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Molecular signatures of mu opioid receptor and 
somatostatin receptor 2 in pancreatic cancer

ABSTRACT Pancreatic ductal adenocarcinoma (PDAC), a particularly aggressive malignancy, 
has been linked to atypical levels, certain mutations, and aberrant signaling of G-protein–
coupled receptors (GPCRs). GPCRs have been challenging to target in cancer because they 
organize into complex networks in tumor cells. To dissect such networks with nanometer-
scale precision, here we combine traditional biochemical approaches with superresolution 
microscopy methods. A novel interaction specific to PDAC is identified between mu opioid 
receptor (MOR) and somatostatin receptor 2 (SSTR2). Although MOR and SSTR2 did not co-
localize in healthy pancreatic cells or matching healthy patient tissues, the pair did signifi-
cantly colocalize in pancreatic cancer cells, multicellular tumor spheroids, and cancerous pa-
tient tissues. Moreover, this association in pancreatic cancer cells correlated with functional 
cross-talk and increased metastatic potential of cells. Coactivation of MOR and SSTR2 in 
PDAC cells led to increased expression of mesenchymal markers and decreased expression 
of an epithelial marker. Together these results suggest that the MOR-SSTR2 heteromer may 
constitute a novel therapeutic target for PDAC.

INTRODUCTION
In the United States, the fourth-leading cancer-related cause of 
death is pancreatic ductal adenocarcinoma (PDAC; Howlader et al., 
2014). For many PDAC patients, the cancer presents itself at an ad-
vanced stage, and only 20% of cases are eligible for surgical 

resection (Li et al., 2004a). Although conventional therapies (surgery, 
radiation, chemotherapy) have been improved (Von Hoff et al., 2013) 
and a new targeted therapy (Moore et al., 2007) has been intro-
duced, the overall survival rate for PDAC patients over the past four 
decades remains remarkably dismal. Within 5 yr of the diagnosis, the 
disease claims ∼93% of all patients (Howlader et al., 2014). This high 
lethality correlates with high rates of metastasis and is partially cou-
pled to limited treatment options (Oberstein and Olive, 2013). It is 
therefore imperative to identify new therapeutic targets for PDAC.

Toward this goal, we have been studying G-protein–coupled re-
ceptors (GPCRs), which play a substantial role in the tumorigenesis 
of pancreatic cancer. GPCRs activated by chemokines (e.g., from 
inflammation; Allavena et al., 2008) and neurotransmitters/hor-
mones (from autocrine/paracrine signaling; Heasley, 2001) can lead 
to pathological signaling (Hanahan and Weinberg, 2011). In addi-
tion, GPCRs are often expressed at aberrant levels in PDAC (Koshiba 
et al., 2000; Balkwill, 2004; Li et al., 2004b; Billadeau et al., 2006; 
Laklai et al., 2009; Soria and Ben-Baruch, 2009; Call et al., 2013; 
Shahbaz et al., 2015), and somatic mutations in GPCRs have been 
found in many tumors, including pancreatic tumors (Kan et al., 
2010). Because of this, GPCRs are being targeted in a number of 
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specifically observed in pancreatic malignancy, particularly in a na-
tive environment. In addition, it is the first time a quantitative cor-
relation has been obtained on a molecular level between GPCR 
networks in cultured cells (two-dimensional [2D] and 3D environ-
ments) and matching tissue samples. Of importance, we correlated 
the physical association between MOR and SSTR2 with signaling 
outcomes. According to our results from biochemical experiments, 
activation of both MOR and SSTR2 1) correlates with signaling 
events unique to PDAC cells and 2) leads to increased malignant 
potency of only cancerous epithelial pancreatic cells. Cumulatively 
our results suggest that the MOR-SSTR2 heteromer may represent a 
PDAC-specific therapeutic target.

RESULTS
MOR, SSTR2, and CXCR4 are expressed in both normal and 
malignant pancreatic cells
MOR, SSTR2, and CXCR4 belong to closely related GPCR families 
and are expressed at aberrant levels in pancreatic cancer (Reubi 
et al., 1998; Koshiba et al., 2000; Li et al., 2004b; Chen et al., 2014). 
For example, in both pancreatic cancer cells and a significant num-
ber of primary PDAC tumors (Szende et al., 1990; Li et al., 2004b; 
Laklai et al., 2009; Shahbaz et al., 2015; Gradiz et al., 2016), SSTR2 
has been observed at low but detectable levels. Comparatively high 
expression levels have been observed for CXCR4 in PDAC (Koshiba 
et al., 2000; Balkwill, 2004; Billadeau et al., 2006) and for MOR in a 
number of malignancies (Li et al., 2004b; Zylla et al., 2013; Singleton 
et al., 2014). Given this landscape of aberrant expression and the 
fact that all three receptors are known to form heteromers (Pfeiffer 
et al., 2002; Gomes et al., 2004, 2013; Wang et al., 2005; Finley 
et al., 2008; Pello et al., 2008; Kharmate et al., 2013), we investi-
gated the expression and organization of MOR, SSTR2, and CXCR4 
in PDAC cells. We used real-time PCR (RT-PCR) and Western blot 
analysis to evaluate the expression levels of the three GPCRs in six 
cell lines: 1) control CHO-S cells; 2) normal epithelial pancreatic 
cells; 3) PANC-1 cells, a PDAC cell line with K-Ras mutations (Lieber 
et al., 1975); 4) BxPC-3 cells, a PDAC cell line with no K-Ras muta-
tions; 5) SU.86.86 cells, a PDAC cell line derived from metastatic 
liver; and 6) CAPAN-1 cells, a PDAC cell line derived from metastatic 
liver. According to our results (Figure 1 and Supplemental Figure 
S13A), which are consistent with previous reports (Koshiba et al., 
2000; Li et al., 2004b; Gradiz et al., 2016), SSTR2, CXCR4, and MOR 
were expressed at higher levels in a pancreatic cancer environment 
than in normal pancreatic cells. No detectable expression was ob-
served in control CHO-S cells.

Validation of dSTORM imaging with GPCR-specific 
antibodies
Having established higher GPCR expression levels in PANC-1 cells 
compared with normal pancreatic cells, we determined the feasibil-
ity of detecting GPCRs using dSTORM. As shown in Supplemental 
Figure S1, A–C, the plasma membrane organization of MOR, SSTR2, 
and CXCR4 in pancreatic cells can be observed. The three GPCRs 
were detected by affinity tagging with specific primary antibodies 
and fluorescently labeled secondary antibodies, similarly as before 
(Tobin et al., 2014; Dudok et al., 2015). The specificities of the anti-
bodies for their respective GPCRs were extensively interrogated us-
ing both blocking peptides and knockdown cells. Because blocking 
peptides bind to the antigen-binding region on the antibody, they 
interrupt antibody–GPCR interactions and are thus useful for isolat-
ing nonspecific interactions. As shown in Supplemental Figure S1, 
A–C (magenta), no appreciable signal was observed when the anti-
bodies were blocked with peptides, which indicates that the 

clinical trials for cancer. A Phase 1 trial for pancreatic cancer 
(NCT02179970) is evaluating a C-X-C motif receptor 4 (CXCR4) li-
gand; a Phase 1 trial for pancreatic cancer (NCT01385956) is study-
ing a combination of gemcitabine with a somatostatin receptor 2 
(SSTR2) ligand; and a Phase 1 trial for advanced malignancies 
(NCT01015222) is examining a combination treatment involving a 
mu opioid receptor (MOR) ligand. Despite this significant interest, 
pharmacological agents that target GPCRs in PDAC are unavailable. 
The absence of such drugs may be partially attributable to the com-
plexity of GPCR signaling networks.

Although they can organize and function as monomers (Whorton 
et al., 2007; Kuszak et al., 2009), an increasing body of evidence in-
dicates that GPCRs also interact with each other, either directly or 
through accessory proteins (Pfeiffer et al., 2002; Gomes et al., 2004, 
2013; Wang et al., 2005; Finley et al., 2008; Pello et al., 2008; 
Kharmate et al., 2013), to form multicomponent functional entities. 
Compared to the biochemical properties of each GPCR constituent 
(i.e., protomers), these associated GPCRs exhibit discernibly differ-
ent biochemical properties and are called heteromers (Ferre et al., 
2009). GPCR heteromers are often observed under pathological 
conditions and appear to be involved in the pathophysiology of a 
number of diseases, including Parkinson’s disease (Azdad et al., 
2009), neuropathic pain (Bushlin et al., 2012), liver fibrosis (Rozen-
feld et al., 2011), schizophrenia (Albizu et al., 2011), preeclampsia 
(AbdAlla et al., 2001), and acromegaly (Grant et al., 2008). Thus 
many groups have been studying their ability to serve as pharmaco-
logical targets. In particular, associated GPCRs have been targeted 
by heterovalent ligands (Daniels et al., 2005; Jaquet et al., 2005; 
Yuan et al., 2013) and antibodies (Gupta et al., 2010; Berg et al., 
2012); and new methodologies for targeting these entities are 
emerging (Donaldson et al., 2013; Lewis et al., 2014). Despite the 
significant success of these approaches, which have been primarily 
developed for neurological disorders, there are limited examples of 
targeting GPCR heteromers in cancer (Moreno et al., 2014). Identify-
ing GPCR interactions within the context of human malignancies is 
challenging, particularly at the molecular level and in the native 
state (Gomes et al., 2004, 2016; Albizu et al., 2010; Sams et al., 
2014; Dudok et al., 2015).

To identify cancer-specific GPCR heteromers, high-resolution in-
formation along a large spatial region is needed. Single-molecule 
pointillistic superresolution microscopy techniques (Betzig et al., 
2006; Hess et al., 2006; Rust et al., 2006; Folling et al., 2008; 
Wombacher et al., 2010), such as direct stochastic optical reconstruc-
tion microscopy (dSTORM; Wombacher et al., 2010), are well suited 
for this purpose (Scarselli et al., 2012; Sams et al., 2014; Tobin et al., 
2014; Dudok et al., 2015; Jonas et al., 2015). To dissect the complex 
arrangement of proteins visualized in this way, we used quantitative 
analysis of dSTORM data. Applied to superresolution imaging data 
sets, Voronoï tessellation (Levet et al., 2015) was used to determine 
receptor organization and cluster sizes, and pair-correlation analysis 
(Sengupta et al., 2011, 2013) and Monte Carlo simulations were used 
to precisely interrogate interactions between receptors. This unique 
approach is quantitative, operates at the single-molecule level, and 
is well suited for interrogating tight GPCR networks.

Using quantitative superresolution microscopy, we evaluated 
clustering of GPCRs and colocalization between GPCR pairs in pan-
creatic environments: healthy cells, cancerous cells, multicellular tu-
mor spheroids (MCTS; a three-dimensional [3D] cell culture system; 
Sutherland, 1988), and matching tissue samples from three patients. 
We identified a heteromer between MOR and SSTR2, called MOR-
SSTR2, which is specific for PDAC. To the best of our knowledge, 
this is the first time the association between two GPCRs has been 
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ity of the antibodies for their respective GPCR (Supplemental Figure 
S2C). Therefore antibody labeling and dSTORM detection can be a 
valid approach for determining the organization of GPCRs in pan-
creatic cancer.

MOR and SSTR2 show distinct signatures in malignant 
pancreatic environments
To determine receptor organization and their interactions, we ac-
quired two-color dSTORM images. The far-red photoswitchable or-
ganic dye Alexa Fluor 647 and spectrally distinct photoswitchable 
organic dye Atto 488 were used as reporters. The distribution of 
MOR and SSTR2 was detected in normal pancreatic cells, malignant 
PANC-1 cells, and 3D cultures of PANC-1 cells, that is, MCTS (Figure 
2, A and B, and Supplemental Figures S3 and S4A). Consistent with 
our results from Western blot and RT-PCR analyses (Figure 1), 
dSTORM revealed significantly lower surface density of both MOR 
and SSTR2 in normal pancreatic cells compared with PANC-1 cells. 
Although all cells showed receptor clustering, only in PANC-1 cells 
and PANC-1 MCTS was the overlap between MOR and SSTR2 (dark 
blue) evident. We next used Voronoï tessellation with the fast, unbi-
ased, and freely available software tool SR-Tesseler (Levet et al., 
2015) to compare quantitatively the receptor organization in various 
cell types. A clustered distribution with an average cluster radius 
between 35 and 55 nm was observed in all cell types (Supplemental 
Figure S5). A significantly higher average cluster size was detected 
for MOR than for SSTR2 in PANC-1 cells and PANC-1 MCTS but not 
in normal pancreatic cells. Moreover, both MOR and SSTR2 had sig-
nificantly higher cluster circularity in PANC-1 cells and PANC-1 
MCTS than in normal pancreatic cells. These features suggest a dif-
ferential distribution of MOR and SSTR2 in healthy versus cancerous 
cells and may reflect their organization into distinct signaling do-
mains in cancerous cells.

In HEK-293 cells (Pfeiffer et al., 2002) and possibly some breast 
cancer cell lines (Kharmate et al., 2013), MOR and SSTR2 form het-
erodimers. Heterodimerization of MOR and SSTR2 cross-modulates 
phosphorylation, internalization, and desensitization (Pfeiffer et al., 
2002) and appears to be involved in antiproliferative pathways in 
breast cancer (Kharmate et al., 2013). To examine quantitatively 
whether such interactions are present in pancreatic cancer cells and 

antibodies are specific for MOR, SSTR2, and CXCR4. In Supplemen-
tal Figure S1D shows an overlay of GPCR sequences with high-
lighted blocking peptide regions (terminal domains). Antibodies 
were also validated using MOR-, SSTR2-, and CXCR4-knockdown 
cells. According to both Western blots and RT-PCR analyses (Sup-
plemental Figure S2, A and B), each GPCR was knocked down in 
PANC-1 cells with excellent efficiency. Whereas dSTORM imaging 
with nonsilencing (NS) control cells produced signal comparable to 
those in wild-type PANC-1 cells, no significant superresolution sig-
nal was detected in each knockdown, which confirmed the specific-

FIGURE 1: Expression of CXCR4, MOR, and SSTR2 in pancreatic cell 
lines. (A) Using the mRNA levels of GAPDH in pancreatic cell lines as a 
point of comparison, we determined the relative mRNA levels of 
CXCR4, MOR, and SSTR2. Normal epithelial pancreatic cells are 
shown in blue; primary pancreatic cancer cell lines are shown in gray; 
metastatic pancreatic cell lines are shown in red. Measurements are 
from three independent experiments, each done in triplicate. CHO-S 
cells were used as negative controls and MCF-7 cells as positive 
controls. Results are expressed as the average with SD. All GPCRs 
show statistically increased expression in cancerous cell lines 
compared with normal pancreatic cells (p ≤ 0.02). (B) In the membrane 
fraction of pancreatic cell lines, the protein levels of CXCR4, MOR, 
and SSTR2 were determined. CHO-S cells were used as negative 
controls and MCF-7 cells as positive controls. Loading was validated 
with Na/K ATPase. Quantitation of GPCR protein levels in different 
cell lines from three independent experiments is shown in 
Supplemental Figure S13A. Images were cropped for clarity; full blots 
are given in Supplemental Figure S13B.

FIGURE 2: Colocalization of MOR and SSTR2. (A) The distribution of SSTR2 (magenta, detected with Atto 488) and 
MOR (cyan, detected with Alexa Fluor 647) was determined in a region of normal epithelial pancreatic cells. Scale bar, 2 
μm. Peak centers are shown. (B) The distribution of SSTR2 (magenta, detected with Atto 488) and MOR (cyan, detected 
with Alexa Fluor 647) was determined in a region of PANC-1 cells. Scale bar, 2 μm. Overlap is evident in dark blue. Peak 
centers are shown. (C) Cross-correlation curves with SEM show colocalization between MOR and SSTR2 in both PANC-1 
cells (gray diamonds, 41 regions from 22 cells) and PANC-1 MCTS (red triangles, 40 regions from 21 cells). In contrast, 
colocalization was not observed in normal pancreatic epithelial cells (blue circles, 50 regions from 21 cells). These results 
represent combined data obtained using two labeling schemes: 1) MOR detected with Alexa Fluor 647 and SSTR2 
detected with Atto 488 and, 2) MOR detected with Atto 488 and SSTR2 detected with Alexa Fluor 647. Individual 
curves are given in Supplemental Figure S6. In all cases, no long-range correlations were observed. (D) Cell lysates from 
either normal pancreatic epithelial cells or PANC-1 cells were immunoprecipitated with anti-MOR antibody and 
immunoblotted with anti-SSTR2 antibody. SSTR2 was detected in the MOR immunoprecipitate in the PANC-1 cell line.
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both cell lines (Supplemental Figure S5). Colocalization of CXCR4 
and MOR was next evaluated by PC-dSTORM on the surface of nor-
mal pancreatic cells, PANC-1 cells, and PANC-1 MCTS (Figure 3, A 
and B, and Supplemental Figure S4C, respectively). As with MOR 
and SSTR2 (Supplemental Figure 4B), the imaging approach was 
validated in PANC-1 MCTS using blocking peptide controls to show 
that the antibodies were specific for MOR and CXCR4 (Supplemental 
Figure 4D). According to the dSTORM imaging results, the two 
GPCRs do not colocalize in any of the pancreatic environments. We 
confirmed this by quantitative correlation analyses (Figure 3C). The 
correlation curve is approximately equal to 1 in all cases. In addition, 
coIP experiments (Figure 3D) suggest no association between re-
ceptors in both normal pancreatic cells and PANC-1 cells. These 
findings imply that the density of individual GPCRs is not a sole fac-
tor in determining their association.

dSTORM imaging quantitatively detects GPCR association 
in patient tissue samples
dSTORM was used to assess colocalization between MOR and SSTR2 
in patient tissue samples. Both healthy and malignant samples were 
obtained from three patients during surgical resection. Via hematoxy-
lin and eosin staining protocols, the samples were confirmed as being 
from either the primary PDAC tumor or negative surgical margins 
(representative images are shown in Supplemental Figure S8). For the 
superresolution experiments, frozen sections of tissues were pre-
pared, labeled, and imaged. Because PDAC tissue contains both epi-
thelial cells and high levels of stroma (Kleeff et al., 2007), keratin 8 and 
18 antibodies (specific for epithelial cells; Moll et al., 1982) were used 
to discriminate between these tissue types. An Alexa Fluor 405–
tagged antibody was used to detect the keratins, and Alexa Fluor 
488/647–tagged antibodies were used to detect MOR and SSTR2. In 
each region, fluorescence in the 405 channel was recorded after im-
aging in the 488/647 channels. Controls demonstrate that the keratin 
8 and 18 antibody binds to epithelial PANC-1 cells and that no cross-
talk between 405 and 488/647 channels was observed in tissues 
(Supplemental Figure S9). The distribution of MOR and SSTR2 was 
determined in representative healthy and cancerous samples (Figure 
4). Negligible signal was detected when blocking peptides were used 
as controls in tissue samples (inset). We analyzed multiple sections/
regions from cancer tissues and healthy tissues of three patients. Our 

MCTS, we evaluated colocalization between MOR and SSTR2 by 
PC-dSTORM in 80-μm2 cell regions (Sengupta et al., 2011; Tobin 
et al., 2014; Stone and Veatch, 2015). According to our results 
(Figure 2C), colocalization between the receptors does not occur 
(correlation curve approximately equal to 1) in normal pancreatic 
cells. In contrast, MOR and SSTR2 colocalize (correlation curve >1) 
in malignant PANC-1 cells and PANC-1 MCTS.

Colocalization between MOR and SSTR2 was confirmed through 
multiple control experiments. A combination of Atto 488 and Alexa 
Fluor 647 has been extensively used without issues for two-color 
superresolution imaging (Dempsey et al., 2011; Dudok et al., 2015). 
Consistently, spectral overlap between the two channels was not 
observed under our acquisition conditions. To investigate whether 
specific combinations of colors influenced the outcome, first we de-
tected MOR with Atto 488 and SSTR2 with Alexa Fluor 647; next we 
detected MOR with Alexa Fluor 647 and SSTR2 with Atto 488. As 
shown in Supplemental Figure S6, the choice of labeling scheme 
did not influence the correlation curve for normal pancreatic cells, 
PANC-1 cells, and PANC-1 MCTS. Thus the averaged data from 
both labeling schemes were combined (Figure 2C and Supplemen-
tal Figure S5). In addition to these experimental labeling controls, 
Monte Carlo simulations were used to examine the effect of anti-
body detection efficiency on the ability to detect heteromers. As 
shown in Supplemental Figure S7, an extensive set of conditions 
was simulated and evaluated. For example, both 20 and 50% detec-
tion efficiencies are capable of detecting as little as 5–10% het-
eromers. As expected, for a simulated system in which there was no 
colocalization, detection efficiency was not a relevant parameter. 
Finally, we used coimmunoprecipitation (coIP) experiments to fur-
ther establish colocalization between MOR and SSTR2 in pancreatic 
cancer cells: MOR coimmunoprecipitated with SSTR2 only in malig-
nant PANC-1 cells (Figure 2D).

MOR and CXCR4 do not colocalize in pancreatic cells and 
PANC-1 MCTS
According to reports, CXCR4 is expressed at high levels in PDAC 
(Billadeau et al., 2006). Consistently, dSTORM revealed a signifi-
cantly higher surface density of CXCR4 in PANC-1 cells than in nor-
mal pancreatic cells. Of interest, quantitative data suggest that 
CXCR4 makes relatively uniform clusters with a radius of ∼45 nm in 

FIGURE 3: There is no colocalization between MOR and CXCR4. (A) The distribution of CXCR4 (magenta, detected with 
Atto 488) and MOR (cyan, detected with Alexa Fluor 647) was determined in a region of normal pancreatic cells. Scale 
bar, 2 μm. Peak centers are shown. (B) The distribution of CXCR4 (magenta, detected with Atto 488) and MOR (cyan, 
detected with Alexa Fluor 647) was determined in a region of PANC-1 cells. Scale bar, 2 μm. Peak centers are shown.  
(C) Cross-correlation curves with SEM show no colocalization between MOR and CXCR4 in PANC-1 cells (gray 
diamonds, 32 regions from 14 cells), PANC-1 MCTS (red triangles, 20 regions from 12 cells), and normal pancreatic 
epithelial cells (blue circles, 21 regions from 13 cells). In all cases, no long-range correlations were observed. (D) Cell 
lysates from either normal pancreatic epithelial cells or PANC-1 cells were immunoprecipitated with anti-MOR antibody 
and immunoblotted with anti-CXCR4 antibody. CXCR4 was not detected in the MOR immunoprecipitate in either cell 
line. Quantitation is shown in Supplemental Figure S13D.
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and SSTR2 in PDAC, we activated these two GPCRs in both normal 
pancreatic cells and cancerous PANC-1 cells. Using a variety of li-
gands, we examined the phosphorylation status of ERK1/2 and 
EGFR. Via Western blot analysis, we evaluated three treatments:  
1) a specific MOR agonist, dermorphin, 2) a specific SSTR2 agonist, 
L-054,264, and 3) a combination of these two agonists (Figure 5, A 
and B). In normal pancreatic cells, EGFR phosphorylation was not 
detected with any of these treatments. In PANC-1 cells, however, 
the MOR agonist dermorphin induced significant EGFR phosphory-
lation, whereas the SSTR2 agonist induced modest EGFR phosphor-
ylation. Of importance, a combination of the two agonists did not 
induce EGFR phosphorylation in PANC-1 cells. This result is consis-
tent with previous results in breast cancer cells (Kharmate et al., 
2013). With regard to ERK1/2, all treatments produced transient 
phosphorylation of ERK1/2 in both normal and PANC-1 cells, albeit 
to different extents. Compared to levels observed in normal cells, 
higher levels of treatment-induced pERK1/2 were observed in 
PANC-1 cells. Whereas single agonists produced similar kinetic pro-
files of ERK1/2 phosphorylation in both cell lines with maxima at 3 
min, the combination of two agonists yielded slower and more sus-
tained (after 3 min) pERK1/2 activation only in PANC-1 cells.

Simultaneous activation of MOR and SSTR2 influences the 
localization of pERK1/2 and pRSK in PANC-1 cells
Using confocal imaging of cells, we next investigated the effects of 
single and combined agonists on pERK1/2 localization (Figure 5C 
and Supplemental Figure S11). For all treatments in normal pancre-
atic cells, low levels of pERK1/2 were detected in the nucleus. In 
PANC-1 cells with single agonists, high levels of pERK1/2 were de-
tected, again in the nucleus. Of interest, treating PANC-1 cells with 
the combined agonists produced high levels of pERK1/2 located 
mostly in the cytoplasm. To determine whether this result was a direct 
function of engaging MOR and SSTR2 simultaneously, we evaluated 
the combined treatment in PANC-1–knockdown cells. In both 
PANC-1/MORsi and PANC-1/SSTR2si, treating cells with the combi-
nation of agonists resulted in largely nuclear pERK1/2. In PANC-1 NS 
control cells, largely cytoplasmic pERK1/2 localization was restored 
(Supplemental Figure S11C). We next generated a PANC-1/β-
arrestin2si cell line and confirmed the knockdown using Western 

tessellation results (Supplemental Figure S5, E–G) suggest that both 
MOR and SSTR2 have significantly higher average cluster radii in can-
cer than in healthy tissues (data for three patients were combined). In 
addition, in both cancer and healthy tissues, MOR formed more circu-
lar clusters on average compared with SSTR2 clusters. Of importance, 
significant overlap (dark blue) between receptors is evident only in 
cancer samples. We performed PC-dSTORM analysis and give the 
cross-correlation curves in Figure 4C. Results suggest that MOR and 
SSTR2 colocalize in cancer tissue, where the extent of cross-correla-
tion was patient dependent, but not in healthy margins. Although this 
is only a three-patient study, it clearly demonstrates the feasibility of 
quantitative superresolution imaging of fresh-frozen patient samples 
and shows promise for future translational investigations.

Activation of MOR and SSTR2 with selective agonists leads 
to receptor internalization
Given that in pancreatic cancer environments, MOR and SSTR2 co-
localize on the membrane, we next examined the effect of selective 
agonists on the cellular localization of these receptors with confocal 
microscopy. We used a specific MOR agonist, dermorphin (Melchi-
orri and Negri, 1996), and a specific SSTR2 agonist, L-054,264 
(Kailey et al., 2012). Our data (Supplemental Figure S10) demon-
strate largely membrane localization of MOR and SSTR2 in steady 
state, as expected, and their subsequent internalization upon co-
activation with selective agonists in PANC-1 cells.

Simultaneous activation of MOR and SSTR2 influences both 
epidermal growth factor receptor 1 and extracellular 
signal-regulated kinase 1/2 phosphorylation in PANC-1 cells
To examine signaling pathways upon activation of MOR and/or 
SSTR2, we performed downstream phenotypic assays measuring 
extracellular signal-regulated kinase 1/2 (ERK1/2) and epidermal 
growth factor receptor 1 (EGFR) phosphorylation. Although their 
signaling pathways are complex, GPCR activation often converges 
at ERK1/2, which is critical for cellular proliferation, differentiation, 
and survival (Marshall, 1995; Bonni et al., 1999). The pathways may 
additionally involve activation of EGFR (Belcheva et al., 2001; 
Billadeau et al., 2006), which is often overexpressed in PDAC (Korc 
et al., 1992). To evaluate potential roles played by associated MOR 

FIGURE 4: Colocalization of MOR and SSTR2 in patient tissues. (A) The distribution of SSTR2 (cyan, detected with Alexa 
Fluor 647) and MOR (magenta, detected with Atto 488) was determined in healthy pancreatic tissue margins. Scale bar, 
2 μm. Inset, controls with blocking peptides; scale bar, 5 μm. Peak centers are shown. (B) The distribution of SSTR2 
(cyan, detected with Alexa Fluor 647) and MOR (magenta, detected with Atto 488) was determined in matching 
cancerous pancreatic tissue. Scale bar, 2 μm. Controls with blocking peptides are given in the inset; scale bar, 5 μm. 
Overlap is evident in dark blue. Peak centers are shown. (C) Cross-correlation with SEM demonstrates colocalization 
between MOR and SSTR2 in tumor tissue: red triangles (patient 1, N = 9), red circles (patient 2, N = 8) and red diamonds 
(patient 3, N = 15). Colocalization was not detected in matching healthy tissue: blue triangles (patient 1, N = 7), blue 
circles (patient 2, N = 8), and blue diamonds (patient 3, N = 14). Only areas positive for keratin 8 and 18 were used for 
quantification. In all cases, no long-range correlations are observed.
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Simultaneous activation of MOR and SSTR2 influences the 
metastatic potential of PDAC cells
Coactivation of associating GPCRs could be physiologically relevant 
for PDAC. Endogenous ligands are able to continuously activate 
GPCRs (Heasley, 2001), and MOR agonists such as morphine are 
often used in PDAC palliative treatment (Mercadante et al., 2010). 
According to clinical studies in PDAC, a strong correlation may exist 
between aberrant ERK1/2 activation and a process that is important 
to initiating metastasis, namely epithelial-to-mesenchymal transition 
(EMT; Javle et al., 2007). Specifically, patient PDAC cells often un-
dergo a switch from E-cadherin to N-cadherin expression (Nakajima 
et al., 2004; Javle et al., 2007; Berx and van Roy, 2009) and show an 
increase in vimentin (Javle et al., 2007; Handra-Luca et al., 2011) and 
MMP9 (Jones et al., 2004). Considering this association between 
ERK1/2 status and EMT in PDAC, we examined whether MOR-
SSTR2 activation changes the metastatic potential of cells. After 
PANC-1 cells were treated with dermorphin alone, L-054,264 alone, 
or a combination of the two, expression levels of EMT markers were 
measured by RT-PCR and Western blots. Of importance, only the 
combined MOR and SSTR2 agonist treatment (24 h, Figure 5E) in 
PANC-1 cells showed features consistent with EMT. Compared to 
levels found with the single-agonist treatments, mRNA levels ob-
served with the combination treatment significantly increased for 
vimentin, MMP9, and N-cadherin and decreased for E-cadherin. 
This effect was not observed in normal pancreatic cells upon all 

blots (Supplemental Figure 11F). Of importance, in PANC-1/β-
arrestin2si cells, treatment with the L-054,264/dermorphin combina-
tion resulted in largely nuclear pERK1/2 (Supplemental Figure 11F). 
To confirm further this differential pERK1/2 localization in PANC-1 
cells, we performed subcellular fractionation experiments and con-
firmed the purity of fractionation using cytoplasmic and nuclear mark-
ers (Figure 5D). Treatment with a single agonist quickly led to mostly 
nuclear pERK1/2, whereas even after prolonged treatment (30 min) 
with the double-agonist combination, mostly cytoplasmic pERK1/2 
was observed (Figure 4D). As a control, we evaluated the localization 
of pERK1/2 after activating MOR and CXCR4, which do not colocalize 
according to both dSTORM and coIP. When we treated PANC-1 cells 
with a selective CXCR4 agonist (CXCL12) or a combination of CXCL12 
and dermorphin, we observed high levels of nuclear pERK1/2 (Sup-
plemental Figure S11D). Next we evaluated the functional conse-
quences of the cytoplasmic localization of pERK1/2 by monitoring 
the phosphorylation status of one of its cytoplasmic substrates, p90 
ribosomal S6 kinase (RSK; Yoon and Seger, 2006), an important factor 
for cell motility, invasion, and metastasis. In PANC-1 cells, RSK was 
rapidly phosphorylated in different locations, depending on the treat-
ment type. Treatment with individual agonists resulted in nuclear 
pRSK, whereas treatment with the combination resulted in both cyto-
plasmic and nuclear pRSK (Figure 5D). Thus, in PANC-1 cells, coacti-
vation of MOR and SSTR2 appears to uniquely orchestrate phosphor-
ylation of ERK1/2, consistent with β-arrestin2 signaling.

FIGURE 5: Combined MOR and SSTR2 agonist treatment leads to a distinct signaling pathway in PANC-1 cells. (A) After 
treatment of either normal epithelial pancreatic cells or PANC-1 cells with agonists, phosphorylation of ERK1/2 and EGFR 
in cell lysates was analyzed (Western blot detection). The agonist treatments were 10 nM dermorphin, 10 nM L-054,264, 
or 10 nM dermorphin with 10 nM L-054,264. Treatment time periods are indicated. Images were cropped for clarity; large 
regions of representative original images are provided in Supplemental Figure S13E. (B) Image Lab software was used to 
quantify the amount of ERK1/2 or EGFR phosphorylation in each lane. The data are expressed as a ratio of either 
pERK1/2 over total ERK1/2 or pEGFR over total EGFR and averaged. Results are normalized (the maximum response for 
dermorphin in PANC-1 cells is taken as 100%) and presented with SE. Dermorphin treatment is presented in purple; 
L-054,264 treatment is presented in red; and the combined treatment is presented in blue. *p < 0.01 (obtained using the 
single-tail t test) between dermorphin activation and either L-054,264 or combined L-054,264 and dermorphin activation. 
For pEGFR/EGFR, the corresponding p < 0.01 in all cases. (C) Confocal imaging was used to determine pERK1/2 
localization in cells. The combined MOR and SSTR2 agonists targeted pERK1/2 to the nucleus in normal pancreatic cells 
(low levels) and to cytoplasm in PANC-1 cells (high levels). Single agonists targeted pERK1/2 to the nucleus in normal 
pancreatic cells (low levels) and to the nucleus in PANC-1 cells (high levels). Scale bars, 10 μm. (D) After treatment of 
PANC-1 cells with agonists (10 nM dermorphin, 10 nM L-054,264, or 10 nM dermorphin with 10 nM L-054,264) for the 
indicated periods of time, nuclear and cytoplasmic cell fractions were separated, and levels of pERK1/2 and pRSK were 
observed using Western blots. Large regions of representative original images are provided in Supplemental Figure S13F. 
(E) After treatment of normal pancreatic and PANC-1 cells with agonists (10 nM dermorphin, 10 nM L-054,264, or 10 nM 
dermorphin with 10 nM L-054,264) for 24 h, mRNA levels of N-cadherin (light gray), MMP-9 (dark gray), vimentin 
(medium gray), and E-cadherin (red) were measured and compared with their levels in untreated cells. Measurements 
from three independent experiments, each done in duplicate. Results are expressed as the average with SD.
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environmental features of human tumor tissue (Hirschhaeuser et al., 
2010). According to our results, MOR and SSTR2 colocalize in only 
malignant samples (Figure 2). This colocalization largely occurs in 
clustered regions. Conversely, in all the cases, MOR and CXCR4 did 
not colocalize (Figure 3). Our data were validated with two impor-
tant controls: no appreciable signal was detected with 1) blocking 
peptides (Supplemental Figures S1 and S4, B and D) and 2) stable 
PANC-1 cell knockdowns of the corresponding receptor (Supple-
mental Figure S2). In NS control PANC-1 cells, signals for MOR, 
SSTR2, and CXCR4 were detected at levels and distributions similar 
to those in wild-type PANC-1 cells. In addition, the choice of label 
(Alexa Fluor 647 vs. Atto 488) did not produce significant differ-
ences in cross-correlation curves (Supplemental Figure S5). As dem-
onstrated by Monte Carlo simulations, antibody detection efficien-
cies do not significantly influence our conclusions obtained from 
correlation curves (Supplemental Figure S6).

To confirm the dSTORM-detected GPCR interactions, we per-
formed immunoprecipitation experiments. The interactions ob-
served in the superresolution experiments were similar to those ob-
served through the biochemical approach. In both healthy and 
malignant pancreatic cells, no interactions were observed between 
MOR and CXCR4, whereas in malignant PANC-1 cells, SSTR2 coim-
munoprecipitates with MOR (Figures 2D and 3D).

To examine the relevance of MOR-SSTR2 colocalization under 
native conditions, we extended our studies to patient tissue sam-
ples. Although superresolution imaging of patient samples is time 
intensive and technically challenging (relatively high background, 
limited labeling options, and sample heterogeneity among others), 
in the present study we addressed this by optimizing both sample 
preparation and imaging conditions and by sampling multiple sec-
tions/regions of tissues while selectively labeling epithelial cells. Spe-
cifically, we used typical pathology markers for epithelial tissue, kera-
tin 8 and 18 (Moll et al., 1982). Furthermore, the superresolution data 
sets from tissue imaging were analyzed quantitatively (Figure 4). Ac-
cording to our results, GPCR organization is significantly different in 
normal and malignant tissue samples for three patients. The cluster 
size is larger for both MOR and SSTR2 in cancer tissue than in healthy 
margins. In addition, whereas they do not colocalize in healthy mar-
gins of three patients, MOR-SSTR2 clearly colocalize in cancerous 
patient tissues. Of importance, this is the first time an association has 
been described between MOR and SSTR2 in pancreatic cancer.

Given that MOR-SSTR2 is a newly identified associated receptor 
pair in PDAC, we further investigated the cellular localization of the 
two receptors upon agonist activation with confocal microscopy. As 
expected, largely membrane localization of MOR and SSTR2 with 
appreciable colocalization was seen in the steady state, whereas co-
activation with selective agonists leads to receptor internalization.

We further investigated signaling of MOR-SSTR2 in pancreatic 
environments. GPCR signaling pathways are complex and influ-
enced by both the cellular environment (Schmid and Bohn, 2009) 
and interactions with other receptors, such as receptor tyrosine ki-
nases (RTKs) and/or other GPCRs (Belcheva et al., 2001; Billadeau 
et al., 2006; Rozenfeld and Devi, 2007; Kenakin, 2011). Whereas 
signaling pathways proceed by different G-protein subclasses, β-
arrestin2, or RTKs (Belcheva et al., 2001, 2003; Billadeau et al., 
2006; Fujioka et al., 2011), they often converge at ERK1/2. Canoni-
cal G-protein–mediated signaling leads to rapid and transient phos-
phorylation of ERK1/2, which is targeted to the nucleus. Similarly, 
signaling through EGFR can induce fast phosphorylation of ERK1/2, 
which also leads to nuclear targeting. Conversely, β-arrestin2–medi-
ated signaling produces both slower and more sustained phosphor-
ylation of ERK1/2, which is subsequently targeted to the cytosol and 

treatments. As a control experiment, the agonist combination treat-
ment was evaluated in PANC-1–knockdown cells. In PANC-1/MORsi 
and PANC-1/SSTR2si cells, the treatment did not affect mRNA lev-
els of the four EMT markers (Supplemental Figure 12B). Moreover, 
in PANC-1 cells, neither a combination of MOR/CXCR4 agonists nor 
an individual CXCR4 agonist affected the mRNA levels of the four 
EMT markers (Supplemental Figure 12C). In addition to these RT-
PCR studies, we also confirmed the selective effect of the combina-
tion treatment on EMT markers in PANC-1 cells at the protein level. 
The combined MOR and SSTR2 agonists increased protein levels of 
vimentin and N-cadherin and decreased levels of E-cadherin in 
PANC-1 cells but not in normal pancreatic cells (Supplemental 
Figure 12D). These results imply that coactivation of associating GP-
CRs may contribute to the aggressive biology of PDAC.

DISCUSSION
Conventional targets in PDAC have not yielded an effective chemo-
therapeutic agent for a number of reasons: the disease is usually 
detected at a late stage, when it is more difficult to treat; it pro-
gresses aggressively; and it is difficult to deliver PDAC drugs effi-
ciently (Li et al., 2004a; Oberstein and Olive, 2013). The limitations 
of current approaches are reflected in PDAC’s dismal 5-yr survival 
rate of 7% (Howlader et al., 2014). To develop an orthogonal ap-
proach capable of complementing the current clinical regimen, we 
have focused our attention on GPCR heteromers. Because GPCR 
heteromers are more commonly observed in pathological cells 
(AbdAlla et al., 2001; Grant et al., 2008; Azdad et al., 2009; Albizu 
et al., 2011; Rozenfeld et al., 2011; Bushlin et al., 2012), they are 
ideal targets for developing a selective pharmacological agent and 
are under scrutiny for a number of neurological disorders. However, 
in pancreatic cancer, they remain a relatively untapped resource. 
The focus has been predominantly on monomeric GPCRs such as 
SSTR2 (Cascinu et al., 1995) and CXCR4 (Singh et al., 2010). Be-
cause such receptors exhibit complex signaling patterns and tend to 
make heteromers under pathological conditions, we have investi-
gated their association in PDAC by coupling classical biochemical 
experiments with quantitative superresolution imaging techniques.

Using Western blots and RT-PCR (Figure 1), we showed that pan-
creatic cells express MOR, CXCR4, and SSTR2. We then applied 
pointillistic superresolution microscopy methods to obtain details 
about receptor distribution at the single-molecule level. To achieve 
high spatial resolution, pointillistic techniques such as dSTORM use 
total internal reflection microscopy illumination and single marker 
switching to restrict light emission to a single fluorophore in a dif-
fraction-limited spot (Betzig et al., 2006; Hess et al., 2006; Rust 
et al., 2006; Folling et al., 2008; Wombacher et al., 2010). In this 
way, a resolution of ∼10–25 nm is obtained and single-molecule sen-
sitivity is achieved along large spatial areas. We further applied a 
rigorous quantitative analysis: Voronoï tessellation analysis (Levet 
et al., 2015) was used to determine receptor shape and size, and 
pair-correlation analysis (Sengupta et al., 2011, 2013) was used to 
obtain information on the extent of colocalization between recep-
tors. Our results suggest that MOR, SSTR2, and CXCR4 form clus-
ters with an average radius between 35 and 55 nm. This is consistent 
with the organization of receptors into signaling domains and pos-
sible partial association with lipid rafts (Tobin et al., 2014).

PC-dSTORM was used to define the colocalization of CXCR4, 
MOR, and SSTR2. The effect of cellular environment was examined 
by using healthy cells, cancerous cells, and the external layer of 
MCTS. MCTS can recapitulate 1) cellular interactions and tumor het-
erogeneity (e.g., contain both quiescent and proliferative cells; 
Sutherland, 1988) and 2) histomorphological, functional, and micro-
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dishes. For dSTORM microscopy, cells were grown on coverslips 
coated with fibronectin-like engineered protein (25 μg/ml in phos-
phate-buffered saline [PBS], pH 7.4; Sigma-Aldrich, St. Louis, MO) 
as described previously (Tobin et al., 2014). For tissue imaging, cov-
erslips were coated with 0.03% gelatin for 10 min at room tempera-
ture; solution was aspirated, and the coverslips were air-dried just 
before sample addition.

Cell culture
COS-7, HEK293T, PANC-1, BxPC3, SU.86.86, CAPAN-1, and MCF-7 
cells (originally obtained from the American Type Culture Collection, 
Manassas, VA) were cultured in phenol red–free DMEM or RPMI-
1640 (only for BxPC3 cells) supplemented with 10% fetal bovine 
serum, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 U/ml strep-
tomycin, and 2 mM l-alanyl- l-glutamine. Human immortalized pan-
creatic epithelial cells (AddexBio, San Diego, CA) were grown in 
Keratinocyte SFM medium with defined Keratinocyte SFM supple-
ments (Life Technologies, Carlsbad, CA) as per the supplier’s sug-
gestion and subsequently cultured in phenol red–free Epilife media 
supplemented with calcium chloride and Epilife supplements (Life 
Technologies). CHO-S cells (Invitrogen, Carlsbad, CA) were cultured 
per manufacturer’ specifications in FreeStyle medium.

To obtain a large and reproducible quantity of MCTS, we placed 
1000 cells/well into 96-well round-bottom plates coated with Poly-
Hema (Sigma-Aldrich). A small amount (∼1% of total medium) of 
phenol red–free Matrigel (Corning, Corning, NY) was included in the 
growth medium. MCTS of consistent size (450 μm) generally formed 
within 4 d. For superresolution imaging of surface layers, MCTS 
were placed on fibronectin-like engineered protein coated cover-
slips for 3 h at 37°C in the cell incubator to attach and were subse-
quently fixed.

Knockdowns
MOR, SSTR2, CXCR4, and β-arrestin2 knockdowns were performed 
using GIPZ lentivirals shRNAmir constructs specific for each GPCR 
(GE Dharmacon, Lafayette, CO); details are provided in the Supple-
mental Methods. The microRNA is a polycistronic RNA with Tur-
boGFP, allowing visualization of cells that express the short hairpin 
RNA. The shRNAmir construct was stably integrated in the PANC-1 
cells per the manufacturer’s instructions. First, the lentivirus was 
packaged using the Trans-LentiviralshRNA packaging system. The 
lentivirus system was then transfected into HEK293T cells (American 
Type Culture Collection) using calcium phosphate. Packaged lentivi-
rus was concentrated for 48 h after transfection. The supernatant 
with lentiviral particles containing shRNAmir was directly transduced 
into PANC-1 cells. Briefly, ∼5 × 104 PANC-1 cells were added to each 
well in a 24-well plate. A final concentration of 8 μg/ml Polybrene 
and 500 μl of packaged lentivirus were added to the cells. The cells 
were incubated for 8 h, and then the medium was changed. After 48 
h, DMEM supplemented with 10% fetal bovine serum, 1 mM so-
dium pyruvate, 100 U/ml penicillin, 100 U/ml streptomycin, and 2 
mM l-alanyl- l-glutamine supplemented with 2 μg/ml puromycin 
was added to start selection for stably transduced cells (PANC-1/
SSTR2si. PANC-1/MORsi, PANC-1/CXCR4si, and PANC-1/β-
arrestin2si). As a control, GIPZ vector containing a nonsilencing con-
trol was also transfected (PANC-1 NS).

Antibodies and fluorescent dye conjugation
The following primary antibodies were purchased: anti-MOR (guinea 
pig polyclonal; Abcam, Cambridge, MA), anti-SSTR2 (rabbit poly-
clonal; Neuromics, Edina, MN), anti-CXCR4 (mouse monoclonal; 
Neuromics), and anti–cytokeratin 8 and 18 (mouse monoclonal; Cell 

endosomes (Ahn et al., 2004; Gesty-Palmer et al., 2006; Shenoy 
et al., 2006; Rozenfeld and Devi, 2007; Cervantes et al., 2010). Be-
cause a downstream phenotypic assay that quantifies spatiotempo-
ral ERK/1/2 phosphorylation (Ahn et al., 2004) is important for inves-
tigating functional cross-talk between associated GPCRs, we studied 
how activating MOR and/or SSTR2 affects ERK1/2 and EGFR phos-
phorylation. The three treatments consisted of 1) a specific MOR 
agonist, dermorphin, 2) a specific SSTR2 agonist, L-054,264, and  
3) a combination of the two. In malignant PANC-1 cells, activating 
MOR and SSTR2 simultaneously with the combination produced 
unique downstream effects: 1) consistent with previous reports in 
breast cancer cells (Kharmate et al., 2013), the combination failed to 
induce EGFR phosphorylation; 2) it produced slower and more sus-
tained pERK1/2 activation; and 3) it predominantly promoted cyto-
plasmic pERK1/2 and resulted in cytoplasmic pRSK component. 
This is particularly significantly considering that cytoplasmic pERK 
has been detected in a large number of patient PDAC samples 
(Pham et al., 2008; Dutruel et al., 2014). Of importance, mostly nu-
clear pERK1/2 was observed in MOR-, SSTR2-, and β-arrestin2–
knockdown PANC-1 cells upon combination treatment. Based on 
taking the results together, coactivation of MOR-SSTR2 in PANC-1 
cells appears to proceed by a distinct pathway that does not appear 
to involve EGFR transactivation and is consistent with β-arrestin2 
signaling.

Given that PDAC is characterized by frequent metastasis to remote 
sites (only ∼20% of tumors are discovered in early stages; Li et al., 
2004a), we next investigated whether this distinct signaling pathway 
contributes to the metastatic potential of cells. Expression of mesen-
chymal proteins in cancer cells is an indicator of aggressive tumor biol-
ogy for PDAC (Javle et al., 2007) and has been associated with poor 
patient survival (Javle et al., 2007; Handra-Luca et al., 2011; Jiang 
et al., 2015), chemoresistance (Arumugam et al., 2009; Wang et al., 
2009), and invasiveness (Nakajima et al., 2004; Javle et al., 2007; 
Zhang et al., 2012). On administration of our three treatments, the 
expression of EMT markers was quantified. According to our results, 
coactivation of MOR and SSTR2 in PANC-1 cells leads to increased 
expression of vimentin, MMP9, and N-cadherin and decreased ex-
pression of E-cadherin (Figure 5E and Supplemental Figure S12). This 
effect was not observed in normal pancreatic cells or PANC-1/MORsi 
and PANC-1/SSTR2si cells. Thus the coactivation of MOR and SSTR2 
appears to be involved in the metastatic potential of PDAC.

Conclusion
By combining quantitative superresolution analyses with biochemi-
cal approaches, we identified a molecular signature unique to pan-
creatic adenocarcinoma. Two G-protein–coupled receptors, MOR 
and SSTR2, were shown to associate uniquely in PDAC. Moreover, 
coactivation of MOR and SSTR2 produced a distinct signaling path-
way that appears to use β-arrestin2 signaling and increase the meta-
static potential of cells. Thus MOR-SSTR2 in PDAC may constitute a 
novel and specific pharmacological target.

MATERIALS AND METHODS 
Coverslip preparation
Number 1.5, 25-mm coverslips (Warner Instruments, Hamden, CT) 
were cleaned with 1% Hellmanex III (Fisher Scientific, Hampton, NH) 
for 3 h at 25°C, rinsed with distilled water, and placed in acetone at 
70°C for 10 min. This was followed by a secondary cleaning with a 
mixture of 1:1:5 (vol/vol) of hydrogen peroxide (30%):ammonium 
hydroxide:water for 1 h at 70°C. Coverslips were rinsed in distilled 
water and stored in 100% ethanol. Cleaned coverslips were subse-
quently flame dried and placed in sterile 35-mm tissue culture 
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were subsequently washed and incubated with 2 μg/ml Alexa Fluor 
405–labeled secondary antibody in PB buffer for 15 min. Tissue 
samples were extensively washed again and postfixed for 10 min. 
Samples were immediately imaged on a Nikon N-STORM super-
resolution microscope. Images were processed with Nikon Elements 
N-STORM software to identify peaks. Tissue samples were collected 
under Institutional Review Board No. 06129, and informed consent 
was obtained from all subjects.

Optical setup and image acquisition
Measurements were performed on a 3D N-STORM superresolution 
microscope (Nikon, Melville, NY) configured for TIRF. The N-STORM 
system (Nikon Instruments) consists of a fully automatic Ti-E inverted 
microscope with piezo stage on a vibration isolation table with a 
100×/1.49 numerical aperture TIRF objective (Apo), an N-STORM 
lens and λ/4 lens, and a Quad cube C-NSTORM (97355; Chroma, 
Bellows Falls, VT) with filters for 405-, 488-, 561-, and 640-nm light. 
The microscope is equipped with a Perfect Focus Motor to maintain 
imaging on the desired focal plane, an MLC-MBP-ND laser launch 
with 405-, 488-, 561-, and 647-nm lasers (Agilent, Santa Clara, CA), 
and an electron-multiplying charge-coupled device camera (iXon 
DU897-ultra; Andor Technology, South Windsor, CT). Data were ac-
quired using NIS Elements 4.3 software with automatic drift correc-
tion. Laser powers used to activate and/or image dyes were 120, 60, 
and 6 mW (measured out of the optical fiber) for 647, 488, and 405 
nm, respectively. Two-color imaging was done with sequential activa-
tion, switching the laser from 488 to 647 nm for every frame. We ac-
quired 20,000 frames in each channel using an exposure time of 9 ms.

We imaged 2D cultures of cells, outer layer of MCTS, and thin 
sections of tissue samples. All samples were imaged in TIRF mode, 
and trans-light was used to observe selected regions. Before mi-
croscopy, we marked locations of MCTS and tissue samples on the 
coverslip with the marker to aid in region selection. For tissue imag-
ing, epithelial cells were identified with quick scanning using a low-
power 405-nm laser. We adjusted the TIRF angle and focus to image 
tissue regions close to the coverslip with appreciable 488-nm and/
or 647-nm signal (appearing in the area that matched keratin 8 and 
18 signal). For tissues, 405-channel imaging of Alexa Fluor 405 was 
performed after the two-color dSTORM acquisition.

To select flat membrane segments and avoid artifacts from the 
3D topology of the membrane projecting into the 2D imaging 
plane, we imaged the same segments with a slightly shifted focal 
plane (minimal signal was observed above membrane segments). In 
addition, we also examined the photon count distributions for these 
regions after processing and confirmed that photon counts were in 
an expected range and did not show bimodal distributions.

Image analysis
Peak localization was performed using NIS Elements 4.3 software. 
The minimum number of photons was set to 700. Settings for peak 
localization were as follows: minimum peak width, 200 nm; maxi-
mum peak width, 400 nm; maximum axial ratio, 1.3; and maximum 
displacement, 1 pixel. Peak height thresholds were set to 8000 and 
11,000 for Atto 488 and Alexa Fluor 647, respectively. The average 
localization precision was 17 nm in the 488 channel and 12 nm in the 
647 channel, as detected by NIS-Elements. After peak localization, 
the density of peaks and cross-correlation functions were computed 
as described previously (Sengupta et al., 2011, 2013). Briefly, for 
two-color imaging, two separate binary images of cells were com-
puted using peak coordinate centers obtained from NIS-elements. 
A value of 1 was assigned for pixels with detected peaks, and a 
value of 0 was assigned elsewhere. Next square regions of interest 

Marque/Sigma-Aldrich). Purchased purified secondary antibodies 
include rabbit anti-guinea pig (polyclonal; Abcam), goat anti-rabbit 
(polyclonal; Abcam), and goat anti-mouse (polyclonal; EMD 
Millipore, Temecula, CA). Antibody references are provided in the 
Supplemental Methods. Secondary antibodies were labeled with 
Alexa Fluor 405, Alexa Fluor 647 (Life Technologies), or Atto 488 
(Sigma-Aldrich) containing an N-hydroxysuccinidimidyl ester (NHS) 
group for conjugation to proteins. A solution containing a 6–10 M 
excess of dye dissolved in dimethyl sulfoxide was mixed with a solu-
tion of 1 mg/ml secondary antibody in PBS, pH 7.4, with 0.02 M 
NaHCO3; the resulting solution was allowed to react for 30 min at 
room temperature. The solution was quenched with 1.5 M hydroxyl-
amine (pH 8.5) for 10 min. Unconjugated dye was removed by pass-
ing the solution through a size exclusion chromatography column 
(Bio-Rad, Hercules, CA). Before the experiment, labeled antibody 
was passed through a 300-kDa concentrator to remove any poten-
tial aggregates. The concentration of labeled secondary antibodies 
was measured by a NanoDrop 1000 (Thermo) and calculated with 
respect to the dye’s correction factor. Approximately one dye per 
antibody was obtained in all cases for Atto 488 and Alexa Fluor 647. 
Secondary antibodies were used freshly labeled.

Immunocytochemistry
Immunocytochemistry was done according to established proto-
cols. Antibody concentrations and incubation times were individu-
ally optimized. Briefly, cells were fixed for 30 min at room tempera-
ture with 4% (wt/vol) paraformaldehyde and 0.2% (wt/vol) 
glutaraldehyde and inactivated with 25 mM glycine for 10 min. After 
washes in PBS, cells were incubated in permeabilization buffer (PB; 
0.1–0.5% Tween-20 and 5% bovine serum albumin [BSA] in PBS) for 
20 min. After a wash, cells were incubated for 1 h with 2 μg/ml pri-
mary antibody/antibodies. Subsequently cells were extensively 
washed and incubated with 2 μg/ml labeled secondary antibody/
antibodies for 45 min. To avoid interaction between goat anti-rabbit 
and rabbit anti-guinea pig secondary antibodies, we first incubated 
cells with secondary anti-rabbit antibody, extensively washed them, 
and then incubated cells with secondary anti-guinea pig antibody. 
After PBS wash, cells were postfixed for 10 min with 4% (wt/vol) 
paraformaldehyde and 0.2% (wt/vol) glutaraldehyde and inacti-
vated with 25 mM glycine for 10 min at room temperature. For con-
trol experiments, 5 M excess of blocking peptide was preincubated 
with specific primary antibody/antibodies for 10 min at room tem-
perature; all other steps were done according to the foregoing pro-
tocol. Coverslips were imaged immediately after preparation in At-
tofluor cell chambers (Life Technologies) in 50 mM Tris (pH 8.0), 
10 mM NaCl, and 10% glucose imaging buffer containing mercap-
toethylamine (100 mM) and glucose oxidase and catalase (GLOX; 
10% vol/vol) as previously described (Dempsey et al., 2011).

Tissue samples and immunohistochemistry
Fresh-frozen tissues in OCT compound (Fisher Scientific) were cut 
using a Leica CM3050S cryostat; slice thickness was 8 μm. Glandular 
tissue was sliced to allow imaging of normal/neoplastic glands. Tis-
sue slices were put on clean coverslips coated with 0.03% gelatin, 
incubated at room temperature for 5 min, and rehydrated with PBS 
for 10 min. Samples were fixed for 30 min with 4% (wt/vol) parafor-
maldehyde and 0.2% (wt/vol) glutaraldehyde and inactivated with 
25 mM glycine for 10 min at room temperature. Subsequently sam-
ples were incubated with antibodies (as described in the immunocy-
tochemistry protocol) to detect MOR and SSTR2. After extensive 
washes, tissues were incubated with 2 μg/ml cytokeratin antibody 8 
and 18 (Cell Marque, Rocklin, CA) in PB buffer for 30 min. Tissues 
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The data represent the percentage of maximum response to dermor-
phin treatment. The p values were obtained using the single-tail t test 
for the same time point between dermorphin activation and either 
L-054,264 or combined L-054,264 and dermorphin activation.

Cell fractionation
Nuclear and cytoplasmic extracts were made according to previously 
published protocols (Smith et al., 2004; Rozenfeld and Devi, 2007). 
Briefly, PANC-1 cells were treated with 10 nM dermorphin or 10 nM (1
R,1′S,3′R/1R,1′R,3′S)-L-054,264 (Tocris, Bristol, UK) individually and in 
combination for the indicated times. After the treatment, cells were 
washed in ice-cold PBS three times and scraped into lysis buffer 
(10 mM Tris, pH 7.4, 10 mM NaCl, 3 mM MgCl2, 1 mM ethylene glycol 
tetraacetic acid, 1 mM sodium orthovanadate, and a protease phos-
phatase inhibitor tablet [ThermoFisher Pierce]) and incubated on ice 
for 10 min. The lysate was then homogenized and centrifuged at 
375 × g for 5 min. The pellet consisting of the nuclear fraction was 
washed five times with lysis buffer containing 0.1% NP-40 to remove 
any nonnuclear contamination and resuspended in lysis buffer con-
taining NP-40. The soluble fraction was centrifuged twice at 375 × g 
to remove nuclear contamination and used as the cytosolic fraction. 
Fractions were then used for immunoblotting for anti–phospho-
ERK1/2, anti–phospho-p90RSK (Thr-573; rabbit polyclonal; Cell Sig-
naling, Danvers, MA), and anti–β-actin as a loading control for the 
cytoplasmic fraction, and Histone H3 antibody (rabbit monoclonal; 
Cell Signaling) was used as a loading control for the nuclear fraction.

Extraction of RNA, cDNA synthesis, and RT-PCR
RNA was isolated using the RNAeasy Plus Kit (Qiagen, Valencia, CA) 
according to the manufacturer’s protocol. For the EMT markers as-
say, cells were first treated with appropriate agonists where indicated 
for 24 h, followed by cell lysis and RNA extraction. cDNA was synthe-
sized from 2 μg of RNA using a Bioline cDNA synthesis kit according 
to the manufacturer’s protocol. The synthesized cDNAs were used as 
templates for PCRs with primers as described in the Supplemental 
Methods. RT-PCR was performed using 5× RT Master Mix (Applied 
Biosystems). The reactions were analyzed on the CFX96 real-time 
instrument (Bio-Rad). Themocycler conditions were 95°C for 10 min 
for 1 cycle, 95°C for 15 s, and 60°C for 1 min for 50 cycles. Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) was used as internal 
control. For GPCR assays, COS-7 cells were used as negative and 
MCF-7 cells as positive controls. For EMT marker assays, fold change 
was calculated as a ratio of treated to untreated control.

Coimmunoprecipitation
Coimmunoprecipitation was performed using a coimmunoprecipi-
tation kit (ThermoFisher Pierce) per the manufacturer’s protocol. 
Briefly, MOR antibody was immobilized using a coupling resin. 
PANC-1 or normal pancreatic epithelial cells were lysed using buffer 
containing 1% Nonidet P-40, 10% glycerol, 50 mM Tris-Cl, pH 7.4, 
300 mM NaCl, 1.5 mM MgCl2, 1 mM CaCl2, and protease inhibitor 
tablets (ThermoFisher Pierce) as previously described (Rozenfeld 
and Devi, 2007), precleared, and added to the antibody-coupled 
resin and incubated with gentle shaking overnight at 4°C. After thor-
ough washes, the protein sample coimmunoprecipitate was eluted 
and used for Western blotting with SSTR2 or CXCR4 antibodies. 
Actin was used as a loading control.

Sample preparation for confocal microscopy
For all studies, cells were plated and grown on coverslips in full media.

For internalization studies, PANC-1 cells were treated with 1) 10 
nM dermorphin, 2) 10 nM L-054,264, and 3) 10 nM dermorphin plus 

with a size of 80 μm2 were randomly selected. Cross-correlation was 
computed using fast Fourier transforms with a previously published 
algorithm in MATLAB (Natick, MA) (Sengupta et al., 2013). In all 
cases, error bars represent SEM calculated individually for each data 
point. All presented images were color inverted for clarity. No other 
modifications were done. Image tessellation was performed using 
SR-Tesseler software as previously described (Levet et al., 2015). 
Brief details are provided in the Supplemental Methods.

Protein extracts and immunoblotting
To prepare protein extracts, cells were pelleted by centrifugation 
and washed twice in PBS. The pellet was resuspended in lysis buffer 
(50 mM Tris, pH 8.0, 150 mM sodium chloride, and 1% NP-40 with 
supplemented Protease and Phosphatase Inhibitor Mini Tablets; 
ThermoFisher Pierce, Grand Island, NY) and incubated on a rotator 
for 30 min at 4°C. Subsequently the cells were pelleted by centrifu-
gation at 10,000 rpm for 20 min at 4°C. The protein lysate (superna-
tant) was used immediately or stored at −80°C. Membrane proteins 
were isolated using the Mem-Per Plus Membrane protein isolation 
kit (Thermo Scientific) per the manufacturer’s instructions. Briefly, ad-
herent cells were scraped and centrifuged for 5 min at 300 × g. The 
cell pellet was washed twice using Cell Wash solution and centri-
fuged for 5 min at 300 × g. The cell pellet was permeabilized using 
permeabilization buffer and incubated at 4°C for 10 min on a rota-
tor. The permeabilized cells were then centrifuged at 16,000 × g for 
15 min. The supernatant containing the cytosolic proteins was re-
moved and stored at −80°C. The remaining cell pellet was resus-
pended in solubilization buffer and incubated for 30 min on a rota-
tor at 4°C. After centrifugation at 16,000 × g for 15 min at 4°C, the 
supernatant containing the fractionated membrane proteins were 
removed at stored at −80°C. The lysates were subjected to SDS–
PAGE’ and Western blotting using standard procedures. Primary 
antibodies included anti–phospho-ERK1/2 (Thr202/Tyr204; rabbit 
monoclonal; Cell Signaling), anti-ERK1/2 (rabbit polyclonal; Abcam), 
anti-EGFR (rabbit monoclonal; Abcam), anti–phospho EGFR (Tyr-
1068; rabbit monoclonal; Cell Signaling), anti-MOR (guinea pig 
polyclonal; Abcam), anti-SSTR2 (rabbit polyclonal; Neuromics), anti-
CXCR4 (mouse monoclonal, Neuromics), anti–β-actin (mouse mono-
clonal; Cell Signaling), and anti–Na/K ATPase (rabbit monoclonal; 
Cell Signaling). Proteins were detected with Pierce ECL detection 
reagents (ThermoFisher Pierce). The blots were imaged using the 
Chemi-Doc Touch Imaging system or film developer.

Epithelial and mesenchymal markers and Western blots
PANC-1 cells were treated with 1) 10 nM dermorphin (Y(D-ALA)
FGYPKC; GenScript, Piscataway, NJ) and 2) 10 nM (1R,1′S,3′R/1R,1′R,
3′S)-L-054,264 (Tocris) individually and in combination for 24 h. Cells 
were lysed as described for immunoblotting with EMT marker anti-
bodies (vimentin rabbit monoclonal, E-cadherin rabbit monoclonal, 
N-cadherin rabbit monoclonal; Epithelial-Mesenchymal Transition An-
tibody Sample Kit; Cell Signaling) according to the manufacturer’s 
protocol. Blots were imaged using the Image Lab software (Bio-Rad).

Kinetic study
Cells were treated with 10 nM dermorphin [Y(d-ALA)FGYPKC; Gen-
Script] or 10 nM (1R,1′S,3′R/1R,1′R,3′S)-L-054,264 (Tocris) individually 
and in combination for the indicated times. Cells were lysed for im-
munoblotting with phospho-ERK1/2, total ERK1/2, phospho-EGFR, 
and total EGFR. Blots were imaged on film and quantified using the 
Image Lab software. ERK1/2 and EGFR phosphorylation at each time 
point was quantified and normalized by calculating the ratio of 
pERK1/2 over total ERK1/2 and pEGFR over total EGFR in each lane. 
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4. The mean number of times a receptor turned on and produced 
a usable image during the experiment.

5. The mean localization precision and mean photon count for each 
label (2500 and 1500 for red and green, respectively). The photon 
counts were assumed to be exponentially distributed, with a min-
imum threshold of 1000 photons for an image to be analyzed.

After randomly generating receptor positions and randomly pick-
ing a subset of the receptors as fluorescently labeled, we randomly 
generated a number of appearances from a geometric distribution 
for labeled receptors. We first investigated the effect of the average 
number of appearances of a fluorophore on the data; we did not 
observe significant variability for tested conditions. For the majority 
of the simulations, we thus used an average of four appearances for 
both channels. We next generated a series of photon counts (from 
an exponential distribution with specified mean and minimum); we 
used the photon counts to determine the precision (SD) of each po-
sition estimate, based on the assumption that the localization preci-
sion is inversely proportional to the square root of the photon count. 
For each receptor appearance, we generated position estimates. 
Each estimate was drawn from a Gaussian (normal) distribution with 
a mean equal to the true position of the receptor and SD equal to 
the localization precision. These position estimates were then used 
to construct a high-resolution map of estimated receptor positions. 
This image map was subsequently analyzed by the same MATLAB 
program used to compute the cross-correlation function of the ex-
perimental data. All image simulations were performed in Python on 
a laptop computer. A simulation with a 16 × 16–μm field of view, 
containing ∼5000 receptors, could be conducted and the output 
rendered into a high-resolution image (125 Mb) in <5 min.

10 nM L-054,264 for 30 min. Untreated or agonist(s)-treated cells 
were then fixed and immunostained for MOR and SSTR2 detection 
as described. Images were acquired using a Zeiss LSM880 micro-
scope and LD C-Apochromat 40×/1.1 W Corr M27 objective.

For pERK1/2 activation studies, after 24 h, normal pancreatic 
and/or PANC-1 cells were treated with 1) 10 nM dermorphin, 2) 10 
nM L-054,264, 3) 10 nM dermorphin plus 10 nM L-054,264, 4) 100 
ng/ml CXCL12, and 5) 10 nM dermorphin plus 100 ng/ml CXCL12 
for either 3 or 30 min as indicated. PANC-1 NS, PANC-1/β arreatin2, 
PANC-1/SSTR2si, and PANC-1/MORsi cells were treated with 10 nM 
dermorphin with 10 nM L-054,264 for 3 min. After treatment, cells 
were washed and fixed with 4% (wt/vol) paraformaldehyde and 
0.2% (wt/vol) glutaraldehyde for 30 min and inactivated with 25 mM 
glycine for 10 min. Cells were then washed in PBS and subsequently 
permeabilized on ice using 0.5% Tween-20 in PBS for 20 min as 
before (Smith et al., 2004). Cells were washed with PBS and blocked 
with 5% BSA in PBS for 10 min. Cells were incubated for 1 h at 37°C 
with 2 μg/ml primary antibody (anti-pERK1/2). Subsequently cells 
were washed three times with 0.5% Tween-20 in PBS for 5 min each 
and incubated with 2 μg/ml Alexa Fluor 647–labeled secondary an-
tibody in PB for 45 min. After incubation with secondary antibody, 
cells were washed three times with 0.5% Tween-20 in PBS. Cells 
were covered with 4′,6-diamidino-2-phenylindole mounting me-
dium (Vector Labs, Burlingame, CA), mounted on slides, and im-
aged on a Zeiss LSM700 confocal microscope.

Monte Carlo simulations
We detected on average ∼2000 receptors in normal cells and ∼6000 
receptors in PANC-1 cells. Although this is consistent with previously 
reported values for GPCRs (Jonas et al., 2015), we wanted to inves-
tigate whether antibody binding efficiency significantly influences 
the discovery of heterodimerizaion via cross-correlation curves. We 
thus simulated superresolution images of receptors with specified 
dimerization fractions at different receptor densities and antibody 
binding efficiencies. We assumed detected densities of ∼4 and 10 
receptors/μm2, representing lower- and higher-expressing cells on 
average, respectively. We generated images with random receptor 
positions and randomly assigned each receptor to either be a 
monomer (red or green, denoted R or G), homodimer (RR or GG), or 
heterodimer (RG) in specified ratio. We assumed that receptor sizes 
were small enough that excluded-area effects were negligible (for-
bidding two molecules to be less than one receptor diameter apart).

Using those randomly generated images, specified detection ef-
ficiency, and the known photophysical properties of the fluorescent 
labels from experimental data (mean localization precision, average 
photon count, distribution of photon counts), we generated sets of 
localizations in the red and green channels, which we translated into 
images. These localization maps were in the same format as the pro-
cessed experimental data. Finally, these simulation data were passed 
to the same analysis software as the experimental data, and the cross-
correlation between the red and green channels was computed.

In our simulations, the key variables were as follows:

1. The number of red and green receptors per square micrometer.

2. The relative probabilities of the red and green receptors appear-
ing as monomers or as homodimers and heterodimers.

3. The labeling probabilities for red and green receptors (correspond-
ing to the antibody detection efficiency). We allowed for the pos-
sibility of incomplete labeling, so that only a predefined fraction of 
the receptors was labeled red or green. We did not assume a priori 
that the labeling probabilities were the same for both receptors.
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