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ABSTRACT

Background. In chronic kidney disease (CKD), parathyroid
hyperplasia contributes to high serum parathyroid hormone
(PTH) and also to an impaired suppression of secondary
hyperparathyroidism by calcium, vitamin D and fibroblast
growth factor 23 (FGF23). In rats, systemic inhibition of epi-
dermal growth factor receptor (EGFR) activation markedly atte-
nuated uremia-induced parathyroid hyperplasia and vitamin D
receptor (VDR) loss, hence restoring the response to vitamin
D. Therefore, we propose that parathyroid-specific EGFR inacti-
vation should prevent CKD-induced parathyroid hyperplasia.
Methods. A dominant-negative human EGFR mutant, which
forms non-functional heterodimers with full-length endogen-
ous EGFR, was successfully targeted to the parathyroid glands
(PTGs) of FVB/N mice, using the 5 regulatory sequence of
the PTH promoter. The parathyroid phenotype and serum
chemistries of wild-type (WT) and transgenic mice were ex-
amined after 14 weeks of either sham operation or 75% renal
mass reduction (NX).

Results. Both genotypes had similar morphology and body
weight, and NX-induction enhanced similarly serum blood urea
nitrogen compared with sham-operated controls. However,
despite similar serum calcium, phosphate and FGF23 levels in
NX mice of both genotypes, parathyroid EGFR inactivation
sufficed to completely prevent the marked increases in PTG
enlargement, serum PTH and in parathyroid levels of trans-
forming growth factor-o, a powerful EGFR-activator, and the
VDR reductions observed in WT mice.

Conclusion. In CKD, parathyroid EGFR activation is essential
for parathyroid hyperplasia and VDR loss, rendering this
transgenic mouse a unique tool to scrutinize the pathogenesis
of parathyroid and multiple organ dysfunction of CKD pro-
gression unrelated to parathyroid hyperplasia.

© The Author 2014. Published by Oxford University Press
on behalf of ERA-EDTA. All rights reserved.
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INTRODUCTION

In chronic kidney disease (CKD), the degree of parathyroid
hyperplasia determines the severity of secondary hyperpara-
thyroidism (SHPT) and a poor response to treatment [1, 2].
The increases in parathyroid cell number enhance the capacity
of a gland for parathyroid hormone (PTH) synthesis and also
reduce parathyroid levels of three critical endogenous regula-
tors of parathyroid cell growth and of PTH synthesis and se-
cretion: the vitamin D receptor (VDR), the calcium sensing
receptor (CaSR) and the anti-aging protein o-klotho, a co-re-
ceptor of the fibroblast growth factor (FGF) receptor required
for fibroblast growth factor 23 (FGF23) actions [2, 3]. Un-
doubtedly, full delineation of the pathogenesis of parathyroid
hyperplasia is essential to improve current strategies for the
prevention and treatment of SHPT.

The degree of epidermal growth factor receptor (EGFR) ac-
tivation is an important molecular link between exacerbated
parathyroid cell growth and VDR reductions in rat and human
SHPT [4]. In fact, in rat CKD, the three main enhancers of
parathyroid cell growth, namely, low calcium, high serum
phosphate and vitamin D deficiency induce parathyroid levels
of the most potent activator of EGFR-driven growth, trans-
forming growth factor-a. (TGFa) [5]. TGFo binding and acti-
vation of the EGFR generate a feed-forward cycle for TGFo
self-induction and enhanced TGFa/EGEFR signals for exacer-
bated growth and VDR loss. Mechanistically, TGFo/EGFR
signals induce the synthesis of a potent oncogene, the domin-
ant-negative isoform of the transcription factor C/EBP B (dnC/
EBPp, also called LIP). Increases in parathyroid LIP not only



exacerbate growth rates but also bind C/EBP sites in the pro-
moter of the VDR gene inhibiting VDR gene expression [4].
Indeed, in a rat model of CKD with high phosphate intake,
which reproduces the mild increase in parathyroid gland
(PTG) enlargement of human SHPT, systemic halting of
EGEFR activation with erlotinib, a highly specific EGFR-tyro-
sine kinase inhibitor, prevented not only further increases in
growth rates but also prevented VDR reduction, hence restor-
ing the response to vitamin D in controlling serum PTH [4].
However, erlotinib-control of parathyroid hyperplasia in rat
CKD could result, at least in part, from the attenuation of
renal damage, as renal TGFa/EGFR signals also mediate glo-
merulosclerosis, parenchymal lesions including fibrosis, in-
flammatory infiltration, tubular hyperplasia and proteinuria in
mouse [6] and human CKD [7]. Therefore, to delineate the
role of EGFR activation on CKD-induced parathyroid hyper-
plasia in vivo, we generated a transgenic mouse with a parathy-
roid-specific EGFR inactivation, using the dominant-negative
strategy shown to successfully inhibit EGFR activation in renal
proximal tubular cells [8], and skin keratinocytes [9]. Briefly,
most of the cytoplasmic domain of the EGFR containing the
tyrosine phosphorylation sites was eliminated to obtain a
mutant EGFR (dominant-negative EGFR mutant, dnEGFRm),
which acts as a dominant-negative by forming inactive hetero-
dimers with full-length endogenous EGFR.

Herein, the parathyroid phenotype of transgenic and wild-
type (WT) littermates was compared after 14 weeks of either
the induction of kidney disease by 75% renal mass reduction
(NX) or sham operation.

MATERIALS AND METHODS

Plasmid construction and generation of the transgenic
mouse

A carboxy-terminally truncated dominant-negative human
EGFR mutant, carrying a C-terminus V5 tag and an internal
ribosome entry site-green fluorescent protein (IRES-GFP), was
targeted to the PTGs using the PTH promoter. First, a
carboxy-terminally truncated human EGFR, lacking the last
533 amino acids (EGFRCD533), was subcloned with a C-ter-
minus V5 tag and an IRES-GFP. Specifically, V5 tag and GFP
were cloned into the pShuttle vector (Clontech). The
EGFRCD533 was polymerase chain reaction amplified with a
Kozak sequence and inserted into the modified pShuttle
vector. Next, a beta-globin intron was added up to the Kozak-
EGFRCD533. Finally, the 5.2 kb Bgl I-Bgl II 5’ regulatory frag-
ment of the human PTH gene, consisting of 5.1 kb of flanking
sequence and the first 66 bp or untranslated exon 1 (kindly
provided by Dr Arnold, Yale University, Connecticut), was
subcloned upstream of the EGFRCD533 to drive the parathy-
roid-specific expression of the EGFRCD533 mutant, as in
[10]. Upon an I-Ceu plus PI-Scel cut, the released fragment
containing the human PTH promoter-beta-globin intron-
kozak-hEGFRCD533-V5-IRES-GFP-BGHpoly A was prepared
for microinjection in FVB/N mice, which develops kidney
disease by 2 months after 75% NX.

Kidney disease without parathyroid hyperplasia

Fertility was similar in female and male WT and transgenic
mice when evaluated at early age (<3 months old) and ad-
vanced age (up to 15 months old), as measured by the time for
females to get pregnant or for males to fertilize WT females
after mating, and also by the size of their litters (average: 5-9
at early age and 6-10 at advanced age).

Parathyroid-specific localization of the transgene

To evaluate the parathyroid expression and sub-cellular lo-
cation of the transgene in the plasma membrane, as well as its
potential non-parathyroid expression, at necropsy, thyroid/
parathyroid tissue and non-parathyroid tissues (lung, liver,
testis, heart, kidney, spleen and intestine) were embedded in
optimal cutting temperature compound media and 5 pm
frozen sections were obtained. Standard techniques were used
for hematoxylin-eosin staining and V5 (Invitrogen 1:200) im-
munostaining in frozen sections. GFP expression was exam-
ined under a fluorescent microscope.

In situ hybridization for mouse PTH

Dig-RNA antisense and sense probes were obtained from
the m-PTH/T-vector, using Xhol to linearize m-PTH/T-
vector with T7 polymerase or EcoRI to linearize m-PTH/T-
vector, using T3 polymerase. Frozen sections were blocked
for 30 min and AP-anti-Dig antibody was added for 60 min.
After washing and equilibration, nitro blue tetrazolium/5-
bromo-4-chloro-3'-indolyl phosphate color reagent was
added and color development was stopped by rinsing with
water.

Efficacy of the transgene as a dominant-negative EGFR

Four 75-day-old transgenic mice and four WT littermates
were sacrificed 20 min after intra-cardiac injection of EGF
(1 pg/g b.w.). Immunostaining for phosphorylated-ERK1/2
(P-ERK; cell signaling 1:25) in thyroid/parathyroid tissue
measured the transgene efficacy to reduce EGF activation of
endogenous EGFR (Santa Cruz 1:50).

Mouse parathyroid phenotype upon sham operation or
75% NX

Nine-week-old mice underwent the two-step 75% NX pro-
cedure described in [8]. Briefly, upon decapsulating the left
kidney, upper and lower poles were removed by cauterization
to leave half of whole kidney weight. One week later, the right
kidney was removed. At necropsy (14 weeks later), blood was
collected and frozen sections of thyroid/parathyroid tissue
were processed for immunofluorescent analysis of CD45
(Abcam 1:100), TGFo. (Calbiochem 1:20), VDR (Millipore
1:50), klotho (R&D Systems 1:100) and PTH (Santa Cruz
1:50) content following standard techniques and using Image]J
software for protein quantification. Cell number per square
micrometer was calculated by dividing the number of nuclei
visualized by Hoechst staining within the examined parathy-
roid area. PTH production per cell was obtained by dividing
the PTH staining in a PTG area, measured by Image] software,
by the number of nuclei within the area.

Upon demonstration that three adjacent sections have
similar areas (measured by Image]J software), PTG volume was
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estimated by the formula: PTG volume = Y area (of each mea-
sured parathyroid gland section) x height [section thickness =

8 um x 3 (adjacent sections with similar area)]. The number of
8 um sections per gland varied from 39 to 85.

For blood chemistries, we used the cresolphthalein-com-
plexone colorimetric assay for plasma calcium, Mouse Intact
PTH ELISA Kit (Immutopics) for intact PTH, Quanti-
Chrom™ Urea Assay Kit (Bioassay Systems) for blood urea
nitrogen (BUN), QuantiChrome™ Phosphate Assay Kit
(DIPI-500, BioAssay System) for plasma phosphate and the
mouse FGF-23 Elisa (EMD Millipore) for FGF23.

Statistical analyses

The statistical analysis was performed by a statistician
blinded to the experimental conditions using a linear regres-
sion model for the mean values of each variable of interest ad-
justed by both experimental factors (NX and transgene
expression) and their interaction (R software). The normality
of residuals was checked by the Shapiro-Wilk’s normality test.
Logarithmic transformation normalized FGF23, PTG size/body
weight and parathyroid VDR distributions. Determination coef-
ficients measured goodness of fitness of each model.
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RESULTS

Generation of the transgenic mouse

Only one female of the three founders efficiently transmit-
ted the dominant-negative EGFR transgene to its progeny.
Indeed, up to F5, there was no difference in parathyroid GFP
and V5 expression. The founder’s F1 litter showed no differ-
ence in the number of WT and transgenic mice, and up to the
F5 generation used herein, both mouse genotypes had similar
fertility. More significantly, at 2 months of age, WT and trans-
genic mice with normal kidney function were undistinguishable
in size, morphology, body weight and also in skeletal growth, as
estimated by tail length [11] either for males and females.

Exclusive parathyroid localization of the dnEGFRm

Figure 1A depicts the analysis of frozen sections of thyroid/
parathyroid tissue from 75-day-old WT and transgenic litter-
mates. The V5-tagged dnEGFRm co-localized with GFP protein
exclusively in parathyroid tissue, as visualized by in situ
hybridization for PTH mRNA. There was neither V5 nor GFP
expressed in the lung, liver, testis, heart, kidney, spleen or
intestine.

FIGURE 1: Parathyroid-specific localization of a functional dnEGFRm: (A, Top) Distinct hematoxylin-eosin (H/E) staining of thyroid and
parathyroid tissue and an adjacent lymph node. In situ hybridization for PTH mRNA and immunostaining for CD45 (insets) corroborating
parathyroid and lymphoid tissue, respectively. (Bottom) Immunofluorescence staining of cells expressing the dnEGFRm tagged with V5 (red)
co-localizing with GFP expression (green) exclusively in parathyroid tissue. (B) Immunofluorescence staining for P-ERK in thyroid/parathyroid
tissue from WT and transgenic mice, in response to EGF injection. Magnification x100.
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The functional efficacy of the transgene as a parathyroid-
dominant-negative EGFR was initially examined by compar-
ing EGF activation of endogenous thyroid/parathyroid EGFR
in WT and transgenic littermates. Twenty minutes after an
intra-cardiac injection of EGF, P-ERK, one-step downstream
from EGFR activation, increased similarly in the thyroid tissue
of both genotypes. However, P-ERK staining in the PTGs
from transgenic mice was markedly lower than in WT litter-
mates (Figure 1B), despite similar levels of endogenous EGFR
(WT: 5.99 + 0.53, n = 4; transgenic: 5.60 + 0.74, n = 5). Limita-
tions to locate sufficient PTGs in WT (three of the eight) and
transgenic (two of the eight) mice at this young age have
impeded the actual assessment of the differences in PTG
volume and P-ERK staining. To overcome this limitation and
conclusively address the role of a parathyroid-specific EGFR

inactivation in CKD-induced parathyroid hyperplasia and
VDR loss, we compared the parathyroid phenotype of WT
mice and transgenic littermates after 14 weeks of either 75%
NX or sham operation.

Parathyroid-specific EGFR inactivation prevented PTG
enlargement upon renal mass reduction

Figure 2A shows that by 14 weeks after NX both genotypes
elicited similar renal dysfunction. Serum BUN increased simi-
larly in WT mice and their transgenic littermates compared
with their respective sham-operated controls. Furthermore,
WT and transgenic mice had similar body weight both at the
time of NX (WT: 26.5 g+ 0.68, n = 12; transgenic: 25.8 £ 1.2,
n=11) and 14 weeks after NX (WT: 24.2 + 0.64, n = 12; trans-
genic: 23.5+0.63; n=10). As expected, serum FGF23 and
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FIGURE 2: Parathyroid-specific EGFR inactivation prevents parathyroid hyperplasia upon NX. Bars and error bars represent the mean and SEM
of serum BUN (A, 7> = 0.50), FGF23 (B, * = 0.24) calcium (black bars) and phosphate (gray bars) (C, r*=0.26 and 0.19, respectively), parathyroid
gland volume/body weight (D, 7* = 0.42), cell number per PTG area (E, r* = 0.62) and serum PTH (F, * = 0.55) in WT and dnEGFRm mice after
14 weeks of either 75% NX or sham operation. ¥, ** or *** indicate P < 0.05, P < 0.01 or P < 0.001 versus sham W'T; ## indicates P < 0.01 versus
sham dnEGFRm; A and A/ indicate P < 0.05 and P < 0.01 versus NX WT and * measures the goodness of fitness using the linear regression model
described in ‘Materials and methods’ section. No significant interaction between NX and the transgene was found. Sham WT: n = 5; sham
dnEGFRm: n =3; NX WT: n =11 and NX dnEGFRm: n = 10, where n is tre number of mice and also the number of parathyroid glands examined.
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BUN correlated positively (r*=0.61; n=12; P <0.04). Inter-
estingly, despite similar body weight, serum FGF23 (Figure 2B),
calcium and phosphate levels (Figure 2C) among experimental
groups, only WT mice markedly increased PTG volume (cor-
rected per body weight; Figure 2D), the number of parathyroid
cells per area (Figure 2E) and serum PTH (Figure 2F) com-
pared with sham-operated controls. PTH production per
cell was similar in NX-WT (0.46 + 0.13) and NX-transgenic
(0.37 £0.09, n =4) littermates. In fact, serum PTH correlated
significantly with PTG volume (r = 0.49; n = 17; P < 0.04), thus
supporting that the lack of increases in parathyroid cell
number and PTG enlargement in NX transgenic mice contrib-
uted to the maintenance of serum PTH at the levels in normal
mice of both genotypes.

Parathyroid-specific EGFR inactivation prevented
parathyroid VDR reductions upon renal mass reduction

Parathyroid expression of the dnEGFRm prevented the
3-fold enhancement in parathyroid TGFo levels induced by
NX in WT mice (P < 0.001; Figure 3A and B, left panels) sup-
porting the efficacy of the transgene to inhibit TGFo. activation
of endogenous EGFR self-induction.

Furthermore, parathyroid-specific EGFR inactivation pre-
vented CKD-induced reductions in parathyroid cytosolic and
nuclear VDR seen in WT mice (Figure 3A and B, right

A TGFa

i -dnEGFRWSham

panels). Indeed, in transgenic mice, the parathyroid VDR
content after 14 weeks of uremia was similar to that in sham-
operated controls. These effects of the transgene appear to be
VDR specific, as parathyroid klotho staining was similar in
WT mice (IOD/area WT: 51.1 +4.3, n=3) and transgenic
(57.3 + 7.4 n = 4) littermates.

VDR
WT/Sham dnEGFRm/Sham
i -dnEGFRWNX " -‘mEGFmNx

DISCUSSION

This work presents the successful generation of a transgenic
mouse harboring a parathyroid-specific EGFR inactivation,
whose parathyroid phenotype has conclusively demonstrated
the essential role of parathyroid EGFR activation in the CKD-
induced development of parathyroid hyperplasia, TGFo self-
induction and consequently in high serum PTH as well as in
the VDR reductions responsible for the poor response to
vitamin D therapy. The translational relevance of this mouse
model in nephrology is high, as it provides a unique tool to
scrutinize in vivo targetable mechanisms underlying CKD-
induced abnormalities in PTH synthesis and secretion and in
the response to therapy that are unrelated to the degree of
parathyroid hyperplasia or VDR reduction.

In a low cell turnover tissue as the PTG [12, 13], prolifer-
ation rates increase only when more cells are needed to meet
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FIGURE 3: Parathyroid-specific EGFR inactivation attenuates the increases in parathyroid TGFo and prevents VDR reductions upon NX. (A)
Representative immunofluorescence staining of parathyroid TGFo. (left) and VDR (right) content (red, AlexaFluor 594) and nuclei (blue,
Hoechst). (B) Bars and error bars represent the mean and SEM parathyroid TGFa (left) or VDR (right) staining in WT and dnEGFRm mice
after 14 weeks of either 75% NX or sham operation. *** indicates P < 0.001 versus sham WT; A, AAA indicate P < 0.05, P < 0.001 versus NX WT;
1 of 0.74 for TGFa and 0.56 for VDR indicate the goodness of fitness of the linear regression model described in ‘Materials and methods’
section. There was also a significant interaction between NX and transgere expression of P < 0.03 and P < 0.04, respectively.
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the requirements for higher serum PTH triggered by an initial
stimulus [14]. Indeed, high P, low Ca and vitamin D deficiency
are recognized stimuli for PTH hypersecretion and parathy-
roid cell growth in health, and also markedly aggravate the ele-
vations in serum PTH and growth rates induced by CKD [2].
In contrast, the response of the PTG to increases in FGF23,
which suppress PTH secretion and cell growth in normal
glands, fails in CKD [2] due to reductions in parathyroid klotho
and FGFR1 [15-17], causing defective klotho-dependent and
FGFR-dependent/klotho-independent FGF23 signaling [18].

A role for EGFR activation in the severity of parathyroid
hyperplasia was initially suggested by the enhanced parathy-
roid TGFa levels, the most potent EGFR-activating ligand, in
adenomas and in hyperplastic PTGs from primary hyperpara-
thyroidism and CKD patients [19]. Also in rat CKD, marked
increases in parathyroid TGFo. in response to high P or low Ca
diets caused the doubling of PTG size within 1 week after 5/6
NX [5]. Furthermore, in rat CKD, systemic administration of
highly specific inhibitors of EGFR activation prevented high
P- or low Ca-induced PTG enlargement with an efficacy com-
parable to that of high Ca intake, P restriction or prophylactic
administration of active vitamin D [5]. Similarly, using a rat
model of established SHPT and high P intake for a month,
which mimics the slower progression of parathyroid hyperpla-
sia of human CKD, administration of highly specific EGFR in-
hibitors was sufficient to prevent further enhancement of
parathyroid TGFo, PTG enlargement and VDR reductions,
with an efficacy comparable to that of phosphate restriction
[4]. However, systemic inhibition of EGFR activation could
also suppress renal TGFa/EGFR signals that compromise
kidney function [6, 8], which could in turn help maintain
renal response to the increased FGF23 in inducing phospha-
turia, thereby attenuating high phosphate induction of para-
thyroid cell growth and PTH secretion [2, 15]. Therefore,
although it was expected that the successful expression of a
parathyroid dnEGFRm could attenuate CKD-induced PTG en-
largement and the increases in parathyroid TGFa. resulting in
lower serum PTH levels, the observed complete prevention of
PTG enlargement and elevations in serum PTH was quite strik-
ing. The efficacy of the transgene in preventing parathyroid
TGFo/EGFR signals driving aggressive growth, including
TGFo induction of its own expression, is of high clinical rele-
vance. In rat and human hyperparathyroidism, the levels of
parathyroid TGFa correlated not only with the number of para-
thyroid cells staining positive for the marker of cell prolifer-
ation, PCNA, but also with activator protein-2, an inducer of
TGFo gene transcription [20]. Herein, the higher number of
parathyroid cells per area in enlarged PTGs occurred exclusively
in WT uremic mice, thus corroborating in mouse CKD that the
higher proliferating rates result from enhanced EGFR activation
by the increased parathyroid TGFo.. Undoubtedly, this finding
also demonstrates that there is little, if any, role for impaired re-
sponse to high FGF23/FGFR-signaling, both klotho-dependent
[15-17] and the novel klotho-independent signals involving a
calcineurin-dependent pathway [18], in CKD-induced parathy-
roid hyperplasia in mice, at least at this early CKD stage.

Equally relevant for therapy was our demonstration that
preventing parathyroid EGFR activation sufficed to maintain

Kidney disease without parathyroid hyperplasia

in NX mice the parathyroid VDR content of sham-operated
controls. Surprisingly, the transgene had no influence on para-
thyroid klotho despite its efficacy in preventing both hyperpla-
sia and reductions in VDR, a transcriptional inducer of the
klotho gene [21]. This finding unraveled an abnormal regula-
tion of parathyroid klotho expression in uremia unrelated to
either hyperplastic growth or VDR loss. Although the impact
of the transgene on parathyroid levels of the CaSR and FGFR
could not be measured, similar to the VDR or klotho, it is
their activity rather than their actual expression, which is crit-
ical to efficaciously suppress PTH synthesis and secretion.
Thus, this transgenic mouse provides a unique and important
tool to identify optimal interventions with vitamin D, calcimi-
metic or anti-calcineurin drugs to correct in vivo CKD-
mediated abnormalities in PTH synthesis and secretion in the
absence of hyperplasia or VDR loss. In addition, this model
can help identify the time point during CKD progression, at
which normal serum PTH will be insufficient to maintain
normal Ca and P.

The similar PTGs size in normal mice of both genotypes
suggests that EGFR activation is not necessary for normal
PTG growth. Intriguingly, TGFo. activation of the EGFR is es-
sential for embryonic PTG development [22]. Indeed, the
ADAM17 null mice, lacking the enzyme that releases mature
TGFo for EGFR activation, die perinatally due to severe
defects in the morphogenesis of numerous epithelial organs
including the PTGs [22]. Therefore, it is possible that a mar-
ginal EGFR activation in the transgenic mice is sufficient to
support the slow rate of embryonic (doubling times of 7-10
days) and postnatal PTG growth [12-14]. Alternatively, an
embryonic compensation to the endogenous EGFR inactiva-
tion imposed by the dnEGFRm might have occurred to ensure
normal mineral and skeletal homeostasis, at least up to 5 months
of age.

In summary, this transgenic model underscores the import-
ance of preventing EGFR activation to effectively suppress the
development of parathyroid hyperplasia and VDR loss in early
CKD and provides a unique tool to identify both novel target-
able regulators of abnormal PTH synthesis and secretion in
CKD unrelated to parathyroid hyperplasia or VDR loss, and
CKD-induced abnormalities in bone remodeling and multiple
organ dysfunction that are unrelated to the degree of SHPT.
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