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Abstract 

Background/Objectives: Metaplastic breast carcinoma (MpBC) is a rare and aggressive 
malignancy characterized by significant histological heterogeneity and limited response 
to standard chemotherapy. Due to its morphological diversity, MpBC often presents di-
agnostic challenges and can overlap with other mesenchymal tumors. This study aimed 
to characterize the genomic landscape of MpBC using a nationwide Japanese database 
and to explore the molecular basis of its diagnostic ambiguities and therapeutic responses. 
Methods: We retrospectively analyzed genomic and clinical data from 123 MpBC cases 
registered in the Center for Cancer Genomics and Advanced Therapeutics (C-CAT) data-
base. To evaluate diagnostic boundaries, genomic profiles of histological mimickers, in-
cluding 19 cases of angiosarcoma and eight cases of myoepithelial carcinoma, were also 
examined. Furthermore, an exploratory single-cell RNA-sequencing analysis was per-
formed on 3274 cells from independent MpBC datasets to investigate cellular heterogene-
ity and potential lineage plasticity. Results: TP53 (73.2%) and PIK3CA (46.0%) were the 
most prevalent genomic alterations in the MpBC cohort. Exploratory analysis suggested 
that PIK3CA mutations may be associated with an improved disease control rate in pa-
tients receiving taxane-based therapy (p = 0.028). Comparisons with mimickers identified 
distinctive molecular signatures, such as MED12 and HRAS hotspot mutations, across en-
tities. Single-cell transcriptomics identified a distinct subpopulation (7.02% of malignant 
cells) co-expressing epithelial and phyllodes-like signatures. Conclusions: These findings 
suggest that MpBC harbors hybrid malignant cell populations that may contribute to its 
complex morphological diversity. While the therapeutic associations are based on a lim-
ited cohort and require prospective validation, the integration of comprehensive genomic 
and single-cell profiling provides an exploratory framework that may potentially enhance 
diagnostic accuracy in the future. However, these associations remain preliminary and 
require prospective validation to confirm their clinical utility. 

Academic Editor: Dhimant Desai 

Received: 18 January 2026 

Revised: 4 February 2026 

Accepted: 7 February 2026 

Published: 12 February 2026 

Copyright: © 2026 by the authors. 

Licensee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license. 



Pharmaceuticals 2026, 19, 311 2 of 14 
 

https://doi.org/10.3390/ph19020311 

Keywords: Metaplastic breast carcinoma; comprehensive genomic profiling; precision  
oncology; TP53; PIK3CA; chemotherapy response; C-CAT database; rare breast cancer 
 

1. Introduction 
Metaplastic breast carcinoma (MpBC) represents a rare but increasingly recognized 

subtype of invasive breast cancer, accounting for less than 1% of all newly diagnosed 
breast malignancies worldwide [1,2]. Yet this uncommon entity has captured growing 
clinical attention due to its distinctly aggressive behavior and resistance to conventional 
therapeutic approaches that are effective in other breast cancer subtypes. The World 
Health Organization defines MpBC as an invasive carcinoma showing differentiation to-
ward squamous cells and/or mesenchymal components, a morphological diversity that 
reflects the underlying biological complexity of these tumors [3]. 

The clinical significance of MpBC extends far beyond its rarity. These tumors fre-
quently present with advanced features and are predominantly triple-negative, lacking 
expression of estrogen receptor, progesterone receptor, and HER2. However, unlike con-
ventional triple-negative breast cancers, MpBC demonstrates a particularly poor response 
to standard chemotherapy regimens, leading to inferior clinical outcomes [4]. This thera-
peutic resistance has prompted intense interest in understanding the molecular mecha-
nisms that drive both the unique morphological features and the aggressive clinical be-
havior of MpBC. 

From a diagnostic standpoint, the morphological heterogeneity of MpBC creates sub-
stantial challenges [5]. The various histological patterns—including spindle cell, squa-
mous, and matrix-producing variants—can overlap with other rare breast lesions and 
even non-mammary malignancies. This diagnostic complexity is compounded by incon-
sistent immunohistochemical marker expression, occasionally leading to misclassification 
and delayed appropriate treatment. The integration of molecular profiling has begun to 
provide additional diagnostic insights, revealing genomic alterations that may help dis-
tinguish MpBC from morphologically similar entities [6]. 

Recent advances in comprehensive genomic profiling (CGP) have started to illumi-
nate the molecular landscape of MpBC [7]. Initial studies suggest frequent alterations in 
tumor suppressor genes and pathways related to epithelial–mesenchymal transition, con-
sistent with the histological plasticity observed in these tumors [8]. However, the rarity of 
MpBC has historically limited large-scale integrated genomic and clinical analyses. In Ja-
pan, the establishment of the Center for Cancer Genomics and Advanced Therapeutics 
(C-CAT) as a nationwide genomic database has created unprecedented opportunities for 
studying rare malignancies [9,10]. This comprehensive repository combines detailed ge-
nomic profiling with clinical annotations from across the country, offering the potential to 
overcome the sample size limitations that have constrained previous MpBC research. The 
systematic collection of both molecular and clinical data provides a unique platform for 
exploring genotype–phenotype correlations and treatment outcomes in real-world set-
tings [11]. Given the diagnostic challenges, therapeutic resistance, and poor outcomes as-
sociated with MpBC, there is an urgent need for improved understanding of its molecular 
underpinnings. Large-scale genomic analyses may reveal actionable alterations suitable 
for targeted therapies or identify biomarkers that could guide treatment selection. Fur-
thermore, systematic evaluation of genomic features across a substantial cohort could help 
clarify the relationship between MpBC and morphologically similar entities, potentially 
improving diagnostic accuracy. 

In this study, we leveraged the comprehensive C-CAT database to characterize the 
genomic landscape of MpBC within a nationwide Japanese cohort. Our objectives were to 
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define the mutational spectrum of MpBC, explore potential molecular subgroups, and ex-
amine associations between genomic alterations and clinical outcomes. By analyzing this 
large-scale dataset, we aimed to provide insights that could inform precision medicine 
approaches for this challenging malignancy and potentially improve outcomes for pa-
tients with this rare but aggressive form of breast cancer. 

2. Results 
2.1. Background 

A total of 105,940 cancer patients were registered in the C-CAT database between 
June 2019 and August 2025. Within this overall cohort, breast cancer was the fourth most 
prevalent cancer type, comprising 8409 cases and representing 7.9% of the total popula-
tion. Among these, 123 cases were classified as MpBC based on the OncoTree system and 
underwent CGP. 

Table 1 summarizes the clinicopathological characteristics of the total breast cancer 
cohort (n = 8409). Female sex accounted for more than 99% of patients. The largest age 
group was patients in their 50s, comprising 2724 individuals (32.3%). Regarding histolog-
ical subtypes, invasive ductal carcinoma (IDC) was the most frequent, accounting for 5645 
cases (67.1%), followed by invasive lobular carcinoma (ILC) with 472 cases (5.6%). The 
most prevalent genetic alteration was TP53, identified in 4455 patients (53.0%). Further-
more, FoundationOne CDx was the most commonly utilized CGP test, performed in 5930 
cases (70.5%). 

Table 1. Clinical background of breast cancer cases in the C-CAT database. 

Breast Cancer Cases (n = 8409) 
Age Group (years) Representative Gene Alterations 

50–59 2724 (32.4%) TP53 4455 (53.0%) 
60–69 2159 (25.8%) PIK3CA 3399 (40.4%) 
40–49 1602 (19.1%) GATA3 1674 (19.9%) 
70–79 1296 (15.4%) BRCA2 1624 (19.3%) 
30–39 427 (5.1%) RAD21 1597 (19.0%) 
80–89 138 (0.2%) MYC 1563 (18.6%) 
20–29 53 (0.1%) ESR1 1509 (17.9%) 
10–19 5 (0.0%) NOTCH3 1477 (17.6%) 

90- 5 (0.0%) CCND1 1408 (16.7%) 
  ERBB2 1368 (16.3%) 

Sex   
Male 51 (0.6%) Cancer Genomics Panel 

Female 8358 (99.4%) FoundationOne CDx 5930 (70.5%) 
  GenMine® TOP Cancer Panel 220 (2.6%) 
  FoundationOne Liquid CDx 1516 (18.0%) 
  Guardant360 125 (1.5%) 
  NCC Oncopanel System 618 (7.3%) 

The study period for each genome profile testing was as follows: NCC Oncopanel System (1 June 
2019 to 13 August 2025), FoundationOne® CDx (1 June 2019 to 18 August 2025), FoundationOne® 
Liquid CDx (1 August 2021 to 18 August 2025), Guardant360® CDx (24 July 2023 to 18 August 2025), 
and GenMine® TOP Cancer Panel (1 August 2023 to 18 August 2025). 

2.2. Metaplastic Carcinoma Cases 

Table 2 shows the detailed background of the 123 MpBC cases. The median age was 
56 years (IQR: 48–66). Current smoking was reported in 17.9% of MpBC patients, and 
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heavy alcohol use in 4.1%. A family history of malignancy was noted in 70.0%. Primary 
tumor tissue was analyzed in 62.6%, and metastatic samples in 31.7%. 

Table 2. Background of Metaplastic Cancer Cases Registered in the Center for Cancer Genomics 
and Advanced Therapeutics. 

Total Metaplastic Carcinoma Cases (n = 123) 
Age Group (years; Median 56) Cancer Genomics Panel 

50–59 42 (34.1%) FoundationOne CDx 105 (85.4%) 
60–69 23 (18.7%) GenMine® TOP Cancer Panel 7 (5.7%) 
70–79 23 (18.7%) FoundationOne Liquid CDx 5 (4.1%) 
40–49 22 (17.8%) Guardant360 2 (1.6%) 
30–39 9 (7.3%) NCC Oncopanel System 4 (2.4%) 
20–29 3 (2.4%)   
80–89 1 (0.8%) Estrogen Receptor Status 

  Positive 15 (12.2%) 
Smoking History Negative 99 (80.5%) 

No 90 (73.2%) Unknown 9 (7.3%) 
Yes 22 (17.9%)   

Unknown 11 (8.9%) Progesterone Receptor Status 
  Positive 9 (7.3%) 

Drinking History Negative 107 (87.0%) 
No 106 (86.2%) Unknown 9 (7.3%) 
Yes 5 (4.1%)   

Unknown 12 (9.8%) HER2 Status 
  0 73 (59.3%) 

Family History (Cancer) 1+ 28 (22.8%) 
Yes 86 (70.0%) 2+ ISH negative/unknown 6 (4.9%) 
No 20 (16.3%) 2+ ISH positive 2 (0.2%) 

Unknown 17 (13.8%) 3+ 5 (4.1%) 
  unknown 9 (7.4%) 
Germline BRCA status   

Positive 1 (0.8%) Sample Specimen 
Negative 106 (86.2%) Primary Site 77 (62.6%) 
Unknown 16 (13.0%) Metastatic Site 39 (31.7%) 

  Blood 6 (4.9%) 
Sex Unknown 1 (0.8%) 

Male 1 (0.8%)   
Female 122 (99.2%) Subtypes 

  Spindle Cell Type 17 (13.8%) 
  Squamous Cell Type 7 (5.7%) 
  Chondroid Metaplasia 4 (3.3%) 
  Osseous Metaplasia 3 (2.4%) 
  Adenosquamous Type 2 (1.6%) 
  Metaplastic Carcinosarcoma 1 (0.8%) 
  Not Other Specified 89 (72.4%) 

The study period for each genome profile testing was as follows: NCC Oncopanel System (1 June 
2019 to 13 August 2025), FoundationOne® CDx (1 June 2019 to 18 August 2025), FoundationOne® 
Liquid CDx (1 August 2021 to 18 August 2025), Guardant360® CDx (24 July 2023 to 18 August 2025), 
and GenMine® TOP Cancer Panel (1 August 2023 to 18 August 2025). HER2: human Epithelial 
Growth Factor Receptor 2, ISH: in situ Hybridization. 

Most MpBC cases demonstrated a triple-negative phenotype. Based on available im-
munohistochemistry, HER2 expression was detected in only 5.3% of patients, ER in 12.2%, 
and PgR in 7.3%. Germline BRCA1 mutation was observed in 0.88% of cases, and no 
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BRCA2 mutations were identified. These findings confirmed the predominance of the tri-
ple-negative phenotype, consistent with prior reports [12]. 

CGP (Table 3) revealed a complex mutational landscape. The most frequently altered 
gene was TP53, detected in 73.2% of cases. PIK3CA mutations were present in 46.0%, fol-
lowed by CDKN2A (33.3%), PTEN (26.0%), CDKN2B (22.8%), TERT (20.3%), and MYC 
(14.6%). Consistent with previous smaller series (PMID 25688406), TP53 and PIK3CA 
emerged as the most frequently altered genes. 

Table 3. Cancer Genomic Profiling Tests Used in This Study (Reimbursed In Japan). 

Features FoundationOne 
CDx 

FoundationOne 
Liquid CDx 

NCC Oncopanel 
System 

GenMine TOP 
Cancer Panel 

Guardant 
360 

Sample Type FFPE tissue Blood FFPE tissue FFPE tissue Blood 
Number of Genes 324 324 114 723 73 

MSI Testing Yes Yes Yes * No Yes 
TMB Assessment Yes Yes Yes Yes No 
Minimum Tumor  
Content Required 20% N/A 20% 20% N/A 

Required DNA Input 50 ng 2 tubes 50 ng 50 ng 2 tubes 
*: Earlier versions did not include microsatellite instability testing capability. FFPE: Formalin-Fixed Par-
affin-Embedded, MSI: Microsatellite Instability, TMB: Tumor Mutation Burden, N/A: Not Applicable. 

Median tumor mutational burden (TMB) was 3.78 mut/Mb (IQR: 1.26–5.00), con-
sistent with an intermediate mutational burden. Microsatellite instability (MSI) was not 
detected; one case (0.8%) was reported as equivocal, and all others were microsatellite 
stable (MSS). Actionable genomic alterations, defined as those for which targeted therapy 
was available or recommended, were identified in 48.8% of MpBC patients. Cases har-
bored a BRAF V600E mutation [13] and FGFR2 fusion [14], respectively, representing tar-
getable alterations with approved therapies in Japan for BRAF (solid tumor) and FGFR2 
(cholangiocarcinoma only). Among the 123 MpBC cases (Table 4), treatment information 
was available for 116 patients. Chemotherapy regimens were categorized into four major 
backbones: taxane-based, anthracycline-based, eribulin-based, and fluoropyrimidine-
based therapies. In an exploratory subgroup analysis of taxane-based regimens (n = 113), 
patients with PIK3CA alterations achieved a nominally higher disease control rate (DCR) 
in this exploratory analysis compared with those without (p = 0.028). A trend toward bet-
ter outcomes was observed in TP53 wild-type tumors, although this did not reach statis-
tical significance (p = 0.096). CDKN2A and PTEN alterations showed no association with 
improved response to taxane therapy (p = 0.591 and 0.602, respectively). 

Table 4. Results of Metaplastic Cancer Genomic Testing Cases and Treatment Resistance registered 
in the Center for Cancer Genomics and Advanced Therapeutics. 

Total Metaplastic Carcinoma Cases (n = 123) 
Druggable Variants: Molecular Board Review Taxane Resistance-Associated Gene Alterations 

No 60 (48.8%) Gene OR p-value 
Yes 46 (37.4%) PIK3CA 0.35 0.03 

Unknown 17 (13.8%) CDKN2A 1.30 0.59 
  TP53 2.42 0.09 

Microsatellite Instability PTEN 1.31 0.60 
Microsatellite Stable 104 (84.6%)    

Microsatellite Equivalent 1 (0.8%) Anthracycline Resistance-associated Gene Alterations 
Unknown 18 (14.6%) Gene OR p-value 

  PIK3CA 0.69 0.51 
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Presumed Germline Pathogenic Variant CDKN2A 1.13 0.85 
No 119 (96.8%) TP53 1.20 0.79 
Yes 4 (3.3%) PTEN 1.91 0.25 

Unlike the patterns observed with anthracycline-based treatment, none of the exam-
ined genetic alterations demonstrated significant association with therapeutic response. 
Specifically, alterations in TP53, PIK3CA, CDKN2A, and PTEN showed no predictive value 
(p = 0.787, 0.512, 0.847, and 0.251, respectively). These exploratory findings suggest poten-
tial differential associations between genomic alterations and chemotherapy backbone se-
lection for MpBC. Limited data were available for eribulin-based (n = 52) and fluoropy-
rimidine-based (n = 56) regimens. In exploratory analyses, no clear genomic predictors of 
response were identified, likely reflecting small sample sizes and heterogeneous prior 
treatments. 

The differential diagnosis of MpBC encompasses several critical mimickers, includ-
ing phyllodes tumors [15], angiosarcomas [16], and myoepithelial carcinomas [17]. For 
example, phyllodes tumors frequently harbor characteristic genetic alterations in TERT 
and MED12, which serve as pivotal molecular markers for their diagnosis [18]. In the pre-
sent cohort, MED12 alterations were identified in four cases, and an HRAS G13R mutation 
was detected in one case. HRAS mutations are recognized as key drivers of myoepithelial 
differentiation in myoepithelial tumors [19]. The detection of these specific alterations, 
which are traditionally associated with phyllodes tumors or myoepithelial carcinomas, 
necessitates rigorous evaluation of whether these cases represent potential misregistration 
of mimickers, specific lines of differentiation within MpBC, or genuine coexistence of 
these pathological entities. Distinguishing among these possibilities is crucial for ensuring 
diagnostic accuracy and understanding the diverse morphological spectrum of MpBC [20] 
in large-scale genomic databases. 

2.3. Genomic Landscapes of Histologic Mimickers: Angiosarcoma, Myoepithelial Carcinoma, and 
Phyllodes Tumors 

The diagnostic differentiation of MpBC from its histologic mimickers, such as angio-
sarcoma, myoepithelial carcinoma, and phyllodes tumors, remains a significant challenge 
due to overlapping morphological features. To further characterize these rare entities, we 
analyzed the genomic profiles of 19 angiosarcoma cases and eight myoepithelial carci-
noma cases. In the angiosarcoma cohort (n = 19), all patients were female with a median 
age of 49 years. While the clinical database could not definitively distinguish between pri-
mary and secondary (e.g., post-radiation) tumors, the majority of cases (89.5%) had re-
ceived taxane-based chemotherapy. Genomic analysis was performed using various plat-
forms, with FoundationOne CDx being the most frequently utilized (13 cases, 68.4%). The 
most frequent alterations were MYC amplification (68.4%) and PIK3CA mutations (42.1%), 
whereas TP53 alterations were relatively infrequent (21.1%). Although three cases yielded 
potentially false-negative results with no clinically significant alterations detected, we 
identified HRAS hotspot mutations (Q61L, n = 2; A59T, n = 1; G13R, n = 1) in a total of four 
cases, despite the absence of MED12 or TERT promoter variants. In contrast, the myoepi-
thelial carcinoma cohort (n = 8) consisted entirely of female patients (median age 55 years); 
all cases were analyzed using FoundationOne CDx. Notably, HRAS mutations were pre-
dominant, identified in six cases (Q61K, n = 2; Q61R, n = 2; Q61H, n = 1; G13R, n = 1), while 
the remaining two cases were HRAS wild-type. Clinical follow-up showed that while tax-
anes and anthracyclines were administered in three cases each, the only patient who 
achieved a therapeutic response was one of the HRAS wild-type cases. Furthermore, our 
previous study of 60 phyllodes tumors [18] identified only a single case with an HRAS 
mutation, which, interestingly, lacked the MED12 mutations typically seen in that lineage. 
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These genomic findings suggest that while these entities are categorized as distinct diag-
noses, there may be a degree of diagnostic overlap or the presence of shared progenitor 
cells capable of multidirectional differentiation. The identification of HRAS mutations 
across different histologies underscores the complexity of these tumors. To resolve these 
diagnostic ambiguities and to elucidate the potential coexistence of diverse differentiated 
cell populations at a higher resolution, we subsequently performed single-cell RNA se-
quencing. 

2.4. Single-Cell RNA-Seq Analysis Identifying Hybrid Epithelial-Phyllodes States in MpBC 

To generate supportive biological hypotheses regarding the cellular heterogeneity of 
MpBC at higher resolution, we performed a transcriptomic analysis using the 
CELLxGENE Census database (version 8 November 2025). We analyzed 3274 cells from 
two independent datasets (Dataset IDs: de5416ef-bbfa-41f3-99d4-01a3554173f5 and 
ed880090-465d-4477-9d98-70838ca288e3) [21], of which 2422 were annotated as malignant 
cells. We evaluated the expression of an epithelial signature (S_Epi: EPCAM, KRT19, 
KRT8, KRT18) [22], representing established luminal epithelial markers, and a phyllodes-
like signature (S_Phy: CD34, ALDH1A1, HOXB13, WNT5A, LEF1, AXIN2, CTNNB1) [23–
28], comprising stromal markers and Wnt pathway components associated with phyl-
lodes tumors. Notably, our analysis identified a distinct subpopulation of 170 double-pos-
itive malignant cells, representing 7.02% of the malignant cell population (Figure 1). These 
hybrid cells were reproducible across both independent datasets, each contributing 85 
cells to this population. All cells in this double-positive group were confirmed to be ma-
lignant. Although representing a minority of cells, the identification of this population 
across two independent datasets suggests a reproducible biological phenomenon rather 
than a technical artifact. These data indicate that the morphological overlap between 
MpBC and phyllodes tumors may reflect the presence of malignant cells with hybrid epi-
thelial–mesenchymal phenotypes, supporting a phyllodes-like conversion hypothesis at 
the single-cell level. 

 

Figure 1. Co-expression of epithelial and phyllodes-like signatures in metaplastic breast carcinoma 
at the single-cell level. Scatter plot showing the relationship between epithelial signature score 
(S_Epi, x-axis) and phyllodes-like signature score (S_Phy, y-axis) in 3274 cells from metaplastic 
breast carcinoma. Each dot represents a single cell, color-coded by classification: gray (Low, n = 
1804), blue (Epi_High, n = 650), orange (Phy_High, n = 650), and red (Double_Positive, n = 170). 
Dashed lines indicate the 75th percentile thresholds (S_Epi: 0.328; S_Phy: −0.041). The double-
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positive population (upper-right quadrant) represents 5.19% of total cells and 7.02% of malignant 
cells, with equal distribution across two independent datasets (85 cells each). Pearson correlation 
analysis showed no significant linear relationship (r = −0.019, p = 0.27), indicating independent reg-
ulation of the two transcriptional programs. 

3. Discussion 
In this study, we investigated MpBC, a group of breast cancers with limited scientific 

evidence, utilizing the C-CAT database, one of the largest real-world databases world-
wide containing patients’ background and treatment information. We examined patient 
characteristics, treatment responsiveness, and genetic landscape. Furthermore, given that 
MpBC presents diagnostic challenges with numerous mimickers and differential diagno-
ses, we explored the genetic landscape of these entities and attempted partial analysis of 
associated genes. Our findings confirmed that MpBC exhibits immunohistochemical sta-
tus similar to triple-negative disease, as previously reported. Taxanes and anthracyclines 
were employed as the mainstay chemotherapy regimens. However, in current clinical 
practice, trastuzumab deruxtecan has been approved for HER2-low expression [29] and 
ultra-low expression (data for ultra-low expression were not available in this study) [30]. 
Given that approximately one-quarter of cases exhibited low expression, this agent repre-
sents a valuable therapeutic option with anticipated efficacy, and further data accumula-
tion is warranted. 

Regarding the analysis of genetic profiles and treatment responsiveness, reports on 
PI3K pathway activation have shown conflicting results, with some demonstrating re-
sistance to taxanes [31] and others showing limited association [32]. In our investigation, 
a favorable trend in DCR was observed. While these findings should be interpreted with 
caution due to the limited sample size of the treatment-stratified subgroups, the high fre-
quency of PIK3CA alterations—which, along with TP53, remains a hallmark oncogenic 
driver in conventional breast cancer—may potentially suggest a degree of molecular over-
lap between MpBC and more common breast cancer subtypes. Consequently, these results 
should be regarded as strictly hypothesis-generating, reflecting the possibility that a sub-
set of MpBC might retain certain therapeutic sensitivities characteristic of conventional 
breast cancer. This may relatively preserve sensitivity to representative breast cancer 
chemotherapy regimens. While remaining hypothetical, among these representative 
chemotherapy agents, the PI3K pathway has been reported to contribute to microtubule 
stabilization [33], potentially leading to excessive microtubule stabilization by taxanes and 
subsequent cytotoxicity. Treatment resistance in MpBC remains poorly understood, high-
lighting the need for further research. Additionally, approximately 10% of tumors demon-
strated hormone receptor positivity, suggesting potential benefit from capivasertib [34], 
with future reports eagerly anticipated. Furthermore, samples harboring representative 
druggable alterations amenable to relatively tumor-agnostic therapy, such as BRAF V600E 
[13] and FGFR2 fusion [14], were detected, although approval status varies by country. 
Given the limited therapeutic options for MpBC, proactive proposal of genomic testing 
represents an important treatment strategy to maximize therapeutic opportunities for pa-
tients. 

During our genetic landscape investigation, MED12 [18,35], a representative genetic 
signature of phyllodes tumors, and HRAS hot spot mutations [19], a characteristic genetic 
signature of angiosarcoma, were sporadically identified within the MpBC cohort. From a 
database registration perspective, while possibilities of pathological diagnostic accuracy 
issues or pull-down selection errors during registration cannot be entirely excluded, we 
performed exploratory analysis on the possibility that MpBC cells possess genetic aspects 
of phyllodes tumors and that these may represent diseases with transitional or overlap-
ping spectra [20,36]. The presence of these signature mutations suggests that a subset of 
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MpBC may share common progenitor pathways or exhibit lineage plasticity with its his-
tological mimickers. This molecular commonality likely contributes to the significant di-
agnostic overlap and morphological diversity observed between these rare breast entities. 
Analysis of single-cell RNA sequencing data from major public databases revealed the 
potential existence of a cell population exhibiting both epithelial tumor characteristics and 
phyllodes tumor features as double-positive. Although this single-cell analysis remains 
hypothesis-generating for our specific cohort, these preliminary findings underscore the 
importance of considering the possibility of such cell populations when interpreting large-
scale genomic databases. Rather than attributing these observations solely to diagnostic 
migration or registration errors, future researchers should evaluate whether they repre-
sent genuine lineage plasticity within MpBC. Moreover, the possibility that treatment re-
sponsiveness may vary depending on these genetic characteristics cannot be excluded, 
necessitating future prospective validation. 

Several limitations exist in this study. Due to the retrospective design, treatment ap-
proaches and efficacy assessments were not standardized, and genomic profiling plat-
forms varied among cases. While FoundationOne CDx was predominantly utilized, a 
small subset underwent testing with the NCC Oncopanel System or Guardant360® CDx, 
neither of which includes MED12 in its coverage. This technical heterogeneity potentially 
leads to an underestimation of certain mutation frequencies when calculated across the 
entire cohort. These findings highlight the clinical necessity of selecting a genomic testing 
modality tailored to the differential diagnosis—for example, prioritizing panels that in-
clude MED12 and TERT when a phyllodes tumor is suspected—and underscore the im-
portance of future cross-platform standardization in nationwide databases. Furthermore, 
based on genomic testing indications in Japan (limited to patients who have completed or 
are expected to complete standard therapy), cases undergoing testing were restricted to 
those who had completed or were expected to complete standard treatment. Additionally, 
the small sample size limited statistical power for robust multivariate analysis. Conse-
quently, the absence of multivariable adjustment and multiple testing corrections, com-
bined with real-world data heterogeneity, necessitates that these results be interpreted as 
hypothesis-generating observations rather than definitive predictive markers. Regarding 
the pathological assessment, a centralized review of specimens was not conducted due to 
logistical constraints within the Japanese referral system and the anonymized structure of 
the database. While registration bias cannot be entirely excluded, the identification of hy-
brid epithelial-phyllodes populations via single-cell analysis provides an independent bi-
ological line of evidence for the observed morphological diversity. Future prospective 
studies integrating centralized pathology with genomic profiling will be ideal to further 
validate these findings. Finally, single-cell transcriptome data were obtained from pub-
licly available datasets rather than study-specific samples, making validation of diagnos-
tic accuracy impossible. 

This nationwide analysis characterizes the genomic landscape of MpBC and clarifies 
its relationship with histological mimickers through integrated genomic and single-cell 
transcriptomic profiling. The integration of morphological and molecular features repre-
sents a critical step toward improving diagnostic precision and advancing personalized 
oncology for MpBC. 

4. Materials and Methods 
4.1. Study Design and Data Source 

This was a retrospective observational study utilizing the C-CAT nationwide data-
base in Japan. The database includes CG results from patients with advanced solid tumors 
who underwent molecular testing under the Japanese universal health insurance system. 
The present analysis used C-CAT database version 20250820, which included data 
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collected between June 2019 and August 2025. Clinical and genomic information was ob-
tained from participating cancer genome-designated hospitals. Approval for this analysis 
was granted by the C-CAT Data Utilization Review Committee (approval number: 
CDU2023-032E02) and Institutional Review Board (approval number: 2023-105). The 
study was conducted in accordance with the ethical guidelines for medical research in-
volving human subjects in Japan. All genomic and clinical data in C-CAT are anonymized 
and collected with patient consent at the time of CGP testing. 

4.2. Patient Selection 

Patients diagnosed with MpBC were identified in the C-CAT dataset using the On-
coTree classification system. All cases classified as MpBC during the study period were 
included. No additional exclusion criteria were applied, reflecting the exploratory and 
descriptive nature of the study. 

4.3. Clinical and Pathological Data 

Demographic and clinical characteristics were retrieved, including age at testing, life-
style factors such as smoking and alcohol consumption, and family history of malignancy. 
Pathological and sampling-related data were also collected, including specimen type (sur-
gical resection, biopsy, or liquid biopsy), source of specimen (primary versus metastatic 
site), and available immunohistochemical information. Where available, data on hormone 
receptor expression and germline status were incorporated. 

4.4. Genomic Profiling 

Genomic profiling was performed using several CGP assays approved for clinical 
use in Japan during the study period, including the NCC Oncopanel System (Sysmex Cor-
poration, Kobe, Japan), FoundationOne® CDx (Foundation Medicine, Inc., Cambridge, 
MA, USA), FoundationOne® Liquid CDx (Foundation Medicine, Inc.), Guardant360® CDx 
(Guardant Health, Inc., Redwood City, CA, USA), and GenMine® TOP Cancer Panel 
(GenMineLab, Tokyo, Japan). Each platform differs in the number of genes covered and 
additional features such as assessment of tumor mutational burden (TMB) and microsat-
ellite instability (MSI). The specific platform used for each patient was determined by the 
treating institution. Genomic data collected included single-nucleotide variants, inser-
tions/deletions, copy number alterations, and gene fusions, as well as global biomarkers 
such as TMB and MSI status. 

4.5. Treatment and Outcome Data 

Information on systemic therapies administered after genomic profiling was ex-
tracted when available. Treatment regimens were broadly categorized (e.g., taxane-based, 
anthracycline-based, fluoropyrimidine-based, eribulin-based, or other). Treatment out-
comes were evaluated by attending physicians according to real-world practice and cate-
gorized in the C-CAT dataset as complete response, partial response, stable disease, pro-
gressive disease, or not evaluable. For exploratory analyses, DCR was defined as the pro-
portion of patients achieving complete response, partial response, or stable disease. 

4.6. Single-Cell Transcriptomic Data Processing and Analysis 

For the single-cell RNA-sequencing analysis, publicly available data were obtained 
from the CELLxGENE Census database (version 8 November 2025) using Python (version 
3.12) with the cellxgene-census package (version 1.10.0). We queried cells annotated with 
the disease term “metaplastic breast carcinoma” from the breast tissue category. Raw 
count data were normalized to a total count of 10,000 per cell and log-transformed. Gene 
signature scores were calculated using the score_genes function in Scanpy (version 1.9.0), 
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which computes the mean expression of target genes minus the mean expression of con-
trol genes with similar expression levels. We defined an epithelial signature (S_Epi) com-
prising EPCAM, KRT19, KRT8, and KRT18, and a phyllodes-like signature (S_Phy) com-
prising CD34, ALDH1A1, HOXB13, WNT5A, LEF1, AXIN2, and CTNNB1. Cells were clas-
sified as double-positive if both signature scores exceeded the 75th percentile threshold, a 
commonly used cutoff for identifying highly expressing subpopulations. Pearson correla-
tion coefficients between signature scores were calculated using the SciPy library (version 
1.9.0) to assess the independence of the epithelial and phyllodes-like transcriptional pro-
grams. Specifically, we employed an upper quartile (75th percentile) thresholding ap-
proach. This distribution-based, non-parametric method is widely utilized in single-cell 
transcriptomics to robustly identify high-expressing cell populations while accounting for 
the inherent sparsity and heterogeneity of gene expression data. 

4.7. Statistical Analysis 

Descriptive statistics were used to summarize patient demographics, clinical charac-
teristics, and genomic alterations. Categorical variables were compared using chi-square 
or Fisher’s exact test, and continuous variables were compared using Student’s t-test or 
Mann–Whitney U test as appropriate. p-values less than 0.05 were considered nominally 
significant. Because of the rarity of the disease and the limited sample size, these analyses 
were exploratory in nature, and no adjustments for multiple comparisons were applied. 
All clinical and genomic statistical analyses were conducted using Microsoft Excel 2021 
(Microsoft Corporation, Redmond, WA, USA) and Statcel 5 (OMS Publishing Inc., 
Saitama, Japan). 

4.8. Use of Artificial Intelligence 

The authors used AI-based tools (ChatGPT, Gemini, Grammarly, DeepL, Google 
Translation, and Claude) to improve the readability and linguistic precision of the manu-
script, to assist in developing Python scripts, and to support the creation of the Graphical 
Abstract. 
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The following abbreviations are used in this manuscript: 

MpBC metaplastic breast carcinoma 
CGP comprehensive genomic profiling 
C-CAT Center for Cancer Genomics and Advanced Therapeutics 
IHC immunohistochemistry 
ISH in situ hybridization 
TMB tumor mutational burden 
MSI microsatellite instability 
MSS microsatellite stable 
DCR disease control rate 
ORR overall response rate 
ER estrogen receptor 
PgR progesterone receptor 
HER2 human epidermal growth factor receptor 2 

References 
1. Nelson, R.A.; Guye, M.L.; Luu, T.; Lai, L.L. Survival outcomes of metaplastic breast cancer patients: Results from a US 

population-based analysis. Ann. Surg. Oncol. 2015, 22, 24–31. https://doi.org/10.1245/s10434-014-3890-4. 
2. Paul Wright, G.; Davis, A.T.; Koehler, T.J.; Melnik, M.K.; Chung, M.H. Hormone receptor status does not affect prognosis in 

metaplastic breast cancer: A population-based analysis with comparison to infiltrating ductal and lobular carcinomas. Ann. 
Surg. Oncol. 2014, 21, 3497–3503. https://doi.org/10.1245/s10434-014-3782-7. 

3. WHO Classification of Tumours Editorial Board. Breast Tumours, 5th ed.; International Agency for Research on Cancer: Lyon, 
France, 2019; Volume 2. 

4. Wong, W.; Brogi, E.; Reis-Filho, J.S.; Plitas, G.; Robson, M.; Norton, L.; Morrow, M.; Wen, H.Y. Poor response to neoadjuvant 
chemotherapy in metaplastic breast carcinoma. NPJ Breast Cancer 2021, 7, 96. https://doi.org/10.1038/s41523-021-00302-z. 

5. Rungta, S.; Kleer, C.G. Metaplastic carcinomas of the breast: Diagnostic challenges and new translational insights. Arch. Pathol. 
Lab. Med. 2012, 136, 896–900. https://doi.org/10.5858/arpa.2012-0166-CR. 

6. Suzuki, S.; Seino, M.; Sato, H.; Kawai, M.; Saito, Y.; Saito, K.; Yamada, Y.; Takahashi, K.; Kumanishi, R.; Fukui, T. Malignant 
Phyllodes Tumors: Diagnostic, Investigative and Therapeutic Challenges. Encyclopedia 2025, 5, 157. 

7. Barrientos-Toro, E.N.; Ding, Q.; Raso, M.G. Translational Aspects in Metaplastic Breast Carcinoma. Cancers 2024, 16, 1433. 
https://doi.org/10.3390/cancers16071433. 

8. Reis-Filho, J.S.; Pinheiro, C.; Lambros, M.B.; Milanezi, F.; Carvalho, S.; Savage, K.; Simpson, P.T.; Jones, C.; Swift, S.; Mackay, 
A.; et al. EGFR amplification and lack of activating mutations in metaplastic breast carcinomas. J. Pathol. 2006, 209, 445–453. 
https://doi.org/10.1002/path.2004. 

9. Kohno, T.; Kato, M.; Kohsaka, S.; Sudo, T.; Tamai, I.; Shiraishi, Y.; Okuma, Y.; Ogasawara, D.; Suzuki, T.; Yoshida, T.; et al. C-
CAT: The National Datacenter for Cancer Genomic Medicine in Japan. Cancer Discov. 2022, 12, 2509–2515. 
https://doi.org/10.1158/2159-8290.Cd-22-0417. 

10. Morita, M.; Tsunashima, R.; Yoshinami, T.; Ishida, M.; Iwasaku, M.; Kitano, S.; Kato, C.; Sakaguchi, K.; Takayama, K.; Naoi, Y. 
A 5-year review of genomic medicine in breast cancer: Insights from C-CAT data on 3776 Japanese patients. Breast Cancer 2025, 
32, 314–328. https://doi.org/10.1007/s12282-024-01656-5. 

11. Suzuki, S.; Seino, M.; Sato, H.; Saito, Y.; Saito, K.; Yamada, Y.; Takahashi, K.; Kumanishi, R.; Fukui, T. Potential Resistance to 
Oxaliplatin-Based Regimens in Gastric Cancer Patients with ERBB2 R678Q Mutation: Evidence from a National Genomic 
Database. Curr. Issues Mol. Biol. 2025, 47, 430. https://doi.org/10.3390/cimb47060430. 

12. Schroeder, M.C.; Rastogi, P.; Geyer, C.E., Jr.; Miller, L.D.; Thomas, A. Early and Locally Advanced Metaplastic Breast Cancer: 
Presentation and Survival by Receptor Status in Surveillance, Epidemiology, and End Results (SEER) 2010–2014. Oncologist 
2018, 23, 481–488. https://doi.org/10.1634/theoncologist.2017-0398. 



Pharmaceuticals 2026, 19, 311 13 of 14 
 

https://doi.org/10.3390/ph19020311 

13. Subbiah, V.; Kreitman, R.J.; Wainberg, Z.A.; Gazzah, A.; Lassen, U.; Stein, A.; Wen, P.Y.; Dietrich, S.; de Jonge, M.J.A.; Blay, J.Y.; 
et al. Dabrafenib plus trametinib in BRAFV600E-mutated rare cancers: The phase 2 ROAR trial. Nat. Med. 2023, 29, 1103–1112. 
https://doi.org/10.1038/s41591-023-02321-8. 

14. Abou-Alfa, G.K.; Sahai, V.; Hollebecque, A.; Vaccaro, G.; Melisi, D.; Al-Rajabi, R.; Paulson, A.S.; Borad, M.J.; Gallinson, D.; 
Murphy, A.G.; et al. Pemigatinib for previously treated, locally advanced or metastatic cholangiocarcinoma: A multicentre, 
open-label, phase 2 study. Lancet Oncol. 2020, 21, 671–684. https://doi.org/10.1016/s1470-2045(20)30109-1. 

15. Jayaraman, M.; V, L.; Diwagar, N.; Esakki, M. Diagnostic Maze: Malignant Phyllodes Tumor Mimicking Metaplastic Breast 
Carcinoma. Cureus 2024, 16, e62114. https://doi.org/10.7759/cureus.62114. 

16. Rakha, E.A.; Brogi, E.; Castellano, I.; Quinn, C. Spindle cell lesions of the breast: A diagnostic approach. Virchows Arch. 2022, 
480, 127–145. https://doi.org/10.1007/s00428-021-03162-x. 

17. Bartels, S.; van Luttikhuizen, J.L.; Christgen, M.; Mägel, L.; Luft, A.; Hänzelmann, S.; Lehmann, U.; Schlegelberger, B.; Leo, F.; 
Steinemann, D.; et al. CDKN2A loss and PIK3CA mutation in myoepithelial-like metaplastic breast cancer. J. Pathol. 2018, 245, 
373–383. https://doi.org/10.1002/path.5091. 

18. Suzuki, S.; Saito, Y. Genomic Analysis of Advanced Phyllodes Tumors Using Next-Generation Sequencing and Their 
Chemotherapy Response: A Retrospective Study Using the C-CAT Database. Medicina 2024, 60, 1898. 
https://doi.org/10.3390/medicina60111898. 

19. Galiè, M. RAS as Supporting Actor in Breast Cancer. Front. Oncol. 2019, 9, 1199. https://doi.org/10.3389/fonc.2019.01199. 
20. Akrida, I.; Mulita, F.; Plachouri, K.M.; Benetatos, N.; Maroulis, I.; Papadaki, H. Epithelial to mesenchymal transition (EMT) in 

metaplastic breast cancer and phyllodes breast tumors. Med. Oncol. 2023, 41, 20. https://doi.org/10.1007/s12032-023-02259-4. 
21. Wu, S.Z.; Al-Eryani, G.; Roden, D.L.; Junankar, S.; Harvey, K.; Andersson, A.; Thennavan, A.; Wang, C.; Torpy, J.R.; Bartonicek, 

N.; et al. A single-cell and spatially resolved atlas of human breast cancers. Nat. Genet. 2021, 53, 1334–1347. 
https://doi.org/10.1038/s41588-021-00911-1. 

22. Bach, K.; Pensa, S.; Grzelak, M.; Hadfield, J.; Adams, D.J.; Marioni, J.C.; Khaled, W.T. Differentiation dynamics of mammary 
epithelial cells revealed by single-cell RNA sequencing. Nat. Commun. 2017, 8, 2128. https://doi.org/10.1038/s41467-017-02001-5. 

23. Silverman, J.S.; Tamsen, A. Mammary fibroadenoma and some phyllodes tumour stroma are composed of CD34+ fibroblasts 
and factor XIIIa+ dendrophages. Histopathology 1996, 29, 411–419. https://doi.org/10.1046/j.1365-2559.1996.d01-510.x. 

24. Zhang, Y.; Liss, A.L.; Chung, E.; Pierce, L.J.; Kleer, C.G. Stromal cells in phyllodes tumors of the breast are enriched for EZH2 
and stem cell marker expression. Breast Cancer Res. Treat. 2016, 158, 21–28. https://doi.org/10.1007/s10549-016-3853-5. 

25. Sawyer, E.J.; Hanby, A.M.; Rowan, A.J.; Gillett, C.E.; Thomas, R.E.; Poulsom, R.; Lakhani, S.R.; Ellis, I.O.; Ellis, P.; Tomlinson, 
I.P. The Wnt pathway, epithelial-stromal interactions, and malignant progression in phyllodes tumours. J. Pathol. 2002, 196, 
437–444. https://doi.org/10.1002/path.1067. 

26. Laé, M.; Gardrat, S.; Rondeau, S.; Richardot, C.; Caly, M.; Chemlali, W.; Vacher, S.; Couturier, J.; Mariani, O.; Terrier, P.; et al. 
MED12 mutations in breast phyllodes tumors: Evidence of temporal tumoral heterogeneity and identification of associated 
critical signaling pathways. Oncotarget 2016, 7, 84428–84438. https://doi.org/10.18632/oncotarget.12991. 

27. Chen, P.H.; Bossuyt, V.; Reisenbichler, E. Expression of lymphoid enhancer-binding factor 1 in breast fibroepithelial lesions. 
Hum. Pathol. 2021, 108, 68–75. https://doi.org/10.1016/j.humpath.2020.11.009. 

28. Ang, M.K.; Ooi, A.S.; Thike, A.A.; Tan, P.; Zhang, Z.; Dykema, K.; Furge, K.; Teh, B.T.; Tan, P.H. Molecular classification of 
breast phyllodes tumors: Validation of the histologic grading scheme and insights into malignant progression. Breast Cancer 
Res. Treat. 2011, 129, 319–329. https://doi.org/10.1007/s10549-010-1204-5. 

29. Modi, S.; Jacot, W.; Yamashita, T.; Sohn, J.; Vidal, M.; Tokunaga, E.; Tsurutani, J.; Ueno, N.T.; Prat, A.; Chae, Y.S.; et al. 
Trastuzumab Deruxtecan in Previously Treated HER2-Low Advanced Breast Cancer. N. Engl. J. Med. 2022, 387, 9–20. 
https://doi.org/10.1056/NEJMoa2203690. 

30. Bardia, A.; Hu, X.; Dent, R.; Yonemori, K.; Barrios, C.H.; O’Shaughnessy, J.A.; Wildiers, H.; Pierga, J.Y.; Zhang, Q.; Saura, C.; et 
al. Trastuzumab Deruxtecan After Endocrine Therapy in Metastatic Breast Cancer. N. Engl. J. Med. 2024, 391, 2110–2122. 
https://doi.org/10.1056/NEJMoa2407086. 

31. Dong, M.; Shan, B.; Han, X.; Zhao, X.; Wang, F.; Zhu, L.; Ou, Q.; Ma, X.; Pan, Y. Baseline Mutations and Up-Regulation of PI3K-
AKT Pathway Serve as Potential Indicators of Lack of Response to Neoadjuvant Chemotherapy in Stage II/III Breast Cancer. 
Front. Oncol. 2021, 11, 784985. https://doi.org/10.3389/fonc.2021.784985. 

32. Liedtke, C.; Cardone, L.; Tordai, A.; Yan, K.; Gomez, H.L.; Figureoa, L.J.; Hubbard, R.E.; Valero, V.; Souchon, E.A.; Symmans, 
W.F.; et al. PIK3CA-activating mutations and chemotherapy sensitivity in stage II–III breast cancer. Breast Cancer Res. 2008, 10, 
R27. https://doi.org/10.1186/bcr1984. 



Pharmaceuticals 2026, 19, 311 14 of 14 
 

https://doi.org/10.3390/ph19020311 

33. Onishi, K.; Higuchi, M.; Asakura, T.; Masuyama, N.; Gotoh, Y. The PI3K-Akt pathway promotes microtubule stabilization in 
migrating fibroblasts. Genes. Cells 2007, 12, 535–546. https://doi.org/10.1111/j.1365-2443.2007.01071.x. 

34. Turner, N.C.; Oliveira, M.; Howell, S.J.; Dalenc, F.; Cortes, J.; Gomez Moreno, H.L.; Hu, X.; Jhaveri, K.; Krivorotko, P.; Loibl, S.; 
et al. Capivasertib in Hormone Receptor-Positive Advanced Breast Cancer. N. Engl. J. Med. 2023, 388, 2058–2070. 
https://doi.org/10.1056/NEJMoa2214131. 

35. Yoshida, M.; Sekine, S.; Ogawa, R.; Yoshida, H.; Maeshima, A.; Kanai, Y.; Kinoshita, T.; Ochiai, A. Frequent MED12 mutations 
in phyllodes tumours of the breast. Br. J. Cancer 2015, 112, 1703–1708. https://doi.org/10.1038/bjc.2015.116. 

36. Caruso, J.A.; Chen-Tanyolac, C.; Tlsty, T.D. A hybrid epithelial-mesenchymal transition program enables basal epithelial cells 
to bypass stress-induced stasis and contributes to a metaplastic breast cancer progenitor state. Breast Cancer Res. 2024, 26, 184. 
https://doi.org/10.1186/s13058-024-01920-8. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


