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The	two	modes	of	self-destruction	at	the	cellular	level	—	apoptosis	(self-
killing)	and	autophagy	(self-eating)	—	are	thought	to	be	tumor	suppressive.	
In	particular,	germline	loss	of	function	of	genes	involved	in	autophagy	
has	been	associated	with	tumorigenesis.	However,	recent	studies,	includ-
ing	the	one	by	Maclean	et	al.	reported	in	this	issue	of	the	JCI,	indicate	that	
autophagy	can	provide	a	means	for	cell	survival	when	nutrients	are	limit-
ing,	such	that	inhibition	of	autophagy	by	the	antimalarial	drug	chloro-
quine	can	inhibit	tumorigenesis,	specifically	Myc-induced	lymphoma	in	
mice	(see	the	related	article	beginning	on	page	79).	These	findings	suggest	
that	a	new	use	of	an	old	drug	for	cancer	prevention	may	profoundly	affect	
disease	outcome.

Burkitt lymphoma occurs endemically in 
Africa, sporadically elsewhere, and in asso-
ciation with HIV/AIDS worldwide. Endemic 
Burkitt  lymphoma,  a  high-proliferative-
index (high-growth-rate) B cell malignancy 
initially described in 1958 by Denis Burkitt, 
an Irish surgeon working in Uganda, has 
been  epidemiologically  associated  with 
the Epstein-Barr virus and Plasmodium fal-
ciparum malaria in Africa (1). These links 
suggest that Burkitt lymphoma is a polymi-
crobial B lymphocytic disease triggered by 
microbial-mediated immune stimulation 
and acquisition of spontaneous oncogenic 
mutations due to the ability of B cells to 
generate antibody diversity through DNA 
recombination. In this regard, chloroquine 
prophylaxis against malaria  in Tanzania, 
reported  in  1987,  was  associated  with  a 
reduction in the number of cases of Burkitt 
lymphoma (2). This lymphoma was one of 
the first human cancers for which disease 
pathogenesis was linked to the activation of 
an oncogene, in this case c-MYC (also known 
as MYC) (3). Although there were questions 
regarding the cause and effect of malaria 
prophylaxis and the associated reduction of 
lymphoma in Africa at that time, the report 
by Maclean and coworkers in this issue of the 
JCI demonstrates that chloroquine can pre-
vent Burkitt-like lymphoma in a transgenic 

mouse model (4). However, instead of chlo-
roquine being shown to modulate malaria, 
the current work of Maclean et al. and pre-
vious work from Thompson and coworkers 
demonstrate that the antilymphoma effects 
of chloroquine are mediated through sup-
pression of lysosome-mediated degradation 
of damaged proteins or organelles — a pro-
cess known as “autophagy” (4–6).

Oncogenic MYC drives metabolic 
needs
Normal cells, as compared with cancer cells, 
have checks and balances that diminish pro-
liferation and attenuate cellular metabolism 
when nutrients or oxygen are limiting (6, 7). 
In this regard, normal cells withdraw from 
the cell cycle and decrease oxidative phos-
phorylation when there is inadequate oxy-
gen (hypoxia) and nutrients (7, 8). Unlike 
normal cells, cancer cells have oncogenic 
mutations that drive cellular growth (cell 
size increase) and proliferation (Figure 1),  
even  in  the  face  of  limited  oxygen  and 
nutrients. These limitations are frequently 
found  in  the  tumor  microenvironment, 
which is characterized by inadequate and 
abnormal  neovasculature  (6).  Activation 
of the MYC oncogene, which encodes the 
MYC  transcription  factor,  results  in  cel-
lular growth through MYC activation of 
genes involved in ribosomal biogenesis and 
energy metabolism  (3, 9). Together with 
enforced expression of genes involved in cell 
cycle progression, MYC induces abnormal 
cell proliferation (Figure 1). The prolifera-
tive drive by Myc increases the transformed 
cell’s  energy  demand  such  that  nutrient 

limitation triggers p53- or ARF-dependent 
apoptosis (10). Tumor cells can escape this 
fate of death by either activating the path-
way of self-ingestion (autophagy) to garner 
sufficient energy to survive through a period 
of nutrient limitation or by eliminating p53 
or ARF via mutations (Figure 1) (6, 10).

Autophagy as a means for survival
Distinct from apoptosis, autophagy can 
be envisioned to be another mode of self-
destruction whereby the cell eats itself to 
death  (Figure  1)  (11,  12).  However,  the 
activation of autophagy following nutri-
ent deprivation or hypoxia suggests that 
autophagy  plays  a  homeostatic  role  in 
response  to  oxidative  stress  triggered 
by  these  same  conditions  (12).  Hence, 
autophagy degrades damaged organelles 
and recycles them as an alternative energy 
source  in  response  to  prolonged  meta-
bolic stress (13). When cells are deprived 
of nutrients in the presence of a trophic 
growth factor signal, apoptosis is activated 
unless the apoptotic machinery is disabled. 
For example, deletion of Bax and Bak, the 
pro-death  BH3-domain  mitochondrial 
membrane proteins, inhibits apoptosis in 
response to nutrient deprivation (6). The 
lack of extracellular nutrients forces the 
cell to derive its energy from internal sourc-
es through autophagy. Thus inhibition of 
autophagy results in cell death by provok-
ing bioenergetic failure that triggers necro-
sis, rather than preventing the cell from 
eating itself to death. It should be noted 
however, that there is only so much that a 
cell can consume of itself. Hence, autopha-
gy in the absence of apoptosis under nutri-
ent deprivation would ultimately culmi-
nate in the death of a cell.

There are various mechanisms that acti-
vate autophagy. In the context of a tumor 
cell, hypoxia and nutrient deprivation both 
increase ROS generation by the mitochon-
dria. In turn, ROS are known to increase 
levels of hypoxia-inducible factor 1 (HIF-1) 
by inactivating prolyl hydroxylases, which 
modify HIF-1α for proteasomal degradation 
(7). HIF-1, a dimer of HIF-1α and HIF-1β,  
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transactivates  BNIP3,  which  is  a  BH3-
domain mitochondrial protein known to 
induce autophagy through a mechanism 
that remains to be fully delineated (Figure 1) 
(8, 14). ROS also modifies autophagy-related 
protein 4 (ATG4), triggering autophagy and 
mitophagy (the autoingestion of damaged 
mitochondria) (Figure 1) (15, 16). Intriguing-
ly, other target genes of MYC and HIF have 
also been recently implicated in autophagy. 
HIF and MYC both activate GAPDH, whose 
role as a glycolytic enzyme and as a transcrip-
tional cofactor stimulates autophagy (Figure 
1) (17). Furthermore, MYC induction of the 
tumor  suppressor  p19ARF  produces  both 
the  full-length  ARF  and  a  smaller  mito-
chondrial isoform termed “smARF,” which 
induces autophagy (Figure 1) (18). Hence, in 
a hypoxic MYC-induced tumor cell, which 
has a high metabolic demand, autophagy 
is a strategy for sustaining the tumor cell’s 
energy needs such that  full  inhibition of 
autophagy is expected to induce cell death 
and diminish tumorigenesis.

When nutrients are available to cells, tar-
get of rapamycin (TOR), a key sensor of a 

cell’s nutrient status, phosphorylates and 
inhibits  the  autophagy-promoting  pro-
teins ATG1 and ATG13, thereby disabling 
autophagy (19). Under conditions of nutri-
ent deprivation, activated ATG1 and ATG13 
are dephosphorylated and form a complex 
that triggers the formation of autophago-
somes, which ultimately fuse with lysosomes 
to form autophagolysosomes for self-diges-
tion (Figure 1) (12). The products of diges-
tion  are  recycled  as  energy  and  building 
blocks for continued cell survival during a 
period of starvation. Maclean and coworkers 
have shown that chloroquine does not block 
the docking and fusion of autophagosomes 
with lysosomes as previously thought, but 
rather  inhibits  the  degradation  of  cargo 
delivered to the lysosome, thus effectively 
disabling this final step of the autophagy 
pathway (Figure 1). Indeed, Amaravadi and 
coworkers previously reported  in the  JCI 
that inhibition of autophagy by chloroquine 
increases therapy-induced cell death in a 
Myc-induced model of murine lymphoma 
(5). They also demonstrated a dependence 
on p53 in this model.

Use of an old drug for a new 
indication?
The report by Maclean and coworkers in this 
issue of the JCI provides evidence that chloro-
quine could be used for cancer chemopreven-
tion, at least in transgenic mouse models of 
lymphomas induced by Myc or Atm deficien-
cy (4). This team reasoned that since chloro-
quine activates the Atm-p53 stress-responsive 
pathway, it could induce cell death. Indeed 
chloroquine was found to induce cell death 
in a p53-dependent manner, but surpris-
ingly this effect was independent of Atm or 
Arf.  In this regard, chloroquine  inhibited 
lymphomagenesis  in mice with Atm-defi-
cient lymphomas, but it could not prevent 
lymphomas that arose in p53-deficient mice. 
Furthermore, the authors studied the trans-
genic pretumor Myc-overexpressing lympho-
cytes ex vivo and observed that chloroquine 
induced cell death by impairing autophagic 
lysosomal protein degradation that could 
not be rescued by Bcl-2 or Bcl-XL (Figure 1). 
These observations provide additional pre-
clinical evidence that chloroquine could be 
effective as a chemoprevention agent, partic-

Figure 1
Inhibition of autophagy by chloroquine blocks recycling of energy and MYC-mediated lymphomagenesis. Activated MYC induces lymphomagenesis 
(depicted as a cluster of cells with neovasculature) via activation of genes involved in cell cycle progression, which increases metabolic demand. 
This demand is in part met by the upregulation of MYC target genes involved in energy metabolism. MYC also induces p53, which triggers apoptosis 
in the setting of nutrient deprivation, unless the autophagy pathway can be activated to fulfill the energetic needs of the MYC-transformed cancer cell. 
MYC is depicted to activate a small mitochondrial isoform of ARF known as “smARF,” which translocates into mitochondria, triggering autophagy.  
Hypoxia is depicted to increase ROS, which in turn increase the levels of HIF-1. HIF-1 induces BNIP3 and, with MYC, can induce GAPDH. Both 
BNIP3 and GAPDH have been shown to regulate autophagy (14, 17). In addition, ROS modulate ATG4, permitting induction of autophagy via 
ATG8 (19). Autophagy occurs through assembly of cytoplasmic components within a membranous phagophore, which results in the formation of an 
autophagosome. A lysosome fuses with an autophagosome to form an autophagolysosome. In the report by Maclean and coworkers in this issue 
of the JCI, chloroquine is demonstrated to inhibit the final step in the autophagy pathway — the degradation/digestion of cargo within the autopha-
golysosome in order to provide recycled energy for the cell — thereby preventing MYC-mediated lymphomagenesis (4).
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ularly since the results of the study by Geser 
et al. suggest that malarial prophylaxis with 
chloroquine  diminished  the  incidence  of 
Burkitt lymphomas in Tanzania (2). In this 
regard, antioxidants, which have also been 
implicated in blocking autophagy, also pre-
vent tumor formation in transgenic mice and 
xenograft models (16, 20). With chloroquine, 
this antimicrobial agent was initially thought 
to diminish lymphomagenesis by inhibit-
ing malaria, but in fact its ability to inhibit 
autophagy  through  blocking  lysosomal-
mediated degradation as demonstrated by 
the current study by Maclean et al. appears 
to underpin its antitumorigenic activity in 
the clinical epidemiological setting (4). These 
instructive, insightful observations suggest 
that the use of chloroquine or its improved 
versions may prove to have a major impact 
in cancer prevention. It is notable, however, 
that the long-term effects of prolonged use of 
a potent autophagy inhibitor may have unex-
pected side effects, as our understanding of 
the homeostatic role of autophagy in normal 
tissues is rudimentary.
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Hypertensive encephalopathy and the  
blood-brain barrier: is δPKC a gatekeeper?
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Hypertensive	encephalopathy	is	a	life-threatening	condition	due	to	elevation	
of	cerebral	perfusion	pressure	beyond	the	limits	of	autoregulation.	Break-
down	of	the	blood-brain	barrier	(BBB)	leads	to	cerebral	edema	and	reduced	
blood	flow.	In	this	issue	of	the	JCI,	Mochly-Rosen	and	colleagues	demon-
strate	a	novel	molecular	strategy	for	preserving	the	BBB	in	a	model	of	hyper-
tension-induced	encephalopathy	(see	the	related	article	beginning	on	page	
173).	Using	a	rationally	designed	peptide	inhibitor	of	δPKC,	they	stabilized	
the	BBB	and	improved	mortality	in	hypertensive	rats.	This	study	highlights	
the	therapeutic	potential	of	δPKC	inhibitors	in	hypertensive	encephalopa-
thy	and	provides	incentive	to	elucidate	δPKC	signaling	pathways	that	medi-
ate	BBB	dysfunction	in	other	disease	states.

The blood-brain barrier
The blood-brain barrier (BBB) is a glio-
vascular  unit  composed  of  capillary 
endothelial cells and pericytes surround-
ed by basal  lamina, astrocytic end-feet, 
and perivascular interneurons (Figure 1A) 
(1). The tight junctions formed between 
endothelial cells act as a highly effective 

physical barrier to selectively permit the 
entry of required nutrients yet protect the 
central nervous system from pathogens 
and potentially harmful small molecules 
circulating in the blood. The tight junc-
tion consists of transmembrane proteins 
(claudin,  occludin,  and  junction  adhe-
sion  molecule)  and  cytoplasmic  acces-
sory proteins  (Figure 1B)  (2). Claudins 
form  dimers  and  bind  to  claudins  on 
adjacent  endothelial  cells  to  establish 
the primary gate of  the  tight  junction. 
The main functions of occludin appear 
to be to regulate the electrical resistance 
across the barrier and decrease paracel-
lular  permeability.  Several  accessory 
cytoplasmic proteins associate with these 
transmembrane  components.  Zonula 
occludens  proteins  (ZO-1,  ZO-2,  and 
ZO-3) serve as recognition proteins for 

Nonstandard	abbreviations	used: as-, analog sensi-
tive; BBB, blood-brain barrier; RACK, receptor for 
activated c-kinase; TAT, transactivator of transcription; 
ZO-1, zonula occludens 1.
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