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Single-cell and spatial transcriptome
analyses reveal tumor heterogeneity and
immune remodeling involved in pituitary
neuroendocrine tumor progression

WanSu 1,10, Zhang Ye2,10, Jifang Liu2,10, KanDeng2, Jinghua Liu1, Huijuan Zhu 1,
Lian Duan1, Chen Shi1, Linjie Wang1, Yuxing Zhao1, Fengying Gong1, Yi Zhang 2,
Bo Hou3, Hui You3, Feng Feng3, Qing Ling4, Yu Xiao4, Yongdong Guo5,
Wenyi Fan6,7, Sumei Zhang8, Zixin Zhang8, Xiaomin Hu9 , Yong Yao 2 ,
Chunhong Zheng 6,7 & Lin Lu 1

Pituitary neuroendocrine tumors (PitNETs) can be invasive or aggressive, yet
the mechanisms behind these behaviors remain poorly understood,
impeding treatment advancements. Here, we integrat single-cell RNA
sequencing and spatial transcriptomics, analyzing over 177,000 cells and
35,000 spots across 57 tissue samples. This comprehensive approach facil-
itates the identification of PitNETs tumor populations and characterizes
the reconfiguration of the tumor microenvironment (TME) as PitNETs pro-
gress and invade. We trace the trajectory of TPIT-lineage PitNETs and iden-
tify an aggressive tumor cluster marked by elevated p53-mediated
proliferation and a higher Trouillas classification, both associated with
tumor progression. Additionally, we document the heterogeneity of immune
stromal cells within PitNETs, particularly noting the enrichment of SPP1+
tumor associated macrophages (TAMs) in invasive tumors. These TAMs
facilitate tumor invasion through the SPP1-ITGAV/ITGB1 signaling pathway.
Our in-depth single-cell and spatial analysis of PitNETs uncovers the mole-
cular dynamics within the TME, suggesting potential targets for therapeutic
intervention.

Pituitary neuroendocrine tumors (PitNETs), commonly referred to as
pituitary adenomas, are a heterogeneous group of neoplasms origi-
nating from the anterior pituitary gland1. They are classified into three
lineages based on specific transcription factors (TFs): PIT1 (lacto-
trophs, somatotrophs, and thyrotrophs), TPIT (corticotrophs), and SF1
(gonadotrophs)2. Clinical symptoms of functioning tumors typically
result from excessive hormone secretion3. Additionally, tumor com-
pressing of adjacent structures, such as the optic nerve, may lead to

headaches or vision impairments. Symptoms vary according to
excessive hormonal secretion levels and the specific hormones pro-
duced by the tumors.

Current standard treatments for PitNETs typically involve surgery
as the first-line approach to relieve local mass effects and systemic
endocrine-related symptoms4. Medical therapies, such as dopamine
agonists like cabergoline for prolactinomas and somatostatin receptor
ligands for thyroid-stimulating hormone-secreting and growth
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hormone-secreting adenomas, are used as first-line treatments in
specific cases5,6. However, about 35% of PitNETs are invasive, leading to
incomplete excision and frequent recurrences7,8. Aggressive pituitary
tumors (APTs), characterized by refractory to standard treatments,
rapid growth, and frequent recurrences, presented significant clinical
challenges9. Early assessment of tumor aggressiveness is crucial for
appropriate intervention.

Several studies have demonstrated that the tumor micro-
environment plays a critical role in PitNET biology. Tumor-associated
macrophages (TAMs), the predominant immune cells in PitNETs, sig-
nificantly influence tumor size, proliferation, and invasion10–12. Other
cell types, includingfibroblasts andendothelial cells, also contribute to
tumor progression and invasiveness13–15. However, the complex inter-
actions among immune, stromal, and tumor cells remain largely
uncharacterized, highlighting the need for further investigation.

Recent studies have highlighted the important role of tumor
heterogeneity and microenvironment in PitNET biology with single-
cell RNA sequencing (scRNA-seq) technology. Zhang et al. found sig-
nificant differences in epithelial-to-mesenchymal transition (EMT)
signatures between silent and active corticotroph tumors, marked by
increased mesenchymal gene expression and reduced hormonal
biogenesis16. Zheng et al. used scRNA-seq to comparepituitary anterior
pituitary glands and PitNETs, revealing links between differentiation
status and recurrence patterns17. Lyu et al. studied the tumor micro-
environment of PIT1-positive PitNETs, emphasizing interferon-gam-
ma’s (IFN-γ) role in remodeling cancer-associated fibroblasts (CAFs)18.
Yan et al. identified the PBK gene’s role in tumor cell proliferation and
migration using scRNA-seq19. Despite these advances, understanding
the complex interactions within the PitNET tumor microenvironment,
especially spatially, remains elusive.

In this work, we present the comprehensive integration of a
single-cell atlas and spatial architecture of PitNETs to elucidate tumor
heterogeneity related to clinical phenotype, cellular organization, and
interactionswithin the tumormicroenvironment (TME). This extensive
analysis aims to uncover novel cell markers and intricate interactions
among tumor, immune, and stromal cells, providing new avenues for
targeted therapies.

Results
Single-cell composition and spatial characterization of
pituitary tumors
To elucidate the cellular and spatial architecture of pituitary tumors,
we conducted a single-cell sequencing study of 172,510 cells and
35,347 spots from 57 pituitary tissue samples. These included 13
adrenocorticotropic hormone-secreting adenomas (ACTH), 8
prolactin-secreting adenomas (PRL), 3 growth hormone/prolactin
cosecreting adenomas (GH/PRL), 7 growth hormone-secreting ade-
nomas (GH), 6 thyroid-stimulating hormone-secreting adenomas
(TSH), 1 thyroid-stimulating hormone/growth hormone cosecreting
adenoma (TSH/GH), 6 silent gonadotroph adenomas (SGA), 7 silent
corticotroph adenomas (SCA), 1 silent TSH-secreting adenoma (STA), 1
null cell adenoma (NCA), 1 follicle-stimulating hormone adenoma
(FSH), and 3 normal pituitary tissues, all confirmed pathologically via
MRI (Fig. 1a, Supplementary Fig. 1 and Supplementary Data 1). Each
tumor subtypewas identified by examining hormone secretion-related
genes such as SST, POMC, PRL, GH1, TSHB, and FSHB (Fig. 1b). Unsu-
pervised clustering analysis of the scRNA-seq data revealed six domi-
nant cell clusters across all pituitary tumors (Fig. 1c), includingmyeloid
cells, lymphocytes, fibroblasts, endothelial cells, stem cells, and Pit-
NETs tumor cells (Fig. 1d), consistent with previous findings17,20.
Although different pituitary tumor types shared common cellular
subtypes, suggesting a conserved cellular composition across diverse
PitNETs phenotypes, notable differences were observed between
samples. For example, stem cells were predominantly derived from a
single patient (TSH1), highlighting sample-specific variability (Fig. 1e).

We used integrated analysis of single-cell and spatial tran-
scriptomics to explore the spatial cellular composition and distribu-
tionwithinPitNETs, using a SharedNearestNeighbor (SNN)modularity
optimization-based clustering algorithm21. This approach enabled the
annotation of spatial spot data into seven niche clusters based on
unique gene signatures (Supplementary Fig. 2a, b, Supplementary
Data 2), mainly including the ACTH-enriched (Niche 1), SCA/SGA-
enriched (Niche 2), PRL-enriched (Niche 3), GH/TSH-enriched (Niche
4), GH/TSH/immune-mixed (Niche 5), and immune-enriched (Niche 6),
aligning with their histologic subtypes. Interestingly, despite deriving
from different lineages, SCA and SGA samples clustered together,
reflecting their nonfunctional tumor characteristics (Supplementary
Fig. 2c). Integrating scRNA-seq and spatial transcriptomic data using
the Multimodal Intersection Analysis (MIA) approach22 showed high
consistency in cell identities (Supplementary Fig. 2d). For example,
ACTH-enriched Niche 1 predominantly contained ACTH tumor cells,
while immune-enriched Niche 6 was composed of myeloid cells, lym-
phocytes, fibroblasts, and endothelial cells. Notably, Niche 5, amixture
of GH, TSH, and immune cells, was positioned between the immune
and GH/TSH niches, suggesting a transitional state from stromal to
cancerous regions.

PitNETs tumor cell transcriptome profile at single-cell
resolution
To further investigate PitNET tumor cell characteristics at the single-
cell level, we conducted unsupervised cluster analysis by integrating
all samples without using batch effect removal algorithms like
Harmony23, which might excessively normalize tumor heterogeneity.
In total, 45 distinct clusters were identified in the scRNA-seq data
(Fig. 2a). Most clusters displayed an individual-based pattern, except
for Cluster 39, which comprised proliferated tumor cells frommultiple
samples (Supplementary Fig. 3a), highlighting the diversity within
PitNETs. Notably, we identified various normal pituitary cell subtypes,
including lactotrophs, thyrotrophs, somatotrophs, corticotrophs,
gonadotrophs, and undifferentiated PIT1 lineage cells, in normal
pituitary tissues (Supplementary Fig. 3b). Differentially expressed
genes between tumor cell types and their corresponding normal
counterparts revealed upregulation of genes associated with pro-
liferation and invasiveness in tumor cells, such as TIMP1,MYO6, CCND1,
andCCND2, indicating distinct cellular transcriptomic profiles between
tumor and normal cells (Supplementary Fig. 3c). Subsequent scRNA-
seq-based copy number variation (CNV) analysis of these clusters
revealed chromosomal amplifications and deletions, effectively dif-
ferentiating cancer cells from nonmalignant cells in normal pituitary
tissue. The observed CNV patterns were predominantly individual-
specific (Fig. 2b), underscoring the unique genetic landscape of
each tumor.

Correlation-based clustering analysis of transcriptional profiles
annotated all tumor clusters into six major transcriptional categories:
PRL-associated, GH-associated, ACTH-associated, SCA-associated,
TSH-associated, and other non-functional adenoma-associated sub-
types, according to theirmarker genes (Fig. 2c, SupplementaryData 3).
Tumors from the same lineage showed higher transcriptional simila-
rities and tended to aggregate, with most PIT1 lineage clusters (PRL-,
GH-, and GH/PRL-associated) showing strong correlation. Interest-
ingly, TSH-secreting adenomas of the PIT1 lineage exhibited simila-
rities to other nonfunctional PitNETs, such as SGA, indicating a
divergent developmental trajectory for TSH tumors compared to
other PIT1 lineage tumors. Furthermore, null cell adenoma (NCAs), a
nonfunctioning subtype, demonstrated transcriptomic profiles similar
to SGAs but also exhibited distinct features, including elevated
expression of the differentiation repression gene HOPX and tumor
progression-related genes PLCG2 and TCN224–26 (Supplementary
Fig. 3d). These uniquemolecular characteristics may contribute to the
more invasive behavior observed in NCAs.
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Despite high concordance between clinical diagnoses and single-
cell transcriptomic profiles for most clusters, some exceptions were
noted. For example, two clusters from the SCA1 sample resembled
ACTH-associated subtypes at the transcriptomic level, as evidenced by
elevated expression of ACTH-specific genes POMC and GAL, but not

SCA-related genes GZMK and CITED1 (Fig. 2d). Spatial transcriptomic
analysis corroborated these unique gene expression patterns in SCA1
(Fig. 2e). Similarly, cells from ACTH6 displayed a complex transitional
state between ACTH and SCA tumors, and cells from ACTH5 showed a
blend of ACTH- and PRL-associated gene expression (Supplementary

Fig. 1 | Single-cell transcriptome and spatial profiling of PitNETs. a Overview of
the study design depicted schematically. Created in BioRender. su, w. (2025)
https://BioRender.com/7d5vpht. b H&E staining alongside visualization of single-
cell spatial distribution of marker genes in PitNET. Scale bars, 1mm. c UMAP plot
illustrating the distinct cell clusters identified by scRNA-seq (n = 172,510 cells from

37 samples). d Bubble heatmap showing the marker genes for each cell cluster
identified through scRNA-seq. e Stacked bar plot representing the proportions of
major cell populations across different tumor subtypes. Source data are provided
as a Source Data file for (d).
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Fig. 3e, f), indicating a multifaceted intrinsic identity beyond stand
clinical assessments. These findings underscore the complexity and
heterogeneity within PitNETs, and highlight the importance of inte-
grated transcriptomic analyses for accurate tumor characterization.

Identification of aggressive tumor cells in TPIT samples
Given that tumor cells from different PitNETs lineages develop dif-
ferently, we explored tumoral heterogeneity within each lineage
separately. Single cells from 16 TPIT tumor clusters were classified into
six groups through hierarchical clustering analysis (Fig. 3a, Supple-
mentary Fig. 4a, and Supplementary Data 4). The TPITpro and ACTHAgg

groups demonstrated elevated expression of proliferation markers
such as CENPF, TOP2A, PTTG1, PBK, and MKI67, associated with sig-
nificantly higher cell cycle, proliferation, and DNA repair activities
compared to other clusters (Fig. 3b and Supplementary Fig. 4b).
Pathwayanalysis revealed substantial enrichment in cell cycle andDNA
replication pathways within these groups (Fig. 3c, d). However, the
ACTHAgg group, expressing 82 genes linked to aggressive tumor
behavior including CASC5 and GTSE1, showed enhanced p53 and FoxO
pathway activity, highlighting their role in tumor progression
(Fig. 3c, e). The ACTHGro cluster displayed elevated expression of

PAPPA2 and AXNA1, which are crucial for tumor growth and immune
evasion27,28. The ACTHStem group, mainly from cluster 16, displayed
significant stemness, with high levels of SOX4 and LY6H, indicating a
stem-like identity (Supplementary Fig. 4c). Conversely, the ACTHReg

and SCAReg groups consisted of Regular TPIT tumor cells, respectively.
The ACTHReg tumors were categorized into subgroups based on the
expression of genes associated with hormone secretion (e.g., LGALS3,
PCSK1), epithelial-mesenchymal transition (CDH2), or developmental
pathways (IGF2, GJA1) (Supplementary Fig. 4d). The SCAReg tumors
were classified into subgroups based on varying expression levels of
immature TPIT lineage-related genes, including CARTPT, GZMK, and
SST (Supplementary Fig. 4e). These findings highlight the internal
diversity within regular ACTH and SCA tumors.

We used Monocle 2 to model the developmental trajectories of
these groups, revealing a branched structure where SCAReg cells
formed the root, emphasizing their silent TPIT tumor identity.
ACTHStem cells occupied an intermediate position, suggesting a tran-
sition from silent to functioning states. Notably, ACTHReg positioned at
one trajectory end, with the remaining three ACTH groups at the
opposite, illustrating diverse differentiation paths (Fig. 3f and Sup-
plementary Fig. 4f). Key transitions were underscored by differential

Fig. 2 | Tumor-associated signatures of PitNETs at single-cell resolution.
a UMAP plot showing the distribution of pituitary tumor and normal cell popula-
tions (n = 160,243 cells from 37 samples). b Heatmap of copy number variations
(CNVs) in single pituitary cells from normal (top) and tumor (bottom) tissues,
inferred from scRNA-seq data. c Heatmap depicting Pearson correlation among
PitNET tumor clusters (n = 160,243 cells), with color intensity representing

correlation strength. d Violin plot displaying gene expression profiles for regular
ACTH adenomas (ACTH*,including ACTH1, ACTH2, ACTH3, ACTH4, ACTH7,
ACTH8), SCA1 and regular SCAs (SCA*,including SCA2, SCA3, SCA4). Data are
presented as mean values +/- SD. e Spatial gene expression patterns in ACTH2 (a
regular ACTH adenoma), SCA1, and SCA5 (a regular SCA tumor). Source data are
provided as a Source Data file for (c).
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gene expression: GZMK and SST were downregulated, whereas LY6H
and WFDC2, markers of tumor stem-like cells, were distinctly upregu-
lated from SCA to ACTH (Fig. 3g, h). Critical for aggressive ACTH
tumors, genes such as ADCYAP1, ANXA1, ASPM, BRCA2, CASC5, and
PENK, served as specific markers, as verified by multiplex immuno-
fluorescence staining (Fig. 3i and Supplementary Fig. 4g). In contrast,
GAL and ZBTB49 were upregulated in regular TPIT tumors (Fig. 3h).

Identification of key drivers in ACTH tumor progression
Given the distinct differentiation pathway observed in ACTH tumors,
we investigated the principal drivers of their development. Two aty-
pical ACTH tumor subgroups, ACTHAgg and ACTHGro, comprised
exclusively of cells from a single patient, ACTH1, who experienced
exceptionally aggressive tumor progression (Fig. 4a). Following sur-
gical intervention, serum cortisol and ATCH levels initially decreased
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transiently (Fig. 4b). However, the patient’s progression-free survival
was markedly brief, lasting only 15months, significantly shorter com-
pared to other ACTH tumor cases (Fig. 4c). Subsequent attempts to
manage tumor progression through additional surgeries proved lar-
gely ineffective, with only temporary reductions in serum cortisol and
ACTH levels followed by a sharp increase. Unfortunately, the patient
succumbed rapidly to complications from Cushing’s disease. Retro-
spective immunohistochemistry (IHC) analysis revealed that the
patient was p53 positive, with an exceptionally high Ki67 positivity
rate of 8% (Fig. 4d, e). Notably, according to the Trouillas classification,
the four regular ACTH-secreting tumors were classified as grade 1a,
while tumor ACTH1 was classified as grade 2b (Fig. 4d), indicating a
more aggressive behavior in tumor progression.

Interestingly, cells in the ACTHAgg subgroup from patient ACTH1
exhibited similar gene expression patternswith TP53 andMKI67. These
cells specifically overexpressed cell cycle-related genes in the
p53 signaling pathway (Fig. 4f, g), including CCNB1, CDK1, CCNB2,
CCND3, and CDK2, and showed significantly higher p53-cell cycle
scores compared to other clusters (Fig. 4h). This suggested that cell
cycle signaling within the p53 pathway may contribute to the aggres-
sive nature of ACTH tumors. An independent cohort study, including
data from all pituitary ACTH tumor patients who underwent surgery at
Peking Union Medical College Hospital (PUMCH) between January
2018 and January 2022, revealed that patients with both p53 positivity
and a high Ki67 index experienced markedly shorter postoperative
recurrence internals (Fig. 4i), indicating a faster growth rate and
increased tumor aggressiveness. Additionally, whole-exome sequen-
cing of tumor samples from patients ACTH1 and ACTH2 revealed that
they both harbored the TP53 Pro72Argmutation, a commonmutation
in ACTH tumors29. Notably, the TP53 Arg248Gln hotspotmutation was
detected exclusively in patient ACTH1 (Fig. 4j), a mutation known to
enhance motility and invasive potential compared to other
mutations30, potentially driving the proliferation of aggressive ACTH
tumor cells.

Tumor heterogeneity of PIT1 and SF1 lineage
We further investigated the heterogeneity of tumor cells within the
PIT1 and SF1 lineages, identifying six distinct tumor subgroups within
PIT1 and two within SF1, each with unique molecular signatures
(Supplementary Fig. 5a, b). The PRLPro subgroup exhibited elevated
levels of cell proliferation markers, including PTTG1, CENPF, and
TOP2A, and significantly higher cell cycle and proliferation scores
compared to other subgroups (Supplementary Fig. 5c). Notably, the
PIT1Pro subgroup specifically expressed GGH and PBK, which Yan et al.
identified as inhibitors of pituitary tumor cell apoptosis and pro-
moters of cell proliferation19. These cells predominantly originated
from cluster 39 of patient PRL1, who was resistant to bromocriptine,
aligning with studies showing that high PBK expression correlates
with a worse prognosis31. The PRLGrowthsubgroup displayed specific
expression of tumor growth-associated genes, including IGF1 and
SHC132,33. Conversely, the PRLAdhesion subgroup was characterized by
the expression of genes related to adherens junctions, such as RAP1B

and MYL12A34. The TSHUndiff subgroup, primarily from STA, showed
high expression of IGFBP7 and GATA2 (Supplementary Fig. 5d),
indicative of a transcriptional profile resembling immature PIT1
pituitary lineage tumors, and also exhibited a higher stemness score.
Cells in the PRLReg and TSH/GHReg groups corresponded to regular
PRL and TSH/GH tumors, respectively, and were further classified
based on tumor hormone expression, particularly GH1 and PRL
(Supplementary Fig. 5e, f). This classification highlighted the internal
heterogeneity within regular PIT1 tumors.

In the SF1 lineage, SF1Reg cells exhibited high expression of gona-
dotroph hormone-related genes LHB. However, these cells displayed
varying levels of FSHB expression, which has been associated with
different cell types during the development of normal pituitary
gonadotrophs35 (Supplementary Fig. 5g). This variation suggests the
heterogeneity present within the regular SF1 lineage tumor cells. The
SF1Undiff subgroup was characterized by high expression of genes
associatedwith poorly differentiated SF1 lineage tumors, such asGPC3
and SIX2. Interestingly, we observed that SF1Undiff cells shared several
co-expressed genes with other stem-like or undifferentiated subtypes
TSHUndiff and ACTHStem (Supplementary Fig. 5h). Specifically,WFDC2, a
gene highly expressed in early human embryonic stem cell-derived
trophoblasts36 as well as pituitary stem cells in this study, was con-
sistently upregulated (Supplementary Fig. 5i). Furthermore, NFIX,
IGFBP5, and TESC, known regulators of stem cell behavior, were also
commonly expressed37–39. These findings point to a shared stem-like
signature among these subtypes, irrespective of lineage.

The diverse tumor immune microenvironment in PitNETs
We performed a comprehensive single-cell analysis of the tumor
immune microenvironment in PitNETs. Immune stromal cells were
classified into 16 distinct clusters, including NK cells, T cells, B cells,
tumor-associated macrophages (TAMs), cancer-associated fibroblasts
(CAFs), neutrophil, monocytes, type-2 conventional dendritic cells
(cDC2), and endothelial cells (ECs) (Fig. 5a and Supplementary Fig. 6a).
Notably, two EC subtypes were identified: arterial ECs, characterized
by IGFBP3, GJA5 and LTBP4, and venous ECs, marked by PLVAP, NRP2,
and VWA140–42 (Fig. 5b and Supplementary Fig. 6b). We also identified
three CAF subpopulations: cancer-associated myofibroblasts
(CAFMyo), expressing NDUFA4L2 and MYH11; inflammatory CAFs
(CAFInfla), characterized by collagen-encoding genes COL1A1 and
COL1A2; and endothelial-to-mesenchymal transition CAFs (CAFEmt),
exhibiting markers of both CAFs and ECs, such as RGS5 and PLVAP,
indicative of a transitional phenotype43 (Supplementary Fig. 6c).

TAMs were further categorized into three distinct subtypes based
on their gene expression profiles. The TAM_IER2 cluster demonstrated
a pro-inflammatory phenotype with expression of EGR1, FOS, and
JUN44. The TAM_SEPP1 cluster resembled tissue-residentmacrophages,
characterized with SEPP1 and SLC40A1 expression45. A unique gene
expression profile was observed in SPP1+ TAMs (Fig. 5c). Gene
enrichment analysis revealed significant upregulationof PPARandTNF
signaling pathways (Fig. 5d), with increased expression ofOLR1, PLIN2,
FABP5, NFKB1, and pro-inflammatory cytokines CCL2 and CCL2046,47

Fig. 3 | Characterization of tumor cells in TPIT samples. a Heatmap displaying
specific gene expression profiles across six TPIT tumor subtypes. b Boxplots
illustrating cell cycle (left), proliferation (middle), andDNA repair (right) scores for
each TPIT tumor subtype. Boxes span the interquartile range (IQR) and whiskers
extend to points that lie within 1.5 IQRs of the lower and upper quartile. Center line
is drawn at the median. Statistical analysis was performed using the two-sided
Kruskal–Wallis test. For (a) and (b) a total of 70,196 cells from 12 samples were
analyzed across six groups: TPITPro (n = 378), ACTHAgg (n = 217), ACTHGro (n = 7,725),
ACTHStem (n = 3,789), ACTHReg (n = 44,079), and SCAReg (n = 14,008). c Venn diagram
showing the overlap ofmarker genes between TPITPro and ACTHAgg groups. d KEGG
pathway enrichment analysis of common genes shared by TPITPro and ACTHAgg

groups.One-sided Fisher’s exact test. eKEGGpathwayenrichment analysis of genes
specific to ACTHAgg group.One-sided Fisher’s exact test. fDevelopmental trajectory
of TPIT tumor cells as inferred by Monocle2, with each dot representing a cell.
g Branched heatmap showing significant gene expression changes over pseudo-
time, with genes indicated on top. h Gene expression trends for selected genes
along the trajectory. i Representative multiplex immunofluorescence staining of
ACTH1 (aggressive ACTH tumor) and ACTH2 (non-aggressive ACTH tumor), each
with 3 technical replicates. Individual and merged channels are shown for DAPI,
ANXA1, CASC5, ASPM, BRCA2, ADCYAP1, and PENK. Scale bar, 100 µm. Source data
are provided as a Source Data file for (b) and (c).
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Fig. 4 | Clinical andmolecular features ofaggressiveACTHtumors. aTimeline of
diagnosis, treatment, recurrence, and persistence for patient ACTH1, with MRI
images at key points and tumor borders outlined in yellow dashed lines. b Serum
cortisol and ACTH levels during the treatment of patient ACTH1. c, Bar plot of
recurrence time after initial surgery for ACTH patients. d Bar plot of Ki67 index,
Knosp grade, p53 IHC staining, and Trouillas classification (TC) in ACTH patients.
e IHC staining of Ki67 and p53 in tissue sections from patients ACTH1 and ACTH2
(n = 3 technical replicates for each patient). f Gene-rank plot of marker genes in
cluster 44, with p53 pathway genes in red and proliferation-related genes in blue.
g Expressionof cell cycle-related p53pathway genes across clusters. Boxes span the
interquartile range (IQR) and whiskers extend to points that lie within 1.5 IQRs of

the lower and upper quartile. Center line is drawn at the median. h Boxplot of p53-
associated cell cycle scores by cluster, using theKruskal–Wallis test. Boxes span the
interquartile range (IQR) and whiskers extend to points that lie within 1.5 IQRs of
the lower and upper quartile. Center line is drawn at themedian. For (g,h) a total of
54,607 cells were analyzed across 12 clusters: 0 (n = 11,109), 1 (n = 9,127), 3
(n = 8,674), 8 (n = 5,033), 11 (n = 4,455), 16 (n = 3,789),21 (n = 3,021), 24 (n = 2,692),29
(n = 2,291), 36 (n = 851), 39 (n = 378), and 44 (n = 217). i Kaplan-Meier progression-
free survival curves for 18 patients with tumor recurrence, stratified by p53 staining
and Ki67 index, analyzed by log-rank test. j Lollipop plot showing TP53mutation
sites in patients ACTH1 and ACTH2. Source data are provided as a Source Data file
for (h) and (i).
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(Fig. 5e), suggesting a crucial role for SPP1+ TAMs in PitNETs. Inter-
estingly, the composition and proportions of immune and stromal cell
subpopulations showed no significant differences between tumor and
normal tissues (Supplementary Fig. 6d).

To elucidate the spatial organization of immune stromal niches,
we employed spatial transcriptomics to delineate the distribution of

each cell type. Analysis of spatial correlation coefficients across all ST
samples indicated that SPP1+ TAMs showed the most pronounced
spatial association with CAFs compared to other cell types (Fig. 5f).
This pattern was also consistently observed in individual samples
(Fig. 5g, h), highlighting a significant spatial interaction between
SPP1+ TAMs and CAFs. Subsequent immunofluorescent labeling
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further confirmed the close proximity of SPP1+TAMs and CAFs in
PitNETs tissues (Fig. 5i). Moreover, genes highly expressed in
SPP1 + TAM/CAF colocalization spots were significantly enriched in
pathways involving cell adhesion molecules, focal adhesion, and
complement coagulation cascades (Supplementary Fig. 6e), such as
FN1, SERPING1 and MYL9, which were also validated by multiplex
immunofluorescence staining (Supplementary Fig. 6f, g). This
enrichment pattern suggests a close interaction and potential colla-
boration between SPP1+ macrophages and CAFs in ECM remodeling
in PitNETs.

The association between SPP1+TAMs and PitNET invasion
To assess the clinical significance of immune stromal cell clusters, we
determined their enrichment across samples using the ratio of
observed to expected (Ro/e) analytical method48,49 (Fig. 6a). Notably,
SPP1+ TAMs were significantly enriched in invasive pituitary tumors,
independent of tumor size, relapse status, and PitNET subtypes
(Fig. 6b-d and Supplementary Fig. 6h). This finding was corroborated
using two published bulk sequencing datasets50,51, where the pre-
valenceof invasive pituitary tumorswasmarkedly higher in the SPP1high

group compared to the SPP1low group (Fig. 6e). Furthermore, we
assessed the correlation between invasiveness and SPP1 + TAM in an
independent cohort of 47 patients using multiplex immuno-
fluoresence staining data (Fig. 6f). The result revealed that the per-
centage of SPP1+TAMs was significantly higher in invasive patients
compared to non-invasive patients, consistent with our single-cell
RNA-seq findings.

To further explore the potential role of SPP1+ TAMs in tumor
invasion, we quantified the molecular interactions between SPP1+
TAMs and tumor cells from both invasive and noninvasive PitNETs.
Among the top five enriched ligand-receptor pairs, the SPP1-ITGAV/
ITGB1 interaction was most pronounced between SPP1+ TAMs and
invasive tumors, rather than non-invasive ones (Fig. 6g, h). Addition-
ally, invasive tumors exhibited elevated MAPK and PI3K/Akt pathway
scores, key downstream effectors of integrin signaling (Fig. 6i). Spatial
transcriptomic analysis showed a higher prevalence of co-localized
spots expressing SPP1, ITGAV and ITGB1 in invasive samples compared
to non-invasive ones (Fig. 6j), a result corroborated by multiplex
immunofluorescence staining (Fig. 6k). This suggests that SPP1+ TAMs
may facilitate tumor invasion by engagingwith tumor cells through the
SPP1-ITGAV/ITGB1 pathway, thereby enhancing cell adhesion and
migration.

To investigate the role of secreted SPP1 (osteopontin) in pro-
moting invasive PitNET tumors, we conducted in vitro analyses using
three common PitNET cell lines: GH3, AtT20, and TtT/GF. Cell pro-
liferation, wound healing, and trans-well invasion assays were
employed to assess the effects of SPP1. The CCK-8 assay confirmed
that osteopontin significantly promoted cell proliferation in all PitNET
cell lines (Fig. 7a). Additionally, wound healing and trans-well invasion
assays demonstrated that osteopontin(OPN) enhanced cell migration
and invasion (Fig. 7b-e).

To further validate these findings, we established primary pitui-
tary tumor and PitNET organoid models derived from two indepen-
dent patients, both of which retained key tumor characteristics
(Fig. 7f). SPP1 treatment not only promoted pituitary tumor migration
and invasion (Fig. 7g-h), but also significantly enhanced cell growth
and increased Ki67 expression in PitNET organoids (Fig. 7i-k). Notably,
SPP1-treated organoids exhibited increased collective invasion into
collagen gels, as evidenced by a greater number of multicellular pro-
trusions (Fig. 7i).

To explore the role of ITGB1 in mediating the tumor-promoting
effects of SPP1, weknockeddown ITGB1 expression inGH3, AtT20, and
TtT/GF cell lines (Fig. 8a-b). CCK-8 and trans-well invasion assays
revealed that ITGB1 knockdown significantly reversed SPP1-induced
cell proliferation and invasion across all three cell lines (Fig. 8c-e).
These results demonstrated that SPP1 exerted its tumor-promoting
effects on PitNET cells through its interaction with ITGB1.

Collectively, our scRNA-seq data and in vitro assays indicate that
TAMs may exert important functions by interacting with different
immune and stromal cells within the PitNET TME.

Discussion
In our study, we employed a multi-omics approach to investigate the
complexities of pituitary tumor heterogeneity, encompassing single-
cell RNA and spatial transcriptomics sequencing. This study presents
an integrated scRNA-seq and ST investigation of pituitary tumors,
offering detailed insights into their biological landscape.

PitNETs are prevalent intracranial neoplasms with a range of
clinical presentations. While standard treatments such as surgery,
radiotherapy, and pharmacotherapy are available, managing aggres-
sive PitNETs (APTs) remains challenging due to their tendency for
rapid relapses. Notably, the ACTH-secreting PitNETs subtype, more
prevalent among APTs, is linked to severe hypercortisolemia and a
poor prognosis9. Early detection and intervention are crucial for
improving outcomes and preventing tumor recurrence. However, the
current diagnosis paradigm, which relies on evolving clinical pheno-
types, lacks predictive biomarkers for the transition from non-
aggressive to aggressive PitNETs. Temozolomide, the recommended
chemotherapy for APTs, has limited efficacy, highlighting an urgent
need for a deeper understanding of APT pathogenesis and the iden-
tification of novel therapeutic targets52.

While p53, Ki67 andTrouillas classification have traditionally been
used as markers for assessing tumors with malignant potential, the
clinicopathological correlations between these markers and tumor
aggressiveness remain limited. This highlights the need for advanced
molecular approaches to better predict and elucidate aggressive
tumor behavior. Our scRNA-seq analysis extends beyond conventional
markers by identifying a novel ACTHAgg cluster that may serve as a
biomarker for early detection of APTs. This cluster, distinct in its
proliferative activity and association with the p53 signaling pathway,
sets it apart from general proliferative groups. Notably, the identifi-
cation of genes like CCNB1 and CCNB2, along with known APTmarkers

Fig. 5 | Single-cell tumor immune microenvironment in PitNETs. a UMAP plot
showing the distribution of tumor immune microenvironment in PitNETs, colored
by their cell types (n = 12,267 cells from 37 samples). b Bubble heatmap showing
marker genes across 15 cell clusters through scRNA-seq (n = 12,267 cells from
37 samples). c Volcano plot showing differentially expressed genes between
TAM_SPP1 versus TAM_IER2 (left), and TAM_SPP1 versus TAM_SEPP1 (right). A total
of 1,367 TAMs were analyzed, including TAM_SEPP1 (n = 269 cells), TAM_SPP1
(n = 456 cells), and TAM_IER2 (n = 642 cells). Two-sided unpaired limmamoderated
t-test. d The pathway enrichment analysis of upregulated genes by TAM_SPP1. One-
sided Fisher’s exact test. e Violin plot showing upregulated genes of TAM_SPP1 in
TAM clusters. f Lollipop plot showing the spatial correlation coefficient between
TAM_SPP1 cluster score and other dominant immune cell cluster scores

(n = 35,347 spots from 20 samples). Spearman-correlation test. g Scatter plot
showing the correlation between the infiltration of TAM_SPP1 and CAFs based on
the average GSVA scores for each spatial transcriptomic (ST) sample (n = 20). Each
circle represents one ST sample. The error band indicates a 95% confidence inter-
val, the mean was used as the center for the error bars. Two-sided spearman-
correlation test. h Spatial feature plots of signature score of TAM_SPP1 and CAFs in
tissue sections. i Representative multiplex immunofluorescence staining of human
PitNET tumors. DAPI (blue), CD68 (yellow), SPP1 (orange), αSMA (red), Ki67
(green), and tumor markers ACTH (ACTH1), TPIT (SCA5), and PIT-1 (TSH5)
(magenta) are shown in individual and merged channels. Experiment was per-
formed in three independent patients, each with three technical replicates. Scale
bar, 100 µm. Source data are provided as a Source Data file for (c) and (e).
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(PTTG1, CCND1, TOP2A), provides molecular indicators for assessing
PitNET aggressiveness.

It is well-established thatmutations in specific genes play a crucial
role in the tumorigenesis and progression of pituitary tumors. For
example, USP8-mutant tumors are characterized by smaller tumor size
and increased ACTH production compared to wild-type PiTNETs53.
Mutations in GNAS are associated with elevated preoperative IGF-1
levels, lower invasiveness, and improved surgical remission rates51,54.
AIP mutations are linked to Familial Isolated Pituitary Adenomas

(FIPA), with tumors in these patients exhibiting more aggressive
behavior than those in AIP-negative individuals55. Notably, the ACTHAgg

cluster in this study predominantly arises from a patient with a TP53
R248Q mutation, a known hotspot that confers a gain-of-function
effect and is implicated in tumorigenesis, invasion, and metastasis
across various cancers30,56,57. This mutation has been specifically asso-
ciated with an ACTH-secreting pituitary carcinoma with metastases to
the liver and thoracic vertebrae58. Targeting the p53 pathway in APT
therapy could be a promising strategy, including the use of
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compounds that restore p53 function and gene therapy approaches
with viral vectors, nanoparticles, and p53 mutant-specific siRNAs59.

The tumor microenvironment significantly influences tumor
behavior and patient outcomes60. Our integrative analysis, combining
scRNA-seq and spatial transcriptomics, has delineated a detailed
immune stromal cell atlas and the spatial organization of immune
stroma niches within PitNETs. A distinct subpopulation of TAMs, the
SPP1 + TAMs, with a unique gene expression profile, was found to
colocalize with CAFs within the TME. Studies have implicated SPP1 +
TAM in promoting a pro-tumorigenic phenotype in various cancer
types, including colon cancer, head and neck squamous cell carcino-
mas, and glioma51,61,62. Our research extends these findings to PitNETs,
showing that SPP1+ TAMs enrich TNF pathways and secrete immuno-
suppressive cytokines CCL2 and CCL20, thus facilitating a pro-
inflammatory tumor microenvironment conducive to tumor immune
evasion. Moreover, SPP1 + TAM are preferentially enriched in invasive
PitNETs and interact with invasive tumor cells through SPP1-ITGAV/
ITGB1 ligand-receptor interactions, indicating a role in promoting
tumor aggression. Similar interactions between SPP1+ TAMs and can-
cer stem cells in hepatocellular carcinoma suggest that SPP1+ TAMs
may be central to the aggressive behavior of PitNETs, presenting a
potential target for therapeutic intervention63. Additionally, in invasive
tumors, SPP1+ TAMs and CAFs also showed stronger SPP1-ITGAV/
ITGB1 ligand-receptor interactions compared to non-invasive tumors
(Supplementary Fig. 6i). Furthermore, ligand-receptor analysis
between CAFs and tumor cells demonstrated ECM proteins secreted
by CAFs, such as collagen and fibronectin 1 (FN1), exhibit extensive
interactions with integrin receptors on invasive tumor cells (Supple-
mentary Fig. 6j). These interactions have been previously shown to
promote cell invasion andproliferation64,65, suggesting that CAF-tumor
cell communication may also play a critical role in enhancing the
metastatic potential of pituitary neuroendocrine tumors.

In summary, our integrative scRNA-seq and spatial transcriptomic
analysis has elucidated the heterogeneity of PitNETs and identified
distinct cell subtypes and associated molecular markers. These find-
ings contribute to amore refined understanding of PitNET biology and
pave the way for the development of targeted treatment strategies.

Methods
Human specimen collection
This study was approved by the Institutional Review Boards of Peking
Union Medical College Hospital (Ethical number: I-22PJ933).Written
informed consent was obtained from all patients for publication of
clinical information.A total of 23 patients consented to sample col-
lection and data analysis.In line with institutional and ethical guide-
lines, themaximal tumor size or burdenpermissible for inclusion in the
study was determined by the Institutional Review Board. All human
tumour samples used in this research were collected within these
approved limits. Each sample underwent histological evaluation by an
experienced pathologist. PitNETs were classified according to the

World Health Organization (WHO) 2022 criteria, based on immuno-
histochemistry (IHC) results for three lineage-specific transcription
factors (PIT1, SF1, and TPIT) and hormonal expression. Tumor inva-
siveness was assessed using the Knosp grading system, Hardy-Wilson
classification, and Trouillas classification on preoperative magnetic
resonance imaging (MRI). Knosp grades 3 and 4, Hardy-Wilson grades
3 and 4or stageD and E, Trouillas classification grade 2a, 2b and 3were
categorized as invasive tumors. Tumor aggressiveness was defined as
the rapid growth of tumors resistant to first-line treatments, necessi-
tating repeated surgeries.

Single-cell RNA sequencing and data processing
Fresh tissue specimens collected post-surgerywere preserved in tissue
preservation solution (Miltenyi) andpromptly processed for single-cell
RNA sequencing using 10x Chromium Single Cell 3’ reagent kit, fol-
lowing the manufacturer’s protocol (10X Genomics). Multiplexed
library pools were sequenced on the Illumina NovaSeq6000, gen-
erating 150-bp paired-end reads.

Raw FASTQ files were processed with CellRanger software (10X
Genomics, v4.0.0) using default settings. Cells were filtered using the
Seurat package (v4.1.0) based on the following criteria: a maximum of
15,000 unique molecular identifiers (UMIs), detection of >300 and
fewer than 7500 genes, and <30% mitochondrial RNA content. Doub-
lets were identified using DoubletFinder (v2.0.4) with default para-
meters, and doublet clusters were removed using a cluster-level
approach. Specifically, cells in immune and stromal clusters expressing
pituitary tumor lineage-specific markers such as POMC, GAL, GH1, and
PRL were excluded from further analysis.

Then, we merged expression matrices from individual patient
samples, followed by log-transformation and scaling to normalize the
data. Top 2000 highly variable genes were detected with the Find-
VariableFeatures function in the Seurat package. Principal component
analysis (PCA) was executed, and the initial 15 principal components
were selected for further investigation. To address batch effects across
patient samples, Harmony (v1.0) was applied to the first round of
unsupervised clustering. UMAP coordinates were generated from the
neighborhood graphs, and initial cell clustering was achieved using
Leiden clustering at a resolution of 0.3. Differential gene expression
(DEG) analysis was performed on each cluster using the Wilcoxon
algorithm through the FindAllMarkers function, with a one-tailed
Wilcoxon rank-sum test and Bonferroni correction for p-value adjust-
ment. Genes exhibiting a fold change >1 and an adjusted p-value below
0.05 were designated as DEGs, which were subsequently used to
characterize cell identities.

In the second round of unsupervised clustering, focus shifted to
tumor cells identified from the first round. Dimension reduction and
graph-based clustering strategies were reapplied, this time for tumor
clusters, without the application of batch correction via Harmony. To
minimize noise and dissociation-induced expression artifacts, we
excluded genes related to mitochondria, heat-shock protein,

Fig. 6 | SPP1 + TAM and tumor invasiveness in PitNETs. a Prevalence of each
immune stroma cluster, estimated by Ro/e score. b−d Proportions of patients with
different invasion (b), relapse (c) and size (d) statuses comparing TAM_SPP1-
enriched (n = 5) versus TAM_SPP1-depleted (n = 25) groups. P-values were deter-
mined by two-sided chi-square test. e Patient proportions with varying invasion
statuses, using bulk sequencing data from Zhang 202251 (n = 80 (SPP1 high) and 114
(SPP1 low)) and Zhang 202450 (n = 16 (SPP1 high) and 16 (SPP1 low)). p-values cal-
culated by two-sided chi-square test. f Bar plot showing the proportion of SPP1+
TAMs in invasive (n = 14) and non-invasive (n = 33) PitNETs, as determined by
multiplex immunofluorescence staining data. p-value was calculated using the two-
sided wilcoxon signed-rank test. Boxes span the interquartile range (IQR) and
whiskers extend to points that lie within 1.5 IQRs of the lower and upper quartile.
Center line is drawn at themedian. gBar plot of top 5 ligand-receptor pairswith the
highest interaction probabilities between invasive and noninvasive PitNETs.

h Chord diagrams illustrating interactions between TAM subtypes and tumor
clusters via SPP1-ITGAV/ITGB1 ligand-receptor pair, with line width indicating
interaction intensity. i Signature scores of MAPK pathways (top) and PI3K-AKT
pathways (bottom) for invasive (n = 44,607 cells) and non-invasive (n = 103,032
cells) tumor clusters. p-values were determined using the two-sided wilcoxon
signed-rank test. Boxes span the interquartile range (IQR) and whiskers extend to
points that liewithin 1.5 IQRsof the lower andupper quartile. Center line is drawnat
themedian. j Spatial gene expression patterns of SPP1, ITGAV, and ITGB1 in samples
SCA5 (invasive tumor) and SCA1 (non-invasive tumor). k Representative multiplex
immunofluorescence staining of human PitNET tissue. DAPI (blue), CD68 (yellow),
SPP1 (orange), ITGB1 (red), ITGAV (green), and tumor marker TPIT (magenta) are
shown in individual and merged channels (n = 3 biological replicates). Scela bar,
100 µm. Source data are provided as a Source Data file for (a−i).
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ribosomes, and dissociation, as previously described by Xue R et al.66.
Malignant cell clusters were delineated using SNN-based clustering,
leveraging the first 20 principal components at a resolution of 0.8.

CNV estimation of malignant cells with scRNA seq data
Copy number variation (CNV) analysis for individual cells was per-
formed utilizing inferCNV (v.1.16.0) (https://github.com/broadinstitute/

inferCNV), employing a 100-gene sliding window approach. Smoothing
of the data was achieved using the pyramidal method, and the analysis
was conducted on a per-sample basis. During the infierCNV processing,
genes exhibiting an average read count of <0.1 in the reference cells
were excluded. Normal pituitary tissue-derived cells served as the
reference population. To enhance analytical efficiency, down-sampling
was applied to both the reference and the observed cell datasets.
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Pathway Enrichment analysis
To quantify the pathway activities within tumor subclusters, we
employed the enrichKEGG function from the clusterProfiler package67

(version 4.9.2). This function facilitated the retrieval of relevant gene
sets from the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database. The enrichment significance for each pathway was deter-
mined utilizing Fisher’s exact test, followed by adjustment of the

p-values using the Benjamini-Hochberg (BH) method to control for
false discovery rate.

Developmental Trajectory Inference
To delineate the potential linear differentiation trajectories of tumor
cells, we conducted trajectory inference using Monocle268 (version
2.26.0). The process commenced with the construction of a new

Fig. 7 | SPP1 (Osteopontin, OPN) promotes proliferation and invasion of
pituitary tumor cells. a CCK-8 cell viability assay of GH3, AtT-20, and TtT/GF cells
treated with OPN or PBS (n = 5 biological replicates). Data are presented as mean
values +/- SD. b Representative images of the wound healing assay, and (c) quan-
titative analysis of TtT/GF cells treatedwithOPNor PBS (n = 3 biological replicates).
Data are presented as mean values +/- SD. d Transwell invasion assay and (e)
quantitative analysis of GH3, AtT-20, and TtT/GF cells treated with OPN or PBS
(n = 3 biological replicates). Data are presented as mean values +/- SD.
f Immunofluorescence images of PitNET markers (SYN, SF1, FSH) in PitNET orga-
noids from two independent patients (n = 3 biological replicates). g Transwell
invasion assay and (h) quantitative analysis of primary pituitary tumor cells

cultured from two independent patients, treated with OPN or PBS (n = 3 biological
replicates). Data are presented as mean values +/- SD. i Bright-field images illus-
trating representative phenotypes of three independently derived PitNET orga-
noids from each of the two patients treated with OPN or PBS. Arrows indicate cell
protrusions in PitNET organoids. j CellTiter-Glo luminescent cell viability assay of
PitNET organoids treated with OPN or PBS (n = 3 biological replicates). Data are
presented as mean values +/- SD. k Immunofluorescence images of Ki67 in PitNET
organoids from two patients treated with OPN or PBS (n = 3 biological replicates).
For all panels, scale bar, 100 µm.Two-sided unpaired t-test was performed for (a−j).
Data are presented as mean values +/- SD for (a−j). Source data are provided as a
Source Data file for (a−j).

Fig. 8 | ITGB1knockdown inhibits osteopontin (OPN)-inducedproliferationand
invasion in pituitary tumor cells. a Western blot analysis of ITGB1 expression in
GH3, AtT-20, and TtT/GF cell lines. b Semi-quantitative analysis of ITGB1 in GH3,
AtT-20, and TtT/GF cell lines (n = 3 biological replicates). cCCK-8 cell viability assay
of GH3, AtT-20, and TtT/GF cell lines under specified treatments (n = 3 biological
replicates). d Transwell invasion assay of GH3, AtT-20, and TtT/GF cell lines under

specified treatments (n = 3 biological replicates). e Quantitative analysis of Trans-
well invasion assay inGH3, AtT-20, and TtT/GF cell lines under specified treatments
(n = 3 biological replicates). Scale bar, 100 µm. Two-sided unpaired t-test was per-
formed for (b−e). Data are presented as mean values +/- SD for (b−e). Source data
are provided as a Source Data file for (a−e).
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CellDataSet object from a Seurat object that had been annotated with
cluster information, employing the newCellDataSet function. Subse-
quently, we utilized the dispersionTable function to identify genes
exhibiting significant expression variability, calculating both the mean
and dispersion values for each gene. Genes were selected for pseu-
dotime ordering based on a mean expression threshold of at least 0.1
and anempirical dispersion equal to or exceeding thefitteddispersion.
Dimensionality reduction was achieved through the application of the
DDRTree algorithm, followed by the ordering of cells along the infer-
red developmental trajectory.

p53 cell cycle-related score calculation
To assess the p53 cell cycle signature within tumor clusters, we refer-
enced gene sets from KEGG. The selection of genes encompassed key
cell cycle regulators including CCND1, CCND2, CCND3, CDK4, CDK6,
CCNE1, CCNE2, CDK2, CCNB1, CCNB2, and CDK1. Utilizing the Seurat
package, we employed the AddModuleScore function to compute the
signature scores specifically within TPIT tumor clusters.

Survival analysis
We conducted a survival analysis by compiling data from patients with
pituitary ACTH tumors who underwent surgical intervention at Peking
Union Medical College Hospital (PUMCH) between January 2018 and
January 2022, with a particular emphasis on patients with tumor
recurrence. Tumor specimens were evaluated for p53 immunohisto-
chemical staining (IHC) status and the Ki67 proliferation index. Tumor
samples exhibiting positive p53 staining (defined as >10 strongly
positive nuclei per 10 high-power fields) and a Ki67 index of 3% or
higher were designated as the p53+Ki67high group. All other samples
were assigned to a separate category. To assess the differential impact
on survival, we generated Kaplan-Meier survival curves and deter-
mined the statistical significance using the ggsurvplot function from
the survminer package (v0.4.9).

Tissue enrichment analysis
For tissue enrichment analysis, we employed the Ro/e method as
detailed by Zhang et al.48,49. This approach involves calculating the
ratio of observed to expected cell counts for specific cell subtype-
tissue combinations.Utilizing the R function chisq.test, we determined
the observed and expected cell counts, with inputs derived from
vectors representing cell type annotations and tissue types. ARo/e ratio
exceeding 1 signifies an enrichment of the cell type within the tissue,
whereas a ratio below 1 indicates a depletion.

To assess variations in tumor invasion, relapse, and size asso-
ciated with differing levels of immune stromal cell infiltration, we
applied the chisq.test from the stats package (v3.6.2). A p-value
threshold of <0.05 was established to define statistical significance.

Spatial transcriptomics sequencing
Pituitary tumor tissues, post-surgical resection, were prepared for
spatial transcriptomics by embedding them in optical cutting tissue
(OCT) compound and freezing at −80 °C. RNA quality was confirmed
using an Agilent 2100, with only samples exceeding an RNA Integrity
Number (RIN) of 7 proceeding to spatial gene expression analysis.
Cryosections were created and imaged at 20× resolution on a Leica
Aperio Versa 8 full slide scanner.

The Visium Spatial Gene Expression Kit (10X Genomics) was
employed to construct the sequencing library from a 10 µm tissue
section. Each Visium spot has a diameter of 55 µm, capturing tran-
scriptomic data from multiple cells within this spatial resolution.
After permeabilization, reverse transcription and library preparation
were performed. Sequencing was carried out on the NovaSeq PE150
platform, targeting an average depth of 300million read pairs per
sample.

Spatial transcriptomics data analysis
Raw FASTQ files and histology images were processed using Space
Ranger (10X Genomics) with default settings. The resulting gene-spot
matrix and aligned image were subjected to further analysis.

Quality control involved the removal of outlier spots with low
UMI or Gene counts and spots far away from the main tissue. Seurat
(v4.1.0) was used for downstream analysis, including normalization,
log-transformation and variable gene selection. PCA was performed,
and the first 20 PCs were utilized to construct a graph for UMAP
visualization, with batch effects corrected using Harmony. Differ-
ential gene expression was assessed using the Wilcoxon algorithm
within Seurat, with genes exhibiting log2(fold-change) >1 and an
adjusted p-value < 0.05 considered significant. Gene expression pat-
terns were visualized using Seurat’s SpatialFeaturePlot function.

Multimodal Intersection Analysis (MIA)
Cell type infiltration within spatial transcriptomics (ST) clusters was
inferred through MIA22, comparing the expression levels of cell type-
specific genes from scRNA-seq data with area-specific genes from ST
data. A lower p-value indicates a greater overlap, suggesting a higher
likelihood of cell type presence in the ST niche.

ST spots annotation
To annotate cell types within each spot, we used scRNA-seq-derived
cell type marker genes to calculate signature scores for ST data via
Seurat’s AddModuleScore function. Spearman’s correlation analysis
was applied to assess the colocalizationof cell typeswithin spots based
on their signature scores.

Ligand‒receptor interaction analysis
CellChat package69 (v1.6.1) was utilized to investigate the interactions
between cell subtypes within PitNETs TME with default setting by
single-cell RNA-seq data. For visualization, we employed the netVi-
sual_bubble function to produce bubble diagrams.

For the spatial transcriptome analysis, we utilized the stLearn
package (v4.3.1) to analyze cell-to-cell interactions between neigh-
boring spots. stLearn combined gene expression data from adjacent
spots with deep learning-derived features extracted from histopatho-
logical images, enhancing the clarity of spatial gene expression. We
first loaded established ligand‒receptor gene pairs into the stLearn
pipeline and then pinpointed spots showing significant interactions
between these pairs. For each ligand-receptor pair and each combi-
nation of cell types, we recorded the number of instances where the
interaction occurred between two specific cell types at adjacent spots.
After performing a permutation test on cell type information, we
identified interactions with statistical significance (p <0.05). This step
allowed us to extract meaningful ligand-receptor pairs from the data-
set, providing a focused set of interactions for further analysis.

Immunohistochemistry (IHC) staining
Tissue samples were promptly fixed in a 10% formalin solution for 24 h
at room temperature. Post-fixation, tissues were processed into
paraffin-embedded blocks, and 4-um thick sections were prepared
using a microtome. Sections underwent deparaffinization and rehy-
dration by successive immersions in xylene twice (20-minute intervals)
and adescending series of ethanol baths (100%, 95%, 70% for 5minutes
each), concluding with a rinse in distilled water. Antigen retrieval was
executed viaheat-inducedepitope retrieval (HIER), employing a citrate
buffer at pH 6.0 and heated to 100 °C for 10minutes. To mitigate
nonspecific binding, sections were pre-incubated with 5% bovine
serum albumin (BSA) in phosphate-buffered saline (PBS) for 1 h.
Thereafter, primary antibodies specific for p53 (diluted 1:150) and Ki67
(diluted 1:50) were applied, with incubation continuing overnight at
4 °C. Following extensive PBSwashing, sectionswere treatedwith their
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respective secondary antibodies for 1 h at room temperature. The
antigen-antibody complexes were visualized using 3,3’-diaminobenzi-
dine (DAB) as the chromogenic substrate. Sections were then briefly
counterstained with hematoxylin for 1minute, dehydrated through an
ethanol and xylene gradient, andmounted with a permanent medium.
Each staining run incorporated positive controls (verified p53- and
Ki67-positive tissues) and negative controls (omitting primary anti-
bodies) to ensure assay validity.

Bulk RNA-seq validation
The gene expression data for PitNET were retrieved from the Fig-
share website (https://figshare.com/articles/dataset/Integrated_
Proteogenomic_Characterization_across_Major_Histological_Types_
of_Pituitary_Neuroendocrine_Tumors/21340161) and GEO database
(GSE260487). Utilizing Gene Set Variation Analysis (GSVA), we cal-
culated the signature score for SPP1 for each patient. The resulting
score histogram exhibited a bimodal distribution, leading to the
stratification of patients into SPP1_high and SPP1_low groups. We
employed the chisq.test to assess differences in tumor invasiveness
between these two groups.

Fifty hallmark gene sets were obtained from the Molecular Sig-
natures Database (MSigDB, http://software.broadinstitute.org/gsea/
msigdb/). Subsequently, Gene Set Enrichment Analysis (GSEA, http://
software.broadinstitute.org/gsea/index.jsp) was conducted to deter-
mine the gene signature score for each sample, calculated as themean
scaled expressionof all geneswithin the signatures. The chi-square test
was applied to evaluate the significant enrichment of any hallmark
gene sets in the SPP1_high group, with an FDR-adjusted p-value of
<0.05 considered indicative of significantly enrichment.

A meta-analysis was performed to ascertain the correlation
between the SPP1_high group and tumor invasiveness. This analysis
leveraged themetabin function from themeta package (v6.5.0), which
is specifically designed for the meta-analysis of binary outcomes.

Bulk WES sequencing and data analysis
Genomic DNA from two frozen ACTH tumor tissues was extracted
using the Quick-DNA/RNA Microprep Plus Kit (Zymo, D7005) in
accordance with the manufacturer’s protocol. Sequencing libraries
were prepared with Tn5 transposase and subjected to exome capture
using TargetSeq® Target Probes (iGeneTech, T600V1), adhering to the
provided guidelines. The purified library products underwent quality
assessment and were sequenced on the NovaSeq 6000 platform
(illumina) using a 2 × 150 bp paired-end mode, aiming for a minimum
coverage depth of 100x to ensure comprehensive data for down-
stream analysis.

For the bulk exome-seq data, low-quality reads were trimmed
using fastp. High-quality reads were aligned to the GRCh38 human
genome reference using Bowtie2. PCR duplicates were identified and
flaggedusing Picard tools tominimize artifacts in subsequent analyses.
The aligned reads were sorted and indexedwith SAMtools, resulting in
sorted BAM files. Genomic variant call files (gVCFs) were generated
using DeepVariant (v1.5.0) and subsequently annotated with ANNO-
VAR and snpEff.

MAPK and PI3K-AKT pathway score calculation
The gene sets for MAPK and PI3K-AKT pathway were exported using
the MSigDB package (version 7.5.1). Utilizing the Seurat package, we
employed the AddModuleScore function to compute signature scores
for each pathway in both invasive and non-invasive tumor clusters.

Multiplex immunofluorescence staining
Formalin-fixed, paraffin-embedded (FFPE) human PitNET tissue sec-
tions were subjected to multiplex immunofluorescence staining fol-
lowing a sequential staining protocol. The relative markers CD68
(PA014, abcarta, RTU), SPP1 (ab214050, Abcam, 1:2000), αSMA

(19245S, CST, 1:200), ITGAV (AF7308, Beyotime, 1:400), ITGB1 (E-AB-
10403, Elabscience, 1:400), FN1 (40932, SAB, 1:300), MYL9 (E-AB-
12582, Elabscience, 1:100), ADCYAP1 (FNab10094, FineTest, 1:1500),
ANXA1 (AF5114, Beyotime, 1:1000), ASPM (BDPN1665, biodragon,
1:150), BRCA2 (E-AB-40288, Elabscience, 1:1000), CASC5 (PAB31361,
bioswamp, 1:1000), PENK (BD-PT5829, biodragon, 1:600), Ki67 (ZM-
0166, ZSGB, RTU), tumormarkers: ACTH (ZM-0004, ZSGB, RTU), PIT-1
(ZM-0208, ZSGB, RTU), SF1 (GT231702, Genetech, RTU), andTPIT (ZM-
0318, ZSGB, RTU) were evaluated via IHC. Tissue sections were
deparaffinized using an environmental-friendly deparaffinizing solu-
tion for 10min, repeated for a total of three incubations. The slides
were then sequentially rehydrated in absolute ethanol (3min), 95%
ethanol (3min), and 75% ethanol (3min). Antigen retrieval was per-
formed using an appropriate retrieval solution (PS900(EDTA),
abcarta) selectedbased on the primary antibody. The first retrievalwas
conducted at 100 °C for 20min, while subsequent retrievals were
performed at 95 °C for 30min. Following antigen retrieval, the slides
were washed three times with washing solution. To minimize non-
specific binding, tissue sections were incubatedwith blocking solution
(ABT00037, Abcepta) at room temperature for 10min, followed by
three washes with washing solution. Primary antibodies were applied
to the slides and incubated at 37 °C for 30min. After incubation, slides
were washed three times with washing solution. Fluorescently labeled
secondary antibodies (ABT00041, Abcepta) were added to the sec-
tions, followed by incubation at 37 °C for 30min. Slides were then
washed three times with washing solution. A fluorophore was applied
to the slides and incubated at room temperature for 10min, followed
by three washes with washing solution. For multiplex labeling, antigen
retrieval and staining steps (steps 2–6) were repeated sequentially for
additional targets. After completing staining, sections were mounted
with 20μl of DAPI-containing anti-fade mounting medium (ab104139,
Abcam). Coverslips were placed on the slides, and the samples were
stored in a dark box until imaging.

To identify SPP1+ TAMs, multi-color fluorescence images were
analyzed using HALO Software (version 3.6.4134.396) with the High-
Plex FL Module (v4.2.14), focusing on signals from both the SPP1 and
CD68 channels. Cell Detection command was performed separately
for each channel to ensure accurate identification of SPP1+ and CD68+
cells. For the identification of co-stained SPP1 + CD68+ macrophages,
criteria were set to detect cells with overlapping signals from both
channels. HALO software automatically quantified the number of
positive cells for each marker and the number of co-stained SPP1 +
CD68+ macrophages.

Cell culture
Pituitary tumor cell lines AtT-20(ATCC, CRL-1795), GH3(ATCC, CCL-
82.1) were cultured in DMEM (ThermoFisher, 11995065) medium
supplemented with 10% fetal bovine serum (FBS) (ThermoFisher,
10270106) and 1% penicillin-streptomycin (ThermoFisher, 15070063)
under standard conditions of 37 °C in a humidified incubator with 5%
CO2. The pituitary tumor cell line TtT/GF(Procell, CL-0561) is cultured
in DMEM/F12 medium supplemented with 10% horse serum, 2.5% FBS,
2 ng/ml basic fibroblast growth factor (bFGF), and 1% penicillin-
streptomycin (Procell, CM-0561). Cell lines were authenticated by
short tandem repeat (STR) analysis and routinely tested for myco-
plasma during experiments, with no contamination detected.

Cell viability assay
Cellswere seeded in 96-well plates at an initial density of 3000cells per
well in a final volume of 100 µl. After overnight attachment, cells were
treated with either PBS as a control or OPN (Rat OPN protein, Med-
ChemExpress, HY-P79222; Recombinant mouse OPN protein, bios-
wamp, RPH01180.) at a final concentration of 5 µg/ml. Cell proliferation
was assessed using the Cell Counting Kit-8 (CCK-8) (LABLEAD, CK001)
assay atmultiple time points, specifically at 24-, 48-, 72-, 96-, and 120-h
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post-treatment. At each time point, 10 µl of CCK-8 reagent was added
to eachwell and incubated for 1 h at 37 °C. Theoptical density (OD)was
measured at 450 nm using a microplate reader (Agilent Technologies,
BioTek Synergy H1) to quantify cell viability. Each experimental con-
dition was performed in triplicate, and background absorbance from
blank wells containing medium alone was subtracted from all
measurements.

Scratch assay
The scratch assaywas performed to evaluate themigratory capacity of
TtT/GFpituitary tumor cells in response tomouseOPN treatment. TtT/
GF cells were seeded into 6-well plates and allowed to reach ~90%
confluence. A uniform scratch was created in the monolayer using a
sterile 200 µl pipette tip, ensuring a consistent width across wells. The
wells were gently washed with PBS to remove detached cells and
debris. Cells were then treated with PBS or mouse OPN at final con-
centrations of 1 µg/ml and 5 µg/ml, respectively, prepared in serum-
free DMEM. The plates were incubated for 24 h under standard culture
conditions. Cellmigration into the scratch areawas documented using
an inverted microscope (Nikon, ECLIPSE Ti2-A) at 0- and 24 h time
points. Images were analyzed using ImageJ software, and the percen-
tage of wound closure was calculated based on the initial and final
scratch widths. Experiments were performed in triplicate, and results
were expressed as mean ± standard deviation. Statistical analysis was
conducted using Graphpad Prism 8.0, with significance set at p <0.05.

Transwell assay for pituitary cell lines
The pituitary cell lines TtT/GF, GH3, and AtT-20 were used to eval-
uate the effects of OPN on cell invasion using transwell invasion
assays. Before the assay, cells were treated with PBS or recombinant
OPN at concentrations of 1 or 5μg/ml for 24 h. Following treatment,
the cells were seeded into the upper chamber of a transwell insert (8
μm pore size, Corning, CLS3422) pre-coated with matrigel (Service-
bio, G4131-5ML). The lower chamber was filled with complete culture
medium. The cells were then incubated for 24 h at 37 °C in a 5% CO2

humidified incubator. After incubation, non-invaded cells on the
upper surface of the matrigel-coated membrane were carefully
removed with a cotton swab, while the invaded cells on the lower
surface were fixed with 4% paraformaldehyde. Invasion was visua-
lized by crystal violet staining, and the stained cells were counted
under a light microscope (Nikon, ECLIPSE Ni-U) in three random
fields per membrane.

Transwell assay for human primary pituitary tumor cells
Fresh tumor tissue samples were collected from two patients diag-
nosed with pituitary tumors. To obtain single-cell suspensions, the
tissue was first minced into small pieces using sterile surgical scissors
and transferred to 15ml conical tubes. The tissue was then incubated
with 2ml of collagenase IV (1mg/ml, Solarbio, C8160) and DNase I
(0.1mg/ml, Solarbio, D8071) in a shaking incubator at 37 °C for
30minutes. After incubation, the tissue was mechanically dissociated
using a sterile pipette to ensure the complete breakdown of the
extracellularmatrix. The resulting cell suspensionwas filtered through
a 70μm cell strainer to remove any remaining tissue clumps. The cells
were then centrifuged at 300 g for 5minutes and resuspended in
serum-free medium. The cells were counted using a hemocytometer,
and the viability was assessed by trypan blue exclusion, ensuring a
viability rate of over 90%.

Prior to the transwell invasion assay, the cells were treated with
PBS or recombinant human OPN (Novoprotein, C544) at concentra-
tions of 1 and 5μg/ml for 24 h. The treated cells were then plated onto
the upper chamber of a transwell insert pre-coated with matrigel. The
lower chamber was filled with complete medium. The cells were
incubated for 24 h at 37 °C in a 5% CO2 humidified incubator. After
incubation, non-invaded cells on the upper surface of the matrigel-

coated membrane were carefully removed using a cotton swab, while
the invaded cells on the lower surface were fixed with 4% paraf-
ormaldehyde. Crystal violet staining was performed to visualize the
invaded cells, which were then counted under a light microscope
(Nikon, ECLIPSE Ni-U) in three random fields per membrane.

Human pituitary tumor organoid culture
Two fresh pituitary tumor specimens (both silent gonadotroph ade-
nomas) were collected from patients undergoing endoscopic trans-
sphenoidal surgery at Peking Union Medical College Hospital
(PUMCH). All diagnoses were confirmed through standard clinical,
biochemical, and pathological evaluation. Immediately following sur-
gery, the resected tumor tissues were transported on ice to the
laboratory, where they were washed three times with sterile PBS. The
tissues were then minced into 0.5–1mm3 fragments using a sterile
surgical scalpel in ~1ml of PBS.

Tumor tissue was first preserved in tissue preservation solution
and then immersed in 10ml PBS containing 10% penicillin-
streptomycin for 15minutes. A digestion solution was prepared
using DMEM, 0.5% bovine serum albumin (BSA), 0.35% collagenase
(1mg/ml, Solarbio, C8160), and 0.1% hyaluronidase (1mg/ml, Solar-
bio, H8030). The tumor tissue was cut into 1mm³ pieces, placed in
the digestion solution, and shaken at 37 °C, 60 rpm for 15minutes.
After settling, the supernatant was collected in a rinsed centrifuge
tube. The supernatant was centrifuged at 4 °C, 300 g for 5minutes,
and the resulting pellet was resuspended in 8ml erythrocyte lysate
and incubated at room temperature for 10minutes. Following a
second centrifugation at 4 °C, 300 g for 5minutes, the pellet was
washed with 8ml DMEM+ 1% penicillin-streptomycin. After
another centrifugation, the pellet was resuspended in matrigel (R&D
Systems, 3533-010-02), mixed well, and seeded into a 6-well plate
(200 µl per well). The plate was incubated for 20minutes to allow gel
solidification, and 2ml of complete medium was added to each well
for continued cultivation. The complete mediumwas prepared using
advanced DMEM/F-12 (ThermoFisher, 12634010) and supplemented
with 1× B27 supplement (Biosharp, BL319A), 1.25μMN-acetylcysteine
(NAC, Innochem, A30872), 5 ng/ml epidermal growth factor (EGF,
HY-P7109), 100 ng/ml insulin-like growth factor 1 (IGF-1, Solarbio,
P00049), 100 ng/ml noggin protein (GenScript, Z03380), 10 ng/ml
fibroblast growth factor 8 (FGF-8, GenScript, Z02989), 5 μM Y-27632
dihydrochloride hydrate (Y27632, MACKLIN, Y833107), 5 nM triio-
dothyronine (T3, Shanghai yuanye Bio-Technology, S24025) and
12.5 nM thyrotropin-releasing hormone (TRH, TargetMol, T7407).

To confirm the retention of pituitary tumor-specific markers in
organoids, immunofluorescence staining was performed on orga-
noids cultured in 96-well plates. Organoids were fixed in 4% paraf-
ormaldehyde (PFA) for 10-15minutes. After fixation, wash the
organoids three times with PBS. Then, permeabilize the cell mem-
brane by incubating the organoids in 0.1% Triton X-100 in PBS for
10minutes, followed by three PBS washes. Block non-specific binding
by incubating the organoids in 10% bovine serum albumin (BSA) for
1 h at room temperature. After blocking, incubate the organoids with
the primary antibody (SF1 (GT231702, Genetech), FSH (MXB, MAB-
0782), Synaptophysin (ZM-0246, ZSGB-BIO)) overnight at 4 °C. Fol-
lowing primary antibody incubation, wash the organoids three times
with PBS and then incubate with the secondary antibody (Pro-
teintech, SA00013-2) for 1 h at room temperature, protected from
light. After washing off the secondary antibody, counterstain the
organoids with DAPI (Solarbio, C0060), followed by a final PBS wash.
Finally, use a confocal fluorescence microscope (Nikon, A1R) to
capture images and evaluate positive cells.

Cell viability assay for human pituitary tumor organoid
To evaluate the effect of OPN on organoid viability, organoids were
cultured in 96-well plates and treated with either PBS or 5 µg/ml OPN

Article https://doi.org/10.1038/s41467-025-60028-5

Nature Communications |         (2025) 16:5007 16

www.nature.com/naturecommunications


for a duration of 15 days. Each well was seeded with ~10 µl of organoid-
containing matrix gel, ensuring uniform distribution across the plate.
The treatmentmediumwas replenished every 3-4 days.After the 15 day
incubation period at 37 °C with 5% CO2, the viability of the organoids
was assessed using the CellTiter-Glo Luminescent Cell Viability Assay
(Promega, G7570). For this, 100 µl of CellTiter-Glo reagent was added
to each well containing organoids. The reagent was mixed gently by
shaking the plate for 2minutes to ensure uniform distribution. After
10minutes of incubation at room temperature to allow for maximal
luminescent signal, the luminescence was measured using a micro-
plate reader. Each set of experiments was repeated three times. Sub-
sequently, Ki67 immunofluorescence staining was performed using
the Ki67 antibody (ZM-0166, ZSGB-BIO) to further evaluate cell
proliferation.

Plasmid construction
Lentiviral vectors encoding short hairpin RNA (shRNA) targeting the
ITGB1 gene were designed for specific cell lines: GH3 (ITGB1 shRNA
sequence: AATGCCAAATCTTGTGGAGAA), AtT-20 and TtT/GF
(ITGB1 shRNA sequence: CCAACCTGTTTACAAGGAATT). A non-
targeting shRNA (TTCTCCGAACGTGTCACGT) served as a negative
control. The shRNA sequences were synthesized and cloned into the
GV493 vector (hU6-MCS-CBh-gcGFP-IRES-puromycin) using AgeI and
EcoRI restriction sites. The recombinant constructs were verified by
DNA sequencing. All plasmids were obtained from Shanghai Gene-
chem Co., Ltd.

Lentivirus production
The viral vector was transfected into 293 T cells using Lipofectamine
2000 (Invitrogen, Thermo Fisher Scientific, Inc.) alongwith twohelper
plasmids, psPAX2 and pMD2.G. Seventy-two hours post-transfection,
the lentiviral particles were collected, centrifuged to remove cellular
debris, andfiltered through0.45μmcellulose acetatemembranes. The
viral titer was quantified via fluorescence-activated cell sorting (FACS)
based on GFP-positive 293 T cells, yielding ~3.2 × 108 transducing units
(TU)/ml for AtT-20 and TtT/GF cells and 6.5 × 108 TU/ml for GH3 cells.
The purified lentivirus was then stored at −80 °C for subsequent
experiments.

Establishment of ITGB1 Knockdown Cell Lines
To establish ITGB1 knockdown (shITGB1) and control (shNC) cell
lines in AtT-20, GH3, and TtT/GF cells, lentivirus carrying ITGB1-
targeting shRNA (shITGB1) or non-targeting control shRNA (shNC)
was used for transduction. Cells were seeded in six-well plates and
infected with lentivirus. After 24 h, the medium was replaced, and
cells were cultured for 48 h before selection with puromycin (4μg/
ml, MCE, HY-K1057) for 1 week to establish stable cell lines. Knock-
down efficiency was confirmed by western blot to assess ITGB1
protein levels.

Western blot
To assess ITGB1 knockdown efficiency by Western blot, AtT-20, GH3,
and TtT/GF cells were lysed using RIPA buffer (Beyotime, P0013B)
supplemented with protease and phosphatase inhibitors on ice for
30minutes, followed by centrifugation at 12,000 × g for 15minutes at
4 °C to collect the supernatant. Protein concentration was measured
using a BCA assay (Beyotime, P0011). Equal amounts of protein (20μg)
were mixed with 5× SDS loading buffer, boiled at 95 °C for 5min, and
separated by SDS-PAGE on a 10% polyacrylamide gel. Proteins were
transferred onto a PVDFmembrane, which was blocked with 5%BSA in
TBST for 1 h at room temperature. The membrane was incubated
overnight at 4 °C with primary antibodies against ITGB1 (1:1000,
abcam, ab179471) and β-actin (1:5000, proteintech, 20536-1-AP) as a
loading control. After washing with TBST, the membrane was incu-
bated with HRP-conjugated secondary antibodies (1:5000) for 1 h at

room temperature. Bands were visualized using an enhanced chemi-
luminescence (ECL) detection system (Bio-Rad, ChemidocTouch), and
semi-quantification analysis was performed using ImageJ software to
quantify ITGB1 expression relative to β-actin expression.

Cell viability assay of ITGB1 knockdown cell lines
Cells were seeded in 96-well plates at an initial density of 3,000 cells
per well in a final volume of 100 µl. After overnight attachment, cells
were divided into four groups: (1) shNC group: cells transduced with
non-targeting control shRNA (shNC) and cultured in normal medium;
(2) shNC +OPN group: shNC cells treated with 5 µg/ml OPN; (3)
shITGB1 group: cells transducedwith ITGB1-targeting shRNA (shITGB1)
and cultured in normal medium; (4) shITGB1 +OPN group:
shITGB1 cells treated with 5 µg/ml OPN. Cells were cultured for 72 h,
and cell proliferation was assessed using the CCK-8 assay at 72 h post-
treatment. At each time point, 10 µl of CCK-8 reagent was added to
each well and incubated for 1 h at 37 °C. The optical density (OD) was
measured at 450 nm using a microplate reader (Agilent Technologies,
BioTek Synergy H1) to quantify cell viability. Each experimental con-
dition was performed in triplicate, and background absorbance from
blank wells containing medium alone was subtracted from all
measurements.

Transwell assay of ITGB1 knockdown cell lines
The pituitary cell lines TtT/GF, GH3, and AtT-20 were used to evaluate
the effects of ITGB1 knockdown and OPN treatment on cell invasion
using transwell invasion assays. Before the assay, cells were divided
into four groups: shNC, shNC+ 5 µg/ml OPN, shITGB1, and shITGB1 +
5 µg/ml OPN. Following 24 h of treatment, the cells were seeded into
the upper chamber of a transwell insert (8 μmpore size, Corning) pre-
coated with matrigel. The lower chamber was filled with complete
culturemedium. The cells were then incubated for 24h at 37 °C in a 5%
CO2 humidified incubator. After incubation, non-invaded cells on the
upper surface of the matrigel-coated membrane were carefully
removed with a cotton swab, while the invaded cells on the lower
surface were fixed with 4% paraformaldehyde. Invasion was visualized
by crystal violet staining, and the stained cells were counted under a
light microscope (Nikon, ECLIPSE Ni-U) in three random fields per
membrane.

Statistics and reproducibility
The wilcox.test function, kruskal.test function, chisq.test function in R
(v.4.3.1) and GraphPad Prism 8.0 were used to perform statistical
testing. The Benjamini-Hochberg method was used to adjust p-values
for multiple testing. No statistical method was used to predetermine
sample size. No data were excluded from the analysis, except for the
scRNA and spatial transcriptomics data points that did not meet
the criteria for minimum number of UMIs or genes. The experiments
were not randomized. The investigators were not blinded to allocation
during experiments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The public PitNETs bulk sequencing data included in this paper are
available in the National Center for Biotechnology Information’s Gene
Expression Omnibus under accession code GSE260487 (https://www.
ncbi.nlm.nih.gov/geo/)50, and Figsharewebsite (https://figshare.com/)51.
The public PitNETs scRNA-seq data were acquired from NCBI Bio-
Sample database with BioSample accessions of SAMN18316925,
SAMN18316926, SAMN18316927, SAMN18316928, SAMN18316929
(https://www.ncbi.nlm.nih.gov/biosample/)20, and National Genomics
Data Center (NGDC) under the accession number PRJCA009690
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(https://bigd.big.ac.cn/)17 upon request from authors. The raw scRNA-
seq and spatial transcriptomics data generated in this study have been
deposited at the National Genomics Data Center (NGDC) under the
accession number HRA009040 (http://bigd.big.ac.cn/gsa-human/).
Since these data are related to human genetic resources, raw data
access requests will be processed within 3months by following the
guidelines for Genome Sequence Archive for noncommercial use. Data
access will be granted for 1 year. All other data supporting the findings
of this study have been provided as supplementary tables and source
datafiles. Source data are provided with this paper.
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