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Background: Acute myeloid leukemia (AML) remains clinically challenging due to its molecular heterogeneity and poor outcomes,
highlighting the urgent need for novel biomarkers and therapeutic targets.

Purpose: This study aims to identify and characterize the role of leucine-rich a-2-glycoprotein 1 (LRG1) in AML, evaluating its
potential as both a prognostic biomarker and a therapeutic target.

Methods: We conducted an integrated basic and clinical investigation of LRG1 in AML. Methods included analysis of LRGI
expression in patient samples versus controls and pre- versus post-treatment, assessment of its clinical correlations with mutations and
subtypes, and evaluation of its prognostic impact. Functional validation was performed using LRG1 knockdown models to assess
effects on colony formation, apoptosis, and differentiation. Single-cell RNA profiling was utilized to identify LRG1-enriched cell
populations and explore its role in microenvironmental crosstalk.

Results: Integrated analysis revealed significantly elevated LRG1 expression in AML patients compared to controls (P<0.001), with
levels decreasing post-treatment (P<0.001). High LRG1 expression correlated with FLT3 mutations (P<0.01), M3-M5 AML subtypes
MO&M1&M2 VS M3, P<0.001; MO&M1&M2 VS M4, P<0.01; MO&M1&M2 VS M5, P<0.001; M3 VS MS, P<0.05; M4 VS M5,
P<0.05), and worse survival (P<0.01). Functionally, LRG1 knockdown impaired colony formation (P<0.001), increased apoptosis
(P<0.001), and disrupted differentiation (P<0.01). Single-cell profiling identified LRG1 enrichment in hematopoietic stem and
progenitor cells (HSPCs) and myeloid progenitors, where it facilitated microenvironmental crosstalk via Macrophage Migration
Inhibitory Factor (MIF), Galactoside-binding lectin (GALECTIN), and Cyclophilin A (CypA) signals.

Conclusion: Our findings establish LRG1 as a robust prognostic biomarker and a key functional regulator of AML maintenance
through myeloid progenitor dysregulation, presenting it as a promising target for new therapeutic strategies.
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Introduction

Acute myeloid leukemia (AML) remains one of the most challenging hematologic malignancies, characterized by
heterogeneous molecular alterations and clinical outcomes.'* The treatment landscape for AML has evolved significantly
with the introduction of novel targeted therapeutics, moving beyond traditional cytotoxic chemotherapy. Agents such as
FLT3 inhibitors (eg, midostaurin, gilteritinib) have improved outcomes for patients with FLT3-mutated AML.? The
B-cell lymphoma 2 (BCL-2) inhibitor venetoclax, in combination with hypomethylating agents, has become
a cornerstone of therapy for older or unfit patients.* Despite these advances in therapeutic strategies, the five-year
survival rate for AML patients remains unsatisfactory, particularly in elderly populations and those with high-risk genetic
abnormalities primary and acquired resistance remain common, and outcomes for many AML subtypes are still poor.”
This clinical challenge underscores the urgent need to identify novel biomarkers and therapeutic targets that can improve
risk stratification and treatment outcomes.
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The leukemic microenvironment has emerged as a critical determinant of disease progression and therapeutic
resistance.®’” Recent studies have highlighted the importance of secreted proteins in mediating crosstalk between
leukemic cells and their microenvironment, facilitating disease maintenance and progression.®> Among these, leucine-
rich a-2-glycoprotein 1 (LRG1) has attracted increasing attention due to its reported involvement in angiogenesis,
inflammation, and tumor progression.'®'* However, its precise role in hematologic malignancies, particularly AML,
remains poorly understood.

Preliminary evidence suggests LRG1 may play a role in hematopoietic regulation. Elevated serum LRGI levels
have been observed in myelodysplastic syndromes (MDS) and have been correlated with disease progression to
AML."* Furthermore, LRG1 has been implicated in the maintenance of cancer stem cells in solid tumors through
modulation of Transforming Growth Factor Beta (TGF-P) signaling,'* a pathway known to be dysregulated in AML.">
These findings prompted us to investigate whether LRG1 might contribute to AML pathogenesis through similar or
distinct mechanisms.

Although prior in vitro studies have implicated LRG1 in AML cell proliferation and apoptosis.'®'” These investiga-
tions were primarily confined to in vitro models and lacked exploration of its broader clinical relevance, mechanistic
depth, and therapeutic potential. In this study, we present the first comprehensive analysis of LRG1 as an independent
prognostic biomarker and a critical regulator of leukemic stemness and AML microenvironmental remodeling, using an
integrated approach that combines in vitro models with single-cell RNA sequencing (scRNA-seq).

In this study, we presented a comprehensive analysis of LRG1 in AML, combining clinical correlation studies with
functional characterization and single-cell transcriptomic profiling. The primary aim of this study was to define the clinical
prognostic value of LRG1 expression in a well-characterized AML cohort, independent of established risk factors. Secondly,
we sought to elucidate the functional role of LRGI in maintaining leukemic stemness and promoting survival, specifically
investigating its modulation of both cell-intrinsic signaling pathways and extrinsic interactions with the bone marrow
microenvironment. Our goal was to evaluate the potential of LRG1 as a novel therapeutic target in AML.

Methods and Materials

Patients

Peripheral blood samples were collected from AML patients and healthy controls after obtaining informed consent,
following protocols approved by the Medical Ethics Committees of School of Medicine, Zhongnan hospital,
Wuhan University. Peripheral blood (total blood) was collected from participants into thylenediaminetetraacetic
acid (EDTA) tubes. Peripheral Blood Mononuclear Cells (PBMCs) were isolated using Ficoll-Paque density
gradient centrifugation within 2 hours of collection. Then the RNA was extracted immediately and stored at
-80°C for analysis. To analyze the LRG1 expression using quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR), 5 AML patients and 5 healthy controls were included. For single-cell RNA sequencing (scRNA-seq)
analysis, publicly available datasets (GSE116256) were downloaded from the Gene Expression Omnibus (GEO)
database. Bone marrow aspirates of 5 healthy control donors, 16 AML patients at diagnosis, and 19 matched
samples during treatment were analyzed using scRNA-seq and the details on healthy subjects and patients, please
refer to the literature of Peter van Galen et al.'® As for the analysis of other public datasets, a total of 200 patients
was included and the details about patients, please refer to the TCGA publicly available datasets.

Cell Culture

The human AML cell line Molm13 and the control human embryonic kidney 293T (HEK293T) cell line were cultured in
Roswell Park Memorial Institute 1640 medium (RPMI-1640 medium) (for Molm13) and Dulbecco Modified Eagle’s
Medium (DMEM) (for 293T), supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. The
HEK293T cell line and Molm-13 cell line were purchased from the Beyotime.
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Knockdown

LRGI1 knockdown was performed using three independent short hairpin RNA (shRNA) constructs (shLRG1#1-3)
targeting LRG1 mRNA, with a non-targeting shRNA (shControl) as the negative control. The sequences for all
shRNA constructs and qRT-PCR primers are provided in Supplementary Tables S1 and Table S2. Lentiviral particles
were produced in HEK293T cells and transduced into Molm13 cells. Knockdown efficiency was validated by qRT-PCR
72 hours post-transduction. Total RNA from cells was purified using TRIzol (Life Technologies) following the instruc-
tions of manufacturer. 1 mg purified total RNA was retrotranscribed using the ReverTra Ace qRT-PCR Kit (TOYOBO).
The levels of specific RNAs were measured using Bio-Rad qRT-PCR machine and Fast SybrGreen PCR master mix

following the manufacturer’s instructions. The 2-AACt method was used to normalize expression.

Functional Assays

Cells were counted at day 0, day 2, day 4, and day 6 under microscope. Apoptosis was assessed by Annexin V-FITC/
propidium iodide (PI) staining and analyzed by flow cytometry. Cells were seeded in methylcellulose medium
(MethoCult™ H4434, StemCell Technologies) and colonies (>50 cells) were counted after 10-14 days. CD11b expres-
sion was analyzed by flow cytometry after 2 days of culture. For cell cycle assay, cells were fixed, stained with DAPI,
and analyzed by flow cytometry.

scRNA-Seq

scRNA-seq data (GSE116256) were processed using the Seurat R package. Quality control included filtering cells with
<200 or >6,000 detected genes and >15% mitochondrial reads. Data normalization, dimensionality reduction (PCA), and
clustering (UMAP) were performed. Cell populations were annotated using canonical markers (eg, CD34 for
Hematopoietic Stem and Progenitor Cells (HSPCs), Myeloperoxidase (MPQO) for myeloid progenitors (MP)).
Differentially expressed genes (DEGs) were identified (Wilcoxon test, adjusted p < 0.05), and Gene Ontology (GO)
enrichment analysis was conducted using clusterProfiler. Multiple testing correction was applied to both the scRNA-seq
and differential expression gene (DEG) analyses to control the false discovery rate (FDR). Specifically, for the
identification of DEGs, p-values were adjusted using the Benjamini-Hochberg procedure to calculate FDR. Genes with
an FDR-adjusted p-value of < 0.05 were considered statistically significant.

CellChat

Intercellular signaling pathways were inferred using CellChat, focusing on ligand-receptor interactions. Signaling
strengths  were  compared between heathy people and AML  patients, with emphasis on
Macrophage Migration Inhibitory Factor (MIF), Galactoside-binding lectin (GALECTIN), and Cyclophilin A (CypA)
pathways.

Survival

For survival analysis, we defined low and high LRG1 expression based on percentile ranks of the expression levels.
Specifically, we utilized the R software (version 4.2.1) and the DESeq2 package (version 1.36.0) for our analysis. The
division was made as follows: the low expression group includes samples in the 0-50% percentile range, while the high
expression group includes samples in the 50—-100% percentile range. The reference group for our analysis is the low
expression group. The analysis framework involved extracting data for the LRG1 gene (ENSG00000171236.10) from
selected public datasets and performing differential expression analysis on the raw count matrix using the DESeq2
package. The “survminer” package and the “ggplot2” package were used for visualizing the survival results.

Statistics

Statistical analyses were performed using R software. The normality of all data distributions was assessed using the
Shapiro—Wilk test. Continuous variables are presented as mean + standard deviation (SD) for normally distributed
data. Comparisons between two groups were conducted using the two-tailed, unpaired Student’s #-test for normally
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distributed data. A p-value < 0.05 was considered statistically significant. Significance levels are denoted as *p < 0.05,
*¥p < 0.01, #**p < 0.001, and ****p < 0.0001. The R package “survival” was used to compare the survival rate of the
two groups. Log rank test and univariate Cox regression analysis were used for obtaining the p-values and hazard ratios
(HR, with 95% confidence intervals [CI]) of Kaplan—Meier curves.

Results
LRGI is Highly Expressed in AML Patients

To investigate the relationship between LRG1 and AML, we analyzed the expression of LRG1 at mRNA level using
single cell sequencing data of GSE116256.'® The results showed that the expression of LRG1 is higher in cells from
AML patients than healthy people (p<0.001) (Figure 1A). Moreover, after drug treatment, the expression of LRG1 was
significantly decreased (p<0.001) (Figure 1B). These data indicated that LRG1 level is positively associated with AML.
To confirm this phenotype, we harvested the peripheral blood from AML patients and healthy people and detected the
mRNA of LRGI, respectively. The results showed that LRG1 is significantly elevated in AML patients compared to
healthy people (p<0.05) (Figure 1C), which is consistent with the results of single cell sequencing analysis (Figure 1A).
We also used the Molm13, a well-known AML cell line, to further clarify the LRG1 expression, the result showed that
LRG1 expression is dramatically higher in Molm13 compared to 293T (p<0.001) (Figure 1D). Briefly, LRGI is highly
expressed in AML patients and AML related cell lines.

LRG| Expression is Independent of Age and Sex

We divided AML patients into two groups with a cut-off of 60 years of age and there was no significant difference in
LRGI expression between the two groups (Figure 2A). Also, aging-related genes (Figure 2B) were not associated with
LRG1 expression (Figure 2C). Besides, we analyzed the relationship between LRG1 and sex in AML patients. The
results showed that LRG1 expression was not related to sex and the sex-related genes (Figure 2C) had no correlation with
LRG1 expression (Figure 2D). In a word, LRG1 expression is independent of age and sex.

High Expression of LRGI is Associated with Poor Outcome

To explore whether LRG1 expression affect the prognosis of AML patients, overall survival (OS) analysis was conducted
and the results showed that the high LRG1 expression group displayed poor OS compared to low expression group
(p<0.01) (Figure 3A), which is consistent with the results of Figure 1B. What’s more, we found that LRG1 expression is
higher in FLT3 mutation AML patients compared to FLT3 non-mutation patients (p<0.01) (Figure 3B). Moreover, LRG1
expression is significantly elevated in the M3, M4, M5 phases of AML compared to M0, M1, and M2 phases
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Figure | LRGI expression in healthy individuals and AML patients under different conditions. (A) LRG| expression levels in healthy controls (Ctl) and AML patients. Data
are presented as relative mMRNA expression. Unpaired Student’s t-test was used for statistical comparisons. *** means P < 0.001. (B) LRG| expression in healthy individuals
(Ctl), AML patients, and AML patients treated with a drug. Statistical significance is indicated. Unpaired Student’s t-test was used for statistical comparisons. *** means P <
0.001. (C) Comparison of LRGI mRNA expression between healthy people and AML patients. Statistical significance is indicated. Unpaired Student’s t-test was used for
statistical comparisons. * means P < 0.05. (D) Relative mRNA expression of LRG| in 293T and Molm |3 cell lines. Statistical significance is indicated. Unpaired Student’s t-test
was used for statistical comparisons. *** means P < 0.001.
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(MO&M1&M2 VS M3, P<0.001; MO&M1&M2 VS M4, P<0.01; M0&M1&M2 VS M5, P<0.001; M3 VS M5, P<0.05;
M4 VS M5, P<0.05) (Figure 3C). In conclusion, these findings revealed that high expression of LRG1 is associated with
poor outcome.

LRGI is Required for the Maintenance of AML

To further make sure the role of LRGI in AML, LRG1 was knocked-down in the Molm13 and function assays were
conducted to clarify whether LRG1 could affect the maintenance of AML (Figure 4A and B). As shown in Figure 4C,
cells with low expression of LRGI displayed less cells compared to control group. The apoptosis assay showed that
LRGI knockdown significantly accelerated cell death (P<0.01) (Figure 4D and E). Also, LRG1 knockdown impaired the
colony-forming ability of cells (P<0.001) (Figure 4F and G). What’s more, we also detected the effect of LRG1
knockdown on myeloid differentiation. The results showed that cells with LRG1 knockdown significantly damaged
the myeloid differentiation (P<0.01) (Figure 4H and I). Moreover, cell cycle was performed and the results showed that
LRG1 knockdown had little effect on cell proliferation (Figure 4J and K). In a word, LRG1 knockdown obviously
damaged the myeloid differentiation, accelerated AML cell apoptosis and reduced colony forming ability, demonstrating
that LRG1 is required for the maintenance of AML.

LRGI is Mainly Expressed in HSPCs and Myeloid Progenitor Cells

To explore which population LRG!1 is expressed on, we analyzed the single cell sequencing data from AML patients and
healthy people. After rigorous quality control, unbiased graph-based clustering was performed and 8§ main population
were identified (Figure 5A) using the specific makers displayed in Figure 5B. CD34 means HSPCs,'> MPO means
MPs,?° Ficolin-1 (FCN1) means monocytes (Monos),”' Fragment constant epsilon Receptor I Alpha chain (FCER1A)
means dendritic cells (DCs),* Hemoglobin subunit delta (HBD) means erythroid cells (Erys),23 Granulysin (GNLY)
means natural kill cells (NKs),”* CD3D means T cells,”> and CD79A represents B cells*® (Figure 5B). To verify the
identified populations, heatmap was performed to show the differentially expressed genes (DEGs) in each cell type with
all QC-passed cells (Figure 5C) and GO analysis was performed using DEGs (Figure 5D). What’s more, cell ratio was
analyzed and the results showed that the ratios of HSPCs, MPs, Monos, and DCs cells were significantly higher than that
in control group (Figure 5E). After defining the cell type, the expression of LRG1 was analyzed, and LRG1 was mainly
expressed on HSPCs (P<0.0001), MPs (P<0.0001) and DCs (P<0.0001) of AML sample as shown in Figure 5SF,
indicating that LRGI1 is mainly expressed in HSPCs, MPs and DCs and LRGI1 expression in AML is significantly
higher than that in healthy people.

Cells with High LRG| Expression Showed More Signal Supporting AML Maintenance
To investigate why cells with high LRG1 expression have a survival advantage, we analyzed the outgoing
signaling patterns of cells from heathy people and AML patients. Our analysis revealed significant upregulation
of multiple inflammatory pathways—including MIF, GALECTIN, CypA, B cell-activating factor (BAFF), and
A proliferation-inducing ligand (APRIL)—in AML-derived HSPCs and MPs (Figure 6A). Among these, we
focused on MIF, GALECTIN, and CypA due to their established roles in immune modulation and myeloid
activation, which aligned closely with our functional findings.?”>° Specifically, LRG1-high cells in AML exhib-
ited enhanced interactions with multiple immune cell types (B cells, DCs, erythroids, monocytes, NK cells, and
T cells) compared to LRGl-low cells (Figure 6B). Moreover, GO analysis of differentially expressed genes
demonstrated significant enrichment of “myeloid leukocyte activation” in LRG1-high cells (Figure 6C), and key
genes related to myeloid differentiation were upregulated in these cells (p<0.001) (Figure 6D-F). Notably, CypA
—a secreted immunophilin known to promote inflammatory cell recruitment—emerged as a candidate mediator of
the observed cell-cell communication. Based on these results, we propose that high-LRG1 AML cells promote
a pro-survival microenvironment through enhanced inflammatory signaling—particularly via MIF, GALECTIN,
and CypA—which facilitates the recruitment and interaction of supportive immune and stromal cells, thereby
contributing to leukemic maintenance.
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used for statistical comparisons. ns indicates no statistically significant difference (p > 0.05). **** means P < 0.0001.
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Figure 6 Dysregulated cell-cell communication and myeloid activation in AML associated with LRG| expression subgroups. (A) Outgoing signaling patterns in control (Ctl,
left) and AML (right) samples, showing relative interaction strengths of key signaling molecules. The signaling pathways (MIF, GALECTIN, CyPA) highlighted in red represent
those that were upregulated in both HSPC and MP cell populations of AML. (B) Cell-type-specific signaling strengths (relative values) between LRGI-high and LRGI-low
subgroups. 0 was used as a cutoff, cells were categorized into two groups: the high LRG| expression group (expression level > 0) and the low LRGI expression group
(expression level < 0). (C) Enriched biological pathways for differentially expressed genes in LRGI_up (55 genes) and LRGI_down (5 genes) clusters. The red box highlights
the signal pathway that are in agreement with the functional results. 0 was used as a cutoff, cells were categorized into two groups: the LRG| _up group (expression level > 0)
and the LRG|_down group (expression level < 0). (D) Expression of myeloid-associated genes in LRG I _high group and LRG |_low groups. 0 was used as a cutoff, cells were
categorized into two groups: the high LRG| expression group (expression level > 0) and the low LRGI expression group (expression level < 0). (E) Log2 fold change in
expression of myeloid-associated genes in LRGI_high and LRGI_low groups. 0 was used as a cutoff, cells were categorized into two groups: the high LRG| expression
group (expression level > 0) and the low LRGI expression group (expression level < 0). (F) Myeloid activation scores are significantly elevated in LRGI_high cells. Unpaired
Student’s t-test was used for statistical comparisons. ***P < 0.001. 0 was used as a cutoff, cells were categorized into two groups: the high LRG| expression group
(expression level > 0) and the low LRGI expression group (expression level < 0).

Discussion

Our study identified LRG1 as a key player in AML, demonstrating significantly elevated expression in AML patients
compared to healthy individuals, with levels declining post-treatment—a pattern consistent with a potential disease
progression biomarker. Notably, high LRG1 expression correlated with adverse clinical features, including shortened
overall survival, FLT3 mutations (a known poor prognostic marker),>* and advanced AML subtypes (M3-M5), suggest-
ing its involvement in aggressive disease biology. Functional studies further supported its pathogenic role. LRG1
knockdown disrupted myeloid differentiation, enhanced apoptosis, and diminished clonogenic potential in AML cells,
collectively implicating LRG1 as a critical regulator of leukemogenesis.
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The landscape of AML research has been profoundly reshaped by the application of single-cell RNA sequencing
(scRNA-seq) technologies, which have provided unprecedented resolution in dissecting the cellular heterogeneity and
molecular mechanisms underlying disease progression and relapse. Recent studies have moved beyond bulk tissue
analysis to delineate the transcriptomic profiles of distinct cellular subpopulations within the leukemic microenviron-
ment. For instance, investigations have focused on characterizing leukemia stem cells (LSCs) and their evolving
signaling networks during disease progression,'® and developing innovative methods like MutaSeq to precisely identify
and track leukemic and pre-leukemic stem cells by combining single-cell transcriptomics with clonal lineage tracing.>'
Longitudinal single-cell profiling has further illuminated the dynamic responses of AML to chemotherapy, revealing how
LSCs persist and how the microenvironment is remodeled post-treatment.>> These advanced profiling studies have
collectively identified a range of novel cellular biomarkers and potential therapeutic targets associated with specific AML
subtypes, patient prognosis, and treatment resistance. Building upon this foundational work, our study further investi-
gated the role of the less-explored biomarker LRG1, seeking to define its functional impact on AML pathogenesis and its
potential clinical utility within the refined cellular framework established by these recent discoveries.

Single-cell transcriptomic profiling uncovered a distinct expression pattern of LRGI1 in AML, with predominant
localization in HSPCs, MPs, and DCs, which were critical for leukemic propagation. Strikingly, LRG1 high AML cells
demonstrated extensive crosstalk with both immune and stromal compartments, accompanied by marked enrichment of
myeloid activation pathways. This observation suggested LRG1 may orchestrate a pro-leukemic niche through both
autocrine and paracrine mechanisms. Further analysis revealed enhanced activity of multiple pro-survival signaling axes
in LRG1 high cells, including MIF, GALECTIN, and notably CypA. The prominent involvement of CypA, a known
mediator of inflammatory cell recruitment,® provides a plausible mechanistic link between LRG1 expression and the
establishment of an immune-permissive microenvironment conducive to AML progression.

Notably, our findings established LRG1 as a clinically robust biomarker, as its expression pattern remained consistent
regardless of age or sex variables - a critical feature for reliable prognostic application across heterogeneous AML
cohorts.>* The significant correlation between elevated LRG1 expression and FLT3 mutations suggests LRG1 may
functionally contribute to the aggressive phenotype characteristic of FLT3-mutated AML. Furthermore, the pronounced
enrichment of myeloid differentiation-associated genes in LRG1-high-expressing cells provides compelling evidence for
its role in maintaining leukemic stemness, reinforcing its position as a key mediator of AML pathogenesis.

Despite these findings, our study has several limitations. First, the functional validation was primarily performed in
cell lines and future studies should confirm these results in primary patient samples and in vivo models. Second, to
strengthen the clinical context, a direct comparison of LRG1 with other emerging AML biomarkers (eg, CD123, TIM-3,
ILIRAP) is warranted to delineate its independent or complementary prognostic value. Third, the precise molecular
mechanisms by which LRG1 modulates the MIF, GALECTIN and CypA signaling pathways remain to be fully
elucidated. Finally, our clinical cohort was of limited size and retrospective in nature; larger prospective studies are
needed to validate the prognostic utility of LRGI.

In conclusion, our findings suggest that LRG1 may act as a regulator of AML maintenance and a promising
prognostic biomarker. Future studies should explore the mechanistic basis of LRG1-mediated signaling crosstalk in
the leukemic niche and evaluate its therapeutic potential as a target in AML. More specifically, further research is
warranted to: (1) elucidate the precise molecular mechanisms by which LRG1 modulates the MIF, GALECTIN and
CypA signaling pathways; (2) validate the efficacy of targeting LRG1, either alone or in combination with existing agents
(eg, FLT3 or BCL-2 inhibitors), in pre-clinical AML models such as patient-derived xenografts (PDX); (3) investigate
the potential of LRG1 as a liquid biopsy marker for dynamic disease monitoring; and (4) explore the structure-function
relationship of LRGI to inform the development of neutralizing antibodies or small-molecule inhibitors. Given its impact
on cell survival, differentiation, and microenvironment interactions, targeting LRG1 may offer a novel strategy to disrupt
AML progression and improve patient outcomes.
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