CALCIUM-REGULATING HORMONES
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Phosphate load accelerates the progression of secondary hyperparathyroidism (sHPT). In advanced
stages of sHPT, there isa marked hyperplasia and resistance to classical regulatory endocrine factors
such as calcium, calcitriol, or fibroblast growth factor 23 (FGF23), which suppresses PTH secretion
by an ERK-dependent mechanism. Nephrectomized rats were fed with a high- or normal-phos-
phorus diet for different periods of time to induce sHPT. Biochemical parameters, parathyroid
gland microarrays, quantitative real-time PCR, and immunohistochemistry (ERK/phospho-ERK)
were performed. To test the role of dual-specificity phosphatases (Dusp) on parathyroid gland
regulation, normal parathyroid glands were cultured with FGF23 and Dusp. Uremic rats fed with
a high-phosphorus diet showed more severe sHPT, higher serum FGF23 levels and mortality, and
decreased parathyroid Klotho gene expression. In all stages of sHPT, parathyroid microarrays
displayed a widespread gene expression down-regulation; only a few genes were overexpressed,
among them, Dusp5 and -6. In very severe sHPT, a significant reduction in phospho-ERK (the target
of Dusp) and a significant increase of Dusp5 and -6 gene expression were observed. In ex vivo
experiments with parathyroid glands, Dusp partially blocked the effect of FGF23 on PTH secretion,
suggesting that Dusp might play a role in parathyroid regulation. The overexpression of Dusp and
the inactivation of ERK found in the in vivo studies together with the ex vivo results might be
indicative of the defense mechanism triggered to counteract hyperplasia, a mechanism that can
also contribute to the resistance to the effect of FGF23 on parathyroid gland observed in advanced
forms of chronic kidney disease. (Endocrinology 153: 1627-1637, 2012)

yperplasia of the parathyroid glands is a common

finding in patients with chronic kidney disease (CKD)
and contributes to dysregulate the mineral balance. Excess
of dietary phosphate accelerates the progression of sec-
ondary hyperparathyroidism (sHPT) (1) and increases
vascular calcification as well (2, 3). In mild and early stages
of CKD, parathyroid hyperplasia is at least partly revers-
ible (4-6); in advanced and late stages, the enlarged para-
thyroid glands do not respond adequately to increments in
serum calcium, high doses of active vitamin D, or high
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levels of fibroblast growth factor 23 (FGF23) due to sev-
eral abnormalities in nucleic acid stability and repair (7).
The uremic parathyroid glands also show decreased ex-
pression of the calcium-sensing receptor (CaSR), the vi-
tamin D receptor (VDR), Klotho, and the FGF receptor 1,
leading to a parathyroid resistance to their current endo-
crine regulatory factors (8-10).

In addition to the well-known role of calcium and cal-
citriol in the kidney-bone-parathyroid axis, it has been
demonstrated that FGF23 suppresses PTH secretion by

Abbreviations: CaSR, Calcium-sensing receptor; CKD, chronic kidney disease; Dusp, dual-
specificity phosphatase; FGF23, fibroblast growth factor 23; HPD, high-phosphorus diet;
NPD, normal-phosphorus diet; OMFP, 3-O-methyl fluorescein phosphate; pERK, phospho-
ERK; RT-gPCR, reverse transcription quantitative PCR; sHPT, secondary hyperparathyroid-
ism; VDR, vitamin D receptor.

endo.endojournals.org 1627



1628 Roman-Garcia et al.

activating the ERK/MAPK pathway in the parathyroid
glands (9). However, in sHPT, the inhibitory effect of
FGF23 on PTH synthesis is not observed (9, 11). The ab-
sence of FGF23 inhibition of PTH synthesis has been re-
cently associated with the low levels of Klotho/FGF re-
ceptor 1 found in parathyroid glands from uremic patients
or animals (10, 12).

The present experimental study was designed to assess
parathyroid hyperplasia secondary to CKD, by analyzing
the gene expression profile changes across different stages
of hyperparathyroidism. In addition, we also aimed to
elucidate functionally whether regulators of MAPK sig-
naling might play a role in the FGF23 signaling in the
parathyroid glands.

Materials and Methods

Animal model

The study was performed in 4-month-old male Wistar rats. The
initial number of rats, including the rats that did not finish the study,
was 111. Rats were anesthetized using methoxyflurane, and
chronic renal failure was induced by surgical seven eighths nephrec-
tomy (13). The nephrectomized rats were subsequently divided into
two groups: group 1 was fed with an normal-phosphorus diet
(NPD: 0.6% phosphorus, 0.6% calcium, and 20% protein con-
tent), and group 2 was fed with a high-phosphorus diet (HPD:
0.9% phosphorus, 0.6% calcium, and 20% protein content)
(Panlab, Barcelona, Spain). Rats were housed in wire cages and
received diet and water ad libitum.

Five rats from the HPD and NPD groups were killed by
heart-puncture exsanguination after 4, 8, 12, 16, and 20 wk
of follow-up. When the rats were killed, blood samples and
parathyroid glands were obtained (14). An additional group
of rats without nephrectomy was fed with an NPD for 20 wk
and used as the reference group (n = 9). The total number of
groups studied was 11.

Because the aim of the present study was to investigate parathy-
roid gland regulation across different stages of hyperparathyroid-
ism, we decided to use PTH values and HPD exposure as the main
parameters to form the three groups of study: moderate sHPT,
which included rats from the all NPD subgroups showing serum
PTH values below 150 pg/ml; moderate-severe sHPT, which in-
cluded rats from the HPD subgroups from wk 4, 8, and 12 show-
ing values between 151 and 1000 pg/ml; and very severe sHPT,
which included rats from the HPD subgroups from wk 16 and 20
showing values above 1001 pg/ml. Thus, 59 rats were used and
distributed as follows: moderate sHPT, 25 rats; moderate/severe
sHPT, 15 rats; very severe sHPT, 10 rats; and reference group,
nine rats. This strategy was also used to analyze and compare the
rest of the parameters.

The Laboratory Animal Ethics Committee of the Universidad
de Oviedo approved this protocol.

Biochemical markers
Serum was separated from blood samples by centrifugation at
4000 rpm at 4 C. Serum urea, creatinine, calcium, and phos-
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phorus were measured using a multichannel Auto Analyzer (Hi-
tachi 717, Boehringer Mannheim, Berlin, Germany) following
the manufacturer’s protocol. Serum PTH was measured using an
immunoradiometric rat PTH assay with a specific chicken anti-
PTH antibody, following the manufacturer’s protocol (Immu-
topics, San Juan Capistrano, CA) (normal range, 10-30 pg/dl).
Serum FGF23 was measured using an ELISA following the man-
ufacturer’s protocol (60-6300; Immutopics) (normal ranges,
800-1000 pg/ml).

Gene expression microarrays

The parathyroid glands (one per rat) from each subgroup
were pooled and homogenized (Ultraturrax, OmniHT, Kenne-
saw, GA) in TRI reagent (Sigma-Aldrich, St. Louis, MO). Total
RNA was extracted and purified using an RNeasy Kit (QIAGEN
Inc., Valencia, CA). RNA integrity was checked using agarose-
formaldehyde gels, and RNA concentration was measured using
a VIS-UV spectrophotometer (Nanodrop Tech., Wilmington,
DE). cDNA was synthesized with a High Capacity kit (Applied
Biosystems, Foster City, CA), and hybridized to one Affy
RAE_230 cDNA microarray (Affymetrix, Santa Clara, CA) fol-
lowing the required quality controls and the manufacturer’s pro-
tocol. The array included all rat genes (31,099 probes per array).
As a result of the pooling, we obtained one array per each of the
11 subgroups, and we formed the groups following the criteria
explained above.

To analyze the raw datasets, data were logarithmically trans-
formed and normalized using the PerfectMatch/MisMatch
method (dChip) (15), with the reference group as baseline com-
parator. After the normalization and expression modeling of the
raw data, we followed a two-step process. In the first step, to
investigate specific differences among the samples in selected
genes, hierarchical clusters were built using the Euclidean-Cen-
troid Linkage method. Two types of clusters were built: 1) un-
supervised clusters, in which all genes were included to investi-
gate general differences in the pattern of expression among the
samples, and 2) supervised clusters, in which specific genes
grouped by ontology terms (obtained from the Kyoto Encyclo-
pedia of Genes and Genomes) were included. In the second step,
different comparisons were performed (moderate vs. very severe
sHPT, moderate vs. moderate-severe sHPT, and moderate-se-
vere vs. very severe sHPT) using ANOVA and Student’s ¢ tests
depending on the comparisons. Afterward, a fold change was
adjudicated using a false discovery rate algorithm to avoid false
positives. Only the probes with fold changes more than+2 or less
than —2 were selected.

Reverse Transcription Quantitative PCR (RT-qPCR)

Genes of interest selected from the microarrays were validated
by RT-qPCR (ABI Prism 7000, Applied Biosystems), using Tag-
Man predeveloped assays: Dusp6 (Rn_00518185_m1) and Dusp5
(Rn_0683448_m1). In addition, other genes related to sHPT such
as Pth (Rn00566882_m1), Casr (Rn 00566496_ml), Klotho
(Rn00580132_m1), and Vdr (Rn00566976_m1) were ana-
lyzed. As endogenous control, 18s (eukaryotic 18s rRNA en-
dogenous control reagent; Applied Biosystems) and Gapdh
(Rn99999916_m1) were used.
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Immunohistochemistry

The presence of ERK and phospho-ERK (pERK) in parathy-
roid tissue was also determined by immunohistochemistry in
5-um-thick serial sections from paraffin-embedded parathyroid
glands using specific antibodies (Cell Signaling Technology Inc.,
Danvers, MA; item nos. 9106 and 9102, respectively) and he-
matoxylin counterstaining (HistoStainPlus IHC detection Kit;
Invitrogen for Life Technologies Corporation, Carlsbad, CA)
following the manufacturer’s instructions. A negative control
without primary antibody was used. For the quantification of the
staining, a Leica CTR-Mic microscope coupled to image analysis
software (Leica Q500IW, Leica, Weztlar, Germany) was used.
Briefly, the image of each gland was converted to grayscale.
Then, using the OD function of the software, pixels that fell
within a designed threshold were used and counted; as a result,
we obtained a mean of gray color. Brown et al. (16) described the
complete method.

Parathyroid ex vivo tissue culture
Parathyroid glands were obtained from 3-month-old male
Wistar rats (n = 96), with normal renal function, as described
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(14). The Laboratory Animal Ethics Committee of the Univer-
sidad de Oviedo approved this protocol.

The glands were washed for 8 h in standard medium (17)
containing 1.2 mMm Ca. After the washing period, the glands were
treated for an additional 24 h with the standard medium or with
a medium containing 0.6 mM calcium, alone or in combination
with different factors. This very same approach has been pub-
lished in previous studies related to PTH synthesis and secretion
(17). As a result, five groups were obtained: 1) 1.2 mm Ca, 2) 0.6
mM Ca, 3) 0.6 mm Ca plus FGF23 100 ng/ml (2629-FG; R&D
Systems Inc., Minneapolis, MN), 4) 0.6 mm Ca plus FGF23 100
ng/ml plus UO126 1 um (UO126, U-120; Sigma Aldrich), and 5)
0.6 mM Ca plus FGF23 100 ng/ml plus a mixture of recombinant
dual-specificity phosphatase (Dusp) at 1 wl/ml each (AK-020;
BIOMOL International for Enzo Life Sciences Inc., Farmingdale,
NY). The activity of the Dusp ranged between an interval of 5-90
U/ug depending on the specific Dusp. It was assayed by 3-O-
methyl fluorescein phosphate (OMFP) hydrolysis at 30 C. The
assay conditions were 1 ug enzyme per 100 ul in 100 mwm Tris-
HCI (pH 8.2), 40 mm NaCl, 1 mm dithiothreitol, 20% glycerol,
and 0.5 mM OMFP. One unit was equal to 1 pmol phosphate
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FIG. 1. A-D, Mean = sp of serum levels of PTH (A), phosphorus (B) , calcium, (C), and FGF23 (D) from the reference, moderate (MOD sHPT),

moderate-severe (MOD/SEV sHPT), and very severe sHPT (Very SEV sHPT) groups; E, representative image of one parathyroid gland from each

group. ANOVA P value was <0.05 for all the parameters. The number of rats used was 25, 15, 10, and nine for very severe, moderate/severe,
moderate sHPT, and reference groups, respectively. a, P < 0.01 compared with reference group; b, P < 0.05 compared with moderate sHPT

group; ¢, P < 0.05 compared with moderate sHPT group (Tukey's post hoc analysis).



1630 Roman-Garcia et al.

hydrolyzed from OMFP per minute. Six independent experi-
ments were performed in each group. At the end, 192 parathy-
roid glands were used and distributed as follows: 1.2 mm Ca
group, 32 parathyroid glands (16 rats); 0.6 mm Ca group, 40
parathyroid glands (20 rats); 0.6 mm Ca plus FGF23 group, 40
parathyroid glands (20 rats); 0.6 mm Ca plus FGF23 plus UO126
group, 40 parathyroid glands (20 rats); and 0.6 mm Ca plus
FGF23 plus recombinant Dusp group, 40 parathyroid glands (20
rats).

PTH secretion was measured in the culture media at the be-
ginning and at the end of all experiments using an ELISA fol-
lowing the manufacturer’s protocol (60-2500; Immutopics).

Statistical analysis

One-way ANOVA with Tukey post hoc analyses were used to
compare biochemical parameters among the groups as well as
immunohistochemistry quantification, gene expression, and the
ex vivo experiment’s PTH secretion data. Data are expressed as
mean * sp. Differences were considered significant when P <
0.05. Calculations were performed using the statistical analysis
package SPSS version 12.0 (SPSS Inc., Chicago, IL), dChip, R
software and PASW version 17.0 (IBM, Corporation, Armonk,
NY).

Results

Effects of HPD in uremic rats

Different degrees of sHPT were induced in uremic rats by
feeding with a HPD or NPD for different time periods. In gen-
eral terms, a longer exposure to HPD led to a more severe sHPT.

Severe Hyperparathyroidism and Dusps
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A total of 111 rats were included in the study and we
observed different percentages of mortality according to
degree of sHPT reaching 50, 40, and 25% in the very
severe, moderate-severe, and moderate sHPT groups, re-
spectively. Only rats that survived were analyzed.

Serum PTH, phosphorus, and FGF23 levels were sig-
nificantly higher in the moderate-severe and very severe
sHPT groups compared with the other two groups (Fig. 1,
A, B, and D). In addition, significantly lower serum cal-
cium levels were observed in the moderate-severe and very
severe sHPT groups (Fig. 1C).

Serum FGF23 levels correlated positively with serum
PTH (r = 0.83; P < 0.01; Fig. 2A) and with serum phos-
phorus (r = 0.76; P < 0.05; Fig. 2B).

The decrease in renal function was more marked in the
very severe sHPT group, which showed significantly
higher levels of serum urea and creatinine compared with
the moderate and moderate-severe sHPT groups (data not
shown). In fact, serum creatinine (r = 0.88; P < 0.001; Fig.
2C) and urea (r = 0.77; P < 0.001; Fig. 2D) levels posi-
tively correlated with serum PTH levels.

Gene expression analyses
In the first step, unsupervised hierarchical clusters (HC)
from the microarray data [including all probes (31,099)
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FIG. 2. Graphical representation of the Pearson correlations between serum PTH and FGF23 (A), serum FGF23 and phosphorus (B), serum PTH
and creatinine (C), and serum PTH and urea (D). Units are milligrams per deciliter for creatinine and urea and picograms per milliliter for PTH and
FGF23. The number of rats used was 59.
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FIG. 3. Hierarchical clusters obtained from the microarray data of all
groups using only those genes related to mineral metabolism. MOD,
Moderate sHPT; MOD/SEV, moderate-severe sHPT; Very SEV, very
severe sHPT.

and the different groups] showed that the very severe
sHPT group was the only one segregated from the others
(data not shown). By contrast, in the case of mineral me-
tabolism-associated genes, the very severe sHPT group
showed a remarkably different pattern of expression and
clustered separately from the moderate and moderate-se-
vere sHPT groups (Fig. 3).

In the second step, using the criteria explained in Ma-
terials and Methods, 136 probes were found to be differ-
entially expressed in the very severe vs. moderate sHPT
comparison (Table 1), 32 in the moderate-severe vs. mod-
erate sHPT comparison, and 10 in the very severe vs. mod-
erate-severe sHPT comparison (Supplemental Tables 1
and 2, published on The Endocrine Society’s Journals On-
line web site at http://endo.endojournals.org).

Overall, a widespread down-regulation of gene ex-
pression was observed, involving more than 80% of the
genes. Only a minor percentage of genes were up-reg-
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ulated. Among the latter, the Dusp6 gene showed the
highest overexpression in all the comparisons. Dusp$
was also up-regulated in the very severe vs. moderate
sHPT comparison.

RT-qPCR experiments confirmed a very high up-reg-
ulation of Dusp6 gene expression in very severe sHPT
(mean, 43-fold increase relative to the reference group)
and also in moderate-severe sHPT (mean, 3.27-fold in-
crease). Dusp5 gene expression also showed a significant
7.09-fold up-regulation in very severe sHPT but not in the
moderate and moderate-severe sHPT subgroups.

Microarray analysis did not disclose significant dif-
ferences in the gene expression of classical parathyroid
regulators such as CaSR, VDR, or PTH. This is not a
surprising result given that microarray analysis is a
screening technology and the strict criteria applied to
prevent false positives may have increased the number
of false-negative findings or the number of genes below
the threshold, including the aforementioned classical
genes. In RT-qPCR analyses of the same parathyroid
samples, CaSR, VDR, and Klotho gene expression were
also significantly reduced in the very severe sHPT
group, whereas PTH was progressively up-regulated
(Fig. 4). The difference in Klotho expression between
moderate and moderate-severe groups was not statisti-
cally significant, and it was under the limit of detection
of the qRT-PCR (1.89-fold increase).

Activation of ERK in parathyroid glands

Dusp are protein phosphatases that dephosphorylate
a specific MAPK, inhibiting its function. In particular,
Dusp5 and Duspé6 specifically dephosphorylate and in-
activate pERK1 and -2 (pERK1/2). Therefore, we ana-
lyzed the activation of ERK by immunohistochemistry
analysis of ERK and pERK1/2 in paraffin-embedded
parathyroid tissue. ERK staining was similar in all sHPT
groups and the reference group. However, the intensity
of pERK staining increased significantly in moderate
sHPT when compared with the reference group. Inter-
estingly, pERK decreased as the severity of sHPT in-
creased, and it was significantly reduced in the very
severe sHPT group compared with the moderate sHPT
group (Fig. 5, A and B).

Evaluation of the role of Dusp on PTH secretion
To test whether Dusp might have a regulatory effect on
parathyroid function, additional experiments were per-
formed using parathyroid glands from normal rats cul-
tured ex vivo. After 24 h in a medium containing 0.6 mm
calcium showed the expected significant increase in PTH
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TABLE 1. Gene expression dataset of the differentially expressed probes sorted by fold change, corresponding to
the comparison of severe vs. moderate sHPT groups
Probe set Gene Accession Fold change P value
1372208_at Protein phosphatase 1, regulatory (inhibitor) subunit 1B AA942959 —15.51 0.002337
1370124_at Metallothionein 3 NM_053968 —-14.73 0.000024
1378692_at Paired box gene 8 BF564165 —-12.4 0.001508
1373631_at RAP1, GTPase-activating protein 1 BF284067 —-12.29 0.007627
1374070_at Glutathione peroxidase 2 AA800587 -11.61 0.026228
1379390_at ST6 (a-N-acetyl-neuraminyl-2,3-B-galactosyl-1,3)-N-a AA891414 —-10.29 0.011152
1367904_at Regulated endocrine-specific protein 18 NM_019278 -9.95 0.023551
1371048_at Forkhead box E1 (thyroid transcription factor 2) Y11321 —-9.86 0.011032
1391194 _at Sal-like 1 (Drosophila) (predicted) BG377337 —-9.83 0.012785
1370764 _a_a Thyroglobulin M35965 —-9.78 0.001381
1373915_at Dystrophia myotonica-protein kinase (predicted) Al044427 -94 0.00063
1370775_a_a Calcitonin/calcitonin-related polypeptide, « MI11597 -9.16 0.020795
1393335 _at EGF-like-domain, multiple 6 BF418373 —8.98 0.000275
1370973_at Sodium channel, voltage-gated. type VIl « BF285019 -8.87 0.000088
1369784 _at Thyroid peroxidase NM_019353 —8.78 0.001976
1389470 _at Complement factor B Al639117 —8.72 0.002546
1371010_at Thyroid transcription factor 1 BF389361 —-8.31 0.000371
1370384_a_a Prolactin receptor M57668 —-8.14 0.000106
1377353 _a_a TNF (ligand) superfamily, member 13 AA800814 —8.01 0.018282
1374775_at Antigen identified by monoclonal antibody Ki-67 (predicted) ~ Al714002 2.15 0.03131
1369156_at Fyn-related kinase NM_024368 2.28 0.023371
1373658 _at Rac GTPase-activating protein 1 (predicted) Al409259 2.3 0.008934
1383447_at Ets variant gene S (ets-related molecule) (predicted) Al101323 2.35 0.031435
1371875_at Mannosidase, BA, lysosomal BM388852 2.46 0.007069
1380775_at M-phase phosphoprotein 1 (predicted) BE110723 2.46 0.011388
1382122_at Ets variant gene 5 (ets-related molecule) (predicted) BE113124 2.6 0.008857
1370391 _at Cellular retinoic acid-binding protein 2 U23407 2.71 0.012111
1388253_at Stearoyl-coenzyme A desaturase 2 M15114 2.79 0.022646
1389403_at Bone morphogenetic protein 7 Al013715 2.83 0.002196
1367776_at Cell division cycle 2 homolog A (S. pombe) NM_019296 2.86 0.039293
1389566_at Cyclin B2 AW253821 2.86 0.007195
1388484_at Ubiquitin-conjugating enzyme E2C (predicted) BI296084 2.99 0.009501
1369436_at Cholinergic receptor, nicotinic, a polypeptide 10 NM_022639 3.01 0.044713
1370449_at Purinergic receptor P2Y, G protein-coupled, 14 U76206 3.12 0.009019
1390918_at GH-regulated TBC protein 1 BE099056 3.19 0.015337
1369972_at Serine (or cysteine) peptidase inhibitor, clade B, member 5 NM_057108 3.27 0.033223
1378658 _at Chloride channel calcium activated 6 BI292185 3.39 0.00023
1377006_at Chaperonin subunit 6a (¢) AA875047 3.47 0.001908
1375788_at Ribosomal protein L7 BM388719 3.52 0.000331
1368266_at Arginase 1 NM_017134 3.55 0.000472
1368124_at Dusp5 NM_133578 3.57 0.034395
1381533_at p-Family GTPase 1 Al144754 3.68 0.03904
1382803_at MAPK kinase kinase kinase 1 (predicted Al237423 3.78 0.003315
1390797_at Lymphocyte cytosolic protein 2 BF282471 3.82 0.026496
1370090_at Lymphocyte cytosolic protein 2 NM_130421 3.89 0.003265
1369525 _at GATA binding protein 3 NM_133293 3.98 0.000253
1389408_at Ribonucleotide reductase M2 (mapped) BG379338 3.98 0.041589
1390358 _at Calcium channel, voltage-dependent, «2/83 subunit BF405996 6.3 0.028359
1370064 _at Presenilin 2 AB004454 8.25 0.03509
1387024_at Dusp6 NM_053883 9.74 0.032946
1382778_at Dusp6 Al231350 9.92 0.014481
1377064 _at Dusp6 Al602811 11.72 0.031855

Due to the elevated number of down-regulated genes (101), this table shows only the down-regulated probes that had a fold change lower

than —8.

secretion compared with the glands cultured in a standard
medium (1.2 mM calcium). By contrast, when glands were
cultured in a medium containing 0.6 mMm calcium plus 100
ng/ml FGF23, PTH secretion decreased significantly,
down to the levels observed when using the standard

medium. The effect of FGF23 on PTH secretion was
ablated by the addition of a chemical ERK1/2 inhibitor
(UO126, 1 uM), and consequently, PTH secretion was
restored completely. The effect of FGF23 in PTH secre-
tion was also partially blocked by adding Dusp, which
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FIG. 4. Parathyroid gland PTH, CaSR, VDR, and Klotho mRNA levels
measured by RT-gPCR in the moderate (MOD sHPT), moderate-severe
(MOD/SEV sHPT), very severe sHPT (Very SEV sHPT), and reference
group, which was given a reference value of 1. Data represent the
mean of relative expression from the subgroups within the three
groups. Mean = sp values are shown. ANOVA P value was <0.05 for
all the genes. *, P < 0.05 compared with moderate group when using
Tukey’s post hoc analysis.
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are the biological inhibitors of the phosphorylation of
ERK, resulting in a partial but significant restoration of
PTH secretion (Fig. 6).
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Discussion

sHPT, vascular calcification, bone loss, and an increased
fracture rate are severe and threatening alterations in gen-
eral and also in the CKD population at all stages (18).
Elevated serum phosphorus has been described as a major
pathogenic player associated with sHPT progression but
also to impairment of renal function, vascular calcifica-
tion, and high risk of mortality; thus, phosphate load chal-
lenges the endocrine bone-kidney-parathyroid axis, con-
tributing to the dysregulation of the mineral homeostasis
(2,19-21).

We observed that the degree of severity of sHPT was
proportional to the time of exposure to a HPD (22, 23). In
addition, we also observed that the HPD impaired renal
function and increased mortality. As in other studies, we
have also found a significant increase of FGF23 levels in all
groups (compared with reference), which were higher in

more severe sHPT; in fact, a direct cor-
relation between serum FGF23 and

A oo MODSEY Ve OBV Reference  PTHwas found (24,25). Both facts are

frequently interpreted as a loss of the

Negative ; capability of FGF23 to inhibit PTH se-

control cretion, the resistance-to-FGF23 con-

cept. Furthermore, serum FGF23 and

phosphorus levels were also associated.

i The positive correlation of serum phos-

ERK ,.f' phorus with FGF23 and PTH, together

,'.'f-. ; A with the higher values of these bio-

PR . chemical parameters observed in rats

iR with the lowest renal function, may be

PERK . S Ol ) indicative of a compensatory phospha-

7 X turic response via FGF23 and PTH,

B which was unable to fully compensate

260 - the decreased glomerular phosphate
*p<0.05 vs. MOD sHPT filtration.

_ 250 1 234.313.9 ** p<0.05 vs. Reference To our knowledge, the gene expres-

2 240 - ;-* 2303257 sion microarray analysis shown in this

;:' 230 2212120 study is the first carried out in parathy-

3 220 I 213.614.7 roid glands from rats. It clearly revealed

v 199.0£13.0 200.5:11.7 1 DERK o .

€ 510 J1s89te7 197.1410.7 that sHPT progression is characterized

o I ] l OPERK by a widespread gene expression down-

x 200 .

& regulation, as opposed to the gene ex-
190 pression up-regulation observed in pri-
180 T T T ] mary hyperparathyroidism (7, 26).

MOD sHPT MOD/SEV sHPT  Very SEV sHPT Reference

FIG. 5. Parathyroid gland total ERK1/2 and pERK1/2 protein staining. A, Representative images of
immunohistochemistry from the reference, moderate sHPT (MOD), moderate-severe sHPT (MOD/
SEV), and very severe sHPT (Very SEV) groups; B, quantification of the levels of total ERK and pERK
in parathyroid glands. Reference group values for ERK and pERK are 197 = 10.7 and 213 =+ 4.69,
respectively. Mean = sp values are shown. ANOVA P value was <0.05. The number of rats used
was 25, 15, 10, and nine for very severe, moderate/severe, moderate sHPT, and reference groups,
respectively. *, P < 0.05 compared with moderate SHPT group; **, P < 0.05 compared with

reference group (Tukey's post hoc analysis). R.U., Relative units.

Because the very severe sHPT clustered
separately from the moderate-severe
and moderate sHPT groups (when the
samples were clustered using mineral
metabolism-associated genes), we can
hypothesize that the more important
changes in gene expression took place
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FIG. 6. PTH secretion in normal parathyroid glands cultured with 1.2
mm calcium, 0.6 mm Ca, 0.6 mm Ca plus FGF23, 0.6 mm Ca plus
FGF23 plus UO126, and 0.6 mm Ca plus FGF23 plus Dusp. Six
independent experiments were performed in triplicate. Number of
glands in each group was as follows: 1.2 mm Ca group, 32 parathyroid
glands (16 rats); 0.6 mm Ca group, 40 parathyroid glands (20 rats); 0.6
mm Ca plus FGF23 group, 40 parathyroid glands (20 rats); 0.6 mm Ca
plus FGF23 plus UO126 group, 40 parathyroid glands (20 rats); and
0.6 mm Ca plus FGF23 plus Dusp group, 40 parathyroid glands (20
rats). Units are expressed as rate of change of PTH secretion = sb.
ANOVA P value was <0.05. *, P < 0.05 compared with 1.2 mm Ca
group; **, P < 0.005 compared with 0.6 mm Ca group; #, P < 0.02
compared with 0.6 mm Ca plus FGF23 group (Tukey's post hoc
analysis).

in advanced stages of sHPT. In addition, our molecular
findings are consistent with previous data obtained in pa-
tients with severe nodular secondary and tertiary HPT (7)
and also with current clinical responses, in whom mainly
mild to moderate sHPT, but not the more severe forms of
sHPT, are responsive to current therapies targeting the
classical regulators.

In advanced sHPT, the abnormal control of PTH se-
cretion has been partly attributed to CaSR and VDR
down-regulation (8, 23). We did not find a significant
deregulation of these genes using microarrays. It is known
that microarray analysis has several limitations such as the
underestimation or overestimation of gene expression
(27). As described in Results, we used a very restrictive
approach to avoid false positives, including the false dis-
covery rate algorithm, and as a consequence, some of the
classical genes known to be deregulated in CKD may have
been automatically placed below the threshold. In addi-
tion, glands with severe degrees of sHPT show multiple
genetic and molecular aberrations (7,28), resulting in dra-
matic expression changes in some genes, which, after nor-
malization, might mask or underestimate the changes in
the classical genes. Validation by RT-qPCR, considered a
valid method used as a supporting stepwise technique, is

Severe Hyperparathyroidism and Dusps
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awidely accepted approach because it is far more sensitive
and capable of detecting minor changes in specific genes.
In fact, we did find significant up-regulation in PTH and
down-regulation in CaSR, VDR, and Klotho gene expres-
sion in the very severe sHPT group when using RT-qPCR.
These findings coincide with previous publications, which
also have found a degree of down-regulation in the CaSR
close to 50% or even less (16, 29, 30).

In our study, we found that the lack of the inhibitory
effect of FGF23 on PTH secretion was associated with a
down-regulation of Klotho gene expression. Similar find-
ings were reported by three different previous studies (10,
12, 32), even though a recent paper described an up-reg-
ulation of Klotho in the parathyroid glands of uremic pa-
tients with severe sHPT (33). In addition, results from
genetically modified mouse models suggest that FGF23
may be an indirect regulator of the parathyroid function
(34). These controversial results are difficult to conciliate
but could be partly explained by the difficulties associated
with the quantification and interpretation of Klotho ex-
pression and the differences among the animal models
used to investigate the role of FGF23 in mineral metabo-
lism (11, 35).

Interestingly, in all comparisons (and irrespective of the
groups compared), the repression of gene expression was
the most common finding; only a very few genes were
found to be overexpressed. Among them, Dusp6 was the
one gene that always showed the highest degree of over-
expression as confirmed by RT-qPCR. Dusp constitute a
subclass of the protein phosphatase superfamily that de-
phosphorylates MAPK. Despite that MAPK signaling can
be deactivated by changes in location or scaffolding, to our
knowledge, the Dusp Family is the unique phosphatase
system in charge of the dephosphorylation of MAPK (36).
The members of the Dusp family exhibit high specificity
against a single MAPK. A good example of their high
specificity is the fact that Dusp6 and Dusp5 dephosphor-
ylate and inactivate pERK1/2 but not other subclasses of
MAPK such as c-Jun N-terminal kinase or p38 (37-39).
The MAPK/ERK pathway is a very complex signaling
mechanism that regulates mainly the cell cycle and pro-
liferation (40). In the parathyroid gland, the MAPK/ERK
pathway is activated with the development of sHPT (9,41,
42) but is also part of the FGF23 intracellular signaling
pathway that suppresses PTH secretion. In particular,
ERK1/2 is required for FGF23-induced PTH suppression;
in addition, ERK1/2 inhibitors prevent this suppression,
and ERK inactivation has been recently described in
FGF23-refractory parathyroid glands from uremic rats (9,
32). According to our results, a plausible explanation for
the somewhat surprising dynamics of ERK is that in the
initial stages of hyperparathyroidism, an increase of ERK



Endocrinology, April 2012, 153(4):1627-1637

phosphorylation (a trigger to start hyperproliferation) can
be observed. As hyperparathyroidism progresses to more
severe forms, parathyroid cells would increase Dusp gene
expression to reduce the high activity of the parathyroid
gland through increased ERK phosphorylation as Dusp
are expressed at low levels in nonstimulated cells and are
induced as response genes in other stages (43).

As a result of this peak of transcription of Dusp, a sig-
nificant decrease of pERK levels is observed only in the
severe stages of parathyroid hyperplasia. Similar mecha-
nisms have been previously described in lung cancer and
myocardial cells (44, 45).

We hypothesize that the mechanisms to counteract ex-
cessive parathyroid growth, aiming to decrease MAPK
pathway activation, are partly but not only driven by in-
creases in Dusp in this advanced stage but to a lesser extent
in previous stages, likely modifying FGF23 signal.

Interestingly, inactivation of ERK by the increased
Dusp gene expression may contribute to the fact that
FGF23 appears to have little suppressive effect on PTH
secretion in severe forms of CKD. Indeed, several stud-
ies support that Dusp6 plays a key role as a specific
negative-feedback regulator of FGF-activated ERK1/2
signaling (46).

To mechanistically confirm whether Dusp might play a
role in FGF23 signaling, we performed additional exper-
iments culturing normal parathyroid glands with FGF23
alone or in combination with UO126 (an ERK inhibitor)
and recombinant Dusp. Following previous published re-
sults in which the functional capacity of fresh parathyroid
glands maintained constant until 4 d (47), normal para-
thyroid glands were cultured with 0.6 mmM calcium to se-
cure PTH stimulation (17, 48). As expected, low calcium
levels increased PTH secretion compared with standard
calcium levels, which clearly suppress PTH. FGF23 re-
duced low calcium-induced PTH secretion in normal
glands, to values similar to observed when using 1.2 mm
calcium concentration, as previously described (9). The
chemical ERK1/2 inhibitor (UO126) prevented the sup-
pressive effect of FGF23 on PTH secretion, and interest-
ingly, the addition of recombinant Dusp also prevented the
FGF23 effect on PTH secretion. These findings strongly sug-
gest that Dusp might regulate FGF23 signaling through
MAPK inhibition. The fact that DuspS$ is a target of p53
(31) represents a feasible mechanism by which p53, acti-
vated in response to the observed DNA damage (26, 28)
might negatively regulate cell-cycle progression by down-
regulating mitogen- or stress-activated protein kinases.
The latter supports the hypothesis that Dusp could be im-
plicated in the counterresponse to severe hyperplasia,
likely via p53 activation, having an additional effect that
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would be the shutdown of FGF23 signaling in the para-
thyroid glands.

In summary, rats fed with a HPD showed a marked
reduction in renal function, severe sHPT, high levels of
FGF23, and a higher mortality. Despite that the parathy-
roid gene expression down-regulation was the predomi-
nant finding associated with sHPT, we observed a striking
overexpression of Dusp and inactivation of the MAPK/
ERK pathway. The latter might reflect a defensive mech-
anism triggered to counteract sHPT progression. In addi-
tion, the ex vivo results strongly suggest that increases in
Dusp could contribute to the parathyroid FGF23 resis-
tance. Altogether, our results allowed us to postulate that
the overexpression of Dusp, with the associated inactiva-
tion of ERK, might play a regulatory role in parathyroid
regulation in sHPT, partially blocking the intracellular
FGF23 signaling pathway.
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