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Abstract

Autophagy contributes to cellular quality control and energetics through lysosomal breakdown and
recycling of essential cellular components. Chaperone-mediated autophagy (CMA) adds to these
autophagic functions the ability to timely and selectively degrade single tagged proteins to
terminate their cellular function and, in this way, participate in the regulation of multiple cellular
processes.

Many cancer cells upregulate CMA for pro-tumorigenic and pro-survival purposes. However,
growing evidence supports a physiological role for CMA against malignant transformation.
Understanding the mechanisms behind this functional switch of CMA from anti-oncogenic to pro-
oncogenic is fundamental for targeting CMA in cancer treatment. Here, we summarize the current
understanding of the CMA functions in cancer biology and discuss the basis for its context-
dependent dual role in oncogenesis.
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CMA: the “newbie” in cancer biology

Autophagy degrades intracellular proteins and organelles in lysosomes and was, for decades,
considered a non-selective process for cellular turnover [1]; however, nowadays, it is well-
accepted that autophagy selectively discriminates components to be degraded (cargo) from
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those that should be spared. Out of the three main types of autophagy co-existing in most
mammalian cells (Fig.1) [2], selective degradation was first described for chaperone-
mediated autophagy (CMA), the main focus of this review. Contrary to macroautophagy and
microautophagy, where cargo is sequestered in vesicles for lysosomal delivery [2], proteins
degraded via CMA, are recognized one-by-one by a cytosolic chaperone that brings them to
lysosomes [3]. Selective macroautophagy was demonstrated after the discovery of cargo
receptors and adaptors that bring the macroautophagy machinery to the material to be
degraded [4]. Selectivity adds regulatory capabilities to the known functions of autophagy in
cellular quality control and energetics.

Both, maintenance and regulatory function of macroautophagy have proven important in its
complex role in cancer biology. Macroautophagy inhibits or promotes cancer cell
proliferation and tumorigenesis in a context-dependent manner [5, 6]. Activation of
macroautophagy provides recycled essential components required to maintain anabolic
processes in many cancers. However, in others, degradation by macroautophagy is blocked
to favor anabolic over catabolic processes and thus sustain rapid cell division and
proliferation [5]. Activation of macroautophagy in many cancer cells when subjected to anti-
oncogenic interventions confers them resistance through mechanisms still under intensive
investigation [5, 6]. For example, recent studies have shown that cancer cells can avoid
activation of apoptosis in response to chemotherapy drugs by modulating cellular levels of
FOXO3a through macroautophagy degradation [7].

Only recently a possible relation of CMA with cancer biology has been considered. The first
report, 8 years ago, showing CMA dependence for growth and survival of many cancer cell
types [8], triggered the growing number of studies in support of this pro-oncogenic function
of CMA in cancer cells and set the basis for the recent interest in targeting CMA in cancer.
However, as for macroautophagy, additional consideration needs to be given before CMA
can be used as a therapeutic target. In contrast with the pro-oncogenic functions of CMA in
cancer cells, studies in untransformed cells support that one of the physiological functions of
CMA in these cells is to protect them against malignant transformation. Here, we review this
intricate role of CMA in cancer and the different mechanisms described behind this dual
function.

CMA: the basics

Recent reviews had summarized in detail the current understanding of the steps, components
and physiology of CMA [3]. Here and in Box 1, we highlight the main characteristics that
distinguish CMA from other autophagies.

CMA degrades proteins targeted to lysosomes by a cytosolic chaperone, the heat shock-
cognate chaperone of 70 kDa, hsc70, that recognizes and binds a pentapeptide motif
(KFERQ-like) in the substrate protein [9, 10] (Fig.1). At the lysosome, the substrate protein
binds the cytosolic tail of the lysosome-associated membrane protein type 2A (LAMP2A),
one of the three splice variants of the /amp2 gene [11]. Substrate binding triggers assembly
of LAMP2A into a protein complex that mediates translocation of the substrate into
lysosomes [12, 13] with the help of a hsc70 resident in the lysosomal lumen (Fig.1).
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Chaperones participate in multiple CMA steps. Besides substrate targeting, hsc70 at the
lysosome surface facilitates substrate unfolding and disassembly of the translocation
complex after substrate internalization [12]. Luminal resident hsc70 completes translocation
of the substrates [14]. Hsp90 is present on both sides of the lysosomal membrane: Cytosol-
facing hsp90 binds substrate proteins during the unfolding step that precedes translocation to
prevent unwanted interactions [15], whereas hsp90 in the luminal part of the lysosomal
membrane, binds and stabilizes LAMP2A as it transitions from monomer to multimer [12].

LAMP2A and luminal hsc70 content determine rates of CMA, but since binding occurs first,
LAMP2A levels are limiting [16]. Consequently, LAMP2A abundance is often used as an
indirect indicator of CMA status, and interventions changing lysosomal levels of this
receptor are used to modulate CMA activity [11, 16]. Often, CMA activation does not
require de novo synthesis of LAMP2A, because its lysosomal abundance can be modified by
changing its stability, organization and dynamics at the lysosomal membrane [12]. These
events are tightly regulated by lysosome-associated proteins such as the GFAP/EF1a pair
[13] and the mTORC2/AKT1/PHLPP1 axis [17] (Box 1). Beyond this local regulation,
signaling from nucleus, plasma membrane and other organelles also provide inputs on CMA
(Box 1).

Physiologic functions of CMA

Although reconstitution of CMA /in vitro using isolated lysosomes [18] allowed molecular
dissection and identification of lysosomal regulators of this pathway, measurement of CMA
in intact cells is now possible using novel fluorescent reporters [19]. One of such reporters
(KFERQ-Dendra) has been recently used to generate a transgenic mouse model where CMA
can be tracked in whole tissues /n vivo [20]. This model and tissue-specific CMA
incompetent LAMP2A knock-out mice have expanded the physiological functions attributed
to CMA.

CMA contributes to cellular quality control [21-24] and its inhibition turns cells sensitive to
stressors that disrupt proteostasis (i.e. oxidative stress [23], protein-damaging chemicals
[25]) and leads to accumulation of oxidized and aggregated proteins [21-24].

Although the first stimulus known to activate CMA was removal of nutrients [26] a role for
CMA in cellular energetics has only recently been demonstrated. Activation of CMA during
starvation was proposed to contribute amino acids to maintain essential proteins’ synthesis.
However, the main contribution of CMA to cellular energetics is through selective
degradation of fully functional key enzymes in lipid and glucose metabolism that terminates
their function and reduces flux through these metabolic pathways [27]. CMA degradation of
glycolytic and lipogenic enzymes and of lipid droplet-associated proteins stops hepatic
glycolysis and lipogenesis and facilitates lipolysis during starvation [27, 28].

This ability of CMA to selectively degrade still functional proteins is the bases of the
physiological regulatory functions nowadays attributed to this pathway [3]. Besides
metabolic pathways, CMA contributes to cell cycle re-entry after DNA repair through timely
degradation of Chk1. In absence of CMA, nuclear levels of phospho-Chk1 remain elevated,
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thus disrupting the DNA repair machinery [29]. CMA also modulates HIF1a., another
regulator of the cell cycle, under hypoxic conditions [30, 31], and controls transcriptional
programs, by directly degrading transcription factors and their activators and inhibitors. For
example, in CD4+ T cells, CMA degradation of Itch and RCAN1, negative regulators of
TCR signaling, is required to attain full T cell activation. Consequently, CMA-incompetent
T cells show defective responses to immunization and pathogen infection [32].

Anti-oncogenic function of CMA

Dysfunction of CMA was first described in aging, coincidentally the highest risk factor of
many types of cancer. Age-dependent CMA decline occurs in almost all mammalian cell
types and tissues [22, 33], in many instances due to lower stability of LAMP2A in old cells’
lysosomes because of changes in their membrane lipid composition [33, 34]. The
consequences of this systemic decline of CMA and its contribution to aging are being
investigated by reproducing CMA blockage in young mice. For example, mice with selective
liver CMA inhibition develop a marked metabolic phenotype [27] and display higher
incidence of spontaneous hepatic tumors with age [24]. These findings support a
physiological anti-oncogenic function for CMA, at least in part, by preventing intracellular
changes that favor transformation and by directly modulating the cellular content of
oncogenic proteins (Fig.2).

CMA prevents intracellular changes that favor malignant transformation.

The most studied changes, so far, are those that contribute to tumors in CMA-defective livers
[24]. Higher rates of malignant transformation in this context can be, in part, secondary to
the underlying hepatic steatosis [27]. Liver-specific LAMP2AKO mice also show higher
predisposition to fibrosis in response to pro-oxidant insults [24] mimicking, to some extent,
the progression in patients of non-alcoholic fatty liver to fibrosis and hepatocellular
carcinoma (HCC). CMA is activated in response to lipid challenges [28] and LAMP2A
upregulation also occurs in experimental mouse models of non-alcoholic steatohepatitis
[35]. However, abnormally elevated intracellular lipids are inhibitory to CMA [36] and have
been shown to reduce LAMP2A expression in different models of steatosis [37, 38]. This
vicious circle, whereby reduced CMA promaotes steatosis that in turn further inhibits CMA
may perpetuate the metabolic derangement and progression to fibrosis and HCC. The basis
for the pro-fibrotic nature of CMA-deficient livers is unknown. Upregulation of
macroautophagy in stellate cells contributes to liver fibrosis [39]. Stellate cells show lower
basal CMA activity than hepatocytes but similar inducible activity in response to stress [20].
Further studies will determine if stress-induced CMA upregulation in stellate cells
contributes to the pro-fibrotic phenotype of hepatocyte-specific LAMP2AKO mice.

Decreased protein quality control and subsequent lower resistance to stress in LAMP2AKO
mice [24] may also favor malignant transformation and liver tumorigenesis (Fig.2). In fact,
both steatosis and reduced quality control have been shown to promote oncogenic
transformation and liver tumors in LAMP2AKO mice display areas of eosinophilic foci
(proteinaceous aggregates), lipidosis, and inflammation [24].
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Furthermore, because CMA is part of the cellular response to genotoxic insults, through the
above-mentioned role in DNA repair [29], it is likely that increased genomic instability in
absence of CMA also favors malignant transformation [24].

CMA modulates oncogenic cellular load and pro-oncogenic signaling.

Recent studies support that the antioncogenic capacity of CMA is, at least in part, due to its
ability to reduce levels of pro-oncogenic proteins. CMA degradation of the protooncogene
protein MDM2 [40] and of the tumor-associated TCTP (upon acetylation) [41] were the first
hints of a tumor suppressive function for CMA. However, the first direct proof that
regulation of oncogene levels by CMA prevents malignant transformation was described for
c-MYC [42]. CMA inhibition was shown sufficient to increase c-MY C-induced
transformation in cultured fibroblasts [42]. The acute nature of these experiments does not
allow for changes in metabolism, proteostasis or genotoxicity, thus permitting to attribute the
increase in transformation to the higher c-MYC levels in CMA-incompetent cells.
Interestingly, in this context, c-MYC is not directly degraded by CMA. Instead, CMA
promotes c-MYC proteasomal degradation by degrading CIP2A, the phosphatase that
regulates the site-specific phosphorylation of c-MYC that controls its proteolysis through the
ubiquitin-proteasome system [42].

Recent studies also support an anti-oncogenic role for CMA in cells of the tumor micro-
environment (Fig.2). For example, because p65, central component of nuclear factor-kappa
B, is a CMA substrate, reduced CMA activity in epithelial cells augments nF-xs signaling,
contributing to progression of epithelial-mesenchymal transition and tumorigenesis [43].

Immuno-oncogenic response and CMA.

Although still a poorly explored area, CMA facilitates immunogenic apoptosis - a type of
cell death caused by some cytostatic agents - by mediating exposure of surface-exposed
calreticulin [44]. Immunogenic apoptosis of cancer cells can induce an effective antitumor
immune response through activation of dendritic cells, and consequent activation of specific
T cell response [45].

Interestingly, there are already examples of cancer cells modulating CMA in host cells to
actively suppress the anti-oncogenic response. Thus, glioblastoma cells induce cancer
immunotolerance by actively deregulating CMA in pericytes -perivascular stromal cells that
promote an immunological defense through secretion of inflammatory molecules [46]. In
this case, tumor-induced aberrant upregulation of CMA in pericytes elicits an anti-
inflammatory phenotype that prevents T cell activation for tumor clearance. Normalizing
pericyte CMA could be an effective anti-glioblastoma intervention since experimental
blockage of CMA in pericytes during glioblastoma-pericyte interaction was sufficient to
promote tumor cell death [46].

The multiplicity of mechanisms behind the anti-oncogenic function of CMA is in line with
the increasing number of cell-type specific CMA functions described, and it highlights that
conditions when CMA declines (i.e. extreme dietary challenges, disease and in aging) has an
associated increased risk of malignant transformation (Fig.2).
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Changes and regulation of CMA in cancer cells

The first connection established between CMA and cancer was with its pro-survival and pro-
tumorigenic activity in cancer cells [8]. Contrary to macroautophagy, that is upregulated or
downregulated in cancer cells depending on the type and stage of cancer [5], CMA was
found consistently upregulated in multiple cancer cell lines and primary tumors (including
HCC, melanoma, lung, stomach, colon, uterus, ovary and breast cancers) [8]. Subsequent
studies confirmed that, with still few exceptions (mostly acute myeloid leukemia (AML)
[47]), constitutive upregulation of CMA seems a common feature of most cancer cells.
Levels of LAMP2A, used as surrogate for CMA activity in human tumors, positively
correlate with tumor size and recurrence in HCC patients [48] and have been proposed of
prognostic value in gastric [49] and breast cancer patients [50]. Even in cancer cells with
LAMP2A levels similar to their non-transformed counterpart cells, blockage of CMA
pronouncedly reduces tumor cell viability [48], suggesting that basal CMA may be enough
to support their pro-oncogenic activities, or that other CMA components may be responsible
for its upregulation in these cells.

Studies in cultured fibroblasts support that CMA upregulation is cell-intrinsic and occurs
shortly upon transformation [8] (Fig. 2). However, the mechanisms of CMA activation in
cancer cells are, for the most part, unknown (Box 3). Intrinsic characteristics of the tumor
microenvironment such as lack of nutrients, hypoxia and high ROS content are well-
established CMA activators [23, 31, 51-53]. Some cancer cells upregulate CMA through the
same mechanisms as non-transformed cells [54, 55], whereas other bypass standard CMA
regulatory pathways [17], utilize new ones or change the function of known CMA regulators
[56] (Box 3).

Microenvironment cells can also contribute to activation of CMA in tumor cells. In response
to cytostatic agents, HCC-resident macrophages secrete interleukin-17 that increases levels
of LAMP2A in tumor cells and likely their CMA activity thus conferring them resistance
[57].

CMA functions in cancer cells

Although presently subject of intensive investigation, here we summarize examples of some
of described pro-oncogenic functions of CMA in cancer cells (Fig. 2). A current limitation is
that many studies lack functional CMA analysis and rely instead on levels of LAMP2A or
other CMA components. However, it is encouraging that studies where CMA activity has
been measured, seem to confirm the proposed pro-oncogenic activity of CMA in cancer
cells.

Energy homeostasis:

Cancer cells depend often on anaerobic glycolysis for energy production even in the
presence of oxygen [58] (known as the Warburg effect) [59]. Functional CMA is required
to sustain the Warburg effect in lung cancer cells and in melanoma [8]. Contrary to the
described increase in glycolytic enzymes in control cells upon CMA blockage [27], in lung
cancer and melanoma cells, CMA inhibition stabilizes p53 which in turn reduces
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transcription of glycolytic enzymes [60]. Poor energetics upon CMA blockage are the main
reason for reduced proliferation and cell death in these cells, since restoration of ATP levels
is sufficient to reinitiate their proliferation [8].

Glycolytic enzymes are also regulated by CMA in other types of cancer but instead through
their direct degradation by this pathway. CMA degradation of acetylated pyruvate kinase 2
leads to accumulation of glycolytic intermediates with proliferating signal properties [61].
Hexokinase-I1, required for tumorigenesis, undergoes CMA degradation depending on
glucose availability in non-AML cells [55]. Hexokinase-11 depletion through CMA
upregulation has been proposed as effective strategy to induce a metabolic crisis in these
cells and their subsequent cell death. However, upregulation of CMA may not be enough to
promote hexokinase Il degradation since phosphorylation of this enzyme at Thr473, frequent
in breast cancer, prevents its CMA degradation [62]. Inhibition of the kinase that
phosphorylates Hexokinase-11 shows potential in reducing cancer cells growth [62]. Studies
in HCC cells and xenografts also support a role for CMA in energetic maintenance in these
cells since blockage of CMA made them particularly sensitive to starvation [48].

Resistance to stress:

CMA upregulation in breast cancer cells contributes to their survival during oxidative stress
since LAMP2A inhibition leads to their apoptosis [63]. CMA upregulation protects against
ER stress in some types of lung cancers expressing misfolded N-CoR. This misfolded
protein is required for activation of oncogenic survival pathways but its rapid removal by
CMA is required to reduce the ER stress associated with its expression [47]. CMA may also
serve as a cancer cell survival response to tumor-associated hypoxia. Hypoxia increases
transcription of CMA genes in different types of cancer cells which in turn could contribute
to regulate the adaptative response to hypoxia through CMA degradation of hypoxia-
inducible factor-1 alpha (HIF-1a) [31, 64].

Proliferative potential, invasive and migratory properties:

Besides energetic regulation, CMA can sustain cancer cell proliferation through regulation
of cell cycle. CMA degradation of the cell cycle-related protein RND3/RhoE and of HIF-1a
(in this case induced by cyclin-dependent kinase 2) were shown necessary for rapid
proliferation of gastric cancer cells [49] and cervical carcinoma and HCC [65], respectively.

CMA may contribute to tumor metastasis since blockage of CMA in lung cancer cells
markedly decreases their metastatic potential by reducing migration and resistance to
anoikis [8]. Similar positive correlation between CMA activity and metastasis was noticed
in breast cancer [50]. The molecular mechanisms behind the CMA-dependence of metastasis
remain unknown, but at least in cancer cells, CMA degradation of the multifunctional
protein HSD17B4 have been proposed to modulate their invasive and migratory properties
[66] and CMA downregulation of Atg5-dependent macroautophagy to promote metastasis
[50].
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Resistance to anti-oncogenic interventions:

CMA is a common protective mechanism against different anti-oncogenic interventions.
CMA can selectively remove proteins damaged during the treatment such as oxidized
proteins generated by pro-oxidant agents [63] or by photodynamic therapy [67]. In other
instances, CMA confers resistance to the treatment through cell-type specific mechanisms.
For example, CMA prevents apoptosis and contributes to resistance to oxaliplatin in HCC by
degrading the apoptosis trigger cyclin D1 [57] or to irradiation by degrading HMGB1 [68].
Resistance to 5-fluorouracil in colorectal cancer has been linked to active degradation of the
acetyltransferase p300/CBP by CMA [69]. Upregulation of LAMP2A by exosomes released
by hepatitis B virus-associated cancer have been shown to reduce cell death induced by
oxaliplatin, but direct CMA upregulation and the specific substrate behind apoptosis
protection in this context has not yet been identified [70] (Fig. 3).

There is only one report showing that reduction of CMA, instead of upregulation, confers

resistance to azacytidine treatment in the context of AML [71]. Interestingly, low levels of
LAMP2A makes these cells more sensitive to lysosomal and autophagy inhibitors offering
the potential of combinatorial therapies [71] (Fig. 3).

CMA-modulated proteome in cancer cells:

The dependence of many cancer cells on CMA suggests that selective degradation of a
fraction of the proteome by CMA contributes to cancer properties. CMA changes in cancer
cells are both quantitative and qualitative, as the sub-proteome degraded by CMA is
different in untransformed and transformed cells (Box 3). Cancer cells preferentially target
inhibitors of transformation or of tumor growth to CMA [49], but selectively shield proteins
that facilitate growth and survival from CMA degradation [72]. Modifications in these
proteins often determine their different fate in cancer and normal cells [73] (Box 3).

An elegant proteomic study of proteins degraded in a LAMP2A-dependent manner has
identified the subset of proteins degraded by CMA in breast cancer cells upon blockage of
macroautophagy and inducing metabolic stress [74]. Besides already known CMA
substrates, this study unveiled a role for CMA in regulating protein translation through
selective degradation of EIF4AL, EIF4H, and DDX3X [74]. Future studies in cancer cells
with preserved macroautophagy should help in elucidating if regulation of translation is a
constitutive function of CMA or only elicited upon the double insult.

Changes in the tumor microenvironment:

Recent studies highlight that CMA in cells within the tumor microenvironment contributes
to tumorigenesis. Besides the above-described glioblastoma-dependent increase of CMA in
pericytes to ablate their immune anti-oncogenic response [46], increased LAMP2A levels in
tumor-associated macrophages have been shown to be required for breast cancer cell
progression. In fact, levels of macrophage LAMP2A inversely correlate with cancer
prognosis [75]. Induction of CMA in macrophages promotes their activation to aid in tumor
growth [75]. The specific mechanisms whereby tumor cells modulate CMA in the
surrounding cells are not known, but direct connections through microtube-like projections
[46] and tumor-generated exosomes [70] are attractive possibilities.
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CMA as a new target in cancer therapeutics

Despite numerous connections between CMA and cancer biology, different factors have
limited the therapeutic translatability of these findings. An important impediment is the
absence of selective chemical modulators of CMA, due in part to lack of exclusive and
easily “druggable” CMA components. Most CMA effectors and regulators (i.e. chaperones,
signaling elements) are involved in many other cellular processes. LAMP2A, the most
unique CMA component, is a difficult target due to its high homology (almost 85% identity)
with the other spliced variants of the LAMPZ gene involved in other cellular functions. A
first-in-class type of selective CMA activators have been recently developed that target only
the CMA-related transcriptional program under the retinoic acid receptor alpha signaling
[76]. However, no selective inhibitors of CMA have been generated yet.

A limitation to therapeutically target macroautophagy in cancer, has been its opposite roles
depending on the type of cancer and the context. Although this is less of a problem in CMA,
due to its predominant pro-oncogenic function in most cancer cells, there are still two
important challenges: 1) the dual role of CMA as anti-oncogenic mechanism in healthy cells
but pro-tumorigenic in transformed cells and 2) the differences observed in CMA regulation
in cancer cells when compared to non-transformed cells. The key events that mediate the
switch from low to high CMA during transformation are unknown, making even more
complicated the search for efficient CMA modulators in the context of cancer.

Preventive interventions:

Therapeutic

As reflected in Fig 3, considering the physiological anti-oncogenic role of CMA, there is
general agreement that preventive interventions should aim at restoring CMA activity to that
in healthy conditions. For example, genetic prevention of the age-dependent decrease of
CMA in mouse liver has proven effective in slowing-down hepatic proteotoxicity and
accumulation of intracellular damage [22]. It is anticipated that the positive effect of this
intervention on liver homeostasis will also prevent age-related oncogenic transformation in
this organ and exert similar protection when applied systemically. However, because the
possible tissue-dependence of the anti-oncogenic function of CMA has not been tested,
future studies are needed to determine the value of systemic CMA restoration. In fact,
studies with the novel selective CMA activators are underway, but in addition, the tight
connection between CMA and nutrition, makes nutrient interventions an attractive
alternative to preserve CMA activity and protect against malignant transformation in old
organisms.

interventions:

Proof-of-concept for the therapeutic value of targeting CMA has been obtained for many
different types of cancers through genetic modulation of LAMP2A. Knock-down of
LAMP2A in multiple cancer cell lines have proven to reduce their proliferative capability,
increase their susceptibility to stressors and attenuate their tumorigenic properties when used
in xenografts [8, 49, 50, 63, 66-68, 70]. Direct injection of sShRNA against LAMP2A in
already formed xenograft tumors induced tumor regression and reduced metastasis [8]. The
role of CMA in resistance to anti-oncogenic interventions, points towards a possible value of
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CMA blockage in combinatorial treatments (Fig. 3). Upregulation of CMA above its already
high constitutive levels in cancer cells, has been shown effective to induce cancer cell death
upon blockage of macroautophagy and induction of metabolic stress [55]. Under these
conditions, depletion of key glycolytic enzymes by CMA results in metabolic crisis and
subsequent cell death [55].

Despite this mounting genetic evidence in support of the value of modulating CMA with
therapeutic purposes in cancer, the number of drugs targeting CMA is still extremely low
and we still lack selective inhibitors of CMA. In fact, the only reports of chemical inhibition
of CMA have used agents that inhibit the proteolytic activity of lysosomes and thus disrupt
all forms of autophagy and not only CMA. On this respect, it is interesting that recent
clinical anti-cancer interventions designed to interfere with macroautophagy utilize agents
such as hydroxychloroquine, that inhibits intralysosomal proteolysis by raising the
lysosomal pH. Although degradation of CMA substrates once internalized in lysosomes is
not limiting for this process, a sustained increase in lysosomal pH contributes to destabilize
the luminal form of hsc70 that is essential for substrate translocation, and consequently
should result in inhibition of CMA. Future studies are needed to determine the contribution
of CMA blockage to beneficial effects observed in trials using hydroxychloroquine (alone or
in combination with other drugs).

Upregulation of CMA to induce metabolic crisis in macroautophagy-inhibited AML cells
has been recently attempted with new small molecules; although their selectivity for CMA
and ability to activate this pathway outside these specific conditions is still under
investigation [55]. The recently developed selective chemical CMA activators could be of
potential use in this context, but only if CMA in cancer cells is still under RARa inhibition

(Fig. 3).

As the CMA-regulated subproteome in cancer cells becomes better characterized, an
alternative approach could be interventions that specifically modulate targeting of the key
CMA substrates responsible of its pro-oncogenic effects. A recent study in AML has
attempted rerouting mutant p53-R248 to CMA by inhibition of hsp90 which promotes
instead binding of the mutant protein to hsc70 upon conditions of metabolic stress [77].
However, experimental evidence of lysosomal degradation by CMA under these conditions
is still missing. Inhibitors of hsp90 have been also used to promote degradation of the pro-
tumorigenic proteins IGF-1R by CMA. [56]

Concluding Remarks and Future Perspectives

Although still a relatively young field, the interplay between CMA and carcinogenesis is
currently subject of intensive investigation driven, for the most part, by the potential of
targeting this autophagic pathway with therapeutic purposes in cancer.

All evidence gathered so far support that defense against oncogenesis is one of the
physiological functions of CMA. Consequently, interventions to preserve or restore normal
CMA activity could become effective in cancer prevention. In contrast, future studies in an
even broader range of cancer types to the ones already studied are needed to consolidate the

Trends Endocrinol Metab. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Avrias and Cuervo

Page 11

proposed pro-oncogenic effect in cancer cells and implement blockage or further abnormal
upregulation of this pathway in cancer therapeutics. The fact that reduced CMA has already
been identified in some cancer cells calls for some caution before generalizing that CMA
upregulation is a universal feature of cancer, but fortunately does not diminish its possible
therapeutic potential since the reduced levels of CMA in those cells seem to still make them
more vulnerable to some cytostatic agents.

Future efforts, summarized in the Outstanding Questions box should be directed to
understand the mechanisms that mediate the change in CMA from non-transformed to
transformed cells as it can provide clues on specific players on cancer CMA that could be
targeted without affecting the host CMA.. In addition, before clinical implementation
becomes possible, we need to develop effective methods to measure CMA in humans and
increase the number of the still very limited selective modulators of CMA.

GLOSSARY

Anoikis
form of programed cell death (apoptosis) that occurs in tumors cells when they detach from
the surrounding extracellular matrix

Eosinophilic foci

small to large protein aggregates sometimes considered putative preneoplastic lesions in the
liver. Based upon their phenotypic appearance they are classified as basophilic, eosinophilic,
clear cell, vacuolated, and mixed foci

Hepatic steatosis

pathological accumulation of fat deposits (mostly triglycerides) within hepatocytes. Hepatic
steatosis or fatty liver can originate from excessive alcohol consumption, but is also
frequently associated with obesity, insulin resistance and dyslipidemia in non-alcoholic
patients (termed non-alcoholic fatty liver disease (NAFLD))

Immunogenic apoptosis

also called immunogenic cell death (ICD), is type of apoptosis induced by a specific set of
chemotherapeutic drugs or ionizing irradiation and photodynamic therapy. Contrary to
conventional autophagy that does not elicit an immune response, cells undergoing
immunogenic apoptosis release pro-inflammatory molecules that promote their elimination
by phagocytes

Leukemogenesis

induction and development of any of the blood cancers commonly referred to as leukemia
Lipidosis

accumulation of fats or lipids in any tissue. Hepatic lipidosis, probably the most common of

this lipid storage disorders, results from massive fatty degeneration of the liver as result of
accumulation of triglycerides

Pentapeptide motif KFERQ
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specific combination of amino acids in a protein sequence recognized by hsc70. Binding of
the chaperone is based on the physical properties of the amino acids and requires always a Q
flanking either side of the motif, a positively (K or R) and a negatively (E or D) charged
amino acid, a hydrophobic residue (f, V, L or I) and an additional positive or hydrophaobic
amino acid

Proteome
protein composition of a cell or tissue at a given time. It includes all proteins expressed
within a cell (cellular proteome) or organism (complete proteome)

Proteotoxicity

cellular consequence of the intracellular accumulation of proteins in an abnormal
conformation, often as inclusions (aggregates) or oligomeric toxic species. Failure to timely
eliminate these proteins often results in cell death and it is the basis of diseases known as
proteinopathies or protein conformational disorders. Cells with low rates of division are
usually more susceptible to proteotoxicity since they cannot dilute their protein content
through division

Translocation complex (for CMA)

a 700 kDa protein complex at the lysosomal membrane that mediates internalization of
single proteins into the lumen. LAMP2A, main component of the complex, multimerizes in
a step-wise manner that includes the formation of an intermediate LAMP2A homotrimer.
Glial fibrillary acidic protein (GFAP) also forms part of this complex and contributes to its
stabilization

Warburg effect

common characteristic of the metabolism of cancer cells that refers to their ability to sustain
anaerobic glycolysis even when exposed to aerobic conditions. The lower energetic
efficiency of anaerobic glycolysis when compared to oxidative phosphorylation (preferred
by most un-transformed cells) forces cancer cells to internalize large amount of glucose.
This metabolic preference results in large production of lactate as well as additional
metabolites that have been shown to have proliferation stimulating properties and contribute
to tumor growth
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CMA REGULATION

Substrate targeting:

Binding of hsc70 to substrates occurs when the KFERQ-like motif is exposed and
accessible (i.e. partial protein unfolding, protein dissociation from protein complexes or
membranes). In some instances, only four of the five amino acids of the targeting motif
are constitutively present in the protein, and posttranslational modifications such as
phosphorylation or acetylation can provide the missing charge and complete the motif
[10]. The same chaperone, hsc70, and targeting motif, are shared by CMA and
endosomal microautophagy, a selective form of microautophagy [78]. It is likely that the
conformation of the substrate protein along with hsc70 cochaperones participate in cargo
triage between both autophagic pathways. Cargo is delivered to late endosomes in
endosomal microautophagy and to secondary lysosomes in the case of CMA [3, 78].

Lysosomal regulation of CMA:

Dynamics of LAMP2A at the lysosomal membrane are tightly regulated by two pairs of
proteins at the lysosomal surface: i) monomers of the intermediate filament protein glial
fibrillary acidic protein (GFAP) and its GTP-binding partner elongation factor 1 alpha
(EF1a) determine the stability of the LAMP2A translocation complex through a series of
events that require GTP hydrolysis and GFAP phosphorylation [13]; ii) a second set of
lysosome associated proteins that regulate CMA activity are the kinases mTORC2 and
AKT1 and the phosphatase PHLPP1 [17]. Phosphorylation of lysosome-associated AKT1
by mTORC?2 represses CMA activation by reducing LAMP2A assembly into the
translocation complex, in part through phosphorylation of GFAP. Contrary to mTORC1,
the negative regulator of macroautophagy, that shuttles in and out of lysosomes,
MTORC2 is stably associated with the membrane of CMA-dedicated lysosomes, making
thus necessary the recruitment of the phosphatase PHLPP1 to counteract the inhibitory
effect of mMTORC2 by actively dephosphorylating AKT1 [17].

Endogenous inhibition of CMA activity Induction of CMA activity by stress Disassembly and degradation of LAMP2A
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Extra-lysosomal regulation of CMA:

Nuclear signaling through the retinoic acid receptor alpha (RARa) has been shown to be
inhibitory on the CMA-related transcriptional program [76]. Thus, chemical inhibition of
RARa enhances transcription of LAMP2A and also other CMA components such as
Rab11, necessary for LAMP2A trafficking from Golgi to lysosomes [79]. Transcription
of LAMP2A can be directly initiated by the transcription factor NFAT1 [32] and by
NRF2 [80], in both instances in close relation with the oxidative cellular conditions.
Lastly, mitochondria can also upregulate CMA activity through release of small peptides

Trends Endocrinol Metab. Author manuscript; available in PMC 2021 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Avrias and Cuervo

such as humanin that stabilizes binding of substrates during their unfolding at the
lysosomal membrane [15].
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CMA REGULATION IN CANCER CELLS
Mechanisms by which cancer cells modulate CMA fall under the following categories:

Mechanisms shared with non-transformed cells:

During starvation, non-transformed cells upregulate CMA by reducing lysosomal
turnover of LAMP2A to increase its lysosomal abundance [16]. Similarly, the higher
content of LAMP2A in colorectal cancer with reduced sorting nexin 10 (SNX10) has
been attributed to reduced LAMP2A degradation in absence of SNX10 [54].

Mechanisms that bypass pathways that regulate CMA in non-transformed
cells:

The inhibitory effect of the TORC2/AKT1 signal pathway on CMA is no longer observed
in a variety of cancer cells (i.e. HC-2, MCF12, HEK, N2a) that display elevated CMA
activity independently of their differently mTORC2/AKT1 signaling activity [17]. A
second CMA regulatory mechanism evaded by many cancer cells is the coordinated
activity of this pathway with that of other autophagic processes. In un-transformed cells
[21, 34] and rodent tissues, [27, 32] crosstalk between macroautophagy and CMA
mediates activation of one of these pathways upon blockage of the other. Upregulation of
macroautophagy in response to CMA blockage in liver maintains protein quality control,
although the differences in timing of activation between both autophagic pathways makes
it not possible to compensate for regulatory functions of CMA (i.e. on metabolic
pathways or on DNA repair [24, 27]). In most cancer cells, CMA is constitutively
activated independently of the status of macroautophagy [8].

There are however examples of cancer cells where autophagic crosstalk is preserved. For
example, in non-acute myeloid leukemia cells blockage of macroautophagy upregulates
CMA thus accelerating turnover of mutant p53. [55]. Reduced macroautophagy and
higher levels of CMA markers have also been described in cirrhotic human livers with
HCC, leading to propose that upregulated CMA may contribute to survival of cancer cells
defective in macroautophagy; however additional direct experimental support for this
attractive hypothesis and to identify if the cross-talk regulators are conserved are still
missing [81].

CMA regulators with opposite effect in cancer and non-transformed cells:

Inhibition of hsp90, reduces CMA activity in normal cells as this chaperone stabilizes
LAMP2A at the lysosomal membrane [12]. However, hsp90 inhibition in cancer cells
promotes degradation of specific substrates through CMA such as oxidized proteins [53]
or the insulin-like growth factor 1 in pancreatic cancer [56]. Downregulation of IGF-1R,
should in turn further upregulate CMA by reducing levels of the CMA repressor p-AKT1
[17].
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CMA-REGULATED PROTEOME IN CANCER CELLS

Cancer cells utilize selective degradation of proteins by CMA to remodel the proteome
for their advantage through different mechanisms:

CMA degradation of undesired proteins in cancer cells can be attained by

i Global CMA upregulation: to eliminate anti-proliferative proteins such as
RND3 [49], tumor suppressors such as MST1 [73], PED [82] and mutant p53
[83], or pro-apoptotic proteins such as BBC3/PUMA [84].

ii. CMA targeting through posttranslational modifications or cancer-associated
mutations: Deacetylation of the tumor-suppressor MST1 in breast cancer cells
triggers its degradation by CMA [73]. In the case of p53, whereas CMA
promotes wild type p53 degradation by the proteasome in cancer cells [8], in
specific cancer conditions (macroautophagy inhibition and imposed metabolic
stress), p53 mutant variants undergo degradation in lysosomes by CMA [83].

iii.  Modulation of protein stability by CMA: CMA can regulate intracellular
protein content by mechanisms other than their direct lysosomal degradation.
Thus, in addition to promoting p53 proteasomal degradation [8], CMA can
also modulate p53 expression in cancer cells [68]. CMA modulates
proteasomal degradation of c-Myc to keep its levels low [42]. Whether CMA
may contribute instead to stabilize c-Myc in cancer cells requires future
investigation. These findings suggest that the proteome regulated by CMA
expands probably beyond the already large group of proteins that contain the
KFERQ motif. Interestingly, this indirect regulation applies even to proteins
that contain the KFERQ motif such as c-Myc.

Selective preservation of desired proteins in cancer cells by preventing their
degradation through CMA is also attained through

i Global CMA downregulation: In those few cancer types where CMA activity
is reduced compared with non-transformed cells, failure to degrade specific
cytosolic proteins by CMA may contribute to cancer progression. Thus, for
example, in pediatric acute myeloid leukemia, AF1Q that fuses to
translocation patterns and contributes to leukemogenesis, has been validated
as a bona fide CMA substrate that accumulates when CMA activity is
inhibited [85].

ii. Selective exclusion from CMA degradation: Hexokinase-I1, whose activity is
critical for cancer cell resistance to paclitaxel and previously validated as
CMA substrate in non-transformed cells, becomes resistant to CMA
degradation in breast cancer through its phosphorylation on Thr473 [62]. A
similar change in CMA vulnerability has been described for 17beta-
hydroxysteroid dehydrogenase type 4 (HSD17B4) that undergoes normally
regulated degradation by CMA upon acetylation at lysine 669 (K669), but that
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when mutated in this lysine in breast cancer persists at high levels promoting
cancer cell migration and invasion [66]
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BOX: TRENDS HIGHLIGHTS

. Chaperone-mediated autophagy (CMA) is a component of the proteostasis
network for protein quality control, but it has additional regulatory roles by
terminating the function of key cellular proteins through their timely and
selective degradation.

. Cells with reduced CMA have higher facility for malignant transformation in
support of a physiological anti-oncogenic function of CMA.

. Multiple types of cancer cells and tumors upregulate CMA, and blockage of
CMA in those cells reduces their tumorigenic capabilities.

. Cancer cells depend on CMA for a variety of pro-oncogenic functions such as
sustained glycolytic activity, resistance to stressors and maintenance of high
oncogene load.

. The mechanisms behind the switch between the anti-oncogenic function of
CMA in untransformed cells and its pro-oncogenic function in cancer cells
remain poorly understood.
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BOX: OUTSTANDING QUESTIONS

. Is CMA upregulation a universal characteristic of most cancer cells? Despite
CMA upregulation in majority of cancer cells analyzed so far, deficient CMA
has been recently noted in some types of leukemia.

. What triggers CMA upregulation upon malignant transformation?

. Is CMA regulated through similar mechanisms in non-transformed and cancer
cells? If cancer-specific regulators of CMA are identified they could become
effective targets in cancer therapeutics.

. How do tumor cells modulate CMA of cells in the tumor-microenvironment?

. Is it possible to modulate the selective degradation of only some CMA
substrates in cancer therapeutics? Preventing CMA degradation of anti-
oncogenic proteins in cancer cells could be attained through disruption of
their CMA targeting motif through posttranslational modifications or by
blocking peptides.

. Are levels of LAMP2A always a good surrogate marker for CMA activity?
Other CMA components could become limiting (i.e. lysosomal hsc70) and
dynamics rather than only levels of LAMP2A are important for CMA.
Because the literature on CMA in cancer is still populated by a large number
of studies based on 1) correlative data without directly measuring CMA
activity and 2) the modulation of CMA with non-selective agents that affect
primarily other cellular processes such as 6-aminonicotinamide, it is not clear
how many of the earlier observations will be proven true once functional
studies are performed in the same context.

. Does therapeutic inhibition of lysosomal proteolysis through pH
neutralization wok in part by inhibiting CMA? Dozen of ongoing clinical
trials using hydroxychloroquine as one of the anti-oncogenic agents, offer a
unique opportunity to gain a better understanding of the contribution of CMA
upregulation to disease progression and the potential of targeting this
autophagic pathway in cancer.
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Figure 1. CMA in the context of mammalian autophagic pathways.
Macroautophagy starts with sequestration of cargo by a limiting membrane that seals into a

double-membrane vesicle named autophagosome. Guided by microtubules autophagosome
fuses with lysosomes, where degradation occurs. Chaperone-mediated autophagy (CMA)
degrades proteins selected by the chaperone Hsc70 that binds a KFERQ-like sequence.
Internalization of substrate proteins into lysosomes occurs upon multimerization of
LAMP2A. Microautophagy entraps cytosolic cargo in small vesicles formed by
invagination of the lysosomal membrane. In endosomal microautophagy KFERQ-proteins
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recognized by hsc70 are targeted for degradation in late endosomes through invaginations in
the membrane,
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Figure 2. (Key figure). Anti-oncogenic function of CMA turns pro-oncogenic in cancer cells.
Studies in vitro and in vivo support an anti-oncogenic function for CMA in normal cells (1)

through a variety of mechanism (blue box). This could explain why conditions in which
CMA activity is reduced (2) such as aging or disease favor malignant transformation. Right
after transformation CMA activity is upregulated (3) and remains constitutively active in
most tumor cells (4). High CMA activity in cancer cells sustains different pro-oncogenic
functions (yellow box).
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Figure 3. CMA targeting in cancer prevention and treatment.
Before malignant transformation maintaining fully functional CMA should help preserving

its anti-oncogenic function. ??? denotes that experimental evidence is lacking to support
value of targeting CMA in the pre-malignant lesion (before or at the moment that CMA gets
upregulated), but systemic activation of CMA may help boosting the T cell mediated
immune-oncogenic response. Once the tumor is formed, inhibition of CMA in tumor cells
and tumor-associated macrophages has been shown to reduce tumor growth and to induced
tumor death both alone or in combination with other anti-oncogenic interventions to prevent
cancer cell resistance. Active upregulation of CMA has also shown effective in inducing
cancer cell death in specific conditions combining inhibition of macroautophagy and
metabolic stress. Boxes summarize the main cellular processes affected by the CMA-
targeting intervention at each stage. (t): transcription; (d): degradation.
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