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Abstract

Bulk tumour transcriptomes mix cellular composition, senescence-associated transcription and
extracellular-matrix signals. We examined the compartmental distribution of senescence-
associated transcription in colorectal cancer and its relationship to fibroblast activation protein
(FAP)-linked matrix covariation. Patient-paired compartments were analysed in two single-cell
RNA-sequencing cohorts, followed by FAP-specific models, expression-matched null
signatures, target-purged bulk composition analyses, colon tumour proteomics and three-
cohort spatial assessment. Source-available SenMayo scores were higher in fibroblast than
epithelial compartments in GSE132465 (23 of 23 patients; median paired difference 0.466;
exact P =2.38 x 1077) and GSE166555 (9 of 10; median difference 0.149; P = 0.0195). A 111-
gene common-core sensitivity retained the direction in both cohorts. Within GSE132465
tumour fibroblasts, patient-cluster bootstrap estimates did not support additional enrichment
among FAP-detected cells: B = 0.0239 (95% confidence interval [CI], —0.0175 to 0.0675) for
SenMayo and 3 = 0.0340 (95% CI, —-0.0374 to 0.1095) for the senescence-associated
secretory phenotype. FAP—matrix correlations were positive in both single-cell cohorts,
although direct contrasts did not establish that they were larger than FAP—-SenMayo
correlations. In 380 TCGA tumours, FAP13—matrix4 covariation remained positive after target-
purged joint composition adjustment (partial p = 0.466; 95% CI, 0.363 to 0.556), but its
magnitude varied across proxy definitions. Spatial common-core effects were positive in
GSE280315 and the Valdeolivas cohort but mixed or negative in GSE334323. Together, the
data localize senescence-associated transcription preferentially to fibroblast compartments
while separating this finding from FAP detection and matrix abundance. Establishing durable
cellular senescence or causal stromal signalling will require orthogonal validation.

Keywords: colorectal cancer; cancer-associated fibroblast; cellular senescence; fibroblast
activation protein; extracellular matrix; single-cell RNA sequencing; spatial transcriptomics;
composition adjustment

Introduction

Colorectal cancer contributes substantially to the global burden of cancer incidence and
mortality [1]. Cancer-associated fibroblasts (CAFs) are heterogeneous components of the
tumour microenvironment that contribute to extracellular-matrix organization, paracrine
signalling and immune regulation [2]. Fibroblast activation protein (FAP) marks activated
stromal populations in many malignancies, but FAP expression does not define a single
functional CAF phenotype [3]. This measurement distinction is particularly relevant to studies
of colorectal cancer. Stromal transcripts can dominate molecular classification and prognostic
associations [4—6], and spatial studies have identified FAP-expressing fibroblasts in
macrophage-rich niches [7]. FAP expression, fibroblast abundance, matrix transcription and
inferred cell state are therefore related measurements, but they are not interchangeable.

SenMayo was developed as a cross-tissue panel of senescence-associated genes [8]. Cellular
senescence itself is a durable growth-arrest phenotype that requires convergent molecular,
structural and functional evidence [9-10]. Individual features such as lamin B1 loss can be
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informative, but none is universal [11]. The senescence-associated secretory phenotype is
similarly context dependent and overlaps inflammatory, stress and wound-response
programmes [12]. Transcriptomic scores can thus localize senescence-associated expression,
whereas stable arrest and a functional senescent phenotype require orthogonal tissue or
perturbation assays.

Experimental studies show why this distinction matters. Senescent myofibroblasts can
organize immunosuppressive tumour niches in pancreatic cancer, and primary human colon
fibroblasts show inducer-dependent senescence and secretory phenotypes [13—14]. Using
human colorectal cancer specimens and functional models, Ge et al. showed that senescent
fibroblasts transferred lipids to CD8-positive T cells through a CD36-dependent process,
increasing lipid peroxidation and impairing T-cell cytotoxic function [15]. Yang et al. identified
macrophage-induced CAF senescence and senescence-associated secretory phenotype-
mediated chemoresistance through IL1B—IL1R1 signalling [16]. A recent multi-omic study
associated a COMP-positive CAF programme with a non-inflammatory senescence signature
and CD8-positive T-cell exclusion while explicitly treating COMP-CD47 as a predicted, rather
than established, interaction [17]. Together, these studies define experimentally supported
senescent-fibroblast phenotypes while leaving a separate measurement problem for
retrospective transcriptomic analyses. Buissant des Amorie et al. resolved telocyte-like and
trophocyte-like CAF populations in early colorectal cancer and linked trophocyte-like CAFs to
epithelial oncofetal plasticity [18]. This heterogeneity raises the additional question of whether
CAF marker programmes align with senescence-associated transcription within the fibroblast
compartment.

We addressed four related questions about the interpretation of these measurements. First, is
senescence-associated transcription preferentially localized to fibroblast rather than epithelial
tumour compartments at the patient level? Second, does FAP transcript detection identify a
fibroblast subgroup with additional enrichment after sequencing depth, subtype and patient
structure are considered? Third, how does FAP covary with a collagen/fibronectin matrix
programme within fibroblasts and in bulk and protein measurements? Fourth, does the
compartment contrast generalize across independent spatial platforms and annotation
schemes? Non-supportive results were retained, and localization, covariation and
generalizability were distinguished from claims about cellular identity or mechanism.

Materials and methods

Study design and evidence hierarchy

This retrospective study reanalysed publicly available, de-identified human colorectal cancer
data. No participant was recruited and no new human or animal specimen was collected. The
discovery estimand was the patient-paired difference in SenMayo score between tumour
fibroblast-lineage and epithelial compartments in GSE132465. GSE166555 provided an
external directional evaluation using patient-compartment pseudobulks. FAP-specific models,
expression-matched nulls, within-fibroblast correlations, bulk composition analyses and
proteomics were prespecified as supporting or boundary analyses. Three spatial cohorts were
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evaluated as a generalizability stress test. Cells, bins and spots were treated as nested
observations; the patient or independent tumour sample was the inferential unit wherever
biological replication was available [19-20]. Analyses were exploratory and were not
preregistered. Conclusions were limited to molecular localization and covariation.

Data sources and analysis populations

TCGA colon and rectal adenocarcinoma expression data were obtained through UCSC Xena,
and 380 barcode-reviewed primary tumours were retained [21]. GSE39582 contributed 566
tumour microarrays after exclusion of 19 non-tumour mucosa samples [22]. GSE132465
comprised 63,689 annotated cells from 23 patients [23]; the primary analysis was restricted to
1,501 source-annotated tumour fibroblast-lineage cells (Myofibroblasts and Stromal 1-3) and
17,469 tumour epithelial cells. GSE166555 contained 68,702 annotated cells from 12 tumour
patients [24]; patients required at least 20 tumour CAF-like cells and 100 tumour epithelial
cells, leaving 10 eligible paired patients. Spatial analyses included three GSE280315 Visium
HD colorectal cancer sections with author deconvolution labels [25], 12 eligible sections from
six patients in the Valdeolivas Visium cohort with pathologist labels [26], and three tumour
sections from the GSE334323 FFPE Visium CytAssist preprint cohort [27]. CPTAC colon
tumour proteomics included 97 tumours with the required proteins, accessed through
cBioPortal [28—-30]. Dataset roles and independent units are summarized in Table 1.



111  Table 1. Dataset roles, analysis populations and independent units

Dataset Modality Analysis population Indeﬁﬁﬂdent Role
TCGA Bulk RNA . , Composition-proxy
COAD/READ |sequencing 380 primary tumours | Tumour/patient sensitivity

Cross-platform
GSE39582 |Bulk microarray |566 tumour samples | Tumour sample |marginal
association
1,501 tumour Primary
. fibroblast-lineage and N
GSE132465 |Sngle-cell RNA 147 469 tumour Patient localization and
sequencing o . FAP-specific
epithelial cells; 23
) analyses
patients
68,702 annotated External
GSE166555 |Sndle-cell RNA - cells; 10 eligible Patient directional
sequencing paired tumour :
: evaluation
patients
CPTAC . 97 tumours with Protein-level FAP-
Proteomics . . Tumour matrix
colon required proteins : .
triangulation
Visium HD 3 colorectal cancer Spatial
GSE280315 |spatial . Patient/section |generalizability
, . sections
transcriptomics stress test
Visium spatial 12 sections from 6 Spatial
Valdeolivas , : ) Patient generalizability
transcriptomics | patients
stress test
FFPE Visium Spatial sensitivity
GSE334323 |CytAssist spatial | 3 tumour sections Patient/section |and host-feature
transcriptomics audit

112  Note. CAF, cancer-associated fibroblast; CPTAC, Clinical Proteomic Tumor Analysis
113  Consortium; TCGA, The Cancer Genome Atlas

114  Gene sets, score construction and overlap control

115 FAP13 comprised FAP, POSTN, THY1, PDPN, TAGLN, ACTA2, MMP2, MMP9, CXCL12,

116  TGFB1, INHBA, WNT2 and WNT5A. Matrix4 comprised COL1A1, COL1A2, COL3A1 and FN1.
117 A 25-gene senescence-associated secretory phenotype (SASP25) set was retained as

118 supportive rather than diagnostic evidence. The original 125-gene SenMayo list [8] was purged
119 of CXCL12, MMP2, MMP9 and WNT2 because they overlap FAP13, leaving 121 candidates.
120 Of these, 119 were represented with non-zero variance in GSE132465 and 114 in

121  GSE166555. These source-available sets were the primary within-cohort definitions. The exact
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intersection of 111 represented genes across both single-cell and all three spatial cohorts was
frozen as a cross-dataset sensitivity; its effects were not pooled across platforms.

Unless otherwise specified, a gene-set score was the mean of gene-wise standardized
expression within the relevant analysis universe. Single-gene FAP and MKI67 values used log-
normalized expression. Gene membership, platform representation, zero-variance exclusions
and overlap with composition-proxy features were recorded before each model. Transcript
detection was labelled “FAP-detected” and was not treated as protein positivity.

GSE132465 public-data reconstruction and compartment analysis

The official GEO raw unique molecular identifier matrix and cell annotation were downloaded,
and file checksums were recorded. Counts were normalized per cell as log1p(10,000 x
count/library size). All 18,970 tumour fibroblast-lineage and epithelial cells used in the archived
analysis matched the public annotations. Reconstructed SenMayo119 scores were identical to
the archived scores within numerical precision (Pearson r = 1.000; root-mean-square error
2.74 x 1076),

For each patient, SenMayo119, SASP25 and MKI67 were summarized separately in tumour
fibroblast-lineage and epithelial cells. Fibroblast-minus-epithelial differences were tested with
exact two-sided Wilcoxon signed-rank tests. Percentile 95% confidence intervals used 10,000
patient-level bootstrap resamples where estimands and sample size permitted. A sensitivity
required at least 20 cells in each compartment. Patient-level analysis avoided treating cells
from the same patient as independent replicates.

External single-cell evaluation and common-core sensitivity

For GSE166555, raw counts were summed within each eligible patient-compartment group,
transformed as log1p counts per million and standardized gene-wise across the eligible
patient-compartment pseudobulks. The 114 represented genes from the frozen overlap-
removed SenMayo candidates were scored without outcome-driven reselection. The same
paired test and patient bootstrap procedures were applied. Because annotation and
normalization differed from GSE132465, effect magnitudes were reported on separate scales
and were not pooled. Both cohorts were also rescored with the exact 111-gene common core
as a sensitivity analysis.

Expression-matched null signatures

To assess whether the GSE132465 compartment contrast merely reflected generic expression
and detection characteristics, 5,000 random gene sets were matched to SenMayo119 on
mean expression, standard deviation and detection rate. The median patient-level fibroblast-
minus-epithelial score difference was recomputed for each draw; the corresponding mean and
direction-count statistics were archived as secondary diagnostics. The upper-tail empirical P
value was calculated as (1 + number of null statistics at least as large as the observed
statistic)/5,001. This procedure tests the observed magnitude against the specified matched-
gene background; it does not prove that the score is lineage neutral or specific for durable
senescence. SASP25 underwent the same supportive analysis.
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FAP-detected subgroup and within-fibroblast models

Within the 1,501 GSE132465 tumour fibroblast-lineage cells, FAP-detected cells had at least
one FAP unique molecular identifier. The adjusted models included FAP detection,
standardized MKI67, log1p total unique molecular identifiers, source fibroblast subtype and
patient. Random-intercept mixed models with Satterthwaite inference were retained as
conventional sensitivity analyses. The cluster-robust estimates used patient fixed effects and
5,000 bootstrap resamples of whole patient clusters; all cells belonging to a sampled patient
were retained together. The same framework was applied to SenMayo119 and SASP25. A
symmetric supporting model regressed matrix4 on continuous FAP expression with depth,
subtype and patient adjustment. A confidence interval crossing zero was described as not
supporting additional enrichment, not as equivalence.

Patient-level correlations and dependent-correlation contrasts

Within each single-cell cohort, we calculated patient-level Spearman correlations among
tumour-fibroblast summaries of FAP, FAP13, matrix4 and SenMayo. Ten thousand paired
patient bootstrap samples provided percentile confidence intervals. Within each resample, the
differences p(FAP, matrix4) - p(FAP, SenMayo) and p(FAP, matrix4) — p(SenMayo, matrix4)
were recomputed on the same patients. Two-sided bootstrap sign probabilities were reported.
Formal contrasts, rather than separate significance labels, determined whether one correlation
could be described as larger than another.

Bulk expression and target-purged composition sensitivity

TCGA COAD/READ primary-tumour expression matrices were restricted to one primary
sample per patient and combined over common genes. FAP13, matrix4, the overlap-removed
SenMayo score and a non-overlapping five-gene fibroblast lineage score (PDGFRA, PDGFRB,
LUM, DCN and COL14A1) were computed as means of gene-wise standardized expression.
GSE39582 provided a cross-platform marginal FAP13—matrix4 estimate. Spearman
correlations described unadjusted tissue-level covariation.

Partial Spearman correlations in TCGA were obtained by rank-transforming each target and
residualizing it against fibroblast-content covariates. Covariates were the five-gene lineage
score, MCP-counter fibroblasts [31-32], EPIC CAFs [33], or joint MCP-counter and EPIC
estimates. Because deconvolution results depend on reference and preprocessing choices
[34-35], estimates from multiple proxy definitions were retained. The official MCP-counter
fibroblast features overlapped FAP13 or matrix4 at COL1A1, COL3A1 and TAGLN; EPIC
reference features overlapped at COL1A1 and COL3A1. We therefore recomputed pair-purged
proxies after removing both target sets and globally disjoint proxies after removing all FAP13,
matrix4 and SenMayo genes from proxy construction. Five thousand patient bootstrap
resamples provided 95% confidence intervals. Full-proxy and target-purged results were
displayed together to make incorporation bias visible.



198

199
200
201
202
203
204

205

206
207
208
209
210
211
212
213
214
215
216

217
218
219
220
221
222
223
224
225
226
227

228

229
230
231
232
233
234
235
236

CPTAC protein analysis

In 97 CPTAC colon tumours, FAP protein abundance was correlated with a FAP-excluded
extracellular-matrix protein score comprising COL1A1, COL1A2 and FN1. Spearman p and a
5,000-sample tumour bootstrap confidence interval were reported. Benjamini—Hochberg
adjustment covered the two prespecified protein comparisons in the archived analysis. This
analysis triangulated FAP—matrix covariation at the protein level; it did not measure a
coordinated senescence or SASP phenotype.

Spatial generalizability analysis

The spatial contract was frozen before target scores were inspected. Counts were normalized
within section as log1p(10,000 x count/library size), and represented genes were standardized
across retained in-tissue bins or spots. GSE280315 used author-provided singlet
deconvolution labels: CAF, Fibroblast, Myofibroblast and Proliferating Fibroblast were the
stromal group, and labels beginning with Tumor were the malignant epithelial group. The
Valdeolivas cohort used pathologist-labelled Fibroblastic_stroma and Tumor spots, with
replicate sections averaged within patient. GSE334323 lacked author cell-type labels; stromal
and epithelial spots were therefore assigned by a frozen margin of 0.25 within-slide standard
deviations between non-overlapping lineage-marker scores. Analyses required at least 30
assigned observations per compared compartment and retained patient, not spot, as the
independent unit.

The primary spatial outcome was the within-patient stromal-minus-tumour SenMayo score
difference. A secondary contrast compared Fisher-z-transformed partial correlations of FAP—
matrix4 with the larger of FAP—-SenMayo and SenMayo—matrix4 within stromal regions,
adjusting for library size and the stromal-marker score. H1 and H2 were corrected by Holm’s
method within each prespecified cohort. MKI67 tumour-minus-stromal direction was a polarity
control. The 111-gene common-core analysis was a cross-cohort sensitivity reported
separately for each cohort. Five thousand expression- and detection-matched sets provided
supportive null distributions. For GSE334323, a post-outcome technical audit identified 323
microbial, viral or control probes in the library-size denominator; the host-transcriptome
sensitivity retained only ENSG-identified human features, and both the original and corrected
outputs were preserved.

Exploratory CAF marker programme analysis

We examined three CAF marker programmes derived from Supplementary Table 5 of Buissant
des Amorie et al. [18]: trophocyte-like matrix metalloproteinase (MMP)-positive, trophocyte-like
MMP-negative and telocyte-like CAFs. An initial top-100 fold-change extraction did not meet
the prespecified minimum of 50 represented genes per programme. Before testing
programme—SenMayo associations, we therefore restricted source markers to adjusted P <
0.05, positive log2 fold change, at least 25% detection within the source cluster and a
detection-frequency difference of at least 10 percentage points, then selected the top 100 fold
changes. Genes shared with SenMayo, FAP13, matrix4, the five-gene fibroblast proxy or
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MKI67 were removed. These source-detectability-adapted programmes were analysed as
continuous scores, not used to assign CAF subtypes.

This analysis included 1,435 tumour fibroblasts from 15 GSE132465 patients with at least 20
fibroblasts and 1,315 tumour fibroblasts from the ten eligible GSE166555 patients. Log1p
counts per 10,000 were standardized gene-wise within each cohort’s eligible fibroblasts. The
three exposure programmes shared 82, 86 and 85 genes across cohorts; the outcome used
114 shared SenMayo genes. This within-fibroblast definition was separate from the 111-gene
cross-platform compartment sensitivity. Within each patient, ranked programme and SenMayo
scores were residualized against ranked library size and MKI67 and correlated. Patient
coefficients were averaged with equal weights on the Fisher-z scale and back-transformed.
Two-sided one-sample t tests of patient Fisher z were adjusted by the Benjamini—Hochberg
method across three programmes within each cohort; g denotes this adjusted P value.
Percentile confidence intervals used 5,000 patient bootstraps. Subtype-adjusted models and
1,000 approximately expression- and detection-matched random programmes were sensitivity
analyses. In TCGA, the same programme definitions were evaluated with cohort-specific gene
coverage before and after adjustment for the disjoint five-gene fibroblast expression proxy
(fibS). Full extraction, scoring and inferential details are provided in the supporting methods,
Fig. S7, Table S8 and S1 Data.

Statistical analysis and software

All tests were two-sided unless an upper-tail matched-null test was prespecified. Exact P
values, effect estimates and confidence intervals were prioritized over cell- or spot-level tests.
No cross-platform meta-analysis was performed. R 4.6.1 was invoked explicitly with the R 4.6
user library. Key packages included Matrix 1.7-5, Ime4 2.0-6, ImerTest 3.2-1, ggplot2 4.0.3,
MCPcounter and EPIC. Random seeds, session information, consumed-file manifests and
checksums were retained with the analysis outputs. The exploratory CAF module used Python
3.12, NumPy, pandas and SciPy, with session versions and seeds recorded in S1 Data.

Results

Cohorts and inferential hierarchy

We first compared paired tumour compartments in two single-cell cohorts. Subsequent
analyses examined FAP-specific and matrix associations, bulk composition sensitivity, protein
triangulation and spatial generalizability. GSE132465 contributed 23 paired patients;
GSE166555 contributed 10 eligible paired patients. The bulk, protein and spatial modules
contributed 380 TCGA tumours, 566 GSE39582 tumours, 97 CPTAC tumours and 12
independent spatial patients or tumour sections across three cohorts. Cell and spot counts
described measurement density but did not increase the biological replicate count.
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Senescence-associated transcription was higher in fibroblast compartments in two
single-cell cohorts

In GSE132465, the source-available 119-gene SenMayo score was higher in tumour
fibroblast-lineage than epithelial compartments in all 23 patients. The median paired difference
was 0.466 (95% patient-bootstrap confidence interval [Cl], 0.418 to 0.553; exact P = 2.38 x
1077). Requiring at least 20 cells in each compartment retained 15 patients, with the same
median difference of 0.466 (95% Cl, 0.410 to 0.551; P = 6.10 x 107%). SASP25 was higher in
fibroblasts in all 23 patients (median fibroblast-minus-epithelial difference, 0.757; 95% ClI,
0.612t0 0.863; P = 2.38 x 1077), whereas MKI67 was lower in 21 of 23 patients (median
difference, —0.118; 95% CI, -0.137 to —0.074; P = 1.81 x 1074). This combination localizes a
senescence-associated transcriptional pattern and provides a directionally concordant
proliferation control; stable arrest remains an orthogonal phenotype to be tested (Fig. 1a—c and
Table 2).
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Fig. 1 Patient-paired localization of senescence-associated transcription in two colorectal
cancer single-cell cohorts. (a—c) GSE132465 patient-level tumour epithelial and fibroblast-
lineage summaries for source-available SenMayo119, SASP25 and MKI67. (d—f) GSE166555
patient-compartment pseudobulk summaries for source-available SenMayo114, SASP25 and
MKI67. Grey segments join compartments from the same patient; black crossbars show
medians. Displayed differences are fibroblast minus epithelial, whereas the MKI67 direction
annotation counts patients with higher epithelial values. Exact two-sided Wilcoxon signed-rank
P values and patient-bootstrap confidence intervals are reported. Cohort-specific score scales
were not pooled
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Table 2. Patient-level fibroblast-minus-epithelial contrasts in two single-cell cohorts

Cohort and

Effect estimate

(-2.878 to -0.874)

outcome Genes | Patients (95% Cl) Direction Exact P
e T PR T T T e
GSE132465 SASP |25 23 ?(")%‘%?&;1757 (0.612 ﬁgﬁgr 2.38 x 107
GSE132465 MKI67 |1 23 ?ﬂ%‘.’g;;gf&%m) 21/23 lower |1.81 x 1074
gesnEhjlgsgss 114 |10 t'\geo‘f?%()““g (0.044 19,10 nigher |0.0195
GSE166555 SASP |25 10 t'\geo‘fi;‘fo?m‘r’ (0.170 :]%/ggr 0.00195
GSE166555 MKIB7 |1 10 Median ~2.033 9/10 lower |0.00391

Note. Cl, confidence interval; SASP, senescence-associated secretory phenotype. Direction is
relative to the epithelial compartment. P values are from exact two-sided paired Wilcoxon
signed-rank tests; confidence intervals are patient-level percentile bootstrap intervals

The GSE166555 analysis reproduced the direction of the compartment contrast on its cohort-
specific pseudobulk scale. SenMayo was higher in CAF-like than epithelial compartments in 9
of 10 patients (median difference, 0.149; 95% CI, 0.044 to 0.336; exact P = 0.0195). SASP25
was higher in 10 of 10 patients (median difference, 0.475; 95% CI, 0.170 to 0.740; P =
0.00195), and MKI67 was lower in 9 of 10 (median difference, -2.033; 95% CI, -2.878 to
-0.874; P = 0.00391). The exact 111-gene common core retained the compartment direction in
GSE132465 (mean difference, 0.517; 95% CI, 0.463 to 0.571; 23 of 23 positive) and
GSE166555 (0.189; 0.078 to 0.306; 9 of 10 positive). Source-available patient pairs are shown
in Fig. 1d—f, and definition sensitivity is shown in Fig. S2; cohort-specific primary effects were

not pooled.

The GSE132465 SenMayo contrast exceeded its matched-gene background

The observed median patient-level SenMayo fibroblast-minus-epithelial standardized
difference was 0.466. The median of 5,000 expression-, variability- and detection-matched
random sets was 0.216, and the 97.5th percentile was 0.339, giving an upper-tail empirical P =
2.00 x 1074. The corresponding SASP25 statistic was 0.757, compared with a null median of
0.403 and 97.5th percentile of 0.759 (empirical P = 0.0264; Fig. 2a and Fig. S4, panels a and
b). Many matched signatures were nevertheless higher in fibroblasts, so the null analysis
supports the relative magnitude of the observed contrast under the tested matching scheme
rather than proving a senescence-specific cell identity.
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Fig. 2 Matched-null, FAP-specific and dependent-correlation analyses. (a) Distribution of 5,000
expression-, variability- and detection-matched GSE132465 gene-set statistics for the median
patient SenMayo fibroblast-minus-epithelial contrast; the dashed line marks the null median
and the red line the observed statistic. (b) Patient-cluster-bootstrap coefficients for binary FAP
detection with SenMayo and SASP25, and for continuous FAP expression with matrix4, after
the prespecified covariate adjustments. Predictor scales differ across facets. (c) Patient-level
Spearman correlations in GSE132465 and GSE166555 with 10,000 paired-bootstrap
confidence intervals. (d) Dependent-correlation contrasts recomputed within the same patient-
bootstrap samples. Confidence intervals crossing zero are not interpreted as evidence of a
difference

FAP detection did not identify additional SenMayo or SASP enrichment after patient-
cluster resampling

Within GSE132465 tumour fibroblasts, cluster-bootstrap estimates for FAP-detected cells
crossed zero for both SenMayo and SASP25 after depth, subtype, MKI67 and patient
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adjustment. The SenMayo coefficient was 0.0239 (95% CI, -0.0175 to 0.0675; P = 0.274), and
the SASP25 coefficient was 0.0340 (95% CI, —0.0374 to 0.1095; P = 0.363; Fig. 2b).
Conventional random-intercept estimates were similar in magnitude but narrower. Thus, the
cluster-aware analysis did not identify additional enrichment among FAP-detected fibroblasts,
while smaller effects and protein-defined subgroups remain unresolved because the models
were not designed as equivalence tests.

FAP covaried with matrix4, whereas comparative correlation estimates remained
imprecise

The symmetric GSE132465 model showed positive within-fibroblast covariation between
continuous FAP expression and matrix4 after depth, subtype and patient adjustment (cluster-
bootstrap B = 0.299; 95% CIl, 0.187 to 0.455; P = 4.00 x 1074). At the patient level, FAP—
matrix4 correlation was 0.649 (95% ClI, 0.264 to 0.870) in GSE132465 and 0.879 (95% Cl,
0.389 to 1.000) in GSE166555.

Direct bootstrap contrasts assessed whether the observed correlations differed in magnitude
(Fig. 2c,d). FAP—matrix4 exceeded SenMayo—matrix4 in GSE132465 (difference in p = 0.698;
95% CI, 0.233 to 1.134) and GSE166555 (1.285; 95% ClI, 0.423 to 1.811). The comparison of
FAP—matrix4 with FAP—SenMayo was less precise in both cohorts: 0.318 (95% CI, -0.285 to
0.888) and 0.945 (95% CI, —-0.176 to 1.761), respectively. This pattern supports FAP—matrix
covariation while leaving its relative magnitude versus FAP—-SenMayo unresolved.

Bulk and protein estimates were informative but measurement dependent

Marginal FAP13—matrix4 Spearman correlations were 0.930 in TCGA COAD/READ and 0.913
in GSE39582 (Fig. 3a). In TCGA, the partial correlation was 0.650 (95% ClI, 0.571 to 0.714)
after adjustment for the non-overlapping five-gene fibroblast score. Joint MCP-counter and
EPIC adjustment using the full proxy definitions gave p = 0.150 (95% CI, 0.036 to 0.261).
Because the full proxies incorporated several target genes, this attenuation could not be
interpreted without the purge analysis. After target-pair purging, the joint partial correlation was
0.466 (95% ClI, 0.363 to 0.556); the globally disjoint result was 0.466 (95% CI, 0.364 to 0.555;
Fig. 3b,c and Table 3). FAP13—-matrix4 covariation therefore remained positive, although its
magnitude changed with proxy definition. Under globally disjoint joint adjustment, SenMayo—
matrix4 was —0.016 (95% CI, -0.134 to 0.109; P = 0.761), leaving the residual monotonic
association unresolved rather than establishing equivalence.

14



2  Marginal FAP13-matrix4 correlation b Composition-proxy sensitivity

Independent bulk cohorts; 5,000-bootstrap intervals Adjusted estimates have 5,000-bootstrap Cls
1 1
1 1
- Unadjusted , ol
I [
1 1
TCGA-COAD/READ{ J L]
! fib54 1 ——
I l
1 ]
| MCP + EPIC full{ | F—e—
| i
1 1
MCP + EPIC pair-purgedq ——
GSE395821 | o R
| ?
1 1
: MCP + EPIC globally disjoint 4 : ——
1 1
T T T T T v T - v r
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Spearman rho (95% CI) Spearman rho or partial rho
C  Globally disjoint adjustment d Protein-layer triangulation
TCGA,; joint MCP-counter + EPIC proxies 97 colon tumours; FAP-excluded ECM score
1 1
1 1
FAP13-matrix4 - i ——] :
1 1
I FAP vs FAP-excluded ECMH ‘ }_"i
1 i
l :
1 i
SenMayo-FAP13 - : b——| :
| 1
| ECM vs SDCA4/CD44 - R
1 1
SenMayo-matrix4 1 f—a— !
I i
: i : ; ; \ .
-0.25 0.00 0.25 0.50 0.0 0.4 0.8
Partial Spearman rho (95% CI) Spearman rho (95% bootstrap Cl)

364

365 Fig. 3 Bulk composition-proxy sensitivity and protein-layer triangulation. (a) Marginal FAP13—
366 matrix4 Spearman correlations in TCGA COAD/READ and GSE39582 with 5,000-bootstrap
367 confidence intervals. (b) TCGA FAP13—matrix4 estimates before adjustment and after fib5, full
368 joint MCP-counter plus EPIC, pair-purged joint, and globally disjoint joint adjustment. (c) TCGA
369 globally disjoint joint-adjustment estimates for FAP13—matrix4, SenMayo—-FAP13 and

370 SenMayo—matrix4. (d) CPTAC colon-tumour protein correlations for FAP with a FAP-excluded
371 extracellular-matrix score and for that matrix score with SDC4/CD44. Estimates are associative
372 and were not pooled across measurement layers
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Table 3. TCGA FAP13—matrix4 correlations under alternative fibroblast-content

adjustments

Adjustment Target-feature status Spea‘:man 95% CI P
None Not applicable 0.930 0.910t0 0.944 |6.38 x 107166
E'C‘ger'ege”e fibroblast | \on-overlapping 0.650 0.571100.714 |5.79 x 1047
MCP-counter + EPIC Target overlaps 0.150 0036100261 |0.00342
(full) retained
MC_P-counter + EPIC |FAP13 and matrix4 0.466 036310 0.556 |8.70 x 10-22
(pair-purged) features removed

FAP13, matrix4 and

MCP-counter + EPIC | 5o \1av6 features 0.466 0.364 to 0.555 |8.95 x 1022

(globally disjoint)

removed

Note. CI, patient-bootstrap confidence interval. The full MCP-counter and EPIC definitions
contained three and two FAP13/matrix4 target-feature overlaps, respectively. The unadjusted

confidence interval uses the 5,000 patient-bootstrap resamples shown in Fig. 3a

CPTAC provided orthogonal protein-level support for FAP—matrix covariation. FAP protein
correlated with the FAP-excluded COL1A1/COL1A2/FN1 score (p = 0.812; 95% CI, 0.706 to
0.879; false-discovery rate = 1.33 x 10723; n = 97). This result extends FAP—matrix covariance
to the tumour-protein layer (Fig. 3d), while senescent phenotype and pathway direction remain
outside the measurement scope.

Spatial localization was heterogeneous across cohorts

The spatial cohorts did not show uniform localization under the prespecified integration rule.
Under the original cohort-specific definitions, GSE280315 showed a positive SenMayo
stromal-minus-tumour effect in 2 of 3 patients (median, 0.00255; 95% CI, —0.00995 to 0.05366;
raw and Holm P = 0.75), the Valdeolivas cohort was positive in 6 of 6 patients (median,
0.0961; 95% CI, 0.0405 to 0.1687; raw P = 0.03125; Holm P = 0.0625), and corrected
GSE334323 was positive in 1 of 3 sections. The 111-gene common-core sensitivity produced
mean patient effects of 0.0313 in GSE280315 (3 of 3 positive), 0.1196 in the Valdeolivas
cohort (6 of 6 positive) and —0.0600 in GSE334323 (1 of 3 positive; Fig. 4a,b and Table 4).
These cohort-specific results were not pooled.
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394  Fig. 4 Spatial generalizability across three colorectal cancer cohorts. (a) Patient or

395 independent-section stromal-minus-tumour effects for each cohort’s source-available SenMayo
396 definition. (b) Effects after rescoring with the exact 111-gene common core. (c) Epithelial-

397 minus-stromal MKI67 effects as a polarity control. (d) Fisher-z contrasts comparing stromal
398 FAP-matrix4 correlation with the larger of FAP—SenMayo and SenMayo—matrix4 correlations.
399 Points are patient or independent-section effects. Black crossbars show cohort medians in

400 panels a, c and d and the prespecified cohort means in panel b. Platforms and annotation rules
401  differ; no cross-platform pooled estimate or P value was calculated
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Table 4. Cohort-specific spatial effects and directional controls

Cohort | Original H1 effect | ' 11 /98Me COMMON- | yirection | Mlef
core H1 polarity
Median 0.00255
(-0.00995 to |
GSE280315 |0.05366); 2/3 Mean 0.0313: 313 1 3/3 positive | IUMoUr>

positive; P = 0.25 stromal in 3/3

positive; Holm P =
0.75

Median 0.0961
(0.0405 to 0.1687);

. e _ |Mean 0.1196; 6/6 " Tumour >
Valdeolivas 8/ gg’f;g“ﬁ(;ﬁ;“’g: positive; P = 0.03125 | 2/° POSIVe | stromal in 6/6
0.0625
GSE334323 Median -0.1013; 1/3 | Mean -0.0600; 1/3 0/3 positive Tumour >

stromal in 3/3

positive; descriptive | positive; P = 0.75

Note. H1 is the stromal-minus-tumour SenMayo contrast. H2 is the prespecified within-stromal
dependent-correlation contrast. Effects and P values are cohort specific and were not pooled.
Positive MKI67 polarity denotes higher tumour/epithelial than stromal expression

The supportive centered matched-null tests placed the GSE280315 and Valdeolivas source-
available SenMayo statistics above their respective expression- and detection-matched null
centres. The observed-minus-null-centre differences were 0.128 and 0.181, respectively, with
centered absolute empirical P = 2.00 x 10~ for each (Fig. S4, panels ¢ and d). However, the
H2 direction counts were 3 of 3, 3 of 6 and 0 of 3 for GSE280315, Valdeolivas and
GSE334323, respectively, and no cross-platform pooled inference was performed (Fig. 4d).
MKI67 epithelial-minus-stromal direction was positive in all 12 spatial patients or sections (Fig.
4c). Taken together, the spatial data show context-dependent localization and a stable
proliferative polarity control rather than universal spatial replication of the SenMayo contrast.

CAF marker programme associations with SenMayo were not consistently reproduced
across cohorts

After library-size and MKI67 adjustment, the three adapted CAF programmes showed small,
non-significant mean patient associations with SenMayo in GSE132465 (back-transformed
correlations: MMP-positive trophocyte-like, 0.026; MMP-negative trophocyte-like, —0.068;
telocyte-like, 0.063; all g =2 0.337). In GSE166555, the corresponding estimates were 0.206
(95% patient-bootstrap Cl, 0.068 to 0.331; g = 0.0313), 0.158 (95% CI, 0.028 to 0.289; q =
0.0534) and 0.409 (95% Cl, 0.339 to 0.482; g = 1.66 x 107°). No programme met the positive-
association criterion at q < 0.05 in both cohorts (Fig. S7, panel a; Table S8). The bootstrap
intervals and t-test-based q values use different inferential procedures; a percentile interval
excluding zero did not override the multiplicity-adjusted test.

Only the GSE166555 telocyte-like programme lay clearly above its approximately matched
random-programme reference; the GSE132465 MMP-negative programme instead lay below
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its reference (empirical g = 0.0030 for each; Fig. S7, panel b). In 380 TCGA tumours, marginal
programme—SenMayo correlations ranged from 0.738 to 0.814. After fib5 adjustment, the
MMP-positive estimate remained 0.343 (95% CI, 0.238 to 0.440), whereas the MMP-negative
and telocyte-like estimates were 0.088 (95% CI, —-0.014 to 0.195) and 0.067 (95% ClI, —0.044
to 0.176), respectively (Fig. S7, panel c). These tissue-level associations did not establish a
CAF subtype with consistently elevated senescence-associated transcription across cohorts.

Discussion

Principal inference

Across two colorectal cancer single-cell cohorts, patient-level analyses localized senescence-
associated transcription preferentially to fibroblast compartments. The result was present for
each cohort’s source-available SenMayo genes and persisted when both cohorts were
rescored with an exact 111-gene common core. The discovery contrast also exceeded the
tested matched-gene background. At the same time, cluster-aware estimates did not support
additional SenMayo or SASP enrichment among FAP-detected tumour fibroblasts. These
results support preferential fibroblast-compartment localization rather than the identification of
a uniquely senescent FAP-defined subgroup.

This distinction is biologically consequential. A transcriptomic panel aggregates genes that can
participate in senescence, inflammation, tissue repair and stress responses. The lower
fibroblast MKI67 distribution is directionally compatible with reduced proliferation, but neither it
nor SenMayo demonstrates durable arrest. Current consensus recommends multiple markers
adapted to tissue and cell context [9—11]. The present study identifies where such orthogonal
assays should be concentrated; it does not replace them.

FAP—-matrix covariation is robust as an association but sensitive to measurement
context

FAP expression covaried with the collagen/fibronectin matrix score within tumour fibroblasts in
both single-cell cohorts, in TCGA after target-purged adjustment and at the protein level in
CPTAC. This convergence supports FAP—matrix covariation across measurement layers. It
does not establish that FAP causes matrix deposition. Direct bootstrap contrasts were
important here: FAP—matrix correlation exceeded SenMayo—matrix correlation, but its
difference from FAP—SenMayo correlation remained uncertain. Interpreting separate
significance labels as preferential FAP—matrix linkage would have overstated the direct
comparison.

Bulk estimates varied substantially with the definition of the composition proxy. The full MCP-
counter and EPIC proxies contained genes from FAP13 or matrix4, so residualization partly
adjusted for the targets themselves. Removing those overlaps increased the joint residual
estimate from 0.150 to 0.466. Conversely, the non-overlapping five-gene proxy retained an
estimate of 0.650. Each coefficient remains conditional on the proxy used to represent
fibroblast content. The tissue-level association remains positive, but its magnitude changes
materially with the composition model.
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Relation to experimental and recent computational colorectal cancer studies

Recent experimental work provides the functional context that retrospective scores cannot. Ge
et al. linked single-cell classification to tissue staining, fibroblast—T-cell-organoid co-culture,
lipid tracing and animal experiments, tracing a CD36-dependent lipid-transfer route from
senescent fibroblasts to impaired T-cell function [15]. Yang et al. used spatial, organoid and
genetic models to show that macrophage-derived IL1B can induce CAF senescence and
SASP-mediated chemotherapy resistance [16]. By directly measuring phenotype or
perturbation, those studies address a functional question that complements the present
patient-level localization analysis.

The COMP-positive CAF study is closer in data architecture because it integrated bulk, single-
cell, spatial and tissue evidence [17]. Its predicted COMP—-CDA47 interaction was appropriately
framed as a candidate mechanism. The contribution here is complementary: source-gene
representation was separated from a common-core sensitivity, patient rather than cell or spot
was used for inference, FAP specificity was directly tested, composition proxies were audited
for target incorporation, dependent correlations were compared within the same bootstrap
samples and a non-supportive spatial cohort was retained. These choices narrow the claim but
improve traceability of what each modality can establish.

The exploratory CAF analysis places a further limit on subtype interpretation. Source-
detectability-adapted marker programmes did not show a reproducible positive relationship
with SenMayo across the two single-cell cohorts, despite strong marginal bulk correlations.
Sequencing depth, fibroblast subtype composition and the choice of expression proxy affected
these comparisons. The organoid experiments of Buissant des Amorie et al. demonstrate that
trophocyte-like CAFs can induce epithelial oncofetal plasticity [18]; they do not establish that
this activity is a senescence phenotype. Their fibroblast lines were generated using hTERT
and BMI1, further separating those functional models from a test of persistent fibroblast arrest.
Our results support keeping CAF marker identity, senescence-associated transcription and
epithelial plasticity as separate questions for future tissue and co-culture experiments.

Why the spatial results differ

The spatial cohorts differed in platform, physical resolution, feature design and compartment
assignment. GSE280315 used high-definition bins and author deconvolution labels; the
Valdeolivas cohort used lower-resolution Visium spots and pathologist annotations;
GSE334323 used a custom FFPE probe reference and marker-based fallback labels. Spatial
spots or bins also mix cell state, local abundance and technical capture. A shared gene set
cannot remove these differences. Common-core effects were positive in GSE280315 and
Valdeolivas but mixed or negative in GSE334323. This variation indicates cohort dependence
and limits generalization across spatial settings.

The matched-null results place the observed statistics in two cohorts outside the tested
expression- and detection-matched background, while leaving platform and annotation
differences unchanged. The common-core contrast remained mixed or negative in
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GSE334323. Consistent MKI67 polarity provides a useful compartment control but does not
identify senescence.

Strengths

Strengths include reconstruction of GSE132465 from official public counts, patient-level
inferential units, an external single-cell cohort, direct resampling of dependent correlations,
target-purged composition adjustment, transparent preservation of a post-outcome technical
correction and complete presentation of spatial heterogeneity. The core analysis code, source
data and diagnostic outputs are publicly archived, and the accompanying CAF data document
the exploratory extension.

Limitations

Several limitations remain. All analyses were retrospective and exploratory. FAP transcript
detection is affected by dropout and is not equivalent to protein-defined FAP positivity.
SenMayo and SASP are transcriptional summaries rather than assays of persistent arrest. The
FAP-specific model used one single-cell cohort with 23 patient clusters, limiting random-slope
estimation and precision for small subgroup effects; the external paired single-cell analysis
included 10 patients. Bulk deconvolution proxies remained model dependent even after target
purging. The three spatial cohorts included 3, 6 and 3 independent patients or sections, used
different platforms and labels, and GSE334323 required a post-outcome host-feature
correction. The CAF marker analysis required a source-detectability adaptation and
approximate random-programme matching; different significance labels across cohorts were
not a formal test of between-cohort heterogeneity. No multiplex protein localization,
senescence-associated 3-galactosidase, DNA-damage response, longitudinal arrest assay or
perturbation was available. The study therefore cannot support therapeutic claims or a causal
immune-communication mechanism.

Future validation

Organoid dependency maps may help select epithelial partners for CAF co-culture. Herranz-
Ors et al. linked molecular profiles to CRISPR fitness effects in a tumour-derived organoid
biobank [36]. Such resources can support model selection based on genotype and epithelial
fitness requirements. Testing a CAF-derived signal would still require a defined CAF or ligand
perturbation and an appropriate rescue condition, because endogenous gene knockout and
exposure to an external stromal signal address different biological questions.

A decisive next study would combine independently segmented colorectal cancer tissue with
multiplex FAP protein, p16, p21, lamin B1 and MKI67 measurement, followed by isolation or
induction of CAFs to test persistent arrest and secreted factors. A prespecified CAF—tumour-
organoid—CD8 T-cell co-culture could then compare FAP-defined and senescence-marker-
defined CAF conditions while measuring lipid transfer, lipid peroxidation and tumour-cell killing.
This staged design converts the present localization result into falsifiable tissue and functional
tests without treating transcript correlation as mechanism.

21



544

545
546
547
548
549
550
551

552

553

554
555
556
557

558
559

560

561
562
563

564

565
566

567

568
569
570
571
572
573
574
575
576
577
578
579

Conclusion

Two colorectal cancer single-cell cohorts localized senescence-associated transcription
preferentially to fibroblast rather than epithelial tumour compartments. FAP—matrix covariation
persisted across single-cell, target-purged bulk and protein measurements, with magnitudes
that depended on measurement context. FAP detection did not define a subgroup with
additional SenMayo/SASP enrichment. Heterogeneous spatial effects limit universal
generalization and identify multiplex tissue phenotyping and functional co-culture as the next
tests.
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