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Proline differs from the other amino acids because its a-nitrogen is contained
within a pyrrolidine ring. Therefore, it cannot be metabolized by the general
transaminases and decarboxylases acting on other amino acids. Proline
dehydrogenase (PRODH) is a stress-inducible, key enzyme in proline
metabolism, catalyzing its conversion into Al-pyrroline-5-carboxylate, a crucial
compound interconnecting proline metabolism with glutamate and a-
ketoglutarate (a-KG) synthesis and with the Tricarboxylic Acids (TCA) and Urea
cycles. Consequently, PRODH can influence various cellular pathways, including
glutamatergic transmission, glutathione levels as well as the activity of a
number of enzymes using a-KG as a substrate.

Proline can also be regarded as an emergency substrate, as abundant stores
are released during degradation of intracellular or extracellular matrix proteins
(especially collagens). PRODH is localized in the inner membrane of
mitochondria and after reduction of the FAD cofactor bound to form the
holoenzyme, it can directly transfer electrons to cytochrome C to generate ATP
or it can oxidize O2 to generate reactive oxygen species (ROS). Thus when cells
are under stress, PRODH has been proposed to act either as a survival factor,
favouring maintenance of “survival energy levels”, or as a cell death effector,
inducing ROS-dependent apoptosis.

Alterations in PRODH protein levels and catalytic activity have been implicated
in diseases such as hyperprolinemia, DiGeorge syndrome, schizophrenia and
cancer. For cancer in particular, several lines of evidence suggest a central role
of PRODH as a mitochondrial tumor suppressor: 1) expression of PRODH is
reduced in diverse colorectal and renal cancer cells as compared to normal
counterparts; 2) restoration of PRODH expression in human hypo-expressing
colon cancer cell lines suppresses their ability to form tumours when injected
into SCID mice; 3) PRODH expression is regulated transcriptionally and post-
transcriptionally by several cellular sensors of cell health and homeostasis,
whose functions are deregulated during carcinogenesis, including p53, PPARy
and mTOR (mammalian target of rapamycin). However, the exact mechanisms
by which these proteins control PRODH function have been only partially
elucidated.

Understanding transcriptional and post-transcriptional regulation of a gene
and its product is clue to understanding its function. In the first two years of



SUMMARY

my PhD work we identified and characterized the p53 Response Elements (REs)
in the PRODH gene, responsible for p53 binding and transactivation of this
target. We confirmed p53-dependent induction of endogenous PRODH in
response to genotoxic damage in cell lines of different histological origin and
we established that overexpression of p73p or p63B is sufficient to induce
PRODH expression in p53-null cells. The p53 family-dependent transcriptional
activation of PRODH was linked to specific intronic response elements (REs),
among those predicted by bioinformatics tools and experimentally validated
by a yeast-based transactivation assay upon modulated expression of p53, p63
and p73 and by p53 occupancy measurements in HCT116 human cells by ChlIP.
Based on the following pieces of evidence i) it has been proposed that during
nutrient stress extracellular matrix (ECM) proteins may be degraded to provide
substrates for energy production (ecophagy), ii) an abundant protein in ECM is
collagen, that is very rich in proline and hydroxyproline, iii) the key enzyme in
hydroxyproline metabolism is hydroxyproline dehydrogenase, homologous to
PRODH, whose gene (PRODHZ2) was also shown, although less convincingly, to
be a p53 target, we decided to characterize the p53 REs present in this gene as
well. We demonstrated that the PRODHZ2 gene was not responsive to p63 nor
p73 and was at best a weak p53 target, based on minimal levels of PRODH2
transcript induction by genotoxic stress observed only in one of four p53 wild-
type cell lines tested. Consistently, all predicted p53 REs in PRODH2 were poor
matches to the p53 RE consensus and showed limited responsiveness, only to
p53, in the functional assay. Taken together, our results highlight that PRODH
but not PRODH2 expression is likely under control of the entire p53 family
members, supporting a deeper link between p53 proteins and metabolic
pathways, as PRODH functions in modulating the balance of proline and
glutamate levels and of their derivative alpha-keto-glutarate in the metabolism
under normal and pathological (tumor) conditions.

Another important transcription factor that we considered for a possible role
in regulation of PRODH, is the Hypoxia Inducible Factor 1 (HIF-1), whose
function influences cellular metabolism and is altered during the tumourigenic
process. HIF proteins are composed of two subunits, a and [, both
constitutively expressed in cells. However, the a subunits are rapidly degraded
by the proteasome at normal oxygen concentrations found in tissues. Key to
HIF-1a degradation is its oxygen-dependent hydroxylation at specific residues
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(prolines 402 and 564) by Prolyl Hydroxylases (PHD), that target the protein for
ubiquitylation and proteasomal degradation in presence of molecular oxygen,
o-KG and vitamin C. During hypoxia, HIF-1a subunits become stabilized, which
enables them to form heterodimers with HIF-1B, that activate numerous cell
survival pathways.

HIF-1 has been shown to control the expression of more than a hundred genes,
either by direct transcriptional activation of protein coding genes and
microRNAs (miRs), or by interacting or interfering with other transcription
factors. HIF-1 activation results in profound alterations in tumour cell
behaviour, which include triggering the angiogenic switch, shifting glucose
metabolism towards glycolysis, promoting epithelial-to-mesenchymal
transition and acquisition of an invasive phenotype, as well as increasing
chemo- and radio-resistance. For this reason, tumour cells often maintain HIF-
1 overexpression after they return to a normoxic environment.

We tested the hypothesis that an increase in PRODH activity, by increasing a-
KG, would provide substrate for the hydroxylation reaction catalyzed by PHDs,
thus leading to a decrease in HIF-1 a levels. indeed, ectopic expression of
PRODH led to down-regulation of HIF-1a and VEGF protein levels in the U87
glioblastoma cell line. This finding confirmed what was already reported to
occur for colon cancer cell lines.

In addition to a role of PRODH in regulating HIF-1 stability in normoxia, we
hypothesized that a regulatory circuit between PRODH and HIF-1 could exist.
PRODH was found to be downregulated 2-fold in a transcriptomics analysis of
genes regulated following induction of focal brain ischemia in rat. On the other
hand, however, very recently PRODH was shown to be induced by hypoxia and
this induction was AMPK-dependent and HIF-independent. Therefore, the
question was still open for investigation. Our expectations are unbiased,
because PRODH possesses the ability to promote either cell survival, in
conditions in which energy levels are low, by producing ATP or inducing ROS
dependent autophagy, or ROS induced apoptotic cell death. Of course a
different outcome depending on the cell lines tested as well as on other types
of stress acting on the cells concomitantly with the hypoxic stress may be
expected.

In a first attempt to verify if PRODH transcript levels were modified by hypoxia,
we exposed cancer cell lines of different histological origin (HCT116, colon;
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MCF7, breast; U87MG, glia; SHSY-5Y, neural crest) to 1% hypoxia, anoxia or to
treatment with CoCl,, a PHDs inhibitor, and compared the levels of expression
with those obtained in the same untreated cell lines, by using real time RT-
gPCR. All cell lines showed a marked decrease in PRODH transcript, in
particular after treatment with CoCl,, and a reduction also in protein levels,
although of minor entity compared to transcript decrease. Preliminary results
obtained during my PhD work confirm that PRODH-HIF-1 regulatory circuit
does indeed exist, and lays the foundations for further investigations, to clarify
the relationship between these two proteins to increase knowledge about
PRODH regulation and its possible downregulation during the tumourigenic
process.
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INTRODUCTION

1. INTRODUCTION
1.1 Cancer and its metabolism.

Although it has been known for long that cancer cells have a unique
metabolism compared to normal cells (Warburg, 1956), interest in this topic
has revived recently, when several oncogenes and tumour suppressors were
shown to affect several aspects of cell metabolism (Figure 1) (Vogelstein and
Kinzler, 2004).

Genetic alterations Tumour microenvironment

(affecting p53, MYC, (hypoxia, pH, nutrients
AMPK, PI3K and HIF1) and autophagy)
l a ';Abnormal‘\"\.\ ]

. metabolic ‘
. phenotype » <

Bioenergetics l Biésynthesis | Redox

Figure 1. Determinants of the tumour metabolic phenotype.
The metabolic phenotype of tumour cells is controlled by intrinsic genetic mutations and external responses
to the tumour microenvironment. Oncogenic signalling pathways controlling growth and survival are often
activated by the loss of tumour suppressors (such as p53) or by constitutive activation of oncoproteins (such
as PI3K). The resulting altered signalling modifies cellular metabolism to match the requirements of cell
division. Abnormal microenvironmental conditions such as hypoxia, low pH and/or nutrient deprivation elicit
responses from tumour cells, including autophagy, which further affect metabolic activity. These
adaptations optimize tumour cell metabolism for proliferation by providing appropriate levels of energy in
the form of ATP, biosynthetic capacity and the maintenance of balanced redox status. AMPK: AMP-
activated protein kinase; HIF1: hypoxia-inducible factor 1.

From Cairns 2011
Among these are the PI3K signaling pathway, that perturbs coordination
between growth and proliferation signals and central metabolism (Plas and
Thompson, 2005), Myc, that promotes mitochondrial gene expression,
mitochondrial biogenesis and glutamine metabolism (Li et al., 2005), AMPK,
the central energy sensor (Schafer et al.,, 2009), HIF-1a, that is essential to
control oxygen levels and stimulates new vessel formation to improve nutrient
uptake, and finally p53, one of the tumour suppressors most recently shown to
modulate metabolic reprogramming, by reducing utilization of the glycolytic
pathway (Bensaad et al., 2006) and by promoting oxidative phosphorylation

(Matoba et al., 2006).
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Based on constantly growing evidence, it is now generally accepted that
metabolism and bioenergetics play a fundamental role in the development of
complex diseases such as cancer. This unique metabolic divergence may be the
target for discovery and development of more specific cancer therapies
(Vander Heiden et al., 2009).

The altered metabolism is considered fundamental to the transformation of
normal cells into cancer cells and is believed to be a characteristic of most, if
not all, cancers, including solid tumours, and hematologic malignancies
(Suganuma et al., 2010; Altman and Dang, 2012). Metabolic transformation is
thought to be initiated by the strongly decreased oxygen availability in a
growing tumour as soon as it reaches the size of 1 mm?. This leads to
alterations in energy production mechanisms, including a large shift in
mitochondrial function from energy production to the creation of biosynthetic
intermediates, or building blocks, supporting cell growth and proliferation
(Wallace, 2012). Not surprisingly, metabolic requirements and the types of
nutrients taken up by cancer cells are altered dramatically compared to normal
cells (Dang, 1999; Jones and Thompson, 2009).

Tumour cells face various types of stress as they arise and progress. Early-stage
tumours, that have not yet recruited new blood vessels to supply them with
nutrients, will have a shortage of both glucose and oxygen, will face metabolic
stress, and some cells will acquire anchorage independence(Schafer et al.,
2009). Additionally, some mutations, that trigger tumour formation, accelerate
certain cellular metabolic programs and thereby cause stress. AMP-activated
protein kinase (AMPK) is a central sensor of cellular metabolism. It is activated
during metabolic stress situations that lower the intracellular levels of ATP, a
crucial energy-supplying molecule (Schafer et al., 2009). AMPK activation
influences cellular signalling pathways that are involved in cancer, such as the
mTOR and p53 pathways, and inhibits the proliferation of cells in culture
(Mihaylova and Shaw, 2011; Hardie et al., 2012).

Aim of this PhD project was to study the regulation and function of Proline
dehydrogenase (PRODH), an enzyme key to proline metabolism, able to
interfere with cancer metabolism adaptation in at least two different ways.
First of all, as we will see in detail later, two products deriving from the activity
of the flavoenzyme PRODH are glutamate and alpha-Ketoglutarate (a-KG), the
latter of which plays an anaplerotic role in the tricarboxylic acids (TCA) cycle
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(Phang et al., 2010). Therefore, PRODH deregulation could perturb TCA steady
state and drive metabolic change during tumour growth, when other nutrients
or substrates are depleted. It has been demonstrated that PRODH
overexpression corresponds to a decrease of essential TCA intermediates such
as fumarate and malate, limiting energy production of cells (Liu et al., 2009a).
Moreover, a-KG is an essential substrate for some enzymes, such as Prolyl
Hydroxylases (Tuderman et al., 1977). PRODH catalytic activity also results in
production of reducing power, that are transferred on the FAD molecule of this
flavoenzyme and can either be donated to the oxidative phosphorylation
chain, downstream of Complex |, to produce ATP, or used to produce ROS
(Surazynski et al., 2005; White et al., 2007).

Proline dehydrogenase has been shown to play a role in apoptosis, as
upregulation of PRODH (for example by p53) leads to increased proline
oxidation and superoxide production in mitochondria. Superoxide, in turn,
stimulate both the intrinsic and extrinsic apoptotic cell death pathways (Phang
et al., 2008). More recently a role of PRODH in regulation of ROS mediated
autophagy has been described. Therefore, PRODH can either mediate
apoptosis or survival.

Hypoxia is frequently concurrent with nutrient depletion and metabolic
changes and it can influence yet another hallmark of cancer, neoangiogenesis.
PRODH was recently shown to interfere also with this process, again by its
ability to modulate a-KG (Liu et al., 2009). Both hallmarks, metabolic changes
and neoangiogenesis, are initiated by hypoxia and its main effector, the
transcription factor Hypoxia Inducible Factor-1 (HIF-1), but is subsequently
sustained by deregulation of the Hypoxia Inducible Factor(s) also in absence of
hypoxia.

The two processes just considered are very important for tumour growth, and
indeed metabolic changes and neoangiogenesis are considered hallmarks of
cancer, e.g. alterations in cellular physiology that are essential to the
transformation of normal cells into cancerous cells, as they were historically
defined by Douglas Hanahan and Robert Weinberg a decade ago and revised
more recently (Hanahan and Weinberg, 2000, 2011).
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Figure 2. Hallmarks of cancer.
Representation of 10 biological capabilities acquired during the multistep development of human tumors.
Modified from Hanahan and Weinberg, 2011

Several lines of evidence indicate that development of cancer is a multistep
process, each step of which is finely regulated and connected with others;
genetic or epigenetic alterations in this complicated network can drive the
progressive transformation of normal human cell into highly malignant
derivatives (Hanahan and Weinberg, 2011).

Knowledge about the regulation of these processes and the links between
them are in continue expansion. In view of PRODH involvement in different
metabolic pathways, it is essential to reach a deep knowledge of the enzyme
regulation and the molecular processes PRODH is involved in, to understand
the mechanisms underlying its oncosuppressive role.
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1.2 Prodh.

The PRODH gene maps on human chromosome 22 in the 22qll region. It
encodes for Proline dehydrogenase, a mitochondrial enzyme that catalyzes
dehydrogenation of proline to 1-pyrroline-5-carboxylate. PRODH mutations are
responsible for the benign mendelian condition termed “type |
Hyperprolinemia” (OMIM #239510) and for the complex behavioural disease
schizophrenia, so that the gene has been also indicated as SCZD4, which stands
for “schizophrenia susceptibility locus 4” (Jacquet et al., 2002; Kempf et al.,
2008).

PRODH is localized to the inner mitochondrial membrane and possesses a key
role in the metabolism of proline, a non essential amino acid characterized by
a secondary amino group.

The side-chain of proline, in fact, closes on the nitrogen of the amino group,
forming a ring that confers stability and rigidity to protein structures. Several
proteins are very rich in proline: for example collagen, an essential component
of the extracellular matrix, is characterized by a rigid and regular structure, due
to its composition, in which 25% of the residues are represented by proline
and hydroxyproline. Indeed, cellular proline uptake derives primarily from
dietary proteins but can also be obtained by degradation of extracellular
matrix proteins, comprised predominantly of collagen.

Due to its particular structure, proline metabolism requires dedicated
enzymes, other than those involved in the metabolism of common amino
acids, such as transaminases and decarboxylases.

Proline metabolism occurs through a process called "Proline Cycle", in which
compounds shuttle between the mitochondrion and the cytoplasm, as shown
in Figure 3. PRODH catalyzes the oxidation of Proline to Al-pyrroline-5-
carboxylate (P5C), which is in tautomeric equilibrium with its linear form, y-
glutamic semialdehyde (GSA). The P5C can exit the mitochondrion and be
again converted into Proline by the cytosolic enzyme P5C-reductase, which
uses NADPH as its cofactor.
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Figure 3. Schematic of
PROLINE METABOLISM  collagen the pathwayvs involved
1 metalloproteases p Y.
Proline containing dipeptides n pro"ne metabolism
Extracellular (see text).
II .\‘\‘ IR R R RRRRI AT ‘|_|_‘L_‘ ll".l.,!ll' rrrr‘r‘rrl \|l TIRRETER \\‘ L Ill\ TIRIRIERETR -f‘ l‘ PRODH: Proline
prolidase Cytosol dehydrogenase;  P5C:
\ Alpyrroline-5-
AF‘HOS chain .. proline proline carboxylate; PC5S: P5C
~—_ FAD n
~ PRODH | PROLINE NAD{P) P5C Synthase; PC5DH: P5C
FADHZ CYCLE NADP(H) reductase
dehydrogenase; OAT:
P5C P5C -
Urea cycle =_ spontaneous ornlthlne
ornithine 2AT,  Blutamic - aminotransferase; — a-
semialdehyde
KG: alpha
PSCDH P5CS
TCA cycle - {ALDHS, ketoglutarate.
~— glutamate Gln synthase
S~ o 2 <
«KG glutaminase glutamine
\Qituchundrion

P5C can also be metabolized to glutamate by P5C dehydrogenase and then
converted into a-KG which will enter the Tricarboxylic acid cycle (TCA) or will
be used by various cellular enzymes. Glutamate can also be converted back
into P5C by the action of P5C synthase (Figure 3). During oxidation of proline,
PRODH transfers reducing power to FAD®, which is reduced to FADH,. The
reduced cofactor can in turn, donate the pair of electrons to the electron
transport chain to generate ATP. Alternatively, the electrons deriving from the
oxidation of proline can be used to generate Reactive oxygen species (ROS),
reducing the molecular oxygen present in the cell to superoxide anion (O,-),
which is subsequently converted to hydrogen peroxide (H,0,) by superoxide
dismutase 2 (SOD2).

Therefore, increased activity of PRODH, by physiological or artificial induction
of protein expression and/or activity, may lead to an increased production of
ROS, which in turn can lead to the activation of the intrinsic pathway of
apoptosis; such process involves the release of Cytochrome C by the
mitochondrial membrane, the activation of the caspase cascade and
culminates with the condensation of chromatin and formation of apoptotic
bodies, thereby leading to cell death (Dobrucki and Darzynkiewicz, 2001). The
proline dehydrogenase can also lead to cell death by activating the extrinsic
pathway apoptosis: the overexpression of this protein, in fact, leads to an
increase of protein levels of NFAT (Nuclear Factor of Activated T-cells), a
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transcription factor that allows the activation of the transcription of TRAIL
(Related Apoptosis Inducing Ligand), which, upon binding to its receptor,
activates the caspase cascade (Liu et al.,, 2006). Several lines of evidence
suggest that this function, apoptosis induction, plays a major role in the
tumour suppressive role of PRODH, as it will be described later. Nevertheless,
recently PRODH was also described to play a role in induction of autophagy, as
its overexpression is sufficient to induced cell protective autophagy in a colon
cancer cell line (Zabirnyk et al., 2010). Autophagy is a process known as ‘self-
eating’, which serves a housekeeping role and degrades damaged or unwanted
organelles. Autophagy also serves to derive energy during stress conditions.
Beyond a threshold, this process may eventually lead to cell death (Galluzzi et
al., 2008). Therefore, PRODH seems to act as a balance between survival and
apoptosis, likely depending on the type and extent of stress that is inducing it.
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1.3 Prodh in cancer.

Several pieces of evidence published in the literature support the tumor
suppressor function played by PRODH during tumour formation.
Immunohistochemical staining with specific antibodies performed on tumor
tissue sections and their related normal counterparts, revealed that the
expression of PRODH is significantly reduced in tumors compared with
adjacent normal tissues (Figure 4). Moreover, restoring the expression of
PRODH in a colon carcinoma cell line, can markedly reduce cell proliferation
and tumor growth both in vitro and in vivo (Liu et al., 2009).
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Moreover, the gene encoding PRODH is located in a chromosomal region
undergoing frequent genetic rearrangements such as deletions and
translocations; some reports associated loss of this region with an increased
predisposition to cancer, although these results are far from being conclusive
(McDonald-McGinn et al., 2006; Liu et al., 2009a). In the same region, 1.4 Mb
away from the gene, an unprocessed pseudogene ({p PRODH) has been
mapped, that carries a deletion encompassing exons 3 to 7 and several
mutations that could be transferred on PRODH with high frequency due to a
phenomenon known as gene conversion (Bender et al., 2005). Nevertheless, a
systematic search for PRODH mutations in cancer has never been performed.
The presence of the pseudogene in antisense orientation could also favor
chromosomal rearrangements and in particular deletions .

PRODH has been extensively studied as a tumor suppressor gene in colorectal
and renal cancers (Liu et al.,, 2009a), but there are indications that its
expression and function may be altered more widely during the tumorigenic
process.

PRODH has been described to play its oncosuppressive role through
overproduction of ROS, leading to the activation of the apoptotic process. As it
will be outlined later, we propose that there are other mechanisms by which
PRODH can prevent tumor growth: in particular, in this thesis, we investigated
the regulation of HIF-1a by PRODH and its possible consequences, including a
role in the control of neoangiogenesis.

PRODH expression and activity were recently found associated with an
increase in a-KG level, leading to downregulation of HIF-1a and VEGF protein
levels in colorectal cancer cell lines (Liu et al., 2009a). This is not an unexpected
finding, as prolyl-hydroxylases require a-KG in addition to molecular oxygen
and vitamin C for their activity. Therefore, by increasing a-KG, PRODH can
stimulate HIF-1a proline hydroxylation and degradation by the proteasome.
The regulation of prolyl hydroxylases by modulation of a-KG substrate levels is
very important in light of recent findings reporting that the reactivation of HIF
prolyl hydroxylases, obtained using a derivatized a-KG able to permeate cells,
induced metabolic catastrophe and cell death in tumor cells (Tennant et al.,
2009). This characteristic could be exploited in order to induce tumor cell
death and would also explain, at least in part, the mechanism of tumor
suppression by PRODH.




INTRODUCTION

Therefore, the importance of PRODH as a mitochondrial tumor suppressor is
supported by several lines of evidence: its low expression in various types of
human tumors, -in particular colorectal cancer and renal cancer-, and the fact
that inducing re-expression of PRODH in human tumorigenic cell lines,
suppresses their ability to form tumors when injected into SCID mice. In
addition, PRODH expression and activity are controlled by proteins with a
central role in tumourigenesis and metabolism, including mTOR, p53, and
PPARYy (Polyak et al., 1997; Pandhare et al., 2006, 2009; Liu and Phang, 2012).

1.4 Prodh regulation.

An important step needed to understand the contribution of PRODH in
metabolic processes, particularly during the tumourigenic process, involves
investigating how this enzyme is regulated.

At the transcriptional level, the expression of the PRODH gene is regulated by
various transcription factors. Among these, one of the first positive regulators
identified was PPARy (peroxisome proliferator activated receptor-gamma) for
which a response element in the promoter of the gene has been described
(Pandhare et al., 2006, 2009). PPARYy is a stress responsive nuclear receptor,
activated by inflammatory drugs belonging to the class of thiazolidinediones,
used in the treatment of diabetes mellitus type Il (Pandhare et al., 2006).
Recent studies have shown that tumor cells treated with these drugs show a
reduced growth rate, which may be explained, at least in part, by their activity
on PRODH (Pandhare et al., 2009).

Another important transcription factor involved in regulation of PRODH
expression is p53, whose role in the control of tumourigenesis has been known
for a long time, such that it has been defined "guardian of the genome" [Lane,
1992]. In fact, in response to various types of stress such as genotoxic damage
or hypoxia, p53 is stabilized and acts by inducing cell cycle arrest or apoptosis,
mainly through its activity as a transcription factor.

PRODH was identified as one of the genes, called PIGs (p53 Induced Genes),
strongly induced by p53 after treatment with Adriamycin (Polyak et al., 1997).
In particular, PRODH was named PIG6 after its identification in a SAGE analysis
(Serial Analysis of Gene Expression), a technique used to determine changes in

10
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the transcriptome after induction of p53. Of the 7202 genes analyzed, 14 were
found to be induced more than 7 times, including PRODH (Polyak et al., 1997).
PRODH has been considered one of the proapoptotic targets induced by p53.
However in recent years p53 has acquired new roles, including the control of
angiogenesis and metabolism, which are well suited to be mediated by PRODH
(Teodoro et al.,, 2006; Vousden and Ryan, 2009). In spite of the fact that
PRODH has long been known as a p53 target, identification and validation of
the p53 RE(s) responsible for p53 responsivity in this gene has never been
carried out, except for one study (Maxwell and Kochevar, 2008). For this
reason PRODH has not been included in recent reviews listing known p53
targets (Riley et al., 2008; Beckerman and Prives, 2010a)

Regulation of PRODH also occurs at the post-transcriptional level. An increase
in proline dehydrogenase activity, in fact, has been observed after inhibition of
mMTOR (mammalian Target Rapamycin) by treatment with rapamycin in various
cell lines (Pandhare et al., 2009). When the cell undergoes nutrient stress, for
example in the absence of glucose (such as tumours can encounter in the
initial stages of tumour development, before neoangiogenesis is activated),
mTOR is inhibited, thus allowing the passage from the biosynthetic state to a
survival one. mTOR is a ubiquitous protein kinase that can form two types of
multimeric complex, mTORC1 and mTORC2 (Lian et al., 2008). mTORC1 acts as
a metabolic sensor, receiving signals from the intra- and extra-cellular
environment, e.g. glucose abundance and nutrients availability, to which it
responds by stimulating various cellular processes, the best characterized of
which is protein synthesis. The outcome of all processes activated by mTORC1
is a stimulation of cell growth and proliferation (Laplante and Sabatini, 2012).
Under normal conditions and plenty of nutrients, therefore, mTOR promotes
cell growth, while during stress, the complex of mTOR is inhibited and so is cell
growth. Not surprisingly, in conditions of stimulation of protein synthesis, the
activity of proline dehydrogenase is inhibited, while physiological or
pharmacological inhibition of mTOR leads to an increase in PRODH levels,
allowing the utilization of the proline as an energy resource, either because of
the consequent increase in a-KG that can enter the TCA or be used for other
reactions, or by donating the electrons obtained by proline oxidation to the
electron transport chain, to maintain active oxidative phosphorylation (Phang
et al., 2010). Noteworthy, p73, a member of the p53 family, was recently
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shown to be induced by mTORC1 inhibition by rapamycin (Rosenbluth and
Pietenpol, 2009). This prompted us to investigate transactivation of the PRODH
gene by the whole p53 family, as a first step to elucidating the mechanism by
which mTOR could increase PRODH expression.

Also AMPK activation has been shown to induce PRODH expression, and
increase the production of ATP by this although the mechanisms underlying
this activation have not been elucidated [Pandhare et al, 2009]. Nevertheless,
AMPK is known to negatively regulate mTOR during nutrient stress and the
action of these regulators could therefore partially overlap (Kimura et al.,,
2003).

Finally, another mechanism to finely regulate PRODH levels at the post-
transcriptional level has been demonstrated very recently in cell lines derived
from human renal cell carcinoma, where PRODH transcript was shown to be
targeted by various microRNAs, in particular of miR-23b* (Liu et al., 2010)
MicroRNAs are endogenous small RNAs, 18 to 25 nucleotides long, capable of
binding the 3'UTR (UnTranslated Region) of mRNAs, thus inhibiting protein
synthesis according to two main mechanisms: degradation or sequestering of
mMRNAs and repression of their translation (Pillai et al., 2007; Braun et al., 2011;
van Kouwenhove et al., 2011).

All regulatory factors involved in the control of PRODH play a very important
role in the control of the onset of cancer; indeed, they are often directly or
indirectly deregulated, giving way to the neoplastic process. However, the
mechanisms by which some of them, such as mTOR, exert their control on the
activity of PRODH have been only partially elucidated. In any case, the fact that
the main proteins involved in the control of tumor development have PRODH
among their targets, suggests that the latter may have an important role in
maintaining cellular homeostasis and also that its expression may influence
tumour formation.
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1.5 Prodh2.

Hydroxyproline is an aminoacid present in some proteins, that is not found in
such form as a free aminoacid, but derives from post-translational modification
of proline. Like proline, hydroxyproline requires a specific enzyme for its
metabolism, hydroxyproline dehydrogenase (OH-PRODH or PRODH2). The
PRODH2 gene, encoding this enzyme, maps to the 19g13.1 chromosomal
region and little is known about its expression or function, except that it is
associated with a rare inborn error of metabolism known as hydroxyprolinemia
(OMIM #237000).

In the mitochondria, proline and hydroxyproline are oxidized to yield A-
pyrroline-5-carboxylate (P5C) and A'-pyrroline-3-hydroxy-5-carboxylate (OH-
P5C), by PRODH and OH-PRODH, respectively. These two intermediates can be
converted to glutamate and y-hydroxy glutamate by a common enzyme, A'-
pyrroline-5-carboxylate dehydrogenase. A research led by Adams and
Goldstone showed that A'-pyrroline-5-carboxylate reductase can reduce
either P5C or OH-P5C to proline or hydroxyproline, respectively (Phang et al.,
2008). As for PRODH, also PRODH2 gene has been proposed to be a
transcriptional target of p53 and to induce ROS dependent apoptosis (Cooper
et al., 2008). Coordinated regulation may be envisaged, due to the existence of
common sources for substrates of both enzymes. For this reason, we decided
to investigate regulation of both genes by the p53 family.

In the following sections some of the proteins known or hypothesized to
regulate PRODH expression are described, as the mechanisms of their
regulation of PRODH expression will be the subject of this PhD thesis.

1.6 The p53 family.

The large part of the work described in this thesis is based on the identification
and validation of the putative p53 response elements (REs) present in the
PRODH and PRODH2 genes, in order to deepen the knowledge about p53
control of their transcription and to investigate their possible transactivation
by the other members of the p53 family.
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The protein encoded by the tumor suppressor gene p53 responds to various
types of stress by activating and modulating different biological processes such
as apoptosis, cell-cycle arrest, DNA repair, cellular differentiation and
senescence (Vousden and Prives, 2009); p53 status is altered in over 50% of
spontaneous tumors in humans (Greenblatt et al., 1994; Harris and Levine,
2005). In addition to mutations in sporadic tumours, germ-line mutations in
p53 are found in the cancer prone Li-Fraumeni syndrome which predisposes
carriers to a wide spectrum of early-onset cancers (Hainaut and Hollstein,
2000). Normally, p53 is expressed in a latent form and is maintained at low
levels through ubiquitin mediated degradation. However, in response to DNA
damage or other forms of cellular stress, p53 is activated to function as a
transcription factor, resulting in a cascade of events that eventually prevents
tumor development (Harris and Levine, 2005).

The p53 pathway responds to a wide variety of stress signals. These include:
telomere shortening, hypoxia, mitotic spindle damage, heat or cold shock,
unfolded proteins, improper ribosomal biogenesis, nutrient deprivation in
transformed cell, etc. (Figure 5, step 1). These stress signals are detected by
various sensors (Figure 5, step 2), the activities of which channel information
to p53 through a plethora of protein modifications, to the p53 protein itself or
to its negative regulator, MDM2. The latter is a direct p53 transcriptional
target and functions as a ubiquitin ligase, capable of blocking p53
transcriptional activity directly and also by ubiquitination and targeting the p53
protein for proteasomal degradation. Thus the two proteins create a feedback
loop, to keep p53 activity low in unstressed or cells or after the cellular
response to damage has been carried out (Figure 5, step 3) (Levine, 1997).
Stabilization of the p53 protein allows the activation of a plethora of target
genes, by interaction with the specific p53 consensus sequence in the DNA
(Figure 5, step 6).

p53 can also recruit cofactors such as histone acetyltransferases (HATs) and
TATA-binding protein-associated factors (TAFs) to regulate gene expression
(figure 5, step 7 and 8), after binding to DNA, p53 mediates transactivation of
its target gene (fig 5, step 9), which are involved in various pathways such as
DNA repair, cell-cycle arrest, apoptosis, and many others more recently
discovered, like metabolism and angiogenesis. (figure 5, step 10). Evidence
suggests that the type and extent of stress and by the cell type under stress, is
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channeled onto the p53 protein by means of different post-translational
modifications, thus leading to induction of a specific subset of target genes
(Beckerman and Prives, 2010b).
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The p53 consensus site (or Response Element, RE) is composed by two half-
sites RRRCWWGYYY -where W can be A or T, and R and Y stand for purine and
pyrimidine bases, respectively- separated by a spacer of variable length (range
0-21 base pairs, although the most efficient REs show no spacer at all), (figure
6) (Riley et al., 2008).

Some p53 REs can have more than two contiguous half-sites, and are therefore
referred to as cluster sites. Various experiments have shown that the level of
binding affinity and subsequent transactivation increases linearly with the
number of adjacent half-sites (Kern et al., 1991; Bourdon et al., 1997).
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Finally, some genes contain multiple p53-binding sites in different locations
within the gene and promoter region, and each p53 RE can contribute to the
p53 response.

Activating RE

Half-site 1 Half-site 2

Figure 6. p53 consensus sequence.
p53 RE motifs from 123 validated activating p53REs (A) and 39 validated repressing p53REs (B) drawn with
WebLogo software.

From Wang 2009

P53 is the founding member of a gene family, consisting of the tumor
suppressor p53, and its more recently identified (although more ancient
relatives) homologues p63 and p73. The high level of sequence similarity
between p63, p73 and p53 proteins, particularly in the DNA binding domain,
allows p63 and p73 to transactivate the same p53-responsive genes, causing
cell cycle arrest and apoptosis. However, the function of the three family
member is not functionally redundant and the primary role of each p53 family
member — as determined by the analysis of knockout mice - illustrates that
each protein has its own unique functions.

For example, p63-deficient mice are born alive but their limbs are absent or
truncated owing to a malfunctioning of the apical ectodermal ridge (Mills et
al., 1999; Yang et al., 1999). They fail to develop a stratified epidermis and
most epithelial tissues (for example, hair follicles, teeth, prostate, lacrimal and
salivary glands, and mammary glands), indicating its important role in stratified
epithelia development.

The p73 knock-out mice have profound developmental defects including
hippocampal dysgenesis, hydrocephalus, chronic infections and inflammation
(Abraham and Meyer, 2003). They also exhibit abnormal reproductive and
social behavior due to defects in pheromone detection, attributed to a
dysfunctional nasal organ that normally expresses high levels of p73 (Johnson
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et al., 2005). Until recently p73 was not considered a tumour suppressor gene,
as p73 knock-out mice showed no increased susceptibility to spontaneous
tumorigenesis (Yang et al., 2000; Stiewe and Piitzer, 2002). By knocking out
specific p73 isoforms, however, Tomasini et al showed that the TAp73 beta
isoform does indeed possess tumour suppressive activity (Rosenbluth and
Pietenpol, 2008; Tomasini et al., 2008).

Among the three typical outcomes deriving from activation of the p53 family
members, namely apoptosis, senescence or cell-cycle arrest, the first two are
terminal for the cell, whereas cell-cycle arrest allows for repair processes to
take place and remove DNA damage, so that the cell survives. With time,
however, research has expanded the roles of these transcription factors to
new fields, i.e. metabolism, and they were found to be crucial for the general
maintenance of cell health, both in physiological and pathological conditions.
In fact, p53, but also p63 and p73, are at the center of a complex network
within the cell, which maintains cellular homeostasis.

The proteins encoded by this gene family have considerable similarity in
structure and domain organization; there is an N-terminal transactivation
domain, a central DNA binding domain showing the highest level of
conservation, and a C-terminal oligomerization domain (figure 7).

ps3 DBD

VVBO%

p63 DBD
L3700 91%

Figure 7. Architectures of human TP53, TP73, and TP63 genes.
TP53, TP73, and TP63 genes encode the transactivation (TAD), DNA binding (DBD), and oligomerization
(OD) domains. TP73 and TP63 contain additional SAM (Sterile Alpha Motif) domain in some of their
isoforms. Percentage homology of residues between p53, p63, and p73 is shown.

From Wei 2012
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Despite structural similarity and the high level of conservation of the DNA
binding domains of the p53 family members (Figure 7), significant differences
in DNA binding ability and specificity have been reported. This implies that
each member of the p53 family may have differential affinity for different DNA
binding sites. For this reason, it is important to expand the analysis of the
PRODH regulation to all members of this gene family.

The identification and characterization of the REs present in target genes of
the p53 family will facilitate the unraveling of the complicated signaling
networks of these transcription factors.

1.7 Hypoxia-inducible-factor (HIF-1).

Another important objective of this work was aimed at characterizing function
and regulation of PRODH, was to investigate the relationship between proline
dehydrogenase and the Hypoxia-inducible-factor (HIF-1).

The transcription factor hypoxia-inducible factor-1 (HIF-1) is a key regulator of
genes responsible for adaptation and survival of cells and the whole organism
to hypoxia (1% O, compared to 21% O, in normoxia) (Wang et al., 1995;
Semenza, 1998). Since its identification, 2 decades ago, knowledge of HIF
biology in normal and tumour cells has grown exponentially, because of the
realization that hypoxia has a strong impact on cell biology and mammalian
physiology and pathology (ischemia, stroke, cancer).

This transcription factor functions as a heterodimer composed of two subunits:
HIF-1PB, constitutively expressed, and HIF-1a, whose levels are tightly regulated
at the post-translational level. Inhibition of HIF-1a during embryogenesis, leads
to abnormalities in the development of blood vessels and heart, and abortion.
Even the inactivation of HIF-2a causes the death of the embryo, although
showing a phenotype less pronounced with regard to cardiovascular problems,
indicating that the major isoform involved in the process of angiogenesis is
HIF-1a (Kaur et al., 2005).

HIF-1 was discovered after the identification of its consensus sequence, the
hypoxia response element (HRE; 5’-RCGTG-3’) in the 3’ enhancer of the
erythropoietin (EPO) gene, encoding a hormone that stimulates erythrocyte
proliferation and whose transcription is induced during hypoxia (Goldberg et
al., 1988; Semenza et al., 1991). Subsequent studies identified the protein that
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bound the HRE under hypoxic conditions as HIF-1, a heterodimeric complex
consisting of a hypoxically inducible subunit HIF-la and a constitutively
expressed subunit HIF-1B (Wang et al., 1995). HIF-1pB is also known as the aryl
hydrocarbon nuclear translocator (ARNT), because it was originally identified
as a binding partner of the aryl hydrocarbon receptor (Reyes et al., 1992).
When the oxygen tension in the cell decreases, HIF-1la is stabilized and
translocated to the nucleus, where it dimerizes with the HIF-1B subunit, whose
expression is constitutive and independent from intracellular oxygen
concentrations. The active heterodimer form interacts with its coactivators
and recognizes HREs (Hypoxia Responsive Elements) sequences present in the
promoters of target genes to induce transcription (Brahimi-Horn and
Pouysségur, 2006).

As | said, HIF-1a levels are subject to oxygen-dependent regulation, controlled
by prolyl-hydroxylase (PHD), which are able to hydroxylate the ODD domain, in
presence of a-KG, vitamin C and oxygen. The hydroxylation of two proline
residues (P402 and P564) in normoxia, induces ubiquitination by the VHL E3
ubiquitin ligase and the rapid degradation of HIF-1a by the proteasome(Pugh
et al., 1997). During hypoxia, absence of oxygen prevents PHD activity and HIF-
la accumulates leading to heterodimer formation and activation as a
transcription factor.

The hypothesis that we wanted to test in this thesis is that PRODH may
influence the degradation of HIF-1a in normoxia (figure 8, right). In fact, one of
the products that is formed downstream of the metabolism of proline, of
which PRODH is the key enzyme, is a-KG, substrate of the PHDs. The
hypothesis is therefore that an increase of the levels of PRODH can lead to an
accumulation of this molecule, stimulating an increased activity of PHDs and
consequently causing a decrease in the levels of HIF-1a due to an increase in
the degradation pathway. We chose as model glioblastoma cell lines, that
show frequently HIF-1 deregulation. Glioblastoma is a highly vascularized,
deadly tumour with very poor prognosis. Mutations in Isocitrate
dehydrogenase (IDH) and succinate dehydrogenase (SDH), influencing the
levels of a-KG or succinate (respectively substrate and product of PHD activity)
have been shown to be selected for in this type of tumour and to influence
neoangiogenesis (Parsons et al., 2008; Jones and Thompson, 2009). Of note,
increasing the levels of a-KG in these cells by the use of a non degradable a-KG
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derivative has been shown to induce tumour cell death (Tennant et al., 2009).
If our hypothesis was confirmed, then PRODH would act as an oncosuppressor
by inducing tumour apoptosis or by inhibiting the metabolic and
neoangiogenic switches observed in tumors.

Therefore, understanding the mechanisms of PRODH regulation and how it is
downregulated in tumours could open new possibilities to restore its
expression, thus contributing to tumourigenic control.

Normoxia
P5CDH
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Figure 8. Scheme depicting the hypothesized regulatory circuit between PRODH and HIF-1a:

At physiological O, concentrations, PRODH cooperates with PHD in keeping HIF-1 levels low, by providing
the essential PHD substrate a-KG. At low O, concentrations or in situations of overexpressed HIF-1, such as
those observed in some tumours, HIF-1 may in turn regulate PRODH.

On the other hand, we hypothesized that in hypoxic conditions or in situations
of HIF-1 overexpression (i.e. in tumours, not necessarily in presence of
hypoxia) , HIF-1a could modulate PRODH levels (figure 8, left), in order to
escape apoptosis or, alternatively, facilitate survival. Our hypothesis is
supported on one side by a study showing that PRODH is among the transcripts
downregulated by inducing brain ischemia in the rat (Schmidt-Kastner et al.,
2002). On the other side, very recently PRODH was shown to be upregulated
during nutrient and/or hypoxic stress in an AMPK-dependent but HIF-
independent manner (Liu et al., 2012).
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2. AIMS OF THE Ph.D. THESIS

This PhD work aims to expand knowledge about regulation of proline
metabolism by two cancer-associated factors, p53 and HIF-1a, to understand
the contribution of PRODH in metabolic processes, particularly during the
tumourigenic process.

Our first goal was to fill in a gap in the literature, by identifying and validating
the p53-REs in the PRODH and PRODHZ2 genes. Both genes had previously been
shown (more or less convincingly, as it will be discussed in this thesis) to be
induced by p53; but the REs possibly responsible for this induction had not
been identified nor validated. Moreover, we expanded the work to investigate
the regulation of PRODH and PRODHZ2 genes by the other members of the p53
family, p63 and p73.

During the final year of my PhD work, | worked at the hypothesis that there is a
reciprocal control between HIF-1 and PRODH; in this circuit, PRODH stimulates
PHD hydroxylating activity on prolines 402 and 564 of the HIF-1a subunit,
tagging the protein for VHL dependent ubiquitylation and proteasome
degradation. HIF-1, in turn, when physiologically (hypoxia) or pathologically
(neoplasia) stabilized, would be responsible for down-regulating PRODH at the
transcriptional or post-transcriptional level.
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3. MATERIALS AND METHODS
3.1 Reagents.

Nutlin-3A was purchased from Alexis Biochemicals (Enzo Life Sciences, Exeter,
UK). All oligonucleotides were from Eurofins MWG Operon (Ebersberg, Germany).
Bacteriological reagents (Bactoagar, Yeast extract, Peptone) were from DIFCO (BD
Biosciences, Milan, Italy). Doxorubicin, 5-fluorouracil (5FU) and cobalt chloride
(CoCly) and all other reagents were from Sigma Aldrich (Milan, Italy) unless
otherwise specified.

3.2 Cell lines and treatments.

The human breast adenocarcinoma-derived MCF7 cell line was obtained from the
InterLab Cell Line Collection bank, ICLC (Genoa, Italy); the colon adenocarcinoma
HCT116 (p53+/+) cell line and its p53-/- derivative were a gift from B. Vogelstein
(The Johns Hopkins Kimmel Cancer Center, Baltimore, Maryland, USA) (Bunz et al.,
1998). LoVo colon adenocarcinoma cells were a gift from M. Broggini (Istituto
Farmacologico Mario Negri, Milan Italy) (Drewinko et al., 1976), the hepatocellular
carcinoma derived HepG2 cells were a generous gift from A. Provenzani
(Laboratory of Genomic Screening, CIBIO, University of Trento), neuroblastoma
cell line SHSY-5Y was a generous gift from A. Quattrone (Laboratory of
Translational Genomics, CIBIO, University of Trento) while the U87MG
glioblastoma cell line was obtained from ATCC. Cells were maintained in McCoy's,
DMEM or RPMI media supplemented with 10% FBS, 1% glutamine and antibiotics
(100 units/ml penicillin plus 100 pg/ml streptomycin), as advised by the suppliers.

To study PRODH expression in response to p53 induction or stabilization, cells
were seeded at 80% confluence and treated with genotoxic agents or Nutlin-3A at
the indicated concentrations for 16 hours.

For transient transfection experiments, 7 x 10° cells were seeded in 6-well plates
24 hours before transfection to reach ~70% confluency on transfection day. Cells
were transfected using 2 pg plasmid DNA/well and the TransIT-LT1 transfection
reagent (Mirus, Milan, Italy) according to the manufacturer’s instructions. Human
p53 was expressed from the pC53-SN3 plasmid (Kern et al., 1991), while p63beta,
p73beta and PRODH cDNAs were expressed from pCDNA3.1 (Ciribilli et al., 2010).
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All mammalian constructs were extracted from XLlblue E. coli cells using the
endotoxin free PureYield plasmid midi-prep kit, according to the manufacturer’s
protocol (Promega, Milan, Italy). In all experiments, cells were harvested 24 hours
after transfection, trypsinized and collected for RNA extraction.

For generation of stable clones, U87 cells were plated in 6-well plates the day
before experiment to reach ~80% confluence at transfection, using
pCDNA3_PRODH construct or empty vector as control, which was performed with
FUGENE HD (Promega), according to the manufacturer’s instructions. The day
after transfection, cells were trypsinized and replated onto 100mm cell culture
plates with G418-supplemented medium (400ug/ml). After two weeks,
transfected clones were isolated using cloning rings, grown separately into 24
wells plates and processed as soon as possible to check for PRODH expression
analysis.

For hypoxia treatment cells were incubated at 37°C in a humidified atmosphere
with pO, of 21% for 24 hours and subsequently incubated in a hypoxic chamber
(Modular Incubator Chamber and Flow Meter, Billups-Rothenberg,) for 24 hours.
The mixture of gas present inside the chamber is composed of N, (94%), CO, (5%)
and O, (1%), with a flow of 20 LPM (liters per minute).

Chemical hypoxia was obtained by treatment with cobalt chloride (CoCl,). Cells
were seeded and grown at standard conditions for 24 hours, then treated with
CoCl, (100 uM) for 24 hours (Yuan et al., 2003).

To generate anoxic condition cell lines were packed for 24 hours into a plastic
incubation bag containing an Anaerocult A mini sachet (Merck) according to the
manufacturer's instructions.

3.3 Analysis of PRODH and PRODH2 transcript levels.

To quantify PRODH and PRODH2 mRNAs following treatments or transfections,
cells were harvested and washed once with PBS. Total RNA was extracted using
the RNeasy Kit (Qiagen, Milan, Italy) according to the manufacturer's instructions.
For real-time quantitative PCR (qPCR), cDNA was generated from 2 pg of RNA by
using the RevertAid First Strand cDNA Synthesis Kit (Fermentas, Milan, Italy) or
the iScript Reverse Transcription Supermix for RT-qPCR (Biorad). gPCR was
performed on a RotorGene 3000 thermal cycler (Corbett Life Science, Ancona,
Italy) or on a StepOne thermal cycler (AB, Milan, Italy) using the KAPA Probe Fast

23



MATERIALS AND METHODS

Universal 2X qPCR Master Mix (Resnova, Rome, Italy) with Tagman assays (AB,
Milan, Italy) or the Sso Advanced Sybr Green Supermix (Biorad). Relative mRNA
guantification was obtained using the AACt method, where the glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), hypoxanthine phosphorybosyl transferase
(HPRT) or the B2-microglobulin (B2-M) genes served as internal control. P21 was
used as positive control for the efficacy of the induction of p53 family members by
the specific treatment, while VEGF was used as positive control for HIf-1a
stabilization after hypoxic treatments. All primers used are reported in Table 1.

3.4 Construction of yeast reporter strains and media.

Nine different Saccharomyces cerevisiae reporter strains were constructed,
containing the firefly luciferase gene under the control of the p53 RE found by
bioinformatics tools (see below) in the PRODH and PRODH2 genes. To insert the
putative p53 RE upstream of the luciferase reporter genes the “delitto perfetto
approach” for in vivo mutagenesis was used (Storici et al., 2001), starting from the
available master reporter strain yLFM-ICORE. The master strain contains the
luciferase cDNA integrated in the yeast genome downstream a minimal promoter
derived from the CYC1 gene. The counter selectable ICORE cassette is located 5’
to the minimal promoter and confers high targeting efficiency of the locus by
oligonucleotides that contain the desired RE sequences (Table 2) (Storici et al.,
2001). The recombinant yeast strains were checked by colony PCR and direct
sequencing for proper positioning of the inserted REs (BMR Genomics, Padua,
Italy). Yeast cells were grown in YPDA medium (1% yeast extract, 2% peptone, 2%
dextrose with the addition of 200 mg/L adenine). For plating, YPDA medium was
supplemented with 2% bactoagar, while selective minimal plates lacking
tryptophan or leucine but containing adenine (200 mg/L) and dextrose as carbon
source were used to isolate transformant clones with expression vectors for p53
family proteins. 5-Fluoroorotic acid (FOA) and geneticin (G418) were added to the
plates when necessary (Storici et al., 2001).

3.5 Constructs for the expression of p53 family members in S. cerevisiae.

To express members of the p53 family in yeast, the pTSG- (TRP1) or pLSG-based
(LEU2) constructs, harbouring respectively p73B and p633 cDNAs (TA isoforms)
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under the control of the GAL1,10 inducible promoter, were used (Inga et al., 1997,
Jordan et al., 2008). This promoter allows to modulate the expression of the
proteins under study by varying the galactose concentration in the culture
medium. The wild type p53 cDNA was similarly expressed using the pLS89
expression vector (TRP1) (Inga et al., 1997). Empty vectors pRS-314 or pRS-315
were used as controls; these vectors contain respectively the TRP1 (as pTSG) or
LEU2 (as pLSG-) yeast selectable markers.

3.6 Luciferase assays in yeast.

To measure the transactivating capacity of p53 family members on the putative
p53 REs identified in PRODH and PRODH2 genes, the expression vectors described
above were transformed into the yLFM-RE strains using the lithium acetate
method. After transformation the yeast strains were grown on minimal medium
lacking tryptophan or leucine but containing adenine (200 mg/L) and dextrose as
carbon source, to keep the expression of p53 family members inhibited. After 2-3
days at 30°C, transformants were streaked onto the same type of plates and
grown for an additional day. For each reporter strain, the basal luciferase activity
was measured from the empty vectors pRS314- or pRS315-transformed colonies.
Transformant colonies were grown in 100 pL of selective medium containing
raffinose as the sole carbon source in a transparent 96-well plate for 16-24 hours
at 30°C. Different concentrations of galactose (0.008% and 1%) were added to
induce low or high levels of expression of the p53 family members. OD600 was
directly measured in the multi-well plate to normalize for cell density using a
multilabel plate reader (Infinite M200-Pro, Tecan, Milan, Italy). Ten pL of cells
suspension were transferred to a white 384 plate (BrandTech Scientific Inc., Essex,
CT, USA) and mixed with an equal volume of PLB buffer 2X (Passive Lysis Buffer,
Promega). After 15 minutes of shaking at room temperature, 10 pL of Firefly
luciferase substrate (Bright Glo Luciferase Reporter Assay, Promega) were added.
Luciferase activity was measured and results were expressed as fold of induction
compared to empty vectors.
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3.7 Chromatin immunoprecipitation experiments in HCT116 cell line.

Chromatin immunoprecipitation (ChIP) assays were performed as previously
described (Menendez et al., 2006, 2009) using the EZ Magna ChIP kit (Upstate
Biotechnology, Millipore, Lake Placid, NY, USA). Briefly, HCT116 p53+/+ and p53-/-
cells were plated onto 150-mm dishes, let to grow for one day and treated with
1.5 uM doxorubicin for 16 h or left untreated. Cells were then cross-linked with
1% formaldehyde for 10 min at 37 °C and treated subsequently with 125 mM
glycine for 5 min. Samples were processed following the manufacturer's
instructions. Cell lysates were then sonicated using conditions that enabled us to
evaluate the distinct contribution of the different REs. Sonication was done using
a Misonix 4000 instrument equipped with a multiplate horn (Misonix, Qsonica
LLC., Newtown, CT, USA). Samples were sonicated using twelve cycles of 20
seconds pulses at 80% of amplitude with a 40 seconds pause in-between and the
accuracy of shared chromatin fragments was checked on a 2% agarose gel. The
p53-specific monoclonal antibody DO- 1 (Santa Cruz Biotechnology, Milan, Italy)
and magnetic Protein G beads were used in the ChIP assay. As a negative control
we used mouse IgG (Santa Cruz Biotechnology). Once reverted the crosslinks, PCR
amplifications were performed on immunoprecipitated and purified chromatin
using primers to amplify specific regions in the PRODH promoter, introns and in
the CCNB1 gene, that does not contain any p53 REs (No Binding Site, NBS) (Table
S1). Furthermore, gPCR was used to quantify the fold change in site occupancy.
The gPCR reaction was performed with 2 pL of each sample and using the Power
SYBR® Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) following
manufacturer's procedures. To determine the fold change in site occupancy the
SuperArray ChIP-qPCR Data Analysis tool was used (SA Biosciences, Frederick, MD,
USA). The enrichment values were obtained after normalization against the input,
then computing the ratio between the doxorubicin vs mock treatment.

3.8 Western blot analysis.
Cells for intracellular extracts were mechanically scraped from 100mm plates in

PBS+5mM Na, EDTA, counted and resuspended in RIPA buffer supplemented with
protease inhibitors (PMSF, benzamidine, aprotinin, and leupeptin), when cells
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reached ~70% confluency. Quantification of total protein was performed with
Bradford reagent before SDS—PAGE, using bovine serum albumin as a standard.
Eighty to 100 micrograms of intracellular lysate were loaded for PRODH detection.
Proteins were transferred onto Immobilon-P transfer membrane (Millipore, USA)
and protein of interest were identified using anti-PRODH mouse polyclonal
antibody (Abnova, code ABIN519294), anti-HIF1la mouse monoclonal antibody
(BD Bioscience, code 610958, clone 54/HIF-1a ) and anti-B-Actin rabbit polyclonal
antibody (Santacruz, code sc-1616 ) as loading control.

Immunoblot analyses were performed using standard procedures and the
immunorecognition was detected using the ECL Plus Western Blotting Detection
System (GE Healthcare, USA). When appropriate, acquired images were quantified
using the program ImageJ (NIH, free PC version).

3.9 Intracellular staining for VEGF production.

Three U87 stable clones transfected with either pcDNA3-PRODH and pcDNA3
vector as control were seeded in 6-well plates and grown for 24 hours, then cells
were treated with Monensin for 2 hours where indicated (Golgi Stop, BD). After
trypsinization, 3x10° cells per FACS tube (BD) were treated with 250 pL of
Cytofix/Cytoperm fixation and permeabilization solution (BD) and incubated for
15 minutes at 4°C, followed by 2 washes in PermWash solution (BD). 5 pL of
PhycoErithryn-labelled anti-human VEGF antibody (R&D) was added in each tube,
and incubated for 20 minutes at 4°C. After two washes in PermWash buffer, cells
were resuspended in 500 ul of PBS per tube, and FACS analyses were performed
with a FACSCanto Il instrument (BD). Viable cells were gated based on physical
parameters (SSC-FSC), followed by quantification of VEGF specific fluorescence.

3.10 Statistics.

All statistical analyses were made using Prism (GraphPad Software). Data are
reported as mean +s.d. and statistical analyses were performed by using the
Student’s t-test. Results were considered statistically significant when a P<0.05
was obtained.
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3.11 Bioinformatics analysis.

Sequences of the human PRODH and PRODH2 reference mRNAs (NM_016335.4
and NM_021232.1, respectively) were retrieved from NCBI
(http://www.ncbi.nlm.nih.gov/nucleotide), and the genomic organization was
obtained with the UCSC Blat algorithm at http://genome.ucsc.edu/ followed by
extension of the promoter region retrieved, using the function “gene sorter” at
UCSC.

To search for the p53 REs in the PRODH and PRODH?2 genes, the following sites
were consulted:

-TESS (http://www.cbil.upenn.edu/tess.);

-p53MH algorithm (http://linkage.rockefeller.edu/ott/p53MH.htm.) (Hoh et al.,
2002);

-p53 FamTaG ( http://p53famtag.ba.itb.cnr.it/index.php.) (Shisa et al., 2007);
-TFBIND (http://tfbind.hgc.jp/) (Tsunoda and Takagi, 1999)
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3.12 Table 1. Oligonucleotides used in this work.

MATERIALS AND METHODS

NAME SEQUENCE (5’ - 3’ orientation) USE
ade2_Fw AAGTTGCCTAGTTTCATGAA Yeast colony PCR &
lucl_Rv CATAGCTTCTGCCAACCGAA Sequencing after “delitto

perfetto”

PIG6_prom-3.1_F

TGCCCCATTATCACCCTAGCTTCT

gPCR after ChIP

PIG6_prom-3.1_R

TGCCCAACATGGAGGCTTTTCT

PIG6_prom-0.9_F

ATACTCACCAGGCTCCACTATGGG

PIG6_prom-0.9_R

CGGCCACAAGTTGTATGGTTCGTT

PIG6_int2+1.7_F

CCACATCTAAGGGGCATCCCAAAA

PIG6_int2+1.7_R

CACAAGGTGGGCATGGCTTCT

PIG6_int2+2.8_F

TGGTTGCTTTGCTGTGGAGTCA

PIG6_int2+2.8_R

AGACAGGGTTTCACGATGTTGCTC

PIG6_int2+4.7_F

CTGTGGACTGTCATCTAGCTCA

PIG6_int2+4.7_R

TGTTCCCTCTTATCCCAAGTCC

PIG6_int3+6.8_F

AAGGGGAGGGAAAGGCAGTCA

PIG6_int3+6.8_R

CAAAACAGCCAATCGCAAGGCA

CCNB1_FW (NBS)

TATGCCACATCGAAGCATGCTAA

CCNB1_RV (NBS)

ACAGATGGCACATGGTGCCAATT

PRODH FW sybr

CAGCCACATGGAGACATTCTTG

gPCR

PRODH RV sybr

AGCCGTCATCGCTGACTCTAC

P21 FW sybr CTGGAGACTCTCAGGGTCGAAA
P21 RV sybr GATTAGGGCTTCCTCTTGGAGAA
VEGFsybrFw CTTGCCTTGCTGCTCTACCT
VEGFsybrRv GCAGTAGCTGCGCTGATAGA
Beta-2MG FW sybr AGGCTATCCAGCGTACTCCA
Beta-2MG RV sybr ATGGATGAAACCCAGACACA
GAPDH FW sybr GAAGGTGAAGGTCGGAGTC
GAPDH RV sybr GAAGATGGTGATGGGATTTC
HPRT FW sybr AGACTTTGCTTTCCTTGGTCAGG
HPRT Rv sybr GTCTGGCTTATATCCAACACTTCG
PRODH Hs00271933_m1l AB Tagman assays
PRODH2 Hs00560403_m1

Beta-2MG Hs00984230_m1
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3.13 Table 2. Oligonucleotides used for the creation of PRODH and PRODH2
yeast reporter strains by the “Delitto Perfetto” approach.

Name Sequence of the Response Element
PRODH -3.1 CGACTTGTCCTCAATGACCACGCTC (25)*
PRODH -0.9 CACCAGGCTCCACTATGGGCTTGTCTTCGTGTGACTTCTGT (41)
PRODH +1.7 GGGCAAGGACGGGCATGCTA (20)
TTACAAGCCCTAGGCTCATGCCTAGGCATGGTGGCTCATGCCTGTAATTCT
PRODH +2.8
AGCAC (56)
PRODH +4.7 GTCCTTGTTGCCAGGGCATGCCT (23)
PRODH +6.8 AGGCTTGCCTCAGCATGTCG (20)
PRODH2 -1.3 TCCCAGCATGTTGGGAGGACAAGTAG (26)
PRODH2 -0.5 ACTCTAGCCTGGGCAACAAGAGT (23)
PRODH2 -0.27 | GTACATGTTTCCTGCTGTCCATGTTT (26)

* The number in brackets indicates the length of the Response Element in nucleotides. In the complete
oligonucleotide used for “delitto perfetto” the sequence of each Response Element is surrounded at both sides by
the sequences needed for homologous recombination in yeast; these sequences are:

5 CORE GCGGAATTGACTTTTTCTTGAATAATACAT (30)

3’ CORE GCAGATCCGCCAGGCGTGTATATAGCGTGG (30)

the total length of each oligonucleotide is the sum of 5’core+PRODH RE+3’ core.
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4.RESULTS
4.1 PRODH regulation by p53 family members.

During the first two years of my PhD project | worked at verifying and
improving knowledge about the regulation of the PRODH gene by p53 and at
expanding the analyses to the other members of this important family of
transcription factors, namely p63 and p73. It has long been known that PRODH
is a p53 inducible gene (Polyak et al., 1997) but a systematic search and
validation of the p53 REs in this gene has never been carried out. The work
presented in this section of the Results has been used for a manuscript that is
under revision for publication in PLoS ONE and that is attached at the end of
this PhD thesis.

4.2 PRODH levels increase upon genotoxic stress or p53 stabilization.

To confirm previous data reporting that PRODH is inducible by genotoxic stress
via p53, we treated several cancer cell lines of different histological origin
(HCT116 p53+/+, HCT116 p53'/', and LoVo: colon; MCF7: breast; HepG2: liver)
with doxorubicin or 5-fluorouracil, two genotoxic agents known to induce p53.
Variations in PRODH or control transcripts were measured by Reverse
transcription followed by quantitative real time PCR (RT-gPCR). All cell lines
tested showed an increase in PRODH transcript levels after the treatments,
compared to untreated controls, particularly evident in the HepG2 and LoVo
cell lines. The induction observed was, in most cases, comparable (or even
higher in HepG2 and LoVo) to that obtained for p21, one of the best
characterized and efficiently transactivated target of p53, confirming that the
PRODH gene is a strong p53 target. The only exception was the colon cancer
cell line HCT116 p537", derived from HCT116 p53** by p53 gene knock-out. In
this case, we did not observe any PRODH induction upon genotoxic damage,
confirming that the induction observed in the other cell lines was indeed p53
dependent (Figure 9).
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Figure 9 Genotoxic stress induces a p53-dependent increase of PRODH transcript levels. HCT116 p53+/+,
HCT116 p53-/-, MCF7, HepG2 and LoVo cell lines were treated with the genotoxic compounds Doxorubicin
(D, 0.5, 1 or where not indicated,1.5 uM) or with 5-Fluorouracil (5f, 375 uM) for 16 hours before proceeding
to total RNA extraction, cDNA preparation and real time q-PCR. The established p53 target gene p21 is
shown for comparison (lighter bars). Bars indicate the average folds of induction obtained in treated versus
untreated cell samples, plotted together with the standard deviation of three biological replicates. The
values obtained in untreated cell lines were set to 1 and shown in the figure as a horizontal broken line.

We also tested transactivation of the PRODH gene after treatment with Nutlin-
3A. This drug can stabilize p53 by disrupting its interaction with the negative
regulator MDM2, therefore in absence of genotoxic stress. To do this, we again
measured PRODH transcript levels after treatment of the p53 competent cell
line, HCT116 p53** with two doses of the drug. A dose dependent increase in
PRODH transcript was observed; more specifically, a 3,8 and 6,1 fold induction
(over the value obtained in untreated cells, arbitrarily set to 1) in PRODH
MRNA was observed at 5 or 10 mM Nutlin, respectively. As a positive control,
p21 transcript levels were also measured in the same conditions (Figure 10).
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Figure 10. p53 stabilization result
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4.3 p63 and p73 can transactivate PRODH in mammalian cells.

We decided to test the ability of the other transcription factors of the p53
family, p63 and p73, to transactivate PRODH. We chose the beta isoforms of
both transactivators, because they are known to possess the highest
transactivating activity among all isoforms (Ueda et al., 2001; Ghioni et al.,
2002). The p53 null colon cancer cell line HCT116 p53” was transiently
transfected with constructs expressing the three transcription factors
belonging to the family or with the corresponding empty vector as a negative
control. Subsequently, we measured the levels of PRODH mRNA by RT g-PCR.
The results showed that also p63 and p73 are able to induce the proline
dehydrogenase transcription, although less efficiently than p53. Indeed, a
three- and almost four-fold induction was observed with p63 and p73,
respectively, compared to the 7 fold induction obtained with p53 (figure 11).
We therefore demostrated that PRODH is a target for all members of this
family of transcription factors.
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4.4 The PRODH gene contains numerous putative p53 REs

After confirming PRODH responsivity to p53 and demonstrating that it is
transactivated also by the other family members, we analyzed the nucleotide
sequence of the gene to search and map p53 response elements (REs)
responsible for direct transactivation, as this piece of information is still lacking
in the literature. As | said before, there is only one report on a p53 RE present
in the promoter, about 1100 bp upstream of the transcriptional start site (TSS)
(Maxwell and Kochevar, 2008).

As first steps toward the in silico identification of p53 consensus sequences, we
retrieved the whole genomic sequence from Genbank, encompassing 3 kb of
sequence upstream of the predicted transcriptional start site; then we built the
exon-intron organization by using the UCSC-Blat algorithm and the PRODH
mMRNA reference sequence NM_016335.4, to generate a “gene map”.

The search for p53 REs in the whole genomic sequence was performed using a
combination of four bioinformatic tools for identifying p53 specific binding
sites (p53MH, p53FamTag) or transcription factors consensus sequences in
general (Tess, TFBIND). This was accompanied by a manual search as well.

By combining all bioinformatic predictions results, we isolated nine putative
p53 REs that have been named according to their distance from the
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Transcription Start Site (TSS) based on reference sequence NM_016335.4
(Table 3).

Three of them were excluded from further analysis because they did not
respond to one or more of the criteria taken into consideration for functional
REs, based on data collected by several groups and summarized in recent
reviews (Jordan et al., 2008; Riley et al., 2008; Beckerman and Prives, 2010),
such as distance from the transcription start site (TSS) (> 10 kb) (+14.3 and
+15.8 REs), the presence of a long spacer (> 7 bp) between the two half sites of
the consensus (+6.4 RE) or mismatches in the CWWG core sequence (none of
the PRODH REs were affected).
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Table 3. p53 Response elements in the PRODH gene

Location Mismatches Mismatches Spacer Sequence
(bp from HS 1 HS 2 (bp)
TSS)

1 -31 Promoter 1 2 5 CGACTTGTCCTCAATGACCACG
-3,158 CTC

2 -09 Promoter - 1in % site, 3 7,5 CACCAGECTCCACTATGGGCTT
-917 ina HS GTCTTCGTGtGACTTcTgT*

3 417 Intron 2 2 1 - GGGCAAGgaCGGGCATGCTa
+1,694

4 +2.8 Intron 2 2,2,2,2,3 3,0,0,3 ttACAAGCCCTAGGCtCATGCCT
+2,816 in each of the five half sites bp AGGCATGgTgGctCATGCCTGT

respecti AAttCTAGCaC®
vely

5 +4.7 Intron 2 3 - 3 GtcCTTGTTgCCAGGGCATGCCT
+4,727

6 +6.4 Intron 3 1 2 8 GGtCTTGCTCTGTTGCCCAGGC
+6,453 TAGagT

7 +6.8 Intron 3 - 2 - AGGCTTGCCTcAGCATGTCg
+6,817

8 +143 Intron 8 2 1 2 AGCcCATGETTCCAGCCAAGCCC
+14,269

9 +15.8 Intron 9 -in % site 1 5 TGTTTGTTAGAAGCATGTCa
+15,832

* same RE described in (Maxwell and Kochevar, 2008).

° Cluster formed by 5 half-sites: the 3 central half-sites contain a CATG core and are separated by 0 bp spacer,
while the two external half sites are separated by the central 3 by 3 bp spacers. All of the 5 half-sites contain at
least 2 mismatches each, although they never involve the core of the consensus.

Bold name: REs selected for experimental validation.

Bold/underlined: bases belonging to the indicated RE; italic: spacers; minuscule: mismatches within RE

By positioning the selected REs on the “gene map” (figure 12A) it was possible
to observe that only 2 of the REs are located in the promoter region of the
PRODH gene, at positions -3.1 and -0.9 kb from the TSS. The latter has already
been described (Maxwell and Kochevar, 2008) and was investigated, although
it did not completely fulfil the chosen parameters. The discrepancy in the

numbering between Maxwell paper and our work is attributable to the newer
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reference sequence we used. The other REs were located in intron 2 (+1.7,
+2.8 and +4.7 kb) and 3 (+6.8 kb), respectively. The latter RE, +6.8, falls within a
genomic  region previously identified in a ChIP  (chromatin
immunoprecipitation)-sequencing experiment but not further characterized
(Wei et al., 2006). In that paper, the RE was reported in intron 1, although it is
in intron 3 according to a more recent genomic assembly and the PRODH
mMRNA version NM_016335.4 used in the present work.

The two REs in the promoter contained only one half-site with either one (-3.1)
or no (-0.9) mismatches (Figure 2A). An additional half-site with two
mismatches, one of which involving a base in the CWWG core sequence, was
present in the -3.1 RE, separated from the first half-site by a 5 bp spacer; in the
-0.9 RE, a quarter site with one mismatch and a half-site with three
mismatches (that can alternatively be considered a quarter site with one
mismatch) were presented, separated by the first half-site by 7 and 5
nucleotide spacers, respectively. Among the intronic REs, two of them (+1.7
and +6.8) had no spacers, while the +4.7 had a 3 bp spacer; the +4.7 and +6.8
REs had a consensus half-site and a second half-site with two mismatches
outside the CWWG core motif, while the +1.7 had mismatches (one or two) in
each half-site (Figure 2A). The +2.8 RE was identified as a full site composed of
two half-sites (GctCATGCCT-AGGCATGgTg) by the TFbind software. Upon
careful analysis of the nearby sequence, this RE turned out to be surrounded
by other half-sites, thus constituting a cluster with a total of 5 half-sites, of
which the 3 central contained a CATG core and were devoid of any spacers,
while the two external half-sites were separated from the central 3 REs by 3 bp
spacers (Figure 2A). All of the 5 half-sites in the +2.8 RE contained at least 2
mismatches each, none involving the CWWG core motif of the consensus.
Interestingly, the +6.8 was the only RE identified by the p53SCAN algorithm in
the genomic region encompassing the PRODH gene (Menendez et al., 2009).
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Figure 12. The PRODH gene contains several putative p53 REs, some of which are differentially
transactivated by p53 family members in yeast. A. Scheme depicting genomic location and sequence of the
six p53 REs in the PRODH gene that were selected for further analyses. The first 4 exons are indicated as black
boxes and numbered. The sequence of the REs at the various indicated locations is shown (lowercase =
mismatches from consensus; italics = spacer between half-sites) B. The REs in the PRODH gene were assayed
with different p53 family members p53, p636 and p736 at different levels of galactose induction (0.008%,
lighter bars and 1%, darker bars) in the yeast transactivation assay. As a positive control, the yeast strain
carrying one of the p53 REs present in P21 gene (P21-5’) was included. Bars represent the fold of induction on
each RE by the specified p53 family expression construct over the values obtained with the relative empty
vector (negative control) (set to 1 and indicated by a broken line across each graph) used as negative control.

4.5 The p53 family members differentially transactivate from the PRODH REs
in yeast .

Validation of the 6 selected consensus sequences was performed by using a
transactivation assay in yeast. The first step was to create reporter strains in
the yeast Saccharomyces cerevisiae, by integrating the PRODH REs in the yeast
genome, upstream of a reporter gene. To do this we chose to exploit a well-
known procedure called "Delitto perfetto approach", that takes advantage of
the yeast ability to efficiently perform homologous recombination (Storici et
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al.,, 2001; Storici and Resnick, 2003). Briefly, using a previously engineered
yeast strain (yLFM-ICORE), we inserted oligonucleotides carrying the sequence
of the single REs of interest at a specific site upstream of the luciferase
reporter gene. With this method the RE+reporter are integrated into a yeast
chromosome, maintaining its chromatin organization and thus reproducing
what occurs physiologically during eukaryotic gene expression. Transformation
of the strains obtained with constructs expressing the p53 protein family
members under control of a galactose inducible promoter allowed us to
determine the responsivity of each RE at different levels of transcription
factors expression.

As shown in Figure 12B, The four intronic REs (+1.7, +2.8, +4.7 and +6.8) were
induced by p53 in a dose dependent manner and showed strong response at
the higher level of induction (1% galactose). At moderate induction (0.008%
galactose), the +2.8, +4.7 and +6.8 already showed at least a 35-fold increase
above background in luciferase activity. In all cases, a yeast strain carrying the
P21-5’ RE was used as a positive control. Overall, the levels of p53-dependent
induction of the intronic REs by p53 were comparable to those obtained with
the positive control strain, bearing the p21-5 RE, which has been previously
shown to be strongly induced by the p53 family members in yeast (Inga et al.,
2002). The REs in the promoter (-3.1 and -0.9) instead, showed no (-3.1) or
extremely weak (-0.9: 2.5-fold) induction over the basal level even at 1%
galactose, suggesting lack of responsiveness to p53 (Figure 12B).

Also the other p53 family members could weakly transactivate luciferase
reporter expression from some REs, at 1% galactose. More specifically, the
+1.7, +2.8 were very weakly transactivated upon p63B but not p73pB
expression, while the + 6.8 RE was transactivated following p63B or p73pB
expression (5 to 10-fold) (Figure 12B). At low galactose induction of p63 and
p73B, no detectable increase in luciferase activity was observed in any of the
PRODH REs.
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4.6 P53 binding capacity in vivo in mammalian cells.

To study p53 binding to the PRODH gene in vivo, HCT116 p53** cell line and its
p53 knock-out derivative (HCT116 p53”) were treated with DOXO or left
untreated (mock) and cell extracts were subject to Chromatin
ImmunoPrecipitation (ChIP) and amplification of the DNA fragments containing
each RE.

The data confirmed that the +6.8 RE is the most efficiently bound by p53 in
HCT116 p537* under the conditions tested, showing almost a 4-fold
enrichment in binding by p53 after genotoxic treatment over the untreated
sample, followed by +2.8 (3-fold enrichment), +1.7 (2-fold enrichment) and
finally -3.1 RE. The -0.9 and +4.7 REs showed very low enrichment (Figure 13).
For comparison, enrichment of p53 binding in DOXO treated over untreated
cells is shown for a genomic region not containing a p53 RE (CCNB1) (indicated
as Non Binding Site, NBS, in figure 13), used as negative control and for a
region of the p21 promoter surrounding the well established P21-5’ RE, used
as positive control.

The +6.8 RE showed the highest p53 binding in vivo (Figure 13). Interestingly,
this RE is the one most efficiently transactivated by all p53 family members in
yeast assays (Figure 12B).

71 Figure 13. Relative p53 occupancy
[ HCT116 p53* levels at PRODH sites containing
B HCT116 p53++ p53 REs. ChIP experiments were
61 performed in the HCT116 p53+/+
cell line and its isogenic derivative
HCT116 p53-/- (negative control),
treated with DOXO or left
untreated. Binding of p53 to the
different REs was analysed by
gPCR. The broken line indicates

the level of p53 bound to the No
Binding Site (NBS) after DOXO
treatment of HCT116 p53+/+ cells,
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4.7 PRODH2 regulation by p53.

It was previously demonstrated that, like PRODH, PRODH2 is induced by
genotoxic stress and by p53 (Cooper et al., 2008). We therefore decided to
confirm these pieces of evidence in mammalian cells, on one side, while
searching for p53 REs in the PRODH?2 gene.

To this aim, we treated the same cell lines known to harbour wild type p53
with Doxorubicin or 5-Fluorouracil that | described for induction of PRODH.
Consistent with the literature, these genotoxic treatments resulted in a slight
increase of PRODH2 transcript in LoVo cells, but we were unable to calculate
the fold induction as basal levels fell below the detection limits of our qPCR
(Figure 14A). In HCT116 p53”" and MCF7 cell lines, basal levels were
undetectable and no induction was observed (Figure 14A). Finally, when the
HepG2 hepatocarcinoma cell line, which turned out to have detectable basal
levels, was treated with DOXO, no induction of the PRODH2 gene was
observed (Figure 14B). Concomitantly, a slight repression was detected, in
spite of efficient induction of the p21 transcript, used as a positive control.
These findings led us to assume that PRODH2 is a gene with a limited
responsiveness to p53.
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Figure 14. p53 weakly induces PRODH2 expression in some cell lines. A. The ability of DOXO to induce
expression of the PRODH2 gene was analysed in four cell lines harbouring endogenous wildtype p53, namely
HCT116 (p53+/+), MCF7, LoVo and HepG2. B. Levels of PRODH2 (darker bars) and p21 (lighter bars, positive
control) transcripts in HepG2 cells treated with DOXO were determined by RT-qPCR. The value obtained in
the untreated cell line was normalized to 1 (broken line). All the experiments were performed in triplicate.
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To verify if the low responsiveness is attributable to the presence of poor
quality p53 REs in the PRODH2 gene, we followed the same procedure and
used the same algorithms applied for searching p53 REs in the PRODH gene.
Five putative p53 consensus sequences were identified in the PRODH2 gene,
three of which were in the promoter, while two were located in intron 9 at
more than 10 kb from the TSS (first nucleotide present in the NM_021232.1
reference PRODH2 mRNA) (Table 4). The latter two REs consisted of just one
half-site (Table 3); for this reason, and for the distance from the TSS, they were
excluded from further analysis. Of the three REs identified in the promoter
(Table 3 and Figure15A), two had a 3 bp spacer and at least four mismatches in
the two half-sites, not involving the core sequence (-1.3 and -0.5), and the
third (-0.27) had a 6 bp spacer and one or two mismatches in the two half-sites
(Table 4 and figure 15A).

Table 4. p53 Response elements in the PRODHZ2 gene

Location Mismatches Mismatches Spacer Sequence
(bp from HS 1 HS 2 (bp)
TSS)

1 -1.3 Promoter 2 2 3 cAGCATGTTgGGAGGACAAGTag
-1,281

2 -0.5 Promoter 2 3 3 ActCTAGCCTGGGcAACAAGagT
-0,534

3 -0.27 Promoter, 1 2 6 GtACATGTTTCCTGCTGtcCATGTTT
-0,267

4 +10.5 Intron 9 2 NA NA cAGCAAGaCC
+10,519

5 +10.7 Intron 9 - NA NA AAGCAAGTCC
+10,685

Bold: REs selected for experimental validation.
Bold/underlined: bases that are part of the indicated RE; italic: spacers; minuscule: mismatches within RE

Yeast strains carrying the -1.3, -0.5 and -0.27 REs upstream of the
chromosomally located luciferase reporter, and otherwise isogenic with the
previously described PRODH RE strains, were constructed. Again, an isogenic
strain carrying the P21-5’ RE was used as positive control. Activity of the
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reporter was only slightly increased by high-level p53 expression in the three
PRODH2 strains, with -0.27 being the most efficiently transactivated (9-fold
induction) (Figure 15B). A 4-fold increase in luciferase activity over the empty
vectors, used as negative control, was obtained with the -1.3 RE but only a 2-
fold with the -0.5 RE. Expression of p63p and p73B did not result in any
detectable induction of luciferase activity (Figure 15B). Taken together, and
compared with the induction levels obtained with PRODH, PRODH2 should be
considered as a weak p53 target with low expression levels and limited
responsiveness in human cells.
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Figure 15. The PRODH2 gene contains three putative p53 REs, two of which are poorly transactivated only by
p53 in yeast. A. Scheme depicting chromosomal location and sequence of the p53 REs in the PRODH2 gene,
selected for analysis in the yeast transactivation assay. B. The REs in the PRODH2 gene were assayed with
different p53 family members p53, p636 and p736 at different levels of galactose induction (0.008%, lighter
bars and 1%, darker bars) in the yeast transactivation assay. As a positive control, the yeast strain carrying the
P21-5’ RE was included. Bars represent the fold of induction of each RE by the specified p53 family expression
construct over the values obtained with the relative empty vector (negative control) (set to 1 and indicated by a
broken line across each graph). All the experiments shown derive from at least three biological replicates.

In conclusion, in the first two years of my PhD, | demonstrated that all
members of the p53 family can induce the transcription of PRODH and we
obtained a detailed map of the p53 response elements in the PRODH gene.
This will allow us to continue our studies on the regulation of this enzyme, for
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example, looking for polymorphisms possibly affecting binding of the p53
family members to the response elements. In addition, with the yeast strains
we constructed, we can carry out a screening of several missense mutants of
p53 to assess their effects on the metabolism of proline and in cellular
metabolism in general. More generally, we have enriched the information
emerging in recent study on the interconnection between the p53 family and
the control of metabolism, a topic that we plan to investigate in more detail in
our laboratory, studying the network of transcriptional and post-
transcriptional regulations between the p53 family and the important sensor
of cellular homeostasis, mTOR, that integrates the various internal and
external signals to promote growth and cell proliferation on one side, and p53,
mTOR and the hypoxia inducible factor HIF-1, on the other.

4.8 The HIF 1a-PRODH regulatory circuit.

The second aim of this PhD project was to investigate the existence of a
reciprocal regulatory circuit between the hypoxia inducible factor HIF-1 and
PRODH. On one hand, this would increase the knowledge of the mechanisms
by which PRODH could suppress tumorigenesis, other then the well known
induction of apoptosis. On the other hand it would improve the knowledge on
PRODH regulation by adding to the list of its regulators another important
transcription factor often deregulated in tumours. As we described in the
introduction section and in the aims of the work, this mutual control would
occur in different conditions, e.g. PRODH would contribute to PHD activity by
providing a-KG, ultimately leading to increased HIF-1a degradation during
normoxia, and this may have a positive impact in those tumours over-
expressing HIF-1a in absence of hypoxic stress. HIF-1a could in turn control
PRODH expression when either induced by hypoxia or over-expressed, a
phenomenon often occurring in tumours.
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4.9 PRODH overexpression results in a decrease of HIF-1a levels in the U87
cell line.

As it was shown in Figure 3, the enzymatic reaction of PRODH can trigger a
cascade of events that results in an increased level of a-KG, substrate that
prolyl-hydroxylase (PHD) utilizes, together with molecular O,, to hydroxylate
its target protein HIF1-a, a modification that is followed by ubiquitination by
pVHL and degradation by the proteasome complex (Tennant et al., 2009).
To confirm that an increase in PRODH protein levels can affect HIF-1a stability,
we stably transfected a construct expressing PRODH in the U87 glioblastoma
cell line. We considered this a suitable cell line for this type of analysis, since it
has low endogenous levels of PRODH and high levels of HIF-1a, allowing us to
evaluate the effects of overexpression of the first on the decrease of the
second.
Five out of 6 stable clones overexpressing PRODH showed a corresponding
decrease in the levels of HIF-a, compared to clones stably transfected with
empty vector (used as controls), thus indicating that our hypothesis is correct
(Figure 16). The remaining clone, among those ectopically expressing PRODH,
showed no significant changes in the levels of HIF-1a (lane 3, fig 16), but this
may be attributable to specific characteristics of that clone.

U87 Cell line

pCDNA3_PRODH pCDNA3_Empty pCDNA3_PRODH
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Figure 16. PRODH expressing, stably transfected clones show decreased levels of HIF-1aa compared to
control clones. Western blot analysis of PRODH and HIF-1a protein levels in U87 clones stably tranfected
with either a construct overexpressing PRODH (pcDNA3_PRODH, lanes 1, 2, 3, 7, 8 and 9) or empty vector as
control (pcDNA3, lanes 4, 5 and 6). Detection was performed using antibodies specific for PRODH, HIF-1a
and to B-actin for loading normalization (see Materials and methods).
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To overcome the variability among clones, we decided to perform the same
experiment using protein extracts from pools of stable clones, either
transfected with PRODH expression constructs or empty vector as control.
Moreover, we performed the same analyses on transiently transfected U87
cells, using the same constructs as above. These approaches should allow us to
observe a general trend, obtained in most of the cells by PRODH
overexpression. With both approaches we were able to observe a decrease in
HIF-1la protein levels of about 50% when PRODH was overexpressed,
compared to control clones (Figure 17, A and B).

A POOL OF STABLY TRANSIENT Figure 17. HIF-1a protein levels are

TRANSF. CLONES TRANSFECTION reduced by PRODH overexpression.
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68KDa- - - % | PRODH HIF-1a protein levels, on extracts from

cellular pools obtained after stable

transfection (left side) or following

120KDa. q . . . HIF-10, transient transfections (right side) of
n PRODH encoding plasmid or empty vector.

80 ug of protein extract, prepared seeding
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ve}

1.0- Analysis was performed using a specific
antibodies for PRODH, HIF-1a and 8-actin
to normalize loading.

o] B. Densitometric analysis of protein levels
with the free on line software Image-J.
Bars represent the fold of reduction of HIF-
la by overexpression of PRODH compared

Densitometric analysis

Emlpty Prodh Empty  Prodh to the values obtained with the relative
HIF-1a levels empty vector, arbitrarily set to 1.

In conclusion we confirmed the hypothesis that PRODH overexpression leads
to decreased levels of HIF-1a in normoxic conditions.
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4.10 HIF-1a reduction by PRODH leads to a reduction of VEGF, the protein
product of one of HIF-1 transcriptional targets.

Next, we decided to investigate if the inverse correlation we observed
between HIF-1la and PRODH could have functional consequences on the
transcriptional response activated by HIF-1.

To do this, some of the U87 clones stably transfected with PRODH expression
construct, where a reduction in HIF-1a had been previously observed, or
empty vector transfected clones as controls, were used for a quantitative
analysis of VEGF. The intracellular VEGF levels were analyzed by
cytofluorimetric detection of the VEGF cytokine, using a specific antibody for
intracellular staining. The analysis was performed both in presence or absence
of Monensin, an inhibitor of vesicular intracellular protein transport. Monensin
treatment leads to an accumulation of most cytokine proteins, being
synthesized in the secretory pathway, in the Golgi complex and thereby
enhances VEGF staining signals to facilitate detection and to better quantify
possible differences.

VEGF levels decreased in PRODH expressing clones, compared to clones
tranfected with empty vector, used as controls. The difference was even more
evident when cells were pretreated with the Golgi inhibitor, resulting in a
significative reduction in VEGF levels in PRODH expressing clones compared to
controls (Figure 18). The average and standard deviation are indicated.
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Figure 18. VEGF levels decrease following PRODH overexpression. Cytofluorimetric quantification of VEGF
protein levels in U87 cell clones transfected with PRODH expressing construct or empty vector alone. Upon
reaching 80% confluency, cells were trypsinized, fixed and permeabilized prior to intracellular VEGF staining
using a specific antibody. Then, FACS analysis was performed to measure VEGF levels. Bars indicate the
average value obtained in stable clones treated or not with Golgi inhibitor. Error bars indicate the s.d. of the
mean obtained from three independents clones. *P<0.05.

In conclusion, we provide evidence for a new mechanism of tumour
suppression by PRODH that occurs by modulating the activity of the
transcription factor HIF-1, often deregulated in tumours, such as glioblastoma
even in absence of a hypoxic stress.

4.11 Increased expression and activity of HIF-1a affects PRODH expression.

We then decided to investigate if hypoxic stress and other treatments leading
to HIF-1la stabilization could affect the expression of PRODH. To test this
hypothesis we selected several tumour cell lines of different histological origin
and exposed them to hypoxia or cobalt chloride, a molecule able to mimic low
oxygen condition, by chemically inhibiting PHDs (and consequently increasing
HIF-1a levels). The same cells, left in normoxic conditions, were used as
control. First, we analyzed PRODH transcript levels by RT-gqPCR. In all cell lines
a strong reduction of PRODH mRNA in response to cobalt chloride was
observed (Figure 19). The effect of hypoxia was more variable, but generally
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less marked than cobalt chloride, possibly due to its pleiotropic effect, i.e.
activation of different pathways in the cells, possibly having opposite effects
on PRODH expression, thus resulting in a reduced net effect.
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Figure 19. HIF1-a stabilization leads to a decrease in PRODH transcript levels. MCF7, HCT116, U87 and
SHSY5Y cell lines were treated with the PHD inhibitor CoCl, (100 uM), or hypoxia (1%) for 24 hours before
proceeding to total RNA extraction, cDNA preparation and real time g-PCR. Bars indicate the average fold
of reduction obtained in treated versus untreated samples, plotted together with the standard deviation of
three biological replicates. The values obtained in untreated cell lines were set to 1. *P<0.01

As a control for effectiveness of the treatments performed, RT qPCR analyses
are undergoing to check VEGF expression levels, that should be increased by
the treatments described above, as it is a well known transcriptional target of
HIF-1. As a preliminary result, the levels of expression after treatment of the
HCT116 colon cancer cell line are shown in Figure 20.
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5 . Figure 20. HIF1-a stabilization

Normoxia  jeqds to an increase in VEGF
[l CocCl, transcript levels. HCT116 cell
line was treated with the PHD
inhibitor CoCl, (100 uM), for 24
hours before proceeding to total
RNA extraction, cDNA
preparation and real time g-PCR.
Bars indicate the average fold of
induction obtained in treated
versus  untreated  samples,
plotted together with the
standard deviation of three
biological replicates. The values
obtained in untreated cell lines
were set to 1.
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Next, we asked if the reduction we observed at the mRNA level resulted also in
a reduction at the protein levels. To answer this question we chose two cell
lines where PRODH protein is detectable by western blot analysis, IGROV1 and
MCF7. After treatment of the cells with one or more of the conditions used to
determine transcript levels, protein extracts were prepared and used for
western blot analysis. A reduction in PRODH levels was observed in all hypoxic
conditions, although the decrease was less evident than that observed for
PRODH transcript. This observation is the result of only one preliminary
experiment and has to be confirmed. Moreover, the light protein decrease
compared to transcript decrease could be due to the experimental procedure
the time of incubation in the various, in our conditions, RNA degradation is
faster than protein degradation (figure 21). Time course experiments after
exposure to CoCl, are undergoing, to determine variations in transcript and
protein levels at each time point.
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Figure 21. HIF1-a stabilization leads to a decrease in PRODH protein levels. MCF7 and IGROV cell lines
were treated with the PHD inhibitor CoCl, (100 uM), hypoxia (1%) or Anoxia (0%) for 24 hours before
proceeding to total protein extraction, 100 ug of protein extract, prepared seeding and harvesting cells as

described in materials and methods, were used for SDS PAGE and immunoblotting.

Analysis was performed using a specific antibodies for PRODH and 8-actin to normalize loading.
B. Densitometric analysis of protein levels with the free on line software Image-J. Bars represent the fold of

reduction of PRODH protein by Hypoxic tratments compared to the values obtained with the normoxia

sample, arbitrarily set to 1.

We hypothesize that the reduction observed in PRODH transcript and protein

could be due mainly to one or both of the following mechanisms:

1)

2)

HIF-1 modulation PRODH through one or more of its direct microRNA
targets. In particular, a hypoxic microRNA signature has been
described (Kulshreshtha et al.,, 2007) and some of the microRNAs
induced by hypoxia have the potential to target PRODH 3’UTR (miR-
23b/*, miR-26b/*, miR-27a/*, miR-30b/*, miR-125b-1/%*).

Another mechanism by which hypoxia/HIF-1 could modulate PRODH
expression is by inducing epigenetic modifications, i.e. DNA
methylation and/or histone modifications, either directly or indirectly,
through one of its targets.
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Experiments to validate these hypotheses are actually undergoing in our
laboratory, and the results obtained will contribute to clarify the relationship
between HIF-1 and PRODH and will increase knowledge about PRODH
regulation and its possible downregulation during the tumourigenic process.
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5. DISCUSSION AND CONCLUSIONS.

Proline dehydrogenase (PRODH) is a flavoenzyme that catalyzes the first,
fundamental step in the metabolism of proline. In humans, the gene encoding
this enzyme maps in the chromosomal region 22ql11.2. This region is
frequently involved in rearrangements causal of the DiGeorge Syndrome (or
22q Deletion Syndrome), characterized, among others, from psychiatric
symptoms. Mutations reducing PRODH catalytic activity are responsible for
type | hyperprolinemia and for susceptibility to schizophrenia, so that PRODH
is considered as one of the susceptibility loci for this mental disorder (SCZD4)
(Karayiorgou and Gogos, 2004; Bender et al., 2005; Kempf et al., 2008).
Moreover, in the last few years several pieces of evidence have been
accumulating about a tumour suppressor role for this protein (Maxwell and
Rivera, 2003; Liu et al., 2009a, 2010). Indeed, PRODH hypoexpression was
reported in many types of tumours compared to normal tissues and
restoration of its expression led to a strong decrease in tumour growth, due to
induction of apoptosis, mediated by the accumulation of ROS produced by the
oxidation of proline (Maxwell and Rivera, 2003; Liu et al., 2009b, 2010).
Nevertheless, it is likely that there are other mechanisms underlying its tumour
suppressor function, mediated for example by PRODH contribution to a-KG
production, a compound that can profoundly alter several aspects of
metabolism. The starting point, driving the work described in this thesis, was
that by understanding its regulation, we would have been able to better
understand PRODH functions and involvement in tumour suppression.

Although the work mainly focuses on regulation of PRODH, we also analyzed
the regulation of its homologous PRODH2, that catalyzes OH-proline
metabolism, by p53, to test the hypothesis of a co-regulation of PRODH2 with
PRODH. Moreover, we present preliminary data on the existence of a
regulatory circuit between PRODH and the hypoxia inducible transcription
factor HIF-1a.
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5.1 P53 family members modulate the expression of PRODH, but not
PRODH2, via intronic p53 response elements.

In the first part of my PhD work, the identification and characterization of the
p53 REs in the PRODH and PRODH?2 genes is described. These genes have been
previously described as p53 targets (Polyak et al., 1997; Cooper et al., 2008;
Maxwell and Kochevar, 2008), although the REs were not characterized, and
their encoded proteins are involved in similar but not identical metabolic
processes in the cell, i.e. a) their catalytic activity is directed on very similar
substrates with limited cross-reactivity with each other (Downing et al., 1977),
b) their substrates have common origin (dietary protein or collagen
degradation) and c) they have been shown to be capable of inducing apoptosis
via ROS production (Donald et al., 2001; Cooper et al., 2008).

In spite of the fact that the role of PRODH as p53 apoptosis effector has been
known for a long time (Polyak et al., 1997), there is very limited information on
the regulatory elements that mediate p53 responsiveness of this gene. This
could explain why PRODH was not included in the list of 129 genes responding
to at least three out of four of the criteria -namely the presence of a p53 RE,
demonstration of its upregulation by wild-type p53, functional confirmation of
responsiveness of the identified RE in functional assays and physical binding of
RE by p53- to be classified as a p53 regulated gene (Riley et al.,, 2008;
Menendez et al., 2009). We extended the characterization of PRODH
responsiveness to p53 beyond genotoxic induction, by showing that it was also
strongly induced by p53 stabilization following Nutlin-3A treatment (Figure 1).
We also showed, by use of a yeast transactivation assay, that p53 exhibits
transactivation potential towards all intronic REs in the PRODH gene (Figure
2B). The identified intronic REs presented at least two complete half-sites and
no mismatches in the core sequences, in contrast to the REs present in the
promoter (Table 3). Ultimately, the extent of p53-dependent transactivation of
the PRODH gene may be due to the sum of the contribution of each RE that
can be bound and transactivated. Moreover, depending on p53 levels of
induction one might expect titration of p53 to the REs based on its affinity and
therefore different levels of PRODH induction, which may influence its activity
(Phang et al., 2008a, 2010; Zabirnyk et al., 2010).
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Concerning PRODH2, our results could not conclusively demonstrate its
responsiveness to p53, in fact the experimental results suggest that it is at best
a very weak p53 target gene. This conclusion is based on the functional
analysis of the identified p53 REs in yeast and on the quantification of the
endogenous gene expression in different cell lines upon genotoxic stress-
dependent induction of p53 (Figures 5 and 6). The latter analysis was limited
by the extremely low level of PRODH2 expression in several cell lines examined
(i.e. HCT116, MCF7, LoVo), with the exception of HepG2. However, we did not
observe any induction of PRODH2 by activation of p53 in this cell line,
confirming the results obtained by Shinmen et al (Shinmen et al., 2009). The
detection of PRODH2 in basal conditions only in the hepatocellular carcinoma
cell line confirms that this gene is indeed liver - and kidney- specific, although
recently the group led by Phang demonstrated its expression in RKO and its
induction by p53 in RKO and LoVo cell lines (Cooper et al., 2008). In our
experimental conditions LoVo cells did not show any detectable basal levels of
PRODH2 but showed a potential activation upon genotoxic stress, that was
however at the limit of detection by gPCR.

Therefore, although a coordinated expression of PRODH and PRODH2 would
be justified by the existence of proteins, like collagen, rich both in proline and
OH-proline, respectively the substrates of the two enzymes, this does not
seem the case (Phang et al., 2008b). Indeed, PRODH has a broad expression
and could contribute to cell metabolism, by the production of glutamate and
a-KG from P5C, compounds in turn involved in many metabolic reactions and
pathways in the cell. On the lack of a coordinated p53-dependent expression
of PRODH and PRODH2 some considerations can be taken into account. First,
and notably, the step downstream of the PRODH reaction in the pathway,
leading from proline to glutamate, is catalyzed by P5C dehydrogenase, whose
gene (ALDH4) was reported as a p53 target (Yoon et al., 2004). Second, other
p53 transcriptional targets, such as TIGAR (Bensaad et al., 2006; Green and
Chipuk, 2006), can modulate a-KG levels. This suggests an important, and only
partially elucidated, contribution of the latter compound in p53 mediated
responses and stresses the contribution of PRODH in the metabolic pathways
controlled by p53 (Vousden and Ryan, 2009).

Finally, in this work we also addressed the responsiveness of the PRODH gene
to other members of the p53 family. Indeed, we found that p63f and p73f3
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could also induce PRODH even though at lower levels compared to p53 (Figure
2A). To our knowledge, no data are available on p73 ability to transcriptionally
regulate PRODH expression, while PRODH was found as one of the genes
expressed more than 4-fold upon expression of a tetracyclin-inducible TAp63y
isoform (Osada et al., 2005). The lower levels of induction with respect to p53
were not unexpected, as several other p53 targets show a decreased
responsiveness to p63 and p73. Furthermore, this result could be explained,
among others, by the fact that p63 and p73 show somewhat different DNA
binding affinity and transactivation potential towards canonical p53 REs,
possibly in part dependent on tetramer assembly and conformation stability,
as recently revealed by the comparison of crystal structures of p63 and p73
bound to DNA (Kitayner et al., 2006; Chen et al., 2011, 2012; Ethayathulla et
al., 2012). It is interesting to note that the three REs that were transactivated
by p63 (namely +1.7, +2.8 and +6.8) and the one transactivated by p73 (+6.8)
have no spacer, consistent with previous studies indicating both for p63 and
p73 a marked preference for adjacent half-site REs (Jegga et al., 2008;
Menendez et al., 2010; Ethayathulla et al., 2012). The +6.8kb RE turned out to
be the most efficiently recognized not only by p53 but also by p63 and p73.
The reason for this may be that this RE has no spacer and that the mismatches
present in one half-site affects the first and last base of the consensus, which is
not involved in establishing direct protein:DNA interactions and does not
preclude high affinity binding of p53 (Espinosa and Emerson, 2001; Weinberg
et al., 2005; Veprintsev and Fersht, 2008; Menendez et al., 2009). However, as
in mammalian cells p63 and p73 transactivated equally the PRODH gene,
induction appears not to be strictly correlated to the relative transactivation
potentials measured in the yeast-based assay. Notably, also p73, besides p53,
has been recently implicated in regulation of metabolism and autophagy and
was shown to be regulated by mTOR (Rosenbluth et al., 2008, 2011;
Rosenbluth and Pietenpol, 2009). As proline dehydrogenase is induced by
rapamycin (Pandhare et al., 2009) it is tempting to speculate that this may be
achieved at least in part through p73.

In conclusion, this work demonstrates that PRODH is a target of the p53 family
and provides new clues for a deeper involvement of p53 proteins in metabolic
pathways. In fact, in light of the recently described link between glutamine and
proline, p53 acquires a more profound role in metabolism of these non
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essential aminoacids as well as their derivative alpha-ketoglutarate and in
antagonizing c-Myc, that was recently found to downregulate PRODH as an
important contribution to Myc metabolic reprogramming and induction of cell
proliferation (Hu et al., 2010; Suzuki et al., 2010; Dang, 2011; Liu et al., 2012b).

5.2 The regulatory circuit between PRODH and Hypoxia/HIF-1.

Despite the obvious and widely recognized fact that cells need O, for aerobic
metabolism, and that blood vessels supply O, and nutrients to tissues, the
contribution of metabolic switch to cancer development and the link between
metabolism and angiogenesis have been largely ignored for a long time, but
they are now being (re)discovered at a rapid pace (Semenza, 1998; Esteban
and Maxwell, 2005).

To give an example, the peroxisome proliferator-activated receptors (PPARs),
are transcription factors that regulate cellular differentiation, development,
metabolism (carbohydrate, lipid, protein) and tumourigenesis. Three isoforms
have been described (PPARa, PPARB, and PPARy), each with distinct roles
(Evans et al., 2004; Barish et al., 2006; Lefebvre et al., 2006); two can inhibit
angiogenesis and one promotes vessel growth. PPARB, a regulator of lipid
oxidation (Evans et al., 2004), stimulates microvessel maturation (Miller-
Briisselbach et al., 2007), in contrast, PPARa and PPARYy inhibit angiogenesis.
PPARYy transactivates genes regulating glucose and fat metabolism (Rosen and
MacDougald, 2006), and is expressed in tumour endothelial cells; PPARy-
selective ligands inhibit endothelial cells proliferation in vitro and exhibit
antiangiogenic properties in vivo (Panigrahy et al., 2002). However, the precise
mechanisms of action of PPARy remain unclear, although perturbation on the
expression of VEGF and its receptors have been reported (Panigrahy et al.,
2002; Chintalgattu et al., 2007). It was previously shown that PPARy is a strong
activator of PRODH transcription (Pandhare et al., 2006).

On the other hand, a growing body of evidence is accumulating indicating that
also p53 can suppress angiogenesis through several different mechanisms,
which include 1)the enhanced production of anti-angiogenic molecules in the
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extracellular matrix, derived from collagen by the activity of a(ll) collagen
prolyl-4-hydroxylase, a transcriptional target of p53 (Teodoro et al., 2006); 2)
repression of transcription of pro-angiogenic molecules such as VEGF and bFGF
(Teodoro et al., 2006); 3) stimulation of HIF1la degradation by direct binding
(Ravi et al., 2000); 4) modulation of microRNA such as miR107 targeting HIF-13
(Yamakuchi et al., 2010); and inhibition of the angiogenic switch in tumors in
concert with p19ARF (Ulanet and Hanahan, 2010). p53 may negatively regulate
angiogenesis also by induction of PRODH, that, by increasing a-KG, could
modulate PHD activity on HIF-1a. This hypothesis has been investigated in this
thesis and preliminary results have been shown.

In addition, Schmidt-Kastner et al demonstrated that PRODH is one of the
genes whose expression is decreased in a model of brain ischemia in rat
(Schmidt-Kastner et al., 2002), suggesting the existence of a regulatory circuit
between PRODH and hypoxia, possibly involving the main regulator of cellular
response to hypoxia, HIF-1. All of these observations suggest the importance of
PRODH, and proline metabolism, for cellular response to various types of
stress, among which hypoxic stress.

Therefore, we first showed that PRODH can indeed modulate HIF-1a and VEGF
levels in a glioblastoma model cell line. This model was chosen because
glioblastoma is characterized by a strong vascularization and invasivity (Alves
et al., 2011), a rapid progression and resistance to treatment, leading to very
poor prognosis. Our findings are supported by literature data, showing that
PRODH induction in renal cancer cell lines can indeed lead to a decrease in HIF-
1a, and consequently VEGF (Liu et al., 2009a).

We also suggest that inhibition of angiogenesis, observed by activation of
PPARy and p53, is mediated, at least in part, by their induction of PRODH.
Moreover, as angiogenesis is only one of several features regulated by HIF-1,
this finding opens new field of investigation on PRODH contribution to the
control of the metabolic switch.

The regulation of HIF-la by PRODH described here occurs in normoxia,
nevertheless could have an important role in control of tumourigenesis where
hypoxia is often only a transient state that determines the onset of the
metabolic switch, although hypoxia can persist also later on in limited areas of
the tumour.

Interestingly, other enzymes involved in the regulation of a-KG levels, such as
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fumarate hydratase, succinate dehydrogenase and isocitrate dehydrogenase,
have all been found to be deregulated in tumours where they drive
progression to the malignant phenotype, mostly owing to aberrant activation
of HIF-1-dependent pathways (Cervera et al.,, 2008; Zhao et al., 2009;
O’Flaherty et al.,, 2010). Regulation of PHDs by modulation of a-KG is very
important in the light of recent findings indicating that reactivation of HIF
specific PHDs by a cell-permeable derivatized a-KG induced metabolic
catastrophe and cell death in tumour cells under hypoxic conditions (Tennant
et al., 2009).

The HIF-1a regulation exerted by PRODH, described above, is in our opinion
only one side of the medal. We hypothesized that hypoxia could in turn induce
PRODH down-regulation. We based this hypothesis on literature data
describing that ischemia in rat leads to induction of several transcriptional
targets of HIF-1, but also to a marked decrease in the mRNA levels of other
genes, including PRODH (Schmidt-Kastner et al., 2002). Exposure of different
cell lines to hypoxia or treatment with CoCl,, which induces HIF-1a stabilization
by inhibiting PHDs, led to a decrease in PRODH transcript levels. The only
exception was the SHSY-5Y neuroblastoma cell line in hypoxic conditions.
Neuroblastoma derived cell lines have been shown to rely only on HIF-2a, and
not HIF-1a, to respond to hypoxic conditions (Jogi et al., 2004). This may partly
explain the difference between the results obtained with SHSY-5Y cell line and
those obtained with the other cell lines included in the analysis. In a
preliminary experiment, we observed that the decrease in PRODH transcript
was accompanied by a decrease in PRODH protein levels, although modest
compared to the decrease in mRNA. This result seems to suggest that mRNA
regulation is faster than protein regulation, and we will test mRNA and protein
levels in a time course experiment, starting from short exposure times.
Moreover, the IGROV1 cell line differs from other cell lines by the high levels of
PRODH expression and the transcript levels in response to all “hypoxic” stimuli
has yet to be performed, so that we do not know how these treatment will be
effective in this cell line.

Very recently, while this work was already undergoing, PRODH was shown to
be up-regulated during nutrient and/or hypoxic stress in an AMPK-dependent
but HIF-independent manner (Liu et al., 2012a). This result is in contrast with
what we observed in the present work. Nevertheless, there are some
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differences in the experimental plan that could partly account for the different
results: the medium used for culturing cells, for example, has been shown to
affect profoundly the HIF-1 pathway (Torii et al., 2011). In an experiment with
the HCT116 cell line, we tried either DMEM or McCoy’s medium to culture the
cells, and RT-gPCR results were affected by composition of the medium.
Therefore, we always used the media advised by ATCC for each cell line. We
used hypoxic chambers at 1% O, concentrations, which is the standard
concentration found in most of the papers studying HIF-1. Moreover, also in
our experimental settings, hypoxia had in general a less marked effect than
CoCl, treatment, suggesting that during hypoxia different pathways converge
on PRODH with opposing effects, while CoCl, mimics a more defined stimulus.
Experiments are also undergoing on selected cell lines by transfecting a
construct that encodes a non-hydroxylable form of HIF-1a (P402G/P564A).
Finally, while performing additional experiments to complete and refine the
data and fill in the gaps in our preliminary results, we are also starting to
investigate two possible mechanisms by which hypoxia or possibly HIF-1 could
negatively regulate PRODH transcript levels: 1) regulation by epigenetic
mechanisms, through transcriptional regulation or recruitment of chromatin
modifying enzymes (Perez-Perri et al., 2011); 2) regulation by induction of one
or more microRNAs (miRNAs). Indeed, several miRNAs, upregulated during low
oxygen tension, could be able to target the 3’UTR of PRODH. Bioinformatic
analysis aimed at finding miRNAs potentially capable of targeting PRODH and
at the same time expressed in the hypoxia signature (Kulshreshtha et al.,
2007), revealed that at least 5 microRNA (miR-125b-1*, miR-26b*, miR-27a*,
miR-30b* and miR-23b*) upregulated during hypoxia, could downregulate
PRODH. One of them, miR-23b*, has been previously confirmed as a negative
regulator of PRODH expression (Liu et al., 2010).

In conclusion, we gathered preliminary data about the existence of a
regulatory circuit between PRODH and HIF-1. This work demonstrates that HIF-
1la protein levels is in part under the control of PRODH in normoxic conditions,
while during hypoxia or when HIF-1 is pathologically overexpressed, the latter
can decrease PRODH mRNA levels by an as yet undetermined mechanism. In
light of the important contribution of PRODH in control of metabolic
reprogramming and in keeping a balance between apoptotic and survival
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signals, we underline the importance of further studying the control of PRODH
expression exerted by known oncogenes and tumour suppressor genes.
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Abstract.

We report the expression of recombinant RNASET2, the only
human member of the Rh/T2/S family of acid ribonucleases, in
the yeast Pichia pastoris and the baculovirus-insect cell
heterologous systems. In both models, the yield of
recombinant protein was comparable and ranged between

5 mg/L (for a catalytically impaired mutant version of
RNASET2) and 30 mg/L for the wild-type protein. Thus, the
produced protein version rather than the expression system
used appears to influence protein yield after optimization of

© 2011 International Union of Biochemistry and Molecular Biology, Inc.
Volume 58, Number 1, January/February 2011, Pages 39-49 o
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1. Introduction

Ribonucleases have been the subject of extensive studies in
recent years, due to their involvement in several biological pro-
cesses besides RNA metabolism. Indeed, RNAses have been
involved in a host of cellular processes such as viral infections,
cell proliferation, tumor cell growth, and angiogenesis [1],[2].
The transferase-type ribonucleases have long been ranked into
three main families (ribonuclease A, Rh/T2/S, and T1) accord-
ing to their biochemical properties [1]. The main feature of the
Rh/T2/S family of ribonucleases is represented by two con-
served active-site segment (CAS) motives, in which two histi-
dine residues play an essential role in catalysis [1],[2]. These
proteins are acid ribonucleases displaying a pH optimum below
6.0 for catalytic activity and are either secreted extracellularly

Abbreviations: CAS, conserved active-site segment; H65/118F, mutant RNASET2 version
with histidine at positions 65 and 118 substituted with phenylalanines; BEVS, baculovirus
expression vector system; anti-HA, anti-hemagglutinin; Mut ™, methanol utilization plus;
MutS, methanol utilization slow; MOI, multiplicity of infection.
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culture conditions. The recombinant protein was found to
undergo heterogeneous glycosylation in both systems,
particularly in P. pastoris. Most importantly, the wild-type
protein purified from both systems was found to be
catalytically competent. The expression of recombinant
RNASET2 in both systems will allow the implementation of
functional assays in vivo and in vitro to better define the
antioncogenic properties of this member of the Rh/T2/S
ribonuclease family.

Keywords: RNASET2, tumor suppressor, ribonuclease,
heterologous protein expression, protein glycosylation

or targeted to the vacuolar or lysosomal compartments after
their transit through the secretory pathway, where they usually
undergo N-glycosylation and chaperone-assisted folding [2].

RNASET2 is to date the only member of the Rh/T2/S family
described in humans [3]. Besides its activity as a ribonuclease
[4], we previously demonstrated an oncosuppressive function
for this protein [5—7]. Strikingly, this role appeared to be inde-
pendent of catalytic activity because a mutant RNASET2 protein
in which the two key CAS histidine residues were replaced by
phenylalanine (H65/118F RNASET2) was found to be still highly
effective in suppressing tumorigenesis in vivo when compared
with the wild-type protein [6][7]. However, in order to further
characterize this protein (both structurally and functionally) and
to better define its potential as an antitumorigenic agent, it
would be crucial to have recombinant RNASET2 available.

Ribonucleases of the Rh/T2/S family have been purified
from different sources, either directly from the host organisms
in which they are expressed (such as in fungi or plants) or in
different heterologous protein expression systems [1],[2]. As
these proteins are usually modified post-translationally by N-
glycosylation and targeted to the secretory pathway, the expres-
sion strategy of choice usually relies on a eukaryotic system, in
particular the baculovirus expression vector system (BEVS) or
the yeast Pichia pastoris.

However, finding the system that grants the best expres-
sion levels is mandatory for obtaining sufficient amounts of
pure protein for in vivo experiments and for conformational and
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structural studies. In independent reports, yields of a few mil-
ligrams per liter of culture have been reported for members of
this family of ribonucleases [1],[2]. However, to our knowledge,
no comparisons have ever been made among the expression
levels obtained in different systems for a specific ribonuclease
of this family.

In this work, we set out to define the best conditions for
RNASET2 production in heterologous systems and we report
the expression of this protein in both P. pastoris and BEVS by
showing that both systems produce a catalytically competent
RNASET2 with comparable levels of expression and catalytic
activity. P. pastoris thus represents the expression system of
choice for this protein, being more cost-effective compared with
the baculovirus system and allowing the secretion of the protein
in arelatively protein-free supernatant from which RNASET2 can
be easily purified [8-10].

2. Materials and methods

2.1. Reagents and media

All reagents were from Sigma-Aldrich (Milan, Italy), unless
otherwise specified. The “easy select” Pichia expression kit
was purchased from Invitrogen (Milan, Italy). Phusion high-
fidelity DNA polymerase, restriction/modification enzymes, and
peptide-N-glycosydase F were from New England Biolabs (Mi-
lan, ltaly). Zeocin was purchased from InvivoGen (Milan, Italy),
yeast nitrogen base from Difco BD, and Bradford reagent and
Polyprep columns from Biorad. Ultrafree centrifugal concen-
trators (cutoff 5,000 Da) were purchased from Millipore and
NiNTA resin from Qiagen (Milan, Italy). BA8s5 nitrocellulose
membrane was from Schleicher & Schuell (Varese, ltaly), su-
persignal West Dura extended duration chemiluminescent sub-
strate and horseradish peroxidase-conjugated secondary anti-
bodies were from Thermo Scientific (Milan, Italy).

A rabbit polyclonal antibody raised against a trun-
cated version of human RNASET2 expressed in bacteria (anti-
RNASET2) [6] and a rabbit polyclonal antibody against purified
full-length human recombinant RNASET2 from the baculovirus-
insect cell system (anti-RNASET2-2) were used as primary anti-
bodies and were raised by Dabio (Germany). The mouse mon-
oclonal anti-HA tag (clone 12CAs) was purchased from Roche
(Monza, Italy).

The following media for insect cell culture were used:
Sfg9oo Il medium supplemented with 2 mM L-glutamine, 10 U/mL
penicillin G (sodium salt), 10 pg/mL streptomycin sulfate
(GIBCO, Invitrogen), and 0.1% pluronics (Sigma-Aldrich); TMN-
FH (Fully Supplemented Grace’s Medium) medium, supple-
mented with 2 mM L-glutamine, 10 U/mL penicillin G (sodium
salt), and 10 pg/mL streptomycin sulfate plus 5% Fetal
Bovine Serum (FBS) (GIBCO, Invitrogen, Milan, Italy). Media for
P. pastoris cell growth and screening of the methanol utiliza-
tion phenotype were prepared as described in the Invitrogen
“EasySelect™ Pichia Expression kit.”

2.1.1. Cloning of the human RNASET2 coding
sequence in plasmid vectors

Cloning of RNASET2 coding sequence fused at the 3’ end to
sequences coding for both HA (hemagglutinin) and 6x histidine
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tags into the pFASTBAC1 vector for expression in the BEVS has
been described previously [4]. The RNASET2 coding sequence
included the human endogenous N-terminal signal peptide. Two
versions of RNASET2 were cloned, coding either for the wild-type
protein or the catalytically impaired H65/118F mutant.

The same HA and 6x histidine-tagged RNASET2 coding
sequence without endogenous signal peptide (aa 25-256) was
PCR amplified for cloning in pPICZ A (Invitrogen) in order to
express RNASET2 in frame with the vector-encoded Saccha-
romyces cerevisiae factor signal peptide for secretion of the
recombinant protein.

Primers for PCR amplification were as follows:

RNASET2 Forward:

5'TGACGAATTCGACAAGCGCCTGCGTGACA3'

RNASET2 Reverse:

5 TGACGAATTCTCAGTGATGATGGTGGTGATGAGCGTAGTCTGGC-
ACGTCGTATGGG3'

The PCR products were gel purified, digested with EcoRl,
and cloned into pPICZ A before transformation in the JM109 Es-
cherichia coli strain. Plasmid DNA was purified from several
transformed colonies and, after sequencing (CRIBI, Padova,
Italy), the empty vector and the two RNASET2-encoding con-
structs (pPICZ A-wtRNASE and pPICZ A-mutRNASE) were used
to transform several P. pastoris strains.

2.1.2. Transformation of P. pastoris and “methanol
utilization” phenotype screening

Five micrograms of each RNASET2 construct or empty vec-
tor were linearized within the 3’AOX region with Pmel and
transformed into P. pastoris by the lithium chloride method
[11]. Three strains were transformed: GS115 [His4] and X33
[wild type], which are both methanol utilization plus (Mut*),
and KM71H [arg4, AOX1::ARG4], which is methanol utilization
slow (Mut5). Transformants were selected on Yeast, Peptone,
Dextrose (YPD) plates (1% yeast extract, 2% bactopeptone, 2%
dextrose, 20 g/L bactoagar) containing 100 ng/mL zeocin and
confirmed by streaking on the same plates. Zeocin-resistant
clones were picked and lysed by boiling at 100°C for 10 Min in
20 mL of bidistilled water. Five microliters of each lysate was
used for PCR amplification, using two pairs of primers. The first
primer pair (5’AOX and 3’AOX) was designed according to man-
ufacturer’s instructions (Invitrogen) to discriminate integration
of the empty vector (producing a 590 bp PCR product) from in-
tegration of RNASET2-containing constructs (producing a 1,340
bp PCR product). The second primer pair (RNASET2 forward
2: 5" GACAAGCGCCTGCGTGACA 3’ and RNASET2 reverse 2: 5’
TGCTTGGTCTTTTTAGGTGG 3') was RNASET2-specific and was
expected to yield a 700 bp band only when RNASET2-containing
constructs were integrated.

Mut* strain colonies positive for integration were also
screened for the methanol utilization phenotype by streak-
ing on MDH and MMH plates (Minimal Dextrose Histidine and
Minimal Methanol Histidine: 1.34% yeast nitrogen base,
4 x 1075% biotin, 0.004% histidine, 15 g/L bactoagar, and
either 2% dextrose for MDH or 0.5% methanol for MMH plates).
Clones maintaining the Mut* phenotype grew approximately
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at the same efficiency on both plates, whereas clones that have
turned to Mut® phenotype grew very slowly on MMH plates.

2.2, Optimization of RNASET2 expression

from P. pastoris

Buffered minimal glycerol or buffered minimal methanol
medium (BMGH/BMMH) (100 mM potassium phosphates
pH 6.0, 1.34% yeast nitrogen base, 4 x 1075% biotin, 0.004%
histidine, and either 1% glycerol or 0.5% methanol) and buffered
complex glycerol or buffered complex methanol medium
(BMGY/BMMY) (1% yeast extract, 2% bactopeptone, 1.34%
yeast nitrogen base, 4 x 107>% biotin, and either 1% glycerolor
0.5% methanol) media were used to grow cells and analyze the
expression of RNASET2. Selected clones were freshly plated and
grown for 2 days at 30°C. One colony was picked and inoculated
into 50 mL of BMGH or BMGY medium. Cultures were grown
at 30°C with 180 rpm shaking overnight until they reached an
Optical Density at 600 nm (ODgo,) between 2 and 6. They were
then centrifuged and the pellet was resuspended in the ap-
propriate methanol-containing medium at a starting ODgg, Of 1
for induction of protein expression. Fresh methanol (0.5% final
concentration) was added to the culture each day to replace
for evaporation. From time o to 240 H, 300-mL aliquots were
taken from the culture every 24 H. Cells at each time point were
centrifuged at 2,000g and both pellets and supernatants were
stored at —80°C for subsequent immunoblot analysis. To select
the best RNASET2-expressing clones, eight clones transformed
with eitherwild type or H65/118F mutant RNASET2 construct and
two control clones transformed with empty vector were grown
in 50 mL conical tubes in 5 mL of BMGY. When cultures reached
an ODgq, Of 3, the cells were transferred in BMMY medium at
a density of 1 ODgqo. Induction was performed for 168 H (op-
timal time as determined during the time course assay), then
cultures were centrifuged and supernatants stored at —80°C for
subsequent analysis.

2.2.1. Expression and purification of wild-type
RNASET2 using the BEVS

The Sfg insect cell line [12] from the pupal ovarian tissue of
the fall army worm Spodoptera frugiperda was cultured at 27°C
as suspension and/or monolayer cultures and infected with
the recombinant baculovirus batches FastBac1-wtRNASE (wild-
type RNASET2) or FastBaci-MutRNASE (H65/118F mutant) at
a multiplicity of infection (MOI) of 5—10 plaque-forming units
per cell. Supernatants were collected 96-144 H after infection.
Protein purification was performed as previously described [4].

2.2.2. Expression and purification of wild-type
RNASET2 from P. pastoris strain X33

One recombinant clone from the X33 strain was selected to ex-
press the protein for subsequent purification. The BMGY/BMMY
medium was used for generating biomass and inducing expres-
sion and cultures were processed after 7 days from induction.
After pelleting the cells at 2,500g in a swinging rotor, the su-
pernatant was filtered with a 0.45 um pore size filter unit and
processed as described in ref. [4] for RNASET2 expressed in the
baculovirus system. Briefly, supernatants were concentrated
10-fold on Ultrafree centrifugal concentrators and extensively

Expression of human RNASET2 in heterologous systems

dialyzed against 50 mM Tris-HCl, 100 mM KCl, and 5 mM 2-
mercaptoethanol (base solution) at pH 8.0, to improve sub-
sequent binding to the Ni-NTA resin (Qiagen). After addition of
10mMimidazole, binding to the resin was allowed to proceed for
2 H at 4°C, before applying the solution onto an empty column.
After washing with 10-column volumes of wash solution (base
solution plus 20 mM imidazole), elution was performed with
four column volumes (one volume at a time) of base solution
plus 250 mM imidazole. The amount of protein in the eluted
fractions was checked both spectrophotometrically and by
Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis
(SDS-PAGE) followed by Coomassie R250 staining. Protein-
containing fractions were pooled and dialyzed against 10 mM
potassium phosphate, 0.2 mM 2-mercaptoethanol (pH 6.6), and
stored at —20°C in small aliquots.

2.2.3. Analysis of RNASET2 expression

by immunoblotting

Ten/fifteen microliters of supernatant from RNASET2-
expressing Pichia or baculovirus system cultures or 10-50 ng of
purified recombinant proteins were prepared in LaemmLi sam-
ple buffer, denatured at 95°C for 5 Min, resolved on 13% SDS-
PAGE and transferred to BA85 nitrocellulose membrane. Mem-
branes were blocked with 4% nonfat dry milk in 0.1% Tween-20
in phosphate-buffered saline (PBST) overnight at 4°C, then in-
cubated 1 H at room temperature with the appropriate primary
antibody at the following dilution in 2% nonfat milk in PBST:
rabbit polyclonal anti-RNASET2: 1:600; rabbit polyclonal anti-
RNASET2-2: 1:1,000; mouse monoclonal anti-HA tag: 1:4,000.
Subsequently, membranes were incubated with horseradish
peroxidase-conjugated anti-mouse or anti-rabbit secondary an-
tibodies at a 1:900 dilution in 2% nonfat milk in PBST. Detection
was carried out with chemiluminescent substrate.

2.2.4. RNASET2 deglycosylation

Five hundred nanograms of purified recombinant RNASET2 ob-
tained from the baculovirus-insect cell system or supernatants
from RNASET2-expressing P. pastoris clones were denatured
and either treated with peptide-N-glycosydase F to remove all
N-linked glycosylation or mock treated. After treatment, sam-
ples were processed forimmunoblotting as described above.

2.3. Analysis of the glycosylation pattern of
recombinant RNASET2 purified from the two
expression systems
Approximately 10 ug of RNASET2 obtained from either bac-
ulovirus or P. Pastoris was subjected to reduction, car-
boxymethylation, and tryptic digestion; the samples were re-
duced at 37°C in water bath for 1 H in 1 mL of 50 mM Tris-HCl
buffer (pH 8.5) containing 10 mg/mL dithiothreitol.

Carboxymethylation was carried out by the addition of
iodoacetic acid (fivefold molar excess over dithiothreitol), and
the reaction was allowed to proceed at room temperature in
the dark for 1 and 5 H. After carboxymethylation, samples were
dialyzed against 4 x 4.5 L of 50 mM ammonium bicarbonate
(pH 8.5) at 4°C for 48 H, and subsequently lyophilized.

The reduced carboxymethylated proteins were then
digested  with  N-p-tosyl-l-phenylalanine  chloromethyl
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ketone-pretreated bovine pancreas trypsin (EC 3.4.21.4; Sigma)
for16 Hat 37°Cin 50 mM ammonium bicarbonate buffer (pH 8.4).
After trypsin digestion, samples were purified by C18 Sep-Pak®
(Waters Corp., Milford, MA, USA) as described previously [13].

Releasing of N-glycans from tryptic glycopeptides was ob-
tained by addition of N-glycosidase F in 50 mM ammonium
bicarbonate (pH 8.5). The digestion was carried on for 20 H
at 37°C with 5 units of enzyme (Roche Applied Science, UK).
The released N-glycans were purified from O-glycopeptides
and peptides by chromatography on a Sep-Pak C18 cartridge
(Waters) and subsequently methylated using the sodium hy-
droxide permethylation procedure as described previously [14].

Briefly, five to seven NaOH pellets were ground to fine
powder and mixed with 2-3 mL anhydrous dimethylsulfoxide
(Romil, UK) before adding to each dried sample. This is followed
by the addition of 0.6 mL of methyliodide and vigorous shaking
at room temperature for 15 Min. Permethylated glycans were
extracted with chloroform and then purified by using Sep-Pak
C18 cartridges.

The cartridges were successively conditioned with
methanol (5 mL), water (5 mL), acetonitrile (5 mL), and water
(15 mL). Each sample was dissolved in 200 uL of methanol/water
(1:1) solution before loading onto the cartridges. The cartridges
were washed with 5 mL of water and then eluted sequentially
with 3 mL of each 15%, 35%, 50%, and 75% acetonitrile solution
in water.

Acetonitrile/water fractions (35%, 50%, and 75%) were
collected and then concentrated with a Savant SpeedVac
(ThermoFisher Scientific, Horsham, West Sussex, UK) and sub-
sequently lyophilized.

The permethylated glycans were subsequently analyzed
by mass spectrometry (MS). Briefly, Matrix Assisted Laser
Desorption/lonization-Time of Flight (MALDI-TOF) data were ac-
quired onaVoyager-DE STR mass spectrometer (Applied Biosys-
tems, Foster City, CA, USA) in the reflectron mode with delayed
extraction. Permethylated samples were dissolved in 10 ulL of
methanol, and 1 pL of dissolved sample was premixed with 1 uL
of matrix [20 mg/mL 2,5-dihydroxybenzoic acid in 70% (v/v)
aqueous methanol], spotted onto a target plate and dried under
vacuum.

The MS data were processed using Data Explorer 4.9 soft-
ware (Applied Biosystems, UK). The mass spectra were baseline
corrected (default settings) and noise filtered (with correction
factor of 0.7), and then converted to ASCIl format. The pro-
cessed spectra were then subjected to manual assignment and
annotation with the aid of a glycobioinformatics tool known as
GlycoWorkBench [15].

Peak picking was done manually and proposed assign-
ments for the selected peaks were based on molecular mass
composition of the *2C isotope together with knowledge of the
biosynthetic pathways.

2.4. Analysis of the catalytic activity of

recombinant RNASET2

To assess the catalytic activity of RNASET2 purified from the
baculovirus-insect cell system or P. pastoris, zymogram gel
electrophoresis was performed as described [16],[17]. Briefly,
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SDS polyacrylamide gels were prepared according to standard
procedures, except total RNA from torula yeast was added in re-
solving (2 mg/mL final concentration) and stacking (0.3 mg/mL
final concentration) gel solutions. Proteins were prepared in
nonreducing sample buffer (125 mM Tris—HCl pH 6.8, 2% SDS,
10% glycerol, 0.02% blue bromophenol) and directly loaded
into gels without boiling. After electrophoresis, proteins were
allowed to renature by removing SDS with 25% isopropanol
prepared in 10 mM Tris—HCl (pH 7.4) and the gel was washed
extensively with 10 mM Tris—HCl (pH 7.4) and incubated at 51°C
in freshly prepared KCl 100 mM, Na acetate 100 mM at pH 5,0.
After washing with 10 mM Tris—HCl (pH 7.4), enzymatic activity
was detected by toluidine blue staining followed by destain-
ing in 10 mM Tris—HCl (pH 7.4), leaving a negative image where
RNase activity was present. Afterimage acquisition witha Biorad
GS8o0 densitometer, gels were destained as much as possible
from toluidine blue with 10 mM Tris—HCl (pH 7.4), soaked for
30 Min in transfer buffer and processed for immunoblotting as
described above. In this case, detection was performed with the
sensitive anti-RNASET2-2 antibody.

2.4.1. Spectrophotometric discontinuous method
for catalytic activity measurement

To better quantify the enzymatic activity of the two recombi-
nant proteins, a spectrophotometric discontinuous method was
also used. The protein concentration was estimated assuming
an extinction coefficient at 280 nm of 61,920 M~* cm™ for the
denatured amino acid sequence without the signal peptide (aa
25-256), calculated with the ProtParam bioinformatics tool at
Expasy (www.expasy.ch) and measuring the absorbance of the
protein solution in 8 M urea, sodium phosphate buffer (pH 6.5).
Enzymatic activity toward torula yeast total RNA was measured
by following the increase in absorbance at 260 nm due to acid
soluble nucleotides release at pH 5.0 and 37°C. Briefly, 3 ug/mL
of RNASET2 was added to a reaction mix, pre-equilibrated at
37°C, containing total RNA at a final concentration of 0.4 mg/mL
in 0.1 M sodium acetate, 0.1 M KCl (pH 5.0). This concentra-
tion has been previously shown to ensure that we worked in
excess of substrate. At each time point, a 300 ulL aliquot of the
reaction was taken and transferred to a tube containing 100 pL
of 25% perchloric acid with 0.75% uranyl acetate. After cen-
trifugation, supernatants, containing the free nucleotides, were
diluted 1:5 and absorbance at 260 nm was measured. At least
two measures were performed for each protein preparation and
two independent protein preparations were analyzed for each
type of recombinant RNASET2. The software Kaleidagraph was
used to build and analyze kinetics.

3. Results

To express recombinant RNASET2 in P. pastoris, the coding se-
quences of both wild-type and H65/118F mutant RNASET2 were
cloned into the pPICZ A vector. Both recombinant constructs
and empty vector were transformed into three Pichia strains
(GS115, KM71H, and X33) and several clones were checked
by PCR for integration of the construct in the host genome.
As expected, integrant clones containing the RNASET2-coding
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Fig. 1. Screening of Pichia pastoris zeocin-resistant clones
for RNASET2-pPICZaA or pPICZaA vector integration and for
methanol utilization phenotype. (A) AOX1-specific primers
(upper panel) or RNASET2-specific primers (lower panel)
were used for colony PCR to check for integration of the
constructs into the AOX1 locus. Clone strains are indicated
as X, K, and G for X33, KM71H, and GS115, respectively. The
type of construct used for transformation (*) is also
indicated as “V” (vector only), “wt” (wild-type RNASET2
construct), or “m” (H65/118F mutant RNASET2 construct).
(B) MDH or MMH plates were used to screen for the
methanol utilization phenotype. Arrows indicate a Mut®
control that was streaked on both plates and shows a
slower growth on MMH plates compared with MDH plates.

sequence showed a 700 and a 1,400 bp amplification product
when RNASET2-specific primers or 5" and 3’ AOX primer pairs
were used, respectively (Fig. 1A). By contrast, integrants for the
empty vector did not amplify with the RNASET2 primer pair and
gave rise to a 600 bp band with the AOX primers (Fig. 1A). The
orientation of the insert was also checked by PCR using a for-
ward or a reverse RNASET2-specific primer together with the 3’
AOX primer (data not shown). Clones from Mut™ strains were
checked for maintenance of the methanol utilization phenotype.
All clones in KM71H and X33 strains showed comparable growth
rates on methanol or glycerol containing plates, indicating that
they had maintained the Mut* phenotype (Fig. 1B).

One wild-type and one H65/118F mutant clone from the
GS115 (Mut®) strain were selected for pilot expression experi-
ments aimed at defining the best conditions for RNASET2 ex-
pression. We chose this strain because it has already been used
for expression of ribonucleases from the T2 family [18]. Cell pel-
lets and supernatants were collected every 24 H for 10 days

Expression of human RNASET2 in heterologous systems
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Fig. 2. Analysis of time-dependent RNASET2 expression in
different media formulations. (A) Wild-type and H65/118F
mutant RNASET2-expressing clones from the GS115 strain
were induced up to 240 H in BMMH or BMMY media.
Supernatants were immunoblotted and detected with
anti-RNASET2-specific antibody. Lane C shows recombinant
RNASET?2 purified from the baculovirus-insect cell system.

(B) Analysis of recombinant RNASET2 after
peptide-N-glycosidase F treatment. Supernatants from
RNASET2-expressing, baculovirus-infected cells or from a
single Pichia pastoris clone were either treated with
peptide-N-glycosidase F (+) or mock treated (). Reactions
were immunoblotted and detected with anti-HA specific
antibody.

and stored until the end of the experiment. As shown in Fig. 2A,
samples grown in BMMY medium showed a strong positivity to
the anti-RNASET2-specific antibody in immunoblotting. These
anti- RNASET2 positive bands showed a wide range of molec-
ular masses, suggesting that following expression in P. pas-
toris RNASET2 undergoes a complex posttranslational modifi-
cation. Indeed, besides proteins in the 38-45 kDa range, which
is similar to that observed following expression of RNASET2 in
the BEVS system, several bands in the 50-80 kDa range were
also observed. Occasionally, a few bands were also observed at
about 26 kDa in the wild-type RNASET2-expressing clone. This
band(s) was recognized by two different anti-RNASET2 poly-
clonal antibodies and by the anti-HA antibody, confirming its
identity as RNASET2 (Fig. 2, panel B and data not shown). A
band of the same approximate molecular weight has been some-
times observed also in the baculovirus system and is likely to
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Fig. 3. Comparison of RNASET2 expression levels among different Pichia pastoris strains. Clones with integrated wild-type (A)
or H65/118F mutant (B) RNASET2 constructs from strains GS115, X33, and KM71H were induced with methanol. Supernatants
were collected after 168 H, immunoblotted and detected with anti-RNASET2-specific antibody. As a control, clones obtained
by integration of empty pPICZaA vector were used (lanes and columns 1, 7, and 10 for wild- type and 1, 11, and 13 for mutant

clones). (C, D) RNASET2 expression levels as a function of time in wild-type and mutant RNASET2-expressing clones from
strain X33. The graphs below each immunoblot detected with anti-RNASET2 antibody show wild-type (C) or H65/118F mutant
(D) expression levels as a function of induction time, and are reported as “signal intensity” arbitrary units which were
calculated by band scanning and quantification with Image] software. The reported data represent the result of two
independent experiments.

represent a degradative product. To investigate the nature of the
different RNASET2 positive bands, supernatants from both
RNASET2-expressing baculovirus-infected insect cells and
a Pichia recombinant clone were treated with peptide-N-
glycosidase F prior to Western blot analysis. A main band of
33 kDa was detected with an anti-HA antibody either in the
sample from the baculovirus system or in that from Pichia after
deglycosylation (Fig. 2B), suggesting that all anti-RNASET2 re-
active forms shown in Fig. 2A represent mildly glycosylated or
hyperglycosylated forms of RNASET2. The 26 kDa band, upon
deglycosylation with PNGase F, shifted to a 19 kDa band and
this confirmed that also this band was indeed glycosylated
(Fig. 2B).

The time-course experiment in GS115 also allowed us to
estimate the best time for optimal expression in this strain.
At each time point, cell supernatants were immunoblotted and
detected with anti-RNASET2-specific antibody. The expression
levels were found to increase rapidly, reaching maximum lev-
els between 144 and 168 H after induction (data not shown).
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We also tried to define the best RNASET2-expressing strain
by the analysis of several clones from the three strains. Al-
though we found evidence for intraclone variability in the ex-
pression levels, a trend was observed (for wild-type RNASET2-
expressing clones), whereby the X33 strain was in general a
better expressor when compared with both KM71H and GS115
strains (Fig. 3A), whereas for the H65/118F mutant RNASET2-
expressing clones, the expression levels were quite similar in
both X33 and KM71H strains and much higher when compared
with strain GS115 (Fig. 3B). Being the best expressor strain for
both RNASET2 forms, we thus chose the X33 strain for further
expression experiments, and a new time course was performed
on two selected wild-type and mutant clones, in order to define
the best time for optimal expression in this strain. For both pro-
teins, all clones showed a rapid increase in RNASET2 protein
levels within 24 H from induction (Figs. 3C and 3D), followed by
aflex between 24 and 72 H and a further wave of slow increased
expression. As for clones in the GS115 strain, 168 H (7 days) was
chosen as the best time for subsequent induction.
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Table 1
RNASET2 expression levels in the two heterologous
expression systems

Pichia pastoris BEVS
Wild-type RNASET2 36 + 4.26 33 £ 3.35
H65/118F mutant RNASET2 6.9 + 1.09 5.6 + 1.39

Values are expressed in mg/L of cell culture

supernatants and represent the mean of four
independent experiments + standard error.

Preliminary attempts to express recombinant RNASET2 in
the baculovirus-insect cell system have been previously carried
out in our laboratory [4], with estimated yields in the range of
1-2 mg/L of cell culture supernatant. We thus tried to optimize
RNASET2 expression levels also in this heterologous system by
using different media formulations and collecting supernatants
at different times after infection (ranging from 96 to 144 H).
Comparison among different media allowed us to conclude that
maximum RNASET2 expression levels were obtained in TNM-FH
medium supplemented with 5% FBS. In this medium, the wild-
type protein was expressed at about 30 mg/L (Table 1), which
represents a 15-fold improvement in expression levels com-
pared with cultures in the previously used serum-free medium.

The expression levels of the H65/118F mutant, however, did not
improve as much as the wild type in the same conditions.

Next, we compared the expression levels of wild type and
mutant RNASET2 in P. pastoris with those in the BEVS. To
this aim, identical volumes of unprocessed supernatant sam-
ples were immunoblotted and detection was performed with
anti-RNASET2 and anti-HA antibodies. A calibration curve was
constructed on each immunoblot by loading increasing known
amounts of pure recombinant RNASET2 previously purified from
the BEVS. This allowed us to determine the concentration of
RNASET2 in the supernatants, which was estimated to range
between 30 and 40 mg/L for the wild-type form in both expres-
sion systems, whereas the H65/118F mutant was expressed at
about 7 mg/L in P. pastoris and at about 5 and 6 mg/L in the
BEVS (Table 1).

Purification of recombinant RNASET2 was performed from
supernatants after 168 H (7 days) of induction in P. pastoris and
from supernatants of recombinant baculovirus-infected insect
cells 144 H (6 days) after infection. The same protocol previously
described for purification of RNASET2 from the baculovirus-
insect cell system [4] was applied to both types of supernatant.
By SDS-PAGE analysis of the purified proteins, RNASET2 from
the baculovirus system showed two main bands of 37 and 39
kDa (Fig. 4A, lanes 1-3), whereas RNASET2 purified from P. pas-
toris showed two bands of 41 and 43 kDa (Fig. 4A, lanes 4-6).
The hyperglycosylated forms with a molecular weight above 55
kDa were barely visible only when high amounts (o0, 5 pug) of
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Fig. 4. Analysis of wild-type RNASET2 purified from baculovirus-infected insect cells or from a Pichia pastoris strain X33 clone.
(A) Coomassie staining of an SDS-PAGE gel loaded with three different volumes of RNASET2 from either baculovirus-infected

insect cells (lanes 1-3) or P. pastoris (lanes 4—6). A prestained protein marker was loaded in the middle lane. (B) Immunoblots
were detected with anti-RNASET2 antibody (left) or anti-HA antibody (right) to confirm the identity of the purified proteins. (C)

Zymography was performed using total RNA from torula yeast as substrate to analyze RNASET2 purified from the two
heterologous systems. The identity of the bands showing ribonucleolytic activity was confirmed by immunodetection with
anti- RNASET2-2 antibody. In all panels, P and B indicate supernatants from P. pastoris or the BEVS, respectively.

Expression of human RNASET2 in heterologous systems
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RNASET2 from P. pastoris were loaded (data not shown). West-
ern blot analysis with anti-RNASET2 or anti-HA monoclonal anti-
bodies confirmed the identity of the purified proteins (Fig. 4B).
Both purified preparations were judged to be >95% pure by
Coomassie staining of SDS-acrylamide gels.

Finally, as we previously showed that human RNASET2is a
functional ribonuclease [4], the purified proteins were checked
for proper folding and functionality by zymographic analysis.
Equal amounts of each purified protein, as determined both
spectrophotometrically and by Coomassie blue staining, were
loaded on a zymographic gel containing torula yeast’s total
RNA as a substrate. RNASET2 purified from both P. pastoris
and baculovirus systems showed a strong signal after toluidine
blue staining, indicative of ribonucleolytic activity (Fig. 4C, left
panel). Molecular weights corresponding to RNA hydrolyzation
activity were compatible with those observed from the forms
obtained after purification. Moreover, the same forms showing
ribonucleolytic activity were detected by the anti-RNASET2-2-
specific antibody (Fig. 4C, right panel).

To evaluate whether the wild-type proteins from the two
expression systems showed comparable levels of catalytic activ-
ity, aspectrophotometric method to measure the ribonucleolytic
activity in solution was applied. At least two measures were
performed for each protein preparation and two independent
protein preparations were tested for each type of RNASET2. The
two preparations of each recombinant protein gave very similar
results, showing that the recombinant protein produced in the
BEVS hasan activity, expressed as Abs260/Min, of 0.67 + 0.009
against an activity of 1.02 & 0.013 Abs260/Min for the recom-
binant protein expressed in P. pastoris. Therefore, RNASET2
purified from P. pastoris shows a 30% higher activity than the
protein purified from the baculovirus system in the conditions
tested.

Defining one unit as the amount of enzyme which produces
a change of 1 0D,¢, absorbance in 15 Min at 37°C, wild-type hu-
man RNASET2 purified from baculovirus appeared to contain
3,390 units/mg of protein, whereas the protein purified from
P. pastoris contained 5,100 units/mg of protein in the prepara-
tions and the conditions tested.

Taken together, these data show that recombinant
RNASET2 expressed in both P. pastoris and BEVS expression
systems have catalytic activity.

Finally, we investigated the nature of the carbohydrate
modifications on the proteins purified from the two heterol-
ogous expression systems. Analysis of MALDI spectra of N-
glycans released by PNGaseF digestion of the tryptic peptides
and subsequently permethylated (spectra A and B in Fig. 5)
showed a wide variation in molecular weight of the glycans
attributable to the products from baculovirus and P. Pastoris
systems. Thus, the protein purified from the baculovirus system
is characterized by a major hexasaccharide whose composi-
tion is consistent with a core fucosylated trimannosyl N-glycan
(m/z 1,345; see Fig. 5 A). Less abundant components are high
mannose structures of composition MansGlcNac2 (m/z 1,580),
ManéGlcNac2 (m/z 1,784), and ManyGlcNac2 (m/z 1,988) (see
Fig. 5 A). In contrast, the sample purified from Pichia is dom-
inated by polymannose glycans of composition Man5GlcNac2
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(m/z 1,580), ManéGlcNac2 (m/z 1,784), Man7GlcNac2 (m/z
1,988), MangGlcNac2 (m/z 2,396), Man1oGlcNac2 (m/z 2,600),
Man11GlcNac2 (m/z 2,804), Mani2GlcNac2 (m/z 3,008),
Man13GlcNac2 (m/z 3,212), Man14GlcNac2 (m/z 3,416), and
Man1s5GlcNac2 (m/z 3,623) (see Fig. 5 B), and has none of the
hexasaccharide at m/z 1,345 detected in the protein from the
baculovirus system.

4. Discussion

In this paper, we describe the expression of RNASET2, the only
human member of the Rh/T2/S family of ribonucleases, in both
P. pastoris and baculovirus-insect cell-based expression sys-
tems. The two systems were compared in terms of expression
levels and functionality of the produced protein. To our knowl-
edge, this is the first report comparing two different heterolo-
gous expression systems for expression of a ribonuclease of the
Rh/T2/S family.

Pichia pastoris and baculovirus-insect cell systems were
chosenbecause RNASET2 is a secreted protein which undergoes
a series of posttranslational modifications in the endoplasmic
reticulum and Golgi apparatus. Indeed, RNASET2 expression
has been previously attempted in E. coli by our group, but the
expression levels were quite low, likely due to either toxicity to
the host cells or lack of stability in E. coli.

By contrast, in this work, RNASET2 was successfully ex-
pressed in both eukaryotic heterologous expression systems
following optimization of culture conditions. The expression lev-
els in these heterologous expression systems were comparable
and ranged between 5 and 30 mg/L, depending on the protein
version expressed (mutant or wild-type RNASET2), whereas the
expression system did not appear to significantly influence the
amount of protein produced. These expression levels represent
the result of an accurate optimization strategy, as we previously
described a yield of just 1-2 mg of protein/L of baculovirus-
infected insect cell supernatants [4]. As long as expression in
P. pastoris is concerned, three different strains were used as
host cells and the X33 strain turned out to be a better expres-
sor with respect to the GS115 and KM71H (Mut®) strains. When
compared with other proteins, the expression levels obtained
for RNASET2 are rather low [8]; nevertheless, they rank in the
high range of expression levels when published data report-
ing heterologous expression of members of the Rh/T2/S family
of ribonucleases are taken into account [1],[2]. In one report,
heterologous expression of RNase Rh from Rhizopus niveus in
S. cerevisiae gave high expression levels, ranging from 4o to
70 mg/L, depending on the signal peptide used [19]. In another
paper, two S-ribonucleases of Petunia inflata were expressed
in the baculovirus expression system with yields of 1 mg of pro-
tein/L of cell supernatant [20]. Later, Huang et al. described ex-
pression of E™, a ribonuclease from classical swine fever virus,
in P. pastoris at 27 mg/L [21]. The same protein had been pre-
viously produced in insect cells but expression levels were not
reported[22]. Wild type and mutant versions of ribonuclease MC
from Momordica charantia (bitter gourd) were expressed both
in E. coli and P. pastoris. Although expression levels in bacteria
were in the order of 0, 5 mg/L, the same protein was expressed
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Fig. 5. N-glycan structures released from RNASET2 by PNGase F digestion and analyzed by MALDI-TOF MS. (A) Profile of total
permethylated N-glycans in RNASET2 isolated from the baculovirus-insect cell heterologous systems. Upper panel: Low
Masses (m/z interval: 1,300-2,300), fraction eluted in 50% acetonitrile/water during Sep-Pak purification. Annotated
structures correspond to a core fucosylated glycan and high mannose glycans (Man2-Mang). Nonannotated peaks correspond
to impurities and glycans originated from animal proteins included in the media used for baculovirus growth. Lower panel:
High Masses (m/z interval: 2,300-3,800), fraction eluted in 75% acetonitrile/water during Sep-Pak purification. The signals

spikes observed correspond to electrical and chemical noise. (B) Profile of total permethylated N-glycans in RNASET2 isolated
from Pichia pastoris. Upper Panel: Low Masses (m/z interval: 1,300-2,300), fraction eluted in 50% acetonitrile/water during
Sep-Pak purification. Annotated structures correspond to high mannose glycans (Man2-Mang). Nonannotated peaks
correspond to impurities and glycans originated from animal proteins included in the media used for P. Pastoris growth. Lower
panel: High Masses (m/z interval: 2,300-3,800), fraction eluted in 75% acetonitrile/water during Sep-Pak purification.

Annotated m/z values correspond to high mannose glycans (Man6-Manz12) detected in P. Pastoris sample.

with a yield of 7-20 mg/L in P. pastoris [23],[24]. Strikingly, in
keeping with our data, a significant variation in expression lev-
els between different protein versions was observed in the latter
study, suggesting that intrinsic protein properties can influence
expression levels.

RNASET2 is an N-glycosylated protein and three as-
paragines residues have been predicted in silico and experimen-

Expression of human RNASET2 in heterologous systems

tally validated as glycosylation sites in vitro [4]. Indeed, treat-
ment of human cell extracts with peptide-N-glycosydase F con-
firmed that at least 7 kDa of the total apparent mass of RNASET2
in SDS-PAGE are contributed by carbohydrates[4]. In our hands,
human recombinant RNASET2 expressed in the BEVS displayed
a limited glycosylation heterogeneity, as demonstrated by the
occurrence of bands ranging from 36 to 40 kDa detected with
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an anti-RNASET2-specific antibody. By contrast, the same pro-
tein expressed in P. pastoris showed greater heterogeneity, as
both mildly glycosylated (ranging from 38 to 45 kDa) and highly
glycosylated forms (ranging from 50 to 8o kDa) of RNASET2
were detected in immunoblotting. As expected, all these forms
turned into a single band of about 31 kDa in both P. pastoris and
in the BEVS following enzymatic deglycosylation.

Preliminary data regarding the purification of RNASET2
from P. pastoris showed that the 39-45 kDa glycosylated forms
were purified more efficiently than the hyperglycosylated forms.
This could be explained by sterical hindrance of the abundant
carbohydrates that could render the 6x histidine tag less ac-
cessible for binding to the resin. Therefore, although produced,
these hyperglycosylated forms of RNASET2 (that do not usually
occur in human cell extracts) represent a negligible fraction of
the purified protein. In both heterologous expression systems
used in this study, an anti-RNASET2 reactive form of 26 kDa
was also occasionally observed, which probably represents a
proteolytic degradation product, as deglycosylation treatment
produced a further shift of MW down to 19 kDa. The 26-kDa
form we observed is recognized by two different polyclonal an-
tibodies against RNASET2 and also by an antibody against the
C-terminal HA tag, suggesting that spontaneous proteolysis oc-
curs at the N-terminus. Indeed, ribonucleases from the Rh/T2/S
family have been described to possess protease-sensitive re-
gions [25] and we previously showed that RNASET2 undergoes
physiological proteolysis in mammalian cells, resultingin 31and
27 kDa isoforms, which are targeted to the lysosome [4]. How-
ever, further analysis of the human forms showed that they were
both generated by a cleavage event occurring in the C-terminal
moiety of the RNASET2 protein. By contrast, the 26-kDa band
occasionally observed in Pichia clones likely originated from a
cleavage event at the N-terminus, as the C-terminal tag is still
present. Taken together, these data suggest that the latter likely
represents the result of a host-specific cleavage event of little
physiological relevance.

Human RNASET2 was recently expressed in P. pastoris by
another group [20], who described a single 27 kDa form whose
expression levels were not reported. Although this molecular
weight could be ascribed to the RNASET2 protein without signal
peptide, it is not compatible with the glycosylation pattern that
was described in vivo for RNASET2.

To better define the structural and functional features of
recombinant RNASET2, we have also characterized the glycosy-
lation pattern and the catalytic activity of the proteins purified
from the two heterologous protein expression systems. Very
distinct patterns of glycosylation were observed with the bac-
ulovirus system producing a largely glycosylated protein with
a core fucosylated paucimannose glycan, whereas P. Pastoris
expressed RNASET2 protein with polymannose structures, as
expected for this expression system [8],[9].

Finally, recombinant wild-type RNASET2 purified from
both systems was found to be catalytically competent. In the
conditions tested, RNASET2 purified from P. pastoris showed
a 30% higher activity than the protein purified from the bac-
ulovirus system, the activity of the first being 1.02 (0.013
Abs260/Min) against 0.67 (0.009 Abs260/Min) for the recom-
binant protein expressed in P. pastoris.
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This result is of great practical relevance for future molec-
ular and functional assays, whose goal is to achieve a de-
tailed functional characterization of this protein. In recent years,
RNASET2 has been shown by our group to behave as a potent on-
cosuppressor in vivo [5—7],[18]. This finding, coupled to the fact
that RNASET2 is a secreted extracellular protein whose antipro-
liferative role was recently found to be carried out in a non-cell
autonomous manner [26], makes the use of catalytically com-
petent recombinant RNASET2 in both in vitro and in vivo cancer
models a powerful tool to shed light on the functional roles of
this unusual class of ribonucleolytic enzymes.
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ABSTRACT

The tumor suppressor p53 was previously shown to markedly up-regulate the expression of the
PRODH gene, encoding the proline dehydrogenase (PRODH) enzyme, which catalyzes the first
step in proline degradation. Also PRODH2, which degrades 4-hydroxy-L-proline, a product of
protein (e.g. collagen) catabolism, was recently described as a p53 target. Here, we confirm p53-
dependent induction of endogenous PRODH in response to genotoxic damage in cell lines of
different histological origin and we establish that overexpression of p73p3 or p63p is sufficient to
induce PRODH expression in p53-null cells. The p53 family-dependent transcriptional activation
was linked to specific intronic response elements (REs), among those predicted by bioinformatics
tools and experimentally validated by a yeast-based transactivation assay upon modulated
expression of p53, p63 and p73 and by p53 occupancy measurements in HCT116 human cells.
Instead, PRODH2 was not responsive to p63 nor p73 and was at best a weak p53 target, based on
minimal levels of PRODH2 transcript induction by genotoxic stress observed only in one of four
p53 wild-type cell lines tested. Consistently, all predicted p53 REs in PRODH2 were poor matches
to the p53 RE consensus and showed limited responsiveness, only to p53, in the functional assay.
Taken together, our results highlight that PRODH but not PRODH2 expression is likely under
control of the entire p53 family members, supporting a deeper link between p53 proteins and
metabolic pathways, as PRODH functions in modulating the balance of proline and glutamate
levels and of their derivative alpha-keto-glutarate in the metabolism under normal and pathological

(tumor) conditions.
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INTRODUCTION

The p53 protein exerts its tumour suppressive function acting primarily as a transcription factor,
that controls the expression of a large and ever increasing number of target genes in response to a
variety of stresses [1-3]. Well known outcomes are cell cycle arrest, DNA repair, apoptosis, but
more recently also p53 involvement in the induction of autophagy and regulation of metabolism
have been described [4,5].

Historically, p53 represents the founder member of the p53 family, to which also p63 and p73
belong. These proteins share the highest level of homology in the DNA binding domain and often
recognize the same REs in the promoter of target genes. However, the pattern of transcribed genes
upon induction of the different family members does not overlap completely [6] and neither do the
biological functions, as exemplified by their different roles during embryonic development [7].

To complicate matters, the various p53 family members can also influence each other’s function
and transactivation activity through a complex network created by the different transactivation
efficiency of the various isoforms and the presence of “p53” REs in their own regulatory regions
[8,9]. Clearly, there is a complex transactivation network within the p53 family and between the
p53 family and other transcription factors in the regulation of target genes [10,11].

This underlines the importance of understanding how transactivation specificity arises through the
mapping and the characterization of the REs present in target genes. Regulatory regions within
genes are a complex field of investigation. Nevertheless, their thorough characterization in terms of
sequence and location may help assessing coordinated regulation by transcription factors, as well as
cell type and cell context (type of stress, kinetics) dependencies on gene expression, ultimately
contributing to define gene functions [11,12].

Several years ago Polyak and colleagues identified PIG6, also known as PRODH/POX, among the
apoptotic genes induced by p53 after adriamycin treatment [13]. Nevertheless, a systematic search
and validation of the p53 REs in these genes have never been carried out. As a consequence,
PRODH is not considered as a proven p53 target in most of the published reviews. Since its
discovery, evidence has been accumulating on the role that proline dehydrogenase, the protein
encoded by the PRODH gene, could play in suppressing tumorigenesis, suggesting its contribution
as an apoptosis effector through ROS induction [14]. Very recently, a PRODH-dependent induction
of autophagy has also been described [15]. The biochemical function of PRODH (EC 1.5.99.8) is
the oxidation of proline to A'-pyrroline-5-carboxylic acid (P5C), which is converted to glutamate by
P5C dehydrogenase (EC 1.5.1.12). Notably, also the gene encoding P5C dehydrogenase, ALDH4,
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has been reported to be a target of p53 [16], suggesting the importance of the proline to glutamate
conversion in mediating p53 functions.

More recently, also 4-hydroxy-L-proline (OH-proline) dehydrogenase (EC 1.1.1.104), encoded by
the PRODH2 gene, was shown to be induced by p53 [17], although there are conflicting results in
the literature [18]. Like proline, OH-proline, the substrate of hydroxy-proline dehydrogenase, is
present in some cellular, extracellular and dietary proteins, such as collagen, that therefore represent
an abundant source of substrate. Nevertheless, while downstream metabolism of proline can impact
several aspects of cellular metabolism, metabolism of OH-proline yields compounds that can be
used to generate ATP or ROS but do not have anaplerotic or regulatory functions [17].

The aim of this study was to identify and validate the p53-REs present in the PRODH and PRODH?2
genes and to investigate their responsiveness to the other p53 family members. Here we show that
four intronic p53 REs, located in introns 2 and 3 of the PRODH gene, are the most active among the
REs examined. Interestingly, one of them is efficiently transactivated by all p53 family members.
Conversely, the putative REs identified in the PRODH2 gene respond poorly even in the presence
of high p53 levels and are inactive with p63 and p73, as revealed with a yeast functional assay.
Moreover, PRODH2 expression was weakly detectable following genotoxic stress in only one of

the p53 wild-type cell lines we tested, consistent with contradictory results in the literature [17,18].
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MATERIALS AND METHODS

Reagents
Doxorubicin and 5-fluorouracil (5FU) were from Sigma—Aldrich (Milan, Italy), Nutlin-3A was

purchased from Alexis Biochemicals (Enzo Life Sciences, Exeter, UK). All oligonucleotides were
from Eurofins MWG Operon (Ebersberg, Germany). Bacteriological reagents (Bactoagar, Yeast
extract, Peptone) were from DIFCO (BD Biosciences, Milan, Italy) and all other reagents were

from Sigma Aldrich (Milan, Italy) unless otherwise specified.

Cell lines and treatments

The human breast adenocarcinoma-derived MCF7 cell line was obtained from the InterLab Cell
Line Collection bank, ICLC (Genoa, Italy); the colon adenocarcinoma HCT116 (p53**) cell line
and its p53—/— derivative were a gift from B. Vogelstein (The Johns Hopkins Kimmel Cancer
Center, Baltimore, Maryland, USA) [19]. LoVo colon adenocarcinoma cells were a gift from M.
Broggini (Istituto Farmacologico Mario Negri, Milan Italy) [20], while the hepatocellular
carcinoma derived HepG2 cells were a generous gift from A. Provenzani (Laboratory of Genomic
Screening, CIBIO, University of Trento) [21]. Cells were maintained in DMEM or RPMI
supplemented with 10% FCS, 1% glutamine and antibiotics (100 units/ml penicillin plus 100 pg/ml
streptomycin).

To study PRODH expression in response to p53 induction or stabilization, cells were seeded at 80%
confluence and treated with genotoxic agents or Nutlin-3A at the indicated concentrations for 16
hours.

For transient transfection experiments with HCT116 p53”, 7 x 10° cells were seeded in 6-well
plates 24 hours before transfection to reach ~70% confluency on transfection day. Cells were
transfected using 2 pg plasmid DNA/well and the TransIT-LT1 transfection reagent (Mirus, Milan,
Italy) according to the manufacturer’s instructions. Human p53 was expressed from the pC53-SN3
plasmid [22], while p63beta and p73beta cDNAs were expressed either from pCDNA3.1 [11] or
pCl-Neo vectors (Monti et al., unpublished). All mammalian constructs were extracted from
XL1blue E. coli cells using the endotoxin free PureYield plasmid midi-prep kit, according to the
manufacturer’s protocol (Promega, Milan, Italy). In all experiments, cells were harvested 24 hours

after transfection, trypsinized and collected for RNA extraction.

Analysis of PRODH and PRODH?2 transcript levels
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To quantify PRODH and PRODH2 mRNAs following treatments or transfections, cells were
harvested and washed once with PBS. Total RNA was extracted using the RNeasy Kit (Qiagen,
Milan, Italy) according to the manufacturer's instructions. For real-time quantitative PCR (QPCR),
cDNA was generated from 2 pg of RNA by using the RevertAid First Strand cDNA Synthesis Kit
(Fermentas, Milan, Italy) or the iScript Reverse Transcription Supermix for RT-qPCR (Biorad).
gPCR was performed on a RotorGene 3000 thermal cycler (Corbett Life Science, Ancona, Italy) or
on a StepOne thermal cycler (AB, Milan, Italy) using the KAPA Probe Fast Universal 2X gPCR
Master Mix (Resnova, Rome, Italy) with Tagman assays (AB, Milan, Italy) or the Sso Advanced
Sybr Green Supermix (Biorad). Primers are reported in Table S2. Relative mRNA quantification
was obtained using the AACt method, where the glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) or the B2-microglobulin (B2-M) genes served as internal control. P21 was used as

positive control for the efficacy of the induction of p53 family members by the specific treatment.

Construction of yeast reporter strains and media

Nine different Saccharomyces cerevisiae reporter strains were constructed, containing the firefly
luciferase gene under the control of the p53 RE found by bioinformatics tools (see below) in the
PRODH and PRODH2 genes. To insert the putative p53 RE upstream of the luciferase reporter
genes the “delitto perfetto approach” for in vivo mutagenesis was used [23], starting from the
available master reporter strain yLFM-ICORE. The master strain contains the luciferase cDNA
integrated in the yeast genome downstream a minimal promoter derived from the CYC1 gene. The
counter selectable ICORE cassette is located 5° to the minimal promoter and confers high targeting
efficiency of the locus by oligonucleotides that contain the desired RE sequences (Table S1) [23].
The recombinant yeast strains were checked by colony PCR and direct sequencing for proper
positioning of the inserted REs (BMR Genomics, Padua, Italy).

Yeast cells were grown in YPDA medium (1% yeast extract, 2% peptone, 2% dextrose with the
addition of 200 mg/L adenine). For plating, YPDA medium was supplemented with 2% bactoagar,
while selective minimal plates lacking tryptophan or leucine but containing adenine (200 mg/L) and
dextrose as carbon source were used to isolate transformant clones with expression vectors for p53
family proteins. 5-Fluoroorotic acid (FOA) and geneticin (G418) were added to the plates when

necessary [23].

Constructs for the expression of p53 family members in S. cerevisiae
To express members of the p53 family in yeast, the pTSG- (TRP1) or pLSG-based (LEU2)
constructs, harbouring respectively p73p and p633 cDNAs (TA isoforms) under the control of the
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GAL1,10 inducible promoter, were used [24,25]. This promoter allows to modulate the expression
of the proteins under study by varying the galactose concentration in the culture medium The wild
type p53 cDNA was similarly expressed using the pLS89 expression vector (TRP1) [24]. Empty
vectors pRS-314 or pRS-315 were used as a controls; these vectors contain respectively the TRP1
(as pTSG-) or LEU2 (as pLSG-) yeast selectable markers.

Luciferase assaysin yeast

To measure the transactivating capacity of p53 family members on the putative p53 REs identified
in PRODH and PRODH2 genes, the expression vectors described above were transformed into the
yLFM-RE strains using the lithium acetate method. After transformation the yeast strains were
grown on minimal medium lacking tryptophan or leucine but containing adenine (200 mg/L) and
dextrose as carbon source, to keep the expression of p53 family members inhibited. After 2-3 days
at 30°C, transformants were streaked onto the same type of plates and grown for an additional day.
For each reporter strain, the basal luciferase activity was measured from the empty vectors pRS314-
or pRS315-transformed colonies.

Transformant colonies were grown in 100 pL of selective medium containing raffinose as the sole
carbon source in a transparent 96-well plate for 16-24 hours at 30°C. Different concentrations of
galactose (0.008% and 1%) were added to induce low or high levels of expression of the p53 family
members. ODgoo Was directly measured in the multi-well plate to normalize for cell density using a
multilabel plate reader (Infinite M200-Pro, Tecan, Milan, Italy). Ten pL of cells suspension were
transferred to a white 384 plate (BrandTech Scientific Inc., Essex, CT, USA) and mixed with an
equal volume of PLB buffer 2X (Passive Lysis Buffer, Promega). After 15 minutes of shaking at
room temperature, 10 pL of Firefly luciferase substrate (Bright Glo Luciferase Reporter Assay,
Promega) were added. Luciferase activity was measured and results were expressed as fold of

induction compared to empty vectors.

Chromatin immunoprecipitation experiments in MCF7 or HCT116 cell lines.

Chromatin immunoprecipitation (ChIP) assays were performed as previously described (Menendez
et al 2007) using the EZ Magna ChIP kit (Upstate Biotechnology, Millipore, Lake Placid, NY,
USA). Briefly, HCT116 p53** and p53” cells were plated onto 150-mm dishes, let to grow for one
day and treated with 1.5 uyM doxorubicin for 16 h or left untreated. Cells were then cross-linked
with 1% formaldehyde for 10 min at 37 °C and treated subsequently with 125 mM glycine for 5
min. Samples were processed following the manufacturer's instructions. Cell lysates were then

sonicated using conditions that enabled us to evaluate the distinct contribution of the different REs.
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Sonication was done using a Misonix 4000 instrument equipped with a multiplate horn (Misonix,
Qsonica LLC., Newtown, CT, USA). Samples were sonicated using twelve cycles of 20 seconds
pulses at 80% of amplitude with a 40 seconds pause in-between and the accuracy of shared
chromatin fragments was checked on a 2% agarose gel. The p53-specific monoclonal antibody DO-
1 (Santa Cruz Biotechnology, Milan, Italy) and magnetic Protein G beads were used in the ChIP
assay. As a negative control we used mouse 1gG (Santa Cruz Biotechnology). Once reverted the
crosslinks, PCR amplifications were performed on immunoprecipitated and purified chromatin
using primers to amplify specific regions in the PRODH promoter and introns and in the CCNB1
gene, that does not contain any p53 REs (No Binding Site, NBS) (Table S2). Furthermore, gPCR
was used to quantify the fold change in site occupancy. The gPCR reaction was performed with 2
pL of each sample and using the Power SYBR® Green PCR Master Mix (Applied Biosystems,
Foster City, CA, USA) following manufacturer's procedures. To determine the fold change in site
occupancy the SuperArray ChIP-gPCR Data Analysis tool was used (SA Biosciences, Frederick,
MD, USA). The enrichment values were obtained after normalization against the input, then

computing the ratio between the doxorubicin vs mock treatment.

Bioinformatics analysis
Sequences of the human PRODH and PRODH2 reference mRNAs (NM_016335.4 and

NM_021232.1, respectively) were retrieved from NCBI (http://www.nchi.nlm.nih.gov/nucleotide),

and the genomic organization was obtained with the UCSC Blat algorithm at
http://genome.ucsc.edu/ followed by extension of the promoter region retrieved, using the function

“gene sorter” at UCSC.

To search for the p53 REs in the PRODH and PRODH?2 genes, the following sites were consulted:
-TESS (http://www.cbil.upenn.edu/tess.);

-p53MH algorithm (http://linkage.rockefeller.edu/ott/p53MH.htm.) [26];

-p53 FamTaG ( http://p53famtag.ba.itb.cnr.it/index.php.) [27];

-TFBIND (http://tfhind.hgc.jp/) [28].
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RESULTS

1. PRODH levels increase upon genotoxic stress or p53 stabilization

To confirm that PRODH is inducible by genotoxic stress via p53, we treated cell lines known to
harbour wild type p53 with doxorubicin or 5-fluorouracil. PRODH transcript was readily induced
by doxorubicin in all cell lines tested except in HCT116 p53” cells, confirming that induction was
indeed p53 dependent (Figure 1). PRODH expression also increased in a dose dependent manner
when cells were treated with the p53 stabilizer Nutlin-3A (Figure 1).

As PRODH induction occurred upon increase of p53 levels due to either genotoxic stress or
treatment with a p53 stabilizer, we suggest that it is indeed p53 dependent.

2. The PRODH gene contains numerous putative p53 REs

A combination of four bioinformatic tools for identifying p53 specific or transcription factors
binding sites in general (p53MH, p53FamTag, Tess, TFBIND) along with manual search was used
to scan the PRODH gene. Nine putative p53 REs were identified and named according to their
distance from the Transcription Start Site (TSS) based on reference sequence NM_016335.4 (Table
1).

Six REs were selected for validation, based on the evaluation of the following parameters: number
and position of mismatches with respect to the consensus, presence of a spacer sequence between
the two decameric sites, and position in the gene (Table 1). Two putative REs were located in the
promoter of the PRODH gene, at positions -3.1 and -0.9 kb from TSS; the latter has already been
described [29] and was selected, although it did not completely fulfilled the chosen parameters. The
other REs were located in intron 2 (+1.7, +2.8 and +4.7 kb) and 3 (+6.8 kb), respectively. The latter
RE, +6.8, falls within a genomic region previously identified in a ChIP-sequencing experiment but
not further characterized [30].

The two REs in the promoter contained only one half-site with either one (-3.1) or no (-0.9)
mismatches. An additional half-site with two mismatches, one of which involving a base in the
CWWG core sequence, was present in the -3.1 RE, separated from the first half-site by a 5 bp
spacer; in the -0.9 RE, a quarter site with one mismatch and a half-site with three mismatches
(which can alternatively be considered a quarter site with one mismatch) were present, separated by
the first half-site by 7 or 5 nucleotide spacers, respectively. Among the intronic REs, two of them
(+1.7 and +6.8) had no spacers, while the +4.7 had a 3 bp spacer; the +4.7 and +6.8 REs had a
consensus half-site and a second half-site with two mismatches outside the CWWG core motif,

while the +1.7 had mismatches (one or two) in each half-site (Table 1). The +2.8 RE was identified
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as a full site composed of the two half-sites GCtCATGCCT AGGCATGgTg by the TFbind
software. Upon careful analysis of the nearby sequence, this RE turned out to be surrounded by
other half-sites, thus constituting a cluster with a total of 5 half-sites, of which the 3 central
contained a CATG core and were devoid of any spacers, while the two external half-sites were
separated from the central 3 REs by 3 bp spacers (Table 1). All of the 5 half-sites in the +2.8 RE
contained at least 2 mismatches each, none involving the CWWG core motif of the consensus.
Interestingly, the +6.8 was the only RE identified by the p53SCAN algorithm in the genomic region
encompassing the PRODH gene [31].

3. The p53 family members differentially transactivate from the PRODH REs in yeast

Six yeast reporter strains, corresponding to the six selected REs in the PRODH gene (-3.1; -0.9;
+1.7; +2.8; +4.7; +6.8, Figure 2A), were constructed using the delitto perfetto approach [23,32]. A
well-established yeast transactivation assay was then applied to analyze the induction of the
luciferase reporter gene upon expression of p53, p63p or p73p proteins. The expression of the p53
family members was regulated by using the galactose inducible promoter GAL1,10. Two different
galactose concentrations were exploited to induce different levels of the transcription factors. The
four intronic REs (+1.7, +2.8, +4.7 and +6.8) were induced by p53 in a dose dependent manner and
showed strong response at the higher level of induction (1% galactose) (Figure 2B). At moderate
induction (0.008% galactose), the +2.8, +4.7 and +6.8 already showed at least a 35-fold increase
above background in luciferase activity. The REs in the promoter (-3.1 and -0.9) instead, showed no
induction over the basal level even at 1% galactose, suggesting complete lack of responsiveness to
p53. Also the other p53 family members can transactivate luciferase reporter expression from some
REs, but only at 1% galactose. More specifically, the +1.7, +2.8 and + 6.8 REs were transactivated
upon p63p expression (Figure 2B), while only +6.8 RE driven luciferase activity was increased
more than 5-fold following p73p expression (Figure 2B). At low galactose induction of p63f and
p73p, no detectable increase in luciferase activity was observed in any of the PRODH REs (Figure
2B).

4. p63 and p73 can potentially transactivate PRODH also in mammalian cells

To determine if p63 and p73 were capable of driving expression of the endogenous PRODH gene in
mammalian cells, expression constructs for p53, p63p, p73p were transiently transfected into
HCT116 p53™ cells. p63p and p73p expressing cells showed a 3-fold induction of PRODH
compared to vector transfected cells (Figure 3). Therefore, all members of the p53 family exhibit

the potential to transactivate the PRODH gene.
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5. The +6.8 RE shows the highest p53 binding in vivo

To study the p53 binding to the PRODH gene in vivo, HCT116 p53** cell line and its p53 knock-
out derivative HCT116 p53”, were treated with doxorubicin or left untreated (mock) and cell
extracts were subjected to chromatin immunoprecipitation analysis (ChlP).

The data confirmed that the +6.8 RE is the most efficiently bound by p53 in HCT116 p53** under
the conditions tested, followed by +2.8, +1.7 and finally -3.1 REs. The -0.9 and +4.7 REs showed
very low enrichment (Figure 4).

In conclusion, the +6.8 RE showed the highest p53 binding in vivo (Figure 4). Interestingly, this RE
is the one most efficiently transactivated by all p53 family members in yeast assays (Figure 2B) and
was the only RE in the genomic region encompassing the PRODH gene to be enriched in a ChlP-
sequencing experiment conducted in the U20S cell line after genotoxic treatment or p53
stabilization with Nutlin-3A (D. Menendez and M. Resnick, personal communication).

6. p53, but not p63 and p73, weakly transactivates from the PRODH2 REs in yeast

Five putative p53 consensus sequences were identified in the PRODH2 gene, three of which were in
the promoter, while two were located in intron 9 at more than 10 kb from the TSS (first nucleotide
present in the NM_021232.1 reference PRODH2 mRNA). The latter two REs consisted of just one
half-site (Table 2); for this reason and for the distance from the TSS, they were excluded from
further analysis. Of the three REs identified in the promoter (Table 2), two had a 3 bp spacer and at
least four mismatches in the two half-sites, not involving the core sequence (-1.3 and -0.5), and the
third (-0.27) had a 6 bp spacer and one or two mismatches in the two half-sites (Table 2).

Yeast strains carrying the -1.3, -0.5 and -0.27 REs upstream of the chromosomally located
luciferase reporter, and otherwise isogenic with the previously describer PRODH RE strains, were
constructed. Activity of the reporter was only slightly increased by high-level p53 expression in the
three strains, with -0.27 being the most efficiently transactivated (9-fold induction) (Figure 5B). A
4-fold increase in luciferase activity was obtained with the -1.3 RE but only a 2-fold with the -0.5
RE. Expression of p633 and p73p did not result in a detectable induction of luciferase activity
(Figure 5B).

Taken together the results suggested a weak responsiveness of PRODH2 gene to p53.

7. p53 weakly transactivates the PRODH2 gene in mammalian cells

11
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To confirm that PRODH2 is weakly inducible by genotoxic stress via p53, we treated different cell
lines known to harbour wild type p53 with doxorubicin or 5-fluorouracil as previously described.
Consistent with the literature, these genotoxic treatments resulted in a slight increase of PRODH2
transcript in LoVo cells, but we were unable to calculate the fold induction as basal levels fell
below the detection limits of our gPCR. In HCT116 p53** and MCF7 cell lines, basal levels were
undetectable and no induction was observed (data not shown). Finally, when the HepG2
hepatocarcinoma cell line, which turned out to have detectable basal levels, was treated with
doxorubicin, no induction of the PRODH2 gene was observed (Figure 6).

Taken together, and compared with the induction levels obtained with PRODH, PRODH2 should be
considered as a weak p53 target with low expression levels and limited responsiveness in human

cells.
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Discussion

In the present study, the identification and characterization of the p53 REs in the PRODH and
PRODH2 genes is described. These genes have been previously described as p53 targets [13,17,29],
although the REs were not characterized, and their encoded proteins are involved in similar but not
identical metabolic processes in the cell, i.e. a) their catalytic activity is directed on very similar
substrates with limited cross-reactivity with each other [33], b) their substrates have common origin
(dietary protein or collagen degradation) and c) they are both capable of inducing apoptosis via
ROS production [14,17].

In spite of the fact that the role of PRODH as p53 apoptosis effector has been known for a long time
[13], there is very limited information on the regulatory elements that mediate p53 responsiveness
of this gene. This could explain why PRODH was not included in the list of 129 genes responding
to at least three out of four of the criteria -namely the presence of a p53 RE, demonstration of its up-
regulation by wild-type p53, functional confirmation of responsiveness of the identified RE in
functional assays and physical binding of RE by p53- to be classified as a p53 regulated gene
[2,34].

We extended the characterization of PRODH responsiveness to p53 beyond genotoxic induction, by
showing that it was also strongly induced by p53 stabilization following Nutlin-3A treatment
(Figure 1). We also showed, by use of a yeast transactivation assay, that p53 exhibits transactivation
potential towards all intronic REs in the PRODH gene (Figure 2B). The identified intronic REs
presented at least two complete half-sites and no mismatches in the core sequences, in contrast to
the REs present in the promoter (Table 1). Ultimately, the extent of p53-dependent transactivation
of the PRODH gene may be due to the sum of the contribution of each RE that can be bound and
transactivated. Moreover, depending on p53 levels of induction one might expect titration of p53 to
the REs based on its affinity and therefore different levels of PRODH induction, which may
influence its activity [15,35,36].

Concerning PRODHZ2, our results could not conclusively demonstrate its responsiveness to p53, in
fact the experimental results suggest that it is at best a very weak p53 target gene. This conclusion is
based on the functional analysis of identified p53 REs in yeast and on the quantification of the
endogenous gene expression in different cell lines upon genotoxic stress-dependent induction of
p53 (Figures 5 and 6). The latter analysis was limited by the extremely low level of PRODH2
expression in several cell lines examined (i.e. HCT116, MCF7, LoVo), with the exception of
HepG2. However, we did not observe any induction of PRODH2 by activation of p53 in this cell
line, confirming the results obtained by Shinmen et al [18]. The detection of PRODH2 in basal
conditions only in the hepatocellular carcinoma cell line confirms that this gene is indeed liver- and
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kidney-specific, although recently the group led by Phang demonstrated its expression in RKO and
its induction by p53 in RKO and LoVo cell lines [17]. In our experimental conditions LoVo cells
did not show any detectable basal levels of PRODH2 but showed a potential activation upon
genotoxic stress, that was however at the limit of detection by gPCR.

Therefore, although a coordinated expression of PRODH and PRODH2 would be justified by the
existence of proteins, like collagen, rich both in proline and OH-proline, respectively the substrates
of the two enzymes, this does not seem the case [37]. Indeed, PRODH has a broad expression and
could contribute to cell metabolism, by the production of glutamate and a-KG from P5C,
compounds in turn involved in many metabolic reactions and pathways in the cell.

On the lack of a coordinated p53-dependent expression of PRODH and PRODH2 some
considerations can be taken into account. First, and notably, the step downstream of the PRODH
reaction in the pathway leading from proline to glutamate, is catalyzed by P5C dehydrogenase,
whose gene (ALDH4) was reported as a p53 target [16]. Second, other p53 transcriptional targets,
such as TIGAR [38,39], can modulate a-KG levels. This suggests an important, and only partially
elucidated, contribution of the latter compound in p53 mediated responses and stresses the
contribution of PRODH in the metabolic pathways controlled by p53 [4].

Finally, in this work we also addressed the responsiveness of the PRODH gene to other members of
the p53 family. Indeed, we found that p63p3 and p73p could also induce PRODH even though at
lower levels compared to p53 (Figure 2A). To our knowledge, no data are available on p73 ability
to transcriptionally regulate PRODH expression, while PRODH was found as one of the genes
expressed more than 4-fold upon expression of a tetracyclin-inducible TAp63y isoform [40]. The
lower levels of induction with respect to p53 were not unexpected, as several other p53 targets show
a decreased responsiveness to p63 and p73. Furthermore, this result could be explained, among
others, by the fact that p63 and p73 show somewhat different DNA binding affinity and
transactivation potential towards canonical p53 REs, possibly in part dependent on tetramer
assembly and conformation stability, as recently revealed by the comparison of crystal structures of
p63 and p73 bound to DNA [41-44]. It is interesting to note that the three REs that were
transactivated by p63 (namely +1.7, +2.8 and +6.8) and the one transactivated by p73 (+6.8) have
no spacer, consistent with previous studies indicating both for p63 and p73 a marked preference for
adjacent half-site REs [12,43,45]. The +6.8kb RE turned out to be the most efficiently recognized
not only by p53 but also by p63 and p73. The reason for this may be that this RE has no spacer and
that the mismatches present in one half-site affects the first and last base of the consensus, which is
not involved in establishing direct protein:DNA interactions and does not preclude high affinity

binding of p53 [34,46-48]. However, as in mammalian cells p63 and p73 transactivated equally the
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PRODH gene, induction appears not to be strictly correlated to the relative transactivation potentials
measured in the yeast-based assay. Notably, also p73, besides p53, has been recently implicated in
regulation of metabolism and autophagy and was shown to be regulated by mTOR [49-51]. As
proline dehydrogenase is induced by rapamycin [52] it is tempting to speculate that this may be
achieved at least in part through p73.

In conclusion, this work demonstrates that PRODH is a target of the p53 family and provides new
clues for a deeper involvement of p53 proteins in metabolic pathways. In fact, in light of the
recently described link between glutamine and proline, p53 acquires a more profound role in
metabolism of these non essential aminoacids as well as their derivative alpha-ketoglutarate and in
antagonizing c-Myc, that was recently found to downregulate PRODH as an important contribution

to Myc metabolic reprogramming and induction of cell proliferation [53-56].
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Legend to figures

Figure 1. Genotoxic stress and p53 stabilization result in a p53-dependent increase of PRODH
transcript levels. HCT116 p53**, HCT116 p53” and MCF7 cell lines were treated with the
genotoxic compounds Doxorubicin (DOXO, 1.5 uM) and 5-Fluorouracil (5FU, 375 uM) or with the
p53 stabilizer Nutlin-3A (Nutlin, 5 or 10 uM) for 16 hours before proceeding to total RNA
extraction, cCDNA preparation and real time g-PCR.

PRODH (darker bars) was induced by DOXO and, albeit less efficiently, 5-FU in all cell lines
tested, except in the p53 null HCT116 cell line, confirming that induction is indeed p53 dependent.
Treatment of HCT116p53"* with Nutlin-3A also resulted in induction of PRODH. The established
p53 target gene p21 is shown for a comparison (lighter bars). In all cases, the values obtained in
untreated cell lines were normalized to 1 and the average fold of induction is plotted together with
the standard deviation of three biological replicates.

Figure 2. The PRODH gene contains several putative p53 REs, some of which are
differentially transactivated by p53 family members in yeast. A. Scheme depicting
chromosomal location and sequence of the p53 REs in the PRODH gene that were selected for
further analyses. The sequence of the REs at the various indicated locations is shown (lowercase =
mismatches from consensus; italics = spacer between half sites) B. The REs in the PRODH gene
respond differently to different p53 family members (p53, p63p and p73p) and to different levels of
galactose induction (0.008% and 1%) in the yeast transactivation assay. p53 is a very effective
inducer of the four intronic REs and shows transactivation of the +2.8, +4.7 and +6.8 REs also at
low levels of p53 induction, obtained at 0.008% galactose. Three of the four intronic REs are also

transactivated by p63p, while only the +6.8 RE responds to p73p.

Figure 3. Ectopic expression of p53 family members p53, p63@, p73p induces PRODH
expression in mammalian cells. Transfection of expression constructs for p53, p63p, p73p leads to
a 7-fold (p53) or 3-fold increase (p63p and p73B) in PRODH transcript in HCT116p53™ cells.

Figure 4. Relative p53 occupancy levels at PRODH sites containing p53 REs. Chromatin

+/+

Immunoprecipitation experiments were performed in the HCT116 p53™" colon cancer cell line and
its isogenic derivative HCT116 p53™", used as control, treated with DOXO or left untreated. Binding
of p53 to the different REs was analysed by qPCR. The +6.8 RE showed the strongest binding to

p53, followed by the +2.8, +1.7 and -3.1 REs. The -0.9 and +4.7 REs did not show any enrichment

19



OCO~NOOOTAWNE

in site occupancy compared to the “no binding site” (NBS) used as control. The dotted line
indicates the level of p53 bound to the NBS after doxorubicin treatment of HCT116 p53** cells,
taken as reference.

Figure 5. The PRODH2 gene contains three putative p53 REs, that are poorly transactivated
only by p53 in yeast. A. Scheme depicting chromosomal location and sequence of the p53 REs in
the PRODH?2 gene, selected for analysis in the yeast transactivation assay. B. The REs identified in
the PRODH2 gene were very weakly transactivated by p53 even when the p53 levels were induced
with high concentrations of galactose (1%), as measured by firefly luciferase specific activity. The -
0.27 RE is the most responsive, being induced 9 fold by p53 (for comparison see the behaviour of
the REs in the PRODH gene, Figure 2B).

Figure 6. p53 does not induce PRODH2 expression in the HepG2 cell line. The ability of
genotoxic compound doxorubicin to induce expression from the PRODH2 gene was analysed in the
HepG2 hepatocellular carcinoma cell line that harbours wild type p53. This cell line contained
detectable basal levels of PRODH2 (darker bars) but showed a slight repression of the transcript
upon treatment with doxorubicin. The established p53 target gene p21 is shown for a comparison
(lighter bars). The value obtained in the untreated cell line was normalized to 1 and the reported

values derive from three biological replicates.
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Figure 1
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