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Abstract

Mucinous carcinoma of the breast (MCB) is a rare histologic form of estrogen receptor (ER)-positive/HER2-negative breast
cancer (BC) characterized by tumor cells floating in lakes of mucin. We assessed the genomic landscape of 32 MCBs by whole-
exome sequencing and/or RNA-sequencing. GATA3 (23.8%), KMT2C (19.0%), and MAP3K1 (14.3%) were the most frequently mu-
tated genes in pure MCBs. In addition, two recurrent but not pathognomonic fusion genes, OAZ1-CSNK1G2 and RFC4-LPP,
were detected in 3/31 (9.7%) and 2/31 (6.5%) samples, respectively. Compared with ER-positive/HER2-negative common forms
of BC, MCBs displayed lower PIK3CA and TP53 mutation rates and fewer concurrent 1q gains and 16q losses. Clonal decompo-
sition analysis of the mucinous and ductal components independently microdissected from five mixed MCBs revealed that
they are clonally related and evolve following clonal selection or parallel evolution. Our findings indicate that MCB represents

a genetically distinct ER-positive/HER2-negative form of BC.

Mucinous carcinoma of the breast (MCB) is a rare histologic type
of estrogen receptor (ER)-positive/HER2-negative breast cancer
(BC) characterized by tumor cells floating in mucin (1,2). Pure
MCBs (PMCBs) display more than 90% of mucinous areas, are as-
sociated with a favorable clinical outcome (3), and can be sub-
classified into type A (paucicellular) and type B (hypercellular)
(4). Mixed MCBs (MMCBs) contain 50-90% of mucinous areas (1)
and portend a worse outcome than PMCBs (5).

Despite their unique phenotype and previous efforts to char-
acterize their genomic landscape by copy number and targeted
sequencing analyses (6,7), no pathognomonic genetic alteration
underpinning PMCBs or the mucinous phenotype have been
identified. Hence, we sought to characterize the repertoire of so-
matic genetic alterations of MCBs by whole-exome sequencing
(WES), to determine their differences from ER-positive/HER2-
negative invasive ductal carcinomas of no special type (IDC-
NSTs) and invasive lobular carcinomas (ILCs), and to determine

whether they would be underpinned by highly recurrent fusion
genes. The study was approved by the local ethics committees
of the authors’ institutions, and informed consents were
obtained. The methods employed for WES and RNA-sequencing
and for data analyses are detailed in the Supplementary
Methods (available online). Statistical significance was evalu-
ated by the two-sided Mann-Whitney U test and Fisher’s exact
test for continuous and categorical variables, respectively. P val-
ues less than .05 were considered statistically significant.
Thirty-two MCBs, of which 25 were PMCBs (13 type A and 12
type B) and seven MMCBs, were included in this study
(Supplementary Table 1, available online). Following microdis-
section, 28 MCBs were subjected to WES and 15 MCBs to RNA-
sequencing (Supplementary Tables 1 and 2, available online).
GATA3 (23.8%), KMT2C (19.0%), and MAP3K1 (14.3%) were the
most frequently mutated genes in PMCBs (Figure 1A). All GATA3
mutations were frameshifting, and 80.0% (4 of 5) were clonal
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Figure 1. Landscape of somatic genetic alterations in mucinous breast cancers. A) Recurrent somatic mutations and fusion genes identified in pure mucinous carcino-
mas of the breast (PMCBs; n=21; left) and in the mucinous component of mixed mucinous carcinomas (MMCBs; n =7; right), subjected to whole-exome sequencing
(WES; n = 28) and/or to RNA-sequencing (RNA-seq; n=11). Cases are shown in columns and genes in rows. Histopathologic characteristics are depicted in the pheno-
type bars (top). Genetic alterations are color-coded according to the legend, and loss of heterozygosity is represented by a diagonal bar. B) Comparison of the most fre-
quently mutated cancer genes identified in estrogen receptor (ER)-positive/HER2-negative PMCBs from this study (n=20) and from The Cancer Genome Atlas (TCGA;
n=10; total n=230) and in ER-positive/HER2-negative invasive ductal carcinomas of no special type (IDC-NSTs) from TCGA (n =310). Cases are shown in columns and
genes in rows. Fisher’s exact test. C) Copy number alterations identified in PMCBs (n =21) and in the mucinous component of MMCBs (n =7) subjected to WES. Cases
are depicted in rows and chromosomes along the x-axis. Histopathologic characteristics are indicated (left) and color-coded according to the legend. Dark red, amplifi-
cation; light red, copy number gain; dark blue, homozygous deletion; light blue, copy number loss; white, copy neutral. D) Frequency plots and Fisher’s exact test



(Supplementary Figure 1A, available online). In addition, two
PMCBs harbored a clonal SF3B1 K700E hotspot mutation.
Importantly, PMCBs displayed a low frequency of mutations af-
fecting PIK3CA (4.8%) or TP53 (4.8%), which are frequently found
in ER-positive BCs (Figure 1, A and B; Supplementary Table 3,
available online) (8). An exploratory analysis of the mutational
repertoire in type A and type B PMCBs revealed no statistically
significant differences (Supplementary Table 4, available on-
line). Of the cases harboring sufficient mutations to infer their
mutational signatures, 4/5 (80.0%) PMCBs displayed a dominant
signature 1 (aging) and one (20.0%) a dominant signature 2
(APOBEC) (9), and 2/3 MMCBs displayed a dominant signature 1
in both the mucinous and ductal components (Supplementary
Figure 1, B and C, available online). Consistent with previous
reports (6,10), none of the MCBs analyzed here harbored concur-
rent 1q whole-arm gains and 16q whole-arm losses, a hallmark
of ER-positive/HER2-negative BCs (11) (Figure 1C).
ER-positive/HER2-negative PMCBs (this study and The
Cancer Genome Atlas [TCGA], n=30) had a lower tumor muta-
tion burden (TMB) than the mucinous component of MMCBs,
but similar TMB to ER-positive/HER2-negative IDCs-NSTs and
ILCs from TCGA (8) (Supplementary Figure 1, D and E, available
online). Despite the similar TMBs, mutations affecting PIK3CA
and TP53 were statistically significantly less frequently (P <.001,
two-sided Fisher’s exact test) detected in PMCBs (this study and
TCGA, n=30; this study and METABRIC, n=>56) than in all ER-
positive/HER2-negative IDCs-NSTs from TCGA (n=310) and
METABRIC (n=977) (8, 12, 13) and in IDC-NSTs matched accord-
ing to age and/or menopausal status (TCGA, n =90; METABRIC,
n=168; Figure 1B and Supplementary Figure 2, A-H, available
online). A comparison of ER-positive/HER2-negative PMCBs
(n=30) with ER-positive/HER2-negative ILCs from TCGA (all,
n=73; menopausal status-matched, n=60) and METABRIC (all,
n=117; menopausal status-matched, n =56) revealed a statisti-
cally significantly lower frequency of mutations targeting
PIK3CA and CDH1 (P<.001, two-sided Fisher’s exact test;
Supplementary Figure 2, A-H, available online). No statistically
significant differences in the frequency and spectrum of GATA3
mutations were observed between ER-positive/HER2-negative
PMCBs and ER-positive/HER2-negative ILCs and IDC-NSTs. It
should be noted, however, that at variance with PMCBs, which
almost exclusively harbored GATA3 frame shift mutations,
GATA3 mutations in ILCs and IDC-NSTs comprised missense,
frameshift, truncating, and splice-site mutations
(Supplementary Figure 2, I-R, available online). Reanalysis of
the gene copy number alterations found in ER-positive/HER2-
negative PMCBs from this study (n=20), TCGA (n=10), and
METABRIC (n=236) revealed statistically significantly less fre-
quent gains of 1q and 16p and losses of 16q and 22q than in all
and age- and/or menopausal status-matched ER-positive/HER2-
negative IDC-NSTs (TCGA, n=310 and n=90; METABRIC,
n=977 and n=168) and ILCs (TCGA, n=73 and n=60) (Figure
1D; Supplementary Figure 3, A-J, available online). Copy number
analyses at the gene level confirmed these observations
(Supplementary Figure 3, K-M, available online). In addition, ER-
positive/HER2-negative PMCBs from our study (n=12) displayed
higher expression levels of mucin-encoding genes, including
MUC2 and MUC4, than ER-positive/HER2-negative IDC-NSTs (all,
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n=310; age- and menopausal status-matched, n=36) and ILCs
(all, n=73; menopausal status-matched, n=24) from TCGA
(Supplementary Figure 4, A and B, available online). Taken to-
gether, the statistically significantly lower frequencies of
PIK3CA mutations, 1q gains and 16q losses in PMCBs are consis-
tent with the notion that these tumors may follow an evolution-
ary pathway distinct from that of the archetypal ER-positive BC.

RNA-sequencing analysis of six type A and eight type B
PMCBs and the mucinous component of a MMCB revealed no
pathognomonic fusion gene but resulted in the identification of
fusion genes present in more than one sample in 28.6% (4/14) of
PMCBs and in the sole MMCB analyzed (Supplementary Figure
4C; Supplementary Table 5, available online). Of these,
orthogonally validated likely pathogenic fusion genes included
OAZ1-CSNK1G2 and RFC4-LPP, which were detected in 3/31
(9.7%) and 2/31 (6.5%) of all cases interrogated, respectively.
OAZ1-CSNK1G2 results in the fusion of exon 1 of OAZ1 with
exons 9-11 of CSNK1G2, which causes the deletion of the serine
threonine kinase region of the latter that is required for repres-
sion of ER transactivation, suggesting a potential role for this fu-
sion in ER transactivation. The RFC4-LPP chimeric transcript
results from the fusion of exons 1-3 of RFC4 with exons 5-11 of
the known fusion gene partner LPP, which is reported to medi-
ate TGF-f$-induced breast oncogenesis (14,15). Additional fusion
genes identified in MCBs were IRAK3-PPM1H (n=1), GIGYF2-
GFRA3 (n=1), and PHF20-FAM217B (n=1), most of which in-
volved kinases, phosphatases, or regulators of tyrosine kinase
receptor signaling (16-19) (Supplementary Figure 4D, available
online).

As an exploratory, hypothesis-generating analysis to iden-
tify genes specific to the mucinous phenotype, we subjected in-
dependently microdissected mucinous and ductal components
from five MMCBs to WES (Supplementary Methods;
Supplementary Table 2, available online). This analysis did not
reveal any highly recurrently mutated (ie, in more than two of
five cases) genes but demonstrated that the mucinous and duc-
tal components of MMCBs are heterogeneous and clonally re-
lated (Figure 2, A-C; Supplementary Figure 4, E and F, available
online). In three MMCBs, minor subclones of the mucinous com-
ponents harboring mutations affecting GATA3, LPP or NF1 be-
came dominant in the ductal component, likely following clonal
selection (Figure 2, A-C). In two MMCBs, the mucinous and
ductal components appeared to have undergone parallel evo-
lution (Supplementary Figure 4, E and F, available online).
Although most PMCBs and MMCBs displayed an aging signa-
ture (ie, signature 1), MCM15, which arose in a BRCA1 germline
pathogenic mutation (p.C16G) carrier whose tumor also har-
bored somatic loss of heterozygosity of the BRCA1 wild-type
allele in both histologic components (ie, BRCA1 bi-allelic inac-
tivation), displayed the homologous recombination DNA re-
pair deficiency-related mutational signature 3 (Figure 2B;
Supplementary Figures 1C and 4, G and H, available online).
Taken together, these findings suggest that the mucinous and
ductal components of MMCBs are clonally related, and, at least
in a subset of cases, the ductal component likely stemmed
from the mucinous areas.

Our study has important limitations, such as the small sam-
ple size, given the rarity of MCBs. In addition, given the multi-

Figure 1. Continued

corrected for multiple testing comparing copy number gains and losses between the combined cohort of ER-positive/HER2-negative PMCBs from this study (n = 20) and
TCGA (n=10; total n=30) and ER-positive/HER2-negative IDC-NSTs from TCGA (n =310). The frequency of gains (green bars) or losses (purple bars) for each gene is
plotted on the y-axis according to genomic position (x-axis). Inverse Log;o values of the Fisher’s exact test P values are plotted according to genomic location (lower
panel). All statistical tests were two-sided. indel = small insertion/deletion; SNV = single nucleotide variant.
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Figure 2. Clonal composition of the mucinous and ductal components of mixed mucinous breast cancers (MMCBs). Representative hematoxylin-and-eosin micro-
graphs of the mucinous and ductal histologic components of MMCBs (A) MCM13, (B) MCM15, and (C) MCM18 (left). Clonal frequency heatmaps of mutations in the mu-
cinous (M) and ductal (D) histologic components of a given MMCB are shown (top), grouped by their clonal/subclonal structure (clusters) as inferred by PyClone (see
Supplementary Methods). Cancer cell fractions are color-coded according to the legend (top right). PyClone clusters are shown in the bottom of the clonal frequency
heatmap. A cluster-based phylogenetic tree of MMCBs (middle center) and a parallel coordinates plot generated by PyClone (middle right) are shown. Trunk and
branches are colored according to clusters as per PyClone, and the number of somatic mutations that result in the divergence of a clone/subclone from its ancestor are
shown. Cancer genes are depicted in red. Phylogenetic trees generated using Treeomics (see Supplementary Methods) are depicted (bottom). The length of the trunk
and branches represent the number of shared and private somatic mutations identified in both histologic components, respectively. Scale bar, 20 ym.



institutional nature of our study, survival analyses could not be
performed. Nonetheless, our findings demonstrate that MCBs are
genetically heterogeneous and lack a pathognomonic fusion gene
or somatic mutation, but differ from common forms of ER-
positive/HER2-negative BCs, based on the remarkably low fre-
quency of 1q gains, 16q losses, and PIK3CA and TP53 mutations.
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