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Cancer is an evolution of a population of cancer cells with diverse 
hereditary characteristics. With rare exceptions, tumors are derived 
from a single initiated cell and the progressive accumulation of 
genetic, epigenetic, and phenotypic features combined with selec-
tion drives cancer progression. The currently accepted stepwise 
model of breast tumorigenesis assumes a gradual transition from 
epithelial hyperproliferation to ductal carcinoma in situ (DCIS), to 
invasive and metastatic carcinomas (1,2). This progression model is 
strongly supported by human clinical and epidemiological data and 
by molecular clonality studies addressing the relationships between 
in situ and invasive areas of the same tumor and between DCIS and 
its local invasive recurrence. Until 1980, DCIS was diagnosed very 
rarely and represented less than 1% of all breast cancer cases. All of 
this changed dramatically with the increased utilization of mam-
mography during the 1980s, and DCIS became the most rapidly 
increasing subset of breast cancers. Currently, DCIS accounts for 
15%–25% of newly diagnosed breast cancer cases in the United 
States (3). In contrast to the dramatic improvement in our ability to 
detect DCIS, our understanding of the pathophysiology of this 
disease and factors involved in its progression to invasive carcinoma 
are still poorly defined. Numerous studies compared the gene 
expression, genetic, and epigenetic profiles of DCIS and invasive 
breast carcinomas, but a molecular alteration differentiating in situ 
and invasive tumors has not been identified (2). A dramatic change 
occurs during the normal to DCIS transition, but surprisingly in 
situ and invasive breast carcinomas of the same histological subtype 
essentially share the same genetic and epigenetic alterations and 
expression patterns. In contrast, the molecular profiles of breast 
tumors of distinct subtypes (ie, luminal, HER2+, and basal-like) are 
dramatically different. Emerging data also suggest a critical role for 

microenvironmental changes in the regulation of tumor progres-
sion, particularly that of the in situ to invasive breast cancer transi-
tion (4). Here, I summarize the results of molecular studies aiming 
to identify diagnostic markers that differentiate in situ and invasive 
tumors and predictive markers that correlate with the risk of inva-
sive progression.

Candidate Molecular Markers in DCIS
The expression and mutation status of numerous tumor suppressor 
and oncogenes have been analyzed in DCIS and invasive ductal 
carcinoma (IDC) including TP53, PTEN, PIK3CA, ERBB2, MYC, 
and differences in the frequency of these changes have been found 
according to the tumor subtype but not histological stage (2). Thus, 
mutations in TP53 are more frequent in basal-like and HER2+ 
compared with luminal tumors; in basal-like cases, PIK3CA is 
rarely mutated but PTEN is frequently lost, and amplification of 
ERBB2 is specific for the HER2+ subtype.

The expression of several candidate genes selected based on 
their biological function has also been analyzed in DCIS (5). Two 
recent studies identified a set of promising markers that may cor-
relate with the risk of recurrence of DCIS (6,7). Gauthier et al. (6) 
demonstrated that high expression of COX-2 and Ki67 in DCIS 
correlates with higher risk of local (both in situ and invasive) recur-
rence and also implicated abnormalities in the Rb pathway as 
potential contributors to invasive progression. Lu et al. (7) identi-
fied a functional cooperation between ERBB2 and 14-3-3z that 
may increase the risk of invasive progression via promoting epithe-
lial to mesenchymal transition. A major limitation of both of these 
studies was the use of small cohorts of patients that increases the 
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probability of findings associations that may not hold up in larger 
populations. However, large cohorts of patients diagnosed with 
pure DCIS, treated uniformly, and followed up for a long (eg, >10 
years) time are rare, and tumor tissue samples may not be available 
for all cases. Examples of such cohorts include the National 
Surgical Adjuvant Breast and Bowel Project B-17 and B-24 trials 
analyzing the recurrence of DCIS treated with lumpectomy alone 
vs lumpectomy + radiation (B-17) and comparing lumpectomy + 
radiation vs lumpectomy + radiation + tamoxifen (B-24). Neither 
of these cohorts has been subject to molecular studies and none of 
the histopathologic features analyzed predicted the risk of invasive 
recurrence (8,9). However, in the B-24 trial, tamoxifen treatment 
significantly (by 40%–50%) reduced the risk of subsequent breast 
cancer (both ipsilateral and contralateral) in patients with estrogen 
receptor–positive DCIS (D. C. Allred, S. J. Anderson, S. Paik, D. 
L. Wickerham, I. Nagtegaal, J. P. Costantino, et al., submitted). 
Despite the fairly large size of these cohorts (>1400 cases in each 
trial) because of the low rate of invasive recurrence (<10%) even 
after 10–15 years of follow-up, the identification of markers pre-
dictive of invasive recurrence is a challenging task.

In addition to protein-coding genes, a few recent studies also 
examined the expression patterns of microRNAs at different stages 
of breast tumor progression, including DCIS. One study analyzed 
the expression of miR-21 and its targets (PTEN, PDCD4, and 
TMI) in normal breast and in DCIS and IDC and found a gradual 
increase in miR-21 expression with tumor progression, although 
very few cases were analyzed in each histological group (10).  
An independent study confirmed the increased expression of miR-
21 during tumorigenesis and also found an increase in miR-145 
levels in DCIS compared with atypical hyperplasia implying that 
microRNAs may be used as novel biomarkers for early cancer 
diagnosis (11).

Comprehensive Molecular Profiles of DCIS
Major progress has been made in the molecular classification of 
invasive breast cancer by applying a combination of high through-
put genomic technologies. Gene signatures differentiating tumors 
into clinically relevant subtypes and prognostic groups have been 
described, and some of these such as OncotypeDX and Mammaprint 
are already used in clinical practice (12). Several genome-wide 
unbiased studies have also been conducted investigating the gene 
expression and genetic profiles of pure DCIS and in situ and inva-
sive areas of the same tumor. Gene expression profiling of bulk 
tissue samples or dissected epithelial cells of pure DCIS and DCIS 
adjacent to IDC using different platforms (ie, nucleotide arrays and 
sequence-based methods) and dissection approaches (ie, immuno-
magnetic bead sorting and laser capture microdissection) failed to 
identify progression stage–specific expression patterns (13–17). 
However, gene expression profiles of DCIS demonstrated the same 
subtype-specific patterns as that observed in IDC implying distinct 
progression pathways for luminal, basal-like, and HER2+ tumors.

Similarly, analysis of chromosomal alterations in DCIS and 
IDC using multiple different comprehensive approaches including 
array comparative genomic hybridization and single-nucleotide 
polymorphism arrays demonstrated no qualitative differences 
according to progression stage, although IDC and DCIS adjacent 

Table 1. Breast tumor subtype-specific chromosomal alterations*

Tumor subtype Genetic change Candidate genes targeted

Luminal A 1q gain Multiple, S100 proteins
8q24 gain MYC
11q13 gain CCND1, PAK1, EMSY
16p gain 16q loss Multiple, CDH1
20q13 gain AIB1

HER2+ 1q gain Multiple, S100 proteins
8q24 gain MYC
17q12 gain ERBB2

Basal-like 8q24 gain MYC
10p13 gain ITGA8, MEIG1
12p13 gain RAS, ETV6, H2AFJ

*  Several of these changes involve whole chromosome arms likely targeting 
multiple genes.

to IDC overall tended to have more chromosomal changes than 
pure DCIS (16,18,19). In contrast, distinct genetic changes were 
detected in luminal, HER2+, and basal-like tumors (Table 1), 
emphasizing subtype-specific tumor evolution.

Intratumor Diversity in DCIS
In addition to the dramatic intertumor differences according to the 
tumor subtype, a significant fraction of DCIS display pronounced 
intratumor heterogeneity for the expression of multiple markers 
and for genetic alterations such as chromosomal gains and mutation 
in TP53 (17,20). Allred et al. (17) demonstrated this by the immu-
nohistochemical analysis estrogen receptor, progesterone receptor, 
HER2, and p53 expression in a large panel of DCIS and found that 
heterogeneity was associated with positivity for p53 reflecting 
mutant TP53 (17). This result correlates with the findings in Barrett 
esophagus, a precursor of esophageal carcinoma, where intratumor 
clonal diversity was associated with mutant p53 (21).

In a more recent study, Park et al. (20) analyzed intratumor 
diversity for chromosomal gains and for the expression of markers 
associated with stem cell-like (eg, CD44) and more differentiated 
luminal (eg, CD24) epithelial cell phenotypes in both in situ and 
invasive areas of the same tumors at the single-cell level using 
immuno–fluorescence in situ hybridization. Intratumor heteroge-
neity was quantified using ecological and evolutionary models, and 
significant heterogeneity was found in cell populations uniformly 
positive for the expression of CD44 or CD24 within the same 
histological type as well as between in situ and invasive areas. 
Interestingly, basal-like tumors uniformly displayed high diversity, 
whereas a subset of HER2+ and luminal tumors had low diversity. 
These results implicate intratumor diversity as a potential predic-
tor of invasive progression, as in Barrett esophagus, a precursor 
of esophageal carcinoma, higher intratumor clonal diversity was 
associated with increased risk of invasive progression. Thus, it 
would be worthwhile to conduct similar studies in DCIS with 
clinical follow-up.

Although the molecular mechanisms underlying intratumor 
diversity are poorly defined, genomic instability because of telo-
mere shortening and subsequent telomere crisis that is observed at 
the DCIS stage is one of the potential explanations (22). However, 
alternative mechanisms include epigenetic instability, malignant 
stem cells, and nonhereditary cell-to-cell variability (23).
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Experimental Models of Human DCIS
Our relative lack of understanding of the in situ to invasive breast 
carcinoma progression is in part because of the fact that there are no 
good experimental models for DCIS that would faithfully reproduce 
the human disease. Carcinogen-induced mammary gland tumors in 
rats reproduce certain aspects of human DCIS, such as ovarian hor-
mone dependence and gradual progression to invasive disease (24). 
However, the carcinogen used for the initiation of these tumors may 
have caused numerous genetic changes that are not easy to identify 
making this model unattractive for molecular studies. The same 
limitation applies to the use of DCIS xenografts formed by subcuta-
neous injection of pieces of human DCIS tumors into nude mice 
(25) or the intraductal injection of DCIS tumor epithelial cells (26). 
Although no model is ideal, they allow for the functional testing of 
genes implicated in breast cancer and the evaluation of novel cancer 
preventative and therapeutic interventions. A good model of DCIS 
would have to resemble the histology of high-risk human premalig-
nant breast lesion that with time progress to invasive carcinomas. 
The MCF10AT human breast cell line is one of the most well-
characterized human models of breast tumor progression that ful-
fills these criteria (27,28). These cells were derived from the 
immortalized MCF-10A cells via transformation with T24 mutant 
c-Ha-ras (27,28). Interestingly, the MCF10AT cells appear to 
contain multipotent (or bipotential) breast stem cells because both 
luminal epithelial and myoepithelial cells can be derived from 
these cells in vivo (29). A derivative of the MCF10AT premalig-
nant human cell line model was established MCF10DCIS.com that 
reproducibly forms comedo DCIS-like lesions that spontaneously 
progress to invasive tumors (27,28). This xenograft model has 
successfully been used for delineating the role of myoepithelial cells 
and the microenvironment in DCIS progression (30,31). However, 
as MCF10DCIS cells represent only basal-like breast cancer, addi-
tional DCIS models are needed for other tumor subtypes.

The Role of Myoepithelial Cells and the 
Microenvironment in DCIS Progression
The role of the microenvironment in the regulation of normal 
mammary gland function and the alterations of these in breast 
cancer has been increasingly recognized. Due to this and to the 
failure to find markers differentiating DCIS and IDC based on the 
analysis of bulk tumors and epithelial cells, Allinen et al. (32) ana-
lyzed the genome-wide gene expression and genetic profiles of all 
major cell types (eg, epithelial, myoepithelial, and endothelial cells; 
fibroblasts; myofibroblasts; and leukocytes) composing normal 
breast, DCIS, and IDC tissues. Dramatic changes were found in 
gene expression profiles in all cell types during tumor progression, 
whereas clonal genetic alterations were limited to tumor epithelial 
cells. Both these findings have been confirmed by multiple different 
groups using different technologies (33,34). Particularly, myoepi-
thelial cells showed significant differences and these changes impli-
cated loss of differentiated and gain of angiogenic and invasive 
features in DCIS-associated compared with normal myoepithe-
lium. Interestingly, a large fraction of the differentially expressed 
genes encoded secreted proteins, including basement membrane 
components, and receptors indicating a key role for myoepithelial 

cells in the synthesis of the basement membrane and in paracrine 
interactions.

Despite the lack of clonal genetic alterations in tumor-associated 
myoepithelial and stromal cells, changes in gene expression  
patterns and phenotypes appear to be hereditary because they are 
maintained even after prolonged cell culture and in xenograft 
studies (4). Thus, Hu et al. (35) hypothesized the presence of 
epigenetic alterations and analyzed the global DNA methylation 
profiles of epithelial and myoepithelial cells, and stromal fibro-
blasts from normal and in situ and invasive breast carcinomas using 
methylation-specific digital karyotyping. Using this approach, 
several genomic loci were identified that showed significant and 
consistent differences in DNA methylation between normal and 
neoplastic breast tissue in each cell type analyzed. Thus, aberrant 
epigenetic programs of DCIS-associated myoepithelial cells and 
stromal fibroblasts may underlie their tumor growth and progression-
promoting effects.

To experimentally test this hypothesis, in a follow-up study, Hu 
et al. (30) analyzed the role of myoepithelial cells and fibroblasts in 
DCIS to IDC transition using a xenograft model of human DCIS 
and validated these findings in primary human tissue samples. 
Normal myoepithelial cells exerted pronounced tumor growth and 
progression-suppressive effects, whereas stromal fibroblasts pro-
moted progression to invasion, and tumor-associated and inflam-
matory fibroblasts even increased tumor growth via enhancing 
angiogenesis. These growth- and progression-promoting effects of 
fibroblasts were at least in part due to the upregulation of COX-2 
in tumor epithelial cells because treatment with a COX-2 inhibitor 
(celecoxib) was able to suppress them (36). Several pathways 
including TGFb and Hh signaling were identified to be required 
for normal myoepithelial cell differentiation as their inhibition 
using small hairpin RNA lead to the disappearance of these cells 
and progression to invasion (30).

The importance of myoepithelial cells in DCIS progression is 
supported by findings from several different groups. Man et al. (37) 
have demonstrated in multiple publications the presence of focally 
disrupted myoepithelial cell layer in DCIS and implicated this 
in invasive progression. Hilson et al. (38) described phenotypic 
alterations in DCIS-associated myoepithelial cells determined by 
immunohistochemistry. More recently, Sotiriou and colleagues 
analyzed the expression profiles of DCIS with clinical follow-up 
and demonstrated that decreased expression of CD10, a differenti-
ated myoepithelial cell–specific marker, was associated with 
decreased disease-free survival (39). All these data support the 
hypothesis that loss of normal myoepithelial cell function in DCIS 
may be the key determinant of invasive progression. Thus, charac-
terizing the regulation of normal myoepithelial cell differentiation 
and the perturbations of these in DCIS may identify predictors of 
invasion and targets for therapeutic interventions.

Conclusions and Future Directions
In contrast to the significant progress made in the molecular-based 
classification of invasive breast cancer and the use of this information 
for the design of individualized therapy, the clinical management of 
DCIS patients is still largely based on histopathologic findings and 
molecular markers guiding treatment decisions are lacking. Progress 
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is mainly limited by the availability of pure DCIS tissue samples 
from large cohorts of uniformly treated patients with long-term 
clinical follow-up. In addition, the type (ie, formalin-fixed paraffin-
embedded) and limited amount of tissue available because of the 
small size of DCIS lesions poses a technical challenge. However, 
technologies are continuously improving and several methods are 
already suitable for the comprehensive molecular analysis of DCIS, 
which is favored over candidate gene approaches as larger amount of 
information can be gained from the same amount of tissue. Multi-
institutional collaborative efforts by multidisciplinary research teams 
would be required to overcome these hurdles, and this is likely to be 
facilitated by prioritizing the “DCIS problem” by the National Cancer 
Institute and providing long-term funding for this difficult task.

References
 1. Polyak K. Breast cancer: origins and evolution. J Clin Invest. 2007;

117(11):3155–3163.
 2. Sgroi DC. Preinvasive breast cancer. Annu Rev Pathol. 2009;5:193–221.
 3. Burstein HJ, Polyak K, Wong JS, Lester SC, Kaelin CM. Ductal carci-

noma in situ of the breast. N Engl J Med. 2004;350(14):1430–1441.
 4. Polyak K, Haviv I, Campbell IG. Co-evolution of tumor cells and their 

microenvironment. Trends Genet. 2009;25(1):30–38.
 5. Kuerer HM, Albarracin CT, Yang WT, et al. Ductal carcinoma in situ: 

state of the science and roadmap to advance the field. J Clin Oncol. 2009;
27(2):279–288.

 6. Gauthier ML, Berman HK, Miller C, et al. Abrogated response to cellular 
stress identifies DCIS associated with subsequent tumor events and 
defines basal-like breast tumors. Cancer Cell. 2007;12(5):479–491.

 7. Lu J, Guo H, Treekitkarnmongkol W, et al. 14-3-3zeta Cooperates with 
ErbB2 to promote ductal carcinoma in situ progression to invasive breast 
cancer by inducing epithelial-mesenchymal transition. Cancer Cell. 2009;
16(3):195–207.

 8. Fisher ER, Dignam J, Tan-Chiu E, et al. Pathologic findings from the 
National Surgical Adjuvant Breast Project (NSABP) eight-year update of 
Protocol B-17: intraductal carcinoma [see comments]. Cancer. 1999;86(3):
429–438.

 9. Fisher ER, Land SR, Saad RS, et al. Pathologic variables predictive of 
breast events in patients with ductal carcinoma in situ. Am J Clin Pathol. 
2007;128(1):86–91.

 10. Qi L, Bart J, Tan LP, et al. Expression of miR-21 and its targets (PTEN, 
PDCD4, TM1) in flat epithelial atypia of the breast in relation to ductal 
carcinoma in situ and invasive carcinoma. BMC Cancer. 2009;9:163.

 11. Sempere LF, Christensen M, Silahtaroglu A, et al. Altered microRNA 
expression confined to specific epithelial cell subpopulations in breast 
cancer. Cancer Res. 2007;67(24):11612–11620.

 12. Ross JS. Multigene classifiers, prognostic factors, and predictors of breast 
cancer clinical outcome. Adv Anat Pathol. 2009;16(4):204–215.

 13. Porter D, Lahti-Domenici J, Keshaviah A, et al. Molecular markers in 
ductal carcinoma in situ of the breast. Mol Cancer Res. 2003;1(5):362–375.

 14. Porter DA, Krop IE, Nasser S, et al. A SAGE (serial analysis of gene expres-
sion) view of breast tumor progression. Cancer Res. 2001;61(15):5697–5702.

 15. Ma XJ, Salunga R, Tuggle JT, et al. Gene expression profiles of human breast 
cancer progression. Proc Natl Acad Sci U S A. 2003;100(10):5974–5979.

 16. Vincent-Salomon A, Lucchesi C, Gruel N, et al. Integrated genomic and 
transcriptomic analysis of ductal carcinoma in situ of the breast. Clin 
Cancer Res. 2008;14(7):1956–1965.

 17. Allred DC, Wu Y, Mao S, et al. Ductal carcinoma in situ and the emer-
gence of diversity during breast cancer evolution. Clin Cancer Res. 2008;
14(2):370–378.

 18. Hwang ES, DeVries S, Chew KL, et al. Patterns of chromosomal alterations 
in breast ductal carcinoma in situ. Clin Cancer Res. 2004;10(15):5160–5167.

 19. Yao J, Weremowicz S, Feng B, et al. Combined cDNA array comparative 
genomic hybridization and serial analysis of gene expression analysis of 
breast tumor progression. Cancer Res. 2006;66(8):4065–4078.

 20. Park SY, Gonen M, Kim HJ, Michor F, Polyak K. Cellular and genetic 
diversity in the progression of in situ human breast carcinomas to an inva-
sive phenotype. J Clin Invest. 2010;120(2):636–644.

 21. Maley CC, Galipeau PC, Finley JC, et al. Genetic clonal diversity predicts 
progression to esophageal adenocarcinoma. Nat Genet. 2006;38(4):468–473.

 22. Chin K, de Solorzano CO, Knowles D, et al. In situ analyses of genome 
instability in breast cancer. Nat Genet. 2004;36(9):984–988.

 23. Marusyk A, Polyak K. Tumor heterogeneity: causes and consequences. 
Biochim Biophys Acta Rev Canc. 2010;1805(1):105–117.

 24. Russo J, Russo IH. Atlas and histologic classification of tumors of the rat 
mammary gland. J Mammary Gland Biol Neoplasia. 2000;5(2):187–200.

 25. Boland GP, Knox WF, Bundred NJ. Molecular markers and therapeutic 
targets in ductal carcinoma in situ. Microsc Res Tech. 2002;59(1):3–11.

 26. Behbod F, Kittrell FS, LaMarca H, et al. An intraductal human-in-mouse 
transplantation model mimics the subtypes of ductal carcinoma in situ. 
Breast Cancer Res. 2009;11(5):R66.

 27. Miller F. Xenograft models of premalignant breast disease. J Mammary 
Gland Biol Neoplasia. 2000;5(4):379–391.

 28. Miller FR, Santner SJ, Tait L, Dawson PJ. MCF10DCIS.com xenograft 
model of human comedo ductal carcinoma in situ [letter]. J Natl Cancer 
Inst. 2000;92(14):1185–1186.

 29. Tait L, Dawson PJ, Wolman SR, Galea K, Miller FR. Multipotent human 
breast stem cell line MCF10AT. Int J Oncol. 1996;9:263–267.

 30. Hu M, Yao J, Carroll DK, et al. Regulation of in situ to invasive breast 
carcinoma transition. Cancer Cell. 2008;13(5):394–406.

 31. Tait LR, Pauley RJ, Santner SJ, et al. Dynamic stromal-epithelial interac-
tions during progression of MCF10DCIS.com xenografts. Int J Cancer. 
2007;120(10):2127–2134.

 32. Allinen M, Beroukhim R, Cai L, et al. Molecular characterization of the 
tumor microenvironment in breast cancer. Cancer Cell. 2004;6(1):17–32.

 33. Ma XJ, Dahiya S, Richardson E, Erlander M, Sgroi DC. Gene expression 
profiling of the tumor microenvironment during breast cancer progres-
sion. Breast Cancer Res. 2009;11(1):R7.

 34. Qiu W, Hu M, Sridhar A, et al. No evidence of clonal somatic genetic 
alterations in cancer-associated fibroblasts from human breast and ovarian 
carcinomas. Nat Genet. 2008;40(5):650–655.

 35. Hu M, Yao J, Cai L, et al. Distinct epigenetic changes in the stromal cells 
of breast cancers. Nat Genet. 2005;37(8):899–905.

 36. Hu M, Peluffo G, Chen H, Gelman R, Schnitt S, Polyak K. Role of COX-2 
in epithelial-stromal cell interactions and progression of ductal carcinoma 
in situ of the breast. Proc Natl Acad Sci U S A. 2009;106(9):3372–3377.

 37. Man YG, Tai L, Barner R, et al. Cell clusters overlying focally disrupted 
mammary myoepithelial cell layers and adjacent cells within the same duct 
display different immunohistochemical and genetic features: implications for 
tumor progression and invasion. Breast Cancer Res. 2003;5(6):R231–R241.

 38. Hilson JB, Schnitt SJ, Collins LC. Phenotypic alterations in ductal carci-
noma in situ-associated myoepithelial cells: biologic and diagnostic impli-
cations. Am J Surg Pathol. 2009;33(2):227–232.

 39. Toussaint J, Durbecq V, Altintas S, et al. Low CD10 mRNA expression 
identifies high-risk ductal carcinoma in situ (DCIS). PLoS One. 
2010;5(8):e12100. doi:10.1371/journal.pone.0012100.

Funding
Work in the author’s laboratory is supported by the National Cancer 
Institute (CA89393, CA143233, CA080111, and CA116235), US Army 
(W81XWH-07-1-0294 and W81XWH-09-1-0131), Avon Foundation, Breast 
Cancer Research Foundation, and Novartis Oncology.

Note
I apologize to researchers whose work I could not discuss or cite because of 
space limitations.

Affiliations of author:  Department  of  Medical  Oncology,  Dana-Farber 
Cancer  Institute,  Boston,  MA;  Department  of  Medicine,  Brigham  and 
Women’s Hospital, Boston, MA; Department of Medicine, Harvard Medical 
School, Boston, MA.

D
ow

nloaded from
 https://academ

ic.oup.com
/jncim

ono/article/2010/41/210/888143 by guest on 18 April 2024


