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Abstract
Background

Perioperative anesthetic exposure has been linked to tumor biology in experimental and clinical studies,
but public-data analyses can overstate causal and clinical implications when genetic instruments,
disease endpoints and validation datasets are incomplete. Triple-negative breast cancer (TNBC) remains
an aggressive breast cancer subtype with substantial immune and stromal heterogeneity. We performed
a conservative multi-omics reappraisal of anesthesia-associated candidate genes in TNBC, emphasizing
evidence that could be supported by the available public datasets.

Methods

Thirty-nine anesthesia-associated genes were curated from public gene-disease and toxicogenomic
resources. Genetic evidence was audited using available breast cancer GWAS and eQTL resources, with
Mendelian randomization (MR), SMR and colocalization outputs classified by data completeness and
interpretability. TNBC spatial transcriptomics from GSE210616 was analyzed at the patient level across
three Visium samples and 5,103 spots. Moran's | was summarized per patient and combined using meta-
analytic evidence. TLS-associated transcriptional hotspots, spatial niches and ligand-receptor co-
expression were evaluated with explicit recognition that spots are technical observations nested within
patients.

Results

The genetic evidence did not support a definitive causal claim for the main TNBC candidates. In the
analyzed MR resources, a complete pipeline-level result was available for SCN9A, whereas
corresponding complete eQTL-supported MR results were not available for SDC1, ZNF521, LPO, TRPA1
and GSDME. Spatial transcriptomics provided the strongest directly usable evidence. SDC1 showed
consistent positive spatial autocorrelation in all three TNBC patients, with a mean Moran's | of 0.3042
and a patient-level Stouffer meta-analysis P value of 7.92e-06. TLS-associated transcriptional hotspots
comprised 192 of 5,103 spots (3.8%) and were patient-dependent, with 125, 67 and 0 hotspot spots in
the three samples. SDC1 expression was higher in TLS-associated hotspots (P = 5.75e-11), and SDC1-
CD44 spatial co-expression was positive (Spearman r =0.3307, P = 1.69e-130). In contrast, SDC1 showed
weak negative correlation with the M2 macrophage score (Spearman r=-0.0336, P = 0.0165), indicating
that this axis is not supported as a strong positive macrophage mechanism.

Conclusions
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The available evidence supports an exploratory spatial and genetic-prioritization study rather than a
definitive causal study of anesthesia-driven TNBC metastasis. SDC1 is the most supportable candidate
because it shows consistent patient-level spatial clustering and TLS-associated spatial enrichment in
TNBC tissue. Further TNBC-specific genetic outcomes, independent external cohorts and experimental
validation are needed before clinical or mechanistic claims can be made.

1. Introduction

Triple-negative breast cancer is defined by the lack of estrogen receptor, progesterone receptor and
HER2 expression [3, 8]. It is clinically aggressive, molecularly heterogeneous and associated with high
recurrence risk, particularly during the first several years after diagnosis [7]. The immune and stromal
composition of TNBC tissue has also become increasingly important because tumor-infiltrating
lymphocytes, tertiary lymphoid structures and macrophage states can influence prognosis and response
to therapy [6, 10].

Perioperative anesthetic exposure has been proposed to influence tumor biology through effects on
inflammation, immune surveillance, hypoxia, ion channels and cellular stress responses. Experimental
data have suggested plausible links between anesthetic agents and proliferation, migration or immune
modulation. However, clinical outcome studies and genetic epidemiology require careful interpretation
because breast cancer subtype, endpoint definition, treatment context and tumor microenvironment can
strongly modify observed associations [12].

Mendelian randomization can help prioritize potential causal genes when valid genetic instruments and
appropriate outcomes are available [4, 5]. Colocalization and SMR can further assess whether
expression quantitative trait loci and disease associations are likely to share a causal signal [15, 17].
These approaches become less secure when the available outcome is overall breast cancer rather than
TNBC-specific metastasis or recurrence, when gene-level eQTL instruments are incomplete, or when
drug-target labels are treated as causal drug exposure without appropriate pQTL or pharmacologic
instruments.

Spatial transcriptomics provides complementary information by preserving tissue architecture [1, 13]. It
can show whether candidate genes are spatially clustered, whether their expression aligns with immune
or stromal niches, and whether computational TLS-associated regions contain specific candidate gene
patterns. For TNBC, patient-level spatial analysis is particularly important because treating thousands of
tissue spots as independent biological replicates can inflate precision.

The present study therefore reappraises anesthesia-associated candidate genes in TNBC using a
conservative evidence framework. The goal is not to prove that anesthetic exposure causes TNBC
metastasis, but to identify which anesthesia-associated genes remain plausible candidates after genetic
evidence audit and patient-level spatial transcriptomic evaluation.
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2. Materials and Methods
2.1 Candidate gene curation

Anesthesia-associated candidate genes were curated from public gene-disease and toxicogenomic
resources using anesthesia-related search terms. Genes were retained when they were linked to
anesthetic agents, perioperative pharmacology or anesthesia-related biologic processes. The final
candidate set contained 39 genes spanning ion channels, inflammatory mediators, oxidative stress
genes and immune-related markers.

2.2 Genetic evidence sources and classification

Breast cancer GWAS summary statistics included GWAS Catalog accession GCST010098, representing
overall breast cancer rather than a TNBC-specific metastasis or recurrence endpoint [16]. eQTL
resources included accessible eQTLGen-derived and tissue-level files [9, 14]. Genetic results were
classified according to endpoint specificity, instrument availability, source-data traceability and internal
consistency, and were interpreted as complete, exploratory or unsupported evidence.

Because the retained GWAS endpoint was not TNBC-specific metastasis, genetic associations were not
interpreted as direct evidence for TNBC metastatic causality. Where complete real-data gene-level MR
output was absent for a candidate gene, that gene was not described as genetically validated.

2.3 MR, SMR and colocalization review

MR, SMR and colocalization tables were checked for gene identity, effect estimate consistency, P values,
Bonferroni or FDR interpretation, and source-data traceability. Results were retained only as exploratory
candidate-prioritization evidence when the relevant exposure instruments, outcome endpoint and
supporting eQTL or pQTL data were not complete. Colocalization evidence was similarly treated as
supportive only when the signal source was traceable and internally consistent.

2.4 Drug-target and mediation evidence

Drug-target outputs were treated as gene-drug annotation rather than causal drug-target MR unless
supported by appropriate pharmacologic or protein instruments. Mediation outputs were retained only
as hypothesis-generating because some proportions were unstable, negative or greater than 100%,
which can occur when assumptions are not met or when total and indirect effects are imprecise.

2.5 Spatial transcriptomics data

TNBC spatial transcriptomics data were obtained from GSE210616. The analyzed subset included three
TNBC Visium samples and 5,103 tissue spots. Standard quality-control and normalization procedures
were applied before candidate gene expression, immune score, spatial niche and co-expression
analyses. Patient identity was treated as the biological replication unit.

2.6 Patient-level spatial autocorrelation
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Spatial autocorrelation was assessed using Moran's | for candidate genes within each patient [11].
Results were summarized as patient-specific Moran's | values, directional consistency across patients,
number of patients with FDR < 0.05 and Stouffer meta-analysis P values. Combined spot-level
significance alone was not used as the main inferential unit.

2.7 TLS-associated transcriptional hotspot analysis

TLS-associated transcriptional hotspots were defined computationally using marker-based TLS-related
expression patterns. These regions were described as TLS-associated transcriptional hotspots rather
than pathology-confirmed tertiary lymphoid structures. Hotspot counts and proportions were reported
overall and per patient to preserve between-patient heterogeneity.

2.8 Spatial niche and ligand-receptor co-expression
analyses

Spatial niches were assigned using expression-based neighborhood and marker patterns. Candidate
gene expression was compared across niches and between TLS-associated hotspot and non-hotspot
spots. SDC1-CD44 spatial co-expression and selected immune-marker correlations were evaluated using
Spearman correlation. Co-expression was interpreted as spatial association, not proof of ligand-receptor
activation.

2.9 Statistical reporting

Continuous values are reported as effect estimates, correlation coefficients, Moran's | values or mean
differences where appropriate. Multiple-testing results were interpreted using FDR or Bonferroni
correction according to the relevant analysis [2]. For analyses conducted at spot level, patient-level
consistency and biological replication were emphasized in interpretation.

3. Results
3.1 Genetic evidence required conservative interpretation

The evidence audit changed the strength of several original claims. A complete real-data MR pipeline-
level result was available for SCN9A. However, corresponding complete eQTL-supported MR results for
the main manuscript candidates SDC1, ZNF521, LPO, TRPA1 and GSDME were not available in the
analyzed resources. Therefore, these genes were not interpreted as confirmed MR-supported TNBC
causal genes.

Colocalization summaries were also inconsistent across output sources. Some enhanced colocalization
summaries suggested high PP.H4 values, but the corresponding real-data and integrated evidence
outputs did not consistently support those signals for all core genes. These results were therefore
retained as exploratory prioritization evidence rather than definitive shared-causal-signal evidence.
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3.2 SDC1 showed the most consistent patient-level spatial
clustering

Spatial transcriptomics provided the strongest directly supportable result. SDC1 showed positive
Moran's | values in all three TNBC patients, with a mean Moran's | of 0.3042 and a range of 0.2261 to
0.3948. All three patients showed FDR < 0.05, and patient-level Stouffer meta-analysis supported a
consistent spatial signal (P =7.92e-06). Among the evaluated candidate genes, this made SDC1 the
most stable spatial candidate.

Other genes showed weaker or more patient-dependent signals. ZNF521 had a mean Moran's | of 0.0162
and positive direction in two of three patients. LPO, TRPA1 and GSDME showed mixed signals across
patients, supporting exploratory but not definitive interpretation.

3.3 TLS-associated transcriptional hotspots were present
but heterogeneous

The optimized TLS-associated hotspot analysis identified 192 hotspot spots among 5,103 total spots,
corresponding to 3.8% of analyzed spots. Hotspots were unevenly distributed across patients, with 125,
67 and 0 hotspot spots in the three TNBC samples. This finding supports the presence of TLS-
associated transcriptional structure in a subset of samples, but it also shows that TLS-associated
regions are patient-dependent and should not be described as uniformly present across all TNBC cases.

SDC1 expression was higher in TLS-associated hotspot spots than in non-hotspot spots (P = 5.75e-11).
ZNF521, TRPA1 and GSDME also differed by hotspot status in earlier output tables, but directions and
biological interpretation were less consistent. The strongest interpretable finding was therefore SDC1
enrichment within computational TLS-associated regions.

3.4 Spatial niches supported stromal and immune
organization

Spatial niche analysis showed that candidate gene expression was not randomly distributed across
tissue architecture. TLS-associated hotspot spots were enriched in stromal and immune-associated
regions, consistent with the expected location of immune-organized microenvironmental structures.
These results support a model in which SDC1 marks spatially organized tumor-microenvironment
interactions in TNBC tissue.

Because the analysis used transcriptional markers rather than pathology-confirmed lymphoid
aggregates, the term "TLS-associated transcriptional hotspot" was used throughout. This terminology
preserves the spatial signal without overstating histologic confirmation.

3.5 SDC1-CD44 co-expression was positive, whereas
SDC1-M2 macrophage support was weak
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Ligand-receptor and co-expression analyses identified SDC1-CD44 as a plausible spatial association.
SDC1 and CD44 showed positive spatial co-expression (Spearman r = 0.3307, P = 1.69e-130), supporting
a candidate axis for further experimental investigation. However, co-expression does not establish
ligand-receptor activation or causal signaling.

The SDC1-M2 macrophage relationship did not support a strong positive mechanism. SDC1 showed a
weak negative correlation with the M2 macrophage score (Spearman r=-0.0336, P = 0.0165). This result
argues against presenting SDC1 as a clearly positive driver of M2 macrophage enrichment in the
available spatial dataset.

3.6 Drug-target and mediation findings were hypothesis-
generating

The drug-target output mapped candidate genes to anesthetic and perioperative drug labels, but the
repeated gene-level effect estimates across multiple drug labels indicated that these results should be
treated as drug-target annotation rather than strict MR evidence. Mediation outputs were also
interpreted conservatively because unstable mediation proportions can reflect weak assumptions,
imprecision or incompatible total and indirect effects.

Together, these analyses are useful for prioritizing future pharmacologic and experimental studies, but
they do not justify clinical treatment claims.

4. Discussion

This conservative reappraisal identifies SDC1 as the most supportable anesthesia-associated candidate
gene in the available TNBC spatial transcriptomic data. The main strength of the revised evidence is not
a definitive genetic causal result, but the convergence of patient-level spatial autocorrelation, TLS-
associated hotspot enrichment and SDC1-CD44 spatial co-expression. These findings suggest that SDC1
may mark a spatially organized tumor-microenvironment state in TNBC.

The study also demonstrates why evidence classification is necessary in public-data multi-omics
manuscripts. The available genetic outputs were insufficient for strong TNBC metastasis causality
claims for SDC1, ZNF521, LPO, TRPA1 or GSDME. Overall breast cancer GWAS results cannot be
assumed to represent TNBC-specific metastasis or recurrence. Similarly, drug-target annotation cannot
be treated as drug-target MR without valid exposure instruments, and mediation outputs with unstable
proportions should not be presented as mechanistic proof.

Spatial transcriptomics partly addresses these limitations by offering tissue-level context. SDC1 was
spatially clustered in all three patients and showed enrichment in TLS-associated transcriptional
hotspots. SDC1 has known relevance as a cell-surface proteoglycan and CD138 marker, and its spatial
relationship with CD44 may reflect tumor-stromal or tumor-immune interface biology. However, the
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current analysis cannot determine whether SDC1 is a driver, consequence or marker of these
microenvironmental states.

The TLS-associated hotspot findings should also be interpreted carefully. The analysis identified a
computational transcriptional pattern, not pathology-confirmed tertiary lymphoid structures. The uneven
distribution of hotspot spots across patients indicates heterogeneity rather than a universal TNBC
feature. This heterogeneity is biologically plausible and relevant, but it requires validation in larger spatial
or histologic cohorts.

The revised manuscript therefore positions the work as an exploratory multi-omics prioritization study.
This framing is more consistent with the current evidence than claims of anesthesia-induced TNBC
metastasis or clinically actionable drug targeting. The results provide a rational basis for future
validation of SDC1 and related spatial immune niches using TNBC-specific genetic endpoints,
independent cohorts and experimental assays.

5. Limitations

Several limitations should be considered. First, the available GWAS outcome represented overall breast
cancer rather than TNBC-specific metastasis or recurrence. Second, complete real-data MR support was
not available for the principal spatial candidates in the analyzed resources, limiting causal interpretation.
Third, the spatial transcriptomic dataset included three TNBC patients; therefore, patient-level analyses
were emphasized, but larger cohorts are needed. Fourth, TLS-associated hotspots were computationally
inferred and were not pathology-confirmed tertiary lymphoid structures. Fifth, independent external
clinical validation and wet-lab experimental validation were not included in the retained evidence. Future
work should incorporate TNBC-specific genetic outcomes, independent expression and survival cohorts,
and IHC, IF, gPCR, Western blot or functional assays.

6. Conclusions

Using a conservative evidence framework, this study prioritizes SDC1 as the strongest currently
supportable anesthesia-associated candidate gene in TNBC spatial transcriptomic data. The evidence
supports spatial organization and TLS-associated enrichment rather than definitive causality. These
results provide a focused basis for future TNBC-specific genetic validation and experimental
investigation of SDC1-centered tumor-microenvironment biology.
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Table 1

Evidence classification after conservative audit

Gene

SDC1

ZNF521

LPO

TRPA1

GSDME

SCNO9A

Current genetic
evidence status

Complete eQTL-
supported MR result
not available in
analyzed resources

Complete eQTL-
supported MR result
not available in
analyzed resources

Complete eQTL-
supported MR result
not available in
analyzed resources

Complete eQTL-
supported MR result
not available in
analyzed resources

Complete eQTL-
supported MR result
not available in
analyzed resources

Complete real-data
MR pipeline-level
finding available

Patient-level
spatial evidence

Mean Moran's |
0.3042; positive in
3/3 patients; FDR <
0.05in 3/3

Mean Moran's |
0.0162; positive in
2/3 patients

Mean Moran's |
0.0283; positive in
1/3 patients

Mean Moran's |
0.0039; positive in
1/3 patients

Mean Moran's |
0.0364; positive in
2/3 patients

Not assessed in
retained spatial
summary

TLS-associated
hotspot evidence

Higher in hotspot
spots; P = 5.75e-
11

Lower in hotspot
spots; P =2.27e-
06

No significant
hotspot
enrichment; P =
0.173

Lower in hotspot
spots; P =2.18e-
12

Lower in hotspot
spots; P = 1.86e-
04

Not assessed

Manuscript
interpretation

Strongest spatial
candidate;
hypothesis-
generating

Exploratory
candidate

Exploratory
candidate

Exploratory
candidate

Exploratory
candidate

Pipeline-level
genetic finding only
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Table 2
Patient-level Moran's | summary for selected genes

Gene Patients Mean Range of Positive FDR < Interpretation
Moran's | Moran's | direction 0.05
SDC1 3 0.3042 0.2261 to 3/3 3/3 Consistent positive
0.3948 spatial clustering
ZNF521 3 0.0162 -0.0004 to 2/3 1/3 Mixed or patient-
0.0390 dependent spatial
signal
LPO 3 0.0283 -0.0070 to 1/3 1/3 Mixed or patient-
0.0926 dependent spatial
signal
TRPA1 3 0.0039 -0.0008 to 1/3 1/3 Mixed or patient-
0.0086 dependent spatial
signal
GSDME 3 0.0364 -0.0005 to 2/3 2/3 Mixed or patient-
0.0734 dependent spatial
signal
ALDH2 3 0.1154 0.0499 to 3/3 3/3 Consistent positive
0.2180 spatial clustering
HIFTA 3 0.1255 0.0838 to 3/3 3/3 Consistent positive
0.1909 spatial clustering
Table 3
Spatial correlation checks
Analysis Effect P value Interpretation
estimate
SDC1-CD44 spatial Spearmanr = 1.69e- Positive spatial association; not proof of
co-expression 0.3307 130 ligand-receptor activation
SDC1-M2 Spearman 0.0165 Weak negative association; does not
macrophage score r=-0.0336 support a strong positive M2 mechanism
SDC1 in TLS- Higher in 5.75e- Supports SDC1 enrichment in computational
associated hotspots hotspots 11 TLS-associated regions
Figures
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Moran's | Cross-Sample Comparison (TNBC)
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Figure 1

Patient-level Moran's | summary for anesthesia-associated candidate genes in TNBC spatial

transcriptomic samples. SDC1 shows the most consistent positive spatial autocorrelation across the
three patients.
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Figure 3

Immune and stromal spatial patterns in TNBC tissue. Spatial immune signatures were interpreted as
marker-based transcriptional scores rather than pathology-confirmed cell states.

Page 15/17



TLS Detection: Multi-Criteria Analysis (TNBC Spatial)
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Figure 4

TLS-associated transcriptional hotspot analysis. Hotspots were computationally defined and were
unevenly distributed across patients, supporting patient heterogeneity.
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Figure 5

Spatial niche communication and candidate ligand-receptor co-expression patterns. SDC1-CD44 co-
expression was interpreted as spatial association and not as causal ligand-receptor activation.
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