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Abstract

Osteogenesis Imperfecta (OI) is a heritable collagen-related bone dysplasia characterized by 

bone fractures, growth deficiency and skeletal deformity. Type XIV OI is a recessive OI form 

caused by null mutations in TMEM38B, which encodes the ER membrane intracellular cation 

channel TRIC-B. Previously, we showed that absence of TMEM38B alters calcium flux in 

the ER of OI patient osteoblasts and fibroblasts, which further disrupts collagen synthesis and 

secretion. How the absence of TMEM38B affects osteoblast function is still poorly understood. 
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Here we further investigated the role of TMEM38B in human osteoblast differentiation and 

mineralization. TMEM38B-null osteoblasts showed altered expression of osteoblast marker genes 

and decreased mineralization. RNA-Seq analysis revealed that cell-cell adhesion was one of the 

most downregulated pathways in TMEM38B-null osteoblasts, with further validation by real-time 

PCR and Western blot. Gap and tight junction proteins were also decreased by TRIC-B absence, 

both in patient osteoblasts and in calvarial osteoblasts of Tmem38b-null mice. Disrupted cell 

adhesion decreased mutant cell proliferation and cell cycle progression. An important novel 

finding was that TMEM38B-null osteoblasts had elongated mitochondria with altered fusion 

and fission markers, MFN2 and DRP1. In addition, TMEM38B-null osteoblasts exhibited a 

significant increase in superoxide production in mitochondria, further supporting mitochondrial 

dysfunction. Together these results emphasize the novel role of TMEM38B/TRIC-B in osteoblast 

differentiation, affecting cell-cell adhesion processes, gap and tight junction, proliferation, cell 

cycle, and mitochondrial function.
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Introduction

Osteogenesis Imperfecta (OI) or “brittle bone disease” is a rare, heterogeneous skeletal 

disorder with an incidence of 1/15–20,000 births. OI is clinically characterized by 

bone fragility, skeletal deformities, and growth deficiency, with secondary changes in 

other connective tissues such as dentinogenesis imperfecta, blue sclerae, hearing loss, 

cardiovascular and respiratory defects. Previously, OI was considered a dominant disorder 

caused by mutations in type I collagen genes, COL1A1 and COL1A2, that encode α1(I) 

and α2(I) chains of collagen type I, respectively. These dominantly inherited OI types 

affect the structure or quantity of synthetized collagen. Although the majority of OI cases 

(~85%) are caused by dominant mutations in collagen genes, today OI is described as a 

collagen-related disorder with recessive forms caused by mutations in genes whose products 

interact with collagen and are critical for collagen folding, modification or processing, as 

well as osteoblast differentiation and mineralization (1,2).

Type XIV OI is a recessive OI form caused predominantly by null mutations in TMEM38B, 

which encodes the ER membrane trimeric intracellular cation channel type B (TRIC-

B). TRIC-B is ubiquitously expressed in the ER and, together with the inositol 1,4,5-

trisphosphate receptor (IP3R), affects Ca2+ flux from the ER to cytoplasm (3). Ca2+ 

signaling is crucial for collagen metabolism and post-translational modification (4). ER-

Ca2+ flux kinetics were shown to be impaired in human TMEM38B-null osteoblasts and 

fibroblasts. Imbalance in ER-Ca2+ signaling induces ER stress and affects collagen synthesis 

and secretion resulting in abnormal collagen assembly and posttranslational modifications 

(4). In particular, the hydroxylation of type I collagen helical lysines by LH1 is reduced 

in TMEM38B-null cells (4), presumptively through the dependence of LH1 on the PPIase 
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function of CyPB, an ER-resident cyclophilin which is in turn dependent on calreticulin/

calmodulin interactions, as demonstrated for other chaperons (5,6).

The first reports of a mutation in TMEM38B described Bedouin families from Israel and 

Saudi Arabia, with a homozygous deletion of exon 4 (7,8). Subsequently, homozygous 

deletion mutation of exons 1 and 2 (9), as well as a homozygous nonsense variant in exon 

4 of the TMEM38B gene were identified as causative mutations of type XIV OI (10). 

These mutations are all presumptively null, although TMEM38B Western blots were not 

included in the mutation reports. The only reported mutation that is not clearly predictive 

of a null outcome is a homozygous acceptor splice site variant in intron 3 (10), which was 

demonstrated to result in the insertion of 6 bp between exons 3 and 4 in TMEM38B cDNA. 

This could cause insertion of two amino acids in the TRIC-B TM2 region, which is involved 

in channel gating, and impair channel function. Western blots for stability of TRIC-B with 

a small insertion and functional studies of calcium flux were not reported. The absence 

of TRIC-B was demonstrated by Western blot (4) in patients with the Bedouin founder 

mutation, a stop codon and a compound heterozygote for the Albanian deletion and a small 

duplication.

The clinical phenotype of type XIV OI varies substantially, ranging from asymptomatic 

to severe. The most common clinical features include bone fractures, bowed limbs, 

osteoporosis, with tendency of fracture frequency improvement after puberty. The bone 

phenotype of type XIV OI is atypical compared to other OI subtypes that are usually 

characterized by high bone turnover and bone hypermineralization. Histomorphometry 

analysis showed type XIV OI bone has low trabecular bone volume and low bone turnover 

in combination with low osteoblast and osteoclast number, and, in most cases, bone matrix 

mineralization is normal on bone mineral density distribution (BMDD) (11).

The underlying molecular mechanism by which TMEM38B affects osteoblast function 

is poorly understood. Here, we describe the novel role of TMEM38B in regulation 

of osteoblast differentiation and mineralization. Our results show that cellular adhesion 

processes, proliferation, and cell cycle, as well as mitochondrial fission/fusion processes, are 

dysregulated in type XIV OI osteoblasts.

Results

Osteoblasts with TMEM38B-null mutation have altered differentiation and decreased 
mineral deposition in vitro

TMEM38B-null osteoblasts were derived from surgical bone chip discard from a 13-year-

old male patient. He was previously reported to be compound heterozygous for the deletion 

encompassing TMEM38B exons 1 and 2 (first reported in 2014 in an Albanian child (9) 

and a novel c.63dupT, which directly introduces a premature termination codon in exon 

1 (p.D22X) (4). The patient has a moderately severe OI phenotype (11). He was born to 

unrelated American parents of British/Scottish and British/German ancestry by spontaneous 

vaginal delivery as the 7 pounds, 9 ounces product of an uncomplicated term pregnancy. 

A femur fracture was noted at birth. His long bones are thin on radiographs, and he 

sustained 10 femur fractures and 7 tibial fractures; his long bone deformities required 
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multiple intramedullary rodding procedures. He has had progressively deforming scoliosis 

(currently 40° Cobb angle) and was noted to have moderate lower airway obstruction at 

age 22 years. His lumbar spine bone mineral density (BMD) z scores by dual-energy X-ray 

absorptiometry (DXA) were in the −4 to −5 range prior to receiving 3 years of pamidronate 

infusions, which elevated his z-score to the −2 to −3 range. He was noted at age 21 

years to have tricuspid valve regurgitation. Hypertrophic cardiomyopathy and aortic root 

dilatation were noted at age 27, and increasing septal thickness was noted at age 34 years. 

He has relative macrocephaly (head circumference =58 cm, 98th percentile for male adults), 

Wormian bones around the lambdoidal suture, and a normal brain computerized tomography 

(CT) scan without basilar invagination. Facial appearance and dentition are normal. There 

is bilateral moderate conductive/mixed hearing loss amenable to amplification. He has short 

stature, with height at age 34 years comparable to a skeletally normal 15-year-old boy. He 

ambulates with a walker.

To investigate the role of TMEM38B in regulation of osteoblast differentiation and 

mineralization, we differentiated patient and control osteoblasts in vitro into mature 

osteoblasts. Cell lysates were collected at Day 0, 7, 14, and 21 of differentiation. Expression 

level of the early marker gene COL1A1 was significantly reduced, while ALPL was 

significantly increased throughout differentiation. Mid- and late differentiation marker 

gene IBSP was significantly increased during early and late differentiation, SPP1 was 

significantly increased throughout differentiation, whereas SPARC was significantly reduced 

in differentiated patient osteoblasts compared to control (Figure 1A). The osteoblast marker 

genes for late differentiation had opposing expression trends, with DMP1 trending increased 

at Day 14, whereas SOST expression was reduced mid-differentiation in patient osteoblasts 

versus control (Figure 1A). These results confirmed our prior studies (11).

Expression of osteoblast genes that impact osteoclast development (Figure 1B) was altered 

in TMEM38B-null versus control osteoblasts. Expression of RANKL, an activator of 

osteoclast differentiation, was significantly decreased in mid to late differentiation, while 

OPG, which inhibits the stimulatory effect of RANKL on osteoclastogenesis, was close 

to control values except on Day 0. As a result, the RANKL/OPG ratio was significantly 

reduced throughout differentiation in TMEM38B-null osteoblasts versus control, indicating 

reduced stimulation of osteoclast development in the absence of TMEM38B.

We also investigated the mineralization capacity of patient versus control osteoblasts. For 

this study, patient and control osteoblasts were cultured in differentiation medium for 6 

weeks, after which cell cultures were stained with Alizarin Red. Quantification of the 

stain confirmed a significant decrease of mineral deposition in TMEM38B-null osteoblast 

cultures compared to control (Figure 1C-D). Thus, the absence of TMEM38B expression in 

osteoblasts causes dysregulation of osteoblasts differentiation and mineralization.

RNA-Seq reveals downregulation of cell adhesion pathway in differentiated TMEM38B-null 
osteoblasts

To extend our understanding of the role of TMEM38B in osteoblast differentiation, we 

performed a bulk RNA sequencing analysis of patient and control osteoblasts at Day 0 

and at weekly timepoints during 3 weeks of differentiation. Functional enrichment analysis 
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indicated that cell adhesion processes, such as cell-cell adhesion and cell-junction, were 

among the most downregulated pathways in patient osteoblasts at Day 0 and at all 3 

differentiation timepoints (Figure 2A-D). Although synapse assembly was also a highly 

affected pathway, osteoblasts do not share synapse function and many of these genes 

overlapped with the cell adhesion pathway.

Other pathways highly relevant for the role of TMEM38B-null osteoblasts in the bone 

dysplasia of OI are those governing the extracellular matrix (ECM) organization and/or 

extracellular structure organization. These pathways were significantly downregulated at 

Day 7, 14 and 21 compared to control osteoblasts (Figure 2B-D), and both shared the same 

genes, the changes in expression of which are presented as a heatmap in Supplemental 

Figure 1A.

On other hand, RNA-Seq analysis at Day 0 showed that the ECM organization and 

extracellular structure organization were the most upregulated pathways, as well as cartilage 

development and ossification (Supplemental Figure 2A). At Day 21 the cell-cell adhesion 

pathway was among the significantly upregulated pathways (Supplemental Figure 2B), 

however, most of the upregulated genes at that timepoint were not directly related to cell 

adhesion processes in bone but to other systems such as the nervous system (12–14).

Interestingly, the Notch signaling pathway was also upregulated in patient osteoblasts 

compared to control (Supplemental Figure 2B). Based on these results, we decided to 

focus our next steps on investigating the novel role of TMEM38B in cell adhesion during 

osteoblast differentiation.

RT-qPCR validation confirms transcript-level dysregulation of cell adhesion pathways in 
TMEM38B-null osteoblasts

Cell–cell and cell–matrix interactions are mediated by cell adhesion molecules (CAMs) 

including cadherins, integrins, selectins and immunoglobulin-like CAMs. CAMs have a role 

in regulation of various cell processes in addition to adhesion per se, such as proliferation, 

differentiation, apoptosis (15). We investigated whether absence of TRIC-B protein in cells 

of patient with type XIV OI, as had been previous demonstrated by Western blot (4), affects 

osteoblast adhesion processes. We assembled a set of significantly downregulated genes 

from the cell-cell adhesion pathway (Figure 2E, Supplemental Figure 3A-D) and further 

validated their mRNA expression levels by RT-qPCR.

Differentially expressed genes (DEGs), including clustered protocadherins and adhesion 

genes with a role in bone were validated. Clustered protocadherins from α, β and γ 
families were found to be downregulated in TMEM38B-null osteoblasts, with decreased 

mRNA expression levels throughout differentiation in patient versus control osteoblasts 

(Figure 2F). Protocadherins from the γ family (PCDHGA7, PCDHGA12) and β (PCDHB10 
& PCDHB13) showed strong expression levels (70–80th percentile) in control cells and 

were suppressed several-fold in TMEM38B-null cells. While other protocadherins (α 
(PCDHA10), β (PCDHB7, PCDHB10, PCDHB11, PCDHB12, PCDHB13 and PCDHB15)), 

had moderate levels of expression (~50th percentile) in control and patient osteoblasts, the 

consistency of downregulation of the interrelated set was striking. Seven additional genes 
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encoding proteins with a role in adhesion (DCHS1, CLDN1, CADM1, ICAM1, CELSR2, 

PTPRF, PTPRD) and known to function in bone were significantly downregulated in patient 

versus control osteoblasts throughout differentiation (Figure 2G).

Given the validation of adhesion molecules from the heatmap, we extended our investigation 

to cadherins. Cadherin-2/N-cadherin (CDH2) had significantly reduced mRNA expression 

levels in mid-differentiation (Day 7 and 21) in patient osteoblasts compared to control 

osteoblasts. On the other hand, Cadherin-4/R-cadherin (CDH4), remained significantly 

elevated in mid-differentiation (Day 7 and 14) in patient osteoblasts compared to control 

(Figure 2H). In addition, CDH4 was also shown to be significantly elevated during 

differentiation in patient osteoblasts in comparison to another osteoblast control from 5-

year-old male (Supplemental Figure 4A). Collectively these transcriptional results validate 

the finding that cell adhesion processes are disrupted, preponderantly by transcriptional 

downregulation, in TMEM38B-null osteoblasts. Unfortunately, patient osteoblasts sample 

were insufficient to correlate transcriptional downregulation of cell-adhesion genes with 

protein levels by Western blots.

Gap and tight junctions are reduced in TMEM38B-null osteoblasts

Gap and tight junctions are important structures for cell-cell communication, ensuring 

the proper signal transduction between cells, and both interact with cadherins, important 

molecules for cell adhesion (16,17). Gap junction formation and function would be impacted 

by decreased protein levels of gap and tight junction components. We analyzed the mRNA 

and protein levels of GJA1/Cx43 and TJP1/ZO-1 in patient TMEM38B-null osteoblasts 

and control. Expression of gap junction gene GJA1, encoding Cx43, was significantly 

reduced in mid-differentiation, while expression of tight junction gene TJP1, which encodes 

ZO-1, was significantly downregulated in early and mid-differentiation of type XIV OI 

patient osteoblasts versus control (Figure 3A). In addition, TJP1 transcripts were shown 

to be downregulated in patient osteoblasts compared to another osteoblast control from a 

5-year-old male (Supplemental Figure 4B). Cx43 protein was downregulated throughout 

differentiation in patient versus control osteoblasts, paralleling the timing of GJA1/Cx43 

transcript levels during osteoblast differentiation. ZO-1 was also downregulated in patient 

osteoblasts at early stages of differentiation (Figure 3B-C). Immunocytochemistry staining 

of patient and control osteoblasts (Day 0) showed reduction in both Cx43 and ZO-1 signal in 

TMEM38B-null osteoblasts (Figure 3D-E).

Furthermore, we showed that gap and tight junctions are also altered in calvarial 

osteoblasts from an osteoblast-specific conditional knock-out murine model of Tmem38b 
(Runx2Cre;Tmem38bfl/fl, cKO, (18)) compared to wildtype osteoblasts. Expression levels of 

Gja1/Cx43 and Tjp1/ZO-1 were significantly decreased throughout differentiation in murine 

cKO osteoblasts (Figure 3F). Immunocytochemistry staining of Cx43 and ZO-1 (Figure 

3G-J) was significantly reduced in murine cKO osteoblasts compared to control, further 

supporting finding that deletion of the TRIC-B channel disturbs gap and tight junctions in 

osteoblasts.
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Antibody array-based protein analyses reveal that cell adhesion and extracellular matrix 
organization are disrupted in TMEM38B-null osteoblasts

To explore which proteins are involved in type XIV OI pathophysiology, patient and control 

osteoblasts at Day 0 and differentiated osteoblasts at Day 14 were subjected to antibody 

array-based proteomics studies (RayBiotech Life, Inc.; Label-Based (L-Series) Human 

Antibody Array L-6000 Glass Slide Kit). Upregulated and downregulated proteins with 

fold change > 2 were further considered.

The most affected protein functions were related to protein refolding, secretion, response 

to reactive oxygen species (ROS), cell adhesion, ECM organization, Wnt, ossification, 

inflammatory response, and acute-phase response (Figure 4A). Secretion and ossification 

were predominantly reduced, especially at Day 0, in TMEM38B-null osteoblasts compared 

to control. Inflammatory and acute-phase response were highly affected at Day 14, shown 

by increased expression of representative proteins. Cell adhesion pathway components were 

both increased and reduced at Day 0, while proteins affected at Day 14 were mostly 

decreased. On the other hand, response to ROS included proteins that were strongly up- 

or downregulated at Day 14, with Day 0 mostly being reduced. Canonical Wnt signaling 

was increased at Day 0, then reduced at Day 14. ECM organization proteins were both 

increased and reduced at both timepoints. Protein refolding components were upregulated 

at Day 0, and then mostly downregulated at Day 14. The complete list of upregulated and 

downregulated proteins with > 2 fold change were shown in Supplemental Figure 5A.

The demonstration by antibody array-based proteomic analysis that cell adhesion is affected 

in TMEM38B-null osteoblasts complements and confirms the transcriptomics data. We 

validated several of the top protein hits using Western blot. PTK7 (protein tyrosine kinase 

7), which functions in cell adhesion (19), was significantly increased at Day 0, and then 

significantly decreased at Day 14 in patient osteoblasts. PXN (paxillin), a molecule involved 

in focal adhesion (20), was also significantly increased at Day 0, and then subsequently 

decreased significantly at Day 14 by Western blot. On the antibody array, Day 0 PXN was 

not significantly altered, but showed a significant decrease on Day 14 in agreement with 

Western blot data. We considered Western blot results for PXN at Day 0 more robust, given 

the greater sensitivity of this technique compared to antibody array-based protein analysis. 

JAG1, a Notch ligand that regulates bone remodeling (21), was significantly increased at 

both Day 0 and Day 14 (Figure 4B-C). HEY2, one of the common downstream targets 

of Notch signaling, was significantly increased at early and late differentiation in patient 

osteoblasts compared to control (Supplemental Figure 6A).

Proliferation and cell cycle are disrupted in differentiated TMEM38B-null osteoblasts

Disrupted cell adhesion could also influence proliferation and cell cycle progression, Cell 

adhesion is a calcium-dependent process (22), and intracellular calcium is crucial for 

cell cycle progression and plays a vital role in the regulation of cell proliferation (23). 

To examine if absence of TMEM38B affects osteoblast proliferation, patient and control 

osteoblasts were labelled with BrdU for 24 hours and absorbance at 450 nm was read as a 

measure of proliferation. The BrdU proliferation assay showed approximately 20% decrease 

in proliferation in patient compared to control osteoblasts (Figure 5A). Consistent with the 
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BrdU assay, immunocytochemistry of Ki67 proliferation marker was significantly reduced 

in patient osteoblasts compared to control (Figure 5B-C). Transcript levels of several cell 

cycle markers were altered in TMEM38B-null osteoblasts. CCND2/Cyclin D2, and CCNE1/

Cyclin E1 showed significantly reduced expression throughout differentiation timepoints 

in patient osteoblasts versus control. Conversely, expression of CCNE2/Cyclin E2, CCNB1/

Cyclin B1, and CCNB2/Cyclin B2 were significantly upregulated in patient osteoblasts 

versus control (Figure 5E). However, on Western blots, all cyclins tested (Cyclins D1, D2, 

D3, and B1) were significantly downregulated in patient osteoblasts compared to control 

(Figure 5F-G).

Another factor with the potential to contribute to decreased proliferation as well as to 

disrupt cell adhesion in TMEM38B-null osteoblasts is connective tissue growth factor 

(CTGF), encoded by CCN2. CTGF has a role in proliferation, differentiation, migration, 

and cell adhesion. RNA-Seq data analysis showed that at Day 7, CCN2/CTGF is one of 

the genes included in downregulated extracellular structure organization (Figure 5H). When 

validating downregulation of CCN2/CTGF transcripts in TMEM38B-null osteoblasts by 

RT-qPCR, we found that CCN2/CTGF expression was significantly reduced throughout 

differentiation in patient osteoblasts versus control (Figure 5I). Western blots showed a 

significant reduction of CTGF in differentiated patient osteoblasts (Figure 5J, Supplemental 

Figure 7A). These results demonstrate that TMEM38B deletion decreases proliferation and 

cell cycle progression, and that this may be directly related to dysregulated cell adhesion, 

further affecting osteoblast differentiation.

Increased ER stress associated with mitochondrial fission/fusion abnormalities in 
TMEM38B-null osteoblasts

TRIC-B channel deficiency was shown to affect ER calcium flux in osteoblasts (4), which 

further caused ER stress and underlies the disruption of collagen synthesis. One collagen 

chaperone, HSP47, is a marker of collagen ER retention due to misfolding of collagen 

(24). To investigate whether HSP47 is affected due to TMEM38B-related ER stress, we 

measured its transcript and protein levels. SERPINH1/HSP47 expression was significantly 

reduced at Days 0, 7 and 21 in patient osteoblasts compared to control (Figure 6A). 

Western blot showed an increase in HSP47 protein level on Day 0 osteoblasts, but a 

significant reduction throughout differentiation of patient osteoblasts versus control (Figure 

6B-C). Immunocytochemistry of undifferentiated osteoblasts showed increased HSP47 in 

patient osteoblasts versus control, corroborating the Western blot Day 0 data (Figure 6D). 

These results suggest that even though HSP47 is moderately increased at basal level in 

TMEM38B-null osteoblasts due to ER-stress, during differentiation it fails to cope with the 

disrupted collagen synthesis. Electron microscopy of patient TMEM38B-null osteoblasts 

showed the expected ER dilatation in patient cells (Figure 7A).

Surprisingly, electron microscopy also revealed that mitochondria in patient osteoblasts 

had strikingly abnormal morphology, with a very elongated shape and evident cristolysis 

(Figure 7A). Contact sites between ER and mitochondria (ER-MCSs) have been shown to 

be the locations at which mitochondrial fusion and fission machineries localize and regulate 

mitochondrial morphology (25). The protein levels of markers for mitochondrial fission and 
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fusion, DRP1 and MFN2 respectively, were significantly upregulated in patient osteoblasts 

early in differentiation, then lower in late differentiation points (Figure 7B-C).

In addition, we evaluated the production of ROS, specifically superoxide in mitochondria, in 

control and patient osteoblasts. Immunofluorescence staining of superoxide with MitoSox, a 

superoxide-specific dye, was highly increased in patient cells compared to control. Treating 

cells with MitoTEMPO, a mitochondrial antioxidant and a scavenger of superoxide for 

24 hours, normalized the level of superoxide in TMEM38B-null osteoblasts to control 

level (Figure 7D). Also, mitochondrial ROS (mt-ROS) were significantly higher in 

TMEM38B-null osteoblasts, as measured by fluorescence intensity (Figure 7E). Alteration 

in mitochondrial function is a newly emerging finding for OI osteoblasts, which could 

further be explored in cell energetics study of TMEM38B-null osteoblasts, as there could 

be a potentially direct effect of prolonged ER stress on mitochondrial fusion or fission and 

mt-ROS production in TMEM38B-null osteoblasts.

Discussion

Recessive mutations in TMEM38B, resulting in absence of the intracellular TRIC-B 

cation channel, cause type XIV OI. TRIC-B impacts calcium flux kinetics in osteoblasts 

and fibroblasts, critical to multiple steps of collagen synthesis and secretion (4). Using 

osteoblasts from a patient with type XIV OI (4,11), we report here novel findings about 

additional roles of TRIC-B in osteoblast function, and the consequences of their disruption 

in OI (Figure 8). We took a multi-omics approach comprised of transcriptomics and 

antibody array-based proteomics, to show that absence of TRIC-B disrupts cell adhesion 

processes in patient osteoblasts. TMEM38B-null osteoblasts have reduced gap and tight 

junctions, together with decreased proliferation and impaired cell cycle progression. In 

addition, we show the first evidence that recessive OI patient osteoblasts exhibit changes 

in mitochondrial morphology, due to impaired fission/fusion processes, as well as increased 

mt-ROS production. Further, the Notch signaling pathway, important to bone remodeling, 

was altered in TMEM38B-null osteoblasts.

Disrupted cell-cell adhesion processes in TMEM38B-null osteoblasts

RNA-Seq transcriptomic data obtained from TMEM38B-null osteoblasts showed that cell-

cell adhesion was among the most downregulated signaling pathways (Figure 2A-D). Cell 

adhesion is a dynamic process important for tissue assembly and cell-cell interactions 

(15). These connections or adherens junctions consist of multiprotein complexes including 

transmembrane cell adhesion molecules (cadherins), and peripheral membrane proteins 

(catenins) (15), which are important for initiation and stabilization of cell-cell adhesion, 

regulation of the actin cytoskeleton, intracellular signaling and transcriptional regulation 

(26). The calcium-dependent adhesive interactions of cadherins (22) are critical for stable 

tissue organization and function (27), as well as for regulation of cell proliferation, 

differentiation, and survival (15). Osteoblasts express a limited number of cadherins 

including cadherin-2 (N-cadherin), cadherin-4, and cadherin-11. Cadherin-2, important for 

osteoblast differentiation and N-cadherin mediated cell adhesion (28,29), had significantly 

reduced expression in TMEM38B-null osteoblasts (Figure 2H), while cadherin-4 expression 
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was upregulated in TMEM38B-null osteoblasts. Differential timing of cadherin-2 and 

cadherin-4 expression has also been noted in visual systems (30), suggesting functionally 

different roles. These impaired cell-cell adhesion processes may contribute to altered 

TMEM38B-null osteoblast differentiation and reduced mineral deposition (Figure 1A, 1C-

D).

Several validated genes from RNA-Seq downregulated cell-cell adhesion pathways have a 

role in development of craniofacial abnormalities, such as DCHS1, PTPRF, and PTPRD. 

Loss-of-function mutations in DCHS1 (protocadherin-16) and FAT4, which act as a 

receptor-ligand pair, were shown to induce Van Maldergem syndrome, which includes 

craniofacial abnormalities such as maxillary hypoplasia, microtia and atresia of the external 

auditory meatus, as well as mitral valve prolapse. (31). In double Dchs1/Fat4 knockout 

murine mutants, proliferation of osteoprogenitors is increased and osteoblast differentiation 

is delayed, identifying Dchs1-Fat4 as impacting osteoblast differentiation (32). Deletion 

of PTPRF and PTPRD, leukocyte antigen related (LAR) family receptor protein tyrosine 

phosphatases, also induced craniofacial abnormalities similar to Pierre-Robin sequence in a 

murine model, identifying them as contributors to craniofacial morphogenesis (33). PTPRF 

was also shown to be localized at and implicated in regulation of focal adhesions (34).

Facial dysmorphism has not been described in either our patient or other type XIV 

OI patients. Our patient has relative macrocephaly (58 cm, 98th centile) with normal 

brain magnetic resonance imaging, facial appearance, and dentition (11); he also has 

Wormian bone around the lambdoid suture. Other type XIV patients have been reported 

to have Wormian bones and relative macrocephaly. However, decreased expression of genes 

involved in cell adhesion that have a known effect on the skeleton would contribute to a 

more global downturn of cell adhesion genes in type XIV osteoblasts.

The products of other validated genes from RNA-Seq were directly involved in adhesion. 

CADM1 or cell adhesion molecule-1 is expressed by osteoblasts and serves as a diagnostic 

marker for osteosarcoma (35). ICAM1, or intercellular adhesion molecule-1, is localized at 

the osteoblast surface, and mediates cellular interactions by binding to its counter-receptors 

lymphocyte function-associated antigen-1 (LFA-1), localized at the surface of osteoclast 

precursors. ICAM1 blockade between osteoblasts and osteoclast precursors results in 

inhibition of osteoclast recruitment (36). Clustered protocadherins, known for their role in 

vertebrate nervous system development and cancer pathogenesis (37), emerged as reasonable 

candidates for a signaling pathway in osteoblasts; further validation, including gene 

knockout, would be required to prove their function. CLDN1 or Claudin 1 is one of the tight 

junction proteins; it has a positive role in osteoblast proliferation and differentiation (38). 

CELSR2, or cadherin EGF LAG seven-pass G-type receptor 2, is a candidate susceptibility 

gene in idiopathic scoliosis (39).

Antibody array-based proteomics analysis confirmed the importance of cell-cell adhesion 

in TMEM38B-null cells. PTK7, a catalytically defective receptor protein tyrosine kinase 

with a role in cell adhesion, canonical and non-canonical Wnt pathway, cell polarity 

(19,40), as well as PXN, a focal adhesion protein (20), were among the top hits 

identified by antibody array-based proteomics and validated by Western blot. Both were 
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increased in undifferentiated osteoblasts, but then reduced during osteoblast differentiation, 

indicating that differentiation might be a factor in their reduction. PXN and its tyrosine 

phosphorylation have been shown to have a role in regulating LPS-induced mitochondrial 

fission, mt-ROS generation and endothelial cell barrier dysfunction in human lung 

endothelial cells (41). Another interesting antibody array-based proteomics hit involved 

upregulation of JAG1, a Notch 1 receptor ligand. Notch receptor maintains its native inactive 

structure via calcium binding, while chelation of calcium leads to activation (42). Notch 

activation by JAG1 induces the clustering of STIM2, a protein responsible for sensing 

of calcium level in the ER, which subsequently enhances store-operated calcium entry 

(SOCE) (43). In our previous study (4), TMEM38B-null fibroblasts had deficient SOCE 

shown by the intracellular calcium stores being more rapidly depleted compared to control. 

Thus, a TRIC-B impact on the Notch signaling pathway, important for bone remodeling 

(21), is a reasonable expectation. In addition, it has been shown that transfection of 

NIH3T3 cells with a secreted form of the extracellular domain of Jag1 caused decreased 

cell-matrix adhesion, as well as changes in cadherin-mediated intercellular junctions and 

focal adhesions, suggesting that Jag/Notch may contribute to regulation of cell-cell and 

cell-matrix interactions (44). Activation of Notch signaling late in osteoblast differentiation, 

detected by RNA-Seq analysis (Supplemental Figure 2B), is supported by increased 

expression of downstream target HEY2 by RT-qPCR (Supplemental Figure 6A). In bone, 

activation of Notch 1 receptor by JAG1 also inhibits bone resorption by induction of OPG 

(21,45), an inhibitor of RANKL, which correlates with our results (Figure 1B).

Cell adhesion defects in OI models

Potential defects in cell adhesion processes have been identified in murine OI models, 

although those analysis were not validated. RNA-Seq analysis of osteocyte-enriched cortical 

long bones from CrtapKO mice, a recessive OI type VII model caused by loss of the 

prolyl 3-hydroxylation complex (46), and oim/oim mice, another recessive OI model with a 

mutation preventing α2(I) chain incorporation (47), showed dysregulated pathways related 

to cell adhesion (48). Cell adhesion also emerged as dysregulated from a mass spectrometry 

proteomics study using human fibroblasts from dominant OI type II and III, carrying 

COL1A1 or COL1A2 mutations (49).

Gap and tight junction alterations in TMEM38B-null osteoblasts

Interactions between cells are mediated via the cell junctional complex consisting of 

adherens junctions, tight junctions, gap junctions and hemidesmosomes. Tight and gap 

junctions are important for signal transduction between cells. Tight junctions are formed 

in regions where membranes of two cells are tightly connected, regulating the passage 

of ions and molecules between cells, and maintaining cell polarity. The tight junction 

protein zonula occludens protein 1 (ZO-1) is a cytoplasmic actin binding protein (50). 

Part of cadherin-based cell adhesion, ZO-1 facilitates direct interactions of cadherin/catenin 

complex with actin-based cytoskeleton (16). In addition, localization of ZO-1 is modulated 

by extracellular calcium (51). Gap junctions regulate the passage of ions and molecules 

between the cytoplasm of two adjacent cells and are formed by connexins. Intracellular 

calcium regulates the permeability of gap junctions composed of Cx43 (52). Cx43 is the 

most abundant connexin in bone; deletion of Cx43 in mice causes osteoblast dysfunction, 
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craniofacial abnormalities, and delayed ossification (53). ZO-1 interacts with Cx43 and 

may facilitate gap junction-mediated communication and induce changes in membrane 

localization of Cx43 in osteoblastic cells (54). Our study demonstrated significant reduction 

of Cx43 and ZO-1 protein in both patient TMEM38B-null osteoblasts and also in murine 

calvarial osteoblasts from conditional Tmem38b knockout mice (Figure 3). The common 

impact of absent TRIC-B across species and different TMEM38B mutations emphasizes the 

important TRIC-B role in cell-cell communication.

CTGF involvement in TMEM38B-related cell adhesion defect

CTGF downregulation in TMEM38B-null osteoblasts is another likely contributor to their 

disrupted adhesion and differentiation. CTGF is a secreted, matricellular protein that 

has many cellular roles such as proliferation, differentiation, adhesion, and synthesis of 

ECM proteins. Specifically, CTGF enhances proliferation and differentiation of cultured 

osteoblasts (55). Furthermore, in the MC3T3-E1 pre-osteoblastic cell line, CTGF serves 

as an adhesive substrate for osteoblasts, via αvβ1 integrin, as well as cytoskeletal 

reorganization and osteoblast differentiation (56). CTGF-null mice had multiple skeletal 

dysmorphisms among other skeletal abnormalities, enlarged vertebrae, shortened sternum 

and mandibles, kinked ribs and long bones. (57).

Alterations of mitochondria function in TMEM38B-null osteoblasts

Finally, one of the major findings in this paper is the involvement of osteoblast mitochondria 

in type XIV OI pathological processes. We observed differences in mitochondrial 

morphology, consisting of striking elongation with crystolysis, along with altered expression 

of mitochondrial fission/fusion markers (DRP1, MFN2) and increased production of 

superoxide. The contact sites between ER and mitochondria (ER-MCSs) regulate many 

features of mitochondrial physiology and dynamics, such as mitochondrial fusion/fission, 

calcium, and lipid trafficking (58). Mitochondrial fission is regulated by the main dynamin-

related GTPase DRP1, while fusion is driven by Mitofusin paralogs (MFN1 and MFN2). 

Fission and fusion processes are spatially coordinated and co-localized at ER-MCSs. 

Both mitofusins and DRP1 accumulate at ER-MCSs forming hotspots for membrane 

dynamics that can respond rapidly to metabolic signals (25). In addition, ER-MCSs are 

enriched with IP3Rs, thus play a central role in regulation of mitochondrial calcium level. 

Mitochondrial calcium levels are important for mitochondrial oxidative phosphorylation 

(OXPHOS), generation of ROS, and apoptosis (58). Levels of ROS H2O2 produced by 

mitochondria are induced by, and in turn influence, calcium signaling at ER-MCSs (59). ER-

influenced mitochondrial dysfunction in TMEM38B-null osteoblasts may be induced by ER 

accumulation of misfolded collagen, with ER stress modified by the mitochondrial response. 

For example, osteoblasts from COL1A2 G610C OI mice with dominant type IV OI undergo 

integrated stress response (ISR) due to ER accumulation of misfolded collagen. ISR is 

regulated by changes in expression of mitochondrial Hspa9/HSP70 (mt-HSP70) and ATF5; 

activation of Hspa9 was speculated to be induced by disruption of mitochondria-associated 

ER membrane (60). However, mitochondrial dysfunction was previously observed in muscle 

tissue in OI murine models, where accumulation of misfolded type I collagen would 

not be expected. In gastrocnemius muscle of oim/oim mice, reduction of mitochondrial 

respiration rates, changes in mitochondrial biogenesis markers, mitophagy and electron 
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transport chain components, were reported (61). Mss51, a metabolic stress inducible factor 

found in mitochondria, was downregulated in RNA-Seq analysis of oim/oim and Jrt murine 

gastrocnemius muscle (62). Much remains to learn about the role of mitochondria in OI.

Interestingly, data from triple-negative breast cancer cells (TNBC) has shown connections 

between mitochondrial metabolism and cell adhesion. Uncoupling of OXPHOS, an 

important mitochondrial metabolic pathway in various cancers, with FR58P1a induced 

mitochondrial dysfunction in TNBC that impaired fibronectin-dependent cell adhesion by 

decreasing β1-integrin at the cell surface (63). The cancer cell data raises the intriguing 

possibility that mitochondrial dysfunction and altered cell adhesion in TMEM38B-null 

osteoblasts may be interrelated.

Final remarks and future exploration

Our data revealed novel interconnected roles of TMEM38B in osteoblast differentiation and 

mineralization. Deletion of the TRIC-B channel, which affects ER-calcium flux kinetics, has 

myriad effects because of the importance of calcium to a broad range of skeletal processes. 

We demonstrated that human TMEM38B-null osteoblasts have a series of altered calcium-

dependent cellular processes, such as disrupted cell adhesion in combination with decreased 

gap and tight junctions, cell proliferation, cell cycle progression, as well as alterations in 

mitochondria morphology and function.

Antibody array-based protein analyses revealed several affected pathways for type XIV OI 

osteoblasts. Altered protein refolding and reduced secretion contribute to cellular stress. 

Increased inflammatory response and acute-phase response might affect cellular components 

of bone and impact bone turnover. Alterations in ECM organization and cell adhesion could 

be expected to negatively affect cell-matrix cross talk, impairing osteoblast differentiation 

in general as well as osteoblast cytoskeletal structure in particular. Altered cytoskeletal 

structure in OI osteoblasts has been associated with altered cell proliferation and impaired 

secretion of both collagenous and non-collagenous matrix proteins (64). We speculate that, 

at the whole bone level, changes in osteoblast adhesion and cell-matrix interactions could 

negatively impact bone mechano-sensing and contribute to low bone mass and weaker bone 

geometry. Increased ROS might impair cell energetics and alter osteoblast differentiation. 

Alterations in Wnt signaling and reduced ossification could affect the mineral phase of type 

XIV OI bone, which does not display the hypermineralization common to classical OI types.

Murine data on a new Tmem38b cKO mouse displayed detrimental effects on growth and 

mineralization, with further evidence of reduced calcium calmodulin kinase II-mediated and 

TGF-β signaling (18). This expansion of our understanding of the mechanism underlying 

type XIV skeletal pathophysiology provides potential modifying factors and molecular 

targets in OI. Our studies were limited to osteoblasts from a single OI patient because 

of the rarity of type XIV OI and the logistical challenge of obtaining bone chip surgical 

discard. Limited RT-qPCR comparison of patient osteoblasts to additional control supports 

the results presented for cell-adhesion transcripts (Supplemental Figure 4A-B). Further 

exploration of cell adhesion and metabolism processes in additional patient or murine 

models is warranted, to understand whether these are common disrupted pathways among 

different OI types and their role in the shared mechanism of OI types.
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Experimental procedures

Human subjects—This study was approved by the NICHD IRB (Protocol #04-CH-0077). 

Cells from our type XIV OI patient, a prepubertal male who was age 13 at the time 

of biopsy, were obtained as part of the diagnostic workup. The donor of healthy control 

osteoblasts is a sex-matched 10-year-old male at the time of his surgical procedure. The 

donor previously had septic arthritis resulting in femoral head deformity and required an 

operative procedure to re-orientate the femur. The control osteoblasts in our study were 

harvested from the donor’s healthy proximal femur. Written, informed consent was obtained 

from all subjects or their respective guardians (JCM for proband, and MT for control).

Patient bone samples and murine calvarial cells—Primary osteoblasts were derived 

from surgical discard bone chips of patient and healthy age-matched donor. Bone chips 

were minced and processed according to the Robey and Termine (65). Bone chips were 

digested in alpha-minimal essential medium (αMEM, Gibco) with Penicillin-Streptomycin 

antibiotics (100 units/mL Penicillin; 100 μg/mL Streptomycin, Gibco) and Collagenase P 

(Roche) for 2 hours at 37° C. After digestion, bone chips were transferred to the culture dish 

with αMEM media supplemented with 1% Penicillin-Streptomycin and 10% fetal bovine 

serum (Gem Cell, Gemini Bio) at 37C (8% CO2) for several weeks until osteoblasts emerged 

on to the culture dish.

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

mutant (Runx2Cre;Tmem38bfl/fl) pups (18) as previously described (66). Cells were used at 

passage 1.

Osteoblast in vitro differentiation—Osteoblasts from control and patient were seeded 

(2×105/well) in 6-well plates in triplicates per each timepoint of differentiation (Day 0, 

Day 7, Day 14, Day 21) in αMEM media supplemented with 10% FBS and 1% Penicillin-

Streptomycin. At subconfluency, cells were treated with osteoblast differentiation media 

containing osteogenic supplements: β-glycerol phosphate disodium salt hydrate (2.5 mM, 

Sigma), (+)-Sodium L-ascorbate (50 μg/mL, Sigma) and dexamethasone (10 nM, Sigma), 

with media change every 3 days.

Murine control and mutant calvarial osteoblasts were plated at density 1.5×104 /cm2. The 

cells were cultured in osteogenic media consisting of α-MEM, 10% FBS, antibiotics, 50 

μg/mL L-ascorbic acid (Sigma-Aldrich) and 10 mM β-glycerophosphate (Sigma-Aldrich). 

Medium was changed three times a week. Harvest was performed at Day 2, 7, 14 and 21. 

Three independent cell preparations were used for experiments.

RNA extraction and Real-time quantitative PCR (RT-qPCR)

At each timepoint (Day 0, Day 7, Day 14, Day 21) patient and control osteoblasts 

were harvested and RNA was extracted using RNeasy Mini Kit according to 

manufacturer’s instructions (Qiagen, 74106). RNA concentration was measured by 

NanoDrop spectrophotometer.

cDNA was synthesized using high-capacity cDNA reverse transcription kit (Applied 

Biosystems). For each RT-qPCR reaction, 20 ng of cDNA was used. RT-qPCR reaction 
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was carried out on Quant Studio 6 Flex (Applied Biosystems) using TaqMan fast universal 

PCR master mix. mRNA expression levels of genes were normalized to B2M reference 

gene based on comparative Ct method (ΔΔCt). The TaqMan probes sequences are as 

follows: COL1A1 (Hs00164004_m1), ALPL (Hs01029144_m1), IBSP (Hs00173720_m1), 

SPARC (Hs00234160_m1), SPP1 (Hs00959010_m1), DMP1 (Hs00189368_m1), SOST 
(Hs00228820_m1), RANKL (Hs00243522_m1), OPG (Hs00921369_m1), PCDHA10 
(Hs00258985_s1), PCDHB7 (Hs00961094_s1), PCDHB10 (Hs04188974_s1), PCDHB11 
(Hs00946730_s1), PCDHB12 (Hs04188997_s1), PCDHB13 (Hs00251745_s1), PCDHB15 
(Hs00251757_s1), PCDHGA7 (Hs00259352_s1), PCDHGA12 (Hs01571755_s1), 

DCHS1 (Hs01044548_m1), CLDN1 (Hs00221623_m1), CADM1 (Hs00942509_m1), 

ICAM1 (Hs00164932_m1), CELSR2 (Hs00154903_m1), PTPRF (Hs00160837_m1), 

PTPRD (Hs00369913_m1), CDH2 (Hs00983056_m1), CDH4 (Hs00899698_m1), 

GJA1 (Hs00748445_s1), TJP1 (Hs00543811_g1), CCND2 (Hs00153380_m1), CCNE1 
(Hs01026536_m1), CCNE2 (Hs00180319_m1), CCNB1 (Hs01030099_m1), CCNB2 
(Hs01084593_g1), CTGF (Hs00170014), SERPINH1 (Hs00241844_m1), HEY2 
(Hs01012057_m1), B2M (Hs00984230_m1) (Applied Biosystems).

For murine studies, total RNA was extracted from osteoblasts after 2, 7, 14 

and 21 days of culture in osteogenic medium using Trizol according to the 

manufacturer’s protocol. DNase digestion was performed using the Turbo DNA 

Free Kit (Applied Biosystems), and RNA integrity was verified on agarose gel. 

cDNA was synthetized using RT2 First Strand kit (Applied Biosystems) starting 

from 1 μg RNA. Reactions were performed on the QuantStudio3 thermocycler 

(Thermofisher) using PowerUp Syber Green Master Mix (Applied Biosystems), using 

the following primers: Gja1 Forward: 5’-TTGACTTCAGCCTCCAAGG-3’, Gja1 Reverse 

5’-AATGAAGAGCACCGACAGC-3’; Tjp1 Forward: 5’GCTAAGAGCACAGCAATGGA, 

Tjp1 Reverse: 5’-GCATGTTCAACGTTATCCAT-3’. Gapdh was used as reference gene for 

normalization, and relative expression was calculated using the ΔΔCt method.

Osteoblast mineralization assay by Alizarin Red staining

Osteoblasts from control and patient were seeded in 12-well plates in triplicate and 

differentiated for 6 weeks in osteoblasts differentiation media (αMEM media, 10% FBS, 

1% Penicillin-Streptomycin) supplemented with β-glycerol phosphate disodium salt hydrate 

(2.5 mM, Sigma), (+)-Sodium L-ascorbate (50 μg/mL, Sigma), dexamethasone (10 nM, 

Sigma), and recombinant BMP-2 (100 ng/mL, 355-BM, R&D Systems, Minneapolis, MN). 

At the end point of differentiation, cells were fixed with 4% paraformaldehyde (PFA) for 

10 minutes, and then washed with PBS. Fixed cells were stained for 30 minutes with 1% 

Alizarin Red/2% ethanol (pH 4.1–4.3) at room temperature. Excess dye was washed with 

distilled water. Stained cultures were photographed for representation. Dye was extracted 

with extraction buffer (0.5M HCl, 5% SDS) for 10 minutes at room temperature, and the 

absorbance was read at 405 nm.

RNA sequencing (RNA-Seq) and data analysis

RNA from control and patient osteoblasts at Day 0, Day 7, Day 14, and Day 21 timepoints 

of osteoblasts differentiation, previously extracted with RNeasy Mini Kit were subject to 

Jovanovic et al. Page 15

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bulk RNA-Seq transcriptomics. Total RNA samples (~2 μg) were purified with Poly-A 

extraction, and then used to construct RNA-Seq libraries with specific barcodes using the 

Illumina TruSeq Stranded mRNA Library Prep Kit. All RNA-Seq libraries were pooled 

together and sequenced using an Illumina NovaSeq 6000 sequencer to generate 

approximately 40–50 million 2 × 100 bp reads for each sample. The raw data were 

demultiplexed and analyzed further using lcdb-wf v1.8rc (lcdb.github.io/lcdb-wf/) according 

to the following steps: Raw sequence reads were trimmed with cutadapt v3.4 (67) to remove 

any adapters while performing light quality trimming with parameters ‘-a 

AGATCGGAAGAGCACACGTCTGAACTCCAGTCAAAGATCGGAAGAGCGTCGTGT

A-GGGAAAGAGTGT-q 20 –minimum-length = 25.’ Sequencing library quality was 

assessed with fastqc v0.11.9 with default parameters. The presence of common sequencing 

contaminants was evaluated with fastq_screen v0.14.0 with parameters ‘– subset 100000 –

aligner bowtie2.’ Trimmed reads were mapped to the Homo sapiens reference genome 

(GENCODE v28) using STAR v2.7.8 (68) in the one-pass mode with parameters used by the 

ENCODE long RNA-Seq pipeline: “--outFilterMultimapNmax 20 --alignSJoverhangMin 8 

--alignSJDBoverhangMin 1 --outFilterMismatchNmax 999 

-outFilterMismatchNoverReadLmax 0.04 --alignIntronMin 20 --alignIntronMax 1000000 

-alignMatesGapMax 1000000”. Uniquely aligned reads mapping to genes were quantified 

using the featureCounts program of the subread package v2.0.1 (69) using the Homo sapiens 

reference (GENCODE v28) annotations. Differential expression was performed using raw 

counts supplied to DESeq2 v1.28.0 (70) with the following modifications from lfcShrink 

default parameters: type=“ashr” (71) and lfcThreshold=1. A gene was considered 

differentially expressed if the false discovery rate (FDR) was <0.1 (default for DESeq2 for 

the statistical test that magnitude of the log2FoldChange is greater than 1 (lfcThreshold=1)). 

Functional enrichment was performed for GO Biological Process, Cellular Component and 

Molecular Function using the ClusterProfiler v 3.16.0 (72) function go.enrich. To calculate 

percentiles for protocadherin genes we performed a transcript per kilobase per million 

(TPM) normalization using salmon v1.4.0 (73) to correct for gene length and library size, 

before collapsing to gene-level estimates. Subsequently, we removed all genes with zero 

reads in all samples, averaged TPM values across replicates and calculated percentiles that 

were defined as the proportion of genes having lower expression than protocadherin genes.

Western Blot

Osteoblasts from control and patient were seeded in 6 cm plates in triplicate per each 

timepoint and harvested at Day 0, 7, 14, and 21 of osteoblast differentiation in RIPA 

buffer containing protease inhibitor cocktail (P8340, Sigma). Cell lysates were sonicated 

for 5 seconds, centrifuged at 12,000g for 10 minutes and supernatant was transferred to 

a new tube. To determine protein concentration of samples, Pierce™ BCA Protein Assay 

Kit (23225, Thermo Fisher) was used according to manufacturer’s instructions. Samples 

were mixed with Laemmli sample buffer (BioRad) and denatured at 95°C for 5 minutes. 

SDS-PAGE electrophoresis was performed for 1.5 hours at 150 Volt using 4–15% gradient 

gel (Criterion™ TGX Stain-Free™ Precast Gels, Bio-Rad Laboratories). Protein transfer 

was performed for 7 minutes at 20 Volt on iBlot 2 Dry Blotting System (Invitrogen) 

using nitrocellulose transfer membrane (iBlot™ 2 Transfer Stacks, Invitrogen). Control and 

mutant samples were run together in the same electrode reservoir, treated with the same 
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buffers at the same time, and transferred back-to-back in the same chamber for the Western 

blots. After protein transfer, the membrane was incubated in Tris-buffered saline (TBS) 

containing 0.1% Tween-20 (Sigma) and 5% bovine serum albumin (BSA, Gemini Bio) for 

1 hour, following overnight incubation with primary antibody at 4°C. Dilutions of primary 

antibodies are as follows: Cx43 (3512S) 1:1000; ZO-1 (13663S) 1:1000; Cyclin D1 (92G2) 

1:1000, Cyclin D2 (3741S) 1:1000, Cyclin D3 (DCS22) 1:1000, Cyclin B1 (D5C10, XP(R)) 

1:1000, PTK7 (25618S) 1:1000, Paxillin (12065S) 1:1000, Jagged1 (2620T) 1:1000, CTGF 

(10095S) 1:500, DRP1 (5391T) 1:1000, Mitofusin-2 (11925S) 1:1000, GAPDH (D4C6R) 

1:1000, GAPDH (D16H11, XP(R)) 1:1000 Cell Signaling; HSP47 (ADI-SPA-470) 1:1000, 

Enzo Life Sciences. The following day, the membrane was washed 3 times for 10 minutes 

in washing buffer (TBS-Tween), and then incubated with secondary antibody (IRDye® 800 

CW anti-mouse, IRDye® 680 RD anti-rabbit, Li-COR; 1:10,000) for 1 hour. After washing, 

the membrane was developed using LI-COR Odyssey® CLx Western Blot imager.

Immunocytochemistry

Control and patient osteoblasts were seeded in 8-well glass chamber slide. Cells were 

fixed with 4% PFA for 15 minutes followed by PBS washes x3 for 5 minutes. Blocking 

was performed for 1 hour in buffer containing 5% normal goat serum (Jackson Immuno 

Research) and 0.1% Triton in PBS. Incubation with primary antibody was for 2 hours 

at room temperature (Cx43 (3512S) 1:100, ZO-1 (13663S) 1:100, Cell Signaling; Ki67 

(ab16667) 1:300, Abcam; HSP47 (ADI-SPA-470) 1:500, Enzo Life Sciences). After PBS 

washes, cells were incubated with secondary antibodies (Alexa Fluor™ 555 donkey anti-

mouse IgG; Alexa Fluor™ 488 goat anti-rabbit IgG, Invitrogen; 1:200) for 1 hour. Cells 

were washed with PBS, and counterstained with DAPI (1ug/mL) for 10 minutes. Slides were 

mounted with Vectashield® antifade mounting medium (H-1000, Vector Laboratories) and 

covered with cover slips. Images were taken with Zeiss LSM 710 Confocal Microscope. For 

Ki67 staining, 10 images, with approximately 900 cells in total per genotype, were analyzed.

For murine experiments, 2×104 calvarial osteoblasts per well were plated on sterile glass 

coverslips (Marienfeld) in 24 well plate. At Day 2 cells were fixed with 4% PFA for 10 

minutes, permeabilized with 0.1% Triton™ X-100 for 15 minutes and blocked with 2% 

BSA for 45 minutes at room temperature. The cells were then labelled overnight at 4°C 

with anti ZO-1 antibody (40–2200, Invitrogen) at 5 μg/mL in 1% BSA, or with anti Cx43 

antibody (35–5000, Invitrogen) at 1:500 dilution in 2% BSA. Following PBS washes, cells 

were incubated with secondary antibody (AlexaFluor 488 or 546 conjugated F(ab’) fragment 

anti- rabbit IgG, Immunological Sciences) diluted 1:2000 in 1% BSA, 0.3% Triton™ X-100 

in PBS for 2 hours at room temperature. Nuclei were stained with DAPI and images were 

acquired by confocal microscope TCS SP8 (Leica). The total area of signal per cell was 

measured by the Leica software LAS 4.5.

MitoTEMPO treatment and measurement of mitochondrial ROS

Control and patient osteoblasts were seeded in 8-well glass chamber slides. To evaluate 

the production of superoxide, the cells were stained with MitoSOX™ Red (Invitrogen, 

M36008), a novel fluorogenic dye for highly selective detection of superoxide in the 

mitochondria of live cells. Once in the mitochondria, MitoSOX™ Red reagent is oxidized 
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only by superoxide and exhibits red fluorescence. Live cells were incubated with 5 μM of 

MitoSOX™ Red (Invitrogen, M36008) for 15 minutes in a humidified incubator, followed 

by three consecutive PBS washes. Images of MitoSOX staining were taken with a Zeiss 

LSM 710 Confocal Microscope with on-stage incubator. In parallel, control and patient 

osteoblasts were stimulated with 50 μM of MitoTEMPO (SML0737, Sigma) for 24 hours, 

which is a mitochondrially targeted antioxidant and a specific scavenger of mitochondrial 

superoxide, followed by MitoSOX staining and liveimaging of cells. The levels of mt-ROS 

were measured by seeding the control and patient osteoblasts in a 96-well plate overnight. 

Then, the cells were stained with MitoSOX and the fluorescence intensity, which is directly 

proportional to the level of mtROS in the cell, was measured with the EnSpire® Multimode 

Plate Reader (PerkinElmer).

BrdU proliferation assay

Control and patient osteoblasts were seeded in a 96-well plate at 20,000 cells per well 

and treated with BrdU reagent overnight. The protocol was performed according to 

manufacturer’s instructions (BrdU Cell Proliferation Assay Kit, 6813, Cell Signaling).

Electron microscopy

Control and patient osteoblasts were seeded in 6-well plates and at subconfluent level were 

fixed with EM fixative solution (2% glutaraldehyde in 0.1M cacodylate buffer, pH 7.4) 

for 1 hour at room temperature followed by overnight fixation at 4°C. The following day, 

EM fixative was replaced with PBS. In the NCI/NIH electron microscopy core facility, the 

cell plates were processed and embedded at room temperature in a fume hood. Following 

fixation, the cells were washed 2 times for 10 minutes in cacodylate buffer before post-

fixation of 1 hour in osmium tetroxide (1% v/v). The cells were then washed 2 times 

with water and 1 time with acetate buffer (0.1M, pH 4.5) before en bloc stain in 0.5% 

w/v uranyl acetate (0.5% v/v) in acetate buffer (0.1M, pH 4.5) for 1 hour. The cells 

were dehydrated with multiple washes of EM grade ethanol at 35%, 50%, 75%, 95%, and 

100%, consecutively. The cells were then washed with pure epoxy resin (Poly/Bed® 812, 

Polysciences, Inc.) overnight. The following day the cells were washed with pure resin prior 

to embedding. Immediately after embedding, the cell plates were placed in a 55°C oven 

to cure for 48 hours. The resin blocks were separated from the plate and examined under 

an inverted microscope to select an area with considerable cell number. The preferred area 

was removed from the block, trimmed and thin sectioned using an ultramicrotome equipped 

with a diamond knife. The thin sections were mounted onto copper mesh grids for counter 

staining with uranyl acetate and lead citrate. The grids were then carbon coated in a vacuum 

evaporator. Once carbon coated the grids are prepared to be scanned and imaged. The entire 

grid was scanned, with detailed examination of 100 cells, after which representative images 

were taken. The Hitachi Electron microscope (H7650) operated at 80kv with a CCD camera 

captured the digital images.

Antibody array-based proteomics

Proteomics was conducted using the RayBio® Label-Based (L-Series) Human Antibody 

Array L-6000 Glass Slide Kit, a combination of 12 different human arrays by RayBiotech 

Life, Inc. The array simultaneously detected the relative expression of 6000 human proteins 
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including cytokines, chemokines, adipokines, extracellular matrix proteins, growth factors, 

angiogenic factors, proteases, enzymes, soluble and transmembrane receptors and transport 

proteins, adhesion molecules and other proteins using 100 μg of cell lysates from control 

and patient osteoblasts at Day 0 and Day 14 of differentiation. For interpretation of results, 

three positive controls of standardized biotinylated IgG were used in each array. The positive 

control intensities are the same for each sub-array, which allows normalization based upon 

the relative fluorescence signal responses to a known control. Once fluorescence intensity 

data are obtained, the background is subtracted, and data normalized to the positive control 

signals. To normalize signal intensity data, one sub-array is defined as “reference” to which 

the other arrays are normalized. The top upregulated and top downregulated proteins with > 

2 fold change were further shown. The functions were assigned to relevant proteins using the 

Metascape software (74).

Statistics

For statistical analysis we used a 2-tailed Student’s t test. Data are presented as means ± 

SEM. A value of P < 0.05 was considered significant.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

OI Osteogenesis Imperfecta

COL1A1 collagen type I alpha 1 gene

COL1A2 collagen type I alpha 2 gene

TMEM38B transmembrane protein 38B

ER endoplasmic reticulum

TRIC-B trimeric intracellular cation channel type B

IP3R inositol 1, 4, 5 trisphosphate receptor

BMDD bone mineral density distribution

BMD bone mineral density
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DXA dual-energy X-ray absorptiometry

CT computerized tomography

ALPL alkaline phosphatase

IBSP integrin binding sialoprotein

SPP1 secreted phosphoprotein 1

SPARC secreted protein acidic and cysteine rich

DMP1 dentin matrix acidic phosphoprotein 1

SOST sclerostin

RANKL receptor activator of nuclear factor kappa B ligand

OPG osteoprotegerin

CAMs cell adhesion molecules

DEGs differentially expressed genes

PCDHA10 protocadherin alpha 10

PCDHB7 protocadherin beta 7

PCDHB10 protocadherin beta 10

PCDHB11 protocadherin beta 11

PCDHB12 protocadherin beta 12

PCDHB13 protocadherin beta 13

PCDHB15 protocadherin beta 15

PCDHGA7 protocadherin gamma subfamily A 7

PCDHGA12 protocadherin gamma subfamily A 12

DCHS1 protocadherin 16

CLDN1 claudin 1

CADM1 cell adhesion molecule-1

ICAM1 intracellular adhesion molecule-1

CELSR2 cadherin EGF LAG seven-pass G-type receptor 2

PTPRF protein tyrosine phosphatase receptor type F

PTPRD protein tyrosine phosphatase receptor type D

CDH2 cadherin-2
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CDH4 cadherin-4

GJA1 gap junction protein alpha 1

Cx43 connexin 43

TJP1 tight junction protein 1

ZO-1 zonula occludens-1

ROS reactive oxygen species

ECM extracellular matrix

PTK7 protein tyrosine kinase 7

PXN paxillin

JAG1 Jagged1

CCND2 cyclin D2

CCNE1 cyclin E1

CCNE2 cyclin E2

CCNB1 cyclin B1

CCNB2 cyclin B2

CTGF connective tissue growth factor

HSP47 heat shock protein 47

SERPINH1 serpin family H member 1

ER-MCSs ER mitochondria contact sites

DRP1 dynamin-related protein 1

MFN2 mitofusin-2

mt-ROS mitochondrial reactive oxygen species

FAT4 FAT atypical cadherin 4

LPS lipopolysaccharide

OXPHOS oxidative phosphorylation

TNBC triple-negative breast cancer

BMP-2 bone morphogenic protein 2

GO Gene Ontology
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Highlights

• Deletion of TMEM38B causes downregulation and disruption of cell-cell 

adhesion processes in type XIV OI osteoblasts.

• Gap and tight junctions are decreased in human and murine TMEM38B-null 

osteoblasts, emphasizing a role of TRIC-B across the different species.

• Cell proliferation and cell cycle are slower in the absence of TMEM38B.

• TMEM38B-null osteoblasts exhibit changes in mitochondrial morphology, 

together with altered fusion/fission markers and increased mt-ROS 

production, which is the first evidence of disrupted mitochondrial function 

in human recessive OI.

• TRIC-B deletion may reveal possible causal link between disrupted 

mitochondrial metabolism and cell adhesion.
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Figure 1. 
Altered differentiation and mineralization of human TMEM38B-null osteoblasts. A. mRNA 

expression levels of osteoblast marker genes COL1A1, ALPL, IBSP, SPARC, SPP1, DMP1, 

SOST in control and human TMEM38B-null osteoblasts at Day 0, 7, 14, and 21 of 

differentiation by RT-qPCR analysis. B. mRNA expression levels of osteoblastic genes, 

affecting osteoclast differentiation, RANKL, OPG and ratio of RANKL/OPG in control 

and human TMEM38B-null osteoblasts at Day 0, 7, 14, and 21 of differentiation by 

RT-qPCR analysis. Expression was normalized to control mRNA expression at Day 0 of 

osteoblasts differentiation and evaluated by ΔΔCt method. C. Alizarin Red staining of 6 

weeks differentiated control and human TMEM38B-null osteoblasts. D. Quantification of 

Alizarin Red staining by hydrochloric acid extraction. Data are presented as means ± SEM. 

*P < 0.05, **P < 0.01.

Jovanovic et al. Page 28

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Downregulated cell-cell adhesion process in human TMEM38B-null osteoblasts revealed 

by RNA-Seq. Functional enrichment analysis showing the top 10 enriched Gene Ontology 

terms in the Biological Process ontology within downregulated genes in human TMEM38B-

null osteoblasts compared to control osteoblasts at A) Day 0, B) Day 7, C) Day 14, and 

D) Day 21 of differentiation. Color depicts the proportion of downregulated genes that 

were annotated with the GO term. E. Heatmap with normalized counts of adhesion genes 

from downregulated “cell-cell adhesion via plasma membrane adhesion molecules” GO 
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pathway. mRNA expression level of F) clustered protocadherins and G) adhesion genes with 

a function in bone, extracted from E) heatmap and evaluated by RT-qPCR analysis at Day 0, 

7, 14 and 21 of differentiation in control and human TMEM38B-null osteoblasts. H. mRNA 

expression level of cadherin-2 and −4 at Day 0, 7, 14 and 21 of differentiation in control 

and human TMEM38B-null osteoblasts by RT-qPCR. Expression was normalized to control 

mRNA expression at Day 0 of osteoblasts differentiation and evaluated by ΔΔCt method. 

Data are presented as means ± SEM. *P < 0.05, **P < 0.01.
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Figure 3. 
Gap and tight junction are affected by absence of TMEM38B in osteoblasts. A. mRNA 

expression level of GJA1, a gap junction protein, and TJP1, a tight junction protein, in 

control and human TMEM38B-null osteoblasts by RT-qPCR at Day 0, 7, 14, and 21 

of differentiation. Expression was normalized to control mRNA expression at Day 0 of 

osteoblasts differentiation and evaluated by ΔΔCt method. B. Western blots of Cx43 and 

ZO-1 proteins in control and human TMEM38B-null osteoblasts at Day 0, 7, 14, and 

21 of differentiation. GAPDH was used as a loading control. C. Quantification of Cx43 

and ZO-1 protein levels normalized to GAPDH. Immunocytochemistry of D) Cx43 and 

E) ZO-1 proteins in control and human TMEM38B-null osteoblasts. DAPI was used as a 

counterstain. Scale bars, 50 μm. F. mRNA expression level of Gja1 and Tjp1 in murine 

control and cKO Tmem38b osteoblasts at Day 2, 7, 14, and 21 of differentiation. Expression 

was evaluated by ΔΔCt method. G. Immunocytochemistry of Cx43 protein in control and 

murine cKO Tmem38b osteoblasts at Day 2. DAPI was used as a counterstain. Scale bars, 

50 μm. H. Quantification of Cx43 fluorescence signal. I. Immunocytochemistry of ZO-1 
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protein in murine control and cKO Tmem38b osteoblasts at Day 2. DAPI was used as a 

counterstain. Scale bars, 50 μm. H. Quantification of ZO-1 fluorescence signal. Data are 

presented as means ± SEM. *P < 0.05, **P < 0.01.
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Figure 4. 
Antibody array-based proteomics analysis in human TMEM38B-null osteoblasts. A. The 

heatmap of selected representative functional categories with selected subset of proteins. 

The colormap represents log2 fold change between TMEM38B-null osteoblasts and control. 

B. The top protein hits, PTK7, PXN, and JAG1 were validated by Western blot in control 

and human TMEM38B-null osteoblasts at Day 0 and 14. GAPDH was used as a loading 

control. C. Quantification of PTK7, PXN, and JAG1 protein levels normalized to GAPDH. 

Data are presented as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5. 
Proliferation and cell cycle progression are disrupted in human TMEM38B-null osteoblasts. 

A. Cell proliferation graph of control and human TMEM38B-null osteoblasts treated with 

BrdU for 24h. Absorbance intensity was read at 450 nm. B. Immunocytochemistry of Ki67, 

proliferation marker, in control and human TMEM38B-null osteoblasts. DAPI was used as 

a counterstain. Scale bars, 50 μm. C. Double positive Ki67+, DAPI+ cells were normalized 

to total DAPI+ cell number and expressed as a percentage. D. Diagram of cell cycle phases 

and specific cyclins involved in each phase. E. mRNA expression level of CCND2, CCNE1, 
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CCNE2, CCNB1, CCNB2 in control and human TMEM38B-null osteoblasts at Day 0, 7, 14 

and 21 of differentiation. Expression was normalized to control mRNA expression at Day 0 

of osteoblasts differentiation and evaluated by ΔΔCt method. F. Western blots of cyclins (D2, 

B1, D1, and D3) in control and human TMEM38B-null osteoblasts at Day 0, 7, 14 and 21 

of differentiation. GAPDH was used as a loading control. G. Quantification of cyclins (D2, 

B1, D1, and D3) protein levels normalized to GAPDH. H. RNA-Seq functional enrichment 

analysis presented by cnetplot of genes involved in downregulated pathways in human 

TMEM38B-null osteoblasts compared to control osteoblasts at Day 7, indicate CCN2/CTGF 

as a part of “extracellular structure organization” GO pathway. I. mRNA expression level 

of CCN2/CTGF in control and human TMEM38B-null osteoblasts at Day 0, 7, 14 and 21 

of differentiation. J. Quantification of CTGF protein levels normalized to GAPDH. Data are 

presented as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6. 
Induced ER stress in human osteoblasts in absence of TMEM38B. A. mRNA expression 

level of SERPINH1 in control and human TMEM38B-null osteoblasts at Day 0, 7, 14 

and 21 of differentiation. Expression was normalized to control mRNA expression at 

Day 0 of osteoblasts differentiation and evaluated by ΔΔCt method. B. Western blots of 

HSP47 protein, a marker of collagen ER retention, in control and human TMEM38B-null 

osteoblasts at Day 0, 7, 14 and 21 of differentiation. GAPDH was used as a loading control. 

C. Quantification of HSP47 protein levels normalized to GAPDH. D. Immunocytochemistry 

of COL1A1 and HSP47 proteins in control and human TMEM38B-null osteoblasts. DAPI 

was used as a counterstain. Scale bars, 50 μm. Data are presented as means ± SEM. **P < 

0.01.
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Figure 7. 
Prolonged ER stress due to absence of TMEM38B causes alterations in mitochondrial 

function in human osteoblasts. A. Electron microscopy images of control and human 

TMEM38B-null osteoblasts. Red asterisks indicate dilated ERs, while red arrow points 

to elongated mitochondria. Scale bars, 2 μm. B. Western blots of DRP1 and MFN2 in 

control and human TMEM38B-null osteoblasts at Day 0, 7, 14 and 21 of differentiation. 

GAPDH was used as a loading control. C. Quantification of DRP1 and MFN2 protein 

levels normalized to GAPDH. D. Immunocytochemistry of MitoSOX Red, a specific dye 

for superoxide in mitochondria in live control and human TMEM38B-null osteoblasts. 50 

μM of MitoTEMPO, a mitochondrial antioxidant and a superoxide scavenger, was applied 

to control and human TMEM38B-null osteoblasts for 24 h and stained with MitoSOX 

Red. Scale bars, 50 μm. E. Quantification of the mitochondrial ROS within the control and 

TMEM38B-null osteoblasts, by measuring the absorbance of MitoSOX Red fluorescence. 

Data are presented as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 8. 
Schematic of proposed underlying mechanisms of type XIV OI in osteoblasts. The TRIC-B 

channel, together with IP3R, regulates calcium flux from the ER to cytoplasm. Absence 

of TRIC-B in osteoblasts impairs release of ER calcium, further inducing ER stress. ER-

mitochondria contact sites regulate calcium signaling, lipid trafficking and mitochondria 

fusion and fission processes. Prolonged ER stress due to TRIC-B deletion disrupts fusion/

fission of mitochondria shown by altered fusion and fission markers MFN2 and DRP1 

respectively, and mitochondria morphology. Further changes in calcium signaling increases 

ROS generation in mitochondria. Decreased cell adhesion slows down cell proliferation 

and cell cycle progression. Cell-cell communication is further affected by decreased gap 

and tight junctions. CTGF, which binds to αvβ1 integrin and enhances integrin-based cell 

adhesion of osteoblasts, is downregulated. Notch signaling is increased in absence of TRIC-

B, shown by increased JAG1 protein and expression of downstream target gene HEY2. 

Increased Notch signaling further upregulates OPG, known to decrease bone resorption. In 

addition, Notch signaling affects store-operated calcium entry (SOCE), previously shown to 

be deficient in absence of TRIC-B channel.
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