig. 1B). It should also be noted that, in this ex-
periment, CNT was less effective at reducing the viability of normal,
diploid, WI-38 cells, suggesting that the colorectal cancer cells being
used are more sensitive to the cytotoxic effects of CNT than normal cells
in culture (Fig. 1B). To determine the mechanism driving the CNT-in-
duced reduction in viability, HCT116+/+ cells were exposed to CNT for
24 h and stained with Hoechst to visualize nuclear components. This
staining procedure allows for easy analysis of mitotic cells as well as

cells that have initiated an apoptotic cell death pathway [15]. Fluor-
escent microscopy analyses confirmed that CNT exposure resulted in a
decreased mitotic index relative to control-treated cells (Fig. 1C). qPCR
analysis supported our findings, as we observed an increased expression
of CDKN1A (p21) and Stratifin (SFN), genes known to be upregulated
during cell cycle arrest (Fig. 1D). In addition to the decreased mitotic
index following CNT exposure, we also observed a significant increase
in apoptotic cells (Fig. 1E), indicating that CNT is effective at inducing
cell death in these cells. The increased apoptotic index was supported
by increased transcript levels of PUMA and NOXA (Fig. 1F), both of
which are expressed following the initiation of apoptosis [16].

3.2. Convallatoxin inhibits cancer cell proliferation in a p53-independent
manner

Of the genes analyzed by real-time PCR, all have been shown to be
direct transcriptional targets of the p53 tumor suppressor [16]. In ad-
dition, HCT116+/+ cells maintain an intact p53 signaling pathway
[17]. As a result, we hypothesized that the functional effects of CNT
may require the activity of p53. Previously, an isogenic HCT116 cell
line was generated by deleting both alleles of the p53 gene [18], so we
exposed HCT116−/− cells to serially diluted concentrations of CNT for
24 h and assayed for viability via alamarBlue reduction. We found that
HCT116−/− cells responded nearly identically to HCT116+/+ cells,
suggesting that the CNT-mediated reduction in viability did not require
functional p53 activity (Fig. 1B). We subsequently exposed HCT116−/−

cells to CNT for 24 h and analyzed the resulting cells via Hoechst
staining. Interestingly, we observed a decreased mitotic index and an
increased apoptotic index that was not significantly different than
HCT116+/+ cells (Fig. 1G–H), suggesting that p53 is not required for
the anti-proliferative effects of CNT on colorectal cancer cells. In sup-
port of these data, we observed increased transcript levels of cell cycle
inhibitory/apoptotic genes (CDKN1A, SFN, PUMA, NOXA), along with
a slight decrease in expression of anti-apoptotic genes (BCL-2) that was
also not dependent upon p53, suggesting that the anticancer effects of
CNT do not require the p53 tumor suppressor.

4. Discussion

The incidence of colorectal cancer is high [2,3] and there is always a
need for novel therapeutic options for this disease. Given the strong
anti-growth properties of p53, it is not surprising that previous reports
have centered on the ability to reactivate this gene in cancers that
maintain wild-type p53 [19]. While this is a promising approach, a
significant number of colorectal cancers harbor a p53 gene that is often
mutated or genomically deleted [4], making these treatment options
difficult to implement. We show that convallatoxin (CNT), a cardiac
glycoside, has antiproliferative and apoptotis-inducing properties to-
wards colorectal cancer cells. Additionally, the effects observed are
independent of p53. Our data suggest that convallatoxin may be useful
for blocking the proliferation of colorectal cancers that have lost
functional p53 due to mutational events or genomic deletion.

We found it interesting that, even in the absence of p53, CNT ex-
posure induces the expression of PUMA and NOXA, both of which are

Table 1
Primer sequences used in this study.

Gene symbol Forward primer sequence Reverse primer sequence

ACTB CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT
CDKN1A TGTCCGTCAGAACCCATGC AAAGTCGAAGTTCCATCGCTC
SFN TTGACGACAAGAAGCGCATCAT GTAGTGGAAGACGGAAAAGTTCA
PUMA GACCTCAACGCACAGTACGAG AGGAGTCCCATGATGAGATTGT
NOXA ACCAAGCCGGATTTGCGATT ACTTGCACTTGTTCCTCGTGG
BCL2 GGTGGGGTCATGTGTGTGG CGGTTCAGGTACTCAGTCATCC
BCL2L1 GAGCTGGTGGTTGACTTTCTC TCCATCTCCGATTCAGTCCCT
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validated p53 target genes. It should be noted that PUMA and NOXA are
regulated by a number of transcription factors in addition to p53. For
example, previous reports show that PUMA is a transcriptional target of
p73, FoxO3a, C/EBP homologous protein (CHOP), and the E2F1 tran-
scription factors [20–22], while NOXA can be transcriptionally con-
trolled by additional proteins such as p73 and E2F1 [23,24], among
others. Further research is necessary to determine the specific proteins
and/or pathways that are regulating the expression of these pro-apop-
totic genes in response to CNT. We also analyzed the expression of
antiapoptotic genes (Bcl-2/Bcl-XL) following CNT treatment. While we
saw negligible changes in Bcl-XL expression, we did observe a re-
producible decrease in Bcl-2 expression following exposure to CNT. It
should also be noted that this decrease in Bcl-2 occurred regardless of
p53 status, again emphasizing that the effects of CNT do not require
functional p53.

Cardiac glycosides have previously been shown to function by se-
lectively antagonizing the Na+K+ transporter [7,8]. It is possible that
this is a potential mechanism driving the antiproliferative properties of
CNT on HCT116 cells in our study, as previous reports have suggested
that colorectal cancers upregulate specific isoforms of this transporter
[25]. In addition to this potential mechanism of action, previous re-
search suggests that cardiac glycosides maintain cytotoxic properties
against cells that are independent of their ability to abrogate sodium
and potassium transport [14,26]. Cardiac glycosides have been shown
to modulate calcium-dependent caspase activation [8], increase the
production of reactive oxygen species [27], and negatively affect the
function of topoisomerase enzymes [28]. Given these previously re-
ported functions of cardiac glycosides, along with data from our group

(Fig. 1B) and others [10] suggesting that cancer-derived cells are more
sensitive to their effects, we believe that research should continue to
examine the many mechanisms behind the use of CNT as a potential
anti-proliferative compound. Further, most interesting is the observa-
tion that CNT induces an apoptotic cascade as observed by apoptosis-
induced membrane blebbing, and that this cell death pathway is acti-
vated in the absence of p53. While the absence of p53 is known to grant
cells the ability to proliferate at higher rates, it has also been suggested
that the lack of functional p53 can sensitize cancer cells to che-
motherapeutic agents that modify chromatin and/or induce high
amounts of DNA damage [29]. While there is no current evidence that
CNT specifically acts on chromatin or is able to generate genotoxic
stress, further research is required to identify the specific mechanism(s)
that are driving CNT-mediated cellular death. Collectively, our data
suggests that CNT should be further explored as a potential therapeutic
for colorectal cancers, in particular those that have inactivated the p53
tumor suppressor signaling pathway.
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