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myopathy in CKD (12). If there is truth to 
this model, one may not want to obliterate 
FGF23 but rather direct FGF23 back to its 
more physiologic actions, perhaps by restor-
ing Klotho levels.

Looking ahead
In sum, one should not view the study of 
Shalhoub and coworkers as a nihilistic 
“show stopper” in designing FGF23-related 
therapeutics in CKD. Instead, it should 
alert the field of the need to abandon the 
overly simplistic FGF23 toxicity model. 
Efforts should be directed toward defining 
the roles of FGF23 in physiology and CKD. 
What is actually driving up the FGF23 lev-
els in CKD? What are the optimal levels in 
various stages of CKD for its different roles? 
What are the ways to enhance endogenous 
on-target signaling as adaptive reactions 
and decrease the off-target effects? Instead 
of finding the singular magic bullet, per-
haps derangements of mineral metabolism 
need to be attacked at multiple loci. FGF23 
is likely both friend and foe in CKD, and 
much knowledge and wisdom needs to be 
secured before we can move toward thera-
peutic applications.

Acknowledgments
The author is supported by the NIH, the 
Simmons Family Foundation, the Charles 

Pharmacogenomics: mapping monogenic 
mutations to direct therapy

Palmer Taylor

Department of Pharmacology, Skaggs School of Pharmacy and Pharmaceutical Sciences, UCSD, La Jolla, California, USA.

The molecular mapping of mutations that underlie congenital disorders of 
monogenic origin can result in both a broader understanding of the molecu-
lar basis of the disorder and novel therapeutic insights. Indeed, genotyping 
patients and then replicating the behavior of the mutant gene products in well-
defined biochemical or electrophysiological systems will allow tailoring of 
therapy to be mutation- and protein sequence–dependent. In this issue of the 
JCI, Shen and colleagues describe such an approach that identified novel muta-
tions in the α subunit of the nicotinic receptor linked to myasthenia gravis.

In this issue of the JCI, Shen and colleagues 
detail the discovery of novel mutations 

linked to myasthenia gravis (1), a disease 
characterized by skeletal muscle weakness, 
typically originating at the neuromuscu-
lar junction. This investigation is one of 
a series from the Engel and Sine groups 
at the Mayo Clinic that are unraveling the 
genetic basis of the disease. Around 15% 
of myasthenia gravis disorders are not of 

the autoimmune type and are linked to 
mutations in genes encoding proteins in 
the neuromuscular junction. These can 
range from the enzymes, transporters, and 
docking proteins found presynaptically in 
the motor neuron that control synthesis 
and release of acetylcholine, to cholines-
terases of postsynaptic origin that catalyze 
the rapid hydrolysis of the released ace-
tylcholine neurotransmitter. Between the 
synthesis and release of acetylcholine and 
the destruction of the neurotransmitter 
lies the nicotinic receptor, which has the 
capacity to recognize acetylcholine and 
respond rapidly to neurotransmitter bind-
ing through channel gating. This initiates a 
depolarization and postsynaptic potential, 
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that the mutations affecting the nicotinic 
receptor may either influence biosynthesis 
and trafficking of the nascent protein or 
the gating kinetics of the functional recep-
tor in the synapse. Altered gating kinetics 
can be divided into fast- and slow-channel 
syndromes distinguished by the kinetic 
constants for channel opening and clos-
ing. An extensive array of mutations of 
low abundance have been found in the α, 
β, ε, and δ subunits of the human muscle 
receptor and have been mapped to distinct 
regions in the quaternary structure (4–6).

Deficiency of nicotinic receptor expres-
sion typically arises from mutations in the 
promoter region or open reading frame of 
the ε subunit. With diminished subunit 
expression or compensatory expression of 
the γ subunit, the margin of safety for neu-
romuscular transmission (which requires 
sufficient functional receptors to trigger end 
plate and action potentials) is compromised 
(5). Acetylcholinesterase inhibitors that pro-
long acetylcholine lifetimes in the synapse 
and likely promote its lateral diffusion and 
3,4-diaminopyridine, which enhances pre-
synaptic release, offer favorable therapeutic 
options for diminished expression.

In slow-channel syndromes, the asso-
ciation of acetylcholine with the receptor 
and/or the efficiency of channel opening is 
enhanced, giving rise to prolonged and often 
biphasic miniature end plate currents. The 
slow-channel syndrome is further compro-
mised by cholinesterase inhibitors, but allo-
steric agents that enter an open channel such 
as fluoxetine, quinine, or its isomer quini-
dine can ameliorate the condition (4–6).

In the fast-channel syndromes, affinity for 
acetylcholine is diminished and gating to 
the open channel is reduced, affording very 
short open channel lifetimes and enhanced 
rates of decay of miniature end plate cur-
rents. Patients respond well to 3,4-diamino-
pyrdine, which promotes the release of pre-
synaptic acetylcholine or to cholinesterase 
inhibitors, acting as described above (4–6).

Novel nicotinic receptor mutations
In the current study, Shen and colleagues 
describe two mutations in the α subunit of 
the nicotinic receptor in a patient who has 
had myasthenic syndrome since birth (1). 
These amino acid substitutions are G74C, 
in the main immunogenic region located 
apically in the extracellular domain, a 
region responsible for much of the autoim-
mune myasthenia; and V188M, located just 
N-terminal to the C-loop. The first muta-
tion appears to result in reduced expression 

romuscular phenotype, Engel and Sine have 
employed multiple approaches, including 
DNA sequencing and subjecting muscle 
biopsies to biochemical and electrophysio-
logical analysis, to categorize and annotate 
these congenital monogenic disorders.

Monogenic myasthenia gravis
A review of previously described disease- or 
disorder-linked mutations at the neuro-
muscular junction reveals a great variety of 
single-gene mutations, and Sine and Engel 
have systematically categorized them with 
respect to neuromuscular function. What 
emerged from this effort was the finding 

triggering an action potential that, in turn, 
initiates muscle contraction (2). The pen-
tameric nicotinic receptor in innervated 
muscle, composed of two copies of the α 
subunit and one copy each of the β, ε (γ), 
and δ subunits, is the locus of the majority 
of identified mutations in the neuromus-
cular junction giving rise to congenital 
myasthenia (3).

Engel and Sine have been masters in find-
ing and characterizing congenital muta-
tions in various genes by analyzing patients 
identified on the basis of unusual pat-
terns in their myasthenic phenotype (4–6). 
Hence, from initial referrals based on neu-

Figure 1
Space-filling structure of the muscle nicotinic acetylcholine receptor (m-nAChR). Shown is a 
representation of the muscle nAChR from the Torpedo sp. electric organ based on the electron 
microscopy reconstructions of Unwin (13). The pentameric structure in Torpedo and mammalian 
skeletal muscle consists of two copies of an α subunit, one β, one δ, and one γ or ε, depending 
on whether the muscle receptor is innervated. The portion between the two parallel dark gray 
sheets represents the transmembrane span. Acetylcholine binds cooperatively at the α-γ and 
α-δ subunit interfaces, as shown by the radial entry of the blue arrow, causing the channel gate, 
located in the transmembrane span, to open. Ion entry is shown by the gray arrow leading into 
a central vestibule of the channel surrounded by the five subunits. The structure is based on 
ref. 14 (Protein Data Bank [PDB] 2BG9). The insets show ribbon diagrams of portions of the α 
subunit where the two mutations, G74C and V188M, reside. Also shown in the lower inset in 
white, with red denoting oxygen and blue nitrogen, are the aromatic side chains Y190 and Y93 
and charged side chains D200 and K145, forming the proposed tetrad of interacting side chains 
involved in activation (1). The diagrams are based on a crystal structure of the α1 subunit from 
mouse complexed with the snake toxin α-bungarotoxin (ref. 15; PDB 2QC1). The toxin structure 
has been removed for clarity.
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of disorders have an underlying monogenic 
or polygenic basis. As the study by Shen et 
al. shows, drilling deep to identify the muta-
tion (in this case two mutations) in the gene 
and ascertaining their effects on structure 
and function of the gene product provide 
the pathway to diagnosis, therapy, and 
patient management in congenital myas-
thenic syndromes (1). Indeed this approach 
sets a paradigm for diagnosis and treatment 
of other monogenic congenital disorders.
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majority of patients have mutations in the 
gene encoding the ryanodine receptor of 
skeletal muscle (RYR1) or in a gene encod-
ing the associated calcium channel subunits 
(8). The mutations lead to a gain in func-
tion resulting in excessive calcium release, 
muscle ATP hydrolysis, and heat generation. 
This can be treated therapeutically with 
dantrolene, which, acting at the level of the 
sarcoplasmic reticulum, antagonizes this 
cascade of metabolic, heat-generating events.

New therapeutic avenues have become 
apparent for other monogenic disorders of 
greater frequency in human populations, 
such as cystic fibrosis, where we now have the 
prospect of using small molecules to serve as 
chaperones to enhance expression and facili-
tate trafficking of the mutant protein from 
the endoplasmic reticulum to its transmem-
brane location (9–13). Here again, individual 
mutations in the affected protein, the cystic 
fibrosis transmembrane conductance regu-
lator (CFTR), require identification before 
treatment, for it appears that CFTR poten-
tiators, by an as yet not fully understood 
mechanism, show selective efficacy in rec-
tifying trafficking or function of particular 
mutant CFTR proteins (9). For example, the 
lead candidate in the potentiator molecule 
class, VX-770, appears efficacious for only 
the G551D mutation in CFTR (9), which is 
present in less than 5% of the CF population 
(10). A congeneric compound shows wider 
application for treatment of patients harbor-
ing the common CFTR mutation F508del 
(11). This mutation is responsible for com-
promised transport function in several 
secretory tissues of cystic fibrosis patients 
(10). Hence, despite the fact the condition is 
monogenic, phenotype as well as responsive-
ness to therapy appear mutation dependent, 
a theme recapitulated in the current study of 
nicotinic receptor mutations. As illustrated 
in the Shen et al. study (1), when new muta-
tions are uncovered and successful therapy is 
mutation based, we can achieve an intimate 
understanding of the mechanisms of the 
functioning receptor and its expression.

Conclusions
Often pharmacogenomics is subdivided 
into the study of mutations affecting drug 
disposition through drug metabolism and 
transport (mutations that affect pharma-
cokinetics) and those that alter drug action 
at the target site (mutations affecting phar-
macodynamics). Another consideration in 
contemporary pharmacogenomics relates to 
whether the mutation(s) influencing thera-
peutic outcomes in treatment or prevention 

levels of the α subunit and assembled recep-
tor. As yet, it is unclear whether this could 
reflect a limitation in folding of the nascent 
protein, aberrant disulfide bond formation, 
trafficking of the protein, or perhaps a sub-
acute immune response affecting steady-
state expression levels.

The V188M mutation in the C-loop is 
largely responsible for the phenotype and 
appears to be functionally linked to two resi-
dues in the β strand — Tyr190 and Asp200 — 
that lead into the M1 transmembrane span 
(Figure 1). The V188M mutation is structur-
ally conservative, not altering charge, but 
instead enlarging side chain dimensions. 
The authors propose that inter-residue 
coupling in the C-loop among αV188M, 
αTyr190, and αAsp200, along with αLys145, 
forms an interacting tetrad. The tetrad medi-
ates a conformational change upon agonist 
binding that extends from the C-loop to the 
constriction point in the transmembrane 
channel (Figure 1). Channel opening rates 
and gating efficiency are reduced some 70- 
to 80-fold by this mutation (1).

The pharmacogenomics approach  
in monogenic disorders
Accordingly, we are left with the laborious, 
but attractive, prospect of molecular map-
ping of the mutations and replicating the 
behavior of the gene products in well-defined 
biochemical or electrophysiological systems. 
This will allow tailoring of therapy that might 
be mutation- and protein sequence–depen-
dent. Indeed, the experimental endeavor 
involves translation from patient phenotype, 
to muscle biopsy, and finally to molecular 
analysis in deconstructed systems. Improved 
function is achieved through enhanced pro-
tein expression via folding and trafficking or 
compensating for aberrant sub-millisecond 
channel opening and closing events resulting 
from the mutations.

There are several well-characterized mono-
genic mutations reflected in proteins that 
directly impact neuromuscular signaling, 
for which therapeutic progress has emerged 
only after a thorough characterization of 
phenotype and genotype. These include 
butyrylcholinesterase deficiency, a disorder 
in which seemingly normal patients receiv-
ing succinylcholine during surgical proce-
dures develop apnea and require resuscita-
tion (7). The characterization the multiple 
polymorphisms of the single gene linked to 
this disorder opened the door to the field of 
pharmacogenomics. Similarly, in malignant 
hyperthermia, phenotype-genotype analy-
sis has led to the understanding that a vast 


