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Abstract

Aims: Evidence suggests alterations of thyroid hormone levels can disrupt normal bone 

development. Most data suggest the major targets of thyroid hormones to be the Htra1/Igf1 

pathway. Recent discovery by our group suggests involvement of targets WNT pathway, 

specifically overexpression of antagonist Sfrp4 in the presence of exogenous thyroid hormone.

Main methods: Here we aimed to model these interactions in vitro using primary and isotype 

cell lines to determine if thyroid hormone drives increased Sfrp4 expression in cells relevant 

to craniofacial development. Transcriptional profiling, bioinformatics interrogation, protein and 

function analyses were used.
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Key findings: Affymetrix transcriptional profiling found Sfrp4 overexpression in primary cranial 

suture derived cells stimulated with thyroxine in vitro. Interrogation of the SFRP4 promoter 

identified multiple putative binding sites for thyroid hormone receptors. Experimentation with 

several cell lines demonstrated that thyroxine treatment induced Sfrp4 expression, demonstrating 

that Sfrp4 mRNA and protein levels are not tightly coupled. Transcriptional and protein analyses 

demonstrate thyroid hormone receptor binding to the proximal promoter of the target gene Sfrp4 
in murine calvarial pre-osteoblasts. Functional analysis after thyroxine hormone stimulation for 

alkaline phosphatase activity shows that pre-osteoblasts increase alkaline phosphatase activity 

compared to other cell types, suggesting cell type susceptibility. Finally, we added recombinant 

SFRP4 to pre-osteoblasts in combination with thyroxine treatment and observed a significant 

decrease in alkaline phosphatase positivity.

Significance: Taken together, these results suggest SFRP4 may be a key regulatory molecule 

that prevents thyroxine driven osteogenesis. These data corroborate clinical findings indicating a 

potential for SFRP4 as a diagnostic or therapeutic target for hyperostotic craniofacial disorders.
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1 Introduction

The effects of thyroid hormone on somatic growth is well established [1–4]. Homeostasis 

is key in this paradigm where hyper-, hypo-, and other thyroid associated diseases and 

replacement medications have been shown to have profound effects on development. The 

known primary effects of thyroid hormones on bone involve local and circulating IGF 

(insulin-like growth factor) levels and its associated serine proteinase, HTRA1 [3,5–9]. 

Thyroid hormone is generally thought to be pro-anabolic within this system with its primary 

effect being increased activity of the osteoblasts [10,11,11–16]. However, as with any 

hormone, balance plays a key role and alterations to osteoclast activity have also been 

observed with excess or deficiency in thyroid hormones [10,17–20].

Our research team has worked in the area of environmental effects on growth and 

development of the craniofacial skeleton and gene environment interactions involving 

thyroid hormones [21–26]. To date, our work has suggested that, at least in vitro, thyroxine 

(T4) exposure, commonly prescribes clinically as leveothyroxine, can drive increases in 

osteoblast activity of calvarial derived pre-osteoblast cells and precipitate marked changes in 

IGF pathway-associated genes (Htra1, Igf1) [21]. Interestingly, in our own interrogation of 

the perisutural cranial areas after in utero thyroid hormone exposures, we did not observe 

marked changes to these same IGF-associated markers. WNT pathway targets, specifically 

antagonists including Dkk and Sfrp genes were, however, differentially expressed [25]. As 

canonical WNT signaling is associated with increased osteoblastogenesis [27], interrogation 

of these relationships is warranted.

The association of many WNT-related genes has been linked to bone growth disorders 

including those of the craniofacial skeleton such as craniosynostosis [28]. Craniosynostosis 

involves the premature fusion of the cranial suture prior to the completion of brain 
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expansion. This disorder has a reported incidence of 1 in 1800–2500 live births in the 

United States and often presents with concomitant co-morbidities including eye related 

symptomologies, increased intracranial pressure, and altered cranial volumes [29–31]. 

Although craniosynostosis is described as a genetic disorder, only a minority of the cases 

are classified into the classic FGF, TWIST, or TGFβ gene mutation related disorders. 

The majority of craniosynostosis cases are non-syndromic with unknown etiology [29,32–

35]. Human craniosynostosis cohort data as well as our pre-clinical modeling of excess 

thyroid hormone gene-environment interaction in skull growth suggest involvement of WNT 

and WNT antagonist related genes[4,21,23–26]. We now have data that point to potential 

involvement of Sfrp4, a WNT antagonist, which may be a novel target in the identification 

and diagnosis of thyroid hormone driven growth disorders. Thus, we set out to confirm that 

Sfrp4 would be differentially regulated in mesenchymal derived cells including those of the 

craniofacial skeleton.

2 Material and Methods

2.1 Isolation and Culture of Primary Suture Derived Cells

Animal use protocols were approved by the Medical University of South Carolina 

Institutional Animal Care and Use Committee (AR#3341) and all procedures and the 

reporting thereof are in compliance with the Animal Research: Reporting in Vivo 
Experiments (ARRIVE) guidelines[36]. Murine calvarial primary suture derived cells were 

harvested from postnatal day 15 C57Bl6J pups per published protocol [24] and grown to 

confluence. Cells were then seeded at a density of 65,000 cells per well and treated with 

standard Dulbecco’s Modified Eagle Medium (DMEM, ThermoFisher Scientific, Pittsburgh 

PA) or DMEM supplemented with 10−6 mol/liter thyroxine for 7 days [21].

2.2 Affymetrix Analysis of in vitro Thyroxine Treated Primary Suture Derived Cells

Total cellular RNA was extracted using the Qiagen RNeasy mini kit (Qiagen, Valencia, CA, 

USA). GeneChip® Mouse Gene 2.0 ST Array (Affymetrix, Santa Clara, CA) was utilized to 

determine dysregulated gene products after 7 days of thyroxine treatment. Total RNA was 

screened for quality and quantity by bioanalyzer analysis (Agilent 2100, Santa Clara, CA), 

then 250 ng of RNA was used to prepare biotin labeled product for each sample. All results 

have been deposited at NCBI GEO under accession GSE66149.

2.3 RNA Isolation and qrtPCR Confirmation on Multiple Cell Types

Murine calvarial primary suture derived cells (as above), murine bone marrow stem cells 

(BMSC) [37], as well as isotype cell lines myoblast C2C12 and pre-osteoblasts MC3T3-E1 

(ATCC, Manassas, VA) were cultured and RNA was isolated at 6 hours, 1 day, 3 days, 

or 7 days after the onset of thyroxine treatment. cDNA synthesis was performed with 

a qScript cDNA Synthesis Kit (Beverly, MA) following manufacturer’s instructions and 

subjected to real time PCR using Taqman assay for Sfrp4 (Mm00840104_m1) and 18s 
rRNA (Mm03928990_g1) as a housekeeping gene. The qRT-PCR was performed using a 

Taqman Fast Advanced Master Mix (ThermoFisher) and ABI StepOne Plus. Relative gene 

expression was quantified between control and thyroxine treatment at each time point.
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2.4 Bioinformatic Interrogation of SFRP4 Promoter Region

Using Genomatix software, analysis was performed on the mouse Sfrp4 annotated promoter 

sequence (GXP_12095), which extended from −602 to +317 relative to the mouse Sfrp4 
transcription start site (NCBI NM_016687.3). Orthologous segments of human and rat 

Sfrp4 genes were identified using the UCSC Genome BLAST search tool and then 

accessed through NCBI Nucleotide resources. Canonical thyroid hormone receptor (THR) 

binding sites were identified in the mouse Sfrp4 promoter using Genomatix MatInspector. 

Conservation of canonical THR binding sites in human and rat Sfrp4 promoters were 

evaluated with the Genomatix Common TFs tool. Multiple sequence alignment was done 

with Clustal Omega web service software [38].

2.5 Protein Isolation and Studies

Primary suture derived cells, BMSCs, C2C12s, and MC3T3-E1s were seeded at 300,000 

cells per 9.6 cm2 well. Control media and thyroxine supplemented media were used to treat 

the cells for 24 hours. At isolation, supernatant media was aspirated, collected, spun down to 

remove debris and stored until use in protein studies. Adhered cells were washed with PBS 

and lysed with radioimmunoprecipitation assay buffer (RIPA, Thermofisher) and incubated 

under agitation at 4°C for 30 minutes. Isolation was completed using a cell scraper and 

centrifugation. Standard Bradford Assay determined total protein concentration in processed 

supernatants and lysates.

Cell supernatants and lysates were subject to ELISA analysis for SFRP4 (MBS907810, 

MyBioSource, San Diego, CA), following manufacturer’s instructions. Briefly, samples 

were diluted in provided sample diluent based on protein concentration (supernatants diluted 

1:3; BMSC lysates diluted 1:3, all other lysate were not diluted). Standards were prepared 

per instruction. Samples and standards were incubated for 2 hours in provided plate at 37°C. 

After, biotin antibody was added and incubated for one hour followed by washes before the 

addition of HRP-avidin and a one-hour incubation at 37°C. After incubation, substrate was 

added and incubated for 15 minutes followed by addition of stop solution. Optical density 

was read at 450nm with corrections at 540nm and 570nm and recorded. Concentration of 

SFRP4 was determined based on standard curve.

2.6 Sfrp4 Promoter Region Luciferase Assay

A 217-bp fragment of the Sfrp4 gene extending from −63 to +154 

relative to the transcriptional start site was isolated by PCR from 

MC3T3-E1 genomic DNA (Fw:GATCGGTACCTTGCTCTCGCCGCTGCCAAG; Rev: 

GGCGCAGCCACAGGCATAAC) and subcloned into the Kpn I and Sac I sites of pGL4.23, 

a firefly luciferase reporter vector containing a minimal promoter (Promega, Madison, 

WI). The identity of the fragment was confirmed by DNA sequencing. The CMV-Renilla 

luciferase vector pGL4.75 (Promega) was used as a control for transfection efficiency.

The MC3T3-E1 cell line was used in transfection studies. Briefly, cells were seeded in a 

96 well white flat bottom plate at a density of 10,000 cells per well (0.32 cm2). After 24 

hours, media was replaced with serum free media supplemented with retinoic acid (Sigma 

Aldrich, St. Louis, MO) at a concentration of 1.52 μg/ml as retinoic receptors participate 
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in a heterodimeric relationship to mediate thyroid receptor activities. Firefly luciferase 

plasmids with or without Sfrp4 sequences were mixed at a ratio of approximately 1:9 to 

the CMV-Renilla luciferase plasmid to a total concentration of 100 ng of DNA with 0.2 

μl of P3000 reagent and 0.15 μl of Lipofectamine 3000 reagent following manufacturer’s 

protocol for Lipofectamine 3000 (Invitrogen, Waltham, MA). Cells were incubated for an 

additional 24 hours after treatment. Six hours prior to assay, thyroxine at a concentration of 

10−6 mol/liter was added to experimental wells. The Dual-Glo Luciferase System (Promega) 

was used to assess luciferase reporter activity following the manufacturer’s protocol. Firefly 

and Renilla luciferase reads occurred at 20 minutes post-exposure to the reagents. Replicates 

were averaged and compared for change in luminescence intensity due to treatment with 

thyroxine when normalized to empty firefly plasmid pGL4.23 (background luminescence) 

and Renilla plasmid pGL4.75 (cellular density).

2.7 Sfrp4 Thyroid Response Element Electrophoretic Mobility Gel Shift Assay (EMSA)

All reactions and detections were performed with a LightShift Chemiluminescent EMSA kit 

(Thermo Scientific, Rockford IL), using the manufacturer’s suggested conditions. Unlabeled 

probes and probes with 5’-biotinylation were designed from the mouse Sfrp4 DNA sequence 

and obtained from Integrated DNA Technologies. The upstream probe encompassed the 

putative thyroid hormone receptor binding site at −30 to −57 relative to the transcriptional 

start site and was of the sequence 5’-

CTGCCAAGGCTGCTGAGCCCACGTCAGGGGACGCGTCTGGATAAA-3’ (coding 

strand). The downstream probe encompassed two adjacent putative thyroid hormone 

receptor binding sites at +104 to +151 and was of the sequence 5’-

CGCCCAGGGGTGATCGACGGCCAACCCCCCAGAACTCCTCATCAGTGCAGACTG

GAGCT-3’ (coding strand). Nuclear extracts were isolated from MC3T3-E1 cells using NE-

PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific). Cells were plated in 

T175 (75 cm2) flasks and allowed to reach a confluency of 80%. Six hours prior to isolation, 

half the flasks were treated with standard media (growth media replaced) or media 

supplemented with thyroxine at a concentration of 10−6 mol/liter. Isolations followed the 

manufacturer’s protocol and were frozen at −80°C until use in EMSA studies. Briefly, 10 μg 

of nuclear extracts were mixed with 20 fmol of biotinylated probe in LightShift standard 

binding buffer plus 1 μg/μl poly (dI·dC) and incubated for 20 min at room temperature, prior 

to addition of loading buffer and electrophoresis in a 5% non-denaturing (TBE) 

polyacrylamide gel (Bio-Rad, Hercules, CA). For competitive inhibition, 4 pmol unlabeled 

probe was added to the reaction 10 min prior to addition of the labeled probe. For 

supershifts, 1 or 2 μl of anti-thyroid hormone receptor beta antiserum (ChIP grade; Abcam 

ab5622), or 5 μg purified IgG (Sigma) was added to the reaction 30 min prior to addition of 

the labeled probe. Following electrophoresis, complexes were transferred to nylon 

membrane (Hybond N+, GE Healthcare) and UV-crosslinked (Stratalinker 1800; 

Stratagene), followed by detection using LightShift kit reagents and X-ray film.

2.8 Detection of Alkaline Phosphatase by Enzyme Immunoassays

At the time of confluence, primary suture derived cells, BMSCs, C2C12s, and MC3T3-E1s 

were seeded at a density of 4,000 cells per 0.32 cm2 well for alkaline phosphatase (ALP) 

assays (Sigma-Aldrich, USA). Comparison was made between control and thyroxine treated 
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cells by kinetics of absorbance read at 405 nm on a Gen5 plate reader (BioTek, Winooski, 

VT, USA). ALP assay was repeated for MC3T3-E1 pre-osteoblasts with media as above 

supplemented with 0, 250, or 1000ng/ml of rhSFRP4 (R&D Systems, Minneapolis, MN). 

All assays were conducted after 7 days in culture.

2.9 Statistics

Statistical analysis of Affymetrix data was performed via t-test to determine those gene 

targets driven to increased or decreased expression after thyroxine exposure, with p<0.05 

and expression change of 1.5 fold considered significant. For mRNA analysis, statistical 

differences were determined based on calculated delta-delta Ct at each post culture time 

point by cell type [39]. A three-way Analysis of Variance was conducted for ELISA 

analysis modeled as time in culture by treatment (control or thyroxine treated) by sample 

type (lysate or supernatant). Raw data were screened for normality and homogeneity of 

variance and violations were corrected by rank order transformation. Significant interaction 

effects are described in results as well as main effects and post-hoc Bonferroni analyses. 

Luciferase reporter assay conditions (control vs. thyroxine treated) were compared by t test. 

For quantitative alkaline phosphatase analysis, t tests were used to compare differences of 

control and thyroxine treated cells. All experiments were repeated at least three independent 

times and results are displayed as mean ± standard error of the mean.

3 Results

3.1 Genome Wide Array Reveals Sfrp4 Overexpression as Novel Target of Thyroxine

Genome Wide Array results can be found deposited in GeoAccession (GSE66149). Table 1 

summarizes statistically significant results screened for false discovery. Several genes related 

to the IGF pathway (Htra1, Ehd1, Il6) were identified as being differentially regulated 

in murine primary suture derived cells after in vitro thyroxine exposure. A competitive 

antagonist of the canonical WNT pathway, Sfrp4, was upregulated and identified as a novel 

gene of interest in thyroxine treated primary suture derived cells.

3.2 Thyroxine Treatment Increases Sfpr4 Expression in Relevant Cells

Confirmation of Sfrp4 mRNA upregulation after thyroxine exposure was interrogated 

using murine suture derived primary cells, murine bone marrow-derived stem cells 

(BMSCs), myoblasts (C2C12s) and murine calvarial pre-osteoblasts (MC3T3-E1s). These 

cells are likely relevant to mesenchymal cells in general and the dynamic mammalian 

perisutural tissue area comprising several cell types including fibroblasts, stem cells, and 

pre-osteoblasts. Data suggest upregulation of Sfrp4 mRNA in all cell types at 6 hours, 1 

day, 3 days, and 7 days in culture with thyroxine treatment. Greatest change in relative 

expression was observed for the pre-osteoblast cells (MC3T3-E1), peaking at an almost 

10-fold increase at the 6-hour time point and an 8-fold increase at 7-day time point (Figure 

1).

3.3 Sfrp4 Protein Concentrations Differs by Cell Type

Protein levels were similarly interrogated in murine cells including the primary suture 

derived cells, BMSCs, C2C12, and MC3T3-E1. ELISA was used to quantify the amounts 
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of Sfrp4 in the lysates and supernatant after 24 hours of thyroid hormone treatment to 

capture protein levels when Sfrp4 mRNA expression was significantly increased in relevant 

cell types due to treatment with Thyroxine. Suture-derived primary cells harbored very 

high Sfrp4 content in the lysate samples. BMSCs also expressed relatively high amounts 

of Sfrp4, whereas C2C12 and MC3T3-E1 had less Sfrp4 in both lysates and supernatants. 

The MC3T3-E1s were shown to have a much smaller concentration of Sfrp4 in both the 

lysate and supernatant. Statistical analysis demonstrated significant differences by cell type 

(p<0.001) where both primary suture derived cells and BMSCs had greater concentrations of 

Sfrp4 than C2C12 and MC3T3-E1s (p<0.001 for all comparisons). There were no significant 

differences for primary suture derived cell to BMSC, or C2C12 to MC3T3-E1 comparisons. 

There were two significant statistical interactions, cell by sample type (p<0.001) and 

sample type by treatment. Data suggest BMSCs and C2C12 have no discernable difference 

in protein concentration between supernatants and lysates, where MC3T3-E1s appear 

to have elevated concentration in the supernatant, and primary suture derived cells 

have greater concentrations in the lysates. Interestingly, thyroid hormone treatment was 

observed to decrease the concentration of Sfrp4 in the lysates and remained similar in the 

supernatant where all other comparisons are collapsed (Figure 2, Supplementary Figure 1, 

Supplementary Figure 2).

3.4 The Promoter Region of SFRP4 Harbors Several Binding Sites for Thyroid Receptors

Bioinformatic interrogation of the promoter region of Sfrp4 revealed three areas of relatively 

conservative consensus sequence (murine and human) that represent putative binding sites 

for thyroid receptors (Figure 3). These data suggest a potential direct interaction between 

thyroid hormone and Sfrp4 transcription.

3.5 Reporter Assay and EMSA Suggest Direct Effects of Thyroid Hormone on Sfrp4

Luciferase reporter assays demonstrated increased activity of the Sfrp4 promoter in MC3T3-

E1 cells treated with thyroid hormone for 6 hours in vitro (p=0.031). These data suggest 

an affinity for direct transcriptional effects on the Sfrp4 promoter region due to exogenous 

thyroid hormone treatments (Figure 4A). To confirm binding of thyroid hormone receptors 

to their putative sites in the Sfrp4 promoter, EMSA was performed using nuclear extracts 

from untreated and thyroxine treated cells. Figure 4B show that extracts from MC3T3-E1 

cells produced a specific shift of the upstream Sfrp4 probe that is supershifted with addition 

of an antibody to the thyroid hormone receptor THRβ. Similar results were obtained from 

MC3T3-E1 extracts and the downstream Sfrp4 probe (Figure 4C). Notably, extracts from 

thyroxine-treated MC3T3-E1s engendered a more intense shift of the upstream probe than 

extracts from untreated cells, and this was seen in replicates from three independently 

isolated sets of extracts (not shown). This consistent increase in binding was not produced 

by any other extract/probe combination.

3.6 Alkaline Phosphatase Increases after Thyroxine Treatment

Alkaline phosphatase is an early marker of osteoblastogenesis. Figure 5A confirms that 

only pre-osteoblasts (MC3T3-E1) increase ALP activity after thyroxine treatment. Further, 

when physiological levels of recombinant SFRP4 protein are added to the thyroxine-laden 
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media, alkaline phosphatase levels are partially inhibited, suggesting that SFRP4 can inhibit 

thyroxine-driven osteoblastogenesis in differentiating bone cells (Figure 5B).

4 Discussion

Here we sought to determine if treatment with exogenous thyroid hormone could alter 

Sfrp4 expression in cells that are relevant to growth and development of the craniofacial 

skeleton in order to confirm Sfrp4 a novel gene of interest for thyroid hormone driven 

growth disorders. We further sought to determine if SFRP4 could act in regulation of 

osteoblast activity. Our data have confirmed that thyroid hormone exposure upregulates 

mRNA expression of Sfrp4 in all cell types tested. This is supported by molecular and 

protein data suggesting the presence of thyroid receptor binding sites within the promoter 

region of this gene. Further, we have now demonstrated that increased Sfrp4 transcription 

should be expected as a result of thyroid hormone exposure evidenced by transfection study 

and specificity of binding of thyroid hormone via response elements evidenced by EMSA.

Interestingly, despite similarity in increases in mRNA transcription of Sfrp4 after thyroid 

hormone treatment, there is wide variability between overall SFPR4 protein levels in the 

cells studied here. Our heterogeneous primary suture derived cells exhibited substantial 

Sfrp4 in the lysate, BMSC showed a marked amount, C2C12 myoblasts had less, and 

pre-osteoblast MC3T3-E1s had the least protein concentrations. Only when comparison 

groups were collapsed did we see alterations in Sfrp4 in only the lysates after thyroid 

hormone treatment. These data suggest that, in the case of this gene product, transcriptional 

upregulation does not necessarily equate to greater steady-state protein levels. Such 

uncoupling of gene and protein expression can be the result of the stability of both RNA 

transcripts and proteins as well as interference by μRNA. The data concerning alkaline 

phosphatase suggest thyroxine only increases osteoblastogenesis in pre-osteoblasts from the 

calvarium and are met with little change or even decreases in ALP activity in stem cells, 

myoblasts, and primary cells. This correlates with our previously published data indicating 

no change in proliferation in primary cells and an increase in proliferation followed by an 

increase in differentiation in MC3T3-E1 cells [21,24]. Further this validates bone lineage 

cells as particularly susceptible to changes in Sfrp4 expression even when expression 

changes are driven by exogenous thyroid hormone[40–42]. Given the short course of 

treatment and the lack of treatment with an osteogenic differentiation media for cells not 

primed for osteogenesis a lack of differentiation marked by ALP activity is expected. 

However, the higher levels of SFRP4 protein especially in the stem cell and primary suture 

derived cells used here may suggest and important role for WNT antagonists in thyroxine 

driven osteoblastogenesis[40–42]. We attempted to address this paradigm and find consistent 

data as the calvarial pre-osteoblasts express absolutely lower levels of SFRP4, and adding 

additional recombinant protein at least partially blocked or reduce alkaline phosphatase 

activity.

The SFPR4 gene has been implicated in several disease processes including Pyle’s 

disease [43–45], various cancers [46–50], and potentiation of adipogenesis [51–57]. 

The identification of overexpression of a WNT antagonist (SFRP4), in human cases of 

craniosynostosis [28] is puzzling as WNT antagonism, in theory, would reduce or at least 
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attenuate any hyper-osteogenic processes that lead to disease[58,59]. Our confirmation of 

upregulation of this target in sutural tissue from mice treated in utero with levothyroxine, 

which concomitantly disrupts and alters calvarial growth, was suggestive of a potential 

interaction between thyroid hormone and craniofacial development, with the gene SFRP4 
playing a potential role [25]. Importantly, the interaction of Sfrp4 and bone is complex 

and bone type specific. For example, a deficiency of Sfrp4 expression as seen in Pyle’s 

disease results in increased trabecular bone and decreased cortical bone demonstrating that 

the same level of Sfrp4 can have differing effects on the type and location of bone lineage 

cells[40–42,45].

Our data suggest upregulation of the Sfrp4 similar to that seen in the human patients 

and mouse models[40–42,45,59], but not a translative effect in total protein. Only those 

cells primed for differentiation to osteoblast phenotype respond to thyroxine by increasing 

alkaline phosphatase activity, a critical marker of osteoblastogenesis. Thus, what may be at 

work here are several mechanisms that will require further studies. Firstly, the incongruence 

between gene expression and protein resulting in phenotypic alterations in growth could 

be explained by several intervening mechanisms including RNA and/or protein stability 

and post-transcription regulation such as potential micro-RNAs (preliminary interrogated 

candidates include 124-3p, 125b-3p, 135a-5p, 511-5p). Secondly, a key component in 

maintaining normal developmental processes after thyroid hormone insult may be the 

differential level of this target between the participating cells.

Based on available data, it is likely that cross talk between different cell types (stem 

and progenitor cells, pre-osteoblasts, osteoblasts, fibroblasts) exists within and around the 

calvarial sutures [22,60–64]. As Sfrp4 is a secreted factor, it is possible that low-Sfrp4 

producing and containing cells (e.g. pre-osteoblasts) are affected by exposure to the higher 

amount of Sfrp4 produced by stem cells and fibroblasts in a growth niche such as the 

cranial suture. Interestingly, our primary cells showed the highest amount of SFRP4, which 

could be explained by the mixed cell population which is still only naively characterized 

(i.e. suture mesenchymal niche) [22]. Thus, lack of thyroid homeostasis may not be 

sufficient to cause a disorder like craniosynostosis but would more likely drive alterations 

by gene-environment interactions supported here by data that suggest SFRP4 can at least 

partially alter osteoblastogenesis. Gene alterations that prime or allow for greater numbers of 

osteoblasts within the sutures (i.e. Twist, Fgfr) might be highly susceptible to interactive or 

additive effects of exogenous thyroid hormone as replacement or in disease.

Overall, these data contribute to future directions related to the defining the increased risk 

of craniosynostosis concurrent with maternal and endogenous thyroid hormone disorders 

[65–71]. Our group and others have identified the presence of thyroid receptors within 

the calvaria, allowing for interpretation of a direct effect [23,25,72]. However, our data 

previously published on ex vivo expression after in utero exposures [25] and available 

human patient expression data [28] lead to the question of why targets within the WNT 

pathway, particularly antagonists, would materialize within the craniosynostosis spectrum. 

Here we confirm that Sfrp4 is a transcriptional target of thyroid hormone due to the 

presence of binding sites for the receptor in the promoter region. However, the lack of 

alterations in translation assessed by protein concentrations begs the question of its role in 
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hyperostosis disorders. The susceptible cell type here appears to be the pre-osteoblast, with 

its sensitivity to thyroid hormone resulting in increased alkaline phosphatase activity. The 

ability for SFRP4 to decrease osteoblast activity does allow for the design of downstream 

future experimentation aimed at understanding gene/environment interactions and potential 

therapeutic interventions.

5 Conclusion

Here we confirmed that Sfrp4 mRNA is upregulated by exposure to exogenous thyroid 

hormone. Further alterations to protein production were not overtly observed but 

concentration differences by cell type were informative. However, our data do suggest a 

direct effect of thyroid hormone on Sfrp4 expression and specificity of binding to the 

promoter region of this gene. In the case of the pre-osteoblast, when exposed to exogenous 

excess SFRP4, thyroid hormone driven alkaline phosphatase activity is decreased. This 

target, identified as overexpressed in patients with craniosynostosis and now modeled in 

preclinical in vivo and in vitro experiments, warrants further study.
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Figure 1: 
In Vitro mRNA Responses to Thyroxine Treatment. Results are represented by fold 

change and 50% increase of gene expression noted with reference line. A) Primary suture 

derived cells responded to thyroxine (TH) exposure by statistically significant increases 

in Sfrp4 mRNA expression at all time points. B) Bone marrow mesenchymal stem cells 

(BMSCs) responded to thyroxine exposure by a greater than 50% increase in Sfrp4 mRNA 

expression at all time points and statistically significant increase at 1 and 7 days. C) Murine 

myofibroblast cell line C2C12 responded to thyroxine exposure by a greater than 50% 

increase in Sfrp4 mRNA expression at all time points and statistically significant increase 

at 3 and 7 days. D) Murine pre-osteoblast cell line MC3T3-E1 responded to thyroxine 

exposure by statistically significant increases in Sfrp4 mRNA expression at all timepoints. * 

p<0.05, ** p<0.01, *** p<0.001. Represented as mean +/− SE. n=3 per comparison.
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Figure 2: 
In Vitro Protein Responses to Thyroxine Treatment. For each cell type ELISA was 

performed 24 hours after thyroxine treatment. Statistical analysis was conducted using a 

three-way ANOVA for sample type (Lysate or Supernatant), by cell type (BMSC, C2C12, 

MC3T3-E1 and primary derived suture cells), and by treatment (Control or Thyroxine 

Treated) after rank-order transformation. There was a significant difference in Sfrp4 

concentration by cell type (p<0.001), with post-hoc analysis suggesting segregating of 

BMSCs and primary suture cells having greater Sfrp4 concentrations than both C2C12s, and 

MC3T3-E1s (p<0.001 for all comparisons respectively). Two significant interactions were 

also observed cell type by sample type (p<0.001) and sample type by treatment (p=0.049). 

Note that the interaction effect for cell type by sample type is driven by no difference 

observed between lysate and supernatant concentrations for BMSCs and primary suture 

cells, MC3T3-E1s showing greater Sfrp4 concentration in the supernatant, and C2C12 

showing greater concentration in the lysate. Note that the interaction effect for sample type 

by treatment is driven by decreases in thyroxine treated lysates where no change is observed 

in the supernatant. (For Sub analysis of Interactions see Supplementary Figure 1).
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Figure 3: 
Thyroid Hormone Response Elements in Sfrp4 Promoter. Sfrp4 exon 1 structure (A) 

and sequence (B) with the transcription start site (base shown in red) are adapted from 

RefSeq mRNA sequence NM_016687 mapped onto mouse genome build mm39. Sequences 

consistent with thyroid hormone response elements were identified in the murine Sfrp4 
promoter region. There are three canonical thyroid hormone receptor (THR) binding sites 

(family V$RXRF, matrix V$THR), with one site upstream of the transcription start site 

(THRB.03, −50 (green)) and two sites downstream of the start site (THR.01, +105 (orange); 

THRA.01, +135(yellow)). Analysis of orthologous sequences in rat and human Sfrp4 genes 

showed the upstream site was most highly conserved, having 100% identity with rat and 

84.6% identity with human. The transcription start codon is underlined for mouse Sfrp4.
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Figure 4: 
Increased SFRP4 Transcription and Binding of Thyroid Hormone Receptor to Sfrp4 
Promoter Region as a Result of Thyroid Hormone Exposure. A) Note significantly increased 

transcription evidenced by the luciferase assay for MC3T3-E1 cells after thyroid hormone 

treatment for 6 hours. * p<0.031 Represented as mean +/− SE, one tailed student t-test, 

n=4 (triplicates x triplicated per plate, 4 plates). B, C) For all panels, the five left lanes 

demonstrate a specific shift caused by addition of nuclear extracts from cells treated with 

standard growth media or media supplemented with thyroxine (T4) at a concentration of 

10−6 mol/liter to putative THR binding sites in Sfrp4. Specificity is shown by absence of 

signal upon addition of unlabeled probe to the reaction. The remaining lanes demonstrate 

a supershift upon addition of low or high amounts of antibody against THRβ, but a lack 

of supershift upon addition of irrelevant IgG. Panels show the following combinations 

of nuclear extracts and probes: (B) MC3T3-E1 extracts + upstream probe; (C) MC3T3-

E1 extracts + downstream probe. Lower and upper arrows indicate the probe shifts and 

supershifts, respectively.
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Figure 5: 
ALP Response to Thyroxine Treatment. A) Only MC3T3-E1s are stimulated to increased 

ALP activity by thyroxine treatment in vitro (p<0.001). Note decreases in basal ALP activity 

for BMSCs (p=0.0153). B) MC3T3-E1s responded to rhSFRP4 treatment with decreased 

ALP activity (Quantified, right, Qualitatively less blue staining, left); * p<0.05, * p<0.01, 

** p<0.001. Data compared control to treated samples by t-test. n=3 per comparison. 

Represented as mean +/− SE.
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Table 1:

Affymetrix Results

UPREGULATED GENES

ID Gene Mean Difference Base 2 Fold Increase t-value p-value

17363626 Pgm5
Hsp90aa

0.79 1.73 6.43 0.008

17278998 1 0.75 1.68 4.19 0.025

17285546 Sfrp4 0.67 1.59 4.98 0.016

17458960 Vmn1r20 0.67 1.59 5.98 0.009

17448735 Slain2 0.64 1.56 3.88 0.030

17477832 Ftl1 0.64 1.56 4.07 0.027

17242839 Atp5d 0.63 1.55 3.92 0.030

17465824 Fam180a 0.61 1.53 3.93 0.029

17396024 Stmn2 0.61 1.53 3.94 0.029

17365883 Afap1l2 0.61 1.53 7.05 0.006

17547608 Actg1 0.6 1.52 3.97 0.029

17318794 Apol7c 0.6 1.52 4.73 0.018

17477695 Rpl13a 0.59 1.51 3.9 0.030

17414738 Orm3 0.59 1.51 4.77 0.018

17339392 Myl12a 0.58 1.49 3.66 0.035

17548153 Cat 0.57 1.48 4.07 0.027

17483912 Htra1 0.57 1.48 5.36 0.013

17358214 Klf9 0.56 1.47 7.13 0.006

17305401 Gm3633 0.55 1.46 5.01 0.015

17548123 Ehd1 0.53 1.44 3.3 0.046

DOWNREGULATED GENES

17305327 Gm3543 −0.57 −1.48 −4.4 0.022

17435725 Il6 −0.57 −1.48 −5.27 0.013

17417858 Mir1957 −0.6 −1.52 −4.65 0.019

17357688 Ms4a6b −0.57 −1.48 −3.38 0.043

17337580 Olfr111 −0.54 −1.45 −3.89 0.030

17362555 Stxbp3b −0.77 −1.71 −6.5 0.007
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