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CHAPTER 6

Large-scale characterisation of orthotopic 
cell line-derived xenografts identifies TGF-β 
signalling as a key regulator of breast cancer 

morphology and aggressiveness

Catrin Lutz, Xue Chao, Bim de Klein, Jinhyuk Bhin, Madelon Badoux, Timo 
Eijkman, Apostolos P Nikolakopoulos, Stefan J Hutten, Natalie Proost, Bjørn 
Siteur, Marieke van de Ven, Ji-Ying Song, Jacco van Rheenen, Jessica Morgner, 
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Abstract

Breast cancer (BC) is a heterogeneous disease with diverse morphological and 
molecular subtypes. Preclinical models that recapitulate the heterogeneity 
of human BC are needed to advance our fundamental understanding of 
what makes BC an aggressive disease. To study mechanisms underlying 
BC progression, we generated orthotopic cell line-derived xenograft (CDX) 
models from 20 different human BC cell lines using both mammary intraductal 
(MIND) injections and fat-pad transplantations (FPT). The resulting MIND-CDX 
and FPT-CDX models covered the full spectrum of disease progression, 
from in situ disease to metastatic growth. Pathological analysis revealed two 
distinct tumour growth morphologies, flat vs. nodular, and transcriptomics 
analysis identified the TGF-β pathway as a potential regulator of these two 
phenotypes in primary BC. Indeed, knockout of SMAD4 converted nodular-
growing tumours to a more confined disease, while constitutively active 
TGFBR1 renders lesions more aggressive. This research not only offers 
insights into the factors driving BC morphology and aggressiveness but also 
establishes a comprehensive and valuable resource of well-characterised 
orthotopic CDX models for BC research.

Significance
Establishment and investigation of the largest collection of fully characterised 
breast cancer cell line xenograft models identifies key determinants of tumour 
morphology and aggressiveness and enables informed pre-clinical modelling 
for further research.
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Introduction

Breast cancer (BC) is the most common cancer in women, with over 2.3 
million new cases worldwide every year and incidences still rising 1. BC 
comprises multiple clinical subtypes, each largely heterogeneous in 
morphology, oestrogen receptor (ER), progesterone receptor (PR) and 
human epidermal growth factor receptor 2 (HER2) status, gene expression 
profiles, DNA mutations, as well as in microenvironmental factors such as 
stromal involvement and immune cell status 2,3. Thus, preclinical models 
that recapitulate the heterogeneity of human BC are required for basic and 
translational BC research.

Since the establishment of BT-20 cells in 1958 4, a growing number of BC 
cell lines have been generated and used to study molecular tumour biology, 
test drug efficacy, and develop novel diagnostic tools for BC 5,6. BC cell lines 
are commonly transplanted in immunodeficient mice and the resulting cell 
line-derived xenograft (CDX) models remain valuable assets in preclinical BC 
research 6-8. However, despite availability of a wide array of published BC cell 
lines, most studies revert to a limited set of models that fail to recapitulate 
the heterogeneity of human BC. Indeed, only six models (MCF-7, MDA-MB-
231, T-47D, SK-BR-3, MCF10A and MDA-MB-468) cover more than 90% of all 
studies employing BC cell lines, with a single model (MCF-7) covering more 
than half of all studies 9.

The validity of the CDX models is also determined by the transplantation site. 
The few large-scale approaches published to date have used non-orthotopic 
implantation of tumour cells under the skin or mammary fat-pad (FP), which 
does not mimic the tumour microenvironment in patients 10. Orthotopic CDX 
models of BC may yield different results, depending on whether mammary 
intraductal (MIND) injections or fat-pad transplantations (FPT) are used. For 
example, Sflomos et al. reported that MIND-injection of ER+ MCF-7 cells yields 
tumours that retain their luminal characteristics whereas FPT of the same 
cells drives basal differentiation and results in more mesenchymal tumours 11. 
Hence, a comprehensive collection of well-characterised orthotopic 
MIND-CDX and FPT-CDX models of human BC would facilitate (i) informed 
decision making when choosing an appropriate model, (ii) studying the 
heterogeneity of BC in experimentally tractable models, and (iii) unravelling 
mechanisms underlying this heterogeneity through comparative analyses 
between models.
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In this study, we generated and characterised a large panel of MIND-CDX 
and FPT-CDX models spanning all major BC subtypes, to create a resource 
that permits selection of the most appropriate model(s) to address a given 
research question. We determined tumour engraftment rates and latencies, 
metastatic potential, as well as histopathological and molecular characteristics 
of the tumour outgrowths. We additionally studied the effect of hormones on 
tumour growth and morphology. Finally, we identified two distinct tumour 
growth patterns and uncovered the TGF-β pathway as a regulator of primary 
tumour growth morphology and aggressiveness and provide mechanistic 
insights showing that TGF-β signalling acts in autocrine fashion in MIND 
models whilst FPT xenografts are further enhanced in modulating aggressive 
growth by paracrine signalling via the microenvironment.

Results

In vivo growth morphology of BC cells is determined by 
transplantation site
To study the effect of the microenvironment on BC growth and morphology, 
we established CDX models using two different orthotopic transplantation 
methods, i.e., cell injection into the mammary FP (fat-pad transplantation; 
FPT method) or the mammary duct (mammary intraductal; MIND method), 
resulting in exposure of BC cells to two distinct orthotopic environments 
with different tissue organization and cellular compositions. To cover the 
full spectrum of BC subtypes, we used a panel of 10 different human BC cell 
lines (SUM52PE, MCF-7, T-47D, Evsa-T, SK-BR-5, SUM149PT, MCF10DCIS.
com, MDA-MB-231, SK-BR-7, SUM159PT) that differ in their hormone receptor 
(HR) and HER2 status, the original BC subtype and site from which they were 
derived, as well as their in vitro morphology. All 10 cell lines were subjected 
to cell line authentication and their HR and HER2 status was determined by 
immunofluorescence (IF) staining (Supplementary Table 1 and Supplementary 
Figure 1A-C) Although T-47D cells have been reported to be HER2-negative 7, 
they showed prominent HER2 expression as determined by IF (Supplementary 
Figure 1A).

We next injected all cell lines into female NOD-scid-IL2Rgnull (NSG) mice, using 
both the FPT and MIND methods, and characterised the tumour outgrowths 
(Figure 1A, Supplementary Figure 1D). Interestingly, while all 10 cell lines 
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developed round, nodular tumours in the FPT-CDX models (Figure 1B), we 
observed two distinct growth patterns in the MIND-CDX models. While 
4/10 MIND-transplanted cell lines (MCF10DCIS.com, MDA-MB-231, SK-BR-7, 
SUM159PT) grew out as round, nodular tumours, 6/10 lines (SUM52PE, MCF-7, 
T-47D, Evsa-T, SK-BR-5, SUM149PT) formed flat tumours, filling the structure 
of the mammary gland (Figure 1B-C). Strikingly, all MIND-injected cell lines 
showed almost exclusively one of both growth patterns, which never arose 
in a mixed fashion. Microscopic analysis of the tumours revealed that the 
flat-growing tumours were mostly confined within the mammary epithelium, 
growing along the mammary ducts and side branches (Figure 1C, right panel). 
These tumours, up until end stage, inflated the branched ductal structure 
of the basement membrane-surrounded mammary epithelium. In contrast, 
nodular-growing tumours displayed expansive growth, presenting themselves 
as a solid tumour mass with invasive components into the surrounding 
mammary FP from an early stage onwards (Figure 1C, left panel).

One of the challenges of creating CDX models from human BC in mice, is the 
development of sarcomatoid tumours, which are mesenchymal and known 
to be of aggressive nature, possibly explaining the more aggressive growth 
of the nodular tumours in our study. However, HE staining of all tumours 
revealed that most cell lines consistently developed adenocarcinomas. 
Solely SUM159PT cells grew out as sarcomas when transplanted intraductally 
(86%), as well as 7% of MIND-transplanted MCF-7 tumours and 23% of 
FP-transplanted SUM52PE tumours (Figure 1D). Therefore, given that both 
flat- and nodular-growing tumours are mostly adenocarcinomas, we can 
exclude that sarcomatoid tumours underlie the nodular growth phenotype.

Since flat-growing tumours were only observed in the MIND-CDX models, 
we hypothesized that the confined environment of the mammary ducts might 
repress or delay tumour outgrowth. Interestingly, on the contrary, MIND-CDX 
tumours had a shorter tumour latency than the FPT-CDX tumours (Figure 1E 
and Supplementary Figure 1E-F). The MIND-CDX models also showed more 
consistent tumour latencies per cell line compared to the FPT-CDX models 
(Figure 1E). The MIND-CDX models showed a median tumour onset of 78 
and 46 days for the flat-growing and nodular-growing tumours, respectively, 
whereas FPT-CDX tumours grew out in 64 days on average (Supplementary 
Figure 1E). Additionally, MIND and FPT engraftment rates were comparable 
for all 10 cell lines (Supplementary Figure 1D). 
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Taken together, we show that the conventional FPT method results in the 
uniform formation of nodular-shaped BC tumours (Supplementary Figure 
2), whereas the MIND method results in tumours with a cell-line-specific 
and bimodal growth pattern, resulting in either MIND-nodular or MIND-flat 
tumours. Our results demonstrate that distinct cell lines produce tumours 
with a (nodular) growth pattern in a hard-wired, cell-intrinsic fashion that is not 
affected by the environment, whilst the growth morphology of other cell lines 
is strongly influenced by environmental factors.

Histopathological characterisation of MIND-CDX tumours
With the aim to create a well-documented resource and given the formation 
of the two distinct growth patterns, we set out to characterise the MIND-CDX 
tumours in more detail.

First, we scored HE-stained tumour sections for the presence of Ductal 
Carcinoma in Situ (DCIS) and/or Invasive Breast Cancer (IBC) lesions, which 
represent clinically relevant pathological hallmarks of BC invasiveness. DCIS 
lesions were present in all MIND-flat models but could only be identified in 
two of the MIND-nodular models, namely MCF10DCIS.com and SK-BR-7 
(Figure 2A+C). This may indicate that the MIND-flat CDX tumours are indeed 

Figure 1: Morphology of BC cell line outgrowths is determined by transplantation 
site
A) Schematic of experimental set up showing that a panel of 10 BC cell lines were xenografted 
in NSG mice via two different methodologies: Fat-pad transplantation (FPT) or Mouse Intraductal 
injections (MIND). B) A panel of 10 different BC cell lines transplanted via the FPT method grew 
out as nodular tumours with the exception of SUM52PE which showed a flat tumour growth 
pattern in 33% (3/9) of outgrown tumours whilst 100% nodular tumours were observed for all 
other lines (MCF-7: 13/13, T-47D: 2/2, Evsa-T: 6/6, SK-BR-5: 13/13, SUM149PT: 11/11, MCF10DCIS.
com: 2/2, MDA-MB-231: 11/11, SK-BR-7: 12/12, SUM159PT: 10/10). MIND-transplanted cells showed 
flat tumour growth for 6 (blue; SUM52PE (96%, 26/27), MCF-7 (100%, 17/17), T-47D (67%, 2/3), 
Evsa-T (100%, 18/18), SK-BR-5 (86%, 11/13), SUM149PT (100%, 9/9) and nodular tumour growth 
for 4 of the lines (red; MCF10DCIS.com (100%, 20/20), MDA-MB-231 (100%, 13/13), SK-BR-7 (94%, 
16/17), SUM159PT (100%, 8/8)). C) Representative photographs of a MIND-nodular (red, left) or 
MIND-flat CDX tumour (blue, right) and their corresponding histology based on HE staining (scale 
bar 2 mm). D) Relative abundance (%) of FPT-CDX tumours (left) and MIND-CDX tumours (right) 
classified as adenocarcinomas (light grey) or sarcomas (dark grey). Most tumours are classified as 
adenocarcinomas, sarcomas are rarely detected. HE stained sections of a typical adenocarcinoma 
or sarcoma (far right, scale bar 100 μm). E) Tumour onset (days) of different BC CDX models. On 
average, cells show slower and more heterogeneous tumour outgrowth in FPT-CDX models (red) 
compared to MIND-CDX models (blue). Tumour onset of each respective tumour is depicted by 
a dot and earliest to latest onset (min to max data point) per model is highlighted by a box plot 
with median. Number of outgrown tumours per model is annotated above the graph and median 
tumour outgrowth per transplantation technique is shown on the far right (grey). 
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more confined within the mammary epithelial structure resulting in more 
DCIS lesions. On the other hand, pathological features of IBC were present 
in all models, including both MIND-flat and -nodular tumours, ruling out IBC 
features as a determinant for the observed differences in growth morphology 
(Figure 2B-C).

Additionally, we performed an in-depth pathological characterisation of all 
tumours that arose from our models. Tumour grades and pathological growth 
features were assessed in DCIS (Supplementary Figure 3A-B) and IBC 
tumours (Supplementary Figure 3C-D). Furthermore, tumour differentiation, 
mitosis, fibrosis, inflammation, necrosis, calcifications, and the type of tumour 
margins were characterised by two independent, trained pathologists 
(Supplementary Figure 3E-K). Of note, none of these tumour features 
correlated with the flat or nodal growth morphologies.

Finally, we determined whether the expression status of ER, PR and HER2 
persisted or changed upon in vivo tumour development. Immunohistochemistry 
(IHC) staining of ER, PR and HER2 revealed that all MIND-CDX tumours had 
retained receptor expression status of the cell lines, except for tumours 
from the (triple-positive) T-47D line, which lost PR-positivity in some cases 
(Figure 2D, Supplementary Figure 4A). Additionally, proliferation and 
apoptosis were assessed by IHC staining of Ki67 and cleaved caspase-3, 
respectively, showing high percentages of viable and proliferating cells in 
all tumours (Figure 2D, Supplementary Figure 4A). The same IHC stainings 
were performed for all FPT-CDX tumours, revealing overall high concordance 
between MIND-CDX tumours, FPT-CDX tumours and the corresponding cell 
lines (Supplementary Figure 4B-C).

Figure 2: Histopathological characterisation of MIND-CDX tumours
A) Relative abundance (%) of DCIS in MIND-flat (blue) and MIND-nodular (red) CDX tumours. DCIS 
is not detected in MIND-nodular CDX models of MDA-MB-231 and SUM159PT cells. Scoring is 
based on histology (ns=not significant, n=6 for MIND-flat and n=4 for MIND-nodular CDX tumour 
models, unpaired t-test). B) Relative abundance of IBC in MIND-flat (blue) and MIND-nodular (red) 
CDX models. Unlike DCIS, IBC is present in all MIND-CDX tumour models. Scoring is based on 
histology (ns=not significant, n=6 for MIND-flat and n=4 for MIND-nodular CDX tumour models, 
unpaired t-test). C) Examples of HE stainings for the basis of scoring histological features 
of DCIS and IBC in MIND-flat (blue) and MIND-nodular (red) CDX tumours (scale bar 100 μm). 
D) Immunohistochemical staining for tumour subtype (ER, PR, HER2), proliferation (Ki67) and 
apoptosis (Cleaved Caspase-3, Casp-3) in MIND-flat (blue) and MIND-nodular (red) CDX tumours 
(scale bar 100 μm).
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MIND-CDX tumour growth morphology is independent of BC cell 
line subtype
After characterising the CDX models, we next sought to explore what might 
cause the two distinct tumour growth types. For this, we expanded our panel 
to a total of 26 different BC cell lines, comprising 6 HR-positive (600MPE, 
MDA-MB-134-VI, MDA-MB-175-VII, CAMA-1, MCF-7, T-47D), 8 HER2-positive 
(SUM52PE, BT-474, UACC-812, Evsa-T, MDA-MB-453, SK-BR-3, SK-BR-5, 
SUM225CWN) and 12 triple-negative lines (BT-20, BT-549, HCC1937, Hs 
578T, MCF10DCIS.com, MDA-MB-157, MDA-MB-231, MDA-MB-468, SK-BR-7, 
SUM1315MO2, SUM149PT, SUM159PT) (Supplementary Table 1). All cell lines 
were transduced with luciferase-encoding lentivirus to enable non-invasive, 
longitudinal monitoring of tumour growth and morphology via in vivo 
bioluminescence imaging (BLI). 

The luciferase-expressing cell lines were transplanted via the MIND method 
and tumour growth pattern, engraftment rates and latencies were determined 
(Figure 3, Supplementary Figure 5A-B). Six of the 26 cell lines could not be 
included for further analysis due to a low engraftment rate (Hs 578T, HCC1937) 
or lack of engraftment (600MPE, BT-549, MDA-MB-157, SUM1315MO2) 
following MIND injection (Figure 3C, Supplementary Figure 5A). 

Figure 3: MIND-CDX tumour growth morphology is independent of BC cell line 
subtype 
A) Mammary tumour onset (days) of each respective tumour in MIND-CDX models grouped 
according to their HR+, HER2+ or Triple Negative (TN) subtype. Tumour onset is depicted by a 
dot and earliest to latest onset (min to max data point) per model is highlighted by a box plot 
with median. Number of outgrown tumours per model is annotated to the right of the graph and 
median tumour outgrowth per BC subtype is shown at bottom of each box (grey). B) Pie charts 
showing the outgrowths pattern and engraftment success of transplanted cell lines (blue: flat 
growth, red: nodular growth, grey: no tumour growth). C) Engraftment rates (%) per cell line and 
outgrowths pattern (blue: flat growth, red: nodular growth, grey: no tumour growth, missing bars: 
no engraftment) showing the differences in engraftment success. D) Growth morphology (% of 
outgrown tumours) of MIND xenografts. 14/20 cell lines grow flat whilst 6/20 grow nodular. MIND-
flat models (blue): Evsa-T (100%, 18/18), SUM52PE (96%, 26/27), SUM149PT (100%, 9/9), MDA-
MB-453 (93%, 13/14), CAMA-1 (80%, 8/10), MDA-MB-468 (100%, 7/7), SK-BR-5 (85%, 11/13), T-47D 
(67%, 2/3), MCF-7 (100%, 17/17), MDA-MB-175-VII (67%, 2/3), BT-474 (100%, 4/4), SUM225CWN 
(100%, 8/8), UACC-812 (80%, 4/5), SK-BR-3 (100%, 4/4). MIND-nodular models (red): SK-BR-7 
(94%, 16/17), BT-20 (100%, 5/5), MDA-MB-231 (100%, 13/13), SUM159PT (100%, 8/8), MCF10DCIS.
com (100%, 20/20), HCC1937 (93%, 14/15). E) Mammary tumour onset (days) of MIND-CDX models 
grouped according to their flat (upper panel) or nodular (lower panel) tumour growth pattern 
showing that flat tumour growth takes on average longer compared to MIND-nodular tumours. 
Tumour onset is depicted by a dot and earliest to latest onset (min to max data point) per model 
is highlighted by a box plot with median. Number of outgrown tumours per model is annotated 
to the right of the graph and median tumour outgrowth per growth pattern is shown at bottom of 
each box (grey).
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In line with previous observations, BLI showed that MIND-CDX tumours from 
some cell lines grew out along the lengths of the mammary gland whilst 
staying in a flat shape, whereas other cell lines developed as nodular tumours 
(Figure 3D, Supplementary Figure 6 and 7). Notably, all MIND-nodular CDX 
tumours originated from triple-negative cell lines, while MIND-flat tumours 
originated from HR+ or HER2+ cell lines, indicating that HR status may indeed 
determine in vivo growth pattern (Figure 3A-B). However, with the extended 
panel of cell lines, we found two triple-negative cell lines (MDA-MB-468 and 
SUM149PT) developing as flat tumours. Therefore, although HR status may 
play a role in determining growth pattern, it is not the exclusive determinant. 

Unsurprisingly, MIND-nodular triple-negative tumours grew faster than the 
MIND-flat tumours, within on average 46 days versus 78 days post injection, 
respectively (Figure 3E, Supplementary Figure 5B). When analysed by BC 
subtype, HR+ and HER2+ tumours grew out with variable latencies, ranging 
from 55 to 228 days. However, triple-negative cell lines developed tumours 
much faster, within 23 to 72 days, with an exceptional 153 days for HCC1937 
(Figure 3A). This reflects the more aggressive nature of triple-negative BCs 
as seen in patients.

Taken together, MIND modelling of our extended panel confirmed the 
consistent and cell line-specific bimodal growth pattern of MIND-CDX 
tumours, with MIND-flat tumours arising mostly, but not exclusively, from HR+ 
and HER2+ cell lines.

MIND-tumours from MIND-nodular CDX models have increased 
metastatic potential
We next aimed to determine the metastatic potential of our MIND-CDX models 
and wondered whether the observed growth patterns held predictive value. 
Therefore, we transplanted our initial panel of 10 cell lines using the MIND 
method, removed the primary tumour at a size of 500 mm3 and monitored 
subsequent metastatic growth using in vivo BLI until the set humane endpoints 
were reached (Figure 4A, Supplementary Figure 8A). Overall, metastases in 
one or multiple organs were observed in 50% of the transplanted cell lines, 
including three MIND-nodular (SK-BR-7, MDA-MB-231, SUM159PT) and two 
MIND-flat models (SUM52PE, Evsa-T) (Figure 4B-C, Supplementary Figure 
8B). Several metastatic sites (most notably lung, heart and ovary) were 
shared amongst different cell line models. However, we could not detect any 
distinct pattern for metastatic routes, as both lympho- and hemangio-vascular 
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systems were involved (Figure 4B). Nevertheless, metastasis formation 
was more prominent, faster, and more widespread in MIND-nodular models 
compared to MIND-flat models (Figure 4B-C and Supplementary Figure 
8B-E). The increased metastatic potential was observed despite the fact that 
MIND-nodular tumours were excised sooner than MIND-flat tumours due 
to their growth speed (Figure 4D, Supplementary Figure 8D). These data 
underscore the aggressive nature of the MIND-nodular models in the context 
of recurrence and metastasis formation. Notably, SK-BR-7 showed very high 
metastatic potential with recurrences arising in 11 out of 14 organs analysed, 
highlighting the utility of this model for studying triple-negative BC metastasis 
(Figure 4B, D-E). 

We next asked whether non-metastatic cell lines had a decreased ability 
to disseminate from the primary tumour and invade into lymphatic or blood 
vessels. Therefore, we scored lymph-vascular invasion events based on the 
identification of single tumour cells or small cell clusters in lymphatic or blood 
vessels, as detectable on HE stained tumour sections (Supplementary Figure 
8C, right image). We identified tumour cells in vessels in 2 out of 5 metastatic 
MIND-CDX models (Evsa-T and SK-BR-7), but also in the non-metastatic 
MCF-7, SK-BR-5 and MFC10DCIS.com models. Conversely, we did not observe 
disseminating tumour cells in the metastatic SUM52PE, MDA-MD-231 and 
SUM159PT models (Figure 4B and Supplementary Figure 8C). This implies 
that lymph-vascular invasion is a poor predictor of metastatic potential.

Altogether, we provide a detailed overview of the metastatic potential from a 
panel of 10 different MIND-CDX models, revealing that MIND-nodular tumours 
metastasize faster and with higher incidence.

Oestrogen influences growth kinetics but not morphology of MIND-
CDX tumours
Although hormone receptor positivity did not strictly correlate with flat 
tumour growth, we sought out to explore whether hormone signalling does 
affect tumour growth morphology, especially since all HR+ cell lines yielded 
MIND-flat tumours and none of the MIND-nodular models were HR+.

To this end, we tested the effects of hormone-deprivation via ovariectomy 
(OVX) and/or oestrogen (E2) supplementation on the growth of MIND-CDX 
tumours. MIND transplantation experiments were performed with two 
MIND-flat ER+ cell lines (MCF-7, MDA-MB-175-VII) and two MIND-nodular triple-
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Figure 4: MIND-tumours from MIND-nodular CDX models have increased 
metastatic potential
A) Experimental scheme of following metastasis formation in MIND-CDX models. After surgical 
removal of the primary tumour, tumour re-growth and metastasis formation was monitored by 
bioluminescence imaging.  B) MIND-flat CDX tumour models (blue) harbour less metastatic organ 
sites than MIND-nodular models, including the most aggressive cell line SK-BR-7. Number of 
metastatic sites is depicted below the graph per cell line model. The number of models in which 
metastases were observed per organ is depicted on the right side of the graph. According to 
the presence of tumour cells in the lymph-vascular system, lymph-vascular invasion was scored 
and depicted in the grey bar for each cell line. Blue and red bars show epithelial-likeness and 
mesenchymal-likeness of the primary tumours respectively based on pathological assessment. 
C) Quantification of the number of metastatic sites from MIND-flat (blue bar) and MIND-nodular 
(red bar) CDX tumour models, showing more metastatic sites deriving from MIND-nodular 
models, underscoring the more aggressive nature of those models (p=0.0160, n=6 for MIND-
flat and n=4 for MIND-nodular CDX tumour models, unpaired t-test). D) Example for metastatic 
growth speed of MIND-flat CDX tumours from SUM52PE cells (upper panel) and MIND-nodular 
CDX tumours from SK-BR-7 cells. Both cell lines show a very reproducible pattern of metastasis 
in terms of metastasis onset and growth speed. E) Representative HE stainings from metastatic 
sites of MIND-flat SUM52PE CDX tumours (lung, kidney, ovary) and from MIND-nodular SK-BR-7 
CDX tumours (lung, kidney, heart, ovary, pancreas, liver, spleen, adrenal gland, vascular system, 
muscle, skin) (scale bars 100 μm).

negative cell lines (MDA-MB-231, MCF10DCIS.com) since TNBC tumours can 
show responses to hormones via paracrine mechanisms 12. All 4 cell lines were 
injected in mice that were either supplemented with E2 or deprived thereof 
by means of OVX. As a control, mice were injected that underwent a sham 
operation (Sham OVX). To assess the effect of exogenous vs endogenous E2, 
we also supplemented OVX and Sham OVX animals with E2.

Interestingly, irrespective of presence or absence of E2, no change in growth 
pattern was observed for all cell lines and their morphology remained 
identical to what was observed previously (Figure 5A-B and Supplementary 
Figure 9A-B). This indicates that ER activity does not directly impact tumour 
growth morphology, underlining that receptor expression indeed correlates 
with, but does not underlie, BC tumour growth morphology. In E2-depleted 
mice, tumour onset was substantially delayed for the ER+ MCF-7 and MDA-MB-
175-VII cell lines. E2-supplemented mice showed faster tumour growth than 
the non-supplemented groups, irrespective of OVX status. Growth of the 
triple-negative MDA-MB-231 and MCF10DCIS.com cell lines was not delayed 
by E2-depletion (OVX vs Sham OVX) and only modestly accelerated by 
E2-supplementation (Figure 5C and Supplementary Figure 9C). Altogether, 
hormonal perturbations affected growth kinetics of HR+ CDX tumours, but not 
tumour growth morphology in MIND models. 
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Figure 5: Oestrogen influences growth kinetics but not morphology of MIND-
CDX tumours
A) MIND-CDX models of ER+ cell lines MCF-7 and MDA-MB-175-VII do not show differences in 
tumour growth morphology when animals are sham-ovariectomised (Sham OVX), ovariectomised 
(OVX) and therefore oestrogen-depleted, or supplemented with oestrogen (Sham OVX + E2 and 
OVX + E2). All tumour outgrowths show a flat growth pattern. Graphs show the frequency of 
growth pattern occurrence (%); MCF-7: n=12 for Sham OVX, n=5 for OVX, n=11 for Sham OVX + E2, 
and n=14 for OVX + E2; MDA-MB-175-VII: n=4 for Sham OVX, n=0 for OVX, n=4 for Sham OVX + 
E2, and n=2 for OVX + E2. MDA-MB-175-VII cell line xenografts did not show any tumour growth 
upon ovariectomy; MDA-MB-231: n=17 for Sham OVX, n=6 for OVX, n=12 for Sham OVX + E2, and 
n=13 for OVX + E2; MCF10DCIS.com: n=7 for Sham OVX, n=6 for OVX, n=14 for Sham OVX + E2, 
and n=10 for OVX + E2. B) Representative photographs and HE stainings showing no changes in 
growth pattern morphologies of MIND-flat MCF-7 (upper panel) and MIND-nodular MDA-MB-231 
(lower panel) tumours after ovariectomy (OVX) or in non-ovariectomised (Sham OVX) controls, 
with or without supplementation of oestrogen (E2) (scale bars 500 μm). C) Tumour growth kinetics 
are affected by oestrogen as depicted by the mammary tumour-free survival (%) of MCF-7 (upper 
panel) and MDA-MB-231 (lower panel) tumours after ovariectomy (OVX) or in non-ovariectomised 
(Sham OVX) controls, with or without supplementation of oestrogen (E2).
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Transcriptome analysis identifies upregulated EMT and TGF-β 
signalling in nodular MIND-CDX tumours 
To unravel the molecular mechanisms that underlie the observed bimodal 
tumour growth morphology, we performed bulk RNA-sequencing analysis 
on MIND-CDX tumours from the 20 proficiently engrafted cell lines as well 
as FPT-CDX tumours from 10 cell lines, including all of the corresponding in 
vitro cultured cells (see Supplementary Table 1 for successfully transplanted 
MIND-CDX tumours included in this analysis). 

Unsupervised clustering based on gene expression similarities revealed 
co-clustering of the in vitro cultured cell lines with the corresponding 
MIND-CDX and FPT-CDX tumours (Figure 6A). This indicates that the gene 
expression profiles mostly reflect tumour-cell intrinsic features that are 
maintained throughout in vitro culturing and in vivo tumour development. 
Additionally, cell lines and tumours clustered together according to IHC 
subtype (HR+, HER2+, TN), except for the HR+ CAMA-1 tumours and the triple-
negative MDA-MB-468 and SK-BR-7 tumours, which all clustered within the 
HER2+ subtype (Figure 6A). Intriguingly, the unsupervised clustering resulted 
in a clear separation between cell lines/tumours that grew either flat or 
nodular in MIND-CDX models (Figure 6A). Here the only exceptions were 
MIND-nodular SK-BR-7 and MIND-flat SUM149PT CDX tumours, clustering 
with the samples of the opposite growth pattern in MIND. Furthermore, all 
MIND-nodular CDX tumours correlated to the basal subtype. Of note, the triple-
negative nature of SUM149PT likely confounds the clustering towards other 
triple-negative tumours and cell lines, which underlines previous indications 
that molecular subtype does not determine the growth morphology. These 
data suggest that specific molecular traits correspond with the two observed 
tumour phenotypes, which remains consistent across multiple BC cell lines.

Following this observation, we aimed to better understand the distinct 
bimodal growth pattern formation. Differential analysis revealed major 
differences; however, no clear pathway was recognizable (Supplementary 
Figure 10A). To pinpoint which biological processes could define each growth 
morphology, we performed gene set variation analysis (GSVA) 13. Similarly 
to the unsupervised clustering, flat versus nodular growth in the MIND-CDX 
models defined the main observed differences in hallmark gene sets (Figure 
6B). Interestingly, when directly comparing nodular to flat MIND-CDX 
tumours, FPT tumours, and cell lines, a strong upregulation in hallmarks 
related to epithelial-to-mesenchymal transition (EMT) and TGF-β pathways 
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was apparent (Figure 6B, black box and Supplementary Figure 10B and 
11A-B). In line with this, the MIND-nodular models showed low expression 
of claudins (i.e. CLDN3, CLDN4, CLDN7 ), alongside high expression of the 
genes associated with the claudin-low molecular subtype (Figure 6A-B and 
Supplementary Figure 10C; 9-cell line claudin-low predictor) 14. Additionally, 
the MIND-nodular tumours were enriched for hallmarks/pathways related 
to other potential environmental cues, such as angiogenesis. However, 
staining of FPT and MIND tumours from all 10 models with CD31, a marker for 
blood vessels, showed no difference between MIND tumours derived from 
MIND-nodular and MIND-flat cell lines, ruling out angiogenesis as a driver of 
the bimodal growth morphology (Supplementary Figure 12A-E).

Next, we aimed to address the top differential hallmark resulting from the 
GSEA analysis, the EMT hallmark, between the nodular and flat phenotype 
(Figure 6C and Supplementary Figure 11A+D). EMT is known to be driven, 

Figure 6: Transcriptomic analysis identifies upregulated EMT and TGF-β 
signalling in nodular MIND-CDX tumours
A) Pearson Correlation heat map for gene expression profiles across different models illustrating 
the similarity of the samples, with each sample representing a cell line with model attributes 
presented above the heat map. The top of the heat map displays annotations for each sample, 
colour-coded based on their attributes for morphology, model, subtype, claudin-low subtype, 
and growth in MIND-CDX. The claudin-low subtype was identified as previously described 14. 
The hierarchical clustering on both the x and y axes groups samples based on their similarity 
in expression patterns. Colour indications: morphology: flat (blue), nodular (red), cell line (pink); 
model: cell line (pink), MIND-CDX (brown), FPT-CDX (grey); subtype: HR+ (green), TN (orange), 
HER2 (purple); claudin-low subtype: no (dark grey), yes (yellow); growth in MIND-CDX: nodular 
(red), flat (blue). Scale below the figure depicts Pearson’s R score values. B) Visualisation of GSVA 
scores across different samples. Each row of the heat map represents a hallmark pathway, while 
each column corresponds to a sample. The colour scale indicates the GSVA score, where deep 
blue marks lower activity and deep red signifies higher activity of the pathway in the respective 
sample. The annotations on the right of the heat map offer a quick glance into the attributes 
of each sample, such as morphology, model, subtype, claudin-low subtype, and growth in 
MIND-CDX. The claudin-low subtype was identified as previously described 14. EMT and TGF-β 
pathways are highlighted in red. The hierarchical clustering is based on correlation, categorizing 
both samples and pathways based on their activity patterns. Colour indications: morphology: 
flat (blue), nodular (red), cell line (pink); model: cell line (pink), MIND-CDX (brown), FPT-CDX 
(grey); subtype: HR+ (green), TN (orange), HER2 (purple); claudin-low subtype: no (dark grey), yes 
(yellow); growth in MIND-CDX: nodular (red), flat (blue). Scale below the figure depicts normalized 
(z-score) GSEA score values. C) Dot plot displaying the results of gene set enrichment analysis 
(GSEA) for significantly enriched hallmark gene sets in MIND-nodular tumours. The y-axis lists 
biological pathways (HALLMARK gene set), the x-axis shows the Normalized Enrichment Score 
(NES). Dot size represents the adjusted p-value and dot colour indicates the p-value. D) Epithelial 
to mesenchymal transition (gene-set systemic name: M5930), and TGF-β signalling (gene-set 
systemic name: M5896) GSEA enrichment profiles based on RNA sequencing data comparison 
for MIND-nodular and MIND-flat tumours.
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at least in part, by the TGF-β signalling pathway 15. This is in line with our 
results, showing co-enrichment of EMT with the TGF-β-related hallmark, of 
which most individual genes were strongly upregulated in nodular versus flat 
tumours (Figure 6B-D and Supplementary Figure 11A-B).

To exclude a potential cell line bias driven by molecular subtype, we separated 
only TN tumours based on MIND-flat and MIND-nodular growth (2 MIND-flat 
vs 6 MIND-nodular TN tumours), again revealing upregulation of both EMT 
and TGF-β in MIND-nodular compared to MIND-flat tumours (Supplementary 
Figure 11D, purple line), although this effect might (in part) be due to the fact 
that SUM149PT cells originate from inflammatory BC. 

Altogether, RNA-sequencing analysis revealed that MIND-nodular and 
MIND-flat CDX tumours are highly distinct on a molecular level. Despite the 
major differences between BC cell lines, our analysis allowed us to determine 
similarities within a heterogeneous population of tumours. Indeed, EMT and 
TGF-β signalling were the strongest candidates for determining flat or nodular 
growth morphology across cell lines.

Nodular growth is associated with both autocrine and paracrine 
TGF-β signalling
To investigate how tumour growth morphology is affected by the 
transplantation site, we performed GSEA amongst the 6 MIND-flat models and 
compared their FPT and MIND tumour outgrowths. Unsupervised clustering 
showed a clear distinction between transplantation site, with EMT and TGF-β 
hallmark pathway genes enriched in the FPT tumours (Supplementary 
Figure 11C and 11D, green line). This suggests that the nodular growth of 
MIND-flat models in the mammary FP may be driven by paracrine EMT/TGF-β 
signalling from the tumour microenvironment. To strengthen this hypothesis, 
we performed several additional GSEAs (Supplementary Figure 11D). FPT 
tumours from MIND-nodular models showed additional upregulation of EMT/
TGF-β compared to their MIND counterparts, providing further support for 
microenvironmental paracrine signalling (Supplementary Figure 11D, blue 
line). Comparing FPT tumours from MIND-flat vs MIND-nodular models also 
confirmed an upregulation of EMT and TGF-β genes in the latter, highlighting 
that autocrine signalling could be inherently present in nodular tumours and 
enhanced by paracrine microenvironmental cues (Supplementary Figure 11D, 
red line). 
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This hypothesis was further probed by analysing the tumour microenvironment 
of both FPT and MIND tumours. As our RNA sequencing data contains reads 
of both human origin (tumour cells) and mouse origin (innate immune cells 
and stromal cells), the residual sequencing reads were mapped against the 
mouse reference genome (GRCm38 (mm10)). Following read normalization, 
mMCP-counter 16 was deployed to estimate the immune and stromal cell 
composition of the tumour microenvironment (Figure 7A). This analysis 
revealed that, as expected, most immune cells are lacking in these immune-
deficient mice. Interestingly, the microenvironment of FPT tumours was 
characterised by a higher abundance of cancer-associated fibroblasts (CAFs) 
(Figure 7B-C), which showed elevated activation states as assessed by 
staining against fibroblast activation protein (FAP) (Figure 7D-E). FAP-positive 
CAFs have previously been associated with TGF-β signalling 17,18 and may thus 
contribute to the paracrine signalling that drives nodular growth of MIND-flat 
cell lines in the mammary FP.

Together, our extensive transcriptomics analyses indicate that both 
cell-intrinsic autocrine EMT/TGF-β signalling and paracrine signalling from 
the FP microenvironment may drive the nodular and aggressive growth 
phenotype. 

TGF-β signalling determines growth kinetics and morphology of 
MIND-CDX tumours
TGF-β signalling has been shown to be a major regulator of EMT in BC 19,20. 
Given the results from our RNA-seq analysis, we aimed to test whether EMT 
signalling is causally involved in determining tumour growth phenotype and 
aggressiveness. Therefore, we decided to interfere with TGF-β signalling 
by perturbing SMAD4, one of the most essential intracellular mediators of 
downstream transcriptional response of the ligand-activated TGF-β receptor 
21,22. We used CRISPR/Cas9 to genetically inactivate SMAD4 in 7 cell lines that 
grew either flat (4) or nodular (3) in our MIND-CDX models. After confirming 
SMAD4 knockout (SMAD4-KO) by western blot (Supplementary Figure 13A), 
we transplanted these cells into NSG mice using the MIND method and 
included animals transplanted with cells transduced with a non-targeting 
single-guide (sg)RNA (SMAD4-NT) as a control. Strikingly, SMAD4 inactivation 
led to a near-complete reversal of the growth pattern of cell lines that 
initially grew nodular (Figure 8A-B). On the other hand, MIND-flat models 
did not switch their phenotype upon SMAD4 inactivation (Supplementary 
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Figure 7: The microenvironment of FPT-CDX tumours is enriched in FAP+ CAFs
A) Schematic of workflow used to analyses the microenvironment of CDX using mouse reads 
in RNA-seq data. B) Heat map depicting scaled immune and stromal estimates calculated by 
mMCP-counter across samples, with hierarchical clustering applied to columns. FPT- and MIND-
tumours from the 6 MIND-flat models (Evsa-T, SUM52PE, SUM149PT, SK-BR-5, T-47D, and MCF-7) 
are compared. C) Box plot showing estimated abundance of fibroblasts in FPT tumours compared 
to MIND tumours from 6 MIND-flat cell lines (p=0.027; Mood’s Median Non-parametric test). D) 
Percentage of FAP+-stained cells in FPT tumours compared to MIND tumours from 6 MIND-flat 
cell lines. Tumour and area of 0.5 mm around the tumour borders was assessed. The SUM52PE 
model was excluded from the analysis as not enough surrounding environment was captured on 
the FFPE slides (p=0.023; Unpaired t-test).  E) Representative IHC stainings of FAP expression in 
the microenvironment of an FPT tumour and a MIND tumour from MIND-flat cell line (T-47D) (scale 
bar 200 µm, zoom 100 µm).
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Figure 13B-C). Of note, SMAD4 knockout did not change the BC molecular 
subtype, showing that the discovered bimodal growth pattern is regulated 
by TGF-β and EMT signalling unrelated to HR expression (Supplementary 
Figure 14A-B). Interestingly, SMAD4 inactivation in the initially MIND-nodular 
models resulted in faster tumour development compared to their SMAD4-NT 
counterparts (Supplementary Figure 13D, upper row). This trend was 
observed for 50% of the SMAD4-KO cell lines from the MIND-flat group. 
Here, SUM149PT and Evsa-T SMAD4-KO tumours developed faster, whilst 
SUM52PE SMAD4-KO cells led to a slightly prolonged tumour latency and 
MCF-7 SMAD4-KO cells never developed any tumours (Supplementary 
Figure 13D, lower row). Opposingly, by overexpressing a constitutively 
active TGF-β receptor I (TGFBR1-OE), we aimed to see whether MIND-flat 
models would revert to a nodular phenotype due to the increased TGF-β 
signalling (Supplementary Figure 13E). Interestingly, the previously strictly 
MIND-flat tumours now resulted in almost 50% MIND-nodular tumours (Figure 
8C-D). Similarly to the SMAD4-KOs, TGFBR1-OE did not alter the general 
morphology of the MIND-nodular models (Supplementary Figure 13F-G) and 
HR and HER2 expression were maintained upon tumour morphology switch 
(Supplementary Figure 14C-D). Interestingly, TGFBR1-OE or SMAD4-KO 
resulted in relatively similar changes in tumour onset (Supplementary Figure 
13H). 

Collectively, our data confirm a strong causal role of TGF-β signalling in 
determining the bimodal growth pattern and tumour aggressiveness of BC, 
regardless of molecular subtype. SMAD4 inactivation in various cell lines 
reverted initially MIND-nodular tumours to the MIND-flat phenotype, and 
TGFBR1-OE potentiated the opposite. Thus, this study highlights cell-intrinsic 
autocrine TGF-β signalling as a key determinant of in vivo BC growth 
morphology and aggressiveness.
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Figure 8: TGF-β signalling determines growth kinetics and morphology of MIND-
CDX tumours
A) SMAD4 inactivation changes the growth pattern of MCF10DCIS.com, MDA-MB-231, SK-BR-7, 
and SUM159PT MIND-CDX tumours from nodular to flat. Graphs show the frequency of growth 
pattern occurrence (nodular vs flat, %): SMAD4-NT: MCF10DCIS.com: 90 (n= 9) vs 10 (n=1), MDA-
MB-231: 100 (n=11) vs 0 (n=0), SK-BR-7: 90 (n=9) vs 10 (n=1), SUM159PT: 100 (n=9) vs 0 (n=0) and 
SMAD4-KO: MCF10DCIS.com: 11 (n=2) vs 89 (n=16), MDA-MB-231: 5 (n=1) vs 95 (n=19), SK-BR-7: 6 
(n=1) vs 94 (n=16), SUM159PT: 46 (n=6) vs 54 (n=7). B) Representative photographs of SMAD4-
NT (upper row) and SMAD4-KO (lower row) MIND-CDX tumours from MCF10DCIS.com, MDA-
MB-231, SK-BR-7, and SUM159PT cell lines, showing the phenotypic conversion of the nodular 
growth pattern in SMAD4-NT controls towards flat growth morphology in SMAD4-KO tumours. 
C) TGFBR1-OE changes the growth pattern of Evsa-T, MCF-7, and SUM52PE MIND-CDX tumours 
from flat to nodular. Graphs show the frequency of growth pattern occurrence (flat vs nodular, 
%): TGFBR1-WT: Evsa-T: 100 (n= 10) vs 0 (n=0), MCF-7: 100 (n=13) vs 0 (n=0), SUM52PE: 100 (n=17) 
vs 0 (n=0), and TGFBR1-OE: Evsa-T: 33 (n= 3) vs 67 (n=6), MCF-7: 40 (n=6) vs 60 (n=9), SUM52PE: 
81 (n=17) vs 19 (n=4). D) Representative photographs of TGFBR1-WT (upper row) and TGFBR1-
OE (lower row) MIND-CDX tumours from Evsa-T, MCF-7, and SUM52PE cell lines, showing the 
phenotypic conversion of the flat growth pattern in TGFBR1-WT controls towards nodular growth 
morphology in TGFBR1-OE tumours. E) Schematic depicting growth morphologies in different 
environments and with different intrinsic signalling pathway alterations. MIND-nodular models 
possess autocrine TGF-β signalling and therefore display context-independent aggressive, 
nodular growth. In contrast, nodular growth of MIND-flat models depends on paracrine TGF-β 
signalling that may be provided by FAP-positive cancer-associated fibroblasts in the FPT but 
not the MIND microenvironment. Abrogation of TGF-β signalling by SMAD4-KO inhibits nodular 
growth of intraductally injected MIND-nodular models (n=4), whereas constitutively active TGF-β 
signalling via overexpression of TGFBR1 induces nodular growth of intraductally injected MIND-
flat models (n=3).

Discussion

To this day, mechanisms that underpin the invasiveness of BC remain poorly 
understood. To shed light on this question, we harnessed a large panel of CDX 
models spanning all intrinsic BC subtypes, using FP and intraductal orthotopic 
transplantation methods (FPT and MIND, respectively). Our study includes a 
comprehensive characterisation of 20 MIND-CDX models, including tumour 
latencies and engraftment rates, molecular subtype, gene expression profiles, 
and (for 10 models) metastatic potential. This is, to our knowledge, the first 
categorical, large-scale characterisation of orthotopic CDX models based 
on workhorse cell lines that have been generated and used in BC research 
for decades. As such, we have established an important resource allowing a 
better and more rational selection of the most appropriate in vivo model(s) to 
address a specific research question.

Despite its clinical relevance, in situ disease has rarely been observed in 
xenograft studies and studying this stage of disease has been hindered by 
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the lack of appropriate models. To overcome this limitation, Hutten et al., 
have recently published a large resource of patient-derived MIND models 
of DCIS 23. Intriguingly, we also observed DCIS in all MIND-flat CDX models 
as well as two MIND-nodular models, even though all lines have been 
derived from IBC or metastatic disease. This may be attributed to the fact 
that, in contrast to existing literature, this study transplanted a low number 
of tumour cells, allowing the observation of full evolution of tumour growth 
from in situ to locally invasive BC and ultimately metastatic disease. Notably, 
while MCF10DCIS.com cells were previously published as a resource for 
DCIS modelling 24-26, they developed poorly differentiated and HR-negative 
DCIS lesions after MIND transplantation that rapidly progressed to nodular-
growing invasive tumours (median latency of 22.5 days). Altogether, our 
data emphasize that critical evaluation should be taken into account when 
choosing an appropriate in vivo model for studying DCIS.

The tumour outgrowths from each cell line in this study manifested in one 
of two ways: (1) nodular growth, irrespective of transplantation method or (2) 
flat growth upon intraductal injection and nodular growth upon FPT. RNA-seq 
analysis of our entire panel of CDX models allowed the identification of 
molecular commonalities that span across models, eliminating potential cell 
line and BC subtype biases. Through this, we linked the strictly bimodal 
growth pattern amongst all primary tumours to TGF-β signalling, which acted 
independently of the BC subtype. This corroborates with and builds upon a 
recent study where MIND and FPT transplantation of MCF-7 cells yielded flat 
and nodular tumours, respectively 11. However, with our expanded panel of 20 
BC cell lines we show that these two growth patterns can also be observed 
within MIND-CDX models. This work critically underlines how choice of cell 
line model and transplantation method may significantly impact the results of 
in vivo animal studies.

TGF-β has mostly been implicated as a driver of metastasis. Interestingly, 
a role for TGF-β in tumour growth morphology in metastatic brain cancer 
was recently identified, where two distinct growth patterns were observed, 
namely perivascular and spheroidal 27. However, whilst TGF-β is widely 
studied in the metastatic setting, its effects on primary tumour growth is 
underexplored. We find TGF-β at the center of determining primary BC growth 
morphology. Mechanistically, in line with the notion that TGF-β signalling is a 
potent driver of EMT 22,28, we show that CRISPR/Cas9-mediated knockout of 
its main regulator, SMAD4 22, causes a striking near-complete conversion of 
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aggressive, MIND-nodular CDX tumours into MIND-flat lesions. Conversely, 
overexpression of a constitutively active TGFBR1 partially reverted MIND-flat 
tumours to the MIND-nodular growth pattern. Interestingly, despite their flat 
growth morphology, the SMAD4-KO tumours grew faster than the SMAD-NT 
control tumours. This is in line with existing literature, which postulates a dual 
role for TGF-β 28,29, where its signalling impairs tumourigenesis but promotes 
pulmonary metastasis in MMTV-Neu transgenic mice 29. We provide evidence 
for the latter as well, showing that MIND-nodular CDX tumours with TGF-β 
upregulation harbour a higher potential to metastasize to different organs 
than MIND-flat tumours. Additionally, our in-depth analysis of metastatic 
potential from 10 different MIND-CDX models highlights SK-BR-7 as an 
excellent preclinical in vivo model of BC metastasis formation. This cell line 
metastasizes to multiple organs with high efficiency and in a very reproducible 
manner.

We find TGF-β and EMT at the centre of determining primary BC growth 
pattern, independent of molecular subtype. Cell lines harbouring cell-intrinsic 
autocrine TGF-β and EMT signalling grow nodular despite their environment 
(Figure 8E, right), whereas cell lines relying on paracrine signalling from the 
microenvironment, specifically from CAFs known to produce TGF-β ligands, 
grow flat in the mammary duct and nodular in the FP (Figure 8E, left). Perturbing 
cell-intrinsic TGF-β signalling in either direction reverses the growth pattern. 
Therefore, our data suggests that the ability of the microenvironment to affect 
BC tumour growth pattern relies strictly on tumour cell-intrinsic molecular 
features. However, although we discover TGF-β as the key regulator of the 
bimodal tumour growth pattern, many studies have unveiled significant 
crosstalk between the TGF-β pathway and other major signalling cascades. 
JAK-STAT, the PI3K-Akt and NFκB pathways, among others, have been shown 
to affect TGF-β signalling 30. Additionally, nuclear hormone receptors, such 
as ER and GR, tend to have a downregulatory function on TGF-β signalling, 
potentially underlying subtype-related correlations we observe in this study 
31,32. Having unveiled TGF-β as a key regulator of primary BC growth pattern 
and aggressiveness, the aforementioned crosstalk may be of additional 
relevance in determining tumour growth outcomes and should be subject of 
further investigation.

In sum, by generating and comprehensively characterising a large panel of BC 
xenograft models, we provide a detailed resource enabling improved decision 
making when selecting fitting models. Furthermore, we uncover meaningful 
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insights into BC growth morphology and identify TGF-β as a key orchestrator 
of primary tumour growth morphology and aggressiveness. These findings 
deepen our understanding of BC biology and may inform the development of 
novel therapeutic strategies aimed at modulating tumour aggressiveness and 
mitigating metastatic progression.

Materials and Methods

Cell culturing
Human BC cell lines were cultured in respective medium according to 
Supplementary Table 1. To stably express luciferase, all cells were transduced 
with pLenti CMV Puro LUC (w168-1) (addgene 17477, RRID:Addgene_17477) 33 
using lentiviral supernatants of the same IU/ml in the presence of 8 µg/ml 
polybrene. 24 hours after transduction, puromycin selection was performed 
using 0.5-2 µg/ml puromycin (Thermo Fisher Scientific, A11138) until selection 
was complete. Transduction was tested via bioluminescence assays using 
3.75 mg/ml beetle luciferin (Promega). All cell lines were cultured in standard 
incubators at 37°C and with 5% CO2. Routine mycoplasma tests were 
performed using the MycoAlert Mycoplasma Detection Kit (Lonza, LT07-218). 
Before xenografting, cells underwent thorough PCR testing for the following 
mouse pathogens: Corynebacterium bovis, Corynebacterium sp. (HAC2), 
Ectromelia, EDIM, Hantaan, K virus, LCMV, LDEV, MAV1, MAV2, mCMV, MHV, 
MNV, Mouse kidney parvovirus (MKPV), MPV, MTV, MVM, Mycoplasma 
pulmonis, Mycoplasma sp., Parvovirus, Polyoma, PVM, REO3, Sendai, and 
TMEV (performed by Idexx). In addition, 10 cell lines (SUM52PE, MCF-7, 
T-47D, Evsa-T, SK-BR-5, SUM149PT, MCF10DCIS.com, MDA-MB-231, SK-BR-7, 
SUM159PT) underwent cell line authentication (performed by Eurofins, the 
Netherlands). Detailed information including RRIDs for all cell lines are listed 
in Supplementary Table 1.

Immunofluorescence of cell lines
1000 cells were seeded onto glass coverslips in a 24-well plate and cultured 
for 24h in their respective media (see Supplementary Table 1). Cells were 
fixed for 15 min with ice-cold 4% paraformaldehyde in PBS, permeabilised for 
10 min with 0.5% Triton-X-100/PBS, blocked with 5% bovine serum albumin 
(BSA)/5% goat serum in PBS for 30 min, followed by primary antibody 
incubation in 1% BSA/PBS overnight at 4°C. Secondary antibody incubation 
was performed for 1 h at room temperature. DAPI was used to stain the nuclei. 
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Immunofluorescence images were taken at a confocal microscope (SP8, Leica 
Mannheim). Antibodies are listed in Supplementary Table 2.

Generation of TGF-β pathway modified cell lines
Cell lines with CRISPR-Cas9 mediated SMAD4-KO: Human BC cell lines 
were cultured as described above and in Supplementary Table 1. For 
gene-editing of the cell lines, lentiviral sgRNA vectors were generated using 
lentiCRISPRv2 (addgene, 52961, RRID: Addgene_52961). The guide RNA 
sequences used were GGATACGTGGACCCTTCTGG for SMAD4 knockout 
and TGATTGGGGGTCGTTCGCCA as a non-targeting control. Cells were 
transduced with the lentiCRISPRv2 plasmid at 70-80% confluence using 8 µg/
µl polybrene. 24 hours post transduction the cell medium was refreshed with 
the respective growth medium containing 2 µg/ml puromycin and selected 
for an additional 72 hours. Successful editing of the cells was confirmed by 
Sanger sequencing and consecutive TIDE analysis using the following primers: 
TCCATCTCCCCTCCCTTTACC (FOR) and CACCGACAATTAAGATGGAGTGCT 
(REV). In addition, loss of the targeted protein was assessed by 
immunoblotting.

Cell lines with constitutively active TGFBR1 overexpression: Human BC cell 
lines were cultured as described above and in Supplementary Table 1. For 
constitutively active expression of the TGFBR1, the cDNA was cloned out 
of a pCW57.1 lentiviral vector (addgene, 41393, RRID: Addgene_41393) with 
inducible TGFBR1 expression which was a kind gift from Peter ten Dijke 
and lifted over into a pLex305 lentiviral vector (addgene, 41390, RRID: 
Addgene_41390). Cells were transduced and selected as described above. 

RNA isolation and RT-qPCR
WT and TGFBR1-OE cells were pelleted and lysed in TRIzol. Total RNA extraction 
was performed using chloroform/isopropanol. Pellets were washed with 
ethanol, air dried, and resuspended in nuclease-free H2O. Purified RNA was 
quantified using the DS-11 Series Spectrophotometer/Fluorometer (DeNovix) 
and subjected to reverse transcriptase reaction using random hexamer 
primers, 10x RT buffer, 25mM MgCl2, 0.1M DTT, RNAse OUT, and SuperScript 
III reverse transcriptase (Invitrogen, 18080093). qPCR was performed using 
the SensiFAST SYBR Hi-Rox Kit (BIO-92005, Bioline) and the QuantStudio 
5 Real-Time PCR System (Thermo Fisher Scientific, A34322) operated with 
the QuantStudio Real-Time PCR Software (Thermo Fisher Scientific, version 
1.7.2). Primer-BLAST 34 was used to design primers with the following 
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sequences for TGFBR1: 5’-GACCTCTCTCCCCAGATGGAGGCGGCGG-3’ 
(FOR) and 5’-ATCCAGAGGTTGATTCATTTTGATGCCTTCCTGTTGACTG-3’ 
(REV) and USF1: 5’-ATGGAGAGCACCAAGTCTGG-3’ (FOR) and 
5’-TGGTTACTCTGCCGAAGCTC-3’ (REV). Relative quantified cDNA was 
normalized using USF1 as the housekeeping transcript. 

Mouse models
Mammary fat-pad transplantation (FPT) models: For the generation of 
FPT-CDX models, cell lines were transplanted into mouse mammary FPs as 
described 35. 100,000 suspended single cells in PBS were transplanted in the 
FP of the fourth mammary glands of 8-week-old female NOD-Scid IL2Rgnull 
(NSG) mice by making a small incision, releasing the cells into the FP with a 
34G needle and suturing the cut with one stitch.

Mammary intraductal (MIND) injection models: To establish MIND-CDX 
models, human BC cell lines were intraductally injected as previously 
described 36. Cells were dissociated with trypsin (0.05 or 0.25%) and 25,000 
cells in PBS per mammary gland were injected into the third and/or forth 
glands of 8-week-old female NSG mice (RRID: IMSR_JAX:005557) by using 
a 34G needle.

Mastectomy: Mice were intraductally injected in a fourth mammary gland 
with human BC cells as described above. Mastectomy was performed when 
the primary tumour reached a size of 500 mm3. Analgesia was provided 
using temgesic and rimadyl pre-and post-surgery according to the institute’s 
standard. All mice were monitored via in vivo bioluminescence imaging for 
metastatic disease.

Oestrogen supplementation: 17β-oestradiol (Innovative Research of America) 
was supplemented in form of a 90-day release pellet with 0.18 mg/pellet, 
subcutaneously implanted into the neck of 8-week-old female NSG mice 
7 days prior to tumour inoculation via intraductal injection. Pellets were 
replaced every 90 days.

Sham ovariectomy & ovariectomy: Sham ovariectomy or ovariectomy was 
performed 7 days prior to tumour inoculation via intraductal injection as 
described above. Two small incisions were made, to ensure the (mock) 
removal of both ovaries. Analgesia was given according to the institute’s 
standard.
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General guidelines: The xenograft model cohorts were monitored twice 
weekly and mammary tumour-free survival was scored for each injected 
or transplanted mammary gland individually when palpable tumours were 
detected. The engraftment rate was calculated on the basis of these events. 
In addition, all animals were monitored via in vivo bioluminescence imaging 
(IVIS) on a weekly basis. Mammary tumour-specific survival was scored when 
the cumulative mammary tumour burden reached a volume of 1,500 mm3. The 
maximal permitted disease endpoints were not exceeded at any point within 
this study. Mice sacrificed for other reasons were censored and excluded 
for further analysis. At sacrifice, mammary glands were collected in formalin 
and analysed for histopathological abnormalities. Tumour measurements and 
post-mortem analysis were performed in blinded fashion. The mouse colonies 
were housed in a certified animal facility with a 12-hour light/dark cycle in 
temperature-controlled rooms. Mice were kept in individually ventilated cages 
and food and water were provided ad libitum. All animal experiments were 
approved by the Animal Ethics Committee of the Netherlands Cancer Institute 
and performed in accordance with institutional, national, and European 
guidelines for Animal Care and Use.

In vivo bioluminescence imaging
Prior to engraftment all cell lines were engineered to hold a luciferase carrying 
cassette with inducible expression via luciferin injection (addgene, 17477, 
RRID: Addgene_17477) 33. In vivo bioluminescence imaging was performed 
weekly by intraperitoneal injection of 150 mg/kg beetle luciferin (Promega) as 
previously described 37. Signal intensity was measured in a size-fixed square 
and total radiance was quantified (total flux was measured in p/sec/cm2/sr; 
photons per second per cm2 per steradian). 

Histology and immunohistopathology
Upon mouse sacrifice tissues were formalin-fixed and paraffin-embedded. 
Haematoxylin and eosin (H&E) as well as immunohistochemical stainings (IHC) 
were performed using routine procedures. For IHC stainings, antigen retrieval 
was performed with Tris/EDTA (pH 9.0) (Tris: Sigma, 252859; EDTA: Sigma, 
EDS) for ER-α, HER2, Ki67, Casp-3, CD31 or citrate buffer (pH 6.0) (Scytek, 
CBB999) for PR. 

Sections were incubated with primary antibodies (Supplementary Table 2) 
overnight at 4°C. EnVision+ HRP Labelled Polymer Anti-Rabbit System (Dako, 
K4003) was used for labelling and Liquid DAB+ Substrate Chromogen System 
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(Dako, K3468) for visualisation of primary antibodies and counterstain with 
haematoxylin was performed. 

Immunohistochemistry for FAP-a: Immunohistochemistry of the FFPE tumour 
samples was performed on a Discovery Ultra autostainer (Ventana Medical 
Systems). Briefly, paraffin sections were cut at 3 µm, heated at 75°C for 28 
minutes and deparaffinised in the instrument with EZ prep solution (Ventana 
Medical Systems). Heat-induced antigen retrieval was carried out using Cell 
Conditioning 1 (CC1, Ventana Medical Systems) for 64 minutes at 95oC. FAP-a 
was detected using clone EPR20021 (1/100 dilution, 64 minutes at 37oC, 
Abcam). Bound antibody was detected using the anti-Rb HQ for 12 minutes 
at 37oC, followed by Anti-HQ HRP for 12 minutes at 37oC, after which the 
ChromoMap DAB Kit (Ventana Medical Systems) was applied. Slides were 
counterstained with Hematoxylin and Bluing Reagent (Ventana Medical 
Systems). The SUM52PE model was excluded from the analysis as not enough 
surrounding environment was captured on the FFPE slides.

Digitalization and analysis: H&E slides were used for diagnosis and 
classification of mammary tumours according to the international consensus 
of mammary pathology 38. IHC stains were quantitatively analysed by 
evaluating positivity according to clinical standards. All slides were reviewed 
and quantified by two trained pathologists (X.C. and J-Y. S.) in blinded 
fashion. Slides were digitally processed using a PANNORAMIC 1000 whole 
slide scanner (3DHISTECH) and captured with the Slidescore software (www.
slidescore.com). QuPath software (v.0.4.4) was used for image analysis and 
quantification of positively stained cells.

RNA-sequencing of human cancer cell lines
RNA-sequencing of cultured cells was performed as previously described 39. 
In short, 106 cells were lysed in RLT Lysis Buffer (Qiagen, 79216) containing 
1% 2-mercaptoethanol. Total RNA was then extracted using the RNeasy Mini 
Kit (Qiagen, 74104) according to the manufacturer’s instructions. Quality 
and quantity of the extracted RNA was assessed using the Nanodrop and 
2100 Bioanalyser RNA Nano Chip systems. RNA samples with RIN>8 were 
subjected to polyA-stranded library preparation using the TruSeq RNA 
Library Prep Kit v2 (Illumina, RS-122-2001/2) according to the manufacturer’s 
guidelines and the quality was re-assessed using the 2100 Bioanalyser. The 
library prepared RNA was pooled into a 10 nM sequencing stock solution 
and libraries were sequenced with 65 bp single reads using the HiSeq 2500 
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System with V4 chemistry. Sequencing reads were mapped to the human 
reference genome GRCh38 (genecode v32 CTAT) using STAR (version 2.7.2) 
40 with the recommended parameters to subsequently run STAR-Fusion 41. 
Gene expression read counts were quantified via featureCounts (version 
1.6.2) based on gene structures defined in GRCh38.

RNA-sequencing of xenograft tumours
30-35 mg of fresh-frozen tumour pieces were thawed in RLT Lysis Buffer 
(Qiagen, 79216) containing 1% 2-mercaptoethanol and subsequently 
subjected to RNA isolation with the RNeasy Mini Kit (Qiagen, 74104) according 
to the manufacturer’s guidelines. Quality and quantity of the extracted RNA 
was assessed using the Nanodrop and 2100 Bioanalyser RNA Nano Chip 
systems. RNA samples with RIN>8 were subjected to polyA-stranded library 
preparation and sequenced and mapped as described for human BC cells.

Analysis of RNA-sequencing data from cell lines and xenografted 
tumours
General RNA Sequencing Analysis: To assess the similarities between different 
samples, a Pearson correlation analysis was conducted. Specifically, the assay 
function from the DESeq2 package (version 1.42.0, RRID:SCR_000154) was 
used to extract the regularized log-transformed counts from the vsd object. 
A matrix of Pearson correlation coefficients was then generated using the 
cor function (stats package; version 4.3.2) in R. Differential gene expressions 
were performed using R package DESeq2 (version 1.42.0) using the standard 
approach.

Distinct colours were assigned to the annotations, representing model (three 
models: cell line, MIND-CDX, and FPT-CDX), morphology (three forms: flat, 
nodular, and cell line), subtype (three types: HR+, TN, and HER2), claudin-low 
subtype (two levels: no and yes), and growth in MIND (two levels: nodular and 
flat). The resulting correlation matrix, complemented with these annotations, 
was visualized using the pheat map package (version 1.0.12), generating a 
heat map that reflects the correlations between the samples.

Gene Set Variation Analysis (GSVA): GSVA was employed to assess pathway 
activities across different samples. The analysis used the normalized and 
variance stabilized gene expression matrix. The hallmark gene sets from the 
Molecular Signatures Database (MSigDB) were employed for the analysis. 
GSVA scores were calculated using the gsva method (gsva package; version 
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1.50.0). Annotations representing model (consisting of three models: cell line, 
MIND-CDX, and FPT-CDX), morphology (containing three morphologies: flat, 
nodular, and cell line), subtype (featuring three types: HR+, TN, and HER2), and 
growth in MIND (with two levels: nodular and flat) were included to describe 
the samples. This colour palette represents the range of GSVA scores, with 
deep blue indicating lower pathway activity and deep red higher pathway 
activity. Annotations were coloured as previously defined for each attribute.

mMCF-count immune and stromal estimation: To explore the stromal 
compartment the RNA sequencing reads were aligned to the mouse genome 
and analysed using the mMCPcounter R package 16 to estimate the abundance 
of immune and stromal cell populations. The normalized expression 
matrix was derived from the variance-stabilizing transformation from the 
DESeq2 package. This matrix was used as input for the mMCPcounter.
estimate function, leveraging the predefined gene signatures included in 
mMCPcounter.

Statistical analysis and reproducibility
RNA sequencing data analysis was performed using R (version 4.3.2). 
For in vitro and in vivo experiments Prism (version 9, GraphPad Software, 
RRID:SCR_002798) was used for visualisation and analysis of the data. 
Sample sizes for in vivo studies were determined using G*Power software 
(version 3.1, RRID:SCR_013726) 42.

Data availability
All data generated or analysed during this study are deposited in GEO under 
the accession number GSE263474. The human reference genome (GRCh38 
Gencode v32 CTAT) used for RNA-seq data analysis is available in CTAT 
Genome Lib data resources: https://data.broadinstitute.org/Trinity/CTAT_
RESOURCE_LIB. All other raw data generated in this study are available upon 
request from the corresponding author.
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Supplementary Figure 1: Characterisation of BC cell lines and tumour 
engraftment
A) Immunofluorescence staining for oestrogen receptor (ER), progesterone receptor (PR) and 
HER2 in MIND-flat models SUM52PE, MCF-7, T47-D, Evsa-T, SK-BR-5, SUM149PT and MIND-
nodular models MCF10DCIS.com, MDA-MB-231, SK-BR-7, SUM159PT (scale bar 100 μm). B) 
Summary table of the immunofluorescence analysis (Supplementary Figure 1A) indicating the 
presence (+) or absence (-) of expression of oestrogen receptor (ER), progesterone receptor 
(PR) or HER2. C) Origin of cell line (primary, metastatic or other (i.e. pleural effusion)) as well 
as epithelial or basal growth characteristics of the cell line in vitro do not determine growth 
morphology in vivo. N-number indicates the amount of cell lines with indicated characteristics. D) 
Engraftment rate (%) for FPT-CDX tumours, showing range of engraftment between 65% (Evsa-T, 
SK-BR-5) and 100% (MCF-7, SUM149PT, MDA-MB-231, SK-BR-7) and for MIND-engrafted tumours 
with engraftment rates between 75% (MCF-7) and 100% (SUM52PE, Evsa-T, SUM149PT, SK-BR-7). 
E) Mammary tumour-free survival (%) of mice injected with BC cell lines via the FPT method (upper 
panel) or the MIND method (lower panel), showing overall longer mammary tumour-free survival 
in the FPT-CDX models compared to the MIND-CDX models. F) Comparison of mammary tumour-
free survival (%) listed per cell line and compared between FPT (solid line) and MIND (dashed line).
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Supplementary Figure 2: FPT-CDX tumours show nodular growth only
From left to right, for each cell line: Representative photograph of FPT-CDX tumour; HE staining 
of corresponding tumour type and HE zoom-in (scale bars 500 μm, zoom-in 100 μm); Tumour 
growths by tumour volume (mm3) over time (days); representative bioluminescence (BLI) image 
and tumour growth measurements by BLI radiance over time (days). Red line represents nodular 
growth pattern.
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Supplementary Figure 3: Pathological analysis of MIND-CDX tumours
A) Tumour grading in MIND-flat (blue) and MIND-nodular lesions (red) diagnosed as DCIS (ns=not 
significant; Unpaired t-test). B) Pathological growth features in MIND-flat (blue) and MIND-
nodular (red) DCIS cases (p=0.0212; 2-way ANOVA). C) Tumour grading in MIND-flat (blue) and 
MIND-nodular tumours (red) with IBC (ns=not significant; Unpaired t-test). D) Pathological growth 
features in MIND-flat (blue) and MIND-nodular tumours (red) with IBC (ns=not significant; 2-way 
ANOVA). E) Presence of differentiation in percent in MIND-flat (blue) and MIND-nodular tumours 
(red) (ns=not significant; 2-way ANOVA). F) Presence of mitosis in percent in MIND-flat (blue) 
and MIND-nodular tumours (red) (ns=not significant; 2-way ANOVA). G) Presence of fibrosis in 
percent in MIND-flat (blue) and MIND-nodular tumours (red) (ns=not significant; 2-way ANOVA). H) 
Presence of inflammation in percent in MIND-flat (blue) and MIND-nodular tumours (red) (ns=not 
significant; 2-way ANOVA). I) Presence of margin type in percent in MIND-flat (blue) and MIND-
nodular tumours (red) (ns=not significant; 2-way ANOVA). J) Presence of necrosis in percent in 
MIND-flat (blue) and MIND-nodular tumours (red) (ns=not significant; Unpaired t-test). K) Presence 
of calcifications in MIND-flat (blue) and MIND-nodular tumours (red) (p=0.0159; Unpaired t-test). All 
figure panels: n=6 for MIND-flat and n=4 for MIND-nodular CDX tumour models.
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Supplementary Figure 4: Histopathological characterisation of MIND-CDX and 
FPT-CDX tumours
A) Summary table of MIND-CDX models including their HR status in vitro, as well as outgrowth 
pattern and intra-tumour HR status, Ki-67 and cleaved-caspase 3 positivity in percent, average 
tumour onset (days) and average sacrifice time (days) in vivo. B) Summary table of FPT-CDX models 
including their HR status in vitro, as well as outgrowth pattern and intra-tumour HR status, Ki-67 
and cleaved-caspase 3 positivity in percent, average tumour onset (days) and average sacrifice 
time (days) in vivo. C) IHC staining for tumour subtype classifiers (ER, PR, HER2), proliferation 
(Ki67) and apoptosis (Cleaved Caspase-3) of FPT-CDX tumours (scale bar 100 μm).
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Supplementary Figure 5: MIND-CDX tumour growth kinetics correlate with BC 
cell line subtype but do not determine morphology
A) Mammary tumour-free survival rates (%) of MIND-CDX models grouped according to their HR+, 
HER2+ or Triple Negative (TN) subtype. B) Mammary tumour-free survival rates (%) of MIND-CDX 
models grouped according to their MIND-flat (left panel) or MIND-nodular (right panel) tumour 
growth pattern showing that flat tumour growth takes on average longer compared to nodular 
growth.
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Supplementary Figure 6: Difference in tumour growth pattern in MIND-CDX 
models
From left to right, for each cell line: Representative photograph of MIND-tumour; HE staining 
of corresponding tumour type and HE zoom-in (scale bars 500 μm, zoom-in 100 μm); Tumour 
volume (mm3) over time (days); representative bioluminescence (BLI) image and tumour growth 
measurements by BLI radiance over time (days). Blue line represents flat and red line nodular 
growth pattern.
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Supplementary Figure 7 (continuation of Supplementary Figure 6): Difference 
in tumour growth pattern in MIND-CDX models
From left to right, for each cell line: Representative photograph of MIND-tumour; HE staining 
of corresponding tumour type and HE zoom-in (scale bars 500 μm, zoom-in 100 μm); Tumour 
volume (mm3) over time (days); representative bioluminescence (BLI) image and tumour growth 
measurements by BLI radiance over time (days). Blue line represents flat and red line nodular 
growth pattern.
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Supplementary Figure 8: Nodular-growing MIND-CDX tumours have increased 
metastatic potential
A) Overview of mouse organs investigated for the presence of metastases. B) Number of 
metastatic sites per cell line, showing that more metastatic sites were detected for MIND-nodular 
tumours compared to MIND-flat tumours. C) Presence of lymph-vascular invasion (%) based on HE 
staining (example image on the right depicts tumour cell presence in dilated lymphatic vessel). 
Lymph-vascular invasion was detected in both MIND-flat (blue) and MIND-nodular (red) tumours, 
with SK-BR-7 showing the highest frequency of occurrence. D) Metastatic growth measured by 
BLI over time (days) of MIND-flat Evsa-T tumours and MIND-nodular MDA-MB-231 and SUM159PT 
tumours. E) HE stainings of metastatic lesions from different organ sites of MIND-flat Evsa-T 
tumours and MIND-nodular MDA-MB-231 and SUM159PT tumours (scale bar 100 µm).
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Supplementary Figure 9: Oestrogen influences growth kinetics but not 
morphology of MIND-CDX tumours
A) MIND-CDX models of ER+ cell lines MCF-7 and MDA-MB-175-VII do not show differences in 
tumour growth morphology when animals are sham-ovariectomised (Sham OVX), ovariectomised 
(OVX) and therefore oestrogen-depleted, or supplemented with oestrogen (Sham OVX + E2 and 
OVX + E2). All tumour outgrowths show a flat growth pattern. Graphs show the frequency of 
growth pattern occurrence (%); MCF-7: n=12 for Sham OVX, n=5 for OVX, n=11 for Sham OVX + E2, 
and n=14 for OVX + E2; MDA-MB-175-VII: n=4 for Sham OVX, n=0 for OVX, n=4 for Sham OVX + 
E2, and n=2 for OVX + E2. MDA-MB-175-VII cell line xenografts did not show any tumour growth 
upon ovariectomy. MIND-CDX models of ER-negative cell lines MDA-MB-231 and MCF10DCIS.
com equally do not show differences in tumour growth morphology upon hormone perturbations. 
All tumours show a nodular growth pattern. Graphs depict the frequency of growth pattern 
occurrence (%); MDA-MB-231: n=17 for Sham OVX, n=6 for OVX, n=12 for Sham OVX + E2, and 
n=13 for OVX + E2; MCF10DCIS.com: n=7 for Sham OVX, n=6 for OVX, n=14 for Sham OVX + E2, 
and n=10 for OVX + E2. B) Representative photographs and HE stainings showing no changes 
in growth pattern morphologies of MIND-flat MDA-MB-175-VII (upper panel) and MIND-nodular 
MCF10DCIS.com (lower panel) tumours after ovariectomy (OVX) or in non-ovariectomised (Sham 
OVX) controls, with or without supplementation of oestrogen (E2) (scale bars 500 μm). C) Tumour 
growth kinetics are affected by oestrogen as depicted by the mammary tumour-free survival (%) 
of MDA-MB-175-VII (upper panel) and MCF10DCIS.com (lower panel) tumours after ovariectomy 
(OVX) or in non-ovariectomised (Sham OVX) controls, with or without supplementation of 
oestrogen (E2).
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Supplementary Figure 10: Transcriptomic analysis identifies upregulated EMT 
and TGF-β signalling in nodular MIND-CDX tumours
A) Volcano plot representing differential gene expression results between models of flat and 
round morphology. The x-axis indicates the log2 fold change, with downregulated genes to the 
left and upregulated genes to the right. The y-axis shows the negative logarithm of the adjusted 
p-value (-log10 adjusted p-value), with higher values indicating greater statistical significance. 
Blue dots represent genes significantly downregulated, red dots represent genes significantly 
upregulated, and grey dots indicate genes with no significant change in expression. Top 50 
genes based on significance are labelled with their respective gene symbols. B) Heat map of 
hallmark pathways across different models providing a visualization of GSVA scores. Each column 
of the heat map represents a hallmark pathway, while each row corresponds to a model and 
growth morphology. The colour scale indicates the GSVA score, where deep blue marks lower 
activity and deep red signifies higher activity of the pathway in the respective models. EMT and 
TGF-β pathway signalling are highlighted in red. C) Expression of claudins (top part) and heat map 
of genes included in 9-cell line claudin-low classifier (bottom part) in MIND-flat vs MIND-nodular 
tumours. Scale bars depicts raw expression for claudins and normalised z-score values for cell-
line classifier.
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Supplementary Figure 11: Nodular growth is associated with both autocrine 
and paracrine TGF-β signalling
A+B) Heat maps representing the expression levels of all genes within the EMT (A) and TGF-β 
pathways (B) across different cell lines and models. Each row represents a gene, and each column 
represents a sample, with cell line and model information combined as column names. The colour 
scale, from blue to red, indicates gene expression levels, with blue representing lower expression 
and red representing higher expression. Rows are scaled to highlight relative expression levels 
within genes. Annotations for growth conditions, model types, subtypes, and morphologies are 
provided alongside the corresponding columns. Clustering is based on correlation distance, 
grouping similar expression patterns together. C) GSVA heat map of hallmark pathways comparing 
the 6 MIND-flat models between transplantation site. The FPT tumours show upregulation of 
EMT and TGF-β pathway signatures compared to their MIND counterparts. Each row of the heat 
map represents a hallmark pathway, while each column corresponds to a sample. The colour 
scale indicates the GSVA score, where deep blue marks lower activity and deep red signifies 
higher activity of the pathway in the respective sample. The hierarchical clustering is based on 
correlation, categorizing both samples and pathways based on their activity patterns. Scale below 
the figure depicts normalized (z-score) GSEA score values. D) Dot plot displaying the results of 
gene set enrichment analysis (GSEA) for upregulated pathways in different datasets: MIND vs FPT 
tumours from MIND-flat models (green), MIND vs FPT tumours from MIND-nodular models (blue), 
MIND tumours from MIND-flat vs MIND-nodular TN models (purple), and FPT tumours from MIND-
flat vs MIND-nodular models (red). The y-axis lists the Normalized Enrichment Score (NES) for the 
various comparisons, the x-axis shows the Ranking of the different hallmark gene sets. Dot size 
represents adjusted p-value and dot colour indicates significance. P-values for EMT and TGF-β in 
the different dataset comparisons are highlighted in a table.
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Supplementary Figure 12: Angiogenesis in MIND tumours does not correlate 
with growth morphology
A) Analysis of CD31+ -stained cells per mm2 of tumour mass in FPT shows differences between 
cell lines. Each dot represents one tumour. Boxes depict minimum to maximum values with mean. 
B) Analysis of CD31+ -stained cells per mm2 of tumour mass in MIND shows differences between 
cell lines but not within growth morphologies. Each dot represents one tumour. Boxes depict 
minimum to maximum values with mean. C) Cumulative CD31+ -stained cells in FPT tumours 
measured per mm2 and compared between MIND-flat and MIND-nodular tumours. MIND-nodular 
lesions present with higher amounts of CD31+ cells per mm2 (p=0.0084; Unpaired t-test). D) 
Cumulative CD31+ -stained cells in MIND tumours measured per mm2 and compared between 
MIND-flat and MIND-nodular tumours show no significant difference (p=0.9560; Unpaired t-test). 
E) Representative IHC CD31 stainings of FPT and MIND lesions with different growth morphology 
(scale bar 200 µm).
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Supplementary Figure 13: TGF-β signalling determines MIND-CDX tumour 
growth kinetics and morphology
A) Western blot analysis for SMAD4 showing downregulation for SMAD4 in knockout (KO) lines 
compared to cells transduced with a non-targeting control sgRNA (NT) of MIND-nodular cell lines 
MCF10DCIS.com, MDA-MB-231, SUM159PT and MIND-flat cell lines SUM149PT, Evsa-T, MCF-
7, SUM52PE. Actin was used as loading control. B) SMAD4 inactivation does not change the 
growth pattern of already MIND-flat models SUM149PT, Evsa-T, MCF-7, and SUM52PE in MIND-
CDX tumours. Graphs show the frequency of growth pattern occurrence (nodular vs flat, %): 
SMAD4-NT: SUM149PT: 0 (n=0) vs 100 (n=6), Evsa-T: 0 (n=0) vs 100 (n=10), MCF-7: 0 (n=0) vs 100 
(n=13), SUM52PE: 0 (n=0) vs 100 (n=17) and SMAD4-KO: SUM149PT: 8 (n=1) vs 92 (n=12), Evsa-T: 
10 (n=1) vs 90 (n=9), MCF-7: no tumour growth upon SMAD4-KO, SUM52PE: 0 (n=0) vs 100 (n=14). 
C) Representative photographs of SMAD-NT (upper row) and SMAD-KO (lower row) MIND-CDX 
tumours from SUM149PT, Evsa-T, MCF-7, and SUM52PE models, showing that originally MIND-
flat tumours retain their growth morphology upon SMAD4-KO. D) Mammary tumour-free survival 
(%) of MIND-models injected with SMAD4-NT and SMAD4-KO derivatives of MCF10DCIS.com, 
MDA-MB-231, SK-BR-7, SUM159PT, SUM149PT, Evsa-T, MCF-7 and SUM52PE cell lines. SMAD4-
KO tumours on average showed faster outgrowth compared to controls. MCF-7 SMAD4-KO 
transplants did not lead to any tumour growth. E) Quantitative RT-PCR confirms TGFBR1-OE in 
modified cell lines compared to their WT counterpart. F) TGFBR1-OE does not change the growth 
pattern of already MIND-nodular models MDA-MB-231, and SUM159PT in MIND-CDX tumours. 
Graphs show the frequency of growth pattern occurrence (flat vs nodular, %): TGFBR1-WT: MDA-
MB-231: 0 (n=0) vs 100 (n=11), SUM159PT: 0 (n=0) vs 100 (n=9), and TGFBR1-OE: MDA-MB-231: 5 
(n=1) vs 95 (n=19), SUM159PT: 0 (n=0) vs 100 (n=22).  G) Representative photographs of TGFBR1-WT 
(upper row) and TGFBR1-OE (lower row) MIND-CDX tumours from MDA-MB-231 and SUM159PT 
models, showing that originally MIND-nodular tumours retain their growth morphology upon 
TGFBR1-OE. H) Mammary tumour-free survival (%) of MIND-models injected with Evsa-T, MCF-7, 
SUM52PE, MDA-MB-231, and SUM159PT cells with/without expression of constitutively active 
TGFBR1. TGFBR1-OE does not lead to a clear in- or decrease in tumour growth kinetics.
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Supplementary Figure 14: Tumour IHC subtype is not affected by SMAD4-KO 
or TGFBR1-OE
A) Representative IHC staining of ER, PR, and HER2 of MIND-nodular tumours from SMAD4-WT 
cell transplants compared to MIND-flat SMAD4-KO transplants (scale bar 100 µm). B) ER, PR, and 
HER2 assessment based on IHC of SMAD4-NT and SMAD4-KO tumours. C) Representative IHC 
staining of ER, PR, and HER2 of MIND-flat tumours from TGFBR1-WT cell transplants compared to 
MIND-nodular TGFBR1-OE transplants (scale bar 100 µm). D) ER, PR, and HER2 assessment based 
on IHC of WT and TGFBR1-OE tumours.
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