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1 Introduction

Ductal carcinoma in situ (DCIS) is a non-invasive breast cancer that is considered a precursor
of invasive ductal carcinoma (IDC) (1). This is because of the following assumption about
breast cancer progression: first, ductal hyperproliferation causes carcinoma in situ, which then
becomes invasive and finally metastatic (1) (Fig. 1). Previously, DCIS specimens were
considered rare; however, with the development of diagnostic technology in recent years using
mammography, the number of cases has also increased to approximately 20% among all breast
cancers (2-4).

If all DCIS were true precursors of IDC, the diagnostic rate of IDC should decrease with
the increase in the diagnostic rate of DCIS, but IDC rates have not decreased (2). Additionally,
previous studies showed that when patients with DCIS were followed up without treatment,
the rate of progression to IDC was 10%—50% (5-11), suggesting that approximately half of
patients with DCIS may not require treatment. Thus, DCIS may be a mixture of high-risk
DCIS, a true precursor of IDC requiring resection, and true low-risk DCIS, which does not
require treatment. Therefore, there is concern that the current treatment may be excessive.

The clinical classification of DCIS involves the following three groups: 1) High-grade
DCIS with a high risk of relapse as IDC with standard treatment alone (high-risk DCIS). 2)
Intermediate-grade DCIS with a high risk of relapse requiring standard treatment. 3)
low-grade DCIS with a low risk of relapse, which may not relapse without treatment (low-risk
DCIS). Several clinical trials are being undertaken globally to establish the criteria for
diagnosing low-risk DCIS (12-14). However, this classification remains unsatisfactory
because the current criteria use only clinicopathological factors such as nuclear grade, tumor
size, presence of comedo necrosis, age, hormone receptor, and human epidermal growth
factor receptor 2 (HER2) expression status (15-19). Furthermore, a global standard is absent

(20), and some of these clinicopathological evaluations differ among pathologists. Therefore,
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besides pathological evaluations, molecular evaluations are also required.

Although previous studies on the DCIS genomic landscape have suggested that several
genes (PIK3CA, TP53, and GATA3) were frequently mutated in DCIS (20, 21), it is unclear
how these contribute to the progression of IDC.

In this study, I analyzed 21 whole-exome sequencing and 72 deep target sequencing
datasets to identify genomic risk factors during DCIS progression. Next, I analyzed spatial

transcriptome data to reveal the molecular effect of the identified risk factor and the

heterogeneity of DCIS.
~Invasive
)
G
N
Normal
milk duct DCIS IDC

Fig. 1 Schematic representation of the progression from DCIS to IDC.
Ductal carcinoma in situ (DCIS) first occurs in normal breast ducts, which then becomes

invasive and finally metastatic. : IDC= invasive ductal carcinoma



2 Contributions

This research was conducted in collaboration with Dr. Satoi Nagasawa. I performed the
informatics analysis part. Specimens and clinical information were provided by St. Marianna
Medical University through Dr. Satoi Nagasawa. Experiments and sample preparation were
performed by Dr. Nagasawa and the technical staff. Pathology and clinical interpretation were

performed by Dr. Satoi Nagasawa.



3 Material and Method

3.1 Ethics approval

This study was approved by the Clinical Ethics Committee of St. Marianna University
(approval number: 2297-1103) and the University of Tokyo (approval number: 22-234). The

analyses were performed as per ethical regulations.

3.2 Exome sequencing sample preparations

First, I used formalin-fixed, paraffin-embedded (FFPE) tissue samples, which were prepared
from 21 patients with DCIS and 4 patients with IDC (relapse). The tumor area was separated
from the corresponding normal tissue and extracted from the surrounding stroma with minimal
contamination via microdissection. DNA was extracted from microdissected tissues using
QIAamp DNA Mini and Micro kits (Qiagen, Hilden, Germany). Next, the DNA libraries were
prepared using the SureSelect XT HS Kit (Agilent Technologies, Santa Clara, CA) and
SureSelect Human All Exon v7 (Agilent Technologies, Santa Clara, CA) following the
manufacturer’s instructions. The libraries were sequenced using the Hiseq3000 platform

(Illumina, San Diego, CA) with 100-bp paired-end reads.

3.3 Target sequencing sample preparations

After obtaining FFPE tissue samples from 72 patients with DCIS, tumor areas were extracted
from the normal tissue via microdissection. Owing to limited specimens, only tumor samples
were used for analysis. DNA was extracted from microdissected tissues using the QIAamp
DNA Mini and Micro kits (Qiagen, Hilden, Germany). Next, deep target-sequencing libraries
were prepared using the SureSelect XT HS Kit (Agilent Technologies, Santa Clara, CA) and

SureSelect Custom DNA Target Enrichment Probes (Agilent Technologies, Santa Clara, CA),
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designed to capture 180 genes associated with breast cancer, following the manufacturer’s
instructions. The libraries were sequenced using the Hiseq3000 platform (Illumina, San Diego,

CA) with 100-bp paired-end reads.

3.4 Exome and Target sequencing data analysis

The sequencing data were aligned to the human genome (hgl9) using Burrows—Wheeler
Aligner Mem(22) (ver. 0.7.17). Duplications were removed using Picard tools (ver. 2.18.25)
(23). Somatic mutations in tumor-normal pair mode or tumor-only mode were detected using
GATK Mutect2 (24) (ver. 4.0.12-0) and subsequently annotated using ANNOVAR (25).
Filter-passed mutations were extracted from the Mutect2 results, except for those registered in
dbSNP, EXAC, ESP, and 1000 Genome (excluding COSMIC); filtered out at the normal tag > 0,
tumor variant tag <2 for exome-data and variant allele frequency (VAF) < 3%, depth < 10, tlod
score < 10 for target sequence data using a custom Perl script; and manually checked by

Integrative Genomics Viewer (IGV) (26).

3.5 Spatial transcriptome sample preparations

After surgical removal, each sample was immediately embedded at an optimal cutting
temperature (OCT) compound (TissueTek Sakura) using a —80°C cryomold. Samples
embedded in the OCT compound were thinly sliced at 10-um thickness (Leica CM3050 S) to
obtain the sections. These sections were used for library preparation according to the Visium
Spatial Gene Expression User Guide (10x genomic, Pleasanton, CA). Based on the results of
the tissue optimization time course experiment, tissue permeabilization time was set at 6
minutes. The libraries were sequenced via the Novaseq6000 platform (Illumina, San Diego,

CA) with 28/98-bp paired-end reads.



3.6 Spatial transcriptome analysis
The sequencing data were analyzed using Space Ranger (ver. 1.0.0), which performed human
genome (hg38) mapping, gene expression quantification, and histological imaging data

alignment.

3.7 Single-cell DNA-sequencing sample preparations

Tissue biopsies from patients with DCIS were obtained during surgical procedures. These
tissue samples were used for library preparation using the Chromium Single-Cell DNA Reagent
Kit (10x genomic, Pleasanton, CA). The libraries were sequenced via the Novaseq6000

platform (Illumina, San Diego, CA) with 100-bp paired-end reads.

3.8 Single-cell DNA-sequencing analysis

The sequencing data were analyzed using Cell Ranger DNA (ver. 1.1.0) with a default
parameter, which performed human genome (hg38) mapping, correcting GC bias by fitting to
the quadratic function that minimizes the entropy of the read count histogram per 20 kbp, CNV
calling with a 20-kb bin size, and report generation. Noisy cells and ploidy < 1.9 or 2.0 < ploidy
(Her2 > 8 are an exception) cells were excluded from the results of Cell Ranger DNA. CNV
heatmap was plotted using the R pheatmap package and the Manhattan distance. The
hierarchical clustering was computed using the Ward’s minimum variance method. Properly

clustered numbers were estimated by an elbow plot of the sum of squared errors of prediction.

3.9 Case A analysis
Spots with mutations were identified using a custom Perl script. Differential expression genes
(DEGs) were identified using R TCC (27) packages and filtered out at FDR > 0.01. Pathway

enrichment analysis was performed by Metascape (28) using the top 100 genes in the FDR
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value , and target pathways were selected to the MsigDB Hallmark (HALLMARK) (12) and the

Kyoto Encyclopedia of Genes and Genomes (KEGG) gene sets.

3.10 Case B analysis

One hundred and eighty-eight spots, morphologically determined as DCIS, were manually
selected. Hierarchical clustering was performed based on Spearman’s distance and Ward’s
method. The detection of DEG and enrichment analysis involved the same methods as in Case
A. DEGs were identified by TCC packages, while Metascape (HALLMARK and KEGG) was

used for pathway enrichment analysis using the top 100 genes in the FDR values.

3.11 Case C analysis

The spots were clustered using k-means clustering (k = 2) by Space Ranger. The detected
clusters overlapped with morphological cancer and stromal cells. TCC packages were used to
identify 2354 DEGs between the two clusters. WGCNA packages were used to group DEGs
upregulated in cancer using a co-expression pattern (29). The power () parameter was
estimated to be 3 by the pickSoftThreshold function, with a fit value exceeding RsquaredCut
0.8. The two identified gene modules were used for pathway enrichment analysis by
Metascape (HALLMARK and KEGG). The single-cell DNA analysis method has been

described in an earlier section.

3.12 Statistical analyses
Statistical analyses were performed using the R package. Fisher’s exact tests were employed
for comparisons among categorical variables, whereas Student’s t-test was used to compare

continuous variables and ordered categorical variables.
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4 Results

4.1 Exome sequencing

To identify potential genomic risk factors for invasive cancer relapse, mutation patterns
obtained from exome sequencing data of 21 DCIS tumors and normal samples were compared
among relapsed and nonrelapsed patients. Table 1 shows the clinical information of the 21
samples used in this analysis, which includes the patient’s age, expression of estrogen receptor
(ER) and progesterone receptor (PgR) determined using immunohistochemistry (IHC), human
epidermal growth factor receptor 2 (HER2) amplification, subtypes of breast cancer, and
relapse status. The median follow-up period was 5.0 years (2.5-7.0 years) (Table 2), with 9 of
21 cases relapsing. In addition, relapse specimens were collected and sequenced in four of the
nine relapsed cases. Radiation therapy (RT) or adjuvant therapy after surgery is known to
reduce the risk of relapse (30). In these datasets, 14 patients were treated with RT or adjuvant
therapy. However, 8 of 14 patients relapsed regardless of receiving either treatment (Table 2).

Exome sequencing data were obtained at an average depth of 108x for tumor samples and
107x for normal samples. The duplication rates were 20%—40%, which was reasonable for
samples derived from FFPE tissues (Fig. 2). The average number of detected mutations was an
30. The VAF of many detected mutations was less than 10% (Fig. 3).

Mutation analysis results revealed that GATA3 and PIK3CA were the most frequently
mutated genes in all 21 cases. GATA3 mutations were detected in 4 out of 21 cases (19%), and
PIK3CA mutations were detected in 5 out of 21 (24%) cases (Fig. 4a). Therefore, I focused on
these two genes.

For PIK3CA mutations, all five cases were confirmed as nonrelapse (Fig. 4b), suggesting
that a PIK3CA mutation is associated with a lower risk of relapse. For GA4743 mutations, IDC
relapse was confirmed to three out of four cases, with GATA43 mutations being identified more

frequently in relapse cases. To evaluate the association between relapse and GA7A43 mutations, |
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calculated the odds ratio (OR), which was 5.5 (95% C1 0.45-154.3). Although the OR was high,
it was not statistically significant.

To investigate the correlation between GATA43 mutations and relapse, the data obtained
from relapsed tissue samples were analyzed. Relapse data in GATA3 mutation cases were
obtained from two of the four patients. Next, the mutation patterns between the primary and
relapse cases were compared, and the presence of GATA3 mutations in relapse was identified
(Fig. 5). Similarly, clonality analysis using PyClone confirmed the presence of a population
with GATA3 mutations after relapse (Fig. 6). This suggests that GATA43 mutations are associated
with relapse. Furthermore, two out of four patients with GATA3 mutations had a VAF of <10%.
The VAF in GATA3 mutations increased from 8% in the primary tumor to 39% in the relapse
(Fig. 6), suggesting the existence of heterogeneity in the primary tumor.

Reports reveal that mutations in the zinc-finger domain of GATA3 can result in the loss of
DNA-binding ability, leading to a reduction in the expression of PGR and an increase in the
expression of genes associated with invasion, such as EMT (31). Additionally, GATA3
ChIP-seq datasets of T47D and MCF-7 breast cancer cell lines from ENCODE (32, 33)
(ENCODE4 v1.6.1) databases (ENCSRO00BMX and ENCSR423RTK) were used. While
MCF-7 harbors the GATA3 mutation (34), both cell lines show peaks on PGR promoter
regions (Fig. 7). Therefore, the PGR gene is considered the target of GATA3. Although in
MCF-7, a peak was detected on the PGR promoter, it is reported that PGR expression is
decreased in three-dimensional cultures (35). Therefore, the GATA3 mutation causes
aberrations in PGR expression in MCF-7. Therefore, in my dataset, I confirmed the association
between the PgR protein expression and mutations in 16 ER-positive samples. Seven samples
showed low PgR expressions, and all four samples with GATA3 mutations also showed low
PgR expressions (Table 3). Interestingly, all GATA3 mutations were frameshift insertions and

located on the zinc-finger domain, which is an important domain related to the DNA-binding
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ability of GATA3. These results suggest that in my dataset, as well as in previous studies,
GATA3 mutations are associated with invasive recurrence.

Overall, these results strongly suggest that GATA3 mutations are associated with relapse.
Therefore, to validate GATA3 as a potential high-risk factor and PIK3CA as a potential low-risk

factor, I performed targeted sequencing.
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Table 1. Clinical information of the 21 whole-exome samples.

Age
>=45 9
<45 12
ER stats
Neg 5
pos 16
PgR stats
Neg 9
pos 12
HER2 amp
Neg 13
pos 8
Subtype of Breast
Cancer
Triple Pos 5
Luminal A 9
Luminal B 2
HER2 3
Triple Neg 2
Relapse
Yes 9
No 11
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Fig. 2 Sequencing statistics of exome sequencing samples.
Bar plots of sequencing depth (left y-axis); yellow, normal sample; blue, tumor sample; green,
relapse sample. Line plots of duplication rates (right y-axis); blue, normal sample; orange,

tumor sample; gray, relapse sample.
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Fig. 3 Mutation frequency and variant allele frequency (VAF).
a). Violin plot of VAF of detected mutations in each patient. The x-axis represents the sample
name. The y-axis represents the VAF. D1-21 indicate primary specimens, and D22-25

indicate relapse specimens. b). Mutation frequency in each patient.
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Fig. 4 Mutation profile of 21 patients with DCIS and genomic risk factors for relapse.

a). Oncoplot of somatic mutations (SNV, InDels) in 21 patients with DCIS. Top panel:
mutation frequency in each patient. Middle panel: mutation profile of the top 30 most
frequently mutated genes. Green, missense mutation; yellow, in-frameshift deletion; purple,
frameshift insertion; blue, frameshift deletion; red, nonsense mutation; black, multihit. Right

panel: percentage of patients with each gene mutation. Bottom panel: clinical information for
17



each sample. Relapse stats: red, relapse; blue, no relapse. ER stats: red, positive; blue,
negative. PgR stats: red, high; blue, low. b). A mosaic plot of cancer relapse cases with gene
mutation background. Red, number of patients with gene mutations; gray, number of

nongene-mutated patients. Left panel: GATA3 mutations. Right panel: PIK3CA mutations.

18



Relapse Sample
with GATA3 without GATA3

\

P R P=Primary
R=Relapse

o
=

No. of samples

ATAD3B 12%

B
o
ES

D3
D2z

= Missense_Multation = Splice_Site Relapse ER PgR

= Frame_Shift_Ins = Nonsense_Mutation
= Frame_Shift_Del = Multi_Hit
In_Frame_Del

= no = Neg = High
= Relapse = Pos = Low

Fig. 5 Mutation profile of the relapse samples
Oncoplot of four patients (eight specimens) experiencing a relapse. P, primary specimen; R,
relapse specimen. Left: two patients (four specimens) harbored GA743 mutations in primary

and relapse cases.
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Fig. 6 Clonality changes in relapse samples with GA7A3 mutations.

Jitter plot of variant’s VAF clustered using PyClone. The top two panels are primary specimens,
whereas the bottom two panels are relapse specimens with G4743 mutations belonging to two
patients. In the left panel, the patient’s GATA3 mutation is in Cluster 3, with primary VAF at 9%
and 39% in relapse. In the right panel, the patient’s GATA3 mutation is in Cluster 3, with

primary VAF at 22% and 45% in relapse.
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Table 2. Detailed clinical information of the 21 whole-exome samples.

WES No Relapse RFS year Radiotherapy Adjuvant GATA3  PIK3CA
1D 1 3.9
10D 0 6.0 TRUE H1047R
11D 1 5.8 TRUE N334fs
12D 0 6.0 H1047R
13D 0 6.0 TRUE
14D 0 5.8 TRUE
15D 1 4.2 TRUE
16D 0 5.8 E545K
17D 1 4.5 TAM
18D 0 5.0 TAM H1047R
19D 0 5.6
2D 1 33 TRUE TAM
20D 0 54 P366R
21D 0 4.5 TRUE
3D 1 3.2 LET-TAM
4D 0 7.0 TRUE
5D 0 2.5 TAM S4371s
6D 1 4.1 W329fs
7D 0 5.1
gD 1 2.7 TRUE
9D 1 3.6 TRUE TAM S408fs
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Table 3. Association between GATA3 mutations and PgR expression in ER-positive cases.

PgRlow PgRhigh  total

GATA3 MT 4 0 4
GATA3 WT 3 9 12
7 9 16
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Fig. 7 IGV screenshot of GATA3 Chip-seq results around PGR transcription start sites.
The top two panels indicate the result of the T47D cell line, whereas the following two panels indicate the result of the MCF7 cell line. In both

cell lines, a peak was detected on the PGR promoter region, indicating the region to be the binding site of GATAS3.
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4.2 Target sequencing results

To wvalidate the association between relapse and mutations in GATA3 and PIK3CA,
deep-targeted sequencing of 72 DCIS patient specimens was conducted. Table 5 lists the 180
target genes of deep targeted sequencing. Table 4 presents the clinical information of the
analyzed samples. The median follow-up period was 5.5 years (0.5-9.6 years) (Table 6), during
which 9 of the 72 cases relapsed. The relapse rate in this dataset is approximately 10% (Table 4).
Previous study reported relapse in 14.6% of cases at a follow-up of 11 years (36), which was
consistent with the relapse rate observed in this study.

Target sequencing data were obtained at an average depth of 611 for the tumor samples.
The duplication rates were 60%—-90%, which is reasonable for samples derived from FFPE
tissues (Fig. 8). The sequencing depth of several samples was very low, which was taken care of
during analysis.

GATA3 and PIK3CA mutations were detected in 40/72 and 36/72 patients, respectively
(Fig. 9a). Eight of nine relapsed cases were identified to harbor GATA3 mutations. The
association between relapse and GATA3 mutations was evaluated, and the OR was found to be
7.5 (95% CI 1.01-174.7), indicating a significantly increased risk of relapse (Fig. 9b). PIK3CA
mutations were detected in three relapsed cases. However, the presence of this mutation was
associated with a lower risk of recurrence. Additionally, two of the three relapsed cases with
PIK3CA mutations had GATA3 mutations. No other somatic mutations were found to be
associated with relapse (Fig. 11).

However, genome analysis showed that several nonrelapsed samples also harbored GATA3
mutations. The median follow-up time for nonrelapsed patients was 5.5 years and the relapse
time in relapse patients was 5.6 years, with no difference. However, the progression of DCIS

may take more than 10 years. Because patients analyzed in this study were only followed up for
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a median of 5.5 years, patients with GATA43 mutations may have concerns about a high risk of
relapse, which should be taken care of during prognosis.

GATA3 is one of the fundamental transcription factors that maintains normal luminal
epithelial differentiation. Therefore, loss of GATA3 can cause luminal cell proliferation,
detachment from the membrane, and eventually metastasis, which can be concerning (37).
Furthermore, GATA3 inhibits invasion and metastasis of breast cancer, indicating that the loss
of GATA3 promotes tumor progression (38-41). Most frequently, these mutations are
frameshift mutations in exons 5 and 6, which are loss-of-function mutations. In this study
dataset, 28 of 40 GATA3 mutations were detected in the zinc-finger domain or exon 6 region
(Fig. 10) and may be causing loss of function.

PIK3CA 1is known to play a pivotal role in the catalytic subunit of the
phosphatidylinositol 3-kinase (PI3K) signaling pathway, which is associated with
tumorigenesis (42). PIK3CA mutations were thought to promote the kinase activity of
PIK3CA and contribute to tumorigenesis. PIK3CA H1047R and E545K are known as hotspot
and gain-of-function mutations. In my target sequencing datasets, PIK3CA™%" mutations
were the most frequent. Nevertheless, PIK3CA mutations suggest a low-risk factor. The
patients harboring PIK3CA mutations might have different effects from those of the previous
studies.

Targeted sequencing analysis revealed that DCIS patients with GA743 mutations are at a
higher risk of cancer progression, whereas those with PIK3CA mutations are at a lower risk.
Furthermore, it suggests the heterogeneity of DCIS. Therefore, a spatial transcriptome analysis
was conducted to reveal the heterogeneity of DCIS and the molecular mechanisms underlying

its risk factors.
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Table 4. Clinical information of the 72 target sequencing samples.

Age

>=45 47
<45 25

ER stats
Neg 20
Pos 52

PgR stats
Neg 23
pos 49

HER2 amp
Neg 49
pos 32
Subtype of Breast
Cancer

Triple Pos 33
Luminal A 19
Luminal B 5
HER2 15

Relapse
Yes 9
No 63
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Table 5. Gene list for target sequencing.

CDK12 CELSR2 COL6A1 CUL3 EGFR ERBB?2
FBX022 FLT3 GNAS HRAS INOSO KDM6A4
KRAS MAP2K?2 MDM4 MSH?2 NF1 NRAS
NTRK3 PCSK5 PIK3R2 PTCHI RADS54L RGS7
RYR3 SLC2644 | SMARCBI SSC5D TESK1 T7CI6
ABLI AKT3 ARIDIA AXL BRCAI CCDC168
CDK4 CHD7 CREBBP DCHS1 EIF441 ERBB3
FGFRI FOXA41 GRHL3 IDH1 JAKI KDR
LOC389895 | MAP2K4 MEDI2 MTOR NFE2L2 NRGI
OK7KIP PDGFRA POLDI PTEN RAFI RHOA
SCN4B SLC2412 SMO STAT3 T0B2 TTN
ACINI ALK ARID2 BAPI BRCA2 CCND1
CDK6 CHEK?2 CRKL DDR?2 ENOI ERBB4
FGFR2 GATA3 GRHPR IDH? JAK2 KEAPI
LONRF3 MAP3K] MERTK MYC NOTCHI NT5C2
OR6K3 PDGFRB PPL RACI RBI ROSI
SETBPI SMAD1 SOX9 STK11 TP53 TYRO3
ACTN4 APC ARR3 BARDI C2CD44 CD274
CDKNIB CLCA2 CTCF DNMT34 EP300 ESRI
FGFR3 GNAII HIRIP3 IGFIR JAK3 KIT
LTK MAP3K4 MET MYCN NOTCH2 NTRK1
PALB2 PIK3CA PPP2RIA RAC2 RBMXL3 RUNXI
SETD?2 SMAD4 SPEN STRAI3 TRRAP VHL
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Fig. 8 Sequencing statistics of 72 target sequencing samples.
Bar plots indicate sequencing depth (left y-axis). Line plots indicate duplication rates (right

y-axis).
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Fig. 9 GATA3 and PIK3CA mutations in 72 patients with DCIS.

a). Oncoplot of GATA3/PIK3CA mutations (SNV, InDels) in 72 patients with DCIS. Top
panel: mutation profile of GATA3/PIK3CA. Green, missense mutation; purple, frameshift
insertion; red, nonsense mutation; black, multihit. Right panel: Percentage of patients with
each gene mutation. Bottom panel: clinical information of each sample. Relapse stats: red,
relapse; blue, no-relapse. ER stats: red, positive; blue, negative. PgR stats: red, high; blue, low.
b). A mosaic plot of cancer relapse cases with gene mutation backgrounds. Red, number of
patients with gene mutations; blue, number of nongene-mutated patients. Left panel: GATA3

mutations; right panel: PIK3CA mutations.
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Fig. 10 Lollipop plots of GATA3 and PIK3CA mutations.

Top panel: lollipop plot of GATA3 mutations. The mutations detected by target sequencing
were plotted, and the relapse sample mutations were highlighted. All mutations in relapse
samples are located after the zinc-finger domain. Bottom panel: lollipop plot of P/IK3CA

mutations. All mutations in relapse samples are located in the kinase domain region.
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Table 6. Detailed clinical information of 72 deep target sequencing samples.

Sample ID Relapse RFS vear radiotherapy Adjuvant GATA3 PIK3CA
V_002 0 6.1 TRUE pHI047R
V_006 0 7.0 pHI047R
V_015 0 6.9 TRUE p.S34F pHI047R
V_020 0 5.0 TRUE
V_073 0 6.0 TRUE TAM
V_074 0 5.1 TRUE
V_075 0 5.1 TRUE p.T245P
V_076 0 5.0 TRUE p.P224L
V_077 0 2 p.E545K
V_078 0 5.0 TRUE p-Q40X pHI1065Q
V_079 0 4.0 TRUE pL397TH
V_080 0 5.0 p-8414R
V_081 0 53 TRUE TAM pR399X
V_082 0 4.9 TRUE TAM pHI047R
V_083 0 4.4 TRUE TAM
V_084 0 55 TRUE p-A396T pHI047R
V_085 0 1.0 TRUE TAM pHI047R
V_086 0 5.0 pF977L
V_087 0 5.0 p-S414R pR502Q
V_088 0 4.9 TAM
V_089 0 4.9 p.R3998 pHI047R
V_090 0 4.9 TRUE
V_091 0 2.

V_092 0 35

V_093 0 2 TRUE TAM

V_094 0 4.9 TAM

V_095 0 5.0 TAM

V_096 0 7.7 TAM p-N334fs

V_097 0 88 TRUE p.S414R

V_098 0 8.1 TRUE p-HI1047R
V_099 0 7.8 pR202C p-W1051L
V_100 0 72 TRUE pR3998 p-V9551
V_101 0 2 ANA p-G2428 p.C378Y
V_102 0 53 TRUE p-A310V

V_103 0 6.0 p-Q322fs pE545A
V_104 0 6.0 p-8414R

V_105 0 6.1 TRUE pL397TH pR412Q
V_106 0 56 TRUE TAM pP163L

V_107 0 5.0 p.GE8TE
V_108 0 5.6 TRUE

V_109 0 5.1 TRUE TAM p.C264R

V_110 0 9.6 pPl6fs p-P566S
V_111 0 8.6 TRUE p-R3998 p.D939Y
V_112 0 87 TRUE p.S437P pHET5N
V_113 0 7.1 TRUE p.R3998 pI962K
V_114 0 7.9 TRUE

V_115 0 5.0 p.S408fs

V_116 0 7.0 pN345K
V_117 0 6.1 pHI047R
V_118 0 71 TRUE pH145Y pHI1065Q
V_119 0 6.4 p.C26TW

V_120 0 7.0 TRUE pL397TH

V_121 0 6.5 pR3998 pHI1047R
V_122 0 5.1 TRUE

V_123 0 15 TRUE p-R3998 p.P754L
V_124 0 05 p.C420R
V_125 0 6.0 pE545K
V_126 0 5.0 TRUE

V_127 0 51 TRUE pM7451
V_132 0 6.8 TRUE ANA pN345K
V_134 0 6.0 TRUE pK159X pK55R
V_137 0 6.1 TRUE TAM

V_144 0 7.1 TRUE ANA p-HI1047R
V_145 1 57 TRUE Lue TAM p.G444fs

V_147 1 6.2 TRUE ANATAM pR3998

V_149 1 4.6 p-M416K

V_151 1 2 p-M416R

V_153 1 7.0 TRUE p.P436T

V_157 1 5.1 CEDOCTmab p-S428R p-HI1047R
V_158 1 2. TRUE p.T3241 p.H1047L
V_160 1 6.0 TRUE p-S414R

V_162 1 7.5 p.G935R
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Oncoplot of somatic mutations (SNV, InDels excluding GATA3/PIK3CA) in 72 patients with

DCIS. Top panel: mutation frequency in each patient. Middle panel: mutation profile of top 30

most frequently mutated genes. Green; missense mutation; yellow, in-frameshift deletion;

purple, frameshift insertion; blue, frameshift deletion; orange, splice site mutation; red,

nonsense mutation; black: multihit. Right panel: percentage of patients with each gene

mutation. Bottom panel: clinical information of each sample. Relapse stats: red, relapse; blue,

no-relapse. ER stats: red, positive; blue, negative. PgR stats: red, high; blue, low.
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4.3 Summary of the spatial transcriptome analysis of three samples.
Table 7 presents the clinical information of the three patients with DCIS used for spatial
transcriptome analysis. Hematoxylin and eosin (HE)-stained images are shown in Fig. 12.

I conducted a genome sequencing analysis and confirmed the mutations in the genomic
risk factor genes (GATA3/PIK3CA). In Cases A and B, deep target sequencing was conducted,
whereas in Case C, whole-exome sequencing was performed. Table 8 shows the sequence
statistics of genome sequences. Genome analysis revealed that Case A harbored both GATA3
and P/IK3CA mutations, whereas Cases B and C harbored only the PIK3CA mutation.

Summary of genomic mutations and clinical information

* Case A harbors a GATA3 mutation and predicts a high risk of invasion, with microinvasion
observed.
* Case B harbors only PIK3CA mutations and no GA7A43 mutations, with invasion observed.
+ Case C harbors only a PIK3CA mutation with no invasion.

Table 9 shows the sequence statistics of the spatial transcriptome. Sequence data of about
700 million to 1.2 billion reads were obtained. The number of detected unique molecular
identifiers (UMIs) was 7,469—44,987, and the number of detected genes was 2,928-8,745. The
number of detected genes was low only in Case A, which may be due to the large area occupied
by stromal cells. However, in the cancer area, sufficient data were obtained. The results of the

analysis for each case were then described.
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Table 7. Clinical information of the three patients used for spatial transcriptome analysis

Case A Case B Case C
Age 41 56 43
Management Mastectomy Mastectomy Mastectomy
Follow-up (year) 5.5 4.8 3.2

ER status
PgR status
HER?2 amplification
(FISH)
Nuclear atypia in situ
Comedo necrosis
Tumor size (cm)
GATA3

PIK3CA

Positive (70%) Positive (90%) Positive (90%)

Positive (90%) Negative (0%) Positive (90%)
3+ (n.a.) 2+ (1.14) 2+ (1.1)
Intermediate Intermediate Low
Positive positive Negative
1.2 6.5 2.9
+ - -
+ + +
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CaseA

GATA3 +
865dupG,7%
PIK3CA +
T1035A,26%
ER positive
PgR positive
Invasion

b)

CaseB

PIKSCA +
A3140T,40%
ER positive
PgR negative
Invasion

PIK3CA +
G1633A,25%
A1634G,25%
ER positive
PgR positive

Fig. 12 Hematoxylin and eosin (HE)-stained images of the three specimens.

HE-stained images of each sample. a). Case A harbored GATA3 and PIK3CA mutations, with

the detection of microinvasion; ER, positive; PgR, positive. b). Case B harbored PIK3CA

mutations, with invasion detected; ER, positive; PgR, negative. c). Case C harbored PIK3CA

mutations, with no invasions detected; ER, positive; PgR, positive.
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Table 8. Genome sequencing statistics of the three patients with DCIS.

After the
Mapped Duplication ON target Mean
Case Data type Raw fragment removal of
fragment rate rate voverage
duplication
Case A Target-seq 56,104,374 53,607,083  96% 42.7% 30,876,061 74% 2391.41
Case B Target-seq 117,018,611 108,965,586  93% 61.4% 42,281,449 69% 3030.61
Case C tumor Exome-sequencing 73,361,320 60,006,129 82% 9.4% 54,688,417 71% 105.62
Case C normal Exome-sequencing 75,284,727 62,938,934 84% 9.7% 57,207,814 69% 111.25
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Table 9. Spatial transcriptome sequencing statistics of three patients with DCIS.

Mapped
Sample Number Median Number of Mapped Mapped Mapped to Mapped to  Reads in Median
Saturation to
ID  of spots genes reads to genome to intronic  exonic  transcriptome  spots UMI*
intergenic
Case A 2,403 2,928 700,133,428 86% 82% 3% 4% 71% 67% 92% 7,469
Case B 2,479 8,745 1,259,458,106  85% 91% 3% 2% 81% 77% 86% 44,987
Case C 594 8,687 1,171,436,207  93% 87% 9% 18% 47% 44% 72% 44,586

*UMI = unique molecular identifier
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4.4 Case A results

This patient was preoperatively diagnosed with DCIS, but postoperative pathology confirmed
microinvasion. Genomic analysis revealed that this patient had both GATA3 and PIK3CA
mutations. As expected from the genome analysis results, invasion was confirmed. The VAF of
the PIK3CA mutation was 24% and that of the GATA3 mutation was 7%, showing that the VAF
of GATA3 was lower than that of PIK3CA.

Spatial transcriptome analysis was conducted to reveal the heterogeneity of DCIS in this
patient. At first, [ manually extracted 422 pathological DCIS spots from all other tissue spots.
Next, to examine the spots harboring GATA3 mutations in 422 DCIS spots, I extracted reads
harboring the GATA3 mutation from bam file using a custom Perl script and confirm the spot
barcode of extracted reads. As a result, 46 spots were identified with GATA3 mutations (Fig.
13a). The sequencing depth of all GATA3 showed no difference between mutated and
wild-type spots (Fig. 13e). Additionally, I confirmed the depth of the GATA3-mutated locus
(chr10:8106041 G insertion). The number of spots with reads detected on the mutated locus
was found to be 142. The distributions of reads in the GATA3-mutated spots were similar to
the wild-type ones (Fig. 13c). Therefore, almost no spatial bias existed. Additionally, all
identified GATA3 mutations were in the same genomic locus, with the VAF of GATA3 being 7%,
suggesting that the GATA43 mutation was acquired relatively late during the development of the
DCIS, and was thus considered to be derived from the same clone.

To examine the molecular effect of GATA43 mutations, I compared 46 spots with and 476
spots without GA743 mutations. PGR expression was significantly decreased in spots with
GATA3 mutations (p = 0.029) (Fig. 14b), suggesting that the genes associated with invasion
were activated, as reported in previous studies. Subsequently, R’s TCC package was used to

identify DEGs, resulting in the detection of 1462 DEGs (Fig. 14c¢).
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The pathway enrichment analysis results of the two groups using the top 100 FDR value
genes confirmed that 14 pathways were enriched in GATA43 mutated spots (Fig. 14d). Some of
these pathways were related to invasion, such as epithelial-mesenchymal transition (EMT)
and angiogenesis. Additionally, several key genes related to EMT and angiogenic expression
were upregulated in GATA3-mutated spots (Fig. 14e, f). VIM expression was also upregulated
when GATA3 was mutated in luminal subtype breast cancer (31). In contrast, spots without
GATA3 mutations showed no enrichment of pathways associated with invasion and estrogen
response but detected tight junctions, suggesting low malignancy (Fig. 14d, g).

These results suggest that in Case A, the invasion was caused by the decreased expression
of PGR along with the activation of genes related to EMT and angiogenesis in the spot where

the GATA3 mutation occurred.
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Fig. 13 Detection of spots with GATA3 mutations.

a). Hematoxylin and eosin (HE)-stained images showed 46 GATA43 mutated spots (red) and 376

wild-type spots (blue). b). The reads harboring mutations are shown on IGV. c¢). Read
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distribution of GATA3 mutation locus: orange, mutations read; blue, wild type read. d).
HE-stained images showing GATA3 expression. ). A violin plot of all GATA3 reads. GATA3
mutated spots are indicated in red and wild-type spots in blue. Both samples show sufficient

GATA3 expression.
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Fig. 14 Spatial transcriptome analysis of Case A harboring a GATA3 mutation.
a). Visualization of spots with or without GA743 mutation on hematoxylin and eosin-stained

images. Red, GATA3 mutated 46 spots; blue, non-mutated 376 spots. b). Violin plot of PGR
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expression at each spot. Decreased PGR expression was observed in the spots with GATA3
mutations (p =0.029; one-sided #-test). c). The MA plot of gene expression fold change
between spots with or without GATA3 mutations. The pink dot is FDR < 0.01. d). Result of
enrichment analysis by Metascape. ¢), f), and g). Violin plots of key genes in each pathway.
*p <0.05 (one-sided), n.s.: not significant. e). Violin plot of key genes in the EMT pathway
(VIM, FNI, and CLDN3). All genes showed increased expression in spots with GATA3
mutations. f). Violin plot of key genes (POSTN and LUM) in the angiogenesis pathway. All
genes showed increased expression in spots with GATA3 mutations. g). Violin plots of key
genes (FKBP4, KRTI18, and MLPH) in the estrogen response pathway. All genes showed

increased expression in spots without a GA7A43 mutation.
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4.5 Case B results

This patient did not harbor GATA3 mutations but showed only PIK3CA mutations and was thus
expected to have a good prognosis based on genomic analysis. However, postoperative
pathology showed invasion. Immunohistochemical analysis confirmed that the specimen was
ER-positive and PgR-negative. Similarly, the gene expression of PGR and ESRI was found to
be ESRI-positive/PGR-negative, which was consistent with the immunohistochemical
staining results (Fig. 15a).

To examine the heterogeneity of the DCIS region, 188 spots, morphologically
determined as DCIS, were manually extracted (Fig. 15b). Hierarchical clustering was
performed on the gene expression data of the extracted regions, which was further divided
into three subclusters (Fig. 15¢). Next, the spatial and morphological information of the three
identified clusters was confirmed. Cluster 1 (colored blue) overlapped at the center of the
milk ducts, where DCIS was limited to the cells and did not show invasiveness yet (Fig. 16a).
Importantly, Cluster 2 (colored red) was found outside the ducts of DCIS cells and was about
to show invasiveness (Fig. 16a). These results suggest that Cluster 2 was an early stage of
DCIS with acquired invasive potential. Gene expression was compared between Clusters 1
and 2, and 2766 DEGs were determined (Fig. 16c). Pathway analysis of the top 100 FDR
values for each DEG using Metascape revealed significant enrichment in 20 pathways.
Cluster 2 showed enrichment of pathways related to invasion, such as EMT and angiogenesis,
which were also confirmed in the mutation spot, as in Case A (Fig. 16d). Similarly, several
key genes related to EMT and angiogenesis were also upregulated, as in Case A (Fig. 16e, f).
In contrast, Cluster 1 showed no enrichment of pathways associated with invasion, suggesting
low malignancy (Fig. 16d). Interestingly, GATA3 expression was significantly decreased in
Cluster 2 (Fig. 16b), suggesting that although Case B did not harbor the GATA3 mutation,

aberration of GATA3 expression activated genes involved in invasion and resulted in invasion,
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as displayed in Case A.
To investigate the cause of the decreased GATA3 expression, transcription factors (TFs)

that regulate GATA3 in TFlink (43) (https:/tflink.net/), and a transcription factor database

were further explored. As a result, 360 registered genes were found. Of these, 16 TF revealed
only small-scale evidence. Among the TF genes with evidence, MYB expression showed a
trend of decreased expression in Cluster 2 (nonsignificant) (Fig. 17). MYB is a transcription
factor reported to target GATA3 (44). Furthermore, it has been reported that high MYB
expression suppresses breast cancer metastasis into the lung (45). These findings suggested
that in Case B, decreased MYB expression caused aberrations in GATA3 expression,

eventually leading to invasion.
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Fig. 15 Hematoxylin and eosin (HE)-stained images and heterogeneity of DCIS in Case B.
a). HE-stained images showing gene expression of ESR/ (left) and PGR (right). Consistent
with the THC results, ESRI was positive, and PGR was negative. b). HE-stained images
showing selected pathological DCIS spots (blue). ¢) Dendrogram of the gene expression
profile of 188 DCIS spots clustered by hierarchical clustering. Blue: Cluster 1, 114 spots; red:

Cluster 2, 64 spots; green: Cluster 3, 10 spots.
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Fig. 16 Spatial transcriptome analysis of DCIS subclusters of Case B.

a). Visualization of DCIS subclusters on hematoxylin and eosin (HE)-stained images. Blue:
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Cluster 1, located on DCIS spots; red: Cluster 2, located on the invasion spots; green: Cluster 3,
located on DCIS. b). Violin plot of GATA3 expression at each cluster. Decreasing GATA3
expression was observed in the spots at Cluster 2 (P =7.0e-15; one-sided t-test). c). The MA
plot of gene expression fold change between Clusters 1 and 2. The pink dot is FDR < 0.01. d).
Result of enrichment analysis by Metascape. ), f), and g) Violin plots of key genes in each
pathway. *P <0.05 (one-sided), n.s.: not significant. e). Violin plot of key genes (VIM, FNI,
and CLDN?3) in the EMT pathway. All genes showed increased expression in Cluster 2. f).
Violin plot of key genes (POSTN and LUM) in the angiogenesis pathway. All genes showed
increased expression in Cluster 2. g). Violin plots of key genes (FKBP4, KRT18, and MLPH)

in the estrogen response pathway.
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Fig. 17 Violin plots of MYB expression.
Expression difference in MYB between Clusters 1 and 2. Although there was no significance,

MYB tended to show decreased expression in Cluster 2.
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4.6 Case C results
Pathology revealed no invasion in this patient, who had two PIK3CA mutations but no GATA3
mutation (Fig. 12¢).

Spatial transcriptome analysis using nonhierarchical clustering revealed that this
specimen consisted of two expression clusters. The spot locations of these two clusters almost
overlapped with pathologically determined cancer and stromal spots (Fig. 18a). The tumor
cluster’s expression pattern resembled that of monoclonals. To reveal the pathway activity in
cancer spots, I performed differential expression analysis using the R TCC packages and
obtained 347 upregulated genes in cancer spots. To cluster genes correlating with each other, I
further conducted gene expression correlation network analysis using WGCNA and obtained
two gene modules. The results of the pathway enrichment analysis used in these two modules
revealed that 12 and 3 pathways were enriched in modules 1 and 2, respectively. However,
pathways related to invasion, such as those detected in Cases A and B, were not identified.
These results suggest that this cancer had not acquired invasion ability and that the specimen
was truly low-risk DCIS.

Additionally, to confirm that other miner clones did not exist, I conducted single-cell
copy number analysis using single-cell DNA sequencing data. Here, to compare clonality, I
analyzed the other two DCIS specimens (Cases D and E). Because specimens for spatial
transcriptome analysis were not obtained from Cases D and E, only single-cell DNA
sequencing was performed. Table 10 shows the sequencing statistics of single-cell DNA
sequencing.

Cases D and E showed polyclonal copy number profiles. In Case D, three clones were
detected, i.e., 10g—, 1q+,1q+10g—. This patient had not relapsed (Fig. 20). In Case E, three
clones were detected, i.e., 1q+ and 16q— clones, chrX- clone, and HER2 amplification clone

(Fig. 21). As HER2 amplification is associated with an aggressive phenotype (46), this patient
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showed polyclonal cancer contents and predicted a poor prognosis; therefore, relapse was
confirmed.

In Case C, the obtained sequencing data was 696 million, the number of detected cells
was 722 cells, and the median effective read per MB was 208 reads. After obtaining sufficient
data, I estimated genomic copy number variations, which revealed that 64 of 722 cells were
normal cells without copy number aberrations, whereas 548 were cancer cells with aberrations
of 1q+ and 16q— (Fig. 19). Other cells were low-quality, noisy cells, so these were filtered
out. Additionally, previous studies identified aberrations of 1q+ and 16q— and detected them
in low-risk DCIS (47-49). These results differed from those of the malignant lesions (Fig. 21).

Overall, Case C was truly low-risk DCIS with no detected malignant cells.
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Fig. 18 Spatial transcriptome analysis of Case C.

a). Clustered spots visualized on hematoxylin and eosin-stained images. Blue indicates cancer
cell spots, and orange indicates stromal cell spots. b). Gene co-expression network. The top
panels represent gene network graphs for all 508 DEGs. Of 508 DEGs, 434 had no edges. The
bottom left represents module 1, which consists of 51 genes. The bottom right represents

module 2, which consists of 18 genes. c¢). Result of enrichment analysis by Metascape.
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Table 10. Sequencing statistics of single-cell DNA sequencing.

Median
Estimated Mean
Clinical GATA3 PIK3CA Total mapped reads Median effective
Sample Relapse Total reads  Reads from cells number of mapped reads
Risk mutationmutation in cells ploidy reads per
cells (rmdup)
MB
Case C [LowRisk - - v 696,077,270 583,228,454 477,374,763 722 2.01 208 661,183
CaseD |LowRisk - - - 712,651,128 592,273,894 444,443,131 196 1.99 693 2,267,566
Case E |High Risk v - - 590,064,788 374,924,333 484,253,052 216 2 527 1,735,760
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Fig. 19 Single-cell copy number profile of Case C

Heatmap of the genomic copy number profile of Case C. Blue indicates the loss of genomes,
and red indicates gains on the heatmap. Two clusters were observed using hierarchical
clustering. Rows indicate each cell, and columns indicate each genomic locus. The red row
annotation represents DCIS cells with 1q+ and 16q— genomic aberrations. The blue row

annotation represents normal cells. The clonality of DCIS cells is monoclonal.
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Fig. 20 Single-cell copy number profile of Case D.

Heatmap of the genomic copy number profile of Case D. Blue indicates loss of genome, and red
indicates gain on the heatmap. Two clusters were observed using hierarchical clustering. Rows
indicate each cell, and columns indicate each genomic locus. The red row annotation represents
DCIS cells with 1g+ and 16g— genomic aberrations. The blue rows annotation represents

normal cells. The clonality of DCIS cells is monoclonal.

56



P chr

| ! T T ﬁ—l 15 Shr
| A , . 1 l. i AT . chrl
| I ' e ) p Ve IchrZ

! o o P T T B R o . b

' r : v a s ‘.' N A:‘I"‘ ., "‘ " N chr3
11, : 1 1 " Ny RS T 105 ehra
o P I O | ' v B AL ! chrb
! chré
[ o N 5 | oh7
| ! ) i | chrB
| . ' { ' ", chrg
Sl By B neo
R IR ‘ chrit
' ) Nl chr12
fl " [ chr13
chr1d
chr15
chr1g
' 1 o chr17
" DR It RE ' 1 chrig
~ Normal { |
AN Bl , | chr20
i ' ) il ' chr21
' ‘ o ! ) Ad. ' i chra2

i ) . . s Yl chrX

'| . | 0 chryY

. [ cluster
S o \ RN I ) Ieluslen
N R . : cluster2

i K ) | o s (| ‘_ ' ‘ | ) clusterd
) ' ' b
|

clusterd
clusterS

\ . SRS RLVRTR Y B B S BLIHAE | cluster
) . . ' S o ' . 1 ! cluster?
L : A S . IR ' cluster8
| . " TR clusterd
I mti AP . AR | ) ek | K cluster10
, TR =y .

HER2 amp
s

o

TN O I ST I N chr
15 chr

—— chr1
| -

chrd

S 10 chrd
chrd

chré

— 5 chr?
| chr8
chrg
o MW, o
chri
chri2
L] — chri3
chrid
chr15
chr1g
chr1?7
— chrid
chr1g
chr20

chr21
chr22

chrX

Normal  1q+.16q- chrX- Her2
183 11 3 6

Fig. 21 Single-cell copy number profile of Case E.
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indicates gain on the heatmap. Three clusters were observed by hierarchical clustering, with
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183 normal cells (Cluster 8, blue), 11 cells with 1g+ and 16q— (Cluster 10, pink), 3 cells with
ChrX- (Cluster 9, purple), and 8 cells with Her2 amplification (Cluster 1-7). Picart shows the
composition of the abnormal cells. This specimen was found to be polyclonal. b) The heatmap
shows only HER2 amplification cells, with these cells confirming many copy number

aberrations. c¢) The table represents the number of cells in each cluster.
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5 Discussion

5.1 PIK3CA mutation tends to have a negative association with relapse

PIK3CA mutations tend to exhibit a negative association with the relapse of invasive cancer.
PIK3CA is one of the most frequently mutated genes in various cancers, including breast
cancer (50, 51). The oncogenic mechanism of PIK3CA has been reported to be associated
with many cancer hallmark pathways (52). However, recently, PIK3CA mutations were
reported in the kinase domain and the absence of copy number gains in DCIS was found to be
protective against progression (20).

The malignancy of mammalian tumor cells harboring the PIK3CA"'%7 mutation was
reported to be influenced by its origin cell (53-55). When the PIK3CA™M'%7 mutation was
introduced to basal cells, tumor progression was slowed down and less aggressive than in
luminal cells (53, 55). Additionally, tumor cells harboring the PIK3CA™!%R mutation were
reported to have acquired multipotency in lineage-restricted basal and luminal unipotent
progenitors. Therefore, the tumor subtypes detected by existing marker gene expression (such
as luminal or basal) may differ from those of the origin cell. In my datasets, PIK3CA was
observed to be a low-risk factor for DCIS due to basal cells being the origin of tumor cells

harboring the PIK3CA mutation.

5.2  Association between invasion and aberration of GATA3 expression.

The pathway related to the invasion was activated in Case A, which harbored GATA3
mutations. However, the same pathway was also activated in Case B, indicating the absence
of GATA3 mutation. In Case B, a decrease in GATA3 expression was identified; hence, an
alteration of epigenetic conditions may have caused the aberration of a GATA3 expression.
Furthermore, PGR was not expressed in Case B (Fig. 15b); thus, it was assumed that in this

case, acquiring invasion capacity was not dependent on PGR. Previous studies have shown
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that GATA3 expression is correlated with E-cadherin expression. Additionally, it was reported
that when the expression of E-cadherin decreased, the expression of N-cadherin and vimentin
associated with invasion also decreased (56). In Case B, E-cadherin may have contributed to
the acquired invasion capacity.

Besides, microglandular adenosis, a rare neoplasm of the mammary gland, was reported
to have aberrant hypermethylation of CpG sites within GATA3 as well as the loss of GATA3
protein expression (57). Epigenetic factors may be important for DCIS progression. Therefore,
in future analysis, it is essential to compare the methylation sites on GATA3 between invasive

and DCIS cells.

5.3 Applications in clinical practice

In this study, GATA3 was identified as a high-risk factor for DCIS malignancy. In clinical
practice, once a patient shows a suspicious abnormality on mammography screening, their
lesions will be further evaluated using needle biopsy (58). Genomic testing of GATA3 is not
always possible during DCIS diagnosis. However, some of these lesions extracted during a
biopsy are available for the genomic testing of GATA3.

In the recent standard treatment of DCIS, breast-conserving surgery may be adopted as
the treatment of choice in some low-risk DCIS patients (59, 60). Adjuvant therapy is also
recommended. Because surgical resection has been performed on these patients, lesions are
available for genomic testing. Combining GATA3 mutation information with pathological
diagnostic criteria may lead to more optimal treatment strategies. Therefore, the information

on the GATA3 mutation can be helpful for clinical application.

5.4 Limitation of Visium resolution

In this study, cancer cell progression was shown to directly acquire invasive capacity using
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spatial transcriptome analysis. The Visium platform (10x genomics) is an excellent
technology used to obtain spatial transcriptome data, but the resolution is insufficient. Here,
the spot size was 55 um, and the number of cells captured in a single spot was generally 1-10
cells. Additionally, the distance between the centers of the spots was 100 pm. Thus, several
cells could not be analyzed. Xenium platforms have been released to resolve the insufficient
resolution of Visium, which is an in sifu hybridization technology, and surprisingly,
resolutions are at the level of a single cell (61). However, because Xenium postgame can
measure only 300400 genes currently, the integrated analysis of multiplatform data is

important for future studies.
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6 Conclusion

In this study, the GATA3 mutation was identified as a potential marker for DCIS and for
classifying DCIS. Additionally, spatial transcriptome analysis directly revealed that GATA3
abnormalities promoted malignant transformation. The novelty of this study includes using
spatial transcriptome analysis to reveal that GATA3 mutations cause DCIS malignancies.
Furthermore, even in the absence of GATA3 mutations, abnormal expression suggests the
possibility of malignant transformation. This spatial transcriptome analysis method can be

applied to other cancer types to reveal their diversity.
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7 Data availability
All sequencing data and pathological images from spatial transcriptome analysis have been

deposited in the DNA Data Bank of Japan under the accession number JGAS00000000202.
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