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Objective: To evaluate the response of bone to chronic long-term growth hormone (GH) and insulin-like growth
factor-1 (IGF1) excess by measuring the expression of selected mRNA and microRNA (miR) in bone tissue samples of

patients with active acromegaly.
Design: Case—control study.

Methods: Bone tissue samples were obtained during transsphenoidal adenomectomy from the sphenoid bone (sella
turcica) from 14 patients with clinically and biochemically confirmed acromegaly and 10 patients with clinically non-
functioning pituitary adenoma (NFPA) matched by sex and age. Expression of genes involved in the regulation of
bone remodeling was studied using quantitative polymerase chain reaction (qPCR).

Results: Of the genes involved in osteoblast and osteoclast activity, only alkaline phosphatase (ALP) mRNA was 50%
downregulated in patients with acromegaly. GH excess caused increased expression of the Wnt signaling antagonists
(DKK1) and agonists (WNT170B) and changes in the levels of miR involved in mesenchymal stem cell commitment to
chondrocytes (miR-199a-5p) or adipocytes (miR-27-5p, miR-125b-5p, miR-34a-5p, miR-188-3p) P<0.05; g <0.1. Relevant
compensatory mechanisms were found through the changes in miR involved in osteoblastogenesis (miR-210-5p, miR-
135a-5p, miR-211, miR-23a-3p, miR-204-5p), but the expression of TWIST1 was 50% downregulated and RUNX2 was

unchanged.

Conclusions: Acromegaly had minimal effects on tested mRNAs specific to osteoblast or osteoclast function except for
downregulated ALP expression. The expressions of miR known to be involved in mesenchymal stem cell commitment
and downregulated TWIST1 expression suggest acromegaly has a negative effect on osteoblastogenesis.
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Introduction

Growth hormone (GH) and insulin-like growth factor-1
(IGF1) are important regulators of bone remodeling
in children and adults (1, 2). In vitro GH stimulates
the proliferation, differentiation and function of
osteoblasts (1).

Acromegaly is caused by GH-producing pituitary
adenoma and results in chronically elevated GH and
IGF1 concentration (3). Several studies suggested that

acromegaly has protective effects on bone mineral density
(BMD) (2, 4) and even decreases fracture risk (5). However,
a recent meta-analysis of forty-one studies showed that
while acromegalic patients had unaltered lumbar spine
BMD and higher femoral neck BMD, an increased risk of
vertebral fracture was seen (6). This increased fracture risk
may be explained by the altered quality of bone rather
than BMD loss (7, 8).
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Interestingly, biochemical markers of bone formation
and bone resorption were both reported to be increased
in patients with acromegaly as compared to control
subjects, but markers of bone resorption tended to
be more increased in relation to bone formation (6).
Similar changes in bone turnover markers are reported
in patients with hyperparathyroidism, thyrotoxicosis
and postmenopausal osteoporosis and are usually
associated with markedly decreased BMD (9), contrary to
the unchanged or even increased BMD in subjects with
acromegaly (2, 4, 6). The molecular mechanisms of these
alterations in humans are generally unknown.

In this study, we examined the effects of chronic
GH and IGF1 excess on the expression of mRNA and
microRNA (miR) known to affect bone homeostasis
in bone tissue samples from patients with active
acromegaly.

Subjects and methods

The Institutional Review Board of the National Research
Centre for Endocrinology (NRCE) approved the study
protocol.

Fourteen patients with clinically evident and
biochemically proven acromegaly and ten patients with
benign clinically non-functioning pituitary adenoma
(NFPA), who had signed a formal informed consent form,
were enrolled into the study.

Acromegaly  patients had  typical clinical
manifestations, including acral and facial changes, an
elevated IGF1 (normalized for age and sex) and lack of
suppression of GH to <1ng/mL following documented
hyperglycemia during an oral glucose load (3). All subjects
underwent magnetic resonance imaging (MRI) where
the presence of a pituitary adenoma was confirmed.
Among patients with acromegaly, amenorrhea was
diagnosed in four cases, all other women reported normal
menstrual function. One patient had type 2 diabetes with
appropriately controlled glucose on 500mg metformin
therapy. All patients were treatment naive with regards
to somatostatin analogues or cabergoline (as mentioned
in the exclusion criteria). Four patients with acromegaly
received ACE inhibitors to control blood pressure.

The patients with NFPA had pituitary hormone levels
within the reference range (10) and were referred to
surgery because of optic chiasm compression in nine cases
and in one case because of severe headache. Two patients
from the NFPA group regularly used ACE inhibitors to
treat hypertension.
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The groups were not different regarding menstrual
function and testosterone levels. Three patients from
the acromegaly group and three patients from the NFPA
group reported smoking. Their levels of physical activity
were normal - none were athletic, immobile or had
physically demanding job. None of the enrolled patients
took calcium supplements, but all of them consumed
dairy products in their diet. The enrollment period was
from October to May.

Exclusion criteria were pregnancy, glucocorticoid use,
alcohol abuse, exacerbation of chronic disease, severe
conditions (i.e., renal and liver insufficiency, heart attack,
stroke), terminal conditions, prolonged immobilization
(>1 week), clinically evident fracture within the previous
six months, any other cause of secondary osteoporosis
within the past five years or any prolonged treatment
with drugs documented to influence bone metabolism in
humans during the previous 12 months (11) including
treatment with antiresorptive or anabolic compounds for
osteoporosis or treatment with a somatostatin analogue.

Serum measurements

All subjects had fasting 08:00-09:00 h serum samples taken
to obtain routine biochemistry, hormonal status and bone
turnover markers (octeocalcin (OC), carboxyterminal
cross-linked telopeptide of type I collagen (CTx)).

Serum samples of OC, CTx, TSH, prolactin,
ACTH, cortisol in serum and saliva were assayed by
electrochemiluminescence (ECLIA) Cobas 6000 Module
€601 Roche. Vitamin D (250HD;), IGF1 and GH levels
were measured by immunochemiluminescence assay
(Liaison). Routine biochemistry was performed on
Architect 8000 (Abbott).

Bone mineral density and fracture assessment

At the time of enrollment all participants were questioned
regarding any recent low traumatic fractures, back pain
and height changes. Height was measured by stadiometer
and a body mass index (BMI) was calculated as kilograms
per meter squared.

Patients underwent standard spinal radiographs in
anterior-posterior and lateral positions of the vertebrae
Th4-L4 (Axiom Icons R200 ‘Siemens’). A deformity was
considered a fracture if the visual inspection perceived
a reduction in vertebral height (anterior, posterior or
middle) of 20% or more (12).

BMD was measured by dual-energy X-ray
absorptiometry (iDXA, GE) at the anteroposterior lumbar
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spine (L1-L4) and femoral neck (the lower of two Z-scores
was chosen) positions according to standard protocol.
Quality control procedures were carried out in accordance
with the manufacturer’s recommendations.

Sample collection and RNA isolation

Bone tissue samples were taken during a transsphenoidal
adenomectomy from the sphenoid bone (base of the sella
turcica) before the removal of the pituitary adenoma and
were washed with sterile 0.9% NacCl solution to remove
visible blood. Bone tissue samples were trimmed using a
scalpel to a uniform size of 5 x Smm and were immediately
placed in lysis buffer (1 mL QIAzol Lysis Reagent; Qiagen,
79306) and homogenized by a TissueLyser LT. Total RNA
isolation from bone tissue with on-column digestion of
the genomic DNA was carried out with a miR Neasy Mini
Kit (Qiagen, 217004) on the automatic ‘QIAcube’ station
as per the manufacturer’s protocol. To prevent degradation
1 unit of RiboLock RNase Inhibitor (Thermo Fisher
Scientific, EO0382) was added per 1uL of RNA solution.
The concentration of total RNA in the aqueous solution
was evaluated on a NanoVue Plus spectrophotometer (GE
Healthcare).

Quantification of messenger RNA (mRNA)
transcripts by qRT-PCR

A two-step quantitative reverse transcriptase-polymerase
chain reaction (qQRT-PCR) was carried out using a High-
Capacity RNA-to-cDNA Kit (Thermo Fisher, 4368814)
and Custom TagMan Array 48 Plus plates (Thermo
Fisher Scientific, 4413258), run in 96-well format on
the StepOnePlus instrument (Applied Biosystems),
according to the manufacturer’s protocol. Data analyses
were done using SDS Software (version 2.3, Applied
Biosystems). All samples were normalized to GUSB and
levels of GAPDH, HPRT served as secondary internal
controls.

Quantification of microRNA (miRNA, miR)
transcripts by qRT-PCR

A gRT-PCR was carried out using a TagMan Advanced
miRNA cDNA Synthesis Kit (Thermo Fisher, A28007)
and TagMan Advanced miRNA Assays (Thermo Fisher
Scientific, A25576), run in 96-well format on the
StepOnePlus instrument (Applied Biosystems), according
to the manufacturer’s protocol. All samples
normalized to hsa-miR-191 levels and spike-ink control

were
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cel-miR-39-3p. Data analyses were performed using SDS
Software (version 2.3, Applied Biosystems).

Statistical analysis

Data are presented using mean (M) values and 95%
confidence intervals (95%CI). Comparisons between the
descriptive parameters of patients with acromegaly and
NFPA were made using non-paired, 2-sided t-tests. Fisher’s
exact test was used to compare two independent groups
for qualitative parameters.

All statistical analysis and graphical output were
performed using R software, version 3.4.0 (2017-04-21).
The original scale and log2-transformed data were plotted
using a ‘ggplot’ package and descriptive statistics were
calculated using a basic ‘stats’ package. Each parameter
was tested using a paired t-test to evaluate any differences
between acromegaly and NFPA. Spearman’s rank test
was used to correlate quantitative parameters within the
groups.

A P value less than 0.05 was considered statistically
significant. In order to account for multiple comparisons,
a correction for the false discovery rate (q values <0.10)
was calculated using the Benjamini-Hochberg adjustment
(13, 14).

No power calculations were made for this study in
advance, and there was no statistical hypothesis as it was
an exploratory rather than confirmatory study. Yet, post hoc
power analysis was conducted on the samples, and it was
confirmed that for the majority of comparisons made the
power of the calculation exceeded 90% (ranging from 39.2%
t0 99.9% across mRNA and miRNA parameters tested).

Results

The general characteristics and biochemical parameters
of participants are summarized in Table 1. Subjects with
acromegaly had elevated levels of IGF1 - 792 (95%CI:
582-1003)ng/mL and basal GH - 10.1 (2.34-22.5) ng/
mL with the mean estimated duration of acromegaly
being approximately 7 (3-10) years. Subjects with NFPA
had IGF1 - 110 (45-175) ng/mL and all other pituitary
hormone levels within the reference range. Although
patients with NFPA tended to be older (not statistically
significant P=0.056), bone remodeling markers were
higher in patients with acromegaly (P<0.05), making age
a non-significant factor. More patients with acromegaly
(three vs one) had low traumatic fractures, but the
difference was not statistically significant (Table 1).
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Table 1 General characteristics of patients with acromegaly and clinically non-functioning pituitary adenoma (NFPA).
Variable Acromegaly mean (95%Cl) NFPA mean (95%Cl) P value
n 14 10
Age (years) 37 (32-41) 45 (33-57) 0.057
Body mass index (kg/m?) 28 (25-31) 27 (23-31) 0.941
Sex female (%): male (%) 8(51.8): 6 (48.2) 6 (60): 4 (40) 0.895
Calcium (mmol/L) 2.38 (2.32-2.44) 2.35 (2.33-2.43) 0.742
Creatinine (mkmol/L) 65 (59-71) 72 (64-79) 0.116
Osteocalcin (ng/mL) 48.6 (30.7-66.5) 23.5(12.3-34.6) 0.015
Carboxyterminal cross-linked telopeptide 1.16 (0.67-1.64) 0.58 (0.28-0.89) 0.039
of type | collagen (ng/mL)
Vitamin D (ng/mL) 10.9 (8.4-13.6) 12.2 (5.9-18.4) 0.879
L1-L4 (g/cm?) 1.029 (0.801-1.258) 1.039 (0.879-1.199) 0.392
L1-L4 Z-score 0.2 (-0.5to0 1.1) -0.4 (-1.81t0 0.9) 0.302
Femur neck (g/cm?) 0.964 (0.824-1.104) 0.865 (0.723-1.007) 0.375
Femur neck Z-score 0.6 (-0.3 to 1.43) -0.2(-1.21t00.7) 0.167
Low traumatic fractures N (%) 3(21%) 1(10%) 0.468

Type of Fracture

In 2 cases vertebral fractures and in 1
case non-vertebral fracture
(radius)

In 1 case vertebral fracture

Effects of acromegaly on gene expression critical for
osteoblast differentiation and maturation

As shown in Fig. 1 and Table 2, no significant changes
in the expressions of genes responsible for osteoblast
function and bone formation (15, 16, 17) were seen
apart from alkaline phosphatase (ALP), which was 50%
downregulated in subjects with acromegaly vs NFPA.
The expression of some growth factors that affect
osteoblastogenesis (17) (BMP2, IGF1, VEGFA) were
downregulated in bone tissue samples of acromegaly
patients, but BMP7 was upregulated. TWIST1, but not
RUNX2, was almost 50% downregulated. Among the key
extracellular regulators of the Wnt signaling pathway
(15, 16), we found a 10-fold upregulation of WNT10B
(P=0.001; ¢=0.017) and increased expression of the
Wnt signaling antagonist DKK1 (7.7 (4.7-10.7) P<0.001;
q=0.011). The expression of SOST was upregulated
(P=0.043), but this was not significant when the correction
on multiple comparisons was applied (g=1) (Table 2).

We did not find any difference in the expressions of
SFRP1 or WNT3A.

We performed correlation analysis between IGF1,
basal GH and expression of all tested genes (Table 2) in
both groups of patients together. We found significant
correlation between IGF1 levels and the following gene
expressions: ALP: p,=-0.579, P=0.012; BMP7: p,=0.683,
P=0.002; DKKI1: p,=0.618, P=0.006; FGFR1: p,=0.706,
P=0.001; HPRT1I: p,=-0.689, P=0.002; IGF1: p,=-0.642,
P=0.004; IGFBP2: p,=-0.469, P=0.050; IL6: p,=-0.768,
P<0.001; IL6R: p,=-0.577, P=0.012; leptin: p,=-0.802,
P=0.003; PCDHA6: p,=-0.765, P<0.001; SFRPI:

p,=—0.529, P=0.024; SOST: p,=0.818, P<0.001; STATI:
p,=0.500, P=0.035; TWISTI: p,=-0.810, P<0.001;
VEGFA: p,=-0.803, P<0.001; WNTIOB: p,=0.701,
P=0.003. The only significant correlation found between
basal GH and mRNA levels was SOST: p,=0.812, P=0.008.
However, basal GH showed significant positive correlation
with serum levels of osteocalcin: p,=0.821, P=0.023 and
CTx: p,=0.810, P=0.015. The relation between IGF1 and
CTx was less evident p,=0.636 P=0.011 and did not reach
a statistically significant value when we tested the IGF1
correlation with osteocalcin p,=0.503 P=0.067.

Neither IGF1, nor GH levels showed any significant
correlation with COL1A1, COL1A2 or BGLAP gene
expression in bone tissue samples.
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Figure 1

The effects of growth hormone excess on relative mRNA levels
in bone tissue samples of patients with active acromegaly.
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Table 2 mRNA levels in bone samples of patients with acromegaly compared with clinically non-functioning pituitary adenoma

(NFPA) patients.

Gene symbol Gene name NFPA Acromegaly mean (95% Cl) P Q
ACP5 Acid phosphatase 5 tartrate resistant 1 1.09 (0.59-1.59) 0.704 1
ALP Alkaline phosphatase 1 0.51 (0.39-0.62) <0.001 <0.001
BGLAP Bone gamma-carboxyglutamate protein 1 1.36 (0.74-1.97) 0.235 1
BMP2 Bone morphogenetic protein 2 1 0.82 (0.75-0.90) <0.001 0.011
BMP7 Bone morphogenetic protein 7 1 1.86 (1.59-2.14) <0.001 0.001
CA2 Carbonic anhydrase 2 1 1.05 (0.82-1.29) 0.629 1
CD40 CD 40 molecule 1 1.33 (0.94-1.71) 0.093 1
CLCN7 Chloride voltage-gated channel 7 1 1.01 (0.83-1.19) 0.918 1
COL1A1 Collagen type | alpha 1 chain 1 1.24 (0.57-1.92) 0.45 1
COL1A2 Collagen type | alpha 2 chain 1 1.69 (0.61-2.76) 0.192 1
DKKT Dickkopf 1 1 7.7 (4.69-10.71) <0.001 0.011
FGFR1 Fibroblast growth factor receptor 1 1 1.16 (1.02-1.31) 0.032 0.858
FGFR2 Fibroblast growth factor receptor 2 1 0.89 (0.66-1.12) 0.327 1
HPRT1 Hypoxanthine phosphoribosyltransferase 1 1 0.8 (0.67-0.94) 0.007 0.217
IGF1 Insulin-like growth factor 1 1 0.33 (0.20-0.47) <0.001 <0.001
IGFBP2 Insulin-like growth factor binding protein 2 1 0.67 (0.24-1.11) 0.131 1
IL15 Interleukin 15 1 0.85 (0.58-1.12) 0.256 1
IL6 Interleukin 6 1 0.03 (0.02-0.05) <0.001 <0.001
IL6R Interleukin 6 receptor 1 0.49 (0.36-0.63) <0.001 <0.001
ITGAT Integrin subunit alpha 1 1 0.99 (0.69-1.28) 0.922 1
ITGB3 Integrin subunit beta 3 1 0.82 (0.60-1.04) 0.095 1
LRP1 Low-density lipoprotein receptor protein 1 1 0.99 (0.77-1.20) 0.887 1
LRP5 Low-density lipoprotein receptor protein 5 1 1.24 (0.98-1.49) 0.066 1
LRP6 Low-density lipoprotein receptor protein 6 1 1.04 (0.81-1.27) 0.705 1
MMP2 Matrix metallopeptidase 2 1 1.3 (0.87-1.74) 0.156 1
PCDHAG6 Protocadherin alpha 6 1 0.55 (0.38-0.72) <0.001 0.003
RUNX2 Runt related transcription factor 2 1 1.01 (0.76-1.25) 0.965 1
SFRP1 Secreted frizzled related protein 1 1 1(0.38-1.62) 0.998 1
SFRP4 Secreted frizzled related protein 4 1 0.97 (0.68-1.27) 0.851 1
SOST Sclerostin 1 5.18 (1.16-9.20) 0.043 1
SPP1 Secreted phosphoprotein 1 1 1.02 (0.72-1.31) 0.91 1
STAT1 Signal transducer and activator of transcription 1 1 1.2 (1.04-1.35) 0.019 0.564
TGFB1 Transforming growth factor beta-1 1 0.88 (0.71-1.04) 0.136 1
TIMP2 TIMP metallopeptidase inhibitor 2 1 1.08 (0.86-1.30) 0.445 1
TNFRSF11A (RANK) TNF receptor superfamily member 11a (Receptor 1 1.38 (1.06-1.69) 0.022 0.607

Activator of Nuclear Factor k B)
TNFRSF11B (OPG)  TNF receptor superfamily member 11b 1 1.05 (0.51-1.60) 0.831 1

(osteoprotegerin)
TNFSF11 (RANKL)  TNF superfamily member 11 (Receptor activator 1 0.98 (0.74-1.22) 0.849 1

of nuclear factor kappa-B ligand)
TWIST1 Twist family bHLH transcription factor 1 1 0.56 (0.41-0.71) <0.001 0.001
VEGFA Vascular endothelial growth factor A 1 0.48 (0.30-0.65) <0.001 0.001
WNT10B Wnt family member 10B 1 10.11 (5.96-14.26) 0.001 0.017
WNT3A Wnt family member 3A 1 1.18 (0.41-1.96) 0.619 1

Analyzing the association between serum bone

remodeling markers and gene expressions patterns, we
found significant correlation between osteocalcin and

the following mRNA levels: DKK1: p,=0.562, P=0.015;

FGFR1: p,=0.667, P=0.002; HPRT1: p,=-0.515, P=0.029;
SOST: p,=0.732, P=0.001; TNFSF11: p,=0.486, P=0.041.
We also found association between CTx and FGFRI:
0,=0.664, P=0.002; SOST: p,=0.607, P=0.006; TNFSF11:
0,=0.484, P=0.041.

Neither OC, nor CTx levels demonstrated any
correlations with COL1IA1, COL1A2, BGLAP or ALP gene
expression in bone tissue samples.

Of the tested miRs (Fig. 2 and Table 3), we found
significant downregulation of miR-29a-3p, miR-29b-3p
and miR-29¢-3p, which may have negative effects on
Wnt signaling (18, 19) and therefore negatively affect
osteoblastogenesis. At the same time, we also found
upregulation of miR-125b-5p, miR-188-3p and miR-
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Figure 2

The effects of growth hormone excess on relative microRNA
(miR) levels in bone tissue samples of patients with active
acromegaly.

34a-5p, which are expected to have negative effects on
osteoblastogenesis and positive effects on adipogenesis
(20, 21, 22, 23). Similar negative effects on osteogenic
differentiation (24, 25, 26) might be expected from
miR-27a-5p downregulation (Table 3). The observed
downregulation of miR-199a-5p might be beneficial for
mesenchymal stem cell commitment to chondrocytes
over osteoblasts (27).

In contrast to this, upregulation of miR-210-5p
(Fig. 2 and Table 3) should promote osteoblastogenesis by
targeting its negative regulator (28). Furthermore, several
miRs which functionally inhibit the differentiation of
osteoprogenitors by attenuating RUNX2 and SMADS
pathways (miR-135a-5p; miR-211; mirR-204-5p; miR-
23a-3p) (29, 30, 31) were downregulated in bone tissue
samples of patients with acromegaly.

The expression of several more miR with less defined
functions, but also involved in bone remodeling (32, 33)
were changed. miR-9-5p and miR-328-3p were upregulated
more than twofold. The expression of miR-21-5p was 80%
increased and miR-31-5p was 50% downregulated (Fig. 2
and Table 3).

Correlation analysis showed significant associations
between serum IGF1 and the following miR: miR-135a-5p:
po=—0.528, P=0.024; miR-125b-5p: p,=0.610, P=0.007;
miR-211: p,=-0.530, P=0.029; miR-31-5p: p,=-0.737,
P<0.001; miR-34a-5p: p,=0.691, P=0.001; miR-550a-5p:
po=—0.554, P=0.017; miR-27a-5p: p,=—0.613, P=0.007;
miR-188-3p: p,=0.65,2 P=0.003; miR-133a-3p: p,=—0.652,
P=0.003; miR-204-5p: p,=-0.940, P<0.001; miR-
23a-3p: p,=—0.584, P=0.011; miR-27a-5p: p,=-0.613,
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P=0.007; miR-29a-3p: p,=-0.698, P=0.001; miR-29b-3p:
po=—0.510, P=0.03; miR-29¢-3p: p,=-0.633, P=0.005.

Basal GH levels were associated with miR-31-5p:
po=—0.733, P=0.025; miR-188-3p: p,=0.917, P=0.001;
miR-204-5p:  p,=-0.845, P=0.004 and miR-22-3p:
1,=0.700, P=0.036 among all enrolled patients.

Regarding bone remodeling markers, we found the
following association between osteocalcin and miRs:
miR-21-5p: p,=0.482, P=0.043; miR-31-5p: p,=-0.487,
P=0.041; miR-34a-5p: p,=0.520, P=0.027; miR-27a-5p:
po=—0.632, P=0.005; miR-188-3p: p,=0.585, P=0.011;
miR-204-5p: p,=—0.679, P=0.002. Some correlations were
also found between serum CTx levels and miR- 125b-
5p: p,=0.519, P=0.023; miR-34a-5p: p,=0.457, P=0.049;
miR-27a-5p: p,=-0.632, P=0.026; miR-188-3p: p,=0.506,
P=0.027; miR-204-5p: p,=-0.678, P=0.001.

Effects of acromegaly on gene expressions critical for
osteoclast activation and function

The mRNA levels of genes responsible for osteoclast
function and osteoclastogenesis (34) were mostly
unchanged, including the RANKL/RANK/OPG pathway.
PCDHAG6 (responsible for adhesion and cell to cell
interaction (35)), IL-6 and its receptor were downregulated
(Table 2).

We did not observe significant correlation between
serum vitamin D (250HD3) levels and mRNA or miR
expressions. We did not find any statistically significant
correlations between IGF1 and Vitamin D or GH and
vitamin D levels.

We did not find any difference in mRNA or microRNA
levels in subjects who had previously sustained low
traumatic fractures. Still the number of patients with
fractures was small and the fractures were not clinically
evident at the moment of enrollment.

Discussion

This is the first study evaluating both mRNA and microRNA
expression profiles in bone tissue samples of patients
with active acromegaly. We found significantly increased
expression of the Wnt signaling antagonist (DKK1) and
agonist (WNT10B) and changes in microRNA expressions
involved in mesenchymal stem cell commitment to
enhance chondrocyte and adipocyte over osteoblast
development.

Consistent with previous reports (6), increased bone
formation and bone resorption markers were found in
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Table 3 miRNA levels in bone samples of patients with active acromegaly compared with clinically non-functioning pituitary

adenoma (NFPA) patients.

MicroRNA (miR) symbol NFPA Acromegaly mean (95% confidence interval) P Q
miR21-5p 1 1.8 (1.45-2.15) <0.001 0.007
miR210-5p 1 2.66 (1.85-3.48) 0.001 0.017
miR135a-5p 1 0.55 (0.36-0.75) <0.001 0.007
miR155-5p 1 1.38 (0.93-1.83) 0.092 0.959
miR148a-3p 1 1.51 (0.97-2.05) 0.063 0.757
miR122-5p 1 1.64 (1.18-2.10) 0.01 0.156
miR125b-5p 1 2.62 (1.75-3.49) 0.001 0.03
miR9-5p 1 2.23 (1.48-2.98) 0.004 0.07
miR328-3p 1 2.91 (2.03-3.79) <0.001 0.01
miR211 1 0.53 (0.38-0.68) <0.001 <0.001
miR31-5p 1 0.45 (0.25-0.65) <0.001 0.001
miR34a-5p 1 2.52 (1.87-3.16) <0.001 0.006
let7b-5p 1 0.96 (0.57-1.35) 0.84 1
miR10b-5p 1 1.64 (1.01-2.27) 0.048 0.621
miR22-3p 1 1.72 (1.21-2.23) 0.009 0.153
miR203a-5p 1 2.12 (1.21-3.03) 0.02 0.298
miR100-5p 1 1.38 (0.91-1.85) 0.104 0.959
miR133a-5p 1 1.34 (0.71-1.97) 0.265 1
miR21-3p 1 1.48 (0.92-2.05) 0.087 0.959
miR550a-5p 1 0.69 (0.40-0.99) 0.043 0.604
miR550b-2-5p 1 1.03 (0.68-1.38) 0.865 1
miR199a-5p 1 0.63 (0.45-0.82) 0.001 0.022
miR320a 1 0.97 (0.72-1.22) 0.805 1
miR26a-5p 1 1.94 (1.29-2.58) 0.008 0.138
miR27a-5p 1 0.44 (0.25-0.62) <0.001 0.001
miR96-5p 1 0.86 (0.56-1.16) 0.332 1
miR188-3p 1 2.95 (2.33-3.56) <0.001 <0.001
miR133a-3p 1 0.86 (0.62-1.09) 0.207 1
miR204-5p 1 0.31 (0.25-0.38) <0.001 <0.001
miR218-5p 1 0.75 (0.45-1.04) 0.089 0.959
miR23a-3p 1 0.62 (0.52-0.73) <0.001 <0.001
miR27a-3p 1 1.08 (0.82-1.34) 0.502 1
miR29a-3p 1 0.34 (0.24-0.44) <0.001 <0.001
miR29b-3p 1 0.44 (0.30-0.58) <0.001 <0.001
miR29¢c-3p 1 0.36 (0.27-0.45) <0.001 <0.001

serum samples of patients with acromegaly. However,
we did not find significant upregulation of tested genes
responsible for osteoblast or osteoclast function. Rather
unexpectedly, ALP, which is a marker of mature osteoblast
activity, was 50% downregulated along with TWISTI.
The data were supported by strong negative correlations
between serum IGF1 and both ALP and TWISTI
expression. Consequently, the increased bone remodeling
markers in serum samples of patients with acromegaly
cannot be explained by the increase in bone remodeling
rate. Contrary to this, analysis of gene expression
patterns in bone tissue samples of postmenopausal
women (10 postmenopausal vs 7 premenopausal) (36)
showed upregulated expressions of all tested collagen
molecules, BGLAP, ALP, RUNX2, TNFSF11/RANKL and
many other genes which clearly demonstrate an increased
bone remodeling rate. This explains the increased bone

remodeling markers in serum samples in postmenopausal
women (9).

Thus, the previously reported changes in gene
expressions patterns in bone samples of postmenopausal
women (36) differ from the currently reported in patients
with acromegaly, though bone remodeling markers are
elevated in both conditions (6, 9).

In an adult skeleton endochondral ossification
occurs during the fracture healing process, which is also
characterized by markedly increased bone remodeling
markers in serum (37). Nevertheless, none of the enrolled
patients with acromegaly had had a fracture within
the previous six months, but all had obvious visible
signs of acromegaly, which indicates active cartilage
metabolism. Consequently, we suggest that cartilage
growth in acromegaly may explain the increased bone
remodeling markers in serum, contrary to the increased
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bone remodeling rate usually observed in other forms of
secondary osteoporosis or postmenopausal osteoporosis
(9). This hypothesis was also supported by the absence of
correlations between OC or CTx in serum and COLIAI,
COL1A2, BGLAP or ALP gene expression in bone tissue
samples.

During normal endochondral ossification, ALP
secretion is vital for mineral deposition and the
formation of osteoprogenitor cells that secrete osteoid
to form the bone trabecula (37). Theoretically, a fifty
percent downregulation of ALP in bone of patients with
acromegaly may alter the later stages of bone matrix
production (trabecula formation, osteoblast maturation)
and therefore it may explain the altered quality of newly
formed bone.

Expression of IGF1 in bone tissue samples was
downregulated, most likely due to the reciprocal
changes in response to high serum IGF1 levels.
BMP7, upregulated in the present study, induces
the phosphorylation of SMADI and SMADS, that
are important transcription factors for osteogenic
differentiation of mesenchymal stem cells (38). With
regards to the Wnt signaling components, both the Wnt
signaling agonist (WNT10B) and antagonist (DKKI)
were upregulated, but the key osteoblast transcription
factor (RUNX2) was unchanged. This is probably due
to an achieved balance in the tight regulation of bone
remodeling in long-term acromegaly.

In addition to mRNA, we analyzed miR expressions
known to be involved in the regulation of bone
remodeling and mesenchymal stem cell commitment
(32, 33, 34, 39). Cell culture research suggests that miR-
199a is a BMP-2-responsive miR, which inhibits early
chondrogenesis through its direct effect on SMAD1 levels
(27). In our research, both BMP2 and miR-199a-5p were
downregulated. We suggest that the downregulation of
miR-199a-5p could increase SMAD1 levels and to improve
chondrocyte proliferation (38).

miR-29a, b and ¢ were all downregulated in bone
tissue samples of patients with acromegaly. miR-
29a modulates Wnt signaling in human osteoblasts
through a positive feedback loop, as DKK1, KREMEN2
and secreted frizzled-related protein 2 are direct targets
of miR-29a (18). In addition to this, the upregulation
of miR-29a and miR-29 correlated with decreased
osteonectin protein during the matrix maturation and
mineralization phases (19).

miR-328-3p was more than twofold upregulated in
bone tissue samples in the present study. This miR was
decreased in the serum of patients with osteoporosis and

Acromegaly and bone mRNA, 178:4 360
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suggested as a serum biomarker to reveal osteoporotic
fracture and osteoporosis in postmenopausal women (32).

It is believed that GH affects the commitment of
mesenchymal precursors, favoring osteoblastogenesis and
chondrogenesis and opposing adipogenesis (1). However,
it is unknown whether this is the case in acromegalic
patients. Several of the tested miRs are essential for the
shift from osteogenic to adipogenic differentiation
of mesenchymal stem cells. miR-27a directly targets
peroxisome  proliferator-activated receptor gamma
(PPARG) and gremlin 1 (GREM1) expression (24, 25, 26).
Consequently, the decreased levels of miR-27a-5p shown
in this study might promote adipogenic differentiation
of mesenchymal stem cells. miR-188-3p, which was
upregulated in bone tissue samples of acromegalic
patients, was also shown to be a key regulator of the
switch between osteogenesis and adipogenesis of bone
marrow mesenchymal stem cells. Upregulation of miR-
188-3p led to reduced bone formation and increased bone
marrow fat accumulation in mice (22). miR-125b-5p,
which was upregulated in the present research, has been
shown to inhibit osteogenic differentiation through the
regulation of cell proliferation and mesenchymal stem
cell commitment (20, 21). We also found miR-34a-5p to
be upregulated which, according to literature, may reduce
the levels of cell cycle-related proteins (CDK4, CDKo,
Cyclin D1) (23) leading to the inhibition of proliferation
and therefore the inhibition of osteoblastogenesis.

Consequently, the downregulation of miR-27a-5p,
miR29 a,b,c and upregulation of miR-125b-5p, miR-
188-3p, miR-34a-5p in bone tissue samples of patients
with acromegaly is likely to contribute to the suppression
of osteogenesis.

Other changes in miR profiles seem to be protective
of bone formation. MmiR-204/211 act as endogenous
negative regulators of RUNX2 (30) and both were
downregulated in bone tissue samples of patients with
acromegaly. miR-23a represses RUNX2 in the terminally
differentiated osteocyte, representing a feedback
mechanism to attenuate osteoblast maturation (31).
miR-135, which was downregulated in patients with
acromegaly, targets SMADS, a key transducer of the BMP2
osteogenic signal (29). MiR-210, which was upregulated
in this study, acts as a positive regulator of osteoblast
differentiation and was shown to promote the BMP-
4-induced osteoblast differentiation of bone marrow-
derived ST2 stromal cells (28).

Interestingly, we found that miR-21-5p, but not
miR-21-3p was upregulated in bone tissue samples
from patients with acromegaly. miR-21-5p promotes
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osteogenic differentiation and impairs adipogenic
differentiation through SPRY1 inhibition (40). However,
it is also involved in the regulation of osteoclast activity
and survival (41, 42).

Several potential functions have been reported for
miR-31 (43, 44, 45), which was 50% downregulated
in bone tissue samples of patients with acromegaly. In
human mesenchymal stem cells the overexpression
of miR-31 repressed osteogenesis,
downregulation of miR-31 enhanced it (43). In another
report the overexpression of miR-31 significantly
reduced the expression of osteogenic transcription
factors, but not RUNX2 (44). In addition to this, the
downregulation of miR-31-5p may attenuate RANKL-
induced osteoclastogenesis and bone resorption through
the upregulation of RHOA (45).

In the present study, we also discovered increased
expression of miR-9-5p. According to current research
(46, 47), miR-9 is involved in the inhibition of cell
proliferation and survival in chondrogenic progenitors
and articular chondrocytes by targeting protogenin (46).
miR-9-5p was increased in cartilage samples from patients
with osteoarthritis (47).

This is the first study documenting gene expression
in bone tissue samples of patients with active acromegaly
and has certain limitations. We used whole bone tissue
samples that could have included bone marrow and we
could notdistinguish whether theinduced transcriptional
changes reflected changes in cellular composition or the
response of a particular cell type. We also obtained bone
tissue samples from the sphenoid bone (sella turcica)
during neurosurgery, whereas usually a bone biopsy is
taken from the iliac crest. Nevertheless, the part of the
iliac crest ‘2 cm posterior to the anterior iliac crest’
where the transiliac bone biopsy must be performed
(48) is not weight-bearing, similar to the sphenoid bone.
Classification of bone according to their geometrical
characteristics includes vertebrae, pelvis and bones in the
base of skull (specifically the sphenoid bone) in the same
group - irregular bone (49). Considering the increased
risk of vertebral fractures in patients with acromegaly,
bone tissue samples from vertebrae would be ideal.
At the same time, due to the systemic effects of IGF1
and GH on bone, similar outcomes in gene expression
should be expected from different parts of the skeleton.
In similar research on patients with Cushing’s disease,
bone tissue samples from the sphenoid bone showed
downregulation of genes involved in osteoblast function
and maturation (ACP5, ALPL, BGLAP, COL1A1, COL1A2,
BMP2, RUNX2, TWISTI) (50), similar to a previous

whereas the
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publication on gene expressions in lumbar vertebrae of
glucocorticoid-treated mice (51).

Another possible limitation is the fact that both
the patients with acromegaly and the control group
had vitamin D deficiency and their gonadal function
may be affected by the presence of pituitary tumor.
However, there were no differences in vitamin D levels
or hypogonadism between the groups and therefore the
found differences in gene expressions were not related
to vitamin D deficiency or gonadal status. Additionally,
active D-hormone (1,25(OH)D3), which affects gene
expression, is expected to be normal even in vitamin
D deficient patients (52). Although we did not measure
other metabolites of vitamin D or PTH values, calcium
levels within the reference range and normal or slightly
higher BMD values in all enrolled patients indicate
that the condition is clinically compensated in both
groups of patients. Nevertheless, we cannot exclude
osteomalacia in both groups of patients, as we did
not perform histological evaluation. We did not treat
vitamin D deficiency before the enrollment because
there are conflicting data on the effects of vitamin D
supplementation on IGF1 in adults (54, 55) and it is
known that IGF1 increases the circulating levels of
1,25-dihydroxyvitamin D by stimulating the expression
and activity of la-hydroxylase (54).

It is important to emphasize, that our findings outline
the changes in the complex, long-term condition of
acromegaly in humans rather than the effects of excess of
GH or IGF1 on bone tissue.

We only evaluated the expression of genes which
were previously reported to be associated with bone
remodeling. However, we cannot be sure that we assessed
all the relevant genes. In addition to this, it is impossible to
provide a precise duration of acromegaly as it is frequently
present for many years before it is diagnosed (53). This
is a cross-sectional study with the consequent limitations
related to the study design.

In summary, acromegaly has minimal effects on the
tested mRNA specific to osteoblast or osteoclast function
except for ALP expression, which was 50% downregulated
in bone tissue samples. Consequently, in patients with
acromegaly the increased bone remodeling markers in
circulation do not reflect increased bone remodeling
rate. We suggest that processes similar to endochondral
ossification occur in patients with acromegaly and these
explain the high levels of bone remodeling markers and
normal or high BMD. The final stages of endochondral
ossification require alkaline phosphatase and as this
mRNA expression was downregulated and demonstrated
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strong negative association with IGF1, we suggest that
it may alter the final stages of bone formation and bone
quality.

Acromegaly affects osteoblastogenesis through a
marked increase in the mRNA levels of both the Wnt
signaling antagonist (DKKI1) and agonist (WNT10B) and
also through changes in the expressions of miR known
to be involved in mesenchymal stem cell commitment.
These findings along with downregulated TWIST1
expression, suggest predominant commitment to cartilage
or adipocyte cells over mature osteoblasts.

In long-term acromegaly, these changes may lead to
immaturity or deteriorated quality of newly formed bone
with consequent increased bone fragility.
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