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Abstract

Fibroblast Growth Factor-23 (FGF23) production has recently been shown to increase
downstream of Gog11-PKC signaling in osteocytes. Inactivating mutations in the gene encoding
Gai1 (GNA1I) cause familial hypocalciuric hypercalcemia (FHH) due to impaired calcium-sensing
receptor signaling. We explored the impact of Ga1 deficiency on FGF23 production in mice with
heterozygous (Gnall*~) or homozygous (Gnall™") ablation of Gnall. Both Gnall*~ and Gnall~
'~ mice demonstrated hypercalcemia and mildly raised parathyroid hormone levels, consistent with
FHH. Strikingly, these mice also displayed increased serum levels of total and intact FGF23 and
hypophosphatemia. Gnall”~ mice showed augmented Fgf23 mRNA levels in the liver and heart,
but not in bone or bone marrow, and evidence of systemic inflammation with elevated serum IL1[3

levels. Furin gene expression was significantly increased in the Gnall™~

liver, suggesting
enhanced FGF23 cleavage despite the observed rise in intact FGF23 levels. Gnall~~ mice had
normal renal function and reduced serum levels of glycerol-3-phosphate, excluding kidney injury
as the primary cause of elevated intact FGF23 levels. Thus, Gaii ablation caused systemic

inflammation and excess serum FGF23 in mice, suggesting that FHH patients, at least those with

GNA 11 mutations, may be at risk for these complications.



Introduction

Fibroblast Growth Factor 23 (FGF23) is a bone-derived phosphaturic polypeptide hormone
that regulates the renal handling of phosphate and vitamin D metabolism (1, 2). Mainly produced
by mature osteoblasts and osteocytes (3, 4), FGF23 promotes renal phosphate excretion by
inhibiting the reabsorption of phosphate from the glomerular filtrate and reduces the renal
synthesis of the bioactive vitamin D metabolite, 1,25-dihydroxyvitamin D (1,25-(OH).D) (5).
While deficiency or impaired actions of FGF23 cause hyperphosphatemia and soft tissue
mineralization (ectopic calcification), elevated FGF23 levels result in renal phosphate wasting and
impaired skeletal mineralization (6, 7). Furthermore, increased serum levels of FGF23 are
associated with a greater risk of left ventricular hypertrophy (8), heart failure (9), and atrial
fibrillation (10) and are also independently associated with increased mortality in chronic kidney
disease (CKD). Patients with acute kidney injury (AKI) also display elevated FGF23 levels, which
are associated with an increased mortality (11) and risk of progression to CKD (12).

The major stimulators of skeletal FGF23 production include phosphate and 1,25(OH):D,
although several other factors have also been shown to promote skeletal FGF23 synthesis,
including calcium and the parathyroid hormone (PTH) (13-15). Renal injury, as well as iron
deficiency, inflammation, and anemia, which are often found in patients with CKD, also result in
increased FGF23 production in bone (4, 16). Recently, glycerol-3-phosphate (G-3-P) has emerged
as a kidney-derived factor that can mediate the effect of phosphate and ischemic kidney injury on
skeletal FGF23 production. In renal injury or inflammation, FGF23 can also be synthesized in the
bone marrow and other tissues, such as the spleen, liver, and heart (17-19). Therefore, the major

contributing tissue to FGF23 production differs depending on the stimuli.



FGF23 is subject to post-translational proteolytic cleavage, which converts the full-length
bioactive peptide (iIFGF23) into N-terminal and C-terminal fragments (20). The proteolytic
cleavage and the resultant inactivation of FGF23 are crucial for phosphate homeostasis.
Dysregulation of FGF23 cleavage results in excess or insufficient iFGF23 levels and is responsible
for several human diseases, such as autosomal dominant hypophosphatemic rickets (7). PTH,
inflammation, and iron deficiency increase not only the synthesis but also the cleavage of FGF23,
thus resulting in elevated serum levels of total FGF23 (measured by using the C-terminal assay;
cFGF23) without increasing iFGF23 (21-23). In contrast, phosphate, 1,25(OH):D, and calcium
promote skeletal FGF23 production without enhancing its cleavage, thereby leading to elevated
levels of serum iIFGF23 (24-28). Chronic kidney failure is also associated with suppressed FGF23
cleavage and thus increases serum levels of iIFGF23 (29).

Multiple signaling pathways have been shown to mediate FGF23 production (30, 31). Two
recent studies have indicated that protein kinase C (PKC) is among the mediators of FGF23
synthesis in osteoblasts and osteocytes (32, 33). In one of these studies, PKC activation and FGF23
synthesis appeared to be downstream of an as-yet-unidentified receptor that couples to the alpha
subunits of the heterotrimeric G protein Ggn1, i.e., Gog and Goui (33). These ubiquitously
expressed signaling proteins mediate the signaling of many heptahelical receptors, including the
calcium-sensing receptor (CASR).

Heterozygous inactivating mutations in the gene encoding Gouii (GNAII) cause familial
hypocalciuric hypercalcemia (FHH), an autosomal dominant disorder characterized by persistently
increased serum calcium levels, low urinary calcium, and inappropriately normal or raised PTH
concentrations (34-37). These findings are due to impaired CASR signaling that primarily occurs

in the kidney and the parathyroid gland, where serum calcium level is regulated through calcium



reabsorption in the distal nephron and the synthesis and secretion of PTH, respectively. Some of
the biochemical alterations in FHH, including increased calcium and PTH, can stimulate FGF23
production, while Gaui deficiency may impair skeletal FGF23 production (32, 33). However, the
levels of FGF23 have not been described in patients with loss of function GNA// mutations. In

) and heterozygous (Gnall™") global

this study, we studied mice with homozygous (Gnall
ablation of Gnall (a model of FHH type 2) to explore the impact of global Ga1 deficiency on

FGF23 production.

Results

Gnall ablation in mice phenocopies FHH and reveals elevated FGF23 levels. Gagq and Gaig
are functionally redundant proteins, but their relative abundance differs in individual tissues (38).
To assess the relative expression levels of these proteins in bone, we used an antibody that
recognizes both of these proteins indistinguishably and determined the effect of Gnall gene
ablation on their total level (39). In femoral bone lysates, Western blots demonstrated that protein
abundance of Gog11 was 72+3.6% or 54+3.4% of wild-type (WT) in Gnall”~ and Gnall™",
respectively (Fig. 1 A, B), suggesting that Goq and Goui proteins are expressed at comparable
levels. We also determined the alterations of Gnall and Gnag mRNA levels in femurs from the
mutant and WT littermates. As expected, while Gnall expression was 67+9.8% of WT in Gnall™~
mice, there was no considerable Gnall expression in Gnall” mice (Fig. 1C). The skeletal Gnag
mRNA level in Gnall™~ and Gnall~~ mice were not substantially different from that in WT mice,

although a mild elevation of Gnag mRNA level existed in each mutant mouse model relative to



WT (Fig. 1D). These findings indicated that skeletal Gag11 signaling may be partially, but not
completely, impaired in these mutant mice.

Similar to the findings in patients with FHH, serum calcium levels were significantly elevated
in Gnall"~ and Gnall”~mice (Fig. 2A), and serum PTH levels were inappropriately normal, with

a trend for an increase in Gnall™ and Gnall™'~

mice (Fig. 2B). The urinary calcium-to-creatinine
ratio tended to be reduced in Gnall”~ mice; however, the difference did not reach statistical
significance (Fig. 2C). Serum 1,25-(OH):D concentrations were comparable among the
experimental groups (Fig. 2D), whereas Gnall*~ and Gnall”~ mice displayed significantly
reduced serum phosphate levels (Fig. 2E). Strikingly, serum cFGF23 levels were significantly
elevated in Gnall*"~ (1.3-fold) and Gnall~"~ (1.8-fold) mice compared to WT (Fig. 2F). Similarly,
serum iFGF23 levels were also significantly higher in Gnall*~ (1.3-fold) and Gnall~~ (1.9-fold)
mice than in WT mice (Fig. 2G). The cFGF23/iFGF23 ratio was comparable among the groups,
indicating that the degree of FGF23 cleavage was not altered (Fig. 2H). There were no sex-specific
changes in the trends of the serum parameters.

Fgf23 mRNA levels are elevated in the liver and heart, but not bone and bone marrow, of
Gnall~~ mice compared to WT littermates. To determine the tissue source of elevated FGF23
levels in Gnall*~ and Gnall~~ mice, we first measured Fgf23 mRNA levels in bone and bone
marrow, the two most substantial contributors to FGF23 production under many circumstances. In
bone, the Fgf23 mRNA level tended to be elevated (Fig. 3A), and in bone marrow, it was
significantly higher in Gnall*'~ mice (Fig. 3A, B). In contrast, Gnall~~mice displayed levels that
are comparable to WT levels (Fig. 3A, B). Remarkably, Fgf23 mRNA levels were significantly

elevated in the liver (10-fold) and heart (3-fold) of Gnall”~ compared to Gnall™~ and WT (Fig.

3C, D), while no differences were detected in the muscle and spleen (Fig. 3E, F).



Increased FGF23 production in Gnall™~, but not in Gnall*"mice is associated with mild
inflammation. Given that extra-skeletal organs, such as the liver and heart, can produce FGF23 in
inflammation, the increased Fgf23 gene expressions in the liver and heart of Gnall~~ mice
suggested a possible role for inflammation. Nonetheless, expression of proinflammatory cytokine
genes (I11b, 116, and Tnfa) was not significantly elevated in these tissues in both Gnall*~ and
Gnall”~ mice (Fig. 4A, B). As renal injury, with or without inflammation, can also lead to extra-
skeletal FGF23 synthesis, we then analyzed the kidney. qRT-PCR experiments revealed modestly
increased I//b mRNA levels in Gnall”~ mice (1.3-fold) compared to Gnall™~ and WT mice,
although statistical significance was not reached (Fig. 4C). Circulating IL1f levels were also
significantly, albeit mildly, higher in Gnall”~ mice than in Gnall*~ and WT mice (Fig. 4D).

"~ mice.

Therefore, a further analysis of the inflammatory profile was only performed for Gnall
This analysis showed increased serum levels of granulocyte-macrophage colony-stimulating factor
(GM-CSF) and macrophage inflammatory protein-1 beta (MIP-1B) in Gnall~~ mice (Fig. 4E, F),
while macrophage inflammatory protein-1 alpha (MIP-1a), monocyte chemoattractant protein-1
(MCP-1), tumor necrosis factor alpha (TNF-a), and interferon-gamma (IFN-y) were not
significantly higher (Fig. 4G-J). Aligned with the evidence of mild systemic inflammation, Gnall~
'~ mice showed significantly increased hepatic expression levels of cytokine target genes, Socs3
(2.6-fold, p=0.019) and Ikba (1.5-fold, p=0.011). On the other hand, Gnall~~ liver had normal
mRNA levels of Errg, which was previously reported to be responsible for increased hepatic
FGF23 production in an AKI mouse model (17) (Supp. Fig. 1).

Gnall™~ mice do not have evidence of renal injury. We examined renal histology, expression

of fibrosis-related genes, and kidney functional parameters to determine whether the mild

inflammation affected kidney structure and function. No remarkable histological differences were



observed in H&E sections of kidneys extracted from WT (Fig. 5A, B) and Gnall~~ (Fig. 5C, D)
mice. In the gene expression analysis, markers of renal injury and inflammation, including Icam1,
Acta2, and Mcpl, were not significantly altered (Fig. SE). The mRNA level of Lcn2, encoding the
acute kidney injury marker neutrophil gelatinase-associated lipocalin (NGAL) (40, 41), was also
comparable between Gnall”~ and WT kidneys (Fig. 5SE), The mRNA level of Klotho, which is
necessary for the renal action of FGF23 (42) and which reduces during early stages of renal failure
(43), was also unchanged (Fig. SE). Blood urea nitrogen (BUN) (Fig. 5F), serum creatinine (Fig.
5@G), and urinary phosphate/urinary creatinine (Fig. SH) were comparable in Gnall”~ and WT
littermates, indicating that renal function is preserved. Recently, skeletal FGF23 production has
been shown to increase in response to glycerol-3-phosphate (G-3-P), a glycolysis byproduct
synthesized and secreted from the renal proximal tubule in response to phosphate and ischemic

=~ compared to

injury (44, 45). The circulating level of G-3-P was significantly lower in Gnall
WT littermates, consistent with the expected physiologic effect of decreased phosphate
concentrations in Gnall”~ mice (Fig. 5I). While PTH is known to suppress Cyp24al (24-
hydroxylase encoding gene) and stimulate Cyp27b1 (1a-hydroxylase encoding gene) to increase
1,25(OH),D production, the effects of FGF23 on these genes are opposite (46). In our Gnall™~
mice, where both PTH and FGF23 levels were elevated, the renal expression levels of both
Cyp24al (4.4-fold, p=0.02) and Cyp27b1 (2.5-fold, p=0.0008) were significantly increased, likely
reflecting the counteracting effects of these hormones (Fig. SE). These findings suggested that the
high FGF23 levels in Gnall~'~ mice are unlikely to be secondary to kidney injury.

Furin gene expression is increased in the liver of Gnall”~ mice. As inflammation-induced

FGF23 production is typically coupled with accelerated FGF23 cleavage (47, 48), we analyzed the

hepatic expression levels of genes encoding FGF23 processing enzymes. While Furin expression



in the liver was significantly elevated (2-fold) in Gnall~~ compared to WT mice (Fig. 6A), mRNA
levels of Fam20c and Galnt3 were not significantly altered (Fig. 6B, C), suggesting that the
cleavage of FGF23 produced in the liver is increased. Thus, it is unlikely that the liver markedly
contributes to the observed increase in the serum iFGF23 levels in Gnall~~ mice.

Given that the skeletal Galnt3 expression level critically regulates the production of iIFGF23
in response to phosphate, seemingly in the absence of an increase in FGF23 mRNA levels (26),
we asked if alterations in FGF23 cleavage in bone play a role in the observed elevation of serum
iFGF23 in Gnall~~ mice. No remarkable differences were detected in the mRNA levels of Furin
(Fig. 6D), Fam20c (Fig. 6E), and Galnt3 (Fig. 6F) in the femurs of Gnall™~, Gnall”~, and WT
groups, making it unlikely that the increased serum iFGF23 levels reflect diminished FGF23
cleavage in bone. Moreover, we measured cFGF23 and iFGF23 protein levels in femur lysates
using ELISA, as described previously (49, 50), but did not detect any significant differences among
Gnall*~, Gnall”~, and WT littermates (Supp. Fig. 2 A, B). In contrast, using the same method,
we could detect 7.8- and 6.6-fold elevations of cFGF23 and iFGF23 protein levels in the femur of
an adenine-rich diet-induced CKD mouse model. Serum concentrations of FGF23 in this model,
however, were 22-fold and 16-fold higher than in control mice, respectively (Supp. Fig. 2C-F),

suggesting that the FGF23 ELISA assays have poor sensitivity when used in tissue lysates.

Discussion

This study found that ablating Gnall in mice models the human FHH phenotype with
elevated serum calcium and mildly increased serum PTH levels. Interestingly, cFGF23 and
iFGF23 are elevated in both Gnall*~ and Gnall”~ mice. We also found evidence of systemic

/-

inflammation and extra-skeletal FGF23 production in Grall~ mice.



FHH results from disrupted signaling downstream of CASR, which can be due to
heterozygous inactivating mutations in the CASR gene, GNAI1, or AP2SI (36, 37). The CASR
couples primarily to Gai and Gog proteins, which are functionally redundant. However, the
relative levels of these proteins vary depending on the cell type, and therefore, in tissues where
Gair is more abundant than Gag, the loss of the former alone markedly attenuates receptor
signaling. This event is considered the underlying cause of CASR signaling deficiency in FHH
patients with inactivating GNA /1 mutations. Displaying serum biochemistries like those observed
in FHH patients, our Gnal I knockout mouse models probably show a similar disease mechanism.

Serum measurements of FGF23 have not been described for FHH patients in the literature
(34, 51, 52). However, mice with a missense 4p2s/ mutant, which also phenocopied FHH, were
recently shown to have increased serum intact FGF23 levels (53). Therefore, the elevated serum
FGF23 levels in our mouse model may reflect the observed FHH-related systemic alterations.
Notably, given that elevated serum FGF23 levels are directly associated with cardiovascular
morbidity in patients with or without renal disease (54, 55), monitoring serum FGF23 levels may
be helpful in FHH patients to assess the risk of cardiovascular diseases.

In addition to increased serum ILIB levels, Gnall”~ mice display elevated serum
granulocyte-macrophage colony-stimulating factor (GM-CSF) and macrophage inflammatory
protein-1 beta (MIP-1p), further indicating macrophage activation and pro-inflammatory phase
(See Fig. 4E, F). Increased calcium concentrations can stimulate inflammasomes, resulting in IL13
production from bone marrow-derived macrophages by calcium-sensing receptor (CASR)
signaling, which relies, in this setting, primarily on the Gsa protein (56). Therefore, the elevated
calcium and the activation of CASR in macrophages may be responsible for the increased serum

IL1B levels in our Gnall”~ mice. Moreover, recent studies suggest that FGF23 exerts pro-
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inflammatory actions (57, 58), making it possible that the elevated FGF23 also contributes to
systemic inflammation in these mice.

Inflammation stimulates FGF23 production by increasing both Fgf23 transcription and
FGF23 cleavage, which increases serum cFGF23 excessively rather than serum iFGF23
concentrations. In recent studies, IL1f injections, used to create inflammation in animal models,
increased cFGF23 more than iFGF23, demonstrating increased cleavage in acute and chronic
inflammation models (22, 58). Indeed, Gnall~~ mice showed significantly increased Furin mRNA
expression in the liver compared to WT, predicting increased cleavage of FGF23 protein produced
in the liver of Gnall”~ mice. Therefore, while the inflammation in Gnall~~ mice could explain
the elevation of Figf23 mRNA levels in extra-skeletal tissues, it is unlikely to account for the
increase of both total and iFGF23 in the serum, without evidence of increased cleavage (see Fig.
2H). Moreover, Gnall*~ mice also displayed significantly elevated levels of serum cFGF23 and
iFGF23 despite a lack of augmented Fgf23 mRNA expression in extra-skeletal tissues and
inflammation. Thus, additional mechanisms are likely involved in the increased circulating
iFGF23 levels in both Gnall™~ and Gnall~~ mice (Fig. 2H)

Calcium is a crucial regulator of FGF23 production, and studies indicate that FGF23
synthesis is impaired in the setting of hypocalcemia (13, 59). Calcium also stimulates FGF23
synthesis, even without 1,25(OH);D actions, increasing both Fgf23 mRNA levels in bone and
iFGF23 in serum (60). Thus, hypercalcemia may account for the elevated serum iFGF23 and
skeletal Figf23 mRNA levels observed in Gnall™~ mice. In contrast, Gnall”~ mice showed no
detectable elevation of skeletal Fgf23 mRNA expression despite a more substantial increase in
serum calcium. This finding could, perhaps, reflect a skeletal resistance to the effect of calcium

due to the approximately 50% reduction we detected in the total amount of Gaq and Gaup proteins.
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This reduction may impair the signaling of CASR. However, the FGF23-inducing action of
calcium in bone has been suggested to occur via L-type calcium channels, and no evidence for an
involvement of CASR was presented (13). Therefore, the putative skeletal resistance to calcium
regarding FGF23 production may reflect the impaired signaling of another Gog11-coupled
receptor. Nevertheless, despite unchanged Fgf23 mRNA levels in bone, Gnall~”~ mice showed
increased serum iFGF23. The serum PTH levels tended to be elevated in Gnall~~ mice; however,
PTH-induced FGF23 production also entails increased Fgf23 gene expression in bone and is
coupled with enhanced cleavage (21), arguing against a role for PTH in the increased serum
iFGF23 in Gnall”~ mice.

It has been reported in clinical studies that hypercalcemia is associated with kidney injury
(61-63), which is known to raise iFGF23 levels (64). However, although mildly increased 1/1b
mRNA level was detected, serum BUN and creatinine levels, as well as the levels of multiple
kidney fibrosis and injury markers, including Lcn2 and Klotho mRNA, were comparable between
WT and Gnall~”~ mice. We also did not observe an increase in the circulating level of G-3-P, a
kidney injury-derived metabolite that stimulates skeletal FGF23 synthesis (45). Thus, renal injury
is unlikely to explain the elevated FGF23 levels in Gnall~~ mice.

The significantly reduced phosphate levels in both Gnall*~ and Gnall~~

mice argue against
a role for phosphate in the increased FGF23 production in these mice. The reduced levels of
circulating G-3-P in Gnall”~ mice are consistent with reduced phosphate-stimulated glycolysis in
the kidney, which was recently identified as a phosphate sensor upstream of skeletal FGF23
production. Moreover, an important mechanism mediating phosphate-induced FGF23 production

in bone is the increased Galnt3 expression level (26), and we did not detect significant changes in

the skeletal expression levels of FGF23 processing genes, including Galnt3 in Gnall*~ and
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Gnall”~ mice. Interestingly, the skeletal expression level of Furin is also unchanged in Gnall™~
mice despite the increased serum IL1[ levels, as opposed to the findings of a recent study showing
a time-dependent increase of skeletal Furin expression in response to a single IL1[ injection (58).
The lack of an increased Furin level in our model may be due to the mildness of IL1f elevation.

In a cohort of healthy children, a positive correlation between intact FGF23 levels and serum
calcium has been explored (65). Moreover, in FGF23 knockout mice, renal calcium reabsorption
and renal membrane abundance of TRPVS5 (an epithelial calcium channel) were reduced,
demonstrating the role of FGF23 as a calcium-conserving hormone in the kidney (66). Therefore,
increased serum FGF23 levels are expected to stimulate renal calcium reabsorption and further
exacerbate hypercalcemia in our Grall KO mice.

One of the limitations of our study is that we cannot pinpoint the tissue source of elevated
serum iFGF23 in Gnall*~ and Gnall~~ mice. No significant differences existed between Gnall
knockout and WT mice in the skeletal levels of the FGF23 protein even though we used a sensitive
detection method, FGF23 ELISA (50), which could reveal a 6.6-fold increase in the bone of an
adenine-rich diet-induced CKD mouse model compared to control mice. However, the degree of
serum FGF23 elevation in Gnall knockout mice was modest compared to the CKD model, in
which serum cFGF23 and iFGF23 levels were elevated 22-fold and 16-fold compared to controls,
respectively (Supp. Fig. 2 A-D). At least two other studies used the same FGF23 ELISA assay for
quantifying tissue levels of FGF23 protein. They successfully measured the elevation of FGF23
protein amount in a polymicrobial sepsis model or an LPS-induced sustained inflammation model,
where the elevation was 6-fold in the bone (50) and 15-fold in the spleen (18), respectively. Like
our findings, however, the elevations of serum FGF23 levels observed in these other disease

models were markedly greater than what was detected in tissue lysates (18, 50). While the higher
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elevation in the serum than the analyzed tissues may reflect FGF23 production from additional
tissues, it is plausible that the sensitivity of the FGF23 ELISA assay is substantially higher for
serum than tissue lysate measurements. Thus, we cannot entirely rule out the possibility that
FGF23 protein is made in the bones of Grall knockout mice.

In conclusion, the murine phenotype of Gnall ablation resembles familial hypocalciuric
hypercalcemia (FHH) but additionally includes elevated FGF23 levels and mild systemic
inflammation. Based on our findings, FHH patients may display increased FGF23 synthesis, which

could contribute to the clinical phenotype.
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Methods

Sex as a biological variable. Our study examined male and female animals, and similar
findings are reported for both sexes.

Mice. Gnall KO mice were kindly donated by Dr. Stefan Offermanns, Max Planck Institute
for Heart and Lung Research, Bad Nauheim, Germany, and the ablation of Gnall in mice has been

=) and heterozygous

described previously (67). Both male and female homozygous (Gnall
(Gnall™™) Gnall knockout mice and age-matched wild-type (Gnall*”) littermates were
maintained in the C57BL/6 background. The analyses were performed at the age of two months.
Mice were housed on a 12 h light:12 h dark cycle and were given access to water and a regular
chow diet containing 1.09% calcium, 0.79% phosphorus, and 2.5 TU vitamin D3/g (RMH 3000,
Prolab). Minimum sample size was determined by a power analysis considering standardized
effect size (i.e., the difference between means divided by the standard deviation), which was
estimated by preliminary measurements for each experiment. In addition, independent samples
were collected from multiple litters. Therefore, sample sizes among different experiments varied.
15-month-old wild-type male mice (C57BL/6J, Jackson Laboratory, Bar Harbor, ME) were fed an
adenine-rich diet (0.2% adenine) for four weeks to induce chronic renal injury, as described (68),
to demonstrate the elevation of FGF23 protein levels in serum and femurs with FGF23 ELISA
kits.

Tissue collection. Animals were sacrificed by cervical dislocation following CO> exposure.
The liver, heart, spleen, kidney, and muscle were extracted and snap-frozen in liquid nitrogen.
Femurs were removed and cleaned off surrounding muscle tissue, and bone marrow was separated

with a quick spin after cutting the proximal and distal ends of the femurs. Both femurs and bone

marrow were then snap-frozen in liquid nitrogen and kept at —80°C until use for gene expression
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and protein analysis. Kidneys were preserved in 10% neutral buffered formalin at 4°C overnight
and transferred into 70% ethanol for histological analysis.

Histology. Tissue processing and hematoxylin and eosin (H&E) staining of formalin-fixed
kidneys were performed at the MGH Center for Musculoskeletal Research, Histology &
Histomorphometry Core. H&E-stained sections of kidneys were imaged with an all-in-one
Keyence microscope (BZ-X, Keyence).

Serum and urine biochemical parameters. Under anesthesia with 3% isoflurane, blood was
collected from the retroorbital vein into the heparin blood collection tubes to prepare serum. Urine
was also collected just before anesthesia. Serum cFGF23 (60-6300, Quidel), iIFGF23 (60-6800,
Quidel), PTH 1-84 (60-2305, Quidel), 1,25-Dihydroxyvitamin D (1,25(OH).D, AC-62F1, IDS),
and ILIB (MLBOOC, R&D Systems) were measured using ELISA kits according to the
manufacturer’s instructions. Total calcium (Procedure No. 0150, Stanbio) in serums and urines and
blood urea nitrogen (BUN, Procedure No. 2020, Stanbio) in serums were measured as indicated in
the kits' manuals. Serum and urine phosphate were measured spectroscopically using a
colorimetric phosphate assay kit (ab65622, Abcam). Urine creatinine was assessed with a direct
creatinine assay kit from Stanbio (Procedure No. 0430). Absorbance readings were obtained from
an Envision microplate reader (PerkinElmer). Serum creatinine and G-3-P levels were measured
from 10 pl of serum using liquid chromatography-mass spectrometry (LC-MS) as previously
described. Serum cytokines (GM-CSF, MIP-13, MIP-1a, MCP-1, TNF-a, and IFN-y) were
measured with a Milliplex assay (MCYTOMAG-70K, Millipore-Sigma) using Luminex 200
system (40-012, Millipore-Sigma) following the manufacturer’s instructions.

Measurement and normalization of FGF23 proteins from tissues. Total protein extracts were

prepared by crushing and homogenizing the frozen tissue samples by motorized tissue grinder
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(Fisherbrand) in RIPA lysis buffer (89900, ThermoFisher) containing cOmplete protease inhibitor
cocktail tablets (Roche). Protein extracts were then centrifuged to remove non-homogenized tissue
parts, and the supernatant was collected into new 1.5 ml tubes. Extracts were diluted in a 1:1 ratio
with the ELISA Kit standard 1 (0 pg/ml iFGF23 or cFGF23) before measuring FGF23 protein
amounts with the Quidel ELISA kits (cFGF23, 60-6300; iFGF23, 60-6800). FGF23 levels were
normalized to the total protein amounts measured from each sample using the Pierce BCA protein
assay kit (Thermo Scientific) (49, 50).

qRT-PCR. Total RNA was extracted from the tissues using the RNeasy Mini Kit (74104,
Qiagen) and converted into cDNA using a first-strand synthesis kit (E6560, New England
BioLabs). cDNAs used to detect Figf23 gene expression were prepared with oligo(dT) and a gene-
specific primer (5’-GTAGACGTCATAGCCATTC-3’) at a 1:1 ratio to improve the detection of
Fgf23 gene expression. TagMan MGB probes (Fgf23, MmO00437132 ml; p-actin,
MmO00607939 s1) along with TagMan™ Fast Advanced Master Mix (4444557, Applied
Biosystems) were used to quantify Figf23 mRNA levels. SYBR Green qPCR Master Mix (A25742,
Applied Biosystems) was employed for all other gene expressions according to the manufacturer's
directions. Primer sequences used with SYBR green are provided in Supplementary Table S1. All
gRT-PCR reactions were run in an Applied Biosystems QuantStudio 3D Digital PCR
System (Applied Biosystems).

Immunoblotting. Femurs were lysed using RIPA lysis buffer (89900, ThermoFisher)
containing cOmplete protease inhibitor cocktail tablets (Roche). The samples were centrifuged at
13,000 x g for 10 minutes, and the supernatants were collected. Lysates were then separated by
7.5% SDS-PAGE, and the proteins were transferred to nitrocellulose membranes (Bio-Rad).

Western blots were blocked with 5% milk in TBST and incubated with Gag11 (F5, sc-515689,
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Santa Cruz) antibody. The following day, blots were washed and incubated with the appropriate
HRP-coupled secondary antibody, and the signals were detected with ECL (Pierce, Thermo Fisher
Scientific). B-actin (C4, sc-4778, Santa Cruz) antibody used as the loading control.

Statistics. Results are presented as Mean £ SEM as individual data points. Unpaired two-
tailed Student’s t-test was utilized to test the significance of the difference between two groups.
Welch’s correction was applied if the variances were significantly different, as determined by the
F test. One-way ANOVA with Tukey’s posthoc test or the non-parametric equivalent, Kruskal-
Wallis with Dunn’s posthoc test, was performed, based on whether the data was normally
distributed, to assess the statistical significance of differences among WT, Gnall*"~, and Gnall™~
mice as indicated in the figure legends. Single outliers in individual data sets, if any, were
identified by the Grubbs test and excluded before statistical analyses. Values of P < 0.05 were
considered significant. Analyses were performed using GraphPad Prism (version 9.5.1).

Study approval. All animal experiments complied with the National Institute of Health (NIH)
Guide for the Care and Use of Laboratory Animals and were approved by the research animal care
committee at Massachusetts General Hospital and Harvard Medical School, Boston, MA, USA.
All methods comply with the ARRIVE guidelines (69).

Data availability. Data are available in the Supporting Data Values XLS file.

Author contributions. BA, MB, PS, YI, EPR, and AD designed the experiments and interpreted
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18



Acknowledgments. We thank Drs. Harald Jippner and Michael Mannstadt (Endocrine Unit,
Massachusetts General Hospital) for their helpful comments and suggestions. We also appreciate
the generous donation of Gnall KO mice from Dr. Stefan Offermanns, Max Planck Institute for
Heart and Lung Research, Bad Nauheim, Germany. The assistance of Tom Dean and Han Xie with
1,25-Dihydroxy Vitamin D measurements is greatly appreciated. This study was funded by a grant
from the National Institutes of Health/National Institute of Diabetes and Digestive and Kidney
Diseases (RO1DK121776) to MB. The MGH Center for Musculoskeletal Research, Histology &
Histomorphometry Core was supported by a grant from the National Institutes of Health/National

Institute of Arthritis and Musculoskeletal and Skin Diseases (P30 AR075042).

19



References

1.

10.

I1.

12.

13.

Quarles LD. Skeletal secretion of FGF-23 regulates phosphate and vitamin D metabolism.
Nat Rev Endocrinol. 2012;8(5):276-286.

Vervloet M. Renal and extrarenal effects of fibroblast growth factor 23. Nat Rev Nephrol.
2019;15(2):109-120.

Bonewald LF, and Wacker MJ. FGF23 production by osteocytes. Pediatr Nephrol.
2013;28(4):563-568.

Clinkenbeard EL, et al. Conditional Deletion of Murine Fgf23: Interruption of the Normal
Skeletal Responses to Phosphate Challenge and Rescue of Genetic Hypophosphatemia. J
Bone Miner Res. 2016;31(6):1247-1257.

Bergwitz C, and Juppner H. Regulation of phosphate homeostasis by PTH, vitamin D, and
FGF23. Annu Rev Med. 2010;61:91-104.

Bergwitz C, and Juppner H. FGF23 and syndromes of abnormal renal phosphate handling.
Adv Exp Med Biol. 2012;728:41-64.

ADHR Consortium. Autosomal dominant hypophosphataemic rickets is associated with
mutations in FGF23. Nat Genet. 2000;26(3):345-348.

Faul C, et al. FGF23 induces left ventricular hypertrophy. J Clin Invest.
2011;121(11):4393-4408.

Ix JH, et al. Fibroblast growth factor-23 and death, heart failure, and cardiovascular events
in community-living individuals: CHS (Cardiovascular Health Study). J Am Coll Cardiol.
2012;60(3):200-207.

Mathew JS, et al. Fibroblast growth factor-23 and incident atrial fibrillation: the Multi-
Ethnic Study of Atherosclerosis (MESA) and the Cardiovascular Health Study (CHS).
Circulation. 2014;130(4):298-307.

Leaf DE, et al. Fibroblast Growth Factor 23 Levels Associate with AKI and Death in
Critical Illness. J Am Soc Nephrol. 2017;28(6):1877-1885.

Gutierrez OM, et al. Fibroblast growth factor 23 and mortality among patients undergoing
hemodialysis. N Engl J Med. 2008;359(6):584-592.

David V, et al. Calcium regulates FGF-23 expression in bone. Endocrinology.

2013;154(12):4469-4482.

20



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Lavi-Moshayoft V, et al. PTH increases FGF23 gene expression and mediates the high-
FGF23 levels of experimental kidney failure: a bone parathyroid feedback loop. Am J
Physiol Renal Physiol. 2010;299(4):F882-889.

Rhee Y, et al. Parathyroid hormone receptor signaling in osteocytes increases the
expression of fibroblast growth factor-23 in vitro and in vivo. Bone. 2011;49(4):636-643.
Simic P, and Babitt JL. Regulation of FGF23: Beyond Bone. Curr Osteoporos Rep.
2021;19(6):563-573.

Radhakrishnan K, et al. Orphan nuclear receptor ERR-gamma regulates hepatic FGF23
production in acute kidney injury. Proc Natl Acad Sci U S A. 2021;118(16):€2022841118.
Bansal S, et al. Spleen contributes significantly to increased circulating levels of fibroblast
growth factor 23 in response to lipopolysaccharide-induced inflammation. Nephrol Dial
Transplant. 2017;32(6):960-968.

Richter M, et al. Oncostatin M Induces FGF23 Expression in Cardiomyocytes. J Clin Exp
Cardiolog 2012;S9(003).

Yamamoto H, et al. Posttranslational processing of FGF23 in osteocytes during the
osteoblast to osteocyte transition. Bone. 2016;84:120-130.

Knab VM, et al. Acute Parathyroid Hormone Injection Increases C-Terminal but Not Intact
Fibroblast Growth Factor 23 Levels. Endocrinology. 2017;158(5):1130-1139.

David V, et al. Inflammation and functional iron deficiency regulate fibroblast growth
factor 23 production. Kidney Int. 2016;89(1):135-146.

Imel EA, et al. Iron modifies plasma FGF23 differently in autosomal dominant
hypophosphatemic rickets and healthy humans. J Clin Endocrinol Metab.
2011;96(11):3541-3549.

Saito H, et al. Circulating FGF-23 is regulated by lalpha,25-dihydroxyvitamin D3 and
phosphorus in vivo. J Biol Chem. 2005;280(4):2543-2549.

Bon N, et al. Phosphate-dependent FGF23 secretion is modulated by PiT2/Slc20a2. Mol
Metab. 2018;11:197-204.

Takashi Y, et al. Activation of unliganded FGF receptor by extracellular phosphate
potentiates proteolytic protection of FGF23 by its O-glycosylation. Proc Natl Acad Sci U
SA.2019;116(23):11418-11427.

21



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Kolek OlI, et al. lalpha,25-Dihydroxyvitamin D3 upregulates FGF23 gene expression in
bone: the final link in a renal-gastrointestinal-skeletal axis that controls phosphate
transport. Am J Physiol Gastrointest Liver Physiol. 2005;289(6):G1036-1042.

Shimada T, et al. Vitamin D receptor-independent FGF23 actions in regulating phosphate
and vitamin D metabolism. Am J Physiol Renal Physiol. 2005;289(5):F1088-1095.
Shimada T, et al. Circulating fibroblast growth factor 23 in patients with end-stage renal
disease treated by peritoneal dialysis is intact and biologically active. J Clin Endocrinol
Metab. 2010;95(2):578-585.

Yamazaki M, et al. Both FGF23 and extracellular phosphate activate Raf/MEK/ERK
pathway via FGF receptors in HEK293 cells. J Cell Biochem. 2010;111(5):1210-1221.
Meir T, et al. Parathyroid hormone activates the orphan nuclear receptor Nurrl to induce
FGF23 transcription. Kidney Int. 2014;86(6):1106-1115.

Bar L, et al. PKC regulates the production of fibroblast growth factor 23 (FGF23). PLoS
One. 2019;14(3):e02113009.

He Q, et al. A G protein-coupled, IP3/protein kinase C pathway controlling the synthesis
of phosphaturic hormone FGF23. JCI Insight. 2019;4(17):e125007.

Nesbit MA, et al. Mutations affecting G-protein subunit alphall in hypercalcemia and
hypocalcemia. N Engl J Med. 2013;368(26):2476-2486.

Hannan FM, et al. Identification of 70 calcium-sensing receptor mutations in hyper- and
hypo-calcaemic patients: evidence for clustering of extracellular domain mutations at
calcium-binding sites. Hum Mol Genet. 2012;21(12):2768-2778.

Lee JY, and Shoback DM. Familial hypocalciuric hypercalcemia and related disorders. Best
Pract Res Clin Endocrinol Metab. 2018;32(5):609-619.

English KA, et al. Genetics of hereditary forms of primary hyperparathyroidism. Hormones
(Athens). 2024;23(1):3-14.

Wettschureck N, and Offermanns S. Mammalian G proteins and their cell type specific
functions. Physiol Rev. 2005;85(4):1159-1204.

Muneta-Arrate I, et al. Pimavanserin exhibits serotonin 5-HT(2A) receptor inverse
agonism for G(alphail)- and neutral antagonism for G(alphag/11)-proteins in human brain

cortex. Eur Neuropsychopharmacol. 2020;36:83-89.

22



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Mishra J, et al. Neutrophil gelatinase-associated lipocalin (NGAL) as a biomarker for acute
renal injury after cardiac surgery. Lancet. 2005;365(9466):1231-1238.

Mori K, et al. Endocytic delivery of lipocalin-siderophore-iron complex rescues the kidney
from ischemia-reperfusion injury. J Clin Invest. 2005;115(3):610-621.

Nakatani T, et al. In vivo genetic evidence for klotho-dependent, fibroblast growth factor
23 (Fgf23) -mediated regulation of systemic phosphate homeostasis. FASEB J.
2009;23(2):433-441.

Sakan H, et al. Reduced renal alpha-Klotho expression in CKD patients and its effect on
renal phosphate handling and vitamin D metabolism. PLoS One. 2014;9(1):e86301.

Simic P, et al. Glycerol-3-phosphate is an FGF23 regulator derived from the injured kidney.
J Clin Invest. 2020;130(3):1513-1526.

Zhou W, et al. Kidney glycolysis serves as a mammalian phosphate sensor that maintains
phosphate homeostasis. J Clin Invest. 2023;133(8):¢164610.

Erben RG. Physiological Actions of Fibroblast Growth Factor-23. Front Endocrinol
(Lausanne). 2018;9:267.

Tagliabracci VS, et al. Dynamic regulation of FGF23 by Fam20C phosphorylation,
GalNAc-T3 glycosylation, and furin proteolysis. Proc Natl Acad Sci U S A.
2014;111(15):5520-5525.

Xie H, et al. 1,25-Dihydroxyvitamin D3 regulates furin-mediated FGF23 cleavage. JCI
Insight. 2023;8(17):e168957.

Abboud SL, et al. Osteoblast-specific targeting of soluble colony-stimulating factor-1
increases cortical bone thickness in mice. J Bone Miner Res. 2003;18(8):1386-1394.
Bayer J, et al. The bone is the major source of high circulating intact fibroblast growth
factor-23 in acute murine polymicrobial sepsis induced by cecum ligation puncture. PLoS
One. 2021;16(5):¢0251317.

Nesbit MA, et al. Mutations in AP2S1 cause familial hypocalciuric hypercalcemia type 3.
Nat Genet. 2013;45(1):93-97.

Bletsis P, et al. A Novel Missense CASR Gene Sequence Variation Resulting in Familial
Hypocalciuric Hypercalcemia. AACE Clin Case Rep. 2022;8(5):194-198.

23



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Hannan FM, et al. Ap2s1 mutation causes hypercalcaemia in mice and impairs interaction
between calcium-sensing receptor and adaptor protein-2. Hum Mol Genet.
2021;30(10):880-892.

Stohr R, et al. FGF23 in Cardiovascular Disease: Innocent Bystander or Active Mediator?
Front Endocrinol (Lausanne). 2018;9:351.

Edmonston D, et al. FGF23 and klotho at the intersection of kidney and cardiovascular
disease. Nat Rev Cardiol. 2024;21(1):11-24.

Lee GS, et al. The calcium-sensing receptor regulates the NLRP3 inflammasome through
Ca2+ and cAMP. Nature. 2012;492(7427):123-127.

Agoro R, et al. C-FGF23 peptide alleviates hypoferremia during acute inflammation.
Haematologica. 2021;106(2):391-403.

Courbon G, et al. Bone-derived C-terminal FGF23 cleaved peptides increase iron
availability in acute inflammation. Blood. 2023;142(1):106-118.

Rodriguez-Ortiz ME, et al. Calcium deficiency reduces circulating levels of FGF23. J Am
Soc Nephrol. 2012;23(7):1190-1197.

Rayego-Mateos S, et al. The Increase in FGF23 Induced by Calcium Is Partially Dependent
on Vitamin D Signaling. Nutrients. 2022;14(13):2576.

Iampornpipopchai P, et al. Hypercalcemia and renal failure in a young man: lessons in
diagnosis. Ann Clin Lab Sci. 2014;44(3):328-331.

Moyses-Neto M, et al. Acute renal failure and hypercalcemia. Ren Fail. 2006;28(2):153-
159.

Bhat NA, et al. Incidence, etiology, and course of hypercalcemia-induced AKI in a tertiary
care center from northern India. Egypt J Intern Med. 2021;33(36).

Clinkenbeard EL, et al. Increased FGF23 protects against detrimental cardio-renal
consequences during elevated blood phosphate in CKD. JCI Insight. 2019;4(4):e123817.
Mitchell DM, et al. FGF23 Is Not Associated With Age-Related Changes in Phosphate, but
Enhances Renal Calcium Reabsorption in Girls. J Clin Endocrinol Metab.
2017;102(4):1151-1160.

Andrukhova O, et al. FGF23 promotes renal calcium reabsorption through the TRPVS5
channel. EMBO J. 2014;33(3):229-246.

24



67.

68.

69.

Offermanns S, et al. Embryonic cardiomyocyte hypoplasia and craniofacial defects in G
alpha q/G alpha 11-mutant mice. EMBO J. 1998;17(15):4304-4312.

Tani T, et al. Development of a novel chronic kidney disease mouse model to evaluate the
progression of hyperphosphatemia and associated mineral bone disease. Sci Rep.
2017;7(1):2233.

Percie du Sert N, et al. The ARRIVE guidelines 2.0: Updated guidelines for reporting
animal research. Exp Physiol. 2020;105(9):1459-1466.

25



kDa WT Gna1l1+/- Gna11-/- <0.0001

-
a

o 0.0019  0.0279
[] T LAl 1
43 <— Gag1 DE: 10 4-L
<— non-specific g . .
34— Ry —
505 S
43—------ <4— B-Actin od ’7
© 00 ; ; ;
@" ;\Xl/ }\/1/
o o
Gna11, Bone Gnagq, Bone
C <0.0001 D 0.0441
T 1 T 1
o~ 50 0.0198  <0.0001 o 10 0.0489  0.9870
< b 40 .I LLI 1 < o 8 T L 1
Z X N g x
€ c 30 . Ec 6 .
222 s - 23 4 : !
£ ° o g g o
¢ a 10 gad 2
0 ; ; e 0 ; ; ;
« - - ( e e
@ 6(\‘3»\\X\ O(\a'\r\/\ @ 0(\’6'\;\)(\ G(\,a'\’\/\

Figure 1. Gog11 protein levels and the gene expressions of Grnall and Gnagq in the femurs of
Gnall KO and WT mice. (A) A representative Western blot of Gay11 protein (B) densitometric
quantification of Gog/11 Western blots by Image J (n = 5 mice/group), and the mRNA levels of (C)
Gnall and (D) Gnag genes (n = 7 mice/group) in the femurs from 2-month-old mice. Beta-actin
was used as a loading control in Western blots. B, C, and D: One-way ANOVA followed by

Tukey's multiple comparisons, mean + SEM.
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Figure 2. Serum and urine parameters of Gnall KO and WT mice. (A) Serum calcium (n =
15-28 mice/group), (B) Parathyroid hormone (PTH) (n = 6-7 mice/group), (C) urinary
calcium/creatinine (n = 12 mice/group), (D) 1,25-Dihydroxyvitamin D (1,25(OH):D) (n = 12
mice/group), (E) serum phosphate (n = 15-22 mice/group), (F) total FGF23 (cFGF23) (n=11-13
mice/group), (G) intact FGF23 (iFGF23) (n = 11-15 mice/group), and (H) cFGF23/iFGF23 ratio
(n = 11 mice/group), demonstrating cleavage of FGF23. A-H: One-way ANOVA followed by

Tukey's multiple comparisons, mean = SEM, Blue: Males, Red: Females.

27



A Bone B Bone Marrow C Liver
0.7687 0.9771 0.0400
| - |
0.1237 0.0478 >0.9999  0.3594
o 150 1237 00478 o 0 00421 0.0620 o 100 ———
<& g2 : $2 80
£Xx . X 3
& 100 Z 240 . &< 60
o3 . ¥ o] 1 SR
oo z< z< I
g5 50 -] F 520 ] . I R
0 0 ] o O ° " T @ 920
¢ m . X o " X o
0 : : . 0 : R i i 0 e —=H| 4
‘{( - - 2 |- |- 1 |- |-
AxI A K\ AX A~ K\ AX A~
o e o o o e
D Heart E Spleen F Muscle
0.0036 0.5398 0.4294
1 r 1
150 0.9869 0.0035 o —~20 0.9008 0.3148 o ~200 0.5452 0.9765
o —r— 24 —r— £¢ —r—
=4 2 2315 ' 2 S 150 ’
Z %100 gEx . R gx
rx —— .
€ c T € c ¥ At
€ c = e = ——
23 50 2810 I A 1 2 810 —— = R
2 . = - . = :
s : X sS85 : = 3 8 50
CE: s ] & d t & &
0 r - r 0 r T r 0 r T r
\N« ,\;\x" ««/" \N« ,\;\x" ,\«/" \Q( ,\;\xl’ M/l’
o oM o oM o oM

Figure 3. Fgf23 gene expression in various tissues of Gnall KO and WT mice. (A) Bone (n =
5-7 mice/group), (B) Bone Marrow (n = 6 mice/group), (C) Liver (n = 5 mice/group), (D) Heart
(n = 5-6 mice/group), (E) Spleen (n = 5 mice/group), (F) Muscle (n = 5 mice/group). A, B, D-F:
One-Way ANOVA followed by Tukey's multiple comparisons, C: Kruskal-Wallis followed by

Dunn’s multiple comparisons, mean = SEM, Blue: Males, Red: Females.

28



Liver Heart

A 0.884 0.085 >0.99 B 0.792 0.942 0.210
RN 0.243 0.115 >0.99 0.120 >0.99 0.688 < 0.973 0.917 0.775 0.606 0.994 0.244
< 2 1 ——r— L g E 25 i i 1
os 2820 ‘

3 o
<& . <2 -
P [ m H
e 2 % o 1.5 e an oo
S 3 . A IS 210
CF B e S PR i g2
0 Ol s 1P 22l -
esol LIl — €5 ool LIl pa—
< & - & =3 B
Wl o P N e I A ««/‘ Wl W|
& o o g [Chac o™ o o® e o® o
b 16 Tnfa 111b 16 Tnfa
C Kidney D
0.071 0.813 0.347
= 0.868 0.187 0.434 0.791 0.493 0.959 — 0018
£320 — =25 09767  0.0063
2315 220 .
Z @ ©= 15 o I o fa1.
[vge] — R
£ 210 5 A
el
o9 c 10
: : - ’;E‘.‘ 3
TE g 5
3 E @
@ S 00 0 : . :
)\;\x\ ,\;\/l ,\;\xl ,\«/‘ ,\;\x| ,\«/\ @" a,\;\x|/ a’\«/\
o o o o o o o o
111b 116 Tnfa
E F G
0.0359 0.0227
1000 1500 800 0.3112
E 800 : g N g
2 . 1000 5 600 . 1
= 600 R & i & 200
3
Baol . o = - E :
i o FYPY a 500 S I o
= oo Y = . DO = 200 I
3 200 s s = : s 4
0 er L 0 ¢ it 0 N
« W N\ W «‘ o
o oM o
H [ |
250 0.7832 80 0.1801 400 0.2688
— — — 1
E 200 . £ 60 £ 300
> £ AA £
£ 150 . 2 40 2 200 . .
6 100 N 5 R I .o N
= 50 T g2 x L 100
0 .E:i: A?AA 0 '%—l'I = ‘A. 0 E".' Af:
o »\’\,l/ ) ,\;\/I/ Ry /\‘\/l/
C,)\'\a G(\a G(\a

Figure 4. Inflammatory parameters in the serum, heart, kidney, and liver of Gnall KO mice.
Gene expressions of 111b, 116, and Tnfa in (A) liver, (B) heart, and (C) kidney (n = 4-5 mice/group)
of Gnall KO mice, (D) serum levels of IL13 measured by ELISA (n = 11-15 mice/group), serum
concentrations of (E) granulocyte-macrophage colony-stimulating factor (GM-CSF), (F)
macrophage inflammatory protein-1 beta (MIP-1f), (G) macrophage inflammatory protein-1
alpha (MIP-1a), (H) monocyte chemoattractant protein-1 (MCP-1), (I) tumor necrosis factor alpha
(TNF-a), and (J) interferon-gamma (IFN-y) detected by Luminex 200. A: 1/6 and Tnfa: Kruskal-
Wallis followed by Dunn's multiple comparisons; all other three group comparisons in panels A,
B, and C: One-Way ANOVA followed by Tukey's multiple comparisons, E-J: n = 11-12
mice/group; two-tailed Student’s t-test, mean = SEM, Blue: Males, Red: Females.
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Figure 5. Structural, molecular, and functional kidney parameters from Gnall”~ and WT
mice. H&E-stained sections of kidneys from (A, B) WT and (C, D) Gnall”~ mice, (E) gene
expressions of inflammation and renal injury-related genes (Icamli, Acta2, Mcpl, Len?2), Klotho,
and Vitamin D processing genes (Cyp24al and Cyp27b]1) in the kidneys of WT and Gnall~~ mice
(n = 5-8 mice/group), (F) blood urea nitrogen (BUN) (n = 13 mice/group), (G) serum creatinine
(n = 12 mice/group), (H) urinary Pi/urinary creatinine (n = 6-7 mice/group), (I) serum G-3-P
concentration (n = 12 mice/group). Panels B and D demonstrate the area in the white rectangles in
panels A and C, respectively. A-D: Scale bars denote 100 um. E-I: Two-tailed Student's t-test,

mean = SEM, Blue: Males, Red: Females.
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Figure 6. FGF23 processing gene expressions in the liver and bone of Grnall KO and WT
mice. (A) Furin, (B) Fam20c, (C) Galnt3 gene expressions in the liver. (D) Furin, (E) Fam20c,
(F) Galnt3 gene expressions in Bone. A-C: Two-tailed Student's t-test, D-F: One-Way ANOVA
followed by Tukey's multiple comparisons, mean + SEM, A-F: n = 4-5 mice/group, Blue: Males,

Red: Females.
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