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Genome wide analysis of
circulating miRNAs in growth
hormone secreting pituitary
neuroendocrine tumor
patients’ plasma
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Background: Circulating plasma miRNAs have been increasingly studied in the

field of pituitary neuroendocrine tumor (PitNET) research. Our aim was to

discover circulating plasma miRNAs species associated with growth hormone

(GH) secreting PitNETs versus assess how the plasma levels of discovered

miRNA candidates are impacted by SSA therapy and whether there is a

difference in their levels between GH secreting PitNETs versus other PitNET

types and healthy individuals.

Design: We compared plasma miRNA content and levels before and after

surgery focusing on GH secreting PitNET patients. Selected miRNA candidates

from our data and literature were then tested in a longitudinal manner in

somatostatin analogues (SSA) treatment group. Additionally, we validated

selected targets in an independent GH secreting PitNET group.

Methods: miRNA candidates were discovered using the whole miRNA

sequencing approach and differential expression analysis. Selected miRNAs

were then analyzed using real-time polymerase chain reaction (qPCR).

Results:WholemiRNA sequencing discovered a total of 16 differentially expressed

miRNAs (DEMs) in GH secreting PitNET patients’ plasma 24 hours after surgery and

19 DEMs between GH secreting PitNET patients’ plasma and non-functioning (NF)
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PitNET patients’ plasma. Seven miRNAs were selected for further testing of which

miR-625-5p, miR-503-5pmiR-181a-2-3p andmiR-130b-3p showed a significant

downregulation in plasma after 1 month of SSA treatment. mir-625-5p was found

to be significantly downregulated in plasma of GH secreting PitNET patients vs. NF

PitNET patients. miR-625-5p alongside miR-130b-3p were also found to be

downregulated in GH PitNETs compared to healthy individuals.

Conclusions:Our study suggests that expression of plasma miRNAs miR-625-

5p, miR-503-5p miR-181a-2-3p and miR-130b-3p in GH secreting PitNETs is

affected by SSA treatment. Additionally, miR-625-5p can distinguish GH

secreting PitNETs from other PitNET types and healthy controls warranting

further research on these miRNAs for treatment efficacy.
KEYWORDS

micro-RNA differential expression, circulating plasma micro-RNAs, growth hormone
secreting pituitary neuroendocrine tumor, acromegaly, somatostatin analogue treatment
1 Introduction

Pituitary neuroendocrine tumors (PitNETs) are sellar region

tumors composed of neuroendocrine cells with a clonal origin

(1). PitNETs have a very high prevalence rate of 10 – 14% in

population, most of these cases are asymptomatic and classified

as incidentalomas (2). However, 1 out of 1000 PitNET cases are

clinically relevant (3). Of the clinically relevant cases

approximately 14% are growth hormone (GH) secreting

PitNETs (4) which have a prevalence rate in the population

ranging from 3 to 13.7 cases per 100’000 with an annual incidence

of 0.2 to 1,1 cases per 100’000 (5). Chronic GH hypersecretion

results in acromegaly hence in 95% acromegaly cases there is a

presence of GH secreting PitNET (5). Acromegaly is a disease

with increased morbidity and mortality due to excessive bone

growth, cardiovascular manifestations, metabolic disorders, and

respiratory complications (6). To reduce the health risks

associated with acromegaly it is important to diagnose it early

and perform a treatment via surgery or somatostatin analogue

(SSA) therapy (7). The diagnostics of GH secreting PitNETs

related acromegaly includes combined measurements of insulin

growth factor 1 (IGF-1) and GH measurements via oral glucose

tolerance test (OGTT) approach. This is followed by magnetic

resonance imaging (MRI) scans of the sellar region to confirm

that the source of excess GH is PitNET (8). Even now the

diagnosis of GH secreting PitNETs is a complicated task, since

IGF-1 levels are affected by age, sex and BMI and can be elevated

even with normal GH levels (8). As for the GH levels after

suppression with OGTT the resulting levels may vary between

assays used (9). MRI scans can yield inconclusive results when in

cases of microadenomas as the sensitivity can vary between 60 -
02
80%. This can lead to false assumptions that the cause of

acromegaly is ectopic and not PitNET related (10). Therefore, it

is vital to develop new sensitive and minimally invasive

biomarkers to improve the healthcare of GH secreting

PitNET patients.

A widely studied biomarker in regards to tumors is

circulating miRNAs (11). miRNAs are small (22 nt long) non-

coding RNA molecules that are transcribed from miRNA loci in

DNA or generated during mRNA splicing (12). The primary

biological purpose of miRNAs is the post transcriptional gene

expression regulation via the interaction of the 3’ UTR region of

the transcribed mRNA which represses the translation of the

targeted mRNA (12). For this reason, their expression has been

widely studied in various types of cancer tissues as dysregulation

of specific miRNAs such as miR-15 and let-7 as can contribute to

the tumor development (13). In GH secreting PitNETs there are

several studies describing the expression of miRNAs within

tissue of these tumors (14–17). As a result, a number of

miRNAs have been dis-covered to be dysregulated in GH

secreting PitNETs tissues. miR-125b, miR-886-5p were

discovered to be upregulated while miR-503, miR-198, miR-

125a-5p, miR-524-5p, miR-630 were downregulated in tissues of

GH secreting PitNET patients’ group that were responsive to

SSA and lanreotide treatments (14). miR-107 has been shown to

be overexpressed in GH secreting PitNETs tissues compared to

non-functioning PitNETs (NF PitNETs) (15) and miR-184 has

been shown to be overexpressed in GH secreting PitNETs tissues

compared to normal pituitary tissues from autopsy (16). GH

secreting tumors harboring germline mutations AIP gene are

significantly more invasive and it was found that two

proliferation promoting miRNAs (miR-34a and miR-145)
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were highly upregulated in tumors with AIP mutations

compared to tumors without AIP mutations (17).

Recently several studies regarding circulating miRNAs in

plasma of cancer patients have shown that some miRNAs have a

potential to diagnose and assess the treatment outcome of the

disease (11). According to the Pubmed database search, the

majority of miRNA studies regarding PitNETs have been carried

out in postoperative tumor tissue samples with few studies on

the circulating miRNAs. Studies that have already analyzed

circulating miRNAs in plasma of PitNET patients and have

shown promising results for miR-143-3p in NF follicle

stimulating hormone/luteinizing hormone (FSH/LH) PitNETs

(18). miR-16-5p, miR-145-5p, miR-7g-5p (19), miR-7-5p (20) in

adrenocorticotropic hormone (ACTH) secreting PitNETs, and

miR-29c-3p in GH secreting PitNETs (21).

In this study we carried out two primary NGS analyses in the

plasma of PitNET patients. In the first analysis we compared

preoperative and postoperative plasma taken from GH,

Prolactin (PRL), ACTH secreting and NF PitNET patients. In

the second analysis we compared the GH secreting PitNET

patients’ preoperative plasma against NF PitNET patients’

preoperative plasma. In total we discovered seven potential

miRNAs which could be associated with GH secreting

PitNETs. Using qPCR, we further tested these seven miRNAs

in an independent GH secreting PitNET patient cohort and

longitudinally evaluated how their levels in plasma were affected

by SSA therapy which according to our knowledge has not been

previously reported.
2 Materials and methods

2.1 Study design

For NGS sequencing four ACTH, eight GH, six PRL

secreting and 28 NF PitNETs patients were recruited and

plasma samples were taken before and 24 hours after surgery

(Figure 1). Following this samples underwent quality control by

qPCR to evaluate the presence of miRNAs associated with the

hemolysis. Samples that met the quality standards were

sequenced by next generation sequencing. In differential

expression analysis we compared the postoperative plasma

against preoperative plasma for all four PitNET subtypes and

we also compared the preoperative plasma from GH secreting

PitNETs against NF PitNETs as our primary objective was to

identify plasma miRNAs associated with GH secreting PitNETs.

Additionally we sequenced three GH secreting PitNET and 10

NF PitNET tissue samples and carried out differential expression

analysis by comparing the tissue of GH PitNETs against NF

PitNETs. Differentially expressed miRNAs in plasma were

compared with the literature findings and a panel of candidate

miRNAs was designed for further validation by qPCR. We

evaluated the candidate miRNA expression in plasma of six
Frontiers in Oncology 03
GH secreting PitNET patients receiving SSA treatment. In this

group the plasma samples were taken before SSA treatment one,

three and six months during the treatment. We also evaluated

candidate miRNA expression in plasma of an independent GH

secreting patient cohort (n = 15) from Lithuania against plasma

from NF PitNETs (n = 5) and healthy controls (n = 13).
2.2 Subject recruitment

Patients were recruited from three institutions of Latvia and

Lithuania: Riga East Clinical University hospital (RECUH,

Latvia), Pauls Stradins Clinical University Hospital (PSCUH,

(Latvia), and Lithuanian University of Health Sciences (LUHS,

Lithuania). Inclusion criteria for all patients was: 18 of age and

above and absence of other tumors. All patients had provided a

written consent for participation in study and the study was

approved by the Central Medical Ethics committee of Latvia

(approval No.: 01-29.1/5035) and Lithuanian Ethics Committee

for Biomedical Research (approval No.: P2-9/2003).

2.2.1 NGS discovery cohort
For NGS study a total of 46 patients (eight GH secreting, 28 NF

PitNETs, four ACTH secreting, six PRL secreting) over the age of 18

were recruited from Riga East Clinical University hospital and Pauls

Stradins Clinical University Hospital (Supplementary Table 1). The

NF PitNET group consisted of patients diagnosed with FSH/LH,

immunonegative, silent GH, silent ACTH, and plurihormonal
FIGURE 1

Flowchart explaining study design.
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PitNETs, as our study mainly concentrated on miRNA species

characteristic to GH secreting PitNETs and potential SSA effects,

we did not subdivide NF PitNET in further subgroups Plasma

samples were collected from all 46 patients in two time points:

before surgery and 24 hours after surgery. 13 out of 46 included

patients had available tumor tissue samples which were also included

in this study (Supplementary Table 1). These 46 patients were

recruited from RECUH and PSCUH. A detailed report on all NGS

cohort patients’ clinical characteristics can be found in

Supplementary Table 1.

2.2.2 SSA treatment study cohort
For evaluation by qPCR in the SSA treatment group we

recruited four GH secreting, one PRL secreting and one PRL/GH

secreting (mammosomatotroph) PitNET patients who had

received SSA therapy. Blood samples were collected in four

time intervals: shortly before administration of SSA therapy, 1

month, 3 months and 6 months during SSA therapy. These six

patients were also recruited from RECUH and PSCUH. A

detailed report on all SSA treatment study cohort patients’

clinical characteristics can be found in Supplementary Table 2.

2.2.3 GH secreting PitNETs vs. NF PitNETs
study cohort and healthy controls cohort

Additionally, we also included 15 GH secreting PitNET

patients from Institute of Neuroscience of LUHS for further

NGS discovered plasma miRNA validation by qPCR in an

independent GH secreting PitNET patient cohort. Firstly, the

candidate miRNAs were evaluated GH secreting PitNETs vs. NF

PitNETs setting. For NF PitNET cohort we included five NF

PitNET patients which were recruited from both RECUH and

PSCUH. Furthermore, we also evaluated the candidate miRNAs

in GH vs. healthy controls setting. The plasma samples from

healthy controls were acquired from Genome Database of

Latvian Population (LGDB) (citation). A detailed report on

GH study cohort patients’ clinical characteristics can be found

in Supplementary Table 3 and NF PitNET cohort in

Supplementary Table 4 and healthy control cohort in

Supplementary Table 5.
2.3 Clinical sample processing

All blood samples were collected in 10 mL EDTA tubes. The

tubes were inverted 10 times and kept at room temperature until

further processing. Plasma layer was separated immediately

upon blood sample collection using two-step centrifugation at

room temperature: 1) 2000 RPM for 10 minutes, 2) 4000 RPM

for 10 minutes. Plasma samples were aliquoted in 1 mL tubes

and frozen at -80°C until further processing. This was done to

ensure sufficient plasma quality for miRNA extraction. 13 (3 GH
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secreting and 10 NF PitNETs) out of 46 recruited patients had

ava i l ab l e f r e sh f rozen tumor t i s sue sample s fo r

miRNA extraction.

Circulating extracellular vesicle bound miRNAs were

extracted from 0,5 - 1 mL plasma samples using exoRNeasy

Midi Kit (Qiagen, Germany) according to the manufacturer’s

instructions. For circulating miRNA extraction, we used only

aliquots from 2nd and 3rd EDTA vacutainers to avoid

contamination of damaged cell nucleic acids during

venipuncture. The extracted RNA was stored in two aliquots

at -80°C - one for hemolysis control qPCR and one for NGS

library preparation. Total RNA from fresh frozen PitNET tissue

samples was extracted using AllPrep DNA/RNA/miRNA kit

(Qiagen, Germany) according to manufacturer’s instructions.

The extracted RNA was stored at -80°C.
2.4 Red blood cell hemolysis marker
control of extracted circulating miRNA
samples

All NGS discovery cohort patients’ plasma samples prior to

library preparation for NGS underwent additional quality

control for the presence of red blood cell hemolysis markers

(miR-451a and miR-23a). This was done using qPCR on ViiA™

7 (Appldied Biosystems) platform. The cDNA was synthesized

using miRCURY LNA RT Kit (Qiagen, Germany) which was

followed by SYBR Green based qPCR reaction setup using

miRCURY LNA SYBR Green PCR Kit (Qiagen, Germany).

Locked nucleic acid-based assays of miR-451a and miR-23a

were designed and ordered through GeneGlobe (Qiagen,

Germany). Following the qPCR, the DCt value of miR-23a -

miR-451a was calculated. According to the manufacturer’s

instructions DCt values higher than 5 indicate a risk of

haemolysis and DCt values of 7 indicate that the samples are

haemolysed. To improve the reliability of NGS data any samples

with a DCt value greater than 5 were excluded from the library

preparation part.
2.5 Library preparation for miRNA
NGS analysis

Both plasma and tissue libraries for miRNA analysis by NGS

were prepared using the Small RNA-Seq Library Prep Kit

(Lexogen, Austria) according to the manufacturer ’s

instructions. To avoid contamination of adapter dimers and

other RNAs out of small non-coding RNA size range we used

BluePippin (Sage Science, USA) electrophoresis with a size range

of 125 - 160 bp. The results were checked using a High

Sensitivity DNA chip on Bioanalyzer 2100 (Agilent

Technologies, USA). This ensured a total elimination of
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adapter dimers and the eluted fragments had peaks of around

144 and 153 bp. The final concentrations were checked using

Qubit 2.0 dsDNA HS Kit (Thermo Fisher). The libraries were

sequenced on Illumina MiSeq and NextSeq 500.
2.6 NGS data analysis

The FASTQ files from NGS were analyzed using CLC

Genomics Workbench (v20.0.4). During read trimming any

reads with Q (Phred score) < 30 were discarded. Reads also

underwent trimming by length and any reads that did not fall

into 15 - 55 nt length category were discarded. Trimmed reads

were aligned to miRBase (V22) with the following settings:

additional upstream/downstream bases = 2, missing upstream/

downstream bases = 2, maximum mismatches = 2, sequence

length = 15 to 28, minimum supporting count = 1. The counts

were compiled and exported into DESeq2 compatible counts

matrix format. miRNA differential expression analysis was done

in DESeq2 (v1.30.1) in R (v 4.0.3) (22). The counts matrix used

for this plasma analysis can be found in Supplementary Table 6

and the following sample metadata can be found in

Supplementary Table 7. Batch effect was estimated by

cons t ruc t ing pr inc ipa l component ana ly s i s p lo t s

(Supplementary Figure 1). Upon generating DEseq2 model the

following conditions were taken in account: sequencing batch,

PitNET type (GH, ACTH, PRL, NF PitNET), surgery status

(before surgery, 24 hours after surgery). For plasma samples a

false discovery rate p value correction was done using fdrtool to

achieve correct distribution of p values (Supplementary

Figure 2). The counts matrix used to analyze tumor tissue

samples can be found in Supplementary Table 8 and the

following metadata file in Supplementary Table 9. For tumor

tissue analysis the following conditions were used: PitNET type

(GH, NF PitNET), tumor size (macroadenoma, microadenoma).

This time no sequencing batch was added since all samples were

sequenced in one batch. Any miRNAs with less than five counts

in less than three samples were excluded from differential

expression analysis. Three following designs were used to

evaluate the miRNA expression: 1) PitNET plasma 24 hrs.

after surgery vs. before surgery (this was done for all PitNET

subtypes separately), 2) GH secreting PitNET plasma before

surgery vs NF PitNET plasma before surgery, 3) GH secreting

PitNET tissues vs NF PitNET tissues. The R (4.0.3) script for

DESeq2 analysis can be found in Supplementary Figure 3.
2.7 qPCR analysis of candidate miRNAs

For both SSA treatment study and GH secreting PitNETs vs.

NF PitNETs study by qPCR the cDNA synthesis was carried out

using miRCURY LNA RT kit (Qiagen, Germany). Following this

a qPCR was carried out in triplicates using miRCURY LNA
Frontiers in Oncology 05
SYBR Green PCR Kit (Qiagen, Germany) and primers which

were designed using GeneGlobe platform (Qiagen, Germany).

Any wells within the replicates that had a variation in Ct values

higher than 1 were excluded from calculating the average Ct. As

a housekeeping gene we selected RNU6-1 (U6) small non-

coding RNA. qPCR was carried out on the VIIA7 system

(Thermo Fisher, USA). The fold changes were calculated using

Livak’s method (DDCt method) (23). Since miRNA expression in

plasma can be affected by age, body mass index (BMI) and sex

(24) the relationship between miRNA expression and clinical

features was analyzed by constructing a multiple linear

regression model in R (v 4.0.3). To evaluate miRNA

expression in longitudinal SSA treatment group following

clinical factors were assigned as independent variables: age,

BMI, sex, SSA treatment (before treatment, 1 month during

treatment, 3 months during treatment, 6 months during

treatment). To evaluate miRNA expression in Lithuanian GH

secreting PitNET against NF PitNETs and healthy controls the

following clinical factors were assigned as independent variables:

age, sex, BMI, treatment (SSA treatment, no treatment), tumor

type (GH secreting, NF PitNET, no tumor).
3 Results

3.1 Quality control of NGS samples

Total RNA from extracellular vesicles was extracted from 46

patients (Supplementary Table 1) before and after surgery

plasma samples (92 samples in total). These samples

underwent hemolysis test, which showed that four out of 46

patients had a DCt (miR-23a - miR-451a) value > 7 in either of

the two samples indicating a presence of red blood cell

hemolysis. Seven out of 46 patients had a DCt value between 5

and 7 in either of the two samples indicating a possible risk of

hemolysis (Figure 2). These 11 patients were excluded from

further analysis by NGS as there was a risk that they were

contaminated with red blood cell associated miRNAs. The

remaining 35 patients’ samples had DCt values < 5 indicating

that the source of the extracted RNA is plasma and not

hemolyzed erythrocytes (Figure 2).
3.2 Sequencing results of plasma and
tumor tissue samples

The sequencing of preoperative and postoperative plasma

samples was performed for 35 patients (23 NF PitNETs, 6 GH

secreting, 2 ACTH secreting and 4 PRL secreting), (70 samples in

total) in six batches (Supplementary Table 1). On average 4.1 x 106

(range: 1.5 x 106 - 6.6 x 106, stdev: 1.2 x 106) reads per sample

were acquired before trimming (Supplementary Table 10). After

quality trimming the read count was reduced to a 2.6 x 106 (range:
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6.5 x 105 - 4.2 x 106, stdev: 8.2 x 105) (Supplementary Table 11).

Full report on sequence quality before and after trimming can be

found on Supplementary Figure 4. Read annotation to miRBase

yielded 2.1 x 105 (7.8%) mature miRNA counts on average (range:

6.3 x 103 - 1.9 x 106, stdev: 2.4 x 105). Compared to other samples

the sample PitNET44 had unusually high annotated reads (1.9 x

106, 50.6%) (Supplementary Table 12). Therefore, preoperative,

and postoperative samples of this patient were excluded from

further analysis. By analyzing the remaining 68 patients’ samples

there was a significant difference in percentage of annotated

miRNA counts between preoperative and postoperative plasma:

7.2% vs 6.2% (Student’s t-test P = 0.007). Five of the most

common miRNAs across all PitNET types were: miR-486-5p,

let-7a-5p, let-7b-5p, miR-10b-5p, and let-7f-5p (Figure 3).

Sequencing of tumor tissue samples was performed in 13 (10

NF and 3 GH) PitNETs (Supplementary Table 1). On average 7.4 x

106 (range: 6.2 x 106 - 8.7 x 106, stdev: 7.3 x 105) (Supplementary

Table 13) raw reads were acquired before trimming. After trimming

the read count was reduced to 6.7 x 106 (range: 5.4 x 106 - 7.4 x 106,

stdev: 5.6 x 105) (Supplementary Table 14). Tumor tissue read

annotation to miRBase yielded consistently higher annotated reads

percentage than in plasma as on average 3.8 x 106 (57.3%) reads

were identified as maturemiRNas (range: 1.2 x 106 - 5.4 x 106, stdev:

1.5 x 106) (Supplementary Table 15). Five of the most expressed

miRNAs in GH secreting PitNETs tissues were miR-7-5p, let-7f-5p,

let-7a-5p, miR-375-3p, miR-21-5p (Figure 4A). In NF PitNETs

tissues five of the most expressed miRNAs were miR-7-5p, miR-

375-3p, let-7f-5p, let-7a-5p, miR-99b-5p (Figure 4B).
3.3 Differential expression analysis of
postoperative vs. preoperative plasma

Following NGS differential expression analysis between

preoperative and postoperative samples was carried out in 34

patients (after excluding 11 patients with insufficient quality of the
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plasma samples and one patient with abnormal read

characteristics). The patients were categorized by tumor type:

ACTH secreting (n = 2), GH secreting (n = 6), PRL secreting (n =

4), NF PitNETs (n = 22). In the NF PitNET group one

differentially expressed miRNA (DEM) was detected (miR-200c-

3p) which was downregulated 24 hours after surgery. In the GH

secreting PitNET group a total of 16 DEMswere detected of which

10 were upregulated and 6 were downregulated in plasma 24

hours after surgery. In the GH secreting tumor group plasma, the

most upregulated miRNA was miR-25-5p and the most

downregulated miRNA was miR-503-5-p. In the PRL secreting

PitNET group one DEM was detected (miR-205-5p) which was

upregulated. In the ACTH secreting PitNET two DEMs were

detected of which miR-141-3p was upregulated while miR-133a-

3p was downregulated (Table 1).
3.4 Differential expression analysis of GH
secreting PitNETs vs. NF PitNETs

Firstly compared the plasma before surgery taken from GH

secreting PitNET patients against plasma before surgery taken

from NF PitNET patients and as a result a total of 19 DEMs were

identified. Of these four were upregulated while 15 were

downregulated. The most upregulated miRNA was miR-503-

5p while the most downregulated miRNA was miR-625-5p

(Table 2). Of the 22 DEMs 5 DEMs (miR-181a-2-3p, miR-

3615, miR-181b-5p, miR-503-5p, and miR-345-5p) were also

differentially expressed in GH secreting PitNET patients’ plasma

24 hours after surgery. Secondly we compared the tissue samples

of GH secreting PitNETs vs NF PitNETs. In this setting a total of

22 DEMs were identified of which 18 were downregulated and

four were upregulated (Table 3). Interestingly, none of these

DEMs overlapped with DEMs found in GH vs NF PitNET

preoperative plasma or GH postoperative vs. preoperative

plasma analyses (Figure 5).
FIGURE 2

Results of miR-23a and miR-451a hemolysis test. DCt (miR-23a - miR-451a) < 5 indicates no presence of hemolysis, DCt between 5 and 7
indicates risk of hemolysis, DCt > 7 indicates that the sample is hemolyzed.
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3.5 Candidate miRNA selection for
evaluation by qPCR

To select the candidate miRNAs for qPCR we combined the

NGS results with literature findings regarding GH secreting

PitNETs (Table 4). As a result, a total of seven miRNAs were

selected for validation. Four miRNAs (miR-181b-5p, miR-181a-
Frontiers in Oncology 07
5p, miR-625-5p, miR-181a-2-3p) which were discovered to be

dysregulated in our GH secreting PitNET datasets were reported

in a study by Z. He (16). A microarray study reported that miR-

503 and miR-30a were dysregulated in GH secreting PitNETs

(14). Lastly qRT-PCR study reported that miR-130b was GH

dysregulated GH secreting PitNETs (25). Accordingly, these

seven miRNAs were selected as primary candidates for
A B

FIGURE 4

10 most expressed miRNAs in: (A) GH secreting PitNET tissues, (B) NF PitNET tissues.
A B

DC

FIGURE 3

10 most expressed miRNAs in plasma of: (A) NF PitNET patients, (B) GH secreting PitNET patients, (C) PRL secreting PitNET patients, (D) ACTH
secreting PitNET patients.
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TABLE 2 Results of differential expression analysis between preoperative GH secreting PitNET patients’ plasma vs. NF PitNET patients’ plasma.

miRNA Log2FC P value P adjusted (FDR)

miR-4433b-5p 3.09 5.1 x 10-6 0.0017

miR-30a-5p -0.95 1.6 x 10-5 0.0023

miR-222-3p -1.51 2.1 x 10-5 0.0023

miR-181a-5p -0.57 8.6 x 10-5 0.0050

miR-181a-2-
3p

-1.34 8.7 x 10-5 0.0050

miR-3615 -1.44 9.0 x 10-5 0.0050

miR-181b-5p -0.75 0.0001 0.0072

miR-503-5p 4.73 0.0002 0.0080

miR-335-5p 3.60 0.0002 0.0089

let-7d-3p -1.59 0.0003 0.0107

miR-345-5p -1.60 0.0003 0.0110

miR-323b-3p -2.27 0.0005 0.0145

miR-16-2-3p -1.89 0.0007 0.0188

miR-363-3p -1.63 0.0009 0.0228

miR-485-3p -2.07 0.0012 0.0281

miR-6852-5p -1.86 0.0014 0.0292

let-7i-5p 0.59 0.0019 0.0373

miR-130b-3p -2.10 0.0022 0.0419

miR-625-5p -2.89 0.0024 0.0430
Frontiers in Oncology
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Log2FC, Log2 transformed fold change; FDR, False discovery rate.
TABLE 1 Results of differential expression analysis of postoperative vs. preoperative plasma from PitNET patients.

miRNA PitNET Log2FC (after vs before surgery) P value P adjusted (FDR)

miR-181b-5p GH 0.89 4.4x 10-5 0.0052

miR-425-5p GH 1.04 4.5 x 10-5 0.0052

miR-503-5p GH -6.00 4.6 x 10-5 0.0052

miR-181a-2-3p GH 1.43 0.0001 0.0114

miR-142-3p GH -3.34 0.0002 0.0136

miR-1273h-3p GH 3.20 0.0002 0.0136

miR-3615 GH 1.46 0.0002 0.0136

miR-148b-5p GH -4.28 0.0003 0.0136

miR-328-3p GH 1.80 0.0004 0.0136

miR-345-5p GH 1.72 0.0004 0.0136

miR-25-5p GH 4.39 0.0009 0.0272

miR-95-3p GH -4.50 0.002 0.0421

miR-30c-5p GH -0.54 0.002 0.0421

miR-1843 GH 2.07 0.002 0.0421

miR-320b GH 0.93 0.002 0.0423

miR-26b-3p GH -3.45 0.002 0.0423

miR-200c-3p NFPA -3.38 3.0 x 10-6 0.001

miR-141-3p ACTH 23.54 2.2 x 10-16 7.5 x 10-14

miR-133a-3p ACTH -5.91 3.1 x 10-05 0.005

miR-205-5p PRL 17.96 1.7x 10-10 5.8 x 10-08
PitNET, Pituitary neuroendocrine tumor; Log2FC, Log2 transformed fold change; FDR, False discovery rate; GH, Growth hormone secreting PitNET; NF PitNET, Non-functioning
PitNET; ACTH, Adrenocorticotropic hormone secreting PitNET; PRL, Prolactin secreting PitNET.
frontiersin.org

https://doi.org/10.3389/fonc.2022.894317
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Niedra et al. 10.3389/fonc.2022.894317
evaluation of their expression in plasma during SSA therapy of

GH secreting PitNET patients’. Prior to this we also sequenced

three available GH secreting PitNET and 10 NF PitNET tissue

samples and checked for whether these miRNAs are expressed

within the tumors (Table 4). Full report on miRNA counts in

PitNET tissues can be accessed in Supplementary Table 8.
3.6 qPCR testing of candidate miRNAs in
plasma of GH secreting PitNET patients
receiving SSA treatment

In longitudinal SSA treatment group of six patients we observed

that there was a decrease in plasma levels of all seven miRNAs

(Figure 6). Within the first month during the therapy four miRNAs

had statistically significant changes in expression (miR-625-5p,

miR-181a-2-3p, miR-503-5p, miR-130b-3p). The miR-625-5p

(Log2 FC = -2.48). Within the third month only miR-625-5p had

a significant change in expression (Log2 FC = -1.97, P = 0.04).

Within the sixth month the highest change was observed for miR-

503-5p (Log2 FC = -0.78) however this change was not statistically

significant. Interestingly the changes in expression for miR-181b-

5p, miR-181a-5p and miR-30a-5p were associated with patients

BMI and age. By analyzing all the data together, a dynamic can be
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observed where one month after the starting of SSA therapy has the

highest decrease in these seven miRNAs and this change becomes

less pronounced as therapy continues (Figure 6).
3.7 qPCR testing of candidate miRNAs in
plasma of GH secreting PitNETs plasma
vs. NF FSH/LH PitNETs plasma

The seven miRNA candidates were evaluated in plasma of 15

GH secreting PitNET patients. Of these six patients had received

SSA treatment while the remaining nine patients had no SSA

treatment. The results on GH vs NF PitNETs are shown in

Figure 7. By comparing patients with GH secreting PitNETs

against patients NF-PitNETs only miR-625-5p had a significant

change expression due to tumor type (Log2FC = -2.00, P =

0.0345). Interestingly all other clinical characteristics including

SSA treatment had no impact on expression for all seven

miRNAs. Regarding the direction of fold changes, the results

are concordant with the NGS results, except for miR-503-5p

which was downregulated in both qPCR testing groups but

upregulated in the GH secreting vs NF PitNETs NGS

discovery set, however the change was not statistically

significant (Table 2).
TABLE 3 Results of differential expression analysis between GH secreting PitNET tissues vs. NF PitNET tissues.

miRNA Log2FC P value P
adjusted

miR-378a-3p -3.01 3.64 x 10-13 2.21 x 10-10

miR-504-5p -6.80 1.91 x 10-8 5.81 x 10-6

miR-501-3p -3.97 5.20 x 10-6 0.0010

miR-21-5p 2.48 1.25 x 10-5 0.0019

miR-378d -4.36 4.97 x 10-5 0.0045

miR-145-5p -2.08 5.14 x 10-5 0.0045

miR-195-5p 2.82 5.22 x 10-5 0.0045

miR-378c -5.20 7.09 x 10-5 0.0052

miR-195-3p 3.18 7.80 x 10-5 0.0052

miR-1271-5p -2.68 9.57 x 10-5 0.0052

miR-1270 -6.02 0.0001 0.0052

miR-140-5p -2.53 0.0001 0.0052

miR-33a-5p -3.18 0.0002 0.0094

miR-149-3p -5.58 0.0003 0.0112

miR-497-5p 2.83 0.0004 0.0175

miR-149-5p -3.80 0.0005 0.0187

miR-204-5p -3.61 0.0005 0.0187

miR-378g -4.91 0.0009 0.0317

miR-137-5p -5.38 0.0010 0.0317
fro
Log2FC, Log2 transformed fold change.
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3.8 qPCR testing of candidate miRNAs in
plasma of GH secreting PitNET plasma
vs. healthy controls plasma

Lastly, we tested whether there are differences in plasma

levels of cadidate miRNAs in 15 GH secreting PitNET patients

vs. healthy controls. The healthy control group consisted of 13

subjects with average BMI, age and sex parameters matching

with GH secreting PitNET cohort (Supplementary Table 5). In

this scenario statistically significant changes in expression due to

a presence of tumor were observed for two miRNAs (Figure 8)
Frontiers in Oncology 10
which were downregulated in GH secreting PitNETs: miR-625-

5p (Log2FC = -1.98, P = 0.0009), miR-130b-3p (Log2FC = -2.31,

P = 0.0002). While miR-503-5p and miR-30a-5p had also

statistically significant changes (Figure 8) due to the presence

of GH secreting tumor (Log2FC = -2.00, P = 0.001; Log2FC =

1.33, P = 0.046) these changes were also associated with patients’

BMI and age.
4 Discussion

In the field of PitNET research most miRNA studies have

been carried out in tumor tissues or cell lines (14, 16, 26–30).

The research of plasma miRNA studies in PitNETs is far scarcer

(31). This can be attributed to the fact that the detection of

tumor associated miRNAs in biofluids is methodologically more

complex than in tumor tissue studies (32) and miRNA

expressions bodily fluids can be also be affected by individuals

age, sex and BMI (24). Despite this, three recent studies have

focused the circulating miRNAs in plasma of PitNET patients

showing that some miRNAs can serve as a potential markers of

the disease: miR-16-5p, miR-145-5p, miR-7g-5p in ACTH

secreting PitNETs (19), miR-143-3p in NF FSH/LH PitNETs

(18), and miR-29c-3p in GH secreting PitNETs (21).

There is also a dispute as to which is a better source to detect

tumor associated miRNAs: whole plasma or extracellular

vesicles isolated from plasma. Some studies have shown

that isolating only extracellular vesicle fraction miRNAs may

provide more consistent results in detecting tumor associated

miRNAs (33, 34). The aim of this study was to evaluate

the circulating extracellular vesicle associated miRNAs in

plasma of PitNET patients before and after surgery as well as

compare the plasma of GH secreting PitNET patients against

other PitNET patients’ plasma to identify potential miRNAs

species that are associated with GH secreting PitNETs. The

identified miRNA candidates were then tested in an independent

SSA therapy patient cohort and in GH secreting PitNET

patient cohort.
FIGURE 5

Venn diagram representing overlapping miRNAs between three
differential expression analyses: (1) plasma of GH secreting
PitNETs vs. NF PitNETs, (2) plasma of GH secreting PitNETs 24
hrs. after vs. before surgery, (3) tissue of GH PitNETs vs NF
PitNETs.
TABLE 4 Selection candidate miRNAs for further evaluation by qPCR.

miRNA GH postoperative vs. preoperative
plasma Log2FC

GH vs. NF PitNETs preoperative
plasma Log2FC

Expressed in GH
tissue

Reported in
study

miR-181b-5p 0.89 -0.7 Yes (16)

miR-181a-5p – -0.6 Yes (16)

miR-625-5p – -2.9 Yes (16)

miR-181a-2-3p 1.43 -1.3 Yes (16)

miR-503-5p -6.0 4.7 Yes (14)

miR-130b-3p – -2.1 Yes (25)

miR-30a-5p – -0.9 Yes (14)
GH, Growth Hormone secreting; NF, non-functional; PitNETs, pituitary neuroendocrine tumors; Log2FC, Log2 transformed fold change.
frontiersin.org

https://doi.org/10.3389/fonc.2022.894317
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Niedra et al. 10.3389/fonc.2022.894317
One of the main technical risks in plasma miRNA

sequencing studies including ours is blood sample haemolysis

which can greatly alter the miRNA contents in plasma

samples by spiking the plasma with miRNAs of erythrocyte

origin (35). To avoid bias in miRNA discovery by NGS we

performed quality control of all NGS plasma samples by qPCR

profiling two haemolysis markers (miR-451a and miR-23a-3p)

levels in plasma. As a result, plasma samples from 11 out of 46

patients were excluded from further analysis by NGS to improve

the reliability of the results. Overall, these results indicate that

blood sample collection and preparation is a vital part of any

plasma miRNA related study to ensure sufficient sample size.

For preoperative vs. postoperative plasma analysis, we chose

24 hours after surgery for postoperative plasma collection. We

based this design on the reasoning that miRNAs have a half-life

up to 24 hours in bodily fluids (36) and at later collection times

when the patient is discharged from hospital other uncontrolled

factors such as altered diet (37) and infection (38) may impact

the levels of miRNAs in plasma. Following the sequencing we

performed two miRNA differential expression analyses for

plasma samples 1) preoperative vs. postoperative plasma, 2)

GH secreting PitNET preoperative plasma vs NF PitNET

preoperative plasma. In post- vs. preoperative differential

expression analysis we identified a total of 16 DEMs in GH

secreting, two in ACTH secreting and one in PRL secreting
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PitNET groups. The DEMs identified in ACTH and PRL should

be interpreted carefully as these two subgroups had small sample

sizes (PRL n = 4, ACTH n = 2). In the NF PitNET subgroup only

one DEM was identified (miR-200c-3p) which was

downregulated after surgery. The downregulated miR-200c has

been previously reported to be upregulated in PRL secreting

PitNET tumor cell line (MMQ) and inhibits the apoptosis of

tumor cells by targeting PTEN/Akt pathway confirming its

tumor promoting role in PitNETs (39). Following study in

MMQ cell line had shown that combination of bromocriptine

and artesunate treatment reduces the expression miR-200c

which increases the apoptosis of PitNET cells through

upregulation of PTEN (40).

The overall aim of the following analyses was to identify

miRNAs that are potentially associated with GH secreting

tumors. For further validation by qPCR, we selected seven

miRNAs from postoperative vs preoperative GH secreting

PitNET plasma dataset and GH secreting vs. NF PitNETs

plasma dataset. To reduce the number of candidates for

validation we selected miRNAs that have been reported in

previous studies regarding the PitNETs. In our study the miR-

181b-5p was upregulated in GH patients’ plasma 24 hours after

surgery and downregulated in GH patients’ plasma compared to

NF PitNET patients’ plasma (Table 4). miR-181a-5p and miR-

625-5p were downregulated in GH patients’ plasma compared to
FIGURE 6

Expression by qPCR of seven candidate miRNAs before and during the somatostatin analogue (SSA) treatment. 1M – one month during SSA
treatment, 3M – three months during SSA treatment, 6M - six months during SSA treatment. With “*” are marked changes with P < 0.05. P
values were calculated using multiple linear regression by including the following factors: age, sex, body mass index, treatment duration.
frontiersin.org

https://doi.org/10.3389/fonc.2022.894317
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Niedra et al. 10.3389/fonc.2022.894317
NF patients’ plasma. miR-181a-2-3p was upregulated in GH

patients’ plasma 24 hours after surgery and downregulated in

GH patients’ preoperative plasma compared to NF patients’

preoperative plasma (Table 4). These four miRNAs were

previously reported in a NGS analysis by Z. He et al. where

miR-181b-5p, miR-181a-5p, miR-625-5p and miR-181a-2-3p

were reported to be downregulated in GH secreting tumors

compared to normal pituitaries from autopsies (16). In a study

by Z. G. Mao et al. miR-503 was reported to be downregulated in

GH secreting tumors compared to normal pituitaries from

autopsies (14). In our study the 5p variant of miR-503 was

downregulated in GH patients’ plasma after surgery and

upregulated in GH patients’ preoperative plasma compared to

NF patients’. In our study we observed that the 3p variant of

miR-130b is downregulated in GH patients’ preoperative plasma

compared to NF patients’ (Table 4) while in a different study

miR-130b was reported to be downregulated in GH and NF

PitNETs compared to normal pituitaries from autopsies (25).

Lastly, miR 30a-5p which was downregulated in GH secreting vs.

NF PitNET plasma (Table 4) was also reported in a study by Z.G.

Mao et al. where it was downregulated in GH secreting tumors

compared to normal pituitaries (14). In another study it was

found that the expression of miR-30a-5p was found to inversely

correlate with the atypical morphological features and cavernous
Frontiers in Oncology 12
sinus invasion of the PitNETs (41). We also had available three

tumor tissue samples from GH secreting PitNEts and 10 from

NF PitNETs and following the sequencing we compared the

miRNA expression of GH PitNETs against NF PitNETs. Initially

we were hoping to identify some overlapping miRNAs with

plasma as there have been studies reporting a positive

correlation between levels of cell-free miRNAs and tumor

tissue miRNAs (42, 43). However, none of the miRNAs that

were dysregulated in GH secreting tumors plasma were

overlapping with dysregulated miRNAs when we compared

GH vs. NF PitNET tissues (Figure 5). One of the reasons

might be the small sample size of only three GH secreting

PitNET tissues.

Using qPCR we first tested longitudinally how SSA therapy

affects expressions of seven chosen candidate miRNAs while also

controlling for the following clinical characteristics: age, sex,

BMI. It has been previously shown that usage of SSA treatment

in neuroendocrine tumors can affect levels of certain miRNAs in

bodily fluids (44). In vitro studies neuroendocrine tumor cell

lines have shown that SSA treatment can effect expression levels

of certain miRNAs in target cells (45). So far there has been only

one study that has evaluated how SSA treatment affects levels of

miRNAs in plasma of GH secreting PitNET patients showing

promising results for miR-29c-3p (21). In our study we wanted
FIGURE 7

Expression by qPCR of seven candidate miRNAs in GH secreting PitNET patients’ plasma (n = 15) vs NF FSH/LH PitNET patients’ plasma (n = 5).
With “*” are marked changes with P < 0.05. P values were calculated using multiple linear regression by including the following facots: age, sex,
body mass index, tumor type, treatment (somatostatin analogue treatment, no treatment).
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to expand on this idea by evaluating the expression of the seven

miRNA candidates (Table 4) longitudinally (before SSA

treatment, 1, 3 and 6 months during the treatment).

Additionally, the plasma taken before treatment and during

the treatment came from the same individuals to avoid

intraindividual variability. In the results we observed that all

seven miRNAs were downregulated upon administration of SSA

treatment (Figure 6). A statistically significant change was

observed for miR-625-5p, miR-503-5p, miR-181a-2-3p and

miR-130b-3p within first month of SSA treatment.

Interestingly, this change became less pronounced with

increased time of SSA administration. This could be due to the

PitNET and treatment affected body tissue adaptation to the SSA

treatment, but further studies are needed to confirm this

hypothesis. Previous studies have shown that these four

miRNAs are downregulated in GH secreting PitNETs

compared to normal pituitaries (14, 16, 25) suggesting that

they may have tumor suppressive role in GH secreting

PitNETs. Despite this, studies in cancers have suggested that

they also have tumor promoting roles. A study on malignant

pleural mesothelioma has shown that patients with the tumor

have elevated levels of miR-625-5p in plasma (46). While miR-

625-5p showed a decrease after administration of SSA treatment

(Figure 6) in our NGS results we did not observe a decrease of
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this miRNA in GH secreting PitNET patients’ plasma 24 hours

after surgery. The reasoning behind such observation might be

that SSA therapy may only affect the levels of this miRNA in

plasma. This could also be due to the fact that 24 hours after

surgery may not be enough to observe less pronounced changes

in miRNA levels as the half-life of miRNAs can be up to 24 hours

(36). In colorectal cancers it has been shown that upregulation

miR-503-5p is associated with the deletion of p53 and increases

resistance to oxaliplatin treatment (47). In our NGS results we

observed a major decrease of miR-503-5p (Log2FC = -6.0) in

plasma 24 hours after surgery and the decrease of miR-503-5p

after SSA treatment could suggest that this miRNA could be

directly associated with GH secreting PitNETs. However these

results need to be interpreted with caution as there has been a

study which showed that plasma miR-503-5p can be impacted

by patient’s BMI (48) this was also shown when we compared

GH secreting PitNETs vs healthy controls by qPCR. The reason

why BMI did not show a significant impact on this miRNA in

longitudinal SSA could be due to small sample size of six

patients. Regarding miR-181a-2-3p it has been shown in

gastric carcinoma cell lines that this miRNA is highly

upregulated and promotes tumor growth by targeting MYLK

(49). Interestingly the NGS results of before vs. after surgery are

somewhat conflicting with the results of SSA therapy as this
FIGURE 8

Expression by qPCR of seven candidate miRNAs in GH secreting PitNET patients’ plasma (n = 15) vs healthy subjects plasma (n = 13). With “*” are
marked changes with P < 0.05. P values were calculated using multiple linear regression by including the following facots: age, sex, body mass
index, presence of tumor, treatment (somatostatin analogue treatment, no treatment).
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miRNA was upregulated (Log2FC = 1.43) in plasma 24 hours

after surgery while it was downregulated in plasma during the

administration of SSA treatment (Figure 6). Perhaps the

upregulation of miR-181a-2-3p after surgery is due to the

invasive nature of the procedure. miR-130b-3p is yet another

miRNA that can promote tumor growth in-vivo by targeting

PTEN and can be carried by exosomes in plasma (50). Increased

levels of miR-130b-3p in plasma were observed in mice injected

with miR-130b-3p overexpressing cells (50). However, in our

NGS results we did not observe a decrease in plasma miR-130b-

3p 24 hours after surgery. Nevertheless, the qPCR results in the

SSA treatment group (Figure 6) suggest that miR-625-5p, miR-

181a-2-3p, miR-130b-3p, and miR-503-5p are potential

miRNAs to monitor SSA therapy and therefore require further

functional evaluation.

Lastly, we tested whether these seven miRNAs can be used to

distinguish between GH secreting PitNETs NF PitNETs and

healthy controls. In case of GH secreting PitNETs it is vital to

diagnose them early as prolonged exposure of GH secreting

PitNET can cause comorbidities characteristic to acromegaly

(51). It has been also shown that hormone secreting PitNETs are

less likely to cause visual field impairment than NF PitNETs

(52). Therefore, we believe there is a necessity for development

of novel minimally invasive biomarkers that can distinguish GH

secreting PitNETs from other PitNET subtypes. In this

experiment we included 15 GH secreting PitNET patients

from Lithuania (Supplementary Table 3). As a NF PitNET

control group, we included five FSH/LH PitNET patients

(Supplementary Table 4). As a healthy control group, we

included 13 individuals with average BMI, age parameters and

sex distribution matching with 15 Lithuanian GH secreting

PitNET cohort. Interestingly, while 6 patients had received

SSA treatment in our multiple linear regression model we did

not observe any significant changes in miRNA expressions

related to SSA treatment in both GH PitNETs vs NF PitNETs

and GH PitNETs vs healthy controls. This could be due to the

fact that the six patients from Lithuanian cohort had the SSA

treatment for longer than one month and our results in

longitudinal SSA treatment group showed that changes in

plasma miRNAs were pronounced only within first month.

Within GH PitNETs vs NF PitNETs we observed that all

seven miRNAs are downregulated in both GH secreting

PitNETs, and the fold changes of qPCR results are concordant

with the NGS results (Figure 7 and Table 4). Out of seven

miRNAs only one miRNA (miR-625-5p) had statistically

significant change in expression (Figure 7) due tumor type.

Within GH PitNETs vs healthy controls, we observed changes in

two miRNAs (miR-625-5p and miR-130b-3p) due to tumor type

(Figure 8). Interestingly, compared to GH vs NF PitNETs and

SSA treatment this time we could observe changes in expression

(miR-503-5p and miR-30a-5p) due to BMI and age of the

patients. This is further supported by a studies which showed
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that miR-30 family miRNAs are impacted by age (24) and miR-

503 is impacted by BMI (48). Altogether these results show that

plasma miR-625-5p could potentially be used to distinguish GH

secreting PitNETs from both NF PitNETs and healthy controls

and miR-130b-3p could potentially distinguish GH PitNETs

from healthy controls.

A limitation of this study was the composition of the NF

PitNET patient group for NGS analysis as at the time of diagnosis

the clinicians and pathologists did not adhere to the 2017 WHO

PitNET classification guidelines (53) for some of the patients. Full

immunohistochemistry report compatible with 2017 WHO

guidelines is available only for 11 out of 23 sequenced NF

PitNET patients. As a result our NF PitNET subgroup was

composed of FSH/LH tumors, immunonegative tumors and

silent corticotroph (ACTH) and somatotroph (GH) tumors and

plurihormonal tumors (54). However, as our primary goal was to

search for markers that distinguish GH secreting PitNET from

other PitNET types therefore this limitation did not affect our

primary results significantly. We were also able to demonstrate

that specific GH PitNET miRNAs are impacted by the SSA

therapy. With further investigation they might be used for

treatment efficacy evaluation in a minimally invasive manner.

In conclusion, this study shows that levels are affected by SSA

treatment. This is also the first study that has compared the

expression of plasma miRNAs between different PitNET

subtypes. The results show that plasma levels miR-625-5p could

potentially distinguish GH secreting PitNETs from other PitNET

types and miR-625-5p and miR-130b-3p can distinguish patients

with GH PitNETs from healthy subjects. We also demonstrate that

SSA therapy could affect plasma levels of miRNAs characteristic to

GH PitNETs (miR-625-5p, miR-181a-2-3p, miR-130b-3p, and

miR-503-5p) warranting further studies of these miRNAS as

blood-based markers in monitoring of treatment efficacy.
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