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A vast stem-progenitor cell pool, richly vascular system,
and hybrid ossification drive the daily centimeter-scale

elongation of bony antlers

To the editor,

Deer antlers can elongate up to ~2 cm per day, over 300
times faster than the ~2cm annual extension of human
growth plates, representing the fastest bone regeneration in
mammals [1, 2]. Such rapid regrowth defies conventional
paradigms of endochondral ossification, which typically
depend on avascular growth plates and slow chondrocyte
maturation. Instead, antlers regenerate through a vascular-
ized cartilage matrix that continuously transitions into bone.
This process is orchestrated by the antler growth center
(AGC), a highly vascularized niche that supports rapid
endochondral ossification [3]. Antler mesenchymal stem
cells (AnSCs), derived from cranial neural crest cells [4], are
central to this mechanism, yet how their progeny achieve
fast and orderly elongation remains unclear. Understanding
this unique system provides mechanistic insights into an
alternative mode of skeletal growth and may guide the
development of strategies that promote bone formation and
regeneration while minimizing oncogenic risk.

Here, using an integrated single-cell multi-omics
approach, we identify three key innovations that under-
pin the extraordinary elongation of antlers: extensive
progenitor proliferation with inherently low tumorigenic
potential, vascularized cartilage that meets intense
metabolic demands, and a hybrid mode of ossification.
Together, these innovations establish a ‘continuous-flow’
growth model that enables antlers to sustain daily,
centimeter-scale bone elongation.

MULTI-OMICS ATLAS OF THE AGC
CELLULAR LANDSCAPE

We sampled five anatomically defined layers of the AGC:
reserve mesenchyme (RM), pre-cartilage (PC), transition
zone (TZ), cartilage (CA), and mineralized cartilage (MC)

(Figure 1A), providing a spatially resolved framework of
antler elongation. Single-nucleus RNA-seq profiled
53,949 high-quality nuclei (Figure S1A-D) and
identified ten cell types (Figure 1B) based on canonical
markers [5, 6], including NT5E"TWIST2"SFRP2*RXFP2*
AnSCs, TNC*TNN* AnPCs with MKI67" proliferative
subsets, COL2A1* chondrocytes, COL10AI" hypertrophic
chondrocytes, ACP5" chondroclasts, ACTA2* mural cells,
PECAM1*CDH5" endothelial cells, CSFIR" monocytes/
macrophages, and TPSB2" mast cells (Figure S2A-C).
Proliferative AnPCs constituted a major fraction, under-
scoring their role in driving rapid growth. Cell-type-specific
DEGs supported the annotations (Figure S2D). Deconvo-
lution of bulk RNA-seq data [7] showed congruent cellular
compositions (Figure S2E).

Single-nucleus ATAC-seq (57,722 cells) recovered the
same ten populations (Figure 1C, Figures S3-S4A-C).
Cross-modality integration showed high concordance:
87.6% cell-type agreement and 98.9% tissue-layer corre-
spondence, with strong correlations between transcriptomic
and chromatin accessibility profiles (Pearson r = 0.89-0.99,
Figure S4D,E).

Stereo-seq (57,311 cells) resolved 11 cell popula-
tions (Figure 1D, Figures S5-S6), recovering all
cell types except mast cells, likely due to their low
abundance. Spatial mapping delineated a clear differ-
entiation hierarchy from distal AnSCs to AnPCs,
chondrocytes, hypertrophic chondrocytes, and finally
PHEX" cells. PHEX encodes a metalloproteinase es-
sential for phosphate metabolism and mineralization
[8]. PHEX" cells (~5%) were positioned adjacent to
hypertrophic chondrocytes and likely represent a ter-
minal chondrogenic state contributing to mineral
deposition. Osteoblasts (~13%) were located below the
MC layer within the ossification zone, consistent with
rapid bone formation.
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A UNIQUE SYSTEM DRIVES THE CENTIMETER-SCALE DAILY ELONGATION OF BONY ANTLERS

ANSC SIGNALING DRIVES ANPC
PROLIFERATION, WHICH MAY
POSSESS MULTI-LINEAGE
DIFFERENTIATION POTENTIAL

AnPCs contained a distal proliferative subset that sup-
ported rapid appositional expansion of antler tissue.
IGF1, previously shown to stimulate antler cell prolifer-
ation in vitro [9], was expressed in AnSCs, while its
receptor IGFIR was enriched in both proliferative and
non-proliferative AnPCs (Figure 1E). PTHLH and its
receptor PTHIR were also highly expressed in AnSCs and
non-proliferative AnPCs, consistent with their role in
delaying differentiation [10]. These patterns suggest
that AnSCs maintain AnPC proliferation and prevent
premature differentiation through paracrine signaling
(Figure 1F).
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Cell-cell communication inferred from snRNA-seq
and Stereo-seq showed stronger outgoing signals from
AnSCs toward proliferative AnPCs than vice versa
(Figure 1G, Figure S7A-B), supporting their function in
sustaining the proliferative progenitor pool. In vitro co-
culture (Figure 1H) further confirmed that AnSC-derived
factors increased AnPC viability (Figure 1I) and prolif-
eration (Figure 1J), highlighting the central role of AnSC
signaling in antler growth.

Proliferative AnPCs were regulated by core transcrip-
tion factors including TWIST2, MEOX2, EGR2, PRRX2,
and ZNF37A (Figure S7C-E). Enrichment analyses indi-
cated that these cells possess high cellular plasticity and
multi-lineage potential (Figure 1K, Figure S7F-G).

In summary, a large and actively maintained stem-
progenitor pool underlies the centimeter-scale daily
elongation of bony antlers. Unlike somatic growth plates,

FIGURE 1 Multi-omics cellular profiling of the AGC and AnSC-mediated AnPC proliferation that demonstrate transcriptomic
programs distinct from osteosarcoma. (A) Schematic illustration showing the anatomical location of the AGC and sampling sites for snRNA-
seq, SNATAC-seq, and Stereo-seq. The AGC comprises five histologically distinguishable layers arranged distoproximally: reserve
mesenchyme (RM), pre-cartilage (PC), transition zone (TZ), cartilage (CA), and mineralized cartilage (MC). Note that samples did not
include the dermal region and Stereo-seq included proximal bone tissue. Tissues for the snRNA-seq were collected from three healthy
2-year-old sika deer approximately 30 days of growth after casting of their previous hard antlers. The distal 8 cm portion of the AGC was
excised and sectioned sagittally along the longitudinal axis. Five distinguishable tissue layers of the AGC were immediately identified,
dissected, and processed as previously described. For the Stereo-seq, a relevant area of 1 cm X 2 cm was selected, which is the maximum size
that can be accommodated by the technique. To fit this size, a first growing antler (approximately 10 days old) from a healthy 1-year-old sika
deer was used, allowing the 1 cm X 2 cm section to encompass all five tissue layers along with the underlying bone tissue. (B) UMAP plot of
the snRNA-seq data showing 10 distinct cell types, along with a bar plot displaying the relative proportions of each cell type across the five
tissue layers. (C) UMAP plot of the sSnATAC-seq data showing consistent cell type identities, accompanied by a bar plot illustrating their
relative proportions across the five tissue layers. (D) Spatial map showing the distribution of 11 cell types. Notably, two cell types, PHEX"
cells and osteoblasts, were identified in this Stereo-seq analysis, while mast cells were absent, likely due to their low abundance. The pie
chart shows the percentage of each cell type. (E) Spatial expression patterns of IGF1 and its receptor IGFIR, as well as PTHLH and its
receptor PTHIR, in AnSCs and AnPCs. (F) Schematic diagram illustrating the CellChat-inferred cell-cell communications between AnSCs
and proliferative AnPCs, as well as among proliferative AnPCs. (G) Circle plots showing that the interaction strengths are greater from
AnSCs to proliferative AnPCs rather than from proliferative AnPCs to AnSCs, based on snRNA-seq (left) and Stereo-seq (right).

(H) Schematic of the coculture experiment of AnSCs with AnPCs. UC: untreated control. (I) AnPC viability at 12, 24, and 48 h, showing
time-dependent increase (n = 6). (J) AnPC proliferation at 12, 24, and 48 h, showing time-dependent increase (n = 6). Significant differences
were determined using a one-way analysis of variance, followed by Tukey's post hoc test. ****p < 0.0001, **p < 0.01, *p < 0.05. Error bars: SD.
(K) Violin plots of CytoTRACE2 scores for proliferative AnPCs and non-proliferative AnPCs. The Wilcoxon Rank Sum test was performed
between the proliferative and non-proliferative AnPCs: ***p < 0.001. (L) Schematic of analyzed tissues: osteosarcoma (Os; Zhou et al., 2020),
intervertebral disc (ID; Gan et al., 2021) and embryonic long bone (EL; He et al., 2021), with UMAP plots showing cartilage/bone-related cell
types. (M) Violin plots showing scPred-predicted probabilities of cartilage- and bone-related cell types in Os, ID, and EL using AnSC-derived
cells as the reference. (N) Lollipop plot illustrating significant differences in AUCell scores of GSEA hallmark gene sets between

AGC AnPCs and Os osteoblasts. Several key hallmark gene sets were highlighted. Significant differences were determined using the
Kruskal-Wallis test, followed by post hoc Dunn's test. (O) Spatial expression patterns of TP53 and MYC in AGC, with predominant
expression observed in AnPCs. (P) Dot plot displaying chromatin accessibility at the TP53 and MYC locus from snATAC-seq, with
predominant accessibility observed in AnPCs. (Q) TUNEL staining of the antler skin and RM layers (AnSCs and AnPCs). Black arrowheads
indicate TUNEL-positive cells. Apoptotic cells were rarely observed in the skin, but were abundant in AnPCs. Scale bar: 50 pum. (R) Violin
plots showing the activity scores of key GSEA hallmark gene sets in AGC AnPCs and Os cells (Pontius et al., 2023), as determined by
snATAC-seq data. Significant differences were determined using the Kruskal-Wallis test, followed by post hoc Dunn's test. ***p < 0.0001.
(S) Scatter plot showing the Pearson's correlation coefficient between MYC expression and its target gene expression, as well as the
coefficient between target gene chromatin accessibility and their gene expression, in AGC AnPCs and Os cells. Notably, only five
activated MYC target genes in the Os cells were active in AnPCs. In contrast, 30 activated MYC target genes in AnPCs were active in Os cells.



BA ET AL.

o010 |\ Lev-ilVleta

the AGC operates as a continuous system optimized for
maximal elongation. This “continuous-flow” architecture
is orchestrated by systemic endocrine cues [10] and
localized autocrine/paracrine growth factor signaling.

AGC EXHIBITS DISTINCT
TRANSCRIPTOMIC PROGRAMS
FROM OSTEOSARCOMA DESPITE
RAPID GROWTH

Comparative analysis of AGC cells with osteosarcoma
(Os) [11], normal intervertebral discs (ID) [12], and em-
bryonic long bones (EL) [13] revealed that AGC AnSCs
transcriptionally resembled stromal mesenchymal stem
cells from Os but represented normal, nonmalignant
populations. Despite their high proliferative activity,
AnPCs showed minimal similarity to Os osteoblasts,
which correspond to malignant populations (Figure 1L,M,
Figure S8A-E). GSEA hallmark analysis further distin-
guished AGC AnPCs from Os osteoblasts: apoptosis- and
p53-related pathways were enriched in AnPCs, whereas
DNA repair and MYC target gene sets predominated in Os
osteoblasts (Figure 1N). Apoptosis-related genes (TP53,
CASP3, ANXA5, ANXA6, BAK1, and BID) were highly
expressed (Figure 10, Figure S9A-B), and TP53 exhibited
increased chromatin accessibility in AnPCs (Figure 1P),
consistent with substantial apoptosis confirmed by TU-
NEL staining in the proliferative zone (Figure 1Q).
Although MYC was highly expressed (Figure 10) and
chromatin-accessible (Figure 1P) in AnPCs, sSnATAC-seq
revealed markedly lower activity of MYC target genes
compared with Os cells [14] (Figure 1R). Only five acti-
vated MYC targets in Os cells were shared with AnPCs,
whereas AnPCs activated 30 MYC targets present in Os
cells (Figure 1S). Collectively, these results indicate that
rapid antler elongation is maintained by a controlled
balance of proliferation and apoptosis [15] rather than
oncogenic programs or enhanced DNA repair. In AnPCs,
MYC drives an alternative, non-tumorigenic transcrip-
tional program that supports fast growth while avoiding
malignant transformation.

THE VASCULARIZED AGC
MICROENVIRONMENT SUPPORTS
VASCULAR DEVELOPMENT,
FACILITATING CARTILAGE
GROWTH AND OSSIFICATION

To investigate how the AGC microenvironment supports
vascular development, we analyzed AUCell activities of
vascular-related pathways along the AnSC lineage

trajectory (Figure 2A, Figure S10). The proximal AGC
exhibited a hypoxic niche, with strong enrichment of
HIF1A signaling (r = 0.84), cellular response to hypoxia
(r=0.89), endothelial migration (r=0.84), and angio-
genesis (r=0.84), accompanied by high expression of
HIF1A and VEGFA (Figure 2B). In contrast, the distal
AGC was enriched for vessel branching (r=0.77) and
vascular maturation (r = 0.82), with elevated PDGFB and
ANGPTI expression (Figure 2B). Immunofluorescence
staining confirmed findings of these spatial patterns
(Figure 2C).

Mural and endothelial cells were predominantly
mitotically active within the RM and PC layers
(Figure S11A,B), with a significantly higher proportion of
activated cells (CytoTRACE2 > 0.3; Figure 2D). Cross-
tissue comparisons showed that activated mural and
endothelial cells were more abundant in the AGC than in
ID or Os (Figure S11C). These cells exhibited a proan-
giogenic profile, upregulating PTN-SDC1, MDK-SDCI,
WNTS5A-FZD, and VEGFA-KDR, while pathways linked to
vascular maturation or calcification (BMP2/4/6-BMPR1A/
BMPR2, VEGFA-FLT1, and PDGFA/D-PDGFRB) were
downregulated (Figure S11D,E). Transcription factor
activity positively correlated with differentiation potential
(Figure 2E), highlighting a regenerative vascular network
optimized for active angiogenesis rather than terminal
stabilization.

Compared with avascular somatic growth plates,
vascularized cartilage in the AGC confers three ad-
vantages: (1) enhanced metabolic support, as hyper-
trophic chondrocytes maintain direct vascular contact
and avoid hypoxia-induced apoptosis; (2) spatial flexi-
bility, enabling rapid appositional cartilage addition; and
(3) efficient ossification, as osteoblasts can immediately
access mineralization fronts via vessels. These innova-
tions overcome the metabolic limits that typically con-
strain hypertrophic expansion in avascular cartilage.

PHEX" CELLS CONTRIBUTE TO
ANTLER CARTILAGE
MINERALIZATION VIA
HEDGEHOG SIGNALING

PHEX" cells represent ~5% of total cell populations,
spatial mapping showed they localize mainly around
hypertrophic chondrocytes (Figure 2F). Both snRNA-seq
(Figure S12A-C) and snATAC-seq (Figure S12D-F)
confirmed that PHEX" cells are a chondrocyte subset.
Their highly expressed genes were significantly enriched
in bone mineralization (p = 8.16 X 10~7), including LGR4,
FITM5, ASPN, IBSP, LOX, and BGLAP (Figure S12G,H).
CellChat analysis revealed strong signaling from
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chondrocytes and hypertrophic chondrocytes to PHEX"
cells, with Hedgehog (HH) signaling as a key axis
(Figure 2G, Figure S12I). IHH was expressed in chon-
drocytes, while PTCHI and SMO were enriched in
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PHEX" cells (Figure 2H), indicating ligand-receptor
crosstalk. HHIP, an inhibitory feedback factor, was also
elevated in PHEX" cells, suggesting fine-tuning of HH
signaling for mineralization homeostasis. Additionally,
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MMP9 and MMP13 expression (Figure 2I) may promote
vascular invasion and osteoblast recruitment, facilitating
bone matrix deposition.

PHEX* CELLS MAY SERVE AS
INTERMEDIATES IN
HYPERTROPHIC CHONDROCYTE-
TO-OSTEOBLAST
TRANSDIFFERENTIATION

Enrichment analysis revealed that genes highly ex-
pressed in PHEX" cells (e.g., IBSP, BGLAP, SPP1, SP7,
LOX, and COL1A1I; Figure S12G,H,J) are involved in
osteoblast differentiation (p = 6.83 x 10~13), indicating an
osteoblast-like transcriptional program. During en-
dochondral ossification, a subset of hypertrophic chon-
drocytes can evade apoptosis and transdifferentiate into
osteoblasts, a process facilitated by RUNX2 [16]. In the
AGC, RUNX2 was strongly expressed in both AnPCs and
hypertrophic chondrocytes (Figure 2J), suggesting that
hypertrophic chondrocytes may give rise to osteoblasts

via PHEX" intermediates. However, direct lineage tra-
cing in deer is currently unfeasible.

To address this limitation, we leveraged the spatially
resolved architecture of the AGC and identified two osteo-
blast subtypes: OB-d, which were located exclusively adja-
cent to PHEX" cells; and OB-p, which were situated in
regions lacking direct contact with PHEX™" cells (Figure 2K).
Dimension reduction analysis confirmed that OB-d
and OB-p represent two distinct osteoblast populations
(Figure 2L, Figure S12K). Furthermore, differentiation flow
along the pseudotime trajectory illustrated a developmental
progression from chondrocytes and hypertrophic chondro-
cytes, through PHEX™" cells, toward OB-d cells (Figure 2M).
Notably, two trajectory endpoints were observed: one at
hypertrophic chondrocytes and the other at OB-d cells
(Figure 2N). This shows that a small subset of hypertrophic
chondrocytes transdifferentiated into OB-d cells via a PHEX "
intermediate. Along this pseudotime trajectory, osteoblast-
related genes (e.g., IBSP, SPP1, BGLAP, and SP7) were
progressively upregulated, while the hypertrophic chondro-
cyte marker COLIOAl1 was downregulated during the
transdifferentiation process (Figure 20).

FIGURE 2 AnSC-derived cells create a vascularized niche that drives vascular development. PHEX* cells promote cartilage
mineralization via Hedgehog signaling and may serve as intermediates in the direct conversion of hypertrophic chondrocytes to osteoblasts.
(A) Scatter plot showing AUCell scores for vascular development-related biological process (BP) signaling pathways along AnSC-derived cell
trajectories. The proportion of AnSC-derived cells along pseudotime is shown in bins (bottom). Colored cell types are indicated in Figure 1B.
(B) Expression dynamics of representative marker genes from the snRNA-seq (left) and the Stereo-seq (right) along the pseudotime bin.
(C) Immunofluorescence staining of the AGC reveals vascular development. Vessels composed only of endothelial cells (yellow arrowheads)
indicate angiogenesis, whereas mature vessels are marked by white arrowheads. Red, endothelial cells; green, mural cells. (D) Violin plots of
CytoTRACE2 scores for endothelial and mural cells across five tissue layers. Activated and quiescent states were defined using a
CytoTRACE?2 threshold of 0.3. (E) Scatter plots of transcription factors (TFs) correlated with activated or quiescent states. Pearson's
correlation coefficients between TF expression and their CytoTRACE2 scores are shown; the top five TFs are labeled. (F) Spatial distribution
of chondrocytes, hypertrophic chondrocytes, and PHEX™" cells. (G) Circle plot showing CellChat-inferred Hedgehog (HH) pathway
interactions among these cell types. (H) Spatial expression patterns of representative HH signaling genes. (I) Spatial expression patterns of
MMP9 and MMP13 genes. (J) UMAP plot (upper left) and spatial map (lower left) showing RUNX2 expression. Immunohistochemical
staining confirms RUNX2 protein expression in the RM (upper right) and MC (lower right) layers. Notably, the RM layer contains a
substantial number of positive cells. In the MC layer, positive hypertrophic chondrocytes are indicated by black arrowheads. Scale bar,
50 um. (K) Spatial localization of PHEX™ cells and osteoblasts. Cell type localization (upper left) and enlarged region of interest (lower left).
Osteoblasts are divided into distal (OB-p, green) and proximal (OB-d, red) populations relative to PHEX" cells, as illustrated (right).

(L) UMAP plot showing distinct clustering of OB-d and OB-p populations. (M) Monocle3-inferred cellular trajectory embedded in UMAP
space, showing developmental progression from chondrocytes and hypertrophic chondrocytes through PHEX™ cells toward OB-d. OB-d cells
form a distinct terminal cluster. (N) StaVia-inferred pseudotime trajectory embedded in the same UMAP space, illustrating differentiation
flow from chondrocytes and hypertrophic chondrocytes through PHEX" cells toward OB-d. Two trajectory endpoints are evident:
hypertrophic chondrocytes and OB-d (black arrowheads). (O) Expression dynamics of representative marker genes from the snRNA-seq
along the pseudotime bin. Colored cell types refer to those shown in (M). (P) Xenogeneic antler formation model showing avascular
cartilage (AC-antler). H&E and Alcian blue staining at Day 30 revealed a nodule of avascular cartilage with early ossification (black boxes),
which expanded by Day 60. (Q) Immunofluorescence analysis of the xenogeneic vascularized cartilage model (VC-antler, day 60) using RFP-
expressing nude mice. BGLAP (cytoplasmic) and SP7 (nuclear) expression are shown. Red fluorescent (RFP") host cells primarily
contributed to vascular formation. Osteoblasts derived from perivascular bone marrow-derived mesenchymal stem cells are indicated by
yellow arrowheads (OB-p), while those transdifferentiated from hypertrophic chondrocytes/PHEX™" cells are marked with white arrowheads
(OB-d). Not all positive cells are labeled. Scale bar, 200 wm.
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To further validate this transdifferentiation in vivo, we
used a xenogeneic antler transplantation model in nude
mice. Avascularized cartilage nodules were generated via
transplantation of antler stem cell tissue (AP) [17]. By Day 30
post-transplantation, osteoblasts began to appear at the
center of the large avascularized cartilage nodules, without
evidence of chondroclasia. By Day 60, osteoblasts were
broadly distributed within trabeculae and woven bone
(Figure 2P). In parallel, vascularized cartilage was generated
in RFP (red fluorescent protein)-expressing nude mice, with
the skull periosteum thoroughly scraped at the transplanta-
tion site. Previous studies have shown that vascular en-
dothelial cells in these xenogeneic antlers are predominantly
derived from the RFP* host mice [18]. Immunofluorescence
analysis of osteoblast markers (BGLAP and SP7) revealed
two distinct regions of expression: one surrounding blood
vessels (OB-p), representing osteoblasts differentiated from
perivascular bone marrow mesenchymal stem cells, and
another within the avascularized cartilage/bone nodules
(OB-d), consistent with osteoblasts transdifferentiated from
chondrocytes (Figure 2Q). Although direct lineage tracing is
not feasible in cervids, this transplantation model provides
the strongest attainable in vivo validation. It clearly dem-
onstrates chondrocyte-to-osteoblast transition, even though
it does not directly capture the rare PHEX" intermediates.
Notably, our observations align with well-established prin-
ciples in mammalian bone biology, in which terminal
hypertrophic chondrocytes give rise to osteoblasts during
embryonic and early postnatal endochondral ossification
[19]. Importantly, the osteoblasts derived from the peripheral
bone marrow lineage (OB-p) are the primary contributors to
rapid antler ossification [20]. Collectively, these results pro-
vide compelling evidence that a small subset of osteoblasts
within the AGC originates via direct transdifferentiation
from chondrocyte-lineage cells, with PHEX" cells potentially
serving as critical intermediate states.

Antlers achieve unparalleled rapid elongation by ex-
panding proliferative zones both spatially and temporally,
with minimal mechanical load at the tip. In contrast,
somatic growth plates prioritize structural precision and
strength to support body weight and locomotion. Antlers
vascularize early to meet extreme metabolic demands,
whereas growth plates remain avascular to preserve zonal
organization. During ossification, antlers convert apo-
ptotic signals into cues for chondrocyte transdifferentia-
tion, while growth plates enforce terminal differentiation.
Growth plates thus function like compartmentalized
assembly lines, whereas antlers act as “continuous-flow”
systems that minimize transitional delays, enabling ex-
ceptional growth. These adaptations likely evolved under
strong selection for rapid seasonal regeneration, allowing
large species such as wapiti to grow antlers up to ~1.5m
and ~30kg within ~90 days [2, 20]. Future work should
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explore whether these mechanisms can be applied to
human bone tissues that require rapid regeneration or
repair in the clinical setting.
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FIGURE S1. Quality control of snRNA-seq data.

FIGURE S2. snRNA-seq analysis of five tissue layers in
the AGC.

FIGURE S3. Quality control of snATAC-seq data.

FIGURE S4. snATAC-seq analysis of five tissue
layers and integrated multi-omic analysis.

FIGURE S5. Quality control of Stereo-seq data.
FIGURE S6. Stereo-seq analysis of the AGC.

FIGURE S7. AnPC-associated analysis.

FIGURE S8. Cross-tissue snRNA-seq comparison.
FIGURE S9. Spatial analysis of apoptosis-related genes.

FIGURE S10. Pearson correlation between pseudotime
values inferred by StaVia and Monocle3.

FIGURE S11. Analysis of vascular cells in snRNA-seq
and snATAC-seq.

FIGURE S12. Characterization of PHEX" cells and
hedgehog signaling in chondrocytes.
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