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Background: Expression of the G protein-coupled receptor LGR5 demarcates adult tissue stem cells in the intestine,
stomach, hair follicle, and mammary epithelium.
Results: LGR5 is rapidly and constitutively internalized to the trans-Golgi network at steady state.
Conclusion: Internalization occurs through a potential phosphorylation domain within the C-terminal tail.
Significance: An understanding of LGR5 trafficking dynamics is expected to clarify its role in signaling and stem cell biology.

LGR5 is a Wnt pathway associated G protein-coupled recep-
tor (GPCR) that serves as a molecular determinant of stem cells
in numerous tissues including the intestine, stomach, hair folli-
cle, eye, and mammary gland. Despite its importance as a
marker for this critical niche, little is known about LGR5 signal-
ing nor the biochemicalmechanisms and receptor determinants
that regulate LGR5membrane expression and intracellular traf-
ficking.Most importantly, in cells LGR5 is predominantly intra-
cellular, yet the mechanisms underlying this behavior have not
been determined. In this work we elucidate a precise trafficking
program for LGR5 and identify themotif at its C terminus that is
responsible for the observed constitutive internalization. We
show that this process is dependent upon dynamin GTPase
activity and find that wild-type full-length LGR5 rapidly inter-
nalizes into EEA1- and Rab5-positive endosomes. However,
LGR5 fails to rapidly recycle to the plasmid membrane through
Rab4-positive vesicles, as is common for other GPCRs. Rather,
internalized LGR5 transits through Rab7- and Rab9-positive
vesicles, co-localizes in vesicles with Vps26, a retromer complex
component that regulates retrograde trafficking to the trans-
Golgi network (TGN) and reaches a steady-state distribution in
the TGNwithin 2 h. Using mutagenesis, particularly of putative
phosphorylation sites, we show that the amino acid pair, serine
861 and 864, is the principal C-tail determinant that mediates
LGR5 constitutive internalization. The constitutive internaliza-
tion of LGR5 to the TGN suggests the existence of novel bio-
chemical roles for its Wnt pathway related, but ill defined sig-
naling program.

LGR53 was originally cloned in 1998 and found to be amem-
ber of the leucine-rich repeat-containing G protein-coupled
receptor (LGR) family (1). The LGR family comprises three
subfamilies, the most notable being the glycoprotein hormone
subfamily comprised of the follicle-stimulating, thyroid-stimu-
lating, and luteinizing hormone receptors (FSH,TSH, andLHR,
respectively). The two other subfamilies contain Lgrs4–6 and
Lgrs7/8. In addition to the prototypical 7-transmembrane bun-
dle that all GPCRs share, LGR5 possesses a large N-terminal
extracellular ectodomain, comprising 17 repetitive leucine-rich
domains, a number which varies in the LGR family (2).
In 2007 Barker et al. discovered that LGR5 expression pro-

vides a key molecular determinant for identifying the intestinal
epithelial stem cell (3). Using an LGR5-driven lineage tracing
strategy, they found that epithelial cells of the small intestine
and colon are derived from a corresponding LGR5� cell located
at the crypt base. The importance of LGR5 as a robustmarker of
stem cells has now been expanded to include other tissues such
as the hair follicle (4), stomach (5), eye (6), and the mammary
gland (7). In addition to marking the LGR5 lineage in vivo,
LGR5 expression enables an ex vivo fractionation of single
LGR5� cells for growing fully differentiated intestinal
organoids (8), stomach (5), and mammary gland (7). More
recently, LGR5� tumors in mouse models have been lineage
traced and “retraced” to demonstrate that they can act as bona
fide cancer stem cells, potentially explaining the increased
expression of LGR5 found in cancer (9–11). LGR4- and LGR6-
driven lineage-tracing systems have also been useful in identi-
fying a range of additional cell types, which, respectively, iden-
tify cells with less restricted or more restricted expression
patterns and cell lineages compared with LGR5 (12, 13).
The notion that LGR5 may be an instrumental regulator of

critical physiology and an important therapeutic target has led
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to an explosion of genetic studies as well as renewed searches
for its endogenous ligand. In 2011, R-spondins 1–4 were
reported to be ligands for Lgrs 4, 5, and 6 (12, 14–17), and in
these studies it was demonstrated that LGR5 binding of
R-spondins led to a potentiation of Wnt/�-catenin signaling
(12, 17). Despite LGR4–6 having stereotypical domains for
coupling to G proteins and recruiting �-arrestin, no combina-
tion of LGR5/ligand has been able to activate these signaling
pathways (12, 17). In addition to scaffolding GPCR-signaling
proteins,�-arrestins also regulateGPCRmembrane expression
and their internalization through motifs found in the receptor
intracellular loops and C-tails (18–21). LGR5 is poorly
expressed at the plasmamembrane inmodel cell systems, and a
recent report indicates that LGR5 is constitutively internalized
(15). Although the mechanisms underlying LGR5 endocytosis
in general are unclear, its C-tail contains numerous putative
serine regulatory motifs, including one, 872–875 (TSSS)
canonically associated with G protein receptor kinase-depen-
dent phosphorylation and high affinity receptor/�-arrestin
binding, prolonged vesicular trafficking, and eventual plasma
membrane recycling (18, 19). In contrast to the prototypical
trafficking behaviors elucidated for most GPCRs with this
domain, we find that LGR5 is constitutively internalized and
rapidly trafficked to the TGN independent of the TSSS motif.
Rather, we demonstrate the existence of a separate domain
(Ser861/Ser864) responsible for initiating internalization of
LGR5. Our identification of a �-arrestin-independent mecha-
nism responsible for LGR5 constitutive internalization will
facilitate untangling its distinctive signaling and trafficking
behaviors. The presence of multiple and independent internal-
ization domains suggest that proper trafficking of LGR5 either
at steady state or following ligand occupancy is an essential
aspect of its signaling competency. These findings raise the
intriguing question of whether the potent �-arrestin binding
domain in the LGR5 tail is a vestigial motif, or more provoca-
tively, it could indicate the existence of another class of endog-
enous LGR5 ligands.

EXPERIMENTAL PROCEDURES

Plasmids, Cloning, Cell Lines, Transfection

A clone containing the open reading frame encoding full-
length LGR5 (40008253) was purchased from Open Biosys-
tems. LGR5 contains an N-terminal and cleavable signal
sequence required for proper trafficking. The signal sequence
of LGR5 (amino acids 1–21;MDTSRLGVLLSLPVL-LQLATG)
was cloned upstream of an N-terminal 3�HA tag, and the
remainder of LGR5 starting at amino acid 22 was cloned in-
frame and immediately downstream of the 3�HA epitope in
pEGFP-N3 to yield an N-terminally 3�HA-tagged receptor
with an enhanced green fluorescent protein (EGFP) fused to the
C-terminal tail. Truncations to the C-terminal tail of LGR5, tail
swapping with the human vasopressin 2 receptor (V2R), and
point mutations were generated using standard PCR-based
cloning techniques, QuikChange mutagenesis, and overlap
exchangePCR (22). DynaminK44A and humanV2Rwere avail-
able in the laboratory (23). EGFP-tagged Rab4 and Rab5 were
available in the laboratory; and Rab7 (24), Rab9 (24), and Rab11

(24) were purchased from Addgene (12605, 12663, and 12674,
respectively). HEK239T/17 (HEK) cells were obtained from the
ATCC (CRL-11268). HEK cells were cultured in the recom-
mended media (1� DMEM (Mediatech/Cellgro 10-013-CV),
10% FBS (Sigma F2442), 1� Antibiotic-Antimycotic (Invitro-
gen 15240-062)) and transfected using a calcium phosphate
protocol that was modified according to cell number and assay
as described below (25).

Internalization Assays

Confocal—HEK cells were transfected and plated on 35-mm
glass bottom dishes (MatTek Corporation, Ashland, MA)
P35G-0-10C) that were previously treated with 75 �g/ml
fibronectin for 1 h at room temperature. The next day, cells
were placed on ice to block endocytosis and pulse-stained with
a mouse monoclonal anti-HA antibody (1:500, hybridoma line
available in the laboratory) or chicken anti-HA antibody (1:750
(Abcam Ab9111)) in staining medium (SM: clear MEM with
supplements, 1� MEM (Invitrogen 51200), 10 mM Hepes
(Invitrogen 15630), 1�GlutaMAX-1 (Invitrogen 35050)) for 45
min. Cells were washed four times with cold SM and either
fixed or chased at 37 °C for the indicated chase times and then
fixed. To detect labeled receptor, cells were permeabilized and
blocked with 0.12% Triton X-100 and 5% BSA/PBS for 30 min
and incubated with secondary antibody as indicated. As indi-
cated in the text, cells expressing human V2R were also stimu-
lated with arginine vasopressin at 0.1 IU/ml (Sigma V0377).
Where indicated, cells were also stained with mouse anti-CI-
M6PR* (1:500 (Abcam Ab2733)), rabbit anti-Trip230* (1:1000
(AbcamAb72223)), rabbit anti-EEA1 (1:125 (AbcamAb2300)),
rabbit anti-Vps26 (1:1000 (Abcam Ab23892)), or sheep anti-
TGN46 (1:800 (AbdSerotec AHP500GT)). Secondary antibod-
ies utilized were goat anti-mouse-568 (1:1000 (Invitrogen
A11004)), goat anti-chicken-568 (1:1000 (Invitrogen A11041)),
goat anti-mouse-633 (1:1000 (Invitrogen A21050), or donkey
anti-sheep-568 (1:1000 (Invitrogen A21099)). Cells were
imaged using a Zeiss LSM 510 (Carl Zeiss MicroImaging) at
100� and a digital zoom of 2�, unless otherwise noted in the
figure legends. The asterisk denotes antibodies that required
cells to be fixed in methanol rather than 4% paraformaldehyde.
For Figs. 4–7, MatTek 24-well plate glass bottomed dishes
(P24G-0-10-F) were used to analyze the internalization dynam-
ics of all of the constructs in the same batch analysis. Cells were
imaged in a blinded manner, in which a minimum of three
images was captured per well. As this experiment was per-
formed on the same day under the same conditions, the same
WT control was used for each figure to visually normalize each
figure to the normal WT time course.
On-cell ELISA—On-cell ELISAs were performed according

to published protocol with several modifications (26). Briefly,
Corning Costar Tissue Culture-treated clear 24-well plates
(Corning Costar 3526, Corning) were incubated with 100
�g/ml poly-D-lysine (Sigma P0899) for 6 h at room temperature
or overnight at 4 °C. Plates were washed withH2O and air dried
in a laminar flow hood. 5.25 � 106 HEK cells (100-mm plate)
were transfectedwith 5�g of receptor� 5�g of dynaminK44A
or pcDNA3.1 empty vector and plated at 250,000 cells/well in
the prepared 24-well plates. Cells were pulsed with primary
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mouse anti-HA antibody (1:500, 250 �l/well) for 45 min in SM
on ice to block endocytosis, washed four times with 250 �l of
cold SM, and chased at 37 °C for the indicated time provided in
the text, fixed (4% paraformaldehyde), and then stained with
goat anti-mouse-680 (Invitrogen) for 1 h. Eachwell was washed
in PBS three times, aspirated, and imaged on a LI-COROdyssey
using the 700-nm channel and focal offset of 1.5. Untransfected
stained cells were used to subtract background signal from each
condition. Data were normalized within each receptor type to
the amount of receptor present and time zero. Each experiment
comprised three technical replicates for each time point and
construct tested. A minimum of three independent experi-
ments were performed and analyzed in GraphPad Prism (see
“Statistical Analysis”).

Hierarchical Clustering and Heat Map Rendering

The normalized and average percentage surface expression
values for each construct were log2 normalized across the
entire time course, hierarchically clustered, and presented as a
heat map using Tree view, and adapted from a previously pub-
lished protocol for analysis of microarray data (27).

Statistical Analysis

Data were collected in Microsoft Excel and then transferred to
GraphPad Prism (GraphPad Software). Two-way unmatched
ANOVAswith aBonferroni posthoc testwereperformed, and the
results are summarized in Table 1.

RESULTS

Internalization and Trafficking of LGR5—To enable fluores-
cence visualization of the LGR5 receptor in HEK293T cells at
steady state, we constructed a chimera from full-length (FL,
1–907) FL-LGR5 by placing a 3�HA epitope tag at the N ter-
minus and an EGFP moiety at the C terminus. Imaging for

EGFP in transiently transfected cells revealed that LGR5 was
expressed predominantly in intracellular vesicles in a perinu-
clear distribution (Fig. 1A, inset). To determine whether these
perinuclear receptors first trafficked to the plasma membrane
before internalizing, we performed antibody pulse-chase assays
in live cells. After antibody labeling of plasmamembrane recep-
tor on ice at the 3�HA epitope, the cells were warmed and
chased in serum-freemedium for 0, 5, 15, 30, or 120min before
fixation, permeabilization, and labeling with a fluorescent sec-
ondary antibody (Fig. 1, A–D). Fluorescence imaging and anal-
ysis revealed that plasma membrane FL-LGR5 was rapidly
internalized into small vesicles within 5 min and trafficked to a
perinuclear compartment by 120min (Fig. 1A). Importantly, as
an unbiased confirmation for all confocal based internalization
assays, we performed quantitative on-cell ELISAs to precisely
measure receptor internalization for Figs. 1 and 4–7. These
results are summarized in Table 1 and later in the paper in
Fig. 8.
The C-terminal Tail of LGR5 Is a Primary Modulator of Its

Constitutive Internalization—To assess whether constitutive
internalization of wild-type LGR5 could be clathrin-mediated,
we co-transfected dominant negative dynamin I (K44A) with
the receptor (23) and repeated the pulse-chase assay. As
expected for clathrin-dependent GPCR internalization, surface
LGR5 was extensively stabilized (Fig. 1B). Because GPCR inter-
nalization is regulated by G protein receptor kinase-dependent
phosphorylation and �-arrestin recruitment to the C-terminal
tail (28), we tested this paradigm for LGR5 by replacing its tail
with one whose behavior is well characterized, the human V2R
tail. V2R is normally stably expressed at the plasmamembrane,
and its tail also conferred stable plasma membrane expression
of LGR5 (Fig. 1C) throughout an internalization time course.
Finally, exploiting another known paradigm for stabilizing
GPCR surface expression, we truncated the tail of LGR5 14
amino acids downstream of the conserved NPXXY domain at
amino acid position 834 (29, 30) to allow for expression of a
tailless receptor while preserving the stereotypical eighth �-he-
lix (31). 834 LGR5 also displayed robust plasma membrane
expression and very little constitutive internalization (Fig. 1D)
as similarly demonstrated in Ref. 15. Collectively, these data
demonstrate that theC-terminal tail of LGR5 is a primarymod-
ulator of its rapid internalization into the perinuclear compart-
ment at steady state.
Endosome Trafficking of LGR5—We further characterized

the vesicular distribution of FL-LGR5 by analyzing its transit
from early to late endosomes. Antibody pulse-chase experi-
ments followed FL-Lgr5 distributions at 0, 5, 15, 30, and 120
min (Fig. 2). Receptors appear in red in these images. To simul-
taneously identify the corresponding endosome compart-
ments, we also immunostained for specific markers. Fig. 2A
demonstrates that the EEA1 (green) co-localizes with LGR5
from between 5 min and 120 min (yellow vesicles), suggesting
that LGR5 is rapidly internalized from the plasma membrane
into early endosomes (32). LGR5 also extensively co-localized
from 5 to 120 min with a GFP-tagged Ras-associated protein-5
(Rab5) (green, Fig. 2B), another early endosome marker neces-
sary for GPCR retrieval from clathrin coated pits into early
endosomes. In contrast, much less co-localization with Rab4-

TABLE 1
Analysis of significant change in internalization relative to WT (two-
way ANOVA, post hoc Bonferroni)
Results of each data set were analyzed separately (Fig. 8, A–E) and are presented
together. For each data set, interaction p� 0.05, receptor p� 0.05, and time�0.05.
�, p � 0.05; �, p � 0.05; NT, not tested.

Receptor
Time

3.75 7.5 15 30 120

min min min min min
�K44A � � � � �
WT/V2R tail � � � � �
834 � � � � �
839 NT � � � �
844 NT � � � �
849 NT � � � �
854 NT � � � �
859 NT � � � �
864 NT � � � �
869 NT � � � �
874 NT � � � �
902 NT � � � �
pDel 833–907 NT � � � �
pDel 833–865 NT � � � �
pDel 866–907 NT � � � �
pDel 844–864 NT � � � �
�A844S NT � � � �
�A848S NT � � � �
�A851S NT � � � �
�A854S NT � � � �
�A861S/A864S NT � � � �
A861S/A864S NT � � � �
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GFP was found, a marker of fast recycling endosomes that is
often used for rapid delivery of desensitized GPCRs back to the
plasma membrane (Fig. 2C) (32). A previous report suggested
that FL-LGR5 is degraded following its internalization (15).We
correspondingly saw strong co-localization of FL-LGR5 with
Rab7-GFP- (Fig. 2D) and Rab9-GFP (Fig. 2E)-tagged endo-
somes, evidence that LGR5 is trafficking to late endosomes (33).
However, we also observed FL-LGR5 in recycling endosomes
marked by a Rab11 GFP tag (Fig. 2F) (34). Rab11 has been
shown to regulate the transit of cargo from early endosomes to
the TGN (35) and delivery from the TGN back to the plasma
membrane (36). Moreover, Rab7 and Rab9, in addition to their
roles in proper trafficking of cargo to late endosomes and lyso-
somes, are both essential components of retrograde transport
of cargo to the TGN (37–39). The observation that LGR5 is
found predominantly in a perinuclear compartment together
with its localizationwith Rab7, Rab9, and Rab11 endosomes led
us to the test the hypothesis that a membrane population of
LGR5 rapidly internalizes to the trans-Golgi network.
Internalized LGR5Assumes aTrans-Golgi Network Fate—To

test this hypothesis we performed an antibody pulse-chase
experiment at 0, 5, 15, 30, and 120 min (Fig. 3) to determine
whether LGR5 (in red) transits through endosomes positive for
vacuolar protein sorting-associated protein 26 (Vps26), a criti-
cal component of the retromer complex that facilitates cargo

transit to the TGN (40–42). A substantial degree of co-local-
ization of LGR5 with Vps26 was found between 5 and 120 min
(Fig. 3A). The CI-M6PR is a marker for perinuclear endosomes
(39, 43). We observed co-localization of LGR5 withM6PR (Fig.
3B) by 5 min and extensive perinuclear co-localization in the
TGNby 15, 30, and 120min. Todefine theTGNmore precisely,
we also co-stained with another TGNmarker, TGN46 (44, 45),
and found extensive co-localization of both the steady-state
population and internalized fraction of LGR5 with TGN46
(supplemental Fig. 1). LGR5 co-localization with the cis-Golgi
marker Trip230 was unremarkable (46) (Fig. 3C). The constitu-
tive activity at steady state of LGR5 is in stark contrast to the
human V2R, which showed little to no appreciable internaliza-
tion throughout a similar pulse-chase experiment, nor co local-
ization withM6PR in the absence of ligand (Fig. 3D). However,
when the V2R is stimulated by arginine vasopressin(0.1 IU/ml),
we also saw co-localization of V2R with M6PR and Vps26 (Fig.
3, E and F, respectively). These data demonstrate that LGR5 is
constitutively internalized through retromer positive endo-
somes and delivered to the TGN. Moreover, although no ago-
nist was used in these experiments, LGR5 displays properties of
an agonist-activated receptor.
Identification of the Protein Motif Responsible for the Consti-

tutive Internalization of LGR5—An alignment of the C-termi-
nal tails of LGR5 and V2R revealed a cluster of threonine and

FIGURE 1. The C-terminal tail of LGR5 regulates its constitutive internalization. Shown are primary amino acid sequences of the C-terminal tail for each
construct (canonical GPCR NPXXY domain in gray and V2R tail in bold). HEK 293T cells were transiently transfected with the indicated 3�HA N-terminally
epitope-tagged constructs: FL-WT LGR5 full-length (A), FL-LGR5 � dynamin K44A (B), WT/V2R tail (C), or Lgr5 with a truncation at amino acid position 834 (D).
A, inset depicts a 3�HA FL-WT LGR5-EGFP fusion and imaged for native EGFP fluorescence. A–D, cells were pulsed with a M�HA antibody for 45 min on ice,
washed, chased for 0, 5, 15, 30, or 120 min at 37 °C, fixed, permeabilized, and stained with a G�M-568 antibody (gray scale). 100� confocal images are
presented.
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serine residues previously shown to be important for �-arres-
tin2-mediated internalization (TFTSS in LGR5, amino acids
870–875) (18, 19). In addition, several GPCRs contain PDZ
binding domains, which regulate internalization in the last 4
amino acids of the C-tails (47). Therefore, we designed N-ter-
minally HA-tagged, C-terminally EGFP-tagged, tail truncation
mutants around these sites (869) and (874) to test the putative
�-arrestin2 interactionmotif and (902) to test the final 4 C-ter-
minal amino acids. Similar to above, we performed antibody
pulse-chase for each of these receptors to compare their behav-
iors with FL-LGR5 over the course of 0, 7.5, 15, 30, and 120min
(Fig. 4). Our experimental design allowed for simultaneous
assessment of surface labeled receptor (red) to total receptor
(EGFP-tagged, green). Compared with a FL-LGR5 (Fig. 4A),
which displayed a rapid internalization by 7.5 min, the mutants
exhibited only a subtle decrease in internalization: 869 (Fig. 4B),
874del (Fig. 4C), and 902 (Fig. 4D). These data suggest that the
constitutive internalizationmotif is N-terminal to position 869,
and the putative �-arrestin2 TFTSS domain is not significant
for this process. Interestingly, we did notice at 120min that 869
localized in markedly dilated vesicles instead of the tightly
packed ones typical of theTGN (Fig. 4B). In the (874) at 120min
(Fig. 4C) this phenotype is lost, and the receptor returns to a
perinuclear TGN distribution, suggesting that another motif is
responsible for proper late trafficking of the internalized
receptor.

An LGR5 Internalization Motif between Amino Acid Posi-
tions 854 and 864—To narrow the search for the internaliza-
tion motif we reconstituted the C-terminal tail from position
834 to 864 in 5-amino acid segments and again performed anti-
body pulse-chase experiments with these truncation mutants
for 0, 7.5, 15, 30, or 120min. Compared with the FL-LGR5 (Fig.
5A), 839 (Fig. 5B), 844 (Fig. 5C), and 849 (Fig. 5D) had signifi-
cant reductions in internalization rates and reductions in total
receptor internalized. 854 (Fig. 5E) and 859 (Fig. 5F) also had
significant reductions in internalization rates, but to a lesser
extent than 839, 844, and 849. However, for both 854 and 859
the total amount of receptor internalized over a 120-min chase
returned to amounts similar to FL-LGR5. These data indicate
that themotif responsible for the rapid internalization of LGR5
is between amino acid positions 854 and 864. Intriguingly 859
(Fig. 5F) and 864 (Fig. 5G) both had vesicles that were dilated
similarly to those of 869 (Fig. 4B) at 120 min, again suggesting
the existence of another motif necessary for correct trafficking
of LGR5 once internalized.
Internalization and Phosphorylation Motifs—The C-termi-

nal tail of LGR5 contains 26 potential phosphorylation sites,
several of which are located within amino acids 854–864. To
first test the role that phosphorylation may play on internaliza-

FIGURE 2. LGR5 rapidly internalizes into early endosomes and transits
through late endosomes and recycling endosomes. HEK 293T cells were
transiently transfected with a 3�HA N-terminally epitope WT-LGR5 and
stained for EEA1 (A, green) or co-transfected with EGFP (green)-tagged Rab5
(B), Rab4 (C), Rab7 (D), Rab9 (E), or Rab11 (F). Cells were pulsed with a M�HA
antibody for 45 min on ice, washed, chased for 0, 5, 15, 30, or 120 min at 37 °C,
fixed, permeabilized, and stained with a G�M568 antibody (red). Merged
100� confocal images are presented.

FIGURE 3. Constitutively internalized LGR5 internalizes into VPS26-posi-
tive endosomes and is deposited to the TGN. A–C, HEK 293T cells were
transiently transfected with a 3�HA N-terminally epitope-tagged WT-LGR5.
Cells were pulsed with an HA antibody for 45 min on ice, washed, chased for
0, 5, 15, 30, or 120 min at 37 °C, fixed, permeabilized, and stained with appro-
priate primary and secondary antibodies to visualize HA (A–C, red), VPS26 (A,
green), M6PR (B, green), or Trip230 (C, green). D–F, HEK cells were transfected
with a 3�HA N-terminally epitope-tagged human V2R, pulsed with an �HA
antibody for 45 min on ice, washed, chased for 0, 5, 15, 30, or 120 min at 37 °C
in the absence (�) or presence (�) of arginine vasopressin (0.1 IU/ml), fixed,
permeabilized, and stained with appropriate primary and secondary antibod-
ies to visualize HA (D–F, red), M6PR (D and E, green), or Vps26 (F, green).
Merged 100� confocal images are presented.
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tion we made a construct where every potential phosphoryla-
tion site was mutated to alanine, pDel 833–907 (Fig. 6B). In an
antibody pulse-chase experiment from 0, 7.5, 15, 30, and 120
min, confocal imaging demonstrated that this receptor pos-
sessed stable expression on themembrane compared with (Fig.
6A) FL-LGR5, throughout the 120-min time course. We
hypothesized that if our above C-tail reconstitution analyses
were correct, the putative phosphorylation sites within the first
half of theC-tail should be themost important factor regulating
internalization. To test this, we separately mutated the phos-
phorylation sites in each half of the tail.We generated two con-
structs, one with all potential phosphorylation sites mutated to
alanine from positions 833 to 865 andWT sequence from 865–
907 (pDel 833–865), and the other with WT sequence from
position 833–865 and all putative phosphorylation sites
mutated to alanine from position 865 to 907 (pDel 866–907).
Our data demonstrate that pDel 833–865 (Fig. 6C) confers
robust membrane expression and is resistant to internalization
throughout the time course tested. In contrast, pDel 865–907
(Fig. 6D) is initially at the cell membrane but is rapidly internal-
ized by 7.5 min and assumes a perinuclear distribution by 120
min, in a manner similar to FL-LGR5 (Fig. 6A). These data
demonstrate that the required motif is within positions 833–
865 and reinforces the concept that this process is functionally

distinct from that regulated by the TSSS domain present at
position 872.
Amino Acid Positions 861 and 864 Are Critical for the Rapid

Internalization of LGR5—C-tail region 844–864 contains sev-
eral putative G protein receptor kinase and casein kinase phos-
phorylation sites according to the phosphorylation prediction
softwareGPS2.1 (48) (supplemental Table 1).Wemutated all of
them to alanine (pDel 844–864) and in pulse-chase experi-
ments found that pDel 844–864 was present at the cell surface
and robustly resistant to internalization (Fig. 7B). With pDel
844–864 as a template, we mutated each alanine within this
region back to itsWTresidue. The resulting receptors:�A844S
(Fig. 7C), �A848S (Fig. 7D), �A851S (Fig. 7E), and �A854S
(Fig. 7F) all display robust surface expression and resistance to
internalization over a 120-min time course, indicating that
these residues are not critical to the internalization. In contrast,
the�A861S/A864S possessed internalization dynamics almost
identical to those of the WT FL-LGR5 (Fig. 7G). As a proof of
principle that these two residues are critical to proper internal-
ization dynamics we mutated only them in the WT receptor,
and as expected this mutant, pDel S861A/S864A receptor, ver-
ified their importance by displaying robust surface expression
and delayed internalization rates (Fig. 7H).

FIGURE 4. Internalization of LGR5 is regulated by a motif between positions 834 and 869. Shown are primary amino acid sequences of the C-terminal tail
for each construct (canonical GPCR NPXXY domain in gray). HEK 293T cells were transiently transfected with the indicated 3�HA N-terminally (red) and
C-terminally EGFP (green)-tagged Lgr5 constructs: FL-LGR5 (A), 869 (B), 874 (C), or 902 (D). Cells were pulsed with a M�HA antibody for 45 min on ice, washed,
chased for 0, 7.5, 15, 30, or 120 min at 37 °C, fixed, permeabilized, and stained with a G�M568 antibody (red). Merged 100� confocal images are presented (blue,
nuclear counterstain).
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Quantitative Determination of LGR5 Internalization—We
performed on-cell ELISAs to quantify precisely the internaliza-
tion of LGR5 in an unbiased manner. From these experiments
we confirmed the imaging data presented previously.We found
that LGR5 is constitutively internalized and that this process is
dependent upon clathrin-mediated endocytosis and the C-ter-
minal tail of LGR5 (Fig. 8A). Internalization of LGR5 is inde-
pendent of a PDZ domain or the TSSS domain present at posi-
tion 872 (Fig. 8B). Rather, our data point to the existence of an
additional internalization motif between positions 854 and 864
(Fig. 8C). We confirmed results from Fig. 6, which point to
phosphorylation as a likely modulator of LGR5 internalization
(Fig. 8D). Finally, we demonstrate the importance of amino acid

positions 861 and 864 for proper internalization of LGR5 (Fig.
8E). Statistical analyses supporting these conclusions are pre-
sented in tabular form (Table 1). Collectively, these data indi-
cate that amino acid positions 861 and 864 are critical for the
rapid internalization of LGR5 and that serines at amino acid
positions 844, 848, 851, and 854 may secondarily contribute to
the dynamics of LGR5 internalization.

DISCUSSION

The cellular trafficking of GPCRs is an important process
that regulates not only the complement of receptors at the
plasma membrane but also dynamically controls the cellular
responsiveness to activating ligands. A large number of GPCR

FIGURE 5. Truncation analysis identifies a putative region regulating LGR5 internalization. Shown are primary amino acid sequences of the C-terminal tail
for each construct (canonical GPCR NPXXY domain in gray). HEK 293T cells were transiently transfected with the indicated 3�HA N-terminally (red) and
C-terminally EGFP (green)-tagged constructs: FL-LGR5 (A), 839 (B), 844 (C), 849 (D), 854 (E), 859 (F), or 864 (G). Cells were pulsed with a M�HA antibody for 45 min
on ice, washed, chased for 0, 7.5, 15, 30, or 120 min at 37 °C, fixed, permeabilized, and stained with a G�M568 antibody (red). Merged 100� confocal images are
presented (blue, nuclear counterstain).
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sorting signals and interacting proteins that support the proc-
essing of newly synthesized receptors or their endocytosis,
recycling, or degradation following their activation have been
characterized (49). Endocytosis of GPCRs is usually regarded as
an event by which an activated receptor is uncoupled from its
cognate G protein and downstream effectors. This process that
leads to desensitization ofG protein-mediated signaling usually
occurs through an agonist-dependent recruitment of adaptor
molecules, like the arrestins, and removal of the receptor from
the plasma membrane, typically through clathrin-mediated
endocytosis (28). In certain cases, however, constitutively acti-
vated GPCRs have been shown to internalize in an agonist-
independent fashion (21). Interestingly, in the case of LGR5, it
is poorly expressed at the plasma membrane as a result of its
efficient endocytosis in the apparent absence of agonist. Our
data identify that the structural determinant underlying its con-
stitutive internalization lies in two C-tail serine residues, 861
and 864, that are distinct from those required for arrestin-de-
pendent internalization. We have also demonstrated similar
findings in other cell lines including the human colon carci-
noma cell line HCT-116 and human osteosarcoma cell line
U2OS (data not shown), thereby to eliminate the possibility
that this is a cell type-specific phenomenon. We further dem-
onstrate that upon removal from the membrane, LGR5 under-
goes retrograde trafficking in Rab5, 7, 9, and Vps26 endosomes
en route to the TGN.

Retrograde trafficking of cargo is a tightly regulated process,
which delivers cargo from early endosomes to the TGN. Cargo
can be delivered to the TGN from the early endosomes directly
by retromer or indirectly by retromer in a Rab7- and Rab9-de-
pendent manner (37, 38), routes that TGN46 or CI-M6PR/fu-
rin, respectively, employ (38, 50). Our study demonstrates con-
clusively that LGR5 internalizes through Vps26 endosomes
with minimal and transient co-localization with Rab7, 9, and
11, leading us to conclude that the bulk of LGR5 likely traffics
directly from early endosomes to the TGN following an inter-
nalization route more reminiscent of TGN46 than M6PR or
furin. However, previous work has indicated that a fraction of
LGR5 is destined for lysosomal degradation (15); therefore,
trafficking of LGR5 toRab7- andRab9-positive endosomesmay
reflect this indirect pathway.
Understanding the basic biochemical process throughwhich

LGR5 is rapidly internalized and trafficked to the TGN is nec-
essary tomore precisely characterize its role in stem and cancer
cell biology. TGN trafficking of GPCRs is a relatively new area
of study. Its importance to receptor signaling and regulation,
however, as illustrated by the following four examples of
GPCRs now known to traffic to the TGN, is gaining greater
recognition. In the case of the parathyroid hormone receptor
type 1 (PTHR), a recent study demonstrated that retromer and
not arrestin is ultimately responsible for complete PTHR
desensitization, andmoreover, PTHR is able to co-immunopre-

FIGURE 6. Mutating putative phosphorylation sites inhibits internalization. Shown are primary amino acid sequences of the C-terminal tail for each
construct (canonical GPCR NPXXY domain in gray). HEK 293T cells were transiently transfected with the indicated 3�HA N-terminally (red) and C-terminally
EGFP (green)-tagged constructs: FL-LGR5 (A), pDel 833–907 (B), pDel 833– 865 (C), and pDel 866 –907 (D). Cells were pulsed with a M�HA antibody for 45 min
on ice, washed, chased for 0, 7.5, 15, 30, or 120 min at 37 °C, fixed, permeabilized, and stained with a G�M568 antibody (red). Merged 100� confocal images are
presented (blue, nuclear counterstain).
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cipitate components of the retromer complex (51). These find-
ings add yet one more component to the fine-tuning of GPCR
signaling and raise the interesting possibility that retromer, like
arrestin, may also recruit and scaffold other signaling proteins.
TheCC chemokine receptor CCR5, binds to CCL3–5 and is the
primary receptor responsible for HIV binding. Intriguingly,
some of the best anti-HIV treatments available that reduce
HIV/CCR5 binding induce CCR5 long term desensitization
and trafficking to the TGN (52). The �1-adrenergic receptor
through an arrestin-dependent mechanism and the G protein-
coupled estrogen receptor are just two additional examples of
an increasing cohort of GPCRs that redistribute to the TGN
following activation for reasons that are not yet fully under-
stood (31, 51).

A comprehensive heat map view of our findings (Fig. 8E)
demonstrates the existence of a wide range of receptor- and
mutation-specific internalization groupings. This analysis
clearly demonstrates that the FL-LGR5 is rapidly internalized
and behaves similarly to receptorswithC-terminal tails extend-
ing past position 859 or those whose potential phosphorylation
sites after position 866 were all mutated to alanine. These data
also demonstrate that the constitutive internalization of LGR5
is independent of the threonine and serine clusters, which form
a putative �-arrestin2 recruitment domain (18). Collectively,
the data point to serine residues 861/864 as the most critical
determinants of LGR5 constitutive internalization, as is con-
firmed by the gain- and loss-of-function mutants correspond-
ing to those residues. Moreover, these data also suggest that

FIGURE 7. Identification of the primary motif responsible for internalization of LGR5. Shown are the primary amino acid sequences of the C-terminal tail
for each construct (canonical GPCR NPXXY domain in gray). HEK 293T cells were transiently transfected with the indicated 3�HA N-terminally (red) and
C-terminally EGFP (green)-tagged constructs: FL-LGR5 (A), pDel 844 – 864 (B), �A844S (C), �A848S (D), �A851S (E), �A854S (F), �A861S/A864S (G), or S861A/
S864A (H). Cells were pulsed with a M�HA antibody for 45 min on ice, washed, chased for 0, 7.5, 15, 30, or 120 min at 37 °C, fixed, permeabilized, and stained with
a G�M568 antibody (red). Merged 100� confocal images are presented (blue, nuclear counterstain).
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serines 861/864 are necessary and sufficient for rapid internal-
ization of LGR5. However, from our data it appears that even if
these sites are mutated, internalization still ensues but at a
much slower rate. The requirement or redundancy of multiple
residues regulating internalization has been observed for other
receptors in which the most important residues serve some
necessary binding or priming function (53). Interestingly, a
putative “dileucine” motif, 867LV, resides just after those two
Ser residues, whose phosphorylation could enhance the ability
of this motif to interact with clathrin-coated pit adaptor pro-
teins in an agonist-independent fashion (54, 55). Our results
suggest that phosphorylation at serines 861/864may serve as an

obligate priming event. The GPS2.1 group-based prediction
system (48) indicated that LGR5 contains a myriad of putative
phosphorylation sites that include motifs for casein kinase1/2
and G protein receptor kinases (supplemental Table 1), which
could affect receptor desensitization and signaling (28, 56–58).
Position 864 in particular is predicted to be a substrate of the G
protein receptor kinase superfamily, and additional studies will
be necessary to fully characterize the specific kinases involved.
Two critical and related questions are evident concerning

agonist-dependent and constitutive LGR5 internalization. Both
center on the determinants that identify LGR5 as a particular
type of cargo. The serine/threonine LGR5 cluster at 872–875

FIGURE 8. Unbiased quantitative analysis of LGR5 internalization reveals the C-terminal motif responsible for internalization. HEK cells were trans-
fected with the constructs utilized according to Fig. 1 (A), Fig. 4 (B), Fig. 5 (C), Fig. 6 (D), and Fig. 7 (E). Cells were pulse-chased at 37 °C with primary MS�HA
antibody fixed and then stained with a G�M680 without permeabilization to assess the fraction of the receptor pulsed that remained on the surface following
the chase. Cells were chased for (A) 0, 3.75, 7.5, 15, 30, or 120 min or (B–E) 0, 7.5, 15, 30, or 120 min. Cells were imaged on a LiCOR Odyssey and data normalized
to the receptor on the cell surface at time 0 for each construct. F, data from each receptor construct were log2-transformed and normalized to the geometric
average of the FL-LGR5 construct and presented as a heat map over the internalization time course (0, 7.5, 15, 30, and 120 min) where bright magenta indicates
100% cell surface expression and bright yellow indicates 8.4% cell surface expression. Reference values for cell surface expression and their correlation to color
are indicated on the map.
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TSSS is similar to those observed in other GPCRs, and these
motifs are primarily associatedwith stable receptor/�-arrestin2
complexes that internalize through clathrin-coated pits (18,
19). Although in our study these residues do not appear to reg-
ulate the internalization of LGR5, these residues are also con-
served and subject to agonist-dependent phosphorylation in
the LGR family member FSHR. Importantly, when this domain
is mutated, FSHR agonist-mediated arrestin recruitment and
internalization are markedly attenuated (59). On this basis we
propose that LGR5 ligand-independent internalization is sepa-
rated functionally from ligand-dependent activation and inter-
nalization, which may be driven instead by its TSSS domain.
Such a dichotomy, although rare, has been demonstrated for
PAR1 receptor, which is constitutively internalized in an arres-
tin-independent manner yet upon its activation is desensitized
through recruitment of arrestins (60, 61). For the PAR1 recep-
tor, this ensures that a reserve population of receptors is ready
for deployment to the cell surface following a one-time stimu-
lus and degradation of an activated receptor population. For
LGR5 it may signal a requirement to associate with other TGN
proteins with which it shares common signaling pathway part-
ners. However, the surprising finding that LGR5 does not
recruit arrestin, even following nanomolar binding of R-spon-
dins 1–4 (17), suggests either that ligand-mediated activation
of LGR5 breaks the current rules of GPCR activation or that a
separate class of endogenous LGR5 ligands exists that can ini-
tiate arrestin mediated desensitization. Characterizing the fun-
damental aspects of LGR5 activation will be important to
understand how alterations in LGR5 internalization and
trafficking impact receptor signaling, stem cell fate, or
tumorigenesis.
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