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Organic phosphate but not inorganic
phosphate regulates Fgf23 expression
through MAPK and TGF-8 signaling

Danielle M.A. Ratsma,’ Max Muller,” Marijke Koedam," Johannes P.T.M. van Leeuwen,” M. Carola Zillikens,'
and Bram C.J. van der Eerden’2*

SUMMARY

One of the main regulators of phosphate homeostasis is fibroblast growth factor 23 (FGF23), secreted by
osteocytes. The effects of organic versus inorganic dietary phosphate on this homeostasis are unclear.
This study used MC3T3-E1 FGF23-producing cells to examine the transcriptomic responses to these phos-
phates. Most importantly, the expression and secretion of FGF23 were only increased in response to
organic phosphate. Gene ontology terms related to a response to environmental change were only en-
riched in cells treated with organic phosphate while cells treated with inorganic phosphate were enriched
for terms associated with regulation of cellular phosphate metabolism. Inhibition of MAPK signaling
diminished the response of Fgf23 to organic phosphate, suggesting it activates FGF23. TGF-p signaling
inhibition increased Fgf23 expression after the addition of organic phosphate, while the negative
TGF-B regulator Skil decreased this response. In summary, the observed differential response of
FGF23-producing to phosphate types may have consequences for phosphate homeostasis.

INTRODUCTION

Phosphate is an essential nutrient for skeletal health and plays a role in numerous metabolic processes.' Phosphate is present in most food
sources either as naturally occurring organic phosphate or as added inorganic phosphate. In healthy people, 40-60% of the organically bound
phosphate will be absorbed in the intestine. In contrast, up to 100% of the ingested inorganic phosphate can be absorbed.”* Higher dietary
phosphate content will result in higher urinary and fecal phosphate excretion. Although this may seem straightforward, the dietary phosphate
type could influence phosphate homeostasis by affecting its absorption and excretion.

As the Western diet drastically changed throughout the years, we now ingest more inorganic phosphate than previous generations did.” In
order to consume food and beverages longer after their production, food additives are frequently being added as preservatives. Phosphorus
is the main component of these additives, often as phosphoric acids, orthophosphates, or polyphosphates. There is currently no recommen-
ded limit for the amount of food additives that can be used in a product.” Both European law and the Food and Drug Administration (FDA)
dictate that manufacturers must report which additives are used in their products, but it does not require reporting the quantities of those
additives. Moreover, there are no guidelines yet for labeling of food products for phosphate, as opposed to sodium, potassium, and other
salts.” Since the use of food additives is widespread, inorganic phosphate from food additives can accumulate to 30% of the total phosphate
intake. The high absorbability of these phosphate in the intestine will increase the phosphate burden even more.®

In the small intestine, both inorganic and organic phosphate from the diet are absorbed through a combination of passive (paracellular)
and active (transcellular) transport mechanisms.” Transcellular transport is considered dominant at low luminal phosphate concentrations,
where carrier proteins actively facilitate the absorption of inorganic and organic phosphate into intestinal epithelial cells.® However, with
increased phosphate concentrations, as seen in a high-phosphate diet, paracellular phosphate transport becomes more prominent. In
this context, passive movement of phosphate ions across the intestinal epithelium plays a dominant role. High levels of dietary inorganic
phosphate, through passive transport, could contribute to elevated blood phosphate levels, potentially disrupting the balance between
bound and unbound phosphate in the circulation, resulting in higher serum phosphate levels.”?'°

Several studies have shown that high inorganic dietary phosphate intake and/or high normal serum phosphate levels could pose serious
health risks.”""~"* For example, in mice, a high inorganic phosphate diet has been associated with skeletal muscle atrophy, kidney injury,
abnormal brain growth, increased lung cancer progression, and weight gain.'>' Other studies also considered the source of dietary phos-
phate. Kawamura et al. (2018) found that a high inorganic phosphate containing meal resulted in a reduction of endothelium-dependent
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vasodilation and contributed to the development of cardiovascular disease, while a diet rich in organic phosphate had no such effect.”” More-
over, a study in cats showed that the source of phosphate influences the availability, serum levels and renal excretion of phosphate.? Similarly,
a study in dogs showed that feeding inorganic food increased serum phosphate, while organic food sources did not.** In patients with kidney
disease who are unable to excrete phosphate, high serum phosphate levels are associated with morbidity and mortality.”” But also in a healthy
population high-normal serum phosphate levels have been associated with coronary calcification and cardiovascular events, with a stronger
effectin men.??’ Together, these findings in animal studies indicate that the source of phosphate affects the response to it leading to higher
serum levels and suggest that a high inorganic phosphate load is damaging to health. It is currently unknown whether a high inorganic diet
shifts the ratio of circulating inorganic and organic phosphate toward inorganic phosphate.

Maintenance of phosphate homeostasis is hormonally regulated by a kidney-bone-intestine axis.”® Osteocytes residing in the mineralized
bone secrete fibroblast growth factor 23 (FGF23) in response to rising serum phosphate levels.”” FGF23 binds to FGF receptor 1c (FGFR1¢)
and its co-receptor a-klotho in the kidney. This results in (1) internalization and decreased gene expression of the sodium-dependent phos-
phate transporters from the Slc34 family, preventing phosphate reabsorption and in (2) inhibition of 1,25-dihydroxyvitamin D (1,25(OH),D)
synthesis by inhibiting the expression of Ta-hydroxylase.>*=? Lower 1,25(0H),D levels will result in reduced active phosphate absorption
by the intestine.****

In vitro and in vivo studies thus far looking into the direct response of FGF23 to phosphate have been inconclusive. Some controlled
feeding studies in human subjects found increased serum FGF23 levels after consumption of a high phosphate containing meal, while others
did not.>>*’ A similar discrepancy was found in vitro; several studies saw no increase in FGF23 transcripts when osteocytes were treated with
inorganic phosphate,””** while others found elevated expression in response to inorganic phosphate treatment.**** The investigation of
direct impacts of organic and inorganic phosphates in in vivo feeding experiments proves challenging due to the absence of information
regarding the specific circulatory forms of these phosphates. However, in a recent study by Simic et al. (2020), mice were injected with either
organic glycerol-3-phosphate (G-3-P) or inorganic sodium hydrogen phosphate, bypassing intestinal absorption. Only the mice injected with
G-3-P had elevated FGF23 levels, indicating that osteocytes may respond differently to organic and inorganic phosphate.*>“¢

Comparative studies on organic versus inorganic phosphate mostly focus on their consequences in vivo and adverse health outcomes of
these types of phosphate. However, in vivo studies often do not provide mechanistic insights at the cellular and molecular level. Studies about
whether FGF23 secreting cells respond differently to these two phosphate sources are inconclusive. This paper will explore the response of
FGF23-producing cells to both types of phosphate in vitro, to study whether their effects on FGF23 differ. To this end, murine MC3T3-E1 cells
were treated with organic and inorganic phosphate sources, after which RNA sequencing was performed. Here we reveal the response to
organic versus inorganic phosphate and describe novel pathways controlling FGF23 production.

RESULTS

FGF23 is only regulated by organic phosphate

To study the response of FGF23-producings cells to different types of phosphate, the murine mouse cell line MC3T3-E1 was differentiated
into osteocyte-like cells, expressing osteocyte-markers Dmp1, Fgf23, and Sost, in three weeks and then cultured for 1 week in the absence of
BGP (Figures STA-S1C). Addition of dexamethasone to the cell culture medium was essential for the differentiation of the cells (Figures S1D-
S1F). In order to study the different effects of organic and inorganic phosphate on FGF23-secreting cells, MC3T3-E1 cells were treated with
several organic and inorganic phosphates for 24 hours followed by gPCR analysis and ELISA for FGF23. Subsequently, RNA sequencing was
performed to gain more insight in transcriptional changes post-treatment. Gene signatures of organic and inorganic phosphate were
compared to identify uniquely regulated genes for each type of phosphate. Finally experiments with specific compounds were performed
to determine whether regulated genes are involved in the regulation of FGF23 (Figure 1). First MC3T3-E1 cells were treated with B-glycero-
phosphate (BGP), phosphate B-glucosamine-6-phosphate (B-6-P), N-acetyl-D-galactosamine-6 phosphate (N-6-P), or glycerol-3-phosphate
(G-3-P) as organic phosphate sources or Na;HPO4/NaH,PO,4 (NaHPOA4) or with KyHPO,/KH,PO, (KHPO4) as a source of inorganic phosphate
for 24 h at day 27 of cell culture after which gene expression was studied using gPCR. Expression of Fgf23 was increased by BGP (12.8-fold),
B-6-P (10.9-fold), and N-6-P (9.2-fold), while treatment with G-3-P, NaHPO4, or KHPO4 failed to do so (Figure 2A). Moreover, secretion of
intact FGF23 (6.2, 7.7 and 5.9-fold, respectively) and C-terminal FGF23 (5, 6.2 and 4.5-fold, respectively) was increased by BGP, B-6-P or
N-6-P, but not by NaHPO4 and KHPO4 (Figures 2B and 2C), while no FGF23 was detectable in the conditioned medium from the cells treated
with G-3-P (data not shown). Interestingly, another known phosphate response gene, Dmp 1, was upregulated by all types of phosphate (Fig-
ure 2D). Taken together, we found that organic phosphates (BGP, B-6-P, and N-6-P) significantly increased Fgf23 expression and secretion of
intact and C-terminal FGF23 in differentiated MC3T3-E1 cells, while inorganic phosphates (NaHPO4 and KHPO4) did not, suggesting distinct
effects of different phosphate sources on FGF23. Intriguingly, despite previous studies demonstrating upregulation of Fgf23 in response to
G-3-P treatment, G-3-P did not have this effect on the regulation of Fgf23 in our experiments.”®

Treatment with BGP and NaHPO4 results in distinct gene expression profiles

To investigate how organic phosphates stimulate the expression and secretion of FGF23, we performed RNA sequencing comparing gene
expression patterns after treatment with BGP as organic phosphate or NaHPO4 as inorganic phosphate. To study the spatial distribution be-
tween the samples after RNA sequencing, principal-component analysis (PCA) was performed. PCA showed that the three groups (Control,
BGP, and NaHPO4) were separated into three different clusters based on two principal components explaining 85% of the variance in the
dataset (Figure 2E). The heatmap of differentially expressed genes (DEGs) compared to the control indicates that all three replicates for
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Figure 1. Overview of the experimental set-up

Different phosphates. MC3T3-E1 cells were treated with different types of organic (green) and inorganic (phosphates) at day 27 for 24 h, after which a gPCR for
Fgf23 and Dmp1 was performed. RNA sequencing. BGP (organic) and NaHPO4 (inorganic) were used for RNA sequencing after phosphate treatment at day 27.
Comparison. Gene signatures of BGP and NaHPO4 were compared to find uniquely regulated genes and pathways by each type of phosphate. FGF23
regulation. Compounds were used to study whether found regulated genes were involved in the regulation of FGF23. Created with BioRender.com.

each condition showed similar expression profiles. Moreover, it shows different clusters of up- and downregulated genes for the different
treatments (Figure 2F). Together, these data indicate that FGF23-producing cells show a distinct response toward different types of phos-
phate. Further analyses of the DEGs showed that BGP upregulated 56 and downregulated 10 genes, while NaHPO4 upregulated 43 genes
and downregulated 25 genes compared to control samples (Figure 2G, Tables S1 and S2). Twenty-eight of the upregulated but none of the
downregulated genes overlapped between the two types of phosphate (Figure 2H). Moreover, the upregulated genes by BGP did not over-
lap with the downregulated genes by NaHPO4 and vice versa. In agreement with earlier results, Fgf23 (indicated with arrow in Figure 2 panel I)
showed a 7-fold increase in response to BGP but was not regulated by NaHPO4 (Figures 21 and 2J), while Dmp1 (indicated with arrow in Fig-
ure 2 panel | and J) was upregulated by both BGP (2.9-fold) and NaHPO4 (2.8-fold). Moreover, these results were confirmed in the murine
osteocyte cell line OmGFP66 Fgf23 was only regulated by BGP (7.9-fold), while Dmp1 was regulated by both BGP (99.6-fold) and
NaHPO4 (39.3-fold) (Figures S1G and S1 H).*

ALP expression and activity in response to organic and inorganic phosphate

Once added to cell culture medium, BGP is rapidly degraded into inorganic phosphate by alkaline phosphatase (ALP, encoded by ALPL).** To
study whether BGP or NaHPO4 affects this, we measured ALP activity and expression after addition of BGP or NaHPO4 to the cell culture
medium. Expression of Alp/was unchanged 24-h after BGP treatment, while NaHPO4 treatment decreased the expression of Alpl (Figure S11).
On the other hand, ALP activity was decreased by BGP and unaffected by NaHPO4 (Figure S1J). These results indicate a nuanced response of
ALP to different phosphate sources, emphasizing potential complexities in the interplay between organic and inorganic phosphates and their
effects on ALP-mediated processes within our experimental model. Moreover, the ALP activity rate in our model implies that BGP is converted
to inorganic phosphate in this model, while directly added inorganic phosphate does not increase FGF23.

BGP and NaHPO4 each regulate unique pathways and processes

Gene ontology (GO) analysis was performed to provide functional interpretation of the 56 and 44 upregulated DEGs by BGP and NaHPO4,
respectively. Several GO-terms were enriched in both treatment groups, while others were uniquely enriched by either of the two phosphate
treatments (Figures 3A, S2A, and S2B). Interestingly, terms indicating that cells respond to an environmental change (GO:0104004: cellular
response to environmental stimulus and GO:0007167: enzyme-linked receptor protein signaling pathway) were only enriched in cells treated
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Figure 2. Only organic phosphate regulates FGF23

(A) Expression of Fgf23 by organic and inorganic phosphate in which the gray bar represents the control, green bars represent organic phosphate, and orange
bars represent inorganic phosphate.

(B and C) Secretion of (B) C-terminal and (C) intact FGF23 after treatment with organic and inorganic phosphate in which the gray bar represents the control,
green bars represent organic phosphate, and orange bars represent inorganic phosphate.

(D) Expression of Dmp1 by organic and inorganic phosphate in which the gray bar represents the control, green bars represent organic phosphate, and orange
bars represent inorganic phosphate.

(E) PCA plot for the following treatments: Control (gray), 4 mM BGP (green), and 4 mM NaHPO4 (orange).

(F) Heatmap based on differentially expressed genes (DEGs) for the following treatments: Control (gray), 4 mM BGP (green), and 4 mM NaHPO4 (orange).
(G) Total DEGs for BGP (green) and NaHPO4 (orange).

(H) Venn diagrams for shared and unique DEGs by BGP (green) and NaHPO4 (orange).

() Volcano plot DEGs by BGP treatment in which blue dots represent downregulated genes and red dots represent upregulated genes.

(J) Volcano plot for DEGs regulated by NaHPO4 in which blue dots represent downregulated genes and red dots represent upregulated genes. Gene expression
was normalized to housekeeping gene 36.b4. Error bars indicate +SEM. Significance was indicated as following: *p < 0.05, ***p < 0.001, ****p < 0.0001.
Abbreviations: BGP: B-glycerophosphate, B-6-P: B-glucosamine-6-phosphate, N-6-P: N-acetyl-D-galactosamine-6 phosphate, NaHPO4: Na,HPO,/NaH,POy,,
KHPO4: KoHPO4/KH,PO,.

with BGP (Figure 3A, Table S3). GO-terms indicating regulation of cellular phosphate metabolism (GO:0005315: inorganic diphosphate trans-
port and GO:0030643: cellular phosphate ion homeostasis) were only enriched in cells treated with NaHPO4 (Figure 3A, Table S4).

Gene set expression analysis (GSEA) was performed on the full dataset to study whether certain Hallmark gene sets were enriched
following the phosphate treatments (Figure S2C). The only gene set significantly enriched by both BGP and NaHPO4 treatment was
"KRAS SIGNALING UP”. In addition to KRAS signaling, BGP resulted in significant enrichment of the gene sets for the following signaling
pathways: “IL2 STAT5 SIGNALING”, "TGF-p SIGNALING"”, and “TNF-a. SIGNALING VIA NF-kB". Other significant enriched gene sets
by organic phosphate included “ESTROGEN RESPONSE EARLY”, “EPITHELIAL MESENCHYMAL TRANSITION”, “APOPTOSIS", and
"APICAL JUNCTION". NaHPO4 on the other hand resulted in enrichment of the gene set for “MTORC1 SIGNALING" and was enriched
for several gene sets implicating involvement in cell proliferation, namely “"E2F TARGETS", “G2M CHECKPOINT", and “MYC TARGETS
V1" (Figure S2C). Furthermore, inorganic phosphate treatment led to enrichment of gene sets for “ALLOGRAFT REJECTION” and
"PROTEIN SECRETION". Together these data show that processes and signaling pathways regulated by different types of phosphate are
highly distinctive.

To generate a more stringent list of genes only regulated by BGP, we compared the transcriptome following the BGP treatment with that
of NaHPO4. For this, we compared the list of DEGs following BGP treatments versus the control (Figure 2J) and versus NaHPO4 treatment
(Figure 3B, Tables ST and S5). Genes that were differentially expressed after BGP treatment compared to both the control and NaHPOA4 treat-
ment were selected for further study as they show the same regulation pattern as Fgf23. This resulted in a list of 21 upregulated genes and 1
downregulated gene (Figure 3C). Of these 22 DEGs, 9 showed a stronger upregulation in response to BGP than to NaHPO4, while 13 genes,
including Fgf23, were uniquely regulated by BGP (Table Sé). Apart from Fgf23 (Figure 2B), the other 12 genes were validated using the other
phosphates N-6-P, B-6-P, and KHPO4 to see whether they responded similarly to BGP and NaHPO4. Of the 12 genes tested, three were signif-
icantly regulated by the organic phosphate but not by the inorganic phosphate (Figure 3D) and therefore elastin (Eln), hairy enhancer of split-1
(Hes1) and SKl-like proto-oncogene (SnoN, encoded by Skil) were marked as potentially associated with FGF23, as they have the same regu-
lation pattern as Fgf23. Early growth response (Egr) —1, —2, and —3 were included in the analysis as positive controls, as they are known down-
stream targets of MAPK signaling, which has been associated with FGF23 regulation before."”’

Using IPA, upstream regulator analysis was performed on all genes differentially expressed after treatment with BGP to screen for potential
upstream regulators in the dataset. This revealed not only several upstream regulators including phosphate but also TGF-B1 (Figure S2D),
which is central to the TGF-B signaling pathway as found in the GSEA analysis (Figure S2C).

MAPK and TGF-f signaling are involved in regulation of FGF23 by phosphate
To further examine whether EGR1, EGR2, and EGR3, HES1, SKIL, and TGF- signaling are directly involved in the regulation of FGF23, inhib-
itors were used against these proteins and signaling pathways. ELN was excluded from further scrutiny as we found no possibility to inhibit it in
differentiated MC3T3-E1 cells. MEK inhibitor UD126 was used to inhibit MAPK signaling.>” Both Fgf23 and Dmp1 expression were decreased
when U0126 was used (Figures 4A and 4B). BGP increased Fgf23 (F(1,20) = 55.07, p < 0.0001) and Dmp1 F(1,20) = 296.14, p < 0.0001) while
U0126 decreased the expression of Fgf23 F(df) = 77.78, p < 0.0001) and Dmp 1 F(df) = 215.42, p < 0.0001). The combined treatment of U0126
and BGP resulted in significantly lower expression levels of both Fgf23and Dmp 1 compared to the treatment with BGP alone (Figures 4A and
4B). Two-way ANOVA analyses showed a strong significant interaction effect between BGP and U0126 in regulation of both Fgf23 (F(1,20) =
55.07, p <0.0001) and Dmp1 (F(1,20) = 296.14, p < 0.0001), implicating the functional involvement of MAPK signaling in regulation of FGF23
and DMP1 expression by BGP. The response to BGP by Egr1, -2, and -3 was inhibited by MEK inhibitor U0126, but no significant interaction
between BGP and U0126 was found, while Hes1, Skil, and Eln were unaffected by U0126 (Figures S3A-S3F). Together these data indicate that
expression of Fgf23, Dmp1, Egrl, 2, and 3 are regulated by the MAPK signaling pathway.

Perhexiline, a HES1 gene expression signature antagonist,” did not inhibit BGP-induced regulation of Fgf23 or Dmp1 expression, indi-
cating thatitis unlikely that HES1 is a regulator of FGF23 (Figures 4A and 4B). The other genes of interest were also not affected by perhexiline,
suggesting that HES1 does not have a regulating role, but rather is co-regulated with FGF23.
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Figure 3. BGP and NaHPO4 regulate unique pathways and processes

(A) Results from gene ontology (GO) analysis comparing the top 15 most significantly enriched biological processes for treatment with 4 mM BGP and 4 mM
NaHPO4 in which the color represents the false discovery rate (FDR).

(B) Volcano plot DEGs by BGP treatment versus control in which blue dots represent downregulated genes and red dots represent upregulated genes.

(C) Venn diagrams of genes that are regulated in both BGP versus control (purple) and BGP versus NaHPO4 (blue) conditions.

(D) Heatmap of genes regulated uniquely by BGP tested on different phosphates by gPCR, color represents the log2 fold change (Log2FC) after treatment with
4 mM of the indicated phosphate. Gene expression was normalized to housekeeping gene 36.b4. Error bars indicate +SEM. Significance was indicated as
following: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Abbreviations: BGP: B-glycerophosphate, B-6-P: B-glucosamine-6-phosphate, N-6-P: N-acetyl-
D-galactosamine-6 phosphate, NaHPO4: Na,HPO,/NaH,PO,4, KHPO4: KoHPO4/KH,PO,.

Skil (SnoN), a protein that exhibited the same regulation pattern as FGF23 in our earlier analyses, is known for its negative regulation of
TGF-B signaling—a pathway identified as regulated by BGP in our GSEA analysis—is degraded by the ubiquitin-proteasome pathway. The
proteasome inhibitor MG 132 has been shown to stabilize SnoN and decrease TGF-B activation.” Interestingly, MG132 inhibited the expres-
sion of Fgf23 (F(df) = 71.58, p < 0.0001) and Dmp1 (F(df) = 265.07, p < 0.0001), indicating that SnoN may act as a negative regulator of FGF23,
despite showing a similar regulatory pattern as Fgf23in our RNA sequencing experiment. (Figures 4A and 4B). Moreover, we observed a sig-
nificant interaction effect between BGP and MG132 on both Fgf23 (F(1,20) = 41.61, p < 0.0001) and Dmp1 (F(1,20) = 140.91, p < 0.0001).
Combining the treatments resulted in reduced Fgf23 and Dmp1 expression compared to BGP alone (Figures 4A and 4B). Interestingly,
Smad?7, which like SnoN is a negative regulator of TGF-B signaling, was not affected by BGP alone, but showed increased expression
when BGP was combined with MEK inhibitor U0126 (Figure S3G).>° Together, these data indicate that stabilization of SnoN results in
decreased expression of Fgf23, Dmp1, Hes1, Skil, Eln, Egr1, -2, and -3, indicating that these genes might be regulated by TGF-B. Moreover,
the regulation of Smad7 by BGP in the absence of MAPK signaling indicated that there is crosstalk between MAPK signaling and TGF-B
signaling in the presence of BGP.

As MG132is non-specific for SnoN, we performed additional experiments to show that indeed TGF-B signaling is involved in the regulation
of FGF23. To this end, three different inhibitors of the TGF-B signaling pathway were used. LY364947 inhibits both canonical and non-canon-
ical signaling by blocking phosphorylation of TGF-B receptors 1 and 2, SM16 inhibits phosphorylation of SMAD2 and SMAD3, while
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Figure 4. Regulation of FGF23 by different phosphate through MAPK and TFG-p signaling

(A and B) Expression of (A) Fgf23 and (B) Dmp1 after treatment with 4 mM BGP, 10 uM MEK inhibitor U0126, HES1 inhibitor 15 uM perhexiline, proteasome
inhibitor 1 uM MG132, or a combination.

(C and D) Expression of (C) Fgf23 and (D) Dmp1 after treatment with 4 mM BGP, TGF-B inhibitors: 5 uM LY364947, 10 uM SM16 or 10 uM IN130, or a combination.
(E-G) Expression of (E) Fgf23, (F) Dmp1 and (G) Skil after addition of 10ng/mL TFG-B for 3, 6 or 24 h.

(H and I) Expression of (H) Skil and (I) Fgf23 after addition of 4 mM NaHPO4 for 3, 6 or 24 h. Gene expression was normalized to housekeeping gene 36.b4. Error
bars indicate £ SEM. Significance was indicated as following: **p < 0.01, ***p < 0.001, ****p < 0.0001.

IN130 inhibits SMAD2 phosphorylation and its nuclear translocation.”® LY364947 (F(1, 20) = 22.26, p = 0.0001), SM16 (F(1, 20) = 29.75, p =
0.0001), and IN130 (F(1,20) = 17.58, p = 0.0004) all synergistically increased Fgf23 expression (Figure 4C). In contrast, the Dmp1 response
to BGP was decreased in the presence of each of the TGF-B inhibitors, with significant interaction between LY364947 (F(1,20) = 9.46, p =
0.006) or IN130 (F(1,20) = 22.13, p = 0.0001) and BGP (Figure 4D). The response of Hes1, Eln, and Egr3 was not altered by TGF-B inhibitors,
while expression of Skil was decreased regardless of BGP (Figures S4A-S4C and S4F). The expression of Egr1 and -2 was slightly increased by
BGP when SMAD phosphorylation was inhibited by SM16 but remained unchanged following treatment with either of the other two inhibitors
(Figures S4D and S4E). Smad7 was downregulated by LY364947 and IN130 but not by SM16 (Figure S4G).

In agreement with these results, treatment with recombinant TGF-B1 resulted in decreased Fgf23 expression within 3 h (Figure 4E), while
expression of Dmp1 was unaffected at that time point. Meanwhile, Skil expression was strongly increased within 3 h of TGF-B1 addition (Fig-
ure 4G). These findings suggest that TGF-B signaling exerts a negative regulatory effect on Fgf23 expression, potentially mediated through
the modulation of Skil. To investigate whether activation of TGF-B signaling is involved in the lack of regulation of Fgf23 by inorganic phos-
phate, we studied the expression of Skil and Fgf23 after 3-, 6-, and 24-h treatment with NaHPO4. Notably, we observed an upregulation of Skil
expression 3 h after NaHPO4 treatment and decrease in Fgf23 expression (Figures 4H and 4J).

DISCUSSION

Phosphate is present in most food sources either as naturally occurring organic phosphate or as added inorganic phosphate.” Previous
studies have shown that inorganic dietary phosphate increases circulating phosphate and FGF23 levels, while organic phosphate does
not have this effect.”>** The current study was performed to determine the effect of both types of phosphate on murine FGF23-producing
cells. It showed that treatment of MC3T3-E1 osteocyte-like cells with the organic phosphates BGP, B-6-P, or N-6-P resulted in higher expres-
sion and secretion of FGF23, while the inorganic phosphates NaHPO4 and KHPO4 did not affect FGF23, these results were validated by RNA
sequencing. Interestingly, G-3-P, a kidney-derived organic phosphate previously shown to increase FGF23 levels when directly injected into
mice, did not affect Fgf23 expression in our study.*> Gene ontology analysis showed that processes enriched in BGP-treated cells were asso-
ciated with a cell responding to an environmental change, while cells treated with NaHPO4 were enriched for processes involved in maintain-
ing ion homeostasis, indicating that organic and inorganic phosphate have very distinct effects on osteocyte-like cells. Finally, we found that
FGF23is regulated by organic phosphate through a balance of both MAPK and TGF- signaling. The transporter by which organic phosphate
can enter the cell or the receptor to which it can bind is thus far unknown. It had been speculated that phosphate transporters PiT1 (SLC20A1)
and PiT1 (SLC20A2) or FGFR1c function as phosphate sensors. These could also be the potential sensors of organic phosphate.®’ However,
more research into how organic phosphate can affect these pathways is needed.

Effects of phosphate on FGF23 expression

Studies on the direct effect of phosphate on FGF23 production and secretion have not been conclusive thus far. Our study might provide an
explanation for these discrepancies, as the source of phosphate seems to be essential for its ability to stimulate FGF23. Several controlled
feeding studies in humans have shown that high phosphate intake resulted in higher levels of FGF23, while lower intake resulted in a
decrease.” ™ Some of these studies also reported higher serum phosphate levels when subjects were fed a meal with high inorganic phos-
phate, while others did not.”®* Moreover, glial cells missing homolog2 (Gem2) null mice which suffered from hyperphosphatemia, and
MC3T3-E1 cultures treated with phosphate did not have elevated Fgf23 transcripts.””"*'*® A study by Takashi et al. showed increased serum
FGF23 levels in mice fed a high phosphate diet, but after further studies in UMR106 cells, they hypothesized that this was due to decreased
FGF23 cleavage rather than increased FGF23 production.*” Nonetheless, some studies have shown that addition of phosphate in vitro does
result in increased FGF23 expression.’*** Additionally, the study by Simic et al. showed that organic phosphate G-3-P increased serum FGF23
levels while sodium hydrogen phosphate did not. In our study, G-3-P did not stimulate the expression of Fgf23. It is noteworthy that, in
contrast to our study, Simic et al. did not demonstrate direct effects of G-3-P on FGF23 in an in vitro cell culture system. This suggests
that G-3-P may undergo additional modifications or the presence of intermediate molecules in vivo, which could be essential for its stimu-
latory effect on FGF23. The discrepancy in the response of G-3-P between our study and the work by Simic et al. highlights the need for further
investigation of the complex interactions between phosphate and FGF23.*

Role for ALP in FGF23 stimulation

While ALP was not the focus of this paper, its potential role in FGF23 activation by BGP is interesting. Previous studies have shown that when
BGP is added to culture medium, it is rapidly converted to inorganic phosphate.’® Beck et al. (2000) have shown that generation of free phos-
phate by ALP after addition of BGP is necessary for the induction of osteopontin (OPN) expression.”” However, in this study, addition of
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inorganic phosphate also stimulated the expression of Opn, while in our study inorganic phosphate failed to stimulate Fgf23. It is therefore
unlikely that the inorganic phosphate resulting from the conversion of BGP stimulates FGF23. However, since BGP had a lowering effect on
ALP activity, while NaHPO4 did not, we cannot exclude that ALP is involved in the regulation of FGF23 by BGP. Future research should take
this potential role of ALP into account by performing experiments both in the presence and absence of ALP.

Organic phosphate stimulates FGF23 through MAPK and TGF-B signaling

The fact that only organic phosphate regulated FGF23 in this study, while DMP1 was regulated by both types of phosphate thereby indicating
that both types of phosphate elicited a different phosphate response, provided us with the opportunity to get a deeper understanding of
FGF23 regulation. As described before by Takashi et al., inhibition of MAPK signaling regulates the FGF23 response of osteocytes to phos-
phate via EGR1 and -2. However, they stated that this was due to increased expression of GalNt3, which prevents FGF23 cleavage.’” Here we
show that organic phosphate can directly stimulate FGF23 and DMP1 through MAPK signaling. Inhibition of MAPK signaling inhibited both
the response of Fgf23 and Dmp1to BGP as well as Egr1, 2, and 3, but not Hes1, Skil, and Eln. Therefore, it is likely that Fgf23is directly regu-
lated by MAPK signaling through Egr1, 2, and 3.

Interestingly, MG132 which has been described to inhibit the degradation of SnoN, encoded by Skil, also inhibited the response of Fgf23
to BGP.®° This was unexpected as Skil followed the expression pattern of Fgf23in response to organic phosphate. It has been described pre-
viously that Skil expression is negatively regulated by the SMAD/SnoN transcriptional repressor complex.®' To date, very few other genes
have been described as a target for the SMAD/SnoN complex.®” Our data indicates that Skil might play a role in repressing Fgf23 expression
suggesting a complex regulatory role of the SMAD/SnoN transcriptional repressor complex in the modulation of Fgf23 and controlling the
response to phosphate. Inhibition of SMAD2/3 phosphorylation and nuclear translocation resulted in increased Fgf23 expression in the
absence of BGP, while the addition of recombinant TGF-B1 resulted in less Fgf23transcripts. Moreover, inhibition of TGF- signaling resulted
in decreased expression of Skil. Together, this indicates that TGF-B1 is a negative regulator of FGF23 and that upregulation of Skil could
possibly control this signaling pathway in response to BGP.”® Of note, TGF-B2 has been described to have a stimulating effect on FGF23
in UMR106 cells, indicating different forms of TGF-B might have opposite effects on FGF23.°° Together, our results indicate that Fgf23is regu-
lated by both MAPK signaling and TGF-B signaling, whereby disturbances in either of these pathways result in deregulated Fgf23 expression.
Finally, we found that NaHPO4 quickly upregulates expression of Skil while downregulating Fgf23. These findings suggest a potential link
between Skil and the absence of FGF23 activation in response to inorganic phosphate. However, it is important to exercise caution and
emphasize that additional research is needed to fully elucidate the underlying mechanisms and confirm this relationship.

Potential implications of differential effects of phosphate types on FGF23

To our knowledge, we are the first to compare the direct effects of different types of phosphate at the level of FGF23 synthesizing cells. Typi-
cally, when studying the effects of phosphate interventions, cells or animals are treated with NaHPOA4, which, based on our current findings,
would explain the lack of FGF23 stimulation found in some of these studies. Moreover, our study has important implications as to how we
should interpret the relationship between dietary phosphate and FGF23. Based on our findings, there is an urgent need to investigate
how increased consumption of inorganic phosphate over the last decades may have influenced the organic/inorganic phosphate ratio in
our circulation and what that entails at the level of the osteocytes. Our findings indicate that when this ratio is shifted toward inorganic phos-
phate, this may result in insufficient phosphate clearance and disturbed homeostasis consequently. It is also consistent with observations in
several epidemiological studies describing that elevated or even high-normal serum (inorganic) phosphate levels are associated with the risk
of cardiovascular events, fracture risk, and premature aging.”'*?¢* Understanding the precise mechanisms by which different forms of phos-
phate impact on FGF23 expression and secretion may have implications for the development of therapeutic strategies targeting phosphate
metabolism related disorders and associated bone disorders but may also lead to nutritional interventions to reduced inorganic phosphate
intake.

Limitations of the study

As our findings were generated in vitro and were conducted in two murine osteocyte-like cell lines, they cannot be directly translated to in vivo
effects of a high dietary inorganic phosphate intake or other in vitro models. Therefore, validation of these results in different models is essen-
tial toward gaining understanding in the regulation of FGF23 by both organic and inorganic phosphates. Additionally, an important consid-
eration in our study is the consistent presence of 1 mM sodium phosphate monobasic (NaH,PO4-H,0) in the alpha-MEM formulation across
all conditions, which may have introduced a potential confounding factor. Future study designs should carefully evaluate the impact of this
ambient phosphate concentration on FGF23 regulation. To date, there is little knowledge on how phosphate is processed after intestinal
absorption and the ratio of serum organic/inorganic phosphate is barely studied. It is therefore currently impossible to implicate a correlation
between dietary inorganic and inorganic serum phosphate levels and an inappropriate FGF23 response. However, the fact that serum phos-
phate levels only rise with a high inorganic phosphate diet in animal studies indicates that the FGF23 being synthesized is not sufficient to
normalize phosphate homeostasis.”*”* Additionally, our study did not consider the role of parathyroid hormone (PTH). Recent research
by Centeno et al. (2019) has highlighted the potential involvement of the calcium sensing receptor in the parathyroid as a phosphate sensor.
Inorganic phosphate has been shown to stimulate the secretion of PTH, which, in turn, can enhance the secretion of FGF23 by osteocytes.®” To
shed light on these complex regulatory systems, it is important that future research focuses on controlled feeding studies comparing high
inorganic to organic phosphate dietary loads.
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Conclusion

In conclusion, our findings provide valuable molecular and mechanistic insights into the response of FGF23-producing cells to either inorganic
or organic phosphate. Specifically, we have demonstrated that FGF23, a key regulator of phosphate homeostasis, is solely influenced by
organic phosphate. Speculatively, if the use of inorganic phosphates as food additives were to increase the ratio of inorganic phosphate
in serum, it is plausible that this shift could potentially lead to adverse health effects. Therefore, it is crucial to study how our changing diets
alter the circulating inorganic/organic phosphate ratio in our bodies, since too much inorganic phosphate may disturb phosphate
homeostasis.
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins
Alpha-minimum essential medium (xMEM) Gibco Cat#: A10490-01
Fetal bovine serum (FBS) Gibco Cat#: F7524-500ML
Batch#: 0001661160
Beta-glycerophosphate Sigma-Aldrich Cat#: G5422-100G
Ascorbic acid Sigma-Aldrich Cat#: A4403
Dexamethasone Sigma-Aldrich Cat#: A4544
Rat tail collagen type 2 Sigma-Aldrich Cat#: D4902
B-glucosamine-6-phosphate (B-6-P) Sigma-Aldrich Cat#: G5509-10MG
N-acetyl-D-galactosamine-6 Sigma-Aldrich Cat#: 92689-10MG
phosphate (N-6-P)
Glycerol-3-phosphate (G3P) Sigma-Aldrich Cat#: G7886-1G
uo126 MedChemExpress Cat#: HY-12031A
LY364947 MedChemExpress Cat#: HY-13462
SM16 MedChemExpress Cat#: HY-111482
IN130 MedChemExpress Catt#: HY-18758
Perhexiline Sigma-Aldrich Cat#: SML0120
MG132 MedChemExpress Cat#: HY-13259
TRIzol reagent ThermoFisher Scientific Cat#: 15596018

Critical commercial assays

C-terminal FGF23 mouse/rat ELISA Immutopics Cat#: 60-6300
Intact FGF23 mouse/rat ELISA Immutopics Cati#: 60-6800
RevertAid First Strand cDNA Synthesis Kit ThermoFisher Scientific Cati#: K1622
Truseq RNA stranded polyA library prep kit lllumina Cat#: 20020595
Agilent RNA 6000 Nano Kit Agilent Cat#: 5067-1511

Deposited data

RAW data This paper GSE245758
Experimental models: Cell lines

MC3T3-E1 clone#4 ATCC Cat#: CRL2593
OmGFP66 Kind gift from Sarah Dallas N/A

Software and algorithms

R studio Posit PBC

Artificial Intelligence RNA-seq (AIR) Sequentia Biotech

Ingenuity Pathway Analysis Qiagen

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Bram van der
Eerden (b.vandereerden@erasmusmc.nl).

Materials availability

This study did not generate new unique reagents.
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Data and code availability
e RNA-seq data have been deposited at GEO and is publicly available as of the date of publication. The accession number is listed in the
key resources table.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cells

MC3T3-E1 subclone #4 were obtained from ATCC (Virginia, USA) and OmGFP66 were gifted by Sarah Dallas. Both MC3T3-E1 were kept in
alpha-minimum essential medium (kMEM; A10490-01, Gibco, Paisley, UK), supplemented with 10% fetal bovine serum (Gibco), 100 Units/mL
penicillin and 100 pg/mL streptomycin (Gibco) in a humid environment containing 5% CO2 at 37°. OmGFP6 were kept in the same medium
as MC3T3-E1 cells supplemented with 2 mM L-glutamine (Gibco) in a humid environment containing 5% CO2 at 37°.

METHOD DETAILS
Cell culture

The murine pre-osteoblastic MC3T3-E1 cell line was cultured and passaged in proliferation medium, aMEM supplemented with 10% fetal
bovine serum, 100 Units/mL penicillin and 100 pg/mL streptomycin. For experiments, 2.0¥10* cells were seeded in 12-wells plates and
kept for 2 days in proliferation medium before being switched to osteogenic medium (xMEM, 10% FBS, 100 Units/mL penicillin and
100 pg/mL streptomycin, 10 mM B-glycerophosphate (BGP, Sigma-Aldrich, Missouri, United States), 50 pg/mL ascorbic acid (Sigma-
Aldrich) and 0.1 uM dexamethasone (Sigma-Aldrich).° The osteocyte cell line OmGFP66 was cultured and passaged in proliferation medium.
For experiments, 7.0*10% were seeded in a 12-wells plate coated with 0.15 mg/mL rat tail collagen type 2 (Sigma-Aldrich) and kept in prolif-
eration medium until confluency was reached. Cells were then switched to osteogenic medium (eMEM, 3% FBS, 100 Units/mL penicillin and
100 pug/mL streptomycin, 5 mM B-glycerophosphate, 50 pg/mL ascorbic acid and 2 mM L-glutamine.”” Cells were differentiated into FGF23-
producing cells for 21 days, after which B-glycerophosphate was removed from the differentiation medium and cultures were continued until
day 28. Cells were treated for 24 h on day 27, unless indicated otherwise, before being lysed to obtain total RNA as described below. Expres-
sion of osteocyte markers at day 28 was assessed by quantitative real-time PCR.

For RNA sequencing, cells were treated with either 4 mM BGP or a mixture of Na,HPO,4 and NaH,PO,4 (NaHPO4, pH 7.4, Sigma-Aldrich) for
16 h. For validation purposes, cells were treated with 4 mM of 5 different types of phosphate: BGP, NaHPO4, Ko;HPO,4/KH,PO4 (KHPO4, pH
7.4, Sigma-Aldrich), B-glucosamine-6-phosphate (B-6-P, Sigma-Aldrich) and N-acetyl-D-galactosamine-6 phosphate (N-6-P, Sigma-Aldrich),
glycerol-3-phosphate (G3P, Sigma-Aldrich). For other experiments, cells were treated with 4 mM BGP or 4 mM NaHPO4 combined with either
10 uM MEK inhibitor U0126, TGF-B inhibitors LY364947 (5 uM; MedChemExpress, New Jersey, USA), SM16 (10 uM; MedChemExpress), IN130
(10 uM; MedChemExpress), HES1 inhibitor perhexiline (15 uM; Sigma-Aldrich), proteasome inhibitor MG132 (1 uM; Sigma-Aldrich), human
recombinant TGF-B1 (10 ng/mL; Cedarlane, Burlington, Canada) or any of these compounds alone. 1 mM sodium phosphate monobasic
(NaH2PO4-H20) was consistently present in all experimental conditions, as part of the «MEM formulation. Figure 1 summarizes the phos-
phates and compounds that were used for each type of experiment.

RNA isolation, cDNA synthesis and quantitative real-time PCR

Cells were lysed in TRIzol Reagent (ThermoFisher Scientific, Massachusetts, USA), and 1/5 volume of chloroform was added for phase sep-
aration. Samples were centrifuged at 14,000 x g for 20 min and the aqueous phase was collected. RNA was precipitated by adding an equal
volume of isopropanol to the aqueous phase followed by overnight incubation at —20°C. The next day, samples were centrifuged 30 min at
14,000 x g at 4°C. The supernatant was discarded, and samples were washed with 100% ethanol, followed by an incubation with 0.1 M EDTA
(Invitrogen, Massachusetts, USA) and 8 M Lithium Chloride (Merck, New Jersey, USA) overnight at —20°C to remove hydroxyapatite and other
minerals present in the extracellular matrix. Then, samples were centrifuged for 30 min at 14,000 x g and 4°C and washed three times with 70%
ethanol, followed by a final wash in 100% ethanol. Finally, pellets were dissolved in RNase-free H,O. Total RNA concentration was determined
using the NanoDrop 8000 Spectrophotometer (ThermoFisher Scientific, Massachusetts, USA). One pg of total RNA was reverse transcribed
using the RevertAid First Strand cDNA Synthesis Kit (ThermoFisher Scientific) according to the manufacturer’s protocol. Gene expression was
evaluated by quantitative real-time PCR using a QuantStudio 7 Flex Real-Time PCR system (Applied Biosystems, Massachusetts, USA) and
SYBR green PCR master mix reagent (Promega, Wisconsin, USA). All primer sets were designed to span at least one exon-exon junction
(Table S7). In order to calculate the relative expression of the genes of interest, the Ct values of the target genes were subtracted from
the housekeeping gene 36.b4 in order to obtain the ACt. and expressed as 274,

Enzyme-linked ImmunoSorbent assay (ELISA)

Conditioned medium was collected from cells and directly stored at —80°C. To determine Intact and C-terminal Fgf23, the ELISA kits Mouse/
Rat Fgf-23 (Intact) and Mouse/Rat Fgf-23 (C-Term) (both from Immutopics, California, USA) were used according to the manufacturer’s
protocols.
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Alkaline phosphatase and protein assays

Alkaline phosphatase (ALP) and protein measurements were performed at day 28 of cell culture as described previously.®” ALP activity was
determined by an enzymatic reaction, where the ALP-mediated conversion of para-nitrophenylphosphate (oNPP) (Sigma) to paranitrophenol
(PNP). Thawed cellular extracts were sonicated using a Soniprep 150 (Sanyo) until homogeneous. 10 uL sample was mixed with 90 uL PBS/
Triton (0.1%) (Sigma-Aldrich). To each tube, 100 pL of p-NPP was added, vortexed, and incubated in a water bath at 37°C. After 10 min, the
reaction was stopped by adding 250 plL of 0.1 M sodium hydroxide (Sigma-Aldrich). Absorbance was measured at 405 nm using a microplate
reader. ALP results were adjusted for protein content of the cell lysates. To this end Pierce BCA Protein Assay Kit (ThermoFisher Scientific) was
used. Fresh WR was prepared by mixing 50 parts of BCA reagent A with 1 part of BCA reagent B (50:1, Reagent A to B). 25 uL of each standard
or unknown sample replicate was pipetted into a microplate well. Following this, 200 uL of the WR was added to each well and the plate was
thoroughly mixed. The plate incubated at 37°C for 30 min in the dark.). The absorbance at 595 nm was measured using a plate reader.

RNA sequencing and bioinformatics analysis

RNA isolation was performed as described above. RNA concentration and size distributions were analyzed on an Agilent Bioanalyzer RNA
6000 Nano chip (ThermoFisher Scientific). RNA sequencing library was prepared using the Truseq RNA stranded polyA library prep kit (/llu-
mina, California, United States). Sequencing was performed at 2 x 50 bp on a NovaSeq 6000 (lllumina). To analyze RNA-seq data the Artificial
Intelligence RNA-seq (AIR) was used (https://sequentiabiotech.com/). RNA-seq data validation, pairing and FastQC quality control were per-
formed after which the reads were mapped against the mouse (Genbank: GRCm39/Ensembl, release 104) genome. For identification of differ-
entially expressed genes (DEGs) the EdgeR method was used within AIR. Genes with a log2 fold-change >0.5 and a false discovery rate
(FDR) < 0.05 were considered significantly different.

Gene Ontology analysis was done using the R package clusterProfiler (version 4.6.0),® and GO terms were trimmed using REVIGO (https://
revigo.irb.hr). Gene set enrichment analysis (GSEA) was performed on the normalized TPM values using Hallmark analysis within GSEA
(version 4.2.3, Broad Institute). Ingenuity Pathway Analysis (IPA; Ingenuity Systems) was used to predict target pathways and study interactions
between overrepresented genes.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data are shown as mean + standard error of mean (SEM), in which n represents the number of individual samples within an experiment.
Two groups were compared using an unpaired Student's t test. In case of more than 2 groups, a one-way analysis of variance (ANOVA) fol-
lowed by the Tukey post-hoc test was performed. When combinations of treatments were used, a two-way ANOVA was performed to study
the interactions between the compounds. The results of the two-way ANOVA were reported as F(df) = F-value, p-value, where F(df) represents
the F-value with corresponding degrees of freedom and p-value indicates the statistical significance of the analysis. Differences were consid-
ered significant if p < 0.05. Significance was indicated as following: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All statistical analyses
were done using R studio rstatix package (version 0.7.1).
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