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Progress of endocytic CHRN to autophagic degradation is regulated by RAB5-GTPase
and T145 phosphorylation of SH3GLB1 at mouse neuromuscular junctions in vivo
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ABSTRACT
Endocytosed nicotinic acetylcholine receptors (CHRN) are degraded via macroautophagy/autophagy
during atrophic conditions and are accompanied by the autophagic regulator protein SH3GLB1. The
present study addressed the functional role of SH3GLB1 on CHRN trafficking and its implementation. We
found an augmented ratio of total SH3GLB1 to threonine-145 phosphorylated SH3GLB1 (SH3GLB1:p-
SH3GLB1) under conditions of increased CHRN vesicle numbers. Overexpression of T145 phosphomimetic
(T145E) and phosphodeficient (T145A) mutants of SH3GLB1, was found to either slow down or augment
the processing of endocytic CHRN vesicles, respectively. Co-expression of the early endosomal
orchestrator RAB5 largely rescued the slow processing of endocytic CHRN vesicles induced by T145E.
SH3GLB1 phosphomutants did not modulate the expression or colocalization of RAB5 with CHRN vesicles,
but instead altered the expression of RAB5 activity regulators. In summary, these findings suggest that
SH3GLB1 controls CHRN endocytic trafficking in a phosphorylation- and RAB5-dependent manner at steps
upstream of autophagosome formation.
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Introduction

Autophagy is a major proteolytic pathway known for its impor-
tance in clearing cytosolic protein aggregates, damaged mito-
chondria, and bacteria. However, endosomes can also fuse with
autophagosomes, which leads to the formation of amphi-
somes.1,2 Fusion of these amphisomes with lysosomes results in
the generation of autolysosomes1 and the hydrolysis of their
cargo. The biogenesis of autophagosomes largely relies on a
group of autophagy-related proteins3 that initially relocate to
source membranes, such as the phagophore assembly site in
yeast4 and different regions in mammalian cells,5 and drive
autophagosome formation in a stimulus-dependent manner. In
HeLa cells SH3GLB1 (SH3 domain containing GRB2 like endo-
philin B1)6 is crucial for the shuttling of the autophagosome-
inducing ATG9A (autophagy-related 9A) as well as the tubula-
tion of vesicular structures containing MAP1LC3A (microtu-
bule-associated protein 1 light chain 3 a) and RAB5 (RAB5,
member RAS oncogene family) upon autophagy induction.7

RAB5 is a small GTPase that cycles between a membrane
bound active state and a cytosolic inactive state.8 Under normal
conditions, RAB5 primarily orchestrates the endolysosomal
pathway by attracting different protein complexes to early
endosomes, including the vacuolar-type HC-ATPase (v-
ATPase).9 Inclusion of this v-ATPase in endosomes serves the
purpose of acidifying the endosomal lumen and driving its

transition from early to late endosome.10 Recruitment of RAB5
and v-ATPase to endosomes depends on SH3GLB1 and its
complex with HTATIP2 (HIV-1 Tat interactive protein 2) and
ACSL4 (acyl-CoA synthetase long-chain family member 4).9,11

Thus, SH3GLB1 is involved in both endocytic9,11 as well as
autophagic processes.6,12-16

SH3GLB1 is subjected to posttranslational phosphorylation
at various amino acid residues,12,17 with CDK5 (cyclin depen-
dent kinase 5)-dependent phosphorylation of the threonine res-
idue at position 145 having shown particular relevance for its
activity in starvation-induced autophagy.12 We have recently
reported that SH3GLB1, together with the E3 ligase TRIM63
(tripartite motif containing 63), is involved in the autophagic
degradation of CHRN, a heteropentameric ligand-gated ion
channel, in live mouse skeletal muscle.16,18 This process was
active at basal levels, but it was markedly enhanced upon the
alteration of autophagic activity by sciatic denervation, which is
a model for muscle atrophy.16 Although SH3GLB1-positive
and CHRN-containing endolysosomes colocalized with differ-
ent markers (TRIM63 and MAP1LC3A), it remained unclear
how and at which point SH3GLB1 might regulate CHRN endo-
cytic trafficking. In the present work, which addresses these
questions, we found that a principal part of the activity of
SH3GLB1 on CHRN-containing vesicles occurs at the level of
early endosomes and is subject to regulation by the
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phosphorylation status of SH3GLB1 at position T145. Further-
more, we observed an increased ratio of SH3GLB1:p-SH3GLB1
upon denervation, which was shown to be important for effi-
cient processing of endocytosed CHRN.

Results

Internalized CHRN accumulate upon denervation and in
the presence of chloroquine

We first studied the effects of denervation and blockage of endo-
cytic or autophagic flux on the accumulation of internalized
CHRN. Therefore, by cutting the sciatic nerve, hindlimb muscles
were unilaterally denervated. After 4 d, the surface-exposed
CHRN located on tibialis anterior (TA) muscles on both legs
were stained using fluorescently labeled a-bungarotoxin-Alexa
Fluor 647 (BGT-AF647), a highly specific peptide marker for
CHRN, while innervated legs served as the control group.
Labeled CHRN were allowed to endocytose and in vivo confocal
microscopy was then performed 24 h later on these TA muscles
to image the neuromuscular junction (NMJ) morphology as well
as the CHRN endolysosomal carriers. In addition to control ani-
mals, one group of mice were systemically administered with the
lysosomotropic agent chloroquine on a daily basis for 5 d prior
to microscopy,19 which may block vesicular acidification at the
endosomal20 or autolysosomal level.21,22

Figure 1A-D shows representative BGT-AF647 signals with
pretzel-shaped NMJs (one NMJ in each panel) and their sur-
roundings. Since CHRN density at the postsynaptic membrane
is about 10,000 receptors per mm2, with a decreasing density
outside the synapse by factors of up to 1000- fold,23,24 CHRN
signals in vesicles were much weaker than those in the synapse.
Thus, to display the vesicles containing endocytosed CHRN
along with their corresponding NMJs, post-acquisition contrast
enhancement was used, similar to previous studies of this and
other laboratories.16,18,25,26 Quantitative analysis revealed that
denervation alone led to more than an 8-fold increase in the
internalized CHRN vesicle number (Fig. 1A-B and E). Chloro-
quine treatment seemingly blocked the processing of these
vesicles and led to their significant enrichment in innervated as
well as denervated muscles by a factor of 2–3 when compared
to the same condition in the absence of chloroquine
(Fig. 1C-E). The accumulation of CHRN carriers upon chloro-
quine treatment of innervated muscles indicates the degrada-
tive processing of CHRN under basal conditions. Furthermore,
the increase of these carriers upon denervation and in the pres-
ence of chloroquine treatment suggests that the endocytic and/
or autophagic flux of CHRN has the ability to adapt to
impaired neuromuscular activity.

The ratio of SH3GLB1:p-SH3GLB1 is increased upon sciatic
denervation in skeletal muscles

Phosphorylation of SH3GLB1 at position T145 was previously
linked to the induction of autophagy in neurons.12 Using a pri-
mary antibody specific for phosphorylated SH3GLB1 at posi-
tion T145 (from here onwards p-SH3GLB1) (Fig. S1), we tested
the effect of denervation using western blot analysis. While the
total amount of SH3GLB1 was upregulated in muscle lysates

upon denervation and chloroquine treatment, levels of
p-SH3GLB1 remained constant (Fig. 2A), thus leading to a

Figure 1. Denervation induces accumulation of endocytic CHRN vesicles that is fur-
ther augmented in the presence of chloroquine. TA muscles from innervated (inn)
and 4-d denervated (den) legs were injected with BGT-AF647 to stain surface-
exposed CHRN. One d later, muscles were imaged in situ using confocal micros-
copy to observe surface-exposed (on NMJs, large pretzel-like structures) and endo-
cytosed (on vesicles, small puncta) CHRNs. Animals were either treated with saline
or chloroquine for 5 d prior to imaging. (A-D) Representative maximum-z projec-
tions displaying individual NMJs and their corresponding internalized CHRN
vesicles. Scale bar: 20 mm. (E) Quantification of CHRN puncta per NMJ. Given is
mean § SEM (n D 3 muscles for each condition; � P< 0.05; �� P < 0.01; a total of
8874 puncta was analyzed). Statistical significance was probed using ANOVA.
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significantly increased proportion of the total amount of
SH3GLB1 relative to p-SH3GLB1 (SH3GLB1:p-SH3GLB1)
under these conditions (Fig. 2B). These results suggest that
SH3GLB1:p-SH3GLB1 is precisely controlled, with data on the
increase of the SH3GLB1:p-SH3GLB1 ratio upon denervation
and chloroquine treatment being consistent with the involve-
ment of SH3GLB1 phosphorylation in endosomal processing
or autophagy induction. Previously, CDK5 was described to be
relevant for the activity-dependent phosphorylation of
SH3GLB1 and its effects on autophagy in neurons.12 To verify
if the observed activities of this kinase also correlate with
SH3GLB1 phosphorylation in skeletal muscle, we addressed
the abundance of CHRN vesicles and the ratio of SH3GLB1:p-
SH3GLB1 in the presence of a dominant-negative form of
CDK5 (CDK5 DN) in innervated versus denervated legs. As
depicted in Fig. S2, the differences in CHRN vesicle numbers
(Fig. S2A-B) and SH3GLB1:p-SH3GLB1 ratio (Fig. S2C-D)
between the innervated and denervated conditions observed in
wild-type muscles (see Figs. 1 and 2) were completely abolished
in the presence of CDK5 DN. This strongly suggests that
CDK5 plays a major role in the activity-dependent phosphory-
lation of SH3GLB1 and its effects on the trafficking of CHRN,
and thus confirms the earlier data on protein trafficking in neu-
rons. Reasons for the persistent p-SH3GLB1 band observed in
the presence of CDK5 DN (Fig. S2C) may either be the signals
coming from fibers not expressing the CDK5 DN construct or
the presence of a basal level of phosphorylation by other
kinases.

Next, we investigated the amount of markers for endosomal
(RAB5) and autophagosomal compartments (MAP1LC3B-II)
both in the presence and absence of innervation and chloro-
quine. Both markers showed comparable profiles with a signifi-
cant enrichment upon denervation and in the presence of
chloroquine (Fig. 2C-D), although these changes were more
consistent and pronounced for RAB5. This suggests chloro-
quine blocks endosomal maturation as well as autophagic proc-
essing in skeletal muscle, at least under the experimental profile
used here. Colocalization analysis of CHRN puncta with over-
expressed GFP-MAP1LC3B (Fig. S3) and immunostained
endogenous MAP1LC3B (Fig. S4) confirmed this assumption
and, indeed, steady-state colocalization between these markers
in the absence of chloroquine was approximately 30% and did
not change upon chloroquine treatment.

Phosphomutants of SH3GLB1 modulate the processing of
internalized CHRN

To address the function of SH3GLB1 phosphorylation at T145
on CHRN trafficking in more detail, we cloned phospho-defi-
cient (T145A) and phospho-mimetic (T145E) mutants of
SH3GLB1 that were coupled with mCherry fluorescent protein
and tested their effects on CHRN internalization under basal,
innervated conditions. T145A and T145E mutants were trans-
fected into TA muscles. Nine d later, CHRN were labeled with
BGT-AF647. Then after 24 h, the muscles were imaged with in
vivo confocal microscopy. Figure 3A depicts representative
fields of view. As in Figure 1, post-acquisition contrast
enhancement was used to show CHRN-positive vesicles next to
their corresponding NMJs. To give an idea of the actual image

Figure 2. Denervation or chloroquine augment the ratio of total SH3GLB1 to T145-phos-
phorylated SH3GLB1 as well as levels of RAB5. Mice were unilaterally denervated and
daily injected with saline or chloroquine for 5 d. TA muscles from innervated (inn) and
denervated (den) legs were then homogenized and equal amounts of protein subjected
to western blot. (A) Displayed is a representative blot showing the relative amounts of
total SH3GLB1, SH3GLB1 phosphorylated at position T145 (p-SH3GLB1), RAB5, and
MAP1LC3B. GAPDH served as the loading control. (B-D) Quantitative analysis of the rela-
tive band intensities for SH3GLB1:p-SH3GLB1 ratio (B), RAB5 (C), andMAP1LC3B-II (D). All
values were normalized to the internal GAPDH loading controls. Shown are mean §
SEM of values obtained from 3 independent experiments. Statistical significance was
probed using ANOVA, � P< 0.05; �� P< 0.01.
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quality, the overview images (labeled “CHRN”) are shown in all
following figures without contrast enhancement, while the
zoom panels were contrast enhanced. In addition, Video S1
depicts an exemplary image stack to illustrate the CHRN

channel contrast enhancement. BGT-AF647-positive puncta
were consistently positive with T145A or T145E (Fig. 3A, see
zoomed overlays), but the number of such CHRN-containing
puncta was roughly increased 6-fold in the presence of T145E
as compared to T145A (Fig. 3C). Under the same conditions,
the colocalization of endogenous MAP1LC3B with CHRN-pos-
itive puncta was only slightly increased (Fig. S4), suggesting the
surplus of CHRN vesicles imposed by T145E was largely not of
autophagosomal nature.

Chloroquine blunts the effects of SH3GLB1
phosphomutants on the accumulation of internalized
CHRN

The increase of CHRN-carrying puncta in the presence of
T145E (Fig. 3C) could either be the result of augmented
CHRN internalization or a kinetic modulation of the process-
ing of CHRN endosomes by T145 phosphorylation. To test
the effect of T145A and T145E on the basal endocytosis rate
of CHRN, TA muscles were transfected with either T145A or
T145E and received chloroquine on a daily basis for the 5 d
before microscopy. Muscles were imaged in vivo 10 d after
transfection and 24 h after marking CHRN with BGT-AF647.
Notably, chloroquine treatment led to a significant accumula-
tion of internalized CHRN vesicles (Fig. 3B) and blunted the
differences in vesicle numbers between T145A and T145E
mutants (Fig. 3C): In the absence of chloroquine, T145A and
T145E transfections yielded 56 § 16 (mean § SEM, n D 3
muscles) and 336 § 34 (mean § SEM, n D 3 muscles) vesicles
per field, respectively; in the presence of chloroquine, these
numbers were 728 § 156 (mean § SEM, n D 4 muscles) and
649 § 79 (mean § SEM, n D 6 muscles) vesicles per field for
T145A and T145E, respectively. This finding strongly suggests
that the T145 phosphorylation status is not affecting endocytic
CHRN carrier formation but is rather critical for endocytic or
autophagic processing of CHRN. Upon chloroquine treatment,
the colocalization between MAP1LC3B and CHRN-positive
puncta increased only mildly, from 39 § 12% (mean § SEM,
n D 3 muscles) to 52 § 2% (mean § SEM, n D 3 muscles) in
the presence of T145A and from 47 § 2% (mean § SEM,
n D 3 muscles) to 50 § 8% (mean § SEM, n D 3 muscles) in
the presence of T145E (Fig. S4). Thus, it is unlikely chloro-
quine primarily blocked internalized CHRNs at the autopha-
gosomal level in the present paradigm. To further dissect the
genesis of the observed effects at the early endosomal or
amphisomal level of CHRN trafficking, additional experiments
were performed as described below.

RAB5 is present on endocytic CHRN carriers

We next asked if endocytosed CHRN employ the standard
early endocytic regulator RAB5. Therefore, muscles were trans-
fected with RAB5-GFP. Ten d later, BGT-AF647 was applied to
mark CHRN, which was followed by in vivo imaging of these
muscles. This showed point-to-point colocalization of BGT-
positive puncta with RAB5-GFP (Fig. 4A). The interaction of
RAB5 with CHRN-containing membranes was further substan-
tiated using a previously established affinity co-sedimentation
protocol.27 Briefly, surface-exposed CHRN were labeled by in

Figure 3. The number of internalized CHRN puncta is differently affected by phos-
phomutants of SH3GLB1 but not in the presence of chloroquine. TA muscles were
transfected as indicated with SH3GLB1T145A or SH3GLB1T145E mutants fused with
mCherry. After 9 d, CHRN were labeled using BGT-AF647. Another day later,
muscles were imaged with confocal in vivo microscopy. During the 5 d before
microscopy, mice either received saline (A) or chloroquine (B). (A-B) Three left
panel columns show maximum-z projections of representative fluorescence signals
of BGT-AF647 (CHRN), SH3GLB1 phosphomutants fused with mCherry (T145A or
T145E), and overlays of both (overlay). The right panel column depicts zoom
images of single optical layers of the boxed regions in the overlay images. CHRN
panels are shown without contrast enhancement. Overlay zoom panels were con-
trast enhanced to better visualize CHRN-positive vesicles. In overlay and overlay
zoom panels BGT-AF647 and mCherry signals are displayed in white/gray and red,
respectively. Scale bars: 20 mm. (C) Quantitative analysis of CHRN puncta per NMJ.
Shown are mean § SEM (n D 3 muscles for each condition without chloroquine,
n D 4 muscles for T145A C chloroquine, n D 6 muscles for T145E C chloroquine;
Statistical significance was probed using ANOVA; � P< 0.05, �� P < 0.01; a total of
33,443 puncta was analyzed).
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vivo injection of biotin-conjugated BGT. After allowing endo-
cytosis of marked CHRN for 5 h, muscles were then harvested
and a standard neutravidin-bead precipitation was performed,
followed by a SDS-PAGE and western blot. Co-sedimentation
of RAB5 protein with CHRN, corroborating the immuno-stain-
ing and in vivo imaging data, revealed that RAB5 is present in
an endocytic CHRN molecular complex (Fig. 4B).

Finally, we studied the functional relevance of RAB5 for
CHRN endocytosis by means of the RAB5 mutants Q79L
and S34N.28 Following the classical Rab cycle scheme, the

binding of membrane-attached RAB5 to either GTP or GDP
mediates the active and inactive states of the GTPase, respec-
tively. While RAB5S34N has high GTPase activity and, thus, is
mostly in an inactive state, the inverse is true for the
RAB5Q79L mutant.28 In cultured cells, inhibition of endocyto-
sis or accumulation of large-sized endosomes are observed in
the presence of either RAB5S34N or RAB5Q79L, respectively.28

In accordance with these earlier studies, we found clear dif-
ferences in CHRN vesicle numbers between RAB5S34N- and
RAB5Q79L-expressing muscles. Figure 4C-D show

Figure 4. CHRN interacts with RAB5, and CHRN endocytosis is a RAB5-dependent process. (A) TA muscles were transfected with RAB5-GFP. After 10 d, CHRN were labeled
using BGT-AF647. Confocal in vivo microscopy commenced 1 h later. Upper panels depict maximum-z projections of representative fluorescence signals of BGT-AF647
(CHRN), RAB5-GFP (RAB5), and overlays of both (overlay). Lower panels show a detail of a single optical slice of the boxed region in the upper panels focusing on puncta
positive for internalized CHRN and RAB5-GFP. In overlay panels, BGT-AF647 and RAB5-GFP signals are displayed in white/gray and green, respectively. Green and red
arrowheads indicate CHRN puncta colocalizing or not colocalizing with RAB5-GFP, respectively. To better visualize CHRN-positive vesicles, zoom panels were contrast
enhanced. Scale bar: 20 mm. (B) Untransfected gastrocnemius muscles were injected with BGT-biotin. Five h later, muscles were harvested, homogenized and CHRN affin-
ity precipitated with Neutravidin beads. Western blot signals upon exposure to primary antibodies against ADRB2 (negative control), RAB5, and CHRNA1 are shown. (C-E)
TA muscles were transfected with RAB5 mutants S34N (C) or Q79L (D), both fused to GFP. Nine days later, CHRN were labeled using BGT-AF647. Twenty-four h later, con-
focal in vivo microscopy was performed. Upper panels depict maximum-z projections of representative fluorescence signals of BGT-AF647 (CHRN), RAB5 mutants fused to
GFP (RAB5S34N and RAB5Q79L), and overlays of both (overlay). Lower panels show details of single optical slices of the boxed regions in the upper panels. In overlay panels,
BGT-AF647 and GFP signals are displayed in white/gray and green, respectively. Green and red arrowheads indicate CHRN puncta colocalizing or not colocalizing with
RAB5-GFP, respectively. To better visualize CHRN-positive vesicles, zoom and overlay panels were contrast enhanced. Scale bar: 20 mm. (E-F) Quantitative analysis of the
number (E) and colocalization with GFP signals (F) of CHRN-positive puncta. Depicted are mean§ SEM (nD 5 muscles for RAB5S34N, nD 3 muscles for RAB5Q79L; statistical
analysis employed ANOVA; �� P < 0.01).
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representative in vivo images of NMJs of TA muscles trans-
fected with RAB5S34N (Fig. 4C) or RAB5Q79L (Fig. 4D).
Whereas the first exhibited only 24 § 6 CHRN-positive
puncta per NMJ (mean § SEM, n D 5 muscles), RAB5Q79L

expression led to a strong increase in the amount of endo-
cytic carriers (520 § 17, mean § SEM, n D 3 muscles,
Fig. 4E). Also, whereas RAB5S34N showed more or less an
even distribution and colocalized with only 26 § 5% (mean
§ SEM, n D 5 muscles, Fig. 4F) of CHRN puncta, RAB5Q79L

had a more punctate distribution pattern, often induced very
large vesicular structures, and colocalized with 88 § 2%
(mean § SEM, n D 3 muscles, Fig. 4F) of CHRN signals. In
summary, these data demonstrate that RAB5 is crucial for
CHRN endocytosis and further processing.

Overexpression of RAB5-GFP strongly reduces the amount
of internalized CHRN in the presence of T145E SH3GLB1

To address if the early endosomal processing could be affected
in the presence of SH3GLB1 phosphomutants, we analyzed
CHRN vesicle numbers in the presence of SH3GLB1

phosphomutants while simultaneously overexpressing RAB5-
GFP. TA muscles were cotransfected with the corresponding
cDNAs and injected 9 d later with BGT-AF647. Twenty-four h
thereafter, muscles were imaged with in vivo confocal micros-
copy (Fig. 5A-B). In particular, this analysis showed a highly
significant reduction (P < 0.01) in CHRN vesicle numbers
from 336 § 34 (mean § SEM, n D 4 muscles, see Fig. 3C) to
107 § 19 (mean § SEM, n D 8 muscles, Fig. 5E) for T145E-
transfected muscles in the absence or presence of RAB5-GFP,
respectively. Conversely, RAB5-GFP overexpression had no
significant effect on CHRN vesicle numbers in T145A-express-
ing muscles. Colocalization of BGT-positive puncta with
RAB5-GFP was very similar upon co-expression of either
T145A (31 § 4%, mean § SEM, n D 11 muscles) or T145E (35
§ 6%, mean § SEM, n D 8 muscles) (Fig. 5F). The effects of
RAB5-GFP on the abundance of CHRN puncta were most
likely not due to homotypic fusion by overexpressed RAB5 pro-
tein for the following 2 reasons: First, although RAB5-GFP
expression levels were often very different from fiber to fiber
(Fig. S5A), CHRN vesicle numbers did not vary between fibers
expressing high or low amounts of RAB5-GFP (Fig. S5B).

Figure 5. Overexpression of RAB5-GFP reduces the number of internalized CHRN puncta in the presence of T145E in a chloroquine-dependent manner. TA muscles were
cotransfected with RAB5-GFP and SH3GLB1T145A (A and C) or SH3GLB1T145E (B and D) mutants coupled to mCherry. Nine d after transfection, CHRN were labeled using
BGT-AF647. Another day later, muscles were imaged with confocal in vivo microscopy. During the 5 d before microscopy, mice either received saline (A, B) or chloroquine
(C, D). (A-D) Upper panels show representative NMJs and their CHRN puncta (CHRN), mCherry (T145A or T145E), and GFP (RAB5) signals, as indicated. Lower panels depict
details of single optical layers from the boxed regions of upper panels. In the overlay pictures, mCherry, RAB5-GFP, and CHRN signals are shown in red, green, and gray/
white, respectively. CHRN, mCherry, and RAB5-GFP triple-positive puncta are indicated with green arrowheads. CHRN and mCherry puncta not positive for RAB5-GFP are
indicated with red arrowheads. Scale bars: 20 mm. (E) Quantitative analysis of CHRN puncta per NMJ. Mean § SEM (n D 11 muscles for T145A and n D 8 muscles for
T145E in the absence of chloroquine; n D 4 muscles each for T145A and T145E in the presence of chloroquine; statistical analysis employed ANOVA; �� P < 0.01; a total
of 38,808 puncta was analyzed). (F) Colocalization analysis of RAB5-GFP-positive CHRN puncta. Mean § SEM (n-values as in [E]; statistical analysis employed ANOVA;
�� P < 0.01).
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Second, within the constraint of diffraction-limited resolution,
the distribution of CHRN vesicle size was only marginally dif-
ferent between untransfected and T145A- or T145E-expressing
muscles (Fig. S5C).

In contrast, chloroquine treatment of RAB5-GFP and T145A or
T145E cotransfected muscles led to a massive increase in CHRN
vesicle numbers and colocalization between CHRN vesicles and
RAB5-GFP (Fig. 5C-D). As shown in Fig. 5E, RAB5-GFPCT145A
and RAB5-GFPCT145E cotransfected muscles resulted in 537 §
21 (mean§ SEM, nD 4 muscles) and 490§ 90 (mean§ SEM, n
D 4 muscles) CHRN vesicles per NMJ, respectively. Thus, both
were found not to be statistically different from the corresponding
T145A or T145E single-transfectedmuscles in the presence of chlo-
roquine, see Fig. 3C. Colocalization between RAB5-GFP and
CHRN vesicles augmented to 78 § 5% (mean § SEM, n D 4
muscles, Fig. 5F) for T145A-transfected muscles and 80 § 5%
(mean § SEM, n D 4 muscles, Fig. 5F) for T145E-transfected
muscles in the presence of chloroquine. These data strongly suggest
a chloroquine-induced block of the degradation and progression
from the early-endosomal to either late-endosomal or autophago-
somal stage of CHRN vesicles. Yet, differences between T145A and
T145E in terms of CHRNvesicle processing as described in Figure 3
remained unexplained because vesicular binding of RAB5 was
seemingly the same in the presence of T145A or T145E.

To address the question if phosphorylation of SH3GLB1 may
be important for the expression or activation cycle of RAB5, TA
muscles were single transfected with either T145A or T145E, then
lysed after 10 d. Western blot analysis revealed that the abundance
of RAB5 protein was not influenced by SH3GLB1 phosphomu-
tants (Fig. S6). Conversely, the amounts of 2 important regulators
of RAB5 activity, RABGEF1 (RAB guanine nucleotide exchange
factor 1) and USP6NL (USP6 N-terminal like), were modulated
(Fig. S6). While the guanylyl exchange factor RABGEF1, which
loads new GTP on membrane-bound RAB5 and thus activates its
function,29 was upregulated in the presence of both T145A and
T145E, the levels of the GTPase activating protein USP6NL, which
switches RAB5 from the active to the inactive conformation,30

were decreased in the presence of T145A and variable in the pres-
ence of T145E. Together, these results indicate that the phosphor-
ylation status of SH3GLB1 might act on CHRN endosomal
processing by modulation of the RAB5 activity cycle.

Discussion

Proper neuromuscular transmission at the NMJ depends on an
adequate postsynaptic density of CHRN.31 This density is strongly
regulated by the degradative trafficking of CHRN, which is a major
determinant of CHRN turnover.25,32 Because the degradative route
of CHRN is particularly augmented under pathophysiological con-
ditions, such as myasthenia gravis, congenital myasthenic syn-
dromes, muscle atrophy, and sarcopenia,33–35 the identification of
the molecular machinery controlling CHRN endo/lysosomal traf-
ficking is of considerable biomedical interest. We previously
showed that the autophagic pathway mediates the degradation of
endocytosed CHRN and that SH3GLB1 accompanies vesicles con-
taining endocytosed CHRN.16,36 Furthermore, the number of
CHRN-positive vesicles increases upon sciatic denervation in a
TRIM63-dependent manner.16 The association of SH3GLB1 with
the trafficking of transmembrane proteins, in this case CHRN, is

not only consistent with previous observations where SH3GLB1
was found to interact with other trans-membrane receptors, such
as NTRK1/tyrosine receptor kinase A37 and EGFR (epidermal
growth factor receptor),9 at the level of the early endosome but also
regulates their endocytic processing and sorting. We expanded on
these findings by providing novel insights into how posttransla-
tional modifications, such as phosphorylation of SH3GLB1, might
regulate endosomal trafficking.

Corroborating our previous reports, here we show the abun-
dance of endolysosomal carriers of CHRN is increased upon an
atrophic stimulus (sciatic denervation) and that degradation of
these carriers can be perturbed in vivo using the lysosomo-
tropic agent chloroquine (Fig. 1). These data fit with the obser-
vation that lysosomal inhibitors affect the degradation rate of
CHRN in chicken embryo skeletal muscles.38 Furthermore,
chloroquine treatment of mice led to a significant increase of
the early endosome marker RAB5 (Fig. 2) as well as a less pro-
nounced rise of the autophagosomal marker MAP1LC3B-II
(Fig. 2). Since, additionally, chloroquine did not alter colocali-
zation of CHRN vesicles with GFP-MAP1LC3B (Fig. S3) but
significantly increased colocalization of CHRN carriers with
RAB5-GFP (Fig. 5C-F), these findings suggested a principal
effect of chloroquine on blocking endocytosis rather than auto-
phagy. Although chloroquine is often used to block autophagy,
the literature reports a considerable variability regarding its
effects on MAP1LC3B-II amounts in skeletal muscle. Some
chloroquine treatment paradigms of rat and mouse models
showed an increase in MAP1LC3B-II,39–41 whereas others did
not.42,43 Mainly, an increase in MAP1LC3B-II was typically
detected after weeks of treatment, suggesting that chloroquine
may not necessarily, and certainly not exclusively, block degra-
dative processing at the autophagosomal level. Consistent with
chloroquine-induced endocytic abnormalities in pheochromo-
cytoma 12 cells,20 our observations add to the notion44 that it is
important to carefully investigate at which level of trafficking
chloroquine might act in a particular treatment paradigm.

Chloroquine as well as denervation increased CHRN vesicle
numbers and the SH3GLB1:p-SH3GLB1 ratio (Fig. 2), suggesting
an involvement of SH3GLB1 phosphorylation in the regulation
of CHRN endocytic processing. A previous study reported that
phosphorylation of SH3GLB1 by the kinase CDK5 is crucial for
regulating autophagic activity upon starvation in mice.12 Consis-
tent with this, we found that overexpression of a dominant nega-
tive CDK5 ablated both the denervation-induced increase in
CHRN vesicle number as well as SH3GLB1:p-SH3GLB1 ratio
(Fig. S2). To further investigate the role of SH3GLB1 phosphory-
lation in the context of CHRN endocytic processing, we used the
overexpression of SH3GLB1 phosphomutants T145A and T145E
in TA muscles and found significantly less CHRN-positive
vesicles in the presence of T145A as compared to T145E
(Fig. 3C). Given that the differences in CHRN vesicles between
T145A- and T145E-expressing muscles were absent upon chloro-
quine treatment (Fig. 3C), we speculate that T145A might
enhance and/or T145E might slow down endosomal processing.

Based on the finding that SH3GLB1 is important for the recruit-
ment of RAB5 in cells45 as well as our observation of similar abun-
dance profiles for CHRN vesicles (Fig. 1) and RAB5 proteins
(Fig. 2) in live muscle tissue we tested the hypothesis that while
CHRN endocytosis might depend on RAB5, the recruitment,
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abundance or activity of RAB5 might be regulated by SH3GLB1
phosphorylation. As already mentioned, our data show that
RAB528 accompanies endocytosed CHRN in skeletal muscles in
vivo (Fig. 4). Furthermore, the number of CHRN vesicles and their
colocalization with RAB5 appeared to be strongly dependent on
the activity of RAB5 because the overexpression of GTPase hyper-
active and hypoactive mutants altered both parameters very
strongly (Fig. 4D-F). Fitting with earlier reports that RAB5 overex-
pression can accelerate maturation of cargo-containing phago-
somes,46 co-expression of RAB5 with T145E largely rescued the
slow processing of CHRN endosomes (Fig. 5B and E). These find-
ings would argue that either the recruitment or abundance of
RAB5 may be regulated by SH3GLB1 phosphorylation status, but
both characteristics were unaltered between the different condi-
tions (Fig. 5F and Fig. S6). However, different amounts of RAB5
activity-modifying enzymes in the absence or presence of T145A
and T145E could be detected (Fig. S6), suggesting SH3GLB1might
modulate the activity-cycle of RAB5 and, thereby, control CHRN
endocytic processing. However, further investigations need to
address this point.

Altogether, our data indicate that muscle atrophic stimuli
enhance endocytosis of CHRNs, and their proper endosomal/
autophagic processing critically depends on SH3GLB1 phosphor-
ylation. As previously shown,16,18 the degradation of CHRN
upon endocytosis in atrophic conditions is tightly regulated by
the atrogene and E3 ubiquitin ligase, TRIM63.47 Thus, it would
be interesting to investigate if the levels of SH3GLB1:p-SH3GLB1
are also modulated in an atrogene-dependent manner. In sum-
mary, using live skeletal muscle imaging and biochemical analy-
sis, we have shown that the number of CHRN endosomes is
increased upon sciatic denervation. These CHRN-containing car-
riers are accompanied by differentially T145-phosphorylated
SH3GLB1, with this phosphorylation status regulating the rate of
CHRN endosomal processing by acting on RAB5 function.

Materials and methods

Animals, transfection and sciatic denervation

In the current study, adult C57BL/10J mice were used. Animals
were maintained in a local animal facility. Use and care of these
animals were as approved by German authorities and according
to national law (TierSchG7). For anesthesia either an intraperito-
neal injection of Xylavet� 20 mg/ml (cp-pharma) and Zoletil�

100 (Laboratoires Virbac) or inhalation of Isofluran (cp-pharma,
AP/DRUGS/220/96) was used. Transfection of the respective
cDNA was performed by intramuscular injection of plasmid
DNA (10 mg) in the TA muscle, followed by electroporation as
described previously.48 In all experimental conditions, the left hin-
dlimb was denervated and the contralateral right side served as
the control. For sciatic denervation approximately 5 mm of the
sciatic nerve was removed.34 Regeneration of the sciatic nerve was
checked after the experiments were completed.

Chloroquine treatment, western blot and affinity co-
sedimentation

Animals were administered 25mg/kg chloroquine (Sigma-Aldrich,
C6628) in PBS (137 mMNaCl, 2.7 mMKCl, 10 mMNa2HPO4 x 2

H2O, 2 mM KH2PO4, pH 7.4) intraperitoneally for 5 d prior to
experimental analysis, with PBS injected animals acting as the con-
trol. For western blot analysis, either transfected TAmuscles or gas-
trocnemius muscles from chloroquine- and PBS-treated animals
were harvested immediately after animal sacrifice, shock frozen in
liquid nitrogen and stored at ¡80�C. Frozen tissues were then
homogenized in 1 mL IP lysis buffer (50 mM Tris-HCl, pH 8.0,
150 mM NaCl, 1% NP-40 [AppliChem, A1694], 10% glycerol,
1mMEDTA, 1mMEGTA, Roche� phosphatase inhibitor cocktail
[1x; 88667], Roche� protease inhibitor cocktail [1x; 88665] and
0.5 mM PMSF [AppliChem, A0999]). Next, to get rid of the tissue
debris, homogenates were centrifuged for 10 min. Protein concen-
tration of the homogenate was measured using the Bradford assay.
Subsequently, homogenate containing approximately 50mg of pro-
tein in Laemmli buffer was loaded on a 12% polyacrylamide gel.
Next, proteins were transferred to PVDF membranes. For validat-
ing the specificity of anti p-T145 SH3GLB1 antibody, dot blots
(Fig. S1) of muscle lysates were performed. Therefore, muscles
were homogenized in 1 mL IP lysis buffer lacking Roche� phos-
phatase inhibitor cocktail and incubated with shrimp alkaline
phosphatase (New England Biolabs, M0371S) overnight at 37�C,
untreated lysate was used as the control. Lysate dots were applied
on PVDF membrane followed by immunodetection. For affinity
coprecipitation (Fig. 4B) gastrocnemius muscles were injected with
125 pmoles of BGT coupled with biotin (Invitrogen, B1196) and
then harvested after 5 h. Tissue lysis was performed as mentioned
above, while affinity precipitation with NeutrAvidin beads
(Thermo Fisher Scientific, 29202) andwestern blot were performed
as previously described.27,49 The following antibodies were used for
the detection of their respective proteins: mouse anti-SH3GLB1
(Imgenex, IMG-265A), guinea pig anti-phospho-SH3GLB1 cus-
tom made with synthetic peptide (NFLpTPLRNFIC, PSL), rabbit
anti-RAB5 (Cell Signalling Technology, 3547), mouse anti-
GAPDH/glyceraldehyde-3-phosphate dehydrogenase (Thermo
Fisher Scientific, MA5-15738), rabbit anti-ADRB2/adrenoceptor b
2 (Santa Cruz Biotechnology, sc-569), mouse anti-CHRN (BD Bio-
science, 610989), rabbit anti-MAP1LC3B (Genetex, GTX127375),
Living Colors� A.v. monoclonal antibody JL-8 (Clontech Labora-
tories, 632380), anti-mCherry (Acris, AP32117 PU), anti-USP6NL
(Bethyl Laboratories, A302-794A-M), anti-RABGEF1 (Cell Signal-
ling Technology, 7622), anti-rabbit coupled to horseradish peroxi-
dase (HRP; Dako, P0448), anti-mouse-HRP (Thermo Fisher
Scientific, 32430), anti-guinea pig-HRP (Thermo Fisher Scientific,
PA1-28597), anti goat-HRP (Dako, P0449). Chemiluminescence
signals were obtained using a chemiluminescence imager (G:Box
Chemi XX6, Syngene; Fig. 2, Fig. S1, and Fig. S6), or exposure to
Hyperfilm ECL (Amersham, 95017-659; Fig. 4B).

Immunostaining

Transfected and untransfected TAmuscles were treated with either
saline or 25 mg/kg chloroquine for 5 d. Muscles were harvested,
chemically fixed overnight at 4�C in 4% wt/vol paraformaldehyde
in PBS and embedded in 2% agarose (AppliChem, A8963). A
vibratome (Leica Biosystems, Nussloch, Germany, VT1000S) was
used for preparing 40-mm-thick longitudinal muscle sections.
These sections were then quenched with 0.3M glycine in PBS, per-
meabilized with 0.5% Triton X-100 (Roth, 3051.4) in PBS, blocked
with 3% BSA (Roth, 3737.2) in PBS, and stained with rabbit anti-
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MAP1LC3B, followed by BGT-AF647 (Life Technologies, B35450)
and donkey anti-rabbit Alexa Fluor 488 (Invitrogen, A21206). Last,
slices were washed, placed on a slide and embedded in Mowiol
(Roth, 0713.2) for confocal microscopy.

Expression plasmids

For in vivo transfection of mice TA muscles, the following
constructs encoding heterologous fusion proteins were used:
RAB5-GFP (kindly provided by Dr. Walter Volknandt,
Frankfurt, Germany), pcDNA3-dnCDK5 as a gift from Li-
Huei Tsai (Addgene, 1344), pTagRFP-N (Evrogen, FP142),
pcDNA 3.1 (kindly provided by Dr. Olivier Kassel, Karls-
ruhe, Germany), pEGFP-MAP1LC3B (kindly provided by
Dr. Marco Sandri, Padua, Italy), EGFP-Rab5A Q79L and
EGFP-Rab5A S34N as gifts from Dr. Qing Zhong (Addgene,
28046 and 28045). SH3GLB1 phosphomutants were cloned
into pmCherry vector backbone (Clontech Laboratories,
632522). Here, the threonine 145 amino acid residue was
mutated to alanine (SH3GLB1T145A) or glutamic acid
(SH3GLB1T145E) using an overlapping PCR mutagenesis
technique. Tests for the usefulness of the expression con-
structs were performed (Fig. S7), which involved compari-
sons to empty mCherry vectors and to SH3GLB1 fusion
constructs with other plasmids. Therefore, the following
vectors and fusion constructs were employed: pcDNA3.1,
ptagRFP1, pmCherry-SH3GLB1, and ptagRFP1-SH3GLB1.

Microscopy

Twenty-four h before in vivo confocal microscopy, muscles
were injected with 31 pmoles of BGT-AF647. In the case of
transfected muscles, in vivo microscopy was performed 10 d
after transfection. Animals were anesthetized and images of TA
muscles were taken with an upright Leica SP2 (Leica Microsys-
tems, Mannheim, Germany) confocal microscope equipped
with a 63 £/1.2 NA water immersion objective. 3D stacks were
taken at 8-bit, 1024 pixel resolution, 200 Hz scan frequency,
and at an electronic zoom of 2.

Image analysis

Images were electronically processed using ImageJ software
(NIH, Bethesda, MD). The quantitative analysis of vesicle num-
bers and colocalization was performed as described previ-
ously.16 First, image stacks had the background subtracted.
Then, screening of CHRN and T145A- or T145E-mCherry sig-
nals yielded total amounts of CHRN- and SH3GLB1-positive
structures, which were imported into a region of interest man-
ager. Finally, these segments were screened in all channels for
colocalization. In Figure 1, only CHRN-positive puncta were
counted. For Figure S5C, the areas of CHRN-positive regions
of interest were measured. For western blot analysis, densities
of bands were quantified using the Gel Analysis plugin of
ImageJ software. Relative values were then normalized to the
housekeeping gene (GAPDH). Images were composed using
Adobe Illustrator (Adobe Systems Software) and ImageJ. All
numeric data were handled using Microsoft Excel 2010 and
were subsequently incorporated into the Adobe Illustrator

composite. Significance was tested using the Student t test
whenever it was applicable. Kolmogorov-Smirnow-test and
ANOVA F-test were performed for checking normal distribu-
tion and homo/heteroscedasticity, respectively. The various sig-
nificance levels are indicated in all respective figures.

Abbreviations

ADRB2 adrenoceptor b 2
BGT a-bungarotoxin
BGT-AF647 BGT coupled to Alexa Fluor

647
CDK5 cyclin dependent kinase 5
CDK5 DN dominant negative CDK5

with aspartic acid at residue
144 mutated to asparagine

CHRN/AChR cholinergic receptor nicotinic
den denervated
GAPDH glyceraldehyde-3-phosphate

dehydrogenase
GFP green fluorescent protein
HRP horseradish peroxidase
inn innervated
MAP1LC3B microtubule-associated pro-

tein 1 light chain 3 b
NMJ neuromuscular junction
RAB5 member RAS oncogene

family
RAB5Q79L RAB5 with glutamine at resi-

due 79 mutated to lysine
RAB5S34N RAB5 with serine at residue

34 mutated to asparagine
RABGEF1/RABEX5 RAB guanine nucleotide

exchange factor 1
SEM standard error of the mean
SH3GLB1/Bif-1/endophilin B1 SH3 domain containing

GRB2 like endophilin B1
p-SH3GLB1 SH3GLB1 phosphorylated at

residue threonine 145
TA tibialis anterior
T145A SH3GLB1 with threonine at

residue 145 mutated to
alanine

T145E SH3GLB1 with threonine at
residue 145 mutated to gluta-
mic acid

TRIM63/MURF1 tripartite motif containing 63
v-ATPase vacuolar-type HC-ATPase
USP6NL/RN-tre USP6 N-terminal like
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