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Abstract

The classic mode of G protein-coupled receptor (GPCR)-mediated transactivation of
the receptor tyrosine kinase epidermal growth factor receptor (EGFR) transactivation
occurs via matrix metalloprotease (MMP)-mediated cleavage of plasma membrane-
anchored EGFR ligands. Herein, we show that the Gas-activating GPCR ligands vaso-
active intestinal peptide (VIP) and prostaglandin E, (PGE,) transactivate EGFR
through increased cell-surface delivery of the EGFR ligand transforming growth
factor-a (TGFa) in polarizing madin-darby canine kidney (MDCK) and Caco-2 cells.
This is achieved by PKA-mediated phosphorylation of naked cuticle homolog
2 (NKD2), previously shown to bind TGFa and direct delivery of TGFa-containing
vesicles to the basolateral surface of polarized epithelial cells. VIP and PGE, rapidly
activate protein kinase A (PKA) that then phosphorylates NKD2 at Ser-223, a process
that is facilitated by the molecular scaffold A-kinase anchoring protein 12 (AKAP12).
This phosphorylation stabilized NKD2, ensuring efficient cell-surface delivery of
TGFa and increased EGFR activation. Thus, GPCR-triggered, PKA/AKAP12/
NKD2-regulated targeting of TGFa to the cell surface represents a new mode of

EGFR transactivation that occurs proximal to ligand cleavage by MMPs.
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1 | INTRODUCTION

G-protein-coupled receptors (GPCRs) and receptor tyrosine kinases
(RTKs) comprise a large proportion of cell-surface receptors that
sense and respond to extracellular stimuli employing distinct signal
transducers to execute downstream signaling.> A point of conver-
gence between GPCRs and RTKs at the cell surface is the phenom-
enon of GPCR-induced RTK transactivation.>* The first identified
and best-studied example is EGFR transactivation.” Most often, this
is achieved by activation of cell-surface matrix metalloproteases
(MMPs), which cleave the ectodomain of membrane-anchored EGFR
ligands to release soluble ligands that then bind and activate
EGFRs.®

A number of GPCR signal transducers have been implicated in
EGFR transactivation via MMP activation, including the a, p and y
subunits of heterotrimeric G proteins.® For example, activated Gas
associates with and activates adenylyl cyclase, which catalyzes the
release of the secondary messenger cyclic adenosine monop-
hosphate (cAMP).” cAMP subsequently activates other proteins
including protein kinase A (PKA), which has been shown to stimu-
late MMP activity.® Localized PKA activity in the cell is achieved by
more than 50 human PKA-interacting scaffolding proteins, desig-
nated A-kinase anchoring proteins (AKAPs), that directly bind PKA
and target it to specific subcellular locations.” On the other hand,
Gaq activates phospholipase C, which cleaves phosphatidylinositol
4,5-bisphosphate (PIP,) into inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG); DAG in turn activates protein kinase C (PKC),
which also has been shown to induce MMP-dependent shedding of
EGFR ligands.*®

TGFa is one of seven mammalian EGFR ligands that are produced
as type 1 transmembrane proteins.**"*3 In polarized epithelial cells,
the TGFa precursor is delivered preferentially to the basolateral cell
surface where it undergoes ectodomain cleavage by a selective MMP,
a disintegrin and a metalloprotease 17 (ADAM17). This cleavage
releases soluble TGFa, which is then rapidly captured by basolateral
EGFRs.2* We previously showed that the protein naked cuticle homo-
log 2 (NKD2) acts as basolateral sorting adaptor for TGFa.'®> NKD2
coats TGFa-containing exocytic vesicles by interacting directly with
the TGFa cytoplasmic domain. These vesicles are then directed to the
basolateral surface of polarized epithelial cells where they dock and
fuse in a NKD2 myristoylation-dependent manner.*>*¢ NKD2 is a
short-lived protein with a half-life of approximately 2 hours and is
targeted for degradation by the RING-finger E3 ubiquitin-protein
ligase (RNF25).2”

Herein, we have discovered that NKD2 is phosphorylated at
serine 223 (5223) after stimulation with GPCR agonists, VIP and
PGE,, via activation of PKA. NKD2 phosphorylation by PKA is depen-
dent on the molecular scaffold AKAP12. This phosphorylation
stabilizes NKD2, promoting efficient cell-surface delivery of TGFa and
results in increased EGFR activation. Thus, these studies identify a
new mode of GPCR-triggered EGFR transactivation that occurs proxi-

mal to MMP cleavage of plasma membrane-anchored ligands.

2 | RESULTS

2.1 | PKA phosphorylates NKD2 at 5223

Based on our previous results showing that myristoylation and
ubiquitylation of NKD2 affect its function, we set out to determine
whether NKD2 was also phosphorylated and the possible functional
consequence of such phosphorylation.*>*>7 To that end, we labeled
MDCK cells stably expressing NKD2-enhanced green fluorescent pro-
tein (EGFP) with 32P-ATP and found that NKD2 was phosphorylated
under steady state conditions (Figure 1A). To identify potential phos-
phorylation sites on NKD2, we conducted an in silico protein phos-
phorylation prediction analysis (NetPhos).X® Six potential PKA
phosphorylation sites (518, S216, S223, S286, S299 and S337) and
16 potential PKC phosphorylation sites were identified (Table S1). To
activate PKA or PKC, NKD2-EGFP-overexpressing MDCK cells were
stimulated with forskolin (FSK, 1 pM) or 12-O-tetradecanoylphorbol-
13-acetate (TPA, 100 nM), respectively, for various times. Cells were
then lysed and subjected to NKD2 immunoprecipitation (IP) and sub-
sequent immunoblotting with antibodies that recognize a consensus
phosphorylated PKA (pPKA) substrate motif [RXXp(S/T)]**%°, or a
consensus phosphorylated PKC (pPKC) substrate motif [(R/K)Xp(S)
(R/K)].2t As early as 1 minute after addition of FSK, there was a mar-
ked increase in pPKA substrate motif in NKD2-EGFP IPs, and the sig-
nal was sustained over the 30-minute time course (Figure 1B, upper
panel). In marked contrast, addition of TPA failed to elicit a signal in
NKD2 IPs using the pPKC substrate motif antibody (Figure 1B, bot-
tom panel). AKAP12-EGFP was transiently expressed in the presence
or absence of TPA as a positive control for the pPKC substrate motif
antibody; TPA treatment showed the expected increase in phosphory-
lation of PKC substrates (Figure S1). NKD1 is an ortholog of NKD2
with 44% overall homology. However, NKD1 does not contain a PKA
consensus site, and FSK did not induce NKD1 phosphorylation in
NKD1-EGFP-overexpressing MDCK cells as determined using the
pPKA substrate motif antibody (Figure 1C). Thus PKA, but not PKC,
selectively phosphorylates NKD2.

To determine the specific residue(s) phosphorylated by PKA, all
six potential PKA phosphorylation sites in NKD2-EGFP were
mutated to alanine individually and transiently expressed in human
embryonic kidney 293 (HEK293) cells; these cells were then stimu-
lated with FSK. Only the (S223A)NKD2 mutant failed to show a sig-
nal with the pPKA substrate motif antibody in NKD2-EGFP IP,
indicating selective phosphorylation at 5223 (Figure 1D). Of note,
NKD2 S223 lies within a consensus pPKA substrate motif (RRPST).
We next generated a phosphorylation-specific polyclonal antibody
by immunizing rabbits the NKD2 phospho-peptide
HVRRPpSTDPQPC containing S223 (see Section 4). The
pS223-NKD2 antibody detected a single band following FSK stimu-
lation, and this increase was attenuated by pretreatment with the
PKA inhibitor H89 (Figure 1E, top panel). Results with the
pS223-NKD2 antibody mirrored those using the pPKA substrate
motif antibody (compare Figure 1E top and middle panels). No sig-
nal was detected with pS223-NKD2 or pPKA substrate motif

against
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FIGURE 1 PKA phosphorylates NKD2 at serine 223. A, MDCK cells stably expressing NKD2-EGFP were labeled with 32p_ATP at 37°C for

2 hours, at which time cells were lysed and subjected to NKD2 immunoprecipitation (IP). The top panel (autoradiograph) shows incorporation of
radiolabel in the NKD2 IP. The bottom panel shows NKD2 immunoblotting of the IPs as loading control from a parallel western blot. B, HEK293
cells stably expressing NKD2-EGFP were incubated with 1 pM forskolin (FSK) (top panel) or 100 nM TPA (lower panel) for the indicated times.
Cell lysates were subjected to NKD2 IP with the R44 antibody against NKD2 and then immunoblotted with pPKA or pPKC substrate motif
antibodies, respectively. Membranes were later reprobed with NKD2 to confirm equal loading. As a positive control, AKAP12-EGFP was
expressed in the presence or absence of TPA. C, HEK293 cells transiently expressing NKD2-EGFP or NKD1-EGFP were incubated with 1 pM
FSK for 5 minutes as indicated. Cell lysates were harvested and subjected to GFP IP, resolved on SDS-PAGE, and probed with GFP, NKD1, NKD2
and pPKA substrate motif antibodies. D, Six serine residues predicted to be PKA phosphorylation sites within NKD2 were mutated individually to
alanine (S > A). HEK293 cells transiently expressing EGFP-tagged wild-type (WT) NKD2 and indicated mutants were stimulated with 1 pM FSK
for 5 minutes. Cell lysates were harvested and subjected to NKD2 IP, resolved on SDS-PAGE and probed with antibodies against pPKA substrate
motif antibody and NKD2. E, HEK293 cells transiently expressing NKD2-EGFP and (S223A)NKD2-EGFP were pretreated with the PKA inhibitor
H89 (30 uM, 1 hour) and subsequently incubated with 1 pM FSK for 5 minutes as indicated. Cell lysates were subjected to IP and immunoblotted
using the indicated antibodies. F, HEK293 cells transiently expressing NKD2-EGFP were pretreated with H89 (30 uM, 1 hour) as indicated and
then stimulated with VIP (100 nM), PGE, (100 ng/mL) or carbachol (CCh, 100 uM) for 5 minutes. Cell lysates were subjected to NKD2 IP and
immunoblotted using the indicated antibodies. Corresponding total lysates were probed with p-actin antibody as a loading control for (E and F)

antibodies in HEK293 cells transiently expressing (S223A) After showing NKD2 S$223 phosphorylation by FSK stimulation,
NKD2-EGFP (Figure 1E). Together, these results show that the we next tested if physiological stimuli like GPCR agonists (e.g., VIP,
RRPST sequence of NKD2 is a specific PKA recognition motif PGE, and carbachol) may induce NKD2 phosphorylation. All three
(Figure 1E, middle panel). ligands have previously been shown to induce EGFR
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transactivation.®222% VIP and PGE, elicit Gas downstream signaling,
while carbachol activates pathways mediated by Gag, which in turn
activate PKA and PKC, respectively. Both VIP and PGE, induced rapid
NKD2 phosphorylation, which was attenuated by the PKA inhibitor
H89, while carbachol failed to induce NKD2 phosphorylation as mea-
sured by pS223-NKD2 antibody, indicating that NKD2 phosphoryla-
tion is specifically induced by Gas-associated GPCR activation
(Figure 1F).

We next used the pS223-NKD2 antibody to determine the sub-
cellular location of phosphorylated NKD2 in fully polarized epithelial
cells cultured on Transwell filters. In polarized MDCK cells stably
expressing NKD2-EGFP, pS223-NKD2 antibody predominantly deco-
rated the lateral membrane at steady state (Figure 2A). The intensity
of the fluorescence increased following addition of FSK and appeared
to extend further up the lateral membrane; pretreatment with H89
dramatically diminished the FSK-induced pS223-NKD2 signal. As
expected, no signal was detected with this antibody after addition of
FSK to polarized MDCK cells stably expressing (5223A)NKD2-EGFP
(Figure 2A, bottom panel). To assess whether endogenous NKD2 was
phosphorylated by GPCR agonist stimulation, we added VIP to Caco-
2 cells, a human colorectal cancer cell line that expresses NKD2
endogenously and polarizes on Transwell filters.?* Addition of VIP

(100 nM) to the basolateral compartment markedly increased

pS223-NKD2 signal at the lateral membrane within 5 minutes
(Figure 2B). In another colorectal cancer cell line, HCA-7, that also
polarizes on Transwell filters and expresses NKD2 endogenously, we
observed a similar increase in pS223-NKD2 staining after VIP addition
(Figure S2).2° Thus, activation of PKA by the GPCR ligand VIP
increases phosphorylation of endogenous NKD2 at the lateral

membrane.

2.2 | NKD2 S223A mutant exhibits a shorter half-life
and results in reduced TGFa delivery to the cell
surface

To assess the functional consequence of NKD2 S223 phosphoryla-
tion, we first examined its half-life in MDCK cells stably expressing
either NKD2-EGFP or (S223A)NKD2-EGFP. Cycloheximide (CHX,
20 pg/mL) was added to block protein synthesis, and cell lysates were
prepared and immunoblotted for NKD2 and a-tubulin (as a loading
control) at the indicated time points (Figure 3A). Over the 8-hour time
course, the NKD2 signal persisted longer in cells expressing
NKD2-EGFP than (S223A)NKD2-EGFP. These results are quantified
on the right in Figure 3B, where half-lives of NKD2-EGFP and
(S223A)NKD2-EGFP were determined to be around 2 and 1 hour,

respectively.
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To extend this functional analysis, we transiently transfected
TGFa into NKD2-overexpressing MDCK cells. We assessed the rela-
tive amounts of TGFa at the cell surface by examining TGFa immuno-
reactivity in nonpermeabilized cells after various manipulations as
indicated (Figure 3C). The broad spectrum MMP inhibitor Batimastat
(BB-94) was used to block cell-surface cleavage of TGFa. In wild-type
NKD2-expressing cells, exposure to BB-94 for 1 hour led to a modest
increase in cell-surface TGFa immunofluorescence (Figure 3C). If FSK
was added to BB-94-treated cells for 5 minutes prior to TGFa
staining, there was a marked increase in TGFa immunoreactivity.
However, if H89 was added at the same time as BB-94, TGFa was not
detected at the cell surface. In marked contrast to what was observed
with wild-type NKD2-expressing cells, TGFa was not detected at the
cell surface when FSK was added to BB-94-treated (S223A)
NKD2-EGFP-expressing cells. Thus, (S223AJNKD2 mutant is less
stable than wild-type NKD2, and cell-surface delivery of TGFa
is impaired in cells that express a form of NKD2 that cannot be
phosphorylated by PKA.

2.3 | EGFR transactivation by VIP is dependent on
NKD2-mediated TGFx delivery

To evaluate how PKA phosphorylation of NKD2 might impact EGFR
activity, we took two experimental approaches. In the first approach,
we added conditioned medium from MDCK cells transiently
expressing TGFa and either wild-type NKD2, (5223A)NKD2, or (G2A)
NKD?2 to recipient serum-starved A431 cells. The (G2A)NKD2 mutant
cannot be myristoylated, and we have previously shown that this
mutation prevents membrane fusion of TGFa-containing NKD2 vesi-
cles.r>1¢ Parenthetically, A431 cells express large amounts of EGFR
and are often used to study the effect of EGF-like ligands.2® Five
minutes after addition of conditioned medium, EGFR activity was
monitored in recipient cells by immunoprecipitating EGFR from
whole-cell lysates and then immunoblotting with pY1173-EGFR anti-
body. As expected, no signal was detected with conditioned medium
from parental MDCK cells (Figure 4A, lane 1), and only modest EGFR
activation was observed in cells expressing TGFa alone (Figure 4A,
last lane). The strongest signal in A431 lysates was found after addi-
tion of conditioned medium from MDCK cells expressing both wild-
type NKD2 and TGFa. Notably, EGFR activity in A431 cells was mark-
edly reduced after addition of conditioned medium from MDCK cells
expressing (S223A)NKD2 (lane 5) and (G2A)NKD2 (lane 6) with TGFq;

this signal was equivalent to cells expressing TGFa alone (compare
lanes 5 and 6 with lane 8, Figure 4A). As additional controls, neutraliz-
ing antibodies to TGFa or EGFR were added to MDCK cultures 1 hour
prior to harvesting of conditioned medium for addition to A431 cells.
The ability of these neutralizing antibodies to block EGFR activity sup-
ports that the conditioned medium effects were attributable to TGFa
signaling via EGFR (Figure 4A). Taken together, these results show
that NKD2 regulates the release of soluble, biologically active TGFa.
In the second approach, we added the GPCR ligand VIP to Caco-2
cells cultured on plastic to directly implicate ligand delivery in GPCR-
mediated EGFR transactivation. Parental Caco-2 cells do not express
TGFa, so we engineered these cells to stably express a doxycycline-
inducible TGFa construct (Caco-2 iTGFa). In the uninduced state,
addition of VIP to Caco-2 iTGFa cells had no effect on EGFR activity
(Figure 4B, left panel). However, in the TGFa-induced state, there was
a dramatic increase in EGFR activity 1 minute after VIP addition
(Figure 4B, right panel). In these experiments, EGFR activity was moni-
tored by immunblotting EGFR IPs
(pY) antibody. In Figure 4C, we show that VIP-induced EGFR activity
was markedly reduced by blocking PKA activity with H89 and block-
ing metalloprotease activity with BB-94 in Caco-2 iTGFa cells in the

with  phospho-tyrosine

induced state. In fact, H89 was at least as effective as BB-94 (com-
pare lanes 4 and 6) in blocking EGFR activity. In a similar experiment,
PGE, was also able to induce EGFR phosphorylation in a PKA- and
TGFa-dependent manner in Caco-2 iTGFa cells (Figure S3). Thus,
under these experimental conditions, GPCR transactivation of EGFR

is due to increased cell-surface delivery of TGFa.

2.4 | AKAP12 interacts with NKD2 and facilitates its
phosphorylation by PKA

Localized intracellular PKA activity is achieved by PKA-interacting
scaffolding proteins called AKAPs that assemble and compartmental-
ize multiprotein PKA signaling complexes.?”?® AKAP12 was a logical
candidate to examine because it was the only AKAP detected in a
comprehensive proteomic analysis of NKD2-associated vesicles.?’
Interaction of AKAP12 and PKA has been reported previously.%°-32 In
Figure 5A, we show that NKD2 and AKAP12 interact by reciprocal
co-IP in HEK293 cells transiently expressing untagged NKD2 and
AKAP12-EGFP. We also show that the two proteins colocalize in
cytoplasmic puncta and at the plasma membrane in MDCK cells tran-
siently expressing NKD2-EGFP and AKAP12-mCherry (Figure 5B).

FIGURE 3 NKD2 S223 phosphorylation-deficient mutants reduce NKD2 stability and cell-surface delivery of TGFa. A, MDCK cells stably
expressing NKD2-EGFP (upper panel) or (5223A)NKD2-EGFP (lower panel) were treated with cycloheximide (CHX, 20 pug/mL) to block protein
synthesis for the indicated times. Cell lysates were subjected to NKD2 and a-tubulin immunoblotting. B, Results from three independent
experiments in A were quantified and presented as relative intensity (RI) of NKD2 signal normalized to a-tubulin signal. C, MDCK cells were
transiently transfected with TGFa along with NKD2-EGFP or (S223A)NKD2-EGFP as indicated. These cells were pretreated with the PKA
inhibitor H89 (30 pM) and/or the MMP inhibitor BB-94 (5 uM) for 1 hour followed by FSK (1 pM, 5 minutes) as indicated at 37°C. Cells were
then cooled and incubated with anti-TGFa antibody under nonpermeabilized conditions at 4°C for 1 hour. Cells were then paraformaldehyde-
fixed and stained for p120. Fluorescence associated with TGFa, p120 and NKD?2 is displayed in red, blue and green, respectively. Scale

bars: 10 pm
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To assess the functional consequence of the interaction 2.5 | AKAP12 mediates phosphorylation of NKD2

between NKD2 and AKAP12, we deleted AKAP12 in HEK293 cells
by clustered regularly interspaced short palindromic repeats/Cas9
(CRISPR/Cas9) gene editing; the decrease in AKAP12 was docu-
mented by AKAP12
Figure 5C. Under baseline conditions, pS223-NKD2 was barely

immunoblots in the right two lanes in
detectable in AKAP12 knockout cells and the signal was markedly
reduced following FSK stimulation compared to parental HEK293
cells (quantified in Figure 5D).

in the cytoplasm

We then examined the ability of FSK and the Gas-associated GPCR
agonists, VIP and PGE,, to induce phosphorylation of NKD2 in paren-
tal and AKAP12 knockout HEK293 cells. As expected, all three stimuli
led to phosphorylation of NKD2 S223 within 30 seconds in parental
HEK293 cells (Figure 6A, left panels). However, in AKAP12 knockout
HEK293 cells, these stimuli failed to induce NKD2 S223 phosphoryla-
tion (Figure 6A, right panels). The merged images from the left panels
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FIGURE 5 AKAP12 and NKD2 interaction is necessary for NKD2 phosphorylation. A, Lysates from HEK293 cells transiently expressing
NKD2 and AKAP12-EGFP were prepared and subjected to IP with GFP or NKD2 antibodies followed by immunoblotting with AKAP12 and
NKD2 antibodies as indicated. Right panel shows whole-cell lysates immunoblotted for AKAP12, NKD2, and p-actin as input controls. B, MDCK
cells transiently expressing NKD2-EGFP (green) and mCherry-AKAP12 (red) were fixed and stained with DAPI (blue). Scale bar: 10 pm. C, Parental
and CRISPR/Cas9-based AKAP12 knockout (AKAP12KC) HEK293 cells were transiently transfected with NKD2-EGFP and incubated in the
presence or absence of FSK (1 pM) for 5 minutes. Cells were then lysed and subjected to immunoblotting with the indicated antibodies. D,
Quantification of (C) from three independent experiments; * indicates P < 0.05

show colocalization (white) of AKAP12 and NKD2 occurring mostly in
cytoplasmic puncta. To confirm that AKAP12-mediated phosphoryla-
tion of NKD2 occurs in the cytoplasm, we tested whether FSK
induced phosphorylation of the myristoylation-defective (G2A)NKD2
mutant. In Figure 6B, we show that FSK increased phosphorylation of
(G2A)NKD?2 that is restricted to the cytoplasm.

AKAP12 is a dual-specificity AKAP that interacts with both PKA
regulatory subunit | (RI) and PKA regulatory subunit Il (RIl) isoforms
of PKAS3® To determine if this transactivation phenomenon is
dependent on Rl or RIl, we used two stapled peptides, the Rl-selec-
tive Stapled AKAP Disruptor 2 (RI-STAD-2), and the RIl-selective
STAD-2.3435 Both of these peptides attenuated FSK-induced NKD2
phosphorylation, indicating both PKA isoforms can phosphorylate
NKD2 at S223 (Figure 6C). However, the Rll-selective STAD-2 had
a greater inhibitory effect than Rl-specific RI-STAD-2, suggesting a
preference for RIl in mediating NKD2 phosphorylation (quantified in
Figure S4).

Thus, AKAP12 is required for GPCR-induced PKA-mediated
NKD2 S223 phosphorylation and subsequent TGF« release and EGFR

activation.

3 | DISCUSSION
These studies identify a new mode of GPCR-mediated EGFR trans-
activation. In classical EGFR transactivation, activation of GPCRs
induces MMP-mediated cleavage of membrane-anchored EGFR
ligands to release soluble ligands that then bind and activate EGFRs.
We now show that the GPCR ligands VIP and PGE, transactivate
EGFR by increasing cell-surface delivery of TGFq, a step that precedes
ligand cleavage (Figure 4). Mechanistically, VIP and PGE, activate PKA
that then phosphorylates NKD2 $223 (Figures 1 and 2). This phos-
phorylation stabilizes NKD2, a selective basolateral sorting adaptor
for TGFa; this stabilization of NKD2 enhances delivery of TGFa to the
cell surface and results in increased EGFR activation (Figures 3 and 4).
These results are shown using different epithelial cell lines
(HEK293 and polarizing MDCK, Caco-2 and HCA-7). When possible,
we chose lines in which we could examine endogenous elements. For
example, we examined the effects of VIP on phosphorylation of
endogenous NKD2 in polarized Caco-2 and HCA-7 cells. We actually
took advantage of the fact that Caco-2 cells do not express TGFa. By

inducibly overexpressing TGFa in these cells, we were able to show
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FIGURE 6 AKAP12and NKD2 (A)
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interact intracellularly during GPCR-
induced NKD2 phosphorylation. A,
Parental and AKAP12%© HEK293 cells
were incubated with FSK, VIP or PGE,
for 30 seconds as indicated and were
then fixed and stained for AKAP12 (red)
and pS223-NKD2 (green). Scale bars:
10 pm. B, FSK was added to HEK293
cells transiently expressing either wild-
type, (G2A)NKD2 or (S223A)NKD2.
Lysates were immunoprecipitated with
NKD2 or IgG control antibodies
followed by immunoblotting for
pS223-NKD2 and NKD2. C, HEK293
cells transiently expressing NKD2-EGFP
were incubated with stapled inhibitory
peptides (i-peptide) RI-STAD-2 (RI-
selective) and STAD-2 (Rll-selective) or
their corresponding scrambled (scr)
peptides (5 pM) for 1 hour and
stimulated with FSK (0.5 pM) for

5 minutes. Cells were then lysed and
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that EGFR transactivation is dependent on TGFa via endogenous
PKA/NKD2/MMP-mediated events (Figure 4B).

As noted in the introduction, NKD2 is a short-lived protein that is
polyubiquitylated in the cytoplasm by the E3 ligase RNF25.% It is sta-
bilized by interacting with TGFa in exocytic vesicles that are directed
to the basolateral surface of polarized epithelial cells where the vesi-
cles dock and fuse in a NKD2 myristoylation-dependent manner.*>~17
These effects of NKD2 appear to be selective for TGFa because deliv-
ery of two other basolaterally targeted EGFR ligands, amphiregulin
and epiregulin, is not impaired in myristoylation-deficient (G2A)
NKD2-expressing cells.®¢%7

The present studies were initially designed to determine whether
NKD2 was phosphorylated in addition to previously reported
ubiquitylation and myristoylation. We show that NKD2 phosphoryla-
tion was induced by the PKA agonist FSK but not by the PKC agonist
TPA (Figure 1B and Table S1). Moreover, PKA activation selectively
phosphorylates NKD2 at S223 (Figure 1D), resulting in stabilization of
NKD2 (Figure 3A,B). The half-life of the (5223A)NKD2 mutant is half
as long as wild-type NKD2, resulting in less efficient delivery of its
cargo TGFa and decreased EGFR activation (Figures 3 and 4). We also
performed experiments with physiological stimuli like the GPCR ligands
VIP, PGE, and carbachol. VIP and PGE, selectively induced NKD2
5223 phosphorylation and subsequent EGFR activation, which could
be blocked by the PKA inhibitor H89 (Figure 1F). These results show
that in addition to inducing cleavage of EGFR ligands, GPCR ligands
can enhance NKD2-mediated delivery of TGFa to the cell surface. This

new mode of regulation preferentially employs Gas-associated GPCRs.

IP:NKD2 —

b—— IP:NkD2 —— ]

It is well established that the localized effects of PKA within the cell
are achieved by PKA binding to different AKAPs. As noted above,
AKAP12 (alias Gravin or AKAP250) was the only AKAP found in a com-
prehensive proteomic analysis of NKD2-associated vesicles.?? AKAP12
is found in multiple cellular compartments, including the plasma mem-
brane, cytosol, and nucleus, and it has been assigned specific roles in
each of these compartments.3® AKAP12 has been touted to be a tumor
suppressor, and even more specifically, a metastasis suppressor;
Gelman and coworkers identified AKAP12 as a gene downregulated by
v-Src and named Src-Suppressed C Kinase Substrate (SScCKS) and
given the moniker “essex.”®23% A number of functional domains have
been identified in AKAP12, including a second residue glycine that is
myristoylated.*® AKAP12 associates with both PKA and PKC. Grove
and coworkers reported that activation of PKC redistributes AKAP12
from the plasma membrane to punctate perinuclear vesicles, leading
these investigators to speculate that it represents an example of PKC
and PKA crosstalk.#* Under our experimental conditions, TPA activation
of PKC did not result in phosphorylation of NKD2, but FSK activation
of PKA resulted in phosphorylation of $223 NKD2 (Figure 1B). Impor-
tantly, we showed AKAP12 interacts with NKD2 and that this interac-
tion occurs within specific subcellular locations in the cell (Figures 5A,B
and 6A,B). Finally, AKAP12 knockout abrogated baseline phosphoryla-
tion of $223 NKD2 and attenuated S223 NKD2 phosphorylation
induced in response to FSK, VIP and PGE, (Figure 6A).

Because GPCR transactivation of EGFR was discovered over
20 years ago, it has become a well-accepted, clinically relevant biolog-

ical phenomenon that has been extended to multiple diverse stimuli
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that indirectly activate EGFR and other RTKs.2#24% Most often this is
because of activation of MMPs, which release cell-surface anchored
ligands, although ligand-independent transactivation also occurs.**
The present studies have uncovered an additional step in ligand-
dependent transactivation, that is, GPCR-triggered cell-surface deliv-
ery of TGFa. Thus, both EGFR ligand delivery and cleavage may be
regulated by GPCR agonists to enhance EGFR activity. Future work
will be needed to determine if different GPCR ligands exhibit a prefer-
ence for acting at one or both of these steps. This transactivation
mechanism is currently limited to the EGFR ligand TGFa because, as
noted above, NKD2 is a selective adaptor for TGFa.3¢%” Going for-
ward, it will be of interest to determine if trafficking adaptors for
other RTK ligands are regulated in a similar fashion. In the broader
context, our work highlights a convergence point between GPCR and
RTK signaling where GPCR activation facilitates intracellular traffick-
ing of a RTK ligand, leading to increased RTK activity.

4 | MATERIALS AND METHODS

4.1 | Plasmids, antibodies and other reagents

The construction and expression of human NKD2 (NP_149111.1) fused
with EGFP has been previously described.!®> All NKD2 site mutants
were generated either by Stratagene's quick change site-directed muta-
genesis kit or by polymerase chain reaction (PCR) overlap extension.
Human AKAP12-HA was kindly provided by Craig C. Malbon (State
University of New York at Stony Brook). All chemicals, including para-
formaldehyde, p-actin antibody, doxycycline, FSK, H89, and protease
inhibitor cocktails, were from Sigma unless otherwise stated. Chemicals
for electrophoresis and protein markers were purchased from Bio-Rad.
Anti-human NKD2 antibody (R44) and TGFa polyclonal antibody were
generated by Covance.’®> Mouse NKD2 antibody was a kind gift from
Tianhui Hu and Jianhua Yan's Lab*® AKAP12 antibody (cat#:
PA5-21759, RRID:AB_11154150), Protein G beads and Mammalian
Protein Extraction Reagent (M-PER) were purchased from Thermo-
Fisher Scientific and mouse AKAP12 antibody from Abcam (ab49849,
RRID:AB_2225608). E-cadherin and o-tubulin antibodies along with
cycloheximide, were purchased from EMD Millipore. pS223-NKD2
antibody was raised in rabbits (EZBiolab Inc.) against NKD2 peptide
(HVRRPpSTDPQPC) and affinity purified with the same peptide.

4.2 | Cell culture, generation of MDCK cells stably
expressing NKD2-EGFP or (S223A)NKD2-EGFP and
Caco-2 iTGFa cells

All cell culture media and supplements were purchased from HyClone.
HEK293, Caco-2 and MDCK cells were maintained in DMEM
supplemented with 10% fetal bovine serum (FBS), L-glutamine, non-
essential amino acids, 100 units/mL penicillin, 100 pg/mL streptomy-
cin at 37°C with 5% CO,. To generate NKD2 and its serine/threonine
mutant-expressing stable cell lines, the Retro-X Tet-Off Advanced
Inducible Expression System was used (Clontech), according to the

manufacturer's instructions. HEK293 cells packaged with a viral

envelope expression vector (Retro-X System) were transiently trans-
fected with pRetroX-tight-pur-NKD2-EGFP or its mutants for
24 hours using Metafectene transfection reagent (Biontex Laborato-
ries GmbH). Virus-containing medium (supernatant) from packaging
cells was collected and filtered through a 0.45 pm filter. After remov-
ing cells and debris, supernatant was added to cultured MDCK |l Tet-
off T23 1628 cells (Clontech) or Caco-2 cells. Twenty-four hours after
infection, cells were selected in the presence of 500 pug/mL Geneticin,
5 pg/mL puromycin (EMD Millipore) and 0.5 pg/mL doxycycline. Posi-
tive pools were subsequently cloned by limiting dilution. To test pro-
tein expression, cells were completely washed with cold 1x PBS three
times and then maintained in DMEM with 10% FBS for at least
24 hours. For polarization experiments with MDCK cells, 1 x 10° cells
were seeded on 12-mm Transwell filters (0.4 pm; Corning Costar) and
cultured for 4-5 days with replenishment of medium every other day
until trans-epithelial electrical resistance exceeded 200 Q/cm? mea-
sured using the Millicell Electrical Resistance System (EMD Millipore).

4.3 | Phosphorylation of NKD2 in vitro

NKD2-EGFP-expressing MDCK cells were induced by growth in tet-
off medium for 24 hours in 100 mm Petri dishes (1.5 x 10”cells/plate).
The plates were washed three times with precooled tris buffered
saline (TBS) and incubated for 60 minutes at 37°C in phosphate-free
medium (Sol. D: 50 mM Hepes, 78 mM KCl, 4 mM MgCl,, 8 mM CaCl,
and 10 mM EGTA, pH 7.0). The medium was removed and 138 pCi
32p orthophosphate in DMEM (without phosphate) was added for
2 hours. Cells were washed with precooled TBS buffer with phospha-
tase inhibitors, then lysed in 0.75 mL M-PER with 1x phosphatase
inhibitor cocktail (PhosStop), 10 pM phenylarsineoxide, tyrosine phos-
phatase inhibitor (Sigma), 1 mM sodium ortho vanadate (Sigma) and
10 mM sodium fluoride. The supernatant was incubated with NKD2
antibody precoupled to protein G-conjugated agarose beads overnight
at 4°C. NKD2 IPs were then washed and analyzed by immunoblotting
and autoradiography.

4.4 | Immunoprecipitation and immunoblotting

HEK293 cells were transfected with 0.1 pg of plasmid DNA (NKD2,
NKD2-EGFP and/or AKAP12-EGFP) using polyethylenimine (PEI) as
indicated. Twenty-four hours after transfection, cells were washed
twice with PBS and lysed in 1-4 times diluted M-PER lysis buffer con-
taining 1x PhosStop and 1x protease inhibitor cocktails. Cell lysates
were centrifuged at 14 000 rpm for 5 minutes, and the supernatants
were mixed with protein G beads and incubated with NKD2, green
fluorescent protein (GFP) or AKAP12 antibodies at 4°C overnight.
The beads were washed six times with radioimmunoprecipitation
assay buffer, and bound proteins were eluted by boiling in urea sam-
ple buffer (8 M urea, 0.125 M Tris-HCl, 2% SDS, 10% B-mecapthanol-
15% glycerol, pH 6.8) or M-PER lysis buffer. Laemmli loading dye was
added to eluates, which were then resolved on SDS-PAGE and sub-

jected to immunoblotting with the indicated antibodies.
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4.5 | CRISPR/Cas9-based knockout of endogenous
AKAP12 in HEK293 parental cells

A pair of AKAP12 CRISPR/Cas9 knockout plasmids were each
encoding a D10A mutated Cas? nuclease and a unique, target-specific
20 nucleotide guide RNA (gRNA): 5'- ctccaggagggtgacctaaa and oppo-
site 5'- ctcagctacgccattgatgg (sc-406008; Santa Cruz Biotechnology,
Inc.). One plasmid in the pair contained a puromycin resistance gene
for selection; the other plasmid in the pair contained a GFP marker to
visually confirm transfection. GFP expression was monitored 48 hours
post-transfection, and after 72 hours cells were switched into puromy-
cin media (0.3 pg/mL) for selection of cells where successful Cas-
9-induced double strand breaks had occurred. The cells were
resuspended in cold OptiMEM, passed through a 40 pm pore size cell
strainer, cloned by limiting dilution and screened for GFP fluorescence.

4.6 | Immunofluorescence and confocal microscopy

Cells were grown on plastic or on 12-mm Transwell filters typically for
2 or 5 days, respectively. Cells were then washed with PBS and fixed
with 4% paraformaldehyde (PFA) for 10 minutes at room temperature
(RT), permeabilized with 0.5% Triton X-100 for 5 minutes (RT) and then
blocked for 1 hour in 5% BSA at 4°C. All incubations were performed
in PBS. For TGFa cell-surface labeling, cells were first incubated with
TGFa antibody at 4°C in PBS for 1 hour, washed 3x with PBS to
remove excess unbound antibody and then fixed and processed for
immunofluorescence as described above. Microscopy was performed

with Zeiss LSM 710 or Nikon A1R confocal microscopes.

4.7 | Statistics

Statistical analyses were performed using GraphPad Prism software
(version 7.02; GraphPad Software, Inc.). All measurements were nor-
malized to the highest value and plotted as mean + SD. Significance
determination was performed by ordinary one-way analysis of vari-
ance followed by Tukey's multiple comparisons test, with a single
pooled variance; P < 0.05 was considered statistically significant

between the pairs tested.
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