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Abstract

Background: Pancreatic cancer ranks as the fourth leading cause of cancer-related deaths in the USA.
The human aldehyde dehydrogenase (ALDH) family comprises 19 functional members and has been
implicated in prognosis and therapy resistance. However, it remains unclear which specific ALDHs
are associated with adverse prognoses in pancreatic cancer. Methods: We obtained transcriptomic
and clinical data for pancreatic adenocarcinoma (PAAD) from the TCGA, corresponding mutational
data, and normal pancreatic tissue transcriptomic data from GTEx. Prognostic analysis was carried
out using Kaplan-Meier. KEGG and GO analyses were used for biological signaling pathways, and
ESTIMATE algorithms for tumor microenvironment (TME) assessment. CIBERSORT algorithm
immune infiltration analysis and OncoPredict algorithms were employed for predicting
chemotherapy sensitivity. Results: Our study identified four of the 19 ALDH genes (ALDHI1L1,
ALDH3A1, ALDH3B1, ALDH5A1) that were significantly associated with pancreatic cancer
prognosis. High expression of ALDH1L1, ALDH3A1, ALDH3B1 was associated with shorter overall
survival, while ALDH5A1 expression was associated with longer overall survival of pancreatic
cancer patients. Clinicopathological analysis revealed a significant association with KRAS mutational
status and ALDH3A1 expression. Immune correlation analysis indicated that high expression of
ALDH3A1 and ALDH3B1 were associated with lower expression of CD8+ T cell-associated gene
expression. ESTIMATE analyses further revealed that high expression of ALDH3A1 and ALDH3B1
was associated with lower levels of immune cell infiltration. PAAD tumors with low ALDH3A1
expression were more sensitive to paclitaxel. Immunohistochemical analysis demonstrated high
expression of ALDH3A1 in pancreatic cancer cells of human tumor tissues compared to normal
pancreatic tissues. Conclusions: This study unveils specific ALDHs family members relevant for
prognosis and chemotherapy response in pancreatic cancer patients. These findings contribute
valuable insights into prognostic biomarkers and their potential clinical utility in the treatment of
pancreatic adenocarcinoma.

Keywords: Pancreatic cancer; ALDH family; biomarkers; chemoresistance; immune infiltration

1. Introduction

Pancreatic adenocarcinoma (PAAD) is one of the most aggressive solid malignancies and it is
the fourth leading cause of cancer-related deaths in the USA[1]. PAAD is projected to be the second
leading cause of cancer-related deaths by 2030[2]. Unfortunately, most patients present with
advanced disease because pancreatic cancer is difficult to diagnose. For patients with resected
disease, adjuvant therapy e.g. with modified 5-fluorouracil (5-FU), irinotecan, oxaliplatin, or
gemcitabine is recommended[3,4]. Moreover, advancements in neoadjuvant chemotherapy have
played a pivotal role in improving the management of borderline resectable or locally advanced
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pancreatic cancer and have significantly improved the long-term outcomes for these patients[5].
However, pancreatic cancer is known for its resistance to conventional treatments, such as
chemotherapy and targeted therapy[6]. Therefore, it is critical to identify new prognostic markers
and therapeutic targets for patients with PAAD.

Human aldehyde dehydrogenases (ALDHs) are a multigene family with 19 functional
members[7]. ALDHSs belong to a superfamily of enzymes that are often upregulated in cancer cells
and are associated with survival. ALDHs are versatile enzymes with multiple catalytic functions,
including aldehyde oxidation, and ester hydrolysis, while also acting as indirect antioxidants through
NAD(P)H generation[8]. The relationship between these proteins and chemotherapy resistance and
drug targets is well established[9]. Notably, ALDH1A3 exhibits high expression in pancreatic cancer,
impacting prognosis and facilitating metastasis[10,11]. ALDH3A1 can be used in combination with
chemotherapy to overcome patient-specific drug resistance in non-small cell lung cancer[12]. ALDH2
is associated with the development and progression of multiple cancers and promotes drug
resistance[13]. However, it is unknown whether all ALDHs are associated with poor pancreatic
cancer prognosis. Here, we performed a comprehensive bioinformatic analysis to identify ALDHs
with clinical and prognostic value in PAAD. We further delved into investigating the correlation
between ALDHs and immune cell infiltration, as well as their interplay with chemotherapy. This
comprehensive analysis aimed to enhance our understanding of how ALDHs influence the tumor
microenvironment (TME) in pancreatic cancer and how targeting ALDHs can help to overcome
patient-specific drug resistance.

2. Material and Methods:

2.1. Data Sources

Transcriptomic and clinical data for pancreatic adenocarcinoma (PAAD) were obtained from
The Cancer Genome Atlas (TCGA; https://portal.gdc.cancer.gov/), including corresponding
mutational data. Raw counts were converted to transcripts per million (TPM) and transformed to
log2 (TPM + 1) when necessary for subsequent analysis.

2.2. Survival Analysis

The prognostic significance of ALDHs in PAAD was evaluated by comparing overall survival
between the high and low ALDHSs gene expression groups using Kaplan-Meier curves and the

survival package (https://cran.r-project.org/web/packages/survival/). The samples were
divided into high and low expression groups using the median expression value of each ALDHs.

2.3. Expression and Clinical Analysis

GEPIA (http://gepia.cancer-pku.cn/index.html) was used to analyze the expression of genes
(ALDHIL1, ALDH3A1, ALDH3B1, ALDH5A1) in The Cancer Genome Atlas Program (TCGA) and
The Genotype-Tissue Expression (GTEx) datasets[14]. The relative expression levels of genes in the
high and low expression groups were further analyzed across different pathological stages.

2.4. Estimation of Tumor Mutational Burden (TMB)

The “maftools” R package was implemented to analyze and visualize the Mutation Annotation
Format (MAF) of somatic variants[15]. The relative expression levels of genes (ALDH1L1, ALDH3A1,
ALDH3B1, ALDH5AL1) in the high and low expression groups were further analyzed in the context
of KRAS mutation.

2.5. Functional Enrichment Analysis

The differentially expressed genes (DEGs) between high and low expression groups for
ALDHI1L1, ALDH3A1, ALDH3B1, ALDH5A1 were analyzed by using the R package “DESeq2”. The
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potential functions of these DEGs were then analyzed by Gene Ontology (GO) annotation and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment pathway analysis by using the R-package
“clusterProfiler”[16]. The DEG threshold was set at a llog2 fold changel >1 and padj< 0.05 was
considered as significant.

2.6. Estimation of Stromal and Immune Scores and Immune Infiltration Analysis

The Estimation of Stromal and Immune cells in Tumors using Expression data (ESTIMATE)
algorithm was used to evaluate the PAAD microenvironment[17]. The abundance of 22 tumor-
infiltrating immune cells in PAAD samples was determined using the CIBERSORT algorithm
through the R package[18].

2.7. Chemotherapy Response Prediction

As chemotherapy is commonly used to treat PAAD, the R package “oncoPredict” was used to
estimate the chemotherapeutic response, determined by the half maximal inhibitory concentration
(IC50) of each PAAD patient on the Genomics of Drug Sensitivity in Cancer (GDSC) database[19,20].
Five commonly used chemotherapeutic drugs were selected and their predicted therapeutic effects
compared between the high and low expression groups for ALDH1L1, ALDH3A1, ALDH3B1,
ALDH5AL.

2.8. scRNA-seq Analysis and Expression Levels of ALDH3A1 in Pancreatic Cancer Cell Lines

Pancreatic cancer single-cell data analysis was carried out using Tumor Immune Single-cell Hub
2 (TISCHZ2; http://tisch.comp-genomics.org/). In this study, the PAAD_CRA001160 dataset was used
to analyze the expression of several genes, including ALDHI1L1, ALDH3A1, ALDH3B1, and
ALDH5A1. Additionally, the Human Protein Atlas (HPA; https://www.proteinatlas.org/) was
utilized to evaluate ALDH3A1 expression in pancreatic cancer cell lines.

2.9. Cell Culture

Human PAAD cell lines (BxPC-3, Capan-1, AsPC-1, Su.86.86, MIA PaCa-2, PANC-1) were
cultured in the incubator at 37 °C and 5% CQO2. Cell lines BxPC-3, AsPC-1, Su.86.86 were maintained
in RPMI-1640 medium (Sigma-Aldrich, Germany) with 10% fetal bovine serum (FBS) (Sigma-Aldrich,
Germany), penicillin (100 U/mL) and streptomycin (100 mg/mL) (Thermofisher, Germany) and
Capan-1 were maintained in RPMI-1640 medium with 15% fetal bovine serum (FBS), penicillin (100
U/mL) and streptomycin (100 mg/mL). PANC-1 were maintained in high glucose Dulbecco’s
Modified Eagle’s medium (DMEM) (Sigma-Aldrich, Germany) with 10% fetal bovine serum (FBS),
penicillin (100 U/mL) and streptomycin (100 mg/mL) and MIA PaCa-2 were maintained in high
glucose Dulbecco’s Modified Eagle’s Medium (DMEM) with 5% fetal bovine serum (FBS),5% horse
serum, penicillin (100 U/mL) and streptomycin (100 mg/mL).

2.10. Human Samples

Human pancreatic cancer samples were obtained from the University Medical Center Halle,
Martin-Luther-University Halle-Wittenberg, Germany. The use of human samples was conducted in
accordance with the ethical principles outlined in the Declaration of Helsinki and was approved
under protocol number 2019-037.
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2.11. Immunohistochemistry

Consecutive paraffin-embedded tissue sections 4 em thick were deparaffinized and rehydrated
using previously described methods[21]. Antigen retrieval was performed on the slides using citrate
buffer (pH 6.0) in a microwave oven, and non-specific reactivity was then blocked with 1% BSA in
PBS. The sections were incubated with the ALDH3A1 antibody (Santa Cruz Biotechnology, sc-
376089,1:300) at 4°C overnight and then incubation with secondary biotinylated antibody (Dako,
K0675) and system HRP (Dako, K0675). Color-reaction with Dako DAB+ chromogen kit (Dako K3468,
1:300) and counterstaining with hematoxylin.

2.12. gPCR

Total RNA was extracted from PDAC cell lines and isolated according to manufacturer’s
protocol using direct-zol™ Mini-prep Kit (ZYMO RESEARCH EUROPE GMBH, Germany). qPCR
was performed using HOT FIREPol® EvaGreen® qPCR Mix Plus (ROX) (Solis BioDyne, Estonia).
Sequences for qPCR primers are as follows: ALDH3A1 (human): sense: CTC GTC ATT GGC ACC
TGG AACT, antisense: CTC GCC ATG TTC TCA CTC AGC T; 3-Actin (human): sense: AGG CAC
CAG GGC GTG AT, antisense: GCC CACA TA GGA ATC CTT CTG AC.

2.13. Western Blot

Proteins were separated by 12% SDS-PAGE and then transferred onto PVDF Blotting
Membranes (GE Healtcare Life science, Great Britain). The Membranes incubated with primary
ALDH3A1 antibody (1 : 500) (Santa Cruz Biotechnology, sc-376089) at 4 °C overnight and the
secondary antibody at room temperature for 1 h.

2.14. Statistical Analysis

All bioinformatics analyses and visualization were performed using R software v4.2.3
(https://www.r-project.org/) and statistical analyses were performed using Prism v10 (GraphPad, San
Diego, USA) .Wilcoxon test was applied for the comparisons between two groups. A P-value < 0.05
was considered statistically significant.

3. Results
3.1. Prognostic Value of ALDHs in PAAD

Kaplan-Meier analysis based on TCGA data was performed to assess the association between
ALDHs expression and overall survival (OS) in PAAD patients. In the overall survival analysis, high
expression of ALDHIL1 (P =0.012), ALDH3A1 (P =0.018), ALDH3BI1 (P = 0.002) and low expression
of ALDH5A1 (P =0.030) was found to be significantly correlated with worse survival (Figure 1A-D).
These findings indicate that ALDH1L1, ALDH3A1, ALDH3B1 and ALDH5A1 may be useful as
prognostic biomarkers in PAAD.
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Figure 1. Kaplan-Meier curves of PAAD patients with above or below median expression levels of ALDHIL1(A),
ALDH3A1(B), ALDH3B1(C), ALDH5A1 (D).

3.2. Correlation Between ALDH Expression in PAAD and ALDH3A1 Levels in Pancreatic Cancer Tissues,
Normal Tissues, and Cell Lines

Next, the expression of ALDH1L1, ALDH3A1, ALDH3B1 and ALDHS5A1 in pancreatic
adenocarcinoma (PAAD) samples was compared with that of matching TCGA and GTEx normal
samples using GEPIA. Our findings revealed that ALDH3A1 and ALDH3B1 were significantly
upregulated, while ALDHIL1 was significantly downregulated in pancreatic cancer tissues
compared to normal tissues (Figure 2A-C). However, there was no significant difference in
ALDHS5A1 expression between pancreatic cancer and normal tissues (Figure 2D). Single-cell analysis
shows that ALDH3A1 is mainly expressed in pancreatic cancer cells (Figure 2E,G,H). To investigate
the relationship between ALDH3A1 expression in pancreatic cancer tissues and normal tissues,
immunohistochemical staining was performed on human PAAD samples and normal pancreatic
tissue samples. (Figure 3E-]). Immunohistochemical analysis demonstrated high expression of
ALDHB3AL1 in pancreatic cancer cells of human tumor tissues compared to normal pancreatic tissues.
Moreover, Protein Atlas data analysis revealed that ALDH3A1 is highly expressed in most pancreatic
cancer cell lines (Figure 3A). This was further confirmed by qPCR analysis and Western blot of
ALDH3A1 expression in pancreatic cancer cell lines (Figure 3B-D). Immunohistochemical staining
and single-cell sequencing consistently revealed high ALDH3A1 expression in pancreatic cancer,
with localization predominantly in cancer cells within the tumor microenvironment.
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Figure 2. ALDHs expression in different cell types in the single-cell transcriptomic dataset PAAD_CRA001160.
Comparison of ALDH1L1(A), ALDH3A1(B), ALDH3B1(C), ALDH5A1(D) expression in pancreatic tumor (red)
and normal (blue) tissues. (E) UMAP plot displays an integrated cellular map composed of 12 annotated cell
types in PAAD_ CRA001160. (F) UMAP showing ALDHIL1 expression in each cell type. (G) UMAP showing
ALDH3A1 expression in each cell type. (H) VInPlot showing ALDH1L1, ALDH3A1, ALDH3B1, ALDH5A1
expression in each cell type. (I) UMAP showing ALDH3B1 expression in each cell type. (J) UMAP showing
ALDH5AL1 expression in each cell type. *p <0.05; ns, not significant.
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Figure 3. ALDH3A1 expression in pancreatic cancer and normal pancreatic tissues and pancreatic cancer cell
lines. (A) Analysis of ALDH3A1 expression in pancreatic cancer cell lines using HPA. (B) The expression of
ALDHB3AL1 in pancreatic cancer cells (BxPC-3, Capan-1, AsPC-1, Su.86.86, MIA PaCa-2, PANC-1) was analyzed
by qPCR. (C, D) The expression of ALDH3A1 in pancreatic cancer cells (BxPC-3, Capan-1, AsPC-1, Su.86.86,
MIA PaCa-2, PANC-1) was analyzed by Western blot assays. (E-G) Representative immunohistochemistry
images showing ALDH3A1 expression in pancreatic cancer tissues. (H-]J) Representative immunohistochemistry

images showing ALDH3A1 expression in normal pancreatic tissues. Bar: 20pum.

3.3. Correlation Between ALDHs Expression and Clinicopathological Parameters in PAAD

KRAS mutations play a critical role in the development and progression of PAAD. To further
investigate how gene expression correlates with cancer progression, the association between KRAS
mutation and the expression levels of ALDH1L1, ALDH3A1, ALDH3B1 and ALDH5A1 was
analyzed. A significant correlation was observed between KRAS mutation and the high expression
of ALDHI1L1, ALDH3A1, and ALDH3B1 (Figure 4E-G). Further, Tumor Mutational Burden (TMB)
is defined as the number of somatic mutations per megabase of interrogated genomic sequence, and
TMB analysis was used to compare the mutation rates between above and below median expression
groups of the respective genes. The results showed that the frequency of mutations was higher in the
ALDHI1L1 (86.42%), ALDH3A1 (96.39%), and ALDH3B1 (95.24%) above median group than in the
below median group (Figure S2A,B and S3A). This is consistent with the KRAS mutation analysis,
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which shows that the above median groups of ALDH1L1, ALDH3A1 and ALDH3B1 have a higher
mutation rate and KRAS mutation frequency, suggesting that they may play a role in the
development and progression of pancreatic cancer. However, no significant differences in the
expression levels of ALDH1L1, ALDH3A1, ALDH3B1 and ALDH5A1 were observed according to
age, gender and tumor stage (Figure 4A-D, Table S1). The observed correlations with KRAS
mutations and elevated TMB levels further support a potential role of ALDH3A1 in PAAD
progression.
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Figure 4. Correlation between ALDHs expression and clinicopathological parameters in PAAD. Correlation of
ALDHIL1(A), ALDH3A1(B), ALDH3B1(C), ALDH5A1(D) expression with cancer stage. Correlation of
ALDHIL1(E), ALDH3A1(F), ALDH3B1(G), ALDH5A1(H) expression with KRAS status. ***p <0.001; **p <0.01;
*p <0.05; ns, not significant.

3.4. Enrichment Analysis on ALDHs

To gain further insight into the underlying biological function of PAAD, Gene Ontology (GO)
annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were
performed. The results of the GO functional enrichment analysis indicate that ALDH1L1 is involved
in the modulation of chemical synaptic transmission (Figure 5A), while ALDH3A1 and ALDH3B1
are involved in the regulation of membrane potential (Figure 5B,C). ALDH5AL1 is involved in the
production of immunoglobulins (Figure 5D). ALDHI1L1 is predominantly expressed in astrocytes,
and astrocytes labelled with ALDH1L1 play a critical role in indirectly influencing chemical synaptic
transmission and plasticity through their regulatory functions in the neurogenic environment[22,23].
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The KEGG analysis revealed that ALDH1L1, ALDH3A1, and ALDH3B1 were significantly
enriched in the neuroactive ligand-receptor interaction and pancreatic secretion pathways (Figure
6A-C). ALDH5A1 was identified as being enriched in the neuroactive ligand-receptor interaction and
insulin secretion pathways (Figure 6D). Functional and enrichment analyses suggest a potential role
for ALDH genes in pancreatic cancer progression through their involvement in neural signaling and
secretory regulation within the tumor microenvironment.
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Figure 5. GO functional enrichment analysis of ALDHs in PAAD. Exploring the enrichment of ALDHIL1(A),
ALDH3A1(B), ALDH3B1(C), ALDH5A1(D) expressed above and below median levels in terms of biological

function by GO analysis.
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Figure 6. KEGG Pathway analysis of ALDHs in PAAD. Exploring the enrichment of ALDHILI(A),
ALDH3A1(B), ALDH3B1(C), ALDH5A1(D) expressed above and below median levels by KEGG Pathway

analysis.

3.5. Analysis of the Contribution of ALDHs to Drug Resistance

Based on the above, GO analysis results indicate that modulating chemical synaptic transmission
can subsequently alter ROS levels, suggesting that ALDHs may be involved in drug resistance. Next,
we evaluated the IC50 of selected compounds in each PAAD sample using the oncoPredict algorithm.
PAAD tumors with high ALDHI1L1 expression and low ALDH3A1 expression were more sensitive
to paclitaxel (Figure 7E,J). Moreover, tumors with high ALDH3B1 expression showed increased
sensitivity to irinotecan (Figure 7M). In addition, tumors with high ALDH3B1 and low ALDH5A1
expression were more responsive to oxaliplatin. (Figure 7N,S). This finding suggests that the levels
of ALDH expression may serve as a predictive indicator of chemotherapy response in patients with
PAAD.
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Figure 7. Investigation of drug sensitivity and ALDH expression in PAAD. (A-T) Comparison of 5-fluorouracil
(5-FU), gemcitabine, irinotecan, oxaliplatin, or paclitaxel sensitivity in ALDHI1L1, ALDH3A1, ALDH3B1,
ALDH5A1 above and below median expression groups. **p <0.001; **p <0.01; *p <0.05; ns, not significant.

3.6. Correlations Between ALDHs Expression of Immune Infiltration

Immune cell infiltration in the tumor microenvironment is an important indicator of tumor
immune evasion and the patient's immune response capacity and plays a key role in predicting tumor
prognosis and treatment response. The results of the ESTIMATE analysis indicated that the TME
scores in the ALDH3A1 and ALDH3B1 below median groups were higher than those in the
ALDH3A1 and ALDH3B1 above median group (Figure 8A,B). Furthermore, the results of the
immune infiltration analysis indicated that high expression of ALDH3A1 and ALDH3B1 was
associated with a lower expression of CD8+ T cell-associated gene expression (Figure 8F,G).
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Figure 8. Estimation of TME Scores and Immune infiltration and ALDH expression in PAAD. Correlation
between ALDHI1L1(A), ALDH3A1(B), ALDH3B1(C), ALDH5A1(D) expression with TME Scores by the
ESTIMATE algorithm. The relationship between the proportion of immunocytes and the expression of
ALDHIL1(E), ALDH3A1(F), ALDH3B1(G), ALDH5A1(H). **p <0.001; **p <0.01; *p <0.05; ns, not significant.

4. Discussion

Pancreatic cancer is characterized by late diagnosis, a poor prognosis and high therapeutic
resistance[24]. ALDHs are crucial detoxifying enzymes that protect cells from oxidative stress by
converting toxic aldehydes into less harmful carboxylic acids, thereby playing essential roles in a
variety of pathological conditions[25]. Several previous studies have investigated the association
between ALDH family members and expression in cancer tissues, prognosis, as well as their
involvement in drug resistance[26-28]. Among them, ALDH3 family members (ALDH3A1,
ALDH3A2, ALDH3B1, and ALDH3B2) can either promote tumor progression by enhancing survival,
chemoresistance, and stemness through metabolic reprogramming, or suppress it by inducing
reductive stress and inhibiting tumor-supportive microenvironments[29]. ALDH activity is essential
for maintaining a subpopulation of drug-resistant cancer cells by mitigating the toxicity of reactive
oxygen species (ROS). Further, inhibiting ALDH sensitizes these cells to kinase inhibitors, providing
a promising combination therapy strategy[28]. ALDH, particularly ALDH1 family members, plays a
key role in maintaining cancer stem cells and mediating resistance to therapy[30,31]. Consistently,
following chemotherapy treatment, the number of cells with high ALDH activity (ALDH* cells) may
increase, raising the possibility of resistance development[32]. ALDH family members have specific
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role in certain tumors. For example, ALDH1AS3 is a key regulator of breast cancer stem cell plasticity,
metabolic reprogramming and tumor progression[33]. In intrahepatic cholangiocellular carcinoma,
ALDH1A1 overexpression is associated with improved overall survival, suggesting its potential as a
prognostic biomarker[34]. In contrast, ALDHIL1 is significantly downregulated in hepatocellular
carcinoma, and its low expression is associated with poor prognosis[35]. ALDH5A1 is downregulated
in ovarian cancer, and its high expression is associated with improved prognosis, suggesting its
potential as a favorable prognostic biomarker[36]. Moreover, ALDH1A1 and ALDH3A1 are highly
expressed in non-small cell lung cancers, particularly squamous cell carcinoma and adenocarcinoma,
and their upregulation may be associated with malignant transformation[37]. In this study
comprehensively analyzed ALDHs in PAAD and identified four genes (ALDH1L1, ALDH3A1,
ALDHB3B1, ALDH5A1) as prognostic indicators for pancreatic cancer. Furthermore, we analyzed
differences in terms of function, clinical parameters, immune microenvironment and drug sensitivity.

It is further shown that ALDH3A1 and ALDH3B1 are overexpressed in tumor tissues, which is
associated with a worse prognosis. In line, a previous study indicated that ALDH3A1 could be used
as a prognostic marker in pancreatic cancer and may play an important role in mitochondrial energy
metabolism[38]. Furthermore, immunohistochemical analysis demonstrated high expression of
ALDHB3A1 of human tumor tissues compared to normal pancreatic tissues. Additionally, ALDH3A1
is highly expressed in most pancreatic cancer cell lines. The most frequent mutations of pancreatic
cancer are KRAS, TP53, CDKN2A, and SMAD4, with a KRAS mutation rate of more than 90%¢. The
results of our study indicate that the expression of ALDH3A1 and ALDH3B1 is significantly up-
regulated in patients with KRAS mutations compared to wild-type patients. Consistently, Tumor
Mutational Burden (TMB) analysis showed KRAS mutations were higher in tumors with high
ALDH3A1 and ALDH3B1 expression (76% and 81%, respectively) than in those with low expression
(44% and 38%, respectively). KRAS plays a pivotal role in the initiation, growth, progression, local
and distant invasion of pancreatic cancer[39]. The results of this study indicate that ALDH3A1 may
be a key factor in the occurrence and development of PAAD.

The tumour microenvironment (TME) is a complex entity comprising the extracellular matrix
(ECM), immune cells, fibroblasts, endothelial cells, and other cell types. At different stages of tumor
progression, cancer cells interact with the TME and play an important role in tumor initiation, growth
and metastasis[40]. The identification of factors that determine the extent of immune infiltration is
significant, as increased immune cell infiltration into tumors can predict response to immune
therapies[41].In our analysis, CD8+ T cells also showed higher infiltration in tumors with low
ALDH3A1 and ALDH3B1 expression. Cytotoxic CD8+ T cells are the most prominent effector cell
type in cancer immunotherapy and major killers of neoplastic cells[42]. The above findings suggest
that ALDHs may be linked to immune cell infiltration and, consequently, with the tumor
microenvironment in PAAD.

ALDHs play a pivotal role in the resistance to drug resistance observed in numerous cancers.
Gene Ontology (GO) analysis reveals that ALDHs influence chemical synaptic transmission, a
process that affects reactive oxygen species (ROS) production due to the metabolic demands of active
synapses[43]. These demands ALDHs can influence ROS levels. As chemotherapeutics generate
elevated levels of oxidative stress in cancer cells, ALDHs may serve to protect cancer cells against
these therapeutic approaches by maintaining reactive oxygen species (ROS) at low levels[44].
Furthermore, by modulating chemical synaptic transmission and subsequently altering ROS levels,
ALDHs may contribute to the development of drug resistance. Croker et al. reported that elevated
levels of ALDH enzymes in breast cancer cells contribute to the development of resistance to
chemotherapy[45]. In melanoma, ALDH1A1 mediates resistance to MAPK/ERK inhibitors by
activating PI3K/AKT signaling[46]. ALDH1A1-positive ovarian cancer cells have been shown to
contribute to resistance to paclitaxel and topotecan[47]. ALDHs have also been observed to display
high activity in cancer stem cells (CSCs) and to function as a biomarker for cancer stem cells (CSCs)
[48]. In addition, elevated ALDHs activity is associated with resistance of CSCs to chemotherapeutic
drugs[49]. For instance, ALDH1Al-positive lung cancer stem cells are enriched in EGFR TKI-
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resistant tumors and contribute to resistance against gefitinib[50]. Our data showed that pancreatic
cancer with low ALDH3A1 expression were predicted to be more sensitive to paclitaxel. Similarly,
high ALDH3A1 expression has been linked to chemoresistance in albumin paclitaxel plus
gemcitabine-resistant pancreatic cancer cells, possibly by modulating intracellular oxidative stress
levels[51]. These results suggest that ALDH3A1 may play a role in mediating chemoresistance in
pancreatic cancer.

5. Conclusions

ALDHIL1, ALDH3A1, ALDH3B1, and ALDH5A1 may serve as potential prognostic markers
and predictors of chemotherapy response in pancreatic cancer patients. These findings contribute
valuable insights into prognostic biomarkers and their potential clinical utility in the treatment of
pancreatic adenocarcinoma.

Limitations of the Study

Although our prognostic and drug resistance analysis are of some significance, the analysis of
drug resistance has to be validated through in vitro experimentation and corroborated by clinical
data.
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