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Abstract of the original article:

Oestrogen rapidly induces expression of the proto-oncogene c-Myc. c-Myc is required for oestrogen-stimu-
lated proliferation of breast cancer cells, and deregulated c-Myc expression has been implicated in antioestro-
gen resistance. In this report, we investigate the mechanism(s) by which c-Myc mediates oestrogen-stimulated
proliferation and contributes to cell cycle progression in the presence of antioestrogen. The MCF-7 cell line is
a model of oestrogen-dependent, antioestrogen-sensitive human breast cancer. Using stable MCF-7 deriva-
tives with inducible c-Myc expression, we demonstrated that in antioestrogen-treated cells, the elevated
mRNA and protein levels of p21WAFI/CIP1 "3 cell cycle inhibitor, decreased upon either c-Myc induction or
oestrogen treatment. Expression of p21 blocked c-Myc-mediated cell cycle progression in the presence of
antioestrogen, suggesting that the decrease in p21WAF1/CIP1 js necessary for this process. Using RNA interfer-
ence to suppress c-Myc expression, we further established that c-Myc is required for oestrogen-mediated
decreases in p21WAF/CIPT Einally, we observed that neither c-Myc nor p21WAF/CIP1 g regulated by oestrogen
or antioestrogen in an antioestrogen-resistant MCF-7 derivative. The p21 levels in the antioestrogen-resistant
cells increased when c-Myc expression was suppressed, suggesting that loss of p21 regulation was a conse-
guence of constitutive c-Myc expression. Together, these studies implicate p21WAF/CIP1 a5 an important target
of c-Myc in breast cancer cells and provide a link between oestrogen, c-Myc, and the cell cycle machinery.
They further suggest that aberrant c-Myc expression, which is frequently observed in human breast cancers,
can contribute to antioestrogen resistance by altering p21WAF/CIPT regulation.

Review the treatment of breast cancer, a significant percentage
of hormone receptor positive breast cancers are
inherently antioestrogen resistant, or become

antioestrogen resistant during treatment [1,2]. An

While the hormonal treatment of oestrogen receptor
(ER)-positive tumours has been a major advance in

Correspondence to: C. M. McNeil MBBS, Garvan Institute of Medical
Research, 384 Victoria St, Darlinghurst, NSW, 2010, Australia. E-mail:
c.mcneil@garvan.org.au; Tel: +61 2 9295 8322; Fax: +61 2 9295 8321

Received: 25/07/05

Accepted: 11/08/05

First published online 29/03/06
BC0O/492/2005/JC

https://doi.org/10.1017/51470903106004925 Published online by Cambridge University Press

understanding of how antioestrogens act and how
resistance may develop is an important goal of breast
cancer research. To date aberrations in a number of
signalling pathways have provided potential mech-
anisms for antioestrogen resistance. These include
cross-talk between the ER and cell-surface tyrosine
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kinase receptors, as well as alterations in the MAP
kinase and PI3-kinase pathways [1,2]. An important
focus of study has understandably been at the point
of convergence of these mitogenic signalling path-
ways, that is control of cell proliferation, where the
transcription factor c-Myc is an important player [3].

Studies in clinical cohorts have failed to demon-
strate a relationship between c-Myc amplification or
c-Myc expression and overall outcome, including
response to therapy, in breast cancer [4,5]. This may
relate to the wide variability of amplification and
expression levels identified across different cohorts
as a consequence of variation in experimental tech-
nigues, contamination by non-tumour cells, and het-
erogeneous study populations, as well as an absence
of data pertaining to patient follow-up, tumour char-
acteristics and treatment [4,5]. Nonetheless there are
significant in vitro data implicating c-Myc in breast
cancer cell proliferation, and evidence suggesting that
it may also be involved in the development of anti-
oestrogen resistance. Regulation of c-Myc is an early
response to either oestrogen or antioestrogen treat-
ment of breast cancer cells [6]. Overexpression of
c-Myc reverses or attenuates antioestrogen inhibition
of breast cancer cell proliferation [7,8], and antisense
oligonucleotide-mediated suppression of c¢c-Myc
expression leads to an inhibition of proliferation that is
accompanied by molecular changes that mimic the
effects of antioestrogens [9].

In their recent article, Mukherjee and Conrad pro-
vide further mechanistic insight into the potential role
of c-Myc in resistance to antioestrogens in breast
cancer cells in vitro [10]. Consistent with a previous
study using MCF-7 cells [7], inducible expression of
c-Myc led to re-initiation of cell cycle progression in
antioestrogen-arrested cells, although this was less
effective than oestrogen treatment [10]. Thus, there
appears to be a link between c-Myc overexpression
and resistance to antioestrogens. Overall, the kinet-
ics of cell cycle progression in response to oestrogen
treatment or c-Myc induction were similar. However,
some differences were apparent, particularly at later
time points in the analysis, which may relate to differ-
ences in the magnitude and/or time course of c-Myc
induction. However, it is also possible that they
resulted from effects of oestrogen treatment that
were independent of c-Myc, for example induction of
cyclin D1 and activation of cyclin D1-CDK4 [7].

Consistent with previous data in which c-Myc
decreased the transcription of the CDK inhibitor
p21WAFI/CIPT (n21) in other cell types [11-13],
Mukherjee and Conrad demonstrated that decreased
p21 expression was a pronounced response to
c-Myc induction in MCF-7 cells [10]. Other studies
have shown that oestrogen also decreased p21 tran-
scription during re-initiation of cell cycle progression
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in antioestrogen-arrested cells and this was neces-
sary for oestrogen-mediated CDK activation [14-17].
In addition, decreased p21 expression conferred
resistance to the anti-proliferative effects of anti-
oestrogens [18,19] and increased p21 expression
inhibited the ability of oestrogen to overcome
antioestrogen-mediated arrest [20]. Similarly, when
Mukherjee and Conrad overexpressed p21 using a
recombinant adenovirus, c-Myc could not promote
proliferation in antioestrogen-arrested cells [10].
Furthermore, RNA interference experiments showed
that when c-Myc expression was decreased, p21
expression remained high in the presence of oestro-
gen [10]. Collectively, these observations suggest
that the ability of oestrogen to decrease p21 tran-
scription might be mediated by c-Myc.

Mukherjee and Conrad used luciferase reporter
assays to show that a fragment of the p21 pro-
moter beginning at —194 bp, encompassing a region
previously shown to bind c-Myc [13], was repressed
by c-Myc in MCF-7 cells [10], with the implication
that oestrogen/antioestrogen-mediated regulation
of c-Myc would lead to regulation of p21 via the
same promoter element. Others have localised
the sequence required for increased p21 pro-
moter activity in response to antioestrogen treat-
ment to a similar region, between —143 and +8 [21].
Mutation of individual Sp1 sites within this region
substantially attenuated the induction, and further
assays including chromatin immunoprecipitation
suggested a model in which an ER-Sp1 complex
binds to this region in cycling cells, recruiting his-
tone deacetylases that repress p21 transcription
[21]. Treatment with the antioestrogen ICI 182,780
led to disruption of this association and enhanced
recruitment of Sp1 to the p21 promoter [21]. Gartel
et al [12] demonstrated that c-Myc bound Sp1 but
did not directly interact with the p21 promoter, sug-
gesting that c-Myc may repress p21 by titrating Sp1
away from the p21 promoter. In hormone-responsive
cells, ER and c-Myc may collectively modulate Sp1
regulation of p21 transcription. Thus although the
experiments of Mukherjee and Conrad suggest that
oestrogen/antioestrogen effects on p21 transcrip-
tion are primarily mediated by c-Myc, the precise
mechanism by which this occurs requires further
study.

Anincrease in p21 levels when c-Myc is decreased
has not been observed in another study using MCF-7
cells [9], perhaps due to differences in experimental
design, whereby p21 expression was evaluated after
8-16 h of antisense c-Myc-oligonucleotide treatment
as compared to 48h of c-Myc RNA interference.
However, despite the apparent differences between
these studies, the overall conclusion is that regulation
of p21 expression is central to the ability of c-Myc to
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modulate cell cycle progression in these cells, since
overexpression of p21 using a recombinant aden-
ovirus abrogated the ability of c-Myc to induce pro-
liferation in antioestrogen-arrested cells [10], and
decreased p21 expression allowed continued prolif-
eration despite decreased c-Myc expression [9].

In a further set of experiments Mukherjee and
Conrad investigated the potential role of c-Myc and
p21 in resistance to antioestrogens in LCC9 breast
cancer cells. These cells are an ER-positive, but
oestrogen-independent and antioestrogen-resistant
derivative of MCF-7 cells. They displayed no alter-
ation in c-Myc or p21 expression after oestrogen or
antioestrogen treatment [10]. When c-Myc was sup-
pressed in LCC9 cells using RNA interference, p21
expression increased after antioestrogen treatment.
It has been shown elsewhere that proliferation of
antioestrogen-sensitive cells continues in the face of
antioestrogen treatment if the increase in p21 is
prevented using antisense oligonucleotides, or if
c-Myc expression is maintained [8,18,19]. Collectively,
these data suggest that the antioestrogen resist-
ance observed in LCC9 cells may be due to altered
p21 regulation by c-Myc.

The potential clinical importance of this article lies
in its description of a mechanism through which
c-Myc may mediate antioestrogen resistance. The
questions that now arise include whether p21
modulation accounts for the majority of the anti-
oestrogen resistance associated with c-Myc overex-
pression, and whether other upstream mediators
are also involved. Although a previous study sug-
gested that c-Myc induction resulted in cell cycle
progression equivalent to the oestrogen response
[7], Mukherjee and Conrad concluded that c-Myc
induction alone was less effective than oestrogen
treatment. Other investigators have demonstrated
that c-Myc confers only partial antioestrogen resist-
ance [8]. Thus the quantitative relationship between
the level of c-Myc expression and oestrogen/anti-
oestrogen sensitivity, and whether there is a level of
c-Myc that can confer complete antioestrogen
resistance, is unclear. An additional question relates
to the degree to which c-Myc expression may influ-
ence antioestrogen resistance in the clinic. Further
studies are required to dissect out other down-
stream targets of c-Myc with potential roles in
steroid sensitivity, and upstream influences on p21
activity in order to direct research towards future
therapeutic strategies for women with antioestrogen-
resistant breast cancers.

Thus the important mechanistic study of Mukherjee
and Conrad provides a framework for further test-
ing these hypotheses in the laboratory and in
tumour material from women with known therapeu-
tic response to endocrine therapies.
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