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Abstract

Current anabolic drugs to treat osteoporosis and other disorders of low bone mass all have 

important limitations in terms of toxicity, contraindications, or poor efficacy in certain contexts. 

Addressing these limitations will require a better understanding of the molecular pathways, such 

as the mitogen activated protein kinase (MAPK) pathways, that govern osteoblast differentiation 

and, thereby, skeletal mineralization. Whereas MAP3Ks functioning in the extracellular signal-

regulated kinases (ERK) and p38 pathways have been identified in osteoblasts, MAP3Ks 

mediating proximal activation of the c-Jun N-terminal kinase (JNK) pathway have yet to be 

identified. Here, we demonstrate that thousand-and-one kinase 3 (TAOK3, MAP3K18) functions 

as an upstream activator of the JNK pathway in osteoblasts both in vitro and in vivo. Taok3-

deficient osteoblasts displayed defective JNK pathway activation and a marked decrease in 

osteoblast differentiation markers and defective mineralization, which was also confirmed using 

TAOK3 deficient osteoblasts derived from human MSCs. Additionally, reduced expression of 

Taok3 in a murine model resulted in osteopenia that phenocopies aspects of the Jnk1-associated 

skeletal phenotype such as occipital hypomineralization. Thus, in vitro and in vivo evidence 

supports TAOK3 as a proximal activator of the JNK pathway in osteoblasts that plays a critical 

role in skeletal mineralization.
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Introduction

Mitogen activated protein kinases (MAPKs) have emerged as one of the most critical 

regulators of osteoblast differentiation and skeletal mineralization with relevance to both 

skeletal dysplasia and regulation of adult bone mass [1,2]. For instance, overactivation of 

ERK and other pathways downstream of neurofibromatosis type 1 (NF1) loss-of-function 

contributes to skeletal fragility and impaired fracture healing in NF1 [3-5]. MAPKs, 

including the three best studied pathways, the ERK, JNK and p38 pathways, overall, largely 

play an essential role in promoting osteoblast differentiation. Both ERK and p38 are 

required for activation of Runx2, a master transcription factor involved in osteoblast 

specification and differentiation, and defects in the ERK or p38 pathways result in a 

blockade in early osteoblast differentiation and hypomineralization [6-9]. The JNK pathway 

is critical in late-stage osteoblast differentiation, and defects in the JNK pathway in mice 

lead to a signature occipital hypomineralization and osteopenia that is particularly prominent 

early in life [10,11]. Thus, MAPK pathways are key regulators of osteoblast differentiation 

and clarifying the molecular basis of MAPK activation is likely to reveal both therapeutic 

and pathologic means of regulating osteoblast activity.

Three cascade-connected kinases, MAP kinase kinase kinases (MAP3K), MAP kinase 

kinases (MAP2K) and MAPK, comprise the major components of the MAPK signaling 

pathways [12]. Of these, identifying the proximal MAP3Ks involved with pathway 

activation is particularly of interest. Whereas MAP2K activation of MAPKs tend to be wired 

in a somewhat tissue invariant manner, the connection between MAP3Ks and both their 

upstream activators and downstream MAP2Ks appears to be highly cell type and stimulus 

specific, thereby conferring context specificity to signaling. Previously we had identified 

upstream MAP3K regulators of ERK and p38 in osteoblasts [7,13]. However, the MAP3K 

functioning to activate the JNK pathway in osteoblasts remains to be elucidated.

TAOK3 is a MAP3K belonging to the serine/threonine-kinase STE20 family[14]. Similar to 

many other kinases in STE20 family, TAOK3 functions as a critical mediator in response to 

various stimuli. Through inhibition of p38 activation, TAOK3 reacts to genotoxic stimuli as 

a DNA damage response mediator [15]. In the neural system, TAOK3 controls downstream 

JNK activation and modulates ethanol sensitivity [16]. However, the function of TAOK3 in 

different other physiologic contexts remains largely unknown. In addition, previous in vitro 
findings offer conflicting data about whether TAOK3 activates or suppresses downstream 

MAPK pathway activation [14,17,18].

Here, we examined osteoblasts and the overall skeletal phenotype of a Taok3-deficient 

murine model (hereafter referred to Taok3−/− mice). In vitro, TAOK3 functions as a MAP3K 

mediating JNK activation during osteoblast differentiation. Consistent with this, Taok3−/− 

mice display signature defects also seen in Jnk1−/− mice, including early onset osteopenia 

and occipital hypomineralization. These findings nominate TAOK3 as a critical proximal 

Li et al. Page 2

Biochem Biophys Res Commun. Author manuscript; available in PMC 2021 October 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mediator of JNK activation in osteoblasts that contributes to both osteoblast differentiation 

and skeletal mineralization.

Materials and methods

Animals

Taok3−/− mice were produced as previously described[19]. A genetrap cassette containing a 

strong acceptor site was inserted into the first exon of the Taok3 gene, leading to premature 

transplational termination and absence of TAOK3 protein. This splice acceptor site is 

flanked by loxP sites to permit reversal of the genetrap allele in the presence of cre 

recombinase, restoring normal TAOK3 protein expression. Mice displaying germline 

transmission were backcrossed with C57BL/6 mice for 10 generations and maintained on a 

C57BL/6 background. Mice were housed, bred in a barrier facility, fed ad libitum chow, and 

followed a standard day-night lighting cycle. All animal experiments were conducted in 

compliance with approved protocols by the Weill Cornell Medical College animal care 

committee (IACUC).

Isolation of mouse calvarial osteoblasts, cell culture and differentiation assays

Mouse calvarial osteoblast (COBs) isolation, in vitro COB and human mesenchymal stromal 

cells (hMSCs, LONZA) culture, and Von Kossa staining were performed as previously 

described [7,10]. hMSCs used for differentiation assay were transfected with a vector 

control or human TAOK3 (hTAOK3) shRNA-bearing lentivirus to silence TAOK3. The 

lentiviral vector encoding hTAOK3 shRNA was purchased from Sigma-Aldrich using the 

Mission shRNA library.

In vitro osteoblast gene trap allele reversal

The gene trap allele was reversed through cre-mediated excision of the gene trap cassette. 

Briefly, Taok3−/− COB precursors were transduced with cre-recombinase or vector 

expressing lentivirus and were then treated with puromycin after 48 hours of infection to 

screen for successfully transduced cells. Cells expressing cre then underwent excision of the 

gene trap cassette.

Quantitative PCR and Western Blot analysis

Quantitative polymerase chain reaction (qPCR) and Western Blotting (WB) were performed 

as previously described[6,20]. Primary antibodies specific to Taok3 (Millipore), Gapdh 

(Affinity Bioreagents), Hsp90 (Millipore), Phospho-Sapk/Jnk (Cell Signaling) and Phospho-

Erk (Cell Signaling) were used for immunoblotting. Ultraviolet light was used for 

stimulation. The primers used for qPCR are listed in Table. S1. Samples were assessed for 

differences in the transcript levels of osteoblast markers.

Micro-CT imaging and data analysis

Micro-computed tomography (μCT) was conducted using a Scanco Medical Micro-CT 35 

system (Scanco Medical, Switzerland). Femurs and skulls were harvested and scanned at 7 

and 20 micrometer resolution, respectively. For analysis of femoral bone mass, a region of 
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trabecular bone 2.1mm wide was contoured, starting 280 microns from the proximal end of 

the distal femoral growth plate. Femoral trabecular bone was thresholded at 211 permille. 

Femoral cortical bone was thresholded at 350 permille. Calvarium was thresholded at 260 

permille. A Gaussian noise filter optimized for murine bone was applied to reduce noise in 

the thresholded 2-dimensional image. Cortical and trabecular thickness (Cort. Th, Tb. Th), 

trabecular number (Tb. N), trabecular spacing (Tb. Sp) and bone volume/total volume 

(BV/TV) were calculated by contouring the corresponding regions of the scan slices. 3D 

reconstruction images were generated by stacking the contours of 2D images. μCT analysis 

was conducted by an individual blinded to the genotype of each mouse.

Statistical analysis

All statistical calculations and graphs were created using GraphPad Prism. The results 

shown were reported as mean ± standard deviation (SD). When applicable, Student’s t-test 

or One-Way analysis of variance (ANOVA), followed by Tukey’s test, were used to evaluate 

the statistical significance. Statistical significance was accepted as a p-value less than 0.05.

Results

Taok3 is required for osteoblast differentiation in vitro.

To evaluate the function of TAOK3 in osteoblasts, mice bearing a homozygous gene trap-

mediated loss-of-function Taok3 allele were examined [21]. To validate the efficacy of the 

Taok3 gene trap allele, calvarial osteoblasts (COBs) from homozygous Taok3 gene trap mice 

(hereafter, Taok3−/− mice) were subjected to qPCR. COBs from Taok3−/− mice showed a 

marked reduction in Taok3 expression after either 7 or 14 days of culture (Fig. 1A). Taok3-

deficient COBs displayed impaired mineralization capacity as shown by Von Kossa staining 

(Fig. 1B). qPCR indicated that expression of characteristic late-stage markers such as type 1 

collagen α1 (Col1a1), osteocalcin (Bglap) and bone sialoprotein (Ibsp) were substantially 

reduced in Taok3-deficient osteoblasts in vitro (Fig. 1C). Additionally, expression of 

transcripts upregulated during early stages of osteoblast differentiation, Runt-related 

transcription factor 2 (Runx2), tissue non-specific alkaline phosphatase (Alpl) and Osterix 

(Sp7), were also significantly reduced (Fig. 1C). Thus, osteoblast differentiation is impaired 

in the absence of Taok3.

TAOK3 regulates late-stage osteoblast differentiation through the JNK MAPK pathway.

We have previously sought to identify the MAP3Ks upstream of JNK1 in osteoblasts. 

Osteoblasts from Tak1−/−, Mlk3−/−, and Mekk2−/− − mice were examined and found to 

display intact JNK activation [7,13,22]. Here, JNK activation was examined in Taok3−/− 

osteoblasts (Fig. 2A). Analysis of ERK and JNK activation showed markedly reduced 

phospho-JNK levels and a more modest decrease in ERK activation at day 7 of in vitro 
osteoblast differentiation (Fig. 2A). This decrease did not reflect a global inability of 

TAOK3-deficient osteoblasts to activate the JNK pathway, as application of classic JNK 

activating stimuli like ultraviolet light (UV) showed intact JNK activation (Fig. 2B). Thus, 

TAOK3 selectively mediates JNK pathway activation under osteoblast differentiation 

conditions but not in response to the model genotoxic stressor applied here.
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TAOK3 is required for differentiation of osteoblasts from human MSCs in vitro.

To confirm if the importance of Taok3 observed in murine COB holds true in human cells, 

primary human mesenchymal stromal cells (hMSCs) were subjected to TAOK3 knock down 

using a shRNA lentiviral-mediated knockdown system in vitro. First, the knockdown 

efficiency of various TAOK3-targeting shRNAs was validated with robust TAOK3 
knockdown observed (Fig. 3A). Similar to findings in murine osteoblasts, TAOK3 
knockdown blocked mineralization activity as shown by Von Kossa staining (Fig. 3B). 

Additionally, IBSP, ALPL expression levels and ALP activity were significantly decreased 

in hTAOK3-deficient hMSCs (Fig. 3C). Thus, TAOK3 is also required for early stage 

differentiation and mineralization activity in a human osteoblast differentiation system.

Phenotypic similarity between Taok3−/− mice and Jnk1−/− mice.

The skeletal mineralization of Taok3−/− mice was examined via micro-computed 

tomography μT) to identify the role of Taok3 in osteoblasts in vivo. 4-week-old male 

Taok3−/− mice showed a significant decrease in trabecular bone volume/total volume (BV/

TV), cortical thickness (Cort. Th), trabecular number (Tb. N), and trabecular thickness (Tb. 

Th) (Fig. 4A, B). Taok3−/− mice also exhibited a distinct occipital hypomineralization, an 

enlarged anterior fontanelle, and delayed closure of the sagittal suture (Fig. 4C). These 

characteristics mimicked the phenotype reported in Jnk1−/− mice, providing physiological 

evidence supporting the observation that JNK pathway activation is reduced in Taok3−/− 

osteoblasts in vitro.

Discussion

Osteoblast dysfunction is a critical etiology for both skeletal developmental diseases, such as 

osteogenesis imperfecta, and adult disorders of low bone mass, such as postmenopausal 

osteoporosis [23]. In this study, the Taok3-deficient murine model displayed enlarged 

fontanelles, occipital hypomineralization and low bone mass in long bones, all of which are 

consistent with the observed defects in osteoblast differentiation observed in TAOK3-

deficient osteoblasts in vitro. These phenotypes were also observed in osteoblasts derived 

from hMSCs. Thus, a TAOK3-JNK axis contributes to osteoblast differentiation, raising the 

possibility that this pathway will offer therapeutic opportunities or will display specific 

contributions to craniofacial or bone mass disorders. Regarding the latter, it is likely that 

identifying patients with occipital hypomineralization will be a key to ultimately identifying 

the clinical relevance of this pathway

Examining specific, differentiating features of skeletal phenotypes can provide compelling 

evidence linking specific genes in vivo. For example, mice with deletion of the MAP3K 

TAK1 in osteoblast lineage cells display impaired clavicle mineralization and an open 

anterior fontanelle, features of human cleidocranial dysplasia caused by haploinsufficiency 

for RUNX2 [7, 24]. Similarly, previous research on Mlk3-deficient mice revealed a skeletal 

phenotype with characteristics of the human disorder faciogenital dysplasia, commonly 

known as Aarskog-Scott Syndrome, which similarly corresponded to MAP3K mixed-lineage 

kinase 3 (MLK3, MAP3K11) mediating signaling downstream of the faciogenital dysplasia 

associated gene FGD1 [13]. In this study, by comparing the skeletal phenotype in Jnk1−/− 
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mice and Taok3−/− mice, we found both phenotypic and biochemical evidence linking 

TAOK3 to the JNK MAPK pathway.

Our previous study of Jnk1−/− osteoblasts showed a selective reduction in differentiation 

markers, such as Bglap and Ibsp, and a corresponding blockade in late-stage differentiation 

[10]. In contrast, both ERK and p38 loss-of-function induced a blockade in early-stage 

osteoblast differentiation [6,7,9,25]. Our findings show evidence of TAOK3 acting as a 

critical late-stage regulator in osteoblast function consistent with its contributions to JNK 

activation. However, both late-stage and early-stage differentiation markers are diminished 

in Taok3−/− COBs, corresponding to a moderate decrease in ERK activation levels. This is 

consistent with the known role of ERK1/2 as critical mediators of early-stage osteoblast 

differentiation, in part via the ability to phosphorylate and activate RUNX2 [6-8]. TAOK3 

has been reported to be also able to activate the p38 MAPK pathway in other tissues, and 

p38 has a similar ability to ERK to activate RUNX2 and promote early osteoblast 

differentiation[7,15]. TAOK3 may additionally participate in non-MAPK signaling pathways 

relevant to osteoblasts, such as the notch pathway, required for early osteoblast 

differentiation [19]. Taken together, this suggested that downstream of TAOK3, the JNK 

pathway is possibly not the only MAPK member affected, and these other, non-JNK 

pathways may also function downstream of TAOK3 and contribute to the phenotype 

observed here.

This study also offers additional data relevant to conflicting results on whether TAOK3 

activates or inhibits JNK activation. Previous studies reported that TAOK3 is an inhibitor of 

JNK pathway activation in non-osteoblast cell lines and in Drosophila [14,16]. However, 

other studies found that TAOK3 can potentially activate the JNK pathway under specific 

conditions. For instance, activation of JNK was seen in NIH-3T3 cells when exogenous 

TAOK3 was overexpressed [17], and TAOK3 is able to activate JNK in response to stress 

stimuli [18]. Here, we conclude that in osteoblasts TAOK3 is a positive mediator of the JNK 

pathway activation accompanying differentiation conditions in osteoblasts, but not in 

response to genotoxic stimuli. This is similar to findings that while MLK3 is essential for 

JNK activation downstream of TNF activation in some contexts, in osteoblasts MLK3 

primarily contributes to p38 and ERK activation [13,26,27]. This emphasizes that MAP3Ks 

are a point where context specificity is conferred during signaling, and therefore an attractive 

point for therapeutic intervention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• TAOK3 is an upstream activator of the JNK pathway in osteoblasts.

• TAOK3-deficient osteoblasts display defective differentiation in vitro

• TAOK3 deficient mice display skeletal hypomineralization and low bone 

mass.
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Figure 1. Taok3 is required for osteoblast differentiation in vitro.
(A) RNA expression of Taok3 in day 7 and day 14 osteoblasts after differentiation 

cultivation (n=3 per group).

(B) Primary COBs were isolated from Taok3+/+ and Taok3−/− mice and cultured under 

differentiation conditions. Representative Von Kossa staining of differentiated COBs after 

cultivating for 20 days.

(C) Primary COBs were isolated from Taok3+/+ and Taok3−/− mice and cultured under 

differentiation conditions. qPCR analysis for indicated genes was performed after 7-day and 

14-day culture, respectively (n=3 per group). **** p<0.001.
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Figure 2. TAOK3 regulates late-stage osteoblast differentiation through JNK/MAPK pathway
Primary COBs were isolated from Taok3+/+ and Taok3−/− mice and cultured under 

differentiation conditions. To address the upstream regulator of TAOK3, COBs were infected 

with vector or cre-recombinase expressing lentivirus followed by serial dosage of indicated 

stimuli.

(A) COB lysates were immunoblotted with indicated antibodies on either day 7 or day 14. 

Quantification of phospho-ERK and phospho-JNK levels were performed using ImageJ. 

***p<0.001, **** p<0.001.

(B) COBs were cultured with 0, 10, 30, 60 micro mole (μM) As2O3 under differentiation 

conditions and cell lysates were immunoblotted with indicated antibodies followed by 

quantification.

(C) COBs were cultured with 0, 5, 15, 30 Joule per square meter (J/m2) UV under 

differentiation conditions and cell lysates were immunoblotted with indicated antibodies 

followed by quantification.
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Figure 3. TAOK3 is required for differentiation of osteoblasts from human MSCs in vitro.
(A) hMSCs were cultured under undifferentiated or osteogenic differentiation conditions. 

hMSCs were infected with a vector control or human TAOK3 shRNA bearing lentivirus to 

silence TAOK3 gene in vitro. TAOK3 mRNA levels were measured by qPCR analysis (n=3 

per group). **** p<0.001.

(B) Von Kossa staining of hMSCs infected with vector or shRNA bearing lentivirus was 

performed 21 days after osteogenic differentiation.

(C) aPCR analysis was performed to measure mRNA levels of IBSP and ALPL in hMSCs 7 

days after osteogenic differentiation (n=3 per group). ALP assay was performed to quantify 

ALP activity (n=3 per group). ** p<0.01, ***p<0.001.
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Figure 4. Phenotypic similarity between Taok3−/− mice and Jnk1−/− mice.
(A) 3-dimensional reconstructions of μCT analysis showing the femurs of 4-week-old male 

mice (n=6 per group). Displayed are cortical bone (top) and trabecular bone (bottom).

(B) Quantification of femoral bone mass of 4-week-old male mice using μCT analysis (n=6 

per group). Bone volume/total volume (BV/TV), cortical thickness (Cort. Th), and 

trabecular thickness (Tb. Th.) were all significantly reduced. *p<0.05, ** p<0.01, 

***p<0.001.

(C) 3-dimensional reconstructions of μCT analysis showing the skulls of 4-week-old male 

mice (n=6 per group). Displayed are vi(top) and lateral view (bottom).
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