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Abstract

Introduction: Age-related bone loss is closely linked to inflammaging in the bone marrow microenvironment, but the molecular factors
connecting immune remodeling to bone metabolic imbalance remain incompletely defined. This study aimed to identify aging-associated
genes related to inflammatory remodeling in the bone marrow and to provide preliminary cellular evidence for a prioritized candidate.
Methods: Public bulk RNA-seq (GSE132040) and single-cell RNA-seq (GSE132042) datasets from physiologically aging mice were
analyzed using an integrated workflow. Differentially expressed genes (DEGs) were identified from bulk RNA-seq data, followed by
Gene Ontology (GO) and Gene Set Enrichment Analysis (GSEA). Candidate genes were prioritized using least absolute shrinkage and
selection operator (LASSO) regression and support vector machine-recursive feature elimination (SVM-RFE). Single-cell RNA-seq was
used to examine the cellular distribution of the candidate gene within bone marrow cell populations. For cellular validation, [fi27/2a
was knocked down in RAW264.7 cells using lentiviral sShRNA, followed by quantitative reverse transcription polymerase chain reaction
(RT-qPCR) and transcriptomic analysis. Primary bone marrow-derived macrophages (BMMs) were further used for TRAP staining-
based assessment under M-CSF/RANKL-induced osteoclastogenic conditions. Results: A total of 313 DEGs were identified between
young and aged bone marrow samples, with enrichment mainly in antiviral, host-defense, and immune-related processes. Integrated
LASSO and SVM-RFE screening prioritized [fi27/2a for further analysis. Whole-bone-marrow bulk RNA-seq analysis showed an age-
associated decline in /fi27/2a expression, whereas single-cell analysis showed a monocyte-enriched distribution. In RAW264.7 cells,
1fi2712a knockdown reduced 7/6 and Trnf expression and was accompanied by broader transcriptomic remodeling involving inflammatory
programs and osteoclast-related transcriptional changes. Pathway analysis showed significant positive enrichment of the rheumatoid
arthritis pathway and suggestive enrichment of the osteoclast differentiation pathway. In primary BMMs, TRAP staining showed that
1fi2712a knockdown was associated with altered osteoclast-like morphology under M-CSF/RANKL stimulation. Conclusion: These
findings identify [fi2712a as a bone marrow aging-associated candidate gene with monocyte-enriched expression and a potential link to
inflammatory and osteoclast-lineage remodeling. The current study supports an association between /fi27/2a reduction, macrophage-
lineage transcriptional remodeling, and osteoclast-like morphological changes, rather than definitive causality. Further in vivo validation
of bone phenotypes and pathway-level studies are needed to clarify its role in age-related bone remodeling.
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1. Introduction eling during aging and gradually develops features of
chronic low-grade inflammation [3,4]. Age-related alter-
ations in the bone marrow niche can impair hematopoietic
stem cell support, promote myeloid skewing, and disturb
local immune homeostasis [3,4]. Among the cellular com-
ponents involved, monocytes and macrophages are increas-
ingly recognized not only as responders to inflammatory
stress but also as contributors to inflammatory remodel-
ing in aged tissues [5,6]. In the aging bone marrow mi-
croenvironment, these cells may undergo phenotypic and
functional alterations and participate in the production of
inflammatory mediators, including tumor necrosis factor-o
(TNF-a), interleukin-1p (IL-1p), and interleukin-6 (IL-6),
thereby aggravating local inflammatory stress and disrupt-
As a central hematopoietic and immune organ, bone ing microenvironmental homeostasis [1,2,5].
marrow undergoes substantial microenvironmental remod-

Aging is a systemic process accompanied by progres-
sive changes in both immune function and skeletal home-
ostasis. Under physiological conditions, bone marrow im-
munity and bone remodeling are closely coordinated; how-
ever, this balance becomes increasingly disturbed with age,
contributing to an imbalance in bone metabolism and osteo-
porosis in older individuals [ 1,2]. Because the bone marrow
niche contains multiple interacting immune, hematopoietic,
and stromal cell populations, and because immune media-
tors exert broad effects on both hematopoiesis and bone re-
modeling, the molecular links between inflammaging and
age-related bone loss remain incompletely understood [2].
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The inflammatory bone marrow microenvironment
has important consequences for skeletal metabolic home-
ostasis. Immune activation and increased production of
pro-osteoclastogenic mediators, including receptor activa-
tor of nuclear factor-kB ligand (RANKL), TNF-a, IL-1p,
IL-6, IL-17, and macrophage colony-stimulating factor (M-
CSF), can promote osteoclast differentiation and bone re-
sorption, ultimately disturbing the balance of bone remod-
eling [7,8]. This osteoimmune dysregulation is particularly
evident in chronic inflammatory diseases such as rheuma-
toid arthritis (RA), in which persistent cytokine activation
contributes to focal bone erosion and systemic bone loss [9].
Consistently, improved control of inflammation and the use
of biologic therapies have been associated with attenuation
of inflammation-related bone loss and improved bone out-
comes in RA [9,10].

Among genes potentially involved in immune remod-
eling within aged bone marrow, Ifi27/2a emerged from our
screening workflow as a candidate of interest. [fi27/2a
is an interferon-stimulated gene, but its role in the aging
bone marrow microenvironment and its relationship with
osteoclast-lineage remodeling remain poorly defined.

In the present study, we analyzed two publicly avail-
able transcriptomic datasets from naturally aged mice in
the Gene Expression Omnibus (GEO) database to iden-
tify genes associated with inflammatory remodeling during
bone marrow aging. Differentially expressed genes were
characterized by Gene Ontology (GO) analysis and Gene
Set Enrichment Analysis (GSEA), and candidate genes
were prioritized using least absolute shrinkage and selection
operator (LASSO) regression and support vector machine-
recursive feature elimination (SVM-RFE). This integra-
tive analysis identified [fi27/2a as a bone marrow aging-
associated candidate gene. Subsequent cellular experi-
ments using RAW264.7 cells and primary bone marrow-
derived macrophages further supported an association be-
tween [fi2712a knockdown, macrophage-lineage transcrip-
tional remodeling, and altered osteoclast-like differentia-
tion.

2. Materials and Methods
2.1 Data Collection and Download

Publicly available transcriptomic datasets were ob-
tained from the Gene Expression Omnibus (GEO) database.
Bulk RNA-seq data from mouse bone marrow samples col-
lected across the lifespan were obtained from GEO under
accession number GSE132040 [11]. To further examine
the cellular distribution of genes of interest within the het-
erogeneous bone marrow compartment, publicly available
single-cell RNA-seq data were obtained from GEO under
accession number GSE132042 [12].

2.2 Bioinformatic Analysis of Aging Datasets

For bulk RNA-seq analysis, samples from 6—9 months
of age were defined as the young group, whereas sam-

ples from 21-27 months of age were defined as the old
group, consistent with a previously reported analytic strat-
egy for this dataset [13]. Raw count matrices were ana-
lyzed using R software (version 4.3.0; R Foundation for
Statistical Computing, Vienna, Austria; https://www.R-pro
ject.org/) with the DESeq2 package (version 1.40.2; Bio-
conductor Project; https://bioconductor.org/packages/DE
Seq2/) [14]. Differentially expressed genes (DEGs) were
identified using the thresholds of |log2FoldChange| >0.3
and adjusted p < 0.05. Functional annotation was per-
formed using the clusterProfiler package (version 4.8.1;
Bioconductor Project; https://bioconductor.org/packages/cl
usterProfiler/), including Gene Ontology (GO) enrichment
analysis and Gene Set Enrichment Analysis (GSEA) [15].

2.3 Feature Selection by Least Absolute Shrinkage and
Selection Operator and Support Vector
Machine-Recursive Feature Elimination

To prioritize genes associated with transcriptional ag-
ing in bone marrow, two feature-selection methods were ap-
plied to the age-associated expression matrix. Chronologi-
cal age was used as the continuous response variable in both
feature-selection analyses. Least absolute shrinkage and se-
lection operator (LASSO) regression was implemented us-
ing the glmnet package [16], and support vector machine-
recursive feature elimination (SVM-RFE) was performed
using the caret framework [17]. For LASSO, 10-fold cross-
validation was used to determine the optimal penalty pa-
rameter A based on the mean squared error, and genes with
non-zero coefficients at lambda. min were retained. For
SVM-RFE, hyperparameters were optimized by grid search
with 10-fold cross-validation, and the feature subset with
the minimum cross-validated root mean squared error was
retained. The overlap between LASSO- and SVM-RFE-
derived candidates was used for downstream prioritization.

2.4 Single-Cell RNA-seq Data Processing and Analysis

Single-cell RNA-seq analysis and visualization were
performed using Scanpy software (version 1.9.1; scverse
project, open-source Python package; https://scanpy.readt
hedocs.io/) [18]. Quality control (QC) was implemented by
filtering out cells with a mitochondrial gene fraction > 20%.
Raw counts were normalized to 10,000 counts per cell,
log-transformed, and batch-corrected using BBKNN soft-
ware (version 1.6.0; Teich Lab, open-source Python pack-
age; https://github.com/Teichlab/bbknn) [19]. Cell popula-
tions were visualized using Uniform Manifold Approxima-
tion and Projection (UMAP), and candidate-gene expres-
sion patterns were evaluated across annotated bone marrow
cell compartments. Cell-type annotations from the orig-
inal dataset were used for downstream visualization and
candidate-gene localization. No additional monocyte sub-
cluster annotation, trajectory inference, or cell-cell com-
munication analysis was performed in the present study.
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2.5 Cell Culture

RAW264.7 murine macrophages were obtained from
Procell Life Science & Technology Co., Ltd. (Wuhan,
China), which originally sourced the cell line from ATCC
(Manassas, VA, USA). According to the supplier’s quality-
control certificates, the RAW264.7 cell line was authenti-
cated by mouse short tandem repeat (STR) profiling and
tested negative for mycoplasma contamination using a
PCR-based mycoplasma detection assay before use.

RAW264.7 cells were maintained in high-glucose
DMEM (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% fetal bovine serum (FBS,
Gibco) and 1% penicillin-streptomycin. Cells were cul-
tured at 37 °C in a humidified incubator with 5% CO, and
passaged every 2-3 days. Only low-passage cells were used
for downstream experiments. In this study, RAW264.7
cells were used for lentiviral knockdown, inflammatory
gene-expression analysis, and transcriptomic sequencing,
whereas primary BMMs were used to examine TRAP-
positive osteoclast-like morphological changes under M-
CSF/RANKL-induced osteoclastogenic conditions.

2.6 Lentivirus-Mediated Ifi2712a Knockdown in
RAW264.7 Cells

Stable Ifi2712a-knockdown RAW264.7 cell pools
were established using a pLKO.1-puro/RFP lentivi-
ral system.  Lentiviral particles encoding either an
Ifi2712a-targeting shRNA (SH3 group) or
targeting control shRNA (SHB group; sequence: 5'-
CAACAAGATGAAGAGCACCAA-3") were custom-
generated by Anhui General Biological Systems Co.,
Ltd. using HEK293T-based packaging with psPAX2 and
pMD2.G helper plasmids. Viral stocks were supplied at a
titer of 1 x 10% TU/mL and stored at —80 °C until use.

For transduction, RAW264.7 cells were seeded into
6-well plates at 5 x 10* cells per well and allowed to ad-
here overnight. Cells were then incubated with lentivi-
ral particles at a multiplicity of infection (MOI) of 10 in
complete medium containing 5 pg/mL polybrene (Sigma-
Aldrich, St. Louis, MO, USA). After 24 h, the viral super-
natant was replaced with fresh complete medium. Trans-
duction efficiency was assessed 72 h later by RFP fluo-
rescence. To establish stable polyclonal pools, transduced
cells were selected with puromycin at 2 pg/mL for 7-10
days. In the present study, the term “stable knockdown cell
pools” refers to puromycin-selected, RFP-positive poly-
clonal RAW264.7 populations in which reduced [fi27/2a
expression was subsequently confirmed by RT-qPCR and
transcriptomic analysis.

a non-

2.7 Validation of 1fi2712a Knockdown Efficiency

Total RNA was extracted using TRIzol reagent (In-
vitrogen, Carlsbad, CA, USA; cat. no. 15596026). RNA
concentration and purity were assessed using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific, Wilm-
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ington, DE, USA). cDNA was synthesized from 1 pg of to-
tal RNA using the PrimeScript RT reagent kit with gDNA
Eraser (Perfect Real Time; Takara Bio Inc., Kusatsu, Shiga,
Japan; cat. no. RR047A). Quantitative PCR was performed
on a StepOnePlus Real-Time PCR System (Applied Biosys-
tems, Foster City, CA, USA) using SYBR Premix Ex Taq II
(Tli RNaseH Plus; Takara Bio Inc., Kusatsu, Shiga, Japan;
cat. no. RR820A). The thermal cycling conditions were 95
°C for 30 s, followed by 40 cycles of 95 °C for 5 s and 60
°C for 30 s. Melting-curve analysis was performed from
65 °C to 95 °C to confirm primer specificity. Relative ex-
pression was normalized to Gapdh and calculated using the
2788Ct method. Knockdown efficiency was confirmed be-
fore downstream RNA-seq and osteoclast-related assays.

The primer sequences were as follows: Ifi27/2a for-
ward, 5'-ACTGTTTGGCTCTGCCATAGG-3'; Ifi2712a re-
verse, 5'-GCCTGCTGATTGGAGTGTGG-3'; Gapdh for-
ward, 5'-TTCACCACCATGGAGAAGGC-3"; and Gapdh
reverse, 5'-GGCATGGACTGTGGTCATGA-3'.

2.8 Primary BMM Isolation, Lentiviral Knockdown,
Osteoclast Induction, and TRAP Staining

Primary bone marrow-derived macrophages (BMMs)
were prepared from male C57BL/6 mice aged 6—8 weeks to
assess osteoclast-like morphological responses to Ifi27/2a
knockdown in a primary macrophage-lineage system.
Three mice were used for independent BMM isolation, and
each independent BMM preparation was considered a bi-
ological replicate. Because the mice were used solely as
donors for primary BMM isolation and were not assigned to
any in vivo intervention or treatment groups, animal-level
randomization was not applicable. For downstream cell-
based experiments, BMMs from each independent donor
preparation were allocated to the indicated treatment groups
at the culture-well level and processed in parallel under the
same predefined experimental workflow to minimize po-
tential procedural confounding. Mice were deeply anes-
thetized with 4% isoflurane in oxygen in an induction cham-
ber until loss of the pedal withdrawal reflex and then eu-
thanized by cervical dislocation before femur collection.
Bone marrow cells were flushed from the femurs under
sterile conditions and cultured for BMM preparation. The
cells were subsequently subjected to lentiviral knockdown,
M-CSF/RANKL-induced osteoclastogenic induction, and
TRAP staining-based assessment. The protocol involving
the isolation of primary BMMs from C57BL/6 mice was
approved by the Committee of the Northwest Institute of
Plateau Biology, Chinese Academy of Sciences (License
No. NWIPB2025-46), and all animal-related procedures
were conducted in accordance with the ARRIVE guidelines
and institutional guidelines for the care and use of labora-
tory animals.

Bone marrow cells were flushed from the femurs un-
der sterile conditions and cultured in a-MEM supplemented
with 10% FBS, 1% penicillin-streptomycin, and recom-
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binant mouse macrophage colony-stimulating factor (M-
CSF, 30 ng/mL) to enrich macrophage-lineage cells. Non-
adherent cells were removed during medium replacement,
and adherent macrophage-lineage cells were further main-
tained in M-CSF-containing medium before subsequent ex-
periments.

Following the RAW264.7 knockdown strategy, pri-
mary BMMs were divided into WT, SHB, and SH3 groups.
WT cells were left untreated, SHB cells were trans-
duced with the non-targeting shRNA lentivirus, and SH3
cells were transduced with the [fi2712a-targeting shRNA
lentivirus. Lentiviral transduction was performed using
the lentiviral constructs described above in the presence of
polybrene at 5 pg/mL. After transduction, cells were main-
tained in M-CSF-containing medium, and knockdown effi-
ciency was confirmed before osteoclast differentiation.

For osteoclast differentiation, WT, SHB, and SH3
BMMs were cultured in a-MEM containing 10% FBS, M-
CSF at 30 ng/mL, and recombinant mouse RANKL at 50
ng/mL. The induction medium was replaced every 2 days.
At the end of the induction period, cells were fixed and
stained for tartrate-resistant acid phosphatase (TRAP) using
a commercial TRAP staining kit according to the manufac-
turer’s instructions. TRAP staining was performed to ex-
amine osteoclast-like morphological changes after [fi27/2a
knockdown in primary macrophage-lineage cells under M-
CSF/RANKL-induced osteoclastogenic conditions.

2.9 Transcriptomic Sequencing and Analysis of
Knockdown Cells

Total RNA from three biological replicates of SHB
and SH3 stable RAW264.7 cell pools was submitted for li-
brary construction and sequencing on the [llumina NovaSeq
6000 platform (Illumina, San Diego, CA, USA) by BGI
(Shenzhen, Guangdong, China). Raw sequencing qual-
ity was evaluated using FastQC software (version 0.11.9;
Babraham Bioinformatics; https://www.bioinformatics.bab
raham.ac.uk/projects/fastqc/), and adapter trimming and
low-quality read filtering were performed using Trimmo-
matic software (version 0.39; Usadel Lab; http://www.us
adellab.org/cms/?page=trimmomatic). Clean reads were
aligned to the mouse reference genome (GRCm39) using
HISAT2 software (version 2.2.1; Dachwan Kim Lab/Center
for Computational Biology, Johns Hopkins University,
Baltimore, MD, USA; https://dachwankimlab.github.io/hi
sat2/). Transcript assembly and gene-level quantification
were performed using StringTie software (version 2.2.1;
Center for Computational Biology, Johns Hopkins Uni-
versity, Baltimore, MD, USA; https://ccb.jhu.edu/software
/stringtie/), and count matrices were used for differential
expression analysis in DESeq2 package (version 1.38.3;
Bioconductor Project; https://bioconductor.org/packages/
DESeq2/).

For this validation dataset, DEGs were defined us-
ing the thresholds of |log2FoldChange| >1 and adjusted p

< 0.05. FPKM values were used only for visualization.
Functional enrichment analysis, including GO, Kyoto En-
cyclopedia of Genes and Genomes (KEGG), and GSEA,
was performed using clusterProfiler package (version 4.2.2;
Bioconductor Project; https://bioconductor.org/packages/cl
usterProfiler/). For GSEA, genes were ranked according
to differential-expression statistics, and pathway-level re-
sults were interpreted with caution when the adjusted sig-
nificance was borderline.

2.10 Statistical Analysis

All statistical analyses were performed using R soft-
ware (version 4.3.0; R Foundation for Statistical Com-
puting, Vienna, Austria; https://www.R-project.org/) and
GraphPad Prism (version 9.0; GraphPad Software, LLC,
Boston, MA, USA; https://www.graphpad.com/). Cell-
based quantitative experiments were performed with at
least three independent biological replicates unless other-
wise stated. Data are presented as mean =+ standard de-
viation (SD). For non-omics cell-based quantitative com-
parisons between two groups, an unpaired two-tailed Stu-
dent’s #-test was used. For quantitative comparisons in-
volving three groups, namely WT, SHB, and SH3, one-
way analysis of variance (ANOVA) followed by Tukey’s
post hoc test was applied. A two-sided p value < 0.05 was
considered statistically significant. All graphs were gener-
ated using ggplot2 package (version 3.4.2; tidyverse team;
https://ggplot2.tidyverse.org/) or GraphPad Prism, and the
statistical details for each quantitative analysis are provided
in the corresponding figure legends.

3. Results

3.1 Age-Associated Transcriptional Alterations and
Functional Enrichment in Mouse Bone Marrow

Bulk RNA-seq data from GSE132040 were analyzed
to define age-associated transcriptional alterations in mouse
bone marrow. Samples from mice aged 69 months were
assigned to the young cohort, whereas those from mice aged
21-27 months were assigned to the aged cohort. Using pre-
defined thresholds of [log2FoldChange| >0.3 and adjusted
p < 0.05, we identified 313 differentially expressed genes
(DEGs) between aged and young bone marrow samples,
comprising 264 upregulated and 49 downregulated genes
in the aged group.

The heatmap revealed distinct age-related expres-
sion patterns among these DEGs across the examined age
groups, suggesting gradual remodeling of the bone marrow
transcriptomic landscape during aging (Fig. 1A). The vol-
cano plot displayed the overall distribution of DEGs be-
tween the aged and young cohorts and marked several rep-
resentative age-associated genes, including /fi2712a, Oas2,
Tnf, Bcl2alb, Egrl, and Cxcl5 (Fig. 1B).

GO enrichment analysis was then performed to inves-
tigate the biological processes represented by these age-
related DEGs. The enrichment map showed that the en-
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Fig. 1. Age-associated transcriptional alterations and GO enrichment analysis in mouse bone marrow. (A) Heatmap showing the
expression patterns of 313 DEGs across the examined age groups. Among these DEGs, 264 genes were upregulated and 49 genes were
downregulated in aged bone marrow samples compared with young samples. (B) Volcano plot showing differentially expressed genes
(DEGsS) between the young cohort, defined as mice aged 6—9 months, and the aged cohort, defined as mice aged 21-27 months. DEGs
were identified using thresholds of |log2FoldChange| >0.3 and adjusted p < 0.05. (C) Enrichment map showing the connectivity among
significantly enriched Gene Ontology (GO) Biological Process terms. Nodes represent enriched terms, node size indicates the number of
associated DEGs, and node color represents the adjusted p value. Edges indicate shared genes between terms. (D) Dot plot showing the
top enriched GO Biological Process terms. The enriched terms were primarily related to antiviral and host-defense responses, including

viral life cycle, viral process, response to virus, negative regulation of viral process, and regulation of viral life cycle.
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riched terms were highly interconnected and were mainly
related to antiviral and host-defense responses, including
viral life cycle, viral process, response to virus, and regu-
lation of viral process (Fig. 1C). Similarly, the GO Bio-
logical Process dot plot showed prominent enrichment of
defense-associated terms, such as viral life cycle, viral pro-
cess, response to virus, negative regulation of viral process,
and regulation of viral life cycle (Fig. 1D). These results
indicate that bone marrow aging is accompanied by sub-
stantial remodeling of immune- and virus-response-related
transcriptional programs.

GSEA was further applied to examine pathway-
level trends across the aging-associated expression pro-
file. In line with the GO enrichment results, sev-
eral immune-related signatures, including immune effec-
tor process, production of molecular mediator of im-
mune response, humoral immune response, and hemosta-
sis, showed enrichment in the aging-related expression pat-
tern (Supplementary Fig. 1A-D). Together, these analy-
ses suggest that aging reshapes the bone marrow transcrip-
tome toward immune-associated remodeling, with notable
involvement of antiviral and host-defense-related biologi-
cal processes.

3.2 Feature-Selection Analysis Prioritizes 1fi2712a as a
Candidate Gene Associated With Bone Marrow Aging

LASSO regression and SVM-RFE were applied to
the DEG matrix from the bulk RNA-seq dataset to refine
the list of age-associated genes. The LASSO model, us-
ing 10-fold cross-validation, retained 10 genes with non-
zero coefficients at the optimal lambda value (Fig. 2A).
SVM-RFE selected 37 genes at the point of minimum cross-
validation RMSE, representing the feature subset with the
best cross-validated performance for predicting chronolog-
ical age (Fig. 2B).

The intersection of the two feature-selection ap-
proaches yielded six shared candidate genes: Ifi2712a,
Oas2, Egrl, Cxcl5, Tnf, and Bcl2alb (Fig. 2C). Their ex-
pression patterns were then examined in the bulk RNA-
seq dataset. Among these candidates, /fi27/2a and Oas?2
showed relatively clear age-associated expression differ-
ences, with Ifi2712a displaying a consistent decrease in aged
bone marrow samples (Fig. 2D and Supplementary Fig.
2A-E). Given its reproducible decline during aging and its
selection by both feature-selection methods, Ifi27/2a was
prioritized for subsequent analysis.

The cellular distribution of the candidate genes was
further examined using the single-cell RNA-seq dataset
GSE132042. The dot plot showed heterogeneous expres-
sion patterns across annotated bone marrow cell popula-
tions, with Ifi27[2a showing relatively enriched expres-
sion in monocyte-lineage cells (Fig. 2E). UMAP visual-
ization resolved the major hematopoietic and immune cell
populations in mouse bone marrow and further highlighted
the monocyte-related compartment within the bone marrow

landscape (Fig. 2F and Supplementary Fig. 3). Together,
these results nominated [fi27[2a as an aging-associated
candidate gene with bulk-level expression changes and
monocyte-enriched expression in the bone marrow mi-
croenvironment.

3.3 Single-Cell Analysis Reveals Monocyte-Enriched
Ifi2712a Expression During Bone Marrow Aging

To define the cellular context of Ifi27/2a expression
during bone marrow aging, we compared its expression pat-
tern in total bone marrow cells and in the annotated mono-
cyte subset using the single-cell RNA-seq dataset. In total
bone marrow cells, Ifi27/2a showed a decreasing trend at
later ages, consistent with its reduced expression in aged
samples in the bulk RNA-seq analysis (Fig. 3A). When the
analysis was restricted to bone marrow monocytes, how-
ever, Ifi2712a remained prominently expressed across the
examined age groups (Fig. 3B).

UMAP visualization further localized Ifi27/2a expres-
sion to the annotated monocyte population (Fig. 3C). Quan-
tification of mean [fi2712a expression within monocytes
showed no significant age-dependent difference, indicat-
ing that its expression was relatively maintained within this
cell population (Fig. 3D). A direct comparison of expres-
sion trends between total bone marrow cells and monocytes
showed that the decline in [fi27/2a expression was more ev-
ident at the whole-bone-marrow level than within the mono-
cyte subset (Fig. 3E). These findings suggest that mono-
cytes constitute a major /fi27/2a-expressing compartment
in the bone marrow, and that the reduced Ifi27/2a signal ob-
served in bulk bone marrow may partly reflect age-related
changes in cellular composition rather than a uniform de-
crease within monocytes.

3.4 Ifi2712a Knockdown is Associated With Inflammatory
Gene Changes, Transcriptomic Remodeling, and Altered
Osteoclast-Like Differentiation

To examine the potential involvement of [fi2712a
in macrophage-lineage cells, a lentiviral shRNA-mediated
knockdown model was established. WT cells served as un-
treated controls, SHB cells were transduced with a non-
targeting shRNA, and SH3 cells were transduced with an
Ifi2712a-targeting shRNA. RFP fluorescence was detected
in SHB and SH3 cells but was absent in WT cells, confirm-
ing successful lentiviral transduction (Fig. 4A). RT-qPCR
analysis showed a marked reduction in /fi27/2a mRNA ex-
pression in SH3 cells compared with SHB cells, and this
decrease was further supported by RNA-seq-derived nor-
malized read counts (Fig. 4C,F).

Primary BMMs were further used to examine
osteoclast-like  morphological changes under M-
CSF/RANKL-induced  osteoclastogenic ~ conditions.
TRAP staining showed TRAP-positive osteoclast-like
cells with multinucleated features in the WT and SHB
groups, whereas SH3 cells displayed a less prominent
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Fig. 2. Feature-selection-based prioritization and cellular distribution of candidate aging-associated genes in mouse bone marrow.
(A) Least absolute shrinkage and selection operator (LASSO) regression analysis of age-associated DEGs. The plot shows the mean
squared error across the logarithm of the penalty parameter L. The upper x-axis indicates the number of retained features, and the vertical
dashed line marks the optimal lambda value used for feature selection. (B) Support vector machine-recursive feature elimination (SVM-
RFE)-based feature optimization. The plot shows cross-validation root mean squared error (RMSE) during recursive feature elimination
and indicates the feature subset with the lowest RMSE under the optimized model. (C) Venn diagram showing the overlap between
candidate genes identified by LASSO regression and SVM-RFE. LASSO retained 10 genes, SVM-RFE selected 37 genes, and six shared
genes, including Ifi2712a, Oas2, Egrl, Cxcl5, Tnf, and Bcl2alb, were retained for further evaluation. (D) Expression pattern of [fi27/2a
across different age groups in the bulk RNA-seq dataset. (E) Dot plot showing the expression profiles of candidate genes across annotated
bone marrow cell populations. Dot size indicates the percentage of cells expressing each gene, and color intensity represents the average
expression level. (F) Uniform Manifold Approximation and Projection (UMAP) visualization of mouse bone marrow cells from the
single-cell RNA-seq dataset, highlighting the monocyte-related compartment within the bone marrow cell landscape. Asterisks indicate

statistical significance for the indicated comparisons: p < 0.05 for a single asterisk and p < 0.01 for double asterisks.
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Fig. 3. Single-cell analysis of Ifi27/2a expression in mouse bone marrow during aging, with emphasis on the monocyte compart-
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the fraction of marrow cells expressing each gene, and color intensity represents the mean expression level in each age group. (B) Dot

plot showing the expression profiles of candidate genes in bone marrow monocytes across age groups. Dot size indicates the fraction of

monocytes expressing each gene, and color intensity represents the mean expression level in each age group. (C) UMAP visualization
of Ifi2712a expression in the annotated monocyte population from the single-cell RNA-seq dataset. Each dot represents a single cell, and
color intensity indicates log-normalized Ifi2712a expression. (D) Quantification of mean [fi27/2a expression in bone marrow monocytes
across age groups. No significant age-dependent difference was observed. (E) Comparison of age-associated [fi27/2a expression trends

between total bone marrow cells and the monocyte subset. ns indicates no statistically significant difference (p > 0.05).

TRAP-positive multinucleated morphology (Fig. 4B).
This observation provided primary-cell-based morpholog-
ical support for a possible association between [fi27[2a
knockdown and altered osteoclast-like changes.

The expression of selected inflammatory mediators
was next assessed. RT-qPCR analysis showed that 7/6 and
Tnf mRNA levels were significantly lower in SH3 cells
than in SHB cells (Fig. 4D,E). Consistently, RNA-seq-
derived normalized read counts showed a similar downward
pattern for 7/6 and Tnf in the Ifi27[2a knockdown group
(Fig. 4G,H). These results indicate that /fi27/2a knockdown
was accompanied by reduced expression of these inflamma-
tory mediators in macrophage-lineage cells.

RNA-seq analysis was further performed to character-
ize broader transcriptional changes associated with [fi27/2a
knockdown. Hierarchical clustering showed clear sepa-
ration between SHB and SH3 samples, indicating distinct
transcriptomic profiles after knockdown (Fig. 4I). Differ-
ential expression analysis identified 174 differentially ex-
pressed genes, including 146 upregulated and 28 downreg-
ulated genes in SH3 cells compared with SHB cells (Fig.

4]). Together, these results confirm effective Ifi2712a deple-
tion and show that Ifi27/2a knockdown is accompanied by
inflammatory gene changes, macrophage-lineage transcrip-
tomic remodeling, and altered TRAP-positive osteoclast-
like morphology.

3.5 1fi2712a Knockdown is Associated With Inflammatory
Pathway Remodeling and Osteoclast-Related
Transcriptional Changes

As shown in Fig. S5A, pathway enrichment anal-
ysis indicated that differentially expressed genes after
1fi2712a knockdown were mainly associated with immune-
and inflammation-related pathways, including “rheuma-
toid arthritis”, “TNF signaling pathway”, “Ras signaling
pathway”, “JAK-STAT signaling pathway”, and “osteo-
clast differentiation”. These enriched pathways suggest that
Ifi2712a knockdown is accompanied by transcriptional re-
modeling of inflammatory and osteoclast-related signaling
programs, rather than activation of a single linear pathway.

The heatmap presented in Fig. 5B showed distinct ex-
pression patterns of genes associated with “osteoclast dif-
ferentiation” and “rheumatoid arthritis” between SH3 and
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Fig. 4. Ifi2712a knockdown is associated with inflammatory gene changes, transcriptomic remodeling, and osteoclast-like mor-
phological alterations. (A) RFP fluorescence images of WT, SHB, and SH3 cells after lentiviral transduction. WT, untreated control
cells; SHB, cells transduced with a non-targeting shRNA; SH3, cells transduced with an /fi27/2a-targeting shRNA. Scale bars = 100 um.
(B) TRAP staining of primary bone marrow-derived macrophages (BMMs) after M-CSF/RANKL-induced osteoclastogenic stimulation
in the WT, SHB, and SH3 groups, showing osteoclast-like morphological changes. Scale bars = 100 um. (C) RT-qPCR validation of
1fi2712a mRNA depletion in SH3 cells compared with SHB cells, normalized to Gapdh. (D,E) RT-qPCR analysis of 7/6 (D) and Tnf (E)
mRNA expression in SHB and SH3 cells, normalized to Gapdh. (F-H) RNA-seq-derived normalized read counts of [fi27/2a (F), 116 (G),
and 7nf (H) in SHB and SH3 cells. (I) Hierarchical clustering heatmap of differentially expressed genes, showing distinct transcriptomic
profiles between SHB and SH3 cells. (J) Volcano plot showing differentially expressed genes between SHB and SH3 cells. Red dots
indicate significantly upregulated genes, blue dots indicate significantly downregulated genes, and grey dots indicate non-significant
genes. A total of 174 differentially expressed genes were identified, including 146 upregulated and 28 downregulated genes in SH3 cells
compared with SHB cells. For (C-H), *p < 0.05 and **p < 0.01.
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Fig. 5. Pathway enrichment and gene interaction analyses following Ifi27/2a knockdown. (A) Pathway enrichment analysis showing
enriched pathways in knockdown cells, with highlighted pathways including “rheumatoid arthritis”, “osteoclast differentiation”, “TNF
signaling pathway”, “Ras signaling pathway”, and “JAK-STAT signaling pathway” (size indicates gene count; color represents signifi-
cance). (B) Heatmap displaying expression clusters of gene sets associated with “osteoclast differentiation” and “rheumatoid arthritis”,
showing distinct expression patterns between SH3 and SHB sample groups; upregulated genes in the SH3 group are indicated (red = high
expression, blue = low expression). (C) Gene interaction network of the rheumatoid arthritis-associated cluster, including key genes:
Ctsk, Ccl2, AcpS5, 1l1a, Csf1, Ccl5, Cd80, Cd86, Ccl3, Jun, and Fos. (D) Gene interaction network of the osteoclast differentiation-related
cluster, including key genes: Ctsk, Acp5, Il1a, Fosli, Csf1, Fcgr3, Blnk, Sirpbla, Syk, Pik3cb, Map2k6, Itpr2, Fosb, Fcgr4, Jun, and Fos.
(E) GSEA plot for the “osteoclast differentiation (mmu04380)” pathway, showing suggestive positive enrichment in SH3 cells compared
with SHB cells (ES = 0.487, NES = 1.75, nominal p < 0.001, FDR = 0.059). (F) GSEA plot for the “rheumatoid arthritis (mmu05323)”
pathway, showing significant positive enrichment in SH3 cells compared with SHB cells (ES = 0.566, NES = 1.87, nominal p < 0.001,
FDR = 0.025).

SHB cells. Gene interaction network analysis further iden-
tified several inflammation- and osteoclast-related genes
within these pathway clusters, including Ctsk, Acp3, Ccl2,
Illa, Csfl, Jun, and Fos (Fig. 5C,D). These results indicate
that the transcriptional changes induced by /fi27/2a knock-
down involve interconnected inflammatory and osteoclast-
related gene networks.

GSEA showed significant positive enrichment of the
“rheumatoid arthritis” pathway in SH3 cells compared with
SHB cells (NES = 1.87, nominal p < 0.001, FDR = 0.025;
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Fig. 5F). The “osteoclast differentiation” pathway also
showed a suggestive positive enrichment pattern (NES =
1.75, nominal p < 0.001, FDR = 0.059; Fig. 5E), although
the FDR value was borderline and did not meet the con-
ventional threshold for strong significance. Together, these
results suggest that /fi27/2a knockdown is associated with
inflammatory pathway remodeling and may be linked to
osteoclast-related transcriptional changes in macrophage-
lineage cells.
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4. Discussion

This study identified Ifi27/2a as an aging-associated
candidate gene in mouse bone marrow by integrating bulk
RNA-seq analysis, LASSO and SVM-RFE feature selec-
tion, single-cell RNA-seq analysis, and cellular validation.
In the bulk RNA-seq dataset, aged bone marrow exhib-
ited a distinct transcriptional profile compared with young
bone marrow, with differentially expressed genes mainly
enriched in immune- and virus-response-related biological
processes. This pattern is consistent with the concept of in-
flammaging, in which chronic low-grade immune dysreg-
ulation reshapes tissue microenvironments and contributes
to age-related functional decline [20]. In the skeletal sys-
tem, inflammaging has been linked to age-related bone dis-
eases by disturbing the balance among osteogenesis, osteo-
clastogenesis, adipogenesis, and chondrogenesis [21]. In-
flammation and aging are also closely associated with im-
paired bone remodeling and reduced regenerative capac-
ity [22]. Given that bone marrow is both a hematopoi-
etic and immune-active tissue, age-related remodeling of
the bone marrow immune microenvironment may influ-
ence skeletal homeostasis, particularly through changes in
monocyte/macrophage-lineage cells [23,24].

LASSO and SVM-RFE analyses narrowed the age-
associated DEGs to six overlapping candidate genes:
Ifi2712a, Oas2, Egrl, Cxcl5, Tnf, and Bcl2alb. Among
them, [fi2712a showed a consistent decrease in whole bone
marrow and was selected for further analysis. Single-
cell RNA-seq analysis placed Ifi27/2a mainly within
the monocyte-related compartment, while its expression
within monocytes remained relatively stable across age
groups. Therefore, the reduced Ifi27[2a expression ob-
served in whole bone marrow may reflect both transcrip-
tional changes and age-related shifts in bone marrow cel-
lular composition. This interpretation is consistent with
single-cell evidence showing that osteoporosis-related bone
loss may involve an imbalance in monocyte subsets rather
than uniform transcriptional changes within all monocytes
[25]. In addition, single-cell integration has been increas-
ingly used to assign bone-related candidate genes to spe-
cific cellular compartments, highlighting the importance of
cell-type resolution when interpreting bulk bone marrow
transcriptomic changes [13]. Since monocyte/macrophage-
lineage cells include osteoclast precursors, alterations in
this compartment may influence osteoclast-lineage remod-
eling during aging [26,27,28].

Ifi2712a  belongs to the ISGI12/IF127-related
interferon-stimulated gene family. Previous studies
have described the ISG12 family composition in humans
and mice and linked ISG12-related genes to interferon-
responsive transcriptional programs [29,30]. ISGI12 has
also been reported to modulate innate immune responses
and inflammatory cytokine production in macrophage-
related inflammatory models [31]. More recent evidence
further supports the involvement of Ifi27/2a in inflamma-
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tory and myeloid-lineage contexts. In the central nervous
system, [fi27]2a was identified as a regulator of microglial
inflammation during aging and stroke [32]. More directly
related to skeletal remodeling, a recent single-cell study
reported that Ifi27]2a was upregulated in bone marrow
monocytes in glucocorticoid-induced osteoporosis and
contributed to enhanced osteoclast differentiation and bone
loss [33]. These findings support the biological relevance
of Ifi2712a in monocyte/macrophage-lineage inflammatory
regulation and osteoclast-related remodeling. However,
the direction of [fi2712a alteration appears to be context-
dependent. In contrast to the glucocorticoid-induced
osteoporosis model, the present aging-related bone marrow
analysis showed reduced [fi2712a expression at the bulk
level and a more complex cellular response after Ifi27/2a
knockdown. Thus, [fi27/2a should be interpreted as a
context-sensitive gene associated with macrophage-lineage
and osteoclast-related states, rather than as a unidirectional
driver of osteoclastogenesis.

In the cellular validation experiments, Ifi27/2a knock-
down in RAW264.7 cells decreased 116 and Tnf expres-
sion at both the RT-qPCR and RNA-seq levels, sup-
porting a relationship between [fi27/2a and inflammatory
mediator expression in macrophage-lineage cells. Tran-
scriptomic analysis confirmed efficient knockdown in
SH3 cells compared with the non-targeting shRNA con-
trol group SHB, with [fi27/2a showing a fold change of
0.18 and a logyFoldChange of —2.47. Beyond [fi27/2a
repression, RNA-seq analysis identified 174 DEGs be-
tween SH3 and SHB cells, including 146 upregulated and
28 downregulated genes. Several osteoclast-associated
or macrophage-remodeling-related transcripts, including
Acp5, Ctsk, Atp6v0d2, Itgax, Timpl, Mcoln2, Lims2, and
Cistn3, were upregulated in SH3 cells. This suggests
that [fi27/2a knockdown reshaped macrophage-lineage
gene-expression programs involving osteoclast-related fea-
tures. However, these transcriptomic changes should not
be directly equated with enhanced osteoclast maturation
or bone-resorptive function. Acp5 and Ctsk are com-
monly associated with RANKL-induced osteoclast acti-
vation, whereas osteoclast formation requires coordinated
macrophage-lineage differentiation, precursor fusion, mult-
inucleation, cytoskeletal organization, and acquisition of
bone-resorptive function [26,34,35]. Recent single-cell
multi-omics evidence also suggests that osteoclastogene-
sis during aging involves coordinated transcriptional reg-
ulation rather than a single linear pathway [36]. In addi-
tion, Ccl2 is involved in monocyte recruitment and skeletal
inflammatory remodeling [37], while Fos and Jun are cen-
tral components of AP-1-related signaling in bone develop-
ment and inflammatory bone disease [38]. Therefore, the
increased expression of osteoclast-associated transcripts in
SH3 cells may reflect a shift in macrophage-lineage tran-
scriptional state rather than direct evidence of fully en-
hanced osteoclast formation.
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The pathway enrichment results further supported
this cautious interpretation. The rheumatoid arthritis
pathway showed significant positive enrichment after
Ifi2712a knockdown, which is biologically relevant because
rheumatoid arthritis is characterized by immune-mediated
inflammation and bone erosion [39]. Suppression of in-
flammatory pathways in rheumatoid arthritis can also re-
duce local and systemic bone loss, supporting the close re-
lationship between immune activation and bone remodel-
ing [40]. In contrast, the osteoclast differentiation path-
way showed only suggestive positive enrichment, with a
borderline FDR value. Thus, the enrichment results indi-
cate osteoclast-related transcriptional remodeling but do not
establish strong activation of the osteoclast differentiation
pathway.

The primary BMM experiment further provided func-
tional support at the cellular level. RAW264.7 cells were
used for transcriptomic and inflammatory gene-expression
analyses, whereas primary BMMs were used for osteoclast
differentiation validation. Primary BMMs are more physio-
logically relevant for evaluating osteoclast-like differentia-
tion under M-CSF/RANKL stimulation, as osteoclasts orig-
inate from monocyte/macrophage-lineage precursors and
acquire bone-resorptive activity through coordinated differ-
entiation and fusion [26,35]. After induction, WT and SHB
BMMs showed TRAP-positive osteoclast-like cell forma-
tion, whereas SH3 cells displayed a less prominent TRAP-
positive multinucleated osteoclast-like morphology. This
supports an association between reduced [fi27/2a expres-
sion and altered osteoclast-like differentiation in primary
macrophage-lineage cells.

The apparent discrepancy between osteoclast-
associated transcript upregulation in RAW264.7 cells and
less prominent osteoclast-like differentiation in primary
BMMs may reflect the complexity of the macrophage-to-
osteoclast transition. Osteoclastogenesis requires not only
the expression of individual osteoclast-associated genes
but also coordinated precursor commitment, cell fusion,
multinucleation, cytoskeletal organization, and functional
maturation [26,35].  Therefore, partial transcriptional
activation of osteoclast-related genes may occur without
complete osteoclast maturation. In addition, the transcrip-
tomic profile suggested possible changes in Wnt-associated
regulatory events. Since canonical Wnt/B-catenin signaling
has been reported to negatively regulate osteoclast differ-
entiation in osteoclast-lineage cells, these changes raise
the possibility that Wnt-related regulation may contribute
to the uncoupling between osteoclast-associated gene
expression and functional osteoclast-like differentiation
[41,42]. However, because the present study did not
directly measure B-catenin activation, nuclear B-catenin
accumulation, Wnt reporter activity, or rescue effects
after Wnt pathway inhibition, this interpretation remains
hypothetical and requires further validation. Previous
proteomic comparison has also shown that osteoclasts
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derived from RAW264.7 cells and primary BMMs differ
substantially in their cellular characteristics, supporting the
need to interpret these two systems separately [43].

In summary, Ifi2712a is associated with bone mar-
row aging, monocyte-related immune remodeling, and
osteoclast-lineage regulation. The current data do not
support a simple model in which Ifi27/2a reduction di-
rectly drives bone degeneration or uniformly enhances os-
teoclastogenesis. Instead, [fi2712a knockdown appears to
reshape macrophage-lineage transcriptional states involv-
ing inflammatory mediator expression, chemokine signal-
ing, osteoclast-related gene programs, and possible Wnt-
associated regulatory changes. Together with recent evi-
dence from glucocorticoid-induced osteoporosis and aging-
related inflammatory models, our findings suggest that
Ifi2712a may function in a context-dependent manner
within monocyte/macrophage-lineage remodeling. Further
in vivo studies and pathway-level validation are needed to
determine whether this regulatory pattern contributes di-
rectly to age-related bone loss.

5. Limitations

The present study used publicly available bulk RNA-
seq and single-cell RNA-seq datasets to investigate aging-
related transcriptional changes in bone marrow. Although
these analyses supported the identification of [fi27/2a as a
bone marrow aging-associated candidate gene, they did not
establish causality. Because the bulk RNA-seq data were
derived from whole bone marrow, the reduced [fi2712a ex-
pression may reflect both transcriptional changes in spe-
cific cell populations and age-related shifts in cellular com-
position. In addition, the single-cell analysis did not in-
clude refined monocyte subpopulation annotation, trajec-
tory inference, or cell-cell communication analysis, which
limited the interpretation of bone marrow inflammaging-
related cellular dynamics.

Experimental validation was performed mainly in
macrophage-lineage cell models. RAW?264.7 cells are use-
ful for examining inflammatory and osteoclast-related re-
sponses but cannot fully represent primary osteoclast pre-
The added primary BMM-based TRAP stain-
ing assay provided morphological support in a primary
macrophage-lineage system; however, further quantitative
osteoclast assays, bone resorption assays, rescue experi-
ments, and in vivo bone phenotype validation are still re-
quired to determine whether Ifi27/2a directly regulates os-
teoclast differentiation or age-related bone loss. Future
studies using aged animal models combined with micro-CT,
bone histology, tissue-level TRAP staining, and expanded
single-cell analyses will help clarify the role of Ifi27/2a in
age-related bone remodeling.

Cursors.

6. Conclusion

This study identified /fi2712a as a bone marrow aging-
associated candidate gene through integrated bulk RNA-
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seq and single-cell RNA-seq analyses. [Ifi27[2a expres-
sion was reduced in aged whole bone marrow and showed
a monocyte-enriched distribution at the single-cell level,
suggesting its potential relevance to immune remodeling
during bone marrow aging. In macrophage-lineage cells,
Ifi2712a knockdown altered the expression of inflamma-
tory mediators and reshaped the transcriptomic profile,
with changes involving inflammatory programs and sug-
gestive osteoclast-related transcriptional remodeling. The
primary BMM-based TRAP staining assay further provided
morphological support for a possible association between
Ifi2712a reduction and osteoclast-like changes under M-
CSF/RANKL stimulation. Overall, these findings sug-
gest that Ifi2712a may be associated with inflammatory and
osteoclast-lineage remodeling in the aging bone marrow
microenvironment, providing a potential molecular clue for
further investigation of age-related bone remodeling.
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