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ZC3H12D gene expression exhibits
dual effects on the development
and progression of lung
adenocarcinoma

Yuansi Zheng?, Yuhuan Zhang??3, Jieyi Li%3" & Ying Su*™*

While precision oncology requires robust biomarkers, current predictors for lung adenocarcinoma
(LUAD) often show limited clinical utility. This study investigates the multifaceted roles of ZC3H12D,

a novel immunomodulatory molecule, in LUAD progression and tumor microenvironment regulation.
Multi-omics analyses integrated ZC3H12D transcriptomic (511 tumors vs 59 normals), proteomic (74
tumors vs 69 normals), and single-cell RNA-seq data (15 tumors vs 11 normals). Immunohistochemistry
validated ZC3H12D expression in 51 matched pairs. Computational biology approaches assessed
immune infiltration, genomic instability (TMB/MSI/HRD), and pathway enrichment. Functional
validation employed ZC3H12D knockdown in PC9 cells with colony formation and transwell assays.
Multi-omics verification confirmed ZC3H12D upregulation in LUAD at both mRNA and protein levels
(p<0.001), with single-cell resolution revealing predominant localization in tumor-infiltrating immune
cells. Moreover, ZC3H12D expression positively correlated with immune regulatory genes while
inversely associating with genes involved in cellular respiration. Its expression was also linked to
clinical markers such as TMB, MSI, HRD, tumor purity, and ploidy. Notably, high ZC3H12D expression
revealed Immune-infiltrated microenvironment and favorable prognosis, despite silencing ZC3H12D
resulted in significant inhibition of tumor cell proliferation and invasion in vitro (p <0.001). Our findings
demonstrate that high ZC3H12D expression in immune cells appears to enhance antitumor immune
activity, whereas lower expression in malignant cells contributes to reduced cellular proliferation and
migration. This spatial duality challenges conventional biomarker paradigms and provides mechanistic
insights for developing cell type-targeted therapies.
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According to the latest statistics, lung cancer kills 350 people every day on average! and has created a significant
public health problem in some developing countries. For example, the incidence of lung cancer is 3.7-fold higher
in China than in the United States, while the mortality is 5.3-fold higher??. Non-small cell lung cancer (NSCLC)
constitutes approximately 85% of all lung cancers® however, more than 80% of NSCLC patients are diagnosed
with locally advanced or metastatic disease; due to the lack of effective therapeutic strategies, most of these
patients are associated with a poor clinical outcome>®.

To predict the efficacy of treatment and achieve increased levels of patient stratification, multiple studies
have attempted to identify specific molecular markers of NSCLC. For instance, patients with the KRAS p.G12 C
mutation have been shown to achieve durable benefits from sotorasib therapy’. Furthermore, patients with high
expression levels of MYEOV are known to be associated with a poor prognosis®. Other research identified a 19-
gene signature (featuring PEBP4, DKK1, and EDN3) that is thought to be potentially valuable for the prognostic
evaluation of patients with lung cancer’. However, most existing biomarkers have been identified from public
databases by bioinformatic analysis and only a limited number of further verifications have been performed,
thus limiting the clinical application of these biomarkers!°.
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Among these markers, ZC3HI2 represents a particularly intriguing candidate. As a member of the CCCH-
type zinc finger family'!, ZC3H12 has been shown to negatively regulate Toll-like receptor (TLR) signaling and
modulate macrophage activation'?, suggesting potential immunomodulatory functions shared across family
members such as ZC3H12D'3. Besides, ZC3H12D exhibits endonuclease activity through recognition of mRNA
3’UTR stem-loop structures, a process that can suppress cellular ubiquitination!“. Given the established role of
ubiquitination in promoting cell proliferation and survival'®, these findings collectively suggest that ZC3H12D
may exert complex regulatory effects in cancer biology. Clinically, ZC3HI12D expression has demonstrated
prognostic significance in multiple malignancies including head and neck squamous cell carcinoma'®'’,
melanoma'®, and lung adenocarcinoma'?, although its precise tumor-specific mechanisms remain to be fully
elucidated.

In this study, we aimed to elucidate the molecular mechanisms of ZC3H12D in lung cancer by investigating
how different expression levels of ZC3HI2D influence lung tumor cell behavior. Our findings advance the
understanding of ZC3HI12D’s prognostic value for lung cancer patients, and mechanistically establish that
genetic perturbations engage a complex interactome of regulatory events, culminating in cell type-dependent
functional antagonism. This complexity may account for the limited predictive value of some biomarkers in
clinical settings.

Patients and methods

Public database analysis

RNAseq and phenotype data from 585 patients in the GDC TCGA Lung Adenocarcinoma database were
downloaded using Xenabrowser (https://xenabrowser.net/datapages/?cohort=GDC%20TCGA%20Lung%20
Adenocarcinoma%20(LUAD)&removeHub=https%3A%2F%2Fxena.trechouse.gi.ucsc.edu%3A443)%.  After
processing the data with the R packages “tidyverse” and “dplyr”, 570 samples with detectable ZC3HI2D gene
expression were retained, including 511 tumor tissues and 59 normal tissues.

Proteomic data (PDC000153)?! were obtained from the CPTAC database (https://pdc.cancer.gov/pdc/brows
e/filters/disease_type:Lung%20Adenocarcinoma). Following exclusion of samples with undetectable ZC3H12D
expression, quantitative differential analysis was performed on the remaining 74 LUAD tissues and 69 matched
normal controls.

For single-cell analysis, we obtained sequencing data from GSE131907 (https://www.ncbi.nlm.nih.gov/geo
/query/acc.cgi?acc=GSE131907). A representative subset (3%) of the total 100,217 cells (57,222 cells from 15
tumor specimens; 42,995 cells from 11 normal specimens) was randomly subsampled (set.seed =123) to ensure
computational tractability. Data processing followed the original study’s pipeline using R package “Seurat”
for normalization, t-SNE visualization, and cell-type annotation, with the R package “inferCNV” confirming
malignant status??. Ten independent replicates were performed to assess the robustness of randomization
outcomes. ZC3H12D expression mapping identified 3,130 qualified cells (2,504 immune, 217 normal epithelial,
409 tumor).

The R package “corrplot” was used to calculate the correlation matrix between ZC3HI2D expression
and other genes. GO annotation and KEGG enrichment analyses were conducted using the “clusterProfiler”
package?®, while the “survival” package was employed for survival model fitting and testing based on different
levels of ZC3H12D expression. Additionally, the GEPIA (http://gepia.cancer-pku.cn)?* online tool was used to
generate a bodymap of ZC3HI12D expression. Correlations between ZC3HI2D and immune cell infiltration
were analyzed using the"Immune Cell Analysis (TIMER)"module in Sangerbox (http://sangerbox.com)?, while
the"Immune Infiltration Analysis (Estimate)"module calculated StromalScore, ImmuneScore, ESTIMATEScore,
and MicroenvironmentScore based on ZC3HI2D expression for each sample. The"Gene Expression and
Mutation Landscape'module was utilized to analyze the correlation between ZC3HI2D and the genomic
mutation landscape.

Patient inclusion and exclusion

Clinical tissue samples were sourced from the Zhejiang Cancer Hospital Biobank. A total of 51 samples were
randomly selected from eligible cases collected between 2014 and 2020. Retrospective inclusion criteria
comprised surgical tissue samples from patients with a confirmed histopathological diagnosis of LUAD, along
with high-quality matched adjacent non-tumorous tissue samples. Patients with non-LUAD subtypes, biopsy
tissue samples, or those without paired adjacent non-tumorous tissue samples were excluded.

Hematoxylin & eosin (HE) and immunohistochemistry (IHC)staining

In brief, paraffin-embedded tumor tissue specimens and paired para-cancerous specimens were divided into 4 um
sections and then stained with HE according to a standard protocol. In addition, we quantified the expression
levels of ZC3H12D protein by IHC. IHC assays were performed using an automated analytical instrument
(BenchMark ULTRA system, Roche, Basel, Switzerland); tissue sections were stained with 5-LO Polyclonal
Antibody (YT0027, Immunoway, Texas, USA) in accordance with the manufacturer’s protocol. Microscopic
observation of tumor cells stained with HE and THC staining was conducted and photographed using an optical
microscope (BX43, Olympus, Tokyo, Japan). The proportion (%) of tumor cells and positive IHC staining were
both evaluated and scored retrospectively by two experienced pathologists in an independent manner.

Cell cultures

We acquired the NSCLC cell line PC9 from the Center for Surgery and Public Health (CSPH). Cells were
routinely grown and maintained in RPMI-1640 medium (Life Technologies, NY, USA), supplemented with 10%
fetal bovine serum (FBS, Sigma, MO, USA) and 1% penicillin/streptomycin in a 37°C moist culture incubator
with a 5% CO, atmosphere.
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ZC3H12D siRNA synthesis and transformation

ZC3H12D siRNA was synthesized by Ribo Co. (Suzhou, China) and stored at —80°C. Prior to transformation,
cells were seeded (1 x10%) and cultured in serum-free medium for 24 h. Cells were then treated with 50 nM
of ZC3H12D siRNA (5'-GCAAGATGGAATTCTTCCA) or negative control sequence (diluted in RPMI-1640
medium) for 48 h. All protocols were carried out in strict accordance with the manufacturer’s protocols.

Western blot analysis

Cells were harvested by centrifugation and lysed using radioimmunoprecipitation assay (RIPA) buffer (Beyotime,
Shanghai, China) supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF). Equal amounts of protein (25
ug per sample) were separated by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently
subjected to immunoblotting. Primary antibodies were diluted 1:500 to 1:1000, with -actin serving as a loading
control. The ZC3H12D protein was detected using a ZC3H12D polyclonal antibody (Proteintech®, IL, USA; Cat.
No. 24991-1-AP), and B-actin was detected using an anti-B-actin antibody [AC-15] (Abcam®, Cambridge, UK;
Cat. No. ab6276). PageRuler™ Prestained Protein Ladder (Thermo Scientific™, MA, USA; Cat. No. 26616) was
used as the molecular weight marker.

Clonogenic assay

In total, 500 to 1000 cells were seeded into 60 mm dishes and then treated with ZC3H12D siRNA or the negative
control sequence. After treatment, cells were washed twice with complete medium for 48 h and then maintained
in a 37°C incubator for 10-14 days. Colonies consisting of > 50 cells were considered as “surviving colonies” and
scored directly using an inverted microscope after staining with crystal violet.

Invasion analysis

Transwell assays were used for invasion analysis. In brief, after treatment with ZC3H12D siRNA or the negative
control sequence for 48 h, 5x 10* cells were seeded into cell culture inserts with 1% FBS. Culture medium
containing 10% FBS was placed outside the chambers. Cells that invaded the 10% FBS medium were visualized
and counted after 48 h, as reported previously°.

Statistical analysis

Differences between groups were assessed using one-way analysis of variance (ANOVA) in R (v4.2.2). Each
experiment included three biological and technical replicates. Image analysis and quantification were conducted
using Image] (NIH, NY, USA). Data are presented as mean + standard deviation. Statistical significance of group
differences was determined using Student’s t-test, while Poisson-based methods were employed to evaluate
the relationships between variables. A p-value of <0.05 was considered statistically significant. Figures were
generated using the ‘ggplot2’ package in R, based on the statistical data®”.

Results

Patient characteristics

From 2014 to 2020, 51 patients with newly diagnosed NSCLC underwent surgical treatment at Zhejiang Cancer
Hospital and were enrolled in this study. Among them, 26 were male (50.9%), with a mean age of 62 +9 years
(range, 36-80 years; median, 63 years). Additionally, 22 patients (43.1%) were smokers, and 16 (31.4%) consumed
alcohol regularly. Fourteen patients (27.5%) both smoked and drank, while the remaining 27 (52.9%) had no
history of smoking or alcohol use. The distribution of patients across stages I, I, III, and IV was 31 (60.8%), 8
(15.7%), 2 (3.9%), and 4 (7.8%), respectively. Further participant characteristics are provided in Supplementary
Table S1.

Expression profile of ZC3H12D in LUAD patients

The expression distribution of ZC3HI2D across various tissues was analyzed using the GEPIA online tool.
ZC3H12D was widely expressed in multiple major organs, with significantly elevated levels in hematologic
malignancies and lymphomas compared to normal tissues (Fig. 1A), indicating its involvement in immune
function beyond cell proliferation and growth regulation. Analysis of transcriptional levels in LUAD tumor and
adjacent normal tissues from the TCGA database revealed a significant upregulation of ZC3HI12D mRNA in
tumors (p <0.00005, Fig. 1B). This observation was further validated by quantifying ZC3H12D protein levels in
tumor and paired normal tissues from 51 patients using IHC, showing a marked increase in protein expression
in tumors (p <0.00005, Fig. 1C,1 D). Consistent with these findings, proteomic analysis of LUAD specimens
from the CPTAC database confirmed significantly elevated ZC3H12D protein levels in tumor tissues compared
to matched normal controls (p <0.00005, Fig. 1E). Consequently, the abnormal upregulation of ZC3H12D seems
to be a molecular characteristic of LUAD. Notably, this upregulation was consistent across different ages (Fig. S1
A) and genders (Fig. S1B) but was associated with tumor stage (Fig. S1 C), with lower expression levels observed
in late-stage tumors (stage III or IV) compared to early-stage tumors (stage I). This pattern underscores the
complex role of ZC3H12D in LUAD progression.

Remarkably, the tumor tissue-wide upregulation of ZC3H12D masked important cellular heterogeneity. At
single-cell resolution, immune cells demonstrated predominant ZC3HI2D localization. Malignant cells exhibited
non-significant elevation versus normal epithelium (p >0.05, Fig. 1F). This spatial distribution suggests that
ZC3H12D may exert its biological functions in LUAD primarily through modulation of the tumor immune
microenvironment rather than via cell-autonomous mechanisms in cancer cells.
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Fig. 1. ZC3H12D expression levels in lung tumor tissues and paired normal tissues. A), Bodymap illustrating
ZC3HI12D expression enrichment. Red denotes cancer patients, green denotes normal subjects, and the
shading indicates expression levels; B), Differences in ZC3H12D expression between lung tumor and normal
tissues. mRNA level differences were derived from LUAD RNAseq data in the TCGA database; C), protein
level differences were assessed through quantitative immunohistochemistry (IHC) analysis of 51 matched lung
adenocarcinoma tumor and adjacent normal tissues; D), Representative pathological staining and THC results
are presented; E), Proteomics differences of ZC3H12D between lung tumor and normal tissues, derived from
CPTAC database; F), t-SNE plot of LUAD single cell transcriptomic data, illustrating distinct cellular clusters
and the differential expression of ZC3HI12D across various cell types. **** indicates p < 0.00005.

Co-expression gene set analysis of ZC3H12D

To explore the implications of ZC3H12D expression in LUAD, the top 100 genes most correlated with ZC3HI12D
levels in the TCGA transcriptomic data were analyzed (Table S2, Fig. 2A). GO functional annotation identified
these genes as primarily involved in immune cell differentiation, activation, and proliferation, as well as membrane
receptor family proteins (Fig. 2B). KEGG pathway enrichment analysis highlighted their significant involvement
in immune cell signaling pathways and the NF-«kB pathway (Fig. 2C). Further analysis revealed that genes co-
expressed with ZC3HI2D are largely immune-related (Table S3, Fig. S2 A), while those negatively correlated with
its expression are mainly associated with cellular respiration and mitochondrial function, particularly oxidative
phosphorylation (Table S4, Fig. S2B). Collectively, these findings indicate that elevated ZC3HI12D expression
in LUAD is linked to enhanced cell proliferation and immune activation, with a concurrent impact on cellular
energy metabolism.

Immune correlation analysis of ZC3H12D
The potential role of ZC3H12D in immune regulation was investigated by analyzing its expression correlation
with known immune-regulatory genes and immune checkpoint genes. A total of 148 marker genes from five
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Fig. 2. Gene sets highly correlated with ZC3H12D expression and their functional analysis. A), Heatmap of
the top 10 positively and negatively correlated genes with ZC3H12D expression; B), GO functional enrichment
analysis of the top 100 genes most correlated with ZC3H12D expression; C), KEGG pathway enrichment
analysis of the top 100 genes most correlated with ZC3H12D expression.

immune pathways were extracted from the expression matrix and correlated with ZC3HI2D expression (Table
S5). Genes with an absolute correlation coefficient greater than 0.3 and p < 0.05 were considered significantly
correlated. Filtering by this threshold revealed that significantly correlated genes were more enriched in the
receptor (61.11%, 11/18), immune stimulator (45.65%, 21/46), and immune inhibitor (37.5%, 9/24) pathways,
compared to the chemokine (9.76%, 4/41) and MHC (9.52%, 2/21) pathways (Fig. 3A). Additionally, in the
immune checkpoint pathways (Table S6), significantly correlated genes were more prevalent in the stimulatory
(47.22%, 17/36) than the inhibitory (33.33%, 8/24) category (Fig. 3B). Notably, these genes exhibited positive
correlations with ZC3H12D, suggesting a role in immune signaling within the tumor microenvironment, with a
stronger stimulatory effect on the immune system.

This hypothesis was supported by an analysis using the Sangerbox online tool, which assessed the correlation
between ZC3H12D expression and immune infiltration scores. The results indicated that ZC3H12D expression
positively correlated with Stromal score, Immune score, and ESTIMATE score, as well as with immune
microenvironment scores (Fig. 3C). The TIMER database corroborated these findings, showing associations
between ZC3HI12D expression and the infiltration of T cells, B cells, and dendritic cells (Fig. S3), highlighting
the potential of high ZC3H12D expression to enhance immune microenvironment activation and immune cell
infiltration.

Correlation of ZC3H12D expression with genomic mutation landscape in LUAD

Further analysis revealed an association between ZC3HI12D and RNA modifications, particularly with the mé
A and m5 C types, within a set of 44 RNA modification marker genes comprising 10 m1 A, 13 m5 C, and 21
mé6 A genes (Table S7, Fig. S4). This association may influence the epigenetic modification landscape of the
genome. To determine whether ZC3HI2D expression correlates with the genomic mutation landscape in LUAD
at the sequence level, patients were stratified into high and low expression groups based on median ZC3HI12D
expression levels, and mutation frequency differences across various genes were analyzed. Among 24 genes
with significant differences in mutation frequency between the two groups and an overall mutation frequency
exceeding 10%, missense mutations were the most common, followed by nonsense mutations and frameshift
mutations (Fig. 4A).
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Fig. 3. Correlation analysis of ZC3H12D expression and immune function. A), Heatmap of immune
regulatory genes significantly correlated with ZC3HI2D expression; B), Heatmap of immune checkpoint genes
significantly correlated with ZC3HI2D expression; C), Correlation between ZC3HI2D expression levels and
immune infiltration scores in LUAD patients, including Stromal score, Immune score, ESTIMATE score, and

Microenvironment score.

Interestingly, the mutation frequency of these 24 genes was significantly higher in the low ZC3HI2D
expression group compared to the high expression group. GO functional and KEGG pathway enrichment
analyses revealed that these genes are involved in cell motility, microtubule assembly, cytoskeletal maintenance,
and intracellular transport processes (Fig. 4B, 4C and 4D). These findings suggest that mutations and loss of
function in these genes may impair cellular migration and disrupt intracellular transport due to abnormal motor
protein and microtubule function, potentially leading to cell cycle arrest and reduced cell proliferation.

Association of ZC3H12D expression with genomic heterogeneity and patient survival
Although differential expression of ZC3HI12D does not appear to drive high-frequency mutations in immune-
related genes, a significant co-expression pattern with immune function gene clusters was observed. To further
clarify the potential clinical relevance, the relationship between ZC3H12D expression and stratification indicators
associated with immunotherapy strategies was evaluated. Significant differences were identified in tumor
mutational burden (TMB), microsatellite instability (MSI), homologous recombination deficiency (HRD), as
well as tumor purity and ploidy between groups with varying ZC3H12D expression levels (Fig. 5A). Additionally,
distinct survival outcomes were noted among LUAD patients based on ZC3HI2D expression levels, with higher
expression correlating with better prognosis (Fig. 5B). These findings suggest that ZC3HI2D expression may
serve as a valuable prognostic indicator, particularly in the context of TMB, MSI, and other immunotherapy-
related biomarkers.

Functional validation of ZC3H12D expression interference in vitro

Bioinformatic analysis indicates that low ZC3HI2D expression is linked to mutations in genes involved in
intracellular transport and cell motility, leading to impaired migration and proliferation, thereby inhibiting the
tumorigenic process. Consequently, the elevated expression of ZC3HI12D may serve as a characteristic feature of
the molecular profile in tumor tissue. However, this increased expression is also associated with the activation
of immune-related gene clusters, an enhanced immune microenvironment, and immune cell infiltration, while
simultaneously suppressing genes related to cellular energy metabolism. These opposing effects suggest that
ZC3H12D functions as a “double-edged sword” in tumor biology, where both high and low expression levels
exert antagonistic influences on tumor cell survival.
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Fig. 4. Correlation analysis between ZC3H12D expression and the genomic mutation landscape. A), Mutation
landscape of 24 genes with mutation frequencies greater than 10%, stratified by ZC3HI12D expression levels.
The numbers in parentheses next to gene names indicate the p-values for group differences; B), GO functional
enrichment analysis of the 24 high-frequency mutated genes; C), KEGG pathway enrichment analysis of the
24 high-frequency mutated genes; D), Functional network diagram of the 24 high-frequency mutated genes.
The size of each circular node is proportional to the number of genes, and the color indicates cluster identity.
Similarity terms with a kappa score > 0.3 are linked by edges, with the thickness reflecting the score. Images
were generated using the Metascape (https://metascape.org) online tool.

To validate the impact of low ZC3HI2D expression on tumor cell behavior, synthetic siRNA targeting
ZC3HI12D was transfected into the LUAD cell line PC9 to achieve targeted gene knockdown. Western blot
analysis confirmed a significant reduction in ZC3H12D expression in the siRNA-transfected group compared to
the negative control (p <0.0005, Fig. 6A and 6B). ZC3H12D knockdown resulted in impaired colony formation
and a marked reduction in cell proliferation (p <0.00005, Fig. 6C and 6D). As anticipated, Transwell migration
assays revealed a significant inhibition of cell migration following ZC3HI12D silencing (p <0.00005, Fig. 6E
and 6F). These results strongly support the notion that low ZC3HI2D expression acts as a negative survival
factor for tumor cells. However, the previously observed association between high ZC3HI12D expression and
improved patient survival, suggests that an active“hot”tumor immune microenvironment may be more crucial
for therapeutic outcomes than merely suppressing the proliferation and migration of individual tumor cells.

Discussion

Our findings corroborate prior reports demonstrating predominant ZC3HI2D expression enrichment in
immune-related tissues, particularly spleen, blood, and lymph nodes'2. Through comprehensive analysis of
public datasets, we observed consistent upregulation of ZC3HI2D in LUAD tissues relative to normal lung
controls at both transcriptional and translational levels. IHC validation using paired tumor-normal samples
further confirmed this elevated expression pattern. Intriguingly, co-expression analysis revealed significant
associations between ZC3H12D and multiple RNA modification regulators, suggesting its potential involvement
in genomic methylation pathways. Given the established clinical utility of methylation markers for early lung
cancer detection and differential diagnosis?®?, these collective findings identify ZC3H12D upregulation as a
characteristic genomic aberration in LUAD with potential diagnostic stratification value.

Besides, ZC3HI12D is also widely known to participate in the regulation of immune and inflammatory
responses>®3l. For example, Emming et al. reported that T lymphocytes are mechanistically regulated by a
module consisting of miR-146a, ZC3H12D and the transcription factors (TFs) nuclear factor-kB (NF-kB) and
BHLHE40, and that ZC3H12D acts as a negative regulator of cytokine expression and negatively regulated by
BHLHE40%. As a result, the expression level of ZC3HI2D may influence the immune infiltration of tumors®.
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Fig. 5. Correlation analysis between ZC3H12D expression, genomic heterogeneity, and patient prognosis. A),
Correlation between ZC3H12D expression levels and genomic heterogeneity metrics, including TMB (tumor
mutation burden), MSI (microsatellite instability), HRD (homologous recombination deficiency), MATH
(mutant-allele tumor heterogeneity), and LOH (loss of heterozygosity). * indicates p < 0.05; **** indicates p <
0.00005; B), Evaluation of the correlation between ZC3HI12D expression levels and patient survival outcomes
using four survival metrics: Overall survival (OS), Progression-free interval (PFI), Disease-free interval (DFI),
and Disease-specific survival (DSS).

Our findings further support related research conclusions, as we discovered that genes positively correlated with
ZC3H12D expression are primarily associated with immune signaling and immune cell activation. Additionally,
ZC3HI12D expression levels also show a positive correlation with immune cell infiltration. Therefore, building
upon previous findings that ZC3HI2D is involved in the regulation of both methylation and ubiquitination
events, we speculate that ZC3H12D may affect the prognosis of patients by regulating mRNA, microRNA, long
non-coding RNA (IncRNA), immune cells, and immune molecules®.

Another line of evidence is our finding that ZC3HI12D expression levels are significantly associated with
MSI, TMB, HRD, and other genomic features. These characteristics are well-known predictive markers for the
efficacy of clinical immunotherapies, such as immune checkpoint inhibitors, in LUAD patients. For instance,
early-stage NSCLC patients with high TMB are more likely to achieve major or complete pathological response
after treatment with PD-1/PD-L1 inhibitors***. Although microsatellite instability-high (MSI-H) is rare
in NSCLC, it remains an important reference for some clinicians when guiding immunotherapy decisions®.
Recently, HRD events have also been linked to better responses to neoadjuvant immunotherapy in lung cancer,
suggesting that the status of homologous recombination pathway genes could serve as an additional marker for
guiding neoadjuvant and immunotherapy decisions in NSCLC patients®’. Furthermore, LUAD patients with
high aneuploidy and 9p chromosome loss possess a unique tumor immune microenvironment, which may make
them less likely to benefit from immune checkpoint inhibitor therapies*. Collectively, these findings underscore
the potential correlation between ZC3HI2D expression levels and clinical immunotherapy benefits, highlighting
ZC3HI2D as a promising target for the development of novel immune-based therapies across various cancers.

Interestingly, suppression of ZC3HI2D expression appears to support the survival and proliferation of
certain solid tumor cells. For example, ZC3H12D suppression has been shown to promote the progression of
hepatocellular carcinoma®® and enhance the proliferation of osteosarcoma cells*0. However, to our knowledge,
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Fig. 6. Reduced ZC3H12D expression inhibits lung tumor cell proliferation and invasion. A), Western blot
comparison between the siRNA group and the negative control (NC) group. ZC3H12D and B-ACTIN were
detected on separate gels. The siRNA knockdown group was performed in triplicate with similar results across
the three repeats. The band closest to the NC group was cropped and shown as a representative result. Full-
length gels for both ZC3H12D and B- ACTIN are provided in Fig. S5; B), Bar plot displaying the quantitative
analysis of western blot data; C), Clonogenic assay results comparing the siRNA group with the NC group; D),
Bar plot illustrating the quantification of cell colonies; E), Transwell assay results comparing the siRNA group
with the NC group, scale bar indicates 100 um (200 x); F), Bar plot showing the quantification of invasive cells.
*** indicates p < 0.0005; **** indicates p < 0.00005.

this study is the first to demonstrate that in LUAD, ZC3H12D expression levels are not only negatively correlated
with gene sets involved in cellular respiration and oxidative phosphorylation but are also associated with
an increased mutation frequency in genes responsible for intracellular material transport. This disruption
may compromise the normal structure and function of motor proteins and microtubules. Consequently,
high ZC3HI12D expression could inhibit the energy metabolism of lung cancer cells, thereby suppressing
cell proliferation, while simultaneously activating the host immune microenvironment, potentially limiting
long-term tumor cell survival*!~*3. Conversely, low ZC3H12D expression, while facilitating the creation of an
‘immune-desert’ inhibitory microenvironment, may impair intracellular transport and cell motility, ultimately
affecting cell proliferation and migration*4~*, illustrating a “double-edged sword” effect. Our in vitro studies
further demonstrated that ZC3H12D knockdown significantly reduces the proliferation and migration of lung
cancer cells, suggesting that ZC3H12D is more likely to function as an oncogene rather than a tumor suppressor
in LUAD.

Notably, our data demonstrate that high ZC3HI2D expression in lung cancer tissues is significantly
associated with an immunologically active tumor microenvironment and favorable patient prognosis, whereas
in vitro knockdown of ZC3H12D in lung adenocarcinoma cells markedly suppresses tumor cell proliferation and
migration. This discrepancy may arise from the limited resolution of bulk transcriptomic data in capturing the
spatial distribution of ZC3HI12D. Single-cell transcriptomic analysis showed that although ZC3HI2D expression
in malignant cells is slightly higher than in normal cells, its abundance is substantially greater in immune
cell clusters than in stromal or malignant populations. These findings align with previous reports showing
predominant ZC3HI2D expression in T lymphocyte subsets, dendritic cells, monocytes, and macrophages,
but minimal detection in fibroblasts, mast cells, or endothelial cells**. Importantly, high ZC3HI2D expression
in immune cells enhances their tumor-killing activity, thereby reducing the risk of pulmonary metastasis in
lung cancer?’. This compartmentalized expression pattern provides compelling reconfirmation a dual role for
ZC3HI12D in lung adenocarcinoma: low expression in malignant cells restricts their proliferative and migratory
capacity, while high expression in tumor-infiltrating immune cells promotes immune activation and antitumor
responses, ultimately improving patient survival.
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However, this study has several limitations that should be acknowledged. First, we focused solely on the effects
of ZC3H12D knockdown in lung tumor cells and did not assess the impact of enhanced ZC3H12D expression.
Second, we conducted our experiments exclusively using the PC9 cell line, which may introduce selection bias
due to the inherent differences between the in vivo and in vitro tumor microenvironments3*°. Consequently,
future studies should explore the effects of ZC3HI12D overexpression across multiple tumor cell lines and model
organisms, using upregulated ZC3HI2D levels as a positive control.

In conclusion, we demonstrated that ZC3HI12D expression is significantly upregulated in LUAD tissues
compared to normal tissues. This upregulation primarily occurs in immune cell populations and may activate
the immune microenvironment while inhibiting cellular energy metabolism. Conversely, downregulation of
ZC3HI12D increases the mutation frequency of genes involved in intracellular transport and motility, which
suppresses lung cancer cell proliferation and migration. ZC3HI2D exhibits a ‘double-edged sword’ effect in
LUAD, with both high and low expression levels having distinct impacts on tumor cell survival. Notably, higher
ZC3H12D expression could potentially serve as an independent predictor of clinical outcomes in LUAD patients,
possibly due to a more active immune microenvironment. Overall, our study provides novel insights into the
role of ZC3H12D in lung tumor cell behavior, deepening our understanding of its molecular mechanisms and
potentially guiding the development of new therapeutic targets for lung cancer.

Data availability

The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request. Transcriptome sequence data that support the findings have been deposited in the GDC
TCGA Lung Adenocarcinoma (https://xenabrowser.net/datapages/?cohort=GDC%20TCGA%20Lung%20Aden
ocarcinoma%20(LUAD)&removeHub=https%3A %2F%2Fxena.treehouse.gi.ucsc.edu%3A443), proteomic data
deposited in the CPTAC database (https://pdc.cancer.gov/pdc/browse/filters/disease_type:Lung%20Adenocarc
inoma), and single-cell sequencing data obtained from the GSE131907 study (https://www.ncbi.nlm.nih.gov/ge
o/query/acc.cgi?acc=GSE131907).
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