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Abstract
Craniosynostosis is the premature fusion of skull sutures and has a severe patho-
logical impact on childrens’ life. Mechanical forces are capable of triggering biological 
responses in bone cells and regulate osteoblastogenesis in cranial sutures, leading to 
premature closure. The mechanosensitive proteins polycystin- 1 (PC1) and polycystin-
 2 (PC2) have been documented to play an important role in craniofacial proliferation 
and development. Herein, we investigated the contribution of PC1 to the pathogenesis 
of non- syndromic craniosynostosis and the associated molecular mechanisms. Protein 
expression of PC1 and PC2 was detected in bone fragments derived from craniosyn-
ostosis patients via immunohistochemistry. To explore the modulatory role of PC1 in 
primary cranial suture cells, we further abrogated the function of PC1 extracellular 
mechanosensing domain using a specific anti- PC1 IgPKD1 antibody. Effect of IgPKD1 
treatment was evaluated with cell proliferation and migration assays. Activation of 
PI3K/AKT/mTOR pathway components was further detected via Western blot in pri-
mary cranial suture cells following IgPKD1 treatment. PC1 and PC2 are expressed 
in human tissues of craniosynostosis. PC1 functional inhibition resulted in elevated 
proliferation and migration of primary cranial suture cells. PC1 inhibition also induced 
activation of AKT, exhibiting elevated phospho (p)- AKT (Ser473) levels, but not 4EBP1 
or p70S6K activation. Our findings indicate that PC1 may act as a mechanosensing 
molecule in cranial sutures by modulating osteoblastic cell proliferation and migration 
through the PC1/AKT/mTORC2 cascade with a potential impact on the development 
of non- syndromic craniosynostosis.
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1  |  INTRODUC TION

Craniosynostosis refers to unsynchronized ossification of cranial 
sutures giving rise to both syndromic and non- syndromic sub-
types.1 The syndromic subtype is characterized by prematurely 
fused sutures and several morphological manifestations along with 
genetic abnormalities. Common symptoms include malformed skull 
shape, high levels of intracranial pressure, visual or respiratory defi-
ciencies, and neurological dysfunction. It has been linked to various 
epidemiological factors such as multiple pregnancies, prematurity, 
birthweight and parents’ age.2,3

The non- syndromic craniosynostosis subtypes account for 70% 
of the cases and are mainly characterized by fused sutures. Several 
mutations have been detected in osteoblastogenic genes encoding 
the fibroblast growth factor receptors (FGFRs), homeobox protein 
MSX- 2 (MSX2), ephrin- B (EFNB), twist- related protein 1 (TWIST1) 
and runt- related transcription factor 2 (Runx2). However, the under-
lying molecular mechanisms remain largely unknown.4

Dysfunctional mechanical inputs in the microenvironment contrib-
ute to the pathogenesis of craniosynostosis.5– 7 Masticatory forces can 
induce premature sagittal suture closure in osteopetrotic mice, yet fu-
sion of the internasal suture occurs in mice following soft diet.5,7 The 
presence of extrinsic pathological forces is a contributory factor to 
premature fusion. Non- syndromic craniosynostosis has been linked to 
low foetal station, multiple births and malpresentation. Notably, in-
creased intrauterine forces belong to the common aetiology.6

Transient receptor potential channels (TRPs) mediate sensory signals 
and consist of more than 30 cation channels, which are further subdi-
vided into six subfamilies in mammals: the canonical (TRPC), the vanil-
loid (TRPV), the melastatin (TRPM), the polycystin (TRPP), the mucolipin 
(TRPML) and the ankyrin (TRPA) subfamilies.8 TRP channels are acti-
vated by external or intrinsic stimuli and regulate various physiological 
and pathological functions. Mutations in TRP genes are causative agents 
in the pathogenesis of TRP channelopathies.9 All TRPs seem to have six 
transmembrane domains, which assemble as homo-  or hetero- tetramers 
within the channel.10 Various intracellular and extracellular factors, such 
as chemical and osmotic stress, trigger the activation of TRPs.11

At the extracellular level, TRPs sense signals including chemical, 
osmotic and mechanical stress.11 In several types of cells, they are in-
volved in thermosensation and taste reception.12,13 The abundance 
of intracellular Ca2+ stores is sensed by TRPs and thus stimulates sig-
nal transduction pathways for the restoration of Ca2+ balance. TRPs 
also contribute to the changes and balance of the concentration of 
free cytosolic Ca2+.14 Being located intracellularly or at the plasma 
membrane, TRPs are also involved in entry and release pathways of 
Ca2+ from cell organelles facilitating its transport.10

The mechanosensory molecules and TRP channels, PC1 and PC2, 
have been implicated in flow mechanosensation, brain injury, skele-
tal development and osteoblast differentiation.15– 17 Polycystins are 
expressed in human tissues, including kidneys, blood vessels, pan-
creas, liver, bone and skull. Being localized at the primary cilium, at 
the plasma membrane and at the endoplasmic reticulum (ER), they 
interact with other molecules, connecting the extracellular matrix 

with the cytoskeleton and thus igniting intracellular signalling path-
ways.18 The intracellular PC1 C- terminal tail (CT) has been demon-
strated to interact and activate several signal transduction pathways 
including Janus activating kinase (JAK)– signal transducer and acti-
vator of transcription (STAT), the mechanistic target of rapamycin 
(mTOR), Wnt, the activator protein- 1 (AP- 1) and the calcineurin– 
nuclear factor of activated T- cell (NFAT) pathways.18– 20

Polycystin- 1- deficient mice subjected to midpalatal suture ex-
pansion and presented craniofacial deformities at the skull base 
and in craniofacial sutures, a finding which could not be related to 
signalling mechanisms, though.16 Moreover, mutant mice with a 
conditional deletion of the polycystic kidney disease 2 (PKD2) gene, 
which encodes for PC2, in neural crest- derived cells exhibited dys-
functional skull development, such as mechanical trauma, fractured 
molar roots, distorted incisors, alveolar bone loss and compressed 
temporomandibular joints, in addition to abnormal skull shapes.17

There is also accumulating evidence that mTOR signalling is es-
sential for normal skeletal growth.21,22 Discovered in the early 1990s, 
mTOR is involved in the regulation of essential cell processes.23– 25 A 
dysfunctional mTOR signalling has been related to various pathogene-
ses such as cancer and neurodegenerative diseases.26,27 More specif-
ically, osteogenesis and craniosynostosis have both been correlated 
with mTOR signalling.21,22 Proliferation and inactivity of stem cells in 
the adult forebrain are also regulated by mTOR.28 The upstream effec-
tors of mTOR, phosphoinositide 3- kinase (PI3K) and protein kinase B 
(AKT) are key regulators of the differentiation of various cell types in-
cluding chondrocytes, osteoblasts, myoblasts and adipocytes.29 PI3K 
acts as a catalyst and results in the production of phosphatidylinositol- 
3,4,5- trisphosphate, activating various signalling components of gene 
expression and regulators of cell survival.30 PI3K is an osteoblast dif-
ferentiation regulator, interacting with local signalling factors31– 33 and 
the tissue- specific Runx2.34 PI3K/AKT/mTOR pathway is also involved 
in the control of the pluripotent stem cells.35,36

Since PC1 has previously been shown to induce mTOR signal-
ling and regulate mTOR pathway components activity,37,38 we pro-
ceeded to investigate the potential implication of PC1/PI3K/AKT/
mTOR signalling network in craniosynostosis and its effect on the 
cell properties of primary cranial suture cells.

2  |  MATERIAL S AND METHODS

2.1  |  Tissue samples

The study included 17 suture bone fragments of non- syndromic crani-
osynostosis patients (8 with trigonocephaly, 9 patients with dolicho-
cephaly, median age 6 years old, 13 males and 4 females) collected in 
RNA- later and formalin at the Department of Neurosurgery of ‘Aghia 
Sofia’ Children's Hospital, Athens, Greece. The study was approved by the 
Ethics Committee of the National and Kapodistrian University of Athens 
(approval number: 1617031071) and ‘Aghia Sofia’ Children's Hospital (ap-
proval number: 28749), Athens, Greece. Written informed consent from 
parents or guardians of children with craniosynostosis was obtained.
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2.2  |  Reagents and antibodies

Cell culture media and all tissue culture reagents were obtained 
from Gibco (ThermoFisher Scientific) and Biosera. For immunohis-
tochemistry, the following reagents were used: Dako Real Envision 
Detection System, peroxidase/DAB1, rabbit/mouse (Dako). The fol-
lowing primary antibodies were employed for Western blot analysis: 
polycystin- 2 (sc- 10376, Santa Cruz Biotechnology), p70S6K (sc- 230, 
Santa Cruz Biotechnology), phospho(p)- p70S6K (sc- 8416, Santa 
Cruz Biotechnology), phospho(p)- mTOR (5536, CST), phospho(p)- 
4EBP1 (2855, CST), PTEN (9559,CST), AKT (9272,CST), phospho(p)- 
AKT (9271, CST), actin (MAB1501, Millipore), polycystin- 1 CT2741 
(kindly provided by the Baltimore Polycystic Kidney Disease 
Research and Clinical Core Center), mTOR (701483, Thermo Fisher 
Scientific), anti- PC1 7E12 (sc- 130554, Santa Cruz Biotechnology) 
against the extracellular N- terminal leucine- rich domain, anti- PC2 
(sc- 28331, Santa Cruz Biotechnology) and anti- PC2 (PAB2306, 
Abnova). The following secondary antibodies were used: goat anti- 
mouse IgG HRP conjugate (AP124P, Millipore) and goat anti- rabbit 
IgG HRP conjugate (AP132P, Millipore). The inhibitory IgPKD1 anti-
body (blocking the extracellular N- terminal leucine- rich domain) was 
a generous gift from Dr. O. Ibraghimov- Beskrovnaya and H. Husson 
(Genzyme), and the PI3K inhibitor was obtained from Cayman, USA.

2.3  |  Primary suture cranial cell cultures

Extracts of human suture tissue from 5 patients (P) with craniosynosto-
sis (3 with trigonocephaly and 2 with dolichocephaly) were isolated by 
collagenase digestion, and cranial suture cells were cultured according 
to the methods by Coussens et al.39 In brief, the human suture tissue 
samples were dissected and minced into 1- mm bone fragments and 
incubated in 0.25% collagenase for 2 h at 37°C. Samples then were 
centrifuged, and the supernatant was removed. Samples were then ex-
tensively washed with PBS and plated at 5 bone fragments per well, in 
both 6- well and 12- well plates. Cells were cultured in minimal medium in 
a humidified atmosphere containing 5% CO2 kept at 37°C. Minimal me-
dium consisted of aMEM (Gibco, ThermoFisher Scientific), low glucose, 
supplemented with L- glutamine, 10% foetal bovine serum (FBS) (Gibco, 
ThermoFisher Scientific) and 1% antibiotics (penicillin 100 IU/ml, strep-
tomycin 100 μg/ml) (Gibco, ThermoFisher Scientific). Upon confluency, 
cells were plated in T25 flasks and labelled P1. Medium was changed 
every 2 days. Cells were passaged to P4 to obtain sufficient amount of 
cells. All experiments were carried out with cells from the first to the 
fourth passage after being checked for their osteoblastic characteristics.

2.4  |  Western blotting

Protein extracts were resolved by electrophoresis in SDS- 
polyacrylamide gels with varying densities (6% for PC1; 8% for mTOR 
and p- mTOR; 10% for p70S6K, p- p70S6K, AKT, p- AKT and PTEN; 
15% for p- 4EBP1) and transferred to a nitrocellulose membrane 

(Porablot NCP, Macherey- Nagel). Membranes were incubated over-
night at 4°C with the primary antibodies (dilutions were 1:250 for 
antibodies against PC1, PC2, mTOR, p70S6K, p- p70S6K; 1:1000 
for p- mTOR, AKT, p- AKT, PTEN, p- 4EBP1, actin in PBST contain-
ing 1% non- fat milk). Detection of the immunoreactive bands was 
performed with the LumiSensor Chemiluminescent HRP Substrate 
kit (GenScript). Relative protein amounts were evaluated by densito-
metric analysis using Image J software and normalized to the corre-
sponding actin levels. The experiments were performed in triplicate.

2.5  |  Immunohistochemistry

Paraffin- embedded tissue specimens were examined by immu-
nostaining employing the two- step peroxidase- conjugated polymer 
technique (Dako Envision) to localize PC1 and PC2, using a solution 
of Tris/EDTA, pH 9.0 or 6.0 (Target Retrieval Solution 3 in 1, pH 9 
10×, Dako, S2367) for all antibodies. The following antibodies were 
used in these dilutions: anti- PC1 7E12 (sc- 130554) against the N- 
terminal leucine- rich domain 1:25, anti- PC2 (PAB2306, Abnova) 
1:200. In negative controls, the primary antibody was substituted 
by nonimmune serum, paraffin- embedded sections from colorec-
tal cancer were used as positive controls. Sections were incubated 
with the primary antibodies overnight at 40°C. The expression of 
polycystin in craniosynostosis samples was calculated as a ratio of 
positive cells, while the intensity of staining was assessed using the 
four- step system: negative =0, weak = +, modest = ++ and strong = 
+++. The Histo- score (H- score) was calculated as the percentage of 
stained cells multiplied by the staining intensity on a scale from 0 to 
300. Immunostaining was evaluated by the pathologists GA and PK.

2.6  |  Cell proliferation assay

Primary cranial suture cells were cultured in 96- well culture plates. 
Cell proliferation was assessed by the 2, 3- Bis-  (2- methoxy- 4- nitro
- 5- sulfophenyl)- 2H- tetrazolium- 5- carboxanilide salt) (XTT) method. 
Full aMEM was replaced with FBS- free aMEM, and a 24- h incuba-
tion with the inhibitory antibody of the extracellular domain of PC1 
(IgPKD1) (anti- rabbit IgG- TR (1:50) heeded. XTT reagent (Cayman) 
was added in a final concentration of 1 mg/ml in aMEM phenol red 
free (Invitrogen). Then, the cells were incubated for another 2 h at 
37°C, and a 450- nm absorbance was measured.

2.7  |  Cell migration assay

Primary cranial suture cells were cultured in 6- well culture plates. 
After cell coating, the cell monolayer was etched with a 200- μl ster-
ile pipette tip. aMEM was supplemented with (1:50) the inhibitory 
antibody of the extracellular domain of PC1 (IgPKD1). Each location 
was photographed in a computer- connected microscope at 40× and 
20× magnifications at the start (0 h) and after 24 h incubation with 



    |  2431KATSIANOU eT Al.

the inhibitory antibody (1:50). The pictures were analysed by the 
TScratch software (Wimasis image analysis platform). Results were 
expressed as per cent of cell- covered area, wound healing areas 
taken as wound recovery.

2.8  |  Statistical and image analysis

Statistical analyses were conducted with the SPSS 23.0 and 
Microsoft Excel software packages. Correlation tests were carried 
out. All experiments were performed at least three times, and rep-
resentative results of one experiment are shown. The data are pre-
sented as mean  ± SE for the number of experiments indicated and 
analysed by Student's t- test. All statistical tests were two- sided. p- 
values < 0.05 were regarded as statistically significant. The Image J 
software was used for densitometry quantification analysis.

3  |  RESULTS

3.1  |  Detection and localization of polycystins in 
human craniosynostosis samples

We initially evaluated polycystins’ localization and expression in su-
ture tissue samples by immunohistochemistry. PC1 localization was 
detected in the cytoplasm of osteoblasts and osteocytes in both 

craniosynostosis subtypes (Figure 1A,B). PC1 expression in osteo-
blasts ranged from 0 to 75% (mean value 28%), whereas in osteo-
cytes ranged from 0 to 75% (mean value 33%). The overall H- score 
of PC1 ranged from 0 to 225 in osteoblasts and osteocytes with a 
median up to 25.

Polycystin- 2 localization was also observed in osteoblasts and 
osteocytes with mostly cytoplasmic expression. PC2 expression 
ranged from 0 to 100% (mean value 43%), whereas in osteocytes, 
PC2 ranged from 0 to 75% (mean value 34%). The overall PC2 H- 
score in osteoblasts ranged from 0 to 300 with a median of 50. In 
osteocytes, the median of H- score was 38, ranging from 0 to 300.

polycystin- 1- C terminal was identified in primary cranial cells 
of trigonocephaly and dolichocephaly. Osteoblastic cells of the 
periodontal ligament (PDL)20,40 were used as a positive control 
(Figure 1C).

3.2  |  PC1 inhibition enhances cell proliferation and 
migration of primary cranial suture cells

Following the immunohistochemical analysis of tissues samples, 
we carried on to the isolation and culture of primary suture cells 
from trigonocephaly and dolichocephaly patients to further ex-
plore the potential functional role of PC1 in these cells. The effect 
of PC1 in cranial cell proliferation was investigated by incubating 
cells for 24 h with a specific antibody that blocks the extracellular 

F I G U R E  1  Polycystin- 1/Polycystin- 2 expression levels in human tissues of Trigonocephaly (T) and Dolichocephaly (D) and the respective 
cranial cells. (A) Immunohistochemical images showing PC1 and PC2 protein expression in human tissues of trigonocephaly, black arrows 
indicating PC1 and PC2 localization in osteoblasts and dotted black arrows localization in osteocytes respectively. (B) Immunohistochemical 
images showing PC1 and PC2 protein expression in human tissues of dolichocephaly, black arrows indicating PC1 and PC2 localization in 
osteoblasts and dotted black arrows localization in osteocytes respectively (400×). Representative images of a total of 17 craniosynostosis 
patients. (C) Protein expression of PC1 C- terminal tail in PDL and cranial suture cells T and D

(A) (B)

(C)
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mechanosensing domain of PC1 (IgPKD1) (1:50)20 and by monitoring 
cell proliferation, using XTT assay.

Upon IgPKD1 treatment, trigonocephaly cranial cells exhib-
ited higher proliferation (p < 0.05) compared to untreated cells 
(Figure 2A). Dolichocephaly cells also exhibited increased pro-
liferation (p < 0.001) upon PC1 inhibition compared to controls 
(Figure 2D). The effects of PC1 on cell migration were further stud-
ied using the wound healing assay (Figure 2B,E). Trigonocephaly cra-
nial suture cells showed increased migration upon IgPKD1 treatment 
compared to untreated cells (p < 0.001) (Figure 2B,C) whereas dol-
ichocephaly cranial suture cells did not demonstrate such a prom-
inent migratory potential upon IgPKD1 treatment compared to 
untreated cells (p = ns) (Figure 2E,F).

3.3  |  PC1 inhibition induces activation of mTOR 
pathway components in human primary cranial 
suture cells

Knowing the association between PC1 and mTOR pathways in other 
pathophysiologies,37,38,41,42 as well as the implication of PI3K/AKT/
mTOR pathway in the pathogenesis of craniosynostosis,21,22 we 
aimed to detect any potential interaction of PC1 inhibition with 
PI3K/AKT/mTOR intracellular signalling cascade in our primary cra-
nial suture cells. In both trigonocephaly and dolichocephaly cranial 
suture cells, we observed that PC1 inhibition triggered the phospho-
rylation of AKT (Ser473) and expression of PTEN. The expression 
of mTOR signalling molecules 4EBP1 and p- 70S6K remained merely 
unaffected (p = ns) (Figure 3A– D).

Interestingly, AKT phosphorylation in Ser473 was absent in trig-
onocephaly and dolichocephaly untreated cranial suture cells and 
activated only upon treatment with IgPKD1, indicating a specific 
effect of PC1 inhibition on these cells. Of note, AKT phosphoryla-
tion was present in human chondrocytic ATDC5 or PDL cells, further 
demonstrating a specific inactivation of AKT in craniosynostotic 
cells (data not shown).

3.4  |  PC1 inhibition induces specific activation of 
AKT/mTORC2 signalling in craniosynostosis

The mTOR complex consists of mTOR complex 1 (mTORC1) and 
mTOR complex 2 (mTORC2). mTORC1 has 4EBP1 and p70S6K 
among its downstream effectors, while mTORC2 is reciprocally 
activated with AKT.43 Since our findings point towards PC1/AKT/
mTORC2 interaction, we examined whether the activation of AKT 
via mTORC2 in cranial suture cells is PC1- dependent, by incubating 
cells with an inhibitor of PI3K/AKT (PI3K103).

Immunoblotting analysis showed a notable reduction of p- 
mTOR, p- 4EBP1 and p- AKT expression in PI3K- inhibited cells 
in both trigonocephaly and dolichocephaly cranial suture cells. 
Nevertheless, in cells where IgPKD1 or both inhibitors were pres-
ent, mTOR and AKT activation recurred. Levels of p- AKT, p- mTOR 

and p4EBP1 were increased in trigonocephaly cells with IgPKD1 
compared to mock cells (p < 0.001). Levels of p- AKT, p- mTOR and 
p4EBP1 were abrogated with PI3K inhibitor compared to mock 
(p < 0.001) and cells with IgPKD1 inhibitor (p < 0.001). The same 
expression pattern was observed in dolichocephaly cranial suture 
cells. These data suggest that activation of AKT is PC1- dependent 
in treated cells. It can be postulated that PC1 may interact in vitro 
with the mTOR pathway in craniosynostosis via activation of AKT 
(Ser 473) (Figure 4A– D).

4  |  DISCUSSION

The elucidation of mechanotransduction pathways and molecular 
targets that regulate bone remodelling and bone repair in human 
osteoblastic cells constitutes an ongoing research interest of our 
laboratory.20,40,44– 47 Craniosynostosis is a pathological condition 
characterized by premature suture closure, ectopic bone formation, 
and several pathological features including increased ossification, 
migration and proliferation. Mechanical forces have recently been 
proposed to contribute to craniosynostosis, indicating mechanosen-
sory proteins and mechanotransduction as important pathogenic 
mediators.5,6,48

Previous studies have demonstrated the implication of mecha-
nosensory polycystins in the cranial development of animal mod-
els.16,17 In the present study, we investigated for the first time the 
presence and activity of polycystins in human craniosynostotic tis-
sues and primary cranial suture cells.

We have performed our study on two frequent subtypes 
of craniosynostosis, namely trigonocephaly and dolichoceph-
aly. Trigonocephaly has been characterized by a pointed and nar-
row forehead with a triangular shape when viewed from above,49 
whereas dolichocephaly (positional scaphocephaly) is defined as an 
elongated anterior– posterior axis of the head as a result of head flat-
tening during side- to- side head positioning.50

In cranial suture tissue samples of trigonocephaly and dolicho-
cephaly patients, immunohistochemical analysis revealed PC1 and 
PC2 expression in the cytoplasm of osteoblasts and osteocytes. The 
PC1 C- terminal tail (CT) was further detected in both cases at a cel-
lular and protein level, indicating the activation of PC1 and its poten-
tial transcriptional role in cranial suture cells along with the ability to 
interact with intracellular signalling pathways.18

Following the original detection of polycystins in tissue sam-
ples, we proceeded to investigate the functional role of PC1 in 
the cellular processes of human primary cranial suture cells. We 
focused on PC1 because of its main role in mechanosensation, 
cell- to- cell adhesion and cell– matrix interactions.51 We have used 
a well- characterized antibody (IgPKD1) that binds specifically to 
the extracellular domain of PC1 and blocks its mechanosensing 
ability.20,40– 42,52 In this way, PC1 inhibition was shown to promote 
certain features such as increasing proliferation and migration of 
cranial cells derived from trigonocephaly and dolichocephaly su-
ture tissues, a finding which was in concert with previous studies, 
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where absent or dysfunctional polycystin exhibited increased pro-
liferation and migration.40,42,52

Polycystin- 1 has been implicated in osteogenesis53 and in cra-
niofacial development of mouse models.16,17 However, its precise 
role in signalling is not yet fully elucidated in cranial sutures and 
craniosynostosis. Thus, our next experiments focused on identifying 
novel interactions in signal transduction pathways. Having identified 
elevated migration and cell proliferation, we focused on the mTOR 
signalling pathway as it is connected to PC1 activity and biology of 
the skeletal tissue.21,34,37,38,41,42,54– 57

Mechanistic target of rapamycin is implicated in osteogen-
esis holding a significant role.54 Notably, craniosynostosis ex-
perimental studies have detected enhanced mTOR signalling in 
neural crest cells, which was associated with craniofacial bone 
lesions.58 mTORC1 and mTORC2 are considered as critical regu-
lators of early embryonic development, since disruption of their 
key components, Raptor or Rictor results in early embryonic death 
prior to craniofacial organogenesis.59,60 Furthermore, mTOR sig-
nalling was shown to play a critical role in craniofacial development 
since mTOR disruption in mesoderm- derived mesenchymal cells 
was found to inhibit long bone development and cause calvarial 
defects.58

Of interest, PC1 has been shown to regulate the mTOR signalling 
pathway in ADPKD studies37,38,55,57 with mTORC1 further downreg-
ulating the expression of PC1 via a feedback loop.56 A previous study 
from our research team has demonstrated a connection between 
polycystins and mTOR signalling in colorectal cancer.42 In agreement 
with the above data, we further examined this connection of PC1 
and mTOR components in human cranial suture cells. An induction 
of p- AKT levels in human cranial suture cells upon PC1 inhibition 
that was specific to craniosynostotic cells was detected, suggesting 
its implication in the disease phenotype. To further strengthen this 
observation, we treated cells with a PI3K inhibitor of the PI3K/AKT/
mTOR pathway. In this case, p- AKT and p- mTOR were abrogated, 
an effect that was then reversed when cells were treated with both 
PI3K and IgPKD1 inhibitors, suggesting that PC1 inhibition can relate 
to mTOR pathway activation, thus cell migration and proliferation.

Furthermore, we attempted to investigate PTEN expression, 
which is involved in PI3K/mTOR pathway and is implicated in cra-
niofacial morphogenesis in mice.61 We observed increased PTEN 
levels in cranial suture cells upon PC1 inhibition. PTEN inhibition has 
previously been demonstrated to modulate PI3K/AKT activity and 
increase p- AKT during proliferation of neural crest cells while pro-
moting their differentiation towards osteoblasts.62

F I G U R E  2  Effect of PC1 functional inhibition on cell proliferation and migration in Trigonocephaly (T) and Dolichocephaly (D) cranial 
cells. (A) Increased proliferation (p < 0.05) of T cranial cells was detected upon treatment of cells with IgPKD1 compared to untreated (mock) 
cells. (B and C) Increased migration of T cranial cells upon treatment with IgPKD1 for 24 h compared to mock cells (dilution 1:50), p < 0.001. 
The experiments have been performed in triplicate (Student's t- test, *p < 0.05, **p < 0.01, ***p < 0.001). (D) Increased proliferation 
(p < 0.001) of D cranial cells was detected upon treatment of cells with IgPKD1 compared to untreated (mock) cells. (E and F) No difference 
in migration of D cranial cells upon treatment with IgPKD1 for 24 h compared to mock cells. The experiments have been performed in 
triplicate (Student's t- test, *p < 0.05, **p < 0.01, ***p < 0.001)

A B

*

***

***

C

D E F
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A recent study has related PTEN to osteogenesis, claiming that 
high levels of PTEN were responsible for the osteoblastic potential 
of human dental pulp cells (DP- MSCs).63 In our study, untreated 
cranial cells present PTEN expression but no AKT phosphoryla-
tion, which is in accordance with previous studies indicating that 
abundant levels of PTEN normally maintain AKT in an inactive form 
in osteoblastic cells.64 However, we identified that upon treat-
ment of cells with PC1 inhibitor, both p- AKT and PTEN levels were 

increased, suggesting that PTEN activation may be mediated by 
another stimulus, other than AKT in suture cells.65,66 We suggest 
that AKT phosphorylation in our study is triggered via mTORC2 
as demonstrated by treatment of suture cells with the inhibitor of 
the PI3K/AKT cascade. Therefore, we pose that diminished PC1- 
mediated mechanosensation in cranial suture cells results in the 
induction of AKT/mTORC2 signalling, sending downstream cues 
that affect osteogenesis.

F I G U R E  3  Effect of IgPKD1 treatment on mTOR signalling pathway in Trigonocephaly (T) and Dolichocephaly (D) cranial cells. (A and 
B) T cranial cells were treated with IgPKD1 (1:50). Western blot analysis of cell lysates of T cranial cells using p- mTOR, PTEN, p- AKT, p- 
p70S6K and p- 4EBP1 antibodies. Levels of p- AKT (p < 0.001), PTEN (p < 0.01) and p- mTOR (p < 0.01) were increased in T cells with IgPKD1 
compared to mock cells. pp70S6K and p4EBP1 levels showed p = ns. (C and D) D cranial cells were treated with IgPKD1 (1:50). Western blot 
analysis of cell lysates of D cranial cells using p- mTOR, PTEN, p- AKT, p- p70S6K and p- 4EBP1 antibodies. Levels of p- AKT (p < 0.01), PTEN 
(p < 0.01) and p- mTOR (p < 0.01) were increased in D cells with IgPKD1 compared to mock cells. pp70S6K and p4EBP1 levels showed p = ns. 
The histograms represent densitometry results of the phospho- immunoblots normalized by total protein levels. Data were analysed by t- test 
and represent the mean ± SD. The experiments have been performed in triplicate (Student's t- test, *p < 0.05, **p < 0.01, ***p < 0.001). Actin 
was used as a protein loading control. Representative Western blots are presented

(A) (B)

(C) (D)

*** ** **

**
**

**



    |  2435KATSIANOU eT Al.

5  |  CONCLUSION

In summary, our research highlights the role of PC1 as a regulator of cell 
proliferation and migration and its interaction with mTOR signalling in 
human cranial cells. Given that there is a lack of prior research concern-
ing the role of polycystins in craniosynostosis, the present study is one 
of the first steps towards understanding the function of polycystins in 
the pathophysiology of craniosynostosis in human conditions.

Future experiments should focus on the mechanism through 
which PC1 promotes or inhibits cell proliferation and migration, 
and the molecular details of the interaction between PC1 and 
mTOR. Moreover, future studies on polycystins and craniosynos-
tosis should explore whether polycystins are associated with any 
other signalling pathways related to osteogenesis. All the above 
will contribute to the identification of new prognostic markers in 

non- syndromic craniosynostosis as well as to elucidating the key 
role of PC1 in a new therapeutic scheme against craniosynostosis 
at a diagnosis level.

Studies on the mechanobiology of craniosynostosis and the re-
spective effect of forces in cranial formation may reveal that cra-
niosynostosis is, in part, a bone condition where mechanical stress 
and pressure during pregnancy or post- birth play a crucial role. 
Such knowledge may advance our understanding of craniosynos-
tosis pathobiology and reveal novel therapeutic targets, presum-
ably using polycystin as a new tool against the development of 
craniosynostosis.
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