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ABSTRACT

Myasthenia gravis is an autoimmune disorder of the neuromuscular junction manifested as fatigable
muscle weakness, which is typically caused by pathogenic autoantibodies against postsynaptic CHRN/
AChR (cholinergic receptor nicotinic) in the endplate of skeletal muscle. Our previous studies have
identified CA3 (carbonic anhydrase 3) as a specific protein insufficient in skeletal muscle from myasthenia
gravis patients. In this study, we investigated the underlying mechanism of how CA3 insufficiency might
contribute to myasthenia gravis. Using an experimental autoimmune myasthenia gravis animal model and
the skeletal muscle cell C2C12, we find that inhibition of CAR3 (the mouse homolog of CA3) promotes
CHRN internalization via a lipid raft-mediated pathway, leading to accelerated degradation of postsynaptic
CHRN. Activation of CAR3 reduces CHRN degradation by suppressing receptor endocytosis. CAR3 exerts
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this effect by suppressing chaperone-assisted selective autophagy via interaction with BAG3 (BCL2-
associated athanogene 3) and by dampening endoplasmic reticulum stress. Collectively, our study
illustrates that skeletal muscle cell CAR3 is critical for CHRN homeostasis in the neuromuscular junction,
and its deficiency leads to accelerated degradation of CHRN and development of myasthenia gravis,

potentially revealing a novel therapeutic approach for this disorder.

Introduction

Myasthenia gravis is an autoimmune disorder of the neuromus-
cular junction that is manifested as fatigable muscle weak-
ness.”” The disorder is typically caused by pathogenic
autoantibodies against postsynaptic CHRN/AChR (cholinergic
receptor nicotinic) in the endplate of skeletal muscle. In some
cases, the targets of autoantibodies are non-CHRN components
of the postsynaptic muscle endplate, such as MUSK (muscle,
skeletal, receptor tyrosine kinase), and LRP4 (low density lipo-
protein receptor-related protein 4).>* Various T cell subsets
have been reported to contribute to the pathogenesis of myas-
thenia gravis,”” and thymectomy can relieve some clinical
symptoms in CHRN antibody-positive patients, especially for
those with thymoma.8 Innate immune components, such as
complement and toll-like receptors, are also involved in myas-
thenia gravis etiology, putatively through inflammation or
other mechanisms.”'® In either case, these pathogenic immu-
nological factors cause loss of functional CHRN in the postsyn-
aptic endplate, leading to a decrease in endplate potential

amplitudes in the neuromuscular junction that fall below the
threshold required for muscle fiber activation, consequently
resulting in neuromuscular transmission failure.'

CAs (carbonic anhydrases), catalysts of a simple reaction
that converts CO, to bicarbonate ion and protons, are ubiqui-
tously expressed metalloenzymes that participate in diverse
physiological and pathological events, such as gluconeogenesis
and tumorigencity.'' There are 4 evolutionary gene families
(o, B, ¥, and §), but only the o family exists in mammalian cells.
Until now, 16 different isozymes of «-CA (referred to as CA
hereafter) have been identified in mammals, with distinct tissue
distribution, subcellular localization, and catalytic activity.12
Five of the isozymes are cytosolic (CA1, CA2, CA3, CA7, and
CAS8) and five are membrane-bound (CA4, CA9, CA12, CAl4,
and CA15). CA5A and CA5B are found in mitochondria, while
CAG6 is a secretory form. CA3 is abundantly expressed in skele-
tal muscle and liver of both humans and rodents,"”” and has
been linked to certain autoimmune diseases such as rheuma-
toid arthritis."> Our previous study demonstrated that CA3 was
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specifically decreased in skeletal muscle from patients afflicted
with myasthenia gravis, suggesting the potential role of CA3
in the pathogenesis or manifestation of this disease.'* However,
the underlying mechanism of CA3 in the development of myas-
thenia gravis is poorly understood.

Eukaryotic cells utilize endocytosis for internalization of
nutrients, regulation of signal transduction, elimination of
pathogens, presentation of antigens and an array of other
physiological processes.”'® Besides phagocytosis, endocyto-
sis can be further categorized into 3 broad pathways: micro-
pinocytosis, clathrin-mediated endocytosis (CME), and
clathrin-independent endocytosis.'”*® During pathogenesis
of myasthenia gravis, autoantibody-induced endocytosis of
CHRN is assumed to be a major mechanism of modulation
at neuromuscular junctions."*'** Cytokines from T cells
and complement also potentially promote postsynaptic
CHRN endocytosis.'>*® In addition, CHRN is internalized
via a RAC-dependent, DNM (dynamin)-independent endo-
cytic pathway to late endosomes, which usually represents a
degradative pathway.”> Indeed, a therapeutic strategy aimed
to reduce the endocytosis of CHRN has been proposed, and
could be a promising novel therapy for myasthenia
gravis.”**

In the present study, we investigate the effects of CAR3 (the
mouse homolog for human CA3) on CHRN endocytosis in
muscle cells, and our results show that CAR3 activity reduces
CHRN endocytosis and suppresses the downregulation of sur-
face receptors, thereby alleviating myasthenia gravis symptoms.
This novel mechanism highlights the essential role of CAR3 in
regulating CHRN endocytosis and provides a potential thera-
peutic target for treatment of myasthenia gravis.

Results
Activation of CAR3 attenuates myasthenia in EAMG mice

Our previous studies have identified CA3 as a specific pro-
tein insufficient in skeletal muscle from myasthenia gravis
patients,'* but how CA3 insufficiency contributes to the dis-
order remains to be determined. In order to examine the
underlying mechanism of CA3 insufficiency in myasthenia
gravis, we established an experimental autoimmune myas-
thenia gravis (EAMG) animal model by immunizing mice
with purified Torpedo californica (Pacific electric ray) chrn.
EAMG mice displayed typical myasthenia gravis symptoms,
such as reduced response to muscle electronic stimulus
(Fig. 1A and B), elevated serum anti-CHRN antibodies
(Fig. 1C), and progressively decreased grip power (Fig. 1D).
Only a few activators for CA3 have been identified, includ-
ing 1-(2-aminoethyl) piperazine (AP), serotonin, and mor-
pholine, and only AP can efficiently activate CA3 with high
specificity.”® We added AP (2 ug/ml) to the drinking water
of some EAMG mice starting on the 4™ wk post immuniza-
tion, the time point for a second immunization (boost)
(Fig. 1E). AP treatment considerably recovered the grip
power (Fig. 1D) and alleviated experimental myasthenia
gravis symptoms as compared to EAMG mice receiving just
water (Fig. 1F). Thus, our results suggest that CAR3 inhibi-
tion plays a central role in the pathogenesis of EAMG.

CAR3 regulates CHRN degradation in muscle cells

To further dissect how CAR3 works in the pathogenesis of
myasthenia gravis, we examined the expression of CAR3 in
EAMG mice given just water or water containing AP, the
CAR3 agonist.'” There were no detectable changes in protein
expression of CAR3 in skeletal muscle whole cell lysates from
control mice, EAMG mice, or EAMG mice with AP treatment
(Fig. 2A and B). Because AP alleviates EAMG symptoms and
the loss of CHRN is fundamental to the pathophysiology of
myasthenia gravis, we investigated whether CAR3 regulates
skeletal muscle CHRN degradation. Total CHRN protein
expression was lower in skeletal muscle of EAMG mice than in
control mice, whereas treatment of EAMG mice with AP pre-
vented this loss in CHRN (Fig. 2C and D). However, there were
no significant differences in mRNA for muscle-specific a1 sub-
unit of Chrn (Chrnal) between these groups of mice (Fig. 2E),
implying the regulation of CAR3 on CHRN is post-transcrip-
tional. Taken together, these data support the idea that CAR3
activation alleviates myasthenia gravis by reducing skeletal
muscle CHRN protein degradation.

Endocytosis of CHRN via a lipid raft-mediated pathway

Endocytosis of membrane receptors is a dynamic process that
regulates receptor expression, turnover and signaling.'> Appro-
priate endocytosis of CHRN in skeletal muscle cells is essential
for its homeostasis and function in neuromuscular transmis-
sion, whereas dysregulated endocytosis is involved in the path-
ogenesis of myasthenia gravis.”” We used antibody-mediated
cross-linking of CHRN to induce receptor endocytosis in
C2C12 muscle cells. After incubating with Alexa Fluor 488-
conjugated antibody, we used flow cytometry to quantify
CHRN internalization. After 120 min, nearly 40% of surface
CHRN was internalized following antibody treatment
(Fig. 3A). Previous investigators reported that CHRN in muscle
cells is internalized via a clathrin-independent, RAC-dependent
pathway.”” Some small GTPases such as RHOA and RACI are
involved in lipid raft-dependent endocytosis;’™”" thus, we
hypothesized that CHRN are internalized through a lipid raft-
mediated pathway. We pretreated C2C12 muscle cells with
methyl-beta-cyclodextrin (MBCD), which removes cholesterol
from cell membranes and perturbs lipid rafts.’” To exclude the
effects of MBCD on apoptosis/necrosis of C2C12 cells, we
stained the cells with ANXA5/annexin V and propidium iodide
(PI), and found no significant change between MBCD-treated
and control groups (Fig. S1). MBCD treatment largely elimi-
nated CHRN endocytosis in C2C12 cells (Fig. 3A). By contrast,
treatment with Dynasore, a specific inhibitor of DNM GTPase
that is required for CME, had no effect on CHRN internaliza-
tion. Transfection of the dominant-negative RAC mutant,
RACI™7N/RAC N17, also prevented antibody-induced inter-
nalization of CHRN (Fig. 3A, with representative FACS plots
in Fig. S2A), consistent with a previous report.”>

As an alternative approach, we monitored internalization of
CHRN using immunoblotting after labeling C2C12 cells
with biotin-conjugated CHRN antibody (biotin-mAb210).
Endocytosis of CHRN was blocked by MBCD treatment and by
transfection with a plasmid encoding dominant-negative
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Figure 1. Activation of CAR3 attenuates myasthenia in EAMG mice. Female C57BL/6 mice (6- to 8-wk old) were immunized s.c. with Torpedo californica chrn in complete
Freund’s adjuvant, and were boosted 4 wk later. After 4 more wk, the mice were anesthesized with sodium pentobarbital, fixed and connected to the electrodes of an
electromyography machine. Compound muscle action potential in response to repetitive stimulation of the nerve at 3-Hz was recorded (A), and evoked action potential
decrements were displayed (B). (C) Blood was collected from mice tail veins and serum was prepared and subjected to ELISA assay for serum anti-CHRN. (D) Paw grip
endurance of EAMG mice with or without treatment with AP as per the protocol in (E). (E) Schematic plan of treatment for the mice. EAMG mice were established as men-
tioned in (A), other than 1-(2-aminoethyl) piperazine (AP, 2 1g/ml) was given in the drinking water from the second immunization (boost). (F) Clinical score of EAMG mice
with or without treatment with AP. The images shown are representative of 3 independent experiments. Data are mean £ SEM of 3 independent experiments (B, C, and

E), *p < 0.05.

RAC™'7N, whereas Dynasore treatment did not alter CHRN
internalization (Fig. 3B). These data are consistent with the
idea that endocytosis of CHRN occurs via a lipid raft- and
RAC-dependent, non-CME pathway in muscle cells.

CAR3 specifically regulates CHRN endocytosis

Given that CAR3 insufficiency contributes to the pathogenesis
of myasthenia gravis, and accelerated endocytosis of CHRN
promotes receptor degradation, we hypothesized that CAR3

activation dampens CHRN endocytosis. To test our hypothesis,
we pretreated C2C12 cells with the CAR3-specific agonist AP,
the CAR3-specific antagonist trifluoromethanesulfonamide
(TEMS), or acetazolamide (AZA), a carbonic anhydrase inhibi-
tor that is less effective at inhibiting CAR3.'> We observed no
explicit effects of these compounds on apoptosis/necrosis of
C2C12 cells based on ANXAS5 and PI staining (Fig. S3). None
of these compounds had an effect on CAR3 and CAR2 protein
expression in C2C12 cells (Fig. 4A). Treatment with TFMS
accelerated the endocytosis of CHRN, whereas AP reduced
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Figure 2. CAR3 regulates CHRN degradation in muscle cells. Gastrocnemius from control, EAMG and EAMG mice treated with AP was homogenized in lysis buffer contain-
ing 1% NP-40 and subject to SDS-PAGE and immunoblot analysis with anti-CAR3 (A) or anti-CHRN (C) antibodies. Densitometry quantification of total CAR3 (B) or CHRN
(D) over ACTB/B-actin was performed using ImageJ software. (E) Total RNA was extracted from muscles, and quantitative reverse-transcribed PCR was performed using
Chrna1-specific primer pairs. The results represent the mean + SEM of 3 independent experiments (B, D, and E). “p < 0.05.

CHRN endocytosis (Fig. 4B, with representative FACS plots in
Fig. S2B), consistent with the idea that CAR3 activation sup-
presses the endocytosis of surface CHRN. AZA, which has no
observable effect on CAR3 enzyme activity, induced no detect-
able change in CHRN endocytosis (Fig. 4B). In addition, endo-
cytosis monitored with biotinylated CHRN antibody revealed
that activation of CAR3 blocked CHRN endocytosis, whereas
inhibition of CAR3 promoted CHRN endocytosis (Fig. 4C).
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Figure 3. Endocytosis of CHRN is mediated via a lipid raft-mediated pathway. (A)
C2C12 cells were transfected with a plasmid encoding RAC1™', or pretreated
with Dynasore (50 ©M) or MBCD (5 uM) before incubation with Alexa Fluor 488-
conjugated anti-CHRN antibody (mAb210) at 4°C for 1 h, then the cultures were
switched to 37°C for different times to induce CHRN endocytosis. After acidic
washes, the cells were fixed and analyzed using flow cytometry. (B) C2C12 cells
were transfected with a plasmid encoding RAC1""N, or pretreated with Dynasore
(50 uM) or MBCD (5 uM) before being incubated with biotin-CHRN antibody
(mAb210) at 4°C for 1 h, and then switched to 37°C for different times to induce
CHRN endocytosis. After acidic washes, the cell lysate was prepared and subjected
to SDS-PAGE and blotted with streptavidin-HRP. Shown is a representative image
of 3 experiments (B), and the quantitative data are presented as the mean £+ SEM
of 3 experiments (A). “p < 0.05, between the MBCD group and the control group;
#p < 0.05, between the RAC1™”™ group and the control group.

Collectively, our data indicate that CAR3 activity plays a role in
mitigating endocytosis and subsequent degradation of CHRN
in skeletal muscle cells.

CAR3 suppression leads to enhanced CHRN endocytosis

As an alternative approach to using pharmacological agents,
we modified the expression of CAR3 using plasmid overex-
pression or siRNA-mediated knockdown. We transfected
C2C12 cells with plasmids containing either Car3 or Car2
cDNA, or siRNA specific for each of these genes. The expres-
sion of CAR3 and CAR2 proteins was markedly increased fol-
lowing transfection with the respective c¢DNA plasmid
(Fig. 5A, right panel). C2Cl2 transfection with plasmids
expressing siRNA for Car3 or Car2 resulted in decreased
expression of the respective proteins (Fig. 5A, left panel).
Overexpression of CAR3 in C2CI2 cells inhibited CHRN
endocytosis, whereas siRNA-mediated CAR3 knockdown pro-
moted it (Fig. 5B), further confirming the central role of
CAR3 in regulating the endocytosis of CHRN. Overexpression
of CAR3 also attenuated CHRN degradation, whereas CAR3
knockdown enhanced receptor degradation (Fig. 5C and D).
CAR3 is uniquely qualified for these roles, because neither
overexpression nor knockdown of CAR2, another isoform of
the CA family expressed in skeletal muscle cells, had an effect
on CHRN endocytosis (Fig. S3). These data support the
hypothesis that CAR3 has a specific role in regulation of
CHRN endocytosis over other CA isoforms. However, we
found no physical interaction between CAR3 and CHRN
(Fig. 5E), suggesting CAR3 renders its regulation of CHRN
endocytosis through indirect mechanisms. Taken together,
our results confirm that CAR3 is an important and specific
regulator of CHRN endocytosis, which may serve as a funda-
mental mechanism in the pathogenesis of myasthenia gravis.
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Figure 4. CAR3 specifically regulates CHRN endocytosis. (A) C2C12 cells treated with AP (2 rg/ml), TFMS (2 mM) or AZA (1 mM) for 6 h, were lysed and subject to SDS-
PAGE followed by immunoblot analysis using CAR3, CAR2 or ACTB antibodies. (B) C2C12 cells were treated with or without AP (2 «g/ml), TEMS (2 mM) or AZA (1 mM) for
6 h, followed by incubation with CHRN antibody (mAb210) at 4°C for 1 h, and then switched to 37°C for different times to induce CHRN endocytosis. After acidic washes,
the cells were fixed and analyzed with flow cytometry. (C) C2C12 cells treated without or with AZA (1 mM), AP (2 wg/ml), TEMS (2 mM) for 6 h, and then labeled with bio-
tin-CHRN antibody (mAb210). After further culture for 2 h, C2C12 cells were washed with acidic buffer, lysed and analyzed using SDS-PAGE and blotted with streptavidin-
HRP. (D) The band densitometry was quantified using ImageJ software. Shown is a representative image of three experiments (A and C), and the quantitative data are
presented as the mean == SEM of 3 experiments (B). “p < 0.05, between the MBCD group and the control group; *p < 0.05, between the AP group and the control group;

& < 0.05, between the TFMS group and the control group.

CAR3 suppress endocytosis by repressing
chaperone-assisted selective autophagy

Autophagy intersects with endocytosis at multiple steps and
shares various molecular players, so it is reasonable to hypothe-
size that autophagy regulates endocytosis of CHRN.> To deter-
mine if autophagy is altered in myasthenia gravis, we measured
the expression of autophagy regulators such as MAP1LC3A/B,
BECN1, ATG5 and SQSTM1/p62 in skeletal muscle. Using
immunoblot analysis, we observed significant changes in the
expression of MAPILC3A/B-II, but no visible changes in
BECNI, ATG5 or SQSTMI1 between control, EAMG, or
EAMG mice treated with AP (Fig. 6A). Staining of
MAPI1LC3A/B in skeletal muscle sections showed increased
puncta in EAMG mice, but only sporadic puncta in that of con-
trol and the EAMG-AP group (Fig. 6B), consistent with the
immunoblot data. Additionally, knockdown of ATG7, an
essential molecule for macroautophagy, in C2C12 cells using
siRNA compromised the endocytosis of surface CHRN and the
degradation of CHRN (Fig. 6C). Using immunoprecipitation,
we detected no interaction between CHRN and SQSTMI1 in

C2C12 cells (Fig. 7A). CAR3 immunoprecipitated with BAG3
(BCL2-associated athanogene 3; Fig. 7B), which regulates auto-
phagy.”* As a co-chaperone, BAG3 interacts with HSPAS8/
HSC70 (heat shock protein 8), and contributes to chaperone-
assisted selective autophagy (CASA).>® CASA is essential for
muscle maintainence.’® To explore whether CASA is invovled
in myasthenia gravis, we then detected the expression of
HSPAS8. Our data clearly demonstrated that the expression of
HSPAS8 was increased in muscle of myasthenic mice, whereas
AP reversed the increase (Fig. 6A), consistent with the develop-
ment of myasthenia gravis symptoms in our mouse model
(Fig. 1E). These findings highlight the importance of CASA in
the EAMG mouse model of myasthenia gravis. To investigate
whether CHRN interacts with proteins from the CASA com-
plex, such as BAG3 and HSPA8, we performed coimmunopre-
cipitation in C2C12 cells. The results show that CHRN
interacted with BAG3 and HSPAS8 (Fig. 7C). We also observed
that AP treatment inhibited, whereas TEMS treatment pro-
moted, the degradation of FLNC (Fig. S4), a substrate of
CASA-mediated degradation in muscle cells,’® supporting the
idea that CAR3 regulates CASA.
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Figure 5. CAR3 suppression leads to enhanced CHRN endocytosis. C2C12 cells were transiently transfected with the indicated plasmids or specific siRNA using Lipofect-
amine 3000. 48 h later, the cells were either lysed and subjected to SDS-PAGE and immunoblotted with CAR2 or CAR3 antibody (A); or incubated with CHRN antibody
(mAb210) at 4°C for 1 h, switched to 37°C for different times to induce CHRN endocytosis, subjected to acidic washes, then fixed and analyzed with flow cytometry (B);
or were lysed and subjected to SDS-PAGE and immunoblotted with CHRN antibody (C). (D) The band densitometry was quantified using ImageJ software. (E) C2C12 cells
were lysed and followed by immunoprecipitation with the indicated antibody, and then blotted with the specified antibodies. Data are mean & SEM of 3 independent
experiments, *p < 0.05, between the CAR3 group and the control group; *p < 0.05, between the siCar3 group and the siScram group.

Based on our observations, we reasoned that CAR3 inhibits
CASA in skeletal muscle. To determine if CASA is required
for CAR3 to regulate CHRN endocytosis, we measured the
expression of HSPAS8 in C2Cl12 cells treated with or without
TEMS, a specific CAR3 inhibitor. TFMS treatment increased
the expression of HSPA8, and CAR3 knockdown maintained
high expression of HSPA8 even in the absence of TFMS
(based on the quantification of the amount of HSPAS to that
of ACTB; Fig. 7D). In addition, TEMS treatment promoted
endocytosis of CHRN, and knockdown of CAR3 had a similar
effect (Fig. 7E). To gain further insight into whether regula-
tion of CHRN endocytosis is dependent on BAG3, we took
advantage of specific siRNA (siBag3) to knock down BAG3 in
C2C12 cells (Fig. 7F). Knockdown of BAG3 largely obviated
the effect of TFMS, whereas knockdown of BAG3 without
TFMS treatment led to increased CHRN endocytosis
(Fig. 7G), suggesting the essential role of CASA in CAR3-
mediated regulation of CHRN endocytosis. Taken together,
our results demonstrate that CAR3 suppresses endocytosis of
CHRN by restraining CASA.

CAR3 regulates endocytosis of CHRN through ER stress

Endoplasmic reticulum (ER) stress is associated with myasthe-
nia gravis because expression of the ER chaperone HSPA5/
GRP78 is increased in skeletal muscle from patients with the
disease.”” We found that expression of the ER sensor ATF6 was
increased in skeletal muscle from EAMG mice, and AP admin-
istration lowered its expression (Fig. 8A and B). These results
suggest a potential role of ER stress in the pathogenesis of

myasthenia gravis. Our previous study demonstrated that ER
stress promotes CHRN degradation through accelerating endo-
cytosis in muscle cells,”® so we investigated whether CAR3 reg-
ulates ER stress in C2C12 cells. Overexpression of CAR3
largely reversed the tunicamycin-induced endocytosis of
CHRN in C2C12 cells (Fig. 8C). In addition, reduction of ER
stress by treatment with 4-phenylbutyric acid (PBA), a chemi-
cal ER chaperone, diminished CHRN internalization in C2C12
cells with CAR3 knockdown (Fig. 8D). To determine whether
CASA regulates ER stress, we treated C2C12 cells with TEMS.
TEMS promoted ER stress, whereas BAG3 knockdown largely
obliterated this effect (Fig. 8E). Therefore, our results indicate
that CAR3 activity reduces endocytosis of CHRN through sup-
pressing chaperone-assisted selective autophagy combined with
dampening, at least partially, ER stress in skeletal muscle cells.

Discussion

In previous studies, we used 2-D gel electrophoresis com-
bined with matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry to identify a 25-kDa protein
specifically insufficient in muscles from myasthenia gravis
patients,”** which was identified as CA3."* Several other
isoforms of carbonic anhydrase are also expressed in skele-
tal muscle, such as CA2, CA4, CA9 and CA14.*>** Muscle
contractile behaviors are usually normal when one specific
carbonic anhydrase isoform is deficient,"* suggesting the
redundancy of CA isoforms in these tissues. However, we
were the first to report that CA3 deficiency is associated
with myasthenia gravis.'*
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Figure 6. CAR3 suppresses endocytosis via a macroautophagy-mediated pathway. (A) Gastrocnemius from mice was homogenized in lysis buffer containing 1% NP-40,
subject to SDS-PAGE and immunoblot analysis with the indicated antibody. Densitometric quantification of the indicated proteins over ACTB using ImageJ (right panel).
(B) Gastrocnemius fixed, frozen sectioned, and permeabilized. After being blocked with 20% goat serum, the sections were incubated with anti-MAP1LC3A/B antibody
and the appropriate Alexa Fluor 488-conjugated secondary antibody. After washing with PBS, the sections were examined with a confocal microscope and images were
captured (left panel). Scale bar: 20 um. MAP1LC3A/B-positive puncta were counted, and at least 50 cells were quantified. Puncta per cell are shown as mean + SEM of 3
independent experiments (right panel). (C) C2C12 cells were transiently transfected with siScram or siAtg7 using Lipofectamine 3000. Forty-eight h later, the cells were
either lysed and subjected to SDS-PAGE and immunoblot analysis with CHRN antibody (total CHRN, CHRN-t), or labeled with biotin-CHRN antibody (mAb210) and after
2 h the cells were washed with acidic buffer, lysed and analyzed by SDS-PAGE and immunblot analysis with streptavidin-HRP for endocytosed CHRN (CHRN-e). “p < 0.05,
compared with the control group. Data are mean & SEM of 3 independent experiments.

In order to further understand how CA3 insufficiency con-
tributes to myasthenia gravis pathogenesis, we established an
EAMG mouse model using Torpedo californica chrn. We also
used the synthesized peptide «146.162 (LGIWT YDGTK VSISP
ES), corresponding to region 146-162 of Torpedo chrn, as an
antigen to establish the model. We found that injection of this
synthetic peptide displayed similar efficiency to using the native
Torpedo californica chrn, with more than 90% of the mice

showing elevated anti-CHRN autoantibodies and considerable
muscle weakness (Fig. S5). In contrast to that in human
patients, we detected no considerable decrease for CAR3
expression in skeletal muscles from EAMG mice, putatively
due to the short period of pathogenesis in this animal model.
Because the activation profile of CA3 is distinct from all other
CA isoforms investigated so far, only a few activators for CA3
have been identified, including 1-(2-aminoethyl) piperazine
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Figure 7. CAR3 suppresses endocytosis by repressing chaperone-assisted selective autophagy. (A) C2C12 cells were lysed, immunoprecipitated with the indicated anti-
body, then blotted with the specified antibodies. (B and C) C2C12 cells were lysed, followed by immunoprecipitation with the indicated antibody, and then blotted with
the specified antibodies. (D) C2C12 cells were transiently transfected with specific siRNA using Lipofectamine 3000. Forty-eight h later, the cells were treated with TFMS
(2 mM) for 6 h. Cell lysates from these cells were separated by SDS-PAGE and analyzed by immunoblotting with the indicated antibodies. (E) C2C12 cells were transiently
transfected with specific SiRNA against Car3 using Lipofectamine 3000. Forty-eight h later, the cells with treated with TFMS (2 mM) for 6 h followed by incubation with
CHRN antibody (mAb210) at 4°C for 1 h, and then switched to 37°C for different times to induce CHRN endocytosis. After acidic washes, the cells were fixed and analyzed
with flow cytometry. (F) C2C12 cells were transiently transfected with siScram or siBag3 using Lipofectamine 3000. Forty-eight h later, the cells were lysed and subjected
to SDS-PAGE and analyzed by immunoblotting with anti-BAG3 antibody. (G) C2C12 cells were transiently transfected with specific siRNA (siBag3) using Lipofectamine
3000. Forty-eight h later, either control C2C12 cells or siBag3-transfected cells were treated with vehicle or TFMS (2 mM) for 6 h followed by incubation with CHRN anti-
body (mAb210) at 4°C for 1 h, and then switched to 37°C for different times to induce CHRN endocytosis. After acidic washes, the cells were fixed and analyzed with flow
cytometry. All immunoblotting and immunoprecipitation studies were performed 3 times. *p < 0.05, compared with the control group. Data are mean =+ SEM of 3 inde-

pendent experiments.

(AP), serotonin, and morpholine.12 Among these, AP can effi-
ciently activate CA3 with a K, of 0.32 uM, while inducing
much less activation of other CA isoforms.”® Administration of
AP attenuated the development of myasthenia gravis-like
symptoms, whereas administration of a CAR3 antagonist
(TEMS) exacerbated such symptoms. A loss of CHRN is the
fundamental pathophysiology for myasthenia gravis."*
Accordingly, EAMG mice displayed increased CHRN degrada-
tion, and AP treatment reversed this loss of receptor. These
finding support a central role of CAR3 in the pathogenesis of
myasthenia gravis.

Among the patients with generalized myasthenia gravis, 80-
90% of them are CHRN antibody positive; patients negative for
anti- CHRN antibodies have serum autoantibodies against
MUSK (approx. 40% in CHRN-negative patients), and others
possess autoantibodies against other skeletal muscle antigens
such as LRP4 and RYRI (ryanodine receptor 1).>*** Obvi-
ously, autoantibodies are central to the pathogenesis of myas-
thenia gravis. Anti- CHRN antibodies, the most common in
patients with the disease, contribute to myasthenia gravis
through diverse mechanisms, including blockade of CHRN sig-
naling, complement activation and accelerated CHRN degrada-
tion through endocytosis.”” Usually, blockade of CHRN

signaling and complement activation induced by antibody are
regulated extracellularly, whereas CHRN endocytosis and deg-
radation can be regulated both extra- and intracellularly. As
CAR3 is a cytoplasmic molecule, we reason that CAR3 works
through regulation of CHRN endocytosis.

Endocytosis of membrane proteins leads to either a recycling
or degradation of products. For postsynaptic CHRN in mouse
skeletal muscle cells, we found that CHRN is internalized
through a clathrin-independent, lipid raft-dependent pathway
that results in degradation, consistent with previous work.*
However, other investigators report that endocytosis of CHRN
is through a clathrin-dependent pathway in Xenopus muscle
cells.” It is not clear whether the CHRN endocytosis pathway
is species specific, but the significance underlying such differen-
ces might be of interest. Further understanding these endocytic
pathways will shed more light on CHRN regulation and on the
pathogenesis of myasthenia gravis. The present study reveals
that CAR3 activation suppresses CHRN endocytosis, whereas
AZA treatment or CAR3 overexpression had similar effects.
These results emphasize the essential role of proper regulation
of CHRN endocytosis and subsequent degradation in maintain-
ing motor endplate function. CAR3 appears to play a specific
role in these processes because overexpression or knockdown
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Figure 8. CAR3 regulates endocytosis of CHRN through ER stress. (A) Gastrocnemius from mice was homogenized in lysis buffer containing 1% NP-40, subject to
SDS-PAGE and immunoblot analysis with the indicated antibody. (B) Densitometric quantification of the indicated proteins over ACTB was performed using
Imagel. (C) C2C12 cells were transiently transfected with the indicated plasmids using Lipofectamine 3000. Forty-eight h later, the cells were treated with tuni-
camycin (TM; 2 M) for 12 h, followed by incubation with CHRN antibody (mAb210) at 4°C for 1 h, and then switched to 37°C for different times to induce
CHRN endocytosis. After acidic washes, the cells were fixed and analyzed with flow cytometry. “p < 0.05, between the TM group and the control group;
*p < 0.05, between the TM group and the Car3-TM group. (D) C2C12 cells were transiently transfected with the indicated specific siRNA using Lipofectamine
3000. Forty-eight h later, the cells with treated with PBA (2 uM) for 12 h followed by incubation with CHRN antibody (mAb210) at 4°C for 1 h, and then
switched to 37°C for different times to induce CHRN endocytosis. After acidic washes, the cells were fixed and analyzed with flow cytometry. *p < 0.05,
between siCar3 group and control group; *p < 0.05, between siCar3 group and siCar3-PBA group. (E) C2C12 cells were transiently transfected with siScramble
or specific siRNA (siBag3) using Lipofectamine 3000. Forty-eight h later, the cells with treated with TFMS (2 mM) for 6 h followed by SDS-PAGE and immuno-

blot analysis with the indicated antibody. Data are mean & SEM of 3 independent experiments (B, C, and D).

of another isoform of CAR expressed in skeletal muscle,
CAR2,* lacks such effect.

Our study further reveals that CAR3-mediated regulation of
CASA is a novel mechanism for CHRN endocytosis. Although
autophagy has not been reported to contribute to the pathogen-
esis of myasthenia gravis, CASA has been shown to be essential
for muscle maintenance,>® whereas dysfunction of macroau-
tophagy leads to severe reduction in muscle strength, degenera-
tion of muscle fiber, and metabolic disorders.* In fact, a recent
study showed that selective autophagy regulates CHRN turn-
over in a model of fasting-induced wasting of skeletal muscle
through SQSTMI-involved ~degradation.” However, we
observed no considerable changes in expression of SQSTMI in
EAMG mice, and this differential regulation of CHRN degrada-
tion by autophagy reflects a subtle function of CHRN in differ-
ent diseases, an area worthy of future study. In the present
study, we found that CAR3 physically interacts with BAG3, a
co-chaperone of the HSPAS8 system, and inhibits CASA. We
observed an increase of HSPAS8 expression in skeletal muscle
from EAMG mice, and AP treatment attenuated this increase
(Fig. 6A). In addition, both BAG3 and HSPAS$ interact with

CHRN, suggesting that CASA may regulate CHRN endocytosis
(Fig. 7). All of these findings point to the likelihood that CASA
plays a role in the pathogenesis of myasthenia gravis. Increased
MAPILC3A/B expression by western blot, as well as the punc-
tate structures observed by confocal microscopy of skeletal
muscle from EAMG mice, support this assumption (Fig. 6A
and B). Further study is needed to reveal the underlying mecha-
nism of CASA in the pathogenesis of myasthenia gravis.

Autophagy may regulate CHRN endocytosis through inhib-
iting ER stress in skeletal muscle cells. ER stress affects various
biological processes, such as immune responses,*® and contrib-
utes to physiological and pathological events such as metabo-
lism,*  senescence, inflammation® and  neurological
disorders.> ER stress was increased in skeletal muscle from our
experimental autoimmune myasthenia gravis mouse model,
and treatment with the CAR3 agonist AP reversed the increase
in ER stress. Moreover, AP diminished ER stress-induced
endocytosis of CHRN, suggesting that the regulation of endocy-
tosis by CAR3 is at least partially through reduction of ER
stress. These findings unveil novel mechanisms of CAR3 in the
pathogenesis of myasthenia gravis (Fig. 9).
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Although no correlation has been confirmed between
plasma CHRN antibody concentration and disease severity,
changes in antibody concentration have been used to predict
disease severity in patients given immunosuppressive drugs.’
Functional activity of autoantibodies against CHRN is associ-
ated with the number of available receptors and is clinically rel-
evant in the pathogenesis of myasthenia gravis.”> In addition,
because CHRN is also involved in other muscular disorders,
such as congenital myasthenia syndromes and muscular atro-
phy,>**® further study of the regulation of CAR3 function in
skeletal muscle is needed to identify a suitable therapeutic strat-
egy for treating myasthenia gravis and other muscular
disorders.

In summary, our study illustrates that CAR3 activity pre-
vents CHRN endoycytosis via lipid rafts, a pathway typically
leading to degradation of the receptor, and promotes its
homeostasis in the cellular membrane. CAR3 deficiency allows
CHRN endocytosis and consequent degradation of the recep-
tor. Thus, insufficiency of CAR3 is pathogenic for myasthenia
gravis. This novel mechanism highlights the essential role of
CAR3 in regulation of CHRN endocytosis and may provide a
novel therapeutic approach for treatment of myasthenia gravis
and other neuromuscular disorders.

Materials and methods
Reagents and antibodies

Lysosome inhibitor E64d and proteasome inhibitor lactacystin
were purchased from Sigma (E8640, and L6785). 1-(2-aminoethyl)
piperazine (AP), trifluoromethanesulfonamide (TEMS), acetazol-
amide (AZA), 4-phenylbutyric acid (PBA), and methyl-8-cyclo-
dextrin (MBCD) were obtained from Sigma (A55029, 638455,
A6011, P21005, and C4555, respectively). CHRN antibody
(mAb210, against ol/a3/a5 subunits) and SQSTMI1 were
obtained from Abcam (ab24719 [no longer available] and
ab109012). Antibodies against CAR2 and CAR3 were purchased
from Santa Cruz Biotechnology (sc-133111, and sc-50715). Anti-
bodies for ACTB, MAP1LC3A/B, BECN1, ATG5, and ATG7 were
obtained from Cell Signaling Technology (3700S, 12741, 3738,

12994, and 8558, respectively). Antibody for FLNC was obtained
from Biorbyt (orb326498). HRP-conjugated anti-mouse and anti-
rabbit secondary antibodies were purchased from Jackson Immu-
noResearch (115-035-003, and 111-035-003). Biotinylation kit
and Alexa Fluor 488 labeling kit for CHRN antibody were
obtained from Thermo Fisher Scientific (90407, and A30006).
Streptavidin-HRP and Tunicamycin were purchased from Sigma
(18-152, and T7765). Dead Cell Apoptosis Kit with Annexin V
Alexa Fluor™ 488 & Propidium Iodide was obtained from Invi-
trogen (V13245).

Mice

Female C57BL/6 mice (6- to 8-wk-old) were purchased from
the Shanghai Laboratory Animal Center of the Chinese Acad-
emy of Sciences, and were kept under specific pathogen-free
conditions in the animal center of Shanghai Jiao Tong Univer-
sity School of Medicine (Shanghai, China). All mouse experi-
ments were approved by the Animal Welfare & Ethics
Committee of the Shanghai Jiao Tong University School of
Medicine. All efforts were made to minimize suffering.

Antigens and EAMG model

Torpedo californica chrn was provided by Dr. Baggi Fulvio
(Neurological Institute “Carlo Besta”, Milan, Italy).”® Peptide
146162 (LGIWT YDGTK VSISP ES), corresponding to region
146-162 of Torpedo chrn, was synthesized and conjugated with
poly-L-lysine by GL Biochem (Shanghai). The chrn (20 pxg) in
complete Freund’s adjuvant (Sigma, F5881) in a total of volume
of 200 pl per mouse was injected subcutaneously
(s.c.) into 2 hind foot-pads and the shoulders, and mice were
boosted 28 d later using the same protocol.”” In some experi-
ments, mice were immunized s.c. using the same protocol but
with 50 g of ay46_162 Synthesized peptide as antigen instead.
The mice were checked weekly for signs of muscle weakness,
and EAMG scores were assigned to each injected mouse based
on the following scale:*® grade 0, normal muscle strength and
no muscle weakness, even after exercise (20 to 30 consecutive
paw grips); grade 1, normal at rest but weak after exercise, with
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Figure 9. Schematic diagram of the mechanisms of CAR3 in maintaining homeostasis of CHRN. CAR3 interacts with BAG3 to inhibit chaperone-assisted selective auto-
phagy (CASA), which regulates endocytosis of CHRN through interaction between BAG3-HSPA8 and CHRN. CAR3 also reduces ER stress, preventing excessive degradation

of CHRN in muscle cells.



chin on the floor and inability to raise head, hunched back, and
reduced mobility; grade 2, weakness at rest; and grade 3, mori-
bund, dehydrated, and paralyzed.

Evaluation of EAMG using electromyography

Mice were anesthetized with sodium pentobarbital, fixed
and connected to electrodes of an electromyography
machine. A positive (stimulating) and a negative electrode
were inserted into the sciatic notch and abdominal wall,
respectively. A recoding electrode was inserted into the gas-
trocnemius muscle of the same leg. After stimulating the
sciatic nerve with a set of 8 3-Hz supramaximal stimuli, the
evoked muscle action responses were recorded using an
EMG machine (Haishen NDI-200P+, Shanghai). The repet-
itive stimulation was performed 3 times for each mouse to
determine the percentage of decrement. Responses to
repeated stimulation were evaluated by comparing the first
evoked response with the fourth one.

Paw grip endurance

Paw grip strength of mice was evaluated by paw grip endurance
(PaGE) weekly from 1 wk post immunization, as previously
described with modification. The mouse was placed on the
wire lid of a conventional housing cage, and was held approxi-
mately 50 cm over an open cage bottom. The mouse was
prompted to fasten its grip by gently shaking, and then the lid
was flipped upside down. The time was recorded until the
mouse had fallen off the grid with at least both hind limbs, for
an arbitrary maximum of 200 sec. Three attempts were allowed
for each mouse, and the longest duration was recorded for data
analysis.

Cell culture and transfection

The C2C12 cell line was purchased from American Type
Culture Collection (ATCC, CRL-1772™) and cultured as
described.®”® Briefly, C2C12 cells and HEK 293 cells were cul-
tured in DMEM medium supplemented with 10% fetal bovine
serum. The cells were transfected using Lipofectamine 2000 or
3000 (Invitrogen, 11668019 and L3000015).

Overexpression of CAR3 in C2C12 cells was performed with
lentivirus based on pLVX-IRES-zsGreen (Clontech Laborato-
ries, 632187) containing the Car3 sequence amplified from
mouse cDNA. siRNAs targeting Bag3, Car2, and Car3, and
scrambled siRNA were purchased from Life Technologies
(71816, 66069, and 60576), and knockdown assays were per-
formed as previously described.®!

Immunoblotting

Immunoblotting was performed as previously described.®”
Briefly, muscle was homogenized in lysis buffer (Thermo Scien-
tific, 78501) containing 1% NP-40 (Thermo Scientific Pierce,
28324) until no visible clumps were evident. Following brief
vortexing, the lysates were centrifuged for 20 min at 15,000 g,
and the supernatants were separated by SDS-PAGE and trans-
ferred to PVDF membranes. These membranes were blocked
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with 5% fat-free milk in phosphate-buffered saline (PBS, Gibco,
21600-044) with 0.1% Tween-20 (Sinopharm Chemicals,
30189328) and incubated with primary antibody followed by
the proper HRP-conjugated secondary antibody. After subse-
quent washes, the immunoreactive bands were detected with
ECL-Plus immunoblotting detection reagent (Amersham Phar-
macia Biotech, RPN2132). Image] software (National Institutes
of Health) was used to quantify band densitometry for immu-
noblot images.

RT-PCR

RT-PCR for Chrnal, Car2 and Car3 was performed using the
primer pairs as follows: Chrnal (forward: 5 atg gaa tcc aga tga
cta tg 3, reverse: 5’ tgg ctg geg gtg tec agg tg 3'); Car2 (forward:
5’ gat aaa gct geg tc aag ag 3/, reverse: 5’ agc ccc agt gaa agt gaa
ac 3'); Car3 (forward: 5 ata cgc tgc tga gct tca cc 3/, reverse: 5/
att ttg tcc agg gea tca ag 3'); Actb (forward: 5’ cat ggc att gtt acc
aac tg 3/, reverse: 5’ cac ggt tgg cct tag ggt tc 3'). Total RNA was
extracted from C2C12 cells using TRIzol® reagent (Invitrogen,
15596018), and the RNA was reverse transcribed using Super-
script II Reverse Transcriptase (Invitrogen, 18064014) and ran-
dom hexamer primers, followed by quantitative PCR using the
FastStart Universal SYBR Green Master Kit (Roche,
04913914001) and an ABI PRISM 7900HT system (Applied
Biosystems, Waltham, MA, USA). The reaction protocol used
was 95°C 5 min, 35 cycles with 95°C 15 sec, 60°C 60 sec, and
72°C 5 min. The gene of interest expression was normalized to
the reference gene, Actb, and was calculated with the QAACE
method.

Endocytosis assay

For flow cytometry-based endocytosis assays, we used an anti-
body-probed endocytosis protocol, as previously described.*”
Cells were detached, incubated with Alexa Fluor 488-conju-
gated CHRN antibody (mAb210) at 4°C for 1 h, and then
switched to 37°C for different periods of time to allow CHRN
internalization. After acidic washes (0.1 M glycine, 0.1 M NaCl,
pH 2.5) to remove uninternalized antibody, the cells were fixed
with 3% paraformaldehyde and subsequently analyzed using a
FACS Calibur flow cytometer (BD Bioscience, Mount View,
CA, USA). The percentage of internalization was calculated
using the formula [MFIt — MFL;,e0l/MFLgea X 100%.

We additionally utilized cell surface protein biotinylation
to monitor endocytosis, as previously described with modifi-
cation.”” Briefly, cells at approximately 70-80% confluence
were treated with Dbiotin-conjugated CHRN antibody
(mADb210) and were left 1 h at 4°C. Cells were then
switched to 37°C for different periods of time to allow
CHRN internalization. After acidic washes (0.1 M glycine,
0.1 M NaCl, pH 2.5) to remove uninternalized antibody,
cellular extracts were prepared with 200 ul of lysis buffer
(Thermo Scientific, 78501), and subjected to SDS-PAGE
and immunoblot analysis using CHRN antibody. For some
experiments, after internalization, cell lysate was directly
subjected to SDS-PAGE and immunoblot analysis using
CHRN antibody. We then quantitatively analyzed the band
densitometry using Image] software.
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ELISA for serum CHRN antibody analysis

Serum anti-CHRN antibodies were measured using an ELISA
kit obtained from Mybiosource (MBS726941) according to the
instructions of the manufacturer. After adding the stop solu-
tion, the intensity of end-reaction color was measured spectro-
photometrically at 450 nm in a microplate reader Biotek
Synergy 2 (Biotek, Winooski, VT, USA). Results were displayed
as absorbance at 450 nm (A,s).

Autophagy analyses

Autophagy was analyzed by immunoblotting as described
previously.® Briefly, muscle was homogenized in lysis
buffer containing 1% NP-40 until no visible clumps were
evident, or C2C12 cells were treated with or without
TFEMS (2 mM) for 6 h and cell lysates were prepared with
lysis buffer. Following brief vortexing and rotation, cell
lysates were separated by SDS-PAGE and immunoblotted
with anti-MAP1LC3A/B, BECN1, ATG5, or HSPAS8 anti-
body to monitor expression during the formation of
autophagosomes.

Immunofluorescence confocal microscopy

Gastrocnemius was removed from mouse and immediately
fixed in freshly prepared 3% paraformaldehyde in PBS
(Gibco, 21600-044). Muscles were embedded in OCT
(Sakura Finetek, 4583) and 10-um-thick frozen sections
were prepared using a Cryostat Microm (Thermo, HM525).
Sections were then permeabilized using 0.5% Triton X-100
(Sigma, X100) in PBS and blocked with 20% goat serum
(Gibco, 16210064) in PBS. anti-MAP1LC3A/B antibody
(Cell Signaling Technology, 12741) was incubated overnight
at 4°C, followed by washing and incubation with goat anti-
rabbit Alexa Fluor 488-IgG (Invitrogen, 31627) at room
temperature for 1 h. After washing with PBS, the sections
were mounted and confocal microscopy (TCS SP5, Leica
Microsystems) was used for examining the slides and cap-
turing the images.

Coimmunoprecipitation

Autophagy was analyzed by immunoblotting as described pre-
viously.®” Briefly, after cell lysis with lysis buffer (Thermo Sci-
entific, 78501), cell lysates were centrifuged for 20 min at
15,000 g, and the supernatants were incubated with the indi-
cated antibody coated protein G-Sepharose (Amersham
Biosciences, 17-0618-02) at 4°C overnight to form immuno-
complexes, extensively washed, and then subjected to
immnoblotting.

Statistical analysis

The 2-tailed Student ¢ test or one-way ANOVA with a Turkey
multiple comparison post hoc test were used for all statistical
analyses in this study. A p value less than 0.05 was considered
as statistically significant.

Abbreviations

AP 1-(2-aminoethyl) piperazine

AZA acetazolamide

BAG3  BCL2-associated athanogene 3

CA(R) carbonic anhydrase

CASA  chaperone-assisted selective autophagy
CHRN  cholinergic receptor nicotinic

CME  clathrin-mediated endocytosis

EAMG experimental autoimmune myasthenia gravis
HSPAS8 heat shock protein 8

LRP4  low density lipoprotein receptor-related protein 4
MBCD  methyl-beta-cyclodextrin

MFI mean fluorescence intensity

MUSK  muscle, skeletal, receptor tyrosine kinase
PBA 4-phenylbutyric acid

TMES  trifluoromethanesulfonamide
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