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Purpose of review

Proline metabolism impacts a number of regulatory targets in both animals and plants and is especially
important in cancer. Glutamine, a related amino acid, is considered second in importance only to glucose
as a substrate for tumors. But proline and glutamine are interconvertible and linked in their metabolism. In
animals, proline and glutamine have specific regulatory functions and their respective physiologic sources.

A comparison of the metabolism of proline and glutamine would help us understand the importance of
these two nonessential amino acids in cancer metabolism.

Recent findings

The regulatory functions of proline metabolism proposed 3 decades ago have found relevance in many
areas. For cancer, these functions play a role in apoptosis, autophagy and in response to nutrient and
oxygen deprivation. Importantly, proline-derived reactive oxygen species served as a driving signal for
reprogramming. This model has been applied by others to metabolic regulation for the insulin-prosurvival
axis, induction of adipose triglyceride lipase for lipid metabolism and regulation of embryonic stem cell
development. Of special interest, modulatory proteins such as parkinson protein 7 and oral cancer
overexpressed 1 interact with pyrroline-5-carboxylate reductase, a critical component of the proline
regulatory axis. Although the interconvertibility of proline and glutamine has been long established, recent
findings showed that the proto-oncogene, cellular myelocytomatosis oncogene, upregulates glutamine
utilization (glutaminase) and routes glutamate to proline biosynthesis (pyrroline-5-carboxylate synthase,
pyrroline-5-carboxylate reductases). Additionally, collagen, which contains large amounts of proline, may
be metabolized to serve as a reservoir for proline. This metabolic relationship as well as the new regulatory
targets of proline metabolism invites an elucidation of the differential effects of these nonessential amino
acids and their production, storage and mobilization.

Summary

Mechanisms by which the proline regulatory axis modulates the cancer phenotype are being revealed.
Proline can be synthesized from glutamine as well as derived from collagen degradation. The metabolism
of proline serves as a source of energy during stress, provides signaling reactive oxygen species for
epigenetic reprogramming and regulates redox homeostasis.
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Metabolism in tumors plays a key role in cellular
logistics for rapid proliferation, maintenance of
redox homeostasis and in epigenetics and reprogram-
ming [1,2]. Studies on metabolism have focused on
core pathways, that is, oxidative glycolysis [3].
Enzymes mediating these pathways are reprog-
rammed by oncogenes and dysfunctional or non-
functional suppressor genes [4]. Recently, attention
has turned to the nonessential amino acids and their
parametabolic regulation of epigenetics [5%]. This
chapter will briefly review some of these regulatory
mechanisms emphasizing proline and its relation-
ships to nutrition.
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KEY POINTS

e Proline dehydrogenase (a.k.a. proline oxidase) plays a
special role in cancer regulation as a source of ATP

and signaling ROS.

The genomic organization of proline dehydrogenase,
which includes intronic recognition sites for P53 as well
as regulation by a methylation-sensitive human-specific
endogenous retrovirus, enables pluripotent regulation of
its expression.

The conversion of glutamate to P5C by P5C synthase,
and the three isozymes of P5C reductase with
respective characteristics as well as their upregulation
by ¢-MYC couples glutamine metabolism to the redox-
sensitive production of proline.

These mechanisms have been recently invoked to
explain the prosurvival effects of dysfunctional insulin/
IGF receptors, the induction of adipose triglyceride
lipase with metabolic stress, the regulation of stem cell
identity, the function of PARK 7 in Parkinson’s disease
and of ORAOV1 in tumors of head/neck, esophagus

and pancreas.

Glutamine, the most abundant free amino acid, is an
important substrate for the proline synthetic pathway,
but proline is also stored in the ECM as collagen which
can be a reservoir or ‘dump’ for proline.

Classically, nutrition implies dietary intake. How-
ever, recent research at the cellular, tissue and
organism level has introduced new paradigms in
which nutrition transcends diet. For example, at
the cellular level, prosurvival autophagy is based
on mechanisms in which cellular components are
cannibalized for their own or a sibling cell’s survival
[6,7]. Storage of energy or precursor substrates in the
cell’s microenvironment can be mobilized for stress
nutrition [8-10]. A surprising finding is that sub-
strates mobilized from stores may have a metabolic
route that differs from substances delivered by the
circulation [11]. It is the goal of this chapter to
present novel paradigms of nutrition in cancer.

The concept of essential and nonessential amino
acids is based on classical dietary nutrition. But it
is the metabolism of nonessential amino acids,
especially their biosynthesis, and not the endo-
genous supply of the amino acid per se that has
been evolutionarily conserved. The metabolic path-
ways for nonessential amino acids perform a number
of necessary tasks including redox regulation,
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generation of methyl donors, nitrogen transfer for
nucleotide synthesis and interorganellar shuttle
mechanisms [1,5%]. In this context, proline plays a
special role. It is the only proteinogenic secondary
‘imino acid’ and the initial step of its degradative
metabolism is distinct from that for other amino
acids. Thus, it has special features enabling its regu-
latory role. However, once oxidized to pyrroline-5-
carboxylate (PSC) or its tautomer glutamic-y-semi-
aldehyde, proline can be interconverted to many
other substrates and is the source for carbon
exchange between the tricarboxylic acid cycle and
urea cycle [8]. Furthermore, proline can be stored in
collagen, the most abundant protein by weight in
the body. As nearly 25% of the residues in collagen
are incorporated as proline, collagen can be a dump
as well as a reservoir for proline [9].

Of nonessential amino acids, glutamine is especially
important in metabolism. It is the indispensable
source of imido groups for synthesis of purines
and pyrimidines. In a physiologic setting, glutamine
is synthesized in muscle and transferred to gastro-
intestinal tract as fuel and to central organs for
metabolic processing (Fig. 1)[12]. Citrulline and pro-
line are the two main amino acid products. In tissue
culture, the supraphysiologic concentrations of
glutamine are combined with diabetic levels of
glucose (450mg/dl) to maximize proliferation,
especially of tumor cells. Thus, it is not surprising
that cultured tumor cells are ‘addicted’ to glutamine
and glucose. The dysregulation in cancer cells
includes an increase in glutamine transporters and
increased activity of glutaminase [13]. Additionally,
glutamine synthetase is downregulated by onco-
genes, for example, cellular myelocytomatosis onco-
gene (c-MYC) [14]. Thus, high levels of glutaminase
and low levels of glutamine synthetase make
exogenous sources of glutamine essential.

The interrelatedness of glutamine, glutamate and
proline has been well recognized, even though they
may serve different functions. The first step in
glutamine synthesis is the activation of the gamma
carbon of glutamate by ATP to form vy-glutamyl
phosphate. This is also the first step catalyzed by
P5C synthase, the first enzyme in proline synthesis
from glutamate [12]. The classic studies showing
that proline is an important product of glutamine
in the splanchnic circulation were emphasized by
recent studies using '*C, '*N-labeled glutamine [14].
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Tissue and cell sources of glutamine
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A proposed metabolic model involving glutamine,

proline and collagen. The depicted tumor cell is also applicable

to nonmalignant proliferating cells. The sources for glutamine are shown on the upper left and the source for proline is shown
in the upper right. These are not necessarily specific for cellular or other anatomic sites. GSA and P5C are tautomers. Their
interconversions are spontaneous. Overall, the proposed pathway is that glutamine synthesized from adequate protein intake

is used for energy and de-novo synthesis of purines and pyrim

idines. Proline is an imporfant amino acid product that is used

for signaling as well as an alternate source of ATP. During nutritional plenty, proline is stored in collagen, the main component
of ECM. This reservoir of proline can be mobilized during conditions of nutritional stress. ECM, extracellular matrix; GSA,

glutamic-y- semialdehyde; P5C, pyrroline-5-carboxylate; ORN,

The black circles designate specific enzymes numbered as foll

ornithine; PA, polyamines; PPP, pentose phosphate pathway.
ows: 1, proline dehydrogenase a.k.a. proline oxidise; 2, P5C

synthase; 3, P5C reductase 1 and 2; 4, P5C reductase L; 5, glutaminase.

The proto-oncogene ¢-MYC, which is expressed at
high levels in a variety of human tumors, markedly
upregulated the enzymes of proline synthesis from
glutamine [14]. Unlike glutamine, the free amino
acid pools of proline are relatively low. Instead,
protein-bound proline comprises a major amino
acid reservoir in the body [8]. Collagen can serve
as a controlled source or dump for proline. This
reservoir is also a source of amino acids converted
from proline. Recent findings suggest that in cells in
the quiescent state, core metabolism changes little
but products formed during quiescence may be
deposited as extracellular matrix (ECM), that is,
collagen [10]. Thus, when cells are not proliferating,
they store their metabolic substrates in the ECM.

The metabolism of proline occurs only through pro-
line dehydrogenase a.k.a. proline oxidase (PRODH/
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POX) (Fig. 1). Because the alpha-nitrogen of proline
is locked within a pyrrolidine ring, proline cannot
be a substrate for the generic amino acid enzymes,
thatis, transaminases, decarboxylases and racemases.
Instead, the first step of proline degradation is
catalyzed by a special enzyme that not only opens
the proline ring but also is in a strategic location
associated with proteins of the electron transport
chain [8]. The formation of reactive oxygen species
(ROS) accompanying the oxidation of proline has
been linked to a number of downstream events.
Others have suggested that the generation of ROS
through complex III is the source of mitochondrial
ROS used for signaling because ROS is released into
the intermembranous space [15]. From this site, ROS
can be transferred out of the mitochondria toregulate
various targets. With its special link to ROS gener-
ation, it is not surprising that PRODH/POX is under
close regulation that occurs at the genetic as well as
the catalytic level [8].
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The regulatory function of proline metabolism was
proposed some 3 decades ago, but the key role of
proline degradation in cancer was suggested by the
rapid and robust increase in the transcription of
PRODH/POX by the tumor suppressor P53. Several
recent reviews [8,9,16,17"] have described the regu-
lation of PRODH/POX, its generation of mitochon-
drial ROS and the cellular targets of this regulatory
ROS. Although PRODH/POX was identified as one of
the early and robust responses to P53, the mechan-
ism of this effect was more fully elucidated by the
finding that intronic P53 recognition sites of
PRODH/POX played a role more important than
the PRODH/POX promoter [18"]. Additionally, a
human-specific endogenous retrovirus may control
PRODH/POX expression by methylation-dependent
and independent mechanisms [19%"]. The ligand-
dependent transcriptional factor, peroxisome
proliferator-activated receptor gamma (PPAR-vy),
activated PRODH/POX expression and was con-
firmed by electrophoretic mobility shift assay and
chromatin immunoprecipitation. With nutritional
and hypoxic stress, increased PRODH/POX mRNA
and enzyme protein resulted in autophagy rather
than apoptosis [20]. The mechanism was dependent
on AMP-activated protein kinase (AMPK) activation
rather than P53. The transcriptional mechanism for
AMPK has not been shown, although it is likely that
it is through peroxisome proliferator-activated
receptor gamma coactivator 1. With P53 or PPARy
induction, the endpoint appears to be blockade of
the cell cycle and initiation of apoptosis by acti-
vating or suppressing a number of genes [21]. AMPK
activation stimulated by hypoxia results in auto-
phagy [20]. The coupling of P53 to PRODH/POX
and the generation of proline-dependent ROS con-
stitute a potential link to metabolic epigenetics.
Specific genes regulated by PRODH/POX include
enzymes of cell cycle checkpoints (cell division
cycle 25¢, Geminin, growth arrest and DNA damage
family members) [21], mediators of autophagy (con-
version of LC3-I to LC3-II, induction of Beclin 1)
[20]. Furthermore, a number of gene products are
downregulated such as cyclooxygenase 2 [22]. The
details of these effects on cancer have been recently
reviewed [23,24] and will be mentioned only briefly
here.

The pathway for proline synthesis has P5C as an
intermediate produced from glutamate by P5C syn-
thase or from ornithine by ornithine aminotrans-
terase (OAT) (Fig. 1). P5C can then be converted to
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proline by P5C reductases (PYCR) [8]. Three iso-
zymes of PYCR are known, and their localization
and function have been characterized [25]. PYCR1
and 2 are localized to mitochondria. PYCR2 appears
to be in the mitochondrial matrix, PYCR1 may be on
the surface of mitochondria. It can be easily disso-
ciated from mitochondria by exposure to phosphate
buffer. Both PYCR1/2 prefer reduced nicotinamide
adenine dinucleotide (NADH) as cofactor. PYCRL,
on the other hand, localizes to the cytosol and
prefers reduced nicotinamide adenine dinucleotide
phosphate (NADPH) for cofactor [25]. Crystallo-
graphic studies of PYCR1 showed that the catalytic
activity is the property of PYCR1 dimers, but the
physiologic structure is a decamer forming a torus
(donut-like structure), which is often seen in
proteins with membrane associations or with chap-
erone functions. How this structure relates to the
functions of the PYCRs has yet to be elucidated, but
it is tempting to speculate that it may mediate redox
channeling or transmembrane shuttling. De Ingen-
iis et al. [25] proposed that PSC produced by OAT is
channeled to PYCRL, which utilizes NADPH as
cofactor. Thus, the pathway from arginine to proline
catalyzed sequentially by arginase, OAT and PYCRL
would produce NADP™ [25]. This NADP™ could be
used by the oxidative arm of the pentose shunt to
produce PP-ribose-P for nucleotide synthesis. The
biosynthetic pathway is regulated by proto-onco-
genes, that is, c-MYC, which increases the levels of
P5C synthase, PYCR1/2/L and OAT and decreases
the levels of catabolic enzymes, PRODH/POX and
P5C dehydrogenase, the enzyme which converts
PSC back to glutamate.

The aforementioned models have focused on stress
signaling in cancer, that is, those activated by or
associated with P53, PPARy, AMPK, c-MYC, hypoxia
and nutrient starvation. Metabolomic studies in
humans with cancer have shown derangements of
proline metabolism. Recently, a number of interest-
ing applications of this model have been discovered.
In Caenorhabditis elegans lacking signaling with the
insulin analog and corroborated by studies in mouse
embryonic fibroblasts from mice with knockout of
insulin/insulin growth factor (I/IGF) receptor, Zarse
et al. [26] showed that the long-term prosurvival
effect of dysfunctional I/IGF signaling requires the
functional linkage of PRODH/POX. They showed
that the reprogramming mediated by PRODH/
POX involves genes that subsequently provide anti-
oxidant protection and prolongation of lifespan. In
another laboratory’s metabolic system involving
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adipose tissue, aging results in decreased blood flow
and compromised nutrition [27"%]. The induction of
adipose triglyceride lipase provides supplemental
nutrients and prevents apoptosis. The necessary link
is the induction of PRODH/POX by AMPK and
induction of adipose triglyceride lipase through
the nuclear translocation of forkhead box protein
O1 (FOXO1) by PRODH/POX-derived ROS [27].
The specificity of this linkage was shown by inability
to blockade the signaling by inhibition of either
NADPH oxidase or nitric oxide synthase [27*%]. A
third model involves reprogramming in develop-
ment of embryonic stem cells (ESCs). The first obser-
vation was reported by Washington et al. [28] in ].
Rathjen’s lab in Melbourne and this was confirmed
by Casalino et al. [29] in Naples. Both laboratories
showed that the addition of proline to Dulbecco’s
minimum essential media, which is usually proline-
free, enabled ESC to maintain their pluripotency or
to be stably transformed to an early stage. A sub-
sequent study [30™] from the Naples group showed
that the addition of proline induced the trans-
formation of ESC to a mesenchymal-like state as
well as the induction of global histone methylation
involving H3K9 and H3K36. The recent demon-
stration that regulatory proteins, parkinson protein
7 (PARK?7) in Parkinson’s disease and oral cancer
overexpressed 1 (ORAOV1) in tumors of the head
and neck, esophagus and pancreas, specifically bind
to PSC reductase suggests that their effects are due to
modulation of the proline metabolic axis [31%,32].
These are interesting findings and not only corrob-
orate the role of the proline axis in metabolic epi-
genetics but also that activation of transcriptional
factors may occur through PRODH/POX-generated
ROS.

The effect of stroma on tumor development is well
recognized. However, mechanisms were proposed
predating the rigorous re-examination of tumor
metabolism and its implications. Nevertheless,
emphasis was placed on the dynamic nature of
the ECM and on the major role played by collagen.
Collagen I comprises 80-90% of all collagenous
proteins, and it is the most abundant protein, nearly
25%, in the human body. Thus, collagen in the ECM
is a microenvironmental reservoir of proline (Fig. 1),
analogous to glycogen for glucose and adipose tissue
for fatty acids. Furthermore, various tumors have
special features relative to collagen. For example,
breast cancer is known to produce large amounts
of collagen in which the tumor cells are encased.
Ovarian cancer cells released into the abdominal
cavity are wrapped in collagen, a feature sheltering
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these cells from chemotherapy [33]. Melanomas,
arising in a microenvironment of ECM, also produce
large amounts of collagen [34]. The preferential
metastasis to bone for a variety of tumor types
suggests that something in that microenvironment
is conducive to tumor growth.

Collagen in ECM is dynamic and under the control
of diverse influences to play a regulatory role.
Cleavage of collagen into cryptic peptides, release
of bound preformed cytokines, breakdown of
physical constraints, physico-regulatory interaction
with tumor cells — all have been proposed previously
as exerting regulatory effects. However, the release
of proline as a unique metabolic substrate and the
regulatory functions of this metabolism has not
been considered as a function of collagen meta-
bolism. Proline released from collagen degradation
can be a source of energy, a precursor for other
amino acids, and a regulated source of redox signal-
ing. In the process of remodeling during wound
healing, collagen is degraded. Similarly, the induc-
tion of metalloproteinases has been associated with
decreased blood supply, hypoxia and the concom-
itant deprivation of nutrients. Studies using second
harmonic generation microscopy have shown that
collagen content in tumor xenografts is decreased in
hypoxic regions [35]. Metalloproteinases have also
been used as markers for malignant transformation,
specifically matrix metalloproteinase 9 [36]. Recent
studies suggest that tumor endothelial marker 8
(TEMS), a product of a gene expressed in tumors
but not in normal endothelial cells, is involved in
collagen turnover [37]. In TEM8 knockout mice,
there is markedly increased collagen in a variety
of tissues. The expression of TEMS8 is markedly
increased in cells starved of amino acids. Thus,
TEMS8 may be a mechanism to tap the collagen
reservoir when cells are amino acid deficient [38].

Collagen formation as well as collagen degradation
may be important in metabolic regulation. The
transfer of reducing potential from NADH or
NADPH to PSC to form proline provides a mechan-
ism for redox homeostasis. In tissue culture, in
which cells are metabolizing glucose by oxidative
glycolysis, lactate is released into the medium to
regenerate NAD™ as cofactor for glyceraldehyde
dehydrogenase. To a lesser extent tissue culture cells
produce and release free proline. Similarly, collagen
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synthesis is upregulated under conditions of excess
metabolic reducing potential such as with ethanol
intake. The incorporation of proline into collagen
removes it from the metabolic pool. Thus, by using
collagen as a ‘dump’ for reducing equivalents in the
form of proline, tumors can optimize conditions for
metabolism and growth.

The nonessential amino acids, proline and gluta-
mine, are closely related metabolically, but they
serve different physiologic functions. Glutamine is
the most abundant free amino acid in the body. It is
synthesized in muscle during the postabsorptive
state from amino acids derived from the degradation
of dietary proteins. Endogenous proline is synthes-
ized mainly from glutamine and can play an import-
ant role in cell signaling. Under normal metabolic
regulation, proline is incorporated into collagen,
the most abundant protein in the body. This reser-
voir of proline is a source of amino acids and energy
during conditions of metabolic stress.

Studies of the proline regulatory axis initially
emphasized mechanisms of apoptosis and auto-
phagy. Both ATP formation and ROS generation
are facilitated by the linkage of PRODH/POX to
the mitochondrial electron transport chain. The
upregulation of the enzymes of proline biosynthesis
by ¢-MYC increased proline to affect this regulatory
function as well as substrate for protein synthesis.
The regulatory axis is also applicable to a number of
other metabolic systems including the prosurvival
effects of dysfunctional insulin/IGF signaling, the
induction of adipose triglyceride lipase with meta-
bolic stress, the regulation of stem cell identity and
the function of PARK 7 in Parkinson’s disease and
of ORAOV1 in aggressive tumors of head/neck,
esophagus and pancreas. Recent work reviewed here
suggests that the importance of glutamine to tumor
cells is due, at least in part, to its conversion of
proline and activation of the proline regulatory axis.
Glutamine is a transfer vehicle in protein meta-
bolism. Proline, on the other hand, is not only a
regulatory substrate but also these regulatory func-
tions can be derived from collagen, which serves
as a reservoir and/or dump for proline in the extra-
cellular matrix.
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