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Abstract

Autophagy is an intracellular catabolic process that plays both pro- and anti-tumorigenic
roles depending on cancer stage and context. ATG4B is a core cysteine protease in
autophagy and has been associated with modulating the responses of breast cancer
cells to nutrient deprivation and targeted treatment. To date, the molecular mechanisms
underlying ATG4B in nutrient stress and treatment response in breast cancers remain
poorly defined. To this end, | identified a new protein-protein interaction between ATG4B
and IMPDH2, a metabolic enzyme involved in de novo GTP biosynthesis. A key amide
donor in the de novo biosynthesis of purines, like GTP, is glutamine, a critical amino acid
for cancer cell growth. | discovered that ATG4B is important for assembly of IMPDH2
into ring-and-rod structures under glutamine deprivation, suggesting that ATG4B may be
important in regulating cellular GTP. | discovered that genetic loss of ATG4B is
associated with an enrichment in purine nucleotides and metabolites involved in the
purine salvage pathway, an alternate pathway for GTP production, suggesting an
increased utilization of the purine salvage pathway. To investigate potential cellular
consequences of this metabolic shift, | examined growth of parental and ATG4B
knockout (KO) breast cancer cells and found that ATG4B KO significantly impaired
growth under glutamine deprivation. Inhibition of IMPDH had a modest effect on growth
of glutamine-deprived ATG4B KO cells, suggesting a reliance on IMPDH-independent
pathways for growth. Depletion of exogenous purines resulted in a significant impairment
in ability of ATG4B KO cells to grow in glutamine-depleted media, supporting a reliance
on the purine salvage pathway for growth. | then investigated the potential therapeutic
applications of the ATG4B-IMPDH2 axis in breast cancer cells and found that
pharmacological inhibition of ATG4 and IMPDH results in a modest but synergistic
reduction in growth. Collectively, my research has identified a new protein-protein
interaction between ATG4B and IMPDH?2, and a novel metabolic reprogram wherein
cells may increase utilization of the purine salvage pathway for growth in glutamine-

deprived conditions in breast cancer cells.

Keywords: ATG4B; IMPDH2; autophagy-related protein; purine metabolism; breast
cancer
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Chapter 1. Introduction

Parts of chapter 1 were previously published in the review article: Ho, C. J. &
Gorski, S. M. Molecular Mechanisms Underlying Autophagy-Mediated Treatment
Resistance in Cancer. Cancers 11, 1775 (2019). | performed the literature research and

wrote the manuscript, under the mentorship of my senior supervisor, Dr. Sharon Gorski.

1.1. Autophagy

1.1.1. Overview of autophagy

Autophagy is a major intracellular quality control mechanism that mediates the
degradation and recycling of cytosolic components through lysosomes *. “Autophagy”
was first coined by Christiane De Duve at the 1963 Ciba Foundation Symposium on
Lysosomes and stems from the Greek words “auto-”, meaning “oneself’, and “-phagy”,
meaning “to eat” 2. Seminal work in yeast led by Yoshinori Ohsumi and colleagues led to
the discovery and characterization of genes fundamental for the autophagic process,
termed autophagy-related (Atg) genes, during the 1990s3. This body of work was
recognized in 2016 where Yoshinori Ohsumi was awarded the Nobel Prize in Physiology
and Medicine for his important discoveries relating to autophagy*. Significant progress
has been made since, with the identification of more than 40 Atg proteins in yeast, many

of which are evolutionarily conserved in mammalian systems?®.

1.1.2. Types of mammalian autophagy

Three morphologically distinct forms of autophagy have been described in
mammalian systems. Microautophagy involves the uptake of small cytosolic contents
through lysosomal protrusions or invaginations, or endosomal invaginations, and is
followed by the subsequent degradation of cargo in endolysosomal lumens®. Chaperone-
mediated autophagy is a highly specific form of autophagy that recognizes cargo bearing
KFERQ peptide motifs and unfolds them through the coordinated action of chaperone
proteins. This is followed by the direct translocation of the unfolded cargo from the
cytosol to the lysosomal lumen for degradation’. In macroautophagy, cytosolic

components are sequestered into double-membrane structures, known as



autophagosomes, that form de novo and fuse with lysosomes. The resulting structures,
termed autolysosomes, facilitate the degradation of engulfed cargo, which are
subsequently released back to the cytosol as building blocks for other cellular
processes. Macroautophagy is characterized by a concerted morphological progression
from phagophore nucleation to membrane elongation, autophagosome-lysosome fusion,
and, finally, cargo degradation and release’ (Figure 1.1). Of the three, macroautophagy

is currently the most studied form of autophagy’.

Lysosome
Isolation Growing Autophagosome Autolysosome @
membrane phagophore ® @
[ ]
& L ]
(Y= @ 8-
- ® (L) . .
— . — .- .
o .‘_,: e @ Le o~ | — ..,o
N\ L] L ]
N [ B )
L ©
& @
Phagophore Membrane Autophagosome- Cargo degradation
nucleation elongation lysosome fusion and release

Figure 1.1 Overview of macroautophagy

Macroautophagy begins with the initial formation of an isolation membrane. Membrane elongation
facilitates growth of the phagophore and is coupled with the encapsulation of cytosolic cargo.
During this process, mammalian Atg8 proteins, hereafter ATG8 proteins, are processed and
conjugated to phosphatidylethanolamine on the surface of the growing phagophore as part of
autophagosome formation. Autophagosomes fuse with lysosomes, and encapsulated cargo are
then degraded and released back to the cytosol for recycling. Image created using BioRender.
Derived from data and information provided in Paryzch and Klionsky, 20147 and Yang, et al.
20188,

It is important to note that non-canonical forms of autophagy, characterized by
the Conjugation of mammalian Atg8-like proteins (hereafter ATG8) to Single Membranes
(CASM), have also been described in mammalian systems °. Non-canonical
autophagy can be classified as secretory or recycling/degradative depending on the fate
of their encapsulated cargoesm. Microtubule associated protein 1 light chain 3 (LC3)-
dependent extracellular vesicle loading and secretion (LDELS) is an example of
secretory non-canonical autophagy and involves the encapsulation of cytosolic

components via LC3-decorated multivesicular bodies and their subsequent release as



extracellular cargoes'. In contrast, degradative forms of non-canonical autophagy, like
LC3-associated phagocytosis (LAP)'? and LC3-associated endocytosis (LANDO)'3,
involve the fusion of phagosomes and endosomes with lysosomes and the subsequent
degradation of their encapsulated cargoes. Although ULK1, FIP200 and ATG14, core
components of the initiation and nucleation complexes of canonical macroautophagy,
are dispensable for certain non-canonical autophagic processes, like LAP and LANDO'*-
'S it has been proposed that most non-canonical autophagy is dependent on the same

core ATG8 conjugation machinery as canonical macroautophagy™°.

1.1.3. Molecular machinery of macroautophagy

The main molecular machinery of macroautophagy (hereafter autophagy) is
comprised of functional units of ATG proteins that work in concert. In mammals, the
induction of autophagy leads to the assembly of an initiation complex consisting of Unc-
51-like autophagy-activating kinase (ULK) 1/2, ATG13, FAK family kinase-interacting
protein of 200kDa (FIP200) and ATG101, at ATG9-containing sites. ULK1
phosphorylates ATG9 and this initiates the elongation of pre-autophagosomal (PAS)
membranes, and the recruitment of the class Ill Ptdins3k nucleation complex, consisting
of vacuolar protein sorting 34 homolog (VPS34), VPS15, ATG14, autophagy and beclin
1 regulator 1 (AMBRAM1), nuclear receptor binding factor 2 (NRBF2) and beclin 1
(BECN1)'8. VPS34 facilitates the production of phosphatidylinositol-3-phosphate (PI3P)
phospholipids that are incorporated into autophagosomal membranes during
phagophore expansion. Further expansion of the nascent phagophore is mediated by
two ubiquitin-like conjugation systems, namely the ATG12 conjugation system and the
ATGS8 conjugation system’ . The ATG12 conjugation system involves the ATP-
dependent activation of ATG12 by the E1-like enzyme ATG7, and the formation of a
thioester intermediate with consisting of ATG12, ATG7 and the E2-like enzyme ATG10.
ATG12 is then conjugated to ATGS5, and forms a complex with ATG16L"". The ATG8
conjugation system involves the cleavage of pro-ATGS8 proteins by the ATG4 cysteine
proteases to form processed ATG8 (ATG8-I). ATG8-I is then activated by the E1-like
enzyme ATG7 and transferred to the E2-like enzyme ATG3 before conjugation to
phosphatidylethanolamine (PE) on growing phagophores, forming ATG8-II. The ATG12-

ATG5 conjugate functions as an E3-like enzyme that promotes ATG8-PE conjugation



through interactions between ATG12 and ATG3, whereas ATG16L dictates ATG8
lipidation sites'” (Figure 1.2).

Autophagosomes are formed following cargo encapsulation and phagophore
closure. Autophagosome-lysosome fusion is mediated by various SNARE proteins, small
GTPases, tethering factors, adaptors and motor proteins'®, and leads to the formation of
autolysosomes. Autophagic cargo within autolysosomes are then degraded as the inner
autophagosomal membrane is disassembled by ATG3'®, a core E2-like enzyme in the
ATG12 and ATG8 the conjugation systems, and the autolysosomal lumen is acidified by
V-type ATPases'® . Degraded cargo are released back to the cytosol through lysosomal

and vacuolar membrane transporters and recycled as biomolecules®® (Figure 1.2).
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Figure 1.2  The molecular machinery of autophagy

Core ATG proteins involved in the autophagy machinery are shown. The autophagy machinery is
induced in response to different stresses in the cell. A classic example is the induction of
autophagy in response to nutrient stress, which is frequently regulated by the metabolic sensors
AMPK and mTOR, as described in chapter 1.5.3 of this thesis. Generally, mTOR suppresses



autophagy in the absence of nutrient stress, whereas AMPK activates autophagy in response to
low nutrient availability. Induction of autophagy leads to the activation of the ULK1 initiation
complex which facilitates PAS elongation. This is followed by the activation of the class Il PI3K
nucleation complex, which facilitates phagophore nucleation and expansion. Two ubiquitin-like
conjugation systems, the ATG12 and the ATG8 systems, also mediate the continued expansion
of the nascent phagophore and autophagosome formation. Fully formed autophagosomes fuse
with lysosomes to form autolysosomes, and encapsulated cargo are degraded and released back
to the cytosol. Image generated using BioRender. Derived from data and information derived from

Galluzzi et al. 2017 and Mizushima and Levine, 20202".
1.2. Autophagy and treatment resistance in cancer

1.2.1. The autophagy paradox

Autophagy plays dual roles in tumor suppression and progression (Figure 1.3). In
general, autophagy suppresses tumor onset in normal cells through several mechanisms
including cellular quality control, cell death activation, and maintenance of genetic and
genome integrity. In established tumors, autophagy may promote cancer progression
through the provision of energy and nutrients, therapy resistance, and evasion of cell
death??23, The pro-tumorigenic roles of autophagy prime it as an attractive therapeutic

target for cancer treatment.
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Figure 1.3 Dual roles of autophagy in cancer progression
Proficient autophagy mitigates the onset of cancer in normal cells. Defects that lead to the
impairment or suppression of the autophagy machinery in normal cells facilitate oncogenic



transformation and cancer onset. The restoration of autophagy to mediate tumor progression is
proposed in established tumors. To date, the mechanisms underlying the restoration of pro-
tumorigenic autophagy remain poorly understood. Derived from Galluzzi et al. 201522 and Bustos,
S., et al. 2020%*. Both licensed under CC BY.

1.2.2. Autophagy promotes treatment resistance

Tumor initiation is largely stochastic by nature and involves a coordinated
destabilization of major cellular processes. The dynamic and evolutionary manner by
which this occurs creates molecularly heterogenous tumors?>26. The ability of cancers to
adapt to and survive the effects of cancer therapies remains one of the greatest
impediments in medical and clinical oncology. Treatment resistance directly translates to
the ineffectiveness and eventual failures of cancer therapies?’~32. Innate treatment
resistance predates therapeutic intervention, whereas acquired treatment resistance is a
refractory outcome of cancer therapy that occurs when subpopulations of cancer cells
within tumors acquire mutations and adaptations that desensitize them to ongoing
treatment®**-%’. To date, treatment resistance remains a major challenge to successful
cancer treatment and control, but the mechanisms involved remain poorly
understood®°. A number of pre-clinical studies have demonstrated that the inhibition of
autophagy and ATG proteins are potential therapeutic avenues for improving the
efficacies of and overcoming resistance to cancer therapies*’. The crosstalk between
autophagy and the p62-KEAP1-NRF2*!' and FOXO3A-PUMA*? pathways have been
described to promote chemoresistance in certain cancer types*. To date, the molecular
mechanisms underlying autophagy in resistance to targeted therapies remain poorly
defined.

1.3. Autophagy and breast cancer

1.3.1. Breast cancer

Breast cancer remains the top commonly diagnosed form of cancer and the 2"
leading cause of cancer-related deaths amongst Canadian women as of 20224,
Currently, breast cancer tumors may fall under one of four clinical subtypes based on

expression of the hormone receptors, the estrogen receptor (ER) and progesterone



receptor (PR), and overexpression of the human epidermal growth factor receptor 2
(HER2): i) luminal A: ER+, PR+ HERZ2-, ii) luminal B: ER+, PR+, HER2+/-, iii) HER2-
positive: ER-, PR-, HER2+, and iv) triple-negative: ER-, PR- HER2-%. Clinical subtyping
is based primarily on fluorescence in situ hybridization and immunohistochemical
assessment of these receptors. It is important to note that these methods are limited by
a number of factors, including reproducibility, scoring cut-off variations and subjectivity,
and tumor heterogeneity**. In the clinic, treatment regimens for breast cancer patients
are routinely determined by evaluating histological and pathological traits of the tumor
and assessing the receptor statuses of ER, PR and HER2. Luminal A and B breast
cancers are typically treated with a combination of hormone therapy and chemotherapy
because of their expression of ER and PR, and patients typically have better prognosis
compared to other subtypes*>7. Currently, treatment options for patients with triple-
negative breast cancer are limited to chemotherapy due to poor responses to targeted
therapies, and chemoresistance remains an outstanding challenges*®*°. Breast cancer
patients with HER2-positive breast tumors are usually treated with HER2-targeted
therapies, like trastuzumab, but treatment resistance often occurs in advanced and

metastatic cases and, similarly, remains an outstanding challenge®®®".

Breast tumors may also be subtyped by their gene expression signatures through
technologies like DNA microarrays and RNA sequencing**. The PAM50 molecular
classifier is an example of an assay used often for the molecular classification of breast
tumor and is based on the evaluation of a 50-gene signature in breast tumor samples.
The 5 molecular subtypes based on the PAMS0 classifier are: i) basal-like, ii) HER2-
enriched, iii) luminal A, iv) luminal B, and v) normal-like®2. Methods for the molecular
classification of breast cancers are limited by reproducibility, detection accuracy, and
tumor heterogeneity. The stratification of breast cancer patients based on gene

expression profiles is currently not part of standard clinical practices*.

1.3.2. Dual roles of autophagy in breast cancer

Breast cancer

The role of autophagy in breast cancer initiation and progression is largely

context dependent. Numerous studies have surfaced revealing how genetic modulation



of core ATGs or pharmacological modulation of the autophagic process can have

differing effects on breast cancer cells and tumors depending on the model.

Autophagy in tumor suppression

The tumor-suppressive roles of autophagy in breast cancer have been studied in
the context of the core autophagy gene, BECN1. Early studies by Beth Levine and
colleagues showed that increased basal and starvation-induced autophagy through
induced expression of BECN1 in the luminal A breast cancer cell line, MCF-7, reduced
cell growth and clonogenicity in vitro, and impaired tumor formation in murine models®2.
In HER2-positive breast cancer cell lines, genetic knock-in of a BECN1 mutant with
reduced Bcl2-binding affinity bypassed HER2-mediated suppression of autophagy and
impaired tumor formation. Further, expression of the autophagy-inducing peptide, Tat-
Beclin1, led to an induction of autophagic flux and mitigated the growth of HER2-positive

breast tumor xenografts in mice %*.

Other ATG genes have also been implicated as tumor suppressors in cell line
and murine models of breast cancer. Studies in mice revealed that genetic ablation of
core ATG genes, like ATG12 and ATGS5, in PyMT tumor cells impaired autophagy and
increased the formation of metastatic lesions in vivo. Genetic induction of autophagy
through stable depletion of RUBCN, a negative regulator of autophagy, in PyMT cells
inhibited tumor metastases and subsequent deletion of ATG7 restored metastatic
outgrowth in mice. Of note, inhibition of stromal autophagy through systemic deletion of
ATG12 or chloroquine treatment did not impact metastatic outgrowth of tumors,
supporting a role for tumor cell autophagy in mitigating the metastatic potential of breast
tumors®®. ATG7 overexpression in cell line models of TNBC was also previously shown
to mitigate tumor progression by promoting apoptosis, and impair cell proliferation,

aerobic glycolysis, and cell migration®.

Autophagy in tumor promotion

Autophagy is primed as an attractive therapeutic target for the treatment of
cancers, like breast, given its tumor-promoting potential. Several pre-clinical studies
have explored the therapeutic benefits of autophagy inhibition in overcoming treatment
resistance and potentiating treatment responses in breast cancer models*. Epirubicin-

resistant TNBC cells were found to exhibit elevated basal autophagy levels, and



pharmacological inhibition of autophagy, through hydroxychloroquine or chloroquine
treatment, increased the sensitivity of resistant cells to epirubicin and led to a significant
reduction in in vitro cell viability and in vivo tumor growth °’. Interestingly, genetic loss of
BECNT1 in the triple-negative breast cancer cell line, MDA-MB-231, led to an impairment
in cell proliferation, colony formation, and cell migration®®, suggesting differential roles of
BECN1 in breast tumorigenesis that may be dependent on the breast cancer subtype.
Genetic inhibition of autophagy through knockdown of the ubiquitin-like autophagy
protein, LC3, increased the sensitivity of trastuzumab resistant HER2-positive breast
cancer cells to trastuzumab, highlighting a role for LC3-mediated autophagy in
trastuzumab resistance®®. Genetic knockdown of ATG12 ° or ATG4B 8" was also shown
to increase the sensitivity of resistant HER2-positive breast cancer cells to trastuzumab
treatment. Gefitinib treatment was found to induce autophagic flux in breast cancer cells
and treatment with the autophagy inhibitors, hydroxychloroquine or bafilomycin A1,
potentiates the efficacy of gefitinib, leading to greater reductions in cell viability and
induction of apoptosis®2. Similarly, pharmacological inhibition of autophagy through 3-MA
or bafilomycin A1 augmented the effects of gefitinib treatment, leading to greater
reductions in TNBC cell viability and colony formation in vitro, and significant reductions

in tumor growth in TNBC cell line-derived xenografts® .

Autophagy has also been found to promote metastases in breast cancer cells®.
Pharmacological inhibition of autophagy with hydroxychloroquine significantly reduced
the viability of dormant breast cancer cells and impaired their ability to switch from a
dormant-to-proliferative state. Additionally, genetic knockdown of ATG7 or HCQ
treatment in breast cancer cells also led to a significant reduction in lung metastases in
mice®. In RAS-transformed MCF10A cells, genetic knockdown of ATG7 or ATG12
inhibited the secretion of interleukin-6, a pro-migratory factor, and significantly impaired

cell migration and pulmonary metastases®®.

Autophagy plays an important role in cellular survival under conditions of nutrient
stress®’. Studies also observed that bafilomycin A1-treated MDA-MB-231 cells
presented with a significant decrease in cell viability and increase in apoptosis between
12 to 24 hours of amino acid starvation. Of note, a transient increase in total amino acid
levels was observed following 6 hours of amino acid starvation and dropped significantly
at 12 hours. This transient surge in total amino acids was abolished following bafilomycin

treatment of starved MDA-MB-231 cells, supporting a role for autophagy in the provision



of amino acids during early stages of nutrient stress in breast cancer cells to sustain
viability and mitigate apoptosis®. In line with total amino acid levels, the maintenance of
cellular ATP in MDA-MB-231 cells during early time points of amino acid starvation was
also diminished following bafilomycin treatment®®. In addition to its role in trastuzumab
resistance, the core autophagy cysteine protease, ATG4B, has also been found to
promote survival under conditions of nutrient starvation in HER2-positive breast cancer

cell lines 8.

1.3.3. Autophagy inhibition as a therapeutic avenue in breast cancer

Currently available tools for autophagy inhibition

Genetic tools, like small interfering RNAs (siRNAs) and small hairpin RNAs
(shRNAs) that target select ATGs, have been employed in pre-clinical studies to inhibit
autophagy in cancer cells. Similarly, a number of pharmacological inhibitors that target
specific stages of the autophagy process have also been developed and used
successfully to impair autophagy in pre-clinical cancer models*®8%7° Although these
genetic and pharmacological approaches have yielded promising results in cancer cells
and murine tumor models, including breast, their therapeutic potential in the clinic

remains to be determined.

Autophagy inhibitors in breast cancer clinical trials

The therapeutic utility of the lysosomotropic agents, chloroquine and
hydroxychloroquine has been evaluated in a number of breast cancer clinical trials.
Hydroxychloroquine and chloroquine inhibit autophagy by interfering with the
acidification of lysosomes, thereby impairing autophagosome-lysosome fusion®. A
phase 2 clinical trial found that chloroquine treatment alone in breast cancer patients
was not associated with any substantial clinical benefit. No significant changes in Ki67, a
cell proliferative marker, were observed and approximately 15% of patients withdrew
from grade 1 adverse effects’". Interestingly, another clinical trial involving the surgical
removal of breast ductal carcinoma in situ (DCIS) lesions from breast cancer patients
treated with chloroquine found that these DCIS lesions presented with reduced
proliferating cell nuclear antigen (PCNA) indices and mammosphere formation ability
and were unable to generate tumors in mice’. The efficacy and safety of chloroquine in

combination with taxanes was also previously evaluated in a clinical trial involving breast
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cancer patients presenting with advanced or metastatic anthracycline-resistant breast
cancers. Results from this phase 2 clinical trial were promising, with patients
demonstrating an objective response rate of 45.16%, with only 13.15% of patients
experiencing severe adverse effects”. Several clinical trials evaluating the use of
hydroxychloroquine in combination with chemotherapy or targeted therapies in breast

cancer patients are also currently underway (http://clinicaltrials.gov/).

Currently, the only FDA-approved autophagy inhibitors evaluated as part of
clinical trials are chloroquine and hydroxychloroquine. Given their properties as
lysosomotropic agents, the effects of chloroquine and hydroxychloroquine are not just
limited to perturbing lysosome-mediated degradation of autophagic cargo. The acidity of
vesicles derived from endocytic and secretory pathways can also be perturbed by the
effects of chloroquine and hydroxychloroquine, and lead to off-target effects outside of
the autophagy pathway™. Although early phase clinical trials in breast cancers that have
concluded so far are promising, there is certainly a need to expand our available
repertoire of tools for autophagy inhibition in the clinic. In addition, the lack of reliable
biomarkers for the identification of breast cancer patients, and cancer patients in

general, that may benefit from autophagy inhibition remains a pending issue’>"6.

1.4. The ATG4 family of proteins

Autophagy-related genes are evolutionarily conserved across most eukaryotic
systems. The yeast Apg4/Aut2 protein, now termed the Atg4 protein, was first identified
as a novel cysteine protease that interacts with and processes newly synthesized yeast
Atg8 proteins to facilitate autophagy’”-’®. There are currently 4 reported human
homologs of the Atg4 cysteine protease, namely ATG4A, ATG4B, ATG4C, and
ATG4D"®8%, The ATG4 proteins are core cysteine proteases that mediate the processing
and subsequent deconjugation of ATG8 proteins during the autophagy process®. Unlike
in yeast which only possesses a single Atg8, a number of human ATG8 homologs have
been identified and can be classified into two subfamilies, namely the MAP1LC3 family
(LC3A, LC3B, LC3B2, LC3C) and the GABARAP family (GABARAP, GABARAPLA1,
GABARAPL2)3"82 Both the LC3 and GABARAP proteins are important for the
autophagic machinery, but differ in their exact roles during autophagosome biogenesis,
where LC3 proteins are important for membrane elongation® while GABARAP proteins

play crucial roles in autophagosome-lysosome fusion event?*.
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1.4.1. Structure of ATG4 proteins

Of the four ATG4 paralogs in humans, crystal structures for ATG4A (PDB: 2P82)
and ATG4B (PDB: 2C7Y) have been reported. Although structures for ATG4C and
ATG4D have not yet been resolved, studies have successfully generated homology
models of these paralogs using ATG4B as a template®®. A core structural characteristic
of all four ATG4 family members is the presence of a C54 peptidase domain comprising

of a catalytic triad of aspartate, cysteine, and histidine residues®-28 (Figure 1.4).
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Figure 1.4  Overview of the structures of the four human ATG4 proteins

ATG4 proteins are cysteine proteases that possess a C54 peptidase domain consisting of 3 core
residues: cysteine, aspartate, and histidine. ATG4C and ATG4D possess mitochondrial targeting
motifs and DEVD sites at their N-terminal end. DEVD sites are cleaved by caspases to induce
activation of the priming activities of ATG4C and ATG4D. Additionally, ATG4D possesses a
putative N-terminal PEST site, suggesting regulation by the proteasome, and a putative C-
terminal BH3 domain, suggesting regulation of apoptosis. Derived from data and information
provided in Kauffman et al. 20182 and Sathiyaseelan, 202289,

Of note, it has been reported that ATG4B takes on a papain-like fold and
possesses a catalytic triad consisting of the residues cysteine 74, histidine 280 and
aspartate 278 °°°'. Unbound ATG4B exists in an auto-inhibited state, with both the N-
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terminal tail of the cysteine protease and an inhibitory loop masking the catalytic site.
Structural studies revealed that LC3 binding induces a large conformational change in
ATG4B, which relinquishes the sequestration of the entrance and exit of the catalytic
triad by the inhibitory loop and N-terminal tail respectively®. This allows for substrate
entry into the active site for catalysis, and concurrent binding of a second non-substrate

LC3 by the N-terminal tail to stabilize its open conformation®?.

The structure of ATG4B is also comprised of sequence motifs that interact with
LC3 and GABARAP proteins, termed LC3-interacting regions (LIRs). Studies have
identified a C-terminal LIR motif on ATG4B that interacts with both LC3 and GABARAP
proteins and is important for efficient substrate cleavage®. This FEIL C-terminal LIR
motif on ATG4B is completely conserved at the functional level in ATG4A, but only
partially conserved in ATG4C and ATG4D (FVLL and FVFL)%,.

1.4.2. Function of ATG4 proteins

In mammalian systems, the ATG4 proteins facilitate the initial priming of ATG8
proteins, by cleaving pro-ATG8 proteins at their c-terminal end to reveal a glycine
residue (Figure 1.5). Through the concerted actions of ATG7 (E1), ATG3 (E2) and the
ATG12-ATG5-ATG5 complex (E3-like), cleaved ATG8 (ATG8-I) is conjugated to
phosphatidylethanolamine on the surface of growing phagophores (ATG8-II) to facilitate
proper and efficient autophagosome formation®®88. Indeed, genetic inhibition of ATG4B
activity via a C74S mutation that sequesters LC3 has been associated with defects in
autophagosome membrane closure, leading to the formation of open cup-shaped
phagophores®. ATG4 proteins also mediate the delipidation of ATG8-II transient
membrane reservoirs to supply primed ATG8s to pre-autophagosome (PAS) sites, and

from maturing autophagosomes to facilitate autophagosome turnover (Figure 1.5).

Studies in yeast have found that Atg4-deficient deconjugation-defective cells
present with a reduction in Atg8 at pre-autophagosome (PAS) sites, an accumulation of
Atg8 proteins at non-PAS sites, like the vacuoles, and a reduction in autophagic flux®.
Expression of primed Atg8 proteins only partially restored autophagy levels, suggesting
that the maintenance of an Atg8 supply in the cell is not the only function of the Atg4
deconjugation. Expression of vacuole-specific Atg4 in yeast restored Atg8 at PAS sites

but was associated with an increase in Atg8 puncta and lower autophagic flux compared
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to deconjugation-proficient cells. These studies suggest the deconjugation of Atg8 is
important for late stages of the autophagy machinery that mediate autophagosome
turnover®. The delipidation of Atg8-1l from maturing autophagosome is a delayed and
rate-limiting step that restricts Atg8-Il release to the final stages of autophagosome
maturation®. In line with this, studies in HEK293 cells showed that an irreversible
increase in the deconjugation of LC3 and GABARAP proteins from autophagosomes
using the Legionella bacterial enzyme, RavZ, impaired LC3 puncta formation and is
associated with autophagy blockade®, highlighting the importance of a delayed

delipidation event in mammalian systems as well.
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Figure 1.5  ATG4 facilitates the priming and deconjugation of ATG8 proteins
ATG4 cleaves the pro-form of ATGS8 proteins to facilitate their conjugation onto the surface of
autophagosomes during the autophagic process. ATG4 also mediates the delipidation of ATG8-I
from the surface of maturing autophagosomes to ensure proper autophagosome turnover. Image
created using BioRender. Derived from Yang, et al. 20188,

1.4.3. Kinetics and substrate specificity of ATG4 proteins

Of the 4 human ATG4 paralogs, ATG4B is considered the dominant cysteine
protease in autophagy based on substrate processing kinetics and substrate
specificity®. Kinetic studies involving GST-tagged LC3B, GATE-16/GABARAPL2,
GABARAP and Atg8L (also known as GABARAPL1) revealed that human ATG4B

possessed the highest catalytic efficiency against all 4 tested substrates. This is followed
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by ATG4A, which exhibited slower catalytic activity against GATE-16/GABARAPL2,
GABARAP and GABARAPL1, and very modest cleavage of LC3B. ATG4C and ATG4D
possessed the lowest catalytic activities, with very modest cleavage activity against
LC3B and GATE-16 and no cleavage of GABARAP or GABARAPL1%.

In line with these observations, subsequent studies also found that ATG4B
presented with high cleavage activity against soluble GABARAPL1, GABARAPL2 and
LC3B. Cleavage of lipid-conjugated GABARAPL1, GABARAPL2 and LC3B by ATG4B
was notably slower than the processing of the soluble forms of these proteins,
supporting previous notions that the delipidation of ATG8 proteins is an intrinsically
slower process compared to priming®. ATG4A only presented with catalytic activity
against GABARAPL1 and GABARAPL2 and processed their soluble forms much slower
than ATG4B. Of note, ATG4A presented with higher catalytic activity against lipidated
GABARAPL1 and GABARAPL2 compared to ATG4B, suggesting that ATG4A may
function more so in the delipidation step rather than the initial priming step®. ATG4C and
ATGA4D presented with little to no activity against soluble or lipidated substrates, with the
exception of lipidated GABARAPL2 by ATG4C. Interestingly, truncations at the DEVD
sites of ATG4C and ATG4D induced their catalytic activity against lipidated LC3B,
GABARAPL1 and GABARAPL2, underscoring their role as delipidation-specific cysteine

proteases®®.

1.4.4. Regulation of ATG4 proteins

The regulation of ATG4 proteins has been extensively studied at the post-
translational level. Several post-translational modifications (PTMs) have been reported

for human ATG4s in the literature, with a focus on ATG4B %.

Phosphorylation

The protein kinase, MST4, phosphorylates ATG4B at serine 383, and this is
associated with an increase in ATG4B activity, autophagy, and tumorigenic potential in
glioblastoma cells®®. Studies have also shown that the protein kinase, AKT1, can
phosphorylate ATG4B at a serine 34 residue in hepatocellular carcinoma cells. Although
this phosphorylation did not lead to any substantial effect on autophagic flux, it was
associated with ATG4B mitochondrial translocation, and increased lactate production

and glycolysis and reduced oxygen consumption, indicative of the Warburg effect'®.

15



AKT2 has also been identified as an ATG4B kinase for multiple phosphorylation sites,
including serine 34, 121 and 262, and overexpression of AKT2 was associated with an
increase in LC3 processing, suggesting that AKT2 may phospho-activate ATG4B™". The
metabolic enzyme, PFKP, was also previously identified as a positive regulator of
ATGA4B activity and autophagy, through its phosphorylation of the ATG4B serine 34
residue under conditions of amino acid starvation'®?. ATG4B can also be regulated
through phosphorylation events at serine 316 by the ULK1 kinase and PP2A
phosphatase. The phosphorylation of serine 316 by ULK1 leads to an impairment in
ATG4B activity and LC3B processing. Inhibition of PP2A was associated with an
increase in phosphorylation at the serine 316 of ATG4B, suggesting that it may be
involved in removing inhibitory phosphorylation modifications deposited at this site by
ULK1193,

O-GIcNAcylation

ATG4B can be regulated by O-GIcNAcylation modifications through glycosylation
events mediated by the enzymes O-GIcNAc transferase (OGT) and O-GIcNAcase
(OGA). O-GlcNAcylation modifications are deposited by OGT and removed by OGA, and
the O-GIcNAcylation of ATG4B is associated with an increase in ATG4B activity. Of
note, O-GIcNAcylation of ATG4B is increased under conditions of glucose depletion,
suggesting that this mode of ATG4B regulation may act to enhance ATG4B activity

under conditions of nutrient stress'4.

Redox

ATG4B is redox regulated through reversible oxidative modifications at two key
sites, cysteine 292 and cysteine 361. The oxidation of ATG4B is associated with an
impairment in ATG4B cleavage activity, whereas mutations that prevent the oxidation of
cysteine 292 and 361 are associated with elevated ATG4B cleavage activity and

increased autophagic flux'®.

Ubiquitination

The E3 ligase, RNF5, regulates the stability of ATG4B by ubiquitination
modifications that promote the proteasome-mediated degradation of ATG4B. Indeed,
genetic knockdown of RNF5 was associated with an increase in LC3 cleavage, and

genetic knockout of RNF5 led to an increase in LC3-Il under conditions of starvation.
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LC3 puncta also increased upon RNF knockout under basal conditions, supporting a
model whereby the ubiquitination and subsequent inhibition of ATG4B activity by RNF5

negatively regulates autophagy'.

Acetylation

The acetyltransferase p300 and deacetylase SIRT2 were previously identified as
regulators of ATG4B acetylation at lysine 39. P300 protein levels are markedly reduced
under starvation and are associated with a significant reduction in ATG4B acetylation. In
line with this, it was also observed that inhibition of SIRT2 in starved cells leads to an
increase in acetylated ATG4B and p62 accumulation, and a reduction in LC3-ll,
suggesting that starvation induces SIRT2-mediated deacetylation to promote ATG4B

activity and autophagy'%’.

Proteolytic cleavage

The ATG4 homologs can be proteolytically cleaved by a number of cell death
proteases. The cleavage of ATG4D by caspase-3 at a DEVA®K motif was found to
promote the ability of ATG4D to prime and delipidate of GABARAPL1%. |t was also
previously shown that ATG4A, ATG4B, and ATG4C can be cleaved by caspase-3 and
calpain-1 at varying levels in the presence of calcium ions'%®, but the functional
significance of these cleavage events, especially in the case of ATG4A and ATG4YV,

remains poorly understood.

1.5. ATG4B in cancer

1.5.1. ATG4B in cancer progression and survival

The role of ATG4B in cancer growth and survival has been a subject of great
interest, given its role as the main cysteine protease in autophagy. In addition, studies
have also examined the therapeutic benefits of ATG4B inhibition in combination with

currently existing treatments to augment therapeutic efficacies.

Breast cancer

Previous studies by Bortnik and colleagues revealed that genetic knockdown of

ATG4B in HER2-positive (HER2+) breast cancer cells was associated with a significant
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reduction in cell viability under conditions of amino acid and growth factor starvation®’.
The observed sensitization to nutrient starvation following genetic knockdown of ATG4B
was not observed in HER2-negative (HER2-) breast cancer cells, highlighting a
differential role for ATG4B in modulating nutrient stress responses in HER2+ versus
HER2- breast cancer cells®'. Of note, genetic knockdown of ATG4B also suppressed
autophagic flux and increased the sensitivity of both sensitive and resistant HER2+
breast cancer cells to the anti-HER2-targeted agent, trastuzumab®’. These findings
suggest that ATG4B may be important in modulating the responses of HER2+ breast

cancer cells to nutrient stress and anti-HER?2 targeted therapy.

Conversely, treatment of the TNBC cell line, MDA-MB-231, with the ATG4B
agonist, flubendazole, induced autophagy and was associated with increased reactive
oxidative species production and a significant reduction in cell proliferation '°°. Previous
studies also found that expression of a dominant-negative ATG4B suppressed
autophagic flux and was associated with an increase in cell migration in MDA-MB-231
cells under normoxia and hypoxia ''°. These findings suggest that that ATG4B may play

a tumor suppressing role in TNBC cells by mitigating proliferation and metastases.

Other cancer types
Colorectal cancer

Genetic inhibition of ATG4B was associated with a suppression of tumor cell
growth in vitro and in vivo in colorectal cancer cells. Interestingly, ATG4B knockdown led
to an increase in autophagic flux, an impairment in G1/S transition, and a reduction in
mTOR phosphorylation and cyclin D1 levels. Further, genetic or pharmacological
inhibition of autophagy in ATG4B-knockdown colorectal cancer cells did not rescue the
impairment in G1/S transition nor reduction in cyclin D1 levels. This suggests that the
suppression of colorectal cancer cell growth from ATG4B inhibition is unlikely a result of

autophagy modulation, but from an impairment in cell cycle progression'".

Chronic myeloid leukemia (CML)

ATG4B inhibition was previously shown to be a potential therapeutic strategy for
improving the responses of CML cells to the BCR-ABL tyrosine kinase inhibitor, imatinib.
Imatinib treatment was associated with an increase in ATG4B mRNA and protein levels,

and an induction in autophagic flux. It was shown that the genetic knockdown of ATG4B
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and consequent reduction in autophagic flux was associated with a decrease in cell
viability and increased sensitivity to imatinib in resistant CML cells. These findings
suggest that ATG4B may promote imatinib resistance in CML cells through upregulation

of autophagy''2.

Hepatocellular carcinoma (HCC)

Previous studies have found that inhibition of autophagy in HCC cells with the
autophagy inhibitor, 3-MA, or expression of a catalytically inactive form of ATG4B,
ATG4BC7#A, was associated with a reduction in HCC proliferation under conditions of
hypoxia '3, Interestingly, these autophagy-inhibited cells presented with a significant
reduction in cellular ATP levels, and an increase mitochondrial membrane permeability.
These changes were also coupled with a reduction in several key enzymes involved in
B-oxidation. These findings suggest that ATG4B may promote the proliferation of HCC
cells under hypoxic conditions, through autophagy-mediated clearance of damaged
mitochondria to allow for proper mitochondrial 3-oxidation to proceed and maintain

cellular ATP levels 3.

Subsequent studies also revealed that autophagy also plays a role in promoting
radioresistance in HCC cells, through the transcription factor Egr-1. Egr-1 was found to
promote HCC survival and migration following radiation treatment, by upregulating
autophagy through transcription of ATG4B. The pharmacological inhibition of autophagy,
or ATG4B knockdown was associated with an increase in caspase-3 cleavage and the
pro-apoptotic marker, Bax, and a reduction in the anti-apoptotic marker, Bcl-2, in HCC
cells, and was reversed upon Egr-1 overexpression. Further, impairment in colony
formation from autophagy inhibition was also rescued upon Egr-1 overexpression. These
findings suggest that Egr-1 may also promote ATG4B-mediated autophagy to confer

resistance to radiation in HCC cells''4.

1.5.2. Current tools for ATG4B inhibition

Genetic

ATG4B inhibition has been achieved in cell line models through genetic
knockdown approaches, like siRNA or shRNA*61.111.112 " or genetic knock-out by gene

editing technologies, like CRISPR/Cas9'"S. Studies have also found that mutations at the
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cysteine 74 site of the ATG4B catalytic triad impairs the ability of ATG4B to process
ATGS8 substrates, like LC3B, in cells **'3116_|n addition, a viable ATG4B knock-out (KO)
mouse model deficient in autophagy was also previously generated, suggesting that
ATG4B is dispensable for embryonic and adult development''”. Given that evidence for
residual atg4-like processing of the atg8 proteins were observed in certain tissues of
atg4b-/- mice'", it is possible that some compensation by other atg4 isoforms may have
enabled survivability of these atg4b-/- mice. Reportedly, abnormalities in these mice
include balancing and inner ear defects'"’, lesions in the central nervous system
(CNS)'"8 and increased susceptibility to lung injury from ER stress''®. Despite these
abnormalities, their viability does suggest that systemic inhibition of other atg4b
orthologs is unlikely lethal in other biological systems, making them candidate models for

studying the effects of systemic loss of atg4b on human cancer growth and progression.

Pharmacological

Significant efforts have been made in the development of novel ATG4B inhibitors
and investigating the potential of re-purposing existing compounds for ATG4B inhibition.
The proposed binding sites and mechanism of action for some of these compounds are
described in Table 1.1. It is important to note that, in addition to their effects on ATG4B,
a number of these compounds also display some inhibitory activity against ATG4A.
These include NSC18505877'%°, LVV320'%', S130'%2, tioconazole'?, and ebelsen'?.

Table 1.1 Examples of novel and re-purposed compounds for ATG4B
inhibition
Name Proposed binding site Mechanism of action
Novel
Inhibits LC3B and
NSC18505810 ATGAB active site GABARAPL2 cleavage
Inhibits autophagosome
formation
UAMC-2526'% Not determined Inhibits LC3 cleavage
Inhibits peptide substrate
Secondary site near ATG4B regulatory loop or | cleavage
LV3201 hinge of ATG4B n-terminal tail sequestering Inhibits LC3B delipidation
active site Inhibits autophagosome-
lysosome fusion
Inhibits LC3B and
513012 Binding pocket adjacent to ATG4B catalytic site | GABARAPLZ cleavage
Inhibits LC3B delipidation
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Compound 33 | ATGAB active site Inhibits LC38 delipidation
Re-purposed
Inhibits LC3B and
GABARAPL2 cleavage
Tioconazole'? ATG4B active site Inhibits LC3B delipidation
Inhibits autophagosome-
lysosome fusion
Xanthium Inhibits LC3B and
strumarium fruit Not determined GABARAPL2 cleavage
extract'? Inhibits LC3B delipidation
Inhibits GATE-16 and LC3B
Ebelsent24 ATG4B active site cleg\(age
Inhibits autophagosome
degradation

Partially adapted from Ho and Gorski, 201940
1.6. Crosstalk between autophagy and cancer metabolism

1.6.1. Metabolic reprogramming is a hallmark of cancer

The alteration of metabolic processes in cancer cells to support tumor initiation

and progression is recognized as a hallmark in cancer contexts.

Glucose metabolism

Glucose is a major carbon source in cells and is used to produce energy in the
form of adenosine triphosphate (ATP) through cellular respiration under aerobic
conditions. Cellular respiration involves 3 concerted steps, namely glycolysis, the
tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS) 2. Glycolysis
produces 2 molecules of ATP per glucose molecule, and generates pyruvate, which
enters OXPHOS to produce 32-34 ATP molecules per glucose. In the absence of
oxygen, cells rely on glycolysis for ATP production, fermenting pyruvate to lactate, in a

process termed anaerobic glycolysis'?.

One of the first instances of metabolic reprogramming in cancer was the
observation that cancer cells preferentially undergo glycolysis under aerobic conditions.
This was named the Warburg effect by Efraim Racker in 1972'?°, and was first described
by Otto Warburg and colleagues in the early 1920s'3°. Warburg observed that human

and rat carcinomas presented with high glycolytic activity, characterized by increased
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lactate production, under both aerobic and anaerobic conditions'. Glycolysis is an
inherently inefficient process for producing ATP, and the basis for its preferential use by
tumor cells to generate ATP remains a subject of great interest. It has been proposed
that elevated glycolytic activity in cancer cells may aid in the generation and flux of
glycolytic intermediates and electron carriers that can be utilized in key tumor-promoting
anabolic pathways''. Although amino acids have been attributed as the main
contributors to cell biomass'?, increased lactate production may also facilitate tumor cell
proliferation through the incorporation of carbon into cellular biomass™'. Reactive
oxidative species is produced as a by-product of the OXPHOS electron transport chain
(ETC) which occurs on the mitochondrial membrane. The reliance on glycolysis for
energy production in both aerobic and anaerobic conditions in cancer cells has also
been also been proposed as a means to reduce cellular levels of reactive oxidative
species produced by OXPHOS'®3, which may help mitigate tumor-suppressive oxidative

stresses in some contexts'.

Glutamine metabolism

Glutamine is a major source of both carbon and nitrogen, and contributes to
metabolic processes, like the TCA cycle and nucleotide biosynthesis'®. Studies have
found that, in pancreatic cancer cells, a variant of the mitochondrial glutamine
transporter, SLC1A5, which lacks exon 1, facilitates the catabolic breakdown of
glutamine in the mitochondria to produce several key TCA intermediates and ATP, and
promotes redox homeostasis by promoting glutathione synthesis and suppressing
cellular reactive oxidative species'®. This study presents an intriguing role for glutamine
in sustaining mitochondrial respiration under the Warburg effect. While glucose is
directed towards aerobic glycolysis in cancer cells, glutamine undergoes glutaminolysis
to generate metabolites that feed into the TCA cycle and, subsequently, fuel OXPHOS to
produce ATP'%,

Glutamine also contributes to the de novo synthesis of nucleotides, like purines
and pyrimidines, through its role as an amide donor. In de novo purine biosynthesis,
glutamine is used to generate inosine monophosphate (IMP) in two steps of the
pathway, namely the conversion of phosphoribosyl pyrophosphate (PRPP) to
phosphoribosylamine (PRA) and phosphoribosyl-N-formylglycineamide (FGAR) to 5'-

phosphoribosylformylglycinamidine (FGAM). IMP can be converted to adenosine
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triphosphate (ATP) or guanosine triphosphate (GTP) via two parallel and distinct
pathways, and glutamine is utilized in GTP production during the conversion of
xanthosine monosphate (XMP) to guanosine monophosphate (GMP). In de novo
pyrimidine biosynthesis, glutamine is used to generate to carbamoyl phosphate, which
facilitates the synthesis of the pyrimidine nucleotide, uridine monophosphate (UMP).
Glutamine is also utilized in the conversion of uridine triphosphate (UTP) to the

pyrimidine nucleotide cytidine triphosphate (CTP)'%.

The upregulation of de novo nucleotide biosynthesis is a feature observed in
certain cancer contexts. Of note, studies have observed an increase in the de novo
purine biosynthesis enzyme, PPAT, and a decrease in the glutaminolysis enzyme,
GLS1, in human fibroblast cell line models of malignant progression'®’. These cells also
presented with increased production of several key purine nucleotides, like IMP, AMP,
GMP and UMP, and a decrease in the production of TCA intermediates, like alpha-
ketoglutarate and fumarate. GLS1 overexpression was associated with an increase in
alpha-ketoglutarate production, and a corresponding decrease in IMP, AMP, GMP,
glutamate and aspartate production. Further, GLS1-overexpressing cells were not viable
under glutamine-deprived media and formed significantly smaller tumors in mice.
Knockdown of PPAT led to a decrease in AMP, IMP and GMP production, and an
increase in alpha-ketoglutarate production. These metabolic changes were also
associated with a significant reduction in proliferation and smaller tumors in mice'’.
Together, these findings suggest that the metabolic fate of glutamine pivots from
anaploresis to functioning as an amide donor in de novo nucleotide biosynthesis during

tumor progression.

Nucleotide metabolism

Purine and pyrimidine nucleotides in the cell can be produced by the de novo or
the salvage pathways. Cell division is generally coupled with a substantial increase in
nucleotide triphosphate levels. As such, the de novo pathway is required to meet the
high nucleotide demands of proliferating cells'*®, and is considered the primary pathway

utilized to sustain nucleotide pools in proliferating cells, like cancer 139140,

Indeed, studies have found that radiation-resistant glioblastoma cells possess
elevated levels of purines and purine nucleotides and suppressing GTP biosynthesis by

inhibiting the rate-limiting purine metabolic enzyme, IMPDH, using the pharmacological
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agent, mycophenolic acid (MPA), increases the sensitivity of resistant glioblastoma cells
to radiation therapy. Of note, inhibition of the de novo pyrimidine enzyme, DHODH, did
not increase the sensitivity of resistant glioblastoma cells, suggesting that cellular purine
levels are what confer resistance to radiation therapy in glioblastoma''. Independently,
studies have found that treatment of TNBC cells with the chemotherapy agent,
doxorubicin, is associated with an increase in the levels and production of pyrimidine
nucleotides. Further, glutamine deprivation suppressed the observed increases in
pyrimidine nucleotides upon doxorubicin treatment, suggesting that pyrimidine
biosynthesis is upregulated in response to doxorubicin treatment in TNBC. Indeed,
inhibition of de novo pyrimidine pathway enzymes, CAD and DHODH, increased the
sensitivity of TNBC cells to doxorubicin'#?, underscoring a potential importance of the de
novo pyrimidine biosynthesis pathway in chemosensitivity. Studies in breast cancer cell
lines also found that the expression of several key enzymes involved in nucleotide
metabolism, including IMPDH1, IMPDH2 and GMPS, are promoted by gain-of-function
mutant p53. Genetic knockdown of mutant p53 was associated with a reduction in ATP,
GTP, and other deoxynucleotides'*3. Knockdown of GMPS, which facilitates the
conversion of XMP to GMP, was associated with a reduction in GTP levels, and
substantial decrease in cell invasion in vitro, and a decrease in tumor metastases in
vivo'®, Metabolite profiling of colorectal cancer patient derived xenografts (PDXs)
revealed an increase in several metabolites involved in pyrimidine biosynthesis in
metastatic PDXs. Further, inhibition of DHODH using the pharmacological inhibitor,
leuflunomide, was associated with a significant impairment in colorectal cancer cell
growth under conditions of hypoxia™4. Genetic depletion of DHODH was also associated
with colorectal cancer liver metastases'“. Together, these studies support roles for

purine and pyrimidine biosynthesis in therapy resistance and metastases in cancer cells.

Studies have also surfaced suggesting that the salvage pathway may also be
important in modulating cancer cell growth. It was found that treatment of lung and
breast cancer cell lines with oleanolic acid (OA) led to an impairment in cell growth and a
significant reduction in purine salvage pathway metabolites in vitro and in vivo. This was
proposed to be a result of OA treatment leading to the inactivation of the SOD1
superoxide dismutase, resulting in increased cellular reactive oxidative species and,
consequently, the induction of autophagy-mediated degradation of HPRT1 and 5’'NT"'%,

These findings highlight a potential role for the purine salvage pathway in cancer growth,
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and a need for greater understanding of the roles of the nucleotide salvage pathway in

cancer progression and survival.

1.6.2. Autophagy as a source of metabolic substrates

It is well-established that autophagy is induced in response to various forms of
nutrient stress and is essential for survival under such nutrient limiting conditions.
Notably, genetic loss of core components of the autophagy conjugation machinery, like
ATG5 and ATG7'6147 have been associated with suckling defects in newborn mice and
subsequent neonatal lethality, underscoring the importance of autophagy in the neonatal
starvation period following the severance of nutrient supply from the maternal
placenta’®. The effect of autophagy modulation on levels and flux of metabolites, like
amino acids, nucleotides, fatty acids, and NAD*/NADH, have also been examined in

eukaryotic model systems, and are described in this chapter.

Amino acids and nucleotides
Cancer cells

Previous studies in KRAS-driven lung cancers revealed that genetic loss of
ATGY7 led to a significant decrease in several metabolites involved in the TCA cycle and
pentose phosphate pathway under conditions of starvation#®. Glutamine
supplementation was associated with a greater replenishment of the levels of several
key TCA intermediates, like alpha-ketoglutarate and pyruvate, in ATG7-deficient cells
compared to ATG7-proficient cells. Further, starved ATG7-deficient cells also presented
with a significant decrease in adenylate energy charge, which was restored upon
glutamine supplementation®. Total nucleotide pools were significantly lower in starved
ATG7-deficient cells compared to wild-type cells, and this was associated with
significantly higher levels of purine and pyrimidine bases, suggesting an increase in
nucleotide catabolism. Indeed, supplementation of starved ATG7-defiicent cells with
glutamine or purine and pyrimidine bases rescued growth defects, adenylate energy
charge, and nucleotide levels'®. Together, these findings show that autophagy sustains
cellular metabolite levels to support growth under nutrient stress conditions in lung

cancer cells.

25



The role of autophagy in sustaining amino acid and ATP levels during nutrient
stress was also previously investigated in the TNBC cell line model, MDA-MB-231.
Amino acid deprivation led to a significant reduction in cell proliferation and viability, and
increase in cell death, and this was associated with an induction of autophagic flux. Of
note, amino acid levels increased following short term amino acid deprivation but
decreased substantially when amino acid deprivation was prolonged®. Inhibition of
autophagy with bafilomycin A1 or genetic knockdown of ATG5 was associated with a
significant decrease in amino acid and ATP levels during early time points of amino acid
deprivation. Inhibition of the amino acid catabolism enzyme complex BCKDH led to a
significant increase in branch-chained amino acid levels during early time points of
amino acid starvation, which was reversed upon autophagy inhibition. Of note, free fatty
acid levels also increased following short term amino acid starvation and were inhibited
upon autophagy inhibition. Although glucose uptake also increased upon amino acid
starvation, the effect of autophagy inhibition remains to be determined®. Together, these
findings show that autophagy provides metabolic substrates, like amino acids, during
early stages of nutrient stress which are then catabolically broken down to generate ATP
in TNBC cells.

Interestingly, the genetic inhibition of autophagy in PDAC cells was also linked to
a significant decrease in intracellular cysteine levels under nutrient-replete conditions®.
This was associated with the translocation of the cysteine transporter, SLC7A11, away
from the plasma membrane and to lysosomes in the cytosol, and a reduction in overall
SLC7A11 activity. It was further determined that mTORC2 phosphorylates SLC7A11 to
promote its localization with lysosomes when autophagy is inhibited. The significance of
the localization of SLC7A11 to the lysosomes in the absence of functional autophagy
remains to be determined'°. Findings from these studies show that autophagy is
important for the proper localization and function of the cysteine transporter, SLC7A11,

fo maintain cysteine levels in pancreatic ductal adenocarcinoma cells.

Yeast

Studies in yeast previously showed autophagy-defective Aatg7 yeast cells
presented with an impaired ability to restore protein synthesis activity and total amino
acid levels at later time points of nitrogen starvation. Supplementation of nitrogen

starved Aatg7 cells with free amino acids restored defects in protein synthesis and
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amino acid pools to levels comparable to wild type'®'. These findings suggest that
autophagy is important in sustaining amino acid levels for protein synthesis during

conditions of nitrogen starvation in yeast.

Subsequent studies in yeast also revealed that autophagy is important in
facilitating the breakdown of RNA and subsequent excretion of superfluous nucleobases
during nitrogen starvation. The transient increase in adenosine, guanosine, cytidine, and
uridine under autophagy-inducing conditions in wild-type yeast cells was abolished
following genetic perturbation of autophagy. Similarly, genetic deletion of the yeast
vacuolar proteases, Pep4 and Prb1, was also associated with an impaired ability to
increase nucleosides under nitrogen starvation'?. It was determined that the vacuolar
RNAse Rny1 and nucleotidase Pho8 are important for the degradation of RNA. Rny1
converts encapsulated RNA within vacuoles to 3'-NMPs, which are then subsequently
broken down to nucleosides by Pho8. Indeed, nitrogen starvation was associated with
an increase in Pho8 and Rny1 protein levels. Genetic deletion of Rny1 led to a
significant accumulation of RNA-containing vacuoles, and further deletion of Atg2
prevented the accumulation of these RNA-containing vacuoles. It was proposed that the
nucleosides generated from autophagy are then broken down further into nucleobases,
like hypoxanthine and xanthine, in the cytosol by the nucleosidases Pnp1 and Urh1, and
released into extracellular space'®?. Characterization of nucleoside and nucleobase
changes revealed that the transient increase in nucleoside levels in nitrogen-starved
yeast cells was associated with a subsequent increase in nucleobases, like
hypoxanthine and xanthine, and not seen in Aatg2 yeast cells'®2. As ammonia is
released during RNA catabolism'®, these findings suggest that autophagy facilitates the
catabolic breakdown of RNA to release ammonia as a nitrogen source and this is paired
with the release of superfluous nucleobases to maintain cellular homeostasis under

nitrogen starvation.
Fatty acids

Cancer cells

The role of autophagy in the maintenance of free fatty acid levels was also
previously described in acute myeloid leukemia cells. Genetic or pharmacological
inhibition of autophagy was associated with accumulation of cytosolic lipids that

resemble lipid droplets. Fatty acid oxidation (FAO) rates, oxygen consumption rates
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(OCR) and mitochondrial ATP levels were also significantly reduced in autophagy-
inhibited acute myeloid leukemia cells, suggesting a decrease in oxidative
phosphorylation (OXPHOS)"4. Inhibition of OXPHOS with metformin, a mitochondrial
electron transfer chain (ETC) complex | inhibitor, was associated with a reduction in
autophagy and mitochondria-endoplasmic reticulum contact sites (MERCS). Genetic
knockdown of proteins involved in the formation of MERCS led to a significant decrease
in autophagy and OXPHOS, and an accumulation of lipid droplets in acute myeloid
leukemia cells. Genetic knockdown of VDAC1, which facilitates MERCS formation, in
combination with the ETC complex | inhibitor, IACS-010759, was associated with a
reduction in autophagy flux and cell proliferation in vitro and in vivo'®*. Together, these
findings suggest that autophagy is important in the catabolic breakdown of lipids for FAO
and OXPHQOS in acute myeloid leukemia cells. Findings from these studies also
revealed that mitochondrial oxidative phosphorylation regulates the formation of
MERCS, which in turn promote autophagy to provide free fatty acids for FAO and
OXPHOS.

NAD* and NADH
Murine fibroblast cell lines

Metabolite profiling studies on wild-type and atg5” murine embryonic fibroblast
cells revealed that genetic inhibition of autophagy was associated with a significant
depletion in cellular levels of NADH and NAD*. Notably, growth of atg5™ cells in
galactose media to induce mitochondrial OXPHOS triggered caspase-mediated cell
death, and could be rescued by hypoxia or treatment with the mitochondrial pyruvate
carrier inhibiter, UK-5099'%°, NAM or NAM riboside supplementation restored NAD* and
NADH levels and rescued the survival of atg5™” cells. Atg5™ cells also presented with
increased mitochondrial defects and accumulation of damaged mitochondria, resulting in
the hyperactivation of SIRT and PARP enzymes that catabolize NAD, thereby depleting
cellular NAD* and NADH levels. Indeed, these observations could be recapitulated in
mitophagy-deficient cells and rescued with NAM supplementation. Together, these
findings suggest that autophagy is important in actively respiring cells to mitigate the
accumulation of mitochondrial defects and, consequently, cellular stresses that lead to
the depletion of cellular NAD* and NADH levels.
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1.6.3. Metabolic regulation of autophagy in cancer

Energy sensors

Autophagy is activated in response to myriad of metabolic stresses. The AMPK
and mTORC1 proteins are classic examples of cellular energy sensors that respond to

varying nutrient levels in the cell by regulating autophagy.

AMPK

AMPK is a central energy sensor that plays important roles in the regulation of
various metabolic processes in response to energy imbalances in the cell. Of note,
AMPK is an important regulator of autophagy in response to nutrient stress. Under
conditions of low energy levels or nutrient starvation, AMPK is phosphorylated and
activated by upstream kinases, like LKB1. Activated AMPK inhibits mTORC1 activity by
phosphorylating TSC2, which promotes GAP activity of the TSC1/2 complex, and results
in inactive RHEB-GDP'%¢. This prevents RHEB-mediated activation of mMTORC1. The
phosphorylation of RAPTOR by AMPK also prevents RAPTOR from binding to
mTORC1, thereby further inhibiting mTORC1 activation. The inhibition of mTORCA1
prevents mTOR-mediated phosphorylation and inhibition of ULK1, an important
autophagy protein involved in the formation of the initiation complex of the autophagic
machinery. Instead, ULK1 is phosphorylated and activated by AMPK, and this in turn
promotes the formation and activation of the ULK1 initiation complex'®®. Additionally,
AMPK also phosphorylates BECN1 to promote the activity of the VPS34 nucleation

complex'’,

Of note, recent studies have also presented evidence suggesting that AMPK may
also suppress autophagy under conditions of starvation's®. It was found that the
phosphorylation of ULK1 by AMPK at distinct sites stabilizes the interaction between
ULK1 and AMPK to suppress autophagy, and this is proposed to allow for subsequent
re-activation when cellular stress conditions are alleviated. The interaction between
AMPK and ULK1 was found to confer protection of ULK1 from caspase-mediated
degradation, thereby mitigating the induction of cellular apoptosis during glucose or

amino acid starvation'®.
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mTORC1

In the absence of nutrient stress, mMTORC1 suppresses autophagy by
phosphorylating and inactivating ULK1 at serine 758, thereby preventing ULK1 from
interacting with AMPK'¢. mTORC1 also suppresses autophagy by phosphorylating and
inactivating a number of other autophagy proteins, including ATG13'%°, AMBRA1'®°, and
ATG14'%", ATG13 and ATG14 are important components of the ULK1 complex and
VPS34 nucleation complex respectively'®. AMBRA1 is a BECN1 cofactor that helps

regulate the activity of the VPS34 nucleation complex'®.

Metabolite deficiencies and surpluses

Autophagy can be regulated by deficiencies or surpluses in cellular metabolites.
Through its roles in cellular recycling and degradation, autophagy helps counter these

perturbations to maintain homeostasis under physiological conditions62.

Glucose

Studies have found that AMPK is activated following glucose starvation and is
associated with an induction in autophagy and increase in the formation of PI5P-positive
autophagosomes. The autophagy protein ULK1 is activated by AMPK and was found to
phosphorylate PIKfyve, a PI5P-producing lipid kinase, at its S1543 site to promote its
activity'®®. Indeed, expression of a phosphomutant of PIKfyve (S1548A) in HeLa cells
was associated with significantly reduced autophagosome and autolysosome formation
compared to cells transfected with wild-type PIKfyve or PIKfyve with a phosphomimic
mutation at its ULK1 phosphorylated site (S1548D) under both basal and glucose
deprivation. Expression of wild-type or S1548D PIKfyve in cells was associated with an
increase in autophagy, and pharmacological inhibition of ULK1 led to a blockade in
autophagy induction following the expression of either vector 63, These findings suggest
that autophagy is induced as a result of glucose deprivation through the activation of
AMPK and ULK1, and the subsequent induction of PIKfyve-mediated autophagosome

formation.

Other studies have also found that glucose may promote autophagy flux in
certain contexts. The induction of autophagy was observed following glucose
supplementation in serum-free media in several cell line models, including HeLa and

HEK-293 cells. Glucose supplementation was associated with dose-dependent
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increases in cellular ATP, and the impairment of ATP production by pharmacological
inhibition of lactate dehydrogenase was associated with a decrease in autophagosome
formation'®*. Of note, supplementing cells with glucose did not activate AMPK or mTOR
but did increase the activity of p38 MAPK and promote its translocation to nucleus.
Indeed, genetic knockdown of p38 MAPK, or pharmacological inhibition of p38 MAPK or
MK2, a kinase downstream of p38 MAPK, reduced the ability of glucose to upregulate
autophagy in serum-deprived cells'®*. These findings suggest that glucose may promote
ATP production and p38 MAPK activity to induce autophagosome formation and

autophagy in serum-deprived cells.

Glutamine

Glutamine is an important amino acid utilized in cells for both the TCA cycle and
nucleotide biosynthesis. Studies have found that pancreatic ductal adenocarcinoma cells
deprived of glutamine presented with an increase in autophagy and a decrease in
several TCA cycle intermediates. Of note, inhibition of glutamine synthetase did not
increase autophagy, suggesting that the upregulation of autophagic flux in response to
glutamine deprivation is likely a compensatory response to nutrient stress '%°. Indeed,
treatment of glutamine deprived pancreatic ductal adenocarcinoma cells with the
autophagy inhibitor, chloroquine, further decreased intracellular glutamine levels and
was associated with a greater reduction of pancreatic ductal adenocarcinoma cell
survival. These findings suggest that low glutamine levels induce autophagy as a
nutrient stress response to replenish cellular glutamine levels and TCA cycle

intermediates and support pancreatic ductal adenocarcinoma cell survival.

Studies have also found that autophagy is activated under glutamine deprivation
to replenish serine levels for one-carbon metabolism in glioma cells. Glutamine
deprivation was associated with an increase in glycine and serine levels in glioma cells,
and genetic knockdown of the one-carbon metabolism enzyme MTHFD2 inhibited cell
proliferation and increased cell death of glutamine-deprived glioblastoma cells'®®. It was
found that cellular serine pools were not derived from glucose under glutamine
deprivation, but rather through autophagy. Indeed, tracing experiments with 13C-labelled
glucose-derived metabolites showed that glutamine deprivation alone was associated
with a greater increase in 12C serine and glycine levels compared to 13C-labelled

fractions. In contrast, inhibition of autophagy decreased unlabelled serine and glycine
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levels, and induced cell death and reduced cell proliferation of glutamine-deprived cells.
Further, the combination of autophagy inhibition and glutamine deprivation also led to a
decrease in several enzymes involved in one carbon metabolism, including MTHFD2'6¢,
These findings suggest that glutamine deprivation induces autophagy to help replenish

levels of key amino acids, like serine and glycine, that are important for one carbon

metabolism, to promote growth and survival of glutamine-deprived glioma cells.

Ammonia

Metabolites that are generated from glutamine metabolism have also been
implicated in the regulation of autophagy. Glutaminolysis, which catalyzes glutamine to
glutamate, releases ammonia as a by-product’®’. Studies in immortalized and cancer cell
line models revealed that ammonia induces autophagosome formation and promotes
both the localization of dopamine receptor DRD3 to autophagosomes and the
degradation of DRD3. Elevated DRD3 expression was associated with increased
sensitivity to cellular ammonia levels and autophagy induction, suggesting that it may
function as an ammonia sensor'®. Ammonia inhibited mTORC1 activity and reduced
mTOR lysosomal localization, while genetic inhibition of DRD3 impaired ammonia-
induced autophagy and reduced mTOR localization to lysosomes upon ammonia
treatment'®®. These findings suggest that ammonia may stimulate autophagy by
promoting the autophagosomal localization and degradation of DRD3, and subsequent

suppression of mTOR lysosomal localization and activation.

Of note, the authors also reported that ammonia treatment was associated with
an increase in autophagosome pH levels'®®, thereby perturbing lysosomal acidification.
However, assessment of LC3B-Il with bafilomycin A1 or chloroquine with increasing
concentrations of ammonia confirmed that ammonia does indeed induce autophagic flux,
suggesting, at least with the concentrations of ammonia tested, the potential autophagy-
inhibitory effect of ammonia is masked by its other autophagy-promoting effects'®. This
finding stresses the importance of evaluating both lysosomal pH levels and additional

autophagy markers, like LC3B-II, when evaluating the effects of ammonia on autophagy.

Glutamate

It has also been shown that glutamate suppresses autophagy in nutrient-

deprived neuroblastoma cells, and this was associated with an increase in excitotoxic
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necrosis, as determined by increased membrane damage and rupture, and cytoplasmic
vacuolization which could be reversed following treatment with an NMDA inhibitor'®®.
Glutamate also inhibited the activation of AMPK activity and increase in ULK1 levels
under nutrient deprivation and was associated with transcriptional suppression of a
number of autophagy genes. Expression of a catalytically active AMPK or treatment with
an AMPK activator restored the growth of nutrient-deprived neuroblastoma cells
exposed to glutamate. Further, induction of autophagy by expressing the transcription
factor, TFEB, which promotes the transcription of autophagy genes also desensitized
nutrient-deprived neuroblastoma cells to glutamate'®®. Together, these findings suggest
that glutamate suppresses AMPK activity and autophagy, and this contributes to

increased cell death under conditions of nutrient deprivation.

1.6.4. Autophagy and metabolism as therapeutic targets in cancer

The reliance of cancer cells on autophagy and metabolism to fuel growth and
survival make the co-inhibition of both pathways an intriguing therapeutic avenue.
Strategies to target glucose and glutamine utilization of cancer cells, through inhibition of
glycolysis or glutaminolysis, in combination with autophagy in cancer have been a

subject of great interest in pre-clinical studies (Table 1.2).

Table 1.2 Examples of pre-clinical studies evaluating the therapeutic benefits
of combined inhibition of autophagy and metabolic pathways
. . Mode of
Metabolic Targeted metabolic enzyme autophagy Cancer type Reference
process and mode A,
inhibition
Glycolysis HK2 |nh|b|t|on.by 3.-BrPa, 2 ATG5 shRNA Liver cancer 170
DG, lonidamine
Glycolysis HK2 inhibition by 3- hydroxychloroguin Ehrlich ascites carcinoma 1
bromopyruvate e
Glycolysis PKM2 shRNA 3-MA Non-small cell lung e
cancer
Glycolysis HK2 inhibition by 2-DG chloroquine Prostate cancer 173
Glutaminolysis Glutaminase inhibition by chloroguine Non-small cell lung -
compound 968 cancer
Lo Glutaminase inhibition by , 175
Glutaminolysis compound 968 chloroquine Colon cancer
Triple-negative breast
Glutaminolvsis Glutaminase inhibition by chloroquine, cancer 76
y compound 968 bafilomycin A1 Non-small cell lung
cancer
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The preferential use of glycolysis over oxidative phosphorylation is a hallmark of
cancer. Hexokinases mediate the first and irreversible step of glycolysis, which involves
the phosphorylation of glucose to glucose-6-phosphate'”’. Of the four hexokinase
isoforms, hexokinase 2 (HK2) has been the target of choice for targeting the glycolytic
pathway in cancer cells. In addition to being upregulated in several cancer types, HK2
also possesses higher binding affinity for glucose, greater access to mitochondria-
generated ATP, and retention of two functional catalytic sites'””. Indeed, studies in liver
cancer showed that inhibition of HK2 using pharmacological inhibitors, like 3-
bromopyruvate (3-BrPA), 2-deoxy-D-glucose (2-DG) or lonidamine, in combination with
genetic knockdown of ATG5 was associated with a significant reduction in cell viability in
vitro'’°. In vivo studies also revealed that the combination of HK2 and autophagy
inhibition significantly impaired tumor growth'”°. Co-inhibition of autophagy with
hydroxychloroquine and HK2 with 3-BrPA in Ehrlich ascites carcinoma cells was also
associated with a significant decrease in ascitic volume and tumor cell viability'"".
Similarly, in prostate cancer, the combined inhibition of HK2 with 3-DG and autophagy
with chloroquine also led to significant tumor regression and increased tumor cell
apoptosis'”. Pyruvate kinases mediate the catalysis of phosphoenolpyruvate to
pyruvate, which is the final step of glycolysis. Of the four pyruvate kinase isoforms,
studies have found that pyruvate kinase M2 (PKM2) is upregulated in certain cancers
and important for tumorigenesis'’®. Studies previously found that combined inhibition of
autophagy and glycolysis with the pharmacological autophagy inhibitor, 3-MA, and
PKM2 knockdown induced apoptosis in non-small cell lung cancer cell lines'"2. Together,
these findings provide evidence for the therapeutic potential of combined inhibition of

autophagy and glycolysis in mitigating tumor growth and survival.

The rewiring of glutamine metabolism to feed various aspects of cellular
metabolism is a feature in cancer cells, the catabolic conversion of glutamine to
glutamate by glutamine synthetase (GLS) is a key step that feeds into the TCA cycle'®.
Indeed, a number of studies have found that combined perturbation of autophagy and
glutamine metabolism, by targeting GLS, mitigates tumor growth, proliferation and
metastases in various cancers types, like non-small cell lung cancer, TNBC, and colon
cancer'’+176_ |t is important to note that despite the importance of glutamine in

nucleotide biosynthesis and evidence of altered nucleotide metabolism in promoting
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cancer growth and proliferation, the therapeutic potential of inhibiting autophagy in

combination with nucleotide biosynthesis remains poorly investigated in cancer cells.

1.7. The IMPDH family of proteins

1.7.1. Discovery of IMPDH proteins

Early work by Abrams and Bentley'”® was one of the first to isolate and report the
enzymatic function of the inosine-5’-monophosphate dehydrogenase (IMPDH) protein in
rabbit bone marrow tissues. Their work revealed that IMPDH facilitates GMP production
by catalyzing the oxidation of inosine monophosphate (IMP) to xanthosine
monophosphate (XMP) by diphosphopyridine nucleotide (DPN, otherwise known as
NAD)'”. The discovery of two distinct isoforms of IMPDH proteins in humans was the
work of Natsumeda and colleagues who found that type | and || IMPDH cDNA clones
from a human spleen cDNA library encoded proteins of the same molecular weight that
shared 84% peptide sequence similarity'®. Subsequent studies revealed that, in
general, cancer cells present with elevated IMPDH activity compared to normal cells and
levels of type Il IMPDH (otherwise known as IMPDH2) are significantly higher in cancer
cells than type | IMPDH (otherwise known as IMPDH1)8"182,

1.7.2. Function of IMPDH proteins

Purine biosynthesis generates ATP and GTP in the cell. Purine nucleotides are
derived from two main pathways, namely the de novo purine biosynthesis pathway and
the purine salvage pathway'83'84 The IMPDH proteins are key metabolic enzymes that
catalyze the committed and rate-limiting step of guanine nucleotide biosynthesis. This
step involves the oxidation of IMP to XMP, with the concomitant reduction of NAD* to
NADH', As part of this process, glutamine is an important amide donor in the early
steps of de novo purine biosynthesis which generates IMP, and is also important in the
catalysis of XMP to GMP'% (Figure 1.6).
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Figure 1.6 IMPDH in purine biosynthesis

Purine nucleotides can be generated through the de novo or the salvage pathways in the cell.
Glutamine functions as an important amide donor in the de novo production of IMP, and in later
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steps of XMP to GMP catalysis. IMPDH proteins mediates the oxidation of IMP to XMP, which
concurrently reduces NAD* to NADH. This is a crucial, rate-limiting step of GTP biosynthesis.
Derived from data and information from Mullen and Singh, 202338,

Our current understanding of the functional differences between the IMPDH
proteins is limited due to the lack of isozyme-specific tools. Further, studies to date focus
on recombinant homo-tetramers of IMPDH1 or IMPDH2 proteins, which overlook the
potential cellular importance of hetero-tetramers of IMPDH1 and IMPDH2 that may also
form in the cell as consequence of their high sequence similarity and conserved tetramer

contact sites'8-187,

1.7.3. Structure and regulation of IMPDH proteins

The structure of IMPDH proteins consists of a catalytic domain and a regulatory
domain. The catalytic domain is the site whereby the oxidation of IMP to XMP and
concomitant reduction of NAD* to NADH occurs'®. Studies have found that IMPDH
proteins assemble into filaments, also known colloquially as rings-and-rods, in response
to decreases in cellular guanine nucleotide levels. IMPDH filament assembly and
aggregation are regulated by adenine and guanine nucleotides that differentially bind to
three distinct sites on the IMPDH regulatory domain, also known as the Bateman

domain8é.
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Figure 1.7 Structure of an IMPDH monomer

Each IMPDH monomer consists of a catalytic domain (green) and a regulatory domain (pink),
also known as the Bateman domain. IMP is oxidized to XMP with the concomitant reduction of
NAD+ to NADH at the catalytic domain. The binding of guanine and adenine nucleotides to
distinct sites on the regulatory domain allosterically regulate the assembly of IMPDH monomers
into stacked filaments. Schematic shown is representative of a GTP-bound IMPDH2 monomer
(PDB: 6u90). Image taken from Burrell and Kollman, 20228, Licensed under CC BY-NC-ND.

ATP binding at the IMPDH1 and IMPDHZ2 Bateman domains is associated with
the formation of active filaments in extended octameric conformations. In contrast, GTP
binding results in the formation of compressed structures'®. GTP-bound IMPDH2 results
in the formation of stacked flat tetramers that are partially active'®®. Structural studies
revealed that IMPDH2 proteins assemble into filaments as a means to resist GTP-
mediated allosteric inhibition to maintain IMPDH2 activity under cellular conditions that
present with high proliferative signals or deficiencies in guanine nucleotide levels'®®, In
contrast, GTP binding of IMPDH1 is linked to the formation of stacked bowed tetramers
that are inactive'®’, and the physiological importance of these IMPDH1 structures

remains to be determined.
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Figure 1.8  Allosteric regulation of IMPDH1 and IMPDH2 by adenine and guanine
nucleotides
Under conditions of low cellular GTP, ATP binding to the Bateman domains of IMPDH1 and
IMPDH2 proteins results in the formation of active IMPDH filaments in extended conformations
that are identical. (a) When cellular GTP levels are elevated, IMPDH2 takes on a flat compressed
conformation, which is partially active. Increasing GTP levels causes the conformation of IMPDH2
to shift towards a bowed compressed conformation where the protein exists as free inactive
octamers. (b) In contrast, IMPDH1 forms inactive bowed compressed filaments under conditions
of high cellular GTP because of their smaller assembly interfaces. It is proposed that the
assembly of IMPDH1 into filaments does not result in allosteric regulation because of the lack of
conformational constraints. Image taken from Burrell and Kollman, 20228, Licensed under CC
BY-NC-ND. Data and information derived from Burrell and Kollman, 202287, and Johnson and
Kollman, 2020788,
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1.8. IMPDH filaments and nutrient stress

To date, several studies have reported formation of IMPDH rings-and-rods in
response to a variety of stimuli. Notably, stresses that stem from the depletion of cellular
glucose'® and certain amino acids like glutamine® and serine'®! have been found to
induce the formation of IMPDHZ2 rings-and-rods. To date, little is known about the

formation of IMPDH1 rings-and-rods under nutrient-limiting conditions.

1.8.1. Glutamine

Glutamine is an important amide donor in the biosynthesis of purines. Studies in
Hela cells previously showed that IMPDH2 proteins assemble into structures of rings-
and-rods in response to glutamine deprivation, and increase over time'®. The formation
of these IMPDH2 rings-and-rods was also associated with an increase in IMPDH2
mRNA and protein levels, which may suggest upregulation of IMPDH2 to form these
rings-and-rods. Treatment with diazonorleucine (DON), a glutamine antagnonist'®?, or
methionine sulfoximine (MSOX), an inhibitor of glutamine synthetase, was also
associated with the formation of IMPDH2 rings-and-rods'®. Of note, guanosine
supplementation to glutamine-deprived HelLa cells resulted in the disassembly of
IMPDH2 rings-and-rods'®, suggesting that IMPDH?2 rings-and-rods form in response to

depletion in cellular GTP levels because of limiting glutamine levels.

1.8.2. Serine

Serine is an important amino acid utilized to produce 5,10-
methylenetetrahydrofolate (NN'°-CH,-THF) which feeds into the serine
hydroxymethyltransferase (SHMT)-mediated reaction of the one-carbon folate cycle.
NSN'0-CH,-THF is key to produce deoxythymidine monophosphate (dTMP), and this
facilitates the formation of glycine and 10-formyltetrahydrofolate (N'°-formyl-THF)'®1,
which contribute to the de novo purine nucleotide biosynthesis pathway'®3. The
serendipitous discovery of serine depletion as an inducer of IMPDH2 rings-and-rods
stemmed from the observation that cells grown in Minimum Essential Medium (MEM)
formed IMPDH2 rings-and-rods unlike cells grown in Dulbecco’s Modified Eagle Medium
(DMEM). MEM lacks amino acids like serine and glycine, and it was discovered that

supplementation of serine depolymerized IMPDH2 rings-and-rods that formed in cells

40



grown in MEM™', Interestingly, supplementation of glycine, an amino acid generated
from serine as part of the one-carbon folate pathway, increased the formation of
IMPDH2 rings-and-rods in cells grown in MEM, which could suggest an induction of
IMPDH2-mediated purine biosynthesis because of a surplus of cofactors available for
the pathway. It was also shown that supplementing cells grown in MEM with guanosine
or hypoxanthine also reversed the formation of IMPDH2 rings-and-rods, suggesting that
these IMPDH2 rings-and-rods may form in response to reduced guanine nucleotide
levels of the cell resulting from growth in less nutrient-rich conditions like MEM. Genetic
or pharmacological inhibition of serine hydroxymethyltransferase 2 (SHMT2) or
dihydrofolate reductase (DHFR), enzymes involved in the one-carbon folate cycle, was
also associated with an induction of IMPDH2 rings-and-rods'®'. These findings support a
model whereby the depletion in one-carbon folate cycle metabolites resulting from serine
deprivation or inhibition of enzymes involved in the one-carbon folate pathway promotes

IMPDH2 rings-and-rods because of depletion of cellular GTP levels.

1.8.3. Glucose

Glucose is an important metabolite involved in the generation of ribose-5-
phoshate for nucleotide biosynthesis, and in the generation of serine for the folate
cycle'. Previous studies have found that IMPDH2 forms rings-and-rods in response to
glucose deprivation, and the frequency of the formation of these structures varied
depending on cell line type'°. It was reported that these IMPDH2 rings-and-rods that
form under glucose deprivation co-localize with ARL2, a regulatory GTPase important for
cellular processes like mitochondrial fusion and ATP production in the mitochondria. The
formation of these IMPDH2 rings-and-rods increased over time in cells maintained in
glucose-depleted media and, interestingly, increased in quantity but not size in cells'®.
Of note, guanosine supplementation reversed the formation of IMPDH2 rings-and-rods
in glucose-deprived cells, suggesting that they may form in response to depletion in
guanine nucleotide levels because of limitations in glucose-derived metabolites like

ribose-5-phosphate and serine.
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1.9. IMPDH in cancer

The importance of IMPDH proteins in malignant progression was later revealed
by Weber and colleagues who found that IMPDH activity was positively correlated with
growth rates, and was significantly elevated in rat hepatomas compared to normal
liver'®. In slow-growing hepatomas, IMPDH activity was found to be at least 2.5 to 3.5
times higher than normal liver tissues, and, in rapidly growing hepatomas, IMPDH
activity was approximately twice as high as compared to non-malignant, proliferating
hepatic tissues with similar growth rates. These findings suggest an oncogenic rewiring

of the regulation of IMPDH activity in settings of malignancy'%*.

1.9.1. The IMPDH proteins in cancer

Several pre-clinical studies have investigated the potential therapeutic benefit of
pharmacological inhibitors that target both IMPDH1 and IMPDH2 in cancers. Although
these studies do not discern between each isozyme, results thus far have provided
promising evidence in support of the importance of IMPDH proteins and de novo purine

biosynthesis in tumorigenesis.

Small cell lung cancer

Studies in small cell lung cancer (SCLC) previously found that the transcriptional
levels of IMPDH1, IMPDHZ2, and several other key purine nucleotide enzymes were
elevated in cell line and patient subsets that expressed low levels of the transcription
factor ASCL1'%°. Metabolite tracing experiments also revealed that the de novo
biosynthesis of purine nucleotides was significantly higher in ASCL1-low SCLC cells
compared to ASCL1-high cells. Further transcriptomic analyses revealed that the MYC
transcription factor inversely correlates with ASCL1, and is associated with high
IMPDH1, IMPDHZ2 and other purine biosynthesis enzymes. Indeed, genetic knockout of
MYC led to a decrease in IMPDH1 and IMPDH2 mRNA and protein levels and reduced
de novo purine biosynthesis rates in ASCL-low cells'®. Pharmacological inhibition of
IMPDH with mycophenolic acid (MPA) or genetic knock-out of IMPDH1 was associated
with a significant impairment in vitro lung cancer cell viability and growth, and in in vivo
lung tumor growth. Together, these findings suggest that IMPDH1 and IMPDH2 may
support the tumorigenesis of ASCL-low SCLC subsets by sustaining the de novo purine

biosynthesis pathway.
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Hepatocellular carcinoma

Transcriptomic analyses previously revealed that the levels of several core de
novo purine biosynthesis genes, including IMPDH1 and IMPDHZ2, are elevated in
hepatocellular carcinoma (HCC) patients compared to normal liver tissues'®. Treatment
with the IMPDH inhibitor, mycophenolate motefil, was associated with a reduction in the
in vitro HCC cell proliferation and in vivo tumor growth. Genetic knockdown of IMPDH1
and IMPDH2 was also associated with a reduction in the in vitro cell proliferation, which
was further augmented by treatment with the IMPDH inhibitor, mycophenolic acid (MPA).
Studies in patient-derived xenograft (PDX) models of HCC found that response to MPA
treatment is heterogenous and largely depends on levels of IMPDH1 and IMPDH2, and
levels of guanosine nucleotides within a tumor'®. A drug screen revealed that treatment
with the PI3K inhibitor, PI-103, further reduced the growth of cells with genetic knock
down of IMPDH1 and IMPDH2. Of note, treatment with rapamycin did not further reduce
the growth of IMPDH1 and IMPDH2 knockdown HCC cells, suggesting a potential
interplay between PI3K signaling and purine metabolism in supporting HCC growth
independent of mTOR. Treatment with PI-103 or the AKT inhibitor, MK-2206, was
associated with a reduction in the mRNA and protein levels of IMPDH1, IMPDH2 and
other purine biosynthesis enzymes. TCGA analyses revealed a positive correlation
between purine metabolism and PI3K pathway, and an association between tumors
harboring deleterious PI3K mutations and high purine enzyme expression'®. Further
experiments found that PI3K hyper-phosphorylates the retinoblastoma (RB) protein,
which promotes the activation of the transcription factor, E2F1, and expression of purine
synthesis genes. MPA treatment or IMPDH1 and IMPDH2 knockdown was also
associated with a decrease in the expression of genes involved in MAPK signaling.
Indeed, combinatorial targeting of IMPDH and PI3K with MPA and PI-103, respectively,
led a to a significant reduction of in vivo HCC tumor growth'®®. Together, these findings
suggest that the PI3K drives the expression of IMPDH proteins to promote purine
metabolism and MAPK signaling to support HCC tumorigenesis by activating the E2F1

transcription factor.
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1.9.2. IMPDH1

Although few studies in the past have focused on targeting IMPDH1 to mitigate
tumorigenesis, increasing evidence suggests that the IMPDH1 protein may indeed be

important in tumor initiation and progression in certain cancer contexts.

Hepatocellular carcinoma

In HCC, elevated IMPDH1 protein levels were observed in tumors derived from
HCC patients compared to matched normal liver tissues'’. IMPDH1 inhibition was
associated with a suppression of in vitro tumor cell colony formation and in vivo tumor
initiation and growth'®’. Similar independent studies also found that IMPDH1 protein
levels were elevated in HCC tumors compared to matched normal tissues'®®. Formation
and growth of patient-derived tumors expressing high IMPDH1 protein levels in mice
were significantly greater than low IMPDH1-expressing tumors. In this case, expression
of IMPDH1 in HCC was found to be regulated by the transcription factor, MYBL2, which
promotes the transcription and subsequent translation of IMPDH1, thereby supporting de
novo purine biosynthesis. Indeed, genetic inhibition of MYBL2 was associated with a
significant impairment in cellular levels of IMP, GMP and AMP, which are direct and
indirect metabolites produced as a result of IMPDH activity during purine biosynthesis®.
These findings together support the importance of IMPDH1 in HCC initiation and

progression.

Clear cell renal cell carcinoma

In clear cell renal cell carcinoma (ccRCC) patients, high IMPDH1 mRNA levels
were observed relative to normal tissues and associated with significantly reduced
patient overall and disease-free survival'®. Interestingly, it was also observed that
metastatic cases of ccRCC patients bore tumors that presented with increased formation
of IMPDH1 cytoophidia, which have been described as filamentous structures or “rings-
and-rods” '%°. It was found that IMPDH1 stabilizes levels of the transcription factor, YB-
1, which in turns promotes the expression of IMPDH1. IMPDH1 binds and stabilizes YB-
1, and forms IMPDH1 cytoophidia to promote the nuclear translocation of YB-1. YB-1 is
proposed to promote the transcription of IMPDH1, thereby resulting in an IMPDH1-YB-1
positive feedback loop. Suppression of tumor metastases by IMPDH1 knockdown was

rescued by increased YB-1 expression, underscoring a role for YB-1 in promoting EMT.
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Indeed, genetic knockdown of IMPDH1 led to a suppression of ccRCC migration and
invasion in vitro, and impaired ccRCC tumor growth in vivo. The latter could be rescued
by overexpression of YB-1, further supporting the role of the YB-1/IMPDH1 axis in

promoting ccRCC tumorigenesis'®.

1.9.3. IMPDH2

Of the two isoforms, previous studies have predominantly focused on elucidating
the potential tumorigenic importance of IMPDH2 in different cancer contexts. This
interest stems from early findings in the literature that the expression of IMPDH2 is

significantly higher in tumors compared to IMPDH1.

Colorectal cancer

In colorectal cancer (CRC) patients, high IMPDH2 mRNA and protein levels were
observed in CRC tissues relative to matched normal tissues and associated with poor
patient prognoses?®. Overexpression of IMPDH2 in CRC cell lines was associated with
increased in vitro cell proliferation and migration, and in vivo tumor growth. IMPDH2
overexpression was also associated with an increase in G1/S phase transition, and an
increase in cyclin D1 and Ki-67 levels?®. Further, genetic knockdown of IMPDH2 was
also associated with a decrease in in vitro cell growth, proliferation and migration, and in
vivo tumor growth, and associated with an impairment in G1/S phase transition,
suggesting that IMPDH2 may facilitate CRC progression by promoting the cell cycle?®. It
was proposed that IMPDH2 overexpression activated PISK/AKT signaling and promoted
the phosphorylation of mMTOR and FOXO1, resulting in increased colony formation and
cell viability. Further, mTOR inhibition suppressed epithelial-to-mesenchymal (EMT)
transition and cell invasiveness, highlighting a role for IMPDH2-mediated
PI3K/AKT/mTOR signaling in EMT transition of CRC cells?°. The functional significance
of the IMPDH2-mediated PISK/AKT/FOXO1 axis in this context remains to be
determined. However, previous studies have implicated FOXO1 in negatively regulating
the cell cycle and it is plausible that, in this instance, the phosphorylation of FOXO1 by
AKT may similarly promote the cell cycle by suppressing FOXO1 activity?®'. Together,
these findings suggest that IMPDH?2 is important for promoting PI3K/AKT signaling to

upregulate the cell cycle and promote CRC progression.
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Glioblastoma

In glioblastoma (GBM) patients, high IMPDH2 protein expression was found to
correlate with increased glioma malignancy and reduced patient survival®®2. In addition,
genetic knockout of IMPDH2 or pharmacological inhibition of IMPDH by MPA was
associated with a decrease in GTP biosynthesis and cell proliferation, suggesting that
IMPDH2 may promote GBM progression via upregulating GTP biosynthesis?2. Further
studies revealed that GTP was largely used for the synthesis of rRNA and tRNA in
contrast to DNA synthesis or GTP catabolism in GBM cells?®?. Indeed, pharmacological
inhibition of IMPDH under conditions of low GTP and low Pol | and Il activity induced
features reminiscent of the nucleolar stress response and suppressed Pol I-mediated
transcription. MPA treatment was associated with a reduction in nucleolar size and
density, whereas overexpression of IMPDH2 was found to enlarge cellular nucleoli in
GBM cells?®?, Together, these findings suggest that IMPDH?2 promotes GBM progression
by upregulating GTP biosynthesis to drive rRNA and tRNA synthesis and nucleolar
hypertrophy.

Hepatocellular carcinoma

Increased mRNA and protein levels of IMPDH2 have been reported in HCC cell
lines and HCC patient tissues compared to primary hepatocellular epithelial cell lines
and matched patient adjacent tissue samples respectively?®®. High IMPDH2 protein
expression in HCC patients was also associated with reduced median overall survival
and inferior progression-free survival rates compared to HCC patients that expressed
low levels of IMPDH2. Functional studies also revealed that overexpression of IMPDH2
in low-IMPDH2-expressing HCC cells was associated with increased proliferation,
whereas the knockdown of IMPDH2 in high-IMPDH2-expressing HCC cells led to a
significant reduction in cell proliferation?®®. Together, these findings suggest that
IMPDH?2 is a potential prognostic factor in HCC patients and may be a potential

therapeutic target in mitigating HCC cell proliferation.

Non-small cell lung cancer

Studies in non-small cell lung cancer (NSCLC) previously found that IMPDH2
mRNA and protein levels were significantly elevated in NSCLC samples relative to
adjacent normal tissues?**. Similar observations at the mRNA level were also made in

NSCLC cell lines compared to normal human bronchial epithelial cell lines. Of note,
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genetic knockdown of IMPDH2 in NSCLC cell lines was associated with reduced cellular
proliferation, increased apoptosis, and reduced migratory and invasive capacity.
Increased E-cadherin and reduced N-cadherin and vimentin protein levels were also
observed resulting from IMPDH2 knockdown, suggesting a suppression of EMT?%,
Further analyses also revealed an impairment of Wnt/B-catenin signaling resulting from
genetic knockdown of IMPDHZ2, suggesting that IMPDH2 may promote EMT in NSCLC
cells by activating Wnt/B-catenin signaling. Indeed, overexpression of IMPDH2
increased NSCLC cellular proliferation, migration, and invasion, and was also associated
with an upregulation of EMT markers and increased Wnt/B-catenin signaling?®*. These
findings suggest that IMPDH2 promotes EMT in NSCLC cells by activating the Wnt/B-

catenin pathway.

1.9.4. Current tools for IMPDH inhibition

Genetic

Several studies have successfully employed the use of genetic approaches, like
SiRNAg200:205.206 shRNAg'96:197.199.200 gnd CRISPR/Cas9202205207 to modulate the
expression of IMPDH1 and IMPDH2 in cell lines. Murine models presenting with
homozygous loss of IMPDH1 have also been successfully generated, reportedly viable
although presenting with vision impairments?°¢2%°_ |n contrast, mice with heterozygous
IMPDH2 deletions present normally with no substantial defects, whereas homozygous
IMPDH2 deletions were found to be embryonically lethal in mice, underscoring the

importance of IMPDH2 in early development?'°,

Pharmacological

The first IMPDH inhibitor, mycophenolic acid (MPA), was initially discovered by
Bartolomio Gosio in 1893 who identified a fungal metabolite in spoiled corn?'", later
rediscovered by Alsberg and Black and named MPA in 19132'2, Since its discovery,
numerous studies have found compelling evidence for therapeutic potential of MPA in
cancer treatments?'3. Various pharmacological inhibitors of IMPDH proteins have since
been identified and assessed for their potential therapeutic utility in the treatment of
different cancer types?', including mycophenolate motefil/MPA, ribavirin, tiazofurin and
mizoribine (Table 1.3). It is important to note that many of these IMPDH inhibitors were

re-purposed with known target proteins other than IMPDH, and few studies outlined in
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Table 1.3 have validated their on-target efficacies on IMPDH activity via genetic

approaches. Nevertheless, these studies present potentially promising findings

regarding the anti-tumor potential for IMPDH inhibitors. To date, no IMPDH inhibitor has

been approved for use in the treatment of cancers in the clinic.

Table 1.3 Examples of IMPDH inhibitors evaluated in pre-clinical cancer
studies
Name Proposed IMPDH Mechanism of action | Examples of evidence of
binding site on IMPDH activity anti-tumor effects
Mycophenolate Motefil NAD+ cofactor site - Traps enzyme ASCLlw SCLC1%
(MMF) covalent HCC 1
intermediate (E-
Pro-drug of XMP*) Glioblastoma202
myCOp(R/?SXI)'C acid - blocks enzyme flap Breast cancer2'6217
closure and Osteosarcoma?'®
prevents XMP*
hydrolysis215 Gastric cancer2'®
Multiple myeloma?2°
Ribavirin Substrate binding site | - Blocks substrate Glioma?2

Pro-drug of Ribavirin-5'-

processing2?!

Breast cancer?23224

monophosphate
Tiazofurin NAD+ cofactor site |- Mimics NAD+ Leukemia226-228
binding
Pro-drug of thiazole-4- - blocks
carboxamide adenine NAD+/NADH
dinucleotide (TAD) hydride transfer2s
Mizoribine Substrate binding site | - Blocks substrate ASCL"w SCLC%
o processing Leukemia2!
Pro-drug of mizoribine- - Forms transition
5'-phosphate state analogue with TSC1/2-associated
E-XMP* and cancers06.232
Water229,230

One drawback of IMPDH inhibitors outlined in Table 1.3 is their lack of isozyme

specificity for the IMPDH1 and IMPDH2 proteins. Few compounds exist that selectively

target either isozyme. Given the potential structural, functional, and potential oncogenic

differences between the IMPDH proteins, isozyme specific inhibitors will certainly be
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beneficial in helping elucidate these differences. One example is sappanone A (SA),
which is a natural small molecule compound found to selectively inhibit only IMPDH2 by
targeting the cysteine 140 residue of IMPDH2, resulting in an allosteric change that
perturbs substrate processing®®. To date, the anti-tumor potential of SA is yet to be
determined. Another is the compound shikonin, which has been found to selectively
inhibit the activity of IMPDH2 over IMPDH1. Shikonin was predicted to bind to the
substrate binding pocket of IMPDH2, and shown to reduce growth and induce apoptosis
of TNBC cell lines®%,

1.10. Rationale, aims, and hypotheses

Rationale

ATG4B is a core cysteine protease in the process of autophagy and has been
associated with promoting the progression and survival of various types of cancers, as
described in chapter 1.5.1. Notably, previous findings from our group highlight a potential
functional importance of ATG4B in modulating the ability of HER2+ breast cancer cells to
survive under conditions of nutrient stress®'. Importantly, genetic knockdown of ATG4B
did not have a significant effect on the viability of nutrient deprived HER2- breast cancer
cells. These observations highlight a differential role of ATG4B in modulating the nutrient
stress response of HER2+ vs. HER2- breast cancer cells®'. To date, little is known about
the molecular mechanisms underlying ATG4B in modulating responses of HER2+ breast
cancer cells to nutrient stress. Additionally, findings by our group also revealed that
genetic knockdown of ATG4B increased the sensitivity of HER2+ breast cancer cells to
the anti-HER2 targeted agent, trastuzumab. This is significant given that resistance to
trastuzumab in advanced and metastatic cases of HER2+ breast cancer patients, to
date, remains an outstanding challenge®®®'. Additional studies investigating
pharmacological and combinatorial approaches that may further improve the effects of

ATG4B inhibition on augmenting trastuzumab efficacy are certainly warranted.

As described in chapter 1.6.1, metabolic rewiring is a recognized hallmark of
cancers. Glutamine functions as an important amide donor and carbon source in
nucleotide biosynthesis and the TCA cycle respectively, and the reprogramming of
glutamine metabolism to support cancer progression and survival has been reported in a

number of cancer contexts. Notably, studies have found that glutamine deprivation
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activates autophagy to promote growth and survival of cancers, like pancreatic ductal
adenocarcinoma and gliomas'®>'%¢_ Studies by Kim and colleagues previously observed
elevated levels of enzymes involved in glutamine metabolism in HER2-enriched breast
cancer cells in contrast to other molecular subtypes of breast cancers?**. To date,
current knowledge regarding the role of ATG4B in modulating responses of HER2+

breast cancer cells to glutamine deprivation remains limited.

The overall aim of this thesis was to elucidate how ATG4B is involved in the
nutrient stress response of breast cancer cells to glutamine deprivation, and to leverage
this axis to further improve the efficacies of HER2-targeted therapies, like trastuzumab,

in HER2-positive breast cancer cells.

Aim 1: To investigate the molecular mechanisms underlying ATG4B in nutrient stress

response in HER2+ breast cancer cells.

1. ldentify candidate protein-protein interactors of ATG4B by immunoprecipitation-

mass spectrometry (IP-MS)

2. Validate interactions between ATG4B and top candidate protein-protein

interactor by immunoprecipitation-western blot (IP-WB)

3. Investigate the biological significance of interactions between ATG4B and the

validated protein-protein interactor.

As part of the first aim of my thesis project, | discovered a new interaction
between ATG4B and the metabolic enzyme, IMPDH2, by IP-MS. | validated this
interaction between ATG4B and IMPDH2 in several independent breast cancer cell lines
by IP-WB. | then investigated the biological significance of this interaction, focusing on
HER2+ breast cancer cell lines as models, using a combination of cell and molecular

biology approaches and metabolomics.

Hypothesis 1: ATG4B interacts with IMPDH2 to sustain growth by supporting de novo

GTP biosynthesis in glutamine deprived HER2+ breast cancer cells.

Aim 2: To determine the effects of co-inhibition of ATG4 and IMPDH on the sensitivity of
HER2+ breast cancer cells to existing anti-HER2 therapies.

50



1. Investigate the clinical significance of ATG4B and IMPDHZ2 in breast cancers.

2. Determine the effects of combined pharmacological inhibition of ATG4 and
IMPDH on HER2+ breast cancer cell growth.

3. Determine the effects of combined genetic inhibition of ATG4 and IMPDH on

HER2+ breast cancer cell growth.

4. Investigate the effects of combined genetic or pharmacological inhibition of ATG4
and IMPDH on sensitivity of HER2+ breast cancer cell lines to existing anti-HER2

agents.

As part of the second aim of my thesis project, | sought to leverage the newly
discovered interaction between ATG4B and IMPDH2 to improve the efficacy of the
HERZ2-targeted agent, trastuzumab, in HER2+ breast cancer cell lines. | examined the
combinatorial effects of pharmacological or genetic inhibition of ATG4 and IMPDH
proteins on the growth of the trastuzumab-resistant HER2+ breast cancer cell line, JIMT-
1. | then investigated the potential therapeutic benefit of ATG4 inhibition on sensitivity to
trastuzumab in JIMT-1 cells. Future work will investigate the potential for this promising
dual combination in improving the responses of HER2+ breast cancer cell lines to the

HER2-targeted agent, trastuzumab.

Hypothesis 2: Combined inhibition of ATG4B and IMPDH will increase the sensitivity of

HER2+ breast cancer cells to trastuzumab.
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Chapter 2. An ATG4B-IMPDH2 axis modulates cell
growth in glutamine-deprived breast cancer cells

Portions of chapter 2 have been prepared as part of a manuscript tentatively
entitled “An ATG4B-IMPDHZ2 axis modulates cell growth in glutamine-deprived breast

cancer cells” (in preparation).

| designed and conceptualized these experiments under the mentorship of Dr.
Sharon Gorski. | conducted all experiments in this manuscript, with the assistance of
Nancy E. Go for select in vitro experiments and generation of stable shRNA knockdown
cell lines, Drs. Gregg Morin, Vincent Chen, and Gian Negri for collaborations on IP-MS
studies, and Jessica Koe and Dr. Seth Parker for collaborations on metabolomics
experiments. Drs. Baofeng Jia and Kevin Yang assisted in breast cancer patient

proteomic data analysis and protein-protein correlation studies.

2.1. Introduction

ATG4B is a core cysteine protease in the process of autophagy, and has been
implicated in promoting the survival and progression of several cancer types?3%2%,
Previous studies have found that ATG4B plays an important role in nutrient stress
response in breast cancer cells of the HER2-positive subtype®'. To date, the molecular
mechanisms underlying the roles of ATG4B and nutrient stress in breast cancers remain

poorly defined.

The human IMPDH proteins function as key rate-limiting metabolic enzymes that
partake in the production of cellular GTP levels in the purine biosynthetic pathway.
General IMPDH inhibitors, like MPA, that target both isozymes have revealed promising
results in tumor models in pre-clinical studies (Table 1.3). An increasing amount of
evidence in recent years present potential roles for the IMPDH1 protein in cancer
progression'®’-1% but much of the literature to date has been centered around IMPDH2
inhibition as a therapeutic avenue for mitigating tumor growth and survival 200-202-204.237
This interest stems primarily from past studies that revealed elevated levels of IMPDH2
in cancer models, in contrast to IMPDH1180-182237.238 - Ajthough some pre-clinical studies

have found anti-tumor potential for IMPDH inhibitors, like MPA2'62'7 and ribavirin??3224,

52



in breast cancers, the molecular mechanisms underlying the regulation of IMPDH?2 in

breast tumorigenesis remain poorly defined.

IMPDH2 has also been directly shown to form polymers of ring-and-rod
structures in the cell in response to certain nutrient stresses, like serine'’, glucose' or
glutamine® deprivation. Structural studies have suggested this occurs in response to
depletion of cellular GTP levels in the cell or in response to an increase in proliferative
signaling, characterized by an increase in ATP and IMP levels'®® . However, to my
current knowledge, the biological significance of these IMPDH?2 structures have not yet
been studied under nutrient stress conditions in cancers, and further studies are

warranted.

In this chapter, | describe my discovery of a novel protein-protein interaction
between ATG4B and IMPDH2, and my investigations into the functional role of this axis
in mediating breast cancer cell growth under conditions of glutamine deprivation through

a crosstalk between ATG4B and de novo purine biosynthesis.

2.2. Materials and methods

2.2.1. Cell lines and culture conditions

Human breast cancer cell lines were grown in a cell culture incubator at 37-C and
under 5% CO.. The JIMT-1 cell line was obtained from the German Collection of
Microorganisms and Cell Culture (Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH). The MDA-MB-231 cell line was obtained from the American Type
Culture Collection (ATCC). The MCF-7/HER2 and MCF-7/NEOQ cell lines were a kind gift
from the labs of Dr. M. Alaoui-Jamali (McGill University) and Dr. Marcel Bally (BC
Cancer Research Centre). In brief, the generation of MCF-7/HER2 and MCF-7/NEO cell
lines involved the transfection of MCF-7 cells with plasmids containing the HER2 cDNA
or a neomycin cassette as previously described?®. Expression of HER2 in the MCF-
7/HER2 line used in this chapter was previously characterized by Warburton and
colleagues®¥°. All cell lines were cultured in DMEM (Gibco, 11995-065) supplemented
with 10% fetal bovine serum, 5ug/mL insulin (Sigma, 10516 or Sigma, 11882 dissolved in
1N HCI (pH 3.5-3.7)), 10 mM HEPES (Gibco, 15630-080) and 1X MEM non-essential
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amino acids (Gibco, 1140-050). Cell lines were checked with the e-Myco Mycoplasma

PCR Detection Kit (Version 2.0, Lilif Diagnostics) to rule out mycoplasma contamination.

2.2.2. Generation of ATG4B-knockout (KO) cell lines by CRISPR/Cas9

The JIMT-1 cell line was transfected with a pSpCas9(BB)-2A-GFP (PX458)
plasmid containing a single guide RNA (sgRNA) targeting exon 5 of the ATG4B gene
(sgRNA sequence: TCCTGTCGATGAATGCGTTG). Monoclonal cell lines were derived
by FACS sorting GFP-positive cells into single-cell wells of a 96-well plate 48 hours later.
ATG4B KO monoclonal cell lines were verified by western blot for absence of ATG4B

protein expression and accumulation of pro-LC3B protein.

2.2.3. Immunofluorescence (IF)

JIMT-1 parental and ATG4B KO cell lines were grown on coverslips in 6-well
plates for the indicated durations of time in full media or glutamine-deprived media. For
guanosine rescue experiments, cells were treated with 1mM guanosine (Sigma, G6264)
or DMSO 1 hour before harvest. Cells were fixed with 4% paraformaldehyde solution for
12 minutes and washed twice with 1X PBS for 10 minutes per wash. Cells were then
permeabilized using 0.2% Triton X-100 for 5 minutes and washed thrice with 1X PBS for
10 minutes per wash. Cells were then blocked with 10% goat serum for 1 hour at room
temperature, and then washed twice with 1X PBS for 10 minutes per wash before an
overnight incubation at 4-C rotating in primary antibody (1:500) diluted in 1% goat serum.
Cells were then washed three times with 1X PBS for 10 minutes per wash and incubated
with secondary antibody (1:2500) diluted in 1% goat serum for 2 hours at room
temperature. Cells were washed three times with 1X PBS for 10 minutes per wash
before being stained with DAPI for 6 minutes. Cells were washed three times with 1X
PBS for 10 minutes per wash before mounting with Mowiol-488 (Sigma, 81,381).
Fluorescence microscopy images were acquired using the Zeiss Axio Observer (Z1/7)
inverted fluorescence microscope equipped with Apotome and an AxioCam MRm R3
camera (Zeiss). Images were acquired at 63X magnification (oil immersion) with the Zen

Blue Software (Zeiss).
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2.2.4. Immunoprecipitation (IP)

Cells were grown in 15cm: cell culture dishes in full media or glutamine-deprived
media. Cells were then washed twice with 1X PBS and trypsinized. Cells were syringed
10 times with a 21-gauge needle and lysed for 30 minutes on ice with IP lysis buffer
(25mM Tris-HCI, 150mM NacCl, 1X PhosSTOP (Roche, 04906837001), 1X complete
protease inhibitor cocktail (Roche, 46416400), 5% glycerol, 0.1% NP-40, water) in
protein lo-bind tubes. Lysates were cleared at 13,000 rpm for 15 minutes at 4-C and
transferred to fresh protein lo-bind tubes. Protein concentrations of cell lysates were
determined using a BCA assay. Cell lysates were incubated with primary antibody (5ug
antibody per 1mg protein) overnight at 4-C rotating. ProG Dynabeads
(Invitrogen/ThermoFisher, 10004D) were washed twice with IP wash buffer (1X complete
protease inhibitor cocktail (Roche, 46416400), 1X PhosSTOP (Roche, 04906837001),
0.1% NP-40, water) and once with IP lysis buffer before incubation with lysate-antibody
mixtures for 2 hours at 4-C rotating. Supernatants were then removed using a magnetic
stand and beads were washed thrice with IP wash buffer before being transferred to
fresh protein lo-bind tubes and resuspended with elution buffer (2X Bolt LDS buffer, 1X
reducing agent, water). IP samples were heated at 65-C for 5 minutes, and then eluted

using a magnetic stand.

2.2.5. Proteomics

ATG4B IP samples were prepared as described and subjected to proteomics
analysis. MS data were acquired on the Orbitrap Fusion in data-dependent mode. 2.4 kV
was applied to the nanoelectrospray source to generate ions, and ion transfer tube
temperature was 275 °C. MS1 scans were acquired in the Orbitrap with the following
parameters: (1) resolution: 120,000 over a mass range of 400—-1200 m/z with an RF lens
setting of 60%, (2) an automatic gain control (AGC) target value: 4 x 105, (3) maximum
ion injection time: 120 ms. MS2 scans were acquired with the following parameters: (1)
monoisotopic precursor selection: peptides, (2) charge state filtering: 2—4, (3)
undetermined charge states: included. Dynamic exclusion of selected masses was
enabled after 1 observation for 20 seconds with a tolerance of 20 ppm. High energy
collision-induced dissociation fragmentation was performed with a quadrupole isolation

window of 1.4 m/z and a collision energy of 33%. Data were acquired in the lontrap in
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the normal scan range with a fixed first mass of 120 m/z, an AGC target of 1 x 104, and

a max injection time of 45 ms with 1 microscan in centroid mode.

Raw MS data were analyzed by searching SequestHT (Proteome Discoverer
(v2.4; Thermo Fisher Scientific)) against the UniProt Swissprot Human Proteome
database (2020/02/18). Precursor mass tolerance was set at 10ppm and fragment mass
tolerance was set at 0.6 Da. Modifications included were as follows: (1) Dynamic:
methionine oxidation (+15.995), N-terminal acetylation ( +42.011), (2) Static: cysteine
carbamidomethylation (+57.021,C). Peptide spectrum match (PSM) identification false
discovery rates were calculated using Percolator by searching the results against a
decoy sequence set and only PSMs with FDR < 1% were retained in the analysis.
Proteins that were not cytoskeletal or ribosomal proteins, and were associated with at

least 2 razor and unique peptides were prioritized as candidates.

2.2.6. siRNA transfections

The following siRNAs and controls were used: 1) hs.Ri.IMPDH1.13.1 (IDT), 2)
hs.Ri.IMPDH1.13.2 (IDT), 3) hs.Ri.IMPDH2.13.1 (IDT), 4) Negative Control (NC)
DsiRNA (IDT, 56532). Sequences for IMPDH1 and IMPDH2 siRNAs are located in the
Appendix (Table A1). Cells were seeded onto 6-well plates and allowed to adhere
overnight before the initiation of experiments. The following day, cells were transfected
with the indicated amounts of siRNA using Lipofectamine RNAIMAX (Invitrogen,
13778150) as per manufacturer’s recommendations. A second transfection was then
performed after 72 hours. Cells were harvested 72 hours after the second transfection

and subjected to western blot analyses.

2.2.7. Western blot analyses

Cell pellets were harvested and suspended in RIPA lysis buffer (Santa Cruz,
SC24948) supplemented with complete protease inhibitor (Roche, 11836153001), 1X
PhosSTOP (Roche, 04906837001), 1mM sodium orthovanadate (Santa Cruz) and 2mM
PMSF (Santa Cruz). Cells were lysed for 1 hour at 4-C rotating, and protein
concentration was determined using a BCA assay (Thermo Scientific, 23225). Gel
electrophoresis were performed using 10% or 4-12% Bis-Tris gels under reducing

conditions. Protein gels were then transferred onto PVDF membranes using the Mini
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Trans-Blot cell system (Bio-Rad). Membranes were blocked with 5% skim milk/PBST for
1 hour at room temperature and incubated with primary antibody diluted in Intercept
(TBS) blocking buffer (Li-Cor, 927-60001) for overnight at 4-C rotating. Membranes were
then washed thrice with 1X PBST for 5 min per wash and incubated in secondary
antibody diluted in 2.5% skim milk/PBST. Protein signals were detected using the Clarity
Western ECL Substrate (Bio-Rad, 1705061) and quantified by ImageJ.

2.2.8. Cell growth assessment by Incucyte

Cells were seeded onto 48-well plates and allowed to adhere overnight before
the initiation of experiments. Media were replaced the next day with full or glutamine-
deprived media in the absence or presence of the indicated amounts of DMSO, small
molecule inhibitors and/or drugs. Plates were then placed in the Incucyte machine
(Model S3, Sartorius) to measure change in cell phase confluence per well over time.
Four images per well were captured every 4 hours using a 10x objective unless
otherwise indicated and analyzed using the Incucyte Zoom software. Growth curves
were established by plotting the raw percent phase confluence at each time point or
normalizing to phase confluence of wells at the start of the experiment (day 0 and hour 0
(0dOh)) as indicated.

2.2.9. Metabolite profiling and 13C-tracing experiments

Sample preparation: Cells were seeded onto 6-well plates and allowed to adhere
overnight. Fresh full or glutamine-deprived media was replaced daily for 48 hours prior to
harvesting and metabolite extraction. For guanosine rescue experiments, cells were
incubated with 1mM guanosine (Sigma, G6264) or DMSO 1 hour before harvesting and
metabolite extraction. For 13C-tracing experiments, cells were incubated in DMEM
media (Sigma, D5030-10X1L) supplemented with 3.7g/L 13C-sodium bicarbonate
(Sigma, 372382-1G) and 1g/L glucose (Gibco, A24940-01), with/without 0.584g/L L-
glutamine (Gibco, 25030081) and with/without TmM guanosine (Sigma, G6264) or
DMSO for 1 hour before harvesting and metabolite extraction. Prior to metabolite
extraction, cell culture media were aspirated and cells were washed once with cold 0.9%
NaCl solution. Metabolites were extracted from cells by scraping following addition of
cold extraction buffer containing 80% methanol (VWR) and uniformly (13Cx, 15Ny)

isotope-labelled amino acid standards: 2.5 nmol of L-alanine, L-lysine, L-histidine, L-
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arginine, L-aspartic acid, L-leucine, L-isoleucine, L-valine, L-threonine, L-proline, L-
serine, L-asparagine, and glycine; 4 nmol of L-glutamine, and 1.25 nmol of cystine
(Cambridge Isotope Laboratories)). Samples were stored at -800C at this stage for 1-3
weeks prior to further processing at the LC-MS facility. Samples were centrifuged at
21300 x G at 40C for 15 minutes, and supernatant were collected and dried using a
SpeedVac (ThermoFisher). Dried metabolite samples were then reconstituted in 25-
30uL of HPLC-grade water (Sigma) and vortexed at 1500 rpm for 30 minutes. Samples
were further centrifuged at 21300 x G at 40C for 15 minutes and supernatants were
collected for LC-MS.

Liquid chromatography mass spectrometry (LC-MS): LC-MS was performed
using a Thermo Orbitrap Exploris 240 mass spectrometer operating in heated
electrospray ionization mode. MS1 and MS2 data were obtained using a hybrid orbitrap
in positive and negative polarity switching mode. For each analysis, 2 uL was injected.
lon-source parameters were as follows: (1) spray voltage: 3.4 kV for positive ion and 2
kV for negative ion, (2) ion transfer tube temperature: 320 °C, (3) vaporizer temperature:
75 °C, (4) sheath flow rate: 25, (5) aux gas flow rate: 5, (6) sweep gas flow rate: 0.5.
MS1 parameters for positive and negative modes were as follows: (1) resolution: 120k,
(2) scan range: 67-1000 m/z, (3) normalized automatic gain control (AGC) target: 300%,
(4) RF lens: 70%, (5) maximum injection time (IT): auto. Data from MS1 scans were
acquired in profile mode. The top 5 positive and top 3 negative precursor ions were then
fragmented in MS2 in a data-dependent manner. MS2 parameters for positive and
negative modes were as follows: (1) resolution: 30k, (2) isolation window: 1.5 m/z, (3)
AGC target: “standard”, (4) intensity threshold: 5 x 104, (5) dynamic exclusion: 10s, 5
ppm, (6) maximum IT: auto, (7) multiplexed higher-energy C-trap dissociation (HCD)
collision energy: 10%, 30%, 80%. Data from MS2 scan was acquired in centroid mode,
with a flow rate of 0.1mL/min (250C oven temperature). Mobile phase A contained 10
mM ammonium carbonate (pH 9) and mobile phase B contained 100% acetonitrile. The
following gradients were used: (1) 0 — 30 minutes: 80% to 20% solvent B, (2) 30-40
minutes: 20% solvent B held, (3) 40-40.5 minutes: 20% to 80% solvent B, (4) 40.5- 52
minutes: 80% solvent B.

Data acquisition and analysis: Acquisition and analyses for metabolite profiling
experiments were performed using TraceFinder (ThermoFisher). The highest peaks

were quantified using the ICIS detection algorithm, and metabolite annotation was
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performed using an in-house library based on retention time and accurate mass
generated with chemical standards (IROA Technologies, Sigma). Detection algorithm
parameters applied on TraceFinder were as follows: (1) peak area threshold: 5e4, (2)
retention time window: 60-180 seconds, (3) minimum peak height: 2 (S/N), (4) area
noise factor: 5, (5) peak noise factor: 10, (6) baseline window: 100, (7) peak height: 5%,
(8) tailing factor: 1, (9) noise method: “repetitive”, (10) multiplet resolution: 10, (11) area
tail extension: 20. Data were normalized to cell count from each experiment. Acquisition
and analyses for 13C-bicarbonate tracing experiments were performed using EI-MAVEN
(Elucidata). Raw files were converted to mzXML file format using msConvert
(ProteoWizard). Peak areas were manually integrated, and data were normalized to cell
count from each experiment. Peak areas with ion counts that were less than 5x10* were

below the threshold of detection.

2.3. Results

2.3.1. Identification and validation of IMPDH2 as a novel protein-
protein interactor of ATG4B

The molecular mechanisms underlying ATG4B in nutrient stress response
remain poorly defined in HER2-positive (HER2+) breast cancer cells. To this end, a
single immunoprecipitation-mass spectrometry (IP-MS) experiment was performed to
identify potential protein-protein interactors of ATG4B in MCF-7/HER2 breast cancer cell
lines. Endogenous and FLAG IPs were initially performed in MCF-7/HER2 cells
transfected with an empty vector (FLAG-EV) or FLAG-tagged ATG4B (FLAG-ATG4B)
vector. The immunoprecipitation of endogenous ATG4B (anti-ATG4B IP) in both FLAG-
EV and FLAG-ATGA4B cell lines revealed more candidate interactors by MS compared to
the immunoprecipitation of FLAG-ATG4B. As such, candidates from only the
endogenous ATG4B IP-MS experiments performed in both FLAG-EV and FLAG-ATG4B

cell lines were considered.

Razor peptides are peptides that can be mapped to more than one protein, but
have a higher probability of being derived from one based on the greatest total number
of peptides identified or highest scoring peptides?*'242, Unique peptides are peptides that
only be mapped to a single protein group?*'?42, Candidate protein-protein interactors of

ATG4B, excluding ribosomal and cytoskeletal proteins, with at least 2 razor and unique
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peptides (PEP) in either or both FLAG-ATG4B and FLAG-EV cell lines were prioritized.
NMEZ2 was included as an exception to the PEP cut-off as two NME isoforms, NME1 and
NME3, met the PEP cut-off and were shortlisted. Spectral counts (SPC) refer to the total
number of spectra identified for peptides associated with a protein. Spectral counting is a
label-free approach to quantify protein abundance. Higher protein abundance translates
to greater number of tryptic peptides and, consequently, higher number of spectral
counts 243, Prioritized candidate protein-protein interactors of ATG4B interactors and
associated spectral counts (SPC) and razor and unique peptides (PEP) are shown in
Table 2.1.

Table 2.1 Candidate ATG4B protein-protein interactors identified from pilot
ATG4B immunoprecipitation -mass spectrometry experiment.

anti-ATG4B IP IgG IP
UniProt Symbol FLAG- FLAG-EV FLAG- FLAG-EV
ID ATG4B ATG4B

SPC PEP | SPC PEP SPC | PEP | SPC PEP
QIY4P1 ATG4B 26 11 28 16 0 0 0 0
P20839 IMPDH1 3 3 2 2 0 0 0 0
P12268 IMPDH2 9 8 8 8 0 0 0 0
P15531 NME1 3 2 2 1 0 0 0 0
P22392 NME2 1 1 1 1 0 0 0 0
Q13232 NME3 5 4 9 6 0 0 0 0
P19474 TRIM21 1 1 7 7 0 0 0 0

SPC: Spectral counts; PEP: peptides

Of the candidate ATG4B protein-protein interactors that were identified, IMPDH2
was prioritized as the top candidate as it was associated with the greatest SPC. To
validate the interaction between ATG4B and IMPDHZ2 independently, forward ATG4B
and reciprocal IMPDH2 immunoprecipitation-western blots (IP-WBs) were performed in
the HER2+ breast cancer cell lines, JIMT-1 and MCF-7/HER2. Additionally, IP-WBs
were also performed in HER2- breast cancer cell lines, MDA-MB-231 and MCF-7/NEO
to determine if the interaction was specific to the HER2 setting. IP-WB findings
successfully validated the interaction between ATG4B and IMPDH2 in the HER2+ breast
cancer cell lines examined and, additionally, revealed that the interaction was not
specific to the HER2+ setting (Figure 2.1). To date, this study is the first to identify and
validate an interaction between ATG4B and IMPDH?2.
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Figure 2.1 Validation of the interaction between ATG4B and IMPDH2 in several
independent breast cancer cell lines.
IP-WB experiments were performed in two HER2+ breast cancer cell lines (JIMT-1, MCF7/HER2)
and in two HER2- breast cancer cell lines (MDA-MB-231, MCF7/NEQ). Forward ATG4B IPs were
performed using cells grown in full media, and immunoprecipitated samples were subjected to
WB for IMPDH2. Reciprocal IMPDH2 IPs were performed using cells grown in full media, and
immunoprecipitated samples were subjected to WB for ATG4B. At least 2 biological replicates
were performed for each forward and reciprocal IP. Representative blots are shown. 44 kDa
bands correspond to ATG4B. 56 kDa bands correspond to IMPDH2. 50 kDa bands correspond to
heavy chain IgG and are as labelled. Heavy chain IgG bands were more prominent in forward
ATG4B IPs done on MCF7/NEO, MCF7/HER2 and JIMT-1 cell lines as gels were run for a
shorter time during initial technique optimizations.
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2.3.2. ATG4B and IMPDH2 are significantly correlated at the protein
level in independent breast cancer patient cohorts

Genes and proteins that are involved in similar biological processes are
frequently co-regulated and co-expressed?**. To investigate the potential functional
relationship between ATG4B and IMPDH2, the transcript and protein levels of ATG4B
and IMPDH2 in publicly available breast cancer patient cohorts were examined by
pearson correlation irrespective of their subtype. In general, correlation coefficients of
0.39 or less are considered weak, 0.40 to 0.69 are considered moderate, and 0.70 and
above are considered strong?*®. P-values in this case test the likelihood of the null
hypothesis that the pearson correlation coefficient derived is zero?**. From the TCGA
PanCancer Atlas Breast Invasive Carcinoma cohort?4¢247 ATG4B and IMPDH2
presented with a weak positive correlation at the mRNA level (Figure 2.2A) and modest
positive correlation at the protein level (Figure 2.2B). To validate the observations at the
protein level, a larger and independent patient proteomics data from a recently published
cohort was analyzed?®® and a weak positive correlation between ATG4B and IMPDH2
protein levels was observed in breast cancer patients as well (Figure 2.2C). A modest
positive correlation was also observed in the normal breast samples available in this
cohort despite the small sample size. Together, these findings support a potential
functional interplay between ATG4B and IMPDH?2 in breast cancers that may bridge a

crosstalk between the two pathways.
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Figure 2.2  Analyses of independent breast cancer patient cohorts reveal a
positive correlation between ATG4B and IMPDH2 at the protein level
Pearson correlations were performed to determine the significance of the correlation between
ATG4B and IMPDH2 mRNA and protein levels. Analyses revealed weak to modest correlations
beween ATG4B and IMPDH2 at the mRNA and protein level in independent breast cancer patient
datasets: (A, B) TCGA PanCancer Atlas cohort (C) Asleh et al. 2022 08-13, 86-92 cohort.
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2.3.3. Genetic inhibition of ATG4B does not substantially alter IMPDH
protein levels

Given the modest correlation between ATG4B and IMPDH2 protein levels, | next
asked whether ATG4B regulates the levels of the IMPDH proteins. To generate a tool for
evaluating the effects of loss of ATG4B, | used CRISPR/Cas9 gene editing to generate
ATG4B knock-out (KO) JIMT-1 cell lines. Since the IMPDH proteins are important
metabolic enzymes in purine biosynthesis, and glutamine is an important amino acid in
this process’° 138 | evaluated the effect of ATG4B KO on IMPDH1 and IMPDH2 protein
levels in glutamine-replete or -depleted media. Parental and ATG4B KO JIMT-1 cells
were validated for loss of ATG4B and LC3B processing, and IMPDH1 and IMPDH2
protein levels were examined following growth in full or glutamine-deprived media for 48
hours. Findings from these experiments revealed that glutamine deprivation had a
negligible effect on IMPDH1 and IMPDH2 protein levels regardless of ATG4B status
(Figure 2.3). Given the high variability of absolute protein quantifications between
biological replicates (Figure 2.3B), protein quantifications were normalized to full media
parental JIMT-1 controls (Figure 2.3C) and used to draw conclusions. Genetic loss of
ATGA4B was associated with a modest reduction in IMPDH1 protein levels under both full
and glutamine-deprived media conditions in JIMT-1 ATG4B KO#1, but not in JIMT-1
ATG4B KO#2 (Figure 2.3C-i). IMPDH2 protein levels were not statistically altered in the
ATG4B KO lines (Figure 2.3C-ii)
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Figure 2.3 Genetic loss of ATG4B is associated with little to no changes in
IMPDH protein levels in cells grown in culture for 48 hours

( A)Parental and JIMT-1 ATG4B KO cell lines were subjected to 48 hours of growth in full or

glutamine-deprived media. Cells were harvested and evaluated for levels of IMPDH1, IMPDHZ2,

ATG4B and LC3B by western blot. Accumulation of pro-LC3B (15kDa) reflects a loss of ATG4B-
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mediated LC3B processing. A total of 3 biological replicates were performed. (B) Absolute
quantifications of IMPDH1 and IMPDH2 protein levels were determined relative to vinculin loading
controls and are shown to depict variability of absolute values between biological replicates. (C)
Normalized quantifications of IMPDH1 and IMPDH2 protein levels were first determined relative
to vinculin loading controls and then normalized to parental JIMT-1 full media conditions to control
for variabilities in absolute values between biological replicates. For B and C, one way ANOVA
with Tukey’s multiple comparisons test was used to evaluate statistical differences, and error bars
represent SEM. 3 biological replicates were performed.

To determine if prolonging the duration of glutamine deprivation would affect
IMPDH1 and IMPDH2 protein levels, glutamine-deprived conditions were extended, and
cells were harvested for western blot analyses following 120 hours (Figure 2.4). To
control for the variability of the absolute protein quantifications (Figure 2.4B), protein
levels were normalized to parental JIMT-1 full media controls to compare differences in
IMPDH1 and IMPDH2 protein levels. No significant changes in IMPDH1 or IMPDH2

protein levels were detected (Figure 2.4C).
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Figure 2.4  Genetic loss of ATG4B is not associated with significant changes in
IMPDH1 or IMPDH2 protein in cells grown in culture for 120 hours
( A) Parental and ATG4B KO JIMT-1 cells were harvested for western blot analyses of IMPDH1,
IMPDH2 and B-actin after growth in full media for 120 hours. Western blots were performed as
described in methods. (B) Absolute quantifications of IMPDH1 and IMPDH2 protein levels were
determined relative to B-actin loading controls and are shown to depict variability of absolute
values between biological replicates. (C) Normalized quantifications of IMPDH1 and IMPDH2
protein levels were first determined relative to B-actin loading controls and then normalized to
parental JIMT-1 full media conditions to control for variabilities in absolute values between
biological replicates. For B and C, one way ANOVA with Tukey’s multiple comparisons test was
used to evaluate statistical differences, and no statistically significant changes were observed. 2
biological replicates were performed.

Since genetic loss of ATG4B may have induced compensatory mechanisms that
aided in the maintenance of IMPDH protein levels, a genetic knockdown approach was
explored next. To determine if genetic knockdown of ATG4B would alter IMPDH1 and
IMPDH2 protein levels, a stable ATG4B knockdown JIMT-1 cell line was generated by
shRNA and used to evaluate levels of IMPDH1 and IMPDH2 compared to a scramble
control line following 48 hours of glutamine deprivation (Figure 2.5). To control for the
variability of absolute protein quantifications between biological replicates (Figure 2.5B),
protein quantifications were further normalized to shRNA scramble (shSCR) JIMT-1
controls (Figure 2.5C) and used to draw conclusions. Findings revealed that genetic
knockdown of ATG4B was associated with a modest but significant increase in IMPDH2
protein levels under conditions of glutamine deprivation (Figure 2.5C-ii). No significant
changes in IMPDH1 protein levels resulting from knockdown of ATG4B were observed in
full or glutamine-deprived media (Figure 2.5C-i). These findings support data from Figure
2.4 where genetic loss of ATG4B was associated with a modest trend on increasing
IMPDH protein levels in cells grown in culture for 120 hours and suggests that ATG4B

may negatively regulate IMPDH2 protein levels to a small degree.
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Figure 2.5  Genetic knockdown of ATG4B does not reduce IMPDH protein levels
( A) Stable shATG4B and shSCRAMBLE (shSCR) JIMT-1 cell lines were generated by Nancy E.
Go. JIMT-1 cells were stably transfected with shSCR control or shATG4B, and subjected to 48
hours of growth in full or glutamine-deprived media. Cells were harvested and evaluated for levels
of IMPDH1, IMPDH2, ATG4B and LC3B by western blot. A total of 3 biological replicates were
performed. (B) Absolute quantifications of IMPDH1 and IMPDH2 protein levels were determined
relative to vinculin loading controls and are shown to depict variability of absolute values between
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biological replicates. (C) Normalized quantifications of IMPDH1 and IMPDHZ protein levels were
determined relative to vinculin loading controls and then normalized to shSCR JIMT-1 full media
conditions to control for variabilities in absolute values between biological replicates. For B and C,
one way ANOVA with Tukey’s multiple comparisons test was used to evaluate statistical
differences, and error bars represent SEM. 3 biological replicates were performed.

2.3.4. Inhibition of IMPDH does not affect ATG4B protein levels but is
associated with reduced processing or stabilization of ATG8
proteins

IMPDH2 facilitates the oxidation of IMP to XMP, with the concomitant reduction
of NAD* to NADH'®. Previous studies have reported that ATG4B is redox regulated, and
the reduction of ATG4B promotes its activity'®. As such, | hypothesized that the premise
for the ATG4B-IMPDH2 interaction may stem from IMPDH2’s role in indirectly promoting
the reduced state of ATG4B and, consequently, ATG4B activity (Figure 2.6).

> @d

NAD* NADH NAD*

+H.0 +2H* + H.0
ATG4B )— ox » (ATG4B ) Re
Inactive Active

v

ATG8 processing

Figure 2.6 Proposed model for IMPDH2 regulation of ATG8 protein processing
The oxidation of IMP to XMP by IMPDH2 results in the production of cellular NADH. The close
proximity of ATG4B to IMPDH2 may prime it as a target of reductive modification by NADH to
promote its activity.

To first determine if ATG4B activity is regulated by IMPDHZ2, the ATGS8 proteins,
MAP1LC3B (also known as LC3B) and GABARAP, were examined following the
treatment of parental JIMT-1 cells with MPA. An ATG4B KO JIMT-1 cell line was

included as a control for impaired LC3B processing''® or GABARAP stabilization®.
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Given the high variability of absolute protein quantifications between biological repliates
(Figure 2.7B), protein quantifications were normalized to O uM MPA controls to control

for variability (Figure 2.7C) and used to draw conclusions.

Pharmacological inhibition of IMPDH led to a significant accumulation of lipidated
LC3B (LC3B-Il), suggesting an impairment in the de-lipidation of LC3B (Figure 2.7C-i).
IMPDH inhibition did not have an apparent effect on the processing of GABARAP, but
was associated with a reduction in GABARAP protein levels, which could suggest an
impairment in the stabilization of GABARAP (Figure 2.7C-ii). Previous studies have
shown that ATG4B stabilizes unlipidated forms of GABARAP through by interacting with
GABARAP via its C-terminal LC3-interacting region motif®®. The decrease in unlipidated
GABARAP protein levels resulting from IMPDH inhibition could suggest a decrease in
the function of ATG4B to interact with GABARAP and stabilize its unlipidated form in the
cell. These findings suggest that IMPDH proteins may promote the processing or
stabilization of the ATG8 proteins, LC3B and GABARAP, by, regulating ATG4B activity

or function.
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Figure 2.7 Pharmacological inhibition of IMPDH impairs LC3B processing and
GABARAP stabilization
( A) Parental and ATG4B KO JIMT-1 cells were treated with 0, 1, or 5 uM of MPA for 120 hours,
and harvested for western blot analyses of vinculin, ATG4B, LC3B and GABARAP protein levels.
Representative western blots are shown. Accumulation of pro-LC3B (15kDa) reflects a loss of
ATG4B-mediated LC3B processing. (B) Absolute quantifications of ATG4B, LC3B-Il and
GABARAP protein levels were determined relative to vinculin loading controls and are shown to
depict variability between biological replicates. (C) Normalized quantifications of ATG4B, LC3B-II
and GABARARP levels were determined relative to vinculin loading controls and then normalized
to 0 uM MPA controls to control for variabilities in absolute values between biological replicates.
For B and C, one way ANOVA with Tukey’s multiple comparisons test was used to evaluate
statistical differences, and error bars represent SEM.3 biological replicates were performed.

To investigate if the IMPDH2 regulates ATG4B protein levels, | evaluated ATG4B
protein levels following pharmacological inhibition of IMPDH by mycophenolic acid
(MPA). | found no significant changes in ATG4B protein levels in parental JIMT-1 cells
treated with MPA (Figure 2.7C-iii). To validate these findings, | examined the effect of
genetic knockdown of both IMPDH1 and IMPDH2 by siRNA in parental JIMT-1 cells.
Similarly, genetic knockdown of IMPDH proteins did not significant alter ATG4B protein
levels (Figure A1). These findings suggest that the IMPDH proteins unlikely regulate
protein levels of ATG4B.

2.3.5. Glutamine deprivation modestly reduces cellular growth and
induces IMPDH2 rings-and-rod structures in response to
depletion in cellular guanine nucleotide levels

Glutamine is an important amide donor in de novo purine biosynthesis and
guanine nucleotide production’®. Previous studies by Kim et al. 2013 reported
increased expression of enzymes involved in glutamine metabolism in breast tumors of
the HER2 molecular subtype?**. As such, the HER2-positive breast cancer cell line,
JIMT-1, was selected as a cell line model to examine the effects of glutamine deprivation
on breast cancer cell growth. Changes in the phase confluence of parental JIMT-1 cells
under full or glutamine-deprived media were measured for 48 hours, and a modest
reduction in cellular growth was observed from short-term glutamine deprivation (Figure
2.8). These findings suggest that glutamine contributes to the growth of HER2-positive

breast cancer cells.

73



Glutamine-deprived Glutamme deprived Glulamme-depnved
media media media
Full media Full media Full media
Media Experiment
refresh end
i
100 =
- Full media
-@ Glutamine-deprived media

80
S
8
& 60
3
U=
C
Q
o x
[0 *
a 40
-
o

20 =

0=

1 1 1 1 1T 1T 1 1T 111
0 4 8 12 16 20 24 28 32 36 40 44 48
Time (h)

Figure 2.8  Short-term glutamine leads to a modest reduction in cellular growth.
(i) Schematic of experimental set-up for short-term glutamine deprivation experiments (ii) Parental
JIMT-1 cells were subjected to full or glutamine-deprived media for a total of 48 hours. Growth of
cells was measured every 4 hours by evaluating the phase confluence of cells using an Incucyte.
A total of 3 biological replicates were performed. Error bars represent SEM, and an unpaired t-
test was performed to evaluate statistical difference.

Glutamine deprivation has been previously shown to induce the polymerization of
IMPDH2 into ring-and-rod structures in HelLa cells'®. IMPDH2 facilitates GTP production
in the cell’®® (Figure 2.9A) and it has been proposed that the formation of IMPDH2 ring-
and-rod structures occurs in response to depletion in guanine nucleotide levels'®. To

investigate if breast cancer cells also have the ability to form IMPDH2 rings-and-rods
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under glutamine deprivation, IMPDH2 was stained for and evaluated by
immunofluorescence microscopy. Following 48 hours of glutamine deprivation, IMPDH2
presented as four distinct phenotypes in glutamine-deprived breast cancer cells: i)
diffuse, ii) vesicle-like or puncta (0.5-1 ym diameter), iii) short rods (1-10 ym diameter),
iv) long rods (>10 ym diameter) and rings (Figure 2.9B). Interestingly, cells that tended
to form one of four distinct phenotypes often were clustered together in certain regions of
the tissue culture plate well. This observation may suggest that different regions of a
tissue culture plate may present with differing nutrient availabilities, thereby modulating
the ability of cells that reside in these regions to form different IMPDH2 ring-and-rod
structures. To determine if purine and guanine nucleotide levels are affected by
glutamine deprivation, cellular levels of IMP, XMP, GMP, GDP and GTP were examined
by metabolomics in JIMT-1 cells grown in full or glutamine-deprived media. 48 hours of
glutamine deprivation led to a reduction in levels of XMP, GMP, GDP and GTP,
suggesting a correlation between the formation of IMPDH?2 rings-and-rods occurs and

reduced cellular guanine nucleotide levels (Fig. 2.9C)
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Figure 2.9 Glutamine deprivation induces IMPDH2 ring-and-rod formation and

leads to a reduction in cellular XMP and guanine nucleotide levels
(A ) IMPDH2 is involved in the oxidation of IMP to XMP, which facilitates the downstream
generation of key purine nucleotides that are important for GTP production. Derived from
information provided in Mullen and Singh, 202338, (B) IMPDH?2 exists in 4 distinct phenotypes
under glutamine deprivation: i) diffuse, ii) vesicle-like/puncta, iii) short rods, and iv) long rods and
rings. Parental JIMT-1 cells were subjected to full or glutamine-deprived conditions for 48 hours
prior to immunofluorescence staining and microscopy. Representative images of cells are shown.
Scale bar = 10 um. (C) Parental JIMT-1 cells were subjected to growth in full or glutamine
deprived media and harvested for untargeted metabolite profiling studies as described in
methods. Targeted analyses of IMP, XMP, GMP, GDP, and GTP were performed to compare
levels of these metabolites in fed- vs. glutamine-deprived cells. Unpaired t-tests were performed
to evaluate statistical differences and error bars represent SEM. A total of 3 independent
biological replicates were performed.

2.3.6. Guanosine supplementation depolymerizes IMPDH2 ring-and-
rod structures by restoring cellular GTP levels in glutamine-
deprived cells

Previous studies have shown that supplementation of glutamine-deprived cells
with guanosine leads to depolymerization of IMPDH2 rings-and-rods'®. This is because,
through the purine salvage pathway, guanosine can be converted to guanine, enter the
purine biosynthesis pathway as GMP, and be catalyzed to GTP'*® (Figure 2.10A). To
determine if increasing GTP levels through the purine salvage pathway can lead to
IMPDHZ2 ring-and-rod depolymerization in glutamine-deprived breast cancer cells, JIMT-
1 cells were supplemented with guanosine following 48 hours of glutamine deprivation.
Immunofluorescence microscopy revealed that IMPDH2 ring-and-rod structures
completely depolymerized in glutamine-deprived cells supplemented with guanosine
(Figure 2.10B).
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Figure 2.10 Guanosine supplementation leads to the complete depolymerization
of IMPDH2 ring-and-rod structures in glutamine-deprived cells
( A) Guanosine can be converted through the purine salvage pathway through the concerted
activities of salvage pathway enzymes to replenish cellular GTP levels. (B) Guanosine
supplementation reverses IMPDH2 ring and rod formation in glutamine-deprived parental JIMT-1
cells. Parental JIMT-1 cells were subjected to full or glutamine-deprived conditions for 48 hours.
Media was supplemented with guanosine or 0.56% DMSO 1 hour prior to immunofluorescence.
Representative immunofluorescence images are shown. Scale bar = 10 um. (C) Quantitative
comparison of parental JIMT-1 cells subjected to full media or glutamine-deprived conditions in
the absence or presence of guanosine for 1 hour. Cells were scored based on the presentation of
one of four distinct phenotypes: (i) diffuse only, (ii) vesicle-like/puncta, (iii) short rods, and (iv) long
rods and rings. A total of 3 biological replicates were performed, and at least 140 cells were
scored per replicate. Two-way ANOVA with Tukey’s multiple comparisons test was performed
(*** p < 0.0001). Error bars represent SEM.
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To confirm that guanosine supplementation increased cellular production of GTP,
a pilot 13C-bicarbonate metabolite tracing experiment was performed on parental JIMT-
1 cells following 48 hours of growth in full media or glutamine deprived conditions, with
or without guanosine supplementation. Turnover of guanine, GMP, GDP and GTP were
significantly increased following guanosine supplementation. Of note, turnover of these
metabolites following guanosine supplementation was significantly higher in glutamine-
deprived cells, suggesting their increased cellular demand under glutamine deprivation
(Figure 2.11). Together, these findings provide evidence that the formation of IMPDH2

rings-and-rods occurs in response to depletion of GTP levels in breast cancer cells.
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Figure 2.11 Guanosine supplementation increases cellular turnover of guanine
nucleotides

Parental JIMT-1 cells were grown in full or glutamine-deprived media, prior to harvesting for 13C-

bicarbonate tracing experiments by LC-MS. Peak area in the unit of ion counts for each

metabolite was scaled to the cell counts for each condition. Increased cellular turnover of
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guanine, GMP, GDP and GTP was observed following guanosine supplementation. Turnover of
guanine and guanine nucleotides was significantly greater in glutamine-deprived breast cancer
cells when supplemented with guanosine. A total of 3 technical replicates were performed. One
way ANOVA with Tukey’s multiple comparisons tests were performed to evaluate statistical
differences. Error bars represent SEM.

2.3.7. Genetic loss of ATG4B impairs IMPDH2 ring-and-rod formation
and is associated with an increase in guanine nucleotide levels
under glutamine deprivation

To determine if ATG4B is important for IMPDHZ2 ring-and-rod formation in
glutamine-deprived breast cancer cells, parental and ATG4B KO JIMT-1 cells were
subjected to glutamine deprivation to induce IMPDHZ2 rings-and-rods. Genetic loss of
ATG4B was associated with a significant impairment in the ability of glutamine-deprived
cells to form IMPDH2 ring-and-rod structures (Figure 2.12A). Previous studies have
reported that GTP allosterically inhibits the ability of IMPDH proteins to form ring-and-rod
structures'®. To determine if the impaired ability of ATG4B KO cells to form IMPDH2
rings-and-rods correlates to changes in cellular XMP and guanine nucleotide levels,
levels of XMP, GMP, GDP and GTP were evaluated in glutamine-deprived parental and
ATG4B KO cells by metabolite profiling. Findings revealed that the guanine nucleotides,
GMP, GDP and GTP, were elevated in ATG4B KO cells compared to parental cells
under glutamine deprivation (Figure 2.12B). These findings support the utilization of an
alternate pathway in ATG4B KO cells to generate guanine nucleotides in glutamine-

deprived settings.
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Figure 2.12 Genetic loss of ATG4B impairs IMPDH2 ring-and-rod formation and
is associated with an increase in guanine nucleotides in glutamine-
deprived cells

( A) Parental and ATG4B KO JIMT-1 cells were subjected to full or glutamine- deprived media

conditions for 48 hours. i) IMPDH2 immunofluorescence was performed, and cells were scored

based on the presentation of one of four distinct IMPDH2 phenotypes: diffuse, vesicle-like puncta,
short rods, or long rods and rings. Representative immunofluorescence images are shown. Scale
bar = 20 um. (ii) Quantification of parental and ATG4B KO JIMT-1 cells presenting with one of
four distinct IMPDH2 phenotypes under glutamine deprivation. Percent mean (%) of 4 biological
replicates are shown in bar graphs. Two-way ANOVA with Dunnett’'s multiple comparisons test
was performed (**** P < 0.0001). Error bars represent SEM. (B) Parental and ATG4B KO JIMT-1
cells were subjected to growth in glutamine deprived media and harvested for untargeted
metabolite profiling studies as described in methods. A targeted analyses of XMP, GMP, GDP

and GTP was performed to compare cellular levels of these metabolites between cell lines. A

total of 3 biological replicates were performed. One way ANOVA with Tukey’s multiple

comparisons tests were performed to evaluate statistical differences. No statistically significant
changes were observed. Error bars represent SEM.

2.3.8. Genetic loss of ATG4B is associated with an enrichment in
metabolites involved in purine metabolism

To understand the metabolic consequences of glutamine deprivation, untargeted
metabolite profiling studies were performed on parental JIMT-1 cells following 48 hours
of growth in full or glutamine-deprived media. Pathway enrichment analyses were
separately performed on metabolites that were downregulated or upregulated under
glutamine deprivation relative to full media conditions. Notably, these analyses revealed
an over-representation of metabolites involved in purine metabolism that are altered
following glutamine deprivation (Figure 2.13A). Several key metabolites involved in
purine metabolism, like the adenine and guanine nucleotides were reduced upon
glutamine deprivation. Interestingly, some purine metabolism metabolites, like
adenosine, guanosine and PRPP, were increased under conditions of glutamine
deprivation. This may be a result of increased adenosine, guanosine, and glucose
uptake by cells under conditions of glutamine deprivation in response to glutamine
deprivation. Results from these analyses highlight the importance of glutamine in purine

metabolism.
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Figure 2.13 Glutamine is an important effector of purine metabolism in breast
cancer cells
Parental JIMT-1 cells were grown in full or glutamine-deprived media for 48 hours, prior to
harvesting for metabolite profiling experiments by LC-MS. Peak area in the unit of ion counts for
each metabolite was scaled to the cell counts for each condition and averaged to determine log2-
fold change values between full and glutamine-deprived conditions. A total of 3 biological
replicates were performed. Metabolites with an average fold change of <0.9 were classified as
downregulated, and metabolites with a fold change of >1.1 were classified as upregulated. Milder
cut-offs were used to avoid eliminating potentially important metabolites of interest. (a) Pathway
enrichment analyses were separately performed on metabolites that were downregulated (top) or
upregulated (bottom) using MetaboAnalyst 5.0 to elucidate over-represented pathways. (b) List of
metabolites involved in purine metabolism that were downregulated or upregulated under
glutamine deprivation. Metabolites in bold were specifically examined in Figure 2.14.

To understand the metabolic consequences of genetic loss of ATG4B, metabolite
profiling studies were performed on parental and ATG4B KO cells following 48 hours of
growth in full or glutamine-deprived media to evaluate changes in purine bases and
nucleotides. An enrichment in the pentose phosphate pathway intermediate?*°,
phosphoribosyl pyrophosphate (PRPP), and metabolites involved in the purine salvage
pathway was observed in ATG4B KO cells compared to parental cells (Figure 2.14A). In
addition, purine nucleotides were also noticeably enriched in ATG4B KO cells under

glutamine deprivation (Figure 2.14A). To validate these findings, an independent
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metabolomic dataset comparing metabolites in wild-type and atg4b” mice?® was
examined. Metabolites involved in the purine salvage pathway were similarly found
enriched in atg4b™ mice compared to wild-type mice, specifically in the heart and muscle
(Fig 2.14B). These findings suggest that genetic loss of ATG4B is associated with an
enrichment in purine nucleotides and metabolites involved in the purine salvage

pathway, an alternate pathway for cellular GTP production.
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Figure 2.14 Genetic loss of ATG4B is associated with an enrichment in purine
salvage metabolites and purine nucleotides
( A) Heat map of log2 fold change values of metabolites involved in purine metabolism in
parental, ATG4B KO#1 and aTG4B KO#2 JIMT-1 cells. Parental JIMT-1 and ATG4B KO cells
were grown in full or glutamine-deprived media for 48 hours, prior to harvesting for metabolite
profiling experiments by LC-MS. Peak area in the unit of ion counts for each metabolite was
scaled to the cell counts for each condition and averaged to determine log2-fold change values in
ATG4B KO cells relative to parental cells in full or glutamine-deprived conditions. A total of 3
biological replicates were performed. One-way ANOVA with Tukey’s multiple comparisons tests
were performed on normalized peak areas of each metabolite to evaluate statistical differences.
(B) Heat map of log2 fold change values of metabolites involved in purine metabolism in wild-type
(WT) and atg4b’- mice. Normalized peak area intensities of purine salvage metabolites and
purine nucleotides from an independent and publicly available metabolomic dataset comparing
WT and atg4b” mice were analyzed (Martinez-Garcia, G., et al. 2021). Normalized peak area
intensities for each metabolite were averaged to determine the log2-fold change between WT and
atg4b”- mice. Data comprised of metabolite profiles from 12 WT and 12 atg4b” mice, and
analyses were performed independent of sex. Multiple unpaired t-tests with the original FDR
method of Benjamini and Hochberg (Q = 5%) were used to evaluate statistical differences. No
statistically significant changes were noted.

2.3.9. Prolonged glutamine deprivation leads to a significantly greater
reduction in cellular growth in ATG4B KO cells compared to
parental cells

To determine if genetic loss of ATG4B is important for cellular growth under
prolonged glutamine deprivation, changes in the percent phase confluence of parental
and ATG4B KO cells under full or glutamine-deprived conditions were measured for 120
hours. Interestingly, the growth of parental and ATG4B KO cells were similar up to 48
hours of glutamine deprivation, where differences in IMPDH2 ring-and-rod and purine
metabolite profiles were observed. Extended glutamine deprivation up to 120 hours,
importantly, was associated with a greater reduction in cellular growth under glutamine-
limiting conditions in the ATG4B KO cells (Figure 2.15). Given metabolomic findings
from chapter 2.3.8, these growth differences suggest a model whereby the purine
salvage pathway is utilized predominantly by ATG4B KO cells but is limited in its

capacity to sustain cellular growth under prolonged glutamine deprivation.
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Figure 2.15 ATG4B KO cells are sensitive to extended glutamine deprivation
Parental and ATG4B KO JIMT-1 cells were grown in full or glutamine-deprived media, and
changes in phase confluence were measured by Incucyte every 4 hours for a total of 120 hours.
Error bars represent SEM. One-way ANOVA with Tukey’s multiple comparisons tests were
performed to determine the statistical differences in phase confluence at the 120-hour endpoint. A
total of 4 biological replicates were performed.

2.3.10. IMPDH inhibition is associated with little to no further
reduction in growth of glutamine-deprived ATG4B KO cells

To determine if glutamine deprivation would increase the sensitivity of cells to
IMPDH inhibition, the percent phase confluence of parental JIMT-1 cells was measured
following 120 hours of growth in full or glutamine deprived media, and treatment with or
without increasing concentrations of the IMPDH inhibitor, mycophenolic acid (MPA).
Glutamine deprivation did not increase the sensitivity of JIMT-1 cells to IMPDH inhibition
(Figure 2.16), suggesting that alternate pathways for purine nucleotide production, like

the purine salvage pathway, may also sustain growth when IMPDH is inhibited.
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Figure 2.16 Glutamine deprivation does not increase sensitivity to IMPDH
inhibition

Parental JIMT-1 cells were subjected to growth in full or glutamine-deprived media with DMSO or

the IMPDH inhibitor, MPA. Percent phase confluences of cells were measured after 120 hours

using the Incucyte. A total of 8 biological replicates were performed. One-way ANOVA with

Tukey’s multiple comparisons tests were performed to evaluate statistical differences. No

statistically significant changes were observed. Error bars represent SEM.

To determine if ATG4B KO cells rely on IMPDH-mediated de novo purine
biosynthesis for growth, the end point percent phase confluence of parental and ATG4B
KO JIMT-1 cells was measured following 120 hours of growth in glutamine-deprived
media, with or without MPA. MPA treatment was associated with a dose-dependent
reduction in cellular growth in glutamine-deprived parental JIMT-1 cells. In contrast, MPA
treatment resulted in little to no further reduction in the percent phase confluence of

glutamine deprived ATG4B KO cells (Figure 2.17A). To evaluate growth over time of
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glutamine-deprived cells treated with MPA, changes in the percent phase confluence
were measured over 120 hours. IMPDH inhibition by MPA was associated with a
significant reduction in growth of parental JIMT-1 cells. In contrast, MPA treatment led to
modest decreases in the growth of glutamine deprived ATG4B KO cells (Figure 2.17B).
This suggests ATG4B KO cells may have acquired the ability to grow in extended
glutamine-deprived conditions through IMPDH-independent pathways.
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Figure 2.17 Genetic loss of ATG4B does not increase sensitivity to IMPDH
inhibition under glutamine deprivation
Parental and ATG4BKO JIMT-1 cells were subjected to growth in glutamine-deprived media with
0.4% DMSO or the IMPDH inhibitor, MPA. (A) Percent phase confluences of cells were measured
after 120 hours using the Incucyte. A total of 4 independent biological replicates were performed.
One-way ANOVA with Tukey’s multiple comparisons tests were performed to evaluate statistical
differences. Error bars present SEM. (B) (i) Growth curves of glutamine-deprived parental and
ATG4BKO JIMT-1 cells treated with DMSO or 4uM of MPA. Varying concentrations of MPA were
screened and data for the concentration of MPA (4uM) that revealed the greatest difference in
growth between parental and ATG4B KO cells is shown. Changes in phase confluence were
measured by Incucyte every 4 hours for a total of 120 hours. One-way ANOVA with Tukey’s
multiple comparisons tests were performed to determine the statistical differences in phase
confluence at the 120-hour endpoint. A total of 4 biological replicates were performed. (ii)
Representative images of cells captured by Incucyte. Scale bars = 400um.

2.3.11. Genetic loss of ATG4B does not lead to signficant
changes in the protein levels of core de novo and salvage
pathway enzymes

Current findings suggest that ATG4B KO cells may rely on pathways
independent of IMPDH-mediated de novo purine biosynthesis to sustain growth. Current
metabolomic findings also suggest a potential role for the purine salvage pathway in
purine nucleotide production in glutamine deprived ATG4B KO cells. Adenine
phosphoribysoltransferase (APRT) and hypoxanthine phosphoribosyltransferase
(HPRT1) are important purine salvage enzymes that facilitate the conversion of purine

nucleobases to their cognate nucleoside monophosphates'® (Figure 2.18).
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Figure 2.18 The purine salvage pathway

The purine salvage pathway converts purine nucleobases and nucleosides to their cognate
nucleoside monophosphates. Purine nucleosides cannot be directly salvaged and require the
activity of purine nucleoside phosphorylases (PNP) to facilitate the conversion to their respective
nucleobases. Purine nucleobases are converted to their cognate purine nucleoside
monophoshates through phosphorribosyltransferase reactions mediated by adenine
phosphoribysoltransferase (APRT) and hypoxanthine phosphoribosyltransferase (HPRT1).
Derived from data and information from Mullen and Singh, 202338,

To determine if ATG4B KO cells express elevated protein levels of APRT and
HPRT1, western blot analyses in parental and ATG4B KO cells following growth in full or
glutamine-deprived media were performed (Figure 2.19). To control for variability of
absolute protein quantifications between biological replicates (Figure 2.19B), absolute
protein levels were normalized to parental JIMT-1 full media controls to compare
differences in HPRT1 and APRT between cell lines and conditions (Figure 2.19C).
Genetic loss of ATG4B did not lead to substantial changes in the protein levels of APRT
nor HPRT1 (Figure 2.19C), suggesting that the enrichments in purine nucleotides and
metabolites involved in purine salvage in ATG4B KO cells (Figure 2.14) are unlikely

through upregulation of levels of the purine salvage enzymes, APRT and HPRT1.
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Figure 2.19 APRT and HPRT1 protein levels are not altered by genetic loss of
ATG4B
( A) Parental and ATG4B KO JIMT-1 cells were grown in full or glutamine-deprived media for 120
hours and harvested for western blot analyses of HPRT1 and APRT protein levels as described in
methods. (B) Absolute quantifications of HPRT1 and APRT protein levels were determined
relative to B-actin loading controls and are shown to depict variability between biological
replicates. (C) Normalized quantifications of HPRT1 and APRT protein levels were determined
relative to B-actin loading controls and then normalized to parental JIMT-1 full media conditions to
control for variabilities in absolute values between biological replicates. For B and C, one way
ANOVA with Tukey’s multiple comparisons test was used to evaluate statistical differences, and
no statistically significant changes were observed. 2 biological replicates were performed.

To determine if genetic loss of ATG4B decreases levels of de novo purine
pathway enzymes, the protein levels of PPAT, ATIC, ADSL and GART were also
examined (Figure 2.20). Given the variability of absolute protein quantifications between
biological replicates (Figure 2.20B), absolute protein levels were normalized to the
parental full media conditions to compare differences in levels of de novo purine
metabolism enzymes between cell lines and conditions (Figure 2.20C). Western blot
findings revealed that genetic loss of ATG4B was not associated with any striking
changes in protein levels of these de novo purine pathway enzymes (Figure 2.20C).
Intriguingly, protein levels of ATIC modestly increased in ATG4B KO#2 following
glutamine deprivation. Protein levels of the 46kDa isoform of GART was also
significantly higher in ATG4B KO#2 compared to parental cells under conditions of
glutamine deprivation. It remains to be determined if these changes are true, or an
artifact of the evidently lower B-actin levels in ATG4B KO#2 under conditions of
glutamine deprivation. In general, these findings suggest that protein levels of enzymes
involved in de novo purine biosynthesis are not substantially affected by genetic loss of
ATG4B.
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Figure 2.20 Genetic loss of ATG4B is associated with little to no changes in the
protein levels of de novo purine pathway enzymes
( A) Parental and ATG4B KO JIMT-1 cells were grown in full or glutamine-deprived media for 120
hours and harvested for western blot analyses of PPAT, ATIC, ADSL and GART protein levels as
described in methods. (B) Absolute quantifications of PPAT, ATIC, ADSL and GART protein
levels were determined relative to B-actin loading controls and are shown to depict variability
between biological replicates. (C) Normalized quantifications of PPAT, ATIC, ADSL and GART
protein levels were determined relative to B-actin loading controls and then normalized to
parental JIMT-1 full media conditions to control for variabilities in absolute values between
biological replicates. For B and C, one way ANOVA with Tukey’s multiple comparisons test was
used to evaluate statistical differences, and error bars represent SEM. 2 biological replicates
were performed.

2.3.12. Glutamine-deprived ATG4B KO cells have an impaired
ability to restore cellular growth under purine depleted
conditions

Although APRT and HPRT1 protein levels were not significantly altered by
ATG4B loss, it is plausible that ATG4B KO cells may depend on the many purine
nucleosides and nucleobases that feed the purine salvage pathway instead (Figure
2.18). To determine if ATG4B KO cells rely on purines under glutamine deprivation,
growth of parental and ATG4B KO cells were examined in glutamine-deprived and
purine-depleted or purine-replete media. Depletion of exogenous purines that feed the
purine salvage pathway resulted in an initial reduction of growth in parental JIMT-1 cells,
but growth was seemingly restored over time. In contrast, ATG4B KO cells were
significantly more sensitive to combined glutamine- and purine-depletion and growth is
not as efficiently restored as compared to parental cells (Figure 2.21). This suggests that
ATG4B KO cells rely on the purine salvage pathway for growth under glutamine
deprivation, and that the purine salvage pathway alone may not be sufficient to sustain

growth following extended periods of glutamine deprivation (Figure 2.22)
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Figure 2.21 ATG4B KO cells are significantly more sensitive to combined

glutamine- and purine-depletion compared to parental cells

Parental and ATG4B KO JIMT-1 cells were grown in glutamine-deprived media or glutamine-
deprived and purine-depleted media. Changes in phase confluence were measured by Incucyte
every 4 hours for a total of 192 hours. Error bars represent SEM. One-way ANOVA with Tukey’s
multiple comparisons tests were performed to determine the statistical differences in phase
confluence at the 120-hour endpoint. A total of 3 biological replicates were performed.
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Figure 2.22 ATG4B KO cells rely on the purine salvage pathway for cellular
growth under glutamine deprivation
Under conditions of nutrient stress, like glutamine deprivation, cells may rely on both the de novo
purine biosynthesis and purine salvage pathway to generate important guanine nucleotides
required to sustain growth. It is plausible that cells utilize the more energy-efficient purine salvage
first, and switch to the de novo purine biosynthetic pathway when the cellular purine demands
can no longer be met by the salvage pathway alone. In cells that do not express ATG4B, the lack
of an ATG4B-IMPDH2 interaction may hamper the ability of cells to utilize the de novo purine
biosynthesis when the purine demands can no longer be met by the salvage pathway alone,
thereby resulting in significantly impaired cellular growth over time.

2.4. Discussion

It is well reported in the literature that autophagy is induced in response to
nutrient stresses in the cell, serving to replenish and maintain levels of metabolites to
sustain cellular growth, as described in chapters 1.6.2 and 1.6.3 of this thesis. Previous
studies have identified an importance for the core autophagy cysteine protease, ATG4B,

in modulating the responses of HER2-positive breast cancer cell lines to nutrient
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deprivation®'. To date, the molecular mechanism underlying how ATG4B may regulate
nutrient stress responses of HER2-positive breast cancer cells remains poorly

described.

In collaboration with Drs. Gregg Morin and Gian Negri, | performed a pilot IP-MS
study and identified a new protein-protein interactor of ATG4B, the metabolic enzyme
IMPDH2. | validated this interaction in several independent breast cancer cell lines and
found that this interaction was not dependent on the HER2 status of breast cancer cells.
To date, this is the first study to identify and validate a novel protein-protein interaction
between ATG4B and IMPDH2. Given the importance of the IMPDH2 in metabolism, in
particular GTP biosynthesis, | predicted that functional investigations into the
significance of this interaction may shed light on how ATG4B is involved in the nutrient
stress response of breast cancer cells. With assistance from Drs. Baofeng Jia and Kevin
Yang, | evaluated the relationship between ATG4B and IMPDH2 protein levels in
independent breast cancer patient proteomic datasets by Pearson correlation. The
pearson correlation is a common technique for evaluating the linear relationship between
two quantitative sets of data, and is used to derive a coefficient that represents the
direction and magnitude of the correlation between the datasets?*'. From these
analyses, | found a positive correlation between ATG4B and IMPDH2 protein levels in
the independent breast cancer patient proteomic cohorts examined. It should be noted
that these protein-protein correlations were modest. Pearson correlations require the two
datasets in examination to possess a linear and a normal distribution, and deviations
may misrepresent the direction and/or magnitude of the correlations?®2. In this case, one
caveat is that both requisites were assumed for the Pearson correlations performed.
Another caveat is that large variations in the protein levels between different subgroups
within each cohort examined may also mask or misrepresent the relationship between
the datasets?®'. To address the possibility that the ATG4B-IMPDH2 relationship may be
stronger in certain breast cancer subtypes than others, | further stratified patients
according to their known PAMS50 status to examine ATG4B-IMPDH2 protein-protein
relationship by Pearson correlation in the different PAMS50 subtypes in chapter 3.
Additionally, outliers present in either datasets may also skew the magnitude and/or
direction of the derived correlation coefficient?®'. Additional enquiries into the protein-
protein correlation between ATG4B and IMPDH2 in other independent and larger

cohorts are certainly warranted. Nevertheless, this correlation does support a potential
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functional interplay between autophagy and purine metabolism that may be bridged by
the ATG4B-IMPDH2 interaction.

Interestingly, | found that pharmacological inhibition or genetic knockdown of the
IMPDH proteins did not alter levels of ATG4B protein. Similarly, genetic knockdown or
genetic loss of ATG4B also did not strongly alter levels of the IMPDH proteins. These
findings suggest that the main purpose of the ATG4B-IMPDH2 interaction is unlikely the
regulation of levels of these proteins despite the weak positive correlations observed
from breast cancer patient cohorts. As part of next steps, | then explored the possibility
that the ATG4B-IMPDH2 interaction may function to regulate their activity. With
assistance from Nancy E. Go, | found that pharmacological inhibition of IMPDH was
associated with an impairment in the processing of LC3B and stabilization GABARAP
proteins. The observed impairments in LC3B processing''® and GABARAP stabilization®?
could suggest a suppression in the catalytic or protein-stabilizing functions of ATG4B, as
reported in previous studies®'". Given that this association is correlative and does not
directly address the activity of ATG4B, ongoing studies using a tandem reporter LC3B
construct?® to assess ATG4B activity following IMPDH inhibition are underway. In
addition, to explore the potential of ATG4B regulating activity of the IMPDH proteins,
metabolomics experiments in collaboration with the Victoria Proteomics Centre are also

currently underway.

Given that ATG4B functions as a cysteine protease, | also explored the
possibility that IMPDH2 may be cleaved by ATG4B. | hypothesized that IMPDH2 will
likely share sites of homology with the ATG8 proteins, which are known substrates of
ATG4B, if IMPDH2 is also cleaved by ATG4B. In collaboration with Dr. Baofeng Jia, |
performed a multiple sequence alignment of IMPDH2 and the human ATGS8 proteins. |
found several regions of homology between IMPDH2 and the ATG8 proteins (Figure
A2). Of note, IMPDH2 shares a homologous region with the ATG8 C-terminal region,
which consists of a glycine residue that is cleaved by ATG4B prior to conjugation to
phosphatidylethanolamine on the surface of autophagosomes?*. | next hypothesized
that if IMPDH2 is indeed cleaved by ATG4B, then genetic loss of ATG4B should result in
a molecular weight shift or the loss of smaller IMPDH2 band fragments. | investigated
this in parental and ATG4B KO cells, grown in the full or glutamine-deprived media, but

found no obvious differences in the molecular weight or banding patterns of IMPDH2 in
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parental and ATG4B KO cells in either condition (Figure A3). This finding suggests that
ATG4B unlikely cleaved IMPDH2 in the conditions tested.

Glutamine is an important amide donor in GTP biosynthesis'®. Previous studies
have reported that under conditions of glutamine deprivation, HeLa cells form structures
of IMPDH2, termed rings-and-rods, which disassemble upon guanosine
supplementation®. | showed that this biological phenomenon also occurs in glutamine-
deprived HER2-positive breast cancer cell line, JIMT-1, and was associated with a
reduction in guanine nucleotide levels in this cell line. Additionally, | found that
guanosine supplementation significantly increased cellular GTP production and
depolymerized these IMPDH2 ring-and-rod structures in glutamine-deprived JIMT-1
cells. To date, this is the first study to our knowledge providing metabolomic evidence
that the formation of IMPDH2 rings-and-rods occurs because of reduced guanine
nucleotide levels and the disassembly of these structures upon guanosine
supplementation is a result of increased GTP production in HER2-positive breast cancer
cells. Given the implication of ATG4B in modulating nutrient stress responses in HER2-
positive breast cancer cells, | next hypothesized that ATG4B may contribute to IMPDH2
ring-and-rod formation given my discovery that the two proteins interact. | discovered
that genetic loss of ATG4B was associated with a significant impairment in the ability of
JIMT-1 cells to form IMPDH2 ring-and-rod structures. Seeing that IMPDH2 rings-and-
rods form in response to depletion in guanine nucleotide levels, this not only suggested
that ATG4B is important in IMPDH2 ring-and-rod formation but also that ATG4B may be
important in regulating GTP levels in the cell. It will be of interest to examine the effects
of glutamine deprivation on the stability of the interaction between ATG4B and IMPDH2

as part of future work.

In collaboration with Jessica Koe and Dr. Seth Parker, | found that glutamine
deprivation was associated with an over-representation of downregulated metabolites
involved in purine metabolism in parental JIMT-1 cells. Interestingly, a number of purine
metabolites, like adenosine, guanosine and PRPP were increased in glutamine-deprived
cells. | posit that this may be attributed to an increase in the cellular uptake of adenine,
guanosine, and glucose to replenish adenine and guanine nucleotides in response to
limited glutamine availability. Adenosine and guanosine are amino acids that can be
utilized through the purine salvage pathway to generate adenine and guanine

nucleotides®. Increased glucose uptake would similarly fuel adenine and guanine
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nucleotide production by entering the pentose phosphate pathway and generating PRPP
which can be utilized in both the de novo purine and purine salvage pathways'®. Future
studies evaluating the uptake of these metabolites would certainly clarify this and
support the importance and cellular utilization of both the de novo and purine salvage

pathways under conditions of nutrient stress, like glutamine deprivation.

I next investigated the metabolic consequences of genetic loss of ATG4B and
discovered that ATG4B KO cells presented with elevated guanine nucleotide levels
compared to parental JIMT-1 cells. This finding was intriguing as it suggested that
ATG4B KO cells may upregulate certain pathways to increase cellular guanine
nucleotide levels, explaining why ATG4B KO cells formed significantly less IMPDH2
rings-and-rods under glutamine deprivation. | further evaluated the metabolite profiles of
parental and ATG4B KO cells and found that ATG4B KO cells were enriched in
metabolites involved in the purine salvage pathway and in purine nucleotides. The lack
of statistically significant changes, with the exception of the observed significantly higher
ribose-5-phosphate (R-5-P) in glutamine-deprived ATG4B KO#1 JIMT-1 cells, could be

due to a number of factors.

Firstly, | investigated levels of the different metabolites involved in purine
metabolism by untargeted metabolite profiling, which was based on the normalized peak
areas of each metabolite in the unit of ion counts. Untargeted metabolomics was
performed to enable a comprehensive view of metabolite profiles that could be altered
between the cell lines and conditions examined in this chapter, which would aid in
hypothesis generation?>®-25". However, such relative quantitative methods for
metabolomics are generally considered less sensitive than absolute quantification by
targeted metabolomics. This aspect may have been a contributing factor toward outliers,
variability in ion counts between samples, or metabolite levels that were not quantified if
present below the threshold of 5x10* ion counts in some samples and replicate, thereby

impacting the statistical significance of the metabolite changes.

Secondly, it is likely that ATG4B KO#1 and KO#2 harbor underlying genetic
differences that were not addressed as part of this thesis. Such genetic heterogeneity
between ATG4B KO clones could explain the observed differences in the metabolite
profiles between ATG4B KO#1 and KO#2 (Figure 2.14). An example would be the
metabolite adenosine, which was enriched in ATG4B KO#1 but depleted in ATG4B
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KO#2. These differences warrant further investigation by evaluating metabolite profiles
in additional ATG4B KO cell lines and/or ATG4B knockdown models. In addition, the
observation that, compared to parental JIMT-1 cells, IMPDH1 protein levels were
significantly lower in ATG4B KO#1, but not in ATG4B KO#2, when cells were grown in
culture for 48 hours could have also contributed to the differences in their metabolite
profiles which were also examined following 48 hours of growth (Figure 2.3). While
IMPDH1 was not the central focus of this chapter, IMPDH1 was also identified as a
candidate protein-protein interactor of ATG4B (Table 2.1). Both IMPDH1 and IMPDH2
have similar functions in guanine nucleotide biosynthesis'®. It plausible that reduced
IMPDH1 protein levels decreased overall IMPDH activity in ATG4B KO#1, resulting in a
negative feedback loop that slowed purine salvage of metabolites like adenosine,
hypoxanthine, and inosine when cells were not stressed. In contrast, such a defect may
not have existed in ATG4B KO#2, given that their IMPDH1 protein levels were similar to
parental cells. At least in the context of full media conditions, this may explain why
adenosine, inosine and hypoxanthine were enriched in ATG4B KO#1 but depleted in
ATG4B KO#2. Further, although both ATG4B KO#1 and KO#2 were similarly sensitive
to glutamine-deprivation with or without purine-depletion (Figure 2.15, Figure 2.21), and
showed modest growth reductions in response to IMPDH inhibition under glutamine-
limiting conditions (Figure 2.17), the degree to which their growths are affected by these
stresses are noticeably different. It remains to be determined if and what genetic factors
contributed to these growth differences between ATG4B KO#1 and ATG4B KO#2, and if
these differences were a consequence of their different metabolite profiles. It is also
plausible that the enrichment in purine salvage metabolites occurs at an earlier time
point in ATG4B KO#2 and is depleted sooner, which would explain why ATG4B KO#2
was found to be more sensitive to glutamine- and purine-depletion than ATG4B KO#1.
Future work examining the temporal changes in profiles and turnover of metabolites in

each of the ATG4B KO cells compared to parental cells may clarify this.

Monoclonal ATG4B KO cell lines were generated as models for the metabolomic
experiments executed in chapter 2 to evaluate the effect of complete loss of ATG4B on
metabolite profiles under conditions of glutamine deprivation. | did not select genetic
ATG4B knockdown models for these experiments as | anticipated that were would have
been milder differences and changes to metabolite profiles, given that there was still

detectable LCB processing in ATG4B KD cells as evident in figure 2.5. Given the current
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findings from this chapter, it now seems plausible that the potential activation of
compensatory mechanisms that may have occurred heterogeneously in these
monoclonal ATG4B KO cells lines. Future work may consider validating these findings in
additional ATG4B KO or knockdown cell line models and examining the effect of genetic
loss of ATG4B in polyclonal KO populations or through the use of more than one
CRISPR/Cas9 guide RNA to perturb different exons of ATG4B.

In spite of the differences in metabolite profiles, | found that both ATG4B KO cells
still presented with a clear enrichment in purine nucleotides under conditions of
glutamine deprivation. Further, | also examined an independent and publicly available
metabolomic dataset?° , and found a similar enrichment in purine salvage metabolites in
atg4b™ mice compared to wild-type mice. In investigating the biological consequence of
these metabolic alterations, | found that prolonged glutamine deprivation was associated
with a significant reduction in cell growth in both ATG4B KO#1 and KO#2 compared to
parental cells. Notably, treatment of glutamine-deprived ATG4B KO#1 and KO#2 with
the pharmacological inhibitor, MPA, was associated with modest reductions in cell
growth, suggesting that the reliance of ATG4B KO cells on IMPDH-independent
pathways for growth under glutamine deprivation. Given that MPA is a pharmacological
non-competitive inhibitor of both IMPDH1 and IMPDH22%8, future work validating these
findings through genetic knockdown or knockout approaches that modulate levels of the
IMPDH1 or IMPDH2 protein will be important in clarifying the contributions of either or
both isoforms to this axis. Given the metabolomic findings and the ability of the purine
salvage pathway to also contribute to purine nucleotide production’®, | hypothesized
that the purine salvage pathway may play an important role in growth of glutamine-
deprived ATG4B KO cells. Indeed, | found that depletion of exogenous purines further
significantly reduced the growth of ATG4B KO cells compared to parental cells under
conditions of glutamine deprivation. Together, these findings suggest a potential
metabolic pivot towards utilization of the purine salvage pathway, an alternate pathway
for GTP production in cells, as a consequence of genetic loss of ATG4B. It is important
to note that the de novo purine pathway metabolites were not detected in these
experiments, and detection for these metabolites are currently being optimized to fully
understand the metabolic consequence of ATG4B loss. In this case, | expect that levels

of de novo purine metabolites will be lower in ATG4B KO cells compared to parental
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cells if the hypothesis that ATG4B KO cells predominantly utilize the purine salvage

pathway for purine nucleotide production is true.

Although the purine salvage pathway is a more energy-efficient route for purine
biosynthesis, the purine requirement in cells is often greater than the capacity of the
purine salvage pathway to provide, requiring activation of de novo purine biosynthesis®?.
As such, | hypothesized that the genetic loss of ATG4B creates a metabolic reliance on
the purine salvage pathway because it perturbs the ATG4B-IMPDH2 interaction may
contribute to de novo production of purines, like guanine nucleotides. In situations of
prolonged nutrient stress resulting in severe depletion of guanine nucleotides, | postulate
that the purine salvage pathway alone will not suffice in proving cells with purines
required to maintain cellular growth. | found that ATG4B KO cells are significantly more
sensitive to glutamine deprivation that parental JIMT-1 cells, supporting the importance
of ATG4B in nutrient stress response, in this case, to glutamine deprivation. | found that
IMPDH inhibition with the pharmacological IMPDH inhibitor, MPA, was associated with a
significant reduction in growth of glutamine-deprived JIMT-1 cells. | discovered that
IMPDH inhibition only led to a modest decrease in growth of glutamine deprived ATG4B
KO cells. This suggested that ATG4B KO cells rely on IMPDH-independent pathways to
sustain growth in prolonged glutamine-deprived settings. Given the metabolomic
findings, | postulated that ATG4B KO cells rely on the purine salvage pathway for growth
in glutamine-deprived conditions. Indeed, | found that depleting exogenous purine supply
of glutamine deprived ATG4B KO cells was associated with a significantly greater
reduction in growth compared to parental cells. These findings reveal a novel
mechanism whereby genetic loss of ATG4B metabolically reprograms HER2+ breast
cancer cells to rely on the purine salvage pathway for growth. | must note that depletion
of exogenous purines was performed using a dialyzed FBS approach, and therefore
depletion was not specific to just purines. Future studies investigating if supplementation
of ATG4B KO cells with purines, like hypoxanthine or guanosine, would restore growth
defects seen under glutamine- and purine-depleted media will help support these
findings. To date, pharmacological inhibitors that specifically target the purine salvage
pathway have not yet been identified and remains a clear gap in the field. Although
genetic tools, like siRNA or shRNA, that target purine salvage enzymes exist, this
approach is not straightforward because of how the purine salvage pathway is heavily

interconnected with crosstalk that allows for compensation for the inhibition in any one
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salvage enzyme. My survey of enzymes involved in de novo purine biosynthesis
pathway and purine salvage pathway also did not reveal any strong effect on their
protein levels following genetic loss of ATG4B. This suggests that the protein levels of
these metabolic enzymes are unlikely regulated by ATG4B, and these protein levels do
not necessarily reflect their cellular activity and involvement in purine biosynthetic

pathways.

Studies by Mimura et al. 2021 showed that purine depletion in HEK293T cells
results in the activation of autophagy via a mTOR-dependent mechanism, whereas
autophagy induction in response to pyrimidine depletion occurs in a mTOR-independent
manner?>®. These findings are in support of a role for autophagy in maintaining cellular
nucleotide levels and suggests that the underlying mechanisms regulating the
autophagic response to cellular deficiencies in either purine nucleotides or pyrimidine
nucleotides differs. Defects in autophagy were also associated with decreases in
adenylate energy charge and metabolites involved in the TCA cycle and pentose
phosphate pathway in KRAS-driven lung cancers under conditions of nutrient stress'°.
Notably, ATG7-deficient KRAS-driven lung cancer cells presented with an accumulation
of purine and pyrimidine bases and a substantial depletion in nucleotide pools under
conditions of starvation, which may suggest an increase in nucleotide catabolism to
maintain cellular energy charge and generate carbon sources for the TCA cycle and
pentose phosphate pathway'. | similarly discovered that genetic loss of ATG4B was
associated with an enrichment in purine bases but, interestingly, discovered that
glutamine-deprived ATG4B KO cells instead presented with an enrichment in adenine
and guanine nucleotides. This difference could be owing to the distinct roles of ATG4B
and ATG7 in nucleotide metabolism, or the type of nutrient stress cells are exposed to.
My findings suggest that the elevated purine bases in ATG4B KO cells may serve to
replenish levels of purine nucleotides under conditions of glutamine deprivation, which
would explain the enrichment in adenine and guanine nucleotides. This notion is
supported by my findings which revealed an increased reliance on the purine salvage
pathway in glutamine deprived ATG4B KO cells. It is plausible that the increase in purine
bases may be attributed to increased uptake of exogenous purines, and future work
examining the effect of inhibiting key nutrient transporters on levels of purine bases and
purine nucleotides in ATG4B KO cells under glutamine deprivation will clarify this. It will

also be interesting to see if ATG7-deficient cells may also present with a similar reliance
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on the nucleotide salvage pathway over the de novo nucleotide biosynthesis pathway

under conditions of glutamine deprivation.

Questions still remain: Can we reverse the metabolic reliance of ATG4B KO cells
on the purine salvage pathway by re-expressing ATG4B? Does ATG4B regulate IMPDH
activity and, if so, is this through autophagy? Is the ATG4B-IMPDHZ2 interaction
important for the de novo purine biosynthesis pathway? The function of IMPDH2 rings-
and-rods in glutamine-deprived settings, and potential implications of ATG4B in the
formation of these structures in breast cancers remains to be determined. Although
studies have suggested that rings-and-rods may serve to maintain IMPDH activity
through mitigating feedback allosteric inhibition of activity by GTP'8, these findings were
not performed on cells deprived of nutrients like glutamine to induce rings-and-rods nor
investigated in cancer contexts. It is also important to mention that the functional
investigations in this study were performed primarily in the HER2-positive breast cancer
cell line, JIMT-1, and subsequent studies evaluating if similar biological mechanisms

described in this chapter exist in other breast cancer cell lines should be performed.

In total, this study is the first to describe the discovery and validation of a novel
protein-protein interaction between ATG4B and IMPDH2 in breast cancer cells. This
study is also the first to describe a novel metabolic reprogram where cells predominantly
utilize the purine salvage pathway for growth as a consequence of genetic loss of
ATG4B. This is significant given the quantity of pre-clinical studies evaluating the
potential therapeutic benefit of ATG4B inhibition in cancers?3>2%, Sustained loss of
ATG4B or inhibition of ATG4B activity may lead to compensatory utilization of pathways
like the purine salvage pathway for growth. In these cases, findings from this study
suggest that depletion of exogenous purines may augment the therapeutic efficacy of
ATG4B inhibition in cancer therapies by addressing potential compensatory utilization of
the purine salvage pathway. Additionally, findings from this study suggest a potential
new role for an ATG4B-IMPDH2 axis in modulating de novo purine biosynthesis, given
that perturbation of this interaction through ATG4B loss seems to shift cells towards
utilization of the purine salvage pathway. To date, there is an abundance of literature in
support of the importance of purine metabolism in cancers’®184, Given the interplay
between the autophagy machinery and nucleotide metabolism, the new discovery that

the ATG4B-IMPDH2 axis could contribute to de novo purine biosynthesis in breast
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cancers opens up the potential of ATG4B and/or IMPDH2 inhibition in mitigating breast

cancer growth and progression.
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Chapter 3. Investigating the potential therapeutic
applications of ATG4B and IMPDH in breast cancer

3.1. Introduction

Breast cancer is the top commonly diagnosed form of cancer amongst Canadian
women and is the 2" leading cause of cancer-related deaths*® . Approximately 15-20%
of breast cancer cases are of the HER2-positive subtype, meaning that they overexpress
the human epidermal growth factor receptor 2 (HER2) protein*+45, HER2
overexpression is associated with aberrant activation of various downstream pathways
that promote breast tumorigenesis?. Although significant improvement in HER2-positive
breast cancer patient outcomes have been achieved since the development and
approval of HER2-targeted agents, like trastuzumab 2%, the issue of treatment
resistance still remains an outstanding challenge in advanced and metastatic cases of

HER2-positive breast cancers®%',

Pre-clinical studies have found that autophagy inhibition may be beneficial in
potentiating the efficacy of trastuzumab and mitigating tumorigenesis of HER2-positive
breast cancer cells%"262, Of note, studies by our group found that genetic knockdown
of the core autophagy cysteine protease, ATG4B, in combination with trastuzumab was
associated with a significant reduction in cell viability in HER2-positive cell lines®!. These
findings suggest that ATG4B may be important in modulating the responses of HER2-

positive breast cancers to trastuzumab.

Findings from chapter 2 of this thesis report of a novel interaction between
ATG4B and the metabolic enzyme, IMPDHZ2, that may support de novo purine
production in breast cancer cells. Recent transcriptomic studies have found elevated
IMPDH2 mRNA levels in breast invasive carcinomas and a significant reduction in
percent survival of high IMPDH2-expressing TNBC patients?3®. However, the clinical
significance of IMPDH1 and IMPDH2 at the protein level remains to be defined. IMPDH
inhibitors, like MPA2'62'7 and ribavirin??>224 have also been found to reduce the growth
and viability of breast cancer cell lines, supporting a potential role for IMPDHs in breast
tumorigenesis. However, the molecular mechanisms underlying how IMPDH proteins,
especially IMPDH2, are involved in breast cancer growth and treatment responses

remains to be determined. As part of chapter 3, | sought to investigate the potential
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therapeutic applications of combined inhibition of ATG4B and IMPDH2 in improving the
responses of a cell line model of HER2-positive and trastuzumab-resistant breast

cancer, JIMT-1, to trastuzumab.

3.2. Materials and methods

3.2.1. Cell lines and culture conditions

The JIMT-1 cell line was obtained from the German Collection of Microorganisms
and Cell Culture (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH),

and grown in a cell culture incubator at 37-C and under 5% CO..

3.2.2. Generation of JIMT-1 ATG4B KO cell lines by CRISPR/Cas9

Generation of JIMT-1 ATG4B KO cell lines were as described in Chapter 2.2.2.

methods.

3.2.3. Assessment of cell growth by Incucyte

Incucyte experiments to assess changes in cell growth were performed as
described in Chapter 2.2.8.

3.2.4. Assessment of cell viability by crystal violet

2x10° cells were seeded in 6-well plates and allowed to adhere overnight prior to
treatment with indicated concentrations of trastuzumab and/or LV320. Following 72
hours of treatment, cell culture media were removed, and cells were fixed onto each well
with 4% paraformaldehyde for at least 30 minutes at room temperature or overnight at
4°C. Fixed cells were then stained by crystal violet dye for at least 30 minutes at room
temperature with gentle agitation. Crystal violet dye were removed from each well and
plates were washed with water and left to dry overnight. The next day, 2mL of acetic
acid were added to each well and left to incubate for at least 30 minutes at room
temperature with gentle agitation. Approximately 100uL of resuspended crystal violet
solution was removed from each well and placed into 96 well plates for measurement of

absorbance at 590nm using a VersaMax plate reader. 3 technical replicates of readings
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were performed for each condition, and the average absorbances were normalized to

parental and/or untreated controls as indicated to examine differences in cell viability.

3.3. Results

3.3.1. IMPDH1 and IMPDH2 protein levels are significantly elevated in
breast cancers compared to normal breast tissues

The clinical significance of IMPDH1 and IMPDH2 in breast cancers has been
limited primarily to studies at the transcriptomic level. To evaluate the potential clinical
importance of IMPDH1 and IMPDH2 proteins in breast tumors, protein levels in breast
tumors and normal breast tissues were examined in two independent and publicly
available proteomic patient cohorts?4¢2%3. Proteomic analyses of IMPDH1 and IMPDH2
protein levels revealed significantly higher levels of these proteins in breast tumors
compared to normal breast tissues (Figure 3.1). This suggests that IMPDH1 and

IMPDH_?2 proteins may be important in breast cancer progression and survival.
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Incident breast cancer and cancer-free control subjects (Tang et al. 2018 cohort)
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Figure 3.1 IMPDH protein levels are significantly elevated in breast tumors

IMPDH1 and IMPDH2 protein levels were evaluated in two independent breast cancer patient
cohorts as indicated. Protein abundances were normalized and log base 2 transformed. Data
were visualized using R and the ggplot2 library. Log2 fold changes (Log2FC) were calculated to
compare differences in IMPDH protein levels in normal breast tissues versus breast tumor
samples. Unpaired t-tests were performed to evaluate statistical differences in protein levels
between normal breast tissues versus breast tumors samples.

To determine if elevated IMPDH protein levels may exist in certain subtypes of

breast cancers, breast tumors were further stratified according to their reported PAM50-

subtype. Proteomic analyses revealed that IMPDH1 and IMPDH2 protein levels are

significantly elevated compared to normal breast tissues in all four PAM50 subtypes of
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tumors examined (Figure 3.2). This suggests that high IMPDH1 and IMPDH?2 protein

levels may be a feature in breast cancers irrespective of their PAM50 subtype.

Incident breast cancer and cancer-free control subjects (Tang et al. 2018 cohort)

IMPDH1 (P20839) IMPDH2 (P12268)
. 5
2] o
88 4
ég 3
Q
oy O *
3 o 2
A . ? .
c
= 1
°g
o Ds.'« O —— — D . -
™
[@)]
g
Normal HER2- Basal- Luminal Other Normal HER2- Basal- Luminal Other
tissue enriched like A tissue enriched like A
n=53 n=17 n=15 n=22 n=11 n=53 n=17 n=15 n=22 n=11
PAMS50 classification PAMS0 classification
Invasive breast cancer and cancer-free control subjects (Asleh et al. 2022 cohort)
IMPDH1 (P20839) IMPDH2 (P12268)
e 1.751 R
8 EE R - :x *
c e .
2= . 1.50]
7 . .
30120 . .
@ .
c3 . | 1.251 : . .
g = - .
o ®
aE
e5 1.00;
o5 0.80 *
20
gg_, - 0.751 * . :
o 3
pd
0.40
Normal Luminal Luminal Basal- HER2- Normal Luminal Luminal Basal- HER2-
tissue A B like enriched tissue A B like enriched
n=38 n=76 n=76 n=76 n=76 n=38 n=76 n=76 n=76 n=76
PAMS50 classification PAMS50 classification

Figure 3.2  Stratification of breast tumors reveal elevated IMPDH protein levels

in all breast tumors regardless of known PAM-50 subtype status
IMPDH1 and IMPDH2 protein abundances of normal and tumor breast tissues from two
independent breast cancer patient cohorts were stratified according to PAM50 subtypes. Protein
abundances were normalized and log base 2 transformed prior to visualization via R and the
ggplot2 library. Log2 fold change (Log2FC) values were calculated to compare protein
abundances between subtypes relative to normal tissues, and the statistical significance between
the group means were calculated using an unpaired t-test and false discovery rate corrected
using the Benjamini-Hochberg procedure. Labelled significance represents post adjusted p-
values.
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3.3.2. High IMPDH2 protein levels are associated with inferior
prognoses in breast cancer patients

To investigate the potential prognostic value of IMPDH protein levels in breast
cancers, correlations between IMPDH1 and IMPDH2 protein levels and overall patient
survival probability were evaluated in a publicly available breast cancer patient cohort263
using KMPlotter?®*, Breast cancer patients with high IMPDH1 protein expression were
not associated with a significantly reduced overall survival probability compared to
patients with low IMPDH1 protein expression. In contrast, breast cancer patients that
presented with high IMPDH2 protein levels were associated with significantly reduced
overall breast cancer patient survival probability (Figure 3.3), suggesting that high
IMPDH_?2 protein levels are a potential negative prognostic marker in breast cancer

patients.

Incident breast cancer subjects (Tang et al. 2018 cohort)
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Figure 3.3 High IMPDH protein levels are associated with significantly reduced
overall breast cancer patient survival probability

Breast cancer patient data were obtained from a cohort recruited between 1993 and 2003, and

consisted of patients with pathologically confirmed breast cancers that were diagnosed within 6

months prior to recruitment 263.265, Breast cancer patients were stratified based on high or low

IMPDH1 and IMPDH2 by an upper quartile cut-off using KMPlotter, independent of tumor grade,

stage and receptor status. Hazard ratios were determined and Logrank tests were performed by
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KMPlIotter to evaluate the magnitudes and statistical differences of overall survival probability
between the two groups.

Of note, ATG4B protein levels were not part of this current dataset?®® and, as
such, the associations between high or low ATG4B protein levels and overall patient

survival probability could not be examined.

3.3.3. ATG4B protein levels are elevated in luminal B, basal-like and
HER2-enriched breast tumors compared to normal tissues

To investigate the clinical significance of the ATG4B protein in breast cancers,
levels were evaluated in one of the breast cancer cohorts described in chapter 3.3.1 that
contained proteomic data for ATG4B2*. Proteomic analyses revealed that ATG4B
protein levels are elevated in breast tumors compared to normal breast tissues, and
stratification of tumors according to PAMS50 subtype statuses revealed that ATG4B
levels were significantly higher in luminal B, basal-like and HER2-enriched subtypes
(Figure 3.4). These findings present supporting evidence for the role of ATG4B in breast

tumorigenesis in subtypes like luminal B, basal-like and HER2-enriched.
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Figure 3.4  ATG4B protein levels are elevated in breast tumors compared to
normal tissues
ATG4B protein levels were evaluated in a publicly available breast cancer patient cohort. Protein
abundance were normalized and log base 2 transformed prior to visualization via R and ggplot2
library. Breast cancer samples were further stratified according to their known PAM-50 subtypes.
Log2 fold changes (Log2FC) were calculated to compare differences in ATG4B protein levels in
normal breast tissues versus breast tumor samples. The statistical significance between the
group means were calculated using an unpaired t-test and false discovery rate corrected using
the Benjamini-Hochberg procedure. Labelled significance represents post adjusted p-values.

3.3.4. ATG4B and IMPDH2 protein levels do not show substantial
correlations in PAM50 subtypes of breast cancers

Analyses from chapter 2.3.2 revealed a significant positive correlation between
ATG4B and IMPDH2 in breast tumors. To better understand the significance of ATG4B
and IMPDH2 in different subtypes of breast cancers, protein-protein correlations were
performed on breast cancer patient proteomic data from Asleh et al. 2022 cohort?*8
following stratification of breast tumors according to respective PAM50 subtypes.
Although no significant correlations between ATG4B and IMPDH2 were observed in any
of the PAM50 subtypes of breast cancers, HER2-enriched and luminal B subtype
patients did present with a positive ATG4B-IMPDH2 correlation trend (Figure 3.5).
Analyses of other datasets to verify these trends are certainly warranted. Given that a
significant positive correlation between ATG4B and IMPDH?2 was observed when breast
tumors were unstratified, this suggests that PAM50 subtyping may not be an effective
way to identify breast cancer contexts whereby both ATG4B and IMPDH?Z2 are co-

expressed.
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Figure 3.5 ATG4B and IMPDH2 protein levels are not significantly correlated in
PAMS50 subtypes of breast cancers

Breast cancer patients were stratified according to known PAM50-subtype statuses. Pearson

correlation was performed to evaluate the statistical significance of ATG4B-IMPDH2 correlations

in each subtype of breast cancer by log2 transforming the pooled internal standard (PIS)-

normalized peptide spectral counts and plotting each sample with both ATG4B and IMPDH2

abundances on an X-Y scatter plot using R and ggplot2.

ATGA4B was previously associated with modulating the responses of HER2-
positive breast cancer cells to nutrient stress and trastuzumab treatment®'. This study
sought to leverage the ATG4B-IMPDH interplay to mitigate breast cancer growth and
progression. Intra-tumoral heterogeneity of the HER2 protein exists in approximately
40% of breast cancers, and is a potential mechanism for resistance to HER2 targeted
therapies?®. To first determine if ATG4B and HER2 protein levels are correlated in
certain subtypes of breast cancers, protein levels were analyzed in tumor samples of
breast cancer patients stratified according to their known PAM50 subtype. Comparative
analyses revelated that ATG4B and HER2 are not significantly correlated at the protein
level in any PAMS0-subtype of breast cancer in the cohort examined (Figure 3.6).
However, a positive correlation trend was observed between ATG4B and HER2 in
breast cancers of the HER2-enriched subtype, suggesting that both proteins may be

correlated in certain subpopulations of HER2-enriched breast tumors.
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Figure 3.6 ATG4B and HERZ2 protein levels are not signifcantly correlated in

breast cancer patients stratified according to PAM50 subtype
Breast cancer patients were stratified according to known PAM50-subtype statuses. Pearson
correlation was performed to evaluate the statistical significance of ATG4B-ERBB2 (also known
as HER?2) correlations in each subtype of breast cancer by log2 transforming the pooled internal
standard (P1S)-normalized peptide spectral counts and plotting each sample with both ATG4B
and ERBB2 abundances on an X-Y scatter plot using R and ggplot2.

Next, to determine if IMPDH2 and HER2 are correlated in certain subtypes of
breast cancers, protein-protein correlations studies were again performed in the different
PAMS50 subtypes of breast cancers. Analyses revealed a positive, though weak,
correlation between IMPDH2 and HERZ2 only in the HER2-enriched subtype (Figure 3.7).
Overall, these findings suggest that there is no substantial correlation between IMPDH?2

and HER?Z? in breast tumors.
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Figure 3.7 IMPDH2 and HER2 protein levels are positively correlated in HER2-
enriched breast tumors

Breast cancer patients were stratified according to known PAM50-subtype statuses. Pearson

correlation was performed to evaluate the statistical significance of IMPDH2-ERBB2 (also known

as HER?2) correlations in each subtype of breast cancer by log2 transforming the pooled internal

standard (P1S)-normalized peptide spectral counts and plotting each sample with both ATG4B

and IMPDH2 abundances on an X-Y scatter plot using R and ggplot2.

3.3.5. Pharmacological inhibition of ATG4 and IMPDH results in a
modest but synergistic reduction in JIMT-1 cell growth

Findings from Chapter 2 suggest that the ATG4B-IMPDH2 interplay may play an
important role in breast cancer growth under nutrient stresses, like glutamine
deprivation, in JIMT-1 cells. To determine if this protein-protein interaction axis may also
modulate the responses of JIMT-1 cells to trastuzumab, the effect of genetic loss of
ATG4B on the sensitivity of HER2+ breast cancer cells to IMPDH inhibition was first
examined. ATG4B KO cells were treated with increasing concentrations of the
pharmacological inhibitor, mycophenolic acid (MPA), which is a non-competitive inhibitor
of IMPDH that targets the NAD" site of the enzyme?®8. Growth was monitored over a
course of 120 hours, and the best-fit IC50 values for parental JIMT-1, JIMT-1 ATG4B
KO#1, and JIMT-1 ATG4B KO#2 were 1.92 uM, 3.14 pM and 1.569 uM respectively.
These findings suggest that genetic loss of ATG4B does not substantially reduce the
IC50 of MPA in JIMT-1 cells (Figure 3.8).
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Figure 3.8  Genetic loss of ATG4B does not increase sensitivity to IMPDH
inhibition

Parental and ATG4B KO cells were treated with increasing concentrations of MPA (0-12uM; 0.6%

DMSO) as described in methods. Percent phase confluence after 120 hours was measured by
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Incucyte. IC50 of each cell line for each concentration of MPA was determined using GraphPad.
One-way ANOVA with Dunnett’s multiple comparisons test was performed to evaluate statistical
differences in the IC50 values of parental JIMT-1 cells to ATG4B KO#1 and KO#2 across 3
biological replicates. No statistically significant differences were found. Error bars represent SEM.

Next, to determine if pharmacological inhibition of ATG4 and IMPDH would lead
to a greater reduction in growth compared to single treatments alone, the growth of
parental JIMT-1 cells treated with LV320 and MPA were monitored after 120 hours.
LV320 is a pharmacological inhibitor of ATG4A and ATG4B, and in silico predictions
suggest that it elicits its inhibitory activity on ATG4B by binding near the regulatory loop
or to the N-terminal tail of the ATG4B protein'?'. Combined treatment with 20uM LV320
and 0.5uM or 1.0uM MPA led to a synergistic but modest reduction in growth as
determined by CompuSyn (Figure 3.9A), supporting a potential therapeutic value for
combining ATG4 and IMPDH inhibition in the treatment of HER2-positive breast cancers.

To assess the growth of parental JIMT-1 cells in the absence or presence of
LV320 or MPA over time, the change in the percent phase confluence of cells treated
with the best synergistic combination was measured by Incucyte. Growth of cells treated
with LV320 or MPA remained similar to control DMSO-treated cells, whereas growth of
cells treated with a combination of LV320 and MPA decreased around the 72-hour time
mark (Figure 3.9B). Given the importance of IMPDH proteins in de novo purine
biosynthesis and ATG4B in nutrient recycling through autophagy, it is plausible that
delayed growth reduction may be due to a depletion of core metabolites required for
metabolic pathways as a result of blunting both autophagy and purine biosynthesis.
Together, these findings suggest that combined inhibition of ATG4 and IMPDH may be a
potential therapeutic avenue that can be leveraged to improve efficacies of current
breast cancer treatments. These findings additionally suggest that ATG4B KO cells may
not be suitable for evaluating the potential therapeutic value of IMPDH inhibition, given
the possibility of compensatory mechanisms activated in response to genetic loss of
ATG4B.
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Figure 3.9 Combined LV320 and MPA treatment leads to a modest but
synergistic reduction in growth
( A) Parent JIMT-1 cells were treated with different concentrations of LV320 and MPA (0.4%
DMSO control) for 120 hours as described in methods. The percent phase confluence of cells
after 120 hours was measured by Incucyte and used to calculate combination indices (Cl) for
synergy by the Chou-Talalay method using CompuSyn. Cl values equivalent to 1 are considered
additive, greater than 1 are considered antagonistic and less than 1 are considered synergistic257.
Cl values of synergistic combinations are indicated in red. (B) Growth curves (left) and bar graph
of end point phase confluence (right) of parental JIMT-1 cells treated with 20uM LV320 and/or
0.5uM MPA. Growth of cells was evaluated every 2 hours by measurement of the percent phase
confluence of cells using Incucyte. A total of 3 biological replicates was performed. One way
ANOVA with Tukey’s multiple comparisons tests were performed to evaluate statistical
differences. Error bars represent SEM.

3.3.6. Pharmacological inhibition of ATG4B with LV320 increases the
trastuzumab sensitivity of JIMT-1 breast cancer cells

Previous studies have found that genetic knockdown of ATG4B increases the
sensitivity of HER2-positive breast cancer cells to the anti-HER2 targeted agent,
trastuzumab, in vitro®'. As part of efforts to develop tools that may allow us to translate
these findings to an in vivo setting, cells with genetic loss of ATG4B and the ATG4

inhibitor LV320 were separately evaluated to determine if they may recapitulate previous
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findings. The JIMT-1 cell line is a HER2+ breast cancer cell line model characterized by
resistance to trastuzumab. To determine if genetic loss of ATG4B may increase the
sensitivity of JIMT-1 cells to trastuzumab, parental and ATG4B KO JIMT-1 cells were
treated with trastuzumab for 72 hours. A trastuzumab-sensitive cell line, BT-474, was
included as a positive control for trastuzumab response. Findings revealed that genetic
loss of ATG4B did not increase the sensitivity of JIMT-1 cells to trastuzumab (Figure
3.10A), suggesting the presence of potential compensatory mechanisms that may be
activated in response to ATG4B KO.

To evaluate an alternate tool for ATG4B inhibition, the pharmacological ATG4
inhibitor, LV320, was utilized in combination with trastuzumab in parental JIMT-1 cells.
Pharmacological inhibition of ATG4 with LV320 led to a modest but significant reduction
in cell viability in combination with trastuzumab (Figure 3.10B), supporting the potential
utility of LV320 as a pharmacological tool for ATG4 inhibition in combination with

trastuzumab.
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Figure 3.10 LV320 is a potential tool for ATG4B inhibition in combination with
trastuzumab
( A) Parental and ATG4B KO JIMT-1 cells were treated with trastuzumab for 72 hours. BT-474, a
trastuzumab-sensitive HER2-positive breast cancer cell line, was included as a positive control.
Cell viabilities following trastuzumab treatment were evaluated by crystal violet as described in
methods. A total of 4 biological replicates were performed. Two-way ANOVA with Tukey’s
multiple comparisons tests were performed to evaluate statistical differences, and error bars
represent SEM. (B) Parental JIMT-1 cells were treated with increasing concentrations of
trastuzumab in the absence or presence of LV320 for 72 hours. Cell viabilities were evaluated by
crystal violet as described in methods. A total of 4 biological replicates were performed. One-way
ANOVA with Tukey’s multiple comparison’s tests were performed to evaluate statistical
differences, and error bars represent SEM. Statistical significance for comparisons of cells treated
with 100pg/ml trastuzumab versus 100pg/ml trastuzumab and 25uM LV320, and 25pM LV320
versus 100ug/ml trastuzumab and 25uM LV320 are shown.
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To determine if the effects of combined LV320 and trastuzumab treatment are
augmented over time, changes in percent phase confluence of parental JIMT-1 cells
treated with combined trastuzumab and LV320 were monitored for 120 hours. Findings
revealed a significantly greater reduction in growth over time (Figure 3.11), further

supporting the potential utility of LV320 as a pharmacological tool for ATG4 inhibition in
combination with trastuzumab.
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Figure 3.11 Combined LV320 and trastuzumab treatment leads to a significant
reduction in growth over time

Parental JIMT-1 cells were treated with increasing concentrations of trastuzumab, with or without

LV320. Growth of cells was evaluated every 2 hours by measurement of the percent phase

confluence of cells using Incucyte. A total of 4 biological replicates were performed. One-way

ANOVA with Tukey’s multiple comparisons tests were performed to evaluate statistical
differences. Error bars represent SEM.

3.4. Discussion

Current knowledge regarding the clinical significance of IMPDH1 and IMPDH2
expression at the protein level remains poorly defined in breast cancers. Similarly, the
clinical importance of protein levels of both ATG4B and IMPDH2 in breast cancer
subtypes also remains elusive. In addressing these gaps, | performed proteomic data
analysis on independent and publicly available breast cancer patient cohorts in
collaboration with Drs. Baofeng Jia and Kevin Yang. | found that IMPDH1 and IMPDH2
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protein levels are significantly elevated in breast tumors compared to normal breast
tissues in two independent breast cancer patient cohorts. | observed that the levels of
both IMPDH proteins were significantly elevated in all PAM50 subtypes of breast
cancers relative to normal tissues. This suggests that elevated levels of the IMPDH
protein may not be specific to certain PAM50 subtypes of breast cancer, and that the
PAMS50 subtype stratification may not be an effective way in identifying breast cancer
types where high IMPDH protein levels are important. Interestingly, | also discovered
that only high IMPDH2 protein levels were associated with significantly reduced overall
breast cancer patient survival probabilities. High IMPDH1 protein levels were not
associated with significantly reduced overall breast cancer patient survival probabilities.
This finding suggests a greater clinical importance of the IMPDH2 protein in breast

cancer progression and survival, in contrast to IMPDH1.

Additionally, | leveraged available ATG4B protein data from one of the publicly
available patient cohorts analyzed and found that breast tumors present with high
ATG4B protein levels compared to normal breast tissues. In addition, | also found that,
of the four PAM50 subtypes that the breast cancer samples were stratified to, ATG4B
protein levels were significantly higher in the luminal B, basal-like and HER2-enriched
subtypes compared to normal tissues, supporting potential clinical importance for
ATG4B in these subtypes of breast cancers. Interestingly, independent studies by
Bortnik et al. 2020 have found that ATG4B protein expression was highest in luminal A
breast cancer subtypes and lowest in basal-like breast cancer subtypes?®. These
observations differ from findings from this chapter where amongst the four PAM50
subtypes, basal-like breast cancer subtypes had the highest ATG4B expression and
luminal A subtypes had the lowest (Figure 3.4). Differences could be owing to different
study population cohorts, discrepancies in independent subtype stratification criteria, and

differences in methodologies for assessing protein expression and/or levels.

Findings from chapter 2 revealed a positive but modest correlation between
ATG4B and IMPDH2 in breast cancer patients, which could suggest a functional
interplay between the two proteins. | expanded on these findings by next examining the
protein-protein correlations between ATG4B and IMPDH2 in different subtypes of breast
cancers from the Asleh et al. 2022 cohort?*® which contained proteomic data for ATG4B
and IMPDH2 and characterized PAM50 subtype statuses for the different tumor

samples. | found no significant correlations between ATG4B and IMPDH2 in any of the
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PAMS50 subtypes of breast cancer, suggesting that the PAM50 subtype stratification may
not be effective in identifying breast cancers that present with co-elevated ATG4B and
IMPDHZ2 protein levels.

The central aim of this chapter was to examine if combined ATG4 and IMPDH
inhibition could augment responses of HER2-positive breast cancer cells to trastuzumab.
As such, | narrowed my focus next on whether the ATG4B-IMPDH2 relationship could
be dependent on the HER2 status of breast cancers. | expected to find a positive
correlation between ATG4B and IMPDHZ2 in HER2-enriched breast cancers, given that
both proteins interacted and high ATG4B and IMPDH2 protein levels were independently
observed in HER2-enriched breast cancer patients compared to normal breast tissues
(Figure 3.2, 3.4). The lack of statistically significant nor strong pearson correlations in
this case may be owing to intra-tumoral heterogeneity of breast tumors classified as of
the HER2-enriched molecular subtype?®®. HER2-positive breast tumors are
characterized by amplification of the ERBB2 gene and/or overexpression of the HER2
protein?®®. This is in contrast to breast tumors classified as HER2-enriched, which is
based on molecular/transcriptional signatures as defined by the PAM50 classification.
Notably, it has been proposed that not all HER2-enriched breast tumors are HER2-
positive, and subpopulations can be HER2-negative ?%°. To determine if HER2
overexpression could be a criterion for breast tumors to present with a strong ATG4B-
IMPDHZ2 protein-protein correlation, | performed examine the relationship between
ATG4B and HER2, and IMPDH2 and HERZ2. Notably, | found a weak positive correlation
between IMPDH2 and HERZ protein levels in HER2-enriched breast cancer patients.
This observation supports the potential clinical importance of IMPDH2 in HER2-positive
breast cancers and warrants further validation in independent cohorts. Although | did not
find a significant positive correlation between ATG4B and HER2 in any PAMS0 subtype
of breast cancer, HER2-enriched breast cancers did present with a trend of positive
ATG4B and IMPDH2 correlation. This could suggest that only certain subpopulations of
HER2-enriched breast cancers are characterized by high ATG4B and HER2 protein
levels. In general, the observation that the correlations between ATG4B, IMPDH2 and/or
HER2 were modest or weak regardless of if breast cancer cohorts were examined as a
whole (Chapter 2.3.2) or classified according to their PAM50 subtypes (Chapter 3.3.4)
does call into question the clinical importance of the ATG4B-IMPDH2 axis in breast

cancer samples. The identification of alternate biomarkers for stratifying breast cancer
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patients that may have stronger likelihood of relying on an interplay between ATG4B,
IMPDH2 and/or HER2 will be important.

I next postulated that both the ATG4B and IMPDH proteins are important for
growth of HER2-positive breast cancer cells. | aimed to investigate and leverage this
potential therapeutic vulnerability to improve the responses of HER2-positive breast
cancers to HER2-targeted agents. As such, | selected the trastuzumab-resistant HER2-
positive breast cancer cell line, JIMT-1, as a cell line model for subsequent experiments.
| found that pharmacological inhibition of both ATG4 and IMPDH with LV320 and MPA
was associated with a modest but synergistic reduction in cell growth. Notably, some
inhibitor combinations were found to be antagonistic, meaning that the effect that these
combinations had on cellular growth were less than expected given their individual
effects alone. The observed antagonistic combinations may be a result of a buffering
effect, whereby the effect of one drug or inhibitor masks the effect of the other, or a
suppressive effect, whereby one drug suppresses the effect of the other?’%2"",
Unexpectedly, genetic loss of ATG4B did not increase the sensitivity of cells to IMPDH
inhibition. Given that the pharmacological ATG4 inhibitor utilized, LV320, targets both
ATG4B and ATG4A™ it is plausible that ATG4A may also contribute to the ATG4B-
IMPDH2 functional interplay and genetic loss of ATG4B results in compensation by
ATG4A. Future work will involve evaluating the effect of combined genetic knockdown of
ATG4A and ATG4B on IMPDH sensitivity. Nevertheless, the modest but significant
reduction in growth resulting from combined ATG4 and IMPDH inhibition suggests that
this inhibitor duo is a promising combination that warrants further investigation to
improve responses to trastuzumab in HER2-positive breast cancer cells. Given findings
from Chapter 2, it will be of interest to examine if targeting the purine salvage pathway
by glutamine- and/or purine-depletion could augment the efficacy of pharmacological
inhibition of ATG4 and IMPDH. Previous studies found that genetic knockdown of
ATG4B was associated with increased sensitivity to trastuzumab in HER2-positive
breast cancer cells®’. | independently investigated this avenue using the ATG4 inhibitor,
LV320, and found that LV320 treatment was associated with a significant reduction in
cell growth when combined with trastuzumab. These findings support the importance of
ATG4 in modulating trastuzumab responses in HER2-positive breast cancers and
suggest that combined ATG4 and IMPDH inhibition may further augment the growth

reduction observed from ATG4 inhibition alone.
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In total, this study is the first to describe the potential clinical significance of
IMPDH protein levels in breast cancer patients. Additionally, this study is the first to
show that combined ATG4 and IMPDH inhibition synergistically reduces cellular growth
and the first to validate LV320 as a promising tool to improve trastuzumab responses in
resistant HER2-positive breast cancer cells. Future investigations evaluating the effect of
combined ATG4 and IMPDH inhibition on trastuzumab responses in resistant HER2-
positive breast cancer cell lines have the potential to identify a new therapeutic avenue
that can be leveraged to improve trastuzumab efficacy. This is imperative given that
advanced and metastatic cases of HER2-positive breast cancer patients often

experience resistance to trastuzumab®%'.
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Chapter 4. General discussion

As part of my thesis, | sought to discover molecular mechanisms underlying how
ATG4B is involved in the nutrient stress response to glutamine deprivation in HER2-
positive breast cancer cells through a combination of proteomics, metabolomics and cell
and molecular biology approaches. In identifying how ATG4B may modulate nutrient
stress responses, | aimed to leverage this novel relationship to improve the responses of

HER2-positive breast cancer cells to the HER2-targeted agent, trastuzumab.

4.1. A novel ATG4B-IMPDH2 interaction and consequences
on purine metabolism

4.1.1. Study summary and significance

To investigate the molecular mechanisms underlying ATG4B in nutrient stress
response, | performed a pilot IP-MS study and discovered a novel protein-protein
interaction between ATG4B and the metabolic enzyme, IMPDH2. To understand the
potential clinical importance of the ATG4B-IMPDH2 interaction in breast cancers, |
performed protein-protein correlation studies using publicly available patient cohorts and
discovered a significant positive correlation between ATG4B and IMPDHZ in breast
cancers. Given the positive correlation between ATG4B and IMPDH2, | next
investigated if reducing protein levels of one binding partner would affect protein levels
of the other. | found that genetic inhibition of IMPDH proteins did not affect protein levels
of ATG4B, and genetic inhibition of the ATG4B protein was associated with modest
effects on IMPDH protein levels. This suggested that protein level regulation of
interaction partners is unlikely the primary biological purpose of the ATG4B-IMPDH2
interaction. To explore the possibility that regulation of enzyme activity is the function of
the ATG4B-IMPDH2 interaction, | utilized a pharmacological IMPDH inhibitor and found
that inhibition of IMPDH activity reduced the processing of LC3B and stabilization of
GABARAP, which could suggest an impairment in ATG4B activity and/or function®'"°, It
is important to note that the accumulation of lipidated LC3B could suggest either an
increase in autophagosome formation or a defect in the autophagosome-lysosome
fusion step?’2. As such, it remains to be determined if IMPDH inhibition by MPA

promotes or suppresses autophagic flux. Studies in glioma cells previously showed that
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pharmacological inhibition of IMPDH with the inhibitor ribavirin results in a dose-
dependent increase in lipidated LC32"3, which could suggest a similar block in ATG4B
activity. In this case, the authors found that the accumulation in lipidated LC3 was
correlated with a decrease in p62273, suggesting autophagy induction and that the

increase in lipidated LC3 could be in part of due to increased autophagosome formation.

Previous studies have reported the formation of IMPDH2 ring-and-rod structures
under conditions of nutrient stress, as described in chapter 1.8. To investigate if and why
this biological phenomenon also occurs in glutamine-deprived breast cancer cells, |
performed a combination of immunofluorescence microscopy and metabolomics in the
HER2-positive breast cancer cell line, JIMT-1. | observed four distinct phenotypes of
IMPDHZ2 in glutamine-deprived JIMT-1 cells, namely, diffuse, vesicle-like, short rods, and
long rods and rings, and a correlation with reduced guanine nucleotide levels in these
cells under glutamine-limiting conditions. | hypothesized that the formation of IMPDH2
structures occurs in response to depletion in guanine nucleotide levels and confirmed
this with guanosine supplementation experiments that increased GTP production in
glutamine-deprived cells. Notably, cellular growth reduction under these short-term
glutamine deprivation experiments was only modest, and it remains to be determined if
perturbing the ability of cells to form these IMPDH2 ring-and-rod structures would

exacerbate the growth reduction in these glutamine-deprived cells.

Given the interaction between ATG4B and IMPDH2, | postulated that ATG4B
may contribute to IMPDH2 ring-and-rod formation. | discovered that genetic loss of
ATG4B was associated with significantly reduced IMPDHZ2 ring-and-rod structures and
increased guanine nucleotide levels in glutamine-deprived cells. To better understand
the metabolic consequences of genetic loss of ATG4B, | performed metabolite profiling
studies and examined levels of purine bases and nucleotides in parental and ATG4B KO
JIMT-1 cells. | found that ATG4B KO cells were enriched in purine nucleotides and
metabolites involved in the purine salvage pathway, suggesting a metabolic shift towards
utilization of the purine salvage pathway to produce adenine and guanine nucleotides.
To validate this, | examined an independent and publicly available metabolomic dataset,
and found that in heart and muscle of atg4b” mice?®, purine salvage metabolites were
also enriched, supporting a potential metabolic shift towards utilization of the purine

salvage pathway as a consequence of genetic loss of ATG4B. To date, this study is the
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first to describe a potential metabolic reprogram in nucleotide metabolism resulting from

genetic loss of an autophagy protein.

Cells generally upregulate the de novo purine pathway to meet elevated purine
demands that cannot be met by the purine salvage pathway alone'®. | hypothesized that
prolonged glutamine deprivation will activate the de novo pathway because of depletion
of purine metabolites and purine nucleotides over the capacity within which the purine
salvage pathway can provide. | further postulated that ATG4B KO cells rely
predominantly on the purine salvage pathway because of an impairment in de novo
purine biosynthesis owing to the lack of an ATG4B-IMPDH2 interplay. Under conditions
of glutamine deprivation, | expect that growth of ATG4B KO cells will be significantly
reduced because of the inability to activate de novo purine biosynthesis. Indeed, | found
that glutamine deprivation was associated with a significant reduction in growth of
glutamine-deprived ATG4B KO JIMT-1 cells compared to parental JIMT-1. |
hypothesized that the impaired ability of ATG4B KO cells to form rings-and-rods under
glutamine deprivation could have a consequence on the ability of these cells to grow
under nutrient stress conditions. Differences in growth between parental and ATG4B KO
cells were not apparent during earlier time points of glutamine deprivation when the
ability of these cells to form IMPDH2 rings-and-rods were assessed. In this case, it
would be interesting to examine if the ATG4B KO cells are still impaired in their ability to
form IMPDH2 rings-and-rods under conditions of prolonged glutamine deprivation where

growth differences were more apparent.

| postulated that the loss of an ATG4B-IMPDH2 interaction in ATG4B KO cells
would mean that these cells would be less dependent on the de novo purine
biosynthesis pathway for growth under conditions of nutrient stress. Indeed, growth of
parental JIMT-1 cells was significantly reduced upon IMPDH inhibition in glutamine-
deprived media, whereas growth of glutamine-deprived ATG4B KO cells was reduced
only modestly when IMPDH was inhibited. Given that the next major pathway for purine
nucleotide biosynthesis is the purine salvage pathway, | next postulated that these
ATG4B KO cells would be more reliant on purine bases that feed the purine salvage
pathway for growth under glutamine deprived conditions. | found that depletion of
exogenous purine bases using dialyzed FBS led to significant further reductions in
growth of glutamine-deprived ATG4B KO JIMT-1 cells compared to glutamine-deprived

parental cells. This finding suggests an increased reliance on low molecular weight
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metabolites, like purine bases, as their concentrations are significantly reduced in
dialyzed FBS, and which supports an increased reliance on the purine salvage pathway
in the absence of ATG4B. As noted, concentrations of other small metabolites are also
reduced in dialyzed FBS, and their potential importance to ATG4B KO growth cannot be
excluded at this point. Future studies restoring purine bases in glutamine-deprived
media supplemented with dialyzed FBS will be important in validating the significance of
exogenous purines in sustaining growth of ATG4B KO cells under conditions of
glutamine deprivation. It also remains to be determined if the increased sensitivity to
glutamine- and purine-depleted conditions of ATG4B KO cells could also be a result of
defects in autophagy. Studies in HEK293K cells previously showed that genetic loss of
the core de novo purine enzyme, phosphoribosylformylglycinamidine synthase (PFAS),
was associated with activation of autophagy under similar purine-depleted conditions
with dialyzed FBS?°. This finding suggests that the autophagy machinery may function
as an alternate source of replenishing purine nucleotides in contexts whereby cells are
defective in both the de novo purine biosynthesis and purine salvage pathways. It will be
intriguing to investigate if treatment of ATG4B KO cells with pharmacological inhibitors of
autophagy, like chloroquine, to inhibit the IMPDH-mediated de novo purine biosynthesis
pathway and to further suppress the autophagy machinery would augment their
sensitivity to glutamine- and purine-depleted conditions. Notably, | found that protein
levels of core de novo purine enzymes and purine salvage enzymes were not affected
by genetic loss of ATG4B. This suggests that the mechanisms underlying this newly
described metabolic reprogram may not occur through regulation of enzyme protein

levels and may occur through regulation of enzyme activity.

Together, these findings reveal a novel protein-protein interaction between
ATG4B and IMPDH2 in breast cancers and are in support of a metabolic reprogram in
ATG4B KO cells that shift towards reliance on IMPDH-independent pathways, like the
purine salvage pathway, for growth under glutamine deprivation (Figure 4.1). These
findings also suggest an importance for the ATG4B-IMPDH2 interaction in de novo
purine biosynthesis. These results are significant given the plentiful studies investigating
ATG4B inhibition as a therapeutic strategy in cancers?®. In such cases, including
glutamine- and purine-depletion as nutrient stressors may further augment the efficacy
of ATG4B inhibition in mitigating cancer progression or augmenting treatment efficacy.

Further, findings here also provide premise for combined inhibition of ATG4B and
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IMPDH2 as a therapeutic approach in cancer settings where the de novo purine pathway

may be utilized to facilitate cancers by promoting progression and treatment resistance.
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Figure 4.1 Proposed model for the metabolic consequences of genetic loss of
ATG4B on purine metabolism in breast cancer cells.
The de novo purine biosynthesis and purine salvage pathways are important in maintaining
purine nucleotide pools in the cell. The purine salvage pathway is more energetically efficient and
is the primary pathway used to generate purine nucleotides in the cell. However, purine demands
often exceed the capacity in which the purine salvage pathway can provide under nutrient stress
conditions, like glutamine deprivation. In response, cells activate the de novo purine biosynthesis
pathway to need these purine demands for survival. In the case of ATG4B KO cells, loss of
ATG4B perturbs an ATG4B-IMPDH2 interaction that results in a metabolic reprogram towards
utilization of IMPDH-independent purine salvage pathways to sustain growth. The purine salvage
pathway is not sustainable over extended periods of nutrient stress, impairing the growth of
ATG4B KO cells over time.

4.1.2. Limitations and future avenues

Although the ATG4B-IMPDH2 interaction was validated in several independent
breast cancer cell lines, the downstream functional studies were performed solely in the
JIMT-1 cell line. Further, IP-WB and protein-protein correlation studies suggested that
the ATG4B-IMPDH2 interaction itself is independent of HER2 status and may be a pan-
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breast cancer occurrence. However, this does not indicate that the functional
importance of this interplay will be independent of the HER2 status. It remains to be
determined if similar consequences resulting from genetic loss of ATG4B will be true in
other cell line types and subtypes of breast cancer, and future work validating some of
the key functional studies, like the IMPDH inhibition and glutamine- and purine-depletion
experiments, in other contexts will be important. Protein-protein correlation studies
between ATG4B and IMPDH2 reflected weak to modest Pearson correlation values,
which could suggest that the interaction may not be direct or exists only in certain
subsets of the cohort. Future studies exploring this correlation in larger cohorts and
exploring the possibility of an intermediate protein bridging the ATG4B-IMPDH2

interaction will be important and interesting avenues to explore.

Genetic studies examining the effect of genetic loss or knockdown of ATG4B on
IMPDH protein levels yielded temporal differences in results. Genetic loss of ATG4B was
associated with modest decreases in IMPDH protein levels following 48 hours of growth
in culture, whereas modest increases in IMPDH protein levels were observed following
120 hours of growth in culture. It remains unclear why this was the case, but it is
probable that IMPDH protein levels are lower in ATG4B KO cells initially because of the
loss of their interaction, and increased growth duration in culture might limit nutrient
availability and trigger feedback upregulation of IMPDH protein levels in response.
However, this notion is not supported given the observation that glutamine deprivation,
regardless of ATG4B status, had no substantial effect on IMPDH protein levels. Future
work investigating the temporal changes in IMPDH protein levels in response to ATG4B
loss and nutrient stress will certainly clarify this. Additionally, genetic knockdown of
ATG4B by shRNA was not associated with changes in IMPDH protein levels. This could
suggest that minimal amounts of ATG4B are sufficient to maintain consistent IMPDH
protein levels, but this conclusion requires further validation using additional shRNAs

given that only one shRNA cell line was used.

The pharmacological tool employed to examine the effects of IMPDH inhibition,
MPA, targets both IMPDH1 and IMPDH2274. It remains to be determined if the effects
resulting from MPA treatment on ATG8 processing are a result of inhibition of IMPDH1,
IMPDH2 or both IMPDH proteins. Genetic approaches investigating this relationship are
limited in that good knockdown of IMPDH proteins was difficult to achieve in JIMT-1 in

my experience. Prolonged and additional siRNA transfections had to be performed to

138



achieve approximately 75% knockdown, which run the risk of activation of compensatory
mechanisms and feedback loops. Additionally, compensatory mechanisms have been
reported resulting from genetic inhibition of IMPDH22%2, which makes studying the
functional importance of this protein challenging. In studying the effects of IMPDH
inhibition on ATG4B activity, assessment of ATG8 proteins do not necessarily reflect
only the activity of ATG4B. This is because the ATGS8 proteins can be processed by
other ATG4 proteins as well®®% as described in chapter 1.4.3. Future studies examining
the potential regulation of ATG4B by IMPDH proteins through in vitro recombinant
protein enzymatic assays will be important in clarifying this relationship. Further, this
study has not yet examined the effect of IMPDH inhibition on autophagy, which begets
the question of whether the proposed regulation of ATG4B by IMPDH2 will have a
consequent effect on autophagy. Studies in glioma cells have found that autophagy is
induced following treatment with the IMPDH inhibitors, ribavirin and tiazofurin?’,
suggesting that IMPDH proteins may negatively regulate the autophagic machinery.
Interestingly, studies by Fang et al. 2017 revealed that treatment of hepatoma cells with
MPA is associated with a block in autophagy, and reduced mRNA and protein
expression of ATG proteins, like ATG3, ATG5, and ATG727%. These findings suggest
that, at least in the context of MPA-mediated IMPDH inhibition, IMPDH proteins may
function to promote autophagy by regulating the expression of key ATG proteins. Future
studies examining the effects of genetic knockdown of IMPDH1/2 will be important in
clarifying the role of IMPDH proteins in the regulation of autophagic flux. Although | did
not see any effect of genetic knockdown of IMPDH (Figure A.1.) or MPA treatment on
ATGA4B protein levels (Figure 2.7), | found that MPA-mediated IMPDH inhibition impairs
LC3B processing and GABARAP stabilization (Figure 2.7), supporting a potential role for
IMPDH proteins in regulating ATG4B activity and function. Future studies investigating if
genetic knockdown of IMPDH1 and/or IMPDH2 will have the same effect on the ATG8
proteins will be important in clarifying the role of IMPDH proteins in regulation of ATG4B

activity and function.

Additionally, at this time, | have not yet determined if ATG4B may also regulate
IMPDH activity. Previous attempts using commercially available IMPDH activity kits have
not yielded consistent results, even with IMPDH inhibitor controls, and this may be owing
to the fact that these kits rely on NADH generated as part of the IMPDH reaction as an

output in cell lysates. The caveat to such kits is that they do not delineate between
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NADH generated as a result of IMPDH activity and NADH generated by other metabolic
or cellular processes in the cell either basally or in response to experimental conditions
imposed. At the time of this thesis preparation, | await results from collaborators for
experiments that seek to evaluate IMPDH activity by examining metabolites generated

directly and downstream by IMPDH through metabolomics/MS.

The observation that IMPDH2 presents itself as four distinct phenotypes in breast
cancer cells is intriguing, and is reminiscent of the formation of cytoophidia, which are
long filament-like structures, by the metabolic enzyme CTPS1276-278_ Although this study
found that genetic loss of ATG4B primarily affected the formation of long rods and rings,
it remains to be determined why other IMPDH2 phenotypes, like vesicles and short rods,
also form in certain subpopulations of cells subjected to the same stress. Are they simply
intermediates leading to long rods and rings? Future work investigating the functional
significance of the different phenotypes of IMPDH2 formed under nutrient stress
conditions will certainly shed insight as to why these structures form heterogeneously in

populations of cells all subjected to the same stress.

It is important to note that, although guanosine supplementation experiments do
support the model that IMPDH2 ring-and-rod structures form in response to guanine
nucleotide depletions, the metabolite findings only show a trend where these guanine
nucleotide levels are reduced upon glutamine deprivation and are not statistically
significant. This may be because of technical reasons resulting from the sample
preparations or mass spectrometry runs, or biological reasons resulting from the cells
being of different cell passage numbers and experimented on at different times. Future
work may be directed towards performing more biological replicates to confirm, at the
metabolite level, that the reduction in guanine nucleotides like GTP does indeed coincide

with the induction of IMPDH2 ring-and-rod structures in cells.

Further, this study has yet to identify the functional significance of these IMPDH2
ring-and-rod structures. Although structural studies suggest that they may serve to
maintain IMPDH activity by preventing GTP-mediated allosteric inhibition', these
studies were done primarily in cell-free assays and have not been performed in nutrient
stress conditions nor in cancer cells. Future work investigating the functional significance
of these IMPDH2 structures under glutamine deprivation will shed insights into the

biological role of these structures under nutrient stress. Additionally, glutamine deprived
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conditions that induce IMPDHZ ring-and-rod structures were only associated with
modest reductions in growth. It remains to be determined if IMPDH2 rings-and-rods may
play an importance in sustaining growth and if so through what mechanisms. Although
genetic loss of ATG4B had significantly reduced IMPDH2 ring-and-rod formation
compared to parental cells but did not result in greater reduction of growth from the
glutamine-deprived conditions set up, this may be because of the upregulated guanine
nucleotide levels observed in these cells as a result of their metabolic shift to purine
salvage as a consequence of ATG4B loss. Future studies examining the effect on cell
growth from perturbing the formation of IMPDH2 rings-and-rods through genetic
approaches under nutrient stress conditions that induce these structures will provide

new insights regarding their function.

In this study, | have also not examined the ability of ATG4B KO cells to form
IMPDH2 structures following extended periods of glutamine deprivation that did result in
a significant reduction in their growth compared to parental cells. | hypothesize that the
reason why growth changes were not apparent in ATG4B KO cells following short
periods of glutamine deprivation is because of the generation of purine nucleotides by
the purine salvage pathway. | expect that prolonging the glutamine-deprived state
resulted in growth reduction because the purine demand at these time points exceeds
the capacity of the purine salvage pathway to provide. The loss of ATG4B impairs the
ATG4B-IMPDH interplay, which | suspect contributes to de novo purine biosynthesis.
Future studies determining if prolonged glutamine deprivation increases IMPDH2 ring-
and-rod formation in ATG4B KO cells will clarify this. To date, | have also not examined
the effect of autophagy inhibition or genetic loss of other ATGs on IMPDH2 ring-and-rod
formation. Future work examining this will clarify if this mechanism is a result of solely
the interplay of ATG4B with IMPDH2 and purine metabolism, or if autophagy is also

involved.

In this study, | was unable to detect de novo purine metabolites from the
metabolomics experiments performed in collaboration with the Parker lab. Given that
these metabolite profiling experiments were untargeted and semi-quantitative relative to
library standards, future work utilizing targeted approaches with in-run standards will
improve detection and quantification. Although the ATG4B KO cells presented with an
enrichment in purine salvage metabolites and purine nucleotides relative to parental

cells, a number of these metabolite level differences were not statistically significant.
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This could be owing to similar technical or biological errors, as mentioned in earlier
portions of this subchapter, and future work could be directed towards performing more
biological replicates to better verify this trend. Nevertheless, an independent
metabolomic dataset did support the observation that genetic loss of ATG4B enriches
purine salvage metabolites, and so the high p-values do not negate the significance of

my cell line metabolomics findings.

| also performed a series of western blot studies examining the effect of genetic
loss of ATG4B on protein levels of enzymes involved in the de novo purine pathway and
purine salvage pathway'38. Although | did not find any strong changes in the levels of
these enzymes, this does not necessarily reflect on their activity in parental and ATG4B
KO cells. Further, one of the ATG4B KO cells (ATG4B KO#2) appeared to present with a
modest increase in some of these enzyme levels, and this was statistically significant. |
infer this to be a result of slightly lower B-actin protein levels in this KO cell line
compared to the parental cell line. Future work examining the effect of ATG4B loss on
the activity of these enzymes, through enzymatic activity assay kits or metabolomics, will
help determine if the effect of ATG4B loss on purine metabolism involves regulation of

the activity of enzymes involved in these pathways.

Finally, it is important to note that the purine depletion experiments | performed
were not specific to depletion of only purines as it was performed using dialyzed FBS in
place of regular FBS. Dialysed FBS (Thermofisher, catalog number 26400044) removes
metabolites that are smaller than approximately 10kDa, which means that they are not
exclusive to purines. Future work verifying the reliance of ATG4B KO cells on the purine
salvage pathway through alternate approaches are certainly warranted. Studies
determining if supplementation with purine bases, like guanosine and hypoxanthine, that
feed the purine salvage pathway will restore growth of glutamine- and purine-depleted
ATG4B KO cells are currently in progress. | must note that the field currently faces a lack
in efficient tools for investigating the functional importance of the purine salvage
pathway. To date, there are no inhibitors that specifically inhibit the purine salvage
pathway, and genetic approaches targeting enzymes are not efficient given that
compensation can happen from parallel pathways. At the time of this thesis preparation,
studies investigating the effect of genetic knockdown of APRT and HPRT'®8, enzymes
involved in the purine salvage pathway, on growth of glutamine-deprived ATG4B KO

cells are currently underway.
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4.2. Therapeutic applications of the ATG4B-IMPDH
interplay in breast cancer cells

4.2.1. Study summary and significance

Findings from the first portion of my thesis present a potential importance for the
ATG4B-IMPDH2 in de novo purine biosynthesis in breast cancer cells. Alterations in
purine metabolism are known to drive different aspects of tumorigenesis, including
treatment resistance in cancers'®. In the second portion of my thesis, | sought to
leverage this newly proposed role for ATG4B and IMPDH2 in de novo purine metabolism

to improve the responses of HER2-positive breast cancer cells to trastuzumab.

The clinical significance of protein levels of IMPDH in breast cancers remains
poorly defined. With assistance from Drs. Baofeng Jia and Kevin Yang, | examined
protein levels of IMPDH1 and IMPDH2 in breast cancers compared to normal breast
tissues. | found that IMPDH proteins were significantly elevated in breast tumors
compared to normal breast tissues. | further stratified these breast tumors based on their
reported PAM50 subtypes and found that all subtypes presented with significantly
elevated IMPDH protein levels compared to normal breast tissues. To examine the
potential prognostic value of these elevated IMPDH protein levels in breast cancers, |
examined overall patient survival probabilities in high vs. low IMPDH protein-expressing
cohorts and found that only high IMPDH2 protein levels were associated with inferior
breast cancer patient prognoses. These findings support the potential clinical importance
of IMPDH proteins, in particular IMPDHZ2, in breast cancers. To also investigate the
clinical importance of ATG4B independently in breast cancers, | analyzed ATG4B
protein levels from the Asleh et al. 20222*8 cohort which contained ATG4B proteomic
data. | found that ATG4B protein levels were significantly elevated in breast tumors,
specifically luminal B, basal-like and HER2-enriched subtypes, compared to normal
tissues. As noted in chapter 3.4, previous studies in an independent cohort found that
ATGA4B protein expression was highest in the luminal A subtype and lowest in the basal-
like subtype?®®®, which could be due to differences in study cohort, stratification criteria,
and methods for evaluating protein levels or expression. Of note, in the case of the
latter, the Asleh et al. 202224¢ study examined protein levels based on mass
spectrometry methods whereas Bortnik et al. 2020%%® study examined protein expression

based on immunohistochemical methods. Future studies could benefit from combining
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the use of both methodologies for evaluating protein levels and expression to examine
proteins of interest, like ATG4B, more accurately. Nevertheless, these findings in total

support the potential clinical importance of ATG4B in breast cancers.

To identify contexts whereby high ATG4B and IMPDH2 protein levels may be
important, | expanded on findings from chapter 2.3.2 by stratifying and examining
protein-protein correlations between ATG4B and IMPDH2 in breast tumors according to
their reported PAM50 subtypes. | found that, although there was a significant positive
correlation between ATG4B and IMPDH2 protein levels in the breast tumor cohort as a
whole, there was no significant correlation between ATG4B and IMPDH2 protein levels
in any one subtype of breast cancer. | hypothesized that this may be a result of HER2
intra-tumoral heterogeneity, and so examined the protein-protein correlations between
HER2 and ATG4B, and HER2 and IMPDH2 across the breast cancer subtypes. |
observed a significant positive correlation between HER2 and IMPDH2 proteins only in
the HER2-enriched subtype. | also found that although there were no significant
correlations between HER2 and ATG4B protein levels in any of subtypes, there was a
clear positive correlation trend between these two proteins in the HER2-enriched
subtype. These findings suggest that ATG4B and IMPDH2 may be important in breast
cancers that have high HER2 protein levels, which may only include subpopulations of

HER2-enriched breast tumors given the intra-tumoral heterogeneity.

In investigating the potential therapeutic applications of combined ATG4B and
IMPDHZ2 inhibition in improving the responses of HER2-positive breast cancer cells to
trastuzumab, | utilized the trastuzumab-resistant HER2-positive breast cancer cell line,
JIMT-1, as a model. | first examined the effects of pharmacological inhibition of both
ATG4 and IMPDH using LV320 and MPA and found that combination treatment resulted
in a synergistic but modest reduction in growth of JIMT-1 cells. Unexpectedly, | found
that genetic loss of ATG4B did not increase the sensitivity of JIMT-1 cells to MPA, which
could suggest potential compensation by ATG4A given that LV320 targets both ATG4B
and ATG4A. Nevertheless, results from the LV320 and MPA pharmacological
combination are promising and suggest that both ATG4 and IMPDH proteins contribute
to growth of HER2-positive breast cancer cells. Previous studies found that genetic
knockdown of ATG4B increased the sensitivity of HER2-positive breast cancer cells, like
JIMT-1, to trastuzumab®'. | found that pharmacological inhibition of ATG4 using LV320
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also increased the sensitivity of JIMT-1 cells to trastuzumab, supporting the utility of

LV320 as pharmacological tool for ATG4 inhibition.

In summary, this study is the first to describe the clinical importance of an
ATG4B-IMPDH2 axis in breast cancers, with supporting evidence that this axis may be
of greater clinical importance in subpopulations that overexpress HER2. This study is
also the first to examine the potential combinatorial effects of combined IMPDH inhibition
with ATG4 inhibitors, in this case the combination of MPA and LV320, on growth of
breast cancer cells. The modest but synergistic effects observed from this combination
are promising and | envision that future work dedicated towards testing the effect of
combined LV320 and MPA on trastuzumab sensitivity could identify a new therapeutic
approach for improving responses of HER2-positive breast cancers to trastuzumab,

especially cases that present with resistance against HER2-targeted agents.

4.2.2. Limitations and future avenues

Experiments in this study were performed primarily using the JIMT-1 cell line,
which is a characterized by trastuzumab resistance and HER2 overexpression. Future
work verifying if the combinatorial effects of LV320 and MPA on growth, and effects of
LV320 on increased trastuzumab sensitivity will hold in other cell line models of
trastuzumab-resistant and HER2-positive breast cancers will be important. Future
studies examining the molecular effects of these different inhibitor combinations on
proteins involved in HER2 signaling, autophagy, and purine metabolism will also be
important in providing insight towards the molecular mechanisms underlying why certain

combinations result in synergistic and/or better augmented effects while others do not.

The breast cancer patient cohorts | examined in this study were relatively small,
and future studies validating the reported correlations in other independent and larger
patient proteomic cohorts will certainly be important. Further, HER2 protein levels can
vary in the HER2-enriched breast cancer subtype, as supported by previous reports of
HERZ2 intra-tumoral heterogeneity and discrepancies between HER2 overexpression and
HER2 gene amplification in breast cancers?®%27°, This in itself limits the accuracy of
studies that aim to identify protein biomarkers that could be of clinical importance in
certain subtypes of breast cancers. For example, in the breast cancer cohort examined,
IMPDH2 and ATG4B protein levels were both elevated in the HER2-enriched subtype,
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but no significant protein-protein correlation between the two proteins were observed in
the HER2-enriched breast tumor sample, suggesting that they may not have been
elevated in the same tumor samples. However, protein-protein correlation studies
between IMPDH2 and HER2 revealed a significant positive correlation between the two
proteins only in the HER2-enriched subtype. Similarly, a statistically insignificant but
positive correlation trend was observed between ATG4B and HER2 in the HER2-
enriched subtypes. These analyses also revealed a clear spread of HER2-enriched
breast tumors that have both high and low HER2 protein levels. It is clear that better
stratification of breast cancer patients and more strictly defining clinical classifications of

breast cancer subtypes, especially those of the HER2-enriched group, will be important.

Intriguingly, the observation that genetic loss of ATG4B did not increase the
sensitivity of cells to MPA suggests that potential compensatory mechanisms may be
activated in response to ATG4B loss. Given that MPA and LV320 did result in a
synergistic reduction in growth, it is plausible that this synergism may be because both
ATG4A and ATG4B are inhibited by LV320. Future studies determining if genetic
inhibition of both ATG4A and ATG4B will increase the sensitivity of cells to MPA will
clarify if ATG4A could also be important in this axis. Further, findings from chapter 2 also
suggest a potential metabolic shift towards growth independent of IMPDH-mediated
pathways and reliance on the purine salvage pathway. Future studies examining if
inhibition of the purine salvage pathway in combination with MPA and LV320 will further
augment cellular growth reduction or examining if glutamine- and purine-depletion in
combination with LV320 will increase sensitivity to trastuzumab will be interesting

avenues to explore.

Finally, given the synergistic growth reduction from combined MPA and LV320
treatment, | hypothesize inhibiting IMPDH in addition to ATG4 will further increase the
sensitivity of JIMT-1 cells to trastuzumab. Future studies examining if combined MPA
and LV320 treatment will synergistically increase the sensitivity of HER2-positive breast

cancer cells to trastuzumab are warranted.
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Appendix A.

Supplementary tables and figures

Table A.1. Sequences of IDT DsiRNAs to genetically knockdown IMPDH1 and

IMPDH2
Name: Sequences (5-3'):
hs.Ri.IMPDH1.13.1 | Sequence 1 | rCrUrU rGrGrG rArUrC rArCrA rGrUrU
rGrCrG rUrCrA rUrUG T
Sequence 2 | rArCrA rArUrG rArCrG rCrArA rCrUrG rUrGrA
rUrCrC rCrArA rGrUrG
hs.Ri.IMPDH1.13.2 | Sequence 1 rGrUrG rArGrG rArUrG rArCrA rArArU rArCrC
rGrUrC rUrGG A
Sequence 2 | rUrCrC rArGrA rCrGrG rUrArU rUrUrG rUrCrA
rUrCrC rUrCrA rCrGrG
hs.Ri.IMPDH2.13.1 | Sequence 1 | rArUrG rGrUrU rUrCrU rGrCrG rGrUrA
rUrCrC rCrArA rUrCA C
Sequence 2 | rGrUrG rArUrU rGrGrG rArUrA rCrCrG

rCrArG rArArA rCrCrA rurGrC
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Genetic knockdown of IMPDH1 and/or IMPDH2 does not lead to

significant changes in ATG4B protein levels
( A) Parental JIMT-1 cells were subjected to siRNA-mediated knockdown of IMPDH1 and/or

Figure A.1.

IMPDH2 as described in methods. Cells were harvested for western blot analyses for IMPDH1,

IMPDH2, ATG4B and B-actin following siRNA treatments. Representative western blots are

shown.
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(B) Absolute quantifications of IMPDH1, IMPDH2 and ATG4B protein levels were determined
relative to B-actin loading controls and are shown to depict variability between biological
replicates. (C) Normalized quantifications of IMPDH1, IMPDH2 and ATG4B levels were
determined relative to B-actin loading controls and then normalized to respective NC (negative
control) siRNA controls depending on siRNA concentrations to control for variabilities in absolute
values between biological replicates. For B and C, one way ANOVA with Tukey’s multiple
comparisons test was used to evaluate statistical differences, and error bars represent SEM. 3
biological replicates were performed.
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Figure A.2. Multiple sequence alignment of human IMPDH2 and ATG8 proteins
reveal several regions of shared homology.
FASTA sequences of human IMPDH2 and ATGS8 proteins (LC3 and GABARAP family) were
obtained from Uniprot. Multiple sequence alignment was performed using ClustalQ (version
1.2.2). A gap opening penalty of 11 and extension penalty of 0.2 was imposed. Alignments were
visualized and annotated using CLC Sequence Viewer (Version 8.0) to highlight conservation of
amino acids and amino acid properties. Shades of grey reflect conservation, where darker
shades reflect higher conservation and lighter shades reflect lower conservation. The canonical
site on pro-ATGS8 proteins cleaved by ATG4B is indicated in the figure.
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Figure A.3. Genetic loss of ATG4B does not alter IMPDH2 band patterns.
Parental and ATG4B KO JIMT-1 cells were grown in full or glutamine-deprived media for 48
hours and harvested for western blot analysis of IMPDH2 and vinculin (loading control). Cleavage
of IMPDH2 between residues 359 and 360 is hypothesized based on the MSA results from Figure
A2 and should result in a 359 and 155 amino acid residue. Genetic loss of ATG4B is expected to
abolish bands at approximately 39kDa and 17kDa. Western blot images from pilot investigation
are shown.
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