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Significance

In plants and yeast, transceptors 
are membrane-bound solute 
transporters that also serve as 
sensors to initiate cellular  
signaling responses. In mammals, 
ammonia generated during 
physiological functions is 
converted to urea in hepatocytes 
for urinary excretion. Dysregulated 
ammonia metabolism with 
hyperammonemia occurs in a 
number of chronic diseases with 
increased transport into the 
skeletal muscle. We show that 
Rhesus blood group-associated B 
glycoprotein (RhBG), a mammalian 
ammonia transporter, interacts 
with myeloid differentiation 
primary response-88 (MyD88) and 
activates the transcription factor 
NFkB in mouse/human muscle. 
Unlike canonical activation of 
MyD88 via toll-like receptors, 
ammonia transport-dependent 
signaling is initiated by RhBG 
which functions as a transceptor. 
Decoupling transport-signaling 
functions of transceptors during 
cellular stress in mammalian 
systems has therapeutic potential 
beyond hyperammonemia.
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Transceptors, solute transporters that facilitate intracellular entry of molecules and also 
initiate intracellular signaling events, have been primarily studied in lower-order spe-
cies. Ammonia, a cytotoxic endogenous metabolite, is converted to urea in hepatocytes 
for urinary excretion in mammals. During hyperammonemia, when hepatic metabo-
lism is impaired, nonureagenic ammonia disposal occurs primarily in skeletal muscle. 
Increased ammonia uptake in skeletal muscle is mediated by a membrane-bound, 12 
transmembrane domain solute transporter, Rhesus blood group-associated B glycopro-
tein (RhBG). We show that in addition to its transport function, RhBG interacts with 
myeloid differentiation primary response-88 (MyD88) to initiate an intracellular signal-
ing cascade that culminates in activation of NFκB. We also show that ammonia-induced 
MyD88 signaling is independent of the canonical toll-like receptor-initiated mechanism 
of MyD88-dependent NFκB activation. In silico, in  vitro, and in  situ experiments 
show that the conserved cytosolic J-domain of the RhBG protein interacts with the 
Toll-interleukin-1 receptor (TIR) domain of MyD88. In skeletal muscle from human 
patients, human-induced pluripotent stem cell-derived myotubes, and myobundles 
show an interaction of RhBG–MyD88 during hyperammonemia. Using comple-
mentary experimental and multiomics analyses in murine myotubes and mice with 
muscle-specific RhBG or MyD88 deletion, we show that the RhBG–MyD88 interaction 
is essential for the activation of NFkB but not ammonia transport. Our studies show a 
paradigm of substrate-dependent regulation of transceptor function with the potential 
for modulation of cellular responses in mammalian systems by decoupling transport 
and signaling functions of transceptors.

solute transporter | transceptor | hyperammonemia | skeletal muscle | NFkB

Ammonia is an endogenous nitrogen metabolite that is generated during cellular amino 
acid and purine catabolism and by the gut microbiome (1). Hepatocyte ureagenesis is the 
major mechanism of ammonia disposal during physiological states with skeletal muscle 
uptake playing a minor role (2, 3). In a number of chronic diseases with impaired ammonia 
disposal (4), the systemic consequences include encephalopathy and cerebral edema (5). 
Skeletal muscle ammonia uptake during hyperammonemia (3, 6, 7) is believed to protect 
against more severe clinical consequences in patients with low muscle mass (8). The major 
mechanism of ammonia disposal in the skeletal muscle is by cataplerosis (loss of tricar­
boxylic acid cycle intermediates) of α-ketoglutarate (9), which results in mitochondrial 
dysfunction and reduced ATP synthesis (10, 11). Low cellular ATP content initiates 
adaptive responses to reduce cellular energy utilizing reactions (12). Since mRNA trans­
lation, a critical component of protein synthesis, requires high energy (13), a number of 
regulatory mechanisms are initiated to decrease cellular energy utilization (14). An adaptive 
mechanism to lower cellular energy demand is activation of NFκB (12), which inhibits 
skeletal muscle protein synthesis by transcriptional up-regulation of myostatin during 
hyperammonemia (7). Activation of NFκB during hyperammonemia results in transcrip­
tional upregulation of myostatin, a transforming growth factor β superfamily member, 
that results in less protein synthesis and skeletal muscle loss (7, 15). However, the mech­
anism(s) by which ammonia activates NFκB is not currently known. Dissecting these 
mechanisms will potentially identify unique targets to protect the skeletal muscle while 
mitigating the systemic toxicity of ammonia.

During hyperammonemia, activation of inhibitor of κB (IκB) kinases (IKK) and nuclear 
translocation of NFκB have been reported (7), but the mechanism by which this pathway 
is activated is not known. Canonical activation by phosphorylation and nuclear transloca­
tion of NFκB occurs rapidly upon exposure to proinflammatory extracellular molecules 
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including pathogens and cytokines via toll like receptor (TLR) 
mediated downstream signaling pathways (16, 17). Of the various 
reported TLRs, expression and responses to TLR4 stimulation are 
most robust in skeletal muscle and myotubes (18, 19). We therefore 
evaluated whether the canonical TLR4-dependent mechanism is 
responsible for activation of NFκB during hyperammonemia. The 
signaling cascade downstream of TLRs includes myeloid differen­
tiation primary response-88 (MyD88), a signaling adaptor for the 
inflammation pathway that results in phosphorylation and nuclear 
translocation of NFκB (20, 21). Activation of NFκB during hyper­
ammonemia has been reported in multiple organs/cellular systems, 
including skeletal muscle and myotubes (7, 22). Whether the sig­
naling pathway upstream of NFκB during hyperammonemia is 
MyD88-dependent is not known. Downstream signaling from 
MyD88 involves interaction of the Toll-interleukin-1 receptor 
(TIR) domain with other TIR domain-containing receptors/acti­
vators, including TLRs (23). The N-terminal death domain (DD) 
on MyD88 associates with the interleukin-1 receptor associated 
kinase (IRAK) family members (24, 25). The Myddosome complex 
forms a scaffold for the Lysine (K) 63 polyubiquitination of tumor 
necrosis factor receptor associated factor-6 (TRAF6) kinase activa­
tion with phosphorylation of transforming growth factor-β-activated 
kinase-1 (TAK1). The consequent phosphorylation and activation 
of IKK results in phosphorylation and nuclear translocation of 
NFκB (23). Large molecules, including lipid A, are reported ligands 
for the activation of the TLR-MyD88 inflammatory cascade (26), 
but whether this pathway is activated by a small molecule like 
ammonia is not known. Identifying the mechanism of activation 
of the NFκB–myostatin axis during hyperammonemia has trans­
lational relevance because the functional consequences contribute 
to dysregulated proteostasis (4, 15).

A number of ammonia transporters have been described in 
different organisms (27–29). The Rh glycoprotein family of 
ammonia transport proteins are selectively expressed in tissues 
involved in ammonia metabolism in humans and non-human 
mammals (28, 30, 31), but it is not known whether these proteins 
have functions other than transport. Recently, membrane proteins 
that are regulated by the presence or absence of extracellular sub­
strates and have both solute transport and receptor-like signaling 
activities have been termed transceptors (27, 32–34). Transceptors 
described to date, including those in nonmammalian systems like 
yeast and plants (32, 35), have substrate-induced trafficking con­
trols with increased expression during substrate-depleted states 
and a rapid decrease in expression upon substrate availability (36, 
37). In yeast, the ammonia transporter Mep2, but not Mep1 or 
Mep3, functions as a transceptor (38). In mammalian tissues, it is 
not known whether Mep2 ortholog(s) function as mediators of 
ammonia-dependent downstream signaling responses. Transporters 
for ammonia in mammals include the regulated Rhesus blood 
group-associated B glycoprotein (RhBG) protein (31), a putative 
polytopic 12 transmembrane protein based on homology modeling 
from the related Rhesus blood group–associated glycoprotein 
(RhCG) ammonia transporter (39). RhCG is a constitutively 
expressed ammonia transporter in skeletal muscle (31), but it is not 
known whether RhCG functions as a transceptor. However, RhBG 
is transcriptionally up-regulated in skeletal muscle in the presence 
of high extracellular ammonia concentrations (31).

In the present studies, we show that the RhBG transmembrane 
protein serves as an ammonia transporter, and its conserved 
C-terminal region interacts with the cytosolic adapter protein, 
MyD88, to initiate the canonical activation of NFκB with subse­
quent transcriptional upregulation of myostatin. We also show that 
the interaction between RhBG and the TIR domain of MyD88 is 
required for signaling but not for ammonia transport. Complementary 

bioinformatics analyses of transcriptomics also showed that 
NFκB-dependent signaling is regulated by RhBG and MyD88. 
Thus, RhBG functions is a bifunctional molecule with ammonia 
transport and MyD88-dependent signaling functions during hyper­
ammonemia in mammalian cells. These data provide the basis for 
developing decoupled interventions that maintain ammonia trans­
port but inhibit adverse signaling responses thereby preventing cyto­
toxicity and tissue injury during hyperammonemia.

Results

Hyperammonemia Activates NFκB with Increased Expression of 
Myostatin Via the Canonical MyD88 Pathway. Hyperammonemia 
resulted in the phosphorylation and activation of NFκB and its 
transcriptional target, myostatin, with impaired mTORC1 signaling 
in skeletal muscle from patients with cirrhosis, human-induced 
pluripotent stem cell (hiPSC)-derived myotubes, and myobundles 
on bioengineered matrices (Fig. 1 A–E). These molecular responses 
are similar to those reported in hyperammonemic murine my­
otubes and rodent models (7, 40). Canonical activation of 
NFκB occurs via the MyD88–IRAK-dependent activation of the 
downstream kinase, TAK1 (23, 24). During hyperammonemia, 
phosphorylation of IRAK4 is increased, suggesting a MyD88-
dependent activation of NFκB (Fig. 1A).

During hyperammonemia, MyD88-dependent increased phos­
phorylation of p65-NFκB was noted in murine myotubes 
(Fig. 2A). In immunoprecipitation and immunoblot studies, the 
canonical pathway of activation of NFκB is initiated by binding 
of MyD88 to IRAK4 (Fig. 2B). The downstream pathway acti­
vation that includes binding of TRAF6 to IRAK4 and consequent 
K63 ubiquitination of TRAF6 was observed (Fig. 2 C and D). 
The K63 ubiquitinating modification of TRAF6 allows for scaf­
folding function and activation of downstream TAK1 (41). We 
noted TRAF6 was bound to TAK1 during hyperammonemia 
(Fig. 2E). Phosphorylation of TAK1 during hyperammonemia 
was identified by electrophoresis mobility shift as well as increased 
phosphorylation of serine and threonine in TAK1 immunopre­
cipitates in murine myotubes and skeletal muscle from the port­
acaval anastomosis rat (Fig. 2 F and G). These data show that 
canonical MyD88–mediated activation of NFκB is intact during 
hyperammonemia in skeletal muscle.

Canonical activation of MyD88 occurs via recruitment to ligand 
bound pathogen recognition TLRs, of which TLR4 is one of the 
most highly expressed (SI Appendix, Fig. S1) with robust signaling 
responses in skeletal muscle (18, 19). Expression of TLR (2, 4, 6) 
mRNA in murine myotubes did not change during hyperammone­
mia at 6 and 24 h of ammonia treatment (Fig. 3A). Genetic deple­
tion of TLR4 in murine myotubes inhibited both activation 
(nuclear translocation) of NFκB and degradation of IKBα with 
lipopolysaccharide but not with hyperammonemia (Fig. 3B). These 
data show that activation of NFκB is TLR4-independent during 
hyperammonemia while canonical responses to lipopolysaccharide 
were maintained. Activation of p65-NFKB occurred with MyD88 
knockout alone and did not change with hyperammonemia 
(Fig. 3C). Consistent with activation of NFκB, expression of IKBα 
was lower with hyperammonemia in wild type (WT) but not in 
myotubes with MyD88 knockout (Fig. 3D). Hyperammonemia 
increased activation of p65-NFκB and expression of its down­
stream target, myostatin, in WT but not in MyD88 knockout 
myotubes (Fig. 3E). These data show that hyperammonemia 
induces activation of NFκB and increased expression of myostatin, 
a transcriptional target of NFκB (7). These responses occur by 
sequential activation/binding of molecules in the canonical MyD88 
pathway by a TLR4-independent mechanism.

http://www.pnas.org/lookup/doi/10.1073/pnas.2314760121#supplementary-materials
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Regulated Ammonia Transporter Protein, RhBG, Interacts with 
MyD88 During Hyperammonemia. We then evaluated the mechanism 
by which the regulated ammonia transporter RhBG initiates the 

MyD88 signal transduction responses. Immunoprecipitation studies 
showed increased association of MyD88 with ammonia transporter, 
RhBG (Fig. 4A) and IRAK4, a mediator of downstream signaling 

Fig. 1.   Activation of NFκB–myostatin axis in a comprehensive array of hyperammonemic skeletal muscle models. Representative immunoblots and densitometries 
from specified models with/without hyperammonemia. (A) p-IRAK4, p-p65-NFκB, myostatin, and p-RPS6 in skeletal muscle of healthy and cirrhosis patients.  
(B) p-p65-NFκB, myostatin, and p-RPS6 in engineered or biomimetic human skeletal muscle culture system (“myobundle”). (C) p-p65NFκB, myostatin, and p-RPS6 
in 3D artificial skeletal muscle constructs derived from human immortalized myoblasts. (D and E) p-p65-NFκB, myostatin, and p-RPS6 in human iPSC-derived 
skeletal myotubes (female, male) at stated times of treatment with 10 mM ammonium acetate. All data mean ± SD from 10 biological replicates in human skeletal 
muscle and three biological replicates in myobundles and myotubes. *P < 0.05, **P < 0.01, ***P < 0.001. Student’s t test was used for all 2-group comparisons; 
ANOVA with uncorrected Fisher LSD multiple comparison test was used for all multiple-group comparisons. Representative loading controls (β-actin) are shown 
for p-NFkB/NFkB and myostatin in panel A; and p-RPS6/RPS6 for panel B; p-P65-NFkB and RPS6 for panel C; p-RPS6/myostatin for panel D; myostatin for panel 
E; and all lanes shown for each protein are from the same biological replicate.
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responses during hyperammonemia in murine myotubes (Fig. 4B). 
Blocking ammonia transport with methylammonium (Fig. 4B and 
SI Appendix, Fig. S2) prevents the MyD88–IRAK4 association. These 
data suggest that during hyperammonemia, MyD88 binds to RhBG 
and initiates downstream signaling responses with phosphorylation 
and activation of NFκB that is independent of TLR4.

RhBG is a 12-transmembrane protein of which the C-terminal 
contains a conserved 7/J-domain (42, 43). The TIR domain of 
MyD88 is responsible for interaction with TLRs, including TLR4, 
and a DD initiates downstream signaling responses (20, 21). To 
test the hypothesis of an RhBG–MyD88 interaction, we per­
formed in silico, in vitro, and in situ experiments. Initially, in silico 
docking studies were performed between the conserved 7/J-domain 
of RhBG and the death and TIR-domains of MyD88 to determine 
the mechanism of RhBG–MyD88 interaction (SI Appendix, 
Fig. S3 A–C). We observed that the Arg413, Asp418, Pro420, and 
Asp428 residues in the conserved 7/J-domain of RhBG can inter­
act with the Gln173, Glu177, Lys282, Trp284, Arg288, and 
Lys291 residues of MyD88 on the TIR domain (Fig. 4D). 
Validation studies using GST-tagged proteins for each of the cyto­
solic domains of RhBG incubated with lysates from differentiated 
murine myotubes and then probed for MyD88 showed that the 
strongest interaction was between the 7/J-domain of RhBG and 
the TIR domain of MyD88 (Fig. 4E). Studies using surface plasma 
resonance (SPR) showed an interaction between MyD88 and 
RhBG with a full-length C-terminal but not the RhBG construct 
with deletion of the 7/J-domain on the C-terminal. Nonspecific 
interaction with GST and MyD88 did not occur (Fig. 4F). These 

results confirm our hypothesis that the 7/J-domain of RhBG inter­
acts with the TIR-domain of MyD88.

Complementary studies using fixed and live-cell imaging per­
formed in WT murine C2C12 myotubes transfected with 
eGFP-tagged full-length RhBG and mCherry-tagged full-length 
MyD88 also showed greater interaction during hyperammonemia 
(Fig. 4 G and H and SI Appendix, Fig. S3D and Video S1). These 
complementary data show that the cytosolic, C-terminal 
7/J-domain on the ammonia transporter, RhBG, interacts with 
MyD88 during hyperammonemia.

Specific Sites on TIR Domain on MyD88 Mediate Signaling 
Responses During Hyperammonemia. Having established that an 
interaction between RhBG and MyD88 was required for signaling 
responses but not ammonia transport, we then determined the 
specific sites on MyD88 that mediate the signaling responses 
during hyperammonemia. We experimentally validated the inte­
raction between RhBG and specific sites on MyD88 (identified 
in silico) and subsequent downstream functional responses 
by expressing full-length and mutant MyD88 TIR domains 
in MyD88 knockout murine myotubes. Hyperammonemia-
induced increase in phosphorylation of p65-NFκB was not 
observed in MyD88 knockout myotubes (even though there is 
increased phosphorylation of p65-NFκB in untreated myotubes 
with MyD88 knockout) (Fig. 5A). Thus, when the interactions 
between MyD88–RhBG are disrupted through site-directed 
mutagenesis in MyD88, downstream signaling and activation 
of NFκB were not observed. Based on our molecular docking 

Fig. 2.   Intact MyD88–TAK1 (Myddosome) axis during hyperammonemia activates NFκB. Studies done in C2C12 murine myotubes treated without/with 
hyperammonemia or gastrocnemius muscle from hyperammonemic portocaval anastomosis (PCA) or sham-operated control male Sprague Dawley rats. (A) 
Representative immunoblots and densitometry of p-p65-NFκB with deletion of MyD88 in myotubes. (B) Representative immunoblots of IRAK4 in immunoprecipitates 
of MyD88 in myotubes. (C) Immunoprecipitate of TRAF6 probed for IRAK4 in myotubes. (D) Ubiquitination of lysine63 in immunoprecipitates of TRAF6 in myotubes. 
(E) Representative immunoblots of TRAF6 immunoprecipitates probed for TAK1 in myotubes. (F) Representative immunoblots of TAK1 gel shift in myotubes and 
gastrocnemius muscle. (G) Representative immunoblots of serine and threonine phosphorylation of TAK1 in myotubes. All data for the immunoblots that show 
mean ± SD (panel A) and gel shift experiments (panel F) are from at least 3 biological replicates. *P < 0.05. Immunoprecipitation experiments were done in n = 1. 
ANOVA with Fisher uncorrected LSD post hoc analysis was used for multiple group comparisons. For panels containing multiple immunoblots, representative 
blots shown are from the same biological replicate. Representative loading controls (β-actin) originate from the following blots: panel A. p-P65NFκB; panel G: 
p-Threonine. Myotubes were treated with 10 mM ammonium acetate for the stated times.

http://www.pnas.org/lookup/doi/10.1073/pnas.2314760121#supplementary-materials
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studies (Fig.  4D), we generated single (Lys282Ala, Trp284Ala, 
Trp286Ala, and Arg288Ala) and double (Trp284Ala + Arg288Ala 
and Trp286Ala + Arg288Ala) mutants of MyD88. Since in silico 
studies suggested that Gln173, Gln177, and Lys291 on the TIR 
domain of MyD88 interact with the terminal residues of the RhBG 

7/J-domain peptide (C- and N-terminal of the peptide), these 
sites were excluded from the mutagenesis experiment. Our data 
suggest that overexpression of the TIR domain in WT myotubes 
potentially competes with the FL-MyD88, due to its small size, 
and occupies the RhBG binding site. As a result, FL-MyD88 is 

Fig. 3.   Non-canonical activation of MyD88 during hyperammonemia. All studies done in untreated or 10 mM ammonium acetate (AmAc) treated (for the specified 
timepoints) hyperammonemic, differentiated, murine C2C12 myotubes. (A) Relative mRNA levels of TLR2, TLR4, and TLR6. in C2C12 myotubes. Representative 
immunoblots and densitometry (B–E). (B) p65-NFκB and IκB-α in nuclear and cytosolic fractions in TLR4 depleted myotubes. (C) p65-NFκB in the nuclear and 
cytosolic fraction in myotubes with or without MyD88 KO (knockout). TBP and β-tubulin are markers for nucleus and cytosol fractions respectively. (D). IκB-α 
in WT or MyD88 KO. (E) Relative mRNA expression of myostatin gene in WT and MyD88 KO. TATA binding protein (TBP) and β-tubulin were used to show 
the cellular fraction (nucleus/cytosol). All data for the immunoblots that show mean ± SD are from at least three biological replicates. *P < 0.05, **P < 0.01,  
***P < 0.001. ANOVA with Fisher uncorrected LSD post hoc analysis was used for multiple group comparisons. For panel D, lanes shown are from the same 
biological replicates. Representative loading control (β-actin) for panel D originates from the IκB-α blot.
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Fig. 4.   Molecular docking with experimental validation showed potential interactions between the conserved C-terminal peptide of RhBG and TIR domain on 
MyD88. (A) Representative immunoblots of MyD88 in immunoprecipitates of RhBG and immunoblots of RhBG in immunoprecipitates of MyD88 from myotubes 
during hyperammonemia. (B) Representative immunoblots of IRAK4 in immunoprecipitates of MyD88 in myotubes during hyperammonemia or untreated 
controls with/without methylammonium to block intracellular ammonia entry. (C) Snake plot of RhBG protein displaying transmembrane, extracellular, and 
intracellular regions with the C-terminal J-domain (blue oval) with the conserved region (vertical line adjacent to the descending limb). (D) Conserved C-terminal 
with LPFLDSPPR domain interacts with known conserved C-terminal of TIR domain of MyD88. (E) In vitro interaction of MyD88 with RhBG cytoplasmic domain. 
GST-RhBG cytoplasmic domains were purified with a glutathione–Sepharose column were bound to glutathione–Sepharose beads, Equal amount of C2C12 
myotubes crude lysate was added and pulled down was done with Glutathione–Sepharose beads followed by western with MyD88 antibody. (F) Schematic diagram 
of MyD88 and different construct of RhBG7 (left upper) and Coomassie blot of purified proteins (left down), SPR analysis of MyD88 and RhBG7, RhBGMut, and 
GST alone (n = 2). (G) Colocalization of eGFP-tagged RhBG with mCherry-tagged MyD88. Upper and lower brightness values as set by ImageJ for each channel 
and are as follows. Red: 31, 255. Green: 0,146. Blue: 0,255. These brightness values are uniform across images. White scale bar represents 1,000 μm. Boxed 
image refers to zoomed in representative region. (H) Colocalization by Pearson’s correlation. C2C12 cells were cotransfected with 1 μg of each plasmid. Cells 
were observed by confocal microscopy with and without ammonia. eGFP images with excitation at 488 nm and emission at 500 to 550 nm, mCherry images 
with excitation at 568 nm and emission at 580 to 700 nm and WGA for positive marker of membrane images with excitation at ~650 nm and emission at ∼668 
nm). All coimmunoprecipitation experiments done in n = 1 and live cell and confocal experiments were done in n = 3 biological replicates. ANOVA with Fisher 
uncorrected LSD post hoc analysis was used for multiple group comparisons.
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unable to bind with RhBG, preventing the activation of p-p65-
NFκB (Fig. 5B). Knockout of MyD88 and replenishment with 
the full-length MyD88-FL restore the NFκB activation response 
to hyperammonemia. However, when only the TIR domain is 
complemented, NFκB is not activated during hyperammonemia, 
suggesting that the full-length MyD88 is required for this process 
(Fig. 5C). Expression of constructs with mutation at each of the 
potential interaction sites showed that only Trp286Ala mutation 
failed to alter ammonia-induced activation of NFκB, while 
mutation of the other amino acid residues resulted in loss of 
ammonia-induced responses, suggesting that these residues (other 
than Trp286 of MyD88) are important for RhBG binding and 
downstream signaling. Our data show that several sites on the 
TIR domain potentially interact with RhBG and are required 
for mediating downstream signaling responses with activation of 
NFκB (Fig. 5A). Thus, the binding of RhBG to specific locations 

on MyD88 mediates ammonia-induced, TLR4-independent 
signaling responses.

We then determined whether the RhBG–MyD88 axis medi­
ates downstream signaling and functional responses during 
hyperammonemia.

Signaling and Functional Responses During Hyperammonemia 
Are Mediated by RhBG–MyD88 Axis. We showed that ammonia 
transport and downstream signaling responses are dependent on 
RhBG in murine myotubes and in mice with muscle-specific 
knockout of RhBG (RhBGmsd). Hyperammonemia-mediated 
increase in phosphorylation of p65-NFκB and myostatin expression, 
lower mTORC1 signaling, and protein synthesis were blocked by 
RhBG knockout in murine myotubes and gastrocnemius from 
mice with RhBGmsd (Fig. 6 A–D). Muscle responses were similar 
in male and female mice with RhBGmsd (SI Appendix, Fig. S4 A 

Fig. 5.   Deletion of MyD88 reverses ammonia-induced protein synthesis and NFkB activation. Representative immunoblots and densitometries from differentiated 
murine myotubes treated without/with 10 mM ammonium acetate (AmAc) for the specified times. Representative immunoblots and densitometry of phosphorylated 
p65-NFκB (A–C) in (A). WT myotubes and MyD88 knockout (KO) myotubes overexpressing full-length (FL)-MyD88 and MyD88 constructs with mutations of amino 
acids on the death-domain (interacts with RhBG on docking studies). Empty vector, those with double mutation (W284A+R288A and W286A+R288A), or single 
mutation on Toll/Interleukin-1 receptor domain of MyD88 (K282A, W284A, W286A, and R288A) were used in transfection studies. (B) Overexpression of empty 
vector or vector with MyD88–TIR domain in WT myotubes. (C) WT MyD88 KO myotubes expressing empty vector, full-length MyD88 (FL-MyD88), or TIR-domain of 
MyD88 (TIR-MyD88). All data mean ± SD from three biological replicates for in vitro. ANOVA with Fisher uncorrected LSD post hoc analysis was used for multiple 
group comparisons. For panels containing multiple immunoblots, representative blots shown are from the same biological replicate. Representative loading 
control (β-actin) for panels A–C are derived from p-p65-NFκB/p65-NFκB.

http://www.pnas.org/lookup/doi/10.1073/pnas.2314760121#supplementary-materials
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Fig. 6.   Hyperammonemia activated NFκB by an RhBG-dependent mechanism. Representative immunoblots and densitometries from differentiated murine 
myotubes or gastrocnemius muscle from mice with/without hyperammonemia. (A) Phosphorylation of p65-NFκB and myostatin expression in myotubes without/
with RhBG knockout (KO). (B) Representative immunoblots and densitometry (for the indicated conditions) for puromycin incorporation in WT and RhBG KO 
C2C12 myotubes. (C) Representative immunoblots and densitometry of protein synthesis signaling (phosphorylated RPS6 kinase), phosphorylated p65-NFκB in 
gastrocnemius muscle of floxed (RhBGfl/fl), and muscle-specific deletion (RhBGmsd) of RhBG (n = 14). (D) Representative immunoblots and densitometry of muscle 
protein synthesis quantified by ex vivo puromycin incorporation in gastrocnemius muscle of RhBGfl/fl and RhBGmsd (n = 14). (E) Overexpression of HA-tagged 
RhBG full-length, RhBG J-domain deletion (JD) and FLD mutation in J-domain (JM) in RhBG KO cells restored hyperammonemia induced p65NFκB activation, 
increased myostatin expression in myotubes. All data mean ± SD from at least three biological replicates for in vitro studies. In vivo studies were done in 12 to 
14 wk old male and female C57BL/6 J mice with RhBGmsd and parental controls (RhBGfl/fl) with 2.5 mM/kg/d ammonium acetate for 28 d or vehicle (phosphate-
buffered saline, PBS) delivered by a miniosmotic pump. In vivo data shown in n = 7 mice of each sex per group. *P < 0.05, **P < 0.01, ***P < 0.001. ANOVA with 
Fisher uncorrected LSD post hoc analysis was used for multiple group comparisons. For panels containing multiple immunoblots, representative blots shown 
are from the same biological replicate. Representative loading controls (β-actin) originate from the following blots: Panel A. RhBG, Panel C. p-RPS6/RPS6, Panel 
E. RPS6. Ponceau-S staining was used as loading control for puromycin incorporation.
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and B). These studies were complemented by restoration of NFκB 
activation and downstream responses by overexpression of full 
length, but not domain 7/J-domain-deleted or mutated RhBG 
constructs (Fig. 6E), showing that the cytosolic C-terminal domain 
of RhBG is critical for signaling responses. Deletion of RhBG also 
lowered ammonia uptake in myotubes and muscle tissue (in both 
male and female mice) as measured by ammonia concentrations 
showing the dual function of this transporter (SI Appendix, Fig. S4 
C and D).

We then showed that MyD88 is critical for signaling responses, 
but not ammonia transport, during hyperammonemia in murine 
myotubes and skeletal muscle from mice with muscle-specific 
deletion of MyD88. The hyperammonemia-induced increase in 
phosphorylation of p65-NFκB in WT cells was not noted in 
myotubes lacking MyD88 (Fig. 7A). Interestingly, despite 
increased phosphorylation of p65-NFκB in myotubes lacking 
MyD88 and gastrocnemius skeletal muscle from mice (both male 
and female mice) with muscle-specific deletion of MyD88 
(MyD88msd), signaling and functional responses including myosta­
tin expression, mTORC1 signaling, and lower protein synthesis 
are not altered (Fig. 7 A and B and SI Appendix, Fig. S5 A and B). 
Ammonia transport, measured by ammonia concentrations, is not 
altered in myotubes lacking MyD88 or in muscle tissue from mice 
with MyD88msd (SI Appendix, Fig. S5 C and D), showing that 
RhBG-dependent signaling (but not ammonia transport) is 
MyD88-dependent. The physiological relevance of these obser­
vations was established in mice with MyD88msd (Fig. 7 C and D).

These data show that ammonia transport requires RhBG, but 
not MyD88, while intracellular signaling and functional conse­
quences require both RhBG and MyD88, as well as their interac­
tion. We then used multiomics approaches to determine regulatory 
responses mediated by RhBG and MyD88.

Multiomics Analyses Showed RhBG and MyD88-Dependent 
Responses. Our data show that the RhBG transceptor–MyD88 
adapter protein axis regulates activation of NFκB during 
hyperammonemia. We then identified shared and unique 
differentially expressed genes (DEGs) that are targets of NFκB in 
murine myotubes and gastrocnemius muscle from mice without/
with hyperammonemia (SI  Appendix, Fig.  S6A and Table  S1). 
There are 87 DEGs during hyperammonemia in myotubes, and 
highly enriched pathways included TNFα signaling and PI3K-Akt 
signaling, both of which are known to regulate skeletal muscle 
protein homeostasis (SI  Appendix, Fig.  S6 B and C). Of the 
reported skeletal muscle myokines that are believed to mediate 
the autocrine and endocrine systemic effects, 36 are NFκB target 
genes. Among the 36 NFκB targets, 12 are responsive to ammonia; 
furthermore, the protein synthesis regulatory pathway is enriched 
in these 12 molecules. (SI Appendix, Fig. S6C). Similar analyses in 
mouse muscle tissues also showed 31 DEGs that are NFκB targets, 
of which seven are myokines, with the potential for endocrine 
functions in organs beyond the skeletal muscle. Pathways that 
regulate protein homeostasis and cytokine signaling are enriched 
in these 31 molecules (SI Appendix, Fig. S6D). These data show 
the potential local and systemic effects of skeletal muscle NFκB 
activation by ammonia.

We then determined the DEGs that are regulated by RhBG and/
or MyD88 that are either dependent on or independent of hyper­
ammonemia. We used a previously described approach of horizontal 
integration across RNAseq datasets (44) in untreated and hyper­
ammonemic myotubes and gastrocnemius muscle tissue from male 
or female mice (muscle specific deletion or floxed) without or with 
hyperammonemia. Comparisons of the presence and direction of 
differential expression changes showed NFκB target genes that are 

dependent or independent of either RhBG, MyD88, and/or ammo­
nia (SI Appendix, Tables S2 and S3). We first compared DEGs in 
RhBG or MyD88 KO myotubes without or with hyperammone­
mia. Heatmaps showed significant differences in the DEGs in the 
NFκB signaling components in myotubes with knockout of RhBG 
or MyD88, compared to those in WT murine myotubes (Fig. 7E). 
We then determined the NFκB target DEGs that are RhBG- 
dependent but ammonia-independent (regulated by RhBG in the 
absence of hyperammonemia), those that are dependent on both 
RhBG and ammonia (regulated by RhBG during hyperammone­
mia) and finally, those that are responsive to hyperammonemia but 
are not dependent on RhBG (DEGs that are potentially regulated 
by the metabolic responses to ammonia transport or other regula­
tory mechanisms). STRING analyses for interactions between 
molecules for each of these groups showed known and currently 
unidentified molecular regulation between these target genes 
(SI Appendix, Fig. S7 A–C). Similar analyses were done for 
MyD88-regulated genes (SI Appendix, Fig. 8 A–C). More differ­
ences in components of NFκB signaling molecules were noted with 
MyD88 KO than in RhBG KO. Significant differences were noted 
in NFκB target DEGs in myotubes with MyD88 KO and RhBG 
KO that were not altered with hyperammonemia. Finally, we inte­
grated the responses to RhBG and MyD88 without or with hyper­
ammonemia to identify DEGs that were simultaneously regulated 
by RhBG and MyD88 and those that were regulated independently 
by these 2 genes in the UpSet plots (SI Appendix, Fig. S9). A smaller 
number of NFκB target DEGs were noted in gastrocnemius muscle 
from mice with sex differences in target gene regulation as noted 
in the UpSet plots. Concordant responses across myotubes and 
muscle tissue on STRING analyses (SI Appendix, Figs. S10 and 
S11) identified a number of currently unknown regulatory mole­
cules in the NFκB target gene pathway that lay the foundation for 
future studies on transceptor functions. Our untargeted data anal­
yses provide unique insights into membrane transporter–cytosolic 
protein interaction initiated signaling responses that may be inde­
pendent of the solute transport function.

Discussion

We show noncanonical initiation of cytosolic adapter protein 
MyD88 binding to ammonia transporter, RhBG, and consequent 
downstream signaling responses and functional consequences. 
Phosphorylation and activation of NFκB, increased myostatin 
expression, and decreased protein synthesis during hyperammone­
mia were observed in a comprehensive array of models including 
murine and hiPSC-derived myotubes and myobundles on bioma­
trices. Our approach of using multiple models including hiPSC-
derived myotubes and human myobundles shows the clinical 
translational relevance of our observations. Hyperammonemia 
initiates downstream signaling by interaction of the conserved 
cytosolic C-terminal domain of RhBG with the TIR domain on 
MyD88, with resultant increased phosphorylation of IRAK4, 
recruitment of TRAF6, and subsequent activation of NFκB. 
Activation of NFκB by the endogenous cytotoxin ammonia is 
dependent on RhBG, a member of the mammalian ammonia 
transporter family. Chemical blocking of ammonia transport or 
genetic depletion of RhBG prevents MyD88–IRAK4 binding. 
Complementary immunoprecipitation, SPR, and imaging meth­
ods show that the cytosolic, C-terminal J-domain on RhBG inter­
acts with MyD88 to initiate downstream signaling responses with 
activation of NFκB and its transcriptional targets during hyper­
ammonemia. Transport function is mediated by RhBG and was 
independent of MyD88-dependent signaling responses. These 
data show that regulated ammonia transporter, RhBG, has an 

http://www.pnas.org/lookup/doi/10.1073/pnas.2314760121#supplementary-materials
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Fig. 7.   Hyperammonemia causes RhBG–MyD88 axis–dependent signaling responses. Representative immunoblots and densitometries from differentiated 
murine myotubes or gastrocnemius muscle from mice with/without hyperammonemia. (A) p65-NFκB phosphorylation, myostatin, and mTORC1 signaling 
expression during hyperammonemia in MyD88 knockout (KO) by CRISPR-Cas9 in myotubes. (B) Puromycin incorporation in WT and MyD88 KO C2C12 myotubes 
that were untreated or treated with 10 mM ammonium acetate (AmAc). (C) mTORC1 signaling (phosphorylated-RPS6 kinase) and phosphorylated p65NFκB in 
gastrocnemius muscle of MyD88 floxed (MyD88fl/fl) and muscle specific deletion (MyD88msd) mice (n = 16). (D) Muscle protein synthesis quantified by ex vivo 
puromycin incorporation in gastrocnemius muscle of MyD88fl/fl and MyD88msd (n = 16). Studies done in male and female mice with MyD88msd and parental 
controls (MyD88fl/fl) treated with 28 d AmAc or vehicle (phosphate-buffered saline) delivered by a miniosmotic pump. (E) Targeted heat maps of p65NFκB signaling 
pathway differentially expressed genes (DEG) on transcriptomics from WT (n = 6) and RhBG KO (n = 3) or MyD88 KO (n = 3) myotubes. All data mean ± SD from 
3 biological replicates for in vitro. For DEG in myotubes, significance was set at an adjusted-P value < 0.05. All data mean ± SD from 3 biological replicates for 
in vitro data and n = 8 mice of each sex per group for animal studies *P < 0.05, **P < 0.01, ***P < 0.001. ANOVA with Fisher uncorrected LSD post hoc analysis 
was used for multiple group comparisons. For panels containing multiple immunoblots, representative blots shown are from the same biological replicate. 
Representative loading controls (β-actin) originate from the following blots: panel A. MSTN, RPS6, 4EBP; panel C. MyD88. Ponceau-S staining was used as loading 
control for puromycin incorporation.
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additional signaling function that may be responsible for the met­
abolic and functional perturbations during hyperammonemia in 
mammalian tissue/cells.

Skeletal muscle uptake of ammonia occurs during hyperam­
monemia and results in NFκB-mediated transcriptional upregula­
tion of myostatin, which impairs mTORC1 signaling and decreases 
protein synthesis (7, 11). Consistent with previous reports, in mul­
tiple models of skeletal muscle hyperammonemia including murine 
and hiPSC myotubes, skeletal muscle from mice, and human 
patients with cirrhosis (7, 45), we observed phosphorylation and 
activation of NFκB and increased expression of myostatin. Even 
though some quantitative differences were noted, the overall effect 
remained consistent across models. We also show that during hyper­
ammonemia, the classical pathway for phosphorylation and activa­
tion of NFκB occurs via sequential signaling from MyD88 to IKKβ. 
Initiation of MyD88-dependent downstream signaling during 
hyperammonemia requires the RhBG protein as evidenced by com­
plementary in vitro and in situ interaction studies in cellular systems 
as well as in skeletal muscle from mice with muscle-specific genetic 
depletion of RhBG or MyD88.

Interestingly, depletion of MyD88 in myotubes or skeletal mus­
cle results in increased phosphorylation of NFκB but does not affect 
expression of myostatin, a known transcriptional target of NFκB 
during hyperammonemia. These data are consistent with data from 
others that MyD88 deletion inhibits canonical pathways and pro­
motes noncanonical pathways of NFκB activation in myoblasts 
(46, 47). Our observations in myotubes and skeletal muscle from 
mice with muscle-specific MyD88 KO suggest that MyD88 poten­
tially inhibits the phosphorylation of NFκB in skeletal muscle in 
a context-specific manner. Whether such responses occur in other 
organs/cell types needs to be evaluated in future studies.

Multiomics analyses of RhBG and MyD88 deletion show a num­
ber of molecules in the NFκB signaling pathway and target genes 
are differentially expressed. As expected, MyD88 depletion alters 
NFκB targets. However, our data showing enrichment of proteins 
in the B cell receptor, TLR-dependent, and NFκB pathways are 
unique and lay the foundation for future studies on the mechanisms 
by which RhBG, a known solute transporter, can alter a number of 
downstream signaling responses that are dependent and independ­
ent of MyD88 and other adapter proteins (Lyn, BLNK).

We provide evidence that RhBG, a regulated ammonia trans­
porter, belongs to a group of increasingly recognized transceptors 
that have dual transport and signaling functions (32, 36, 48–53). 
We also show an RhBG-dependent noncanonical activation of the 
MyD88 signaling pathway that is independent of both TLR4 and 
ammonia transport function. Targeting the interaction between 
RhBG and MyD88, specifically interaction sites on these molecules, 
has the potential to decouple the transport function and adverse 
signaling and functional consequences during hyperammonemia. 
The potential to decouple the transport from the signaling function 
of transceptors shows the biological and translational relevance of 
our findings.

Our data in mammalian systems show that previously recognized 
solute transporters can also function by activation of transcription. 
Unlike the canonical ligand–receptor interaction that initiates tran­
scription, transceptors function during transport of their solutes. 
Decoupling transport from signaling responses is a potential strat­
egy to regulate solute-dependent cellular dysfunction.

Methods

All animal studies were approved by the Institutional Animal Care Use Committee 
(0000-1982) at the Cleveland Clinic. All human studies were approved by the 
Institutional Review Board (CCF IRB 08-546) at the Cleveland Clinic and con-
formed to the Declaration of Helsinki. A written informed consent was obtained 
from all subjects prior to the studies.

Details of the methods have been provided in Supplementary methods includ-
ing strategies for gene editing in murine myoblasts and tissue-specific deletion 
of RhBG and MyD88.

Data, Materials, and Software Availability. The high-throughput sequencing 
data (myotube and mouse RNAseq datasets with MyD88 and RhBG KO/msd) 
first published in the present study have been deposited to the NCBI Sequence 
Read Archives (SRA) SRA BioProject number PRJNA932336 are are accessible 
upon publication (54). Previously published mouse skeletal muscle RNAseq data 
can be accessed with SRA BioProject number PRJNA720399 (GEO: GSE171645) 
(55) and C2C12 myotubes can be accessed with NCBI SRA BioProject Accession: 
PRJNA495054 (56).
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