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Abstract

Primary hyperparathyroidism (PHPT) is a common endocrine neoplastic disorder characterized by disrupted calcium homeostasis
secondary to inappropriately elevated parathyroid hormone (PTH) secretion. Low levels of serum 25-hydroxyvitamin D (250HD) are
significantly more prevalent in PHPT patients than in the general population (1-3), but the basis for this association remains unclear.
We employed a spatially defined in situ whole-transcriptomics and selective proteomics profiling approach to compare gene
expression patterns and cellular composition in parathyroid adenomas from vitamin D-deficient or vitamin D-replete PHPT patients.
A cross-sectional panel of eucalcemic cadaveric donor parathyroid glands was examined in parallel as normal tissue controls. Here,
we report that parathyroid tumors from vitamin D-deficient PHPT patients (Def-Ts) are intrinsically different from those of vitamin
D-replete patients (Rep-Ts) of similar age and preoperative clinical presentation. The parathyroid oxyphil cell content is markedly
higher in Def-Ts (47.8%) relative to Rep-Ts (17.8%) and normal donor glands (7.7%). Vitamin D deficiency is associated with increased
expression of electron transport chain and oxidative phosphorylation pathway components. Parathyroid oxyphil cells, while
morphologically distinct, are comparable to chief cells at the transcriptional level, and vitamin D deficiency affects the transcriptional
profiles of both cell types in a similar manner. These data suggest that oxyphil cells are derived from chief cells and imply that their
increased abundance may be induced by low vitamin D status. Gene set enrichment analysis reveals that pathways altered in Def-Ts
are distinct from Rep-Ts, suggesting alternative tumor etiologies in these groups. Increased oxyphil content may thus be a
morphological indicator of tumor-predisposing cellular stress.

Keywords: parathyroid tumors, vitamin d deficiency, primary hyperparathyroidism

Significance Statement

The pathophysiological mechanisms underlying the well-established linkage between low vitamin D status and primary hyperpara-
thyroidism (PHPT) remain obscure. The current study employs a high-resolution cell-specific digital spatial profiling (DSP) approach to
examine the downstream effects of vitamin D deficiency on parathyroid tissue. Our findings reveal that parathyroid tumors from vita-
min D-deficient PHPT patients are characterized by increased oxyphil cell content and are transcriptionally distinct from tumors de-
rived from age-matched, vitamin D-replete PHPT patients. These data suggest that vitamin D deficiency is associated with a discrete
transcriptional program in parathyroid adenoma cells and imply that increased oxyphil content may arise through induced differen-
tiation from chief cells in the context of vitamin D deficiency.

Introduction driven by elevated PTH may enhance renal conversion of 250HD

Low levels of serum 25-hydroxyvitamin D (250HD) are commonly
associated with primary hyperparathyroidism (PHPT) (1-3).
Although parathyroid hormone (PTH) levels are known to be in-
creased in PHPT patients with vitamin D deficiency (<20 ng/ml),
the underlying pathophysiological basis for this relationship re-
mains poorly understood (4-6). Downstream systemic effects

to [1,25(0H),D] with subsequent suppression of 250HD produc-
tion in the skin and liver (2, 7), but the possibility that chronic
250HD deficiency can itself initiate changes in parathyroid tissue
that predispose to adenoma development and PHPT remains an
open question. Although treatment with vitamin D analogues
caninhibit PTH transcription and cellular proliferation in cultured
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bovine parathyroid cells (8, 9), genetic ablation of the vitamin D re-
ceptor (VDR) in the parathyroid glands of transgenic mice did not
induce gland hyperplasia and only modestly increased serum PTH
(10), leaving the potential direct effects of 250HD as a driver of
PHPT biology largely uncertain. To investigate the potential down-
stream actions of 250HD on parathyroid tissue, we performed a
comparative molecular analysis of parathyroid adenomas derived
from PHPT patients with preoperative vitamin D deficiency rela-
tive to tumors from vitamin D-replete PHPT patients and normal
organ donor parathyroid glands.

The parathyroid glands of healthy adults are comprised pre-
dominantly of chief cells, but in conditions such as secondary
hyperparathyroidism (SHPT) caused by chronic kidney disease,
the relative abundance of a second parathyroid cell type known
as oxyphils can increase dramatically (11, 12). Parathyroid oxy-
phils are characterized by high mitochondrial content and appear
more abundantin older individuals (13), but the origin and physio-
logical functions of these cells are unknown. Previously, we and
others have shown that similar to chief cells, parathyroid oxyphil
cells can respond to extracellular calcium stimulation via calcium
sensing receptor (CaSR)-dependent signal transduction (14), ex-
press multiple parathyroid-specific factors including GCM2 and
PTH (11, 15), and contain key regulatory factors such as the vita-
min D-receptor, Klotho, and mitochondrial components involved
in cellular respiration (16). Because oxyphil-dominant parathy-
roid tumors appear to drive biochemically more severe disease
presentation in PHPT (17-21) and oxyphilic hyperplasia is associ-
ated with the loss of calcimimetic responsiveness in SHPT (12),
we hypothesized that chronic 250HD deficiency could produce
changes in parathyroid oxyphil content and gene expression
that reduce calcium sensitivity, increase PTH hypersecretion,
and promote adenoma development in PHPT. To test this idea,
we employed a novel, spatially indexed approach to isolate and
capture oxyphil and chief cells separately from parathyroid tissue
sections for subsequent transcriptomic and proteomic compara-
tive analysis.

Here, we report that parathyroid tumors from PHPT patients
presenting with preoperative vitamin D deficiency (Def-Ts) are
molecularly distinct from vitamin D-replete patient tumors
(Rep-Ts). The oxyphil content is markedly increased in Def-Ts,
and both chief and oxyphil cells from these tumors share a dis-
crete transcriptional signature enriched for genes involved in oxi-
dative phosphorylation, cellular respiration, and proteasomal
catabolism. In contrast, Rep-Ts are more heterogeneous and are
characterized by upregulation of the ras and myc signaling path-
ways, suggestive of an oncogene-driven etiology. In either vitamin
D context, chief and oxyphil cells are highly similar at the tran-
scriptome level, supporting the notion that oxyphil cells are deriv-
atives of chief cells rather than arising through an independent
lineage. Interestingly, PTH transcript abundance is equivalent be-
tween normal tissue, Def-Ts, and Rep-Ts, indicating that aberrant
tumor-specific PTH gene expression is not a driver of hormonal
hypersecretion in PHPT. Consistent with this finding, proteomic
analysis revealed that the ratio of CaSR to the type B
y-aminobutyric acid receptor (GABBR) is altered in favor of bio-
chemically silent CaSR:GABBR heteromers (22) in Def-Ts, suggest-
ing that CaSR antagonism could contribute to PTH hypersecretion
uncoupled from calcium sensing in these tumors. Finally, a com-
parison between PHPT adenomas and normal parathyroid tissue
independent of vitamin D status revealed that genes involved in
cytoskeletal structure and tissue remodeling were significantly
upregulated in the tumors, suggesting that the ability to modify
cellular structure and the physical tumor microenvironment is a

common denominator, acquired phenotype in PHPT adenomas.
These data suggest that PHPT adenomas share certain features re-
lated to cellular structure and tissue remodeling but that vitamin
D status strongly influences the intrinsic gene expression patterns
and biochemical behavior of the tumors. Collectively, these re-
sults indicate that oxyphil differentiation in Def-Ts may be an in-
dicator of metabolic stress and that vitamin D deficiency can
induce gene expression changes that uncouple calcium sensing
from PTH secretion.

Results

Parathyroid adenomas from vitamin D-deficient
PHPT patients display increased oxyphil cell
abundance

To determine whether the preoperative vitamin D status of PHPT
patients was associated with specific changes in the cellular com-
position and transcriptional profile of their parathyroid adenomas,
we assembled a cohort of study subjects and normal donor controls
for comparative analysis (Table 1). The PHPT patients were drawn
from a preexisting registry of female study subjects who underwent
parathyroidectomy at our institution from 2018 to the present. Nine
patients whose preoperative vitamin D levels met the Institute of
Medicine definition (23) of vitamin D deficiency (250HD < 20 ng/
ml) were selected, along with 34 patients who presented with a
range of preoperative 250HD levels above the vitamin D-replete
threshold (250HD > 30 ng/ml). Preoperative vitamin D levels for
these patients were confirmed by repeat reads of blood collected in-
traoperatively from each study participant. Control parathyroid
glands from 12 eucalcemic organ donors were evaluated in parallel
as normal reference benchmarks. The vitamin D-deficient and vita-
min D-replete groups were similar in age (P =0.1814), preoperative
serum calcium (P =0.9580), and resected gland mass (P=0.9274),
and all had single gland adenomas. Preoperative PTH differed sig-
nificantly as has been previously reported (24), with a median of
188 pg/ml in the vitamin D-deficient group compared to 112.5 pg/
ml in the vitamin D-replete group (P=0.0019 by two-tailed t-test).
The age of the normal donor controls was significantly younger
than either of the PHPT cohorts (P=0.001 by ANOVA).

To investigate the relative abundance of chief and oxyphil cells
in the adenomas from each vitamin D group, formalin-fixed,
paraffin-embedded sections were prepared and examined by im-
munofluorescence. To exclude vascular components, adipocytes,
and other nonparathyroid cell types, the sections were stained for
the calcium sensing receptor (CaSR), since elevated abundance of
this protein is a recognized hallmark of parathyroid cells. The sec-
tions were costained for TOMM20 (translocase of outer mitochondrial
membrane 20), a mitochondrial marker that is highly enriched in
parathyroid oxyphil cells. To maintain consistent staining condi-
tions for comparative purposes, each glass slide included tissue
sections from a normal parathyroid gland (Fig. 1A, NL), an aden-
oma from a vitamin D-replete patient (Fig. 1A, REP), and an aden-
oma from a vitamin D-deficient patient (Fig. 1A, DEF). The entire
specimen area of each slide was scanned with a 20x objective in
a GeoMx Digital Spatial Profiler (DSP). The proportions of
CaSR-positive cells expressing high (oxyphil cells) versus low
(chief cells) levels of the TOMM20 marker were then quantified
by Image] and expressed as a fraction of the total cell number de-
termined by SYTO13-positive nuclear counts of the CaSR-positive
population.

As expected, normal parathyroid tissue contained the lowest
proportion of oxyphil cells (7.7%), likely due in part to the younger
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Table 1. Study cohort characteristics.

Parameter Normal donor (n=12) Vitamin D-deficient PHPT (n=9) Vitamin D-replete PHPT (n = 34)
Age (yr) 38 (30,74) 63 (53,71) 69 (59,74)

Sex 8 females/4 males 9 females 34 females

Pre-op. PTH (pg/ml) 188 (120.5, 240)? 112.5 (87.5, 141.8)
Pre-op. serum Ca++ (mg/dl) 10.8 (10.45, 11.10) 10.7 (10.4, 11.1)

Gland weight (mg) 485 (264, 686) 486 (204, 695)

Pre-op. vitamin D (ng/ml) 17 (10, 18) 38 (33, 46.5)

Medians for each parameter are shown, with the 25th and 75th interquartile values in parenthesis. Gland weight refers to single gland tumors resected from patients
undergoing parathyroidectomy for PHPT. Vitamin D deficiency is defined as <20 ng/ml, based on Institute of Medicine guidelines (2). Replete vitamin D status is

defined as >30 ng/ml by the same guidelines.
2P =0.0019 by two-tailed t-test for difference.

age of the donor group, as the oxyphil contentis known to increase
with age (25). In the age-matched PHPT patient cohorts, Def-Ts
had significantly greater oxyphil abundance (Fig. 1B), accounting
for nearly half (47.8%) of the cellular content of the tumors on
average. In contrast, oxyphil abundance was much lower in
Rep-Ts (13.9%). The oxyphil cells in Def-Ts tended to occur in
large, contiguous areas as opposed to the more scattered pockets
or isolated cells observed in normal tissue or in Rep-Ts.

Transcriptional spatial profiling reveals distinct
gene signatures in parathyroid adenomas from
PHPT patients with preoperative vitamin D
deficiency

We then sought to determine whether the gene expression pro-
files of Def-Ts and Rep-Ts were similar or distinct. Because the
oxyphil content of these tumor groups was clearly different, we
employed a digital spatial profiling (DSP) approach to capture
chief and oxyphil cells separately for direct transcriptional com-
parisons between cell types from each tissue specimen. Multiple
regions of interest (ROIs) encompassing both cell types were se-
lected from each formalin-fixed, paraffin-embedded tissue sec-
tion, and CaSR+/TOMM20-high (oxyphil cells) and CaSR
+/TOMM20-low (chief cells) were marked for selective capture
(Fig. 2A). A GeoMx DSP instrument (NanoString Technologies)
was used to interrogate gene expression within the chief or oxy-
phil cells separately captured from each ROL

Utilizing a human whole transcriptome oligonucleotide library
and next-generation sequencing, we performed a quantitative
analysis of over 18,000 unique transcripts in the targeted cells
captured from each ROI. Quality control metrics including target
gene saturation, total transcript counts, and mean counts per
transcript were evaluated for each tissue source (normal,
Def-Ts, or Rep-Ts) and for each cell type (chief vs oxyphil)
(Table S1, Fig. S1). No significant differences in these metrics
were observed between input groups. For example, the mean
counts per transcript did not vary when comparing either tissue
source or cell type (Fig. 2B).

The raw sequencing counts were normalized through the Q3
(third quartile of all targets above the limit of quantitation) meth-
od (26), using the top 25% of expressors to normalize across all
ROIs and captured cell subsets. The normalized data were then
subjected to principal component analysis to visualize gene ex-
pression effects associated with the cell type or vitamin D status.
In a three-dimensional t-distributed stochastic neighbor embed-
ding (tSNE) plot, both chief and oxyphil cells from Def-Ts formed
a discrete cluster widely separated from normal parathyroid tis-
sue and from Rep-Ts (Fig. 2C). Two-dimensional projections
from UMAP and PCA modeling generated similar results
(Fig. S2). Compared to cells from Def-Ts, chief and oxyphil cells

from Rep-Ts are grouped more loosely and, in some cases, ap-
peared to be closely related to normal tissue. Notably, both chief
and oxyphil cells segregated by tissue source rather than by cell
type. In one specific case, the chief cell and oxyphil cell inputs
from a single Def-T appeared as outliers grouping more closely
to vitamin D-replete tumor tissue; this patient’s preoperative vita-
min D level was the highest in the deficient group (250HD =
18.2 ng/ml).

Unsupervised hierarchical cluster analysis
identifies gene signatures associated with vitamin
D status in parathyroid tumors

To visualize transcriptome profiles potentially associated with
vitamin D status, the 12,762 unique transcripts detected were
rank ordered by the degree of differential expression, and un-
supervised hierarchical cluster analysis was performed using
the ComplexHeatmap R/Bioconductor package. Genes encoded
on the X and Y chromosomes were excluded to remove sex as a
differentiating variable, as four of the normal tissue donors were
male. Consistent with the PCA results, the interrogated samples
segregated by vitamin D status, with normal parathyroid tissue
clustering separately from both tumor groups (Fig. 3A). The cell
type did not emerge as a primary organizing variable, as chief cells
and oxyphil cells both clustered within each tissue group rather
than segregating independently. A total of six transcriptional pro-
file clusters emerged: two from normal parathyroid tissue (clus-
ters 1 and 2), three within Rep-Ts (clusters 3, 4, and 5), and two
(clusters 5 and 6) within the Def-Ts. The chief and oxyphil cells
from the one outlier vitamin D-deficient patient sample noted in
the PCA plot sorted into cluster 5, a profile shared with eight
Rep-T specimens. Cluster 6 represented the predominant signa-
ture of the Def-Ts, encompassing tumors from eight of the nine
vitamin D-deficient patients. The two clusters from normal tissue
each contained both chief and oxyphil cells. The tumors from the
Rep-Ts were the most heterogeneous, with three different profile
clusters identified. Strikingly, the three clusters visualized among
Rep-Ts correlated with the mean preoperative vitamin D levels of
the patients in each group (Fig. 3B), demonstrating a potential dose-
dependent relationship between tumor transcriptional profile pat-
terns and vitamin D status. The differences in the mean preopera-
tive 250HD levels of the patients in each Rep-T transcriptional
cluster were highly significant (P<0.0001 by ANOVA). Cluster 6,
the Def-T group which by definition had the lowest mean 250HD lev-
el, segregates as a distinct transcriptional profile and does not ap-
pear to be closely related to any of the three Rep-T profiles.
Pathway analysis of the DSP data revealed that genes associ-
ated with oxidative phosphorylation, mitochondrial electron
transport chain function, and the citrate TCA cycle were signifi-
cantly upregulated in both chief and oxyphil cells from the
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Fig. 1. Parathyroid adenomas from PHPT patients with preoperative vitamin D deficiency contain a higher proportion of oxyphil cells. (A) The relative
abundance of oxyphil cells was evaluated by immunofluorescence in tissue sections from normal donor parathyroid tissue (NL) and parathyroid
adenomas from vitamin D-deficient (DEF) or vitamin D-replete (REP) PHPT patients. CaSR is stained in red toidentify parathyroid cells; the mitochondrial
biogenesis protein TOMM?20, a marker of mitochondria-rich oxyphil cells, is stained in green. Scale bar =0.25 mm. (B) The relative abundance of chief
(blue) or oxyphil cells (red) were quantitated in a panel of normal (n = 12) or adenoma tissue sections from vitamin D-deficient (n = 9) or vitamin D-replete
(n=34) PHPT patients. Percentages are based upon cell counts from full-section low-power fields for each tumor.

Def-Ts relative to normal tissue. Surprisingly, oxyphil cells from
normal tissue and from Rep-Ts did not display upregulation of
these same pathways despite the high mitochondrial content of
these cells. Relative to Def-Ts, Rep-Ts were more heterogeneous
and demonstrated a greater degree of overlap with normal tissue
expression patterns. While vitamin D deficiency is associated with
a distinct pattern of gene expression, the correlation between
Rep-T clusters and preoperative vitamin D levels in the absence
of a readily apparent unifying profile suggests that additional var-
iables beyond vitamin D status contribute to transcriptomic het-
erogeneity in PHPT adenomas.

To evaluate potential functional differences between the
groups, gene set enrichment analysis was performed (27).
Annotated databases from the curated Gene Ontology/Biological
Processes (GOBP), Kyoto Encyclopedia of Genes and Genomes
(KEGG), and GSEA Molecular Signatures Database (MSigDB) re-
positories were queried for association with the transcriptome
profiles revealed in the hierarchical cluster analysis. Four
phenotype-associated signatures of differentially expressed genes
were identified (Table 2). Rep-Ts were preferentially associated
with activation of Myc target genes (MSig DB: M5926, correlation
coefficient 0.811), genes regulated in response to amyloid beta
(GOBP: 1904645, correlation coefficient 0.747), and genes activated
by K-ras signaling (MSigDB: M5953, correlation coefficient 0.632).
In contrast, Def-Ts were strongly associated with genes involved
in oxidative phosphorylation (MSigDB: M5936, correlation coeffi-
cient 0.942) and to a lesser extent genes linked to proteasomal

catabolism (GOBP: 0010499, correlation coefficient 0.587) and the
TCA cycle (KEGG: M3985, correlation coefficient 0.546). Genes dif-
ferentially expressed in normal parathyroid tissue were strongly
associated with downregulation of K-ras signaling (MSigDB:
M5956, correlation coefficient 0.942) and regulation of calcium
transport (GOBP: 0051924, correlation coefficient 0.545). A fourth
signature shared by both normal tissue and Rep-Ts was most
closely associated with genes involved in fat-soluble vitamin
metabolic processes (GOBP:0006775, correlation coefficient 0.570).

Chief and oxyphil cells share highly similar
transcriptional profiles, while vitamin D status is
associated with gene expression changes that
affect both cell types

To identify individual genes with the greatest degree of differen-
tial expression between cell types and vitamin D status groups,
we performed a series of pairwise comparisons employing the
DESeq Wald test, edgeR quasi-likelihood F test, and limma.zoom,
each implemented as Bioconductor modules in R (28-30). When
comparing chief cells to oxyphils, either collectively or consider-
ing the two cell types in each vitamin D status group separately,
no genes met a differentially expressed gene (DEG) threshold of
log2(fold change)>+1 and q<1e™°® (Fig. 4A). In contrast, when
comparing Def-Ts to Rep-Ts, 26 DEGs were detected that met
the same differential expression criteria (Fig. 4B). The DEGs, their
fold change in the Def-Ts relative to the Rep-Ts, and the
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Fig. 2. Transcriptional spatial profiling reveals discrete gene signatures in parathyroid adenomas from PHPT patients with preoperative vitamin D
deficiency. (A) Tissue sections were stained with Syto13 (blue) to visualize nuclei and anti-TOMM?20 (green) to identify oxyphil cells. The upper panels are
from a tumor from a vitamin D-replete patient. The lower panels are from a vitamin D-deficient patient. Regions of interests (ROIs) were selected (white
circles) that included both chief (TOMM2-) and oxyphil (TOMM?20+) cells. Chief and oxyphil cells were captured separately from each other in each ROI
using the indicated masks (teal = oxyphil cells; purple = chief cells). Scale bar = 0.25 mm. (B) Distribution of total Q3 normalized, log2 transformed counts
per gene by the tissue group (left) or by cell type (right). Upper and lower box boundaries represent the 75th and 25th percentiles of each data group. The
white horizontal line indicates the median, and error bars indicate the standard deviation. (C) Principal component analysis visualized in a
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tumors from vitamin D-deficient patients. Circles = chief cells. Squares = oxyphil cells.

corresponding g-values are listed in Table 3. EPB41L3 (erythrocyte
membrane protein band 4.1-like 3), a cytoskeleton protein-mem-
brane anchor with suspected tumor suppressor properties (31,
32), showed the greatest fold change, with a mean fold increase
of almost 16-fold in Def-Ts. This gene has been found to be upre-
gulated in benign meningiomas, while its loss by mutational in-
activation or gene silencing has been associated with enhanced
invasiveness and malignant transformation in gastric and colo-
rectal cancers (32). Expression of MAPKS8IP1 (mitogen-activated pro-
tein kinase 8 interacting protein 1), a key regulatory protein that
opposes MAPK8-mediated activation of downstream transcrip-
tion factors and colocalizes with amyloid deposits in the neurofib-
rillary tangles of Alzheimer’s disease patients (33), is significantly
diminished in Def-Ts. Notably, expression of GABBR1 (gamma ami-
nobutyric acid type B receptor 1), which our group has recently shown
to oppose CaSR-mediated calcium sensing in the parathyroid (34),
is significantly elevated in Def-Ts. Additional genes found to be
significantly upregulated in these tumors act in signaling path-
ways controlling apoptosis (TNFSF10, tumor necrosis superfamily
member 10) (35, 36), cellular stress response (SGK1, serum

glucocorticoid regulated kinase 1) (37), inositol-derived second mes-
senger production (IPMK, inositol polyphosphate multikinase) (38),
and energetic metabolism (AMPD3, adenosine monophosphate deam-
inase 3) (39). Despite the higher preoperative PTH observed in vita-
min D-deficient PHPT patients, PTH transcript abundance was not
significantly different between tissue sources (P =0.2862 by one-
way ANOVA) or when comparing chief to oxyphil cells (P=
0.7284 by unpaired t-test). These data suggest that alterations in
secretory or sensing mechanisms, rather than aberrant overex-
pression of PTH transcription, are the primary drivers of PTH hy-
persecretion in PHPT.

Increased GABBR protein abundance in tumors
from vitamin D-deficient PHPT patients favors the
formation of biochemically inactive CaSR/GABBR
heteromers

The modest but statistically significant increase in GABBR1 tran-
script abundance in Def-Ts suggested that the stoichiometric bal-
ance between active, calcium-responsive CaSR:CaSR homomers
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Fig. 3. Digital spatial profiling reveals distinct transcriptional pathway changes in parathyroid tumors from vitamin D-replete and vitamin D-deficient
PHPT patients. (A) Q3 normalized counts were compared across normal parathyroid tissue and parathyroid adenomas from vitamin D-deficient or
vitamin D-replete PHPT patients and analyzed by unsupervised two-way hierarchical clustering. The DSP heatmap shows the top 150 differentially
expressed genes with signature pattern relationships shown on the left of the heatmap. (B) Preoperative vitamin D levels show dosage effects (P < 0.0001
by ANOVA) correlating with gene expression clusters of PHPT patients. Serum 250HD mean and standard deviations for each cluster group are shown,
with each dot representing an individual patient value. The dotted line demarcates 20 ng/ml, the established threshold for vitamin D deficiency.

Table 2. Gene set enrichment analysis.

Signature Sample group Gene set Gene set ID Correlation coefficient

S1 250HD-replete PHPT Myc targets MSigDB: M5926 0.811
Response to amyloid beta GOBP: 1904645 0.747
K-ras signaling UP MSigDB: M5953 0.632

S2 Normal parathyroid K-ras signaling DOWN MSigDB: M5956 0.942
Regulation of Ca++ transport GOBP:0051924 0.545

S3 250HD-deficient PHPT Oxidative phosphorylation MSigDB:M5936 0.982
Proteasomal catabolism GOBP: 0010499 0.587
TCA cycle KEGG:M3985 0.546

S4 Normal, replete Fat soluble vitamin metabolic processes GOBP: 0006775 0.570

Gene set enrichment analysis was performed using unsupervised cluster data. Gene sets with the highest correlation coefficients for association with each sample
group are listed. GOBP, Gene Ontology Biological Processes database; MSigDB, Broad Institute Gene set Enrichment Analysis Molecular Signatures Database; KEGG,

Kyoto Encyclopedia of Genes and Genomes.

relative to signaling-attenuated CaSR:GABBR heteromers (22)
might be shifted in favor of the inactive complex in Def-Ts. To as-
sess this notion, we utilized the DSP platform to determine the
protein abundance of CaSR, GABBR1, and GABBR2 in normal para-
thyroid tissue sections and in Def-Ts or Rep-Ts. The protein abun-
dance of both GABBR variants was higher in Def-Ts, while CaSR
abundance in these tumors was consistently lower (Fig. SA).
These changes resulted in a significantly reduced ratio of CaSR
to GABBR proteins in both chief and oxyphil cells from vitamin

D-deficient patients, while Rep-Ts were indistinguishable from
normal tissue in this assay (Fig. 5B).

Parathyroid adenomas as a group express higher
levels of genes involved in tissue remodeling and
cytoskeletal function

When we compared all the parathyroid adenomas in our cohort as
a group to normal parathyroid tissue using the same DEG criteria
described above, twelve genes emerged as differentially expressed
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Table 3. Genes differentially expressed between tumors from
vitamin D-deficient and vitamin D-replete PHPT patients.

Gene Log2(fold change) q

EPB41L3 3.934 5.39E7Y°
MAPKS8IP1 —-1.417 2.64 E7°
GABBR1 1.112 2.64 E%
TNFSF10 1.185 2.95E™%
IPMK 1.475 6.35 E%
SGK1 1.990 6.35 E%
AMPD3 1.130 879 E™%
PPARGC1A 1.245 1.17 E7°®
MAL2 1.175 216 E7%8
SERINC2 1.310 6.74 E708
YIF1A -1.146 6.74 E708
COL6A6 2.220 111 EY
SEZ6L2 -1.676 117 E7Y
KCNJ13 1.824 142 E™Y
GLS 1.061 155 E~
SFT2D1 1.222 242E7Y
MELTF —-1.49 243E7Y
NAV?2 -1.273 253EY
LARGE?2 -1.025 298 E™Y
SYT11 -1.269 5.07 E7Y7
RGS9 1.052 6.68 E°%
COL13A1 -1.527 7.06 E77
AIF1L 1.397 827 EY
PLAT 2.041 9.54 E™%
AFAP1L2 2.041 9.55 E"%
S100A14 1.613 9.56 E°%

DEGs are listed in ascending order of g-value (P-value for significance adjusted
for FDR). Log,(fold change) represents the mean relative difference in
expression between tumors from vitamin D-deficient PHPT patients compared
to tumors from vitamin D-replete patients. Positive log,(fold change) values
indicate higher expression in tumors from vitamin D-deficient patients.

(Fig. 6A). Ten genes were upregulated in the tumors relative to
normal tissue, while two genes were downregulated relative to
normal tissue (Fig. 6B). The top three (ranked by g-value) and six
of the 10 upregulated genes have roles in cellular structure and tis-
sue architecture. COL6AG6 (collagen type VI alpha 6 chain) is a compo-
nent of the basal lamina of epithelial cells and plays a central role in
maintaining extracellular matrix structure and function (40). PLAT

(tissue-type plasminogen activator) is a secreted serine protease whose
enzymatic action is essential for cell migration and tissue remodel-
ing (41). AFAP1L2 (actin filament-associated protein 1-like 2) is an adap-
tor protein whose elevated expression is associated with the
epithelial-mesenchymal transition, cellular migration, and tissue
repair (42-44). EPB41L3, cited earlier, is a cytoskeletal protein an-
chor, and ALCAM (activated leukocyte cell adhesion molecule) has
been shown to play an important role in invasive cellular behavior,
mesenchymal stromal cell activity, and extracellular vesicular traf-
ficking (45-47). TOX2 (TOX high-mobility group box family 2) is a tran-
scriptional coactivator that modulates multiple pathways
including tissue remodeling and tumor microenvironment func-
tions (48). One of the two downregulated genes, IGFBP5 (insulin-like
growth factor binding protein 5), is a key regulator of osteogenic differ-
entiation, and agents that antagonize its expression have been
shown to promote osteoporosis (49, 50).

Discussion

The current paradigm for explaining the well-established associ-
ation between low vitamin D levels and PHPT posits that 250HD
hypovitaminosis is a consequence of constitutively elevated
PTH. Multiple mechanisms to support this idea have been
proposed, including PTH-mediated suppression of 250HD synthesis,
shortened serum half-life, and restricted bioavailability (2, 51-53).
Here, we have explored an alternative viewpoint by investigating
whether vitamin D deficiency can exert downstream effects on
parathyroid tissue, testing the hypothesis that low vitamin D sta-
tus could act as a potential driver of PHPT development and PTH
hypersecretion. Our data reveal that parathyroid adenomas from
PHPT patients with preoperative vitamin D deficiency (Def-Ts) are
intrinsically different from tumors from vitamin D-replete PHPT
patients (Rep-Ts) with respect to cellular content and transcrip-
tional profile. The cellular composition of Def-Ts reflects a striking
increase in the relative abundance of parathyroid oxyphil cells
compared to age-matched Rep-Ts. At the transcriptional level,
genes involved in cellular respiration are preferentially upregu-
lated in Def-Ts, while Rep-Ts are more heterogeneous, showing
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Fig. 6. Genes differentially expressed between parathyroid adenomas and normal parathyroid tissue. (A) Volcano plot of differentially expressed genes,
depicted as described in Fig. 4. (B) Differentially expressed genes listed in descending order by g-value, with the log2(fold change) values representing

expression in tumor tissue relative to normal tissue.

enhanced expression of genes in ras and myc oncogene-activated
pathways and beta-amyloid protein signaling. These differences
suggest that the respective etiologies of Def-Ts and Rep-Ts may
be distinct, with the former being driven by adaptive metabolic re-
sponses and the latter by oncogenic signal transduction pathway
activation.

The increased oxyphilic content of Def-Ts is reminiscent of re-
ports characterizing the hyperplastic parathyroid glands of patients
with chronic kidney disease who have developed secondary hyper-
parathyroidism (SHPT) (11-13, 16). In the most recent of these stud-
ies, Mao and coworkers compared chief and oxyphil cell nodules
from the parathyroid glands of uremic SHPT patients and found
that the oxyphil cells were enriched for mitochondrial proteins;

expressed lower levels of proliferation-associated genes and regula-
tory factors such as the vitamin D receptor, Klotho, and CaSR; and
secreted higher levels of PTH (16). This cellular phenotype is similar
to Def-Ts, where mitochondrial genes are upregulated in the ab-
sence of a proliferative signature, and higher PTH secretion is ob-
served relative to Rep-T patients. However, several important
distinctions between the findings of the Mao study and the data
that we report here suggest that calcimimetic-resistant SHPT and
vitamin D deficiency-associated PHPT arise through different
underlying molecular mechanisms.

In Def-Ts, both oxyphil and chief cells display upregulation of
oxidative phosphorylation, electron transport chain, and TCA
cycle components, suggesting that both cell types have mobilized
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a response to increased energetic demand. This signature is not
apparent in oxyphils from Rep-Ts or normal parathyroid tissue,
indicating that the increased mitochondrial content of oxyphil
cells alone does not explain the higher transcript levels of the cel-
lular respiration genes. The absence of a purely mitochondrial sig-
nature in all oxyphils regardless of tissue source argues against
compensatory mitochondrial biogenesis caused by mitochondrial
mutations (25) in our vitamin D-deficient cohort. In contrast to the
divergent chief vs oxyphil signatures observed in the hyperplastic
glands of SHPT patients (16), the high degree of transcriptional
similarity between chief and oxyphil cells within individual para-
thyroid glands in our study suggests that vitamin D deficiency ex-
erts the same effect on both cell types in parathyroid adenomas.
The fact that oxyphil and chief cells share expression of definitive
parathyroid markers and retain highly similar transcriptomic pro-
files that respond similarly to vitamin D deficiency is consistent
with oxyphils being a derivative of chief cells. Because the greater
oxyphil content of Def-Ts does not appear to be accompanied by
increased cellular proliferation relative to Rep-Ts, it is most likely
that these cells arise through postmitotic differentiation of preex-
isting chief cells rather than through expansion of an independent
cellular lineage. The increased oxyphil content in Def-Ts could in-
dicate that this phenotypic differentiation is induced in response
to vitamin D deficiency.

Parathyroid adenomas are benign, relatively indolent neoplas-
tic lesions characterized by a low mitotic index (54, 55), but acti-
vating mutations in proliferation-inducing oncogenes such as
cyclin D1 have been shown to occur in 20-40% of sporadic PHPT
tumors (56). Our data are consistent with Rep-Ts arising through
growth-promoting mechanisms, as genes associated with in-
creased ras signaling and myc activation are preferentially ex-
pressed in these tumors but not in Def-Ts. Conversely, genes
associated with downregulation of ras signaling are enriched in
normal tissue, suggesting that deregulation of this pathway is a
key event in the etiology of Rep-Ts. Supporting this idea, cyclin
D1 transcription is modestly elevated in Rep-Ts compared to
Def-Ts (log2(fold change) =0.325; P=0.045). Rep-Ts and normal
parathyroid tissue retain the expression of genes involved in fat-
soluble vitamin metabolic processes, while Def-Ts lose this signa-
ture, consistent with the concept that Rep-Ts may be driven more
by proliferative changes than by metabolic disruption. Rep-Ts also
retain sensitivity to vitamin D, displaying three distinct transcrip-
tional profile clusters that correlate with preoperative vitamin D
levels. This heterogeneity suggests that Rep-Ts preserve the cap-
acity to respond to vitamin D levels and implies that the etiology
of these tumors is not dependent upon the absence or diminution
of 250HD-mediated signaling.

In contrast to the oncogene-activated signature of Rep-Ts,
Def-Ts are characterized by differential expression of genes in-
volved in pathways linked to opposition of cellular invasiveness,
MAPK signaling, calcium sensing, and cellular stress response.
EPB41L3, a protein-membrane anchor, is highly overexpressed
in Def-T's and has been found to exhibit tumor suppressor proper-
ties in multiple other tissues, with increased expression in early-
stage benign tumors and loss or inactivation upon malignant
transformation and the onset of invasive cellular behavior (57).
It is possible that EPB41L3 upregulation in the Def-T subset
of parathyroid adenomas reflects a self-limiting protective mech-
anism similar to that seen with other tumor suppressor gene
pathways in early-stage neoplasms (58). Loss of this gene could
be investigated as a potential marker of malignancy in parathy-
roid tumors and may yield a useful new indicator for the histo-
pathological diagnosis of parathyroid carcinomas. Two genes

associated with amyloid protein-dependent signaling perturba-
tions in Alzheimer’s disease (AD) may play an important role in
Def-Ts and could reveal an intriguing connection linking amyloid-
osis in aging individuals to disruptions in parathyroid function.
MAPKSIP1, which opposes MAPK8-mediated signal transduction,
is downregulated in Def-Ts and has been found to colocalize
with amyloid deposits in AD neurofibrillary tangles (33).
GABBRI1, upregulated in Def-Ts, can be biochemically activated
by amyloid-derived peptides (59); our group has recently shown
that GABBR1 can oppose CaSR signaling in parathyroid tissue by
forming CaSR:GABBR1 heteromers that displace calcium-
responsive CaSR:CaSR homomers (34). These observations sug-
gest that the reduced expression of MAPK8IP1 and increased lev-
els of GABBR1 in vitamin D-deficient patients could render them
more susceptible to increased amyloid protein levels, with en-
hanced amyloid-initiated aggregation and inactivation of
MAPKR8IP1 and increased opposition to CaSR signaling through
amyloid-liganded GABBR1 activation both contributing to PTH hy-
persecretion. Interestingly, Rep-Ts also exhibit enrichment for
genes associated with beta-amyloid signaling, suggesting that
amyloid peptides may exert effects on both classes of parathyroid
tumors. Future studies defining the role of amyloid peptides in in-
fluencing calcium sensing and PTH secretion in the parathyroid
gland will provide a clearer understanding of this previously un-
recognized relationship.

Collectively, the parathyroid adenomas in our overall PHPT
cohort express elevated levels of genes involved in tissue remod-
eling, cellular structure, and tumor microenvironment interac-
tions when compared to normal parathyroid tissue. Consistent
with the low mitotic index of parathyroid adenomas, the tumors
do not share a dominant proliferative signature, but as a group,
they appear to mobilize genes that promote morphological proc-
esses such as the epithelial-mesenchymal transition (EMT). The
enhanced activity of genes in these pathways could enable fea-
tures common to all parathyroid adenomas such as higher cell
density and other tumor-specific structural changes including
disruption of stromal boundaries, epithelial cell polarity, and
basement membrane attachment. IGFBPS, a gene downregulated
in both Def-Ts and Rep-Ts, is an important stimulator of osteogen-
ic differentiation (50). Because microRNA-mediated silencing of
IGFBPS has been shown to promote osteoporosis (49), it is possible
that attenuated expression of this gene in parathyroid adenomas
could contribute to bone mineral density loss in PHPT in addition
to the direct osteoclastic effects of PTH.

Transcriptomic studies of parathyroid tumors to date have
largely employed candidate gene analysis or aggregate evaluation
of bulk tumor input. As our primary focus was comparing cellular
subsets within Def-Ts and Rep-Ts, the principal gene expression
differences that we identified are reflective of vitamin D status
in age- and sex-matched PHPT patients. Because our current
study utilized a spatially indexed approach for whole transcrip-
tome profiling of specific cellular subsets within parathyroid tu-
mors and normal tissue, the results reported here are not
directly comparable to previously published work. Nonetheless,
certain informative commonalities and distinctions are apparent.
Consistent with earlier studies (60, 61), we found that PTH tran-
script abundance was not elevated in parathyroid adenomas rela-
tive to normal tissue, suggesting that the hypersecretory behavior
of these tumors is not dependent upon increased PTH gene ex-
pression. While we did not observe significantly reduced PTH
mRNA levels in parathyroid tumor cells compared to normal tis-
sue, our experimental design utilized a cross-sectional panel of in-
dependent normal donor glands as a reference standard rather
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than tumor-adjacent histologically normal parathyroid cells that
may be influenced by the adjoining tumor (60) or parathyroid
glands obtained from thyroid carcinoma patients undergoing thy-
roidectomy (61). Variability between these respective control
groups could contribute to the detection of alternative sets of dif-
ferentially expressed genes when compared to parathyroid
adenomas.

Using a fold change threshold of >2 and a false discovery cutoff
of <0.001, Chai et al (61) identified 247 DEGs (45 up-regulated, 202
down-regulated) with enrichment in KEGG pathways associated
with protein processing in the ER, protein export, RNA transport,
glycosylphosphotidylinositol-anchor biosynthesis, and pyrimi-
dine metabolism. In our study, we utilized a similar fold change
threshold but employed a much more stringent false discovery
criterion of 1x 107 in order to limit potentially artifactual differ-
ences that could arise from closely related interrogative compar-
isons (i.e. chief cells and oxyphil cells from a single tumor, or PHPT
tumors of different vitamin D status, instead of tumor vs normal
comparisons where a wider degree of divergence would be antici-
pated). This increased stringency, coupled with our directed com-
parisons between the Rep-T and Def-T subsets of PHPT adenomas,
allowed us to identify vitamin D-correlated signatures that may
not have emerged in aggregate tumor versus normal tissue ana-
lysis. Nonetheless, our findings are consistent with Chai et al. in
revealing that parathyroid tumors in general do not exhibit a pre-
dominant proliferative gene expression profile. These results sup-
port the concept that the PHPT disease process is driven more by
parathyroid tumor changes in metabolic behavior, alterations in
the relationship with the extracellular environment, and protein
processing in parathyroid adenomas rather than primarily by mi-
totically activating oncogenic events. Intriguingly, tumor-specific
alterations in the beta amyloid signaling pathway were identified
in the Chai et al. report as well as the current study. Further
investigation of this novel relationship could yield important
new insights into the potential mechanistic function of the
beta-amyloid peptide in PHPT.

There are several important limitations to the current study
that will warrant further investigation. The cohort of vitamin
D-deficient patients is small, since preoperative vitamin D defi-
ciency is frequently restored by supplementation prior to surgery.
Future studies of tumors from PHPT patients who initially pre-
sented with vitamin D deficiency at the time of diagnosis but
were repleted prior to parathyroidectomy could reveal whether
the Def-T profile can be dynamically switched by vitamin D ther-
apy. It could prove useful to search for additional factors associ-
ated with vitamin D deficiency in PHPT patients to determine
whether there are unrecognized variables or comorbidities con-
tributing to their low vitamin D status and clinical presentation.
Inclusion of the larger cohort of PHPT patients presenting with
vitamin D insufficiency (20 ng/ml < 250HD < 30 ng/ml) could pro-
vide a transitional state for identifying dose-dependent dynamic
shiftsin gene expression as confirmation of the vitamin D depend-
ency of differentially expressed candidate genes or gene pathways
identified in the current study. In future work, we will test the pro-
posed vitamin D-dependent stratification of gene expression pat-
terns in parathyroid cells by incorporating tumors from vitamin
D-insufficient patients into our profiling studies for comparison
to the vitamin D-deficient and vitamin D-replete groups. Our
study drew upon a preexisting registry of female PHPT patients ac-
crued through an ongoing project at our institution. While this ex-
perimental design allowed us to remove sex as a factor in our
comparisons, future studies evaluating sex as a contributing vari-
able could provide new key insights into the biology of PHPT.

Specifically, it will be highly informative to determine whether
the increased incidence of PHPT among older women is primarily
a consequence of demographic factors or, alternatively, is indica-
tive of important underlying biological differences, including the
metabolism and actions of vitamin D in parathyroid tissue in
females.

In summary, our study demonstrates that vitamin D deficiency
is associated with cellular and transcriptomic changes in parathy-
roid tissue that could contribute to tumor development in PHPT.
Parathyroid adenomas from PHPT patients with preoperative vita-
min D deficiency are molecularly distinct from tumors from PHPT
patients who are vitamin D replete. Gene set enrichment com-
parative analysis of Def-Ts and Rep-Ts suggests the possibility
of alternative etiologies for these tumors and supports the notion
that oxyphil cells in either context are lineal descendants of chief
cells. The differential expression in parathyroid tumors of genes
associated with beta-amyloid signaling reveals a potential con-
nection between the increased amyloid burden in aging adults
(62, 63) and the heightened incidence of PHPT among older indi-
viduals (64). Collectively, these findings suggest that PHPT in vita-
min D-deficient patients may be a distinct subset of the disease
with an alternative etiology, tumor composition, and cellular be-
havior. Further experiments assessing the reversibility of the tu-
mor phenotype associated with vitamin D deficiency are
warranted to determine whether vitamin D supplementation
could potentially mitigate the clinical phenotype in PHPT patients
presenting with low vitamin D status.

Materials and methods

Human parathyroid tissue collection

Normal donor parathyroid tissue

Normal human parathyroid tissue was obtained through our in-
stitution’s solid organ transplant service from an unselected se-
quential series of eucalcemic donors, using a fully authorized
tissue procurement protocol for the recovery of viable, intact
parathyroid glands. The vitamin D levels of the donors were not
determined. Dissected glands were immediately fixed in 4% paraf-
ormaldehyde (PFA), embedded, and sectioned as previously de-
scribed (65).

Parathyroid adenoma collection

Parathyroid adenoma specimens were obtained under an
IRB-approved protocol (IRB protocol number 19-27072) from pa-
tients undergoing surgery for primary hyperparathyroidism at
our high-volume endocrine surgery center. Clinical, demographic,
and pathological patient data were collected from the medical re-
cord and anonymized by the study clinical research coordinator in
compliance with IRB requirements. The tumor samples were
fixed, embedded, and sectioned using standard methods (65).
Briefly, parathyroid tissue was fixed in 4% paraformaldehyde
(PFA) in 0.1 M PBS (pH 7.6) overnight at room temperature. After
fixation, the tissue was rinsed with ddH20 and the PFA was re-
placed with 70% ethanol for storage. The tissue was embedded
in paraffin and 5-micron sections were prepared for analysis.

Image analysis for oxyphil quantitation

Immunofluorescence images of complete tissue sections from
each specimen were exported as single-channel TIFF files from
the GeoMx Digital Spatial Profiler instrument (NanoString
Technologies) and analyzed using Image]. The total cell number
was quantitated from the nuclear stain SYTO13 channel using
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the Analyze Particles module of Image]. Oxyphils were quantitated
from the anti-TOMM20-AlexaFluor594 channel using the 3D Object
Counter module of Image]. Cell counts were limited to
CaSR-positive cells (marked by the anti-CaSR-AlexaFluor647
channel) in each section to exclude vascular elements and other
nonparathyroid components. TOMM20 was detected using an
AlexaFluor594-conjugated mouse monoclonal antibody (catalog
number sc-17764, Santa Cruz) at a concentration of 2 pg/ml. CaSR
was detected using an AlexaFluor647-conjugated mouse monoclo-
nal antibody, clone 3H8E9 (34) at a concentration of 5 ug/ml.

Digital spatial profiling with the GeoMx Human
Whole Transcriptome Atlas

Five um-thick FFPE sections were prepared from normal donor hu-
man parathyroid glands or from human parathyroid adenomas
resected from patients undergoing parathyroidectomy for pri-
mary hyperparathyroidism. The sections were then processed us-
ing the GeoMx DS-NGS RNA FFPE slide prep protocol (NanoString
Technologies). The slides were first deparaffinized and subjected
to heat-inducible antigen retrieval procedures (15 min at 100°C
with 1x Tris-EDTA buffer pH 9) and proteinase K digestion
(1 pg/ml, 15 min at 37°C). The treated slides were hybridized to
the Human Whole Transcriptome Atlas probe set (1: 12.5 dilution,
16 h at 37°C) and slides were washed twice in fresh 2x saline so-
dium citrate buffer (SSC). Prior to imaging on the GeoMx Digital
Spatial Profiler (DSP) instrument, parathyroid tissue morphology
was visualized using fluorescent-labeled antibodies (anti-CaSR
and anti-Tomm?20) and nuclei were visualized with 500 nM
Syto13, a fluorescent DNA stain. Entire slides were imaged at
20x magnification, and 8 to 16 regions of interest (ROI) were se-
lected per sample. ROIs were chosen based on morphology
markers (CaSR+/Tomm?20+/Sytol3+ and CaSR+/Tomm20-/
Syto13+ for chief cell-enriched and oxyphil-enriched compart-
ment, respectively). CaSR and TOMM20 positive cells were defined
as those with immunofluorescence signal intensity in the top 40%
of the signal range for each section stained with anti-CaSR-AF647
or anti-TOMM?20-AF594, respectively. Negative cells for each
marker were defined as those with immunofluorescence intensity
in the bottom 40% of the signal range for each section. The GeoMx
instrument was then exposed ROIs to 385 nm UV light, releasing
the indexing oligos and collecting them with a microcapillary.
Indexing oligos were then deposited in a 96-well plate for subse-
quent processing. The indexing oligos were dried down overnight
and resuspended in 10 ul of diethyl pyrocarbonate (DEPC)-treated
water.

Sequencing libraries were generated by PCR from the photo-
released indexing oligos and ROI-specific Illumina adapter se-
quences, and unique i5 and i7 sample indices were added. Each
polymerase chain reaction (PCR) used 4 pl of indexing oligos, 4 pl
of indexing primer mix, and 2 ul of NanoString 5X PCR Master
Mix. Thermocycling conditions were 37°C for 30 min, 50°C for
10 min, and 95°C for 3 min; 18 cycles of 95°C for 15s, 65°C for
1 min, and 68°C for 30 s; and 68°C for 5 min. PCR reactions were
pooled and purified twice using AMPure XP beads (Beckman
Coulter, A63881) according to manufacturer’s protocol. Pooled li-
braries were sequenced at 2x 27 base pairs and with the dual-
indexing workflow on an Illumina NextSeq500 sequencer.

Analysis of human GeoMx DSP data
Gene expression counts were determined using the GeoMx

Human Whole Transcriptome Atlas-Human RNA for Illumina
Systems (GMX-RNA-NGS-HUWTA-4) RNA probe set. This panel

profiles the whole transcriptome by targeting 18,000+ unique
transcripts from human protein encoding genes plus ERCC nega-
tive controls. The panel excludes uninformative high-abundance
RNAs such as ribosomal subunits and includes RNA probes de-
signed for Illumina NGS readout with the Seq Code library prep.

Raw Illumina counts were Q3 normalized using the GeoMx soft-
ware and standardized QC threshold settings as recommended by
the manufacturer. The data were then log2 transformed prior to
downstream analysis. Principal component analysis was com-
puted through the irlba package in R, using the top 1,000 most dif-
ferentially expressed genes (DEGs) out of 12,762 unique
transcripts detected. T-distributed stochastic neighbor embed-
ding (t-SNE) calculations were performed using the Rtsne R pack-
age, reducing the top 1,000 DEGs to 50 PCA dimensions before
computing the t-SNE embedding. The perplexity was heuristically
set to 25% of the sample size. Uniform Manifold Approximation
and Projection (UMAP) was computed using the uwot package in
R, with the same input and heuristic settings. Heat maps were
generated using the ComplexHeatmap R/Bioconductor package
on scaled log-expression values using Euclidean distance and
Ward linkage. The standard deviation was used to rank the genes,
with the top 150 genes with the greatest degree of differential ex-
pression (largest standard deviation between groups) incorpo-
rated into the heatmap.

Statistical testing of differential gene set enrichment was per-
formed using Fisher's exact test (fGSEA), Camera, and GSVA/limma
(66). The maximum g-value of the three methods was taken as the
aggregate g-value, which corresponds to taking the intersection of
significant genes from all three tests. Gene sets polled were from
public databases including Gene Ontology (67, 68), the Kyoto
Encyclopedia of Genes and Genomes (KEGG) (69), and MSigDB
(70). Enrichment scores were calculated using the GSEA (v14) algo-
rithm (https://www.gsea-msigdb.org/gsea/index jsp) as previously
described (27). Differential expression analysis was performed by
comparing groups (tumors from vitamin D-deficient vs vitamin
D-replete patients; chief vs oxyphil cells; and normal tissue vs all
tumors), with the false discovery rate (FDR) threshold set to 1x
107° and the log,(fold change) threshold set to +1.

R-based analysis was performed in the Omics Playground plat-
form (66), implemented in R using the open-source Shiny Server
web application framework. The source code for the platform
was cloned from a publicly available GitHub repository (https:/
github.com/bigomics/omicsplayground.git).

GeoMx DSP protein nCounter quantitation

Five pm-thick FFPE sections were prepared using the GeoMx DSP
Protein slide prep protocol (NanoString Technologies). Briefly,
the slides were first deparaffinized and subjected to standard
heat-inducible antigen retrieval procedures (15 min at ~95°C in
1x pH6 citrate buffer in a pressure cooker). The slides were then
coincubated with fluorescent-conjugated morphology marker
antibodies (as described above in the GeoMx DSP transcriptome
methods), together with photocleavable oligonucleotide-labeled
primary antibodies (profiling antibodies, see below), followed by
incubation with 500 nM Syto13 nuclear stain. The stained slides
were then loaded into the GeoMx DSP instrument and were
scanned at 20x magnification to produce a digital fluorescence
image of the entirety of the tissue sections on each slide.
Circular regions of interest (660 uM?) were selected to capture
roughly equivalent numbers of chief and oxyphil cells as de-
scribed above. To obtain cell type-specific protein measurements,
we utilized generated molecularly defined compartments within
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each ROI using the TOMM20 and CaSR morphology markers de-
scribed above. Chief cells and oxyphil cells were marked and
oligonucleotide tags corresponding to bound antibodies within
each cell compartment were released by UV (385 nm) photocleav-
age. The released oligonucleotides were recovered and dispensed
into 96-well plates. The indexing oligonucleotides were dried
down and resuspended in 7pul of diethyl pyrocarbonate
(DEPC)-treated water, hybridized to 4-color, 6-spot optical barco-
des, and digitally counted using the nCounter system
(NanoString Technologies). GeoMx software was used to normal-
ize the digital counts using internal spike-in controls (ERCCs) and
a housekeeping gene panel as previously described (71).

The profiling antibodies were from a custom GPCR module that
includes internal GeoMX DSP controls and antibodies to detect
CaSR (MAb 1C12D7), metabotropic gamma-aminobutyric acid
(GABA) receptors GABBR1 (Abcam, ab264069, RabMAb
EPR22954-47), and GABBR2 (Abcam, ab230136, RabMAb EP2411).
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