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Abstract

Objective: Provide insights into the defective POMC processing and invasive behavior in silent
pituitary corticotroph tumors.

Design and methods: Single cell RNAseq was used to compare the cellular makeup and
transcriptome of silent and active corticotroph tumors.

Results: A series of transcripts related to hormone processing peptidases and genes involved

in the structural organization of secretory vesicles were reduced in silent compared to active
corticotroph tumors. Most relevant to their invasive behavior, silent corticotroph tumors exhibited
several features of epithelial-to-mesenchymal transition (EMT), with increased expression of
mesenchymal genes along with the loss of transcripts which regulate hormonal biogenesis

and secretion. Silent corticotroph tumor vascular smooth muscle cell and pericyte stromal cell
populations also exhibited plasticity in their mesenchymal features.

Conclusions: Our findings provide novel insights into the mechanisms of impaired POMC
processing and invasion in silent corticotroph tumors and suggest that a common transcriptional
reprogramming mechanism simultaneously impairs POMC processing and activates tumor
invasion.
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Introduction

Results

Silent corticotroph tumors (SCTs) account for 3-6% of all pituitary tumors, 10-20%

of silent pituitary tumors, and ~30% of all corticotroph tumors (1-3). Patients with

SCTs typically do not exhibit clinical and/or biochemical features of hypercortisolism.

They can have elevated circulating plasma ACTH levels, although the latter peptide is

often dysfunctional and incapable of driving ACTH-receptor mediated hypercortisolism

(4). Exhibiting a female preponderance, they occur in younger patients than other

clinical non-functioning pituitary tumors and are invariably large and invasive of adjacent
anatomical structures at presentation, making complete surgical resection almost impossible.
Additionally, they exhibit higher rates of recurrence and although pituitary carcinoma is
extremely rare, SCTs are disproportionally represented in pituitary tumors that exhibit
metastatic spread compared to other pituitary tumor sub-types (5). Mechanisms proposed
for their underlying “biochemically” silent nature include disrupted transcriptional activation
of the POMC gene, reduced expression of the POMC processing prohormone convertase
enzymes such as PCSK1 (aka PC1/3), and/or enhanced lysosomal degradation of generated
POMC peptides, leading to impaired ACTH synthesis, processing and maturation. Impaired
corticotroph differentiation supported by reduced expression of the lineage restricted
corticotroph specific transcription factor TBX19 (aka Tpit) has also been proposed as a
mechanism for their silent phenotype (6).

Therapy for this group of tumors typically includes multi-modal approaches with often
multiple surgical debulking procedures, radiation therapy and occasionally chemotherapy.
Unfortunately, these therapies are not always successful and there is an unmet need for
additional treatment options for these rare but extremely challenging tumors. We reasoned
that single cell RNA sequencing would allow us to analyze and compare the global
transcriptomic landscape and cellular make-up of clinically silent coricotroph tumors (SCT,
n=3) and functioning corticotroph tumors (FCTs, n=5) and could provide unique insights
into their different behaviors and identify novel disease targets.

Cellular composition of FCTs and SCTs

We used single cell RNAseq (scRNAseq) to analyze 5 clinically functioning corticotroph
tumors (FCTs) causing Cushing disease with hypercortisolism (4 microadenomas, 1
macroadenoma), and 3 silent corticotroph macroadenomas (SCTs, clinical details in Table
1). We obtained an average of 249 million reads made up of 24,413 genes per patient

with an average of 1,060 genes expressed and 2,877 unique molecular identifiers (UMIs)
detected per cell (Supplementary Table 1). According to cell-type specific markers, we
identified 7 distinct cell populations from a total of 56,458 cells, namely tumor cells (41,943
cells, 74.3%), stromal cells (7,189 cells, 12.7%, including 4,210 fibroblasts 7.5% and 2,979
endothelial cells 5.2%), immune cells (3,936 cells, 7.0%), progenitor cells (2,054 cells,
3.6%), and a minor population of proliferating cells (146 cells, 0.3%, Fig. 1A, Table

2, and Supplementary Table 2). A cluster of uncharacterized cells (1,190 cells, 2.1%)
mainly comprised of erythrocytes-derived hemoglobin genes and background RNA was not
included in further analysis.
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Using the subset function of Seurat to further analyze the corticotroph tumor cell population,
we observed that they were clustered in an origin-dependent manner on UMAP with 7
samples expressing POMC and 1 sample (SCT3) expressing TBX19 but not POMC, which
was consistent with the histopathological findings (Fig. 1B). By profiling differentially
expressed genes (DEGS), we identified gene signatures that distinguished the FCT tumor
cells from SCT tumor cells (Supplementary Table 3, p<10~4). Using GO cellular component
analysis by ENRICHR, we demonstrated that the FCT tumor cells (both micro- and
macro-adenomas) exhibited high expression of membrane bound vesicle genes, such as
those involved in organization of secretory vesicles (SCG5, GAL, TIMP1, HSPAS5, VGF,
APMAP, AGT, LGALS3, and LTBP3), small GTPase and peptidases (RAB3B, PDIA3,
SPCS1, RHEB, CSTB, SERPINF1, PCSK1, RHOB, ARL5B, and PAPPA2), and genes
associated with tight junctions and actin-mediated motility (ACTB, PFN1, GSN, MYL12A,
and CLDN4/7, Fig. 1C, Supplementary Table 4, p<10~4).

In marked contrast, the SCT tumor cells exhibited several features of epithelial-to-
mesenchymal transition (EMT) such as increased expression of the mesenchymal genes
ID2, PIK3R1, CDH2 (aka NCAD), COL1A1, COL4A4, ITGA6, FGF5, and WNT16, all of
which regulate cell migration and movement in association with loss of EPFCAM, KRTS,
and CDH1 (Fig. 1D, Supplementary Table 3, p<10~4). In line with this, several membrane
receptors (CNKSR3, IL6ST, TCAF1, DTNA, EVL, MERTK, RIMBP2, GPM6A, CHMP1B,
and PDZD2), and various nuclear genes and transcription factors (YBX3, TRRAP,
PHACTR3, SNTG1, SMC6, ZBTB49, TLE1, and SAMHDJ, Fig. 1D, Supplementary Table
3, p<10~4) were preferentially upregulated in SCT tumor cells. We also noted higher
expression of several genes involved in early embryonic pituitary organogenesis, such as
PITX1, SIX3, and LY6H and the cell cycle regulator CCND2 in the SCT tumor cells (Fig.
1D, Supplementary Table 3, p<1074).

Striking differences in tumor stroma between FCTs and SCTs

The stromal cell populations included fibroblasts expressing TAGLN, TPM2, CPE,
COL1A2, SOD3, NDUFA4L2, FN1, CARMN, ACTA2, DCN, and TIMP1; and endothelial
cells expressing high levels of VWF, PLVAP, CLDN5, PODXL, TM4SF1, HSPG2, IFI17,
RAMP2, PTPRB, CD74, INSR, and IGFBP3 (Fig. 2A and Supplementary Table 5,
p<10~4). Our stromal analysis became particularly interesting when we further examined
the fibroblast population subsets. We observed 3 distinct fibroblast sub-types that comprised
myofibroblasts, adventitial fibroblasts and resident stromal fibroblasts. Whereas expression
levels of the myofibroblast markers TPM1, TPM2, MYL9, MYL, CAV1, ACTA2,

FRZB, LTBP1, SLIT3, SOD3, TAGLN, and MCAM were comparable between FCT and
SCT stomal cells (Fig. 2B, p=ns), markers of vascular smooth muscle cells (vSMCs)

or adventitial fibroblasts (RGS5, NOTCH3, PTN, PHLDA1, CCND2, MDK, MYH11,
EDNRA, COL5A3, FBX032, and ITGA6) were much more abundant in the SCT stromal
cells (Fig. 2B, p<10~4). In contrast, the fibroblasts that predominated in the FCT stromal
cells expressed genes involved in ECM organization, ECM receptor interaction and
inflammation such as C1S, C1R, C7, LUM, MGP, CST3, CFH, EFEMP1, SDC4, DCN,
BGN, and OGN, in keeping with their role in hormone secretion (Fig. 2B, p<1074).
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Analysis of the endothelial cells demonstrated that both the FCTs and SCTs exhibited
similar expression of markers of fenestrated endothelium such as CLDN5, EDN1, VWF, and
classical cytokines, mitogens and inflammatory factors such as VEGFC, TGFB2, CXCL12,
CXCL2, CXCR4, IL6, FGF2, KITLG, GPIHBP1, KCTD12, IL32, and MECOM (Fig.

2C, p<10~4). However, whereas the FCT endothelial cells also expressed the sinusoidal
endothelial transcription factors ID1-3 and the lymphatic vessel endothelial marker SOX18
(Fig. 2C, p<1074), the SCT endothelial cells exhibited higher expression of mural cell
markers such as the pericyte transcripts (TPM2, PDGFRB, COL1A2, SOD3, NDUFA4L2,
MYL9, CALD1, LGALS1, COL18A1, NOTCH3, CAVIN2, TXNIP, and VEGFA, Fig. 2C,
p<10~4), reflecting their mesenchymal stromal phenotype.

We also observed that a variety of transcripts involved with fibrosis, actin cytoskeleton
activation, integrin-linked kinase (ILK), and integrin signaling were uniquely upregulated
in the SCTs and these factors can cross talk and interact to alter cell adhesion, cytoskeletal
rearrangement, motility, and tissue invasion (Figs. 2D & 2E, p<10~7). Noting these unique
features in the SCT fibroblast and endothelial cell populations, we then examined for
upstream activators of these various pathways. Causal network analysis identified TGFB1
and AGT as key upstream regulators (p<10~4), and these in turn can modulate the
transcriptional activities of SMADs, HIF1A, NFKB, CTNNB1, STAT3 and several nuclear
receptors to cooperatively alter stromal cell function in SCTs (Fig. 2F).

The transcriptomic features of immune cells in FCTs and SCTs

Our single-cell analysis also demonstrated a heterogenous and diverse intratumor immune
microenvironment in the corticotroph tumors, comprising 3,936 immune cells in 5 main
clusters (Fig. 3A, and Supplementary Table 6). Interestingly, each of the immune clusters
contained cells from all the tumor samples, indicating that the tumor immune cell types
were broadly consistent and did not vary much in a patient-specific manner (Fig. 3A).

The main immune cluster comprised myeloid origin cells (2,435 cells, 62%). Based on the
co-expression of CD14 & CD68 in monocytes, HAL-DAQ1 and APOE in macrophages,
and LYZ and S100A9 in MDSCs, they were sub-divided into 2 immunosuppressive cell
types, namely tumor associated macrophages (1,860 cells, 47%) and myeloid derived
suppressor cells (MDSCs, 575 cells, 15%, Fig. 3B). The immunosuppressive chemokines
CXCL8/16 and CCL3 were the most highly expressed CXC chemokines in both MDSCs
and macrophages (Figs. 3D& 3E, p<10~4). Using a similar approach, we identified 1,501
lymphoid origin immune cells (38%) based on their expression of CD2/3 for T cells (1,173
cells, 30%), MS4A1 (aka CD20)/CD79A for B cells (78 cells, 2%), and GNLY and NKG7
for nature killer cells (NK, 250 cells, 6%, Fig. 3C). CD8+ T cells and NK cells exhibited
prominent expression of a variety of cytotoxic genes including IL2RB, KLRG1, GNLY,
GZMK, IL32, and RORA (Fig. 3F, p<10~4). Overall, the immune cell transcriptome was
quite similar in FCTs and SCTs apart from the inhibitory immunoglobin HAVCR2 (7) which
was more highly expressed in SCTs (Fig. 3G, p<1074).

Different transcriptomic features of progenitor cells in FCTs and SCTs

In addition to the tumor, stromal and immune cell populations, we also characterized a
group of epithelial origin progenitor cells, based on their expression of the epithelial markers
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EPCAM/KRTS in addition to the archetypical progenitor cell markers SOX2/SOX9 (Fig.
4A). The progenitor population comprised 3 types, firstly endocrine progenitors identified
from expression of PITX2, LHX3, PAX6, HEY1, MSX1, and RFX4; secondly mucus
secreting cells, that expressed the mucins MUC16/MUC4, several transcripts related to cilia
organization (CEACAMG6 and DNAHS5), and luminal epithelial cytokeratin KRT7/8/17/19;
and thirdly posterior pituitary cells which expressed the lineage specific TFs, LHX2,
NKX2-1, and the secretory factors LAMA4, CXCL14 and WIF1 (8) (Fig. 4B). The mucus
producing cells were primarily derived from one FCT-macro (FCT4) that invaded the entire
clivus bone and bilateral cavernous sinuses. It expressed the serous cell markers SLPI/
WFDC2 and stem cell markers AGR2, BTG2, KLF2, RFX3, and PROM1, and exhibited
some features of ciliated luminal submucosal cells similar to respiratory epithelium (9)

(Fig. 4C). Similarly, a spectrum of posterior pituitary derived genes including COL25A1,
SCN1A, RAX, ADM, TIMP3, A2M, HMCNL1, ATP1A2, CLDN10, FAT3, GRIK3, NTRK2,
PCDH9, SLC1A3, LAMA4, CXCL14, and WIF1 (Fig. 4D) were present in one of the 5
FCTs (FCT1). This tumor was noted on pre-operative imaging and at surgical resection to be
located deep in the posterior pituitary region. As we suspected these latter 2 progenitor cell
populations may have been due to contamination with normal mucosal (FCT4) and posterior
pituitary (FCT1) tissues respectively, we only further analyzed the endocrine progenitor

cell population. These endocrine progenitor cells expressed folliculo-stellate cell (FSC)
hallmark transcripts such as S100B, S100A1/6/10/11, and ANXA1/2 (10), suggesting this
regenerative progenitor cell pool may be able to give rise to mesenchymal supportive cells
(Fig. 4E) (12).

We did note some differences in the progenitor cells in the FCTs and SCTs. Whereas FCT
progenitors expressed higher levels of mitogenic factors involved in cranial morphogenesis,
survival and senescence (IGFBP5, GPC3, OTOS, MIA, LYPD1, FXYD5, ID1/3) (12—

15), the SCT progenitor cells expressed transcripts associated with myogenesis (PAX7,
DCBLD2, TMSB4X, MFAPS5, TNNT1 and TNNC1) (16-19), metabolism (SCD5, SAT1,
and FAM107A) (20, 21) and proliferation (CCND1, Fig. 4E, p<1074).

The SCT transcriptome is distinct from that of FCT-micro and -macro & silent gonadotroph

tumor (SGT)

To address the possibility that the transcriptional changes we observed were simply due to
comparison of macro- (SCTSs) versus micro-adenoma (4 of 5 FCTs), we directly compared
the transcriptome of the single FCT-macro (FCT4, Fig. 5B), a recurrent silent gonadotroph
macroadenoma (SGT, Fig. 5A, Table 1, and Supplementary Table 7), the 4 FCT-micro

and the 3 SCT-macro (SCT1-3, Fig. 5C). The cellular make-up of the SGT was similar to
the corticotroph tumors and comprised tumor (63.25%, 2,985 cells), progenitor (8.9%, 420
cells), stromal (6.87% including endothelial 4.28%, 202 cells; and fibroblasts 2.59%, 122
cells), uncharacterized (5.53%, 261 cells), immune (4.01%, 189 cells), and proliferating cell
populations (1.25%, 59 cells, Supplementary Table 7, Fig. 5A). Analysis of the tumor cell
populations in both FCT-macro and SGT-macro demonstrated evidence of active hormone
biogenesis and secretion with enrichment of secretory vesicle components (SCG2, 3, 5,
and CHGB), hormonal processing peptidases and GTPases (PCSK2, SEC11C, CALM, and
GNAS, Figs. 5A & 5B). The expression of the majority of these vesicle (VGF, APMAP,

Eur J Endocrinol. Author manuscript; available in PMC 2022 July 01.
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LTBP3 & SDC2), peptidase (RAB3B & SERPINF1) and tight junction (CLDNT7) transcripts
were significantly higher not only in the FCT-micros (blue box), but also in the FCT-macro
(black box) and in the SGT-macro samples (red box, Fig 5C). In contrast, the SCTs (yellow
box) exhibited higher expression of EMT markers in both tumor cells (CNKSR3, ID2 and
CCND?2), and stromal cells (SNCG, NSG1, and CALD1) in comparison to the FCT-micros
(FCT1-3, blue box), the FCT-macro (FCT4, black box), and the SGT-macro (red box, Fig.
5D). These findings suggest that these EMT changes are not simply associated with tumor
size but indicate that SCTs and FCTs (whether micro or macro) are actually quite distinct
entities.

Discussion

Clinical management of SCTs can be challenging and sometimes despite multiple surgeries,
radiation and even systemic therapies, they exhibit a propensity to recur and cause
significant morbidity and even mortality. The molecular mechanisms of this invasive and
recurrent behavior are not well understood. Therefore, we used scRNAseq to analyze and
compare the global transcriptomic profiling at an individual cellular level from 3 SCTs and
5 FCTs causing hypercortisolism. One of our important findings, as described above, was
that the SCTSs exhibited a striking difference in their tumor cell populations. This included
not just reduced expression of genes involved in POMC processing, but also the organization
of secretory vesicles, and absence of tight junctions, the latter essential for hormone cellular
storage and release.

Peptide hormone biogenesis and secretion are highly orchestrated spatiotemporal cellular
events that involve hormone biosynthesis followed by intracellular trafficking, then sorting
into constitutive or regulated secretory vesicles, granule maturation, cargo transportation and
ultimately exocytosis. During these processes, immature prohormonal precursors undergo

a variety of post-translational modifications, to ultimately reach a bioactive state and
thereafter are packaged into vesicles, ready for secretion (22, 23). Our scRNAseq analyses
confirm and significantly extend prior findings that key proteases and their regulators
involved in prohormonal processing are expressed at much lower levels in SCT compared

to FCT tumor cells. These included prohormone convertase (PCSKZ1), signal peptidase
(SPCS1), dipeptidyl peptidase (DPP7), disulfide isomerase (PDIA3), cathepsin (CTSB/D/Z),
pappalysin (PAPPA2) and serpin (SERPINF1, Fig. 1C, p<10~4). Our analysis further
demonstrated that granin proteins (SCG5 and VGF), the building blocks and regulators

of dense core secretory vesicles that process, transport, store and release peptide hormones
(24, 25); small GTPases and their partners (RAB3B, RHOB, RHEB, ARL5B and PLD3)
and several cytoskeleton components (ACTB, PFN1, GSN and MYL12A) which regulate
granule exocytosis (26, 27), were all expressed at much lower levels in SCT compared

to FCT tumor cells (Fig. 1C, p<10~4). Together with the tight junction claudins (CLDN4
and CLDNY7), these small GTPase and cytoskeleton components are critical to maintaining
endocrine cell polarization and may limit cell permeability in FCT tumor cells in contrast to
SCTs (depicted schematically in Fig. 6) (28-30).

Our analysis also showed that FCT tumor cells expressed higher levels of several secretory
growth factors, such as LTBP3 (TGFB regulator), RSPO3 (WNT pathway ligand), TIMP1

Eur J Endocrinol. Author manuscript; available in PMC 2022 July 01.
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(MMPs inhibitor), galectins (LGALS1/3), galanin (GAL), and angiotensinogen (AGT,

Fig. 1C, p<10~4), suggesting that FCT tumor cells exhibit multiple features of a well
differentiated phenotype similar to their sibling normal mature corticotroph cells (31). In
contrast, we noted higher expression of the pituitary organogenesis genes PITX1, SIX3,
and LY6H in SCTs (Fig. 1D, p<10™4), pointing to a degree of de-differentiation in these
tumors. Together, these findings may partly explain the not infrequent clinical observation
that although some patients may exhibit increased circulating ACTH levels, they are often
eucortisolemic (4). As ACTH antibodies employed in commercial ACTH assays recognize
only the N-terminal region of the POMC fragment, they cannot distinguish authentic ACTH
(1-39aa) from partially processed inactive ACTH-like peptides that harbor an extended C-
terminal peptide sequence. These biologically inactive ACTH-like peptides may be caused
by defects in components of POMC processing as we and others have described and
supported by the finding of high molecular weight ACTH immunoreactive molecules found
in many SCTs (Fig. 6) (32).

In addition to deficiency of factors involved in prohormonal processing and secretion, SCT
tumor cells exhibited several features of epithelial to mesenchymal transition (EMT). EMT
was initially recognized as a dynamic functional biological process during embryogenesis,
whereby polarized epithelial cells lose their interaction with the basement membrane

and cell-cell tight junctions loosen during cell division. These cells subsequently exhibit
increased migratory capability and resistance to cell death which facilitates their movement
to local and regional sites (33). Later studies noted that even terminally differentiated mature
adult epithelial cells can also undergo trans-differentiation by activation of EMT in response
to inflammatory, hypoxic or other pathological stressors that trigger regenerative and/or
fibrotic events (34). In addition to these 2 types of restrained EMT, the tumorigenic process
can also utilize EMT regulatory circuits in conjunction with epigenetic and genetic changes
to drive clonal tumor outgrowth, invasion and metastasis (35).

The features of EMT that we observed in the SCT tumor cells included loss of the hall
marker transcripts for EPCAM, KRT8, and E-cadherin (CDH1), along with increased
expression of N-cadherin (CDH2) and the mesenchymal matrix markers (COL1A1 and
COL4AL1), as well as increased expression of the transcription factors ID2, TLEL, and
ZEB1/2 (Fig. 1C, p<1074) (35). Additionally, activation of the WNT pathway (WNT16
and RIMBP2) (36), increased expression of genes involved in growth signaling (IL6ST,
FGF5, PI3KR1, and MERTK) (37), cell-cell/ECM modulation (ITGA6, YBX3, and EVL)
(38, 39), cell motility and migration (CNKSR3, PHACTR3, GPM6A, DTNA, SNTG1, and
PDZzD2) (40-48), and DNA replication/cell cycle progression (CCND2, SMC6, ZBTB49,
TRRAP, and SAMHD1 (Fig. 1D, p<10~4) (49-52) were also noted in the SCT tumor cells.
Of particular relevance, the signaling pathways that can trigger EMT in all of the 3 scenarios
above were actively expressed in the SCT tumor cells, and included activation of the WNT,
FGFs, BMPs and TGFB pathways, which can in turn modulate neighboring epithelium,
stromal and immune cells.

In addition to the changes between SCT and FCT tumor cells themselves, we demonstrated
striking differences in the stromal cells observed in SCTs and FCTs. It is clearly established
that fibroblasts act to modulate the tumor microenvironment by secretion of a variety
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of growth factors, in addition to extracellular matrix and these co-operate to modulate
tumor architecture (53). Our studies demonstrate that whereas fibroblasts in FCTs exhibited
features of residential fibroblasts that participate in ECM organization, ECM receptor
interaction and inflammation, markers of vascular SMCs (vSMCs) were much more
abundant in the stromal cells observed in the SCTs (Fig. 2B, p<10~4). The pituitary is

a highly vascular organ supplied by the anterior and posterior hypophyseal arteries (54—
56). Endothelial and mural cells line the inner and encase the outer surface of blood

vessels respectively (57). Mural vSMCs encapsulate the larger caliber blood vessels whereas
pericytes envelop small branching capillaries (58). The mesenchymal features observed in
both the vSMC and pericyte stromal cell populations in the SCTs indicated that active
vasculogenesis and remodeling was present (Figs. 2B & 2C, depicted schematically in

Fig. 6). Some of these tumor stromal cell factors driving EMT such as TGFB1 blockade
could represent potential therapeutic targets (Figs. 2D & 2E) to modify SCT behavior, and
small molecule TGFBL1 inhibitors such as YL-13027 already exist. Unlike the fibroblast
and endothelial cells, which were quite different, the immune cell populations were
comparatively similar between the FCTs and SCTs except that the inhibitory HAVCR2
transcript (7) was expressed at much higher levels in SCTs (Fig. 3G, p<10~/). What role, if
any, HAVCR2 plays in SCTs is unclear but this certainly warrants further study.

Amongst the endocrine progenitor cell populations in both FCTs and SCTSs, we noted
the presence of folliculo-stellate cells (FSCs), identified by the hallmark transcripts
S100B, S100A1/6/10/11, and ANXA1/2 (Fig. 4E) (10). FSCs are a group of non-
hormonal producing cells that make up 3-5% of the anterior pituitary cell population
and act to provide sustentacular structural support and facilitate paracrine intracellular
communications (59). However, whereas the progenitor cells of FCTs expressed
developmental morphogenesis, survival and senescence genes such as IGFBP5, GPC3,
OTOS, MIA, LYPD1, FXYD5, ID1/3 (12-15), transcripts associated with myogenesis and
myofibrillary contractile genes including PAX7, DCBLD2, TMSB4X, MFAP5, TNNT1
and TNNC1 (16-19) were much more abundant in the progenitor cells in SCTs (Fig. 4E,
p<1074).

In totality, this quite different transcriptional repertoire that we observed in various cell
populations including the tumor cells but additionally the stroma, immune and progenitor
cells between FCTs and SCTs, emphasizes the importance of cell-cell/ECM interaction,
and paracrine/autocrine communication in shaping the heterogenous corticotroph tumor
microenvironment (60). We believe the striking differences in the gene signatures of the
SCTs versus FCTs which reflect a phenotypic shift towards a mesenchymal-like cell entity
in SCTs, potentially afford these tumors increased mobility and provide previously unknown
insights into their invasive potential (Figs 2, 4 & 5). These findings also raise the intriguing
possibility that a common transcriptional reprogramming mechanism may be at work to
control multiple cell types in SCTs driving them simultaneously towards a relatively de-
differentiated mesenchymal phenotype (61).

Our scRNAseq analysis provides an unprecedented elucidation of the transcriptomic features
of thousands of heterogenous FCT and SCT tumor cells simultaneously and provides novel
insights into the mechanism(s) of their different clinical behaviors. We acknowledge that our
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sample number is small but the high consistency of our findings in these corticotroph tumor
sub-types is reassuring. A further challenge with any molecular analysis is the confounding
effect of sample contamination from adjacent surgically resected normal tissues. This issue
is minimized in pituitary tumors due to their careful removal within a pseudo capsule with
no margin co-resection. However, as we observed, entrapped normal tissues or invasive
margins can still be a source of contamination, and is an inherent challenge of any
analysis. In particular, bulk transcriptional analysis is confounded by this, whereas, single
cell transcriptional analysis enables the operator to characterize and identify individual

cell populations, thereby allowing targeted transcriptional analysis of these populations and
simultaneously reducing any confounding effects of contaminating elements. In so doing,
scRNAseq analysis minimizes over- or mis-interpretation of transcriptional readouts in
tumor samples compared to bulk tumor transcriptional approaches.

In summary, our findings support a hypothesis that SCTs originate from incompletely
differentiated corticotroph cells, which display deficiencies in secretory machinery from
early in the tumorigenic process potentially due to a different tumor microenvironment (Fig.
6) (3). Our findings may further support a role for blocking EMT or targeting factors such
as TGFBL1 in mesenchymal stromal cells as novel treatment strategies in the management of
these often challenging tumors.

Materials and Methods:

Patient consent

This study was approved by UCLA Institutional Review Board (IRB#20-002235). Written
consent was obtained from each patient after full explanation of the purpose and nature of all
procedures used.

Patient Information

Individual patient clinical manifestations and laboratory results are listed in Table-1

and described below. Clinically functioning corticotroph tumors (FCTs) were defined as
patients exhibiting typical Cushingoid features (a combination of central fat accumulation,
striae, acne, easy bruising, proximal myopathy, diabetes and/or hypertension) along with
biochemical evidence of hypercortisolism with failed suppression of total serum cortisol
<1.8ug/dL following Dexamethasone (either 1mg overnight or 48h 0.5mg Q 6h testing),
elevated late night salivary (LNSC, > 0.112nmol/L on at least 2 measures) and 24-h

urinary free cortisol (UFC, > 2-fold upper limit normal on at least 2 measures). Clinically
silent corticotroph tumors (SCTs) were diagnosed based on the absence of Cushingoid
features and no biochemical evidence of hypercortisolism with normal morning serum
cortisol, LNSC, 24h-UFC and either normal or elevated plasma ACTH (>45pg/ml). Four
of 5 FCTs (FCT1-3 & FCT5) were microadenomas. The remaining FCT (FCT4) was a
macroadenoma that exhibited clival and bilateral cavernous sinus invasion and the 3 SCTs
were macroadenomas, two of which (SCT1 & 3) exhibited mass effect on the optic tract.
Corticotroph tumor was confirmed histopathologically in all cases, 7 tumors (FCT1-5 &
SCT1 & 2) exhibited ACTH immunostaining and one ACTH immunonegative SCT (SCT3)
exhibited immunoreactivity for the transcription factor TBX19 (aka Tpit). The gonadotroph

Eur J Endocrinol. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 10

tumor was a recurrent pituitary macroadenoma measuring 1.8 x 2.2 x 2.5cm causing severe
optic chiasm compression. Histopathology demonstrated LH and FSH immunostaining with
a KI-67 labelling index of 2%.

Single-cell RNA-Sequencing

A single cell suspension of surgically resected human pituitary tumors was obtained by
mechanical and enzymic digestion using a gentleMACS dissociator, and human tumor
dissociation kit (Miltenyi Biotec Inc., Germany, Cat# 130-095-929). Library generation
was performed on the 10x Genomics Chromium Controller following the manufacturer’s
protocol for the v3 reagent kit (10x Genomics). In brief, cell suspensions were loaded
onto a Chromium Single Cell A Chip, aiming for 10,000 cells per channel for generation
of single-cell gel bead-in-emulsions (GEMs), following which reverse transcription was
performed. The resulting post-GEM reverse transcription product was then cleaned using
DynaBeads MyOne silane beads (Thermo Fisher Scientific, Waltham, MA). The cDNA was
amplified, cleaned and quantified, then enzymatically fragmented and size selected prior
to library construction. Libraries were quantified by KAPA quantitative PCR for lllumina
adapters (Roche, Pleasanton, CA) and size was determined by Agilent TapeStation D1000
tapes. Libraries were sequenced on a NextSeq 500 sequencer (Illumina, San Diego, CA).

Bioinformatic analyses of scRNAseq data

Demultiplexed fastq files generated at UCLA Technology Center for Genomics &
Bioinformatics (TCGB) were analyzed with the 10x Genomics Cell Ranger 2.1.1. The
pipeline aligned the reads to the University of California Santa Cruz (UCSC) human
reference (GRCh38) transcriptome using the RNAseq alignment program STAR. Data were
imported and analyzed using Seurat package within Rstudio (62). For quality assurance,
cells were selected for downstream analysis using the following conservative cut-offs: 1)
Cell barcodes associated with the most UMIs were employed by estimating the number

of cells captured as 5% of the input beads and retained this number of cell barcodes for
downstream analysis; 2) Only cells with >300 and <7,500 unique genes detected, and
UMI >1,100 and <50,000 were analyzed; and 3) Only cells with <20% of their counts
mapping to MT genes were included; and 4) Only genes detected in >3 cells were included.
Cumulatively, from all 8 corticotroph tumor tissue samples, we obtained 56,458 cells

for the subsequent analysis. Normalization and variance stabilization was performed to
reduce batch effect, and individual Seurat objects from each sample were integrated into
one large Seurat object (63-65). For dimension reduction, principal component analysis
(PCA) and uniform manifold approximation and projection (UMAP) were performed.
Cell clusters were annotated using the “FindNeighbors” function, and the “masf’ method
(FC. threshold = 1.5) was used for differentially expressed gene (DEG) analyses through
the “FindAllMarkers” function in Seurat within Rstudio (62). Raw data of sScRNAseq

for functioning corticotroph tumors FCT1-4 were deposited as described in our pirior
publication (CD1-4) (66). scRNAseq fastq files for the rest samples are deposited in NCBI
BioSample database. No customized codes were used.
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Statistical analysis:

The “FindAllMarkers’ function in the Seurat package was used to identify DEGs based on
wilcox testing with Bonferroni correction. Significant DEGs (shown in Supplementary Table
2-7) were selected from genes with adjusted pvalues (p_val_adj) <1072,

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Single-cell RNA-sequencing (SCRNA-seq) analysis depicting the heterogenous cellular

composition of FCTs (n=5) and SCTs (n=3).

(A) Uniform manifold approximation and projection (UMAP) was used to visualize
corticotroph tumor cellular composition and revealed 7 cell types. Each cell type was

annotated based on specific marker expression as shown in the dot plot. The percentage

of cells detected in the individual cell types is depicted in the lower panel. (B) The

corticotroph tumor population was then subclustered and noted to group in a tumor-subtype
specific manner, with all tumor samples expressing the corticotroph specific transcription
factor, TBX19. (C & D) ENRICHR was then used to analyze GO cellular components of
tumor population, and observed that genes involved in membrane bound vesicle formation

and prohormonal processing were highly expressed in FCTs (C). In contrast, SCTs

predominantly expressed genes involved in epithelial to mesenchymal transition (EMT, D).

p<104.
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Figure 2. Striking intratumor stromal cell heterogeneity between FCTs and SCTs.
(A) The subset function of Seurat was used to analyze the stromal fibroblast and endothelial

cell populations. (B & C) Using canonical transcript markers, the fibroblast and endothelial
cell populations were further sub-grouped into myofibroblasts, vascular smooth muscle cells
(VSMCs) and resident fibroblasts (B); and fenestrated endothelium, sinusoidal endothelium
and pericytes respectively (C). (D-F) Examples of activated pathways in the mural cells (D),
signal transduction (E) and their upstream regulators (F) observed in SCTs. p<1074,
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Figure 3. The transcriptomic features of immune cells in FCTs and SCTs.
(A) Subset function of Seurat was used to analyze the immune cell population.

(B) Monocytes, macrophages and monocytic human myeloid-derived suppressor cells
(MDSCs) were identified by CD14 and CD86 expression, HLA-DQAL, apolipoprotein E
(APOE) expression and S100 calcium binding protein A8 (S100A8), and LY Z expression
respectively. (C) T/NK cells, B cells and NK cells were denoted based on expression of
CD2 and CD3E; MS4A1 and CD79A,; and GNLY and natural killer cell granule protein 7
(NKG7) expression respectively. (D-F) Depiction using dot plots of various inflammatory
cytokines that were present in the various immune cells from the corticotroph tumors. (G)
Depiction by violin plot of HAVCR2 expression in the immune cell population of 2 of 3
SCTs. p<1074.
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Figure 4. Different transcriptomic features of progenitor cells in FCTs and SCTs.
(A-B) Analysis of the progenitor cell population revealed 3 sub-groups, namely endocrine

progenitors, mucin producing cells, and posterior pituitary cells. (C-D) The mucin producing
and posterior pituitary cells were restricted to two of the FCT samples (FCT4 & FCT1),
suggesting these populations may have been due to sample contamination from resected
tumor-adjacent normal tissues. (E) Further analysis of endocrine progenitor subpopulation
revealed different transcriptional profiles between FCTs and SCTs. p<1074.
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Figure 5. The SCT transcriptome is distinct from that of macroadenomas.
(A-B) Individual analysis of a silent gonadotroph macroadenoma (SGT-macro, A), and

a FCT-macro (FCT4, B) demonstrating the cellular composition, and well-differentiated
features of the tumor cells with expression of transcripts associated with secretory function.
(C-D) Depiction of the relative similarity in expression of a series of secretory (C) and
EMT-associated (D) transcripts in 3 FCT-micros (FCT1-3, blue box), a FCT-macro (FCT4,
black box), and a SGT-macro (red box), and their striking difference to expression levels of
these transcripts in SCTs (yellow box).
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Figure 6. Schematic representation summarizing the major transcriptomic differences in various
cell populations between FCTs and SCTs revealed by scRNAseq.

The tumor cells of FCTs (Micro and Macroadenomas) expressed higher levels of

genes involved in prohormonal processing, hormone storage and secretion. Fibroblasts

in both functioning corticotroph micro- and macro-adenomas exhibited features of
residential fibroblasts that participate in ECM organization, ECM receptor interaction and
inflammation. In contrast, SCT tumor cells exhibited reduced expression of genes involved
in vesicle biogenesis and granule exocytosis, but increased stromal expression of transcripts
of vSMCs and increased expression of genes involved in ECM reorganization, cell motility
and migration. WNL: Within normal limits.
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