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The Somatostatin receptor 2 (Sstr2) is a heterotrimeric G
protein-coupled receptor that is highly expressed in neuroendo-
crine tumors and is a common pharmacological target for inter-
vention. Unfortunately, not all neuroendocrine tumors express
Sstr2, and Sstr2 expression can be downregulated with prolonged
agonist use. Sstr2 is rapidly internalized following agonist stim-
ulation and, in the short term, is quantitatively recycled back to
the plasma membrane. However, mechanisms controlling steady
state expression of Sstr2 in the absence of agonist are less well
described. Here, we show that Sstr2 interacts with the Wnt
pathway protein Dvl1 in a ligand-independent manner to target
Sstr2 for lysosomal degradation. Interaction of Sstr2 with Dvl1
does not affect receptor internalization, recycling, or signaling to
adenylyl cyclase but does suppress agonist-stimulated ERK1/2
activation. Importantly, Dvl1-dependent degradation of Sstr2 can
be stimulated by overexpression of Wnts and treatment of cells
with Wnt pathway inhibitors can boost Sstr2 expression in
neuroendocrine tumor cells. Taken together, this study identifies
for the first time a mechanism that targets Sstr2 for lysosomal
degradation that is independent of Sstr2 agonist and can be
potentiated by Wnt ligand. Intervention in this signaling mech-
anism has the potential to elevate Sstr2 expression in neuroen-
docrine tumors and enhance Sstr2-directed therapies.

The Somatostatin receptor 2 (Sstr2) is a heterotrimeric G
protein-coupled receptor that is highly expressed in neuroen-
docrine tissues, where it often functions to limit hormone
secretion.High Sstr2 expression is also a defining feature inmany
neuroendocrine tumors, and as such Sstr2 agonists are often used
to suppress the excess hormone secretion that is a common,
debilitating feature in these tumors (1–5). In addition, a
radionuclide-coupled Sstr2 agonist was recently approved for use
as a tumor cell killing therapeutic in mid-gut neuroendocrine
tumors, thus creating a clinical precedent for the conjugation of
tumor cell killing analogs to Sstr2 agonists (6–8). Unfortunately,
not all neuroendocrine tumors express significant levels of Sstr2
and prolonged agonist therapy can cause receptor down-
regulation. Thus, it is important to identify regulatory mecha-
nisms controlling Sstr2 trafficking and expression.

Upon agonist addition, Sstr2 is rapidly internalized in a
GRK- and β-arrestin-dependent manner. It is then trafficked
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to the Golgi, following which it is thought to be quantitatively
recycled back to the plasma membrane (9–18). Sstr2 traf-
ficking may also be controlled by interaction with PDZ domain
containing proteins, which bind to C-terminal PDZ domain-
binding sites in many G protein-coupled receptors to regu-
late their trafficking and signaling potential (19, 20). The C-
terminal PDZ domain-binding site of Sstr2 has been shown to
bind to PDZ domain-containing proteins such as Shank1,
Shank2, Magi1, and SYNJ2BP (21–24). Moreover, we have
demonstrated that interaction with SYNJ2BP enhances
agonist-induced receptor internalization and signaling to the
ERK/MAPK pathway (24).

In a screen for PDZ domain-containing proteins that may
bind to Sstr2, we also identified Dishevelled 1 (Dvl1) as a
potential-interacting protein (24). Dvl1 is a scaffolding protein
that plays a key role in controlling β-catenin activation by the
Wingless (Wnt) family of extracellular ligands (25–28). It also
targets the Frizzled (Fzd) family of Wnt receptors for lysosomal
degradation, thereby restricting the extent of β-catenin activa-
tion (29, 30). There are 3 Dvl genes in the human genome, Dvl1,
2, and 3 and most cells express more than one Dvl protein.
Importantly, binding of Dvl proteins to Fzd receptors recruits
the ubiquitin E3 ligases RNF43 and ZNRF3, which then ubiq-
uitylate Fzds to target them to the lysosome. Thus, this mech-
anism limits the number of Fzd receptors on the cell surface and
negatively regulates Fzd-dependent signaling.

In the present work, we show that Dvl1 binds to Sstr2 in an
agonist-independent manner, targeting Sstr2 for lysosomal
degradation. Furthermore, we demonstrate that excess Wnt
signaling promotes Sstr2 degradation and that small molecule
inhibition of Dvl1 can enhance Sstr2 expression in neuroen-
docrine cells. These data indicate that Dvl1 limits Sstr2
expression in the absence of Sstr2 agonist and that excess Wnt
signaling can exacerbate this process. These findings also
suggest that limiting Dvl1 function may be a possible thera-
peutic approach to enhance Sstr2-directed therapies in pa-
tients with neuroendocrine tumors.
Results

Dvl1 interacts with Sstr2 to inhibit its expression

We have previously shown that a peptide corresponding to
the C-terminal PDZ domain-binding site of Sstr2 interacted
with the PDZ domain of Dvl1 (24). To determine whether full-
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Dvl1 targets Sstr2 for lysosomal degradation
length Sstr2 and Dvl1 interact, HEK293 cells were transfected
with HA-epitope tagged Sstr2 and Flag-tagged Dvl1. HA-Sstr2
was then immunoprecipitated and tested for coprecipitation of
Flag-Dvl1 by Western blotting. We observed that Dvl1 effi-
ciently coimmunoprecipitated with Sstr2, indicating that the
full-length proteins interact in cells (Fig. 1A). To test whether
this required the PDZ domain of Dvl1, transfected cells were
incubated with a pan-Dvl PDZ domain inhibitor NSC668036
(31) prior to lysis and immunoprecipitation of HA-Sstr2. We
found that NSC668036 effectively blocked coprecipitation of
Flag-Dvl1 (Fig. 1B). To determine whether the endogenous
proteins interact, we tested for coimmunoprecipitation of Dvl1
with Sstr2 in the neuroendocrine cell lines IMR32 and H69.
Importantly, we found that endogenous Dvl1 coimmunopre-
cipitated with endogenous Sstr2 in both of these cell lines
(Fig. 1, C and D).

We then examined whether the interaction between Sstr2
and Dvl1 was influenced by Sstr2 agonist. We used proximity
ligation assays (PLA) for this analysis, as a portion of agonist-
stimulated Sstr2 is rapidly internalized into vesicles that are
insoluble in buffers suitable for coimmunoprecipitation assays
(24). HEK293 cells were transfected with HA-Sstr2 and Flag-
Dvl1 and then stimulated for different times with the Sstr2
agonist octreotide. Cells were then fixed in paraformaldehyde
(PFA) and processed for PLA. We observed that there was a
basal level of interaction that was increased 2 min after agonist
addition and largely returned to baseline after 5 min (Fig. 1, E
and F). To ascertain whether this was also the case for the
endogenous proteins, a similar experiment was performed in
IMR32 cells. In these cells we observed a significant interaction
of endogenous Dvl1 and Sstr2 in the absence of agonist that
was also slightly increased 2 min after agonist addition and
returned to baseline by 5 min (Fig. 1, G and H).To determine
whether trace amounts of agonist potentially present in serum
were promoting interaction between Sstr2 and Dvl1, trans-
fected HEK293 cells and IMR32 cells were incubated with the
Sstr2 antagonist PRL2915 prior to fixation. We found that
incubation with PRL2915 caused a very small but statistically
significant increase in interaction between HA-Sstr2 and Flag-
Dvl1 in transfected HEK293 cells but was without effect for the
endogenous proteins in IMR32 cells (Fig. 1, I–L). We conclude
that Sstr2 and Dvl1 interact in the absence of receptor acti-
vation and that agonist stimulation causes a small, transient
increase in this interaction.
Dvl1 inhibits Sstr2 expression

We observed that coexpression of Dvl1 with Sstr2 consis-
tently reduced Sstr2 expression in the detergent soluble frac-
tion (Fig. 1A). To determine whether this was due to the
movement of Sstr2 to an insoluble fraction, HEK293 cells
transfected with HA-Sstr2, minus or plus Dvl1. As controls, we
also tested the effects of overexpressing the PDZ domain-
containing proteins SYNJ2BP and Magi1, which we have
shown to interact with the PDZ domain-binding site of Sstr2
(24). The cells were then lysed in an SDS- and urea-containing
buffer to solubilize all cellular proteins and tested for HA-Sstr2
2 J. Biol. Chem. (2023) 299(5) 104645
expression by Western blotting. We found that coexpression
of Dvl1, but not SYNJ2BP or Magi1, significantly reduced Sstr2
expression, indicating that the reduced expression of Sstr2 was
not due to the movement of the receptor to a detergent
insoluble domain (Fig. 2, A and B).

There are three Dvl proteins in human cells, Dvl1-3. To
determine whether any Dvl family member could inhibit Sstr2
expression, HEK293 cells were transfected with HA-Sstr2 and
Flag-tagged Dvl1, 2 or 3, lysed in SDS/urea-containing buffer,
and analyzed by Western blotting. We observed that only Dvl1
was capable of inhibiting Sstr2 expression. Overexpression of
Dvl3 somewhat reduced Sstr2 expression but this did not
reach statistical significance. Dvl2 overexpression was largely
without effect (Fig. 2, C and D). These data agree with our
observation that only the recombinant PDZ domain of Dvl1,
but not Dvl2 or Dvl3, interacted with the C-terminal binding
site of Sstr2 (24). To determine whether endogenous Dvl1
inhibited Sstr2 expression, HEK293 cells were transfected with
control, Dvl1-specific, or pan-Dvl-targeting (targets a region
common to all three Dvl genes) siRNAs. One day later the cells
were then retransfected with HA-Sstr2, lysed in SDS-urea
buffer, and analyzed by Western blotting. We found that
Dvl1 or pan-Dvl knockdown significantly enhanced HA-Sstr2
expression (Fig. 2, E and F). These data indicate that endog-
enous Dvl1 limits transfected Sstr2 expression in
HEK293 cells. Moreover, the pan-Dvl siRNA was not any more
efficient at enhancing HA-Sstr2 expression, indicating that
additional Dvl proteins do not participate in this regulation. To
determine whether endogenous Dvl proteins inhibit the
expression of endogenous Sstr2, IMR32 cells were transfected
with Dvl1-specific or pan-Dvl siRNAs (32), lysed in SDS-urea
buffer, and tested for Sstr2 expression by Western blotting.
Similar to HEK293 cells, we observed that knockdown of Dvl1
alone was sufficient to enhance endogenous Sstr2 expression
(Fig. 2, G and H).
Dvl1 targets Sstr2 to the lysosome

Dvl proteins are known to limit the expression of the Fzd
family of Wnt receptors by targeting them to the lysosome for
degradation (29, 30). Although Sstr2 is generally not recog-
nized to traffic to lysosomes after agonist stimulation, it has
not been well considered whether the receptor is subject to
lysosomal degradation in the absence of Sstr2 ligand. To assess
whether unstimulated Sstr2 is degraded in lysosomes,
HEK293 cells were transfected with HA-Sstr2 and then treated
with the lysosomal inhibitor ammonium chloride (NH4Cl).
Cells were lysed in SDS-urea buffer and analyzed by Western
blotting. We observed that treatment of cells with ammonium
chloride for just 2 h significantly enhanced HA-Sstr2 expres-
sion (Fig. 3, A and B). To confirm that lysosomal inhibition was
necessary to elevate Sstr2 expression, we treated Sstr2-
transfected cells with the lysosome inhibitor bafilomycin A.
We found that it was also effective at increasing HA-Sstr2
expression, indicating that the enhanced HA-Sstr2 expres-
sion observed with ammonium chloride treatment was the
result of lysosome inhibition (Fig. 3, C and D). To determine
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Figure 1. Interaction of Dvl1 with Sstr2. A, HEK293 cells were transfected with HA-Sstr2 and Flag-Dvl1. HA-Sstr2 was immunoprecipitated and tested for
Dvl1 coprecipitation by Western blotting. Shown is a representative experiment from three separate experiments. B, HEK293 cells were transfected with HA-
Sstr2 and Flag-Dvl1 and then incubated with the pan-Dvl PDZ domain inhibitor NSC668036 overnight. HA-Sstr2 was then immunoprecipitated and tested
for Dvl1 coprecipitation by Western blotting. Shown is a representative experiment from three separate experiments. C, endogenous Sstr2 was immu-
noprecipitated from IMR32 cells and tested for coprecipitation of endogenous Dvl1 by Western blotting. Shown is a representative experiment from three
separate experiments. D, endogenous Sstr2 was immunoprecipitated from H69 cells and tested for coprecipitation of endogenous Dvl1 by Western blotting.
Shown is a representative experiment from three separate experiments. E, HA-Sstr2 and Flag-Dvl1 transfected HEK293 cells were stimulated with octreotide
(100 nM) for the times shown. Interaction was tested by proximity ligation assay (PLA). Red dots denote positive interactions. Nuclei are blue. Shown are
representative micrographs. The scale bar represents 20 μm. F, quantification of PLA analysis of HA-Sstr2 and Flag-Dvl1 interaction in transfected
HEK293 cells. Shown are the combined results from three separate experiments. Bars denote median values. G, interaction between endogenous Sstr2 and
endogenous Dvl1 in IMR32 cells before and after octreotide stimulation, as assessed using PLA. Shown are representative micrographs. Red = positive PLA,
blue = DNA. The scale bar represents 20 μm. H, quantification of PLA analysis in IMR32 cells. Shown are the combined results from three separate ex-
periments. Bars denote median values. I, HA-Sstr2 and Flag-Dvl1 transfected HEK293 cells were tested for interaction using PLA, with or without prior
incubation with the Sstr2 antagonist PRL2915 (100 nM, 30 min). Shown are representative micrographs. The scale bar represents 20 μm. J, quantification of
PLA analysis in (I) after PRL2915 treatment. Shown are the combined results from three separate experiments. Bars denote median values. K, interaction of
endogenous Sstr2 and Dvl1 in IMR32 cells was tested by PLA, with or without prior incubation with 100 nM PRL2915 for 30 min. Shown are representative
micrographs. The scale bar represents 20 μm. L, quantification of PLA analyses in (K). Shown are the combined results of three separate experiments, and
bars denote median values. Significance in (F), (H), (J), and (L) was assessed by one-way ANOVA with multiple comparisons, Dunnett’s post hoc test. *p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. n.s. = not significant.
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Figure 2. Dvl1 inhibits Sstr2 expression. A, HEK293 cells were transfected with HA-Sstr2 and the Flag-tagged PDZ domain-containing proteins shown.
Cells were lysed in an SDS- and urea-containing buffer (whole cell lysate) and HA-Sstr2 expression was assessed by Western blotting. Shown is a repre-
sentative experiment from five separate experiments. B, quantification of HA-Sstr2 expression after cotransfection of PDZ domain-containing proteins. Bars
denote median values. C, HEK293 cells were transfected with HA-Sstr2 and Flag-tagged Dvl1, Dvl2, or Dvl3. HA-Sstr2 expression in whole cells lysates was
assessed by Western blotting. Shown is a representative experiment from four separate experiments. D, quantification of HA-Sstr2 expression after
cotransfection of Flag-tagged Dvl1, 2, or 3. Each point represents the average number of puncta per cell in a field, with a minimum of three separate fields
quantified per experiment. Bars denote median values. E, HEK293 cells were transfected with control, Dvl1, or pan-Dvl-specific siRNAs. One day later the
cells were retransfected with HA-Sstr2. HA-Sstr2 expression was examined by Western blotting. Shown is a representative experiment from nine separate
experiments. F, quantification of HA-Sstr2 expression after control, Dvl1, or pan-Dvl knockdown. Bars denote median values. G, IMR32 cells were transfected
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experiments. H, quantification of Sstr2 expression after Dvl1 or pan-Dvl knockdown. Each point represents the average number of puncta per cell in a field,
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ANOVA with multiple comparisons, Dunnett’s post hoc test. Significance in (F) was assessed by unpaired Student’s t test. *p < 0.05; ***p < 0.001. n.s. = not
significant.

Dvl1 targets Sstr2 for lysosomal degradation
whether lysosome inhibition boosted endogenous Sstr2
expression, we treated IMR32 cells with ammonium chloride
for 2 h. Similar to transfected HA-Sstr2, we found that a 2-h
treatment of these cells with ammonium chloride signifi-
cantly elevated endogenous Sstr2 expression (Fig. 3, E and F).
To confirm that this effect was specific for Sstr2, HEK293 cells
were transfected with HA-Sstr5 and then treated with either
ammonium chloride or bafilomycin A. Neither of these
treatments increased HA-Sstr5 expression, indicating that
Sstr2 is specifically degraded in the lysosome in unstimulated
cells (Fig. 3, G and H).

We then assessed whether knockdown of Dvl1 was able to
elicit similar effects as lysosomal inhibition at boosting HA-
Sstr2 expression. HEK293 cells were transfected with con-
trol, Dvl1-specific, or pan-Dvl siRNAs. One day later the cells
were transfected with HA-Sstr2, following which the cells
were fixed and stained for HA-Sstr2. The intensity of HA-
Sstr2 was assessed by epifluorescence microscopy and
quantified. These experiments showed that knockdown of
4 J. Biol. Chem. (2023) 299(5) 104645
Dvl1 significantly increased HA-Sstr2 expression and that this
effect was not further enhanced by lysosome inhibition
(Fig. 3, I–K).

To confirm that Sstr2 trafficked to the lysosome in a Dvl1-
dependent manner, HEK293 cells were transfected with con-
trol, Dvl1-specific, or pan-Dvl siRNAs. One day later the cells
were retransfected with HA-Sstr2 and then fixed and stained
for HA-Sstr2 and the lysosomal protein Lamp1. Colocalization
with Lamp1 was assessed by confocal microscopy. We found
that Sstr2 colocalized with Lamp1 in the absence of ligand
stimulation and that transfection of either Dvl1-specific or
pan-Dvl siRNAs significantly reduced colocalization of Sstr2
with lysosomes (Fig. 4, A–C). Similar experiments in which
lysosomes were labeled with Lysotracker recapitulated these
results, confirming that Dvl1 targets Sstr2 to the lysosome
(Fig. 4, D–F).

Sstr2 belongs to the seven transmembrane receptor super-
family of genes. Other members of this family that traffic to the
lysosome are typically ubiquitylated prior to lysosome
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Dvl1 targets Sstr2 for lysosomal degradation
trafficking. To test whether this is the case for Sstr2,
HEK293 cells were transfected with control or Dvl1 siRNAs.
One day later the cells were transfected HA-Sstr2, plus or
minus 6xHis tagged ubiquitin. Prior to lysis, the cells were
incubated with ammonium chloride to inhibit the lysosome,
after which they were lysed in radioimmunoprecipitation assay
(buffer). The HA-Sstr2 was then immunoprecipitated, washed
with 1 M NaCl and 0.5 M LiCl to remove nonspecific binding
of ubiquitylated proteins, and tested for ubiquitylation by
Western blotting. We found that knockdown of Dvl1 blocked
Sstr2 ubiquitylation (Fig. 4, G and H).

To test whether endogenous Sstr2 also trafficked to the
lysosome in the absence of agonist, IMR32 cells were
incubated with ammonium chloride and then fixed and stained
for Sstr2 and Lamp1. These experiments showed that endog-
enous Sstr2 also accumulates in lysosomes following lysosome
inhibition (Fig. 5, A and B). To test whether inhibition of
lysosomal trafficking of Sstr2 resulted in an increase in cell
surface Sstr2, IMR32 cells were transfected with control, Dvl1,
or pan-Dvl targeting siRNAs, and then prebound to Sstr2
antibody to detect only surface receptor. The cells were then
fixed and stained for Sstr2. We observed that knockdown of
either endogenous Dvl1 or all Dvl isoforms significantly
increased endogenous Sstr2 staining on the plasma membrane
of IMR32 cells. Importantly, we observed that knockdown of
Dvl1 was as effective as pan-Dvl knockdown, indicating that
J. Biol. Chem. (2023) 299(5) 104645 5
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Dvl1 targets Sstr2 for lysosomal degradation
Dvl1 was mainly responsible for inhibiting cell surface
expression of Sstr2 in these cells (Fig. 4, C–E). As an alter-
native way to measure cell surface expression of Sstr2,
IMR32 cells were transfected with control or Dvl1-targeting
siRNAs and then tested for Sstr2 expression on the cell
6 J. Biol. Chem. (2023) 299(5) 104645
surface by ELISA. These experiments confirmed that Dvl1
knockdown increased endogenous Sstr2 localization at the cell
surface (Fig. 5, F and G). These data support the idea that Dvl1
is recruited to Sstr2 in an agonist-independent manner to
promote Sstr2 trafficking to the lysosome.
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Dvl1 targets Sstr2 for lysosomal degradation
Dvl isoforms do not affect agonist-stimulated Sstr2 trafficking
or signaling to Gi

Sstr2 is rapidly internalized after agonist stimulation and
follows a number of intracellular trafficking routes before be-
ing recycled back to the plasma membrane. To determine
whether Dvl proteins affect receptor internalization,
HEK293 cells were transfected with control, Dvl1, or pan-Dvl
siRNAs, and then retransfected with HA-Sstr2. The next day
the cells were stimulated with the Sstr2 agonist octreotide and
Sstr2 internalization was measured. In these experiments, we
did not observe a significant effect of Dvl isoform knockdown
on maximal HA-Sstr2 internalization (Fig. 6, A and B). In
similar experiments, we were unable to discern an effect on
HA-Sstr2 recycling back to the plasma membrane (Fig. 6, C
and D). These data indicate that Dvl isoforms do not affect
agonist-stimulated Sstr2 internalization or recycling, consis-
tent with data indicating that Dvl1 targets Sstr2 to the lyso-
some in the absence of agonist.

Sstr2 is a Gi-coupled receptor that inhibits cAMP produc-
tion, which is critical to its ability to suppress excess hormone
secretion in neuroendocrine tumors. To examine whether Dvl
isoforms affect the ability of Sstr2 to suppress cAMP pro-
duction, HEK293 cells stably expressing HA-Sstr2 were
transfected with control, Dvl1, or pan-Dvl siRNAs. The cells
were then infected with a BacMam virus expressing the
cADDis cAMP sensor and stimulated with the adenylyl cyclase
agonist NKH477, minus or plus the Sstr2 agonist octreotide.
As expected, octreotide stimulation significantly inhibited
NKH477-stimulated cAMP production. Notably, knockdown
of Dvl isoforms did not affect the ability of Sstr2 to inhibit
cAMP production (Fig. 6, E–G).

Sstr2 has a well-documented ability to stimulate ERK1/2
activation (24, 33). To determine whether Dvl1 affected
signaling to ERKs, cells expressing HA-Sstr2 were transfected
with control or Dvl1-targeting siRNAs and then stimulated
with octreotide for different times. ERK1/2 activation was
assessed by Western blotting. Surprisingly, we found that Dvl1
knockdown significantly enhanced the ability of Sstr2 to
stimulate ERK1/2 activation (Fig. 6, H and I). Since Dvl1 does
not appear to affect agonist-dependent Sstr2 internalization,
J. Biol. Chem. (2023) 299(5) 104645 7
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trafficking, or signaling to Gi, this suggests that cell surface
expression of Sstr2 may be limiting for ERK1/2 activation, and
Dvl1 that knockdown relieves this constraint.
Wnt signaling inhibits Sstr2 expression

Our data indicates that Dvl1 promotes lysosomal degrada-
tion of Sstr2 in the absence of Sstr2 agonist stimulation. Dvl1
is normally activated by Wnt ligands to mediate intracellular
signaling as well as Fzd downregulation (25–30). Accordingly,
we examined whether overexpression of Wnt ligands affected
Sstr2 expression. There are 19 Wnt ligands that bind to 10 Fzd
receptors with varying affinities (25). Wnts are generally
grouped into canonical and noncanonical categories, based on
whether they stimulate β-catenin activation. Although nearly
all Wnt ligands stimulate Dvl isoform activation, they can
differentially regulate the interaction of Dvl isoforms with
accessory proteins to dictate which intracellular signaling
pathways are activated (25–27). To begin to assess whether
particular Wnts regulate Sstr2 expression, HEK293 cells were
transfected with HA-Sstr2 and Wnt1, Wnt3a, Wnt4, and
Wnt7a. Wnt1, Wnt3A, and Wnt7a are canonical ligands that
potently stimulate β-catenin activation. They bind to an
overlapping spectrum of Fzd receptors that together account
for the majority of Fzd receptors except Fzd3, 6, and 9 (34).
Wnt4 is a noncanonical ligand that acts through Fzd receptors
to stimulate the Calcium/CAMK and planar cell polarity
pathways and to a lesser extent the β-catenin pathway (35). We
observed that overexpression of each of the four Wnts tended
to inhibit Sstr2 expression but only Wnt7a overexpression
caused a statistically significant effect (Fig. 7, A and B). These
data indicate that Wnt stimulation of Fzd receptors can inhibit
Sstr2 expression and that there is significant specificity as to
which ligands are most effective.

To assess whether Wnts are capable of stimulating endog-
enous Sstr2 downregulation in neuroendocrine tumor cells, we
stably overexpressed Wnt7a in IMR32 cells and then assessed
endogenous Sstr2 expression by Western blotting. We
observed a strong downregulation of Sstr2 expression in the
Wnt7a expressing cells (Fig. 7, C and D), indicating that Wnt
signaling is also capable of downregulating endogenous Sstr2
expression in neuroendocrine tumor cells.

The level of Sstr2 expression in neuroendocrine tumors is a
limiting factor in the use of Sstr2 agonists or theranostics in
neuroendocrine tumor patients (3, 5, 36). We therefore tested
whether Sstr2 expression in neuroendocrine tumor cells could
be enhanced by treatment with small molecule inhibitors of
Wnt pathway signaling. IMR32 cells were treated overnight
with the pan-Dvl PDZ domain inhibitor NSC668036 (31), the
CK1δ/ε inhibitor PF670462 (37), or the porcupine inhibitor
LGK974 (38). We used a CK1δ/ε inhibitor, as CK1ε phos-
phorylates Dvl isoforms to promote their activation and also
phosphorylates the Fzd coreceptors Lrp5/6 to enable signaling
to β-catenin (39–45). LGK974 inhibits the porcupine acyl-
transferase, which conjugates an essential acyl group to all
Wnt ligands, thereby enabling their production (38, 46).
Consequently, this inhibitor should block endogenous Wnt
8 J. Biol. Chem. (2023) 299(5) 104645
ligand synthesis. We observed that both the pan-Dvl PDZ
domain inhibitor and to a lesser extent the CK1δ/ε inhibitor
significantly elevated endogenous Sstr2 expression in
IMR32 cells. Surprisingly, the porcupine inhibitor was without
effect (Fig. 7, E and F). However, the porcupine inhibitor did
block Wnt3a-stimuated β-catenin transcriptional reporter ac-
tivity, indicating that the drug was functional (not shown).

Sstr2 agonists are used to suppress excess growth hormone
(GH) secretion in functional pituitary tumors (1–5). To assess
whether Wnt pathway inhibitors are able to modulate Sstr2-
dependent suppression of GH secretion, GH3 rat pituitary
tumor cells were treated for 4 h with the pan-Dvl PDZ domain
inhibitor and then stimulated for 15 min with octreotide. GH
secretion into the media was assessed by ELISA. We observed
that treatment with the Dvl PDZ domain inhibitor caused a
significant reduction in GH secretion that was nearly as great
as that stimulated by octreotide. However, combining the Dvl
PDZ domain inhibitor with octreotide stimulation did not
further suppress GH secretion (Fig. 7G). Since suppression of
GH secretion by Sstr2 is thought to be mainly regulated by its
ability to suppress cAMP production and we did not observe
an effect of Dvl1 on octreotide stimulated Gi activation (Fig. 6,
E–G), these data are consistent with the notion that Dvl pro-
teins do not affect agonist-dependent signaling to Gi. How-
ever, these results do suggest that under conditions where
agonist is limiting, Dvl inhibition may be useful to suppress
hormone secretion. These data also suggest that treatment of
neuroendocrine tumors with pan-Dvl PDZ domain or CK1δ/ε
inhibitors might be viable options to enhance Sstr2 expression
and potentiate Sstr2-directed cytotoxic therapies.
Discussion

In the present work we have shown that Dvl1 targets Sstr2
for lysosomal degradation in the absence of Sstr2 agonist
stimulation and that interfering with this process can signifi-
cantly elevate Sstr2 expression (Fig. 7H). These findings have
important implications for the treatment of neuroendocrine
tumors, as Sstr2 agonists are first-line therapies used to sup-
press excess hormone secretion by a wide variety of neuro-
endocrine tumors. In addition, Sstr2 agonist-coupled PET
imaging agents and high-energy radionuclides are commonly
used as diagnostic and theranostic agents in neuroendocrine
tumor patients. The primary limitation of all of these ap-
proaches is the requirement for Sstr2 expression on the tumor
cell surface, as often Sstr2 expression is either initially lacking
or becomes downregulated with agonist-directed therapy. As a
result, approaches to promote cell surface expression of Sstr2
in neuroendocrine tumor cells would be impactful.

Our data indicate that lysosomal trafficking of Sstr2 does
not occur after Sstr2 agonist addition, supporting the idea that
Dvl1-dependent lysosomal trafficking represents a heterolo-
gous form of receptor regulation. This agrees with a large body
of evidence indicating that Sstr2 is fully recycled back to the
plasma membrane after agonist-induced internalization
(9–18). However, it is important to note that Sstr2 has been
found to colocalize with lysosomes in human neuroendocrine
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Figure 6. Effects of Dvl1 knockdown on octreotide-stimulated Sstr2 internalization, recycling, and signaling. A, HEK293 cells were transfected with
the siRNAs shown and then retransfected with HA-Sstr2. The cells were incubated with HA-epitope antibody and then treated with octreotide for 30 min.
Surface fraction of HA-Sstr2 was determined by ELISA of nonpermeabilized cells. Shown are the results from four separate experiments, each done in
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Shown are the results from three separate experiments combined, each performed in triplicate. D, representative Western blot of siRNA transfected cells. E
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Dvl1 targets Sstr2 for lysosomal degradation
tumors treated with octreotide (47). Moreover, it may be that
Sstr2 is not always destined to be completely recycled back to
the plasma membrane after agonist addition. For example, in
the mouse pituitary tumor cell line AtT20, it was recently
shown that extended treatment of cells with Sstr2 agonists
leads to receptor degradation via the lysosome (48). Thus,
although not common, agonist-stimulated trafficking of Sstr2
to the lysosome occurs in some cell types and it may be that
this process involves Dvl1.

We showed that Dvl1 stimulates Sstr2 ubiquitylation,
similar to what occurs to Fzd receptors following Wnt
stimulation. In this case, Dvl proteins promote recruitment of
the ubiquitin E3 ligases RNF43 and ZNRF3, which are plasma
membrane integrated proteins. This process can be opposed
by the Rspondin (RSPO) family of extracellular ligands, which
bind simultaneously to the extracellular domains of RNF43/
ZNRF3 and Lgr4, 5 or 6 to prevent the association of RNF43/
ZNRF3 with Fzd receptors (49, 50). Given that Dvl1 also tar-
gets Sstr2 for ubiquitin-mediated trafficking to lysosomes, we
hypothesize that a similar mechanism may operate here. If
true, this suggests that neuroendocrine tumors that produce
one or more RSPOs and Lgr4/5/6 would not downregulate
J. Biol. Chem. (2023) 299(5) 104645 9
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Dvl1 targets Sstr2 for lysosomal degradation
Sstr2 expression, even if they are expressing significant levels
of Wnt ligands.

Dvl family proteins have not been shown to regulate seven
transmembrane spanning receptors other than the Fzd family
of receptors. Thus, our finding that Dvl1 binds to Sstr2 and
targets it for lysosomal degradation is unexpected and novel.
The interaction between Sstr2 and Dvl1 is independent of
Sstr2 agonist (Fig. 1) and Dvl knockdown did not affect
agonist-driven receptor internalization or recycling (Fig. 6).
10 J. Biol. Chem. (2023) 299(5) 104645
Similarly, Dvl knockdown did not affect Sstr2-dependent in-
hibition of adenylyl cyclase, which is the main signaling
pathway downstream of this receptor (Fig. 6). However, Dvl1
knockdown did potentiate agonist stimulated ERK1/2 activa-
tion (Fig. 6). This may indicate that receptor levels are limiting
for ERK1/2 activation but not for signaling to Gi. This sort of
effect may reflect the highly efficient coupling of Sstr2 to Gi as
compared to its ability to signal to ERK1/2. However,
regardless of the underlying reasons, it seems clear that Dvl1
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can suppress Sstr2 signaling in a pathway-specific manner.
This finding is reminiscent of the reported role of Dvl2 in
regulating survival signaling by the PAR-1 receptor after
adenomatous polyposis coli stimulation (51). Since Sstr2 sig-
nals to other proteins such as GIRKs and SHP-1 (52, 53), it
would be interesting to know the full spectrum of Sstr2-
dependent signaling pathways modulated by Dvl1.

Wnts are well known to drive tumorigenesis and there is
some evidence for elevated Wnt pathway signaling in neuro-
endocrine tumors. For example, expression of the Wnt decoy
receptors sFRP2, sFRP4, and Wif1 are downregulated in pi-
tuitary tumors by epigenetic mechanisms (54–56). Since these
proteins suppress Wnt signaling, it would be expected that
their reduced expression would allow for a greater flux
through the Wnt pathway. Alternatively, Wnt4 has been re-
ported to be overexpressed in pituitary tumors (57). There are
reports of elevated β-catenin activity in gastrointestinal tract
neuroendocrine tumor cells, suggesting that Wnt signaling is
also upregulated in these cells (58–61). Wnt signaling has also
been reported to be elevated by various mechanisms in
neuroendocrine prostate tumors (62–65). As a consequence,
the mechanism we have identified here may be frequently
operating in human neuroendocrine tumors to regulate Sstr2
expression.

Given the well-documented role of Wnts in cancer, there
have been considerable efforts to develop small molecule in-
hibitors that block Wnt signaling (25, 26, 66). Our data suggest
that some of these approaches may be useful to prevent Dvl1-
dependent Sstr2 degradation. In particular, the pan-Dvl PDZ
domain inhibitor NSC668036 was most effective at boosting
Sstr2 expression (Fig. 7, E and F). This agent inhibits Wnt3a-
dependent signaling in cells and in Xenopus embryos (31). It
has also been reported to be active in rodents to block pacli-
taxel- and diabetes-induced neuropathy and to attenuate
bleomycin-induced pulmonary fibrosis (67–69). However, this
inhibitor has not been tested in neuroendocrine tumors or in
human patients. In the future, it will be interesting to test
whether this inhibitor can boost Sstr2 expression in neuro-
endocrine tumor models.

Experimental procedures
Materials

Anti-Flag mouse monoclonal M2 (#F1804, 1:1000 for
Western blot, 1:250 for immunocytochemistry) and anti-Dvl1
rabbit polyclonal antibody (#D3570) were purchased from
Millipore-Sigma. Anti-hemagglutinin (HA) epitope rabbit
polyclonal (#3724S), anti-phospho (T202/Y204) ERK1/2
(#4370), anti-ERK1/2 (#9102), and anti-LAMP1 rabbit poly-
clonal (#3242) antibodies were from Cell Signaling Technol-
ogy. Anti-HA epitope mouse monoclonal (Covance Research
Products Inc Cat# MMS-101R-500; 1:10,000 for Western blot,
1:10,000 for cell surface ELISA (https://scicrunch.org/
resources/Any/search?q=AB_10063630&l=AB_10063630))
was purchased from Biolegend. Mouse monoclonal anti-
GAPDH was from ProteinTech (60004-1-Ig) (https://
scicrunch.org/resources/Any/search?q=60004-1-Ig&l=6
0004-1-Ig). Anti-Sstr2 rabbit antibody was from Thermo
Fisher Scientific (PA3-109) (https://scicrunch.org/resources/
Any/search?q=PA3-109&l=PA3-109), as was control rabbit
IgG (10500C) (https://scicrunch.org/resources/Any/search?
q=AB_2532981&l=AB_2532981). Anti-6xHis tag was from
Thermo Fisher Scientific (14-6657-82). Anti-Sstr2 mouse
monoclonal antibody (#MAB4224) was from R&D Systems.
Mouse monoclonal anti-pan-Dvl antibody (sc-166303) was
from Santa Cruz Biotechnology. AlexaFluor secondary fluo-
rescent antibodies were purchased from Thermo Fisher Sci-
entific (A11004 and A11008). Octreotide and PRL2915 were
purchased from Bachem. Jetprime and INTERFERin trans-
fection reagents were purchased from Polyplus Transfection.
The Dvl PDZ domain inhibitor NSC668036 and casein kinase
1δ/ε inhibitor PF670462 were obtained from Tocris and por-
cupine o-acyl transferase inhibitor LGK974 was purchased
from MedChemExpress.

The triple HA-epitope tagged WT rat Sstr2 plasmid has
been described (18, 70). The triple HA-epitope tagged human
Sstr5 was from cdna.org. Flag-tagged human Dvl1 was con-
structed by PCR amplification of the cDNA purchased from
DNASU (clone ID: HCD00663358) and ligated into the EcoRI
and XhoI sites of the pcDNA3.1-Flag plasmid. Flag-Dvl2 was
constructed by PCR amplification of the coding sequence of
human Dvl2 (OriGene clone SC128046) to insert restriction
sites and a stop codon, followed by digestion and ligation into
the EcoRI and XhoI sites of pcDNA3.1-Flag. The plasmids
expressing Flag-tagged Dvl3 (#16758) and Flag-tagged MAGI1
(#10714) were obtained from Addgene. Flag-tagged human
SYNJ2BP was as described (24). pCMV-his-Ubiquitin plasmid
was a kind gift from Jianping Jin.
Cell culture and transfections

HEK293 cells (Cat#R70507, Thermo Fisher Scientific) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM,
Lonza) with 10% fetal bovine serum at 37 �C in 5% CO2.
IMR32 cells were maintained in DMEM with 10% fetal bovine
serum at 37 �C in 5% CO2. H69 cells were maintained in RPMI
with 10% fetal bovine serum at 37 �C in 5% CO2. GH3 cells
were maintained in DMEM-F12 with 2.5% fetal bovine serum
and 12.5% horse serum at 37 �C in 5% CO2. The generation of
stably-transfected HA3-Sstr2 HEK293 cells has been described
(70). Stably transfected Wnt7a-IMR32 cells were generated by
transfection with pcDNA3-Wnt7a followed by selection with
G418 at 1 mg/ml.

Transient transfections were performed using JetPrime.
siRNA transfections were performed via reverse transfection
using INTERFERin 48 to 72 h before experiments. Dvl1 or
pan-Dvl silencing was performed using the siRNA duplexes
SASI_Hs01_00142403 (50GTCGGAGTAGGGATCTAA[dT]
[dT]-30), SASI_Hs02_00337577 (50-GCGACATGTTGCTGC
AGGT[dT][dT]-30) or 50-AAGUCAACAAGAUCACCUUCU
[dT][dT]-30 (pan-Dvl) (32). The universal negative control
siRNA (SIC-001, Millipore Sigma) was used to control for
nonspecific effects of siRNA transfection.
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Immunoprecipitation and Western blotting
HEK293 cells were transfected with the relevant plasmids

for 24 h, then rinsed and refed serum-free medium and treated
with 100 nM octreotide at 37 �C for the times indicated. Cells
were then placed on ice, washed with cold PBS, and scraped
into cold PBS supplemented with 1 mM PMSF, and 100 nM
okadaic acid. Cell pellets were solubilized using lysis buffer
(50 mM Hepes pH 7.4, 150 mM NaCl, 5 mM EDTA, 3 mM
EGTA, 10 mM sodium pyrophosphate, 10 mM NaF, 1 mM
PMSF, 10 μg/ml leupeptin, 10 μg/ml pepstatin, 10 μg/ml
aprotinin, 100 nM okadaic acid), with 2 mg/ml dodecyl β-
maltoside, and 0.2% Triton X-100, for 30 min at 4 �C, and
centrifuged (16,000g, 10 min). Anti-HA agarose (80 μl of a 50%
slurry) was added to the lysates and incubated at 4 �C for 2 h
with gentle rocking. Pellets were washed three times with lysis
buffer, eluted in urea sample buffer (125 mM Tris–HCl pH
6.8, 4% SDS, 20% glycerol, 6 M urea), and resolved by 10%
SDS-PAGE. Coimmunoprecipitations of endogenous proteins
from H69 and IMR32 cells were performed as above with the
following modifications: cells were harvested with lysis buffer
containing 0.5% C12E8 and allowed to lyse for 30 min on ice
before centrifugation, followed by clarification with 1 μg of
nonspecific rabbit IgG and Protein A-Sepharose for 30 min at
4 �C with gentle rocking. Clarified lysates were probed with
1.5 μg of rabbit anti-Sstr2 or rabbit IgG for 2 h at 4 �C in the
presence of Protein A-Sepharose before being washed three
times with lysis buffer supplemented with NaCl to 175 mM.
Samples were eluted with SDS-urea sample buffer and resolved
by SDS-PAGE. Proteins were transferred to polyvinylidene
difluoride membrane and blocked in 5% nonfat dry milk or
bovine serum albumin (BSA) in Tris-buffered saline Tween 20
(20 mM Tris–HCl pH 7.6, 150 mM NaCl, 0.1% Tween20) as
appropriate before incubation with the indicated primary at 4
�C overnight. Membranes were washed three times with Tris-
buffered saline Tween 20 before incubation with a 1:20,000
dilution of horse radish peroxidase (HRP)-linked secondary
antibody for 30 min at room temperature (RT). Blots were
washed three times with Tris-buffered saline Tween 20 and
rinsed with PBS before development with Pierce ECL reagent.
For detection, either X-ray film or an Azure C280 Chemilu-
minescent Western Blot Imager was utilized. For the latter,
images were saved as TIFFs; all images were analyzed in
ImageJ (https://imagej.nih.gov/ij/index.html).

For ubiquitylation experiments, HEK293 cells were
reverse transfected with control or Dvl1-specific siRNA and
allowed to recover overnight, then transfected with HA-
Sstr2 plasmid in the presence or absence of pCMV-his-Ub.
On the day of the experiment, cells were treated with
20 mM NH4Cl for 2 h before harvest in radio-
immunoprecipitation assay (buffer) supplemented with
2 mM N-ethylmaleimide, 2 mM PMSF, and 10 μM MG132.
HA-Sstr2 was immunoprecipitated with mouse anti-HA
(2 μg) and Protein A-Sepharose beads for 2 h at 4 �C
before beads were pelleted and washed twice with 1 ml of
50 mM Tris–HCl pH 8.0, 1 M NaCl, 0.5% Triton X-100,
2 mM PMSF, and twice more with 1 ml of 50 mM Tris–HCl
pH 8.0, 500 mM LiCl, 0.5% Triton X-100, 2 mM PMSF.
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Beads were resuspended in 40 μl SDS-urea sample buffer and
frozen at −80 �C until Western analysis was performed.

Proximity ligation assay

Interactions between Sstr2 and Dvl1 were analyzed by
DuoLink PLA (Millipore Sigma). HEK293 or IMR32 cells were
plated on coverslips coated with poly l-ornithine 1 day prior to
transfection. HEK293 cells were transiently transfected with
empty vector, HA-tagged Sstr2, and Flag-Dvl1 as indicated,
1 day prior to experiment. The day of the experiment, the
coverslips were washed with DMEM plus 5 mg/ml lactalbumin
hydrolysate (LH) and 20 mM Hepes (pH 7.4) (DMEM/LH/
Hepes) and allowed to re-equilibrate at 37 �C, 5% CO2 for 15 to
20 min before being treated with 100 nM octreotide for the
indicated times or 100 nM PRL2915, an Sstr2-specific antag-
onist, for 30 min. Coverslips were washed with cold PBS and
fixed with 3% PFA at RT for 10 min. Cells were permeabilized
with 0.3% Triton X-100 plus 1% BSA in PBS for 15 min at RT.
PLA was performed according to the manufacturer’s in-
structions, with the following modifications: for better visuali-
zation of nuclei and cell edges, a 10 min incubation at RT with
1 μg/ml 40-6-diamidino-2-phenylindole (DAPI) in the presence
or absence of phalloidin-AlexaFluor488 was included before
the final washes, and coverslips were mounted on glass slides
with Prolong Gold Antifade reagent (Thermo Fisher Scientific).
Cells images were captured using a 63× objective on a Zeiss
Axioskop 40 microscope equipped with a Zeiss AxioCamMRm
MC100 Spot digital camera and AxioVision software (https://
www.micro-shop.zeiss.com/en/us/system/software+axiovision-
axiovision+program-axiovision+software/10221/). A minimum
of three separate fields were quantified per experiment. Back-
ground was established by analysis of cells subjected to the PLA
reaction with both HA and Flag antibodies but only transfected
with a single vector. When testing for endogenous Sstr2 and
Dvl1 interaction, IMR32 cells plated on poly-l-ornithine coated
coverslips were washed with DMEM/LH/Hepes and allowed to
re-equilibrate at 37 �C, 5% CO2 for 15 to 20 min before being
treated with 100 nM octreotide for the indicated times or
100 nM PRL2915 for 30 min. Coverslips were washed with cold
PBS and fixed with cold methanol for 10 min before per-
forming PLA reactions with mouse anti-Sstr2 and rabbit anti-
Dvl1. Control reactions were performed using mouse anti-
Sstr2 paired with nonspecific rabbit IgG or rabbit anti-Dvl1
paired with nonspecific mouse IgG. Positive cells were
defined as those with a minimum of 6 puncta per cell.

Cell surface and total receptor ELISA assays

Cell surface receptors were measured using a colorimetric
peroxidase assay as described (71). HEK293 cells were plated
in poly-l-ornithine (Sigma Aldrich) coated 96-well plates 1 day
prior to transfection and used for experiments 1 day after
transfection. The day of the experiment, cells were washed
with DMEM/LH/Hepes and incubated with primary antibody
(mouse anti-HA, 1:10,000, BioLegend) for 2 h at 4 �C. After
washing twice with DMEM/LH/Hepes and recovering at 37
�C, 20 min, octreotide (100 nM) was added for the indicated
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times. Cells were subsequently washed with cold PBS and fixed
in 3% PFA in PBS. To visualize the recycled receptor, cells
were incubated with goat anti-mouse HRP plus 1% BSA in PBS
for 1 h at RT and then incubated with the colorimetric
peroxidase substrate, 2,20-azino-bis(3- ethylbenzthiazoline-6-
sulfonic acid) for 45 min. Absorbance was read at 405 nm.
The absorbance of untransfected cells was subtracted as
background and absorbance was compared to untreated wells
on the same plate.

To measure Sstr2 recycling, after cells were incubated with
primary antibody (as described for cell surface experiments),
they were washed twice and incubated in DMEM/LH/Hepes
supplemented with 15 mM NaHCO3 (37 �C in a 5% CO2

incubator for 20 min). Octreotide (100 nM) was added for
30 min to reach a steady state of internalization (71). Cells
were washed twice with assay media and then incubated with
fresh media containing 100 nM PRL2915, to inhibit the action
of residual remaining agonist. The cells were incubated at
37 �C in 5% CO2 for the time points indicated and subse-
quently fixed with PFA. They were then incubated with
secondary antibody, followed by color development with 2,20-
azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) or 3,30, 5,5;-
tetramethylbenzidine.

For determination of endogenous cell surface receptor
levels, IMR32 cells were reverse transfected with control and
Dvl1 siRNAs and allowed to recover for 36 h before subse-
quently being trypsinized, counted, and plated at a density of
1 × 105 cells per well coated with poly-l-ornithine. The cells
were allowed to attach and grow overnight. The day of the
experiment, cells were washed with DMEM/LH/Hepes and
incubated with primary antibody (mouse anti-Sstr2, 1:1000 or
normal mouse IgG 1 μg/ml) for 2 h at 4 �C. After washing
twice with cold DMEM/LH/Hepes and once with PBS, cells
were fixed in 3% PFA in PBS. To visualize the surface receptor,
cells were incubated with goat anti-mouse HRP plus 1% BSA
in PBS for 1 h at RT, washed three times with PBS, then
incubated with colorimetric peroxidase substrate for 15 min
and stopped with 0.2 M sulfuric acid. Absorbance was read at
450 nm.
Immunofluorescence microscopy

HEK293 cells were plated on coverslips coated with poly l-
ornithine 1 day prior to transfection and then transiently
transfected with empty vector, HA-Sstr2, and Flag-Dvl1 as
indicated, 1 day prior to experiment. Twenty-four hours post-
transfection, the coverslips were washed with DMEM/LH/
Hepes and allowed to re-equilibrate at 37 �C, 5% CO2 for 15 to
20 min before being treated with 100 nM octreotide for the
indicated times. Coverslips were washed with cold PBS and
fixed with 3% PFA at RT for 10 min. Cells were permeabilized
with 0.3% Triton X-100 in PBS for 15 min at RT. Following
30 min of blocking with 2% BSA in PBS + 0.02% Tween 20
(PBST), coverslips were incubated with primary antibody for
1 h at 37 �C. Coverslips were washed three times with PBST,
then incubated with DAPI, secondary antibody, and
AlexaFluor-conjugated phalloidin were indicated for 1 h.
Coverslips were then washed three times with PBST and once
with ddH2O before being mounted on glass slides with Pro-
long Gold Antifade reagent and dried overnight. Cells images
were captured using a 63× objective on a Zeiss Axioskop 40
microscope equipped with a Zeiss AxioCam MRm MC100
Spot digital camera and AxioVision software, using a constant
exposure time determined by the average of four fields of the
brightest coverslips. Random fields were selected for quanti-
fication and all cells within each field were quantified. Cell
boundaries were identified by the phalloidin signal. For ex-
periments involving Dvl silencing, reverse siRNA transfection
was performed 24 h before subsequent transfection of plasmid
and cell lysates were analyzed to confirm efficient knockdown.

For imaging endogenous levels of cell surface Sstr2,
IMR32 cells were reverse transfected according to the
INTERFERin protocol with a final siRNA concentration of
10 nM and plated on poly-l-ornithine coated coverslips. Forty-
eight hours after transfection, coverslips were rinsed with
serum-free DMEM and incubated with primary antibody
(1:250 mouse anti-Sstr2 in DMEM/LH/Hepes) at 4 �C for 2 h.
Unbound antibody was removed and the cells were washed
and allowed to recover in DMEM/LH/Hepes for 15 min in a
CO2 incubator before being fixed with 3% PFA. Cells were
permeabilized, blocked, and stained with secondary-
fluorophore conjugated antibody, DAPI, and phalloidin, as
described for HEK293.

For colocalization of HA-Sstr2 and Lamp1 in HEK293 cells,
transfection conditions were identical to those above; however,
coverslips were fixed with cold methanol rather than 3% PFA.
Rabbit anti-LAMP1 was incubated on coverslips overnight at 4
�C, followed by 1 h of incubation with mouse anti-HA at 37
�C. Secondary staining was as usual. Colocalization of HA-
Sstr2 and Lysotracker-Red was performed as well. In these
experiments, HEK293 cells were reverse transfected with
siRNA and allowed to recover overnight; the following day,
cells were transfected with pcDNA3.1-HA-Sstr2. On the day of
the experiment, cells were treated for 2 h with 50 nM
Lysotracker-Red, rinsed twice with PBS, and fixed with 3%
PFA in PBS. Subsequent staining was as described above.
Remaining cells were harvested for validation of knockdown
efficiency. After verification of Dvl silencing by Western
blotting, images were acquired with a 60× oil objective on a
Nikon A1 confocal microscope controlled by NIS Elements
software to assemble z-stacks of a minimum of three fields per
condition, with a minimum depth of 4 μm and a slice depth of
0.125 μm.

For analysis of colocalization using Pearson’s coefficient, cell
edges were determined by viewing the maximum intensity
projection of the entire z-stack. Cells that were positively
transected or stained but not saturated in intensity were
defined as regions of interest. The Nikon Imaging software-
Elements colocalization algorithm was then used for individual
z-slices to calculate the Pearson’s coefficient for the regions of
interest throughout the volume of the image. A minimum of
five cells were quantified per field, with a minimum of three z-
stacks per cell. Three replicates of each imaging experiment
were performed. Each slice was 0.125 μm and each z-stack was
J. Biol. Chem. (2023) 299(5) 104645 13
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comprised of a minimum of thirty slices. Accordingly, each
replicate produced a minimum of 450 data points per
condition.

Staining for endogenous Sstr2 and Lamp1 in IMR32 cells
was essentially as described above, with mouse anti-Sstr2
(1:200) used as the primary antibody in place of HA. Sstr2
and Lamp1 staining were visualized by confocal microscopy
and colocalization was assessed as described above.

Whole cell cAMP measurements

Whole cell cAMP signaling was analyzed using the cADDis
cAMP assay for Gi (Montana Molecular). For measurements
with Dvl1 or pan-Dvl silencing, HEK293 cells stably expressing
HA-Sstr2 were reverse transfected with control, Dvl1, or pan-
Dvl-specific siRNAs and allowed to recover 36 h. Cells were
then washed, trypsinized, and counted, then transduced with
the Gi-coupled green downward BacMam sensor according to
the manufacturer’s instructions, plated in black-wall 96-well
plates at 4.8 × 104 cells per well, and allowed to recover
overnight. Before measuring cAMP signaling, cells were
washed with PBS and allowed to equilibrate at 37 �C. The plate
was placed in a Tecan Infinite200 plate reader that was pre-
equilibrated at 37 �C. Baseline fluorescence (excitation
483 nm, emission 535 nm) was acquired for 5 min before
treating cells with NKH477 (10 μM), NKH477 (10 μM) +
octreotide (100 nM), or PBS. Fluorescence was monitored for
15 min after addition of drug. Background cellular fluores-
cence was measured in no-virus control wells and was sub-
tracted from all values before further analysis. Data were
graphed as ΔF (F − F0)/F0, where F0 is the initial fluorescence.

ERK1/2 activation measurements

The effect of Dvl1 silencing on ERK1/2 signaling was
analyzed via Western blots. HEK293 cells stably expressing
HA-Sstr2 were reverse transfected with control or Dvl1 siRNA
and allowed to recover 24 h. Cells were then washed, trypsi-
nized, plated in poly-l-ornithine-coated 6-well dishes, and
allowed to recover overnight. The day of the experiment, the
cells were washed twice with DMEM/LH/Hepes and equili-
brated at 37 �C and 5% CO2 for 15 to 20 min, then treated with
100 nM octreotide for the times indicated before harvest with
cold PBS, lysis in SDS-urea buffer, and Western blotting.

GH secretion

For determination of the effect of Dvl1 inhibition on Sstr2-
dependent suppression of hormone secretion, GH3 cells were
plated at a density of 1 × 105 per well in poly-l-ornithine
coated wells of a 12-well dish and allowed to grow 24 h. On
the day of the experiment, cells were refed complete medium-
containing vehicle or 10 μM Dvl PDZ inhibitor for 4 h. Wells
were aspirated and cells were refed medium in the presence or
absence of 100 nM octreotide. Cells were incubated for 15 min
and subsequently both the supernatant and the cell pellets
were harvested. The amount of GH secreted into the medium
was determined via the Thermo Fisher Scientific rat GH
ELISA kit (catalog number KRC5311), following the
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manufacturer’s instructions. Values were calculated based on
the volume of medium harvested per sample and the cell
protein content per well. For comparison between experi-
ments, samples were normalized to the vehicle control
samples.
Data and statistical analysis

Data were plotted using Prism 9 (GraphPad) (https://www.
graphpad.com/). Statistical significance was determined using
unpaired Student’s t test, one-way ANOVA, or other appro-
priate statistics as indicated in the figure legends. A p < 0.05
was considered statistically significant.
Data availability

All data are contained within the article.
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