Alternative splicing results in RET isoforms with

distinct trafficking properties
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ABSTRACT RET encodes a receptor tyrosine kinase that is essential for spermatogenesis,
development of the sensory, sympathetic, parasympathetic, and enteric nervous systems and
the kidneys, as well as for maintenance of adult midbrain dopaminergic neurons. RET is alter-
natively spliced to encode multiple isoforms that differ in their C-terminal amino acids. The
RET9 and RET51 isoforms display unique levels of autophosphorylation and have differential
interactions with adaptor proteins. They induce distinct gene expression patterns, promote
different levels of cell differentiation and transformation, and play unique roles in develop-
ment. Here we present a comprehensive study of the subcellular localization and trafficking
of RET isoforms. We show that immature RET9 accumulates intracellularly in the Golgi,
whereas RET51 is efficiently matured and present in relatively higher amounts on the plasma
membrane. RET51 is internalized faster after ligand binding and undergoes recycling back to
the plasma membrane. This differential trafficking of RET isoforms produces a more rapid and
longer duration of signaling through the extracellular-signal regulated kinase/mitogen-acti-
vated protein kinase pathway downstream of RET51 relative to RET9. Together these differ-
ences in trafficking properties contribute to some of the functional differences previously
observed between RET9 and RET51 and establish the important role of intracellular traffick-
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ing in modulating and maintaining RET signaling.
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INTRODUCTION
The RET gene encodes a receptor tyrosine kinase (RTK) that is widely
expressed in neuroendocrine tissues (reviewed in Arighi et al., 2005).
RET-knockout mice are carried to term but die shortly after birth,
displaying a lack of enteric innervation and kidney dysplasia
(Schuchardt et al., 1994). In humans, a number of loss-of-function
mutations have been identified throughout the RET gene that lead
to Hirschsprung disease, a congenital disorder characterized by a
loss of enteric neurons in the distal portions of the colon and small
intestine (reviewed in Amiel and Lyonnet, 2001; Burzynski et al.,
2009). Conversely, mutations that result in constitutively active re-
ceptors have been linked to tumors of various neuroendocrine tis-
sues, including the thyroid, parathyroid, and adrenal glands
(reviewed in Arighi et al., 2005; Lai et al., 2007). In addition, RET
plays roles in spermatogenesis, development of the sensory, sympa-
thetic, and parasympathetic nervous systems, and maintenance of
adult midbrain dopaminergic neurons (Kramer et al., 2007; reviewed
in Arighi et al., 2005).

Activation of RET occurs through the formation of a multimeric
signaling complex consisting of RET's soluble ligand glial cell
line—derived neurotrophic factor (GDNF) and a membrane-bound
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patterns (Myers and Mulligan, 2004; Hickey
et al., 2009). Finally, in cell-based assays,
RET51 possesses an increased intrinsic
ability to transform cells and induce neurite
outgrowth, potentially suggesting a higher
level of signaling downstream of this iso-
form (Pasini et al., 1997; Rossel et al., 1997;
Iwashita et al., 1999; Le Hir et al., 2000).

In vivo animal models have also shown
differences in RET isoform functions. Mice
that express monoisoformic mouse/human
hybrid Ret9 (Ret”? mice) or Ret51 (Ret>'”")
show distinct phenotypes (de Graaff et al.,
2001). Ret?? mice are viable, whereas Ret>'/>"
mice show kidney dysplasia and delayed de-
velopment of the enteric nervous system
(de Graaff et al., 2001; Barlow et al., 2003).
Similarly, zebrafish expressing only ret? pro-
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FIGURE 1: RET9 accumulates as immature protein. (A) Diagrammatic representation of RET9
and RET51. Amino acid sequences from tyrosine residue 1062 to the end of each isoform are
presented. EC, extracellular domain; KD, kinase domain; TM, transmembrane domain. (B) Cell
lysates from HEK293 cells stably expressing RET9 or RET51 were separated by SDS-PAGE and
immunoblotted with pan-RET, isoform-specific RET? or RET51, and anti—y-tubulin antibodies.

(C, D) Equal volumes of cell lysate from retinoic acid-treated SH-SY5Y neuroblastoma cells (C) or
4-d-old rat pup Gl cocultures (D) that coexpress RET9 and RET51 were separated by SDS-PAGE
and immunoblotted with RET9 or RET51 isoform-specific antibodies. n1-n3 represent Gl

cocultures established from three individual rat pups.

coreceptor, GDNF family receptor oo 1 (GFRa1; reviewed in
Airaksinen and Saarma, 2002). After ligand binding, RET initiates a
number of downstream signaling cascades involved in cell growth,
differentiation, proliferation, and migration, most notably phospho-
inositide 3-kinase/AKT, extracellular-signal regulated kinase (ERK)/
mitogen-activated protein (MAP) kinase, SRC, B-catenin, and STAT3
pathways (Besset et al., 2000; Schuringa et al., 2001; Encinas et al.,
2004; Gujral et al., 2008).

The RET gene is alternatively spliced at its 3" end to produce
multiple protein isoforms. RET9 and RET51 are the most highly ex-
pressed and differ only in their 9 and 51 COOH-terminal amino ac-
ids, respectively (Figure 1A; Tahira et al., 1990). In most tissues ex-
amined these isoforms are coexpressed; however, the RET? transcript
is often expressed at much greater levels relative to RET57 in human
tissues (Ilvanchuk et al., 1998; Le Hir et al., 2000; Lee et al., 2003).
Although the primary signaling hub shared by all RET isoforms is
tyrosine 1062 (Asai et al., 1996; De Vita et al., 2000; Hayashi et al.,
2000), differences in the downstream amino acid sequences in RET9
and RET51, and the presence of an additional signaling hub in
RET51 at Y1096 (Figure 1A; Besset et al., 2000; Jain et al., 2006),
have been suggested to contribute to both signal redundancy be-
tween RET9 and RET51 and certain distinct properties of each of the
isoforms. Each isoform can induce a unique autophosphorylation
pattern on intracellular RET tyrosine residues and assemble a distinct
complement of adaptor proteins (Tsui-Pierchala et al., 2002). Specifi-
cally, RET9 and RET51 are known to differentially bind SHC, GRB2,
c-CBL, and SHANKS3 (Lorenzo et al., 1997; Schuetz et al., 2004; Scott
et al, 2005). Gene expression profiling revealed that RET9 and
RET51 activity can induce overlapping but distinct gene expression
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In addition, it has been shown that the
RET51 transcript is not present until later
stages of human development (lvanchuk
et al., 1998), which may account for its dis-
pensability in many of these studies. Overall,
these data are consistent with the ability of
RET9 and RET51 to influence both similar
and distinct gene expression patterns down-
stream of their activation (Myers and Mulli-
gan, 2004; Hickey et al., 2009).

Exocytic trafficking of membrane pro-
teins such as RTKs is complex and requires
interactions with a host of proteins that target nascent peptides to
the endoplasmic reticulum (ER), ensure their proper folding, medi-
ate posttranslational modifications, and escort them to the plasma
membrane (reviewed in Cross et al., 2009). Once embedded in the
plasma membrane, RTKs can bind extracellular ligands and become
activated. Activation results in recognition of the RTK by the endo-
cytic machinery of the cell, internalization, and targeting to intracel-
lular structures for degradation or recycling back to the plasma
membrane (reviewed in Maxfield and McGraw, 2004; Sorkin and
von Zastrow, 2009). Thus, exocytosis and endocytosis are critical
mediators of RTK subcellular localization. RTK signaling can be en-
hanced, directed toward or away from individual signaling path-
ways, or quenched, depending on the subcellular compartment in
which it resides. Together mechanisms that direct RTK trafficking
can have direct and profound effects on downstream signaling.

Although comprehensive studies of RET exocytosis and endocy-
tosis are lacking, some insights into these processes have been pro-
vided. RET? and RET51 are rapidly glycosylated within the ER to
produce a 155-kDa immature glycoprotein (Takahashi et al., 1991).
Further processing occurs within the Golgi apparatus, resulting in
expression of a fully glycosylated, mature, 175-kDa RET molecule on
the plasma membrane (van Weering et al., 1998). Previously, we
showed that RET activation leads to rapid internalization and traffick-
ing of the molecule to early endosomes, where it continues to acti-
vate downstream signaling pathways (Richardson et al., 2006). The
E3 ubiquitin ligase c-CBL can ubiquitinate RET, targeting the recep-
tor for lysosomal degradation (Scott et al., 2005; Richardson et al.,
2009), and a role for the proteasome in RET degradation has also
been suggested (Pierchala et al., 2006; Tsui and Pierchala, 2010).

IB:Ret51
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Here, we present a comprehensive study of RET9 and RET51
subcellular localization and intracellular trafficking. We show that
high levels of immature RET9 accumulate in the Golgi, whereas
RET51 is efficiently matured and trafficked to the plasma membrane.
In response to GDNF stimulation, both isoforms are targeted to the
lysosome for degradation; however, RET? appears to be targeted
directly and efficiently, whereas a portion of RET51 molecules are
recycled back to the membrane, making them available for contin-
ued signaling. Our data suggest that RET9 and RET51 possess dis-
tinct subcellular localizations and trafficking properties that help
explain previously established isoform-specific downstream signal-
ing characteristics.

RESULTS

RET51 matures more efficiently than RET9

Four cell-based model systems were used throughout this study.
HEK293 cell lines transiently or stably expressing GFRa1 and either
RET9 or RET51 (Myers and Mulligan, 2004) were used to analyze the
individual contributions of these isoforms to intracellular processes
(Figure 1B). SH-SY5Y neuroblastoma cells provide a model in which
both RET9 and RET51 are expressed from RET's endogenous pro-
moter at higher levels relative to primary tissues (Figure 1C). Hela
cells transiently expressing RET9 or RET51 were well suited for di-
rect visualization of intracellular trafficking by confocal microscopy
due to their flat morphology and increased levels of RET expression
relative to stable cell lines or cells endogenously expressing RET.
Finally, a coculture model consisting of primary myenteric neurons,
smooth muscle cells, and glia harvested from 4-d-old rats provided
an endogenous system to which data from all other cell-based mod-
els could be compared (Figure 1D; Rodrigues et al., 2011).

In initial investigations, we saw a marked difference in the relative
distribution of the mature (175 kDa) and immature (155 kDa) protein
forms of each RET isoform. In HEK293 cell lines stably expressing
RET9 or RET51, mature and immature RET51 were expressed in
nearly equivalent levels; however, RET9 appeared predominantly in
the immature form (Figure 1B). Using isoform-specific antibodies for
RET9 and RET51 (Supplemental Table S1), we noted a similar pat-
tern of endogenous RET isoform expression in SH-SY5Y cells (Figure
1C) and an even more striking distribution in primary rat gastrointes-
tinal (Gl) cocultures, where immature Ret51 was nearly undetectable
but equivalent amounts of both mature and immature Ret9 were
observed (Figure 1D). Isoform-specific differences in mature protein
expression, primarily decreased levels of mature RET9 protein, were
most prominent in primary neurons, which had the lowest overall
RET expression (Figure 1D), and least obvious in cells stably overex-
pressing RET (Figure 1B).

The glycosylation events that result in RET's maturation from 155
to 175 kDa have been shown to occur in the Golgi (Cosma et al.,
1998), suggesting that immature RET? might accumulate in this re-
gion. We determined the localization of immature RET9 by immuno-
fluorescence confocal microscopy in primary rat enteric neurons. In
agreement with previously published data (Heanue and Pachnis,
2008; Rodrigues et al., 2011), RET was expressed in Hu antigen D
(HuD, ELAV4)—positive neurons but not the smooth muscle or glia of
our Gl coculture model (Supplemental Figure S1A). Despite low ex-
pression of Ret in these neurons (Figure 1D), we observed a region
of Ret9 perinuclear accumulation that was not found in cells stained
for Ret51 (Figure 2, A-C). Furthermore, the area enriched for Ret9
staining overlaid areas weak in HuD staining. HuD is a neuron-spe-
cific, mRNA-binding protein, primarily localized to the cytoplasm,
where it interacts with ribosomes and is not expected to associate
with perinuclear Golgi stacks (Burry and Smith, 2006), supporting
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the Golgi as the site of immature Ret? accumulation. Consistent
with this, we found that perinuclear Ret9 staining accumulates in
and near structures harboring TGN38, a commonly used marker of
the trans-Golgi network in rat cells (Supplemental Figure S1B; Pon-
nambalam et al., 1996). We further investigated the localization of
RET9 and RET51 in SH-SY5Y cells. As shown in Figure 2, D and E,
both RET? and RET51 could be seen in punctate structures near the
plasma membrane. However, only RET51 was found to directly co-
localize with EPN1-ENTH-green fluorescent protein (GFP), a marker
of the inner leaflet of the plasma membrane (Ford et al., 2002), in
unstimulated cells. Together these results are consistent with our
observations in Figure 1 and suggest that immature RET9 accumu-
lates in the Golgi, whereas RET51 matures relatively more effectively,
resulting in a greater plasma membrane presence of this isoform.

It was previously shown that RET9 transcript is expressed at
higher levels relative to RET57 in multiple organisms and tissues
(lvanchuk et al., 1998; Le Hir et al., 2000; Lee et al., 2003). Because
RET®9 transcript levels appeared to correlate with the amount of im-
mature RET9 protein in our various cell models (Figure 1, B-D), we
investigated whether simple differences in RET? and RET57 tran-
script expression could result in relatively more RET? protein transla-
tion and an accumulation of immature RET9 in the ER and/or Golgi.
Using quantitative real-time PCR, we confirmed that RET9 tran-
scripts are expressed at higher levels relative to RET57 in SH-SY5Y
cells and our primary rat Gl cocultures (Figure 3A). HEK293 cell lines
stably expressing monoisoformic RET? or RET51 cDNA had similar
levels of RET9 and RET51 transcripts, respectively (Figure 3A), likely
due to their expression from the same promoter and lack of mMRNA
processing by the spliceosome. Of interest, despite similar transcript
levels, a greater proportion of RET9 protein was still found in its im-
mature form relative to RET51 in the HEK293 stable cell lines (Figure
1B), suggesting that higher transcript levels are not responsible for
the accumulation of immature RET9. We confirmed this by perform-
ing a series of transient transfections in HEK293 cells in which we
titrated the amount of transfected RET9 or RET51 plasmid DNA
from O to 1 pg. As expected, decreases in transcript levels, by incre-
mentally decreasing the DNA copy number delivered into cells,
were unable to increase the amount of mature RET9 protein seen in
Western blots (Supplemental Figure S2). Independent of transcript
levels and the amount of nascent protein delivered to the ER, a
number of chaperone proteins reside within the ER, Golgi, and cy-
toplasm to assist in protein folding, mediate posttranslational modi-
fications, or delay export of misfolded and incorrectly modified pro-
teins (Cross et al., 2009). We did not expect that posttranslational
processing at these sites would be responsible for the accumulation
of immature RET9 because RET9 and RET51 possess identical extra-
cellular domains—the region of RET located within the ER and Golgi
during posttranslational processing. To confirm this, we compared
Ret isoform maturation in primary rat Gl cocultures grown at 30 and
37°C, as growth at reduced temperatures has been shown to im-
prove maturation of difficult-to-fold proteins, including several RET
mutants, that are retained in the ER and Golgi (Kjaer and lbanez,
2003; Park et al., 2009). Growth at 30°C did not affect the relative
ratio of immature to mature Ret9 or Ret51 (unpublished data). Our
observation that the pool of immature RET? protein is maintained
independent of RET DNA copy number within the cell and growth
temperature suggests that the accumulation of immature RET9 is
not due to either higher levels of RET9 transcript or less efficient
folding or posttranslational modification of the protein, relative to
RET51. Instead, it appears that the cell has an intrinsic ability to de-
liver RET51 to the plasma membrane, via the ER and Golgi, more
efficiently relative to RET9.

Molecular Biology of the Cell
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Immature RET9 accumulates in a perinuclear region. (A) Gl cocultures were isolated from 4-d-old rat pups
and plated on collagen-coated glass coverslips, grown for 60 h in 5% FBS, serum starved overnight, fixed, and
stained for the neuronal marker HuD (red) and for Ret9 or Ret51 (green). Arrows highlight areas devoid of HuD
staining. Scale bar, 40 um. (B) Pixel intensity profiles were calculated along the dashed lines in the Merge panels of A
and plotted. (C) Mean Ret9 or Ret51 signal intensity was calculated for two circular ROIs (a perinuclear ROl devoid of
HuD staining [pnuc] and a cytoplasmic ROl with positive HuD staining [cyto]) in >30 enteric neurons stained for Ret9
or Ret51 and HuD. The ratio of mean Ret signal intensity (cyto/pnuc) was determined and plotted. Cells were derived
from five individual rat pups for each isoform. (D) Retinoic acid-treated SH-SY5Y cells were transiently transfected
with the plasma membrane marker EPN1-ENTH-GFP (green), fixed, and stained for RET9 or RET51 (red). Inserts in
top left-hand corners are magnifications of the boxed region in the merged panels, highlighting regions of well-
defined plasma membrane (arrows). Scale bars, 10 ym in full image, 2 pm in magnification. (E) Mean pixel intensity of
the RET and EPN1-ENTH-GFP signals was determined from 3-pixel-wide lines drawn along areas of well-defined
plasma membrane where no neighboring cells were present. The ratio of RET9 or RET51/EPN1-ENTH-GFP intensity
(Iret/lepN1-PH-GEP) for 3-pixel bins was calculated along the entire line and plotted. n > 10 lines for both RET9 and

RET51. *p < 0.005.

Because RETY and RET51 differ exclusively by amino acids in
their C-terminal tails, we predicted that these distinct sequences
are functionally responsible for differences in isoform localization.
To determine whether one or both isoform tails were important for
mediating RET maturation and transport to the plasma membrane,
we developed two novel RET mutant constructs. First, we replaced
the first nine unique amino acids (1064-1072) of RET51 with the
corresponding amino acids from RET9 (referred to as 9-in-57;
Figure 3B). In the second construct, the RET? C-terminal amino
acids (1064-1072) were added terminally, immediately down-
stream of the intact RET51 sequence (referred to as 51+9; Figure
3B). Of interest, these two constructs displayed different pheno-
types. The 9-in-51 construct displayed a phenotype similar to that
of wild-type RET9, appearing predominantly as immature protein,
whereas 51+9 showed increased levels of mature protein relative
to wild-type RET9, a phenotype identical to that of wild-type RET51
(Figure 3C). This suggests that the RET? C-terminal amino acid tail,
within the context of its normal upstream sequences, is responsible
for the retention of this isoform within the Golgi apparatus.
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RETS51 internalizes more rapidly than RET9

On the basis of our earlier observations that a greater proportion of
RET51 is found in the mature 175-kDa form relative to RET9 (Figure
1, B-D) and that RET51 appears to be more abundant in the plasma
membrane of SH-SY5Y cells (Figure 2, D and E), we investigated
what effect localization may have on activation and internalization of
RET9 and RET51 from the cell surface. Initially, we investigated the
phosphorylation properties of RET isoforms by immunoprecipitat-
ing RET? and RET51 from SH-SY5Y cell lysates and probing with
pan-RET and anti-phosphotyrosine antibodies. As predicted, we
found only the mature, 175-kDa band of RET9 and RET51 to be
phosphorylated (Figure 4A). Furthermore, the RET51 isoform was
relatively more phosphorylated, although a portion of this increase
may be due to the additional phosphotyrosines at Y1090 and Y1096
that are not present in RET9 (Figure 1A).

Next, we investigated the movement of RET? and RET51 into
the cell after activation by GDNF using a simple cell surface biotiny-
lation approach. Cells were either left untreated or incubated with
GDNF for 20 min, followed by biotinylation of surface proteins, cell

Differential trafficking of RET isoforms | 3841



S o00, HEK293 Stable
= Cell Lines

—
o
o

5
21 =75
3 S 5
S IS
2 2 o5
g Y
Q 0 Q9 0
© RET9 RET51 © RET9
6 507 GI Co-Cultures
\>_</ *
330
g 20
10
g
g0

RET9

RET51
B

RETOWT: YGRISHAFTRF

9 in 51: YGRISHAFTRFSPVPLTRADGTNTGFPRYPNDSVYANWMLSPSAARLMDTFDS
51+9: YGMSDPNWPGESPVPLTRADGTNTGFPRYPNDSVYANWMLSPSAAKLMDTFDSRISHAFTRF
RET51WT: YGMSDPNWPGESPVPLTRADGWTGFPRYPNDSV&ANMSPSAAKIMFDE

N
o ~ ()]
o o o
L L i
'_
'—
C ot
b = *
C (o] Yo [a s
_ — 175kDa
IB:RETO| am W - 155kDa

IB:yTUB| e wsee ey sy [48kDa

FIGURE 3: The RET9 tail delays maturation. (A) Quantitative real-time PCR was used to
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three separate mRNA samples. *p < .05 (B) Diagrammatic representation of RET tail mutant
constructs used in C. (C) HEK293 cells were transiently transfected with the indicated constructs,

cultured for 48 h, harvested, and immunoblotted for RET9 or tubulin.

lysis, and the collection of biotinylated protein on streptavidin-
coated beads. As expected, both surface-localized RET? and RET51
were biotinylated in the absence of GDNF. However, upon GDNF
treatment, we observed a greater loss of the surface-localized RET51
(46% of original surface RET51) than RET? (25% of original surface
RET9; Figure 4B)

Biotinylation of cell surface RET in stimulated and unstimulated
SH-SY5Y cells was further used to monitor RET internalization over
time. Consistent with Figure 4B, Figure 4C shows that both RET
isoforms were internalized upon incubation with GDNF, although
RET51 internalization was more robust. Thirteen percent of the total
surface-localized RET51 was internalized within the first 5 min of
GDNF stimulation. However, nearly 30 min of GDNF stimulation was
required to internalize a similar fraction of the surface-localized RET9
(16%; Figure 4C). Together these results suggest a more robust and
efficient internalization of RET51 in response to GDNF stimulation
relative to RET9.

We further investigated RET9 and RET51 trafficking in Hela cells
using a method that combines confocal microscopy, surface biotiny-
lation, and immunofluorescence to observe RET internalization from
the plasma membrane and trafficking to the lysosome (Richardson
and Mulligan, 2010). This method allowed us to restrict our analyses
to the specific subset of intracellular vesicles that had been formed
by plasma membrane invagination after addition of GDNF. Thus,
we were able to quantify the movement of RET9 and RET51 relative
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SH-SY5Y Cells
*

RET51

to each other in early endosomes and
late endosomes/lysosomes. Consistent with
Figure 4C, we observed a more robust in-
ternalization of RET51 to early endosomes,
relative to RET9 (Figure 4D). Within 5 min of
GDNF addition, RET51 was localized to sig-
nificantly more EEA1-positive endosomes
than before GDNF addition (p < 0.005;
Figure 4D). In comparison, a significant in-
crease in RET9-containing endosomes was
achieved only after 30 min of GDNF treat-
ment (p < 0.005, Figure 4D). The percent-
age of early endosomes containing RET9
increased from 0 to 30 min, whereas RET51-
containing endosomes reached a maximum
by 15 min (Figure 4D; discussed later). At
both 15 and 60 min after GDNF addition,
RET51 occupied a significantly greater per-
centage of early endosomes then did RET9
3 (p < 0.005; Figure 4D). Unexpectedly, after
] 30 min of GDNF treatment, RET51 was
present in significantly fewer early endo-
somes than it was at 15 or 60 min after
addition of GDNF (p < 0.005, Figure 4D;
discussed later).

In addition, the distance of each RET-
positive early endosome from the plasma
membrane was measured to determine
whether RET-positive endosomes trafficked
deeper into the cytoplasm over time. Once
again, endosomes containing RET51 traf-
ficked significantly deeper into the cyto-
plasm by 5 min of GDNF treatment (relative
to the 0-min time point; p < 0.005; Figure
4D), whereas RET9-positive endosomes
required 30 min to internalize significantly
deeper relative to unstimulated cells (p <
0.005; Figure 4D). Furthermore, RET9 endosomes increased their
distance from the plasma membrane throughout the entire 60-min
time course; however, the mean distance of RET51 endosomes from
the plasma membrane was relatively unchanged at time points
>15 min (Figure 4D; discussed later).

As expected, both RET isoforms took longer to reach lysosomes
(as determined by colocalization with LAMP2) than early endosomes,
and, again, a significant increase of RET51 within these structures
relative to unstimulated cells was observed earlier than that of RET9
(30 vs. 60 min, respectively; Figure 4D). Again, RET9 colocalization
with lysosomes gradually increased throughout the time course,
whereas lysosomal localization of RET51 showed little change after
15 min of GDNF treatment (Figure 4D; discussed later).

Isoform-specific recycling of RET51

Our observation that RET51 occupies significantly fewer early en-
dosomes after 30 min of GDNF stimulation (relative to the 15- and
60-min time points; Figure 4C), as well as the apparent lack of its
accumulation in early endosomes and lysosomes at time points
>15 min, led us to investigate whether RET51 could enter endo-
somal recycling pathways. We previously used a novel biotinyla-
tion assay to provide evidence of RET51 recycling when it is over-
expressed in Hela cells (Richardson and Mulligan, 2010). Using
this assay, we observed RET colocalization with cell surface biotin
(Supplemental Figure S3). We noted colocalization of RET51
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immunoprecipitated (IP) with antibodies specific to RET9 or RET51,
separated by SDS-PAGE, and immunoblotted (IB) with panRET or
anti-phosphotyrosine (pTyr) antibodies. A portion of cell lysate was
retained and probed with anti—y-tubulin as a loading control.

(B) Retinoic acid-treated SH-SY5Y cells were serum starved, incubated
with or without GDNF for 20 min, cooled to 4°C, surface biotinylated,
and harvested. Biotinylated proteins were recovered on streptavidin-
coated beads and immunoblotted for RET9 or RET51. Densitometry,
performed via ImageJ, was used to determine the percentage of the
initial surface-localized biotinylated RET remaining after incubation
with GDNF as indicated in lower panels. (C) Retinoic acid-treated
SH-SY5Y cells were serum starved and surface biotinylated. After
biotinylation, cells were returned to 37°C in the presence of 100 ng/
ml GDNF for the indicated times before the remaining cell surface
biotin was stripped with MeSNa buffer, and cells were lysed. Cell
lysates and biotinylated proteins were separated by SDS-PAGE and
immunoblotted for RET9 or RET51. TP, total protein control; sample
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with cell surface biotin before GDNF addition and after 30 min of
incubation with GDNF but not after 15 min of GDNF stimulation
(Richardson and Mulligan, 2010; Supplemental Figure S3B). At no
time point were we able to observe colocalization between RET?
and cell surface biotin (Supplemental Figure S3A). Using our SH-
SY5Y cell model, we expanded on the experiments in Figure 2D to
examine the colocalization of RET51 with the plasma membrane
marker EPN1-ENTH-GFP at various times after GDNF addition.
We found a significant depletion of RET51/EPN1-ENTH-GFP colo-
calization within 5 min of GDNF addition (Figure 5, A and B). How-
ever, colocalization was quickly reestablished by 20 min after
GDNF addition. This observation was confirmed via surface bioti-
nylation and Western blotting (Figure 5C). Together, these data
clearly demonstrate a portion of RET51 protein recycling back to
the plasma membrane after internalization. This observation ap-
pears to be consistent across multiple cell lines and under various
levels of RET51 expression.

RTKs that undergo recycling, such as epidermal growth factor
receptor (EGFR) and MET, have been shown to avoid degradation,
resulting in extended signaling potential (reviewed in Parachoniak
and Park, 2012). To determine whether recycling prevents degrada-
tion of RET51, prolonging its signaling capacity within the mem-
brane and cytosol relative to RET?, we treated primary rat Gl cocul-
tures with brefeldin A to block RET maturation. Brefeldin A is an
inhibitor of Golgi function that is known to trap nascent peptides in
the ER, preventing their delivery to the Golgi (Runeberg-Roos et al.,
2007). Brefeldin A addition to rat Gl cocultures resulted in an accu-
mulation of immature Ret9, and to a lesser extent immature Ret51,
over time, indicating that transport of both Ret isoforms from the ER
to Golgi and subsequent glycosylation was blocked (Figure 5D). In
contrast, the mature protein band of Ret? decreased in intensity
over time, becoming nearly undetectable by 3 h (Figure 5D). The
mature protein band of Ret51 maintained a constant intensity
throughout the 3-h time course, indicating greater stability of the
mature form of this isoform relative to Ret9 (Figure 5D). To confirm
that this result was not due to differences in relative RET9 and RET51
protein concentration or the use of individual antibodies to visualize
each isoform, we repeated the experiment in our monoisoformic
HEK293 stable cell lines using a pan-RET antibody (Figure 5E). In the
presence of brefeldin A and GDNF, the pool of mature RET? protein
was quickly degraded. Levels of mature RET51 decreased more

was maintained at 4°C to inhibit internalization and was not stripped
with MeSNa buffer. M, MeSNa stripping control; sample was
maintained at 4°C to inhibit internalization and subsequently stripped
with MeSNa buffer. Densitometry, performed using ImageJ, was used
to determine the percentage of the initial surface-localized
biotinylated RET recovered via pull-down on streptavidin beads at
each time point. (D) Hela cells, transiently transfected with GFRo.1
and RET9 or RET51, were serum starved for 2 h, incubated with CHX
for 30 min, and surface biotinylated. Cells were returned to 37°C in
the presence of 100 ng/ml GDNF and CHX for the indicated times
before fixing and staining for RET, biotin, and EEA1 or LAMP2. The
percentage of biotin-labeled endosomes or lysosomes occupied by
RET9 or RET51 for each time point was calculated as described in
Materials and Methods and plotted. Mean distance of RET-containing
endosomes, formed after addition of GDNF, from the plasma
membrane was determined as described in Materials and Methods
and plotted. Data are expressed as means + SE. *p < 0.005 to RET9 0
min. **p < 0.005 to RET51 0 min. ***p < 0.005 between indicated
samples. All Western blots are representative of three or more
independent experiments.
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slowly, again indicating that this isoform is degraded at a slower rate
relative to mature RET9 protein (Figure 5E). Our data are consistent
with RET51, but not RET9, being able to recycle back to the plasma
membrane after activation and internalization.

Recycling of RTKs has been shown to affect downstream signal-
ing by mediating longer, sustained signaling after ligand binding
(Parachoniak and Park, 2012). We previously showed that phospho-
rylated RET is able to activate the ERK/MAP kinase signaling path-
way after internalization from early endosomes within the cytoplasm
(Richardson et al., 2006). Therefore, we investigated ERK1/2 signal-
ing downstream of RET9 and RET51 in HEK293 monoisoformic cell
lines. Consistent with the more rapid internalization and recycling of
the activated RET51 receptor, we found that activation of ERK1/2
initiated earlier and was sustained for a longer duration in RET51-
expressing cells than in a RET9-expressing cell line (Figure 5F). This
suggests that recycling of RET51 plays an important role in modulat-
ing signaling downstream of this isoform. Indeed, recycling of RET51
provides a strong mechanistic explanation for the increased trans-
forming capacity of this isoform.

RET51 recycles through a RAB11-associated pathway

To confirm RET51’s presence in a recycling pathway, we performed
colocalization studies with various markers of recycling endosomes.
Barysch et al. (2009, 2010) developed an in vitro system that effi-
ciently sorts cointernalized molecules (e.g., transferrin and low-
density lipoprotein) into separate vesicles based on their final desti-
nation (e.g., recycling vs. lysosome). We used this system to examine
the ability of RET? and RET51 to be sorted away from transferrin-
containing endosomes in postnuclear supernatants (PNSs). Trans-
ferrin is a well-characterized small iron-binding, soluble protein
(Hopkins, 1983; Hopkins and Trowbridge, 1983; Maxfield and
McGraw, 2004). After binding its cell surface receptor, transferrin is
rapidly internalized to early endosomes, releases its bound iron
molecules, detaches from its receptor, and sorts to recycling endo-
somes before being exocytosed (Hopkins, 1983; Hopkins and
Trowbridge, 1983; Maxfield and McGraw, 2004). PNSs were pro-
duced from SH-SY5Y cells that had been stimulated with GDNF for
15 min and Alexa 488-labeled transferrin for 5 min. PNSs were then
incubated either on ice or at 37°C for 45 min in the presence of an

2 pm in magnification. (B) Mean pixel intensity of the RET and
EPN1-ENTH-GFP signals was determined from 3-pixel-wide lines
drawn along areas of well-defined plasma membrane where no
neighboring cells were present. The ratio of RET? or RET51/
EPN1-ENTH-GFP intensity (Iret/lgpn1-pH-grp) for 3-pixel bins was
calculated along the entire line and plotted. n> 10 lines for both RET9
and RET51. *p < 0.005. (C) SH-SYS5Y cells were incubated with GDNF
for the indicated times and surface biotinylated at 4°C. Cells were
lysed, and biotinylated proteins were recovered on streptavidin beads
(Strep PD). Both cell lysates and streptavidin pull-downs were
separated by SDS-PAGE and immunoblotted for RET51. (D) Rat pup
Gl cocultures were established as in Figure 1D and grown in DMEM
containing 5% FBS. Cells were treated with 5 pg/ml brefeldin A for
the indicated times. Cells were lysed and immunoblotted for RET9 or
RET51. (E) HEK293 cells stably expressing GFRo.1 and RET9 or RET51
were serum starved overnight and treated with 100 ng/ml GDNF and
5 pg/ml Brefeldin A for the indicated times. Cell lysates were
immunoblotted for RET using a pan-RET antibody. (F) HEK293 cells
stably expressing RET9 or RET51 were serum starved overnight and
incubated with GDNF for the indicated times. Cell lysates were
immunoblotted using pan-RET, pERK1/2, and tubulin antibodies. Blots
are representative of three independent experiments.
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RET51 colocalizes with markers of the endosomal-
recycling pathway. (A) Retinoic acid-treated SH-SY5Y cells were
collected and incubated with GDNF for 10 min and Alexa 488-labeled
transferrin for 5 min at 37°C. Postnuclear supernatants were prepared
using a ball homogenizer. Samples were either kept on ice or
incubated for 45 min in rat-brain cytosol extract at 37°C before
attachment to coverslips and fixation in 3% paraformaldehyde.
Coverslips were immunostained for RET9 or RET51 and imaged via a
wide-field fluorescence microscope. (B) Pearson’s r was calculated
using ImageJ for each image, and the ratio of r at 37°C to that at ice
temperature (r3yc/rice) was determined and plotted. Data are
representative of two independent experiments with four fields of
view analyzed in each (~8000 transferrin-positive endosomes).

(C) Hela cells were transiently transfected with RET51 and RAB11-
GFP, incubated with 100 ng/ml GDNF where indicated, fixed, and
stained for RET51 (red). Pearson’s r was calculated for each image and
is displayed in the Merge panel. Colocalization was determined using
ImageJ as indicated in Materials and Methods. Images are
representative of one of three independent experiments. Scale bars,
10 pm (A), 40 pm (C).
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artificial ATP-regenerating system to allow endosomal sorting to oc-
cur. After this sorting reaction was completed, endosomes were
fixed to coverslips and stained for RET9 or RET51. Values of Pear-
son’s r were then calculated for each colocalized image. By compar-
ing r from samples incubated on ice to those incubated at 37°C, we
calculated the ratio r3y¢/rice. As seen in Figure 6B, r values for im-
ages stained for RET51 were relatively unchanged under the two
conditions (r37¢/rice = 0.99), whereas RET9 images showed a signifi-
cant decrease in colocalization after the sorting reaction was com-
pleted (r37¢/rice = 0.62; p < 0.05). This suggests that RET51 remains
along with transferrin in the recycling compartment during intracel-
lular sorting, whereas a proportion of RET9 is sorted away from
transferrin-containing endosomes.

We next investigated whether RET9 and RET51 were present
in recycling vesicles of intact Hela cells. RAB4 and RAB11 are
commonly used markers of recycling endosomes. RAB4 is generally
associated with recycling endosomes that rapidly return to the cell
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surface (van der Sluijs et al., 1992), whereas RAB11 endosomes par-
ticipate in a slower recycling pathway that involves movement
through the endocytic recycling compartment (ERC), a perinuclear
collection of RAB11-positive vesicles (Ullrich et al., 1996). We used
colocalization studies in whole cells to determine whether RET51 or
RET9 colocalized with either of these recycling endosome markers.
Hela cells were transiently transfected with RET9 or RET51 and
RAB4-GFP or RAB11-GFP to determine whether RET is found within
endosomes decorated with these markers. Both RET9 and RET51
displayed low levels of colocalization with RAB4-positive vesicles
that was unchanged after addition of GDNF (Supplemental Figure
S4A). Ofinterest, although cells expressing RET? showed no changes
in their intracellular distribution of RET (Supplemental Figure S4, A
and B), GDNF addition to cells expressing RET51 and either RAB4
or RAB11 resulted in a perinuclear accumulation of RET51 (Figure 6C
and Supplemental Figure S4A). In cells expressing RET51 and
RAB11, strong colocalization was seen between these two proteins
at this perinuclear location (Figure 6C). As stated earlier, no GDNF-
induced change in RET9 distribution was seen in cells expressing
RAB4 or RAB11 (Supplemental Figure S4). In addition, little colocal-
ization was seen between RET9 and RAB11, and RET9 did not dis-
play a perinuclear accumulation after GDNF addition (Supplemental
Figure S4B). The observation of RET51 in RAB11-positive endo-
somes further supports our model in which this isoform, and not
RET9, is sorted to a recycling pathway. In addition, the perinuclear
localization of RET51/RAB11 vesicles resembles the ERC, of which
RAB11 is a marker, and suggests that RET51 recycles through the
ERC via the slower, RAB11-associated recycling pathway.

DISCUSSION

Until recently, mechanisms of protein trafficking were believed to
play passive roles in cellular signaling and metabolism. However,
numerous data now show that the processes of exocytosis and en-
docytosis can modulate the function of transmembrane receptors
by controlling their signaling potential in both space and time
(reviewed in Sorkin and Von Zastrow, 2002; Cross et al., 2009; Gould
and Lippincott-Schwartz, 2009; Parachoniak and Park, 2012). Here
we showed that the two most abundant isoforms of RET—RET? and
RET51—display distinct subcellular localizations, trafficking proper-
ties, and downstream signaling capacity (summarized in Figure 7) in
multiple model cell culture systems and primary rat enteric neurons.
These distinct properties may contribute to some of the previously
described differences in RET isoform downstream signaling and
functional effects and their individual roles in development.

Inefficient maturation of RET9 results in distinct subcellular
localizations of RET isoforms

Our data show that RET isoforms are coexpressed and that the RET?
transcript is expressed at higher levels relative to RET51 in SH-SY5Y
cells and the enteric ganglia of neonatal rats. However, this does not
translate into higher levels of RET? protein at the cell surface. Here,
we show an accumulation of immature RET9 protein in a perinuclear
region that colocalizes with areas of the trans-Golgi network (Figure
2, A-C, and Supplemental Figure S1B). Relative to RET51, which is
rapidly processed to its mature form, RET? is present in lower quan-
tities in the plasma membrane (Figure 2, D and E, and Supplemental
Figure S3). This suggests that RET9's accumulation in the Golgi
limits the amount of functional RET9 receptors at the cell surface
(Figure 2, D and E, and Supplemental Figure S3). However, it should
be noted that only a relatively minor proportion of both RET9 and
RET51 was localized on the plasma membrane (Figure 2, A and D,
and Supplemental Figures S1, S3, and S4). Direct visualization
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FIGURE 7: Proposed mechanism of RET isoform-specific trafficking.
Diagrammatic summary of the data presented here. RET9 is
transcribed at higher levels relative to RET51, and both transcripts are
delivered to the ER for translation. RET9 and RET51 proceed through
the secretory pathway, where RET51 is efficiently delivered to the
membrane, whereas a portion of RET9 is retained in the Golgi. On the
surface RET9 and RET51 are both able to bind the GDNF/GFRo1
ligand complex (L), autophosphorylate, and activate downstream
signaling cascades. After activation RET51 is internalized to
endosomes more rapidly than RET9. From endosomes, RET9 is
delivered to lysosomes, whereas a portion of RET51 recycles back to
the plasma membrane through a RAB11-positive recycling pathway
and the rest is targeted to the lysosome. Arrow width is indicative of
relative amounts of transcript or protein following each path.

revealed that the majority of both of these molecules were found
intracellularly (Figures 2, A and D, and Supplemental Figures S1, S3,
and S4).

Recent studies by Hirata et al. and Li et al. elucidated some im-
portant characteristics of RET maturation and trafficking to the
plasma membrane. Hirata et al. (2010) showed that acidification of
the Golgi is required for glycosylation of RET9 and EGFR in this or-
ganelle. Of interest, they found initial glycosylation of RET9 (from
120-kDa nascent protein to the 155-kDa immature form) can pro-
ceed in the ER when the V-ATPase responsible for vesicle acidifica-
tion is blocked, and expression of immature RET? at the plasma
membrane can be detected in V-ATPase—inhibited cells (Hirata
et al., 2010). Another factor that has been shown to affect the ability
of RET to traffic through the exocytic pathway is the phosphoryla-
tion status of threonine 675 in the juxtamembrane region of RET (Li
etal., 2012). T675 can be phosphorylated by protein kinase C, and
this phosphorylation was found to increase RET levels on the cell
surface (Li et al., 2012). Although this residue is common to both
isoforms and therefore not responsible for the phenotypes noted
here, this finding indicates that posttranslational modifications to
the cytoplasmically exposed region of RET can affect its transport
from the ER and Golgi to the cell surface. Our tail mutant study
(Figure 3, B and C) suggests that the RET? tail, in conjunction with a
portion of the RET? and RET51 shared sequence immediately N-
terminal to the tail region, contains posttranslational modifications
such as phosphorylation and/or important interactions with cytoso-
lic proteins that regulate the movement of this isoform through the
Golgi.

Of interest, RET9 and RET51 heterodimers have not been de-
tected in vivo despite the coexpression of isoforms and their identi-
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cal extracellular domains (Tsui-Pierchala et al., 2002; Scott et al.,
2005). It has been hypothesized that this was due to targeting of
RET? and RET51 to individual lipid subdomains of the plasma mem-
brane (Tsui-Pierchala et al., 2002; Scott et al., 2005). Although this
may also be a factor, our results suggest that the limited amounts of
RET found at the cell surface, the relatively greater concentration of
RET51 in the plasma membrane, and the rapid isoform-specific sort-
ing of internalized RET51 to the recycling pathway would minimize
the formation of heterodimers and make detection of any heterodi-
mers that do form difficult in vivo.

Isoform-specific trafficking postinternalization

We previously showed that RET is rapidly internalized from the
plasma membrane after activation and observed constitutively ac-
tive, membrane-bound RET proteins in various structures of the en-
docytic pathway (Richardson et al., 2006, 2009). Here, our analyses
of these processes in an isoform-specific context revealed two key
differences between RET? and RET51 intracellular trafficking: the
rapid internalization of RET51 relative to RET9 (Figure 4) and the
ability of RET51 to recycle to the membrane after internalization,
whereas RET? is targeted to the lysosome (Figures 4-7).

The mechanisms underlying the recycling of plasma membrane
proteins are poorly understood. It was postulated that membrane
proteins were continuously recycled to the cell surface in the ab-
sence of ubiquitination through a rapid, short-loop recycling path-
way (Dunn et al., 1989; Mayor et al., 1993; Katzmann et al., 2002).
More recently, a number of targeting motifs have been identified
within various non-RTK membrane proteins that direct their recy-
cling back to the plasma membrane (Johnson et al., 2001; Wang
et al., 2004; Paasche et al., 2005). This motif-based receptor recy-
cling appears to be a lengthier process, as endocytosed receptors
are first sorted to the ERC before returning to the membrane via a
long-loop recycling pathway (Johnson et al., 2001). MET and EGFR
are the best-understood RTKs with regard to their recycling proper-
ties (reviewed in Parachoniak and Park, 2012). MET recycling ap-
pears to be directed by the ARF-binding protein GGA3, which is
recruited to MET upon activation by its ligand HGF. GGA3 binding
occurs in the early endosome and initiates MET trafficking into
RAB4-positive recycling vesicles, which are predominantly associ-
ated with the rapid, short-loop recycling pathway (Parachoniak
etal., 2011). Of interest, knockout of GGA3 inhibited MET recycling
and led to a reduction in ERK1/2 signaling, suggesting that recy-
cling plays an important role in sustaining downstream signaling
from MET (Parachoniak et al., 2011). EGFR recycling appears to be
more complex, in that it has been shown to occur through both
rapid, short-loop recycling and the long-loop, ERC-associated
pathway (reviewed in Sorkin and Goh, 2009). Extracellular ligand
concentration and dissociation of ligand from EGFR within the early
endosome appear to be the major determinants of whether EGFR
is targeted for recycling or degradation (Sigismund et al., 2008;
Sorkin and Goh, 2009; Parachoniak et al., 2011). Our results indi-
cate that RET51 can be found in both RAB4-positive (short loop)
and RAB11-positive (long loop) endosomes, suggesting a recycling
mechanism similar to that for EGFR. However, the GDNF-induced
increase of RET51 colocalization with RAB11 and its accumulation
in a perinuclear ERC-like structure suggest that RET51 is predomi-
nantly recycled through the long-loop pathway (Figure 6C; Ullrich
et al., 1996). On the basis of our observation that RET51 undergoes
GDNF-induced colocalization with RAB11, a marker of motif-based
recycling and the ERC, we predict that the RET51 tail contains a
yet-unidentified recycling motif that mediates its return to the
plasma membrane via this pathway.
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Tsui and Pierchala (2010) recently investigated retrograde signal
propagation downstream of RET in primary sympathetic and sen-
sory neurons. They showed that GDNF applied directly to axonal
tips and not the cell body sustained neuronal survival in dorsal root
ganglion (DRG) sensory neurons but not in superior cervical gan-
glion (SCG) sympathetic neurons, which are seen to rapidly apop-
tose (Tsui and Pierchala, 2010). Tsui and Pierchala provided two
possible explanations for these observations. First, they suggested
that the increased levels of RET9 in DRG neurons allow for a stron-
ger survival signal to be conveyed to the cell body, and, second,
they observe a more rapid degradation of RET51 in the axons of
SCG neurons relative to DRG neurons. Our data, along with previ-
ous studies that highlight RET51’s relatively higher transforming
and signaling capacity, indicate that the more rapid loss of RET51
from the axonal tips of SCG neurons may be the key determinant in
the different phenotypes of SCG and DRG neurons observed by
Tsui and Pierchala. However, because these are vastly different sys-
tems (DRG, SCG, enteric neurons, cultured SH-SY5Y cells), one
must be careful in drawing parallels between the data. Perhaps
more important, together these data clearly indicate that RET can
play different roles in different cell lineages and highlight the im-
portance of the use of specific primary tissues in the validation of
experimental observations.

Degradation of RET9 and RET51

Previous studies used the translation inhibitor cycloheximide (CHX)
to evaluate RET protein stability (Scott et al., 2005; Pierchala et al.,
2006; Richardson et al., 2009). Using this method, Pierchala et al.
(2006) and Scott et al. (2005) showed RET9 to be more stable than
RET51 in primary sympathetic neurons and monoisoformic stable
cell lines. We believe that the brefeldin A investigations presented
here (Figure 5) complement these previous studies by providing
further insight into the translation, posttranslational processing,
trafficking, and degradation of RET isoforms. In the cell models
investigated here, when Golgi function is impaired by brefeldin A
and the transport of immature RET to the plasma membrane is
blocked, RET? is degraded more rapidly than RET51, as it cannot
recycle (Figure 5D). We hypothesize that in CHX studies, which as-
sess total intracellular and surface-bound RET protein, the large
pool of immature RET9 within the exocytic pathway (Figure 1, B-D)
continues to mature in the presence of CHX, increasing the overall
perceived stability of total RET? protein relative to RET51. There-
fore our data suggest that the time required for maturation of the
immature RET9 pool, its delivery to the plasma membrane, inter-
nalization, and degradation may be responsible for the previously
observed greater stability of RET9 relative to RET51 in CHX-based
assays.

It is well established that wild-type and oncogenic mutant forms
of RET51 proteins have greater transforming and differentiation-in-
ducing ability relative to similar wild-type and mutant RET? proteins
in cell-based assays (colony formation, fibroblast transformation,
PC12 cell differentiation; Pasini et al., 1997; Rossel et al., 1997;
lwashita et al., 1999; Le Hir et al., 2000). RET51's ability to recycle
and avoid degradation may contribute to this greater transforming
ability. Recycling of RET51 increases its residency within the plasma
membrane and cytoplasm relative to RET?, prolonging its time in
the two regions of the cell where initiation of RET signal transduc-
tion is most active (Richardson et al., 2006). Here we showed that
recycling of RET51 leads to more rapid and prolonged ERK1/2 acti-
vation from this isoform relative to signaling downstream of RET9. In
addition, a study of primary pheochromocytoma tumors containing
activating RET mutations previously showed increased levels of
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RET51 transcript relative to normal tissues, whereas RET? transcript
levels remained constant (Le Hir et al., 2000). This may indicate that
increased expression of RET51, but not of RET9, is selected for dur-
ing tumor development. Our model suggests that a relative increase
in RET51 levels would be a more advantageous growth-promoting
alteration for the cell due to the increased amounts of cell surface
protein and the slower degradation of the RET51 isoform relative to
RET9.

Conclusions

Here we presented a comprehensive study of the subcellular local-
ization and intracellular trafficking of RET receptor isoforms in mul-
tiple cell models. Intracellular trafficking is known to have impor-
tant roles in downstream signaling from membrane receptors. Not
only does it provide a mechanism for ablating these signals, but it
also provides additional mechanisms for modulating and targeting
signals originating from membrane receptors both spatially and
temporally. Our data indicate that differential subcellular localiza-
tions and trafficking properties of RET isoforms result in distinct
localizations and degradative properties of RET? and RET51 that
may affect the signaling capacities of these isoforms. Alternative
splicing is now recognized as a key step in evolution, allowing a
single gene to encode multiple proteins with differing functions.
Substitution of 9 or 51 unique amino acids at the C-terminal tail of
RET is a striking example of the effect that alternative splicing can
have on subcellular trafficking and localization of proteins within
the cell.

MATERIALS AND METHODS

Cell culture and transfections

Hela, HEK293, and SH-SY5Y cells were cultured in DMEM with 10%
fetal bovine serum (FBS; Sigma-Aldrich, Oakville, Canada). Retinoic
acid, 10 uM, was added to SH-SY5Y cells 24 h before each experi-
ment to induce RET expression. Transient transfections were per-
formed using Lipofectamine 2000 (Invitrogen, Burlington, Canada)
with previously described plasmids encoding GFRa.1, RET?, RET51,
RAB4-GFP, and RAB11-GFP (Gujral et al., 2006; Johns et al., 2009).
EPN1-ENTH-GFP was cloned by inserting cDNA encoding EGFP
and two copies of the ENTH domain of EPN1 (amino acids 130-243
of isoform A) in-frame into the pcDNA3.1+ mammalian expression
vector (Invitrogen). EPN1T ¢cDNA was obtained from Open Biosys-
tems (Lafayette, CO). The 9-in-51 and 5149 constructs were devel-
oped by PCR-based, site-directed mutagenesis of RET51 cDNA. The
9-in-51 construct was created by mutating the first nine unique
codons (encoding amino acids 1064-1072) of the RET51 tail to the
corresponding sequence from RET9. The 9+51 construct was cre-
ated by inserting the same RET9 tail coding sequence directly 3’ of
the unique RET51 tail. Neonatal rat Gl cocultures, consisting of my-
enteric neurons, glia, and smooth muscle cells, were obtained from
4-d-old Sprague Dawley rats (Charles River, Wilmington, MA) as pre-
viously described (Rodrigues et al., 2011). Briefly, the smooth muscle
and myentric plexus layers were peeled from the entire length of the
small intestine. This tissue was minced, digested with 0.125% trypsin
Il and 0.5 mg/ml collagenase F (Sigma-Aldrich) in Hank’s solution
buffered with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
and plated in DMEM containing 5% FBS (Sigma-Aldrich), 5 mg/ml
soybean trypsin inhibitor (Sigma-Aldrich), and 2 mg/ml ciprofloxacin
(Bayer, Wayne, NJ). Cells were allowed to adhere for ~60 h, the final
12 h without serum, where indicated. GDNF (PeproTech, Rocky Hill,
NJ), cycloheximide (BioShop, Burlington, Canada), and brefeldin
A (BioShop) were added where indicated at final concentrations of
100 ng/ml, 100 pg/ml, and 5 pg/ml, respectively.
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Immunoblotting

SDS-PAGE and immunoblotting were performed as previously de-
scribed (Richardson et al., 2009) using the antibodies and dilutions
outlined in Supplemental Table S1.

Quantitative real-time PCR

Quantitative real-time PCR was performed as described previously
(Richardson et al., 2009). Briefly, standard curves were obtained by
plotting crossing threshold (Ct) values for serial dilutions of linear-
ized RET cDNA (human or rat). The Ct values for 200 ng of total
RNA, isolated from HEK293, SH-SY5Y, or rat Gl cocultures using TRI-
zol (Invitrogen), were obtained and fitted to the standard curves to
determine the approximate copy number of RET transcripts in each
sample. The RET isoform-specific primer pairs CRT14B/KRT14D
(RET9) and CRT14B/KRT20A (RET51) have been previously de-
scribed (lvanchuk et al., 1997). For cells of rat origin, corresponding
rat sequence primers KRT14Drat (GTTACAGACAGTTGGGATGGT)
and KRT20Arat (ATCGGCTCTCGTGAGTGGT) were used in con-
junction with CRT14B (conserved sequence in human and rat).

Immunofluorescence

Immunofluorescence was performed as described previously
(Richardson et al., 2009; Richardson and Mulligan, 2010), with the
following modifications: for Gl coculture studies, glass coverslips
were coated with 20 ng/ml bovine collagen, and Hela cells were
plated on coverslips coated with 0.2% gelatin. Antibodies, and con-
centrations used are summarized in Supplemental Table S1. Biotiny-
lated proteins were detected with Alexa 594-conjugated streptavi-
din (Invitrogen) diluted 1:200 in 3% bovine serum albumin (BSA,
wt/vol) in phosphate-buffered saline (PBS). Nuclei were visualized
with Hoechst 33342 diluted 1:1000 in 3% BSA (wt/vol) in PBS.

Biotinylation

Biotinylation of cells for assessment of membrane vesicle trafficking
and recycling of membrane proteins has been extensively described
(Richardson and Mulligan, 2010). To quantify total surface RET, cells
were serum starved overnight, incubated with or without 100 ng/ml
GDNF (PeproTech) for 20 min, washed twice in PBS, cooled to 4°C,
and biotinylated as previously described (Smith et al., 2004). Cells
were lysed, and biotinylated protein was recovered using streptavi-
din-coated beads (Invitrogen), followed by separation by SDS-PAGE
before immunoblotting. To determine the amount of internalized
RET, cells were serum starved and biotinylated as described. After
biotinylation, culture medium containing 100 ng/ml GDNF was
added to cells, and they were returned to 37°C for various amounts
of time. Cells were again washed with cold PBS and cooled to 4°C,
and the remaining surface biotin was stripped with 50 mM MeSNa
buffer (two washes of 15 min). Cells were lysed, and biotinylated
protein was recovered, as described.

Quantitation of relative signal intensity in confocal images
ImageJ (Abramoff et al., 2004) was used to calculate the average
signal intensity in circular regions of interest (ROIs) in the cytosol of
primary enteric neurons or along 3-pixel-wide linear ROls on sec-
tions of SH-SY5Y cell plasma membrane. Mean pixel intensities were
determined for each channel of an ROI, and ratios of those signal
intensities were calculated.

Quantitation of RET-containing vesicles

The percentage of endosomes or lysosomes occupied by RET? or
RET51 was determined by counting the number of vesicles in which
RET, biotin, and either EEA1 or LAMP2, respectively, colocalized
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and dividing by the total number of vesicles counted in the EEA1 or
LAMP2 channel. A vesicle was defined as an object >10 pixels in
size in which each pixel had an intensity >10 (using a standard 8-bit
pixel intensity scale of 0-255). These objects were counted using
the ImageJ Analyze Particles function (Abramoff et al., 2004). Triple
colocalization of RET, biotin, and EEA1 or LAMP2 was determined
using the ImageJ (National Institutes of Health, Bethesda, MD)
RG2B Colocalization (developed by Christopher Philip Mauer,
Northwestern University, Chicago, IL) plug-in for ImageJ (Abramoff
et al., 2004). First, a hybrid image of the biotin and EEA1 or LAMP2
channels was produced in which any pixel that did not meet our
colocalization criteria was replaced with a zero-intensity (black) pixel.
To be considered colocalized, a pixel had to have an intensity >10
in both channels and the intensity of the biotin signal had to be
within 60% of EEA1/LAMP2, or vice versa. If a pixel met these crite-
ria, it was replaced by a gray-scale pixel with intensity equal to the
mean of the two channels. The hybrid image was then colocalized
to the corresponding RET channel in the same manner to produce a
final image representing the colocalization of all three channels.

Determining endosome distance from membrane

The triple-colocalization images (produced as just described) were
remerged with the corresponding biotin channel. The distance in
pixels from each endosome in the triple-colocalization image to the
nearest portion of plasma membrane (visualized by the biotin signal)
was calculated using ImageJ and plotted.

In vitro endosome-sorting assay

This protocol was previously published in detail (Barysch et al.,
2010). Briefly, SH-SY5Y cells were treated with retinoic acid over-
night, collected into a conical tube, and incubated with GDNF for
10 min, followed by addition of Alexa 488-labeled transferrin for
5 min at 37°C. Cells were placed on ice and washed repeatedly with
PBS. Postnuclear supernatants were prepared using a custom-built
ball homogenizer. Samples were divided into two lots and either
kept on ice or incubated for 45 min in rat brain cytosol extract at
37°C in the presence of an ATP-regenerating system (as described
by Barysch et al., 2010). Cells were again cooled on ice before at-
tachment to coverslips by centrifugation and fixation in 3% para-
formaldehyde. Coverslips were immunostained for RET9 or RET51
(as described here and in Supplementary Table 1) using isoform-
specific primary antibodies and a Cy3-labeled secondary antibody
and imaged using a Leica (Wetzlar, Germany) wide-field fluores-
cence microscope. Images from the RET? or RET51 and transferrin
channels were overlaid, and Pearson’s coefficients of colocalization
were calculated using the Mander’s coefficients plug-in for ImageJ
(developed by Tony Collins, Wright Cell Imaging Facility, Toronto,
Canada; Abramoff et al., 2004). Data are representative of two inde-
pendent experiments with four fields of view analyzed in each
(~8000 transferrin-containing endosomes).

Statistical analysis
All data are expressed as means + SE. A two-tailed, unpaired
Student's t test was used to determine statistical significance.
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