








inhibition of basolateral EGFR did not affect NHE3 activation
(Fig. 3F).

It was shown previously that activation of EGFR in the
basolateral membrane of enterocytes activates NHE3 in Caco-2
cells and rabbit ileum (16, 19). To examine whether the apical
EGFR also regulates NHE3, NHE3 activity was determined
following apical addition of EGF. Figure 3G shows that apical
EGF activated NHE3 activity, although its effect was small
compared with the effect by LPA. Interestingly, when LPA and
EGF were added concomitantly, we observed enhanced stim-
ulation of NHE3 in an additive manner. These studies indicate
that LPA5, which is predominantly expressed in the apical
membrane of C2b cells, transactivates apical EGFR, but not
basolateral EGFR. However, transactivation of EGFR by LPA5

does not saturate EGFR in the apical membrane.
LPA-induced NHE3 activation in C2b/E3V/LPA5 cells is

Pyk2 dependent. It was shown that Pyk2 is activated by LPA
(1) and that Pyk2 is necessary for regulation of NHE3 by
acidification (27, 38). We examined whether LPA activates
Pyk2 by determining phosphorylation of Pyk2 at Tyr402 (25).
LPA phosphorylated Pyk2 in C2b/E3V/LPA5 cells, but not in
control transfected C2b/E3V cells (Fig. 4A). We next investi-
gated whether Pyk2 plays a role in LPA-induced NHE3 regu-
lation by knockdown of Pyk2 (Fig. 4B). Pyk2 knockdown in
C2b/E3V/LPA5 cells attenuated LPA-induced NHE3 activa-
tion (Fig. 4C), demonstrating the importance of Pyk2 in this

regulation. Consistent with MEK and EGFR inhibition, Pyk2
knockdown blocked the increase in NHE3 apical abundance by
LPA (Fig. 4D).

LPA5-dependent transactivation of EGFR independently ac-
tivates ERK and Pyk2. A previous study using Pyk2-deficient
fibroblasts showed that Pyk2 is necessary for activation of
EGFR by LPA (1). However, in our study, knockdown of Pyk2
did not affect phosphorylation of EGFR, indicating that Pyk2 is
not involved in EGFR activation by LPA5 in C2b/E3V/LPA5

cells (Fig. 5A). On the other hand, inhibition of EGFR by
AG1478 completely blocked phosphorylation of Pyk2, indicat-
ing that Pyk2 is regulated by EGFR (Fig. 5B, lane 3). We next
examined whether Pyk2 is regulated by MEK or vice versa.
Inhibition of MEK by PD98059 did not diminish Pyk2 phos-
phorylation by LPA (Fig. 5B, lane 4). To our surprise, ERK
phosphorylation was not altered by Pyk2 knockdown (Fig. 5C),
suggesting that Pyk2 and MEK do not influence each other.

LPA activates Pyk2 via Rho GTPase in IEC-18 intestinal
epithelial cells (41). To determine whether LPA activates
RhoA in C2b cells, we determined RhoA activation by using
GST-RBD. LPA rapidly activated RhoA as shown in Fig. 5D,
left. Surprisingly, the presence of AG1478 ablated RhoA acti-
vation (Fig. 5D), suggesting that RhoA activation is dependent
on EGFR. To ensure that EGFR is capable of activating RhoA,
Rhotekin pulldown assay was performed in cells treated with
EGF. Figure 5E shows that activation of EGFR by EGF

Fig. 3. LPA transactivates EGFR in the apical (AP) membrane. A: C2b/E3V/LPA5 cells grown on Transwells were fixed with (a and b) or without (c)
permeabilization and stained with anti-HA antibodies (green) or anti-villin antibodies (red). Anti-villin antibodies (red) were used to mark the apical side of the
cells. Vertical (x-z) sectional views perpendicular to the confocal focal plane are shown. BL, basolateral. B: C2b/E3V/LPA5 cells on Transwells were fixed with
(a and b) or without (c) permeabilization. Cells were labeled with anti-EGFR monoclonal antibodies with an epitope in the cytoplasmic domain (a and b, green)
or m528 anti-EGFR antibody that binds to an extracellular domain of EGFR (c, green). Vertical (x-z) sectional views are shown. C: surface biotinylation was
performed to determine the polarity of LPA5 and EGFR expression in C2b/E3V/LPA5 cells as described in EXPERIMENTAL PROCEDURES. Western blot shows
protein expression in the apical and basolateral fractions. NHE3 and Na�-K�-ATPase were used as the apical and basolateral marker, respectively. n � 3.
D: C2b/E3V/LPA5 cells on Transwells were treated with LPA (2 min) from either the apical or the basolateral side of the cells. To inhibit EGFR, m528 anti-EGFR
antibody was applied from the apical or basolateral side and cells were gently shaken for 16 h before LPA treatment. The expression levels of phospho-ERK
and total ERK were determined. Results are representative of three independent experiments. E: apical EGFR was blocked by apical application of m528 or
control antibodies. NHE3 activity was determined in the presence or absence of LPA (3 min). n � 8; *P 	 0.05. F: basolateral EGFR was blocked by m528
or control antibodies. NHE3 activities in the presence or absence of LPA are shown. n � 8; *P 	 0.05. G: NHE3 activity was determined in C2b/E3V/LPA5

cells treated with 1 �M LPA, 10 ng/ml EGF, or LPA and EGF together, for 3 min. n � 12; *P 	 0.05; **P 	 0.01.
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resulted in activation of RhoA, demonstrating that EGFR can
directly activate RhoA in C2b cells. Next, we determined
whether LPA5 signaling activates Pyk2 via a Rho GTPase-
dependent pathway. Inhibition of RhoA with the C3 exoen-
zyme blocked phosphorylation of Pyk2 but not ERK (Fig. 5F).
Consistently, Y27632, a Rho-associated kinase (ROCK) inhib-
itor, inhibited phosphorylation of Pyk2, but not phosphoryla-
tion of ERK (Fig. 5G). These results suggest that LPA activates
Pyk2 through the EGFR-RhoA-ROCK pathway and that Pyk2
and MEK are independently regulated by LPA5 via EGFR.

DISCUSSION

Recent studies have shown that LPA has stimulatory effects
on fluid absorption in the intestine (29). Using cultured C2b
cells, we showed previously that LPA stimulates Na� absorp-
tion by NHE3 when LPA5 is transfected in these cells (29). In
addition, our in vivo data using LPA2-null or NHERF2-null
mice have been consistent with the notion that LPA5 is the
main LPA receptor in the intestine mediating Na� and fluid
absorption (29). In the present study, we extended our study by
investigating the mechanism of LPA5-elicited stimulation of
NHE3. We found that EGFR plays a central role in LPA5-
dependent regulation of NHE3 in C2b cells. Several receptor
tyrosine kinases, including members of the EGFR family, are
rapidly transactivated following GPCR stimulation. The mech-
anism of EGFR transactivation has been a subject of many
studies, and multiple mechanisms have been proposed (40).
EGFR is generally thought to be located in the basolateral
membrane of polarized epithelial cells (3, 34). Previous studies

have shown the role of the basolateral EGFR in regulation of
electrolyte transport in intestinal epithelial cells (17, 19). How-
ever, it is becoming more evident that EGFR is found at the
apical membrane; EGFR is found at the luminal surface of
enterocytes in the sucking rat ileum and pig intestine as well as
gastric mucosal oxyntic cells (9, 18). Although the functions of
apical EGFR are poorly characterized, activation of apical
EGFR decreases paracellular permeability of oxyntic mucosal
cells and increases tolerance to apical acid (4). Interestingly,
overexpression of EGFR in LLC-PK1 cell sorts a fraction of
EGFR to the apical membrane where it transduces cellular
signaling to enhance cell proliferation (21). Despite the detec-
tion of EGFR in both apical and basolateral membranes of C2b
cells, the basolateral expression was much higher. On the other
hand, LPA5 showed an opposite expression profile with a
prevalence for the apical expression and the application of LPA
to the apical but not the basolateral side of C2b cells activated
ERK. Importantly, LPA5 transactivated EGFR in the apical
membrane but not the basolateral EGFR. The pairing up of
LPA5 with apically located EGFR probably makes it spatially
more efficient for rapid signal transduction, given their close
proximity. We showed previously that LPA5 interacts with
NHERF2 through its carboxyl terminal motif that specially
binds to the second PDZ domain of NHERF2 (29). Interest-
ingly, the first PDZ domain of NHERF1 interacts with EGFR
to stabilize the receptor expression at the cell surface (22). Our
unpublished data indicate that NHERF2 also interacts with
EGFR, which is not unexpected given the high degree of
similarity between NHERF1 and NHERF2. In intestinal epi-

Fig. 4. Proline-rich tyrosine kinase 2 (Pyk2)
is involved in LPA5-dependent NHE3 acti-
vation. A: phosphorylation of Pyk2 (p-Pyk2)
was determined in C2b/E3V/pCDH and
C2b/E3V/LPA5 cells. The expression levels
of Pyk2 and �-actin are shown as loading
controls. B: C2b/E3V/LPA5 cells were
treated with shControl or shPyk2. Western
blot shows that Pyk2 expression level was
decreased by 60% by shPyk2. C: NHE3
activity in C2b/E3V/LPA5 treated with
shControl or shPyk2 was determined in the
presence or absence of LPA (3 min). n � 12;
*P 	 0.05. D: the effect of Pyk2 knockdown
on surface NHE3 protein abundance was
determined by surface biotinylation. Total
NHE3 and �-actin were used as the loading
control, respectively. n � 3.
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thelial cells, NHERF2 is predominantly expressed in the apical
or near the apical membrane, and hence it remains an intrigu-
ing possibility that NHERF2 tethers LPA5 and EGFR together.

Transactivation of EGFR often involves Src and ectodomain
shedding of a transmembrane precursor of EGFR ligand (10,

40). Consistently, we found that inhibition of Src and metal-
loproteinases by PP2 and TAPI-1, respectively, blocked auto-
phosphorylation of EGFR induced by LPA (data not shown).
In addition to Src, Pyk2 has been implicated in linking GPCRs
to EGFR, although other studies showed that Pyk2 is recruited

Fig. 5. Pyk2 and ERK are independently activated by LPA5. A: phosphorylation of EGFR was assessed by determining Tyr phosphorylation levels of immunopre-
cipitated EGFR in C2b/E3V/LPA5 cells treated with shControl or shPyk2. B: the effects of AG1478 or PD98059 on Pyk2 or ERK phosphorylation were determined
by Western blotting. Results are representative of three independent experiments. C: phosphorylation of ERK in cells treated with shControl or shPyk2 was determined
by Western blotting. Results are representative of three independent experiments. D: activation of RhoA by LPA in C2b/E3V/LPA5 cells in the presence or absence of
AG1478 was determined by Rhotekin pulldown. Activated RhoA bound to glutathione S-transferase (GST)-Rhotekin at different time intervals was resolved by
SDS-PAGE, transferred, and blotted using an anti-RhoA antibody to determine the extent of RhoA activation. Total RhoA was determined as a loading control. n �
3. E: activation of RhoA by EGF was determined as described above. n � 3. F and G: C2b/E3V/LPA5 cells were treated with LPA in the presence or absence of C3
toxin (pretreated for 16 h, F) or Y27632 (pretreated for 2 h, G). Phosphorylated and total Pyk2 and ERK were determined. n � 3.

Fig. 6. Putative model depicting the mechanism of
NHE3 regulation by LPA5-mediated signaling. LPA5

transactivates EGFR in the apical membrane, which
activates the RhoA-RhoA-associated kinase (ROCK)-
Pyk2 and the Ras-MEK-ERK pathways that converge
onto NHE3. HB, heparin-binding; MMP, matrix metal-
loproteinases; NHERF, Na�/H� exchanger regulatory
factor 2.
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by transactivated EGFR (1, 33). In addition, Pyk2 is involved
in acid-induced activation of NHE3 and Src (27). In the current
study, knockdown of Pyk2 blocked LPA5-dependent activation
of NHE3. However, knockdown of Pyk2 did not affect LPA-
induced phosphorylation of EGFR. Instead, inhibition of
EGFR ablated phosphorylation of Pyk2, indicating that Pyk2
lies downstream of EGFR. It was shown that LPA5 couples
with G12/13 to activate RhoA and ROCK in B103 neuroblas-
toma cells (24). Consistent with this earlier study, LPA rapidly
activated RhoA in C2b/E3V cells, and C3 transferase or
Y27632 attenuated LPA-induced Pyk2 phosphorylation, indi-
cating that LPA5 activates Pyk2 via the Rho-ROCK pathway.
It is generally assumed that GPCRs directly activate RhoA via
G proteins. However, we found that the presence of EGFR was
necessary for the activation of RhoA in C2b cells, suggesting
that LPA activates RhoA via transactivation of EGFR. This
unexpected finding was affirmed by demonstrating that activa-
tion of RhoA by EGF implying that RhoA is a downstream
effect of EGFR. In agreement with our current findings, LPA
activates Rho in Swiss 3T3 cells via EGFR (8).

LPA has been described to induce exocytic trafficking of
NHE3 to the apical membrane in a NHERF2 dependent man-
ner (29). This regulation is acute occuring within 2–3 min of
LPA treatment. We found that increased NHE3 expression in
the apical membrane of C2b cells is maintained for at least 15
min after removal of LPA (data not shown). However, whether
LPA specifically alters the rate of NHE3 removal from the
apcial membrane is not known. In the current study, we found
that LPA5-induced activation of Pyk2 and ERK is associated
with increased NHE3 abundance at the apical surface. In
addition, we found that phosphorylation of Pyk2 was not
blocked by MEK inhibition, indicating that Pyk2 and ERK are
activated via two distinct pathways. Based on these findings,
we propose a model that LPA5 signaling transactivates EGFR,
which then activates the RhoA-ROCK-Pyk2 and Ras-MEK-
ERK pathways (Fig. 6). However, it remains unclear how ERK
or Pyk2 regulates NHE3 activity and surface abundance in
response to LPA. Regulation of NHE3 activity is dependent on
the actin cytoskeleton, and RhoA/ROCK stimulates NHE3
activity by formation of stress fiber that increases NHE3 apical
membrane abundance (20, 42). Pyk2 is a member of the focal
adhesion kinase (FAK) family, and it regulates actin cytoskel-
etal organization in combination with FAK (6). Thus, it seems
feasible that Pyk2 inhibition may contribute to disruption of the
actin cytoskeleton, resulting in decreased NHE3 expression in
the apical membrane and hence decreased NHE3 activity. The
Ras-MEK-ERK pathway has been the subject of intense study
because mutations of the signaling components of this pathway
are a hallmark of several human diseases (11). ERK has also
been implicated to play a role in regulation of membrane
protein trafficking by phosphorylation (7, 15). The p90 kDa
ribosomal S6 kinases (RSKs) are a family of Ser/Thr kinases
that lie downstream of ERK (2). Sustained acidification acti-
vates NHE1 in AP-1 cells via an ERK-dependent pathway, and
RSK phosphorylates NHE1 in response to serum (30, 37).
Recently, starfish NHE, which is a homolog of mammalian
NHE3, was shown to be phosphorylated by RSK at Ser-590,
-606, and -673 in the COOH terminus of starfish NHE (12).
Given the evolutionary link between starfish NHE and mam-
malian NHE3, it is possible that NHE3, which contains several
R-X-X-pS/T motifs, is also phosphorylated by RSKs. Probable

points of cellular communication by Pyk2 and ERK in stress
fiber formation and NHE3 phosphorylation, respectively, are in
conceptual agreement with our present data that either Pyk2
knockdown or MEK inhibition similarly blocks activation of
NHE3 by LPA without a sign of redundancy.

In summary, we report here that LPA5 transactivates apical
EGFR, followed by two independent activations of ERK and
Pyk2. This work highlights the importance of apical EGFR in
regulation of NHE3 that EGFR in the apical membrane plays
a pivotal role in regulation of NHE3 by activation of the
RhoA-ROCK-Pyk2 and Ras-MAPK pathways.
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