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Complex Transcriptional Regulation of the Fibroblast Growth Factor-23 Gene by 
1,25-Dihydroxyvitamin D3: Evidence for Primary and Secondary Mechanisms 

Rimpi	  Saini1,	  Ichiro	  Kaneko1,	  G.	  Kerr	  Whi6ield1,	  Peter	  W.	  Jurutka1,2,	  and	  Mark	  R.	  Haussler1	  

Abstract 
Fibroblast growth factor 23 (FGF23) is a circulating phosphaturic hormone 
synthesized in osteocytes and osteoblasts that corrects 
hyperphosphatemic states by inhibiting renal phosphate reabsorption via 
the fibroblast growth factor receptor-1 and its klotho coreceptor. In a 
closed endocrine loop, 1,25-dihydroxyvitamin D3 (1,25D) induces FGF23 
expression in bone to act at the kidney to feedback repress CYP27B1 and 
suppress 1,25D synthesis. FGF23-null mice cannot correct the severe 
hyperphosphatemia and ectopic calcification that results from 1,25D-
stimulated calcium and phosphate intestinal absorption and renal 
reabsorption. Furthermore, abnormal concentrations of FGF23 have been 
linked to several potentially fatal pathologies, including chronic kidney 
disease and cardiovascular events. Previous reports document 
upregulation of FGF23 mRNA by 1,25D; however the exact molecular 
mechanism(s) for this phenomenon remain unknown. In preliminary 
research, we identified five functional vitamin D responsive elements 
(VDREs) in the human FGF23 gene region remote to the promoter that 
may directly control FGF23 gene transcription. However, these VDREs 
displayed only modest induction activity, implying that a secondary 
mechanism for transactivation by 1,25D must exist to explain the 
observed high magnitude induction of FGF23 mRNA and protein by 
vitamin D, in vivo, and in cultured osteoblasts. In the present study, we 
challenged our hypothesis that membrane and extracellular matrix 
proteins, namely klotho and/or osteopontin, induced by 1,25D-liganded 
vitamin D receptor (VDR), secondarily generate a signaling cascade to 
increase FGF23 production. Instead, by truncation and point 
mutagenesis, we characterized a novel cis-regulatory module in the 
proximal promoter of the mouse FGF23 gene, located between -400 and 
-200 bp from the transcriptional start site. An -0.6 kb murine FGF23 
promoter-reporter construct displays a 4-fold induction in response to 
1,25D when transfected into human leukemia (K562) cells. Mutation of 
one of the ETS1 sites at -346 bp within this construct, or an adjacent 
VDRE/Nurr1 site, reduces the transcriptional response to 1,25D to that of 
a minimal -0.06 kb promoter construct. Thus, the composite ETS-VDRE/
Nurr1 cis-element identified herein may function in 1,25D-elicited 
induction of FGF23 in a primary mechanistic manner via a novel VDRE 
located at -334 bp in the murine FGF23 promoter, and/or in a secondary 
fashion through 1,25D-mediated primary transcriptional activation of ETS1 
and Nurr1. Also, we demonstrate a significant 1.7- to 2.0-fold increase in 
transcription of a -1.0 kb murine FGF23 promoter construct in response to 
high calcium exposure of MC3T3 mouse osteoblastic cells. Thus, the 
FGF23 proximal promoter harbors cis-elements that drive responsiveness 
to 1,25D and calcium, agents that induce FGF23 to curtail the pathologic 
consequences of their excess. Our results contribute to comprehending 
the transcriptional regulation of FGF23 by providing evidence for cis-
regulatory elements within the FGF23 proximal promoter that are 
responsive to primary and secondary actions of 1,25D and calcium. These 
results may direct future therapeutic modalities in the treatment of FGF23-
related pathologies.  
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Figure 1 The vitamin D, FGF23, and klotho axis of mineral homeostasis 
(1) In response to low Ca2+ in blood, the parathyroid hormone (PTH) is secreted. (2) PTH 
induces 1(α)-OHase to catalyze the hydroxylation reaction of 25(OH)D3 to 1(α),25(OH)2D3 
or 1,25D. (3) 1,25D-liganded VDR raises the blood Ca2+ and PO4

3- ion product by intestinal 
absorption, bone resorption, and renal reabsorption. The negative feedback (dashed line) 
by Ca2+ ions in blood and 1,25D collaborate to inhibit PTH synthesis, closing the calcemic 
loop. (4) Increased levels of PO4

3- in blood due to mechanisms of (3) promote 1,25D-
mediated synthesis of FGF23 in osteocytes. (5) FGF23 functions to (a) reduce 1,25D 
production via 1(α)-OHase repression and (b) inhibit renal PO4

3- reabsorption by 
suppressing renal PO4

3- transporters to increase urinary PO4
3- excretion. 

•  The axis of mineral homeostasis is quite complex (Fig. 1), and requires 
FGF23 and 1,25D, among many other factors, to adequately regulate 
blood Ca and PO4

3- levels.  
•  Understanding the complex transcriptional regulation of FGF23 is 

paramount to develop future therapeutic modalities for FGF23-related 
pathologies. 

•  FGF23 synthesis is, in part, directly regulated by 1,25D, as described in 
our preliminary data identifying 5 VDREs located between the CTCF-
bound genomic insulators flanking the FGF23 gene1. 

•  FGF23 mRNA is dramatically upregulated by 1,25D/VDR; this induction 
is cycloheximide-sensitive, implying a secondary mechanism of 
transcriptional regulation. 

Hypothesis: The secondary control of FGF23 is exerted by 1,25D/VDR 
upregulation of transcription factors (e.g., ETS-1), as well as membrane 
proteins (e.g., klotho) and extracellular matrix proteins (e.g., osteopontin). 
Therefore, FGF23 gene expression appears to be regulated by 1,25D/VDR 
via a bona fide primary, VDRE-mediated pathway, and by induced protein-
derived, secondary, molecular mechanisms. 
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Figure 2 Quantitative real-time PCR results of FGF23 kinetics 
(A) Time-course of FGF23 and osteopontin (OPN) mRNA induction by 1,25D in UMR106 
cells. FGF23 mRNA induction began 2 hours post 1,25D treatment (8.6-fold), with a peak 
effect at 12 hours (522.3-fold). Similarly, OPN mRNA induction began 2 hours post 1,25D 
treatment (2.6-fold), with a peak effect at 12 hours (91.1 fold). Since 1,25D-mediated 
induction of both OPN and FGF23 peaks at the same time, OPN is likely not the induced 
protein mediator of FGF23 mRNA induction. (B) Graph displaying FGF23 mRNA expression 
after transfection of plasmids expressing the two forms of klotho, soluble (sKL) or 
membrane-bound (mKL), in UMR106 cells. The wild-type FGF23 promoter demonstrated a 
21.3 fold increase when treated with 1,25D in comparison to the ethanol control vehicle. 
This fold decreased modestly when cells were transfected with either sKL or mKL, to a 12.0-
fold and 18.7-fold increase, respectively. Because transfection with klotho alone does not 
mimic the increase in FGF23 elicited by 1,25D, and because klotho slightly decreases (but 
does not abrogate) the transcriptional fold-effect of 1,25D on FGF23 mRNA, klotho also 
cannot be the 1,25D-induced protein mediator of FGF23 transcriptional activation. (C) 
FGF23 and OPN mRNA kinetics plot, again demonstrating similar peak effects at 12 hours.  

Figure 3 DNA nucleotide sequence of the murine FGF23 promoter 
The cis-regulatory elements are color-coded for easy reference. FGF23 transcription 
begins at the 5' end of the underlined nucleotide sequence. The TATA box and ATG start 
codon are highlighted in green, and the two Nurr1 sites are in bold type font. The 
previously established (antisense) VDRE is highlighted in dark gray, while the newly 
discovered candidate VDRE is highlighted in magenta. Note the yellow-highlighted ETS1 
site located adjacent to the candidate VDRE. Also note the Nurr1 site located within the 3' 
half element of the candidate VDRE. See ref. 2 for more details.  

Figure 4 Transcriptional activation of the murine FGF23 proximal promoter  
(A) A promoter fragment containing 1.0kb of promoter sequence (1.0K) was linked to a 
luciferase reporter and transfected into K562 cells. Transcription of the reporter gene was 
stimulated three- to four-fold by 1,25D in the presence of 0.9mM (low) phosphate. This 
transcriptional effect is significantly reduced to less than two-fold when progressively 5'-
truncated promoter fragments are tested (see especially the 0.2K and the 0.06K 
truncations). (B) The profile of transcriptional stimulation by 1,25D of FGF23 promoter 
fragments, transfected into K562 cells, is essentially identical to that in the presence of 
3.0mM (high, panel B) phosphate concentrations when compared to the 0.9mM phosphate 
results in panel A. (C) High (6.0mM) calcium, but not high (3.0mM) phosphate, significantly 
(1.7-to 2.0-fold) induces the 1.0kb mouse FGF23 promoter-reporter construct when it is 
transfected into MC3T3-E1 osteoblast-like cells. In these cells, the murine FGF23 
promoter is not induced by 1,25D as it is in K562 cells. *P<0.05 and ***P<0.001. See ref. 2 
for more details. 

Figure 5 Activity of the 0.6kb FGF23 promoter with specific mutations  
When transfected into K562 cells, a 0.6kb promoter fragment-luciferase construct of the 
mouse FGF23 promoter yields a four-fold response to 1,25D. This effect is significantly 
diminished to 2.2- to 2.4-fold by the mutation of either the novel VDRE or the adjacent 
ETS1 site (*p<0.05 and ***p<0.001) (see Fig. 3 for location and sequence of these sites). 
When both are simultaneously mutated, the response to 1,25D exhibits a further (non-
significant) decrease to approximately 1.5 fold. Responses by all mutants (single or 
double) were not significantly different from that of the minimal promoter (0.06kb) control 
construct. See ref. 2 for more details.  
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In summary, we describe evidence for secondary mechanisms of FGF23 
transactivation, superimposed upon our discovery of a novel conserved, 
composite VDRE in the proximal promoter2, providing an explanation for the 
cycloheximide sensitivity and the robust 1,25D-mediated increase in FGF23 
production (Fig. 6). In addition, we disprove our hypothesis that osteopontin 
and/or klotho, two proteins known to be induced by 1,25D, in vivo, are the 
intermediary induced proteins that signal the secondary induction of FGF23 by 
1,25D (Fig. 2).  
Further investigation of the murine FGF23 proximal promoter revealed a 
1,25D-responsive element within the -200 to -400 bp region from the 
transcriptional start site (Fig. 4). A novel candidate VDRE was discovered in 
this region, surrounded by known cis-regulatory elements. Notably, a cis-
docking site for ETS1 is close to this putative VDRE, and a Nurr1 site is within 
the 3' half element of this VDRE. Point mutations of either site, or both sites 
simultaneously, resulted in decreased transcriptional activation (Fig.  5). With 
these data, we provide evidence for a novel cis-regulatory module (CRM) 
within the murine FGF23 promoter. Moreover, we introduce Nurr1 as a novel 
secondary transcription factor, as point mutations within the Nurr1 site 
decreased induction to that of the minimal activity of the 0.06kb promoter 
construct.  
We further conclude that Nurr1 and ETS1 cooperate as secondary mediators 
of FGF23 induction in response to 1,25D. Specifically, we propose that Nurr1 
is induced by 1,25D, and subsequently binds to Nurr1 binding site(s) in the 
FGF23 promoter, working alongside the ETS1 binding site (occupied by 
phospho-ETS1) to regulate transcription. We also suggest that an additional 
Nurr1 site, located 3' of the TATA-box, may have transcriptional activity 
because of the 1.5-2.0 fold increase in reporter expression observed with the 
0.06kb FGF23 promoter construct upon treatment of cells with 1,25D. 
Further research is needed to fully characterize the relationship between 
1,25D and FGF23, such as mutagenesis of the proximal Nurr1 site and 
experimental confirmation that Nurr1 is 1,25D-inducible. The kinetics of Nurr1 
mRNA induction by 1,25D should also be compared to those of FGF23 via rt-
PCR. 
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Figure 6  Model of FGF23 transcriptional regulation by 1,25D, Leptin, IL-6, and PTH at 
the FGF23 promoter 
The present data suggest that the 1,25D-VDR-RXR complex exerts combined primary 
and secondary regulation on the expression of the human FGF23 gene via a novel 
composite cis-regulatory module (CRM) containing binding sites for ETS1, VDR and 
Nurr1 (ETS1-VDRE-NBRE, where NBRE is Nurr1 binding responsive element). Other 
binding sites contributing to the secondary mechanism of FGF23 induction by 1,25D 
include those for STAT1 and STAT3, as well as an additional VDRE upstream, for which 
cognate factors are either reported1 or postulated to be upregulated by 1,25D. The 
signals that lead to STAT1 and STAT3 phosphorylation are not the subject of this 
scholarly project, although IL-6 and leptin are known to signal via STAT1 and STAT3, 
respectively, with both modulating 1,25D-induction of FGF23.1 For completeness, this 
model includes primary PTH induction of FGF23 via pathways involving GSK3β, β-
catenin and PKA, and secondary induction by PTH via NURR1, converging with 
secondary induction by 1,25D via NURR1. Gsα* is mutated to a constitutively active G-
protein in McCune-Albright Syndrome, in which FGF23 is overexpressed to cause 
hypophosphatemia.  
 

•  The rat osteogenic sarcoma (UMR106),  human CML bone marrow (K562), 
and mouse embryonic preosteoblast (MC3T3-E1) cells lines were cultured 
per the American Type Culture Collection recommendations. 

•  Total UMR106 RNA was harvested using an Aurum Total RNA Mini Kit and 
reverse transcribed using the iScript cDNA Synthesis kit for use in real-time 
PCR (rt-PCR). 

•  Rt-PCR was performed in an ABI System7500 Fast thermal cycler using the 
Roche Fast Start Universal SYBR Green Master Mix, custom primers, and 
2µl of cDNA in a 20µl reaction. 

•  Using the murine FGF23 promoter fragments gifted from Drs. Ito and 
Miyamoto and the Agilent Quick Change II XL Kit, mutagenesis of the ETS-1 
site and VDRE was performed in the 0.6kb promoter luciferase construct.  

•  Using the SignaGen PolyJet reagent, the FGF23 promoter constructs were 
transfected into K562 cells and the 1.0kb FGF23 promoter construct was 
transfected into phosphate- or calcium-treated MC3T3-E1 cells. Luciferase 
was measured using the Promega Dual Luciferase Assay kit.  


