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Abstract

High osmolarity, bound water, and hydrostatic pressure contribute to notochord mechanics and its 

morphogenesis into the nucleus pulposus (NP) compartment of the intervertebral disc. Indeed, the 

osmoadaptive transcription factor, nuclear factor of activated T-cells 5 (NFAT5 aka TonEBP), is 

robustly expressed by resident cells of the notochord and NP. Nevertheless, the molecular 

mechanisms that drive notochord osmoregulation and the functions of NFAT5 in disc 

embryogenesis remain largely unexplored. In this study, we show that deletion of NFAT5 in mice 

results in delayed vertebral column development and a reduced NP aspect ratio in the caudal spine. 

This phenotype is associated with lower levels of the T-box transcription factor, Brachyury, 

delayed expression of notochord phenotypic markers, and decreased collagen II deposition in the 

perinotochordal sheath and condensing mesenchyme. In addition, NFAT5 mutants showed a stage-

dependent dysregulation of sonic hedgehog (Shh) signaling with non-classical expression of Gli1. 

Generation of mice with notochord-specific deletion of IFT88 (ShhcreERT2;Ift88f/f) supported this 

mode of Gli1 regulation. Using isolated primary NP cells and bioinformatics approaches, we 

further show that Ptch1 and Smo expression is controlled by NFAT5 in a cell autonomous manner. 

Altogether, our results demonstrate that NFAT5 contributes to notochord and disc embryogenesis 

through its regulation of hallmark notochord phenotypic markers, extracellular matrix, and Shh 

signaling2.
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INTRODUCTION

The notochord is an evolutionarily conserved, rod-like structure encased by a sheath of 

extracellular matrix. It arises from the node during gastrulation by convergent extension and 

elongates at the midline, around which the rest of the body plan is oriented (Stemple, 2005). 

The fundamental roles of the notochord are to coordinate rostro-caudal elongation, provide 

the embryo with mechanical support, and produce morphogenic factors, such as sonic 

hedgehog (Shh), which pattern adjacent embryonic tissues (Corallo et al., 2015). To achieve 

elongation, vertebrate notochord cells exert an outward force against the sheath by 

increasing their osmotic activity and inflating large lysosome-related cytosolic vacuoles 

(Adams et al., 1990; Ellis et al., 2013). This restricted osmotic swelling increases the 

internal pressure of the notochord, forming a stiffened hydrostatic system. As vacuolated 

notochord cells enlarge and vertebral bodies gradually develop, the physical constraint of the 

sheath forces notochord cells into regions between developing vertebrae where they settle to 

form nucleus pulposus (NP) tissue of the intervertebral disc (Choi et al., 2008; Walmsley, 

1953). The molecular mechanisms that drive osmoregulation in the notochord and early disc 

formation, however, remain largely unknown.

In situ RNA hybridization and recent RNA sequencing studies have revealed that the 

osmoadaptive transcription factor, nuclear factor of activated T-cells 5 (NFAT5 aka 

TonEBP), is expressed with high specificity in the Ciona Intestinalis notochord (José-

Edwards et al., 2011; Reeves et al., 2017). Previous studies have also shown that NFAT5 is 

abundantly expressed in hyperosmotic tissues such as the kidneys and intervertebral discs, 

where it serves an osmoadaptive role (López-Rodríguez et al., 2004; Tsai et al., 2006). The 

notochord-derived NP is a hyperosmotic tissue due to an influx of cations drawn by high 

concentrations of negatively charged proteoglycans (Ghosh et al., 1975; Ishihara et al., 

1997). In NP cells, NFAT5 maintains intracellular osmotic balance by enhancing the 

expression of key osmoadaptive genes, including tuarine transporter (Slc6A6), sodium-myo-

inositol co-transporter (Slc5A3), betaine-GABA transporter (Slc6A12), and aldose reductase 

(AKR1B1) (Johnson et al., 2014; Tsai et al., 2006). These genes encode proteins involved in 

the import and synthesis of organic, non-ionic osmolytes (Burg and Ferraris, 2008), and are 

of interest with respect to notochord inflation and elongation. Notably, in addition to 

maintaining intracellular osmotic balance, NFAT5 also controls the extracellular osmotic 

environment by regulating the expression of key matrix-related genes, including aggrecan, 

β1,3-glucoronosyltransferase, and collagen II (Hiyama et al., 2009; Tsai et al., 2006; van der 

Windt et al., 2010). Consequently, NP cell homeostasis is largely maintained by the 

collective activity of NFAT5-regulated genes.

By employing NFAT5 knockout mice, we have characterized its contribution in the 

morphogenesis of notochord into NP. Our results do not support the view that NFAT5 is 
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indispensable for notochord inflation and intervertebral disc development. Instead, we show 

that lack of NFAT5 results in delayed vertebral column development and changes in the 

aspect ratio of the caudal NP compartment. This phenotype is associated with lower levels of 

the T-box transcription factor, Brachyury, delayed expression of notochord phenotypic 

markers, altered collagen deposition, and dysregulated Shh signaling. In vitro experiments 

using primary NP cells also demonstrate that NFAT5 controls Shh signaling in a cell 

autonomous manner, lending mechanistic and broader insight into the important role of 

NFAT5 during notochord and intervertebral disc embryogenesis.

METHODS

Mice

C57BL/6 mice heterozygous for deletion of exons 6 and 7 in the Nfat5 gene were kindly 

provided by H. Moo Kwan, Ulsan National Institute of Science and Technology (Go et al., 

2004). Nfat5 mice and embryos were genotyped by PCR using primers that span the site of 

deletion as previously described (Go et al., 2004). Ift88f/f mice were kindly provided by 

Bradley Yoder, University of Alabama, maintained on a mixed genetic background, and 

genotyped as previously described (Haycraft et al., 2007). ShhcreERT2 mice were obtained 

from The Jackson Laboratory (Stock # 005623) and crossed with Ift88f/f mice to generate 

ShhcreERT2; Ift88f/+ mice. To perform timed pregnancies, mice were paired, allowed to 

mate overnight, and immediately separated the following morning. Pregnancies were 

confirmed by copulation plugs and increase in body weight. To generate conditional Ift88 
knockout embryos, pregnant Ift88f/f dams crossed with ShhcreERT2; Ift88f/+ males were 

given three consecutive i.p. injections of tamoxifen (50 mg/kg, Sigma-Aldrich, St. Louis, 

MO, USA) dissolved in corn oil (Sigma-Aldrich) starting at E12.5. Time of tamoxifen 

injection was chosen such that loss of canonical Shh sensing in the notochord would not 

affect sheath formation and therefore disc development (Choi and Harfe, 2011). Housing, 

breeding, and embryo collection at E12.5, E13.5, and E17.5 were performed under the 

guidelines of the Institutional Animal Care and Use Committee of Thomas Jefferson 

University. Aseptic technique and barrier conditions were used for social housing. Mice 

were given Lab Diet 5010 Laboratory Autoclavable Rodent ad libitum. Experiments were 

performed with two or more pairs of control and mutant littermates.

Histological Analysis

E17.5 embryos were decalcified in 20% EDTA at 4°C for 3 days, while E12.5 and E13.5 

embryos did not require decalcification. Embryos were fixed in 4% paraformaldehyde (PFA) 

for 48 hours and embedded in paraffin for sectioning in the sagittal plane. 7μm sections were 

stained with 1% Safranin-O, 0.05% Fast Green, and 1% Hematoxylin, and then visualized 

by light microscopy (Axio Imager 2, Carl Zeiss) using 20×/0,5 EC Plan-Neofluar (Carl 

Zeiss) or 63×/1,4 Plan-Apochromat (Carl Zeiss) objectives. Imaging of sections was 

conducted with the Axiocam 105 color camera (Carl Zeiss) using Zen2™ software (Carl 

Zeiss). Morphological analysis was performed on eight E12.5, two E13.5, and ten E17.5 null 

and wild-type embryos. Aspect ratio was measured using ImageJ 1.52a (http://

rsb.info.nih.gov/ij/), where the major axis was divided by the minor axis determined by Fit 
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Ellipse measurements. Aspect ratio data were collected from five E17.5 embryos per 

genotype with three discs per embryo (15 discs).

Whole Mount Skeletal Preparation

Collected embryos were washed and scalded in hot tap water for 30 seconds at 65°C to 

facilitate removal of skin. Embryos were eviscerated, soft connective tissues were removed, 

and then embryos were fixed in 4% PFA for 48 hours. After fixation, embryos were 

submerged in Alcian blue (0.03% w/v, 80% EtOH, 20% glacial acetic acid) overnight at 

room temperature to stain for cartilage. Next, embryos were washed in 70% EtOH followed 

by 95% EtOH overnight. Alcian blue-stained embryos were then pre-cleared with 1% KOH 

for 1 hour. The KOH solution was replaced with Alizarin red (0.05% w/v in 95% EtOH) 

solution, stained for 4 hours at room temperature, and then overnight at 4°C to control the 

rate of staining. To clear embryos, Alizarin red was replaced with a 50% glycerol: 50% (1%) 

KOH solution and incubated at room temperature until samples were transparent (Rigueur 

and Lyons, 2014). Morphological analysis was performed on four E17.5 null and three wild-

type skeletal preparations.

TUNEL Assay

The in situ Cell Death Detection Kit, TMR Red (MilliporeSigma), was used to measure cell 

death of E12.5 and E17.5 embryonic sections. Slides were heated at 60°C for 3 hours, de-

paraffinized, rehydrated through a graded series of ethanol solutions, and permeabilized with 

boiling citrate-based unmasking solution (pH 6) (Vector Laboratories, H-3301) for 30 

minutes at room temperature. The TUNEL assay was then performed as per manufacturer’s 

protocol. The positive control was generated by treatment with RNase Free DNase I 

(QIAGEN) (Suppl. Figure 1). Sections were washed with PBS before mounting with 

ProLong® Gold Antifade Mountant containing DAPI (Thermo Fisher Scientific, P36934), 

and visualized by fluorescence microscopy (Axio Imager 2, Carl Zeiss) using the 20x/0,5 

EC Plan-Neofluar (Carl Zeiss) objective. The stained sections were imaged using X-Cite® 

120Q Excitation Light Source (Excelitas), the AxioCam MRm camera (Carl Zeiss), and 

Zen2™ software (Carl Zeiss). Staining was performed on four embryonic notochords at 

E12.5 and five embryos at E17.5 with three representative discs per embryo (15 discs).

Immunohistochemistry

Sagittal sections were de-paraffinized in histoclear and rehydrated in a series of ethanol 

solutions (100%-70%). De-paraffinized sections were incubated in boiled citrate-based 

unmasking solution (Vector Laboratories, H-3301) for 20 minutes and then cooled to room 

temperature for 30 minutes. Next, the sections were incubated for 1 hour in the appropriate 

blocking solution (either 5-10% Normal Goat Serum, 10% Fetal Bovine Serum, or reagent 

from M.O.M.™ Immunodetection Kit; vector Laboratories, BMK-2202) and subsequently 

incubated overnight at 4°C with primary antibody against Brachyury (1:20; R&D, AF2085), 

CA3 (1:150; Santa Cruz, sc-50715), vimentin (1:200; Cell Signaling, D21H3), β-actin 

(1:100; Cell Signaling, 13E5), aggrecan (1:50, MilliporeSigma, AB1031), chondroitin 

sulfate (1:300; Abcam, ab11570), collagen II (1:400, Fitzgerald, 70R-CR008), collagen I 

(1:100; Abcam, ab34710), Shh (1: 300, Novus, NBP2-22139), Ptch1 (1:200; R&D, 

MAB41051), Smo (1:50; Abcam, ab72130), Gli1 (1:250; Abcam, ab151796), and IFT88 
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(1:250; MilliporeSigma, ABC932). After washing with PBS, sections were incubated for 1 

hour at room temperature with either Alexa Fluor®-594 or Alexa Fluor®-647 secondary 

antibodies (1:700, Jackson ImmunoResearch Lab, Inc.). The sections were washed with PBS 

before mounting with ProLong® Gold Antifade Mountant containing DAPI (Thermo Fisher 

Scientific, P36934), and visualized by fluorescence microscopy (Axio Imager 2, Carl Zeiss) 

using the 20x/0,5 EC Plan-Neofluar (Carl Zeiss) objective. The stained sections were 

imaged using X-Cite® 120Q Excitation Light Source (Excelitas), the AxioCam MRm 

camera (Carl Zeiss), and Zen2™ software (Carl Zeiss). Staining of NFAT5 null embryos was 

performed on four embryos at E12.5, two littermates at E13.5, and five embryos at E17.5 

with three representative discs per embryo (n=15 discs). Staining of Ift88 conditional 

knockout embryos was performed on two littermates with four representative discs per 

embryo (8 discs).

Digital Image Analysis

All imaged sections stained by immunohistochemistry were analyzed using ImageJ 1.52a 

(http://rsb.info.nih.gov/ij/) in the grayscale. The boundaries of the notochord, 

perinotochordal sheath, and NP were digitally traced using the Freehand Tool. The 

perinotochordal mesenchyme and condensing mesenchyme were delineated by a rectangular 

fixed area (300×1000 pixels) and circular fixed area (200×215 pixels), respectively. These 

images were then thresholded to create binary images. Designated regions of interest (ROI) 

were analyzed using the Area Fraction measurement for each section. Area Fraction 

represents the percentage of positive pixels normalized to ROI, therefore representing 

protein expression within a given area. Analysis of the notochord, perinotochordal sheath 

(bilateral average), and perinotochordal mesenchyme (bilateral average) was conducted on 

four E12.5 embryos per genotype. Analysis of NP tissue was conducted on two E13.5 at four 

levels per genotype (8 discs) and five E17.5 embryos per genotype with three discs per 

embryo (15 discs). Fractions of Brachyury-positive nuclei were manually quantified, and 

fluorescence intensity signals along the line were measured using Zen2™ software (Carl 

Zeiss). The number of IFT88-positive cell was also manually quantified.

NP cell isolation and treatment

NP cells were isolated from Sprague Dawley rats (Charles River) as previously described 

(Risbud et al., 2006). Collection of animal tissues for cell isolation was approved by Thomas 

Jefferson University IACUC. Cells were maintained in DMEM containing 1g /L glucose 

with 10% FBS and 1% penicillin-streptomycin, and cultured in a hypoxia work station 

(Invivo2, Ruskinn, UK) with a mixture of 1% O2, 5% CO2 and 94% N2 to mimic the natural 

physiological environment of the avascular NP compartment. Either 100/500 nM of SAG 

(ab142160, abcam) or 5/10 μM of CyA (C-8700, LC Laboratories) was added to medium for 

24 hour treatment.

Lentiviral particle production and viral transduction

HEK 293 T cells (ATCC, CRL-3216) were plated in 10 cm plates (5 × 106cells/plate) in 

DMEM with 10% heat-inactivated FBS a day before their transfection. Cells were 

transfected with ShCtr or ShTonEBP plasmids along with psPAX2 and pMD2.G using 

Lipofectamine 2000 (MilliporeSigma). Six hours after transfection, medium was replaced 
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with DMEM with 10% heat-inactivated FBS and penicillin-streptomycin. Lentiviral particles 

were harvested at 48 to 60 hours post-transfection of HEK cells, and precipitated using 7% 

PEG 6000 (Sigma Aldrich, 81253) solution. NP cells plated in DMEM with 10% heat-

inactivated FBS were transduced with lentiviral particles along with 8 μg/ml polybrene 

(Sigma Aldrich, H9268). Cells were incubated for 16 hours and the medium with remaining 

particle was replaced. Four-five days after transduction, cells were harvested for protein 

extraction to ensure maximum knockdown efficiency without affecting cell viability. At least 

3 independent experiments were performed.

Real-Time qRT-PCR

Total RNA was extracted from primary rat NP cells using RNeasy mini columns (Qiagen) 

and RNase free DNase I (Qiagen). The eluted DNA-free RNA was made into cDNA using 

EcoDry premix (Clontech). PCR reactions using gene-specific primers (IDT, IA) and SYBR 

Green master mix (Applied Biosystems) were measured by the Step-One Plus System 

(Applied Biosystems).

Protein Extraction and Western Blotting

Following experimental treatments, notochordal-NP cells were placed on ice and washed 

with ice-cold PBS. All buffers included 1X-protease inhibitor cocktail (Roche), NaF (4mM) 

and Na3VO4 (20mM), NaCl (150mM), β-glycerophosphate (50mM), and DTT (0.2mM). 

Protein was resolved on 8-10% SDS-polyacrylamide gels and transferred by electroblotting 

to activated PVDF membranes (Bio-Rad, CA). Membranes were blocked with 5% non-fat 

dry milk in TBST (50 mM Tris, pH 7.6, 150 mM NaCl, 0.1% tween 20) and incubated 

overnight at 4°C in 3% non-fat dry milk in TBST with anti-Shh (1:1000, Novus, 

NBP2-22139), Ptch1 (1:500; R&D, MAB41051), Smo (1:1000; Abcam, ab72130), and Gli1 

(1:500; Abcam, 151796). Immunolabeling was detected using ECL reagent (Amersham 

Biosciences). Relative expression levels were determined by quantitative densitometric 

analysis using 1D image analysis software (Quantity One, BIO-RAD).

Bioinformatics Analysis

The nucleotide sequence of the 3 kb proximal promoter of Shh, Ptch1, and Smo genes were 

identified using the UCSC Table Browser data retrieval tool (Karolchik et al., 2004). 

Putative TonE consensus sequences were determined using MatInspector (Genomatix 

Software Suite) with a matrix-similarity threshold of 0.80 and TF family p-value of ~0.05 or 

below. Analysis of species conservation of putative TonE motifs in rat, mouse, and human 

was performed by multiz alignment using the UCSC Genome Browser (Kent et al., 2002).

Statistical Analysis

Data is presented as mean ± SD. Differences between genotypes were analyzed using the 

Student’s t test when only two groups presented on graph, or one-way ANOVA with a 

Sidak’s multiple comparison test between groups. All statistical analyses were done using 

Prism7 (GraphPad Software). P ≤ 0.05 is considered statistically significant change.

A Key Resources Table (KRT) is included to help identify key materials used in this study.
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RESULTS

Loss of NFAT5 delays the development of the vertebral column without inhibiting the 
formation of intervertebral discs

We investigated intervertebral disc embryogenesis in mice harboring a deletion of exons 6 

and 7 of the Nfat5 gene. Exons 6 and 7 encode a crucial region of the NFAT5 DNA binding 

domain (Figure 1A) (Go et al., 2004). Genotypes confirming exon deletion were validated 

by PCR as described by Go et al. (Figure 1B) (Go et al., 2004). On gross examination, 

embryos with homozygous deletions evidenced an overall decrease in body size or were 

found resorbed due to gestational lethality (Figure 1C). This decrease in body size was 

further evidenced by whole mount skeletal preparations stained with alcian blue (cartilage) 

and alizarin red (bone) (Figure 1D). Comparison of isolated spines revealed that the 

thoracic, lumbar, and caudal regions of the vertebral column were notably smaller than 

controls, likely accounting for the shorter stature of mutants (Figure 1E). Likewise, 

individual vertebrae from lumbar (L1-L6), sacral (S1-S4), and caudal (Cd1-Cd-5) levels 

were undersized compared to level-matched controls (Figure 1F). While the morphology of 

the vertebral bodies was generally maintained, the vertebrae showed a marked reduction of 

primary centers of ossification throughout the lumbar region and complete absence in the 

sacrocaudal region starting at S4 (Figure 1F). Since development of the vertebral column 

progresses from the rostral to the caudal end, this phenotype was consistent with a delay in 

vertebral body ossification and spinal development. Similar to the axial skeleton, other 

skeletal structures appeared smaller and the sternum showed lack of ossification. Moreover, 

lengths of the humerus and femur in mutant embryos were smaller compared to the wild-

type littermates (Suppl. Figure 2).

To determine tissue localization of NFAT5 expression during intervertebral disc 

development, we performed immunohistochemistry on embryos at E12.5, E13.5, and E17.5. 

Staining revealed that NFAT5 is strongly expressed by cells of the notochord, condensing 

perinotochordal mesenchyme, early NP, and the hypertrophic zone of the developing 

vertebral body (Figure 2A). Mining of deposited RNA-seq data (GSE100934) confirmed 

that NFAT5 is expressed by notochord cells at E12.5 and NP cells at P0 (Figure 2B) (Peck et 

al., 2017). To our surprise, gross histological analysis of the NFAT5 null notochord revealed 

an intact structure marked by vacuolated notochord cells and strong Safranin-O staining of 

the perinotochordal sheath (Figure 2C). However, notochord cell intercalation appeared 

disorganized in a few embryos, which was evident observing DAPI stained nuclei (Suppl. 

Figure 3). Further, removal of the notochord at the level of the developing vertebral bodies 

appeared to be slightly delayed in mutants compared to control mice, in conjunction with a 

delay in enlargement of prevertebral cells (Figure 2D). Similar to NFAT5-depleted 

notochord cells at E12.5, mutant notochordal-NP cells at E13.5 did not show a deficiency in 

vacuole inflation (Figure 2D). Likewise, at E17.5, the thoracic and lumbar intervertebral 

discs developed fully and were populated by vacuolated NP cells (Figure 2E). These results 

suggested that while NFAT5 appears to be important for the enlargement of prevertebral 

cells, it is dispensable for notochord inflation and vacuolation, as well as intervertebral disc 

formation. Notably, however, E17.5 mutant embryos showed a lower aspect ratio of the 

caudal NP compartment, while the aspect ratios of the thoracic and lumbar NP were 
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comparable to controls (Figure 2F). This decrease in aspect ratio was not associated with a 

decrease in the number of cells per area (Figure 2G) or increase in cell death as measured by 

TUNEL assay (Figure 2H). Indeed, the decrease in aspect ratio of the caudal NP 

compartment suggests further that NFAT5-deficient embryos experienced developmental 

delay of the axial skeleton.

NFAT5 is required for notochord cells to acquire their molecular signature and maintain 
cytoskeletal integrity

Notochord and developing NP cells have a unique molecular phenotype characterized by 

expression of several specific markers, including the T-box transcription factor, Brachyury/T, 

CA3, and the notochord-enriched intermediate filament, vimentin (Risbud et al., 2015; 

Risbud and Shapiro, 2011; Sagstad et al., 2011; Silagi et al., 2018a). Analysis of RNA-Seq 

data (GSE100934) showed that expression of these markers increased from E12.5 to P0, 

suggesting that their expression coincides with NP cell maturation and/or differentiation 

(Peck et al., 2017) (Suppl. Figure 4). Interestingly, the expression levels of Brachyury, as 

measured by quantitative immunohistochemistry, showed a significant decrease at both 

E12.5 and E17.5 (Figure 3A, A’, C). Importantly, NFAT5 mutants also showed reduced 

Brachyury nuclear localization, evident from a decrease in the fraction of Brachyury-positive 

nuclei (Figure 3B, B’, D), as well as out-of-phase fluorescence intensity signals of 

Brachyury and DAPI (Figure 3D’, D”). In addition, E12.5 mutants showed nearly 

undetectable levels of carbonic anhydrase 3 (CA3) (Figure 4A, D) and vimentin (Figure 4B, 

E), suggesting delayed notochord maturation. Unlike Brachyury, CA3 and vimentin levels 

were restored at E17.5, with a small but statistically significant increase in vimentin over 

wild type embryos (Figure 4A’, B’, D, E). These changes in vimentin led us to further 

examine the cytoskeleton by staining against β-actin, which showed no evidence of altered 

levels in the notochord, but perturbed and diffused localization at the cortical surface of 

notochord cells in three of four null embryos (Figure 4C, F). Similar to vimentin, we also 

observed that β-actin expression in NP cells was moderately elevated at E17.5 (Figure 4C’, 

F). Thus, taken altogether, these results reveal that the NFAT5 null notochord exhibits 

delayed acquisition of its molecular phenotype and shows evidence of a disorganized 

cytoskeleton.

Loss of NFAT5 alters deposition of major collagen subtypes during intervertebral disc 
embryogenesis

We next examined critical extracellular matrix components of the perinotochordal sheath 

and intervertebral disc in NFAT5 null embryos. Surprisingly, aggrecan (ACAN) and 

chondroitin sulfate (CS), a glycosaminoglycan that substitutes proteoglycans including 

aggrecan and versican (Silagi et al., 2018b), showed no differences between null and control 

embryos at both E12.5 (Figure 5A, B, E, F) and E17.5 (Figure 5A’, B’, E, F), consistent 

with our Safranin-O staining results. However, collagen II was markedly decreased in the 

sheath and perinotochordal condensing mesenchyme (PCM) (Figure 5C, G), while collagen 

I staining was primarily localized to the sheath and unaffected in E12.5 mutants (Figure 5D, 

H). By E17.5, null embryos showed a small increase in levels of both collagen II and I in the 

NP compartment, with a concomitant decrease in collagen I in the outer annulus fibrosis, 

possibly reflecting a tissue-specific response to loss of NFAT5 (Figure 5C’, D’, G, H). 
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Changes in collagen content were in accord with previous studies using human articular 

chondrocytes and disc cells, which showed a role of NFAT5 and hyperosmolarity in 

regulating collagen I and II expression (van der Windt et al., 2010; Wuertz et al., 2007).

Deletion of NFAT5 results in stage-dependent dysregulation of sonic hedgehog signaling 
in the notochord and early NP

Sonic hedgehog (Shh) secretion and signaling from the notochord is required for 

perinotochordal sheath formation and thus patterning of the intervertebral discs (Choi et al.,

2012; Choi and Harfe, 2011). Interestingly, the notochord and perinotochordal mesenchyme 

(PM) showed robust staining of Shh in NFAT5 mutants, demonstrating that NFAT5-deficient 

notochord cells secreted increased levels of Shh (Figure 6A, E). On the other hand, 

patched-1 (Ptch1) expression did not mirror increased Shh levels in both notochord and PM 

(Figure 6B, F). Expression of smoothened (Smo) in the notochord of mutants was also 

similar to wild-type embryos, but with reduced expression in the PM (Figure 6C, G). 

Importantly, the downstream effector of Shh signaling glioma-associated oncogene 

homologue 1 (Gli1) showed elevated expression in notochord and PM, indicating elevated 

Shh activity (Figure 6D, H). Interestingly, by E13.5, Shh levels in mutants were reduced and 

comparable to wild-type controls, with a concomitant decrease in Ptch1 (Figure 6A’, B’, E, 

F). Smo and Gli1 levels were unaffected by this shift (Figure 6C’, D’, G, H). By E17.5, Shh 

and Ptch1 levels in NFAT5 nulls were further reduced, falling significantly below wild type 

levels (Figure 6A”, B”, E, F). Smo, and interestingly Gli1, were unaffected in the NP at this 

stage despite a precipitous decrease in Shh, suggesting that Gli1 expression was maintained 

by non-classical mechanisms (Figure 6C”, D”,G, H). These results present an interesting 

model in NFAT5 null embryos wherein the temporal pattern of Shh signaling is exaggerated 

with induction at E12.5 and suppression by E17.5. To test the hypothesis that Gli1 

expression in notochordal-NP cells at E17.5 is maintained in a non-classical fashion, we 

generated mice with conditional deletion of Ift88 in notochord cells using ShhcreERT2 

driver (Figure 6I–K) (Haycraft et al., 2007). Deletion of IFT88 disrupts the formation of 

functional primary cilia which are critical for canonical Shh sensing (Huangfu et al., 2003). 

Targeting of Ift88 in Shh expressing notochord cells did not prevent the formation of 

intervertebral discs or alter NP cell morphology, as shown by Safranin-O staining (Figure 

6L). Immunostaining and quantification of IFT88-positive NP cells confirmed that IFT88 

was knocked out with high efficiency (Figure 6M, M’). Importantly, Gli1 levels were 

unaffected in ShhcreERT2; Ift88f/f embryos (Figure 6N, N’), suggesting that primary cilia-

mediated Shh signaling was not required for maintenance of Gli1 expression in NP cells at 

this stage of development.

NFAT5-mediated regulation of sonic hedgehog signaling is cell autonomous in NP cells

We aimed to establish a mechanistic relationship between NFAT5 and Shh signaling. In 

particular, we investigated whether NFAT5 controlled Shh or whether fluctuations in Shh 

were compensatory due to loss of NFAT5. To this effect, we stably knocked down NFAT5 in 

primary NP cells and measured expression of Shh and its signaling components. 

Knockdown resulted in increased Shh mRNA levels, whereas a robust decrease in Ptch1 and 

Smo transcripts were seen without any concomitant change in Gli1 (Figure 7A). Western 

blot analysis confirmed a significant decrease in protein levels of Ptch1 and to a smaller 
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extent Smo without changes in Gli1. In contrast to Shh transcript, however, Shh protein 

levels remained unaffected in NFAT5 knockdown cells, suggesting the possibility of further 

translational or post-translational regulation (Figure 7B). These results also raised a 

possibility that NFAT5 may control expression of Ptch1 and Smo independent of Shh. It is 

known that NFAT5 transactivates downstream targets by binding to tonicity-response 

elements (TonE) in gene promoters; therefore, we investigated whether Shh, Ptch1 and Smo 
contain potential TonE sites within their proximal promoters. Analysis of 3 kb proximal 

promoter sequences using MatInspector (Genomatix Software Suite) identified putative 

TonE binding sites in the rat (4 sites) and mouse (3 sites) Ptch1 promoter (Figure 7C). 

Multiz alignment showed that two of these TonE binding sites were highly conserved among 

rat, mouse, and human, suggesting that these sites are physiologically relevant. Analysis also 

identified four putative TonE binding sites in the rat and mouse and six sites in human Smo 
promoter, with one site conserved between rat and mouse (Figure 7C). Interestingly, 

however, we did not find predicted TonE binding sites in the Shh promoter, suggesting the 

possibility that its transcriptional induction in NFAT5 knocked down cells was due to a 

compensatory response to reduced Ptch1 and Smo levels. To investigate if Shh signaling 

modulates NFAT5 expression, we measured NFAT5 mRNA and protein levels in NP cells 

following treatment with smoothened agonist, SAG, and smoothened inhibitor, cyclopamine 

(CyA). NFAT5 mRNA and protein levels were refractory to either treatment whereas Glil 

mRNA was responsive to both treatments (Figure 7D–F’). Altogether, these results suggest 

that NFAT5 controls Shh signaling by functioning as a positive regulator of Ptch1 and 

possibly Smo expression in an NP cell autonomous manner.

DISCUSSION

NFAT5 is robustly expressed by resident cells of the Ciona notochord and, as shown here, by 

cells of the mouse notochord, and plays a critical role in maintaining osmoadaptation and 

matrix homeostasis in NP cells (Johnson et al., 2014; José-Edwards et al., 2011; Reeves et 

al., 2017). However, there are no studies that have directly addressed the role of NFAT5 in 

notochord biology and its morphogenesis into NP, or in the formation of the intervertebral 

discs. Using genetic mouse models, and in vitro and bioinformatics approaches, we provide 

the first insights into the contribution of NFAT5 during these early morphogenic events.

Our analysis suggests that NFAT5 deletion results in developmental delay of the vertebral 

column. First, at E17.5, mutant spines were shorter in length with undersized vertebral 

bodies and a significant delay in the formation of primary ossification centers, most 

noticeably in the sacrocaudal region. Since the caudal-most vertebral column is the last to 

develop during spinal skeletogenesis, it is not unreasonable to assume that a delay in its 

development would be more apparent in the caudal region. This idea is further supported by 

the observation that null embryos showed decreased aspect ratios of the NP compartment at 

the caudal levels, but not at the thoracic and lumbar levels. Second, at E13.5, we observed 

what appeared to be a delay in the enlargement or maturation of prevertebral cells, lending 

the possibility that NFAT5 may play an important role in chondrocyte development. A delay 

in chondrocyte development might also explain why the condensing mesenchyme of E12.5 

embryos showed lower levels of collagen II. Third, the notochord phenotypic markers 

Brachyury, carbonic anhydrase 3 (CA3), and vimentin, all of which were seen to be 
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associated with notochord cell maturation and NP cell differentiation, were under expressed 

at E12.5. Lastly, as Shh is most strongly expressed by notochord cells at early stages of 

development, increased Shh levels at E12.5 in both NFAT5 null notochord and adjacent 

mesenchyme is consistent with a delay in development. Altogether, these results suggest that 

NFAT5 is required for early notochord cell maturation and acquisition of their molecular 

signature, and for controlling the temporal progression of vertebral column development.

It is plausible that the observed caudal abnormalities were in part due to compromised 

Brachyury expression and activity. Indeed, it is known that adult mice heterozygous for 

Brachyury show a short-tail phenotype—hence the ancient Greek name “Brachy (short) -ury 
(tail)”, and several examples of sacral/caudal defects associated with dysregulated 

Brachyury have been examined (Chiba et al., 2009; Ghebranious et al., 2008; Korzh and 

Grunwald, 2001; Pennimpede et al., 2012; Postma et al., 2014; Stott et al., 1993). While our 

data suggests that NFAT5 maintains Brachyury expression in both the mouse notochord and 

newly formed NP, Jose-Edwards and colleagues have also demonstrated that notochord 

expression of the Ciona NFAT5 ortholog is markedly decreased in a large percentage of 

Brachyury null embryos (José-Edwards et al., 2011). These results lend the possibility that a 

bidirectional regulatory circuit exists between NFAT5 and Brachyury. Interestingly, it has 

been shown that attenuation of Brachyury by overexpression of dominant-negative NFAT5 

can be rescued by stabilizing β-catenin (Adachi et al., 2012), suggesting that this 

relationship might be mediated by canonical Wnt signaling.

In addition to changes in notochord phenotypic marker expression, NFAT5 null embryos 

showed a stage-dependent dysregulation of Shh signaling, in which Shh levels were 

significantly elevated at E12.5 and decreased by E17.5. Shh signaling is required for the 

formation of the matrix-rich perinotochordal sheath, which is necessary for containing 

notochord cells during early disc patterning, but not for maintaining the embryonic nuclei 

pulposi once they are formed (Choi and Harfe, 2011). It is therefore possible that Shh was 

elevated in NFAT5 mutants at E12.5 to ensure that the collagen II-depleted sheath was 

formed sufficiently for disc patterning to occur. Indeed, Shh is most strongly expressed by 

notochord cells at early stages of mouse development and fall precipitously by 88 fold from 

E12.5 to P0 (Peck et al., 2017). Notably, while we observed elevated Shh and Gli1 levels at 

E12.5, Ptch1 levels did not mirror this increase, and were later decreased at E13.5 and 

E17.5. These results, along with our in vitro findings that Ptch1 transcript and protein levels 

were suppressed by knockdown of NFAT5, raises an intriguing possibility that NFAT5 may 

regulate Ptch1 expression independent of Shh. In corroboration of this hypothesis, analysis 

of the proximal Ptch1 promoter revealed two highly conserved TonE binding sites, 

suggesting that Ptch1 is a target of NFAT5. Interestingly, analysis of the Smo promoter also 

predicted a conserved TonE binding site, which might explain why Smo levels showed a 

downward trend in vivo and decreased with NFAT5 knockdown in vitro. Another notable 

observation in mutant embryos was that Gli1 levels did not decrease with declining Shh and 

Ptch1 levels at E17.5, consistent with our observation that Gli1 transcript and protein levels 

were refractory to NFAT5 knockdown in vitro. Furthermore, notochord-specific conditional 

deletion of IFT88, an intraflagellar transport protein which maintains functional primary 

cilia and thus canonical Shh sensing (Huangfu et al., 2003), did not decrease Gli1 levels at 

E17.5. These results clearly suggest that Gli1 expression by embryonic NP cells can be 
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maintained by non-classical mechanisms. Indeed, non-classical activation of Gli1 can occur 

through numerous pathways, including TGF-β and Notch signaling, which are active in 

embryonic and post-natal NP cells (Aberger et al., 2012; Chan et al., 2014; Hiyama et al., 

2011; Tran et al., 2010).

While NFAT5 null embryos showed interesting phenotypic and molecular changes, loss of 

NFAT5 had modest effects on the formation and morphology of the notochord and 

intervertebral discs, implying that NFAT5 was dispensable for notochord inflation and 

notochordal-NP cell vacuolation. This result is quite surprising because NFAT5 is the only 

known tonicity-responsive transcription factor in mammals (López-Rodríguez et al., 2001). 

Second, notochord inflation is widely understood to utilize transmembrane channels, 

transporters, and pumps to build an osmotic gradient and draw osmotically obliged water 

into the notochord (Adams et al., 1990; Deng et al., 2013; Reeves et al., 2017). Accordingly, 

while NFAT5 is primarily involved in regulating organic, non-ionic osmolytes, perhaps ionic 

gradients independent of NFAT5 activity are of greater importance in driving notochord 

inflation and notochordal-NP cell vacuolation. In addition, because NP cells begin to deposit 

negatively-charged glycosaminoglycan-rich matrix during the later stages of disc 

development, it is possible that the osmoprotective role of NFAT5 is not apparent until 

greater amounts of matrix are accumulated. Consistent with this speculation, NFAT5-

deficient NP cells at E17.5 upregulated their production of vimentin and β-actin, perhaps to 

resist the osmotic challenge presented by continued extracellular matrix deposition. Yet still, 

it is possible that osmoprotection is more important in Ciona, given that, unlike vertebrates, 

the Ciona notochord forms extracellular lumens of water-imbibing matrix (Lu et al., 2018). 

It is also important to note that the modest phenotype in mutants is unlikely due to 

compensation of NFAT5 function by other members of the NFAT family, NFAT1-4. While 

these family members can regulate expression of NFAT5 target genes associated with 

inflammatory responses, they cannot compensate osmoadaptive functions that require 

binding to TonE sites, where cooperative binding with AP1 and p65 is not involved (Johnson 

et al., 2017, 2016; Lopez-Rodríguez et al., 1999; Macián et al., 2001; Miyakawa et al., 1999; 

Stroud et al., 2002).

In summary, our results do not support the view that NFAT5 is indispensable for notochord 

inflation and intervertebral disc development in vertebrates. Instead, we reveal that deletion 

of NFAT5 results in delayed vertebral column development and delayed expression of 

notochord phenotypic markers. Further, we show that NFAT5 controls Shh signaling by 

regulation of Ptch1 and Smo, and that Gli1 expression in embryonic NP cells can be 

maintained despite loss of Shh signaling. For the first time, these results thus offer 

mechanistic and broader insight into the important role of NFAT5 during notochord and 

intervertebral disc embryogenesis.
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Highlights

• Loss of NFAT5 delays the development of the vertebral column.

• NFAT5 is required for notochord cells to acquire their molecular signature.

• NFAT5 regulates collagen deposition during intervertebral disc 

embryogenesis.

• NFAT5 controls Shh signaling in an NP cell-autonomous manner.
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Figure 1: 
Deletion of NFAT5 results in delayed development of the vertebral column. (A) Diagram 

showing targeting of exons 6 and 7 of the Nfat5 gene and resultant mRNA product. (B) 

Agarose gel of PCR-amplified genomic DNA from wild-type (+/+), heterozygous (+/Δ) and 

null (Δ/Δ) mice. (C) Gross comparison of E17.5 embryos showing shorter stature in nulls. 

(D) Whole mount skeletal preparations of NFAT5 mutant embryos at E17.5 stained with 

alcian blue (cartilage) and alizarin red (bone). (E) Comparison of isolated spines showed a 

shorter vertebral column in mutants than controls. (F) Individual lumbar (L1-L6), sacral (S1-
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S4), and caudal (Cd1-Cd-5) vertebrae of E.17.5 mutant mice compared to level-matched 

controls showed absence of primary ossification centers in the sacrocaudal levels starting at 

S4 (Green box).
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Figure 2: 
Loss of NFAT5 results in caudal discs with decreased aspect ratios. (A) Localization and 

expression of NFAT5 at E12.5, E13.5, and E17.5 by immunostaining. Scale bar = 100 μm. 

PCM: Perinotochordal condensing mesenchyme; NC: Notochord; NP: Nucleus pulposus; 

PCO: primary center of ossification; HZ: Hypertrophic zone. (B) NFAT5 mRNA expression 

by notochord cells at E12.5 and NP cells at P0 from deposited RNA-seq data (GSE100934). 

(C-E) Sagittal sections of E12.5, E13.5, and E17.5 embryos stained by Safranin-O/Fast 

Green/Hematoxylin showing notochord morphogenesis into NP at the thoracic, lumbar, and 
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caudal levels. Scale bar = 50 μm. High magnification images showing intact perinotochordal 

sheath (red arrowheads), delayed enlargement of prevertebral cells at E13.5 (yellow 

arrowheads), and large intracellular vacuoles at all stages (white arrowheads) (Scale bar = 20 

μm).(F) Aspect ratios of the caudal but not lumbar and rostral NP of NFAT5 null embryos 

were significantly smaller than WT embryos. (G, H) Changes in aspect ratio were not 

associated with decreased cell number per area or increased TUNEL positive cells. Scale bar 

= 100 μm. Quantitative measurements represent mean ± SD. n.s. = not significant; **, p ≤ 

0.01.
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Figure 3: 
NFAT5 controls expression and nuclear localization of Brachyury in the notochord and early 

NP. (A, A’) Immunofluorescence staining of Brachyury (BRA) showed decreased 

expression in both E12.5 notochord (NC) and E17.5 nucleus pulposus (NP). VB: 

presumptive vertebral body. Scale bar = 100 μm. (B, B’) Corresponding high magnification 

images showed decreased Brachyury nuclear localization (white arrowheads). Scale bar = 20 

μm. (C) Staining quantified by Area Fraction (% Area) showed lower Brachyury levels in 

mutants. (D) Quantification of Brachyury positive nuclei showed marked reduction in 
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NFAT5 mutants at E12.5 and E17.5 compared to WT embryos. (D’, D”) Fluorescence 

intensity along the line in B and B’ is plotted in D’ for E12.5 and D” for E17.5 embryos, 

which showed out-of-phase Brachyury and DAPI signals in mutants. Quantitative 

measurements represent mean ± SD. n.s. = not significant; *, p ≤ 0.05; ***, p ≤ 0.001.
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Figure 4: 
The NFAT5 null notochord exhibits delayed acquisition of its molecular phenotype and 

shows evidence of a disorganized cytoskeleton. (A, A’) Deletion of NFAT5 significantly 

reduced notochordal expression levels of carbonic anhydrase 3 (CA3), whereas expression 

was restored in the NP at E17.5. (B, B’) Mutant notochord showed nearly undetectable 

expression levels of vimentin (VIM), with increased levels in the NP at E17.5. Scale bar = 

100 μm (C) High magnification images show reduced β-actin localization to the 

submembranous cortex in null notochord cells (yellow arrows). Scale bar = 20 μm. (C, C’) 

There were no changes in β-actin expression at E12.5 between genotypes, however, E17.5 

embryos showed moderately increased levels. Scale bar = 100 μm. Staining against CA3 

(D), vimentin (E), and β-actin (F) was quantified by Area Fraction (% Area). Quantitative 
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measurements represent mean ± SD. n.s. = not significant; *, p ≤ 0.05; **, p ≤ 0.01; ****, p 
≤ 0.0001.
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Figure 5: 
NFAT5 mutants show altered levels of collagen I and II. Immunofluorescence staining of (A, 
A’) aggrecan (ACAN) and (B, B’) chondroitin sulfate (CS) showed no discernable 

differences between genotypes at both E12.5 and E17.5. Decreased levels of (C) collagen II 

(COLII) in the sheath (arrowhead) and perinotochordal condensing mesenchyme (PCM) 

were observed at E12.5. (C’) At E17.5, collagen II levels were restored and moderately 

increased in the NP. (D, D’) While collagen I (COLI) was unaffected by NFAT5 deletion at 

E12.5 (D), expression levels were increased in the NP, with lower levels in the outer AF 
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(D’). Scale bar =100 μm. Inset scale bar = 20 μm. (E-H) Immunofluorescence staining of the 

notochord, perinotochordal sheath, PCM, and NP were quantified by Area Fraction (% 

Area). Quantitative measurements represent mean ± SD. n.s. = not significant; *, p ≤ 0.05; 

**, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001.
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Figure 6: 
NFAT5 null embryos show stage-dependent dysregulation of sonic hedgehog signaling 

involving nonclassical expression of Gli1. (A) Sonic hedgehog (SHH) in NFAT5 mutants 

showed elevated expression levels in both the notochord and perinotochordal mesenchyme 

(PM) at E12.5. (A’, A”) SHH Levels in early NP were similar to wild-type at E13.5 and then 

markedly reduced at E17.5. (B) Patched-1 (PTCH1) levels in mutants did not mirror elevated 

SHH in the notochord and PM. (B’, B”) Minimal PTCH1 expression was observed in the 

mutant NP at E13.5 and E17.5. (C) NFAT5 nulls showed normal levels of smoothened 
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(SMO) in the notochord with decreased levels in the PM. (C’, C”) At E13.5 and E17.5, no 

differences were seen between groups. (D, D’) In mutants GLI1 levels increased in the 

notochord and PM at E12.5, and mirrored SHH levels in the early NP at E13.5. (D”) GLI1 

levels were refractory to NFAT5 deletion at E17.5. Scale bar = 100 μm. (E-H) Staining of 

the notochord, PM, and NP was quantified by Area Fraction (% Area). (I) Schematic 

representing the generation of Ift88 null allele in Shh expressing cells. (J) Timeline showing 

tamoxifen injection strategy to conditionally knockout Ift88 without disrupting disc 

development. (K) Agarose gel of PCR-amplified genomic DNA confirming Ift88 floxed 

alleles. (L) Representative images of sagittal sections of intervertebral discs from E17.5 

ShhcreERT2;Ift88f/f (cKO) animals stained by Safranin-O/Fast Green/Hematoxylin 

compared to controls. (M, M’) Immunostaining and quantification of IFT88-positive NP 

cells confirmed that IFT88 was knocked out with high efficiency. (N, N’) Gli1 levels were 

unaffected in ShhcreERT2; Ift88f/f embryos. Sale bars = 20 μm. Quantitative measurements 

represent mean ± SD. n.s. = not significant; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p 
≤ 0.0001.
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Figure 7: 
NFAT5-mediated regulation of Shh signaling is cell-autonomous in notochordal-NP cells. 

(A) mRNA levels of Nfat5, Ptch1, and Smo were significantly suppressed in notochordal-NP 

cells transduced with Nfat5 shRNA (shNFAT5) compared to control shRNA (shCtr). mRNA 

levels of Shh were markedly increased in shNFAT5 cells, whereas Gli1 mRNA levels were 

not affected. (n = 3) (B) Western blot showing three independent experiments showed 

significantly decreased protein levels of PTCH1 with a downward trend in SMO and no 

change in GLI1 following Nfat5 knockdown. In contrast to Shh transcript, SHH protein 
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levels remained unaffected in knockdown cells. (C) Predicted TonE binding sites identified 

by MatInspector (Genomatix Software Suite) in the proximal promoters of Ptch1 and Smo in 

rat, mouse, and human show high conservation. (E) Activation of canonical SHH signaling 

in notochordal-NP cells with SMO agonist (SAG) induced Gli1 mRNA but not Nfat5 mRNA 

levels. (n = 4) (F) Treatment with the SMO inhibitor cyclopamine (CyA) reduced levels of 

Gli1 mRNA but not Nfat5 mRNA (n = 4). Protein levels of NFAT5 measured by Western 

blot (G) and corresponding densitometry from three independent experiments (G’) show no 

effect on expression by both SAG and CyA treatment (n = 3). In G, one representative 

Western blot is shown. Quantitative measurements represent mean ± SD. n.s. = not 

significant; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001.

Tessier et al. Page 31

Dev Biol. Author manuscript; available in PMC 2020 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8: 
Model showing the role of NFAT5 in notochord morphogenesis. NFAT5 regulates expression 

levels of notochordal phenotypic markers Brachyury, CA3, and vimentin, while also 

controlling Shh signaling in notochord cells and collagen II deposition in the 

perinotochordal sheath and condensing mesenchyme. NC: Notochord; PCM: 

Perinotochordal condensing mesenchyme.
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KEY RESOURCES TABLE

Reagent or resource Source Identifier

Antibodies

Brachyury (goat polyclonal) R&D Systems, Inc., Minneapolis, MN AF2085

Carbonic anhydrase 3 (goat polyclonal) Santa Cruz Biotechnology, Inc., Dallas, 
TX sc-50715

Vimentin (rabbit monoclonal) Cell Signaling Technology, Inc., Danvers, 
MA D21H3

β-actin (rabbit monoclonal) Cell Signaling Technology, Inc., Danvers, 
MA 13E5

Aggrecan (rabbit polyclonal) MilliporeSigma, Bedford, MA AB1031

Chondroitin sulfate (mouse monoclonal) Abcam, Cambridge, MA ab34710

Collagen II (rabbit polyclonal) Fitzgerald Industries International, Acton, 
MA 70R-CR008

Collagen I (rabbit polyclonal) Abcam, Cambridge, MA ab34710

Sonic Hedgehog (rabbit polyclonal) Novus Biologicals, Centennial, CO NBP2-22139

Patched 1 (rat monoclonal) R&D Systems, Inc., Minneapolis, MN MAB41051

Smoothened (rabbit polyclonal) Abcam, Cambridge, MA ab72130

Gli1 (rabbit polyclonal) Abcam, Cambridge, MA ab151796

IFT88 (rabbit polyclonal) MilliporeSigma, Bedford, MA ABC932

Chemicals, Peptides, and Recombinant Proteins

Smoothened agonist (SAG) Abcam, Cambridge, MA Ab142160

Cylcopamine (CyA) LC Laboratories, Woburn, MA C-8700

Critical Commercial Assays

In situ Cell Death Detection Kit, TMR Red MilliporeSigma, Bedford, MA 12156792910

Experimental Models: Cell Lines

HEK 293 T cells ATCC, Manassas, VA CRL-3216

Experimental Models: Organisms/Strains

Nfat5+/Δ mice Provided by H. Moo Kwan, Ulsan 
National Institute of Science and 
Technology

Ift88f/f mice Provided by Bradley Yoder, University of 
Alabama

ShhcreERT2 mice The Jackson Laboratory 005623

Sprague Dawley Rats Charles River, Wilmington, MA Code: 400

RT-PCR Oligonucleotides

Nfat5 mouse genotyping WT (F): 5’-AAGGGCTTCTTCCAGAATGG-3’ Integrated DNA Technologies, Inc. 
Skokie, IL

Nfat5 mouse genotyping NFAT5+/Δ (F): 5’-
GTGTTTCTCAGCCAAGTAAGGTC-3’

Integrated DNA Technologies, Inc. 
Skokie, IL

Nfat5 mouse genotyping (R): 5’-
GGGCTATAGACATGCACCACCACACAG-3’

Integrated DNA Technologies, Inc. 
Skokie, IL

Ift88f/f mouse genotyping (common 5’ primer): 
GCCTCCTGTTTCTTGACAACAGTG

Integrated DNA Technologies, Inc. 
Skokie, IL
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Reagent or resource Source Identifier

Ift88f/f mouse genotyping (3’ flox and wild type primer): 
GGTCCTAACAAGTAAGCCCAGTGTT

Integrated DNA Technologies, Inc. 
Skokie, IL

Ift88f/f mouse genotyping (3’ delta allele primer): 
CTGCACCAGCCATTTCCTCTAAGTCATGTA

Integrated DNA Technologies, Inc. 
Skokie, IL

ShhcreERT2 mouse genotyping (transgene forward): 5’-
TGGCTACCCGTGATATTGCT-3’

Integrated DNA Technologies, Inc. 
Skokie, IL

ShhcreERT2 mouse genotyping (transgene reverse): 5’-
GAGCGGCGATACCGTAAAG-3’

Integrated DNA Technologies, Inc. 
Skokie, IL

ShhcreERT2 mouse genotyping (internal positive control forward): 5’-
CACGTGGGCTCCAGCATT-3’

Integrated DNA Technologies, Inc. 
Skokie, IL

ShhcreERT2 mouse genotyping (internal positive control reverse): 5’-
TCACCAGTCATTTCTGCCTTTG-3’

Integrated DNA Technologies, Inc. 
Skokie, IL

qRT-PCR Oligonucleotides

TonEBP (F) 5’-AAACGAAATCCAAAGCAGAGGCCG-3’ Integrated DNA Technologies, Inc. 
Skokie, IL

TonEBP (R) 5’-TTGCCTTTGTCCGTGGTAAGC-3’ Integrated DNA Technologies, Inc. 
Skokie, IL

Shh (F) 5’-AGCCTACAAGCAGTTTATCCC-3’ Integrated DNA Technologies, Inc. 
Skokie, IL

Shh (R) 5’-GTTCCTTAAATCGTTCGGAGTTTC-3’ Integrated DNA Technologies, Inc. 
Skokie, IL

Ptch1 (F) 5’-AGACAAGCCCATCGACATTAG-3’ Integrated DNA Technologies, Inc. 
Skokie, IL

Ptch1 (R) 5’-GCGGTCAGGTAGATGTAGAAAG-3’ Integrated DNA Technologies, Inc. 
Skokie, IL

Smo (F) 5’-TGAGTGGCATCTGCTTTGT-3’ Integrated DNA Technologies, Inc. 
Skokie, IL

Smo (R) 5’-GGAAGTAGCCTCCCATAAG-3’ Integrated DNA Technologies, Inc. 
Skokie, IL

Gli1 (F) 5’-ATGGATACTAGAGGGCTACAGG-3’ Integrated DNA Technologies, Inc. 
Skokie, IL

Gli1 (R) 5’-CCAGAGTGTCAGCAGAAGAAA-3’ Integrated DNA Technologies, Inc. 
Skokie, IL

Plasmids

shNFAT5 MilliporeSigma, Bedford, MA TRCN0000020019

Dev Biol. Author manuscript; available in PMC 2020 November 15.


	Abstract
	INTRODUCTION
	METHODS
	Mice
	Histological Analysis
	Whole Mount Skeletal Preparation
	TUNEL Assay
	Immunohistochemistry
	Digital Image Analysis
	NP cell isolation and treatment
	Lentiviral particle production and viral transduction
	Real-Time qRT-PCR
	Protein Extraction and Western Blotting
	Bioinformatics Analysis
	Statistical Analysis

	RESULTS
	Loss of NFAT5 delays the development of the vertebral column without inhibiting the formation of intervertebral discs
	NFAT5 is required for notochord cells to acquire their molecular signature and maintain cytoskeletal integrity
	Loss of NFAT5 alters deposition of major collagen subtypes during intervertebral disc embryogenesis
	Deletion of NFAT5 results in stage-dependent dysregulation of sonic hedgehog signaling in the notochord and early NP
	NFAT5-mediated regulation of sonic hedgehog signaling is cell autonomous in NP cells

	DISCUSSION
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:
	Figure 8:
	Table T1

