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Abstract: Molecular profiling studies have found that estrogen receptor-positive (ER+) human
breast cancers are comprised of at least two distinct diseases with differing biologies. With the
advent of DNA microarrays, global gene expression patterns were used to define the luminal A
and luminal B subtypes of ER+ breast cancer, with luminal B cancers showing a more aggressive
phenotype including substantially worse outcomes in patients. The luminal B subtype designation
could be considered a surrogate for those ER+ tumors having low progesterone receptors, high
proliferation, high grade, and predicted poor response to hormone therapy. While they express
estrogen receptors, luminal B cancers do not show a corresponding expression of estrogen-
regulated genes, and may therefore rely upon alternative pathways for growth. At the molecular
level, luminal B cancers appear dramatically distinct from luminal A cancers, at the levels of
gene expression, gene copy, somatic mutation, and DNA methylation; luminal B cancers are
also genetically and genomically altered to a greater extent than luminal A cancers. While, in
the clinical setting, luminal B is typically regarded as an ER+, hormone-sensitive disease, more
research is needed into how to better treat it. Comprehensive profiling initiatives, such as The
Cancer Genome Atlas, have recently provided us a catalog of mutated or copy altered genes,
from which new therapeutic targets could potentially be mined. Candidate pathways that might
be targeted in luminal B include those involving growth factor receptors, including HER2 and
EGFR, as well as PI3K/Akt/mTor.
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Introduction

Breast cancer encompasses a number of different diseases. In the clinical setting,
breast cancers by convention are subdivided according to estrogen receptor (ER) and
HERR2 status; ER-positive (ER+) tumors typically respond to hormone therapy, while
HER2+ tumors respond to anti-HER2 therapy, and no targeted therapy is currently
in widespread use for ER—/HER— tumors. Progesterone receptor (PR) is another
molecular marker that may be used in the clinic, as loss of PR in ER+ tumors is thought
to be predictive for lack of response to hormone therapy.! Over a decade ago, gene
expression profiling (at the mRNA level) uncovered distinct molecular subtypes of
breast cancer, each defined by a large number of genes.>* These subtypes — which
include basal-like, HER2-enriched, normal-like, luminal A, and luminal B — largely
reflect the established clinical- and histological-based classifications, with basal-like
representing ER—/HER2— cancers, HER2-enriched representing ER—/HER2+, and
normal-like and luminal A/B subtypes representing ER+. One notable finding from
the gene expression studies was that luminal B cancers showed worse outcomes as
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compared to luminal A cancers,? which indicated that ER+
breast cancer itself may be made up of at least two distinct
diseases with differing biology.

The luminal B subtype, understood to be the more aggres-
sive form of ER+ breast cancer, is the subject of this review.
Here we will broadly describe luminal B breast cancer in
terms of its molecular profile, making use of public datasets
including those from The Cancer Genome Atlas (TCGA).>”
The premise put forth here is that luminal B cancers represent
a unique subtype of breast cancer, with a distinctive biology
from that of luminal A cancers, rather than simply represent-
ing a more advanced or aggressive form of luminal A.

Pathophysiology of luminal B

breast cancer

Though the designation of luminal B first came about with
the early gene expression profiling studies of breast cancer
near the start of the millennium, it has long been understood
that there exists a more aggressive form of ER+ breast cancer.
Earlier studies had noted that ~30% of ER+ invasive breast
cancers showed no benefit from hormone therapy, suggest-
ing that these cancers either augment or entirely bypass the
classical estrogen-stimulated mitogenic pathway.® Markers
predicting hormone therapy response within ER+ cancers
have been sought, the most notable of these being PR. Loss
of PR expression is thought to represent a surrogate for a
more aggressive disease phenotype that is less dependent
upon estrogen signaling; in correlative studies, PR loss
has been associated with lower ER levels, more positive
nodes, aneuploidy, larger tumor size, higher proliferation,
and expression of growth factor receptors (GFRs) including
EGFR and HER2.!

The advent of DNA microarrays made it possible to
profile breast cancers for mRNA expression of thousands of
genes. Early profiling studies took a fresh approach to classi-
fying breast cancer, allowing the expression data themselves
to segregate human breast tumors, rather than relying on prior
biological knowledge and possible biases. Expression profil-
ing first defined five intrinsic molecular subtypes of breast
cancer: basal-like, HER2-enriched, normal-like, luminal A,
and luminal B. A sixth subtype, claudin-low, was discovered
later, perhaps due to its greater rarity.”!° Other additional ER—
subtypes could include a “molecular apocrine” subtype (ER—/
HER2+ but with activation of androgen receptor signaling),
and an “interferon” subtype (with high expression of inter-
feron regulated-genes).!" Recently, there have been some
suggestions'>!? that the normal-like breast cancer might be a
mere artifact of sample representation (ie, disproportionately

high content of normal tissue contamination), though such
concerns would not extend to the other subtypes, including
luminal B.

As noted above, the mRNA-based classifications, as
originally defined by Perou and colleagues, largely reflected
the histological-based classifications. The luminal and
normal-like subtypes reflect the ER+ form of breast cancer.
The designation of luminal was derived due to the finding
that these cancers show mRNA and protein expression of
keratins 8/18,? typically associated with luminal epithelial
cells (as opposed to basal cells which express keratins 5/6).
The luminal subtype of breast cancer was further subdivided
into A and B groups, as luminal B showed widespread expres-
sion differences as well as substantially worse outcomes.?
In the future, as larger cohorts of breast tumors are profiled
at multiple data levels, the molecular designations of breast
cancer may be further refined.

While the intrinsic molecular subtypes of breast cancer
have been defined and examined on the basis of hundreds of
genes,>**! in the interests of a more focused gene list for the
purposes of a clinical assay, the PAMS50 assay was developed,
which consists of 50 genes by which breast cancers can be
classified by mRNA-based subtype.'>!>1¢ Figure 1A illustrates
the patterns of the PAMS50 genes, both in an expression
profile dataset (N = 240) from the research group which first
developed the assay,'* and in a compendium of nine separate
datasets'”? profiled on the same assay platform (N = 1340,
previously collected by Kessler et al).? It is notable how the
PAMS0 gene patterns are remarkably consistent between the
two datasets. It is also evident that luminal B shares some gene
patterns with luminal A (eg, ER genes ESRI, FOXAI, and
BCL?2) and some patterns with basal-like including expres-
sion of proliferation markers (eg, Ki-67 gene MKI67, survivin
gene BIRCS, and cyclin B1 gene). It has been put forth that
luminal B might represent the ER+/HER2+ form of breast
cancer;* however, in our compendium dataset, HER2 gene
ERBB?2 does not show high levels in luminal B (Figure 1A).

Within the compendium dataset,? as reported elsewhere,
luminal B cancers have much worse outcomes compared to
luminal A, the outcomes of luminal B being comparable to,
if not worse than that of the basal-like and HER2-enriched
subtypes (Figure 1B). Between different patient cohorts, the
relative outcomes of the intrinsic mRNA-based subtypes may
vary; for example, the HER2-enriched subtype may have a
better outcome in patients treated with anti-HER2 therapy,?’*
and in at least one early study using a small cohort, normal-
like breast cancers actually showed a worse outcome com-
parable to that of luminal B.2 However, luminal B has been
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Figure | Luminal B breast cancer is associated with substantially worse patient outcomes. (A) Expression patterns of the PAM50 gene set' (4] genes represented on the

UI133A array platform) in the mRNA profile datasets from Hoadley et al,'* (N = 247) and Kessler et al.?* UI33A compendium (N =

1340, representing nine separate studies).

Using the PAM50 genes and the Hoadley subtype assignments, inter-profile correlations between the Hoadley and Kessler datasets were used to assign mRNA-based
subtypes (basal-like, HER2-enriched, normal-like, luminal A, luminal B) to the Kessler profiles. (B) Kaplan—-Meier plot of distant metastasis-free survivals for the mRNA-based

subtypes. Survival capped at 20 years.

found to consistently show poor outcomes in studies using
sizable datasets, including patients receiving antiestrogen
therapy (such as the Loi et al dataset,* which is represented

in our compendium).

Diagnosis of luminal B breast cancer
Assays for diagnosing luminal B breast cancer in the clinic are
currently available, though it will likely take some time for
these assays to become routine, as new clinical practices are

often gradually adopted. PR is one marker that is frequently
measured in the clinic along with ER, in order to further
subdivide ER+ breast cancers by prognosis or anticipated
therapeutic response, 283! though the association of PR with
hormone response has not been observed everywhere,’?33
which may be an indicator of a single biomarker having insuf-
ficient information as compared to a biomarker panel. Clinical
variables such as grade or Ki-67 can help distinguish the
subset of ER+ breast tumors with expected worse outcomes.**
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The PAMS50 assay,'*!'>'® which classifies breast cancer by
mRNA-based subtype, is compatible with formalin-fixed,
paraffin-embedded-derived RNA, which facilitates its use
in the clinic; the assay is currently being developed for
clinical use on the NanoString nCounter™ Analysis System
(Nanostring Technologies, Seattle, WA) and is also offered
as a laboratory-developed test, using a qualitative reverse-
transcription polymerase chain reaction format from ARUP
Laboratories (Salt Lake City, UT)."?

While numerous prognostic gene signatures of breast
cancer have been developed using expression profiling, it is
understood that the different signatures by and large work by
differentiating luminal A breast cancers from all other sub-
types including luminal B.'3 In addition to PAM50, other
gene assays for predicting the outcome of ER+ breast cancer
include Oncotype DX (Genomic Health, Redwood City, CA)
and MammaPrint (Agendia, Amsterdam, The Netherlands).
Oncotype DX, based on 16 cancer-related genes,* is perhaps
the most widely used clinical gene-expression assay in the
USA,"® while MammaPrint is based on 70 genes.*’ Similar to
what has been observed elsewhere using other datasets,>3%%
in the Kessler U133A compendium breast tumor dataset,
luminal B tumors have lower PR mRNA levels and pre-
dicted worse outcomes according to either Oncotype DX or
MammaPrint signatures (Figure 2). Therefore, there are a
number of ways the luminal B or poor prognostic subset of
ER+ breast cancer may be defined in the clinical setting. While
the various assays may rely on different prognostic gene sets,
the genes all appear to point to an overall biological phenom-
enon, likely involving hundreds if not thousands of genes, of
which a handful may be represented in a given assay.

Current and emerging novel targets

and therapies
As luminal B breast cancer expresses ER, the estrogen
pathway is regarded as a therapeutic target for this disease,

U133A tumor compendium dataset (N = 1340)

though the case could readily be made that additional
targets are needed. According to 2011 St Gallen consensus
recommendations, where luminal B could be defined in
the clinical setting as ER+/HER2—/Ki67+, standard treat-
ment would include endocrine therapy with or without
cytotoxic therapy.'>*° However, a large percentage of ER+
breast cancers, which may be regarded as representing
luminal B, do not respond to endocrine therapy.®*! Where
PR (under-expressed in luminal B) has long been studied
as a marker of functional ER, therapeutic targets for ER+/
PR- disease have been considered.! Studies suggest that
estrogen-independent disease represents a switch from using
the estrogen pathway to using an alternative GFR signaling
pathway; such candidates including HER2, EGFR, IGF, and
Akt/PI3K/mTOR.#+46

Molecular profiling is one means of identifying novel
therapeutic candidates for diseases such as luminal B breast
cancer, and to this end, the TCGA initiative is currently
engaged in profiling human cancers at multiple levels of
molecular complexity, including mRNA, protein (by RPPA
assay), microRNA, gene promoter methylation, DNA copy,
and somatic mutation.>” TCGA recently completed a study
of breast cancer,” which provided a great deal of insight
into the molecular profile of luminal B as well as the other
intrinsic subtypes. In this review, we will discuss findings
of the TCGA study particularly relevant to luminal B (as
all TCGA tumors were subtyped according to their mRNA
profile), providing some views of the associated data as well,
which are all public.”*’

The TCGA study results further demonstrated that
luminal B appears quite distinct from luminal A at the
molecular level, reinforcing the notion that the two subtypes
represent different diseases. For one thing, as the mRNA-
based subtypes were originally defined in an unsupervised
fashion, allowing the mRNA profile data to group tumors,
the same exercise was also carried out to define subtypes

Basal-like HER2-enriched  Normal-like Luminal A Luminal B
i nintiing
ER-status ' Il | HI'E NP E NNl N DN B B IR W (Red = +, gray = NA)
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Figure 2 The luminal B subtype represents both ER+ breast cancer with low PR levels and ER+ breast cancer with predicted worse outcome.
Notes: For tumor profiles in the Kessler compendium, corresponding mRNA levels for ER, PR, and HER2 are shown. In addition, the tumors were scored for predicted
outcome, using the genes in the OncotypeDX*¢ and MammaPrint¥ diagnostic assays (scores computed by adding the normalized values for the positively weighted genes and

subtracting the values for the negatively weighted genes).

Abbreviations: ER+ estrogen receptor-positive; PR, progesterone receptor; ER, estrogen receptor.
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at each level of microRNA, methylation, and protein; the
mRNA-based subtypes were found to be reflected in the
other molecular data types,’ and those results are represented
here in a different format (Figure 3) to highlight the finding
that the mRNA-based luminal B subtype overlaps highly
with specific subtypes at the methylation and protein levels
(though interestingly not at the microRNA level), showing
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Figure 3 The (mRNA-based) luminal B breast cancer subtype is reflected in
alternative classifications of breast cancer, based on molecular profiling at levels of
microRNA, methylation, and protein.

Notes: Data are from TCGA of 547 human breast tumors profiled for gene expression
and subtyped for mMRNA-based classification. Most all of these tumors were profiled on
other platforms for microRNA, DNA methylation, and protein (RPPA). By each of the
other platforms, unsupervised clustering classified the tumors into distinct subtypes;’
more detail on these alterative classifications is provided in the TCGA breast study.’
Shown here is the significance of overlap between each of the mMRNA-based subtypes and
the subtypes based on the other platforms (bright yellow, highly significant enrichment,
with £2 roughly corresponding to a nominal two-sided significance of P < 0.05).
Abbreviations: TCGA, The Cancer Genome Atlas; RPPA, reverse-phase protein
array.

patterns distinct from those of luminal A. Furthermore,
luminal B cancers were somatically mutated and copy altered
to a significantly greater extent than luminal A cancers, at
levels comparable to what was observable in basal-like and
HER2-enriched cancers (Figure 4), consistent with previous
findings.!”*

The TCGA study has yielded a catalog of genes that are
genetically or genomically altered in luminal B cancers,
and many of these aberrations could have essential roles
in the disease phenotype; the nontrivial challenge, how-
ever, would be in our being able to distinguish the driving
alterations from those that are simply passengers. In terms
of the mutation landscape, PIK3CA and TP53 are the most
frequent somatic targets in breast cancer, as well as in the
luminal B subset (Figure 5). Numerous other genes appear
recurrently mutated at a much lower frequency, and many

Number of nonsilent somatic mutations

300 ¥
250 - .
200 - - +
+
150 - - + :
100 - _
o [ L) -
b + + jry 3
Basal-ike ~ HER2-  'Normal-like Luminal A Luminal B
enriched
N 93 57 8 224 124
Copy number variation index
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0.5 - ¥ .
+ + +
0.4 1 T -
+
0.3 1 T 3 T
0.2 1 1 T I
¥
01 7 - + + +
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Figure 4 Luminal B cancers are genetically and genomically altered to a greater
extent than luminal A cancers (and comparable to the ER— subtypes).

Notes: Top panel shows box plot for the numbers of nonsilent somatic mutations
for each mRNA-based subtype. Bottom panel shows box plot of the variation from
normal copy levels for each subtype (taking the standard deviation across all genes in
the profile of the tumor:normal log-ratio values). Data are from TCGA’ (top panel,
N = 506 tumors with somatic mutation and expression data; bottom panel, N = 484
tumors with mutation, expression, and LOH data).

Abbreviations: ER—, estrogen receptor-negative; TCGA, The Cancer Genome
Atlas; LOH, loss of heterozygosity.
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Figure 5 Luminal B cancers have distinct patterns of alterations in genes impacting
key pathways including p53, PI3K, Rb, and MAP kinase.

Notes: For selected genes, the percentage of tumors, by mRNA-based subtype,
altered by somatic mutation (top panel) or by LOH (bottom panel). Data are from
TCGA’ (top panel, N = 506 tumors with somatic mutation and expression data;
bottom panel, N = 484 tumors with mutation, expression, and LOH data).
Abbreviations: LOH, loss of heterozygosity; TCGA, The Cancer Genome Atlas.

of these could be found to have important roles in at least a
subset of luminal B cancers. In terms of the copy landscape,
there is a very large number of genes amplified or deleted
in luminal B, the complete list being too large to enumerate
here (but available in the TCGA report).” Copy loss events
that show differential patterns among the subtypes include
those involving TP53, PTEN, INPP4B, RB1, MAP3K1, and
MAP2K4 (Figure 5).

The origin of luminal B breast

cancer

Observations and unanswered questions as to the origin of
luminal B breast cancers may follow a similar line of reason-
ing regarding the origin of ER— breast cancer.® Luminal B
cancers, though ER+, are resistant to hormone therapy and
have a distinct molecular phenotype from hormone-sensitive
luminal A cancers, with luminal B sharing many molecular
features with ER— cancer subtypes (Figures 1A and 5).

One important question is whether luminal B cancer/cancer
precursors evolve from luminal A cancer/cancer precursors,
or have a path of initiation and progression that is completely
distinct from luminal A; these two alternate hypotheses are
represented graphically in Figure 6, though these are only
conceptual, and the truth may well lie somewhere in between
the two.

Some observations may suggest that luminal B and
other hormone resistant breast cancer subtypes evolve from
luminal A cancer or a precursor to luminal A. For example,
ER- breast cancers (and by implication luminal B) are believed
to evolve from ER+ precursors or cells.® Estrogen dynamically
regulates several factors and is regulated by others, and loss of
ER function and increase of GFR may well occur during the
progression of breast cancer to a hormone-resistant state.! Cell
line models of ER+, hormone-sensitive (ie, luminal A-like)
cancers can be manipulated experimentally into switching to
use of alternative GFR signaling pathways, often resulting
in downregulation of ER or PR or both,**#%%° and conversely
some ER— cancers can be made to express ER and become
hormone-sensitive;* this would suggest that many breast
cancers at least are not genetically hard-wired for dependence
upon a single pathway, but may evolve from one pathway to
another. Additionally, we see that, compared to luminal A,
luminal B cancers have significantly greater numbers of

A

Normal cell HER2

ER ER
PR GFR .
Genomic Genomic a(;ee;ac;irgl:s Her2-enriched
alterations alterations

Normal-like/ Luminal B \ GFR
luminal A
Basal-like

Normal cell Normal cell Normal cell Normal cell

Genomic Genomic Genomic Genomic

alterations alterations alterations lterations

ER ER
@PR @GFR @ER? @GFR
Normal-like/ Luminal B Her2-enriched Basal-like
luminal A

Figure 6 Two different models to explain the possible origin of the breast cancer
subtypes (including luminal B). (A) “Linear evolution” model, whereby cancer cells or
cancer precursor cells gradually evolve (by accumulation of genomic alterations) from
a luminal A or normal-like subtype (with ER/PR expression), to a luminal B subtype
(with loss of PR and possible gain of growth factor receptor, or GFR signaling), to
either a HER2-enriched or Basal-like subtype (with complete loss of ER signaling and
increase of GFR signaling). (B) “Distinct pathways of progression” model, whereby
each breast cancer subtype follows a path of initiation and progression that is
independent of that of the other subtypes.

Abbreviations: ER, estrogen receptor; PR, progesterone receptor; GFR, growth
factor receptor.
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mutations and copy number alterations (Figure 4), consistent
with the idea of a cancer cell acquiring alterations in the path
from a luminal A to a luminal B state.

Alternatively, other observations can suggest that
luminal B and the other breast cancer subtypes develop and
evolve independently of each other. The decision for a cell
to be hormone-independent versus hormone-dependent likely
happens early on, before the transition to an invasive breast
cancer cell; breast cancers are understood to evolve in a non-
obligatory fashion through an increasingly abnormal series
of hyperplasias, atypical hyperplasias, and noninvasive or in
situ carcinomas, with the earlier precursor cells being nearly
all ER+ and the later (pre-invasive) precursor cells having a
much greater proportion of ER— cells.® Furthermore, when
examining gene expression profiles of primary tumors and
distant metastases from the same patients, one study found
that the subtype associations were preserved throughout the
metastatic process of breast cancer.’!

At the molecular level, the various subtypes appear quite
distinct from each other, making it difficult to trace a clear
path of genomic alterations leading from one subtype to
another. For example, while luminal B may appear genomi-
cally altered to a similar extent to that of basal-like (Figure 4),
the copy profile of basal-like dramatically differs from that of
any of the other subtypes, with basal-like sharing extensive
copy and transcriptional similarities with serous ovarian
cancers.” DNA methylation profiling” associates specific
patterns of epigenetic hardwiring with luminal B cancers,
which appear quite distinct to that associated with luminal A
or basal-like cancers (Figure 3). When individual genes are
considered, we find for example, that somatic mutations in
PIK3CA are most frequent in luminal A cancers (46%), less
frequent in luminal B (31%), and least frequent in basal-like
cancers (9%, Figure 5); this would seem counter to the notion
of luminal B or basal-like cancers having originally started
from a luminal A genetic profile. Similarly, other studies,
such as ones comparing molecular features of high-grade
(eg, luminal B or basal-like) versus low-grade breast cancers,
have concluded that a clear path of progression between the
two would be difficult to define.*

Clinical potential and future

research

At present, luminal B breast cancer is routinely treated as an
ER+, hormone-sensitive disease.'>* While often considered
as simply a more aggressive form of the ER+ subtype, luminal
B might be considered more in the future as a type of breast
cancer that is entirely distinct in many ways from luminal A.

While triple-negative (ER—/PR—/HER2—-) breast cancer is
of particular interest to the research community, owing to
there being as yet no systematic targeted therapy for this
disease, the same level of effort might be directed as well
towards identifying new therapies for luminal B cancers. As
luminal B cancers appear to rely less on the estrogen path-
way, recent clinical trial studies have considered targeting
alternate pathways in advanced stage ER+ cancer, include
EGFR (eg, using the drug gefitinib)** and PI3K/Akt/mTOR
(eg, using everolimus).* The recent BOLERO-2 clinical trial
results showed progression-free survival in patients with hor-
mone refractory ER+ disease being substantially prolonged
by mTOR inhibitor everolimus.** While results such as these
are encouraging, more study is needed to assess the efficacy
of such drugs in the adjuvant setting.

Conclusion and future perspective
Over the years, comprehensive molecular profiling of breast
cancer has deepened our understanding of luminal B breast
cancer as a unique disease, distinct from either luminal A
or ER— cancers. The recent TCGA study and others have
provided an extensive catalog of the genetic and genomic
aberrations associated with luminal B, and the nontrivial task
remains of distinguishing those aberrations that are simply
correlative from those that have a driving role in the disease
phenotype. Better therapeutic approaches and targets are
needed for a large subset of ER+ tumors that might initially
have been deemed treatable, and the molecular profile of
luminal B may well provide additional clues needed to tackle
this important challenge.
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