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Abstract

even with a relatively small dataset.

Although changes in mitochondrial morphology consistently associated with the aging of hematopoietic stem cells (HSCs), the
specific molecular and cellular mechanisms involved are partially unclear. Live-cell super-resolution (SR) microscopy has been used
to identify distinct HSC subsets that characterized by mitochondria unique morphologies and spatial distributions. The integration
of SR microscopy with single-cell RNA sequencing enabled the classification of approximately 200 HSCs from young and aged
mice into 5 discrete clusters. These clusters displayed molecular profiles that corresponded to the observed mitochondria states.
An integrated approach combining RNA biomarker analysis and potential regulon assessment revealed previously unrecognized
roles of GDF15 in mediating mitochondrial signals and morphologies that influence HSC fate. Thus, combining SR imaging with
a bioinformatics pipeline provides an effective method for identifying key molecular players in specific phases of cellular transition,
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1. INTRODUCTION

Mitochondria are essential organelles for oxidative phos-
phorylation, energy production, and the synthesis of many
metabolites.! These organelles form a dynamic network within
living cells and extensively interact with other cellular com-
partments. Through these interactions, mitochondria mediate
numerous cellular signaling processes and influence cell fate
changes relevant to aging and age-related diseases, such as can-
cer,? neurological disorders,> and metabolic diseases,** among
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others.® Although many types of stem cells are deficient in mito-
chondria” and are thought to rely primarily on glycolysis for
energy, recent findings have implicated mitochondria in the
regulation of stem cell fate and function, particularly in the
context of aging and disease.®!' A notable example is hemato-
poietic stem cells (HSCs), in which mitochondria are distributed
unevenly during cellular division. This asymmetric distribution
appears to be linked to the “stemness” and potency of daughter
cells.'>!3 Moreover, HSCs from young and old mice have been
observed to exhibit differences in mitochondrial potential and

National Genomics Data Center (Nucleic Acids Res 2022), China National Center
for Bioinformation/Beijing Institute of Genomics, Chinese Academy of Sciences
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antioxidant interventions, which reduce mitochondrial reactive
oxygen species (ROS) production and enhance the function of
aged HSCs.'*!’ Despite these insights, the precise effects of aging
on the structure and morphology of mitochondria in live HSCs
remain incompletely understood. Similarly, the specific mech-
anisms by which mitochondrial impairment leads to aging or
senescence in HSCs are yet clearly defined.

Investigating mitochondria within live HSCs poses chal-
lenges due to the small size of these cells, often below the
resolving power of conventional fluorescence microscopy for
discerning detailed mitochondrial morphologies. Although super-
resolution (SR) microscopy techniques overcome the diffrac-
tion limit to achieve a higher resolution, they typically require
photon flux levels potentially harmful to live-cell SR imag-
ing.'®!” Moreover, mitochondria are particularly susceptible to
phototoxic effects and damage under the intense illumination
required for SR imaging in live-cell context.!® These obstacles
impede the visualization and quantification of mitochondrial
dynamics in live HSC. Beyond imaging limitations, live-cell
imaging techniques inherently lack the capacity to provide com-
prehensive molecular information. Single-cell RNA sequencing
(scRNA-seq) offers detailed molecular profiles,” but it is lim-
ited to capturing static snapshots from fixed cell populations.
This approach complicates efforts to extract the temporal and
dynamic aspects of biological processes. Integrating spatial
omics with multiplexed imaging technologies enables a more
complete understanding of molecular profiles and their spa-
tial heterogeneity within cells and their microenvironments.?
However, linking these molecular profiles to the varying states
of organelles within cells remains an unresolved challenge.

In this study, differences in mitochondrial and transcriptome
profiles were explored between HSCs isolated from young and
aged mice, with the latter group exhibiting diminished stem-
ness features. Spinning-disc structured illumination microscopy
(SD-SIM) combined with a sparse deconvolution algorithm
was employed to enable 3-dimensional SR imaging of mito-
chondria with reduced phototoxicity.?! This approach facili-
tated the meaningful categorization of single-cell transcriptome
data obtained subsequently from the same cells. A comprehen-
sive open-source pipeline is proposed, integrating differential
gene expression analysis and gene regulatory networks with a
trajectory-informed reference for mitochondrial morphological
transformations. A set of genes potentially critical in directing
alterations to HSCs fate was identified. Among the GDF15
emerged as a key factor linking mitochondrial morphology with
HSCs potency and aging. This finding highlights the effectiveness
of the proposed methodological framework in elucidating com-
plex interactions between cellular structures and gene function.

2. MATERIALS AND METHODS
2.1. Mice

Experiments were conducted using young (6-8-week-old) and
aged (12-22-month-old) female C57BL/6] mice obtained from
Charles River. The mice were housed under improved hygienic
conditions in individually ventilated cages, with 2 to 5 mice per
cage, and provided with environmental enrichment. Housing
conditions included an inverse 12-hour day—night cycle in a tem-
perature (21 = 2°C) and humidity (55 = 10%) controlled room,
with ad libitum access to standard diet and drinking water. All
experiments and animal care procedures were approved by the
Lund University Animal Ethics Committee.

2.2. Long-term HSC isolation by FACS sorting

Murine bone marrow cells were isolated from the femora
and tibiae of female C57/BL6] mouse by flushing the bones
with phosphate-buffered saline (PBS) supplemented with 1%
human serum albumin (HSA). The cells were filtered through
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a 40 pm cell strainer, centrifuged, and the pellet was resus-
pended in red blood cells (RBC) lysis buffer (Biolegend, San
Diego, California, 420301) for 10 minutes. Following RBC
lysis, the cells were incubated with an anti-CD16/32 (Biolegend,
101301) antibody for 10 minutes to block Fc receptors. Staining
for long-term HSCs was performed using the following anti-
mouse antibodies: lineage fluorescein 5-isothiocyanate (FITC)-
conjugated antibodies specific for CD11b (Biolegend,101205),
CD3 (Biolegend,100203), Grl (Biolegend,108405), CD45R
(Biolegend,103205), and  Ter119  (Biolegend,116205),
PE-conjugated CD117/c-kit (Biolegend,105807), BV421-
conjugated  Ly-6A/E/Sca-1  (Biolegend,108127), BVS510-
conjugated CD150 (Biolegend,115929), APC-conjugated CD48
(Biolegend,103411), and 7-AAD (Biolegend,420404) for viabil-
ity assessment. Cells were stained for 15 minutes in the dark,
washed with PBS, and centrifuged. The cell pellets were resus-
pended in PBS, and LT-HSCs (LSK/SLAM) were isolated using a
Beckman Coulter Astrios EQ high-speed cell sorter.

2.3. LT-HSC culture and GDF15 antibody treatment in
vitro

Cell culture plates (Cellvis, Mountain View, California, D35-
10-1-N) were coated with 100 pg/mL fibronectin (Gibco: Life
Technologies Corporation, Grand Island, New York, PHE0023)
for 24 hours before cell sorting. LT-HSCs were sorted directly
into the serum-free StemSpan™ SFEM (StemCell Technologies:
STEMCELL Technologies Canada Inc., Vancouver, British
Columbia, Canada, 09600) supplemented with 10 ng/mL murine
interleukin-6 (IL6; PeproTech, Cranbury, New Jersey, 216-16-
10), 10ng/mL murine stem cell factor (SCF; PeproTech, 250-
03-10), 100ng/mL murine thrombopoietin (TPO; PeproTech,
315-14-50), 30ng/mL murine Fms-related tyrosine kinase 3
ligand (Flt-3L, R&D, 427-FL-005), and 100 U/mL penicillin,
and 100 pg/mL streptomycin (Gibco, 15140122). LT-HSCs
were cultured in a complete medium at 5% O, and 37°C for
24 hours. For GDF15 antibody experiments, 20 pg/mL GDF15
antibody (Abcam, Trumpington, United Kingdom, ab242888)
or 20 pg/mL isotype (Abcam, ab210849) was added to the com-
plete medium, and cells were cultured for 24 hours.

2.4. Mitochondria staining

After 24 hours of culture, cells were incubated with
MitoTracker Green (MTG, 0.67 pM, dissolved in PBS from an
original 100 pM stock solution in dimethyl sulfoxide [DMSO],
Cell Signaling Technology, Inc., Danvers, Massachusetts, 9074S)
in the presence of verapamil (83 pM, dissolved in PBS from an
original 50mM stock solution in DMSO, Selleck, S4202) at
37°C for 10 to 20 minutes. Cells were then stained with Hoechst
(0.6 pg/mL, dissolved in PBS from an original 10 mg/mL stock
solution in DMSO; Sigma, B2261) at 37°C for 5 to 8 minutes,
followed by washing with 1x PBS.

2.5. Mitochondria imaging with SD-SIM and data
analysis

After staining, LT-HSCs were imaged for mitochondrial and
nuclear visualization. SD-SIM was performed using the live-SR
module (GATACA system), on an inverted fluorescence micro-
scope (IX83, Olympus, Tokyo, Japan) equipped with a scanning
disk confocal system (Yokogawa, Tokyo, Japan, CSU-X1). All
experiments used a 1.30 numerical aperture (NA) oil objec-
tive lens (100x) and 2 laser beams (405 and 488 nm). Images
were acquired using an EMCCD (Andor Technology [Oxford
Instruments Andor], Belfast, Northern Ireland, United Kingdom,
iXon3 897) and sCMOS (Hamamatsu Photonics, Hamamatsu,
Shizuoka, Japan, c14440-20up). All images were captured using
the Image] software and sparsely deconvolved using commercial
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software (MicroscopeX FINER, CSR Biotech, Guangzhou,
China).

2.6. Colony-forming unit assays of GDF15-treated
LT-HSC from old mice

As previously described (Caroline A., 2021), LT-HSCs from
aged mice were sorted into StemSpan™ SFEM (StemCell
Technologies, 09600) supplemented with 20ng/mL human
IL-11 (PeproTech, 200-11-10UG), 2mM L-Glutamine (Gibco,
25030081), 100 U/mL penicillin, 100 pg/mL streptomy-
cin (Gibco, 15140122), and 10% fetal blood serum (Gibco,
10100147C) with or without 20 pg/mL GDF15 antibody. The
culture of LT-HSCs was carried out in a medium containing 5%
O, at 37°Cfor 7 days. Cultured cells were transferred from liquid
medium to MethoCult M3434 (Stem Cell, 03434) and cultured
for 14 days. Colony types were scored by antibody staining with
FITC-conjugated CD41 (BioLegend, 133903), APC-conjugated
Gr-1 (BioLegend, 108412), PE/Cyanine7-conjugated Ter-119
(BioLegend, 116222), and PE-conjugated CD11b (BioLegend,
101207). Samples were acquired on a Novocyte 2060R (ACEA),
and flow cytometry data were analyzed using Flow]o.

2.7. Method of quantifying mitochondrial morphology
patterns

Categorical variables “short-dispersed (SD),” “long-dispersed
(LD),” and “long-polarized (LP)” were assigned values of 1, 0.5,
and 0, respectively. Each cell was then associated with a mito-
chondrial morphology score (F). Within the UMAP plot, the
k-nearest neighboring cells to each cell were identified (using
the Euclidean distance metric, where k = 5). Subsequently, the
average F value among these k +1 cells was calculated as a quan-
titative measure of the mitochondrial morphology patterns.

3. RESULTS

Since the regenerative capabilities of mice diminish with
age, HSCs from young and aged mice were used to bench-
mark differences between high- and low-quality stem cells.
Bone marrow cells were first flushed and labeled with flu-
orescent antibodies before using a FACS machine to sort
long-term HSCs (LT-HSCs), which were characterized as lineage-
negative, c-Kit-positive, Scal-positive, CD150-positive, and
CD48-negative (LSK-SLAM) (Supplementary Figure 1, https:/
links.Iww.com/BS/A117). Subsequently, the cells were labeled
with MitoTracker Green in the presence of verapamil to prevent
dye efflux, and Hoechst staining was applied to delineate the
nuclei. The cells were then visualized using SD-SIM followed by
sparse deconvolution (Fig. 1A).

SR microscopy revealed considerable heterogeneity in the
mitochondria of LT-HSCs. Some LT-HSCs exhibited short mito-
chondria evenly distributed throughout the cell, while others
contained elongated mitochondria either dispersed throughout
the cell or arranged polarly relative to the nucleus (Fig. 1B).
Based on these observations, we categorized mitochondria into 3
phenotypic patterns: SD, LD, and LP. LT-HSCs from both young
and aged mice displayed 3 mitochondrial configurations, with a
similar frequency of LD phenotype. However, young LT-HSCs
showed a higher prevalence of the SD configuration compared
to the LP configuration, whereas the reverse was observed in
aged LT-HSCs (Fig. 1B and C). This suggests that LP and SD
mitochondrial configurations may indicate lower and higher
stem cell potency, respectively.

Following SR imaging, 217 HSCs were selected using a
manipulator under a microscope, lysed, and sequenced. Data
analysis was performed using the Seurat (V4) package in R
software?? for batch normalization and dimensional reduction
via principal component analysis (PCA). Uniform Manifold
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Approximation and Projection (UMAP) was then applied to
visualize high-dimensional transcriptomic data in two dimen-
sions. From a bioinformatics perspective, the data could be
categorized into 2, 3, 5, or 6 distinct clusters depending on reso-
lution parameters (Supplementary Figure 2A, https:/links.lww.
com/BS/A118). The varying cluster number risked underfitting
or overfitting prior biological context. Notably, integrating phe-
notypic details, such as age and mitochondrial morphology into
the genetically informed, dimensionally reduced UMAP revealed
that a delineation into 5 clusters provided the most physiolog-
ically relevant classification (Fig. 1E). Aged mice exhibited a
marked overlap with transcriptome cluster 0, while young mice
predominantly corresponded with the remaining 4 clusters
(Supplementary Figure 2B, https:/links.lww.com/BS/A118).

Once the optimal cluster division was determined, a heat-
map was generated to display differentially expressed genes
(DEGs), aiming to identify potential biomarkers indicative of
disparate cell clusters (Fig. 1D). Analysis of these biomarkers
revealed a close relationship between clusters 0 and 2, while
cluster 1 showed a notable resemblance to cluster 4. Advanced
pseudo-temporal analysis®® revealed a progressive shift in the
transcriptome states of HSCs following the sequence 3-1-4-2-0
(Fig. 1F). This progression corresponded to a gradual transition
in mitochondrial morphology from the SD to the LP configura-
tion as HSCs moved from stage 3 to 0 (Fig. 1G).

Genes driving transitions between distinct cell states marked
by significant shifts in average logarithmic fold change (logFC)
were identified (Fig. 2A). Since the expression of these marker
genes may be regulated by distinct sets of transcription factors, a
regulon analysis was performed using the R package SCENIC.>*
The results revealed cluster-specific suggesting a role in mediat-
ing state transitions (Fig. 2B, Supplementary Figure 2C, https://
links.lww.com/BS/A118). By tracking genes influenced by key
regulators associated with cell state transitions, a subset of
target genes emerged as potential drivers of these dynamics,
including clusterin (CLU), immediate early response 3 (IER3),
ubiquitin C (UBC), bone morphogenetic protein 4 (BMP4),
and growth differentiation factor 15 (GDF15) (Fig. 2C). These
genes are regulated by the transcription factors JUN and JUNB
(Supplementary Figure 2D, https:/links.lww.com/BS/A118).

Among these candidates, GDF15 stood out as a particularly
strong regulator due to its significantly lower expression in SD
cells compared to LD and LP cell types (Fig. 2D). GDF15 is
highly induced during mitochondrial dysfunction® and has been
implicated in mitochondrial regulation? and human aging.”’
The variable expression of GDF15 in different LT-HSCs types
across the pseudotime aligned with the previously described
mitochondrial morphological transition from SD to LP (Fig. 2E,
Supplementary Figure 2E, https:/links.lww.com/BS/A118).

GDF15 is known to influence mitochondrial dysfunction
by affecting mitochondrial fission.?#? In young LT-HSCs clas-
sified within cluster 3, low expression of GDF15 coincided
with low expression of the mitochondrial fission-associated
genes dynamin 1-like (DNM1L) and mitochondrial fission fac-
tor (MFF) (Fig. 2F). As cells progressed from cluster 1 to clus-
ter 0, a shift that signaled increased cellular senescence, there
was a gradual upregulation of GDF15 expression. Conversely,
DNM1L and MFF expression levels initially increased but sub-
sequently decreased (Fig. 2F). This pattern suggests an inverse
relationship between GDF15 and mitochondrial fission pro-
cesses, linking elevated GDF15 expression with alterations in
mitochondrial distribution and HSC aging.

GDF135 is secreted extracellularly and binds to GFRAL recep-
tors on the plasma membrane to exert its effects.’* To investigate
its role, LT-HSCs from aged mice were treated with a GDF15-
specific neutralizing antibody, with a mock solution and iso-
type antibody used as controls. Although LT-HSCs exposed
to the mock solution and isotype antibody retained elongated
mitochondrial structures, those treated with the GDF15-specific
antibody exhibited a transition toward a more fragmented and
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Figure 1. Mitochondria morphology assisted the clustering of scRNA-seq data from young and aged LT-HSCs. (A) A schematic diagram of the process for
isolating and imaging LT-HSCs from both young and old mice. (B) Mitochondria imaging results from young and aged mice LT-HSCs under the SR microscopy,
categorized into 3 patterns of distribution: SD, LD, and LP. The likelihood of cellular differentiation potency is highest in the SD configuration (indicated by the
pink bar), whereas it is lowest in the LP configuration (represented by the green bar). A quantitative score is attributed to each pattern: 1 for SD, 0.5 for LD, and
0 for LP. (C) The percentage of mitochondria distribution pattern between young (n = 99) and old LT-HSCs (n = 64). Unpaired t test: *p < 0.05. (D) A 2D UMAP
plot displaying Louvain clustering from Seurat applied to the entire dataset of 217 cells. (E) A heatmap shows gene expression profiling of the top 20 distinct
genes within each cluster. The differential genes identified for each cluster are listed in Table S1, https://links.lww.com/BS/A120. (F) Pseudotime trajectory
analysis of the 217 cells performed with Monocle3 reveals the likely progression of cellular states along the sequence from cluster 3 through clusters 1, 4, 2, to
cluster 0. (G) Visualization of quantified mitochondrial morphology patterns superimposed on the UMAP plot. LD = long/dispersed, LP = long/polarized, LT-HSC
= long-term hematopoietic stem cell, scRNA-seq = single-cell RNA sequencing, SD = short/dispersed, SR = super-resolution, UMAP = Uniform Manifold
Approximation and Projection.
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Figure 2. The integration of SR imaging with scRNA analysis pipeline reveals the critical role of GDF15 in aging LT-HSCs. (A) Volcano plots illustrate the DEGs
across the 5 identified clusters. (B) The heatmap depicts the activity changes of specific regulons across different clusters. (C) A Venn diagram highlights the
common DEGs shared between clusters and key transcriptional regulatory genes, among which are CLU, IER3, UBC, BMP4, and notably GDF15. (D) Log-
scaled expression level of target genes in LP, LD, and SD cells, GDF15 is the most significant marker. Unpaired t test: *p < 0.05, **p < 0.01, ***p < 0.001. (E)
A plot traces the expression variations of GDF15 across LP, LD, and SD cellular states over pseudotime. (F) The histograms show the relative expression of
GDF15 and mitochondrial fission-associated genes (DNM1L and MFF) in different clusters. (G) Representative images of mitochondria from aged LT-HSCs in
untreated (Mock), treated (GDF15 antibody), and control groups (Isotype antibody). (H) The percentage of mitochondria distribution pattern in untreated (Mock)
(n = 111), isotype antibody-treated (n = 64), and GDF15 antibody-treated aged LT-HSCs (n = 209). Unpaired t test: *p < 0.05, **p < 0.01. (l) Colony subtype
analysis shows that the majority of cells (~67%) generated colonies of at least 3 lineages after GDF15 antibody treatments in CFU assays. Conversely, the
majority of cells (~85%) only generate colonies of 2 lineages without GDF15 antibody treatments (Mock, n = 99, 3 repeats; GDF15 antibody, n = 92, 3 repeats).
Colonies are defined as MK (containing cells positive for megakaryocyte marker CD41), GM (containing cells positive for granulocyte/monocyte markers Gr1
and CD11b), GEM (positive for GM and erythrocyte markers Gr1, CD11b, and Ter-119), GMM (positive for GM and MK markers), and GEMM (positive for GM,
MK, and E markers), as described in the experimental procedures. Bars show the mean with SEM. Unpaired t test: *p < 0.05. CFU = colony-forming unit, DEG
= differentially expressed gene, GDF15 = growth differentiation factor 15, LD = long/dispersed, LP = long/polarized, LT-HSC = long-term hematopoietic stem
cell, SD = short/dispersed, SEM = standard error of the mean, SR = super-resolution.

dispersed mitochondrial morphology, resembling the mitochon-  colony-forming unit (CFU) assay.’! In the mock-treated group,
drial profile of LT-HSCs from young mice (Fig. 2G and H). The = a majority (75%-90%) of the LT-HSCs differentiated into only
stemness of treated LT-HSCs was subsequently assessed using a 2 lineages, identified by the granulocyte/monocyte markers Grl
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and CD11b (GM). This subset of cells was reduced by 20% to
40% in the group treated with the GDF15 antibody (Fig. 2I).
In contrast, 60% to 70% of single LT-HSCs treated with the
GDF135 antibody differentiated into at least 3 distinct lineages
(cells positive for GM and erythrocyte markers Gr1, CD11b, and
Ter-119, GEM,; cells positive for GM and megakaryocyte marker
CD41, GMM). Conversely, only 10% to 15% of single LT-HSCs
in the mock group produced 3 lineage types, with no instances
of colony formation encompassing 4 lineages (cells positive for
GM, MK, and E markers, GEMM) (Fig. 2I). These results sug-
gest that GDF15 plays a causative role in regulating mitochon-
drial distribution and maintaining stemness in LT-HSCs.

4. DISCUSSION

Recently advances have seen a growing number of study
combining high-content imaging with multiomics analysis to
establish connections between morphological characteristics,
molecular profiles, and genetic modifications.’>** For exam-
ple, RNA expression profiles have been predicted using Raman
microscopy,® and systematic labeling of endogenous proteins
has been employed to derive general principles of cellular organi-
zation.* Furthermore, by correlating the subcellular localization
of proteins in segregating cells viewed through immunofluores-
cence microscopy with scRNA-seq data, significant cell-to-cell
variability during the cell cycle has been revealed.® Despite
these breakthroughs, acquiring subcellular images with resolu-
tion and contrast remains a persistent challenge in such studies.
Consequently, discerning the physiological significance of numer-
ous features whether manually curated® or generated through
deep learning approaches such as autoencoders**—remains dif-
ficult. Additionally, researchers often need to collect and curate
vast image datasets, sometimes extending to hundreds of thou-
sands, to accurately correlate them with genomic and proteomic
data. This represents a significant effort and poses challenges for
most researchers.’” In this study, 2 significant benefits of inte-
grating SR imaging with transcriptomic profile analysis were
highlighted. First, the improved resolution and contrast provided
by SR imaging facilitate the precise identification and analysis
of subcellular structures, such as mitochondria. Even the basic
features of these organelles were sufficient to enable meaningful
categorization of transcriptional data extracted from a modest
sample of 200 single cells. Second, by leveraging mitochon-
drial morphological changes as prior knowledge, a systematic
approach was employed to filter variable transcripts and identify
5 key genes, with one in particular linking aging and mitochon-
drial function. In addition, differential expression (DE) analysis,
trajectory inference (TI), and gene regulatory network (GRN)
analysis were integrated to uncover critical genes involved
in cell state transition. The open-source pipeline consists of 2
primary modules: the first utilizes Seurat and SCENIC to iden-
tify characteristic DEGs, while the second applies Monocle3 to
detect markers exhibiting expression patterns aligned with those
observed in the initial step and during morphological changes
(Supplementary Figure 3, https://links.lww.com/BS/A119). Thus,
combining SR imaging with this analytical pipeline offers a
straightforward and powerful approach for extracting essential
information from limited biological samples.

The identification of GDF135 as a candidate target inversely
associated with HSCs stemness aligns with the close relationship
between the stemness of HSCs and mitochondria.’®*° Diseases
such as tumors and metabolic disorders are known to influence
mitochondrial dynamics, leading to GDF135 overexpression.*%#!
In contrast to these studies, the findings here emphasize that
intrinsic upregulation of GDF15 may cause mitochondrial
elongation, possibly by orchestrating the interplay between the
GDF15 complex®® and DRP1 molecules.?” Therefore, GDF15
may act as a critical node in circularly linking mitochondrial
morphology and function with stemness in HSCs, which could
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serve as a target for manipulation in diverse physiological con-
texts ranging from HSCs stemness and metabolic disorders to
other age-related processes.

In summary, we propose that combining SR imaging with a
bioinformatics pipeline provides a highly efficient method for
identifying key molecules involved in cellular and subcellular
morphological changes and cell stage transitions, even with a
small dataset. This approach holds broad potential for applica-
tions and translational impact, establishing it as a highly rele-
vant methodology.
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