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Abstract
Metastatic breast cancer (mBC) remains incurable and liver metastases (LM) are observed in approximately 50% of all 
patients with mBC. In some cases, surgical resection of breast cancer liver metastases (BCLM) is associated with pro-
longed survival. However, there are currently no validated marker to identify these patients. The interactions between 
the metastatic cancer cells and the liver microenvironment result in two main histopathological growth patterns (HGP): 
replacement (r-HGP), characterized by a direct contact between the cancer cells and the hepatocytes, and desmoplastic 
(d-HGP), in which a fibrous rim surrounds the tumor cells. In patients who underwent resection of BCLM, the r-HGP is 
associated with a worse postoperative prognosis than the d-HGP. Here, we aim at unraveling the biological differences 
between these HGP within ten patients presenting both HGP within the same metastasis. The transcriptomic analyses 
reveal overexpression of genes involved in cell cycle, DNA repair, vessel co-option and cell motility in r-HGP while 
angiogenesis, wound healing, and several immune processes were found overexpressed in d-HGP LM. Understanding the 
biology of the LM could open avenues to refine treatment of BC patients with LM.
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Abbreviations
BC  breast cancer
BCLM  breast cancer liver metastasis
d-HGP  desmoplastic HGP
H&E  Hematoxylin and Eosin
HGP  histopathological growth pattern
LM  liver metastasis
mBC  metastatic breast cancer
MES  microenvironment score
r-HGP  replacement HGP

Introduction

Liver is one of the most common sites for breast cancer 
(BC) metastases [1], and liver metastases (LM) are associ-
ated with poor prognosis [2, 3]. Currently, systemic therapy 
is used as the primary treatment for metastatic liver dis-
ease [3–6]. Surgical resection of LM is rarely performed 
in patients with mBC, however, a small fraction of patients 
with a localized disease benefit from this intervention [7]. 
As of today, there is a lack of selection criteria to distinguish 
patients who would benefit from local and/or systemic treat-
ment. Our previous study demonstrated that patients with 
any proportion of desmoplastic growth pattern (d-HGP; 
i.e. at least 1% of the tumor-liver interface is desmoplas-
tic), characterized by a fibrotic rim surrounding the tumor 
cells, had a better prognosis as compared to those with a 
‘pure-replacement’ growth pattern (r-HGP; i.e. 100% of the 
tumor-liver interface is replacement), where cancer cells are 
in direct contact with the hepatocytes, mimicking the liver 
architecture [8, 9]. In a broader context, a comprehensive 
study of multiple types of primary cancers reported that 
HGP may be used as an independent marker of metastatic 
behavior and survival, with r-HGP reflecting a more aggres-
sive and diffusely metastatic progression [8]. In patients 
with resected BCLM, 56% present with liver metastases 
with any proportion of d-HGP [8, 9]. This includes 45% of 
patients with both growth patterns at the tumor-liver inter-
face and 11% of patients with ‘pure d-HGP’. A ‘pure r-HGP’ 
is observed in 44% of patients [8, 9]. Results from stud-
ies in patients with colorectal cancer LM [10] suggest that 
liver surgery would be particularly recommended in those 
patients having a LM with only a desmoplastic growth pat-
tern, as this is associated with liver-limited disease instead 
of widespread systemic relapse.

Despite the clear impact of the growth patterns of LM 
on patient outcome, the fundamental biological mechanisms 
associated with the different growth patterns are, in part, still 
unknown. Moro et al. [11] recently demonstrated that the 
fibrous capsule surrounding liver metastases with a d-HGP 
resembles to a typical reaction of the liver to any insult: 

fibrosis and inflammation. The biology of the replacement 
growth pattern, on the other hand, remains elusive, although 
cancer cell motility and cell fitness have been suggested to 
play a role [10, 11]. In this study, we therefore aimed at 
exploring the biological differences between the desmoplas-
tic and the replacement growth pattern of BCLM at the tran-
scriptional level and by bulk RNA sequencing.

Materials and methods

We collected formalin-fixed paraffin-embedded (FFPE) 
samples from surgically-resected LM from 10 patients 
with breast cancer from 4 different Belgian hospitals (UZ 
Leuven, Leuven; Institut Jules Bordet, Brussels; Erasme 
Hospital, Brussels; GZA Ziekenhuizen, Antwerp) and for 
whom the two HGP were simultaneously present at the 
liver-tumor interface. A homogeneous set of clinico-path-
ological data was retrieved from local medical files. These 
data include but are not limited to age of the patient and 
menopausal status at primary diagnosis, BC histopathologi-
cal parameters of the primary tumour (oestrogen receptor 
(ER) status, human epidermal growth factor receptor 2 
(HER2) status, histological type, histological grade, lateral-
ity and multifocality), characteristics of the LM (hormone 
receptor status, HER2 status), the presence of extrahepatic 
metastasis, treatment and outcome. This study received cen-
tral ethical approval (S64812; 25/03/21), Ethics Commit-
tee (EC) from UZ Leuven, Belgium. Local EC approvals 
were obtained, and material and data transfer agreements 
were set up. The vast majority (82%) of the primary tumors 
were identified as invasive breast carcinoma of no special 
type (IBC-NST) which all expressed the ER but not the 
HER2 (Supplementary Table 1). Of all patients, 90% (9/10) 
with LM were ER+/HER2non − amp, while 10% (1/10) were 
ER-/HER2non − amp. Interestingly, 80% (8/10) of patients 
developed a left-sided BC and the liver was their first site 
of progression. Notably, 90% (9/10) of the patients did not 
exhibit any extrahepatic LM but received systemic preop-
erative treatment. HGP was evaluated according to the inter-
national consensus guidelines [10, 12]. Each LM had to have 
two different FFPE blocks with a predominance (≥ 40%) of 
one HGP, resulting in 20 samples (Fig. 1a; Supplementary 
Fig. 1). RNA was extracted from the FFPE samples (Qiagen 
kit) [13]. The differential transcriptomic profile between the 
two HGP was assessed using differential gene expression 
analysis (DGEA) and gene set enrichment analysis (GSEA). 
These analyses accounted for the tumor abundance by tak-
ing as a covariate either tumor cellularity, or the Microenvi-
ronment Score (MES) derived from the deconvolution using 
xCell [14]. P-values presented were not formally corrected 
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Fig. 1 Study design and tumor cellularity assessment and Differential 
Gene Expression Analysis. (a) Study design. Inclusion of ten patients 
with breast cancer liver metastasis. From each liver metastasis within 
the same patient we have selected two samples with different HGP 
(r-HGP and d-HGP). Downstream analyses included histopathological 
assessment and bulk-RNA sequencing according to the manufacturer 
instructions (see Supplementary Material - ‘RNA isolation, library 
preparation, sequencing and data processing’ section). (b) Tumor cel-
lularity. Higher tumor cellularity was observed in r-HGP BCLM in 

6/10 patients. (c) Two haematoxylin and eosin (H&E) sections (left) 
and their schematic representation (right) from the same breast cancer 
liver metastasis. Top row: r-HGP with a direct contact between tumor 
cells and hepatocytes, mimicking the liver architecture, less differenti-
ated cells and no fibrosis. Bottom row: d-HGP with a fibrous rim sepa-
rating the tumor cells from the hepatocytes, more differentiated cells 
and fibrosis. Magnification 18.7x. r-HGP, replacement growth pattern; 
d-HGP, desmoplastic growth pattern. Red = r-HGP; blue = d-HGP.
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(ASCL1, GFRA1, ZNF8, ZNF586, LINC01087, CCDC146, 
ASPH, CXCL4, SCTR and NPTX1) (Fig. 2b; Supplementary 
Fig. 5; Supplementary Tables S5-S6). In contrast, six genes 
known to inhibit cell proliferation and tumor growth were 
overexpressed in d-HGP: SIRT6, MPC2, MIR4458HG, 
ST20-AS1, SREBF2, MRPL40 (Fig. 2b; Supplementary 
Fig. 5; Supplementary Tables S5, S6). A gene cluster-
ing analysis of all genes overexpressed in r-HGP revealed 
that these genes were mainly involved in regulation of the 
cell cycle, cell division, extracellular matrix organization, 
nervous system process and actin filament based-process 
(Fig. 2d-f, Supplementary Tables S5-S6). On the other hand, 
genes overexpressed in d-HGP BCLM were more associ-
ated with response to stress, immune activities and wound 
healing (Fig. 2c-e; Supplementary Tables S5, S6).

GSEA revealed that pathways related to DNA double-
strand break (DSB) repair, histone modification, ner-
vous system, mitosis and meiosis were enriched in r-HGP 
BCLM (Fig. 2g, Supplementary Tables S7, S8). Figure 2g 
also shows that gene sets related to the immune contexture 
were differentially enriched when comparing both growth 
patterns.

Finally, to explore some potential clinical relevance with 
regard to treatment targets, we compared the expression of 
the targets of immune checkpoint inhibitors (ICI) and anti-
body-drug conjugates (ADC), which are currently approved 
in BC or under clinical investigation in oncology, between 
the two growth patterns (Supplementary Figs. 6–9). Based 
on the literature and ongoing clinical trials, we identified 23 
ICI and 56 ADC [15] targets. We observed no significant 
differences in expression between desmoplastic and replace-
ment samples. However, CD47, LGALS9 and TNFRSF14 as 
well as ALCAM, CD46, ERBB3, FN1 generally have high 
expression levels in our LM. It remains however to be dem-
onstrated whether this is the case in a larger series of LM 
and whether this also translates into high expression levels 
at the protein level in the relevant cell subpopulations.

Discussion

This is the first study characterizing transcriptomic pro-
files of surgically resected BCLM according to the HGP. 
We identified differentially expressed genes between r-HGP 
and d-HGP. The genes overexpressed in r-HGP BCLM were 
mainly associated with cell cycle regulation and prolifera-
tion, DNA repair and nervous system. Among them, ASCL1, 
a key transcription regulator that drives the axon regenera-
tion [16], was highly overexpressed in r-HGP. Gene clus-
tering supported these findings showing overexpression 
of genes involved in nervous system and actin filament-
based processes, which is also related to axon guidance 

for multiple testing. More details on materials and methods 
are provided in the Supplementary Material.

Results

We assessed the tumor cellularity and tumor-infiltrating 
lymphocyte (TIL) on hematoxylin and eosin (H&E) slides 
and observed that these differed according to the HGP.

Firstly, we found that in 6/10 patients, r-HGP exhibited 
higher tumor cellularity (median: 50%; range: 15-85%) 
compared to its matched d-HGP samples (median: 17%; 
range: 1-90%) and that two patients had the same cellular-
ity in both samples from the same metastasis (Fig. 1b-c). 
Additionally, and as expected, we observed a negative cor-
relation between pathologically assessed tumor cellularity 
and computationally inferred MES (Spearman’s Correla-
tion Coefficient= -0.376; p-value = 0.102) (Supplementary 
Fig. 2). As gene expression levels measured by bulk-RNA 
sequencing are derived from all cells in the tissue fragment 
used for analysis, an adjustment for tumor cell content is 
regarded as necessary for comparison of the different sam-
ples of the experiment. The observation that both adjust-
ment approaches (tumor cellularity and MES) yield similar 
results in subsequent analyses, is reassuring, suggesting that 
the deconvolution results are reliable.

Regarding the TIL, higher levels were observed in the 
d-HGP (median: 10%; range: 4-53%) as compared to the 
r-HGP (median: 4%; range: 1-39%) BCLM although not 
significantly (p-value = 0.101; Supplementary Fig. 3a). We 
observed the same trend for the ImmuneScore inferred by 
deconvolution (p-value = 0.970, Supplementary Fig. 3b). 
Lastly, a positive moderate correlation between the TIL and 
ImmuneScore was seen (Spearman’s Correlation Coeffi-
cient = 0.382, p-value = 0.096, Supplementary Fig. 3c).

We next assessed the association between HGP and 
the enrichment of cell sub-populations derived from the 
deconvolution analysis (Fig. 2a, Supplementary Tables S2-
S4, Supplementary Fig. 4). Focusing on immune cells, we 
observed an enrichment of several immune cell types, such 
as central memory CD8 T cells (CD8 TCm) (p-value = 0.074, 
adjusted for MES), CD4 naïve T cells (p-value = 0.042, 
adjusted for tumor cellularity) in r-HGP. On the other hand, 
only the CD4 + central memory T cells seemed to be more 
enriched in d-HGP (p-value = 0.073, adjusted for tumor cel-
lularity). However, given the limitations of deconvolution 
these results need to be interpreted with caution.

DGEA of the 20 matched samples identified ten overex-
pressed genes (genes with |logFC| > 0.5 and a p-value < 0.001 
were highlighted and labeled as shown in Supplementary 
Fig. 5) in r-HGP BCLM that were mainly associated with 
cell cycle and proliferation, DNA repair and nervous system 
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Moro et al. that the desmoplastic rim may have arisen from 
a fibrotic and inflammatory response of the liver [11]. Fur-
thermore, GSEA highlighted enrichment of gene sets related 
to the meiotic cell cycle in r-HGP. This is consistent with 
previous findings which indicate that cancer cells are able 
to use meiotic genes to help in the process of DSB repair 
[19], and therefore, potentially giving a survival advantage 

mechanisms used for vessel co-option in brain metasta-
ses [17], and to increase motility of cancer cells in r-HGP 
[18]. In d-HGP samples, we also observed overexpression 
of genes involved in wound healing which is associated to 
angiogenesis, a mechanism well-known to be associated 
with d-HGP [10], and genes involved in multiple immune 
processes. This finding supports the hypothesis made by 

Fig. 2 Association of immune cell types with 
HGP, Differential Gene Expression Analysis 
(DGEA) and Gene Set Expression Analysis 
(GSEA). (a) The associations were estimated 
by linear mixed models adjusted for the tumor 
cellularity and the Microenvironment Score 
(MES). Cell types with a p-value < 0.1 in one of 
the two models are shown. A positive estimate 
indicates a positive association with the r-HGP. 
Tcm = central memory T cells; aDC = acti-
vated dendritic cells; Tgd cells = gamma-delta 
T cells; CMP = common myeloid progenitor; 
MSC = mesenchymal stem cells. (b) Volcano 
Plot of DGEA. Genes with |logFC| > 0.5 and a 
p-value < 0.001 were highlighted and labeled. 
Additionally, genes with |logFC| > 0.5 and 
p-value < 0.01 in both analyses (tumor cellular-
ity as covariate, and MES as covariate) were 
also highlighted and labeled. Genes highlighted 
in red were up-regulated in r-HGP, and genes 
highlighted in blue were up-regulated in d-HGP. 
c-f. Gene clustering. Up-regulated genes in 
d-HGP (top panels) and r-HGP (bottom panels) 
with a p-value < 0.1 were selected from each 
of the analyses, tumor cellularity as covariate 
(c-e), and MES as covariate (d-f), as input. g. 
Association of gene set enrichment and cell 
composition with HGP. Forestplots showing the 
association of the Gene Set Variation Analysis 
(GSVA) scores of Gene Ontology Biological 
Processes (GOBP) gene sets. The associations 
were estimated by linear mixed models adjusted 
for the tumor cellularity and MES. Selected gene 
sets (by meaning) with a p-value < 0.05 in one of 
the two models which are discussed in the text 
are shown. A positive estimate indicates a posi-
tive association with the r-HGP. d-HGP = des-
moplastic growth pattern; r-HGP = replacement 
growth pattern
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scheduled for surgical resection will be prospectively 
included and well-annotated mirrored fresh, fresh frozen 
and FFPE samples of the center of the liver metastasis, the 
tumor-liver interface, and the adjacent normal liver paren-
chyma will be collected. The objectives of OLiver Pro are: 
(1) to conduct a comprehensive clinical, histopathological 
and in-depth molecular characterization using single-cell 
and spatial omics technologies, which was not possible 
in the present study since we only had FFPE tissue avail-
able; and (2) to establish experimental models of BCLM 
in to experimentally characterize the HGP and their tumor 
immune microenvironment.

To conclude, our results provide preliminary informa-
tion on the biological differences present in BCLM accord-
ing to the HGP, with overexpression of genes involved in 
cell cycle, DNA repair, vascular co-option and cell motil-
ity in r-HGP and angiogenesis, wound healing and various 
immune processes in d-HGP.

These results, which will need to be confirmed in a larger 
series, contribute towards a better understanding of the 
mechanisms driving the HGP of BCLM. We believe that by 
increasing the biological knowledge, we will ultimately be 
able to refine the treatment decision-making and the out-
come of these patients. In that context, it will also be neces-
sary to be able to identify growth patterns before surgery is 
performed, for example by using medical imaging aided by 
a radiomics tool [24, 25].

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s10585-
024-10279-1.
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for the tumor cells in r-HGP BCLM. Our results are in line 
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esis, stroma, and immune signaling pathways, while r-HGP 
were enriched in metabolism, cell cycle, and DNA damage 
repair pathways.
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ties, in order to fully understand the immune microenvi-
ronment of LM. Finally, our results showed that the r-HGP 
samples showed greater tumor cellularity, indicating a lower 
degree of differentiation and less fibrosis. This reflects the 
differences in prognosis and proliferation between the two 
HGP.

We also investigated the difference in expression of vari-
ous IC and ADC markers in desmoplastic and replacement 
samples. Although we did not observe a significant differ-
ence, several genes appeared to be highly expressed in liver 
metastases and could be further investigated as potential 
targets.

Although the impact on patient outcome of the HGP of 
LM is demonstrated by many studies and independent of pri-
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technologies, as well as experimental models. To this end, 
we have initiated a prospective multicentric study, OLiver 
Pro (NCT05720676). In this study, patients with BCLM 
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