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Introduction
Normal calcium and phosphate homeostasis is essential for myriad
cellular and metabolic functions that ensure healthy skeletal develop-
ment and optimal organ function. Disordered mineral homeostasis
can cause metabolic bone diseases and nephrolithiasis and is a com-
mon complication of chronic kidney disease (CKD) that contributes
to its high rates of cardiovascular disease, fracture, and death (1-7).
Vitamin D, parathyroid hormone (PTH), and fibroblast growth
factor 23 (FGF23) regulate calcium and phosphate homeostasis by
exerting interconnected effects on the intestine, kidney, parathyroid
glands, and bone (8, 9). The biologically active form of vitamin D,
1,25-dihydroxyvitamin D (1,25D; also known as calcitriol), augments
intestinal calcium absorption (10, 11). Circulating concentrations of
1,25D are counter regulated by PTH and FGF23: PTH increases
and FGF23 decreases 1,25D levels via opposing actions on 1,25D
synthesis and degradation (10-12). PTH stimulates (and FGF23
inhibits) the synthetic enzyme CYP27B1 (lo-hydroxylase), which

Authorship note: MAAF and AG have been designated as cofirst authors.

Conflict of interest: MW has equity interests in Akebia, Unicycive, and Walden and
has received income in the past year from Alexion, Enyo, Japan Torii Tobacco, Kissei,
and Pharmacosmos. AG has received honoraria from EvlaBio.

Copyright: © 2024, Fuchs et al. This is an open access article published under the
terms of the Creative Commons Attribution 4.0 International License.

Submitted: January 30, 2024; Accepted: December 12, 2024;

Published: December 17, 2024.

Reference information: J Clin Invest. 2025;135(4):e179882.
https://doi.org/10.1172/)C1179882.

Vitamin D regulates mineral homeostasis. The most biologically active form of vitamin D, 1,25-dihydroxyvitamin D (1,25D), is
synthesized by CYP27B1 from 25-dihydroxyvitamin D (25D) and is inactivated by CYP24A1. Human monogenic diseases and
genome-wide association studies support a critical role for CYP24A1 in regulation of mineral homeostasis, but little is known
about its tissue-specific effects. Here, we describe the responses of mice with inducible global deletion, kidney-specific, and
intestine-specific deletion of Cyp24at to dietary calcium challenge and chronic kidney disease (CKD). Global and kidney-
specific Cyp24a1 deletion caused similar syndromes of systemic vitamin D intoxication: elevated circulating 1,250, 25D, and
fibroblast growth factor 23 (FGF23), activation of vitamin D target genes in the kidney and intestine, hypercalcemia, and
suppressed parathyroid hormone (PTH). In contrast, mice with intestine-specific Cyp24a1 deletion demonstrated activation
of vitamin D target genes exclusively in the intestine, despite no changes in systemic vitamin D levels. In response to a high
calcium diet, PTH was suppressed, despite normal serum calcium. In mice with CKD, intestinal Cyp24a1 deletion decreased
PTH and FGF23 without precipitating hypercalcemia. These results implicate kidney CYP24A1 in systemic vitamin D regulation
while independent local effects of intestinal CYP24A1 could be targeted to treat secondary hyperparathyroidism in CKD.

converts 25-hydroxyvitamin D (25D) to 1,25D (13). FGF23 stimu-
lates (and PTH inhibits) the catabolic enzyme CYP24A1 (24-hydrox-
ylase), which inactivates 1,25D to 1,24,25(OH),D and converts
25D to 24,25-dihydroxyvitamin D (24,25D) (14). The products of
CYP24A1-catalyzed reactions are eliminated by the liver (14).

Human genetic disorders confirm the physiological importance
of CYP24A1. Complete loss-of-function mutations in CYP24A1 cause
1,25D-mediated hypercalcemia with appropriately suppressed PTH
(15, 16). Partial loss-of-function mutations cause calcium nephroli-
thiasis due to hypercalciuria driven by excessive intestinal calcium
absorption that is excreted by the kidney (17). In population-based
studies, single nucleotide polymorphisms in or near CYP24A1 were
the only consistent genetic predictors of serum calcium, 25D, PTH,
and FGF23 levels (18-21). In a genome-wide association study of
FGF23, single nucleotide polymorphisms near CYP24A1 were asso-
ciated with higher FGF23 and lower PTH, suggesting that the associ-
ated haplotype suppressed CYP24A1 activity, prolonged the half-life
of 1,25D, and potentiated its effects (21). CYP24A1 has also been
implicated in dysregulation of 1,25D in CKD, which contributes to
development of secondary hyperparathyroidism (7, 22-25).

Despite these compelling human data, the role of CYP24A1 in
mineral homeostasis remains poorly understood due to insufficient
tools to investigate its function in vivo. Most experimental mice with
global Cyp24al deletion fail to survive the perinatal period, presumably
due to severe hypercalcemia in utero or postnatally (26, 27). A minori-
ty manage to survive by markedly reducing their circulating 1,25D
levels and avoiding hypercalcemia (26, 27). Despite their low 1,25D
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Figure 1. Basal and calcitriol-induced expression of Cyp24a1in
kidney and small intestine. RNAscope localized expression of
Cyp24ain WT mice 6 hours after injection of calcitriol (10 pg/kg)
or vehicle. (A) In vehicle-treated mice, Cyp24al mRNA expression
was localized in proximal tubules near the outer cortex. Calcitriol
injection upregulated Cyp24a1 expression in proximal tubules
across the cortex (scale bars: 100 pm, low power images; 50 um,
high power images). (B) Expression of Cyp24al was extremely low
in the small intestines of vehicle-treated mice and was upregu-
lated in most epithelial cells by calcitriol (scale bars: 50 um). (C)
Integrated single cell transcriptome map of kidney and duodenal
epithelial cell responses to calcitriol. Unsupervised clustering
identified all major cell types. Cyp24a1 was basally expressed in
kidney proximal tubules and strongly upregulated by calcitriol.
Calcitriol variably stimulated expression of 5700g and Trpv5 in the
kidney. In the intestine, basal Cyp24a7 expression was minimal,
but was strongly upregulated by calcitriol in all enterocyte popu-
lations. Intestinal Cyp27b17 expression was virtually undetectable
at baseline and after calcitriol injection. Calcitriol strongly stimu-
lated expression of S100g from the bottom of intestinal villi to all
enterocytes and stimulated Trpvé expression mostly in apical villi.
(D) Quantitative polymerase chain reaction confirmed the expres-
sion patterns of Cyp24aland Cyp27b1in kidney and intestine 6
hours (h) after calcitriol injection. Representative images from

> 4 animals. n = 4 for gPCR. Results are mean + SEM. Statistical
significance was calculated by 2-tailed Student’s t test; "P <
0.005; ""'P < 0.0001. Total numbers of cells recovered for single
cell RNA sequencing analyses are, for the kidney: 14,169 cells;
intestine: 6,957 cells. PT, proximal tubule (51, S2, 53 segments);
TL, thin limb; TAL, thick ascending limb; DCT, distal convoluted
tubule; CNT, connecting tubule; CD, collecting duct; PC, principal
cells; IC, intercalated cells; Mes, mesangial cells; Endo, endothe-
lial cells; Mac, macrophages; Mono/DC, monocytes and dendritic
cells; Neut, neutrophils; Entero, enterocytes.
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levels, surviving Cyp24al-deficient mice manifest excessive end-organ
effects of 1,25D, including increased intestinal calcium absorption and
suppressed PTH (26, 27). These data suggest important regulatory
effects of CYP24A1 locally in the intestine that are independent of
circulating 1,25D levels (28), but the lack of conditional mouse models
has limited investigation of tissue-specific effects of CYP24A1.

To investigate tissue-specific effects of CYP24A1, we generat-
ed new conditional mouse models from which we deleted Cyp24al
globally and selectively from the kidney and intestine. Since the kid-
ney is thought to be the primary regulator of circulating 1,25D lev-
els (13, 29, 30), we hypothesized that kidney-specific Cyp24al dele-
tion would replicate the phenotype of global deletion: increased
serum 1,25D and vitamin D receptor (VDR) activation in all tis-
sues, including the kidney and intestine, that results in hypercal-

Intestine Intestine

cemia and suppressed PTH. In contrast, since the intestine is not
thought to contribute to circulating 1,25D (30), we hypothesized
that intestine-specific Cyp24al deletion would increase VDR activi-
ty only in the intestine via local increases in 1,25D activity, and that
this would suppress PTH by increasing intestinal calcium absorp-
tion, but do so without altering serum 1,25D or calcium levels.
Finally, we hypothesized that reducing intestinal CYP24A1 effects
would attenuate secondary hyperparathyroidism in CKD.

Results

Basal and inducible expression of Cyp24al and calcitriol target genes in the
kidney and intestine. Calcitriol is a potent inducer of CYP24A1 (13, 29,
30). We used RNAscope technology to visualize Cyp24al mRNA
expression in the kidney and intestine after injecting 12-week-old WT

J Clin Invest. 2025;135(4):e179882 https://doi.org/10.1172/)CI179882


https://doi.org/10.1172/JCI179882

The Journal of Clinical Investigation

mice with calcitriol (10 ug/kg body weight) or vehicle. In the kidney,
Cyp24al was basally expressed in proximal tubules of the outer cor-
tex (Figure 1A). By 6 hours after calcitriol injection, Cyp24al mRNA
expression markedly increased and expanded across the cortex along
all segments of the proximal tubule (Figure 1A). Basal expression of
Cyp24al was much lower in the small intestine than in the kidneys
but was also highly stimulated in epithelial cells of villi and crypts by
6 hours after calcitriol injection (Figure 1B).

To map the cell-specific response to calcitriol, we employed sin-
gle-cell RNA sequencing (scRNA-seq) in WT mice. Our methodol-
ogy yielded high cell viability (> 90%) and a minimal number of
doublets. Analysis of scRNA-seq data confirmed basal expression
of Cyp24al in the kidney’s proximal tubule but not the small intes-
tine and marked induction of Cyp24al expression in both proximal
tubular and duodenal epithelial cells in response to calcitriol injec-
tion (Figure 1C). Basal expression of Cyp27b1 (encodes lo-hydrox-
ylase) was low in the kidney and intestine and unchanged by cal-
citriol injection (Figure 1C). Using quantitative polymerase chain
reaction (qQPCR), we confirmed the basal and calcitriol-inducible
expression patterns of Cyp24al in the kidney and intestine (Figure
1D) and found that the low basal expression of Cyp27b1 in the kid-
ney was further suppressed by calcitriol, consistent with known
negative feedback loops (31).

High basal expression of Vdr, which encodes the VDR, was
mostly unchanged in response to calcitriol in both kidney and intes-
tine (Supplemental Figure 1; supplemental material available online
with this article; https://doi.org/10.1172/JCI179882DS1). Down-
stream of the VDR, scRNA-seq analysis of the kidney showed bas-
al expression of S700g, which encodes calbindin D9K, a cytosolic
calcium-binding protein involved in calcium transport (32), in the
distal tubule and connecting tubules. Expression of S/00g increased
and expanded in response to calcitriol injection to the thick ascend-
ing limb of Henle, proximal tubule, and endothelial cells (Figure
1C). In the intestine, S7100g expression was strongly recruited in all
enterocytes above its more localized basal expression (Figure 1C).
Expression of organ-specific apical calcium channels was restricted
to specialized cell populations. Kidney expression of Trpv5, which
encodes transient receptor potential cation channel subfamily V
member 5 (33), was expressed most prominently in the connect-
ing and distal tubule, whereas T7pv6 was mostly expressed in apical
sections of intestinal villi (Figure 1C). Based on these scRNA-seq
data, we utilized S100g, Trpv5, and Trpv6 expression as molecular
indicators of 1,25D-VDR activation in subsequent experiments.

Genetic strategy to study tissue-specific effects of Cyp24al in adult mice.
‘We used CRISPR/Cas9 technology to flank exon 5 of Cyp24al with
loxP sites. Exon 5 encodes parts of the E and F a-helices that are
essential components of the substrate channel of CYP24A1 (34).
To predict the effects of deleting exon 5 on protein structure, we
modeled WT mouse Cyp24al, which is highly homologous to rat
Cyp24al, the crystal structure of which is published (Figure 2, A
and B) (34). Many human loss-of-function mutations of CYP24A1
are precipitated by mutations in single nucleotides (15). We therefore
included amino acids essential for enzymatic function and patholog-
ical mutation sites in the analysis (Figure 2, A and B; important ami-
no acids highlighted in red, and Supplemental Table 1). Modeling
the potential new peptide sequences of murine Cyp24al following
excision of exon 5 by Cre-recombination suggested 2 open reading
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frames that could lead to mutant proteins of more than 200 residues
(Figure 2C). Mutant protein 1 would utilize the native transcription
start, but deletion of exon 5 would cause a downstream frame shift
that modifies the amino acid sequence in functionally important
domains and would generate a premature stop codon that should
render the mutant mRNA a target for nonsense-mediated decay
(Figure 2D, blue, and Supplemental Table 1). In addition, the trun-
cated mutant protein 1 would lack exons 9-12, which are essential
for binding of the heme group at the catalytic center of CYP24A1,
and it would also lack the binding site for adrenodoxin, which is
the essential electron transfer partner needed for normal enzymatic
function (Supplemental Table 1) (34, 35). The second open reading
frame would yield a protein that lacks the initial half of the WT
CYP24A1 protein (Figure 2E; pink). The truncated mutant protein
2 would lack residues essential for forming the substrate channel
and substrate binding capability (L129, 1131, and W134), leading
to changes in the geometry of the enzymatic catalytic center (34,
35). Furthermore, the N-terminus missing from mutant protein 2
includes the mitochondrial membrane insertion sequences (34, 35),
which are essential for transporting the protein into mitochondria
(36). Together, these models suggest that excision of exon 5 would
eliminate biological activity of Cyp24al.

To generate experimental mice for investigation of tissue-spe-
cific effects of Cyp24al, we bred homozygous carriers for the floxed
allele of Cyp24al (Cyp24"") and crossed them with 3 Cre-recombi-
nase lines. To generate mice with inducible global Cyp24al deletion,
we crossed tamoxifen-inducible Ubc-CreERT2 mice with Cyp24"/
mice (UbcERE2Cyp24™7) (37). To induce kidney-specific Cyp24al
deficiency, we crossed Six2-TGC¢ mice with Cyp24"" mice (Six-
26 Cyp24™7); Six2-TGC* enables deletion of target genes from the
nephron without affecting other extrarenal sites, such as the intes-
tine (38, 39). To establish a model of intestine-specific Cyp24al defi-
ciency, we crossed tamoxifen-inducible Villin-CreERT2 mice with
Cyp24"" mice (Villin®ERECyp24""). The Villin®*R™? transgene spe-
cifically targets intestinal epithelial cells, but not other tissues that
express Villinl, including the kidneys (40).

To analyze the efficiency and specificity of Cre-mediated
Cyp24al deletion at the cellular level, we designed an in situ
hybridization probe specific to the 92 bp sequence of floxed
exon 5; detection of the probe would identify cells that escaped
genomic recombination. Six hours after injecting calcitriol 10
ug/kg to stimulate Cyp24al mRNA expression, in situ hybrid-
ization demonstrated minimal nonrecombined Cyp24al mRNA
in the kidneys of Ubc“ER2Cyp24"'" and Six2*Cyp24"" mice com-
pared with controls, but intact kidney expression of Cyp24al
mRNA in Villin“R2Cyp24"" mice (Figure 3A). Analyses of the
small intestines demonstrated minimal residual Cyp24al mRNA
expression in the intestine of Ubc“ERP?Cyp24™"" and Villin®ERT?
Cyp24"" mice compared with controls, but intact expression in
the intestine of Six2“*Cyp24"" mice (Figure 3B). Since Villinl is
endogenously expressed in adult proximal tubule (41), we fur-
ther tested the specificity of the Villin®*RT? transgene by gener-
ating a Villin®FRT?Rosa26"™" mouse line. We observed robust
recombination marked by tdTomato expression in intestinal
epithelial cells, but no recombination in the kidney after tamox-
ifen treatment (Figure 3C), further confirming the specificity of
intestinal Cyp24al deletion in Villin®R2Cyp24"" mice.
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Figure 2. In silico modeling of effects of excising exon 5 on Cyp24a1 protein structure. (A) Previously published crystal structure of rat Cyp24al. The heme
group at the catalytic center is shown in bright pink with a solvent molecule of the crystallization buffer in blue occupying the substrate channel. Parts of the
a-helices E and F encoded by exon 5 are highlighted in turquoise; these form part of the substrate channel near the catalytic center. Conserved structures before
exon 5 are shown in pale grey and domains predicted to be disrupted by excision of exon 5 are shown in yellow. Amino acids important for enzymatic function
or reported in pathological human mutations are shown in red (Supplemental Table 1). (B) Predicted structure of mouse WT Cyp24al, which shares 94.75%
homology to rat Cyp24al, color-coded as in the rat protein structure. (C) Schema of genetic strategy to delete exon 5 globally and from the kidney and intestine.
(D) In silico modeling of mutant protein 1revealed a heavily truncated protein due to a frameshift leading to a different amino acid sequence downstream of the
deletion site (blue) and introduction of a premature stop codon. (E) In silico modeling of mutant protein 2, which might be produced from a new open reading
frame at the site of exon 5 deletion, consists of domains encoded by exons 6-12 of native Cyp24a1 (pink). This candidate peptide would lack the mitochondrial
membrane insertion sites of WT Cyp24a1 and is unlikely to be trafficked into the mitochondria, which is required for normal protein function.

Functional validation of the genetic approach to Cyp24al deletion in mice.  cells derived from Six2%Cyp24™" mice and their respective Cre-negative
To verify the results of the in silico modeling of protein structure, we  littermates. We treated the cultured cells with 25D, 7 nM, or vehicle for
assessed the biological effect of excising exon 5 of Cyp24al invitroand 12 hours and measured 24,25D concentrations in the media by liquid
in vivo. First, we designed an in vitro system of primary proximal tubule ~ chromatography-tandem mass spectrometry (LC-MS). Concentrations
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Figure 3. Validation of tissue specificity and loss of function after Cyp24a1 deletion. Homozygous Cyp24™" mice were crossed with different Cre-driv-
ers to induce global (Ubc-CreERT2), kidney-specific (Six2-Cre), or intestine-specific (Villin-CreERT2) deletion of Cyp24aT; Cre-negative littermates
served as controls. Recombination efficiency was evaluated 6 hours after calcitriol injection, 10 pg/kg. (A) In situ hybridization using a probe specific to
exon 5 of Cyp24a1 confirmed successful deletion from most kidney cells in Ubc ¢tR™Cyp247/f and Six2eCyp24™/f mice, but not Villin“E’2Cyp247/f mice.
(B) Evaluation of the small intestines confirmed successful deletion of Cyp24at in Ubct*tR™2Cyp247/f and Villin“ER2Cyp24/"/f mice, but not Six2¢Cyp24/"/
mice. (C) Kidneys of Rosa26' ™™ controls and Villin“*R™Rosa26'm* mice demonstrated no red fluorescence after tamoxifen treatment, while intes-
tinal epithelia showed robust red tdTomato fluorescence, confirming intestinal specificity of Villin-CreERT2. (D) Primary cultures of proximal tubule
cells derived from kidney-specific Six2¢Cyp24™"/f mice and controls were used to evaluate Cyp24a1 function in vitro. Levels of 24,25D increased signifi-
cantly in cultures of WT cells after 12 hours of treatment with 7nM 25D (grey), whereas there was no change in 24,25D levels in cultures of proximal
tubule cells derived from Six2¢Cyp24//f mice (red). (E) Ubc‘*tR™Cyp247/f mice received 2 calcitriol injections, 2.5 ug/kg, 48 hours apart 1 week after the
last tamoxifen injection. At baseline, Ubct*tR™Cyp24//f mice had higher 1,25D and FGF23 levels, consistent with impaired Cyp24a1 function. Calcitriol
injection increased serum calcium, 1,250, and FGF23 levels in all mice, but exacerbated increases in Ubc®tR™Cyp24™/f mice versus controls, indicating
failure of these mice to metabolize exogenous calcitriol. n > 4 for all measurements. Results are mean + SEM. Statistical significance was calculated
using mixed effect analysis with Holm-Sidak’s correction. P < 0.05; P < 0.005; ""P < 0.0005; “*"P < 0.0001. Representative images from > 4 animals

of each strain that were evaluated. Scale bars: 50 um.

of 24,25D increased significantly in the media of proximal tubular cells
with intact Cyp24al, but were unchanged in the media of Cyp24al-defi-
cient cells (Figure 3D). These data confirm absence of Cyp24al func-
tion in cells that underwent Cre-loxP recombination.

Next, we tested the biological effect of excising exon 5 of
Cyp24al in vivo by assessing the ability of Ubc““ERT2Cyp24" mice to
metabolize exogenous calcitriol, which global constitutive Cyp24al—
deficient mice are unable to do (27, 42). We injected Ubc“ER72Cy-
p24"" mice with 2 doses of calcitriol, 2.5 pg/kg, 48 hours apart
and collected blood at baseline and 24 hours after the last calcitriol
injection. Calcitriol injection increased serum calcium, 1,25D and
FGF23 levels in control mice but precipitated more severe increas-
es in each of these parameters in Ubc““ERP2Cyp24"" mice (Figure
3E). These data demonstrate that excision of exon 5 prevents mice
from inactivating exogenous calcitriol as seen in previous reports of
constitutive global knock-out mice. In aggregate, these validation
data support our use of the UbcERT2Cyp24"", Six27*Cyp24™", and
Villin®ERT2Cyp24"'" mice to study tissue-specific effects of Cyp24al.

J Clin Invest. 2025;135(4):e179882 https://doi.org/10.1172/)CI179882

Global and kidney-specific deletion of Cyp24al increase systemic effects
of vitamin D. To investigate the physiological effects of Cyp24al
deletion, we evaluated adult mice that consumed a standard diet
containing 0.8% calcium over a 12-week period after induction with
tamoxifen, which began at 12 weeks of age (Figure 4A). Through-
out the observation period, Ubc““ER2Cyp24"" mice demonstrated
no significant changes in serum calcium, phosphate, or blood urea
nitrogen (BUN) compared with control animals, but serum 1,25D
and 25D levels increased in association with suppressed PTH and
elevated FGF23, consistent with excess systemic effects of 1,25D
(Figure 4B). Decreased 24,25D levels and increased 1,25D: 24,25D
ratio confirm that decreased systemic Cyp24al activity caused the
increases in systemic 1,25D levels (Figure 4B).

Kidney-specific deletion of Cyp24al in Six2“*Cyp24"" mice
resulted in mild hypercalcemia, but serum phosphate levels were
unchanged (Figure 4C). BUN was modestly elevated (Figure 4C),
but serum creatinine was unchanged in Six2Cyp24"" mice versus
controls (data not shown), suggesting prerenal azotemia due to mild
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14 serum vitamin D levels or any oth-
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2 100 § 12 g 400 ol Q igg (Figure 1C). Consistent with the in
g 50 g s{ . . E 200{ o+ et té 200] situ hybridization results (Figure 3,
0 S ol barm O-ﬂi— 0-—51.— A and B), both UbcER2Cyp24"" and

hypercalcemia, ashasbeenreported in othermouse models of hyper-
calcemia (43). Kidney histology confirmed no evidence of glomer-
ular or tubular damage (Supplemental Figure 2A). Like Ubc“ER™?
Cyp24"" mice, Six2*Cyp24"" mice also demonstrated decreased

Six29Cyp24"" mice showed markedly
reduced expression of Cyp24al in the
kidney when using a TagMan probe targeting exons 5 and 6; intes-
tinal Cyp24al expression was also markedly reduced in the global
Ubc“ERT2Cyp 24" mice, but not in Six27Cyp24"" mice (Figure 5, A
and B). Consistent with their increased systemic 1,25D levels, sev-
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eral VDR target genes were significantly upregulated in the kidneys
and intestines of Ubc““ERT2Cyp24™" and Six2Cyp24™" mice versus
controls (Figure 5, A and B). Given their higher 1,25D and reduced
PTH levels, kidney expression of Cyp27b] mRNA was appropri-
ately suppressed in both Ubc“ER2Cyp24"/ and Six2°*Cyp24"" mice
(data not shown).

Villin®ER2Cyp24"'" mice demonstrated reduced intestinal but
intact kidney expression of Cyp24al, confirming successful tis-
sue-specific deletion, as indicated by in situ hybridization and
the Rosa26“™m reporter mice (Figure 3, B and C). In contrast to
UbcERT2Cyp 24" and  Six2Cyp24™",  Villin®ER2Cyp24FL/Fl mice
showed no changes in expression levels of any VDR target genes
in the kidney, whereas expression of intestinal VDR target genes
was significantly upregulated (Figure 5C). Collectively, these data
suggest that intestinal deletion of Cyp24al increased local 1,25D
effects in the intestine, independent of changes in systemic vita-
min D levels. Interestingly, these molecular effects did not result in
changes in systemic mineral homeostasis, perhaps because of the
modest dietary calcium load.
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Figure 5. Cyp24a1and VDR target gene expression in response to standard
calcium diet. Expression levels of Cyp24a7and VDR target genes in response
to standard calcium diet in the kidney and intestine of (A) UbceR"2Cyp 2471,
(B) Six2¢eCyp24™/7, and (C) Villin“ER™Cyp247/f mice confirm Cyp24a1 deletion
from the kidney and intestine of Ubct*eR™2Cyp24// mice, from just the kidney
of Six2¢Cyp24"" mice, and from just the intestine in Villin“R2Cyp247/f mice.
Select VDR target genes were upregulated in the kidneys and intestines of
UbctrERT2Cyp 247/ and Six2“Cyp24"/# mice, whereas VDR target genes were
upregulated only in the intestine of Villin®eCyp24"/f mice. n > 4 for all mea-
surements. Results are mean + SEM. Statistical significance was calculated by
2-tailed Student’s t test. "P < 0.05; P < 0.005; “"P < 0.0005; *""P < 0.0001.

High calcium diet reveals the physiological effects of intestine-specific
deletion of Cyp24al. To accentuate the phenotype of tissue-specific
Cyp24al deletion, we exposed mice to a higher 2.0% calcium diet
for 12 weeks (Figure 6A). High calcium diet precipitated hyper-
calcemia in Ubc“ERT2Cyp24"" mice (Figure 6B) and exacerbated
hypercalcemia in Six2““Cyp24"" mice compared with controls
(Figure 6C) and compared with experimental mice fed the nor-
mal calcium diet (Figure 4, B and C). In contrast, serum calcium
remained unchanged in Villin“tR72Cyp24"" mice, even in response
to a high calcium diet (Figure 6D). Interestingly, serum phosphate
levels decreased in Ubc““ERT2Cyp24"'" mice but increased in Six2¢*Cy-
p24"" mice; phosphate was unchanged in Villin®ER2Cyp24"" mice.
Six2¢*Cyp24"" mice again demonstrated elevated BUN but no histo-
logical evidence of kidney damage (Supplemental Figure 2B). There
was no change in BUN in Ubc““ER2Cyp 24"/ mice (Figure 6B).

PTH was suppressed and systemic 1,25D, 25D, and FGF23 lev-
els were increased in Ubc“ERT2Cyp24"/ and Six“Cyp24™" mice fed
a high calcium diet (Figure 6, B and C). Despite their unchanged
serum calcium, phosphate, 1,25D, and 25D levels, PTH was sig-
nificantly lower in Villin®ER2Cyp24"" mice compared with controls
(Figure 6D). Urinary calcium excretion was significantly increased
in Villin®ERT2Cyp24"'" mice, suggesting that increased dietary calci-
um absorption was the mechanism of PTH suppression; for any
given serum calcium, the urine calcium to creatinine ratio was 0.72
units (95% CI 0.18, 1.26; P = 0.01) higher in Villin®ERT2Cyp24"/
versus control mice (Figure 6D). FGF23 was also elevated in Vil-
LinERT2Cyp 24" mice, but to a far lesser extent than in the Ubc“ R
Cyp24"" and Six“Cyp24™" mice (Figure 6, B-D). Together, these
data indicate that deletion of Cyp24a! from the intestine is sufficient
to augment local 1,25D effects and suppress PTH without precipi-
tating hypercalcemia or altering systemic vitamin D levels.

Intestinal Cyp24al deletion mitigates secondary hyperparathyroidism
in a mouse model of CKD. Secondary hyperparathyroidism is a ubig-
uitous complication of CKD that increases risks of fracture and
cardiovascular disease (1, 5-7). We hypothesized that reducing
Cyp24al activity could augment intestinal calcium absorption and
mitigate PTH elevation in CKD. Preliminary experiments in Six-
2¢¢Cyp24"" mice demonstrated exacerbation of kidney disease and
increased mortality, presumably due to severe hypercalcemia (data
not shown). Given the excessive toxicity related to reducing kidney
Cyp24al activity in a mouse model of CKD, we fed Villin®ERT2Cy-
p24"" mice and their Cre-negative controls a diet containing 0.2%
adenine supplemented with 1% calcium and no vitamin D for 2
weeks to induce kidney damage (CKD diet, Figure 7A). As an addi-
tional control, a second group of Villin“ERT2Cyp24"" and control
mice was placed on an identical control diet that lacked adenine.
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Histological evaluation of the kidney and measurement of
glomerular filtration rate (GFR), BUN, and mRNA markers for
kidney fibrosis and tubular damage confirmed significant kidney
injury after 2 weeks of the CKD versus the control diet, but there
were no differences in these parameters between Villin®ERT2Cyp 24"

:
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Figure 6. Serologic markers of mineral
homeostasis in response to high calcium

diet. (A) Schema indicates the study protocol
of tamoxifen injection (i.p.) and experimental
timeline. Deletion of Cyp24a7was induced at
12 weeks of age and the observation period
and diet change began 1 week after the last
injection in UbcteER2Cyp24/f and Villin®eER™Cy-
p247/M mice. Six2*Cyp24™" mice were enrolled
into the study at 13 weeks of age. Littermates
without Cre recombinase served as controls
and received the same treatments. Serological
results for (B) UbcttR™2Cyp24™/f and (C) Six2c
Cyp24™f mice demonstrate hypercalcemia, ele-
vated 1,25D levels, PTH suppression, and other
evidence of impaired systemic Cyp24a1 effects
and excessive systemic 1,25D effects. (D)
Villin®eER2Cyp247/f mice show PTH suppression
and increased urinary calcium excretion (green
line) compared with controls (black) despite no
change in circulating levels of calcium or 1,25D.
n > 4 for all measurements. Results are mean
+ SEM. Statistical significance was calculated
by mixed effect analysis with Holm-Sidak’s
correction and 2-tailed Student’s t test. Linear
regression was used to analyze the effects of
genotype on the relationship between urine
calcium standardized to urine creatinine and
serum calcium. "P < 0.05; "P < 0.005; P <
0.0005; “'P < 0.0001.

and control animals fed the CKD diet (Fig-
ure 7, B and C). Consistent with the pattern
observed in human CKD, PTH and FGF23
levels increased significantly in control ani-
mals fed the CKD diet (Figure 7D). In con-
trast, the increases in PTH and FGF23 levels
were significantly attenuated in mice with
intestinal deletion of Cyp24al fed the CKD
diet despite no changes in serum calcium or
phosphate (Figure 7D). These data suggest
that intestine-specific deletion of Cyp24al
can lower PTH and FGF23 levels in a mod-
el of CKD without precipitating hypercal-
cemia or hyperphosphatemia and without
altering the severity of kidney disease.

Discussion

Prior research of vitamin D regulation
focused primarily on synthesis of 1,25D
from 25D by CYP27B1. Far less attention
has been dedicated to catabolism of 1,25D
by CYP24A1 despite multiple compelling
lines of human genetic evidence that point
to its critical importance. Here, we investi-
gated tissue-specific effects of CYP24A1 by

exposing global, intestine-specific, and kidney-specific mouse mod-
els of Cyp24al deletion to dietary calcium challenges and CKD.
‘We uncovered independent systemic and local effects of CYP24A1
on vitamin D and mineral homeostasis (Figure 8A). Furthermore,
our finding that intestine-specific Cyp24al deletion can attenuate
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Figure 7. Intestinal deletion of Cyp24a1 mitigates secondary hyperparathyroidism in a mouse model of kidney damage. (A) Kidney damage was induced
in male Villin“eeR™2Cyp24f/f mice and their Cre-negative littermates 1 week after the last tamoxifen injection by feeding them a 0.2% adenine containing
diet supplemented with 1% calcium for 2 weeks (CKD diet). Additional Villin“*tR™Cyp24f/f and control mice were maintained on the same diet that lacked
adenine (control diet). (B) Histological examination of kidney tissue indicated a similar level of kidney damage in Villin“?"2Cyp24f/f mice and controls

fed the CKD diet. (C) Measurement of glomerular filtration rate (GFR), BUN, and the gPCR markers of kidney fibrosis, ColTa1, and tubular injury, Kim1,
confirmed kidney injury in all mice fed the CKD diet, but did not differ between Villin“R2Cyp24f/f mice and their controls on the CKD diet. (D) Compared
with controls, Villin®*tR™2Cyp24//f mice demonstrate significantly lower PTH and FGF23 levels and unchanged serum calcium and phosphate after 2 weeks
on the CKD diet. nn > 4 for all measurements. Results are mean + SEM. Statistical significance was calculated by mixed effect analysis with Holm-Sidak’s
correction. ‘P < 0.05; “P < 0.005; """P < 0.0001. Representative images from > 3 animals evaluated for each group. Scale bars: 100um in B.

secondary hyperparathyroidism in an established model of chronic 5 inactivated Cyp24al using a proximal tubule epithelial cell-based
kidney damage suggests that intestinal CYP24A1 could serve as a  assay of 24,25D production in response to 25D administration and
therapeutic target in CKD and, potentially, other disorders of min- by demonstrating that mice with inducible global deletion of Cyp24al

eral homeostasis (Figure 8B). were unable to clear exogenously delivered 1,25D, similar to what was
Prior mouse genetic research of Cyp24al deficiency deployed a  observed in the previous constitutive global knock-out model (27, 42).
classic constitutive global knock-out system that precluded detailed Using these newly validated mouse models, we found that

investigation of tissue-specific functions of CYP24A1. To address this ~ deletion of Cyp24al from the kidney is sufficient to replicate the
gap, we generated a mouse line that enabled tissue-specific deletion of ~ effects of global deletion on mineral homeostasis. Mice demon-
Cyp24al by flanking exon 5 with 1oxP sites. Based on in silico modeling  strated increased systemic 1,25D and 25D levels, decreased 24,25D,
of the predicted mutant Cyp24al protein structure, we expected that  increased 1,25D:24,25D ratio, and increased expression of several
excision of exon 5 would eliminate Cyp24al function. After crossbreed-  mRNA markers of VDR activation in both the kidney and intes-
ing Cyp24"" mice with previously established Cre-recombinase mod-  tine. As a result of increased systemic vitamin D effects and estab-
els, we confirmed efficient tissue-specific deletion of Cyp24al usingin  lished downstream feedback mechanisms, PTH was suppressed
situ hybridization. Functionally, we confirmed that deletion of exon = and FGF23 levels were markedly elevated. These effects were mag-
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Figure 8. Tissue-specific effects of Cyp24a1 deletion in health and in CKD. (A) Kidney-specific deletion of Cyp24a1increased systemic 1,25D levels and
1,25D-VDR activity, which caused hypercalcemia, increased FGF23, and suppressed PTH. In contrast, mice with intestine-specific deletion of Cyp24a1
demonstrated no change in circulating 1,25D levels, yet 1,25D-VDR activity increased locally in the intestines. As a result, augmented intestinal calcium
absorption suppressed PTH without causing hypercalcemia and only mildly increased FGF23. (B) Secondary hyperparathyroidism is a common compli-
cation of CKD that is characterized by low 1,25D effects. In a model of CKD, intestinal Cyp24a1 deletion potentiated 1,25D effects locally in the intestine,
resulting in increased calcium absorption and significantly decreased PTH and FGF23 levels. These findings support intestinal Cyp24aT as a potential target

for the treatment of secondary hyperparathyroidism in patients with CKD.

nified when mice were exposed to a high versus standard calcium
diet. Interestingly, on the standard calcium diet, serum calcium was
significantly elevated in Six2“Cyp24"" but not in Ubc“ER2Cyp 24"/
mice. Although we found no histological evidence of kidney dam-
age in Six2*Cyp24"" mice, it is possible that the longer duration
of Cyp24al deficiency in these mice with developmental Cyp24al
deletion caused subtle reductions in kidney function, marked by

e

modestly increased BUN, that could account for their higher serum
calcium compared with Ubc““ER2Cyp24"" mice. We speculate that
the inducible Ubc““ER2Cyp24"" that we engineered avoided hyper-
calcemia because their healthy and normal kidney development
enabled them to efficiently excrete their excess calcium load in the
urine when Cyp24al deficiency was induced in adulthood. Serum
phosphate also increased only in Six2“Cyp24"/ mice fed a high cal-
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cium diet, lending further support for some degree of kidney dys-
function in these animals. In contrast, serum phosphate decreased
in Ubc“ER2Cyp24"" mice fed a high calcium diet, consistent with
their 1,25D-induced elevation of FGF23 exerting its known phos-
phaturic effects on the animals’ healthy kidneys.

In contrast to the Ubc““ERT2Cyp24™" and Six2Cyp24"™" mice,
Villin™ERT2Cyp24"" mice consuming a standard calcium diet
demonstrated evidence of upregulation of VDR-dependent target
genes only locally in the intestine and no significant changes in
circulating markers of vitamin D or mineral homeostasis. When
these animals were fed a high calcium diet, however, PTH was sup-
pressed despite no changes in serum 1,25D or calcium levels. This
suggests that increased intestinal calcium absorption due to local
increases in 1,25D-VDR activity was appropriately sensed by the
parathyroid glands and resulted in suppression of PTH. The signif-
icant increase in urinary calcium excretion observed in these mice
supports this interpretation and helps explain why these animals
were resistant to development of hypercalcemia in response to a
high calcium diet. In aggregate, these data indicate that intestinal
deletion of Cyp24al is sufficient to modulate total body calcium
homeostasis by potentiating local 1,25D effects, which augments
intestinal calcium absorption. The resultant suppression of PTH
occurs independently of changes in systemic 1,25D levels and with-
out causing hypercalcemia.

These results could have therapeutic implications for patients
with CKD in whom disordered mineral homeostasis is a pervasive
complication (5, 44). Since enterocytes rely heavily on 1,25D to facil-
itate dietary calcium absorption (12), FGF23-mediated reductions
in 1,25D levels, which begin early in the course of CKD, contribute
to development of secondary hyperparathyroidism (24, 25, 45, 46).
Based on our data from mice fed a high calcium diet, we hypothe-
sized that inhibiting intestinal CYP24A1 could restore 1,25D effects
locally in the intestine and thereby attenuate secondary hyperpara-
thyroidism in CKD without precipitating hypercalcemia.

To test this hypothesis, we fed animals with intact Cyp24al an
adenine-containing diet for 2 weeks to model CKD-induced sec-
ondary hyperparathyroidism. Mice developed histological, serolog-
ical, and functional evidence of kidney damage, decreased GFR,
increased expression of kidney injury and fibrosis markers, and sig-
nificantly increased levels of PTH and FGF23 compared with ani-
mals fed a control diet. In contrast, PTH levels of Villin®ERT2Cyp24""
mice exposed to an adenine diet were significantly lower than control
animals fed adenine and were comparable to animals fed the ade-
nine-free diet. Importantly, we confirmed that PTH reduction was
achieved in Villin®ERP2Cyp24"" mice despite no differences in their
severity of kidney injury relative to control animals fed the adenine
diet and without precipitating an increase in serum calcium.

An unexpected finding was that FGF23 levels were also sig-
nificantly lower in Villin®ER2Cyp24"/ versus control mice with ade-
nine-induced kidney damage. Directionally, this effect was opposite
to the modest but significant increase in FGF23 in Villin®ER12Cy-
p24"" mice with intact kidneys that were fed high calcium diet.
Established stimuli of FGF23 secretion include 1,25D, serum calci-
um, and PTH (10, 11). While it is possible that reduced PTH under-
lies the FGF23 reduction observed in Villin®ER2Cyp24"" mice with
kidney damage, PTH was also reduced in Villin®ER2Cyp24"" mice
with intact kidneys in response to a high calcium diet, yet FGF23
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was modestly but significantly increased in that setting. While
additional investigation is needed to understand the mechanism
of FGF23 reduction in Villin®ER2Cyp24"" mice with kidney dam-
age, these results support inhibition of intestinal CYP24A1 as an
approach to mitigate secondary hyperparathyroidism and FGF23
excess in patients with CKD. Given the strong associations of ele-
vated PTH and FGF23 with bone disease, cardiovascular disease,
and mortality (1, 5-7), further research should investigate the long-
term effects of intestinal Cyp24al deletion on mineral homeostasis,
skeletal histomorphometry, arterial calcification, and left ventric-
ular hypertrophy in adenine-induced and other mouse models of
CKD. In the interim, our data suggest that intestinal CYP24A1
could be targeted to enable therapeutic modulation of intestinal
calcium absorption without major swings in serum calcium. Such
an approach could have clinical benefit in common conditions that
are marked by disordered calcium homeostasis such as CKD, oste-
oporosis, and calcium nephrolithiasis.

Methods

Sex as a biological variable. For experiments involving calcitriol injection
and standard or high calcium diet, if mice of both sexes were used and
no difference was found between sexes, we report these as combined
results. Given known sex differences in susceptibility to adenine-induced
nephropathy (47, 48), we focused on male mice that develop more severe
kidney damage to prove the principal mechanism of our hypothesis.

Animals. Mice were maintained in temperature-controlled environ-
ments (22-23°C) with 12-hour light-dark cycles. Mice were provided ad
libitum access to water and standard rodent diet containing 0.8% calcium,
0.6% phosphorus and 2.3 IU/g cholecalciferol (LabDiet) or 2% calcium,
1.25% phosphorus and 2.2 IU/g cholecalciferol (Envigo, TD.94112). All
mice were bred on a C57/Bl6/J background with at least 10 generations
of backcrossing. WT mice of both sexes used for this study were procured
from Jackson Laboratories and analyzed at about 12 weeks of age (Jack-
son Laboratories No. 000664). Mice with floxed alleles for Cyp24al were
generated by GeneCopoeia using CRISPR/Cas9 to insert loxP sites flank-
ing exon 5 of Cyp24al (Reference ID: TGM-76991). Mice carrying the
Cyp24al floxed allele were bred homozygous as Cyp24a "/ (abbreviated
as Cyp24™") and crossed with Ubc-CreERT2 (B6.Cg-Ndor]™(VEC-e/ERT21Eb / [T
abbreviated as Ubc“*#R"?, Jackson Laboratories No. 007001), Six2-TGC*®
(Te(Six2-EGFP/cre)IAmc/J abbreviated as Six2°; Jackson Laboratories
No. 009606), and Villin-CreERT2 (B6.Cg-Tg(Vill-cre/ ERT2)23Syr/J abbre-
viated as Villin®*R?2;, Jackson Laboratories No. 020282). Organ specificity
of Villin-CreERT2 was confirmed by crossing with a Rosa26“™"# reporter
strain (B6.Cg-Gt(ROSA)26Sor™4cAG-dTomaolliz /T abbreviated as Rosal67mae,
Jackson Laboratories No. 007914). Expression of Cre-recombinase was
heterozygous for all experimental mice and Cre-negative littermates served
as controls for all experiments. Mice were terminated in the mornings of
the final experimental day.

Tamoxifen injection to induce Cre-recombinase. All Ubc“*ER™? and Vil-
lin“ERT2 mice were treated with tamoxifen (Merck) dissolved in corn oil
(Sigma Aldrich) and ethanol to a final concentration of 20 mg/mL and
injected 1.p. after disinfecting the skin with 70% ethanol at 12 weeks
of age. Induction of Cre-recombinase was performed as previously
reported (40, 49) with slight modifications to dosage and frequency of
injections, which were tested in preliminary experiments to optimize
efficiency. All experimental interventions started a week after the last
injection. Cre-negative littermates received the same treatment.

+


https://doi.org/10.1172/JCI179882

] -

RESEARCH ARTICLE

Calcitriol injections. Calcitriol (Sigma Aldrich) was dissolved in eth-
anol and corn oil to a concentration of 0.5 pg/mL. Mice received body-
weight-adjusted doses of calcitriol or corn oil via i.p. injection.

Serum chemistry. Blood was collected from the submandibular vein
and at study termination via cardiac puncture into Microvette hepa-
rin plasma tubes (Sarstedt) and centrifuged at 21,000¢ for 10 minutes.
Plasma supernatants were snap frozen in liquid nitrogen and stored at
—80°C until analysis. Calcium, phosphate, creatinine, and BUN were
measured at the University of North Carolina Animal Clinical Labo-
ratory Services Core with a Vet Axcel Chemistry Analyzer (Alfa Was-
sermann Diagnostic Technologies). Intact FGF23 and PTH levels were
determined by ELISA (QuidelOrtho) according to the manufacturer’s
protocol. Levels of 1,25D, 25D, and 24,25D were measured by the
Department of Laboratory Medicine and Pathology, at the University
of Washington by immune-extraction combined with LC-MS.

Adenine diet. To induce experimental kidney damage, male mice
were fed a casein-based diet containing 0.2% adenine, 1% calcium,
0.9% phosphorus, and no added vitamin D (Envigo, TD.230742) for 2
weeks. Additional mice were maintained on a control diet of the same
composition, but lacking adenine (Envigo, TD.230741). Experimental
diets were initiated a week after the last tamoxifen injection. Mice were
monitored for weight, food intake, and overall health throughout the
experimental period.

Glomerular filtration rate. Glomerular filtration rate was determined as
previously described by transdermal measurement of fluorescein isothio-
cyanate-labeled sinistrin clearance (50, 51). Briefly, mice were prepared
by shaving and depilation 1 day before the measurement. On the last
experimental day mice were anesthetized with isoflurane before having
a miniaturized fluorescence detector (MediBeacon) applied using dou-
ble-sided adhesive tape. The background signal was recorded for 3 min-
utes before i.v. injection of 12.5 mg/kg fluorescein isothiocyanate-labeled
sinistrin (MediBeacon). Animals were returned to consciousness in a sin-
gle-house cage, and measurements were taken for approximately 1 hour
before the device was removed. Data were analyzed using MB Lab/MB
Studio software (MediBeacon), with GFR (mL/min/ 100 g body weight)
calculated from the decrease of fluorescence intensity over time using a
3-compartment model and animals’ body weight (51, 52).

Tissue fixation. Adult mice were anesthetized by isoflurane inhala-
tion anesthesia, euthanized by exsanguination, and vital organs were
removed. To limit the number of required mice, right kidneys were used
for mRNA measurements and left kidneys were halved and fixed either
in 10% neutral buffered formalin (NBF) solution for in situ hybridiza-
tion or 4% buffered paraformaldehyde solution for histology. Intestinal
samples were fixed in 10% NBF and embedded in paraffin in parallel
to kidney tissue. Tissue was fixed overnight and embedded by the Duke
Substrate Services Core Research Support.

Isolation of intestinal epithelial cells. Upon study termination, the
duodenum was cleaned by repeated flushing with ice cold PBS (Gibco)
and placed in PBS on ice. PBS was removed and replaced with cold
EDTA (25mM). After vigorous shaking, the supernatant was removed
to a fresh 50 mL tube and placed on ice. Extraction of cells was repeat-
ed by adding fresh EDTA. Tissue was shaken again, supernatants
combined, and residual tissue discarded. Supernatant was centrifuged
for 3 minutes at 800g. After discarding the supernatant, the pellet was
washed with fresh PBS. After centrifugation for 5 minutes at 21,000g,
supernatant was removed, and cells were snap frozen in liquid nitrogen
and stored at —80°C until mRNA isolation.
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RNA isolation and quantification. Total RNA was extracted from
kidney and intestinal epithelial cells using a RNeasy Plus Mini Kit
(Qiagen) following the manufacturer’s instructions. For purification
of intestinal mRNA, RNase-Free DNase Set (Qiagen) was applied
according to the manufacturer’s protocol. After isolation, 1 ug of RNA
was reverse transcribed to cDNA using Applied Biosystems High-Ca-
pacity cDNA Reverse Transcription Kit (cat. 4368813). Quantitative
real-time PCR was performed with SSoAdvanced Universal Probe
Supermix (Biorad) and sequence-specific TagMan probes (Thermo
Fisher Scientific; Supplemental Table 2). Samples were run in dupli-
cate on a Quantstudio 3 real time detection instrument (Applied Bio-
systems). Gene expression was normalized to expression levels of
B2-microglobulin. Results were evaluated using the 2—AACt method
and expressed as mean = SEM.

RNAscope and basescope in situ hybridization. Localization of mRNA
expression was studied with the RNAscope Multiplex Fluorescent
v2 kit (Advanced Cell Diagnostics) according to the manufacturer’s
instructions and as described previously (53). Basescope was performed
with the BaseScope Reagent Kit v2-RED according to the manufactur-
er’s protocol (Advanced Cell Diagnostics). A Basescope probe specific
for exon 5 of Cyp24al was produced by Advanced Cell Diagnostics.
RNAscope and BaseScope probes are listed in Supplemental Table 3.

In silico modelling of protein structure of Cyp24al. To predict possi-
ble effects of exon 5 deletion on the downstream amino acid sequence
of Cyp24al, we utilized EnzymeX software (version 3.3.3) (54). We
performed 3D modeling of mouse WT and mutant Cyp24al after dele-
tion of exon 5 with the I-TASSER online resource (55) and compared
the resulting models to the previously published crystal structure of rat
Cyp24al (34). We visualized protein structures from the in silico mod-
eling using Pymol (version 2.6.0) (56).

In vitro system of primary proximal tubule cell culture to assess Cyp24al
function. We isolated proximal tubule cells from kidneys of Six2Cyp24""
mice and their respective controls, as described previously (57). Briefly,
kidneys were decapsulated and the medulla was removed, followed by a
wash step in cold PBS. Tissue was minced and incubated for 30 minutes
at 37°C in digestion buffer (Collagenase type IV Thermo Fisher Scientif-
ic 17104019; 1 mg/mL in HBSS). Digestion was stopped with 10% FBS,
(USDA Approved, cat. No 35-010-CV, Corning) in PBS. Glomeruli and
tissue clumps were allowed to separate for 2 minutes by gravity sedimen-
tation. The top layer of cell suspensions was collected and run through
a 70 um filter into a new tube. Suspension was centrifuged (300g, 4°C,
5 minutes) and supernatant discarded. The pellet was washed with
PBS. Cells were resuspended with culture medium (DMEM:F12; cat.
10-013-CV, Corning; supplemented with FBS; Pen/Strep, cat. 45000-
652, VWR-Corning; ITS, cat. 41400-045, Gibco; Hydrocortisone, cat.
HO0135, Sigma Aldrich; EGF, cat. E4127, Sigma Aldrich; vitamin C,
cat. A4403, Sigma Aldrich) and seeded into 6-well plates. Cells were
grown to just before confluency and treated with either vehicle (fresh
culture medium) or 25D, 7 nM (Cayman chemical cat. 84988, dissolved
in EtOH 1 mg/mL), diluted with culture medium for 12 hours. Culture
medium was removed and frozen at —80°C until analysis.

Single cell preparation of mouse intestine and kidney. Duodenum frag-
ments were dissociated by enzymatic and mechanical digestions (see
Supplemental Methods). To gain equally distributed cell types from
crypts and villi, we separated crypts and villi with 10 mM EDTA-PBS
digestion, followed by size separation with a 70 um cell strainer. Sin-
gle-cell suspension from each fraction was separately prepared using

J Clin Invest. 2025;135(4):e179882 https://doi.org/10.1172/)CI179882
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TrypLE Express (Gibco, Ref: 12605-010) for crypts, and collagenase
type 1 (6900 U/mL; Worthington, cat. LS004196) for villi. Dead cells
were removed using a dead cell removal kit (Miltenyi Biotec cat. 130-
090-101). Crypt and villi cells were mixed at a 1:1 ratio, and the final
cell suspension was used for library generation. The kidney single-cell
suspension was generated as previously reported (58). Briefly, the kid-
neys were dissociated with liberase TM, hyaluronidase, DNase I for
20 minutes, followed by 0.25% trypsin EDTA with DNase I (20 pg/
mL) for 10 minutes. The digestion protocol yielded high cell viabili-
ty (> 90%) and very few doublets (59). The samples were targeted to
10,000 cell recovery and processed using 10x Chromium Single Cell 30
Reagent kit v3.1 (10x Genomics). cDNA libraries were sequenced using
HiSeq X Ten with 150-bp paired-end sequencing. Each condition used
cells from 3 mice to reduce biological and technical variability.

Analyses of scRNA-seq datasets. Analyses of scRNA-seq data were
performed as previously described (58, 59) by processing FASTQ files
using 10x Genomics Cell Ranger; reads were mapped on the mm10
mouse genome reference. Unique molecular identifier counts were ana-
lyzed using R package Seurat v.4.2.0 (60). We used strict quality control
to remove low quality and doublet cells with custom cutoff (duode-
num: genes expressed in > 1 cells, cells expressing more than 500 and
cells with % mitochondrial genes < 0.25 were included; kidneys: genes
expressed in > 1 cell, cells expressing 200-7,500 detected genes, and
cells with % mitochondrial genes < 0.60 were included). SoupX and
DoubletFinder were used (61, 62). Harmony was used to correct poten-
tial batch effects and integrate count matrices from each sample (63,
64). Cluster-defining markers were used to assign a cell identity to each
cluster (59, 65). See Supplemental Methods for further details.

Microscopy. All micrographs were captured with an Axio Observ-
er.Z1 Microscope (Zeiss), a Plan-Apochromat x20/0.8 objective, a x1
tube lens, and the Apotome.2 system (Zeiss), as described previously
(53) at the Duke Light Microscopy Core Facility. Images represented
in the same figure were always captured with the same light intensities
and exposure times.

Histology. Sirius Red staining was performed as previously described
(66). Sections were mounted with Cytoseal 60 mounting medium
(Thermo Fisher Scientific). For H&E staining, slides were incubated in
hematoxylin solution (VWR), washed,and placed in 0.5% eosin solu-
tion (VWR) followed by 2 washing steps. Sections were dehydrated and
mounted as described for Sirius red staining. Tissue from different gen-
otypes for the same intervention were always stained in the same batch
and white balance was set according to the control image equally for all
images in the set.
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Statistics. Data are presented as means = SEM. Identification of
possible statistical outliers was performed by ROUT method (Q = 1%)
in GraphPad Prism. Paired comparisons were analyzed by 2-tailed ¢
test. Multiple comparisons were evaluated by mixed effect analysis with
Holm-Sidak’s correction for multiple comparisons. Linear regression
was used to analyze the effects of genotype on the relationship between
urine calcium standardized to urine creatinine and serum calcium. P <
0.05 was considered statistically significant. Data were analyzed using
GraphPad Prism9 (Graphpad Software) and Stata SE18 (StataCorp).

Study approval. All mouse experiments were conducted according to
the NIH Guide for the Care and Use of Animals in Research and were approved
by the Institutional Animal Care and Use Committees at the Duke Uni-
versity School of Medicine, protocol number A238-20-12 and A229-23-11.

Graphical design. Experimental timelines and schematics were
generated with Biorender. Licenses for illustration: Fuchs, M. (2024)
https://BioRender.com/s74n664.

Data availability. All data used in the figures are represented in the
Supporting Data Values file available online. Raw data of the scRNA-seq
analysis performed for this study are available at the Gene Expression
Omnibus database under accession number GSE254568.

Author contributions

Research approach was designed by AG, JR, TS, and MW. Acqui-
sition of data and experiments was performed by MAAF, AG,
MS, SLM, EJB, NL, VT, SI, KA, and HK. Data were analyzed
by MAAF, AG, MS, SLM, and MW, and the manuscript draft was
written by MAAF and MW. The final manuscript underwent criti-
cal review and editing by MAAF, AG, MS, SLM, EJB, NL, VT, JR,
SI, KA, HK, TS, and MW. Regarding the 2 cofirst authors on this
manuscript, the senior author assigned the postdoctoral fellow who
conducted most of the experiments and led the drafting of the man-
uscript text and figures to be listed first among the 2 cofirst authors
and the supervising scientist to be listed second.

Acknowledgments

This study was supported by grant RO1DK132060 (to MW) and
RO1DK123097 (to TS) from the National Institutes of Health. We
acknowledge Colin Lickwar and John Rawls for expert guidance
on scRNA-seq analyses of small intestine.

Address correspondence to: Myles Wolf, 525 East 68th Street,
Room M-528, New York, New York, 10065, USA. Phone:
212.746.4720; Email: myleswo@med.cornell.edu.

—_

. Kestenbaum B, et al. Serum phosphate levels and
mortality risk among people with chronic kidney

disease. J Am Soc Nephrol. 2005;16(2):520-528. 6. Isakova T, et al. Fibroblast growth factor 23
2. Dhingra R, et al. Relations of serum phosphorus is elevated before parathyroid hormone and
and calcium levels to the incidence of cardiovas- phosphate in chronic kidney disease. Kidney Int.
cular disease in the community. Arch Intern Med. 2011;79(12):1370-1378.
2007;167(9):879-885. 7. Isakova T, et al. Longitudinal evolution of mark-
3. Tonelli M, et al. Relation between serum ers of mineral metabolism in patients with CKD:
phosphate level and cardiovascular event rate The Chronic Renal Insufficiency Cohort (CRIC)
in people with coronary disease. Circulation. Study. Am J Kidney Dis. 2020;75(2):235-244.
2005;112(17):2627-2633. 8. Edmonston D, Wolf M. FGF23 at the crossroads
4. Chonchol M, et al. Serum phosphorus and cardio- of phosphate, iron economy and erythropoiesis.
vascular mortality in type 2 diabetes. Am J Med. Nat Rev Nephrol. 2020;16(1):7-19.
2009;122(4):380-386. 9. Christakos S, et al. Vitamin D: metabolism,

w

. Block GA, et al. Mineral metabolism, mortality,

J Clin Invest. 2025;135(4):e179882 https://doi.org/10.1172/)CI179882

and morbidity in maintenance hemodialysis. J Am
Soc Nephrol. 2004;15(8):2208-2218.

molecular mechanism of action, and pleiotropic

effects. Physiol Rev. 2016;96(1):365-408.

10. Krajisnik T, et al. Fibroblast growth factor-23 reg-
ulates parathyroid hormone and lo-hydroxylase
expression in cultured bovine parathyroid cells.

J Endocrinol. 2007;195(1):125-131.

. Shimada T, et al. FGF-23 is a potent regulator of
vitamin D metabolism and phosphate homeosta-
sis. J Bone Miner Res. 2004;19(3):429-435.

12. Bikle DD. Vitamin D metabolism, mechanism
of action, and clinical applications. Chem Biol.
2014;21(3):319-329.

13. Meyer MB, Pike JW. Mechanistic homeosta-
sis of vitamin D metabolism in the kidney

1

—_

through reciprocal modulation of Cyp27b1 and
Cyp24al expression. J Steroid Biochem Mol Biol.

= [


https://doi.org/10.1172/JCI179882
https://BioRender.com/s74n664
https://www.jci.org/articles/view/179882#sd
mailto://myleswo@med.cornell.edu
https://www.jci.org/articles/view/179882#sd
https://doi.org/10.1681/ASN.2004070602
https://doi.org/10.1681/ASN.2004070602
https://doi.org/10.1681/ASN.2004070602
https://doi.org/10.1001/archinte.167.9.879
https://doi.org/10.1001/archinte.167.9.879
https://doi.org/10.1001/archinte.167.9.879
https://doi.org/10.1001/archinte.167.9.879
https://doi.org/10.1161/CIRCULATIONAHA.105.553198
https://doi.org/10.1161/CIRCULATIONAHA.105.553198
https://doi.org/10.1161/CIRCULATIONAHA.105.553198
https://doi.org/10.1161/CIRCULATIONAHA.105.553198
https://doi.org/10.1016/j.amjmed.2008.09.039
https://doi.org/10.1016/j.amjmed.2008.09.039
https://doi.org/10.1016/j.amjmed.2008.09.039
https://doi.org/10.1097/01.ASN.0000133041.27682.A2
https://doi.org/10.1097/01.ASN.0000133041.27682.A2
https://doi.org/10.1097/01.ASN.0000133041.27682.A2
https://doi.org/10.1038/ki.2011.47
https://doi.org/10.1038/ki.2011.47
https://doi.org/10.1038/ki.2011.47
https://doi.org/10.1038/ki.2011.47
https://doi.org/10.1053/j.ajkd.2019.07.022
https://doi.org/10.1053/j.ajkd.2019.07.022
https://doi.org/10.1053/j.ajkd.2019.07.022
https://doi.org/10.1053/j.ajkd.2019.07.022
https://doi.org/10.1038/s41581-019-0189-5
https://doi.org/10.1038/s41581-019-0189-5
https://doi.org/10.1038/s41581-019-0189-5
https://doi.org/10.1152/physrev.00014.2015
https://doi.org/10.1152/physrev.00014.2015
https://doi.org/10.1152/physrev.00014.2015
https://doi.org/10.1677/JOE-07-0267
https://doi.org/10.1677/JOE-07-0267
https://doi.org/10.1677/JOE-07-0267
https://doi.org/10.1677/JOE-07-0267
https://doi.org/10.1359/JBMR.0301264
https://doi.org/10.1359/JBMR.0301264
https://doi.org/10.1359/JBMR.0301264
https://doi.org/10.1016/j.chembiol.2013.12.016
https://doi.org/10.1016/j.chembiol.2013.12.016
https://doi.org/10.1016/j.chembiol.2013.12.016
https://doi.org/10.1016/j.jsbmb.2019.105500
https://doi.org/10.1016/j.jsbmb.2019.105500
https://doi.org/10.1016/j.jsbmb.2019.105500
https://doi.org/10.1016/j.jsbmb.2019.105500

RESEARCH ARTICLE

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2!

3

3

4.

5.

6.

7.

oo

\O

0.

1.

8]

3.

4.

w

[}

7.

oo

9.

0.

—_

2020;196:105500.

Jones G, et al. 25-Hydroxyvitamin D-24-hy-
droxylase (CYP24A1): its important role in the
degradation of vitamin D. Arch Biochem Biophys.
2012;523(1):9-18.

Schlingmann KP, et al. Mutations in CYP24A1
and idiopathic infantile hypercalcemia. N Engl J
Med. 2011;365(5):410-421.

Dauber A, et al. Genetic defect in CYP24A1, the
vitamin D 24-hydroxylase gene, in a patient with
severe infantile hypercalcemia. J Clin Endocrinol
Metab. 2012;97(2):E268-E274.

Dinour D, et al. Loss-of-function mutations of
CYP24A1, the vitamin D 24-hydroxylase gene,
cause long-standing hypercalciuric nephrolithiasis
and nephrocalcinosis. J Urol. 2013;190(2):552-557.

. O’Seaghdha CM, et al. Meta-analysis of genome-

wide association studies identifies six new Loci
for serum calcium concentrations. PLoS Genet.
2013;9(9):1003796.

.Revez JA, et al. Genome-wide association

study identifies 143 loci associated with 25
hydroxyvitamin D concentration. Nat Commun.
2020;11(1):1647.

Robinson-Cohen C, et al. Genetic variants associ-
ated with circulating parathyroid hormone. J Am
Soc Nephrol. 2017;28(5):1553-1565.
Robinson-Cohen C, et al. Genetic variants associ-
ated with circulating fibroblast growth factor 23. J
Am Soc Nephrol. 2018;29(10):2583-2592.

. Helvig CF, et al. Dysregulation of renal vitamin

D metabolism in the uremic rat. Kidney Int.
2010;78(5):463-472.

Noonan ML, et al. Erythropoietin and a hypoxia-in-
ducible factor prolyl hydroxylase inhibitor (HIF-
PHD:i) lowers FGF23 in a model of chronic kidney
disease (CKD). Physiol Rep. 2020;8(11):e14434.
Quarles LD. Role of FGF23 in vitamin D and
phosphate metabolism: implications in chronic kid-
ney disease. Exp Cell Res. 2012;318(9):1040-1048.

. Nigwekar SU, et al. Vitamin D and chronic kid-

ney disease-mineral bone disease (CKD-MBD).
Bonekey Rep. 2014;3:498.

. St-Arnaud R. Targeted inactivation of vitamin D

hydroxylases in mice. Bone. 1999;25(1):127-129.
St-Arnaud R, et al. Deficient mineralization

of intramembranous bone in vitamin D-24-hy-
droxylase-ablated mice is due to elevated
1,25-dihydroxyvitamin D and not to the absence
of 24,25-dihydroxyvitamin D. Endocrinology.
2000;141(7):2658-2666.

. David V, Wolf M. Pruning the ricket thicket.

J Clin Invest. 2016;126(2):473-476.

Meyer MB, Pike JW. Genomic mechanisms
controlling renal vitamin D metabolism. J Steroid
Biochem Mol Biol. 2023;228:106252.

Meyer MB, et al. A chromatin-based mechanism
controls differential regulation of the cytochrome
P450 gene Cyp24al in renal and non-renal tissues.
J Biol Chem. 2019;294(39):14467-14481.

. Turunen MM, et al. Selective use of multiple

vitamin D response elements underlies the 1
alpha,25-dihydroxyvitamin D3-mediated negative
regulation of the human CYP27B1 gene. Nucleic

14

32.

3

%)

34

3

[

36.

37.

38.

39.

40.

41.

42.

43.

44.

4

v

46.

4

Q

48.

Acids Res. 2007;35(8):2734-2747.

Chen L, et al. Targeted single-cell RNA-seq identi-
fies minority cell types of kidney distal nephron. J
Am Soc Nephrol. 2021;32(4):886-896.

. van der Wijst J, et al. TRPVS in renal tubular

calcium handling and its potential relevance for
nephrolithiasis. Kidney Int. 2019;96(6):1283-1291.

. Annalora AJ, et al. Crystal structure of

CYP24A1, a mitochondrial cytochrome P450
involved in vitamin D metabolism. J Mol Biol.
2010;396(2):441-451.

. St-Arnaud R, Jones G. Chapter 5 - CYP24A1:

structure, function, and physiological role. In:
Hewison M, et al., eds. Feldman and Pike’s Vitamin
D (Fifth Edition). Academic Press; 2024:71-83.
Annalora AJ, et al. Hybrid homology mod-

eling and mutational analysis of cytochrome
P450C24A1 (CYP24A1) of the vitamin D path-
way: insights into substrate specificity and mem-
brane bound structure-function. Arch Biochem
Biophys. 2007;460(2):262-273.

Ruzankina Y, et al. Deletion of the developmen-
tally essential gene ATR in adult mice leads to
age-related phenotypes and stem cell loss. Cel/
Stem Cell. 2007;1(1):113-126.

Self M, et al. Six2 activity is required for the for-
mation of the mammalian pyloric sphincter. Dev
Biol. 2009;334(2):409-417.

Kiefer SM, et al. Conditional expression of
‘Wnt9b in Six2-positive cells disrupts stomach and
kidney function. PLoS One. 2012;7(8):e43098.

El Marjou F, et al. Tissue-specific and inducible
Cre-mediated recombination in the gut epitheli-
um. Genesis. 2004;39(3):186-193.

Pinto D, et al. Regulatory sequences of the mouse
villin gene that efficiently drive transgenic expres-
sion in immature and differentiated epithelial
cells of small and large intestines. J Biol Chem.
1999;274(10):6476-6482.

Masuda S, et al. Altered pharmacokinetics of
lalpha,25-dihydroxyvitamin D3 and 25-hydroxyvi-
tamin D3 in the blood and tissues of the
25-hydroxyvitamin D-24-hydroxylase (Cyp24al)
null mouse. Endocrinology. 2005;146(2):825-834.
Yoon S-H, et al. A parathyroid hormone/
salt-inducible kinase signaling axis controls renal
vitamin D activation and organismal calcium
homeostasis. J Clin Invest. 2023;133(9):e163627.
Cunningham J, et al. Secondary hyperpara-
thyroidism: pathogenesis, disease progression,
and therapeutic options. Clin J Am Soc Nephrol.
2011;6(4):913-921.

. Brown EM. Clinical lessons from the calci-

um-sensing receptor. Nat Clin Pract Endocrinol
Metab. 2007;3(2):122-133.

Cozzolino M, et al. Pathophysiology of calcium
and phosphate metabolism impairment in chronic
kidney disease. Blood Purif. 2009;27(4):338-344.

. Metzger CE, et al. Adenine-induced chronic kid-

ney disease induces a similar skeletal phenotype
in male and female C57BL/6 mice with more
severe deficits in cortical bone properties of male
mice. PLoS One. 2021;16(4):€0250438.

Diwan V, et al. Gender differences in adenine-in-

49.

50.

5

—

52.

53.

54.

55.

56.

5

~

58.

59.

60.

6

—

62

6

@

64.

65.

66.

The Journal of Clinical Investigation

duced chronic kidney disease and cardiovascular

complications in rats. Am J Physiol Renal Physiol.

2014;307(11):F1169-F1178.

Jardé T, et al. Mesenchymal niche-derived neureg-

ulin-1 drives intestinal stem cell proliferation and

regeneration of damaged epithelium. Cel/ Stem

Cell. 2020;27(4):646—662.

Jordan CZ, et al. Murine kidney transplant outcome

is best measured by transdermal glomerular filtra-

tion rate. Am J Transplant. 2024;24(12):2150-2156.

. Schreiber A, et al. Transcutaneous measurement

of renal function in conscious mice. Am J Physiol

Renal Physiol. 2012;303(5):F783-F788.

Friedemann J, et al. Improved kinetic model for

the transcutaneous measurement of glomerular

filtration rate in experimental animals. Kidney Int.
2016;90(6):1377-1385.

Fuchs MAA, et al. Intact prostaglandin signaling

through EP2 and EP4 receptors in stromal pro-

genitor cells is required for normal development
of the renal cortex in mice. Am J Physiol Renal

Physiol. 2022;322(3):F295-F307.

EnzymeX: To cut, or not to cut. The DNA

sequence editor for OS X [Internet]. https://

nucleobytes.com/enzymex. Accessed December
13,2024.

SEQ2FUN, https://seq2fun.dcmb.med.umich.

edu. Accessed December 13, 2024.

PyMOL | pymol.org, https://pymol.org.

Accessed December 13, 2024.

. Ichimura T, et al. Kidney injury molecule-1 is a

phosphatidylserine receptor that confers a phago-

cytic phenotype on epithelial cells. J Clin Invest.
2008;118(5):1657-1668.

Ide S, et al. Sex differences in resilience to fer-

roptosis underlie sexual dimorphism in kidney

injury and repair. Cell Rep. 2022;41(6):111610.

Ide S, et al. Ferroptotic stress promotes the

accumulation of pro-inflammatory proximal

tubular cells in maladaptive renal repair. Elife.
2021;10:e68603.

Hao Y, et al. Integrated analysis of multimodal

single-cell data. Cell. 2021;184(13):3573-3587.

. McGinnis CS, et al. Doubletfinder: doublet
detection in single-cell RNA sequencing data
using artificial nearest neighbors. Cell Syst.
2019;8(4):329-337.

. Young MD, Behjati S. SoupX removes ambi-
ent RNA contamination from droplet-based
single-cell RNA sequencing data. Gigascience.
2020;9(12):giaal51.

. Korsunsky I, et al. Fast, sensitive and accurate

integration of single-cell data with Harmony.

Nat Methods. 2019;16(12):1289-1296.

Chazarra-Gil R, et al. Flexible comparison

of batch correction methods for single-cell

RNA-seq using BatchBench. Nucleic Acids Res.

2021;49(7):e42.

Haber AL, et al. A single-cell survey of

the small intestinal epithelium. Nature.

2017;551(7680):333-339.

Taylor A, et al. FGFR4 does not contribute to

progression of chronic kidney disease. Sci Rep.

2019;9(1):14023.

J Clin Invest. 2025;135(4):e179882 https://doi.org/10.1172/)CI179882


https://doi.org/10.1172/JCI179882
https://doi.org/10.1016/j.jsbmb.2019.105500
https://doi.org/10.1016/j.abb.2011.11.003
https://doi.org/10.1016/j.abb.2011.11.003
https://doi.org/10.1016/j.abb.2011.11.003
https://doi.org/10.1016/j.abb.2011.11.003
https://doi.org/10.1056/NEJMoa1103864
https://doi.org/10.1056/NEJMoa1103864
https://doi.org/10.1056/NEJMoa1103864
https://doi.org/10.1210/jc.2011-1972
https://doi.org/10.1210/jc.2011-1972
https://doi.org/10.1210/jc.2011-1972
https://doi.org/10.1210/jc.2011-1972
https://doi.org/10.1016/j.juro.2013.02.3188
https://doi.org/10.1016/j.juro.2013.02.3188
https://doi.org/10.1016/j.juro.2013.02.3188
https://doi.org/10.1016/j.juro.2013.02.3188
https://doi.org/10.1371/journal.pgen.1003796
https://doi.org/10.1371/journal.pgen.1003796
https://doi.org/10.1371/journal.pgen.1003796
https://doi.org/10.1371/journal.pgen.1003796
https://doi.org/10.1038/s41467-020-15421-7
https://doi.org/10.1038/s41467-020-15421-7
https://doi.org/10.1038/s41467-020-15421-7
https://doi.org/10.1038/s41467-020-15421-7
https://doi.org/10.1681/ASN.2016010069
https://doi.org/10.1681/ASN.2016010069
https://doi.org/10.1681/ASN.2016010069
https://doi.org/10.1681/ASN.2018020192
https://doi.org/10.1681/ASN.2018020192
https://doi.org/10.1681/ASN.2018020192
https://doi.org/10.1038/ki.2010.168
https://doi.org/10.1038/ki.2010.168
https://doi.org/10.1038/ki.2010.168
https://doi.org/10.14814/phy2.14434
https://doi.org/10.14814/phy2.14434
https://doi.org/10.14814/phy2.14434
https://doi.org/10.14814/phy2.14434
https://doi.org/10.1016/j.yexcr.2012.02.027
https://doi.org/10.1016/j.yexcr.2012.02.027
https://doi.org/10.1016/j.yexcr.2012.02.027
https://doi.org/10.1038/bonekey.2013.232
https://doi.org/10.1038/bonekey.2013.232
https://doi.org/10.1038/bonekey.2013.232
https://doi.org/10.1016/S8756-3282(99)00118-0
https://doi.org/10.1016/S8756-3282(99)00118-0
https://doi.org/10.1210/endo.141.7.7579
https://doi.org/10.1210/endo.141.7.7579
https://doi.org/10.1210/endo.141.7.7579
https://doi.org/10.1210/endo.141.7.7579
https://doi.org/10.1210/endo.141.7.7579
https://doi.org/10.1210/endo.141.7.7579
https://doi.org/10.1172/JCI85005
https://doi.org/10.1172/JCI85005
https://doi.org/10.1016/j.jsbmb.2023.106252
https://doi.org/10.1016/j.jsbmb.2023.106252
https://doi.org/10.1016/j.jsbmb.2023.106252
https://doi.org/10.1074/jbc.RA119.010173
https://doi.org/10.1074/jbc.RA119.010173
https://doi.org/10.1074/jbc.RA119.010173
https://doi.org/10.1074/jbc.RA119.010173
https://doi.org/10.1093/nar/gkm179
https://doi.org/10.1093/nar/gkm179
https://doi.org/10.1093/nar/gkm179
https://doi.org/10.1093/nar/gkm179
https://doi.org/10.1093/nar/gkm179
https://doi.org/10.1681/ASN.2020101407
https://doi.org/10.1681/ASN.2020101407
https://doi.org/10.1681/ASN.2020101407
https://doi.org/10.1016/j.kint.2019.05.029
https://doi.org/10.1016/j.kint.2019.05.029
https://doi.org/10.1016/j.kint.2019.05.029
https://doi.org/10.1016/j.jmb.2009.11.057
https://doi.org/10.1016/j.jmb.2009.11.057
https://doi.org/10.1016/j.jmb.2009.11.057
https://doi.org/10.1016/j.jmb.2009.11.057
https://doi.org/10.1016/j.abb.2006.11.018
https://doi.org/10.1016/j.abb.2006.11.018
https://doi.org/10.1016/j.abb.2006.11.018
https://doi.org/10.1016/j.abb.2006.11.018
https://doi.org/10.1016/j.abb.2006.11.018
https://doi.org/10.1016/j.abb.2006.11.018
https://doi.org/10.1016/j.stem.2007.03.002
https://doi.org/10.1016/j.stem.2007.03.002
https://doi.org/10.1016/j.stem.2007.03.002
https://doi.org/10.1016/j.stem.2007.03.002
https://doi.org/10.1016/j.ydbio.2009.07.039
https://doi.org/10.1016/j.ydbio.2009.07.039
https://doi.org/10.1016/j.ydbio.2009.07.039
https://doi.org/10.1371/journal.pone.0043098
https://doi.org/10.1371/journal.pone.0043098
https://doi.org/10.1371/journal.pone.0043098
https://doi.org/10.1002/gene.20042
https://doi.org/10.1002/gene.20042
https://doi.org/10.1002/gene.20042
https://doi.org/10.1074/jbc.274.10.6476
https://doi.org/10.1074/jbc.274.10.6476
https://doi.org/10.1074/jbc.274.10.6476
https://doi.org/10.1074/jbc.274.10.6476
https://doi.org/10.1074/jbc.274.10.6476
https://doi.org/10.1210/en.2004-1116
https://doi.org/10.1210/en.2004-1116
https://doi.org/10.1210/en.2004-1116
https://doi.org/10.1210/en.2004-1116
https://doi.org/10.1210/en.2004-1116
https://doi.org/10.1172/JCI163627
https://doi.org/10.1172/JCI163627
https://doi.org/10.1172/JCI163627
https://doi.org/10.1172/JCI163627
https://doi.org/10.2215/CJN.06040710
https://doi.org/10.2215/CJN.06040710
https://doi.org/10.2215/CJN.06040710
https://doi.org/10.2215/CJN.06040710
https://doi.org/10.1038/ncpendmet0388
https://doi.org/10.1038/ncpendmet0388
https://doi.org/10.1038/ncpendmet0388
https://doi.org/10.1159/000209246
https://doi.org/10.1159/000209246
https://doi.org/10.1159/000209246
https://doi.org/10.1371/journal.pone.0250438
https://doi.org/10.1371/journal.pone.0250438
https://doi.org/10.1371/journal.pone.0250438
https://doi.org/10.1371/journal.pone.0250438
https://doi.org/10.1371/journal.pone.0250438
https://doi.org/10.1152/ajprenal.00676.2013
https://doi.org/10.1152/ajprenal.00676.2013
https://doi.org/10.1152/ajprenal.00676.2013
https://doi.org/10.1152/ajprenal.00676.2013
https://doi.org/10.1016/j.stem.2020.06.021
https://doi.org/10.1016/j.stem.2020.06.021
https://doi.org/10.1016/j.stem.2020.06.021
https://doi.org/10.1016/j.stem.2020.06.021
https://doi.org/10.1016/j.ajt.2024.07.010
https://doi.org/10.1016/j.ajt.2024.07.010
https://doi.org/10.1016/j.ajt.2024.07.010
https://doi.org/10.1152/ajprenal.00279.2012
https://doi.org/10.1152/ajprenal.00279.2012
https://doi.org/10.1152/ajprenal.00279.2012
https://doi.org/10.1016/j.kint.2016.07.024
https://doi.org/10.1016/j.kint.2016.07.024
https://doi.org/10.1016/j.kint.2016.07.024
https://doi.org/10.1016/j.kint.2016.07.024
https://doi.org/10.1152/ajprenal.00414.2021
https://doi.org/10.1152/ajprenal.00414.2021
https://doi.org/10.1152/ajprenal.00414.2021
https://doi.org/10.1152/ajprenal.00414.2021
https://doi.org/10.1152/ajprenal.00414.2021
https://nucleobytes.com/enzymex
https://nucleobytes.com/enzymex
https://seq2fun.dcmb.med.umich.edu
https://seq2fun.dcmb.med.umich.edu
https://pymol.org
https://doi.org/10.1172/JCI34487
https://doi.org/10.1172/JCI34487
https://doi.org/10.1172/JCI34487
https://doi.org/10.1172/JCI34487
https://doi.org/10.1016/j.celrep.2022.111610
https://doi.org/10.1016/j.celrep.2022.111610
https://doi.org/10.1016/j.celrep.2022.111610
https://doi.org/10.7554/eLife.68603
https://doi.org/10.7554/eLife.68603
https://doi.org/10.7554/eLife.68603
https://doi.org/10.7554/eLife.68603
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1016/j.cels.2019.03.003
https://doi.org/10.1016/j.cels.2019.03.003
https://doi.org/10.1016/j.cels.2019.03.003
https://doi.org/10.1016/j.cels.2019.03.003
https://doi.org/10.1093/gigascience/giaa151
https://doi.org/10.1093/gigascience/giaa151
https://doi.org/10.1093/gigascience/giaa151
https://doi.org/10.1093/gigascience/giaa151
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.1093/nar/gkab004
https://doi.org/10.1093/nar/gkab004
https://doi.org/10.1093/nar/gkab004
https://doi.org/10.1093/nar/gkab004
https://doi.org/10.1038/nature24489
https://doi.org/10.1038/nature24489
https://doi.org/10.1038/nature24489
https://doi.org/10.1038/s41598-019-50669-0
https://doi.org/10.1038/s41598-019-50669-0
https://doi.org/10.1038/s41598-019-50669-0

	Graphical abstract

