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PI3K class II α regulates δ-opioid receptor export 
from the trans-Golgi network

ABSTRACT The interplay between signaling and trafficking by G protein–coupled receptors 
(GPCRs) has focused mainly on endocytic trafficking. Whether and how surface delivery of 
newly synthesized GPCRs is regulated by extracellular signals is less understood. Here we 
define a signaling-regulated checkpoint at the trans-Golgi network (TGN) that controls the 
surface delivery of the delta opioid receptor (δR). In PC12 cells, inhibition of phosphoinosit-
ide-3 kinase (PI3K) activity blocked export of newly synthesized δR from the Golgi and deliv-
ery to the cell surface, similar to treatment with nerve growth factor (NGF). Depletion of class 
II phosphoinositide-3 kinase α (PI3K C2A), but not inhibition of class I PI3K, blocked δR export 
to comparable levels and attenuated δR-mediated cAMP inhibition. NGF treatment displaced 
PI3K C2A from the Golgi and optogenetic recruitment of the PI3K C2A kinase domain to the 
TGN-induced δR export downstream of NGF. Of importance, PI3K C2A expression promotes 
export of endogenous δR in primary trigeminal ganglion neurons. Taken together, our results 
identify PI3K C2A as being required and sufficient for δR export and surface delivery in neu-
ronal cells and suggest that it could be a key modulator of a novel Golgi export checkpoint 
that coordinates GPCR delivery to the surface.

INTRODUCTION
G protein–coupled receptors (GPCRs), the largest family of signaling 
receptors, are highly regulated by membrane trafficking (Pierce 
et al., 2002). The interplay between signaling and trafficking has 

been explored mainly using endocytic and postendocytic traffick-
ing, which modify the number of receptors on the cell surface 
(Hanyaloglu and von Zastrow, 2008; Marchese et al., 2008). Acti-
vated GPCRs are internalized and trafficked to the endosome, caus-
ing a decrease in cellular responsiveness to the signal. From the 
endosome, receptors are returned to the surface by recycling or are 
degraded in the lysosome (Hanyaloglu and von Zastrow, 2008; 
Marchese et al., 2008; Bowman and Puthenveedu, 2015). In the 
latter case, new receptors need to be made and inserted at the cell 
surface in order for cells to recover signaling.

Compared to endocytic trafficking, relatively little is known about 
whether and how the delivery of newly synthesized GPCRs is regu-
lated by signaling pathways. A physiologically relevant prototype for 
this is the delta opioid receptor (δR), for which regulated delivery of 
newly synthesized receptors has clear physiological and clinical sig-
nificance (Vanderah, 2010; Gendron et al., 2016). The δR is an inhibi-
tory Gi protein–coupled receptor and a promising alternative target 
for pain management (Cahill et al., 2007; Vanderah, 2010; Pradhan 
et al., 2011; Gendron et al., 2016). Several studies have demonstrated 
that increased surface expression of δR in neurons is correlated with 
changes in δR physiology. Factors such as nerve growth factor 
(NGF), bradykinin, and δR activation itself can alter the sensitivity of 
neurons to δR agonists (Patwardhan et al., 2005; Cahill et al., 2007; 
Bie et al., 2010; Mittal et al., 2013; Pettinger et al., 2013). Further, 
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Zastrow, 2003; Gendron et al., 2015; Shiwarski et al., 2017; St-Louis et 
al., 2017). The cellular mechanisms that regulate δR surface delivery 
downstream of extracellular pathways, however, are relatively un-
known. In this study, we elucidate the physiological checkpoint at the 
trans-Golgi network (TGN) that limits δR export from the Golgi and 
surface expression in neuroendocrine cells.

RESULTS
Phosphoinositide-3 kinase activity is 
required for δR export from the Golgi
To visualize intracellular δR retention, we 
used the expression of an N-terminally 
FLAG-tagged δR in cultured neuroendocrine 
cells. This expression system has been highly 
useful to study many GPCRs, including δR, 
and we and others have extensively con-
firmed that tagged receptors are functional 
(Guan et al., 1992; Kim and von Zastrow, 
2003; Arttamangkul et al., 2008; Puthenv-
eedu et al., 2010; Soohoo and Puthenveedu, 
2013; Vistein and Puthenveedu, 2013; 
Bowman et al., 2015; Shiwarski et al., 2017). 
To confirm proper localization of this con-
struct, we expressed FLAG-tagged δR in cul-
tured adult mouse trigeminal ganglia (TG) 
neurons. In TG neurons, after fixed cell im-
munofluorescence, FLAG-tagged δR was lo-
calized predominantly in intracellular struc-
tures that overlapped with the Golgi 
apparatus, recapitulating earlier studies 
showing δR localization to intracellular pools 
(Figure 1A). As an experimental system to 
start addressing the mechanistic regulation 
of δR retention, we used neuroendocrine 
pheochromocytoma-12 (PC12) cells express-
ing N-terminally FLAG-tagged δR in a fixed-
cell immunofluorescence assay. Consistent 
with previous observations, δR expressed in 
PC12 cells showed predominantly surface 
expression (Figure 1B). After NGF treatment 
for 1 h, δR is retained in an intracellular com-
partment broadly overlapping with the TGN 
marker TGN-38 (Figure 1B; Kim and von Za-
strow, 2003). We next directly visualized the 
NGF-mediated accumulation of δR retention 
by expressing an N-terminally green fluores-
cent protein (GFP)–tagged δR and imaging 
δR using live-cell confocal fluorescence mi-
croscopy. When exposed to NGF and im-
aged live, NGF caused robust intracellular 
δR accumulation within 1 h (Supplemental 
Movie S1). Taken together, our results sug-
gest that NGF signaling in PC12 cells ac-
tively reduces δR export from the Golgi and 
recapitulates the intracellular δR retention 
seen in neurons.

To establish that this accumulation repre-
sented a change in export from the Golgi and 
not a transient pool of newly synthesized re-
ceptors, we first accumulated δR in the TGN 
by treating cells with NGF for 1 h to induce 
Golgi retention. After NGF, an increase in the 

studies evaluating expression and localization of δR in cellular systems 
found that δR is localized to intracellular pools in neuronal cells, rais-
ing the exciting idea that the basal surface expression of δR is tightly 
controlled by physiological signals that regulate the surface delivery 
of δR (Roth et al., 1981; Zhang et al., 1998; Petaja-Repo et al., 2000; 
Wang et al., 2001; Cahill et al., 2001a,b; Bao et al., 2003; Kim and von 

FIGURE 1: PI3K inhibition is required and sufficient for intracellular δR retention. 
(A) Representative confocal image from a fixed primary cultured TG neuron expressing a 
FLAG-tagged δR. Internal δR (red in merge) colocalizes with the Golgi marker GPP130 (green in 
merge). (B) Example image (of three independent experiments) of a PC12 cell showing surface 
δR. NGF treatment (60 min at 100 ng/μl) causes internal δR accumulation (arrow), colocalizing 
with TGN-38 (Golgi, green). (C) NGF-treated PC12 cells, chased with cycloheximide (CHX) for 
1 h to prevent additional δR delivery, in the presence of inhibitors of MEK (10 μM U0126, 
denoted as U01), ROCK (5 μM Y-27632, denoted as Y-2), and PLC (10 μM U73122, denoted as 
U73). Percentage of cells with Golgi-localized δR >100 cells each; mean ± SEM; ****p < 0.0001 
by two-sided t test vs. ctrl). None of the inhibitors prevented NGF-mediated δR retention. 
(D) Representative images (of three independent experiments) showing that inhibition of PI3K 
with 10 μM Wtm or LY is sufficient to cause δR retention. (E) Quantitation of percentage of cells 
with δR Golgi localization showing that PI3K inhibition with Wtm or LY is sufficient for δR Golgi 
localization (>100 cells each; mean ± SEM; ****p < 0.0001 by two-sided t test vs. NT). 
(F) Quantitation of the percentage of δR localization within the Golgi normalized to the total cell 
δR fluorescence, showing that PI3K inhibition with Wtm or LY is sufficient for δR retention 
(>100 cells each; mean ± SEM; ***p < 0.001). (G) Example images (of three independent 
experiments) for PC12 cells expressing FLAG-δR, untreated (left two columns) or treated with 
NGF (100 ng/ml) for 1 h. NGF treatment induces intracellular retention of δR (red), which 
colocalizes with the Golgi (green). Activation of PI3K by the p85 subunit–binding peptide 
740YPDGFR (50 μg/ml) decreased NGF-induced Golgi localization of δR. Images without and with 
740YPDGFR. (H) Quantitation of percentage of cells with δR Golgi localization, showing significant 
reduction in percentage of cells with Golgi-localized δR in the NGF condition after addition of 
the PI3K-activating peptide 740YPDGFR (>100 cells each; mean ± SEM; **p < 0.01 by one-way 
ANOVA with Dunn’s multiple comparison test). (I) Image analysis and quantification shows a 
significant reduction in percentage of total δR fluorescence that overlaps with the Golgi in the 
NGF condition after addition of PI3K-activating peptide 740YPDGFR. 740YPDGFR had no effect on 
Golgi localization of δR on its own (>100 cells each; mean ± SEM; ***p < 0.001 by one-way 
ANOVA with Dunn’s multiple comparison test).
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tion of the immunofluorescence confirmed that NGF was sufficient 
to increase the percentage of δR colocalized with the Golgi and 
the percentage of cells exhibiting Golgi-localized δR (Figure 1, H 
and I). The PI3K-activating peptide 740YPDGFR significantly de-
creased the percentage of δR colocalized with the Golgi and the 
percentage of cells exhibiting Golgi-localized δR after NGF treat-
ment (Figure 1, H and I). These data taken together suggest that 
activation of PI3K is sufficient to reduce the NGF-mediated Golgi 
retention of δR.

PI3K inhibition does not induce retention of μR
We next tested whether the δR retention induced by NGF and PI3K 
inhibition represented a general block in surface cargo trafficking or 
a regulated process controlling δR export. To differentiate these, we 
asked whether NGF treatment or PI3K inhibition induced retention 
of the related GPCR, the mu opioid receptor (μR). In PC12 cells ex-
pressing FLAG-tagged μR, neither NGF treatment nor inhibition of 
PI3K by Wtm or LY altered the localization of μR (Figure 2A). On 
quantitation, the percentage of cells showing intracellular retention 
of μR did not change with these treatments (Figure 2B). The fraction 
of μR in the Golgi also did not change with these treatments (Figure 
2C). This suggests that the NGF-PI3K–regulated retention of δR is 
not due to a general block in receptor surface trafficking but repre-
sents a regulated exocytic pathway.

The NGF and PI3K inhibition–induced retention of δR is not 
due to surface receptor internalization
To ensure that the intracellular pool of δR was not derived from re-
ceptors internalized from the cell surface, PC12 cells expressing the 
N-terminally FLAG-tagged δR were prelabeled live with Alexa 647–
conjugated anti-FLAG antibodies to isolate and follow the surface 
pool after NGF, Wtm, or LY addition. None of these treatments 
redistributed surface δR to intracellular compartments (Figure 2D). As 
a positive control, the δR agonist [D-Ala2, D-Leu5]-enkephalin (DA-
DLE) caused robust internalization and redistribution of receptors to 
endosomes (Figure 2D). To quantitate the amount of internalization, 
we incubated the cells with Alexa 488–conjugated secondary anti-
bodies at the end of the treatment. This allowed us to specifically 
detect the remaining surface pool of labeled δR and quantitatively 
estimate the fraction of the surface pool that colocalized with the 
total pool of δR. The surface and the total pools of δR showed robust 
colocalization in cells treated with NGF, Wtm, or LY, comparable to 
control, indicating that these treatments do not induce any notice-
able redistribution of surface δR to intracellular compartments 
(Figure 2, D and E). DADLE, as expected, caused low surface fluores-
cence and a significant loss of colocalization, consistent with 
internalization. These data reveal that the intracellular δR pool in-
duced by NGF or PI3K inhibition is not due to receptor endocytosis. 
Blocking new protein synthesis before NGF treatment, in contrast, 
abolished the intracellular pool of δR (Figure 1C). Together our re-
sults suggest that PI3K activity is required for δR export from the 
Golgi and that NGF inhibits this export, causes δR retention, and 
limits surface δR delivery.

PI3K activity is required for δR export from the Golgi in 
human embryonic kidney 293 cells
In PC12 cells, we showed specificity of PI3K inhibition on the Golgi 
retention of δR by demonstrating that PI3K inhibition does not re-
sult in Golgi retention of the related μR. In addition, Kim and von 
Zastrow (2003) showed that TrkA receptor expression was required 
for NGF-induced δR retention in PC12 cells. Therefore we sought to 
determine whether changes in PI3K activity could control the 

percentage of cells containing an intracellular pool of δR dramatically 
increases (Figure 1C). We then chased this accumulated pool by 
blocking the synthesis of new δR with cycloheximide, thereby prevent-
ing new proteins from entering the Golgi. This chase was performed 
either in the presence of continued NGF or after NGF was removed. 
The intracellular pool was rapidly lost in the absence of NGF, suggest-
ing that NGF induced a block in export. In the continued presence of 
NGF, the intracellular pool persisted even when synthesis of new δR 
was blocked (Figure 1C).

Considering that δR is retained in neurons potentially in the ab-
sence of NGF (Zhang et al., 1998; Cahill et al., 2001a,b; Bao et al., 
2003; Kim and von Zastrow, 2003; Gendron et al., 2015), we next at-
tempted to identify additional signaling factors that could cause re-
tention under physiological conditions in neurons. We focused on 
factors downstream of the TrkA receptor, the primary target of NGF in 
PC12 cells, because it is required for the retention of δR in this system 
(Kim and von Zastrow, 2003). Inhibitors of the main TrkA effectors 
Rho-associated protein kinase (ROCK; Y-27632), MEK (U0126), Akt 
(Akt1/2 kinase inhibitor), phospholipase C (PLC; U73122), protein 
kinase C (PKC; chelerythrine), and c-Src (PP2) did not reduce the NGF-
induced retention of δR in our cycloheximide assay. However, inhibi-
tion of phosphoinositide-3 kinase (PI3K) by wortmannin (Wtm) in-
creased NGF-mediated δR retention (Figure 1C). Strikingly, PI3K 
inhibition by either Wtm or LY294002 (LY) was sufficient to cause δR 
retention in the absence of NGF, as measured by the percentage of 
cells exhibiting intracellular δR (Figure 1, D and E; Vlahos et al., 1994; 
Wymann et al., 1996). To better quantitate the fraction of total cellular 
δR that was retained, we used immunofluorescence of a TGN marker, 
TGN-38, as a mask to measure the δR that colocalized with the 
Golgi (Supplemental Figure S1). NGF treatment or PI3K inhibition 
significantly increased the fraction of Golgi-localized δR (Figure 1F), 
indicating that PI3K activity is required for δR export. We next di-
rectly visualized δR retention via PI3K inhibition by imaging reten-
tion of GFP-δR in live cells as before. When cells are exposed to 
the PI3K inhibitor Wtm and imaged live, there is robust intracellu-
lar δR accumulation within 1 h (Supplemental Movie S2).

To determine whether PI3K inhibition required activation of its 
common downstream kinase targets, we tested whether inhibition 
of the main PI3K targets Akt, PKC, and cSrc was sufficient to induce 
δR retention. In PC12 cells expressing FLAG-tagged δR, treatment 
with the Akt inhibitor (Akt 1/2 inhibitor), PKC inhibitor (chelery-
thrine), or cSrc inhibitor (PP2) was not sufficient to induce intracel-
lular retention of δR (Supplemental Figure S2A). On quantitation, 
neither the percentage of cells with Golgi-localized δR nor the per-
centage of δR localized to the Golgi increased after inhibition of 
PKC, Akt, or cSrc (Supplemental Figure S2, B and C), indicating that 
these kinases were not required for δR export.

PI3K activation is sufficient to reduce the NGF-induced 
retention of δR
We showed that biosynthetic trafficking of δR and its retention in 
the Golgi can be controlled via NGF signaling and PI3K inhibition; 
however, the exact relationship between PI3K inhibition and NGF-
induced Golgi retention of δR was still unknown. Inhibition of PI3K 
with either LY or Wtm was sufficient to induce Golgi retention of δR 
(Figure 1D). We next wanted to determine whether PI3K activation 
was sufficient to prevent δR Golgi retention after NGF treatment. 
To activate PI3K in the presence of NGF, we used a PI3K-activating 
peptide, 740YPDGFR (Derossi et al., 1998). Activation of PI3K by the 
p85 subunit–binding peptide 740YPDGFR decreased the Golgi re-
tention phenotype after NGF. Activation of PI3K by 740YPDGFR had 
no effect on δR Golgi retention on its own (Figure 1G). Quantifica-
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PI3K activity controls the Golgi export 
of GFP–vesicular stomatitis virus 
glycoprotein–δRtail
To test whether PI3K activity was directly af-
fecting the biosynthetic trafficking of δR in a 
sequence-specific manner and evaluate the 
kinetics of δR retention and release, we 
used the temperature-sensitive mutant 
(ts045) of the vesicular stomatitis virus gly-
coprotein (VSVG) to visualize dynamic pro-
tein trafficking through the secretory path-
way. The temperature-sensitive VSVG 
allows for a temperature-controlled release 
of VSVG from the endoplasmic reticulum 
(ER) to the Golgi upon transition from 40 to 
32°C and has widely been used for studying 
protein trafficking through the secretory 
pathway (Kreis, 1986; Nakamura et al., 
1995; Scales et al., 1997). For our experi-
ments, we created a chimeric protein con-
sisting of the temperature-sensitive mutant 
(ts045) VSVG linked to the last 27 amino 
acids of the C-terminal tail domain of δR be-
cause the δR C-terminal tail has been shown 
to be sufficient for NGF-induced Golgi re-
tention in PC12 cells (Kim and von Zastrow, 
2003). To visualize the trafficking in real-
time, we C-terminally tagged our chimeric 
protein with GFP for live-cell fluorescence 
imaging capabilities (VSVG-δRtail-GFP). 
HEK 293 cells were transfected with VSVG-
δRtail-GFP and grown under antibiotic se-
lection for stable expression. To inhibit exit 
of the VSVG-δRtail-GFP from the ER, the 
cells were grown at 40°C. At the time of im-
aging, the cells were transitioned to 32°C 
and visualized by live-cell fluorescence 
microscopy.

At time zero, all HEK 293 cells expressing the VSVG-δRtail-GFP 
exhibited a GFP signal resembling ER localization. Under control 
conditions, trafficking of the VSVG-δRtail-GFP appeared normal, ex-
iting the ER, accumulating within the Golgi, and budding off into 
vesicular structures trafficking toward the membrane. After 1 h at 
32°C, most of the Golgi-accumulated VSVG-δRtail-GFP signal had 
dissipated, and the cell membrane showed increased surface fluo-
rescence (Figure 3G and Supplemental Movie S3). When cells were 
treated with the PI3K inhibitor Wtm, trafficking of the VSVG-δRtail-
GFP from the ER to the Golgi appeared normal; however, a signifi-
cant amount of Golgi-accumulated fluorescence remained after 1 h 
at 32°C (Figure 3G and Supplemental Movie S3). Similarly, inhibition 
of PI3K with LY demonstrated strong intracellular and Golgi reten-
tion of VSVG-δRtail-GFP (Figure 3G). To evaluate quantitatively the 
kinetics of VSVG-δRtail-GFP trafficking, we measured the Golgi fluo-
rescence signal accumulation and decay over the course of the ex-
periment. Inhibition of PI3K by Wtm or LY delayed the trafficking of 
the VSVG-δRtail-GFP from the Golgi and resulted in a prolonged 
Golgi-localized fluorescence intensity compared with control (Figure 
3H). Quantification of the total Golgi-localized fluorescence for 
VSVG-δRtail-GFP over time was performed by calculating the area 
under the curve (AUC) for each experimental condition. Inhibition of 
PI3K by Wtm or LY significantly increased the total Golgi-localized 
δR (Supplemental Figure S3). As a control, HEK 293 cells expressing 

biosynthetic trafficking of δR in cell lines not expressing the TrkA 
receptor, such as human embryonic kidney 293 (HEK 293) cells. 
FLAG-tagged δR and μR were transfected into HEK 293 cells, grown 
under antibiotic selection to obtain a stable pool of expressing 
cells, and evaluated for receptor localization via fixed-cell immuno-
fluorescence detection and confocal microscopy. In HEK 293 cells 
expressing FLAG-δR under control conditions, δR was predomi-
nantly localized to the cell surface and did not colocalize with the 
Golgi marker GPP130 (Figure 3A). When cells were treated with the 
PI3K inhibitor Wtm, there was a dramatic increase in the amount of 
Golgi-localized δR (Figure 3A). Quantification of the δR immunoflu-
orescence confirmed that treatment with Wtm increased both the 
percentage of δR localized to the Golgi and the percentage of cells 
exhibiting Golgi-localized δR (Figure 3, B and C). Identical experi-
ments were performed with the FLAG-μR HEK 293 cells. Like δR, μR 
was basally localized to the cell surface; however, upon treatment 
with the PI3K inhibitor Wtm or LY, there was no change in μR local-
ization (Figure 3D). Quantification of the μR immunofluorescence 
confirmed that treatment with neither Wtm nor LY altered the 
percentage of μR localized to the Golgi or the percentage of cells 
exhibiting Golgi-localized μR (Figure 3, E and F). These data dem-
onstrate that PI3K inhibition is sufficient to induce the Golgi reten-
tion of δR independently of TrkA signaling in a receptor-specific 
manner.

FIGURE 2: PI3K inhibition does not induce intracellular retention of μR. (A) Representative 
images (of three independent experiments) of PC12 cells expressing FLAG-μR as a control do 
not show retention after PI3K inhibition. (B) Quantitation of percentage of cells showing μR 
retention after PI3K inhibition (>100 cells each; mean ± SEM; not significant [p > 0.05] by 
two-sided t test vs. control). (C) Quantitation of percentage of total μR fluorescence that 
overlaps with the Golgi after PI3K inhibition (>100 cells each; mean ± SEM; not significant 
[p > 0.05] by two-sided t test vs. control). (D) Representative images (of three independent 
experiments) for δR endocytosis estimated by selectively labeling the surface vs. total pool 
of δR as described in Materials and Methods. PI3K inhibition did not cause endocytosis. The δR 
agonist DADLE was used as a control for endocytosis. (E) Pearson’s r of colocalization of the 
primary and secondary antibodies. High correlation denotes minimal endocytosis. DADLE 
significantly reduced the correlation, consistent with endocytosis (three representative fields; 
mean ± SEM; ****p < 0.0001 by two-sided t test vs. control).
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in the percentage of δR fluorescence localized to the Golgi after 
1 µM Wtm, whereas NGF and 10 µM Wtm resulted in an increase in 
the percentage of δR fluorescence localized to the Golgi of approxi-
mately fourfold (Figure 4B). Similarly, the percentage of cells exhibit-
ing visual intracellular δR minimally increased after 1 µM Wtm, 
whereas NGF and 10 µM Wtm resulted in 80% of cells exhibiting 
intracellularly localized δR (Figure 4C).

To rule out inhibition of class I PI3Ks as the driver of δR Golgi 
retention, we used the class I isoform–specific PI3K inhibitors PI-
103 (PI3K C1, α), IC87114 (PI3K C1, δ), and AS605240 (PI3K C1, γ; 
Sadhu et al., 2003; Camps et al., 2005; Park et al., 2008). Using our 
fixed-cell immunofluorescence assay in PC12 cells expressing 
FLAG-δR, Wtm (10 µM) and LY (10 µM), which are both pan–class I 
and II PI3K inhibitors at these concentrations, resulted in significant 
Golgi-localized δR fluorescence; however, the PI3K class I–specific 
inhibitors did not cause any change in δR localization pattern 
(Figure 4D). Quantification and image analysis of these data re-
vealed a significant increase in the percentage of δR fluorescence 
localized to the Golgi and the percentage of cells with Golgi-local-
ized δR after 10 µM Wtm or LY treatment but no significant change 
for either measurement after treatment with the PI3K class I–spe-
cific inhibitors (Figure 4, E and F). Therefore inhibition of class I 
PI3Ks is not sufficient to induce Golgi retention of δR, and a con-
centration of >1 µM Wtm is required to stimulate a large increase in 
δR Golgi localization.

VSVG without the δRtail were imaged and treated with LY. Without 
the last 27 amino acids of the C-terminal tail domain of δR, treat-
ment with LY did not delay Golgi export (Figure 3I). These data sug-
gest that inhibiting PI3K decreases Golgi export of VSVG-δRtail-GFP 
in HEK 293 cells and that the last 27 amino acids of δR are sufficient 
to confer PI3K sensitivity.

Inhibition of class I PI3Ks is not sufficient to retain δR 
in the Golgi
There are several classes of PI3Ks: I–III. The best-known and com-
monly targeted are the class I PI3Ks, which are made up of a p85 
regulatory subunit and a p110 catalytic subunit. These PI3Ks are 
primarily responsible for the production of phosphatidylinositol 
(3,4,5)-trisphosphate (PI(3,4,5)P3). Within class I PI3Ks, there are sev-
eral subtypes of the p110 catalytic subunit: α, β, δ, and γ. At nano-
molar and low micromolar concentrations, the PI3K inhibitor Wtm 
preferentially inhibits class I PI3Ks; however, at concentrations ≥1 
µM, Wtm begins to inhibit the class II PI3Ks (Domin et al., 1997). To 
test whether the Golgi retention of δR after treatment with Wtm was 
specific to class I PI3K inhibition, we administered 1 or 10 µM Wtm 
to PC12 cells expressing FLAG-δR. Treatment with 1 µM Wtm had a 
small but statistically significant effect on inducing a Golgi-localized 
pool of δR, whereas 10 µM Wtm demonstrated a large and signifi-
cant increase in the Golgi-localized pool of δR (Figure 4A). Quantifi-
cation and image analysis of these results showed a twofold increase 

FIGURE 3: PI3K inhibition delays export of δR from the Golgi in HEK 293 cells. (A) Example images of HEK 293 cells 
expressing FLAG-δR (δR). In control conditions (ctrl), δR is present on the cell surface; however, in HEK 293 cells, PI3K 
inhibition by Wtm (10 μM) increases the Golgi localization of δR. (B) Image analysis and quantification show a significant 
increase in percentage of cells with the Golgi-localized δR after PI3K inhibition by 10 μM Wtm (>100 cells each; mean ± 
SEM; ****p < 0.0001 by two-sided t test vs. ctrl) (C) Image analysis and quantification reveal a significant increase in 
percentage of total δR fluorescence that overlaps with the Golgi after PI3K inhibition by 10 μM Wtm (>100 cells each; 
mean ± SEM; ****p < 0.0001 by two-sided t test vs. ctrl). (D) Example images of HEK 293 cells expressing FLAG-μR. In 
control conditions (ctrl), μR is present on the cell surface; however, unlike for δR, PI3K inhibition by 10 μM Wtm or LY 
does not increase the Golgi localization of μR. (E) Image analysis and quantification resulted in a nonsignificant change in 
percentage of cells with the Golgi-localized μR after PI3K inhibition by Wtm or LY (ctrl, n = 45; Wtm, n = 80; LY, n = 88; 
mean ± SEM; not significant by two-sided t test vs. ctrl). (F) Image analysis and quantification show a nonsignificant 
change in percentage of total μR fluorescence that overlaps with the Golgi after PI3K inhibition by Wtm or LY (ctrl, 
n = 45; Wtm, n = 80; LY, n = 88; mean ± SEM; not significant by two-sided t test vs. ctrl). (G) Example time-lapse images 
(of four independent experiments) for HEK 293 cells expressing VSVG-δRtail-GFP imaged at the permissive temperature 
of 32°C. PI3K inhibition by 10 μM Wtm and LY resulted in sustained intracellular Golgi signal compared with control. 
(H) Quantification of the Golgi-associated fluorescence signal revealed a kinetic slowing of VSVG-δRtail-GFP trafficking 
from the Golgi after treatment with PI3K inhibitors Wtm and LY (control, 12 cells; Wtm, 14 cells; LY, 12 cells; mean ± 
SEM). (I) Quantification of the Golgi-associated VSVG fluorescence signal after 30 min, normalized to total, reveals that 
VSVG-δRtail-GFP requires the δRtail to show PI3K-dependent trafficking from the Golgi (control VSVG, 9 cells; VSVG 
LY294002, 9 cells; VSVG-δRtail control, 11 cells; VSVG-δRtail LY294002, 11 cells; mean ± SEM; ***p < 0.001).
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quences tested (1–3) showed promising knockdown of PI3K C2A 
and were transferred into the pLenti X1 Puro Dest vector using 
Gateway cloning, and lentiviral particles were produced following a 
modified protocol from Campeau et al. (2009). Stably transduced 
PC12 cells expressing the PI3K C2A shRNAs were evaluated for 
PI3K C2A expression via immunoblotting (Figure 5A). The shRNA 
sequences 2 and 3 produced ∼50% knockdown of PI3K C2A (Figure 
5B), which we observed were optimal for these studies, as higher 
levels of knockdown caused higher cell death, consistent with an 
essential role for PI3K C2A. The PC12 cells expressing PI3K C2A 
shRNA 3 (PI3K C2A shRNA) was chosen for use in our further 
studies.

The PC12 cells expressing PI3K C2A shRNA were transfected 
with a fusion construct expressing a previously characterized fluoro-
gen-activated peptide (FAP) N-terminally tagged to δR (FAP-δR) and 
imaged live via fluorescence confocal microscopy. The FAP-δR was 
chosen for its far-red emission spectra, which results from a mala-
chite green (MG)–based fluorogen (Szent-Gyorgyi et al., 2008, 2013; 
Wu et al., 2014; Pratt et al., 2015). In control cells not expressing the 

Class II PI3K C2A is required for complete surface 
trafficking of δR
Our results suggest that inhibition of class I PI3Ks is not sufficient to 
cause the Golgi retention of δR; however, concentrations of Wtm 
and LY of 10 µM, which can inhibit class II PI3Ks, are sufficient to in-
duce significant retention of δR. In addition, whereas class I PI3Ks 
are traditionally believed to be catalytically active at the plasma 
membrane, class II PI3Ks are active at the TGN and involved in intra-
cellular trafficking and clathrin recruitment (Domin et al., 2000; 
Gaidarov et al., 2001, 2005). For these reasons, we chose to deter-
mine the role of the class II PI3K α (PI3K C2A) in δR Golgi retention 
by knocking down the endogenous PI3K C2A in PC12 cells. Rat 
species–specific PI3K C2A short hairpin RNAs (shRNAs) were de-
signed using the RNAi Central shRNA psm2 Design tool from the 
Hannon laboratory and two previously published shRNAs targeting 
PI3K C2A (Silva et al., 2005; Wang et al., 2006; Bridges et al., 2012). 
All PI3K C2A shRNAs were cloned into the pENTR-pSM2(CMV)GFP 
vector and transiently transfected into PC12 cells for initial evalua-
tion of knockdown (Supplemental Table S1). Three of the five se-

FIGURE 4: Class I PI3K is not required for Golgi retention of δR. (A) Example images (of three independent 
experiments) for PC12 cells expressing FLAG-δR, untreated (ctrl), or treated with NGF (100 ng/ml) for 1 h. NGF 
treatment induces intracellular retention of δR (red), which colocalizes with the Golgi (green). Inhibition of PI3K via 1 μM 
Wtm leads to partial accumulation of δR in the Golgi. Inhibition of PI3K via 10 μM Wtm leads to large accumulation of δR 
in the Golgi. (B) Image analysis and quantification show significant increase in percentage of cells with Golgi-localized δR 
after NGF treatment and PI3K inhibition by 1 and 10 μM Wtm (ctrl, 105 cells; NGF, 64 cells; 1 μM Wtm, 56 cells; 10 μM 
Wtm, 67 cells; mean ± SEM; **p < 0.01, ****p < 0.0001 by two-sided t test vs. ctrl). (C) Further quantification 
demonstrated a significant increase in percentage of total δR fluorescence that overlaps with the Golgi in the NGF 
condition and a dose-dependent effect on percentage of δR-Golgi localization for 1 and 10 μM Wtm (ctrl, 105 cells; 
NGF, 64 cells; 1 μM Wtm, 56 cells; 10 μM Wtm, 67 cells; mean ± SEM; *p < 0.05, ****p < 0.0001 by two-sided t test vs. 
ctrl). (D) Example images (of three independent experiments) for PC12 cells expressing FLAG-δR, untreated (ctrl), or 
treated with NGF (100 ng/ml), LY (10 μM), or Wtm (10 μM) for 1 h induces intracellular retention of δR (red), which 
colocalizes with the Golgi (green). Class I–specific PI3K inhibitors PI-103 (PI3K C1 α, 50 nM), IC87114 (PI3K C1 δ, 5 μM), 
and AS605240 (PI3K C1 γ, 25 nM) were not sufficient to cause Golgi retention of δR. (E) Quantification demonstrated a 
significant increase in percentage of cells with Golgi-localized δR after NGF treatment and PI3K inhibition by LY (10 μM) 
or Wtm (10 μM) but not after class I–specific PI3K inhibition by PI3K inhibitors PI-103 (PI3K C1 α, 50 nM), IC87114 (PI3K 
C1 δ, 5 μM), and AS605240 (PI3K C1 γ, 25 nM; ctrl, 42 cells; NGF, 73 cells; LY, 77 cells; Wtm, 45 cells; α, 82 cells; δ, 99 
cells; γ, 28 cells; mean ± SEM; ***p < 0.001 by one-way ANOVA with Dunn’s multiple comparison test). (F) Image 
analysis and quantification demonstrated a significant increase in percentage of cells with the Golgi-localized δR after 
NGF treatment and PI3K inhibition by 10 μM LY or Wtm but not after class I–specific PI3K inhibition by PI3K inhibitors 
PI-103 (PI3K C1 α, 50 nM), IC87114 (PI3K C1 δ, 5 μM), and AS605240 (PI3K C1 γ, 25 nM; ctrl, 42 cells; NGF, 73 cells; LY, 
77 cells; Wtm, 45 cells; α, 82 cells; δ, 99 cells; γ, 28 cells; mean ± SEM; **p < 0.01, ****p < 0.0001 by one-way ANOVA 
with Dunn’s multiple comparison test).
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increase in cAMP after 5 µM forskolin, followed by inhibition after 
addition of the δR agonist DADLE (10 µM) and subsequent recep-
tor internalization (Figure 5F). Quantification of the change in cAMP 
over time in these cells revealed ∼50% inhibition of the forskolin-
stimulated cAMP after δR agonist addition. In cells expressing PI3K 
C2A siRNA, in contrast, there was no significant reduction in the 
cAMP levels after δR agonist addition (Figure 5, G and H). This sug-
gests that PI3K C2A expression is required for surface trafficking of 
functionally competent δR.

Exogenous expression of class II PI3K C2A is sufficient to 
decrease NGF-induced retention of δR
Because PI3K C2A was required for proper trafficking and function 
of δR to the surface in PC12 cells, we tested whether PI3K C2A 
localization was altered after NGF treatment. PC12 cells were trans-
fected with GFP-PI3K C2A, treated with or without NGF for 1 h, and 
imaged via fixed-cell fluorescence confocal microscopy. GFP-PI3K 
C2A displayed an expected cytoplasmic and Golgi localization in 

PI3K C2A shRNA, FAP-tagged δR was localized to the cell surface; 
however, in the cells stably expressing the PI3K C2A shRNA, a 
prominent Golgi-localized pool of δR was observed (Figure 5C). 
Image analysis and quantification demonstrated a significant in-
crease in the percentage of δR fluorescence localized to the Golgi 
and in the percentage of cells that had Golgi-localized δR in PI3K 
C2A shRNA–expressing cells compared with cells that only ex-
pressed the FAP-tagged δR (Figure 5, D and E). To evaluate the 
functional consequence of PI3K C2A knockdown on δR function, 
we measured cAMP inhibition, as a readout for δR activation and Gi 
coupling, using the exchange protein directly activated by cAMP 
(EPAC)–based Förster resonance energy transfer (FRET) sensor 
(DiPilato et al., 2004; Shiwarski et al., 2017). PC12 cells stably ex-
pressing FAP-δR were transiently transfected with the EPAC FRET 
sensor and siRNA against PI3K C2A. Activation of δR was quantified 
based on inhibition of forskolin-stimulated cAMP using live-cell 
fluorescence imaging as previously described (Shiwarski et al., 
2017). Cells transfected with control siRNA showed an expected 

FIGURE 5: Class II PI3K C2A is required for surface trafficking of δR. (A) Immunoblotting for PI3K C2A (C2A) confirmed 
knockdown of C2A in PC12 cells stably expressing C2A lentiviral shRNA. Three different shRNA sequences were used 
to determine the most efficient knockdown. Representative immunoblot, with actin as a loading control. Blot 
densitometry was performed to quantitate the percentage of knockdown for C2A shRNA sequences 1–3 compared 
with control (Ctl) cells. (B) Densitometry (of three independent experiments) revealed C2A shRNA sequences 2 and 3 as 
providing significant reduction in C2A protein expression, with shRNA 3 providing the best knockdown at 49% (three 
independent experiments; mean ± SEM; **p < 0.01 by two-sided t test vs. Ctl). (C) Example images (of three 
independent experiments) for PC12 cells expressing FAP-δR (δR) with and without lentiviral PI3K C2A shRNA 3 (C2A 
shRNA) with a GFP reporter. Cells stably expressing the PI3K C2A shRNA were identified via GFP expression and had 
increased intracellular δR. (D) Image analysis and quantification revealed a significant increase in percentage of total δR 
fluorescence that overlaps with the Golgi in cells stably expressing the PI3K C2A shRNA compared with δR-only cells 
(δR, 102 cells; δR + C2A shRNA, 75 cells; mean ± SEM; ****p < 0.0001 by two-sided t test vs. δR). (E) Further 
quantification confirmed a significant increase in percentage of cells with Golgi-localized δR in cells stably expressing the 
PI3K C2A shRNA compared with δR-only cells (δR, 102 cells; δR + C2A shRNA, 75 cells; mean ± SEM; ****p < 0.0001 by 
two-sided t test vs. δR). (F) Example images from PC12 FAP- δR cells expressing EPAC cAMP biosensor and control 
nontargeted siRNA. Images reveal an increase in cAMP EPAC FRET ratio over time after 5 μM forskolin addition and 
subsequent decrease in cAMP and receptor internalization after δR agonist DADLE (10μM) addition. (G) Quantitative 
analysis of the EPAC FRET ratio, showing an increase in cAMP after forskolin addition and decrease after δR agonist 
DADLE addition in control (Ctl) siRNA cells. Similar experiments performed in cells transfected with PI3K C2A siRNA 
exhibited no decrease in cAMP after δR agonist DADLE (Ctl siRNA, 12 cells; C2A siRNA, 10 cells; mean ± SEM). 
(H) Analysis of percentage of cAMP inhibition after δR agonist addition demonstrates PI3K C2A siRNA ability to 
significantly reduce cAMP inhibition compared with control siRNA cells (Ctl siRNA, 12 cells; C2A siRNA, 10 cells; 
mean ± SEM; ****p < 0.0001 by two-sided t test Ctl vs. C2A siRNA).
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rescence localized to the Golgi and in the percentage of cells that 
had Golgi-localized δR after NGF treatment for cells that only ex-
pressed the FAP-δR. In cells expressing FAP-δR and GFP-PI3K C2A, a 
significant decrease in the NGF-induced retention of δR, measured 
via the percentage of δR fluorescence localized to the Golgi and in 
the percentage of cells that had Golgi-localized δR, was observed 
(Figure 6, E and F).

To test whether PI3K C2A induces the trafficking of endogenous 
δR in neurons, we used the δR-specific ligand deltorphin II, C-termi-
nally conjugated with a Cy3 fluorescent dye (Shiwarski et al., 2017), 
to directly visualize endogenous receptors on the cell surface. 
Primary TG neurons were isolated and dissociated from adult mice, 
grown in culture, and microinjected with plasmid DNA for GFP-PI3K 
C2A. After 72 h in culture, we measured surface deltorphin II–Cy3 
binding in neurons, with and without the expression of GFP-PI3K 
C2A, by live-cell confocal microscopy. In TG neurons expressing 
GFP-PI3K C2A, there was a 3.27-fold increase in deltorphin II–Cy3 
fluorescence compared with control cells on the same coverslips 

control untreated conditions. After NGF, GFP-PI3K C2A appeared 
much more diffusely localized within the cytoplasm and less concen-
trated around the Golgi (Figure 6A). Quantification and image anal-
ysis of these data revealed a significant decrease in the percentage 
of GFP-PI3K C2A fluorescence localized to the Golgi and the per-
centage of cells with perinuclear-localized GFP-PI3K C2A after NGF 
(Figure 6, B and C).

We next asked whether exogenous expression of PI3K C2A was 
sufficient to reduce the NGF-induced retention of δR. PC12 cells 
stably expressing FAP- δR were transiently transfected with GFP-PI3K 
C2A and imaged via live-cell fluorescence confocal microscopy. In 
cells expressing only the FAP-δR, control treated cells expressed pre-
dominantly surface-localized δR, whereas 1 h of NGF treatment re-
sulted in the expected Golgi localization of δR (Figure 6D). For the 
cells expressing FAP-δR and GFP-PI3K C2A, δR was localized to the 
cell surface, with minimal detectable Golgi localization in both con-
trol and NGF-treated conditions (Figure 6D). Quantification of these 
experiments demonstrated an increase in the percentage of δR fluo-

FIGURE 6: Expression of class II PI3K C2A is sufficient to induce surface trafficking of δR. (A) Example images (of three 
independent experiments) for PC12 cells expressing GFP-PI3K C2A (green) demonstrate a pool of GFP-PI3K C2A 
enriched around the Golgi (TGN-38, red) in control conditions (Ctl) that is reduced after 1 h of treatment with NGF 
(100 ng/ml). (B) Quantification of GFP-PI3K C2A mean fluorescence intensity revealed a significant decrease in Golgi 
localization after NGF treatment (control, 36 cells; NGF, 45 cells; mean ± SEM; ****p < 0.0001 by two-sided t test vs. 
control). (C) Additional quantification of the observed shift in GFP-PI3K C2A distribution shows a shift from perinuclear 
localization to diffuse cytoplasmic localization after NGF treatment (control, 28 of 36 perinuclear; NGF, 12 of 33 
perinuclear; mean ± SEM; ****p < 0.0001 by two-sided Fisher’s exact test vs. control). (D) Example images (of three 
independent experiments) for PC12 cells expressing FAP-δR (δR, red) alone and in combination with overexpression of 
GFP-PI3K C2A (PI3K C2A, green) untreated (Ctl) or treated with NGF (100 ng/ml) for 1 h. Overexpression of GFP-PI3K 
C2A was sufficient to prevent the NGF-induced Golgi retention of δR. (E) Quantification and image analysis show a 
significant decrease in percentage of total δR fluorescence that overlaps with the Golgi in cells treated with NGF when 
overexpressing GFP-PI3K C2A compared with δR-only cells (>100 cells each; mean ± SEM; ****p < 0.0001 by two-sided 
t test vs. δR Ctl). (F) Further quantification demonstrated a significant decrease in percentage of cells with Golgi-localized 
δR in cells treated with NGF when overexpressing GFP-PI3K C2A compared with δR-only cells (>100 cells each; mean ± 
SEM; ****p < 0.0001 by two-sided t test vs. δR Ctl). (G) Example image showing GFP-PI3K C2A (green) expression in 
primary TG neuron counterstained live with Hoechst DNA stain (blue). TG neurons expressing GFP-PI3K C2A have 
∼3.27-fold higher deltorphin II–Cy3 binding compared with nonexpressing (without PI3K-C2A) TG neurons (without 
PI3K-C2A, 33 cells; expresses PI3K-C2A, 35 cells; mean ± SEM; ****p < 0.0001 by two-sided t test vs. without PI3K-C2A).
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tal Movie S5). Further examination of the time-lapse images reveals 
de novo δR-positive formation of vesicles from the TGN, which ap-
pear to traffic toward the cell surface (Figure 7E). Quantification of the 
δR fluorescence intensity within the TGN region defined by the CIBN-
GFP-TGN over time shows a dramatic decrease in Golgi-localized δR 
fluorescence intensity after mCherry-CRY2-PI3K-C2A-KD recruitment 
(Figure 7F). In addition, analysis of the initial versus postrecruitment 
membrane and Golgi-localized δR fluorescence demonstrates a small 
but significant increase in δR membrane fluorescence and a signifi-
cant decrease in the Golgi-localized δR fluorescence (Figure 7G). 
These data demonstrate that the PI3K C2A kinase domain is sufficient 
to acutely release the Golgi-retained pool of δR and stimulate its traf-
ficking to the cell surface.

DISCUSSION
Our results implicate the atypical PI3K C2A in regulating surface 
trafficking of newly synthesized δRs downstream of extracellular sig-
nals mediated by NGF. Inhibition of PI3K C2A, either pharmacologi-
cally or by genetic methods, induced retention of δR in intracellular 
compartments independently of extracellular NGF. After NGF-in-
duced retention of δR in the Golgi, recruitment of the kinase domain 
of PI3K C2A to the TGN was sufficient to induce export and delivery 
of δR to the surface. These data suggest that the localization of PI3K 
controls the phosphoinositide checkpoint, preventing newly synthe-
sized δR from reaching the cell surface.

PI3Ks, of which there are several classes, control the generation 
of 3′-phosphoinositides within lipid membranes and specify com-
partmentalization of proteins within membranes (De Matteis and 
Godi, 2004). Class I PI3Ks, consisting of a p85 regulatory subunit 
and a p110 catalytic subunit, have been implicated in trafficking. 
Inhibition of the p110δ subunit of class I PI3K can impair the traffick-
ing of tumor necrosis factor α (TNFα) from the Golgi by preventing 
tubule scission in macrophages (Low et al., 2010). Active PI3K 
converts phosphatidylinositol (4,5)-bisphosphate (PI(4,5)P2) into 
PI(3,4,5)P3, creating a docking site for proteins containing the pleck-
strin homology (PH) domain to regulate trafficking. The class III PI3K 
Vps34 is similar to class I PI3K but primarily synthesizes phosphati-
dylinositol 3-phosphate (PI(3)P) and regulates endosomal recycling 
(Mazza and Maffucci, 2011; Carpentier et al., 2013). Class II PI3Ks, in 
contrast, are single-subunit kinases comprising α, β, and γ isoforms 
and containing a unique C2 domain and a PX domain (Domin et al., 
1997; Backer, 2008; Mazza and Maffucci, 2011). These mainly use PI 
and PI(4)P as substrates to produce PI(3)P and phosphatidylinositol 
(3,4)-bisphosphate (PI(3,4)P2). Class II PI3K α (PI3K C2A) has been 
shown to localize to the TGN, where it can produce PI(3,4,5)P3 from 
PI(4,5)P2 and recruit clathrin-coated vesicles via the AP-1 adaptor 
protein (Domin et al., 2000).

To the best of our knowledge, this study provides the first evi-
dence that PI3K C2A mediates Golgi export and surface delivery of 
GPCRs in the biosynthetic pathway. This is consistent with our recent 
data that inhibition of phosphatase and tensin homologue (PTEN), a 
phosphatase that counters the activity of PI3K C2A, functionally in-
creases the surface numbers of δR in TG neurons and improves the 
efficacy of δR agonists in a mouse model of chronic pain (Shiwarski 
et al., 2017). PI3K C2A has been implicated in changing signaling 
characteristics of receptors, including GPCRs, but its role in traffick-
ing has been studied largely in the context of the endocytic pathway 
(Biswas et al., 2013; Campa et al., 2015). After clathrin-coated pit 
formation, PI3K C2A can regulate endocytic dynamics by generat-
ing a local population of PI(3,4)P2 and recruiting the BAR domain–
containing protein SNX9 (Posor et al., 2013). Consistent with this, 
depletion of PI3K C2A reduced the amount of VEGFR2 localized to 

that were not expressing GFP-PI3K C2A (Figure 6G). Taken together, 
these data suggest that increased PI3K C2A expression is sufficient 
to reduce NGF-induced retention of δR and increase the functional 
pool of endogenous surface receptors in TG neurons.

Optogenetic recruitment of the PI3K C2A kinase domain to 
the TGN is sufficient to promote δR surface trafficking and 
exocytosis
To determine whether the kinase domain of PI3K C2A at the TGN is 
sufficient to acutely induce trafficking of δR to the cell surface after 
NGF-induced retention of δR, we developed a TGN-targeted opto-
genetic recruitment strategy. It was previously shown that the CRY2 
and CIBN optical dimerization system developed by the Tucker 
laboratory could be used to control phosphoinositide metabolism 
at the plasma membrane (Kennedy et al., 2010; Idevall-Hagren 
et al., 2012). To use this strategy for targeting of PI3K C2A to the 
TGN, we exchanged the plasma membrane–targeting domain on 
the CIBN-GFP for a TGN-targeting domain from the N-terminus of 
2,6-sialyltransferase (CIBN-GFP-TGN). The PI3K C2A kinase domain 
(KD; amino acids 863–1405) was cloned onto the C-terminus of 
an mCherry-CRY2 chimeric construct to make mCherry-CRY2-
PI3K-C2A-KD (Figure 7A). The GFP-CIBN-TGN has a basal TGN 
localization, and the mCherry-CRY2-PI3K-C2A-KD is mostly cyto-
plasmic before recruitment. Optogenetic recruitment and dimeriza-
tion between the CRY2 and CIBN is activated by blue light 
stimulation at 488 nm, driving the mCherry-CRY2-PI3K-C2A-KD to 
the TGN (Figure 7A).

To confirm functionality and correct localization of the TGN-
targeted CIBN-GFP-TGN, and verify proper recruitment of the 
mCherry-CRY2-PI3K-C2A-KD upon blue light activation, we trans-
fected PC12 cells with CIBN-GFP-TGN, mCherry-CRY2-PI3K-C2A-
KD, and the TGN marker PH-FAPP1-GFP, which binds to phosphati-
dylinositol 4-phosphate (PI(4)P). The cells were then imaged via 
live-cell fluorescence confocal microscopy. Before recruitment, the 
mCherry-CRY2-PI3K-C2A-KD was localized to the cytoplasm and 
the CIBN-GFP-TGN to the region overlapping with the PH-FAPP1-
GFP. Upon stimulation with 488-nm blue light, the mCherry-CRY2-
PI3K-C2A-KD was rapidly recruited to the CIBN-GFP-TGN within 5 
s (Figure 7B and Supplemental Movie S4). To evaluate the colocal-
ization between CIBN-GFP-TGN, mCherry-CRY2-PI3K-C2A-KD, 
and PH-FAPP1-GFP, we performed a line-scan analysis for the im-
ages over time. Over the course of 5 s after 488-nm excitation and 
recruitment, the fluorescence intensity for the mCherry-CRY2-
PI3K-C2A-KD increases within a localized region (Supplemental 
Figure S4). Five seconds after recruitment is initiated, the peak 
fluorescence intensity of the CIBN-GFP-TGN, mCherry-CRY2-
PI3K-C2A-KD, and PH-FAPP1-GFP are superimposed with each 
other, suggesting colocalization and effective recruitment of the 
mCherry-CRY2-PI3K-C2A-KD to the TGN (Figure 7C).

With the ability to spatially and temporally control the recruitment 
of the kinase domain of PI3K C2A to the TGN, we tested whether 
PI3K C2A recruitment would rescue δR Golgi retention. For these ex-
periments, we transfected PC12 cells with FAP-δR, CIBN-GFP-TGN, 
and mCherry-CRY2-PI3K-C2A-KD. This allowed for the simultaneous 
imaging of δR trafficking and optogenetic recruitment of mCherry-
CRY2-PI3K-C2A-KD to the TGN. Before PI3K C2A recruitment, the 
cells were pretreated with NGF for 1 h to induce Golgi retention of δR. 
Once retention of δR was confirmed, optical recruitment was initiated 
by activation with 488-nm blue light. Over the course of 10 min, the 
internal Golgi pool of δR decreases in both size and intensity in re-
sponse to the recruitment of mCherry-CRY2-PI3K-C2A-KD to the 
TGN (Figure 7D; full imaging series showing decrease in Supplemen-
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FIGURE 7: Optogenetic recruitment of the PI3K C2A kinase domain to the TGN is sufficient to induce δR surface 
trafficking. (A) Schematic showing the optogenetic recruitment strategy for targeting the PI3K C2A kinase domain 
to the TGN upon stimulation with blue light. The CRY2-CIBN optical recruitment system was adapted by cloning 
the PI3K C2A kinase domain (amino acids 863–1405, KD) onto the C-terminus of an mCherry-CRY2 chimeric 
construct to make mCherry-CRY2-PI3K-C2A-KD. In addition, the GFP-CIBN was adapted for TGN-specific 
recruitment by cloning the N-term of 2,6-sialyltransferase onto the C-terminus of GFP-CIBN to make GFP-CIBN-
SialyT. The GFP-CIBN-SialyT has a basal TGN localization and the mCherry-CRY2-PI3K-C2A-KD is mostly 
cytoplasmic before recruitment. Optorecruitment is activated by blue light stimulation at 488 nm driving the 
mCherry-CRY2-PI3K-C2A-KD to the TGN. (B) PC12 cells were transiently transfected with the mCherry-CRY2-PI3K-
C2A-KD (C2A KD, red), GFP-CIBN-SialyT (CIBN-TGN, green), and the TGN-localized PI(4)P sensor PH-FAPP1-iRFP 
(PH-FAPP1, blue) for live imaging of the optogenetic recruitment. During the live stimulation with 488-nm light, 
recruitment of the C2A KD to the CIBN-TGN and PH-FAPP1 can be observed within 5 s. (C) Analysis of the 
recruitment and colocalization of the C2A KD to the CIBN-TGN and PH-FAPP1 region was performed via a line-scan 
plot (example line in yellow) to identify relative spatiotemporal fluorescence intensity over a pixel area. Over time, 
the peak fluorescence intensity and the fluorescence intensity distribution for C2A KD (red), CIBN-TGN (green), and 
PH-FAPP1 (blue) are all highly overlapping after 5 s. (D) PC12 cells were transiently transfected with the mCherry-
CRY2-PI3K-C2A-KD (C2A KD, blue), GFP-CIBN-SialyT (CIBN-TGN, green), and FAP-δR (δR, red) for live imaging of 
the optogenetic recruitment and induced surface trafficking after NGF-induced retention of δR. NGF (100 ng/ml) 
was added for 1 h to cause Golgi retention of δR (yellow arrow). Optical recruitment of the mCherry-CRY2-PI3K-
C2A-KD to the TGN was performed to stimulate PI3K C2A and induce surface trafficking of the retained pool of δR. 
After recruitment, the Golgi pool of δR decreases and appears to vesiculate. (E) Analysis of live-imaging frames 
reveals the formation of vesicles containing δR beginning in the TGN (yellow arrow), bud off, and appear to be 
trafficking to the cell surface. (F) Image analysis and quantification of the complete recruitment movie demonstrate 
a decrease in the δR fluorescence intensity within the TGN over time after active and sustained recruitment of the 
mCherry-CRY2-PI3K-C2A-KD to the TGN. (G) Quantification and analysis (of eight independent experiments) show 
the fold change in δR membrane and TGN-localized fluorescence normalized to their starting values (dotted blue 
line) after recruitment of mCherry-CRY2-PI3K-C2A-KD to the TGN. There is a significant decrease in the 
fluorescence intensity of δR within the TGN after recruitment (TGN δR, 37%), as well as a significant increase in total 
δR membrane fluorescence (membrane δR, 7%; membrane δR, eight cells; TGN δR, eight cells; mean ± SEM; 
****p < 0.0001 by two-sided t test vs. respective Ctl).
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result of increased total expression, changes in GRK2 binding, or 
increased coupling to channels (Patwardhan et al., 2005; Pettinger 
et al., 2013; Brackley et al., 2016). Our results show a direct role for 
PI3K C2A in regulating δR export from the TGN and surface delivery, 
independent of expression and receptor activation. NGF, on acute 
application, can increase brainstem responses to δR agonists in a 
PI3K-dependent manner (Bie et al., 2010). In our experiments, we 
see minimal changes in surface δR levels at early time points after 
NGF, suggesting that the increased response after acute NGF is 
likely due to changes in coupling of δR to channels. Of interest, 
acute NGF has been shown to stimulate PI3K activity at the plasma 
membrane, whereas persistent NGF can decrease PI3K activity 
(Chen et al., 2012). Although this is consistent with the retention we 
observe after long-term NGF, which phenocopies the retention ob-
served with PI3K-C2A inhibition, it is possible that the PI3K C2A–
regulated exocytic pathway that we define here plays redundant or 
overlapping roles with the foregoing mechanisms in modulating δR 
function on the cell surface.

Independent of the diversity in mechanisms and signals that me-
diate δR surface delivery, a cargo export checkpoint in the Golgi is 
intriguing at a fundamental level. The prevalent model for cargo 
transport through the Golgi postulates that compartments contain-
ing cargo mature into the next, and that resident enzymes are con-
stantly retrieved by vesicles that travel backward (Papanikou and 
Glick, 2014). When receptor cargo reaches the TGN, the expected 
outcome is that they are packaged into export vesicles, unlike 
resident proteins, which are retrieved to earlier compartments. The 
retention we observe likely reflects a switch in the sorting of δR be-
tween regulated export and retrieval pathways. A recent study 
shows that δR has sequence elements on its intracellular loops that 
can interact with COPI, a main mediator of retrieval, and that these 
interactions prevent constitutive δR surface expression (St-Louis 
et al., 2017). Because the C-terminal tail of δR is sufficient for NGF-
regulated transport, it is possible that additional biochemical mech-
anisms exist for signal-regulated δR transport in neurons. Of interest, 
activity of AKT, the best-known kinase activated downstream of 
PI3Ks, had no effect on modulating the NGF-regulated retention of 
δR. This suggests that the switch between regulated export and re-
trieval pathways for δR is driven by the 3′-phosphorylation of phos-
phoinositides (PIs) at the TGN. Thus δR TGN export and surface 
expression could be dynamically tuned by altering the balance of 
3′-PI phosphorylation at the TGN via extracellular signaling events 
such as NGF addition. Through precise activation and localization of 
phosphoinositide kinases in response to physiological cues and en-
vironmental signals, receptor surface expression could be controlled 
independently of transcription.

Our data support a model in which δR export is mediated by a 
specialized pathway dependent on PI3K C2A–mediated 3′-phos-
phorylation of PIs at the TGN, distinct from the previously described 
PI4K-dependent export pathway. We believe that PI(3,4)P2 is the 
main PI driving δR export at the TGN, as it can be directly generated 
from phosphorylation of PI(4)P, the predominant phospholipid spe-
cies in the TGN. This model is further supported by the lack of in-
volvement of class I PI3K and Akt in δR retention. This provides a 
potential control point for extracellular signals such as NGF to 
regulate export of receptors that use this pathway. Of interest, δR 
retention is normally observed only in neuronal cells, raising the 
possibility that neuronal differentiation induces a new export path-
way that is absent from nondifferentiated cells. Our data indicate 
that this is unlikely because we can recapitulate the neuronal reten-
tion phenotype by inhibiting PI3K C2A in either epithelial HEK 293 
cells or neuroendocrine PC12 cells. This suggests that δR export is 

FYVE-containing endosomes (Yoshioka et al., 2012). PI3K C2A can 
localize to clathrin-coated vesicles with the AP-1 adaptor protein 
and also directly associate with the AP-2 adaptor protein (Domin 
et al., 2000; Gaidarov et al., 2001). In addition, the N-terminal re-
gion of PI3K C2A can directly bind and recruit clathrin. This interac-
tion activates the enzyme and increases PI(3,4)P2 and PI(3,4,5)P3 
generation (Gaidarov et al., 2005; Zhao et al., 2007). Because PI3K 
C2A localizes primarily to the TGN, our data that PI3K C2A at the 
TGN is required and sufficient for regulated release of δR might re-
flect analogous roles for PI3K C2A in endocytosis and TGN export.

This PI3K C2A–mediated pathway likely represents an export 
pathway for subsets of cargo molecules requiring on-demand re-
lease from intracellular storage compartments. The canonical path-
way for cargo export from the TGN acts through activation of PI4KIII 
and PI4KII, which stimulate PI(4)P synthesis in the Golgi and recruits 
trafficking components like AP1 and GGA to the TGN (Van Lint et al., 
2002; Weixel et al., 2005; Di Paolo and De Camilli, 2006; Wang et al., 
2007; De Matteis and Luini, 2008; Szentpetery et al., 2010; Balla 
et al., 2012; Cruz-Garcia et al., 2013; Guo et al., 2013; Bonifacino, 
2014). This process is regulated by protein kinase D (PKD) activity at 
the TGN, which controls synthesis of PI(4)P and PI(4,5)P2 and regu-
lates constitutive VSVG export (Van Lint et al., 2002). Although GGA 
adapter proteins can mediate Golgi export of some members of the 
GPCR family (Zhang et al., 2016a,b), it is unlikely that PI3K C2A–
mediated export of δR reflects this constitutive export. Neither NGF 
nor PI3K inhibition caused retention of µR, whereas PI3K C2A inhibi-
tion caused retention of δR and impaired GLUT4 translocation and 
hormone secretion (Meunier et al., 2005; Falasca et al., 2007). Fur-
ther, using a fluorescent PI(4)P reporter, GFP-PH-FAPP1, we observed 
no apparent change in PI(4)P levels in the TGN after NGF treatment, 
and Wtm at 150 nM, which inhibits PI4K (Meyers and Cantley, 1997), 
does not cause δR retention (unpublished data; Figure 3B). Therefore 
the PI3K C2A–dependent pathway might act as receptor-selective 
alternative trafficking route to the more traditional PI(4)P-mediated 
constitutive export pathway.

Regulated surface delivery of δR was first proposed many years 
ago, but the exact pathway that δR takes to the surface is still under 
debate. Unlike the more conventionally surface localized µR, the δR 
appeared to display cell type–specific localization patterns. Of 
interest, in dorsal root ganglion neurons and cells overexpressing 
chromogranin-A and pre–protachykinin-A (PPT-A), δR was immuno-
localized to large dense-core vesicles (Zhang et al., 1998; Guan 
et al., 2005). Because this localization was lost in mice lacking PPT-A, 
it was suggested that interactions of the lumenal domain of δR with 
the substance P (SP) domain of protachykinin caused δR retention 
(Guan et al., 2005). Further, in a knock-in mouse expressing δR that 
was C-terminally tagged with GFP, the localization of δR in intracel-
lular and surface pools was not dependent on SP (Scherrer et al., 
2009). One potential caveat about this mouse, however, is that tag-
ging δR on the C-terminus with enhanced GFP (eGFP) could prevent 
normal interactions required for regulated trafficking because the 
C-terminal 27 amino acids of δR mediate intracellular δR retention 
(Kim and von Zastrow, 2003). Supporting this, in cultured cells, a C-
terminally tagged δR showed predominant surface localization com-
pared with an N-terminally tagged δR (Wang et al., 2008).

Several studies attempted to evaluate how extracellular signal-
ing from δR agonists and inflammatory molecules can modulate δR 
function at the surface. One example is that δR activation itself 
might increase δR coupling to voltage-dependent calcium channels 
on the surface via a ROCK-LIMK pathway (Mittal et al., 2013). 
Similarly, the proinflammatory peptide bradykinin increases surface 
levels and δR responses, although it is not clear whether this is a 
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TGs were cut into small pieces and placed into ice-cold Lebovitz 
medium. The Lebovitz medium was then removed, replaced with a 
sterile filtered papain solution, and incubated for 15 min at 37°C. 
Next the papain solution was aspirated, and a sterile filtered colla-
genase solution was applied for 15–20 min at 37°C. After comple-
tion of digestion and removal of the collagenase solution, 2 ml of 
Neurobasal A medium (Invitrogen) was added to the TG tissue. The 
TGs were then triturated with a fire-polished Pasteur pipette until 
the neurons appeared visually dissociated. The TG cells were then 
plated onto the poly-d-lysine– and laminin-coated coverslips within 
a cloning ring to create a highly dense cell population. After 5 h, the 
cloning ring was removed and fresh Neurobasal A medium added 
to each well. All animals were housed in Association for Assessment 
and Accreditation of Laboratory Animal Care–approved facilities, 
and studies used protocols that received institutional review and 
approval from the Institutional Animal Care and Use Committees at 
the respective institutions.

DNA transfection of cultured cells
PC12 cells were plated in collagen IV–coated, six-well plates and 
grown in F12K medium containing 10% horse serum and 5% FBS 
for 24 h before transfection. Lipofectamine 2000 lipofection re-
agent (11668-019; Invitrogen) was used to transiently transfect 
PC12 cells with the desired plasmid constructs, following the manu-
facturer’s recommendations. Briefly, Opti-MEM (100 µl) was added 
to two 1.7-ml microcentrifuge tubes. Lipofectamine 2000 (7.5 µl) 
and the appropriate plasmid DNA (1.5 µg) were added to the Opti-
MEM-containing 1.7-ml microcentrifuge tubes and incubated at 
room temperature for 5 min. The entire DNA–Opti-MEM mixture 
was then added to the microcentrifuge tube containing Opti-MEM 
and Lipofectamine 2000, mixed well, and incubated for 20 min at 
room temperature. The growth medium was removed from the 
cells to be transfected, and 1 ml of Opti-MEM was added to each 
well. After incubation, the entire transfection mixture was added 
dropwise to one well. Cells were then incubated with the transfec-
tion mixture at 37°C for 5 h. Subsequently the transfection solution 
was aspirated from the wells and replaced with 2 ml of F12K me-
dium containing 10% horse serum and 5% FBS. Experiments were 
conducted 48–72 h after transfection. Similar protocols were used 
for HEK 293 cells and TG neurons, substituting appropriate cell-
specific media.

Fixed-cell immunofluorescence
HEK 293 and PC12 cells were transfected with either FLAG-δR or 
FLAG-μR, and stable cells were obtained via antibiotic selection. 
Stably expressing cells were plated on coverslips (Corning) coated 
with poly-d-lysine (P7280; Sigma-Aldrich) and grown at 37°C for 
24–48 h. After treatment, cells were fixed in 4% paraformaldehyde, 
pH 7.4. The cells were blocked with phosphate-buffered saline (PBS) 
containing calcium and magnesium, with 5% FBS, 5% 1 M glycine, 
and 0.75% Triton X-100. The FLAG-tagged receptors, Golgi, and 
TGN were labeled for 1 h in blocking buffer with anti–FLAG M1 an-
tibody (1:1000; F3040, Sigma-Aldrich) conjugated with Alexa 647 
(A20186; Molecular Probes), anti-GPP130 (a gift from Adam Lin-
stedt, Carnegie Mellon University, Pittsburgh, PA) and anti–TGN-38 
rabbit polyclonal antibody (1:2000; T9826; Sigma-Aldrich), respec-
tively. Coverslips were washed three times in calcium/magnesium 
PBS and then labeled with Alexa 568 goat anti-rabbit secondary 
antibody (1:1000; A11011) in blocking buffer for 1 h. Coverslips 
were washed three more times in calcium/magnesium PBS and 
mounted onto glass slides using Prolong Diamond Reagent 
(P36962; Molecular Probes). Confocal imaging of the mounted cells 

inherently mediated by a general export pathway, dependent on 
3′-phosphorylation of PIs, that is poised for regulation by neuron-
specific signals. 

At a fundamental level, it is established that the number of sur-
face receptors controls the strength and specificity of signals. There 
are many ways that a cell can control cell surface receptor expres-
sion at the transcriptional level. However, how cells acutely change 
receptor surface expression is less understood, and research has 
been mostly limited to post-agonist-stimulated conditions. Studies 
on the modulation of receptor trafficking and resensitization via 
biased agonism and heterologous signaling pathways have largely 
focused on receptor endocytosis and recycling (Hanyaloglu and von 
Zastrow, 2008; Jean-Alphonse and Hanyaloglu, 2011; Vistein and 
Puthenveedu, 2013, 2014; Bowman et al., 2015; Grimsey et al., 
2015). Here we investigated a mechanism of cell surface receptor 
regulation, independent of agonists, that controls the delivery of 
newly synthesized δR. For GPCRs such as δR that are predominantly 
degraded after agonist-mediated internalization, resensitization to 
δR agonists depends on new receptor synthesis and delivery to the 
surface. We believe that for cells such as neurons, the presence of a 
δR storage pool in the TGN might represent ready and waiting 
receptors that can respond to physiological changes in the extracel-
lular environment through modulation of a Golgi trafficking 
checkpoint. Therefore manipulation of the PI3K C2A–dependent 
regulatory pathway controlling signal-mediated GPCR export from 
the TGN highlights a novel mechanism to drive receptor surface and 
resensitization of a nonrecycling receptor, similar to the more tradi-
tional regulatory mechanisms elucidated for many recycling GPCRs 
(Hanyaloglu and Zastrow, 2008).

MATERIALS AND METHODS
Cell lines and cell culture
The cell lines used for experimentation were PC12 (CRL-1721), HEK 
293 (CRL-1573), and HEK 293T (CRL-11268) cells. The PC12 cell line 
is a neuroendocrine cell line isolated from rat adrenal medulla tis-
sue. These cells were grown at 37°C with 5% CO2 and cultured in 
F12K medium (21127-022; Life Technologies) supplemented with 
10% horse serum and 5% fetal bovine serum (FBS). This medium 
was changed every 3 d to maintain proper pH and nutrient supply. 
Plastic culture vessels were coated with collagen IV (C5533-5MG; 
Sigma-Aldrich) to allow PC12 cells to adhere. The standard passage 
ratio for PC12 cells was 1:4 to ensure that sufficient cell–cell contacts 
were made, facilitating growth. HEK 293 cells were cultured in 
DMEM supplemented with 10% FBS at 37°C with 5% CO2. Stan-
dard passage ratio was 1:10. The HEK 293T cell line is a derivative 
of HEK 293 cells that contains the SV40 T-antigen to increase repli-
cation efficiency of vectors that have an SV40 replication origin. 
These cells were specifically used for virus production and main-
tained in a similar manner to the HEK 293 cells.

Primary TG neuron isolation
Dissection and dissociation largely followed publish protocol (Malin 
et al., 2007). Before the day of dissection, glass coverslips (Corning) 
were precoated with poly-d-lysine and laminin to enhance cell adhe-
sion and promote cell survival. Mice (p9-15) were obtained from the 
institutional animal facility and killed via CO2 asphyxiation. The 
mouse’s head was removed with large scissors. The skin covering 
the skull was then removed to make cutting away the top of the skull 
and accessing the brain easier. Once the skull was removed and the 
brain was exposed, the brain was removed by lifting toward the 
posterior with forceps. With the brain removed, the TGs were ap-
parent as longitudinal bundles of tissue left behind in the skull. The 
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fixed in 4% paraformaldehyde (PFA) and blocked in the immuno-
fluorescence-blocking buffer. Immunofluorescence of FLAG-δR 
and intracellular compartmental markers were performed as de-
scribed previously.

δR internalization surface control assay
FLAG-δR–expressing PC12 cells were incubated with Alexa 647 M1 
antibody for 15 min at room temperature (1:500). The antibody was 
removed, and the cells were washed with Ca2+/Mg2+ PBS to remove 
residual antibody. Pharmacological treatments were added for 1 h 
at concentrations used during the pharmacological experiments 
(see Table 1). After 1 h, a secondary Alexa 568 antibody to the Flag-
M1 was applied at 4°C for 15 min (1:1000) to reduce the amount of 
potential internalization from that point on. Cells were washed twice 
with Ca2+/Mg2+ PBS and fixed in 4% PFA pH 7.4 for 30 min. Cells 
were again washed three times with Ca2+/Mg2+PBS and mounted to 
coverslips for imaging. Confocal stacks were taken of the cells for no 
treatment or treatment with NGF (100 ng/ml), Wtm (10 µM), LY 
(10 µM, or DADLE (10 µM).

VSVG trafficking assay
HEK 293 cells were transfected with either VSVG-GFP or VSVG-GFP-
δRtail construct, grown under antibiotic selection, and maintained at 
the restrictive temperature of 40°C in standard culture medium. 
Cells were plated on 25-mm coverslips and imaged live via confocal 
fluorescence microscopy using a Nikon TE-2000 inverted micro-
scope as described previously. To initiate ER exit and trafficking of 
the VSVG proteins, live-cell imaging was performed at 32°C, and 
confocal images were acquired every 10 s for 2 h. Cells were treated 
with vehicle controls or with the PI3 kinase inhibitor Wtm or LY with 
(+) or without (–) the PI3K-activating peptide 740YPDGFR. The images 
were compiled to form a time-lapse movie showing the cellular traf-
ficking of the VSVG-GFP– or VSVG-GFP-δRtail–expressing cells. GFP 
fluorescence intensity was quantified using ImageJ software.

Inhibitors and activators
For most pharmacological experiments, the treatments were 
conducted for 1 h, followed by fixation and confocal immunofluo-
rescence microscopy as detailed in individual methods. The concen-
trations and usage specifications are listed in Table 1.

Lentiviral shRNA knockdown of PI3K C2A
Knockdown of PI3K C2A was performed using shRNA constructs 
targeting the rat Pik3c2a. The lentiviral vectors pLenti X1 Puro DEST 
(694-6) and pENTR/pSM2(CMV) GFP (w513-1) were gifts from Eric 
Campeau (Addgene plasmids19170 and 17297; Campeau et al., 
2009), and the shRNA sequences were designed by following an 
established protocol from the Hannon lab and entering the target 
sequence into the appropriate site (http://cancan.cshl.edu/RNAi 
_central/RNAi.cgi?type=shRNA; Silva et al., 2005). The site outputs 
a 22-mer sequence, as well as a 97–base pair sequence. Restriction 
sites are added such that the sequences can be inserted into the 
pSM2 plasmid: an XhoI site at the 5′ end and an EcoR1 site at the 3′ 
end. After addition of the restriction sites, the sequences were or-
dered as adapter pairs for cost efficiency. These sequences are 
given in Supplemental Table S1. Once the sequences were ob-
tained, a double digest of the pSM2 entry vector was performed 
with EcoR1 (New England Biolabs) and Xho1 (New England Biolabs). 
The digested product was run on a 1% agarose gel and purified 
using a Qiagen Gel Extraction Kit (28704; Qiagen). The adapters 
(purchased from IDT) were annealed and then ligated into the lin-
earized entry vector, pENTR/pSM2(CMV) GFP (w513-1). The ligated 

was performed using a confocal imaging system (XDi spinning disk; 
Andor) at 60× magnification (Nikon CFI APO TIRF) on a Nikon TE-
2000 inverted microscope. In addition, the imaging setup contained 
temperature- and humidity-controlled imaging capabilities, a me-
chanical Piezo XYZ-stage (Nikon), iXon 897 Ultra backilluminated 
camera (Andor), a laser combiner (Andor) containing 405-, 488-, 
515-, 568-, and 647-nm excitation capabilities, a Dell 5400 Worksta-
tion optimized for IQ2 imaging software (Andor), and an active isola-
tion air table (TMC). Images of representative fields were taken. 
Quantification of the fluorescence ratio was taken for a minimum of 
50 cells and averaged to ensure that results were representative of 
the population. A minimum of three biological replicates were per-
formed to confirm the results.

Fixed-cell image quantification
To determine the percentage of FLAG-δR within the Golgi com-
pared with the total cell fluorescence, we obtained confocal images 
of fluorescently labeled δR and the Golgi marker (TGN-38) on the 
same confocal imaging system previously described. After image 
acquisition, the background fluorescence was subtracted from 
the Golgi channel. The Golgi channel was thresholded to construct 
a mask of the Golgi region to use as a pass-through filter by convert-
ing the Golgi mask to a binary image and multiplying it by the δR 
image. This allowed for the measurement of the amount of δR fluo-
rescence within the Golgi region. The fluorescence signals from δR 
within the Golgi and total δR images were thresholded to remove 
averaging bias from background zeroed pixels. Regions of interest 
were drawn for the Golgi region and the total δR signal in ImageJ to 
calculate the total and average fluorescence within these two 
regions. The fluorescence signal for δR within the Golgi was then 
divided by the total δR fluorescence signal to get a ratio of the per-
centage of δR within the Golgi compared with the total expression 
of δR. An identical procedure was followed to determine the per-
centage of FLAG-μR within the Golgi compared with the total cell 
fluorescence. To quantitate the percentage of cells with intracellular 
δR or μR, we assigned a binary value to cells visibly displaying intra-
cellular receptors (1) and cells without an intracellular pool (0) and 
took the percentage of the total population exhibiting a clearly 
visible intracellular pool.

Live-cell imaging of δr retention
To visualize δR in live cells, eGFP was N-terminally tagged to δR in 
place of the FLAG-tag previously described. PC12 cells were 
transfected with eGFP-δR using Lipofectamine 2000 as described 
previously. Before imaging, cells were transferred to poly-d-lysine–
coated coverslips. Cells were imaged at 60× magnification using a 
Nikon TE-2000 inverted microscope with a 37°C heated enclosure 
and 5% CO2 environment in Leibovitz’s L-15 medium plus 1% FBS. 
Images were acquired every minute for 1.5–2 h. After 5 min of 
baseline imaging, NGF (100 ng/ml) was added to the coverslip. 
The images were analyzed and quantified using ImageJ analysis 
software. Identical protocol was followed for Wtm (10 µM)–in-
duced retention.

Cycloheximide assay
PC12 FLAG-δR cells were plated onto poly-d-lysine–coated cover-
slips in a 24-well plate and incubated overnight at 37°C. NGF 
(100 ng/ml) was added to all appropriate samples for 2 h to achieve 
complete intracellular retention of δR. The medium was changed 
to Opti-MEM plus GlutaMAX (Invitrogen) with cycloheximide 
(3 µg/ml) for an additional 1 h with NGF with or without various 
pharmacological inhibitors and activators. The cells were then 
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containing 2% SDS and 60 mM Tris-HCl, pH 6.8, with Complete Mini 
EDTA-free (T00004; Roche) and PhosStop Tab (A00173; Roche). 
Cells were lysed by vortexing for 15 s, followed by 2 min in a 95°C 
heat block and then pipetting up and down three to five times. This 
lysis process was performed twice. Bicinchoninic acid protein esti-
mation (Pierce BCA Assay KIT, 23225; Thermo Fisher) was per-
formed. For each condition, 40-µl samples were prepared from the 
lysates such that protein content and volume were standardized. A 
10-µl amount of 4× loading dye and fresh β-mercaptoethanol and 
1 µl of 1 M dithiothreitol were added to the samples. To denature 
the proteins, samples were heated to 95°C for 5 min and ran on a 
4–15% Mini-PROTEAN TGX Stain-Free Protein Gel (4568083; Bio-
Rad). An overnight transfer at 4°C to a nitrocellulose membrane was 
performed. After transfer, the blot was blocked with 5% Tris-buff-
ered saline/Tween 20 (TBST) for 1 h on a shaker. Primary antibody 
for PI3K C2A (ab154583; Abcam) was prepared at 1:1000 in 5% 
milk-TBST and added to the blot. The blot was incubated at room 
temperature on a shaker for 1 h or overnight in cold room. The pri-
mary antibody solution was removed, and the blot was washed 
three times for 5 min with 5% milk-TBST. The secondary antibody 
goat anti-rabbit (1706515; Bio-Rad) was prepared at 1:3000 in 5% 
milk-TBST and added to the blot, which was incubated on a shaker 
at room temperature for 1 h. The secondary antibody solution was 
removed, and the blot was washed twice for 5 min with TBST and 
once for 5 min with TBS. The blot was developed with Clarity 
Western ECL Substrate (1705061; Bio-Rad) and imaged using the 
ChemiDoc Touch imaging system (Bio-Rad). Densitometry was per-
formed using the built-in ImageJ plug-in to quantify the band inten-
sity in each lane. Values were then normalized and plotted.

Live-cell imaging with a fluorogen-activated peptide
PC12 cells and PC12 cells expressing PI3K C2A shRNA were 
plated in a six-well plate. Once confluency reached 50%, these 
cells were transfected with an N-terminally tagged FAP-δR con-
struct using Lipofectamine 2000. At 2 d posttransfection, cells 
were plated on 25-mm poly-d-lysine–coated coverslips (Micro 
Coverglass #1½, 72225-01; Electron Microscopy Sciences). The 
FAP-δR has a far-red emission spectrum, resulting from an MG-
based fluorogen (Szent-Gyorgyi et al., 2008; Pratt et al., 2015), 

constructs were transformed into DH5α cells, and multiple colonies 
from each transformation were chosen to screen for the correct in-
sert. Correct insertion was confirmed via restriction digest and DNA 
sequencing. Transient transfection of PC12 cells using Lipofectamine 
2000 followed by Western blotting was used to assess the knock-
down efficiency of the shRNA constructs. The shRNA construct that 
produced the most efficient knockdown, shRNA 3 in Figure 3A, was 
inserted into the pLenti-X1 destination vector via the Gateway Clon-
ing Method using the LR reaction (11791-019; Life Technologies) to 
produce the pLenti-X1-puro-PI3K C2A shRNA construct.

Lentiviral particles were produced using this construct to stably 
infect and knock down PI3K C2A in PC12 cells. HEK 293T cells were 
transfected with 15 µg of pLenti-X1-puro-PI3K C2A shRNA, 15 µg of 
pMDLg/pRRE (Addgene plasmid 12251), 6 µg of pRSV-Rev (Add-
gene plasmid 12253), and 3 µg of pMD2.G (Addgene plasmid 
12259) as per Campeau et al. (2009). These plasmids were a gift 
from Didier Trono (EPFL, Lausanne, Switzerland). The medium was 
changed 24 h posttransfection. A GFP marker in the expression 
construct was used to determine transfection efficiency. Exactly 64 h 
posttransfection, the virus-containing medium was removed and 
centrifuged at 3000 × g to pellet nonadherent cells and debris. The 
virus-containing medium was further sterile filtered through a 
0.45-µm sterile filter to remove any remaining cells debris. To 
achieve maximum infection efficiency, 1.5 ml of the filtered virus 
solution was added to each well of a six-well plate containing PC12 
cells at 50% confluency. GFP expression was used to assess proper 
functional viral production and infection efficiency. Approximately 
48 h postinfection, puromycin (A11138-03; Life Technologies) selec-
tion was added to the growth medium at 1 µg/ml. Stable lines ex-
pressing the PI3K C2A shRNA were obtained within 1 wk from initial 
infection, and knockdown was confirmed via immunoblotting. 

Immunoblotting and densitometry
The knockdown of PI3K C2A was assessed by immunoblotting. The 
six-well plates were placed on ice, growth medium was removed, 
and each well was rinsed with 1 ml of PBS. A 500-µl amount of PBS 
was added, and cells were scrape collected and transferred to 1.7-
ml tubes. Cells were pelleted at 1200 × g for 5 min. Supernatant was 
aspirated, and the pellet was resuspended in 30–75 µl of lysis buffer 

Compound name Protein target Concentration Supplier Catalog number

Nerve growth factor TrkA 100 ng/µl BD Biosciences 356004

740YPDGFR PI3K activator 50 µg/ml Tocris Bioscience 1983

LY294002 PI3K inhibitor 10 µM Tocris Bioscience 1130

Wortmannin PI3K inhibitor 10 µM Enzo Life Sciences BML-ST415

PI-103 PI3K C1 α inhibitor 50 nM Echelon Biosciences B0303

IC87114 PI3K C1 δ inhibitor 5 µM Echelon Biosciences B0305

AS605240 PI3K C1 γ 25 nM Echelon Biosciences B0301

Y-27632 ROCK inhibitor 5 µM Cayman Chemical 10005583

Akt1/2 kinase IH Akt 1/2 inhibitor 500 nM Sigma-Aldrich A6730-5MG

U0126 MEK inhibitor 10 µM Cayman Chemical 70970

U73122 PLC inhibitor 10 µM Enzo Life Sciences BML-ST391

Chelerythrine PKC inhibitor 10 µM Sigma-Aldrich 0C020953 2-1 MG

PP2 cSrc inhibitor 500 nM EMD Millipore 529573-1 MG

DADLE δR-agonist 10 µM Tocris 3790

TABLE 1: Pharmacological compounds used throughout the article.
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C-terminus of an mCherry-CRY2 chimeric construct (a gift from 
Pietro De Camilli, Yale University, New Haven, CT) to make mCherry-
CRY2-PI3K-C2A-KD (Idevall-Hagren et al., 2012). GFP-CIBN, a gift 
from Chandra Tucker (University of Colorado School of Medicine, 
Aurora, CO; Addgene plasmid 26867), was adapted for TGN-spe-
cific recruitment by cloning the N-term of 2,6-sialyltransferase onto 
the C-terminus of GFP-CIBN to make GFP-CIBN-SialyT (Kennedy 
et al., 2010). PC12 cells were transiently transfected with FAP-δR 
(1 µg), mCherry-CRY2-PI3K-C2A-KD (C2A KD, 2.5 µg), GFP-CIBN-
SialyT (CIBN-TGN, 1 µg), and the TGN-localized PI(4)P sensor 
PH-FAPP1-iRFP (PH-FAPP1; PH-FAPP1-GFP was a gift from Tamas 
Balla, National Institutes of Health, Bethesda, MD; 0.5 µg) for live 
imaging of the optogenetic recruitment (Balla and Várnai, 2002). 
The GFP-CIBN-SialyT has a basal TGN localization, and mCherry-
CRY2-PI3K-C2A-KD is cytoplasmic before recruitment. Optorecruit-
ment is activated by blue light stimulation at 488 nm driving the 
mCherry-CRY2-PI3K-C2A-KD to the TGN.

For experiments involving the release of Golgi-retained δR fol-
lowed by C2A KD recruitment to the TGN, PC12 cells expressing 
the optogenetic recruitment system were plated onto 25-mm 
poly-d-lysine–coated coverslips and grown for 48 h. On the day of 
the experiment, the coverslips were transferred to imaging cham-
bers and treated with NGF (100 ng/ml) for 1 h. The chambers were 
then moved to the microscope for live-cell confocal imaging per-
formed at 37°C using a Nikon TE-2000 inverted microscope. FAP-δR 
was labeled with the MG-ester dye (100 nM), and baseline images 
for δR (640-nm excitation, 700/75-nm emission) and C2A-KD 
(561-nm excitation, 620/60-nm emission) expression and localiza-
tion were acquired three times at 5-s intervals. Initial live recruitment 
of C2A-KD to the CIBN-TGN was performed by dual excitation of 
561 nm (35% power) and 488 nm (10% power) for 1 min with a 
620/60-nm emission filter to visualize in real time the recruitment of 
the C2A-KD. To maintain C2A-KD recruitment and visualize δR traf-
ficking over time, subsequent images were acquired for CIBN-
TGN (488-nm excitation, 525/50-nm emission), C2A-KD (561-nm 
excitation, 620/60-nm emission), and FAP-δR (640-nm excitation, 
700/75-nm emission) every 30 s for 15 min. Quantification of the 
live-imaging recruitment movies was performed using ImageJ soft-
ware. Fluorescence intensity of TGN-localized δR was compared 
with the total fluorescence for each cell and expressed as a ratio. 
When δR is released from the TGN, the signal within the TGN de-
creases as the surface signal increases. Thus the ratio of TGN to total 
fluorescence decreases as δR is released from the Golgi.

Line-scan analysis
A line-scan analysis was used to confirm recruitment of the C2A-KD 
to the CIBN-TGN and the PH-FAPP1. Using ImageJ software, the 
fluorescence intensity was measured over a line that passed through 
the region of CIBN-TGN fluorescence, and the relative spatiotem-
poral fluorescence intensity over a pixel area was compared for each 
of the three channels for C2A-KD, CIBN-TGN, and PH-FAPP1. Colo-
calization and recruitment was confirmed by visualizing overlapping 
peaks of fluorescence along the length of this line normalized to the 
maximal fluorescence intensity in each channel over the line area. 
During recruitment, the C2A-KD peak increases and localizes to the 
peaks defined by CIBN-TGN and PH-FAPP1. The data were plotted 
using GraphPad Prism software.

Image analysis and quantification
All imaging data were quantified using ImageJ, which was used to 
measure the total δR fluorescence for each cell and the fluorescence 
intensity of δR within the Golgi for fixed- and live-cell analysis. The 

which can be visualized via fluorescent microscopy. At 15 min 
before imaging, the cell-permeable MG ester–based fluorogen 
(100 nM) was added to the cells. Live confocal imaging was per-
formed at 37°C using a Nikon TE-2000 inverted microscope. FAP-
δR localization was quantified using ImageJ software to determine 
the ratio of internal δR fluorescence to the total fluorescence sig-
nal. An identical protocol was followed for studies involving the 
overexpression of GFP-tagged PI3K C2A. The GFP-PI3K C2A was 
transfected along with the FAP-δR and imaged in a similar manner 
(PI3K C2A cDNA was a gift from Jim Keen, Thomas Jefferson Uni-
versity, Philadelphia, PA).

Live-cell imaging of EPAC cAMP biosensor
To quantify the effects of PI3K C2A knockdown on changes in cAMP 
and visualize δR agonist-mediated internalization, PC12 cells ex-
pressing FAP-δR were Lipofectamine 2000 transfected with 1 µg of 
EPAC cAMP FRET sensor and 125 µM control nontargeting siRNA or 
PI3K C2A siRNA (Silencer Select Pre-designed, 4390771, GGAGAU-
AGCAAACUCGAAAtt; Life Technologies) following the manufac-
turer’s recommended protocol. Experiments followed a validated 
paradigm for determining GPCR inhibition of cAMP (Shiwarski et al., 
2017). Baseline cAMP was stimulated with forskolin (5 µM), and 
subsequent inhibition after δR agonist addition (10 µM DADLE) was 
calculated via the EPAC CFP/FRET ratio. At 15 min before imaging, 
the cell-permeable MG ester–based fluorogen (100 nM) was added 
to the cells to visualize FAP-δR localization and trafficking. Live wide-
field fluorescence imaging was performed at 37°C using a Nikon 
TE-2000 inverted microscope. The images were analyzed and quan-
tified using custom ImageJ macro analysis software.

TG microinjection and deltorphin II labeling
For microinjection of GFP-PI3K C2A DNA into the cultured TG neu-
rons, we followed previously developed methods from our lab 
(Puthenveedu and Linstedt, 2001). Briefly, borosilicate with filament 
(outer diameter, 1.2 mm; inner diameter, 0.94 mm; length; 10 cm; 
BF120-94-10) micropipettes were pulled using a Sutter Instrument 
P-87 with a modified program based on the initial RAMP test (Heat 
= 768, Pull = 70, Velocity = 50, Time = 250, Pressure = 450). 
GFP-PI3K C2A (2 µg) was diluted into KH buffer (20 µl) containing 
125 mM potassium acetate and 25 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid. The diluted GFP-PI3K C2A DNA was back-
loaded into the micropipettes. Neurons were injected at room tem-
perature using an Eppendorf FemtoJet (pi = 35 hPa, ti(s) = 0.2, 
pc(hPa) = 20) attached to a Zeiss inverted microscope and then re-
turned to the incubator.

Deltorphin II–Cy3 (100 nM) was added to the cultured TGs ex-
pressing GFP-PI3K C2A. Hoechst DNA stain was added to the cov-
erslips to visualize non-GFP-PI3K C2A–expressing neurons. Imaging 
was performed live at 37°C via confocal fluorescence microscopy 
48–72 h after microinjection as previously described. Images were 
acquired for baseline GFP-PI3K C2A expression and background 
deltorphin II–Cy3 signal and after 5 min of incubation with the del-
torphin II–Cy3. Images were analyzed for GFP-PI3K C2A expression 
and deltorphin II-Cy3 fluorescence. Comparative analysis was per-
formed in ImageJ to determine the change in fluorescence after 
deltorphin II–Cy3 addition between GFP-PI3K C2A–expressing and 
–nonexpressing neurons (Shiwarski et al., 2017).

Optogenetic recruitment of PI3K C2A to the TGN and 
release of δR
The CRY2-CIBN optical recruitment system was adapted by cloning 
the PI3K C2A kinase domain (amino acids 863–1405, KD) onto the 
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values measured using ImageJ were transferred to Microsoft Excel 
to calculate the ratio of the Golgi fluorescence to the total cell fluo-
rescence. This ratio was calculated for each cell, and all cell ratios 
were averaged. The average represents the fraction of δR present in 
the Golgi compared with the total cell fluorescence. In addition, a 
manual binary quantification was performed to determine the per-
centage of cells that visually displayed Golgi-localized δR. Based on 
visual inspection, each cell that had at least half of its δR present in 
the Golgi was scored as a 1, and cells with little or no δR in the Golgi 
was scored as a 0. The average of the binary quantification was used 
to determine percentage of cells with Golgi-localized δR.

Statistics and data analysis
Statistical analyses were performed using GraphPad Prism 5 soft-
ware, and the appropriate statistical tests were chosen based on 
sample size, distribution, and experimental conditions. A minimum 
of three independent experiments were performed for each set of 
data. For statistical analysis of the fixed- and live-cell immunofluo-
rescence imaging data, two-tailed unpaired t tests were performed 
between the different experimental conditions and controls. 
p < 0.05 was considered statistically significant. For experiments in 
which multiple comparisons were made, one-way analysis of 
variance (ANOVA) was performed, followed by Dunn’s multiple 
comparison test in GraphPad Prism 5. In addition, GraphPad Prism 
5 software was used to measure area under the curve for the VSVG 
assay data. All images were quantified using macros constructed 
from the functions within the ImageJ software package. Figures 
were constructed with ImageJ and Adobe Photoshop CS6.
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