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BRAF mutations in aggressive melanomas result in kinase activation. BRAF inhibitors reduce BRAF690E tumors, but
rapid resistance follows. In this issue of the JCI/, Ma and colleagues report that vemurafenib activates ER stress and
autophagy in BRAFVY690E melanoma cells, through sequestration of the ER chaperone GRP78 by the mutant BRAF and
subsequent PERK activation. In preclinical studies, treating vemurafenib-resistant melanoma with a combination of
vemurafenib and an autophagy inhibitor reduced tumor load. Further work is needed to establish clinical relevance of this
resistance mechanism and demonstrate efficacy of autophagy and kinase inhibitor combinations in melanoma treatment.
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BRAF mutations in aggressive melanomas result in kinase activation. BRAF
inhibitors reduce BRAFV'F tumors, but rapid resistance follows. In this
issue of the JCI, Ma and colleagues report that vemurafenib activates ER
stress and autophagy in BRAFV6%E melanoma cells, through sequestration
of the ER chaperone GRP78 by the mutant BRAF and subsequent PERK acti-
vation. In preclinical studies, treating vemurafenib-resistant melanoma with
a combination of vemurafenib and an autophagy inhibitor reduced tumor
load. Further work is needed to establish clinical relevance of this resistance
mechanism and demonstrate efficacy of autophagy and kinase inhibitor

combinations in melanoma treatment.

Protein kinases and cancer

Molecular analyses of human tumors
have highlighted the numerous muta-
tions in protein kinase genes that con-
tribute to the development of cancers.
For example, the gene encoding BRAF
kinase is mutated in more than 60% of
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melanomas, the most aggressive human
skin cancer. Indeed, a mutation that
results in a single amino acid substitu-
tion, V600E, accounts for 90% of identi-
fied BRAF mutations. It is worth noting
that this “oncogenic” BRAF (BRAFV600E)
is present in many melanocytic nevi,
which are benign neoplasias that can
persist for decades without transition-
ing to malignancy (1). The fact that
BRAFV60E_containing melanocytic nevi
are not intrinsically aggressive hints that
additional steps — such as acquisition of
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further mutations, metabolic reprogram-
ming (2), or alterations in other cellular
processes — are required for conversion
of the proliferative melanocytes into
full-fledged malignant melanomas. This
raises the exciting possibility that under-
standing some of the internal brakes on
malignancy will yield novel treatments for
melanoma that fails to respond to most
current anticancer therapies.
Cancer-promoting mutations frequent-
ly result in constitutive activation of
the mutant kinase, which has prompted
pharmaceutical companies to develop
kinase inhibitors to slow or reverse the
oncogenic process (3). However, the net-
works of signaling pathways that control
cell growth in normal and cancer cells
means that most kinase inhibitors are
cytostatic, causing cell cycle arrest rather
than cell death. Some kinase inhibitors,
however, show spectacular results in
eradicating tumor cells. For example, the
BCR-ABL tyrosine kinase inhibitor ima-
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The BRAF inhibitor vemurafenib activates ER stress. Vemurafenib promotes the association of BRAFV6%E with GRP78 in the ER in drug-sensitive
(A) and drug-resistant (B) melanoma cells. This association displaces GRP78 from PERK, resulting in robust autophosphorylation and kinase
activation. The ensuing PERK-mediated phosphorylation of elF2a initiates a transcriptional and translational cascade that is mediated by expres-
sion of the transcription factors ATF4 and CHOP. These nuclear factors either act alone or together to promote the expression of numerous pro-
apoptotic — and, paradoxically, also autophagic (11) — genes. Vemurafenib treatment also results in IRE1 activation and subsequent splicing of
the mRNA encoding X-box binding protein 1 (XBP1), a transcription factor that regulates ER-associated protein degradation in response to ER
stress. In drug-sensitive melanomas (A), apoptosis prevails, while in drug-resistant tumor cells (B), autophagy may override apoptosis. The factors
that shift the balance from apoptosis to autophagy in response to vemurafenib treatment remain unknown, but could include the expression of
cellular IAPs or expression of other antiapoptotic genes that contribute to tumor survival in the presence of the BRAF inhibitor. The present find-
ings of Ma et al. (8) suggest that autophagy inhibitors combined with vemurafenib may be an effective therapy for melanoma that would eliminate
both drug-sensitive and drug-resistant tumor cells.

tinib elicits greater than 80% response
in the chronic phase of chronic myeloid
leukemia (CML). Similarly, the BRAF
inhibitor vemurafenib shows dramatic
responses in melanoma patients har-
boring the BRAFV69E mutation (4). For
both imatinib and vemurafenib, drug
resistance emerges rapidly in nearly all
patients. Understanding how these drugs
instigate cell death and the molecular
basis underlying resistance should facili-
tate future development of improved
anticancer therapies.

Kinase inhibitors activate ER stress
and induce autophagy

The combination of an unfavorable
microenvironment, a poor nutrient sup-
ply, and the energy demands associated
with increased protein synthesis in rap-
idly proliferating cancer cells create ER
stress. In melanoma cells, ER stress is
reflected by elevated expression of the ER

974 The Journal of Clinical Investigation

luminal marker glucose-regulated protein
78 (GRP78; also known as BIP) (Figure 1
and ref. 5). Additionally, there is growing
awareness that many anticancer therapies
induce ER stress, which plays a key role in
triggering apoptosis, or programmed cell
death, in tumor cells. For instance, vemu-
rafenib has been shown to activate ER
stress signaling pathways in melanoma
cells, specifically those triggered by the
ER membrane-localized sensors PERK,
ATF6, and IRE1. In BRAFV69E melanoma
cells, knockdown of ATF4, an ER stress-
induced transcription factor acting in
the PERK pathway, markedly reduced
vemurafenib-associated cell death. Con-
versely, vemurafenib combined with
either thapsigargin or tunicamycin, both
of which are known inducers of ER stress,
enhanced apoptosis in vemurafenib-
resistant or -insensitive melanoma cells
(6). These results suggest that pharmaco-
logical enhancers of ER stress, particularly
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those that stimulate the PERK pathway,
may be useful adjuncts to vemurafenib
treatment and may overcome the rapidly
developing drug resistance seen in mela-
noma patients.

The transient activation of the PERK,
ATF6, and IRE1 ER stress-activated
pathways constitutes a normal homeo-
static mechanism present in all mam-
malian cells to cope with unfavorable
environmental conditions. In contrast,
persistent signaling via the PERK (and
IRE1) pathway promotes apoptosis,
eliminating damaged or dysfunctional
cells and preserving overall tissue func-
tion. The PERK pathway also stimulates
autophagy to salvage components of the
damaged cells that can be used to sustain
the remaining cells (Figure 1 and ref. 5).
In a cancer setting, autophagy frequently
overrides or overcomes ER stress-induced
cell death; therefore, therapy-induced ER
stress, which is frequently accompanied
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by enhanced autophagy, may contribute
to the development of drug resistance.
In CML cells, attenuating autophagy
in combination with imatinib therapy
enhances cell death and even eliminates
CML stem cells, which are often difficult
to eradicate with imatinib alone (7). In
this issue of the JCI, Ma et al. reveal that
autophagy is also elevated in melanoma
tumor samples from patients treated
with the BRAF inhibitors vemurafenib
and dabrafenib (8). Autophagy biomark-
ers were also increased in samples taken
after the emergence of drug resistance
compared with samples taken prior to
treatment. Furthermore, BRAF inhibi-
tor-induced autophagy was preceded
by ER stress in both drug-sensitive and
-resistant BRAFV60%E melanoma cell
lines. Importantly, autophagy inhibition
enhanced kinase inhibitor-induced cell
death both in culture and in a mouse
xenograft melanoma model. Together,
these findings raise new hopes that a sim-
ilar drug combination strategy may limit
drug resistance and improve the efficacy
of current treatment regimens for malig-
nant melanoma.

The work by Ma and colleagues (8) also
provides mechanistic insight into the
actions of BRAF inhibitors, suggesting
that they act upstream of PERK and pro-
mote PERK autophosphorylation, which
is canonically activated in response to
misfolded proteins in the ER. Misfolded
proteins displace GRP78, which suppress-
es PERK kinase activity by binding its ER
luminal domain. GRP78 displacement
promotes PERK dimerization and auto-
phosphorylation, increasing PERK activ-
ity, as evidenced by the enhanced phos-
phorylation of the eukaryotic initiation
factor eIF2a and the subsequent attenu-
ation of mRNA translation. Remarkably,
Ma and colleagues found that BRAF
inhibitors enhanced GRP78 binding to
BRAFV60E within the ER lumen, and this
interaction correlated with a reduction in
GRP78 binding to PERK (8). These data
suggest that in the presence of BRAF
inhibitors, BRAFV0F outcompetes PERK
for GRP78 binding, thereby explain-
ing the activation of PERK by these
drugs. The interaction between GRP78
and BRAFV6%%E js somewhat surprising,
because GRP78 is a well-recognized ER
luminal chaperone and possesses a C-ter-
minal KDEL ER retention sequence. How-
ever, some studies have suggested that
GRP78 can be translocated to the cytosol
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and plasma membrane in response to ER
stress (9). In contrast, BRAF is primarily
cytoplasmic, although one report sug-
gests that a small fraction of BRAF in
thyroid cancer cells may be associated
with mitochondria. To date, the ER local-
ization of BRAF — either WT or mutant
forms of the protein — has not been
reported. Substantially less BRAFV600E
bound to GRP78 in the absence of BRAF
inhibitors in the cytoplasm.

Conclusions and future directions

An interpretation of the work of Ma et al.
(8) might be that BRAF inhibitors pro-
mote the translocation of BRAFY6E to
ER, a major site of GRP78 in cells, thereby
enhancing the BRAF/GRP78 interac-
tion. A puzzling aspect is the apparent
finding that PERK was preferentially or
selectively activated after GRP78 bind-
ing to BRAF. The ER luminal domains of
the three ER stress sensors, PERK, ATF6,
and IRE1, are highly homologous, and all
three proteins bind GRP78; therefore, it
would be expected that the sequestration
of GRP78 by BRAFV6%E might activate all
three ER stress-signaling pathways. On
the other hand, earlier studies have shown
that GRP78, which is induced by ATF6, is
decreased in melanoma cells after vemu-
rafenib exposure (6). At this stage, not
only is it unclear how BRAF inhibitors
promote BRAF entry into the ER, but it
also remains to be determined how and
why the sequestration of GRP78 by BRAF
preferentially activates PERK. Another
complicating factor is the recent finding
that vemurafenib displaces BRAFV600E
from the HSP90/CDC37 chaperone/
cochaperone complex (10). The displaced
BRAFV60E js unstable and is degraded
by the proteasome, which suggests that
this kinase inhibitor achieves some of
its therapeutic effect by reducing cellu-
lar BRAFV60OE Jevels. Whereas these data
indicate that vemurafenib decreases both
GRP78 and BRAFV0E [evels in melanoma
cells, Ma and colleagues demonstrated
an enhanced association of GRP78 and
BRAFV60E in the presence of this BRAF
inhibitor (8). Thus, more work is clearly
needed to fully understand these dif-
fering effects of the BRAF inhibitor and
their impact on ER stress in vemurafenib-
treated cells.

In summary, recent studies highlight
the ability of anticancer therapies to
activate ER stress, which may be critical
for the induction of apoptosis in tumor
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cells; however, therapy-induced ER stress,
specifically that associated with PERK
activation, also promotes cancer cell sur-
vival via activation of autophagy (11).
Other studies suggest that the PERK
pathway also enhances the expression of
inhibitors of apoptosis (IAPs), which are
frequently elevated in melanoma cells
and may also contribute to cancer cell
survival or drug resistance. An emerging
strategy for a more effective anticancer
therapy is to combine kinase inhibitors
with autophagy inhibitors to achieve the
best clinical outcomes for CML and mel-
anoma. The inclusion of IAP-inhibiting
compounds to enhance apoptosis may
also help reduce the rapid resistance to
the frontline drugs. It will be exciting to
see just how this new strategy plays out
in the coming years and whether it offers
new hope for the eradication of the afore-
mentioned cancers.
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Centronuclear myopathy is a lethal muscle disease. The most severe form
of the disease, X-linked centronuclear myopathy, is due to mutations in
the gene encoding myotubularin (MTM1), while mutations in dynamin 2
(DNM2) and amphiphysin 2/BIN1 (AMPH2) cause milder forms of myopa-
thy. MTM1 is a lipid phosphatase, and mutations that disrupt this activity
cause severe muscle wasting. In this issue of the JCI, Cowling and colleagues
report on their finding of increased DNM2 levels in human and mouse
muscle with MTM1 mutations. Partial reduction of Dnm2 in mice harboring
Mtm1 mutations remarkably rescued muscle wasting and lethality, and this
effect was muscle specific. DNM2 regulates membrane trafficking through
vesicular scission, and it is presumed that reducing this activity accounts for
improved outcome in X-linked centronuclear myopathy.

Defective membranes in
centronuclear myopathies
Centronuclear myopathy (CNM) is an
inherited muscle-wasting disease with
onset in infancy or childhood. Muscle biop-
sies from CNM patients characteristically
show enlarged and centrally placed nuclei
throughout the muscle, and clinically,
CNM-associated mutations may result in
weakened respiratory musculature, lead-
ing to early death without supportive care.
Three main forms of CNM are attributable
to mutations in myotubularin (MTMI),
amphiphysin 2 (AMPH2), and dynamin 2
(DNM2), which all encode membrane-
associated proteins that potentially act in
muscle at the transverse tubules (T-tubules),
membrane invaginations specialized for
calcium handling (Figure 1 and ref. 1).
The most common and severe form of
CNM is X-linked CNM (XLCNM), referred
to as myotubular myopathy. XLCNM is
clinically evident at birth, with patients
presenting with hypotonia and respira-
tory compromise. Skeletal muscles biop-
sies from XLCNM patients show abnormal
T-tubules, including defective triads, struc-
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tures critical for excitation-contraction cou-
pling. XLCNM is the result of mutations
in MTM1, which encodes a ubiquitously
expressed phosphoinositide 3-phosphatase
that functions to dephosphorylate PI3P and
phosphatidylinositol-3,4-bisphosphate, two
phospholipids essential for membrane sort-
ing and signaling (2). MTM1 is required for
normal endocytosis, receptor degradation,
and early endosome maturation (1).

Mice harboring a deletion of Mtml
(Mtm1~> mice) recapitulate human disease
and display many characteristic XLCNM-
associated features, including muscle weak-
ness, centralized nuclei, and muscle atrophy
(3). Mtm1~Y mice exhibit muscle atrophy,
become weak at 3 to 4 weeks of age, and have
a greatly reduced life expectancy of only 6 to
12 weeks (3). The role of MTM1 in human
muscle has also been effectively modeled
in zebrafish using morpholinos to reduce
mtml expression (MTM MO) (4). MTM
MO fish, like XLCNM patients and MtmI17>
mice, develop weakness and muscle atro-
phy. MTM MO fish display accumulation of
PI3P, especially surrounding muscle nuclei,
and T-tubule defects. The phenotypes
observed in MTM MO fish provide further
support that MTM1 is critical for the nor-
mal biogenesis and maintenance of mem-
brane structures within muscle (4). Because
of its broad role as a lipid phosphatase, the
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indispensable targets of MTM1’s enzymatic
action are not fully known.

DNM2 is a ubiquitously expressed
GTPase that has been implicated in mul-
tiple cellular functions, including endocy-
tosis, membrane scission, and cytoskeletal
remodeling (5). Dynamins assemble as rings
around membrane tubules where they are
thought to actively “pinch oft” membranes
(5). Complete loss of Dnm2 results in embry-
onic lethality in mice (6). In humans, CNM
is caused by dominant DNM2 mutations (7),
and overexpression of a CNM-linked DNM2
mutation (R465W) in mouse muscle results
in myopathic features, including central-
ized nuclei, muscle atrophy, and deformed
T-tubules (8). Interestingly, overexpression
of normal DNM2 in mouse models also pro-
duces some of these same features, consis-
tent with the model that increased DNM2
activity contributes to CNM (8). Increased
DNM2 activity may lead to excessive mem-
brane scission and pruning, giving the
appearance of excessive membrane accumu-
lation around nuclei or at T-tubules.

Genetic reduction of DNM2 in a CNM
model

In this issue of the JCI, Cowling and col-
leagues described elevated protein lev-
els of DNM2 in Mtm1~7 animals and in
muscle biopsies from human XLCNM
patients (9). To target the increased levels
of DNM2 found in Mtm17 animals, mice
heterozygous for Dnm2 were crossed with
Mtm1~> mice. The in vivo reduction of Dnm2
corrected some histological abnormalities in
muscle, but dramatically extended life expec-
tancy from 6 to 12 weeks to beyond one year.
To demonstrate that this effect was muscle
intrinsic, Cowling and colleagues generated
MtmI~5 mice in which Dnm2 was specifically
reduced in skeletal muscle. Reduction of
Dnm2 in skeletal muscle alone after disease
onset was sufficient to reduce pathology and
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