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Abstract
Retinoic acids and their derivatives potentiate anti-cancer effects in breast cancer cells. The aberrant
expression of telomerase is critical to the continued proliferation of most cancer cells. Thus,
telomerase is an attractive target for chemo-prevention and treatment of breast cancer. 9cUAB30 is
a novel synthetic retinoid X receptor-selective retinoic acid (RA) that effectively reduces the
tumorigenic phenotype in mouse breast carcinoma with lower toxic effects than natural retinoid
treatments. We have assessed 9cUAB30 retinoic acid treatment of human breast cancer cells to
determine the potential of this drug as an effective telomerase inhibitor and its application to cancer
therapy. 9cUAB30 was found to decrease DNA methyltransferase and telomerase expression in
MDA-MB-361, T-47D, and MCF-7 human breast cancer cells and to inhibit the proliferation of these
cells. This low-toxicity retinoid also reduced colony formation in soft agar assays in each of these
cell types. Combination treatments of 9cUAB30 and all-trans RA proved to be synergistically more
effective than either RA alone, further suggesting a possible general epigenetic mechanism that
contributes to the anti-telomerase activity of the retinoids. Therefore, the novel retinoid, 9cUAB30,
is effective in inhibiting the growth of human breast cancer cells, its anti-cancer effects appear to be
related to telomerase inhibition and the mechanism for this process could be mediated through
epigenetic modifications.
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Introduction
Telomerase is the enzyme responsible for solving the end-replication problem in linear
chromosomes and hTERT, the catalytic component of telomerase, is an attractive molecular
target for anti-cancer therapies due to its differential expression in cancer and normal cells
(reviewed in ref. 1). There is significant interplay between genetic and epigenetic regulatory
mechanisms at the hTERT promoter, hence the need to elucidate the complex mechanisms of
telomerase control and the stable silencing of telomerase that occurs during the normal course
of cellular differentiation. Retinoic acids (RAs), derived from vitamin A, are important
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mediators of developmental, growth, and morphogenic processes in vivo (2) and have been
shown to down-regulate telomerase activity in a number of cancers (3-7). Responsiveness to
RA is determined by retinoic acid receptor (RAR) and retinoid X receptor (RXR) expression.
These two classes of steroid receptor-related nuclear proteins each have, α, β and γ isoforms
(reviewed in ref. 8) that further enhance the cell-specific nature of retinoid sensitivity. RA
derivatives change the expression of cyclins, cdks, CDKIs, E2F1, and c-Myc (9,10) in breast
cancer cells, making these cells an attractive model system for promoter analysis and RA
treatment. Although a direct relationship between RA treatments and estrogen has not yet been
found, RA responsiveness appears to be greatest in estrogen receptor (ER)-positive breast
cancer cells that express high levels of RARα (11,12). Both 13-cis RA and all-trans RA
(ATRA) have been shown to decrease tritiated thymidine incorporation in ER-positive MCF-7
cells (13). ER-negative cells have decreased levels of RARα and are resistant to retinoids
(12). In ER-negative MDA-MB-231 cells, which are RA-resistant and express neither RARα
nor RARβ, the induction of an expression vector encoding RARα restores sensitivity to ATRA
and causes growth inhibition suggesting that RARα mediates the effects of retinoids (12). When
cells lack RARα, the RXR pathway ensues and activates RARβ (14). The tumor suppressor
RARβ likely inhibits the action of AP-1 (15) and is absent in most ER-positive breast cancer
cells such as MCF-7 and MDA-MB-361 cells (11,16-19). RA therapy can induce the expression
of RARβ in some types of cancer (20).

RAs have been shown to down-regulate telomerase activity in breast cancer, prostate cancer,
and leukemia (3-5). Although the hTERT promoter lacks a retinoid response element and gene
repression is a downstream effect of retinoid treatment, studies have shown that certain RAs
significantly down-regulate hTERT gene expression in MCF-7 and MCF-10A cells (3,4). The
various molecular targets of retinoid signaling are still being discovered. It has been
demonstrated that retinoids repress AP-1-responsive gene expression by inhibiting MKK6/p38
and MEK/ERK signaling pathways (5). This repression is reversed, however, if c-fos and c-
jun are overexpressed, implicating c-jun/c-fos as retinoid targets.

RAs specific for RAR (such as ATRA) cause RAR/RXR heterodimers only. RXR can form
homodimers or heterodimers with other receptors such as vitamin D3, Nur-77, thyroid
hormone, and RAR (21,22), making it more specific and more selective than RAR. Ligands
specific for RXR are much less toxic than RAR-selective retinoids (23,24). 9-cis RA binds
RAR and RXR receptors. ATRA binds only RAR receptors (14). 9-cis UAB30 (9cUAB30)
RA [(2E,4E,6Z,8E)-8-(3′,4′-dihydro-1′(2′H)-napthalen-1′-ylidene)-3,7-dimethyl-2,4,6-
octatrienoic acid)] is a synthetic analog of 9-cis RA with reduced RAR-binding activity relative
to ATRA and 9-cis RA (25). 9cUAB30 also binds RXRα with higher affinity than the natural
ligand. Several isoforms of the UAB class of RAs have been synthesized, but 9cUAB30 is the
most potent and selective for activating RXRs (25). 9cUAB30 is effective in the prevention of
N-methyl-N-nitrosourea-induced murine breast cancer without signs of toxicity (26,27). It is
also rapidly taken up in the serum of mice and has a longer half-life than 9-cis RA. Moreover,
this RA does not accumulate in the serum, alter estrus cycles or uterine or ovarian weights, or
increase liver retinyl palmitate levels (27). 9cUAB30 may have antagonistic RARα binding
activity, but can still transactivate RARβ and γ with milder effects and maintain the
effectiveness of RA treatment. Retinoids often result in high levels of toxicity, thereby
rendering therapy an impractical option. However, new synthetic analogs of natural RAs such
as 9cUAB30 offer great potential because they are more selective, equally effective, and seem
to generate lower numbers of undesired side effects. It has been previously suggested that the
RAR- and RXR-selective combination might be the most potent in inhibiting tumorigenesis
(28-30).

The exact mechanism of action for RA-mediated inhibition of hTERT has not yet been
elucidated, but epigenetic mechanisms may explain many aspects of hTERT regulation and,
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consequently, effects that retinoids have at the hTERT promoter. DNA methyltransferases
(DNMTs), the mediators of DNA methylation that normally silence genes, are overexpressed
in tumors (31). Additional studies have shown elevation of the gene expression of all three
major DNMTs during tumorigenesis (32). Paradoxically, the hTERT promoter has been shown
to be highly methylated in most tumor cell types, with the exception of cancers of embryonic
origin, rendering hTERT active (33). The tumor-specific differences in methylation status of
the hTERT promoter and telomerase activity may be due to the selection of cells with site-
specific changes in transcriptional activator binding characteristics. To examine the role of
DNA methylation in the retinoid-induced down-regulation of hTERT, we investigated DNMT
expression during the course of treatment of T47D breast cancer cells.

We have previously shown significant down-regulation of hTERT expression with RA
treatment in human terato-carcinoma (HT) cells (34). This study examines the effects of
9cUAB30 on MCF-7, T47D, and MDA-MB-361 cells, all of which are ER-positive breast
cancer cell lines that vary in RAR and RXR expression and retinoid sensitivity. Combination
treatments with RXR-selective and RAR-selective RAs hold the greatest potential as effective
cancer therapies.

Materials and methods
Cell culture, treatments, and proliferation analysis

T47D breast ductal carcinoma cells (ATCC HTB-133) were grown in RPMI-1640
supplemented with 10% fetal bovine serum (FBS), 25 mM HEPES, 1X amphotericin B,
penicillin, and streptomycin (APS, Mediatech), and L-glutamine. MCF-7 cells (ATCC
HTB-22) and MDA-MB-361 cells (ATCC HTB-27) were grown in 1X DMEM (Dulbecco’s
modified Eagle’s medium, Mediatech) supplemented with 10% FBS, 1.0 mM sodium pyruvate,
4.5 g/ml glucose, 0.1 mM non-essential amino acids, 1X APS (Mediatech), and L-glutamine.
All subculture of cells was carried out in a humidified incubator at 37°C in 5% CO2. 9cUAB30
is a novel retinoid prepared by Dr Donald Muccio and colleagues (25). ATRA (Sigma) and
9cUAB30 were prepared in 100% ethanol, infused with nitrogen, aliquotted, and stored in the
dark at -80°C. The appropriate culture media was supplemented with varying concentrations
of RAs, ranging from 0.1-10 μM. Dose-response analysis was conducted (data not shown) and
the retinoids were used at optimal concentrations for each indicated cell type. Cells were treated
with RAs two days after being plated. Untreated cells fed complete medium and grown
simultaneously and in parallel with treated cells served as controls. Growth medium was
replaced every third day of culture. All cell culture work and handling of the retinoids was
carried out under yellow light to maintain RA stability. To gauge proliferation, treated cells
and non-treated controls were harvested with 1X trypsin-EDTA (0.25% trypsin/2.21 mM
EDTA in HBSS) and counted using trypan blue exclusion staining on a standard
hemacytometer.

RT-PCR of hTERT and DNMTs
Following subculture and treatment with retinoids, cells were harvested with trypsin and
washed with PBS. RNA was extracted according to the manufacturer’s instructions with the
RNeasy kit (Qiagen). Total RNA (2-4 μg) was converted to cDNA with oligo-dT primers using
the SuperScript First Strand Synthesis System (Invitrogen). cDNA was amplified by PCR with
2X PCR Master Mix (Promega) under conditions published previously (35-37).

For each primer set, the number of amplification cycles was predetermined to ensure that
readouts were taken in the exponential phase. PCR products (10 μl) were subjected to
electrophoresis in 2-3% agarose gels prestained with ethidiumbromide (Sigma) and visualized
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with UV light. Gels were analyzed with Kodak ID 3.6.1 Digital Science Software and standard
error of the means (SEMs) calculated from quantified data in triplicate experiments.

TRAP in RA-treated cells
The telomeric repeat amplification protocol (TRAP) assay was performed with the TRAPeze
XL telomerase detection kit (Serologicals). Briefly, 1×106 cells per sample were harvested and
lysed with 200 μl of CHAPS buffer and centrifuged at 12,000 × g at 4°C for 30 min to extract
protein. Protein samples were quantified with the Bradford-based Bio-Rad protein assay.
Protein (40 μg) from each sample was used to detect telomerase activity in the extracts,
evidenced by a laddering in 6-base pair increments from telomeric repeats added to the
oligonucleotide substrate in the reaction. Extended substrates were amplified with PCR using
fluorescein-labeled Amplifluor® primers for 36 cycles with an annealing temperature of 59°
C, followed by a final extension of 55°C for 25 min as described previously (34). Samples
were visualized after being subjected to electrophoresis through a 10% non-denaturing
polyacrylamide gel stained with SYBR-Green (Molecular Probes). Fluorescence emitted by
the bands and the height of the ladder were proportional to the amounts of product generated
and band intensity was analyzed with Kodak ID 3.6.1 Digital Science software.

Soft agar assay
Solid bottom layers consisted of 0.66% agar noble in sodium bicarbonate-free 1X RPMI-1640
supplemented with 20% FBS, L-glutamine, and 1X ampicillin/penicillin/streptomycin (APS)
for T47D cells or 0.5% agar noble in 2X DMEM supplemented with 20% FBS for MDA-
MB-361 cells (38). The semi-solid top layer of 0.33% noble agar contained RPMI and
1×104 T47D or 7.5×104 MDA-MB-361 cells. ATRA or 9cUAB30 was added to the semisolid
top layer along with cells at concentrations ranging from 0.1-10 μM. Untreated cells were
grown in parallel as a control. Fresh aliquots of 1 ml control or retinoid-containing media were
added to the top layers every 4 days. At 21 and 28 days, colonies consisting of more than 25-30
cells were counted and photographed with a Nikon 900 Coolpix digital camera (38). SEMs are
the result of triplicate experiments.

Apoptosis assays
The ApopTag peroxidase assay (Serologicals) was used for TUNEL-based labeling of
apoptotic nuclei of control or 10 μM-treated (9cUAB30 or ATRA) T47D cells after 3 and 6
days. Cells (1×105) were fixed in a solution of 1% paraformaldehyde for 10 min at room
temperature. Endogenous peroxidase was quenched with 3% H2O2 in PBS. Cells were
incubated with terminal deoxynucleotidyl transferase (TdT) for 1 h at 37°C in a humidified
chamber. Labeled substrates were incubated with anti-digoxigenin peroxidase antibody for 30
min at room temperature. Nuclei were counterstained with methyl green (0.5%, Sigma) and
photographs were taken with a Nikon 900 Coolpix digital camera. Apoptosis was detected after
12 days in treated and untreated MDA-MB-361 and MCF-7 cells by fluorescence-activated
cell sorting with the Vybrant™ apoptosis assay kit No. 2 (Molecular Probes) as described
previously (39). Cells with phosphatidylserine on the membrane undergoing early apoptosis
were bound by the phospholipid-binding Annexin-V labeled with Alexa Fluor 488 and
visualized as green fluorescence by fluorescence-activated cell sorting analysis (FACScalibur,
Becton-Dickinson). Cells in later stages of cell death (necrosis) were sorted with propidium
iodide-staining of dead cells with red fluorescence. Live, non-apoptotic cells showed little or
no fluorescence. CellQuest software (Becton-Dickinson) was used to determine the percentage
of cells present at each stage of the cell cycle.
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Results
9cUAB30 effectively inhibits breast cancer cellular proliferation

9cUAB30 was compared to ATRA in triplicate experiments on T47D, MDA-MB-361, and
MCF-7 human breast cancer cells for 3, 6, 9, and 12 days with the concentrations and
combination treatments discussed previously. Changes in proliferation for each cell line with
and without RA are shown in Fig. 1. Each drug was an effective inhibitor of proliferation in
all cell types. In MDA-MB-361 cells, 9cUAB30 induced an approximate 5-fold decrease in
growth by day 12 with respect to untreated cells. ATRA and combination treatments were more
effective and decreased cell growth by 25- and 35-fold, respectively (Fig. 1B). Human MCF-7
cells treated with 9cUAB30 decreased proliferation by 4.5-fold by day 12. ATRA had a weaker
effect in MCF-7 cells, showing a lower degree of inhibition on cellular proliferation at day 12
than effects seen with 9cUAB30 (Fig. 1C). Collectively, these studies show for the first time
that 9cUAB30, a novel low-toxicity retinoid effective in mouse breast cancer, is also effective
in human breast cancers and has efficacy comparable to ATRA depending upon cell type.
Combination treatments with 9cUAB30 and ATRA at reduced concentrations appeared to have
synergistic effects in MDA-MB-361 cells that were assessed for combined therapy.

hTERT expression reduced with RA treatments
Fig. 2 shows the changes in hTERT expression in RA-treated cells. Untreated control cells were
used to represent 100% of hTERT mRNA levels. RT-PCR of hTERT mRNA expressed in T47D
cells showed that ATRA and 9cUAB30 treatment for 3 days reduced expression by
approximately 40% (Fig. 2A). By day 6, ATRA and 9cUAB30 treatment resulted in a reduction
of hTERT mRNA levels to 15% of those seen in control cells and these levels continued through
days 9 and 12 of treatment. Cells were incubated with 10 μM 9cUAB30 or ATRA, which were
the optimal concentrations of these retinoids in the T47D cells based on dose response analysis
(data not shown). hTERT mRNA expression was also assessed in MDA-MB-361 cells after
treatment with 10 μM 9cUAB30, 2 μM ATRA or a combination of 5 μM 9cUAB30/1 μM
ATRA (Fig. 2B). These optimal concentrations of retinoids for MDA-MB-361 cells were also
based on dose response analysis (data not shown). 9cUAB30 down-regulated hTERT as early
as day 3 relative to control untreated cells and demonstrated almost complete inhibition of
hTERT mRNA production by day 9, showing a 98% decrease thereby demonstrating for the
first time that 9cUAB30 has anti-telomerase activity. Surprisingly, ATRA was less potent than
9cUAB30, with hTERT mRNA levels decreasing from 30% of controls to 18% by day 12.
Combination treatments were slightly more effective than ATRA alone, but not as effective as
9cUAB30. Combination treatments were also slower to act, decreasing hTERT mRNA levels
to 41% of untreated controls at day 3 and to 12% by day 12. MCF-7 cells showed less inhibition
of hTERT with RA compared to the MDA-MB-361 cells (Fig. 2C). Triplicate experiments
showed only a 30% down-regulation of hTERT mRNA with 10 μM 9cUAB30 at day 12.
Duplicate experiments with ATRA demonstrated 28% inhibition by day 12, but treatments
caused a greater decrease in expression to approximately 60% of untreated values by day 9.

mRNA levels of epigenetic modulators DNMTs decreased with retinoids
Changes in DNMT expression for T47D cells with and without RAs are shown in Fig. 3.
DNMT levels were generally down-regulated in T47D cells after 12 days of exposure. With
ATRA, DNMT1 expression decreased to 7.5% of control cells with 12 days of treatment (Fig.
3A). DNMT3a and DNMT3b declined to 6 and 33% of control DNMT3a and DNMT3b levels,
respectively, by 12 days of treatment in response to ATRA. 9cUAB30 treatment led to a gradual
decrease of DNMT1 to 7% of control levels by day 12 in the T47D cells (Fig. 3B). DNMT3a
was also significantly down-regulated by 12 days of 9cUAB30 treatment. DNMT3b levels
declined to 11% of control levels by day 12. GAPDH concentration was used as a control and
did not show significant changes with treatment. These studies therefore show that the novel
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retinoid, 9cUAB30, as well as ATRA are capable of altering DNMT expression in human
breast cancer cells.

Telomerase activity altered with RA treatments in a cell type-specific manner
Telomere Repeat Amplification Protocol (TRAP) analyses assessing telomerase activity for
each cell type with and without RA treatments are displayed in Fig. 4. We show for the first
time that the low-toxicity novel retinoid, 9cUAB30, inhibits telomerase activity comparable
to ATRA. The telomerase enzyme is known to have a long half-life and can maintain activity
for at least 24 h or more after down-regulation of hTERT mRNA production (34). ATRA has
a stronger effect in lower concentrations with a reduction in enzyme activity to 20% of controls
in T47D cells treated with 0.1 μM ATRA for 6 days as compared to 10% in cells grown in 0.1
μM of 9cUAB30 (Fig. 4A1). T47D breast cancer cells treated with 10 μM ATRA for 1 day
showed only a 10% reduction relative to control levels (Fig. 4A2). By day 6 of ATRA treatment,
however, telomerase activity decreased to 65% of control levels. ATRA treatment reduced
telomerase activity to 23% by day 9 and to 15% of control levels by day 12. Similar reduction
in telomerase activity was seen with 9cUAB30 in T47D cells (Fig. 4A3). 9cUAB30 may act
as an anti-telomerase agent with efficacy similar to ATRA over longer periods of treatment in
T47D cells.

Telomerase activity in response to RA treatments was also examined in MDA-MB-361 and
MCF-7 cells. There was significant efficacy in telomerase inhibition in MDA-MB-361 cells
(Fig. 4B). Visual differences in band intensities between treated and untreated cells were
observed as early as day 6 for all RAs, with almost complete disappearance of banding by day
9. Triplicate experiments show that the 9cUAB30/ATRA combination was most effective in
MDA-MB-361 cells, with 82% inhibition by day 9 and 71% inhibition at day 12. 9cUAB30
treatments at 10 μM final concentration revealed 72% telomerase inhibition at day 12 compared
to untreated cells and this inhibition was in a more steady, stepwise pattern compared to effects
seen with the combination treatments. ATRA alone only down-regulated telomerase to 40%
by day 12 in MDA-MB-361 cells. In MCF-7 cells, telomerase inhibition was less than the other
cell lines with all RA treatments and there were no significant differences in telomerase
activities in these cells through 12 days of treatment in these cells (Fig. 4C). Therefore the new
9cUAB30 retinoid has significant anti-telomerase activity in specific types of breast cancer
cells comparable to the effects of the more toxic ATRA.

Dose-dependent decrease of anchorage-independent growth observed with RAs
The abilities to grow independently of a basal substrate and to overcome contact inhibition are
hall-marks of tumorigenic growth and can be used as indicators of the efficacy of agents
designed for anti-cancer therapy. Since 9cUAB30 and ATRA were shown to have significant
anti-telomerase effects in T47D and MDA-MB-361 cells, we asked whether the tumorigenesis
of these cells was reduced in response to these compounds. Fig. 5 shows the results for the soft
agar analysis of retinoid-treated T47D and MDA-MB-361 cells. Soft agar analysis was
performed on T47D cells exposed to 0.1, 1, and 10 μM ATRA or 9cUAB30. ATRA-treated
plates showed a reduction of colony growth in soft agar even at low concentrations to 11% of
control growth with 0.1 μM ATRA (Fig. 5B). 9cUAB30 also inhibited colony formation of
these human cells, with 0.1 μM treatment reducing growth to 62% of control and 10 μM
reducing growth to only 12% of control levels. 9cUAB30 may, therefore, be similar to ATRA
in its anti-tumor effect when used at adequate concentrations in T47D cells thereby showing
for the first time the efficacy of this novel compound in human breast cancer cells (Fig. 5B).
Since MCF-7 cells proved resistant to retinoid treatment, the effects of retinoid exposure on
the tumorigenicity of MDA-MB-361 cells were investigated. Triplicate soft agar experiments
were performed with ATRA and 9cUAB30 on MDA-MB-361 cells (Fig. 5C). MDA-MB-361
cells were grown in 0.33% agar with either no RA, 10 μM 9cUAB30, 2 μM ATRA, or
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combination treatments for 21 days. Untreated cells generated an average of 96 colonies of 25
cells or greater per plate. 9cUAB30 treated cells formed approximately 88% fewer colonies
(around 12 colonies). ATRA decreased tumorigenicity by ∼98% (averaging only 2 colonies).
Combination treatments were the most effective and virtually eliminated this aspect of the
tumor phenotype in treated MDA-MB-361 cells (Fig. 5C).

Significant apoptosis induced with 9cUAB30
Apoptosis is an important mechanism to clear malignant cells from the body and is commonly
induced with retinoid therapies. Detection of apoptosis in T47D cells was evident at day 3 and
6 of ATRA and 9cUAB30 treatment (Fig. 6A-E). Day 6 of ATRA exposure led to the staining
of entire clusters of cells (Fig. 6D). 9cUAB30 treatment caused apoptosis, but to a lesser extent
(Fig. 6E). ATRA and 9cUAB30 were tested for their abilities to induce apoptosis in MDA-
MB-361 and MCF-7 cells (Fig. 6F and G). MDA-MB-361 cells treated with 9cUAB30
exhibited 3.5 times the amount of total apoptosis of untreated cells (Fig. 6F). Most of the
apoptotic cells were in the later stages of cell death (necrosis). ATRA was only 43% as effective
as 9cUAB30 in apoptosis, but caused levels of necrosis similar to 9cUAB30. Combination
treatments were the most effective, generating 8 times as much apoptosis as controls (Fig. 6F).
In MCF-7 cells, 9cUAB30 plus ATRA and 9cUAB30 alone induced similar levels of apoptosis
with 2.5 times the apoptosis of untreated cells (Fig. 6G). At day 12, more 9cUAB30-treated
cells were in the early stages of cell death. Cells treated with combination therapy were
undergoing later stages of apoptosis. ATRA was the least effective in MCF-7 cells as well,
resulting in 1.4 times the apoptosis of untreated cells. None of the retinoid treatments appeared
to significantly alter the percentage of dead MCF-7 cells present compared to cells not exposed
to RAs (Fig. 6G). Comparative analyses of apoptosis in response to ATRA and 9cUAB30 for
MDA-MB-361 and MCF-7 cells are shown in Fig. 6H.

Discussion
In this study, we have shown for the first time that the novel low-toxicity retinoid, 9cUAB30,
is efficacious in human breast cancers and down-regulates telomerase in a number of breast
cancer cells suggesting that this process could be linked to an inhibition in DNA
methyltransferase gene expression in these cells. Retinoids are morphogens that induce the
establishment of embryonic patterning, loss of proliferation, cellular differentiation, and
apoptosis (40,41) and allow for the selective targeting of highly proliferative cell populations.
Epigenetic mechanisms established during differentiation are thought to play a role in the
maintenance of telomerase silencing observed in most somatic cells (42,43). The effects seen
in this study, such as the loss of proliferation and induced apoptosis, are independent of the
induction of a differentiated morphology, since T47D cells are a highly differentiated cancer
cell line. The association of many human cancer cell lines with high hTERT promoter
methylation in differentiated primary source tissues (43) suggests that retinoid agents are likely
capable of interacting with telomerase regulatory pathways even in cells in which
differentiating mechanisms are not induced.

Subsequent to hTERT transcriptional silencing, loss of telomerase activity follows several days
after hTERT mRNA is down-regulated (Figs. 2 and 4) due to the extended stability of the
enzyme. 9cUAB30 appears to have less effect on enzyme activity because of chemical
modifications from ATRA that alter binding to RARα (25). As a candidate for a less toxic
cancer therapeutic agent (41), the novel synthetic retinoid 9cUAB30 could be an alternative to
traditional retinoid chemo-therapies when used in conjunction with endogenous RAs to
generate the telomerase silencing, induction of apoptosis, and loss of proliferation seen in this
study. Telomerase silencing may occur in association with antagonistic binding of RARα, a
characteristic of 9cUAB30 suggested by retinoid receptor affinity studies (25). Synthetic
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retinoids lacking RARα agonist activity may thus be a promising strategy for anti-telomerase
effects as indicated in this study with 9cUAB30.

DNMT1, important for the maintenance of altered gene expression patterns in cancers, is
known to be upregulated in human tumors (32). The down-regulation of DNMT1 in retinoid-
treated samples seen in this study suggests a general loss of tumorigenic potential (Fig. 3).
DNMT3a and 3b are known to be overexpressed in a cell line-specific manner and possess
coordinated regulatory functions (31,37), making them the likely effectors of gene regulatory
events during the retinoid treatments of this study. The down-regulation of the DNMTs as
shown in this study is not only consistent with the reduced tumorigenicity of the cancer cells
in response to the retinoids, but also suggests a possible link to the RA-induced decrease in
hTERT observed in this investigation. For example, most cancer cells are known to have high
levels of methylation of the hTERT promoter that paradoxically contribute to hTERT gene
expression (33). Inhibition of DNA methylating activity in these cells with 5-aza-2′-
deoxycyditine (5azadC) down-regulates the expression of hTERT (43) and it is feasible that
the retinoid-induced reduction in DNMT gene expression in human breast cancer cells as found
in this study could provide a new mechanism for decreased hTERT activity in the treated cells.
Further studies will be required to establish a relationship between these two processes, but
our findings are very suggestive of a potential novel epigenetic effect in the mechanisms for
down-regulation of hTERT in the retinoid-treated cancer cells through modulation of the
DNMTs.

Concentrations used for combination treatments in this study were half that of individual RAs,
but caused a 7-fold greater reduction in proliferation than 9cUAB30 alone and abolished
tumorigenicity. Combination treatments and 9cUAB30 alone both reduced telomerase activity
by approximately 90%. The RXR-selective RA was 6 times more effective in down-regulating
hTERT mRNA in our study, confirming studies that suggested the importance of RXR-selective
RAs (44). We found that ATRA and 9cUAB30 combination treatments were twice as
successful compared to singular treatments in inducing apoptosis in MDA-MB-361 cells.
Down-regulation of hTERT induces apoptosis independently of telomerase activity in breast
cancer by intermolecular actions with p53 (45) and the inhibition of telomerase induces
apoptosis within a relatively short time independently of telomere shortening (45,46).

MDA-MB-361 cells were more sensitive to retinoids than MCF-7 cells, even though both cell
lines lacked RARβ expression. The greater resistance to RAs in MCF-7 cells may be due to
the additional lack of RARα2 expression in these cells. MDA-MB-361 cells express high levels
of RARα in general (11,18). This study supports other findings that implicate RAR, and more
specifically, RARα 2 as the receptor involved in RA-induced growth inhibition and apoptosis
(12). If RARβ is the primary receptor involved in these effects, retinoid therapy would be
sufficient to induce RARβ expression in MDA-MB-361 cells, but not MCF-7 cells. MCF-7
cells have a hypermethylated RARβ promoter that is not inducible by RAs alone (20). A study
that supported RARβ as a component of the anti-proliferative and proapoptotic effects in
MCF-7 cells following the induction of its expression by a combination of a demethylating
agent and retinoid therapy (30) further supports this hypothesis. If estrogen receptor status
determines RA sensitivity, loss of this receptor would generate a decrease in responsiveness
and explain observations in this study. ATRA and natural 9-cis RA induced down-regulation
of ERs in MCF-7 cells (47). Since estrogen activates c-Myc expression in ER-positive cells,
the decrease in ERs could generate a down-regulation of c-Myc, which is the most important
activator of hTERT (48). Mad1, a repressor that competes with c-Myc at E-box sites in the
hTERT core promoter, would then be free to bind to the promoter of hTERT and repress it
through histone deacetylase (HDAC) recruitment (48). This suggested mechanism from our
studies is supported by the recent findings that HDAC inhibitors enhance the retinoid response
in breast cancer cell lines (49).
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9cUAB30 was more effective than 2 μM of ATRA in MCF-7 cells, comparable to effects of
this drug seen in MDA-MB-361 cells. MCF-7 cells lack both RARβ and RARα2, but express
RXRα which can selectively bind 9cUAB30 (16,18). 9cUAB30 may generate stronger effects
because there are more receptors for 9cUAB30 present in these cells and proliferation,
consequently, would occur through activation of the RXR pathway. Both RAs showed similar
effectiveness in MCF-7 cells with hTERT being down-regulated by day 12, but ATRA appeared
to cause the greatest decrease across the duration of exposure. ATRA-induced hTERT down-
regulation in acute promyelocytic leukemia and the RAR pathway was reportedly responsible
for these effects (4). If endogenous ATRA, even at very low levels, worked in synergy with
administration of 9cUAB30, telomerase activity could be inhibited due to crosstalk between
RARα and RXRs and their respective ligands. This crosstalk has been proposed to cause strong
down-regulation of hTERT (50). Combination treatments were found to have the greatest effect
in our study, so ATRA alone may not be sufficient to cause significant inhibition of telomerase
until later treatment stages. Future studies that extend the treatment time of RAs on MCF-7
cells may be beneficial in further understanding the effects of these drugs.

This investigation, therefore, provides a detailed analysis of the effects of the novel retinoid
9cUAB30 as well as ATRA on the apoptosis and cell proliferation of breast cancer cells and
indicates that down-regulation of telomerase may be an important mechanism through which
the retinoids mediate their anti-cancer effects. Moreover, the efficacy of the low-toxicity
9cUAB30 retinoid has not previously been demonstrated in human cancer cells. We also show
for the first time that the DNA methyltransferases are decreased in these retinoid-treated cells.
Inhibition of DNA methylation with 5azadC is known to paradoxically down-regulate
telomerase (43). Although our studies suggest an interesting and potentially important possible
role of epigenetics in the telomerase inhibition and anti-cancer effects of 9cUAB30 and ATRA,
future investigations will be required to establish a more direct link between the inhibition of
DNMT and hTERT expression in response to retinoids.
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Figure 1.
Novel retinoid treatment decreases the proliferation rates of human breast cancer cells. (A)
Human T47D breast carcinoma cells were grown in untreated control media (◇) or either 2
μM ATRA (□) or 10 μM 9cUAB30 (◆) for 12 days of concurrent culture. (B) Human MDA-
MB-361 cells remained untreated (◇) or were treated with 10 μM 9cUAB30 (■), 2 μM ATRA
(□) or a combination of 5 μM UAB-30 and 1 μM ATRA (▲). (C) Human MCF-7 cells were
untreated (◇), treated with 10 μM 9cUAB-30 (◆), or treated with 2 μM ATRA (□).
Proliferation is expressed as the percentage of the ratio of live cells harvested at days 3, 6, 9,
and 12 of treatment to the number of live cells originally plated. Average cell numbers obtained
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by trypan blue exclusionary staining performed with a standard hemacytometer are presented
with SEMs from triplicate culturing of each treatment group.
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Figure 2.
hTERT mRNA expression decreases with retinoic acid treatment. (A) RT-PCR amplification
of a 219-bp segment of hTERT mRNA in T47D human breast carcinoma cells treated with
either 10 μM RA or 9cUAB30 over 12 days of concurrent culture. (B) hTERT expression in
MDA-MB-361 cells. +, samples treated with retinoic acid; -, untreated samples; d, days. (C)
hTERT cDNA in MCF-7 cells with and without retinoid treatment. β-actin and GAPDH served
as controls to normalize the loading and quality of RNA. The data shown are representative of
triplicate gels from three individual experiments.
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Figure 3.
DNMT mRNA expression is altered with retinoid treatment. (A) DNA methyltransferase
(DNMT) expression in T47D cells exposed to 10 μM ATRA over 12 days of concurrent culture.
Product bands are shown for DNMT1, DNMT3a, and DNMT3b and the ubiquitous
housekeeping enzyme GAPDH. (B) RT-PCR amplification of DNMT mRNAs in T47D breast
cancer cells treated with 10 μM 9cUAB30 over 12 days of concurrent culture. Product bands
are shown for DNMT1, DNMT3a, and DNMT3b and GAPDH. d, days.
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Figure 4.
Analysis of telomerase activity in breast cancer cells in response to retinoids. (A1) Dose-
responsive inhibition of telomerase activity with ATRA and 9cUAB30. DNA products from
the TRAP assay are presented for samples treated with 0.1, 1, and 10 μM ATRA or 9cUAB30
for 6 days of concurrent treatment. (A2) Inhibition of telomerase over 12-day treatment with
10 μM ATRA. TRAP assay results are presented for T47D breast cancer cells exposed to 10
μM ATRA for 12 days of concurrent treatment. (A3) Inhibition of telomerase over 12 days of
treatment with 9cUAB30. C, untreated control cell samples. (B) Retinoid-induced down-
regulation of telomerase activity in MDA-MB-361 cells. Cells were treated with 10 μM
9cUAB30, 2 μM ATRA, or a combination of 5 μM 9cUAB30 and 1 μM ATRA. (C) Telomerase
activity in MCF-7 cells following treatment with retinoids. Treatments were 10 μM 9cUAB30
or 2 μM ATRA. +, treated samples; and -, untreated samples. In all gels shown a 61-bp internal
control (IC) included in the reaction mixture for TRAP assays was used to standardize loading.
The ladder formed above the IC represents 6-bp increments of TTAGGG telomeric repeats.
The height of the ladder formed and the intensity of fluorescence are proportional to telomerase
activity in the sample.
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Figure 5.
Soft agar analysis of retinoid-treated T47D and MDA-MB-361 cells. (A) Representative
photograph of an MDA-MB-361 colony of greater than 25 cells that were counted at each time
point taken at x400 magnification. (B) Examination of contact inhibition growth requirements
was performed using soft agar analysis in untreated control T47D cells and cells exposed to
0.1, 1.0, or 10.0 μM ATRA or 9cUAB30 for 28 days. Colony counting results for both groups
are summarized as a percent of untreated control cell colony counts. (C) Levels of
tumorigenicity of MDA-MB-361 cells following 10 μM 9cUAB30 (green horizontal stripes),
2 μM ATRA (red diagonal stripes), and 5 μM 9cUAB30 and 1 μM ATRA combination (yellow
dots) treatments compared to untreated MDA-MB-361 cells (blue vertical stripes). Level of
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tumorigenicity is expressed as a ratio of the percentage of treated colonies to the number of
untreated colonies.
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Figure 6.
Treatment with retinoids significantly affected apoptosis in breast cells. (A-E) TUNEL-based
labeling of apoptotic DNA fragments. Terminal deoxynucleotidyl transferase (TdT)-anti-
peroxidase conjugation was performed using the ApopTag analysis (Serologicals) in untreated
control cells and 10 μM ATRA- and 9cUAB30-treated T47D cells through 6 days of culture.
(A) Control, (B) day 3 ATRA-treated, and (C) day 3 9cUAB30-treated breast cancer cells
stained with peroxidase substrate. (D and E) TUNEL-staining of retinoid-exposed cells from
6 days of culture. Arrows indicate the presence of brown peroxidase-stained cells while green
background is indicative of normal nuclei labeled with methyl green counterstain. (F and G)
Fluorescence-activated cell sorting (FACS) analysis of apoptosis and death of MDA-MB-361
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and MCF-7 cells in response to 12 days of retinoid exposure. Early apoptotic cells (lower right
quadrants) were detected by FACS analysis as cells that incorporated Alexa®Fluor 488
(Alexa-488)-labeled Annexin V into the plasma membrane. Late apoptosis/necrosis (upper
right quadrant) was detected as those cells that stained with both Alexa-488 and propidium
iodide (PI). The lower left quadrant includes cells that did not incorporate either Alexa-488 or
PI and represent live cells not undergoing apoptosis. The upper left quadrant displays cells that
stained with PI and represent dead cells. Cell sorting was performed using FACScalibur, and
analysis was achieved utilizing CellQuest software. (H) Comparative analysis of apoptosis
induction in breast cancer cells. MDA-MB-361 cells (purple) and MCF-7 cells (blue dots) were
treated for 12 days with 10 μM 9cUAB30, 2 μM ATRA, and a combination of 5 μM 9cUAB30
and 1 μM ATRA (orange).
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