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Abstract 

Background: Cells with stem cell features have been described in pituitary neuroendocrine tumours (PitNETs). 
Transcription factors SOX2 and SOX9 are stem cell-associated markers while the pituitary progenitor marker 
PROP1 is involved in anterior pituitary development. We characterised the presence of these markers known to 
be present in the human pituitary in non-functioning (NF) PitNETs. 
Methods: We investigated the pituitary transcription factors SOX2, SOX9 and PROP1 by immunohistochemistry 
(IHC) (N = 125) and RT-qPCR (N = 78) in a retrospective cohort of clinically NF-PitNETs. The markers were scored 
based on the percentage of immunolabeled cells. IHC staining scores were compared to reintervention rates for 
the whole cohort, and to expression of FSH, LH or ER in gonadotroph NF-PitNETs. 
Results: Most tumours showed no or few cells positive for SOX2, SOX9 and PROP1. More patients with SOX2-
negative tumours went through reintervention (40 % vs 19 %, p = 0.03). 
SOX2, SOX9 and PROP1 staining correlated positively to each other (SOX2 and SOX9 rs = 0.666, SOX2 and PROP1 
rs = 0.704, SOX9 and PROP1 rs = 0.570, and p < 0.001 for all). 
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In gonadotroph NF-PitNETs, staining for SOX2 and PROP1 was positively associated to FSHβ staining (p < 0.001 
for both). Staining for SOX2, SOX9 and PROP1 was positively associated with gene expression of Estrogen 
Receptor 1 (ESR1) (p < 0.001, p = 0.004 and p < 0.001) and IHC staining for ERα (p = 0.001, p = 0.03 and p = 0.05, 
respectively). 
Conclusion: SOX2, SOX9 and PROP1 were present at low levels in NF-PitNETs. Absence of SOX2 staining was 
associated with a higher reintervention rate. The stem cell markers correlated positively with markers of 
gonadotroph differentiation in gonadotroph NF-PitNETs. SOX2 and SOX9 were frequently coexpressed and 
showed positivity in intratumoural cells with epithelial features, however without coexpression of pituitary 
transcription factors. 
 

Keywords: Pituitary neoplasm, Non-functioning pituitary adenoma, Neoplastic stem cells, Stem cells 

 

Introduction 

The pituitary gland is the main regulator of the 
endocrine systems, and has a complex development 
and maturation during life. The pituitary orches-
trates growth, metabolism and reproduction in hu-
mans, and adapts to major physiological life changes 
such as puberty, pregnancy and menopause. 

The different cell lineages of the anterior pitui-
tary lobe are derived from Rathke's pouch during 
embryogenesis [1]. Rathke's pouch contains stem 
cells and progenitor cells expressing transcription 
factors, e.g. SRY-Box Transcription Factor 2 (SOX2), 
SRY-Box Transcription Factor 9 (SOX9) and Prophet 
of PIT1 (PROP1) [2]. Single cell sequencing shows 
that SOX2, SOX9 and PROP1 are expressed in stem 
cell populations in the human fetal pituitary [3]. 

Adult stem cells have been identified in several 
tissues including the pituitary, and have the capabil-
ity of self-renewal, and the ability to differentiate in 
specific cell types that are typically restricted to the 
tissue of origin [3, 4]. The pituitary adaptation to 
different life events might be facilitated by the pres-
ence of stem cells [5]. PROP1 is a transcription factor 
found in the early development of the pituitary 
gland and is known to be expressed in pituitary stem 
cells [3]. PROP1 is necessary for the development of 
the PIT1 and SF1 lineages. Moreover, PROP1 has a 
role in the migration of developing pituitary cells 
from Rathke's pouch in early pituitary development 
[6–8]. For simplicity, PROP1 will be addressed as a 
stem cell-associated marker throughout the manu-
script together with SOX2 and SOX9. 

Pituitary neuroendocrine tumours (PitNETs) 
are common intracranial neoplasms of epithelial 
origin. They are classified immunohistochemically 
based on the staining for the different adenohypo-
physial hormones FSH, LH, ACTH, GH, Prolactin and 
TSH and the pituitary transcription factors SF1, TPIT 
and PIT1 [9]. Further, the tumours are clinically char-
acterised by their functionality. Approximately half 
of the PitNETs are clinically non-functioning, lacking 
clinical features and symptoms related to hormone 
overproduction [10, 11]. The majority of non-func-
tioning PitNETs (NF-PitNETs) are gonadotroph (SF1) 
in origin, followed by corticotroph (TPIT) and rarely 
by PIT1 cell lineage tumours [12, 13]. The NF-PitNETs 
are usually detected due to compression symptoms 
from the surrounding structures, mainly yielding 
symptoms from the visual apparatus or from hypo-
pituitarism. However, an increasing number of 
tumours are detected incidentally by imaging proce-
dures taken for unrelated reasons [14]. 

To date there is no medical treatment available 
for the NF-PitNETs. Tumour-directed treatment in-
volves pituitary surgery. A substantial proportion of 
patients presents with postoperative tumour rem-
nants that may grow, and there are no reliable mark-
ers differentiating the tumours needing adjuvant or 
repeated intervention. 

The tumourigenesis of PitNETs is poorly under-
stood. Most tumours are sporadic, and only a small 
proportion is associated with gene mutations e.g. in 
AIP or MEN [15]. In a rat experimental pituitary 
tumour model, the level of SOX9 was decreased at 
the initial stage of tumourigenesis; however both 
SOX2 and SOX9 expression levels were similar to 
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those observed in normal pituitary gland at a more 
advanced stage of tumourigenesis [16]. Cells with 
stem cell-like features have been found in histologi-
cal specimens from human adenohypophysial 
tumours [17] and single cell mRNA-sequencing has 
shown clustering of pituitary stem cell markers in 
both normal and tumourous pituitary stem cells 
[18]. SOX2 has been found in approximately 20 % of 
human NF-PitNETs [19]. Furthermore, nuclear coex-
pression of PROP1 and SOX2 was found in tumour 
stem cells isolated from NF-PitNETs [20]. It has been 
hypothesised that pituitary stem cells play a role in 
the development of PitNETs by paracrine effects, 
while tumour models have shown that the stem cells 
themselves do not give rise to tumour cells [21, 22]. 
Yet there is still a substantial knowledge gap 
concerning the role of tumour stem cells at different 
stages of tumourigenesis. 

In this study, we characterised the presence of 
stem cell-associated transcription factors known to 
be present in the adult human pituitary in NF-Pit-
NETs and correlated them to clinical and molecular 
markers. 

Methods 

Patients 

The study retrospectively included patients 
operated for clinical NF-PitNET between 1998 and 
2009, where tumour tissue from primary pituitary 
surgery was available for immunohistochemical 
(IHC) subclassification (N = 158). All tumours were 
clinically classified as non-functioning at the time of 
surgery. Seventeen patients lacked tumour tissue 
available for IHC characterisation or frozen tumour 
tissue available for RT-qPCR (9 SF1, 4 null-cell, 3 TPIT 
and 1 PIT1 tumour), leaving 141 patients (129 
tumour samples available for IHC analyses and 81 
for qRT-PCR) for analysis of the stem cell-associated 
markers. Additionally four null-cell NF-PitNETs (not 
staining for anterior pituitary hormones or transcrip-
tion factors) were excluded from the analyses due to 
lack of consistent IHC characterisation. All patients 
were operated at the same tertiary referral centre. 

Data from magnetic resonance imaging (MRI) 
were available for 60 patients (46 with gonadotroph, 
9 with corticotroph and 5 with PIT1 tumours). 

Tumour volume was measured by the Cavalieri 
method, as previously described [23], and invasion 
was defined by the Knosp criteria. A tumour with a 
Knosp grade ≥ 3 on either side was defined as an 
invasive tumour [24, 25]. 

Repeated surgery or radiation therapy less 
than 12 months after primary surgery was defined 
as adjuvant treatment to the primary surgery. 
Hence, reintervention was defined as surgery or 
radiation therapy more than 12 months after 
primary surgery. 

Informed consent was obtained from all living 
patients. The regional ethics committee (REK 
2014/635) and the hospital authority approved the 
study. 

Histopathology and Immunohistochemistry 

The original hematoxylin and eosin stained 
sections from all tumours were reviewed by a 
pathologist (OCB) to confirm the presence of repre-
sentative tumour tissue. Tissue microarrays (TMAs) 
were constructed containing two replicate 1 mm 
cores from formalin-fixed paraffin-embedded (FFPE) 
tissue samples of representative areas [26]. TMA 
blocks were sectioned, mounted on adhesive slides 
and dried at room temperature overnight, followed 
by baking at 50 °C for 12–24 h. The sections were 
deparaffinised in xylene, hydrated in graded alco-
hols and blocked for endogenous peroxidase in 
0.3 % hydrogen peroxide diluted in 95 % ethanol. 
For antigen retrieval, slides were boiled for 4 min at 
125 °C in citrate buffer pH6 (Dako Target Retrieval 
Solution (Agilent Technologies, Santa Clara, CA) 
using a Decloaking chamber (Biocare Medical, Wal-
nut Creek, CA). Automated immunohistochemistry 
for SOX2, SOX9 and PROP1 was performed essen-
tially as previously described [27, 28] using an Auto-
stainer 480 instrument (Thermo Fischer Scientific, 
Waltham, MA). Primary antibodies against SOX2 
(371R-15, Cell Marque, Rocklin, CA), SOX9 
(AMAb90795, Atlas Antibodies, Bromma, Sweden) 
and PROP1 (HPA049839, Atlas Antibodies) were 
diluted 1 : 50, 1 : 150 or 1 : 1500, respectively, in 
UltraAb Diluent (Thermo Fisher Scientific) followed 
by incubation for 30 min at room temperature. The 
slides were further incubated with the secondary 
reagent anti-rabbit/mouse horseradish peroxidase-
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conjugated UltraVision (Thermo Fischer Scientific) 
for 30 min at room temperature, and developed for 
10 min using Diaminobenzidine (DAB) Quanto 
(Thermo Fisher Scientific) as chromogen. All incuba-
tions were followed by rinse in wash buffer (Thermo 
Fisher Scientific) twice for 5 min. Slides were coun-
terstained in Mayer's hematoxylin (Histolab, 
Gothenburg, Sweden) and coverslipped using Pertex 
(Histolab) as mounting medium. 

The slides stained for SOX2, SOX9 and PROP1 
were scanned in Hamamatsu Nanozoomer S60 at 
40 x magnification. The microphotographs illustrat-
ing the immunohistochemical results were taken 
from the scanned images. 

Multiplex Immunofluorescence (mIF) 

Slides were baked overnight at 50 °C, deparaf-
finised in xylene and rehydrated in graded alcohols 
(99.9 %, 95 %, and 80 %) down to deionised water. 
Endogenous peroxidase was blocked using 
0.3 % hydrogen peroxide in 95 % alcohol, and heat-
induced epitope retrieval (HIER) was performed in a 
decloaking chamber (Biocare Medical) at 125 °C for 
4 min while the slides were immersed in 1X Target 
Retrieval Solution pH 6.0 (Agilent Technologies Inc., 
Santa Clara, CA, USA). Slides were then cooled to ap-
proximately 90 °C before rinsing with deionised 
water. After HIER the slides were treated with a LED-
light bleaching process immersed in a bleaching 
solution consisting of 0.2M glycine, 1.5 % hydrogen 
peroxide, and 1X TBS+Tween (TA-999-TT, Thermo 
Fisher Scientific) for 1 h in RT. 

Slides were incubated using a multiplex panel 
of six antibodies in a 6-cycle antibody staining pro-
cess with intermediary elution steps after each 
cycle. Antibody stripping/elution was performed by 
boiling the slides in a decloaking chamber (Biocare 
Medical) at 90 °C for 20 min and slides immersed in 
1X Target Retrieval Solution, pH 6.0 (Agilent Tech-
nologies). Full staining cycle information (panel 
antibody markers, dilutions, reagents, incubation 
times, OPAL fluorophores) are available in supple-
mentary table 1. One cycle of staining included 
blocking, primary antibody incubation, anti-rabbit 
IgG (H+L) with horseradish peroxidase (HRP) poly-
mer, and an OPAL fluorophore (Akoya Biosciences, 
Marlborough, MA, USA). All cycles were performed 

at room temperature (RT) using the Austostainer 
480S (Thermo Fischer Scientific) and HRP-kit from 
Epredia (Epredia Ultravision LP HRP-kit, Breda, 
Netherlands). After the last cycle, slides were incu-
bated with the OPAL 780 fluorophore-conjugated 
anti-DIG antibody and 4′,6-diamidino-2-phenylin-
dole (DAPI) (Invitrogen™, D1306, Thermo Fisher 
Scientific). Slides were then mounted using Pro-
long™ Glass Antifade mounting media and left over-
night at RT after which they were digitalised at 40 x 
magnification using PhenoImager (Akoya Biosci-
ences). Spectral unmixing and export of images were 
performed using the built-in spectral library of the 
inForm software (Akoya Biosciences). 

Multiplex IHC was performed on one TMA 
including cores from 50 NF-PitNETs of different 
types. 

Classification of immunohistochemically stained 
samples 

The immunohistochemical classification was 
based on the expression of the anterior pituitary 
lobe hormones FSHβ, LHβ, ACTH, GH, PRL, TSH and 
alpha subunit and the transcription factors SF1, TPIT 
and PIT1 as previously described [13, 29]. The 
tumours were classified into three groups based on 
their cell line of origin: gonadotroph NF-PitNETs 
(SF1), corticotroph NF-PitNETs (TPIT) and PIT1 NF-
PitNETs. In the PIT1 group, 4 tumours stained for 
PRL, 1 for PRL and GH, 2 stained for alpha subunit 
alone, and 1 tumour was plurihormonal expressing 
TSH in a proportion of cells and FSHβ and/or LHβ as 
well as alpha subunit in scattered cells. The staining 
for FSHβ and LHβ was graded from 0–4 based on the 
percentage of positive cells (0 = no positive cells, 
1 = 0–10 % positive cells, 2 = 10–50 % positive cells, 
3 = 50–80 % positive cells and 4 = > 80 % positive 
cells). The staining for estrogen receptor α (ERα) was 
based on the immunoreactive score (IRS), being the 
product of the percentage of positive staining cells 
(0 = 0 %; 1 = 1–10 %; 2 = 10–50 %; 3 = 50–80 %; and 
4 = > 80 %) and the predominant staining intensity 
(0: No staining; 1: Weak staining; 2: Moderate stain-
ing; 3: Strong staining). The stem cell-associated 
markers SOX2, SOX9 and PROP1 were scored based 
on the proportion of positively stained cells (staining 
score 0 = no positive cells, 1 = staining in scattered 
cells, 2 = staining in 1–5 % of cells, 3 = staining in 
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5–10 % of cells, 4 = staining in 10–30 % of cells, 
5 = staining in 30–50 % of cells and 6 = staining in 
> 50 % of cells). All positive cells showed a distinct 
nuclear immunolabeling. 

RT-qPCR 

Reverse transcription (RT) was performed 
using a high-capacity cDNA reverse transcription kit 
(Applied Biosystems, Foster City, CA, USA) by a Lab-
net MultiGene Gradient Thermal Cycler (Labnet 
International Inc., Edison, NJ, USA) according to the 
manufacturer's protocol. After the reaction, the 
cDNA was diluted to a ratio of 1 : 10. Quantitative 
real time polymerase chain reaction (RT-qPCR) was 
performed in an ABI 7900 apparatus (Applied Biosys-
tems, Foster City, CA, USA) using Power SYBR Green 
Master Mix (Applied Biosystems, Foster City, CA, 
USA). Samples were dispensed in the corresponding 
wells by an automated pipetting system (epMotion® 
5070 CB, Hamburg, Germany). RT-qPCR was per-
formed using a previously described protocol [30]. 
The primer sequences are available upon request. 
All RT-qPCR experiments were in accordance with 
the Minimum Information for Publication of Quanti-
tative Real-Time PCR Experiments (MIQE) guidelines 
[31]. GAPDH or geometric mean of GAPDH and ALAS 
were used as housekeeping genes [30, 32]. Frozen 
tumour tissue was available for RT-qPCR analyses of 
SOX2, SOX9 and PROP1 in 66, 69 and 70 gonado-
troph, three, three and four TPIT and three, three 
and four PIT1 samples, respectively. 

Statistics 

Chi square and Fisher's exact tests were used 
for group comparison of nominal data. Mann- 
Whitney U and Kruskall Wallis tests were used to 
compare continuous data between different groups. 
Spearman's correlation coefficient (rs) were ana-
lysed for correlation analyses. Cox regression and 
Kaplan-Meier analyses were used to analyse the 
association between reintervention and presence of 
SOX2. The Cox regression analysis was performed 
only for the gonadotroph tumours to prevent bias 
from the other groups with a small number of 
tumours. 

Group differences were considered statistically 
significant at the 5 % significance level. All statistical 
tests were two-sided. Statistical analyses were 
performed using SPSS Version 28, and figures 4 and 
6 were made using GraphPad Prism 9.3.1. 

Results 

Clinical data and stem cell-associated markers 

Tumour tissues for RT-qPCR and/or for IHC 
from 137 patients with NF-PitNETs (Table 1) were 
eligible for analysis. Six patients (5 SF1 and 1 TPIT) 
had less than 12 months follow-up and were ex-
cluded from reintervention analysis. Six patients 
went through radiation therapy less than 12 months 
after primary surgery (4 SF1 and 2 TPIT); one of 
these went through additional reintervention. 

 SF1 TPIT PIT1 P-value 

Total (n = 137) 112 16 9  

Available IHC 101 16 8  

Female/male 39/73 7/9 6/3  

Age mean (SD) 60 (51 - 72) 57 (52 - 71) 38 (26 - 58)* 0.01 

Follow-up (months) 128 (99 - 160) 110 (95 - 171) 125 (117 - 168) 0.45 

Tumour volume (mm3) 
6480 

(4055 - 10795) 
6351 

(2104 - 17697) 
2670 

(1962 - 4950)* 
0.05 

Table 1: Clinical data of patients 

*There was a significant difference in age between the PIT1 and TPIT group and between the PIT1 and SF1 group (p = 0.03 and p = 0.002, 
respectively), and also in tumour volume between the SF1 and PIT1 group (p = 0.007). However, there were only nine patients in the PIT1 
group, five of them having available preoperative MRI. 
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The patients in the PIT1 group were younger than 
the patients in the SF1 and TPIT groups. The tumours 
in the PIT1 group were smaller than in the SF1 
group; however preoperative MRI was only availa-
ble for five of the PIT1 tumours. The subgroups were 
otherwise equal concerning age, gender and follow-
up (Table 1). 

Stem cell associated-markers are expressed at a 
low level in NF-PitNETs 

The majority of NF-PitNETs were negative for 
SOX2, SOX9 and PROP1 (staining score 0) or positive 
only in scattered cells (staining score 1) (Fig 1). The 
staining score was concordant between replicate 
TMA punches from the same tumour. No tumours 
presented staining in more than 50 % of tumour 

cells (staining score 6). We found a moderate to 
strong correlation between the relative mRNA levels 
for SOX2, SOX9 and PROP1 and the IHC staining for 
the corresponding proteins (Table 2). Due to the 
large number of tumours negative (staining score 0) 
for the three markers, we also analysed the correla-
tions when excluding these tumours. The correla-
tions between mRNA and IHC levels remained signif-
icant for SOX2 and SOX9 despite a lower number of 
tumours (SOX2 n = 18, rs = 0.51, p = 0.03; SOX9 
n = 51, rs = 0.58, p < 0.001). There was a borderline 
significance for PROP1, though the correlation coef-
ficient remained at approximately the same level 
(PROP1 n = 15, rs = 0.51, p = 0.054). SOX2, SOX9 and 
PROP1 showed a moderate to strong correlation be-
tween themselves, both at the gene and the protein 
expression levels (Table 2). 

 

Figure 1: Two gonadotroph tumours (upper and middle row) demonstrating immunolabeling for SOX2, SOX9 and PROP1 with score 4 (a, b), score 5 (c) and 
score 2 (d-f). A silent corticotroph tumour (bottom row) demonstrating immunolabeling for SOX2, SOX9 and PROP1 with score 1 (g), score 5 (h) and 
score 1 (i). PROP1-positive cells in I are pointed with arrows to distinguish them from erythrocytes that show unspecific staining by PROP1 IHC analysis. 
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  IHC SOX9 IHC PROP1 ∆CT SOX2 ∆CT SOX9 ∆CT PROP1 

IHC SOX2 
rs 
p-value 
N 

0.67 
< 0.001 

125 

0.704 
< 0.001 

125 

0.500 
< 0.001 

66 

0.548 
< 0.001 

69 

0.478 
< 0.001 

70 

IHC SOX9 
rs 
p-value 
N 

 
0.573 

< 0.001 
125 

0.309 
< 0.011 

66 

0.605 
< 0.001 

69 

0.336 
< 0.004 

70 

IHC PROP1 
rs 
p-value 
N 

 
0.511 

< 0.001 
66 

0.515 
< 0.001 

69 

0.405 
< 0.001 

70 

∆CT SOX2 
rs 
p-value 
N 

 
0.680 

< 0.001 
69 

0.800 
< 0.001 

67 

∆CT SOX9 
rs 
p-value 
N 

 
0.709 

< 0.001 
70 

Table 2: The Spearman's correlation coefficient rs between the Immunohistochemical (IHC) staining score and the relative gene expression 
(∆CT) of SOX2, SOX9 and PROP1 is shown in bold characters. The correlation between the different markers SOX2, SOX9 and PROP1 was 
moderate to strong both for IHC and gene expression. 

 

The stem cell-associated markers presented a 
distinct nuclear immunolabeling in positive cells. 
Some of these cells had a morphology similar to the 
tumour cells, whereas some positive cells seemed to 
be endothelial cells by location and morphology. 
Occasionally, positive cells aggregated in small 
groups surrounding luminal spaces. If identified 
within the tumour, epithelial cystic remnants 
demonstrated strong expression of SOX2 and SOX9 
(Fig. 2). All immunolabeled cells except the epithelial 
cells in the cystic remnants were taken into analysis. 

Multiplex IHC was performed on a subset of the 
tumours and demonstrated frequent coexpression 
of SOX2 and SOX9. Moreover, stem cell-associated 
markers were usually coexpressed with the epithe-
lial marker. However, pituitary transcription factors, 
usually positive in all or the vast majority of the 
tumour cells, were not expressed in cells positive for 
stem cell-associated markers (Fig. 3). 

Stem cell-associated markers between different 
subgroups of NF-PitNETs 

The distribution of SOX2, SOX9 or PROP1 stain-
ing in the different subgroups of NF-PitNETs is 
presented in Fig. 4. There was no difference in SOX2, 

SOX9 or PROP1 staining between the gonadotroph 
(Fig. 4a) and the corticotroph (Fig. 4b) subgroups of 
NF-PitNETs (p = 0.91, p = 0.37 and p = 0.74, respec-
tively). None of the tumours in the PIT1 group 
(Fig. 4c) (n = 8) stained for SOX2 or PROP1, while 
four out of eight tumours stained for SOX9, without 
statistical difference in comparison with the other 
two groups. 

Stem cell-associated markers and reintervention 

The tumours with no staining for SOX2 pre-
sented a higher rate of reintervention than the 
tumours with a SOX2 staining score ≥ 1 (n = 34 
[41 %] and n = 7 [19 %], respectively) for the whole 
cohort (p = 0.02), and for the gonadotroph cohort 
separately (n = 27 [42 %] and n = 6 [19 %], 
respectively, p = 0.03). There was no association be-
tween the gene expression of SOX2 and reinterven-
tion (p = 0.69). 

In the gonadotroph tumours, survival analyses 
showed that younger age (Exp(B) 0.95 [CI 0.92–
0.98]) and absence of SOX2 staining (Exp(B) 0.35  
[CI 0.14–0.89]), but not gender (Exp(B) 1.2 [CI 0.61-
2.71]) were associated with a higher risk of reinter-
vention (Fig. 5). We did not find an association 
between SOX9 or PROP1 and reintervention. 
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Figure 2: Immunolabeling of stem cell-associated markers in cells with a location and morphology corresponding to endothelial cells 
(a, SOX9, x 200) and in cells aggregating in small groups (niches, arrows) around luminal structures (b, SOX9, x 400). Epithelial cells in the 
remnants of Rathke's pouch within a gonadotroph tumour (c, HE) demonstrating immunolabeling for SOX2 (d) and SOX9 (e), but not 
PROP1 (f), (x 200). 

 

Figure 3: Multiplex IHC on a section from a gonadotroph tumour. SF1 (in yellow) and cytokeratin (in green) are illustrated on 
all three microphotographs. Coexpression of SOX9 (in pink) and cytokeratin is shown in a; and coexpression of SOX2 (in red) and 
cytokeratin is shown in b. In c (no filter for SOX2 and SOX9), a blue colour indicates nuclear staining in the cells labelled for SOX2 and SOX9 
in a and b; however, no SF1 staining is seen in the nuclei of those cells. 
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Figure 4: Distribution of stem cell-associated markers in different NF-PitNETs. Most tumours presented staining scores of 0 or 1 for SOX2 
(n = 91 [64.5 %] and n = 15 [10.5 %] respectively), SOX9 (n = 41 [29 %] and n = 51 [36 %] respectively) and for PROP1 (n = 106 [75 %] and 
n = 4 [3 %] respectively). Proportion of positively stained cells in subgroups of NF-PitNETs. A total of 125 tumours were investigated by 
immunohistochemistry: 101 gonadotroph (SF1), 16 corticotroph (TPIT) and 8 from the PIT1 lineage. We did not find a significant difference 
in staining between the groups. 

 

 

Stem cell-associated markers and regulators of 
the gonadotroph axis 

For the gonadotroph NF-PitNETs, we found no 
difference in gender, age, tumour volume or inva-
siveness between tumours stained or not for the 
stem cell-associated markers SOX2, SOX9 or PROP1 
(Suppl. Table 2). 

The staining for SOX2, SOX9 and PROP1 was 
associated with higher FSHβ but not LHβ gene 
expression and staining (Suppl. Table 2). 

SOX2-positive tumours showed higher levels of 
FSHβ and Estrogen Receptor α (ERα) staining as well 
as higher Estrogen Receptor 1 (ESR1) and GNRHR 
gene expression (Fig 6. a, c, d and Suppl. Table 2), 
whereas no difference was observed for LHβ 
(Fig 6 b). Similar patterns were observed for SOX9- 
and PROP1-positive tumours. No correlation was 
found between SOX2, SOX9, PROP1 and SF1 gene 
expression (Suppl. Table 2). 

 

Figure 5: Kaplan-Meier curve showing the difference in reinter-
vention rate between patients with gonadotroph tumours with-
out SOX2 staining and tumours with SOX2 staining (p = 0.03). 
The number at risk at 25, 50, 100 and 150 months were 52, 40, 
22 and eight, respectively, for the tumours not stained for SOX2, 
and 26, 24, 16 and three, respectively, for the tumours with 
SOX2 staining. 
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Figure 6: Expression of SOX2 and regulators of the gonadotroph axis. The presence of SOX2 was positively associated with higher levels 
of FSHβ, ERα and gene expression of GNRHR in the gonadotroph subgroup of NF-PitNETs (n = 101). SOX2 staining is classified as positive 
(staining score ≥ 1) or negative (staining score 0). Horizontal bars indicate median and interquartile values. Statistical comparisons are 
calculated by Mann-Whitney U test for all associations. 

 

 

Discussion 

The stem cell-associated markers SOX2, SOX9 
and PROP1 were distinctly present, usually in a small 
proportion of cells, only in a subset of NF-PitNETs. 
The IHC staining and the gene expression levels 
correlated well for the same marker and between 
different markers. We did not find any association 
between the presence of the investigated markers, 
age at surgery, tumour volume or invasiveness. 
Absent SOX2 staining was associated with a higher 
rate of reintervention in the whole cohort of 
tumours and in the gonadotroph subgroup of 
tumours. The presence of the selected markers was 
positively associated with some of the regulators of 
the gonadotroph axis such as FSHβ, GNRHR and ERα 
in gonadotroph NF-PitNETs. 

In accordance with previous experimental stud-
ies [33–35], we demonstrate that cells with stem cell 
features are present at a low number in a subset of 
PitNETs. They tend to occur in small niches and have 

heterogeneous morphology corresponding to tu-
mour cells and occasionally to endothelial cells. In 
the murine pituitary, SOX2-positive cells are present 
in a small proportion of cells (3–5 %) and usually 
scattered throughout the gland, and more concen-
trated lining the pituitary cleft [36]. A previous IHC 
study found SOX2 positivity in 20 % of 
human NF-PitNETs, which is not far from our results 
[19]. Interestingly, by using multiplex IHC, we 
demonstrate expression of the stem cell-associated 
markers SOX2 and SOX9 in intratumoural cells with 
epithelial features. However, in the cells positive for 
these markers, there was no immunolabeling for 
pituitary-specific transcription factors. It is not clear 
whether the cells coexpressing stem cell and epithe-
lial markers may correspond to the previously 
described “follicular cells” of gonadotroph tumours, 
though these cells were found to express gonado-
troph transcription factors in the study by Delfin et 
al [37]. Expression of stem cell-associated markers in 
a population of endothelial cells is in line with  
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previous research, and may support speculation 
that transdifferentiation of stem cells into endothe-
lial cells may contribute to tumour neovascularisa-
tion [33]. Moreover, SOX2 and SOX9 were strongly 
expressed in the epithelial cells of the Rathke's 
pouch remnants embedded in the tumour tissue, in 
accordance with previous studies demonstrating 
expression of stem cell markers in Rathke's pouch 
epithelium [18, 36] as well as in craniopharyngiomas 
originating from the epithelial remnants of Rathke's 
pouch [38]. 

The tumours lacking SOX2 staining presented a 
higher rate of reintervention in our cohort, contra-
dictory to what we assumed initially. Surprisingly, 
Zhang et al found that the well differentiated SF1-
tumours showed a higher rate of recurrence than 
the poorly differentiated tumours [18]. We have 
also previously presented data on markers associ-
ated with tumours being more differentiated and 
having a higher rate of reintervention in NF-PitNETs 
[30, 39]. The association between recurrence and 
differentiation in the SF1-tumours deviated from 
pituitary tumours of other cell lineages in the study 
from Zhang et al, corresponding to previous investi-
gations in functioning pituitary tumours [40, 41]. 
Why the SF1-tumours deviate from the remaining 
pituitary tumours in this matter has not been 
explored. 

We found a moderate to strong correlation 
between the three markers SOX2, SOX9 and PROP1. 
Previous studies have shown that pituitary stem 
cells express both SOX2 and SOX9 [42], and cells 
with stem cell properties lining the borders of the 
marginal zone are also positive for PROP1 [1]. 

In our study, the presence of the stem cell-as-
sociated markers was consistently associated with 
markers of the gonadotroph cell phenotype. As 
previously described, stem cells lose SOX2 expres-
sion and generate committed progenitor cell line-
ages during embryonic development [43]. Recently 
it was hypothesised that SOX2-positive cells may 
give rise to a well organised structural and functional 
network that coordinates the responses to chal-
lenges, similar to the hormone secreting cells [5, 44]. 
Our data suggest that the SOX2-positive cell net-
work is closely related to the gonadotroph cell 
network, or that both cell types respond to similar 
factors (e.g. nutrients, blood supply), and are 

located in similar areas in the parenchyma of the 
pituitary tumours. Whether the cells with stem cell 
features have a role in the hormonal regulation of 
the gonadotroph neoplastic cells, or whether the 
correlation presented here mirrors the normal 
pituitary phenotype is currently unknown. 

Limitations 

The study was of retrospective design, and 
tumour tissue was not available for all patients op-
erated during the given time period, which may im-
ply an inclusion bias. The IHC analyses were based 
on TMAs and not whole section slides. This might 
underestimate the presence of the markers investi-
gated, knowing that stem cells or cells with stem cell 
features are few and might reside in niches in the 
tumour. However, the strong correlation between 
gene expression data and immunohistochemistry, 
as well as the high concordance between staining 
score in replicate TMA punches from the same 
tumour, as described in this study, supports the reli-
ability of data acquired by TMA assessment. The 
expression of the proteins analysed by IHC was 
quantified based on different scales, i.e. ERα by 
immunoreactive score (IRS) and SOX2 by the per-
centage of distribution. This was due to a usually low 
number of positive cells and almost uniform strong 
staining, which makes IRS score unapplicable. Due to 
the low number of patients with radiological follow-
up, we used the need for reintervention as the main 
end point concerning tumour aggressiveness. This 
might be influenced by the primary surgical result 
and by the operability of the patient. Tumour 
volume and invasiveness were not included in the 
regression analysis for the same reason. These vari-
ables would have been of great interest to be 
included in the analysis if they were available for the 
whole cohort. We did not succeed in performing IHC 
with endothelial markers as a part of multiplex IHC. 
Thus, we could not explore coexpression of endo-
thelial and stem cell-associated markers in the 
endothelial-looking cells positive for stem cell 
markers. 

Conclusion 

The stem cell-associated markers SOX2, SOX9 
and PROP1 are present at low levels in NF-PitNETs. 
They are correlated with each other, and their 
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expression seems to be associated with the regula-
tion of gonadotropins in the gonadotroph subgroup 
of tumours. Present or increased staining for the 
markers was not associated with tumour volume or 
invasiveness, though the absence of SOX2 seems to 
characterise tumours with a higher rate of reinter-
vention. The stem cell-associated markers SOX2 and 
SOX9 are frequently coexpressed and are usually 
positive in the intratumoural cells with epithelial 
features lacking however immunolabeling for pitui-
tary transcription factors. 
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