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Abstract

Most invasive breast cancers arise from ductal carcinoma in-situ (DCIS), a non-obligate precursor
of invasive breast cancer. Given that the natural history of individual DCIS lesions is
unpredictable, many women with DCIS receive extensive treatments, which may include surgery,
radiation and endocrine therapy, even though many of these lesions may have limited potential to
progress to invasion and metastasize. In contrast to valid concerns about over-treatment, the fact
that invasive breast cancers outnumber DCIS lesions by more than three-to-one, suggests that
many cancer precursors (particularly DCIS, but LCIS also) progress to invasion prior to detection.
Thus, DCIS poses a dual problem of over diagnosis among some women and failure of early
detection among others. These concerns are heightened by the multi-fold increase in rates of DCIS
in conjunction with widespread use of mammographic screening and access to outpatient
radiologically-guided biopsies. Accordingly, methods are needed to both specifically detect and
identify DCIS lesions with potential to progress to invasive cancer and to discover techniques to
triage and conservatively manage indolent cases of DCIS.
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Introduction

Controversies about the clinical significance of breast cancer precursors generally, and
ductal carcinoma in-situ (DCIS) specifically, lie at the heart of a larger debate about breast
cancer screening, prevention, treatment and use of the term *“carcinoma” in reference to
precursors [6, 19-20, 41, 45]. The term indolent lesions of epithelial origin (“IDLE”) has
been proposed as an alternative to DCIS in an effort to highlight the non-lethality of these
lesions when successfully treated [19]. Although detection of DCIS has increased multifold
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with increased screening, rates of invasive cancer have declined only minimally, and the
ratio of invasive to in-situ breast carcinomas in the U.S. exceeds three-to-one. Thus,
increased radiological detection has likely led to “overdiagnosis” (detection of disease that
lacks clinical significance), but has had a smaller impact on prevention of invasive cancer
through detection and eradication of precursors [63]. Intensive screening may lead to earlier
detection of DCIS, but if a lesion is not destined to progress to invasion, this will not
substantially alter outcomes (i.e., lead time bias). However, given that the fate of individual
lesions is unpredictable, many women opt for aggressive management, even at the risk of
overtreatment. Accordingly, developing methods of detecting DCIS lesions with the greatest
potential to progress to lethal invasive carcinoma, better estimating the risk of progression
for specific DCIS lesions, and discovering methods of preventing or treating DCIS with
fewer adverse effects are needed. Molecular epidemiological studies of DCIS can contribute
to reaching these goals; however, conducting this research is challenging and will require
trans-disciplinary approaches.

Reflecting this perspective, we summarize current knowledge about the molecular
pathological and epidemiological characteristics of DCIS and present ideas and
considerations for research in the following inter-related areas: 1) descriptive epidemiology;
2) etiology, 3) detection and diagnosis and 4) pathogenesis, molecular characterization and
clinical behavior. This review will focus on conceptual issues in DCIS research. Readers are
referred to an exhaustive review and publicly available white paper for detailed
epidemiological and clinical data [62-63].

Overview of diagnosis of DCIS

DCIS arises within terminal duct lobular units (TDLUSs), which are hormonally responsive,
physiologically active structural units that produce milk. DCIS is an abnormal epithelial
proliferation confined to pre-existing basement membrane-bound spaces, generally
consisting of large cells with variable degrees of nuclear pleomorphism [49, 57] (Figure 1).
Pure DCIS is curable if treated, whereas some invasive breast cancers metastasize and kill
patients despite therapy. DCIS is routinely distinguished clinically from the related,
numerically less frequent lesion, lobular carcinoma in-situ (LCIS) by light microscopy,
although loss of e-cadherin immunohistochemical expression in LCIS is also characteristic
[49, 57].

DCIS is definitively diagnosed by microscopic examination, which most often occurs on a
biopsy performed to investigate suspicious mammographic calcifications. In contrast to
LCIS, which is typically composed of small uniform cells, DCIS grows in multiple
architectural patterns, even within the same breast, and can be characterized as low-,
intermediate- or high-grade based on severity of nuclear abnormalities. High-grade DCIS
with comedo-type necrosis (named because of its resemblance to comedones) is composed
of mitotically active cells with extremely abnormal appearing nuclei growing in solid
arrangements with central necrosis and dystrophic calcification. This type of DCIS produces
the most striking abnormalities on mammograms.
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Several types of evidence establish DCIS as an invasive breast cancer precursor: in the
absence of other putative precursors (e.g. LCIS), DCIS is usually identified immediately
adjacent to or engulfed by invasive breast cancer in thoroughly examined cases and the in-
situ and invasive components share common morphological and molecular characteristics;
invasive breast cancers that develop years after DCIS removal tend to occur near the site of
the previously excised DCIS, and case series demonstrate that a substantial percentage of
women with untreated DCIS develop invasive breast cancer, generally in the same quadrant
as the original biopsy (reviewed in [18]). However, DCIS is not an obligate cancer precursor
and does not invariably progress to invasion within a woman's lifetime. In autopsy studies,
occult DCIS is detected in a median of 8.9% of women [67], supporting the view that occult
DCIS lesions that do not manifest clinically during women's lifetimes are common [66].

Topics for future research

Descriptive epidemiology of DCIS and other putative breast cancer precursors

Reported DCIS incidence rates in the U.S. increased sevenfold from 1980 to 2004,
paralleling the dramatic increase in mammographic screening, with notable recent increases
in detection of non-comedo types (Figure 2) [62-63]. In 2012, approximately 63,300 women
were diagnosed with in-situ carcinoma as compared with 226,870 women diagnosed with
invasive breast cancer [3]. Like rates of invasive cancer, DCIS rates are lower among Black
women than White women. Rates of “benign breast disease”, including various forms of
proliferative changes (non-atypical ductal hyperplasia, sclerosing adenosis) and atypical
ductal hyperplasia (ADH) and atypical lobular hyperplasia (ALH), which are not recorded in
U.S. registries, also seem to have risen as a consequence of increasing performance of
biopsies [12, 17, 25, 29, 36, 50].

Reported “incidence rates” of DCIS or LCIS are probably better viewed as “rates of
diagnosis” because some (although not all) of these lesions are likely present for years prior
to detection. For example, 3% of women with a new diagnosis of DCIS harbor a
contralateral neoplastic lesion (usually DCIS), which is identifiable by magnetic resonance
imaging (MRI), but not by mammography [35]. Thus, newly diagnosed cases represent a
mixture of incident and prevalent disease. Although invasive breast carcinomas also
represent a mixture of incident and prevalent cases (some present for years prior to
diagnosis), radiological detection of invasive carcinomas, which tend to form masses, may
be easier than identification of DCIS, which is generally identified through the recognition
of abnormal patterns of microcalcifications, which may be masked by dense tissue.
Furthermore, many ducts containing DCIS do not show calcifications and remain
radiologically occult, and sometimes none of the ducts in a given case shows microscopic
calcifications.

The rising rates of DCIS diagnosis (and other benign breast diseases) reflects (primarily) an
increase in the number of women screened and widespread adoption of digital
mammography, which detects more DCIS than film-based methods in most studies [7,
14-15, 30, 46, 55, 60]. Temporal changes in screening methods and the prevalence of
exposures related to breast cancer risk may affect the reported incidence of DCIS and other
lesions.
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»  Monitoring temporal trends in DCIS rates may provide useful public health
information. Increased detection of clinically significant forms of DCIS should
presage decreasing rates of invasive cancer, all else being equal. Moreover,
assessment of DCIS rates, stratified by age, race, grade, molecular markers and
mammographic density may provide useful etiological insights, complementing
data for invasive breast cancer [2, 37, 69] (see “Pathogenesis, molecular
characterization and clinical behavior of DCIS” below). Accounting for screening
frequency is important in assessing rates of DCIS.

» ER negative cancers generally, and basal breast cancers specifically, are more
common among Black women than White women [4, 42]. However, data related to
rates of DCIS and invasive carcinoma stratified by race and ER status have not
been fully explored and could shed light on contributions of etiological factors and
early detection to the excessive invasive ER negative breast cancer rates among
Blacks. Specifically, it is unknown whether Blacks have proportionately higher
rates than Whites of specific molecular subtypes of DCIS, such as ER negative,
Human Epidermal Growth Factor 2 (HER2) amplified or basal.

»  Monitoring rates of DCIS through population-based registries may be important for
health services research and etiological investigations; however, substantial
resources may be required, particularly if pathology panel reviews and assessment
of molecular markers is warranted. Advances in digital pathology and the
development of a virtual registry might make this work affordable.

Etiology of DCIS

A meta-analysis has shown that a positive family history of breast cancer, elevated
mammographic density and several lifestyle factors that have been linked to increased risk
of invasive breast cancer share similar associations with risk of DCIS [62-63]. Recently, the
Million Women Study, which focused on analysis of postmenopausal women, reported
similar results, apart from the finding that obesity was associated only with increased risk of
invasive breast cancer [47]. Overall, these data suggest that most breast cancer risk factors
act at the pre-invasive stage of carcinogenesis.

»  Clarifying etiological associations for DCIS may enable better estimation of risk
and provide women with useful guidance about screening and prevention [11].

»  Developing large, adequately powered analyses of risk factors for DCIS may be
challenging, particularly in prospective studies in which temporal changes in the
prevalence of exposures and detection methods may influence associations. Pooling
data across studies may overcome this limitation, if datasets are comparable.

Detection of DCIS

Most DCIS is currently detected by mammography, manifesting generally as clustered
calcifications, and less commonly as a non-palpable mass within the breast (Figure 3) [7, 15,
30, 46, 55, 60]. The predominance of invasive cancer within screening populations suggests
that a significant number of DCIS (and LCIS, which is typically radiologically occult)

Breast Dis. Author manuscript; available in PMC 2015 September 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sherman et al.

Page 5

lesions are not identified by imaging. Although MRI may detect some mammographically
occult lesions, this modality is not cost-effective or practical for general screening.

Most DCIS lesions arise within regions of high mammographic density [58], and
pathologists have recognized for many years that DCIS lesions are sometimes surrounded by
stromal reactions that could increase density in breast tissues immediately surrounding the
lesion. This observation may have two disparate implications: 1) elevated regional density
may mask sentinel calcifications related to DCIS and reduce detection and 2) characterizing
the changes surrounding DCIS may lead to the recognition of a radiological “footprint” that
is larger than the lesion itself, and therefore more readily identified. Preliminarily, we have
found support for the hypothesis that peri-lesional mammographic density is increased
around some DCIS lesions relative to that of the entire breast, suggesting that analysis of
regional density may represent a fruitful avenue for improving detection (Figure 4) [23, 40].
Irrespective of future confirmation of this specific finding, the proposal that identifying
contextual features may help identify DCIS is suggested by the histopathologic observation
that many such lesions show stromal changes surrounding involved ducts. This approach
could also help avert questionable biopsies if patterns of regional mammographic density are
specific for neoplastic lesions.

Advances in three-dimensional breast imaging may enable alignment and serial analysis of
specific breast regions over time. Specifically, retrospective analyses of negative screening
mammograms may facilitate the discovery of radiological signatures that were present at the
site where an invasive cancer developed before it was detected. The diagnostic utility of
these radiological findings could be prospectively validated by performing research biopsies
of regions showing these changes among women with otherwise negative imaging. If
successful, this strategy could also provide access to tissues from a class of precursor lesions
of great interest: those missed by conventional radiological criteria that are likely to progress
to invasion. Studying DCIS associated with invasive cancer may provide clues as to how to
improve detection of such lesions. These analyses might also help reduce the need to biopsy
equivocal lesions by defining serial radiological patterns that predict low risk of invasive
carcinoma.

Diagnosis of DCIS

Pathologists can identify the vast majority of DCIS lesions reliably, with some variability in
the distinction of low-grade DCIS from ADH, which is morphologically similar, tiny (1-2
mm in size) and reflects a borderline change along a morphological continuum [48, 53].
Other routine pathological assessments of DCIS include nuclear grading, size estimation,
assessment of nearest approach to specimen (surgical) margin and excluding microinvasion.

e Web-based studies assessing reproducibility of the diagnoses of breast cancer
precursors that include community pathologists may advance research aimed at
improving classifications. A prior web-based cervical cytology project provides
may provide a model [54] and a project related to this topic is ongoing (Breast
Pathology study, “BPath”).
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Pathogenesis, molecular characterization and clinical behavior of DCIS

Over 100 years ago, surgeons described the development of DCIS, based on micro- and
macroscopic observations, and its clinical behavior through case reports (reviewed in [49]).
Subsequently, morphological observations linked the development of breast cancer
precursors to changes in TDLUs [68] and clinically meaningful categories of benign breast
disease were proposed [17]. Modern models of breast carcinogenesis generally represent
adaptations of the stem cell hypothesis of carcinogenesis, which suggests that cancers arise
from alterations in a minor population of pluripotential cells, or the stochastic hypothesis of
carcinogenesis, which supposes that cancers arise from a wide range of cell types. Viable
models of breast carcinogenesis must account for the development of multiple tumor types
[8, 24] (Figure 5). Some theories propose that DCIS and invasive cancer develop in parallel;
others suggest that invasive cancers arise from subclones of DCIS which have gained a
growth advantage, acquired the ability to invade through the basement membrane, interact
synergistically with the microenvironment and form a mass from which cells gain access to
lymphatics and metastasize [1].

Molecular studies of DCIS have used cell cultures, animal models and human tissues. In
Mammary Architecture and Microenvironment Engineering studies, visual examination of
cultures shows that invasion is associated with formation of structures in which proliferating
DCIS cells incorporate fibroblasts that may collaborate in proteolytic digestion of stroma
[51]. Similarly, other research points to interactions between fibroblasts and DCIS epithelial
cells through COX-2 pathways, suggesting it may be possible to prevent or treat DCIS with
anti-inflammatory agents [27]. Other data suggest that TH1 versus TH2 cellular immune
responses may be related to the biology of certain forms of DCIS [32] or that testing for
circulating auto-antibodies to novel tumor antigens may have value in detection [33, 39].

Limited data suggest that the process of “invasion” and metastasis may proceed biologically
before its recognition by routine microscopy. Based on molecular analyses, putative tumor
cells have been found in bone marrow of animals with ADH and in a subset of women with
DCIS [28, 52]. Using molecular assays, metastasis have been found in sentinel lymph nodes
of 4% of women diagnosed with DCIS, although in some of these cases, further sectioning
of the breast revealed occult invasion [44]. These observations raise questions about whether
the metastatic niche is primed prior to or coincidentally with the onset of invasion and
support the view that both DCIS biology and systemic factors may be determinants of
whether a DCIS lesion will give rise to an invasive metastatic carcinoma. Research that
focuses exclusively on the DCIS lesion rather than DCIS in a systemic context may not
identify these potential progression factors.

DCIS biomarker data are largely derived from small, cross-sectional comparisons of
convenience samples of DCIS and invasive carcinoma, either co-occurring within patients or
identified in different patients. Analyses of mMRNA chip-based profiling, RNA sequencing
and miRNAs consistently identify markers that distinguish invasive tumors from DCIS;
however, the molecular profile of DCIS and carcinoma overlap considerably [10, 31, 38,
61]. Thus, cross-sectional analyses of DCIS likely include lesions with invasive potential,
but once treated, this is impossible to prove. Moreover, although DCIS is often a regional
process, intra-lesional heterogeneity is common, and subclones that most resemble invasive
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carcinoma may be in the minority [26, 43]. This complexity may affect efforts to
molecularly subtype DCIS.

DCIS is divisible into molecular subclasses similar to those described for invasive cancers,
with some evidence that HER?2 positive DCIS is relatively more common and basal DCIS
comparatively less common [61]. Molecular profiling of DNA and RNA extracted from
DCIS and invasive breast cancer show similar characteristic patterns, consistent with the
view that some examples of the former represent direct tissue precursors of the latter [61].
Similarly, molecular data also support the status of some LCIS lesions as a direct tissue
precursors of invasive cancer [59].

The way DCIS is treated critically determines risk of recurrence. For example, one study
found recurrence rates with mastectomy of 2.1%, excision alone 30.1% and excision plus
radiation of 13.0% [13]. Data also suggest that a margin distance of at least 2 mm provides
maximal protection [16], but retrospective ascertainment of margin status is difficult
because methods of margin evaluation and reporting vary, as does the use of these data to
determine management (i.e. re-excision, radiation or completion mastectomy) [16]. Thus,
conducting biomarker studies to define best management strategies for DCIS based on
molecular characteristics is challenging.

Lari et al. comprehensively summarized the literature on the prognostic value of
immunohistochemical markers in DCIS, but was unable to find strong validation for any
described to date [34]. ER positive DCIS was linked to low histological grade, negative
HER?2 and p53 status, and positive bcl2 expression. DCIS recurrence has been linked to
larger lesion size, positive margins, symptomatic presentation (as opposed to
mammographic detection), elevated mammaographic density, higher grade, multi-focality
and treatment by excision without radiation [64-65]. A recent analysis to predict breast
recurrence among women with DCIS treated by excision alone using an algorithm based on
MRNA expression of selected genes found an odds ratio (OR)=2.31 for recurrent DCIS and
OR=3.68 for invasive breast cancer [56]. Confirmation and extension of these findings is
needed. Developing a molecular taxonomy of DCIS may be useful for advancing etiological
and clinical research, but accomplishing this feat poses challenges, as discussed below.

« Unlike invasive breast cancers, which form masses, DCIS is identified clinically by
microscopic examination of formalin fixed paraffin embedded tissues, in which it is
surrounded by non-lesional epithelium and stroma. Approaches for detailed
molecular characterization of DCIS include microdissection and tissue mapping
using immunohistochemical or immunoflourescent staining for proteins with
topographic retention of DCIS within its stromal microenvironment [5, 9, 21].
Interpretation of mMRNA levels of genes that are considered non-epithelial is
complex in microdissected samples because distinguishing stromal
“contamination” from epithelial mesenchymal transitions associated with invasion
may be ambiguous. Immunohistochemistry is best suited for studying small
numbers of targets.

»  Novel molecular methods that provide high throughput data using small samples of
fixed cells will be important for biomarker discovery in DCIS [22]. Given that
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many histopathological and molecular markers are highly correlated, large sample
sets may be needed to identify markers that are independently associated with risk
factors or clinical outcomes.

»  Obstacles to studying the natural history of DCIS (and other lesions) include:
alteration/removal by diagnostic biopsy and adjuvant treatment; imperfect
diagnostic reproducibility; incomplete knowledge of co-factors for progression and
detection biases related to heightened post-biopsy surveillance. Few women with
DCIS are treated by excision only (not the standard of care), and thus using such
lesions for biomarker discovery may not be representative of most DCIS. In
addition, recurrences following standard treatment are uncommon, data related to
site of recurrence (laterality, quadrant) are often missing and accessing tissues from
pairs of initial and recurrent lesions is difficult. DCIS is rarely excised and mapped
in a manner that allows detailed appreciation of the extent of disease [57]. Finally,
studying pure examples of DCIS focuses attention on lesions that were discovered
early (prior to invasion), ignoring those that progressed to invasion, often despite
screening. The latter are the most problematic and dangerous. New inter-
disciplinary studies that integrate epidemiology, radiology and pathology (see
above) may help identify new forms of high-risk lesions prior to invasion. Analysis
of DCIS associated with microinvasion or small associated invasive carcinomas
may also provide information about biomarkers of progression.

» ldentifying factors associated with progression of DCIS and putative precursors
may be useful, especially if they can be readily modified. Analyzing risk factors of
women who develop cancers despite receiving treatment in chemoprevention trials
may provide etiological insights, as would comparisons of responders and non-
responders in short-term pre-surgical treatment studies of DCIS. In addition,
women diagnosed with ADH or ALH who have undergone minimal surgery
represent a growing pool of potential participants in prevention research. Perhaps
the nexus of early detection and prevention can affect a reduction in breast cancer
mortality while avoiding unnecessary treatments.

Breast carcinoma precursors: Summary

Our limited understanding of breast carcinogenesis is a barrier to cost-effective screening,
prevention and management. Multi-disciplinary approaches are central in clinical
management of breast diseases and offer hope for accelerating translational research. A
greater emphasis on studies that incorporate imaging and collection of pre-diagnostic
samples are needed to better understand the epidemiology of DCIS lesions as they develop
and progress. Concerns related to detection of clinically insignificant cases of DCIS
(“overdiagnosis™) are growing [19] and magnified by many patients' perceptions that DCIS
is a form of cancer that implies substantial risk of lethality and our limited ability to match
management strategies to clinical risk in individual patients. However, current screening
techniques also miss a substantial number of DCIS lesions prior to invasion. Progress will
require both scientific advances and increased understanding of the significance of different
putative precursors by both health care workers and patients. Recognizing that clinical
outcomes reflect a dynamic, complex interplay between patient factors and the intrinsic
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biological characteristics of lesions favors the inter-disciplinary model in which researchers
with complementary expertise exchange ideas and pool efforts to improve patient care and
develop public health policies.
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Ductal Carcinoma In-Situ (DCIS)

Figure 1.
Top panel: Ductal carcinoma in-situ (DCIS) low-, intermediate and high-grade. Lower

panel: Terminal duct lobular unit (TDLU) containing numerous small acini within
specialized stroma (upper left); lobular carcinoma in-situ (LCIS) with filling of acini by a
monotonous proliferation of small cells (lower right).
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Figure 2.
Rates of mammaography and DCIS in the U.S. rose dramatically from the late 1980s through

the 1990s and then plateaued, whereas rates of invasive breast cancer showed comparatively
small changes over this period.
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Figure 3.
Left: Mammogram showing clustered microcalcifications typical of DCIS.

Right: histological appearance of DCIS with comedonecrosis and microcalcifications.

Breast Dis. Author manuscript; available in PMC 2015 September 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 17

B Adipocytes %o

Figure 4.
Peri-lesional mammaographic density surrounding a DCIS lesion is increased relative to that

of the entire breast (here, peri-lesional fibroglandular volume=85% and overall
fibroglandular volume for the entire breast=68%). To compute peri-lesional mammographic
density, the radiologist recorded the biopsy location and radius of the biopsy target (noted in
green) on a craniocaudal view of the pre-biopsy digital mammogram. Percent dense
fibroglandular volume was estimated using single x-ray absorptiometry at a volume twice
the size of but excluding the biopsy target, centered at the biopsy site. We suggest that large
differences between peri-lesional and total volumetric mammaographic density may be
associated with DCIS.

Inset: A hematoxylin and eosin stained tissue section of the biopsy target from the same
patient shows that a central area of DCIS with necrosis is surrounded by a rim of reactive
stroma. In a study of women who were clinically referred for an image-guided breast biopsy
at the University of Vermont Breast Cancer Surveillance Consortium site, we are currently
investigating whether peri-lesional mammaographic density is a useful predictor of
underlying pathology.
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Figure 5. The molecular pathology of breast cancer progression
Left: Model of normal breast development. Right: Origin of different molecular subtypes of

breast cancer. Stem cells give rise to common progenitor cells that in turn develop into
luminal and myoepithelial cells, the two fundamental cell types within the terminal duct
lobular units. Progesterone may influence secretion of RANK Ligand from progesterone
receptor positive cells, promoting expansion of self-renewing stem cell pools.
Transformation of normal cells may give rise to luminal A or B, basal or human epidermal
growth factor 2 breast cancers. From: Bombonati A and Sigroi DC, “The molecular
pathology of breast cancer progression”, J Pathol 2001; 223:307-17 (38).
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