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5.4.3 ATP-dependent Cell Viability Assay

To determine cell viability, we measured cellular ATP activity. MCF-7 cells were
seeded at 10,000 cells/well in a 96-well, opaque walled plate. Cells were treated at 70%
confluency with the desired treatments and incubated for 24 hours before the assay was
conducted. Our expectation was that the selected dosages of SFN (20 uM) and TSA (1 uM)
with vitamin D (100 nM), are sufficient to decrease viability in MCF-7 cells. The results

are presented as percent (%) control in Fig 5.3.

Fig 5.3: ATP-dependent Cell Viability in MCF-7 cells. No effect of treatments was
observed on ATP-dependent viability. Values are representative of three independent

experiments (N=3) and are expressed as percent (%) control.
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5.4.4 ATP-independent Cell Viability Assay

To determine cell viability in an ATP-independent manner, we measured
cellular MT Cell Viability Substrate activity. MCF-7 cells were seeded at 10,000 cells/well
in a 96-well, opaque walled plate. Cells were treated at 70% confluency with the desired
treatments and incubated for 24 hours before the assay was conducted. Our expectation
was that the selected dosages of SFN (20 uM) and TSA (1 uM) with vitamin D (100 nM)
would be sufficient to decrease viability in MCF-7 cells. Two- way ANOVA test was

performed to test for time X treatment interaction.

Compared to control, all treatments were significant different at all time points
(p<0.0001) with an overall significant interaction(p<0.0001). Tukey’s post test showed
significant difference in D+SFN (p<0.0001) and D+TSA (p<0.0001) at 0 and 48 hours,
with an increase in cytotoxicity by SFN and TSA at 48 hours. There was no significant
difference among the treatments at 6, 12 and 24 hours. The results are presented as relative

luminescence in Fig 5.4.
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Fig 5.4: ATP-independent Cell Viability in MCF-7 cells. Maximum decrease in cell
viability was observed at 48H. Each data point represents 4 replicates and results are

expressed as (Mean+SEM).

5.4.5 Apoptosis in MCF-7 cells

We used Caspase-Glo® 3/7 lytic assay and measured the degree of caspase cleavage
of the substrate. The cleavage liberates free aminoluciferin, which is consumed by the
luciferase enzyme, generating signals proportional to caspase-3/7 activity (used as a proxy
measure of apoptosis). In other words, the higher the activity of the enzyme, the higher the
luminescent signal. MCF-7 cells were seeded at 10,000 cells/well in a 96-well, opaque
walled plate. Cells were treated at 70% confluency with the desired treatments and
incubated for 24 hours before the assay was conducted. Our expectation was that the

selected dosages of SFN (20 uM) and TSA (1 uM) with vitamin D (100 nM) would be
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sufficient to induce apoptosis in MCF-7 cells. The results are presented as relative

luminescence in Fig 5.5.
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Fig 5.5: Apoptosis in MCF-7 cells. All treatments demonstrated significant decrease in
caspase 3/7 activity in MCF-7 cells. Values are representative of four independent
experiments (N=3) and represented as percent (%) control (Mean£SEM). Tukey s post test

showed no significant difference between D+SFN when compared to D alone.

5.4.6 Clonogenic Assay

Clonogenic assays, first tested in 1956 and later modified to fit several mammalian
cell types, including stem cells, essentially test every cell in a population for its ability to
undergo “unlimited” cell division [14]. This assay is especially suitable to determine cell
reproductive death post-treatment with ionizing radiation as well as other choice of

cytotoxic compounds. The general principle is, only a fraction of the cells will retain the
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capacity to produce colonies. We treated MCF-7 cells as per protocol (described in the
methods section) for three weeks with desired treatments. We then counted the cell
colonies (Fig 5.6) formed and the calculated the surviving fraction (SF). There seems to be
a trend of decreased colony formation when compared to control after three weeks (N=3).
Summary of treatment vs control: DMSO (0.15+0.07), D alone (0.02+0.005), SFN alone
(0.024+0.005), D+SFN group (0.024+0.0005), D+TSA (p=0.03, 0.0015+0.0015) and TSA
(p=0.03). Data is represented in the form of a surviving fraction (SF) curve in Fig.5.7.

DMSO D SFN D+SFN D+TSA TSA

Fig 5.6: Clonogenic Assay in MCF-7 Cells. Untreated controls (DMSO) with 60 and 56
clones, respectively, formed after seeding 1000 cells per well. D treatment group had 30
and 26 clones per well, respectively, while SFN group had 11 and 30. D+SFN group had

33 and 22 clones respectively, while neither D+TSA or TSA showed any colony formation.
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Fig 5.7: (A) Surviving Fraction Curve from Clonogenic Assay in MCF-7 Cells. (A)
D+TSA group (p< 0.03) and TSA group (p<0.03) significantly reduced colony formation

in MCF-7 cells. (B) Sample control (DMSO) cell picture on day 0.

5.4.7 Migration Assay

MCF-7 cells were plated and treated as per protocol described above. We then
calculated the % closure for each treatment compared to the control per the formula shown
in the methods section. Compared to control (N=3) the combination groups D+SFN
(0.87£0.09) and D+TSA (0.86+0.07), showed no difference in migration (Fig 5.8). D alone
(0.89+0.09) and TSA alone (0.90+0.10) groups showed moderate reduction in migration

while SFN alone (0.80+£0.07) demonstrated the opposite effect in MCF-7 cells.

97



1.5

T
£ 1.0- ns T
@
o
QO
-2 0.5-
ﬂ.ﬂ- T 1 1
\@0 O & F S &
o b3
Q Q Q
Treatments

Fig 5.8: Percent (%) Closure in MCF-7 cells. No significant difference was observed in

MCF-7 cells when compared to control.

5.5 Discussion

Breast cancer is the most frequently diagnosed cancer in women [15]. Breast cancer
ranks second as a cause of cancer death in women. Overall, breast cancer death rates
declined by 36% from 1989 to 2012 due to improvements in early detection and treatment,
translating to the avoidance of approximately 249,000 breast cancer deaths [5].

A large proportion of breast cancer cells contain the VDR protein. However, the
level of expression is variable within individual cells and, therefore, the biological response
to 1,25-dihydroxyvitamin D3 varies for an individual patient’s cells as well as between
patients. One of the key factors regarding the activity of 1,25-dihydroxyvitamin D3 is its
availability in the breast cancer environment. This is maintained by the balance between
synthesis and catabolism of vitamin D. Many epidemiological studies have reported
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positive associations between gene polymorphisms and risk of breast cancer; these include
vitamin D related genes such as polymorphisms in VDR, vitamin D-binding protein, as
well as the CYP24A1 gene [3]. In the present study, our chosen treatments had no effect
on VDR expression in MCF-7 cells.

Intracellular calcium plays a critical role in many fundamental cellular processes
such as proliferation, apoptosis, and secretion. Therefore, calcium levels are tightly
controlled in cells and any disruptions in intracellular calcium homeostasis play a critical
role in tumor progression in all cancer types. Studies have been conducted to analyze how
intracellular calcium homeostasis and the associated calcium signaling pathways are
altered in breast cancer cells compared with normal mammary gland cells. Calcium
channels are either upregulated or downregulated depending on the types of cancer. One
such example is the altered expression of TRPV6 in prostate, pancreatic, thyroid, colon,
ovary, and breast cancer [16]. TRPV6 mRNA was first shown to be regulated by
1,25(0H)2D3 [17] in Caco-2 cells, a human intestinal cell line. The epithelial calcium
channel TRPV® is upregulated in breast carcinoma compared with normal mammary gland
tissue [18] and TRPV6 overexpression is strongly associated with the invasive status. It
regulates both breast cancer cell migration and invasion [19]. Although studies have shown
TRPV6 to be increased in breast carcinoma [20], one study found TRPV6 mRNA to be
expressed at very low levels in MCF-7 cells[18]. Although we did not find any significant
association of vitamin D with TRPV6 expression, D+SFN significantly increased its
expression, which is along the line of what we hypothesized.

The primary effect of exposure of breast cancer cells to 1,25-dihydroxyvitamin D3

is cell cycle arrest due to changes in the functional status of the proteins that regulate cell
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cycle [21]. 1,25(0OH)2D can also induce morphological changes associated with apoptosis
in breast cancer cells [22]. 1,25-dihydroxyvitamin D3 can inhibit the invasion and
metastasis of cancer cell 1,25(0OH)2D and has potent anti-angiogenic properties that can
inhibit tumor cell invasion [23]. Effect of 1,25-dihydroxyvitamin D3 on cell proliferation
can also be mediated in an indirect way, via interference to the function of estrogen
receptors (ER) [24]. 1,25-dihydroxyvitamin D3 and its analogues reduce the expression of
ERa, which in turn reduces the level of mitogenic signals to breast cancer cells from
estrogens.

CYP27B1 is present in some breast cancer cells and may lead to the autocrine
synthesis of 1,25-dihydroxyvitamin D3 from 25(OH)Da3. It has been shown that breast
adipocytes also express CYP27B1 and could bio-activate 25(OH)D3 to 1,25-
dihydroxyvitamin D3 and in a paracrine fashion deliver 1,25-dihydroxyvitamin D3 to the
breast epithelium. The expression of CYP27B1 can be considered a central mechanism in
the association between active vitamin D and its antitumor effects [25]. In a recent study,
a targeted ablation of CYP27B1 was accompanied by significant acceleration in initiation
of spontaneous mammary tumorigenesis where cell proliferation, angiogenesis, cell cycle
progression, and survival markers were up-regulated in tumors, and apoptosis was down-
regulated [26]. In the present study, we found that CYP27B1 expression was not affected
by the treatment groups.

The availability of 1,25-dihydroxyvitamin D3 is also determined by its degradation,
along with its activation. This process is initiated by the 24-hydroxylation of 1,25-
dihydroxyvitamin D3 by the enzyme, CYP24AL1. In normal tissues, this enzyme is induced

in response to 1,25-dihydroxyvitamin D3 exposure, providing a regulatory mechanism that
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maintains the concentration of 1,25-dihydroxyvitamin D3 at a non-toxic level. Genome
hybridization studies have revealed that in certain human breast cancers the CYP24A1
gene is amplified and this may cause a reduction in the level of 25(OH)D3 and 1,25-
dihydroxyvitamin D3 level and could allow cells to proliferate unduly [27]. We found that
CYP24A1 expression was significantly decreased when added SFN to vitamin D, which is
the opposite of what we hypothesized. However, in advanced cancers, this role might prove
to be very beneficial.

Phytochemicals have been studied extensively for the treatment of various diseases
and disorders [28]. They exhibit a wide range of safety and target multiple pathways and
targets in breast cancer cells [29]. Current evidence suggests that naturally occurring
phytochemicals can target breast cancer stem cells (CSCs) [1, 30]. Hence, phytochemicals
are proposed to be useful in the treatment of cancer. Consumption of cruciferous vegetables
such as broccoli, correlates with decreased risk of cancer induction. This protective effect
has been shown to be in part due to the presence of an isothiocyanate (ITC)- glucoraphanin
[31, 32]. The four important ITCs formed from glucosinolates by the activity of myrosinase
are benzyl-ITC, allyl-ITC, phenylethyl-ITC (PEITC) and methylsulphinylbutyl-ITC
(sulforaphane). PEITC [33] and sulforaphane [34] are two well-studied ITCs for their
anticancer activities. Sulforaphane has been found to inhibit proliferation, angiogenesis,
and metastasis as well as induce cell cycle arrest and apoptosis in breast cancer cells. It
reactivated expression of ER-o in MDA-MB-231 cells, whereas, in combination with
tamoxifen, reduced proliferation in MDA-MB-231 cells. Sulforaphane treatment caused
cell cycle arrest and decreased cyclin A, cyclin B1 and CDC2 expression in breast cancer

(MDA-MB-231) cells [35]. Finally, sulforaphane decreased the production of IL-1p, IL-6,
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TNF-a, interferon-y, IL-4, platelet-derived growth factor and VEGF in MDA-MB-231
cells [36]. Although more cited for its antioxidative and anti-inflammatory defense
mechanisms, the induction of proliferation arrest and apoptotic cell death primarily
contribute to its anticancer functions. [37-39] However, the precise molecular mechanisms
of sulforaphane-elicited anticancer effect are not thoroughly elucidated. [40]

Modified histones have gained importance as biomarkers of breast cancer
prognosis. The investigations carried out on mechanisms of histone modifications are also
promising for the development of efficient HDAC inhibitor therapies.

It is not clear from the results as to how the HDAC inhibitors work when combined
with vitamin D. We did observe some predicted response to D in genes such as CYP24Al,
and TRPV6. However, SFN and TSA had opposing effects in most cases. Clonogenic assay
findings confirmed that D+SFN group was more effective than D alone group even though
we did not reach statistical significance. Overall, we demonstrated significant association
between vitamin D and the HDAC inhibitors as we hypothesized but merits further
exploration due to the opposing effects of SFN and TSA.

Insights into the biology of breast cancers have been gained from the identification
of genes commonly mutated in these cells signaling pathways and have led to paradigms
that have informed the study of epigenetic alterations in cancer. These insights are also
currently being used to develop new diagnostic and prognostic assays and potential
therapies for breast cancer.

In summary, we state that the components of the vitamin D pathway can potentially
be used both as treatment and preventive strategies for breast cancer. In cancers with low

VDR expression, it may be possible that future treatments could target the genomic and
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epigenomic level alterations to increase VDR expression by modulating expression of

transcription factors or utilizing HDAC inhibitors, respectively.
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CHAPTER 6

EFFECT OF HISTONE DEACETYLASE INHIBITORS ON AND VITAMIN D-
DEPENDENT

GENE EXPRESSIONS IN CACO-2 HUMAN COLORECTAL CANCER CELLS

Sharmin Hossain!, Zhenhua Liu! and Richard J. Wood!

!Department of Nutrition, University of Massachusetts, Amherst
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6.1 Abstract

It is relatively unknown how dietary bioactive compound, sulforaphane, in
partnership with vitamin D, regulate gene expression linked to colorectal cancer. It has
been suggested that the combination of various bioactive components with vitamins is
crucial for their potential anticancer activities. METHODS: This study employed a
combinatorial chemo preventive strategy to investigate the impact of dietary histone
deacetylase inhibitor i.e. sulforaphane on chromatin remodeling in human colorectal
carcinoma. To understand the epigenetics-mediated changes in gene expression in
response to sulforaphane and vitamin D, Caco-2 cells were exposed for 24 hours to
vitamin D (100nM) either alone or in combination with L-sulforaphane and TSA
(20uM and 1uM respectively) at 70% confluency (proliferating) and after 13 days post
confluency (fully differentiated) and Changes to VDR, CYP24Al, CYP27B1 and
TRPV6 gene expressions were quantified using real-time PCR-based assays. Histone
deacetylase inhibitor activity was assessed using HDAC I/11 assay that measured global
changes in acetylation status. RESULTS: In proliferating Caco-2 cells, D+SFN
(p<0.04) increased VDR expression and decreased CYP27B1 (p<0.01) more than D
alone (p=0.38 and p=0.07 respectively). However, in differentiated Caco-2 cells, none
of the genes had significant changes from D alone group. D+SFN (p=0.99)
demonstrated an opposing effect from D alone and decreased VDR expression.
Although statistically significant, D+SFN (p=0.01) effects on HDAC inhibitor activity
was lower than TSA alone (p<0.0004) or SFN alone group (p<0.0014).
CONCLUSION: These data suggest that colon cancer cells respond to dietary

components differently under different culture conditions. The effect of vitamin D and
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sulforaphane is selective and gene-specific in the complex multistep process of

colorectal carcinogenesis in vitro.

Key words: HAT, histone acetyltransferase; HDAC, histone deacetylase; SFN,

sulforaphane; TSA, Trichostatin A; VDRE, vitamin-D response elements.

6.2 Introduction

Colorectal cancer is one of the most invasive and the third most common cancer in
both men and women in the United States. Among men and women combined, colorectal
malignancies are the second most common cause of cancer mortality in the United States,
with approximately 50,000 deaths each year [1]. Although, a serum vitamin D level of 20
ng/mL to 50 ng/mL is considered adequate for healthy people, it is more reasonable to say
serum 25(0OH)Ds levels of 30 ng/mL is physiologically beneficial in preventing chronic
diseases like cancer. Per a study using data from NHANES 2000-2004, up to 78% of
Americans have a serum levels less than 30ng/ml of 25(0H)Ds [2].

Vitamin D has been known to play an important role in bone and mineral
homeostasis. However, it has been studied for its anti-neoplastic roles ever since it was
discovered that colon cancer mortality rates were the highest in places with the least
amount of sunlight in the US [3], suggesting a protective role of Vitamin D. The active,
hormonal form of vitamin D, 1a,25-dihydroxyvitamin D [la, 25(OH)2D] mediates its
actions through activation of the Vitamin D Receptor (VDR), a ligand-dependent
transcription factor.[4] The development of many cancers is often associated with a
reduced expression of the vitamin D receptor protein resulting in decreased cellular
sensitivity to 1a,25-dihydroxyvitamin D [1a, 25(OH)2D] and a possible loss of the anti-

109



proliferative action provided by vitamin D [5, 6]. Our understanding of epigenomic
alterations in colorectal cancer, is less advanced than that of our understanding of gene
mutations, but substantial progress has recently been made in this area [7]. However, the
exact mechanisms are yet to be explored.

Epigenetic effects, including changes in histone acetylation status, influence
chromatin remodeling and gene expression in cancer cells. To date, no other study has
looked at these specific vitamin D- dependent gene expressions in relation to histone
modification in colorectal cancer cells. We have used Caco-2 cells as our model as opposed
to HCT116 or other frequently used colon cancer cell lines. This is because Caco-2 cells
are more commonly used as fully differentiated cells that mimic intestinal mucosal cells
and therefore, are a preferred choice in studies involving intestinal uptake e.g. drug
interventions. This study will also address the unique question as to how Caco-2 cells
behave as colorectal cancer cells for the first time.

Many bioactive compounds have been shown to alter genetic and epigenetic
profiles in various cancers. Of these compounds, sulforaphane (SFN), found in cruciferous
vegetables such as kale, cabbage, broccoli sprouts etc., has been present as one of the most
potent, natural (histone deacetylase) HDAC inhibitors to date.[8] Trichostatin A (TSA) is
a fungal metabolite with well-known histone deacetylase inhibitor activity as well and
often used as positive controls in experiments with natural HDAC inhibitors such as
sulforaphane.

The objective of this study is to determine to what extent treatment with the histone
deacetylation inhibitors (HDACSs) sulforaphane or Trichostatin A (TSA), influences

vitamin D-induced transcriptional activity. The rationale for this study is that treatment of
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cells with these epigenetic modifiers will alter the acetylation status of histone proteins.
This, in turn, will loosen the association of DNA with the histone protein complex of the
allowing increased access of the vitamin D receptor - RXR heterodimer to the vitamin D

response element (VDRE) found in the promoter of vitamin D-inducible genes.

6.3 Methods

6.3.1 Cell Culture

Cells were treated on day 7 (proliferating) 14 from the date of seeding into 6-well
plates (differentiated). The experiment included six different treatment groups namely-
DMSO control (0.1%), 1,25 (OH)2D3 (100nM), SFN (20 pM), TSA (1UM), 1,25 (OH)2D3
+ SFN and 1,25 (OH):Ds + TSA (APPENDIX G).. After treatment, the cells were
incubated for 24 hours before harvesting. Caco-2 cells were obtained from the American
Type Culture Collection (HTB-37; American Type Culture Collection, Rockville, MD). 1,
25 (OH).D3 was purchased from Enzo Life Sciences, Plymouth Meeting, PA. Trichostatin
A and SFN were purchased from Sigma-Aldrich, St. Louis, MO. Real-time PCR materials,
including all primers and master mix were purchased from Applied Biosystems, Foster
City, CA. Cell culture dishes were bought from Costar, Cambridge, MA. All other cell
culture materials and materials for RNA isolation and cDNA synthesis were purchased

from Life Technologies, Grand Island, NY.

6.3.2 RNA Isolation and Reverse Transcription

At the completion of the treatment period, cells were washed with saline, then
treated with 1 mL Trizol per well of a 6-well plate, and cells were scraped to be harvested
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for subsequent RNA extraction. Cells were frozen at -80°C until RNA was ready to be
isolated in collection tubes. To isolate the RNA, 200 uL chloroform was added to each
homogenate for phase separation. Isopropanol (500 pL) was then used to precipitate the
RNA. Washing three times with 1 mL of 75% ethanol was followed by the addition of 40
puL of Diethyl pyrocarbonate (DEPC) water. The samples were then incubated for 10
minutes at 56°C to ensure maximum RNA solubility. RNA samples were then quantified
using a Nanodrop machine (A260/280). cDNA was prepared using the SuperScript III First
Strand Synthesis System for RT-PCR (Life Technologies, Grand Island, NY). Details of

the protocol are listed in APPENDIX H.

6.3.3 Real Time PCR

For all experiments, mRNA expressions of GAPDH, VDR, CYP24A1, CYP27B1,
and TRPV6, were measured by ViiA™ 7 Real-Time PCR System (Applied Biosystems,
Foster City, CA). Reactions consisted of 10 pL of SYBR GREEN Gene Expression Master
Mix (Applied Biosystems, Foster City, CA) with forward and reverse primers (10 nM each)
and 10 pL of DNAse/RNAse Free Water with 100 ng of cDNA. Duplicates were set up for
each sample. The levels of VDR, CYP24A1, CYP27B1, and TRPV6 were measured by
the comparative AACT method (ThermoFisher Scientific, 2016). For each sample, the
relative abundance of GAPDH and the target genes were obtained. The difference between
those two abundances (target gene- GAPDH) is the ACT for that sample which were the
values used for statistical analysis. The mean ACT values were then normalized against the
mean ACT values of the control sample, Dimethyl Sulfoxide (DMSO), resulting in a AACT

value. 2 was raised to the — AACT to produce a relative quotient (RQ) for each sample,
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with the RQ of the control being one. RQ values were used to create the mMRNA expression

curves for each gene. Primer sequences are available on APPENDIX A.

6.3.4 Histone Deacetylase (HDAC) Assay

We used the HDAC-Glo™ I/II Assay (luminescent) (Promega, 2017). The assay
uses an acetylated, live-cell-permeant, luminogenic peptide substrate that can be
deacetylated by HDAC activities. Deacetylation of the peptide substrate is measured using
a coupled enzymatic system in which a protease in the Developer Reagent cleaves the
peptide from aminoluciferin, which is quantified in a reaction using Ultra-Glo™
Recombinant Luciferase. The HDAC-mediated luminescent signal is persistent and
proportional to deacetylase activity.

Cells were harvested 24 h after treatment with SFN (20 uM) and TSA exposure (1

pHM), and cell lysates were analyzed for HDAC activity, as reported [10].

6.3.5 ATP Assay

We used the CellTiter-Glo® 2.0 Assay (Promega, 2017). This assay provides a
homogeneous method to determine the number of viable cells in culture by quantitating
the amount of ATP present. Luminescence readout is directly proportional to the number
of viable cells in culture. Cells were harvested 24 h after co-treatment with SFN (20 puM)

and TSA (1 uM), and cell lysates were analyzed for ATP activity as per protocol.
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6.3.6 MT Assay

We used the RealTime-Glo™ MT Cell Viability Assay (Promega, 2017), and
measured cell viability continually in the same sample well up to 48 hours. This gave us
more information about the mode of action of our treatments about time dependence. The
nonlytic nature and rapid response of the assay made it possible to monitor cell viability
over time in the same well. The assay measures the reducing potential of viable cells, and
is ATP-independent, providing an orthogonal method for viability or cytotoxicity
determination.

Luminescence readout is proportional to the number of viable cells in culture. Cells
were harvested 24 h after co-treatment with SFN (20 uM) and TSA (1 uM), and cell lysates

were analyzed for ATP activity.

6.3.7 Caspase 3/7 Assay

We used the Caspase-Glo® 3/7 Assay (Promega, 2017) to measure apoptosis in
proliferating Caco-2 cells. The assay provides a pro luminescent caspase-3/7 DEVD-
aminoluciferin substrate and a proprietary thermostable luciferase in a reagent optimized
for caspase-3/7 activity, luciferase activity and cell lysis. Adding the single Caspase-Glo®
3/7 Reagent in an "add-mix-measure" format results in cell lysis, followed by caspase
cleavage of the substrate. This liberates free aminoluciferin, which is consumed by the
luciferase, generating a "glow-type" luminescent signal that is proportional to caspase-3/7
activity.

Cells were harvested 24 h after co-treatment with SFN (20 uM) and TSA (1 pM),
and cell lysates were analyzed for caspase 3/7 activity.

114



