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Abstract

Pituitary neuroendocrine tumours (PitNETs) are neoplasms of the pituitary that overproduce hormones or cause
unspecific symptoms due to mass effect. Growth hormone overproducing GH-producing PitNETs cause acromegaly
leading to connective tissue, metabolic or oncologic disorders. The medical treatment of acromegaly is somatostatin
analogues (SSA) in specific cases combined with dopamine agonists (DA), but almost half of patients display partial or
full SSA resistance and potential causes of this are unknown. In this study we investigated transcriptomic landscape
of GH-producing PitNETs on several levels and functional models—tumour tissue of patients with and without SSA
preoperative treatment, tumour derived pituispheres and GH3 cell line incubated with SSA to study effect of medica-
tion on gene expression. MGl sequencing platform was used to sequence total RNA from PitNET tissue, pituispheres,
mesenchymal stromal stem-like cells (MSC), and GH3 cell cultures, and data were analysed with Salmon—DeSeq?2
pipeline. We observed that the GH-producing PitNETs have distinct changes in growth hormone related pathways
related to its functional status alongside inner cell signalling, ion transport, cell adhesion and extracellular matrix char-
acteristic patterns. In pituispheres model, treatment regimens (octreotide and cabergoline) affect specific cell prolif-
eration (MKI67) and core functionality pathways (RYR2, COL8A2, HLA-G, ARFGAP1, TGFBR2). In GH3 cells we observed
that medication did not have transcriptomic effects similar to preoperative treatment in PitNET tissue or pituisphere
model. This study highlights the importance of correct model system selection for cell transcriptomic profiling and
data interpretation that could be achieved in future by incorporating NGS methods and detailed cell omics profiling
in PitNET model research.
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Background
Pituitary neuroendocrine tumours (PitNETs) are com-
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three main cell lineages: SF1 (gonadotroph cells), PIT1
(lactotroph, somatotroph, mammosomatotroph, and thy-
rotroph cells), and TPIT (corticotroph cells) they can be
characterised according to the type of synthesised hor-
mone and distinct clinical symptoms [3]. Hormonally
active PitNETs tend to overproduce either growth hor-
mone (GH), prolactin (PRL), adrenocorticotropic hor-
mone (ACTH), thyroid-stimulating hormone (TSH) and
gonadotropins like luteinizing (LH) and follicle-stimu-
lating (FSH) hormones or some combination of them [4,
5]. The majority (70-75%) of non-functioning PitNETSs
are gonadotroph tumours as they are immunopositive in
60% of the cases (hormone negativity in 40% of cases) for
FSH and LH but do not secrete them in significant quan-
tities [3, 6]. Current treatment strategies for patients with
PitNETs are aimed to control biochemical activity and
reduce tumour size while maintaining normal pituitary
function or entirely remove the tumour via surgery [7].
Due to the fact that cyclic peptide somatostatin regulates
pituitary hormone secretion, somatostatin binding recep-
tors (SSTR) have become valuable therapeutic targets [8].
About 90% of GH-producing PitNETs express SSTR2
and SSTR5 which are targeted by somatostatin analogues
(SSA), when intervention fails to control tumour activity
dopamine agonists (DA) that target dopamine receptor
2 (D2R) are introduced to improve disease management
[9]. Pegvisomant (GH receptor antagonist) can be added
for acromegaly patients with only partial response to
SSAs. As a result, this combination can normalize insu-
lin-like growth factor 1 (IGF-1) levels in patients more
effectively than SSA monotherapy. Since SSAs reduce
excessive production of GH by PitNET, pegvisomant
decreases GH actions in peripheral tissues by blocking
the increased production of IGF-I in the liver [10].
Multiple studies have been devoted to investigating the
PitNET transcriptome in recent years with the aim to
provide a basis for PitNET classification and understand-
ing association between tumour development, its clinical
characteristics and transcriptome perturbation [11-14].
As a result, numerous genes have been identified control-
ling a vast array of PitNET characteristics [1]. POUIFI
gene has shown to be involved in development of GH,
PRL and TSH adenomas [12]. It is also responsible for
the regulation of hormone secretion as the expression of
POUIFI correlates with the levels of secreted PRL, TSH
and GH [15]. Several coding genes (CLDNY, IGFBPS,
DAPKI and TIMP3) and non-coding genes (LINC00473
and CDKN2BAS) have been shown to be associated with
the invasiveness of PitNETs [13, 14, 16]. Expression of
MUCI16, MACCI and GRHL2 has been reported to be
altered in response to SSA treatment [17]. Non-coding
RNA LL2INC02-21A1.1 and protein coding gene NOL6
have been associated with the recurrence of PitNETSs
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[18]. The elaborate pan-genomic study of transcrip-
tomic landscape of PitNET subgroups based on 2017
WHO transcription-factor classification [11]. The report
detected that tumours with USP8 and GNAS muta-
tions have distinct transcriptomic profiles compared to
tumours without these tumour driver variants, indicating
that transcriptomic studies can bring valuable informa-
tion on PitNET functional aspects [11].

So far, the impact of SSA therapy on the transcrip-
tomic landscape of PitNETs has been investigated in
two studies [11, 17]. It has been demonstrated that SSA
preoperative therapy downregulated Ki67 levels and
upregulated MUCI and CD40 expression in tumour tis-
sue transcriptomes [11]. Additionally, expression of sev-
eral tumourigenesis related factors are decreased upon
SSA/DA treatment—MUCI16, MACCI, and GRHL2 and
extracellular matrix related collagen pathways might
have implications in PitNET response to medication [17].
Therefore, more studies are necessary to more compre-
hensively assess the impact of SSA/DA treatment on the
transcriptomic landscape of PitNETs.

The most often used model cell lines used in PitNET
functional studies are derived from Rattus norvegicus
(MMQ, GH3, RC-4B) or Mus musculus (AtT-20) PitNET
tumours, and the representation of human pathobiol-
ogy of PitNETs in these cell line remains questionable.
Although there are reports of human PitNET cell lines
used in functional studies, widely accepted human Pit-
NET models are not commercially available. Many
authors have demonstrated free-floating sphere (pitui-
sphere) formation obtained from the primary pituitary
tumour [19-23]. According to reports, PitNETs have
detectable levels of cancer stem cells (CSC), which were
found in a variety of tumour types and are thought to
promote tumour growth and tissue invasion, as well as
resistance to therapy. CSCs are considered to be sali-
ent players in PitNET development. These cells mainly
display expression of stemness markers OCT4, CD133,
nestin, SOX2, and CXCR4 and demonstrate self-renewal
competence [24]. We have previously demonstrated that
pituispheres genetically correspond to the PitNET tis-
sues, showing that pituispheres might be a valuable novel
model system for PitNET tumourigenesis and therapy
response studies [21]. Mesenchymal stromal stem-like
cells (MSC) are thought to represent tumour microen-
vironment [25]. It has been recorded that MSCs play an
essential role in tumour formation and progression via
causing epithelial-mesenchymal transition (EMT). This
cell type is adherent in standard culture and express sur-
face markers CD73, CD90, and CD105 [21, 25]. We have
previously demonstrated that PitNET derived MSCs do
not contain somatic variants linked to the tumour [21,
26].
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In this study we aimed to characterise transcriptomic
patterns of GH-producing PitNETs specifically assess-
ing impact of SSA treatment effects on gene expression
on several levels and functional models of GH-pro-
ducing PitNETs: tumour tissue of patients with and
without SSA preoperative treatment, tumour derived
pituisphere model and classically used GH3 cell lines
treated with SSA. For the first time, we incorporate
various complementary tumour models to derive a
comprehensive assessment of SSA impact on GH-pro-
ducing PitNET functionality.

Materials and methods

Study group

Tumour tissue samples were collected from 82 patients
who underwent planned resection at Pauls Stradins
Clinical University Hospital, Latvia from 2010 till
2021. Patients’ clinical data and medical treatment
history is presented in Additional file 1: Table SI.
All patients were recruited to the Latvian National
biobank—Genome Database of the Latvian population
[27]. Broad informed consent for biobank and project-
specific consent for research involving the pituitary
tumours were obtained from all patients (approved by
the Central Medical Ethics Committee of Latvia proto-
col No. 22.03.07/A7 and 01.29.1/28/renewed prot. No.
01-29.1/5035, respectively).

PitNET tissue samples (after resection) were divided
into two parts. One part was submerged in RNAlater
Solution (Thermo Fisher Scientific, USA) for DNA/RNA
extraction, and another part was immersed in Dulbecco’s
Modified Eagle Medium (DMEM) (Thermo Fisher Scien-
tific, USA) containing 1 x penicllin/streptomycin solu-
tion (GIBCO, USA) for cell culture development.

Study design

We developed a complex design to investigate vari-
ous aspects of GH-producing PitNETs transcriptomics
(Fig. 1). Comparison of GH-producing and non-func-
tional PitNETs included the largest sample set with 21
and 61 samples, respectively. Within the GH-producing
PitNET group there were nine patients with SSA/DA
drug therapy and 11 without it. Primary derived cell
cultures (MSC and pituitspheres) derived from eight
PitNETs were propagated for 72 h incubated with two
common PitNET drugs: octreotide and cabergoline.
Finally, widely used commercial cell line GH3 was used to
evaluate reproducibility of octreotide incubation related
DEGs in rat model cell line. Information regarding tested
sample groups and their related information is available
in Additional file 2: Tables S1-S3.
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Transcriptome sequencing

Total RNA for transcriptome sequencing was extracted
using AllPrep DNA/RNA/miRNA universal kit (Qia-
gen, Germany) according to manufacturer’s instructions
from tumour tissue samples stored in RNAlater Tissue
Storage Reagent (Sigma-Aldrich, USA). The concentra-
tions of extracted RNA were measured using Qubit 2.0
with Qubit RNA HS kit (Thermo Fisher, USA). The qual-
ity of extracted RNA was assessed using Agilent 2100
Bioanalyzer (Agilent Technologies, USA). Following this
the RIN and DV200 values were calculated to calculate
the RNA input amounts for RNA-seq compatible library
preparation. Prior to the library preparation rRNA
removal was performed using MGIEasy rRNA Deple-
tion kit (MGI, PRC). After the rRNA depletion reverse
transcription, second strand synthesis, and cDNA library
preparation for NGS were carried out using MGIEasy
RNA Directional Library Prep Set (MGI, PRC). The
paired-end libraries were sequenced on DNBSEQ-G400
platform (MGI, PRC) with the aim of 35 million reads per
sample at 150 bp read length.

Culturing of PitNET tissue material and pituisphere
sequencing

Within 12 h after surgery, PitNET tissue samples were
processed for propagation. Tissue material was mechani-
cally sliced into small pieces and washed in DMEM with
1 x Antibiotic—Antimycotic solution (Thermo Fisher
Scientific, USA). Enzymatic dissociation using Accutase
solution (Thermo Fisher Scientific, USA) was carried out
on a rotating platform for 20 min at 37 °C in a humidified
environment with 5% CO2. The cells were centrifuged for
5 min at 360 x g after the incubation period to obtain cell
pellets. The cell pellet was treated with a red blood cell
lysis solution (154 mM NH4Cl, 10 mM KHCO3, 0.1 mM
EDTA, pH 7.4) for 10 min to reduce contamination with
red blood cells. To remove red blood cell debris, the sam-
ple was centrifuged, and the cell pellet was washed twice.
The obtained pellet was split into two portions. To obtain
PitNET tissue-derived free-floating spheres, cells were
grown in DMEM-F12 (Thermo Fisher Scientific, USA),
containing 1 x penicillin/streptomycin solution, 20 ng/
ml epidermal growth factor (EGF) (Sigma-Aldrich, Ger-
many), 10 ng/ml basic fibroblast growth factor (bFGF)
(Sigma-Aldrich, Germany), and 1xB27 supplement
(GIBCO, USA). To obtain MSC, culture cells were grown
in DMEM-F12, supplemented with 10% Fetal Bovine
Serum (FBS) (Thermo Fisher Scientific, USA), 1% ITS
(Corning, USA), and 100 pg/ml primocin (InvivoGen,
USA) until confluent, then propagated and passaged
2-6 times. All cell culture cultivations and incubations
were performed at 37 °C, 95% air, and 5% CO2. For the
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Fig. 1 Graphic study design displaying aims, comparison groups and sample sizes

gene and protein expression experiments, pituispheres
were grown on a 6-well plate and treated with 10 uM
octreotide or 10 uM cabergoline for 4, 8, 24, 48, and 72 h.

For pituisphere transcriptome sequencing we gen-
erated and amplified 62 cDNA from tubes containing
pituispheres using REPLI-G WTA single cell kit accord-
ing to manufacturer’s instructions. The kit included lysis

reagents and gDNA removal reagents therefore no prior
RNA extraction from tubes containing pituispheres was
required. cDNA was generated only from Poly A tran-
scripts to avoid rRNA reads in sequencing. After cDNA
was generated, the cDNA was amplified using multiple
displacement amplification to meet the required con-
centrations for downstream processing. The quality
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and concentration of final cDNA was tested using Agi-
lent 2100 bioanalyzer and Qubit 2.0. For fragmentation
before the library preparation, we optimised a method
using Covaris S220 ultrasonicator (Covaris, USA). For
ultrasonication 1000 ng of cDNA was used for each
sample. The following settings were used for fragmen-
tation: target bp—300 bp, peak incident power—75 W,
duty factor—20%, cycles per burst—1000, fragmentation
time—45 s. Fragmented cDNA samples were visualised
on Agilent 2100 bioanalyzer prior to the library prepa-
ration. 62 libraries were prepared with DNBSEQ-G400
compatible library preparation kit—MGIEasy PCR-Free
DNA Library Prep Set (MGI, PRC) according to the
manufacturer’s instructions. The quality and concentra-
tions of libraries were evaluated using Agilent 2100 Bio-
analyzer and Qubit 2.0. We sequenced the pituisphere
paired-end libraries on DNBSEQ-G400 sequencer (MGI,
PRC) with aim of 35 million reads per sample at 150 bp
read length.

GH3 cell line culturing and sequencing

Rat pituitary derived GH3 cell line was obtained from
ATCC (American Type Culture Collection, USA). The
GH3 cells were maintained in F12-K medium containing
15% horse serum, 2.5% FBS and 1 x penicillin/strepto-
mycin solution. For studying the effects of PitNET drugs
on gene expression, the cells were incubated for 4, 8, 24,
48, and 72 h with 10 uM octreotide. The GH3 cells were
sequenced as previously described in the context of tis-
sue material sequencing.

Data analysis

Raw sequencing data quality control was performed
using FastQC (v0.11.9) and MultiQC (v1.10) software
[28]. Afterwards, the paired-end data was trimmed with
fastp (v0.23.2) software to retain reads with average
base quality of at least 20 (Phred score) and minimum
read length 100 base pairs [29]. MGI/BGI sequence ID
correction and overlapping read base correction were
also enabled to minimise chance of incompatibility
with the aligner and possibility of base level sequenc-
ing errors. Read count and quality was again inspected
using the aforementioned QC software which was fol-
lowed by ribosomal RNA (rRNA) removal with Sort-
MeRNA (v4.3.4) before final quality and read count
evaluation [30]. Reads were further quasi-mapped and
quantified using Salmon (v1.6.0) against the GEN-
CODE (v38) Homo sapiens gentrome for tissue and
pituisphere samples and against Ensembl (v105) Rattus
Norvegicus gentrome for the GH3 cell lines with GC
bias, sequence level bias and positional bias correction
enabled [31]. Tissue samples with quasi-mapping rate
of at least 45% were selected for differential expression
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analysis. R software (v4.1.1) was employed to sum-
marise gene level counts using the tximeta package
(v1.12.4) [32, 33]. Differential expression analysis was
performed by DESeq2 (v1.34.0) [34]. For tissue sam-
ples, quantified read counts were filtered by frequency
setting the count threshold at 10 and the sample fre-
quency threshold as 33% of the smallest comparison
group contrast size, accordingly 3 for the SSA/DA ther-
apy comparison and 7 for the PitNET type comparison.

Wald test was used to determine expression dif-
ferences. The default independent filtering function
was replaced with independent hypotheses weighing
from the IHW package (v1.22.0) to increase statistical
power by adjusting p values based on the mean expres-
sion level of each gene which was followed with mul-
tiple testing correction using the Benjamini—Hochberg
adjustment [35]. Log Fold Change (L2FC) shrinkage
algorithm from the apeglm package (v1.16.0) was used
to correct L2FC values for genes with low counts and
high dispersions [36]. Heatmap of gene level normal-
ised count values was graphed by pheatmap (v1.0.12)
package and used for visualisation of the differences
between the selected differentially expressed genes
(DEG) [37]. To inspect p-value variability across the
full range of L2FC values, a volcano graph was drawn
using the EnhancedVolcano (v1.12.0) package, where
the threshold for p-value was<0.05 and L2FC thresh-
old was the same as in the shrunken results table filter-
ing step [38]. Box plots for each DEG were constructed
with the ggplot2 (v3.3.5) package to inspect changes
in normalised count values in the possible candidate
genes [39]. To gain insight in DEG involvement with
signalling pathways or association with disease, enrich-
ment was performed by using STRING-db’s (vi1.5)
online tool [40].

Most of the mentioned differential expression analy-
sis steps above were also applied to the Rattus nor-
vegicus model data of GH3 cells and in large part also
to data of the pituisphere model experiments, except
the Likelihood Ratio Test (LRT) was used, to perform
a time-series analysis against a reduced model which
allowed us to observe DEG’s with a more concurrent
trend across all included time points. Subsequently
a Wald test was performed between each incubation
period and the unincubated controls. No L2FC shrink-
age or IHW p-value correction was applied to the pitui-
sphere LRT test or GH3 cell model results. For the
incubated GH3 cell analysis, null hypothesis correction
was applied to infer more accurate p-values and subse-
quent false discovery rate detection using the fdrtool
(v1.2.17) [41]. Information about sample groups and
related information available in Additional file 2: Tables
S1-S3.
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Results

Transcriptomic patterns of GH-producing PitNETs

As a result of PitNET tissue transcript quasi-mapping,
quantification and count summarization to gene level,
expression profiles of 60230 genes were obtained, which
after exclusion of low expressed genes (ten counts in at
least seven samples) were reduced to 22669.

Differential expression tests between the subtypes of
GH-producing PitNETs (N=21) and non-functioning
PitNET (N=61) resulted in 1595 significant differen-
tially expressed genes (L2FC > £ 1.5 and p-adjusted <0.05
thresholds). There was a similar count of upregulated
(829 (54%), median L2FC=2.1, IQR=0.92) and down-
regulated DEGs (740 (46%), median L2FC=- 201,
IQR=0.85) in the GH-producing PitNET group (Fig. 2,
Additional file 1: Table S2, Additional file 3: Fig. S1).

Functional enrichment and protein-protein interactions

in GH-producing PitNETs

Functional enrichment analysis of 955 (59.8%) out
of 1596 genes returned 426 statistically significant
results with FDR<0.05 (Additional file 1: Table S3.
and S4.). “GO Process” represented the largest num-
ber of detected enrichments with 212 entries (Addi-
tional file 3: Fig. S2). This analysis revealed significant
and strong enrichment (Median strength=1.08,
IQR=0.35) for seven pathways associated with
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growth hormone secretion and signalling (Additional
file 1: Table S5., Fig. 3A). Strong enrichment was also
detected for several different ion transport channels
enriched for RYR1 and RYR3 DEG’s (Additional file 1:
Table S6, Fig. 3B).

Other relevant interaction networks specific to GH-
producing PitNETs in our data were related to ion
channel functionality (“Potassium ion homeostasis’,
“Sodium ion homeostasis’, “Voltage-gated calcium
channel activity” with enrichment strength 0.8, 0.75,
0.71 respectively), calcium signalling (“Calcium channel
activity’, “Calcium transport’, “Calcium channel” with
enrichment strength of 0.65, 0.64, 0.64 respectively),
neuronal and synaptic regulatory networks (“Regula-
tion of postsynaptic density organisation’, “Neurexins
and neuroligins”, “Synaptic membrane adhesion” with
enrichment strength 0.89, 0.86, 0.74 respectively) and
head structure development factors (“Pituitary gland
development” and “Diencephalon development” with
enrichment strength of 0.73 and 0.67 respectively).

A total of 722 protein—protein interactions were
identified between nodes of genes which is more than
twice expected at random sample (320 expected) pro-
viding protein—protein enrichment p-value<1.0e-16.
1444 reciprocal interactions were detected (See also
Additional file 3: Fig. S3, S4; Additional file 1: Table S7).

380 (40.2%) genes were excluded from gene enrichment
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Fig. 3 A.Reduced STRING-db protein interaction network for growth hormone related significantly altered enrichment terms (Additional file 1:
Table S5). B. Reduced STRING-db protein interaction type network for RYR1 and RYR2 associated molecule transport channels (Additional file 1:

Table S6). Line thickness indicates confidence level

and protein—protein interaction analysis due to missing
information in the STRING database.

Previously encountered markers in GH-producing PitNETs
To test whether our data is an overall representation
of the genetic alteration landscape of PitNET tissues,
we curated a list of 428 genes associated with genetic
changes of said tumour tissue types as found in literature
[1]. As a result, 55 genes from the curated list were found
to be differentially expressed in our data set, 29 of whom
were upregulated with median L2FC of 2.31 (IQR=1.4)
and 26 of whom were downregulated with median L2FC
of — 2.43 (IQR=0.78) (Additional file 1: Table S8.).
Genes like calcium binding protein 1 (CABPI), insu-
lin like growth factor binding protein 5 (IGFBPS), dual
specificity phosphatase 4 (DUSP4), paired like homeo-
domain 2 (PITX2), and regulator of G protein signalling
16 (RGS16) have previously been suggested as candidate
markers for PitNETs [1]. Epidermal growth factor recep-
tor pathway substrate 8 (EPS8) controls various cellular
protrusions by regulating actin cytoskeleton dynamics
and architecture as well as participates in growth fac-
tor activation, therefore promotes cell proliferation and
cell survival within tumour. Overexpression of EPS8 has
previously been detected in PitNETs compared to nor-
mal pituitary [42]. Major histocompatibility complex,
class I, G (HLA-G) has also been detected in various
types of PitNETs, primarily in lactotroph PitNETs sug-
gesting tumour immuno-surveillance suggesting tumour
immune-surveillance issue [1], (Fig. 4, Additional file 1:
Table S8).

Differential expression in preoperative SSA treatment
group

Frequency filtering (ten counts in at least three samples),
left 22348 genes available for further analysis. Paramet-
ric dispersion model was determined to have the best fit
with this sample set. Differential expression test between
GH-producing PitNET with SSA/DA therapy (N=11)
and without therapy (N=9) initially produced 143 DEG’s
with 108 (75.52%) upregulated and 35 (24.48%) down-
regulated genes in the therapy group. After L2FC shrink-
age and results table subsetting with p-adjusted threshold
of 0.05 and L2FC threshold of 0.58, a total of 95 DEG’s
were obtained. 85 of these DEG’s were upregulated in the
therapy group with a median L2FC of 2.68 (IQR=1.67)
and 10 were downregulated with a median L2FC of -1.11
(IQR=0.63) (Fig. 5, Additional file 1: Table S9).

Functional enrichment and protein-protein interaction
results for SSA treated/untreated GH-producing PitNET
comparison

By performing functional enrichment analysis, we
obtained three terms associated with biological processes
(Gene Ontology), eight with a cellular component (Gene
Ontology) and six with annotated keywords (UniProt)
with an average enrichment strength of 0.58 (SD=0.28)
DEG’s were revealed to be involvement in regulation of
ion transport, generation of neurons and nervous system
development with a protein—protein enrichment p-value
of 0.0005 (Additional file 1: Table S10, S11, Additional
file 3: Fig S5, S6). Enrichment was not possible for 16
(16.8%) DEG’s because of missing information or protein
names in the string database.
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Fig. 4 Box plot visualisation of seven proposed candidate genes involved in altered pathway signalling matching with information found in
literature for somatotropinoma and non-functioning PitNET subtypes. Gene expression levels transformed with variance stabilising transformation

Comparison of GH-producing PitNET SSA treated/
untreated differential expression results in an unrelated
cohort and a curated list of literature

Comparison of obtained DEG’s in SSA/DA treatment
group to a curated list of PitNET relevant genes and
two publications: Saksis et. al and Neou et. al. with the
response variable description matching that of this pub-
lication: PitNET treatment with SSA therapy or lack of
it [1, 11, 17]. Both publications had similar sample sizes

for the treatment groups, respectively five for Neou et.
al. and six for Saksis et. al, while the non-treated groups
of acromegaly patients were 15 and six respectively. In
total four DEG’s were found to be overlapping between
mentioned sources of data. No overlap was detected
between Neou et. al. and the current results. None of
the overlapping DEG’s had a differing change of expres-
sion: all four were upregulated in the therapy group and
downregulated in the untreated group. Notably, our
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Fig. 5 A. (left) Volcano plot of differential expression results between PitNET SSA therapy and non-therapy groups with ‘apeglm’transformed log
fold change values. Dashed vertical lines represent absolute log2 fold change threshold of 0.58 and horizontal dashed line represents p-value
threshold of 0.05. Red dots mark genes passing both thresholds. B. (right) Heatmap visualising gene level and mean normalised expression values
of differentially expressed genes across all samples of the treated and untreated groups. Pink bar above the heatmap represents samples treated

with SSA therapy, the green bar represents the untreated samples

discovery DE results for these four genes had smaller
standard error values pointing to more evenly matched
contrast group samples (Table 1, Fig. 6).

Finally, to test whether and how effectively the SSA/
DA therapy affects the expression of genes upregulated
in the GH secreting acromegaly patients, we compared
the differential expression results from both groups.
Six genes were found to be overlapping (Table 2.). All
of the matching differentially expressed genes had
an increased expression in the SSA/DA therapy con-
trast, with the median positive L2FC difference of 3.49
(IQR =2.79). Most of the observed genes are associated
with cell membrane and cell adhesion.

Transcriptomic patterns of pituisphere model

To detect more stable alterations in the pituisphere
expression profile we first used time-series differential
expression analysis with Likelihood Ratio Test between
the control (non-incubated) and incubated with octreo-
tide or cabergoline. groups. Thresholds (L2FC#0.58
and p-adjusted<0.05) revealed 1941 differentially
expressed genes for the octreotide and control compari-
son (Fig. 7A). Majority (1237, (64%) DEG’s were down-
regulated with a median L2FC of -2.35 (IQR =2.33) while
703 (36%) were upregulated with a median L2FC of 1.92
(IQR=1.96) in the incubated pituisphere group (Addi-
tional file 1: Table S12). For the cabergoline incubated
and non-incubated time-series contrast, a list of 1991

Table 1 DEG's between SSA treated and untreated GH-producing PitNET groups replicated in an independent sample set and

relevant literature

Source Matching DEG”s Gene name L2FC source L2FC this study p-adj.source p-adj. this study
[17] AHNAK2 AHNAK nucleoprotein 2 338+£1.16  4.10+061 0.041 0.003
[17] COL8A2 Collagen type Vill alpha 2 chain~ 3.26+1.02  264+0.74 0.006 0.005
Curated list from literature  P2RY12 Purinergic receptor P2Y12 - 2.68+0.75 - 0.004
Curated list from literature  SFRP2 Secreted frizzled related protein 2 — 3954123 - 0011
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Fig. 6 Box plot graphs of four DEG's from this study overlapping with DEG's from Saksis et. al. 2021 of the same design and with a curated list of
PitNET associated genes. Gene expression values transformed with variance stabilising transformation (Table 1).

Table 2 Six differentially expressed genes overlapping between SSA/DA comparison and GH/NF comparison groups

Gene symbol Gene name (GH vs NF) (GH vs NF) (Therapy vs non- (Therapy vs
therapy GH) non-therapy

GH)

CD164L2 CD164 molecule like 2 —1.58 0.01 3.36 0.04

CFAP157 Cilia and flagella associated 1.61 0 1.69 0.04

protein 157

CPNE5 Copine 5 — 195 0 1.83 0.03

FBLNS Fibulin 5 — 156 0 1.64 0.02

NCAN Neurocan —197 0 2.68 0.03

PCDHA1 Protocadherin alpha 1 2.35 0 346 0




Saksis et al. Cancer Cell International

(2023) 23:25

Page 11 of 21

Loga o change

Logaodchange
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Dashed vertical lines represent absolute log fold change threshold of 0.58 and horizontal dashed line represents p values threshold of 0.05. Red dots
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differentially expressed genes was obtained (L2FC+0.58
and p-adjusted<0.05 thresholds). 1186 (59%) DEG’s
were downregulated with a median L2FC of — 3.89
(IQR=3.97) and 805 (41%) were upregulated with a
median L2FC of 3.74 (IQR=4.08) in the incubated Pit-
NET sphere group. (Fig. 7B, Additional file 1: Table S13).

To investigate the more minute perturbations of pitui-
sphere expression profile in response to the incubation
length with octreotide or cabergoline, we performed
differential expression analysis at each time point (4 h,
8 h, 24 h, 48 h and 72 h) using the Wald test and iden-
tified differentially expressed genes after subsetting the
data with L2FC=+0.58 and p-adjusted<0.05 thresh-
olds. For the octreotide contrasts, most DEGs were
found in the PitNET sphere group incubated for 48 h.
The majority of DEGs at each time point were down-
regulated except for the group treated for 72 h (54% of
DEGs were upregulated) (Table 3, Additional file 3: Fig.
S7-S11.; Additional file 1: Table S15-S19). When test-
ing the incubation length contrasts for cabergoline, we
observed that the largest number of DEGs was found in
the PitNET sphere group incubated for 72 h. The major-
ity of DEGs at each time point were downregulated
except for the group treated for 4 h (65% of DEGs were

upregulated) (Additional file 3: Fig. S12-S16; Additional
file 1: Table S20-S24) (Table 3).

When comparing genes with altered expression from
the time-series tests in both octreotide and cabergo-
line incubated sample groups, we observed that ryano-
dine receptor 2 (RYR2), marker of proliferation KI-67
(MKI67), and collagen type VIII alpha 2 chain (COL8A2)
were downregulated (Fig. 8).

For the three mentioned DEG's, 59 time-series enrich-
ments were detected in the octreotide incubated group
(Additional file 1: Table S25) from the 163 observed in
total (Additional file 1: Table S26), and 91 time-series
enrichments were detected in the cabergoline incu-
bated group (Additional file 1: Table S27) from the 263
observed in total (Additional file 1: Table S28). We also
observed that Major Histocompatibility Complex, Class
I, G (HLA-G) and Solute Carrier Family 2 Member 1
(SLC2A1) genes were downregulated in the presence of
octreotide incubating for 4 h and 8 h and for 24 h and
48 h, respectively. Incubating pituispheres with cabergo-
line for 4 h, 24 h, 48 h, and 72 h (except 8 h) we observed
ADP Ribosylation Factor GTPase Activating Protein 1
(ARFGAPI) gene downregulation. When incubating
pituispheres with cabergoline for 8 h and 24 h, expression

Table 3 Number of differentially expressed genes at each time point treated with octreotide or cabergoline

Incubation Octreotide Cabergoline
time (h)
Count of DEGs Count of Count of Count of DEGs Count of Count of

downregulated upregulated DEGs downregulated upregulated
DEGs (%) (%) DEGs (%) DEGs (%)

4 192 164 (85) 28 (15) 446 157 (35) 289 (65)

8 281 210 (75) 71(25) 941 538(57) 403 (43)

24 316 233 (74) 83 (26) 1015 867 (85) 148 (15)

48 493 434 (88) 59(12) 715 470 (66) 245 (34)

72 163 75 (46) 88 (54) 1293 1033 (80) 260 (20)
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alterations of Transforming Growth Factor Beta Recep-
tor 2 (TGFBR2) and Epidermal Growth Factor Receptor
Pathway Substrate 8 (EPS8) were noticed, these path-
ways have been elaborately studied in relation to PitNETSs
[43-52]. The significance of cadherins in PitNETs was
already made clear in the early 2000s [53, 54]. Alterations
in the ability of cells to adhere and interact with neigh-
boring cells and extracellular matrix are proven to influ-
ence tumour progression and strongly correlate with its
aggressiveness [53—-55]. All previously mentioned genes
were alluded to in the context of PitNETs and are con-
sidered as candidate markers for PitNET tumourigenesis.

Comparison of transcriptome expression profile similarity
between matched, untreated samples of PitNET tissue,
pituispheres and mesenchymal stromal stem-like cells

To evaluate whether MSC could be used as a potential
model for SSA therapy effects on GH-producing PitNETs
for future studies, we calculated the Euclidean distances
on variance stabilising transformation transformed gene
level counts for five PitNET samples involved in the tis-
sue, pituisphere and MSC experiments, resulting in 15
total samples. Euclidean distances were calculated for
500 most variable genes amongst all three sample group
origins after filtering genes for frequency to increase
gained information. Afterwards the PCA method was
applied to said counts to determine the similarity by tran-
scriptional profile distances of mentioned sample groups.
Between the compared groups, transcription profile

for MSC samples was more dissimilar to PitNET tissue
samples, with an explained variance for the first princi-
pal component of 49.17%. On the other hand, pituisphere
samples overlap PitNET tissue samples almost com-
pletely suggesting that they are more similar than MSC
samples. Nevertheless, some variation can be observed in
the pituisphere group mostly along the second principal
component, which explains 20.36% of the variation in the
data. Genes with the largest loading scores across prin-
cipal component 1 are associated with cell extracellular
matrix, ion binding, organogenesis and tissue differen-
tiation, while genes with the largest effect on differences
between pituisphere and normal tissue are from the
IncRNA class (Fig. 9).

Multiple time point evaluation of octreotide incubated
GH3 cells

To investigate whether the effects of octreotide therapy
could be observed and replicated in an animal model
which also expresses GH1 hormone similar to GH-
producing PitNETs, we performed a differential expres-
sion test (Wald test) between GH3 cells incubated with
octreotide at different time points (4, 8, 24) against
unincubated GH3 cells. The test yielded 39 DEG’s
(p-adjusted <0.05) amongst all tested time points, 26
(66.6%) of whom were upregulated and 13 (33.4%) of
whom were downregulated (Additional file 3: Figs.
S17-S19, Additional file 1: Table S29-S31). At least
60% of DEG’s from each time point comparison were
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upregulated, gradually increasing along with the incuba-
tion time. The number of genes with altered expression
also increased along longer incubation periods, indicat-
ing that the effects of octreotide incubation not only lasts
but, furthermore, increases for at least 24 h (Table 4).
Next, we checked for Homo sapiens orthologous
genes and performed enrichment, and protein—protein
interaction analysis for said genes of both organisms to
determine pathways and molecular functions potentially
affected by detected differentially expressed genes. Only
the incubation period of 24 h had a statistically signifi-
cant number of enrichment terms and protein—protein
interactions in Rattus norvegicus, while there were no

significant interactions in the human orthologues in any
of the time points (Table 5, Additional file 3: Fig. S21—
S22; Additional file 1: Table S32-S33).

Comparative pathway analysis

Finally, we performed a pathway analysis by determin-
ing which significantly affected pathways were common
in each of the characterised groups and subsequently
searching for matching DEG’s within the matched path-
ways as possible time stable drivers for changes associ-
ated with PitNET therapy. First, we compared functional
enrichment results from the PitNET tissue therapy
sample group with the cabergoline incubated PitNET

Table 4 Summarization of DE results for multiple time point comparisons of octreotide treated vs untreated GH3 cells

(p-adjusted < 0.05)

Comparison Count of DEG’s  Count of DEG's Count of DEG's Median L2FC Median L2FC
(upregulated) (downregulated) upregulated (IQR) downregulated
(IQR)
4 h vs control 6 4 (66%) 2 (33%) 0.54 (0.49) — 048 (0.05)
8 h vs control 10 8 (80%) 2 (20%) 4.63(12.35) —1.12(0.63)
24 h vs control 23 14 (61%) 9 (39%) 8.95(13.72) —0.27 (0.08)

DE differential expression
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Table 5 Results of functional enrichment and protein—protein interaction for differentially expressed genes in the octreotide
incubated GH3 cells in comparison to control in both Rattus norvegicus and Homo sapiens

Comparison Number of human Enrichment RN Reciprocal P-P interactions Enrichments HS Reciprocal P-P
orthologous genes RN (p-value) interactions HS
(p-value)
4 hvs control 3 (50%) - - - -
8 h vs control 4 (40%) - - - -
24 h vs control 11 (47%) 2 4(0.154) - 2 (0.168)

RN Rattus norvegicus, HS Homo sapiens

pituispheres. From the 17 enriched pathways of tissue
SSA therapy comparison and 939 pathways of the com-
bined cabergoline incubation time point comparison
results (Additional file 1: Table S34—S38), nine matching
pathways were detected, six of which were categorised as
‘GO Process’ and three as ‘GO Component. The number
of overlapping pathways slightly increased with the incu-
bation time, suggesting that long lasting alterations asso-
ciated with SSA therapy are established after 24-72 h.
Strength for the overlapping pathways was higher in the
tissue therapy group (mean 0.52+0.13) compared to
the combined cabergoline group (0.240.05), indicating
that while the long-term effects can be determined after
24-72 h, the number of genes with altered expression
increases after application of prolonged therapy (Table 6).

Within the overlapping pathways of tissue therapy and
cabergoline incubation contrasts, three distinct genes
were found to be driving described changes—RGS4
(Regulator of G protein signalling 4), EEF2K (Eukaryotic
elongation factor 2 kinase) and KCNHS5 (Potassium volt-
age-gated channel subfamily H member 5). RGS# is con-
sistent in its expression upregulation across tissue and
pituisphere samples at different octreotide incubation

periods, unleash EEF2K and KCNHS5, which are upregu-
lated in SSA incubated tissue samples, but downregu-
lated in the octreotide incubated pituispheres.

On the other hand, when comparing PitNET tissue
SSA therapy functional enrichment results (strength
0.63, FDR 0.05) with pituispheres combined octreotide
incubation time point (strength 0.41, FDR 0.04) enrich-
ment results (Additional file 1: Table $39-S42), only one
pathway was found to be in both groups—‘Presynapse;,
which specifically was detected at the octreotide 24 h
incubation time point. Again, similarly to comparison of
tissue SSA therapy and pituisphere cabergoline enrich-
ment results, a larger number of DEGs was driving the
enrichment in the tissue therapy group, supporting the
assumption that a longer period of SSA therapy results in
a larger number of genes with altered expression.

Pathway comparison of PitNET tissue SSA therapy
enrichment results was also performed for the multiple
time point results of octreotide incubated GH3 cells. Due
to the low number of differentially expressed genes in the
GH3 sample group, with even fewer identified as human
orthologues none of them overlapped with PitNET tissue
SSA therapy enriched pathways.

Table 6 Overlapping significantly enriched pathways (FDR <0.05) and genes (L2FC> +0.58, p-adjusted < 0.05) between PitNET tissue
therapy and Cabergoline multi-time point incubation pituisphere therapy results

Term Category Term description Strength FDR Strength FDR cabergoline Time Overlapping genes
tissue tissue cabergoline
therapy therapy
G0:0098793 GO Component Presynapse 0.63 0.049 0.25 0.023 8h None
GO:0007399 GO Process Nervous system develop- 047 0.001 0.16 0.005 24h  RGS4
ment
GO:0048699 GO Process Generation of neurons 0.53 0.004 0.21 0.003 24h  None
GO:0005886 GO Component Plasma membrane 0.26 0.013 0.1 0.004 48h  None
G0:0007399 GO Process Nervous system develop- 047 0.001 0.21 0.0002 48h  None
ment
GO:0048699 GO Process Generation of neurons 0.53 0.004 0.28 3.58E-05 48h  None
GO:0007399 GO Process Nervous system develop- 047 0.001 0.13 0.023 72 h  EEF2K, RGS4
ment
GO:0043269 GO Process Regulation of ion transport 0.7 0.004 022 0.048 72 h  KCNH5, RGS4
GO:0098793 GO Component Presynapse 0.63 0.049 0.23 0.026 72h  None
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Discussion

In this study we investigated the transcriptomic land-
scape of GH-producing PitNETs to identify characteristic
markers and follow alterations of the expression profiles
induced by clinically used drugs in tumour tissue and
available cell models. We have shown that GH-produc-
ing PitNETs have transcriptomic profiles with distinct
perturbed growth hormone related pathways consistent
to its functional status alongside changes in inner cell
signalling, ion transport, cell adhesion and extracellular
matrix characteristic pathways. Furthermore, we have
provided additional evidence that pituispheres of primary
cultures have higher similarity to the actual tumour tissue
compared to MSCs which would limit MSC usability as a
precise model for PitNET studies. Using the pituispheres
we elucidated that treatment regimens (octreotide and
cabergoline) affect specific cell proliferation gene expres-
sion (MKI67) and expression of members of core func-
tionality pathways (RYR2, COL8A2, HLA-G, SLC2Al,
ARFGAPI, TGFBR2). While using commercial GH3 cell
line we observed that medication did not have transcrip-
tomic effects similar to preoperative treatment in PitNET
tissue or pituisphere model.

During the GH-producing PitNET transcriptome
analysis we were able to identify 1595 DEGs that dis-
tinguished this group from non-functional PitNET, the
expected result was that growth hormone related path-
ways were upregulated in GH-producing group, but
alongside that we also detected other candidates among
these only 41 have been mentioned in transcriptomic
studies of PitNETs, therefore, there are distinct patterns
that characterise GH-producing PitNETs that could be
used for better understanding of tumour biology and
development of management strategies [1]. We observed
a large share of candidate gene expression implicated in
ion flux regulation and inner cell signalling which is in
concordance that these cells are metabolically active and
producing large amounts of molecules for secretion.

Noteworthy, our pituisphere experiments showed that
incubation in octreotide and cabergoline reduce expres-
sion levels of Ki-67 (MKI67) which is one of widely used
markers in histology to assess tumour proliferation
capacity therefore also aggressiveness [56]. This indi-
cates that the pituisphere model is also affected by treat-
ment in accordance with tumour biology in-vivo. Ki-67
has been previously downregulated in pre-operatively
treated patients’ PitNETs [11]. On the other hand, we did
not observe any significant downregulation of Ki-67 in
medication treated GH3 cell line, for which further con-
firmation is needed but it indicates that pituispheres have
similar response to drugs as PitNETs themselves.

In both modalities of pituisphere model (incubated in
octreotide or cabergoline) we observed downregulation
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of RYR?2, also slight upregulation of RYRI and RYR3 was
observed in GH-producing PitNET analysis (Additional
file 1: Table S2). Altered expression of this factor has been
found before in several transcriptomic studies of PitNET
gene expression [51, 57, 58]. While another member of
the ryanodine receptor family: RYRI has been reported
as carrier of somatic variants in at least three PitNET
studies [21, 59, 60]. Ryanodine receptors (RYRs) are
Ca?" intracellular channels located in the endoplasmic
reticulum (ER) being one of main triggers for signalling
transduction coupled to calcium release from ER. These
receptors have been implicated in the development of
various human diseases with vascular or neuronal com-
ponents—heart failure, arrhythmia, myopathies and neu-
rodegenerative disorders [61, 62]. Calcium signalling has
been previously linked to crosstalk with other signalling
pathways of PitNET tumours therefore further studies of
RYR family involvement in pathogenesis needs to be car-
ried out [63, 64]. RYRs have been implicated in gonado-
tropin-releasing hormone signalling where in rat models
the mRNA levels of RYRs have been found to regulated
by gonadotropins, this opens novel interesting investiga-
tion window also for PitNET functional studies [65].

Several overlapping candidates related to neuronal sys-
tem and ion channel regulation were observed in a group
of cabergoline incubated pituispheres and pre-opera-
tively treated patients’ PitNET (Table 6). As expected,
we observed expressional changes of factor regulator
of G protein signalling 4 (RGS4) that act by activating
GTPase activating proteins (GAPs) that are crucial trig-
gers in transmitting signals via G protein coupled recep-
tors (GPCRs). This is not surprising as octreotide is
targeting SSTRs and cabergoline D2R both belonging to
GPCRs, treatment have been previously already reported
to downregulate SSTR expression and our study helps to
highlight specific factors involved in intracellular adapta-
tion loop [66, 67]. Previously, only RGS16, also an RGS
family member, has been mentioned in transcriptomic
studies of PitNETs [68, 69]. Downstream signalling of
SSTRs upon SSA stimulation have been widely studied
in relation to potential SSA drug resistance mechanisms
and primary roles of beta-arrestins and cytoskeleton pro-
tein filamin A have been investigated, however, the role
of RGS candidates involvement in drug induced feed-
back mechanism could also be investigated [70, 71]. We
noticed slight upregulation of RGS7, 8, 16 and 17 in GH-
producing PitNET transcriptomic results (Additional
file 1: Table S2), but how this could be related to GH-pro-
ducing functionality needs to be investigated.

Other overlapping factors found both in pituispheres
and tissue analysis (Table 6) were eukaryotic elongation
factor 2 kinase (EEF2K) and potassium voltage-gated
channel subfamily H member 5 (KCNHS5). According to
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Human Protein Atlas EEF2K is a protein kinase involved
in downregulation of translation elongation, many stud-
ies have indicated the role of EEF2K in tumourigenesis
and the role of EEF2K as anticancer drug target have
been discussed, but so far, we have not found previous
evidence of its involvement in PitNETs [72].

KCNHS5 belongs to the family of ion channels that are
involved in neurotransmitter and hormone release, that
could be functionally linked to cell signal transduction
pathways related to PitNET medication use. KCNH5 is
predominantly expressed in various parts of the brain,
but in smaller levels it has been detected also in adrenal
and pituitary glands [73]. It has been demonstrated that
in Cxcr2 knockout mice pituitary functions are altered
and KCNHS5 related pathways are downregulated, but
how this could be related to PitNET development or
response to therapy needs to be investigated [74].

Our data strongly supports evidence that extracel-
lular matrix (ECM) is involved in molecular patterning
of PitNET functionality and response to medical treat-
ment. There is previous evidence that PitNETs can con-
tain fibrotic tissue composed of collagens and alteration
on collagen composition can have antitumoural effects
[75-77]. It has also been demonstrated that tumours
from patients pre-treated with SSA have softer tumour
consistency it is not clear whether this could be related
to the changes in ECM caused by medication [78, 79].
We have already previously observed collagens and other
ECM factor modulation in PitNETs treated with SSA/DA
[17]. In this study, we found significant downregulation
of COL8A2 in octreotide incubated pituispheres, but in
previous reports and our extended results here, COL8A2
was upregulated in patients with preoperative therapy.
This indicates some consistency in tissue data but dis-
crepancy with pituispheres, that could be explained by
regulation of ECM also by inner biological environment
of the tumour that is different from pituisphere propaga-
tion media (Table 7).

While we observed some overlap between our dis-
covery cohort, [17] and the literature, the lack of
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co-occurring differentially expressed genes with the vali-
dation cohort from Neou et. al. is not surprising, given
the fact that the compared subsample groups of SSA/DA
therapy and non-therapy are of different sizes, result-
ing in differing statistical power, while such factors as
sequencing technology, laboratory and sample level
related batch effect could also play a major role [80].

We also wanted to compare drug effects on transcrip-
tomic patterns of widely used rat cell model GH3 to
pituispheres and tumour tissue of pre-operatively treated
patients. To our surprise we did not observe similar pat-
terns suggesting that at least on transcriptomic level
these cell models differ considerably, and every experi-
mental procedure needs to take into account this possi-
bility when translating and extrapolating results of each
model system. For our study we studied GH3 cell line
that is widely used in PitNET research and was available
in our cell culture facility [19, 20]. It would be interesting
to specifically assess also other cell line models by tran-
scriptomic analysis and compare the obtained results.
For example, it would be specifically valuable to evaluate
transcriptomic landscape of GH4C1 that compared to
GH3 cells produce lower level of GH but higher of PRL
and initially have been derived from the same GH3 clone
[19]. This could help to assess transcriptomic changes
in context of several cell line models and could help
researchers in future to select more appropriate investi-
gation model. We also propose that in future single cell
transcriptome sequencing of spatial transcriptomics
could be used to dissect complexity of various PitNET
cell types and deduct their impact on functional experi-
ments. Our study along with others highlights the added
value of using NGS for tracing functionality of acquired
primary cultures and these novel techniques could bring
a novel dimension to PitNET model studies.

We consider that the most significant limitation of this
study was the use of non-functional PitNETs as contrast
for deduction of GH-producing PitNET transcriptome
patterns. According to WHO Classification published in
2017 detailed histological characterization of PitNETs in

Table 7 Matching differentially expressed genes in detected significant enrichment terms between the PIitNET tissue SSA therapy
and combined cabergoline incubated PitNET pituisphere sample groups (DEG's: L2FC> +0.58, p-adjusted < 0.05; Enrichment terms:

FDR<0.05)

Incubation period Enriched term Gene LF2C tissue + SE L2FC pituisphere + SE
24 h Nervous system development RGS4 2.12+£1.87 1.14£1.99

72h Nervous system development EEF2K 0844026 — 4904271

72h Nervous system development RGS4 2124187 1.26+2.15

72h Regulation of ion transport KCNH5 389+1.10 —063+1.34

72h Regulation of ion transport RGS4 2.12+£1.87 1.26£2.15
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subgroups according to cell lineage development tran-
scription factors (SF-1, Tpit, Pit-1) is advised [81]. As our
sample set dates back to 2010 our sample group included
samples without proper assessment of these character-
istics, nonetheless we specifically investigated patterns
of GH-producing PitNETs compared to hormonally
non-functional and non-secreting tumour groups and
concentrated on therapy effects altering gene expres-
sion. We are well aware that our non-functional PitNET
group is most likely heterogeneous that could affect the
presented results, however, other molecular factors for
example presence of genetic variants in USP8 and GNAS
could introduce distinct expression patterns in affected
tumours and wider scope on influential factors could
affect groups selection alongside WHO PitNET Classifi-
cation system [11].

Conclusions

We demonstrate that GH-producing PitNETs have dis-
tinct transcriptomics not only on growth hormone sig-
nalling pathways, but also in GH-producing PitNET
functionality supportive signalling and regulatory path-
ways: ion transport, extracellular remodelling and cal-
cium signalling. Our data indicate that pituispheres more
closely represent transcriptomic profiles of tumour tissue
while MSC have significantly altered gene expression.
We show that pituispheres treated with octreotide and
cabergoline are not directly comparable with pre-oper-
atively treated patients’ tumour tissue, but both share
similar patterns of transcriptomic alterations. Therapeu-
tic effects on model cell line GH3 did not match the gene
expression changes observed in tumour tissue nor pitui-
spheres. This study highlights the importance of cell tran-
scriptomic profiling for correct model system selection
and data interpretation that could be achieved in future
by incorporating NGS methods and detailed cell omics
profiling in PitNET model research.

Abbreviations

PitNET Pituitary neuroendocrine tumors
DEG Differentially expressed genes
L2FC Log2 fold change

SSA Somatostatin analogue

DA Dopamine analogue

SE Standard error

p-adj Adjusted p value

MSC Mesenchymal stem cells

WHO World Health Organization

GH Growth hormone

PRL Prolactin

ACTH Adrenocorticotropic hormone
TSH Thyroid-stimulating hormone
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FSH Follicle-stimulating

SSTR Somatostatin binding receptors
bFGF Basic fibroblast growth factor

FBS Fetal bovine serum
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GO Gene ontology
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PCA Principal component analysis
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(FDR < 0.05). Table S35. Functional enrichment results for cabergoline
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Additional file 3: Figure S1. Variance stabilization transformed heatmap
of mean normalized gene level counts for DEGs of the sompatotroph
and non-secreting PitNET type comparison. Pink fields in the “Subtype”
column row, represent the non-secreting group samples, green fields
represent the non-secreting group samples. Figure S2. Summarization of
the categories in enrichment analysis results for the PitNET non-secreting
and somatotroph type comparison. Each bar represents an enrichment
category with the corresponding occurance in enrichment results. Figure
S3. A STRING-db network for the DEG proteins of somatotroph and non-
secreting PitNET type comparison. Line thickness indicates confidence

of protein interaction. Disconnected nodes were hidden. Text mining
disabled as interaction type. Figure S4. ASTRING -db network for the DEG
proteins of somatotroph and non-secreting PitNET type comparison. Line
colour indicates protein interaction type and line count indicates number
of interactions. Disconnected nodes were hidden. Text mining disabled

as interaction type. Figure S5. ASTRING -db network for the DEG proteins
of SSA treated/untreted somatotroph PitNET comparison. Line thickness
indicates interaction confidence. Disconnected nodes were hidden. Text
mining disabled as interaction type. Figure S6. A STRING-db network for
the DEG proteins of SSA treated/untreted somatotroph PitNET com-
parison. Line colour indicated interaction type and line count indicates
number of interactions. Disconnected nodes were hidden. Text mining
disabled as interaction type. Figure S7. Variance stabilization transformed
heatmap of mean normalized gene level counts for DEGs of the octreo-
tide incubated pituispheres cell and pituisphere control comparsion at 4
hours. Bright green (middle) represents samples from the octreotide 4h
incubation period, darker green represents the unincubated pituisphere
control samples. Figure S8. Variance stabilization transformed heatmap of
mean normalized gene level counts for DEGs of the octreotide incubated
pituispheres cell and pituisphere control comparsion at 8 hours. Dark
green represents the unincubated pituisphere control samples, bright
green represents the octreotide incubated pituispheres at 8 hours. Figure
S9. Variance stabilization transformed heatmap of mean normalized gene
level counts for DEGs of the octreotide incubated pituispheres cell and
pituisphere control comparsion at 24 hours. Dark green represents the
unincubated pituisphere control samples, bright green represents the
octreotide incubated pituispheres at 24 hours. Figure S10. Variance stabi-
lization transformed heatmap of mean normalized gene level counts for
DEGs of the octreotide incubated pituispheres cell and pituisphere control
comparsion at 48 hours. Dark green represents the unincubated pitui-
sphere control samples, bright green represents the octreotide incubated
pituispheres at 48 hours. Figure S11. Variance stabilization transformed
heatmap of mean normalized gene level counts for DEGs of the octreo-
tide incubated pituispheres cell and pituisphere control comparsion at

72 hours. Dark green represents the unincubated pituisphere control
samples, bright green represents the octreotide incubated pituispheres at
72 hours. Figure S12. Variance stabilization transformed heatmap of mean
normalized gene level counts for DEGs of the cabergoline incubated
pituispheres cell and pituisphere control comparsion at 4 hours. Pink rep-
resents the unincubated pituisphere control samples, orange represents
the octreotide incubated pituispheres at 4 hours. Figure S13. Variance
stabilization transformed heatmap of mean normalized gene level counts
for DEGs of the cabergoline incubated pituispheres cell and pituisphere
control comparsion at 8 hours. Pink represents the unincubated pitui-
sphere control samples, orange represents the octreotide incubated
pituispheres at 8 hours. Figure S14. Variance stabilization transformed
heatmap of mean normalized gene level counts for DEGs of the caber-
goline incubated pituispheres cell and pituisphere control comparsion at
24 hours. Pink represents the unincubated pituisphere control samples,
orange represents the octreotide incubated pituispheres at 24 hours.
Figure S15. Variance stabilization transformed heatmap of mean normal-
ized gene level counts for DEGs of the cabergoline incubated pituispheres
cell and pituisphere control comparsion at 48 hours. Pink represents the
unincubated pituisphere control samples, orange represents the octreo-
tide incubated pituispheres at 48 hours. Figure S16. Variance stabilization
transformed heatmap of mean normalized gene level counts for DEGs of
the cabergoline incubated pituispheres cell and pituisphere control com-
parsion at 72 hours. Pink represents the unincubated pituisphere control
samples, orange represents the octreotide incubated pituispheres at 72
hours. Figure S17. Variance stabilization transformed heatmap of mean
normalized gene level counts for DEGs of the octreotide incubated GH3
cell and GH3 control comparsion at 4 hours. Light blue fields in the “Time"
column row, represent the unincubated control samples, orange fields
represent the GH3 samples incubated with octreotide at 4 hours. Figure
$18. Variance stabilization transformed heatmap of mean normalized
gene level counts for DEGs of the octreotide incubated GH3 cell and GH3
control comparsion at 8 hours. Light blue fields in the “Time" column row,
represent the unincubated control samples, orange fields represent the
GH3 samples incubated with octreotide at 8 hours. Figure $19. Variance
stabilization transformed heatmap of mean normalized gene level counts
for DEGs of the octreotide incubated GH3 cell and GH3 control compar-
sion at 24 hours. Light blue fields in the “Time” column row, represent the
unincubated control samples, orange fields represent the GH3 samples
incubated with octreotide at 24 hours. Figure $20. A STRING-db network
for the DEG proteins of octreotide incubated GH3 cell and GH3 control
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comparsion for the incubation period of 24 hours. Line thickness indicates
interaction confidence. Disconnected nodes were hidden. Text mining
disabled as interaction type. Figure S21. A STRING-db network for the
DEG proteins of octreotide incubated GH3 cell and GH3 control compar-
sion for the incubation period of 24 hours. Line colour indicated interac-
tion type and line count indicates number of interactions. Disconnected
nodes were hidden. Text mining disabled as interaction type.
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