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Bone resorption is linked to bone formation via temporal and 
spatial coupling within the remodeling cycle. Several lines of 
evidence point to the critical role of coupling factors derived 
from pre-osteoclasts (POCs) during the regulation of bone marrow- 
derived mesenchymal stem cells (BMMSCs). However, the role 
of glial cell-derived neurotrophic factor (GDNF) in BMMSCs is 
not completely understood. Herein, we demonstrate the role 
of POC-derived GDNF in regulating the migration and osteo-
genic differentiation of BMMSCs. RNA sequencing revealed 
GDNF upregulation in POCs compared with monocytes/macro-
phages. Specifically, BMMSC migration was inhibited by a 
neutralizing antibody against GDNF in pre-osteoclast-conditioned 
medium (POC-CM), whereas treatment with a recombinant 
GDNF enhanced migration and osteogenic differentiation. In 
addition, POC-CM derived from GDNF knock-downed bone 
marrow macrophages suppressed BMMSC migration and osteo-
genic differentiation. SPP86, a small molecule inhibitor, inhibits 
BMMSC migration and osteogenic differentiation by targeting 
the receptor tyrosine kinase RET, which is recruited by GDNF 
into the GFR1 complex. Overall, this study highlights the 
role of POC-derived GDNF in BMMSC migration and osteo-
genic differentiation, suggesting that GDNF regulates bone meta-
bolism. [BMB Reports 2020; 53(12): 646-651]

INTRODUCTION

Continuous remodeling occurs in the skeletal system of adults 
to maintain bone homeostasis (1, 2). Cells associated with 
remodeling typically include osteoclasts and osteoblasts, both 
of which proliferate, migrate, and differentiate inside the bone 
marrow facilitated by various factors. Accordingly, bone remodel-

ing is known as “the coupling of osteoclasts and osteoblasts” 
because their action mechanisms communicate with each other 
(3-5). Bone resorption by osteoclasts is coupled to osteoblast- 
induced bone formation by endocrine and paracrine factors, 
via migration and differentiation of osteoblast precursors (6). 
The coupling factors derived from osteoclasts can be catego-
rized into three groups. The first group, which involves trans-
forming growth factor- (TGF-) and insulin-like growth factor-I, 
is derived from the bone matrix (6, 7). The second group com-
prising factors, such as Eph receptor, is expressed on the cell 
membrane. The elements of the third group, which include 
platelet-derived growth factor-BB and sphingosine-1-phosphate, 
are secreted by osteoclasts and act on osteoblasts in a para-
crine manner (5-7). Stimulation with macrophage colony-stimula-
ting factor (M-CSF) and receptor activator of nuclear factor-B 
ligand (RANKL) induces monocytes/macrophages into tartrate- 
resistant acid phosphatase positive (TRAP+) mononuclear cells, 
which are then known as pre-osteoclasts (POCs) (8). Platelet- 
derived growth factor-BB secreted by POCs affects bone marrow- 
derived mesenchymal stem cells (BMMSCs), which are a major 
source of osteoblasts (9). BMMSCs are known to regulate bone 
marrow microenvironment, because their lineage affects the 
hematopoietic stem cell lineage, inducing their differentiation 
into osteoclasts (10). 

Glial cell-derived neurotrophic factor (GDNF) is a member 
of the TGF- ligand superfamily, which includes GDNF, artemin, 
neurturin, and persephin (11). All ligands belonging to GDNF 
family bind differently to various complexes via GFR1-4, a 
glycosylphosphoinositol linked subunit (12-14). GDNF exhibits 
high affinity for GFR1 but typically uses the receptor tyrosine 
kinase RET as a signaling co-receptor (14). The small molecule 
inhibitor SPP86 is a selective inhibitor of RET tyrosine kinase, 
which induces PI3K/Akt and MAPK signaling that affects cell 
migration and differentiation (15-17). GDNF plays a major role 
as a growth factor that stimulates survival and proliferation of 
dopaminergic neurons, which are atrophied in Parkinson’s 
disease (18).

In the present study, we investigated the functional role of 
POC-derived GDNF in BMMSC migration and osteogenic differ-
entiation. The results suggest that GDNF acts as a bone-coup-
ling factor linking bone resorption to bone formation.
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Fig. 1. GDNF is increased during osteoclast differentiation induced 
by RANKL. (A) A number of genes are differentially expressed in 
RANKL-stimulated BMMs on days 0 and 3, respectively. Based on 
the RNA sequencing results, 2,352 mRNAs were differentially ex-
pressed between BMMs and POCs. They included 14 mRNAs, in-
cluding 10 upregulated and 4 downregulated mRNAs. (B) Heatmap 
of significantly up-regulated (red) or down-regulated (blue) genes 
in Venn diagram and osteoclast marker genes. (C) Gdnf, Acp5, and 
Nfatc1 mRNA levels of BMMs with RANKL stimulation for indi-
cated days. Data were analyzed with qPCR. (D) The GDNF levels 
in the conditioned medium from RANKL-stimulated BMMs on 
days 0 and 3, respectively, were measured by ELISA. Mo/Mac CM, 
monocyte/macrophage-conditioned medium. POC CM, pre-osteoclast-
conditioned medium. Values are presented as the mean ± SD 
(standard deviation). Student’s t-test was used for statistical analysis 
(C and D). *P ＜ 0.05, **P ＜ 0.01.

Fig. 2. GDNF-induced mobility and osteogenesis of BMMSCs. (A-D) 
Cell migration was evaluated by transwell migration and wound 
healing assays. BMMSCs were treated with (A, B) GDNF-neutral-
izing antibody (GDNF nAb) at indicated doses or 1 g/ml. Scale 
bars = 100m and 200m. (C, D) Recombinant GDNF at indi-
cated doses or 100 ng/ml. Scale bars = 100m and 200m. (E, F) 
Osteogenic differentiation was validated in BMMSCs in osteogenic 
medium (OM) supplemented with or without 100 ng/ml recombi-
nant GDNF. Cells were stained with Alizarin red S solution, the 
concentration of which was measured as described in Materials 
and Methods (E). The expression of Bglap and Runx2 in osteoblasts 
was analyzed by qPCR (F). Values are presented as the mean ±
SD. A one-way ANOVA followed by Dunnett’s multiple comparison 
test was used for statistical analysis (A and B). Values are mean ±
SD. Student’s t-test was used for statistical analysis (C, D, E and 
F). *P ＜ 0.05, **P ＜ 0.01, ***P ＜ 0.005, #P ＜ 0.0001. NS, Not 
significant.

RESULTS

GDNF is secreted from POC stimulated by RANKL
To elucidate the potential mechanism by which POCs regulate 
BMMSCs, we cultured bone marrow monocytes/macrophages 
(BMMs) to induce their differentiation into POCs and obtained 
the conditioned medium derived from BMMs (control) and 
POCs (Supplementary Fig. 1A). BMMSC migration and osteogenic 
differentiation were induced significantly more in conditioned 
medium derived from POCs than in control conditioned me-
dium from BMMs (Supplementary Fig. 1B, C), indicating that 
factors promoting BMMSC migration and osteogenesis were 
secreted in pre-osteoclast-conditioned medium (POC-CM). 

We performed RNA sequencing of BMMs and POCs to 
identify factors from POC-CM regulating BMMSC migration 
and osteogenesis. We identified altered genes within the two 
groups: 14 secretion genes, 10 of which were merged up and 
4 merged down (Fig. 1A). The genes that are known as osteo-
clast markers (19), including Ocstamp, Atp6v0d2, Acp5, Nfatc1, 
and Csf-1, were grouped together to establish osteoclast differ-
entiation of BMMs (Fig. 1B). One of the increased factors, 
GDNF, is a member of the TGF- superfamily, and TGF-1 

reportedly regulates the reconstitution in bone microenviron-
ment by inducing migration of BMMSCs (11, 20). We assume 
that POC-derived GDNF affects BMMSCs. The transcription of 
GDNF expression is increased during osteoclast formation by 
RANKL stimulation (Fig. 1C), and high levels of GDNF released 
to POC-CM were detected by enzyme-linked immunosorbent 
assay (ELISA) (Fig. 1D).

GDNF induces migration and differentiation of BMMSCs 
We tested a neutralizing antibody against GDNF in the con-
ditioned medium, and found that the neutralizing antibody 
abolished POC-CM-induced BMMSC migration (Fig. 2A, B). 
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Fig. 3. GDNF knockdown in BMMs decreased the migration and 
differentiation of BMMSCs. (A) GDNF levels in conditioned medium 
derived from siGDNF-transfected BMMs were measured by ELISA. 
(B, C) Cell migration was evaluated by transwell and wound healing 
assays with the conditioned medium. Scale bars = 100m and 
200m. (D) Osteogenesis was validated in BMMSCs in osteogenic 
medium with the indicated conditioned medium for 14 d. Values 
are presented as the mean ± SD. P values from two-way ANOVA 
were calculated followed by Tukey’s multiple comparison test (A, 
B, C and D). *P ＜ 0.05, **P ＜ 0.01, ***P ＜ 0.005, #P ＜ 0.0001. 
NS, Not significant.

Fig. 4. Inhibition of GDNF signal suppressed migration and differ-
entiation of BMMSCs. (A) Migration signals in BMMSCs inhibited 
by treatment with 1 M SPP86 for 3 h before stimulation and acti-
vated by conditioned medium for 15 min are shown using Western 
blot. The images were scanned with an office scanner and quantified 
by ImageJ. V, vehicle; S, SPP86. (B) Transwell migration assay was 
conducted to analyze the migration of BMMSCs in conditioned 
medium with or without the indicated doses of SPP86. Scale bar 
= 100m. (C) Wound healing assay was performed with condi-
tioned medium and 1 M SPP86, and wound closure area was cal-
culated by Image Pro. Scale bar = 200m. (D) Osteogenesis was 
validated in BMMSCs in conditioned medium supplemented with 
osteogenic factors, with or without 1 M SPP86. Values are pre-
sented as the mean ± SD. P values from one-way ANOVA were 
calculated followed by Dunnett’s multiple comparison test (A, B, 
C and D). *P ＜ 0.05, **P ＜ 0.01, #P ＜ 0.0001. NS, Not significant.

These results suggest that GDNF, whose function is not yet 
known in bone marrow environment, has an effect on BMMSCs. 
We hypothesized that GDNF directly affects BMMSC migra-
tion. Accordingly, recombinant GDNF treatment induces an in-
crease in the migration of BMMSCs (Fig. 2C, D).

Next, we examined whether GDNF has an osteogenic poten-
tial. We treated BMMSCs with osteogenic media (OM) with or 
without GDNF. Alizarin red staining after 14 d increased 
BMMSC differentiation into osteoblasts (Fig. 2E). The transcrip-
tion of bone formation marker genes showed that GDNF 
significantly stimulated Bglap and Runx2 expression 14 d after 
the differentiation of BMMSCs (Fig. 2F). Taken together, these 
results indicate that GDNF plays a distinct role in migration 
and osteogenic differentiation of BMMSCs. 

GDNF knockdown inhibits migration and osteogenic 
differentiation of BMMSCs
We suppressed GDNF expression in POCs using small inter-
fering RNA (siRNA) (Supplementary Fig. 2) and determined 
GDNF amounts by ELISA (Fig. 3A). We found that GDNF silen-
cing in POCs reduced the secretion of GDNF into POC-CM. In 
addition, we observed reduced migration of BMMSCs using a 
transwell system and wound healing assays (Fig. 3B, C). GDNF 
knockdown in POCs markedly inhibited POC-CM-induced osteo-
genesis of BMMSCs (Fig. 3D). These results suggested that GDNF 
knockdown reduces the migration and osteogenic differentia-
tion of BMMSCs by inhibiting GDNF secretion from POCs.

GDNF-GFR1-RET signaling mediates the migration and 
osteogenic differentiation of BMMSCs
To investigate the mechanism of BMMSC migration stimulated 
by GDNF, we elucidated the signaling pathway of GDNF. As 
summarized in a schematic Supplementary Fig. 3A, SPP86 is a 
well-known small molecule inhibitor of the GDNF/GFR1/RET 
pathway (15). We first established that BMMSCs carry receptors 
that potentially bind to GDNF and generate downstream signals. 
We demonstrated the expression of GDNF receptors, such as 
GFR1 and RET, but not GFR2 in BMMSCs (Supplementary 
Fig. 3B). The results suggested that GDNF binds to GFR1 and 
recruits the co-receptor RET in BMMSCs. 

Next, we analyzed the signal transduction pathway(s) that 
mediate the GDNF-induced migration of BMMSCs. Western 
blot analysis showed that POC-CM induced RET (Y1062) phos-
phorylation of BMMSCs within 15 min compared to control. 
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Further, downstream signaling pathways, including phosphati-
dylinositol 3-kinase (PI3K), Akt and ERK are activated by POC-CM. 
Notably, the GDNF-RET signal inhibitor SPP86 abrogated the 
phosphorylation of RET and its downstream signaling pathway 
(Fig. 4A). Inhibition of GDNF/GFR1/RET signaling pathway 
by SPP86 blocked POC CM-induced migration of BMMSCs 
(Fig. 4B, C) as well as osteogenic differentiation of BMMSCs 
(Fig. 4D). These results indicate that GFR1-dependent activation 
of RET signaling mediates GDNF-induced BMMSC migration 
and osteogenic differentiation. 

DISCUSSION

Osteoblast-lineage cells regulate osteoclast differentiation by 
secreting essential factors, including M-CSF, and RANKL (21). 
Osteoclasts also secrete factors known as clastokines that induce 
osteoblastic anabolic activity (22). The bidirectional osteoblast- 
osteoclast communication couples the activities of bone-forming 
osteoblasts and bone-resorbing osteoclasts during bone turnover 
to maintain bone homeostasis (23, 24). BMMSC migration to 
the bone surface is an early step in bone formation (10, 25). In 
this regard, this study suggests that POC secretes GDNF, there-
by playing an important role in regulating osteoblast formation 
not only by stimulating BMMSC migration, but also by inducing 
BMMSCs to promote osteogenesis. 

GDNF is a small protein that potently promotes the survival 
of many types of neurons (26). Most notably, it facilitates the 
survival of dopaminergic and motor neurons (27). However, 
GDNF has other roles beyond the nervous system. GDNF con-
trols the cell fate of undifferentiated spermatogonia in the testis 
(28). Furthermore, GDNF acts as a mesenchyme-derived signal 
that promotes ureteric branching in embryonic kidney (29). 
Our study validates and enhances the expression and function 
of GDNF synthesized and secreted by RANKL-stimulated osteo-
clast precursors. Extensive studies are needed to characterize 
its physiological significance in bone remodeling and to eluci-
date further the molecular mechanism of bone homeostasis 
regulated by POC-derived GDNF. In addition, the possible auto-
crine effect of GDNF secreted by POCs on osteoclast precursors 
require investigation. Toward this end, we analyzed the effect 
of recombinant GDNF on osteoclast differentiation. Despite 
the increasing GDNF concentrations, no change in the number 
of TRAP+ multinucleated cells, known as osteoclasts was detected, 
indicating that GDNF does not directly affect RANKL-induced 
osteoclast differentiation (Supplementary Fig. 4).

Taken together, our studies suggest that GDNF mediates 
osteoclast-osteoblast crosstalk by regulating BMMSC migration 
and osteogenesis. These findings indicate a new role of POC- 
produced GDNF as a potential clastokine. While further studies 
are necessary to fully elucidate the mechanism of action of 
GDNF in bone remodeling and to determine the specific role 
of POC-derived GDNF in vivo, it is clear that GDNF acts directly 
on BMMSCs to potentially modulate bone homeostasis.

MATERIALS AND METHODS

Primary cell culture
We used tibia and femur of 4- to 5-week-old male C57BL/6J 
mice obtained from the Animal Care Committee of Ewha 
Laboratory Animal Genomics Center to isolate primary cells. 
Bone marrow-derived macrophages (BMMs) and bone marrow 
mesenchymal stem cells (BMMSCs) were prepared as previously 
described (30, 31). The cells were cultured in -MEM (Hyclone, 
USA) supplemented with 10% FBS (Gibco, USA) and 1% 
penicillin and streptomycin (Gibco, USA).

Conditioned medium
We prepared POC-CM from osteoclasts. Upon incubation of 
BMM with 30 ng/ml M-CSF and 150 ng/ml RANKL in 6-well 
plates (3 × 105 cells per well), all cells turned into POCs after 
2 d or 3 d of culture. We harvested the conditioned medium 
on days 2 and 3, followed by centrifugation at 700 g for 10 
min at 4oC to eliminate floating cells. We then aliquoted the 
conditioned medium and stored it at −20oC until use. In some 
experiments, we added 1 g/ml of goat-IgG (Santa Cruz Bio-
technology, USA) or GDNF-neutralizing antibody (R&D, USA) 
and a GDNF-RET inhibitor, 1 M SPP86 (TOCRIS, USA) to the 
conditioned medium. The day after BMM plating, we harvested 
the medium with negative control, monocyte and macrophage- 
conditioned medium (Mo/Mac-CM). 

Real-time quantitative polymerase chain reaction 
Total RNA was extracted using TRIzol (iNtRON Biotechnology, 
Korea) according to the manufacturer’s instructions. Total RNA 
was reverse transcribed into cDNA using a Diastar Reverse 
Transcriptional Kit (BIOFACT, Korea). Polymerase chain reaction 
(PCR) amplification was conducted using a SYBR Hi-ROX Kit 
(Bioline, UK). The reaction was performed 95°C for 3 min, 
then 40 cycles of 95oC for 15 sec, 60oC for 30 sec, and 70oC 
for 60 sec. The ABI PRISM 7300 system (Applied Biosystems, 
USA) was used to amplify DNA and detect the PCR products. 
Each experiment was conducted in triplicate, and the expres-
sion levels of the target genes were normalized to those of 
actin. The melting curve was analyzed to ensure that only the 
desired PCR product was present. The primer sequences used 
for genes were: Gdnf (Forward 5’-TCCTGACCAGTTTGATGACG- 
3’, Reverse 5’-CCGATTCCTCTCTCTTCGAG-3’), Acp5 (Forward 
5’-CATTGTTAGCCACATACGG-3’, Reverse 5’-ACTCAGCACAT 
AGCCCACAC-3’), Nfatc1 (Forward 5’-CCAGAAAATAACATGCG 
AGCC-3’, Reverse 5’-GTGGGATGTGAACTCGGAAG-3’), Bglap 
(Forward 5’-CTGACCTCACAGATCCCAAGC-3’, Reverse 5’-TG 
GTCTGATAGCTCGTCACAAG-3’), Runx2 (Forward 5’-GACTG 
TGGTTACCGTCATGGC-3’, Reverse 5’-ACTTGGTTTTTCATAACAG 
CGGA-3’), Gfra1 (Forward 5’-AGAAGCAGTTTCACCCAG-3’, Re-
verse 5’-ATCATCACCACCACCATC-3’), Gfra2 (Forward 5’-TGCC 
TCTTCTTCTTTTTAGGGACA-3’, Reverse 5’-GCAGTTGTCGTTCA 
GGTTGC-3’), Ret (Forward 5’-ACACGGCTGCATGAGAATGAC- 
3’, Reverse 5’-TGCTGAGCTGTTCCCAGGAA-3’), and -actin (For-
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ward 5’-GTGACGTTGACATCCGTAAAGA-3’, Reverse 5’-GCC 
GGACTCATCGTACTCC-3’).

Transwell migration assay of BMMSCs
We assessed cell migration in transwell 24-well plates (Corning, 
USA) with 8 m pore filters. We seeded 3 × 104 cells per well 
in the upper chambers with serum-free medium followed by 
incubation with -MEM (Hyclone, USA) including 10% FBS 
(Gibco, USA) and 1% penicillin and streptomycin (Gibco, USA) 
or conditioned medium in the lower chambers. After 5 h incu-
bation, we fixed the cells with 4% formaldehyde (Sigma-Aldrich, 
USA) for 30 min and then deleted the cells on the upper sur-
face of each filter with cotton swabs. We stained the cells that 
migrated through the pores to the lower surface with 0.2% 
crystal violet (Sigma-Aldrich, USA) for another 30 min. We 
acquired images with a light microscope at × 100 magnification 
and quantified them by counting five random fields per well 
using a microscope (Olympus, Japan) at × 200 magnification.

Wound healing assay 
Cells were seeded on 6-well plates at 5 × 105 cells per well. 
After 24 h, the cells were washed with PBS, and wounds were 
created using a sterile 200 l pipette tip. The cells were then 
washed with PBS and incubated in a medium described in the 
figure legends. After the incubation, the cells were fixed with 
4% formaldehyde for 30 min and stained with 0.2% crystal 
violet (Sigma-Aldrich, USA) for another 30 min. Three visual 
fields were randomly selected to observe the migration at the 
wound site. The images were obtained with a light microscope 
at × 40 magnification, and the wound closure area was calcu-
lated as previously described (32).

ELISA
We performed GDNF enzyme-linked immunosorbent assay 
(ELISA) of the conditioned medium from BMMs and POCs after 
days 0 and 3, respectively, following RANKL treatment using a 
mouse GDNF ELISA kit (Abcam, USA). We performed all ELISAs 
according to the manufacturer’s instructions. The conditioned me-
dium from bone marrow macrophages or the osteoclast culture 
was harvested and concentrated using Amicon Ultra centrifugal 
filter for 10 kDa (Millipore, USA) as previously reported (33).

Osteogenic differentiation
We seeded BMMSCs in a 48-well culture plate at a density of 
2 × 104 cells per well. To induce osteogenic differentiation, 
the osteogenic medium was supplemented with 50 g/ml ascor-
bic acid, 5 mM -glycerophosphate, and 10 nM dexamethasone 
(all from Sigma-Aldrich) used with conditioned medium or in 
recombinant GDNF treatment. The culture medium was replaced 
every 2 to 3 days. All cells were cultured in the cell incubator 
(37oC, 5% CO2). After 14 d, we evaluated the cell matrix mine-
ralization by alizarin red S staining with 2% of Alizarin red S 
(Sigma-Aldrich) dissolved in PBS and its pH was adjusted to 
4.2. We measured the absorbance of the dissolved extracts to 

quantify the insoluble alizarin in 10% acetic acid. All measure-
ments were conducted at an absorbance of 405 nm by 
SpectraMax 190 (Molecular Devices, USA).

Small interfering RNA (siRNA) transfection
To silence the expression of GDNF, we treated BMMs with 50 
M siRNA or negative control. The siRNA sequence was used 
to incubate transfected BMMs for 4 h and culture them for 2 to 
3 d with new medium supplemented with 30 ng/ml and 150 
ng/ml RANKL. The target sequences were: siControl: forward 
5’-CCUCGUGCCGUUCCAUCAGGUAGUU-3’ and reverse 5’- 
CUACCUGAUGGAACGGCACGAGGUU-3’. siGDNF forward 
5’-CCAAUAUGCCUGAAGAUUAUCCUGAUU-3’ and reverse 
5 ’ -UCAGGAUAAUCUUCAGGCAUAUUGGUU-3’ 
(Genolution, USA).

Western blot analysis 
The BMMSCs were plated in 30 mm culture plates at 5 × 105 
cells per plate. After 24 h, the incubated medium was changed 
with -MEM (Hyclone, USA) supplemented with 0.1% FBS 
(Gibco, USA) and 1% penicillin and streptomycin (Gibco, 
USA) for starvation 3 h before signal stimulation. The cells were 
lysed in a buffer containing 50 mM Tris-Cl (pH 7.4), 150 mM 
NaCl, 1 mM EDTA, 0.2% sodium deoxycholic acid, 0.5% 
NP40, proteinase inhibitors (1 mM PMSF and 1 g/ml leupeptin 
and aprotinin), and phosphatase inhibitors (1 mM NaVO4 and 
1 mM NaF). Cell lysates or immunoprecipitated proteins were 
separated using 8% SDS-polyacrylamide gels as previously re-
ported (34). The membranes were immunoblotted with primary 
antibodies against phospho-RET, phospho-PI3K, phospho-AKT, 
phospho-ERK (Cell Signaling Technology, Inc., USA), GAPDH 
(Santa Cruz Biotechnology, USA), and secondary antibodies. 
Proteins were detected using an ECL detection Kit (Bio-Rad 
Laboratories, USA). Representative western blots and quantifi-
cation (shown in the bar graph) of the indicated protein/control 
ratio in the cell lysates using ImageJ are shown in Fig. 4A.

Statistical analysis
Data are expressed as the mean ± SD of at least three indepen-
dent experiments. Statistical analyses were performed using 
GraphPad Prism 8 (GraphPad Software Inc., USA). Group differ-
ences were analyzed by Student’s t-test. One-way ANOVA 
followed by Dunnett’s multiple comparison test and two-way 
ANOVA followed by Tukey’s multiple comparison test were 
used to analyze differences among the groups. *P ＜ 0.05, **P ＜ 
0.01, ***P ＜ 0.005, #P ＜ 0.001 were considered statistically 
significant.
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