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The parathyroid hormone (PTH)/PTH-related peptide
(PTHrP) receptor (PTHR1) in cells of the renal proximal tubule
mediates the reduction in membrane expression of the sodium-
dependent P; co-transporters, NPT2a and NPT2c, and thus sup-
presses the re-uptake of P; from the filtrate. In most cell types, the
liganded PTHR1 activates Gag/adenylyl cyclase/cAMP/PKA
(cAMP/PKA) and G, ,/phospholipase C/phosphatidylinositol
1,4,5-trisphosphate (IP,)/Ca**/PKC (IP3/PKC) signaling path-
ways, but the relative roles of each pathway in mediating renal
regulation P, transport remain uncertain. We therefore explored
the signaling mechanisms involved in PTH-dependent regulation
of NPT2a function using potent, long-acting PTH analogs,
M-PTH(1-28) (where M = Ala''2, Aib?, GIn'%, Har'!, Trp'4, and
Arg") and its position 1-modified variant, Trp'-M-PTH(1-28),
designed to be phospholipase C-deficient. In cell-based assays,
both M-PTH(1-28) and Trp"-M-PTH(1-28) exhibited potent
and prolonged cAMP responses, whereas only M-PTH(1-28) was
effective in inducing IP; and intracellular calcium responses. In
opossum kidney cells, a clonal cell line in which the PTHR1 and
NPT2a are endogenously expressed, M-PTH(1-28) and Trp'-M-
PTH(1-28) each induced reductions in 3P uptake, and these re-
sponses persisted for more than 24 h after ligand wash-out,
whereas that of PTH(1-34) was terminated by 4 h. When injected
into wild-type mice, both M-modified PTH analogs induced pro-
longed reductions in blood P; levels and commensurate reduc-
tions in NPT2a expression in the renal brush border membrane.
Our findings suggest that the acute down-regulation of NPT2a
expression by PTH ligands involves mainly the cAMP/PKA sig-
naling pathway and are thus consistent with the elevated blood P;
levels seen in pseudohypoparathyroid patients, in whom Ga-
mediated signaling in renal proximal tubule cells is defective.

Parathyroid hormone (PTH),” the most important peptide
hormone regulator of calcium homeostasis, also contributes
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importantly to the regulation blood phosphorus levels. These
physiologically vital actions of PTH are mediated through the
PTH/PTH-related peptide (PTHrP) receptor (PTHR1), which
is abundantly expressed in the renal proximal tubules (1, 2).
Activation of this G protein-coupled receptor by PTH sup-
presses the reabsorption of P; by diminishing protein levels of
the sodium-dependent phosphate co-transporter NPT2a, the
major phosphate transporter in the renal proximal tubules
(3). In addition, PTH regulates the renal type 2c sodium-de-
pendent phosphate co-transporter (NPT2c), as shown by
studies in rats rendered hyperphosphatemic by thyroparathy-
roidectomy, in which exogenous PTH administration causes a
marked reduction in the level of NPT2c in renal brush border
membrane vesicles (4). This more recently discovered trans-
porter plays a critical role in P; homeostasis in humans be-
cause homozygous or compound heterozygous loss-of-func-
tion mutations in NPT2c cause hereditary hypophosphatemic
rickets with hypercalciuria (5-7).

The OK cell line, which is derived from opossum kidney-
proximal tubular cells and thus provides endogenous expres-
sion of the PTHR1 and NPT2a, is currently the only geneti-
cally non-manipulated cell line for studying PTH-dependent
inhibition of phosphate transport (8 —10). As in most other
cells expressing the PTHR1, stimulation of OK cells with PTH
agonists results in the activation of two G protein-dependent
signaling pathways, the Ga /adenylyl cyclase/cAMP/PKA
(cAMP/PKA) pathway and the Ga,,,/PLC/IP;/ Ca®"/PKC
(IP,/PKC) pathway. The cumulative data from studies using
OK cells (9, 10), other cell-based (11) or animal model sys-
tems (12), suggest that both signaling pathways contribute to
the PTH-dependent down-regulation of NPT2a expression.
The dissection of these signaling pathways in the prior studies
has involved the use of PKA and PKC inhibitors and/or the
N-terminally truncated fragment PTH(3-34). PTH(3-34)
lacks the critical N-terminal residues (Ala' and Val?) required
for potent cAMP and IP; signaling and thus functions as an
antagonist/partial agonist for these pathways (13), whereas it
retains the C-terminal residues (Gln*’~His>?) that, in certain
cells, can mediate activation of PKC via an apparent non-
PLC-dependent mechanism (14), which could contribute to
the PTH-stimulated regulation of NPT2a-dependent phos-
phate transport.
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However, the PLC/PKC-dependent pathway is unable to
compensate for the loss or severe impairment of cAMP/PKA
signaling in patients with pseudohypoparathyroidism type Ia
(PHP-Ia) or type Ib (PHP-Ib). These patients develop PTH-
resistant hyperphosphatemia because of maternally inherited
mutations that abolish or reduce activity of Ge in renal prox-
imal tubule cells (15-17). These clinical findings from two
related human disorders thus indicate that the cAMP/PKA
pathway has a dominant role in the PTH-dependent regula-
tion of NPT2a expression and urinary phosphate excretion,
although they do not exclude a contribution of additional sig-
naling mechanisms, such as the IP,/PKC pathway (11, 12).
Thus, despite extensive in vitro and in vivo investigations, the
mechanisms by which PTH mediates the regulation of NPT2a
expression and phosphate handling in the proximal renal tu-
bules are not completely understood.

In recent studies on PTH analogs, we identified several new
analogs that exhibit unique PTHR1 binding and signaling
properties that render them potentially useful for analyzing
PTHRI1 function in vitro and in vivo. These analogs, such as
M-PTH(1-28) used herein, contain a group of “M” substitu-
tions (M = Ala™'?, Aib?, GIn*®, Har'!, Trp'* and Arg"®) that
were initially found to improve the binding affinity of N-ter-
minal PTH fragments by several orders of magnitude (18—
20). When extended C-terminally to position 28 or longer, the
M-substituted analogs form particularly stable complexes
with the PTHR1 and, as a result, induce markedly prolonged
cAMP and IP; signaling responses in cells, as well as pro-
longed hypercalcemic and hypophosphatemic responses in
mice (21-23). Of note, M-PTH(1-28) lacks the domain that
mediates PLC-independent PKC activation, assigned to PTH
residues GIn*?-His?? (24, 25), yet it retains the determinants
for potent cAMP and IP,/Ca®" signaling (Refs. 21-23; and
data herein). Importantly, the prolonged effects observed for
these analogs in vivo are not likely due to altered pharmacoki-
netic profiles, because the peptides disappear from the circu-
lation at least as rapidly as PTH(1-34) (23). Instead, pro-
tracted receptor occupancy, possibly combined with
continuous signaling of internalized PTH-PTHR1 complexes,
appears to be the mechanism underlying their prolonged ac-
tions (26).

Recent studies from others have shown that substitution of
Ser or Ala at position 1 in PTH and PTHrP ligands by glycine
(13) or bulkier residues, such as benzoylphenylalanine (27) or
tryptophan (28), selectively diminish PLC-dependent PKC
signaling, with only minor effects on cAMP signaling. As a
means to further expand the usefulness of the M-PTH scaf-
fold in dissecting the relative importance of the various sig-
naling pathways in mediating the physiologic effects of PTH,
we replaced Ala' in M-PTH(1-28) with tryptophan to derive
an analog that would potently activate the cAMP signaling
pathway but not the PLC/IP,/Ca*" signaling pathway. Here,
we characterize the new analog, Trp'-M-PTH(1-28), along
with its parent, M-PTH(1-28), and use it to further explore
the relative roles of the AC/PKA- and PLC/PKC-dependent
signaling pathways in mediating the PTH-dependent regula-
tion of NPT2a expression and P, transport in vitro and in vivo.
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MATERIALS AND METHODS

Peptides—Peptides used were: PTH(1-34) (human sequence:
SVSEIQLMHNLGKHLNSMERVEWLRKKLQDVHNF),
M-PTH(1-28) (AVAIbEIQLMHQHarAKWLNSMRRVEWL-
RKKL), Trp*-M-PTH(1-28) (Ala* of M-PTH(1-28)
replaced by tryptophan), M-PTH(1-15) (AibVAibEIQLNIe-
HQHarAKWY), PTH(1-28) (human sequence), rPTH(1-34)
(rat sequence with Nle®**! and Tyr®* substitutions), and
PTH(3-34) (bovine sequence with Nle®'® and Tyr>* substitu-
tions). Peptides were C-terminally amidated and synthesized
by the Massachusetts General Hospital Biopolymer Core
Facility using solid phase, N-(9-fluorenyl)methoxycarbonyl
(Fmoc)-based chemistry and an automated peptide synthe-
sizer. Peptide purity and authenticity was verified by analyti-
cal HPLC and MALDI-mass spectrometry. Radioligands used
were '>°I-rPTH(1-34) and '**I-M-PTH(1-15), each prepared
by chloramine-T-based iodination using '**I-Na (PerkinElmer
Life Sciences; specific activity, 2.2 mCi/mmol); the iodinated
peptides were purified by reversed phase HPLC.

Cell Cultures—The cell lines used were: African green
monkey cell line COS-7; opossum kidney proximal tubule cell
line, OK (9, 10); mouse preosteoblastic cell line, MC3T3-E1
(subclone 14, ATCC) (29); and PNEW6, a CHO-derived cell
line that is stably transfected to express the rat PTHR1 and
NHERF2 (30). The cells were cultured in DMEM (COS-7 and
OK) or a-minimum essential medium (MC3T3-E1) supple-
mented with fetal bovine serum at 10% (COS-7, MC3T3-E1,
and PNEW®6) or 5% (OK) in an atmosphere of 5% CO,. The
cells were maintained in T-75 flasks and seeded into multi-
well plates for DNA transfection and/or assay; the cells were
used for analysis 24 —72 h after the cell monolayer had
reached confluency. COS-7 cells were transiently transfected
using FUGENE 6 reagent (Roche Applied Science) and plas-
mid DNA encoding proteins of interest.

Assays of cAMP and IP; Formation— Assays of PTH-depen-
dent cAMP and IP, responses were performed at room tem-
perature, as described (22). For cAMP dose-response assays,
the cells were incubated with ligand in buffer containing
IBMX (2 mwm) for 30 min, the buffer was then replaced by 50
mwm HCl, and the cAMP content of the lysate was determined
by radioimmunoassay. For cAMP “wash-out” assays, the cells
were incubated with ligand (1 X 10~ m) in buffer lacking
IBMX for 10 min, and then the cells were rinsed three times
and incubated in buffer for varying times. The buffer was then
replaced by buffer containing IBMX (2 mwm), and incubations
were continued for 5 min; the buffer was then replaced by 50
mMm HCl, and the intracellular cAMP released in the lysate
was quantified by radioimmunoassay. For each ligand and at
each wash-out time point, the cAMP levels observed were
expressed as percentages of the maximum cAMP responses
observed in cells treated for 10 min with ligand in the pres-
ence of IBMX (2 mm).

Assays of IP; stimulation were performed using PNEW6
cells or COS-7 cells co-transfected with the PTHR1 and Ga,,.
The cells were prelabeled for 18 h with [*H]myo-inositol (2
mu; PerkinElmer Life Sciences). At the time of assay, the cells
were incubated with ligand in buffer containing LiCl (30 mm)
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for 30 min; then the buffer was replaced with an ice-cold solu-
tion of 5% trichloroacetic acid; after 30 min, the lysate was
neutralized with four volumes of 10 mm Tris, pH 7.4, 2.6 mm
NaOH and processed by ion exchange column chromatogra-
phy using DOWEX-AG1-XS8 resin (0.5-ml bed volume). The
IP, fraction was eluted with 1 m ammonium formate; the elu-
ate was collected into liquid scintillation fluid and counted for
*H-derived B radiation using a Beckman model LS600IC lig-
uid scintillation analyzer.

Binding Assays—The capacities of PTH ligands to bind to
two pharmacologically distinct PTHR1 conformational states,
called R° and RG, which are presumed to reflect populations
of G protein-uncoupled and G protein-coupled receptors,
respectively, were assessed by competition methods using
membranes prepared from transiently transfected COS-7
cells, as described (21, 23). Binding to R® was assessed using
125[-rPTH(1-34) as a tracer radioligand, membranes prepared
from COS-7 cells transfected with the PTHR1 alone, and the
reactions contained GTPvyS (10 mm) to promote uncoupling
of receptors from heterotrimeric G proteins. Binding to RG
was assessed using 2°I-M-PTH(1-15) as a tracer radioligand,
membranes prepared from COS-7 cells co-transfected with
the PTHR1, and a high affinity, dominant-negative Ga, mu-
tant, Ga ND, and the reactions were performed in the ab-
sence of GTP+S. Reactions (total reaction volume, 0.2 ml)
were conducted in 96-well vacuum filter plates (Multi-Screen
system with Durapore HV, 0.65 uM filters; Millipore Corp.,
Millford, MA) in membrane assay buffer (20 mm HEPES, pH
7.4, 0.1 m NaCl, 3 mm MgSO,, 20% glycerol, 3 mg/ml bovine
serum albumin), and a protease inhibitor mixture (Sigma-
Aldrich) composed of 4-(2-aminoethyl) benzenesulfonyl fluo-
ride (1 mu final concentration), aprotonin (0.8 um), leupeptin
(20 um), bestatin (40 um), pepstatin A (15 um), and E-64 (14
uM). The reactions contained a total membrane protein con-
centration of 50 wg/ml and a total radioactivity concentration
of ~20,000 cpm/ml. The reactions were incubated for 90 min
and terminated by rapid vacuum filtration to separate bound
and free radioligand and thorough rinsing of the filter. Af-
ter air drying, the filters were detached and counted for vy
radioactivity using a y counter. Nonspecific binding was
determined in reactions containing unlabeled rPTH(1-34)
(3 X 1077 m). The curves were fit to the data using
GraphPad Prism (4.0) software and its sigmoidal dose-re-
sponse equation.

Measurement of Intracellular Free Calcium (Ca®*)—PTH
analog effects on Ca** levels were assessed in PNEW6 cells,
which produce a robust Ca®" response to PTH due to exoge-
nous expression of the PTHR1 and NHERF2 (30). Intracellu-
lar Ca®* levels were assessed using the cell-permeant fluores-
cent Ca®" sensor, Fura2-AM (Invitrogen). Cells in a 96-well
plate were preloaded with Fura2-AM for 45 min and then
unloaded in buffer for 30 min. The plate was then processed
using a PerkinElmer Life Sciences Envision plate reader to
monitor fluorescence emission at a wavelength (A,,,,) of 515
nm, upon sequential excitation at wavelengths (A, ) of 340
and 380 nm. The data were recorded at 2-s intervals for 10 s
prior to and for 3 min after ligand addition. The data at each
time point were calculated as the ratio of the
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fluorescence signal obtained with excitation at 340 nm to that
obtained with excitation at 380 nm.

P, Uptake Assay—The uptake of P; and its inhibition by
PTH analogs were assessed, as described (9, 10), in OK cells,
which express the opossum orthologs of the PTHR1 and
NPT2a. The cells were incubated at 37 °C with ligand (100
nm) for either 4 h (standard assay) or for 10 min followed by a
wash-out period in buffer for various times. The cells were
then incubated with >?P (PerkinElmer Life Sciences) for 5
min, rinsed thoroughly to remove unincorporated **P, and
then lysed; after adding scintillation fluid, the lysate was
counted for **P-derived B radiation using a Beckman model
LS600IC liquid scintillation analyzer.

Determination of Plasma Phosphorous (P,) Level—Mice
(C57BL/6, male; age, 9 —12 weeks) were treated in accordance
with the ethical guidelines adopted by Massachusetts General
Hospital. The mice were injected intravenously via the tail
vein with either PTH(1-34), M-PTH(1-28), Trp'-M-PTH(1—
28) (20 nmol/kg), or vehicle (10 mm citric acid, 150 mm NaCl,
0.05% Tween 80, pH 5.0). Tail vein blood was collected imme-
diately prior to and at different times after injection for analy-
sis. Plasma phosphorous was measured using a UV spectro-
scopic assay (Stanbio Laboratory).

Immunohistochemical Analysis of NPT2a—The mice were
injected subcutaneously with a single dose of PTH analogs (50
nmol/kg). After 2 or 6 h, these animals (as well as noninjected,
control mice) were infused with ice-cold 4% paraformalde-
hyde in phosphate buffer before removing the kidneys. After
further fixation in the same solution, kidney sections of 5-um
thickness were obtained and incubated with affinity-purified
rabbit anti-mouse NPT2a (1:1,000) (kindly provided by Dr.
Miyamoto, Tokushima, Japan). Subsequently, the sections
were treated with anti-rabbit IgG AlexaFluor-594 and
AlexaFluor-488 phalloidine (60 min. at room temperature).

Data Calculations—The curves were fit to the data by non-
linear regression using GraphPad Prism (4.0) software. The
data were statistically compared using Student’s ¢ test, assum-
ing two tails and unequal sample variance (heteroscedastic).

RESULTS

Receptor Binding—The receptor binding properties of
M-PTH(1-28) and Trp'-M-PTH(1-28) as well as the control
peptide PTH(1-34) were evaluated by competition methods
for binding to two pharmacologically distinct, high affinity
states of the PTHR1, R° and RG, which, based on their differ-
ing sensitivities to GTP+S, are thought to reflect G protein-
uncoupled and G protein-coupled receptor conformations,
respectively (21, 23). In the R assays, the parent peptide
M-PTH(1-28) bound with an apparent affinity that was 12-
fold higher than that of PTH(1-34) (Fig. 1A and Table 1; p =
0.0001), a finding that is fully consistent with our previous
studies on this analog (23). The Trp'-M-PTH(1-28) analog
bound to R° with an apparent affinity that was ~2-fold
weaker than that of M-PTH(1-28) (p = 0.04).

In the RG assays, M-PTH(1-28) and Trp'-M-PTH(1-28),
each bound with similarly high apparent affinities of 0.35 and
0.69 nm, respectively (Fig. 1B and Table 1; p = 0.04). PTH(1-
34) bound with an affinity that was severalfold stronger than
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FIGURE 1. PTH analog binding to the R® and RG conformations of the PTHR1. Binding to the R® and RG conformations of the PTHR1 was assessed by
competition methods using membranes prepared from COS-7 cells transiently transfected to express the rat PTHR1. A, R® assays used '2°I-rPTH(1-34) tracer
radioligand and were performed in the presence of GTPS. B, RG assays used '°I-M-PTH(1-15) tracer radioligand, and the membranes were prepared from
cells co-transfected with a high affinity Ga, mutant. The data are the means = S.E. of five experiments, each performed in duplicate.

TABLE 1
Binding to R® and RG PTHR1 conformations
pICs,
R° RG
PTH(1-34) 8.17 + 0.12¢ 9.86 + 0.17
6.8” 0.14
M-PTH(1-28) 9.30 = 0.08° 9.46 £ 0.20
0.50 0.35
Trp'-M-PTH(1-28) 9.03 = 0.07%4 9.16 + 0.17¢
0.92 0.69
PTH(3-34) 7.70 £ 0.07*¢ 7.80 £ 0.12%¢
20 16

“P < 0.0002 versus M-PTH(1-28).

® The values are the nmol of conversion of pICs,. The data are the means *+ S.E.
(n=5).

¢ P < 0.001 versus PTH(1-34).

4P < 0.05 versus M-PTH(1-28).

¢ P < 0.05 versus PTH(1-34).

that of the two modified analogs, but the difference reached
significance only for Trp'-M-PTH(1-28) (p = 0.02). The Trp*
substitution in the M-PTH(1-28) scaffold, therefore, did not
severely compromise binding to either the R® or RG PTHR1
conformation. In comparing the relative affinities with each
analog bound to the two conformations, it can be seen that
whereas PTH(1-34) binds with 50-fold stronger apparent
affinity to RG, than to R®, both M-PTH(1-28) and Trp'-M-
PTH(1-28) bind to the two conformations with similar affini-
ties. Thus, the Trp'-substituted M-PTH(1-28) analog main-
tains, like its M-PTH(1-28) counterpart peptide, a relatively
strong, as compared with PTH(1-34), preference for binding
to the R PTHR1 conformation. The antagonist/partial ago-
nist, PTH(3-34), also bound to the R® and RG conformations
with similar affinities, but in this case, the affinities were ~20-
fold weaker than those observed for the modified analogs (Ta-
ble 1).

cAMP Signaling—The peptides were then evaluated for
cAMP signaling potency using the mouse preosteoblastic cell
line, MC3T3-E1. The potency of Trp'-M-PTH(1-28) was
5-fold weaker than that of M-PTH(1-28) (EC,,, 0.64 nMm ver-
sus 0.13 nwM, respectively, p = 0.001) (Fig. 24 and Table 2).
The maximum responses attained by the two peptides were
comparable (~50-fold over basal). PTH(1-34) exhibited a
response potency similar to that of M-PTH(1-28), and no
cAMP response was detected for PTH(3—-34). Similar relative
cAMP response activities were seen for the analogs in COS-7
cells expressing the human PTHR1 (supplemental Fig. S1A4) as
well as in OK cells (data below).
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The capacities of the ligands to induce persistent signaling
responses were assessed by performing wash-out assays in
MC3T3-E1 cells (21, 23). In these assays, we treated the cells
first with ligand (100 nMm) for 10 min and then, at various
times after ligand wash-out, with the phosphodiesterase in-
hibitor IBMX for 5 min. The cAMP content observed in the
cells at the end of the treatment was then compared with that
observed in cells treated concomitantly with ligand and IBMX
for 10 min, set as a maximum of 100% in the analyses. Both
M-PTH(1-28) and Trp'-M-PTH(1-28) induced cAMP re-
sponses that were sustained at ~70% of the maximum re-
sponse level for at least 1 h after ligand addition (Fig. 2B); by
that time, the response to unmodified PTH(1-28), which
binds poorly to R° (23), was reduced to ~25% of the maxi-
mum value. The response induced by PTH(1-34) was re-
duced to ~50% of the corresponding maximum cAMP re-
sponse level by 60 min after wash-out. These data show that
the Trp'-M-PTH(1-28) analog can induce a sustained cCAMP
response similar to that induced by M-PTH(1-28) and pro-
vide further support to the hypothesis that the capacity of a
PTH ligand to bind to the R PTHR1 conformation correlates
with the duration of the cAMP responses induced by that li-
gand (21, 23).

IP, and Ca®" Signaling—The capacity of the analogs to
stimulate IP; signaling was then evaluated in PNEW®6 cells.
These CHO-derived cells are stably transfected to express the
rat PTHR1 and NHERF2 and produce robust IP, signals in
response to PTH and are thus particularly well suited to study
activation of the IP; signaling pathway by PTH agonists (30).
Treatment of these cells with M-PTH(1-28) or PTH(1-34)
resulted in ~6-fold increases in intracellular IP; (Fig. 2C and
Table 3). In contrast, Trp'-M-PTH(1-28) failed to induce an
IP, response, as did PTH(3-34). In addition, M-PTH(1-28)
and PTH(1-34) induced rapid and robust increases in intra-
cellular Ca®>* in PNEW6 cells, whereas Trp'-M-PTH(1-28)
induced little or no increase (Fig. 2D). As in PNEW6 cells,
M-PTH(1-28) induced a 6 —8-fold increase in IP; levels in
COS-7 cells transiently co-transfected to express the human
PTHRI1 and Ga,, whereas little or no increase was observed
with Trp'-M-PTH(1-28) (supplemental Fig. S1B). A modest,
4-fold increase in IP, accumulation in response to Trp'-M-
PTH(1-28) was observed, however, in COS-7 cells co-trans-
fected to express the rat PTHR1 and Ge, but this response
was less efficacious and only ~50% of that attained by
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FIGURE 2. Signaling properties of PTH analogs. A, PTH analogs were assessed at varying doses for the capacity to stimulate cAMP formation in MC3T3-E1
cells. The cells were treated with peptide or buffer control for 30 min at room temperature in the presence of IBMX. The data are the means = S.E. of seven
experiments, each performed in duplicate. B, the peptides were also assessed in these cells using a cAMP wash-out assay. For these experiments, the cells
were treated with ligand (100 nm) for 10 min in the absence of IBMX, then in buffer alone for the indicated wash-out period, and finally with IBMX-contain-
ing buffer for 5 min, and cellular cAMP was measured. The resulting cAMP levels are expressed as a percentage of the maximum cAMP observed in cells
treated with peptide (100 nm) for 10 min in the presence of IBMX; these maximum values, set as 100% in the graph, were: PTH(1-34), 97 = 24 pmol/well;
M-PTH(1-28), 102 * 28 pmol/well; Trp'-M-PTH(1-28), 82 * 39 pmol/well; and PTH(1-28), 130 * 38 pmol/well. The corresponding basal cAMP value was

1.1 £ 0.7 pmol/well. The data are the means = S.E. of six experiments, each performed in duplicate. C, the capacities of the peptides to stimulate the IP5/
Ca?*/PLC/PKC pathway were assessed in PNEW6 cells. Stimulation of IP, formation was assessed in cells preloaded with [*H]Jmyo-inositol and measuring the
cellular accumulation of [®Hlinositol trisphosphate following 30 min of ligand treatment. The data are the means + S.E. of seven experiments, each per-
formed in duplicate. D, intracellular calcium responses were assessed in PNEW6 cells preloaded in 96-well plates with the calcium dye Fura2-AM, and the
changes were measured as the ratio of fluorescence observed at 515 nm upon excitation at 340 nm to that observed upon excitation at 380 nm. The data
are representative of three independent experiments.

TABLE 2
cAMP responses in MC3T3 cells
pEC;, Enrax
pmol/well
PTH(1-34) 9.68 = 0.13 109 + 14
0.21¢
M-PTH(1-28) 10.0 = 0.12 92 +10
0.10
Trp'-M-PTH(1-28) 9.28 + 0.11%¢ 93 + 10
0.53
PTH(3-34) nd. 17 + §¢
Basal n.d. 1.9 +0.9

“ The values are the nmol of conversion of pECs,. The data are the means =

S.E. (n = 7). n.d., not determined.
b P < 0.05 versus PTH(1-34).
¢ P < 0.002 versus M-PTH(1-28).

TABLE 3
IP; response in PNEW6 cells
PEC;, Eptax
cpm/well
PTH(1-34) 8.1 +0.14 705 * 58
117
M-PTH(1-28) 7.7 + 0.07 756 = 90
24
Trp'-M-PTH(1-28) n.d. 148 = 17
PTH(3-34) n.d. 144 + 15
Basal n.d. 132 £2

“ The values are the nmol of conversion of pECs,. The data are the means *

S.E. (n = 7). n.d., not determined.
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M-PTH(1-28) or PTH(1-34) (supplemental Fig. S2). These
results combined suggest that Trp'-M-PTH(1-28) is mark-
edly defective, as compared with its parent, M-PTH(1-28),
for signaling through the IP,/Ca**/PKC pathway yet main-
tains a potent and prolonged capacity to signal through the
cAMP pathway. The signaling properties of Trp'-M-PTH(1-
28) thus differ substantially from those of the N-terminally
truncated peptide PTH(3-34), found here to be defective for
both PTHR1-mediated cAMP and IP,/Ca** signaling. The
availability of PTH analogs that activate either the Go/
cAMP/PKA or the Ga,,/PLC/Ca*" /IP4/PKC pathway pro-
vided a unique opportunity to further explore which signaling
systems are involved in the regulation of NPT2a, the major
sodium-dependent phosphate transporter.

PTH Analog Effects on P; Transport in OK Cells—We com-
pared the capacity of Trp'-M-PTH(1-28), M-PTH(1-28), and
PTH(1-34) to regulate NPT2a function in the OK cell line.
First, we assessed the capacity of the ligands to inhibit **P
uptake by these cells using a previously published protocol by
which the cells are treated continuously with ligand or buffer
control for 4 h, at the end of which the rate of P, transport is
assessed by adding **P for 5 min and measuring the total ra-
dioactivity accumulated in the cells during that 5-min inter-
val. By this protocol, each of the three PTH analogs tested
reduced the total phosphate uptake, relative to buffer control,
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FIGURE 3. Inhibition of 32P uptake in OK cells. A, PTH analogs were assessed at varying doses for the capacity to inhibit 3?P uptake by OK cells. The cells
were treated with peptide or buffer control for 4 h at 37 °C, 3?P was then added to the cells; after 5 min the cells were rinsed to remove unincorporated 2P,
and cell-associated radioactivity was measured after cells lysis. The inset shows the accumulation of cAMP, as described for Fig. 2. B, the peptides were also
assessed in OK cells for their capacity to inhibit 2P uptake using a wash-out assay. The cells were treated with ligand (100 nm) for 10 min, then in buffer
alone for the indicated wash-out-period, and finally with 32P-containing buffer for 5 min, before measuring cell-associated radioactivity. The data are the

means * S.E. of three experiments, each performed in duplicate.

to similar extents (~50%) and without significant differences
in potencies (EC;,, ~0.1 nm; Fig. 34). The comparable effica-
cies and potencies that the three peptides exhibited for inhibi-
tion of P, uptake were paralleled by similar efficacies and po-
tencies seen for the peptides in cAMP dose-response assays
performed in the OK cells (Fig. 34, inset).

We then assessed the effects of the ligands on P, trans-
porter function using a wash-out time course protocol similar
to that used in the cAMP time course assays shown in Fig. 1B.
The cells were thus treated with ligands for 10 min, rinsed to
remove unbound ligand, and then incubated for various times
in buffer before the addition of **P for the final 5 min of incu-
bation. The total 3*P incorporated into the cell was then as-
sessed as before. As shown in Fig. 3B, P, transport was sup-
pressed to similar extents by the three ligands for the first 6 h
after wash-out. In cells treated with PTH(1-34), the rate of P,
uptake had returned close to the initial rate by 24 h after
wash-out. In contrast, in cells treated with either M-PTH(1—
28) or Trp'-M-PTH(1-28), the rate of P, uptake remained
suppressed for the entire 24-h wash-out period (Fig. 3B).
This prolonged suppression of P, transport could not be
explained by a reduction in the viability of the cells or in
their general protein functionality, because the levels of
trypan blue staining and maximal PTH(1-34)-induced
cAMP signaling seen in the treated cells at the end of the
24-hour experiment were similar to those seen in un-
treated cells (data not shown).

Hypophosphatemic Responses in Wild-type Mice—Our in
vitro cell-based assays had indicated that substitution of Ala*
of PTH with the bulkier tryptophan residue blocks PTHR1-
mediated IP,/Ca*>" signaling but is permissive for PTHR1-
mediated cAMP signaling as well as PTHR1-mediated regula-
tion of P, transport, thus suggesting that the PLC/IP,/Ca*"/
PKC pathway does not play a critical role in the mechanisms
by which PTH down-regulates NPT2a expression or function.
To test this hypothesis further, we assessed the capacity of
Trp'-M-PTH(1-28), as compared with M-PTH(1-28) and
PTH(1-34), to modulate P; transporter function in vivo. We
thus injected mice with either test ligand or vehicle control
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FIGURE 4. Hypophosphatemic properties of PTH analogs in mice. Wild-
type mice were injected intravenously with vehicle or either PTH(1-34),
M-PTH(1-28), or Trp'-M-PTH(1-28) (each at 20 nmol/kg of body weight);
blood was collected from the tail vein to measure plasma phosphorous lev-
els. The data are shown as the means = S.E. (n = 4 for vehicle and PTH(1-
34) and n = 5 for M-PTH(1-28) and Trp'-M-PTH(1-28), respectively).

and measured changes in plasma P; concentrations at varying
times after injection. As shown in Fig. 4, relative to the prein-
jection levels of plasma P;, each PTH ligand induced a hy-
pophosphatemic response that reached a maximum at 1 h
after injection, and the magnitudes of these 1-h responses
were similar for the three peptides. In mice treated with
PTH(1-34), plasma P, levels returned to preinjection levels by
4 h, whereas in mice treated with either M-PTH(1-28) or
Trp'-M-PTH(1-28), plasma P, levels remained maximally
suppressed at 4 h and recovered to preinjection levels only by
the 6-h time point. Importantly, there was no discernable dif-
ference in the effects of the Trp'-M-PTH(1-28) versus
M-PTH(1-28) analogs on plasma P, levels.
Immunohistochemical Analysis of the Kidneys of PTH-
treated Animals—We next examined directly the effects of
the ligands on the expression of NPT2a in the kidney using
immunohistochemical methods. In mice injected with vehicle,
abundant NPT2a staining was observed at the apical, brush
border membrane of the proximal tubular cells (Fig. 5). In
mice injected with PTH(1-34), there was a dramatic reduc-
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vehicle
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FIGURE 5. Effect of PTH(1-34) on Npt2a expression in mice. Wild-type mice were injected subcutaneously with a single dose of PTH(1-34) (50 nmol/kg of
body weight). 2 and 6 h after the injection, the kidneys were removed, sectioned, and immunostained for Npt2a expression (see “Materials and Methods").
Staining was compared with that observed with noninjected mice. Magnification, X100 in the upper panels and X 2000 in the lower panels.

tion, relative to vehicle, in the level of NPT2a staining at the
apical surface by 2 h after injection, with a partially recovery
of surface staining by 6 h. Thus, the prolonged hypophos-
phatemic effects observed for M-PTH(1-28) and Trp*-M-
PTH(1-28) could be explained by a prolonged reduction in
the surface expression level of the NPT2a transporter on the
apical surface of renal proximal tubule cells (Fig. 6).

DISCUSSION

The activated PTHR1 stimulates the formation of several
different second messengers. The PTH analog M-PTH(1-28)
showed in vitro potent activation of the cAMP/PKA and IP,/
Ca®"/PKC pathways, with at least the former response being
prolonged (not testable for the latter), and it was previously
shown to have potent in vivo effects on bone and calcium ho-
meostasis (21, 23, 26). Its position 1-modified variant, Trp'-
M-PTH(1-28), showed in vitro a similarly potent and pro-
longed activation of the cAMP/PKA pathway, yet it was
clearly defective for activation of the IP,/[Ca*"],/PKC path-
way. This defect in IP; signaling was even apparent in COS-7
cells overexpressing Ga,, which are thus maximized for ago-
nist-activated formation of IP;, when expressing the human
PTHRI. There was a significant IP, response observed in
COS-7 cells overexpressing Gey, and the rat PTHR1 (supple-
mental Fig. S2), and a small and less efficient increase in intra-
cellular free Ca®>* upon stimulation with Trp*-M-PTH(1-28)
was observed in PNEW®6 cells (rat PTHR1). Both of these re-
sponses, however, were much reduced when compared with
that of M-PTH(1-28) or PTH(1-34). The signaling selectivity
of the Trp' analog provided a unique opportunity to investi-
gate which signaling pathway downstream of the liganded
PTHRI is most prominently involved in the acute regulation
of renal phosphate handling.
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In studying OK cells, which naturally express the marsupial
orthologs of PTHR1 and NPT2a but not the marsupial or-
tholog of NPT2c, we showed that M-PTH(1-28), Trp*-M-
PTH(1-28), and PTH(1-34) have similar efficacy for stimu-
lating the accumulation of the second messenger cAMP and
for reducing the uptake of phosphate, at least when using the
established protocol of a 4-h ligand incubation. However, us-
ing a short term exposure of cells to the three ligands revealed
marked differences. The inhibitory effect of PTH(1-34)
started to wane at 4 h after the initial 10-min exposure to this
ligand. In contrast, the inhibitory effects of M-PTH(1-28) and
Trp'-M-PTH(1-28) persisted for more than 24 h, and it took
more than 3 days before phosphate uptake was again compa-
rable with that observed in untreated OK cells (data not
shown). These findings suggest that prolonged signaling
through the cAMP/PKA pathway by both PTH analogs con-
tributes strongly to their prolonged inhibitory effects on
phosphate transport in OK cells.

Consistent with these in vitro findings, M-PTH(1-28) and
Trp'-M-PTH(1-28) showed, in comparison with PTH(1-34),
much prolonged hypophosphatemic activity when injected
intravenously into wild-type mice. These data are consistent
with findings in OK cells where short term treatment with
either M-PTH(1-28) or Trp*-M-PTH(1-28) resulted in a
more complete down-regulation of NPT2a expression than
did treatment with PTH(1-34). Moreover, our finding that
both M analogs were equally potent in vivo despite their
marked differences in IP; signaling in vitro leads us to con-
clude that the IP;/PKC pathway is not prominently involved
in the acute regulation of NPT2a expression.

The findings in humans affected by pseudohypoparathy-
roidism type Ia or type Ib are consistent with this conclusion.
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FIGURE 6. Effect of PTH analogs on Npt2a expression in mice. The animals were injected subcutaneously with a single dose of PTH(1-34), M-PTH(1-28),
or Trp'-M-PTH(1-28) (50 nmol/kg of body weight). 6 h after the injection, the kidneys were removed, sectioned, and immunostained for Npt2a and actin
expression (see “Materials and Methods”). Prolonged reduction of NPT2a expression in wild-type mice treated with M-PTH(1-28) and Trp'-M-PTH(1-28).

PHP-Ia is caused by maternally inherited loss-of-function mu-
tations in those GNAS exons that encode G, and PHP-Ib is
caused by maternally inherited microdeletions within or up-
stream of GNAS, which result in loss of methylation at GNAS
exon A/B and reduced expression of Gay (17). In the proximal
renal tubules where Ga, appears to be expressed only from
the maternal allele, the heterozygous mutations identified in
patients with PHP-Ia or PHP-Ib thus lead to an absent or se-
verely blunted increase in urinary cAMP excretion after PTH
application (15—17). The blunted phosphaturic response to
injection of PTH in these patients is most easily explained by
a lack of cAMP/PKA-dependent signaling and, hence, an in-
sufficient PTH-mediated reduction in NPT2a expression. In
contrast to the impaired acute phosphaturic response to PTH,
which is likely cAMP/PKA-dependent, a delayed PTH-induced
increase in urinary phosphate excretion was previously observed
in patients with pseudohypoparathyroidism (presumably type Ia)
(31). This delayed response to PTH may involve cAMP/PKA-
independent signaling events affecting the expression of NPT2a
or other phosphate transporters such as NPT2c, which appears
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to be less rapidly regulated by PTH (4). In any case, these addi-
tional mechanisms to increase urinary phosphate excretion ap-
pear to be insufficient to normalize serum phosphate levels in
patients affected by PHP-Ia and PHP-Ib.

In conclusion, taking advantage of long acting, signaling
selective PTH analogs, we were able to show in vitro that
NPT2a is primarily regulated through cAMP/PKA-dependent
mechanisms. Furthermore, IP,/PKC-deficient (Trp*-M-
PTH(1-28)) and IP,/PKC-sufficient (M-PTH(1-28)) PTH
analogs induced equivalent phosphaturic responses in mice,
thus providing in vivo evidence for the conclusion that NPT2a
is regulated predominantly, at least acutely, through cAMP/
PKA-dependent signaling mechanisms. Because of their phar-
macological characteristics, long acting PTH analogs may be
particularly useful for the treatment of patients with acquired
or congenital forms of hypoparathyroidism.
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