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Abstract

Background
Lung adenocarcinoma (LUAD) is one of the most prevalent and lethal forms of lung cancer globally.
Understanding the molecular drivers of LUAD progression is critical for developing targeted therapies.
Although HOX family transcription factors are known contributors to oncogenesis, the role of HOXD11 in
LUAD remains unexplored.

Methods
Comprehensive in vitro and in vivo assays were employed to evaluate the function of HOXD11 in LUAD.
Transcriptomic profiling (RNA-seq), chromatin immunoprecipitation sequencing (ChIP-seq), and
bioinformatic analyses were used to identify downstream targets. The impact of HOXD11 and its
downstream effector CREB5 on LUAD cell growth, migration, and invasion was assessed through RNA
interference, overexpression strategies, EdU incorporation, colony formation, Transwell, and scratch
assays. Xenograft models in nude mice were used to validate tumorigenic potential. Protein and
transcript levels were analyzed by Western blot and qRT-PCR, and immunohistochemistry was performed
on tumor sections.

Results
HOXD11 expression was markedly elevated in LUAD tissues and cell lines and correlated with poor
prognosis. Functional assays demonstrated that HOXD11 enhances LUAD cell proliferation, migration,
and invasion in vitro and accelerates tumor growth in vivo. Mechanistic studies identified CREB5as a
direct transcriptional target of HOXD11, as confirmed by ChIP-seq and luciferase reporter assays. CREB5
knockdown significantly abrogated the oncogenic effects of HOXD11. Moreover, the HOXD11-CREB5
axis was found to directly activate the AKT/mTOR signaling pathway, contributing to aggressive tumor
behavior.

Conclusion
Our findings uncover a novel regulatory axis, HOXD11/CREB5/AKT/mTOR, that promotes LUAD
progression both in vitro and in vivo. Targeting this pathway may represent a promising therapeutic
strategy for patients with HOXD11-overexpressing LUAD.

Introduction
Lung cancer is the most common cancer globally, with an overall 5-year survival rate of approximately
20% [1]. Its pathological classification mainly includes two subtypes: non-small cell lung cancer (NSCLC)
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and small cell lung cancer (SCLC), with NSCLC accounting for approximately 85% of cases [2]. Among
NSCLC subtypes, lung adenocarcinoma (LUAD) is the most prevalent, with an increasing incidence and
mortality rate in recent years [3]. Surgical resection is the only potential curative treatment for lung
adenocarcinoma; however, due to late diagnosis, most patients miss the opportunity for this
intervention. Additionally, the poor efficacy of combined treatments, resistance to traditional therapies,
and high recurrence rates are significant challenges [4, 5]. Hence, understanding the molecular
mechanisms underlying the occurrence and development of lung adenocarcinoma and identifying novel
therapeutic targets are crucial for early diagnosis, effective clinical treatment, and improving patient
prognosis.

The HOX gene (Homeobox) transcription factor family is highly conserved across different organisms [6,

7]. This family plays a critical role in regulating cell differentiation, angiogenesis, and metastasis, and is

essential for cancer development [8, 9]. Dysregulated expression of HOX genes, whether as chimeric
partners of fusion genes or as wild-type overexpression, has been confirmed in various solid tumors and
leukemias [10–12]. In this study, we focused on the role of homeobox D11 (HOXD11) in LUAD. HOXD11,
located on chromosome 2q31.1, has been implicated in tumor transformation, particularly in invasion
and metastasis [13]. Overexpressed HOXD11 is a biomarker for poor prognosis in head and neck

squamous cell carcinoma and glioma [14, 15]. Additionally, inhibition of HOXD11 expression in Ewing's
sarcoma has been shown to limit tumor growth [16]. Our aim was to investigate the biological function of
HOXD11 in LUAD and to explore its potential mechanisms in affecting tumor growth.

We demonstrated that HOXD11 directly regulates the expression of downstream CREB5 (cAMP
response element-binding protein 5) as a transcription factor, which in turn regulates AKT expression,
activating the AKT/mTOR pathway. This activation ultimately promotes invasive cell growth. These
findings provide new insights and potential therapeutic targets for HOXD11-mediated LUAD progression.

Methods
Cell Culture and HOXD11 Genetic Manipulation

The human lung adenocarcinoma cell lines (A549, PC9, H1299, HCC827, and H1975) and the human
bronchial epithelial cell line (16HBE) were obtained from China Medical University (Shenyang, China).
Cells were cultured in RPMI-1640 medium (Hyclone, USA) supplemented with 10% fetal bovine serum
(FBS;cytiva, Australia) and maintained at 37°C in a humidified incubator with 5% CO₂.

To achieve HOXD11 knockdown, cells were transfected with HOXD11-specific shRNA (Gene Pharma,
China), using a scrambled shRNA as a negative control. Transfections were performed using
Lipofectamine RNAiMAX Reagent (Invitrogen, USA) according to the manufacturer’s protocol. For
overexpression, cells were transfected with a HOXD11 expression plasmid (Syngen.tech, China) or an
empty vector using Lipofectamine 2000 (Invitrogen, USA). Knockdown and overexpression efficiency
were confirmed by both qRT-PCR and Western blotting.

Page 4/17



Patients, Tissue Specimens, Animals, and Research Ethics

The LUAD tissue microarray was obtained from Shanghai Outdo Biotechnology Co., Ltd. This microarray
comprises 92 primary tumor specimens paired with corresponding adjacent non-tumorous tissues,
totaling 170 valid cores, each with a diameter of 1.5 mm. Detailed clinical information for the patients is
provided in Table 2. The use of this tissue microarray was approved by the Institutional Ethics
Committee (Approval No.: SHYJS-CP-1904014). The microarray identifier is HLugA180Su08, with a chip
lot number of XT19-019.

A stable A549 cell line was previously established via lentiviral transduction. For in vivo experiments,
forty female BALB/c-nu nude mice (3 weeks old, approximately 15 g in weight) were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd. (Production license No.: SCXK [Jing] 2021-
0006). The animals were housed and maintained under specific pathogen-free (SPF) conditions at the
Experimental Animal Center of China Medical University Laboratory Animal Facility. The study was
conducted under the guidelines and approval of the Laboratory Animal Welfare and Ethics Committee of
China Medical University, approval number: CMU20231000.

Western Blot Analysis

Western blot analysis was performed to measure protein expression levels. Cells were lysed using RIPA
buffer containing protease and phosphatase inhibitors. Protein concentration was determined using the
BCA protein assay (Beyotime�China). Equal amounts of protein (20-40 µg) were separated by SDS-PAGE
and transferred onto PVDF membranes (Millipore). Membranes were incubated with primary antibodies
against HOXD11, CREB5, AKT, mTOR, p-mTOR (Ser2448), and β-actin (Supplementary Table 1). After
incubation with secondary antibodies, signals were detected using ECL reagent (Beyotime�China).
Densitometry analysis was performed using ImageJ software.

RNA Extraction and Quantitative Reverse Transcription-PCR (qRT-PCR)

Total RNA was extracted using the TRIzol reagent (Thermo Fisher Scientific), and cDNA was synthesized
using the PrimeScript RT Reagent Kit (Takara). Quantitative PCR was performed using SYBR Green
Master Mix (Takara) on an ABI 7500 Real-Time PCR System. The expression of HOXD11, CREB5, and
GAPDH (internal control) was analyzed using the ΔΔCt method. Primer sequences are listed in
Supplementary Table 2.

CCK-8 Assay

Cell viability and proliferation were assessed using the Cell Counting Kit-8 (CCK-8) assay
(MedChemExpress�USA). Briefly, LUAD cells were seeded in 96-well plates at a density of 1,000 cells per
well. After 24, 48, 72, and 96 hours of incubation, 10 µL of CCK-8 solution was added to each well. The
cells were further incubated for 1–2 hours, and the absorbance was measured at 450 nm using a
microplate reader (BioTek, USA). The absorbance values were used to assess cell proliferation and
viability.
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5-Ethynyl-2'-deoxyuridine (EdU) Assay

Cell proliferation was further evaluated using the EdU assay (Beyotime, China). LUAD cells were
incubated with EdU (10 µM) for 2 hours, followed by fixation with 4% paraformaldehyde and
permeabilization with 0.5% Triton X-100. After incubation with the Apollo reaction cocktail, cells were
stained with DAPI and analyzed under a fluorescence microscope. The percentage of EdU-positive cells
was calculated to evaluate cell proliferation.

Colony Formation Assay

Colony formation assays were conducted to assess cell survival and proliferation. LUAD cells were
seeded in 6-well plates at a density of 500 cells per well and cultured for 10–14 days. Colonies were
fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. The number of colonies was
counted, and clonogenic efficiency was calculated by dividing the number of colonies by the number of
seeded cells.

Transwell Migration and Invasion Assays

Cell migration and invasion were assessed using Transwell chambers (Corning, USA). For migration
assays, 1×10^5 cells in serum-free medium were seeded in the upper chamber, and complete medium
was added to the lower chamber as a chemoattractant. For invasion assays, the membrane was pre-
coated with Matrigel (BD Biosciences, USA). After 24 hours, the cells that migrated or invaded through
the membrane were stained with HE and counted under a microscope.

Scrape Migration Assay

The scrape migration assay was performed to assess cell migration. LUAD cells were seeded in 6-well
plates to reach 90% confluence. A sterile pipette tip was used to create a wound in the monolayer. Cells
were washed with PBS to remove detached cells and cultured in serum-free medium. Cell migration was
observed and photographed at 0, 24, and 36 hours post-scraping using a phase contrast microscope.
The wound area was measured and compared.

Immunohistochemistry (IHC) and Scoring

For tissue microarray-based immunohistochemistry, the LUAD tissue microarray slides were first baked
at 60 °C for 2 hours, followed by deparaffinization with xylene and rehydration through a graded ethanol
series. Antigen retrieval was performed using EDTA buffer (pH 9.0) under high temperature and pressure
for 3 minutes, then cooled to room temperature. For formalin-fixed, paraffin-embedded (FFPE) sections,
antigen retrieval was alternatively performed in citrate buffer (pH 6.0) by boiling.

Immunohistochemical staining was performed using the MaxVision™ 2 HRP-Polymer Detection Kit
(Maixin Biotech, Kit-5020, China) according to the manufacturer's instructions. After endogenous
peroxidase blocking, the HOXD11and CERB5 primary antibodies were applied. Primary antibody
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incubation was performed overnight at 4 °C. The next day, slides were washed with PBS and sequentially
incubated with secondary reagents from the detection kit. After another PBS wash and drying, the signal
was visualized using DAB chromogen solution (DAB Substrate Kit, ZSGB-BIO, ZLI-9017, China), and the
reaction was terminated after 3 minutes. Slides were then counterstained with hematoxylin (Solarbio,
G1080, China), dehydrated, and mounted.

Two independent researchers, blinded to the clinical data, evaluated the slides. Staining was assessed
semi-quantitatively based on both intensity and percentage of positive tumor cells. The scoring system
was as follows, Staining intensity: 0 = no staining, 1 = weak, 2 = moderate, 3 = strong; Percentage of
positive cells: 1 = 0–25%, 2 = 26–50%, 3 = 51–75%, 4 = >76%. The final IHC score was calculated by
multiplying the two subscores (range: 0–12). For further statistical analysis, a score of ≥4 was defined
as positive expression, and a score <4 was considered negative expression.

RNA Sequencing (RNA-seq)

RNA-seq was performed to analyze gene expression profiles in LUAD cells with HOXD11 overexpression
and knockdown. Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Cat# 74104, Germany), and
RNA integrity was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, USA). Only RNA
samples with a RIN value above 8.0 were used for subsequent library preparation. RNA libraries were
constructed using the TruSeq Stranded mRNA Library Prep Kit (Illumina, Cat# 20020595, USA) according
to the manufacturer’s protocol. Sequencing was performed on the NovaSeq 6000 platform (Illumina,
USA). Raw data were quality-controlled using FastQC, and adapter sequences were removed with
Trimmomatic. Differential gene expression analysis was conducted using DESeq2, and results were
visualized with volcano plots and heatmaps. Gene Ontology (GO) and pathway enrichment analyses
were performed using the ClusterProfiler package.

Chromatin Immunoprecipitation Sequencing (ChIP-seq)

ChIP-seq was conducted to identify HOXD11-binding sites on the CREB5 promoter region. LUAD cells
were cross-linked with 1% formaldehyde and lysed to isolate chromatin, which was then fragmented by
sonication. Immunoprecipitation was performed using the Flag3 tag produced by Beijing Syngen Tech
Co., Ltd. (Beijing, China), with the ChIP-IT Express Kit (Active Motif, Cat# 53008, USA) according to the
manufacturer's instructions. ChIP-enriched DNA was purified using the QIAquick PCR Purification Kit
(Qiagen, Cat# 28106, Germany), followed by library preparation with the TruSeq ChIP Library Preparation
Kit (Illumina, Cat# IP-202-1012, USA). Libraries were sequenced on the NovaSeq 6000 platform (Illumina,
USA). Peak calling was performed using MACS2, and binding motifs were analyzed using HOMER.
Genome browser tracks were visualized with IGV.

Bioinformatics and Statistical Analysis

Bioinformatics analyses of RNA-seq and ChIP-seq data were performed using R software (version 4.2.2)
and Bioconductor packages. Differentially expressed genes (DEGs) were identified using DESeq2 (for
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RNA-seq) and DiffBind (for ChIP-seq). Gene set enrichment analysis (GSEA) was conducted to explore
significantly enriched pathways. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses were carried out to determine relevant biological functions and signaling
pathways. Protein-protein interaction (PPI) networks were constructed using the STRING database.

All experiments were performed in triplicate unless otherwise specified. Quantitative data are expressed
as mean ± standard deviation (SD). Comparisons between two groups were performed using the two-
tailed unpaired Student’s t-test, while comparisons among three or more groups were analyzed by one-
way ANOVA followed by Tukey’s post hoc test. The association between HOXD11 expression and
clinicopathological parameters was assessed using the Chi-square test. Survival curves were plotted
using the Kaplan–Meier method and compared using the log-rank test. Pearson correlation analysis was
used to assess the relationship between HOXD11 and CREB5 expression. Statistical analyses were
conducted using GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA) and R software (version
4.2.2). A two-sided P value < 0.05 was considered statistically significant. 

Results
HOXD11 contributes to the poor survival of LUAD

We initially conducted an analysis of HOXD11 expression in the TCGA-LUAD dataset. Our findings
demonstrated that the expression levels of HOXD11 were significantly elevated in LUAD samples
compared to adjacent normal tissues (Figure 1A). Additionally, in paired sample analysis, HOXD11
expression was consistently higher in cancerous tissues relative to their adjacent non-cancerous
counterparts (Figure 1B). Furthermore, the prognostic significance of HOXD11 gene expression was
evaluated through Kaplan-Meier survival analysis of LUAD patient samples with corresponding clinical
data (Figure 1C). IHC was employed to assess HOXD11 expression in 92 LUAD samples and paired
adjacent normal lung tissues using tissue microarrays (Supplementary Figure 1). HOXD11 was rarely
detected in adjacent alveolar tissues (Figure 1Da) and bronchial epithelium (Figure 1Db). In contrast,
HOXD11 exhibited positive expression in LUAD tissues (Figures 1Dc, 1Dd), regardless of whether the
tissues were well-differentiated or poorly differentiated, with levels significantly higher than those in
adjacent normal lung tissues (P < 0.001, Table 1). Notably, as a transcription factor, HOXD11 was
predominantly localized in the nucleus. We further analyzed the correlation between HOXD11 protein
expression and the clinicopathological factors of LUAD. The data revealed that HOXD11 expression was
significantly associated with high T stage (P=0.001), lymph node metastasis (P=0.012), and advanced
TNM stage (P=0.001). However, there was no significant correlation between HOXD11 expression and
age (P=0.393), gender (P=0.738), or differentiation degree (P=0.122) in lung adenocarcinoma patients
(Table 2). Moreover, as expected, elevated HOXD11 expression is indicative of a poor prognosis in LUAD
(Figure 1E).

HOXD11 is overexpressed in LUAD and associated with invasive growth
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Subsequently, qRT-PCR and Western blot were applied to analyze the mRNA and protein expression
levels of endogenous HOXD11 in five LUAD cell lines of varying origins and biological behaviors and in
normal bronchial epithelial cells. Compared to 16HBE cells, the mRNA and protein levels of HOXD11
were significantly higher in A549 and PC9 cells. Consequently, A549 and PC9 cells were primarily
selected for subsequent experiments (Figure 2A, 2B). In addition, cell immunofluorescence analysis
indicated that HOXD11 was predominantly localized in the nuclei of A549 and PC9 cells (Figure 2C),
consistent with the IHC results from tissue specimens and the expected nuclear localization of its
transcription factor role in regulating gene expression.

Next, we knocked down the expression of HOXD11 in A549 and PC9 cells (Supplementary Figure 2A, 2B)
to establish stably transfected cell lines. As HOXD11 expression decreased, the number of EDU+ cells
was significantly reduced (Figure 2D), and the clonogenic ability of both LUAD cell lines was markedly
diminished (Figure 2E). Consistent with these findings, the CCK-8 assay demonstrated a decreased
proliferation rate in LUAD cells with reduced HOXD11 expression (Figure 2F). Transwell and scrape
assays further revealed that HOXD11 knockdown effectively inhibited the invasive capabilities of the
cells (Figure 2G, 2H).

To further validate the oncogenic role of HOXD11 in vivo, A549 cells with stable HOXD11 knockdown and
corresponding control cells were subcutaneously injected into the flanks of BALB/c nude mice. Tumor
growth was monitored over a period of four weeks. As shown in Figure 2I, tumors derived from HOXD11-
silenced cells were significantly smaller in size compared to those from the control group. Quantitative
analysis revealed that both tumor volume and tumor weight were markedly reduced in the HOXD11
knockdown groups (Figure 2J, 2K). Hematoxylin and eosin (H&E) staining of xenograft tumor sections
revealed typical histological features of LUAD, but with reduced cellular density and mitotic figures in the
HOXD11-deficient tumors, indicating a less aggressive phenotype (Figure 2L). Furthermore, IHC staining
confirmed that HOXD11 expression was significantly decreased in tumors derived from knockdown cells,
validating the efficacy of gene silencing in vivo (Figure 2L).  These results indicate that overexpression of
HOXD11 is a critical factor driving the invasive growth of LUAD.

HOXD11 transcriptionally regulates CREB5 and potentially promotes malignant phenotypes in LUAD

To further investigate the molecular mechanisms by which HOXD11 promotes the aggressive
progression of LUAD, we overexpressed HOXD11 in LUAD cells (Supplementary Figure 2C, 2D) and
performed integrated transcriptomic and epigenomic profiling. Specifically, RNA-seq and ChIP-seq
analyses were conducted to systematically identify the downstream targets of HOXD11 and its genome-
wide binding profile. RNA-seq results revealed that a total of 398 genes were upregulated following
HOXD11 overexpression (Figure 3A). GO and KEGG enrichment analyses indicated that these
upregulated genes were significantly associated with pathways involved in cell proliferation, mitotic
regulation, and cancer-related signaling (Figure 3B). Concurrently, ChIP-seq profiling identified 15,063
HOXD11-enriched peaks across the genome, corresponding to 1,044 annotated RefSeq genes.
Distribution analysis showed strong enrichment of reads around transcription start sites (TSS) (Figure
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3C). Chromosomal peak mapping demonstrated widespread binding of HOXD11 across all
chromosomes (Figure 3D). A pie chart summarizing the genomic localization of HOXD11 binding sites
showed enrichment at promoter regions, the first intron, first exon, and intergenic regions (Figure 3E). A
transcriptional regulatory network constructed from sequencing data highlighted the potential
transcriptional interactions between HOXD11 and downstream genes, with HOXD11-family TFs in purple
and predicted targets in red (Figure 3F). Moreover, motif analysis revealed conserved HOXD11-binding
elements located proximal to the TSS regions of its targets (Figure 3G).   

To identify the most relevant downstream effector of HOXD11, we intersected the top 40 differentially
upregulated genes from RNA-seq with the 279 genes identified from ChIP-seq TSS-associated peaks.
This analysis pinpointed CREB5 as a key overlapping target. HOXD11 was found to be strongly enriched
at the CREB5 promoter region and flanking TSS sequences, indicating a direct regulatory interaction
(Supplementary Table 3, 4). cAMP response element-binding protein (CREB) is a cellular transcription
factor that binds to CRE, thereby regulating gene expression [17]. CREB5 belongs to the CRE family and
has been reported to 

be overexpressed in many types of cancer, such as ovarian cancer, lung cancer, and HCC, in which this
protein orchestrates cell differentiation, proliferation and metastasis [18], and has been increasingly
recognized for its role in tumorigenesis. Given this background, we hypothesized that HOXD11 may
promote malignant phenotypes in LUAD through the transcriptional activation of CREB5. 

Indeed, Western blot analysis confirmed that CREB5 expression was significantly upregulated following
HOXD11 overexpression in LUAD cells (Figure 4A). Conversely, knockdown of HOXD11 using shRNA
resulted in reduced CREB5 expression (Figure 4B). These findings further support our hypothesis that
HOXD11 acts upstream of CREB5. To verify direct binding, we utilized ChIP-seq data and the JASPAR
database to design primers targeting the predicted HOXD11-binding motifs within the CREB5 promoter
region (Figure 4C). ChIP-PCR confirmed the enrichment of HOXD11 at the CREB5 promoter, and agarose
gel electrophoresis of PCR products further validated the reliability of these ChIP-PCR results (Figure
4D). Among the predicted motifs, the site ATCATTAAT attracted particular attention. We constructed
luciferase reporter plasmids containing either the wild-type CREB5 promoter or a mutant form with this
motif disrupted. Dual-luciferase assays demonstrated that HOXD11 significantly enhanced promoter
activity in the wild-type construct, whereas this effect was abrogated in the mutant construct (Figure 4F,
4G). These results provide strong evidence that HOXD11 directly binds to the GTCGTAAAAA motif in the
CREB5 promoter to drive its transcription.

Taken together, these findings establish CREB5 as a direct transcriptional target of HOXD11 in LUAD.
Through this regulatory axis, HOXD11 likely contributes to enhanced tumor cell proliferation and
malignant progression.

HOXD11 promotes LUAD growth through CREB5-mediated regulation
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To explore the mechanism by which HOXD11 promotes the malignant progression of LUAD, we next
investigated whether CREB5, identified as a direct transcriptional target of HOXD11, mediates its
oncogenic effects. We first constructed a CREB5 overexpression plasmid (Supplementary Figure 3A, 3B)
and validated its efficiency in LUAD cells with stable HOXD11 knockdown. Western blot analysis
confirmed that CREB5 expression was successfully restored in HOXD11-silenced cells upon transfection
(Figure 5A).

We then assessed whether CREB5 overexpression could rescue the impaired proliferative and invasive
phenotypes caused by HOXD11 depletion. CCK-8 assays demonstrated a significant reduction in
proliferative capacity following HOXD11 knockdown, whereas CREB5 overexpression largely reversed
this inhibitory effect (Figures 5B). Colony formation assays further supported these findings, as CREB5
re-expression significantly increased the number and size of colonies in HOXD11-silenced cells (Figure
5C). Moreover, functional assays of cell motility, including transwell migration and scrape assays,
showed that HOXD11 knockdown suppressed LUAD cell migration and invasion, whereas CREB5
overexpression restored these capacities (Figures 5D-E). These results collectively suggest that CREB5
is a critical downstream effector of HOXD11, mediating its role in promoting LUAD cell proliferation and
invasive growth.

HOXD11/CREB5 axis promotes LUAD progression via the AKT/mTOR pathway

Given that both HOXD11 and CREB5 are involved in transcriptional regulation and cell cycle control, we
hypothesized that the HOXD11/CREB5 axis may drive LUAD progression through activation of key
oncogenic signaling pathways. Gene set enrichment and regulatory network analysis pointed toward the
AKT/mTOR pathway as a potential downstream target. Additionally, our ChIP-seq data (Figure 3D) hinted
at transcriptional involvement of HOXD11 in genes associated with this pathway. To explore this
possibility, we examined whether CREB5 directly regulates AKT. Western blotting revealed that CREB5
overexpression increased AKT protein levels in LUAD cells (Figure 6A). Furthermore, dual-luciferase
reporter assays showed that CREB5 could significantly enhance the promoter activity of AKT (Figure 6B).
ChIP-qPCR assays confirmed that CREB5 binds directly to the AKT promoter region (Figure 6C),
indicating transcriptional regulation. Next, we assessed the phosphorylation status of AKT and mTOR,
the two key components of the AKT/mTOR signaling axis. HOXD11 or CREB5 knockdown resulted in
reduced phosphorylation of mTOR, while CREB5 overexpression rescued this reduction, restoring the
activation of the pathway (Figure 6D). These findings provide mechanistic insights into how the
HOXD11/CREB5 axis drives LUAD malignancy. By transcriptionally activating CREB5, HOXD11 indirectly
enhances AKT expression and activation, thereby promoting mTOR signaling and contributing to
increased tumor cell proliferation and invasiveness. To further verify the functional relevance of the
AKT/mTOR signaling pathway in mediating CREB5-induced tumor progression, we used a
pharmacological inhibitor (MK-2206 2HCl) to suppress this pathway in LUAD cells overexpressing
CREB5. As expected, CCK-8 and colony formation assays confirmed that CREB5 overexpression
significantly promoted cell proliferation. However, treatment with the AKT/mTOR inhibitor impaired
CREB5-mediated proliferative capacity (Figures 6E-F). We further assessed its effect on cell motility.
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Wound-healing and transwell assays demonstrated that blockade of AKT/mTOR signaling markedly
suppressed the CREB5-induced enhancement of migration and invasion (Figures 6G-H).

So, these results suggest that the AKT/mTOR pathway plays a pivotal role in mediating CREB5-induced
malignant phenotypes in LUAD. Pharmacological inhibition of this pathway can effectively attenuate the
oncogenic effects of the HOXD11/CREB5 axis, highlighting the potential therapeutic value of targeting
AKT/mTOR signaling in HOXD11/CREB5-high LUAD.

Discussion
LUAD, the most prevalent histological subtype of non-small cell lung cancer, remains a leading cause of
cancer-related mortality worldwide. Despite recent advances in diagnostic and therapeutic strategies,
the prognosis of LUAD patients remains dismal, largely due to the paucity of effective molecular targets
and the complex biology underlying tumor progression [19]. In this study, we identified HOXD11 as a key
oncogenic driver in LUAD and elucidated its mechanistic role in promoting tumor growth through
transcriptional regulation of CREB5 and subsequent activation of the AKT/mTOR signaling pathway. HOX
family transcription factors are known regulators of embryonic development and cell identity. Aberrant
expression of HOX genes, including HOXD11, has been implicated in the pathogenesis of various
cancers [20]. Prior studies have reported that HOXD11 exerts oncogenic effects in glioma, prostate, and
liver cancers, primarily by enhancing cellular motility, invasion, and tumorigenicity [21, 22]. Our findings
expand upon these observations by demonstrating that HOXD11 is markedly upregulated in LUAD
tissues and cell lines, and functions as a transcriptional activator of CREB5, thereby contributing to
malignant progression.

CREB5 is a member of the CREB/ATF family of transcription factors that has recently been implicated in
several facets of cancer biology, including proliferation, invasion, and poor prognosis. For example, in
epithelial ovarian cancer, CREB5 is upregulated in tumor tissues compared to normal tissues, correlates
with advanced stage and lymph node metastasis, and its high expression is associated with shorter
overall and relapse-free survival [23]. In hepatocellular carcinoma (HCC), CREB5 expression is elevated in
tumor compared to adjacent liver tissue, correlates with histological grade, tumor size, vascular invasion,
and worse patient survival; functional assays show that CREB5 promotes proliferation,
migration/invasion, and EMT of HCC cells [24]. Additionally, in colorectal cancer, CREB5 can enhance cell
proliferation, invasion, and metastatic potential, and interacts with promoters of oncogenic genes to
drive these processes [25]. In the present study, we found that CREB5 is a direct transcriptional target of
HOXD11, as evidenced by ChIP-qPCR and luciferase reporter assays. Functionally, silencing CREB5
abrogated the oncogenic phenotypes driven by HOXD11, underscoring its essential role in mediating
HOXD11-driven tumorigenesis. Mechanistically, we demonstrated that CREB5 promotes activation of the
AKT/mTOR pathway, a central signaling cascade involved in cell growth, survival, and metabolism.
Overexpression of CREB5 enhanced AKT and mTOR phosphorylation, whereas its knockdown attenuated
pathway activity. Notably, reintroduction of CREB5 rescued the impaired proliferative and invasive
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capacity of HOXD11-silenced LUAD cells, highlighting the critical role of the HOXD11/CREB5/AKT-mTOR
axis in sustaining malignant phenotypes. Our in vivo data further validated the oncogenic potential of
HOXD11. Xenograft models revealed that HOXD11 knockdown significantly suppressed tumor growth,
providing preclinical evidence that targeting HOXD11 could serve as a viable therapeutic strategy. These
findings, taken together, suggest that the HOXD11/CREB5/AKT-mTOR axis represents a novel oncogenic
pathway in LUAD and may serve as a promising target for therapeutic intervention.

Recent advances in drug development have led to the emergence of selective AKT and mTOR inhibitors.
Several of these agents are currently undergoing clinical evaluation in patients with advanced NSCLC.
For instance, sapanisertib (TAK-228), a potent dual mTORC1/2 inhibitor, has been evaluated in
combination with metformin in patients with advanced solid malignancies harboring mTOR/AKT/PI3K
pathway alterations. This combination demonstrated manageable safety and preliminary antitumor
activity, particularly in patients with PTEN mutations and AKT/mTOR pathway alterations
(ClinicalTrials.gov: NCT03017833)[26]. Similarly, gedatolisib (PF-05212384), a dual PI3K/mTOR inhibitor,
has shown antitumor activity and favorable tolerability in early-phase trials involving patients with
advanced solid tumors, including NSCLC [27]. Capivasertib (AZD5363), a selective pan-AKT inhibitor, is
also under investigation in solid tumors, including NSCLC, with promising preliminary efficacy
(ClinicalTrials.gov: NCT04308785). These efforts collectively underscore the therapeutic relevance of the
AKT/mTOR pathway and highlight the potential for upstream regulators such as HOXD11 to enhance or
complement current treatment regimens.

In conclusion, our study identifies a novel HOXD11/CREB5/AKT-mTOR signaling axis that drives LUAD
progression. HOXD11 acts as a transcriptional activator of CREB5, leading to AKT/mTOR pathway
activation and enhanced tumor growth and invasion. Targeting this regulatory axis may represent a
promising strategy to improve therapeutic outcomes in LUAD. Future investigations into the development
of small molecule inhibitors, siRNA-based therapeutics, or CRISPR-mediated gene editing targeting
HOXD11 are warranted.
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Tables
Table 1. The relative expression levels of HOXD11

　 N Low 　 High 　 P value

Cancer Tissues 92 44 47.80% 48 52.20% <0.0001

Paracancer Tissues 92 82 89.10% 10 10.90% 　

Table 2. Relationship between HOXD11 and Clinicopathologic characteristics
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Characteristics N Low (N=48) High (N=44) P value

Age (years)           0.393

≤60 48 23   25    

>60 44 25   19    

Gender           0.738

Male 56 30   26    

Female 36 18   18    

Degree of differentiation           0.122

Well 15 8   7    

Moderate 58 34   24    

Poor 19 6   13    

Tumor status           0.001

T1-T2 69 43   26    

T3-T4 23 5   18    

N stage           0.012

N0 44 29   15    

N1-3 48 19   29    

Clinical Stage           0.001

Ⅰ-Ⅱ 50 34   16    

III-IV 42 14 　 28 　 　
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