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Abstract

Proline dehydrogenase (PRODH) is a p53-inducible inner mitochondrial
membrane protein linked to electron transport and capable of generating mitochondrial
glutamate and intracellular ATP, especially under cellular stress conditions. Among a
panel of 51 human breast cancer cell lines, PRODH and glutaminase (GLS1) expression
levels were found to be inversely correlated (1) implicating two independent and
alternative mitochondrial pathways supplying anaplerotic glutamate for cancer cell
energy production and macromolecular synthesis. Proposing PRODH to be a promising
cancer therapeutic target, we compared the in vitro cellular effects of PRODH
knockdown by siRNA as well as competitive (L-tetrahydrofuroic acid, THFA; or 5-oxo-
2-tetrahydrofurancarboxylic acid, 5-oxo) and irreversible/suicide (PPG) inhibitors of
PRODH using cultured human breast cancer cells. PRODH knockdown or enzymatic
inhibition each inhibited cell growth and induced variable degrees of apoptosis against
malignant breast epithelial cell lines (ZR-75-1, DU4475, MCF-7) without affecting
immortalized and non-malignant breast epithelial cells (MCF-10A). Loss of PRODH
function produced additive in vitro anticancer effects when combined with either a p53
upregulator (MI-63) or a glutaminase inhibitor (CB-839) (2). Unlike the competitive
inhibitors, PPG not only demonstrated irreversible inhibition of PRODH enzymatic
activity on isolated breast cancer cell mitochondria (ZR-75-1) but it also induced loss of
mitochondrial PRODH expression prior to its induction of cancer cell apoptosis.
Computer modeling of PRODH’s enzymatic pocket occupied by either 5-oxo or PPG
revealed that PPG likely induces molecular distortion, suggesting its unique ability to

activate apoptosis by first triggering mitochondrial stress; however, it remains unclear
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whether the cancer cell’s ultimate response to this initial mitochondrial stress is mediated
by mitophagy or by the mitochondrial unfolded protein response (UPR™). The two
objectives of this current project address both the mechanistic questions about
mitochondrial stress induced by the suicide PRODH inhibitor, PPG, as well as a more
translational question about the in vivo feasibility of systemically administering PPG as a
potential therapeutic. To address the first objective, we employed confocal intracellular
imaging to investigate the mitochondrial stress induced by PPG. To address the second
objective, PPG was administered in vivo to flies and mice (implanted with xenografted
human breast tumors) to observe both whole organism and tissue-specific effects of this
mitochondrial stress inducing suicide inhibitor of PRODH. These studies form the basis
for more extended in vivo preclinical testing of PRODH suicide inhibitors as a potential

new breast cancer treatment strategy.



Introduction

Breast cancer classification

Breast cancer is currently classified clinically and molecularly by the presence or
absence of overexpression of three different breast cancer biomarkers: estrogen receptor-
a (ER), progesterone receptor (PR), and human epidermal growth factor receptor-2
(HER2 or ERBB?2) (3, 4, 5). In conjunction with their expression, these three biomarkers
define four primary intrinsic subclasses of breast cancer: luminal A (ER+ and/or PR+,
HER2-), luminal B (ER+ and/or PR+, HER2+), HER2-enriched (ER- and PR-, HER2+)
and basal-like (ER-, PR- and HER2-; sometimes referred to as “triple-negative”) breast
cancers (6, 7). Each of these four biological subclasses of breast cancer is clinically
distinct with respect to both patient prognosis and treatment approaches. These subtypes
have been investigated at the molecular level in order to find specialized interventions to
combat breast cancer tumors that do not respond to treatments or relapse. No single
therapy works one hundred percent of the time and that is why multiple therapeutic
strategies are being evaluated in an attempt to produce efficient intervention for tumors
regardless of their molecular subtype. The search continues for new targeted therapies as
the field unravels what aspects could be uniform for different types of tumors and not

necessarily a very specific molecular subtype.

Breast cancer metabolic reprogramming with dependence on GLS1 or PRODH for

mitochondrial glutamate production

Other than the established biomarkers, there is a great need to identify novel
biomarkers and new drug targets that will potentially improve the clinical outcome of

breast cancer patients. Bioenergetics and mitochondrial function studies can help answer



the question where cancers get their energy from, while manipulating energetics would
be beneficial for many tumor types, for some of them this could even be a unique
treatment. There has been a growing appreciation of cancer cell metabolic
reprogramming as a driving force underlying the biology of many different types of
cancers, including breast cancer (8, 9). Known for over a half century, the Warburg effect
first pointed out that cancer cells commonly generate energy mostly via cytosolic
glycolysis, even under aerobic conditions, rather than by mitochondrial pyruvate
oxidation (10).

The replication and growth of cancer cells depends heavily on energetics and
mitochondrial glutamate production for both cell energy levels and biosynthetic
reactions; glutamate may be generated by either glutaminase (GLS1) or proline
dehydrogenase (PRODH) enzymes as their overexpression appears to be inversely
correlated across different human breast cancer cell lines (Fig. 1) (1). Glutaminase is a
mitochondrial enzyme transcriptionally upregulated by the oncogene c-MYC, and it
converts glutamine into glutamate for anapleurosis and ATP production (11). The
importance of c-Myc induced GLS1 overexpression in generating cancer cell “glutamine
addiction” has been well recognized for nearly a decade. In contrast, less appreciated in
this regard is the critical role of p53wt induced PRODH, the 67 kDa enzyme found within
the inner mitochondrial membrane (12) that catalyzes the first and most rate-limiting step
in proline oxidation, a process that in two metabolic steps subsequently leads to
mitochondrial glutamate production (13). PRODH’s enzymatic product is the unstable
intermediate P5C, pyrroline-5-carboxylate, releasing two electrons that are immediately

transferred into the mitochondria’s electron transport chain where they can be used for



either ATP production or ROS generation (Fig. 2) (1). If these electrons are optimally
transported, each molecule of catabolized proline can yield up to 30 ATP molecules (14),

and further oxidation of P5C by PSCDH yields mitochondrial glutamate (Fig. 2).
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Figure 1. (A) PRODH mRNA expression levels (normalized, log2-scaled) across 51
different human breast cancer cell lines determined from published microarrays (15) and
color coded by intrinsic subtype, highest in luminal and lowest in triple-negative breast
cancers (1). (B) PRODH and GLS1 mRNA levels strongly inversely correlated; indicated
models are among those being evaluated for combination therapy (1).
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Figure 2. Induced by p53, mitochondrial PRODH catalyzes the first step of proline
oxidation to produce the unstable metabolic intermediate, P5C, with two electrons
transferred into the electron transport chain for either ATP production or ROS generation,
and downstream mitochondrial reactions generating glutamate, a-KG, and NADH.
Pyruvate oxidation by PDC produces acetyl Co-A and also increases the NADH pool.
Rotenone blocks all Complex 1 oxidation of NADH to NAD (1).

In naturally occurring organisms, the in vivo use of proline dehydrogenase
(PRODH) has long been known to be critical for energy production in flies (Drosophila
melanogaster) and more recently, for stress resistance in worms (16). PRODH was first
identified in mammals as PIG-6 (p53 inducible gene-6) by Polyak et al (17) and its
mitochondrial localization was noted during the study of the in vivo importance of proline
derived from the breakdown of extracellular matrix collagen to sustain Krebs cycle
generation of ATP (18, 19). Early on, Phang et al. proposed that PRODH served as a
tumor suppressing mediator of p53wt activity, inhibiting tumor growth by producing

ROS and inducing apoptosis (8, 10, 11). Subsequent studies called this conclusion into

question by documenting PRODH’s ability to promote cancer cell survival via



anaplerotic glutamate production and mitochondrial ATP production, especially under
nutrient and oxygen stress conditions (9, 11, 20). Presently, it is thought that proline
oxidation by PRODH generates either mitochondrial ATP or ROS production, depending
on the integrity of the electron transport chain, but not as a direct product of PRODH
enzymatic activity (21). Using human luminal breast cancer cell line models, Benz
laboratory studies add compelling support to the hypothesis that proline oxidation

primarily produces ATP as an essential cell survival mechanism (22).

Tumor suppressor p53, its transcriptional control of PRODH and their requlation by
MDM2

Cellular expression of PRODH is predominantly regulated by the transcription
factor p53, a model first shown when the identity of PRODH was not clear and it was
referred to as PIG-6 (17). Well established at the time was the fact that p53 is a tumor
suppressor protein, often referred to as the “guardian of the genome,” serving to
coordinate cellular responses to genome injury by inducing either cell cycle arrest
(cytostasis), enabling DNA damage to be repaired, or programmed cell death (apoptosis)
when DNA damage is too severe to be repaired. In response to DNA damage, p53 protein
levels are upregulated and transcriptionally induce other DNA damage response genes
and cell cycle regulating genes including the cyclin dependent kinase 1 (CDKZ1) inhibitor
and p21 that together initiate cell cycle arrest (21), allowing other genes to assess the
extent of genome damage and thereby determine the cell’s ultimate fate: apoptosis versus
cytostasis. If the DNA damage can be repaired, p53 also activates the necessary repair
mechanisms; but if DNA damage cannot be repaired, p53 further signals the cell to
undergo apoptosis, preventing the damaged DNA to be passed onto the next generation.

The cellular decision between cytostasis and apoptosis following activation of the
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p53 pathway has important implications for tumor progression and therapy. In many
cancer cells, where p53 is mutated, their ability to transcriptionally regulate cell fate is
lost, allowing those cancer cells to continue dividing and surviving in the face of genomic
damage, in fact, further facilitating their development of additional oncogenic mutations
(23). In other cancer cells, including most luminal and HER2+ breast cancers, p53 is not
mutationally inactivated but rather its level of protein expression is often kept suppressed
by the overexpression of MDMZ2, an E3 ubiquitin-protein ligase that causes the
constitutive proteosomal degradation of p53 (21, 23). It has been observed in human cell
line models of luminal and HER2+ subtypes specifically, that these express higher
transcript levels of PRODH and wildtype p53 tumor suppressor gene (p53wt), while
triple-negative breast cancers most frequently express mutated versions of p53 (p53mut).
Largely because of the frequent incidence of luminal breast cancer, approximately
75% of breast cancers overall express wildtype p53 protein (p53wt) (23, 24) and do not
express any mutated p53 (p53mut) (Table 1) (24). In such ER+ breast cancers, the
frequency of p53mut can be as low as 10%, while HER2+ breast cancers have a higher
p53mut frequency that can reach 40%; in contrast, triple-negative breast cancers have a
p53mut frequency exceeding 70% (24). Currently studied by the Benz group, the
endogenous level of expression of p53wt can be upregulated by 5-10 fold following
treatment with a p53 restoring drug such as an MDMZ2 inhibitor (e.g. Nutlin or MI-63) in
both normal and malignant cells (25). As a result, this p53wt induction by an MDM?2
inhibitor also increases the expression of various p53 inducible genes such as p21 and
PRODH, causing changes in mitochondrial bioenergetics and triggering either cytostasis

(in normal cells) or apoptosis (in cancer cells) (1).



Triple-negative breast cancers that express p53mut are not sensitive to an MDM2
inhibitor; rather, they are frequently associated with c-Myc oncogene overexpression
which transcriptionally induces glutaminase (GLS1) expression, causing these breast
cancers to be glutamine-addicted by which much of their tumor cell energy comes from
mitochondrial glutamate production (Fig. 2), rendering them therapeutically susceptible
to another inhibitor studied by the Benz group, a glutaminase (GLS1) inhibitor like
Calithera’s CB-839 (1). While luminal breast cancer cells that express p53wt but lack c-
Myc overexpression are similarly dependent on mitochondrial glutamate production for
energy and synthetic reactions, their glutamate production comes from p53wt induced
PRODH and not from GLS1 overexpression. These differences help explain the inverse
relationship observed between GLS1 and PRODH transcript expression observed across
luminal vs triple-negative breast cancer cell line models (Fig. 1). These differences also
suggest that, regardless of the breast cancer subtype, simultaneously inhibiting both
PRODH and GLS1 pathways might result in a more complete suppression of
mitochondrial glutamate levels and therefore serve as a more effective and general breast

cancer treatment strategy than therapeutically inhibiting either pathway alone.



Table 1. Frequency of wildtype p53 (p53wt) versus mutated p53 (p53mut) found in ER-
positive (ERpos) and ER-negative (ERneg) subsets of early-onset and late-onset breast
cancers (24).

Table 1

n =289 ERneg/p53wt ERpos/p53wt ERneg/p53mut ERpos/p53mut
(%) (%) (%) (%)

Late-onset 25 (162%) 107 (69.5%) 12 (7.8%) 10 (6.5%)
(=70
years),n =
154
Early-onset 49 (36.3%) 64 (474%) 14(104%) B (5.9%)
(=45
years),n =
135

p =0.0004, Fisher Exact.

Cancer cell responses to PRODH protein manipulations

Energetics is really important for cancer cells and several manipulations have
been attempted in order to prevent proline catabolism to limit both mitochondrial
glutamate and ATP production in such cancer cells. In targeting proline catabolism as a
potential cancer therapeutic, the Benz group has studied different approaches including
genetically knocking down PRODH and P5CDH enzymes, and blocking PRODH’s
enzymatic activity with competitive and suicide inhibitors, all focusing to reduce breast
cancer cell growth and viability.

Addressing the strategic question of whether to target PRODH or the next
enzymatic target involved in mitochondrial proline catabolism and glutamate production,
P5CDH, Benz group investigators knocked down P5CDH and evaluated the knockdown
effect on cell viability in combination with MI-63 treatment, and observed less c-PARP
production (PARP cleavage, reflecting apoptosis) when compared to PRODH

knockdown combined with MI-63; suggesting that targeting PRODH would lead to



greater antitumor activity than targeting a different mitochondrial enzyme in the same
proline catabolic pathway (1, 25). Results of PRODH knockdown by siRNA have shown
enhanced apoptosis in human breast cancer cells lines of low (MCF-7) and high (ZR-75-
1) PRODH transcript levels, respectively (Fig. 3A). Increased levels of apoptosis
occurred in MCF-7 and DU4475 (characterized by their very low PRODH expression)
breast cancer cells when PRODH knockdown was combined with 24-48 hours of MI-63
treatment (Fig. 3B-3C). These results show that PRODH knockdown combined with the
upregulation of p53 (MI-63 treatment) produces a 4-fold greater capacity to eradicate
breast cancer cells compared to MI-63 treatment alone.

The current focus of the Benz laboratory became a comparison of luminal breast
cancer cell responses when treated with either competitive or suicide PRODH inhibitors
(26). In order to investigate the mechanistic rationale for focusing on an
irreversible/suicide PRODH inhibitor rather than a competitive PRODH inhibitor, Benz
group medicinal chemistry collaborators first produced a human PRODH structural
model for drug discovery and design purposes, where primitive bacterial amino acids
were replaced with human ones (2). Tanner et al. first crystalized bacterial PRODH in the
oxidized state containing FAD along with the competitive proline analog, L-
tetrahydrofuroic acid (L-THFA) (27); no mammalian or human PRODH structure was
available before or has since become available. Studies were performed by inhibiting the
human PRODH structural model with L-THFA, another competitive inhibitor, 5-oxo0-2-
tetrahydrofurancarboxylic acid (5-0xo0) and the newly synthesized and patented inhibitor
N-propargylglycine (PPG) (26). Greater hydrogen-bond affinity to PRODH’s catalytic

site was observed with the newer competitive inhibitor, 5-0xo, relative to a model bound



to the previously described proline analog, L-THFA (27). However, the difference
between reversible and irreversible PRODH inhibitors (5-oxo vs. pre- and post-reactive
states of PPG) is that the catalytic pocket bound with 5-o0xo is structurally undistorted,
whereas the post-reactive pocket where PPG is covalently linked to the FAD moiety is
structurally distorted (Fig. 4).

Numerous assessments of these PRODH inhibitors have been investigated and the
facts are suggestive of PPG being a more interesting and superior inhibitor to target
proline catabolism than competitive inhibitors. First, mitochondria from ZR-75-1 cells
that were treated with 5-oxo exhibit the same production of NADH as cells treated with
PPG, when given the substrate proline to metabolize. However, the reversible
competitive inhibitor 5-oxo is washed away when mitochondria are rinsed losing the
inhibitory effect while the irreversible inhibitor PPG remains bound (Fig. 5), inhibiting
proline metabolism. Secondly, PRODH inhibition creates a synthetic lethal therapeutic
opportunity by combining PPG with either an MDM2 inhibitor or a glutaminase inhibitor
(1, 2, 25) owing to the ability of the competitive inhibitor L-THFA to act in a similar
synthetic lethal interaction with an MDMZ2 inhibitor and capable to significantly reduce in
vitro growth (% viability) of DU4475 cells compared to either treatment administered
alone (Fig. 3D). Thirdly, supplementary data demonstrate the ability of the suicide
inhibitor PPG to promote PRODH degradation in ZR-75-1 cells days before any changes
in mitochondrial complex-1 protein, NDUFS1 could be detected; and in the absence of
any degradation occurring in an extra-mitochondrial FAD-containing enzyme,
methylenetetrahydrofolate reductase (MTHFR) (Fig. 6). This selective degradation of

mitochondrial PRODH is only seen in cells treated with PPG, and was not observed after
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treatment with competitive inhibitors given at a dose able to fully inhibit PRODH
enzymatic activity. Lastly, it has been observed that non-malignant epithelial cells (MCF-
10A) do not appear to be susceptible to the growth inhibiting consequences of PRODH
inhibition, raising the provocative suggestion that normal cells within an organism treated
in vivo with a PRODH suicide inhibitor might actually benefit via mitohormesis, an
organismal response to sublethal mitochondrial stress, capable of activating cytosolic
signaling pathways and ultimately nuclear gene expression (28) enhancing cell stress
resistance and improving healthspan.

Two different but plausible cellular responses to any type of mitochondrial stress
are mitochondrial unfolded protein response (UPR™) and mitophagy, the degradation of
mitochondria by autophagy. The induction of mitochondrial PRODH decay observed
with PPG treatment, and not observed following either L-THFA or 5-0xo0 treatments,
understandably has consequences to the mitochondria. UPR™ is a conserved cellular
stress response initiated by loss of protein homeostasis (proteostasis) induced by mis-
/unfolded proteins within the mitochondria and followed by a specific pattern of
intracellular cell signaling and transcription that includes induction of mitochondria-
specific chaperones (29). UPR™ promotes stabilization and recovery of stressed
mitochondria while mitophagy serves to remove the most severely damaged of these
essential organelles. Often beginning with the same initiating response to stress, such as
loss of mitochondrial protein import and outer membrane accumulation of the ubiquitin
ligase PARKIN, a cell’s net accumulation and severity of stressed mitochondria appears
to determine whether either UPR™ or mitophagy will ensue. These alternate

mitochondrial fates are difficult to predict but are later associated with different cell
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signals and pathways, and can subsequently be distinguished by determining whether
there is mitochondrial loss preceded by the selective degradation of a mitochondrial
protein like PRODH.

Unfolded protein response is a difficult mechanism to prove definitively due to
the lack of absolute molecular criteria that can identify the mechanism in progress, as
there are no set of consensus criteria and reagents currently available to definitively prove
or disprove that UPR™ is occurring, apart from the alternative mitochondrial
consequence, mitophagy. Yet, the induction of the corrective mitochondrial chaperone
HSP60 appears to be one specific cellular manifestation of the UPR™ (2, 26). As a
chaperone protein, HSP60 surveils cells and their environment in search of misfolded or
unfolded proteins, and literature review indicates that HSP60 gets induced as a part of the
early set of steps triggering the UPR™. Currently, the primary evidence that UPR™
occurs in response to PPG treatment is that mitochondrial PRODH decay takes place
within 120 minutes of the PPG treatment and in the absence of ensuing mitochondrial
destruction or the extra-mitochondrial decay of other FAD-containing enzymes (Fig. 6).
In this ability to induce UPR™, PPG appears to be a superior anticancer candidate relative
to competitive PRODH inhibitors, L-THFA and 5-oxo that do not induce the same target
enzyme decay, which is expected to permanently minimize the cancer cell’s ability to
generate ATP and glutamate for growth, replication and metastatic spread (1). Thus, a
cancer cell’s dependence on glutamine and anaplerotic ATP production provides support

for the preclinical development of PRODH suicide inhibitors such as PPG.
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Figure 3. (A) PRODH siRNA knockdown (siPR) in MCF7, ZR-75 and (B) DU4475
breast cancer cells induce apoptosis detected by cleaved (c) PARP on Western blots, less
so in ZR-75-1 cells whose higher PRODH levels are more difficult to reduce by siRNA
knockdown (A). When combined with MI-63 (24-48 h) restoration of p53wt, PRODH
knockdown in the DU4475 (B) and MCF7 (C) cells produces synthetic lethality with
marked increase in apoptosis (¢ PARP). (D) Viability assay demonstrates synthetic
lethality effectiveness of L-THFA combined with MI-63 in DU4475 (1). Figures
presented at AACR annual meeting poster presentation (2), unpublished data.
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Post+eactive 5-0xo in PRODH Pre-reactive PPGin PRODH Post+eactive PPGin PRODH

Figure 4. Model of human PRODH’s catalytic site containing the tyrosine (Y548) and
arginine (R564, R563) hydrogen-bonded to (A) PRODH competitive inhibitor, (S)-(+)-5-
oxo-2tetrahydrofurancarboxylic acid (5-oxo, green). The FAD moiety and intercalated
water molecule are shown in yellow and blue, respectively. PRODH bound to both pre-
(B) and post-reactive (C) N-propargylglycine structure (PPG, green) covalently bound
with FAD and showing pocket distortion (1). Figure presented at 2015 & 2017 AACR
annual meetings (2, 22).
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Figure 5. Mitochondria isolated from PPG pretreated (15 h) & washed (30 min) ZR-75-1
cells cannot metabolize proline, although malate metabolism remains unaffected; 5-oxo
inhibition is lost by wash out (not shown). 1mM Proline added first, followed by 1mM
malate (1). Figure presented at 2017 AACR annual meeting (22).
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Figure 6. PPG treatment of ZR-75-1 cells (24-72h). The PRODH suicide inhibitor, PPG,
following its rapid inhibition of PRODH enzyme activity induces a time-dependent
selective degradation of PRODH protein (30-60%) within 24 to 72 hours of ZR-75-1
culture treatment. Mitochondrial complex-1 protein NDUFSL1 slightly declines over time,
but the cytoplasmic FAD containing protein MTHFR does not, and tracks with total cell
actin levels (1). Figure presented at 2017 AACR annual meeting (22).

Addressing the question of whether administering in vivo a suicide inhibitor like
PPG, at a dose sufficient to inhibit PRODH and induce its mitochondrial decay, is at all
feasible and capable of being tolerated in an intact organism, collaboration between the
Benz and Jasper laboratories at the Buck Institute for Research on Aging generated data
in Drosophila melanogaster shown in the attached video. Since flies use proline
metabolism to power their flight muscles (16), flies with genetic knockout of PRODH are
viable but unable to fly, displaying the “Sluggish-A” phenotype. After 48 hours of PPG
intake (administered orally as 5mM in sucrose solution), treated flies mimic the
“Sluggish-A” phenotype (right tube) with reduced flight but without any observed loss of
viability or fertility. On the other hand, control flies (fed sucrose with DMSO vehicle but

without PPG) showed normal flight activity and health identical to that of wild type flies

(left tube). The applied and widely used fly climbing assay is a well-accepted measure of
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health; especially in assessing neuronal and muscular decline (30). This in vivo fly
response and Sluggish-A phenotype produced within 48 hours of PPG administration
supports the conclusion that in flies, PPG can be ingested orally at a bioavailable dose
enabling drug transit to a distant organismal site (e.g. wings and flight muscles) and
achieving in vivo concentration sufficient to produce a prolonged and significant loss of

cellular PRODH enzymatic activity (e.g. need for cellular flight muscle function).

i
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These fly studies formed the basis for further investigation if PPG can similarly
be administered in vivo at a bioavailable dose that will be tolerated by mammals (such as
mice). Since this project’s inception, other investigators have recently begun considering
PRODH inhibition as a potential cancer treatment strategy. Very recently, Elia et al
examined the effect of using a competitive PRODH inhibitor (L-THFA) on either 2D
(monolayer) or 3D (spheroid) growing cancer cells in vitro, reasoning that 3D cell growth
might be a better in vitro simulation of in vivo cancer metastasis (31). These
investigators demonstrated that the relative hypoxia and nutrient deficiency of cancer
cells growing in 3D spheroids actually produced 3-fold more cellular PRODH compared
to the same cancer cell growing in 2D monolayers, again supporting the need to consider
conducting experiments employing PRODH inhibitors in vivo where the stress conditions

of cancer cell growth are likely more severe than those present under standard in vitro
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cancer cell growth conditions, and where cancer cell dependence on PRODH enzymatic
activity may be much greater.

Moving beyond this most recent work from other investigators, we hoped to
demonstrate that a PRODH inhibitor like PPG when administered in vivo could be
tolerated by mammals at a bioavailable dose that would also produce mitochondrial
decay of PRODH in an organ system or implanted tumor. The focus of this study on
PRODH, whose expression and enzymatic activity is mitochondrially localized, is not
necessarily restricted to any specific breast cancer subtype, or even breast cancer vs.
other types of epithelial malignancies. In general, the link between cancer and
mitochondrial function is that mitochondrial glutamate produced by proline
dehydrogenase powers cancer cells, therefore targeting mitochondrial energetics in
glutamate-addicted cancer cells produces a powerful approach to combat luminal breast
cancer. Inhibiting PRODH alone only temporarily targets proline catabolism whereas
inhibiting PRODH with a suicide inhibitor like PPG achieves a higher level of
commitment where PRODH is essentially eradicated hindering its ability to generate
ATP and mitochondrial glutamate. All the preliminary data at this point suggest PRODH
protein levels can be targeted molecularly in order to lessen the energy used to fuel

glutamate-addicted cancer cells.
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Methods & Materials
% Reagents/antibodies/drugs and PPG synthesis

The immunoblotting antibody anti-PARP/cPARP (46D11) rabbit monoclonal was
purchased from Cell Signaling (Danvers, MA). ERa. mouse monoclonal (clone F-10),
rabbit polyclonal and B-actin mouse monoclonal (C4) antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). The goat anti-mouse secondary HRP-
conjugated antibody was purchased from Bio-Rad Laboratories, Inc. (Hercules, CA); the
a-tubulin mouse monoclonal antibody (T9026) and 5-oxo-2-tetrahydro-furancarboxylic
acid (5-oxo proline dehydrogenase inhibitor) from MilliporeSigma (St. Louis, MO). The
following were purchased from Santa Cruz Biotechnology: mouse monoclonal PRODH
antibody (A-11); mitochondrial mouse monoclonal NDUFS1 (E-8); mitochondrial mouse
monoclonal Rieske FeS IgG (A-5). The NDUFS1 Rabbit Polyclonal Antibody was

purchased from ProteinTech™

(Rosemont, IL). The Alexa 488 goat anti-mouse and
Alexa 594 goat anti-rabbit secondary antibodies were purchased from Life Technologies
(Thermo Fisher Scientific, Carlsbad, CA). The mouse anti ATP-synthase o and mouse
anti-cytochrome C were purchased from BD Biosciences Transduction Labs (San Jose,
CA).

PPG was synthesized in two-day process: 5ml of DEPC water mixed with 5
grams of propargylamine (MilliporeSigma) over 5 ml of cold water plus the slow
addition of 2 grams of iodoacetic acid (stored at -20°C) before overnight incubation at
room temperature. Thermo Fisher Scientific™ Savant™ SPD131DDA SpeedVac™

Concentrator was used to dry down volume and sample was divided into Eppendorf tubes

to dry on SpeedVac. Samples were pooled together and 2.5mL of ethanol was added,
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followed by 30.5mL of acetone and 3.25mL of ethanol. The resulting precipitate was
dried and washed extensively using a Buchner funnel. The dried powder was validated by
HPLC-mass spectrometry and NMR by our collaborator Dr. Bryan Cowen at the
University of Denver, Denver, Colorado.
% Cell Culture Growth, Treatment and Harvest of Human Breast Cancer Cell

Lines

MCF-7 and ZR-75-1 human breast cancer cell lines were purchased from ATCC
(American Type Culture Collection, Manassas, VA) and grown in RPMI medium
supplemented with 10% fetal bovine serum (Cellgro, Manassas, VA). Experimental cells
were treated with 5mM N-propargylglycine in RPMI medium supplemented with 10%
fetal bovine serum for 12, 24, 48, 72, or 96 hours. Optimal concentration determined in
the previous dose dependent studies (1). Control and treated cells were scrapped in
0.3mL of 2X SDS buffer (2% SDS, 100mM NaCl and 20mM Tris, pH 7.7) and cell
lysates sonicated with Thermo Fisher Scientific 550 Sonic Dismembrator, prior to gel
electrophoresis and Western blot analysis.
% Cell live imaging using MitoTracker under Laser Confocal Microscopy

ZR-75-1 cells treated with PRODH inhibitors (5mM 5-oxo and 5mM PPG) were

harvested at 24, 48 and 72 hours of cell culture treatment on glass bottom microwell
dishes MatTek Corporation (P35G-1.5-14-C) in RPMI media. 2.5uL of MitoTracker®
Green FM Molecular Probes (Cell Signaling Technology) on 2 mL of charcoal stripped
media (Gibco, Thermo Fisher Scientific, Carlsbad, CA) were added to ZR-75-1 cells (30
minute incubation). NucBlue™ Live Stain Ready Probes™ reagent with DAPI

(Invitrogen by Thermo Fisher Scientific) stained the nuclei of cells.
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¢ Gel Electrophoresis, Western analysis and Immunoassays with Antibodies

Cell lysates ran on Novex™ NuPAGE™ 4-12% Bis-Tris Protein Gel (Invitrogen™
Carlsbad, CA) using molecular weight markers (Amersham Full-Range Rainbow™
Recombinant Protein (GE Healthcare, San Ramon, CA) and transferred to Immobilon® -
P nitrocellulose membrane (MilliporeSigma, St. Louis, MO). The membrane was blocked
with 4% non-fat dry milk in 1X TBST, incubated with primary antibody (PRODH mouse
monoclonal, 1uL/mL) overnight and p-actin (1uL/mL) for two hours, washed three times
with 1X TBST, incubated with goat anti-mouse 1gG secondary antibody conjugated to
horse radish peroxidase (HRP) (0.1uL/mL) for one hour, and washed three times with 1X
TBST before developing it with SuperSignal® West Pico Stable Peroxide Solution and
West Pico Luminol/Enhancer Solution (Thermo Scientific). Chemiluminescent signal
was captured on film and developed with Konica SRX-101A Medical Film Processor
(Konica Corporation, Taiwan). Images were analyzed using ImageJ FIJI software (US
National Institutes of Health, Bethesda, MD) (32). Relative protein levels were calculated
by subtracting the intensity of each band from the background intensity and compared to
B-actin and a-tubulin total protein intensity.
% Isolating mitochondrial from ZR-75-1 cells

Human breast epithelial cell lines, malignant ZR-75-1, DU4475, MCF7 and non-
malignant MCF10A, were expanded in vitro and suspended in DMEM or RPMI media
supplemented with 5% fetal bovine serum. Cells were treated with 5mM of either
PRODH inhibitor (5-oxo or PPG) for 24, 48 and 72 hours, and harvested for
mitochondria isolation. ZR-75-1 cells cultured in RPMI medium (control and 5mM PPG

treated) were scraped in 1.2mL mitochondria isolation buffer (250mM sucrose, 10mM
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Tris-HCI pH 7.4, 0.1mM EGTA, and deionized water) and homogenized with 50 strokes
of a Dounce homogenizer. Samples with loose nuclei checked on an Olympus ULWCD
Phase Contrast Microscope Condenser (20X magnification) were transferred to
Eppendorf tubes and centrifuged for 6 minutes at 3,500 revolutions per minute (RPM) to
pellet nuclei. Supernatant was centrifuged for 10 minutes at 13,000 RPM to pellet
mitochondria. Nuclear pellet was solubilized in 2X SDS lysis buffer [L00 mM NacCl, 20
mM Tris pH 7.5, 2% (by weight) SDS, DEPC water] and sonicated before freezing.
Mitochondrial pellet was resuspended in 30-50 puL mitochondria isolation buffer and kept
on ice for further analysis.
% Mitochondrial PRODH enzymatic assay

Mitochondrial NADH levels were measured by fluorescence spectrometry as a
function of substrate and inhibitor treatment. Following substrate addition (proline and/or
malate) to mitochondrial reactions in a 96-well plate format incubated at 37°C, a 15
minute time course measurement of NADH fluorescence was implemented (Fig. 5).
Rotenone inhibited Complex 1 of the electron transport chain, blocking NADH oxidation
(conversion to NAD™). 30pL of resuspended intact mitochondria mixed with 165uL of
4mg/mL rotenone (MilliporeSigma, St Louis, MO) in KHE buffer (1220mM KCI, 3mM
HEPES, 5mM KH,PO,4 pH 7.2) (195uL final volume) was transferred to a 96-well plate.
5uL of 40mM proline and/or 40mM malate were added to alternating wells and levels of
NADH accumulated per reaction were determined using the PHERAStar FS fluorescent
plate reader (BMG LABTECH GmbH, Offenburg, Germany) as described in detail in
Gongcalves et al (21). Two of the wells received 5uL of 5mM PPG in Diethyl

pyrocarbonate (DEPC) water (GeneMate) immediately before adding substrates.
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s Fly treatment and study — testing PPG in Drosophila melanogaster

At 7 days of age, male Oregon Red flies (Fly Base, Oregon-R, Roseburg, OR) were
starved for 2 hours to synchronize feeding. Flies were transferred to vials (20/vial)
containing 500uL of 5% w/v sucrose in water + 5mM PPG absorbed in Whatman filter
paper. Activity levels and survival were monitored 2X daily, and geotaxis measured daily
by tapping flies to the bottom of the vial to assess climbing assay (30). 100uL liquid
standard fly food was supplemented daily. Experiments were also performed in slgA null
mutant flies (16) that lack the PRODH enzyme.

% Xenografted mouse treatment and study (include health assessment, tumor
measurements, sacrifice and snap freezing of organs/tumors)

The Office of Ethics and Compliance at UCSF approved the IACUC protocol
(approval #AN142193-02A) for animal studies PTC1797 and PTC1854 entitled “In Vivo
Evaluation of Experimental Anti-Cancer Therapeutics; UCSF Preclinical Therapeutics
Core” performed at the UCSF Comprehensive Cancer Center’s Preclinical Core Facility,
San Francisco, California, by Core Director, and Benz group collaborator, Dr. Byron
Hahn, MD, PhD. Detailed methodologic description of these experimental MCF-7
xenograft systems are provided in Scott et al., OncoTarget 2017 (33), a publication that
reported on tumor ER expression and did not address or describe the effects of PPG
administration, as being reported now.

From nude mouse xenograft studies PTC1797, implanted with MCF7-xenografts, we
isolated kidney whole cell lysate and kidney mitochondria for PRODH protein analysis.
Vehicle mice were given vehicle saline solution (naive mouse 970 and vehicle mice

labeled 971, 974, 975) vs. PPG 50mg/kg three times a day, every other day for nine days,
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by oral gavage (mice labeled 965, 966, 967), intravenously (mice labeled 962, 925, 968)
and intraperitoneally (mice labeled 963, 964, 969). Two to three hours after third
treatment, mice were sacrificed and organs (lung and kidneys) harvested in liquid
nitrogen. From nude mouse xenograft studies PTC1854, implanted with MCF7-
xenografts, we isolated tumor whole cell lysate and tumor mitochondria for PRODH
protein analysis. Mice were administered daily doses of 50mg/kg PPG for 9 consecutive
days by oral gavage. The control tumor-bearing mouse (#3883) was gavaged with saline
solution daily, and started out with a slightly larger tumor on study day 58. Two mice
(#3840 and #3880) each received 50mg/kg of PPG via oral gavage daily beginning
4/14/16 (study day 58) for nine days, ending 4/22/16 (study day 66). Tumor sizes were
monitored before excision. Both studies were conducted to evaluate PPG’s bioavailability
and animal tolerance.
% Isolating mitochondria from mice experiment

Mice kidneys and tumors were pulverized under liquid nitrogen using 0.6mL
mitochondrial isolation buffer with mortar and pestle. Samples were transferred to sterile
Eppendorf tubes with another 0.6mL of mitochondrial isolation buffer and pipetted
up/down gently, then transferred to Wheaton™ Dounce Tissue Grinders (150 strokes
applied). Homogeneous cell lysates were centrifuged for 6 minutes at 3,500 RPM to
pellet the nuclei. Supernatant was centrifuged for 10 minutes at 13,000 RPM to pellet
mitochondria and those resuspended gently in 30uL of mitochondrial isolation buffer.
% Laser Confocal Imaging Protocol & Immunocytochemistry Assays

Cells imaged using Zeiss LSM 780 confocal microscope (Zeiss, Dublin, CA) with

constant temperature enclosure and CO, regulation using 63X oil magnification in all
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experiments. ZR-75-1 cells plated in 4-well glass slides from Lab-Tek®II
(MilliporeSigma, St. Louis, MO) were treated with either 5SmM PPG or 5SmM 5-oxo for
24-48 hours. Cells were crosslinked with 4% paraformaldehyde in PBS (VWR, Radnor,
PA) and blocked with IGEPAL® CA-630 NP 40 (MilliporeSigma, St. Louis, MO) made
10% in DEPC water, mixed with 5% normal goat serum (Cell Signaling Technologies,
Danvers, MA) in PBS. Next, cells probed with a variety of primary and secondary
antibodies, and ProLong® Gold antifade reagent with DAPI (Molecular Probes by Life
Technologies, Thermo Fisher Scientific, Carlsbad, CA) were imaged at 63X oil
magnification. Bitplane Imaris Software (Oxford Instruments, Concord, MA) used for 3D

or 4D reconstruction and analysis of fixed and functional imaging data.
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Results

In Vitro Study Results

Confocal microscopy used to examine the effects 5mM PPG treatment on ZR-75-
1 cells for 24 hours and to evaluate the number of mitochondria and PRODH protein
expression relative to other proteins, show a loss of PRODH protein intensity compared
to vehicle treated cells (Fig. 7). Used as a marker for mitochondrial number, the intensity
of TOM20, a protein located in the mitochondrial outer membrane remained unchanged
throughout the experiment. The cytosolic enzyme Methylenetetrahydrofolate reductase
(MTHFR) previously identified as a protein structurally similar to PRODH both in its
structural organization and for containing a FAD moiety (13) remained unchanged
throughout the experiment, while PRODH intensity was dramatically reduced (Fig. 8).
The merged signal between MTHFR (cytoplasmic) and PRODH (mitochondrial) showed
no overlap. Mouse monoclonal and rabbit polyclonal PRODH antibodies used produced

similar results, discarding any possible antibody artifacts.
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MERGED

MERGED

Figure 7. Mitochondrial PRODH lost within 24h of PPG without mitochondrial
destruction. PPG treatment induces early loss of mitochondrial PRODH protein before
loss of outer mitochondrial membrane or later cell death. Top panel untreated ZR-75-1
cells stained for PRODH (red) and mitochondrial TOM20 (green). Bottom panel identical
to top panel but cells treated with 5 mM PPG for 24 hours.
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MERGED

Figure 8. Cytosolic MTHFR (FAD-containing) protein not affected by PPG validates
western blot data. Top panel untreated ZR-75-1 cells stained for cytosolic MTHFR (red)
and PRODH (green). Bottom panel identical to top panel but cells treated with 5 mM
PPG for 24 hours.
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Figure 9A. E3 ligase PARKIN not affected by PPG validates the absence of mitophagy.
Top panel untreated ZR-75-1 cells stained for Parkin (red) and mitochondrial TOM20
(green). Bottom panel identical to top panel but cells treated with 5 mM PPG for 24
hours.

Control 5-oxo0 24h PPG 24h

Figure 9B. Live Cell Imaging of ZR-75-1 Cells. Healthy mitochondria (green) detected
after 24 hour treatment of 5-oxo and PPG using MitoTracker intercalating dye, a
mitochondria marker. Comparable mitochondria marked in green punctate by
MitoTracker shows no changes between treatments relative to control.
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Control 24h PPG

Figure 9C. Laser confocal images of ZR-75-1 cells upon 24h PPG treatment displays
PRODH (green) intensity diminished. Compressed Z stack on confocal microscope of
ZR-75-1 cells showing PRODH (green) intensity diminished on cells treated with 5mM
PPG for 24 hours.
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Figure 9D. Western analysis and quantification of ZR-75-1 cells treated with 24h 5mM
PPG versus 24h 5mM 5-oxo compared to vehicle control for their PRODH levels (67kD)
normalized to f-actin (~40kD). Western data confirms that 5-oxo has no significant
impact upon PRODH levels. While PPG treatment (5mM) produces significant reduction
in PRODH levels, 5-oxo (5mM) only slightly reduces PRODH levels.

The localization of PARKIN, an E3 ubiquitin ligase localized in the cytoplasm
unless recruited to the mitochondria to initiate mitophagy, was analyzed upon 5mM PPG
treatment of 24 hours. PARKIN’S distribution (red) within the cellular cytoplasm
appeared augmented upon PPG treatment (Fig. 9A middle bottom panel); however its
localization to the mitochondria was scarcely detected (Fig. 9A merged bottom panel).

Live cell imaging using the mitochondrial specific intercalating fluorescent dye
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MitoTracker confirmed that 5-oxo and PPG treatment of ZR-75-1 cells did not produce
loss of mitochondrial number with similar mitochondrial fluorescence detected in control
and treated samples (Fig. 9B). Additional confocal imaging (compressed Z stack)
displayed PRODH (green) protein intensity diminished (Fig. 9C) while whole cell lysate
from the same experiment confirms PPG produces significant reduction of PRODH
levels relative to control and 5-oxo treatment (Fig. 9D). The PRODH competitive
inhibitor 5-oxo shows no modelling effects on PRODH structure and does not induce
PRODH protein decay (Fig. 9B, 9D).

Investigating UPR™ activation by examining PPG influences on various mitochondrial

stress signals

In search for markers of unfolded protein response, we examined GRP75, a 75
kDa Glucose-Regulated protein known to be part of the scaffold connecting the
endoplasmic reticulum and mitochondria. Confocal microscopy was employed to
evaluate the localization and interaction between GRP75 (red) and TOM20 (green).
GRP75, extensively distributed in the mitochondria of control cells, is seen merged with
TOMZ20 as a yellow signal (merged top panel); however its intensity is lost upon PPG
treatment seen as mostly green in merged bottom panel (Fig. 10). Also examined as a
marker of UPR™, HSP60 mitochondrial chaperone protein levels were upregulated 3-fold

by PPG treatment relative to control and 5-oxo treated samples (Fig. 11).
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Figure 10. GRP75 Communication with TOMZ20 in Mitochondria is disrupted after 24h
PPG. Top panel untreated ZR-75-1 cells stained for GRP75 (red) and mitochondrial
TOMZ20 (green). Bottom panel identical to top panel but cells treated with 5 mM PPG for

24 hours.
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Figure 11. ZR-75-1 cells treated with 24h PPG show elevated levels of HSP60. (A)
Western blot of ZR-75-1 whole cell lysate probed for HSP60 (60kD) and normalized to
B-actin (~40kD) with C1/C2 control samples. (B) Bar graph quantifying normalized
HSP60 values relative to B-actin.
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Investigating PPG influences on mitochondrial protein PRODH through enzymatic

assays

The accumulation of the downstream mitochondrial product, NADH, was
measured in isolated mitochondria from ZR-75-1 cells (control and PPG treated),
following addition of substrates (proline and malate). Cell treatment with 5mM PPG for
24 hours led to irreversible inhibition of mitochondrial PRODH with no NADH produced
when proline was added (red line), while malate oxidation was not affected (Fig. 12).
Rinsed mitochondria from above experiment showed same results. Control mitochondria
(blue line) are capable of metabolizing proline and malate, seen as an increase in NADH

levels.

PPG very effectively inhibits proline metabolism
but not malate in ZR-75 cells
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Figure 12. ZR-75-1 cells vehicle and PPG treated given proline and malate to
metabolize. Graph displays NADH fluorescence measurements in vehicle (blue) and PPG
treated (red) cells when proline and malate substrates are added to 96-well plate.
Complex | of the electron transport chain is inhibited with Rotenone to prevent NADH
oxidation.
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In Vivo Study Results

The collaborative Drosophila study between the Benz and Jasper laboratories has
shown induction of Sluggish-A phenotype following 48 h PPG oral administration to
flies. Experiments detailed the sluggish-A null mutant flies and their phenotype (16). The
clear viability of the treated flies exhibiting the identical phenotype as PRODH genetic
knockout flies previously reported (16) represents our key rationale for undertaking the in
vivo treatment of mice with PPG. As was shown in the video clip and discussed
previously, the feeding of PPG to Drosophila flies mimics the “Sluggish-4 ~ phenotype
implying PPG’s bioavailability and animal tolerance in millimolar concentrations without
loss of viability or obvious adverse effects. Encouraged by these results in flies,
preliminary studies using mice were undertaken to assess the consequences of in vivo

PPG administration.

Nude mice experiments

Whole cell lysate and isolated mitochondria of kidneys of PPG-treated mice
shows a reduction in PRODH protein levels relative to vehicle treated mice. It is
noteworthy that potential tissue heterogeneity may account for differences in PRODH

expression levels (Fig. 13, 14 and 15).
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Figure 13. Western analysis of PRODH expression in whole cell lysate from mouse
kidneys (+/- PPG treatment) shows PRODH level reduction in PPG treated vs vehicle.
Western blot showing whole cell lysate from frozen mouse kidneys (PTC1797); MCF7-
xenografted nu/nu mice treated with vehicle (974, 975) vs. PPG 50 mg/kg x 3 (qod) in
saline intravenously (1925, 1V962), intraperitoneally (1IP963, 1IP964) and by oral gavage
(PO966, PO967). Blot probed for PRODH (67kD) and normalizing mitochondrial protein

ATP synthase (55kD).
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Figure 14. Western analysis of PRODH expression in mitochondria isolated from mouse
kidneys (+/- PPG treatments). Western blot showing isolated mitochondrial from frozen
mouse kidneys (PTC1797); MCF7-xenografted nu/nu mice treated with vehicle (975) vs.
PPG 50 mg/kg x 3 (god) in saline intravenously (IVV925) and by oral gavage (PO967).
Blot probed for PRODH (67kD) and normalizing mitochondrial protein ATP synthase

(55kD).
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Figure 15. Western analysis showing isolated mitochondrial prepared from frozen mouse
kidneys (PTC1797). MCF7-xenografted nu/nu mice treated with vehicle (975) vs. PPG 50
mg/kg x 3 (qod) in saline by oral gavage (PO 966 and 967). Blot probed for PRODH
(67kD) and normalizing mitochondrial protein Cytochrome C (15kD).
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MCEF-7 tumor xenograft study, PTC-1797

Study Number: PTC1757
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Figure 16. PTC-1797 MCF7-xenografted nu/nu. (A) Displays tumor volume
measurements for nine mice (three per group PO, IV, IP) treated with PPG 50 mg/kg x 3
(qod); (B) Averages results per group (PO blue line, IV maroon line, IP gray line). Both
display PPG treatment initiated at day 21 and PPG’s ability to reduce tumor volumes
(unpublished data).
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Tumor volume (% of initial tumor volume) data collected on nine different MCF-
7 tumor implanted (subcutaneously) mice, whose tumor volumes were tracked over time
(Fig.16A). At day 10 after tumor implantation, tumor volumes were recorded as 100%
and varying tumor volumes were tracked by different color lines (intravenously 1V
maroon lines; oral gavage PO blue lines; intraperitoneal IP gray lines). Mice drug
treatment started at day 21 and every tumor showed volume reduction, except for that
corresponding to mouse 965, who received PPG via oral gavage. Average tumor volume
changes (also color coded) display the 1V route of drug administration capable of 30%
reduction in tumor volume, bringing it to the same size as day 10. IP route of drug
administration showed a 25% reduction in tumor volume from day 10, and PO route of
drug administration showed a 35% reduction, the most significant decrease in tumor
volume indicating oral administered of PPG can reduce the volume of a subcutaneously

implanted (xenografted) MCF-7 breast tumor (Fig. 16B).
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MCEF-7 tumor xenograft study, PTC-1854
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Figure 17. PTC-1854 MCF7-xenografted nu/nu. Graph displays tumor volume
measurements for two mice treated with nine daily PO doses of PPG (50 mg/kg) — green
(3840) and turquoise (3880) lines relative to control — blue (3883) line. Dosing started at
study day 58 and mice were sacrificed at day 66 (unpublished data).

Similarly to PTC-1797, an identical strain of nude mice were implanted with a
genetically modified clone of MCF-7 cells expressing a mutated (and constitutively
active) form of ER that enables their tumorigenic growth in the absence of additional
estradiol supplementation. These MCF/mutER xenografted mice were not treated shortly
after implantation but only after well-established tumor growth (i.e. tumor volume >400
mm?®). At that time, mice were treated with nine daily doses of either vehicle (mouse
3883) or 50mg/kg of PPG (mice 3840 and 3880), via oral gavage, starting at day 58. All

three mice tolerated their oral treatments well, showing no significant change in weight

and continuously displaying healthy behaviors.
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Tumor volume (% of initial tumor volume) data was collected until mouse
sacrifice and tumor excision at day 66. While the control animal at this late stage of
tumor growth showed exponential tumor growth after day 58, the PPG treated animals
showed much more blunted growth after day 58, suggesting some PPG effect. However,
when looking at the relative gain in tumor volume over the nine treatment days, both the
PPG-treated and the vehicle control groups showed nearly 1.4-fold increases in tumor
volume, indicating no significant antitumor effect of PPG on these well-established
MCEF-7 tumor xenografts (Fig. 17). While normal organs were not saved from this
particular study, comparison of the three xenografted MCF-7/ERmut tumors isolated
mitochondria showed reduced PRODH protein levels in PPG-treated mice (3880, 3840)

relative to control (3883) (Fig 18). Lastly, using a goat anti-mouse light chain antibody

helped eliminate problems with mouse heavy chain bands.
3880 3840

3880 3840 3883
PPG PPG c |lrpG PpG
HBE FEBE rox
ATP
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PPG (-1+) |.¢

Synthase
Prodh 23722 35912 38780 23230 41691 31721

ATP Synthase 4921 9485 14763 4588 9706 14140

Prodh / ATP S. 48 38 26 51 43 22

(% +/- PPG) 100% 79% 54% 100% 84% 43%

Figure 18. Western Analysis of Isolated Mitochondria from frozen Mice Tumors
(PTC1854) shows PRODH level reduction in PPG treated vs vehicle. Western blot of
technical replicates showing isolated mitochondrial prepared from frozen mouse tumors
(PTC1854); MCFT7-xenografted nu/nu mice treated with vehicle control (3883) vs. PPG
50 mg/kg x 9 daily doses in saline by oral gavage (3840, 3880). Blot probed for PRODH
(67kD) and normalizing mitochondrial protein ATP synthase (55kD).
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Discussion

The pursuit for PRODH inhibitors goes back nearly 40 years when this was
considered a possible approach to eradicate tsetse flies and prevent African
trypanosomiasis (34). The role of proline dehydrogenase (PRODH) in cancer progression
has been previously explored in vivo (8, 19, 31) and the metabolism of proline by
PRODH has been proposed to produce mitochondrial ROS and promote apoptosis in
cancer cells (8, 21). However, former studies in the Benz laboratory provided evidence
that PRODH can function to produce ATP, vital to cell survival, thus motivating our
efforts to investigate PRODH inhibitors as cancer therapeutic agents. This project extends
previous results targeting PRODH in various breast cancer cell lines by addressing both
the mechanistic questions about mitochondrial stress induced by in vitro cell line
treatments with the suicide PRODH inhibitor, PPG, as well as the in vivo feasibility of
systemically administering PPG as a potential therapeutic. The use of confocal
microscopy was essential to detect mitochondrial PRODH decay in ZR-75-1 breast
cancer cells following PPG treatment without loss of mitochondria number (Fig. 7, 8,
9C). Additionally, using both confocal microscopy and Western analysis, these in vitro
results are extended to demonstrate that PPG treatment promotes UPR™ activation as
assessed by cellular response of the stress proteins PARKIN, GRP75 and HSP60 (Fig.
9A, 10, 11). Finally, as a first step in addressing the potential bioavailability and in vivo
effectiveness of PPG, results from mouse studies presented here support PPG as an
effective biologic agent.

The use of immunocytochemistry analysis provided a new tool to examine the

PRODH decay following PPG treatment (Fig. 7, 8). In all of these studies, TOM20
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served as an excellent mitochondrial marker since it is a member of the TOM complex in
the outer membrane of the mitochondria and responsible for recognizing and
translocating mitochondrial proteins from the cytosol. TOM20 remained unchanged
throughout PPG treatments, besides, without it the mitochondria would not survive.
Initial in vitro results that PPG reduces PRODH protein intensity combined with
mitochondrial assays (Fig. 5, 12) and structural modeling suggested PPG covalently
modifies PRODH’s FAD moiety causing pocket distortion (Fig. 4, 5, 6), which might be
responsible for PRODH’s disappearance within 24 hours (Fig. 6, 7, 8, 9C). Moreover,
PPG was shown not to influence the levels of other mitochondrial proteins such as the
complex-1 mitochondrial protein NDUFS1 (Fig. 6, 8) and complex-3 mitochondrial
protein Rieske FeS [data not shown], as well as the extra-mitochondrial (cytosolic) FAD-
containing protein methylenetetrahydrofolate reductase (MTHFR), structurally very
similar to PRODH (Fig. 6, 8). It is noteworthy that two different PRODH antibodies were
intentionally used, a mouse monoclonal and a rabbit polyclonal, with both antibodies
producing similar results further validating these observations (Fig. 7, 8). Taken together,
these results indicate PPG induces PRODH protein loss without loss of concurrent
mitochondrial structures, while the similar TOMZ20 signal intensity between control and
treated cells reveals that an equivalent number of mitochondria were present, proposing
PPG does not induce loss of mitochondrial structures via mitophagy.

To investigate the possibility that PPG induces mitophagy, examination of
PARKIN’s localization (red) within the cellular cytoplasm appeared augmented upon
PPG treatment possibly as PARKIN is recruited to the cytoplasm from the endoplasmic

reticulum; however these results demonstrated little or no recruitment of PARKIN to the
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mitochondria following PPG treatment, suggesting that mitophagy was not induced by
PPG (Fig. 9A). As a caveat to this, Parkin-independent mitophagy scenarios have been
reported (35) and in that regard cells may be undergoing mitophagy in a non-parkin
dependent manner or on a time scale longer than the current experiments explored. In
addition, it is also possible that if mitochondria are in fact being consumed by mitophagy,
their synthesis compensates for this loss and explains our observation of no net change in
TOMZ20 levels and intensity. Thus, using confocal microscopy to assess mitochondrial
number, represented by TOM20 intensity, we determined that PPG induced no noticeable
loss of mitochondrial number, while mitochondrial PRODH intensity was significantly
diminished. Additionally, live cell imaging of cells treated with 5-oxo and PPG (Fig. 9B)
shows similar mitochondrial fluorescence detected relative to control suggesting these
PRODH inhibitors have no impact on mitochondrial number. Equally important, in
response to mitochondrial stress, PARKIN binds to TOMZ20 in the mitochondrial outer
membrane, and when activated, PARKIN adds ubiquitin chains to proteins to signal their
mitochondrial degradation via the proteolytic pathway. Since PARKIN is not
significantly affected by PPG treatment, that constitutes another piece of evidence
consistent with absence of mitophagy, instead, arguing for activation of the mitochondrial
unfolded protein response (UPR™) pathway resulting in PRODH degradation.

This activation of UPR™ is a stress response initiated when misfolded proteins
within the mitochondria overwhelm both its chaperone refolding and protein degrading
capacities. In this regard, UPR™ activation is a complex issue with the upregulation and
coordination of many mitochondrial chaperone and proteases proteins such as HSP60 and

Clp, respectively. As assessing UPR™ activation by determining changes to these
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proteins by confocal microscopy presented a technically challenging problem, examining
the mitochondria’s association with the membrane network of the endoplasmic reticulum
was undertaken. Numerous studies have demonstrated that disruption of MAMSs
(mitochondrial associated membranes) occurs under conditions of mitochondrial stress
and is also seen in many diseases such as cancers and Alzheimer’s (36, 37). To examine
PPG’s capacity to promote the UPR™, we looked for evidence of alteration or disruption
of the mitochondria’s association with the endoplasmic reticulum (ER) using GRP75 as a
marker. GRP75 is a scaffold protein anchoring MAM s to the mitochondria as they
facilitate calcium homeostasis and fatty acid metabolism. Mainly a mitochondrial protein,
GRP75 is also present in other organelles, and it has been reported to be disrupted under
stress conditions, no longer making a communication bridge between ER and
mitochondria (36, 37). In our control experiments, GRP75 co-localized with TOM20 in
the mitochondria, but following PPG treatment, the intracellular distribution of GRP75
intensity was diminished relative to TOM20 (Fig. 10) suggesting loss of mitochondria
homeostasis by induction of mitochondrial stress and likely activation of UPR™. To
further validate the activation of UPR™, levels of the mitochondrial chaperone protein
HSP60, another marker of mitochondrial stress, was investigated and shown to be
upregulated following PPG treatment of breast cancer cells (Fig. 11A). While PPG
induced a 3-fold increase in HSP60 levels compared to vehicle, the competitive inhibitor
5-oxo had essentially no influence upon HSP60 levels (Fig. 11B). Altogether, it appears
that the covalent distortion of PRODH structure by the suicide inhibitor PPG is a novel
effector of UPR™ and our hypothesis that PPG induces structural distortions of PRODH

and promotes a mitochondrial stress response (UPR™) is supported.

43



Next, working closely with our Buck Institute collaborator, Martin Brand, PhD,
we have optimized our mitochondrial preparation technique and developed a bioassay
capable of indirectly measuring inhibitor activity of mitochondrial PRODH by
monitoring NADH levels upon substrate addition. While the known PRODH inhibitor L-
THFA (at 5SmM) produced approximately 70% reduction in proline’s NADH generating
capacity (27), and the 5-oxo competitive inhibitor identified by our modeling studies
(Fig. 4A) produced a 95% reduction (at SmM) in proline’s NADH generating capacity,
we compared those responses to that of the PRODH suicide inhibitor, N-propargylglycine
(PPG). Our hypothesis that mitochondria isolated from PPG treated ZR-75-1 cells are
unable to metabolize proline although able to metabolize malate was validated (Fig. 5,
12). In contrast, the effects of a competitive PRODH inhibitor, such as 5-oxo, are
completely lost during the washout step. Thus, PPG treatment leads to immediate and
irreversible loss of PRODH’s enzymatic activity followed by its time-dependent selective
degradation within the mitochondria of ZR-75-1 cells.

A crucial requirement for any cancer therapeutic is a drug’s bioavailability and
efficacy of action. In that regard, initial experiments with Drosophila flies shown in the
video link demonstrate that feeding flies PPG at 5mM in sucrose solution recapitulated
the “Sluggish A” phenotype characterized by PRODH knockdown or its genetic loss, and
the inability to generate sufficient wing muscle ATP to power flight. Given the
tolerability and bioavailability of orally administered PPG to flies, we extended our
studies of PPG bioavailability and efficacy to mouse models. Kidney whole cell lysate
and isolated kidney mitochondria from PPG-treated mice revealed lower PRODH protein

levels relative to control (Fig. 11, 13, 14), consistent with our in vitro studies and in vivo
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evidence in flies. PPG given orally (PO) to mice appeared optimally bioavailable and
capable of inducing PRODH loss (Fig.14) when compared to other administration routes.

PPG treatment promotes in vivo loss of cellular PRODH in treated mice,
particularly when assessed in intact isolated mitochondria that gives a stronger PRODH
signal compared to the whole cell lysate, with ten times better results. Moreover,
mitochondria isolated from frozen tumors excised from PPG-treated mice showed
approximately one fifth of the PRODH levels detected in the tumor of control mice (Fig.
18). Even considering variability among animals, there is an apparent tumor volume
reducing effect of PPG in these xenografted mice. Finally, as differential blood flows to
organs versus xenografted tumors and heterogeneous levels of PRODH expression within
different organ compartments may vary (kidney cortex vs. collecting system), variations
were expected and observed between PRODH expression levels, and the effect of PPG on
those, between independent preparations from the same frozen tissue material.
Altogether, these results also led us to conclude that MCF-7 tumor xenografts are
affected by PPG, but not particularly growth-limited by its administration in vivo, even
though this cell line is known to be relatively insensitive to PRODH inhibitors due to low
PRODH levels. Yet, the primary purpose of both these in vivo studies was to determine if
systemically administered PPG could be detected in either the implanted tumor masses or
normal mouse organs and we have revealed PRODH levels affected by PPG in both
instances.

Reduction of the MCF-7 xenograft tumor volumes suggested that PPG not only
reached at least a portion of the malignant cells resulting in decreased tumor PRODH

levels (Fig. 18), but also produced detectable growth inhibiting effects of these cancers.
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Such effects were most prominent when PPG was administered soon after tumor
formation, while larger tumor masses seemed less affected suggesting limitations
imposed by loss of vascular access. Recently, other investigators have begun exploring
the in vivo potential of inhibiting PRODH expression in tumors, albeit using a less
effective competitive PRODH inhibitor, L-THFA. Elia et al looked at tumors and
metastases in 6-week old female BALB/c mice orthotopically inoculated with 4T1 or
EMT6.5 mammary tumor cells. Primary breast tumors in their mouse models
spontaneously produced metastases to the lungs in a short time with 100% penetrance.
Primary tumors and body weight were monitored following PRODH inhibitor
administration, without any observed adverse effects on healthy tissue and organ function
(31). Their mouse studies, similarly to ours, showed minimal tumor volume changes in
the large primary tumor implants but a significant reduction in the number of new lung
metastases developed over the course of treatment. The employed 30mg/kg dose of L-
THFA, relative to our 50mg/kg PPG doses, were given daily by intraperitoneal injections
only, and no other administration route. Since the ultimate goal of such projects is to
develop a drug therapy that might eventually be translated to human patients, it is vital to
compare multiple routes of drug administrations, especially since intraperitoneal drug
injection is not a typical or well accepted mode of anticancer drug administration in
humans. Our project advances the field of cancer by comparing three different
administration routes and testing multiple drug doses, concluding that oral and
intravenous dosing are optimal for a drug candidate like PPG.

As a final point, cancer cell dependence on ATP production supports the

development of therapeutic agents capable of targeting glutamate and ATP production,
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thereby limiting the cancer’s energy production and metabolic building blocks for
macromolecular synthesis. Evidence presented here provides new mechanistic insight
into PPG’s role as a novel mitochondrially targeted anticancer agent with a unique
mechanism of action, resulting in induction of mitochondrial stress and activation of the
mitochondrial unfolded protein response (UPR™), depriving cells of PRODH by

irreversibly inhibiting its enzymatic activity and also inducing its degradation.
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Conclusions

This project’s primary objectives were to address the mitochondrial consequences
induced by the PRODH suicide inhibitor PPG, and the in vivo feasibility and
bioavailability of administering PPG to live animals. These objectives were accomplished
and our hypotheses validated. When reflecting on PPG’s irreversible binding mechanism
to PRODH, we have observed selective degradation of PRODH protein levels without
loss of other mitochondrial proteins or mitochondria number, supporting a structural
model and molecular mechanism of action in which PRODH distortion induces
mitochondrial stress and activates its unfolded protein response, rather than mitophagy.
In the worldwide search for new mitochondria-targeted cancer therapeutics, PPG offers a
unique chemical tool to advance knowledge about mitochondrial biology as well as
develop a new class of mitochondrial therapeutics.

When comparing the in vivo effects of PPG on normal kidneys and implanted tumors,
our results provide evidence that PPG can be systemically administered by mouth and
produce a pharmacodynamic effect at a distant mitochondrial site. Despite our need for
an alternative PRODH expressing tumor model more sensitive to PRODH inhibition to
conduct more extensive in vivo preclinical studies, we are confident our findings provide
new and compelling rationale to pursue additional in vivo studies with our prototype
PRODH suicide inhibitor, PPG.

PPG creates a non-hydrolysable bond within PRODH’s catalytic site essentially
preventing the entire subsequent cascade of events, including glutamate production vital
for energy generation to fuel cancer cell survival. This complexed study touched upon

many aspects of mitochondrial energetics and it provides a promising first step in the
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investigation of PPG and its effects on cancer, hopefully helping countless people due to

tumors’ similarities across many cancer types.
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