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FGF23 regulates renal phosphate and vitamin D metabolism. Loss of FGF23

results in massive calcification and rapid aging. FGF23 production is stimu-

lated by 1,25(OH)2D3 and NFjB signaling. Here, we report that treatment

of UMR106 osteoblast-like cells with 1,25(OH)2D3, inducing Fgf23 tran-

scription, resulted in actin polymerization which was blocked by NFjB inhibi-

tor wogonin. Interestingly, 1,25(OH)2D3-induced Fgf23 gene transcription

was abolished by the actin microfilament-disrupting agent cytochalasin B, as

well as by the inhibition of actin-regulating Rac1/PAK1 signaling. Our

results provide strong evidence that actin redistribution regulated by the

Rac1/PAK1 pathway participates in 1,25(OH)2D3 -induced Fgf23 gene

transcription.

Keywords: actin polymerization; cytochalasin B; fibroblast growth factor
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Fibroblast growth factor (FGF) 23 is a strong regulator

of phosphate and vitamin D homeostasis [1–3]. It is

mainly produced by bone osteoblasts and exerts major

effects in the kidney: FGF23 inhibits phosphate trans-

port in the proximal tubule as well as renal 25-hydroxy-

vitamin D 1a-hydroxylase (Cyp27b1) [1] and stimulates

25-hydroxyvitamin D 24-hydroxylase (Cyp24a1) [1].

The consequence is a decrease in the plasma concentra-

tion of phosphate and 1,25(OH)2D3, the biologically

active form of vitamin D. To mediate these renal

effects, FGF23 requires aKlotho as a co-receptor [4,5].

In addition, FGF23 is a powerful counteracter of

aging. Mice deficient for FGF23 or for aKlotho suffer

from rapid aging with a life span of a few weeks only

and numerous age-related diseases [5,6]. The rapid

aging is directly or indirectly dependent on the hyper-

phosphatemia of the mice as feeding them a low-phos-

phate or low-vitamin D diet greatly expands their life

span [7].

In contrast, excess FGF23 production due to

FGF23-synthesizing tumors in men results in osteoma-

lacia [8]. The regulation of FGF23 formation by bone

cells has remained ill-defined. Among the known trig-

gers of FGF23 expression are parathyroid hormone

(PTH) [9–11], 1,25(OH)2D3 [12,13] and increased diet-

ary phosphorus intake [14,15]. Mutations of the dentin
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matrix protein (Dmp1) or PHEX gene result in exces-

sive FGF23 synthesis in men, and Dmp1 has hence

been shown to be a negative regulator of FGF23 pro-

duction [16–21]. Other regulators are the sympathetic

nervous system [22] and iron [23–27].
Early and/or late actin restructuring, following

modifications of actin polymerization dynamics equi-

librium, is a cellular response initiated by various sig-

nals including growth factors and cytokines [28–34],
hormones [34–41], and ions [42,43]. Alterations of

actin organization, in turn, govern crucial cellular

functions and outcomes such as cell volume regula-

tion [43–48], survival [31,49], migration and cell

motility [50–53], secretion [54], cell growth and

proliferation [55] as well as apoptosis [38,49,56,57].

Specific actin cytoskeleton signaling pathways have

been reported to regulate both, early and late

actin reorganization [58–62] and the resulting cellular

outcomes.

1,25(OH)2D3 has been shown to initiate actin reor-

ganization in various cell types including osteoblasts

[63–66]. This effect was implicated in cellular

responses, such as osteoblast maturation [67], organi-

zation of the mitotic spindle [64], or inhibition of

cell proliferation [65]. Since FGF23 production is

stimulated by 1,25(OH)2D3 and NFjB signaling

[12,68,69] and both, vitamin D [63] and NFjB sig-

naling [31,39] are relevant for actin reorganization,

we investigated the role of actin dynamics in Fgf23

gene regulation in osteoblast-like cells. Our results

show that 1,25(OH)2D3 as well as NFjB signaling

induce a potent reorganization of actin cytoskeleton,

an effect regulating Fgf23 gene transcription via

Rac1/PAK1-dependent processes.

Materials and methods

Cell culture

UMR106 rat osteosarcoma cells were cultured in DMEM

high glucose medium supplemented with 10% FCS and 1%

penicillin/streptomycin under standard culture conditions.

Cells were pretreated with 100 nM 1,25(OH)2D3 (Sigma,

Schnelldorf, Germany). After 42 h cells were in addition

treated with 100 nM cytochalasin B (TOCRIS, Bristol,

UK), 50 lM Rac1 inhibitor NSC23766 (TOCRIS), 10 lM
IPA3 (TOCRIS), or with vehicle only for another 6 h and

then harvested for qRT-PCR. For western blotting cells

were treated with 1,25(OH)2D3 for 15 min, 30 min, or

24 h. For some experiments, cells were incubated with or

without 100 lM NFjB inhibitor wogonin (Enzo, L€orrach,

Germany) for 24 h and in addition treated with 100 nM

1,25(OH)2D3 or with vehicle for another 15 min.

Quantification of mRNA expression

Total RNA was isolated from the cells using Trifast

reagent (Peqlab, Erlangen, Germany). Messenger RNA was

transcribed with SuperScriptIII Reverse Transcriptase

(Invitrogen, Darmstadt, Germany) using random hexamers

(Invitrogen). 2 lg of RNA was used for cDNA synthesis.

For qRT-PCR analysis, the final volume of the qRT-PCR

reaction mixture was 15 lL and contained: 1 lL cDNA,

1 lM of each primer, 7.5 lL GoTaq Master Mix (Promega,

Mannheim, Germany), and sterile water up to 15 lL. PCR
conditions were set to 95 °C for 3 min, followed by 40

cycles of 95 °C for 10 s, 58 °C for 30 s, and 72 °C for 45 s.

Quantitative RT-PCR was performed on a BioRad iCycler

iQTM Real-Time PCR Detection System (Bio-Rad Labora-

tories, M€unchen, Germany).

The following primers were used:

Rat Tbp (TATA box-binding protein):

forward (50–30): ACTCCTGCCACACCAGCC

reverse (50–30): GGTCAAGTTTACAGCCAAGATTCA

Rat Fgf23

forward (50–30): TGGCCATGTAGACGGAACAC

reverse (50–30): GGCCCCTATTATCACTACGGAG

Calculated mRNA expression levels were referred to the

expression levels of Tbp of the same cDNA sample. All

qRT-PCRs were performed in duplicate. Relative quantifica-

tion of gene expression was expressed as 2Ct(Tbp)�Ct(Fgf23).

Measurement of F/G-actin ratio by triton X-

fractionation

For measurement of monomeric (Triton soluble) and poly-

merized (Triton insoluble) actin, UMR106 cells were incu-

bated for different periods with or without 1,25(OH)2D3,

wogonin, Rac1 inhibitor NSC 23766, or PAK1 inhibitor

IPA3 as indicated. Then, cells were harvested. Actin

cytoskeleton determination by Triton X-100 was performed

as described previously [70] with minor modifications.

Briefly, cells were incubated with 130 lL of Triton extrac-

tion buffer containing 0.3% TritonX-100, 5 mM Tris, pH

7.4, 2 mM EGTA, 300 mM sucrose, 2 lM phalloidin, 1 mM

PMSF, 10 lg�mL�1 leupeptin, 20 lg�mL�1 aprotinin, 1 mM

sodium orthovanadate, and 50 mM NaF for 5–7 min on

ice. The supernatant (G-actin) containing soluble protein

was removed. The Triton insoluble fraction remaining on

the culture plate was scraped and lyzed with RIPA buffer

(Cell Signaling, Frankfurt, Germany). An equal amount of

protein of each fraction was subjected to 10% SDS/PAGE.

The proteins were transferred onto PVDF membranes

which were then blocked with 5% nonfat dry milk powder

in TBS-T for 1 h at room temperature. Next, the mem-

brane was incubated overnight at 4 °C with pan-actin pri-

mary antibody (1 : 1000 in 5% BSA with TBS-T; Cell

Signaling) and washed 3–5 times with TBS-T. Then,
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incubation with secondary anti-rabbit horseradish peroxi-

dase-conjugated antibody was carried out for 1 h at room

temperature (1 : 2000; Cell Signaling). Blots were developed

by the ECL reagent (Amersham, Freiburg, Germany) and

band intensities were quantified by CHEMIDOC QUANTITY one

software (Bio-Rad).

Immunofluorescence

For fluorescence staining of actin, vitamin D receptor

(VDR), and nuclei, UMR106 cells were cultured on glass

chamber slides (BD biosciences, Heidelberg, Germany) for

24 h and treated with or without 1,25(OH)2D3 (100 nM)

and/or with cytochalasin B (500 nM; Sigma-Aldrich) as

indicated in the figure legends. After washing twice with

PBS, cells were fixed with 4% PFA for 15 min at room

temperature, permeabilized with 0.1% Triton-X100 for

10 min and blocked with 3% BSA in PBST. For actin

staining, the cells were incubated with rhodamine-phalloi-

din (1 : 200; Life Technologies, Darmstadt, Germany) and

with DRAQ-5 dye (1 : 3000; Biostatus, Leicestershire, UK)

for 30 min in the dark.

For another experiment, cells were incubated with anti-

VDR primary antibody (1 : 100; Santa Cruz Biotechnol-

ogy, Santa Cruz, CA, USA) at 4 °C overnight. Then, the

cells were washed three times with PBS and incubated with

CFTM 488A-labeled anti-rabbit secondary antibody (1 : 200,

Sigma-Aldrich) and with DRAQ-5 dye (1 : 3000; Biostatus)

for 1 h at room temperature.

All slides were washed with PBS and mounted with Pro-

Long Gold antifade reagent (Life Technologies). Images

were taken on a Zeiss LSM 5 EXCITER confocal laser

scanning microscope (Carl Zeiss, Göttingen, Germany)

with a water immersion Plan-Neofluar 40/1.3 NA DIC.

Statistics

Data are provided as means � SEM, n represents the num-

ber of independent experiments. All data were tested for

significance using Student’s t-test or ANOVA. Only results

with P < 0.05 were considered statistically significant.

Results

Our study addressed the role of the organization of

the actin cytoskeleton in Fgf23 transcription in

UMR106 osteoblast-like cells. First, we exposed the

cells to 1,25(OH)2D3, a well-characterized inducer of

FGF23 formation, and determined the changes in the

actin polymerization dynamics by western blotting.

Figure 1A,B illustrates that treatment with 1,25

(OH)2D3 resulted in a polymerization of the actin

cytoskeleton in UMR106 cells as apparent from an

increase in the F- over G-actin ratio. This effect was

evident after 15 or 30 min (Fig. 1A) and could be

observed even after 24 h (Fig. 1B), indicating an early

but persistent effect of 1,25(OH)2D3 on actin reorgani-

zation. Confocal laser scaning microscopy fully sup-

ported these findings, demonstrating a pronounced

actin cytoskeleton restructuring with the formation of

stress fibers (Fig. 2).

Recently, it has been shown that transcription factor

NFjB is involved in the signaling leading to the
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Fig. 1. 1,25(OH)2D3 induced

polymerization of the actin cytoskeleton in

UMR106 cells. (A) Original western blot

demonstrating G-actin and F-actin

abundance in UMR106 cells left untreated

(Ctr.) or treated for 15 or 30 min with

1,25(OH)2D3 (100 nM). Lower panel: Bars

showing arithmetic means � SEM of the

ratio of filamentous (F) over soluble (G)

actin in UMR106 cells (n = 6, *P ˂ 0.05,

**P < 0.01). (B) Original western blot

demonstrating G-actin and F-actin

abundance in UMR106 cells left untreated

(Ctr.) or treated for 24 h with 1,25(OH)2D3

(100 nM). Lower panel: Bars showing

arithmetic means � SEM of the ratio of

filamentous (F) over soluble (G) actin in

UMR106 cells (n = 15 *P ˂ 0.05).
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expression of FGF23 in bone cells [68]. Moreover,

NFjB signaling is implicated in TNFa- [31], steroid

hormones- [38] and IL8- [71] induced actin reorganiza-

tion in various cells. Therefore, we studied whether the

suppression of Fgf23 gene expression by NFjB inhibi-

tion also affects the actin cytoskeleton. As shown in

Fig. 3, NFjB inhibitor wogonin totally blocked the

polymerization of the actin cytoskeleton induced by

1,25(OH)2D3.

Likewise, we studied whether the early but persistent

1,25(OH)2D3-induced actin restructuring also impacts

on Fgf23 transcription in UMR106 cells. As shown

in Fig. 4, 1,25(OH)2D3 significantly up-regulated

Fgf23 gene transcription, an effect largely inhibited by

cytochalasin B, a potent blocker of actin polymerization.

This result implies a role of actin reorganization in

the regulation of Fgf23 transcription. In an effort to

identify the underlying mechanism, we first tried to

characterize the role of Rac1-governed actin cytoskele-

ton organization for Fgf23 expression. We treated

UMR106 cells with the Rac1 inhibitor NSC 23766 to

block Rac1-induced actin reorganization and deter-

mined 1,25(OH)2D3-induced Fgf23 transcription. As

shown in Fig. 5A, Fgf23 transcripts were significantly

reduced upon treatment of the cells with Rac1 inhibi-

tor NSC 23766, further supporting that Rac1-governed

actin restructuring may be directly implicated in 1,25

(OH)2D3-induced modulation of the Fgf23 expression

profile.

Rac1 has been shown to trigger downstream

PAK1, which in turn may as well control actin

polymerization [57,70]. Thus, we further analyzed

Fgf23 gene transcription in the presence of the speci-

fic PAK1 inhibitor IPA3. As illustrated in Fig. 5B,

1,25(OH)2D3-induced Fgf23 transcription was fully

blocked in the presence of IPA3, indicating a domi-

nant role of PAK1 signaling in Fgf23 expression.

Importantly, the Rac1 inhibitor NSC 23766 blocked
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Fig. 2. Confocal microscopy of 1,25(OH)2D3 -induced actin stress fiber formation in UMR106 cells. Confocal microscopy images

demonstrating actin staining (upper images), nucleus staining (middle images), or the merged staining (lower images) in UMR106 cells left

untreated or treated with 1,25(OH)2D3 (100 nM) for 15 min, 30 min, or 24 h.
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as expected actin polymerization in UMR106 cells as

well (Fig. 6), further supporting our conclusion that

actin redistribution upon 1,25(OH)2D3 treatment gov-

erns Fgf23 gene transcription in these cells. However,

PAK1 inhibitor IPA3 only moderately influenced

actin polymerization in UMR106 cells (Fig. 6).

Possibly, blocking the actin cytoskeleton with

cytochalasin B could impact on the expression and/or

trafficking of the vitamin D receptor (VDR). To test

this possibility, we analyzed the VDR localization in

UMR106 cells treated with or without 1,25(OH)2D3

in the presence or absence of cytochalasin B by con-

focal microscopy. As shown in Fig. 7, enhanced VDR

staining was obvious in 1,25(OH)2D3-treated cells for

24 h, an effect largely inhibited in the presence of the

actin polymerization inhibitor cytochalasin B. This

effect, however, was less evident at earlier time

points.

Discussion

According to our study, the production of the hor-

mone FGF23 was paralleled by polymerization of the

actin cytoskeleton in UMR106 osteoblast-like cells.

Moreover, reorganization of the actin network by

actin polymerization is required for the production of

FGF23 as blocking the actin polymerization with

cytochalasin B stopped the transcription of the Fgf23

gene. Likewise, suppression of FGF23 production by

inhibiting NFjB signaling with wogonin was paralleled

by a blockade of actin network reorganization. Our

study further provides novel mechanistic insight into

the 1,25(OH)2D3-induced regulation of Fgf23 gene

transcription by demonstrating the involvement of

Rac1 and PAK1 signaling. Indeed, we demonstrate

significant downregulation of Fgf23 expression up to

control levels upon blocking Rac1 and PAK1 activities

by specific inhibitors. Since the Rac1/PAK1 signaling

pathway is a key regulatory mechanism of actin

polymerization in various cell types [57,70,72,73], we

conclude that the control of Fgf23 expression by

1,25(OH)2D3 is restricted to Rac1/PAK1-signaling via

governing the 1,25(OH)2D3-induced actin cytoskeleton

reorganization.

Actin cytoskeleton reorganization, induced by vari-

ous signals and regulated by distinct signaling path-

ways, has been implicated in the control of gene

transcription in recent studies [61,74]. Indeed, it has

been reported that early initiation of actin polymeriza-

tion by various signals may liberate G-actin-associated

transcription cofactors, such as myocardin-related tran-

scription factor (MRTF) [74–76]. This transcription

factor may in turn stimulate transcriptional regulation

of various genes (for a review see [74]). Similarly, previ-

ous reports link early actin reorganization by polymer-

ization to the regulation of the RhoB-gene, facilitated

by enhanced RhoB promoter activity [29,77], as well as

the alpha Smooth Muscle Actin (alpha-SMA) gene

[29,78] and various guanine nucleotide exchanger fac-
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Fig. 3. 1,25(OH)2D3 -induced actin polymerization was abolished by

NFjB inhibitor wogonin. Original western blot demonstrating G-

actin and F-actin abundance in UMR106 cells left untreated (Ctr.)

or treated for 15 min with 1,25(OH)2D3 (100 nM) in the presence or

absence of NFjB inhibitor wogonin (100 lM). Lower panel: Bars

showing arithmetic means � SEM (n = 6) of the ratio of

filamentous (F) over soluble (G) actin in UMR106 cells. **P < 0.01.
##Indicates significant difference from 1,25(OH)2D3 alone

(P < 0.01).
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Fig. 4. Actin-depolymerizing agent cytochalasin B inhibited 1,25

(OH)2D3 –induced Fgf23 transcription. Arithmetic means � SEM

(n = 6) of the relative Fgf23 mRNA abundance in UMR106 cells

following a 6 h treatment with vehicle alone or with 1,25(OH)2D3

(100 nM) without or with cytochalasin B (100 nM). **P < 0.01.
#Indicates significant difference from 1,25(OH)2D3 alone (P < 0.05).
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tors (GEF’s), including Net1/Net1A [78]. These studies

revealed that early actin reorganization may regulate

the transcription of various genes encoding specific

regulatory effectors [74,75,79] and may link early modi-

fications of actin cytoskeleton dynamics to late cell

responses controlled by gene activation (for reviews see

[61,74]). Our results presented in this study provide fur-

ther support for this hypothesis. Indeed, actin restruc-

turing manifested by actin polymerization in 1,25

(OH)2D3-treated UMR106 osteoblast-like cells seems

to control 1,25(OH)2D3-induced Fgf23 gene transcrip-

tion, since blockade of actin polymerization, either by

the pharmacological inhibitor cytochalasin B, or by

inhibition of specific actin signaling molecules that gov-

ern actin polymerization totally inhibited the transcrip-

tion of the Fgf23 gene.

The Rac1 small GTPase is a major signaling effector

of actin polymerization [80,81], acting mostly down-
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Fig. 5. Rac1 and PAK1 inhibitors blocked

1,25(OH)2D3 –induced Fgf23 transcription.

(A) Arithmetic means � SEM (n = 7) of

the relative Fgf23 mRNA abundance in

UMR106 cells following a 6 h treatment

with vehicle alone or with 1,25(OH)2D3

(100 nM) without or with Rac1 inhibitor

NSC 23766 (50 lM). (B) Arithmetic

means � SEM (n = 6) of the relative

Fgf23 mRNA abundance in UMR106 cells

following a 6 h treatment with vehicle

alone or with 1,25(OH)2D3 (100 nM)

without or with PAK1 inhibitor IPA3

(10 lM). *,***P < 0.05, P < 0.001.
#,### indicate significant difference from
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stream of the FAK/PI-3K signaling pathway. It may

either directly stimulate actin polymerization, or it may

interact with PAK1 that in turn is implicated in actin

reorganization [70,81]. The data presented here provide

strong evidence that Rac1 (and PAK1) are mainly

involved in both, actin redistribution and Fgf23 gene

transcription, supporting previous studies, which estab-

lished an important role of Rac1 in osteoblastic cells

[82]. Although at present, we cannot exclude that also

other small Rho-GTPases, such as RhoA/B- signaling,

may as well be involved, our findings strongly indicate

that Rac1/PAK1-stimulated actin redistribution is

required for the 1,25(OH)2D3-induced production of

FGF23 in UMR106 osteoblast-like cells. Furthermore,

by controlling FGF23 formation through the regula-

tion of the actin cytoskeleton, Rac1/PAK1 signaling

may turn out to be a powerful regulator of renal phos-

phate and vitamin D metabolism. Further studies are

needed to define its exact role. In addition, since sup-

pression of FGF23 production by inhibiting NFjB sig-

naling with wogonin resulted in a blockade of actin

network reorganization, our findings further support

previous observations postulating the involvement of

NFjB signaling in actin cytoskeleton rearrangements

[31,38,71]. In theory, trafficking of the VDR may be

relevant for the effect of the reorganization of the actin

cytoskeleton on Fgf23 transcription. Indeed, confocal

microscopy showed an impact of cytochalasin B on the

cellular VDR expression upon 1,25(OH)2D3 treatment,

implying a possible role of actin restructuring in VDR

expression and relocalization, which may in turn regu-

late Fgf23 transcription. However, additional studies
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Fig. 7. Confocal microscopy of the cytochalasin B effect on the cellular localization of the vitamin D receptor (VDR). Confocal microscopy

images demonstrating VDR staining or the combined staining of VDR and nuclei in UMR106 cells left untreated or treated with 1,25(OH)2D3

(100 nM) for 15 min, 30 min, or 24 h in the absence (upper panels) or presence (lower panels) of cytochalasin B.
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are now needed to address in more detail the possible

cross-talk between actin reorganization and VDR

expression/translocation.

From the results reported in this study, we conclude

that the 1,25(OH)2D3-induced production of FGF23 in

UMR106 osteoblast-like cells requires reorganization

of the actin network a mechanism involving NFjB
and Rac1/PAK1 signaling. These findings support the

notion that actin cytoskeleton reorganization may be

implicated in the control of Fgf23-gene transcription.

Further studies are now needed to identify potential

factors that may regulate the transcription of Fgf23

via modification of the cytoskeletal structure.
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