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ABSTRACT
Secondary hyperparathyroidism is characterized by increased serum parathyroid hormone (PTH) level and
parathyroid cell proliferation. However, the molecular pathways mediating the increased parathyroid cell
proliferation remain undeﬁned. Here, we found that the mTOR pathway was activated in the parathyroid of rats
with secondary hyperparathyroidism induced by either chronic hypocalcemia or uremia, which was measured
by increased phosphorylation of ribosomal protein S6 (rpS6), a downstream target of the mTOR pathway. This
activation correlated with increased parathyroid cell proliferation. Inhibition of mTOR complex 1 by rapamycin
decreased or prevented parathyroid cell proliferation in secondary hyperparathyroidism rats and in vitro in
uremic rat parathyroid glands in organ culture. Knockin rpS6p2/2 mice, in which rpS6 cannot be phosphorylated
because of substitution of all ﬁve phosphorylatable serines with alanines, had impaired PTH secretion after
experimental uremia- or folic acid–induced AKI. Uremic rpS6p2/2 mice had no increase in parathyroid cell
proliferation compared with a marked increase in uremic wild–type mice. These results underscore the importance of mTOR activation and rpS6 phosphorylation for the pathogenesis of secondary hyperparathyroidism
and indicate that mTORC1 is a signiﬁcant regulator of parathyroid cell proliferation through rpS6.
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Secondary hyperparathyroidism (SHP) is a major
complication of CKD and characterized by increases
in parathyroid hormone (PTH) expression and
parathyroid cell proliferation.1–5 Decreased expression of the calcium, vitamin D, and ﬁbroblast
growth factor-23 receptors contributes to the increased parathyroid proliferation in uremia.6–11
Expression of TGF-a and its receptor, EGF receptor
(EGFR), is increased in uremic rats and patients.12–14
TGF-a activation of EGFR decreases the CCAAT/
enhancer-binding protein-b liver-enriched activator protein:liver-enriched inhibitory protein, inducing parathyroid growth in uremia. A dominant
negative EGFR gene expressed speciﬁcally in the
parathyroid glands prevented the activation of endogenous EGFR and the increase in parathyroid
gland enlargement and serum PTH.15,16 Parathyroid
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cell proliferation is increased in transgenic mice overexpressing cyclin D1 only in the parathyroid.17
The mammalian target of rapamycin (mTOR)
integrates signaling pathways to regulate cell growth
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and proliferation.18–20 mTOR is part of mammalian target of
rapamycin complex 1 (mTORC1) and mTORC2. Rapamycin
inhibits mTORC1 and proliferation.20–24 Different stimuli activate mTORC1 through Akt phosphorylation. 4E binding
protein 1 (4E-BP1) and the ribosomal protein S6 kinase 1
(S6K1) are mTORC1 targets.25,26 S6K phosphorylates ribosomal protein S6 (rpS6) on a cluster of ﬁve serine residues at
the carboxy terminus.27 Knockin (KI) mice encoding a mutant
rpS6 harboring alanine substitutions at all ﬁve phosphorylation sites (rpS6p2/2 mice) have reduced size, glucose intolerance, muscle weakness, and impaired renal hypertrophy after
uninephrectomy.28–30
We show that the mTOR pathway is activated in SHP.
Inhibition of mTORC1 decreased parathyroid cell proliferation in vivo and in vitro. Moreover, rpS6P2/2mice showed the
essential role of mTORC1 activation in parathyroid cell proliferation in SHP.

RESULTS
The Parathyroid mTOR Pathway Is Activated in
Hypocalcemic Rats

Dietary-induced hypocalcemia (Table 1) resulted in increased
parathyroid–phosphorylated rpS6 (Ser240/244) and S6K1
(Thr389), reﬂecting activation of the mTORC1 pathway (Figure 1, A–D). mTORC1 inhibition by rapamycin reduced phosphorylated rpS6 in the parathyroids of the low calcium–fed
rats (Figure 1, A–C) with no effect on serum biochemistry
(Table 1). Therefore, parathyroid mTORC1 is activated in hypocalcemic rats and inhibited by rapamycin.
Rapamycin Decreases Parathyroid Cell Proliferation in
Hypocalcemic Rats

Hypocalcemia led to the expected increase in parathyroid cell
proliferation (Figure 1, E and F).1 Importantly, rapamycin decreased parathyroid cell proliferation by 70% in hypocalcemic
rats (Figure 1, E and F, Supplemental Figure 1). Of interest, both
phosphorylated rpS6 and parathyroid cell proliferation were decreased by rapamycin in low-calcium rats to levels lower than
controls. This may reﬂect the active proliferation of parathyroids
in weanling rats used in the low-calcium experiments, unlike
mature rats.1 Therefore, mTORC1 activation is crucial for parathyroid cell proliferation caused by chronic hypocalcemia.

The mTOR Pathway Is Activated in the Parathyroid
Glands of Uremic Rats

We then studied the role of the mTORC1 pathway in uremic
SHP induced by an adenine high–phosphorus diet (Figure 2A).
This diet led to increased serum creatinine, phosphate, and
PTH levels (Table 2).31 Phosphorylated rpS6 (Ser240/244) was
increased in the uremic rat parathyroids (Figure 2, B and C).
Therefore, the parathyroid mTORC1 pathway is activated in
SHP in uremic rats and in hypocalcemic rats as shown above.
Rapamycin Decreases Parathyroid Cell Proliferation in
Uremic Rats

To study the effect of mTORC1 inhibition on uremia-induced
SHP, rats were injected with rapamycin or vehicle for the last 3
days of the adenine high–phosphorus diet (Figure 2A). Rapamycin had no effect on serum creatinine and calcium levels
but decreased serum PTH and hence, increased serum phosphate (Table 2). Rapamycin attenuated the increased parathyroid cell proliferation and serum PTH in uremic rats (Figure 2,
D–F, Table 2).1,3 The decrease in parathyroid cell proliferation
was shown by both 5-bromo-29-deoxyuridine (BrdU) (Figure
2, D and E) and Ki-67 staining (Supplemental Figure 2). BrdU
staining was the same in small intestine from uremic rats with
and without rapamycin (Supplemental Figure 3).
Phosphorylated rpS6 and parathyroid cell proliferation
were also increased by immunoﬂuorescence in the parathyroids of uremic rats and decreased by rapamycin (Figure 3A).
Notably, staining for proliferation marker colocalized with
phosphorylated rpS6 in many proliferating cells (Figure 3B).
Therefore, rapamycin decreases parathyroid cell proliferation
and serum PTH in CKD, showing a role for the parathyroid
mTORC1 pathway in SHP.
Rapamycin Prevents Parathyroid Cell Proliferation in
Uremic Rats

To study whether rapamycin not only corrects but also,
prevents parathyroid cell proliferation, rats were fed a control
or an adenine high–phosphorus diet for 3 or 7 days, and
rapamycin was injected daily from the start of the adenine
diet together with BrdU added to the drinking water (Figure
4, A and C). The addition of BrdU for the entire duration of
the experiment represents the total number of cells proliferating. Serum creatinine levels were increased already at 3 days
of the diet (control, 0.760.01 mg/dl; 3 days adenine, 1.026
0.04 mg/dl; adenine and rapamycin, 0.96
0.1 mg/dl [n=4]; P,0.05). Serum PTH
Table 1. Serum calcium, phosphate, and PTH levels in rats fed a control or lowdid
not change at day 3 (control, 375640
calcium diet with and without rapamycin
pg/ml; adenine, 309653 pg/ml; adenine
Variable
Control
Low Calcium
Low Calcium and Rapamycin
and rapamycin, 360660 pg/ml [n=4–7]; NS)
Calcium (mg/dl)
10.060.1
7.560.3a
7.660.4a
but increased at day 7 (Table 3) as before.31
Phosphate (mg/dl)
6.360.1
8.360.5a
7.360.2a
Parathyroid cell proliferation by BrdU
PTH (pg/ml)
266618
13646121a
1244657a
staining was increased already at 3 days of
Change in body weight (g)
ND
58.269.8
62.369.3
the adenine diet (Figure 4B), which preResults are mean6SEM (n=6–7). Results represent data from two experiments combined. Body
ceded the increase in serum PTH. Rapamycin
weights: n=3–4. ND, not determined.
a
decreased parathyroid cell proliferation at
P,0.05 compared with control diet.
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Figure 1. Activation of the parathyroid mTOR pathway and parathyroid cell proliferation in hypocalcemia induced SHP and inhibition by
rapamycin. (A) Weanling rats were fed a control or low-calcium diet for 14 days. Rapamycin (0.2 mg/kg) or vehicle (DMSO) was injected
intraperitoneally daily during the last 3 days of the low-calcium diet. (B) Representative Western blots for phosphorylated rpS6 (Ser240/
244) and total rpS6 protein in protein extracts from single rat microdissected parathyroid glands in each lane. (C) Quantiﬁcation of
phosphorylated rpS6 corrected for total rpS6 (mean6SEM) from two experiments (n=5–6 rats). (D) Quantiﬁcation of Western blot
analysis for phosphorylated S6K1 (Thr389); mean6SEM; (n=6–7 rats). (E) Representative immunohistochemical staining for Ki-67. PT,
parathyroid; T, thyroid. (F) Quantiﬁcation of the number of Ki-67–positive cells presented as mean6SEM of Ki-67–stained nuclei per
total nuclei. Combined data from two experiments are shown (n=5–9). *P,0.05 versus control; #P,0.05 versus low calcium.

both 3 and 7 days of the adenine diet (Figure 4, B and D). Similar
results were shown using Ki-67 staining (Supplemental Figure 4).
Therefore, the increased parathyroid cell proliferation caused by
uremia is both reversed and prevented by rapamycin.
Rapamycin Decreases Parathyroid Cell Proliferation In
Vitro in Organ Culture

The direct effect of rapamycin on parathyroid cell proliferation
was shown in organ culture of parathyroids from rats fed an
adenine diet. Microdissected parathyroid glands from single
rats were incubated with BrdU and either rapamycin or vehicle
J Am Soc Nephrol 27: 1091–1101, 2016

(Figure 5A). BrdU immunostaining showed that the glands
from the uremic rats continued to proliferate in culture. Importantly, rapamycin decreased parathyroid cell proliferation
in vitro, showing the direct effect of rapamycin on parathyroid
cell proliferation (Figure 5, B and C).
Uremic KI rpS6P2/2 Mice Have Impaired PTH Secretion
and No Parathyroid Cell Proliferation

To further study the role of the mTORC1 pathway on parathyroid cell proliferation, we used KI mice that are not
susceptible to rpS6 phosphorylation. PTH and calcium levels
mTOR Signaling in Secondary Hyperparathyroidism
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Figure 2. Activation of the parathyroid mTOR pathway and parathyroid cell proliferation in CKD induced SHP and inhibition by
rapamycin. (A) Rats were fed a control or an adenine high–phosphorus diet for 2 weeks. Rapamycin (0.2 mg/kg) or vehicle was injected
intraperitoneally daily during the last 3 days of the adenine diet when BrdU was added to the drinking water. (B) Western blot analysis
of phosphorylated rpS6 (Ser240/244) in parathyroid extracts from rat parathyroids from individual rats. (C) Quantiﬁcation of phosphorylated rpS6 levels presented as mean6SEM (n=4–5 rats). Similar results were obtained in a repeat experiment. (D and E) Parathyroid cell proliferation. (D) Representative immunohistochemical staining for BrdU. PT, parathyroid; T, thyroid. (E) Quantiﬁcation of
the number of proliferating cells presented as mean6SEM of BrdU-stained nuclei per total nuclei. (F) Serum PTH levels. Combined data
from two experiments are shown (n=8–9).*P,0.05 versus control; #P,0.05 versus adenine.

were similar in both rpS6P2/2 and wild-type (wt) mice (Figure 6).
Adenine-induced uremia led to a decrease in serum calcium in
the rpS6P2/2 mice but not in the wt mice (Figure 6 B). Uremic
mice decreased body weight similarly in both genotypes (wt
adenine, 6.661.4 g; rpS6P2/2 adenine, 6.261.5 g [n=5];
P=NS), such as in normal mice.32 Serum PTH was increased
11-fold in the wt mice and only 3-fold in the KI mice, despite
their lower serum calcium (Figure 6D). Therefore, rpS6 phosphorylation determines the increase in serum PTH in uremia.
There was increased rpS6 phosphorylation and parathyroid
cell proliferation in uremic wt mice (Figure 6, E and F), such as in
rats (Figure 3A). There was also an increase in proliferation of
1094
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blood vessels in the uremic wt mice, such as shown in parathyroids from patients on dialysis (Figure 6E).33 The rpS6P2/2
mice, as expected, had no phosphorylated rpS6. Importantly,
parathyroid cell proliferation was not increased in the uremic
rpS6P2/2 mice (Figure 6E and F, Supplemental Figure 5), indicating the critical role of rpS6 phosphorylation in uremic
SHP.
rpS6P2/2 Mice Have Impaired PTH Secretion after Folic
Acid–Induced AKI

The rise of PTH level in folic acid–induced AKI was then
studied in rpS6P2/2 mice.34–36 Folic acid induced uremia in
J Am Soc Nephrol 27: 1091–1101, 2016
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both genotypes with no change in serum calcium (not
shown) and increases in serum phosphate and PTH levels
that were smaller in rpS6P2/2 mice (Figure 7, A–C). There
was an increase in phosphorylated rpS6 in wt mice, showing
activation of mTORC1 in the parathyroids of AKI wt mice
(Figure 7D). In this acute model of renal injury, there was
no increase in parathyroid cell proliferation (Figure 7D).
Importantly, serum PTH levels increased less after folic
acid administration to the rpS6 P2/2 mice compared with
the wt mice (Figure 7C). Therefore, rpS6 phosphorylation is

BASIC RESEARCH

necessary for the increased serum PTH in adenine-induced
uremia and AKI.

DISCUSSION

We show that the mTORC1 pathway is essential for parathyroid
cell proliferation in SHP of chronic hypocalcemia and experimental uremia. The parathyroid mTORC1 pathway was
activated in both models as shown by rpS6 phosphorylation,
correlating with increased parathyroid cell
proliferation. Moreover, phosphorylated
Table 2. Serum creatinine, calcium, phosphate, and PTH levels in uremic rats
rpS6 colocalized with proliferation markers
with and without rapamycin
in uremic rats. Inhibition of the mTORC1
Variable
Control
Adenine
Adenine and Rapamycin pathway decreased parathyroid cell proliferation in both hypocalcemic and uremic
Creatinine (mg/dl)
0.660.04
1.260.12a
1.460.2a
Calcium (mg/dl)
9.760.3
8.360.9
9.960.4
rats and in vitro. In uremic rats, rapamycin
Phosphate (mg/dl)
7.760.2
10.460.7a
12.860.5a,b
both corrected and prevented parathyroid
PTH (pg/ml)
326633
20646213a
14796122a,b
cell hyperplasia. Interestingly, at 3 days of
Change in body weight (g)
ND
23869
235.7611
the adenine diet, the rats had a high serum
Results are mean6SEM (n=9–12). Results represent data from three experiments combined. Body
urea with an increase in parathyroid cell
weights: n=5. ND, not determined.
a
proliferation, which preceded the increase
P,0.05 compared with control diet.
b
P,0.05 compared with adenine diet.
in serum PTH that was seen only at 7 days.

Figure 3. Parathyroid phosphorylated rpS6 (Ser240/244) expression and cell proliferation are increased in uremia and decreased by
rapamycin. (A) Parathyroid sections from control and adenine high–phosphorus uremic rats injected with vehicle or rapamycin were
stained for phosphorylated rpS6 and BrdU and examined by immunoﬂuorescence. Nuclei were stained with sytox. (B) Representative
parathyroid section from a uremic rat stained for phosphorylated rpS6 and PCNA shows colocalization of PCNA and phosphorylated
rpS6. PCNA, proliferating cell nuclear antigen.

J Am Soc Nephrol 27: 1091–1101, 2016
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Figure 4. Rapamycin prevents the parathyroid cell proliferation of experimental uremia. Rats were fed a control or adenine high–phosphorus
diet for (A and B) 3 or (C and D) 7 days. Rapamycin or vehicle was injected intraperitoneally daily, and BrdU was added to the drinking water
of the adenine-fed rats for the entire duration of the experiment. Parathyroid sections were stained for BrdU. (B and D) Quantiﬁcation of the
number of proliferating cells presented as mean6SEM of BrdU-stained nuclei per total nuclei compared with (B) control diet or (D) adeninefed rats. *P,0.05 versus control (n=7–9); #P,0.05 versus adenine (n=7–9); *P,0.05 versus adenine in D.

Table 3. Serum creatinine, calcium, phosphate, and PTH
levels in uremic rats after 7 days of the adenine high–
phosphorus diet with and without rapamycin given for 7 days
Variable

Control

Adenine

Adenine and
Rapamycin

Creatinine
(mg/dl)
Calcium (mg/dl)
Phosphate
(mg/dl)
PTH (pg/ml)

0.4560.1

1.360.21a

1.1260.05a

7.961.3
8.860.3

11.961.8
9.861

9.060.4
9.360.7

442643

8676264a

9416181a

Results are mean6SEM (n=3–6).
a
P,0.05 compared with control diet.

In transgenic mice overexpressing cyclin D1 in the parathyroid, parathyroid cell proliferation also preceded the increase
in serum PTH.37 The direct effect of rapamycin on parathyroid cell proliferation was shown in parathyroids from uremic
rats in organ culture. The glands in culture continued to proliferate, which was measured by BrdU incorporation, and this
was inhibited by rapamycin. Therefore, the mTORC1 pathway
is activated in SHP, and inhibition by rapamycin leads to decreased proliferation both in vivo and in vitro.
1096

Journal of the American Society of Nephrology

To further show the signiﬁcance of the mTOR pathway in SHP,
we studied rpS6P2/2 KI mice, in which rpS6 cannot be phosphorylated.28,29,38 The rpS6P2/2mice showed no difference in
basal serum calcium and PTH and parathyroid cell proliferation
and did not respond to two models of renal failure. Remarkably,
the rpS6P2/2mice failed to increase parathyroid gland activity
after the challenge of adenine-induced uremia, despite a decrease in serum calcium. Folic acid–induced AKI in wt mice
led to an increase in serum PTH and parathyroid phosphorylated rpS6, indicating activation of the mTOR pathway (as
shown in SHP rats) caused by chronic hypocalcemia and uremia.
The rpS6P2/2 mice had a muted increase in serum PTH after
folic acid–induced AKI.
The failure of the uremic rpS6P2/2 mice to increase parathyroid cell proliferation and the muted increase in serum
PTH in acute and chronic models show that rpS6 phosphorylation is essential for these adaptive responses to uremia.
However, the small increase in serum PTH in the uremic
rpS6P2/2 mice may be caused by mTORC1-independent pathway(s). Similarly, rapamycin given to uremic rats only partially
decreased serum PTH, despite the abolition of parathyroid cell
proliferation. Therefore, mTORC1 and rpS6 phosphorylation
are crucial for parathyroid cell proliferation in SHP.
J Am Soc Nephrol 27: 1091–1101, 2016
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Figure 5. Rapamycin decreases parathyroid cell proliferation in parathyroid glands in vitro. (A) Rats were fed an adenine high–
phosphorus diet for 3 days, and then, parathyroid glands from single rats were microdissected and incubated in culture with medium
containing BrdU and rapamycin (50 nM) or vehicle (DMSO) for 9 hours. (B) Representative immunohistochemical staining for BrdU. (C)
Quantiﬁcation of the number of proliferating cells presented as mean6SEM of BrdU-stained nuclei per total nuclei. *P,0.05 versus
control (n=7–8).

mTORC1 senses nutritional and growth factors necessary for cell growth and proliferation. Glucose or amino
acid starvation results in the repression of mTORC1
activation and subsequently, the activation of downstream
autophagy effector proteins. 2 0 We show that dietary
calcium deprivation leads to SHP with activation of
mTORC1 and SHP, which may imply an inhibitory effect
on autophagy in the parathyroid of hypocalcemic rats.
mTORC1 responds to growth factors, such as insulin,
IGF-1, and EGF. Increased expression of TGF-a and its receptor, EGFR, was shown in patients with hyperplastic
and adenomatous parathyroid glands and uremic
rats. 12,15 On activation, EGFR signals through mitogen
activated protein kinase activation. 15,39 mitogen activated
protein kinase activation induces cyclin D1 and drives
the cell cycle from G1 to S.40 Overexpression of cyclin D1
in the parathyroids induces parathyroid cell hyperplasia.17
EGFR also activates the AKT-mTORC1 pathway. 41 We
show that parathyroid mTORC1 is activated in SHP of
both uremia and hypocalcemia and essential for parathyroid
cell proliferation. The mTORC1 and EGFR pathways act
together to stimulate parathyroid cell proliferation in SHP
(Figure 8).

CONCISE METHODS

or adenine high–phosphorus diet (0.75% adenine and 1.5% phosphorus; Harlan Teklad) for the indicated time periods of 3–14
days.31
rpS6 P2 /2 mice were described previously. 28 Genotyping
was conducted by PCR of ear or tail DNA using the following
primers: 59-GTCATCCAGCATGGGTGCTG-39 and 59-GGCTGATACCTTTTGGGACAG-39. PCR products were digested with
EcoRV to show one of ﬁve substitutions of serine to alanine.28
Uremia was induced by a modiﬁcation of the casein–based adenine high–phosphorus diet described by Olauson and colleagues.32 Mice were fed the diet (0.3% adenine, 0.6% calcium,
and 1.2% phosphorus; TD.140214; Teklad, Madison, WI) for 21
days, with an interval of 7 days (days 10–15) when they were
switched to a 0.2% adenine high–phosphorus diet (0.2% adenine,
0.6% calcium, and 1.2% phosphorus; TD.140213; Teklad). AKI
was induced by a single intraperitoneal injection of folic acid
(Sigma-Aldrich) at a dose of 240 mg/kg in 0.15 mol/L NaHCO3
(pH 7.4) or vehicle.36 Animals were euthanized at 20 hours when
serum was collected.
Animals had free access to food and drinking water. Blood
sampling was performed through the abdominal aorta at euthanasia.
Serum was collected and analyzed for creatinine, urea, calcium,
phosphate, and PTH levels. Parathyroid tissue was removed for
immunohistochemistry, immunoﬂuorescence, and Western blots. All
animal experiments were approved by the Hadassah Hebrew University Animal Care and Use Committee.

Animals, Housing, and Diets

Rapamycin and BrdU Administration

Weanling male Sprague–Dawley rats were fed a normal (1% calcium and 0.7% phosphorus) or calcium-depleted (0.02% calcium and 0.3% phosphorus) diet (Harlan Teklad) for 14 days.42
Adult (150–175 g) male Sprague–Dawley rats were fed a normal

Rats were injected intraperitoneally with vehicle or rapamycin (LC
Laboratories) at 0.2 mg/kg body wt dissolved in DMSO and diluted
in normal saline. Rapamycin was injected for 1 or 3 consecutive
days before euthanasia at day 14 of the low calcium– or adenine

J Am Soc Nephrol 27: 1091–1101, 2016
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Figure 6. KI rpS6P2/2 mice increase serum PTH levels less than wt mice in adenine high phosphorus–induced uremia; wt and KI
rpS6P2/2mice were fed a control or an adenine high–phosphorus diet for 3 weeks. (A) Serum urea, (B) calcium, (C) phosphate, and
(D) PTH in control and uremic wt and rpS6P2/2 mice. *P,0.05 versus wt control #P,0.05 versus control rpS6P2/2 (n=5, control diet;
n=7–8, adenine diet). (E) Representative immunostaining for phosphorylated rpS6 and PCNA, (F) immunostaining for Ki-67, which
were both increased in the uremic wt mice and not in the rpS6P2/2 mice. Nuclei were stained with sytox. PCNA, proliferating cell
nuclear antigen.

high–phosphorus-fed rats. In some experiments, rapamycin was
injected daily during the entire duration of the experiment of 3
or 7 days. BrdU (Sigma-Aldrich) was injected (5 mg/100 g body wt
1098
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of rat) as a single injection or daily for 3 days before euthanasia.
Insome experiments, BrdU was dissolved in the drinking water
(0.8 mg/ml) for 3 or 7 days. Immunohistochemistry showing
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Figure 7. KI rpS6P2/2 mice increase serum PTH level less than wt mice in folic acid–induced AKI. Folic acid (240 mg/kg) was injected
intraperitoneally into rpS6P2/2 and wt mice, and serum was collected 24 hours before (baseline) and at 20 hours after folic acid induction. (A) Serum urea, (B) phosphate, and (C) PTH in wt mice and rpS6P2/2 mice. *P,0.05 versus baseline (n=4–6 mice); #P,0.05
versus folic acid wt (n=4–6 mice). (D) Representative immunostaining for phosphorylated rpS6 and PCNA. Nuclei were stained with
sytox. PCNA, proliferating cell nuclear antigen.

BrdU incorporation in the intestinal villi served as a positive control (Supplemental Figure 3).

Serum Biochemistry and PTH Levels
Total calcium was measured using a calcium assay kit (QuantiChrom).
Serum creatinine phosphorous and urea were measured by kits from
Stanbio Laboratory. Serum PTH was measured using a rat or mouse
intact PTH ELISA Kit (Immutopics).

Parathyroid Organ Cultures
Adult male Sprague–Dawley rats were fed an adenine high–phosphorus
diet for 3 days to induce parathyroid cell proliferation. At day 3 of the
diet, parathyroid glands were microdissected, and two glands from
each rat were placed in 2-ml ventilated Eppendorf tubes and incubated
in 0.5 ml Dulbecco’s modiﬁed Eagle’s medium supplemented with 10%
FBS, 1% L-glutamine, and 1% PenStrep (Gibco Life Technologies).9
J Am Soc Nephrol 27: 1091–1101, 2016

BrdU (30 nM) and rapamycin (50 nM) or vehicle (DMSO) were added
to the growth medium. The tubes were placed in an incubator under
rotation at 37°C for 9 hours; then, parathyroids were removed, and
parafﬁn sections were prepared for immunohistochemistry.

Immunohistochemistry and Its Quantiﬁcation
Microdissected rat parathyroid glands and mouse thyroparathyroid
tissue were excised, ﬁxed in 4% formaldehyde overnight, and
embedded in parafﬁn, and 3 mM sections were prepared. After rehydration, antigens were retrieved by pressure cooker (121°C
for 3 minutes) in 20 mM citric acid buffer (pH 6; Invitrogen)
for BrdU and 100 mM glycine buffer (pH 9) for Ki-67. Immunostaining was performed overnight at 4°C using the following primary antibodies diluted in Cas block (Zymed Laboratories): BrdU
(1:200; Neomarkers), Ki-67 (1:500; Biogenex). Slides were incubated with the appropriate horseradish peroxidase–conjugated
mTOR Signaling in Secondary Hyperparathyroidism
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Western Blotting and Its Quantiﬁcation
Protein extracts from the two parathyroid glands of each rat were prepared using TRIzol Reagent (Life Technologies). Protein extracts were dissolved in sample buffer (Tris [pH 6.8], glycerol, SDS, b-mercaptoethanol,
and bromophenol blue) and run on SDS-PAGE, with each lane containing parathyroid extracts from a single rat. Immunostaining was
performed overnight at 4°C using the following primary antibodies
diluted in 5% BSA or 5% skim milk: p-rpS6 Ser240/244 (1:500; Cell
Signaling Technology), rpS6 (1:1000; Cell Signaling Technology) and
S6K1 thr389 (1:1000; Cell Signaling Technology). Membranes were
then incubated with the appropriate horseradish peroxidase–conjugated
secondary antibodies, exposed to ECL (Santa Cruz Biotechnology),
and analyzed by autoradiography. Protein bands were quantiﬁed with
Quantity One (Bio-Rad).
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Figure 8. mTORC1 induces parathyroid cell proliferation in SHP
through rpS6 phosphorylation. The mTOR pathway is activated in
the parathyroids of rats and mice with SHP induced by either
chronic hypocalcemia or uremia. On activation, mTORC1 phosphorylates and activates S6K1. Activated S6K1 phosphorylates
rpS6. mTORC1 also disinhibits eukaryotic translation initiation
factor-4E (eIF-4E) by inhibiting 4E- binding protein 1 (4E-BP1). We
show that rpS6 phosphorylation is necessary for the increased
parathyroid cell proliferation of SHP. Inhibition of mTORC1 by
rapamycin decreased and prevented parathyroid cell proliferation
in SHP. TGF-a and its receptor, EGFR, are increased in SHP. EGFR
signals through mitogen activated protein kinase and mTORC1
activation.

secondary antibodies and stained by exposure to 3,39-Diaminobenzidine (DAB) chromogen (Dako) followed by counterstaining
with hematoxylin. All images are shown at a magniﬁcation of 320.
Immunostaining was quantiﬁed using an Ariol Automated System
(Genetix). The number of stained nuclei was estimated by calculating the number of positive nuclei per total number of nuclei.
This estimate was in excellent agreement with the number of positive nuclei per total area analyzed (not shown).

Immunoﬂuorescence Staining
Slides were processed as above and then incubated overnight
with the following primary antibodies: proliferating cell nuclear
antigen (1:1000; Zymed Laboratories), p-rpS6 Ser240/244
(1:750; Cell Signaling Technology), and BrdU. Slides were incubated with ﬂuorochrome–conjugated secondary antibodies
(Cy3 and Cy5; Bethyl) diluted in 1% BSA in PBS for 2 hours
followed by incubation with 0.02 mg/ml RNAse (Sigma-Aldrich)
for 15 minutes and then, 25 nM Sytox (Life Technologies) for an
additional 30 minute (all at the room temperature in the dark).
Images were obtained using a Fluoview 1000 Olympus Fluorescence Microscope.
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