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associated with lower PTTG, cyclin D1, c-MYC and Ki-67. 
In vitro analyses confirmed the effect of somatostatin ana-
logue treatment on Pttg and Cyclin D1 expression.
Conclusions  Interesting and novel observations on the 
differences in expression of tumour markers studied are 
reported. Correlation between Ki-67 expression, PTTG 
nuclear expression and recurrence/regrowth of PAs, 
emphasizes the role that Ki-67 and PTTG expression have 
as markers of increased proliferation. c-MYC and PTTG 
nuclear expression levels were correlated providing evi-
dence that PTTG induces c-MYC expression in PAs and 
we propose that c-MYC might principally have a role in 
early pituitary tumorigenesis. Evidence is shown that the 
anti-proliferative effect of somatostatin analogue treatment 
in vivo occurs through regulation of the cell cycle.

Keywords  Pituitary adenoma · PTTG · Ki67 · 
Tumorigenesis · Regrowth · Somatostatin analogues

Introduction

The pathogenesis of pituitary adenoma (PA) development 
and progression has attracted considerable research inter-
est over the last few decades. However, pathways involved 
in PA tumorigenesis have proven to be very intricate and 
complex [1]. The aim of this study was to analyse a size-
able group of PAs to identify potentially useful tumour 
markers of in vivo biological behaviour. We selected Ki-67 
together with pituitary tumour transforming gene (PTTG), 
vascular endothelial growth factor (VEGF), cyclin D1, 
c-MYC and pituitary adenylate cyclase-activating peptide 
(PACAP). Ki-67 is a well-established proliferation marker 
extensively studied in pituitary tumours although certain 
associations have been the subject of controversy. PTTG 
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has proven links to pituitary tumorigenesis and might have 
a role as a proliferation marker [2–4]. VEGF is a marker of 
angiogenesis [5] with possible links to other markers. Cyc-
lin D1 and c-MYC, two important onco-proteins that have 
numerous roles in cell signalling cascades, have not been as 
extensively studied in pituitary tumours. PACAP is associ-
ated with increased cAMP levels in pituitary cells and has 
thus been conceptually implicated in pituitary tumorigen-
esis [6]. In this study protein expression of these potential 
markers and correlation with various tumour characteristics 
was undertaken.

Patients and methods

Immunohistochemistry was used to analyse the expres-
sion of proteins in samples of surgically removed pituitary 
tumours embedded in paraffin wax (Fig. 1). Details on the 
immunohistochemistry method used are found in supple-
mental methods and supplemental Table 1. The necessary 
patient consent and ethical approval was obtained.

Patients

In all 74 pituitary tumour samples were available. Crite-
ria for classifying the functional status of PAs have been 
previously reported [7]. Pre-operative MR images were 
evaluated using the criteria and methods described previ-
ously [8]. Parameters determined included tumour volume, 
intensity of the PA on T2 images, cavernous sinus inva-
sion, suprasellar extension, infrasellar extension and verti-
cal extension index. The Hardy/Bates classification [9] and 
Knosp classification [10] were utilised to further charac-
terise the PAs studied. Recurrence/regrowth-free survival 
was measured from the date of surgery to the date of recur-
rence, and the data were censored at the date of the end of 
follow up period.

In vitro analysis, real‑time PCR and western blotting

GH3 cells were purchased from ECACC and grown in 
DMEM with 10% FBS and 1% antibiotics. Cells were 
seeded in six well plates 24 h prior to treatment. At time 
of treatment, medium was replaced with DMEM alone and 
cells were treated either with vehicle (water), 50 or 500 nM 
octreotide (Sandostatin, Novartis). After 24  h cells were 
lysed either for RNA extraction using the SV Wizard RNA 
extraction kit (Promega, UK), or for western blotting in 
passive lysis buffer (Promega). cDNA synthesis was carried 
out using the GoScript cDNA kit (Promega, UK) following 
the manufacturer’s instructions. Real-time PCR of the Pttg 
and Ccnd1 genes was carried out using the ribonuclease 
inhibitor 1 (RI) and Gapdh genes as housekeeping genes 

in the ABI7300 real-time thermocycler (Applied Biosys-
tems, USA) using the HighROX qPCR Master mix (Solis 
Biodyne, Estonia). Western blots were carried out on 12% 
SDS–PAGE to quantify the protein expression of Pttg and 
Cyclin D1 proteins using B-actin as loading control. Anti-
bodies for Pttg and Cyclin D1 were obtained from Abcam 
(USA) while B-actin antibody was from Novus Biologicals 
(USA). The membrane was then analysed using the Odys-
sey® infra-red Li-Cor System. Analysis of band intensity 
was carried out using the ImageJ® software.

Statistical analysis

Kolmogorov–Smirnov test was carried out to determine 
the normal distribution of the data and then either T Test/
ANOVA (for parametric data) or Mann–Whitney U/
Kruskal–Wallis or χ2 (for non-parametric data) tests were 
used as appropriate. Correlation analyses of protein expres-
sion with radiological and clinical parameters were carried 
out using Spearman correlation. Receiver operator charac-
teristics (ROC) curve analyses were used to obtain a thresh-
old value of expression of a particular protein predicting 
a certain outcome. Linear regression analysis and COX 
proportional hazards regression analysis were also used 
to determine variables that independently predicted a par-
ticular outcome. All statistics were carried out using IBM 
SPSS® Statistics for Windows, Version 22.0, (IBM Corp. 
Armonk, NY, USA).

Results

Morphological findings

Of the 74 PAs studied, 48 were non-functional PAs and 26 
were functional PAs consisting of 17 GH-secreting PAs, 
5 ACTH-secreting PAs, 3 prolactinomas and a TSHoma. 
Median age at diagnosis was 50.5 (IQR 40–62) years, and 
27 patients (36.5%) were male. Their mean (±SD) maximal 
tumour diameter before operation was 25.1 (±10.1) mm. At 
the time of surgery three patients were on dopamine ago-
nist treatment while nine patients were on a SSA (Octre-
otide LAR®) with a median duration of SSA treatment 
prior to surgery of 6 months (Range 2–20 months). None 
of the subjects received radiotherapy prior to their opera-
tion. 44.4% of all PAs had cavernous sinus invasion. Up till 
the end of the follow up period (31st December 2014), 12 
patients had had regrowth/recurrence of their PA after sur-
gery, while 4 patients had passed away. The mean (±SD) 
duration of follow up was 6.0 (±3.9) years.

There was a positive correlation between age at diag-
nosis and maximal tumour diameter, suprasellar exten-
sion and infrasellar extension (Table  1). Analysis of 
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Fig. 1   Immunohistochemical staining showing different staining 
patterns of the respective biomarkers and the associated % positiv-
ity of the particular case (representative section of whole slides 
shown) (magnification ×200) a Ki-67: Ki-67 Index 12.5%; b VEGF: 
21% cytoplasmic positivity; c PTTG: 30% cytoplasmic positivity; d 

PTTG nuclear positivity: 0.8%; e cyclin D1: 28.3% nuclear positivity; 
f c-MYC: 35.3% nuclear positivity; g PACAP: 92% total positivity, 
92% nuclear positivity, 1.5% cytoplasmic positivity; h PACAP: 82% 
positivity with no cytoplasmic positivity
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the patients’ demographic and radiological data did not 
reveal any statistically significant clinical differences 
between males and females. Comparing functional and 
non-functional tumours, there were statistically sig-
nificant differences in age at diagnosis, maximal tumour 
diameter, cavernous sinus invasion, suprasellar and infra-
sellar extension (Tables 2, 3).

Among the 74 pituitary adenomas analysed, tumour 
progression after surgery was greater for Hardy/Bates 
Grade III–IV tumours compared to Grade I–II tumours 
where no regrowth or recurrence was observed. Similarly, 
outcomes were worse for tumours with a higher Knosp 
classification (Supplemental Table  2). All the tumours 
that regrew had cavernous sinus invasion on preoperative 
MRI. 36.4% of all PAs that had cavernous sinus invasion, 
eventually had regrowth/recurrence of their PA.

Ki‑67

Ki-67 immunoreactivity among the PAs studied ranged 
from 0.02 to 9.83%. There were no statistically signifi-
cant differences in the Ki-67 index between functional 
and non-functional PAs or between the different sub-
types of PAs. PAs that regrew were shown to have a 
significantly higher Ki-67 index than those that did not 
(P < 0.001) (Table 4). Using ROC curve analysis a Ki-67 
index of 2.0% or greater had a sensitivity of 75% and a 
specificity of 90% for predicting recurrence/regrowth of 
the tumour. Cox regression showed that a Ki-67 index 
greater than 2% was an independent predictor of tumour 
regrowth or recurrence (P < 0.001). Other variables that 
were included in the analysis (radiotherapy after opera-
tion, age at diagnosis, maximal tumour diameter and 
cavernous sinus invasion) were excluded by the stepwise 
method. Statistically significant positive correlations 

Table 2   Immunohistochemical differences in relation to gender, radiological intensity and tumour parameters

Statistically significant differences shown (P < 0.05)

Male Female Hypointense on T2 
image

Isointense on T2 
image

Hyperintense on T2 
image

Ki-67% Median (IQR) 0.2 (0.2–0.2) 0.8 (0.7–1.5) 0.9 (0.5–2.0)
P 0.050

PTTG % positivity Median (IQR) 0.2 (0.2–0.4) 0.5 (0.3–1.4) 0.11 (0.03–0.13) 0.62 (0.46–0.72) 0.3 (0.2–0.5)
P 0.016 0.019

PTTG nuclear % 
positivity

Median (IQR) 0.0 (0.0–0.0) 0.16 (0.12–0.23) 0.08 (0.02–0.18)
P 0.019

VEGF % positivity Median (IQR)
P

Cyclin D1% positivity Median (IQR) 7.6 (2.7–21.6) 2.1 (0.6–10.5) 0.1 (0.1–0.9) 2.1 (0.5–5.2) 5.1 (1.0–13.2)
P 0.044 0.030

c-MYC % positivity Median (IQR) 4.0 (0.4–18.8) 18.4 (9.9–35.3) 12.0 (9.0–13.9) 44.1 (35.4–48.5) 13.0 (0.9–22.2)
P 0.038 0.004

PACAP % positivity Median (IQR)
P

PACAP cytoplasmic 
% positivity

Mean (±SD) 0 2.16 (±12.84)
P 0.028

Max tumour diameter 
(mm)

Mean (±SD) 13.3 (±4.7) 17.8 (±7.6) 27.5 (±8.4)
P <0.001

Tumour volume 
(mm3)

Median (IQR) 1130 (703–1134) 2140 (1051–3674) 5916 (4030–9607)
P <0.001

Suprasellar extension 
(mm)

Mean (±SD) 1.5 (±2.1) 3.9 (±3.1) 10.4 (±5.5)
P <0.001

Infrasellar extension 
(mm)

Mean (±SD) 2.1 (±1.8) 4.9 (±3.7) 8.3 (±5.8)
P 0.016

Vetical extension 
index (mm)

Mean (±SD)
P

Age at diagnosis 
(years)

Median (IQR) 60 (50–63) 41 (39–47.5) 56 (45–65)
P 0.008
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were noted between Ki-67 index and PTTG expression, 
PTTG nuclear expression and Cyclin D1 expression 
(Table 1).

PTTG

We report two separate indices for PTTG expression; 
one was the percentage of cells that showed any PTTG 
expression (nuclear or cytoplasmic) and another index 

Table 3   Immunohistochemical correlates to functionality and radiological tumour parameters

Statistically significant differences shown (P < 0.05)

Functional 
PA

Non-func-
tional PA

Functional 
PA: SSA 
or DA pts. 
excluded

Non-func-
tional PA

GH +ve 
staining

GH −ve 
staining

PRL +ve 
staining

PRL −ve 
staining

Ki-67% Median 
(IQR)

P
PTTG % 

positivity
Median 

(IQR)
0.85 (0.52–

2.92)
0.39 (0.17–

0.65)
P 0.006

PTTG 
nuclear % 
positivity

Median 
(IQR)

0.21 (0.09–
0.32)

0.09 (0.02–
0.23)

P 0.050
VEGF % 

positivity
Median 

(IQR)
P

Cyclin D1% 
positivity

Median 
(IQR)

0.9 
(0.3–2.8)

9.6 (1.3–
22.6)

2.3 
(0.8–2.9)

9.1 (1.3–
21.6)

0.6 
(0.1–2.3)

6.7 (1.3–
17.2)

1.0 
(0.4–2.8)

7.0 (1.2–18.9)

P <0.001 0.007 0.001 0.016
c-MYC % 

positivity
Median 

(IQR)
P

PACAP % 
positivity

Median 
(IQR)

P
PACAP 

cytoplas-
mic % 
positivity

Mean (±SD) 4.20 
(±18.34)

0.15 (±0.80) 7.27 
(±23.80)

0.15 (±0.83)

P 0.048 0.029

Max tumour 
diameter 
(mm)

Mean (±SD) 17.4 (±8.6) 29.2 (±8.2) 17.1 (±10.1) 29.2 (±8.2) 20.8 (±7.5) 26.2 (±10.4) 20.3 (±7.6) 26.1 (±10.4)
P <0.001 <0.001 0.031 0.039

Tumour 
volume 
(mm3)

Median 
(IQR)

1735 (632–
3802)

8023 (5307–
13,021)

3650 (548–
4003)

8023 (5307–
13,021)

3200 (1016–
5208)

5816 (2534–
10,075)

P <0.001 0.002 0.031
Suprasellar 

extension 
(mm)

Mean (±SD) 4.2 (±4.4) 11.8 (±5.1) 5.3 (±5.0) 11.8 (±5.0) 5.6 (±5.7) 10.0 (±5.9) 4.7 (±4.5) 10.1 (±6.0)
P <0.001 <0.001 0.014 0.003

Infrasellar 
extension 
(mm)

Mean (±SD) 4.4 (±3.9) 9.4 (±5.9) 4.6 (±3.8) 9.4 (±5.9)
P <0.001 0.007

Vertical 
extension 
Index 
(mm)

Mean (±SD) −0.1 (±3.8) 2.7 (±8.1) −1.4 (±4.3) 2.4 (±7.4)
P 0.020 0.018

Age at 
diagnosis 
(years)

Median 
(IQR)

40.5 (34–
49.75)

57.5 (46–65) 40 (33–45) 56 (46–65) 41.5 (32.5–
47.25)

56 (45–65)

P 0.001 <0.001 0.005
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based on those cells that specifically showed nuclear posi-
tivity (Fig.  1). Both indices were positively correlated 
(P < 0.001). Cytoplasmic staining of PTTG was much com-
moner than nuclear staining and ranged from 0 to 30.4% 
and was present to a varying degree in 99% of PAs studied. 
Nuclear staining was detected in fewer cells ranging from 0 
to 1.1% and was detected in 76% of PAs studied.

There was a negative correlation between either total 
PTTG or nuclear PTTG expression and age at diagno-
sis with younger patients having higher levels. Similar to 
Ki-67 index, PTTG nuclear positivity was associated with a 
higher risk of regrowth or recurrence of the PA (P = 0.026), 
an association which was not significant when total PTTG 
expression levels were analysed (Table 4). Nuclear PTTG 

% positivity was positively correlated with tumour volume, 
suprasellar extension and suprasellar extension values.

PTTG expression was correlated with the Ki-67 index of 
the tumours. PTTG nuclear expression was correlated with 
Ki-67 index and c-MYC positivity (Table 1).

VEGF

VEGF expression was primarily located in the cytoplasm 
or in the cell membrane and its expression ranged from 0 to 
22.0% of cells in the PAs studied. Both VEGF % positivity 
and VEGF total score showed a negative correlation with 
tumour recurrence (Table  4). No statistically significant 
correlations were noted between total VEGF % positivity 

Table 4   Immunohistochemical analysis, radiological parameters and tumour regrowth/recurrence

Statistically significant differences shown (P < 0.05)

No residual 
tumour

Residual tumour No recurrence 
or regrowth

Recurrence/
regrowth of PA

No cavernous 
sinus invasion

Cavernous sinus 
invasion

Ki-67% Median (IQR) 0.7 (0.4–1.3) 2.7 (1.8-5.0)
P <0.001

PTTG % posi-
tivity

Median (IQR)
P

PTTG nuclear % 
positivity

Median (IQR) 0.1 (0.0–0.2) 0.2 (0.1–0.5)
P 0.026

VEGF % posi-
tivity

Median (IQR) 1.3 (0.2–6.1) 0.3 (0.0–0.2) 0.7 (0.1–3.5) 0.1 (0.0–0.1)
P 0.036 0.004

Cyclin D1% 
positivity

Median (IQR) 1.5 (0.4–9.1) 7.3 (1.9–21.6)
P 0.006

c-MYC % posi-
tivity

Median (IQR)
P

PACAP % posi-
tivity

Median (IQR)
P

PACAP cyto-
plasmic % 
positivity

Median (IQR)
P

Max tumour 
diameter (mm)

Mean (±SD) 18.4 (±8.4) 29.2 (±8.8) 24.2 (±10.1) 31.2 (±6.9) 19.4 (±8.7) 32.1 (±6.8)
P <0.001 0.026 <0.001

Tumour volume 
(mm3)

Median (IQR) 2287 (1130–
5416)

8810 (4824–
14,232)

5208 (1814–
9351)

9262 (6563–
15,534)

2406 (1133–
5588)

9261 (5815–
14,232)

P <0.001 0.019 <0.001
Suprasellar 

extension 
(mm)

Mean (±SD) 6.6 (±5.6) 10.7 (±5.9) 8.7 (±6.2) 12.2 (±4.1) 5.9 (±4.6) 12.9 (±5.4)
P 0.006 0.031 <0.001

Infrasellar 
extension 
(mm)

Mean (±SD) 4.5 (±3.6) 9.5 (±6.1)
P <0.001

Vertical exten-
sion index 
(mm)

Mean (±SD) −0.5 (±6.1) 4.3 (±7.1)
P 0.004

Age at diagnosis 
(years)

Median (IQR)
P
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and any clinical characteristics or other immunohistochem-
ical markers (Table 1).

Cyclin D1

Cyclin D1 expression was mainly found in the nucleus 
ranging from 0 to 47.3% of cell positivity. Males had a 
higher Cyclin D1% positivity (P = 0.040) compared to 
females (Table 2) and non-functional tumours had a higher 
expression than functional tumours (P < 0.001) (Table 3).

There was positive correlation between Cyclin D1% pos-
itivity and maximal tumour diameter, tumour volume and 
suprasellar extension (Table  1) indicating that the larger 
the tumour, the higher the level of Cyclin D1 expression. 
Also a higher level of Cyclin D1 expression was detected in 
those tumours that had cavernous sinus invasion (Table 4). 
Statistically significant positive correlations were noted 
between Cyclin D1 expression and Ki-67 index (Table 1).

c‑MYC

c-MYC expression was located in the nucleus and it ranged 
widely from 0 to 67.2% of cells in the PAs studied. Males 
had a lower expression of c-MYC compared to females 
while there was no significant difference between func-
tional and non-functional PAs (Tables  2, 3). c-MYC % 
positivity was positively correlated with PTTG % nuclear 
positivity and negatively correlated with age at diagnosis 
meaning that patients who were diagnosed at a younger 
age and underwent surgery had tumours which had higher 
c-MYC expression levels than patients diagnosed at an 
older age (Table  1). A negative correlation was noted 
between c-MYC % positivity and maximal tumour diame-
ter, tumour volume and suprasellar extension, showing that 
the larger the tumour, the lower the expression of c-MYC 
(Table 1).

PACAP

PACAP expression was mainly nuclear ranging from 15 to 
100% positivity while cytoplasmic expression was much 
rarer ranging from 0 to 11.8% (Fig. 1) and both correlated 
negatively to each other. Hence we report the three separate 
indices for PACAP expression (nuclear, cytoplasmic and 
both). There was negative correlation between PACAP % 
total or nuclear positivity and PTTG % positivity. PACAP 
% total and nuclear positivity was negatively correlated 
with tumour volume and infrasellar extension. Cytoplasmic 
PACAP % positivity was negatively correlated with tumour 
volume and was statistically significantly associated with 
gender (Table 2) and functional status of the PA (Table 3).

Immunohistochemical analysis and somatostatin 
analogue treatment

Analyses of both all the PAs together and only functional 
tumours revealed that tumours treated with SSA before sur-
gery had a lower Ki-67 index, PTTG% positivity, PTTG % 
nuclear positivity, and Cyclin D1% positivity compared to 
those that did not.

In vitro analysis and somatostatin analogue treatment

In order to verify the effect of somatostatin analogue treat-
ment on protein expression in pituitary adenoma cells, a 
common in vitro model was used. GH3 cells were treated 
with physiological (nmolar) concentrations of octreotide 
and changes in the expression of Pttg and Cyclin D1 were 
observed both at the RNA and protein level. As observed in 
Fig. 2, Pttg gene and protein expression were significantly 
down regulated at both 50 and 500  nM concentrations of 
octreotide treatment, while Cyclin D1 RNA expression was 
significantly down-regulated at 500  nM octreotide and a 
reduction in protein expression of approximately 20% was 
achieved according to Image J imaging software.

Immunohistochemical analysis and T2 MR image 
intensity

As detailed in Table  2, there were statistically signifi-
cant differences in the immunohistochemical analyses of 
tumours grouped according to their T2 MR image intensity. 
Hypointense tumours had consistently the lowest levels 
of PTTG % positivity, PTTG nuclear % positivity, Cyclin 
D1% positivity, c-MYC % positivity and Ki-67 index. For 
PTTG % positivity, PTTG nuclear % positivity and c-MYC 
% positivity the highest levels were seen in the isointense 
group while for Cyclin D1% positivity and Ki-67 index 
the highest levels of expression were seen in the hyperin-
tense group of PAs. The hypointense group of PAs were 
the smallest tumours while the hyperintense group were the 
largest PAs.

Discussion

Establishing expression of particular biomarkers of PAs 
can facilitate decision making after surgery. This study pro-
vides evidence for the use of three different markers in the 
earlier detection of tumours with higher rates of regrowth/
recurrence, namely tumours with high Ki-67, nuclear 
PTTG and low VEGF levels, together with specific radio-
logical characteristics such as larger tumour diameter, vol-
ume, and suprasellar extension. We also confirm the known 
in  vitro effects of PTTG on c-MYC expression in human 
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pituitary tumours and provide novel data supporting soma-
tostatin induced inhibition of the cell cycle.

We showed a clear association between tumour recur-
rence/regrowth and a higher Ki-67 index with a threshold 
index of 2% or more in our study as compared to 1.3% [11], 
1.5% [12]; 2% [13] and 2.9% [14] in other studies. These 
variations could reflect differing methodologies. Interest-
ingly there was a significant positive correlation between 
Ki-67 index and the vertical extension index [suprasellar 
extension–infrasellar extension]. In contrast to other reports 
[15, 16], no statistically significant difference in Ki-67 
index was observed between functional and non-functional 
tumours.

In accordance with other studies [17, 18], we identified 
a much higher cytoplasmic expression of PTTG compared 
to nuclear expression and demonstrated a strong correlation 
between the two. This contrasts with the studies by Filip-
pella et al. [3] and Ramirez et al. [13] where nuclear expres-
sion was seen in 89 and 99% respectively with no reference 

to cytoplasmic PTTG expression. The utilisation of differ-
ent antibodies and protocols in the various studies could 
explain these conflicting reports. PTTG is an oncogenic 
protein with numerous functions and can promote transfor-
mation towards tumorigenesis in numerous settings [19]. In 
contrast to previous reports [3, 13] we demonstrated a sig-
nificant negative correlation of PTTG with age, such that 
tumours from younger patients had higher PTTG expres-
sion (Table 1) and a positive correlation between PTTG % 
nuclear positivity and tumour volume or suprasellar exten-
sion. Given that age at diagnosis and tumour size were pos-
itively correlated (Table  1), the presence of higher PTTG 
expression in younger patients and larger tumours assumes 
greater significance. Furthermore, higher PTTG expression 
was observed in functional versus non-functional PAs after 
having excluded those tumours that were pre-treated with 
SSA or DA (Table 3).

Ki-67 positivity and PTTG nuclear expression, were 
strongly positively correlated and both correlated positively 

Fig. 2   In vitro analysis of Pttg and Cyclin D1 RNA and protein 
expression with somatostatin analogue treatment. a Real-time expres-
sion of the Pttg and Ccnd1 genes in GH3 cells at 24  h after treat-
ment with 50 or 500  nM octreotide. Control value set at 1. qPCR 
was carried out in duplicate and results shown represent averages of 
three separate experiments. (*P < 0.05; **P < 0.01). b Western blot 
indicating protein expression of Pttg and Cyclin D1 proteins from 

GH3 cell lysates 24 h after treatment with 50 or 500 nM octreotide. 
Western blots were repeated twice for three separate experiments. c 
Image J graph results for the western blot obtained for Pttg antibody 
after treatment with 50 or 500 nM of Octreotide after 24 h. Readings 
from Image J analyser display the area under the graph for each peak 
obtained from the western blot image
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with tumour regrowth/recurrence. Two studies [3, 14] also 
report an association between nuclear PTTG expression 
and tumour recurrence while one study found no such asso-
ciation [13]. Our data support the use of both Ki-67 and 
nuclear PTTG (as opposed to total PTTG) as markers for 
proliferation and regrowth. Nuclear PTTG has also been 
identified as a potent marker for proliferation in breast 
cancer, with an abundance of nuclear PTTG in cancerous 
tissue as opposed to predominantly cytoplasmic PTTG in 
normal breast tissue suggesting that nuclear localization of 
PTTG could be integral to its oncogenic function [20].

Interestingly, we found a positive correlation between 
c-MYC positivity and PTTG nuclear expression. MYC 
is a transcription factor with numerous roles in cell cycle 
initiation and cell transformation and a general marker of 
“stemness” [21]. Over-expression of c-MYC increases the 
intrinsic rate of mutations leading to aberrant DNA syn-
thesis and chromosomal instability in tumorigenesis [22]. 
In vitro studies in cell lines suggested that PTTG induces 
the expression of c-myc gene and that PTTG binds to the 
c-myc promoter region [23]. To our knowledge, the asso-
ciation we report in human pituitary adenomas is novel 
and provides further species specific evidence to sup-
port the in  vitro findings reported to date. This together 
with our observations that tumours from younger patients 
and smaller tumours had higher c-MYC expression lev-
els, seems to support a role for c-MYC in early pituitary 
tumorigenesis.

In contrast cyclin D1 appears to play a role in later pitui-
tary tumour growth and dedifferentiation [24]. Cyclin D1 is 
an important regulator of cell cycle progression and plays 
an important role as an oncoprotein in most tumorigenic 
processes [25]. Dividing cells need to maintain high levels 
of cyclin D1 to sustain tumour growth [26]. Data from this 
study corroborates earlier reports [27, 28] of higher levels 
of cyclin D1 in non-functional PAs compared to functional 
tumours with a positive correlation between Ki-67 index 
and cyclin D1% positivity.

PACAP is a pleiotropic neuropeptide that regulates gene 
expression of pituitary hormone and influences growth 
and differentiation of pituitary cells [6]. Despite observing 
almost universally high levels of nuclear PACAP expres-
sion in the PAs we studied, correlations with tumour vol-
ume, infrasellar extension and PTTG % positivity were 
negative suggesting a protective role for PACAP in PAs 
[29]. Cytoplasmic PACAP expression was positively asso-
ciated with functionality of the tumours which is in line 
with its role as a hypophysiotropic hormone in maintaining 
differentiated cell function. In summary, given the conflict-
ing in  vivo and in in  vitro reports and the demonstration 
that its effects on secretion are cell and context specific [6], 
a definite role for PACAP in tumour formation or behaviour 
remains to be established.

The relationship between VEGF and pituitary tumori-
genesis has also been the subject of controversy with con-
flicting reports regarding VEGF expression in the different 
subtypes [30–33]. We did not find any association between 
VEGF % positivity and the other immunohistochemi-
cal markers analysed in this study or with any patient/
tumour characteristic except tumour regrowth. There was 
a negative correlation of VEGF % positivity with tumour 
recurrence/regrowth which supports the hypothesis that 
angiogenesis and cell proliferation in PAs might not be 
directly linked. Turner et  al. [34] did not find an associa-
tion between vascular density and Ki-67. Similarly, there 
was no correlation between VEGF or CD31 (an endothelial 
marker) expression and Ki-67 index, again suggesting that 
VEGF might be augmenting tumour vascularity through 
complex mechanisms rather than a direct effect on tumour 
cell proliferation [31].

Our data highlights a number of novel effects brought 
about by pre-treatment with SSA. Lower levels of Ki-67, 
total and nuclear PTTG expression and cyclin D1were 
found in functional tumours pre-treated with SSA compared 
to those that were not. While among all PAs studied, SSA 
treated tumours were noted to be generally smaller with 
less suprasellar and infrasellar extensions (Table 5), there 
was no statistically significant difference in the PA size of 
SSA treated functional adenomas compared to non-treated 
functional PAs. Our in vitro studies using the GH3 cell line 
and physiological concentrations of somatostatin analogue 
correlate well with these findings, indicating that octreo-
tide does influence the expression of cell cycle regulators, 
namely it decreased the expression of PTTG and cyclin D1. 
Few studies document the in vivo effect of SSA on PA tis-
sue [35]. Jaffrain-Rea et al. [16] report lower Ki-67 index in 
GH-secreting PA pre-treated with Octreotide and PRLomas 
pre-treated with a DA. Similarly Cap et al. [36] and Losa 
et al. [37] reported significantly lower Ki-67 index in SSA 
pre-treated GH secreting PAs. The authors suggested that 
this effect is mediated by a lower cell replication rate rather 
than increased cell apoptosis. Here we specifically report 
lower expression of nuclear PTTG and cyclin D1 con-
firmed in vitro using RT-PCR and Western blot techniques, 
together with low Ki-67 in the SSA pre-treated functional 
PAs. Both PTTG nuclear expression and cyclin D1 expres-
sion levels were correlated with Ki-67 expression in our 
study and furthermore PTTG nuclear expression itself was 
associated with regrowth/recurrence of PA. This is further 
proof that the anti-proliferative effect of SSA in vivo occurs 
through regulation of the cell cycle.

Another novel observation reported in our study is the 
correlation between expression of tumour markers and 
T2 MR image intensity. We report lower levels of Ki-67, 
PTTG total and nuclear, cyclin D1 and c-MYC expres-
sion in the hypointense PA group which were statistically 
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significantly the smallest tumours and with the least extra-
sellar extensions (Table 2). Hagiwara et al. [38] noted that 
most hypointense PAs on T2 MR imaging were densely 
granulated tumours histologically. Cuevas-Ramos et  al. 
[39] and Larkin et al. [40] reported that densely-granulated 
GHomas had significantly lower proliferation indices, 
were smaller and less invasive than sparsely-granulated 
cells. Our data confirm these observations and provide 
new insights regarding the relation between the tumours’ 

radiological characteristics and the respective biomarkers 
and cell-cycle regulators. T2 intensity on MRI can there-
fore be of use as a prognostic indicator with our data sug-
gesting that T2 hypointense tumours seemingly having a 
better prognosis.

In conclusion we demonstrate a clear correlation 
between Ki-67 expression, PTTG nuclear expression 
and recurrence/regrowth of PAs, further highlighting the 
role that Ki-67 and PTTG expression have as markers of 

Table 5   Effect of SSA Pre-treatment on immunohistochemically determined biomarkers and relevance of hypopituitarism

Statistically significant differences shown (P < 0.05)

SSA given 
before opera-
tion

No SSA given 
before opera-
tion

SSA given 
before opera-
tion to func-
tional PA

No SSA 
given before 
operation to 
functional PA

Hypopituita-
rism

No hypopituitarism

Ki-67% Median (IQR) 0.4 (0.2–0.6) 1.0 (0.5–2.5) 0.4 (0.2–0.6) 1.2 (0.6–2.9)
P 0.003 0.019

PTTG % posi-
tivity

Median (IQR) 0.1 (0.1–0.3) 0.4 (0.2–0.9) 0.13 (0.07–
0.29)

0.73 (0.52–
2.31)

P 0.002 <0.001
PTTG nuclear 

% positivity
Median (IQR) 0.00 (0.00–

0.04)
0.11 (0.03–

0.26)
0.00 (0.00–

0.04)
0.18 (0.09–

0.26)
P 0.005 <0.001

VEGF % posi-
tivity

Median (IQR)
P

Cyclin D1% 
positivity

Median (IQR) 0.1 (0.1–0.9) 4.9 (1.1–15.6) 0.09 (0.06–
0.93)

2.34 (0.84–
3.02)

P <0.001 0.007
c-MYC % 

positivity
Median (IQR) 10.5 (0.8–24.0) 20.0 (10.9–42.0)
P 0.033

PACAP % 
positivity

Median (IQR) 99.5 (99.3–
99.7)

98.4 (96.8–
99.2)

P 0.007
PACAP cyto-

plasmic % 
positivity

Median (IQR)
P

Max tumour 
diameter 
(mm)

Mean (±SD) 16.7 (±5.3) 26.3 (±10.0) 29.1 (±7.7) 21.7 (±10.7)
P 0.007 0.001

Tumour vol-
ume (mm3)

Median (IQR) 1133 (702–
1887)

6359 (3667–
10,050)

8810 (5588–
13,409)

3650 (1130–6470)

P <0.001 <0.001
Suprasellar 

extension 
(mm)

Mean (±SD) 2.5 (±3.4) 10.2 (±5.7) 11.8 (±5.0) 7.0 (±6.0)
P <0.001 0.001

Infrasellar 
extension 
(mm)

Mean (±SD) 3.8 (±4.5) 8.2 (±5.8) 9.7 (±5.5) 5.9 (±5.6)
P 0.034 0.006

Vertical exten-
sion index 
(mm)

Mean (±SD)
P

Age at diagno-
sis (years)

Median (IQR) 50 (38–63) 38 (33–45) 60 (50.5–
65.25)

41.5 (34.75–60.25)

P 0.045 <0.001
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increased proliferation and potential for regrowth. Identify-
ing those PAs with the biomarker and radiological charac-
teristics indicated can help support decision making regard-
ing the requisite frequency and intensity of biochemical and 
radiological follow up of these patients. Furthermore the 
adoption of a lower threshold for repeat surgical/radiothera-
peutic intervention, intensification of medical treatment or 
introduction of newer agents after appropriate risk benefit 
analysis could be of benefit to patients with such PAs. We 
provide evidence that PTTG induces c-MYC expression 
in human PAs and c-MYC possibly plays a major role in 
early pituitary tumorigenesis as opposed to cyclin D1. We 
further characterise somatostatin induced changes in spe-
cific biomarkers and cell cycle regulators in human PAs 
and in vitro, further elucidating the post receptor effects of 
somatostatin. The effects of the different cell cycle regu-
lators and the association with three putative tumorigenic 
peptides are summarised in Fig. 3.
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