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Vitamin D3 is terminally bioactivated in the kidney to 1�,25-
dihydroxyvitamin D3 (1,25(OH)2D3) via cytochrome P450 family
27 subfamily B member 1 (CYP27B1), whose gene is regulated by
parathyroid hormone (PTH), fibroblast growth factor 23 (FGF23),
and 1,25(OH)2D3. Our recent genomic studies in the mouse have
revealed a complex kidney-specific enhancer module within the
introns of adjacent methyltransferase-like 1 (Mettl1) and Mettl21b
that mediate basal and PTH-induced expression of Cyp27b1 and
FGF23- and 1,25(OH)2D3-mediated repression. Gross deletion of
these segments in mice has severe effects on Cyp27b1 regulation
and skeletal phenotype but does not affect Cyp27b1 expression in
nonrenal target cells (NRTCs). Here, we report a bimodal activity in
the Mettl1 intronic enhancer with components responsible for
PTH-mediated Cyp27b1 induction and 1,25(OH)2D3-mediated
repression and additional activities, including FGF23 repression,
within the Mettl21b enhancers. Deletion of both submodules elim-
inated basal Cyp27b1 expression and regulation in the kidney,
leading to systemic and skeletal phenotypes similar to those of
Cyp27b1-null mice. However, basal expression and lipopolysac-
charide-induced regulation of Cyp27b1 in NRTCs was unper-
turbed. Importantly, dietary normalization of calcium, phosphate,
PTH, and FGF23 rescued the skeletal phenotype of this mutant
mouse, creating an ideal in vivo model to study nonrenal
1,25(OH)2D3 production in health and disease. Finally, we con-
firmed a conserved chromatin landscape in human kidney that is
similar to that in mouse. These findings define a finely balanced
homeostatic mechanism involving PTH and FGF23 together with
protection from 1,25(OH)2D3 toxicity that is responsible for both
adaptive vitamin D metabolism and mineral regulation.

Vitamin D3 undergoes its final bioactivation step in the kid-
ney to hormonal 1�,25-dihydroxyvitamin D3 (1,25(OH)2D3)2

through the actions of the renal P450 enzyme CYP27B1 (1). The
hormone’s endocrine concentration in the blood is dynamically
regulated, however, not only via its synthesis but also through
its initial degradation to 1,24,25(OH)3D3 by CYP24A1 (2). This
latter renal enzyme is responsible for further metabolic clear-
ance that leads ultimately to calcitroic acid. Of central impor-
tance, the expression of CYP27B1 in the kidney is governed by
numerous factors, although those of major homeostatic signif-
icance include induction by the calcium-regulating hormone
PTH (3), suppression by the phosphaturic hormone FGF23 (4),
and feedback suppression by 1,25(OH)2D3 (5), all of which link
adaptive vitamin D metabolism to the maintenance of mineral
homeostasis. Uniquely, renal expression of Cyp24a1 is also regu-
lated by these same hormones, although in a reciprocal manner
wherein PTH suppresses whereas both FGF23 and 1,25(OH)2D3
induce expression of this gene (6–9). This regulatory paradigm in
the kidney highlights the critical importance of the coordinated
regulation of both Cyp27b1 and Cyp24a1 expression for the tight
control of circulating 1,25(OH)2D3 and thus orchestration of nor-
mal extracellular mineral homeostasis.

Interestingly, recent studies of CYP27B1 expression have
revealed that this gene is also expressed at relatively low levels
in a wide variety of nonrenal cell types, including skin, bone
cells, colonic epithelial cells, and many others as well, an arbi-
trary collection of functionally diverse cells that we have termed
non-renal target cells (NRTCs) (10, 11). Whereas the potential
role of Cyp27b1 in these cells remains uncertain, it is nonethe-
less clear that the Cyp27b1 gene in these tissues is not generally
regulated by PTH, FGF23, or 1,25(OH)2D3 as in the kidney but
rather by other factors that include pro-inflammatory modula-
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tors, such as lipopolysaccharides (LPS), tumor necrosis factor
�, and interleukin-1; TCR activation in T cells; and likely addi-
tional factors that can exhibit unique regulatory activities in
specific NRTCs (12). Presumably, this enables the biological
actions of locally produced 1,25(OH)2D3 to contribute to the
regulation of functions unique to individual cell types while
simultaneously insulating local hormonal regulation from
the dynamic changes in PTH, FGF23, and/or 1,25(OH)2D3 that
are associated with mineral homeostasis (13). Neither the
mechanisms nor the overall biological impact of locally pro-
duced 1,25(OH)2D3 is understood, however, particularly in the
context of normal levels of residual endocrine 1,25(OH)2D3,
where it is likely derived in healthy animals exclusively from the
kidney. Despite these uncertainties, the regulated expression of
Cyp27b1 and its corresponding 1,25(OH)2D3 turnover partner
Cyp24a1, which is also expressed in these nonrenal cell types at
very low levels, is widely believed to be central to the highly
diverse biological activities that appear to be influenced by the
vitamin D system in vivo.

Despite multiple studies beginning in the 1970s, the molec-
ular mechanisms through which PTH, 1,25(OH)2D3, and later
FGF23 regulate the expression of Cyp27b1 at the genomic level
appear to have resisted virtually all research efforts. This has
been due, at least in part, to the lack of in vitro kidney cell
models that express appreciable levels of Cyp27b1 or more
importantly exhibit regulation by the above three hormones at
appropriate levels seen in vivo. Because of this, we turned our
attention to the mouse as an in vivo model to understand the
mechanisms underlying renal Cyp27b1 expression and regula-
tion. Guided by ChIP-Seq–mediated identification of genetic
and epigenetic elements at the Cyp27b1 gene locus in the
mouse kidney coupled with the deletion of key genomic regions
facilitated by CRISPR/Cas9 gene editing methods in vivo, we
discovered a complex, multicomponent endocrine regulatory
module located in the introns of the adjacent Mettl1 and
Mettl21b genes whose overall modulatory activities were
enabled by an open chromatin structure that was unique to the
kidney while absent in all nonrenal tissues we examined (13).
This module was composed of two independent intronic sub-
modules; both control basal expression of Cyp27b1, whereas
one mediates induction by PTH and the other mediates its sup-
pression by FGF23 and 1,25(OH)2D3. Loss of PTH sensitivity
led to an aberrant systemic as well as a profound skeletal phe-
notype approaching that of the Cyp27b1-null mouse, whereas
loss of FGF23 and 1,25(OH)2D3 suppression alone led to only
minor phenotypic changes restricted to the circulation. The
biological absence of this module in the genome of NRTCs
coincided with the inability of PTH, FGF23, and 1,25(OH)2D3
to regulate the expression of Cyp27b1 in these tissues. How-
ever, sensitivity to LPS induction was retained, indicating that
the regulatory module controlling this function was located
outside that which modulates renal Cyp27b1 expression.

In our current studies, we further define the enhancer
regions that are responsible for Cyp27b1 regulation in the kid-
ney. We then confirm the overall essentiality of the two
submodules for controlling the production of endocrine
1,25(OH)2D3 by deleting both regulatory segments from the
mouse genome. Accordingly, we show that almost all basal

expression of Cyp27b1 as well as its regulatory control by PTH,
FGF23, and 1,25(OH)2D3 are lost in this mutant mouse, which
leads to a striking reduction in the circulating level of
1,25(OH)2D3 and compensatory and informative changes in
additional key vitamin D metabolites as well. This loss of hor-
mone results in severe hypocalcemia and hypophosphatemia,
with phenotypic hormonal and skeletal features comparable
with those of the Cyp27b1-null mouse. Importantly, the fea-
tures of this mutant strain as well as those of the previous PTH-
insensitive Cyp27b1 mouse (M1-IKO mouse) can be fully res-
cued via a diet high in calcium (Ca) and phosphate (P), which
rapidly normalizes blood Ca and P levels and eventually
restores appropriate levels of PTH and FGF23 but eliminates all
1,25(OH)2D3 (14). This therefore provides a novel and useful
mouse model for the independent study of the local produc-
tion of 1,25(OH)2D3 and its biological effects in NRTCs and
on disease progression. Finally, we show using ChIP-Seq
analysis that the genetic and epigenetic landscape at the
CYP27B1 gene locus in human kidney supports a conserved
regulatory arrangement similar to the mouse. In summary,
this investigation advances our understanding of the
genomic mechanisms through which Cyp27b1 and Cyp24a1
are regulated in mouse and perhaps human kidney in vivo;
these studies also provide models for the subsequent assess-
ment of the exquisite molecular mechanisms through which
Cyp27b1 is regulated in the kidney and for the study of local
production of 1,25(OH)2D3 in nonrenal tissues.

Results

Defining the roles of distinct regulatory segments within the
Mettl21b intron

As summarized in Fig. 1A, our previous ChIP-Seq studies of
the Cyp27b1 gene locus revealed the existence of two regulatory
submodules, each of which displayed unique functional, kid-
ney-specific profiles when deleted in the mouse (13). In the
present studies, we therefore created several additional dele-
tions within each submodule and a complete module deletion,
all of which are summarized in Fig. 1B using a CRISPR/Cas9
approach, and evaluated basal and hormonal response in each
of these as well. We began with a dissection of the Mettl21b
intronic submodule, given the larger size of the original intronic
deletion created in the M21-IKO mouse and because of its
apparent ability to control basal Cyp27b1 expression as well as
its capacity to mediate suppression of Cyp27b1 expression in
the kidney by both FGF23 and 1,25(OH)2D3. Accordingly, we
created two separate deletions within the Mettl21b intron as
illustrated in Fig. 2A; the first removed the most proximal two
elements, including highly repetitive, nonconserved genomic
segments within, and the second removed the single most distal
element, resulting in mouse strains termed M21-IKOP (more
proximal to Cyp27b1) and M21-IKOD (distal), respectively. As
seen in Fig. 2B, the overall systemic phenotypes of these two
mutant mouse strains were unremarkable, with the M21-IKOD
strain alone exhibiting slightly elevated levels of PTH and
slightly depressed levels of FGF23 that were similar to the M21-
IKO strain; like this latter strain, vitamin D metabolite levels
were also altered in the M21-IKOD mouse, with highly elevated
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25(OH)D3 and 24,25(OH)2D3 but reduced 1,24,25(OH)3D3 lev-
els (Fig. 2C). To highlight the metabolic difference, the ratio of
25(OH)D3/24,25(OH)2D3 rose from 2 in WT mice to 3.8 in
M21-IKOD, which implies less catabolism of 25(OH)D3
together with the higher absolute concentration of 25(OH)D3.
Both mutant mice also displayed normal skeletal features sim-
ilar to the M21-IKO mouse as well (Fig. 2D).

Interestingly, whereas deletion of the single segment in the
M21-IKOD mouse revealed a Cyp27b1 RNA expression pheno-
type similar to that of the M21-IKO mouse (reduced basal activ-
ity and suppression by FGF23 and 1,25(OH)2D3 treatment) as
seen in Fig. 2E, collective independent deletion of the two more
proximal segments in the M21-IKOP strain showed a func-
tional difference; whereas sensitivity to the two hormones as
seen in the M21-IKO strain was recapitulated, the residual basal
expression of Cyp27b1 remained intact only in M21-IKOP
mice. In both strains, however, FGF23 suppression of Cyp27b1
expression remained present unlike in the M21-IKO mouse.
These results suggest that whereas control of basal expression
was restricted to the more distal epigenetic component, sup-
pression by FGF23 was perhaps mediated via all three regions.
Interestingly, Cyp24a1 expression in the M21-IKO mouse kid-
ney was also suppressed homeostatically in the M21-IKOD
mouse (Fig. 2F). This reduction correlated with the decrease in
basal Cyp27b1 expression seen in M21-IKOD mice, apparently
leading to elevated levels of 25(OH)D3 and 24,25(OH)2D3 that
were also observed in Fig. 2C. Vdr expression levels were mod-
estly up-regulated in response to both 1,25(OH)2D3 and FGF23
(Fig. 2G) (13). As with the M21-IKO mouse, these deletions
(M21-IKOP and M21-IKOD) had no effect on Cyp27b1 expres-
sion or LPS induction in any of the NRTCs examined, including
the thyroparathyroid (TPTG) tissue (data not shown) (13). As
there is little known about the methyltransferase function of
Mettl1 (15) and Mettl21b may have an interaction with eukary-
otic elongation factor 1� (eEF1A) (16), we also created a dele-
tion mutation of the Mettl21b gene itself with two different
frameshift mutations in exon 1, which resulted in the absence of
expression of mature, full-length Mettl21b. These animals were
completely WT in their systemic parameters, size, weight, skel-

etal composition, and kidney expression of Cyp27b1, Cyp24a1,
and Vdr (data not shown).

FGF23 suppression is restricted to the Mettl21b intronic
enhancer, whereas 1,25(OH)2D3 suppression spans both
kidney M1 and M21 enhancers

Given the possibility that Cyp27b1 suppression might be
mediated via several redundant activities within the complex
M21 submodule, we returned to the M21-IKO mouse and
examined the ability of these two hormones to suppress
Cyp27b1 expression in a more thorough fashion as a function of
time following FGF23 and 1,25(OH)2D3 treatment. As seen in
Fig. 3A, the results confirm as previously suggested that
although basal Cyp27b1 expression is reduced in this mouse,
the gene is fully refractory to transient suppression by FGF23.
Cyp24a1 (Figs. 2 and 3B) as well as the Vdr (Fig. 3C) were
also down-regulated by FGF23 via a direct response, as demon-
strated previously (13). In contrast, however, temporal
1,25(OH)2D3 suppression was still present as was seen in the
control M1-IKO mouse (Fig. 3D). In both cases, however,
Cyp27b1 suppression was less robust than that apparent in the
WT controls. These data indicate that whereas FGF23 activity
is restricted to the M21 intronic submodule, 1,25(OH)2D3 sup-
pression spans both the submodules in M21 and the M1, as
demonstrated clearly in the M1/M21 double deletion mouse
(discussed in detail below).

Bimodal activities of the single regulatory segment located in
the Mettl1 intron

Our initial studies identified an epigenetically active open
chromatin region within a Mettl1 intron that binds both the
VDR and CREB and that mediates up-regulation of Cyp27b1
expression by PTH exclusively in the kidney (13). As a result,
deletion of this small region of �300 bp, as documented in the
M1-IKO mouse, strikingly reduced basal Cyp27b1 expression,
caused resistance to PTH, and culminated in a phenotype that
approached that of the Cyp27b1-null mouse. Based upon this
observation, as well as the results documented in Fig. 3 relative
to 1,25(OH)2D3 suppression, we created two additional mutant
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mouse strains in an attempt to separate these two functions
genomically. As illustrated in Fig. 4A, the first mutant con-
tained a deletion of the more proximal �100 bp of the regula-
tory segment defined originally in the M1-IKO mouse (termed

the M1-IKOP mouse), and the second contained a deletion of
the more distal �200 bp (termed the M1-IKOD mouse). The
DNA sequences of this entire region indicated an enrichment
of multiple VDRE and CREB motifs (Fig. 4B) (17–19). Interest-
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ingly, the systemic phenotypes of each of these two mutant
strains were much less striking than that seen originally in the
M1-IKO mouse. Thus, neither exhibited hypocalcemia or
hypophosphatemia, and whereas PTH and FGF23 levels tended
strongly toward those of WT littermates, neither were as
extreme as those seen in the M1-IKO mouse (Fig. 4C). Vitamin
D metabolite levels were also distinctly different, relative not

only to WT and M1-IKO mice but also to each other. With
respect to 1,25(OH)2D3 levels, both were higher than that seen
in the M1-IKO mouse and approached WT levels (Fig. 4D). The
near normal nature of the systemic features of Ca and P in
the M1-IKOD and M1-IKOP mice relative to the M1-IKO
mouse was likely responsible for the normal bone mineral
densities (BMDs) seen in both males and females of the two
strains (Fig. 4E). Based upon these observations, we isolated
RNA from the kidneys of these mutant mice following treat-
ment with a single injection of either vehicle, PTH, FGF23,
or 1,25(OH)2D3 and assessed transcript levels for Cyp27b1,
Cyp24a1, and Vdr relative to WT and M1-IKO mice. As can
be seen in Fig. 4F, whereas basal expression levels of Cyp27b1
in vehicle-treated M1-IKOP mice were strikingly reduced
relative to WT mice and comparable with that seen in the
M1-IKO mouse, basal expression of Cyp27b1 and protein in
the M1-IKOD mice was statistically elevated above both
M1-IKOP and WT mice as well (Fig. 4, F and I). These find-
ings were supported by the coordinated suppression of
Cyp24a1 expression in the M1-IKO and M1-IKOP mice but
not in the M1-IKOD mouse, where Cyp24a1 is up-regulated
relative to WT controls (Fig. 4G). Vdr RNA and VDR protein
levels in both the M1-IKOP and M1-IKOD mice resembled
those of WT mice (Fig. 4, H and I). In contrast, the suppres-
sive effect of FGF23 and 1,25(OH)2D3 on Cyp27b1 expres-
sion was retained in each of the mouse strains examined
despite the striking differences in basal expression seen in
each strain (Fig. 4F).

As documented in Fig. 4F, however, the most interesting
observation was that whereas PTH induction was fully lost in
the M1-IKO mouse as described previously, the deletion cre-
ated in the M1-IKOP mouse did not lead to a complete loss of
PTH response but rather limited the induction of Cyp27b1 to
�3-fold. These results suggest the likelihood of significant
complexity within the DNA sequence(s) that serves to mediate
PTH control of Cyp27b1, perhaps at the deletion boundary,
although the ability of the M1-IKOP mouse to mount a WT
response to PTH implies that the proximal region is not
involved in PTH regulation. The consequence of this limited
PTH response is profound, however, as it precludes both the
strong rise in PTH levels as well as the striking skeletal pheno-
type that is eventually seen in the M1-IKO mouse.

Finally, increased basal expression of Cyp27b1 in the
M1-IKOD mouse indicates that the removal of the more prox-
imal �200 bp leads to a 3-fold de-repression of Cyp27b1
expression (Fig. 4F). Thus, it is possible that this region retains
DNA sequence elements that mediate Cyp27b1 suppression by
1,25(OH)2D3 and that the loss of these sequences alleviates the
repressive actions of 1,25(OH)2D3 in this M1 intronic region.
Despite this, however, as in the intron of Mettl21b, none of the
deletions utilized to evaluate the components in the introns of
Mettl1 altered the basal or LPS-inducible activity of Cyp27b1 in
NRTCs (data not shown). Interestingly, however, Cyp27b1
expression in the TPTG of the M1-IKOP mouse mirrored that
of the M1-IKO mouse with a lowered baseline (13), whereas the
M1-IKOD was unchanged (data not shown). The establishment
of these genomic/functional correlates will enable further stud-
ies designed to elucidate the molecular basis for the actions of
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PTH, FGF23, 1,25(OH)2D3, and perhaps other hormones and
to define the transcription factors and upstream signaling path-
ways responsible for mediating these systemic hormones’
actions at the level of the Cyp27b1 gene.

Calcitonin induces secondary renal Cyp27b1 expression via an
up-regulation of serum PTH

Calcitonin (CT) represents an historical inducer of renal
Cyp27b1 and represents a potential candidate for Cyp27b1 up-
regulation by the proximal segment in the Mettl21b intron (20).
To confirm that CT induces Cyp27b1 in the kidney, we injected
increasing concentrations of salmon CT (20 –2000 ng/g) into
WT mice, assessed the temporal response of Cyp27b1 expres-
sion to the hormone, and noted a striking up-regulation of the
target gene (Fig. 5A). Systemic measurements of PTH as seen in
Fig. 5B, however, revealed that this treatment caused a surpris-
ing and dramatic up-regulation of this hormone, suggesting
that the positive effects of CT on Cyp27b1 expression might be
secondary to PTH up-regulation. To test this hypothesis, we
treated WT, M1-IKO, and M21-IKO mice with 20 ng/g CT and
measured Cyp27b1 expression as a function of time (Fig. 5, C
and D). As can be seen in Fig. 5C, whereas CT strongly induced
Cyp27b1 in the kidney of WT mice and the M21-IKO mice, this
induction was fully abrogated in M1-IKO mice, where Cyp27b1
is refractory to exogenous PTH. Accordingly, this experiment
demonstrates an unexpected finding that strong up-regulation
of Cyp27b1 by CT is indeed secondary to the hormone’s ability
to induce PTH, making it unlikely that the unknown factor
active in the single distal segment of the Mettl21b intron is CT.

Creation of a unique kidney-specific Cyp27b1 enhancer
deletion mouse model

Having established loss of function correlates with the spe-
cific structural components within the introns of Mettl21b and
Mettl1 genes, we next tested the hypothesis that these two sub-
modules comprise a comprehensive regulatory module that
mediates full expression and hormonal regulation of Cyp27b1
in mouse kidney and is thereby fully responsible for the circu-
lating levels of endocrine 1,25(OH)2D3. We utilized a sequential
CRISPR/Cas9 approach to delete both the Mettl1 and Mettl21b
intronic regulatory segments simultaneously, as illustrated in
Fig. 1, and then assessed the resulting systemic and skeletal
consequences of this dual intronic deletion (termed the
M1/M21-DIKO mouse) on both basal and hormone-regulated
expression of renal Cyp27b1. As can be seen in Fig. 6A, deletion
of both regulatory components resulted in a complex systemic
and skeletal phenotype that was more extreme than that seen in
the M1-IKO mouse (13) and that paralleled that of the
Cyp27b1-null mouse, which produces undetectable levels of
1,25(OH)2D3 (21, 22). Indeed, the M1/M21-DIKO mouse was
extremely hypocalcemic and hypophosphatemic, coincident
with highly elevated PTH levels and with FGF23 levels well
below those seen in the Cyp27b1-null mouse. As expected,
these systemic features were accompanied by low BMDs in
these mice (at 8 weeks of age in both sexes), indicative of a
highly aberrant skeleton (Fig. 6B).

Of equal importance, as seen in Fig. 6C, RT-qPCR analysis of
isolated kidney RNA from the M1/M21-DIKO mouse revealed
that basal Cyp27b1 expression was reduced to a level even lower
than that seen in the M1-IKO mouse, exhibiting a 99.7% reduc-
tion relative to WT mice in this experiment. Moreover, renal
expression of Cyp27b1, as anticipated, was fully refractory to
exogenous treatment with a single time point injection of PTH,
FGF23, or 1,25(OH)2D3, as seen in Fig. 6C. Renal Cyp27b1
expression in the M1/M21-DIKO mouse was also refractory to
suppression by 1,25(OH)2D3 as a function of time, as docu-
mented in Fig. 3D, fully supporting our earlier contention that
1,25(OH)2D3 suppression was mediated through both submod-
ules. Not surprisingly, examination of renal levels of Cyp24a1
expression as in Fig. 6D also revealed a striking down-regula-
tion of the latter gene that was even more pronounced than that
seen in either the M1-IKO or the M21-IKO mice; direct
response of Cyp24a1 to PTH suppression and to FGF23 induc-
tion was difficult to assess given the exceptionally low baselines,
although 1,25(OH)2D3 induction remained intact. Vdr levels
were also basally reduced as well compared with WT controls
(Fig. 6E).

Unexpectedly, despite the low levels of renal Cyp27b1
expression and the striking systemic and skeletal phenotype of
this mouse, blood levels of 1,25(OH)2D3, although lower that
than seen in the M1-IKO mouse, were measurable, as seen in
Fig. 6F. We hypothesize that circulating 1,25(OH)2D3 levels in
both of these mouse strains are inappropriately high relative to
their aberrant phenotypes, likely due to the striking suppres-
sion of renal Cyp24a1 expression, which restricts the turnover
of what little 1,25(OH)2D3 is produced by highly reduced renal
Cyp27b1 expression. That Cyp24a1 expression is functionally
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low is also supported by the absence of 24,25(OH)2D3 and
1,24,25(OH)3D3 and a consequential elevation in the levels
of 25(OH)D3 substrate that is present in M1/M21-DIKO,
M1-IKO, and Cyp27b1-null mice. The inability of these levels
of 1,25(OH)2D3 to direct adequate uptake of calcium from the
gut is equally supported by the trend toward a reduction in the
expression of intestinal S100g, Trpv6, and Atp2b1, genes known
to be involved in calcium absorption from the gut, although loss
of Trpv6 expression appears to dominate (Fig. 6G) (23, 24).

Finally, it is important to note that basal expression of
Cyp27b1 in the M1/M21-DIKO mouse is again uninterrupted
in NRTCs, such as bone and skin, as was observed in both
M1-IKO and M21-IKO mice (13) and fully inducible by the
inflammatory modulator LPS (Fig. 6H). As a control, Il-6
expression was strongly induced in response to LPS injection
(data not shown) (13). This supports our hypothesis that the
regulation of Cyp27b1 in nonrenal cells is likely mediated by a
control region that is distinct from that of the kidney-specific
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module. The absence of any change in NRTC Cyp27b1 also
reinforces the idea that residual 1,25(OH)2D3 in the blood is not
derived from an increase in 1,25(OH)2D3 production from
NRTCs, including the parathyroid gland, although these alter-
native sources are always possible. Thus, we have created a truly
unique “knockout” of Cyp27b1 expression selectively in the kid-
ney by removing the key noncoding enhancers that represent
the primary determinants of Cyp27b1 expression in this tissue,
with a small residual level of 1,25(OH)2D3 remaining as a result
of the dramatic suppression of Cyp24a1 expression and
activity.

Establishing animal models for the study of homeostasis and
vitamin D metabolism in NRTCs

The studies presented thus far provide an initial genomic
framework with which to develop further molecular and
homeostatic insights into the mechanisms through which PTH,
FGF23, and 1,25(OH)2D3 regulate renal Cyp27b1 expression
and blood levels of 1,25(OH)2D3. Perhaps equally important,
however, is the apparent creation of an in vivo animal model as
described by the M1/M21-DIKO mouse above, wherein sys-
temic 1,25(OH)2D3 production from the endocrine kidney has
been largely and uniquely curtailed without altering the poten-
tial for 1,25(OH)2D3 production in nonrenal tissues. This
model is therefore distinct from that of the global Cyp27b1-null
mouse. It thus provides us with the opportunity to both explore
homeostatic response mechanisms through renal Cyp27b1
expression and study the local production of 1,25(OH)2D3 and
its effects on the biological activities of NRTCs in vivo in the
absence and presence of exogenously added 1,25(OH)2D3. It
also provides us with the ability to assess the impact of exoge-
nous vitamin D and its metabolites, particularly that of
25(OH)D3, on NRTC production of 1,25(OH)2D3, an assess-
ment of considerable clinical importance. We reasoned, how-
ever, that normalizing key parameters of mineral homeostasis
in this mouse using a high-Ca and -P rescue diet would be
highly advantageous to minimize the complexity of the highly
aberrant metabolic and structural phenotype, a manipulation
that has been used extensively to normalize both systemic and
skeletal parameters that could present potential confounding in
vivo parameters. To approach this, we first assessed the time
course of response to the rescue diet as compared with the
normal Ca and P control diet in Cyp27b1-null mice in the
absence of 1,25(OH)2D3, with treatment beginning immedi-
ately prior to weaning, because a reported conflict exists in the
literature with regard to the time course of normalization of
mineral, hormones, and the renal expression of Cyp27b1 and
Cyp24a1 (9, 25). In our experience, although Ca and P levels are
rapidly corrected upon exposure to the diet, as might be
expected, both normalization of hormones and restoration of
WT Cyp27b1 and Cyp24a1 renal expression levels are strik-
ingly retarded. As can be seen in Fig. 7A, whereas Ca and P
levels are fully restored at 8 weeks of age, normalization of PTH
and FGF23 levels and the concomitant correction of renal
Cyp27b1, Cyp24a1, and Vdr expression do not occur until 16
weeks (Fig. 7, B and C) (note that whereas mutant Cyp27b1
transcripts produce a defective CYP27B1 protein that cannot
make 1,25(OH)2D3, the normal regulation of the mutant tran-

script is retained). Based upon this time course, we then con-
ducted a similar rescue study with M1-IKO and M1/M21-
DIKO using Cyp27b1-null and WT mice as controls. As can be
seen in Fig. 8A, whereas the normal Ca and P control diet
resulted in hypocalcemia, hypophosphatemia, hyperparathy-
roidism, and reduced FGF23 levels in all three mutants com-
pared with WT mice, treatment with the rescue diet from
weaning to 16 weeks raised Ca and P levels in all cases to those
approaching WT mice and reduced PTH and raised FGF23
levels, although at this time point, PTH levels were still slightly
above normal and FGF23 levels were well above normal. The
overshoot in FGF23 levels is likely responsible for the lower
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Figure 7. Serum PTH and FGF23 levels in Cyp27b1-null mice are normal-
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than normal P levels seen due to phosphate diuresis from the
kidney (4). As a result of the general normalization of these
systemic parameters in the M1/M21-DIKO mouse on rescue
diet, both body weights and BMDs were increased, and reduced
femur lengths were restored as well (Fig. 8, B and C). Similar
effects were seen in the M1-IKO and the Cyp27b1-null mouse
(data not shown).

Based upon these phenotypic features of the rescued
M1-IKO and M1/M21-DIKO mice, we isolated RNA and
assessed the levels of Cyp27b1, Cyp24a1, and Vdr transcripts in
the kidneys of these mutant mice. As expected (see Fig. 2E),
basal levels of Cyp27b1 were considerably lower in both the
M1-IKO and the M1/M21-DIKO mice (Fig. 8D). The antici-
pated Cyp27b1 responses to rescue diet-induced changes in
PTH and FGF23 were also observed in these mice. Thus,
Cyp27b1 levels were lower in rescued M1-IKO mice, which
retained Cyp27b1 sensitivity to FGF23 but not PTH, but were
unaffected in rescued M1/M21-DIKO mice wherein Cyp27b1
expression remained insensitive to any corrective changes in
both PTH and FGF23. As anticipated, however, rescue diet–
induced changes in these two hormones homeostatically up-
regulated Cyp24a1 expression in the M1-IKO mouse and par-
ticularly in the M1/M21-DIKO mice. Vdr expression levels
were also raised in both strains. These data support our hypoth-
esis that the reduced expression of Cyp24a1 in the kidney is
critical to the inappropriately high levels of circulating
1,25(OH)2D3 seen in both of these mice, a view substantiated by
further assessment of circulating metabolites of vitamin D.
Accordingly, the additional measurement of vitamin D metab-
olites in both M1-IKO and M2/M21-DIKO mice, as seen in
Fig. 8E, revealed a striking rescue diet–induced increase in
24,25(OH)2D3, a concomitant decrease in 25(OH)D3 substrate,
a suppression of circulating 1,25(OH)2D3 to below detectable
levels of the assay, and a concomitant rise in 1,24,25(OH)3D3
indicative of high rates of renal catabolism of 1,25(OH)2D3.

Again, as seen in Fig. 8F, no effect of the rescue diet was seen
on the expression of Cyp27b1, Cyp24a1, or Vdr in any of the
NRTC tissues examined (skin analyses are displayed in Fig. 8F).
Aside from strongly supporting the role of low Cyp24a1 in the
maintenance of inappropriately high 1,25(OH)2D3 in parallel
with the strikingly aberrant mineral homeostatic phenotype
observed, these results support the idea that diet-rescued
M1/M21-DIKO mice exhibit normal levels of Ca and P, near
normal PTH and FGF23, and generally normal circulating
levels of key vitamin D metabolites while at the same time
exhibiting undetectable levels of circulating endocrine
1,25(OH)2D3. Thus, it seems likely that this mouse model will
be useful not only in evaluating the molecular basis for mineral
homeostasis but also for assessing the potential roles and mech-
anisms associated with NRTC Cyp27b1 expression and the
enzyme’s sensitivity to circulating levels of exogenously added
25(OH)D3. Finally, given the critical changes to both PTH and
FGF23 in the rescued mouse, we then administered a dose of
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M21-IKO, and M1/M21-DIKO fed control diet (control, 0.6% Ca, 0.4% P) or
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PTH and confirmed that Cyp27b1 expression was indeed
insensitive to PTH induction even in the absence of high PTH
and low FGF23 (data not shown).

The genetic and epigenetic landscape of CYP27B1 in the
human kidney is similar to that in mouse

Our studies have defined a complex module that mediates
the selective basal and hormone-regulated expression of
Cyp27b1 in the mouse. Interestingly, genes in this chromo-
somal location are syntenic in the human genome, although
they are located in reverse on the opposite strand. Thus,
potential regulatory active regions could be present in
humans in a fashion similar to those in the mouse (13). Sup-
port for this idea has emerged with the identification of SNPs
in regions of METTL1 and METTL21b (EEF1AKMT3) that
link the severity of autoimmune diseases purported to be
sensitive to 1,25(OH)2D3, such as multiple sclerosis, to
Cyp27b1 expression (26 –28). Unfortunately, none of the
available renal proximal tubule cell lines of human origin,
including the popular RPTEC cell line, exhibit informative
genetic and epigenetic profiles across the CYP27B1 gene
locus that would facilitate our understanding of renal
CYP27B1 regulation (data not shown). We therefore ob-
tained several donated cadaver kidneys and conducted both
RNA and ChIP-Seq analyses of isolated segments of the cor-
tex from these organs. Significant levels of CYP27B1,
CYP24A1, and VDR RNA were detected by RT-qPCR analy-
sis of this tissue (CT values of 27, 25, and 27, which equates to
RQ values of 0.032 � 0.003, 0.13 � 0.012, and 0.030 � 0.002
(mean � S.E.), respectively). Based upon this analysis, we
then performed ChIP-Seq analysis using antibodies to the
VDR, pCREB, H3K4me1, and H3K27ac, transcription fac-
tors, and histone modification that we initially utilized to
characterize the kidneys of vitamin D–sufficient WT mice.
As is documented in Fig. 9, the ChIP-Seq data tracks reveal
the presence of both VDR and pCREB at several sites across
the CYP27B1 landscape and specifically within the introns of
METTL1 and METTL21B, where they were similarly
observed within the mouse Cyp27b1 gene locus. These sites
aligned in general with H3K4me1 and H3K27ac histone
modifications that are known to represent partial signatures
of active regulatory enhancers, suggesting in turn that the
sites of VDR and CREB binding are indeed localized to
regions that may mediate regulation of CYP27B1 by PTH
and perhaps 1,25(OH)2D3. It is clear, however, that not all
sites are similar to that seen in the mouse, suggesting that
there may be differences; the exact location within the
METTL1 intron is not identical, and only a single site is
present in the large intron of METTL21B. Despite these
differences, we speculate that a kidney-specific module
analogous to that seen in the mouse may exist in humans and
that the regulation of CYP27B1 by PTH, FGF23, and
1,25(OH)2D3 could be very similar.

Discussion

Our previous studies have revealed the presence of a kid-
ney-specific genomic module in the mouse that controls
expression of the Cyp27b1 gene responsible for the produc-

tion of endocrine 1,25(OH)2D3 (13). In these current studies,
we further localized the complex genomic components
within the two individual submodules that serve to mediate
basal as well as homeostatic regulation by PTH, FGF23, and
1,25(OH)2D3. The properties of these control elements are
unique as for PTH; others display redundancy as for FGF23
and 1,25(OH)2D3. We also show that the removal of both
components of this regulatory module using a sequential
CRISPR/Cas9 approach in vivo fully eliminates all basal and
hormone-regulated expression of Cyp27b1 in the kidney
while leaving the basal expression of this gene intact in
NRTCs. This maneuver causes both a striking reduction in
the circulating levels of 1,25(OH)2D3 and a severe systemic
and skeletal phenotype. Whereas these widespread deficien-
cies are rescued when these animals are fed a high-Ca and -P
diet, homeostatic up-regulation of renal Cyp24a1 reduces
the small amounts of residual 1,25(OH)2D3 that are present
in this mouse to undetectable levels, thereby imposing nor-
mal degradation rates on 1,25(OH)2D3 production, provid-
ing the first animal model in which to study the nature of
local NRTC-produced 1,25(OH)2D3. Finally, this module
appears to be present in a similar, although perhaps not iden-
tical, layout in the human kidney.

Gross CRISPR/Cas9-mediated dissection of the intronic
Mettl1 and Mettl21b components that comprise the
Cyp27b1 regulatory module has revealed considerable func-
tional complexity that is attached to each of the epigeneti-
cally defined segments located within these two distinct but
independent submodules. Three potential enhancers are
located within the more complex Mettl21b intron. The most
distal retains an inducible basal function, the deletion of
which causes a significant loss of basal Cyp27b1 expression.
This component also mediates FGF23 suppression, although
this activity is attenuated relative to that of the WT mouse,
suggesting additional components. It was therefore not sur-
prising to observe that the removal of the two more proximal
segments also attenuated FGF23 suppression, indicating
that the action of this hormone was redundant across at least
two if not three sites in the Mettl21b intron. These two seg-
ments are also located in a region of the genome that retains
many repetitive elements and does not appear to be con-
served within the human sequence as we previously docu-
mented (13). As identified earlier, however, FGF23 suppres-
sion of Cyp27b1 was fully lost upon deletion of the entire
M21 submodule, indicating that FGF23 activity was entirely
limited to this particular component of the renal module.
Interestingly, suppression by 1,25(OH)2D3, although atten-
uated, was retained upon full deletion of the M21 module,
suggesting that this hormone also operated within intronic
M1. A full time course of response in the M1-IKO mouse
confirmed these differences between 1,25(OH)2D3 and
FGF23, both of which were fully lost in the M1/M21-DIKO
mouse. It is also noteworthy that whereas the activities of
1,25(OH)2D3 cannot be specifically localized to each of the
three segments within the M21 intron due to residual activ-
ity within M1, the idea that the actions of 1,25(OH)2D3 span
both submodules (M1 and M21) is supported by the local-
ization of the VDR at each of these sites within both sub-
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modules via ChIP-Seq analysis (13). This interpretation sug-
gests that the potent and sustained suppressive effects of
1,25(OH)2D3 on Cyp27b1 expression are due to its ability to
reinforce the suppressive actions of FGF23 within M21 while
opposing the inducing actions of PTH within M1. Finally,
loss of the basal activity of Cyp27b1 indicates the presence of
an inducing function within the Mettl21b intron. Whereas
we speculate that this may be due to an unknown systemic
factor, it seems clear that this factor is not CT, a peptide
hormone known to up-regulate Cyp27b1 (20), because our
results suggest that this induction in intact mice is secondary
to the up-regulation of PTH. Additional studies will be
necessary to better resolve each of these genomic sites of
action.

Additional investigation to resolve the actions of PTH in
the M1 submodule were informative yet in some respects
puzzling. Restricted deletion of the more proximal segment
of the M1 region in the M1-IKOP mouse supported our spec-
ulation that basal expression and sensitivity to PTH induc-
tion were linked, at least at this level of resolution. Neverthe-
less, the results also suggested that these segments and
perhaps the DNA sequence elements themselves are com-
plex, given the fact that whereas basal expression was fully
lost, a residual sensitivity (3�) to PTH induction was
retained. Surprisingly, however, this very modest response
of Cyp27b1 to PTH was of clear significance, because
1,25(OH)2D3 was sufficiently high in these mice to maintain
normal blood Ca and P levels and to prevent the largely

uncontrolled up-regulation of PTH and full suppression of
FGF23 that is seen in the M1-IKO mouse. How this is accom-
plished in the M1-IKOP mouse is uncertain at present,
although it does indicate that the sensitivity of renal
Cyp27b1 expression to PTH is exquisite. Surprisingly,
Cyp24a1 expression remained suppressed to some degree in
this mouse despite lowered PTH and higher FGF23 levels,
resulting in above normal levels of 24,25(OH)2D3 and partic-
ularly of 1,24,25(OH)3D3. The discordant activity of
Cyp24a1 expression at very low RNA levels suggests the
potential for a very narrow window of expression that leads
to considerable CYP24A1 enzyme activity, although it is
worth noting that the 25(OH)D3 substrate is exceptionally
high when Cyp24a1 RNA is low, likely accounting for the
higher than normal 24,25(OH)2D3 levels that are frequently
seen at these low levels of Cyp24a1 expression and the higher
than normal ratio of 25(OH)D3/24,25(OH)2D3 that is seen.
Interestingly, creation of the M1-IKOD mouse resulted in an
unexpected rise in the basal expression of Cyp27b1 concom-
itant with full retention of Cyp27b1 response to PTH. We
speculate that this increase in the basal level may reflect a
de-repression of renal Cyp27b1 expression due to loss of
M1-mediated 1,25(OH)2D3 suppression, although alterna-
tive explanations are possible as well.

Although the above studies revealed many of the individ-
ual features of the kidney-specific Cyp27b1 regulatory mod-
ule, we reasoned that the creation and analysis of a mutant
mouse in which both submodules had been removed would
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be necessary to confirm the predicted boundaries of the
entire module and to determine the degree to which the loss
of this module could impact both the basal and hormone-
regulated expression of Cyp27b1 and, perhaps more impor-
tantly, to assess whether this module was indeed kidney-
specific. Observations such as this would support the
creation of a mouse model unable to express Cyp27b1 exclu-
sively in the kidney, thereby selectively deficient in endo-
crine-derived 1,25(OH)2D3, while at the same time main-
taining full expression of basal and regulated Cyp27b1 in
NRTCs. As described under “Results,” simultaneous loss of
the two submodules did indeed result in such a phenotype in
the M1/M21-DIKO mouse. This loss of expression of renal
Cyp27b1 was clearly due to strongly reduced basal activity,
likely the result of the additive effects brought about by loss
of the unknown basal inducer in the M21 intron and loss of
the PTH inducer in the M1 intron. This observation would
support the idea that the unknown regulator is not PTH.

The deletion of this complex dual module also resulted in a
Cyp27b1 gene fully refractory to transcriptional regulation by
PTH, FGF23, and 1,25(OH)2D3. The loss of both basal and hor-
mone regulated expression of Cyp27b1 in the kidney results in a
dramatic systemic and skeletal phenotype as described earlier
that was entirely reminiscent of the Cyp27b1-null mouse (21,
30). Due to the exceptionally high levels of PTH and to the
absence of FGF23, this reduction in Cyp27b1 expression was
again accompanied by an important and striking suppression of
renal Cyp24a1 expression; high PTH is known to suppress
whereas low FGF23 fails to induce Cyp24a1 expression. These
changes in Cyp27b1 and Cyp24a1 are consistent with the
altered vitamin D metabolite levels measured in the blood of
these mice; 24,25(OH)2D3 levels were very low, whereas
1,25(OH)2D3 levels were strikingly deficient. Such findings are
similar to those measured in Cyp27b1-null mice with the
exception that 1,25(OH)2D3 levels, although undetectable in
the latter mouse, are initially only deficient in the M1/M21-
DIKO mouse.

These data could support the idea that this residual
1,25(OH)2D3 might be secreted from numerous NRTC sources
rather than from the kidney because basal Cyp27b1 expression
is retained in those tissues. Although this is possible, we spec-
ulate that this blood level of 1,25(OH)2D3 is actually the result
of the striking loss of renal Cyp24a1 expression and activity,
which eliminates the renal turnover of 1,25(OH)2D3 that
accompanies the striking decrease in Cyp27b1 expression. Sig-
nificantly, this highlights the importance of the dual contribu-
tion of both enzymes to the maintenance of circulating
1,25(OH)2D3, which results in an inappropriately high, detect-
able level in view of the overall detrimental phenotype that is
evident in M1/M21-DIKO mice.

Nevertheless, irrespective of this speculation, our results
confirm the creation of an important mouse model selectively
deficient in Cyp27b1 expression in the kidney, having been
uniquely created through the removal of a key regulatory mod-
ule for this gene whose multiple activities are restricted to the
kidney and absent at nonrenal cellular sites of Cyp27b1 expres-
sion. The potential utility of such a model is extensive and
includes the ability to study homeostatic regulation and selec-

tive administration of vitamin D metabolites, such as
25(OH)D3, 1,25(OH)2D3, 24,25(OH)2D3, and 1,24,25(OH)3D3,
or analogs of these metabolites. It also includes the potential
assessment of the mechanisms through which NRTC produc-
tion of 1,25(OH)2D3 occurs in the absence of blood metabolites
and the impact of substrate levels on this production, among
others.

As with other mouse models carrying mutant genes
involved in vitamin D–mediated mineral regulation (e.g.
Vdr-null and Cyp27b1-null), we deemed the restoration of
the systemic and skeletal features of these mice using a
high-Ca and -P rescue diet to be useful in providing a less
complex physiologic environment with which to explore the
questions posed above. We therefore initiated a dietary res-
cue study of the mineral phenotype by establishing a time
course of normalization of the calcemic, phosphatemic, hor-
monal, and skeleton phenotype as well as correction of enzy-
matic expression in the kidneys following treatment using
Cyp27b1-null mice and then M1-IKO and M1/M21-DIKO
mice. Whereas this rescue diet has been utilized abundantly
to “normalize” mutant mouse strains, the time course of full
phenotypic rescue diverges in many studies (9). Thus,
whereas Ca and P levels are rapidly normalized (�4 weeks
after initiation of rescue diet), coordinated restoration of
WT levels of PTH and FGF23 and correction of the abnormal
expression of renal Cyp27b1 and Cyp24a1 require additional
exposure in our studies until the mice are 12–16 weeks of
age. This phenomenon occurs even when the rescue diet is
made available to the dams and neonates immediately after
birth (data not shown). As with Cyp27b1-null mice, M1-IKO
and M1/M21-DIKO mice followed a similar temporal trajec-
tory to normalization. It is unclear why PTH and FGF23
levels as well as renal Cyp27b1 and Cyp24a1 expression do
not correct more rapidly in concert with blood mineral lev-
els. The absence of 1,25(OH)2D3 does not provide an expla-
nation for this delay, however, as dietary rescue in Vdr-null
mice occurs at a similar temporal pace and is not facilitated
or altered by existing levels of 1,25(OH)2D3 in both M1-IKO
and M1/M21-DIKO mice.

Interestingly, because Cyp27b1 expression displays differ-
ential sensitivity to FGF23 and PTH regulation in M1-IKO
and M1/M21-DIKO mice, these mutant mice also collec-
tively confirmed an important homeostatically driven prin-
ciple regarding the key role of renal Cyp24a1 in the regula-
tion of 1,25(OH)2D3. Specifically, whereas both Cyp27b1 was
suppressed and Cyp24a1 was raised in the M1-IKO mouse,
only Cyp24a1 was raised in the M1/M21-DIKO mouse, as
Cyp27b1 expression was fully refractory to regulation by
PTH and FGF23. Strikingly, this rise in renal Cyp24a1
expression in both mutant mouse strains resulted in the loss
of detectable levels of 1,25(OH)2D3 and a concomitant rise in
1,24,25(OH)3D3, in concert with a related decrease in
25(OH)D3 and a coordinated rise in 24,25(OH)2D3 levels.
These effects directly in the M1/M21-DIKO mouse, there-
fore, clearly highlight the exclusive ability of renal Cyp24a1
to influence not only vitamin D hormone levels but also the
profiles of additional vitamin D metabolites. They also sup-
port our idea that residual levels of circulating 1,25(OH)2D3
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in the M1/M21-DIKO mouse on a normal diet are likely due
to the absence of renal 1,25(OH)2D3 degradation rather than
to secretion of the hormone from unknown NRTC sources.
Regardless, the rescue of the general systemic, skeletal, and
renal phenotype of the M1/M21-DIKO mouse by a high-
Ca and -P diet, which is fully deficient in endocrine
1,25(OH)2D3 yet near normal with respect to other vitamin
D metabolites, together with the mechanistic lessons learned
appears to result in an ideal mouse model with which to
explore the questions posed in the discussion above.

Our initial analyses of the Cyp27b1 gene locus in the mouse
kidney raised the important question of whether the human
CYP27B1 locus was similarly arranged and whether its known
regulation by PTH, FGF23, and 1,25(OH)2D3 is mediated by
similar functional elements. Importantly, our investigation of
discarded human kidney tissue conducted by RT-qPCR and
ChIP-Seq analyses as above revealed that the CYP27B1 gene
locus is indeed similar to that of the mouse. Accordingly, we
observed localization of both VDR and pCREB at sites within
the introns of METTL1 and METTL21b that also aligned with
histone H3K4me1 and H3K27ac enrichment that represents
potential signatures of active regulatory enhancers. A single site
rather than multiple sites was observed in the intron of
METTL21B, however, and additional sites of potential binding
for the VDR were also noted. Additional studies will be required
to advance our understanding of the human kidney and to
assess hormonal regulation, perhaps through the isolation of
human proximal tubules in vitro, although as with the mouse,
neither these isolates nor human cell lines have thus far been
useful in delineating genomic mechanisms. It is unclear at pres-
ent when the kidney-specific module emerges during develop-
ment or why it is lost in both mouse and human kidney cell
lines. Further investigation of the human kidney and other tis-
sues will be useful, because multiple attempts to correlate the
expression of CYP27B1 with human physiology and disease
have been reported, and numerous observations indicate that
vitamin D and/or 1,25(OH)2D3 may influence autoimmune dis-
ease progression as well. Perhaps most interesting currently are
the efforts to correlate the presence of SNPs within the
CYP27B1 locus in human populations with autoimmune dis-
eases, and indeed many have been identified (26 –28, 31–34).
Interestingly, variants that seem most likely to influence
CYP27B1 expression in humans are found within the vicinity of
the renal module that, as documented in this report in the
mouse, are responsible exclusively for expression of Cyp27b1
and production of endocrine 1,25(OH)2D3. These variants do
not appear to be located directly within the regions we have
identified here in the human kidney, however. Because
CYP27B1 expression in mouse and human NRTCs is not gen-
erally regulated by PTH, FGF23, or 1,25(OH)2D3, it will be
interesting to determine whether extrarenal regulation of
CYP27B1 by inflammation and other modulators is mediated
by genomic sites located outside the kidney module as is evident
in the mouse.

In summary, we have identified the functional activity of the
multiple regulatory components that are located within the
kidney that mediate the kidney-specific regulation of Cyp27b1
in the mouse. We have also identified a variety of homeostatic

consequences for other components of the machinery that con-
trol not only vitamin D metabolite levels but mediator proteins
as well. Importantly, deletion of both submodules results in a
mutant mouse that is vitamin D– deficient and that, when res-
cued by high dietary Ca and P, results in a mouse fully depleted
of circulating 1,25(OH)2D3. NRTC expression of Cyp27b1 is
unhindered, however, providing a model for the future investi-
gation of the mechanism and roles played through the local
production of 1,25(OH)2D3.

Experimental procedures

Reagents

The following reagents were used for in vivo injections.
1�,25(OH)2D3 was obtained from SAFC Global (Madison, WI),
PTH (1– 84, human) was obtained from Bachem (Torrence,
CA) (H-1370.0100), mouse fibroblast growth factor 23 was
from R&D Systems (Minneapolis, MN) (FGF23, 2629-FG-025),
LPS was from Sigma (L6529), and salmon calcitonin was from
Bachem (H-2260.0001, Torrence, CA). Antibodies used for
ChIP-Seq analysis of VDR (C-20, sc-1008, lot H1216) were pur-
chased from Santa Cruz Biotechnology, Inc. (Dallas, TX).
H3K4me1 (ab8895, lot GR283603-1), H3K27ac (ab4729, lot
GR3187597-1), and H3K36me3 (ab9050, lot GR273247-1) were
purchased from Abcam (Cambridge, MA). Phosphorylated
CREB (Ser-133) (pCREB, 06-519, lot 2762242) and H3K9ac (06-
942, lot 2664263) were purchased from Millipore Corp. (Bil-
lerica, MA). Traditional genotyping PCR was completed with
GoTaq (Promega, Madison, WI), and all real-time qPCR was
completed with StepOnePlus using TaqMan for gene expres-
sion assays (Applied Biosystems, Foster City, CA). Primers were
obtained from IDT (Coralville, IA).

Gene expression

Dissected tissues were frozen immediately in liquid nitrogen
and stored at �80 °C. Frozen tissues were homogenized in TRI-
zol reagent (Life Technologies, Inc.), and RNA was isolated as
per the manufacturer’s instructions. 1 �g of isolated total RNA
was DNase-treated, reverse-transcribed using the High Capac-
ity cDNA kit (Applied Biosystems), and then diluted to 100 �l
with RNase/DNase-free water. qPCR was performed using
primers specific to a select set of differentially expressed genes
by Taqman analyses. TaqMan Gene Expression probes
(Applied Biosystems) were used for RT-PCR and are found in
Table 1.

ChIP followed by sequencing (ChIP-Seq)

ChIP was performed using antibodies listed under
“Reagents.” ChIP was performed as described previously with
several modifications (13, 35). Human kidney samples were
obtained from the University of Wisconsin Madison Organ
Procurement Organization with approval. These kidneys rep-
resent an organ donation from a 69-year-old female. In brief,
human kidney cortex was dissected from whole kidney tissue,
placed into 1.5% formaldehyde cross-linking solution, and then
subjected to a ChIP procedure and immunoprecipitation using
either a control IgG or the indicated antibodies. Statistical anal-
ysis and data processing for ChIP-Seq assays were performed as
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reported previously (36). The isolated DNA (or input DNA
acquired prior to precipitation) was then validated by qPCR and
further prepared for ChIP-Seq analysis. ChIP-Seq libraries were
prepared as described previously (13, 36). All human data were
mapped to the hg19 genome build.

CRISPR-generated and transgenic mice

The guides used for CRISPR-Cas9 –mediated genome edit-
ing were optimized for the least number of potential off-target
sites and fewest sites within coding exons using the Zhang lab-
oratory CRISPR Design tool and cross-referenced with Liu lab-
oratory CRISPR-DO. The guides (see Table 1) were annealed
and cloned into plasmid pX330 or pX458 obtained from the
Zhang laboratory via Addgene (Cambridge, MA) as described
recently (37). Resulting PCR products were then transcribed in
vitro utilizing the T7 MEGAshortscript (Life Technologies) kit
(38). The mixture of 50 ng/�l of the produced RNA guides and
40 ng/�l of Cas9 protein in injection buffer (5 mM Trizma base,
5 mM Tris-HCl, 0.1 mM EDTA, pH 7.4) was injected into the
pronucleus of 1-day fertilized embryos isolated from hyperovu-
lating female C57BL/6 mice as described previously (39) and
implanted into recipient females by the University of Wiscon-
sin Madison Biotechnology Genome Editing and Animal Mod-
els Core. For the creation of the M1/M21-DIKO mouse,
homozygous M21-IKO knockout females were hyperovulated
as described (39) and mated to homozygous M21-IKO knock-
out males prior to CRISPR microinjection with M1-IKO guides
(Table 1). This ensured that the M1 deletion would be allelic
with the M21 deletion. The resultant pups were genotyped with
spanning primers (Table 1), cloned, and sequenced. The top 10
predicted potential off-target sites were examined by PCR and
sequencing analysis.

Animal studies

Genetically modified mice were outbred with C57BL/6 mice
(Jackson Laboratory, Bar Harbor, ME) as heterozygotes. Mice
were housed in high-density ventilated caging in the Animal
Research Facility of the University of Wisconsin (Madison, WI)
under 12-h light/dark cycles at 72 °F and 45% humidity. All
mice used in this study were maintained on a standard rodent
chow diet (5008, Lab Diet, St. Louis, MO), aged 8 –9 weeks, and
then backcrossed 5 or more generations unless otherwise indi-
cated. For the high-Ca/P rescue diet study, 3-week-old mice
were fed either a rescue diet (Envigo TD.96348, 20% lactose, 2%
Ca, 1.25% P) or normal control diet (Envigo, TD.97191, 0.6%
Ca, 0.4% P) for 2, 3, or 4 months, at which time animals were
euthanized, and tissues were collected. All experiments and tis-
sue collections were performed in the procedure rooms in the
Research Animal Facility of the University of Wisconsin (Mad-
ison, WI). All animal studies were reviewed and approved by
the Research Animal Care and Use Committee of the Univer-
sity of Wisconsin (Madison, WI) under protocol A005478. Ani-
mals were subjected to intraperitoneal injection of 10 ng/g body
weight (bw) 1,25(OH)2D3 (in propylene glycol), 230 ng/g bw
PTH (1– 84) (in PBS), 50 ng/g bw FGF23 (in PBS � 0.1% BSA),
10 �g/g bw LPS (in PBS), or vehicle (EtOH or PBS). Animals
were sacrificed, and tissues were collected 1 h after PTH injec-
tion, 3 h after FGF23 injection, and 6 h after 1,25(OH)2D3 and

LPS injection. Unless otherwise indicated, all experiments were
conducted with equal numbers of males and females (n � 6).
Data were reported as mixed, as no differences were found
between sexes.

Western blot analysis

Mitochondrial extracts from whole kidneys were prepared
with a Potter–Elvehjem homogenization tube using 5 ml of
homogenization buffer (250 mM sucrose, 19 mM HEPES, 10 mM

KCl, pH 7.4, plus protease inhibitor mixture (Roche Applied
Science)). The resulting homogenate was centrifuged (4,000 �
g) for 1 min (4 °C). The supernatant was centrifuged (9,000 � g)
for 20 min (4 °C), and the resulting pellet was suspended in 1 ml
of homogenization buffer and centrifuged (9,000 � g) for 10
min (4 °C). The pellet was solubilized in 500 �l of SDS loading
buffer (100 mM Tris-HCl, pH 6.8, 4% SDS, 0.2% bromphenol
blue, 20% glycerol, 200 mM DTT). 30 �l of sample was heated to
95 °C for 5 min and subjected to 12% SDS-PAGE. The kidney
mitochondrial extracts were subjected to Western blot analysis
as described previously (36) using primary antibodies to
CYP27B1 (G-20, sc-49644, Santa Cruz Biotechnology, lot
B1114, 1:500) and VDAC/porin (ab15895, Abcam, lot
GR264581-2, 1:5,000) followed by secondary antibodies donkey
�-goat IgG-HRP (sc-2020, Santa Cruz Biotechnology, 1:2,000)
and goat �-rabbit IgG-HRP (sc-2004, Santa Cruz Biotechnol-
ogy, 1:5,000), respectively.

Whole-kidney tissue lysates were prepared using Tissue
Lysis Buffer (10 mM Tris-Cl (pH 8), 300 mM KCl, 1 mM

EDTA, 2 mM DTT, and protease inhibitor mixture) and pro-
tein concentrations were measured using a protein assay
(Bio-Rad). 80 �g of lysates was denatured and subjected to
12% SDS-PAGE. Subsequently, whole-kidney lysates were
subjected to Western blot analysis as described previously
(36) using primary antibodies to VDR (9A7 (40), 1:2,000) and
�-tubulin (H-235, sc-9104, Santa Cruz Biotechnology; lot
E0913, 1:5,000) followed by secondary antibodies goat �-rat
IgG-HRP (sc-2032, Santa Cruz Biotechnology, 1:2,000) and
goat �-rabbit IgG-HRP (1:5,000), respectively. Due to the
overlapping molecular weights of VDR and �-tubulin, one
aliquot of sample was run over two gels and immunoblotted
as described above.

Blood chemistry

Cardiac blood was collected at the time of sacrifice. Col-
lected blood was split into serum- or EDTA-treated plasma
and incubated at room temperature for 30 min followed by
centrifugation at 6,000 rpm for 12 min (twice) to obtain
serum or EDTA plasma. Serum calcium and phosphate levels
were measured using the QuantiChromTM calcium assay kit
(DICA-500, BioAssay Systems, Hayward, CA) and Quan-
tiChromTM phosphate assay kit (DIPI-500, BioAssay Sys-
tems). Circulating intact FGF23 and PTH were measured in
EDTA plasma via a mouse/rat FGF-23 (intact) ELISA kit
(catalog no. 60-6800, Immutopics, San Clemente, CA) and a
mouse PTH(1– 84) ELISA kit (catalog no. 60-2305, Immu-
topics), respectively. As experiments were performed in par-
allel, WT littermates were pooled for increased statistical
power.
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Quantification of serum vitamin D metabolites

Serum 25(OH)D3, 24,25(OH)2D3, 1,25(OH)2D3, and
1,24,25(OH)3D3 were quantified by LC-MS/MS using previ-
ously published methods (9, 41, 42) and as reported recently
(13). As experiments were performed in parallel, WT litter-
mates were pooled for increased statistical power.

BMD

At 8–9 weeks of age, BMDs of the CRISPR-generated mice and
their WT littermates were measured and analyzed by dual X-ray
absorptiometry with a PIXImus densitometer (GE-Lunar Corp.,
Madison, WI) as described previously (29).

Statistical evaluation and data availability

Data were analyzed using GraphPad Prism version 8 software
(GraphPad Software, Inc., La Jolla, CA) and in consultation
with the University of Wisconsin Statistics Department. All val-
ues are reported as the mean � S.E., and differences between
group means were evaluated using one-way ANOVA, two-way
ANOVA, or Student’s t test as indicated in the figure legends.

All human kidney ChIP-Seq data have been deposited in the
Gene Expression Omnibus (GSE129585).
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