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ATF4-amino acid circuits: a recipe for
resistance in melanoma

Mario R Fernandez & John L Cleveland

Lactate dehydrogenase A (LDHA) has
appropriately received attention as a ther-
apeutic target for the treatment of a
broad spectrum of tumor types, yet little
is known regarding intrinsic resistance to
LDHA inhibitors. Pathria et al (2018) now
establish that ATF4-dependent control of
enzymes that direct amino acid metabo-
lism confers resistance to LDHA inhibitors
in melanoma and identify chokepoints
that can be exploited to overcome meta-
bolic compensation, setting the stage for
trials with such combinations.
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ancer cells exhibit the “Warburg

Effect”, a metabolic state character-

ized by marked increases in glucose
consumption and amino acid transport, and
by high rates of glycolytic flux despite suffi-
cient oxygen, which together provide meta-
bolic intermediates needed to sustain the
anabolic, rapidly dividing cancer cell. This
results in the abundant production of lactate
via lactate dehydrogenase A (LDHA), which
directs the last step of glycolysis, by convert-
ing pyruvate to lactate and oxidizing NADH
to NAD'. LDHA expression is normally
restricted to skeletal muscle and is highly
expressed in many cancers, thus making it
an attractive therapeutic target (Fantin et al,
2006; Ward & Thompson, 2012). However,
LDHA inhibitors, or drugs that disrupt other
glycolytic enzymes or glucose or lactate
transporters, trigger compensatory shifts in
metabolism toward glutaminolysis and
increased oxidative phosphorylation
(OXPHOS), or to the induction of trans-
porters that compromise the efficacy of such

inhibitors (Doherty et al, 2014; Boudreau
et al, 2016; Martinez-Outschoorn et al,
2017). However, how these compensatory
metabolic shifts are controlled is largely
unknown and targeting these bypass mecha-
nisms is important if such agents are going
to show clinical benefit. Here, the rigorous
studies of Pathria et al (2018) and the signal-
ing savvy of the Ronai laboratory resolve this
mystery, that is at least for compensatory
responses manifest ex vivo in melanoma
cells following treatment with LDHA
inhibitors.

Using mostly BRAF mutant melanoma
cell lines, the authors used silencing and
LDHA-specific inhibitors to show that LDHA
activity is dispensable for proliferation and
anchorage-independent growth, yet is neces-
sary under hypoxia (which enforces a glyco-
lytic phenotype). As seen for other agents
that disrupt glycolysis (Doherty et al, 2014),
blocking LDHA disables flux through the
distal half of glycolysis, here likely due to
reductions in NAD™ levels produced by
LDHA that are necessary for GAPDH activ-
ity. This leads to a domino effect, where
increases in proximal glycolytic substrates
lead to reductions in hexokinase activity and
glucose uptake, and in a shift to OXPHOS.
Using tracing studies, the authors show that
OXPHOS induced upon LDHA inhibition is
supported by elevated uptake and utilization
of glutamine (Gln), and by, interestingly,
increased expression of SLC1AS, a Gln trans-
porter (Fig 1). In turn, elevated intracellular
levels of Gln augment exchange and import
of essential amino acids via SLC7AS and
these induce the nutrient sensing kinase
mTOR to support cell growth. Accordingly,
targeting SLC1AS5 disrupts GIn utilization
and dual inhibition of LDHA and SLC1AS

provokes apoptosis, underscoring the key
roles of the GIn shift in compensatory
responses.

As LDHA inhibition induces SLCIAS
mRNA levels, the authors deduced that a
transcription factor directs the compen-
satory response and expectations were this
was the metabolic regulator MYC, as
SLCIAS is a direct MYC transcription target
(Wise et al, 2008). While the authors
showed MYC contributes to basal levels of
SLCIAS expression in melanoma cells, they
clearly demonstrated that SLCIAS induction
following LDHA inhibition was MYC inde-
pendent. Here, Ronai and colleagues
deduced that LDHA inhibition would trigger
deficits in amino acids and activate the
GCN2-ATF4 stress circuit that induces
genes involved in amino acid transport
(Zhang et al, 2002; Kilberg et al, 2009).
Indeed, the authors showed GCN2-depen-
dent upregulation of ATF4 expression
precedes and was necessary for the induc-
tion of SLCIAS following LDHA inhibition,
and that dual inhibition of LDHA and
ATF4, or of LDHA and GCN2, abolished
transport of essential amino acids and
blocked melanoma cell growth.

Interestingly, Pathria et al (2018) estab-
lished that a second layer of compensation
also involves ATF4 control of amino acid
metabolism. Specifically, LDHA inhibition
was shown to lead to marked reductions in
(Ser) and aspartate
(Asp), and that Ser reductions were due to
depletion of the glycolytic substrate 3-phos-
phoglycerate, which is diverted to de novo
serine biosynthesis in cancer cells (Ye et al,
2012). Pathria et al (2018) reasoned that
bypass here was also orchestrated by ATF4
and showed that ATF4 induces genes

intracellular serine
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Figure 1. Compensatory ATF4-dependent amino acid metabolism confers resistance to LDHA inhibition.
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(A) Melanoma cells primarily rely on glycolysis to sustain the anabolic pathways crucial for proliferation. (B) LDHA inhibition leads to increased utilization and uptake (via
SLC1A5) of Gln that supports OXPHOS, and to reductions in Ser and Asp that induce the metabolic stress response directed by the serine/threonine kinase GCN2 and the
transcription factor ATF4. In turn, ATF4 induces its target genes that include metabolic enzymes and transporters that direct biosynthesis and transport (green arrows) of key

non-essential and essential amino acids.

involved in transport and synthesis of
serine, and those that catalyze production of
Asp, asparagine, and alanine (GPT2, ASNS,
SHMT1, and PSATI, Fig 1). ATF4 control is
in this case independent of Gln inputs, as
the expression of these enzymes is not
affected by knockdown of SLC1AS, and in
accord with key roles of these components
of the compensatory response, simultaneous
targeting of LDHA and ASNS, or of LDHA
and PHGDH, led to a superior anti-mela-
noma response. Intriguingly, reductions in
intracellular Ser and Asp following LDHA
inhibition precede ATF4 induction, and
supplementing media with excess Ser and
Asp blocks activation of the GCN2-ATF4
circuit following LDHA inhibition. Thus,
LDHA activity sustains amino acid home-
ostasis and dampens the GCN2-ATF4 circuit.
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To test the potential clinical relevance
of their findings, Pathria et al (2018)
chose to assess the effects of inhibiting
mTOR with rapamycin in conjunction with
inducible silencing of LDHA. While effi-
cient LDHA silencing had little effect on
tumor growth, dual LDHA/mTOR inhibi-
tion did lead to reductions in tumor
volume due to increases in apoptosis that
could reflect reduced adaptability to
hypoxia. Further, as expected, analysis of
the LDHA-silenced tumors demonstrated
elevated levels of ATF4, SLCIAS, and
mTOR activity, indicating this circuit is
operational in vivo, and this is also
suggested by analyses of
TCGA melanoma datasets, which estab-
lished an inverse correlation between the
expression of LDHA and mTOR.

the authors

Finally, and importantly, Pathria et al
present studies suggesting that ATF4 rewires
amino acid metabolism in melanoma
patients treated with MAPK inhibitors.
Specifically, treatment of BRAF mutant
melanomas with these agents ex vivo
impairs glycolysis, lactate production, and
LDHA expression and leads to increases in
Gln uptake. Further, RNAseq analysis of
melanoma specimens from patients treated
with BRAF inhibitors revealed upregulation
of ATF4, GPT2, ASNS, and PSATI, indicat-
ing that targeting ATF4 activation or Ser or
Asp biosynthesis may augment the thera-
peutic benefit of BRAF or MEK inhibitors.

The surging efforts of academia and the
pharmaceutical industry toward developing
drugs that disable tumor metabolism require
a detailed understanding of the potential
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hurdles that are inherent to such strategies.
In this regard, the studies of Pathria et al
provide a preclinical roadmap for how one
should interrogate the effects of such drugs
to identify metabolic chokepoints that can
be co-exploited to reap therapeutic benefit.
Having said this, there are several technical
hurdles that must be met. First, such studies
should carefully consider the type of media
used to test the efficacy of compounds
targeting metabolic pathways, particularly
since those used in the field fail to recapitu-
late the nutritional state of normal human
serum (Cantor et al, 2017), and efforts
should be made to move such studies into 3-
D platforms, preferably organoids. Second,
measuring global dynamic changes in meta-
bolism, in real time and in vivo, is currently
not feasible. Third, the compensatory meta-
bolic pathways identified ex vivo with any
model may be a far cry from those opera-
tional in the patient, and they fail to
consider dynamic changes manifest in the
tumor microenvironment, where for exam-
ple changes in levels of one or more amino
acids could profoundly affect the efficacy of
therapeutics designed to target a metabolic
enzyme. Finally, they fail to address effects
of such agents on nutrient competition with
other cells in the tumor milieu, and on
tumor vascularization and immune surveil-
lance, or for that matter the effects of the
metabolic state of the patient. Nonetheless,
the efforts of Pathria et al are excellent first
steps into understanding how to actualize
such metabolic targeting agents.
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