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ABSTRACT

Primary hyperparathyroidism is typically characterized by monoclonal parathyroid tumors that secrete an excessive amount of para-
thyroid hormone (PTH). However, the underlying pathogenesis of tumorigenesis remains unclear. We performed single-cell transcrip-
tomic analysis on five parathyroid adenoma (PA) and two parathyroid carcinoma (PC) samples. A total of 63,909 cells were divided
into 11 different cell categories; endocrine cells accounted for the largest proportion of cells in both PA and PC, and patients with
PC had larger populations of endocrine cells. Our results revealed significant heterogeneity in PA and PC. We identified cell cycle reg-
ulators that may play a critical role in the tumorigenesis of PC. Furthermore, we found that the tumor microenvironment in PC was
immunosuppressive, and endothelial cells had the highest interactions with other cell types, such as fibroblast-musculature cells and
endocrine cells. PC development may be stimulated by fibroblast-endothelial cell interactions. Our study clarifies the transcriptional
signatures that underlie parathyroid tumors and offer a potential significant contribution in the study of pathogenesis of PC. © 2023
American Society for Bone and Mineral Research (ASBMR).
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turnover markers than PA patients,” they cannot be differenti-

ated by preoperative biochemical findings.*® A comprehensive

Introduction

rimary hyperparathyroidism (PHP) is a common endocrine

disorder characterized by excessive secretion of parathyroid
hormone (PTH) and consequent hypercalcemia, with potential
complications in the skeletal, renal, neurocognitive, and cardio-
vascular systems." Single parathyroid adenomas (PA) account
for 80% to 85% of PHP cases, whereas multiglandular parathy-
roid disease and parathyroid carcinoma (PC) account for 10%
to 15% and less than 1% to 5%, respectively.>* Differential diag-
nosis between adenoma and carcinoma of the parathyroid gland
is routinely based on histopathological features, but histopatho-
logical differentiation of PC from certain forms of PA is difficult in
some cases. In general, these parathyroid tumors are clinically
similar, and although our previous study reported that PC
patients have higher levels of serum calcium, PTH, and bone

understanding of the genetic, epigenetic, and molecular charac-
teristics of parathyroid tumors is a key step in identifying poten-
tial diagnostic biomarkers that can distinguish between different
parathyroid tumor types and provide new therapeutic targets
and strategies for these rare tumors; however, this remains a
challenge in clinical practice.

There are currently no effective tissue markers that can aid in
the diagnostic process. Few markers have satisfactory sensitivity
and specificity for use in clinical settings. The most commonly
used marker in parathyroid tumor diagnostics is the tumor-
suppressor protein, parafibromin, encoded by the CDC73 gene.
Loss of parafibromin expression is common in PC but rare in
benign tumors."”” Others such markers are Cyclin D1 and retino-
blastoma (Rb). Previous studies have reported that Cyclin D1
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(CCND1) gene translocation and oncogene action occurred in 8%
of adenomas, and its overexpression was observed in 20% to
40% of PA and 90% of malignant PCs.® The loss of Rb expression
and function is a hallmark of malignancy.® The inactivation and
allelic deletion of Rb genes have been found to be associated
with the development of PC."%

Despite extensive research, the underlying developmental
origins of PC remain unclear. A Finland-based national retrospec-
tive study reported the occurrence of PC in patients with a his-
tory of PA between 2000 and 2011,"" with no evidence of
malignant transformation of the original parathyroid adenoma.
Another study revealed that the pattern of comparative genomic
hybridization (CGH) alterations detected in PC was significantly
different from that previously reported in sporadic adenomas,
indicating that these two entities may have different pathogen-
eses'”  Previous CGH studies of parathyroid tumors
showed"*' that loss of the 11q13 region was most common
in PA, whereas somatic mutations in MEN1 in PC are rare." This
implies that PAs developing through the MEN1 pathway do not
have a high potential for malignant transformation. However,
the genetic basis of sporadic PA, which does not involve the
MEN1 locus, remains unknown. Our center’® performed
whole-exome sequencing (WES) on 22 blood-tumor pairs from
sporadic PAs and identified the Y54X mutation in the CDC73
gene, which was previously identified in PCs, and we recently
confirmed the presence of somatic mutations in CDC73 in 6.8%
(5/73) of 73 additional sporadic PA samples.’” This demon-
strates that PAs and PCs possess similar molecular signatures.
The available results cannot, therefore, be used to establish or
exclude a genetic relationship between PA and sporadic PC. As
aresult, it has not been confirmed whether sporadic PC develops
from a benign adenoma or as a separate disease.

The fundamental understanding of the subtle cellular and
molecular landscapes in parathyroid tumors remains elusive. Tra-
ditional approaches investigate tumors primarily at the bulk-
tumor level and have inherent limitations in providing precise
information on individual cells residing in a highly admixed
tumor microenvironment (TME). Single-cell sequencing technol-
ogies have emerged as powerful tools for comprehensively
understanding genetic and functional heterogeneity at a
single-cell resolution. In this study, we investigated the transcrip-
tomic profiles of 63,909 cells from five parathyroid adenoma and
two PC samples. Our study offers a potential significant contribu-
tion to the understanding of the pathogenesis of PC at the cellu-
lar and molecular levels.

Materials and Methods

Tissue samples

Five parathyroid adenoma and two carcinoma samples were
obtained from patients undergoing parathyroidectomy for the
management of PHP at the Shanghai Jiao Tong University School
of Medicine Affiliated Sixth People’s Hospital. Patients with PHP
were diagnosed based on persistent hypercalcemia and excess
serum PTH.""® Patients with secondary (eg, vitamin D deficiency,
kidney insufficiency, intestinal calcium malabsorption) or tertiary
hyperparathyroidism (eg, hyperphosphatemia, renal transplan-
tation) were excluded. All PA patients in this study were newly
diagnosed patients. No patient has a PHPT family history.
Whole-excome sequencing (WES) of leukocyte DNA was per-
formed and no mutations in common candidate genes of PHPT
were detected. None of the patients had an MEN1 mutation or

a history of neck irradiation. All patients met the surgical cri-
teria."® After surgical removal, the tumor tissue samples were
collected and immediately transferred for tissue preparation.
Half of the tissues were subjected to single-cell isolation, while
the other half were subjected to immunohistochemistry for the
analysis of protein of interest expression. The tumor specimens
were diagnosed by professional pathologists according to the
2022 WHO criteria, and the largest single diameter from the
pathology report was used as the tumor size.?” The histological
diagnosis of PCis restricted to parathyroid neoplasms that show
one of the foIIowingG): (i) angioinvasion (vascular invasion),
(i) lymphatic invasion, (iii) perineural (or intraneural) invasion,
(iv) local malignant invasion into adjacent anatomic structures,
or (v) histologically or cytologically documented metastatic dis-
ease. This study was approved by the Ethics Committee of
Shanghai Jiao Tong University School of Medicine Affiliated Sixth
People’s Hospital, and informed consent was obtained from all
the patients. PA patients have been followed up for a maximum
of 2 years and minimum of 1 year so far, and no recurrence of
PHP has been detected.

Immunostaining

Tissue specimens were fixed in a 4% neutral formaldehyde solution
and then subjected to paraffin embedding, conventional section-
ing, and hemotoxylin and eosin (H&E) staining. Light microscopy
was performed. Immunohistochemical (IHC) staining was con-
ducted using an automated immunohistochemistry machine
(BenchMark@xT; Roche Diagnostics, Mannheim, Germany). The
procedure was performed according to the manufacturer’s instruc-
tions. Primary antibodies against CAM5.2, PTH, CgA, CK19, Ki67,
Syn, P53, GATA3, CD34, CD56, and TTF-1 were obtained from
Fuzhou Maixin Biotech Co., Ltd. (Fuzhou, China). Anti-HRPT2/paraf-
ibromin antibody (catalog #ab223840, RRID: AB_2847816) was
diluted at 1:1000. Secondary antibodies were purchased from
Roche Diagnostics. IHC staining of Cyclin-D1 (code #IR083), CD45
(catalog #ab40763), CDH1 (catalog #14472s); c-MYC (catalog
#ab32072), TIMP1 (catalog #ab211926) were also performed.

Single-cell RNA statistical analysis

Single-cell RNA sequencing (scRNA-Seq) data analysis was per-
formed by NovelBio Bio-Pharm Technology Co., Ltd. (Shanghai,
China) with the NovelBrain Cloud Analysis Platform. To obtain
clean data, we used fastp®" with default parameter filtering of
the adaptor sequence and removed low-quality reads to achieve
clean data. After that, feature-barcode matrices were obtained
by aligning reads to the human genome (GRCh38 Ensemble, ver-
sion 104) using CellRanger version 6.1.1. We applied the down-
sample analysis among samples sequenced according to the
mapped barcode reads per cell of each sample and finally
achieved the aggregated matrix. Cells containing more than
200 expressed genes and mitochondrial unique molecular iden-
tifiers (UMI) rates below 20% passed the cell-quality filtering, and
mitochondrial genes were removed from the expression table.

The Seurat package (version 3.1.4, https:/satijalab.org/seurat/)
was used for cell normalization and regression based on the
expression table according to the UMI counts of each sample
and percentage of mitochondrial rate to obtain scaled data. The
fastMNN function (k = 10, d = 50, approximate = TRUE) in the R
package scran (version 1.12.1) was used to apply the mutual
nearest-neighbor method to correct for batch effects among
samples.
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Utilizing the graph-based cluster method (resolution = 0.8),
we acquired the unsupervised cell cluster result based on the
principal component analysis’'s top 10 principal components,
and we calculated the marker genes using the FindAllMarkers
function with the Wilcoxon rank sum test algorithm under the
following criteria: InFC > 0.25; p < 0.05; min.pct > 0.1. To identify
the cell types in detail, clusters of the same cell type were
selected for cluster analysis, graph-based clustering, and marker
analysis.

Single-cell copy-number variation (CNV) evaluation

CNV evaluation of each cell was conducted using the infercnv R
package (version 1.4.0; https:/github.com/broadinstitute/
inferCNV/wiki). The CNVs of all cells were calculated, and the
endothelium, fibroblasts, and musculature cells were used as ref-
erences. The inferCNV analysis was performed with parameters
including “denoise,” default hidden Markov model (HMM) set-
tings, and a value of 0.1 for cut-off. The default Bayesian latent
mixture model with a default threshold value of 0.5 was used
to detect the posterior probabilities of CNV alterations in each
cell, thereby reducing false-positive CNV calls.

Single-cell regulatory network inference and clustering
(SCENIC) analysis

To assess transcription factor (TF) regulation strength, we
applied the SCENIC (pySCENIC, v0.9.5)*? workflow using the
20,000 motif database for RcisTarget and GRNboost. SCENIC con-
sisted of three steps: (i) identification of co-expression modules
between TFs and potential target genes; (ii) for each co-
expression module, identification of the direct target of the TF
by TF-motif enrichment analysis genes, and grouping of each
TF and its corresponding direct target gene into a regulon;
(iii) scoring each regulon activity for every cell using the AUCell
algorithm (AUQ).

QuSAGE analysis (gene enrichment analysis)

We used QUSAGE (2.16.1)*® to characterize the relative activa-
tion of a given gene set based on the gene set collected from
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
database, Molecular Signatures Database (http://www.gsea-
msigdb.org/gsea/indexjsp), and immune response gene sets
from a referenced article.

Gene ontology (GO) functional enrichment

Functional enrichment analysis was performed using GO enrich-
ment analysis (http://www.geneontology.org), and each
enriched ontology hierarchy (false discovery rate [FDR] < 0.05)
was reported with two terms in the hierarchy: (i) the term with
the highest significance value and (ii) the term with the highest
specificity.

Pseudo-time analysis

We applied single-cell trajectory analysis utilizing Monocle2
(http://cole-trapnell-lab.github.io/monocle-release) with
DDRTree and default parameters. Before Monocle analysis, we
selected marker genes from the Seurat clustering results and
raw expression counts of the filtered cells. Based on pseudo-time
analysis, branch expression analysis modeling was applied for
branch fate-determined gene analysis.

Cell communication analysis

To enable systematic analysis of cell-cell communication mole-
cules, we applied cell communication analysis based on
CellPhoneDB,* a public repository of ligands, receptors, and
their interactions. The membrane, secreted, and peripheral pro-
teins of the cluster were annotated at different time points.
Based on the interaction and normalized cell matrix achieved
by Seurat normalization, a significant mean and cell communica-
tion significance (p < 0.05) were calculated.

Results

scRNA-seq profiling reveals heterogeneous cell
composition in parathyroid tumor tissues

To explore intratumoral heterogeneity in parathyroid tumors, we
generated single-cell transcriptome profiles of five parathyroid
adenoma samples and two PC samples using the 10x Genomics
platform (Fig. 1A). The clinical characteristics and H&E staining
results of these patients are presented in Supplemental Table S1
and Supplemental Fig. S1. All samples were evaluated by two
pathologists to determine the pathological diagnosis and tumor
cellularity (Supplemental Fig. S2 and Supplemental Table S2), and
IHC staining of parafibromin was also performed (Supplemental
Fig. S3). All samples were mainly composed of chief cells. After ini-
tial quality control, single-cell transcriptomes from 63,909 cells
were acquired for further analysis (Supplemental Table S3).

By examining variably expressed genes across all cells, we iden-
tified 11 major cell types, including endocrine cells (chief cells and
oxyphil cells), fibroblasts, and musculature cells, T cells, NK cells,
macrophages, dendritic cells (DC), monocytes, mast cells, neutro-
phils, endothelial cells, and B cells, using uniform manifold approx-
imation and projection (UMAP) analyses (Fig. 1B, C). We then
performed differential gene expression analysis to determine the
identity of these cell clusters. Each cluster was compared with
the other pooled clusters to identify unique gene signatures, and
the top 10 significantly differentially expressed (SDE) genes of each
cluster are represented in the heat map, as shown in Supplemental
Fig. S4. Well-known cell-type markers were used to characterize the
cell clusters (Fig. 1D and Supplemental Fig. S5). The epithelial
marker EPCAM and parathyroid marker PTH were significantly
enriched in the clusters of endocrine cells. Stromal markers, such
as DCN, COL6A1, KCNJ8, and ACTA2, were highly expressed in
fibroblast and musculature cell clusters. PECAM1 and PLVAP were
abundant in endothelial cells. Immune cells were divided into four
distinct clusters: T cells, NK cells, B cells, and macrophages. Specific
markers were found in each cluster, such as CD3D in T cells and
GNLY in NK cells, MS4A1 (also known as CD20), CD79A in B cells,
and APOE and C1QA in macrophages. Mast cells were labeled with
TPSB2, CPA3, and TPSAB1. Neutrophil cells were labeled with
FCGR3B. DCs and monocytes each represented a minor cell popu-
lation that expressed the CD1C and FCN1 genes, respectively.

We used inferCNV to compare heterogeneity among patients
and subtypes based on large-scale somatic CNV events (Fig. 1E).
We used endothelium, fibroblasts, and musculature cells as
healthy references to estimate the CNVs of PA and
PC. Chromosomal amplification (red) and deletion (blue) were
mapped to each chromosomal position (column) in all cells
(Fig. 1E). These results indicated that the cells obtained large-
scale chromosomal CNVs in PC. Endocrine cells in PC exhibited
higher CNV levels than in PA (Supplemental Fig. S6).
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Fig. 1. Overview of the single-cell transcriptomic profile of parathyroid tumor samples. (A) Schematic experimental workflow for the study. A total of seven
freshly resected parathyroid tumor specimens were collected from seven patients. (B) Uniform manifold approximation and projection (UMAP) visualization
of 11 major cell types identified and color-coded by their associated clusters. (C) UMAP visualization of cells identified and color-coded by each patient. (D)
Dot plots showing marker genes for 10 distinct cell types. (E) The heat map displays large-scale copy number variations (CNVs) of all cells. Red represents gene
copy number amplification. (F) Bar plots showing the proportion of cell types in each sample. PA = parathyroid adenoma; PC = parathyroid carcinoma.
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Each cell cluster contained cells from multiple cases (Fig. 1F).
Different parathyroid tumor cases have different proportions of
stromal cells. Endocrine cells accounted for the largest propor-
tion of cells in both PAs and PCs. The frequency of cell types var-
ied between PA and PC. For example, compared with PA,
patients with PC exhibited an expanded population of endocrine
cells, with a frequency of more than 65%. PC tissues were poorly
infiltrated by immune cells, and B cells were not observed in the
PC tissues. The IHC staining showed that CD45 staining was
higher in PA than in PC (Supplemental Fig. S7).

In all cells from our samples, we compared the expression of
previously reported PC and PA genes. There were no significant
differences in the expression levels of MYC, KMT2D, EZH2,
CDC73, ASXL3, PIK3CA, Rb, CDKN1B, CDKN2B, PRUNE2, mTOR,
THRAP3, E2F1, and CDKN2A between PA and PC. Compared with
PA, the expression levels of CCND1, CDKN2C, PTH, and CASR were
significantly upregulated in PC (p < 0.05), whereas CDKNT1A
expression levels were downregulated (p < 0.05).

Distinct molecular features of endocrine cells in
parathyroid tumors

To depict their intrinsic portraits, we reclustered all PA and PC
endocrine cells and identified 10 main subclusters (endocrine
subclusters 0-9) using UMAP analyses (Fig. 2A, B). Endocrine cells
from the same case tended to cluster together, indicating a rela-
tively high level of intertumoral heterogeneity. Endocrine cells in
subclusters 0 and 5 were mainly derived from PC_2, and endo-
crine cells in subcluster 3 were mainly derived from PC_1. The
unique gene signatures and the top 10 SDE genes of each endo-
crine subgroup were delineated (Fig. 2C and Supplemental S8).
Additionally, gene enrichment analysis (using QUSAGE) was per-
formed to functionally annotate endocrine subgroups (Fig. 2D).

Subcluster 0 showed gene enrichment for the longevity-
regulating pathway, neuroactive ligand-receptor interaction, and
antigen processing and presentation. HSPATA and GADD45B were
strongly expressed in cluster 0. TIMP1 was strongly expressed in
subclusters 0 and 5. The signature genes of subcluster 3 were
enriched with terms related to cell junction, hedgehog signaling
pathway, Hippo signaling pathway, and signaling pathways regu-
lating the pluripotency of stem cells. Additionally, hallmark analy-
sis showed that the MYC target pathway was upregulated in
subcluster 3 (Fig. 2E and Supplemental Fig. S9). Furthermore,
CDH1 and ID2 were strongly expressed in subcluster 3. Overall,
subclusters 0, 5, and 3 showed distinct cancer characteristics. Sub-
clusters 1 and 6 are involved in the intestinal immune network for
IgA production, indicating that these two groups of cells are active
in the immune response. Genes involved in metabolism were ele-
vated in subcluster 2, and subcluster 4 was characterized by extra-
cellular matrix (ECM)-receptor interactions.

We then employed SCENIC to assess the differences in the
expression levels of TFs in endocrine cells (Fig. 2F). The TFs BATF,
IRF1, and KLF4 were activated in subcluster 0. The analysis of sub-
cluster 1 revealed that STAT3, ETV5, SOX4, and EGR2 had the
highest regulatory activity among all regulons, and the TFs
ETV5 and SOX4 were also enriched in subcluster 6. Notably, we
found that MEIS1, MYC, IRX3, SIX1, ARX, and SIX3 were highly
upregulated in subcluster 3.

We assume that PC may have developed from the PA. Pseudo-
time reconstruction was performed to stratify the tumor cells
during cancer development. Endocrine cells from seven cases
showed a trajectory that could predict the cancer progression
path (Fig. 3A, B). This analysis revealed a branched trajectory with

two major branches: cell fate 1 and cell fate 2 (Fig. 3A). Cells from
the two patients with PC gathered at different ends; cells from
PC_1 and PA_2 constituted most of the cell fate 1 branch. Cells
from PC_2 constituted the cell fate 2 branch. Cells from patients
with PA accounted for the largest proportion of the pre-branch,
which represents the initial state of the tumor cells.

We used IHC staining to examine the expression levels of MYC,
CCND1, CDH1, and TIMP1. The four markers’ staining was higher
in PC than in PA (Fig. 3C).

Role of stromal cells in coordinating the TME in
parathyroid tumor

Analysis of stromal cells associated with tumors could provide
deeper insights into parathyroid tumor pathophysiology. We
examined single-cell transcriptomes of endothelial cells, fibro-
blast and musculature cells, lymphocytes, and myeloid cells from
PA and PC tissues to investigate stromal cell dynamics in
the TME.

We detected 4707 ECs and five clusters based on the marker
genes (Fig. 4A and Supplemental S10). We then attempted to
identify marker genes for each of these clusters and assigned
them to known endothelial cell types. These clusters included
capillaries, activated capillaries, veins, arteries, and lymphatic
endothelial cells. Most endothelial cells belong to PA tissues.
Capillary endothelial cells are more common than other cell
types in PC tissues. Lymphatic endothelial cells were observed
in PC tissues and a few PA tissues. To gain more biological
insights into these cells, we used Gene Enrichment Analysis
(QuSAGE) to compare the expression profiles of PA and PC endo-
thelial cells (Fig. 4C). The top enriched pathways for PA endothe-
lial cells included ECM-receptor interaction, adherens junction,
focal adhesion, the Rap1 signaling pathway, and the PI3K-Akt
signaling pathway. Immune-related pathways were enriched
for PC endothelial cells. These processes may play a role in the
biology of EC. The endothelium represents the primary interface
between circulating immune cells and the tumor, which may
help explain how ECs contribute to parathyroid tumors.

Fibroblasts are known to be heterogeneous; however, their
heterogeneity in parathyroid tumors is unclear.*> We detected
five clusters of fibroblasts, musculature cells, including CD55™
fibroblasts, ACTA2™" fibroblasts, smooth muscle cells and myofi-
broblasts, inflammatory cancer-associated fibroblasts (iCAFs),
and pericytes (Fig. 4B and Supplemental Fig. S10). The iCAFs
expressed high levels of CXCL12, DPT, and CXCL14. In our study,
iCAFs were mainly observed in PC tissues and a few in the two PA
samples, which may indicate that these two PA samples may
have some malignant potential. Smooth muscle cells, myofibro-
blasts (ACTA2, MYH11, and DES), and pericytes (KCNJ8, ABCC9,
and CSPG4) were reproducibly detected in PA tissues. CD55%
fibroblasts were observed in one PC and one PA case. QuSAGE
analysis comparing fibroblasts from PA and PC tissues showed
that cancer-derived fibroblasts were associated with comple-
ment and coagulation cascades, the TGF-beta signaling path-
way, and the Hippo signaling pathway (Fig. 4D).

Lymphocytes play important roles in inflammation, cancer
immune evasion, and responses to immunotherapy treat-
ment.?® Our data set of 10,413 lymphocytes consisted of 12 clus-
ters, mainly T cells, B cells, and NK cells (Fig. 4E and Supplemental
Figs. S10 and S11). We observed that there were few immune
cells of all types in PC, and B cells were not detected in PC tissues.
T cells are mostly lymphocytes that fall into three T-cell subsets:
CD8" T cells, CD4™ T cells, and CD8 CD4~ and gamma delta T
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Fig. 2. Characterization of endocrine cells across different patients. (A) Uniform manifold approximation and projection (UMAP) visualization of endocrine
cell subclustering, color-coded by their associated subclusters. (B) UMAP visualization of endocrine cell subclustering by each patient. (C) The heat map

displays the top 10 SDE genes in each cell subcluster. (D) Qusage analysis

indicates enriched pathways of each subcluster of endocrine cells. (E) Gene activ-

ity of genes involved in the MYC-targets pathway in subcluster 3. (F) Heat map of gene expression regulation by transcription factors using SCENIC for the
endocrine cells. SCENIC = single-cell regulatory network inference and clustering. Source data are provided as a Source Data file.

cells, of which mainly CD8™ T cells were in both PA and PC tis-
sues. The small number of lymphocytes in PC reflects the immu-
nosuppressive state of the TME.

Myeloid cells are essential for the normal functioning of both
the innate and adaptive immune systems.?”” We examined the
gene signatures of 16 myeloid clusters, including neutrophils,
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Fig. 3. Gene expression profiles in parathyroid adenoma (PA) and parathyroid carcinoma (PC). (A) The developmental pseudo-time of endocrine cells
inferred by analysis with Monocle2. Color key from dark to bright indicates cancer progression from the early to the late stage. (B) Endocrine cells of each
patient are shown in the developmental trajectory. (C) Inmunohistochemical staining of representative marker genes. Each staining was repeated three

times independently on consecutive sections. Scale bars = 50 pm.

monocytes, macrophages, DC, and mast cells (Fig. 4F and Sup-
plemental Figs. S10 and S11). Myeloid cells were mainly
observed in PA tissues, and macrophages were mostly myeloid
cells belonging to three macrophage subsets: SPP1" macro-
phages, NFKB1* macrophages, and MRC1" macrophages.
SPP1* macrophages were mainly observed in the PC tissues.
We hypothesized that SPP1™ macrophages induce tumor

angiogenesis, promote tumor migration and invasion, and form
an immunosuppressive TME in PC.

Cell-cell cross-talk in parathyroid tumors

We used CellPhoneDB to identify the expression of potential
cross-talk signaling molecules based on ligand-receptor

B 1000 CHENETAL.

Journal of Bone and Mineral Research

85UB01 SUOWILLOD BAFeR1D) 3|qedl|dde 8Ly Aq paueA0b afe S3o 11 YO (88N JO SaINI o4 Afeid] T 8UIIUO /8|1 UO (SUORIPUOD-PUR-SWLIBYLLD" A 1M Ae1q) 18U UO//SdNY) SUORIPUOD PUe SWiB | 8U} 88S *[£202/60/0T] U0 A%id18UIlUO AB|IM ‘F28Y"ILa/200T OT/I0p/u0o" A3 | 1M Aeiq U U0 Jgse//SA)y o4 papeo|umoq . ‘€202 ‘T8IVEZST



8
4 N
C\II
o
<
So
=
-4
-5 0 5 10 15
UMAP_1 -
C PA Gene Set FDR

-005 005

S

§D55+ fibroblasts

-4

PC

Terferon_response_gene
¥‘ TI Interferon,_Response_gene
Immune-Checkpoint-Inhibition-Ligand-Gene
une-related
Cytokine_like

Unkown

Growthlaclor Hormone

n_TF_Expression

Gamma_aminobutyric_acid_( GABA receptorgene
ene

Immune-Checkpoint-Activation-| Rece tor» ene

Growthfactcr Cylokl
Chollnergc -_receptor_gene |
kine_Hormone
| X5_hydroxytryptamine_r receptor_gene
Dopamlne receptor. -gén
| id, med’alorsﬁ
Glycogen_Metabolism_gene
glthtgmate receptorjene
eliSignal
Immune- Checkpomt Inhlbmon Receptor-Gene
Noreplne% rine. recept 3
lucose_Deprivation_
Immune-Checkpoint-; Actlvatmn Ligand-Gene

Gl colv | gene

Glucose_Deprivation_gene
Type_| In(erferon response_gene =
Growthfactor_Hormone
Cytokine_like
nkown
Anergy gene N
Growthfactor
Grow(hlac(or Cytokine mm
h n_TF_Expression Wl
med'ators _gene
Gamma_aminobutyric_acid, GABA receptor ene
Immune-refated

C tokine_Hormone

X5 _hy roxy(ryptamme receptor_gene
Dopamine_receptor.
CRONNGIYIE, recapiar-gene
Glutamate_receptor_gene
Anti_inflammatory_gene

Glycogen MetaboTsm_gene
CellSignal. WNT
Norepinephrine_ _receptor_gene

e- tivation-R

62 M_gene

Treg
Immi Check oint-Inhibition-Ligand-Gene
] Pentose Phosphate_Pathway_gene
Immune-Checkpoint-Activation-| ngand -Gene
Type_ll_Interferon_Respo

B _Immune- Checkgolnt nﬁlbmon Recegtor Gene
S =) a

& 7y oL =) & ) J
o] S ] S o o= <] & 8 8 9 s £ 8
Gene Set Activity S S
Gen FDR
= — ]
D PA PC 005 005

Tipid_ meanators_qene
ytokine_like
Type_I_Interferon_ response_‘?ene

Growthfactor. Cynﬁqne
Noreplnephrlne receptor_gene
f'clor Hormone
wthfactor
X5, hydroxy\ryptamlne recep(or_qene
Cytokine_Hormone
Glu(ama €. recep!orgene
JJ mine_receptor_gene
Gamma_aminobutyric_acid_GABA_receptor_gene
CellSignal WNT
Immune-! C'heckpomt Inhlbmon -Receptor-Gene
= human_TE Exp

rmo
_ :mmune Checkpmm -Activation-| ngand Gene
mm
— Glucose_Deprivation_gene
e Pentose_Phosphate_Pathway_gene
s TCA_cycle_gene

Glycolysis_gene
Anergygene
tokine

33 2 ¢
PIEIE

* NK
Memory B

Naive B

10

Cytokine_Tike
Glucose Deprivation_gene =
Lipid_mediators_gene
Type_l_ln(erferon responsegene 1
nkown
Growthfactor_Cytokine
Immune-Checkpoint-| Inhlbmon Receptor-Gene
wthfactor_Hormone
Growthfactor B
Anti_inflammatory_gene
Treg_gene M
Ce\lSlgna! VINT m
ne N
uman_TF. Expresslon 1
X5. hydroxytryplamlne receptor _gene |
n le_Hormone
Glycogen_} etaboﬂsm _gene
Dopamine_r receptorﬁene
Glutamate_receptor_gt
Gamma, ammobu!}/nc acld i_GABA _receptor_gene
Chollnerglc recep or_gene
Anergy_gen
Norepmephnne receptor_gene

|
|
1
1
L]

_gene
Immkjnne Checkpmm Actwatnon—ngand -Gene
_gen

Immune-Cl pt
Pentose Phosphate Pathwayﬁene

Set Activity

phil
SPP1+ Macrophage

(Figure legend continues on next page.)

scRNA-SEQ ANALYSES OF PARATHYROID TUMORs 1001

Journal of Bone and Mineral Research

551801 SUOWILLIOD 3ANIER.1D) 3| ddke U Aq pauBA0B B2 SBPILR WO ‘88N J0 SBINI 10} ARRIGIT BUIUO ABIM UO (SUONIPUOD-PLE-SULBYLI0D™AB | IM ARG [BU 1 JUO//Sa1L) SUOIIPUOD PUB SWLS 1 3 385 *[£202/60/0T] U0 ARIqIT 3UIIUO AB1IM ‘P28t IWq(/Z00T 0T/ I0p/LOD" A3 1M A% |oUI|UO" LGSR //'ScY Woa} papeo|umod L ‘€202 ‘T89VEZST



Receptor

B cell I’*v/
DC |
Endocrine
Endothelium I o
F&Mm o
Macrophage
Mast cell pi

Monocyte e

VEGFC

Neutrophil

T — — —_ SEMA3A
:—UCL)EE(D—(D—-—— INHBB.
§30E538385383538 2
OQn gFLECLCHox O+ =]
= o c Qg c=Z s i

T = O e =3 epHal
c 0O = > [} EFNAG
w o % 2 = EPHAT
& 2
B
coLens
Receptor cousne
c I E
ndocrine o
Endothelium
F&M e
"
Macrophage =
Mast cell Noren
u Mrecyts
ce sy
Neutrophil
. T cell S
e r———
COQLES V= Q===
c O L OC O "
gﬂcggguau%u el
— O 5 Nl o A7 - EFNBI
- o2 ag8czE
28 =87 3
=
i =

NK cell ot cmpln

T cell a6b4 complex
SEMA3A PlexinA1_complex
PlexinA2_complext
ACVR_1828 receptor -
ACVR 1824 receptor

kor @ . VEGFC ® 2
NOTCH4 @ : SELP | ;
oLt out
L0 < ® 3 otom . o
e ~ | R o |
t
NOTCHA @ NoTCH1 ®
il + ot NoeHs | °
e ot o e
EFNAG ® . NOTCH4 o .
epHAs ° NOTCHa °
epriar | ° - ) ® -
eovns J@ - NOTCHA °
e @ EENGR;
ernag ° i
EPHAL {@ e ®
e 8 = ‘°
EPHAT ©
EPHBa @ VEORC e
o 18 . i @
e % stobtcompir @
o0t compex |@ oy e L
el i s orcmmaa ooy o
oo ° ° VEGFD wr | @
H cp24 SELP [
o ou3 NoTCHI H
° NOTCHS oL ®
H NOTCH3 L4 o
° L3 NOTCH4 ®
i eprgs e
o] @ s P M
i P veAMI 29b1 complex ®
coum 21061 complex | - - @
Lo | Covtamt w1001 complex | - - @
: coLal 21061 complex ®
EriATiq [ ] CcOLsAT al0b1 complex { - - @
s | ° coum 061 complex |+ - @
TEK 4 [ ] coLoAz 101 complex ®
8901 complex [ ] coLans 21061 complex ()
8901 complex [ ] coLiem a10b1 complex { - - @
a10b1 complex [ ] COL6A3. 1001 complex ®
21061 complex [ COLBAE a10b1 complex [}
10b1 complex o COoLsAZ 10b1 complex o
10b1 complex ® coLgA2 al0b1 complex { - - @
210b1 complex [ ] COL5A3 a10b1 complex { ®
210b1 complex { (] coL26A1 21061 complex ®
a10b1 complex [ coviza1 210b1 complex [
10b1 complex | [ NRG1 a6ba complex. { ()
10b1 complex o SEMASF NeP2 (@ o
1001 complex ° b3 s @ @ |
21051 complex ° SeLp o o
26b4 complox | Y 461 o0
a6b4 complex [ NOTCH1 (] [ ]
[} ez ° o
NRP2 ® NOTCHI ® )
FoFR2 - o G ®
cp2a ® ® JAGZ ] ®
SELP Y JAGT Y
co3a () NOTCH4 ®
NOTCHI ® IAG2 Y
oL NOTCH4 [ ]
NOTCH1 ® EFNA1 ®
G2 EPHAZ °
ou3 ® EFNAT ®
NoreH1 @ eenan °
ACKR1 (1) ceLs (1]
PGF @
PGF ®
SEMASC ®
NOTCH3 ®
NOTCH3 o
EPHAL ®
EPHA7 )
EPHBE o
PLXNB2 o o
NECTING °
WNTSA [ ]
WNT2 )
SEMAGA PLXND1 { [
Endothelium s
£z EZSE28%8% 5
£E EE33 gx"§ 2
53 §885 27 5.3.%
2 52 g § 3 ;g
< 28
¥ BE8s
2 Endothefom

Fig. 5. Cell-cell cross-talk in parathyroid adenoma (PA) and Parathyroid carcinoma (PC). (A) Heat map depicting the significant interactions among the
11 major cell types of PA. DC = dendritic cells; F&M = fibroblast and musculature cells. (B) Heat map depicting the significant interactions among the
10 major cell types of PC. (C) Diagram of the main receptors and ligands expressed on endothelial cells in PA and PC tissues.

interactions. We focused on gene pairs with p < 0.001 in strongly
interacting cell types. In both PA and PC, endothelial cells
showed the most interactions with other cell types, such as
fibroblast-musculature cells and endocrine cells (Fig. 5A, B). Addi-
tionally, we found that the frequency of receptor-ligand interac-
tions between epithelial and fibroblast cells varied markedly
when comparing PA with PC samples (Supplemental Fig. S12).

In PC tissues, endothelial cells express high levels of delta-like
canonical Notch ligand (DLL) (DLL1 and DLL4) and jagged
canonical Notch ligand (JAG)2, which bind to the NOTCH3 recep-
tor expressed by fibroblasts (Fig. 5C). Fibroblasts secrete numer-
ous ECM components, including collagens (eg, COL1A1 and
COL1A2) and fibronectin (FN1), which bind to integrin receptors
(eg, a2b1 complex and albl complex), which are highly

Fig. 4. Profiling stromal and immune cell populations in parathyroid adenoma (PA) and parathyroid carcinoma (PC). (A) Uniform manifold approximation
and projection (UMAP) visualization of endothelial cell clusters, color-coded by identified cell subtypes; dot plots of selected marker genes in endothelial
cell (EC) cluster subtypes. (B) UMAP visualization of fibroblast and musculature clusters, color-coded by identified cell subtypes; dot plots of selected
marker genes in the fibroblast and musculature cluster subtypes. SMC = smooth muscle cells; SMC & M = smooth muscle cells and myofibroblasts. (C)
Top enriched pathway of ECs isolated from PA or PC tissues as determined by QuSAGE. (D) Top enriched pathway of fibroblast and musculature cells iso-
lated from PA or PC tissues as determined by QuSAGE. (E) UMAP visualization of lymphocyte clusters, color-coded by identified cell subtypes; dot plots of
selected marker genes in the lymphocyte cluster subtypes. (F) UMAP visualization of myeloid cell clusters, color-coded by identified cell subtypes; dot
plots of selected marker genes in the myeloid cell cluster subtypes. For UMAP visualization of neutrophil, mast cell, and dendritic cell subclusters, see Sup-

plemental Fig. S10.
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Table 1. Comparison of scRNA-seq Analyses Data Between PA and PC Samples

Characteristics PA PC
No. of cell type 1 10
Cell type Endocrine cells, fibroblast & musculature cells, T cells,  Endocrine cells, fibroblast & musculature cells, T cells,

NK cells, macrophages, DC, monocytes, mast cells,

neutrophil, endothelium cells, B cells

Percentage of 32%

endocrine cells
Gene expression —
Level of CNV Low
QuSAGE of

endocrine cells
QuSAGE of ECs

Metabolism and immune-related pathways

ECM-receptor interaction, adherens junction, focal

NK cells, macrophages, DC, monocytes, mast cells,
neutrophil, endothelium cells
77%

CCND17?, CDKN2C1?, PTH1?, CASRT?, CDKN1A|?
High

Endocrine-related and immune-related pathways

Immune-related pathway

adhesion, Rap1 signaling pathway, and PI3K-Akt

signaling pathway
QuSAGE of F&M
interaction, focal adhesion
Immune cells Many
Cell-cell cross-talk Fibroblast-endothelial cell interaction

Protein digestion and absorption, ECM-receptor

Complement and coagulation cascades, TGF-beta
signaling pathway and Hippo signaling pathway

Few

Fibroblast-endothelial cell interaction?®

Abbreviation: CNV = copy number variation; DC = dendritic cells; ECs = endothelial cells; ECM = extracellular matrix; F&M = fibroblast and musculature

cells; PA = parathyroid adenoma; PC = parathyroid carcinoma.
“Compared with PA.

PHigher frequency of receptor-ligand interactions between epithelial and fibroblast cells compared with PA.

expressed by endothelial and endocrine cells (Fig. 5C). Further-
more, the autocrine interaction between the ligands JAGTI,
JAG2, DLL4, and NOTCH receptors (NOTCH3 and NOTCH4) was
highly expressed by endothelial cells in PC (Fig. 5C).

Discussion

There is a scarcity of data on PC because of a lack of sufficient
amount and preservation of tissue. We performed high-precision
scRNA-seq analyses on PC for the first time and compared them
with PA, as there have only been two scRNA-seq studies per-
formed on PA samples thus far®®?? (Table 1). We identified the
11 major cell types described above in parathyroid tumors and
revealed significant heterogeneity between parathyroid ade-
noma and carcinoma. We suggest that cell cycle regulators
may play an important role in parathyroid tumorigenesis. We
also identified an immunosuppressive TME in PC.

In the present study, different parathyroid tumor cases had dif-
ferent proportions of stromal cells, and the mutational dynamics
were critical for driving PC. Heterogeneity is a typical feature of
tumors. Microscopically, parathyroid tumors consist of different pro-
portions of chief, oxyphil, clear, transitional, and cancer cells.”) Intra-
tumor parathyroid heterogeneity involves tumor cell types as well
as tumor cell functions, including PTH synthesis and secretion,
and expression patterns of membrane and nuclear receptors.®®
Tumor heterogeneity presents a challenge for understanding the
development of parathyroid tumors and cancer treatment.

Endocrine cells account for the largest proportion of parathy-
roid tumor cells. Patients with PC exhibited an expanded popula-
tion of endocrine cells compared with those with PA, which is
consistent with the clinical phenotype of high PTH levels. In the
parathyroid glands, calcium-sensing receptors are present on
the surface and regulate serum calcium levels by inhibiting
PTH synthesis and secretion. Previous studies have found that
CASR expression is decreased in parathyroid tumors,®'*? which
results in insensitivity to the inhibitory feedback of calcium,

altering the calcium-PTH set point and driving parathyroid cell
proliferation, suggesting a link to pathogenesis.®" In contrast
to these finding, the CASR gene was found to be more highly
expressed in PC than in PA in our study. This is probably because
previous studies were performed at the bulk-tumor level, and
the cytoplasmic expression of CASR was not precisely assessed.
Agarwal and colleagues evaluated 45 parathyroid adenoma
and seven carcinoma cases; moderate intensity of cytoplasmic
CASR expression was detected in a greater proportion in carci-
noma compared with adenoma.®" The upregulation of the CASR
gene in PC may be partly due to its high cytoplasmic expression,
which requires further evaluation.

We identified that the regulation of the cell cycle plays an
important role in the development of PC. Our study found that
TIMP1 and the WNT canonical pathway genes CCNDIT and
CDH1 were upregulated in PC compared with PA. Previous stud-
ies have identified abnormalities in the Wnt/p-catenin signaling
pathway in parathyroid tumors.®® Both parafibromin and
CCND1 play important roles in parathyroid tumorigenesis. Paraf-
ibromin can downregulate MYC, suggesting its role as a tumor
suppressor by inhibiting Wnt signaling.®* Additionally, parafi-
bromin can suppress CCND1 gene expression,GS) and CCND1 is
a target of the Wnt/p-catenin signaling pathway.® Overall,
these results suggest that the Wnt/p-catenin signaling pathway
may play an important role in the development of PC. Another
study found the PI3K/AKT/mTOR pathway to be altered in 21%
of PC cases.®” PI3K/Akt/mTOR signaling pathway regulates cell
growth and survival during stress.*® TIMP1 regulates metabo-
lism in metastases by activating the PI3K/Akt pathway.® In
summary, cell cycle regulators were significantly upregulated in
the PC, suggesting that they may play an important role in para-
thyroid tumorigenesis.

Despite extensive research, the underlying developmental
origins of PC remain unclear. We assume that PC may have devel-
oped from the PA and our pseudo-time analysis revealed that PC
might develop from a benign adenoma. Our previous studies
confirmed the presence of somatic mutations in CDC73 in
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PAU®'” and revealed that the novel cancer-related KMT2D
genes were the most recurrently altered in a somatic manner.'”
The results of the present scRNA-seq analyses showed no signif-
icant difference in the expression levels of CDC73 and KMT2D
between PA and PC samples, which proves that PAs and PCs pos-
sess similar molecular signatures. But one limitation is that we
did not examine normal parathyroid tissue. It is possible that
adding normal parathyroid cells might have different results,
which needs further study.

The TME is a dynamic and acidified heterocellular location
that determines the fate of cancer.“? In addition to stromal cells,
fibroblasts, and endothelial cells, the TME comprises both innate
and adaptive immune cells.*" In our study, fewer endothelial
cells were observed in PC tissues, which is consistent with a pre-
vious study where PA showed higher microvessel densities com-
pared with normal glands and a low number of vessels in PCs
compared with normal glands.*? Another study also reported
that there was no correlation between secretory status and
tumor size and angiogenic phenotype, including vascular den-
sity and vascular growth factors.*® This could be due to a partial
inhibition of angiogenesis during the transition from benign to
neoplastic malignant growth, as well as a high level of vascular-
ization that does not limit activity and growth. There are no data
on lymphangiogenesis in PC. A previous study showed that the
lymphatic vascular density (LVD) did not differ among normal
parathyroid glands, PA, and PHP-related parathyroid hyperpla-
sia.*® In our study, iCAFs were mainly observed in PC tissues.
CXCL12/CXCR4 might play a role in parathyroid tumor angiogen-
esis and PTH synthesis modulation®; therefore, it might be a
target for new therapeutic approaches for patients with PHP.

However, data on the immune microenvironment of PC are
limited. Consistent with the results of previous studies, our study
demonstrated an immunosuppressive TME in PC. Silva and col-
leagues investigated 17 PCs and 13 atypical parathyroid neo-
plasms and found that PCs had a lower median CD8"
lymphocyte density than atypical parathyroid neoplasms, which
tended to have immune-ignorant and immune-tolerant micro-
environments within the neoplasm.“” Hu and colleagues*”
investigated the relationship between clinical outcomes and
tumor-infiltrating immunocytes in samples from 51 Chinese
patients with PC by analyzing primary and recurrent/metastatic
lesions and found that more tumor-infiltrating immunocytes,
more T lymphocytes, and fewer M2 macrophages were corre-
lated with better outcomes and that the immune system is
involved in the progression of this endocrine malignancy. Addi-
tionally, M2 cells and CAFs act as suppressors of CD8" lympho-
cyte infiltration into the core of the tumor“?; therefore, the
small number of lymphocytes and enrichment of SPP1* macro-
phages in PC induce tumor angiogenesis, promote tumor migra-
tion and invasion, and form an immunosuppressive TME.
Considering the limited effect of chemotherapy and radiother-
apy on the PC, immunotherapy targeting T cells and tumor-
associated macrophages may be promising. Further research
on immunotherapies for the treatment of PC is warranted.

Fibroblast-endothelial cell interactions may promote PC
development. Activation of the PDGF/PDGFR signaling pathway
is associated with cancer proliferation, metastasis, invasion, and
angiogenesis by modulating multiple downstream pathways,
including the PI3K/AKT and MAPK/ERK pathways.(%) Previous
studies have shown that MAPK, Wnt/B-catenin, and PI3K/AKT/
mTOR signaling pathways may be associated with parathyroid
tumorigenesis and development.*’#® Collagen overexpression
in the TME is linked to enhanced tumor growth and metastasis,

while fibrin contributes to tumorigenesis.“”’ Therefore, targeting
fibroblast-endothelial cell interactions may be an effective strat-
egy for PC therapy.

Our study has some limitations. First, we did not obtain normal
parathyroid tissue and did not compare normal thyroid tissues with
PA and PC tissues. Second, as PC is rare, we only collected PC tissue
in two cases. To better study the mechanism of parathyroid tumor
formation, more cases need to be collected in the future.

In summary, we constructed a single-cell transcriptome atlas
for PA and carcinomas. Using this atlas, we characterized the
expression patterns of diverse cell types in PA and PC. Notably,
our findings suggest that cell cycle regulators may play an impor-
tant role in the development of PC. In addition, our study showed
that there is an immunosuppressive TME in PC. Markers identi-
fied in this study are largely unknown and worthwhile for future
investigations. In the future, a larger sample size of PCs may help
to further clarify and expand on the findings.
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