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Abstract

Purpose CALGB 40903 (Alliance) was a phase Il single arm multicenter trial conducted in postmenopausal patients
diagnosed with estrogen-receptor (ER) positive breast ductal carcinoma in situ (DCIS) without invasion. Patients were
treated with the aromatase inhibitor (Al) letrozole for 6 months prior to surgery with change in magnetic resonance
imaging (MRI) enhancement volume compared to baseline as the primary endpoint. In the current study, we per-
formed sequence analysis of pre- and post-treatment specimens to determine gene expression and DNA copy num-
ber parameters associated with treatment and response.

Experimental design Paraffin sections from pretreatment biopsies and post-treatment surgical specimens were
evaluated for presence of DCIS. Proliferation based on Kl67 staining was quantified by a study pathologist. Mac-
rodissection of the DCIS components from thin sections was the source of RNA and DNA. Whole-transcriptome

RNA and shallow whole-genome DNA sequencing were performed. PAM50 analysis to assign intrinsic subtypes

with associated probability of class membership was performed. Differential gene expression comparing responders
versus non-responders and pre- versus post-treatment specimens was performed using a two-tiered approach based
on candidate genes and a whole genome survey with appropriate multiple testing corrections.

Results Based on availability of specimens and presence of DCIS component, 29 patients (from the 70 who com-
pleted the treatment trial) were included in the final data set, including five who had a pathologic complete response
(pCR). Response to treatment was qualified categorically based on a threshold of 10% Kl67 in the post-treatment
surgical specimen or pCR. Based on this criterion, six of the 29 DCIS were considered non-responders (> 10% KI67)
and five subjects with pCR were assigned to the responder group. No standard clinical variables were associated

with response. On the basis of gene expression analysis, 19 of the pre-treatment samples were classified as luminal A,
all of which were classified as responders. PAM50 classification of the other ten pre-treatment samples included lumi-
nal B, HER2, basal, and normal-like, six of which were non-responders. PAM50 class membership shifted from baseline
to post-treatment in eight cases, most often from luminal A to normal-like (five cases). Selected genes associated
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with estrogen receptor levels in invasive breast cancer were higher in Al responsive tumors. Al treatment resulted
in reductions in estrogen and proliferation related genes.

Conclusions Letrozole treatment produced an effective growth response, particularly in DCIS initially classified

as luminal A. Study inclusion criteria of DCIS with at least 1% ER positive cells resulted in the inclusion of other
subtypes that failed to respond. Treatment also induced both minor and major changes in intrinsic subtype based
on PAM50 probabilities. Overall, these data indicate that response to Al treatment in ER(+) DCIS is variable and analo-
gous to that observed in invasive breast cancers.

Translational relevance Treatment for breast DCIS ranges from active surveillance to mastectomy, often combined
with adjuvant endocrine therapy. The work presented here based on a unique neoadjuvant trial provides direct infor-
mation on hormone therapy responsiveness of this disease and further couples the biology of invasive breast cancer
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to its non-obligate precursor.
Trial registration: ClinicalTrials.gov Identifier: NCT01439711
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Introduction

Ductal carcinoma in situ (DCIS) is a proliferative condi-
tion of the breast epithelium, commonly diagnosed on
the basis of microcalcifications detected by screening
mammography. As it is one of the conditions that car-
ries a substantially elevated risk for subsequent invasive
cancer, recommendations for treatment include surgery,
radiotherapy, and for DCIS that express hormone recep-
tors, endocrine therapy. While pre-operative neoadju-
vant endocrine therapy (NET) is not standard of care for
DCIS, in the setting of invasive cancers, NET has been
used to treat hormone receptor positive invasive cancers
prior to surgery and results in increased breast conser-
vation with up to a 20% complete pathologic response
[1]. Pre-operative therapy in general provides unparal-
leled insight into the response of individual cancers. For
endocrine therapy of invasive breast cancer, pre-opera-
tive response is also related to relapse-free survival. The
pre-operative endocrine prognostic index (PEPI) score,
developed and validated on data from two NET trials for
invasive breast cancer, integrates a series of 4 variables
obtained from the post-treatment surgical specimen [2,
3]. One of these variables is the proliferation rate meas-
ured by KI67 with cancers that retain a high percentage
of cycling cells after endocrine therapy more likely to
recur. This can be valuable knowledge for guiding the
application of cytotoxic adjuvant therapy for cancers that
respond poorly to endocrine therapy alone.

Cancer and Leukemia Group B (CALGB) 40903 was a
phase II single arm multicenter trial conducted in post-
menopausal patients diagnosed on core biopsy with
estrogen receptor (ER) positive DCIS without invasion
[4]. Patients were treated with the aromatase inhibi-
tor (AI) letrozole for 6 months prior to surgery with the
primary endpoint being change in magnetic resonance

imaging (MRI) enhancement volume compared to base-
line. In addition to imaging, tissue-based biomarkers
were also examined from baseline biopsies and surgical
specimens. Seventy women completed the intervention
per the protocol and 9 (15%) of the subjects experienced
a complete pathologic response, a rate that is comparable
to invasive cancers treated with neoadjuvant endocrine
therapy. Also similar to invasive cancer, immunohisto-
chemical detection of ER, progesterone receptor (PR),
and KI67 demonstrated significantly reduced levels after
letrozole treatment. In the current study, we examined
specimens from this trial to determine gene expression
and copy number events that were associated with treat-
ment and response.

Materials and methods

Subjects and tissue specimens

The present study was performed using demographic,
clinical and genomic data from participants enrolled in
CALGB 40903 (NCT01439711), a phase II open-label
single-arm multicenter cooperative group trial con-
ducted for postmenopausal patients diagnosed with ER-
positive DCIS. All clinical endpoints and measures were
finalized by February 2018. CALGB is now part of the
Alliance for Clinical Trials in Oncology. The parent trial
was reviewed and supported by the National Institutes of
Health, Division of Cancer Prevention and was approved
by the institutional review board at each participating
site. Enrollment for this trial occurred between August
1, 2012 and February 1, 2016. Each participant signed
an IRB-approved protocol-specific informed consent
document in accordance with federal and institutional
guidelines which included consent for secondary analy-
sis. All eligible patients underwent baseline radiological
assessment by mammogram and breast MRI followed by
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6 months of preoperative therapy with a daily oral dose
of 2.5 mg letrozole. Follow-up breast MRI was obtained
after 3 and 6 months of treatment. Patients with radio-
logic progression at 3 months underwent surgery and
discontinued letrozole treatment, while those with-
out progression continued treatment for the remaining
3 months followed by definitive surgery. Surgery type
was decided according to patient election with surgeon
recommendations based on the National Comprehensive
Cancer Network treatment guidelines for DCIS. Addi-
tional details about the clinical study design and results
have been reported [4]. One of the study pathologists
(A.H.) reviewed all samples and marked the region of
interest (ROI) for macrodissection to isolate nucleic acids
for the current study.

Proliferation analysis

The proliferation associated protein KI67 was detected
on a representative section from the pre- and post-treat-
ment samples at Duke University. The percentage of cells
positive for KI67 was scored by a study pathologist (YYC)
in three 20X fields containing DCIS and was averaged
to arrive at the final proliferation index for the pre- and
post-treatment specimens.

DNA and RNA sequencing

Genomic analyses were conducted at Duke University.
Regions containing DCIS were macrodissected and DNA
and RNA were extracted for sequencing using the All-
Prep kit for FFPE tissue (Qiagen) according to the manu-
facturer’s instructions. DNA and RNA quantification was
performed using a Qubit Fluorometer (Invitrogen). Low-
pass whole-genome sequencing to measure copy number
variation was performed on DNA sheared to~500 bp
after library preparation with the KAPA HyperPrep Kit
(Roche). Libraries were pooled to equimolar concentra-
tions and were sequenced on the Illumina NovaSeq 6000
S-Prime flow cell at 2.5 nM concentration producing
150 bp paired end reads.

RNA-seq using 150 bp paired-end reads from 10 ng of
total RNA was performed to evaluate global expression
patterns using the Sigma-Aldrich SeqPlex kit. Double-
stranded cDNA was prepared using the SeqPlex RNA
Amplification Kit (Sigma) through 25 cycles. After sonic
fragmentation, cDNA was blunt ended, had an “A” added
to the 3’ ends, and then ligated to Illumina sequencing
adapters. Ligated fragments were amplified for 12 cycles
using primers incorporating unique dual index tag and
sequenced on the Illumina NovaSeq 6000 platform.

Al response classification
For the present analyses, study participants were divided
into “responders” or “non-responders” using a threshold
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of 10% K167 after treatment. This value was chosen based
on the pre-operative endocrine prognostic index (PEPI)
[2] that has been employed for assessing endocrine ther-
apy response for invasive breast cancers. Patients who
experienced a pathologic complete response (pCR) had
no post-treatment DCIS remaining by definition and
these were classified as responders.

Statistics and bioinformatics considerations

Clinical variables: Clinical variables were tested for
association with KI67 response using the Mann—Whit-
ney U test and the chi-square test for continuous and cat-
egorical variables, respectively. For categorical variables,
“unknown” or “indeterminate” values were excluded. For
nuclear grade, grade 3 was tested versus grades 1 or 2
combined.

RNA-seq: The quality of the raw sequencing reads,
stored in demultiplexed FASTQ files, was assessed and
reported by using FastQC (v0.12.1). and MultiQC (v1.14)
[5]. Quantitative data from these reports were tabulated
for review. Sequences with adapter contaminations and
low-quality sequences were cleaned using Trimmomatic
(v0.39[6]. The sequencing quality was reassessed follow-
ing trimming.

The raw sequencing reads were aligned to the refer-
ence genome using the STAR (v2.7.10b) [7] aligner and
mapped to genomic features, including genes and exons,
using STAR’s built-in module. The human reference
sequence (GRCh38) and annotation GTF file (hg38)
were obtained from GENCODE (v38.13) [8, 9]. The read-
level mapping quality was evaluated through STAR out-
put, including fraction of reads mapped to gene regions,
ambiguous regions, non-feature regions, or multiple loci.
Likewise, the base-level mapping quality was assessed
through CollectRnaSeqMetrics from Picard Toolkits
(v3.0.0:  http://broadinstitute.github.io/picard). ~ This
metric counts the number of bases mapped to coding
UTR, intergenic regions, intronic regions and ribosomal
regions. A detailed report of the quality control metrics is
included as part of the Supplementary Material.

Sequence counts were normalized using a variance-
stabilizing transformation. Differential expression analy-
ses were performed within the framework of a negative
binomial model using R (v4.2.2) [10] and its extension
package, DESeq2 (v1.38.3) [11]. To test for changes in
pre- vs. post-treatment expression, a patient identi-
fier was included as a covariate and the parameter min-
ReplicatesForReplace was set to “Inf” to prevent outlier
replacements. To minimize spurious results from low-
expression genes, genes without a minimum of five nor-
malized counts in at least five samples were prefiltered
from the test of differential expression between pre- and
post-treatment. This prefiltering was relaxed to exclude
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genes without a minimum of five normalized counts in a
least three samples to test differential expression between
responder and non-responder patients as the design
was less complex. For both tests, log2 fold change (LFC)
shrinkage using a normal prior distribution was applied
to correct estimates for genes with low counts and high
dispersion.

P values for analyses using an a priori defined set of
candidate genes were adjusted for family-wise error rate
(FWER) using a Bonferroni correction based on the
number of genes and number of comparisons (i.e., two
comparisons: pre- versus post-treatment and responder
versus non-responder) in the analyses. P values for
genome-wide analyses were adjusted for false discovery
rate (FDR) using a Benjamini—Hochberg procedure. Gene
set enrichment analyses (GSEA) were conducted based
on the functionally annotated Reactome [12, 13] database
and performed using the R package fgsea (v1.24.0) [14].
The package was run using default parameters, including
limiting the pathways tested to only those with 15 to 500
genes. P values for pathway analyses were adjusted for
FDR using a Benjamini-Hochberg procedure.

As reported by Gao, et al. [15], tissue samples that differ
in size influencing the rate of formalin fixation resulting
in a pattern of gene expression differences. Pre-treatment
samples were all core needle biopsy specimens whereas
after treatment specimens were the larger surgical exci-
sional biopsies. Genes have been reported as being sensi-
tive to fixation timing were indicated with an asterisk in
pre- versus post-treatment DE results and were excluded
from GSEA.

To examine the correlation of top genome-wide hits
associated with response to letrozole with expression
of ESRI in the TCGA (Firehose Legacy) dataset, the
TCGA data were accessed using cBioPortal [16—18] on
9/12/2023; TCGA data were generated by the TCGA
Research Network (https://www.cancer.gov/tcga).

PAMS50: PAM50 is a widely used 50-gene signature
that classifies invasive breast cancer into five molecular
intrinsic subtypes: luminal A, luminal B, HER2-enriched,
basal-like, and normal-like. Each of the five molecular
subtypes varies by their biological properties and prog-
noses [19, 20].

The PAM50 classification was conducted based on
normalized gene counts using the variance-stabilization
transformation implemented by the DESeq2 package.
Molecular subtypes of pre-treatment samples and post-
treatment samples were classified separately using the
genefu package (v2.30.0) [21] from Bioconductor. To
illustrate switches in PAM50 classification between pre-
and post-treatment samples, a Sankey diagram was gen-
erated in R using the package ggsankey v0.0.99999 [22].
Subtype and subtype switches were based on the highest
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probability (derived from the genefu package) of class
membership (Supplemental Table S1).

DNA-seq: The raw sequences were aligned to the
human hg38 reference genome using the BWA-MEM
algorithm (v0.7.17) [23]. The reference genome was
obtained from GATK bundle vO (https://gatk.broad
institute.org). The aligned bam files were preprocessed
removing duplicates and position recalibration by using
picard-tools (v3.0.0; http://broadinstitute.github.io/pic-
ard/faq.html) and GATK (v4.4.0.0) [24]. Copy number
variation (CNV) was called using CODEX2 (v1.3.0) [25]
for all available pre-treatment samples. Welch’s two-
sample t-test was used to analyze the association with
KI67 score and amplification vs. non-amplification for
selected genes. P values for the Welch’s two-sample t-test
were adjusted for family-wise error rate (FWER) using a
Bonferroni procedure. The Mantel-Haenszel chi-squared
test with continuity correction was used to test for asso-
ciation of in any of the selected genes with KI67 response
status.

Results

Of the 70 patients who completed letrozole treatment
per protocol, 59 had baseline RNA samples and 26 had
matching post-treatment samples available for the pre-
sent study (CONSORT diagram, Fig. 1). Two samples
were deemed to have insufficient DCIS to isolate RNA
and DNA, and one sample was excluded due to low
sequencing quality. Additionally, one pre-treatment sam-
ple was eliminated based on its PC1 outlier status from a
principal components analysis of RNA-seq data (Supple-
mentary Fig. S1). The final analysis population therefore
consisted of 24 subjects with paired pre-and post-treat-
ment RNA samples, and 5 subjects with pre-treatment
samples who achieved pCR. Of these 29 subjects, 24 had
pre-treatment DNA-seq samples passing quality checks,
including three who achieved pCR.

The characteristics of the responding and nonrespond-
ing groups are summarized in Table 1. No standard clini-
cal variables were associated with response, although
there was a trend showing higher proportion of high-
grade DCIS in the non-responder group (p=0.06).

PAM50 classification

We chose PAM50 as the most common expression-
based categorization system for breast cancer. Classifica-
tion was conducted using all available RNA-seq samples
passing quality control, classifying 55 pre-treatment
samples and 26 post-treatment samples separately. Indi-
vidual assignments with associated probabilities are pro-
vided for the final analysis population in Supplementary
Table S1 (Excel Supp Table file). This table also contains
information on ER, PR, grade, and imaging parameters,
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70 pts completed treatment

]

RNA-seq data
85 libraries from 59 pts:
59 pre-treatment
26 post-treatment
26 pre+post
60,708 annotated genes

]

Excluded:
2 Insufficient samples

1 Low sequencing quality
1 PCA outlier

Il

DNA-seq data

80 libraries from 61 pts:
50 pre-treatment
30 post-treatment

¥

QCed RNA-seq data
81 libraries from 57 pts:
55 pre-treatment
26 post-treatment
24 pre+-post
53,776 annotated genes

K167 data

57 pts with K167 scores:
55 pre-treatment
26 post-treatment
5 pts with pCR

QCed DNA-seq data
80 libraries from 61 pts:
50 pre-treatment
30 post-treatment

l

A4

A4

DE Analysis of pre vs.
post

24 pts with both pre- and
post-treatment RNA-seq
samples

Fig. 1 CONSORT diagram of the cases included in this study

including the MRI response category (the original clini-
cal endpoint of the study). Figure 2A is a spaghetti plot
showing the KI67 response (pre- and post-treatment
where available) color coded by the pretreatment PAM50
assignments, including the five cases that had a pCR. The
first notable aspect of this comparison is that two of these
cancers were categorized as basal with associated prob-
abilities > 0.6, (one of which was a pCR). One of the entry
criteria for this treatment trial was expression of either
ER or PR in at least 1% of the tumor cells assessed by
immunohistochemistry and pathologist review. One of
the cases classified as basal had low levels of ER (1% posi-
tivity) and no demonstrable PR staining, which is consist-
ent with the intrinsic subtype assignments. This case had
persistently high proliferation after treatment and was
categorized in this study as a non-responder. The other
case classified as basal by PAM50 had high ER expres-
sion, relatively low PR expression, and experienced a
pCR. Of the remaining non-responders, three were HER2
and two were luminal B. Conversely, of the remaining
22 responders, 19 were classified as luminal A (p<0.001
Fisher’s Exact Test for association of KI67 response with
luminal A versus other subtypes). Of the five cases that
experienced a pathologic complete response, three were

DE Analysis by K167 re-
sponse
29 pts with pre-treatment
RNA-seq samples and
post-treatment K167 re-
sponse or pCR

24 pts with KI67 post

CNV by K167 response
24 pts with pre-treatment
DNA-seq samples and
post-treatment KI67 re-
sponse or pCR

21 pts with KI67 post

3 pts with pCR

5 pts with pCR

classified as luminal A, one as normal-subtype, and one
as basal.

We next evaluated whether there was any change in
intrinsic subtype after treatment. We highlight any indi-
vidual switch (based on the class assignment probabili-
ties provided in Supplementary Table S1) in subtype in
Fig. 2A and summarized over the cases in the Sankey
diagram (Fig. 2B). Overall, eight cases demonstrated a
shift in subtype assignment after treatment. In particular,
five of the responsive luminal A cases were classified as
“normal” subtype after treatment. In four of these cases,
the pre-treatment assignments also carried a substantial
probability of being a “normal” subtype. Of the cases that
failed to respond to letrozole and experienced a shift in
subtypes, one HER2 switched to basal and one luminal B
switched to “normal” subtype.

Gene expression changes resulting from treatment

Suppression of estrogen signaling by the aromatase
inhibitor, particularly in the responsive cases, should be
reflected by substantially altered gene expression. We
compared pre- versus post-treatment expression across
the study set irrespective of intrinsic subtype or KI67
response in two steps: (1) using an a priori defined set of
76 candidate genes (Supplementary Table S2, Excel file)
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Table 1 Aggregated patient characteristics overall and separated into responder and non-responder categories. Clinical variables
were tested for association with KI67 response using the Mann-Whitney U test and the chi-square test for continuous and categorical

variables, respectively

Characteristic Responders?® (n=23) Non-responders? (n=6) Total® (n=29) p
Age at diagnosis (years) 62 (49-82) 64 (59-70) 62 (49-82) 0.51
Race 0.19
Black 2(8.7) 2(333) 4(13.8)

White 20 (87.0) 4(66.7) 24 (82.8)

Unknown 143 0 (0. 134)

Ethnicity 1.00
Hispanic or Latino 1(4.3) 0(0.0) 1(34)

Non-Hispanic 21(91.3) 6 (100.0) 27 (93.1)

Unknown/Not reported 1(4.3) 0(0.0) 1(34)

Surgery 1.00
Lumpectomy 21(913) 5(83.3) 26 (89.7)

Mastectomy 2(8.7) 1(16.7) 3(103)

Nuclear grade 0.06
Low (Grade 1) 3(13.0) 0(0.0) 3(103)

Intermediate (Grade 2) 14 (60.9) 2(33.3) 16 (55.2)

High (Grade 3) 5(21.7) 4(66.7) 9(31.0)

Indeterminate 1(4.3) 0(0.0) 1(34)

Hormone receptor status 0.18
ER and PR positive 21(91.3) 4(66.7) 25 (86.2)

ER positive/(PR negative or PR unknown) 2(8.7) 2(333) 4(13.8)

Baseline mammographic extent of disease (mm) 27 (5-60) 25 (17-50) 26 (5-60) 0.76

Baseline MRI volume (cm?) 1.590 (0.004-9.563)

1.232(0437-20.123) 1.590 (0.004-20.123) 0.62

2 Median (Minimum-Maximum); n (%)

including the PAM50 as cardinal elements of breast can-
cer fundamental processes and an additional 26 genes
implicated in endocrine response and (2) a genome-wide
analysis. Following prefiltering, 74 of the 76 candidate
genes remained to be tested for differential expression
(Supplementary Material: RNAseq-DE.html). P values
for each differential expression analysis were adjusted for
multiple testing; FWER-adjusted for the candidate gene
set analysis, and FDR-adjusted for the genome-wide anal-
ysis. Top genes in each case are presented in Fig. 3 and
tabulated with adjusted significance values in Supple-
mentary Tables S3 and S4. As expected, down-regulated
genes were largely associated with proliferation and the
cell cycle (e.g., MKI67, ANLN, CCNE1, and CENPF) or
estrogen signaling (e.g., PGR, SLC39A6). The only can-
didate gene with substantially higher expression after
treatment was KRTS, a basal cytokeratin. Genome-wide
analysis largely confirmed these findings with most of the
top down-regulated genes associated with proliferation
or estrogen responsiveness. The most prominent upregu-
lated genome-wide hits are components of the immedi-
ate early (IE) response (FOS, FOSB, DUSPI, and MAFB).
Previous work by Gao et al. demonstrated that there is a

coordinate increase in the expression of a series of genes,
including these canonical early response genes, related to
fixation time, i.e., the rapid fixation of core needle biop-
sies (pretreatment) compared to slower penetration of
the fixative into a surgical specimen (post treatment) [15]
leading to a systematic issue in comparing these matched
specimens. These genes remain in the box plot (Fig. 3,
denoted with asterisks) but all significant genes identi-
fied by Gao et al. were eliminated from pathway analyses.
MMP7, a matrix metalloproteinase and not known to be
part of the IE response, also showed increased levels after
Al treatment. Significant pathways derived from GSEA
(Reactome gene sets) lend further support to the nature
of the change of the transcriptional program after treat-
ment, particularly as it relates to proliferation and the
cell cycle (Supplementary Table S5). Of the top pathways,
“Extracellular Matrix Organization” was the only pathway
not associated with cell division with MMP?7 as one of the
component genes. Spaghetti plots of several canonical
genes indicate the response of individual tumors (Supple-
mentary Fig. S2) and full listings of the genome-wide pre-
versus post-treatment differential expression and GSEA
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Fig. 2 A Proliferation rates (KI67) of the matched pre- and post-letrozole-treated DCIS specimens, color-coded by PAM50 subtypes. The five
cases with a pathologic complete response (pCR) are shown in the pre-treatment column (triangles). There were 24 cases with matched
pre- and post-treatment samples (circles). Cases that exhibited a subtype switch upon treatment are indicated by the change in color

of the post-treatment dots. B Sankey diagram of PAM50 classifications of the 24 matched pre- and post-letrozole-treated DCIS specimens
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results are provided as Supplementary Tables S9 and S10
(Excel file).

Gene expression associated with KI67 reduction

Categorizing the DCIS patients into responders and
non-responders based on the 10% KI67 level in the
post-treatment sample (including the five pCR cases as
responders), we explored gene expression associated
with this phenotype. For this analysis, we used the pre-
treatment samples to identify baseline characteristics of
responsive/non-responsive DCIS. Again, two types of
analyses were performed: (1) the a priori set of 76 (54
passing QC) candidate genes and (2) a genome-wide
analysis. P values for each differential expression analy-
sis were adjusted for multiple testing; FWER adjusted
for the candidate gene set analysis, and FDR adjusted for
the genome-wide analysis. Only one gene in the a priori
list, ESR1 (FWER adjusted p=0.0171), was significantly
associated after correction for multiple testing. Other
estrogen-related genes (including PGR, NATI, BCL2,
MAPT, GATA3, and IL6ST) were observed to be higher
in responding tumors, whereas the proliferation associ-
ated CENPF was observed to be higher in non-responsive
DCIS (Fig. 4, Supplementary Table S6). Elevated ERBB2
expression trended with non-responders; however, two
of the responsive DCIS also expressed high levels of this
gene (Fig. 4). For the genome-wide analysis, a number
of transcripts survived false discovery correction (Fig. 4,
Supplementary Table S7, GSEA Supplementary Table S8)
and most of these were highly correlated with estrogen
receptor expression in invasive breast cancers (TCGA
correlations shown in Supplementary Fig. S3). Top



Marks et al. Breast Cancer Research (2025) 27:26

Normalized expression (log;)
=
o
o
PGR| . . .. :
-
. = -
e
13
-—!~m¢——'—'

75 : +é! éiﬂ‘ '
. - & .é
— Hl—mu_ml\NLOCDEKDNNHNNHM
o XL XL g NW T OW 5
w0 <OEZoocmoxca S0 gNFEX LW
L _|=l<(u.||—on:mn.zu_|:¥g_)mzon.
[ON©) m(jz—zg,\z 9N

ne FP83 i

\ —

— —

i o

o
e -4

Genome-wide hits

B Non-responder B2 Responder
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ranked by p value for differential expression between responders
and non-responders. Gene lists and pathways with p values are
reported in Supplementary Tables S5, $6, and S7)

coding genes not correlated with ESRI include CXCL9
and LLGL2, both with higher levels in the non-respond-
ing tumors. Full lists of the genome-wide responders vs.
non-responders differential expression and GSEA results
are provided as Supplementary Tables S11 and S12 (Excel
file).

Copy number changes and response

Low-pass whole-genome sequencing was performed on
DNA extracted from the same macrodissected material
from which the RNA was derived. For the 24 pre-treat-
ment samples included in the DNA-seq analysis, mean
coverage of the genome ranged from 0.05 to 0.78X with
a median of 0.52X. Given the complexity of copy num-
ber changes (variable intervals, admixtures of normal
and DCIS cells), we chose to focus our analysis on prior
findings of three gene amplification events associated
with neoadjuvant endocrine resistance in invasive breast
cancers; ERBB2, CCNDI and FGFRI1 [26, 27]. Group-
ing cases that were amplified at these loci versus all oth-
ers (diploid or loss), we observed no correlation between
KI67 response and copy number gains containing any
of these three genes individually or taken together (i.e.,
amplification at any of the three loci versus all others)
(Supplementary Fig. S4).

Discussion

Neoadjuvant or pre-operative therapy provides the most
direct opportunity to analyze tumor response in vivo.
Breast DCIS is typically excised before treatment but the
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current study is based on samples collected in a unique
clinical trial of 6 months of pre-operative therapy with
the aromatase inhibitor letrozole for postmenopausal
women presenting with hormone receptor positive DCIS.
We performed RNA-seq analysis and low-pass whole-
genome sequencing on the pretreatment biopsies and
post-treatment surgical specimens to identify parameters
related to response to estrogen deprivation.

The most clinically accepted measure of response
for invasive cancer in the neoadjuvant setting, particu-
larly for chemotherapy, is whether the treatment results
in a pCR, as this is a powerful predictor of long-term
outcome. Endocrine therapy, which is perhaps more
cytostatic than cytotoxic, produces a pCR less often
and therefore alternative measures of effectiveness or
response have been proposed. One of these is the rate of
tumor cell proliferation measured after or during therapy,
typically evaluated by immunostaining for the K167 anti-
gen. In a neoadjuvant trial comparing aromatase inhibi-
tors (ACOSOG Z1031; NCT00265759), invasive cancers
that exhibited>10% proliferating cells after treatment
were considered nonresponsive to the hormone ther-
apy and were switched to chemotherapy [3]. The DCIS
treatment trial from which the specimens for this study
were derived used the change in MRI enhancement vol-
ume at six months of treatment compared to baseline
as the primary response endpoint [4]. For the current
study, we chose post-treatment proliferation as a direct
pharmacodynamic indicator of response to therapy. We
grouped cases that achieved a pCR together with those
that had < 10% K167 positive cells after treatment into the
“responder” category. Based on these criteria, six cases
were considered “non-responders”.

RNA-seq analysis of these specimens, both before and
after treatment, provides a detailed picture of the DCIS
lesions related to hormone deprivation. We applied the
gene expression classifier developed for invasive breast
cancers consisting of 50 genes (PAM50) to categorize the
lesions into intrinsic subtypes [19]. It is an open question
as to whether PAMS50 accurately classifies DCIS, par-
ticularly whether there is a completely comparable basal
subtype and whether the classifier “forces” cancers into
a pre-defined ratio of subtypes based on the distribu-
tion of invasive cancers [28]. Nonetheless, this approach
does provide a gene-expression-based classification that
revolves around receptor status and other key biologic
facets that are present in both pre-invasive and invasive
breast cancers. Entry criteria for the clinical trial did not
intentionally exclude possible HER2, basal, or normal
subtype since DCIS with as few as 1% estrogen or pro-
gesterone receptor positive tumor cells were eligible.
PAMS50 subtypes did closely track with response to letro-
zole in this study. All of the DCIS classified as luminal A
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responded to the treatment whereas the non-responders
were a mixture of HER2, luminal B, and basal subtypes.
This is consistent with the distribution of subtypes with
respect to KI67 response observed in invasive cancers
treated with aromatase inhibitors [1], strengthening the
link between invasive and pre-invasive cancers and their
shared biology.

We also performed RNA-seq and PAM50 analysis on
the residual DCIS after treatment. In both responders
and non-responders, we noted some classification shift-
ing. Most commonly, we observed that a number of lumi-
nal A responders ended up being classified as normal
subtypes after treatment. The majority of these cases had
a substantial probability of assignment as normal-sub-
type before treatment and retained luminal A probability
after treatment. This shift could be related to fewer DCIS
epithelia in the post-treatment specimen or to a reduced
ER-related gene expression signature after hormone dep-
rivation. There were several notable subtype shifts in the
non-responders, including a luminal B reclassified as
“normal” and a HER2 that was classified as basal after
treatment. The mixed probabilities of these cases prior
to treatment could relate to pre-existing tumor heteroge-
neity and selection during the course of the neoadjuvant
treatment.

Specific gene expression and DNA amplification events
that correlated with response were also explored. High
levels of SCUBE2, part of the Oncotype DX estrogen
response panel of genes, was associated with response
consistent with an intact hormone signaling pathway.
Other genes (BMPR1B, INPP5, TMEM?26) that correlate
with ESR1 expression in invasive cancers were also top
hits related to response. The top protein coding genes
elevated in the non-responders were CXCL9 and LLGL2.
Prior studies in invasive breast cancer have shown that
low levels of LLGL2 are associated with clinical outcome
after tamoxifen therapy [29, 30] and our current results
support this finding with respect to DCIS and estrogen
deprivation. No apparent links between CXCL9 expres-
sion and hormone response have been described. HER2
expression and/or amplification has been associated
with hormone therapy resistance and we do note a non-
significant trend of higher levels of ERBB2 and the co-
expressed GRB7 in non-responding tumors. However,
two of the responders (one luminal A and one HER?2) also
had high levels of ERBB2 indicating that this is not an
entirely dominant molecular signal. DNA amplification
events in invasive breast cancer, including ERBB2, have
been associated with reduced response to neoadjuvant
hormonal therapy [26]. We analyzed these specifically in
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our DCIS data set and did not find an association with
response to letrozole.

Comparison of pre- versus post-treatment gene expres-
sion was also revealing. As expected, proliferation and
estrogen-associated genes dominate the list of genes that
are down-regulated after treatment. Of note, two genes
associated with more basal characteristics, KRT5 and
MMP7 demonstrated elevated expression levels sug-
gestive of treatment induced cellular selection. We also
confirm prior work from Gao et al. regarding systematic
changes in early response genes related to the differential
fixation time of the small core biopsies versus the larger
surgical specimens [15].

Limitations of the study include the relatively small
subset of samples from the original clinical trial available
for this study, which may bias toward larger tumors and
the age of the clinical specimens at the time of molecular
analyses. Mitigating the second point, we removed speci-
mens that failed RNA-seq QC metrics. Strengths of the
study include the unique clinical trial forming the basis
for the work and that all samples were prospectively col-
lected in a uniform manner in the context of this clinical
trial.

In summary, the results from this study indicate that
neoadjuvant aromatase inhibitor treatment of DCIS
shows a number of similarities to invasive cancer. A
luminal phenotype at baseline was strongly associated
with KI67 suppression with Al The results of our study
continue to highlight that an intact estrogen signal-
ing pathway is the primary determinant for response
and resistance and that genomic subtyping may identify
patients most likely to benefit from Al treatment. Stud-
ies are ongoing to determine whether endocrine therapy
alone may be sufficient treatment for the most endo-
crine-sensitive DCIS and whether genomic predictors
could help stratify treatment strategy.
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