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Abstract

Purpose: In a pilot study of women with pathologic nipple discharge (PND) undergoing
ductoscopy, we tested quantitative assessment of gene promoter hypermethylation
using quantitative multiplex methylation–specific PCR (QM-MSP) to enhance detection
of duct carcinoma in situ (DCIS).
Experimental Design: Women with PND underwent ductoscopy; ducts with significant
lesions were surgically resected (36 ducts in 33 women) and those with minimal findings were not (28 ducts in 16 women). QM-MSP was done on ductoscopy cell samples.
Results were compared with cytology and tissue histology.
Results: Cells from ducts with significant lesions on ductoscopy had significantly
higher levels of methylation than those with minimal findings. Furthermore, cells
from ducts with DCIS displayed higher levels of methylation than those with benign lesions such as papilloma (P = 0.006); or ducts with minimal findings on ductoscopy (P = 0.0001). Cumulative RASSF1A, TWIST1, and HIN1 gene methylation
accurately distinguished ducts with cancerous versus benign lesions (100% sensitivity, 72% specificity, and area under the curve of 0.91 according to receiving operating characteristic analyses). QM-MSP analysis was more informative than
cytology (100% versus 29% sensitivity, respectively), for detecting DCIS. In a validation set of paraffin-embedded DCIS and papilloma samples from women presenting with PND, QM-MSP was significantly higher in DNA from DCIS than papilloma
sections (P = 0.002).
Conclusion: The positive predictive value of ductoscopy was more than doubled (19%
versus 47%) with the addition of QM-MSP, demonstrating the benefit of targeting ducts
having both high methylation and significant abnormalities on ductoscopy for surgical
excision. Future large-scale studies to validate this approach are needed.

Pathologic nipple discharge (PND) contributes to 5% of referrals to breast surgeons in the western world (1, 2). The most
frequent causes of PND in these cases are intraductal papilloma
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in 36% to 66% (2-7), duct carcinoma in situ (DCIS) in 3% to
20% (2-6, 8), and other benign causes in up to 23% (3, 4). The
evaluation of women with PND usually involves mammography, ultrasonography, and frequently, ductography (galactography). Cytologic examination of PND is of variable utility, and is
not uniformly done (4, 9). Recently, magnetic resonance imaging of the breast has been added to the diagnostic algorithm in
some institutions (10). Each of these procedures has low sensitivity for detection of cancer, and often low specificity (3, 10,
11). Mammary endoscopy (ductoscopy) was first introduced
in Japan in 1988 for the evaluation of patients with PND,
and is currently being used to improve localization of lesions
in patients with PND; it also allows retrieval of intraductal cells
for diagnostic purposes (5, 12-17). Although useful for lesion
localization, ductoscopy does not distinguish benign from malignant growth (6, 7, 18). Thus, PND is one of the few remaining breast problems where surgical excision is required for
definitive diagnosis. The development of a nonsurgical method
to reliably diagnose cancer would offer the possibility of diagnosis without surgery in women with PND who have a very low
likelihood of significant neoplasia. In the future, a molecular
diagnostic test that allows reliable diagnosis of intraductal
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genes, when assessed cumulatively, enhance the positive predictive value (PPV) of ductoscopy for detection of DCIS in women
with PND.

Translational Relevance
The work we describe has clear translational relevance. It represents the application of a well-validated laboratory observation (gene promoter
methylation is a consistent event in malignant cells)
to a clinical need [the ability to distinguish women
with benign causes of nipple discharge from those
with duct carcinoma in situ (DCIS)]. The methylation
panel we have studied is the result of a careful series of experiments documented in past publications (see manuscript for references). In this pilot
study, we show that the relatively new clinical
technique of ductoscopy combined with the measurement of DNA methylation in three genes
(RASSF1A, HIN1, and TWIST1) in the ductoscopy
washings increases the classification accuracy in
these patients by >2-fold compared with ductoscopy and cytologic evaluation. In a separate validation set of paraffin-embedded archival samples
of DCIS, papilloma, and normal breast tissue (a second set of ductoscopy washing samples was not
available), we have confirmed that there is a significant difference in the methylation signal of DCIS
and benign papilloma from normal breast epithelium. These findings may also have relevance to
the identification of women at high risk for breast
cancer because benign papillomata with a high level of DNA methylation may be particularly prone to
malignant progression.

Materials and Methods

pathology will enable in situ ablation of benign lesions with either endoscopic techniques or the intraductal administration of
antineoplastic agents (19).
Gene promoter hypermethylation is a hallmark of breast cancer (20). We recently developed an assay that, in the ductal lavage setting, detected breast cancer cells in cytologic fluids with
over twice the sensitivity of cytology alone (21). The method is
based on the assessment of levels of promoter methylation in
genes using a technique called quantitative multiplex-methylation–specific PCR (QM-MSP). The QM-MSP assay can evaluate
a panel of up to 12 genes in patient samples containing as few
as 500 to 1,000 cells. We proposed that use of this biomarker
panel to evaluate ductal cells could help to distinguish between
PND ducts with a malignant neoplasm and those with benign
lesions. This could provide a rationale to avoid diagnostic ductal excision in most women with PND. Furthermore, it is possible that ducts with benign lesions that display high levels of
methylation are at higher risk for developing future breast cancer. These ducts could be targeted for more careful surveillance.
To test this concept, we did a prospective study to evaluate
whether quantitative assessment of gene promoter hypermethylation could enhance the utility of office ductoscopy in women
with PND and those with atypical cytology on ductal lavage
(5). In this article, we compare methylation levels of a panel
of 11 genes in cells obtained from ductoscopy washings derived
from ducts with minimal or no ductoscopy findings versus
ducts with clinically significant findings. Among ducts with significant gross lesions, we refine this panel to determine which
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Patients. Women presenting to the Bluhm Family Program for
Breast Cancer Early Detection and Prevention at Northwestern Memorial Hospital were eligible for participation in the study if they had
PND (n = 45), or atypical ductal lavage cytology (n = 4). We included
women who showed two of the three signs that characterize pathologic discharge: spontaneity, emanation from a single duct, and bloody
or serous character. All participants underwent ductoscopy. The patients' ages ranged from 26 to 75 y (mean, 48 y). Patients provided
informed consent and use of all samples for this study was approved
by the Institutional Review Boards at Northwestern University and
Johns Hopkins University. The flow of clinical procedures and associated samples is laid out In Fig. 1.
Ductoscopy and collection of cells. Ductoscopy was done as previously described (5). If ductoscopy revealed significant findings (1 or
more papillomatous growths), the patient underwent surgical resection
(36 ducts in 33 women; mean ducts per woman, 1.1). If the ductoscopy
findings were normal, or if insignificant “abnormalities” were present
(wispy fronds or flat red patches), clinical follow-up was offered, without surgical resection (28 ducts in 16 women; minimum 2-y follow-up;
mean ducts per woman, 1.8). Of the 49 women who underwent ductoscopy, 35 (71%) had 1 duct and 14 (29%) had 2 or 3 ducts examined.
Eight of these 14 women (57%) were in the surgical group and 6 (43%)
were in the nonsurgical group. In the surgical group, one of the eight
women with more than one duct examined showed DCIS in the surgical specimen, whereas seven of eight were found to have a papilloma.
Samples from two ducts failed methylation analyses because of insufficient cellularity.
Cytology. When abnormalities were visualized ductoscopically,
brushings of these were collected, fixed in CytoLyt, and stored in PreservCyt (Cytyc Corporation). One-tenth of the sample was used to prepare a Papanicolaou-stained slide for cytologic evaluation. The
remainder was used for QM-MSP after centrifuging the cells and removing any fluid to determine the incidence and level of methylation. Cytology was classified as benign, mildly atypical, severely atypical, and
malignant (21, 22). A positive cytologic test was defined as severely
atypical or malignant (21).
DNA extraction. Extraction of DNA was done as described (21, 23)
on cells obtained from ductoscopic washings, paraffin-embedded tissue
sections, and breast organoids. Fluid DNA from pathologically discharging nipple fluid (1-30 μL) was prepared using the High Pure Viral DNA
Method (Roche Applied Bioscience; Any nipple fluid cells suspended in
the fluid were included in the prepared DNA). Before DNA isolation,
normal breast organoids were prepared by mincing of fresh breast tissue
and partial digestion of the tissue overnight at 37°C with gentle inversion in 1.6 mg/mL collagenase A (Roche Applied Science) and 2.5 μg/mL
hyaluronidase in DMEM/F12 containing 1% bovine serum albumin,
1 μg/mL insulin, and antibiotics. Sodium bisulfite treatment of genomic
DNA was done according to the method previously reported (21).
Validation set. The ductoscopy washing test set was developed
with pilot study funding from the Early Detection Research Network
of the National Cancer Institute. Because office ductoscopy is not generally reimbursed by third party payors, and DCIS presenting as nipple discharge is a relatively rare event, we turned to pathology archives
to develop a validation set. Through clinical records, we identified
women who presented for surgical duct excision because of pathological nipple discharge, and were found to have papilloma or DCIS in
the surgical specimen. They were treated over the same time period as
the women in the test set, and had a similar age range 31 to 73 y
(mean, 49 y). We processed samples “as is,” without further enrichment of lesion tissue to ascertain in routine tissue sections the extent
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Fig. 1. The flow of patients and samples is illustrated; open arrows, clinical events; filled arrows, samples derived from these; broken arrows, comparisons
between groups of patient samples. Forty-nine women underwent office ductoscopy. Of these, 33 had three-dimensional grossly papillomatous lesions and
proceeded to surgical resection. Histologic examination of lesions showed 7 DCIS (1 with invasion), 27 papillomas, 1 atypical ductal hyperplasia, and 1 ductal
hyperplasia of the usual type. Sixteen women showed completely normal ducts, flat red patches, or wispy fronds with no three-dimensional structure to
them, and were observed for a minimum of 2 y. The ductoscopy washings were studied for cytology and QM-MSP, and findings were compared between the
surgical and observation groups. The QM-MSP ductoscopy washing data from the 33 women with significant lesions were compared with (a) those with
normal ducts/insignificant lesions (Figs. 2 and 3), (b) with histologic sample QM-MSP (Fig. 4), and (c) with nipple discharge QM-MSP (Fig. 4).

of methylation differences between cases of cancer and papilloma.
Methylation analyses were done blinded to the case identity, histologic diagnosis or % lesion within the tissue The normal comparison
group was derived from 17 women undergoing reduction mammoplasty; parenchymal tissue (ducts and terminal ductal units) were depleted of surrounding stromal tissue to yield samples consisting of
70% to 80% epithelium.

Primers and probes. Sequences are available upon request.
QM-SP methodology. QM-MSP was done in two sequential PCR
steps as described by Fackler et al. (23) and Swift-Scanlan et al.
(2006): Step 1: Multiplex PCR was done using external primers
independent of DNA methylation status to coamplify up to 11 genes.
The final PCR product was then diluted 1:5 or more in sterile
dH2O, depending on the concentration of input DNA. Step 2: In

Table 1. Gene promoter hypermethylation
RASSF1A
Cancer
No. of values
25% percentile
Median
75% percentile
Mean
Papilloma
No. of values
25% percentile
Median
75% percentile
Mean
Normal
No. of values
25% percentile
Median
75% percentile
Mean
P
Normal vs cancer
Papilloma vs cancer
Normal vs papilloma

HIN1

TWIST1

CYCLIN D2

APC1

RAR β

CDH1

BRCA1

BRCA2

ER α

P16

7
1.08
1.84
35.00
13.92

7
0.80
1.95
40.32
15.69

7
0.45
5.23
30.95
18.02

7
0.11
1.21
37.66
15.31

7
0.10
0.26
16.09
10.23

7
0.06
2.52
14.45
9.96

6
0.01
0.17
4.19
2.63

6
0.00
0.00
0.83
0.40

7
0.00
0.00
0.00
0.00

7
0.00
0.00
0.00
0.01

7
0.00
0.00
0.33
0.99

27
0.00
0.44
1.42
3.27

26
0.00
0.02
0.68
1.33

27
0.00
0.03
0.11
0.61

27
0.00
0.01
0.31
0.54

25
0.00
0.00
0.25
1.56

27
0.09
1.07
2.07
1.46

22
0.00
0.00
0.10
3.59

27
0.00
0.00
0.00
2.40

27
0.00
0.00
0.00
0.01

26
0.00
0.00
0.00
0.01

27
0.00
0.00
0.00
0.00

28
0.00
0.05
0.52
0.29

28
0.00
0.00
0.01
0.15

28
0.00
0.03
0.53
0.35

28
0.00
0.26
0.65
0.53

28
0.00
0.01
0.25
0.28

28
0.14
0.94
2.05
1.40

22
0.00
0.00
0.02
0.05

27
0.00
0.00
0.00
0.00

28
0.00
0.00
0.00
0.05

28
0.00
0.00
0.00
0.02

28
0.00
0.00
0.00
0.00

0.001
0.017
0.167

0.000
0.019
0.085

0.002
0.001
0.946

0.061
0.009
0.185

0.062
0.034
0.204

0.312
0.394
0.866

0.020
0.137
0.383

0.022
0.217
0.286

0.020
0.137
0.383

0.397
0.323
0.824

0.130
0.283
0.197

NOTE: Cells were harvested during ductoscopy and the % methylation was determined by QM-MSP. Shown is the median, quartiles, and mean
level of % methylation for 11 genes (P values calculated by the Mann-Whitney U Test).
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the quantitative reaction, 2-color real-time MSP was done on 1 μL of the
diluted PCR product from step 1. The second step was carried out in a
25-μL PCR final reaction volume with 1.25 units of Platinum DNA
Taq Polymerase (Invitrogen), 1× ROX (Invitrogen) passive reference
dye, 1× buffer [16.6 mmol/L (NH4)2SO4, 67.0 mmol/L Tris (pH 8.8),
6.7 mmol/L MgCl2, 10.0 mmol/L β-mercaptoethanol, 0.1% DMSO],
200 μmol/L deoxynucleotide triphosphate, and 800 nmol/L of each
primer set. 6-FAM/TAMRA or VIC/TAMRA-conjugated gene-specific
oligonucleotide probes were used with U and M primer sets performing
reactions in the same well. The real-time assay was done using an ABI
Prism 7900HT Sequence Detector (Applied Biosystems). The standard
curve, control, and sample DNAs were prepared essentially as described
previously, with the modification that U and M gene MSP standards
were cloned into plasmids. Percent methylation for each gene was calculated as [M/(U+M)] ×100 using the absolute quantification method

based on a standard curve of copy number. To determine the cumulative
methylation index (CMI), the sum of %M for all genes tested within a
given sample was determined. For example, for 6 genes, 100%M ×6
genes = CMI of 600 maximum possible methylation units.
Statistical analysis. Throughout the analyses, the unit of analysis
was the duct. A laboratory normal threshold was defined using the
90th percentile rank method (21) based on the methylation level in
ducts with minimal ductoscopy findings. To evaluate the ability of
QM-MSP test in further distinguishing between benign and cancerous
ducts, a receiver operating characteristic (ROC) approach was used for
ducts with significant ductoscopy findings that had definitive diagnosis
via tissue histology based on surgery. An optimal threshold was chosen
by the highest sensitivity and then maximizing the specificity. CMI was
calculated to characterize the methylation profiles for multigene panels.
A positive panel was defined as one that exceeded the defined threshold. The operating characteristics parameters of QM-MSP were estimated along with 95% confidence intervals (95% CI). Nonparametric
Mann-Whitney U tests were used to compare the difference in methylation levels between groups. The analyses of this pilot study are exploratory and results will be validated in an independent, larger cohort of
women with PND. Tests were considered to be statistically significant at
P value of <0.05, and analyses were done using SAS (version 9.1), and
GraphPad (version 5) software packages.

Results

Fig. 2. Gene promoter hypermethylation of RASSF1A, HIN1, TWIST1,
Cyclin D2, APC1, RARβ, CDH1, BRCA1, BRCA2, ERα, and p16 in cells
harvested during breast ductoscopy. Shown is the level of cumulative
methylation within cells washed from ducts with minimal ductoscopic
findings (minimal) compared with ducts with significant findings
(significant). Bottom, lesions within ducts with significant findings were
surgically excised to classify them histologically; significantly different
methylation levels were observed in cells washed from ducts with
papilloma, cancer, and/or ducts with minimal ductoscopic findings. The
median, 25th and 75th quartiles, and range of cumulative methylation are
displayed; analyses were done using the Mann-Whitney test.

www.aacrjournals.org

Ducts with minimal or no abnormal ductoscopic findings.
Twenty-eight ducts were classified as “normal.” These included
7 where lesions were not detectable on ductoscopy, and 21 with
visible findings, which were not of clinical concern (8 with scattered flat red patches, and 13 with occasional thin wispy fronds
with no bulk to them). QM-MSP was done on the cells obtained from the ductoscopy washings. The percentage of hypermethylated alleles in the normal samples was quite low for all
11 genes (Table 1). All of the seven women who were included
in the study because of mild cytologic atypia on ductal lavage
had normal or minimal findings on ductoscopy.
Methylation in ducts with significant ductoscopy findings.
In 36 ducts from 33 women, significant lesions were detected by
ductoscopy. These consisted of solitary or multiple papillomatous lesions with a three-dimensional structure that occupied at
least a quarter of the luminal area. Surgery was done to excise
and characterize these lesions. Based on histologic evaluation
of the excised tissue (“gold standard”), these ducts were then
classified into 2 main groups: (a) ducts containing malignancy
(6 DCIS and 1 DCIS/invasive ductal carcinoma), or (b) ducts
containing benign lesions (27 papillomas, 1 atypical ductal hyperplasia, and 1 ductal hyperplasia of the usual type). Multiple
papillomas were present in 8 of 27 ducts with papilloma. Based
on evaluation of 11 candidate genes, the cumulative level of
DNA methylation in cells recovered from ducts with significant
lesions was higher than in normal ducts (P = 0.003; Fig. 2). Furthermore, methylation was significantly higher in samples from
ducts proven to contain malignant lesions on resection compared with those with papilloma (P = 0.006) or normal appearance (P = 0.0001; Fig. 2).
Detection of cancer in ductoscopy washings with QM-MSP.
Past studies have shown that a panel of hypermethylated genes
was more powerful than single genes in detecting cancer (21,
24, 25). To devise the optimal cancer detection panel, the 6
genes with the best discriminatory ability (RASSF1A, HIN1,
TWIST1, CYCLIN D2, APC1, and RARβ) were identified from
among the 11 candidate genes, based on predictive powers
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quantified by areas under the ROC curves for normal versus
cancer (data not shown). To define our laboratory normal values in washings from ducts with minimal ductoscopy findings,
we used the 90th percentile rank of cumulative methylation by
QM-MSP (Table 2A; Fig. 3A and B). For the 6-gene panel, the
cutoff of 6.2 (of a possible 600 methylation units) yielded a
sensitivity of 86% (6 of 7 cancers tested positive) and specificity
of 93% (26 of 28 normal ducts tested negative) for an overall
classification accuracy of 91%, based on analysis of normal versus cancer (Table 2A). By this analysis, 67% (18 of 27) of the
ducts containing papilloma tested negative (within limits of
normal). A closer look at the frequency distribution of methylated papilloma samples showed that the highest four samples
were outliers (68, 32, 29, and 26 units of methylation, respectively; data not shown).
However, a major diagnostic consideration is to distinguish
benign lesions from cancerous lesions within ducts having clinically significant ductoscopy findings. To determine whether
QM-MSP analyses could improve performance of the ductoscopy procedure, ROC threshold analyses were done on samples from ducts with significant findings only, comparing
methylation in ductoscopy washings from benign ducts versus
cancerous ducts (Table 2B). With the 6-gene panel, the threshold was 5.5 units, which yielded a sensitivity of 100% (7 of 7
cancerous ducts), specificity of 66% (19 of 29 benign ducts),
classification accuracy of 72% (26 of 36 ductoscopically abnormal ducts), and area under the curve (AUC) of 0.88 (Table 2B).
Selecting a minimal cancer marker panel. Because simpler
is better, and to render the assay quicker and more cost effective, we devised a gene panel containing the most informative
of the six genes. A 3-gene panel consisting of RASSF1A, HIN1,
and TWIST1 genes was selected from the larger panel because
they had the highest single-gene predictive power (and AUC
of 0.87-0.92) comparing normal ducts to cancerous ducts
(Fig. 3B). Comparison of normal versus DCIS ducts, with a
laboratory normal cutoff of 2.7 with the 3-gene panel, yielded

a sensitivity of 86% (6 of 7 ducts with cancer tested positive),
specificity of 93% (26 of 28 normal ducts tested negative), and
classification accuracy of 91% (32 of 35 ducts correctly classified; cutoff based on the 90th percentile rank of methylation;
Table 2A; Fig. 3B). Seventy-eight percent (21 of 27) of the ducts
containing papilloma tested negative.
Among ducts with clinically significant ductoscopy findings,
comparing benign lesions to malignant lesions by the ROC
threshold method (Table 2B), a 3-gene threshold of 2.6 units
yielded a sensitivity of 100% (7 of 7 cancerous ducts detected
as positive), specificity of 72% (21 of 29 normal ducts detected
as negative), classification accuracy of 78% (28 of 36 ductoscopically abnormal ducts classified correctly), and AUC of 0.91.
Based on these data, the PPV of the ductoscopy procedure alone
was 19% (7 cancers in 36 ductoscopy/cytology-positive ducts;
95% CI, 8-36%; this was improved to a PPV of 47% by the addition of QM-MSP (7 cancers in 15 QM-MSP–positive ducts;
95% CI, 21-73%). Thus, the PPV of ductoscopy was more than
doubled by the addition of QM-MSP. These results suggest that
QM-MSP can provide an adjunct to ductoscopy for more accurate selection of the subset of ducts that harbor clinically significant abnormalities for surgical excision.
Cytology versus methylation. Cytologic examination provides an opportunity to detect cancerous cells harvested during
ductoscopy. To determine the reliability of cytology, and to
compare it to methylation, a three-way comparison was done
between lesion histology, ductal cell cytology, and ductal cell
methylation. Of the ducts containing histologically confirmed
cancer, only 29% (2 of 7; 95% CI, 4-71%) were identified by
cytologic exam of the ductal cells (Fig. 3B) and 71% (5 of 7;
95% CI, 29-96%) of ducts with cancer were missed. By contrast,
using methylation as a biomarker, 100% (7 of 7; 95% CI, 59100%; Table 2B; Fig. 3B) of ducts with histologically proven
cancer were correctly identified by QM-MSP, i.e., 7 cancers were
detected in 36 ductoscopically abnormal ducts. Because cytology detected only 2 of 7 cancerous ducts, sensitivity was 29%. By

Table 2.
A. Normal vs cancer ducts–QM-MSP/90th percentile rank method
Gene
panel

Sensitivity
(%, ratio; 95% CI)

3-gene
6-gene
11-gene

Specificity
(%, ratio; 95% CI)

86 (6/7; 42-100)
86 (6/7; 42-100)
86 (6/7; 42-100)

93 (26/28; 77-99)
93 (26/28; 77-99)
93 (26/28; 77-99)

Classification accuracy
(%, ratio; 95% CI)

Papillomas
(% neg; 95% CI)

Threshold*

91 (32/35; 77-98)
91 (32/35; 77-98)
91 (32/35; 77-98)

78 (21/27; 58-91)
67 (18/27; 46-83)
67 (18/27; 46-83)

2.7
6.2
7.8

B. Benign vs Cancer ducts -QM-MSP/ROC analysis method
Gene panel

Sensitivity
(%, ratio; 95% CI)

Specificity
(%, ratio; 95% CI)

3-gene
6-gene
11-gene

100 (7/7; 59-100)
100 (7/7; 59-100)
100 (7/7; 59-100)

72 (21/29; 53-87)
66 (19/29; 46-82)
55 (16/29; 36-74)

Classification accuracy
(%, ratio; 95% CI)
78 (28/36; 61-90)
72 (26/36; 55-86)
64 (23/36; 46-79)

AUC
(95% CI)

Threshold†

0.91 (0.80-1.00)
0.88 (0.76-1.00)
0.84 (0.69-0.99)

2.6
5.5
5.0

NOTE: 3-gene: RASSF1A, TWIST1, and HIN1; 6-gene: RASSFIA, TWIST1, HIN1, APC1, CYCLIN D2, and RARβ; 11-gene panel: RASSFIA,
TWIST1, HIN1, APC1, CYCLIN D2, RARβ, CDH1, BRCA1, BRCA2, and ERα; sensitivity, number of true positives divided by the number of true
positives plus false negatives; specificity, number of true negatives divided by the number of true negatives plus false positives; classification
accuracy, number of ducts correctly identified/total number of ducts; AUC, the predictive power of the test.
*The upper threshold of reference range of methylation in ductoscopy cells was defined by the 90th percentile rank of methylation in ducts with.
†
The upper threshold of benign % methylation in ductoscopy cells was defined by ROC analysis of methylation in ducts.
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Fig. 3. Detection of cancerous lesions in ducts with PND. The methylation profile of cells washed from individual ducts is shown. The bar height reflects total
cumulative methylation (sum of percent methylation of all genes), whereas the color-coded segments correspond to the percent methylation of each
gene, as indicated. Dashed line, upper limit of normal methylation, defined by the 90th percentile rank of cumulative methylation in ducts proven to have
minimal ductoscopic findings; vertical lines crossing the dashed lines, the cutoff between positive and negative methylation within the group. Histologic
classifications were as follows: DCIS, invasive ductal carcinoma (INV), atypical hyperplasia (ADH), usual hyperplasia (HYPR), or papilloma (Pap). Ductoscopic
classifications (for ducts with minimal findings) were as follows: no lesion (normal), reddish lesion (red), or wispy fronds (fronds). Insert, the ability of
the gene panel to distinguish between ducts with cancer, papilloma, or normal ducts; The scatter plots indicate the level of cumulative methylation within
each sample, the median methylation within the group is shown by the bar in each column and the laboratory threshold (based on the 90th percentile
(is indicated by the bar across all three columns in A and B. A, the six-gene detection panel: RASSF1A, HIN1, TWIST1, CYCLIN D2, APC1, and RARβ. The
normal laboratory cutoff value was 6.2 units. B, the three-gene detection panel of RASSF1A, TWIST1, and HIN1. The normal laboratory cutoff was set at
2.7 units. Cell cytology was coded as follows: 4, malignant; 3, severe atypia; 2, mild atypia; 1, benign; 0, insufficient cellular material for diagnosis. Positive
cytology was defined as malignant or severe atypia; positive methylation is >2.7 units.

comparison, when the 3-gene QM-MSP test with the ductoscopic washings was added ancillary to the ductoscopy test,
the PPV was 47% and sensitivity was 100%. These results using
ductoscopic washings support our previous findings on ductal

www.aacrjournals.org

lavage (21), where QM-MSP more than doubled detection of
ducts with cancer compared with cytology alone.
Consistency between ductoscopy washings and excised
tissue. Ideally, any marker retrieved from cells in ductoscopy
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Fig. 4. Methylation in matched tissue and nipple fluids. A, in patients with PND (n = 16), tissues from excised cancerous and papillomatous lesions were
processed for QM-MSP. Results of the methylation profiles of each sample are plotted according to histologic diagnosis (described in Fig. 3). The median
methylation in cancerous lesions was significantly higher than for papilloma/atypical hyperplasia (insert; P = 0.0002). B, comparison between tissues (T)
and harvested ductoscopy cells (D). The methylation profile of tissues from A was compared with cells harvested at ductoscopy from the same duct (ducts
1-6, cancerous; ducts 7-16, papillomatous/atypical hyperplasia). C, scatter plots by duct: harvested ductoscopic washings (cells) versus tissue or nipple
fluid. Methylation levels in nipple fluid (NF) were substantially lower compared with cells. Dotted line, perfect consistency. D, validation of methylation in
lesions of patients with PND. In an independent set, patients with PND (n = 23) underwent surgical excision of lesions detected by ductoscopy. Excised
cancerous (n = 10) and papillomatous (n = 13) lesions were processed for QM-MSP without further enrichment of lesion tissue to ascertain whether in routine
tissue sections, cancer could be distinguished from papilloma by using QM-MSP. As in Fig. 3A, results verify that these lesions are distinguishable. The
median methylation in cancerous lesions was significantly higher than for papilloma, (insert; P = 0.002), as well as for normal breast (P < 0.0001). Analyses
were done in a manner blinded to the extent of lesion present in the sample. Unblinded data indicated that 9 of 10 cancers and 8 of 13 papilloma
samples had ≤10% lesion tissue present in the routine tissue section processed for methylation. The percentage of lesion found within the tissue section
processed is indicated at the bottom (normal organoids consist of ∼70-80% epithelium) below the histologic diagnosis.
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washings should reflect the molecular nature of lesion tissue
within the duct. However, in ducts with PND, there is a mixture
of cell types, including inflammatory, blood, and normal epithelial cells, as well as tumor cells that may be shed from a
lesion into the ductal system. Therefore, we wished to investigate whether the profile of methylated genes was similar within
paired sets of ductoscopy cells and excised tissues. To accomplish this, paraffin-embedded tissues were processed from 6
of the 7 cancers (tissue of 1 case was not available), and a random subset of 10 benign lesions. As predicted, cancerous lesions had significantly higher methylation levels than benign
lesions (P = 0.0002; Fig. 4A). Next, methylation levels in tissue
versus ductal cell washings of the same patients were compared.
For most cancers, the profile of methylated genes was similar
from the two sources in the same patient (example, duct 2;
Fig. 4B), although there was variability in the extent of unmethylated DNA in tissue preparations as well as cell washings
a (Fig. 4C).
Direct analysis of nipple fluid in patients with PND. Ideally, a noninvasive test for PND diagnosis could be developed,
which would detect cancer from the discharge fluid in patients
with PND. Therefore, for a random subset of ducts, discharge
fluid samples were collected before ductoscopy. Methylation
levels in discharge fluid were assessed and compared with
matched samples of ductal cells from the same patient retrieved during ductoscopy. QM-MSP analysis for a panel of
11 genes was feasible in 19 of 20 discharge fluid samples
(Fig. 4C). Gene methylation levels in the fluid were approximately the same or much lower than in the corresponding
ductoscopy sample for nearly all samples (Fig. 4C). In the
XY scatter plots shown (Fig. 4C), any mark to the right of
the dotted line indicates that there was more methylation in
the cells than the fluid. Eleven samples are plotted to the right
of the dotted line and seven samples to the left, one is essentially on the dotted line. In general, the samples with highest
methylation appear plotted to the right, indicating usually,
but not always, that methylation is higher in the cells than
the fluid. Overall, Spearmen correlation analyses indicate
low correlation between paired samples (r2 = 0.26; P =
0.27, 2 tailed), in agreement with the idea that cell pellets
from ductoscopy washings have different methylation levels
compared with the corresponding nipple fluid.
Validation set results. We analyzed paraffin sections containing lesion tissue from 10 women with cancer (9 DCIS
and 1 invasive carcinoma) and 13 women with papillomata,
all of whom had presented with nipple discharge, and compared them to 17 samples from women undergoing reduction
mammoplasty (Fig. 4D). The mean CMI for cancer was 26.5,
with a median of 15.5; the mean CMI for papillomata was
7.4, with a median of 5.7, of 600 units possible. These were significantly different (P = 0.002). When papilloma samples were
compared with reduction mammoplasty samples, the CMI of
papilloma was significantly higher (P = 0.04), whereas the
CMI between reduction mammoplasty samples and cancer
was strikingly different (P < 0.0001; Mann-Whitney test). By
design, we processed samples “as is,” without further enrichment of lesion tissue to ascertain whether in routine tissue
sections cases of cancer could be distinguished from papilloma
by QM-MSP. On pathology review, 9 of 10 cancers and 8 of 13
papilloma samples had ≤10% lesion tissue present in the routine tissue section processed for methylation (Fig. 4D). Despite
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the under-representation of lesion amidst normal unmethylated stroma/epithelium it was possible to distinguish between
cancer, papilloma, and normal breast with high significance using QM-MSP.

Discussion
Currently, no existing test reliably distinguishes between
DCIS and benign changes in women with nipple discharge,
and the standard of care at this time is to completely excise
all papillomas because they can be heterogeneous and associated with malignancy. We investigated the hypothesis that quantitative assessment of hypermethylated genes by QM-MSP can
enhance ductoscopy detection of cancer in ducts of women
with PND. Our results show that QM-MSP readily distinguished normal ducts, those with minimal ductoscopy findings,
from those with significant findings. More importantly, in ducts
with significant intraductal lesions, QM-MSP distinguished
ducts harboring benign lesions from those containing cancer.
Based on the results of this study, QM-MSP may aid in selection
of patients for surgical resection, and predict the presence of
DCIS rather than papilloma in those undergoing surgery. In addition, as endoscopic ablation tools become available, the ability to distinguish malignancy from benign change will be of
crucial importance because in situ ablation will logically be
more applicable to benign lesions.
The clinical criteria for surgical duct excision are based on the
presence of spontaneous single duct discharge that is either
bloody or serous. Using these criteria, the yield of pathologic
findings in excised ducts is highly variable. We designed our
study to include women with discharge that fulfilled two of
these three criteria to reexamine the threshold for which excision should be recommended, and to broaden the study population to allow analyses of sensitivity and specificity. As a
result, we encountered ducts without dominant or significant
intraluminal lesions, which fulfilled at least two of the three criteria for PND. The mean number of ducts examined in the nonsurgical group was higher than the mean number of ducts
examined in the surgical group (1.8 versus 1.1); this is consistent with the fact that single duct discharge is a feature of PND
and therefore women without significant findings would be
more likely to present with more than one discharging duct.
In samples that were retrieved from the ductoscopically “normal” ducts in the nonsurgical group, levels of gene methylation
were very low for all 11 genes (Table 1); this level was significantly lower than ducts with lesions (P = 0.003; Fig. 2).
When compared with normal ducts, the percent methylation was significantly higher in cancerous ducts (P =
0.0001), or ducts with papilloma (P = 0.04) than in normal
ducts (Fig. 2). Most importantly, significant differences were
also seen between the methylation levels in cancerous ducts
and benign papilloma (P = 0.006). It is important to emphasize that QM-MSP output is a continuous variable (percent
methylation). It is therefore possible to evaluate the level
and incidence of hypermethylation of a single gene, as well
as that of a gene panel. Furthermore, based on a reference
set of samples, in this pilot study, we established our normal
laboratory range and upper cutoff for methylation in PND
ductoscopy samples. For the purposes of the present PND
study, the normal cutoff was higher than in our previous
findings in ductal lavage of normal ducts (albeit in high risk
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women; ref. 21), probably because here the cutoff was based
on clinically symptomatic ducts. Although this cutoff applies
only to studies done within our laboratory, a similar approach
can be easily adapted by other investigators and clinical laboratories (26). However, this threshold difference suggests that
although cumulative DNA methylation of several genes is a
powerful biomarker, the specific genes and the specific threshold may vary depending on the type of sample.
Our previous studies clearly shown that a gene panel has a higher predictive power than a single gene when detecting breast cancer
(21). In the current study of cells retrieved during ductoscopy, 11
genes were analyzed, and through an iterative procedure, we identified a panel of the three best performing genes that distinguished
between cancerous and ductoscopically normal ducts [RASSF1A
(AUC, 0.92; P = 0.0006); Table 2], TWIST1 (AUC, 0.89; P =
0.0017), and HIN1 (AUC, 0.87; P = 0.0026; data not shown). As
a panel, this group of genes was highly accurate at distinguishing
ducts without significant lesions on ductoscopy from ducts with
cancer (91% classification accuracy; Table 2A). Using the laboratory normal cutoff of 2.7 units, 78% (21 of 27) of papilloma tested
negative and 86% (6 of 7) of cancers tested positive.
Although most intraductal lesions can be successfully visualized with ductoscopy, the real challenge lies in the distinction
between benign lesions and malignant lesions (Table 2B). To
evaluate the QM-MSP test in aiding this distinction, we did
an ROC analysis that enabled us to define the optimal threshold of 2.6 CMI units for desirable test performance. With this
approach, 3-gene panel detected all of the cancers (100% sensitivity) and 72% of papillomas tested negative. Thus, the combination of ductoscopy plus QM-MSP provides a high
classification accuracy (78%); 28 of 36 ducts with significant
ductoscopic lesions were correctly classified, with 72% specificity (Table 2B). This high predictive power (AUC, 0.91) and improved PPV (47%), suggests an incremental value of QM-MSP
to ductoscopy for detection of cancerous lesions in women with
PND. Of interest, the 3-gene panel had higher specificity than
the 6- or 11- gene panels while maintaining a 100% sensitivity,
demonstrating that the use of fewer genes can produce a more
specific marker panel, reducing the time and cost involved in
diagnosis.
Among women presenting with nipple discharge, cytologic
examination has low sensitivity and specificity and is therefore
variably useful (4, 27). It also requires access to a highly
trained cytopathologist. Furthermore, we found in this and
previous studies of ductal lavage (21) that QM-MSP detected
cancer more often than cytology. In the present study, less
than one-third (two of seven) of cancer-containing ducts were
identified by cytologic examination of ductoscopy washings
(Fig. 3B). By contrast, QM-MSP identified 100% of cancerous
ducts (7 of 7), thus performing with more than twice higher
sensitivity than cytology, as we previously reported (21). Furthermore, a few papilloma samples, although negative by cytology, showed levels of methylation that were as high as
those observed in ducts with cancer (Fig. 3). This raises the
question of whether, left alone, these are the papillomas that
may in the future give rise to DCIS and the observed high
methylation is a reflection of molecular changes associated
with cancer, which precede changes in cell morphology. These
findings lead to the hypothesis that methylation changes
quantitated by QM-MSP have the potential to serve as indicators of cancer risk.
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Having observed that methylation is significantly higher in
samples from ducts with DCIS, we next sought to show that
these findings are representative of the abnormal lesion in
the duct by performing QM-MSP analyses on tissue samples
from matched, excised lesions. We showed that tissue from
cancerous breast lesions had significantly higher methylation
than from papillomata (P = 0.0002; Fig. 4A). Upon comparison
of matched DNA from ductoscopy cells and tissue sections
(Fig. 4B and C) in cancerous ducts, essentially the same genes
were seen hypermethylated in both duct washings and the ductal lesion. This finding strongly suggests that in ducts containing cancer, the tumor cells are shed into the duct from the
lesion and are detected by QM-MSP.
The three-gene QM-MSP test would be more practical if it
could be applied directly to the nipple discharge fluid in patients
with PND. Our results showed that the assay was successful in
most discharge samples, but that in many of these samples methylation values in the fluid were less robust than in the ductoscopy
cell sample (Fig. 4C). This is not surprising because the cellular
content of nipple discharge is much lower than in ductoscopy
washings; additionally, the act of brushing the lesion during ductoscopy may result in an abundance of hypermethylated DNA to
provide a suitable template for sensitive detection of cancer. Our
results also likely indicate that the majority of methylation signal
comes from the atypical cells in those samples and the majority
of DNA from the nipple fluid may come from apoptotic or necrosed inflammatory cells. However, some highly cellular nipple
fluid samples may be the exception. The goal of lesion detection
and diagnosis using nipple discharge samples remains important
and awaits further technological refinements.
Validation of these results in an independent sample set is crucial, but additional ductoscopy washings were not available to us
because the funding for performance of office ductoscopy was
limited to a pilot study. We chose therefore to evaluate the
QM-MSP levels in archival paraffin-embedded tissue samples
from women who had undergone duct excision for PND. These
paraffin embedded samples (Fig. 4D) were therefore from a population identical to the tissues in the test set (Fig. 4A), and both
sets show striking and highly significant differences in methylation between benign proliferation (papilloma/atypical hyperplasia) and cancer. We felt that this second set of tissue from the
same clinical population would provide initial validation of
our findings that benign lesions and papilloma are distinguishable by methylation. By design, in our validation set, we processed samples without further enrichment of lesion tissue to
ascertain whether in routine tissue sections cancer could be distinguished from papilloma by QM-MSP (Fig. 4). Despite the under-representation of lesion amidst normal unmethylated
stroma/epithelium in these samples that had not undergone microdissection, it was possible to distinguish between cancer, papilloma, and normal breast with high significance using QM-MSP
(P < 0.0001). However, in future studies to ensure uniformity between samples, we plan to enrich for the lesion tissue by scraping
away grossly normal tissue in the tissue section. QM-MSP will be
especially important for smaller samples of tissue, such as are obtained through fine needle biopsy, where histologic diagnosis is
challenging and an ancillary test for cancer would be useful.
In conclusion, we have shown that the measurement of DNA
methylation in cell samples obtained using ductoscopy in
women with PND is feasible; and that there is a significant gradient in the levels of DNA methylation in samples from ducts
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with malignancy, those with benign lesions, and those with no
significant findings on ductoscopy. These results are promising
in terms of the potential of QM-MSP measurement of DNA
methylation as a diagnostic test in women with nipple discharge; and may allow stratification of women with benign
papillomata into those at high or low risk for future breast cancer based on DNA methylation levels. Prospective larger validation studies are being planned in women with PND to define
the role of this powerful tool in the early detection and risk
assessment of breast cancer. Furthermore, these results show
proof of the principal that QM-MSP performs well in the
challenging distinction of benign proliferation from in situ

carcinoma, a very challenging threshold in the development
of molecular diagnostic tests.
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