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Simple Summary: PitNETs develop from cells of the anterior pituitary and, although typically benign,
comprise a small percentage of therapy-resistant aggressive or metastatic tumors, underpinning a need to
identify novel potential therapeutic targets. PitNETs exhibit low rates of somatic mutations and their
pathogenesis is not fully understood. However, they associate with conditions that promote alternative
splicing, which may activate oncogenic pathways. PitNETs also express the neurotrophin receptor TrkA, which
exhibits oncogenic alternative TrkAIIl splicing in other neuroendocrine tumors. In this study, we report for the
first time that PitNETSs frequently exhibit alternative TrkAIIl mRNA splicing, which may be associated with
intracellular TrkAIIl activation, thereby identifying TrkAIIl as a novel potential targetable oncogenic
participant in PitNET pathogenesis and progression.

Abstract: PitNETs, although typically benign, comprise a small percentage of therapy-resistant aggressive,
occasionally metastatic tumors, underpinning a need to identify novel therapeutic targets. PitNETSs carry few
mutations but associate with conditions that promote alternative splicing as an oncogenic alternative and
express the TrkA neurotrophin receptor, which exhibits oncogenic alternative TrkAIIl splicing in other tumors.
Alternative TrkAlll splicing was assessed by RT-PCR in 53 PitNETs and compared to HIFla, HIF2a, SF3B],
SRSF2, U2AF1 and JCPyV large T antigen mRNA expression, unconventional Xbp1 splicing, SF381 mutation,
and TrkA isoform(s) immunoreactivity by confocal immunofluorescence (IF). Alternative TrkAIIl mRNA
splicing was detected in all invasive PitNET phenotypes, was significantly elevated in invasive compared to
non-invasive PIT1 PitNETs, relatively high in invasive and non-invasive SF1 and TPIT PitNETs, and was
associated with IF consistent with intracellular TrkAIIl activation but not with hotspot SF3B1 mutations,
altered SF3B1, SRSF2 and U2AF1 splice factor mRNA expression, JCPyV large T antigen expression or
unconventional Xbpl splicing. A potential role for hypoxia in TrkAIIl mRNA splicing was supported by
significant elevation of HIF2a mRNA expression in invasive PIT1 PitNETs. These data demonstrate that
alternative TrkAlll splicing, potentially promoted by hypoxia, occurs frequently in PitNETs and may associate
with IF consistent with intracellular TrkAIIl activation, supporting a potential role for TrkAIIl in PitNET
pathogenesis and progression, identifying TrkAIII as a novel potential target in refractory PitNETs.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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1. Introduction

Pituitary neuroendocrine tumors (PitNETs) originate from cells of the anterior pituitary and are
classified by immunohistochemistry according to pituitary transcription factor and hormone
expression [1-5]. Three lineages of origin and several morphofunctional phenotypes can be
identified: functioning lactotroph, somatotroph and thyrotroph (PIT1-derived), corticotroph (TPIT-
derived) as well as gonadotroph (SF1-derived) silent/non-functioning PIT1, SF1 or TPIT sub-types,
pluri-hormonal tumors and “null cell” PitNETs [1,2]. PitNETS are recognized as functioning when
associated with bio-clinical evidence of hormone hypersecretion. Although typically benign, about
40% of PitNETs are invasive towards surrounding structures and a small percentage, mainly
lactotroph and corticotroph PitNETs, progress to aggressive, therapy-resistant/refractory,
occasionally metastatic tumors [2,6,7]. Despite the lack of specific molecular markers, aggressive and
metastatic PitNETs share a number of bio-clinical features [8] and, according to current guidelines,
are both treated first with temozolomide [6,7]. However, primary or secondary resistance is
frequent [7], underpinning a need to identify novel therapeutic targets for this particular subgroup,
which continues to represent a major therapeutic challenge.

In general, PitNETs are sporadic tumors that carry few oncogenic mutations but exhibit
transcriptomic and epigenetic signatures, chromosomal alterations [5,9-11], and associate with
conditions reported to promote alternative splicing, including hypoxia [12], oxidative stress [13],
somatic mutations in the splice factor SF3B1 [14-16], de-regulated splicing machinery [17], and
neurotropic JCPyV polyomavirus infection [18,19]. Alternative splicing is now considered to be a
hallmark of cancer and is frequently involved in oncogene and oncogene signaling pathway
activation in tumor types that carry few oncogene mutations [20-22]. This raises the possibility that
oncogenic alternative splicing may participate in PitNET pathogenesis and progression. Within this
context, normal pituitary cells and PitNETs express the neurotrophin receptor tropomyosin-related
kinase TrkA [9,23,24]. Although an oncogenic alternative TrkAIll splicing has been documented in
neuroblastomas (NBs), MCPyV positive Merkel cell carcinomas, cutaneous malignant melanomas
and acute myeloid leukaemia [25-29], this has not yet been studied in PitNETs.

The oncogenic alternative TrkAIll splice variant (GeneBank OP866787.1), originally discovered
in human NBs and correlated with post-therapeutic relapse and advanced stage metastatic disease
[25,28], is characterized by NTRK1/TrkA exons 6, 7 and 9 skipping. This results in expression of a
variant receptor devoid of the extracellular D4 IG-C1 domain and several N-glycosylation sites,
required for fully spliced (fs-) TrkA cell surface expression and prevention of ligand-independent
activation [30-32]. These omissions result in intracellular TrkAIIl re-localization to pre-Golgi
membranes, centrosomes and mitochondria [33-35]. Consistent with an oncogenic function, TrkAIII
transforms NIH3T3 cells, and in NB models exhibits ligand-independent cell cycle, stress-regulated
and drug-induced intracellular activation [25,35,36] and promotes primary and metastatic
tumorigenicity in a manner similar to TrkT3 TrkA-fusion oncogene [25], confirming oncogenic
equivalence to TrkA-fusion and engineered D4 domain-deleted TrkA oncogenes [31,37,38]. In NB
cells, alternative TrkAlll splicing is promoted by hypoxia, by agents that cause ER, Ca*, redox and
nutrient stresses, and by SV40 polyomavirus small t-antigen [25,31,36]. Intracellular, ligand-
independent TrkAlIll activation induces pro-survival IP3K/Akt signaling, increases Bcl-2, Mcl-1 and
SOD2 expression, promotes a pro-angiogenic MMP-9/VEGEF/Tsp1l expression equilibrium, causes
centrosome amplification, induces stress-regulated metabolic adaptation, modifies the unfolded
protein response (UPR) and promotes a more stem cell-like, anaplastic NB phenotype [25,30].

In this study, therefore, considering that PitNETs exhibit low oncogene mutation rates, associate
with conditions that may promote alternative splicing and often express TrkA, we assessed whether
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alternative TrkAIll splicing and expression may represent a potentially targetable oncogenic
participant in PitNET pathogenesis and progression.

2. Materials and Methods

2.1. Patients and Tumors

Fifty-three patients affected by PitNETs were operated on for medical reasons at the Neuromed
Institute (Pozzili, Italy). All patients were characterized before surgery for bio-clinical evidence of
hormone hypersecretion and by Magnetic nuclear Imaging (MRI) for macroscopic tumor
characteristics. Twenty-four patients were clinically diagnosed with functioning PitNETs (6
prolactinomas, 13 acromegaly, 2 central hyperthyroidism and 4 Cushing’s disease) and the remaining
29 with clinically non-functioning tumors. With one exception, a young female with a
microprolactinoma, all other patients had macro-tumors (maximal diameter > 10 mm). Tumor
invasiveness towards surrounding structures (cavernous sinus/sphenoid sinus/bone/dura) was
defined according to pre-operative MRI and intra-operative findings. Overall, 26/53 PitNETs were
invasive (49%), and among 6 reccurrent tumors, 4 were invasive of which 2 were aggressive and 1
metastatic. Tumors were classified for routine pathological diagnosis by immunohistochemistry
(IHC) using an automatic VENTANA Benchmark ultra XT IHC/ISH System, as directed (Roche
Diagnostics Int.; Rotkeuz, Switzerland), using antibodies against pituitary hormones and
transcription factors, and Ki67 and a VENTANA Ultraview DAB detection kit, as directed (Roche
Diagnostics Int.; Rotkeuz, Switzerland), according to European Pituitary Pathology Group proposals
[39].

The PitNETs in this study were then classified according to their lineage of origin as: 24 PIT1, 24
SF1, and 5 TPIT-positive tumors, and patient’s and PitNET details are provided in Table 1. For
molecular studies, surgically removed PitNET tissues were immediately placed in RNAlater™nucleic
acid stabilizing solution, as directed by the manufacturer (Ambion®, Life Technologies, Monza,
Italy), and frozen at -80°C, prior to nucleic acid purification. In some cases, slide mounted 4mm FFPE
PitNET tissue sections were also provided for confocal immunofluorescence analysis. This study was
approved by the Neuromed Institute Internal Review Board (Biopit 270423) and performed according
to Helsinki declarations. Written informed consent was obtained from patients, with the exception of
a minority of archived RNAs from patients lost to follow-up.

Table 1. Individual Patient’s details, grouped according to PIT1, SF1, TPIT PitNET lineages,
including: age at surgery; sex; positivity for Prolactin (PRL), Growth Hormone (GH), Thyroid
stimulating hormone (TSH), Follicle Stimulating Hormone (FSH), Luteinizing Hormone (LH) and
Adrenocorticotropic Hormone (ACTH) immunostaining; Ki67 % proliferation index (n/a, not
available); functioning (F) or non-functioning (NF) clinical status; recurrent tumors (Rec) with
associated aggressive (A) and metastatic (M) cases.

PIT1 PitNETSs
INVASIVE (n=11) NON-INVASIVE (n=13)
A|S Clinica
P Clinical Ki67 Ki67
tl 8¢ IHC Status Rec %) Pt | Age | Sex IHC 1 Rec (%)
e | x Status
1 g F PRL F Y(A) >3 12* 37 F GH F N >3
2 ; M| GH F N <3 13 52 F GH F N <3
3 é M| PRL NF N >3 14 52 M GH F N <3
4 é F GH NF N >3 15 34 F PRL F N n/a
5 Z M| TSH F N >3 16* 49 M GHI{PR F N <3




Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 January 2024 d0i:10.20944/preprints202401.1929.v1

6 ; M| TSH F N 23 17 40 F GI_IL{PR F N 23
7 ; F GH F N >3 18 55 M Gl_i/PR F N 23
8 i M| PRL F N n/a 19 36 F PRL F N n/a
9 Z F GH F N <3 20 26 M PRL F N n/a
1|1 GH/P "
0l 4 RL F Y 23 21 50 M GH F N 23
116y Fitd NF vy | 33 | 2| s | F | CTR E | N o<
1|2 only L
23 49 M PRL F N n/a
24 32 F GH F N <3
SF1 PitNETs
INVASIVE (n=12) NON-INVASIVE (n =12)

Als Clin
P Clinical | Re | Ki67 ical Ki67
e 8 O] st | e | cw | FHO| A8 Se ) THE g | Rec (%)

s
2|4 FSH/ FSH/L
505 M LH NF N >3 37 68 M H NF N >3
2|5 FSH/ SF1
6| 6 M ILH NF N 23 38 71 F only NF Y <3
27 FSH/ " FSH/L
71 3 F LH NF N >3 39 71 M H NF N <3
2 4 F S NF N >3 40 67 M SFl NF Y >3
819 only only
215 F S NF N >3 41 61 M FSH/L NF N <3
915 only H
3| 4 FSH/ FSH/L
0l 8 M LH NF N >3 42 46 M H NF N >3
315 FSH/ FSH/L
1] 3 M ILH NF N 23 43 75 M H NF N <3
3|4 FSH/ SF1
2| 7 F LH NF N <3 44 74 M only NF N <3
3|6 FSH/ FSH/L
3] 9 M LH NF Y <3 45 66 M H NF N <3
3|17 FSH/ FSH/L
4l 0 F LH NF N <3 46 39 M H NF N <3
3|15 FSH/ FSH/L
505 LH NF N >3 47 46 M H NF N >3
317 SF1 NF N 23 48 69 F FSH/L NF N <3
6|3 only H
TPIT PitNETs
INVASIVE (n =3) NON-INVASIVE (n =2)

A|S Clinic
P IH Ki67 Clinical Ki67
t1 8¢ ¢ al Rec %) Pt | Age | Sex | IHC status Rec %)

e | x status
4|5 AC ACT
ol 7 M| 1| F Y(A) >3 | 52| 78 F - F N 3
55 AC ACT
0l 2 F TH NF N >3 53 36 F H F N 23
5| 2 AC
1] 6 F TH F N >3

* PitNETs that do not express TrkAIIl mRNA.

2.2. Antibodies and Reagents
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Mouse monoclonal anti-human TrkA carboxyl-terminus (cod. B3, 200 ug/mL) antibody was
from Santa Cruz Biotechnology (Dallas, TX, USA) and recognises both fs-TrkA and TrkAIII [25-27].
Rabbit monoclonal anti-human Y490-phosphorylated TrkA antibody (cod. 9141; 36 pg/mL) was from
Cell Signalling Technology (Danvers, MA, USA) and recognises both phosphorylated fs-TrkA and
TrkAIII [22-24]. Secondary Alexa Flour 488-labeled donkey anti-rabbit and Alexa Fluor donkey anti-
mouse antibodies were from Life Technologies (1 mg/mL) (Fortis, Waltham, MA, USA). Prolong™
Gold anti-fade reagent with DAPI was from Invitrogen (Thermo-Fisher Scientific, Waltham, MA,
USA).

2.3. RNA Extraction and Reverse Transcriptase Polymerase Chain Reaction

Total RNAs were extracted from tissues using Trizol, according to the manufacturer’s
instructions (Life Technologies, Monza, Italy). Briefly, tumor tissues were homogenized in 1 mL of
Trizol and resulting supernatants were mixed with chloroform and centrifuged to obtain phase
separation. The upper phase was recovered and washed in isopropanol, RNAs were then precipitated
in 75% ethanol, centrifuged at 14,000 x g in an eppendorf microfuge at 4°C, and RNA pellets
resuspended in 20ml of RNase/DNAse-free water. RNA purity and concentrations were evaluated in
ananodrop spectrophotometer, as directed (Thermo Fisher Scientific, CA, USA). Purified RN As were
reverse-transcribed using a Wonder RT transcription kit, as directed (Euroclone, Pero, Italy), and
reverse transcription reactions, at various dilutions, were subjected to RT-PCR, using the primers and
conditions detailed in Table 2. All RT-PCRs were performed in duplicate and repeated at least 2 times.
For densitometric analysis, 1.5% agarose gels were digitally photographed and images analysed by
Image ] software (Image] bundled with Java 1.8.0_172), with inter-gel comparisons performed using
common 185 rRNA RT-PCR product and DNA ladder standards, where appropriate.

doi:10.20944/preprints202401.1929.v1
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Table 2. RT-PCR primers and conditions used in this study.

Target Sequence Denat Ann Ext Amplicon
18S F:5-AAACGGCTACCACATCCAAG- 30s - 30s - 30s- 100bp
RN A*#* 3’ 94°C 58°C 72°C
R: 5%
CCTCGAAAGAGTCCTGTATTG-3’
TrkA F:5-AACCCCTTCGGCCAGGCCTCC- | 1 min- 30s - 1 1298bp TrkA
ex 8-17* 3 94°C 65°C min
R:5- -
CTAGCCCAGGACATCCAGGTA-3’ 72°C
TrkA F:5'- 1 min - 30s - 1 m- 1114bp TrkA, 838bp
ex 1-8* ATGCTGCGAGGCGGACGGCGC-3’ 94°C 68°C 72°C | TrkAlll, 475bp Dex2-7
R: 5% TrkA
GGAGGCCTGGCCGAAGGGGTT-3’
TrkA F: 5-AGAAGCTGCAGTGTCATGGG- 40s - 30s - 40s - 452bp TrkA
ex 5-8* 3’ 94°C 58°C 72°C 176bp TrkAIII
R: 5"-ATTGAGCACGGAGCCATTGA-
3
SRSF2*** F:5-CTCCCGATGTGGAGGGTATG- 40s - 30s - 40s 408 bp
3’ 94°C 58°C -
R: 5"-GAGATCGGCTGCGAGACC-3’ 72°C
SF3B1** F: 5"-TGTGCATAAGATCCTCGTGGT- 40s - 30s - 4s - 693 bp
3’ 94°C 58°C 72°C
R: 5"-ACACCATCTGTCCCACAACA-
37
SE3B1 ( F: 5"-TAGGCTGCTGGTCTGGCTAC-3’ 30s - 30s - Im - 233 bp
tDNA) R: 5% 95°C 60°C 72°C
ATGGCACAGCCCATAAGAATAG-3’
U2AF1** | F: 5-CGGAGTATCTGGCCTCCATC-3’ 40s - 30s - 40s - 606 bp
R: 5% 94°C 60°C 72°C
GCAGCTCTCTGGAAATGGGCT-3’
HIF-1a** | F:5-TTCACCTGAGCCTAATAGTCC- 30s - 30s - 30s - 150 bp
3’ 94°C 50°C 72°C
R: 5-AAGTCTAAATCTGTGTCCTG-
37
HIF-2a*** | F:5-AGCCTCCATCTGCCATCAGTC- 30s - 30s - 30s - 121 bp
3’ 94°C 55°C 72°C
R: 5"-CTTGCCATGCCTGACACCTTG-
3
JCPyV F:5- 40s -94°C 30s - 40s - 189 bp
T-Ag* ATATTATGACCCCCAAAACCATG-3’ 58°C 68°C
R:5-
GGTAGAAGACCCTAAGGACTTTICC-
3
RT-PCR: 40 cycles; * non-diluted cDNA (50ng), ** 1:10 (5ng); ***1:100 (0.5 ng), and **** 1:1000 (0.05ng) cDNA
dilutions.

2.4. Tumor DNA purification

Tumor DNA (tDNA) was extracted from 8 PRL PitNETs using Quick-DNA Miniprep Plus Kit,
as directed (Zymo Research). DNA quality was checked by 0.8% agarose gel electrophoresis and PCR
amplification for the house keeping gene GAPDH [40].

2.5. DNA Sequencing

For DNA sequencing, TrkA exon 1-8, TrkA exon 8-17 and SF3B1 RT-PCR products (cDNA and
tDNA) were purified from ethidium bromide-stained agarose gels, using a Jet Quick gel extraction
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spin kit, as directed (Genomed, Harrow, UK), cleaned using a EuroSAP PCR enzymatic Clean-Up kit,
as directed (Euroclone, Milan, Italy), and PCR amplified using the primers detailed in Table 2, and
BigDye Terminator V.2.1. Cycle Sequencing kit, as directed (Thermo-Fisher Scientific, CA, Cells 2023,
12,237 5 of 21 USA). Re-amplified products were sequenced by double-stranded Sanger sequencing,
in a mono-capillary DNA sequencer (Genetic Analyzer 3500, Thermo-Fischer Scientific, CA, USA).

2.6. Indirect IF

FFPE sections (4 um) were de-paraffinized, re-hydrated and processed for antigen retrieval by
incubation in 0.01 M sodium citrate buffer (pH 6.0) for 20 min at 98 -C. Sections were blocked in
blocking solution (1x PBS, 5% BSA, 0.1% Tx100), incubated overnight at 4°C with mouse monoclonal
anti-human TrkA (B3, 1:100 dilution in 1 x PBS, 1% BSA, 0.1% Tx100) and rabbit monoclonal anti-
human Y490-phopsphorylated TrkA (pY490-TrkA, 1:100 dilution, in 1 x PBS, 1% BSA, 0.1% Tx100)
primary antibodies, washed extensively in PBS, and then incubated with appropriate fluorochrome-
conjugated Alexa Fluor secondary antibodies (diluted 1:1000 in 1 x PBS) for 2h at 37°C. Slides were
then washed, counterstained with Bisbenzimide nuclear dye (Hoechst, Thermo Fisher Scientific, CA,
USA) and images acquired under scanning confocal microscopy (Leica TCS SP5 II).

2.7. Statistical Analysis

Data are expressed as median [range] and were statistically analysed using non-parametric tests:
Mann-Whitney U and Kruskall Wallis for comparison of continuous variables between 2 or 3 groups,
respectively, and Spearman’s correlation. P values < 0.05 were considered significant.

3. Results

Individual patient’s and tumor data are detailed in Table 1 and the relative identifying case
numbers will be used throughout the Results section. Overall, the majority of PIT1 PitNETs were
functioning (21/24), and comprised of 6 functioning and 1 silent lactotroph (PRL), 9 functioning and
1 silent somatotroph (GH), 4 functioning mixed PRL/GH, 2 functioning thyrotroph (TSH) and 1
hormone-negative PIT1 tumors. In this group, 11/24 tumors were invasive (45.8%). In contrast, all
SF1/gonadotroph PitNETs were clinically non-functioning, and comprised 18 hormone-positive (FSH
and/or LH) and 6 pure SF1 tumors. In this group, 14/24 tumors were invasive (58.3%). The majority
of TPIT PitNETs were functioning (4/5), with a single silent ACTH-secreting tumor and 3/5 TPIT
PitNETs were invasive. As shown in Table 1, the TrkAIIl mRNA splice variant was detected in all but
3 PitNETs (n.12, 16 and 39).

3.1. TrkAIll was the only in-frame alternative TrkA splice variant expressed in PitNETs

RT-PCR using primers spanning NTRK1/TrkA exons 1 to 8 detected 3 products in PitNET
cDNAs, sequence characterized as fully spliced (fs-)TrkA, exons 6 and 7 skipped TrkAIIl and exons 2-
7 skipped D2-7TrkA (Figure la and b). RT-PCR using primers spanning NTRK1/TrkA exons 8-17 in
PitNETs RT-PCR-positive for exon 1-8 TrkAlll, detected single products that were sequence
characterized as fs-TrkA exons 8-17 (Figure 1c). TrkAlll and fs-TrkA were the only in-frame splice
variant mRNAs expressed in PitNETs, the D2-7TrkA splice variant was sequence characterized as a
nonsense MRNA, exhibiting a frame-shift at the novel exon 1/8 splice junction resulting in a
premature down-stream stop codon (TGA) at position 1039-1041 (fs-NTRK1/TrkA numeration) (this
study) and [26,27].

doi:10.20944/preprints202401.1929.v1
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Figure 1. a) Schematic diagram of chromosomal NTRK1/TrkA gene localization, fs-TrkA, TrkAIIl and
D2-7TrkA exon structures and exon 1-8 and 8-17 RT-PCR amplicons, in bases pairs (bp). b)
Representative RT-PCRs demonstrating fs-TrkA, TrkAIll and D2-7 TrkA products generated using
primers spanning TrkA exons 1 to 8, and fs-TrkA products generated using primers spanning TrkA

exons 8 to 17, in cDNAs from invasive PIT1 PitNETs (cases nr.1, 3 and 6), and non-invasive PIT1
PitNETs (cases nr.20 and 22). ¢) Representative DNA sequences demonstrating the presence of the fs-
TrkA exon 6-7, TrkAIIl exon 5- 8 and Dex2-7 TrkA exon 1- 8 splice junctions in purified RT-PCR
products in cDNA from an invasive PIT1 PitNET (case nr.3).
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To better evaluate the percentage ratios of TrkAIIl to fs-TrkA mRNA expression, specific primers
spanning NTRK1/TrkA exons 5 to 8 were employed to generate smaller 452 bp fs-TrkA and 176 bp
TrkAIIl amplicons. This primer set detected TrkAIIl mRNA in all invasive PitNETs, regardless of
lineage, and also in the majority (85.7%) of non-invasive PitNETs (10/13 PIT1, 12/13 SF1 and 2/2 TPIT).
However, it is noteworthy that exclusive TrkAIIl mRNA expression was detected in 6 invasive
PitNETSs (2/11 PIT1, 1/12 SF1 and 3/3 TPIT) and in 1 of the 2 non-invasive TPIT PitNETs, whereas
exclusive fs-TrkA mRNA expression was detected in 3 non-invasive PIT1 and 1 non-invasive SF1
PitNETs but not in any invasive or TPIT PitNET.

Relative levels of TrkAIll and fs-TrkA mRNA expression in different PitNET subgroups were
evaluated as percentage densitometric RT-PCR product ratios in each individual PitNET, with
exclusive TrkAIII mRNA expression indicated as 100% (Figure 2). Overall, as a densitometric
percentage of total TrkAlll and fs-TrkA RT-PCR products, TrkAlll ranged from 21.7% to 100% in
invasive and from 0% to 91.8% in non-invasive PitNETs, and was not significantly different between
combined invasive PIT1, SF1 and TPIT PitNETs compared to non-invasive counterparts (median
61.1% versus 43%, p = 0.168). When separated according to lineage, however, TrkAlIll to fs-TrkA
expression ratios in invasive PIT1 PitNETs, which ranged from 34.4% to 100% (median 60.2%), was
significantly higher (P = 0.035) than in non-invasive counterparts, which ranged from 0% to 59%
(median 32.3%). In contrast, invasive and non-invasive SF1 PitNETs exhibited similar densitometric
TrkAlll to fs-TrkA ratios (median 52.1% vs 49.2%) which was not significantly different (p = 0.238).
Although TrkAIIl as a densitometric ratio to fs-TrkA was remarkably high in all TPIT PitNETs, this
group was too small for statistical comparison of invasive and non-invasive tumors. Statistical
analysis also confirmed a significant difference in TrkAIll to fs-TrkA RT-PCR densitometric ratios in
PitNETs according to their lineage of origin (PIT1, SP1 and TPIT; p = 0.007). It is noteworthy that
exclusive TrkAIIl mRNA expression characterized aggressive invasive PIT1 PitNET (case n.1),
whereas a fs-TrkA to TrkAIll expression ratio of 65 to 35% characterized the invasive metastatic
immunotherapy responsive Pitl PitNET [41] (case n.11).

a PIT1 SF1 TPIT
Non Non Non
Invasive Invasive Invasive Invasive Invasive Invasive

-fsTrkA

-TrkAIII

1 2 3

20 22 23 28 29 30 40 41 42 49 50 51 52 53



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 January 2024 d0i:10.20944/preprints202401.1929.v1

10

b
PIT1 + TPIT + SF1

5% 120 .

87 100

C

3= 80

[) 7]

> g0 X

£2 -

To 401

gE 20.

e

[SE 0-

PIT1 SF1 TPIT

5 g 120 . 120 120
E% 100 100 o 100 -
=
8= 80 l 80 80 H
&2
52 60 X 60 60 1
o 401 — 40 — 40
o= | |
g3 2 20 20
OF o 0 0

Figure 2. a) RT-PCR demonstrating relative levels of TrkAIll to fs-TrkA expression in RNAs from
representative invasive and non-invasive PIT1, SF1 and TPIT PitNETs. b) Box plots demonstrating
densitometric comparisons of the percentage TrkAIIl to fs-TrkA ratios in combined invasive (grey) and
combined non-invasive (white) PIT1, SF1 and TPIT PitNETs, and in PitNETs grouped into PIT1, SF1
and TPIT lineages (* = p < 0.05). Of note, exclusive TrkAIll expression was observed in all invasive
TPIT cases.

3.2. TrkAIll mRNA expression associates with IF immunoreactivity consistent with intracellular TrkAlIl
activation.

Due to limited tissue availability, immunoreactivity for phosphorylated and non-
phosphorylated TrkA isoforms was assessed in a representative subgroup of 7 PitNETs including
invasive (n. 25,30,37,49) and non-invasive (n. 17, 41,53) samples. As demonstrated in Figure 3,
antibodies that recognize both fs-TrkA and TrkAlIII [21-23], detected overlapping immunoreactivity
for TrkA and phosphorylated TrkA isoform(s) in all 3 invasive SF1 PitNETs, exhibiting either
predominant fs-TrkA mRNA expression (n.25 and 30) or approximately equal fs-TrkA and TrkAlll
mRNA expression (n.37). In contrast, little evidence of overlapping TrkA and phosphorylated TrkA
immunoreactivity characterized non-invasive SF1 (n.41) and PIT1 (n.17) PitNET samples, despite
detection of similar levels of fs-TrkA and TrkAIll or predominant fs-TrkA mRNA expression,
respectively. In TPIT samples, overlapping TrkA and phosphorylated TrkA isoform(s)
immunoreactivity characterized both invasive (n. 49) and non-invasive (n.53) cases, in association
with exclusive TrkAIll and similar levels of TrkAIll and fs-TrkA mRNA expression, respectively. Both
of these TPIT PitNETs displayed the highest levels of TrkA isoform(s) phosphorylation. Overall, these
data demonstrate that immunoreactivity consistent with expression and phosphorylation of
intracellular TrkA isoform(s), and TrkAIIl in particular, characterizes a subset of PitNETs, in
association with exclusive and predominant TrkAIIl mRNA expression. This is particularly evident
in invasive and in TPIT PitNETs.
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Invasive TPIT n.49
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Figure 3. Confocal IF micrographs demonstrating overlapping (orange/yellow) immunoreactivity for
TrkA (red) and Y490 phosphorylated TrkA (green) isoform(s) in invasive SF1 PitNETs n. 25, n. 30 and
n. 37, invasive TPIT PitNET n. 49, and in non-invasive SF1 PitNET n. 41, TPIT PitNET n. 53 and PIT1
PitNET n.17, plus background immunoreactivity to secondary antibodies (bottom right panels),
nuclei are stained with dapi (Blue) (bar = 100mm) .
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3.3. Enhanced alternative TrkAlll splicing in invasive PIT1 PitNETs associates with increased HIF2a
mRNA expression

Potential involvement of hypoxia in PitNET alternative TrkAIIl mRNA splicing was assessed by
comparing HIF2a and HIFla mRNA expression in 50 PitNETs, for which sufficient RNA was
available. As demonstrated in Figure 4, densitometric RT-PCR analysis detected significantly higher
HIF2a mRNA expression in combined invasive compared to non-invasive PIT1, SF1 and TPIT
PitNETs (p = 0.0028). When grouped according to lineage significantly higher HIF-2a mRNA
expression characterized invasive compared to non-invasive PIT1 PitNETs (p = 0.0198) but not SF-1
PitNETs (p = 0.238). HIF2a expression also appeared to be higher in invasive compared to non-
invasive TPIT PitNETs but were too few for statistical analysis. In comparisons of the 3 PIT1, SF1
and TPIT lineage groups, HIF2a mRNA expression in combined invasive and non-invasive PitNETs
did not exhibit statistical significance (p =0.849). In contrast, differences in HIF1a mRNA expression
in combined invasive compared to non-invasive PIT1, SF1 and TPIT PitNETs were not significant (p
= 0.168) nor was HIF1a mRNA expression significantly different between invasive and non-invasive
PitNETs when grouped into PIT1 or SF1 lineages (p = 0.78 and p = 0.15, respectively). HIF1a mRNA
expression was also similar in invasive and non-invasive TPIT PitNETs, which were too few for
statistical analysis (Figure 4A and 4B). In analyses of correlation between HIF2a mRNA expression
and percentage TrkAIll to fs-TrkA mRNA expression ratios in individual invasive and non-invasive
PitNETs combined or grouped according to PIT1 or SF-1 lineages failed to provide statistical
significance for a direct correlation. Therefore, in addition to higher levels of TrkAlll splicing,
indicated by TrkAlll/fs-TrkA densitometric ratios, invasive PitNETs were also associated with
significantly higher levels of HIF2a mRNA expression. However, no significant quantitative
correlation was detected between these two variables.

a
PIT1 SF1 TPIT
Non- Non- Non-
Invasive invasive Invasive  invasive Invasive invasive
Hif-1a-
Hif-2a-
rRNA
1 2 3 20 22 23 28 29 30 40 41 42 49 50 51 52 53
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Figure 4. a) RT-PCR demonstrating relative levels of HIF-1a (150bp) and Hif-2a (121bp) expression in
representative samples of invasive and non-invasive PIT1, SF1 and TPIT cases, with products run on
the same gel for comparative purposes. b) Box plots demonstrating densitometric comparisons of
HIF-1a and Hif-2a RT-PCRs in invasive (grey) and non-invasive (white) combined PIT1, SF1 and TPIT
PitNETs and in PitNETs grouped into PIT1, SF1 and TPIT lineages (* p < 0.05).
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3.3. Alternative TrkAlll splicing in PitNETSs does not associate with hotspot SF3B1 mutations or de-
regulated SF3B1, SRSF2, U2AF1 expression.

Considering reports that lactotroph PitNETs associate with somatic hotspot SF3B1 mutations
[11-13], hotspot SF3B1 mutations: c¢.1866 G > T, c. 1873 C>T, c. 1874 G > A, c.1986 C > G, c.1996 A >
C, ¢.2098 A > G (cDNA/tDNA) and ¢.2225 G > A (cDNA only) were searched for in tumor DNAs
(tDNA) from 6 and cDNAs from 22 lactotroph PitNETs exhibiting TrkAIIl mRNA expression. None
of these hotspot SF3B1 mutations were detected in any of the tDNAs or cDNAs analyzed (Figure 5).

In addition, SF3B1, U2AF1 and SRSF2 splice factor mRNA expression was also evaluated by
densitometric RT-PCR in PitNET samples, but failed to detect significant differences in either SF3B1,
U2AF1 or SRSF2 expression between invasive and non-invasive combined PIT1, SF1 and TPIT
PitNETs or in PitNETs grouped according to PIT1 and SF-1 lineage, and did not correlate with the
significantly enhanced alternative TrkAIll splicing in invasive compared to non-invasive PIT1
PitNETs (Figure 6).
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Figure 6. a) RT-PCR demonstrating relative levels of SF3B1 (693bp), U2AF1 (606bp) and SRSF2
(408bp) RT-PCR products in representative invasive and non-invasive PIT1, SF1 and TPIT PitNET
cDNAs, with products run on the same gel for comparative purposes. b) Box plots demonstrating
densitometric comparisons of SF3B1, U2AF1 and SRSF2 RT-PCRs in invasive (grey) and non-invasive
(white) combined PIT1, TPIT and SF-1 PitNETs (PIT1+TPIT+5F1) and in PitNETs grouped according
to PIT1, SF1 and TPIT lineage (Mann-Whitney p values are provided in brackets).

3.4. PitNET alternative TrkAlIl splicing does not associate with unconventional Xbp1 splicing or JCPyV
large T antigen mRNA expression

Because UPR activators promote alternative TrkAlIl splicing [25,30,33,36], RT-PCR analysis of
unconventional Xbp1 splicing was evaluated as an index of UPR activation [42]. Unconventional
Xbp1 splicing was detected in DTT-treated but not untreated SH-SY5Y controls but was not detected
in any of the 50 PitNET cDNAs analyzed, representative examples of which are displayed in Figure
7.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 January 2024 d0i:10.20944/preprints202401.1929.v1

16

SH-SY5Y

PIT1 SF1

TPIT DIT CON

_— Unspliced Xbpl
™ Spliced Xbpl

PitNET 1 2 3 28 29 30 49

Figure 7. RT-PCR demonstrating unconventional Xbp1 splicing (spliced Xbp1) in DTT-treated but not
untreated (CON) SH-SY5Y cells nor in representative PIT1, SF1 and TPIT PitNET cDNAs.

In addition, the potential role of viral infection in promoting alternative TrkAIll splicing was also
assessed, considering that JCPyV polyomavirus infection has been implicated in PitNET
pathogenesis [18,19]. RT-PCR analysis failed to detect JCPyV large T-antigen mRNA expression in 45
PitNETs analyzed in this study (data not shown), suggesting that JCPyV involvement in PitNET
alternative TrkAIll splicing is unlikely.

4. Discussion

In this study, we report that alternative TrkA splicing, restricted to NTRK1/TrkA exons 1 to 8, is
a very frequent event in PitNETs. PitNETs were found to express three alternative TrkA splice
variants fs-TrkA, TrkAIll and D2-8TrkA, of which TrkAIIl was the only potentially oncogenic in-frame
tyrosine kinase-domain-encoding alternative mRNA to fs-TrkA. Overall, alternative TrkAlll splicing
was significantly elevated in invasive compared to non-invasive PitNETs, regardless of their lineage
of origin, but was not restricted to invasive cases. Indeed, TrkAIll splicing was also pronounced in
non-invasive SF1 and TPIT PitNETs. The restriction of alternative TrkA splicing in PitNETs to
NTRK1/TrkA exons 1-8, extends previous reports of NTRK1/TrkA exons 1-8-restricted alternative
TrkA splicing in NBs, MCPyV positive Merkel call carcinomas and cutaneous malignant melanomas
[25-28], and confirms that NTRK1/TrkA exons 2 to 7 are more susceptible to alterative splicing.
PitNETs, however, in contrast to MCPyV positive Merkel cell carcinomas and cutaneous malignant
melanomas that express several alternative exon 2-7 TrkA splice variants [26,27], expressed only
TrkAIll and D2-7TrkA splice variants, of which TrkAIIl mRNA was unique in encoding an in-frame
tyrosine kinase-domain. Furthermore, PitNETs were unique amongst these tumor types in exhibiting
frequent predominant TrkAIIl over fs-TrkA mRNA expression and occasionally expressed TrkAIll in
the absence of fs-TrkA mRNA.

A role for alternative TrkA III splicing in PitNETs in different stages of pathogenesis and
progression was supported by TrkAIIl mRNA detection in both invasive and non-invasive PitNETs
of all lineages, and the association with intracellular phosphorylated TrkA isoform(s)
immunoreactivity in a subset of tumors exhibiting predominant or exclusive TrkAIIl mRNA
expression, consistent with intracellular TrkAllIl activation. An association between alternative
TrkAIll splicing and tumor invasiveness was also supported by a predominance of TrkAlll over fs-
TrkA mRNA expression in many invasive PitNETs, with exclusive fs-TrkA or exclusive TrkAlll
mRNA expression restricted to a subset of non-invasive or invasive cases, respectively. Expressed
as a ratio to fs-TrkA mRNA, TrkAIIl mRNA was also significantly elevated in invasive compared to
non-invasive PIT1 PitNETs, although this appeared to depend on the lineage of origin and was
significant only in PIT1 tumors. In the SF1 subgroup, no significant difference was found in TrkAIIl
splicing between invasive and non-invasive cases, and immunoreactivity consistent with
intracellular TrkAllI activation was detected in the presence of TrkAIIl mRNA expression, regardless
of invasive characteristics. The TPIT subgroup of PitNETs was too small to compare invasive and
non-invasive cases, but TrkAIIl mRNA was detected in all samples, was exclusive in the invasive
cases, and associated with the strongest evidence of intracellular TrkA isoform(s) phosphorylation.
Such findings may register within the pathogenic differences reported in PitNETSs according to their
cellular origin [5,10,43]. It is noteworthy also that fs-TrkA and/or TrkAIIl mRNA expression in
PitNETs was not always associated with positive immunoreactivity for TrkA and/or phosphorylated
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TrkA isoform(s). Indeed, heterogeneous TrkA expression characterizes normal endocrine pituitary
cell types and TrkA expression has been reported in PitNETs but its biological significance is
poorly understood [24,44]

Alternative TrkAlll splicing is promoted by hypoxia in NB cells [25,36], and PitNETs may exhibit
activated hypoxia responses, which in turn may promote invasion, as reported for the HIFla-
RSUME-VEGF pathway [10,43,44,46]. Increased VEGF and angiogenesis are relevant in the
progression of PitNETs and represent a current target for the treatment of refractory aggressive and
metastatic cases [6,7]. Considering the unavailability of protein extracts, assessment of potential
hypoxia involvement in PitNET alternative TrkAIIl mRNA splicing was limited to RT-PCR
comparisons with HIF1a and HIF2a mRNA expression. In support of a potential role for hypoxia,
significantly elevated alternative TrkAlIl splicing in invasive PIT1 PitNETs was associated with
significantly higher HIF2a but not HIF1a mRNA expression, identifying HIF2a as a novel potential
marker of invasive PIT1 behavior. Reports that NB cells exhibit HIF2a transcriptional sensitivity to
hypoxia [47] and exhibit hypoxia promoted alternative TrkAIII splicing [25,36], suggests similarity
between these tumor types, which  may reflect a common neural crest cell origin for NBs [48] and
some PitNETs, [49-53]. The lack of strict significant correlation between HIF2a mRNA levels and the
proportion of alternative TrkAIIl mRNA splicing in individual PIT1 PitNETs, however, does not
preclude hypoxia participation in PitNET alternative TrkAIIl mRNA splicing, as HIFla mRNA
expression was also detected in all PitNET lineages, hypoxia also regulates HIF1a and HIF2a protein
expression at the post-transcriptional level [54], and HIF1a forms part of the PitNET hypoxia response
[6,55].

With respect to alternative conditions that could promote alternative TrkAlIll splicing in
PitNETs, lactotroph-associated hotspot SF3B1 splice factor mutations [14-17] were not detected in
any PitNET subtype exhibiting alternative TrkAIIl mRNA splicing. Furthermore, altered SF3BI,
SRSF2 or U2AF1 splice factor mRNA expression, previously implicated in PitNET pathogenesis and
progression [17], also did not appear to associate with differences in alternative TrkAIIl mRNA
splicing in invasive and non-invasive combined PIT1, SF1 and TPIT PitNETs, or individual Pitl and
SF1 PitNET lineages. However, the splicing machinery is complex and other components
dysregulated in PitNETs and aggressive PitNET subtypes [17], could potentially be involved.
Unconventional Xbp-1 splicing, as an index of UPR activation [42], was also not detected in PitNETSs
exhibiting alternative TrkAIIl mRNA splicing, suggesting that conditions that activate the UPR are
unlikely to underpin PitNET alternative TrkAIIl splicing. This was unexpected considering that
hypoxia has been reported to activate the UPR [56]. Whether this reflects defective IRE1/Xbpl
activation in PitNETs, UPR modification by TrkAIII [30], or an alternative mechanism remains to be
elucidated. Finally, a potential role for JCPyV infection in alternative TrkAlll splicing, previously
implicated in PitNET pathogenesis [18,19], is also unlikely as JCPyV large T antigen mRNA expression
was not detected in any of the PitNETs exhibiting alternative TrkAIIl mRNA splicing analyzed.

5. Conclusions

Overall, the data demonstrate that alternative TrkAIIIl mRNA splicing, potentially promoted by
hypoxia, occurs frequently in both invasive and non-invasive PitNETs of all lineages, but is
significantly more pronounced in invasive compared to non-invasive cases and can associate with
immunoreactivity consistent with intracellular TrkAlIl activation. Increased alternative TrkAIIl
mRNA splicing was significantly associated with invasiveness and HIF2a mRNA expression in the
PIT1 but not SF1 lineage, and although less represented due to lower incidence, TPIT PitNETs
appeared to be especially prone to complete TrkAIIl mRNA splicing associated with intracellular
TrkA isoform(s) activation, also consistent with TrkAIIl. We conclude, therefore, that alternative
TrkAIIl mRNA splicing that results in intracellular expression and activation of the TrkAIIl
oncoprotein is likely to participate in PitNET pathogenesis and progression, identifying TrkAlll as a
novel potential oncogenic target in refractory PitNETs, for clinically approved Trk inhibitors [57,58].
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