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SHORT COMMUNICATION

Cyclin D1b protein expression in breast cancer is independent of cyclin D1a
and associated with poor disease outcome
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Aberrant expression of cyclin D1 protein is a common
feature of breast cancer. However, the CCNDI gene
encodes two gene products, cyclin Dl1a and cyclin D1b,
which have discrete mechanisms of regulation and impact
on cell behavior. A polymorphism at nucleotide 870 in the
CCNDI gene, rs603965, influences the relative production
of the encoded proteins and can impart increased risk for
tumor development. Here, the impact of both the G/A870
polymorphism and cyclin D1b protein production on
breast cancer risk, disease phenotype and patient outcome
was analysed. In a large multiethnic case—control study,
the G/A870 polymorphism conferred no significant risk
for breast cancer overall or by stage or estrogen receptor
(ER) status. However, the cyclin D1b protein was found to
be upregulated in breast cancer, independent of cyclin D1a
levels, and exhibited heterogeneous levels in breast cancer
specimens. High cyclin D1a expression inversely corre-
lated with the Ki67 proliferation marker and was not
associated with clinical outcome. In contrast, elevated
cyclin D1b expression was independently associated with
adverse outcomes, including recurrence, distant metastasis
and decreased survival. Interestingly, cyclin D1b was
particularly associated with poor outcome in the context
of ER-negative breast cancer. Thus, specific cyclin D1
isoforms are associated with discrete forms of breast
cancer and high cyclin D1b protein levels hold prognostic
potential.
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Aberrant cellular proliferation is an inherent component
of human cancer. Correspondingly, the deregulation of
cell-cycle control pathways is an exceedingly common
occurrence in cancer (Malumbres and Barbacid, 2001;
Diehl, 2002; Cobrinik, 2005; Knudsen, 2006). The
retinoblastoma tumor suppressor pathway is believed
to function to restrain inappropriate proliferation and is
inactivated at high-frequency in tumors (Cobrinik, 2005;
Knudsen and Knudsen, 2006). The retinoblastoma
protein limits proliferation by functioning as a tran-
scriptional co-repressor of genes that are required for
DNA replication and mitotic progression (Blais and
Dynlacht, 2007; Iaquinta and Lees, 2007). After
mitogenic signaling, this function of retinoblastoma is
disrupted through CDK (cyclin-dependent kinase)-
mediated phosphorylation. Particularly, the cyclin DI
protein is rate-limiting for the initiation of retinoblas-
toma phosphorylation and subsequent inactivation
which facilitates cellular division (Cobrinik, 2005).
Correspondingly, the levels of cyclin D1 protein are
directly modulated by mitogenic and antiproliferative
signaling pathways (Diehl, 2002; Arnold and Papaniko-
laou, 2005; Knudsen ez al., 2006). Thus, cyclin D1 is a
key regulator of cell-cycle progression, and functions as
an oncogene in specific model systems.

Multiple studies indicate that cyclin DI plays an
important role in mammary biology and tumorigenesis.
Mice deficient in cyclin D1 harbor surprisingly few
defects; however, there is a pronounced deficit in
mammary gland development (Sicinski et al., 1995).
Correspondingly, cyclin D1-null mice are refractory to
mammary tumor development driven by multiple
oncogenes (Yu et al., 2001), whereas the transgenic
expression of cyclin D1 is sufficient to induce mammary
tumors in mice (Wang et al., 1994). Consistent with
these functional studies, the cyclin DI protein is
overexpressed in >50% of breast tumors (Buckley
et al., 1993; Gillett et al., 1994, 1996; Diehl, 2002;
Sutherland and Musgrove, 2004; Arnold and Papani-
kolaou, 2005). The basis for the overexpression of cyclin
D1 has not been fully determined, as the cyclin D1 locus
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is amplified in only 10-20% of breast cancer. Further-
more, the prognostic value of cyclin D1 overproduction
in breast cancer patients remains somewhat controver-
sial (Gillett et al., 1994, 1996; Arnold and Papanikolaou,
2005; Jirstrom et al., 2005; Roy and Thompson, 2006;
Rudas ez al., 2008).

It is now apparent that cyclin DIl exists in two
isoforms: the conventional cyclin D1 (referred to as
cyclin Dla) and cyclin D1b (Betticher er al., 1995;
Knudsen, 2006; Knudsen et al., 2006). The cyclin D1b
variant arises as a consequence of alternative splicing of
the CCNDI transcript. This event leads to the loss of
exon 5-encoded sequences and a unique C terminus that
arises from translation of intron 4 (Betticher et al.,
1995). Importantly, exon 5 harbors a number of
regulatory motifs that are required for appropriate
cyclin Dla regulation and protein turnover, including a
putative PEST domain and the threonine 286 phospho-
rylation site, which is a critical effector of the subcellular
localization and oncogenic potential of cyclin Dla
(Diehl, 2002; Lu et al., 2003; Solomon et al., 2003;
Knudsen et al., 2006). Consistent with these known
structural alterations, cyclin D1b is constitutively
nuclear and has enhanced activity for transforming
fibroblastic cells (Lu et al., 2003; Solomon et al., 2003).
Furthermore, cyclin DI1b plays a potent role in
modifying the requirement for anchorage dependence
(Holley et al., 2005), and can effectively contribute to
the bypass of estrogen antagonists in cell culture models
of estrogen receptor (ER)-positive breast cancer (Wang
et al., 2008). These findings, in particular, led us to
evaluate the impact of cyclin D1b in breast cancer.

G/A870 polymorphism (rs603965) and breast cancer risk

The production of cyclin D1b can be modulated by a
common G/A polymorphism at nucleotide 870
(rs603965) of the CCNDI gene (Betticher et al., 1995;
Holley et al., 2001; Knudsen, 2006; Knudsen et al.,
2006). This nucleotide is at a splice donor site, and
although the G-allele represents an ideal consensus
sequence for splicing, the A-allele is predicted to be less
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efficient for directing splicing (Knudsen et al., 2006).
Findings from a number of laboratories have documen-
ted a role for the G/A870 polymorphism in cancer risk
(Betticher et al., 1995; Matthias et al., 1998; Knudsen
et al., 2006; Pabalan et al., 2008). Furthermore, specific
studies have documented a trend toward allele-specific
expression of cyclin D1b (Betticher et al., 1995; Holley
et al., 2001); however, there are clearly modifiers of the
splicing, as the cyclin D1b transcript can be observed in
individuals or tumors harboring only the G-allele (Bala
and Peltomaki, 2001; Carrere et al., 2005; Krieger et al.,
20006; Gupta et al., 2008). To specifically investigate the
impact of the G/A870 polymorphism, a large multi-
ethnic, case—control study consisting of 1376 invasive
breast cancer cases and 2583 controls was examined
(Table 1). In this population, the rs603965 polymorph-
ism was not associated with breast cancer risk, disease
stage or ER status (Table 1), and was not modified by
the age of diagnosis, body mass index, postmenopausal
hormone use or family history of breast cancer (P-values
for interaction >0.18, data not shown). These findings
indicate that the G/A870 polymorphism is not a strong
predictor of breast cancer risk or associated with the
specific clinicopathological parameters evaluated in this
cohort.

Relationship between cyclin D1b and cyclin D1a
expression

As there is an incomplete, and likely complex, link
between the polymorphism and the production of cyclin
D1b protein, direct analysis of this protein is pivotal to
understanding its potential role in breast cancer. Here,
we used a cyclin D1b-specific antibody, which has been
utilized in a number of published studies, in which
immunoblotting and immunostaining approaches have
shown heterogeneity in protein expression in cell lines
and tissue specimens (Burd et al., 2006; Marzec et al.,
2006; Sanchez et al., 2008; Wang et al., 2008). However,
to further confirm the specificity of the antibodies for
immunostaining, antibody reactivity against MCF-7
and U20S cells was compared. Earlier studies have

Table 1 The association between rs603965 in cyclin D1 and breast cancer risk in the MEC

Cyclin D1 genotype Cases Controls OR* (95% CI)
(Il, "o) (n, 0())
n=1376* n=2583* All cases Localized cases  Advanced cases ER+ cases ER— cases
n=2956 n=328 n=_849 n=252

All raciallethnic groups

GG 409 (32.9) 869 (36.5) 1.00 1.00 1.00 1.00 1.00

AG 609 (49.0) 1111 (46.7) 1.08 (0.92-1.27) 1.11 (0.93-1.33) 1.05(0.80-1.37) 1.18 (0.97-1.43) 0.96 (0.70-1.31)

AA 226 (18.2) 401 (16.8) 1.07 (0.87-1.33) 1.09 (0.86-1.38) 0.98 (0.68-1.41) 1.17 (0.91-1.50) 1.16 (0.78-1.74)

Per allele 1.04 (0.94-1.16)  1.05 (0.94-1.18) 1.00 (0.84-1.19)  1.09 (0.97-1.24)  1.06 (0.87-1.30)
P=043 P=0.39 P=0.99 P=0.16 P=0.58

Abbreviations: CI, confidence interval; OR, odds ratio; MEC, Multiethnic Cohort.

*Adjust for race/ethnicity and age (<55, 55-64 and 65+ years).
*Numbers do not add up to total because of missing genotype data.
P-values for heterogeneity by race/ethnicity >0.07.
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Figure 1 Cyclin Dla and cyclin D1b expression is elevated in breast cancer. (a) U20S and MCF-7 cells were stained with cyclin D1a or
cyclin D1b antibodies as indicated (left panel). Representative images taken at equal exposures for cyclin D1/cyclin D1b are shown. U20S
and MCF-7 cell lysates were subjected to immunoblotting with the indicated antibodies (right panel). (b) U20S cells were transfected with
the GFP-cyclin Dla or GFP-cyclin D1b expression plasmids as indicated. These cell populations were then stained with cyclin Dla or
cyclin D1b antibodies. Representative images taken at equal exposure are shown. (¢) Slides were co-stained for cyclin D1b and
cytokeratin (CK) to detect epithelial cells. DAPI staining was used to detect all nuclei in the section. Representative images of specific
breast cancer cases and normal controls are shown (top panel). Quantitation of the D1b signal in the CK-positive compartment was
carried out and data were obtained from 39 normal specimens and 150 invasive ductal carcinomas (bottom panel; error bars indicate 95%
CI, P<0.001). Student’s -test was carried out. (d) Slides were co-stained for cyclin D1la and cytokeratin (CK) to detect epithelial cells.
DAPI staining was utilized to detect all nuclei in the section. Representative images of specific breast cancer cases and normal controls are
shown (top panel). Quantitation of the D1la signal in the CK-positive compartment was carried out from 44 normal specimens and 148
invasive ductal carcinomas (bottom panel; error bars indicate 95% CI, P<0.001). Student’s ¢-test was carried out.

shown that MCF-7 cells express robust levels of both
cyclin D1 isoforms, whereas the levels of both proteins
are barely detectable in U20S cells (Wang et al., 2008).
As shown in Figure la, both cyclin Dla and DIlb
nuclear reactivities were readily apparent in MCF-7
cells, but only minimal background staining was
observed in U20S cells. Thus, the amount of immuno-
reactivity observed in cytological analyses is
consistent with the levels determined by immuno-
blotting (Figure 1la). To confirm that there was no
cross-reactivity for the antibodies, U20S cells were
transfected with expression plasmids for green fluores-
cent protein (GFP)-cyclin Dla or GFP-cyclin Dlb.
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Immunostaining with the cyclin Dla and cyclin D1b
antibodies showed specific signals only in those cells
transfected with appropriate GFP-cyclin Dla/D1b
expression plasmids, indicating isoform specificity of
the antibodies (Figure 1b).

These antibodies were first used to evaluate a cohort
containing 44 normal breast tissue specimens and 150
cancer cases, as summarized in Supplementary Table 1.
The staining for cyclin D1b was quantified using the
AQUA fluorescence-based immunohistochemistry plat-
form (Dolled-Filhart et al., 2006). Cyclin D1b reactivity
is located in the cytokeratin-positive carcinoma cells and
is restricted from the stroma (Figure 1lc). Moreover,



cyclin D1b exhibits a nuclear staining pattern in all
positive-staining sections analysed (Figure 1c). Overall,
the levels of cyclin D1b expression were heterogencous
between tumors, suggesting that alterations in the levels
of cyclin DIb expression could be associated with
specific features of breast cancer (Figure 1c). Impor-
tantly, these analyses show that cyclin D1b protein
levels are upregulated in breast cancer relative to normal
breast tissue (P<0.001) and are consistent with recent
findings (Wang et al., 2008). As cyclin DIb is
transcribed from the same gene as cyclin Dla, the
association with breast cancer may be merely reflective
of the overall overexpression of cyclin DI in the
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same tumor. Therefore, the expression of cyclin Dla
was determined in parallel on the same quantitative
platform. In this context, cyclin Dla also showed
elevated expression among breast cancer specimens
(Figure 1d, P<0.001), showing an overall distribution
profile similar to cyclin D1b.

These findings suggested that the expression of cyclin
D1b could be simply a by-product of elevated levels of
cyclin D1. Such a concern has also been noted with
respect to the low-molecular-weight forms of cyclin E
observed in breast cancer specimens (Spruck et al.,
2006). Using quantitative reverse transcription PCR
analyses of the cyclin D1 transcripts in a limited number
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Figure 2 Cyclin D1b defines a population of breast cancer distinct from cyclin D1a. (a) Quantitative reverse transcription PCR was
performed to determine the relative levels of cyclin Dla- and cyclin D1b-specific RNA, wherein signal from non-neoplastic was set to
‘1’ (left panel). The absolute intensity of cyclin D1b vs cyclin Dla in a total of 143 breast cancer specimens is shown (right panel).
(b) Specific cases show preferentially the expressions of cyclin D1b (case 5) and cyclin D1a (case 6). (¢) Cyclin D1b or cyclin D1a intensity
was determined as a function of tumor grade (error bars indicate 95% CI). Cyclin D1b levels are associated with increased tumor grade
(P=0.014) and cyclin D1a levels are not associated with increased tumor grade (P> 0.5). ANOVA statistical test was carried out.
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of breast tumor specimens (n=19), we observed that
there was not a strong direct relationship between the
levels of cyclin Dla and cyclin D1b RNA (Figure 2a).
Furthermore, quantitative assessment of staining for
cyclin Dla vs cyclin D1b in each tumor indicated that
protein levels are not directly correlated (Figure 2a).
Although many cases expressed both cyclin Dla and
cyclin D1b proteins, in specific cases, the expression of a
single cyclin D1 species appeared to predominate, as
shown in representative stained chromagen sections
(Figure 2b). Thus, although both cyclin D1a and cyclin
D1b levels are elevated in breast cancer, the relative
abundance of each species could reflect distinct subtypes
of the disease.

To initially investigate the relationships between the
different cyclin D1 proteins and selected properties of
breast cancer, these tumors were evaluated for other
molecular markers associated with disease. These
analyses revealed no relationship of cyclin D1b with
ER status, progesterone receptor (PR) expression, or
Her2/Neu (data not shown). However, there was a
modest quantitative relationship of increasing cyclin
D1b levels with increased grade (r=0.258, P=0.017),
and the difference in cyclin D1b levels between grade 1
and grade 3 invasive ductal carcinoma was statistically
significant (P=0.014, Figure 2c). In contrast, cyclin
D1la levels were not statistically different between breast
cancer cases grouped by grade (P=0.108, Figure 2c).
Thus, on the basis of the differential expression patterns
of cyclins Dla and D1b across cancer cases, cyclin D1b
may harbor prognostic power in breast cancer that is
distinct from cyclin Dla.

Cyclin D1b expression and breast cancer outcome

To specifically define the impact of cyclin D1b vs Dla
expression on clinical outcome, expression levels were
analysed in an independent cohort of 175 primary breast
cancers with a median follow-up of 75 months
(Supplementary Table 2). The levels of cyclin D1 protein
reactivity were quantified as described in the Supple-
mentary Materials and Methods, and the slides were
scored by an expert breast cancer pathologist (EKAM).
On this platform, high nuclear cyclin D1b expression
(that is, average intensity >24) was not associated
with clinicopathological features (assessed by the
Mann-Whitney non-parametric test), including tumor
size (P=0.21), age (P=0.67), lymph node status
(P=0.08), ER (P=0.59), PR (P=0.57) or HER2
amplification (y>-test, P=0.79). With this scoring
criterion, tumors exhibiting high cyclin D1b levels were
not significantly associated with grade III disease
(P =0.34). Furthermore, the expression of cyclin D1b
was not associated with the level of other cell-cycle
regulatory factors (for example, cyclin E and p27%irt),
including cyclin Dla (P=0.46), in agreement with the
data in Figure 2.

As both cyclin Dla and cyclin D1b have been
associated with stimulating proliferative responses in
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cell culture models (Lu et al., 2003; Solomon et al., 2003;
Wang et al., 2008), the association of either cyclin D1
variant was evaluated against the proliferation marker
Ki67 (Figure 3a). These analyses showed that levels of
cyclin Dla staining were inversely correlated with Ki67
(assessed by the Mann—Whitney non-parametric test),
consistent with the earlier reported relationship with the
ER-positive, low-proliferation phenotype (Barnes and
Gillett, 1998; Roy and Thompson, 2006). In contrast,
cyclin D1b levels were not associated with Ki67 staining.
These findings further indicated that cyclin Dla and
DI1b may be disparately associated with breast cancer
subtypes and resultant clinical outcomes.

In univariate analysis, high cyclin D1a levels were not
associated with recurrence, metastases or cancer-specific
death (P>0.05) (Figure 3b). In contrast, high levels of
cyclin D1b were associated with adverse patient out-
come for recurrence (P =0.0055), distant metastases
(P=0.0079) and breast cancer-specific  death
(P=0.0091) (Figure 3b). Furthermore, in univariate
analysis incorporating traditional prognostic variables,
including tumor size, grade, lymph node status, ER and
PR status and HER2 amplification, high expression of
cyclin D1b was a statistically significant predictor of
poor outcome from breast cancer (HR (hazard ratio):
2.164, 95% CI (confidence interval): 1.195-3.921,
P=0.011) (Figure 3c). To assess if cyclin DIb was an
independent prognostic factor in this cohort, and not
the result of other confounding variables, Cox propor-
tional hazard models were constructed with stepwise
removal of redundant variables until resolution
(Figure 3c). The initial model incorporating all the
significant variables on univariate analysis showed that
high expression of cyclin D1b remained significant on
multivariate analysis (HR 2.378, 95% CI 1.252-4.515,
P =0.0081; Figure 3c). The resolved model showed that
high levels of cyclin D1b remain associated with poor
survival together with the well-validated prognostic
markers, such as lymph node status, HER2 amplifica-
tion and PR status. Thus, cyclin D1b protein levels are
independently associated with poor survival in breast
cancer.

To determine whether the effects of cyclin DIb on
survival were modified by other factors associated with
breast cancer pathogenesis, specific subset analyses were
carried out. Initially, as cyclin D1b is related in structure
and function to cyclin Dla, the four subsets of relative
levels of the isoforms were compared (Figure 3d).
These data showed that cyclin D1b was predictive for
disease outcomes irrespective of the relative cyclin Dla
levels. Subsequently, as high levels of cyclin D1b protein
are observed in both ER-positive and ER-negative
tumors, the impact of cyclin D1b on both forms of
disease was analysed. As shown in Figure 3e, ER-
positive tumors with high levels of cyclin D1b tended to
have a poor prognosis, but this result did not reach
statistical significance. In contrast, in ER-negative
tumors, high-level expression of cyclin DIb was
associated with poor outcome for recurrence
(P=0.0051), distant metastases (P=0.004) and breast
cancer death (P =0.0054) (Figure 3e). Thus, cyclin D1b



is associated with poor disease outcome in breast cancer
in a manner that is not modified by the relative level of
cyclin Dla; however, the association of high cyclin D1b
levels with disease is most apparent in the context of
ER-negative disease.

Summary

The relevance of G/A870 polymorphism to breast
cancer has been the subject of several earlier studies
(Krippl et al., 2003; Ceschi et al., 2005; Shu et al., 2005;
Naidu et al., 2008; Yu et al., 2008). Although the overall
conclusions of these studies have been disparate, a
recent meta-analysis of published cases suggested that
the polymorphism is weakly related to increased breast
cancer risk (Pabalan ez al., 2008). Our findings are in
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polymorphism on breast cancer risk. Owing to the size
and ethnic heterogeneity of our cohort, we believe that a
consensus is arising related to the modest impact of the
G/A870 polymorphism in breast cancer, which contrasts
with the stronger influence observed in other tumor
types (Pabalan et al., 2008).

It is now clear from a number of studies that modifiers
external to the polymorphism are associated with the
accumulation of cyclin D1b. For example, factors
associated with chromatin remodeling and translation
potently modulate the abundance of the cyclin D1b
isoform (Batsche et al., 2006; Sanchez et al., 2008).
Specifically, loss of the Brm chromatin remodeling
protein results in a substantial increase in the cyclin
D1b transcript as a result of less efficient splicing.
Through an independent mechanism, the Ewing’s
sarcoma oncogene and the etzs family transcription

agreement, in revealing a negligible impact of the factor (FLI1) results in the upregulation of cyclin D1b
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Figure 3 Cyclin DI1b is associated with poor outcome in breast cancer. (a) Relationship between cyclin Dla and cyclin D1b levels and the
proliferation marker Ki67 were monitored. Box plots depict data for cyclin D1a low (n = 73), cyclin D1a high (n =74), dichotomized on the median
H-score, and cyclin D1b low (n=98) and cyclin D1b high (» = 50) dichotomized at an intensity > 2+, as related to the percentage of Ki67-positive
cells. A significant inverse correlation between cyclin D1a levels and Ki67 was detected (P = 0.0256) using the Mann—Whitney non-parametric test.
(b) The Kaplan—Meier analysis for cyclin D1a and cyclin D1b expression was carried out in the entire cohort. Graphs represent analyses carried out
for recurrence, distant metastasis and breast cancer-related death. Left panel: high cyclin Dla expressors (n=82) are represented by e and low
cyclin Dla expressors (n=_87) are represented by O. Right panel: high cyclin D1b expressors (n=52) are represented by e and low cyclin D1b
expressors (n=123) are represented by O. Statistical analyses were carried out using the log-rank test. (¢) Summary of statistical analyses of cyclin
D1b by univariate and multivariate analyses. Details of the analyses are provided in the Supplementary Materials and methods. (d) The Kaplan—
Meier analysis was carried out for distinct cyclin Dla/D1b-isoform subsets in the entire cohort. High cyclin Dla/high cyclin D1b expressors
(n=31) are represented by O, high cyclin D1a/low cyclin D1b expressors (n = 51) are represented by + , low cyclin D1a/high cyclin D1b expressors
(n=21) by e, and low cyclin D1a/low cyclin D1b expressors (n = 66) are represented by [J. Statistical analyses were carried out using the log-rank
test. (e) Kaplan—Meier graphs for cyclin D1b expression stratified by ER status. Graphs represent analyses carried out for recurrence, distant
metastasis and breast cancer-related death among ER-positive or ER-negative cases. High cyclin D1b expressors are represented by e and low
cyclin D1b expressors by O. Statistical analyses were carried out using the log-rank test.
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Figure 3 Continued.

through the alteration of transcript elongation. In
addition, a dissociation between the G/A870 genotype
and the relative expression of cyclin D1b has been
observed in multiple tumor types, including colorectal,
mantle cell lymphoma and non-small-cell lung cancer
(Bala and Peltomaki, 2001; Carrere et al., 2005; Krieger
et al., 2006; Gupta et al., 2008). In this context, it is
important to appreciate that both genotypic and
histochemical based analyses have merit in dissecting
an impact on cancer risk or disease outcome. However,
owing to the lack of direct correlation between genotype
and protein production, direct analyses of the cyclin
D1b protein product is perhaps the only means to define
the impact of the protein on disease.

As cyclin Dla and cyclin D1b proteins are closely
related (they derive from the same primary transcript), it
is critical to discern whether the expressions of cyclin
Dla and DI1b are coupled or independent factors. A
clear advantage in the analyses of cyclin DIb is the
possible use of cyclin D1a- and D1b-specific antibodies.
As described earlier, and further validated herein, the
available reagents can clearly differentiate between
cyclin Dla and D1b (Burd et al., 2006; Marzec et al.,
2006; Sanchez et al., 2008; Wang et al., 2008). Using
such reagents, we quantitatively determined the levels of
each protein unambiguously, and these results were
further supported by quantitative analyses on RNA
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transcripts from primary breast cancer. These analyses
show that the expressions of cyclin Dla and cyclin D1b
are not related by means of a simple linear relationship.
Such a finding is supported by our analyses of cyclin
D1b levels in breast cancer, and similar analyses in
mantle cell lymphoma (Carrere et al., 2005; Krieger
et al., 2006) and prostate cancer (Comstock et al., 2009).
Consistent with these results, in cell culture models, the
levels of cyclin D1 isoforms are differentially regulated
by ER antagonists and DNA damage signals (Wang
et al., 2008). Thus, the relative production of cyclin Dla
and DI1b may reflect differences in the tumor-specific
signaling pathways or tissue context of the tumor. As
such, outcomes associated with cyclin D1b are not
merely a reflection of an overabundance of cyclin D1
protein.

The importance of cyclin D1 as a marker for outcome
in breast cancer is somewhat controversial. Although
>50% of breast cancers express cyclin D1 at elevated
levels, a significant majority of these tumors are of the
ER-positive luminal subtype, which is generally asso-
ciated with better prognosis (Gillett et al., 1994, 1996;
Barnes and Gillett, 1998; Roy and Thompson, 2006).
From our analyses, we found that cyclin D1a levels were
elevated predominantly in ER-positive tumors, were
inversely correlated with Ki67 and had little impact on
disease outcome in the cohort analysed when dichot-



omized about the median into high and low expressors.
In contrast, elevated levels of cyclin DI1b protein
were independent of a variety of clinicopathological
features, including Ki67 and ER. However, in marked
contrast to cyclin Dla, elevated cyclin DIlb was
associated with poor overall survival, recurrence and
metastasis independent of other commonly analysed
prognostic variables. Thus, cyclin D1b identifies a
unique subset of tumors associated with increased
disease progression. In keeping with cyclin D1b acting
independently of cyclin Dla, the association of cyclin
DI1b with disease outcome was not modulated by the
status of cyclin Dla. In addition, cyclin D1b levels were
independent of Her2. However, owing to the limited
number of Her2-positive tumors in our cohorts, we were
unable to address whether cyclin D1b status influenced
disease outcome in this subset. In contrast, stratification
of patients based on ER status provides a compelling
rationale for investigating cyclin DI1b function in
discrete subtypes of breast cancer. Among ER-positive
breast cancers, high levels of cyclin Dl1b, although
trending toward poor outcome, were not significant. On
the basis of the preclinical studies (Wang et al., 2008), it
will be crucial to specifically interrogate the association
of cyclin DIlb levels to the response to endocrine
therapies (for example, tamoxifen) in a setting free of
cytotoxic agents. Clearly, larger studies will be required
to specifically define the influence of cyclin D1b levels in
ER-positive breast cancer and address the critical
question of response to hormonal therapy. In contrast
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