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ABSTRACT 

Drivers of sporadic benign pituitary adenoma growth are largely unknown. Whole exome 

sequencing of 159 prospectively resected pituitary adenomas showed somatic copy number 

alteration (SCNA) rather than mutation is a hallmark of hormone-secreting adenomas and that 

SCNA correlate with adenoma phenotype. Using single-gene SCNA pathway analysis, we 

observed cAMP and Fanconi anemia DNA damage repair pathways both affected by SCNA in 

growth hormone (GH)-secreting somatotroph adenomas. As somatotroph differentiation and GH 

secretion is dependent on cAMP activation and we previously showed DNA damage, 

aneuploidy, and senescence in somatotroph adenomas, we studied links between cAMP 

signaling and DNA damage. Stimulation of cAMP in C57Bl/6 mouse primary pituitary cultures 

using forskolin or long-acting GH releasing hormone (GHRH) analogue increased GH 

production and DNA damage measured by phosphorylated H2AX and Comet assay. Octreotide, 

a somatostatin receptor ligand that targets somatotroph adenoma GH secretion in patients with 

acromegaly, inhibited cAMP and GH and reversed DNA damage induction. In vivo long-acting 

GHRH treatment also induced mouse pituitary DNA damage. We conclude that cAMP, which 

induces somatotroph proliferation and GH secretion, may concomitantly induce DNA damage, 

potentially linking hormone hypersecretion to SCNA and genome instability. These results 

elucidating somatotroph adenoma pathophysiology identify pathways for treatment targeting.  
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INTRODUCTION 

Adenomas arising from the anterior pituitary are invariably benign and may be non-

hormone secreting (nonfunctioning) or hormone-secreting (functioning) (1, 2). Prevalence of 

identified pituitary adenomas ranges between 80-100 per 100,000 (3, 4) up to 1 per 1000 

persons(5), of which 9-14% are growth hormone (GH) secreting (3, 4 , 5). cAMP dysregulation 

has been implicated in pathogenesis of GH-secreting somatotroph adenomas seen in rare 

genetic syndromes such as Carney syndrome caused by a PKRAR1A mutation (6), as well as 

AIP gene mutation associated with familial isolated pituitary adenoma (FIPA) (7) and GRP101 

gene microduplication/mutation associated with X-linked acrogigantism (8-11). Rarely, activating 

mosaic mutations in cAMP-dependent GNAS, which encodes G protein alpha subunit, are 

associated with somatotroph adenomas in McCune-Albright syndrome (9), while somatic GNAS 

mutations are seen in 30-40% of non-familial somatotroph pituitary adenomas (12). GH 

releasing hormone (GHRH) receptor activating mutations have not been identified (13). 

We previously showed evidence for pituitary adenoma DNA damage and senescence, 

particularly in GH-secreting somatotroph adenomas (14). Furthermore, increased expression of 

pituitary tumor transforming gene (PTTG), the index mammalian securin that enables faithful 

chromatid separation during mitosis (15-17), was also associated with aneuploidy in these 

adenomas (16). Loss of heterozygosity (18) and somatic copy number alterations (SCNA) were 

reported in secreting and more aggressively growing sporadic pituitary secreting (18-22). De 

novo SCNA may arise as a consequence of DNA damage and genome instability and can result 

in cell dysfunction, and is commonly seen in tumors (23, 24). 

After prospectively studying sporadic pituitary adenomas using whole exome sequencing 

(WES) to evaluate somatic mutations and SCNA, we used pathway analysis and determined 

that both cAMP and Fanconi anemia DNA damage repair pathways are significantly affected in 

GH-secreting somatotroph adenomas. As somatotrophs are highly sensitive to cAMP, which is 

important for somatotroph proliferation and GH production (25, 26), we hypothesized that DNA 
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damage is coupled to the striking overproduction of GH from somatotroph pituitary adenomas. 

We now show increased cAMP signaling leading to DNA damage in wild-type non-transformed 

murine pituitaries, in primary pituitary cultures, and in vivo. Our findings potentially link cAMP to 

both endocrine hormone hypersecretion and DNA damage, opening new avenues for targeting 

dysregulated cAMP and DNA damage as pathogenetic drivers of sporadic GH-secreting 

pituitary adenomas. 

 

RESULTS 

WES analysis was prospectively performed on 159 consecutively resected pituitary 

adenoma specimens and on buffy coat samples derived from the same patients and used as 

controls. Samples included non-secreting gonadotroph (n=61), null cell (n=29), and silent 

corticotroph (n=8) adenomas, as well as secreting corticotroph (n=10), lactotroph (n=16), and 

somatotroph (n=35) adenomas. For group analysis, we combined gonadotroph and null cell 

adenomas into a single classification category among the non-secreting adenomas because of 

their similar clinical phenotype. However, we maintained silent corticotroph adenomas as a 

distinctive group, as it is yet unclear whether these adenomas behave more aggressively than 

do gonadotroph and null cell adenomas, and there are reports of rarely occurring silent-to-

secreting corticotroph adenoma transformation (27, 28). 

Patient demographics, pre-surgical treatments, adenoma imaging features, and IHC 

characteristics are detailed in Table 1. Patients with gonadotroph/null cell adenomas were older 

than those with secreting corticotroph or lactotroph adenomas (p<0.0001). Non-secreting 

adenomas exhibited larger MRI-determined diameters than did hormone-secreting corticotroph 

and somatotroph adenomas (p<0.0001) and extended to the cavernous sinus more frequently 

than did somatotroph and lactotroph adenomas (p<0.0001). Non-secreting adenomas also 

extended to the suprasellar region more commonly than did secreting somatotroph, 
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corticotroph, and lactotroph adenomas (p<0.0001). Ki67 expression was similar between 

adenoma subtypes.  

 

Somatic mutations are uncommon in pituitary adenomas 

WES revealed a low mutation rate, with 689 nonsynonymous single-nucleotide 

variations (SNV) and 31 small insertions/deletions (InDels) in the entire cohort. Nearly all 

(90.4%) mutated genes appeared once. Approximately 4 nonsynonymous SNV/InDels per 

adenoma were detected in both non-secreting (mean, 4.04±4.9; median, 3 [range, 0-35]) and 

secreting (mean, 4.7±4.2; median 4, [range, 0-18]) adenomas (Figure S1). Among genes rarely 

mutated in non-familial pituitary adenomas, we detected 1 mutation each in USP8 (corticotroph 

adenoma), AIP (InDel, lactotroph adenoma), MEN1 (lactotroph adenoma), and none in 

PRKAR1A, PRKAR2A, CDKN1B, NF1, UPS48, BRAF, HRAS, TP53, DICER1, CABLES1 and 

SDHx.  

However, we observed GNAS mutations in 10 of 35 (29%) somatotroph adenomas; 7 

adenomas carried the p.R844C mutation (arginine to cysteine), while p.Q870L, p.R844H, and 

p.R142C mutations were identified in 1 somatotroph adenoma each.  

 

SCNA are a distinctive genomic hallmark of hormone-secreting adenomas and correlate 

with clinical phenotype  

In contrast to low rates of somatic mutations observed in both hormone-secreting and 

non-secreting adenomas, SCNA were seen significantly more frequently in secreting adenomas 

(Figure 1), with large, often whole chromosomal deletions/amplifications. Somatotroph and 

lactotroph adenomas expressed the highest SCNA copy ratios. Whole genome sequencing 

(WGS) on 14 representative adenomas showed SCNA copy ratio distribution similar to those 

obtained by WES for the same adenomas (Figure S2). 
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SCNA degree (low, medium, or high; Figure S3) correlated with IHC staining for 

prolactin (PRL; r 0.55, p=8.6×10-14) and GH (r 0.36, p= 3.4×10-6), and negatively correlated with 

the gonadotrophins follicle-stimulating hormone (FSH; r -0.29, p=2.9×10-4) and luteinizing 

hormone (LH; r -0.26, p=8.6×10-4) (Figure 2). SCNA also negatively correlated with suprasellar 

extension (r -0.28, p=5.3×10-4) and cavernous sinus extension (r -0.18, p=0.03), and weak 

correlation was observed between SCNA degree and Ki67 (r 0.19, p=0.02). Other 

characteristics, including expression of adrenocorticotrophin (ACTH), thyrotrophin (TSH), 

glycoprotein hormone alpha-subunit (αGSU), and largest tumor diameter did not correlate with 

SCNA degree (data not shown).  

 

GNAS mutation is associated with SCNA degree in somatotroph adenomas 

Unlike GNAS mutation negative somatotroph adenomas, GNAS mutation positive 

adenomas mostly harbor medium-degree SCNA, as of the 10 GNAS mutated somatotroph 

adenomas, 9 expressed medium-degree SCNA, and only 1 had low-degree SCNA. None 

expressed high-degree SCNA (Fisher’s exact test, p=0.001; Figure 3A,B). Although 18 of the 

25 (72%) somatotroph adenomas negative for the GNAS mutation exhibited medium to high 

SCNA degree their distribution across the different SCNA degrees was similar. 

 

Genes in cAMP and Fanconi anemia pathways are significantly affected by single-gene 

SCNA (sgSCNA)  

SCNA analysis of the entire cohort revealed 20,938 deleted (69.1%) and 9363 amplified 

fragments (30.9%). Large chromosomal arm-level SCNA were observed, each containing large 

numbers of deleted or amplified genes. To conduct Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathway analysis, we focused on SCNA spanning within a single gene (sgSCNA) as 

potential driver candidates and identified 2368 genes across all adenoma samples (1640 

deleted and 728 amplified). We further narrowed the list of candidate genes by eliminating 
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sgSCNA appearing in only one adenoma following the criteria described in Methods. Our final 

analysis set included 853 sgSCNA genes (715 deleted and 138 amplified; Table S1). sgSCNA 

appeared more frequently in secreting than in non-secreting adenomas (Figure S4). Mean 

number of sgSCNA genes per adenoma was similar in non-secreting gonadotroph/null cell 

(25.8±43.5) and silent corticotroph (24.5±50.2) adenomas, and significantly higher in hormone-

secreting corticotroph (79.8±86.2; 2-tailed unpaired t test with Bonferroni correction, p≤0.01), 

lactotroph (97.4±66.3; p≤0.001), and somatotroph (90.0±67.8; p≤0.001) adenomas vs 

gonadotroph/null cell adenomas. 

KEGG pathway analysis using these sgSCNA genes identified several pathways 

significantly affected by SCNA across all pituitary adenomas as well as when classified by 

function and subtype (p<0.05; Table 2). The cAMP pathway was significantly affected by 

sgSCNA genes in the entire cohort (p=0.048), and 15 sgSCNA genes in the cAMP pathway 

appeared 80 times in the whole cohort (Figure S5E), most of which were deletions. 

Somatotroph adenomas harbored a higher number of cAMP sgSCNA (55% of identified cAMP 

pathway sgSCNA genes) than did gonadotroph/null (13.8%), lactotroph (18.8%), secreting 

corticotroph (12.5%), and silent corticotroph adenomas (2.5%) (p<0.0001).  

The Fanconi anemia pathway was significantly affected by sgSCNA genes in 

somatotroph (p=0.014) and in secreting corticotroph (p=0.048) adenomas but not in 

gonadotroph/null cell or lactotroph adenomas. By contrast, the neuroactive ligand-receptor 

interaction pathway was significantly associated with gonadotroph/null cell (p=0.033 but not with 

secreting adenomas (Table 2).  

Upon further exploration of the association with Fanconi anemia pathway, we found that 

BRCA2, BRCA1, REV3L, HES1, and RMI1 harbored sgSCNA, all showing deletions, and that 

Fanconi anemia sgSCNA genes were more frequent in secreting than in non-secreting 

adenomas (Figure S5A). In addition, sgSCNA gene copy ratio in Fanconi anemia pathway 

genes correlated with adenoma SCNA scores (Figure S5C, r -0.24, p=0.006). By contrast, 
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sgSCNA showing deletions of non-Fanconi anemia significant pathway genes, which were also 

more frequently observed in secreting than in non-secreting adenomas (Figure S5B), did not 

correlate with SCNA copy ratio (Figure S5D), suggesting a unique role for Fanconi anemia 

gene deletions in pituitary adenoma SCNA. BRCA1 and BRCA2 mRNA expression levels 

measured in a cohort of 40 adenomas not previously sequenced but with phenotypic 

characteristics similar to the overall cohort used for WES analysis (Table S2) were highly 

variable and generally did not differ between adenoma types (not shown). 

Analysis of this cohort of 40 adenomas not previously sequenced also showed elevated 

p53 and p21Wif1/Cip1 mRNA and protein levels in somatotroph adenomas but not in 

gonadotroph/null cell (Figure 4), further supporting a role for DNA damage response activation 

specific to somatotroph adenomas.  

 

cAMP increases DNA damage in normal mouse primary pituitary cultures  

Several factors constrained our further mechanistic studies in human adenomas. Normal 

fresh human pituitary tissue is not readily available, there are no normal human pituitary cell 

lines, and human autopsy pituitary tissue can show early postmortem changes due to stress, 

inflammation, and apoptosis gene regulation, which could cause DNA damage and influence 

WES analysis data interpretation (29). We therefore used normal mouse primary pituitary 

cultures to evaluate DNA damage triggers.  

Normal pituitary cultures derived from C57Bl/6 4-month-old mice not expected to exhibit 

significant pituitary DNA damage were established to perform the experiments described; a total 

of 710 mice were required to obtain sufficient cells to derive the depicted results. 

We increased intracellular cAMP using forskolin 10 µM to recapitulate signaling of 

hypothalamic releasing factors such as GH releasing hormone (GHRH). We also treated 

cultures with the phosphodiesterase subtype 4 (PDE4) inhibitor rolipram (1 µM; (30)) to mimic 

lower PDE4D mRNA levels observed in somatotroph adenomas compared with 
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gonadotroph/null and lactotroph adenomas (Figure S6A). As expected, forskolin increased 

intracellular cAMP levels (Figure S7), and forskolin-induced supernatant GH levels (2-tailed 

unpaired t test with Bonferroni correction p≤0.001 vs vehicle) were further enhanced with the 

addition of rolipram (p≤0.001 vs vehicle, p≤0.05 vs forskolin alone; Figure 5A). ACTH increased 

with forskolin alone (p≤0.01) and when combined with rolipram (p≤0.001), as well as with 

rolipram alone (p≤0.05 vs vehicle) (Figure 5B). While forskolin modestly decreased PRL levels 

(p≤0.05 vs vehicle; Figure 5C), neither forskolin alone nor the combination of forskolin and 

rolipram altered FSH levels (Figure 5D).  

Phosphorylated H2AX (γH2AX) is considered an early sensitive biomarker for 

genotoxicity and for monitoring DNA damage (31). Histone H2AX is phosphorylated early upon 

DNA damage, enabling accumulation of DNA damage response proteins, and activates cell 

cycle checkpoint pathways including p53/p21Wif1/Cip1. γH2AX increased within 30 minutes of 

forskolin treatment and remained elevated at 1 and 3 hours of treatment (Figure S8A), 

suggesting an acute stimulation of the DNA damage pathway, but addition of rolipram did not 

further enhance forskolin action. An increase in γH2AX continued to be observed after 16 hours 

of treatment (2-tailed unpaired t test with Bonferroni correction p≤0.05 with forskolin and p≤0.05 

with forskolin and rolipram vs vehicle; Figure 5E and Figure S8B). 

We also used Comet assay, a sensitive method to measure DNA damage in single cells 

that is used to assess genotoxicity (32, 33). Although γH2AX and Comet assay results correlate 

well, Comet assay detects a larger spectrum of DNA damage than does γH2AX and therefore is 

useful for genotoxicity measurement (34). 

Olive tail moment measured by Comet assay similarly increased after 16 hours of 

forskolin treatment with or without rolipram (p≤0.001) (Figure 5G). Treatment with rolipram 

alone had no significant effect on either γH2AX level or Comet assay results. 

GHRH receptors were more abundantly expressed in human somatotroph as compared 

to lactotroph or gonadotroph/null adenomas (2-tailed unpaired t test with Bonferroni correction, 
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p≤0.001; Figure S6B). As these receptors mediate GHRH induction of somatotroph intracellular 

cAMP, we treated C57Bl/6 mouse primary pituitary cultures with 10 ng/mL CJC-1295, a long-

acting GHRH analogue, and observed dose dependent increases in intracellular cAMP levels, 

which were further enhanced by rolipram (Figure 6A; 2-way ANOVA with Bonferroni correction, 

p≤0.05 vs vehicle). Importantly, CJC-1295 is 10-fold weaker in stimulating intracellular cAMP 

production as compared to FSK (Figure S7), and therefore would be expected to have a 

weaker effect on GH stimulation and the extent of DNA damage. Increased GH levels were 

observed with 16 hours of CJC-1295 alone and in combination with rolipram (2-tailed unpaired t 

test with Bonferroni correction, p≤0.001 vs vehicle; Figure 6B). Neither CJC-1295 nor rolipram 

altered ACTH (Figure 6C), PRL (Figure 6D), or FSH levels (Figure 6E).  

As with forskolin treatment, CJC-1295 with and without rolipram increased γH2AX at 16 

hours (2-tailed unpaired t test with Bonferroni correction, each p≤0.05 vs vehicle) (Figure 6F 

and Figure S9). Comet assay showed increased Olive tail moment with CJC-1295 compared 

with vehicle (2-tailed unpaired t test with Bonferroni correction, p≤0.001), which further 

increased with rolipram co-treatment (p≤0.001 vs CJC-1295 alone; Figure 6G). 

Octreotide, a somatostatin receptor ligand (SRL) that targets somatostatin receptors 

abundantly expressed on somatotroph adenomas, is used to treat acromegaly caused by a GH-

secreting pituitary adenoma. Octreotide reduces adenoma GH secretion by inhibiting adenylate 

cyclase and reducing cAMP, thereby opposing GHRH action (35, 36). Co-treatment of mouse 

primary pituitary cultures with forskolin and octreotide 100 nM reduced forskolin-induced 

supernatant GH (2-tailed unpaired t test with Bonferroni correction, p≤0.001 forskolin vs vehicle; 

p≤0.01 forskolin with octreotide 100 nM vs forskolin alone; Figure 7A) but did not alter PRL 

levels (Figure 7B) nor reverse induced γH2AX levels (Figure 7C and Figure S10A). Octreotide 

treatment alone did not change γH2AX levels (Figure S10B). However, both 10 nM and 100 nM 

doses of octreotide attenuated forskolin-induced Olive tail moment (2-tailed unpaired t test with 
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Bonferroni correction, p≤0.01 and p≤0.001, respectively, vs forskolin), with the 100 nM dose 

leading to greater attenuation (p≤0.001 vs forskolin with octreotide 10 nM; Figure 7D). 

Treatment of normal mouse primary pituitary cultures with 10 and 50 ng/mL CJC-1295 

increased GH levels in the supernatant (2-tailed unpaired t test with Bonferroni correction, 

p≤0.01 and p≤0.001, respectively, vs vehicle), with greater GH concentrations with the 50 ng/mL 

vs 10 ng/mL dose (p≤0.001). Increased GH observed with both concentrations of CJC-1295 

was attenuated by octreotide 100 nM (p≤0.01vs their respective CJC-1295 doses alone; Figure 

8A). PRL levels were unchanged by either CJC-1295 dose, with or without the addition of 

octreotide (Figure 8B). Although γH2AX induced by CJC-1295 was lower with octreotide 

treatment (2-tailed unpaired t test with Bonferroni correction, p≤0.01 vs vehicle), it did not reach 

significance compared with CJC-1295 alone (Figure 8C,D). However, Olive tail moment was 

increased with both doses of CJC-1295 (2-tailed unpaired t test with Bonferroni correction, 

p≤0.001), more so with the higher CJC-1295 dose (p≤0.001), and co-treatment with octreotide 

100 nM attenuated Olive tail moment with both CJC-1295 doses (p≤0.001 vs their respective 

CJC-1295 doses alone; Figure 8E). Neither dose of octreotide alone affected Olive tail moment 

(Figure 8F).  

 

cAMP increases DNA damage in normal mouse pituitary in vivo 

We further evaluated CJC-1295 long-term effect on pituitary DNA damage in vivo. 

C57Bl/6 4-month-old male mice were injected subcutaneously with PBS (PBS mice; n=15) or 

CJC-1295 10 µg/kg (CJC mice; n=16) 3 times a week for 8 weeks before sacrifice. Total body 

weight and length were similar (Figure S11A,B). Pituitary weight was 47% greater in CJC mice 

than in PBS mice (2-tailed unpaired t test with Bonferroni correction, p≤0.001; Figure 9A), while 

liver (Figure S11C) and heart (Figure S11D) weight were similar. Although GH is the dominant 

facilitator of liver IGF1 production (37), clinical diagnosis of GH excess relies mainly on IGF1 

levels as it has a longer circulating half-life and a more stable secretory pattern compared to GH 
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(37). Accordingly, we observed no difference in serum GH levels between the groups (Figure 

S11E) but higher serum IGF1 levels in CJC than in PBS mice (2-tailed unpaired t test with 

Bonferroni correction, p≤0.05; Figure 9B). ACTH, PRL, and FSH levels were also similar 

between the two groups (Figure S11F-H). Pituitary DNA damage was induced in CJC mice as 

evidenced by increased Olive tail moment (2-tailed unpaired t test with Bonferroni correction, 

p≤0.001; Figure 9C,D), and increased γH2AX (2-tailed unpaired t test with Bonferroni 

correction, p≤0.05; Figure 9E, Figure S12). Mouse No 32 was excluded from the PBS-treated 

group due to very low pituitary protein retrieval and undetectable bands on Western blot. Mouse 

No 7 was also excluded from the PBS group, as, compared with the mean of all PBS and CJC 

mice, this mouse had a much higher γH2AX/total H2AX ratio (2.8 vs 0.82 [95% CI: 0.66, 0.98]), 

as well as a much higher GH (7.6 ng/mL vs 0.37 ng/mL [95% CI: 0.16, 0.57]). After excluding 

this outlier, γH2AX/total H2AX ratio correlated with IGF1 levels (Pearson r 0.67, p=0.01) and 

with pituitary gland size (Pearson r 0.64, p=0.02).  

 

DISCUSSION 

Pituitary adenoma hormone hypersecretion is determined by lineage-specific gene 

expression, as well as the autonomously growing mass of differentiated adenoma cells (37). 

Our results shown here support a distinct pituitary adenoma genotype-phenotype for cAMP-

dependent GH-secreting somatotroph adenomas versus non-secreting adenomas.  

We show by WES of 159 pituitary adenomas that SCNA, often with amplification or 

deletion of an entire chromosome, are a genomic hallmark of benign somatotroph pituitary 

adenomas. In distinction, non-secreting adenomas are shown to harbor fewer SCNA despite 

their larger size and more frequent extrasellar expansion. Furthermore, we did not detect many 

somatic mutations in secreting or non-secreting pituitary tumors, supporting prior reports (22, 

38, 39).  
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SCNA reflect DNA damage and genomic instability and occur in normal tissue and in 

cancerous tumors (23, 40). Our observation of genome instability with sparse SNV/InDel 

mutations was previously described in non-proliferating terminally differentiated cells which are 

highly metabolically active (41, 42). Similar to our observations in benign pituitary adenomas, 

these non-replicating cells were shown to not accumulate mutations despite dampened DNA 

repair mechanisms that lead to DNA damage accumulation (41).  

sgSCNA identified 853 genes that could be used in KEGG pathway analysis and 

highlighted several pathways most affected, particularly cAMP and Fanconi anemia DNA 

damage repair pathways (43, 44). 

Of all differentiated hormone-expressing pituitary cells, somatotrophs are the most 

sensitive to cAMP action (26). Somatotroph cAMP production is induced by GHRH, a GPCR 

coupled to Gαs and encoded by GNAS. Several lines of evidence support a role for cAMP 

activation in somatotroph proliferation, differentiation, and hormone secretion as well as in 

somatotroph adenoma pathogenesis (43-47). For example, human diseases associated with 

cAMP activation are commonly associated with somatotroph hyperplasia and GH 

hypersecretion (7-12, 48, 49), and ectopic GHRH secretion from neuroendocrine tumors leads 

to pituitary somatotroph hyperplasia in humans and the development of pituitary adenomas in 

some patients (50-52), while transgenic mice overexpressing human GHRH develop pituitary 

hyperplasia (53) and later somatomammotroph tumors that secrete both GH and PRL (46). 

Somatomammotroph hyperplasia also develops in mice overexpressing cholera toxin, which 

recapitulates the pathology observed with GNAS mutation (45). GHRH action is counteracted by 

hypothalamic somatostatin, which activates Gαi/o coupling to adenylate cyclase, mainly via 

somatostatin receptors SST2 and SST5, to inhibit cAMP production and reduce somatotroph 

cell secretory activity (36, 54). Furthermore, specific PDE enzymes hydrolyze and deactivate 

cAMP, thereby attenuating its accumulation and, in turn, likely affecting somatotroph adenoma 
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function (11). We observed lower PDE4D gene expression in somatotroph adenomas compared 

with gonadotroph and lactotroph adenomas further fueling cAMP sensitivity.  

Concomitantly, sgSCNA KEGG analysis also showed that canonical DNA damage 

response genes of the Fanconi anemia pathway harbor significant sgSCNA deletions in 

somatotroph adenomas. Fanconi anemia proteins repair double-strand DNA breaks, preventing 

replication failure and genomic instability, and also act to maintain proper chromosome 

segregation (55, 56). Mutations in DNA damage repair genes were identified in pituitary 

adenomas using a next-generation sequencing panel of 300 cancer-related genes (57), and our 

KEGG analysis showed that BRCA1, BRCA2, and REV3L sgSCNA deletions were significantly 

associated with somatotroph and corticotroph adenomas, and correlated with pituitary adenoma 

SCNA score.  

Results of mRNA expression of these genes were difficult to interpret due to extremely 

large variation and small sample size. Moreover, our attempts to analyze a CRISPR/Cas9 

BRCA2 knockout GH3 rat somatotroph tumor cell line were not successful due to early cell 

death and an inability to propagate cells for experiments (not shown).  

DNA damage repair pathway sgSCNA in somatotroph adenomas caught our attention as 

we previously showed upregulated p53/p21Wif1/Cip1 in somatotroph adenomas in association with 

DNA damage, aneuploidy, and cellular senescence (14). p53 is activated with cellular stress 

such as DNA damage, resulting in regulation of cell cycle arrest, chromosome segregation, 

DNA damage repair, apoptosis, and senescence (58, 59). We now confirm that, unlike non-

secreting gonadotroph/null adenomas that showed little SCNA, and lactotroph adenomas that 

showed high SCNA, only somatotroph adenomas exhibited high p53/p21Wif1/Cip1, which are 

known to downregulate Fanconi anemia pathway genes such as FANCD2 and BRCA2, further 

inhibiting DNA repair (59-61). These observations are bolstered by our demonstration that GH 

suppresses DNA damage repair in epithelial colon cells (62). Thus, our findings indicate that 

abundant intracellular somatotroph GH produced upon cAMP stimulation, also increase 
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p53/p21Wif1/Cip1, further linking cAMP to SCNA and DNA damage observed in somatotroph 

adenomas. 

Building on these results, we explored links between cAMP activation and the DNA 

damage response. In both ex vivo normal primary pituitary cultures and in vivo, we demonstrate 

that increased cAMP induced by forskolin, which universally stimulates cAMP, or by CJC-1295, 

which selectively stimulates somatotroph cAMP, leads to somatotroph DNA damage. We also 

show that octreotide counteracts GHRH action, suppressing cAMP and leading to attenuated 

DNA damage as well as GH production. 

The extent of CJC-1295-induced DNA damage we observed was dose dependent, 

consistent with observed GHRH-overexpressing transgenic mice developing pituitary 

somatotroph adenomas only by 1 year of age (46), suggesting that intensity and chronicity of 

intracellular cAMP exposure likely determine the degree of cAMP-induced DNA damage. 

Further, genetic mutations associated with dysfunctional cAMP pathways also manifest with 

somatotroph adenomas at different ages. For example, familial isolated somatotroph adenomas 

associated with AIP mutations manifest at older ages, while somatotroph adenomas associated 

with GPR101, specifically mosaic microduplications of Xq26.3, manifest at ages younger than 2 

(63). Although cAMP-associated mutations have not been identified in most sporadic 

somatotroph adenomas, several lines of evidence support the presence of cAMP pathway 

hyperactivation. For example, low PDE4D levels in somatotroph adenomas compared to 

lactotroph and gonadotroph/null cell adenomas observed in our cohort may have led to higher 

levels of intracellular cAMP levels due to attenuated hydrolysis and deactivation of cAMP. 

Indeed, both GNAS mutation positive and GNAS mutation negative somatotroph adenomas 

were previously shown to express similarly enhanced CREB phosphorylation as compared to 

nonfunctioning pituitary adenomas (64), further supporting an association for these adenomas 

with cAMP pathway activity. 
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Insights into molecular mechanisms underlying cAMP-induced DNA damage and SCNA 

in somatotroph adenomas can be derived from several observations. cAMP promotes 

somatotroph proliferation and terminal differentiation via GHRH and its receptor (25, 26, 44-47, 

65), and replication stress in terminally differentiated cells (akin to somatotrophs) causes 

replication fork stalling and chromosomal instability without significant mutation accumulation 

(41). Moreover, well differentiated cells exhibit dampened DNA repair mechanisms, further 

enhancing DNA damage accumulation (41). These observations support our conclusion that 

GHRH-induced replication stress in terminally differentiated somatotroph cells may result in 

genomic instability and DNA damage with low mutation rates.  

Constitutive cAMP elevation, as occurs in GNAS-mutated somatotroph adenomas, may 

also protect somatotroph adenomas from a high degree of DNA damage, as none of these 

tumors harbored high-level SCNA, consistent with cAMP attenuating DNA damage in cells 

previously induced by UV or toxins (66, 67). Thus, our observations support the notion that 

although cAMP promotes DNA damage, it concomitantly protects against further extensive DNA 

damage. Our observed p53/p21Wif1/Cip1 induction is also consistent with this hypothesis, which 

may explain the invariably benign nature of these senescent adenomas. Indeed, GH 

carcinomas are extremely rare and malignant transformation of GNAS mutation-positive 

somatotroph adenomas has not been described to our knowledge. 

Dual and antagonistic effects of cAMP were shown to occur via intracellular 

compartmentalization regulated by PDE4D and PDE4B expression, which enables differential 

effects of EPAC and PKA. These two downstream effectors opposingly regulate trafficking and 

activity of DNA-dependent protein kinase catalytic subunit (DNA-PKcs) in and out of the 

nucleus. As this sensor of DNA damage is required for DNA repair and maintenance of 

chromosomal integrity (68), our finding of lower PDE4D levels in human somatotroph adenomas 

may reflect unopposed EPAC/Rap2 removal of nuclear DNA-PKcs and prevention of 
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chromosomal stability maintenance. Interestingly, cAMP was also shown to inhibit DNA damage 

repair proteins in lung cells via EPAC signaling (69). 

Of note, our findings provide a possible mechanism to explain several known 

somatotroph adenoma phenotypes and treatment responses. Our observations that intracellular 

cAMP stimulation in somatotroph cells, either via GHRH activation or via constitutive activation 

of Gαs due to activating GNAS mutation, concomitantly increases GH production and DNA 

damage, may explain distinctive somatotroph adenoma features. GNAS mutation-positive 

somatotroph adenomas are usually smaller (70, 71) and more frequently present as 

microadenomas (diameter ≤1 cm). Yet, compared to somatotroph adenomas that do not harbor 

GNAS mutation, GNAS mutation positive adenomas secrete more GH (70, 71) and are less 

responsive to GHRH (70), but are highly responsive to octreotide as (71-73). These same 

features are common to densely granulated somatotroph adenomas (74), which tend to be 

smaller in size, produce more GH per unit volume, and respond better to octreotide compared to 

sparsely granulated adenomas (75). We also observed higher expression of somatotroph 

adenoma p53/p21Wif1/Cip1, known to induce cell cycle arrest upon DNA damage (76).This finding 

may explain why GNAS mutation-positive and densely granulated somatotroph adenomas, both 

secreting higher GH levels, are phenotypically small, show more restricted tumor expansion, 

and have enhanced response to cAMP-suppressing octreotide. Likewise, clinical resistance of 

non-secreting adenomas to octreotide may be explained by their preferred proliferative 

properties over cAMP-dependent hormone induction. In fact, in non-secreting adenomas, 

differentiated hormone production appears to be repressed, suggesting a neoplastic switch by 

more rapidly proliferating pituitary cell populations (77). Overall, these results also offer a 

rationale for further subclassification of somatotroph adenomas based on degree of DNA 

damage. Whether this approach would supplement current phenotype-genotype classifications 

(73) requires prospective study of clinical outcomes. 
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In summary, using WES, we show that SCNA but not SNV/InDel mutations are dominant 

genomic alterations in hormone-secreting pituitary adenomas. Using sgSCNA genes in KEGG 

analysis, we observed frequent copy number deletions in cAMP and DNA damage repair genes 

in GH-secreting somatotroph adenomas. We show that p53/p21Cip1/Wif1 is selectively highly 

expressed in somatotroph adenomas. Using ex vivo normal primary pituitary cultures and in vivo 

GHRH analogue treatment in mice, we show a dual role for somatotroph cAMP action in 

promoting GH secretion while concomitantly causing DNA damage. These findings help explain 

the smaller size and less aggressive behavior of densely granulated somatotroph adenomas 

and those harboring GNAS mutations, both of which secrete higher GH levels. Our observations 

support a distinct pituitary adenoma phenotype for cAMP-dependent GH-secreting adenomas 

versus non-secreting adenomas, which are less sensitive to cAMP effects, have lower levels of 

DNA damage, and continue to proliferate, generating larger tumors. Elucidation of driver 

mechanisms for cAMP-stimulated DNA damage in GH-secreting pituitary adenomas will offer 

new approaches for targeted therapy. 

 

METHODS 

 

Human Subjects Sample Collection  

Patients diagnosed in our Pituitary Center were scheduled to undergo surgical resection 

of a pituitary adenoma by a single neurosurgeon (A.M.) and were consented prior to study 

inclusion. On the day of surgery, a blood sample (5 mL) was collected, buffy coat separated, 

and stored at -80°C. Immediately after resection, adenoma fragments were placed in RNAlater 

solution (Qiagen, Germantown, MD) for 48 hours at 4°C, then removed from the solution and 

stored at -80°C.  
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Gene Sequencing and Analysis 

Whole exome and genome capture, library preparation, and sequencing of patient 

genomic DNA samples followed by sequence alignment and marking duplicate reads were 

conducted by the Beijing Genomics Institute (BGI, Cambridge, MA). We performed all 

downstream analyses, including: (1) detection and annotation of SNV, InDels, and SCNA; (2) 

calculation, comparison, and visualization of SCNA and SNV; and (3) sgSCNA isolation, 

pathway enrichment and other statistical analyses.  

 

Exome Capture, Library Preparation, and WES 

Frozen blood and tissue samples were batch shipped to BGI for WES. DNA was 

extracted from adenoma tissue and buffy coats using DNeasy Blood & Tissue kit (Qiagen) and 

total DNA concentration measured by Qubit dsDNA BR Assay (Thermo Fisher Scientific, 

Waltham, MA). Qualified genomic DNA samples were randomly fragmented with peaks of 150 to 

200 bp, and adapters ligated to both ends of resulting fragments. Adapter-ligated templates 

were purified by Agincourt AMPure SPRI beads (Beckman Coulter, Brea, CA) and fragments 

~200 bp in length were excised. Extracted DNA was amplified by ligation-mediated polymerase 

chain reaction (LM-PCR), purified, and hybridized for enrichment to the SureSelect Biotinylated 

RNA Library (Applied Biosystems, Foster City, CA) then bound to strepavidin beads. Non-

hybridized fragments were washed out after 24 hours. LM-PCR products were subjected to 

Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) to estimate enrichment 

magnitude, and exome-enriched shotgun libraries sequenced with Illumina HiSeq 2000 platform 

(Illumina, San Diego, CA). Pair-end reads with an average size of 100 bp were generated with 

100X average on-target coverage. Image analysis and base calling were performed with 

Illumina Genome Analyzer Pipeline version 1.3 (Illumina), using default parameters. 
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WES Data Processing and Analysis 

We aligned reads to a human reference genome (hg19) using Burrows-Wheeler 

Alignment (BWA) (v0.5.9-r16) (78). Duplicate reads were marked using Picard 

(http://broadinstitute.github.io/picard/) (v1.54) by our Biostatistics and Bioinformatics Core, 

which also analyzed raw data and alignment files provided by BGI.  

Analysis workflows for variant discovery followed best practices (79, 80) as described on 

the Genome Analysis Toolkit (GATK) website (https://software.broadinstitute.org/gatk/best-

practices/).  

SNV/InDels were identified using MuTect2 (81) in GATK v3.6 (82). HapMap 3.3 (83) was 

used to estimate cross-sample contamination. Both dbSNP v147 (84) and COSMIC v78 (85) 

were applied to filter variants. ANNOVAR (86) was applied to annotate identified somatic 

variants. 

SCNA were called using copy number analysis tools in GATK v4.0 Beta (82). To detect 

small regions of SCNA, the length of exon interval bins was set to 200 bp. To eliminate copy 

ratio noise, SCNA were identified after filtering out low coverage exon interval bins with fewer 

than 100 read-counts. Adenoma sample copy ratios were calculated using normalized read 

counts of coverage against a control panel created by collecting proportional coverage from 

respective whole blood genomic DNA samples in our cohort. A circular binary segmentation 

algorithm was applied to segment copy ratios to identify genomic regions with 

deletion/amplification of SCNA by default parameters. ANNOVAR (86) was applied to annotate 

identified SCNA. 

 

SCNA Analysis Using WES Data 

As large chromosomal arm-level SCNA were observed on chromosomes 1 to 22 but not 

on sex chromosomes, we adjusted for possible overall shift by calculating segmentation copy 

ratios by GATK framework divided by the mean of copy ratio of segmentation across intervals 
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on chromosome X for each adenoma (copy ratio mean for chromosome X is 0.95-1.02). The 

SCNA heatmap was plotted according to chromosomal gain or loss defined by |log2(adjusted 

copy ratio)| >0.2. SCNA score for each adenoma represented the overall SCNA disruption and 

calculated by summating absolute gain or loss on chromosomes 1 to 22.  

Based on SCNA scores, adenoma samples were further separated into groups to 

indicate low (≤0.2), medium (>0.2 and <2.0) and high degree (≥2.0) of SCNA disruption; 

representative adenoma SCNA for each score are shown in Figure S3. Spearman’s rank-order 

correlation was applied to check correlations between degree of SCNA and clinical adenoma 

phenotypic characteristics. The coverage plot of SCNA was generated using Bedtools v2.21.0 

(87) and visualized using Integrative Genomics Viewer v2.3.34 (88, 89).  

 

sgSCNA Isolation  

sgSCNA were identified by filtering out genes that met the following criteria: (1) absolute 

SCNA deletion or amplification of log2 adjusted copy ratio <0.2; (2) known to be readily altered 

in cancers per Lawrence et al (90); (3) identified as chromosomal instability genes (CIN70) per 

Carter et al (91); (4) occurred only once in our cohort; (5) consistently occurred as either 

deletion or amplification at a frequency ≤90%.  

 

Pathway Enrichment Analysis 

We employed KEGG pathway enrichment analysis of sgSCNA genes for all adenomas 

and per adenoma subtype using DAVID (92).  

 

WGS Data Processing and Analysis 

WGS libraries of 14 tumors selected from the WES cohort were prepared using TruSeq 

Nano DNA HT (Illumina), and a quantified adaptor was added to each sample to allow for DNA 

pooling. After clustering a HiSeq X flow cell, libraries were sequenced on the HiSeq Xten 
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platform (Illumina). Raw image files were processed by the Illumina pipeline for base calling with 

default parameters, and sequences of each individual sample were generated as 150 bp paired-

end reads. The adapter sequence in the raw data was removed, and low-quality reads and 

bases were discarded according to default parameters. Raw data and BWA alignment results 

were provided by BGI and coverage visualization were performed by our Biostatistics and 

Bioinformatics Core. 

 

In Vitro and In Vivo Analyses 

Mouse Primary Pituitary Cell Cultures  

C57Bl/6 4-month-old male mice purchased from Jackson Laboratory (Sacramento, CA) 

were sacrificed using isoflurane and CO2, pituitary glands harvested, placed in DMEM, and cells 

immediately dispersed using the Neural Tissue Dissociation Kit (Miltenyi Biotec Inc., Auburn, 

CA). Primary pituitary cells were counted before plating (TC10 Automated Cell Counter, Bio-

Rad, Hercules, CA), then cultured in NeuroCult™ Basal Medium with NeuroCult™ 

Differentiation Supplement (Stemcell Technology Inc., Vancouver, Canada) in 6% CO2 in a 

37°C humidified incubator.  

A total of 710 mice were sacrificed to establish, validate, and reproduce the experiments. 

Each pituitary gland yielded approximately 1.5 million viable cells; 2.5 million cells were plated 

per well in 12-well plates (for Western blot analysis and ELISA), 1.5 million per well in 24-well 

plates (for ELISA, quantitative real-time PCR [qRT-PCR], and Comet assay), or 0.3 million per 

well in 48- and 96-well plates (for cAMP and WST-1 assay). Only adherent cells were studied; 

floating cells were discarded.  

Treatment durations were up to 16 hours after overnight incubation. Forskolin (Sigma-

Aldrich, St. Louis, MO) was resuspended in DMSO (Sigma-Aldrich). CJC-1295, a long-acting 

GHRH analogue (t1/2 = 8 days in humans), was synthesized by ANASpec (Fremont, CA) based 

on the published molecular structure (93, 94). Octreotide (Phoenix Pharmaceuticals, 
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Burlingame, CA) and rolipram (Sigma-Aldrich) were suspended in sterile water. PBS was 

purchased from Sigma-Aldrich. Compounds were stocked at -20°C until use.  

 

Mouse In Vivo Studies 

C57Bl/6 4-month-old male mice (Jackson Laboratory, Sacramento, CA) were injected 

subcutaneously with PBS (n=15) or CJC-1295 10 µg/kg (n=16) 3 times a week (Monday, 

Wednesday, Friday) for 8 weeks, for a total of 24 injections. No side effects were observed. 

Mouse weight and length (tip of nose to base of tail) were measured on the first day before 

injection and weekly before each Monday injection thereafter. After sacrifice, heart blood was 

collected and serum separated, and heart and liver weight were measured in all mice. Mouse 

pituitary weight was measured in 9 mice treated with PBS and 10 mice treated with CJC-1295 

randomly selected from the overall cohort. Western blot of single pituitaries was performed on 6 

mice treated with PBS and 8 mice treated with CJC-1295 randomly selected from the overall 

cohort. One pituitary from the group of mice treated with PBS was excluded as an outlier based 

on excessive elevation of γH2AX on Western blot. Hormone measurement were performed on 

all mice while Comet assay was performed 6 randomly selected mice (3 treated with PBS and 3 

with CJC-1295) as described below.  

 

cAMP Assay 

Primary pituitary cells were seeded in 48-well plates, 6 wells per treatment group, 16 

hours before treatment. Cells were treated in DMEM containing 0.3% BSA and 1 mM 3-isobutyl-

1-methylxanthine (IBMX, 1 mM, Sigma-Aldrich, St. Louis, MO) for 30 minutes in a humidified 

incubator at 37°C and 6% CO2. Intracellular cAMP was assayed in duplicate using the LANCE 

cAMP kit (PerkinElmer, Waltham, MA) modified for measuring intracellular cAMP content (54). 

Results were extrapolated from a standard curve and read by a Victor 3 1420_015 

spectrophotometer (PerkinElmer).  
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Western Blot 

Human adenoma tissue was stored in RNAlater (95), primary cultures cells were 

immediately processed for protein extraction, and harvested fresh pituitaries were snap frozen 

then kept at -80°C until analysis. Samples were placed on ice suspended in RIPA buffer (Cell 

Signaling, Danvers, MA) containing protease and phosphatase inhibitors (Thermo Fisher 

Scientific). Protein concentration was measured (Bio-Rad) and samples of equal concentration 

run on Bolt 4-12% Bis-Tris Plus gels (Thermo Fisher Scientific) and transferred to nitrocellulose 

membranes (Thermo Fisher Scientific). Protein bands were detected using Precision Plus 

Protein Western C (Bio-Rad) and blots scanned using ChemiDoc™ XRS (Bio-Rad). Antibodies 

used are listed in Table S3. Band intensities were measured with ImageJ. Ponceau was utilized 

for normalization of proteins from human pituitary adenomas (96, 97) and total H2AX for 

proteins derived from mouse primary pituitary cultures. 

 

Comet Assay 

In vitro: Single-cell nuclear DNA damage was measured by a blinded observer using the 

OxiSelect Comet Assay kit (#STA350). Single cells were encapsulated in a low-melting-point 

agarose suspension and lyse buffer for 60 minutes and in alkaline (pH>13) condition for an 

additional 30 minutes, then electrophoresed at 18 volt/cm (99). ImageJ was used to measure 

Olive tail moment, which reflects the percent of damaged DNA in the tail of total cell DNA, 

multiplied by tail length. Each experiment was repeated at least twice. 

In vivo: Fresh pituitaries were collected immediately after sacrifice, washed with cold 

PBS, cells dispersed, passed through a 40 μm cell strainer, and re-suspend in 10 ml of PBS. 

After cell dilution in PBS/BSA 0.01% 1000 cells/μL underwent blinded Comet assay as 

described above. 
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ELISA 

Medium (in vitro) or serum (in vivo) hormone levels were measured by rat and mouse 

GH ELISA (EMD Millipore, Burlington, MA, Cat# EZRMGH-45K; range 0-50 ng/mL, 1:6,000-

10,000 dilution), mouse prolactin ELISA (Thermo Fisher Scientific, Cat# EMPRL; range 0-20000 

pg/mL, 1:10 to 1:100 dilution), mouse ACTH competitive EIA (LifeSpan BioSciences, Seattle, 

WA, Cat# LS-F5354; range 0-1000 pg/mL, 1:5 dilution), and mouse FSH (US Biological Life 

Sciences, Salem, MA, Cat# 355754; range 0-150 mIU/mL, 1:1 dilution). In vitro supernatants 

were collected and centrifuged at 1500 rpm at 4°C for 5 minutes. Cell suspensions were 

separated from debris and stored at -80°C for analysis. Experiments were repeated at least 3 

times, and samples assayed in duplicate or triplicate. In vivo heart blood was collected after 

sacrifice, blood allowed to clot at room temperature for 2 hours, centrifuged (2000 rpm at 4°C for 

15 minutes), serum separated, and hormone levels measured. IGF1 was measured using 

mouse IGF1 ELISA (Thermo Fisher Scientific Cat# EMIGF1, range 0-100 ng/mL, dilution 1:300). 

GH (dilution 1:200), PRL (dilution 1:10), ACTH (dilution 1:5), and FSH (dilution 1:5) were 

measured using the assays described above for primary pituitary cultures. 

 

WST1 

WST1 is a soluble tetrazolium salt that can only be cleaved by viable cells, and is 

therefore used to measure relative number of viable cells in the cultures. We used WST1 for 

normalization of supernatant hormone levels. Cells were plated in a 96-well plate; 8 wells were 

included for each treatment group. Following 16 hours of treatment as indicated, WST1 

(TaKaRa Bio, Mountain View, CA) was added to the wells, cells incubated at 37°C at 6% CO2 

for an additional 3 hours, and absorbance measured at a wavelength of 450 nm.  
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RNA Extraction and qRT-PCR 

RNA was collected with RNeasy Mini Kit (Qiagen) and cDNA synthesized from 1 μg 

purified RNA by iScript™ Reverse Transcription Supermix for qRT-qPCR (Bio-Rad). 

Commercially available primers were purchased from Bio-Rad. qRT-PCR was performed in 10 

μL reactions using SsoAdvanced™ Universal SYBR® Green Supermix in Bio-Rad CFX96 or 384 

instrument (Bio-Rad).  

 

Statistics 

R Project for Statistical Computing 3.5.1 (http://www.r-project.org/) was used for 

statistical analyses of WES and WGS data. Spearman’s rank-order correlation was applied to 

check correlations between SCNA degree and adenoma phenotypic characteristics. Pearson 

correlation coefficient was used for sgSCNA vs SCNA analysis. Fisher’s exact test was applied 

to test whether GNAS mutation was associated with SCNA degree in somatotroph adenomas. 

Comparisons of patient and adenoma phenotypes, protein expression levels in Western blots 

and ELISA, mRNA expression in qRT-PCR, and Comet assays were analyzed using unpaired 

2-tailed Student’s t test. Unpaired 2-tailed Student’s t test with Bonferroni correction was used 

for multiple-comparisons. One-way ANOVA was used for in vivo Comet assay and cAMP 

sgSCNA distribution in human adenomas. Multiple comparisons were adjusted by the 

Bonferroni correction. Two-way ANOVA with Bonferroni analysis was used for cAMP level 

comparisons. P value ≤0.05 was considered statistically significant. 

 

Study Approval 

Prospective collection of adenoma samples and patient information was approved by the 

Cedars-Sinai Institutional Review Board (Pro00034122) and conducted according to Declaration 

of Helsinki principles. Written informed consent was received from participants prior to inclusion 

in the study. Animal care and handling was approved by the Cedars-Sinai Institutional Animal 
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Care and Use Committee (IACUC; protocol 3392) and in accordance with the National Institutes 

of Health Guide for the Care and Use of Laboratory Animals. 
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Table 1. Characteristics of 159 pituitary adenoma samples included in WES analysisA 

 

  Non-secreting adenomas Secreting adenomas 

  Gonadotroph/ 

null cell 

Silent 

corticotroph 

Secreting 

corticotroph Lactotroph Somatotroph 

n  90 8 10 16 35 

Age, mean ± SD  56.5 ± 12.7 54.5 ± 8.9 43.4 ± 16.0 40.2 ± 17.9 50.3 ± 14.8 

Sex n (%) Females 33 (36.7) 6 (75) 7 (70.0) 10 (62.5) 16 (45.7) 

Largest tumor 

diameter, mm 

Mean ± SD 25.6 ± 10.7 28.8 ± 12.4 14.7 ± 12.5B 18.1 ± 13.1 16.5 ± 8.6 

Median 24  27.5 14.0 12.5 16 

Invasion, n (%)       

Cavernous 

sinus  

 59 (65.6) 5 (62.5) 3 (30.0) 4 (25) 10 (28.6) 

Suprasellar   85 (94.4) 7 (87.5) 2 (20.0) 7 (43.8) 15 (42.9) 

IHC       

Hormone, n 

(%) 

FSH 54 (60) 0 0 1 (6.3) 6 (17.1) 

LH 41 (45.6) 0 0 0 7 (20.0) 

αGSU 42 (46.7) 0C 0 2 (12.5) 14 (40.0)C 
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ACTH 4 (4.4)C 8 (100) 10 (100)  1 (6.7)C 2 (5.7) 

PRL 27 (30) 1 (12.5) 0 16 (100) 21 (60.0) 

GH 1 (1.1) 0 0 0 35 (100) 

TSH 7 (7.9)C 0 0 0 7 (20.0) 

Ki67, % cells Mean ± SD (n) 1.4 ± 1.2 (83) 1.1 ± 0.8 (6) 1.8 ± 1.3 (9) 1.9 ± 1.7 

(14) 

2 ± 1.4 (34) 

≥ 3% 10 0 1 4 9 

Treatment before surgery     

n (%) SRL 0 0 2 (20.0) 0 6 (17.1) 

DA 4 (4.4) 3 (12.5) 1 (10.0) 14 (87.5) 4 (11.4) 

Pegvisomant 0 0 0 0 3 (8.6) 

Irradiation 1 (1.1) 0 2 (20.0) 0 0 

ACTH, adrenocorticotrophin; DA, dopamine agonist; FSH, follicle-stimulating hormone; GH, growth hormone; αGSU, glycoprotein hormone alpha-

subunit; IHC, immunohistochemistry; LH, luteinizing hormone; PRL, prolactin; SRL, somatostatin receptor ligand (octreotide, pasireotide); TSH, 

thyrotrophin; WES, whole exome sequencing. 

AClassification of adenoma type was based on clinical and pathological phenotypes. BOne functioning corticotroph adenoma was not visible on 

MRI. CImmunostaining for αGSU was not documented in 6 somatotroph adenomas; ACTH immunostaining was not documented in 1 gonadotroph 

and 2 lactotroph adenomas; TSH immunostaining was not documented in 1 gonadotroph adenoma. 
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Table 2. KEGG pathways for sgSCNA genes in all pituitary adenomas and within each adenoma subtype. 

 

KEGG Pathway nA P valueB 

All adenomas   

hsa04080: Neuroactive ligand-receptor interaction 22 7.86 × 10-4 

hsa05033: Nicotine addiction 7 0.003 

hsa00532: Glycosaminoglycan biosynthesis – chondroitin sulfate / dermatan sulfate 4 0.032 

hsa03460: Fanconi anemia pathway 6 0.039 

hsa04024: cAMP signaling pathway 13 0.049 

Non-secreting adenomasC   

hsa00532: Glycosaminoglycan biosynthesis – chondroitin sulfate / dermatan sulfate 5 4.32 × 10-4 

hsa04080: Neuroactive ligand-receptor interaction 11 0.032 

Hormone-secreting adenomasD   

hsa00310: Lysine degradation 6 0.009 

hsa03460: Fanconi anemia pathway 6 0.010 

hsa00532: Glycosaminoglycan biosynthesis – chondroitin sulfate / dermatan sulfate 4 0.013 

hsa04024: cAMP signaling pathway 11 0.026 

hsa05217: Basal cell carcinoma 5 0.045 

Gonadotroph/null cell (non-secreting) adenomas    

hsa00532: Glycosaminoglycan biosynthesis – chondroitin sulfate / dermatan sulfate 5 3.95 × 10-4 

hsa04080: Neuroactive ligand-receptor interaction 11 0.033 

Secreting corticotroph adenomasE 

hsa05206: MicroRNAs in cancer 6 0.030 

hsa03460: Fanconi anemia pathway 3 0.048 

Lactotroph adenomas 

hsa04742: Taste transduction 4 0.011 

hsa00532: Glycosaminoglycan biosynthesis – chondroitin sulfate / dermatan sulfate 3 0.016 

Somatotroph adenomas 
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hsa00310: Lysine degradation 5 0.013 

hsa03460: Fanconi anemia pathway 5 0.014 

hsa05217: Basal cell carcinoma 5 0.017 

hsa05206: MicroRNAs in cancer 11 0.021 

hsa05200: Pathways in cancer 14 0.026 

hsa04742: Taste transduction 4 0.040 

hsa00532: Glycosaminoglycan biosynthesis – chondroitin sulfate / dermatan sulfate 3 0.046 

 

KEGG, Kyoto Encyclopedia of Genes and Genomes; sgSCNA, single-gene somatic copy number 

alteration. 

ANumber of genes at which sgSCNA were identified. 

BOnly pathways with p<0.05 included.  

CIncludes gonadotroph, null cell, and silent corticotroph adenomas 

DIncludes corticotroph, lactotroph, and somatotroph adenomas 

EThe number of sgSCNA identified in silent corticotroph adenomas was too low for a separate KEGG 

pathway analysis 

 

 

 

 



Figure 1. Heatmap of SCNA derived from WES of 159 adenomas depicting SCNA copy ratio as well as adenoma functional status and

subtype.



Figure 2. Correlation between SCNA score and

phenotypic adenoma characteristics assessed by

immunostaining (hormones and Ki67) or MRI

(suprasellar extension [SSE] and cavernous sinus

extension [CSE]). Spearman’s rank-order correlation is

shown inside the bars; p values are shown above each

bar. Dark gray bars, positive correlation; light gray bars,

negative correlation. N=159.
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Figure 3. Degree of SCNA in GNAS-mutated and

non-mutated somatotroph pituitary adenomas. (A)

Adenomas with low, medium, and high degree of

SCNA. Number of adenomas in each group is shown

inside the bars. (B) Heatmap of somatotroph

adenoma SCNA (n=35).
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Figure 4. p53 and p21Wif1/Cip1 expression in non-secreting

gonadotroph/null cell (G/N), somatotroph (GH), and lactotroph

(PRL) pituitary adenomas. (A) p53 and (B) CDKN1A

(p21Wif1/Cip1) mRNA expression. Results presented as mean ±

SEM, 2-tailed unpaired t test with Bonferroni correction; *,

p≤0.05 **, p≤0.01. (C) p53 and (D) p21Wif1/Cip1 protein

expression compared to Ponceau (P) staining in 3 different

Western blot membranes with human adenoma sets E1, E2,

and E3. (E-F) Quantitative presentation of (E) p53 and (F)

p21Wif1/Cip1 in the 3 membranes after normalization to Ponceau,

using ImageJ. Each experiment was analyzed separately.

Results presented as mean ± SD, 2-tailed unpaired t test with

Bonferroni correction; *, p≤0.05; **, p=0.01.
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Figure 5. Treatment of C57Bl/6 normal mouse primary pituitary cultures with forskolin (FSK) and rolipram (RLP). (A) GH, (B) ACTH, (C) PRL, and (D) FSH concentration in supernatant after treatment

with vehicle (V), 10 µM FSK, co-treatment with 10 µM FSK and 1 µM RLP, or 1 µM RLP alone, normalized to WST1. N=6 per treatment group. (E) Quantitative presentation of Western blot depicting

change in γH2AX normalized to total H2AX after 16 hours of treatment as above. Results derived from 3 separate wells. Band intensities were calculated by ImageJ. The full panel is shown in Figure

S7B. (F) Results of Comet assay depicting Olive tail moment measurement 16 hours after treatment as above. Pooled results of 2 experiments are presented. Number of cells analyzed by a blinded

observer is indicated. Results presented as mean ± SEM (V, 20.8±1.0; FSK, 38.2±1.4; FSK with RLP, 42.7±1.5; RLP, 28.1±1.1). 2-tailed unpaired t test with Bonferroni correction; *, p≤0.05, **, p≤0.01,

***, p≤0.001 vs V; #, p≤0.05 vs FSK. Experiments were done at least twice.
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Figure 6. CJC-1295 (CJC) and rolipram (RLP) actions in C57Bl/6 normal mouse primary pituitary cultures. (A) Dose-

dependent response of intracellular cAMP to 30 minutes treatment with CJC with or without added RLP 1 µM. Results are

graphed as percent of untreated cultures (NT). N=6/treatment group. 2-way ANOVA with Bonferroni correction; *, p≤0.05 . (B)

GH, (C) ACTH, (D) PRL, and (E) FSH supernatant concentration after 16 hours treatment with V, 10 ng/mL CJC, co-

treatment with CJC 10 ng/mL and 1 µM RLP, or 1 µM RLP alone, normalized to WST1. N=6 per treatment group. (F)

Quantitative presentation of Western blot depicting change in γH2AX normalized to total H2AX after 16 hours treatment as

above. Results derived from 3 separate wells. Band intensities were calculated by ImageJ. The full panel is shown in Figure

S9. (G) Comet assay results depicting Olive tail moment measured after 16 hours treatment as above. Pooled results of 2

experiments are presented. Number of cells analyzed by a blinded observer is indicated. Results presented as mean ± SEM

(V, 16.1±0.7; CJC, 23.6±0.6; CJC with RLP, 32.1±0.7; RLP, 14.8±1.2). 2-tailed unpaired t test with Bonferroni correction; *,

p≤0.05 vs V; ***, p≤0.001 vs V; ###, p≤0.001 vs CJC. Experiments were done twice.
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Figure 7. Forskolin (FSK) with and without octreotide

actions in C57Bl/6 normal mouse primary pituitary

cultures. (A) GH and (B) PRL concentration in the

supernatant after 16 hours treatment with vehicle (V),

10 µM forskolin (FSK), co-treatment with 10 µM FSK

and 10 nM octreotide (OCT 10), or with 10 µM FSK

and 100 nM octreotide (OCT 100), normalized to

WST1. N=3 per treatment group. (C) Quantitative

presentation of Western blot analysis of γH2AX

change normalized to total H2AX derived from 3

wells per treatment group. The full panels are shown

in Figure S10A. Band intensities were calculated by

ImageJ. (D) Comet assay depicting Olive tail moment

measured after 16 hours treatment as above.

Number of cells analyzed by a blinded observer is

indicated. Results presented as mean ± SEM (V,

9.7±1.0; FSK, 22.5±1.5; FSK with OCT 10, 16.6±1.3;

FSK with OCT 100, 10.5±1.0). 2-tailed unpaired t test

with Bonferroni correction; *, p≤0.05 vs V; ***,

p≤0.001 vs V; #, p≤0.05; ##, p≤0.01; ###, p≤0.001

vs FSK; ^^^, p≤0.001 vs FSK with OCT 10.

Experiment was done once.
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Figure 8. CJC-1295 (CJC) with and without octreotide (OCT) actions in C57Bl/6 normal mouse primary pituitary cultures. (A) GH and (B) PRL concentration in the supernatant after 16 hours treatment with vehicle (V), 10

ng/mL CJC-1295 (CJC 10), co-treatment with CJC 10 and 100 nM OCT, 50 ng/mL CJC-1295 (CJC 50), or co-treatment with CJC 50 and 100 nM OCT, normalized to WST1. N=7 per treatment group. Results presented as

mean ± SEM, 2-tailed unpaired t test with Bonferroni correction; **, p≤0.01, ***, p≤0.001 vs V; ##, p≤0.01 vs corresponding CJC dose; ^^^, p≤0.001 vs CJC 10. (C) Western blot depicting γH2AX expression compared to

total H2AX after 16 hours of treatment as above in 3 different experiments, E1, E2, and E3. (D) Quantitative presentation of γH2AX change normalized to total H2AX derived from 2 wells per treatment group. Band

intensities were calculated by ImageJ. Results presented as mean ± SEM, 2-tailed unpaired t test with Bonferroni correction; **, p≤0.01. (E) Comet assay results depicting Olive tail moment measured after 16 hours

treatment as above. Number of cells analyzed by a blinded observer is indicated. Results presented as mean ± SEM (V, 12±0.6; CJC 10, 24.3±1.2; CJC 10 with OCT, 14.6±0.9; CJC 50, 33.1±1.2; CJC 50 with OCT,

14.8±0.8). 2-tailed unpaired t test with Bonferroni correction; ***, p≤0.001 vs V, ###, p≤0.001 vs corresponding CJC dose; ^^^, p≤0.001 vs CJC 50. (F) Comet assay results depicting Olive tail moment measured after 16

hours treatment with 10 nM OCT (OCT 10) and 100 nM OCT (OCT 100). Number of cells analyzed by a blinded observer is indicated. Results presented as mean ± SEM (V, 14.7±0.8; OCT 10, 14.6±0.7; OCT 100,

16.5±0.8). Experiment was done once.
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A

Figure 9. CJC-1295 treatment in vivo. C57Bl/6 4-month-old male mice were injected subcutaneously with PBS (n=15) or CJC-1295 10 µg/kg (n=16) 3 times a week for 8 weeks. (A) Pituitary weight (mg) in PBS (n=9) and

CJC (n=10) mice. (B) Serum IGF1 levels (pg/mL) in PBS (n=15) and CJC (n=16) mice. Results presented as mean ± SEM, 2-tailed unpaired t test with Bonferroni correction; *, p≤0.05, ***, p≤0.001 vs PBS. (C) Comet assay

and tail appearance in representative mice. Left, PBS mice (No 3, 4, 14); right, CJC mice (No 21, 28, 31). One image from each mouse is presented. Cells from each mouse pituitary were plated on 3 slides and 61 to 89

images were taken for each mouse (magnification x20) depending on number of cells visualized. (D) Comet assay results depicting Olive tail moment of 6 mice presented in C. Number of cells analyzed by a blinded

observer is indicated. Results presented as mean ± SEM (No 3, 8.3±0.9; No 4, 8.8±0.7; No 14,10.5±0.8; No 21, 39.3±1.5; No 28, 32.9±1.5; No 31, 24.4±1.2). One way ANOVA ###, p≤0.001 for each PBS mouse vs each

CJC mouse. (E) Quantitative analysis of γH2AX change normalized to total H2AX of PBS (n=5/7) vs CJC (n=8/8) mice presented in Figure S11. Two mice were excluded from the PBS group as described in Results. Band

intensities were calculated by ImageJ. Results presented as mean ± SEM, 2-tailed unpaired t test with Bonferroni correction; *, p≤0.05 vs PBS. Experiment was done twice.
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