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SUMMARY

Sporadic pituitary adenomas occur in over 10% of the population. Hormone-secreting adenomas, 

including those causing Cushing’s disease (CD), cause severe morbidity and early mortality. 

Mechanistic studies of CD are hindered by a lack of in vitro models and control normal human 

pituitary glands. Here, we surgically annotate adenomas and adjacent normal glands in 25 of 34 

patients. Using single-cell RNA sequencing (RNA-seq) analysis of 27594 cells, we identify CD 

adenoma transcriptomic signatures compared with adjacent normal cells, with validation by bulk 

RNA-seq, DNA methylation, qRT-PCR, and immunohistochemistry. CD adenoma cells include 

a subpopulation of proliferating, terminally differentiated corticotrophs. In CD adenomas, we 

find recurrent promoter hypomethylation and transcriptional upregulation of PMAIP1 (encoding 

pro-apoptotic BH3-only bcl-2 protein noxa) but paradoxical noxa downregulation. Using primary 

CD adenoma cell cultures and a corticotroph-enriched mouse cell line, we find that selective 

proteasomal inhibition with bortezomib stabilizes noxa and induces apoptosis, indicating its utility 

as an anti-tumor agent.

Graphical Abstract
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In brief

Asuzu et al. perform single-cell transcriptomic profiling in Cushing’s disease (CD) adenomas 

and find overexpression and DNA hypomethylation of PMAIP1, which encodes the pro-apoptotic 

protein noxa. Noxa is degraded by the proteasome. Proteasomal inhibition rescues noxa and 

induces apoptosis in CD.

INTRODUCTION

Pituitary adenomas are among the most common human central nervous system neoplasms; 

they are found in >10% of the population (Ezzat et al., 2004; Tjörnstrand et al., 2014) 

and result in disease states due to hormone oversecretion or due to compression of 

neural structures (Ikeda and Yoshimoto, 2009; Zaidi et al., 2017). Micro-adenomas causing 

Cushing’s disease (CD) cause severe morbidity and up to 2.5-fold increase in mortality 

despite modern treatments (Plotz et al., 1952; Ragnarsson et al., 2019). Unlike most human 

tumors, benign adenomas of the pituitary gland are monoclonal (Alexander et al., 1990; 

HERMAN et al., 1990; Schultef et al., 1991) and genetically bland, with a low mutation 

load (Bi et al., 2017). Point mutations in USP8 (Reincke et al., 2014; Ma et al., 2015), 

USP48, or BRAF (Chen et al., 2018) have been identified in up to 40% of sporadic CD 

adenomas. However, pathogenic mechanisms in the majority remain unexplained (Salomon 

et al., 2018). Proposed mechanisms for the origins of pituitary adenomas include mitotic 

replenishment (Gleiberman et al., 2008) or paracrine drive from pituitary stem cells; 

however, conclusive studies identifying and characterizing these mechanisms are lacking.
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Single-cell RNA sequencing (scRNA-seq) of mammalian tissues has recently emerged as a 

powerful tool to study state-dependent transcriptional changes (Levine et al., 2018). Studies 

using mammalian pituitary glands have yielded insights into pituitary cell fates in animal 

models (George et al., 2018; Ho et al., 2018; Ruf-Zamojski et al., 2018; Fletcher et al., 

2019) and human fetal pituitary glands (Zhang et al., 2020). However, efforts to map 

the post-natal human pituitary gland transcriptome have been hindered by lack of normal 

pituitary gland controls. Therefore, studies on the transcriptome of the pituitary gland have 

relied on allogenic, post-mortem pituitary glands (Jiang et al., 2011; Michaelis et al., 2011; 

Dorman et al., 2012).

Micro-adenomas in CD are small (<1 cm diameter), distort the pituitary gland minimally, 

and are often embedded deep within the normal pituitary gland. This allows for micro-

neurosurgical separation of the adenoma (tumor or core cells) from adjacent normal 

pituitary gland (normal or margin cells) (Lu et al., 2018). Here, we used this strategy to 

separately procure syngeneic core and margin tissue from patients with CD for parallel 

transcriptional profiling of single cells. Variant analysis found no evidence of mutations at 

known CD point mutation loci, indicating ‘‘wild-type’’ CD adenomas. Among these cells, 

we identified canonical pituitary cell classes, characterized adenoma cell transcriptomes, 

and found a subset of proliferating cells within the CD adenoma compartment. A key 

CD adenoma marker gene, PMAIP1 (encoding the pro-apoptotic BH3 only Bcl-2 protein 

noxa), sharply demarcated adenoma cells from normal gland. Additional bulk RNA-seq, 

DNA methylome analysis, qRT-PCR, and immunohistochemistry buttressed these findings. 

The PMAIP1 locus was hypomethylated in CD adenomas compared with non-CD samples 

and autopsy-derived normal pituitary controls. However, despite hypomethylation and 

transcriptional upregulation, we found proteasomal degradation of noxa protein in CD 

adenomas, suggesting a mechanism for escape from apoptosis in these cells. Using the 

selective proteasomal inhibitor bortezomib, we rescued noxa ex vivo and in vitro, induced 

apoptosis, and reduced cell survival in adenoma cell lines. Our results demonstrate a 

mechanism of tumorigenesis with therapeutic implications for CD.

RESULTS

Human adult pituitary cell class identification

Sporadic pituitary micro-adenoma core and adjacent margin tissues were obtained from 

34 patients via micro-neurosurgical dissection (Figure 1A; Video S1). Patients included 

24 cases presenting with CD, one silent CD (sCD), 3 acromegaly (GH), 3 prolactinoma, 

and 3 non-functioning prolactinoma (NFPA) (Figure 1B; Table S1). This approach allowed 

for separate surgical annotation of adenomas and adjacent margin tissues for downstream 

analysis in 25 of 34 cases.

We dissociated core and margin specimens (3 CD, P1–3, and 3 non-CD, P27, P28, and P34) 

into single cells for transcriptional profiling using the 10× Genomics Chromium scRNA-seq 

platform (Zheng et al., 2017). After running the Cell Ranger pipeline and filtering low-

quality droplets (STAR Methods), we obtained a total of 27,594 cells for further analysis: 

15,513 droplets from patients with CD and 12,081 from non-CD patients. Uniform manifold 

approximation and projection (UMAP) (McInnes et al., 2018) indicated separate clustering 
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of CD, NFPA, and prolactinoma (PRL) adenoma cells from clusters of canonical pituitary 

cell types expected in margin samples (Figures 1C and 1D).

We used canonical cell-type marker genes to classify all cells from non-CD (Figure 1D) 

and CD samples (Figures 1E and 1F) using marker gene scores (see STAR Methods) 

(George et al., 2018; Ho et al., 2018; Fletcher et al., 2019). Cell identity labels closely 

corresponded to clusters in UMAP embeddings, supporting the classification result (Figures 

1D and 1F). Canonical resident pituitary cell classes and circulating immune cells could be 

readily identified, including erythrocytes (Es; not shown), leukocytes (Les), endothelial cells 

(ECs), pericytes (Pes), folliculostellate cells (FSs), and hormone-producing cells (HPCs) 

including corticotrophs (Cs), gonadotrophs (Gs), somatotrophs (Ss), and lactotrophs (Ls; 

Table S1). PRL and NFPA adenoma cells differed sufficiently from margin cell types to 

warrant separate labels. Too few cells expressed thyrotroph markers to be included in further 

analysis, likely due to the rarity of normal thyrotrophs in the region of the pars distalis, 

where most adenomas occur (Baker and Jaffe, 1975).

As our primary focus was CD, we next investigated in detail tissues from three patients with 

sporadic CD adenomas (P1–P3; Figures 1E, 1F, and 2A) with the goal of characterizing the 

CD adenoma transcriptomic signature shared among them. We found no evidence in these 

samples of canonical CD mutations in USP8 (Reincke et al., 2014; Ma et al., 2015), USP48, 

or BRAF (Chen et al., 2018), using both variant calling from raw scRNAseq reads (STAR 

Methods; Table S1) (Robinson et al., 2011) and targeted PCR using mutation-specific 

primers (Figure S2).

Pairwise differential expression analysis between cell types was performed using scran 

scoreMarkers with correction for patient batch (STAR Methods) to identify cell-type marker 

genes for human tissues (Figure 2B). Among top cell-type markers were subsets of the 

prior known canonical markers we used for cell classification. A complete list of identified 

markers is provided in Table S1. The identified cell classes in this study showed good 

agreement with the cell classes and gene markers in prior vertebrate studies (George 

et al., 2018; Ho et al., 2018; Fletcher et al., 2019; Fabian et al., 2020; Zhang et al., 

2020). Immunohistochemistry of the adenoma core and surrounding margin tissue indicated 

uniform pro-opiomelanocortin (POMC) expression within the adenoma, while hormone 

immunoreactivity characteristic of non-corticotroph cells was evident in the surrounding 

margin tissue, consistent with scRNA-seq transcriptional profiles (Figure 2C).

Our cell classification procedure allowed some cells to remain unclassified or to be 

ambiguously classified as more than one canonical cell type. Most of the unclassified cells 

had nearest neighbors that were uniquely classified as S or L. These cells were POU1F1-

positive but did not express other S or L marker genes, so we termed these POU1F1-positive 

hormone-negative (P+H−) cells. The most abundant subpopulation of ambiguous cells 

consisted of cells that expressed both S and L marker genes, termed SL, suggesting the 

presence of dual mammosomatrophic gene expression in our margin samples (Pasolli et 

al., 1994). Both SL and P+H− cells expressed several marker genes in common with S 

and L, including the lineage defining POU1F1 gene, the tumor suppressor MEG3-DLK1 
(Gejman et al., 2008), and NLRP1 (Table S1; Figures S3A–S3B). Pseudotemporal ordering 
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analysis (Trapnell et al., 2014) supported a single lineage determination for S, L, and P+H− 

cells (Figures S3C–S3D). Suppressed spontaneous and stimulated growth hormone (GH) in 

patients with CD has been attributed to suppressed somatotroph response to GH-releasing 

hormone (Magiakou et al., 1994; Borges et al., 1999). Our observation of P+H− cells, which 

lack key somatotroph marker gene expression, suggests transcriptional repression of the 

GH1 gene in a subpopulation of somatotrophs as a mechanism of GH deficiency in CD.

Consensus corticotroph-dominant genes identify adenoma cells

To identify consensus-dominant genes in adenomas causing CD, we compared corticotrophs 

from core and margin samples with all other cell types. Corticotrophs from core versus 

margin compartments were, respectively, annotated as C2c and C2m for patient P2 and 

C3c and C3m for patient P3. Based on surgical annotation and the large transcriptionally 

uniform cluster of cells that comprised P1 corticotrophs, we assigned C1 cells as core. We 

thus annotated C1, C2c, and C3c as core-sample corticotrophs (Ccs) and P2m and P3m 

as margin-sample corticotrophs (Cm). Using scoreMarkers with patient ID as batch, we 

computed effect sizes in gene expression separately between Cc and Cm versus every other 

cell type. We identified the robustly upregulated genes by selecting the union of genes 

with the top 20 largest effect sizes compared with all other cells for all three effect sizes 

reported by scoreMarkers (min.logFC.cohen, min.AUC, and min.logFC.detected), retaining 

only genes expressed in at least 25% of Cc or Cm, and enforced specificity to corticotroph 

sample by excluding genes expressed in over 25% of more than one other cell types.

We then evaluated the overlap between the identified Cc and Cm gene sets, focusing on 

common and Cc-specific genes (Figure 3A). Genes common to both Cc and Cm included 

canonical corticotroph markers (Figures 3A and 3B, blue). In addition to corticotroph 

lineage-restricted genes (POMC, TBX19) (Lamolet et al., 2001), we found dominant 

expression of genes common to corticotrophs: RAB3B, GAL, ASCL1, PCOLCE2, CALB1, 

and PCDH9 (Figure 3B, bottom segment; Table S1). Adenomatous corticotrophs are 

resistant to the hypercortisolism-induced POMC repression in CD (Neou et al., 2020). 

We therefore expected to find transcriptional repression of POMC in margin sample 

corticotrophs; POMC expression was indeed elevated in core samples relative to margin 

(Figure 3B). This was particularly evident in the P2 sample; with marker gene classification, 

we found few corticotroph-like cells in the margin sample for patient P2 (C2m, n = 19), 

in contrast to the abundance of corticotroph cells found in mammalian pituitary gland in 

the normal, non-hypercortisolemic state (Fletcher et al., 2019; Zhang et al., 2020). These 

cells expressed markers of terminal corticotroph differentiation such as TBX19 but were 

transcriptionally repressed for POMC (all but 4 were POMC–).

The Cc genes that were not present in the Cm gene set were termed CD signature genes 

(Figures 3A, red, and 3B, top segment). Notable genes identified included phorbol-12-

myristate-13-acetate-induced protein 1 gene PMAIP1 (Oda et al., 2000), protein phosphatase 

1 regulatory subunit PPP1R17, secreted phosphoprotein 1 SPP1, the peptide hormone 

processing gene PCSK1, and the thrombospondin type 1 repeat supergene family member 

RSPO3. We verified the localization of CD signature genes by computing a CD signature 

score for all C cells, displayed on a UMAP embedding in Figure 3C. Cells with high 
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CD signature gene scores (Cadenoma cells) were localized to P1 corticotrophs and to core 

samples of P2 and P3 as distinct from margin cells (Figures 3B and 3C), confirming 

agreement between our genetic classification methodology and anatomic demarcation at 

time of surgery. In all three patients, Cadenoma cells were found in cell clusters identified 

as corticotrophs via marker genes (Figure 3D). In integrated analysis with non-CD samples, 

expression of CD signature genes was not found in cell clusters representing GH-secreting 

adenoma (P27), non-functioning adenoma (P28), and PRL (P34) (Figure 3E).

To independently verify the overexpression of CD signature genes, we performed bulk 

RNA-seq in two additional syngeneic human CD adenoma-normal gland pairs (P4 and 

P5). We confirmed upregulation of corticotroph-restricted POMC (fold change: 7.1, false 

discovery rate [FDR]: 1.42E–12) and TBX19 (fold change: 5.3, FDR: 0.004) in the adenoma 

compartment, as well as upregulation of PMAIP1 (fold change: 5.7, FDR: 1.27E–13) in the 

adenoma compartment (Figure 3F). Notably, the top 30 CD upregulated genes identified 

by bulk RNA-seq included 6 of the corticotroph lineage-restricted genes (Figures 3F, blue 

labels) and 4 of the CD signature genes (red labels) identified by scRNA-seq. We also 

compared P4 and P5 core samples plus CD core samples from three additional patients 

(P29, P32, and P33) with both core and margin samples from two non-CD patients (Figure 

3G; P30, PRL; P31, NFPA). Again, the scRNA-seq-identified signature genes were well 

represented, including PMAIP1, PCSK1, and RSPO3.

Self-renewing cells are rare in human pituitary adenomas

We next asked if a population of resident tumor stem-like cells may initiate and sustain 

human CD adenomas. We found induction of cell-cycle genes (Tirosh and Izar, 2016) 

(Table S1) in a small subpopulation of Cadenoma cells, as evidenced by high cell-cycle 

gene scores (Figure 4A). These proliferating cells (Cpro cells) have not previously been 

described in sporadic adenomas. None of the Cpro cells expressed stemness markers (SOX2/

SOX9). Rather, they showed robust expression of terminally differentiated corticotroph cell 

markers POMC and TBX19 (Figure 4B). Compared with all other corticotrophs, Cpro cells 

overexpressed the pituitary tumor-transforming genes PTTG1, HMGB2, TUBB, CENPF, 

and SMC4 (Figure 4B) in addition to histone-modifying gene H2AFZ, cell-cycle regulators 

CDKN2D and CDKN3, and DNA-damage repair genes BRCA2 and BARD1, among others 

(Table S1). These findings suggest that CD adenomas host a subpopulation of terminally 

differentiated, proliferating corticotrophs. Proliferating cells were found among Les, as 

expected due to their higher proliferative capacity, but were mostly absent from other 

pituitary cell types (Figure 4C). We also found proliferating cells, albeit to a lesser extent, in 

PRL and NFPA tumors (Figure 4C), suggesting that these cells may be involved in various 

pituitary adenoma subtypes.

A subset of SOX2+ cells have been reported as progenitors in the mammalian pituitary gland 

that can self-renew and terminally differentiate into HPCs (Andoniadou et al., 2013). In 

human fetal pituitary glands, most SOX2+ cells do not express the FS marker S100B (Zhang 

et al., 2020). We found that in post-natal human pituitary samples, SOX2 was expressed 

in the FS compartment but not within Cadenoma cells (Figure 4D). We found very few FS 

cells within core samples. Patient P2 had only 3 FS cells within the core sample, and patient 
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P3 had 45 FS cells. We also found that genes associated with self-renewing tumor stem 

cells (George et al., 2018) were not expressed in Cadenoma cells (Figure 4E). The paucity of 

stem-like cells within our adenoma samples precludes any conclusions about their potential 

role in CD tumorigenesis.

Discrepant PMAIP1 transcript and noxa protein expression in human CD adenomas

PMAIP1 encodes for pro-apoptotic noxa, a BH3-only Bcl2 family protein, and has been 

reported to be suppressed in non-functioning pituitary adenomas (Jiang et al., 2011). We 

confirmed that PMAIP1 overexpression was specific to CD adenomas and not found in 

PRL, GH adenomas, or NFPAs (Figure 5A). To investigate the unexpected upregulation of 

a pro-apoptotic signal, we screened for transcription factors known to bind to the PMAIP1 
promoter and found upregulation of MYC (Nikiforov et al., 2007; Woloschak et al., 1994; 

Wang et al., 1996) overlapping with PMAIP1-expressing cells in Cadenoma (Figure 5B, 

yellow dots in middle panel). We verified MYC overexpression within adenoma compared 

with normal cells using bulk RNA-seq (P4 and P5; fold change: 4.6, FDR: 0.002) and using 

multiplexed immunohistochemistry (mIHC) of CD tumors compared with adjacent margin 

cells (Figure 5E).

We further investigated the role of PMAIP1 and its encoded protein noxa in CD 

tumorigenesis. Using PCR arrays, we found broad transcriptional changes in apoptosis-

related genes including PMAIP1 in primary cell lines derived from CD patients compared 

with a silent corticotroph adenoma and a non-functioning pituitary adenoma (Figure 5C). 

To determine the epigenomic basis for these transcriptional changes in CD adenomas 

(Capper et al., 2018), we performed DNA methylation analyses on three CD tumors (P1–P3) 

compared with 20 autopsy-derived normal pituitary glands. We found hypomethylation at 

the PMAIP1 promoter locus at the 5ʹ UTR and the first exon, which is critical for binding 

of transcription factor BMI1 (Yamashita et al., 2008), in CD adenomas compared with 

autopsy-derived pituitary glands (Figure 5D). In CD adenomas, CpG islands associated 

with PPP1R17 and RSPO3 were hypomethylated but not PCSK1 or EGLN1, indicating 

incomplete overlap between DNA hypomethylation and transcriptional upregulation of 

signature genes.

Paradoxically, with IHC, noxa protein levels were consistently depleted in CD adenomas 

compared with surrounding normal gland (Figure 5E). IHC analysis (Figure 5F) and 

subjective, blinded analysis by a trained neuropathologist confirmed that 8 of the 10 

independent CD adenoma samples had decreased noxa abundance compared with adjacent 

normal gland (Table S1). However, noxa abundance was unchanged in GH adenoma and 

PRL (Figure S4). We confirmed noxa suppression in CD adenomas using western blot 

on whole-cell lysates from two syngeneic pairs of primary human cell lines from CD 

adenomas and their adjacent normal tissues (Figure 5G). We then surveyed primary cell 

lines of CD, hormonally silent corticotroph adenoma, GH, and non-functioning adenoma 

and found variable, low-noxa expression in CD adenomas but expected EGF signaling 

activation (Theodoropoulou et al., 2004; Figure 5H).

Discrepant PMAIP1 transcript and noxa abundance suggested post-translational degradation 

previously reported in mantle cell lymphoma (Dengler et al., 2014). To investigate this 
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pathway, we generated a corticotroph-enriched mouse cell line (mCort) (Lu et al., 2017) 

with lentiviral transduction of human EGFR to simulate dysregulated EGF signaling 

(mCortEGFR) found in a majority of CD adenomas (Fukuoka et al., 2011a; Reincke et 

al., 2014; Ma et al., 2015) (Figure 6A). We confirmed expression of canonical corticotroph 

genes including Pomc in mCort with microarray (Figure 6B) and western blot (Figure 6C) 

analysis. In culture, mCort cells recapitulated pituitary cell morphology (Figure 6D). We 

found induction of Pomc and Pmaip1 in mCortEGFR with qRT-PCR compared with control 

transfected mCortEV and similar to murine corticotroph tumor cell line ATT20 (Furth et al., 

1953) (Figure 6E).

Since UCHL1, a specific noxa stabilizer (Brinkmann et al., 2013), is constitutively expressed 

in pituitary HPCs (Fletcher et al., 2019) and CD adenomas (Figure 5B, right panel), 

we suspected ubiquitination-independent proteasomal degradation of noxa (Dengler et al., 

2014). A cycloheximide chase assay confirmed post-translational degradation of noxa in 

mCortEGFR (Figure 6F). We found that mCortEGFR cells overexpressed cMyc (Figure 6G) 

similar to CD adenomas (Figure 5B), suggesting a shared pathway in Pmaip1 expression. 

Proteasomal inhibition with bortezomib effectively rescued noxa within mCortEGFR cells 

(Figure 6F) with no transcriptional effect on the Pmaip1 mRNA (qRT-PCR; Figure 6H) 

(Nikiforov et al., 2007). Bortezomib treatment decreased ACTH secretion (Figure 6I), 

induced apoptotic markers cleaved PARP and cleaved caspase-3 (Figure 6J), and decreased 

cell survival specifically in mCortEGFR cells (Figure 6K).

We then compared the effect of gefitinib, a tyrosine kinase inhibitor used in CD (Fukuoka 

et al., 2011b), LDN-57444, an inhibitor of noxa deubiquitinase UCHL1 (Brinkmann et al., 

2013), and bortezomib on noxa abundance within CD adenoma cells in primary culture. 

Bortezomib rescued noxa (Figures 6L–6M) and induced markers of apoptosis (cleaved 

PARP and cleaved caspase-3; Figure 6N), while LDN-57444 unexpectedly failed to decrease 

noxa. Together, these findings suggest ubiquitin-independent, proteasome-mediated noxa 

degradation in CD adenoma cells (Pang et al., 2014). In cell viability assays, bortezomib 

inhibited the growth of multiple patient-derived CD adenoma cell lines at clinically relevant 

doses (average half maximal inhibitory concentration [IC50] of 5.9 nM/mL), demonstrating 

the therapeutic potential of proteasome inhibition in CD (Figure 6O). However, the non-CD 

primary cell lines (sCD, NFPA, GH) required higher bortezomib concentrations (IC50 of 

18.4 nM/mL) to achieve similar growth inhibition, suggesting that the CD adenoma cells 

were more sensitive to noxa-mediated apoptosis (Figure 6O).

DISCUSSION

scRNA-seq as a surrogate for histopathology

In this study, we performed detailed single-cell-level transcriptomic annotation of the 

post-natal human anterior pituitary gland in patients with CD. We also demonstrated the 

utility of surgical annotation of adenoma and adjacent normal pituitary gland based on 

transcriptomic signatures. We thus implemented a molecular histology paradigm with the 

potential to complement immunohistochemical analysis of tumor samples and adenoma 

cell identification. We confirmed cellular heterogeneity of the normal gland while finding 

a predominance of terminally differentiated corticotrophs in the adenoma compartment. 
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The variable proportions of corticotrophs we identified in this study (48% in patient 1, 

49% in patient 2, and 2.7% in patient 3) highlight inherent limitations in bulk-sequencing 

approaches to studying the pituitary gland and could partly explain the lack of mechanistic 

targets identified to date in CD. Syngeneic, pairwise scRNA-seq studies are ideally suited to 

explore these mechanisms in greater detail.

Transcriptional signatures of the plurihormonal state

Recent studies have reported production of more than one hormone type from a single 

anterior cell in human pituitaries (Mitrofanova et al., 2017) and in adenomas using IHC 

and scanning electron microscopy (Kovacs et al., 1998). Trans-differentiation has been 

proposed as a mechanism in these so-called plurimorphous plurihormonal adenomas (Vidal 

et al., 1999). This phenomenon introduces ambiguity in histology-based classification of 

pituitary adenomas. We identified a total of 1,453 unclassified cells and 1,200 ambiguously 

classified cells in our study. We were able to identify 956 of these unclassified cells 

whose most common neighbors were somatotrophs or lactotrophs as P+H− cells. Among 

the 1,200 ambiguously classified cells, 359 expressed genetic markers for both lactotrophs 

and somatotrophs, confirming previous reports of a plurihormonal state in the post-natal 

human pituitary gland.

State-dependent transcriptional changes

We found evidence of distinct transcriptomic signatures attributable to the hypercortisolemic 

state in CD. In our dataset, we found a very low frequency of Cnormal cells. These cell 

expressed corticotroph lineage-restricted TBX19 expression with absent POMC expression 

(Lamolet et al., 2001; Liu et al., 2001). In CD, corticotrophs in the adjacent normal 

gland retain significant ACTH protein (Figure S7) (McNicol, 1981; Oldfield et al., 2015). 

However, we found POMC transcriptional repression in margin corticotrophs likely due 

to the hypercortisolemic state in CD. We suspect that transcriptional repression precedes, 

and is uncoupled from, protein expression in Cnormal (Lee et al., 2011; Liu et al., 2016), 

likely due to systemic hypercortisolism. We also found evidence of hypercortisolism-related 

transcriptional signatures in POU1F1+ cells. Patients with CD and serum hypercortisolism 

have suppressed GH dynamics (Takahashi et al., 1992; Magiakou et al., 1994) and growth 

suppression (Yordanova et al., 2016), likely due to GH1 downregulation in the pituitary 

gland (Leal-Cerro et al., 1994). Our observation of the P+H− cells is suggestive of such 

hypercortisolism-mediated suppression of S marker genes (GH1, GHRHR, GH2) in a subset 

of S cells.

FS cells are rare within pituitary adenomas

SOX2+ FS cells with S100 immunoreactivity (Nakajima et al., 1980; Rinehart and Farquhar, 

1953) have many proposed roles including modulation of hormone production and secretion 

in the anterior lobe via local paracrine actions (Allaerts et al., 1994), via direct intercellular 

communications (Soji et al., 1997), or via release of cytokines that influence hormone output 

(Lohrer et al., 2000). More recent murine work has identified a side population of SOX2+ 

cells within the pituitary gland that are capable of self-renewal and differentiation into 

HPCs (Lepore et al., 2005) (Chen et al., 2005, 2009). Whether these cells constitute adult 

pituitary progenitors in humans or contribute to the pathogenesis of CD has been a matter of 
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intense study. In this study, we identified only a few cells expressing the progenitor marker 

SOX2, and they were confined to the FS compartment. While we did not find a tumor 

stem cell niche within the adenoma, paracrine signaling from SOX2+ FS cells in the tumor 

micro-environment cannot be excluded (Andoniadou et al., 2013; Russell et al., 2021).

Proliferating cells reside within CD adenomas

We discovered a subcluster of CProlif cells within the adenoma. These cells were more 

abundant within recurrent CD sample in P2. The relative abundance of Cprolif cells may 

reflect the greater number of adenomatous cells in P2 or may highlight the role of Cprolif 

cells in recurrent CD. Cprolif cells overexpress the pituitary tumor transforming gene PTTG1 
which encodes securin and upregulates cell proliferation (Tfelt-Hansen, Kanuparthi and 

Chattopadhyay, 2006a). PTTG1 induces transformation in vitro and in vivo by inhibiting 

chromatid separation, causing chromosomal gain or loss (Pei and Melmed, 1997). It is 

abundantly expressed in more aggressive pituitary tumors (Zhang et al., 1999; Filippella 

et al., 2006), as well as in ovarian, esophageal, pancreatic, and colorectal tumors (Tfelt-

Hansen, Kanuparthi and Chattopadhyay, 2006b), and conditional Pttg1 overexpression in the 

mouse pituitary gland is sufficient for ectopic generation of hormone-secreting adenomas 

(Abbud et al., 2005). PTTG1-expressing Cprolif cells are therefore likely tumor-initiating 

cells in CD.

Noxa degradation in CD

The PMAIP1 promoter that encodes noxa spans about 4 kb and contains regulatory regions 

for over 40 transcription factors and coactivators (Guikema, Amiot and Eldering, 2017a). 

PMAIP1 is upregulated by p53 and p73 in response to DNA damage, by the polycomb 

repressive complex 1 (PRC1) member Bmi1 (Yamashita et al., 2008; Teshima et al., 2014; 

Li et al., 2018) as well as PRC2 (Xie et al., 2014), by DNA methyltransferase Dnmt1-

induced CpG methylation, by ER stress due to accumulation of misfolded proteins, by a 

Hif1α-mediated response to hypoxia, and by elevated MTOR/AKT signaling in response to 

unregulated growth signaling (Guikema, Amiot and Eldering, 2017b). PMAIP1 activation 

therefore represents a common pathway for induction of apoptosis in response to cellular 

stress or unregulated proliferation.

MYC-driven PMAIP1 overexpression induces apoptosis in tumors (Wirth et al., 2014). 

However, despite MYC/PMAIP1 coexpression, corticotroph adenomas escape apoptosis 

by post-translational degradation of noxa protein. Mantle cell lymphoma cells similarly 

evade apoptosis by extensive proteasomal degradation of noxa (Dengler et al., 2013a). 

Inhibition of this pathway using the proteasome inhibitor bortezomib has been shown to 

induce the apoptotic program in mantle cell lymphoma (Dengler et al., 2013b). UCHL-1 is a 

noxa deubiquitinase (Brinkmann et al., 2013) and is also specifically expressed in hormone-

producing pituitary cells (Fletcher et al., 2019). We found that specific inhibition of UCHL-1 

did not further destabilize noxa in CD adenomas, while bortezomib was able to rescue noxa 

effectively. These data suggest that noxa deregulation may be ubiquitin independent and 

that proteasomal inhibition may lead to noxa rescue even with deubiquitinase (e.g., USP8) 

activating mutations (Ma et al., 2015; Reincke et al., 2015).
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Limitations of the study

Our study was limited by a modest number of single-cell libraries from limited patients, 

which may have precluded in-depth assessment of normal thyrotrophs in the present study. 

These limitations highlight inherent difficulties acquiring fresh normal adult pituitary gland 

tissues, which are only accessible during en route dissections for pituitary adenectomies. 

There may also exist histone modifications that underly our results or post-transcriptional 

changes that further contribute to the pathogenesis of wild-type CD that were not captured 

by our single-cell or DNA methylation approaches. Future studies involving comprehensive 

surveys of the chromatin landscape and proteome in CD may yield additional targetable 

disease mechanisms.

Conclusions

We generated a transcriptomic map of the post-natal human pituitary gland and defined 

signature genes for CD adenomas. Our study uncovered a previously unrecognized 

population of proliferating cells within the adenoma that may drive tumorigenesis. In 

addition, we identified apoptosis escape via proteasome-mediated noxa degradation as 

an oncogenic mechanism. Selective proteasomal inhibition rescued noxa and triggered 

apoptosis in human primary cells from CD, suggesting its clinical utility for human CD.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

addressed to and will be fulfilled by the lead contact, Prashant Chittiboina, MD, MPH 

(prashant.chittiboina@nih.gov).

Materials availability—The human pLV-V5-EGFR plasmid generated in this study will 

be deposited with Addgene (addgene.org). Original Western blot images will be deposited 

at Mendeley by the time of publication. All additional information required to reanalyze the 

data reported in this paper is available from the lead author upon request.

Data and code availability

• Single-cell RNA-seq and whole RNA-seq data has been uploaded to GEO and 

will be publicly available by the date of publication. Whole microscopy data 

reported in this paper will be shared by the lead author upon request.

• No original code was generated in this study

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Annotated surgical samples were obtained from non-consecutive patients (n = 34) that 

underwent surgery by author PC between 2014 and 2019 (clinicaltrials.gov identifier 

NCT00060541) (Table S1). Their clinical diagnoses included CD (n = 24), silent-CD (n 
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= 1), non-functioning pituitary adenoma (n = 1), prolactinoma (n = 1), and GH-secreting 

adenoma (n = 2). The study was conducted at the National Institutes of Health (NIH) 

Clinical Center in Bethesda, MD and approved by the Combined Neuroscience Institutional 

Review Board (IRB) of the National Institute of Neurological Disorders and Stroke, 

Bethesda, MD. Written informed consent was obtained from each patient for research study 

participation, and the study was conducted according to the standards set by the IRB.

Corticotroph cells were harvested from female, BALB/c mice (aged 6–8 weeks; Taconic 

Biosciences, USA). Mice were euthanized according to IACUC standards of humane and 

ethical practices and following institutional protocols. Cells were digested and homogenized 

in 1 mg/mL collagenase (Sigma-Aldrich, USA) for 15 min and cultured in DMEM 

(Thermo Fischer Scientific, USA) with 10% FBS (Thermo Fischer Scientific, USA) and 

1% penicillin-streptomycin (Gibco, USA) in 5% CO2 at 37°C.

METHOD DETAILS

Patients—Annotated surgical samples were obtained from non-consecutive patients (n 

= 34) that underwent surgery by author PC between 2014 and 2019 (clinicaltrials.gov 

identifier NCT00060541) (Table S1). Their clinical diagnoses included CD (n = 24), 

silent-CD (n = 1), non-functioning pituitary adenoma (n = 3), prolactinoma (n = 

3), and GH-secreting adenoma (n = 3). Pituitary core-margin pairs for syngeneic, 

pairwise transcriptomic analysis were obtained from 13 non-consecutive patients. All 

hormone secreting adenomas (CD, GH, PRL) had evidence of hormonally active pituitary 

microadenomas and biochemical evidence of endocrinopathy (96).

Hypercortisolism in CD patients was diagnosed as previously described (Asuzu et al., 2017) 

based on elevated late night salivary cortisol (chemiluminescent enzyme immunoassay, 

Siemens Immulite 1000 analyzer, NIH Department of Laboratory Medicine, Bethesda MD; 

normal range <100 ng/dL), elevated 24-h urine free cortisol (high performance liquid 

chromatography/tandem mass spectrometry, NIH Department of Laboratory Medicine, 

Bethesda, MD; normal range: 1.4–20 μg/24H for 3–8 year-olds, 2.6–37 for 9–12 year-olds, 

4.0–56 μg/24H for 13–17 year-olds and 3.5–45.0 μg/24H for ≥18 year-olds) or low-dose 

dexamethasone suppression testing (1mg overnight or 2mg over 48 h) (Lonser et al., 2017; 

Nieman et al., 2008). Supplementary midnight serum cortisol (normal range <7.5 mcg/dL) 

and ACTH (Nichols Advantage Immunochemiluminometric assay or chemiluminescence 

immunoassay, Siemens Immulite 2500 analyzer, NIH Department of Laboratory Medicine, 

Bethesda MD, normal range 5–46 pg/mL) (Papanicolaou et al., 2016), and 24-h urinary 

17- hydroxycorticosteroids (17-OHS/Cr) excretion (Quest Diagnostics Nichols Institute, 

Chantilly VA; normal range 3–10 mg/24H for males and 2–6 mg/24H for females) (Hsiao 

et al., 2009) were used as needed. Pituitary ACTH production was verified using early 

morning ACTH levels, 8mg overnight dexamethasone suppression testing (DST) and ovine 

corticotropin-releasing hormone (CRH) stimulation testing (Dichek et al., 1994; Günes et 

al., 2013; Nieman et al., 1993). Average post-CRH or post-DDAVP stimulated levels were 

determined preoperatively in all CD patients by averaging serum cortisol at 30 and 45 

min after stimulation, and for ACTH by averaging serum levels at 15 and 30 min after 

stimulation.
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All patients underwent a sub-labial trans-sphenoidal approach for microscope-assisted 

selective adenectomy. Adenoma was identified by visual inspection and removed by micro-

surgical dissection along a circumferential pseudo-capsular plane (97). Pituitary adenoma 

was removed en-bloc within its pseudocapsule (Video) and sent for histopathological 

examination following formalin fixation and paraffin embedding (FFPE). The en-route or 

adjacent non-viable adjacent normal pituitary gland was removed separately and annotated 

for analysis (98).

Research specimens were labeled separately and sent for bulk RNAseq, scRNAseq analysis, 

immunohistochemistry, or were dissociated for primary cell culture. The study was 

conducted at the National Institutes of Health (NIH) Clinical Center in Bethesda, MD and 

approved by the Combined Neuroscience Institutional Review Board (IRB) of the National 

Institute of Neurological Disorders and Stroke, Bethesda, MD. Written informed consent 

was obtained from each patient for research study participation, and the study was conducted 

according to the standards set by the IRB.

Single cell RNA sequencing—Human pituitary adenomas and adjacent normal pituitary 

glands were stored and transported in 0.9% NaCl or RPMI 1640 on ice. Samples were 

chopped into ~2–4mm3 sized pieces and dissociated using the Human Tumor Dissociation 

Kit in gentleMACS C tubes using the gentleMACS dissociator (Bergisch Gladbach, North 

Rhine-Westphalia, Germany). Samples were briefly centrifuged at 300 rpm for 30 s and 

filtered through a 70-nm strainer. The single cell suspensions were washed with 10 mL of 

RPMI 1640 and re-centrifuged at 2100 rpm for 5 min at 4° Celsius. Single-cell suspensions 

then underwent red blood cell (RBC) lysis using the RBC Lysis Solution 10X (Bergisch 

Gladbach, North Rhine-Westphalia, Germany). Following RBC lysis, non-viable cells were 

removed using the Dead Cell Removal Kit (Bergisch Gladbach, North Rhine-Westphalia, 

Germany). Single cell suspension quality, number and viability were assessed with a dual 

fluorescence cell counter Luna-FL (Logos Biosystems, Gyeonggi-do, South Korea). A total 

of 8,000–10,000 cells from each normal or adenoma cell suspension were washed twice with 

PBS+0.04% BSA and resuspended to a final concentration of 1000 cells per μL.

10X Genomics’ Chromium instrument and Single Cell 3ʹ Reagent kit (V3 and 3.1) were 

used to prepare the individually barcoded scRNAseq libraries following the manufacturer’s 

protocol. Library quality was assessed by BioAnalyzer traces (Agilent BioAnalyzer High 

Sensitivity Kit) and quantitated using the Qubit system. Sequencing was performed on the 

Illumina NextSeq machine, using the 150-cycle High Output kit with 28 bp read 1, 8 bp 

sample index, and 91 bp read 2. Following sequencing, the bcl files were demultiplexed 

into a FASTQ, aligned to human transcriptome GRCh38, and single-cell 3ʹ gene counting 

was performed using the standard 10X Genomics’s CellRanger software pipeline (mkfastq, 

count, aggr; V3.0.2). In total, 48900 droplets were recovered from six patient samples: 

28,724 from CD samples and 20176 from non-CD samples.

scRNAseq data dimensionality reduction and visualization—Linear 

dimensionality reduction of gene-space was performed using principal component analysis 

(PCA) computed on a set of highly variable genes (100). Genes were clustered into 30 bins 

based on mean expression. Normalized dispersion was computed and the 2,000 genes with 
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highest normalized dispersion were retained. Prior to PCA, the expression values for each 

gene were standardized and clipped to a maximum of 10 standard deviations from the mean. 

The top principal components (PCs) were then computed using MATLAB’s svds function, 

and the number of PCs retained was determined using a permutation test (17). The number 

of significant PCs was determined by comparing the data’s true PC singular values to a null 

distribution generated by reshuffling the counts among cells for each gene independently. 

Significant PCs had singular values larger than the null distribution’s max at p < 0.01, 

resulting in 41 significant PCs for the full N = 28,724 cells. PCA scores were used as inputs 

for downstream analysis, k-nearest neighbor classification (knnsearch, MATLAB R2021b), 

and further nonlinear dimensionality reduction using Uniform Manifold Approximation and 

Projection (UMAP) (101) for visualization (umap-learn, v0.5.2) (Figure 1D).

Cell classification, quality control filtering, and ambient RNA removal—Cell 

classification and quality control were performed in parallel so that cell type-specific 

thresholds for common cell quality control metrics could be applied. This procedure was 

performed separately for each data from each patient. Cells were first classified based on 

expression of known marker genes. Erythrocytes expressed at least one of HBB, HBA1, 

or HBA2; leukocytes expressed at least two of AIF1, C1QA, CCL3, CCL4, CCL4L2, 

CCL5, CD3D, CD52, CD53, CST7, CTSS, FCER1A, FCER1G, GPR183, HCST, IL7R, 

ITGB2, LYZ, NKG7, PTPRC, S100A8, S100A9, TRBC2, or TYROBP; pericytes, two 

of PDGFRB, DCN, TPM2, TAGLN, BGN, or ACTA2; endothelial cells, two of PLVAP, 

EMCN, CAVIN2, KDR, CLEC14A, PECAM1; and folliculostellate cells, two of SOX2, 

S100B, S100A1, S100A11, FABP7, SOX9, TTYH1, LYPD1, RFX4, MGST1, CCDC80, 

or HSD11B1. HPCs expressed one of SCG2, SCG3, CHGB, SEZ6L2, SYP, SNAP25, or 

UCHL1, as well as the following cell type-specific markers: C expressed one of POMC, 

TBX19, RAB3B, or ASCL1; G expressed two of CGA, LHB, FSHB, GNRHR, NR5A1, or 

TGFBR3L; S expressed two of POU1F1, GH1, GH2, GHRHR, or PAPPA2; and L expressed 

two of POU1F1, PRL, DRD2, or VGF. Based on the distribution of expression levels across 

all cells from a given patient’s samples, an expression threshold was computed to define 

whether a cell expressed the marker gene using Otsu’s optimal thresholding algorithm (99), 

as previously described (17).

Cell type scores, defined as the number of cell type markers expressed, were computed 

for every cell type in each cell. Three outcomes are possible for each cell: a cell could 

be uniquely classified (satisfying exactly one cell type condition), ambiguously classified 

(satisfying two or more cell type conditions), or unclassified (satisfying none of the cell type 

conditions). Dropouts in marker genes could lead to unclassified cells, so we attempted to 

classify these cells using K-nearest neighbor classification, as previously described (17). We 

examined the K = 30 neighbors of each unclassified cell and assigned a cell type only if the 

majority of their neighbors were uniquely classified as that type. The classification of cell 

types resulting from this procedure matched well with the visually obvious clusters in the 

2-dimensional UMAP embeddings.

Cell type-specific thresholds were used to identify low quality droplets for exclusion from 

further study. Outliers in fraction of mitochondrial genes were identified using a threshold 

of 2.5 median absolute deviations (MAD) above or 3.5 MAD below the cell type-specific 
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median for a total of 3,325 droplets. Similarly, we identified 3,344 outlier droplets in terms 

of library complexity with >2 MAD below or >3.5 MAD above the cell type-specific median 

number of genes expressed. Outlier thresholds were also applied to unclassified cells, for 

which the threshold was defined as the cell type count-weighted average of thresholds from 

other cell types. Finally, erythrocytes were excluded. A total of 11,891 cells were removed 

during quality control, leaving 16,833 cells including unclassified and ambiguous cells for 

further analysis.

The final UMAP embeddings and cell classification were obtained after cell filtering using 

a new round of dimensionality reduction following the same procedure outlined above. 

The top 2,000 highly variable genes were identified among remaining cells, PCA was 

performed, and 51 significant PCs (permutation test, p < 0.01) were retained. A fresh 

K-nearest neighbor classification of unclassified cells was performed using the new PCA 

coordinates to obtain the final cell classes. A total of 1,435 cells remained unclassified, 

while 1,200 cells were ambiguously classified.

Ambient RNA was detected for highly expressed genes, including HBB, POMC, GH1, and 

PRL. For final visualization and differential expression analysis, we removed contaminating 

counts from each sample using the R package SoupX. Default parameters were used, with 

cell type classes provided as cluster IDs.

Identification of POU1F1 lineage cells—Most unclassified cells remaining appeared 

in UMAP embeddings near cells uniquely classified as S or L. These cells were retained 

for further analysis, identified as unclassified cells whose most common uniquely classified 

neighbors were either S or L. These accounted for 956 of the 1,435 unclassified cells. These 

cells were POU1F1-positive but did not express S or L marker genes sufficiently and were 

termed P+H− cells. Similarly, we retained the most commonly occurring set of ambiguously 

classified cells, which satisfied classification for both S and L and termed these SL. These 

cells accounted for 359 of the 1,200 ambiguous cells. The remaining unclassified and 

ambiguous cells were excluded from further analysis, leaving a final total of 15,513 cells. 

Final number of cells per type in each sample are outlined in Table S3. Pseudotemporal 

analysis of the POU1F1 lineage cells was performed using R packages Seurat and Monocle3 

(PMID: 24658644).

Identification of cell type-upregulated genes—Marker genes were identified for cell 

contrasts of interest using the scoreMarkers function from scran, using patient ID as the 

batch variable. For every pairwise contrast between cell types of interest, this function 

computes batch-corrected estimates of three gene expression effect sizes logFC.cohen 

(standardized log-fold-change in expression), AUC (area under the curve, closely related 

to the Wilcoxon rank sum test statistic), and logFC.detected (log-fold-change in proportion 

of cells with nonzero expression). We considered upregulated genes to be the set of genes 

simultaneously satisfying min.logFC.cohen>0, min.AUC>0.5, and min.logFC.detected>0, 

indicating that by all three effect size metrics the gene was upregulated in a given cell 

type compared to all other cell types of interest. Further filtering on upregulated genes was 

performed as indicated in the text and figure legends, by filtering on proportion of cells 

expressing the gene and selecting the union of genes with the top values of each effect size.
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Variant calling—Bam files produced per sample by Cell Ranger were imported into 

the CLCbio Genomics Workbench v20 (qiagen.com) and processed through a workflow 

consisting of the following supported tools in order: ‘‘Extract Reads’’, ‘‘Map Reads to 

Reference’’, ‘‘Local Realignment’’, ‘‘Low Frequency Variant Detection’’, ‘‘Annotate with 

Exon Numbers’’, ‘‘Annotate from Known Variants’’, ‘‘Predict Splice Site Effect’’, ‘‘Amino 

Acid Changes’’, ‘‘Export VCF’’. Per genome reference and annotations, those for hg38 

(ftp.ensembl.org) were used in conjunction with known variants reported by and available 

from ClinVar (20200419), HapMap (phase 3, v97), the 1000 Genomes Project (phase 3, 

v99), and dbSNP (build 151). Local realigned mapping files and variant call files were 

exported from the Workbench and samtools (www.htslib.org) used to subsequently sort and 

index the mapping files.

Bulk RNA sequencing—Paired human adenoma and normal pituitary gland were 

procured from surgery and immediately flash frozen in 1 mL of Qiazol (Qiagen, Germany) 

within Lysing Matrix E tubes (MP Biomedicals, Santa Ana, CA) in dry ice. We thawed the 

contents and homogenized the tissues using a Fast Prep-24 Homogenizer, (MP Biomedicals) 

for 20 s at 4.5 m/s. Total RNA was extracted using an RNeasy Mini Kit (Qiagen, 

Germany). RNA quantity and quality were measured by NanoDrop ND-1000, and integrity 

assessed by agarose gel electrophoresis. PolyA+ mRNA isolation, size fragmentation, cDNA 

synthesis, size selection, and next gen sequencing were performed at the National Intramural 

Sequencing Center, Bethesda, MD according to their standard protocols, as described 

previously (102). RNA-Seq libraries were constructed from 1 μg total RNA after rRNA 

depletion using Ribo-Zero GOLD (Illumina). The Illumina TruSeq RNA Sample Prep V2 

Kit was used according to manufacturer’s instructions.

Paired-end sequence files (.fastq) per sample were quality inspected using the FastQC tool 

0.11.8 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) then adaptor clipped 

(TruSeq3-PE-2.fa:2:30:10) and trimmed to remove 5ʹ nucleotide bias (HEAD-CROP:12) 

and low quality calls (TRAILING:20 SLIDINGWINDOW:4:20 MINLEN:15) using 

the Trimmomatic tool 0.39 (http://www.usadellab.org/cms/?page=trimmomatic). Surviving 

intact pairs of reads per sample were then imported into the CLCbio Genomics Workbench 

v11 (https://www.qiagenbioinformatics.com/) and reference mapped by sample in stranded 

fashion against the current instance of the human genome (GRCh38) using the “RNA-Seq 

Analysis” tool supported therein under default parameters. Expression in counts per known 

annotated gene (Homo_sapiens.GRCh38.96.chr.gff3) were then exported from the tool.

Analysis of bulk RNA sequencing data for paired core-margin samples was performed using 

the edgeR package on total exon counts per gene. A paired analysis was performed with 

GLM-based approach was used with design matrix including patient and sample type. Genes 

were filtered by expression with filterByExpr, dispersion estimated with estimateDisp, and 

the GLM fit with glmFit. The log ratio test was used to detect differences between core 

vs margin or CD vs nonCD samples using glmLRT, and significant genes were recorded at 

FDR<0.01 and log fold-change > 1.5.

Multiplex fluorescence immunohistochemistry and multispectral imaging—
Multiplex fluorescence immunohistochemistry (mIHC) was performed on 5 μm-thick 
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paraffin sections of pituitary tissue samples using select antibody panels targeting 

relevant biomarkers of pituitary adenoma signaling pathways. Briefly, sections were first 

deparaffinized and treated using a standard antigen unmasking step in 10 mM Tris/EDTA 

buffer pH 9.0. Sections were then blocked with Human BD Fc Blocking solution (BD 

Biosciences) and treated with True Black Reagent (Biotium) to quench intrinsic tissue 

autofluorescence. The sections were then immunoreacted for 1 h at RT using 1 μg/mL 

cocktail mixture of immunocompatible antibodies targeting EGFR (GeneTex Inc, USA), 

phosphorylated EGFR Tyr992 (Cell Signaling Technologies, USA), POMC (LifeSpan 

Biosciences, USA), c-Myc (Santa Cruz, USA), TBX19 (ThermoFisher, USA), NOXA 

(Novus Biologicals, USA), TSH (Abcam, USA), GH (Novus Biologicals, USA), LH (Novus 

Biologicals, USA), prolactin (Novus Biologicals, USA) or FSH (Novus Biologicals, USA). 

Primary antibodies were either directly conjugated or indirectly labelled with secondary 

antibodies using the following spectrally compatible fluorophores: Alexa Fluor 430, Alexa 

Fluor 488, Alexa Fluor 546, Alexa Fluor 594, Alexa Fluor 647, IRDye 800CW. After 

washing off excess antibodies, sections were counterstained using 1 μg/mL DAPI (Thermo 

Fisher Scientific) for visualization of cell nuclei. Slides were then mounted using Immu-

Mount medium (Thermo Fisher Scientific) and imaged using an Axio Imager.Z2 slide 

scanning epifluorescence microscope (Zeiss) equipped with a 20X/0.8 Plan-Apochromat 

(Phase-2) non-immersion objective (Zeiss), a high-resolution ORCA-Flash4.0 sCMOS 

digital camera (Hamamatsu), a 200W X-Cite 200DC broad band lamp source (Excelitas 

Technologies), and 7 customized filter sets (Semrock). Image tiles (600 × 600 μm 

viewing area) were individually captured at 0.325 micron/pixel spatial resolution, and 

tiles seamlessly stitched into whole specimen images using the ZEN 2 image acquisition 

and analysis software program (Zeiss). Pseudocolored stitched images were then exported 

to Adobe Photoshop and overlaid as individual layers to create multicolored merged 

composites.

Immunohistochemistry—Surgically derived tissue specimens were fixed in formalin 

and embedded in paraffin. Tissue blocks were then sectioned (5 μm) and stained with an 

automated immunostainer (Bond-Max, Leica). Tissues were probed using noxa antibodies 

(ThermoFisher, USA) after being validated with positive control tissue samples and a 

high pH (EDTA) epitope retrieval. Slides were reviewed for relative noxa abundance by 

a blinded, board-certified neuropathologist (ARC). Digital IHC images were converted to 

grayscale and the auto-threshold function was used to delineate antibody positive tissue. The 

percent area of antibody positive tissue was compared to the number of positive objects 

identified to determine the relative protein expression. Analysis of immunohistochemistry 

was completed using ImageJ v1.53e.

Primary human corticotroph cell culture—Primary human corticotroph tumor and 

normal pituitary cells were digested and homogenized in 1 mg/mL Clostridium hemolyticum 

collagenase (Sigma-Aldrich, USA) for 15 min and cultured in RPMI 1640 (Thermo Fischer 

Scientific, USA) with 10% fetal bovine serum (FBS) (Thermo Fischer Scientific, USA) and 

1% penicillin-streptomycin (Gibco, USA) in 5% CO2 at 37°C. Cells incubated with human 

epidermal growth factor (hEGF) (Sigma-Aldrich, USA) were serum starved using 0% FBS 
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media for two-hours prior to incubating with 100ng of hEGF for 24-h prior to whole-cell 

lysis.

Corticotroph enriched mouse corticotroph cells—Pooled corticotroph cells were 

harvested (<30 min post-euthanasia) from female, BALB/c mice (aged 6–8 weeks; Taconic 

Biosciences, USA), digested and homogenized in 1 mg/mL collagenase (Sigma-Aldrich, 

USA) for 15 min and cultured in DMEM (Thermo Fischer Scientific, USA) with 10% 

FBS (Thermo Fischer Scientific, USA) and 1% penicillin-streptomycin (Gibco, USA) in 

5% CO2 at 37°C. Following dissociation and culture of pooled mouse (n = 10) pituitary 

cells, corticotrophs were isolated by flow cytometry using anti – corticotropin-releasing 

hormone receptor 1 (anti-CRHR1) antibody (Invitrogen, USA) followed by Alexa Fluor-555 

conjugated antibody (Thermo Fisher, USA).(46). Cell sorting and analysis were carried out 

using a MoFlo Astrios cell sorter and Summit acquisition and analysis software (Beckman 

Coulter, USA) to identify mouse corticotroph cells only (mCort). We confirmed the gene 

expression profile of mCort cells with microarray analysis (Clariom S Mouse, Thermo 

Fisher, USA) and analyzed with R packages (affy, limma and pheatmap). Corticotroph 

phenotype preservation was confirmed by the presence of secreted ACTH at each generation 

in the cell culture media by enzyme-linked immunosorbent assay (ELISA), using the 

ACTH ELISA kit (MDBio products, USA) according to the manufacturer’s instructions. All 

animals were euthanized in accordance with the standards and guidelines of the Institutional 

Animal Care and Use Committee of the National Institutes of Health.

ATT-20 D16:16 Mouse Corticotroph Tumor Cells—ATT-20 D16:16 murine pituitary 

corticotroph tumor cells were provided as a generous gift from Dr. Steven L. Sabol at 

the National Heart, Lung and Blood Institute. ATT-20 cells were cultured in DMEM 

(Thermo Fischer Scientific, USA) with 10% FBS (Thermo Fischer Scientific, USA) and 

1% penicillin-streptomycin (Gibco, USA) in 5% CO2 at 37°C. ACTH was measured to 

ensure preservation of phenotype (as performed in corticotroph enriched mouse corticotroph 

cells).

Lentiviral construct and transduction of mouse corticotrophs—The human V5-

EGFR construct was generated using a lentiviral (pLV) expression system containing 

a neomycin resistance gene on a pCMV backbone. V5-EGFR was inserted into the 

pLV backbone using the BsrGI-SbfI restriction sites. Virus particles were generated 

using the Dharmacon™ Trans-Lentiviral packaging kits (TLP5916, Horizon Discovery, 

UK) following co-transfection into HEK293T producer cells, as per the manufacturer’s 

instructions. The corticotroph enriched mouse corticotrophs (mCort) were used as our target 

cell line and killing curve was generated against G418 Geneticin (Gibco, USA) before 

viral transduction. Transduction for both empty vector (pLV) and recombinant vector (pLV- 

V5-EGFR) were performed as per the manufacturer’s instructions. Mouse corticotroph cells 

were collected from cultures grown in absence of penicillin/streptomycin and suspended at 

50,000 cells/mL in complete DMEM media. Virus particles were diluted at 5, 10, 50, 100 

and 500-fold using DMEM complete media containing polybrene 10 μg/mL and 0.5 mL was 

distributed among 5 wells in a 6 well culture plate, as well as one with only 0.5 mL of 

media. Cell suspension (1mL) was added to each well and incubated with the viral particles 
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for 48–72 h in 5% CO2 at 37°C. Using neomycin, mouse corticotrophs with the empty 

vector (MCEV) and those with the V5-EGFR (mCortEGFR) were selected to establish stable 

cell lines.

RNA extraction and quantitative Real Time-PCR (qRT-PCR)—RNA was extracted 

from both human and mouse cells using the RNeasy Mini Kit (Qiagen, Germany) according 

to the manufacturer’s instructions. Complementary DNA (cDNA) libraries were constructed 

using SuperScript III for qRT-PCR (Invitrogen Life Technologies, USA). Quantitative real-

time polymerase chain reaction (qRT-PCR) was performed using the Sso Universal IT 

SYBR green supermix (BioRad, USA). Gene expression in human primary cell cultures 

were determined after template amplification using the Prime PCR assay H384 plates for 

Mitochondrial Apoptosis and EGFR Signaling Pathways (BioRad, USA) according to the 

manufacturer’s instructions. Gene expression in the mouse corticotroph cells and AtT-20 

cells were determined using primers designed for epidermal growth factor receptor (EGFR), 

pro-opiomelanocortin (POMC), and phorbol-12-myristate-13-acetate-induced protein 1 

(PMAIP1) (Table S11). Relative gene expression was calculated using the ΔCt method with 

GAPDH as the housekeeping gene.

Western immunoblotting—Cells were washed with ice-cold PBS (Invitrogen Life 

Technologies, USA) and whole-cell lysates were collected on ice using a radio-

immunoprecipitation assay (RIPA) based lysis buffer (Thermo Scientific, USA) containing a 

protease inhibitor cocktail (Halt protease inhibitor, Sigma-Aldrich, USA). Whole-cell lysates 

were quantified using the bicinchoninic acid (BCA) protein assay (Thermo Scientific, 

USA). Proteins were then electrophoretically separated on 4%–12% NuPAGE Bis-Tris gels 

(Invitrogen, USA) and electroblotted onto polyvinylidene difluoride membranes (PVDF) 

with the Trans-Blot Transfer Turbo System (Bio-Rad, USA). After blocking membranes 

for 1 h in 5% bovine serum albumin (BSA) in 0.05% TBS-Tween at room temperature, 

they were incubated overnight at 4°C with primary antibodies. Primary antibodies include 

anti-EGFR A10 (Santa Cruz, USA) at 1:1000, anti-Vinculin 7F9 (Santa Cruz, USA) at 

1:2000, anti-Erk1/2 (Cell Signaling Technologies, USA) at 1:1000, anti-phospho-Erk1/2 

(Cell Signaling Technologies, USA) at 1:2000, anti-UCH-L1 (Santa Cruz, USA) at 1:1000, 

anti-NOXA D8L7U (Cell Signaling Technologies, USA) at 1:1000, anti-cleaved PARP (Cell 

Signaling Technologies, USA) at 1:1000, and anti-caspase 3 (Cell Signaling Technologies, 

USA) at 1:1000. Membranes were then washed with TBS-Tween and incubated with 

peroxidase-conjugated secondary antibody for 1 h at room temperature while rocking. 

Membranes were developed with ECL (Super Signal West Femto, Thermo Fisher, USA). 

Immunoreactive signal was detected and imaged using the ChemiDoc MP Imaging System 

(Bio-Rad, USA) with subsequent densitometric quantification performed using ImageJ 

v1.53e.

Post-translational degradation assay—Protein half-life in murine mCort cells were 

measured after treatment with Bortezomib (5nM, 6 h) using 20ug/mL of cycloheximide 

(CHX) (Sigma-Aldrich, USA). Cells were harvested at the indicated times following CHX 

treatment (0, 5, 15, 30, 45, 90 min) and cells were lysed prior to western immunoblotting as 

previously mentioned.
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Inhibitor compounds—Human and mouse cells treated with inhibitors were incubated 

for 6 h prior to whole cell lysis. Compounds used were the EGFR inhibitor, Gefitinib 

ZD1839 (SelleckChem, USA) at 10 μM or 20 μM, the proteasomal inhibitor, Bortezomib 

(Millipore, USA) at 5nM or 10nM, and the UCHL-1 inhibitor, LDN-57444 (Sigma-Aldrich, 

USA) at 15uM. All were solubilized using DMSO (ThermoFisher, USA) as the vehicle and 

controls were incubated with DMSO only, at the relative concentration of the corresponding 

inhibitor drug counterpart.

Cell viability assays—Cell cultures were seeded in 96-well plates at a density of 5,000–

10,000 cells per well in 100uL of media and allowed to grow for 24 h prior to treatment. 

Cells were treated with increasing concentrations of Gefitinib (5um, 10um, 20um, 40um) 

and Bortezomib (5nM, 10nM, 15nM, 20nM) for 24 h prior to viability assay. DMSO 

controls were incubated with the highest concentration of DMSO used corresponding 

to the comparative drug treatments. Prior to analysis, plates were equilibrated to room 

temperature and cell viability assay performed using CellTiterGlo (Promega Corporation, 

USA) according to the manufacturer’s instructions. Plates were incubated for 30 min at 

room temperature prior to recording luminescence on the Synergy Neo2 microplate reader 

(BioTek, USA).

Illustrative figures—Figure 1A diagram was created on Biorender.com.

QUANTIFICATION AND STATISTICAL ANALYSIS

DNA methylation beta values (Figure 5E) were compared using two-sample T tests after 

testing for variance equality, and using Welch’s approximation for degrees of freedom. 

Quantification of noxa immunohistochemistry (Figure 5H) in tumor-margin samples was 

performed using paired T-tests. EGFR and PMAIP1 gene expression (Figures 6E and 6H), 

and mean cell survival (Figure 6K) were compared between mCortEV and mCortEGFR 

cell lines using paired T-tests. ACTH ELISA results (Figure 6I) were compared between 

mCortEV and mCortEGFR cell lines, and between DMSO versus bortezomib treatment in 

mCortEGFR cells using paired T-tests. p values <0.05 two-tailed were considered statistically 

significant. Statistical analyses were performed using STATA 14/IC (StataCorp LP, College 

Station, Texas) or GraphPad Prism 9.0 (GraphPad Software, La Jolla, California).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• scRNA-seq indicates transcriptomic signatures of the human adult pituitary 

gland

• CD adenomas overexpress PMAIP1, which encodes the pro-apoptotic protein 

noxa

• Noxa is degraded in CD adenomas to evade apoptosis

• Bortezomib proteasomal inhibition stabilizes Noxa and induces apoptosis
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Figure 1. Surgical annotation captures canonical pituitary cell classes in post-natal pituitary 
gland
(A) A sublabial transsphenoidal approach was used for resection of microadenomas (white 

arrowheads) in patients with Cushing’s disease (CD). Coronal, post-gadolinium contrast 

enhanced magnetic resonance image from patient P1. Adenoma and adjacent normal 

pituitary gland were separately annotated during surgery and dissociated into a single-cell 

suspension, followed by GEM embedding, sequencing, and computational analysis. Scale 

bar: 2 cm.

(B) Summary of demographic data and analysis for patients included in the study.

(C) UMAP embedding of cells from the 6 patient samples with CD, GH, NFPA, and 

PRL adenomas used in scRNA-seq analysis. Cells cluster according to dominant secretory 

phenotype.

(D) UMAP embedding showing the cell-type identities cells from the 6 patient samples.

(E) UMAP embedding showing CD sample identity for cells from patients P1, P2, and P3.

(F) UMAP plot showing CD patient cells clustering by cell-type identity. Cell types: 

leukocytes (Les), endothelial cells (ECs), pericytes (Pes), folliculostellate cells (FSs), 

corticotrophs (Cs), gonadotroph (Gs), somatotrophs (Ss), lactotrophs (Ls), ambiguous/

Asuzu et al. Page 29

Cell Rep. Author manuscript; available in PMC 2022 October 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



somato-lactotrophs (SLs), and POU1F1-positive, hormone-negative (P+H−) cells. GH, 

growth hormone; NFPA, non-functioning pituitary adenoma; PRL, prolactinoma.
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Figure 2. Canonical pituitary cell classes are identified across samples
(A) The UMAP plot from Figure 1F split by patient (top, P1; middle, P2; bottom, P3), 

colored by cell type.

(B) Dot plot showing the expression (marker color) and percentage of cells expressing 

(marker size) for the top 6 cell-type upregulated genes with highest min.logFC.detected from 

a filtered group of robustly upregulated cell-type marker genes (STAR Methods). Genes 

used as a priori known classification marker genes are indicated by bold font.

(C) Multiplexed immunohistochemistry of tissue from P3, showing localization of key 

hormone markers in margin and core regions of the sample. White bar: 100 μm. 

PC, pituitary cells; HPC, hormone-producing cells; Mar, tumor margin; POMC, pro-

opiomelanocortin; GH, growth hormone; PRL, prolactin; LH, luteinizing hormone; FSH, 

follicle-stimulating hormone.
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Figure 3. Consensus-dominant genes in adenomas causing CD
Core and margin sample corticotrophs were separately compared with all other cell types 

with scran’s scoreMarkers, using patient identity as a blocking factor. Stringent thresholds 

on effect sizes were used to identify a core set of robustly upregulated markers (STAR 

Methods).

(A) Venn diagram showing the number of core-specific (red), margin-specific (grey), and 

common (blue) marker genes identified.

(B) Dot plot showing the mean expression (marker color) and percentage (marker size) 

of each cell type expressing core-sample-specific genes (CD signature genes; top group, 

red in A) and corticotroph marker genes common to core and margin samples, which 

include canonical marker genes (bottom group, blue in A). Mean expression values are batch 

corrected across patients using scran correctSummaries. POMC expression was normalized 
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to the second most highly expressed value to better show the levels of other genes (mean 

POMC: 8.29).

(C) UMAP plot of all C cells indicating the CD signature gene score per cell.

(D) UMAP plots for all cells from each patient show that cells with high CD signature 

scores are restricted to cell clusters classified as corticotrophs.

(E) UMAP plots for other adenoma subtypes including prolactinoma (PRL) and 

nonfunctioning pituitary adenoma (NFPA) verify that cells with high CD signature scores 

are specific to Cushing’s adenomas (C).

(F) Independent verification of overexpression of CD signature genes in pairwise bulk 

RNA-seq analysis of CD adenoma and adjacent normal pituitary gland (P4 and P5). Genes 

coidentified between bulk RNA-seq and scRNA-seq are color coded as in (B).

(G) Bulk RNA-seq comparison of CD and non-CD samples also verified upregulation of 

several CD signature and corticotroph marker genes.
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Figure 4. Non-stem-like proliferating cells localize to the adenoma compartment
(A) UMAP plot of corticotroph cells showing cell-cycle gene scores per cell. We defined 

proliferating cells (Pros) for further study to have a cycle score >0.01.

(B) Dot plot showing 12 top expressed genes upregulated in Pros. These cells clearly 

expressed canonical corticotroph marker genes POMC and TBX19 in addition to cell-cycle 

genes.

(C) UMAP plot showing cell-cycle score across all six scRNA-seq patient samples, showing 

specificity to the C cluster and some Le cells, as well as localization to the NFPA, and PRL 

adenoma clusters.

(D) SOX2-positive cells are restricted to the cell cluster classified as FS cells and not 

expressed in the corticotroph compartment.

(E) Dot plot of select genes associated with pituitary stem cells (Cox et al., 2017; Fletcher et 

al., 2019) showing lack of expression in adenoma samples.
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Figure 5. Human adenomas causing wild-type CD have discrepant PMAIP1 transcript and noxa 
abundance
(A) UMAP plot demonstrating PMAIP1 abundance in CD adenomas (C) but not in PRL, G, 

or NFPA adenomas. PMAIP1 was also detected at lower levels in Les and ECs.

(B) UMAP plot showing MYC upregulation in CD corticotrophs but not other hormone-

producing cells (left panel). MYC expression was also detected in Pes, ECs, and Les. Middle 

panel: UMAP plot showing overlap of MYC and PMAIP1 expression is mostly limited to 

CD corticotrophs (yellow dots). Right panel: UMAP plot showing UCHL1 abundance in 

most hormone-producing cell types in CD.

(C) Bulk RNA-seq of CD and non-CD samples verified overexpression of pro-apoptotic 

genes including PMAIP1 in CD tissues.

(D) DNA methylation levels (beta values) at CpG sites associated with the PMAIP1 
promoter methylation demonstrating hypomethylation in CD (n = 3) compared with normal 

(autopsy-derived, n = 20) pituitary glands. *p < 0.05.

(E) Multiplex immunohistochemistry (mIHC) of 5 μm thick sections from a CD adenoma. 

Insets from the core-margin boundary represented by white dashed lines. White bar: 100 μm. 

Core-margin boundary identified by overlaying expression of POMC, TBX19, and DAPI. 

Compared with the margin, core adenoma cells show robust overexpression of POMC, 

TBX19, and MYC; however, noxa expression is decreased within the adenoma core.

(F) Representative image from noxa IHC in independent adenoma/normal pairs (n = 10). 

Pairwise analysis of noxa deconvoluted IHC images (absorbance = mean pixel intensity 

count per pixel) showing suppressed noxa signal in CD adenomas compared with normal 

(margin) tissues (p = 0.0013; 95% confidence interval [CI] −0.027 to −0.007). Scale bar: 100 

μM.
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(G) Expected epithelial growth factor (EGF) signaling upregulation and ERK1/2 

phosphorylation were found in human CD adenoma primary cell lines (P6_CD and 

P26_CD). A, adenoma (core); N, normal (margin) pituitary gland. Noxa was undetectable or 

decreased in core adenomas.

(H) A survey of human primary CD adenoma cell lines revealed variable noxa expression 

compared with sCD adenoma, GH adenoma, and NFPA. CD, corticotroph adenoma causing 

Cushing’s disease; sCD, hormonally silent corticotroph adenoma; GH, growth-hormone-

secreting adenoma; NFPA, non-functioning pituitary adenoma.
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Figure 6. Proteasome inhibition rescues noxa and accelerates apoptotic cell death in wild-type 
CD adenomas
(A) Mouse pituitary cells (3 biological replicates) were flow sorted and enriched for 

cortricotropin-releasing hormone receptor (CRFR1).

(B) The cell line enriched for corticotrophs (mCort) demonstrated markers of corticotroph 

differentiation using PCR arrays (3 biological replicates per cell line). Gene expression 

remained stable after addition of EGF.

(C) The ACTH-producing CD phenotype was recapitulated following lentiviral human 

EGFR transduction (mCortEGFR) with increased POMC processing to ACTH (n = 3).

(D) Representative bright-field image showing mCort cells with elongated processes and 

abundant intracellular organelles.

(E) The tumorigenic sequence of CD adenomas was recapitulated with relative 

overexpression (qRT-PCR; ΔCT; GAPDH) of both POMC and PMAIP1 (2 experiments 

in technical triplicates) following lentiviral human EGFR transduction (mCortEGFR). *p < 

0.05.

(F) Cycloheximide chase study (2 experiments) in murine mCort cells demonstrated post-

translational degradation of noxa that was arrested with proteasome inhibitor bortezomib (5 

nM, BORT.).

(G) Bortezomib (5 nM) decreased MYC protein levels in mCortEGFR but not in mCortEV 

cells (2 independent experiments).

(H) Bortezomib (5 nM) induced minimal transcriptional upregulation of PMAIP1 in mCort 

cells, suggesting a predominantly post-translational effect (3 independent experiments in 

technical triplicates).
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(I) Supernatant from mCortEGFR cultures showed elevated ACTH production with EGFR 

overexpression recapitulating the adenoma phenotype (ACTH oversecretion; 3 independent 

experiments in technical triplicates). Additionally, bortezomib exposure reduced ACTH in 

supernatant from mCortEGFR cells. *p < 0.05.

(J) Bortezomib resulted in elevated cleaved PARP (cPARP) and cleaved caspase-3 

(cCaspase3) in mCortEGFR cells following exposure to bortezomib (5 nM, 6 h; 2 replicates).

(K) Bortezomib exposure for 24 h decreased survival in mCortEGFR cells at lower 

bortezomib concentrations (IC50: 1.5 nM) compared with in mCortEV cells (IC50: 3.096 

nM). **p = 0.0087, 0.0066, and 0.0080 for 24, 48, and 72 h, respectively. Data shown for 

dose response performed on each cell line in triplicate and timed survival in duplicate. *p < 

0.05.

(L–N) Biological duplicates.

(L) Pairwise analysis of adenoma and normal cells from a patient with CD (P26_CD). 

Responses to DMSO control versus EGFR inhibitor gefitinib (GEF), UCHL-1 inhibitor 

LDN-57444 (LDN), or proteasomal inhibitor bortezomib (BORT). Protein levels of EGFR; 

DMSO, dimethyl sulfoxide; EGFR, epidermal growth factor receptor; UCHL-1, ubiquitin 

C-terminal hydrolase L1.

(M) Patient-derived CD adenoma primary cell lines P7 and P6 demonstrated elevated EGFR 

expression at baseline that was suppressed with EGF (100 ng, 24 h) exposure. Bortezomib (5 

nM, 6 h) induced noxa at a higher level than gefitinib (10 μM, 6 h) or UCHL1 inhibitor LDN 

(15 μM, 6 h).

(N) Bortezomib induced markers of apoptosis with cPARP and cCaspase3 in human-derived 

primary CD adenoma cells.

(O) Bortezomib (24 h) decreased cumulative survival in human-derived primary cell lines 

from CD (n = 5; IC50: 5.929 nM) and non-CD (n = 3; IC50: 18.42 nM) cell lines (p < 

0.0001); data shown in triplicates.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

EGFR GeneTex Inc Cat #GTX20231; RRID:AB_368210

Phospho-EGFR Tyr992 Cell signaling Cat #2235s; RRID:AB_331708

POMC LifeSpan Biosciences Cat #LS-C340619–100

c-Myc Santa Cruz Cat #sc-40 AF546; RRID:AB_627268

TBX19 Thermo Fisher Cat #MA5–31431; RRID:AB_2787067

Noxa Novus Biologicals Cat #NB600–1159AF594; RRID:AB_10001419

TSH Abcam Cat #ab64378; RRID:AB_1143452

GH1 Novus Biologicals Cat #NBP2–53262

LH Novus Biologicals Cat #NBP2–47733AF700

Prolactin Novus Biologicals Cat #NBP3–08245AF488

FSH Novus Biologicals Cat #NBP2–47734AF532

DAPI Thermo Fisher Cat #D1306; RRID:AB_2629482

CRHR1 Invitrogen Cat #720290

EGFR A10 Santa Cruz Cat #sc-373746; RRID:AB_10920395

Vinculin 7F9 Santa Cruz Cat #sc-73614; RRID:AB_1131294

Erk 1/2 Cell Signaling Cat #4695; RRID:AB_390779

Phospho Erk 1/2 Thr202/Tyr204 Cell Signaling Cat #4370; RRID:AB_2315112

UCH-L1 Santa Cruz Cat #sc-271639; RRID:AB_10714950

Noxa D8L7U Cell Signaling Cat #14766; RRID:AB_2798602

Cleaved PARP Cell Signaling Cat #5625; RRID:AB_10699459

Caspase 3 Cell Signaling Cat # 9662; RRID:AB_331439

Chemicals, peptides, and recombinant proteins

Clostridium histolyticum collagenase Sigma-Aldrich Cat #9001–12-1

RPMI 1640 Thermo Fisher Cat #11875093

FBS Thermo Fisher Cat #26140

1% penicillin-streptomycin Gibco Cat #15070063

Human epidermal growth factor Sigma-Aldrich Cat #11376454001

DMEM Thermo Fisher Cat #11965084

Bortezomib Millipore Cat #CAS 179324–69-7

Gefitinib SelleckChem Cat #ZD1839

LDN-57444 Sigma-Aldrich Cat # 668467–91-2

DMSO Thermo Fisher Cat #85190

Critical commercial assays

ACTH ELISA MDBio products Cat #M046006

Prime PCR assay BioRad Cat #H384

Cyclohexamide assay Sigma-Aldrich Cat #66–81-9

CellTiterGlo Promega Cat #G9241

Deposited data
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bulk RNAseq and single-cell RNAseq data GEO GSE208112

Experimental models: Cell lines

Mouse: mCortEGFR: BALB/c This paper N/A

Mouse: mCortEV: BALB/c This paper N/A

Mouse: ATT-20 D16:6 Dr. Steven Sabol, NHLBI N/A

Oligonucleotides

EGFR for 5’CCCATGCGGAACTTACAGGAA’3 Sigma Cat #VC00021

EGFR rev 5’TTGGATCACATTTGGGGCAAC’3 Sigma Cat #VC00021

POMC for 5’ATGCCGAGATTCTGCTACAGT’3 Sigma Cat #VC00021

POMC rev 5’CCACACATCTATGGAGGTCTGAA’3 Sigma Cat #VC00021

PMAIP1 for 5’GCAGAGCTACCACCTGAGTTC’3 Sigma Cat #VC00021

PMAIP1 rev 5’CTTTTGCGACTTCCCAGGCA’3 Sigma Cat #VC00021

Other

Chromium instrument 10× genetics N/A

NextSeq sequencing machine Illumina N/A

TruSeq sequencing machine Illumina N/A

Infinium MethylationEPIC chip Illumina Cat #20042130
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