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Precancer can represent a benign condition in some and a potent precursor to lethal cancer 

in others. As cancer screening and early detection of cancer improves, precancer diagnoses are 

becoming quite common, yet our poor understanding of precancer leaves clinicians unclear on 

how to treat them. Precancerous lesions are often tiny and archived, formalin-fixed, and paraffin-

embedded (FFPE), which degrades and damages the small amount of nucleic acid available. This 
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makes the genomic and transcriptomic analysis of precancers quite challenging as many of the 

lesions, especially the smallest, are often incompatible with standard DNA or RNA sequencing 

assays. My work reports the optimization of both experimental and computational methods to 

perform genetic profiling of precancer lesions - including acquired (somatic) and inherited 

(germline) variation - and the application of these methods to improve our understanding of breast 

precancer, ductal carcinoma in situ (DCIS).  

A low-input FFPE DNA optimized exome sequencing workflow was paired with RNA 

sequencing, histological analysis, and immune microenvironment spatial profiling to generate a 

multimodal breast precancer atlas across 85 histological regions microdissected from the lesions 

of 39 patients diagnosed with pure DCIS. This allowed the measurement of relationships between 

molecular and phenotypic features, phylogenetic analysis, and identification of immune states 

revealed by stromal and epithelial-specific profiling. Further, a low-coverage whole-genome 

sequencing with reference-based imputation method, which provided reliable germline genotyping 

directly from archival FFPE tissues, was leveraged to evaluate the role of germline genetics in 

long-term precancer progression. I applied this methodology to samples from 36 patients with 

DCIS and identified that increased established breast polygenic risk scores were predictive of 

adverse outcomes.  

The improved mapping provided by the breast precancer atlas, and suggestive evidence 

that germline variants contribute to DCIS outcome represent valuable resources in the study of the 

natural history of breast precancer. In particular, the findings emphasize the importance of 

including contextual information - spatial, microenvironmental, and inherited genetic factors - to 

fully characterize lesions. By only using archival tissue, I set the stage for the large retrospective 

studies that will be needed to guide the clinical management of precancer. 



 
1 

INTRODUCTION

 

Nearly every cancer type has a premalignant precursor. Precancer is considered an 

intermediate state between normal and cancer, with increased risk but non-guaranteed progression 

to cancer. Precancer offers a window of clinical intervention in the earliest moments of 

tumorigenesis. Historically, research efforts have focused on characterizing and improving the 

treatment of late-stage cancers This is understandably so, as these patients have an urgent life-

threatening need for intervention, as opposed to precancer or early-stage cancers. Recently, more 

focus has shifted towards cancer prevention, also referred to as chemoprevention. Adoption of 

HPV vaccination has resulted in an age-dependent 34-97% rate reduction of cervical cancer in 

young women in the UK, and reduced tobacco smoking has decreased lung cancer by an estimated 

32% in the US, both representing cancer prevention successes 1,2. Detection, monitoring, and 

treatment of premalignancy represent another forefront of cancer prevention serving as an early 

indicator for potential cancer formation. However, precancer is poorly characterized at the 

molecular level, there is no precancer analog to the cancer genome atlas (TCGA) just yet, though 

characterizations for individual tissue types are beginning to emerge - such as in skin, esophagus, 

and lung 3–5. The current lack of molecular, spatial, and microenvironmental characterization and 

their interplay in the earliest stages of tumorigenesis, hinder the development of prevention 

strategies, risk stratification models, and novel therapies. Characterization of these precancers can 

enable proper risk assessment and treatment to make cancer prevention the standard and reduce 

cancer morbidity. 

There are very valid reasons why precancer is so poorly characterized - the samples are 

typically small and damaged, and progression is rare and slow 6. Premalignant lesions (PML) in 
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precancer are small and to ensure the absence of invasive cancer, tissues are formalin-fixed and 

paraffin-embedded (FFPE) for histologic analysis. As such, fresh or frozen PML are rarely 

available. Formalin is known to create adducts in the DNA and lead to spurious substitutions. 

These DNA aberrations contribute to low coverage and make it difficult to distinguish artifacts 

from true somatic variants 7,8. Almost every molecular-based assay which relies on nucleic acid 

readout, whether it be genetic, transcriptional, or epigenetic, struggles with low input amount and 

FFPE damage, resulting in many assays being suboptimal or simply not possible. The other 

primary challenge is logistical. While the probability and rate of progressing from precancer to 

cancer vary from tissue to tissue, oftentimes this transition will not occur and if it does, the process 

can take decades. The rarity of the outcome and the long-followup time require any study relating 

precancer molecular features to outcome to choose one of two suboptimal scenarios. Either, 

conduct a prospective study and recruit very large sample sizes to account for the low expected 

incidence and wait a decade, or collect old archival samples to generate a retrospective cohort, 

which will likely lack typical important controls specimen for genetic studies such as germline 

blood. While the time and sample size required for a prospective study can not be improved, the 

methodology to overcome the challenges of archival tissue required in a retrospective study can. 

Encouragingly, recent advances have improved molecular profiling of low-input FFPE tissue 9–11. 

To continue advancing molecular profiling from retrospective archival tissue I will improve upon 

genomic profiling of archival tissue and establish the feasibility of retrospective study in epithelial 

premalignancy.  

 In the breast, ductal carcinoma in situ (DCIS) is a non-obligate precursor to deadly invasive 

breast carcinoma (IBC). DCIS is sensitively detected through screening and imaging and 

represents nearly a quarter of all breast cancer-related diagnoses 12. Despite DCIS screening and 
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diagnostic success, there has been no parallel improvement in breast cancer mortality, indicating 

suboptimal risk stratification and therapeutic intervention of DCIS 13. Current factors that impact 

the risk of breast cancer progression include age, size, grade of the lesion, or hormone receptor 

status, but they currently do not comprise a reliable prediction model 14,15. It is increasingly 

accepted that low-risk DCIS patients are likely undergoing unnecessarily aggressive treatments 

including surgery, chemotherapy, radiation, and/or adjuvant therapies 16,17. The high incidence of 

DCIS combined with the high mortality of IBC underlines the urgent need for improved molecular 

and histological characterization and subsequent improved therapeutic intervention.  

Studies have identified that all transcriptional subtypes and most acquired genetic 

alterations in IBC are already established in DCIS, including the most frequently mutated driver 

genes18–24. Further, inherited variants that contribute to IBC risk, also contribute to DCIS risk 25. 

This suggests that the presence or absence of particular genetic or molecular markers will likely 

be unable to distinguish the biology of DCIS vs IBC and more integrative measurements may be 

necessary. DCIS is also remarkably diverse - presenting with varying nuclear grades, sizes (<1cm 

to >15cm), histological architectures (solid, cribriform, micropapillary), and hormone receptor 

status (ER, HER2). Even the abundant genetic heterogeneity in IBC has been shown to already 

exist in DCIS, albeit the majority of these estimates have been performed in DCIS synchronous to 

invasive cancer which biases towards high-risk lesions 23,26–28. In addition, DCIS does not grow in 

isolation. The duct where it develops exists in the context of complex and dynamic tissue and 

cellular architecture and immune microenvironment, under varying hormonal and metabolic 

contexts. Studies examining the roles of the basal layer, fibroblasts, adipocytes, stromal cells, and 

extracellular matrix have identified distinguishing features between DCIS and IBC 29–32. The 

immune microenvironment has also been evidenced as having a key role in progression to IBC, 
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with evidence for high stromal tumor-infiltrating lymphocytes and B lymphocytes, or specific 

immunological make-up, being associated with a higher risk of progression 24,33–38. The 

relationship between genetic and transcriptomic features, histological architecture, and immune 

microenvironment, and their diversity is poorly understood in DCIS. I will contribute to the 

mapping of these relationships and the underlying molecular profile of DCIS to help describe these 

early stages in carcinogenesis and provide an important basis for biomarker development. 

In this dissertation, the primary goals are to improve the molecular characterization of 

precancer and apply the methodologies to better describe pure DCIS. From benchtop to the 

downstream bioinformatics analysis, I aim to optimize experimental and computational 

approaches to generate and analyze genetic data - both acquired and inherited (Chapters 1 and 3 

respectively) - from precancer lesions. I then aim to leverage these methodologies, complemented 

with other precancer compatible methods, to profile novel DCIS samples and generate a multi-

modal breast precancer atlas (Chapter 2). Lastly, I aim to evaluate the contribution of inherited 

variants to DCIS outcomes in a case-control study (Chapter 3). Notably, all of the above will be 

performed using just archival tissues, representing a framework for future retrospective precancer 

studies which will guide and advance chemo-preventative strategies. 
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CHAPTER 1: Mutational profiling of micro-dissected pre-malignant lesions 

from archived specimens 

 
1.1 Abstract 

Systematic cancer screening has led to the increased detection of precancer. The absence 

of reliable prognostic markers has led mostly to overtreatment resulting in potentially unnecessary 

stress, or potentially insufficient treatment and avoidable progression. Importantly, most 

mutational profiling studies have relied on precancer synchronous to invasive cancer, or performed 

in patients without outcome information, hence limiting their utility for biomarker discovery. The 

limitations in comprehensive mutational profiling of precancer are in large part due to the 

significant technical and methodological challenges: most premalignant lesions (PML) are small, 

fixed in formalin and paraffin-embedded (FFPE), and lack matching normal DNA. Using test DNA 

from a highly degraded FFPE specimen, multiple targeted sequencing approaches were evaluated, 

varying DNA input amount (3-200 ng), library preparation strategy (BE: Blunt-End, SS: Single-

Strand, AT: A-Tailing), and target size (whole exome vs cancer gene panel). Variants in high-input 

DNA from FFPE and mirrored frozen specimens were used for precancer-specific variant calling 

training and testing, respectively. The resulting approach was applied to profile and compare 

multiple regions micro-dissected (mean area 5 mm2) from 3 breast ductal carcinoma in situ (DCIS). 

Using low-input FFPE DNA, BE and SS libraries resulted in 4.9 and 3.7 increase over AT libraries 

in the fraction of whole-exome covered at 20x (BE:87%, SS:63%, AT:17%). Compared to high-

confidence somatic mutations from frozen specimens, precancer-specific variant filtering 

increased recall (BE:85%, SS:80%, AT:75%) and precision (BE:93%, SS:91%, AT:84%) to levels 

expected from sampling variation. Copy number alterations were consistent across all tested 

approaches and only impacted by the design of the capture probe-set. Applied to DNA extracted 
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from 9 micro-dissected regions (8 DCIS, 1 normal epithelium), the approach achieved comparable 

performance, illustrated the data adequacy to identify candidate driver events (GATA3 mutations, 

ERBB2 or FGFR1 gains, TP53 loss) and measure intra-lesion genetic heterogeneity. Lastly, we 

developed and trained PROjeCt ExomE Depth (PROCEED), an exome sequencing depth 

prediction model trained on pre-sequencing metrics from 166 library preparation condition, shared 

via a web-application to assist experimental users in quality assessment prior to sequencing. 

Alternate experimental and analytical strategies increased the accuracy of DNA sequencing from 

archived micro-dissected PML regions, supporting the deeper molecular characterization of early 

cancer lesions and achieving a critical milestone in the development of biology-informed 

prognostic markers and precision chemo-prevention strategies.   
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1.2 Introduction 

 
For some cancer types, the wide-spread adoption of cancer screening has increased the 

detection of precancer 1. Today, breast ductal carcinoma in situ (DCIS) comprises nearly ~25% of 

all breast cancer diagnoses in the United States 2. In the case of DCIS, disease-specific guidelines 

recommend surgical excision and radiation, and endocrine risk reducing therapy. While treatment 

prevents rate of second events, it has not translated into increase survival rates, which are very 

high for most patients with DCIS, suggesting overtreatment of precancer and highlighting a critical 

need to improve risk models and identify prognostic markers 1,3,4. Current precancer risk models 

rarely account for molecular biomarkers such as mutations or copy number alterations, which are 

seldom profiled. This is in large part due to technical challenges in profiling premalignant lesions 

(PMLs), specimens from PML biopsies are typically formalin-fixed and paraffin-embedded 

(FFPE) in their entirety, to verify the absence of any invasive component. As a consequence, no 

fresh or frozen material is available for research. Moreover, many PMLs observed in absence of 

invasive lesions are very small or have low overall cellularity, sometimes less than a millimeter in 

diameter or containing fewer than 1000 cells. Hence, while FFPE specimens have successfully 

been used in high-throughput sequencing, the challenges posed by excessive formalin-induced 

deoxyribonucleic acid (DNA) damage – detailed below - are typically overcome by an increase in 

DNA input quantity 5–9, a solution not available for archival PML profiling. Thus, small FFPE 

PML specimens pose significant challenges in the generation of high throughput sequencing 

libraries and preclude the investigation of genetic biomarkers. To overcome these limitations, 

previous studies have been performed in fresh PML from areas adjacent to invasive disease instead 

of on pure PML, ignoring the vast majority of PML that are less likely to progress 10–15. Profiling 

https://paperpile.com/c/p26nlA/4o9B0
https://paperpile.com/c/p26nlA/p1UC0
https://paperpile.com/c/p26nlA/4o9B0+qD9mG+OjSMw
https://paperpile.com/c/p26nlA/EHGR6+wQNA4+jNNdA+KjvTz+bOXi4
https://paperpile.com/c/p26nlA/nOxEO+G0jhz+KIEik+3ImJU+CbotU+SD6qd
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of pure precancer in the absence of invasive disease is required to avoid such biases and thus 

necessitates methodology to work with archival FFPE specimens.   

One of the main challenges of library preparation from damaged, low input DNA samples 

is to preserve the library complexity: the faithful and unbiased representation of all fragments in 

the starting DNA sample. Indeed the multiple steps of the library preparation, including the repair 

of the input DNA, the ligation of adapter, target enrichment and the multiple rounds of purification 

and PCR amplification can all act as bottlenecks, and introduce strong skews that will reduce the 

library complexity and eventually impact precision and recall of variant calling. Moreover, 

formalin is known to create adducts in the DNA and lead to spurious substitutions, which can be 

difficult to distinguish from true somatic variants, especially at low allelic fractions 16,17. Finally, 

the most insightful prognostic biomarker studies of precancer progression require long follow up 

to rely on actual outcome (recurrence, second events, survival) rather than proxy risk markers 

(grade, subtype, histological markers). As a consequence, most studies are retrospective and rely 

on old archived material without matching germline DNA sample, rendering the identification of 

high confidence somatic mutations more difficult. Hence, both technical and experimental 

challenges are hampering progress in precancer mutational profiling.   

Here we present the development of DNA library preparation and variant calling strategies 

specifically optimized for low abundance, damaged DNA, commonly extracted from PMLs. Using 

highly damaged DNA, we compared the effect of the input amount, the size of the captured 

genomic region, and library preparation strategy on the quality of coverage depth and breadth. We 

determined that library preparation using blunt-end (BE) adapter ligation strategy maximizes the 

library complexity down to 3 nanograms (ng) of input DNA and is compatible with whole exome 

capture. Further, we generated a web-tool PROjeCt ExomE Depth (PROCEED), to help predict 

https://paperpile.com/c/p26nlA/0ORc9+v0toq
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the coverage of exome sequencing libraries soley using pre-sequencing metrics. Using a set of 

DNA variants called from a frozen mirrored tissue specimen, we optimized the variant calling 

strategy to maximize its accuracy. We further demonstrated its validity on 10 DNA samples 

extracted from laser capture micro-dissected regions of PML or adjacent normal from DCIS of 3 

independent patient FFPE specimen. We illustrate the utility of the approach to identify somatic 

mutations in candidate genes and characterize precancer clonal heterogeneity within a specimen.  
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1.3 Results 

Evaluation of targeted sequencing approaches for low input FFPE DNA. 

Regions of PML on a histological section can contain as few as 500 cells, corresponding 

to 3.3 ng of haploid DNA. The expected reduced DNA extraction yield can be mitigated by 

combining regions matched across sequential sections. Hence, optimizing targeted sequencing 

down to 3 ng of input DNA is a reasonable objective to identify high confidence mutations in 

PML. To develop the methodology, a test DNA sample was extracted from a 4 year-old FFPE 

HER2 positive breast invasive carcinoma which showed significant fragmentation (DNA integrity 

number of 2.4), likely representative of DNA extracted from old archived specimens. High-

throughput sequencing libraries were prepared using traditional A-tailing adapter ligation protocol 

optimized for low-input, damaged DNA (referred to as AT method—Figure 1.1a) with a 

decreasing amount of input DNA from 200 down to 10 ng. After capture of the whole exome by 

hybrid selection, the DNA libraries were amplified and sequenced. The performance was evaluated 

in comparison to whole exome data generated from 200 ng of DNA extracted from a mirrored 

frozen tissue specimen 18. Libraries generated from 200 or 50 ng FFPE DNA achieved reasonable 

coverage, with nearly all targeted bases covered at least 20-fold (referred to as Cov20). In contrast, 

the sequencing libraries from 10 ng FFPE DNA lacked complexity (79% read PCR duplicates), 

resulting in 17% Cov20 after elimination of the duplicate reads (Figure 1.1b, c). Such poor 

performance at 10 ng, precluded us from further decreasing the DNA input and suggested that 

perhaps a smaller capture panel, restricted to cancer genes (710 kb total size) would elicit the goal 

of 3 ng input. Unfortunately, 3 ng AT libraries sequencing with a cancer panel had a high 

percentage of duplicate reads (83%) and 1.6% Cov20 (Figure 1.1d, e). Hence, the consistently 

poor performance of both low input strategies (3 ng and 10 ng) irrespective of the capture panel 

https://paperpile.com/c/p26nlA/uJ9Q0
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size suggests that the bottleneck reducing the library complexity originates upstream of the 

targeted capture, which led us to examine the initial ligation of the sequencing adapters. 

Library preparation methods which utilize alternate ligation techniques have previously 

been shown to increase the complexity of the library notably for the analysis of cell free DNA 19,20, 

ancient DNA 21–23 and other applications 24,25. We therefore evaluated blunt-end ligation (BE) and 

single strand ligation (SS) library preparation strategies to increase the number of input DNA 

fragments incorporated in the library and enhance the resulting complexity and usable sequence 

coverage (Figure 1.1a, Figure S1). The cancer panel capture of BE libraries prepared from 3 ng of 

test DNA showed a reduced percentage of duplicate reads compared to AT libraries with 10 ng 

input (73% vs. 83% respectively Figure 1.1e), leading to a dramatic increase in Cov20 (99.7% vs. 

2%) and bringing it to levels comparable to high input (50 ng) AT libraries (Figure 1.1d), albeit 

with higher duplicate rates. In turn, the SS library offered a lesser, but measurable, improvement 

over the AT library for low input (Figure 1.1d, e). The superiority of the BE and SS strategies were 

further confirmed using whole exome capture with BE and SS libraries resulting in 84% and 63% 

Cov20 at low input (3 ng), respectively, higher than 17% observed for low input (10 ng) AT 

libraries (Figure 1.1b). Compared to the cancer panel capture, the improvements of these 

alternative ligation strategies on whole exome sequencing were milder but remained remarkable 

and, in the case of BE strategy, likely to support more sensitive mutational profiling of archived 

PMLs. 

Predicting exome coverage depth. 

In order to help identify which FFPE DNA libraries would generate sufficient coverage for 

downstream analyses, we constructed an interpretive model for predicting mean exome coverage 

from FFPE samples such as PML using multiple linear regression trained on 166 FFPE DNA 

https://paperpile.com/c/p26nlA/OeIJo+Xuc5k
https://paperpile.com/c/p26nlA/AtLZM+3pIdq+FRFAN
https://paperpile.com/c/p26nlA/DvxNZ+MwgAY
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exome sequencing libraries (Table 1.1). Libraries were derived from FFPE blocks stored for a 

median of 4 years with a mean DNA yield of 17 ng (range 2-309) and were subsequently prepared 

with several different library preparation kits representative of various exome library preparation 

techniques (AT, BE, and others, see Methods). The mean exome coverage was predicted as a 

function of the number of cycles and total nanograms (ng) of DNA produced in the pre-

hybridization PCR, the total sequencing reads, and the type of sequencing kit used (Figure 1.3a). 

Overall the mean exome coverage depth 𝐷𝐷 for a single FFPE DNA library was modeled as: 

𝐷𝐷 =  𝛽𝛽0 + 𝛽𝛽1𝑃𝑃𝑃𝑃𝑃𝑃 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 +  𝛽𝛽2𝑃𝑃𝑃𝑃𝑃𝑃 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 +  𝛽𝛽3𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 𝛽𝛽4𝐾𝐾𝐾𝐾𝐾𝐾   

The parameters of the model were solved by ordinary least squares. Overall, we found the 

above model to be predictive of mean coverage, with an adjusted R2 value of 0.85 (Table 1). While 

all variables were found to be significant (p<0.001), we quantified the contribution of each variable 

to the predictive performance by removing that variable and evaluating the partial model (Figure 

1.3b). Overall, models excluding PCR yield or excluding PCR cycles, had the largest decrease in 

accuracy, R2=0.61 and 0.43 respectively, with the removal of both resulting in R2=0.16, suggesting 

these had the greatest contribution in the prediction. In order to evaluate the overall goodness of 

the fit we ran a 5-fold cross-validation over a hundred iterations, and estimated the average root 

mean squared error (RMSE) of the predicted depth to be 13.7 (Figure 1.3c). Despite the extreme 

variability of FFPE derived DNA quantity and quality, as well as many other factors that contribute 

to sequencing performance excluded from this model, we find reasonable coverage predictions 

from very limited measurements that do not require measurement of original DNA input or sample 

sequencing. PROCEED thus provides a valuable quality control tool for experimental scientists in 

order to prevent sequencing samples that will produce insufficient coverage for downstream 

analysis such as mutation and copy number assessment.  
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Somatic mutation profiling from low input FFPE DNA. 

At a minimum, both SNVs and indels are necessary to evaluate the mutational landscape 

of PML. Unfiltered SNVs identified in FFPE DNA showed both a high overall abundance 

(422,322) of low variant allelic fraction substitutions (VAF < 5%) and bias of C to T substitutions 

(53%), which is expected from the cytosine deamination resulting from formalin fixation 16,17. In 

contrast, low VAF variants from frozen DNA were much lower in abundance (175,364) but 

contained a high-prevalence (52%) of C to A substitutions consistent with previously reported 8-

oxoguanine damage observed in frozen samples (Figure S2) 26. We hypothesized that we could 

discriminate against artifactual FFPE variants in the test specimens using stringent filtering criteria 

including high strand bias, low allelic fraction and poor concordance between multiple variant 

callers in order to call accurate somatic variants in FFPE preserved PML (Methods). 

First, we established a set of benchmarking somatic mutations from the test DNA extracted 

from a mirroring frozen tissue specimen. Its whole exome sequence resulted in 247 SNVs and 10 

indels that were used to measure performance of the variant calling from the FFPE libraries 

generated above. Prior to filtering, the analysis of variants from low input AT libraries resulted in 

an average of 7,475 false positive somatic mutations. In contrast, the analysis of variants from BE 

and SS libraries resulted in an average of 1,967 and 3,137 false positive mutations, respectively 

(Figure 1.2a). We developed additional filtering criteria, trained on variants from the high-input 

(200 ng) FFPE library and used variants called from a publicly available panel of normal samples 

to remove additional artifacts. This approach considerably reduced the fraction of false positives 

(Figure 1.2b), increasing precision from less than 20% to 84%, 93% and 91% for the AT, BE and 

SS low input libraries, respectively (Figure 1.2c, d). The variant recall increased from 75% in the 

AT low input library to 85% and 80% for the BE and SS low-input libraries, respectively, 

https://paperpile.com/c/p26nlA/0ORc9+v0toq
https://paperpile.com/c/p26nlA/b86Va
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consistent with differences observed in Cov20 (Table S1.6). Importantly, these values were similar 

to the theoretical maximum values obtained from down-sampling the frozen sample itself to an 

equivalent number of reads (90% precision, 88% recall), indicating that the differences mainly 

come from sampling rather than from technical artifacts. The improvement in accuracy was similar 

for the small number of indels (Table S1.6). These data suggest that FFPE specific filtering of 

ensemble variant calls paired with BE library preparation enables accurate clonal somatic SNV 

and indel variant calling of whole exome sequencing data from 3 ng FFPE test DNA. 

In contrast to SNVs and indels, Copy Number Alterations (CNA) can be accurately 

identified using lower coverage depth whole genome sequencing data, though has been more 

challenging in targeted sequencing 27,28. We evaluated the ability of all input quantity and library 

preparation methods to reliably identify CNA (Methods). The genome-wide CNA burden obtained 

from low input SS and BE library was consistent with the one of high-input (200 ng) AT libraries 

(8.1%, 7% and 8.4% respectively—Figure 1.2e and Table S1.4), and consistent with the results of 

the cancer panel sequencing and the lower CNA burden observed in the 10 and 50 ng AT libraries 

are still within the expected confidence interval (Figure 1.2f, Figure S3). The resulting level of 

copy number gains and losses estimated for each chromosome arms and more focal areas were 

highly reproducible between all tested library preparation strategies (Figure S4, S5). Additionally, 

the copy number status of known cancer genes was also consistent between exome and cancer 

panel, including the expected ERBB2 amplification which was correctly determined in all cases. 

In a few instances, the denser tiling of the exome probes helped identify a copy number breakpoint 

missed in the cancer panel, resulting in discordant copy number estimate for a few genes (Figure 

S6). This suggests that the input amount and quality of the sample have little impact on the 

https://paperpile.com/c/p26nlA/utydz+98Pnv
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accuracy of the copy number profiling, albeit this observation was limited to a specimen with few 

CNAs 

Mutational profiling of breast PML. 

To validate the optimized targeted sequencing and somatic variant calling on PMLs, we 

collected archived tissue specimens from 3 patients diagnosed with breast high grade ductal 

carcinoma in situ (DCIS—1 low grade, 2 high grade) without evidence of invasive disease. A total 

of 8 PML regions and one normal breast epithelium region (patient 3, region 3 N) were isolated 

by laser capture microdissection (LCM—Figure 1.4a). The dissected regions had a mean area of 

5 mm2 and, combined over three adjacent sections, contained an average of 80,000 cells (Figure 

1.4b). For one large DCIS region, adjacent sections (patient 2, regions 2A1 and 2A2) were 

processed independently for replication. For each region, between 1.4 and 21 ng of DNA were 

extracted and used to prepare exome libraries using the BE method. The rate of duplicate reads 

was between 32 and 82%, and, as expected, inversely correlated with the amount of input DNA 

(Figure S7). The resulting mean coverage depth was between ~ 2 and 45 fold, which is sufficient 

for accurate detection of CNA, but likely limiting the sensitivity to identify mutations, particularly 

in patient 2. 

Between 7 and 43% of the regions’ genomes were involved in CNAs, predominantly 

through copy number losses (Figure 1.5a). With the exception of region 2B, the CNA burden was 

consistent between regions of the same patient and minimal in normal breast epithelium (< 5%). 

A total of 18 chromosome arms were affected by copy number changes in at least one DCIS region. 

None of these were altered in the normal breast epithelium (Figure 1.5b). Some of the chromosome 

arm losses identified, such as 6q, 8p, 16q, 17p or 22q are frequent in DCIS 29. Within patient 1 and 

3, all regions have consistent CNA suggesting a common clonal ancestor. In contrast, regions 2A 

https://paperpile.com/c/p26nlA/64nMz
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and 2B have a different number of arms altered (5 vs. 13, respectively) with only 3 in common. 

Both regions featured high nuclear grade, but only 2B showed comedo-necrosis, a marker of more 

advanced and worse prognosis DCIS. Region 2B was the only region affected by chromosome arm 

gains at 8q, 20q and 21q. The absence of these gains in 2A as well as its additional losses of 4p 

and 9p, suggest the independent clonal evolution of 2A and 2B. Finally, all PML regions from 

patient 2 and 3 displayed a loss of 17p, generally associated with TP53 loss of heterozygosity 

(LOH) frequently observed in high-grade specimens. At a higher resolution, out of 98 cancer genes 

evaluated, 38 had a CNA in at least one region (Figure 1.5c). The most notable ones were the 

amplification of ERBB2 in all regions of patient 2, amplification of FGFR1 in all regions of patient 

3 and loss of TP53 in patient 2 and 3. This latter observation was consistent with 17p LOH and 

confirmed by change in B-allele frequency at heterozygous SNPs (Figure S8). The relative gene 

expression levels measured for 3 genes in 4 matching regions were consistent with their copy 

number in 10/12 cases, with possible discrepancies due to spatial variation in histology or 

transcriptional regulation (Figure S9) 30. Similar to chromosome arms, none of the genes were 

altered in the normal epithelium and most had consistent copy numbers between regions of the 

same patient, with the exception of 12 genes distinguishing regions 2A and 2B and further 

supporting separate clonal evolution. 

We next identified somatic mutations in each region of patient 1 and 3’s specimens. After 

additional quality filtering using cross-patient information, we identified between 18 and 154 

somatic mutations per PML region, of which 14 to 108 were non-silent (Table S1.7). The resulting 

mutational burden (0.46–3.97 mutations/Mb) is a range similar to what has been observed in 

invasive breast cancer 31. The somatic mutations were then used to characterize the clonal 

relationships between regions. To account for uneven sequencing coverage between regions and 

https://paperpile.com/c/p26nlA/uuLFH
https://paperpile.com/c/p26nlA/gXsnL
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the possibility of random allelic dropout, we used a maximum likelihood approach, comparing 

allelic fraction and total read depth of any mutated position in all regions of patients 1 and 3 (Figure 

1.5d, e) 32. Mutations in patient 1 were evaluated at 155 mutated positions, of which 141 were 

confidently identified in all 3 regions, and 14 were either missing or absent from one or more 

regions (Table S1.8). While a portion of these may be shared mutations may be germline variants, 

we identified a GATA3 splice-site deletion in regions 1A and 1B previously observed in DCIS 

studies, disrupting a canonical splice site and for which the resulting transcript has been shown to 

lead to an abnormally high number of neoantigens 33,34. Similarly, mutations in patient 3 were 

evaluated at 183 positions, 160 of which were shared by all 4 regions, including normal, and likely 

residual germline variants. The results were used to build a phylogenic tree illustrating the clonal 

relationship between regions (Figure 1.5f). Interestingly, region 3 N is mutated at 4 positions not 

found in the PML regions. These could represent mutations acquired in aging normal tissue or 

residual germline variants lost in the PMLs 35–37. The 3 PML regions gained an additional 8 

mutations before diverging including an ERBB3 Ile763Leu substitution was exclusively observed 

in all 3 PML regions of patient 3. This mutation is predicted to be deleterious, possibly activating 

this uncommon driver of breast cancer 38,39 and may have contributed, in concert with FGFR1 

gain, to the clonal expansion observed in this patient. Region 3A gained an additional 2 mutations, 

while 3C and 3B shared an additional 4 and each gained between 1 and 3 mutations that were not 

shared. Overall, our analysis suggests that even in absence of normal DNA, and akin to 

experiments in large tumors, variants from multi-region sequencing can be used to trace 

evolutionary relationships between areas of pre-malignancy 32,40. 

 
  

https://paperpile.com/c/p26nlA/Dza8y
https://paperpile.com/c/p26nlA/fx1x3+i69xn
https://paperpile.com/c/p26nlA/Khu6C+OM8px+G6yvq
https://paperpile.com/c/p26nlA/iOjY9+zpNbI
https://paperpile.com/c/p26nlA/t3NlV+Dza8y
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1.4 Discussion 

The results presented here demonstrate our ability to perform comprehensive mutational 

profiling from some of the most challenging clinical specimens with DNA in limited quantity—

down to 3 ng—and of poor quality—highly degraded and chemically altered. In particular, this 

demonstration relied on a thorough benchmarking study using DNA from mirrored matching 

frozen versus FFPE specimens, which provided a real-world experimental framework to guide the 

process development. 

We demonstrated that by utilizing a sequencing library preparation that uses a non-standard 

adapter ligation, we can drastically improve sequencing performance from these challenging 

specimens. A-tailing, together with transposon-mediated construction, is one of the most popular 

methods to prepare high-throughput sequencing libraries. While the latter necessitates longer DNA 

fragments and is not-suitable for highly degraded DNA, A-tailing has been broadly used in library 

preparation and is compatible with highly degraded specimens so long as DNA input is increased. 

We illustrated this limitation, analyzing targeted sequencing from limited dilutions and saw a drop 

in coverage and variant calling accuracy below 50 ng DNA input. Target coverage cannot be 

rescued by sequencing of a smaller panel, since the bottleneck resulting in lack of library 

complexity occurs prior to capture. For clinical reasons, to allow the thorough inspection of all 

tissue parts to formally exclude invasive disease, all pure precancer are fixed in formalin and 

archived. Furthermore, areas of PML are typically small, limiting the quantity of material available 

for analysis. For the largest lesions, a labor-intensive dissection and pooling can increase the 

amount of DNA extracted but would preclude the study of their genetic heterogeneity. Similar to 

the benefit demonstrated on ancient DNA 21,23, we showed that an alternative library preparation 

using either single-strand and even more so for blunt-end ligation strategies considerably improved 

https://paperpile.com/c/p26nlA/AtLZM+FRFAN
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both coverage and consequently variant calling performances. Despite the recognized high 

efficiency of sticky-end ligation 41, end-repair and addition of an overhanging adenosine is likely 

a rate-limiting step on highly damaged DNA. 

In addition to improving experimental preparation of targeted sequencing libraries, we also 

wanted a way to predict the coverage of a given sample prior to sequencing. As insufficient 

coverage for CNA or mutational analysis results in a high sample failure rate with wasted time and 

resources. As such we utilized limited measurements after the first PCR in the library preparation, 

including PCR cycles and yield, to provide a projection of mean exome coverage, which can aid 

in deciding which samples to sequence. This model is made available with a web application, 

PROCEED. Some important limitations of PROCEED exist, the training data does not represent 

all possible exome library preparation methods, as there are countless. However, we included a 

diverse array of samples prepared with three different library preparation kits, and expect the 

exome data is somewhat representative of commonly used protocols. Overall, PROCEED was 

designed to provide easy usage for users without programming backgrounds, and believe that it 

represents a useful tool in the quality prediction of exome data from FFPE samples such as 

precancer, saving users time and resources in their FFPE exome library preparations. 

Another challenge we faced and addressed was calling mutations in absence of a matching 

normal DNA in both the test and PML DNA, likely leading to some ambiguous mutation 

classification 42. The most useful precancer specimens for biomarker studies are the ones with long 

follow-up, and aside from logistical challenges of collecting matching blood or saliva as part of 

routine clinical workflow, these traditional sources of normal DNA are generally not available for 

archival precancer. The dissection of adjacent normal tissue, performed for one specimen in this 

study, can be sometimes used. While sufficient material can be found at the margin of the surgical 

https://paperpile.com/c/p26nlA/07haF
https://paperpile.com/c/p26nlA/cqqJ8
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specimen, the cellularity of the normal tissue will vary greatly between organs and histological 

context leading to even smaller quantities of DNA. In the breast, the normal ductal tree is poorly 

cellular in comparison to dysplastic and in situ proliferative lesions. In some instances, an area of 

high lymphocytic infiltration, for example at the location of a previous biopsy, can be used. Such 

histologically normal tissue are also formalin fixed and their mutational profiling presents similar, 

if not more, challenges than for precancer. Furthermore, and as demonstrated elsewhere, some 

histologically normal specimens will contain a few somatic mutations at low-allelic fraction, 

resulting from early clonal selection, such as the few private mutations identified in sample 3N 35–

37. Nevertheless, the inclusion of such a matched normal DNA in the analysis and interpretation 

would greatly aid in the removal of residual germline DNA and additional sequencing artifacts. In 

absence of matching normal DNA, the parallel sequencing of a panel of unmatched normal DNA, 

from the same ethnic background and processed using the exact same protocol and analysis is 

recommended, especially in a clinical setting 42. This was not available for this benchmarking 

study. Instead, we combined the use of a publicly obtained pool of normal with filtering for 

common variants using public databases following recommendation provided elsewhere 43,44. This 

approach will miss rare germline variants, especially present in rare, or under-studied ethnicities. 

Previous studies have observed that tumor-only exomes may lead to ~ 300 residual germline 

variants after careful filtering 42,45. Importantly, coding and deleterious germline variants could be 

a source of false positives. In our study, multi-region sampling provided additional information to 

help us classify mutations, and we determined that 155–160 mutations were shared and likely 

represented residual germline variants. This approach would however not remove the ambiguity 

for shared mutations and, in the event this mutation is an oncogenic driver common to all regions, 

additional validation steps may be required, including sequencing from a more distant region 

https://paperpile.com/c/p26nlA/Khu6C+OM8px+G6yvq
https://paperpile.com/c/p26nlA/Khu6C+OM8px+G6yvq
https://paperpile.com/c/p26nlA/cqqJ8
https://paperpile.com/c/p26nlA/7g8Zs+PqS98
https://paperpile.com/c/p26nlA/cqqJ8+eG3nf
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located on a separate tissue block, or comparison to its allelic fraction and copy number status in 

the bulk DNA. 

Independent of the possible residual germline variants, we took specific steps to benchmark 

variant calling in highly degraded FFPE DNA, comparing the results to high quality variants called 

from the DNA of an adjacent frozen specimen. After carefully down-sampling the data to obtain 

the same number of raw sequencing reads—including in silico “replicates” from the deeper 

reference (frozen tissue) dataset itself—we identified two main mode of errors. First, a large 

number of false negative variants, leading to lower recall, were directly associated to the uneven 

and lower coverage depth, particularly in the low input FFPE AT library. The high and more even 

coverage observed in the BE libraries, for the same number of raw reads, remediated this issue, 

resulting in recall similar to the one expected from sampling bias observed in other studies 46. 

Second, the false positives were mostly due to C to T substitutions as a consequence of formalin 

fixation, as previously observed. Such substitutions however remained at low allelic fraction and 

displayed strong strand bias, which could be remediated using stringent heuristic filtering. 

Alternate solutions have been described elsewhere to remove same or similar sequencing artifacts 

using machine learning 47 or relying on the precise substitution signature of the artifacts 48,49. These 

would likely yield similar or superior results. DNA damage can also be repaired prior to library 

preparation altogether using cocktails of DNA repair enzymes, such as UDG and Fpg 50,51. This 

strategy would decrease false positive mutations 52 but typically require more than 5 ng FFPE 

DNA and the extra enzymatic step would likely add bottleneck and decrease library complexity. 

Of the 3 patients studied, all displayed chromosomal copy number changes previously 

observed in DCIS, leading to losses of known tumor suppressors (TP53) or gains of known 

oncogenes (ERBB2 or FGFR1). In 2/3 patients, we observed a comparable number of somatic 

https://paperpile.com/c/p26nlA/6N0rt
https://paperpile.com/c/p26nlA/sE6Vd
https://paperpile.com/c/p26nlA/j2vQE+VzXXe
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27 

mutations to pure DCIS previously studies 53,54. The identification of only two known or likely 

breast cancer driver mutations (GATA3 and ERBB3) in two of the specimen was not surprising, as 

these specimens represent pure PML lacking any invasive component, and thus should bear less 

genomic resemblance to breast cancer 53. Interestingly GATA3 has been reported as mutated at a 

higher frequency in pure DCIS than in invasive cancer, suggesting a negative selection during 

transition to invasive cancer 34. This particular splice-site mutation produces an alternative 

transcript resulting in a high numbers of neoantigens, perhaps subjecting mutated lesions to a more 

effective immune-surveillance 33. The relative contribution of gene copy number alterations versus 

somatic mutations to cellular proliferation and clonal selection in normal and pre-malignant tissue 

is an active field of study 35–37 and progress in this field will require multi-modal molecular 

profiling approaches compatible with small amounts of archived tissue, such as the one described 

here. 

Beyond the identification of drivers of growth and proliferation, the proposed approach can 

help measure the genetic heterogeneity in PML lesions. In breast DCIS, phenotypic heterogeneity 

associated with subtype and grade can co-exist within a specimen 55. Additionally, immunostaining 

of key markers has revealed spatial heterogeneity within a duct and between ducts of a patient 56. 

But the mutational landscape underlying such heterogeneity has not been thoroughly studied in 

pure DCIS at a genome-wide level for the technical reasons mentioned herein. Multi-region 

assessment of karyotypes, select gene copy number 57 and mitochondrial mutations 58 suggested 

significant heterogeneity in DCIS but its clinical significance and association with other 

progression risk factors has not been assessed. Copy-number heterogeneity has also been observed 

via single-cell sequencing from frozen DCIS patient specimens, albeit in the presence of an 

invasive lesion 15. A similar approach has been developed in archived tissue specimens, but none 

https://paperpile.com/c/p26nlA/5of6r+QxSZ7
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have been used in large studies or in pure DCIS 59. While single-cell sequencing may be able to 

scale up—both number of cells and number of samples, it cannot yet identify point mutations with 

high sensitivity. Hence, in the context of a clinical study, multi-region sequencing enabled by LCM 

may be preferable as it would increase the accuracy of the clonal evolution and enable the 

identification of driver mutations and mutational signatures 60. Moreover, the results of multi-

region genomic profiling would enable us to place somatic mutations and copy number alterations 

in the context of the surrounding extra-cellular matrix or stromal composition obtained via imaging 

and morphological studies, providing a granular view of the premalignant landscape as aspired by 

the pre-cancer atlas 61. 
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1.5 Materials and Methods 

Samples.  

Test specimen.  

Mirrored frozen-FFPE tissue specimen from a HER2 positive invasive breast cancer was 

obtained from Asterand Biosciences (Detroit, MI). The length distribution of the DNA fragments 

was measured by capillary electrophoresis (Agilent BioAnalyzer) and used to calculate the DNA 

integrity number (DIN) between 1 (very degraded) to 10 (intact genomic DNA) 

PML specimen.  

FFPE blocks were obtained from UCSD Health Anatomic Pathology after surgical biopsy, 

excision or mastectomy. The UCSD institutional review board approved the retrospective study 

and waived the requirement for consent. Consecutive sections of the blocks were used for 

Hematoxylin–Eosin staining (N = 1; 4 µM glass slide) then for Laser Capture Microdissection 

(LCM; N = 3; 7 µM glass slide coated with polyethylene naphthalate—ThermoFisher 

#LCM0522). The slides were stored at − 20 °C in an airtight container with desiccant until ready 

for dissection (1 day to 3 months). The LCM sections were thawed and stained with eosin, sections 

were kept in xylene and dissected within 2 h of staining. Laser Capture Microdissection was 

performed using the Arcturus Laser Capture Microdissection System. Matching regions from 3 

adjacent sections were collected on one Capsure Macro Cap (Thermofisher), region size 

permitting. Post-dissection, all caps were covered and stored at − 20 °C. 

DNA extraction and QC. 

The DNA was extracted from FFPE tissue using the QIAamp DNA FFPE tissue kit and 

QIAamp DNA Micro Kit (Qiagen) for the test specimen or LCM specimen, respectively. For the 
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LCM sample, the membrane and adhering tissue were peeled off the caps using a razor blade and 

the peeled membrane was incubated in proteinase K digestion reaction overnight for 16 h at 56 °C 

to maximize DNA yield after cell lysis and the elution was done in 20 µL. The extracted DNA was 

quantified by fluorometry (HS dsDNA kit Qbit—Thermofisher). All samples used in the study are 

described in Table S1.1. 

Targeted sequencing. 

DNA fragmentation. 

DNA was sheared down to 200 base pairs (bp) using Adaptive Focused Acoustics on the 

Covaris E220 (Covaris Inc) following manufacturer recommendations with the following 

modifications: 50 µL of Low TE buffer in microTUBE-130 tubes (AT libraries) or 10 μL Low 

EDTA TE buffer supplemented with 5 μL of truSHEAR buffer using a microTUBE-15 (SS and 

BE libraries). 

Library preparation. 

AT libraries were prepared with the SureSelect XT HS protocol (Agilent Technologies) 

extending the adapter ligation time to 45 min (min). After ligation, excess adapters were removed 

using a 0.8 × SPRI bead clean up with Agencourt AMPure XP beads (Beckman Coulter), then 

eluted into 21 μL of nuclease-free water. SS libraries were prepared using the Accel-NGS 1S Plus 

DNA Library Kit (Swift Biosciences). Prior to the single-strand ligation protocol, 15 μL of 

fragmented DNA was denatured at 95 °C for 2 min, then set on ice. The adaptase and extension 

steps were performed by kit specifications followed by a purification step using 1.2 × AMPure XP, 

eluted into 20 μL of nuclease free water. The subsequent ligation step incorporates SWIFT-1S P5 

and SWIFT-1S P7 adapters, followed by a 1 × AMPure XP bead clean-up and elution into 20 μL 

of nuclease free water. BE libraries were prepared using the Accel-NGS 2S PCR-Free DNA 
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Library Kit (Swift Biosciences). Repair I was followed by a 1 × AMPure bead cleanup, Repair II 

was followed by a 1 × PEG NaCl cleanup, and Ligation I (P7 index adapter) and Ligation II (P5 

UMI adapter) were followed by a 0.85 × PEG NaCl cleanups. Only Ligation II cleanup was eluted 

into 20 μL Low EDTA TE, the other cleanups proceeded directly into the next reaction. Adapters 

used in the study are summarized in Table S1.2. 

Pre-capture PCR amplification. 

Ligated and purified libraries were amplified using KAPA HiFi HotStart Real-time PCR 

2X Master Mix (KAPA Biosystems). AT libraries were amplified with 2 μL of KAPA P5 primer 

and 2 μL of SureSelect P7 Index primer. SS libraries were amplified with 5 μL of SWIFT-1S P5 

Index and P7 Index primers. BE samples were amplified with 5 μL of KAPA P5 and KAPA P7 

primers. The reactions were denatured for 45 s (s) at 98 °C and amplified 13–15 cycles for 15 s at 

98 °C, for 30 s at 65 °C, and for 30 s at 72 °C, followed by final extension for 1 min at 72 °C. 

Samples were amplified until they reached Fluorescent Standard 3, cycles being dependent on 

input DNA quantity and quality. PCR reactions were then purified using 1 × AMPure XP bead 

clean-up and eluted into 20 μL of nuclease-free water. The resulting libraries were analyzed using 

the Agilent 4200 Tapestation (D1000 ScreenTape) and quantified by fluorescence (Qubit dsDNA 

HS assay). Primers used in the study are summarized in Table S1.2. 

Targeted capture hybridization and post-capture PCR. 

Samples were paired and combined (12 μL total) to yield a capture “pond” of at least 350 

ng, and supplemented with 5 μL of SureSelect XTHS and XT Low Input Blocker Mix. The baits 

for target enrichment consisted of either Agilent SureSelect Clinical Research Exome panel 

(S06588914), Human All Exon V7 panel (S31285117) or Cancer All-In-One Solid Tumor 

(A3131601). The hybridization and capture was performed using Agilent SureSelect XT HS 
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Target Enrichment Kit following manufacturer’s recommendations. Post-capture amplification 

was performed on the beads in a 25 μL reaction: 12.5 μL of nuclease-free water, 10 μL 

5 × Herculase II Reaction Buffer, 1 μL Herculase II Fusion DNA Polymerase, 0.5 μL 100 mM 

(mM) dNTP Mix and 1 μL SureSelect Post-Capture Primer Mix. The reaction was denatured for 

30 s at 98 °C, then amplified for 12 cycles of 98 °C for 30 s, 60 °C for 30 s and 72 °C for 1 min, 

followed by an extension at 72 °C for 5 min and a final hold at 4 °C. Libraries were purified with 

a 1 × AMPure XP bead clean up and eluted into 20 μL nuclease free water in preparation for 

sequencing. The resulting libraries were analyzed using the Agilent 4200 Tapestation (D1000 

ScreenTape) and quantified by fluorescence (Qbit—ThermoFisher). 

RNA-sequencing. 

Expression profiling was performed on select dissected PML regions: 1A, 2A2, 2B and 

3C. RNA library preparation was performed with SMART-3Seq, a 3′ tagging strategy specifically 

designed for degraded RNA directly from FFPE LCM specimen 30. Read count data was obtained 

using a dedicated analysis workflow (https://github.com/danielanach/SMART-3SEQ-smk). Count 

data was then normalized for read depth and scaled by a million to give transcripts per million 

(TPM) counts. 

Sequencing. 

All libraries were sequenced using the HiSeq 4000 sequencer (Illumina) for 100 cycles in 

Paired-End mode. Libraries with distinct indexes were pooled in equimolar amounts. The 

sequencing and capture pools were later deconvoluted using program bcl2fastq 62. 

Sequencing reads processing and coverage quality control. 

Sequencing data was analyzed using bcbio-nextgen (v1.1.6) as a workflow manager 43. 

Samples prepared with identical targeted panels were down-sampled to have equal number of reads 

https://paperpile.com/c/p26nlA/uuLFH
https://paperpile.com/c/p26nlA/x4FMX
https://paperpile.com/c/p26nlA/7g8Zs
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using seqtk sample (v1.3) 63. Adapter sequences were trimmed using Atropos (v1.1.22), the 

trimmed reads were subsequently aligned with bwa-mem (v0.7.17) to reference genome hg19, then 

PCR duplicates were removed using biobambam2 (v2.0.87) 64–66. Additional BAM file 

manipulation and collection of QC metrics was performed with picard (v2.20.4) and samtools 

(v1.9). The summary statistics of the sequencing and coverage results are presented in Table S1.3. 

Copy number analysis. 

Copy number alterations (CNAs) were called using CNVkit (v0.9.6) 67 using equal sized 

bins of ~ 250 bp. Any bins with log2 copy ratio lower than − 15, were considered artifacts and 

removed. Breakpoints between copy number segment were determined using the circular binary 

segmentation algorithm (p < 10−4) 68. Low quality segments were removed from downstream 

analysis (less than 10 probes, biweight midvariance more than 2 or log2 copy ratio confidence 

interval contains 0). Copy number genomic burden was computed as the sum of sizes of segments 

in a gain (log2(ratio) > 0.3) or loss (log2(ratio) < − 0.3) over the sum of the sizes of all segments. 

The summary statistics of CNA calling on the test specimen are reported in Table S1.4. 

Chromosomal arm gains and losses were called when more than half of their total length was 

involved in a gained and lost segment, respectively. Gene copy number estimates were assigned 

based on the segment that covered the gene. For the test specimen, if more than one segment 

covered a gene then the higher confidence segment was used. For the DCIS specimen, copy 

number alterations were determined for all autosomal genes containing at least 3 bins whose 

segments were covered by at least 110 probes (N = 17,750 total). Additionally, due to the 

imprecision of segmentation breakpoints, any genes with a breakpoint identified in one region of 

a patient, were removed from the comparison to other regions. Loss of heterozygosity (LOH) was 

called for segments with B-allele frequencies lower than 0.3 or greater than 0.7. 

https://paperpile.com/c/p26nlA/th5BN
https://paperpile.com/c/p26nlA/qiVuF+6Qkmh+r4gLv
https://paperpile.com/c/p26nlA/09tjD
https://paperpile.com/c/p26nlA/iDJRi
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Variant calling and initial filtering. 

Single nucleotide variants (SNVs) and short insertions and deletions (indels) were called 

with VarDictJava (v1.6.0), and Mutect2 (v2.2) 69,70. Variants were required to fall within a 10 bp 

boundary of targeted regions that overlapped with RefSeq genes (v 109.20190905). A publicly 

available list of variants observed in a pool of normal DNA exome sequencing was obtained from 

the GATK resource (https://console.cloud.google.com/storage/browser/details/gatk-best-

practices/somatic-b37/Mutect2-exome-panel.vcf) and used to eliminate artifacts and common 

germline variants. Only variants called by both algorithms were considered (ensemble calling). 

These ensemble variants were then subjected to an initial filtering step with default bcbio-nextgen 

tumor-only variant calling filters listed in Table S1.5. Functional effects were predicted using 

SnpEff (v4.3.1) 71. The resulting variants are referred to as raw ensemble variants. 

Germline variant filtering. 

In absence of a matched normal control for both test (frozen and FFPE) and DCIS 

specimens, somatic mutations were prioritized computationally using the approach from the bcbio-

nextgen tumor-only configuration then additionally subjected to more stringent filtering 43. 

Briefly, common variants (MAF > 10−3) present in population databases—1000 genomes (v2.8), 

ExAC (v0.3), or gnomAD exome (v2.1)—were removed unless in a tier 1 gene from the cancer 

gene consensus and present in either COSMIC (v68) or clinvar (20190513) 43,72–76. Additionally, 

variants were removed as likely germline if found at a variant allelic fraction (VAF) greater or 

equal to 0.9 in non-LOH genomic segments—as determined by CNA analysis (above). The 

remaining variants are referred to as candidate somatic mutations. 

https://paperpile.com/c/p26nlA/K73w7+HTVME
https://paperpile.com/c/p26nlA/JeUR2
https://paperpile.com/c/p26nlA/7g8Zs
https://paperpile.com/c/p26nlA/7g8Zs+8sHOA+o2bfs+Y20Iy+anNJd+1yopA
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Analysis specific filtering of candidate somatic mutations. 

Additional filtering was implemented in a context specific to the analysis presented. (1) 

Calling “gold standard” mutations from the frozen test specimen: the candidate somatic mutations 

in the DNA of the frozen test specimens were filtered for high-quality variants: ensemble quality 

score greater than 175, average number of read mismatches less than 2.5, position covered by at 

least 25 reads, mean position in read greater than 20, microsatellite length less than 5, and VAF 

more than 0.14. This resulted in 247 SNVs and 10 indels. (2) Benchmarking mutations in FFPE 

test specimens: mutations in the DNA of the FFPE test specimens required specific filtering due 

to the abundant low-frequency damage as well as lower coverage depth. The following parameters 

were used: position covered by at least 5 reads, mapping quality more than 45, mean position in 

read greater than 15, number of average read mis-matches less than 2.5, microsatellite length less 

than 5, tumor log odds threshold more than 10, Fisher strand bias Phred-scaled probability less 

than 10 and VAF more than 0.14. The accuracy of resulting DNA variants from the test FFPE 

specimen was measured against the set of “gold standard” variants from the mirrored frozen 

specimen using vcfeval by RTG-tools (v3.10.1), using variant ensemble quality as the score 77. 

The results of the benchmarking analysis are reported in Table S1.6. (3) Profiling dissected regions 

from the DCIS specimen: in addition to the filtering of FFPE candidate somatic mutations 

presented above, the following steps were implemented. Any variants found at high VAF (> 0.9) 

in non-LOH segments in one region were also excluded from the variants from all other regions 

of same patient. Candidate somatic mutations with ensemble quality score lower than 115 were 

excluded, corresponding to the optimal F-score obtained for low-input BE libraries in the 

benchmarking analysis. To the exception of few well-described hotspot mutations in breast cancer 

(PIK3CA, TP53, GATA3), somatic mutations identified in more than one patient were removed 

https://paperpile.com/c/p26nlA/1shCT
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Clonality analysis. 

To allow the analysis of clonal relationships between regions of the same patient, the 

coverage depth of each allele at any remaining mutated position in any region was extracted using 

Mutect2 joint variant caller on the sets of aligned reads from each region. In order to call a mutation 

either absent or present in a region, we used a Bayesian inference model specifically designed for 

multi-region variant calling 32. Treeomics (v1.7.10) was run with the default parameters except for 

e = 0.02. 

PROCEED model and web-tool. 

Library preparation of training samples.  

DNA used for model training was all derived from oral or breast premalignant lesions 

which were formalin-fixed and paraffin-embedded (FFPE) and stored for a median of 6 years, then 

sectioned and laser-capture microdissected 78,79. DNA libraries were prepared with various library 

preparation sequencing kits: AT: Agilent SureSelect XT HS (N=22), BE: Accel-NGS 2S PCR-

Free DNA Library Kit (N=90), Other: Ultra II NEB FS (N=54).  All samples underwent pre-

hybridization PCR amplification with KAPA HiFi HotStart Real-time PCR 2X Master Mix 

(KAPA Biosystems) and the PCR was terminated just prior to the plateau. The total amount of 

DNA produced in the pre-hybridization was measured via fluorometry (Qbit - Thermofisher) after 

a post-PCR cleanup to remove adapters, and any leftover impurities. Exome hybridization was 

performed with the Agilent SureSelect XT HS Target Enrichment Kit and XT Low Input Blocker 

Mix paired with the Human All Exon V7 panel (S31285117). Samples were all sequenced on the 

Illumina NovaSeq or HiSeq4000 with 100bp paired-end reads.  

https://paperpile.com/c/p26nlA/Dza8y
https://paperpile.com/c/p26nlA/Q1ev+FQBq
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Model training.  

A multiple linear regression model was solved using ordinary least squares (OLS) with 

Statsmodels (v0.12.1) implemented in python (v3.7). The PCR cycles, the PCR yield and the 

number of sequencing reads were all Box-Cox normalized, and the average depth was square-root 

transformed prior to parameter estimation. Code for the model training and testing can be found 

here: 

https://github.com/danielanach/PROCEED/blob/89d6c182760df30e44a26c7628bb0f21bee5149f/

model_training/build_PROCEED_model.ipynb  

Web application.  

PROCEED was implemented with Streamlit (v0.8.2) which was both used to build and 

host the web application. PROCEED can be accessed here: 

https://share.streamlit.io/danielanach/proceed/main/PROCEED.py 
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1.6 Figures 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. Benchmarking results for sequencing performance. 
(a) Experimental design for performance evaluation using a test DNA specimen (* Exome and † 
Cancer panel). (b, c) Fraction of targeted bases covered by a minimum of 20 reads (b) and fraction 
of PCR duplicates (c) observed in whole exome sequencing. (d, e) Fraction of targeted bases 
covered by a minimum of 20 reads (d) and fraction of PCR duplicates (e) observed in cancer panel 
sequencing. All error bars represent standard deviation. 
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Figure 1.2. Benchmarking results for variant calling.  
(a, b) Count of total variants from whole exome sequencing, separated by false positives (red), 
false negatives (black) and true positives (grey), before (a) and after (b) PML specific filtering. (c, 
d) Exome variant calling precision for various library preparation strategies and amount of input 
DNA (x-axis) before (c) and after (d) PML specific filtering. (e, f) Fraction of the genome involved 
in a copy number alteration (CNA burden—y axis) for all exome (e) and cancer panel (f) library 
preparation strategies and DNA input amounts. All error bars represent standard deviation. 
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Figure 1.3. Exome sequencing depth predictive model description and evaluation.  
(a) Scatterplot of all variables included in the model to predict the mean exome depth (y-axis), 
including PCR yield (x-axis), PCR cycles (color), sequencing reads in millions (M) (size), and 
library preparation kit used (shape). (b) Result of ordinary least squares model fit as measured by 
adjusted R2 for models excluding each or a combination of the features. Vertical red dashed line 
indicates the fit of the model including all features. (c) Result of the 5-fold cross validation on the 
166 FFPE samples over a hundred iterations, with a scatterplot of all predicted and observed values 
on the left, and density plot of the root mean squared error (RMSE) between predictions and 
observations on the right.       
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Figure 1.4. Overview of the PML regional sequencing strategy.  
(a) Overall experimental and analytical workflow of the validation study. (b) Images showing the 
Hematoxylin and Eosin stained sections from the three DCIS patientspatient studied. Dissected 
PML regions are highlighted in color to the exception of region 3N consisting of multiple areas of 
normal epithelium outside the selected field of view. 
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Figure 1.5. Mutational profile and clonal analysis from multi-region DNA sequencing of 
DCIS patients.  
(a) Fraction of genome involved in copy number losses (blue) or gains (red) for each sequenced 
region. (b) Chromosome arm copy number status in each sequenced region: lost (blue) or gained 
(red). (c) Cancer gene copy number (log2 ratio—blue red gradient). Genes from the cancer panel 
with copy number gain (log2(ratio) > 0.4) or loss (log2(ratio) < -0.6) in at least one region, 
indicated with an asterisk, are displayed. (d, e) Bayesian probabilistic variant classification of 
selected high confidence somatic variants (represented by their cognate gene—rows) across all 
dissected regions of same patient (columns). Variants are shown for patient 1 (d) and patient 3 (e). 
The color gradient indicates the posterior probability of mutation presence in each region. Genes 
from the Cancer Gene Census are indicated in red font. (f) Maximum likelihood tree generated 
using somatic mutations identified in patient 3’s regions. 
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1.7 Tables 

 

Table 1.1. Result of multiple linear regression fit with ordinary least squares. 
 

 
Beta coefficient Standard error p>|t| 

Intercept -4.9 1.056 <0.001 
Reads1 0.05 0.006 <0.001 

PCR yield1 2.7 0.001 <0.001 
PCR cycles1 -0.02 0.178 <0.001 

Kit - AT2 2.5 0.299 <0.001 
   Adj. R2 = 0.85 

p = 1.69x10-52 
1. Data are normalized thus take caution in interpreting the beta coefficient values, see methods. 
2. Though the coefficient is positive for libraries prepared with AT, this is not at odds with the result showing that AT 
libraries produce decreased coverage from the same amount of DNA as opposed to BE libraries, as input DNA is not 
a parameter in this model. 
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1.8 Supplemental Data, Tables and Figures 

 

 

 

 

 

 

 

 

 

 

Figure S1.1. Schematic overview of adapter ligation across library preparation strategies.  
Purple and blue colors correspond to sequences containing Illumina P5 and P7 adapter sequences 
respectively.  
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Figure S1.2. Raw nucleotide substitution evaluation.  
(a, b) The number (top) and substitution pattern (bottom) at variable variant allelic fractions (VAF 
- x-axis) observed in test specimen (200 ng DNA input) sequenced with AT library strategy across 
whole exome for frozen sample (a) and mirrored FFPE (b). Raw SNV substitutions were identified 
from VarDict output in absence of any filters. The proportion of each substitution is shown for 
each VAF bin in the bottom panels.  
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Figure S1.3. Copy number burden estimates for AT libraries with varying DNA input.  
Copy number alteration (CNA) burden was approximated as the fraction of genome in a CNA (-
log2 copy<-0.3 or >0.3). Error bars represent CNA burden computed with either the upper or lower 
bounds of the 95% confidence interval around the log2 copy ratio of each segment. 
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Figure S1.4. Genome wide copy number profile across library preparation strategy and DNA 
input amount.  
Log2 copy ratio across entire genome for samples prepared with exome (a) and cancer panel (b). 
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Figure S1.5. Copy number profile of chromosome 17 across library preparation strategies 
and DNA input amount in FFPE test specimen.  
Scatter plots show log2 copy ratios for bins (grey) and segments (orange). Library preparation 
strategy and DNA input amount are indicated above each panel. 
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Figure S1.6. Discordant copy number ratio between exome and cancer panel in low input BE 
library preparation strategy.  
(a) Comparison of log2 copy number ratio observed in cancer panel (x-axis) and exome (y-axis) 
for 98 cancer genes. Genes covered by excess number of probes (>6x) in exome as compared to 
the cancer panel are colored in dark gray. (b) Copy number levels (log2 ratio - y axis) of genomic 
segments overlapping genes with discordant copy numbers (BRCA1, BRCA2, APC) between 
exome (blue) and cancer panel (red). All experimental replicates are displayed. Line thickness 
indicates the confidence level (thick=high) of the segment called. 
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Figure S1.7. PCR duplicate rate as a function of DNA input amount.  
Fraction of PCR duplicate reads on y-axis as a function of DNA input on x-axis (p = 1.4e-05) in 
test FFPE specimen (a) and for DCIS specimen (p = 3e-03) (b). 
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Figure S1.8. TP53 LOH in regions of patient 3.  
Scatter plot of log2 copy number ratio (upper panels) and B-allele frequency (lower panels) of 
coverage bins (grey dots) and resulting genomic segments (orange lines) in a window of 2 Mb 
around TP53 (yellow stripe).  
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Figure S1.9. Expression level of selected genes affected with CNA.  
Normalized read counts, transcripts per million (TPM), from SMART-3Seq expression profiling 
of select DCIS regions for ERBB2 (left), FGFR1 (middle) and TP53 (right), and as compared to 
unrelated normal dissected breast epithelium. Specimen in which a gene with a copy number gain 
was detected are shown in red, copy number loss in blue and, copy neutral in gray. 
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CHAPTER 2: The breast pre-cancer atlas illustrates the molecular and 

micro-environmental diversity of ductal carcinoma in situ 

 

 
2.1 Abstract 

Micro-environmental and molecular factors mediating the progression of Breast Ductal 

Carcinoma In Situ (DCIS) are not well understood, impeding the development of prevention 

strategies and the safe testing of treatment de-escalation. We addressed methodological barriers 

and characterized the mutational, transcriptional, histological and microenvironmental landscape 

across 85 multiple micro-dissected regions from 39 cases. Most somatic alterations, including 

whole genome duplications, were clonal, but genetic divergence increased with physical distance. 

Phenotypic and subtype heterogeneity was frequently associated with underlying genetic 

heterogeneity and regions with low-risk features preceded those with high-risk features according 

to the inferred phylogeny. B- and T-lymphocytes spatial analysis identified 3 immune states, 

including an epithelial excluded state located preferentially at DCIS regions, and characterized by 

histological and molecular features of immune escape, independently from molecular subtypes. 

Such breast pre-cancer atlas with uniquely integrated observations will help scope future 

expansion studies and build finer models of outcomes and progression risk. 
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2.2 Introduction 

Increasing adoption of breast cancer screening and advances in imaging capabilities have 

improved our ability to identify breast ductal carcinoma in situ (DCIS). Rarely diagnosed 40 years 

ago, DCIS now comprises nearly 20% of all breast cancer-related diagnoses 1,2. Unfortunately, this 

progress has not resulted in decreased breast cancer mortality. Standard treatment, involving 

surgical excision often complemented with radiation therapy (in the setting of breast conserving 

surgery) and endocrine recurrence risk reduction (particularly with ER+ DCIS), therefore 

constitutes overtreatment, and not without treatment-related consequences for many 2,3. DCIS 

progression is particularly difficult to study longitudinally due to the current standard of surgical 

excision of the lesion and the infrequent progression and/or occurrence of new primary lesions 

over a long timespan (5-10% after 10 years) 4. Clinicopathological risk factors such as large size, 

dense breast, younger age, high pathological grade, presence of comedo-necrosis or Her2 positivity 

have been associated with increased risk of recurrence, but the resulting predictive models, or those 

relying on gene expression signatures, are currently insufficient to safely distinguish patients to 

watch from patients to treat 5.  

Contrary to models of progression in other tissue types, there is little evidence for the 

sequential accumulation of somatic alterations during progression from in situ to invasive breast 

cancer (IBC), but rather all IBC intrinsic subtypes and known driver mutations have been identified 

in DCIS, albeit at variable prevalence 6–12. Moreover, both single-cell and bulk studies have shown 

similar clonal make-up of synchronous invasive and in situ lesions, convoluting the idea that clonal 

selection drives invasion 11,13. The role of the immune environment has also been investigated, 

highlighting the higher lymphocyte infiltration in Her2+ or Triple Negative DCIS, or specific 

immunological make-up of samples at higher risk of progression 12,14–19. Similarly, the role of the 

https://paperpile.com/c/ynOZKf/aavC+ejzQ
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https://paperpile.com/c/ynOZKf/gr2n+xysE+RhDB+yfE3+sSr3+lRYJ+HkZq
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basal layer, fibroblasts, adipocytes, other stromal cells or overall extracellular matrix has identified 

features that are different between DCIS and IBC, likely mediated by chemokine signaling and 

can be associated with known progression risk factors 20–23. Their active participation in the 

malignant transformation of the breast epithelium remains to be established as similar mechanisms 

are typically involved in normal development, activity and aging of the mammary gland 12,24. 

Progress in our understanding of the processes mediating DCIS onset and progression has 

been considerably hindered by technical and logistical limitations. Indeed, pure DCIS lesions are 

commonly small in size, formalin and paraffin embedded (which damages nucleic acids) and can 

display significant histological heterogeneity 25. As a consequence, comprehensive molecular and 

cellular assays and their integrated analysis have seldom been performed in pure DCIS cohorts. 

Capturing evidence of phenotypic, genetic and cellular heterogeneity, and how they relate to each 

other is necessary to develop a better spatial, temporal and functional understanding of the 

mechanisms at play. Recent advances in genome-wide assays, becoming compatible with ever 

more challenging samples 26–29, have improved our ability to connect histological and molecular 

observations and enabled such application even to individual microbiopsies from a histological 

slide of pure DCIS. 

Here we describe the combined, parallel histological, molecular and immunological 

profiling of pre-malignant lesions from 39 patients diagnosed with DCIS, including multiple 

epithelial micro-biopsies within a subset of samples. The dissection of specific epithelial lesions 

provided a detailed assessment of the association of their histological architecture with intrinsic 

subtypes, mutational landscape, driver mutations and immunological states. Multi-region profiling 

resulted in the inference of clonal relationships, illustrating how genotypes related to phenotypes 

within a specimen. We therefore report a multi-modal and sub-histological profiling of a cohort of 

https://paperpile.com/c/ynOZKf/JNbu+XQTS+lvLW+WLsk
https://paperpile.com/c/ynOZKf/ztVR+gr2n
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https://paperpile.com/c/ynOZKf/DLaS+abPe+kynJ+Dn4E
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pure DCIS, illustrating spatial heterogeneity and placing diverse states of immune-activity 

observed in their specific molecular and histological context.  
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2.3 Results 

Histological and molecular characterization.  

We collected a total of 43 specimens (referred to as samples) from 39 patients diagnosed 

with pure DCIS, including three samples from subsequent DCIS diagnosed between 14 and 70 

months after the index DCIS (Figure 2.1a-b, Table 2.1, Supplementary Table 2.1). Sixty-nine 

percent (29/42) of the samples were positive for estrogen receptor (ER) expression and 40% 

(16/40) had ERBB2 gene overexpression or amplification (Supplementary Figure 2.1a). Each 

sample was further annotated for grade and histological architecture and the annotations were used 

to identify regions of interest, guide the micro-biopsies of the epithelial areas and the immuno-

histological analysis. On the basis of their studied regions, the cohort consisted of 32 high or 

intermediate grade DCIS (HG-DCIS), 9 low-grade DCIS (LG-DCIS) and 2 low-grade atypical 

ductal hyperplasia (ADH). The DCIS regions could be further annotated according to their 

dominant histological architecture (17 cribriform, 19 solid, 3 mixed, 2 micropapillary) and the 

presence of necrosis (10 comedo-necrosis, 17 other). LG-DCIS were more frequently of cribriform 

architecture (8/9), while HG-DCIS were frequently necrotic (25/32). The relative area of adipose 

tissue in each sample varied between 4 and 91 percent as estimated by segmental classification of 

the whole slide digital image (Figure 2.1c, Methods). The lower adipose fraction was associated 

with higher mammographic breast density (p=0.0067) suggesting the sample histology was 

representative of the whole breast texture. Interestingly, solid DCIS were associated with a higher 

adipose fraction (median 69% vs 40%, p=0.008), suggesting a contribution of the breast 

microenvironment to the growth architecture. Overall, the cohort represents a diverse set of pure 

in situ lesions identified in absence of any detectable invasive component. The studied samples 

are enriched for DCIS lesions and specifically annotated for their histological architecture. Each 
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sample was profiled using multiple assays, performed on sequential histological sections (4-7 µm) 

used for whole transcriptome, whole-exome and spatial immune profiling. Whenever possible, the 

investigated regions were matched across assays to preserve the spatial information in the analysis 

and limit the variation due to spatial heterogeneity. Spatial heterogeneity was further addressed in 

21 samples for which multiple sub-regions were profiled independently.  

The expression of genes was measured using high-throughput sequencing of RNA-seq 

libraries directly prepared from the micro-biopsied regions 27 (Supplementary Table 2.2). The 

samples were classified according to the PAM50 intrinsic subtypes used for invasive breast cancer 

(IBC), which identified Basal (N=5), Luminal A (N=10), Luminal B (N=6), Her2-like (N=7) and 

Normal-like (N=10) samples (Figure 2.1d). Consistent with IBC classification, Luminal A and B 

were enriched for samples from ER+ cases, while Her2-like were enriched for Her2+ cases. 

Similarly, Luminal B and Her2-like were enriched in HG-DCIS, while Luminal A was almost 

exclusively composed of cribriform LG-DCIS. Luminal A and Normal-like represented closely 

related classes and together comprised the majority of the samples (20/38), which is not 

unexpected given the higher fraction of low-grade and pure in-situ lesions in the cohort, in contrast 

with IBC and previous DCIS expression profiling studies 18,30. The PAM50 subtype of two 

independent sub-regions with matching histology and grade was determined in 10 samples, and 

observed to be discordant in 5 samples (Supplementary Table 2.2B), which was associated with 

larger distances between the regions (Mann-Whitney, p=0.005, Supplementary Figure 2.1b). 

Interestingly, matched index and recurrent samples from two patients had at least one region with 

concordant subtype. Across all samples the distribution of probabilities for each PAM50 subtype 

likely captures such heterogeneity. Normal-like were truly a mix of Normal and Luminal A, while 

Her2-like tended to have two main subsets: Her2/Basal and Her2/Luminal B. This suggests that 

https://paperpile.com/c/ynOZKf/lRYJ+x82b
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subtypes inferred from bulk analysis, even after epithelial micro-dissection, are frequently the 

result of a variable mixture of pure subtypes.  

Subtype differences in the mutational landscape. 

To determine whether any of the histological or molecular subtypes described above were 

associated with specific genetic alterations, we characterized their mutational landscape. Whole 

exome sequencing was carried out on micro-biopsies from 30 samples using a procedure 

specifically optimized for low amount of damaged DNA 26. Mutations and copy number alterations 

(CNA) were identified in 27 and 30 samples, respectively (Supplementary Table 2.3). The median 

copy number burden - or fraction of the genome involved in CNA – was 0.14 and was 2.5 fold 

higher in HG-DCIS (Mann-Whitney, p=0.017, Figure 2.2a-b). Whole genome doubling (WGD) 

events were detected in 3/8 eligible samples, all of which were low or intermediate grade 

cribriform DCIS consistent with its early timing in breast carcinogenesis 31 (Supplementary Table 

2.3). Consistent with previous studies, loss of 16q (13/30) and 17p (12/30) or gain of 1q (12/30) 

were among the most frequent chromosomal alterations and, while many events were more 

frequent in HG-DCIS (Figure 2.2c, Supplementary Table 2.4), these hallmarks were also observed 

in low-grade or benign lesions, including ADH: (1q gain: 1/9, 16q loss: 7/9, 17p loss: 3/9).  

We identified between 74 and 207 coding mutations per sample. The mutational burden 

was higher in HG-DCIS (Mann-Whitney, p=0.003) and Her2-like subtypes (Mann-Whitney, 

p=0.025), recognizing that these categories are overlapping. The HG-DCIS burden (4.4 mut/Mb) 

was higher than previous reports, possibly due to residual germline variants in our study 11,13. We 

identified aging-associated mutational signatures (SBS1 and SBS5) in all samples eligible for 

analysis (N=13), APOBEC signature (SBS2 and SBS13) on 1 intermediate grade solid DCIS and 

mismatch repair signature (SBS15 or SBS21) in 3 DCIS of variable grade and architecture 

https://paperpile.com/c/ynOZKf/DLaS
https://paperpile.com/c/ynOZKf/Kcfs
https://paperpile.com/c/ynOZKf/ufQ2+Ff4Q
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(Supplementary Table 2.5). The APOBEC signature is therefore more rare in DCIS than IBC (~8% 

vs >75%), but can be present in premalignant lesions. Interestingly, this sample also displayed 

clustered mutations (N=3 within 1,416 bp) in chromosome 17q (Supplementary Figure 2.2), an 

APOBEC-driven kataegis site frequently seen in IBC 32. The most recurrently mutated genes were 

PIK3CA (44%), TP53 (31%), and GATA3 (20%), and were all affected by known somatic 

mutations in breast cancer at similar rates to previous studies of pure DCIS 6,7,9–11 (Figure 2.2d, 

Table & Supplementary Table S2.6). TP53 mutations were only found in HG-DCIS and associated 

with high CNA burden (Mann-Whitney, p=0.018), while GATA3 mutations were only found in 

cribriform or ADH histologies and associated with LG-DCIS (Fisher Exact, p=0.005). 

Interestingly, GATA3 mutations were identified in larger lesions (Mann-Whitney, p=0.038), 

consistent with a similar observation in invasive cancer and the larger tumor size of GATA3 

mutated xenograft models 33,34. Another 9 selected genes known to be mutated in IBC were 

recurrently affected by 18 mutations predicted to be deleterious, 4 of which are known somatic 

mutations 7. The result suggests that oncogenic driver mutations are already present at the 

premalignant stage, including in LG-DCIS (e.g. SF3B1 c.2098A>G) or ADH (GATA3 c.925-

3_925-2del). This is consistent with previous reports and reports of field effect mutations in normal 

ducts or benign lesions 35,36, though the contribution of these mutations to the lesion progression 

remains to be determined.  

Genetic heterogeneity and clonal diversity. 

The histologic assessment and expression profiling have revealed variable levels of 

phenotypic heterogeneity across the samples. In order to determine whether such heterogeneity is 

present at the genetic level, we measured genetic heterogeneity in two distinct ways: 1) divergence, 

which measures the genetic distance between regions of a sample and, 2) clonal relationships, 

https://paperpile.com/c/ynOZKf/C1jD
https://paperpile.com/c/ynOZKf/eE6u+coBm+9Q7N+390p+ufQ2
https://paperpile.com/c/ynOZKf/Kdxo+KDgx
https://paperpile.com/c/ynOZKf/coBm
https://paperpile.com/c/ynOZKf/gImc+Uzjv
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which uses phylogenetic tree construction to establish evolutionary order to genetic alterations 

(Supplementary Table 2.3). We measured divergence by computing a CNA-based score on 19 

pairs of histologically matching regions in 11 samples (Supplementary Table 2.3, Methods). With 

no pairs completely independent, the spatial distance separating dissected DCIS regions was 

correlated with the extent of their genetic divergence (R2=0.65, p=0.00017, Supplementary Figure 

2.3), while this could simply be a result of local proliferation, it could also be a consequence of 

selective pressures of the micro-environment, migratory capacity or genomic instability of 

particular clones. Interestingly, 1 ADH had the lowest divergence despite a large distance, 

suggesting either a different pattern in ADH or a distance threshold for the extent of the correlation. 

Divergence was not associated with grade, Her2/ER status, or adipose fraction suggesting that 

local genetic heterogeneity is not associated with progression risk factors.  

More precise clonal relationships between regions were evaluated using phylogenetic 

analysis in 12 samples, comparing CNA, and mutations when available (Figure 2.3, 

Supplementary Figure 2.4, Methods). While the majority (88.4%) of CNA were shared across all 

regions of a sample, 11.6% were private to some regions, as observed in 7/12 samples. Multiple 

samples (3/12) contained mutations in putative cancer driver genes that were private to one region 

only. These included known and likely pathogenic mutations in ATR, PIK3CA, MET, KDM5C, 

suggesting that not all driver mutations are acquired early. Interestingly, the three samples with 

the most private CNA displayed discordant histological architecture or discordant PAM50 

subtypes between regions, suggesting that within a sample, genetic and phenotypic differences are 

linked. Furthermore, in 4/5 samples containing regions with discordant histology and 3/4 with 

discordant PAM50 subtypes, features historically associated with low-risk of progression (benign 

histology, Normal or LumA subtype), appeared earlier than regions with high-risk features (Her2 
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or Basal subtype, presence of necrosis). Overall, these results illustrate that in these samples, 

regions evolved to acquire distinct histological and molecular features, and in particular, regions 

with low-risk features can precede regions with high-risk features. 

Substantial heterogeneity and evolutionary patterns are evident in samples like 

MCL76_061_16200 (Figure 2.3a-c), where a region of benign columnar alterations preceded two 

cribriform regions. While all regions shared a WGD event as well as several arm-level CNA and 

pathogenic mutations in GATA3 and SF3B1, the cribriform region A acquired private 5q and 8q 

gains and necrotic features. While this example shows tandem genetic and histological changes as 

seen across the cohort, it also illustrates that despite occurring earlier, the benign region shares 

many “driver-like” alterations with both cribriform regions. Furthermore, in another example, 

despite homogeneous cribriform histologies in regions of MCL76_077_15300 (Figure 2.3d-f) only 

one cribriform region lost a copy number of chromosome 8, and presented with Her2 PAM50 

subtype as opposed to its Luminal A predecessor. Notably bulk studies have shown chromosome 

8 loss to be more frequent in Her2 vs Luminal A breast cancers 37. Taken all together we illustrate 

abundant genetic heterogeneity in pure DCIS of all histologies and grades that parallels the levels 

of phenotypic heterogeneity and often accompanies it, even in regions that are millimeters apart.  

Regional differences in the immune micro-environment.  

To measure the diversity of the immune-landscape and to investigate its potential 

association with molecular or histological features, we used multiplex immuno-histochemistry 

(mIHC) to measure the number and density of four cell types - T-cells (CD3+), B-cells (CD20+), 

T-regs (CD3+/FOXP3+) and epithelial cells (PanCK+) - according to their proliferative status 

(Ki67+). Both epithelial (PanCK+) and adjacent stromal (PanCK- proximal to epithelium) areas 

from pre-malignant (N=36 regions across 32 samples) or normal (N=21 across 21 samples) 

https://paperpile.com/c/ynOZKf/AwE1
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histologies were evaluated. Among pre-malignant regions, the high-grade epithelial areas had 

lower cell density due to larger cell sizes and frequent central necrosis (median 3.8 vs 6.4 103 

cells/mm2 p<0.03 – Mann-Whitney). Solid lesions had the highest fraction of proliferating 

epithelial cells (median 11.5% vs 2.8% p<0.02 - Mann-Whitney, Supplementary Figure 2.5a), and 

interestingly 3/10 HG-DCIS cribriform lesions (2 Her2-like, 1 Luminal B) had markedly higher 

proliferation. Consistent with previous findings, we observed higher lymphocyte infiltration in 

ER- and Her2+ samples compared to ER+ ones (Supplementary Figure 2.5b, Mann-Whitney, 

p<0.001). We next classified all regions using non-negative matrix factorization of the stromal and 

epithelial cell densities, resulting in 3 immune-states characterized by their dominant meta-

markers (MM; Figure 2.4a-b Supplementary Table 2.7a-c): 1) “Active” - ubiquitous high T-cells 

(high MM2), including a subset with elevated T-cell proliferation (high MM1), 2) “Suppressed” - 

ubiquitous low T-cells (low MM1 and MM2), high B-cells and T-regs (high MM3), and 3) 

“Excluded” - high stromal, low epithelial densities (high MM4). To further confirm differences 

between immune-states, we compared the total T-cell, B-cell and T-regs densities in epithelial and 

stromal compartments. While overall lymphocyte densities were much higher in stroma than in 

epithelium across all examined regions (median ratio 9.8, Supplementary Table 2.7a), the skew 

was a distinguishing feature in regions in Excluded state for all three cell types (Figure 2.4c, 

Supplementary Figure 2.6 and Supplementary Table 2.7b). Furthermore, regions in Active states 

had the highest epithelial T-cell density (120 cells/mm2) while regions in Suppressed state had the 

highest T-regs and B-cells epithelial densities (10.4 and 8.1 cells/mm2 respectively). A larger 

fraction of the normal regions were found in Active (7/21) or Suppressed state (9/21) rather than 

in Excluded state (4/21) and pre-malignant regions in Excluded state were more likely to be high 

grade (7/15 vs 2/17 p=0.049). Interestingly, the immune states of normal and pre-malignant 



 
73 

regions were concordant in 12/19 matched cases and discordant in 7 whose lesions were 

specifically in the Excluded state (Figure 2.4d). This suggests that the Excluded state may be 

acquired in response to pre-malignant growth, while other states may be intrinsic to various breast 

micro-environments. Furthermore, pre-malignant regions in Suppressed state were more likely 

identified in cases younger than 55 (5/8 vs 4/24 OR=7.6 p=0.02), consistent with the younger age 

of DCIS patients with infiltrating PD-L1+ lymphocytes 38. We did not observe any associations 

between immune states and intrinsic subtype, ER or Her2 status, tumor size, breast density, adipose 

fraction or DCIS architecture suggesting that they may be independent from traditional 

histopathological progression risk factors.  

In order to identify functional differences between immune-states, we evaluated the 

differential activity of Hallmark and Reactome processes among the 29 DCIS regions with 

available gene expression information (Supplementary Figure 2.7). Compared to Active and 

Suppressed states, the Excluded state was associated with upregulation of Type 1 and 2 Interferon 

response, PD1 signaling and proliferation-related processes as well as the repression of 

Calreticulin-Calnexin cycle (Supplementary Figure 2.7). Noting that the epithelium of DCIS in 

Excluded state were not completely depleted of infiltrating lymphocytes, the upregulated processes 

were consistent with the higher expression of PCDC1 or CTLA4 genes in DCIS in Excluded state 

(Figure 2.4e), albeit not significant, and suggesting a likely continuum of increasing immuno-

suppression from Suppressed to Excluded states. More interestingly, the repression of the 

Calreticulin-Calnexin cycle was confirmed via single-sample enrichment analysis and showed a 

progressive repression from Active, to Suppressed, to Excluded states (p=0.022, ANOVA, Figure 

2.4f). This suggests that the export of glyco-proteins - including components of MHC1 complex - 

via the endoplasmic reticulum, impacts immune-surveillance. To verify this hypothesis, we 

https://paperpile.com/c/ynOZKf/a1hd


 
74 

measured the in situ expression of MHC1 complex in 15 samples (Supplementary Table 2.8 and 

Supplementary Figure 2.8) and compared its levels in adjacent normal and DCIS in each immune 

state. While the level of MHC1 expression in DCIS region were not significantly different between 

Excluded and non-Excluded samples, the change between normal and DCIS was different, with 

the non-Excluded samples displaying increased expression between normal and DCIS, while the 

Excluded samples remained constant (p=0.0009, Mann-Whitney, N=15, Figure 2.4g). This 

therefore suggests that the Excluded immune state may be mediated by both intrinsic expression 

level of MHC1 and ability to increase it in DCIS. 
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2.4 Discussion 

There is a compelling requirement for a DCIS atlas that delivers a relatively unbiased, 

multi-modal perspective of pre-invasive breast cancer. Here, we report the multi-modal profiling 

of a diverse set of pure DCIS. This comprehensive atlas both confirms previous molecular findings 

and provides a higher resolution histological and spatial context to interpret them. However, with 

only 3 known recurrences, the significance of our observations for progression prognosis could 

not be formally established. Our findings provide a landscape of representative pure DCIS 

identified in absence of invasive lesions. While some lesions were small, others were quite 

extended (N=14 larger than 4 cm), which should capture factors that may be associated with robust 

containment. The cohort therefore spans a variety of clinical, histological, phenotypic and 

genotypic features. Such variety and contrast are critical to ensure this atlas’ utility in designing 

larger studies, or perhaps providing more cautionary interpretation of observations from cohorts 

enriched for specific risk factors.  

At the heart of our study’s innovation was the ability to generate molecular profiles from 

limited amounts of dissected archival tissue specimen. Similar approaches are used to study clonal 

expansion in normal tissues 28,29, but generally not performed in parallel for RNA and DNA. 

Importantly some limitations remain and not all assays were successful. The large variability in 

success rate was not easy to predict. Likely the age of the specimen, its size, fixation conditions 

and storage conditions all contribute to success variability which cannot be controlled in a 

retrospective investigation. Additional limitations are analytical, such as the absence of a matched 

source of normal DNA from every sample which can result in residual germline variants, perhaps 

inflating the overall mutation rate observed. The use of adjacent normal tissue can also be 

problematic and there is ample evidence that they also accumulate somatic mutations 39. In our 

https://paperpile.com/c/ynOZKf/kynJ+Dn4E
https://paperpile.com/c/ynOZKf/zUVX
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study, we clearly identified known breast cancer driver mutations in samples from ADH or other 

benign alterations. Overall, while some samples are unlikely to ever contain sufficient material for 

profiling or dissection of adjacent normal, as methodologies evolve and advance, the success rate 

and data quality will improve to make molecular premalignant profiling more accessible and as 

routine as is the case in invasive cancer.  

Our report contributes to two major advances for understanding pre-malignant lesions. 

First, we characterized most samples across four important modalities all within a maximum of 50 

µm sequentially sectioned tissue. Such advances were enabled by pre-analytical improvements 

allowing us to reduce the tissue requirement, to include small lesions, and to precisely match 

regions of interest across each modality: histology, epithelial gene expression, DNA mutations, 

and immune landscape. As a result we could isolate regions with different histological features 

that may coexist within a specimen and more confidently establish their association with 

expression subtypes, clonal heterogeneity or immune state. For example, the integration of 

histology and expression subtypes showed clear correlation between cribriform architecture and 

Luminal A subtype. By integrating histology, expression subtype and immune state we showed 

that some immune-states are found in normal areas and that there is no clear association between 

immune state and expression subtype. Hence, the depth and interpretability of the analysis is 

considerably increased by integrating all modalities at the regional level. This has been clearly the 

case in large cancer studies such as the TCGA, or, more recently through the integrated analysis 

of histological and somatic features in normal, aging tissues 28,29,40. While most studies do not 

typically include immuno-histochemical or other multiplexed spatial analysis, other important 

advancements in this field in the past year include spatial proteomics used to evaluate the structure 

of the myoepithelium in DCIS, and spatial transcriptomics used to identify the transcriptional 

https://paperpile.com/c/ynOZKf/kynJ+Dn4E+1sjc
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effect of driver mutations in DCIS, representing the emerging frontier of premalignant tissue 

characterization 10,41. It is therefore likely that additional spatial profiling compatible with FFPE 

specimens will bring additional prognostic and mechanistic insights in future DCIS studies.  

The other important contribution of our study is the sub-histological analysis to compare 

regions of interest from the same sample and infer phylogenetic relationships between them. While 

we determined that the majority of the DCIS samples were classified as Normal-like and Luminal 

A subtype, typically considered less-aggressive subtypes in breast cancer and reflective of the 

known precursor stage that DCIS represents, we showed evidence for intrinsic heterogeneity in 

the PAM50 probabilities, either from the distribution of probabilities within a region or from 

physically separated regions. This is not entirely surprising as bulk expression subtypes are the 

result of averaging heterogeneity, similar to glioblastoma subtypes 42 or IBC subtypes 43 from 

single-cell analysis. Such heterogeneity, especially in DCIS, had been proposed before on the basis 

of marker staining 44 and our results confirm that it may be rather common. Similarly to the 

frequency of heterogeneity between region subtypes, we identified evidence of genetic 

heterogeneity in 7/12 cases, including the presence of private putative driver mutations. This 

fraction may be an underestimate given the close proximity of many selected pairs. However, the 

majority of putative genetic drivers, copy number hallmarks and even WGD were clonal, shared 

by all regions investigated, including a few normal regions. This observation supports evolutionary 

models derived from invasive cancer, including multi-sample studies, that suggest that most driver 

mutations occur early followed by a phase of clonal expansion. Similar observations were also 

made in early multi-regional studies in DCIS 44–46 and studies comparing synchronous DCIS-IBC 

cases using single-cell sequencing 13, providing further evidence that breast cancer genetic 

evolution starts in the pre-invasive stage and possibly in normal regions. It is likely that driver 

https://paperpile.com/c/ynOZKf/390p+OGO7
https://paperpile.com/c/ynOZKf/5wdQ
https://paperpile.com/c/ynOZKf/7bCb
https://paperpile.com/c/ynOZKf/a2B8
https://paperpile.com/c/ynOZKf/a2B8+92ng+qqSi
https://paperpile.com/c/ynOZKf/Ff4Q
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alterations may even be present in adjacent histologically normal tissue as observed in field effects 

studies in normal ducts 39,47. Such effects support an important contribution of host factors to the 

initial genetic injury. Hence, unlike previous attempts which were focused on histopathological 

features, including grade, surgical margins 48,49, future DCIS prognostic models will likely need to 

be derived from lifetime cancer risk models like GAIL 50 or BOADICEA 51 and incorporate host 

specific factors, such as polygenic risk scores and reproductive factors, that likely contribute to the 

DCIS initiation and trajectory.  

The immune micro-environment of DCIS has been previously investigated, using both 

quantification of tumor infiltrating lymphocytes (TIL) and more specific immuno-histochemical 

approaches and revealed clear quantitative and qualitative variation in lymphocyte infiltration, 

including higher TIL number and more immunosuppressive features in high risk lesions 19. 

Importantly, previous studies in pure DCIS did not quantify stromal and epithelial TILs separately 

12,19. This distinction may be hard to make in IBC, where both compartments interact at the invasive 

front and pathologist subjectivity can have a major impact 52,53. However, this separation can be 

more clearly established in the analysis of DCIS and was critical in the identification of the 

Excluded immune state in our atlas. While the Active and Suppressed states have been observed 

before and could readily be identified in our data, the identification of the Excluded state required 

the use of an analytical method (NMF) to account for the strong correlations that can exist between 

TILs type and compartments. The inclusion of adjacent normal areas was also important to 

interpret the significance of the immune-states, as the Excluded state appeared more likely in 

reaction to the DCIS growth and increased grade. The Excluded state exhibited features of immune 

evasion and could represent a more advanced level of immuno-suppression than the Suppressed 

state, with the consequence of a topological exclusion from the duct. The downregulation of 

https://paperpile.com/c/ynOZKf/zUVX+L0TD
https://paperpile.com/c/ynOZKf/pPSp+L8Uh
https://paperpile.com/c/ynOZKf/tMQF
https://paperpile.com/c/ynOZKf/6UOh
https://paperpile.com/c/ynOZKf/HkZq
https://paperpile.com/c/ynOZKf/gr2n+HkZq
https://paperpile.com/c/ynOZKf/yyQ9+PJqa
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components of the Calreticulin-Calnexin cycle in the epithelium in Excluded state could impact 

MHC-I export or maturation, as suggested by the lack of MHC-I expression induction in DCIS of 

the Excluded state, hence providing an evasion mechanism, and contrasting with evasion mediated 

by MHC-I genetic loss observed in IBC 54,55. It would be interesting to determine whether the 

immune states identified can explain the variability of response to local injection of anti-PD1 

antibody in DCIS patients, and whether any of the states would elicit, or prevent, the desired ductal 

infiltration by T-cells 56.  

As illustrated by our study and recent advances in the profiling of normal tissues 28,29, 

histopathology and molecular pathology are becoming more integrated fields, generating deeper 

and broader datasets at increased cellular and spatial resolution, from the most challenging human 

samples. Future studies of early transformation and pre-cancer biology such as the one presented 

here will likely benefit the most from such approaches which capture heterogeneity at scale and 

can help reconcile analog (optical) and digital (genomics and multiplex) observations. As a result, 

such multi-dimensional integration may help identify common factors mediating epithelial 

transformation and progression across multiple glands and organs.  

  

https://paperpile.com/c/ynOZKf/9NrL+Oxec
https://paperpile.com/c/ynOZKf/yInJ
https://paperpile.com/c/ynOZKf/kynJ+Dn4E
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2.5 Materials and Methods 

Sample collection and preparation. 

FFPE blocks were obtained from UCSD or UVM Pathology Departments after surgical 

biopsy, excision or mastectomy. The study was reviewed and approved by each institutional 

review board and they granted a waiver of consent. Eligibility criteria were: 1) adult female, 2) 

pure DCIS diagnosis (without evidence of invasive disease), 3) with available pathology blocks. 

Few cases also had bilateral disease or were matching index and recurrent lesion (ipsilateral or 

contralateral - Table 2.1 and Supplementary Table 2.1). Importantly there was no attempt to enrich 

for high-risk cases or investigate specifically the role of certain candidate risk factors. Factors such 

as age, grade, race, ER or Her2 status were not part of the selection criteria and the cohort was 

designed to reflect patients seen in a regular DCIS clinic. All specimen blocks were de-identified 

and sectioned sequentially for the following purpose: Hematoxylin-Eosin (H&E) staining (N=1; 4 

µM glass slide), Laser Capture Microdissection (LCM; N=3; 7 µM glass slide coated with 

polyethylene naphthalate – ThermoFisher #LCM0522), multiplex or regular 

immunohistochemistry (N≥3 4 µM glass slide) and a final H&E staining (N=1; 4 µM glass slide). 

The H&E slides were scanned at high resolution and reviewed and annotated by the study 

pathologist. The LCM slides were stored at -20ºC in an airtight container with desiccant until ready 

for dissection (1 day to 3 months). H&E sections were diagnosed according to standard of care 

criteria (AJCC TNM 8th ed. / CAP Breast DCIS Reporting Protocol v4.3). DCIS features recorded 

included lesion grade: Grade I (low), Grade II (intermediate) or Grade III (high), and associated 

histology: e.g., papillary, cribriform, solid, comedo necrosis. DCIS lesion, normal glands (and in 

some cases hyperplasia) were delineated on H&E images to assist LCM. DCIS laterality and size, 

patient age and menopausal status, and lesion mode of detection were obtained from the original 
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pathology reports or from the Vermont Breast Cancer Surveillance System (UVM specimen) or 

local cancer registry and chart review (UCSD specimen). Hormone receptor and Her2 statuses 

(where available) were gathered from the patient reports and/or by de novo IHC staining. The 

LCM sections were thawed and stained with eosin, sections were kept in xylene and dissected 

within 2 hours of staining. LCM was performed using the ArcturusXM Laser Capture 

Microdissection System (ThermoFisher). Matching regions from 6 adjacent sections were 

collected on CapSure Macro Cap (for DNA, N=3 slides) or HS caps (for RNA, N=3 slides), region 

size, and unambiguous match permitting. Post-dissection, all caps were covered and stored at -

20ºC with desiccant. DNA extraction and QC: The membrane and adhering tissue were peeled off 

the caps using a razor blade and the peeled membrane was incubated in proteinase K digestion 

reaction overnight for 16 h at 56°C to maximize DNA yield after cell lysis The DNA was extracted 

using the QIAamp DNA Micro Kit (Qiagen) and the elution was done in 20 µL. The extracted 

DNA was quantified by fluorometry (HS dsDNA kit Qbit – Thermofisher).  

RNA-Sequencing and analysis. 

Library Preparation.  

RNA sequencing was performed using SMART-3Seq, a 3’ tagging strategy specifically 

designed for degraded RNA directly from FFPE LCM specimen 27. LCM dissected SMART-3Seq 

libraries were prepared using the standard protocol for FFPE tissue on Arcturus HS LCM Cap and 

the individual library SPRI purification option. All FFPE LCM dissected libraries were amplified 

using 19 PCR cycles during indexing to minimize over-amplification of high abundance mRNAs 

in each library. Libraries were individually analyzed for size distribution on an Agilent 2200 

TapeStation with High Sensitivity D1000 reagent kits to verify average library size of 190 bp and 

stored at -20 C until sequencing. When all libraries were ready for sequencing, 1 µL of each library 
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was then used to create two library pools used for sequencing and quantified by Qubit 2.0 

Fluorometer HS DNA assay. Library pools were sequenced with a 1% PhiX spike-in control 

library and sequenced on an Illumina HiSeq4000, a run type of single read 75 (SR75) and dual 

index sequencing.  

Transcriptome analysis: Read count data was obtained using a dedicated analysis workflow 

https://github.com/danielanach/SMART-3SEQ-smk. Briefly, sequencing reads were trimmed 

using cutadapt 1.18, UMIs were processed using the umi_homopolymer.py script in the SMART-

3SEQ tools (https://github.com/jwfoley/3SEQtools), aligned using STAR 2.6.1a, deduplicated 

using the dedup.py script from https://github.com/jwfoley/umi-dedup and read counts were 

calculated using featureCounts 1.6.3 57,58. Count data was then merged and filtered to remove 

samples with fewer than 55,000 counts and genes with fewer than 10 read counts across all 

samples. Filtered count data was then loaded into Seurat version 3.2.3 and processed using the 

SCTransform() function version 0.3.2 to regress out the high mitochondrial content variability 

across the samples 59. Batch correction was then performed using ComBat to remove variation 

attributable to the sequencing center (UCSD vs UVM) 60. PAM50 subtype probabilities were 

calculated from the SCTransform and batch normalized data using the genefu package 61. Gene set 

enrichment analysis (GSEA) was performed as in 62 and single-sample GSEA as in 63. Gene sets 

from the REACTOME and Hallmark collections in MSigDB were used to compare the excluded 

to the non-excluded groups, a permutation test was performed to assess the significance of the 

GSEA results 64,65. ANOVA was used to compare the ssGSEA results between the three mIHC 

groups. FDR of less than 0.1 and p-values of less than 0.05 were considered significant. 

https://paperpile.com/c/ynOZKf/NQ6O+0io1
https://paperpile.com/c/ynOZKf/hVJk
https://paperpile.com/c/ynOZKf/q8XT
https://paperpile.com/c/ynOZKf/avA4
https://paperpile.com/c/ynOZKf/7Ckx
https://paperpile.com/c/ynOZKf/2uVg
https://paperpile.com/c/ynOZKf/66VE+MOOo
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Whole exome sequencing and primary analysis. 

Library preparation: DNA was sheared down to 200 base pairs (bp) using Adaptive 

Focused Acoustics on the Covaris E220 (Covaris Inc) following manufacturer recommendations 

with 10 μL Low EDTA TE buffer supplemented with 5 μL of truSHEAR buffer using a 

microTUBE-15. Libraries were prepared using the Accel-NGS 2S PCR-Free DNA Library Kit 

(Swift Biosciences). Ligated and purified libraries were amplified using KAPA HiFi HotStart 

Real-time PCR 2X Master Mix (KAPA Biosystems). Samples were amplified with 5 μL of KAPA 

P5 and KAPA P7 primers. The reactions were denatured for 45 seconds (sec) at 98°C and amplified 

13-15 cycles for 15 sec at 98°C, for 30 sec at 65°C, and for 30 sec at 72°C, followed by final 

extension for 1 min at 72°C. Samples were amplified until they reached Fluorescent Standard 3, 

cycles being dependent on input DNA quantity and quality. PCR reactions were then purified using 

1x AMPure XP bead clean-up and eluted into 20 μL of nuclease-free water. The resulting libraries 

were analyzed using the Agilent 4200 Tapestation (D1000 ScreenTape) and quantified by 

fluorescence (Qubit dsDNA HS assay).  

Capture and Sequencing: Samples were paired and combined (12 μL total) to yield a 

capture “pond” of at least 350 ng, and supplemented with 5 μL of SureSelect XTHS and XT Low 

Input Blocker Mix. The hybridization and capture was performed using the Human All Exon V7 

panel (S31285117) paired with the Agilent SureSelect XT HS Target Enrichment Kit following 

manufacturer’s recommendations. Post-capture amplification was performed on the beads in a 25 

μL reaction: 12.5 μL of nuclease-free water, 10 μL 5x Herculase II Reaction Buffer, 1 μL 

Herculase II Fusion DNA Polymerase, 0.5 μL 100 millimolar (mM) dNTP Mix and 1 μL 

SureSelect Post-Capture Primer Mix. The reaction was denatured for 30 sec at 98°C, then 

amplified for 12 cycles of 98°C for 30 sec, 60°C for 30 sec and 72°C for 1 min, followed by an 
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extension at 72°C for 5 minutes and a final hold at 4°C. Libraries were purified with a 1x AMPure 

XP bead clean up and eluted into 20 μL nuclease free water in preparation for sequencing. The 

resulting libraries were analyzed using the Agilent 4200 Tapestation (D1000 ScreenTape) and 

quantified by fluorescence (Qbit – ThermoFisher). All libraries were sequenced using the HiSeq 

4000 sequencer (Illumina) for 100 cycles in Paired-End mode. Libraries with distinct indexes were 

pooled in equimolar amounts. The sequencing and capture pools were later deconvoluted using 

program bcl2fastq.  

Sequencing reads processing and coverage quality control: Sequencing data was analyzed 

using bcbio-nextgen (v1.1.6) as a workflow manager. Adapter sequences were trimmed using 

Atropos (v1.1.22), the trimmed reads were subsequently aligned with bwa-mem (v0.7.17) to 

reference genome hg19, then PCR duplicates were removed using biobambam2 (v2.0.87) 66–68. 

Additional BAM file manipulation and collection of QC metrics was performed with picard 

(v2.20.4) and samtools (v1.9) 69. The summary statistics of the sequencing and coverage results 

are presented in Supplementary Table 2.9. 

Identification of somatic mutation and copy number alterations. 

Variant calling,  

Single nucleotide variants (SNVs) and short insertions and deletions (indels) were called 

with VarDictJava (v1.6.0), and Mutect2 (v2.2) 70,71. Variants were required to fall within a 10 bp 

boundary of targeted regions that overlapped with RefSeq genes (v 109.20190905). A pool of 

normal DNA was created using whole exome sequencing data of blood of 18 unrelated individuals 

and was used to eliminate artifacts and common germline variants. Only variants called by both 

algorithms were considered. These variants were then subjected to an initial filtering step with 

default bcbio-nextgen tumor-only variant calling filters and the following parameters were used: 

https://paperpile.com/c/ynOZKf/8usF+Chcu+W8Yo
https://paperpile.com/c/ynOZKf/H0dl
https://paperpile.com/c/ynOZKf/UZoQ+kNpk
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position covered by at least 5 reads, mapping quality more than 45, mean position in read greater 

than 15, number of average read mis-matches less than 2.5, microsatellite length less than 5, tumor 

log odds threshold more than 10, Fisher strand bias Phred-scaled probability less than 10 and VAF 

more than 0.1 72. Functional effects were predicted using SnpEff (v4.3.1) 73. All samples were re-

evaluated for the presence of COSMIC (v91) database mutations which have been previously 

observed in at least 15 patients and fall within 137 known breast cancer driver genes 

(Supplementary Table 2.10) 7.  

Germline variant filtering.  

In absence of matched normal tissue for DCIS samples, somatic mutations were prioritized 

computationally using the approach from the bcbio-nextgen tumor-only configuration then 

additionally subjected to more stringent filtering 72. Briefly, common variants (MAF>10-3 or more 

than 9 individuals) present in population databases - 1000 genomes (v2.8), ExAC (v0.3), or 

gnomAD exome (v2.1) - were removed unless in a tier 1 gene from the cancer gene consensus and 

present in either COSMIC (v91) or clinvar (20190513) 7,74–77. Variants were removed as likely 

germline if found at a variant allelic fraction (VAF) greater or equal to 0.9 in non-LOH genomic 

segments – as determined by CNA analysis (below). Lastly, variants were also removed as 

potential germline (or artifact) if found in more than two patients in the pool of normal (described 

above).  

Single-sample CNA calling.  

CNVkit 78 was used for calling somatic copy number alterations (CNA) to measure both 

overall CNA burden, arm and gene level CNA and identify LOH as previously described in 26. 

Allele-specific copy number calling algorithm, ASCAT, was used on a select number of samples 

for which there was sufficient coverage and the algorithm converged on a solution, in order to 

https://paperpile.com/c/ynOZKf/kIOr
https://paperpile.com/c/ynOZKf/eFM1
https://paperpile.com/c/ynOZKf/coBm
https://paperpile.com/c/ynOZKf/kIOr
https://paperpile.com/c/ynOZKf/coBm+MuC2+xWX7+e2Nn+w9MY
https://paperpile.com/c/ynOZKf/EPnp
https://paperpile.com/c/ynOZKf/DLaS
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identify whole-genome doubling events as well as confirm CNA identified by CNVkit 79. Default 

parameters were used with ASCAT with the exception of a segmentation penalty of 100 and a 

gamma of 1. 

Multi-region CNA segmentation:  

To generate harmonized segmentation breakpoints between regions belonging to the same 

sample, multi-region segmentation was performed with the R CopyNumber (v1.26.0) package 80. 

Outliers in CNVkit bin-level log2 copy ratios were detected and modified using Median Absolute 

Deviation Winsorization with the winsorize() function, segments were then called using the 

multipcf() function with a gamma of 40. 

Mutational signatures. 

Mutational signatures were called on merged region samples using a single-sample 

variation of SigProfiler with default parameters to decompose into known single-base substitutions 

(SBS) reported in COSMIC 81,82. 

Analysis of the clonal evolution and genetic heterogeneity. 

Measurement of genetic divergence. 

Divergence was measured on each pair of related regions, 𝑎𝑎 and 𝑏𝑏, using equation (1): 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑎𝑎,𝑏𝑏 = ∑ |𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑎𝑎𝑘𝑘 − 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑏𝑏𝑘𝑘| ∗  ( 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑘𝑘
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

 )𝑛𝑛
𝑘𝑘=0   (1) 

Where 𝑘𝑘 is the copy number segment, 𝑛𝑛 is the total segments, and 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏is the number of bins 

covered by a segment from the CNVkit input file. The  𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑘𝑘
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

  term was used as a weighted 

correction factor for the number of bins contributing to a segment. For samples with more than 2 

regions, the maximum divergence between any two regions was used to represent the sample.  

https://paperpile.com/c/ynOZKf/TN7q
https://paperpile.com/c/ynOZKf/3E1T
https://paperpile.com/c/ynOZKf/vAIS+6JoG
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CNA-based phylogenetic reconstruction.  

Construction of phylogenetic trees was performed similarly to the methodology outlined 

in 83. Briefly, for each sample the log2 copy ratios from multi-sample copy number segments with 

at least 12 probes (see above), were translated into a matrix containing -1 for loss (log2 copy 

ratio<-0.6), 0 for neutral (-0.4<= log2 copy ratio <=0.3) and undetermined for anything else. This 

matrix was then used to generate Maximum Parsimony trees using phangorn using default 

parameters 84.  

Mutation-based phylogenetic reconstruction.  

To allow the analysis of clonal relationships between regions of the same sample, the 

coverage depth of each allele at any remaining mutated position in any region was extracted using 

Mutect2 joint variant caller on the sets of aligned reads from each region. In order to call a mutation 

either absent or present in a region, we used a Bayesian inference model specifically designed for 

multi-region variant calling 85. Treeomics (v1.7.10) was run with the default parameters except for 

e=0.02. The tree solution which matched the CNA-based reconstruction was then integrated into 

a single tree for Figures 3 and S4. 

Multiplex Immunohistochemistry. 

Staining.  

Tissue sections were prepared from formalin-fixed paraffin embedded tissue blocks and 

cut to 4 micrometers serial sections and mounted on Superfrost Plus (VWR). The procedure for 

multiplex immunohistochemistry (mIHC) was followed by a manufacturer’s protocol for Opal7-

color automation IHC kit (Akoya Bioscience), and the staining was performed with Autostainer 

DISCOVERY ULTRA (Ventana). Antibodies used in mIHC are anti-CD3 (clone 2GV6, Ventana), 

https://paperpile.com/c/ynOZKf/Caz0
https://paperpile.com/c/ynOZKf/3QCa
https://paperpile.com/c/ynOZKf/f8K1
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anti-CD20 (clone L26, Ventana), anti-Ki67 (clone 30-9, Ventana), anti-FOXP3 (clone SP97, 

Spring), anti-pan cytokeratin (CK; clone AE1/AE3, DAKO), anti-CD117 (clone c-kit, DAKO). 

The molecular markers of immune panel (CD3, CD20, Ki67, CKs, FOXP3 and CD117) were 

visualized with Opal520, Opal540, Opal570, Opal620, Opal650 and Opal690, respectively. DAPI 

counterstaining was performed with Discovery QD DAPI (Roche). ProLong Diamond Antifade 

Mounting (ThermoScientific) was used for mounting the coverslip. Detailed staining conditions 

and autostainer’s protocols are reported in our recent report 86. 

Visualization and analysis. 

Tissue samples stained with mIHC were scanned with multispectral imaging microscopy 

(Vectra 3, Akoya Bioscience). Scanned multispectral images were unmixed on inForm software 

(ver.2.4.0, Akoya Bioscience) to acquire the fluorescence signal from each marker 86. Imaging 

analysis was performed on inForm software by identifying tumor (CK+ area) and stroma (CK- 

area proximal to the epithelium), each nucleated cell and its cell type. Alternatively, QuPath 

software 2.3.1 87 was also used to perform similar imaging analysis on unmixed images converted 

to multi-layered TIFF format by inForm software 86. The images of the regions of the same type 

(DCIS or normal) from the same case, were typically stitched together and stored and shared as 

one single larger multilayered TIFF image (data availability below). Scanned image areas were 

aggregated into up to three histological regions per sample: main pre-invasive lesion, alternate pre-

invasive lesion, normal epithelium. In each region, the stromal and epithelial densities of each cell 

type and state was calculated, including when cells were not present (density=0). Regularized 

marker densities into distribution deciles were then used to classify samples using non-negative 

matrix factorization (Supplementary Table 2.7c). The immune-states were assigned and named 

after the hierarchical clustering of the H matrix (meta-marker values).  

https://paperpile.com/c/ynOZKf/SFf2
https://paperpile.com/c/ynOZKf/SFf2
https://paperpile.com/c/ynOZKf/ySfq
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MHC1 immunostaining and analysis. 

Four micron sections were baked at 60 degrees for 1 hour, followed by deparaffinization 

through three successive changes of xylene. Tissue was then rehydrated in decreasing grades of 

alcohol, with two changes of 100%, 95%, and then 70% EtOH, followed by diH20. Antigen 

retrieval was performed using Antigen Unmasking Solution Citrate Based pH6, H-3300 (Vector) 

at  95°C for 30 min. Staining was performed using the intelliPATH Automated IHC stainer 

(Biocare). Endogenous peroxidase was blocked using Bloxall blocking solution, SP-6000 (Vector) 

for 10 min, followed by 2 washes in TBST. Afterwards, tissue was blocked with a 3% Donkey 

Serum for 10 min, followed by blocking with Anti-HLA Class I ABC Primary Mouse Antibody, 

ab70328m (Abcam) at 1:1000 for 1 hour and subsequently washed twice with TBST. Tissues were 

then blocked with Anti-Mouse HRP UltraPolymer IgG, 2MH-100 (Cell IDx) for 30 min, and 

washed twice with TBST. The reaction was then developed with 3,3'-Diaminobenzidine 

Chromogen, 95041-478 (VWR) for 5 min, and then stopped with two washes in diH20. 

Counterstaining was performed with Mayer’s Hematoxylin Solution, 51275 (Sigma) for 5 min. 

Lastly tissues were washed twice in TBST, and once in diH20, dehydrated in increasing grades of 

EtOH, then cleared and mounted with xylene based mountant. MHC1 expression was scored from 

0 to 3 separately for DCIS and normal epithelium throughout the entire section, away from possible 

biopsied areas. The scores were established as follows: 0: no staining or weak staining in <50% of 

cells; 1: weak staining in >50% of cells; 2: intermediate staining in >50% of cells;. 3: strong 

staining in >50% of cells.  

Whole slide image digital analysis. 

High resolution whole slide images of H&E stains were loaded into a QuPath (v2.3) project 

87. One analysis area was defined for each specimen, avoiding location of biopsies as well as dust 

https://paperpile.com/c/ynOZKf/ySfq
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or marked areas. The analysis areas were segmented into superpixels (sigma=5 µm, spacing=50 

µm, maxIterations=10, regularization=0.25) and each superpixel was annotated with both 

Hematoxylin and Eosin Intensity features (size=2 µm, tile size=25 µm). The mean, median, min, 

max and standard deviation values were then smoothed (Haralick distance=1, Haralick bins=32). 

Multiple training areas were annotated from each of the following classes: adipose, stroma, 

inflammation, epithelium (normal and atypical), void, necrosis, blood vessels. Multiple areas 

across 2 to 4 samples were used to train a Random Tree classifier. The classifier was then applied 

to all superpixels included in the analysis area. The accuracy of the classifier was assessed both 

visually and with multiple test areas for each class. Superpixels of the same class were merged into 

single annotations and the resulting areas recorded. Separate classifiers were used for images from 

different institutions, to mitigate possible variation staining, scanning or image format. The 

fraction of adipose area was compared to breast density using Mann-Whitney test comparing dense 

& heterogeneously dense breast to other lower densities, or comparing solid DCIS to non-solid 

DCIS lesions.  

Data Availability. 

The raw RNA and DNA sequencing data has been deposited in dbGAP phs002225. High 

resolution whole slide images of the H&E stains and corresponding annotations can be viewed on 

the JPL LabCAS portal (digital object identifiers included in the Supplementary Table 2.1). Images 

corresponding to the stitched field of views of the region of interest in the multiplex 

immunohistochemistry are made available as multilayered tiff files on the JPL LabCAS portal 

https://doi.org/10.48577/rrry-pj94  (UVM) and https://doi.org/10.48577/3gns-rn74  (UCSD).  
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2.6 Figures 

 
 
Figure 2.1. Study design and cohort overview.  
(a) Archival sample processing and analysis workflow including histology (H&E and mIHC) and 
microbiopsy-derived whole exome (WXS) and whole transcriptome (Smart-3SEQ) profiling. (b) 
Study cohort overview including histological characteristics (colored rows), data type (grey rows) 
and number of histological regions (bar chart) investigated. (c) Estimate of the fraction of adipose 
area in H&E images in epithelium of the mIHC images according to each histological architecture, 
**p<0.01, Mann-Whitney U test. (d) Sample classification according to the probabilities of each 
PAM50 expression subtype. For 10 eligible samples, the intrinsic subtype of a spatially distinct 
region is indicated. Two patients with recurrence (r) and index (i) samples are indicated at the 
bottom.  
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Figure 2.2. Pure DCIS genomic landscape.  
(a-b) CNA burden (fraction of base pairs involved in copy number gain or loss) as a function of 
grade (a) and (b) histological architecture, **p<0.05, ANOVA. (c) Smoothed frequency (y-axis) 
of CNA gains (top) and losses (bottom) smoothed along the genome (x-axis) for HG-DCIS (N=22 
- dark colors) and LG-DCIS (N=5 light colors). (d) Oncoprint diagram displaying the mutational 
status of driver genes commonly altered in breast cancer. Genes were included if they were mutated 
in at least 2 patients or located in a CNA segment present in at least 6 patients, and ordered by 
frequency of alteration. The variant allele fraction (VAF) of mutations (right panel) and 
histological characteristics (bottom panel) are indicated.  
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Figure 2.3. Clonal relationships of multi-region DCIS. 
Multi-region phylogenetic reconstruction using both CNA and somatic mutations for 
MCL76_061_16200 (a-c) and MCL76_077_15300 (d-f). For each case, the spatial annotation of 
the microdissected regions on the H&E images (a,d), corresponding copy number profiles (b,e) 
and phylogenetic trees (c,f) are displayed. Copy number profile plots show bins (grey dots) and 
segment (orange) log2 copy number ratio (y-axis). The phylogenetic tree leaves (single dissected 
region) are colored according to histological type and the branches (hamming distances based on 
CNA segments) annotated with corresponding specific somatic alterations or their total number 
(CNA: regular, genes: italic font). The tree root corresponds to an inferred normal diploid ancestor. 
PAM50 subtype of the region is indicated when available. Annotations and trees are available for 
10 additional samples in Supplementary Figure 2.4. The scale bars in panel a and b correspond to 
a size of 3mm.  
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Figure 2.4. Characterization of the immune landscape.  
Decomposition of immune cell density scores by non-negative matrix factorization (NMF) into (a) 
W-matrix which shows the composition of the Meta-Markers (columns MM1-4) according to the 
densities scores (red scale) of each cell type (BC: B-cells, TC: T-cells, TREG: regulatory T-cells), 
proliferative state (p: Ki67+, np: KI67-, t: total) and regional location (Epi: Epithelium, Str: 
Stroma) and (b) H-matrix which classifies normal and DCIS regions into 3 immune states 
according to Meta-Markers. (c) Fraction of stromal and epithelial regions from samples in each 
immune-state with high, low or no T-cells (T), B-cells (B) and regulatory T-cells (Treg) densities. 
(d) Immune-state comparison in 20 samples (rows) with matching normal (left column) and DCIS 
(right column) regions. (e) Expression of immune checkpoint receptors genes, PDCD1 and CTLA-
4 in each immune state. (f) GSEA normalized enrichment score (NES) for a Reactome gene set 
across immune states. (g) Distribution of the expression of the MHC-I complex scored by 
immunohistochemical staining in DCIS and normal adjacent regions. The median scores of the 
adjacent and DCIS region in each immune state are connected with a dotted line.   
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2.7 Tables 

Table 2.1. Clinical and pathological features of the patient and specimen studied.  
Patient ID Block ID Age at 

Index 
Size 
(cm) Laterality Grade Architecture ER HER21 N. 

Regions Diagnosis Order2 

MCL76_044 12800 56 0.9 Left Low Cribriform + - 1 Index 
MCL76_049 18100 50 6 Left Low Cribriform + - 1 Index 
MCL76_060 16100 47 17 Left Low Cribriform + - 3 Index 
MCL76_061 16200 34 8 Left Low Cribriform + - 4 Index 
MCL76_064 15200 78 0.4 Left Low Cribriform + - 3 Recur. (+18 mos.) 

MCL76_066 14400 70 1.1 Right Low Cribriform + - 3 Index 
16500 70 0.3 Right Low ADH + - 1 Recur. (+14 mos.) 

MCL76_076 15700 45 4.1 Right Low Cribriform + - 5 Index 
MCL76_078 15500 68 1.4 Left Low Solid + - 3 Index 
MCL76_080 15800 59 3.7 Left Low ADH + - 3 Index 
MCL78_020 10001 59 0.3 Right Low Cribriform + + 1 Index 
MCL76_012 11600 50 3.6 Right Inter. Solid + - 2 Index 
MCL76_048 13100 51 3.8 Right Inter. Cribriform + - 3 Index 
MCL76_064 14600 78 NA Left Inter. Solid + NA 1 Index 
MCL76_067 16600 54 6 Left Inter. Solid + + 3 Index 
MCL76_070 16400 69 8 Right Inter. Solid + - 3 Index 
MCL76_071 14800 68 5.8 Right Inter. Micropapillary - - 3 Index 
MCL76_074 14700 45 14 Right Inter. Cribriform + - 3 Index 
MCL76_077 15300 70 1.2 Left Inter. Cribriform - + 2 Index 
MCL76_079 15400 62 3.4 Right Inter. Cribriform - + 3 Index 
MCL78_001 10001 50 2.5 Right Inter. Cribriform NA - 1 Index 
MCL78_002 10001 48 2 Left Inter. Solid + - 1 Index 
MCL78_006 10001 75 4 Left Inter. Cribriform + + 1 Index 
MCL78_007 10001 43 1.6 Right Inter. Cribriform + + 1 Index 
MCL78_008 10001 66 1.5 Right Inter. Solid + + 1 Index 
MCL78_009 10001 78 2.4 Right Inter. Solid + - 1 Index 
MCL78_010 10001 67 1.1 Left Inter. Cribriform - + 1 Index 
MCL78_011 10001 59 0.6 Right Inter. Solid + + 1 Index 
MCL78_013 10001 63 2.2 Right Inter. Mixed - + 1 Index 
MCL78_016 10001 65 4.5 Left Inter. Solid - + 1 Index 
MCL78_017 10001 52 2.5 Left Inter. Solid + + 1 Index 
MCL78_018 10001 65 2 Right Inter. Mixed + equ 2 Index 

MCL76_007 11000 78 3.5 Left High Solid - - 3 Index  
11100 78 2.6 Right High Solid - - 4 Recur. (+39 mos.) 

MCL76_016 11800 35 5 Left High Mixed + + 4 Index 
MCL76_025 16800 75 1.2 Right High Solid - NA 2 Index 
MCL76_068 14900 59 9.5 Left High Cribriform - + 3 Index 
MCL78_003 10001 43 5 Left High Solid + equ 1 Index 
MCL78_005 10001 81 0.5 Right High Solid + - 1 Index 

MCL78_012 10001 54 4 Right High Solid - + 1 Index 
10014 54 3 Right High Solid - NA 1 Synchronous 

MCL78_015 10001 57 0.5 Left High Micropapillary + + 1 Index 
MCL78_019 10001 57 1.9 Left High Solid - equ 1 Index 
 
1. Inferred from ERBB2 copy number and expression (Figure S1), equ=equivocal 
2. Recur.=Recurrence, mos.=months. All recurrence DCIS were in different quadrants than the index. 
 
  



 
96 

Table 2.2. Frequency of PIK3CA, TP53 and GATA3 driver mutations in previously reported 
DCIS studies and pure DCIS in this study.  
 

Gene 

Pang  
et al.  
2017 

(N=20) 

Lin  
et al.  
2019 

(N=65) 

Nagasawa 
et al.      
2021 

(N=72) 

Pareja 
et al. 
2020 
(N=7) 

This study 

All1 
Grade Histology 

Low Inter.-High Cribriform Solid Other 

PIK3CA 55% 40% 50% 0% 43% 
(10/23) 

29%  
(2/7) 

50%  
(8/16) 

55%  
(6/11) 

40% 
(4/10) 

0% 
(0/2) 

TP53 30% 13.8% 21% 14.30% 31.3% 
(5/16) 

0%  
(0/4) 

41.7%  
(5/12) 

33.3% 
 (3/9) 

40%  
(2/5) 

0% 
(0/2) 

GATA3 45% 13.8% 56% 28.60% 20% 
(3/15) 

75%  
(3/4) 

0%  
(0/11) 

33.3%  
(2/6) 

0%  
(0/9) 

50% 
(1/2) 

1. The denominator represents samples with at least 20x coverage across the targeted regions  
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2.8 Supplemental Data, Tables and Figures 

 

Figure S2.1. Pure DCIS characterization. 
(a) Estimation of Her2 status. The DNA-based log2 copy number ratio (x-axis) and RNA-based 
expression level (y-axis) of ERBB2 gene are displayed for 26 samples with both data available. (b) 
PAM50 discordance between regions in relationship with spatial distance between regions, 
**p<0.01, Mann-Whitney U test. 
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Figure S2.2.  Likely kataegis event in MCL76_067_16600 in chromosome 17.  
Along the genome coordinate (x-axis), the relative distance between proximal mutations (y-axis) 
as well as their substitution type (colors) are indicated. 
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Figure S2.3. Genetic divergence in multi-region DCIS. 
CNA-based genetic divergence (y-axis) of each pair of histologically concordant regions (dot) as 
a function of the minimum physical distance between them (x-axis), colored by their histology. 
Linear regression line fit of DCIS samples shown in solid dark gray line, with 95% confidence 
interval estimate based on bootstrapping in light gray. 
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Figure S2.4. Phylogenetic trees for multi-region DCIS samples.  
(a-j) Clonal reconstruction using CNA and somatic mutations in 25 related regions across 10 
samples. In each panel, top left: a table describing the name, nuclear grade and histological 
architecture of each region in a sample is shown, (necrosis is indicated with N); top right: shows 
an H&E image of the sample with dissected regions drawn on the image; bottom left: Copy number 
profiles for each region in the sample, genomic coordinates are indicated on the X-axis and the 
log2 copy ratio on the Y-axis. Bins are indicated in dark-grey and segments in orange; bottom right: 
Phylogenetic tree for the sample with leaf nodes indicating a single dissected region colored by 
histology. The tree is rooted to a normal diploid ancestor. Branch lengths are hamming distances 
based on CNA segments. Branches are labeled with 1) CNA-based branch length, and, when 
available, 2) arm-level CNA losses (blue) and gains (red) and 3) somatic mutation number (italic) 
with mutations in breast cancer driver genes indicated (black: high coverage, grey: low coverage). 
CNA smaller than arms, or on driver genes are not displayed.  
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Figure S2.4. Phylogenetic trees for multi-region DCIS samples. (cont.) 
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Figure S2.5. Relationships between DCIS mIHC-derived and histological / hormonal 
features. 
(a) Estimates of the fraction of Ki67+ cytokeratin positive cells in the epithelium of the mIHC 
images according to each histological architecture. *p<0.05, Mann-Whitney U test. (b) Stromal 
immune cell density differences between DCIS subtypes. B=B-cells, T=T-cells and 
Tregs=Regulatory T-cells. **p<0.01, Mann-Whitney U test. 
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Figure S2.6. Multiplex immuno-fluorescent images representative of the three immune-
states.  
The pan-cytokeratin (white) and nuclear (DAPI - blue) staining (a,c,e) and the matching CD3 (T-
cells, green), CD20 (B-cells, red) and FOXP3 (T-reg, orange) stainings (b,d,f) are shown for 
specimen representative of the Active (a,b, MCL78_013_10001), Suppressed (c,d, 
MCL76_049_18100) and Excluded (e,f,MCL76_074_14700) states. 
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Figure S2.7. Gene sets significantly deregulated in the epithelium of regions in the Excluded 
immune state.  
All Hallmark (H) and Reactome (R) genesets were tested. Genesets with an absolute normalized 
enrichment score greater than 2 and with FDR less than 0.05 are represented.   
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Figure S2.8. MHC1 immunostaining scoring.  
Selected areas of DCIS (black) or normal ducts (blue) are indicated together with their associated 
expression score from 3 (panel a-c), 2 (d-f), 1 (g-i), 0 (j-l). Additional MHC1 high lymphocytes 
areas are indicated in red. Scale bar indicated in bottom left.  
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CHAPTER 3: Accurate genome-wide germline profiling from decade-old 

archival tissue DNA reveals the contribution of common variants to precancer 

disease outcome. 

 
3.1 Abstract 

Inherited variants have been shown to contribute to cancer risk, disease progression, and 

response to treatment. Such studies are, however, arduous to conduct, requiring large sample sizes, 

cohorts or families, and more importantly, a long follow-up to measure a relevant outcome such 

as disease onset or progression. Unless collected for a dedicated study, germline DNA from blood 

or saliva are typically not available retrospectively, in contrast to surgical tissue specimens which 

are systematically archived. We evaluated the feasibility of using DNA extracted from low 

amounts of fixed-formalin paraffin-embedded (FFPE) tumor tissue to obtain accurate germline 

genetic profiles. Using matching blood and archival tissue DNA from 10 individuals, we 

benchmarked low-coverage whole-genome sequencing (lc-WGS) combined with genotype 

imputation and measured genome-wide concordance of genotypes, polygenic risk scores (PRS), 

and HLA haplotypes. Concordance between blood and tissue was high (r2>0.94) for common 

genome-wide single nucleotide polymorphisms (SNPs) and across 22 disease-related PRS (mean 

r=0.93). HLA haplotypes imputed from tissue DNA were 96.7% (Class I genes) and 82.5% (Class 

II genes) concordant with deep targeted sequencing of HLA from blood DNA. Using the validated 

methodology, we estimated breast cancer PRS in 36 patients diagnosed with breast ductal 

carcinoma in situ (11.7 years median follow-up time) including 22 who were diagnosed with breast 

cancer subsequent event (BSCE). PRS was significantly associated with BCSE (HR=2.5, 95%CI: 

1.4–4.5) and the top decile patients were modeled to have a 24% chance of BCSE at 10 years, 
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hence suggesting the addition of PRS could improve prognostic models which are currently 

inadequate. The abundance and broad availability of archival tissue specimens in oncology clinics, 

paired with the effectiveness of germline profiling using lc-WGS and imputation, represents an 

alternative cost and resource-effective alternative in the design of long-term disease progression 

studies. 
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3.2 Introduction 

 
The study of the contribution of germline genetic variation to disease risk or treatment 

outcome typically requires blood or saliva samples as a source of constitutive DNA. Depending 

on the phenotype studied, such samples may not be banked and readily available. Samples may 

have to be prospectively collected, which hinders studies requiring long-term follow-up or 

obtained after contacting potential subjects of interest, which can be logistically and ethically 

challenging or impossible if a patient has relocated or died. In cancer research, there is a growing 

interest in directly profiling tumor tissue to obtain germline measures such as ancestry, polygenic 

risk, and HLA-typing 1. Array-based genotyping followed by imputation from a reference 

population has been a standard method to genotype genome-wide SNPs in the human genome, but 

its compatibility with DNA obtained from archival tissue specimens remains to be established 2,3. 

The approach can be challenging when the amount of tissue available for research is limited, which 

is often the case with surgical excisions of premalignant lesions or with most needle biopsies.  

Recently low-coverage whole-genome sequencing (lc-WGS) has emerged as an attractive 

alternative to single nucleotide polymorphism (SNP) array by offering higher throughput at a 

reduced cost, reduced DNA input, and improved genotyping accuracy 4–6. In fact, recent studies 

have shown the feasibility of using frozen tissue for germline profiling by imputing genotypes 

from off-target reads repurposed from tumor-targeted panel sequencing data, effectively 

equivalent to ultra-low coverage (less than 0.1x) whole-genome sequencing 1. It is therefore likely 

that, in the absence of available targeted sequencing data, lc-WGS can be performed with DNA of 

lower quality and quantity to enable the imputation of germline variants from archival tissue 

specimens.  

https://paperpile.com/c/Bjotby/XTKxN
https://paperpile.com/c/Bjotby/WtDzu+bBtMb
https://paperpile.com/c/Bjotby/qpZaB+50Hnq+qSv9x
https://paperpile.com/c/Bjotby/XTKxN
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 If accurate, such an approach could have important implications for the study of the 

contribution of inherited risk factors to the progression of pre-malignant disease. For many cancer 

types, the widespread adoption of cancer screening has led to an  increase in the detection of pre-

malignant lesions. Despite such efforts, screening has had limited impact on overall survival 7. 

Clinical guidelines vary widely from watchful waiting or biopsy as for prostatic intraepithelial 

neoplasia to surgery and adjuvant treatment as for ductal carcinoma in situ (DCIS) of the breast 

8,9. In absence of reliable progression risk biomarkers and models, these interventions may have 

deleterious consequences at the two clinical extremes: delay in life-saving treatment or 

complications from overtreatment. DCIS is the most common breast cancer-related diagnosis, 

comprising ~20% of annual cases in the U.S. 10. In breast disease, factors that impact the risk of 

breast cancer subsequent event (BCSE), defined as an in situ or invasive breast cancer neoplasm 

developed at least 6 months after treatment of a DCIS diagnosis, include age, size, grade of the 

lesion, hormone receptor status, and molecular profile. Their combined effect in risk models such 

as the University of Southern California / Van Nuys Prognostic Index has not resulted in any 

reliable BCSE risk prediction model and additional, more in-depth molecular and histological 

characterization is needed 11–16. 

Given the independence between DCIS and associated BCSE in upwards of 20% of cases 

as evidenced by molecular studies comparing genomic profiles of initial DCIS and subsequent 

ipsilateral BCSE, systemic risk factors need to be considered in addition to those related to the 

index lesion 17. While penetrant germline pathogenic variants exist and represent strong risk factors 

in breast cancer susceptibility genes such as BRCA1, BRCA2, CHEK2, PALB2, and PMS2, they 

are only present in 1.5% of all women 18. Meanwhile, population-based genome-wide association 

studies (GWAS), have identified multiple common variants associated with lifetime risk of 

https://paperpile.com/c/Bjotby/62nju
https://paperpile.com/c/Bjotby/suWiX+DNy4e
https://paperpile.com/c/Bjotby/Areeo
https://paperpile.com/c/Bjotby/G34Hx+Tl2or+OyaQR+j0Ag3+w87Nn+idV8j
https://paperpile.com/c/Bjotby/xH2bD
https://paperpile.com/c/Bjotby/6r1iZ
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invasive breast cancer (IBC) 2,19. The same SNPs have also been associated with risk of DCIS 

demonstrating the shared genetic susceptibility for IBC and DCIS 20. It is however unclear if these 

SNPs are also associated with DCIS progression. Polygenic risk scores (PRS) derived from the 

allelic burden of risk-associated SNPs are now being added to common breast cancer risk models, 

significantly improving their performance, with individuals in the top percentile having a 3-5 fold 

increase in lifetime risk relative to women with risk scores in the middle quintile of those studied 

21,22. It is thus possible that DCIS patients with elevated breast cancer PRS are also at higher risk 

of BCSE and the addition of PRS could improve DCIS prognostic models akin to lifetime breast 

cancer risk models. Since BCSE can occur years after the initial DCIS diagnosis and is uncommon 

- observed in 10 to 25% of patients after 10 years, depending on treatment and known risk factors 

- a retrospective study is much more feasible for the purposes of validation 23,24. Formalin-fixed 

paraffin-embedded (FFPE) tissue (referred to as archival tissue) from the DCIS biopsy or resection 

are therefore the only source of genetic material available and their validity for genome-wide 

genotyping of germline variants would be critical to the feasibility of such study. 

Here we evaluate the validity of repurposing archival tissue specimens for germline genetic 

studies. We performed lc-WGS and imputed genotypes for 10 pairs of matching blood and tumor 

tissue samples to benchmark the accuracy for calling genome-wide genotypes, HLA haplotypes, 

and for implementing PRS. The reported results indicate the high accuracy of germline genotypes 

and haplotypes obtained from archival tissue DNA. Using this methodology we estimate breast 

cancer PRS in 36 DCIS patients and demonstrate its association with BCSE.  

 

  

https://paperpile.com/c/Bjotby/WtDzu+VbvPy
https://paperpile.com/c/Bjotby/CHB4Y
https://paperpile.com/c/Bjotby/s9chr+9ifuZ
https://paperpile.com/c/Bjotby/RkUnJ+OWzMk
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3.3 Results 

Concordance of lc-WGS imputed genotypes between blood DNA and FFPE tissue DNA.  

In order to establish the analytical validity of FFPE tissue DNA for germline genotyping 

and genotype imputation from lc-WGS, we selected 10 subjects including from European, African, 

and Asian ancestries with matching FFPE tissue and whole blood. The archival tissue blocks were 

between 3 and 9 years old and yielded between 5 and 176 ng of DNA, which was then prepared 

for sequencing with a low-input protocol (see Methods). Mean coverage depth was 0.92x (range 

0.68-1.41x) and 0.7x (range 0.44-0.97) for blood and tissue, respectively. Genotypes were imputed 

using a Gibbs sampling method specifically designed for lc-WGS, which leverages haplotype 

reference panel information (1000G 30x NYGC reference panel - N=3,202 individuals; see 

Methods) 5,25. Overall genotypes were imputed for 61,715,567 SNPs in each of the 20 samples, of 

which 43,274,690 (70.1%) were considered high quality (Impute INFO score >0.80) 26. Genotype 

concordance between blood and tissue increased with the minor allele frequency (MAF) of the 

variant in the global population. For SNPs with MAF of 0.1 or more, the aggregate r2 was greater 

than 91% for all SNPs, and greater than 94% for high-quality SNPs (Figure 3.1a). The concordance 

between blood and tissue was not lower for the two individuals who were non-white (Figure S3.1). 

In contrast, the concordance was lower (87% at SNPs with MAF greater or equal to 0.1) when the 

sequencing coverage depth of the tissue DNA was lower (Figure S3.2). Overall, the strongest 

discordance between blood and tissue was observed for SNPs at MAF lower than 0.01 which are 

typically imputed with decreased accuracy irrespective of the sample type 27. 

The presence of somatic mutations and copy number alterations (CNA) in DNA from 

malignant cells has the potential to decrease local imputation accuracy. In particular, CNA may 

play a larger role than somatic mutations, as recently reported 1. We estimated the effect of CNA 

https://paperpile.com/c/Bjotby/50Hnq+hcp1u
https://paperpile.com/c/Bjotby/3P1lJ
https://paperpile.com/c/Bjotby/ijEGI
https://paperpile.com/c/Bjotby/XTKxN
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status on the genotype concordance between blood and tissue across SNPs located in DNA regions 

that are copy neutral, in a copy gain, or in a copy loss. The studied DNA samples had, on average, 

15% of the genome (range 0 to 65%) involved in CNA while no CNA was detected in the blood 

(see Methods, Table S3.1). Common SNPs (MAF≥0.1) located in copy neutral or copy gain 

regions had a remarkable blood-tissue genotype concordance r2 higher than 95%, while those in 

regions of copy number loss showed lower concordance r2 of 83% (Figure 3.1b). The decreased 

imputation accuracy in areas of copy number loss can likely be explained by the decrease in allele-

specific coverage depth, resulting in missed heterozygotes or a sparser scaffold for imputation.  

We conclude that tissue-derived genome-wide genotypes faithfully represent germline 

profiles obtained from blood, especially at SNPs frequent in the population (MAF≥0.1). 

Discrepancies between tissue and blood can be explained by decreased coverage depth caused by 

technical (insufficient sequencing) or genetic (copy number loss) limitations and mainly affecting 

rare SNPs (MAF<0.01). These lower frequency SNPs are less likely to reach statistical 

significance in GWAS studies unless they have extreme effect size and therefore are rarely 

incorporated into PRS models. Taken together, the results suggest the feasibility of using archival 

tissues as a source of constitutive DNA in genetic studies relying on common SNPs.  

Concordance of tissue-derived PRS. 

We next sought to further validate the performance of tissue-based genome-wide 

genotyping to accurately estimate PRS in individuals. Germline variants can be used to estimate 

disease risk in individuals by summing the effects of previously identified risk alleles carried by 

an individual into a personalized PRS. The clinical utility of PRS is currently being evaluated in 

multiple settings, including breast cancer screening and surveillance, where elevated PRS can be 

included in lifetime risk models 28. The ability to accurately estimate PRS retrospectively, using 

https://paperpile.com/c/Bjotby/zEgx8
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archival tissue DNA, would greatly improve the ability to conduct large retrospective studies with 

long-term outcomes. We investigated multiple PRS derived from GWAS of susceptibility to 16 

cancer types, and 6 non-cancer phenotypes 29–31. We computed a tissue and blood-derived PRS for 

10 individuals (see Methods) using the imputed genotypes from lc-WGS sequencing data 

described above. Overall 93% (2,744 of 2,962) of PRS single-nucleotide variant sites were 

successfully imputed, 84% of which were high quality (Table S3.2). In each of the 16 cancer types, 

the tissue-derived PRS closely matched the blood-derived PRS, evidenced by high correlation 

coefficients (r≥0.9) in 12/16 of the PRS (Figure 3.2a). We saw similar results when evaluating 

PRS for non-cancer phenotypes, with 4/6 being highly correlated (r≥0.9) (Figure 3.2b). 

Differences between PRS in blood and tissue were associated with decreased tumor genome 

coverage (r=-0.26, p=0.02), but not with copy number loss (Figure S3.3). Overall we report that 

archival tissue DNA profiled with lc-WGS resulted in a reliable PRS estimate in an individual and 

preserved relative ranks in a cohort enabling studies such as the use case presented below. 

Contribution of breast polygenic risk scores to DCIS prognosis. 

We next demonstrated the utility of lc-WGS to investigate the contribution of breast cancer 

PRS to predict breast cancer subsequent events (BCSE - in situ or invasive, irrespective of 

laterality) after a DCIS diagnosis using a retrospective study design (Figure 3.3a). We assembled 

a cohort of patients diagnosed with pure DCIS (N=25 cases) who were then diagnosed with a 

BCSE at least 6 months after the DCIS diagnosis. We then complemented this cohort with a set of 

patients (N=25 controls) diagnosed with pure DCIS who did not develop a BCSE for at least 5 

years. A median of 51.2 ng (range 6.6-300) of DNA was extracted from the primary DCIS FFPE 

specimen archived between 6 and 25 years (Table S3.3). The extracted DNA was sequenced to an 

average coverage depth of 0.89x (range 0.2-1.8x) (see Methods). Fourteen out of 50 (28%) samples 

https://paperpile.com/c/Bjotby/niXlu+hQphB+AxZpA
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yielded insufficient coverage (N=5) or had evidence of contamination with another patient (N=9) 

and were excluded, leaving 22 cases and 14 controls for analysis (Table 3.1). The median time to 

BCSE was 6.2 years (min: 1.4, max: 10.9), and patients without BCSE had a median time to 

follow-up of 11.7 years (min: 6.7, max: 19.6). Cases and controls were approximately matched for 

age, ancestry, DCIS size, grade, and ER status (Table S3.4). We then performed imputation as 

described earlier which resulted in high-quality genotypes at a total of 27,605,021 SNP loci. 

In order to evaluate the relationship between breast cancer PRS and DCIS prognosis, we 

curated 6 previously established breast cancer PRS, measuring risk for both overall and ER+ breast 

cancer, consisting of 859 total and 674 unique sites (see Methods, Table S3.2) 22,29,32–34. We 

computed PRS for each patient, and compared groups with and without BCSE (Figure 3.3b) (see 

Methods). Patients with BCSE showed near significant elevated values across all 6 PRS (mean 

1.4x fold increase, minimum p=0.06). We next measured the prognostic value of PRS in a 

multivariate Cox proportional hazard model to account for other risk factors previously associated 

with DCIS progression such as age, DCIS size, histological grade, and ancestry. We found that 

three of the breast cancer PRS had a significant (q<0.01) impact on BCSE risk, with the most 

impactful overall and ER+ breast cancer PRS hazard ratios of 2.5 (95%CI: 1.4–4.5, q=0.008) and 

2.01 (1.3–3.1, q=0.007) respectively (Figure 3.3c, Figure S3.4). Adding PRS to the model 

improved the discrimination between patients with and without BCSE raising the mean C-index 

from 0.66 to 0.71 (Figure 3.3d). In contrast, none of the six non-cancer PRS contributed 

significantly to the BCSE prognosis, indicating that the effects observed are likely specific to the 

underlying genetic risk specific to breast cancer (Figure 3.3e). We estimate that 10 years post-

DCIS diagnosis, approximately 24% of patients with the highest decile of breast PRS will have a 

BCSE, as opposed to approximately 3% of patients with PRS in the lowest decile (Figure 3.3f). 

https://paperpile.com/c/Bjotby/Zg2Cs+YUCcv+9ifuZ+niXlu+BneVu
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Even with this limited dataset, there is a suggestive contribution of pre-established breast cancer 

PRS in DCIS prognosis, though this will require validation in a larger independent cohort. 

Independent of its possible clinical significance, and acknowledging the need for additional 

validation of the results, the presented use case demonstrates the feasibility of using DNA from 

tissues archived for decades to associate germline genetic factors with long-term patient outcomes 

and gain new insight into disease etiology and progression. 

Imputation of HLA-gene alleles from lc-WGS.  

In addition to SNP genotyping, we next investigated whether lc-WGS of archival tissue 

could be used to determine the haplotypes of the various HLA genes. HLA genes are some of the 

most polymorphic genes in the human genome and the major histocompatibility complex plays a 

critical role in antigen presentation to the immune system, particularly in tumorigenesis 35–37. Using 

samples collected from 14 patients, including 10 patients with both blood and tissue DNA 

available, we compared HLA-alleles imputed from genome-wide genotypes obtained from lc-

WGS against the results of clinical-grade deep targeted sequencing of the HLA locus from 

matching blood DNA samples (referred to as gold standard - see Methods). Alleles for Class I 

(HLA-A, B, C genes) and Class II (DRB1, DQB1 genes) were imputed using QUILT-HLA against 

the 1000G reference panel 6. Overall 4 field allele calls from blood DNA were 92.8% (78/84) and 

80.4% (45/56) concordant with the gold standard for Class I and Class II genes respectively (Figure 

3.4a). At a lower 2 field resolution, the concordance was 97% for Class I and 91% for Class II 

(Figure S3.5). The decreased accuracy for HLA Class II, particularly for DRB1 likely reflects the 

increased diversity of these loci in comparison to Class I as well as the presence of pseudo-genes 

which may introduce ambiguity in the alignment of short sequence reads 38.  

https://paperpile.com/c/Bjotby/N2TDH+sIc6Y+PW9Xm
https://paperpile.com/c/Bjotby/qSv9x
https://paperpile.com/c/Bjotby/cSEml
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In order to evaluate the effect of DNA source on HLA-typing accuracy, we compared 

tissue-derived HLA types to the gold standard. We found 4 field allele calls from tissue were 

96.7% (58/60) and 82.5% (33/40) concordant with the gold standard blood HLA-typing, for Class 

I and Class II respectively (Figure 3.4b). In 49/50 comparisons between blood and tissue, tissue-

derived samples provided as accurate calls, suggesting that the DNA source did not have an impact 

on imputation quality (Figure 3.4c). Overall, HLA-types that did not match the gold standard had 

worse imputation quality as reflected by their lower posterior probabilities (Figure 3.4d). The high 

accuracy of HLA-typing from lc-WGS as well as the consistent results between blood and tissue-

based DNA demonstrates that remarkably, imputed HLA-types from lc-WGS on archival tissue 

are comparable against deep targeted HLA sequencing on blood, with a fraction of the required 

DNA input and a streamlined protocol. 
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3.4 Discussion 

Here we rethink the traditional design of germline genetic studies by answering the 

question, when typical DNA sources such as blood, saliva or urine are unavailable, can we extract 

the same information from archival tissue specimens? Often collected for histological examination 

and diagnosis and then stored indefinitely, these samples offer an abundant source of genetic 

material from patients with potentially long clinical follow-up. By using lc-WGS and recent 

advances in genotype imputation, we compared the concordance of germline genotypes obtained 

from blood DNA and archival tissue DNA in 10 different individuals. Archival tissue faithfully 

represented the germline profile of common SNPs obtained from blood both at the genome-wide 

level and across well-established PRS. Beyond concordance at the SNP-level, we also 

demonstrated accurate genotyping at highly polymorphic HLA alleles. To our knowledge, we 

present the first evidence that HLA-typing using lc-WGS from archival tissue is as accurate as true 

clinical-grade HLA-typing. Our results support the future utilization of archival tissue to construct 

large retrospective studies to characterize the role of germline variants in disease etiology, 

progression, and treatment. 

The use of archival tissue as a source of constitutive DNA will enable a wealth of 

retrospective studies by repurposing specimens archived by most clinical sites to help address the 

genetic underpinnings of disease with long-outcome, such as the progression of pre-malignant 

lesions as presented here. Such studies would either require long follow up after the initial sample 

collection, or a massive and costly effort to retrospectively collect blood or saliva samples. In 

contrast, provided the subjects have been offered diagnostic biopsies, or surgical treatment, the 

course of their clinical care or study participation, their left-over specimen can be used to enable 

post-hoc genetic analysis. Of course, such studies would require approval of the Institutional 
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Review Boards (IRB) and, since 2015, informed consent needs to be explicit about the use of 

specimens and data for genetic research and the risk for privacy it entails 39. Commonly, IRBs 

waive the requirement for consent from patients deceased or lost to follow-up, however, such data 

needs to be distributed with caution and typically protected by a Data Access Policies the 

researcher has to comply with. As such, while our approach can enable large retrospective genetic 

studies where informed consent may be waived, the eligibility of each patient, and the overall data 

sharing policy need to be carefully considered.  

Our report includes the application of the approach to interrogate the contribution of 

genetic factors to breast DCIS progression. The relatively good outcome of the disease poorly 

justified a thorough collection of risk variables, especially those related to inherited risk. However, 

overtreatment of DCIS, and its harms, is being increasingly acknowledged and systematic reviews 

of clinicopathological factors have not resulted in reliable models of progression 11,12,40. Most 

epidemiological studies need to be large due to the slow progression and rarity of poor outcomes 

and rely exclusively on medical chart review 24,41,42. As such, additional factors that are hard or 

impossible to collect from the charts such as mammography or magnetic resonance imaging, 

digital pathology, or germline inherited factors have not been as thoroughly and systematically 

investigated. We made the narrow hypothesis that lifetime breast cancer susceptibility - which can 

be seen as progression from normal to malignant epithelium - and progression of DCIS share the 

same genetic risk factors. We tested this hypothesis by measuring breast PRS in a small cohort of 

carefully selected DCIS subjects using our approach. Given the effect size of PRS contribution to 

breast cancer (HR=1.61), we anticipated that a balanced cohort of 36 patients would be sufficient 

to measure an effect size of HR=1.6 or greater representative of the contribution of other risk 

factors to DCIS progression 22,43,44. Thanks to the accurate PRS estimate obtained from left-over 

https://paperpile.com/c/Bjotby/U6nDA
https://paperpile.com/c/Bjotby/KDc9H+Tl2or+G34Hx
https://paperpile.com/c/Bjotby/OWzMk+T7hlC+2e7rn
https://paperpile.com/c/Bjotby/9ifuZ+II3FT+vlMP6
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surgical specimens, we were able to see that germline variation likely contributed significantly to 

the DCIS progression to an extent similar or greater to previously investigated risk factors such as 

grade, age, and Her2 overexpression 40. Such findings would clearly need to be validated in a larger 

cohort, where a more comprehensive set of covariates would be accounted for, including treatment. 

Subsequent larger studies would also be important to evaluate competing risk models for 

subsequent in situ versus invasive disease, or laterality of the event, where PRS may contribute 

more in particular contexts. The modest cost and relative experimental simplicity of our approach, 

accompanied by a state-of-the-art imputation strategy can likely be scaled up provided diagnostic 

sections or left-over specimens can be found. Several large DCIS cohorts are generating mutational 

profiles, including some with lc-WGS and associated with clinical outcomes, which would be 

particularly suitable for validation in the future 17,45.  

In the study of malignant progression as well as the onset and progression of multiple other 

diseases, the overactivity or inactivity of the immune system represents a key factor. A large 

contribution of variation in immune traits is inherited and yet the role of this contribution in disease 

progression is poorly understood 46,47. In particular, the genetic diversity of the MHC, one of the 

most polymorphic regions of the genome, is a real challenge to study the role of the adaptive 

immune system. In the context of tumorigenesis, the failure of the major histocompatibility 

complex (MHC) to present antigens to the immune system is being increasingly recognized as 

contributing to cancer immune evasion and failure to respond to immune checkpoint inhibitors 48–

50. The determination of the HLA haplotypes, encoding the MHC is typically limited to the setting 

of organ or bone marrow transplants and not typically performed in other epidemiological studies. 

Recent reports however show the importance of the HLA-type in understanding the exposed 

mutanome, and its consideration can have important predictive value in the context of 

https://paperpile.com/c/Bjotby/KDc9H
https://paperpile.com/c/Bjotby/wtnwk+xH2bD
https://paperpile.com/c/Bjotby/y7ie4+dZYYj
https://paperpile.com/c/Bjotby/s5tgt+5TmNk+4NH7d
https://paperpile.com/c/Bjotby/s5tgt+5TmNk+4NH7d
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immunotherapies 35,36,51. But with a lack of systemic HLA-typing or absence of genetic material 

to do so, such studies are hard to replicate or scale-up. To address this, we demonstrated that we 

can assign 4 field alleles to HLA-A, B, C, and DRB1, DQB1 genes by reference informed 

imputation of lc-WGS data 6. These imputed HLA-types had comparable accuracy to deep targeted 

sequencing of the HLA locus with a fraction of the required DNA input (5 vs 40,000 ng) and with 

a simplified protocol (no need for targeted capture). The improvement in both sample requirement 

and throughput to HLA-typing supports the evaluation in lc-WGS with imputation in replacing 

current clinical standard tests.  

While offering many benefits, there are still some limitations to lc-WGS paired with 

imputation for germline profiling of archival tissue. Similar to previous reports benchmarking lc-

WGS imputation, error increases with decreasing minor allele frequency 5,6. This would preclude 

the use of this strategy for the identification of rare variants of high penetrance associated with 

familiar risk (BRCA, Lynch, or Li-Fraumeni syndromes). Similarly, genotypes from rare risk-

associated SNPs or HLA-types only found in small populations would be more likely missed by 

this approach. In the future, the availability of even larger and more diverse reference populations 

may help mitigate this effect. For the purposes of this study we utilized the unrestricted 1000G 

reference panel (N=3,202 haplotypes), however larger extensive, though restricted, panels such as 

Haplotype Reference Consortium (HRC) (N=64,976) or TopMed (N=53,831) exist 25,52,53. Low 

coverage depth represents an additional limitation of our approach. While a restricted number of 

reads sequenced from a WGS library can result in decreased imputation accuracy, another source 

of tumor-specific decreased coverage is somatic copy number alterations (CNA). We observed 

that regions in a copy number loss resulted in decreased imputation accuracy. Similar observations 

were recently reported in a study performing germline imputation from discarded reads from 

https://paperpile.com/c/Bjotby/N2TDH+sIc6Y+A5MRc
https://paperpile.com/c/Bjotby/qSv9x
https://paperpile.com/c/Bjotby/50Hnq+qSv9x
https://paperpile.com/c/Bjotby/hcp1u+bhmlG+uFdPe


 
134 

targeted-sequencing tumor-derived tissue 1. Here the choice of the tissue source, or the possibility 

to dissect normal histological regions, can help mitigate these effects. Indeed the use of adjacent 

normal tissue, pre-malignant or low-grade lesions or even lymphocytic aggregates, or lymph node 

specimens would enrich for diploid cells resulting in fewer inaccurate genomic regions. In contrast, 

imputation in high-grade lesions or invasive tumors with prominent aneuploidy needs to be 

carefully considered and may be mitigated in the largest dataset where available CNA profiles 

could be used as prior information in the imputation strategy. 

In conclusion, our study demonstrates that archival tumor tissue is an appropriate DNA 

source to measure germline genetic variation in lieu of normal tissue or blood. By shallow 

sequencing of the genome, and imputing missing sequences using haplotypes from thousands of 

individuals, the resulting genotypes, particularly for common SNPs and HLA alleles between 

blood and archival tissue were quite comparable. Especially in the study of slow progressing or 

rare diseases which may have been logistically unrealistic due to a long time to events and large 

sample numbers required, this framework has the potential to enable very large retrospective 

genetic studies, driving both basic research and translational discoveries.  

  

https://paperpile.com/c/Bjotby/XTKxN
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3.5 Materials and Methods 

Patient selection. 

For the tissue-blood benchmarking study, a total of N=14 Lung adenocarcinoma cancer 

patients with available tumor tissue and matching buffy coat in N=10 were selected from the 

Moores Cancer Center Tissue and Technology Shared Resource (BTTSR).  

For the DCIS PRS study, a total of 50 patients were originally selected from the UC San 

Diego ATHENA DCIS registry - a retrospective registry approved by the UCSD and UCSF IRB. 

Case patients with BCSE were first selected on the basis of time to BCSE, surgery type, care 

location, and availability of archival tissue blocks. Control patients were then selected from 

patients without BCSE, with long follow-up time and matching cases for risk factors including age 

at DCIS, ancestry, DCIS grade, DCIS size, treatment type, ER, and Her2 status when available 

(Table 3.1). 

Sample Preparation. 

Blood DNA was extracted from 50 µL of buffy-coat using DNAeasy blood and tissue kit 

(Qiagen). Tissue blocks were sectioned in 5 µm scrolls and 3 to 5 scrolls were used to extract DNA 

with Covaris FFPE truXTRAC FFPE tNA kit using M220 Covaris Focused UltraSonicator 

(Covaris). DNA was quantified using Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific).  

Low-coverage whole genome sequencing (lc-WGS).  

Between 5-300ng of DNA was used as input for the library preparation using NEB Ultra 

II FS library preparation kit (New England Biolabs), which combines enzymatic fragmentation 

with end-repair and A-tailing in the same tube. Ligated and purified libraries were amplified using 

KAPA HiFi HotStart Real-time PCR 2X Master Mix (KAPA Biosystems). Samples were 

amplified with 5 μL of KAPA P5 and KAPA P7 primers. The reactions were denatured for 
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45 seconds (sec) at 98 °C and amplified 13–15 cycles for 15 sec at 98 °C, for 30 sec at 65 °C, and 

for 30 sec at 72 °C, followed by final extension for 1 min at 72 °C. Samples were amplified until 

they reached Fluorescent Standard 3, cycles being dependent on input DNA quantity and quality. 

PCR reactions were then purified using 1x AMPure XP bead clean-up and eluted into 20 μL of 

nuclease-free water. The amplified and purified libraries were analyzed using the Agilent 4200 

Tapestation (D1000 ScreenTape) and quantified by fluorescence (Qubit dsDNA HS assay). 

Sample libraries with distinct indices were pooled in equimolar amounts, then sequenced to a target 

coverage of 0.5x, using paired-end 2x100bp reads on a NovaSeq 6000 (Illumina).  

Sequencing read processing and sample quality control. 

Sequencing libraries were deconvoluted using bcl2fastq 54. Adapter sequences were 

trimmed from the raw fastq files using atropos (v1.1.31) 55. The trimmed reads were then aligned 

to GRCh38 using bwa-mem (v0.7.17) 56. Duplicate reads were then marked using biobambam 

(v2.0.87)57. Overall genome-wide coverage was measured using mosdepth (v0.2.6), and 

contamination was measured using verifyBamID2 (v1.0.6) 58,59. For the DCIS, samples with less 

than 0.45x coverage or were estimated to be >5% contaminated were removed from downstream 

analyses.  

Imputation of genotypes from lc-WGS.  

 Genome-wide genotypes were imputed using lc-WGS specific method GLIMPSE (v1.1.1) 

with the hg38 version of 1000G 30x NYGC reference panel (N=3,202 individuals) 5,25 Phasing 

and imputation were performed directly on BAM files in individual chunks of each chromosome 

using “GLIMPSE_phase”, and then the imputed variants were subsequently ligated together for 

each chromosome using “GLIMPSE_ligate”. We note that short insertions and deletions were 

https://paperpile.com/c/Bjotby/a70cx
https://paperpile.com/c/Bjotby/48yX2
https://paperpile.com/c/Bjotby/RHXAC
https://paperpile.com/c/Bjotby/PZM70
https://paperpile.com/c/Bjotby/95b0e+ayXmR
https://paperpile.com/c/Bjotby/50Hnq+hcp1u
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excluded from any analysis as these are currently unreliable from lc-WGS and not currently 

imputed by the strategy implemented 1.  

Measuring imputation concordance. 

Imputation concordance between samples was summarized using squared Pearson 

correlation values obtained from the bcftools “stats” function (v1.9), which captures the correlation 

between allele dosages of variants in each minor allele frequency (MAF) bin 60. Variants across 

all the autosomes were used in genome-wide benchmarking performance and all chromosomes for 

PRS evaluations. 

Copy number analysis. 

Copy number alterations (CNAs) were called using CNVkit (v0.9.9) in “wgs” mode, 

average bin size was set at 100,000 bp 61. A set of unrelated normal tissues sequenced with the   

same protocol were used to generate a panel of normals used during CNA calling. Any bins with 

a log2 copy ratio lower than -15, were considered artifacts and removed. Breakpoints between copy 

number segments were determined using the circular binary segmentation algorithm (p < 10−4). 

Copy number genomic burden was computed as the sum of sizes of segments in a gain  

(log2(ratio) > 0.3) or loss (log2(ratio) < − 0.3) over the sum of the sizes of all segments. 

Clinical standard HLA genotyping.  

Reference HLA genotyping was performed on approximately 40 μg genomic DNA 

extracted from buffy-coat aliquots. Samples were prepared using targeted hybrid-capture with 

AlloSeq Tx17 reagents (CareDx). Samples were pooled and sequenced in 2x150 bp read-length 

on iSeq 100 instruments (Illumina). Sequence data was analyzed using Assign (v1.0.2) software 

(CareDx) and IMGT-HLA reference database (v3.43.0.1) 62. 

https://paperpile.com/c/Bjotby/XTKxN
https://paperpile.com/c/Bjotby/4tVXq
https://paperpile.com/c/Bjotby/CrhuQ
https://paperpile.com/c/Bjotby/uDfA4
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Measuring PRS. 

Polygenic risk scores (PRS) were computed using the following equation: 

PRS = ∑ 𝛽𝛽𝑖𝑖𝑥𝑥𝑖𝑖 𝑛𝑛
𝑖𝑖=1       Equation 1.  

Equation 1. PRS is computed as a function of 𝛽𝛽i which is the per-allele log odds ratio, or beta 

coefficient for the risk SNP allele i, and 𝑥𝑥i is the dosage of the risk allele i {0,1,2}, and n is the 

total number of SNPs composing the PRS. PRS scores were then scaled using z-score 

transformation. PRS sites and effect weights were all obtained from the Polygenic Score (PGS) 

Catalog 63. The catalog numbers and descriptions of each PRS are listed in Table S3.2.  

Cox proportional hazard model construction for breast PRS. 

Cox proportional hazard models were constructed non-parametrically, using Breslow’s 

method with robust estimates in lifelines survival analysis package in Python 64. A separate model 

was constructed for each of the six evaluated breast PRS, in order to measure the effect on risk of 

BCSE, by PRS, DCIS nuclear grade, age of the patient at diagnosis, the size of the lesion, and 

whether the ancestry of the individual was European or not. Each covariate was tested for violation 

of the proportional hazards assumption. The 5 samples missing lesion size, were excluded from 

the model. In the 6 DCIS samples missing grade, grade was assigned on the basis of the tertiles of 

copy number burden distribution observed in the cohort since grade and copy number burden are 

highly correlated 14. 

Multiple hypothesis correction for non-independent PRS. 

In order to perform multiple hypothesis correction on multiple non-independent PRS, such 

as the breast PRS, we implemented the Li and Ji method in R package meff to estimate for the 

effective number of tests performed 65,66. The effective number of tests was then used to generate 

Bonferroni corrected p-values, labeled as q-values.  

https://paperpile.com/c/Bjotby/IL9Ft
https://paperpile.com/c/Bjotby/TOfTl
https://paperpile.com/c/Bjotby/j0Ag3
https://paperpile.com/c/Bjotby/HxQD2+lk9sk
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3.6 Figures 

 

 

 

Figure 3.1. Assessment of genome-wide concordance of lc-WGS imputed genotypes in tissue 
versus blood of N=10 patients.  
(a,b) Genome-wide concordance (Pearson correlation coefficient squared - y-axis) of allele 
dosages across all genotyped SNPs between blood and tissue as a function of their minor allele 
frequency (MAF, x-axis). Concordance was calculated for each individual and each filtering 
category including genotype imputation quality (a) with all genotypes shown in light green and 
high-quality genotypes (INFO>80) in dark green, and copy number status of high-quality 
genotypes in tissue (b), from SNPs located in a region that was copy neutral (orange), gain (red) 
or loss (blue). For any given bin corresponding to a patient, MAF and filtering category had to 
have a minimum of 1,000 SNPs to be included. Error estimates from 95% confidence intervals 
computed from 1,000 bootstrapping iterations are indicated as shaded areas.  
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Figure 3.2. Blood versus tissue-derived PRS.  
(a) Cancer and (b) non-cancer PRS computed from imputed genotypes from lc-WGS of blood (x-
axis) and tissue (y-axis) of the same patient. Spearman correlation coefficient, r, was measured 
between blood and tissue PRS values across N=10 patients, for each normalized PRS. T1D: Type 
1 diabetes, T2D: Type 2 diabetes, HDL: High-density lipoprotein, CVD: Cardiovascular disease, 
BMI: Body mass index, UC: Ulcerative colitis. 
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Figure 3.3. Breast cancer polygenic risk score in DCIS patients with and without a breast 
cancer subsequent event.  
(a) Schematic overview of the study design. Treatment consisted of surgery and adjuvant radiation 
or endocrine therapy. (b) Comparison of breast cancer PRS score distribution between patients 
with (red) or without (black) a breast cancer subsequent event (BCSE). Dashed vertical lines 
represent mean normalized PRS values for each respective group. Groups were compared with 
two-sided Mann-Whitney U test, and FDR corrected q-values were computed using Bonferroni 
corrected p-values for the effective number of tests. Distributions were generated using kernel 
density estimates of histograms. (c) Forest plot representation of hazard ratios (square) and 95% 
confidence intervals (error-bars), for each tested breast cancer PRS, obtained from a Cox 
Proportional-Hazard model accounting for DCIS size, grade, and age, the ancestry of the patient 
(Figure S4). The dotted line represents a log hazard ratio of 1, or having no effect on the outcome. 
The q-values represent Bonferroni corrected p-values for the effective number of tests. Significant 
hazard ratios (q<0.05) are indicated in bold text. (d) Evaluation of discrimination of Cox 
proportional hazard model for BCSE vs no BCSE outcome using Harrel’s C-index (y-axis) for 
models only using available risk factors versus available risk factors and breast cancer PRS, 
colored by the significance of hazard ratios for breast PRS (q<0.05, light green). (e) Same as (c) 
but for non-cancer PRS. (f) Cox proportional hazard estimate of breast cancer subsequent event 
(BCSE) - free survival for two overall and ER+ breast cancer PRS over time in years. Curves are 
obtained by varying PRS (solid colored lines from blue as lowest and red as highest PRS 
percentile), as compared to each model baseline (dashed line) while keeping all other covariates 
the same. Each case and control was weighted by the epidemiological incidence of BCSE treated 
with surgery and endocrine therapy (15% at 10 years) 24.  

https://paperpile.com/c/Bjotby/OWzMk
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Figure 3.4. Assessment of 4 field HLA-typing accuracy from lc-WGS.  
(a,b) Number of concordant HLA alleles (0: white, 1: grey:, 2: black) between haplotypes from 
the clinical gold standard and those imputed using QUILT-HLA for class I (A, B, C) and class II 
(DQB1 and DRB1) HLA genes (rows) using (a) blood DNA of 14 patients or (b) tissue DNA of 
10 patients (columns). (c) Fraction of HLA alleles correctly imputed (y-axis), versus the sample 
source of the DNA (x-axis), colored by the HLA gene. (d) Imputation posterior probability from 
QUILT-HLA for each HLA gene (color) and sample (dot), compared between samples with 
perfect HLA-gene concordance (both alleles match) versus those with errors. 
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3.7 Tables 

Table 3.1. Clinical characteristics of the DCIS cohort. 

Patient BCSE? Race Ethnicity Age at 
diagnosis 

Type of 
surgery 

Pathologic 
size (cm) 

Nuclear 
grade 

ER 
Status 
(0/1) 

Days to BCSE 
or 

 last followup 
OXPA003 Yes White Non-Hispanic 46 Lumpectomy 0.8 1 + 2554 
OXPA028 Yes White Non-Hispanic 51 Mastectomy 0.5 1 + 1012 
OXPA033 Yes White Non-Hispanic 79 Lumpectomy NA 1 + 1024 
OXPA036 Yes White Non-Hispanic 58 Lumpectomy NA 1 + 2296 
OXPA161 Yes White Non-Hispanic 62 Mastectomy 0.4 1 + 3752 
OXPA166 Yes White Non-Hispanic 57 Lumpectomy 0.7 1 + 7037 
OXPA020 Yes White Non-Hispanic 57 Lumpectomy NA 1 NA 5967 
OXPA021 Yes White Non-Hispanic 50 Lumpectomy 0.9 1 NA 2398 
OXPA527 Yes White Hispanic 42 Lumpectomy 0.7 1 NA 2203 
OXPA002 Yes Asian Non-Hispanic 44 Lumpectomy 1.4 2 + 2492 
OXPA006 Yes White Non-Hispanic 66 Lumpectomy 1 2 + 3022 
OXPA032 Yes Asian Non-Hispanic 42 Lumpectomy 2.5 2 + 502 
OXPA044 Yes White Non-Hispanic 56 Lumpectomy 0.9 2 + 2147 
OXPA064 Yes White Non-Hispanic 78 Lumpectomy 0.4 2 + 553 
OXPA179 Yes White Hispanic 79 Lumpectomy 1.2 2 NA 3077 
OXPA147 Yes White Non-Hispanic 65 Lumpectomy 1.1 3 + 1981 
OXPA185 Yes White Non-Hispanic 49 Lumpectomy 0.3 3 + 497 
OXPA150 Yes White Non-Hispanic 60 Lumpectomy 0.4 NA + 2402 
OXPA153 Yes White Non-Hispanic 68 Lumpectomy 0.5 NA + 3970 
OXPA246 Yes White Non-Hispanic 79 Lumpectomy 0.5 NA + 1179 
OXPA267 Yes White Non-Hispanic 63 Mastectomy NA NA + 3083 
OXPA151 Yes White Non-Hispanic 72 Lumpectomy NA NA NA 1029 
OXPA644 No White Non-Hispanic 56 Lumpectomy 1.1 1 - 2456 
OXPA347 No White Non-Hispanic 83 Lumpectomy 5 1 + 3894 
OXPA508 No White Non-Hispanic 54 Lumpectomy 0.9 1 + 2570 
OXPA172 No White Non-Hispanic 72 Lumpectomy 1.8 1 NA 6903 
OXPA295 No White Non-Hispanic 56 Lumpectomy 1.2 1 NA 4903 
OXPA092 No White Non-Hispanic 55 Lumpectomy 0.5 2 + 3822 
OXPA156 No White Hispanic 42 Lumpectomy 0.5 2 + 7170 
OXPA392 No White Non-Hispanic 58 Lumpectomy 0.6 2 + 3709 
OXPA445 No White Non-Hispanic 57 Lumpectomy 1.3 2 + 3594 
OXPA501 No Asian Non-Hispanic 43 Lumpectomy 1.2 2 + 3044 
OXPA530 No White Hispanic 65 Lumpectomy 1.5 2 + 3167 
OXPA540 No Asian Non-Hispanic 45 Lumpectomy 1.8 2 + 2941 
OXPA182 No White Non-Hispanic 55 Lumpectomy 0.5 3 NA 4543 
OXPA146 No White Non-Hispanic 48 Lumpectomy 1 NA + 7067 
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3.8 Supplemental Data, Tables and Figures 

Figure S3.1. Effect of patient ancestry on lc-WGS imputation concordance between blood 
and tissue.  
Comparison of concordance between blood and tissue-based on ancestry background of the 
patient, with White ancestry in light green and Black or Asian ancestry in dark green. Pearson 
correlation squared (r2) is for all aggregated SNPs within a MAF bin. When available, 95% 
confidence intervals are shaded around the line based on 1000 bootstrap iterations.  
 



 
146 

 

 

 

 

 

Figure S3.2. Effect of coverage-related features on lc-WGS imputation concordance between 
blood and tissue.  
(a,b) Comparison of concordance as measured by squared Pearson correlation (y-axis) between 
blood and tissue as a function of MAF (x-axis) based on mean sequencing genome coverage depth 
of blood (a) or tissue (b).  
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Figure S3.3. Effect of coverage-related features on the error in non-cancer PRS calculation. 
(a-b) PRS error (y-axis), as measured by the absolute difference between blood and tissue PRS 
across all non-cancer PRS, as a function of (a) fraction of genome in a copy number loss or (b) 
mean tissue/tumor genome coverage (x-axis). The 95% confidence intervals are shaded around the 
line based on 1000 bootstrap iterations. Spearman correlation coefficient, r, and corresponding p-
value are indicated as text in the upper right.   
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Figure S3.4. Cox proportional hazard models measuring BCSE outcome in DCIS patients 
for 6 breast cancer PRS.  
Forest plot representation of hazard ratios (square) and 95% confidence intervals (error-bars), for 
each normalized breast cancer PRS and covariates for DCIS BCSE risk including DCIS nuclear 
grade (Grade), age of the patient at diagnosis (Age), the size of the DCIS lesion (Size), and whether 
the ancestry of the individual was European (EUR). The dotted line represents a hazard ratio of 1, 
indicating no effect on BCSE risk, >1 indicating increased, and <1 indicating decreased risk.  
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Figure S3.5. Assessment of 2 field HLA-typing accuracy from lc-WGS.  
Number of concordant HLA alleles (0: white, 1: grey:, 2: black) between haplotypes from the 
clinical gold standard and those imputed using QUILT-HLA for class I (A, B, C) and class II 
(DQB1 and DRB1) HLA genes (rows) using blood DNA of 14 patients. 
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Table S3.1. Description of the studied samples. 
Patient DNA 

source Ancestry Input DNA 
(ng) Coverage CNA 

burden 
Age of 

block (yr)1 Analysis2 

OXPC002 Blood White 68.4 1.11 0.00 - H 

OXPC003 Blood White 31.8 1.41 0.00 -  GPH 

OXPC003 Tissue White 28.4 0.69 0.00 7 GPH 

OXPC004 Blood White 32.1 0.84 0.00 - GPH 

OXPC004 Tissue White 5.5 0.44 0.15 7 GPH 

OXPC005 Blood White 53.1 0.79 0.00 5 GPH 

OXPC005 Tissue White 21.8 0.97 0.48 - GPH 

OXPC006 Blood White 48.9 0.95 0.00 - H 

OXPC007 Blood White 54.6 0.87 0.00 -  GPH 

OXPC007 Tissue White 35.1 0.46 0.08 6 GPH 

OXPC008 Blood White 45.3 0.89 0.00 - H 

OXPC009 Blood White 12.2 1.10 0.00 - GPH 

OXPC009 Tissue White 11.0 0.84 0.01 5  GPH 

OXPC010 Blood 
Black or 
African 

American 
16.9 0.85 0.00 - GPH 

OXPC010 Tissue 
Black or 
African 

American 
176.4 0.84 0.01 5 GPH 

OXPC011 Blood White 53.4 0.89 0.00 - GPH 

OXPC011 Tissue White 20.4 0.52 0.65 5 GPH 

OXPC012 Blood White 66.0 0.71 0.00 - H 

OXPC014 Blood White 12.1 0.68 0.00 -  GPH 

OXPC014 Tissue White 15.0 0.68 0.11 3 GPH 

OXPC017 Blood White 24.2 0.71 0.00 - GPH 

OXPC017 Tissue White 30.6 0.79 0.01 3 GPH 

OXPC018 Blood Asian 14.8 1.01 0.00 - GPH 

OXPC018 Tissue Asian 25.3 0.74 0.00 8 GPH 

1. Age of block inferred as the difference in years from DNA extraction (2021) to the year of the diagnosis.  
2. Analysis type sample was used in, which was one of: 

GPH: Genome wide, PRS and HLA  
H: HLA only (for samples without both tissue and blood) 
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Table S3.2. PRS description. 

Phenotype # Variants # SNPs # SNPs 
imputed 

# SNPs high-
quality  PGSID Publication source 

Bladder cancer 15 15 14 13 PGS000071 https://doi.org/10.1038/s41467-021-21288-z 
Breast cancer  
(Graff et al., 2021) 187 172 167 153 PGS000072 https://doi.org/10.1038/s41467-021-21288-z 

Cervical cancer 10 9 9 9 PGS000073 https://doi.org/10.1038/s41467-021-21288-z 

Colorectal cancer 103 103 101 90 PGS000074 https://doi.org/10.1038/s41467-021-21288-z 

Endometrial cancer 9 9 9 9 PGS000075 https://doi.org/10.1038/s41467-021-21288-z 

Kidney cancer 19 19 16 16 PGS000076 https://doi.org/10.1038/s41467-021-21288-z 

Lymphocytic leukemia 75 75 69 65 PGS000077 https://doi.org/10.1038/s41467-021-21288-z 

Lung cancer 109 109 100 85 PGS000078 https://doi.org/10.1038/s41467-021-21288-z 

Melanoma 24 24 22 21 PGS000079 https://doi.org/10.1038/s41467-021-21288-z 

Non-Hodgkin's lymphoma 19 18 17 16 PGS000080 https://doi.org/10.1038/s41467-021-21288-z 
Oral cavity and pharyngeal 
cancers 14 13 8 8 PGS000081 https://doi.org/10.1038/s41467-021-21288-z 

Ovarian cancer 36 32 30 27 PGS000082 https://doi.org/10.1038/s41467-021-21288-z 

Pancreatic cancer 22 22 22 18 PGS000083 https://doi.org/10.1038/s41467-021-21288-z 

Prostate cancer 161 152 146 136 PGS000084 https://doi.org/10.1038/s41467-021-21288-z 

Testicular cancer 52 52 49 45 PGS000086 https://doi.org/10.1038/s41467-021-21288-z 

Thyroid cancer 12 11 11 10 PGS000087 https://doi.org/10.1038/s41467-021-21288-z 

Type 1 Diabetes (T1D) 825 825 818 747 PGS001817 https://doi.org/10.1016/j.ajhg.2021.11.008 

Type 2 Diabetes (T2D) 384 384 378 321 PGS000832 https://doi.org/10.1038/s41588-021-00948-2 

High lipoprotein density (HLD) 303 302 265 241 PGS000845 https://doi.org/10.1038/s41588-021-00948-2 

Body mass index (BMI) 122 122 122 117 PGS000841 https://doi.org/10.1038/s41588-021-00948-2 

Cardiovascular disease (CVD) 330 329 224 212 PGS000863 https://doi.org/10.1038/s41588-021-00948-2 

Ulcerative colitis (UC) 179 165 147 132 PGS001306 https://doi.org/10.1101/2021.09.02.21262942 
Breast cancer  
(Kuchenbaecker et al., 2017) 88 86 56 51 PGS000045 https://doi.org/10.1093/jnci/djw302 

Breast cancer  
(Michailidou et al., 2017) 85 85 84 65 PGS000538 https://doi.org/10.1038/nature24284 

Breast cancer ER+ 
(Michailidou et al., 2017) 174 174 170 125 PGS000530 https://doi.org/10.1038/nature24284 

Breast cancer  
(Mavaddat et al., 2015) 77 77 74 67 PGS000001 https://doi.org/10.1093/jnci/djv036 

Breast cancer 
(Mavaddat et al., 2018) 313 265 256 230 PGS000004 https://doi.org/10.1016/j.ajhg.2018.11.002 

  

https://www.pgscatalog.org/score/PGS000045
https://www.pgscatalog.org/score/PGS000538
https://www.pgscatalog.org/score/PGS000530
https://www.pgscatalog.org/score/PGS000004
https://www.pgscatalog.org/score/PGS000001
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Table S3.3. DCIS cohort technical characteristic description. 
Patient Input DNA (ng) Mean coverage CNA burden Age of block (yr)1 Passed QC? 

OXPA002 68.4 0.93 0.05 18 Yes 
OXPA003 19.6 1.07 0.04 21 Yes 
OXPA006 106.8 0.96 0.06 14 Yes 
OXPA020 69.6 1.07 0.02 22 Yes 
OXPA021 99 1.11 0.03 21 Yes 
OXPA028 29.64 0.84 0.05 16 Yes 
OXPA032 38.4 1.09 0.04 15 Yes 
OXPA033 300 0.96 0.08 15 Yes 
OXPA036 12.7 0.88 0.07 14 Yes 
OXPA044 65.4 1.10 0.03 11 Yes 
OXPA064 15 1.12 0.04 7 Yes 
OXPA092 10.3 0.49 0.02 14 Yes 
OXPA146 24.06 0.81 0.08 25 Yes 
OXPA147 300 0.74 0.04 25 Yes 
OXPA150 30.9 0.92 0.04 24 Yes 
OXPA151 64.8 0.79 0.37 24 Yes 
OXPA153 201 0.96 0.05 24 Yes 
OXPA156 19.9 0.83 0.03 24 Yes 
OXPA161 15.4 0.95 0.04 24 Yes 
OXPA166 300 0.91 0.04 24 Yes 
OXPA172 28.02 1.16 0.03 23 Yes 
OXPA179 102 0.79 0.04 23 Yes 
OXPA182 31.2 0.83 0.28 23 Yes 
OXPA185 52.2 0.89 0.04 23 Yes 
OXPA246 109.2 1.16 0.04 20 Yes 
OXPA267 204 1.01 0.07 19 Yes 
OXPA295 25 1.65 0.02 18 Yes 
OXPA347 40.2 1.79 0.05 16 Yes 
OXPA392 6.6 1.36 0.04 15 Yes 
OXPA445 7.5 1.12 0.02 14 Yes 
OXPA501 119.4 0.93 0.04 13 Yes 
OXPA508 25.5 0.67 0.05 13 Yes 
OXPA527 48.9 0.68 0.10 13 Yes 
OXPA530 14.4 0.74 0.30 13 Yes 
OXPA540 72.6 0.96 0.05 12 Yes 
OXPA644 30.9 0.59 0.04 10 Yes 
OXPA007 82 0.15 N/A 11 No (Low cov.) 
OXPA035 17.5 0.31 N/A 14 No (Low cov.) 
OXPA619 35.2 0.31 N/A 11 No (Low cov.) 
OXPA066 300 0.34 N/A 7 No (Low cov.) 
OXPB024 53.7 0.47 N/A 6 No (Low cov.) 
OXPA025 300 0.49 N/A 17 No (Contam.) 
OXPA574 50.1 0.80 N/A 12 No (Contam.) 
OXPA005 18.6 0.81 N/A 15 No (Contam.) 
OXPA269 11.9 0.91 N/A 19 No (Contam.) 
OXPA165 81.6 0.92 N/A 24 No (Contam.) 
OXPA040 300 0.93 N/A 13 No (Contam.) 
OXPA169 300 0.97 N/A 24 No (Contam.) 
OXPB009 224.4 0.99 N/A 7 No (Contam.) 
OXPA029 170.4 1.04 N/A 16 No (Contam.) 
1. Age of block inferred as the difference in years from DNA extraction (2021) to the year of the diagnosis.  
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Table S3.4. DCIS cohort covariate association with patient outcome. 

Clinical feature  
No BCSE2 

(N=14) 
BCSE 
(N=22) Significance3 

Grade1 

Low 36% (5) 41% (9) 

p=0.59 Intermediate 50% (7) 27% (6) 

High 7% (1) 9% (2) 

ER status1 

+ 71% (10) 77% (17) 

p=0.39 

- 7% (1) 0% (0) 

Ethnicity1 

Hispanic 14% (2) 9% (2) 

p=0.63 

Non-Hispanic 86% (12) 91% (20) 

Race 
Asian 14% (2) 9% (2) 

p=0.63 

White 86% (12) 91% (20) 

Pathologic size (cm)1  1.35 0.85 p=0.05 

Age at diagnosis (yrs)  56.3 60.1 p=0.27 

1. Missing values not represented here, but can be found in Table S3.2. 
2. BCSE: Breast cancer subsequent event. 
3. P-values were computed using Fisher Exact test for ER status, Race, Ethnicity and Chi-square test for Grade. 

For continuous features, size and age, Mann-Whitney U test was used to compare groups.  
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EPILOGUE 

 
Conclusion 

 
Over the next decade, as attention shifts to early cancer detection and prevention, one of 

the key challenges will be to elucidate the biology and trajectory of precancer 1. By understanding 

the mechanisms of precancer development and progression to malignancy, we can identify better 

therapies for cancer prevention, identify individuals at high risk of progression and gain a detailed 

understanding of cancer evolution. As precancer progression can happen over the span of a decade, 

and biopsies are small and often formalin-fixed and paraffin-embedded (FFPE), precancer has 

historically been logistically difficult to study. In this dissertation, I demonstrated the possibility 

to perform comprehensive profiling of both acquired and inherited genetic alterations from some 

of the most challenging, but abundant, clinical specimens. The ability to sequence LCM FFPE 

tissue contributed to the multi-modal profiling of a cohort of DCIS and the construction of a breast 

precancer atlas. Likewise, in establishing a germline variant calling workflow from low-coverage 

genome sequencing of only archival tissue, we were able to assess the contribution of inherited 

variation to breast precancer outcome.  

In Chapter 1, I illustrated that we can obtain reliable somatic mutation calls from poor 

quality and as little DNA as 3 ng or the equivalent of ~500 cells 1. Using DNA from mirrored 

frozen and FFPE tissue I benchmarked somatic mutation calls and provided estimates for 

sensitivity and precision. Further, to reduce sample sequencing failure, I used pre-sequencing 

metrics from 166 FFPE library preparations to construct a model to predict exome coverage which 

we integrated into a web tool called PROjeCt ExomE Depth (PROCEED). We then applied this 

work to the somatic mutation profiling of ductal carcinoma in situ (DCIS). 

https://paperpile.com/c/8bKH6e/M04d
https://paperpile.com/c/MyZkSL/CMed
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In Chapter 2, I presented a multi-modal characterization of a total of 85 dissected regions 

from 39 patients with breast precancer in the absence of any invasive disease 2. This cohort featured 

DCIS with varying nuclear grades, including low-grade, receptor status, and histological 

architectures representative of what would be observed in the clinic. We performed whole-exome 

sequencing enabled by the efforts of Chapter 1, RNA sequencing, histopathological analysis, and 

mIHC for immune cell abundances on multiple regions of the same tissue slide. We found that 

even between regions within millimeters of one another, there is abundant genetic, transcriptional, 

and immune microenvironment diversity, which is often correlated to one another. Further, we 

identified novel histological and molecular associations and an immune epithelium exclusion 

phenotype with evidence of immune evasion features. This work represents an important landscape 

for pure DCIS across a spectrum of diverse presentations.  

Lastly, in Chapter 3, we reconsider whether we can use only archival tissue instead of 

traditional sources of germline DNA (i.e. blood, saliva, urine), to perform a germline genetic study. 

We performed low-coverage whole-genome sequencing (lc-WGS) followed by reference 

haplotype-based imputation to obtain patient genotypes directly from archival tissue. By 

comparing genotypes from blood versus archival tissue of the same patient I found that archival 

tissue faithfully represented the germline profile of common SNPs obtained from blood both at the 

genome-wide level, across well-established PRS, and even HLA-types. I then used this framework 

to test whether lifetime breast cancer susceptibility, as captured by established breast cancer PRS, 

and progression of DCIS share the same genetic risk factors. In a case-control group of selected 

patients (N=36), we did indeed find that increased breast PRS could be used as a prognostic marker 

for a subsequent DCIS or progression outcome. This work as a whole supports the future utilization 

https://paperpile.com/c/MyZkSL/znIK
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of archival tissue to construct large retrospective studies to characterize the role of germline 

variants in disease etiology, progression, and treatment. 

 By optimizing and measuring the feasibility of both somatic and germline profiling of the 

genetic profiles of precancer lesions, I was able to apply these methods to map DCIS and identify 

genetic prognostic markers of DCIS outcome. This work identified novel findings in the molecular 

features of a diverse array of DCIS, and overall helped advance our understanding of early breast 

tumorigenesis.  

Limitations and Future Directions 

Though this work represents important steps forward in the accessibility of clinical samples 

to molecular characterization, mapping of ductal carcinoma in situ molecular (DCIS) features, and 

identification of high-risk adverse outcome biomarkers, there are still many avenues of study to 

continue down and important limitations to keep in mind.  

Both in Chapters 1 and 3, we utilized archival tissues and showed the validity of the nucleic 

material for somatic and germline profiling respectively. In both utilizations, we still experienced 

sample failure, either due to insufficient coverage or the presence of contaminating DNA. We 

mitigated some exome sample failure with our trained model PROCEED, to help predict which 

samples would likely not produce sufficient exome coverage, and a similar approach could help 

with the lc–WGS data as well. Samples with very little DNA are particularly susceptible to DNA 

contamination which is hard to detect until samples are sequenced and thus represents a source of 

sample failure that is harder to address. However, optimized archival tissue block processing, 

including the use of PCR-free lab stations and careful replacement of tissue sectioning blades 

between every tissue block, could offer some help. Lastly, although the blunt-end ligation strategy 

offered improved data recovery, the multi-step ligations it required generated a slightly tedious 



 
170 

protocol. Simultaneously to our efforts to perform DNA sequencing of low-abundance DNA from 

LCM archival clinical samples in Chapter 1, a similar method was being optimized at the 

Wellcome Sanger Institute 4. This method utilizes a library preparation protocol that includes 

enzymatic fragmentation, end-repair, and adapter ligation performed in the same tube before PCR 

amplification, offering a simplified workflow. Both the enzymatic and blunt-end ligation-based 

library preparations offer increased coverage over standard sonication fragmentation and A-tail 

ligation-based protocols for low-input DNA. While in Chapter 2 we used the blunt-end ligation-

based library preparation, in Chapter 3, the DNA was prepared using the enzymatic approach for 

the simplified workflow. 

 Although we demonstrated that we were able to call somatic mutations with limited 

additional artifacts there are still complications with variant calling from tumor-only FFPE 

samples. In the Discussion of Chapter 1, we detail the challenges of germline removal. As a brief 

summary, blood which is typically used to distinguish germline variants from somatic mutations 

is typically unavailable retrospectively. Sequencing of adjacent normal tissue can be technically 

challenging and suboptimal as it often harbors somatic mutations due to “field effects” evidenced 

in many tissue types, including breast 5–9. Further, in Chapter 1 we observed that FFPE artifacts in 

our mirrored FFPE and frozen sample were pervasive and present even at variant allelic fractions 

(VAF) above 10%. To mitigate both the effects of likely residual germline variants and potential 

FFPE-based artifacts in the genomic profiling of DCIS in Chapter 2, we sequenced an additional 

panel of (N=18) unrelated normal DNA, processed using the exact same protocol and analysis 4. 

Further, to proceed with caution, we focused our DCIS genomics results in Chapter 2 on specific 

driver alterations, or multi-region comparisons, where the phylogenetic trees were also confirmed 

based on CNA, which would be minimally or not at all affected by FFPE artifacts or germline 

https://paperpile.com/c/8bKH6e/HtUTj
https://paperpile.com/c/8bKH6e/Hk5Ab+d8QeE+UipCp+PS9jS+LW24h
https://paperpile.com/c/8bKH6e/HtUTj


 
171 

contamination. Conclusions for the DCIS that relied on measuring mutational burden, were 

presented with the caveat that rare or private residual germline variants may exist among the DCIS 

somatic mutation calls. The implementation of the stringent threshold for mutations, especially in 

terms of VAF, limits the exploration of genetic diversity in precancers, where lower-frequency 

subclones may be hard to distinguish from artifacts. There are several ways to improve both of 

these issues in the future. More extensive panels of sequenced normal tissue, matched for patient 

ethnicity, protocol, and analysis type would continue to improve germline and artifact removal in 

precancer. Additionally, algorithmic improvements in removing FFPE or DNA damage artifacts 

that leverage machine learning or mutational signature-based systems will likely support improved 

accuracy exome- or genome-wide somatic profiling from FFPE tissues in the future 10–12. In cancer, 

intratumoral genomic heterogeneity has important implications for disease progression and 

treatment outcomes and is considered the “fuel for clonal evolution” 13,14. In DCIS, genetic intra-

lesion heterogeneity has already been shown to be as extensive as IBC, but the relationship 

between this genetic heterogeneity and long-term disease outcome is yet to be understood 15,16. 

Improvements to the low-frequency mutation detection in archival tissue-derived DNA will be 

critical to addressing these questions. 

In Chapter 2, I presented a multi-modal characterization of a total of 85 dissected regions 

from 43 patients with breast precancer. Despite our success in profiling incredibly challenging 

specimens, we did not assess our findings in the context of the inherited genetic landscape. There 

is an increasing appreciation for the interplay between the germline background and acquired 

somatic alterations and how that impacts cancer risk, and tumorigenesis 17. In breast, a cancer type 

with a particularly strong genetic contribution, future work integrating germline variants and 

somatic mutations in DCIS would be particularly valuable 18,19. Further, larger cohorts which can 

https://paperpile.com/c/8bKH6e/yY6iZ+axNLq+gxOAn
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be sufficiently powered to link molecular features with outcomes will be critical for the field. 

During the time that we released this work, two other groups published pre-prints of their breast 

cancer atlases concurrently, including an atlas led by the Human Tumor Atlas Network (HTAN) 

and the PREvent ductal Carcinoma In Situ Invasive Overtreatment Now (PRECISION) consortium 

20,21. Each atlas presents a different angle on DCIS and uses varying methodologies that have both 

benefits and drawbacks i.e. low-coverage whole-genome sequencing for genomic profiling, single-

cell genomics, and transcriptomics, or multiplexed ion beam imaging for immune 

microenvironment characterization. Future atlases make also incorporate spatial-omics directly 

from FFPE tissue as it becomes higher throughput and has increased resolution, this may be 

particularly pertinent for making spatially resolved molecular observations without tissue 

dissection 22. These additional atlases also provide excellent independent cohorts for validation 

amongst one another for compatible data-type. This is particularly pertinent to Chapter 3, where 

our observation that elevated breast PRS is associated with adverse DCIS outcomes, will be able 

to be validated in these upcoming studies. Important further work will include DCIS atlases 

incorporating inherited germline backgrounds, to provide a more comprehensive description and 

characterization of DCIS. 

Lastly, although we applied improvements in somatic and germline profiling to breast 

precancer, these methodologies utilizing archival tissue can be applied to any precancer type where 

most samples are archived. The breast precancer atlas was in part generated in tandem with 

precancer profiling of prostate, lung, pancreas, and melanoma at other institutions as a pan-

precancer effort coordinated by the National Cancer Institute (NCI) funded Molecular and Cellular 

Characterization of Screen-Detected Lesions Consortium 23. Integration of data from other 

precancer types will help distinguish universal patterns of progression of premalignancy, versus 

https://paperpile.com/c/8bKH6e/3EuGz+m7nRY
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those which are tissue-specific. The field of early cancer detection is rapidly evolving with new 

approaches, including liquid biopsies for cell-free tumor DNA, which will likely soon enable the 

detection of precancer across an increased range of tissues. For improved detection to reduce 

cancer morbidity, understanding early carcinogenesis across all tissues will be critical for 

developing and tailoring chemopreventative interventions and will likely represent the next major 

forefront of cancer prevention.  
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