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Deciphering the composition and key driver genes
of breast invasive micropapillary carcinoma
by multi-omics analysis

Yongijie Xie, !¢ Ziyun Liu,"¢ Jie Zhang,”¢ Guangming Li,®> Bo Ni," Chunlei Shi,* Yiping Zou,'* Yaoyao Zhou,**
and Xiaobin Shang®’*

SUMMARY

In this study, we delved into the intrinsic cellular components and transcriptomic signatures characterizing
breast-invasive micropapillary carcinoma (IMPC). Employing bulk RNA sequencing, we conducted differ-
ential gene expression and functional profiles across breast cancer tissues. Single-cell transcriptome
sequencing was performed on mixed IMPC samples. Moreover, a multicenter retrospective cohort of
IMPC patients validated the critical role of KRT80. Our findings illuminated heightened activity in redox
reactions and metabolism-related functions within IMPC compared to other tissue types. The single-cell
atlas of IMPC demonstrated substantial heterogeneity predominantly driven by two distinct cell subsets:
epithelioid and interstitial cells. Pseudotime analysis unveiled unique cell trajectories, and we found pos-
itive correlation between KRT80 expression and clinicopathological characteristics in IMPC. High KRT80
expression was associated with shorter overall survival for IMPC patients. This investigation unmasked
extensive heterogeneity within breast IMPC tumors, delineating lineage distinctions across diverse cell
clusters. It unveils potential prospective therapeutic targets with clinical relevance.

INTRODUCTION

Breast cancer is a complex and heterogeneous disease. Accurate classification of breast cancer can promote the clinical treatment effect.
Breast cancer classification has been aided by the histological stratification of breast tumors, predominantly based on the expression of
the ERBB2 receptor (HER2), PR, and ER receptor (ER). The luminal A shows ER+, PR+, HER2-, and low ki67. Luminal B has two types, one
showing ER+, PR-/low, HER2-, and high ki67, and the other showing ER+, HER2+, PR, and kié7 expressed. HER2+ subtype: ER-, PR-, and
HER2+. Triple-negative subtype: ER-, PR-, and HER2-. PAM50 is an important expression profiling-based multi-gene detection method
[Reduction Analysis of Microarray 500], based on predictive analysis of 50 gene chips (15 hormone receptor-related genes, 3 HER2-related
genes, 21 proliferation-related genes, and 11 basal-related genes). Through the detection of the PAM50 expression profile in breast cancer,
different molecular expression matrices can be formed, and tumors can be divided into five subtypes: luminal A, luminal B, HER2 enriched,
basal-like, and normal-like. The characteristics of the basal-like subtype in PAM50 are similar to triple-negative breast cancer with ER-, PR-, and
HER2-. Invasive micropapillary carcinoma (IMPC) has been documented in multiple human organs, ' showcasing a distinctive growth pattern,
high mortality rates, and exceedingly aggressive biological characteristics. Notably, IMPC of the breast was initially reported and subse-
quently incorporated into the World Health Organization (WHO) classification in 2003.”¢ Histologically, IMPC cell clusters consist of small,
hollow, or morula-like formations of cancer cells enveloped by prominent stromal spaces. Our research has demonstrated that IMPC tumor
cells exhibit a distinct reverse polarity, commonly referred to as an “inside-out” growth pattern,” whereby the apical pole of the cells faces the
stroma, not the luminal surface. IMPC tumor cells show positive EMA and MUC1 in immunohistochemistry. This distinct growth pattern of the
tumor can be identified as neoplastic foci within the realms of lymphovascular invasion (LVI), lymph node metastasis (LNM), and in vitro cul-
tures.'” Under electron microscopy, the surface of IMPC tumor cell clusters facing the stroma exhibit abundant microvilli. The corresponding
cytoplasm comprises numerous medium and coarse motor fibers, mitochondria, and Golgi apparatus. Clinical characteristics of IMPC are
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associated with elevated rates of recurrence, lymphovascular invasion (LVI), and lymph node metastasis (LNM). Building upon these obser-
vations, Fu et al. postulated and subsequently validated the theory that IMPC propagates and spreads through distinct papillary cell
clusters.”"°

Bulk RNA sequencing (RNA-seq) can identify oncogenic drivers and has made a breakthrough in the treatment of various malignant tumors
such as melanoma.”’?? Single-cell RNA-seq, a recently developed powerful tool, can discover gene characteristics, explore tumor heteroge-
neity and subpopulations, and detect the reconstruction of evolutionary lineages.”*

Hence, we integrated RNA sequencing and single-cell transcriptome sequencing to unveil the evident intratumoral heterogeneity of
IMPC. Through a comparative analysis of the differentiation trajectories within the two IMPC cell subgroups, pivotal genes at the differenti-
ation node such as KRT80 were identified. This led to a comprehensive description of the molecular attributes characterizing the various IMPC
cell subgroups. These results indicate that IMPC tumor cells infiltrate and disseminate through distinctive papillary cell clusters by modulating
diverse subpopulations of IMPC cells.

RESULTS
Genomic variation and copy-number profile analysis reveals distinct molecular mechanisms in different breast cancer
subtypes

Based on the characterization of the expression of different molecules and pathological features, we can classify breast cancer into four cat-
egories: IMPC, basal, HER2, and luminal (Figure 1A). To explore the different molecular mechanisms involved in the progression of different
breast cancer subtypes, we focused on genomic variation, comparing driver copy-number variation (CNV) across subtypes (Figure 1B). After
removing the sex chromosomes, we present a panoramic view of autosomal copy-number variation in breast cancer. More consistently, all
four subtypes showed large segments of copy-number amplification on chromosome 1, chromosome 8, and chromosome 20. However,
the difference was that IMPC showed more copy-number amplification and fewer copy-number deletions; the basal subtype described large
segments of copy-number deletions on most chromosomes; the HER2 subtype with most amplification on chromosome 17; and the luminal
subtype, although it accounted for a large proportion of the breast cancer samples, many samples did not show copy-number variants (Fig-
ure 1B). According to the GISTIC2 algorithm software, we identified significant copy-number variant sites. Apparently, IMPC exhibited sig-
nificant amplification and deletion of copy number at more loci than other subtypes. (Figure 1C). By calculating the percentage of different
genes experiencing different copy-number events in each subtype, we identified genes with high amplification or deletion events at IMPC.
There were 62 genes that underwent amplification in all IMPC samples, of which 51 genes were amplified in at least three-quarters of IMPC
samples. We can see that these amplificated oncogenes were clearly associated with multiple cancer signaling pathways, and 62 amplificated
genes were primarily associated with maintaining active pathways of cellular function. (Figures 1D and S1TA-S1C). Compared to amplification,
the percentage of predominantly occurring deletions in individual genes was not significant between IMPC and other subtypes (Figure 1E).
From the aforementioned analysis, it was clear that IMPC was more prone to copy-number variation than other subtypes, especially the copy-
number amplification.

Bulk RNA-seq transcriptome analysis and characteristics of primary IMPC cells and IDC-NOS in primary culture

Copy-number amplification often leads to an increase in gene mRNA levels. Therefore, we conducted transcriptome-level comparisons be-
tween IMPC and IDC to explore the downstream mechanisms. To enrich tumor cells, we cultured primary cells from 4 patients with pure IMPC
and 5 patients with IDC-NOS and collected their corresponding normal tissue for bulk RNA-seq (Figure 2A; Table S1). IMPC primary cells were
clustered together to form several cell groups, and the cell clusters grew almost without adherence (Figures S2A-S2C). IDC-NOS primary cells
grew in a single layer adherently, and the cell morphology was similar to that of MDA-MB-231 or MCF7 cells (Figures S2D-S2F). Then, we
planted primary cultured IDC-NOS and IMPC cells in collagen or Matrigel to culture in three dimensions for immunofluorescence analysis.
All tumor samples were subjected to immunohistochemistry to assess the levels of MUC1/EMA and SLEX. Primary cells in three dimensions
were stained with immunofluorescent antibodies. We found significant differences between IMPC and IDC-NOS at both the tissue and
cellular levels. The IMPC samples had typical histological morphology and a unique cell surface protein expression pattern with positive
MUC1/EMA (Figures S2 and S3).

After isolating and purifying primary IMPC tumor clusters, we performed bulk RNA-seq to identify transcriptomic differences between
IMPC and IDC-NOS cells (Figures 2A and 2B). We analyzed bulk RNA data using principal-component analysis (PCA). We found obvious sep-
aration in IMPC cells, IDC-NOS cells, and corresponding normal cells for each population in the PCA plot (Figure 2C). We identified a total of
1,882 differentially expressed genes: 977 genes were upregulated in IMPC primary cells, and 905 genes were upregulated in IDC-NOS pri-
mary cells (Figure 2D). The Gene Ontology (GO) term enrichment analyses showed that genes upregulated in IMPC primary cells were mainly
enriched for metabolism-related functions, such as hormone regulation, organic hydroxy metabolism, steroid metabolism, alpha-linolenic
acid metabolism (Figure 2E), and a stronger external motor protein assembly (ciliary formation). Genes upregulated in IDC-NOS primary cells
were mainly enriched for cell-cell interaction-related functions, such as extracellular matrix organization, adherens junctions, and cell junction
organization (Figure 2F). The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses showed that genes upregulated in
IMPC primary cells were also mainly enriched for metabolism-related pathways, such as insulin secretion, fatty acid metabolism, arginine
and proline metabolism, and histidine metabolism. Genes upregulated in IDC-NOS primary cells were mainly enriched for typical cancer-
related pathways and cell-cell interaction-related pathways, such as focal adhesion, ECM-receptor interaction and cytokine-cytokine receptor
interaction (Figures 2G and 2H). The gene set enrichment analysis (GSEA) of the two subtypes with the KEGG database showed that IMPC
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Figure 1. The CNV landscape of different breast cancer subtypes

(A) The flowchart depicting pathological characteristics and CNV analysis process of breast cancer.

(B) The heatmap shows amplification and deletion events of IMPC and other subtypes.

(C) Density plot denoting CNV amplitude in specific chromosomal loci. The top left panel belongs to HER2 subtype, the top right is IMPC subtype, the bottom left
is luminal subtype and the bottom right is basal subtype.

(D and E) The pie chart illustrates CNV events percentage of the most amplificated oncogenes and other genes in (D) and of the most deleted oncogenes and
other genes in (E).

iScience 27, 111178, November 15, 2024 3



¢? CellPress

OPEN ACCESS

iScience

~
A Total RNA
l Oligo dT enrichment
ﬁ / mMRNA
» [« —_— LLLLILL LLLL —_—
Fragmentation — —p~ T
Pure IMPC tumor Primary IMPC cell
- & —
/ Reference gene
¢ IDC-NOS tumor Primary IDC-NOS cell I_'
Surgical resection y ) >
- After separation and purification —
Normal tissue
Bulk RNA-seq
B c (. J
IMPC Cancer Cells MPCTN_3 )
n Tissue Controls
()
S0 7 mpcTc_3 \ P Bl S
bry °
5 wicto s o CINLPCTC_Z IMECTN_2 \
-~ X
= = & T il I IDCTN, 2\ group
g IMPCTN_1 o\ |e iDcTn
& IBCEN_S | |® icte
o 5 0 IDC Cancer Cells ID&'Q\I 4 IDCTR3 ® IMPCTC
(e} = — ®
< & ole ke -~ \ ® IMPCTN
= ¢ IDCTG2 ~ IDCTN_j»
| Nipere_s iocfe_1 —
S g
D 30 0 30 60
IMPC Cancer cells vs IDC Cancer Cells KEGG (P_value<0.05) F PC1(31.90%) GO (P_value<0.05
s{llog2FC>1T 1 1 - =
p<0.05 i
1ol
o |
3 5 =
& -
3 04
£ =
&
8§
% | ]
2
{vsIMPCTN | | vsIDCTN e
T lgroichage RIS
9, ( ge) r&\o&o&%}(’q&‘z@?&‘a&z
VLS S,
R
SEERE O
< R SN
IS > O @ 2o
3K 2 TR
S, Ky
& 8 SR
#‘ oY ) '\\b
t§°+ +°o < @
g
&&Q %e(\
§
G < IMPC Cancer cells vs IDC Cancer Cells H I ancer celle ve 1 saancer Celle
KEGG Enrichiment Up KEGG Enrichiment Down
" N Relﬁ?r? g:;léot%ﬁ . padj
Insulin secretion ® [ padj MAPK signaling pathway L d )
Phenylalanine metabolism ® 1.00 Rap1 signaling pathway : 1.00
Hippo 5|gnalln? pathway 075
< Fatty acid metabolism ° 0.75 ,_5_ Foca a‘mg&'ﬁg : 050
= y " . 0.50 = TNF signaling pathway. .
.g Cortisol synthesis and secretion ° 025 g |L_1g signa:ing patll;nway : ggg
. : § o3 p53 signaling pathway. :
§ Tyrosine metabolism| ° g 0.00 [=] Ras signaling pathay :
Arginine and proline metabolism i & Cou|12t TGF-beta signaling paAthvag . Count
° 3 :
i ° Hypertrophic cardiomyopathy| ©
Alcoholism 8 g Inflammatory bowel disease| © 8 150
Systemic lupus erythematosus ° o8 BTAR Al'\(ltutrggen_metabollsm: s O15
e 3 10 -Akt signaling pathway
Histidine metabolism | - O 12 ) ECM-receptor interaction ® O20
Biosynthesis of unsaturated fatty acids | « O 14 Cytokine-cytokine recepto;\wjtgéiti:atg: ,-
25 0.050 0.075
0.02 OGOe%gRO:t-IOOOS 0.06 GeneRatio

Figure 2. Bulk transcriptome differences between IMPC and IDC subtypes

(
(B) Optical microscope observing IMPC tumor cells morphological changes.
(C) PCA plot of tumor and normal samples from IMPC and IDC.

(D) Volcano plot tells different expression genes in IMPC and IDC.

(E) GO pathways heatmap of upregulated genes of IMPC.

(F) GO pathways heatmap of upregulated genes of IDC.

(
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A) The experimental flowchart describes the process of breast cancer tissue sampling and analysis

G and H) Bubble plot shows KEGG pathways enriched by IMPC upregulated genes in G and IMPC downregulated genes in (H).
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primary cells were mainly enriched for metabolism-related pathways (especially stearic acid, niacin, and nicotinamide metabolism) and path-
ways related to vitamin transporters, vitamin digestion and absorption, and lysosomes. This suggests that IMPC tumor primary cell clusters
lack a central vascular bundle but have a stronger demand for nutrients from the extracellular matrix, leading to a more vigorous metabolism.
The IDC-NOS tumor primary cells were enriched for typical cancer-related pathways, such as the cell cycle and cell proliferation (Figure S4).

Meanwhile, we collected 73 IMPC samples and 51 invasive carcinoma no special type (ICNST) samples from GSE66418 in the GEO data-
base for comparison. Breast cancer datasets in TCGA were integrated for subtype-specific comparisons. Consistent with our analysis of the
self-assessment data, IMPC tumor samples were associated with fat metabolism and bile acid metabolism, while the other subtypes were
enriched in cell proliferation-related and ECM-receptor interaction pathways (Figures SSA-S5E).

Single-cell transcriptomic profile and cell subtypes of mixed IMPC

Pure IMPC is relatively rare in clinical practice, and IMPC often appears in the mixed form. Our previous studies have proven that regardless of
the proportion of IMPC in mixed IMPC, it indicates more lymph node metastasis and a worse prognosis. Therefore, single-cell RNA-seq was
performed on 3 patients with mixed IMPC (Figure 3A; Table S2), whose scRNA-seq data matrices were merged and subjected to batch effect
removal (CCA and IntegrateData packages). After data preprocessing, we generated single-cell RNA-seq profiles for a total of 14,057 cells. To
explore the cellular diversity in mixed IMPC, we applied the uniform manifold approximation and projection (UMAP) algorithm for variably
expressed genes across all cells and identified 11 main clusters (Figure 3B). Then, we identified cluster-specific marker genes by performing
differential gene expression analysis to define each cluster. Well-known cell type markers, such as KRT 18, KRT 8, KRT 7, MUC 1, and EPCAM?®
(Figure 3C), were identified as markers of epithelial cells (clusters 0, 1, 2, 3, 4, 5, 6, 7, 9, and 10), while CD74, HLA-DRA, CDé68, and CCL5 were
identified as marked for the immune cell cluster (cluster 8).?” At the same time, we calculated the large-scale chromosomal CNV in a single cell
based on the averaged expression profile across intervals of the chromosome” (Figure S6). The CNV landscape distinguished malignant
epithelial cells (cluster 0-7) from all cells in mixed IMPC, which underwent copy-number amplification or loss of large segments. Based on
the differentially expressed genes of each cluster and specific marker genes of known cell types, we identified the following cell clusters:
The cells in the cluster with high expression of the basal cell marker genes S100A6, S100A16, and SH3BGRL3 were identified as basal cells
(cluster 0, 20.33%). The cells in the cluster with high expression of the FOS, BTG2, CYR61, CTGF, and extracellular matrix COL1A1 genes
were identified as villous stromal cells (cluster 1, 19.94%). The cells in cluster 2, which expressed the ciliated cell marker genes ATF3,
ARL14, and CTGF, were identified as ciliated cells (cluster 2, 14.90%) (Figures 3B-3D). We established a gene expression database for
IMPC and IDC-NOS based on bulk RNA-seq and further performed differential gene correlation analysis with bulk RNA-seq and single-
cell RNA-seq data (Figure 3E). We found that the gene expression of clusters 3 and 6 was highly consistent with the gene expression of
IMPC cells according to bulk RNA-seq, and the gene expression of cluster 4 was also highly consistent with the gene expression of IDC cells
according to bulk RNA-seq. Therefore, we identified IMPC-type cells (clusters 3and 6, 16.77%) and IDC-NOS type cells (cluster 4, 13.44%) from
the epithelial cell cluster (Figure 3F). We further compared cluster 3 and cluster 6 and found that cluster 3 overexpressed duct epithelial
markers, such as KRT8, KRT18, KRT19, and MUCT1, and the stem cell marker CD24.%” Cluster 6 overexpressed the stromal cell marker genes
IGFBP5, SEPP1, MGP, and TFF3. SEPP1 and MGP are involved in focal adhesion and calcium ion binding, and TFF3is related to angiogenesis
and lymphangiogenesis. Therefore, we identified cluster 3 as epithelial-like IMPC and cluster 6 as interstitial-like IMPC. This result reveals the
heterogeneity within IMPC tumors. Cluster 5 highly expressed stromal genes, such as MYL9, IGFBP2, and TAGLN, and the correlation analysis
with bulk RNA-seq showed that cluster 5 had a strong correlation with IDC-NOS, so we identified them as stromal-like IDC cells (cluster 5,
13.33%). Cluster 7 highly expressed mesenchymal genes, such as WFDC2, FDCSP, CD24, and ALDH1A3, which were strongly correlated
with IDC-NOS genes by bulk RNA-seq, so they were defined as mesenchymal-like IDC cells (cluster 7, 0.76%) (Figures 3D-3F). Gene set vari-
ation analysis (GSVA) showed that the differentially expressed genes in cluster 3 were mainly enriched in peroxisome activity, fatty acid meta-
bolism, glycolysis, xenobiotic metabolism, oxidative phosphorylation, reactive oxygen species pathways, etc. Cluster 6 was mainly enriched in
fatty acid metabolism, late and early estrogen response, xenobiotic metabolism, estrogen response peroxisome, and oxidative phosphory-
lation (Figure 3G). GSVA of the differentially expressed genes of cluster 4 showed enrichment of the androgen response, transforming growth
factor beta (TGF-beta) pathway, P53 pathway, and tumor necrosis factor alpha (TNF-alpha) pathway (Figure 3G).

Cell trajectory analysis reveals the evolutionary relationship between IDC-NOS and IMPC

The cellular mechanisms of tumor initiation in IMPC are unclear, so we performed pseudotime trajectory analysis on IMPC cells (clusters 3 and
6) and IDC-NOS cells using Monocle 3. The pseudotime trajectories of the two clusters of cells were modeled according to their gene expres-
sion profiles. We found that cluster 4 cells could not only transform into cluster 5 cells (stromal-like IDC cells) but also convert to cluster 3 and
cluster 6 cells (Figures 4A-4E). To explore the potential markers and therapeutic targets of IMPC, we performed differential gene expression
analysis on the differentiation nodes. IMPC cells (clusters 3 and 6) were enriched in the IMPC-specific gene MUC1 and its related gene MUCLT,
which are involved in IMPC progression, and the NDUFB4, DHCR24, NQO1, and SEPPT genes, which are related to oxidoreductase. The
expression level of these genes was decreased in the IDC-NOS cells (cluster 4). In contrast, the expression levels of the key transcription fac-
tors GATA3, NUPR1, and SPDEF exhibited a marked minimize during the transition in transcriptional states from cluster 4 to cluster 3 and
cluster 6 (Figure 4F). We also performed differential gene expression analysis on clusters 3 and é The differentially expressed genes at the
transition nodes from cluster 3 to cluster 6 were CLDN4, KRT80, IGFBP5, ENO1, LDHA, PDLIM?, and PIP. We observed that the expression
levels of CLDN4, which is related to the epithelium, decreased significantly in the transcription state of cluster 6, while the expression level of
KRT80 increased significantly (Figure 4F). The highly expressed genes of cluster é were related to insulin and insulin-like growth factor
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Figure 3. Single-cell transcriptome analysis of mixed IMPC
(A) Single-cell sampling analysis flowchart.

(B) TSNE plot dividing different tumor parenchymal cells, immune cells, and stromal cells.

(C) Marker genes expression map of single cell subpopulation.

(D) Heatmap depicting overexpressed genes in specific cell subpopulations.

(E) Correlation heatmap of bulk different expression genes and epithelial subpopulation genes.
(F) Three represented clusters from (E).

(

G) GSVA enrichment heatmap of epithelial cells cluster. The pathways were collected from the Msigdb database.

6 iScience 27, 111178, November 15, 2024



iScience ¢? CellPress
OPEN ACCESS

A B

.,::p nPos:5648 nPos:3323 nPos:2073 nPos:2170
=2
-3
>4

cell.type

Lineage1 Lineage2 Lineage3 Lineage4

. T T S T v
EPCAM| ‘ *
cell.ype  Lineage o <> e > P e o .

0 -1 1GFBP2] 52 * : :
. 5 -2 weoc2l A A

S
o
@7 -3 A & 1 4 L < AN
ool L A i } sl
. 4 ->4 wrocz[ & S T ) S T T T ® ®
2 cozil— @ o ] @) [ ] ° ° o ° ® e
ALDHIA3[ & H < ° . b3 : p
p  NPos7650 nPos:3649 fos S S—-—  — — —
R w8 e 8 o & ¢ e & o o &
; ) o i
Lineagel Lineage2  evcaro| @ o @ ' -4 e ! s ' 3 v =
$ PPl O 1 o 3 o ° o ° o Parcent
: )
S R T S —" e ¢ $ &3 2
U SR S —— S 6 |@m
e 80 TAGLN| . - o o . . i o 1 'Y .
"l g 4 e O o e @ O o o OO O |Teme
> i 3 © PRy . 1 > T e T s St oc cte
- S N S . 1 E——
I a 2 S
nPos:5185 nPos:3713 coLit| 1 I ® v I $ ! S ? O | HiE oo
_ _ s S — e e o R
%Lmages B s 3 : — 3 =
;- o KRT
. - ooy Q  J— 2
: i KRTS| 8 o @ o
x KRT7) o (] (0]

. e
i B

BNET

MUC1 “NDUFS8 " "[pHcR24

cell.type

Lineage
—>1
-2
-3
>4

Log1p(normalized counts)

Pseudotime

Figure 4. Pseudo-time trajectory of mixed IMPC epithelial cell clusters

(A) Four lineages predicted by the Slingshot method of distinct IMPC clusters and IDC clusters.

(B) TSNE plot of pseudo-time value in different clusters, the redder the color, the more it represents a late stage of evolution.

(C) Trajectories of IDC-dominated epithelial cell subpopulations.

(D) Pseudo-time value of epithelial IDC clusters in corresponding trajectories.

(E) Complex heatmap describes the characteristic high-expression genes of each cell population. The size of the dot means the proportion of cells expressing this
gene in all cells of this cluster.

(F) Combination of line and point charts displays genes that undergo changes in expression levels with the evolution trajectory of different cell types.
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signaling pathways (IGFBP5, GRB14, and ENPP1) as well as matrix assembly, cilia, and microvilli formation (PIP and MZB1). Cluster 3 highly
expressed the glycolysis-related gene ENO1 and the cytoskeletal mitosis-related gene PDLIM7 (Figure 4F).

Correlations between the expression of KRT80 and IMPC clinicopathological characteristics and prognosis

KEGG analysis and GSEA of bulk RNA-seq data for IMPC primary cells showed enrichment in lipid metabolism-related pathways (Figures 2G
and S5). Among the internal subgroups of IMPC cells, the GSVA of interstitial-like IMPC cells (cluster 6) in the late stage of pseudotemporal
differentiation mainly showed enrichment in fatty acid metabolism. KRT80, localizing near desmosomal plagues in earlier stages of differen-
tiation but then dispersing throughout the cytoplasm in terminally differentiating cells, was significantly upregulated in cluster 6. Therefore,
we believe that KRT80 may be an important factor in the development of IMPC. Next, we selected 102 formalin-fixed and paraffin-embedded
(FFPE) tumor tissues from IMPC patients to perform immunohistochemical staining using IDC (n = 79) as a control. Immunohistochemical ex-
periments confirmed that the differential expression of KRT80 protein between IMPC and IDC was uniform, and 43% of tumor cell clusters in
IMPC showed the phenomenon that the expression of KRT80 in the outer circle of the cell group was higher than that in the inner cells (Fig-
ure 5A). We analyzed the potential relationships between the expression of KRT80 in IMPC and clinicopathological characteristics, the expres-
sion of KRT80 in IMPC was significantly positively correlated with lymph node metastasis and lymphatic vessel invasion in our cohort and other
datasets (Figures 5B-5I). In addition, when we analyzed the relationship between the expression of KRT80 and the prognosis in IMPC patients,
we found that the overall survival and disease-free survival times of patients with high KRT80 expression were significantly shorter than those
of patients with low KRT80 expression (Figures 5J and 5K). This indicates that KRT80 could be an independent risk factor affecting the prog-
nosis of IMPC patients.

Exploring the potential mechanism and phenotypic changes of KRT80 in IMPC and IDC cells

Subsequently, to further explore the specific mechanisms and phenotypic variations of KRT80 in IMPC and IDC cells, we employed primary
cell lines sorted from IMPC and IDC and verified by transfecting with KRT80 overexpression and knock down plasmids. We found that after
overexpression of KRT80, stemness markers (SOX2, OCT4, Snail1, and vimentin) and key proteins in the glycolytic pathway (HIF1e, MYC, and
LDHA) exhibited significant positive correlations (Figures 6A-6E). Simultaneously, we also reached the corresponding conclusion through the
cell line with the knockdown of KRT80. Based on this, we infer that KRT80 can affect the tumor differentiation and motility of IMPC through
glycolysis level and stemness ability, and promote its lymphatic and lymph node metastasis (Figures S7TA-S7E). Subsequently, we also
explored the crucial mechanism by which KRT80 affects glycolysis and stemness. Through mechanism analysis, we found that the JAK/
STAT1 pathway was also activated, and subsequent administration of a STAT1 inhibitor revealed that downstream glycolysis phenotypes
and stemness-related molecules were inhibited. Thus, we speculated through the research results that KRT80 can modify its phenotype
via the JAK/STAT1 pathway and impact its cell differentiation and glycolysis flux (Figure 4F).

The therapeutic target of IMPC patients by analyzing the differentially expressed genes in the cell trajectory

Analysis of the METABRIC and GEO databases revealed that the differentially expressed genes CLDN4, NDUFB4, and DHCR24 were corre-
lated with diminished overall and disease-free survival within the differentiation nodes between IMPC and IDC-NOS type. The differentially
expressed genes KRT80, ENO1, LDHA, and PDLIM?7 in the differentiation node between epithelial-like IMPC and interstitial-like IMPC cells
were significantly associated with poorer overall and disease-free survival rates (p < 0.05), the expression levels of the key transcription factors
GATA3 and NUPR1 play a role in the transition from cluster 4 to cluster 3 and cluster é transcriptional status, potentially inhibiting lymph node
metastasis and extending survival (Figure 7; Figure S8). Summarizing the aforementioned, KRT80, CLDN4, ENO1, PDLIM7, and PIP were the
most important genes associated with tumor metastasis and poorer survival in patients with breast cancer and could be identified as potential
therapeutic targets to block the transition from IDC-NOS cells to epithelial-like IMPC cells and interstitial-like IMPC cells.

Sensitivity of the KRT80 and other potential therapeutic targets to chemotherapeutic agents in IMPC

We predicted the correlation between therapeutic target genes and chemotherapeutic drugs in 71 IMPC samples (GSE66418) by combining
the drug sensitivity data of about 1,000 cell lines from GDSC. Apparently, KRT80 was insensitive to all conventional chemotherapeutic agents,
including 5-fluorouracil, tamoxifen, and vinblastine (Figure S9A). CLDN4 was also insensitive to 5-fluorouracil but was sensitive to osimertinib
(Figure S9B). ENO1 was resistant to cyclophosphamide while responding to selumetinib (Figure S9C). Conventional platinum, vincristine, and
cyclophosphamide drugs were ineffective against PDLIM7, but pictilisib was effective in it (Figure S9D). Like ENO1, PIP could also respond to
selumetinib (Figure SPE). Therefore, in order to predict the drugs that can effectively treat IMPC patients with high KRT80 expression, we
included CMap small molecule drug prediction analysis and inferred the top 10 drugs that may be effective for KRT80 (score <0). However,
the top 10 drugs with positive scores were counterproductive and might promote KRT80 expression. Hence, we suggested that DNA inhibitor
and cyclooxygenase inhibitors were preferred in the treatment of patients with high expression of KRT80 (Figure S9F).

DISCUSSION

IMPC is known for its high rates of metastasis and recurrence regardless of the site of origin and has a unique growth and metastasis pattern of
cell cluster invasion and metastasis. The understanding of the internal structure of the IMPC tumor cell cluster is still at the stage of micro-
scopic observation, and its intrinsic molecular characteristics and mechanism are unclear. In order to explore the heterogeneity of IMPC tumor
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Figure 5. KRT80 expression was related to tumor metastasis and patients’ survival
(A) Flowchart of collecting tumor tissues, experimental verifying, and bioinformatical analyzing.
(B-F) Boxplot displaying KRT80 expression of different lymph node stages in our own tumor tissues (B), GSE12653 (C), GSE61304 (D), GSE9893 (E), and TCGA (F).
Data are represented as median +/— 1.5 interquartile range. NO represents no lymph node metastasis.
(G-1) Stacked bar chart of high and low KRT80 samples relative to total IMPC or IDC samples in (G), total positive lymph node metastasis or negative lymph node
metastasis samples in (H), total positive lymph vascular invasion or negative lymph vascular invasion samples in (1).
(J and K) KM curves plotting the relationship of KRT80 expression with patients’ overall survival in (J) and disease-free survival in (K).
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Figure 6. Exploring the potential mechanism and phenotypic changes of KRT80 in IDC cells

A and B) The gene set enrichment analysis (GSEA) between KRT80-high and KRT80-low group.

C) The protein expression level of each group by western blot.

D) The mRNA expression level of each group by gPCR. Data are represented as mean + SEM.

E) The percentage of Edu positive cells of each group by flow cytometry. Data are represented as mean + SEM.

F) The activation of JAK-STAT signaling pathway and the related protein expression level of each group by western blot. *p < 0.05; **p < 0.01; ***p < 0.001;
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p < 0.0001 and n.s., non-significant.

cell clusters and the evolutionary trajectory of IMPC cell subsets, we sequenced IMPC at the single-cell transcriptome level to investigate the
transcriptome characteristics of IMPC. Many studies have shown that the formation of tumor cell clusters can significantly enhance metastatic
potential®>®" and induce a variety of molecular properties, including increased stem cell-like properties,®” evasion of natural killer cell target-
ing,” radioresistance,** and resistance to metabolic stress.” Our three-dimensional culture of IMPC primary cells proved that IMPC involves
tumor cell clusters with reversed polarity. The characteristics of IMPC cluster growth and invasion support the highly invasive and metastatic
biological behavior of IMPC.

Insulin can stimulate the proliferation of certain human breast cancer cell lines in vitro by utilizing the phosphatidylinositol 3-kinase and
mitogen-activated protein kinase/Akt signaling pathways. Itis also an antiapoptotic agent and enhances tumor cell migration and invasion
ability.*® Abnormal fatty acid metabolism often occurs in tumor cells, and tumor cells prefer to synthesize fatty acids de novo rather than
exogenously (as in normal cells).?” From the results of GO and KEGG enrichment analysis, we can see that IMPC is a metabolically abnormal
tumor. The unique growth pattern and biological behavior of IMPC may be related to the metabolic abnormalities that occur in its tumor
cells.

The identification of cell subpopulations in the single-cell transcription map of the mixed IMPC is an exciting finding. Fu et al. observed
abundant microvilli on the cell surface of the side of the IMPC cancer nest in contact with the stroma,” and the cytoplasm was rich in filaments
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Figure 7. Cell trajectory-related genes took a role in IMPC patients’ survival
(A) Survival curve showing overall survival difference in high and low expression groups. The red curve means a high expression group and the shorter line means a
poor prognosis.

under an electron microscope. In our study, the IMPC atlas is largely consistent with previous morphological observations of IMPC. Villous
stromal cells (cluster 1) are rich in mitochondrial dynein, which can promote the transfer of cell mass to the matrix. The highly expressed villus
cell marker genes CTRé61 and CYR61 are related to adhesion, the RhoA signaling pathway, angiogenesis, tumor vascular endothelial migra-
tion, and the formation of extracellular matrix.*®*? High expression of the marker gene ATF3 in the ciliated cell population (cluster 2) can

enhance epithelial-mesenchymal transition and promote cancer cell proliferation and migration.”>"" These two groups of cells can
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functionally enhance the overall mobility of IMPC tumor cell clusters and promote the migration and invasion of IMPC to the tumor stroma and
vascular endothelium.

It is worth mentioning that the infiltrating immune cells (cluster 8) expressed the tumor immune microenvironment marker IFI30. There
were CD68" macrophages, which indicated that IMPC patients had innate immune responses.”” IFI27 was highly expressed in the immune
cell cluster and participates in innate immunity, interferon vy signaling, and type | interferon-induced apoptosis, which can enable rapid and
stable release of cytochrome cin mitochondria. IFI27 also functions in TNFSF10-induced cell apoptosis.”* ¢ These gene expression changes
are important for identifying early biomarkers and predicting the immunotherapy response in IMPC, and the characterization of tumor-infil-
trating immune cells may reveal the strategy of IMPC immune escape.

Our pseudo-time trajectory analysis shows that IDC-NOS represents cells in the initial stage of differentiation; these cells can differentiate
into epithelial-like IMPC cells and interstitial-like IMPC cells. We found that the differentially expressed gene TM4SF1 of the IDC-NOS cell
group (cluster 4) was related to the regulation of apoptosis®’**; TM4SF1 facilitates epithelial-mesenchymal transition,*” self-renewal,” tumor
angiogenesis,”' and invasion pseudopodia formation®” and regulates related signaling pathways to promote the migration and invasion of
cancer cells. Differently, the differentially expressed genes of epithelial-like IMPC cells have the functions of promoting mitosis, regulating
tight junctions and hormonal activity, participating in redox stress, and regulating the activity of transcription factors. Among the highly ex-
pressed genes in epithelial-like IMPC cells, CD24 is related to epithelial differentiation. LI et al. also confirmed that the proportion of CD24*
tumor cells in IMPC was higher than that in IDC-NOS."" The highly expressed transcription factors GATA3, SPDEF, and NDUFB4 in epithelial-
like IMPC can protect IMPC cells from stress-induced cell death by binding to the promoter and activating its transcription. These genes may
be the reason the IMPC tumor cell cluster can proliferate and resist cell apoptosis in the nest.

KRT80, as an intermediate filament protein responsible for the structural integrity of epithelial cells, is differentially expressed in the two sub-
groups of IMPC and is highly expressed in the relatively small interstitial-like IMPC. The expression of KRT80 was significantly different in a single
IMPC cell cluster but not in the whole tumor tissue. KRT80 was positively correlated with lymph node metastasis and lymphatic vascular invasion
in IMPC patients, which further showed that KRT80 affects the malignant biological behavior of IMPC by regulating the structural integrity of
epithelial cells. In IMPC tumor cell clusters, the expression of the intercellular adhesion molecule E-Ca increased in epithelial-like IMPC cells
and decreased in interstitial-like IMPC cells. Furthermore, we found that FASN, CLDN4, and EPCAM, which are connected to the epithelium,
were significantly reduced in cluster 6, which may be the reason the IMPC tumor cell mass detaches from the matrix. Overall, epithelial-like IMPC
cells express genes that promote mitosis, regulate tight junctions, maintain a stem cell-like phenotype to resist apoptosis, promote epithelial
cell growth, and regulate the activity of transcription factors; these properties allow IMPC cell clusters to form, grow, and proliferate. KRT80 and
most of the pseudo-time trajectories’ genes that promote the evolution of IMPC tumor formation were associated with poor prognosis in breast
cancer patients and could be potential therapeutic targets. Conventional chemotherapeutic agents such as paclitaxel, platinum, and cyclophos-
phamide are generally used for breast cancer treatment, but the analysis of pan-cancer cell line drugs predicted that evolutionary-related genes,
including KRT80, were resistant to conventional chemotherapeutic agents. Therefore, in the treatment of IMPC patients, we should select pre-
cisely targeted drugs and develop an effective treatment strategy. However, our study has some defects, these associations between potential
therapeutic targets and drugs are predicted by bioinformatics algorithms. We do not have enough research on drug mechanisms and we need
more in vivo/in vitro experiments of drugs targeting the potential genes and multi-center clinical drug trials.

In summary, using a combination of single-cell transcriptome sequencing and bulk RNA-seq, we generated a single-cell transcription atlas
of mixed IMPC; this revealed the heterogeneity of mixed IMPC and the molecular characteristics of each subgroup and allowed us to trace the
lineage level of these cells. We also identified the key genes at the subgroup differentiation node within IMPC, such as KRT80. These findings
will help to develop precision medical treatment for IMPC based on its features and immune environment. These findings also support the
hypothesis that the reverse polarity of tumor cell clusters facilitates the invasion and metastasis of IMPC.

Limitations of the study

The small sample size of our study may affect its statistical strength and the authenticity of the results. We do not have enough research on
drug mechanisms, and we need more multi-center clinical drug trials for compensating the limitations of experiments.

RESOURCE AVAILABILITY
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Materials availability
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Data and code availability
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies name

Anti-HIF 1o Antibody (for WB) Abcam ab51608; RRID: AB_880418
Anti-c-Myc Antibody (for WB) Abcam ab32072; RRID: AB_731658
Anti-OCT4 Antibody (for WB) Abcam ab200834; RRID: AB_2924374
Anti-SOX2 Antibody (for WB) Abcam ab92494; RRID: AB_10585428
Anti-Snail Antibody (for WB) Abcam ab216347; RRID: AB_2910593
Anti-Vimentin Antibody (for WB) Abcam ab20346; RRID: AB_445527
Anti-LDHA Antibody (for WB) Abcam ab300637; RRID: AB_300637
Anti-Jak1 Antibody (for WB) CST Cat#3344; RRID: AB_2265054
Anti-Phospho-Jak1 (Tyr1034/1035) Antibody (for WB) CST Cat#3331; RRID: AB_2265057
Anti-Jak2 Antibody (for WB) CST Cat#3230; RRID: AB_2128522
Anti-Phospho-Jak2 (Tyr1007/1008) Antibody (for WB) CST Cat#3771; RRID: AB_330403
Anti-Stat1 Antibody (for WB) CST Cat#14994; RRID: AB_2737027
Anti-Phospho-Stat1 (Tyr701) Antibody (for WB) CST Cat#9167; RRID: AB_561284
Anti-Stat3 Antibody (for WB) CST Cat#12640; RRID: AB_2629499
Anti-Phospho-Stat3 (Tyr705) Antibody (for WB) CST Cat#9145; RRID: AB_2491009

Anti-B-Actin Antibody (for WB)

Beijing Ray Antibody Biotech

RM2001L; RRID: AB_2756462

Deposited data

Single-cell sequencing data and bulk transcriptome data
IMPC copy number alterations

IMPC bulk transcriptome data

NODE
GEO
GEO

GSE37035
GSE66418

Software and algorithms

R software version 4.2.0
PennCNV software

GISTIC2 software
SPSS version 19.0

Cell Ranger 1.3.1

R Core Team
Perl/C-based

MATLAB

C++

10x genomic

https://www.r-project.org/
https://penncnv.openbioinformatics.
org/en/latest/
https://broadinstitute.github.io/gistic2/
https://www.ibm.com/cn-zh/products/
spss-statistics
https://www.10xgenomics.com/cn/

support/software/cell-ranger/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

For bulk transcriptome, 18 fresh tissues from 9 female patients with IMPC and IDC-NQOS, as well as normal breast tissues and FFPE tumor
tissues of IMPC and IDC-NOS, were collected at the Department of Pathology in Wuhu Hospital of Traditional Chinese Medicine, The Second
Affiliated Hospital of Guangzhou Medical University, and The Affiliated Tumor Hospital of Tianjin Medical University. Clinicopathological in-
formation from these patients is detailed in Table S1. For single-cell RNA-seq, the tissue samples from the 3 female cases of mixed IMPC
tumors (comprising IMPC with an IDC-NOS component) were obtained from the Second Affiliated Hospital of Guangzhou Medical University.
Clinicopathological information from three patients is detailed in Table S2. Because breast cancer occurs almost exclusively in women, only
female was used in the analysis of these patients. No information about ancestry, race, ethnicity, or socioeconomic status was collected for any
of the participants. All patients provided informed consent before tissue collection. The study received approval from the Ethics Committee

of the Affiliated Cancer Hospital of Tianjin Medical University.
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METHOD DETAILS

Analysis of copy number alterations

To characterize CNVs, every sample was profiled on Affymetrix SNP 6.0 arrays downloaded from the GEO database GSE37035. To identify
CNVs, we used the "PennCNV" software package. This algorithm employs a hidden Markov model to segment the total signal intensity for
both alleles (log R ratio, or LRR) and allelic intensity ratio between the two alleles (B allele frequency, or BAF) for each probe across the
genome. After obtaining LRR and BAF, we used the "DNAcopy” of the R package to produce segment files. The GISTIC2 software was
used to identify significant CNV regions and peaks, we set the threshold at q < 0.25 and confidence at 0.95.

Immunohistochemistry

Four-micrometer serial tissue sections were meticulously extracted from archived formalin-fixed paraffin-embedded tissue blocks, meticu-
lously dewaxed, and subsequently rehydrated via xylene and graded alcohol washes. Antigen retrieval procedures were meticulously carried
out in EDTA buffer for precisely 2 min and 30 s. Subsequently, a 3% hydrogen peroxide treatment lasting 10 min was executed to impede
endogenous peroxidase activity, followed by a 10-min incubation period with normal goat serum to eliminate nonspecific background stain-
ing. Thereafter, primary antibodies targeting EMA (ZSGB-bio, ZM-0095, monoclonal, China) and FASN (Abcam, ab128870, monoclonal, UK)
were diligently incubated at 4°C overnight. Antigens were then sequentially detected using secondary biotin-labeled antibodies and perox-
idase-conjugated streptavidin. The chromogen utilized was 3,3-diaminobenzidine, with the sections subsequently counterstained with
hematoxylin.

Primary tumor cell culture

Samples from 4 IMPC and 5 IDC-NOS cases were obtained for the purpose of primary cell culture. The samples underwent two washes in
normal saline and were then finely dissected into small fragments (<1 mm). Subsequently, 1.5 mL of the cell dispersing enzyme EZ solution
was introduced, and digestion occurred at 37°C for 2 h within an oscillator. Once digestion was complete (noted by a notable release of cells
from the tissue under microscopic examination), the cells were filtered through a 308-pm nylon net. The cell precipitates were then suspended
in 3 mL of modified medium and transferred to a 6-cm dish. Primary tumor cells from both IMPC and IDC-NOS were cultured in DMEM/F12
enriched with 5% horse serum, 10 ng/mL insulin, 20 ng maximum EGF, 0.5 pg/mL hydrocortisone, 100 ng/mL cholera toxin, 10 uM RhoA kinase
inhibitor (YMEC 27632), 1% L-glutamine, 1% pyruvate, 0.05% bovine pituitary extract, and 1% penicillin-streptomycin. The cell cultures were
maintained in an incubator at 37°C with 5% CO2.

3D culture and immunofluorescence staining of primary tumor cells

The primary cell suspensions of IMPC and IDC-NOS were combined with collagens A, B, and C (from Osaka, Japan) atan 8:1:1 ratio on ice.
Subsequently, 30 L per drop was seeded onto a glass coverslip coated with fibronectin, positioned in a é-well plate (Corning, USA).
Following a 30-min incubation period in a 37°C, 5% CO2 environment, the collagen drops solidified, after which 2 mL of medium was
added for sustained culture. The floating IMPC and IDC-NOS cells within the collagen droplets were then fixed using 4% paraformalde-
hyde and permeabilized with 0.2% Triton X-100. Subsequently, antibodies targeting sLex (BD, 551344, CSLEX1, monoclonal, diluted at
1:150, USA) or EMA (ZSGB-Bio, ZM-0095, monoclonal, China) were incubated overnight at 4°C. The secondary antibody was applied at
room temperature for 1 h. DAPI (Solarbio, Beijing, China) was utilized for nuclear staining, and imaging was performed using confocal
microscopy.

Bulk-RNA-seq

The primary cells cultured from the 4 IMPC cases, 5 IDC-NOS cases, and adjacent normal breast tissues underwent bulk RNA-seq analysis. In
each sample, a total of 3 pg of RNA was utilized as input material for bulk RNA-seq. The NEBNext UltraTM RNA Library Prep Kit for lllumina
(NEB, USA) was employed to construct the sequencing library, with an index code added to the sample’s attribute sequence. Briefly, mRNA
was isolated from total RNA using poly T oligomers linked to magnetic beads. Within the NEBNext first-strand synthesis reaction buffer (5X),
divalent cations were heat-denatured. Random hexamer primers and M-MulLV reverse transcriptase (RNaseH-) were used to synthesize the
first cDNA strand. Subsequently, DNA polymerase | and ribonuclease H were employed to generate the second cDNA strand, ensuring the
remaining overhangs were converted into blunt ends through exonuclease/polymerase activity. Following adenylation at the DNA fragment's
3" end, hybridization occurred with the NEBNext adapter possessing a hairpin loop structure. Purification of the library fragment, ranging from
250-300 bp, was carried out using the AMPureXP system (Beckman Coulter, Beverly, USA). Subsequently, the cDNAs selected based on size
and junction sequence were enzymatically treated with 3 pL USER enzyme (NEB, USA) at 37°C for 15 min followed by a 5-min incubation at
95°C before PCR amplification. Phusion high-fidelity DNA polymerase, universal PCR primers, and index (X) primers were utilized for the PCR
step. Lastly, the PCR products were purified using the AMPureXP system, and the library quality was assessed using an Agilent BioAnalyzer
2100 instrument. The TruSeqgPE Cluster Kit v3-CBOT-HS (lllumina) was used for clustering the samples indexed on the CBOT clustering gen-
eration system. Following cluster formation, the libraries were sequenced on the lllumina HiSeq platform, generating paired-end reads of
125 bp/150 bp. For the primary suspension cell mass preparation of the IMPC tumor, upon the suspension cell mass reaching a diameter
of 2-3 mm, the IMPC cell mass was dissociated and cultured for 3-5 days. Subsequently, the IMPC cell mass was harvested for bulk RNA-
seq analysis.
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Differential expression analysis

Differential expression analysis of IMPC tumor cells and IDC-NOS tumor cells (with two biological replicates per condition) from bulk RNA-seq
data was conducted using the DESeq2 R package (version 1.20.0). DESeq?2 offers statistical tools for identifying differential expression in dig-
ital gene expression data by employing a model based on the negative binomial distribution. The resultant p-values were adjusted utilizing
the Benjamini and Hochberg methods to control the false discovery rate. A threshold of padj <0.05 and |log2(fold change)| > 1 was estab-
lished to define significant differential expression levels.

Enrichment analysis of differentially expressed genes

Gene Ontology (GO) enrichment analysis of differentially expressed genes was conducted using the clusterProfiler R package (version 3.8.1),
with gene length bias correction applied. GO terms exhibiting a corrected p-value below 0.05 were deemed significantly enriched by
differentially expressed genes. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database serves as a valuable resource for compre-
hending the high-level functions and biological mechanisms of systems ranging from cells to organisms and ecosystems, leveraging molec-
ular-level data, particularly large-scale molecular datasets generated through genome sequencing and other high-throughput experimental
technologies (http://www.genome.jp/kegg/). The clusterProfiler R package (version 3.8.1) was utilized to assess the statistical enrichment of
differentially expressed genes in KEGG pathways. The Reactome database amalgamates diverse reactions and biological pathways of model
species, with Reactome pathways exhibiting a corrected p-value under 0.05 being considered significantly enriched by differentially ex-
pressed genes. Furthermore, the Disease Ontology (DO) database delineates human gene functionality and disease associations, with
DO pathways featuring a corrected p-value less than 0.05 is regarded as significantly enriched by differentially expressed genes. Lastly,
the DisGeNET database integrates genes linked to human diseases, and DisGeNET pathways surpassing a corrected p-value of 0.05 are
perceived as significantly enriched by differentially expressed genes. The clusterProfiler R package (version 3.8.1) was employed to evaluate
the statistical enrichment of differentially expressed genes across Reactome, DO, and DisGeNET pathways.

Single-cell RNA sequencing analysis

The tissue samples from the 3 cases of mixed IMPC tumors (comprising IMPC with an IDC-NOS component) were enzymatically dissociated
into single cells using Accutase. These isolated single cells underwent two washes with 3 mL of Hank's solution (lacking calcium and magne-
sium ions) and were subsequently resuspended in 3 mL of Hank's solution (without calcium and magnesium ions). The single cells were stained
with trypan blue, and their viability was determined to be in the range of 79%-91%. A single-cell suspension was loaded into a chromium
microfluidic chip via the Chromium Single Cell 3’ v2 chemical approach, with barcoding accomplished using a 10X Chromium Controller
(10X Genomics). The RNA, together with cell barcodes, underwent reverse transcription, and the sequencing library was prepared utilizing
reagents from the Chromium Single Cell 3’ v2 Kit (10X Genomics). Subsequently, the library was sequenced using an lllumina instrument
(NovaSeq) (refer to Figure 3A). A total of 9876 captured cells were sequenced in parallel, each exhibiting an average read depth of 30 M
per cell to generate a single-cell cDNA library.

Processing and analysis of single-cell RNA sequencing data

The construction of a 10X single-cell sequencing 3’ end counting library was accomplished using Cell Ranger 1.3.1 (10X Genomics). Cell
Ranger counts were employed to align each library to the indexed GRCh38 genome. The resultant data matrix was imported into R, and
Seurat (Version 3.1.3) was utilized for unsupervised clustering. Cell filtration criteria required that each gene be expressed in a minimum of
three cells, with at least 200 genes expressed in each cell. Cells expressing either too few or too many genes (<200 genes, >7500 genes)
and those displaying high mitochondrial gene coverage (>5%) were excluded. Following quality control measures, a total of 8230 single
cells and 22,215 genes were retained. Normalization of each sample was performed using "NormalizeData." To mitigate batch effects,
"CCA" and "IntegrateData" functions were applied to merge samples and eliminate batch variations. Subsequently, "ScaleData" was em-
ployed for data normalization, the "PCEbowPlot" function was utilized to estimate the optimal number of principal components, and
graph-based clustering was executed to group cells. This method primarily entailed generating a nearest-neighbor matrix followed by
employing a community search algorithm to identify the most suitable clusters. The UMAP dimensionality reduction technique was em-
ployed for data visualization, while the "FindAlIMarkers" function was used to identify genes specifically expressed within each cluster
and annotate cell types.

Gene set variation analysis (GSVA) and gene set enrichment analysis (GSEA) of IMPC

GSVA (version 1.32.0) was used to evaluate the activation of classical pathways and metabolism-related pathways between different subsets of
cells, and the list of pathway genes was obtained from classical literature and the Molecular Signatures Database. Genes were clustered
by multiplying the average log-fold change (avg_logFC) of differentially expressed genes by the logarithm base 10 of the p-value. The
"FindAllMarkers" function in Seurat was utilized to identify genes specifically expressed in each subgroup within single-cell RNA-seq
data. Furthermore, the specific expression genes of IMPC cells and IDC-NOS cells were compared based on bulk RNA-seq outcomes.
Gene set enrichment analyses were conducted through GO and KEGG analyses. To elucidate pathways showing significant enrichment dur-
ing the transition from the primitive stage to the primary stage, GSEA, and KEGG gene cluster enrichment analyses were performed. Gene
sets with p-values below 0.05 were deemed enriched.
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Pseudotiming analysis of IMPC

Monocle3 was employed to construct single-cell pseudotime trajectories illustrating cell differentiation. The differentially expressed genes
between clusters 3, 4, and 6, as well as clusters 3 and 6, were identified using the "DifferentialGeneTest" function, establishing the initial point
of the pseudospatial trajectory via the "OrderCells" function. Subsequently, dimensionality reduction of the data was carried out using the
"DDRTree" function, followed by data visualization utilizing the "Plot_Cell_Trajectory" tool. Differentially expressed genes across pseudo-
time were determined through the "DifferentialGeneTest" function.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were conducted using R (http://www.r-project.org) and SPSS version 19.0 (SPSS Inc., Chicago, IL, USA). To assess the
prognostic significance of specific gene overexpression in the IMPC group, METABRIC expression data and clinical information sourced from
the cBioPortal website were obtained. Patients were stratified into high and low expression groups based on gene expression levels. Clini-
copathological characteristics were compared utilizing the Mann-Whitney U-test, while correlations were examined using the Spearman rank
test. Overall Survival (OS) and Disease-Free Survival (DFS) durations were calculated from the date of surgery to death and locoregional recur-
rence and/or distant metastasis, respectively. Follow-up durations ranged between 2 and 120 months. OS and DFS curves were generated
using the Kaplan-Meier method, and differences between the curves were assessed via the log rank test. *p < 0.05; **p < 0.01; ***p < 0.001;
***%p < 0.0001 and n.s., non-significant.
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