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Results

Background

TNBC is an aggressive breast cancer subtype that comprises
approximately 10-15% of all breast cancer cases and is associated
with poor prognosis and substantial heterogeneity in clinical

Table 2. A comprehensive overview of the biologically relevant and significantly enriched pathways
associated with tumor stage and related ERFs selected from the full set of 50 Hallmark pathways.

Eight community-level environmental risk factors spanning transportation
proximity, air quality burden, racial/ethnic minority concentration, and social
vulnerability domains were significantly associated with TNBC stage and

outcomes. therefore prioritized for Ml based analyses to identify transcriptomic signatures Hallmark Pathways NES  size PR et Common DE Genes
While DNA-level alterations define tumor potential, mMRNA mediating these environmental effects. e
expression reflects the tumor’s active biological state and is highly Four community-level environmental risk factors related to impaired water quality CLNS1A, YWHAE, SYNCRIP,
responsive to cellular signaling and external stressors. and racial/ethnic minority concentration were significantly associated with TNBC MYC_TARGETS V' teo 19 ; O INRNPAY. MRPL25. C108P
Growing evidence links environmental exposures, including air grade and prioritized for Ml based analyses to identify transcriptomic signatures VBPT,NAPILT
pollution, water contamination, transportation-related emissions, mediating these environmental effects. CCT6A, TMEMS7, PSPH,
and soclal vulnerability, to TN BC risk, delayed diagnosis, and Across TNBC diagnostic stages, 6,195 mRNAs were differentially expressed, MTORC1_SIGNALING 134 199 0 12 LSPIBh SRCTER PR
aggressive disease features, particularly in structurally with the greatest transcriptomic impact observed for transportation proximity SHMTo. EBP |
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do not account for cumulative environmental burden. exhibited a comparatlve.ly focusgd respon§e (64 .mRNAs). | oo . o O | SMC3, PPP4R?, YWHAE, EPBA
253 TNBC tumors with multi-exposure Environmental Justice Index primarily by environmental stressors related to impaired water quality (571 G2M_CHECKPOINT 159 198 0 5 XPO1,SYNCRIP, HSPAS, SMC4,
(EJI) metrics. MRNAs), whereas racial/ethnic minority associated factors exhibited a PANCE
comparatively restricted transcriptional impact (13 mRNAs). OXIDATIVE_PHOSPHORYLATION 122 200 0 5 S eNethe
Using a mutual information (Ml) based pathway framework, we e RePAR - oo ; ; LR e o
identified environmentally sensitive transcriptomic programs MI EA Enrich Hallmark Pathw v | e
- UV_RESPONSE_UP 1.31 156 0 3 MRPL23, CCNE1, PSMC3
associated with TNBC stage and tumor grade, revealing GS ched Ha a at ays ) - UBE2N. HSP90B1. MAPKS, ARF1.
proliferative, inflammatory, metabolic, and non-canonical hormonal Table 1. A comprehensive overview of the biologically relevant and significantly enriched pathways PISKART_MTOR SIGRALING 120 10 00nbr ° CLTC, EGFR
gr?nfcl)lrr]]r%gr?fglwﬁyss ’;[l?;gt rrln'?'Kl di'ate the biological impact of associated with tumor grade and related ERFs selected from the full set of 50 Hallmark pathways. ESTROGEN RESPONSE LATE 118 198 0.005385 5 GPERT, SLOTOAT, ANXAS, ARL3
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‘[/‘ 10 IEqual-frequency Bins } TNBC stage was associated with multiple environmental stressors (transportation and environmental interventions alon95|de molecular characterization.

proximity, air quality, social vulnerability), whereas tumor grade was linked to
more specific exposures, particularly impaired water bodies and racial/ethnic

Limitations and Future Work

MI(mRNA, ERFs)

Mutual Informatlon Analysis
MI(mRNA, Stage / Grade)

Environmental Justice Index (EJI) data were derived from 2022

minority concentration, suggesting different mechanisms of delay vs. _
Compojite rr— aggres}sl,iven ess 99 J y datasets, whereas TNBC diagnoses occurred between 2009-2019,
( max MI(ERF) x MI(Stage or Grade) ] | | | which may introduce exposure misclassification due to changes in
_ _ \ Across stage and grad_e, cel -cyclg and prol_lfergtlve pathway§ (E2F_, MYC, G2M environmental conditions over time.
(L Stage-associated MI Ranking ] Grade-associated MI Ranking ] checkpoint) were consistently enriched, indicating that chronic environmental . - | e M vl efine
_ dJ,GSEA(St _ ; stress may amplify intrinsic TNBC growth programs. € use o the maximum mut_ua Ip orn_1at|on ( .) value to e.lnet e
[ I-based GSEA (Stage) ] [ MI-based GSEA (Grade) } Composite M|l Score emphasizes dominant environmental drivers but

High-grade TNBC showed strong enrichment of interferon and TNF-NFkB
signaling, consistent with a chronic inflammatory tumor microenvironment
potentially driven by sustained environmental exposures.

may underrepresent cumulative or synergistic effects of multiple
CO-OCCurring exposures.
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Key Biological Pathways
Proliferation | Immune / Inflammatory
Metabolism | Non-canonical

Estrogen Signaling

Analyses focused on tumor stage and grade; other clinically relevant
endpoints (e.g., survival, treatment response) were not evaluated.

Despite triple-negative status, estrogen response pathways (via GPER1 and
related genes) were reproducibly enriched, suggesting ERa-independent,

Figure 1. Flowchart lllustrating the M| Based Workflow for Integrating environmentally influenced hormonal signaling in TNBC.
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Stage-associated tumors exhibited enrichment of metabolic and
stress-adaptation pathways (PISK/AKT/mTOR, oxidative phosphorylation, UPR),
consistent with cellular adaptation to hostile environmental conditions.
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