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PTH receptor (PTH1R) activates multiple signaling pathways, includ-
ing extracellular signal-regulated kinases 1 and 2 (ERK1/2). The role
of epidermal growth factor receptor (EGFR) transactivation in
ERK1/2 activation by PTH in distal kidney cells, a primary site of
PTH action, was characterized. ERK1/2 phosphorylation was stimu-
lated by PTH and blocked by the EGFR inhibitor, AG1478. Upon
PTH stimulation, metalloprotease cleavage of membrane-bound hep-
arin-binding fragment (HB-EGF) induced EGFR transactivation of
ERK. Conditioned media from PTH-treated distal kidney cells acti-
vated ERK in HEK-293 cells. AG1478 added to HEK-293 cells
ablated transactivation by conditioned media. HB-EGF directly acti-
vated ERK1/2 in HEK-293 cells. Pretreatment of distal kidney cells
with the metalloprotease inhibitor GM-6001 abolished transactivation
of ERK1/2 by PTH. The role of the PTHIR COOH terminus in
PTX-sensitive ERK1/2 activation was characterized in HEK-293 cells
transfected with wild-type PTHIR, with a PTHIR mutated at its
COOH terminus, or with PTHIR truncated at position 480. PTH
stimulated ERK by wild-type, mutated and truncated PTH1Rs 21-, 27-
and 57-fold, respectively. Thus, the PTHIR COOH terminus exerts an
inhibitory effect on ERK activation. EBP50, a scaffolding protein that
binds to the PDZ recognition domain of the PTHIR, impaired PTH
but not isoproterenol or calcitonin-induced ERK activation. Pertussis
toxin inhibited PTH-stimulated ERK1/2 by mutated and truncated
PTHI1Rs and abolished ERK1/2 activation by wild-type PTHIR. We
conclude that ERK phosphorylation in distal kidney cells by PTH
requires PTHIR activation of Gj, which leads to stimulation of
metalloprotease-mediated cleavage of HB-EGF and transactivation of
the EGFR and is regulated by EBP50.

PTH receptor signaling; receptor internalization; epidermal growth
factor transactivation; matrix metalloproteinase; EBPSO/NHERF1

EXTRACELLULAR SIGNAL-RELATED kinases 1 and 2 (ERK1/2) are
stimulated by several distinct pathways that may employ ca-
nonical activation of tyrosine kinase or G protein-coupled
receptors (GPCR), GPCR endocytosis (19); scaffolding pro-
teins or molecules such as B-arrestins acting in this capacity
(12, 27); and transactivation of epidermal growth factor recep-
tor (EGFR) (40). Some but not all G protein-coupled receptors
stimulate ERK1/2 by an endocytic pathway. Internalization of
[2-adrenergic receptors (6, 20), but not of aup-adrenergic
receptors (25), is necessary for ERK activation.

The type 1 PTH receptor (PTHIR) activates multiple sig-
naling pathways in bone and kidney, including ERK (4, 5, 13,
30). In previous work, we showed that PTH stimulated ERK1/2

in distal kidney tubule cells (30). ERK activation is function-
ally linked to PTH actions. Blockade of ERK1/2 inhibited
PTH-stimulated calcium transport in distal kidney cells. PTH
stimulation of ERK1/2 in proximal tubule cells appears to be
involved in regulating the Na*-K*-ATPase (11) and type Ila
Na™/Pi cotransporter (3, 14).

PTH internalizes its cognate receptor in target cells in
kidney and bone (31, 35). In separate work, we showed that
receptor endocytosis directly contributes to ERK1/2 stimu-
lation in HEK-293 cells heterologously expressing the
PTHIR (33). Limited information is available on PTHIR
stimulation of ERK in kidney and the relations between
PTHIR internalization and ERK activation in this setting
(14). The first aim of the present investigation was to fill this
gap and test the hypothesis that PTHIR activation and
internalization are required for ERK stimulation. PTH re-
ceptor activation and internalization can be dissociated in a
ligand-dependent manner (28, 31). PTH(1-34) activates and
internalizes the PTHI1R; PTH(1-31) activates but does not
internalize the receptor; while PTH(7-34) does not activate
the receptor but efficiently internalizes it. Generally similar
observations have recently been reported for PTHIR ex-
pressed in HEK293 cells (8).

Transactivation of the EGFR is required for ERK activation
by PTH in bone cells (1). Therefore, we also sought to define
the requirement for EGFR transactivation in mediating the
stimulatory action of PTH on its target cells in the distal
nephron. In the course of this analysis, we assessed ERK
activation by PTHIRs truncated or mutated in key regions that
affect the binding of regulatory proteins such as the 3-arrestins
and the 50-kDa ezrin-binding protein, EBP50, (sodium/proton
exchanger regulatory factor 1; NHERF1) that are involved in
PTHIR internalization. The results show that in defined PTH
target cells of the kidney ERK activation involves EGFR
transactivation and, within the limit of experimental error,
PTHIR endocytosis does not contribute to ERK activation.
These findings support the view that the preferred pathway of
ERK stimulation is determined in a cell-specific manner and by
the immediate cellular demands and biological functions of the
cell.

MATERIALS AND METHODS

Cell culture and transfection. The preparation, subcloning, charac-
terization, and culture conditions of distal kidney cells have been
described (31). Briefly, cells were maintained in DMEM/F-12 (Me-
diatech Cellgro 10-090, Herndon, VA) supplemented with 5% fetal
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bovine serum and 10% penicillin/streptomycin. Distal kidney cells
that stably express 10° PTHIR/cell (D1 cells) were created and
maintained as described (31). PTHIR levels were measured using
radioligand binding as outlined previously (31). Cells were serum
starved overnight in HEPES and glutamine-free DMEM (Cellgro
15-017). Where described, transient transfection was accomplished
with FuGene 6 (Roche Diagnostics), according to the manufacturer’s
recommended protocols.

Reagents.  Human  [ner® 18, Tyr**]PTH(1-34)  (hPTH[1-34]),
hPTH(1-31), and [dTrp!'?,Tyr**]-bovine PTH(7-34) were purchased
from Bachem (Torrance, CA). Isoproterenol and salmon calcitonin,
AG1478, and bisindolylmaleimide were purchased from Sigma.

ERKI1/2 phosphorylation. Confluent D1 cells on six-well plates
were serum starved overnight using DMEM (15-017, Mediatech).
Cells were incubated with inhibitors, as indicated, followed by treat-
ment with PTH peptides at 37°C for 10 min. The plate was placed on
ice and the culture medium was removed. Cells were lysed in 250
pl/well of 0.5% NP-40 lysis buffer (50 mM Tris, 150 mM NaCl, 5
mM EDTA, 0.5% NP-40; Sigma) supplemented with a protease
inhibitor cocktail consisting of 0.5 mM AEBSF, 150 nM aprotinin,
1 uM E-64, 0.5 mM EDTA, and 1 puM leupeptin (Calbiochem, San
Diego, CA) and incubated for 15 min on ice. Cells were scraped and
transferred to a 1.5-ml microcentrifuge tube on ice. The cell lysate
was then drawn through a 21-gauge needle attached to a 1-ml syringe
four times and then placed back on ice for an additional 15 min.
Lysates were microcentrifuged at 14,000 rpm at 4°C and the super-
natants were transferred to a fresh 1.5-ml microcentrifuge tube on ice.
Fifty microliters of lysate were added to 50 wl of 2X Laemmli
SDS-PAGE loading buffer (Bio-Rad) containing 5% 2-mercaptoetha-
nol and incubated at 95°C for 2 min. Forty microliters of the lysate
was run on duplicate 15% SDS-PAGE gels and then transferred to
Immobilon P membranes (Millipore) using the Semi-Dry Method
(Bio-Rad). Activated ERK1/2 was measured by phospho-specific
immunoblotting of phosphorylated ERK1/2 with a polyclonal anti-
body (9101) targeted to residues surrounding Thr202/Tyr204 of hu-
man p44 MAP kinase (Cell Signaling Technology, Beverly, MA).
Total endogenous nonphosphorylated ERK1/2 was measured in par-
allel (Cell Signaling Technology, 9102). Blots were quantified by
densitometric analysis. Results were normalized to total ERK2 and
expressed as the fold change of pERK?2 under unstimulated control
conditions.

Transactivation of ERKI/2. A coculture system was used for
analyzing PTH-stimulated ERK activation by EGFR transactivation
(21). Distal kidney cells were passaged onto 10-cm dishes and grown
to confluence. After serum starving the distal kidney cells overnight
in DMEM, the cells were treated with the indicated inhibitors and
1077 M PTH(1-34) for 10 min at 37°C. The conditioned medium was
collected and concentrated using a 10,000 molecular weight cutoff
Amicon centrifugal (Millipore, Bedford, MA) by centrifugation at
4,000 rpm for 8 min (IEC MP4R). The conditioned media were
concentrated from 10 ml to 1-2 ml. The conditioned medium was then
applied for 10 min to confluent, serum-starved (DMEM 15-017,
Mediatech) HEK-293 cells on six-well plates. HEK-293 cell lysates
were prepared and ERK1/2 phosphorylation measured as described
above.

Assessment of ERK1/2 activation and the role of G; by truncated or
mutant PTHIRs. Generation of mutant ETVA-PTHIR, where Ala
replaces the COOH-terminal Met of the PTHIR, and truncated
480stop-PTHIR have been described (31). HEK-293 cells were
grown on six-well plates and transiently transfected with wild-type
PTHIR, ETVA-PTHIR, or 480stop-PTHIR, as indicated. Cells were
serum-starved overnight in DMEM with or without 10 ng/ml pertussis
toxin. After treatment of PTH(1-34) for 10 min, cell lysates were
prepared and ERK1/2 phosphorylation was measured as described.

Second messenger analysis. Adenylyl cyclase activity was mea-
sured by cAMP accumulation. Cells were seeded in 24-well plates at
4 X 10* cells/well in DMEM/F12 containing 5% FBS. Cells were
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washed twice with Ca?"/Mg?*-free Hanks balanced salt solution and
incubated with 0.5 wCi [*H]adenine medium at 37°C for 2 h. The cells
are treated with 1 mM 3 isobutyl-1-methylxanthine (IBMX) in fresh
medium containing 0.1% BSA for 15 min and incubated in the
presence of the indicated peptide for 15 min. The reaction was
terminated by the addition of 1.2 M TCA, followed by neutralization
with 4 N KOH. cAMP was isolated by two-column chromatography
(24). Radioactivity was measured by beta scintillation spectrometry.

Protein kinase C activity was determined by ligand-induced phos-
photransferase to a specific PKC substrate peptide, QKRPSQRSKYL.
Distal kidney cells were passaged onto six-well plates and cultured for
48 h. After overnight incubation in serum-free media, the cells were
pretreated for 15 min with 10 pM AG1478, 10 wM bisindolylmale-
imide I, or vehicle followed by a 10-min treatment with 100 nM
PTH(1-34). Cell lysates were prepared in 0.5% NP-40 lysis buffer, as
described above for analysis of ERK phosphorylation. PKC activity
was measured with [y->?P]ATP using a PKC Assay Kit (Upstate Cell
Signaling Solutions, cat. no. 17-139; Lake Placid, NY).

Statistics. Data are presented as means = SE, where n indicates the
number of independent experiments. Effects of experimental treat-
ments were assessed by paired comparisons within experiments and
reported as means * SE of n independent experiments. Paired results
were compared by ANOVA with posttest repeated measures analyzed
by the Bonferroni procedure (Prism; GraphPad). Differences greater
than P = 0.05 were assumed to be significant.

RESULTS

PTH(1-34) stimulated ERK?2 in a time-dependent manner in
distal kidney D1 cells (31). Maximal activation was observed
at 10 min (Fig. 1, A and B) and returned to baseline by 30—60
min. As noted previously, PTH(1-34) did not consistently alter
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Fig. 1. PTH stimulates ERK2 phosphorylation in a time-dependent manner.
Confluent distal kidney cells were serum-starved overnight and then treated for
the indicated times with 1077 M PTH(1-34). ERK phosphorylation was
measured as detailed in MATERIALS AND METHODS. A: representative experiment
showing time course of PTH-induced ERK1/2 phosphorylation. B: average
time course of pERK2 phosphorylation. Results were normalized to the
expression of total ERK2. Results are shown as means * SE of 3 independent,
paired experiments.

AJP-Renal Physiol « VOL 292 « MARCH 2007 « www.ajprenal.org

9T0Z ‘ST Joquialdas uo 9%2°Z£'022 0T Aq /610 ABojoisAyd-feusidle//:dny woly pspeojumod



http://ajprenal.physiology.org/

F1030

ot e AN AN
A cp““ ﬂ\’\\'\ 1‘(\\\ 1‘(\(“
¢ ¢
PERK2 | w L B
" L m— ——
U cnm D T g
§ 30 .
3 25 "
E
B 2.0
T
2 15
¥
¥ 1.0
w
S
¥ 0.5
r
w
2 0.0/
control 1-34 7-34 1-31

PTH

Fig. 2. PTH ligand-selective stimulation of ERK2 phosphorylation. Distal
kidney cells were serum-starved overnight and then treated for 10 min with
1077 M PTH(1-34), PTH(1-31), or PTH(7-34) as indicated. ERK phosphory-
lation was measured as outlined. A: representative experiment showing effects
of indicated peptide on ERK2 and total ERK. B: average results depicting
means = SE of 3 independent experiments. pERK2 phosphorylation was
normalized to the expression of total ERK2. **P < 0.01, *P < 0.05 compared
with control.

ERKI1 levels (30). Therefore, we focused on the effect of PTH
peptide fragments on ERK2 using a 10-min stimulation.

PTH(1-34), which activates and internalizes the PTHIR,
caused a 2.3-fold increase of ERK2 phosphorylation (Fig. 2,
A and B). PTH(1-31), which stimulates adenylyl cyclase and
phospholipase C but does not internalize the PTHIR (28),
was nearly as efficacious in activating ERK2. PTH(7-34)
activates neither adenylyl cyclase nor phospholipase C but
promotes efficient PTHIR internalization. PTH(7-34) failed
to exert a significant effect on ERK2 phosphorylation. It is
likely, therefore, that PTHIR internalization does not contrib-
ute importantly to ERK activation in these defined epithelial
cells. We also examined the effects on ERK2 of the two
principal circulating forms of PTH, PTH(1-84) and PTH(7-84).
PTH(1-84) potently stimulated ERK phosphorylation to the
same extent as PTH(1-34). PTH(7-84), like PTH(7-34), failed
to affect ERK (data not shown).

ERK activation by several GPCRs involves transactivation
of the EGF receptor (19). Transactivation may involve direct
association with a receptor tyrosine kinase or may proceed by
metalloprotease cleavage of the heparin-binding fragment of
epidermal growth factor (HB-EGF), a potent EGFR agonist.
HB-EGF is released into the extracellular space and acts in an
autocrine or paracrine manner to activate the EGFR, leading to
ERK phosphorylation (1, 9).

Determination that EGFR transactivation induced by PTH
involves release of HB-EGF was accomplished by challenging
distal kidney cells with PTH and applying the conditioned

ERK TRANSACTIVATION BY PARATHYROID HORMONE

media harvested from these cells to HEK-293 cells. Distal
kidney cells were treated for 10-min with PTH(1-34). Condi-
tioned media were collected, concentrated, and applied to
wild-type HEK-293 cells, which do not express the PTHIR.
Addition of conditioned media from distal kidney cells treated
with PTH to HEK-293 cells provoked ERK?2 phosphorylation
by HEK-293 cells (Fig. 3). Pretreatment of distal kidney cells
with the metalloprotease inhibitor GM6001 blocked the ability
of the conditioned media from PTH-treated distal kidney cells
to activate ERK2 phosphorylation in HEK-293 cells. Direct
application of PTH(1-34) to HEK-293 cells did not activate
ERK2. These findings establish that ERK activation did not
arise from an action of PTH on HEK-293 cells. As expected,
direct application of exogenous HB-EGF stimulated ERK?2
phosphorylation in distal kidney cells (data not shown). These
findings are consistent with the idea that ERK activation in
distal kidney cells is mediated by transactivation of the EGFR
by the PTHIR. The EGFR inhibitor, AG1478, blocked
PTH(1-34)- and PTH(1-31)-stimulated ERK2 activation
(Fig. 4A) by distal kidney cells, further implicating EGFR
transactivation in ERK stimulation by the PTHIR. AG1295, an
inhibitor of the platelet-derived growth factor receptor
(PDGFR), had no effect (data not shown). Thus the inhibitory
effects of AG1478 were specific to ERK signaling insofar as it
had no effect on PTH-stimulated adenylyl cyclase or protein
kinase C (Fig. 4B), two signaling pathways normally activated
by PTH in distal kidney cells (7). Thus transactivation pro-
ceeds specifically through the EGFR. According to this model,
PTH activates metalloprotease-induced cleavage of HB-EGF
from distal kidney cells, which is released into the culture
media, and in turn, stimulates the EGFR on HEK-293 cells.
The COOH terminus of the PTHIR contains a PDZ-recog-
nition motif (ETVM) that interacts with the 50 kDa ezrin-
binding protein (EBP50), a cytoplasmic scaffolding protein
(16). We examined the role of the PTHIR COOH terminus on
ERK2 activation. These experiments were performed on HEK-
293 cells because, unlike the distal kidney cells, they do not
express endogenous PTHIR. PTH(1-34) robustly activated
ERK2 phosphorylation in HEK-293 cells transfected with
wild-type PTHIR (ETVM, Fig. 5). Mutation of the PTHIR
PDZ-recognition domain by substituting A for the COOH-
terminal M (M593A) (ETVA-PTH1R) abrogates interaction of

Distal Kidney Cell Treatment HEK-293 Cell Treatment

PTH(1-34) — + — + — +
GME001 —_ —_ + + —_ o
pERK2 e m—

HEK ERK

Fig. 3. Transactivation of ERK by PTH. Conditioned media were collected
from distal kidney cells that had (+) or had not (—) been treated with
PTH(1-34), concentrated, and applied to wild-type HEK-293 cells. Activated,
phosphorylated ERK and total ERK were measured as outlined. Media col-
lected from distal kidney cells exposed to PTH(1-34) stimulated ERK2
phosphorylation. Pretreatment of distal kidney cells for 1 h with 107¢ M
GM6001, a matrix metalloproteinase inhibitor, followed by a 10-min challenge
with PTH(1-34), and then applying the concentrated media to HEK-293 cells
substantially suppressed ERK transactivation. Direct application of PTH to
HEK-293 cells had no effect. Comparable results were obtained in 3 indepen-
dent experiments.
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Fig. 4. A: inhibition of PTH-induced ERK transactivation by an EGFR
blocker. Distal kidney cells were serum-starved overnight and treated for
10 min with vehicle or 1 wuM AG1478, an EGFR inhibitor, followed by a
10-min treatment with 10~7 M PTH(1-34), PTH(1-31), or PTH(7-34), as
indicated. PTH-stimulated ERK phosphorylation was measured as de-
scribed in MATERIALS AND METHODS. A representative experiment is shown.
Similar results were obtained in 2 additional independent experiments. B:
EGFR inhibition does not block PTH-stimulated cAMP formation or PKC
activation. Mouse distal kidney cells were preincubated with 1 uM AG1478 or
the PKC inhibitor 10 pM Bisindolylmaleimide I or vehicle for 10 min,
followed by a 10-min treatment with 10~7 M PTH(1-34). cAMP formation and
PKC activity was assayed as described in MATERIALS AND METHODS. Data
represent means = SE of 3 independent experiments.

the receptor with EBP50 (31). PTH(1-34) stimulated ERK?2
phosphorylation in HEK-293 cells transiently transfected with
ETVA-PTHIR. The magnitude of ERK2 activation was com-
parable to that of the wild-type PTHIR. In contrast, truncation
of the COOH terminus of the PTHIR at position 480 (480stop)
resulted in a paradoxical twofold augmentation of PTH(1-34)-
stimulated ERK2 phosphorylation compared with the wild-
type PTHIR. These findings suggest that the COOH terminus
of the PTHIR plays a negative modulatory role in PTH-
stimulated ERK activation. Complementary experiments,
wherein EBP50 was overexpressed in distal kidney cells re-

ETVM ETVA 480stop
PTH(1-34) = + - + = +

— — ‘
ERK12 S T — —
PTH1R -— o - = -

Fig. 5. Structural determinants of PTHIR activation of ERK. HEK-293 cells
were transiently transfected with wild-type PTHIR (ETVM), a mutant PTHIR,
where the COOH-terminal Met was replaced by Ala (ETVA), or with a
truncated PTHIR lacking virtually all of its COOH terminus (480stop). Empty
pEGFP-N2 vector served as the negative control. Thirty six hours after
transfection, cells were serum-starved overnight and then treated for 10 min
with 1077 M PTH(1-34), as indicated. PTH-stimulated ERK phosphorylation
was measured as outlined in MATERIALS AND METHODS. Total ERK and PTHIR
expression were assessed by immunoblot with antibodies to ERK1/2 and GFP,
respectively. A representative experiment is shown. Similar results were
obtained in 3 separate experiments.

pERK1/2
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vealed a profound inhibitory effect of the presence of EBP50
on PTH-stimulated ERK (Figs. 6 and 7) but not on ERK
phosphorylation elicited by isoproterenol or by salmon calci-
tonin (Fig. 7).

Binding of the COOH terminus of the PTHIR with the PDZ
protein EBP50 affects receptor signaling and internalization
(16, 31). It was therefore of interest to determine the effect of
EBP50 on activation of ERK by PTH in distal kidney cells. As
shown in Fig. 6, PTH(1-34) provoked concentration-dependent
phosphorylation of ERK that was markedly attenuated in cells
transiently transfected with EBP50. The inhibitory effect of
EBP50 on ERK stimulation was specific for PTH in as much as
EBP50 failed to suppress ERK activation by either isoproter-
enol (ISO) or calcitonin (CT) (Fig. 7). These findings fortify
the conclusion that the PTHIR COOH terminus contains im-
portant regulatory domains involved in ERK activation.

In addition to the well-conserved signaling pathway respon-
sible for activation of ERK by receptor tyrosine kinases, ERK
activation may be mediated by pertussis toxin (PTX)-sensitive
or -insensitive G proteins and has been shown to be either Ras
or PKC dependent (38). The PTHIR couples facultatively with
G; (16, 26). Accordingly, we examined the role of G; in
PTH-stimulated ERK activation. We first analyzed the effects
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Fig. 6. Involvement of the COOH-terminal PTHIR PDZ recognition domain
in PTH-stimulated ERK activation. Distal kidney cells were transiently trans-
fected with HA-EBP50 or empty vector. Forty-eight hours after transfection,
cells were serum-starved overnight and treated with the indicated concentra-
tion of PTH(1-34) for 10 min. Cell lysates were prepared as outlined in
MATERIALS AND METHODS. A: results of a sample experiment. B: average results
of 6 independent experiments performed in parallel with empty vector or
EBP50. ERK2 phosphorylation was measured by quantitative densitometry,
normalized for total ERK2 expression, and analyzed by 2-way ANOVA.
EBP50 significantly inhibited PTH-induced ERK phosphorylation (P < 0.01).
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Fig. 7. Specificity of EBP50 inhibition of PTH-stimulated ERK. Distal kidney
cells were transiently transfected with HA-EBPS50 or empty vector. Forty-eight
hours later, the cells were serum-starved overnight and then challenged with
100 nM PTH(1-34), 10 uM isoproterenol (ISO), or 10 wM calcitonin (CT).
Results are average = SE of 5 independent experiments. **P < 0.01, *P <
0.05 compared with control; *P < 0.05 vs. PTH.
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of G; in distal kidney cells. Overnight treatment with PTX
caused profound inhibition of PTH-stimulated ERK phosphor-
ylation (Fig. 8A). To gain further insight into the structural
determinants of PTH receptor that regulate G; and ERK acti-
vation, we transfected HEK-293 cells with the full-length
(ETVM) PTHIR, the PTHIR harboring a mutation in the
PDZ-recognition domain, M593A (ETVA), and the truncated
480stop-PTH1Rs. Despite different magnitudes of ERK2 phos-
phorylation, PTX inhibited PTH-stimulated ERK2 activation
by all three PTHIRs (Fig. 8B). These results demonstrate that
the PTHIR determinants for G;j activation are located upstream
of the receptor COOH terminus.

DISCUSSION

A variety of cellular signaling mechanisms mediate or con-
tribute to ERK activation by GPCRs. These include hetero- and
monomeric G proteins, EGFR transactivation, and receptor
internalization. PTH stimulates ERK in target cells of bone and
kidney, where protein kinase C mediates activation (30, 32).
Recent findings disclosed that PTHIR activation and internal-
ization of the cognate PTHIR could be dissociated (28). Thus
PTH(1-34) activates and internalizes the PTHIR in distal
kidney cells, whereas PTH(7-34) promotes receptor endocyto-
sis without activating classical adenylyl cyclase or phospho-
lipase C signaling pathways. PTH(1-31), by contrast, activated
the PTH1R without concomitant receptor internalization. In the
present study, we took advantage of the ability to dissociate
PTHIR activation and internalization using these ligands to
determine the requirement for receptor endocytosis on ERK
activation by PTH. We further explored the role of EGFR
transactivation and the involvement of the heterotrimeric in-
hibitory G protein, G;, on PTH-induced ERK stimulation.

Using activation-selective (PTH[1-31]) or internalization-
selective (PTH[7-34]) peptides, the present results show
clearly that receptor activation, but not internalization, is re-
quired for stimulation of ERK in distal kidney cells. Thus
PTH(1-31) activates ERK2 but does not internalize the PTHIR
(Fig. 2) (28), whereas PTH(7-34), which does not significantly
activate ERK (Fig. 2), robustly and rapidly internalizes the
PTHIR in distal kidney cells (31). These findings differ from
those where the PTHIR is heterologously expressed. In HEK-
293 cells receptor endocytosis induced by PTH(7-34) was
sufficient to promote ERK activation (33). Moreover, interrupt-
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ing receptor internalization with the clathrin-binding domain of
[-arrestin 1 or applying dominant-negative dynamin inhibited
ERK activation by PTH(1-34) without interfering with recep-
tor-induced signaling. These results imply that PTHIR traf-
ficking is involved in the activation of MAP kinases by PTH in
cells where the PTHIR is heterologously expressed. The di-
vergence of these observations with the present findings un-
derscores the cell-specific nature of ERK stimulation, even by
common GPCRs.

Stable B-arrestin binding to the angiotensin AT 1a receptor is
required for efficient activation of ERK phosphorylation by
angiotensin in COS7 cells (36, 37). Under these circumstances,
arrestin forms a signaling scaffold by interacting both with the
GPCR and components of the ERK1/2 cascade (18, 37). Where
receptor internalization is arrestin dependent, arrestin colocal-
izes with ERK2 in cytosolic vesicles (37). These observations
imply that the role of arrestins in mediating receptor internal-
ization has a direct effect on their ability to promote ERK
activation. In distal kidney cells, however, PTHIR internaliza-
tion does not require the participation of 3-arrestins and pro-
ceeds independently of ERK activation (29).

Transactivation of the EGFR is another mechanism by
which GPCRs stimulate ERK activation (for a review, see Ref.
15). GPCR activation leads to release of preformed EGF
receptor ligands in a process known as ectodomain shedding.
HB-EGF is synthesized in the cell as a transmembrane precur-
sor that is proteolyzed by a metalloprotease to form a soluble
growth factor that is a potent EGFR ligand (23). HB-EGF
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Fig. 8. Pertussis toxin sensitivity of PTH-induced ERK2 activation. A: DI
cells were serum-starved overnight in the presence or absence of 10 ng/ml
PTX. PTH-stimulated ERK2 phosphorylation was measured as outlined in
MATERIALS AND METHODS. B: HEK-293 cells were transiently transfected with
wild-type PTHIR (ETVM), a mutant PTHIR (ETVA), a truncated PTHIR
(480stop) as described in the legend to Fig. 5. Thirty-six hours after transfec-
tion, cells were serum-starved overnight in the presence or absence of 10 ng/ml
pertussis toxin (PTX) and then treated for 10 min with 1077 M PTH(1-34),
where indicated. PTH-stimulated ERK phosphorylation was measured as
outlined. Total ERK and PTHIR expression were analyzed by immunoblot
with antibodies to ERK1/2 and GFP, respectively. The results are for a
representative experiment; similar results were obtained in 3 independent
experiments.
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directly activates ERK phosphorylation in distal kidney cells
and in HEK-293 cells (data not shown). Furthermore, EGFR
inhibition with tyrphostin AG1478 blocked activation of PTH-
dependent ERK in both distal kidney cells (Fig. 4) and HEK-
293 cells (data not shown) without affecting signaling through
adenylyl cyclase or protein kinase C (Fig. 4B). Using a cocul-
ture system, the present results demonstrate that a soluble
factor is released from distal kidney cells upon stimulation with
PTH and that this factor is able to activate ERK signaling when
applied to HEK-293 cells (Fig. 6). Direct application of PTH to
HEK-293 cells failed to activate ERK. The metalloprotease
inhibitor, GM6001, inhibited release of this factor and abro-
gated ERK activation by conditioned media. Based on these
considerations, this factor is likely to be HB-EGF because its
ability to stimulate ERK activity in HEK-293 cells was inhib-
ited by AG1478 (data not shown). EGFR transactivation is also
involved in PTHIR activation of ERK in osteoblasts (1),
HEK-293 cells (33), and opossum kidney cells (5).

The present findings additionally demonstrate that the
COOH terminus of the PTHIR plays a modulatory role in ERK
activation. An inhibitory role for the PTHIR COOH terminus
has been described for PTH-stimulated cyclic AMP formation
(10). Here, a PTHIR truncated at position 480 that lacks most
of the COOH terminus stimulated ERK activation to a greater
extent than did the full-length receptor (Figs. 5 and 7). EBP50,
which binds to the COOH-terminal PDZ recognition motif (16,
31), substantially suppressed PTH-stimulated ERK (Fig. 7). A
PTHIR containing a mutation of the PDZ recognition motif
(ETVA) was not appreciably affected by EBP50. These find-
ings emphasize that the COOH terminus of the PTHIR plays a
negative modulatory role in PTH-stimulated ERK activation.
Absence of the PTHIR COOH terminus may expose sequence-
specific components that promote ERK activation. Alterna-
tively, it may remove steric hindrance of signaling elements in
the third intracellular loop, or reflect impaired desensitization
of this mutant receptor, which lacks agonist-induced phosphor-
ylation sites (17, 34). The experiments with mutant receptors
were conducted on HEK-293 that do not express endogenous
PTHIR. HEK-293 cells were transiently transfected with dif-
ferent PTH receptor constructs so that they could be studied in
the absence of a background of wild-type receptor, which
would confound the results were the experiments performed in
distal kidney cells. In all cases, the wild-type receptor was used
as a control and we show that the inhibitor effects of AG1478
and PTX are equivalent in distal kidney and HEK-293 cells.

Pertussis toxin inhibited PTH-stimulated ERK phosphoryla-
tion by the full-length and truncated PTHIRs, indicating that
activation of G; is required (Fig. 7). Pertussis toxin has no
effect on 480stop-PTH1R-stimulated cyclic AMP stimulation
in COS7 cells (10). The divergence of effects may reflect a
direct or indirect interaction of the COOH terminus of the
PTHIR with G; to modulate cyclic AMP formation, but an
indirect action with respect to ERK activation. When PTX-
sensitive G; is activated by GPCR ligands, it leads to release of
the B+ subunit that, in turn, activates a matrix metalloprotease
that cleaves HB-EGF (22) and leads to EGFR transactivation.
This process appears to account for the results in distal kidney
cells, where PTX treatment inhibited the ability of conditioned
media from PTH-stimulated distal kidney cells to activate ERK
in HEK-293 cells. The role of G; in ERK activation may extend
beyond By-mediated activation of the metalloprotease because
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direct application of PTX to HEK-293 cells inhibited ERK
phosphorylation by conditioned media from both PTH-treated
and -untreated distal kidney cells. This may reflect the contri-
bution of G; activation to baseline levels of ERK activation in
HEK-293 cells because, despite lower overall levels of stimu-
lation, conditioned media from PTH-stimulated distal kidney
cells augmented ERK phosphorylation to a greater degree than
did conditioned media from untreated cells. The role of EGFR
transactivation in ERK1/2 stimulation by PTH is cell specific
and does not occur in all cells. Chinese hamster ovary (CHO)
cells do not express the EGFR (2). PTH robustly activates
ERK1/2 in CHO cells that are stably transfected with the
human PTHIR (39). As expected, ERK1/2 activation by PTH
in these cells is not inhibited by GM6001 or AG1478, indicat-
ing that transactivation of a growth factor receptor likely does
not contribute to this process (data not shown).

In summary, PTH activates ERK1/2 phosphorylation in
distal kidney cells in a PTX-sensitive manner. The metallopro-
tease inhibitor GM6001 and the EGFR inhibitor AG1478 also
inhibit PTH stimulation of ERK1/2. We, therefore, conclude
that ERK1/2 activation in distal kidney cells by PTH(1-34)
requires PTHIR activation of G; that leads to stimulation of
metalloprotease-mediated cleavage of HB-EGF and transacti-
vation of the EGFR.
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