Investigative Ophthalmology & Visual Science

Anatomy and Pathology/Oncology

Metabolic Atlas of Human Eyelid Infiltrative Basal Cell

Carcinoma

Yanjing Huang, Chengjie He, Qiuling Hu, Zhong Liu, Xingyi Li, Wuyou Gao, Xuanwei Liang,
Rongxin Chen, Zhen Mao, and Xianchai Lin

State Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center, Sun Yat-Sen University, Guangdong Provincial Key
Laboratory of Ophthalmology and Visual Science, Guangzhou, China

Correspondence: Rongxin Chen,
State Key Laboratory of
Ophthalmology, Zhongshan
Ophthalmic Center, Sun Yat-Sen
University, Guangdong Provincial
Key Laboratory of Ophthalmology
and Visual Science,

Guangzhou 510060, China;
chenrx25@mail.sysu.edu.cn.

Zhen Mao, State Key Laboratory of
Ophthalmology, Zhongshan
Ophthalmic Center, Sun Yat-Sen
University, Guangdong Provincial
Key Laboratory of Ophthalmology
and Visual Science,

Guangzhou 510060, China;
ophmaozhen@gmail.com.
Xianchai Lin, State Key Laboratory
of Ophthalmology, Zhongshan
Ophthalmic Center, Sun Yat-Sen
University, Guangdong Provincial
Key Laboratory of Ophthalmology
and Visual Science,

Guangzhou 510060, China;
linxch7@mail.sysu.edu.cn.

YH and CH contributed equally to
this article.

Received: August 4, 2024
Accepted: December 5, 2024
Published: January 7, 2025

Citation: Huang Y, He C, Hu Q, et al.

Metabolic atlas of human eyelid
infiltrative basal cell carcinoma.
Invest Ophthalmol Vis Sci.
2025;66(1):11.
https://doi.org/10.1167/i0vs.66.1.11

Purrosk. Eyelid infiltrative basal cell carcinoma (iBCC) is the most common malignant
tumor affecting the ocular adnexa, but studies on metabolic changes within its
microenvironment and heterogeneity at the tumor invasive area are limited. This study
aims to analyze metabolic differences among iBCC cell types using single-cell and spatial
metabolomics analysis and to examine metabolic environment at the tumor invasive area.

MerHops. Single-cell transcriptomic data of human basal cell carcinoma (BCC) were
clustered and visualized using Uniform Manifold Approximation and Projection.
Metabolic reprogramming was analyzed with single-cell flux estimation analysis. Spatial
metabolomics data were obtained with the Timstof Flex MALDI 2 system, and Bruker
software was used for region selection.

Resurts. Eight cell types were identified within the iBCC microenvironment.
Differences between inflammatory cancer-associated fibroblasts and myofibroblastic
cancer-associated fibroblasts were analyzed. Metabolic flux analysis showed increased
glycolysis, glutamine, heme, and glutathione fluxes in the iBCC microenvironment. Spatial
metabolomics revealed high levels of taurine, deoxy-GMP, O-phosphoethanolamine, and
pyrithione. Both tumor and invasive regions had significant upregulation of fatty acid
pathways, with marked increases in oleic and arachidonic acids at the invasive area.
Specific upregulation of UDP-glucuronic acid and high UDP-glucose 6-dehydrogenase
(UGDH) expression in the tumor region suggest UXS1 as a potential therapeutic target
for iBCC.

Concrusions. This study establishes a metabolic microenvironment atlas of iBCC,
revealing significant metabolic differences and the dominance of lipid and lysosome
metabolism. Potential metabolic markers and characteristic substances in the invasive
area offer new insights for immunotherapy and the exploration of BCC’s metabolic
mechanisms.

Keywords: eyelid infiltrative basal cell carcinoma, mass spectrometry imaging, tumor
microenvironment, metabolic reprogramming, single-cell sequencing

B asal cell carcinoma (BCC) of the eyelid is the most
common malignant tumor affecting ocular adnexa,
accounting for approximately 85% to 95% of eyelid malig-
nancies.! It primarily affects elderly individuals over 60 years
old. Although BCC has a relatively low mortality rate, its
lifetime risk reaches 20% to 30%.> The incidence rate of
BCC is increasing globally, with a particularly significant
rise observed in Asian regions.> Concurrently, there is a
worldwide trend toward younger-onset ages.*> This shift not
only impacts public health but also imposes a substantial
economic burden, as the associated medical costs are signif-
icant and cannot be underestimated.
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Over 80% of BCCs occur in the head and neck region,
with 20% occurring around the eyes. In the periocular area,
common affected sites include the upper and lower eyelids,
as well as the inner and outer canthus.! BCCs are a hetero-
geneous group of tumors that include superficial, nodular,
ulcerated, and infiltrative types.G’7 Infiltrative BCC (iBCC) is a
particularly aggressive subtype that often leads to skin ulcers
and invades surrounding tissues such as the orbit,? cornea,’
and lacrimal apparatus.’

Common treatments for eyelid BCC include surgery and
radiotherapy, with the standard approach being controlled
lesion excision followed by eyelid reconstruction.!! While
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surgical excision can be highly effective, it is less standard-
ized than Mohs micrographic surgery,'? and local recurrence
rates can reach up to 20%.'3 This risk is even higher in infil-
trative cases, which are more prone to postoperative recur-
rence. According to European consensus guidelines for BCC,
approximately 10% of cases are considered “difficult to treat”
due to factors such as large tumor size, challenging loca-
tions (e.g., near the eyes, nose, lips, or ears), poorly defined
borders, recurrence, or patient-specific factors like comor-
bidities or reluctance to undergo surgery’ In such cases,
patients with locally advanced eyelid BCC or metastatic
BCC may require alternative therapies, including hedgehog
pathway inhibitors (e.g., vismodegib or sonidegib)!*'> and
immune checkpoint inhibitors (e.g., PD-1).}> However, these
options are limited by high costs and issues with drug resis-
tance.'®

Research on BCC has advanced to the tumor microen-
vironment. Studies show that cancer-associated fibroblasts
(CAFs) regulate the PTEN/PI3K/Akt pathway by overex-
pressing fibroblast activation protein, which downregu-
lates PTEN, inhibits apoptosis, and promotes CAF prolifera-
tion, thus supporting tumor growth.!” Also, CAFs activated
WNT5A to maintain inflammation, while tumors release heat
shock proteins to adapt and promote proliferation.!” This
phenomenon led us to recognize the substantial potential
role of CAFs in iBCC. As a subtype related closely to tumor
microenvironment,'® we believed that exploring the inter-
actions between CAFs and iBCC cells could yield valuable
insights into the mechanisms driving tumor progression and
treatment resistance.

Besides, previous liquid chromatography/tandem mass
spectrometry (MS) studies identified 16 metabolites with
changes in NAD, glutathione, polyamine, and amino acid
metabolism in BCC samples.!” Building on these findings,
we speculate that metabolic changes in iBCC contribute
significantly to its pathological alterations. Our primary
goal is to identify metabolic biomarkers that can assist
in the early diagnosis and treatment of iBCC. Addition-
ally, we aim to trace the dynamic metabolic shifts in
iBCC as it progresses from adjacent skin to the tumor
invasion zone and ultimately to the tumor core. This
comprehensive approach will help illuminate the mech-
anisms driving iBCC’s aggressive growth and invasive
behavior.

To achieve this, we employed mass spectrometry imag-
ing (MSD),* which can sensitively detect metabolites in situ
while preserving spatial information, enabling detailed anal-
ysis of metabolic differences and distribution between and
within iBCC samples. By combining single-cell transcrip-
tomics with spatial metabolomics, we highlighted metabolic
differences between tumor and normal cells, as well as
alterations at the tumor invasive area, providing a detailed
depiction of the metabolic microenvironment in eyelid
iBCC.

TaBLe. Patient Information

Patient Affected
ID Eye Sex Age,Y Histology Stage”

IOVS | January 2025 | Vol.66 | No. 1 | Article 11 | 2

METHODS
Ethics Approval

The human clinical study received approval from the
Ethics Committee and the Institutional Review Board of
Zhongshan Ophthalmic Center, Sun Yat-Sen University
(Ethics number: 2024KYPJ012). We adhered to all insti-
tutional regulations regarding the ethical use of human
volunteer information and samples, and informed consent
was obtained from each participant. The human tissue
experiments complied with the guidelines of the ARVO
Best Practices for Using Human Eye Tissue in Research
(Nov2021).

Human Eyelid Basal Cell Carcinoma Samples
Collection

Four patients with eyelid iBCC who underwent controlled

lesion excision at the Oculoplastic Department of Zhong-

shan Ophthalmic Center were selected (Table). During

surgery, one tumor sample and one normal skin sample were

collected from each patient for metabolic analysis.
Inclusion criteria:

1. Age between 40 and 75 years

2. Postoperative pathology-confirmed basal cell carci-
noma and confirmed as infiltrative subtype

3. Absence of other underlying metabolic diseases (e.g.,
diabetes, hyperthyroidism) or cancers before surgery

4. No prior radiotherapy or chemotherapy

Data Sets

The single-cell basal cell carcinoma data were sourced from
the GEO database (GSE141526)."7 Raw gene expression
profiles of four basal cell carcinoma samples and two normal
samples were used.

Copy Variation Analysis for Individual Samples

The copy variation analysis and the identification of the
malignant cell and subclone area was conducted by SCEVAN
R packages.”!

Quality Control of Raw Matrix

Cells were retained for analysis if they met the following
criteria:

1. 350 < genes/cell <5000

2. Cells with less than 10% mitochondrial gene expres-
sion

3. Cells not identified as outliers (P =1 x 1073)

Tumor Central Recurrent Tumor Disease Sample
Location Ulceration Bleeding Size, mm Onset,Y Name

635378 oD Male 69 Infiltrative Common BCC IIA
650633 oS Male 71  Infiltrative Common BCC IIA
646815 oS Male 56 Infiltrative Common BCC IIA
643244 (o} Female 57 Infiltrative Common BCC IIA

Upper eyelid No No 10 x 5 6 C1; P1
Upper eyelid No No 10 x 4 2 C2
Lower eyelid Yes Yes 9 x 55 4 C3; P2
Lower eyelid Yes Yes 8 x 6 5 C4

" Staging standard follows European Association of Dermato-Oncology classification and staging for BCC.
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Data Integration

Following quality control, UMI count matrices were log-
normalized and scaled using Seurat. Batch processing and
sequencing were conducted. Batch effect correction used the
Harmony algorithm (version 1.2.0).*> Dimensionality reduc-
tion, clustering, and differential expression analysis followed
Seurat’s tutorial, employing principal component analysis
(PCA) and Uniform Manifold Approximation and Projection
(UMAP) with 20 principal components.

Marker Gene Selection and Clustering

Graph-based clustering was performed using Seurat’s “Find-
Clusters” function (clustering resolution = 0.3, k-nearest
neighbors = 20). Marker genes for each cluster were iden-
tified using the “FindAllMarkers” function, with criteria
min.pct > 0.25 and logfc.threshold > 0.25. The top 100
ranked marker genes were selected for each cluster (Supple-
mentary Table S1).

Differential Gene Expression Analysis

Differential gene expression between tumor and normal
cells was analyzed using the “FindMarkers” function with
the Wilcoxon test. Genes with adjusted |log fold change |
> 0.25 and adjusted P < 0.05 were considered differentially
expressed.

Gene Ontology (GO) Enrichment, Kyoto
Encyclopedia of Genes and Genomes, and Gene
Set Enrichment Analysis

Functional enrichment analysis of marker and differentially
expressed genes was performed using Metascape (https:
//metascape.org/gp/index.html), visualized with the ggplot2
R package (version 3.3.5). Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis used the clusterProfiler R pack-
age (version 4.8.3).

Gene Set Variation Analysis

Gene set variation analysis (GSVA) is an unsupervised
analytical method commonly used to assess enrichment
scores of samples within predefined gene sets. GSVA
compares the enrichment score differences between samples
to reveal changes in gene set activity under different condi-
tions or between groups. The GSVA analysis is performed by
GSVA R package. The upregulated/downregulated pathways
with P < 0.05 were considered significant and visualized
(Supplementary Fig. S4A). Gene sets for metabolism-related
pathways are sourced from the Cancer Cell Metabolism Gene
Database (http://bioinfo.uth.edu/),?® a comprehensive anno-
tation resource focused on cell metabolism genes in cancer.
This database provides valuable resources on the functional
annotations of cell metabolism genes across various cancer
types, supporting research on cancer cell metabolism and
broader studies.

Single-Cell Flux Estimation Analysis

Single-cell metabolic flux analysis was conducted using
scFEA** (v1.1; Python 3.9). Metabolic module data were
downloaded from the official website (https://github.com/
changwn/scFEA).
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Sample Preparation

Postsurgical basal cell carcinoma samples were embedded
in optimal cutting temperature (OCT) and stored at —80°C
before analysis. Tissues were placed at —20°C 1 hour before
use, and tissue sections were prepared using a Leica CM1950
cryostat (Leica Microsystems GmbH, Wetzlar, Germany).
Tissue sections of 20 mm thickness were thaw mounted onto
ITO-coated microscopic slides (Bruker Daltonics, Billerica,
MA, USA) for matrix assisted laser desorption ionization
(MALDI) MSI and onto glass slides for hematoxylin and eosin
(H&E) staining. The mounted tissue sections were dried for
30 minutes in a desiccator prior to matrix application and
then transferred them to a —80°C refrigerator for sealing
storage after vacuum packaging.

MALDI Matrix Preparation and Application

In total, 5 mg/mL alpha-cyano-4-hydroxycinnamic acid
(CHCA) was dissolved in 70% HPLC-grade Acetonitrile, a
solvent frequently used in HPLC (CAN) with 0.1% trifluo-
roacetic acid (TFA). The 20-um-thick tissue sections were
sprayed using a TM-sprayer (HTX Technologies, Chapel Hill,
North Carolina, US). The parameters of the matrix applica-
tion set in the TM-sprayer were as follows: spray nozzle
velocity (1200 mm/min), track spacing (3 mm), flow rate
(0.08 mL/min), spray nozzle temperature (60°C), and nitro-
gen gas pressure (10 psi).

Mass Spectrometry Imaging

Place the conductive slides with the sprayed matrix onto the
target plate of the Timstof flex MALDI-2. Using the Bruker
Data Imaging software, select the detection area of the tissue
sections and set the imaging resolution. The tissue section
is divided into several two-dimensional grids based on its
size for imaging. At an appropriate laser energy level, the
tissue sections are scanned, and the molecules ionized and
released from the target sites are detected by mass spectrom-
etry, generating raw data files (Raw Data).

The specific parameters are as follows:

Parameter
Detection Conditions Information
The m/z (mass-to-charge ratio) detection range 50-1000 m/z

for metabolites

Ion detection mode Negative ion

Spatial resolution (um) 10
Laser frequency (Hz) 10,000
Laser energy (%) 70
Laser shots per 20 um pixel (times) 200

Data Analysis

MSI data were analyzed using SCiLS Lab software (version
2021c premium; Bruker Daltonics) with the root mean
square normalization. Metabolites were identified by
comparing the accuracy of the m/z value (<10 ppm) with
the in-house database and Bruker Library MS-Metabobase
3.0 database. Receiver operating characteristic analysis and
Student’s t-test analysis were applied to determine the signif-
icance of differences between the samples/segmentations.
Area under the curve >0.7 or <0.3 and corrected
P < 0.01 were used to screen significant changed
metabolites.
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RESULTS

Construction of Single-Cell Transcriptome Atlas
for Human Basal Cell Carcinoma

We obtained single-cell RNA sequencing (scRNA-seq) data
from the GEO database (GSE141526)," including primary
human BCC samples (n = 4) and peri-tumoral skin (PTS)
tissues (# = 2). In total, we processed 38,435 raw single
cells. Following the removal of doublets and quality control
filtering, 38,373 cells were retained for downstream analysis.

To elucidate the cellular diversity and heterogeneity
within each tumor and to map the distribution of malig-
nant cells in each sample, we analyzed individual samples
using the SCEVAN R package.”! The results revealed distinct
boundaries between tumor and normal cells in BCC1 and
BCC2, while BCC3 and BCC4 showed more diffuse bound-
aries, indicating greater tumor cell invasion and infiltration
(Supplementary Fig. S1A). These findings are consistent with
the clinical subtypes of the respective samples: BCC1 and
BCC2 as nodular BCC and BCC3 and BCC4 as infiltrative
BCC.

The copy number variation (CNV) analysis showed vary-
ing subclone numbers in the BCC samples (Supplementary
Fig. S1B). BCC1 had five subclone regions with an increased
copy number on chromosome 6. BCC2 had nine subclone
regions with a reduced copy number on chromosomes 11
and 12. BCC3 had four subclone regions with no significant
genomic abnormalities. BCC4 had four subclone regions
with increased copy numbers on chromosomes 5 and 7.

After integrating BCC samples (BCC1-BCC4) and PTS
samples (PTS1-PTS2) (Supplementary Fig. S1C),we clus-
tered the integrated data into a total of 12 subgroups.
Based on common tumor biomarkers (Fig. 1B), we identified
eight cell types and visualizing them using the UMAP plots,
including BCC and PTS (Fig. 1B). The epithelial cell clus-
ters included basal epithelial/tumor cells (KRT14), prolif-
erative epithelial cells (MKIG67), and terminally differenti-
ated keratinocytes (IVL). Two types of fibroblasts were iden-
tified based on commonly expressed genes in fibroblasts
(COL1A1, COL1A2). Among these, cluster 3 and cluster
11 were PDGFRA™" cells, which we defined as inflamma-
tory cancer-associated fibroblasts (iCAFs) based on previ-
ous studies.”> Cluster 5 specifically expressed RGS5, and
we termed these cells myofibroblastic cancer-associated
fibroblasts (myoCAFs). Other cell types were identified
using common marker genes, including endothelial cells
(ECs) (PECAM1), melanocytes (MLANA), and immune cells
(PTPRO).

Analysis of Fibroblast Subpopulations in Human
Basal Cell Carcinoma

Fibroblasts exhibited notable differences between PTS and
BCC samples (Fig. 1B). To further investigate these differ-
ences, we performed a subpopulation analysis of fibrob-
lasts in the integrated samples. This analysis revealed
two distinct fibroblast subtypes: iCAFs, characterized by
PDGFRA expression, and myoCAFs, characterized by RGS5
expression. Interestingly, a small number of iCAFs and
myoCAFs were also identified in PTS, suggesting potential
tumor cell infiltration and invasion.

To elucidate the functions of these two fibroblast
subtypes, we analyzed their differentially expressed genes
(Supplementary Fig. S2A). Notably, PLA2G2A and CFD were
upregulated in iCAFs (Supplementary Fig. S2B). This finding
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is consistent with previous breast cancer studies that high-
lighted the unique expression of phospholipase encoded by
PLA2G2A and complement pathway-related genes (such as
CFD and C3) in iCAFs.2° GO enrichment analysis of iCAFs
(Supplementary Fig. S2C) indicated their involvement in
extracellular matrix organization, collagen metabolism regu-
lation, and inflammatory chemotaxis.

In myoCAFs, we observed specific upregulation of RERGL
and FHL5 (Supplementary Fig. S2B), both of which are
related to angiogenesis.’’ GO analysis (Supplementary Fig.
S$2C) also showed significant enrichment of myoCAFs in
muscle system processes and angiogenesis-related path-
ways.

These findings suggest that iCAFs and myoCAFs exhibit
distinct heterogeneity and may play different roles in the
development and progression of BCC. iCAFs appear to
be involved in extracellular matrix remodeling, collagen
metabolism, and inflammatory processes, while myoCAFs
are likely associated with angiogenesis and muscle system
processes.

Metabolic Reprogramming in Human Infiltrative
Basal Cell Carcinoma

To illustrate the comprehensive metabolic changes in BCC,
we first analyzed the GSVA scores of KEGG pathways
between BCC and PTS samples (Supplementary Fig. S4A).
Overall, multiple metabolic pathways were upregulated in
BCC compared to PTS, with the fructose and mannose
metabolism pathway showing the most significant differ-
ence. Previous studies have shown that fructose enhances
the Warburg effect by downregulating mitochondrial respi-
ration and increasing aerobic glycolysis, which may support
metastatic cancer growth?® and drive metabolic reprogram-
ming in cancer cells.?? In melanoma cells, fructose activates
cryoprotection by inducing heme oxygenase 1 expression,
helping cells resist immune-mediated killing during immune
checkpoint blockade therapy.?® Other pathways related to
lipid and amino acid metabolism also showed notable upreg-
ulation.

Given the significant metabolic activation observed in
BCC samples, we conducted a detailed analysis of gene
set variation in metabolic pathways across all BCC clus-
ters (Supplementary Fig. S4B). This analysis revealed that,
in contrast to tumor cells, stromal clusters in BCC (includ-
ing iCAFs, myoCAFs, ECs, and immune cells) display more
pronounced metabolic activity. Based on these findings, we
chose to treat tumor cells as a single group in subsequent
metabolic pathway analyses to facilitate a comparison of
metabolic differences between tumor and stromal tissue and
to further explore the specific metabolic module changes
and its metabolic flux in different clusters in BCC.

We used the scFEA R package®® to predict metabolic
modules in iBCC subsets (BCC3, BCC4). First, we predicted
the tricarboxylic acid cycle (TCA) modules (Figs. 2A, 2B)
and found an upregulation of citrate across all clusters. The
concentration of citrate in the tumor microenvironment has
been reported to be involved in maintaining tumor growth.*!
In vitro experiments have also shown that physiological
concentrations of citrate can sustain the proliferation of vari-
ous cancer cells, including prostate, pancreatic, and gastric
cancer cells.?*3

We observed a significant upregulation of pyruvate in
iCAFs (Fig. 2A), which is consistent with findings from
other studies.! In primary lymphomas, CAFs were found to
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Ficure 1.
the human basal cell carcinoma. (B) UMAP plot displays different cell
of cells in BCC and PTS. (D) Dotplot showing the common markers of
cell type-specific marker genes for different clusters in human BCC.

secrete significant amounts of pyruvate, and the presence of
pyruvate promoted the survival of lymphoma cells. However,
we did not observe a significantly high expression of pyru-
vate in myoCAFs, suggesting that the maintenance of tumor
cell survival mainly relies on iCAFs.

Furthermore, we observed a significant upregulation in
the first five modules of the TCA, corresponding to the

Construction of a single-cell sequencing atlas of human basal cell carcinoma. (A) Flowchart of scRNA-seq and MSI analysis of

types in the integrated samples. (C) UMAP showing the distribution
tumor clustering. (E) Feature plots display the expression profiles of

glycolysis process (Fig. 2B). This indicates an increased rate
of energy production in tumor cells, which are in a high
metabolic state. Notably, this upregulation was also observed
in tumor microenvironment-related cell types, including
CAFs, ECs, and immune cells. These findings further demon-
strate the “nutrient” role of the tumor microenvironment in
supporting tumor growth and survival.
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Figure 2. Cellular metabolic flux analysis of human infiltrative basal cell carcinoma. (A) Heatmap showing the predicted expression levels
of metabolites in the TCA cycle. (B) Heatmap showing the metabolic flux of the TCA cycle modules. (C) Heatmap showing the predicted
expression levels of glucose-glutamine cycle metabolites. (D) Heatmap showing the predicted expression levels of metabolites in lipid
metabolism. (E) Heatmap showing the metabolic fluxes of the lipid metabolism module.

We next analyzed the changes in metabolites in the
glucose—glutamine metabolic pathway (Fig. 2C). Interest-
ingly, we observed that the expression of glutamine is higher
in proliferative epithelial cells compared to tumor cells.
Recent studies have highlighted the importance of glutamine
metabolism in maintaining the proliferation and apoptosis of
tumor epithelial cells.®> In tumor cells that use glutamine as

a source of energy and building materials, a portion of the
TCA cycle shows an opposite direction for reactions from «a-
ketoglutarate to isocitrate. In this manner, a-ketoglutarate,
which originates from glutaminolysis, supplies the TCA
cycle in the opposite direction,*® potentially contributing
to the accumulation of citrate (Fig. 2C). Furthermore, an
increase in phosphoglycerate dehydrogenase (PHGDH) was
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observed in both myoCAFs and immune cells, suggesting
the importance of these cell types in supporting tumor
metabolism.

Given that BCC is highly associated with DNA damage
caused by photodamage, we investigated the metabolic
changes in the methionine-glutathione—folate network
(Supplementary Fig. S2D) to assess DNA methylation and
related metabolic alterations. Ultraviolet radiation induces
carcinogenic photoproducts such as cyclobutane pyrim-
idine dimers and 6-4 pyrimidone photoproducts, lead-
ing to DNA mutations and local immunosuppression.®’
Compared to other cells, we found an increase in
S-adenosylmethionine and 5,10-methylenetetrahydrofolate
in immune cells. Recent literature also reports that
DNA methylation is related to metabolic remodeling
in immune cells within the tumor microenvironment,®
highlighting the complex interplay between epigenetic
regulation and metabolism in the immune compartment
of iBCC.

In the iron-related metabolism (Supplementary Fig. S2E),
we observed high expression of heme and heme-associated
metabolites in both tumor cells and proliferative epithe-
lial cells, along with a mild upregulation of these metabo-
lites in the cell components of the tumor microenvironment
(ECs, CAFs, and immune cells). Heme was known to be an
important factor in the tumor microenvironment and was
involved in macrophage polarization, angiogenic potential
of tumor endothelial cells, matrix remodeling by cancer-
associated fibroblasts, and interactions between neural and
cancer cells.*® The significance of these substances in
the tumor microenvironment is noteworthy and will be
further elucidated in the upcoming spatial metabolomics
analysis.

Our analysis of the metabolic changes in the tumor
microenvironment of iBCC revealed significant alterations in
lipid metabolism (Fig. 2E).“ Notably, we observed a substan-
tial increase in oxaloacetate levels across all cell subgroups.
Oxaloacetate has been implicated in nucleotide biosynthesis
in rapidly proliferating cancer cells and plays a pivotal role
in metabolic reprogramming in various cancer models.*!

In addition to oxaloacetate, we found an upregulation
of 3-phosphoglycerate (3PG) in immune cells and CAF cell
types. Concurrently, a significant increase in the metabolic
flux of the 3PG — serine pathway was observed in cancer
cells and proliferative epithelial cancer cells (Fig. 2E). Previ-
ous studies suggested that the glycolysis intermediate 3PG
can be diverted to produce serine, and during solid tumor
progression, the stiffness of the extracellular matrix in the
tumor microenvironment may enhance glycolysis-derived
serine biosynthesis.*> As CAFs are closely associated with
tumor extracellular matrix reprogramming, they may further
influence tumor serine biosynthesis by upregulating 3PG,
thereby regulating tumor growth and invasion.

We also observed an increase in glutathione (GSH)
metabolic flux in ECs, iCAFs, melanocytes, and proliferative
ECs (Fig. 2E). In human squamous cell carcinoma, CAFs have
been shown to utilize glutamate to form glutathione, balanc-
ing cellular redox status and promoting stromal extracellular
matrix remodeling.®3 Furthermore, a significant upregulation
of glutathione was also found in melanocytes, which may
be due to UVA-mediated melanogenesis caused by excessive
production of oxidants and deterioration of the antioxidant
defense network. %

Our results demonstrate that the iBCC microenvironment
exhibits enhanced metabolic flux in glycolysis, glutamine,
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heme, and glutathione pathways. Moreover, we observed
significant differences in the metabolic profiles of the two
types of CAFs. In iCAFs, pyruvate content was relatively high,
while in myoCAFs, PHGDH and 3PG were highly expressed,
indicating their function in extracellular matrix reprogram-
ming.

MALDI MSI Reveals Metabolic Complexity in
Human Infiltrative Basal Cell Carcinoma of the
Eyelid

To corroborate the metabolic alterations in iBCC iden-
tified through single-cell analysis and to elucidate the
complex metabolic landscape of the tumor microenviron-
ment, we collected four samples for MALDI MSI (Table;
Methods; Fig. 1A). Due to the specificity of tumor resec-
tion surgery, some sections were able to display changes
in the tumor invasive zone (Fig. 3A). Both tumor and stroma
regions were identified in the samples (Fig. 3B). Compared
with H&E staining, red pixels exhibited spatial characteris-
tics similar to stroma regions, while the spatial distribution
of yellow pixels was consistent with tumor regions (Fig. 3C).

We identified metabolic similarities in the MS images of
each BCC sample using bipartitional k-means clustering,
which grouped image pixels with similar metabolic finger-
prints together.”> Both C1 and C2 were divided into six
clusters, suggesting a high degree of metabolic complexity
within the tumor (Fig. 3D). Further analysis revealed that all
detected features could be separated into six major compo-
nents (Supplementary Fig. S3A).

We detected numerous active components in human
eyelid iBCC samples (Figs. 3E, 3F). The top 10 categories
of substances included carboxylic acids and their deriva-
tives, aromatic hydrocarbons, fatty acyls, steroids, and glyc-
erophospholipids. The significant presence of metabolites
related to lipid metabolism suggested a high degree of lipid
metabolic heterogeneity in iBCC.

We analyzed the metabolites that were upregulated in all
iBCC samples compared to normal skin (Fig. 4A). Taurine
showed a significant increase in all four tumor samples
(Fig. 4B). Previous studies have shown elevated levels of
taurine in primitive embryonic tumors*® and brain tumors
such as retinoblastoma, medulloblastoma, and neuroblas-
toma.?”4® Deoxy-GMP, associated with DNA damage caused
by light exposure, a significant pathogenic factor in BCC,
was also upregulated. This suggests its role as an acti-
vated carcinogenic metabolite that binds to DNA and forms
adducts, inducing gene mutations and accelerating tumor
progression’’ (Fig. 4C). O-Phosphoethanolamine, signifi-
cantly elevated in tumors (Fig. 4D), is linked to tumor
growth, endurance in harsh microenvironments, invasion,
and infiltration.>® Pyrithione, a heat shock response inducer
causing DNA damage and impaired genomic integrity, was
also upregulated.”!

Notably, metabolites associated with carbohydrate
metabolism (such as ATP, UTP, and sodium lactate) are
upregulated in samples C3 and C4 compared to C1 and
C2 (Fig. 4A). This may be due to the presence of central
ulceration and recurrent bleeding in the C3 and C4 samples,
making them more aggressive compared to the Cl1 and
C2 samples and thereby requiring more rapid energy
support.

KEGG enrichment analysis revealed that the sphingolipid
signaling pathway, with O-phosphoethanolamine as a key
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Ficure 3. Construction of spatial metabolic landscape of human eyelid infiltrative basal cell carcinoma. (A) H&E staining of basal cell
carcinoma tumor area, invasive zone, and peritumoral area. (B) H&E staining of basal cell carcinoma sample where blue areas represent
stroma regions, and black areas represent tumor regions. (C) Sample pixel clustering analysis (k-means); both samples are divided into six
clusters. (D) Metabolite clustering proportions of C1 and C2 samples. (E) Average mass spectrum of metabolites in basal cell carcinoma
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of metabolites in samples.

metabolite, was upregulated in all four tumor samples
(Supplementary Fig. S3B). O-phosphoethanolamine, derived
from sphingosine-1-phosphate (S1P), is linked to cancer cell
transformation, migration, growth, and resistance.’? In Cl,
C3, and C4, the lysosomal metabolism pathway was upreg-

ulated, likely due to the high carbohydrate affinity required
by rapidly proliferating cancer cells.>?

We then investigated the downregulated metabo-
lites in four iBCC samples (Fig. 4F). Conjugated
linoleic acid (Fig. 4G), known for its antitumor effects
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in skin Kkeratinocytes, was significantly reduced in Metabolite Similarity and Differences Between

all four samples.>* Compared to normal skin, 2,3- Tumor and Invasive Zone in iBCC
bisphosphoglycerate (Fig. 4H) was significantly down-
regulated, indicating enhanced glycolysis in tumor tissues, Since iBCC strongly interacts with its nearby environment,

consistent with previous literature and our findings.>>>° we subdivided the slice into microregions to analyze the
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Ficure 5. Metabolic changes of the invasive area of human basal cell carcinoma. (A) H&E staining of tumor area, tumor invasive area, and
normal area. (B) The share enriched KEGG pathways between tumor and invasive area (P < 0.05). (C) Heatmap showing the metabolites
enriched in pathways hsa00061 and hsa01040 and their expression levels in tumor, invasive, and normal areas. (D) Mass spectrometry
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area, and normal area. (E) Barplot showing the differentially upregulated metabolites in tumor and invasive regions. Differences between
the tumor area and invasive zone with AUC >0.7 or <0.3 and corrected P < 0.01 were considered significant upregulated/downregulated
metabolites. (F) Metabolic mass spectrometry image of UDPGA. (G) Violin plot showing the distribution of UDP-glucose 6-dehydrogenase

(UGDH) in various clusters in BCC samples.

tumor-stroma interactions at the invasive zone.’” The loca-
tions of tumor, invasive zone, and normal area in iBCC were
identified (Fig. 5A).

KEGG enrichment analysis showed that lipid
metabolism-related pathways were upregulated in both
the tumor and invasive area compared to normal tissue

(Fig. 5B). In the fatty acid biosynthesis pathway (hsa00061),
oleic acid was found to be highly expressed in the invasive
area (Figs. 5C, 5D). CAFs in xenograft tumors have been
reported to contain higher levels of oleic acid, which can
activate lipid metabolism in cancer cells under glucose
deprivation conditions, enhancing their stem cell activity
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and contributing to malignant progression.’® Additionally,
in the biosynthesis pathway of unsaturated fatty acids
(hsa01040), arachidonic acid was highly expressed in
both the tumor and invasive area (Figs. 5C, 5D). As an
important mediator of inflammation, arachidonic acid is
closely related to the maintenance of chronic inflammation
in the tumor microenvironment and the immune infiltra-
tion of tumor-associated immune cells.”” These findings
underscore the significant impact of lipid metabolism in the
tumor microenvironment on BCC proliferation and immune
suppression.

We also investigated the metabolic differences between
the tumor and invasive zone (Fig. 5E). GSH levels were
higher in the invasive area, consistent with our previous
single-cell findings (Fig. 2E). In human skin squamous cell
carcinoma, CAFs use glutamate to form glutathione, balanc-
ing cellular redox states and promoting extracellular matrix
remodeling.®® Furthermore, glutathione levels increase by
30% in prostate cancer cells grown in CAF-conditioned
media,®" suggesting that elevated GSH in tumor cells may
result from CAF regulation.

Heme levels were significantly higher in the invasive zone
compared to the tumor area. This finding aligns with recent
literature indicating that heme can modulate the tumor
microenvironment by acting on tumor-associated endothe-
lial cells and tumor-associated macrophages, promoting
angiogenesis and tumor immune suppression, in addition
to supporting cancer cell growth, survival, and metastasis.®?
Elevated levels of carnosine were also found in the invasive
zone.

UXS1 as a Potential Target to Counteract Drug
Resistance in Basal Cell Carcinoma

Among the upregulated metabolites in the tumor area, UDP-
glucuronic acid (UDPGA) exhibited the highest expression
(Figs. 5E, 5F). UDPGA plays a crucial role in glycosylation
within the Golgi apparatus and serves as a key substrate
for UDP-glucuronosyltransferase (UGTs).> These enzymes
utilize UDPGA to conjugate glucuronic acid to xenobiotics,
including chemotherapy drugs, facilitating their deactivation
and secretion through glucuronidation. This process may
contribute to tumor drug resistance.’*

Recent research has highlighted the potential of UXS1
as a regulatory point, as it can convert UDPGA to UDP-
xylose, thereby reducing UDPGA accumulation. However,
this effect is only observed in tumors with high UDP-glucose
6-dehydrogenase (UGDH) expression.> In non-small cell
lung cancer with high UGDH expression, the induction of
UXS1 loss significantly slows tumor growth and extends
the median survival time for chemotherapy drugs A549 and
H460.55:66

Motivated by these findings, we explored whether BCC
exhibits high UDPH expression. We examined the distribu-
tion of UGDH (Fig. 5G) and found high expression levels
in tumor cells and tumor microenvironment cells, includ-
ing myoCAFs, iCAFs, and ECs. The elevated expression of
UGDH in both tumor cells and stromal cells suggests active
remodelling of the ECM within the BCC microenvironment,
potentially contributing to tumor progression and invasion.

DiscuUsSION

Infiltrative basal cell carcinoma of the eyelid is a highly
aggressive subtype, presenting substantial challenges due
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to its invasive growth pattern,®~* high risk of recurrence,'?

and considerable treatment burden.’” Some of the infiltra-
tive cases are considered “difficult to treat” and may need
alternative therapies like hedgehog pathway inhibitors (e.g.,
vismodegib or sonidegib) and immune checkpoint inhibitors
(e.g., PD-1), which are approximately 10 times higher than
the surgery prices.'® Our study provides novel insights
into the metabolic landscape of this tumor using spatial
metabolomics imaging and scRNA-seq. By integrating these
advanced techniques, we have mapped the metabolic alter-
ations in the tumor microenvironment and identified poten-
tial diagnostic markers and therapeutic targets.

Cellular Metabolic Flux in iBCC

GSVA analysis between BCC and PTS has demonstrated
the activation of various metabolic pathways in BCC. The
fructose and mannose metabolism pathway showed the
most significantly difference between BCC and PTS. Previ-
ous studies have demonstrated that fructose enhances the
Warburg effect by downregulating mitochondrial respira-
tion and increasing aerobic glycolysis, potentially support-
ing metastatic cancer growth?® and driving metabolic repro-
gramming in cancer cells.?’ Also, there are some pathways
related to lipid metabolism and amino acid metabolism,
which led us to further explore the metabolic changes
and their metabolic flux in different clusters in BCC. For
the subsequent metabolic pathway analysis, we opted to
consider tumor cells as a whole since gene set varia-
tion analysis of metabolic pathways across all BCC clus-
ters revealed that stromal clusters—such as iCAFs, myoCAFs,
ECs, and immune cells—undergo more significant metabolic
changes than the tumor cells themselves. This suggests that
the stroma plays a more dynamic and active role in the
metabolic reprogramming of BCC, offering crucial insights
into the broader tumor microenvironment and potentially
guiding therapeutic strategies that target stromal elements
in addition to tumor cells. We investigated the cellular
metabolic flux in iBCC, revealing a significant upregula-
tion of glycolytic flux across all clusters within the iBCC
microenvironment. This finding is consistent with the high
metabolic state of iBCC and highlights the critical role
of glycolysis in tumor growth and progression.>> Notably,
elevated glutamine levels were observed in proliferative
epithelial cells, suggesting that glutamine plays a crucial role
in sustaining the proliferation and apoptosis of tumor epithe-
lial cells.

Metabolic Alterations in the Tumor
Microenvironment

Spatial metabolomics imaging allowed us to analyze the
metabolic differences between tumor cells and normal cells,
as well as the metabolic changes in the tumor invasive
area. We identified several metabolites, including taurine,
deoxy-GMP, O-phosphoethanolamine, and pyrithione, that
were highly expressed across tumor samples, indicating
their potential as diagnostic markers for eyelid iBCC. Previ-
ous studies on BCC indicated that tumors respond to sudden
bursts of fibroblast-specific inflammatory signaling path-
ways by producing heat shock proteins.!” The upregula-
tion of pyrithione suggests that the heat shock response
in BCC may be induced by pyrithione. The upregula-
tion of the sphingolipid signaling pathway, particularly O-
phosphoethanolamine derived from S1P cleavage, highlights
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its significance in promoting cancer cell transformation,
migration, growth, and drug resistance. Interestingly, we
observed that tumors located in the lower eyelids tend to
exhibit central ulceration and recurrent bleeding. Addition-
ally, metabolites associated with carbohydrate metabolism,
such as ATP, UTP, and sodium lactate, were upregulated in
the C3 and C4 samples compared to the C1 and C2 samples.
This observation may be attributed to the more aggressive
nature of the C3 and C4 samples, likely due to the presence
of central ulceration and recurrent bleeding, which demand
higher metabolic activity and rapid energy support to sustain
the tumor’s growth and survival. These findings align with
the notion that ulceration and ongoing tissue damage in
tumors trigger increased glycolytic and energy demands to
support invasive and proliferative cellular activities.®

Lipid Metabolism and Lysosomal Pathway
Upregulation

Tumor and invasive areas showed upregulation of lipid
metabolism pathways, with high expression of oleic and
arachidonic acids. This suggests that CAF-derived oleic acid
may be transferred to cancer cells for energy production,
similar to mechanisms observed in lung adenocarcinoma.>®
The activation of the arachidonic acid pathway in iCAFs and
myoCAFs supports their role in maintaining inflammation in
the invasive area. The lysosome pathway was also upreg-
ulated in both tumor and invasive areas, suggesting that
lysosome-induced tumor immunity might also be present in
iBCC.

Potential Therapeutic Target

In the tumor area, we observed a specific upregulation
of UDPGA. To investigate the potential activation of its
upstream gene, we examined UGDH expression in single
cells. We found that UGDH was highly expressed in tumor
cells, proliferative epithelial cells, iCAFs, myoCAFs, and ECs.
UXS1 was only active in tumor cells with high UGDH expres-
sion. Given the high expression of UGDH in iBCC, we spec-
ulate that UXS1 could also serve as a potential therapeutic
target to control tumor proliferation and drug resistance in
iBCC.

Limitations of the Study

Despite these findings, our study has several limitations.
First, the small sample size, due to difficulties in presurgical
tumor type identification, potentially limits the comprehen-
sive understanding of metabolic heterogeneity and spatial
diversity. Also, due to the rarity of locally advanced basal
cell carcinoma® and metastatic basal cell carcinoma,”® we
were unable to collect sufficient samples to present the
metabolic changes in different stages iBCC. Second, the anal-
ysis of epithelial cell subgroups is insufficient. Additionally,
the analysis of interactions between tumor cells and other
microenvironment components is limited. Lastly, current MSI
methods prevent the capture of cell-specific characteristics
and correlations in tissues, thereby limiting metabolomic
insights at the single-cell level.

CONCLUSIONS

In conclusion, our study provides novel insights into
the metabolic landscape of iBCC of the eyelid, revealing
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the pivotal role of metabolic reprogramming—particularly
within stromal cells—in tumor progression. We have iden-
tified potential diagnostic markers and therapeutic targets,
especially UXS1, and highlighted the complex interplay
between metabolic alterations and immune evasion in this
aggressive eyelid malignancy. Future research is necessary
to further validate these findings and explore clinical appli-
cations, such as combination therapies targeting both the
tumor and stromal components or investigating the molec-
ular mechanisms driving metabolic shifts in BCC. These
efforts may help refine current treatment strategies and ulti-
mately enhance patient outcomes.
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