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Abstract

Background: Triple-negative breast cancer (TNBC) is an aggressive breast cancer
subtype associated with rapid tumour growth, early metastatic dissemination and
limited therapeutic options. Transcriptomic studies have provided extensive insight
into TNBC biology, but how the mammary tissue transcriptome changes throughout

tumour growth remains poorly understood.

Methods: We conducted stage-resolved RNA sequencing of mammary tissue
collected at successive stages of orthotopic 4T1 tumour growth in
immunocompetent BALB/c mice, alongside histopathological evaluation. Parental
4T1 cell line samples were included to differentiate transcriptional features

associated with the in vivo tumour context.

Results: Histopathological evaluation confirmed progressive local invasion across
successive stages, beginning with replacement of the cutaneous muscle layer and
culminating in complete dermis replacement by the Late stage. Substantial
transcriptomic variations from Control mammary tissue were already evident at the
Early stages of tumour growth (G1-G2, days 3-7 post-inoculation). An individual
analysis of the G1 stage, which lacked the macroscopically detectable features of a
tumour, confirmed that the principal transcriptomic alterations were already
present at this point. Across successive stages, the rate of gene-expression change
was unevenly distributed, with the most pronounced shift occurring during the
Medium 1 to Medium 2 transition, after which comparatively few additional changes

were observed despite continued tumour growth. Functional enrichment analyses
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showed a progressive increase in the representation of extracellular matrix
organisation and inflammatory pathways, alongside a decline in epithelial
differentiation- and metabolism-related programmes. Comparison with the
parental 4T1 cell line revealed that a substantial component of the in vivo
transcriptomic landscape, particularly extracellular matrix and immune-related
programmes, was not represented in cultured tumour cells, highlighting the

contribution of the tissue microenvironment to tumour biology.

Conclusions: This stage-by-stage approach shows that extensive molecular
alterations in mammary tissue are already observed within days of tumour cell
inoculation, preceding the appearance of a macroscopic tumour mass.
Transcriptomic change was not constant but centred on a pivotal transition between
intermediate stages, after which most transcriptional programmes were already
established. This study offers a stage-resolved molecular framework for interpreting
tissue-level changes during TNBC progression, and highlights that a substantial part
of this landscape reflects TME-associated programmes absent from cultured

tumour cells alone.

Keywords

Triple-negative  breast cancer; Orthotopic 4T1 model; Stage-resolved

transcriptomics; Tumour development; Extracellular matrix.

Background

Triple-negative breast cancer (TNBC) tends to grow rapidly and is more likely to

metastasise at an early stage, often resulting in poorer patient outcomes [1]. The
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main challenge in TNBC is the absence of estrogen receptors (ER), progesterone
receptors (PR), and human epidermal growth factor receptor 2 (HER2), which limits
the availability of targeted treatment options compared to other breast cancer
subtypes [2,3]. Therefore, improving our understanding of the biological processes
underlying the development and progression of this aggressive cancer type is

crucial for identifying new therapeutic strategies and improving patient outcomes.

Large-scale transcriptomic studies have already advanced our understanding of
TNBC biology, identifying molecular subtypes [4,5] and revealing the importance of
processes such as the Extracellular Matrix (ECM) organisation [6,7], the immune
infiltration [8] and the metabolic adaptations, including shifts in oxidative
phosphorylation and glycolytic metabolism, during tumour progression [9,10].
However, these data have been obtained mostly from tumours sampled at a single
time point of tumour development, thus providing limited information about when
specific gene-regulatory changes first occur, how the transcriptional alterations
evolve across successive stages of tumour development, and which biological
transitions accompany the progression from early stages of tumour establishment
to advanced disease [11]. Characterising how the mammary tissue transcriptome
evolves through successive stages is essential for understanding the biological
events that underlie tumour establishment and progression. Depicting this
evolution is further complicated by the fact that TNBC is a highly heterogeneous
disease and that tumour development is accompanied not only by gradual tumour

growth but also by continuous changes in tissue composition, resulting from the
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evolving balance between normal mammary tissue, tumour cells and the inclusion

of other components of the tissue microenvironment (TME) [12-14].

Addressing this gap in temporal resolution requires experimental models that allow
mammary tissue to be sampled across successive stages of tumour development
under controlled conditions. Orthotopic implantation of 4T1 mammary carcinoma
cells into immunocompetent BALB/c mice provides an established experimental
model that reproduces key features of human TNBC, including rapid local tumour
growth, spontaneous metastasis and interaction with anintactimmune system [15-
17], while providing access to stages of tumour development that are difficult or
impossible to sample serially in human patients. This model therefore offers an
opportunity to characterise the evolution of mammary tissue transcriptomic

changes throughout tumour establishment and progression.

In the present study, we performed a stage-resolved transcriptomic
characterisation of mammary tissue during orthotopic 4T1 tumour growth by
integrating RNA sequencing with histopathological evaluation. The parental 4T1 cell
line was included as a reference to distinguish transcriptional programmes
associated with the in vivo tissue context from those intrinsic to tumour cells
maintained in culture. Using this approach, we aimed to determine when early
transcriptional alterations become detectable in mammary tissue during tumour
development, identify the major biological transitions accompanying disease
progression, and establish a stage-resolved molecular framework for interpreting

transcriptomic changes throughout orthotopic TNBC progression.



132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

Methods

In order to characterise molecular changes across successive stages of mammary
tumour development, we designed a stage-resolved study using the orthotopic 4T1
model in immunocompetent BALB/c mice, combining bulk RNA sequencing with
histopathological evaluation. The parental 4T1 cell line was included as a reference
for tumour cell-intrinsic transcriptional programmes. The experimental design,

sample selection strategy and analytical procedures are described below.

Animal model and experimental design

Female BALB/cJRj mice (5 weeks old; Janvier Labs, France) were housed under
controlled environmental conditions with ad libitum access to food and water.
Following a one-week acclimatisation period, animals were assigned to control or
experimental groups. All procedures were approved by the Committee for Animal
Experimentation and Welfare of the Universitat de Valencia (CEBA; protocol 2022
VSC PEA 0100) and conducted in accordance with Directive 2010/63/EU, Spanish
legislation governing the protection of animals used for scientific purposes, and
institutional guidelines. All animal procedures were performed at the animal facility

of the Universitat de Valéncia.

Control animals received an orthotopic injection of 100 uL phosphate-buffered
saline (PBS) into the left fourth mammary gland, whereas experimental animals
received 10* 4T1 mammary carcinoma cells (ATCC CRL-2539; LGC Standards
S.L.U., Spain) suspended in 100 pyL PBS at the same anatomical site. Cells were

maintained in RPMI-1640 supplemented with 10% fetal bovine serum and 1%

6
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penicillin/streptomycin under standard culture conditions, routinely tested negative

for mycoplasma contamination by PCR, and used within 5 passages after thawing.

To characterise transcriptomic changes across successive stages of tumour growth
(hereafter denoted G[n], with G referring to 'Group' and n indicating the group
number), mammary tissue was collected at predefined times following tumour cell
inoculation. Samples were obtained from Control and G1 animals on day 3, G2 on
day 7, G3 on day 10, G4 on day 15, and G5 on day 17 post-inoculation (n = 5 per
group; Figure 1A). To increase the number of biological replicates available at the
final sampling point, transcriptomic data from two independent experimental
cohorts, G6 and G7, were incorporated into the study in addition to the main
experimental cohort. These cohorts corresponded to time points equivalent to G5
(G6:n=5,day17; G7: n=6, day 16) and were collected under the same anaesthetic
protocol, by mastectomy rather than by euthanasia and full dissection (see Sample

collection below).

The samples included in the transcriptomic analyses were selected from a larger
experimental cohort comprising nine tumour-bearing animals per experimental
group and five control animals. To maximise the transcriptional signal and following
a similar volume-based selection approach previously reported for transcriptomic
analyses in murine tumours [18], a predefined, volume-enriched sampling strategy
was established before transcriptomic analysis: for groups with measurable
tumours (G2 to G7), the five animals with the largest tumour volumes were selected
to maximise tumour representation within the tissue analysed by RNA sequencing.

For G1, and in the event of tied tumour volumes, animals with body weight closest
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to the group mean were selected instead. This strategy was designed for stage
characterisation and was not intended to provide a random representation of the
full tumour-volume distribution at each time point; accordingly, the groups defined
in this study should be interpreted as representing successive stages of tumour

development rather than strictly chronological time points.

The experimental groups were classified into four successive stages: Early (G1-G2),
Medium 1 (G3), Medium 2 (G4) and Late (G5-G7). The grouping of G5, G6, and G7
into a single Late stage group was subsequently supported by the histopathological
findings and by the absence of statistically significant global transcriptomic

separation among G5, G6, and G7 (see Statistical analysis below).

Animal welfare monitoring

Animals were monitored daily throughout the study for general health, body weight,
tumour growth and clinical signs of discomfort. Humane endpoints were
established before the start of the experiment in accordance with the approved
animal welfare protocol. Body weight and tumour dimensions (length and width)
were measured every 3-5 days using a digital calliper. Tumour volume was
calculated using the modified ellipsoidal formula: V= (1t/6) x length x width®. No
animals included in the present study reached predefined humane endpoints
before the planned experimental termination, nor did they exceed the maximum
tumour burden or body weight loss thresholds established by the approved animal
experimentation protocols. Individual body weight and tumour volume

measurements for the subset of samples included in the transcriptomic analyses,
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as well as descriptive statistics of tumour volume for the complete experimental

cohort, are provided in Supplementary Table S1

Sample collection

Animals from Control to G5 were euthanised by cervical dislocation under
anaesthesia with 5% isoflurane, and mammary tissues were collected immediately
after euthanasia. In G6 and G7, mammary tumours were collected by mastectomy
under the same anaesthetic protocol once animals had reached the predefined
Late stage of tumour development. Following tissue collection, samples were
immediately placed in cold PBS and dissected. A small fragment intended for RNA
sequencing was rapidly processed and stored at —80 °C, whereas the remaining,

adjacent tissue was allocated for histopathological analysis.

In addition to mammary tissue, three vials of the parental 4T1 cell line, all derived
from the same original stock, were independently thawed, cultured, and pelleted

for RNA sequencing.

Histopathological analyses

Mammary tissue samples were fixed in 10% neutral-buffered formalin, paraffin-
embedded, sectioned and stained with haematoxylin and eosin (H&E) using
standard histopathological procedures. Histopathological processing and
evaluation were performed at Universidad Cardenal Herrera-CEU, CEU Universities
(Alfara del Patriarca, Spain). All sections were evaluated by the same board-certified
pathologist, who assessed the presence of tumour tissue and its histopathological

characteristics at each developmental stage, including the extent of necrosis,

9
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mitotic activity in areas of highest density (hotspots), nuclear morphology, and other
notable histological features. This evaluation was descriptive and qualitative in
nature. Representative images were acquired using a NanoZoomer slide scanner

(Hamamatsu Photonics, Hamamatsu, Japan).

RNA seq analysis

Total RNA was extracted from mammary tissue and cell line samples by Seqplexing
(Paterna, Valencia, Spain) using the MagMAX™ mirVana™ Total RNA Isolation Kit
(Thermo Fisher Scientific) according to the manufacturer's protocol. RNA quantity
and integrity were assessed using a QIAGEN automated electrophoresis system
before library preparation, and only samples meeting quality criteria were

sequenced.

Strand-specific 3'mRNA libraries were prepared by Seqplexing (Paterna, Valencia,
Spain) using an oligo(dT)-primed protocol incorporating unique molecular
identifiers (UMIs): the first 10 nucleotides of Read 1 contained six random
nucleotides followed by the fixed sequence TATA. Libraries were sequenced on an

Ilumina NovaSeq X Series platform using paired-end sequencing.

Raw reads were processed using a custom pipeline. Read quality was assessed with
FastQC before and after preprocessing. Adapters were removed by automatic
paired-end detection with fastp, applying its default quality filtering (Phred = 15) and
discarding reads shorter than 25 nucleotides. UMIs were extracted from Read 1,
retaining the random sequence for downstream deduplication and discarding the

fixed TATA sequence. Reads were trimmed to remove poly(A) tails and adapter

10
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sequences, discarding those shorter than 20 nucleotides, and aligned to the Mus
musculus reference genome (GRCm39). Alighments were sorted and indexed, and
gene-level counts were assigned against the GENCODE M38 annotation. UMI-
based deduplication was then performed, collapsing reads that shared the same
UMI and gene assignment to generate raw gene-level count matrices for

downstream analysis.

Statistical analysis

Tumour volume distribution

Tumour volume did not meet normality assumptions (Kolmogorov-Smirnov test with
Lilliefors correction, p < 0.001); group differences were therefore assessed with the

Kruskal-Wallis test, with FDR-adjusted post hoc pairwise comparisons.
Differential expression analysis

Differential expression was assessed using DESeq2 (v1.46.0), modelling counts
with disease stage as the explanatory variable and Control as the reference level.
Genes with fewer than ten counts in every sample were excluded before model
fitting. Six pairwise contrasts were extracted: Early vs Control, Medium 1 vs Early,
Medium 2 vs Medium 1, Late vs Medium 2, Cell line vs Late, and Late vs Control. P-
values were corrected for multiple testing using the Benjamini-Hochberg false
discovery rate (FDR) procedure, and genes with an FDR-adjusted p-value below 0.05

were considered differentially expressed.

Assessment of group structure

11



264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

Global sample relationships were examined using principal component analysis
(PCA) of the 1,000 most variable genes, and PERMANOVA (vegan R package, v2.7-3)
was used to test for group separation based on Euclidean distances. G5, G6 and G7
were defined as replicates of the Late biological stage based on tumour burden,
collection time and histopathological composition. PERMANOVA did not detect
statistically significant global transcriptomic separation among the three cohorts
(R* = 0.251, p = 0.086). G3 (Medium 1) and G4 (Medium 2) likewise showed no
significant separation (R*=0.280, p =0.077), but samples were consistently closer
to members of their own group than to the other; the two stages were therefore
retained as separate levels in the differential expression model. PCA and
PERMANOVA were performed on variance-stabilised expression values obtained

with the variance-stabilizing transformation (VST) implemented in DESeq2.
Temporal trend analysis

Temporal expression dynamics across G1-G4 and the pooled Late stage were
modelled using maSigPro (R package, v1.78.0), fitting a polynomial regression to
each gene andretaining genes with a significant temporal profile (FDR < 0.05) whose
model explained at least 60% of the observed variance (R = 0.6). Retained genes
were grouped by hierarchical clustering; a three-cluster solution was adopted

based on silhouette width and interpretability of the resulting trajectories.
Functional enrichment

Functional interpretation of the up- and down-regulated genes from each contrast,
and of each temporal cluster, was performed by over-representation analysis

against Gene Ontology Biological Process, Kyoto Encyclopedia of Genes and

12
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Genomes (KEGG) and Reactome, with terms considered significant at an adjusted

p-value and g-value below 0.05.
Software

All analyses were performed in R (v4.4.1), except the tumour volume distribution

analysis assessed in IBM SPSS Statistics (v29.0.2.0).

Results

Macroscopic and histopathological progression define successive

stages of tumour development.

Tumour growth was monitored throughout the study to characterise its
macroscopic progression (Figure 1A and 1B). No measurable tumours were
detected in Control or G1 animals. Tumour volume increased gradually from G2

onwards, reaching its highest values in the Late stage.

13
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Figure 1. Experimental desigh and macroscopic/histopathological progression
of mammary tumour growth. (A) Female BALB/cJRj mice received an orthotopic
injection of PBS (Control) or 10* 4T1 cells into the left fourth mammary gland.
Mammary tissue was collected across successive stages of tumour growth. Early,
Medium 1 and Medium 2, and Late denote the developmental stages used
throughout the study. G6 and G7 samples were obtained by mastectomy after
tumours reached the predefined Late stage. (B) Tumour volume at tissue collection
across experimental groups. (C) Representative macroscopic images of mammary
glands/tumours for each stage, acquired before tissue sectioning for frozen and
histopathological processing (white scale bars, 10 mm). Samples illustrate the
progressively increasing proportion of tumour tissue relative to the surrounding host
tissue with advancing stage. (D) Representative histological images (H&E) of

mammary tissue at each developmental stage, selected independently as the most
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representative sections for each group; these correspond to different animals from
those shown in (C), and tumour diameters measured on the histological sections
therefore differ from the macroscopic measurements in (C). The largest tumour
diameter is indicated by a black line, with the corresponding value (mm) shown in
the bottom right corner of each panel. Ep, epidermis; cM, cutaneous muscle; aM,
abdominal muscle; sAT, subcutaneous adipose tissue (fat pad); asterisks (*)
indicate mammary tissue, shown in the Control and G1 panels. T, tumour tissue,
shown from G2 onwards. N (arrowhead) indicates necrosis, shown in the Medium 2
(G4) and Late-stage (G5-G7) panels. (E-G) High-magnification images illustrating
the sequential local invasion of the skin: (E) infiltration of the cutaneous muscle
layer; (F) infiltration, with partial replacement of the dermis. Inset: detail of nuclear
atypia; (G) complete replacement of the dermis, with sebaceous glands (SG)
completely surrounded by tumour cells. (H-lI) High-magnification images from
Medium 2 and Late-stage tumours showing marked nuclear atypia, with (H)

detailing a mitotic hotspot (arrows) and (I) an area of necrosis (N).

Descriptive tumour volume statistics for the groups with detectable tumour mass
(G2 to G5-G7) are summarised in Table 1. Overall, tumour volume differed
significantly among experimental groups (Kruskal-Wallis test, H(5) = 35.51, p <
0.001). Pairwise comparisons among tumour-bearing groups showed that the Late
stage (G5-G7) exhibited significantly larger tumour volumes than G1 (FDR-adjusted
p < 0.001), G2 (FDR-adjusted p = 0.010) and G3 (FDR-adjusted p = 0.020). In
addition, G4 tumours were significantly larger than those in G1 (FDR-adjusted p =

0.017). No other pairwise comparisons reached statistical significance.
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Table 1. Tumour volume at tissue collection across successive stages of tumour

development.
STAGE GROUP n Mean (mm?3) SD Minimum | Maximum
Early G2 5 6.22 3.45 0.52 9.20
Medium 1 G3 5 18.06 11.98 0.52 30.15
Medium 2 G4 5 133.03 55.94 96.62 231.84
Late G5-G7 16 255.21 112.52 66.35 536.78

SD: standard deviation. Tumour volume was calculated using the modified
ellipsoidal formula: V = (11/6) x length x width?. Only experimental groups in which a
measurable tumour mass was detected are shown. Values correspond to the

animals included in the transcriptomic analyses.

The relative contribution of host and tumour tissue to the section used for RNA
sequencing was assessed macroscopically at the time of dissection (Figure 1C),
and tissue was sampled representatively with respect to this visible composition.
From G2 to G3, the dissected mass comprised an increasing volume of tumour
tissue alongside a correspondingly decreasing, though still substantially present,
volume of host mammary stroma. From G4 onwards, host tissue was essentially
absent from the dissected sample beyond the overlying skin, such that the fragment

analysed by RNA sequencing was almost exclusively tumour tissue (Figure 1B).

Histopathological evaluation (Figure 1D-I) revealed the expected features of the
normal mammary gland in Control animals, comprising the overlying skin (with
epidermis, dermis, sebaceous glands and the underlying cutaneous muscle layer),
beneath which lay the mammary fat pad itself (composed predominantly of adipose

16
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tissue interspersed with sparse mammary tubuloepithelial structures), resting on
the underlying abdominal muscular wall. G1 samples were histologically
indistinguishable from Control, despite the presence of inoculated tumour cells.
Tumour tissue first became histologically evident in G2, presenting as discrete foci
of reduced size, consistent with the localised nature of the orthotopic inoculation,
and already displaying histological features associated with malignancy (nuclear
atypia and high mitotic activity). Local invasion followed a broadly consistent
pattern across successive stages: the underlying cutaneous muscle layer began to
be infiltrated and partially replaced as early as G2, whereas the overlying dermis
was progressively infiltrated and replaced troughout the Medium 1 stage (G3) and
the Medium 2 stage (G4), and was consistently and extensively replaced by the Late
stage (G5-G7). Nuclear atypia was present from the earliest tumour foci onwards
(Figure 1F). Necrosis was generally absent in G2 and G3, appeared inconsistently
from the Medium 2 stage (G4) onwards, and became a consistent, though generally
limited (<50%), feature of the tumour mass (mostly in the central areas) from the
Late stage onwards. Mitotic activity was already high from the earliest tumour foci
(G2) onwards, with considerable heterogeneity both within and across groups;
within individual tumours, mitotic activity also tended to be higher towards the
periphery of the mass thanin central areas. Histopathological evaluation of the Late
stage (G5, G6 and G7) showed a consistent pattern with tumour tissue almost
completely replacing the hypodermis, muscular layer and dermis, elevating the
epidermis and leaving only a residual rim of covering epithelium together with foci
of necrosis within the tumour mass, without evidence of systematic differences

among these three groups.
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Together, these macroscopic and histopathological findings confirm a pattern of
progressive tumour establishment and growth, supporting the use of these groups

as a staging framework for the subsequent transcriptomic analyses.

Global transcriptomic dynamics across tumour growth

To investigate the global transcriptomic dynamics associated with tumour growth,
principal component analysis (PCA) was performed on allmammary tissue samples
and the 4T1 cell line, revealing a stage-dependent organisation of the samples
(Figure 2A). PC1 and PC2 explained 53% and 24% of the total transcriptomic
variance, respectively. Samples from G1 and G2 displayed highly similar
transcriptional profiles. They clustered separately from both Control and
subsequent disease stages, supporting their classification as a single Early stage for
downstream transcriptomic and differential expression analyses. However, G1 was
additionally analysed separately to evaluate transcriptional alterations at day 3,
before macroscopic tumour detection. G3 and G4 occupied distinct positions in the
PCA, supporting their classification as two transcriptionally distinct intermediate
stages (Medium 1 and Medium 2) (Figure 2). Likewise, Late-stage samples (G5-G7)
formed an overlapping cluster, further supporting their classification as a single Late
stage. The 4T1 cell line clustered close to the Late-stage samples while remaining
clearly separated from all mammary tissue samples, highlighting persistent
transcriptomic differences between cultured tumour cells and tumour tissue in

vivo.

The expression heatmap of the 50 most variable genes, with samples grouped

according to their assigned disease stage, further illustrated the global
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transcriptomic changes accompanying tumour growth (Figure 2C). The heatmap
revealed distinct blocks of genes with similar expression trajectories. Spp7 and the
epithelial keratin Krt18 showed the opposite trend to most other genes in this set,
remaining low in Control and Early samples and increasing markedly from the later
stages onward and in the cell line. A second block, comprising skeletal muscle-
associated transcripts (Ttn, Pvalb, Myh1, Ckm) showed highest expression in
Control and Early samples and declined progressively thereafter. A third block,
dominated by keratin and cornified envelope genes (Krt5, Krt10, Loricrin, Flg),
showed a progressive overall decrease from Early/Medium 1 onward. Biological
replicates within each stage displayed consistent expression profiles, and the 4T1
cell line formed a visually distinct block, consistent with the transcriptional

differences from mammary tissue described above.

Differential expression analysis confirmed the extensive transcriptomic transitions
suggested by PCA and heatmap analysis (Figure 2B). Comparison of the Early stage
with Controls identified 3,306 differentially expressed genes (DEGs), indicating that
widespread molecular alterations are already present at this early stage. Similarly,
extensive transcriptomic changes were observed between the Early and Medium 1
stages (3,077 DEGs) and between Medium 1 and Medium 2 (2,795 DEGs). In
contrast, only 628 DEGs differentiated Medium 2 from the Late stage, indicating that
the most pronounced transcriptomic transitions occur during the early and
intermediate phases of tumour development, whereas the Late stage is
characterised by a comparatively more stable transcriptional profile. Consistent

with this progressive divergence, comparison of the Late stage with Controls
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429  Figure 2. Global transcriptomic dynamics across successive stages of

430 mammary tumour development. (A) Principal component analysis (PCA) of
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mammary tissue transcriptomes across disease stages and the 4T1 cell line (PC1:
53%, PC2: 24% of variance). (B) Number of differentially expressed genes (DEGs;
FDR <0.05, |log,FC| = 1) per pairwise comparison, shown separately for genes with
increased and decreased expression. (C) Heatmap of the 50 most variable genes
across samples, ordered by disease stage, showing stage-dependent

transcriptomic organisation and distinct clustering of the 4T1 cell line.

Given the extensive transcriptional divergence already observed at the Early stage,
we next characterised the earliest molecular alterations associated with tumour

development in greater detail.

Substantial transcriptomic alterations are detectable from the

earliest stages of tumour growth.

Functional enrichment analysis of the 3,306 DEGs identified between the Early
stage (G1-G2) and Control mammary tissue provided further insight into the
biological processes underlying this early divergence (Figure 3). Of these genes,
1,414 showed increased expression, and 1,892 showed decreased expression
(Figure 2B), at a stage when tumours, if present, remained small (G2) or
macroscopically undetectable (G1). Among the most differentially expressed
genes, those with increased expression included some keratin/cornified envelope-
associated genes (Figure 3A). These findings support a marked divergence in the
transcriptomic composition of mammary tissue during the earliest stage. Genes
with decreased expression in Early relative to Control were predominantly enriched

for biological processes related to cellular respiration and oxidative
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phosphorylation, including multiple components of the mitochondrial electron
transport chain, such as Ndufa1, Ndufa5, Ndufa8, Ndufb1, Cox5a, Cox7a1, Cox7b
and Cox7c (Figure 3B; Supplementary Table S3). Conversely, genes with increased
expression were primarily associated with cell cycle progression and chromosome
segregation, consistent with increased representation of proliferative and cell-
cycle-associated transcriptional programmes and were enriched for pathways
related to skin/epidermis development and keratinocyte differentiation (Figure 3B;
Supplementary Table S3). To determine whether these molecular alterations were
already present at the earliest sampling point, G1 (day 3) samples were analysed
separately. Of the DEGs identified in the Early vs Control comparison, 2,881 (87.1%)
were also detected as DEGs in the same direction in the G1 vs Control comparison
alone (highlighted in bold in Supplementary Table S3), indicating that a substantial
proportion of the transcriptional changes captured in the pooled Early group were
already established at this point. Functional enrichment analysis confirmed that
the major biological patterns identified in the pooled Early stage were already
evident at day 3 (Supplementary Figure S2): despite the absence of a
macroscopically detectable tumour, genes with increased expression in G1 were
similarly enriched for skin/epidermis development and keratinocyte differentiation.
Genes with decreased expression remained predominantly associated with cellular
respiration and oxidative phosphorylation, closely mirroring the enrichment profile

observed in the combined Early group.
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Figure 3. Early-stage transcriptomic alterations. (A) Volcano plot showing
differentially expressed genes (DEGs) between Early stage (G1-G2) and Control
mammary tissue (FDR < 0.05, |log,FC| = 1). Dashed lines indicate significance and
fold-change thresholds. Triangles indicate genes that fall outside the plotting limits.
The five genes with the greatest increase and the five with the greatest decrease in

expression, ranked by Euclidean distance from the origin in log,FC vs. -log,,(FDR)
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space, are labelled. (B) Functional enrichment analysis of genes with increased and
decreased expression in the Early-versus-Control comparison. Representative
significantly enriched Gene Ontology Biological Process (GO_BP), KEGG and
Reactome terms are shown. Dot size represents the number of genes associated
with each term, and the x-axis indicates enrichment significance (-log,, adjusted p-

value).

Temporal trajectory analysis defines opposing axes of

ECM/inflammatory increase and epithelial/metabolic decline.

To investigate how gene expression evolved throughout mammary tumour
development, temporal trend analysis was performed across the sequential
experimental groups (G1, G2, G3, G4, and G5-G7). Among the clustering solutions
evaluated, the three-cluster model provided the best representation of the data
(average silhouette score = 0.345), identifying three major temporal programmes
(Figure 4A). Rather than representing stage-specific transcriptional signatures,
these clusters describe coordinated patterns of gene expression shared by groups
of genes across tumour growth. The full list of genes assigned to each cluster is

provided in Supplementary Table S2.

Cluster 1 (n = 476) displayed a progressive increase in expression throughout
tumour development (Figure 4A). Functional enrichment analysis consistently
associated this programme with extracellular matrix organisation, inflammatory
response, and chemotaxis, as well as signalling pathways related to integrins,

chemokines, tumour necrosis factor (TNF), and advanced glycation end-products—

24



503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

receptor for advanced glycation end-products (AGE-RAGE) signalling. Reactome
analysis further highlighted collagen and elastic fibre formation, as well as
extracellular matrix organisation (Figure 4B; Supplementary Figure S1).
Representative genes included multiple components involved in extracellular
matrix organisation and remodelling (Fn7, Cold4a1, Col5a1, Col12a1, Hspg2,
Lamb1, Lox, Lox(3, Plod2, Pcolce), matrix-cell interactions (ltga1, Itgb2, Itgb3),
inflammatory signalling (Cxcl9, Cxcl10, Ccr1, Ccr2, Ccr5) and transforming growth
factor beta (TGF-B)-associated matrix regulation (Tgfb1, Ltbp1-3; Supplementary

Table S2).

In contrast, Clusters 2 (n = 412) and 3 (n = 283) exhibited progressive decreases in
expression during tumour development, although following distinct temporal
trajectories (Figure 4A). Cluster 2 showed its most pronounced decline between G3
(Medium 1) and G4 (Medium 2) and was enriched for biological processes
associated with epidermis development, keratinocyte differentiation, keratinisation
and establishment of the skin barrier. Consistent with these enrichments, this
cluster contained numerous members of the epidermal differentiation complex,
including twelve genes of the late cornified envelope (Lce) family, together with
Loricrin, Filaggrin (Flg, Flg2) and Involucrin (Ivl); alongside multiple keratin genes
(Krt1, Krt5, Krt10, Krt14, Krt17; Supplementary Table S2). Cluster 3 displayed a
more gradual decrease overall, spanning the entire course of tumour progression
rather than collapsing at a single stage, and was enriched for biological processes
related to skin development and fat cell differentiation (Figure 4B; Supplementary

Figure S1; Supplementary Table S2). Representative genes included regulators of
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adipocyte differentiation and lipid metabolism (Cebpa, Dgat2, Scd1, Ppara, Acsl1)
alongside genes associated with epidermal adhesion and differentiation (Col17a1,

Cdh3, Klf4, Scel; Supplementary Table S2).

All three temporal programmes, despite their distinct overall shapes and
magnitudes, showed their largest overall change between G3 (Medium 1) and G4
(Medium 2) (Figure 4A). This local acceleration was considerably more pronounced
for Clusters 1 and 2 than for Cluster 3, which instead showed a comparatively
modest inflexion within its broader gradual decline. This transition coincided with
the shift, described above, towards an almost exclusively tumour-dominated
composition of the dissected sample from G4 onwards (Figure 1), the stage
separation identified by PCA and expression heatmap (Figure 2A, C), and the
extensive transcriptomic differences detected between these stages by pairwise
differential expression analysis (Figure 2B). Together, these complementary
analyses identify the transition from G3 (Medium 1) to G4 (Medium 2) as a point of

particularly pronounced transcriptional change during mammary tumour growth.
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Figure 4. Temporal gene expression trajectories during mammary tumour
growth. (A) Temporaltendency analysis identified three major clusters of genes with
similar expression trajectories across successive stages of mammary tumour
development (G1 to G5-G7). Blue lines represent individual gene expression
trajectories (z-score), whereas the red dashed line indicates the average trajectory
for each cluster. (B) Schematic summary of the major biological processes
represented by each temporal programme, based on integrated Gene Ontology
Biological Process (GO_BP), KEGG and Reactome enrichment analyses
(Supplementary Figure S1). The width of each wedge reflects the relative

expression trend of the corresponding programme across tumour progression. It
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does not represent the number of genes or imply a temporal sequence among the

annotated biological processes.

Pairwise comparisons support the temporal programmes and

reveal their progressive establishment across disease stages.

To determine when the biological programmes identified by temporal trajectory
analysis became detectable during tumour progression, differential expression and
functional enrichment analyses were performed between consecutive disease
stages (Medium 1 vs Early, Medium 2 vs Medium 1 and Late vs Medium 2), together
with the cumulative comparison between Late-stage tumours and Control
mammary tissue (Supplementary Figure S3; Figure 5). These pairwise analyses
were consistent with the temporal patterns identified above and provided stage-
specific resolution of the biological processes emerging throughout tumour

progression.

The transition from Early to Medium 1 was characterised predominantly by
enrichment of oxidative phosphorylation, mitochondrial respiration and aerobic
respiration among genes with increased expression, indicating an increased
representation of respiratory programmes following their marked reduction at the
Early stage (Supplementary Figure S3). Conversely, genes with decreased
expression during this transition were enriched for RNA processing, chromosome
organisation and cell cycle-related processes, consistent with a reduction in the
representation of cell-cycle and chromosome-organisation programmes that were

prominent in the Early-versus-Control comparison.
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The Medium 1-to-Medium 2 transition represented the most pronounced functional
reorganisation observed between consecutive disease stages. Genes with
increased expression at this transition were enriched for chromosome segregation,
mitotic division and cell cycle regulation, whereas genes with decreased expression
were predominantly associated with epidermis development, keratinocyte
differentiation and keratinisation (Supplementary Figure S3). In addition, several
genes implicated in extracellular matrix remodelling and inflammatory signalling
showed significantly higher expression at this transition, including Spp 7 and Ankrd1,
and remained elevated thereafter, consistent with the progressive establishment of
the tumour-associated programme identified as Cluster 1 in the temporal tendency

analysis.

Relatively few transcriptional changes distinguished Late-stage tumours from
Medium 2, indicating that most of the major transcriptional programmes had
already become detectable by the Medium 2 stage. Nevertheless, enrichment of
processes related to positive regulation of chemotaxis and continued cell cycle
activity suggests that inflammatory and proliferative transcriptional programmes

remain represented during advanced disease (Supplementary Figure S3).

The cumulative Late-versus-Control comparison provided a cumulative view of the
transcriptional changes associated with tumour progression (Figure 5). Genes with
increased expression in Late-stage tumours were predominantly associated with
cell cycle progression, DNA replication and chromosome segregation. In contrast,
genes with decreased expression were enriched for oxidative phosphorylation,

cellular respiration and muscle differentiation. Among the genes showing the most
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significant increase in expression was Spp7, which first became detectable at
higher levels during the Medium 1-to-Medium 2 transition and remained highly
expressed thereafter, consistent with the progressive establishment of the

extracellular matrix- and inflammatory- associated programme identified in Cluster
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Figure 5. Differential gene expression and functional enrichment in Late-stage
tumours relative to Control mammary tissue. (A) Volcano plot showing
differentially expressed genes (DEGs) between Late-stage tumours (G5-G7) and
Control mammary tissue (FDR < 0.05, |log,FC| = 1). Dashed lines indicate
significance and fold-change thresholds. Triangles denote genes that fall outside
the plotting limits. The five genes with the greatest increase and the five with the
greatest decrease in expression, ranked by Euclidean distance from the origin in
log,FC vs. -log,,(FDR) space, are labelled. (B) Functional enrichment analysis of
genes with increased and decreased expression in the Late-versus-Control
comparison. Representative significantly enriched Gene Ontology Biological
Process (GO_BP), KEGG and Reactome terms are shown. Dot size represents the
number of genes associated with each term, and the x-axis indicates enrichment
significance (-log,, adjusted p-value). This enrichment profile is consistent with the
cumulative establishment of the biological programmes identified by temporal

trajectory analysis.

Comparison with the 4T1 cell Lline identifies tumour

microenvironment-associated transcriptional programmes.

To determine which transcriptional programmes distinguish advanced tumours
from tumour cells, differential expression analysis was performed comparing Late-
stage tumours (G5-G7) with the parental 4T1 cell line (Figure 6). A total of 1,658
differentially expressed genes were identified (Figure 2B), indicating substantial
transcriptional differences between advanced tumour tissue and the parental 4T1

cellline.
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Genes with increased expression in the 4T1 cell line were predominantly enriched
for biological processes associated with ribosome biogenesis, cytoplasmic
translation, mitochondrial translation, rRNA processing and mitochondrial gene
expression (Figure 6B). Consistently, KEGG and Reactome analyses highlighted
ribosome, oxidative phosphorylation and translation-related pathways, coherent
with increased representation of protein synthesis, ribosome biogenesis and
mitochondrial translation programmes in cultured cells. Representative genes
included components of the cytoplasmic and mitochondrial translational
machinery (Rpl26, Eif3g, Mrpl34, Mrpl40) and rRNA processing (Rrp9), and

aminoacid biosynthesis (Asns) (Figure 6A; Supplementary Table S3)

In contrast, genes with increased expression in Late-stage tumours were strongly
enriched for biological processes related to chemotaxis, leukocyte migration,
myeloid leukocyte migration, and leukocyte cell-cell adhesion, as well as
extracellular matrix organisation, collagen formation, and cytokine-chemokine
signalling pathways (Figure 6B). Representative genes contributing to these
enrichments included Col7al, Apoe and Maf, among the most differentially
expressed genes in this comparison (Figure 6A), together with the macrophage
markers C1qga and Msr1, both markedly higher in tumour tissue relative to the

isolated 4T1 cell line (Supplementary Table S3).

Interestingly, the extracellular matrix remodelling and immune-related programmes
that progressively emerged during tumour growth (Figures 4 and 5) were not
represented to the same extent in the transcriptional profile of cultured 4T1 cells

(Figure 6B). Conversely, translation- and ribosome-associated programmes were
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comparatively enriched in vitro, indicating that these predominantly reflect tumour
cell-intrinsic functions rather than the complex biological processes operating

within the tumour tissue.

Together, these findings underscore that the transcriptomic landscape of advanced
tumours cannot be explained solely by tumour cell-intrinsic gene expression
programmes. Instead, a substantial proportion of the in vivo transcriptional profile
reflects biological processes associated with the TME, particularly extracellular
matrix remodelling and immune cell-associated processes, particularly leukocyte

migration and chemotaxis.
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Figure 6. Transcriptomic comparison between the parental 4T1 cell line and
Late-stage tumours. (A) Volcano plot showing differentially expressed genes
(DEGs) between the parental 4T1 cell line and Late-stage tumours (G5-G7) (FDR <
0.05, |log,FC| = 1). Dashed lines indicate significance and fold-change thresholds.
Triangles denote genes that fall outside the plotting limits. The five genes with the

greatest increase and the five with the greatest decrease in expression, ranked by
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Euclidean distance from the origin in log,FC vs. —-log,,(FDR) space, are labelled. (B)
Functional enrichment analysis of genes with higher expression in the 4T1 cell line
(left) and in Late-stage tumours (right). Representative significantly enriched Gene
Ontology Biological Process (GO_BP), KEGG and Reactome terms are shown. Dot
size represents the number of genes associated with each term, and the x-axis
indicates enrichment significance (-log,, adjusted p-value). Translation- and
ribosome-associated terms were enriched in cultured tumour cells, whereas
extracellular matrix organisation and immune-related terms were enriched in

tumours grown in vivo.

Discussion

Main findings

Most TNBC research focuses on established tumours, offering a static, late-stage
view that can overlook the early events, temporal sequence and TME dynamics
needed for early detection and targeted therapies [19]. By adopting a stage-resolved
transcriptomic approach, this study identifies five principal findings: (1) extensive
transcriptomic alterations were already present before a macroscopically
detectable tumour formed; (2) tumour progression was mainly characterised by a
limited number of coordinated biological programmes involving extracellular matrix
remodelling, inflammation and progressive loss of epithelial differentiation; (3)
transcriptional change varied markedly across stages, consistent with discrete
transitions rather than uniform accumulation; (4) the transition between the

Medium 1 and Medium 2 stages was the most pronounced of these, across
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histopathological, transcriptomic and temporal analyses; and (5) many
transcriptional programmes prominent in vivo were not represented in the parental
4T1 cell line, highlighting the contribution of the TME. Together, these findings
support the view that TNBC progression should be understood as the evolution of a
tissue ecosystem, in which coordinated interactions between tumour cells and the

surrounding microenvironment are progressively established.

Extensive transcriptomic alterations precede detectable tumour formation

One of the most striking findings of this study is the identification of extensive
transcriptomic alterations before the development of a macroscopically detectable
tumour: 3,306 DEGs were already detected at the pooled Early stage, with 2,881 of
these genes already differentially expressed in G1 alone, when no macroscopic
tumour was detectable, and the mammary tissue remained histologically
indistinguishable from Control. Although early molecular alterations have been
described in experimental models and pre-neoplastic breast lesions [20],
transcriptomic studies of TNBC have largely focused on established tumours,

leaving the earliest stages of tumour onset comparatively unexplored [4,8,10,11].

Among these early changes, the transient activation of keratinocyte differentiation
and keratinisation programmes was particularly noteworthy, with genes such as
Krt23b, Krtap1-1 and Sprr2d among the most differentially expressed at this stage.
Because control animals underwent the same surgical manipulation and PBS
injection, these changes are unlikely to reflect a non-specific wound-healing
response; their reproducible detection and subsequent progressive decline instead

suggest an intrinsic component of the earliest tissue response to tumour cell
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engraftment. Keratin-associated differentiation programmes are increasingly
recognised as extending beyond epidermal homeostasis into epithelial plasticity
and tissue remodelling [21], consistent with an adaptive epithelial response to

tumour cell presence rather than simple tissue injury.

In parallel, the early decrease of genes included in the oxidative phosphorylation
and other mitochondrial pathways is consistent with the metabolic adaptations that
accompany malignant transformation, broadly comparable to the shift towards
aerobic glycolysis described in breast cancer [22-25]. Although our data capture a
decrease in oxidative programme representation rather than a direct measurement
of glycolytic flux, its detection before macroscopic tumour formation suggests that

metabolic reorganisation is established remarkably early in TNBC progression.

Together, these findings indicate that the earliest stages of tumour development
involve coordinated biological responses (epithelial plasticity, metabolic
remodelling and tissue reorganisation) rather than isolated alterations. This is
conceptually consistent with field cancerization, whereby histologically normal
tissue adjacent to a tumour already shows molecular alterations before overt
malignancy [26-29]. Our findings extend this concept temporally, showing that
comparable tissue-wide reorganisation can be detected within days of tumour cell
engraftment, before any tumour mass is evident, raising the possibility that at least
part of what is captured as "field" alterations around human tumours reflects an

early, rapidly established response rather than a slowly accumulated one.

Tumour progression is organised into coordinated biological programmes

rather than isolated molecular changes
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Beyond the early transcriptomic alterations, a major contribution of this study is
evidence that mammary tumour progression is organised into a limited number of
coordinated transcriptional programmes. While pairwise differential expression
analyses define molecular differences between individual stages, temporal
trajectory analysis resolved the subset of genes with well-defined temporal profiles
into only three dominant programmes, suggesting that the apparent complexity of
tumour progression arises from coordinated changes in a small number of higher-
order transcriptional programmes rather than the independent accumulation of

numerous individual alterations.

Among these, genes associated with extracellular matrix organisation, collagen
remodelling and inflammatory processes (Cluster 1) showed a progressive increase
in representation, consistent with well-recognised hallmarks of TNBC progression
linked to a tumour-supportive microenvironment and metastatic dissemination
[30,31]. The two remaining programmes both showed a progressive decrease in
representation, but with distinct trajectories: Cluster 2 (keratinocyte differentiation,
keratinisation) decreased sharply, concentrated between the Medium 1 and
Medium 2 stages, while Cluster 3 (skin development, fat cell differentiation, lipid
metabolism) decreased gradually throughout progression. This divergence
indicates that the reduced representation of programmes associated with normal
mammary tissue identity is not a single, uniform process, but follows different
temporal patterns across distinct tissue compartments, consistent with the

progressive replacement of normal tissue by the tumour ecosystem.
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This interpretation is reinforced by concordance with the pairwise comparisons: the
extracellular matrix and inflammatory gene set identified by temporal clustering
showed a progressive increase in representation across consecutive stages,
peaking at the Medium 1 to Medium 2 transition, while the genes comprising
Clusters 2 and 3 corresponded closely to those showing higher expression at the
Early-stage relative to Control, before decreasing thereafter. Individual genes within
each programme showed considerable heterogeneity around this average
trajectory, expected in a tissue undergoing continuous remodelling, and supporting
the interpretation of these programmes as dominant tissue-level trends identified
through pathway-level enrichment rather than direct evidence of coordinated

regulatory mechanisms.

The transition between Medium 1 and Medium 2 represents a major biological

inflexion point during tumour progression

One of the most consistent findings of this study was the identification of the
transition between the Medium 1 and Medium 2 stages as a pivotal event during
tumour progression. This transition was supported by histopathological
assessment, global transcriptomic separation between stages, temporal trajectory
analysis and pairwise differential expression analyses. Notably, this convergence
did not rest on the sheer number of differentially expressed genes: the Medium 2
versus Medium 1 comparison yielded fewer DEGs (2,795) than either the Early
versus Control (3,306) or Medium 1 versus Early (3,077) comparisons. What
distinguishes this transition instead is the coincidence of multiple complementary

lines of evidence at the same point in tumour development: the histological shift
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from mixed to tumour-dominated tissue, which corresponds to the largest
macroscopic change in tissue composition observed in this study, as samples from
the Medium 2 stage onward consisted almost exclusively of tumour tissue with little
remaining host stroma; the sharpest inflexion in the temporal trajectories of the
coordinated gene expression programmes; and the first significantly higher
expression of extracellular matrix and inflammatory genes such as Spp7 and
Ankrd1. This agreement among different complementary approaches suggests that
this transition captures a genuine biological event in tumour progression, although
the concurrent change in tissue composition is likely to contribute to its
transcriptomic magnitude. Other murine tumour progression models have similarly
reported discrete transcriptional transitions instead of a gradual, uniform
accumulation of molecular changes [32,33], suggesting that punctuated
transcriptional change, not a steady one, may be a recurring feature of tumour

progression across tissue types.

At the level of individual programmes, all three temporal clusters showed their
largest overall change between the Medium 1 and Medium 2 stages, despite
otherwise distinct trajectories: an abrupt, near-complete change in representation
for Clusters 1 and 2, and a comparatively modest but detectable local acceleration
within the gradual decline of Cluster 3. This shared, if unequally weighted, inflexion
across all three programmes indicates that the Medium 1 to Medium 2 transition
reflects a coordinated, tissue-wide change, not one confined to a single biological

process.
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Relatively few additional biological processes emerged after the Medium 2 stage,
despite continued tumour growth. Instead, the pairwise comparisons suggest that
the programmes already showing increased or decreased representation during the
Medium 1 to Medium 2 transition continued to show the same trend throughout the
Late stage, particularly extracellular matrix and inflammatory genes. This suggests
that the major transcriptional transitions underlying TNBC progression may occur
before advanced tumour burden is reached: subsequent tumour growth appears to

be characterised mainly by a continuation of already established patterns.

Together, these findings identify the transition from Medium 1 to Medium 2 as a
critical stage in the evolution of the tumour ecosystem, and defining the
mechanisms underlying it may provide important insights into the establishment of

the TME.

The tumour microenvironment is a major determinant of the transcriptomic

landscape of advanced TNBC

The comparison between late-stage tumours and the parental 4T1 cell line provides
additional insight into the biological origin of the transcriptional programmes
identified throughout tumour progression. Late-stage tumours, in which tumour
tissue represents the predominant component of the sample (Figure 1C), displayed
a transcriptomic profile relatively close to that of the parental tumour cells in
principal component space (Figure 2), consistent with the increasing proportion of
tumourtissue within the analysed material at this stage. Nevertheless, a substantial
number of genes remained differentially expressed between the two conditions

(1,658 DEGSs), indicating that even at this advanced stage, mammary tumours in vivo
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show a transcriptional component not represented in tumour cells cultured in vitro.
Functionalenrichment analyses showed that these differences were predominantly
associated with extracellular matrix organisation, collagen formation, cell adhesion
and inflammatory signalling, while the cultured 4T1 cells were mainly enriched for
translation, ribosome and biosynthesis-related processes. Among the genes
showing the highest expression in tumour tissue relative to cultured 4T1 cells were
canonical markers of tumour-associated macrophages, suggesting that a
substantial part of this transcriptional divergence reflects the presence of infiltrating
myeloid cells, in addition to tumour cell-intrinsic transcriptional differences. These
findings are consistent with a growing body of work reframing the TME as an active
participant in breast cancer progression, not a passive scaffold [34,35]. This
observation provides support for the interpretation of the temporal trajectory
analysis. The extracellular matrix programme that showed increasing
representation across tumour development and became dominant during the
Medium 1 to Medium 2 transition, was largely absent from the isolated tumour cells,
suggesting that it arises predominantly from tissue-level processes associated with
stromal activation and extracellular matrix deposition, not from tumour cell-
autonomous transcriptional change alone. Notably, osteopontin (Spp7), one of the
earliest and most persistently highly expressed genes within this programme, has
been shown to mediate an MZF1 to TGF-B1-dependent transformation of
mesenchymal stem cells into cancer-associated fibroblasts in breast cancer [36],
offering a plausible mechanistic link to the stromal reorganisation this programme

likely reflects. These findings are consistent with the recognised role of cancer-
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associated fibroblasts, infiltrating immune populations and matrix remodelling in

shaping the aggressive phenotype of TNBC [34,35].

The progressive increase in representation of extracellular matrix-related pathways
throughout tumour development is also consistent with the histopathological
evolution observed in this model. Temporal trajectory analysis indicated that this
programme was already trending upward from the earliest stages examined,
although this trend remained modest and was not detected as a significant signalin
the Early versus Control comparison, where keratinisation and respiration related
processes dominated instead. A clear, statistically significant signal for the
extracellular matrix and inflammatory programme did not emerge until the Medium
1 to Medium 2 transition, after which it became increasingly dominant as tumour
tissue progressively replaced the normal mammary gland. This suggests that
extracellular matrix remodelling begins early, gains momentum progressively, and
becomes clearly detectable only once a critical mass of tumour tissue is reached,
consistent with the established contribution of extracellular matrix remodelling to
tumour invasion, immune regulation and metastatic dissemination in TNBC [8], and
offering a temporal framework for when these processes become established

during disease progression.

Together, these findings indicate that the extensive extracellular matrix-related
changes observed in advanced tumours reflect the progressive establishment of a
complex tumour ecosystem, not solely the intrinsic transcriptional programme of
the tumour cells themselves and underline the value of studying tumour

progression in its native tissue context.
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Study limitations

As with any bulk transcriptomic study of whole tissue, the programmes identified
here reflect the combined contribution of multiple cellular populations and cannot
be assigned to specific cell types. Because bulk RNA sequencing cannot distinguish
transcriptional changes within individual cell populations from changes resulting
from altered tissue cellular composition, the observed differences should therefore
be interpreted as alterations in the overall transcriptomic landscape of mammary
tissue, potentially reflecting changes in gene expression, cellular composition, or
both. One practical consequence is that, because tumour tissue represents an
increasingly large fraction of the sample at the later stages (Figure 1), the higher
representation of cell cycle and chromosome segregation genes in the Medium 1 to
Medium 2 and Late versus Control comparisons likely reflects both the growing
proportion of proliferating tumour cells within the tissue and a genuine increase in
proliferative signalling, without the present data allowing these two contributions to
be separated. Single-cell and spatial transcriptomic approaches, applied within a
similar stage-resolved design, would be a natural next step to resolve the cellular

origin of these programmes in finer detail.

The sample selection strategy for tumour-bearing groups (G2 to G7), in which the
five animals with the largest tumour volumes within each group were selected,
follows directly from the aim of maximising tumour representation within the
analysed tissue, a necessary approach given that RNA sequencing was only feasible
on a subset of the full cohort. As a result, the transcriptomic stages defined here

reflect this volume-enriched selection rather than a strictly random sample of
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animals at each time point, which is worth bearing in mind when relating them to
elapsed time after inoculation or to tumour volume distributions in other

experimental settings.

Similarly, the temporal clusters identified in this study capture dominant, average
trajectories rather than expression patterns shared identically by every constituent
gene; some heterogeneity among individual genes, including transient and non-
monotonic profiles, is expected in any tissue undergoing continuous biological
remodelling and does not detract from the coherence of the programmes as a

whole.

The key differentially expressed genes highlighted throughout this study, including
Spp1 and components of the extracellular matrix and oxidative phosphorylation
programmes, were identified from RNA sequencing data alone. Their consistency
across several complementary analytical approaches, namely differential
expression, temporal trajectory analysis and comparison with the parental cell line,
already provides converging support for their biological relevance; independent
validation at the protein or transcript level, for example by gPCR or

immunohistochemistry, would nonetheless be a valuable addition in future work.

Finally, these findings were obtained using a single orthotopic murine model of
triple-negative breast cancer. Extending this stage-resolved framework to additional
experimental models and human datasets will help clarify how broadly the

transcriptional programmes identified here apply beyond this specific model.
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Conclusions

This study provides a stage-resolved transcriptomic framework for mammary
tumour progression in an orthotopic model of triple-negative breast cancer. By
integrating histopathological characterisation with temporal transcriptomic
analyses, our findings suggest that extensive molecular alterations may arise before
the development of a macroscopically detectable tumour and subsequently evolve
through a limited number of coordinated biological programmes, with discrete
transitions instead of a continuous, uniform accumulation of change. The
identification of a pivotal transition between the Medium 1 and Medium 2 stages,
together with the progressive increase in representation of extracellular matrix and
inflammatory programmes largely absentinisolated tumour cells, indicates that the
biological complexity of advanced TNBC arises from dynamic interactions between
malignant cells and the surrounding TME. Collectively, these findings support the
view that tumour progression should be understood as the evolution of a complex
tissue ecosystem, not simply the accumulation of molecular alterations intrinsic to
the tumour cells alone. Notably, most major transcriptional programmes were
already established by the Medium 2 stage, with the Late stage characterised
predominantly by their continuation instead of the emergence of new processes,
suggesting that the biological events most relevant for understanding TNBC
establishment may occur earlier in disease progression than is typically captured
by studies focused on advanced tumours alone. This stage-resolved framework

provides a foundation for future studies to define the earliest biological events
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underlying TNBC progression and the mechanisms governing the transitions

identified here, which may represent opportunities for therapeutic intervention.
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1.

Supplementary Material

Supplementary Table S1. Individual body weight and tumour volume
measurements for the subset of samples included in the transcriptomic analyses.
Descriptive statistics of tumour volume for the complete experimental cohort are

also included.

Supplementary Table S2. Gene membership of the three temporal expression
clusters identified by temporal trend analysis (Figure 4A). No Reactome pathway
reached significance for Cluster 3, likely reflecting its narrower coverage of Mus

musculus pathways compared with Gene Ontology and KEGG.

Supplementary Table S3. Full differential expression results (log, fold-change,
adjusted p-value and functional annotation) for all pairwise comparisons between

disease stages and the parental 4T1 cell line. Genes shown in bold within the Early
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vs Control comparison were also identified as significant DEGs in the G1 vs Control

comparison alone.

Supplementary Figure S1. Functional enrichment analysis of the three
temporal gene expression clusters. Gene Ontology Biological Process (GO_BP),
KEGG and Reactome terms significantly enriched among the genes composing
each of the three temporal clusters identified in Figure 4A: Cluster 1, Cluster 2 and
Cluster 3. No Reactome pathway reached significance for Cluster 3 (see
Supplementary Table S2). Dot size represents the number of genes associated with
each term, and the x-axis indicates enrichment significance (-log,, adjusted p-

value).
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Supplementary Figure S2. Differential expression and functional enrichment
between G1 and Control mammary tissue. (A) Volcano plot showing differentially
expressed genes (DEGs) between G1 (day 3 post-inoculation) and Control

mammary tissue (FDR < 0.05, |log,FC| = 1), examined separately from the pooled

Early stage (G1-G2). Dashed lines indicate significance and fold-change thresholds.
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The five genes with the greatest increase and the five with the greatest decrease in
expression, ranked by Euclidean distance from the origin in log,FC vs. -log,,(FDR)
space, are labelled. (B) Functional enrichment analysis of genes with increased and
decreased expression in the G1-versus-Control comparison. Representative
significantly enriched Gene Ontology Biological Process (GO_BP), KEGG and
Reactome terms are shown. Dot size represents the number of genes associated
with each term, and the x-axis indicates enrichment significance (-log,, adjusted p-

value).
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Supplementary Figure S3. Differential expression and functional enrichment
between consecutive disease stages. (A, C, E) Volcano plots showing
differentially expressed genes (DEGs; FDR < 0.05, |log,FC| = 1) between consecutive
disease stages: (A) Medium 1 vs Early, (C) Medium 2 vs Medium 1, (E) Late vs
Medium 2. Dashed lines indicate significance and fold-change thresholds. The five

genes with the greatest increase and the five with the greatest decrease in
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expression, ranked by Euclidean distance from the origin in log,FC vs. -log,,(FDR)
space, are labelled. (B, D, F) Functional enrichment analysis of genes with
increased and decreased expression for the corresponding comparison in (A), (C)
and (E), respectively. Representative significantly enriched Gene Ontology
Biological Process (GO_BP), KEGG and Reactome terms are shown. Dot size
represents the number of genes associated with each term, and the x-axis indicates

enrichment significance (-log,, adjusted p-value).
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