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The prevalence of ductal carcinoma in situ (DCIS)
diagnoses has significantly increased as a result of
active radiographic screening. Surgical resection and
hormone and radiation therapies are effective treatments, but not all DCIS will progress to invasive
breast cancer. Therefore, markers are needed to define tumors at low risk of recurrence and progression
that can be treated by surgery alone rather than by
adjuvant therapies. Initial analyses indicate that retinoblastoma (RB)-pathway perturbations occur at high
frequency in DCIS and mirror the molecular alterations observed in invasive breast cancer. Particularly,
the elevated expression of p16ink4a in DCIS was associated with loss of RB function and estrogen receptor–negative biology. Furthermore, high expression
of p16ink4a in conjunction with Ki-67 was associated
with increased risk of DCIS recurrence and progression to invasive disease in multivariate analyses.
These data are consistent with a functional role for
RB in modulating the invasive behavior of mammary epithelial cells. The tissue microenvironment
is particularly relevant to the behavior of DCIS, and,
surprisingly, elevated expression of p16ink4a in
nonproliferative stroma was observed in a substantial
fraction of cases. In this tissue compartment,
p16ink4a expression was strongly associated with
disease recurrence, independent of standard histopathologic features. Together, the data herein describe dual aspects of RB-pathway biology that are

associated with disease recurrence through the epithelial or stromal compartment of DCIS. (Am J Pathol
2011, 179:1171–1178; DOI: 10.1016/j.ajpath.2011.05.043)

Breast cancer is the second most common cause of
female cancer death and affects ⬃10% of women in the
western world. Increased screening for breast cancer by
radiologic methods has had a dramatic effect on the
number of detected cases and stage at diagnosis. In
particular, more women are diagnosed with ductal carcinoma in situ (DCIS) lesions,1–3 a non-obligate precursor
lesion to invasive disease, that has many biological features in common with breast cancer [eg, estrogen receptor (ER) and Her2 status].1,3 Although ⬃64,000 cases of
DCIS are diagnosed annually in the United States, the
optimal care of such patients remains a significant challenge.1,4 Surgical resection is the primary therapy, but
adjuvant radiotherapy and hormone therapy are commonly used with potential side effects and limited evidence for improved overall survival.5 Importantly, data
have emerged that the retinoblastoma (RB) tumor suppressor pathway is a determinant in predicting the risk of
recurrence in DCIS.6
The RB tumor suppressor is a key regulator of proliferation that is functionally perturbed in human cancer.7,8
Under normal physiological conditions, RB assembles
transcriptional repression complexes that inhibit the expression of a program of genes that are required for
cellular proliferation.9,10 The repressive activity of RB is
alleviated in proliferating cells by the action of CDK/cyclin
complexes that phosphorylate RB. In particular, CDK4/
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cyclin D complexes are rate limiting for the initiation of RB
inactivation. However, the latent oncogenic activity of
CDK4 and cyclin D1 is antagonized by p16ink4a, which
is encoded by the CDKN2A tumor suppressor gene.11–13
In total, RB, cyclin D1, and p16ink4a define a pathway
that is functionally inactivated in most cancers.7,12,14 Although the RB pathway is disrupted frequently, there is
heterogeneity in the behavior of tumors harboring different lesions in this pathway. For example, cyclin D1 overexpression is relatively common in ER-positive breast
cancer,15,16 whereas loss of RB occurs more frequently
in ER-negative breast cancer.17 The effect of p16ink4a in
cancer is complex. Overproduction of p16ink4a can be
associated with the induction of cellular senescence and
the blockade of tumor development.18 In this context,
p16ink4a and the induced senescence is believed to
represent a barrier to disease progression, although senescent cells have been postulated to secrete factors
that could be involved in disease progression.19,20 Although loss of p16ink4a is observed frequently in cancer
and is believed to allow bypass from senescence,21 the
overexpression of p16ink4a is observed in a number of
cancers wherein the RB tumor suppressor has been inactivated.22–24 Thus, whereas high levels of p16ink4a
could denote senescence, the elevated expression of
p16ink4a in a hyperproliferative setting is believed to be
indicative of loss of RB function.
Previous work has indicated that DCIS lesions harboring elevated expression of p16ink4a in conjunction with a
high proliferative index are prone to postsurgical recurrence.6 These studies provided an impetus to delineate
the influence of the RB pathway in DCIS lesions and the
local tumor environment.

Materials and Methods
Cell Culture and Cell Cycle Analyses
RB-proficient and -deficient MCF10A models were developed and propagated as previously described.25 Cell
cycle and immunoblotting analyses were performed as
previously described.25

Migration Assay
MCF10A cells were seeded (5 ⫻ 104 cells) on Boyden
Chambers (Franklin Lakes, NJ; BioCoat 354578) under
low serum conditions. Complete growth medium was
added to the wells as the chemoattractant. Chambers
were placed in wells containing complete medium. The
cells of the lower surface of the membrane were stained
by placing the chambers in the wells containing DAPI
diluted in PBS. Cells were scored with a fluorescent microscope.

Tissue Staining and Scoring
Formalin-fixed, paraffin-embedded tissue sections were
cut at 4 m and deparaffinized by standard techniques.
Antigen retrieval was performed by heating the sections

in 10 mmol/L citrate buffer pH 6.0 for 50 minutes with the
use of a pressure cooker. For p16ink4a, sections were
incubated with mouse monoclonal antibody at 1:50 dilution (MTM Laboratories, Inc., Westborough, MA; catalog
no. 9518) and for Ki-67 with rabbit monoclonal antibody
at 1:600 dilution (AbCam, Cambridge, MA; catalog no.
ab16667) for 60 minutes at room temperature. Primary
RB antibody, (Thermoscientific; catalog no. MS-107-B)
was applied to slides and incubated overnight at 4°C with
the use of a 1: 50 dilution. The immune complexes were
visualized with Mouse ABC (Vector Laboratories, Inc.,
Burlingame, CA) and the chromogenic substrate Dako
Liquid DAB⫹ Substrate-Chromogen Solution (Dako
North America, Inc., Carpinteria, CA; catalog no.
K3468; diaminobenzidine tetrahydrochloride) for 3
minutes. For p16ink4a the staining was graded as 0 (no
cells staining), 1⫹ (diffuse weak nuclear or cytoplasmic blush or ⬍25% cell showing strong staining), 2⫹
(25% to 75% of cells with strong staining), and 3⫹
(⬎75% cells showing strong staining). Score 3⫹ was
considered high expression. Ki-67 labeling index was
determined by counting ⱖ500 nuclei in areas of the
section with the highest labeling rates and was considered high when ⱖ10% of tumor cells were stained.26
For RB, only nuclear labeling was analyzed. Cases
were considered negative for RB when no neoplastic
cell nuclei showed labeling in sections in which stromal
cells and endothelial cells stained. The scoring was
performed by an experienced staff pathologist and
another observer who had no prior knowledge of the
disease recurrence status, hormone receptor status,
HER2 status, or patient age.

Microarray RNA Extraction, Hybridization, and
Normalization
Formalin-fixed paraffin-embedded tissues were first
deparaffinized with a xylene-based extraction, followed
by ethanol dehydration. Tissue samples were then disrupted during an overnight incubation with a Proteinase K
lysis buffer. Nucleic acids were bound to a glass fiber
filter in the presence of a chaotropic salt under conditions
that were optimized specifically for RNA recovery. Bound
RNA was subjected to a series of wash steps to remove
contaminating cellular components, and any residual
DNA was digested by incubation with DNaseI. A second
round of Proteinase K digestion, followed by further wash
steps, was done to improve the final purity of the RNA,
which was then eluted from the glass fibers in a small
volume of low-salt elution buffer. All RNA samples were
analyzed for concentration, purity, and integrity with the
use of spectrophotometric methods in combination with
the Agilent Bioanalyzer (Agilent Technologies, Palo Alto,
CA). Total RNA was amplified with the NuGEN WT-Ovation FFPE RNA Amplification System V2. cDNA was fragmented and labeled with the Encore cDNA Biotin Module.
The resultant fragmented and labeled cDNA was added
to the hybridization cocktail in accordance with the NuGEN guidelines for hybridization onto Almac GeneChip
arrays (Almac Group, Craigavon, UK). After the hybridiza-
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Comparison of Expression Profiles between
DCIS and Infiltrating Ductal Carcinoma
Pearson’s correlation was computed among gene expression profiles to identify co-regulation among Rb/p16
pathway genes. An additional microarray data set representing infiltrating ductal carcinoma cases, compiled
from the public databases and encompassing ⬎900
samples from patients with breast cancer,29 was used to
observe whether the same trends exist in DCIS versus
infiltrating ductal carcinoma. Pearson’s correlation was
computed among the same gene expression profiles
among this data set, and results from both data sets were
depicted with the use of scatter plots.

Figure 1. DCIS cases were stained for Ki-67 (left panels), p16ink4a (middle panels), and RB (right panels). Representative images of staining from
three cases are shown. Original magnification: ⫻100 (top and middle panels); ⫻50 (bottom panels).

tion for 16 to 18 hours at 45°C in an Affymetrix GeneChip
Hybridization Oven 640, the array was washed and stained
on the GeneChip Fluidics Station 450 with the use of the
appropriate fluidics script, before being inserted into the
Affymetrix autoloader carousel and scanned with the GeneChip Scanner 3000. The Almac GeneChip array data
were processed with the PLIER algorithm, including GC
background correction and qutile normalization, in Affymetrix Expression Console version 1.1 (Affymetrix, Inc.,
Santa Clara, CA). Subsequent data processing and analyses were performed with MATLAB software (The Mathworks, Inc., Natick, MA). The PLIER ⫹ 16 expression scale
was used because it has a high level of consistency with
RT-PCR.27 To achieve this scale, data were offset by a value
of 16 to achieve variance stabilization before log2 transformation.

Differential Expression Analysis
Differential expression of key cell cycle/Rb/p16 pathway
genes and an RB loss expression signature was evaluated in comparisons between ER-positive versus ERnegative, and high-p16 [immunohistochemistry (IHC)
score 3⫹] versus low-p16 (IHC score of 0 to 2⫹) samples. Significance for the differential expression of the
Rb/p16 pathway genes and an RB loss signature was
determined with one-way analysis of variance. The RB
loss expression signature, comprising 159 genes, was
previously published.28 One hundred fifty-one of these
genes are represented on the Almac custom breast cancer GeneChip. The average RB loss signature magnitude
was computed by median centering expression profiles
for each gene and then averaging over all 151 genes in
the signature. This average signature magnitude was
used to order samples along a gradient from low to high
and to depict the expression of the RB loss signature
along with ER status in an expression heat map.

Figure 2. A: Microrray data from DCIS cases were stratified on the basis of
ER status of DCIS cases, and normalized values of ER and cyclin D1 expression are shown. B: DCIS cases were clustered on the basis of the RB loss
signature. The ER status and average RB loss signature are shown. C: The
specific relation of p16ink4a tissue staining to ER, Ki-67, cyclin D1, and RB
loss signature normalized expression levels are shown. D: Pairwise relations
between RB pathway perturbations and ER status/p16ink4a are shown in
DCIS (top panels) and invasive breast cancer (bottom panels). Red symbols denote ER-positive disease and blue symbols denote ER-negative
disease.
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Figure 3. A: MCF10A cells were infected with retroviruses encoding shcontrol or sh-RB. Stable populations were subjected to immunoblotting with
the indicated antibodies. MCF10A populations were labeled with bromodeoxyuridine, and the percentage of positive cells was determined. Data are
from three independent experiments. B: MCF10A cells were stained for
E-cadherin expression. Representative images are shown. C: Wound healing
assays were performed on monolayers of MCF10A cells. The wound was
measured at 24-hour intervals, and data presented are quantified from three
independent experiments. D: The indicated cells populations were used to
determine migration in a modified Boyden chamber assay; representative
images of migrated cells are shown. The fold-difference in migration was
quantified from three experiments. Sh, short hairpin.

Statistical Analysis
Univariate survival analysis was completed with KaplanMeier methods, and multivariable analysis was performed with Cox proportional hazards models. The association between age and stromal p16ink4a expression
was analyzed with the Wilcoxon two-sample test. Prognostic variables, such as age, necrosis, and high nuclear
grade, were left in the model regardless of significance.
Biomarkers and their interactions were then added to the
model and retained if significant at the 0.05 level. Cox
models were assessed for the proportional assumption.
Results are reported as adjusted hazards ratios, confidence intervals, and P values. Computations were completed in R.

Results
To determine the role of the RB pathway in DCIS, an
investigation of the relation between pathway members
was performed. Stainings for RB and p16ink4a were rigorously optimized, and coordinate staining of these markers was performed initially on 10 DCIS cases, of which 3

cases are shown in Figure 1. These data showed several
key relations. First, there is a clear dichotomy in p16ink4a
staining. There are cases with low/absent p16ink4a expression, which retained the expression of RB (Figure 1,
top row, 40% of cases). Interestingly, all cases with high
p16ink4a levels (3⫹ staining) were proliferative, as indicated by high Ki-67 index (Figure 1, middle row). In these
lesions, there was also consistent lack of RB staining and
this constituted 30% of cases. In contrast, lesions with
moderate levels of p16ink4a and a low Ki-67 index exhibited nuclear RB staining and this constituted 10% of
the cases (Figure 1, bottom row). These data indicate that
high levels of p16ink4a in conjunction with a high proliferative index are indicative of RB functional loss.
To evaluate the features of RB-pathway dysregulation
in relation to gene expression, microarray profiling was
performed on microdissected DCIS specimens. For
these analyses, we selected nine cases of DCIS for which
the p16ink4a and RB status were determined (Figure 2).
To confirm that the microarray analyses were consistent
with the clinical assignment of the cases, ER expression
from the profiled samples was compared against the
histologic scoring. These validation analyses showed that
tumors that were histologically ER positive exhibited elevated ER transcript levels (ESR1; Figure 2A). Thus, the
microarray data have direct bearing on the biological
origin of the DCIS lesion. These microarray data were
then used to interrogate the overall dysregulation of RBpathway function in DCIS. In the DCIS lesions, there was
a consistent correlation of cyclin D1 with ER-positive
DCIS (CCND1; Figure 2A). This finding is highly reminis-

Table 1. Clinicopathologic Summary of the DCIS Cohort
N (%)
Age
⬍40 yrs
40 to 60 yrs
⬎60 yrs
Recurrence
Yes
No
Recurrence type
DCIS
Invasive
Nuclear grade
1
2
3
Necrosis
Present
Not present
Architectural type
Comedo
Non-comedo
ER
Positive
Negative
PR
Positive
Negative
Her2
Positive
Negative
PR, progesterone receptor.

10 (8)
60 (48)
56 (44)
49 (39)
77 (61)
33 (67)
16 (33)
29 (23)
57 (45)
40 (32)
58 (46)
68 (54)
39 (31)
87 (69)
110 (87)
16 (13)
99 (79)
27 (21)
30 (24)
96 (76)
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Table 2.

Univariate Analyses of High p16ink4a/Ki67 Staining
within the DCIS Lesion for the Cohort
High p16 and Ki67

PR
Negative
Positive
ER
Negative
Positive
Her2
Negative
Positive
Necrosis
No
Yes
ER-PR-Her2⫺
Yes
No
Nuclear grade
Low (1)
High (2, 3)
Recurrence
No
Yes
Bca recurrence
No
Yes
DCIS recurrence
No
Yes

0, n (%)

1, n (%)

P

7 (26)
69 (70)

20 (74)
30 (30)

9.57 ⫻ 10⫺5

2 (12)
74 (67)

14 (88)
36 (33)

3.99 ⫻ 10⫺5

67 (70)
9 (30)

29 (30)
21 (70)

0.000197

47 (69)
29 (50)

21 (31)
29 (50)

0.044

0 (0)
76 (64)

7 (100)
43 (36)

0.00118

60 (70)
16 (40)

26 (30)
24 (60)

0.00185

54 (70)
22 (45)

23 (30)
27 (55)

0.00553

54 (70)
6 (38)

23 (30)
10 (62)

0.0205

54 (70)
16 (48)

23 (30)
17 (52)

0.0505

cases for which ER status is known.28 The analyses performed showed that the general deregulation of RB-pathway alterations observed in DCIS cases were conserved
in invasive disease (Figure 2D). For example, ER-positive
DCIS and invasive cancer both express higher levels of
cyclin D1 (Figure 2D, left panels). Similarly, cases with

Bca, breast carcinoma; ER, estrogen receptor; PR, progesterone receptor.

cent of the known association of elevated cyclin D1 levels
with ER-positive breast cancer.30,31 The RB transcript
(Rb1) was largely unchanged across DCIS samples, indicating that the level of RB transcript levels are not a
good prognosticator of RB protein expression (not
shown). Therefore, to assess RB functional status, a gene
expression signature of RB loss was used. This signature
has been used in multiple studies to quantitatively assess
the functionality of RB in tumor specimens, and it is
largely consistent with the RB loss of heterozygosity signature defined by the laboratory of Dr. Charles M.
Perou.22,28 The RB loss signature was used in hierarchical clustering of DCIS cases and showed an enrichment
for ER-negative cases (Figure 2B). Correspondingly, with
the use of the histologically determined levels of
p16ink4a as a stratification criterion, it was found that
DCIS lesions with elevated p16ink4a are generally ER
negative, express high levels of the proliferation marker
Ki-67 with low cyclin D1 levels, and show RB loss signature (Figure 2C). These findings indicate that DCIS lesions harbor distinct RB-pathway perturbations with a
subset that harbors elevated p16ink4a and RB loss of
function.
DCIS is viewed as a non-obligate precursor to invasive breast cancer. Therefore, it could be expected
that alterations present in DCIS would be reflected in
invasive disease. To interrogate this possibility RBpathway constituents were evaluated in an integrated
cohort of ER-positive and -negative cases of breast
cancer (Figure 2D). This cohort encompasses ⬎1000

Figure 4. A: Kaplan-Meier analyses of disease recurrence on the basis of
p16ink4a/Ki-67 in the DCIS lesions. B: Representative images of p16ink4a
staining in the epithelial (T) and stromal compartment of DCIS (S). Stromal
cells staining for p16ink4a are indicated by arrows. C: Representative images
of RB staining, showing the consistent expression of RB in the stroma (S). D:
Kaplan-Meier analyses of disease recurrence on the basis of the stromal
expression of p16ink4a. Original magnification: ⫻200 (B and C).
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Table 3.

Multivariate Analyses of All Markers Analyzed in the DCIS Cohort
Cox model for time to recurrence
Hazard ratio

95% CI

P

0.84
1.9
1.75
0.584
0.529
0.978
2.435
2.24
2.32
2.347
8.8

0.47 to 1.49
1.08 to 3.39
0.94 to 3.3
0.142 to 2.41
0.299 to 0.935
0.956 to 1
1.24 to 4.77
1.27 to 3.96
1.32 to 4.09
1.22 to 4.52
4.206 to 18.4

0.546
0.027
0.079
0.456
0.0283
0.0456
0.010
0.005
0.003
0.010
⬍0.0001

Necrosis (yes versus no)
Nuclear grade (3 versus 1, 2)
Her2 (positive versus negative)
ER-PR-Her2⫺
Year of diagnosis
Age
ki67 (high versus low)
p16 (high versus low)
p16 high ki67 high
p16 high ki67 high Her2 positive
p16.stroma (positive versus negative)

CI, confidence interval; ER, estrogen receptor; PR, progesterone receptor.

high levels of p16ink4a and RB loss signature are generally ER negative (Figure 2D, middle panels). Finally,
there is a positive correlation between high levels of
p16ink4a and the RB loss signature (Figure 2D, right
panels). These combined studies suggest that those alterations of the RB pathway observed in DCIS may play a
role in subsequent tumor development.
To interrogate the functional effect of RB inactivation
on the behavior of mammary epithelia, an immortalized
model, MCF10A, was used (Figure 3). Derivatives of
MCF10A produce DCIS-like lesions in xenograft mod-

Table 4.

Univariate Analyses of High p16ink4a Staining in the
Stroma in the DCIS Cohort
p16 stroma

PR
Negative
Positive
ER
Negative
Positive
Her2
Negative
Positive
Necrosis
No
Yes
Age
Median
ER-PR-Her2⫺
Yes
No
Nuclear grade
Low (1)
High (2, 3)
Recurrence
No
Yes
Bca recurrence
No
Yes
DCIS recurrence
No
Yes

0, n (%)

1, n (%)

P

12 (48)
56 (59)

13 (52)
39 (41)

0.369

8 (57)
60 (57)

6 (43)
46 (43)

1

56 (62)
12 (40)

34 (38)
18 (60)

0.0544

42 (64)
26 (48)

24 (36)
28 (52)

0.0988

59

54.5

3 (60)
65 (57)

2 (40)
50 (43)

1

53 (65)
15 (39)

29 (35)
23 (61)

0.011

59 (80)
9 (20)

15 (20)
37 (80)

⬍0.0001

59 (80)
1 (6.2)

15 (20)
15 (94)

⬍0.0001

59 (80)
8 (27)

15 (20)
22 (73)

⬍0.0001

0.39

Bca, breast cancer; ER, estrogen receptor; PR, progesterone receptor.

els32; therefore, such models could be informative about
the biology of DCIS. With the use of stable short hairpin
RNA expression, endogenous RB was efficiently knocked
down in the MCF10A cells of the pooled populations
analyzed (Figure 3A). The reduction of RB levels was
associated with an increase in the expression of members of the signature for RB loss (eg, MCM7), and a
modest but statistically significant increase in proliferative rate as measured by bromodeoxyuridine incorporation (Figure 3A). Importantly, RB knockdown did not compromise the epithelial nature of these cells, as indicated
by E-cadherin staining (Figure 3B), and the ability to form
acini in three-dimensional culture (data not shown). However, in wound healing assays performed in culture, RB
deficiency resulted in increased invasive properties of
the epithelial cells (Figure 3C). Quantitative assessment
of cell migration further indicated that RB deficiency is
associated with more invasive behavior of MCF10A cells
(Figure 3D). These combined findings suggest that RB
deficiency contributes to a more invasive epithelial phenotype that could contribute to recurrence.
To investigate the specific prognostic significance of
RB-pathway disruption in DCIS, a unique patient cohort
of 126 patients was used (clinicopathologic data are
summarized in Table 1). All patients were treated by
excision with 1-cm clear margin by a single surgeon and
did not receive radiation or hormonal therapy.33 A total of
49 patients had recurrence, of which 16 recurred as
invasive carcinoma and 33 recurred as DCIS. Expression
of p16ink4a was determined by IHC and was generally
associated with high Ki-67 index (P ⬍ 0.001). The results
of univariate association between high expression of
p16ink4 and Ki-67 in DCIS epithelium (p16 high and
Ki-67 high) and various clinicopathologic factors are
shown in Table 2. Significant association was detected
between high expression of p16ink4a and Ki-67 and high
nuclear grade, presence of necrosis, and absence of
ER/progesterone receptor (PR) expression. High expression of p16ink4a and Ki-67 was also associated with
HER2-positive disease in both ER-positive and ER-negative cases (P ⫽ 0.012 and P ⬍ 0.001, respectively).
Critically, the elevated expression of p16ink4a and Ki-67
was also associated with DCIS recurrence (Figure 4A).
This association was true for both recurrence of DCIS and
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progression to invasive breast cancer (Table 2). In multivariate models, high p16ink4a expression in conjunction
with high Ki-67 remained significant for recurrence as
summarized in Table 3. In total, these findings suggest
that RB-pathway dysregulation in the epithelial compartment is associated with a form of DCIS that is at increased risk of postsurgical recurrence and progression.
In performing analyses of p16ink4a staining, there was
clear heterogeneity for intensity in the stroma surrounding
DCIS (Figure 4B). Interestingly, this heterogeneity of
p16ink4a in the stroma was not a reflection of p16ink4a
levels in the DCIS lesion (P ⫽ 0.4). In addition, stromal
p16ink4a expression was not associated with the ER, PR,
or HER2 status of the DCIS lesion (Table 4). In the stroma
there was no evidence for proliferation as indicated by
Ki-67 staining (data not shown). In addition, in all cases
the stroma stained positive for RB (Figure 4C). This combination of markers (ie, high p16ink4a, RB positive, and
Ki-67 low) is consistent with senescence occurring in the
stromal environment of the DCIS lesion. Surprisingly, the
elevated p16ink4a expression in the stroma was a strong
predictor of disease recurrence in the DCIS (Figure 4D
and Table 4). In multivariate models, stromal p16ink4a
expression was an independent determinant of recurrence that exceeded any established marker interrogated in this cohort (Table 3).

Discussion
The relation of RB-pathway deregulation to breast cancer
cause and progression is complex and related to stage of
disease and tumor subtype. Although it has been previously reported that persons with heritable RB were at
increased risk of breast cancer,34 only recently was this
finding supported by animal models.35 As shown here,
the RB pathway is compromised in DCIS lesions as detected by elevated p16ink4a expression. Although this
finding has been previously described,6,24 here, we demonstrate that the p16ink4a-positive lesions that exhibit
elevated Ki-67 are indeed deficient for RB protein, and
such DCIS cases exhibit gene expression profiles indicative of RB loss. These findings suggest a significant
frequency of RB loss or mutation in DCIS.
Provocative data suggest that RB-pathway dysregulation in DCIS and invasive cancer lesions can have a
significant effect on clinical course.6 Particularly, the dysregulation of p16ink4a has been associated with an increased risk of recurrence and progression to invasive
disease. The studies herein with the use of an independent patient cohort further support this conclusion. In our
study the effect of p16ink4a, although most pronounced
in ER-negative breast cancer, was also observed in other
subtypes of disease. Functional studies indicate that RB
loss can alter the invasive properties of mammary epithelia without directly altering the proliferative rate.36 This
finding agrees well with the data from DCIS cases that
p16ink4a staining provides prognostic information that
goes beyond the proliferative index.
The effect of the tissue microenvironment on breast
cancer pathogenesis is incontrovertible. Several studies

indicate that alterations in cancer-associated fibroblasts
can promote tumor growth and invasiveness by preventing cancer cell apoptosis, inducing cancer cell proliferation, and stimulating tumor angiogenesis.37–39 Here, we
made the surprising observation that elevated p16ink4a
is not only observed in the DCIS lesion but can also be
observed in the stroma whose expression is independent
of any of commonly measured markers in DCIS lesions.
Unlike the DCIS lesions, the p16ink4a-positive stroma
was uniformly devoid of Ki-67 and expressed RB. This
combination of markers is consistent with the concept
that such stromal cells are senescent. The signals responsible for inducing stromal fibroblast senescence
presumably are derived from tumor cells, although stromal senescence might be an age-dependent process.
The latter notion comes from observed accumulation of
senescent fibroblasts in skin over time.40 However, no
association was observed between stromal p16ink4a expression and patient age in our cohort. Furthermore, in
staining multiple normal tissues, we failed to observe
p16ink4a expression (data not shown). Together, these
data suggest that stromal expression of p16ink4a is associated with a bidirectional communication between the
DCIS lesion and the stroma and could be analogous to
signals evoking senescence in response to oncogenic
signals or DNA damage.41– 43 It has been postulated that
senescent stroma can contribute to disease progression
by the secretion of cytokines and proteases, providing a
mechanism through which the p16ink4a-positive stroma
contributes to disease.19,20,44
In summary, these data show dual facets of the RB
pathway related to the pathophysiology of DCIS: disruption of RB function within the DCIS lesion, as indicated by
coordinated elevation of p16ink4a and Ki-67, is associated with increased risk of recurrence; and activation of
the RB-pathway, as evidenced by elevated p16ink4a in
nonproliferative stroma, is an independent determinant of
recurrence.
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