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Background: Cushing disease (CD), although rare, is a life-threatening disorder caused by an adrenocortico-
tropic hormone (ACTH)-secreting pituitary adenoma, which leads to excess adrenal-derived cortisol. Effica-
cious and safe medical therapies that control both hormonal hypersecretion and pituitary corticotroph
tumor growth remain an unmet need in the management of CD. Translational research in pituitary tumors
has been significantly hampered by limited quantities of surgically resected tissue for ex vivo studies, and
unavailability of human pituitary tumor cell models.
Methods: To characterize human corticotroph tumors at the cellular level, we employed single cell RNA-
sequencing (SCRNA-seq) to study 4 surgically resected tumors. We also used microarrays to compare individ-
ualized paired consecutive culture passages to understand transcriptional shifts as in vitro cultures lost ACTH
secretion. Based on these findings, we then modified our in vitro culture methods to develop sustained
ACTH-secreting human corticotroph tumoroid cultures.
Findings: scRNA-seq identified 4 major cell populations, namely corticotroph tumor (73.6%), stromal (11.2%),
progenitor (8.3%), and immune cells (6.8%). Microarray analysis revealed striking changes in extracellular
matrix, cell adhesion and motility-related genes concordant with loss of ACTH secretion during conventional
2D culture. Based on these findings, we subsequently defined a series of crucial culture nutrients and scaffold
modifications that provided a more favorable trophic and structural environment that could maintain ACTH
secretion in in vitro human corticotroph tumor cultures for up to 4 months.
Interpretation: Our human corticotroph tumoroid model is a significant advance in the field of pituitary
tumors and will further enable translational research studies to identify critically needed therapies for CD.
Funding: This work was partly funded by NCI P50-CA211015 and the Warley Trust Foundation.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

human models of CD could play to test therapeutic targets [7].
Although murine corticotroph tumor AtT20 cells, and transgenic

The pituitary gland, which integrates multiple central and periph-
eral signals to masterfully control several endocrine axes, has a high
propensity to tumor formation, pituitary tumors being the third most
frequently encountered intracranial tumor [1]. Increased morbidity
and mortality often result from hormonal hypersecretion [2], particu-
larly in Cushing disease (CD), where an adrenocorticotropin (ACTH)-
secreting pituitary tumor, drives excess adrenal-derived cortisol [3].
The molecular pathogenesis of CD is still largely unknown [4—6],
although the discovery of somatic deubiquitinase USP8 mutations in
~30% of CD leading to EGFR pathway activation highlights the role
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zebrafish expressing POMC promoter-directed green fluorescent pro-
tein (GFP) share many transcriptional components with human corti-
cotroph tumors and represent robust in vitro and in vivo CD models
[8—10], they are not human cells. Consequently, extrapolation of
findings from these models is not ideal, and we and others have uti-
lized primary cultures of fresh surgically resected human cortico-
troph tumor tissues to substantiate animal model findings [11-15].
However, these human corticotroph tumor cells typically loose ACTH
hormone production after 1-2 weeks [11-15]. Purported reasons for
their loss of endocrine secretory function have included altered cell
adhesion [11,16], lack of intrinsic hypothalamic factors [17], cellular
trans- or de-differentiation [18] and/or deactivation of prohormone
convertases [19]. However, no clear changes in specific molecular
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Research in context

Evidence before this study

No human pituitary corticotroph tumor cell lines for transla-
tional research exist. Surrogate murine or fish corticotroph
tumor models are useful in vitro and in vivo CD models but they
cannot fully recapitulate human corticotroph tumors, and
therefore extrapolation of findings from these experimental
models is not ideal.

Added value of this study

For the first time, this study describes transcriptional make-up
at the single cell level in human corticotroph tumors, character-
izes transcriptional shifts in individualized corticotroph tumors
as they loose ACTH secretion, and utilizes this combined knowl-
edge to develop a two-step 3D culture methodology that can
maintain human corticotroph tumor ACTH secretion and prop-
agate sufficient human corticotroph tumor cells for research
use.

Implications of all the available evidence

Our studies take a critical step in advancing methods to culture
human corticotroph tumors. This tool will be an extremely
important resource to study the pathogenesis of corticotroph
tumors and will provide an important model to identify novel
therapeutic options for these disabling and often fatal tumors.

candidates or pathways, that might provide insight into the mecha-
nisms for loss of corticotroph tumor ACTH secretion, have been
demonstrated.

In our current studies, we used single cell RNA-sequencing
(scRNA-seq) to characterize pituitary corticotroph tumor cellular
composition. We also compared microarray transcriptomic profiles
of paired individual patient-derived CD primary cultures that were
collected at one passage interval in the presence and absence of
ACTH secretion and observed striking alterations in cell adhesion sig-
naling and mobility genes. Combined analysis of our scRNA-seq and
microarray findings highlighted deficiencies in current 2-dimen-
sional culture methods which appeared to select for non-endocrine
cells that exhibited stronger adhesion properties. Based on these
findings, we radically modified our culture method to transit to a
two-step 3D culture system that can maintain human corticotroph
tumor ACTH secretion and propagate sufficient human corticotroph
tumor cells for research use.

2. Methods
2.1. Study ethic approval

This study was approved by University of California, Los Angeles
Institutional Review Board (IRB, #20-011275) and informed consent
was obtained from all patient in this study.

2.2. Human pituitary tumor specimens

Fresh surgically resected human pituitary corticotroph tumor tis-
sues (total n=10; scRNAseq n=4, microarray sample n=1, cell culture
n=5) were collected from patients who underwent endoscopic trans-
nasal trans-sphenoidal (TNTS) surgery in accordance with University
of California, Los Angeles IRB guidelines. Diagnosis was confirmed in
all patients using standard clinical and biochemical criteria and path-
ological evaluation (Supplementary Table 1). Resected tumor tissues
delivered to the laboratory on ice immediately after surgical removal

were washed three times in sterile PBS, then minced with sterile sur-
gical scalpel to 0.5-1 mm? fragments in approximately 1mL of PBS.

2.3. Conventional 2D primary cultures of human pituitary tumor tissues

Minced surgically resected human pituitary corticotroph tumor
tissues were digested with Dulbecco’s modified essential medium
(DMEM) containing 0.5% bovine serum albumin (BSA), 0.35% collage-
nase, and 0.1% hyaluronidase at 37°C for 20 min. After centrifugation
cell pellets were resuspended in culture medium supplemented with
10% fetal bovine serum (FBS) and cultured in normal culture vessels
or extracellular matrix (ECM) coated plates. CytoMatrix screening kit
containing individual 96-well plates coated with collagen I, and colla-
gen IV, fibronectin, vitronectin, and laminin (EMD Millipore, Cat#
ECM205), was tested for ACHT secretion and proliferation in human
corticotroph cultures as described in Figs. 3¢ & 3d. BioCoat™ TC-
treated variety packs containing individual 6-well plates coated with
collagen I, collagen IV, fibronectin, and laminin (Corning, Cat#
354431), were used for culture as described in Fig. 3e. The cells were
passaged upon confluence. The medium supplements were pur-
chased from Life Technologies, Inc., including DMEM, FBS, trypsin,
antibiotics, and glutamine.

2.4. 3D human pituitary corticotroph tumoroid cultures

Enzymically dispersed resected human corticotroph tumor tissues
(described above) were either plated onto dishes coated with a thin
layer of BioCoat matrigel matrix (Corning, Cat# 354601, Thin gel), or
cell suspensions were mixed with ice-cold matrigel basement mem-
brane matrix (Corning, Cat# 354234) at 1:1 ratio and then seeded
onto plates coated with a thick layer of BioCoat matrigel matrix
(Corning, Cat#354433, Thick gel). Once the 50%:50% matrigel/cell
suspension mixture solidified at 37C for 15 min, DMEM medium sup-
plemented with 10% FBS or defined medium containing advanced
DMEM]/F-12 supplemented with B27 (1x), NAC (1.25uM), EGF (5ng/
mL), IGF-1 (100ng/mL), Noggin (100ng/mL), FGF-8 (10ng/mL),
Y27632 (5uM), T3 (5nM), TRH (12.5nM) and BHE (5ug/mL) was
added to plates. ~50% of the medium was changed weekly. In the
two-step culture system, cell aggregates were transferred to a 250mL
spinner flask (VWR, Cat# 89166-898) following culture in the thick
gel. ~50% of the spinner flask medium was refreshed weekly and cells
were passaged and cryopreserved when they reached a density of
10° cells/mL. The medium supplements were purchased from com-
mercial sources, including advanced DMEM/F-12, and B27 from Life
Technologies, Inc; human epidermal growth factor (EGF) from Gem-
bio; bovine hypothalamus extract (BHE) from ScienCell Research Lab-
oratories, Inc. (Carlsbad, CA, Cat# 0613); N-acetyl-L-cysteine (NAC,
Cat# A9165), BMP inhibitor Noggin (Cat# SRP4675), ROCK inhibitor
Y-27632 dihydrochloride (Cat# Y0503), 3,3’,5-Triiodo-L-thyronine
sodium salt (T3, Cat# T6397-100MG) and thyrotropin releasing hor-
mone (TRH, Cat# P1319-50MG) from Sigma; recombinant human
insulin-like growth factor-1 (IGF-1, Cat# cyt-2216) from Prospect
Protein Specialists; recombinant human fibroblast growth factor-8
(FGF-8, Cat# PHG01844) from ThermoFisher Scientific.

2.5. Cell proliferation assay

To measure cell proliferation, aliquots from primary cultures of
human pituitary corticotroph ACTH secreting tumors were trypsi-
nized and 2 x 10° viable cells were suspended in 1001 DMEM sup-
plemented with 10% FBS. They were then added to 96-well ECM
coated plates (EMD Millipore, Cat# ECM205) and cultured for 3 days
in the presence or absence of various concentration of FBS supple-
ment. The viability of the cells was determined using CellTiter-Glo®
Luminescent Cell Viability Assay kit (Promega, Madison, WI) with a
luminometer (Wallac 1420 Victor 2 multipliable counter system).


https://ecatalog.corning.com/life-sciences/b2c/US/en/Cell-Culture/Cell-Culture-Vessels/Dishes%2C-Culture/Corning%C2%AE-BioCoat%E2%84%A2-Matrigel%C2%AE-Matrix-Culture-Dishes/p/354601
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Results are presented as proliferation index (relative luminescence
signal to medium control).

2.6. Hormone assays

RIAs for human ACTH were performed in triplicate using reagents
purchased from Biomerica Inc. (Irvine, CA, Cat# 7023). ACTH level in
the supernatant was corrected to supernatant volume, cell number
and collection period, and presented as pg/10* cells/24 h.

2.7. RNA microarray processing and bioinformatic analysis

Total RNA was extracted from consecutive pituitary tumor pri-
mary culture passages that either secreted or had lost ACTH secretion
using a Qiagen RNeasy Mini kit. RNA quantity and quality were
assessed using Agilent TapeStation system and amplified to biotin-
labelled cDNA using NuGEN ¢DNA systems. Illumina HumanHT-12
Expression BeadChip v4 microarray was used for whole-genome
gene expression profiling, and data were analyzed by the UCLA Neu-
roscience Genomics Core (UNGC) using R and Bioconductor. FC>2
was used to define DEGs for hierarchical cluster analysis. The gene
ontology (GO) biological process enrichment analysis of DEGs was
performed using a Functional Annotation of NIH DAVID program
with Fisher exact t test p value <0.05 [20,21]. Processed data are
deposited in NCBI BioSample database with BioSample accessions of
SAMN18317203 (ACTH+) and SAMN18317204 (ACTH-).

2.8. Single-cell RNA-sequencing and bioinformatic analyses

A single cell suspension of surgically resected human corticotroph
tumors was obtained by mechanical and enzymic digestion using a gen-
tleMACS 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 manufac-
turer’s protocol for the v3 reagent kit (10x Genomics). In brief, cell sus-
pensions were loaded onto a Chromium Single Cell A Chip, aiming for
10,000 cells per channel for generation of single-cell gel bead-in-emul-
sions (GEMs), following which reverse transcription was performed and
the resulting post-GEM reverse transcription product was cleaned up
using DynaBeads MyOne silane beads (Thermo Fisher Scientific, Wal-
tham, MA). The cDNA was amplified, SPRIselect (Beckman Coulter, Brea,
CA) cleaned and quantified, and then enzymatically fragmented and
size selected prior to library construction. Libraries were quantified by
KAPA quantitative PCR for Illumina 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).
10x Genomics Cell Ranger 2.1.1 scRNAseq pipeline was used for data
analysis. The pipeline aligned reads to the University of California Santa
Cruz (UCSC) human reference (GRCh38) transcriptome using the RNA-
seq alignment program STAR. Manually generated clusters, UMAP plots,
differential gene expression analyses, and feature plots were produced
using Seurat within Rstudio. To select cells for downstream analysis, we
removed cells with 1) < 900 unique genes detected. 2) > 7500 unique
genes detected. 3) > 20% of their counts mapping to mitochondrial
(MT) genes. 4) > 50,000 RNA counts. Genes detected in < 3 cells were
also disregarded. Raw data are deposited in NCBI BioSample database
with BioSample accessions of SAMN18316925 (CD-1), SAMN18316926
(CD-2, P0), SAMN18316927 (CD-2, P1), SAMN18316928 (CD-3),
SAMN18316929 (CD-4). No customized codes were used.

2.9. Statistics

All experiments were performed in triplicate and at least 3 times.
Results are expressed as mean =+ SD. Differences were assessed stu-
dent t test. P values less than 0.05 were considered significant.

2.10. Role of the funding sources

The funding source provided support for costs of sequencing and
consumables. The funding source played no role in study design, data
collection, analyses, data interpretation or manuscript writing.

3. Results

3.1. (lassification of cellular composition of human CD tumors based on
SCRNA-seq analysis

To understand at a deeper level the cellular and transcriptional
make-up in human corticotroph tumors, we employed single cell
RNA sequencing (scRNA-seq) to analyze 4 individual surgically
resected clinically functional corticotroph tumors (CD1-4, Supple-
mentary Table 1) at a single cell resolution using a 10x Genomics
platform (v3, Fig. 1a). Using Cell Ranger pipeline for alignment and
normalization of scRNA-seq data, we detected a total of 26,126 cells,
with an average of 6,532 cells per patient (Supplementary Table 2).
An average of 269 million reads, and 24,538 genes per patient were
obtained with an average of 1,373 genes expressed and 3,886 unique
molecular identifiers (UMIs) detected per cell (Supplementary Table
2). Seurat v3 was then used for read pre-filtering, integration and
cluster identification [22], which resulted in 15,623 cells (CD1 1,691
cells, CD2 6,435 cells, CD3 1,186 cells and CD4 6,311 cells) grouped
into 10 clusters (Fig. 1b). By profiling differentially expressed genes
(DEGs), we identified gene signatures for each of the 10 distinct cell
clusters (Fig. 1c, Table 1 and Supplementary Table 3). We assigned
the clusters putative identities according to their enriched markers,
and annotated them as corticotroph tumor cells (EPCAM+/CHGB
+[PITX1+/TBX19+, cluster-0, 1, 5 and 9, containing 11,500 cells, 73.6%,
Figs. 1c & 1d), progenitors (SOX2+/SOX9+, cluster-3 and 6, 1,299,
8.3%, Figs. 1c & 1e), stromal cells (including endothelial cells, PECAM1
+/VWF+/CLEC14A+/VEGFC+, cluster-2, 982 cells, 6.3%; and fibroblasts,
THY1+/COL1A1+/COL1A2+/ACTA2+/PDGFRB+/FN1+, cluster-4, 764
cells, 4.9%, Supplementary Fig. 1), and immune cells (including T/NK
cells, PTPRC+/CD2+/CD3D+/CD3E+/CCL5+/NKG7+, cluster-7, 441 cells,
2.8%; macrophages, CD14+/FCGR3A+/CD68+/CD86+/APOE+/C1QA+,
cluster-8, 414 cells, 2.6%; and myeloid-derived suppressor cells, CD68
+/CD14+/S100A8+/VCAN+/FCN1+, cluster-10, 223 cells, 1.4%, Supple-
mentary Fig. 2). POMC, glucocorticoid responsive gene RASD1 [23],
and hormone processing genes such as SCG2 and PCSKIN were
highly expressed across all 4 corticotroph tumor cell populations as
expected (Fig. 1d).

Using the same methodologic approaches, we defined 3 progeni-
tor sub-groups, namely epithelial progenitors (408 cells, 2.6%) which
expressed the epithelial markers (EPCAM/KRT8), mesenchymal pro-
genitors (378 cells, 2.4%) expressing markers of VIM/COL1A2, and
mesenchymal-epithelial transitioning cells (EMT, 513 cells, 3.3%),
which expressed both EPCAM and VIM as well as pituitary stem cell
markers (LHX3 and LY6H, Fig. 1e). The mesenchymal progenitor cells
also expressed several posterior pituitary lineage TFs including LHX2,
NKX2-1 (aka TTF1) [24], SIX3 and SREBF1 [25], in addition to several
genes characteristic of fibroblasts (MYLK, FN1, COL25A1, and
COL1A2) and a plethora of distinct secretory genes involved in ECM
construction (COL6A1/LAMA4) and cell-cell communication (CXCL14
and WIF1, Fig. 1f and Supplementary Table 4). In contrast, the EMT
cell subgroup expressed several well-defined anterior pituitary TFs,
including PITX1/2, LHX3, RFX4, HEY1 and MSX1, mimicking features
of early embryonic anterior pituitary progenitor cells which dictate
endocrine cell commitment [26—29] (Fig. 1g and Supplementary
Table 4). Epithelial progenitors comprised the third subgroup and
expressed cytokeratin (KRT8/7/19+), serous cell markers SLPI/
WFDC2, mucins (MUC16/MUC4) and cilium organization components
(CEACAMG6/DNAHS5), imitating some features of ciliated luminal sub-
mucosal epithelial cells within a microcystic fibrosis structure [30]
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Table 1

The annotation and number of cells in each cluster.
Cell Types Corticotroph Tumor Cells Progenitors Stromal Cells Immune Cells Total
Annotation  Corticotroph Tumor Cells Mesenchymal Progenitors  Epithelial Progenitors ~ Endothelial Cells ~ Fibroblasts T/NK M®  MDSCs
Cluster 0 1 5 9 3 6 2 4 7 8 10 10
D1 646 0 2 32 485 21 156 96 110 11 32 1691
CD2 3145 1014 403 48 240 21 620 559 162 145 78 6435
CD3 499 11 54 249 57 29 99 58 32 73 25 1186
CD4 5195 36 115 51 40 406 107 51 137 85 88 6311

(Fig. Th and Supplementary Table 4). In summary, our scRNAseq anal-
ysis of 4 corticotroph tumors revealed 4 major cell types, namely cor-
ticotroph tumor cells (73.6%), stromal cells (11.2%), progenitor cells
(8.3%), and immune cells (6.8%).

3.2. Transcriptional changes across loss of hormone secretion in in vitro
human CD primary cultures

As summarized schematically (Fig. 2a), surgically removed fresh
human ACTH-secreting pituitary tumor tissues were harvested and
prepared for primary culture using standard conditions. To character-
ize transcriptional changes that occurred during corticotroph tumor
culture, we extracted mRNA from paired corticotroph tumor primary
cultures that were one passage interval in the presence and absence
of ACTH hormone secretion for microarray analysis. To identify differ-
entially expressed genes (DEGs) between the consecutive passages,
we used a conservative threshold taking a natural logarithm ratio of
1.0 that corresponded to a 2-fold-change (FC) in gene expression.
Concordant with loss of ACTH secretion in the human corticotroph
tumor primary cultures, we identified 415 DEGs (429 probes), 214 of
which were upregulated (227 probes) and 201 of which were down-
regulated (202 probes, Fig. 2b). Gene Ontology analysis revealed
changes primarily in genes that regulated cell migration and motility,
extracellular matrix (ECM) protein make-up, and cell adhesion mole-
cules (Fig. 2c). For example, several ECM proteins, including collagen
type XI alpha 1 chain (COL11A1), stanniocalcin 1 (STC1), tenascin-
C (TNC), and reelin (RELN), as well as the cytoskeleton gene, neurofi-
lament medium (NEFM), were amongst the top 10 most upregulated
genes (Fig. 2d), and our scRNAseq analysis also showed their expres-
sion in the stromal population (Supplementary Fig. 3). This suggested
to us that our existing 2D culture conditions were selecting cells that
exhibited strong adhesion to the supporting surface. Interestingly,
amongst the top 10 most downregulated DEGs, we noted several tis-
sue specific genes including integrin 82 (ITGB2) [31,32] and neutro-
phil cytosolic factor 2 (NCF2) [33,34] which are enriched in
leukocytes and granulocytes; elastin (ELN) [35] and myomesin 1
(MYOM1) [36] which are enriched in muscle cells and myofibro-
blasts; as well as S-tubulin (TUBB2B) which is a neuronal specific
tubulin gene [37,38] (Fig. 2d). Reduced expression of these tissue spe-
cific genes suggested that certain cell populations such as immune
cells, blood vessel/endothelial cells, and neuronal components were
being lost from the initial heterogenous tissue of the corticotroph
tumor during in vitro culture. This hypothesis was further supported
by reduced expression of the respiratory regulatory protein, cytoglo-
bin (CYGB, Fig. 2d), which senses oxygen homeostasis and is typically
induced in anoxic or hypoxic conditions to sustain cell survival
[39,40]. Taken together, the transcriptional pattern we observed in
the corticotroph tumor cells as they lost ACTH hormone secretion
suggested to us that our current 2D culture system may have been
inadvertently generating a selective stress which favored selection of
cells with strong adherent properties, such as stromal cells. We fur-
ther hypothesized that certain types of tumor components, including
endocrine hormone secreting tumor cells, were being lost either due
to dislodgement during passaging or apoptosis caused by their inabil-
ity to appropriately adjust to the culture conditions.

3.3. Optimization of the nutrient milieu and ECM coatings for human
pituitary tumor cell ACTH secretion

As previously described, rapid fibroblast outgrowth is observed
during early in vitro pituitary tumor culture [41], and replacement of
L-valine with D-valine in culture medium has been shown to selec-
tively inhibit fibroblast proliferation [42]. However, we reasoned that
the L-valine in fetal bovine serum (FBS) would largely attenuate the
value of D-valine selective media [43], and therefore we compared
effects of different FBS concentrations on human corticotroph tumor
ACTH secretion in 2 CD tissues (CD-6 and CD-7). In short, we
observed that changes in FBS concentrations did not alter ACTH
secretion (Fig. 3a), although higher FBS concentrations (20%)
increased cell proliferation (Relative Proliferation Rate, 10%FBS 0.91+
0.1, 20% FBS 1.6+0.2, p<0.05) whereas lower FBS (2%, 0.5+ 0.1,
p<0.05) alone or combined with 15% horse serum (HS) reduced cell
proliferation (0.3+ 0.1, p<0.005, t test, Fig. 3b). Opti-MEM reduced
both ACTH secretion and cell proliferation (p<0.05, t test, Fig. 3b),
and therefore 10%FBS was used as routine medium.

As described above, as the corticotroph tumor cells lost ACTH
secretion, we had observed a transcriptional pattern that suggested
our standard 2D culture system was generating a selective stress
favoring cells with strong adhesive capabilities, such as fibroblasts.
Therefore, we next investigated ways to provide some form of in vitro
structural support that might enable maintenance of corticotroph
tumor cell-cell and cell-ECM interactions, potentially preserving their
longer term ACTH secretory capability. Variation of ECM components,
including collagen I (Col-I) & four (Col-1V), fibronectin (FN), laminin
(LAM) and vitronectin (VIT) did not alter ACTH secretion (Fig. 3c) or
corticotroph tumor cell proliferation (Fig. 3d) in the corticotroph
tumor cultures [44,45]. Regardless of which ECM component we
used, ACTH secretion decreased after the first passage (P1, ~4 weeks,
Fig. 3e). We did observe that the only cells cultured in LAM-coated
plates continued to secrete ACTH beyond passage 2 (~6 weeks,
Fig. 3e).

3.4. Role of matrigel in maintaining long-term human pituitary
corticotroph tumor ACTH secretion

Having noticed the effect of LAM coating to prolong ACTH secre-
tion, we investigated matrigel as a scaffold matrix given it contains
high LAM concentrations (60%) and to mimic a 3D culture condition.
Matrigel is a heterogenous gelatinous protein mixture secreted by
Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells, rich in a variety
of ECM adhesive proteins including LAM (60%), Col-IV (30%), and
entactin (8%) the latter of which acts to bridge between LAM and Col-
IV. It also contains heparin sulfate proteoglycans, and a number of
growth factors, including transforming growth factor beta (TGF-B,
1.7-4.7ng/mL), EGF (0.5-1.3ng/mL), insulin-like growth factor-1 (IGF-
1, 11-24ng/mL), bFGF (<0.2pg/mL), nerve growth factor (NGF,
<0.2ng/mL), platelet derived growth factor (PDGF, 5-48pg/mL), and
other growth factors which have been reported to be important in
pituitary function [46]. As depicted in Fig. 4a, we observed that when
corticotroph tumor cells were embedded in 50% matrigel and cul-
tured on top of a thick matrigel coating (200 111/cm?), ACTH hormone
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Fig. 2. Changes in human corticotroph tumor transcriptome across loss of ACTH secretion. (a) Schematic of surgically resected pituitary corticotroph tumor collection, enzymatic
digestion and conventional 2-dimensional culture with quantitation of secreted ACTH levels. mRNA was harvested from paired primary cultures from a patient with CD at one pas-
sage interval between active and absent ACTH secretion and subjected to microarray analysis. (b) Heat-map of the 415 genes that exhibited > 2-fold change in expression between
paired human CD samples. (c) Gene Ontology analysis of the 415 DEGs depicting their biological processes, cellular component and molecular function. (d) Table depicting the top
10 upregulated and downregulated DEGs respectively from the human corticotroph tumor microarray analysis.

secretion increased and was sustained up to 18 weeks in culture
compared to no gel-coating or thin-gel coating (50 ul/cm?) condi-
tions (Fig. 4b). Additionally, photomicrographs of the cultures
demonstrated that those grown on a thick layer of matrigel
formed suspended cell aggregates (Fig. 4e), whereas higher fibro-
blast numbers were observed in primary cultures grown on ves-
sels with either no coating (Fig. 4c) or a thin matrigel coating
(Fig. 4d). These encouraging results suggested to us that our
matrigel-based 3D culture method could help sustain corticotroph
tumor ACTH secretion.

3.5. Adefined medium for optimal corticotroph pituitary tumoroids in
matrigel

Having identified a suitable matrix to sustain the differentiated
corticotroph tumor cells, we sought to simultaneously optimize our
culture conditions to support the corticotroph progenitor cell popula-
tion we had noted above (Fig. 1e). Once again, we compared the cor-
ticotroph tumoroid culture transcriptome to that of its freshly
resected parental corticotroph tumor tissue, this time by scRNA-seq
(Fig. 5a) and identified a defined medium (detailed in Materials and
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Methods section) that not only maintained the tumor and the fibro-
blast cell populations (Baseline: tumor cells 61.65% and fibroblasts
11.91% vs. defined medium for 8 weeks: tumor cells 55.81% and fibro-
blasts 14.47%), but additionally resulted in expansion of the progeni-
tor cell population (Baseline 4.3% vs. defined medium for 8 weeks
10.3%, Figs. 5b & 5¢) with emergence of a new population of “inter-
mediate” cells (19.4%), which expressed PITX1 and TBX19 (Fig. 5d
and Supplementary Tables 5 & 6) [47].

3.6. Atwo-step 3D culture platform for sustainable human pituitary
corticotroph tumoroids

Having defined conditions that supported both the differentiated
ACTH-secreting corticotroph tumor and progenitor cell population,
we then transferred the established corticotroph tumoroid cultures
to spinner flasks to augment corticotroph tumor cell proliferation
rate (Fig. 6a) [48]. Using this two-step culture system, whereby estab-
lished matrigel-embedded corticotroph tumor clusters (steadily
propagated for 5 weeks) were then transferred to a spinner flask, we
have consistently obtained a high yield of ACTH-secreting human

corticotroph tumor cells from 5 consecutive harvested corticotroph
tumors thus far (representative tumor, Fig. 6a). This approach has not
only sustained corticotroph tumor ACTH secretion but actually
resulted in increased corticotroph tumor ACTH secretion in some
(ACTH (pg/10%cells/24h): week-1; 14.7 & 0.07 vs. week-6; 93 + 2.9,
p<0.05, Fig. 6b) but not all corticotroph tumors studied. We have
also been able to cryopreserve and retrieve some corticotroph tumor
cultures for later translational research studies and demonstrated
that these retrieved clones secreted similar ACTH levels to their origi-
nal parental tumor cells for up to two further weeks after thaw recov-
ery (Fig. 6¢).These extensive set of studies indicate that our 2-step
culture system can be employed to simultaneously maintain differen-
tiated ACTH-secreting corticotroph tumor cells as well as support
corticotroph tumor progenitor cells.

4. Discussion
The availability of human tumor-derived in vitro cell cultures pro-

vides a unique and irreplaceable resource to gain insights into a
tumor’s biological features and is critical to the identification of
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potential novel therapeutic molecular targets and testing potential
therapeutics [49]. Whereas many epithelial cancers can be grown
either as patient derived xenograft (PDX) in vivo models or used to
generate immortalized cell lines for in vitro studies, neuroendocrine
tumors, including those of the pituitary gland, have not thus far been
amenable to in vitro culture for any longer than 1-2 weeks and they
do not form tumors in vivo. Unquestionably, bona fide human pitui-
tary tumor cell lines that faithfully recapitulate the highly differenti-
ated features of these tumors including specific hormone secretion
would represent a major advance in the field. Such a tool would
greatly facilitate advances in evaluating the detailed mechanism(s) of
action of various therapeutic agents at the cellular and subcellular
level and allow improved understanding of the molecular pathogene-
sis of pituitary tumors.

Several methods have previously been exploited to generate long-
term pituitary tumor cultures, including modifying the extracellular

matrix [11], adjusting culture media components or use of various
culture devices [50]. However, no comprehensive molecular analysis
of the factors underlying the loss of pituitary corticotroph tumor
ACTH secretion in culture that might guide optimization of culture
conditions has ever been undertaken. Furthermore, an effective
experimental protocol that promulgates long-term human pituitary
corticotroph tumor culture has not been established. Cushing disease,
a rare orphan disease due to a pituitary corticotroph tumor, is partic-
ularly challenging to study as even large pituitary centers only per-
form 10-15 corticotroph tumor surgeries annually. Compounding
this, corticotroph tumors are often small (3-5mm), and sufficient tis-
sue is not always available for research use. Our studies here outline
a 2-step culture system that incorporates a 3D matrigel culture model
and a defined medium to maintain human ACTH-secreting pituitary
corticotroph tumor cells with expansion in a spinner flask to promote
their proliferation. They advance our ability to study human
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corticotroph tumors and we and others now need to further test
these methods to build a living biobank of human pituitary cortico-
troph tumors.

High-throughput scRNA-seq has provided unprecedented poten-
tial to assess and dissect the heterogenous composition of the tumor
microenvironment and generate transcriptional profiles from thou-
sands of cells simultaneously. Our scRNA-seq studies of human corti-
cotroph tumors identified at least 4 major cell populations, namely
corticotroph tumor cells, stromal cells, progenitors, and immune
cells. We also identified 3 types of progenitor cells that were SOX2
and SOX9 positive. Intriguingly, the mesenchymal progenitor cells
also expressed several posterior pituitary lineage TFs. Although we
cannot discount some contamination of the corticotroph tumor sam-
ple with posterior pituitary tissue, prior studies have reported corti-
cotroph tumors completely located in the posterior pituitary [51],
and corticotroph (basophil) invasion of the pars nervosa in the
human pituitary is not uncommonly seen at autopsy [52,53]. EMT
endocrine progenitor cluster (513 cells, 3.3%) expressed several
embryonic pituitary stem cell markers, including HEY1, and LHX3,
suggesting that this cluster could potentially be a forerunner of dif-
ferentiated pituitary cell sub-types under appropriate specific direc-
tion. This hypothesis is supported by animal models which have
demonstrated that SOX2 lineage progenitor pituitary cells can give
rise to new hormone-producing cells throughout life [54]. The epi-
thelial progenitor cluster (408 cells, 2.6%) expressed the epithelial
markers, KRT8/18/19 and several markers of serous gland secreting
cells, as well as dynein components (DNAHSs) of cilium organization

and TF CEACAMSG6 found in pancreatic ductal carcinoma [55]. In some
ways, this population appears to emulate some features of Rathke’s
cleft cysts [56]. Prior studies using in vitro cultures of mouse pituitary
derived ciliated cystic organoids which were later engrafted in mice
resulted in a limited number of hormone-expressing cells in vivo
[57]. Therefore, we speculate that the cystic organoids [57] resemble
the in vitro derivative of our defined epithelium progenitors, as they
are mucin-producing cells rather than endocrine progenitors. We
speculate that our findings also raise the intriguing possibility that
isolation and propagation of these EMT endocrine progenitor cells
could offer a novel approach to direct their development to gen-
erate functional differentiated pituitary cell lineages. Supporting
this idea, a prior study described expression of the stem cell
marker SOX2 in short-term (7-10 days) suspension cultures of a
human clinically non-functioning and 2 growth hormone secret-
ing pituitary tumors [58].

By careful monitoring of ACTH secretion in serial passages of indi-
vidual primary human corticotroph tumor cultures, we have been
able to characterize changes in gene expression that occur within
one passage interval between the presence and absence of active
pituitary corticotroph tumor ACTH secretion. These studies demon-
strated dramatic changes in expression of transcripts related to cell
motility, ECM and receptor binding as these corticotroph tumor cul-
tures lost the ability to secrete ACTH. These findings underpin the
important role of the ECM [11] and use of suspension culture [50] to
optimize pituitary tumor culture conditions and highlight the poten-
tial unintended deleterious effects of current commonly used 2D
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culture approaches for these vulnerable cells. Following a systematic
analysis of effects of various physical architectural factors in the
maintenance of human corticotroph tumor in vitro ACTH secretion,
we created a two-step culture system, whereby corticotroph tumor-
oids were first established in a matrigel plug overlayered onto thick
matrigel and subsequently transferred into a spinner flask. We did
observe a drop in ACTH concentration in the increased spinner flask
media volume which we believe is due to reduced cell density and
we did note some variability in ACTH secretion between individual
patients indicating that optimal culture conditions may vary slightly
from patient to patient (Fig. 6). However, we believe these issues can
be rectified by further optimization of factors in spinning culture,
such as mixing speed; seeding density and cell harvest time to attain
optimal sustained ACTH hormone secretion in harvested corticotroph
tumors and this is a current focus. This is the first report of a method
that maintains the highly differentiated phenotype of pituitary corti-
cotroph tumor cultures for periods greater than 2-3 weeks, with sus-
tained high levels of ACTH secretion for up to 4 months.
Furthermore, we have also been able to cryopreserve our cortico-
troph tumoroids and retrieve these expandable primary cultures,
thus permitting a consistent and convenient supply of human corti-
cotroph tumor cells for drug sensitivity screens and other studies.

Altogether, our studies take a critical step in advancing methods
to culture human corticotroph tumors and provide an extremely
important resource for the study of the corticotroph tumor pathogen-
esis and provide a critical tool to identify and/or validate novel thera-
peutic options for these disabling and often fatal corticotroph tumors.
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