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Abstract

Ca2+ is a second messenger that regulates a variety of cellular responses in bone, including 

osteoblast differentiation. Mutations in trimeric intracellular cation channel B (TRIC-B), an 

endoplasmic reticulum channel specific for K+, a counter ion for Ca2+ flux, affect bone and 

cause a recessive form of osteogenesis imperfecta (OI) with a still puzzling mechanism. Using 

a conditional Tmem38b knock out mouse, we demonstrated that lack of TRIC-B in osteoblasts 

strongly impairs skeleton growth and structure, leading to bone fractures. At the cellular level, 

delayed osteoblast differentiation and decreased collagen synthesis were found consequent to 

the Ca2+ imbalance and associated with reduced collagen incorporation in the extracellular 
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matrix and poor mineralization. The impaired SMAD signalling detected in mutant mice, and 

validated in OI patient osteoblasts, explained the osteoblast malfunction. The reduced SMAD 

phosphorylation and nuclear translocation were mainly caused by alteration in Ca2+ calmodulin 

kinase II (CaMKII)-mediated signalling and to a less extend by a lower TGF-β reservoir. SMAD 

signalling, osteoblast differentiation and matrix mineralization were only partially rescued by 

TGF-β treatment, strengthening the impact of CaMKII-SMAD axes on osteoblast function. Our 

data established the TRIC-B role in osteoblasts and deepened the contribution of the CaMKII-

SMAD signalling in bone.
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Introduction

The ubiquitous trimeric intracellular cation channel B (TRIC-B), encoded by TMEM38B, 

is a rough endoplasmic reticulum (rER) integral membrane protein acting as monovalent 

cation-specific channel for K+ ions, modulating intracellular Ca2+ flux (1–4). Ca2+ 

has a crucial role in regulating many aspects of physiological responses by acting as 

second messenger for several cellular biological processes, ranging from differentiation/

proliferation to metabolism (5). To enable these multiple responsive behaviors, the cytosolic 

Ca2+ concentration is kept extremely low through sequestration into intracellular stores, 

thus allowing quick and transient Ca2+ spikes upon stimulation of voltage or ligands 

Ca2+-permeable channels (6–8). Ca2+ signals can occur as single transients, as oscillations, 

or as a sustained plateau, and this triggers the differential activation and/or inhibition of 

downstream mediators that determine the type, the strength and the specificity of the signal 

response. The rapid change in cytosolic concentration is responsible for the activation 

of Ca2+ dependent proteins and/or enzymes, that mediates cellular response to external 

signals (9). In this context, the K+ ions influx though the TRIC-B channel participates in 

counterbalancing the Ca2+ exit from the rER and thus, likely, the subsequent Ca2+-regulated 

cellular events.

In bone, at the tissue level, osteoblasts (OBs) and osteoclasts maintain skeletal integrity 

and systemic Ca2+ homeostasis through remodeling that is finely regulated by means of 

hormones, cytokines and matrix embedded factors (10, 11), while, at the cellular level, Ca2+ 

plays a key role in osteoblastogenesis (12–16).

Mutations in TMEM38B cause the autosomal recessive osteogenesis imperfecta (OI) type 

XIV (OMIM #615066). In affected individuals the skeletal phenotype is predominantly 

moderate although quite variable even in the same family (17), including bone fracture 

risk and secondary cardiac and muscle features. OI is a heterogeneous collagen type 

I-related group of monogenic diseases characterized by impairment in collagen amount, 

synthesis, post translational modification, secretion and/or extracellular processing and 

altered osteoblast differentiation and function, all sharing skeletal abnormalities. Individuals 

with OI are generally characterized by growth delay, low bone mass, bone fragility and 
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frequent fractures often not associated with trauma, while extra skeletal features have 

variable penetrance (18). Over the past few decades, the identification of several causal 

genes for OI has not only improved precise diagnosis and genetic counselling of the disease, 

but also continuously driven the research of molecular mechanisms of bone formation and 

regulation of the skeletal system and the exploration of innovative therapies for bone-related 

diseases (19, 20). The identification of TRIC-B loss-of-function mutations in OI patients 

and of a bone phenotype in the global TRIC-B knock out (KO) mouse demonstrated the 

unexpected and relevant role for this ubiquitous channel in bone homeostasis (21). Bone 

fragility in absence of TRIC-B was associated with matrix insufficiency and to an alteration 

in the expression of several Ca2+ dependent proteins and enzymes involved in collagen 

folding and post translational modifications such as protein disulfide isomerase, known 

to have a role in α(I) chain recognition, proline hydroxylase and lysine hydroxylase 1 

and 2, relevant for proline hydroxylation and helical and telopeptide lysine hydroxylation, 

respectively (22). Of note, TRIC-B KO mice die in the perinatal period due to insufficient 

surfactant production in the alveoli, limiting the use of the model to investigate the role of 

TRIC-B in the bone tissue (2, 21).

To define the molecular mechanism underlying OI type XIV, we generated an osteoblast 

specific conditional knock-out murine model of Tmem38b (Runx2Cre;Tmem38bfl/fl). The 

model unraveled the TRIC-B role in osteoblasts and showed for the first time that the 

altered Ca2+ flux impairs Ca2+ calmodulin kinase II (CaMKII) dependent SMAD signalling, 

impacting skeleton growth and structure. The clarification of how altered Ca2+ flux 

translates into a low bone mass phenotype deepened our understanding of bone biology.

Results

TRIC-B deficiency in osteoblasts (OBs) causes bone deformity and bone fragility

Ubiquitous lack of TRIC-B in humans and mice is associated with osteogenesis imperfecta 

(OI). To determine the bone tissue-specific role of TRIC-B channel, we generated a 

Tmem38b-flox mouse that we mated with an OB-specific Cre transgenic mouse line 

(Runx2Cre) obtaining the conditional knock-out (Runx2Cre; Tmem38bfl/fl, cKO) mouse 

(Supplementary Fig. 1A–F, Supplementary Fig. 2A). Efficacy and specificity of Cre 

recombination was assessed by qPCR on DNA extracted from decalcified bone and from 

a soft tissue (liver). Normal level of exon 3 containing WT allele was found in control mice 

bone (100 ± 7.8 %) and in liver from cKO mice (114 ± 5.6%), whereas only 3.1 ± 0.99 

% was detected in cKO bone. Accordingly, a very low Tmem38b mRNA expression was 

detected in bone from cKO mice (Ctrl 1.00±0.39%; cKO 0.27±0.23). The exon 3 deletion 

resulting in a frameshift responsible for a premature stop codon at AA100 (Supplementary 

Fig. 2B) caused the absence of TRIC-B in cKO specifically in bone (Supplementary Fig. 

2C). The cKO mouse was deeply phenotyped (Fig. 1).

At birth, mutant pups were undistinguishable from control, but growth delay was evident 

starting from day 7 in both sexes and became worse with age (Fig. 1A, B). 91.6% female 

and 82% male mutants died within the first 38 days of life (Supplementary Fig. 2D). In 

cKO animals alcian blue and alizarin red staining of whole skeleton at P28 revealed several 

deformities, the presence of calli in long bones and ribs (Fig. 1C) and a delay in the 
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vertebrae and skull ossification (Fig. 1D). X-ray imaging at the same age confirmed the 

severe bone deformations and calli indicative of previous spontaneous fracture healing (Fig. 

1E, F). The micro computed tomography 3D reconstruction of the tibia showed shorter bone 

with a less tubular shape (Fig. 1G, H, I) and alterations in both the trabecular and the cortical 

compartments (Fig.2A, B) in cKO compared to control littermates, as supported by Alcian 

Blue Hematoxylin histological analysis on tibial distal metaphysis (Fig.2C).

Picro-sirius red staining clearly showed a disordered organization of the collagenic matrix in 

the cortical bone with clusters of thicker fibril bundle (Fig.2D). Bone geometrical properties 

were evaluated excluding deformed and fractured bones since the presence of calli could 

affect the bone parameters. At the trabecular level, bone volume/total volume, intersection 

surface, trabecular thickness, and bone mineral density (BMD) were significantly reduced 

in cKO mice compared to controls (Fig. 2E). Similarly, in the cortical compartment, bone 

volume, intersection surface and cortical thickness were significantly reduced in mutant 

mice, compatible with a phenotype of osteogenesis imperfecta. By contrast, the bone 

surface/bone volume ratio was higher in cKO mice, indicating an increased surface in 

mutant bone (Fig. 2F).

TRIC-B deficiency affects OB differentiation and matrix mineralization

The impact of loss of TRIC-B function on OB differentiation was investigated in primary 

calvarial cKO osteoblasts. Expression of osteoblastogenic genes was examined after 4, 10, 

14 and 21 days of culture. The early osteoblast marker osterix (Osx) and the downstream 

genes alkaline phosphatase (Alp) and osteocalcin (Bglap) were downregulated (Fig. 3A), 

suggesting an impaired differentiation of precursor cells towards osteoblast lineage in 

mutant animals. The mineral deposition was also defective in the Tmem38b mutant cells 

(Fig. 3B), in a context of normal cell proliferation (Fig 3C). The impaired bone formation 

ability was further confirmed by the decreased activity of the ALP enzyme in mutant cells 

(Fig. 3D). A decreased expression of Bglap was confirmed in vivo in femur from Tmem38b 
mutant mice (Fig. 3E).

TRIC-B deficiency causes a decreased collagen synthesis and a reduced collagen 
incorporation into the matrix

In agreement with findings in the TRIC-B global knock out model (21), enlargement 

of ER cisternae was detected by electron microscopy in mutant osteoblasts (Fig. 4A). 

Double membranes vacuoles, supporting autophagosome formation, were also found 

in cKO animals. Analyses of ER proteostasis, following treatment of cells with the 

protein aggregate-binding fluorescent molecule Thioflavin T (ThT) (23), showed enhanced 

fluorescence in mutant OBs compared to controls, indicating the intracellular accumulation 

of misfolded material (Fig. 4B). Reduced total protein synthesis (Fig. 4C), as well as 

reduced collagen synthesis both at the mRNA and protein level (Fig. 4D, E), were detected 

in the mutants. Furthermore, the matrix incorporation of collagen I was significantly 

decreased (Fig 4F). The protein level of HSP47, the ER chaperone known to play a key 

role in collagen folding and secretion (24), was significantly increased in mutant OBs (Fig. 

4 G). Electrophoretic analysis of collagen extracted form bone revealed a faster migration 
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of α(I) bands respect to control supporting reduced post translational modifications, i.e. 

hydroxylation and glycosylation (Fig. 4H), as reported in OI patients’ cells (22).

TRIC-B deficiency reduces Ca2+ calmodulin kinase II phosphorylation

It has been reported both in patients’ cells and in global knockout mice that TRIC-B 

deficiency alters intracellular Ca2+ flux, reducing Ca2+ transients from the ER upon 

an inositol trisphosphate receptor-generating (IP3R) agonist stimulation (21, 22). To 

characterize Ca2+ signalling in cKO OBs, we measured both global cytosolic and 

mitochondrial Ca2+ transients induced upon cell stimulation with an IP3R agonist that 

releases Ca2+ from the ER. In cKO cells, in presence of normal cytosolic Ca2+ transients 

(Fig. 5A), we found reduced Ca2+ transients in mitochondria (Fig. 5B), possibly reflecting 

an impairment in Ca2+ efflux from the ER, as reported in patients and global KO mouse, and 

a consequent reduction of the Ca2+ microdomains entity at the site of release.

Given the relevance of Ca2+ for the activation of CaMKII, essential for promoting early 

differentiation of osteoprogenitors, pathway activation was examined. While, as expected, 

CaMKII activity in mutant cells lysates supplemented with external Ca2+ was unchanged 

(Supplementary Fig. 3A), a reduction of the threonine 286 phosphorylated form of CaMKII 

was found in cKO OBs (Fig. 5C).

TRIC-B deficiency decreases SMAD signalling pathway mainly thought Ca2+ calmodulin 
kinase

A significant reduction in the phospho SMAD2 and 3 (pSMAD2 and 3) proteins was found 

in mutant OBs in the presence of an unchanged SMAD2/3 level (Fig. 5D, E, F). Importantly, 

a significant decrease of pSMAD2 was confirmed in vivo in mutant bone (Fig. 5G), together 

with a decreased transcript expression of the TGF-β target gene Cdkn1a (Fig. 5H).

Since the SMAD2/3 proteins are the direct targets of TGF-β and we detected matrix 

insufficiency, likely affecting the TGB-β reservoir, TGF-β level was assessed. In mutant 

samples, TGF-β was decreased at the protein level, while a normal transcript level was 

found (Fig. 6A, B).

To dissect the functional link between SMAD signalling activation, Ca2+ dependent CaMKII 

activity and TGF-β in OBs, we measured in primary murine control and cKO cells the effect 

of the CaMKII inhibitor KN93 on pSMAD3 level in the absence or presence of exogenous 

TGF-β (Fig. 6C, D). In both control and cKO cells, pSMAD3 level was increased following 

TGF-β stimulation and, of note, this effect was significantly reduced by KN93 pointing to a 

dependence of SMAD activation on CaMKII (Fig. 6C, D). The decreased level of pSMAD3 

in cKO compared to control cells upon TGF-β stimulation indicated the CaMKII signalling 

impairment. Importantly, without TGF-β treatment, KN93 significantly reduced pSMAD3 

level in control while did not affect cKO cells, confirming that CaMKII activity is already 

compromised as a consequence of the lack of TRIC-B (Fig. 6C, D).

Total pSMAD3 level, pSMAD nuclear localization (Fig. 6E, F, G) as well as osteoblasts 

differentiation and mineralization of mutant calvaria cells were only partially rescued by a 
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short term TGF−β stimulation (Fig. 6H, I and Supplementary Fig. 3B), further supporting 

the impact of CaMKII-SMAD axes on osteoblast function.

Impaired SMAD signalling was confirmed in a TMEM38B-null OI XIV patient

To validate murine data on humans, the pSMAD level was investigated in primary OBs 

from a TMEM38B-null OI XIV patient with a severe phenotype and compared to a healthy 

age-matched control. A decreased protein level of pSMAD3 was found in TMEM38B-null 

patient OBs (Fig. 7), after stimulating cells with recombinant TGF-β, confirming the 

mechanistic importance of the murine finding.

Discussion

Osteoblast (OB) differentiation is a complex process that requires the activation of several 

transduction pathways in which Ca2+ represents a relevant second messenger (25). In our 

study we demonstrated that the bone alterations caused by the lack of the TRIC-B channel 

in OBs are due to a decreased SMAD pathway triggered by alteration in CaMKII-mediated 

signalling consequent to the abnormal Ca2+ flux (Fig. 8).

Ca2+ binding protein calmodulin (CaM), upon binding to Ca2+, interacts and activates 

various target proteins including the serine/threonine kinase CaMKII, one of the main 

effector enzymes involved in Ca2+ signaling in eukaryotic cells (14). The binding produces 

a conformational change which, upon autophosphorylation at threonine 286, leads to the 

phosphorylation of CaMKII substrates (26–30).

CaMKII is thought to be a major decoder of Ca2+ oscillation since its kinase activity 

reflects the size and frequency of Ca2+ spikes (31). Indeed, an altered Ca2+ flux was found 

in patients with the low bone mass disorder osteogenesis imperfecta due to mutations in 

the rER membrane K+ channel TRIC-B (22) and in a global knock out TRIC-B murine 

model (21), where also an increased calcium concentration in the ER was found. In OI 

patients’ cells, in human foetal OBs (hFOB) knocked-out for TMEM38B and in the global 

TRIC-B KO mouse, collagen secretion and matrix mineralization were reduced, pointing 

to the relevance of TRIC-B in osteoblast activity (22, 32). Importantly, impaired bone 

mineralization was also confirmed in tric-b KO zebrafish larvae (33).

To dissect TRIC-B function in OB, we generated an OB specific TRIC-B conditional knock-

out murine model (cKO) that reproduces the loss-of function of TRIC-B found in OI patients 

caused by deletions or missense mutations (22, 34–38). The severe skeletal phenotype of 

the cKO model demonstrated a cell intrinsic defect in OBs and thus the primary function of 

TRIC-B for bone development. The cKO phenotype positions itself in the more severe range 

described for OI type XIV patients. The high fracture frequency found in TRIC-B cKO mice 

long bones is likely responsible for motor disadvantage while the rib cage fractures likely 

harm internal organs, possibly explaining the lower survival expectancy.

In agreement with patients’ cells and TRIC-B KO mouse and zebrafish data (21, 22, 

33), ER cisternae enlargement was detected in cKO cells, together with reduced collagen 

secretion, supporting the presence of impaired cell homeostasis. In cKO, intracellular 
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proteins accumulation and increased levels of the collagen chaperone HSP47, the latter 

described also in tric-b KO zebrafish, were found, pointing to an intracellular collagen 

accumulation as detected in mature ALP-positive osteoblasts from KO mice (21).

The availability of the new surviving model allowed study of bone properties as well as 

the mechanism underlying the importance of TRIC-B in bone. Bone geometrical properties 

were severely impaired both at trabecular and cortical level and resembled those reported in 

transiliac biopsy samples for OI type XIV patients (17). Clusters of thicker collagen fibres 

were detected in cortical bone, revealing altered organization in cKO animals.

A fine-tuned intracellular Ca2+ level is necessary for OBs differentiation (25) and here 

we proved that the altered ionic homeostasis in cKO mice account for OBs alterations. In 

particular, we demonstrated an impaired SMAD signalling pathway caused mainly by a 

reduced activation of CaMKII-mediated signalling but also associated with reduced reservoir 

of TGF-β, a key cytokine for bone development and maintenance (39). It is well known 

that OBs have abundant TGF-β receptors, and that TGF-β1, upon binding to its receptor, 

induces phosphorylation of SMAD2/3, which can then form heterocomplexes with SMAD4 

followed by translocation into the nucleus to upregulate osteogenesis-related genes (40, 41). 

The role of CaMKII signaling in bone is comparatively less understood. A few pivotal 

studies demonstrated that CaMKII is expressed in OBs, where it acts as a key regulator of 

OB differentiation (14, 42). Of relevance, in vitro inhibition of CaMKII in OB-like cells 

(MC4) reduced alkaline phosphatase activity and mineralization, as well as caused a strong 

decrease in alkaline phosphatase and osteocalcin gene expression. In an in vivo model, 

CaMKII antagonists decreased OB number and the bone volume/total volume ratio (14). 

Importantly, reduced alkaline phosphatase activity and mineralization, as well as decreased 

osteocalcin and Osx gene expression, were here found in TRIC-B cKO osteoblasts while a 

decreased BV/TV was found in cKO bone.

How the CaMKII defect is transduced to cause the bone defect is also poorly understood. 

In a human kidney fibroblast cell line, a link was established between CaMKII and SMAD2 

nuclear localization and transcriptional function, independent of TGF-β, in the presence 

of a constitutively active CaMKII (43). In undifferentiated mesenchymal cells, activation 

of SMAD protein signaling through CaMKII by dentin phosphophoryn was shown to 

promote the expression of the osteogenic markers Runx2, Osterix, bone sialoprotein and 

osteocalcin (44). Similarly, in normal articular chondrocytes, targeted blockade of CaMKII 

with specific siRNAs decreased the levels of pSMADs, collagen type II, collagen type X 

and proteoglycans in the presence of TGF-β1, while CaMKII inhibitors caused a decrease 

of chondrogenic differentiation both in human foetal and pluripotent stem cells-derived 

chondrocytes (45). Furthermore, a direct interaction between SMADs and pCaMKII was 

found by immunoprecipitation studies in primary chondrocytes. In OBs it has been reported 

that CaMKII directly interacts with Osterix, the zinc-finger transcription factor required for 

OB differentiation and new bone formation, by increasing its protein level and enhancing its 

transcriptional activity (42).

Here, we proved for the first time that in OBs CaMKII controls SMAD-mediated signalling 

independently from TGF-β, revealing a novel Ca2 dependent mechanism for regulating 

Besio et al. Page 7

Matrix Biol. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the activity of SMADs in bone. We demonstrated that, in control OBs, the inhibition of 

CaMKII by the calmodulin antagonist KN93 strongly reduces pSMAD3 level in the absence 

or presence of TGF-β, indicating a direct link between CaMKII and SMAD3 in OBs. In 

contrast, we found minimal effect on pSMAD3 level in cKO, indicating the CaMKII activity 

dependence on TRIC-Β. Since the administration of TGF-β was not sufficient to revert the 

cell phenotype, we reason that the lower TGF-β reservoir in TRIC-B knock-out animals is 

secondary to the impairment of the CaMKII-mediated signalling and to the consequent delay 

in OB differentiation and reduced collagen in matrix.

Our study focused on the TRIC-B function in OBs. It should also be taken into account 

that the channel is ubiquitously expressed and its role in the other bone cells, as well as 

in different organs, should be investigated to fully dissect the patients’ outcome. An altered 

osteoclast activity was found in the global TRIC-B KO, supporting the relevance of further 

investigations on this cell type (21).

In conclusion, our work links the bone phenotype associated with TRIC-B loss of function 

with the CaMKII signalling pathway in bone development and OB differentiation, adding a 

new piece of information on bone biology. This knowledge will help to refine strategies for 

the development of therapeutic approaches.

Methods

Animals

The animals used in the study were C57Bl/6Ngrey mice, generated by PolyGene and the 

FVB/NTg(Runx2-Cre) mice provided by Prof. Tuckermann (University of Ulm, Germany). 

Mice were maintained under standard experimental animal care protocol following the 

Italian Laws in the “Centro interdipartimentale di servizio per la gestione unificata delle 

attività di stabulazione e di radiobiologia - Polo Botta II” of the University of Pavia, Pavia 

(Italy).

Generation of Tmem38b Runx2 conditional knock-out

A vector for the stable excision of exon 3 of the Tmem38b gene with a loxP system 

mediated by Cre-recombinase was generated. Three loxP sites were inserted flanking exon 

3 of Tmem38b (Supplementary Fig. 1A). Additionally, different restriction sites were 

synthesized upstream, downstream and in between the lox sites, to allow insertion of 

different cassettes. For in vitro selection of targeted cells, we took advantage of an FRT 

flanked neomycin resistance gene cloned between the lox-sites using BglII upstream of 

exon 3 (Supplementary Fig. 1A). The targeting vector bearing the Tmem38b mutation was 

electroporated into 2×107 C57Bl/6N-based ES cells cultured with mitomycin C-inactivated 

mouse embryonic fibroblasts, in DMEM (Gibco) containing 20% fetal calf serum (Pansera 

ES, PAN), supplemented with leukemia inhibitory factor (ESLIF, PolyGene) and tissue 

culture factors to maintain pluripotent state (“2i”: CT/CHIR 99201, and PD 0325910, 

Axon Medchem). After selection with 200 μg/mL neomycin (G418) for 8 days, embryonic 

stem (ES) cell clones were isolated and analyzed via PCR and Southern blot screening. 

Karyotyping was performed on positive ES cell clones in which correct homologous 
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recombination was occurred. For mouse generation, 3–4 positive ES cell clones were 

injected into grey C57Bl/6N derived blastocysts. These injections yielded 6 pups, three of 

which were high chimeric male. The resulting chimeras were bred to C57Bl/6Ngrey-based 

Flp-deleter female mice and yielded black (i.e. germ line) offspring, following a Mendelian 

rate. The resulting black offsprings were analyzed by PCR as detailed below. After the 

confirmation of the deletion of the neomycin cassette and of the presence of the floxed 
allele, Tmem38bfl/fl mice were mated to Tg(Runx2-Cre) mice, carrying the Cre recombinase 

under the Runt-related transcription factor 2 (Runx2) promoter, to generate the homozygous 

exon 3 bone specific conditional knock-out (Runx2Cre;Tmem38bfl/fl) (Supplementary Fig. 

1A). Exon 3 deletion was proved by PCR of genomic DNA of the target region and 

by sequence of the intronic LoxP site left upon Cre recombinase in the mutated alleles 

(Supplementary Fig. 1B, C, D). DNA sequencing confirmed the successful KO generation 

(Supplementary Fig. 2A). Four-week-old Runx2Cre;Tmem38bfl/fl mice and Tmem38bfl/fl 

littermate control mice were used for the analyses.

Tissue isolation

For genotyping, tail biopsy was performed in P28 animals. For confirmation of the 

osteoblast specific conditional gene inactivation and for phenotyping, mice were sacrificed 

at P28 by cervical dislocation following anesthesia and tissues were collected. DNA, RNA 

and protein were extracted from bone tissue cleaned from soft tissues and, from bone 

marrow that, after cutting the epiphysis, was flushed out with a 24-gauge needle syringe 

filled with ice-cold phosphate buffered saline (PBS). Bone was minced and decalcified in 

14% EDTA pH 7.1 for 48 hours to obtain DNA; was minced in Trizol (Invitrogen) and 

stored at −80°C for RNA extraction; and stored at − 80°C until used for protein extraction.

Mice genotyping

The generated mice were analyzed by PCR for the presence of the recombinant 

locus using the primers G044.5F/G044.6R (5’-AATAGTAGGCGGAGTCTCGG-3’ and 

5’-TCTGGTGCCCTCTTCTTC-3’, respectively) (PCR5/6) and the primers G044.9F/

G044.8R (5’-GAGGAGATGCTGAAGAAC-3’ and 5’-GGCGTAACACAACCAAAG-3’, 

respectively) (PCR8/9, Supplementary Figure 1A, B, D, E). Homozygous exon 

3 bone specific deletion was checked by PCR using primers G044.9F (5’-

GAGGAGATGCTGAAGAAC-3’) and G044.6R (5’-TCTG GTGCCCTCTTCTTC-3’). The 

PCR amplicon (Supplementary Figure 1C), present as expected in Runx2Cre;Tmem38bfl/fl 

bone and absent in Tmem38bfl/fl, was then sequenced (Supplementary Figure 2A).

Murine calvarial and human osteoblast (OB) culture

Murine OBs were isolated from 2–4 days old control (Tmem38bfl/fl) and mutant 

(Runx2Cre;Tmem38bfl/fl) pups following a well-established protocol (46). For each 

experiment only cells at passage 1 were used plated at 1.5×104/cm2, cultured in minimum 

essential medium eagle with α-modification (α-MEM) with 10% foetal bovine serum 

(FBS), antibiotics, and 50 μg/ml ascorbic acid (Sigma-Aldrich) and harvested after 5 days. 

For TGF-β treatment, cells were treated with 50 ng/mL TGF-β (Sino Biological, 80116-

RNAH) for 1h. For CaMKII inhibition, cells were incubated with 1 μM KN-93 (Sigma 

Aldrich) for 1h. For mineralization studies, cells were cultured in α-MEM with 10% FBS, 
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antibiotics and supplemented with100 μg/ml ascorbic acid, and 10 mM β-glycerophosphate 

(Sigma-Aldrich) (osteogenic medium). Cells were treated with 1 ng/mL TGF-β every other 

day for one week and cultured for 21 days or every other day for 21 days. Harvest was 

performed at different time points, as detailed for each experiment.

Human OBs were isolated from bone chips of a 13 years old TMEM38B-null male OI 

patient showing a moderately severe phenotype (17, 22) and from healthy age-matched 

donor. Bone chips were digested in α-MEM (Gibco) with antibiotics and collagenase 

P (Roche) for 2 hours at 37 °C. After digestion, bone chips were cultured in α-MEM 

supplemented with antibiotics and 10% FBS (Gem Cell, Gemini Bio) at 37 °C, 8% CO2 

for couple of weeks until cells were expanded. For TGF-β signalling, control and patient 

pre-OB were seeded in 6-well plates. At sub-confluency, cells were serum starved for 1 

hour, then treated with 5 ng/ml recombinant human TGF-β1 (7754-BH, R&D). Harvest was 

performed at different time points, as detailed in figure legend.

Gene expression analysis

Total RNA was extracted from bone, from OBs after 5 days of culture in growth media, 

and from OBs after 7, 14, 21, 28 days of culture in osteogenic medium and DNA integrity 

was checked on agarose gel. Tmem38b, Osx, Alp, Bglap, Col1a1and Cdk1a qRT-PCR were 

performed on the QuantStudio3 thermocycler (Thermofisher) using PowerUp Syber Green 

Master Mix (Applied Biosystems). Gapdh was used as normalizer. Primers sequences are 

available upon request. Relative expression was calculated using the ΔΔCt method. All 

reactions were performed in triplicate.

Protein lysates and western blot

Protein lysates were obtained from minced bones and from OBs using RIPA lysis buffer 

supplemented with protease inhibitors as previously described(47). Following protein 

quantitation using RC DC Protein Assay (BioRad), proteins were separated on 6% 

(collagen), 9% (pSMAD2 and SMAD2/3), 10% (TRIC-B, HSP47) or 15% (TGF-β) SDS-

PAGE and transferred on PVDF membrane. The membranes were incubated o/n at 4°C with 

1:1000 anti-TRIC-B (Invitrogen), anti-SMAD2/3 (Cell Signaling), anti-pSMAD2 (Abcam), 

anti-pSMAD3 (Abcam), anti-HSP47 (Santa Cruz) anti-collagen I (Abcam), anti-TGF-b 

(R&D System), anti-pCaMKII (Abcam) antibodies in TBS-T. ImageQuant LAS 4000 (GE 

Healthcare) and the ImageQuant LAS 4000 1.2 software were used for images acquisition. 

ImageQuant TL analysis software was employed for band intensity evaluation. At least 

biological triplicates were performed. For each gel, the expression of the mutant samples 

was expressed as fold difference compared to controls. Protein loading normalization was 

determined using anti-β-actin antibody (Santa Cruz Biotechnology) or total proteins staining 

by Swift™ Membrane Stain (G-Biosciences). For human cells, the following antibodies 

and dilutions were used: anti-pSMAD3 (phospho S423/S425) 1:1000 (Rockland) and anti-

GAPDH 1 :1000 (Cell Signaling).

Growth curve evaluation and skeletal analyses

Mice growth curve was obtained by weighting the mice (n = 7 per group) once a week for 

4 weeks. Results were analyzed based on gender and genotype. Skeletal characterization of 
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mice was performed by X-ray analyses (Faxitron) and using double staining with alcian blue 

and alizarin red. Mice (n = 7 per group) radiography were acquired, after anesthesia, using 

the Mx-20 multifocus digital radiography system (Faxitron Bioptics) set at 25 kV for 19 

seconds, at 1.5X and 4X magnifications and visualized with the Kodak DirectView elite CR 

System K-Pacs software (Kodak) as previously described (48).

For alcian blue and alizarin red staining, mice (n = 4 per group) were sacrificed 

and processed as previously reported (49). Mice were imaged by Leica M165 FC 

stereomicroscope connected to a Leica DFC425 digital camera (Leica Microsystems, Italy).

Bone structural properties by μCT

μCT analyses of tibia from Runx2Cre;Tmem38bfl/fl and Tmem38bfl/fl littermate control 

mice were performed at P28 (n = 7 per genotype for each gender). Bones were scanned 

at a nominal image resolution of 11 μm by means of a SkyScan μCT 1276 scanner 

(Skyscan, Kontich, Belgium) at 55 kV and 200 μA, using a 0.25 mm aluminum filter. 

Images were captured every 0.4° through 180° of rotation with a 2×2 camera pixel binning. 

The reconstruction was carried out with the SkyScan NRecon software using the InstaRecon 

reconstruction engine, ring artifact reduction and beam hardening correction. Image analysis 

was performed by means of the CT Analyser software (CTAn). The reference slice 

was imposed at the level of the growth plate. Trabecular and cortical regions were set 

70 and 400 slices below the reference slice and normalized to tibia length. For bone 

segmentation a semiautomatic approach was used, based on thresholding. The thresholding 

was standardized with the CTAn software across all bone samples using global threshold 

(70–255) for trabecular bone 3D analyses. A global threshold (95–255) was used for 

the cortical bone 3D analyses. The mean BMD of the segmented regions was calculated 

by resorting to a calibration based on a linear extrapolation against mean attenuation 

coefficients from selected regions of a 2 mm phantom rod pair containing 0.25 and 0.75 

g/cm−3 CaHA (Skyscan). The ratio between bone volume to total volume (BV/TV, %), the 

bone surface (BS, mm2), the intersection surface (IS, mm2) and trabecular thickness (Tb Th, 

mm) were assessed for the trabecular bone. Bone volume (BV, mm3), bone surface to bone 

volume ratio (BS/BV, mm−1), the intersection surface (IS, mm2) and cortical thickness (Ct 

Th, mm) were assessed for the cortical bone.

Bone histology

Tibiae at P30 were dissected, cleaned from surrounding connective tissue and fixed in 4% 

paraformaldehyde (PFA) in PBS for 24 h. Bones were then decalcified in 14% EDTA pH 

7.1 for 21 days and embedded in paraffin following standard procedures. Longitudinal 

tibia sections (7 μm) were cut using a RM2265 microtome (Leica Microsystems srl), 

mounted on Superfrost Plus slides (Menzel-Glaser, VWR) and stained with Alcian Blue 

Hematoxylin and Orange G/Eosin Counterstain or Sirius red staining. Images were acquired 

using a DFC480 digital camera (Leica Microsystems srl) connected to a light microscope 

(DM5500B, Leica, Microsystems srl). Sirius red-stained sections were analyzed under 

polarized light, and images were acquired by Leica DM2500 equipped with L ICT/P 

polarizer and a digital color camera LEICA DFC295 (Leica).
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Mineralization assays and alkaline phosphatase activity

To evaluate mineralization, OBs cultured for day 21 in osteogenic medium were stained by 

alizarin red and ALP activity was measured using the Abnova alkaline phosphatase kit as 

described in (50).

Transmission electron microscopy analysis

Transmission electron microscopy analysis was performed on trypsinized and pelleted OBs 

as previously described (47).

Thioflavin T labelling

Thioflavin (ThT, Sigma-Aldrich) labelling was performed on OBs from six independent 

preparations plated on sterile glass coverslips (Marienfeld) as previously described (47). 

Images acquisition was obtained by SP8-Leica confocal microscope (Leica) and the Leica 

software LAS4.5 was used to evaluate fluorescence signal per cell. A total of 41–45 cells for 

each OB preparation was evaluated.

Cell proliferation

OBs were plated at 5×103 cells/well in 96 well/plate in complete growing medium and cell 

proliferation was evaluated by Cell Titer 96 AQueous Cell proliferation Assay (Promega). 

Technical triplicates were performed.

Protein synthesis

OBs were labelled with 5 mCi/ml [35S] EXPRESS35S Protein Labeling Mix (PerkinElmer) 

in α-MEM without L-methionine, L-cystine, and L-glutamine for 1 h at 37 °C. 

The experiment was performed on three independent OB preparations. Upon protein 

precipitation, the radioactivity (counts for minute, CPM) of the samples was quantified using 

a liquid scintillation analyzer (TRI-CARB 2300 TR) (47).

Collagen quantification in OBs’ matrix and media

Cells were cultured for 21 days in osteogenic medium to allow matrix deposition. Media 

was collected and matrix was decellularized. Collagen was extracted and quantified by 

Sircol™ Soluble Collagen Assay (Biocolor), according to the manufacturer’s protocol, on 

three independent OBs preparations.

Collagen analysis

Collagen was extracted by pepsin digestion and salt precipitation from decalcified bone 

(n=3 for each genotype), run on 6% urea-SDS gel in non-reducing condition and stained by 

Coomassie blue as previously reported (51).

Calcium measurements

The recombinant Ca2+-sensitive photoprotein aequorin specifically targeted to the 

mitochondrial matrix (52) was employed to measure Ca2+ uptake by the mitochondria which 

reflects the Ca2+ microdomains generated at the mouth of the InsP3 channels upon their 

opening (53). For cytosolic and mitochondrial calcium measurements using the aequorin 
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method, OBs were plated into a 96-well plate at 50–60% of confluence and transduced for 

48h in their culture medium with adenovirus expressing cytosolic or mitochondrial aequorin 

(cytAEQ or mtAEQ). 48h post adenoviral transduction cells were incubated (1 hr, 37°C) 

with the prosthetic group coelenterazine (5 μM, 1 h at 37°C, Santa Cruz Biotechnology) in 

CaCl2-containing Krebs-Ringer buffer (KRB - CaCl2, 125 mM NaCl, 1 mM Na3PO4, 1 mM 

MgSO4, 1 mM CaCl2, 5.5 mM glucose, 5 mM KCl, 20 mM HEPES, pH 7.4). After aequorin 

reconstitution, cells were placed in 70 μl of KRB-CaCl2 and cytosolic or mitochondrial 

Ca2+ transients were evoked by applying 100 μM ATP (Amersham Biosciences) in KRB. 

Cytosolic and mitochondrial calcium measurements were carried out using a PerkinElmer 

EnVision plate reader equipped with two injector units. Output data were analyzed and 

calibrated with a custom-made macro-enabled Excel workbook.

pSMAD3 immunofluorescence

2×104 OBs were plated on glass coverslips in 24 well plate. The next day cells were treated 

for 24 h with 1 ng/mL TGF-β. Cells were fixed with 10% neutral buffered formalin for 

30 min at RTand blocked 1 h in 1% BSA in PBS containing 0.3% TritonX100. pSMAD3 

primary antibody (Abcam) was used at 1:500 dilution in 1% BSA, 0.3% TritonX100 in PBS 

and the incubation was carried out o/n at 4°C. Cells were incubated with secondary antibody 

(AlexaFluor 488 conjugated F(ab’) fragment anti-rabbit IgG, Immunological Sciences) 

1:2000 in 1% BSA, 0.3% TritonX100 in PBS for 2 h at RT. Nuclei were stained with 

DAPI and images were acquired by confocal microscope TCS SP8 (Leica). The total area 

of punctate signal per cell and of punctate signal per nucleus were measured by the Leica 

software LAS 4.5.

Statistics

For the in vivo studies, 7 animals for each genotype and gender were used. For the in vitro 
studies, at least biological triplicates for each genotype were performed. The sample size is 

specified in the method section. Quantitative variables were expressed as mean ± standard 

deviation (SD). One-way repeated measures ANOVA was applied to evaluate genotype 

effect followed by post-hoc tests with the Bonferroni’s correction. A p value <0.05 was 

considered significant.

Study approval

All animal studies were approved by the Italian Animal Research Council under the Protocol 

N 8/2019-PR approved on Oct 8th 2019. The human study was approved by the NICHD 

IRB (Protocol #04-CH-0077). Cells from Proband were obtained as part of the diagnostic 

process. Written, informed consent was obtained from all subjects or their respective 

guardians.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Lack of TRIC-B in osteoblasts strongly impairs skeleton growth and 

structure, leading to bone fractures.

• In absence of TRIC-B, the impaired Ca2+ flux from endoplasmic reticulum 

to cytosol is associated to delayed osteoblast differentiation and decreased 

collagen synthesis that cause reduced collagen incorporation in the 

extracellular matrix and poor mineralization.

• An impaired SMAD signalling in mutant mice and in OI patient osteoblasts 

explains the osteoblast malfunction.

• The reduced SMAD phosphorylation and nuclear translocation are mainly 

caused by alteration in Ca2+ calmodulin kinase II (CaMKII)-mediated 

signalling.
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Figure 1: Bone phenotype in the TRIC-B OB conditional knock-out mice.
(A) Body size is reduced in Tmem38b osteoblast conditional knock-out 

(Runx2Cre;Tmem38bfl/fl; cKO) compared to control mice (Tmem38bfl/fl; Ctrl). (B) Growth 

curve analysis was performed from 1 to 4 weeks after birth. The analyses showed a growth 

delay in mutant mice in both genders. (C) Alcian blue and alizarin red skeletal staining 

performed on P28 animals revealed several calli (black arrows) in cKO bones. Calli in 

mutant ribs are shown in 4X magnification. (D) Magnification of mice vertebrae and skull 

proved a delay in cKO ossification (black arrows) (4X). (E) X-ray skeletal analysis revealed 
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the presence of calli and bone deformations in cKO mice at P28. (i) 4X magnification of 

mutant humerus with callus; (ii) 4X magnification of mutant femur with callus. (F) 3D 

micro CT reconstruction of femur and tibia from cKO mice with severe bone deformations 

and calli. (G) 3D tibia reconstruction and longitudinal section (H) of bones used for the 

structural analyses. (I) Tibia length was significantly shorter in cKO mice in both genders. * 

p<0.05; #p<0.005.
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Figure 2: Altered trabecular and cortical bone properties in TRIC-B OB conditional knock-out 
mice.
Cross sectional tomographic images of (A) the trabecular and (B) the cortical bone. (C) 

Alcian Blue Haematoxylin staining of tibial distal metaphysis confirmed the impairment in 

trabecular and cortical compartments in cKO animals. Scale bar: 200 nm. (D) Picro-sirius 

red staining of tibial cortical bone at distal metaphysis revealed ticker collagen fibrils in 

cKO animals. Scale bar: 250 nm. (E) Trabecular and (F) cortical bone parameters of cKO 

and control male and female mice at P28. At the trabecular level, bone volume/total volume 

(BV/TV), bone surface (BS), intersection surface (IS), trabecular thickness (Tb Th) and 

bone mineral density (BMD) were significantly reduced in cKO mice. Similarly, in the 
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cortical compartment, BV, IS, and cortical thickness (Ct Th) were significantly reduced in 

cKO mice. By contrast, BS/BV was higher in cKO mice. * p<0.05; #p<0.005.
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Figure 3: Impaired osteoblasts differentiation in TRIC-B OB conditional knock-out mice.
(A) Real time qPCR analyses of Osx, Alp and Bglap revealed a reduced expression in 

cKO calvaria OBs at day 7, 14, 21 and 28 of culture in osteogenic medium. (B) Alizarin 

red staining of primary OBs cultured in osteogenic medium. OBs mineral content was 

quantified. A decreased mineral staining was evident in mutant cells. (C) MTT assay 

revealed no difference in OBs proliferation between cKOs and controls. (D) ALP activity 

in osteogenic medium was evaluated by enzymatic assay. A significant reduction of ALP 
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activity was detected in mutant cells. (E) qPCR analyses of femur RNA confirmed the Bglap 
expression impairment in cKOs compared to controls. * p<0.05; #p<0.005.
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Figure 4: Decreased collagen synthesis and collagen incorporation into the matrix in TRIC-B 
cKO OBs.
(A) Transmission electron microscopy representative images of calvarial OBs. The analyses 

revealed ER enlargement and large vacuoles in all the mutant cells analyzed (n=18). Scale 

bar: 0.3 μm. (B) ER proteostasis was evaluated by thioflavin T (ThT) immunofluorescence. 

Representative images and ThT quantification are shown. ThT fluorescence was increased 

in mutant cells compared to control, highlighting the intracellular accumulation of misfolded 

proteins. Scale bar: 20 μm. (C) The quantification of proteins synthetized by OBs, evaluated 

following incorporation with 35S-methionine and 35S-cystine, showed a reduced protein 

amount in mutant cells. (D) Real time qPCR analyses of Col1a1 revealed a reduced collagen 

expression in cKO OBs. (E) Cellular collagen protein level was reduced. (F) The amount of 

collagen incorporated into the extracellular matrix was evaluated in mutated and control 

OBs grown in osteogenic media for 7 days. Collagen content was reduced in mutant 

decellularized matrix. (G) Western blot analyses of HSP47 showed a strong upregulation 

in the mutant. (H) Collagen post translational modifications were assessed by SDS-Urea-
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PAGE. Collagen type I from cKO mice bone revealed a faster migration of α(I) bands 

respect to control, supporting reduced hydroxylation and glycosylation. MW: molecular 

weight markers. * p<0.05; #p<0.005.
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Figure 5: TRIC-B deficiency impairs Ca2+ calmodulin kinase II phosphorylation and SMAD 
signalling pathway.
Measurement of calcium transients by cytosolic (A) or mitochondrial (B) aequorin in OBs 

extracted from femur. Cells were stimulated with extracellular ATP, an inositol trisphosphate 

receptor (InsP3) agonist, to induce Ca2+ release from the intracellular stores. The peak 

amplitude of cytosolic calcium ([Ca2+]cit) transients was unchanged in mutant versus control 

cells. A decreased calcium transient was instead found in mitochondria ([Ca2+]mit) from 

the cKO model (#p<0.0001). (C) Western blot analyses of CaMKII autophosphorylation 

at threonine 286. A decreased phosphorylation was found in cKO OBs. (D) Western blot 

analysis showed normal levels of SMAD2/3 in cKO OBs while decreased pSMAD3 (E) and 

pSMAD2 (F) levels were found. (G) Significantly reduced pSMAD2 level was confirmed 

in bone from Runx2Cre;Tmem38bfl/fl animals. Total protein was used to normalize protein 

expression. (H) Real time qPCR analyses of Cdkn1, a TGF-β target gene, revealed a reduced 

expression in cKO OBs. * p<0.05; #p<0.005.
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Figure 6: How TRIC-B deficiency impairs SMAD signalling.
(A) Western blot analyses of TGF-β level revealed decreased protein in cKO OBs. (B) 

qPCR analyses of TGF-β showed no change in control and mutant cells. (C) The SMAD3 

phosphorylation level in presence of the CaMKII inhibitor KN93, in absence or presence 

of exogenous TGF-β, was evaluated by western blot analyses in primary murine OBs. 

(D) Western blot quantification revealed that in control cells pSMAD3 level was increased 

following TGF-β signalling and, importantly, this effect was abrogated by KN93. pSMAD3 

level was partially rescued upon administration of both KN93 and TGF-β treatment. In 
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mutant murine cells, pSMAD3 level was increased following TGF-β signalling but to a 

less extend compared to control cells and, importantly, KN93 did not significantly reduced 

pSMAD3 level. (E) Immunofluorescence analyses of pSMAD3. (F) Total pSMAD3 level 

was quantified in control and cKO OB in absence or presence of TGF-β treatment. (G) 

pSMAD3 nuclear localization was analysed in control and cKO OBs in absence or presence 

of TGF-β treatment. Total and nuclear pSMAD3 level was decreased in cKO and increased 

by TGF-β treatment but to a lesser extent than treated controls. Nuclei were stained with 

DAPI. (H) qPCR analyses of Osx and Alp in control and cKO OB at day 7 of culture 

in absence or presence of 1 ng/mL TGF-β. A partial rescue was found following TGF-β 
treatment. (I) Alizarin red staining of primary cKO OBs cultured in osteogenic medium for 

21 days. The cells were untreated or treated with 1 ng/mL TGF-β for 7 days after plating. 

OBs mineral content was quantified. An increased mineral staining was evident in mutant 

cells upon treatment, although it did not reach the control level.
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Figure 7: Impairment of SMAD signalling was confirmed in a TMEM38B-null OI XIV patient.
Western blot analysis of pSMAD3 in OB from a TMEM38B-null OI XIV patient and 

healthy age-matched control. A reduced pSMAD3 level was found in TMEM38B-null OBs 

upon TGF-β1 treatment, confirming the mouse data. GAPDH was used to normalize protein 

expression.
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Figure 8: The mechanism behind trimeric intracellular cation channel B function in bone.
When Ca2+ fluxes out from the ER to the cytoplasm though the IP3R receptor, it binds CaM 

and activates the CaMKII that phosphorylates SMAD2 and SMAD3. pSMAD2/3 interact 

with SMAD4 and the complex translocates to the nucleus where it stimulates transcription 

of osteoblastogenic genes (Osx, Alpl, Bglap). In TRIC-B cKO OBs, in which the mutation 

causes TRIC-B loss-of-function responsible for an altered Ca2+ homeostasis, CaMKII is 

not activated impairing SMAD signalling and, ultimately, the expression of genes important 

for the OB development and resulting in the OI phenotype. CaM (calmodulin), CaMKII 

(calmodulin-dependent kinase II), IP3R (inositol-3-phosphate receptor), TRIC-B (trimeric 

intracellular cation channel B). Created by BioRender.com.
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