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Abstract

Acquired drug tolerance has been a major challenge in cancer therapy. Recent evidence
has revealed the existence of slow-cycling persister cells that survive drug treatments and give rise
to multi-drug tolerant mutants in cancer. The mechanisms associated with persister phenotypes are
highly diverse and complex, and many aspects of persister cell physiology remain to be explored.
In this study, we aim to characterize the metabolic profiles of cancer persister cells mediated by
cancer therapeutics, as epigenetic changes induced by drugs can lead to a transient metabolic
rewiring of persister cells that can be associated with the phenotypic switch between normal and
persister cell state. Determining the metabolic mechanisms underlying persister cell survival and
maintenance will facilitate the development of novel treatment strategies that target persisters and

enhance cancer therapy.

In our first project, we treated melanoma cells with various conventional chemotherapeutic
agents and showed that melanoma persister cells are not necessarily preexisting dormant cells. In
fact, our data indicate they may be induced by cancer chemotherapeutics. Furthermore, with the
use of untargeted metabolomics and phenotype microarrays, we demonstrated a transient
upregulation in Krebs cycle metabolism in persister cells. We verified that targeting mitochondrial
activity can significantly reduce melanoma persister levels. The reported metabolic remodeling
feature seems to be a conserved characteristic of melanoma persistence, as it has been observed in

various melanoma persister subpopulations derived from a diverse range of chemotherapeutics.

In the next project, we explored metabolic alterations in melanoma cells mediated by
Vemurafenib (VEM), a BRAF inhibitor. Co-treatment with BRAF inhibitors is a common
treatment strategy for melanoma cancer. However, how a BRAF inhibitor itself alters melanoma
cell metabolism and mediates persister survival is not well understood. Our findings demonstrate

that metabolites associated with phospholipid synthesis, pyrimidine, one-carbon metabolism, and



branched-chain amino acid metabolism are significantly altered in vemurafenib persister cells when
compared to the bulk cancer population. Our data also show that vemurafenib persisters have higher
lactic acid consumption rates as well as higher cell viability in a medium with lactate as the primary
carbon source compared to control cells, further validating the existence of a unique metabolic

reprogramming in these drug-tolerant cells.

In the final project, we aim to elucidate the signaling pathways that link the therapeutic
treatments to the observed metabolic reprogramming in melanoma persister cells. Using a high
throughput assay with commercially available antibody arrays and western blotting, we identified
that the cJUN pathway was transiently upregulated in cultures treated with chemotherapeutic agents.
We further show that co-treatment with a cJUN inhibitor, JNK-In-8, resulted in an increased
survival rate in cancer cells in the presence of chemotherapeutic agents. Furthermore, we
highlighted that the phenomenon associated with cJUN was predominantly active in cultures
treated with antimetabolites that act as a nucleoside analog for deoxycytidine. Overall, these results
lead us to believe that cJUN, which is at the crossroads for both cell survival and apoptotic pathways,

plays a significant role in persister physiology.
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Chapter 1 Cancer and its importance

Cancer is one of the leading causes of death worldwide. American cancer society estimates
that approximately 1,898,160 new cancer cases will be diagnosed in the United States in 2021.
Additionally, an estimate of 608,570 deaths is caused by cancer in the US.t Although the mortality
rate associated with cancer has declined over time, these are still staggering numbers that make
cancer the 2" leading cause of death. Despite the medical advances and scientific research that has
allowed us to characterize and understand the disease better, finding a cure for cancer still poses a
big challenge. As cancer occurs by a series of successive genetic mutations leading to the overall
change in cell functions and proliferation, there are many factors such as chemical exposure,
radiation, age, lifestyle habits that contribute to the development of cancer.>® To get a complete
picture of the disease, research focusing on each cancer type is necessary. For the projects

presented in this study, we primarily focused on melanoma, a common type of skin cancer.

1.1 Melanoma

Melanoma is the most aggressive and lethal type of skin cancer. It is caused by genetic
mutations in melanocytes, which are pigment-producing cells found in the skin.® Metastatic
melanoma makes up roughly 1% of skin cancer cases in the US, and yet, it is responsible for more
deaths per year than all other skin cancer types combined ’. According to data collected between
2014 and 2018 in the United States, the yearly incidence rate for melanoma was 22.8 per 100,0008
with an estimated recurrence rate of 8.8%°. Davies et al. reported BRAF (rapidly accelerated
fibrosarcoma B-type kinase) mutations in 59% of melanomas from a library of cancer cell lines,
with the VB00E substitution being the most common?®. The MAPK (mitogen-activated protein
kinase)/ERK (extracellular signal-regulated kinase) signaling pathway is a kinase cascade pathway

involved in cell proliferation, in which the BRAF protein activates MEK (mitogen-activated protein



kinase kinase, or MAPKK) 1. Therefore, a mutation in the BRAF protein can lead to uncontrolled

cell proliferation and the spread of tumor cells.

1.2 Treatment of melanoma

Over the years, several treatment/therapeutic approaches have been established for
melanoma. Depending on the various feature of melanoma (including the genetic profile, location,
and stage), treatment options include surgical removal, administering chemotherapeutics,
immunotherapy, radiotherapy, bio chemotherapy, targeted therapy, or photodynamic therapy.®
Although the most recommended form of melanoma treatment is the administration of adjuvant
therapies such as targeted therapy and immunotherapy,*?*® in some cases of metastatic melanoma
chemotherapy is administered. Although chemotherapy is one of the earliest forms of treatment for
melanoma, it still remains to be significant in the palliative treatment of refractory, progressive,
and relapsed cases of melanoma.'* Since tumor cells are associated with rapid and uncontrolled
proliferation, chemotherapy compromises cytotoxic drugs that target various mechanisms that are
associated with cell proliferation such as DNA replication, RNA synthesis, protein synthesis, or
inhibiting specific functions such as microtubule formation, cell differentiation, and more.*>16
Based on the mechanism of their actions, chemotherapeutic agents are typically classified into the
following types: alkylating agents, antimetabolites, antimicrotubular agents, antibiotics,
topoisomerase inhibitors, and others (including agents that do have a variety of mechanisms such
as protease inhibitors).’® Among the various chemotherapeutics available, dacarbazine and
temozolomide have been used as standard care for cases related to metastatic melanoma.'’® Both
of these cancer drugs fall under the category of alkylating agents. Dacarbazine is one of the first
chemotherapeutic agents administered for malignant melanoma either as a single treatment or as a
combination treatment.®2! The first trial of temozolomide for melanoma, on the other hand, was
first conducted by Middleton et al. which compared the overall survival, progression-free survival,

objective response, safety, and pharmacokinetics of temozolomide with those of dacarbazine.®



Conventional chemotherapy however poses various challenges. One of the major setbacks
is the development of resistance against the administered chemotherapeutic agents. The problem
of drug resistance in cancer is multifaceted. There are many factors including, but not limited to,
growth Kinetics, tumor heterogeneity, micro-tumor environment, immune system, and physical
barriers.?? Hence it has been a limiting factor to cure and a driving force in the relapse of cancer.
The initial solution to drug resistance was switching from single-agent chemotherapy to
combination therapy. This approach found success in various forms of cancer including testicular,
breast, and lymphoma cancer.?>%> However over time, treatment of cancer with combination
chemotherapy had now reached a plateau. Additionally, the emergence of stem cells and other
cancer subpopulations acquired drug tolerance and multi-drug resistance has posed a challenge in

the complete treatment of cancer.?

1.3  Persisters and drug tolerance

Tumor heterogeneity is driven by various factors including genetic instability due to
mutation,?” microtumor environments,?® epigenetic modifications,?® and cancer stem cells
(CSCs).% Recent studies have shown the existence of small sub-populations of cancer cells that are
capable of avoiding therapeutic pressure by entering a dormant/slow-cycling phase. These cells
termed “drug tolerant persister cells” are observed in cancer originating from various tissue
types.®-* Since, conventional cancer therapies target the mechanisms underlying the rapid growth
of tumor cells, the existence of persisters has posed to be a significant challenge in achieving the
complete eradication of cancer. This phenomenon resembles bacterial persistence, which is
characterized by slow growth coupled with the ability to tolerate unusually high levels of drugs and
has been documented across multiple tumor cell lines and in response to a variety of therapeutic
challenges . The molecular mechanisms underlying the observed tolerance of persister cells are
highly complex and are still limited. However, recent evidence has brought some mechanistic

insight on survival as well as the formation of persister cells (Figure 1.1). Unlike drug resistant



mutant cells, persisters are not genetically different from the bulk cancer population. Hence, the
drug tolerance exhibited by these cells is transient and the progenies of persisters still show
sensitivity to the cancer drugs.®32% There is two proposed hypothesis regarding the source of
persister cells. The first hypothesis suggests that persister cells are pre-existing cells in the cancer
bulk population that can selectively survive the therapeutic pressure. While another hypothesis is
that the therapeutic pressure induces a phenotypic switch to/from the persistence state.*- For drug
induced persister research, cells are treated with a high concentration of cancer drugs, and the

samples are collected post-treatment for characterization.
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One of the key studies in persister was conducted by Sharma et al., where they treated PC-
9 lung cancer cells with chemotherapeutic agents for 9 days and showed the existence of small
fraction of persister cells. They further demonstrated that the emergence of drug tolerant persisters
is mediated by a transient chromatin state which is dependent on insulin like growth factor (IGF-

1R) and engagement of chromatin modifying gene KDM5A/RBP2/Jarid1A, a rentinoblastoma-



binding protein that exhibits H3K4-demethylating activity).*! Raha et al. sorted a small fraction of
untreated cells (~ 5% of the bulk population) that expressed high aldehyde dehydrogenase (ALDH)
activity, which has been associated with stem cell like characteristics, that were enriched in the
persister population.®’ In addition to ALDH, various other stem cell markers such as CD133, CD24,
SOX2, OLIG2, NFIA, JARID1B and CD271 are highly expressed in persister cells from various
cell lines. 32443 Gtill, whether persister cells are a sub-population within stem cell phenotype has
yet to be confirmed by robust functional studies. Additional evidences of cells expressing high
histone H3K4 demethylase JARID1B, as well as resistant genes such as AXL, EGFR, JUN and
more before therapeutic pressure supports the existence of persister sub-population.®”*! Recent
study published by Kurppa et al. reported that different drug treatment can drive persister formation
either by clonal selection or stochastic drug induction.* This further highlights the complexity of

understanding the specific mechanism pertaining to the persister phenotype.

1.4  Significance of studying persisters

Cancer recurrence and development of multi-drug resistance have been a challenge for
cancer treatment. The existence of persister cells can be one of the leading factors in the generation
of resistant mutants. Since these cells can survive multiple rounds of chemotherapy, prolonged
exposure to specific cancer drugs will eventually lead persisters to act as a reservoir for resistant
mutant cells. Recent evidence has shown that diverse drug resistance mechanisms can arise from
drug tolerant persister cells*. In their study, by treating P-9 cells with lethal concentration of
erlotinib for a long period while frequently allowing periods of resuscitation in between, Ramirez
e.t. al showed that the generated erlotinib resistant persister cells showed decrease in the sensitivity
to the drug. Over time, the genomic screening of the cells resulted in the progenies of the persister
cells that have harbored mutations such as T790M and MET amplification, which led to an overall
increased resistance to EGFR inhibitors. In fact, some of the colonies showed decreased sensitivity

to multiple drug classes.



On the bright side, research that can elucidate the mechanism of persister regulation
provides key targets that can be aimed to eradicate persister cells. Sharma et al., using
transcriptomics analysis, showed that persister cells from non-small cell lung cancer have an altered
chromatin state that requires the histone demethylase RBP2/KDM5A/Jarid1.4 These persister cells
maintain their viability through IGF-1 receptor signaling. The group showed that the inhibition of
histone deacetylase (H3K9/K14) with tricostatin led to the elimination of persisters. In addition to
tricostatin while screening for HDAC inhibitors, they found AEW541, a selective inhibitor of IGF-
1R kinase, that eliminates the emergence of persisters.3! Similarly Hanguer et al. showed that
persister cells were selectively dependent on GPX4, a lipid hydroperoxidase, to survive oxidative
stress and upon inhibition of the enzyme persisters were vulnerable to ferroptosis.®? Furthermore,
they conducted screening experiments and identified GPX4 inhibitorRSL3 and ML210 to be
selectively lethal to persisters. Additionally, persister cells are reported to have active fatty acid -
oxidation as a significant pathway for energy production.*” These studies further emphasize the
need to conduct persister research to identify vital metabolic targets that can lead to more effective
treatment of cancer cells. Targeting persister cells can be a promising strategy in cancer therapy,
and it can essentially be categorized into two different approaches. The first approach is to prevent
cells to enter the persister cell state while the other is to design anti-persister therapies that directly
target mechanisms that are active and needed for the maintenance of the persister cell state. In our
study, we focused on the latter approach by studying metabolic mechanisms that are active in

persister cells and essential for their survival.



Chapter 2 A Transient Metabolic State in Melanoma Persister Cells

Mediated by Chemotherapeutic Treatments

Conventional chemotherapy is one of the most common treatment strategies used to rapidly
kill proliferating cancer cells. Unlike targeted therapeutics, chemotherapeutics may not be cancer
type specific. However, according to American Cancer Society, chemotherapy is not often used for
melanoma patients due to the reported high relapse rates 6. Chemotherapeutics may stimulate a
persistence state in melanoma cells, which remains to be characterized. Most chemotherapeutics
cause DNA damage, which induces the phosphorylation of Ataxia Telangiectasia Mutated (ATM)
and Ataxia Telangiectasia and Rad3-related protein (ATR) kinases #°. ATM-mediated growth arrest
can be facilitated by the transcription factor p53, which activates the cyclin-dependent kinase (CDK)
inhibitor p21 %91, In the absence of functional p53, ATM and ATR can still induce cell cycle arrest,
as these regulators, together with Checkpoint Kinases 1 and 2 (CHK1 and CHK?2), reduce CDK
activity, thus resulting in cell dormancy via the inactivation of cell proliferation-related signaling

pathways °2.

As we think chemotherapy can induce persistence state in melanoma cells, the metabolic
alteration associated with growth arrest is inevitable during drug treatment. Metabolic
reprogramming, including rapid ATP generation, increased biosynthesis of macromolecules, and
maintenance of cellular redox balance under nutrient-depleted conditions and other stresses, is one
of the hallmarks of cancer > and occurs to meet the essential needs of cancer cells. Aerobic
glycolysis, known as the Warburg effect, is the most common feature of metabolic reprogramming
observed in cancer cells. This phenomenon is characterized by the increased consumption of
glucose via glycolysis and the downregulation of oxidative phosphorylation irrespective of oxygen
availability and mitochondrial activity >*-°°. This shift seems to be essential for supporting the large-
scale biosynthetic processes that are required for active cell proliferation . Although aerobic

glycolysis appears to occur in many rapidly dividing mammalian cells, this may not necessarily be

7



the case in persisters, which exist in a slowly proliferating state. Metabolic alteration in persister
cells potentially extends beyond glycolysis, and these cells can rely on different metabolic
pathways to evade drug effects. Understanding the metabolic state of persisters will provide
important insights that are likely to aid the development of novel and broadly effective cancer
treatments. In a study conducted by Shen et al., 3" they revealed the existence of a metabolic
mechanism, characterized by the upregulation of fatty acid oxidation, in the melanoma persister
cell population mediated by BRAF and MEK inhibitors. Although many studies have shown that
oxidative stress plays a critical role in persistence 4585, we first need to obtain a comprehensive
understanding of the metabolic state of persister cells to explore their metabolism as a therapeutic
target. We still need to elucidate (i) whether the metabolic alteration observed in persister cells is a
hallmark of cancer persistence, (ii) whether it is a transient state induced by cancer therapeutics
and (iii) whether it depends on drug type, concentration and treatment duration. In this study, our
characterization of the metabolic mechanisms of melanoma persister cells revealed that (i)
metabolic alteration associated with increased mitochondrial activity seems to be a general
characteristic of melanoma persisters, (ii) the observed metabolic state in persisters is transient, and
(iii) this metabolic state is a result of the inhibition of cell growth, which can be mediated by a wide

range of chemotherapeutics.

2.1 Material and Methods

2.1.1  Cell lines and chemicals

The melanoma cell lines (A375 and RPMI-7951) was purchased from American Type
Culture Collection (ATCC) (Manassas, VA). Unless otherwise stated, all chemicals and growth
media were obtained from Fisher Scientific (Waltham, MA). A375 and RPMI-7951 cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 units penicillin and 100 pg streptomycin/mL at 37 °C in a 5% CO2 incubator.

MitoPlates, S-1 (catalog# 14105) containing glycolysis and Krebs cycle substrates, and I-1 (catalog



# 14104) containing ETC inhibitors were obtained from Biolog, Inc. (Hayward, CA). Saponin
(catalog# 47036), used as a cell permeabilization reagent, was purchased from Sigma Aldrich (St.
Louis, MO). Phycoerythrin (PE) conjugated antibodies were purchased from BD biosciences (San
Jose, CA). Stock solutions for all chemotherapeutic agents were prepared with DMSO as the
solvent. Phenothiazine drugs [trifluoperazine (TFZ), thioridazine (TDZ), and fluphenazine (FPZ)]
were dissolved in sterile deionized (DI) water. The cells were always cultured in DMEM at 37 °C
with 5% carbon dioxide (CO2) in a humidified incubator; they were treated with chemotherapeutics

when they reached a confluency of ~40-50%.

2.1.2  Persister assays

Persister isolation was performed using a strategy published in a previous study ©°.
Approximately 2.5 x 10 cells were suspended in 15 ml of DMEM, plated in T-75 flasks and
incubated for 24 h to obtain the desired confluency (~40-50%). Then, the medium was removed
and replaced with fresh growth medium containing a chemotherapeutic agent at 10x or 100x the
half maximal inhibitory concentration (ICs), as listed in Table 1. The control cells were treated
with the solvent (i.e., DMSO) only. After 3 days of treatment, the cells were washed with 10 ml of
Dulbecco's phosphate-buffered saline (DPBS) twice and detached from the flasks with 2 ml of
trypsin-EDTA (0.25% trypsin and 0.9 mM EDTA) for ~1-2 min. After ~1-2 min, 5 ml of DMEM
was added, and the cell suspension was transferred to a 10-ml centrifuge tube. The cell suspension
was centrifuged at 800 revolutions per minute (rpm) for 5 min, and the supernatants were removed.
The cell pellets were resuspended in fresh drug-free media and plated in a T-75 flask. After 24 h of
incubation, dead cells floating in the culture medium were removed, and the adherent, live cells
were collected for the subsequent assays described below. Of note, when the cells were treated with

drugs for 9 days, the medium was changed every 3 days.

To generate Kill curves, 3 x 10° cells were plated in each well of a 6-well plate with 3 ml

of DMEM and incubated as described above. Similarly, the cells were treated with



chemotherapeutics for 3 days and then collected to count the live cells with trypan blue staining ©
using a countess Il automated cell counter (catalog# A27977, Thermo Fisher Scientific). The ratio

of surviving cells to untreated control cells was plotted to generate a kill curve profile.

2.1.3  Live/dead staining

After chemotherapeutic treatments, cells were collected and transferred to fresh medium
in a 12-well plate. After 24 h of incubation, the medium with dead cells was removed and replaced
with fresh DMEM. Live/dead st5aining was performed with the ReadyProbes Cell Viability
Imaging Kit (Blue/Green) (catalog# R37609, Thermo Fisher Scientific) as described by the
protocol provided by the vendor. Fluorescence quantification of stained cells was carried out in
standard DAPI (excitation: 360 nm and emission: 460 nm) and GFP (excitation: 470 nm and
emission: 525 nm) channels by EVOS M7000 florescence microscopy (catalog# AMF7000,
Thermo Fisher). The NucBlue live cell reagent is cell permeant, and the NucGreen dead cell reagent
is cell impermeant. Hence, dead cells emit green and blue fluorescence, while live cells only emit
blue fluorescence. Live and dead cells were used as controls; dead cells were generated by treatment

with 70% ethanol for 30 min.

2.1.4  Apoptosis

We performed apoptosis assays using the annexin-V fluorescein isothiocyanate
(FITC)/propidium iodide (PI) kit (catalog# P50-929-7; Thermo Fisher Scientific). One of the early
markers of apoptosis is the appearance of phosphatidylserine (PS) on the surface of the cells. PS is
usually located in the membrane leaflets that face the cytosol. However, during apoptosis, PS is
exposed to the outer leaflet of the cell membrane 2. Annexin V binds to PS with high specificity
in the presence of calcium . Cells treated with chemotherapeutics were resuspended in fresh
medium and plated in a T-75 flask at 37 °C for 24 h. After 24 h, the cells were collected and
resuspended in PBS to obtain a density of 5 x 10° cells per ml. Two hundred microliters of the cell

suspension was transferred to a microcentrifuge tube. The cell suspension was centrifuged at 800
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rpm for 5 min. The supernatant was removed, and the pellet was resuspended in 195 pl of binding
buffer. Five microliters of annexin V-FITC solution was added, and the cell suspension was
incubated for 10 min at room temperature in the dark. Following incubation, the washing step was
repeated to remove any excess dye. The cell pellet was resuspended in 190 pl of binding buffer and
stained with 10 pl of PI for the detection of dead cells. Finally, the cell suspension was transferred
to a 5-ml test tube containing PBS to obtain a final volume of 1 ml cell suspension. The sample
was analyzed with a flow cytometer. The cells were excited at 488 nm and 561 nm to assess green
(annexin V-FITC) and red (PI) fluorescence, respectively. The green fluorescence was detected
with a 520 nm emission filter; the red fluorescence was detected with a 615 nm emission filter.
Cells that are FITC-positive but Pl-negative are in the early phase of apoptosis; cells that are both
FITC-positive and Pl-positive are in the late phase of apoptosis, and cell that are both FITC-
negative and Pl-negative are live cells. Untreated live cells, dead cells and cytarabine-treated cells
were used to gate the cell subpopulations on flow cytometry diagrams. Dead cells were generated
by treatment with 70% ethanol for 30 min. Cytarabine is known to induce apoptosis ®; cells were

treated with 50 uM cytarabine for 3 days before staining the cells with the dyes.

2.1.5 Metabolomics study

After 3 days of gentamicin (GEM) treatment at 10 x ICso, the surviving cells were collected
in a 10-ml centrifuge tube, washed with 2 ml PBS by centrifugation (5 min at 800 rpm) and pooled
in a microcentrifuge tube to obtain ~100 pl of cell pellet. A dry ice/ethanol bath was used to rapidly
cool and freeze the cell pellet. Untreated cells were used as a control. The frozen samples were sent
to Metabolon Inc. (Morrisville, NC). Metabolon’s protocols were used for the sample extraction,
instrument settings, and conditions for the MS platforms (see details in article ). Initial data
analysis was performed by Metabolon. Briefly, the obtained biochemical data were normalized to
the protein concentration (assessed by Bradford assay) of each respective sample. The normalized

data were used to form a matrix to perform unsupervised hierarchical clustering with the

11



Clustergram function in MATLAB. Metabolites in persisters were compared with those in control
groups using ANOVA with a significance threshold of P < 0.05. A Q-value was used to estimate

the false discovery rate, and low Q-values (Q < 0.1) indicated high confidence in the results.

2.1.6  MitoPlate assay

To assess the mitochondrial function of cells, phenotype microarray plates (S-1, catalog#
14105) were used. Mitoplate assays employ a modified version of tetrazolium dye that can be
reduced intracellularly by ETC activity across the membranes of metabolically active mitochondria,
resulting in the production of water-soluble formazan. The color change associated with formazan
production can be detected by absorbance measurements at 590 nm (ODsg) and correlates with
cellular ETC activities. The assay employed Biolog Mitochondrial Assay Solution (BMAS,
catalog# 72303) together with dye mixture MC (tetrazolium-based dye, catalog# 74353) provided
by Biolog, Inc. In a 50-ml sterile reservoir, 2 x BMAS, MC, 960 ug/ml saponin and sterile water
were gently mixed in a 6:4:1:1 ratio to obtain the assay mixture. Thirty microliters of the assay
mixture was distributed to each well of the 96-well microarray and incubated at 37 °C for 1 h to

dissolve the preloaded substrates.

Control or chemotherapeutic-treated cells were collected in a 10-ml centrifuge tube and
centrifuged at 800 rpm for 5 min. The supernatant was removed, and the cell pellet was washed
with PBS twice to remove any debris. Finally, the cell pellet was resuspended in 1x BMAS to
achieve a final cell density of 1 x 10° cells per ml. Thirty microliters of the cell suspension was
pipetted into each well of the microarray containing the assay mixture. The final assay mixture was
composed of 3 x 10* cells per well. After inoculation, the ODsg Was measured every 10 min with
a Varioskan Lux Microplate Reader (catalog# VLBLO0GDO, Thermo Fisher Scientific). These data

were then normalized by subtracting the absorbance readings of control (no substrate) wells.
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2.1.7  Modified MitoPlate assay

To verify the accuracy of the MitoPlate assay, the same procedure was repeated in a
standard half-area 96-well plate with a slight modification. Like the MitoPlate assay described
above, the assay mixture consisted of BMAS, dye and saponin. However, sterile water was replaced
with a solution consisting of 96 mM Krebs cycle substrates (i.e., sodium malate, sodium fumarate
or sodium succinate). 2 x BMAS, MC, saponin and substrate solution were mixed at a 6:4:1:1 ratio
to prepare the assay mixture, and 30 pl of the assay mixture was transferred to each well of the 96-
well plate. Similarly, 30 pul of the cell suspension in 1x BMAS was added to each well of the plate
containing the assay mixture so that each well contained 4 mM substrate and 3 x 10 cells. After
inoculation, the ODsgy Was measured every 10 min with a microplate reader. For the control
conditions, the ETC inhibitors rotenone or antimycin A were added to the assay mixtures. The final
concentration of the inhibitors in the culture was 10 uM. These data are then normalized by

subtracting the absorbance reading of control wells (no substrate).

For “no substrate” controls, the MitoPlate assays were repeated without adding Krebs cycle
substrates. In this case, after mixing 2 x BMAS, MC, saponin and water at 6:4:1:1 ratio, 30 pl of
the assay mixture was transferred to each well of the plate. Then, 30 pl of the cell suspension in 1x

BMAS was added to each well, and ODsg, measurements were performed similarly.

2.1.8  Cell growth assay

A375 cells were stained with carboxyfluorescein succinimidyl ester (CFSE) dye using
CellTrace proliferation kits (catalog# C34570, Thermo Fisher Scientific). CFSE dye can freely
diffuse across the cell membrane and produce a stable fluorescent signal following an enzymatic
reaction with cellular esterases ®. The cells were stained with 5 uM CFSE dye following the
protocol in the manual. A total of 3 x 10° stained cells were seeded in each well of a 6-well plate
and incubated for 24 h. After 24 h, the medium was removed and replaced with fresh DMEM with

chemotherapeutic agents at the indicated concentrations. The cells were treated for six days, and
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the growth medium was changed every three days. Every 24 h, cells were detached from the wells
with trypsin, collected and resuspended in 1 ml PBS for analysis with a flow cytometer. The cells
were excited at 488 nm, and green fluorescence was detected with a 520-nm emission filter. The

fluorescence half-life for all conditions was calculated using the decay equation below:

—(t-to)

F=F2 t 1)

where F, is the mean fluorescence intensity for cells at time to; td is the half-life time; and F is the
mean fluorescence intensity for cells at time t. In this study, to was chosen as day 0. The half-life
time was calculated with SOLVER in Excel by minimizing the sum of normalized mean square

errors (NMSE) between experimental and predicted model data.

2.1.9  Microscopy analysis for cell growth

Cells were stained with 5 uM CFSE dye following the protocol provided in the CellTrace
kit. A total of 3 x 10° cells were then seeded in each well of a 6-well plate and incubated for 24 h.
After 24 h, the medium was removed from each well and replaced with medium including a
chemotherapeutic agent. After 3 days of incubation, cells were washed with 3 ml DPBS, detached
with 200 pl of trypsin, resuspended in 1 ml medium, transferred to a 1.5-ml microcentrifuge tube
and centrifuged at 800 rpm for 5 min. The supernatant was removed, and the cell pellet was
resuspended in 1 ml fresh drug-free growth medium and transferred to each well of a 6-well plate.
After 24 h of incubation, the growth medium was replaced with 1 ml DPBS. The cells were then
analyzed under an EVOS M7000 fluorescence microscope (excitation: 470 nm and emission: 525

nm).

2.1.10 ALDEFLUOR assay
An ALDEFLUOR assay kit (catalog# NC9610309, Thermo Fisher Scientific) was used to
measure the cellular aldehyde dehydrogenase (ALDH) activity. A total of 3 x 10° cells were plated

in each well of a 6-well plate with 3 ml of DMEM and incubated for 24 h. After 24 h, the growth
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medium was removed and replaced with fresh growth medium containing 20 nM GEM. Every 24
h, the cells were washed with 3 ml DPBS, detached with 200 pl trypsin, resuspended in 1 ml growth
medium and transferred to a microcentrifuge tube. The cell suspension was centrifuged at 800 rpm
for 5 min, and the supernatant was removed. This washing procedure was repeated with DPBS to
remove all the residuals. Finally, the cell pellet was resuspended in 1 ml of ALDEFLUOR assay
buffer. Five microliters of the activated ALDEFLUOR reagent was added to the cell suspension
and mixed. After mixing, 500 pl of the cell suspension was immediately transferred to another
microcentrifuge tube containing 5 pl of diethylamino-benzaldehyde (DEAB), which was used as a
negative control, as DEAB inhibits ALDH activity. The samples were then incubated at 37 °C for
45 min. After incubation, the cell suspension was centrifuged at 800 rpm for 5 min, and the
supernatant was removed. The cell pellet was resuspended in 500 ul of ice-cold ALDEFLUOR
assay buffer and transferred to a 5-ml test tube. Each sample was stained with 1.5 uM PlI, incubated
for 15 min at room temperature and analyzed by flow cytometry. The cells were excited at 488 nm
and 561 nm for green and red fluorescence, respectively. The green fluorescence was detected with

a 520-nm emission filter; the red fluorescence was detected with a 615-nm emission filter.

2.1.11 Measuring CD271, CD44 and CD34 biomarkers

Approximately, 2.5 x 10° cells were seeded in a T-75 flask containing 15 ml of DMEM
and incubated for 24 h. After 24 h, cells were either treated with a chemotherapeutic agent or left
untreated. At indicated time points, cells were detached, collected in a 15 ml centrifuge tube,
centrifuged at 800 rpm for 5 mins and the supernatant was discarded. The cells were then washed
with 5 ml of DPBS. Finally, 1 x 108 cells were resuspended in 100 pl of cell stain buffer (catalog#
554657) in a microcentrifuge tube. Then, 20 ul of a Phycoerythrin (PE) conjugated antibody
[CD271 (catalog# 557196), CD44 (catalog# 555479), or CD34 (555822); BD Biosciences, San
Jose, CA] or its respective 1gG control was added, and the cell suspension was incubated at room

temperature for 30 mins. After incubation, the cells were centrifuged at 800 rpm for 5 mins and the
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supernatant was discarded. The cell pellet was resuspended in 500 pl of cell stain buffer, stained
with 0.25 uM of SYTOX green and incubated for 15 min at room temperature. The cells were then
transferred to a 5 ml test tube and analyzed with a flow cytometer. The cells were excited at 488
nm and 561 nm for green and red fluorescence, respectively. The green fluorescence was detected

with a 520-nm emission filter; the red fluorescence was detected with a 586-nm emission filter.

2.1.12 Inhibitor screening

Approximately 1 x 10* cells were suspended in 150 pl of DMEM, plated in each well of a
96-well plate and incubated for 24 h. Then, the medium was removed and replaced with 150 pl of
DMEM containing GEM (20 nM) and/or the ETC inhibitors obtained from the Biolog I-1 plate
(catalog # 14104). Of note, the ETC inhibitors are in their solid forms in the 1-1 plate; therefore,
150 ul of DMEM with or without GEM was added to each well of the I-1 plate in advance. After
2 h of incubation, the media were transferred from the I-1 plate to the 96-well plate containing the
cells mentioned above. After 3 days of treatment, the medium was removed, and the cells were
washed with 100 pl of DPBS twice. Then, 150 pl of drug and inhibitor-free medium was transferred
to each well of the 96-well plate. After incubating the cells for 24 h, the growth medium was
removed and replaced with 100 pl of fresh medium. Finally, 10 pl of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT, catalog # 97062-376, VWR) (5 mg/ml) was added to each
well to measure the cell viability, and the cells were incubated at 37 °C for 3 h. At 3 h, the medium
was removed and replaced with 100 pl of MTT solubilization buffer 5. After 20 min of incubation

at 37 °C, the absorbance at 570 nm (OD570) was measured with a microplate reader.

2.1.13 Validation of the inhibitor screening assay results

A total of 3 x 10° cells were plated in each well of a 6-well plate with 3 ml of DMEM and
incubated for 24 h as described above. The cells were cotreated with GEM and/or phenothiazine
for 3 days. After 3 days, the surviving cells were washed with 2 ml DPBS, detached with 200 ul of

trypsin for 1-2 min, resuspended in fresh drug-free DMEM and incubated for 24 h. After 24 h, the
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cells were collected as described above, transferred to a microcentrifuge tube in PBS, and
enumerated with trypan blue solution (0.4%) and the automated cell counter. If the surviving cell
levels were under the limit of detection, we used a flow cytometer. To do this, the cell suspension
was centrifuged at 800 rpm for 5 min, and the supernatant was removed. The cell pellet was
resuspended in 500 ul of 0.85% sodium chloride (NaCl) solution. Then, the cells were stained with
0.25 pM SYTOX green (catalog # S7020, Thermo Fisher Scientific) and SYTOG60 red (catalog #
S11342, Thermo Fisher Scientific) and then incubated at 37 °C for 15 min. SYTOX green is cell
impermeant and only stains dead cells. SYTOG60 is cell permeant and can diffuse through the cell
membrane. After 15 min, the cell suspension was centrifuged at 800 rpm for 5 min, and the
supernatant was removed. Finally, the cell pellet was resuspended in 500 pl of 0.85% NaCl solution
and transferred to a 5-ml test tube for flow cytometry analysis. The cells were excited at 488 nm
for green fluorescence and 561 nm for red fluorescence. The green fluorescence was detected with

a 520-nm emission filter; the red fluorescence was detected with a 615-nm emission filter.

2.1.14 Statistical analysis

GraphPad Prism 8.3.0 was used for linear regression analysis, and the slopes of untreated
and treated groups were compared with F statistics. Pairwise comparisons were performed using
unequal variance t-tests or ANOVA. For statistical significance analysis, the threshold value of P
was set as * or # P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. A minimum of three
independent biological replicates (unless otherwise stated) were assessed for all experiments. In all
figures, data corresponding to each time point represent the mean value + standard error.
2.2 Results
2.2.1 Gemcitabine persistence is a slow-growing cell state

Persister cells are defined as a small subpopulation of phenotypic variants that are

transiently tolerant to drugs. Once the drug is removed and the persisters are re-cultured in fresh,

drug free medium, they form cell populations that exhibit drug sensitivity identical to the original
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culture, which distinguishes them from resistant mutants 2. In this study, persister subpopulations
were derived from gemcitabine (GEM)-treated A375 melanoma cell cultures (Figure 2.1a). The
A375 cell line has BRAF V600E mutations, leading to excessive cellular proliferation and
differentiation and increased cell survival °. GEM is a nucleoside that is an analog of deoxycytidine
8 which inhibits DNA replication by incorporating itself at the end of the elongating DNA strand.
A375 melanoma cells were treated with GEM (10 x 1C5=20 nM, see Supp. Table 2) for 3 days.
After the treatment, cells were allowed to recover in fresh, drug-free growth medium and then
treated with GEM after recovery to demonstrate the sensitivity of the daughter cells to GEM.
Additionally, we treated A375 cells with GEM for 3 days to generate a concentration vs. survival
ratio profile (Figure 2.1b); the results showed that the cell survival ratio, that were calculated by
normalizing the surviving cell numbers to those in the untreated control groups, did not change

significantly at concentrations higher than 10 x 1Cso (20 nM, see Supp. Table 2) 57,
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Figure 2.1 Isolating Persister cells. Scale bar: 100 um. The number of biological replicates (N) =4.

After 3 days of GEM treatment, we gently detached the cells from the flasks, resuspended
them in fresh, drug-free growth medium, and incubated them for 24 h to remove dead/late apoptotic
cells and collect the persister cells. As shown in the microscope images from the live/dead staining

assay (Figure 2.2a), nearly all persister cells were viable. Furthermore, an annexin-V fluorescein

18



isothiocyanate (FITC)/propidium iodide (P1) assay % was performed to detect apoptotic cells. The
guadrants of this graph represent (1) live (FITC-/PI-), (1I) early apoptotic (FITC+/PI-), (llI) late
apoptotic (FITC+/PI+) and (IV) dead (FITC-/PI+) cells (Figure 2.2). The data showed that the
apoptosis levels in both the parental and surviving persister cell populations were nonsignificant
(Figure 2.2b). Unlike drug-resistant mutants, the progenies of persisters are susceptible to cancer
drugs; this phenomenon has been demonstrated in many other studies %257, Therefore, cells
surviving GEM treatment were transferred to fresh medium, regrown, and retreated with GEM to

verify the transient state of melanoma persister cells (Figure 2.1a).
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Figure 2.2 Persister cells are live and viable cells.

To measure the growth rate of GEM persister cells, we performed a cell proliferation study

using carboxyfluorescein succinimidyl ester (CFSE) dye. For this assay, the cells prestained with
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CFSE were treated with GEM or left untreated (control), and the cell proliferation rates of these

groups were measured by monitoring the fluorescence dilution rate over time with a flow cytometer.

Our results revealed ongoing cell division in the control groups, as evidenced by a reduction in the

fluorescent signals, whereas the fluorescent signal was maintained in the treatment groups largely

due to a lack of cell proliferation (Figure 2.3b). The mean fluorescence intensity for the first 3 days

for each group was integrated into the fluorescence decay equation to calculate the half-life of the

fluorescent signal, further showing that cells treated with GEM grew significantly slower than

untreated control cells (Figure 2.3a). Our microscope images further showed that the surviving cell

populations seemed to be heterogeneous (Figure 2.3a). We noticed that GEM treated cells

underwent morphological changes; typically, the cells became elongated or spherical while

retaining their fluorescence levels (e.g., cells highlighted with arrows in Figure 2.3c).
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Figure 2.3 Persisters are slow cycling cells. Scale bar: 100 um

In figure 2.3(a) A375 cells before (days -2 and -1), during (day 0) and after (day 3) GEM

(10 x ICsp) treatment were monitored with a microscope that is capable of scanning the same area.




The culture vessel was also marked with a black spot to further verify the selected location.
Proliferating cells upon GEM treatment either died or entered a cell cycle arrest, leading to
morphological changes (highlighted with a box). For figure 2.3(b-c) Melanoma
cells prestained with CFSE dye were treated with GEM or left untreated (control), and their
fluorescence intensity was monitored at the indicated time points with flow cytometry (b) or

florescence microscopy (c).

Melanoma cells can undergo reversible phenotypic transitions in response to drug
treatments, which may result in stem cell like characteristics *"2. Since high aldehyde
dehydrogenase (ALDH) activity and increased expression of stem cell biomarkers, CD271, CD44
and CD34, were shown to be associated with the phenotypic plasticity of melanoma cells 7, we
performed the ALDEFLUOR assay and flow cytometry analysis to measure these biomarkers in
GEM treated cells. Melanoma cells were treated with GEM (10 x ICsg) or left untreated for 3 days.
Every day, the ALDH activity of the cells was assessed with an ALDEFLUOR assay and a flow
cytometer. Cells treated with the ALDH inhibitor 4-(dimethylamino)benzaldehyde (DAEB) served
as negative controls (Figure 2.4a). CD271, CD44 and CD34 biomarkers were detected with their
respective conjugated antibodies. Cells treated with isotype controls of CD271, CD44 and CD34
were used to determine stem cell biomarker negative (-) and positive (+) cells (Figure 2.4(b-d).

Live/dead staining was used to gate the live cells.

Although GEM treatment slightly induced the CD271 expression in the cells, we did not
observe a consistent trend in the expression levels of other stem cell biomarkers (CD44 and CD34)
and found no significant increase in ALDH activity in GEM persisters compared to untreated
control cells (Figure 2.4a-d). Altogether, our data indicate that persister populations studied here
are slow-growing cells that are potentially induced by chemotherapeutic treatment. These cells
exhibit heterogenous morphology without having a drastic increase in the expression levels of

known stem cell biomarkers.
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Figure 2.4 Stem cell biomarkers in A375 persister cells.
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2.2.2  Persister cells have an altered metabolic state.

Tumor cells undergo metabolic alteration to fulfill the energy requirement, sustain the high
rate of cell proliferation, avoid the action of therapeutics and improve the overall survivability of
the tumor cells ™. As persistence is a transient state, we expected that persister cells would undergo
metabolic alterations due to their slow or nonproliferating cell state. To identify such metabolic
mechanisms, we conducted untargeted metabolomics analysis of GEM-treated cells and untreated
control cells. Persisters were generated by treating the cells with 10 x 1Cso of GEM, and untreated
cells were generated by culturing the cells in drug-free growth media. In our study, we measured
689 different metabolites that are part of the superpathways involving the following factors: amino
acids, peptides, carbohydrates, energy, lipids, nucleotides, cofactors/vitamin and xenobiotics
(Table 2). Unsupervised clustering of the metabolomics data was performed with the Clustergram
function in MATLAB. The generated heat maps show metabolite clusters that are upregulated (red)
or downregulated (blue) in the treated group compared to the untreated control group. Each column
represents a biological replicate; each row represents a metabolite. Pathway enrichment analysis
showed that the relative levels of 342 metabolites were significantly altered in the persister

subpopulation compared to the control group (Table 2).

Unsupervised hierarchical clustering of the metabolic data of four independent biological
replicates of untreated or GEM-treated samples revealed a distinct metabolic alteration taking place
in persister cells (Figure 2.5a). While the relative levels of metabolites associated with dipeptides,
phospholipids, sphingosines, the urea cycle, gamma-glutamyl amino acid, ceramides, polyamines,
tryptophan, sterols, endocannabinoid, phosphatidylcholines (PC), lysophospholipids and
sphingomyelins were upregulated, those associated with glycine, serine, threonine, pentose sugars,
vitamin B6, glutamate, the Krebs cycle and branched-chain amino acids (BCAASs) were
significantly downregulated in persister cells compared to those in control cells (Figure 2.5a-f and

Table 2).
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Although our metabolomic analysis indicates that the levels of phospholipids (particularly
PCs, phosphatidylserine, phosphatidylethanolamine, phosphatidylglycerol, phosphatidylinositol
and phosphatidylinositol-phosphates), and sphingolipids with their associated structural elements
(ceramide and sphingosine) were considerably upregulated (Figure 2.5f), those involved in one-
carbon metabolism (e.g., glycine, serine, and methionine) were distinctively downregulated in
GEM-treated cells compared to untreated control cells (Figure 2.5b). Alteration of the lipid
metabolism of cancer cells compared to that of nonmalignant cells is a well-studied phenomenon
76, This metabolic reprogramming has been shown to be highly dependent on the cancer type and
stage. Phospholipids are predominant components of the cell membrane that can play an important
role in persistence by modulating the expression and activity of multidrug resistance pumps ”’.
Sphingolipids are another family of membrane lipids known to play a role in the regulation of cell
proliferation, apoptosis, migration and inflammation 8. One-carbon metabolism, as an indicator of
the cell nutrient status, functions in the biosynthesis of nucleotides as well as the maintenance of

the redox and methylation states required to support the high rate of proliferation in cancer cells .

Cancer cells overexpress amino acid-degrading enzymes to increase their energy
production and to provide metabolites for their anabolic processes. BCAAs (such as leucine,
isoleucine and valines) are a class of amino acids, and their levels were significantly downregulated
in GEM-treated cells (Figure 2.5e). BCAAs are expected to be upregulated in normal cancer cells,
as they can be used for various processes such as protein synthesis and energy production . Of the
carbohydrate family, the pentose phosphate pathway (PPP) metabolite levels were significantly
downregulated in GEM-treated cells (Figure 2.5d). Similar to one-carbon metabolism, the PPP was
shown to be important for tumor cells in terms of nicotinamide adenine dinucleotide phosphate
(NADPH) production, which is essential for fatty acid synthesis and reactive oxygen species
detoxification 8. The PPP is tightly interconnected with glycolysis and the Krebs cycle, as they

share a number of intermediates, including glucose-6-phosphate (G-6-P), pyruvate and acetyl-CoA.
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The Krebs cycle is also closely linked to BCAA metabolism, as alpha-ketoglutarate is essential for
BCAA metabolism. Our untargeted metabolomics analysis showed that, similar to BCAA and PPP
metabolism, the Krebs cycle was significantly altered in GEM-treated cells, as its intermediates
(e.g., alpha-ketoglutarate, fumarate, malate, and oxaloacetate) were significantly less abundant in
melanoma persisters than in the untreated bulk cell population; however, we did not observe a
significant change in glycolysis intermediates, except for pyruvate, in either group (Figure 2.5c).
Although our MS analysis shows a metabolic alteration in energy metabolism in persister cells, MS
does not directly measure intracellular reaction rates (e.g., mitochondrial activity); such

measurements are necessary to link the abundance of these metabolites to their turnover rates.
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Figure 2.5 Metabolic alterations in GEM persisters. Box plots show the metabolites from the one-
carbon metabolism pathway (b), the Krebs cycle (c), the PPP (d), the BCAA metabolism

pathways (e), and the lipid metabolism pathway (f). Statistical significance was assessed with

ANOVA (* P <0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). N=4
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2.2.3 Persister cells have increased mitochondrial activity

Cancer cells are known to use aerobic glycolysis to generate substrates for the anabolic
processes needed to support cell proliferation 54, We think that, due to their nonproliferating cell
state 3132, persisters may have increased mitochondrial metabolism. This metabolic alteration may
explain the low levels of Krebs cycle intermediates observed in persisters, as the depletion of these
substrates is potentially due to faster consumption of these compounds in persisters. To verify this,
we measured the mitochondrial activity of the persister cells using MitoPlates (Biolog Inc.,

Hayward, CA).

For this assay, 30 different substrates associated with glycolysis and the Krebs cycle were
screened in a 96-well format. High throughput screening assay was conducted using a modified
version of tetrazolium dye. The consumption rates of substrates were monitored by measuring the
ODsy at the indicated time points (for 100 min total). A kinetic graph was generated to illustrate
the consumption of each substrate by measuring the color intensity of a modified tetrazolium dye
present in each well. This color change correlates with cellular ETC activities. The obtained data
were then clustered (unsupervised) to generate a heat map (Figure 2.6) for all the substrates being

studied.
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Figure 2.6 Assessing mitochondrial activity of persister cells. N=4.
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Of all the substrates that were tested, persister cells had a higher rate of consumption of
Krebs cycle metabolites (specifically, the consumption rates of malate, fumarate and succinate)
than untreated cells. Mitoplate screening is a high-throughput assay with limited control over the
concentrations of substrates in microarrays. As the concentrations of the substrates were not
disclosed, to verify the observed results, these assays were repeated in a generic 96-well plate where
the metabolites (i.e., malate, fumarate and succinate) were added manually to achieve a final
concentration of 4 mM. The data generated from these modified assays were in agreement with our

MitoPlate data (Figure 2.7a-c).
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Figure 2.7 Persister cells have higher consumption rate for TCA cycle substrates. Linear regression
analysis was performed using F statistics with GraphPad Prism (**** P<0.0001). N=4.

To further verify the accuracy of the assays, control experiments, in which ETC complexes
were inhibited with rotenone and antimycin A, were conducted. Rotenone is a complex I inhibitor,
and antimycin A inhibits complex Il of the ETC 88, Therefore, the substrates capable of
producing only NADH (i.e., malate and fumarate) and the substrates producing both NADH and
FADH2 (i.e., malate, fumarate and succinate) should not give any absorbance reading in the

presence of rotenone and antimycin A, respectively, in modified MitoPlate assays.
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Figure 2.8 Validating efficacy of mitoplate assay. N=4. Statistical significance was assessed by performing
pair-wise t-test. # represents a significant difference between the inhibitor (rotenone or
antimycin A) and “no inhibitor” groups (P<0.05).

The bar graphs in figure 2.8 represent the ODsg data of the modified MitoPlate assays for
fumarate (a), malate (b) and succinate (c) and indicate their consumption rates at 100 min in the
presence of rotenone (10 M) or antimycin A (10 uM). The data generated support our argument
and validate the efficacy of the assay (Figure 2.8a-c). Of note, MitoPlate data reported here were
normalized to “no substrate” controls in which the assays were performed without adding any
exogenous Krebs cycle substrates. Therefore, we compared the basal ETC activity of GEM treated
with untreated control group by performing regular (Figure 2.9a) or modified MitoPlate (Figure
2.9b) assays without adding any exogenous Krebs cycle substrates. Critically, these “no substrate”
data still show that the basal level of persister cell ETC activity is higher than that of the untreated

cells (Figure 2.9).
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Figure 2.9 The basal ETC activities of GEM persister cells. Linear regression analysis was performed
with F statistics using GraphPad Prism (**** P<0.0001, and ** P<0.01). N=4.
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Finally, as persistence is a temporary state, the observed metabolic alteration should also
be transient. Cells that survived GEM treatment were collected and regrown in fresh growth
medium. After 9 days of resuscitation, the cells resumed their growth cycle and started to proliferate
(Figure 2.1a). The progenies of the resuscitated cells after the 3rd passage were collected to assess
their mitochondrial activity. As expected, the consumption rates of malate, fumarate and succinate

in persister progenies were similar to those of untreated control groups (Figure 2.10a-c).
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Figure 2.10 Metabolic alteration observed in persister is transient. N=4; ns: the slopes are not
significantly different.

2.3 The observed metabolic alteration is independent of GEM concentration and treatment
time.

The treatment duration and chemotherapeutic concentration can play a significant role in
persister cell metabolism. To assess the effect of the treatment period, A375 cells were treated with
GEM (10 x ICs) for 9 days, and the surviving cells were collected for MitoPlate assays, which
showed that the consumption rates of Krebs cycle substrates were still higher in GEM-treated cells
than in untreated control cells (Figure 2.11a). However, interestingly, the control cells cultured for
9 days had higher consumption rates of Krebs cycle substrates than the control cells cultured for 3
days (control groups in Figure 2.11a-b). This observation might be due to the cell-cycle arrest
induced by overpopulation in 9-day cell cultures, which is consistent with our central argument. To

assess the effects of drug concentrations on persister metabolism, we isolated persisters by treating
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the cells with 100 x ICso GEM for 3 days (Figure 2.11c-d). Similar to the 10 x ICso treatment results,
the surviving cells exhibited higher rates of consumption for Krebs cycle substrates than untreated
cells (Figure 2.11b and 2.11g-i). Persister cells obtained by 100 x 1Cso GEM treatment were
resuspended for a second round of cell survival and MitoPlate assays, showing that the progenies
of persister cells were sensitive to GEM, and the observed metabolic alteration was reversible
(Figure 2.11j-lI). Persister cells obtained from 100 x 1Cso GEM treatment were also viable, grew
slowly, and exhibited morphological heterogeneity without a consistent trend in the expression of
stem cell biomarkers (Figure 2.11c-f), in agreement with the data generated from 10 x ICso
treatments. Interestingly, the cells surviving 100 x ICsp GEM treatment required ~32 days to
resuscitate. This was significantly longer than the resuscitation period of the 10 x I1Cso treatment
group (~9 days), indicating that the resuscitation period is concentration dependent, although

increasing the GEM concentration does not affect metabolic alteration.
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Figure 2.11 Effects of GEM concentration or treatment time on persister metabolism. Linear regression analysis was performed with F statistics using
GraphPad Prism (**** P<0.0001). ns: the slopes are not significantly different. N=4.
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In figure 2.11, (a-b) A375 cells were treated with GEM (a) at 10 x 1Cso concentration for
9 days or (b) at 100 x I1Cso concentration for 3 days, and then, 3 x 10* treated cells were
transferred to each well of a phenotype microarray that also included a substrate and tetrazolium-
based dye. For control, cells were treated with the solvent only. The consumption rates of the
substrates were monitored with ODsgo measurements at the indicated time points (for 100 min
total). Unsupervised clustering of absorbance data was performed using MATLAB. N=4. (c) The
cells surviving after GEM (100 x 1C5,=200 nM) treatment were collected and transferred to fresh
medium without GEM. The following day, cells were stained with ReadyProbes Cell Viability
Imaging dyes to assess live (blue) and dead (green) cells. Dead cells were generated by treating
the cells with 70% ethanol for 30 min. “Control” represents the live cells that did not receive
GEM treatment. Scale bar: 100 um. (d) Melanoma cells were treated with GEM (200 nM) for 3
days. After the treatment, cells were allowed to recover in fresh, drug-free growth medium and
then treated with GEM (200 nM) again to demonstrate the sensitivity of the daughter cells to
GEM. Scale bar: 100 um. (e) Cells prestained with CFSE dye were treated with GEM (200 nM)
or left untreated (control), and their fluorescence intensity was monitored at the indicated time
points with flow cytometry. (f) Cells were treated with GEM (200 nM) or left untreated for 3
days. At the end of treatment, the stem cell biomarkers were assessed with an ALDEFLUOR
assay and the conjugated antibodies. (g-i) The consumption rates for the selected substrates (4
mM) (fumarate, malate, and succinate) of GEM (200 nM) persisters were measured with the
modified MitoPlate assay. (j-1) GEM (200 nM) persister cells were transferred to fresh medium
without GEM to stimulate resuscitation. After the third passage, the daughter cells were collected,
and their consumption rates for fumarate, malate, and succinate were measured with the modified

MitoPlate assay.
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2.3.1 Chemotherapeutic-induced metabolic alteration is conserved in melanoma persisters.
Next, we sought to test whether the observed results were also valid for the other

chemotherapeutic agents listed in Supp. Table 2.

Table 1: Concentrations of chemotherapeutic agents used for generating persisters.

Working concentration
Chemotherapeutic agents Classification 1Cso (LM)
(UM)
Campothecin Alkaloid 0.01 0.1
Cisplatin Alkylating agent 13 130
Cytarabine Antimetabolite 0.5 5
Doxorubicin Anthracycline antibiotic | 0.024 0.24
Etoposide Alkaloid 6 60
Gemcitabine Antimetabolite 0.002 0.02
Mitomycin-C Alkylating agent 0.26 2.6
Paclitaxel Antimicrotubule agent | 0.0147 0.147
Temozolomide Alkylating agent 272 1360
Vinorelbine Alkaloid 0.27 2.7

Cytarabine (CYT) is an antimetabolite similar to GEM; camptothecin (CAM), doxorubicin
(DOX) and etoposide (ETO) inhibit topoisomerase; cisplatin (CIS) and temozolomide (TEM) are
an alkylating agent; vinorelbine (VIN) and paclitaxel (PAC) impair the formation of spindle fibers;
and mitomycin-c (MIT) induces cross-linking of DNA 84, Cells were treated with these therapeutic
agents at 10 x 1Cso doses (Table 1), except TEM, which was applied at 5 x ICsg, as the 10 x ICsp
dose required a high dimethyl sulfoxide (DMSO) solvent content (>1%). A375 cells surviving the
chemotherapeutic treatments were collected and transferred to fresh medium without drugs. The
following day, cells were stained with ReadyProbes Cell Viability Imaging dyes to assess live (blue)
and dead (green) cells. “Control” represents the live cells that did not receive GEM treatment

(Figure 2.12). Our data showed that the persister cells retained high cell viability.
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Figure 2.12 Assessing the viability of cells treated with various chemotherapeutic agents. Scale bar: 100
pm.

The mitochondrial activity for each treatment was assessed using modified MitoPlate
assays. Similar to GEM treatment, cells were treated with the indicated chemotherapeutic agents
for 3 days. After treatments, the cells were transferred to a fresh medium and cultured for 24. h.
Then, the cells were collected for modified MitoPlate assays to measure the consumption rates of
Krebs cycle substrates. Data obtained from mitoplate assay demonstrated that the chemotherapeutic
agents generally increased the consumption rates of Krebs cycle substrates in melanoma cells

(Figure 2.13).
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Figure 2.13 Chemotherapeutic treatment enhances krebs cycle activity in melanoma cells. Linear
regression analysis was performed using F statistics (**** P<0.0001). N=4.

Furthermore, we performed flow cytometer staining assays for stem cell biomarkers for all

treatment groups. At the end of treatment, the ALDH activity of the cells was assessed with an
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ALDEFLUOR assay and a flow cytometer. Cells treated with the ALDH inhibitor (DAEB) served
as negative controls (green). CD271, CD44 and CD34 biomarkers were detected with their
respective conjugated antibodies. Cells treated with isotype controls of CD271, CD44 and CD34
were used to determine stem cell biomarker negative (-) and positive (+) cells. Live/dead staining
was used to gate the live cells (Figure 2.14). Similar to the results obtained from the GEM treatment,
most treatments did not significantly alter cellular stem cell biomarker levels. However, TEM- and
MIT-treated cells showed significantly lower ALDH activity than control cells, further supporting

that chemotherapeutic persistence may not be directly linked to stem cell phenotypes.
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Figure 2.14 Assessing the stem cell biomarkers in A375 persister cells after chemotherapeutic treatments.

38



Our flow cytometry- and microscopy-based cell proliferation assays with CFSE dye further

showed that cells from all treatment groups had undergone a state of negligible growth, indicating

that chemotherapeutic-induced growth arrest is conserved in melanoma cells (Figure 2.15 and 2.16).
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Figure 2.15 Assessing the growth of cells treated with chemotherapeutic agents.
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Our microscopy images showed that when compared to the untreated control cells, treated

cells had altered morphology with high fluorescence intensity due to the induction of growth arrest

(Figure 2.16 vs. control group in Figure 2.3c). Overall, the upregulation of Krebs cycle activity is

conserved in melanoma persister populations derived from various chemotherapeutic treatments,

despite the diverse morphological changes observed in these persister populations (Figure 2.16 and

2.12).

39



Day 0 Day 3

CAM

TEM PAC MIT ETO DOX CYT CIS

VIN

Figure 2.16 Chemotherapeutic drugs morphological changes in persister cells. Scale bar: 100 um

2.3.2 Phenothiazine drugs can compromise persister survival

We screened a microarray plate (I-1 plates from Biolog, Inc.) with known mitochondrial
inhibitors to test the effects of these inhibitors on persister cell viability, as some of these inhibitors,
such as gossypol, valinomycin and celastrol, are known to stimulate the production of apoptotic
reactive oxygen species 88, The chemical library had four concentrations of each inhibitor, but

these concentrations were not disclosed by the company (Biolog, Inc.). As we wanted to identify a
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chemical compound that is selectively and effectively lethal to GEM persisters, we focused on the
wells with the lowest inhibitor concentrations (Figure 2.17a-b). For this assay, A375 cells incubated
in fresh growth medium in a 96-well plate for 24 h were treated with indicated (a) ETC inhibitors
(blue) or (b) cotreated with GEM (10x MIC) and ETC inhibitors (red) for 3 days (Figure 2.17).
After the treatment, the media in the wells were replaced with fresh, drug-free medium. The cells

were incubated in fresh medium for 24 h, and MTT assay was conducted to assess the cell viability.
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Figure 2.17 High throughput screening of ETC inhibitors. N=2.

Our data revealed that trifluoperazine (TFZ) might be a potential chemotherapeutic
adjuvant (Figure 5a-b), although a number of well-known ETC inhibitors, including gossypol,

valinomycin, and celastrol, were also found to be effective at higher concentrations (Figure 2.18).
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Figure 2.18 Screening for ETC inhibitors that affects persister survival. The graphs represent MTT assay
conducted with various concentrations of ETC inhibitors (C): a) Cy4, b) C; and ¢) Cs, where
C1<Cy<C3. N=2.

TFZ falls under the class of antipsychotic drugs known as phenothiazines, which have been
shown to enhance the cytotoxic effects of chemotherapeutic agents 8. These drugs have also been
shown to inhibit tumor progression by altering the expression levels of proteins related to cell cycle
and apoptosis such as CCNE1, CDK4 and BCL-2, and by inhibiting drug efflux pumps %8, To
determine whether inhibition of persisters is a more general characteristic of phenothiazines, we
tested two additional FDA-approved phenothiazine drugs, thioridazine (TDZ) and fluphenazine
(FPZ), which were not in our drug screen. Melanoma cells were treated with phenothiazine drugs
(TFZ, TDZ and FPZ) (Figure 2.19a-c) or co-treated with GEM (10xMIC) and phenothiazines
(Figure 2.19d-f) at the indicated concentrations for 3 days. After the treatments, the cells were
resuspended in fresh drug-free medium and incubated for 24 h. Then, the cell viability was assessed

by trypan blue staining using an automated cell counter.
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Figure 2.19 Co-treatment with phenothiazines reduces GEM persisters. (a-c) * represents a significant
difference between the control and treatment groups (t-test, P<0.05).

Notably, TDZ was recently demonstrated to impair melanoma tumor progression in an
animal model %7. Although all three phenothiazine inhibitors reduced the cell survival fractions
across a wide range of concentrations when tested with GEM (Figure 2.19d-f), these inhibitors (at
concentrations greater than 10 uM) could also kill the cancer cells in the absence of GEM (Figure
2.19a-c). TFZ was also found to be effective in the presence of most of the chemotherapeutics at
the indicated concentrations (Figure 2.20). For this assay, cells were treated with the indicated
chemotherapeutic agents and/or TFZ (10 uM) for 3 days. The concentrations of chemotherapeutic
agents were 10 x ICso, except TEM, whose concentration was 5 X 1Csp (see Table 1). After the
treatments, the cells were collected and incubated in fresh, drug-free medium for 24 h, and then,

the cell viability was assessed with STYOG0 (red)/SYTOX (green) dyes using a flow cytometer.

TEM, which is used most often for melanoma patients, has become very effective in the

presence of TFZ, as the level of survived cells in cotreatment cultures is around the limit of
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detection (Figure 2.20). Although we did not test a wide range of drug concentrations and analyze
the synergetic interactions between the drugs in these cotreatments, our results suggest that

metabolic inhibitors can potentially boost the effectiveness of the existing chemotherapeutic drugs.
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Figure 2.20 Co-treatment with TFZ reduces melanoma persisters. # represents a significant difference
between the cotreatment (drug+FPZ) and drug-only groups (t-test, P<0.05).

2.3.3  Chemotherapeutic-induced metabolic alteration is also observed in a metastatic cell line

(RPMI-7951)

Finally, we used a metastatic melanoma cell line (RPMI-7951) to assess if the observed
metabolic alteration is a global response of melanoma cells to chemotherapeutic treatments. RPMI-
7951 cells were treated with GEM (10 x ICsp), TEM (5 x ICsp) or left untreated for 3 days, and
mitoplate assays were performed following the methods described above. Similar to A375 cells,
RPMI-7951 cells treated with chemotherapeutics have significantly increased consumption rates of
Krebs-cycle substrates (fumarate, malate and succinate) when compared to untreated control
groups (Figure 2.21a-f). Furthermore, we co-treated RPMI-7951 cells with TEM and an ETC
inhibitor (TFZ) to test the impact of ETC inhibition on RPMI-7951 persistence as described in
sections 2.3.2 and 2.1.13. We chose TEM for the co-treatment study as it is one of the preferred

chemotherapeutic agents for metastasized melanoma treatments “¢. As expected, our data shows
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that co-treated cultures have reduced persister survival compared to the cultures treated with TEM
only (Figure 2.21g-h). This observation further shows that targeting the metabolism of drug-

tolerant cells can be an effective therapeutic strategy for melanoma cancers.
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Figure 2.21 Increased consumption of TCA cycle substrates is observed in the RPMI-7951 cell line.
Linear regression analysis was performed using F statistics using GraphPad Prism (****
P<0.0001). * represents a significant difference between the control and treatment groups (t-
test, P<0.05).

2.4 Discussion

Conventional chemotherapeutic agents target fast-growing cells such as tumor cells. Because
of their slow or no-growth state, persister cell tolerance to treatment has been attributed to cell
dormancy . Cancer cell dormancy can be induced by various mechanisms, such as the activation
of signaling pathways for autophagy, reactive oxygen species production, and DNA damage repair,
that are generally triggered by extracellular stress (e.g., nutrient depletion, hypoxia, overpopulation,

therapeutics) %, Cell dormancy is regulated by many external and internal factors via a highly
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integrated signaling network and is one of the most common phenotypic states observed in many
drug-tolerant cell types. Due to their phenotypic plasticity, melanoma cells may acquire stem cell
like characteristics in response to treatments, which may contribute to melanoma cell heterogeneity
and drug tolerance. Although persister cells in previous studies were shown to have increased stem
cell biomarkers %22 we did not observe a drastic change in the expression levels of known stem
cell biomarkers in GEM persisters. Our results also indicate that chemotherapeutics may facilitate
a transient dormancy, which may lead to the downregulation of anabolic pathways (due to the
observed growth arrest), thus diverting glycolytic intermediates to the Krebs cycle, the most
efficient energy-producing pathway. This also explains why the abundance of glycolytic
metabolites was not altered in persister cells despite the significant alterations in the abundance of

Krebs cycle metabolites.

In this study, we first conducted untargeted metabolomics analysis to identify the metabolic
pathways that were significantly altered in GEM-treated persister cells compared to control cells.
These pathways included the lipid metabolism, BCAA metabolism, one-carbon metabolism, and
the Krebs cycle and the PPP. From the lipid superpathways, the levels of phosphatidylcholines,
sphingosines, ceramides and lysophospholipids were primarily upregulated in GEM-treated cells.
The accumulation of PC due to overexpression of lysophosphatidylcholine acyltransferase 2
(LPCAT?2) can induce drug tolerance in cancer cells, as reported by Cotte et al. *. The study
revealed that LPCAT?2 increases the resistance of cancer cells to immunogenic cell death and
mediates chemoresistance by promoting the antiapoptotic response to endoplasmic reticulum
stressors %, Ceramides have been reported to have dual functions in drug resistance. They can
induce either chemosensitivity or chemoresistance depending on the structure and length of their

fatty acyl chains %,

BCAA metabolism, which involves essential amino acids, such as valine, leucine and

isoleucine, has been studied extensively in cancer cells %. It is closely linked to the Krebs cycle, as
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alpha-ketoglutarate is needed to initiate the degradation of valine, isoleucine and leucine *.
Enzymes that catalyze the first step of BCAA degradation, branched-chain aminotransferase 1
(BCAT1) and branched-chain aminotransferase 2 (BCAT2), are commonly upregulated in cancer
cells. BCATL in particular is associated with cancer cell growth and has been proposed as a
prognostic cell marker %, In addition, many studies have explored BCAT1 as a potential target
for cancer therapeutics, as it is also linked to cell proliferation via m-Torcl activity ®. BCAA
metabolism has been shown to alter gene expression in cancer cells by altering the epigenome.
Epigenetic changes can affect several cellular processes that can induce drug tolerance in cancer
cells. A recent study by Wang et al. showed that H3K9 demethylation-mediated epigenetic
upregulation of BCAT1 can promote tyrosine kinase inhibitor (TKI) tolerance in epidermal growth

factor receptor (EGFR)-mutant lung cancer cells %.

The upstream metabolites of the Krebs cycle are needed for the initiation of PPP metabolism.
Along with one-carbon metabolism, the PPP regulates NADPH production in cancer cells .
Additionally, it has been hypothesized that slow-growing/drug tolerant cells have an increased rate
of PPP metabolism compared to the bulk cancer cell population *®. Debeb et al. showed that PPP
metabolism is upregulated in histone deacetylase inhibitor-induced cancer stem cells and is
regulated by an increase in the level of glucose-6-phosphate dehydrogenase (G6PD), a rate-limiting

enzyme in PPP metabolism 201,

DNA repair proteins (e.g. DNA double-strand-break repair proteins) have a major role in metabolic
reprogramming of persister cells and mediating their responses to chemo- and radiotherapy 02102,
The study conducted by Cosentino et al., 2011, showed that ATM, a key DNA damage protein,
regulates PPP via induction of G6PD to promote NADPH and nucleotide production needed for
the DNA damage repair 1%. Phosphorylated ATM also enhances mitochondrial respiration and

oxidative phosphorylation by increasing the expression of cytochrome ¢ oxidase 2 and glutaminase
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105107 These metabolic alterations, particularly in mitochondria, could enhance the toxicity of

chemotherapeutic agents.

Given that MS does not directly measure intracellular reaction rates, subsequent assays are
necessary to link the abundance of metabolites to their turnover rates. Our metabolomics data show
that the majority of Krebs cycle metabolites were significantly downregulated in GEM-treated cells
due to their increased consumption rates, and these findings were verified by MitoPlate assays. It
is known that cancer cells prefer aerobic glycolysis; however, as persisters are slow-growing cells,
they might not depend on aerobic glycolysis as extensively. The increased mitochondrial
metabolism of drug-tolerant cells has been reported across multiple tumor cell lines and in response
to a variety of therapeutic challenges %1% supporting our hypothesis of a conserved, transient
metabolic phenomenon mediated by chemotherapeutic treatments. Given that increased
mitochondrial metabolism is a potentially conserved characteristic of melanoma persistence, ETC
inhibitors can be used as adjuvants for persister therapeutics. Although not all ETC inhibitors can
be potent and cytotoxic, our findings show that TFZ was highly effective against TEM-tolerant
cells. As TEM is a preferred chemotherapeutic agent for the treatment of metastasized melanoma
cancers, a co-treatment regime including TEM and an ETC inhibitor can have a potential clinical
application. These findings further highlight the significance of understanding and targeting the

key metabolic changes in drug-tolerant persister cells.

It is well established that suppression or lack of apoptosis is one of the major factors that
increases chemo-resistance %319, There are several studies claiming that alterations in certain Bcl-
2 family members (e.g. Bcl-2 and Bel-xL expression level) contribute to multidrug resistance 11011,
Persister cells can escape apoptosis and drug cytotoxicity via transient metabolic alterations.
However, how these alterations affect apoptotic pathways and consequently cancer persistence
remains to be characterized. Finally, we would like to point out that our study has been conducted

in vitro in a controlled environment; therefore, in vivo factors such as cell-cell interactions, micro-
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environment in the host, treatment regimens and drug clearance may impact persister cell
metabolism. Our future goal is to characterize the metabolic state of persister cells in clinically

relevant samples or environments, such as patient-derived tissues and animal models.

In this study, we aimed to evaluate the role of metabolism in melanoma persister cells and the
utility of targeting persister cell metabolism as a therapeutic strategy. Melanoma which is the most
fatal form of skin cancer is thought to be a chemotherapy-resistant cancer type, and this resistance
is potentially facilitated by slow-growing persister cells. Our analysis shows that chemotherapeutic
agents can facilitate persister cell formation in melanoma cells and alter cellular metabolism by
upregulating the utilization rates of Krebs cycle metabolites. The observed metabolic alteration
seems to be independent of drug concentration and treatment time and can be mediated by a wide

range of chemotherapeutic agents.
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Chapter 3 BRAF-Inhibitor-Induced Metabolic Alterations in A375

Melanoma Cells

Drug tolerance has also been observed as a heterogeneous trait in cancer cells®!. A sub-population,
known as persister cells, have been shown to acquire a transient drug-tolerant state in cancer cell
populations 3. These persisters cells, which are described as slow-cycling cells *, can act as a
reservoir for the emergence of multi-drug resistant mutants and contribute to cancer relapse 2.
Recent evidence shows that persisters have unique metabolic profiles compared to the bulk cancer
population.®>%" In our previous study, we explored the impacts of conventional chemotherapeutics
(cytotoxic medications) on persister metabolism and found that chemotherapeutics induce a

transient shift from aerobic glycolysis to oxidative phosphorylation *.

When it comes to targeted therapeutics, melanoma persister cells are generally derived by
co-treatment with BRAF/MEK inhibitors ', making it unclear how persister metabolism is affected
by each drug, individually. In this study, with the use of untargeted metabolomics, high-throughput
assays (phenotype microarrays), and enzymatic measurements of glucose and lactate levels, we
explored BRAF inhibitor-induced persister metabolism. Our integrated approach allowed us to

identify energy sources/substrates that are selectively preferred by vemurafenib persisters.

3.1 Materials and Methods:

3.1.1 Cell culture conditions

The melanoma A375 cell line was purchased from American Type Culture Collection
(ATCC) (Manassas, VA). If not otherwise specified, all materials were obtained from Fisher
Scientific (Waltham, MA). Melanoma cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 100 units penicillin and 100 pg
streptomycin/mL. Cells were cultured in a humidified incubator at 37°C and 5% CO». Phenotype

microarray plates and assay solutions were purchased from Biolog, Inc. (Hayward, CA). PE-
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conjugated antibodies [CD271 (catalog# 557196), CD44 (catalog# 555479), or CD34 (555822)]
and their 1gG isotype controls were obtained from BD science (San Jose, CA). The ALDEFLUOR
assay kit was obtained from STEMCELL Technologies (Cambridge, MA). BRAF inhibitor,

vemurafenib (VEM), was dissolved in dimethylsulfoxide (DMSO) to prepare stock solutions.

3.1.2 Generating persister kill curves

To generate biphasic kill curves, 3 x 10° cells were seeded in each well of a 6-well plate.
The cells were maintained in 3 ml of DMEM for 24 h in a humidified incubator at 37°C and 5%
CO,. After 24h, the medium was removed and replaced with fresh medium with varying
concentrations of VEM. After treating the cells with VEM for 3 days, the surviving cells were
washed with 3 ml of Dulbecco's phosphate-buffered saline (DPBS) two times. The cells were
detached with 300 pl of trypsin-EDTA (0.25% trypsin and 0.9 mM EDTA), and then collected in
1.5-ml microcentrifuge tubes after adding 1 ml of DMEM which deactivates the trypsin. The cell
suspension was centrifuged at 900 revolutions per minute (rpm) for 5 mins and the supernatant was
removed. The cell pellet was then re-suspended in fresh DMEM, and live cells were quantified with
trypan blue staining ®! using an automated cell counter (catalog# A27977, Thermo Fisher Scientific).
The survival ratio was calculated by normalizing the cell count with the total number of cells in the
untreated control group. Finally, the survival ratios and drug concentrations were plotted to

generate the kill curves.

3.1.3 Isolating persister cells

Approximately 2.5 x 10° cells were transferred to 15 ml of DMEM in a T-75 flask. The
cells were cultured for 24 h in a humidified incubator maintained at 37°C and 5 % CO,. After 24
h, the medium was replaced with fresh medium containing 10 uM VEM. After treating the cells
with VEM for 3 days, the cells were washed with 10 ml of DPBS two times and detached from the
flasks with 2 ml of trypsin-EDTA. Then, 5 ml of DMEM was added to deactivate the trypsin and

the cells were centrifuged at 900 rpm for 5 mins. The supernatant was removed, and the cells were
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resuspended in fresh DMEM and transferred to a T-75 flask. The cells were further incubated at
37°C in the presence of 5 % CO- for 24 h to remove dying/dead cells as they cannot adhere to the
flask surface. Following the incubation, the supernatant with dead cells was discarded, and the live
cells were detached and collected for the experiments described below. The control group

(untreated cells) has undergone the same procedure, receiving the solvent-only (DMSO) treatment.

3.1.4  Assessing the cell viability with microscopy
The viability of cells after VEM treatment was assessed with the ReadyProbes Cell
Viability Imaging kit (Blue/Green) (catalog# R37609, Thermo Fisher Scientific) as described by

the vendor’s protocol as well as in Chapter 2 section 2.1.3.

3.1.5 Apoptosis assay
The annexin-V FITC/PI kit (catalog# P50-929-7; Thermo Fisher Scientific) was used to
detect apoptotic cells in VEM treated and untreated cultures, as described in our previous study 3

and in Chapter 2 Section 2.1.4.

3.1.6  Clonogenic survival assay

Cells surviving the VEM treatment were serially diluted by transferring 1 ml of the cell
suspension to a 15 ml centrifuge tube containing 9 ml of fresh growth medium (i.e., a 10-fold serial
dilution). Then, 3 ml diluted cell suspensions were transferred to the wells of a 6-well plate. The
cells were cultured for 12 days for colony formation while replacing the growth medium every 3-
4 days. After 12 days, the growth medium was removed, and the cells were washed with 3 ml of
DPBS. The cells were then fixed with 1 ml of fixing agent (methanol: acetic acid at 3:1) for 5 mins.
After fixing the cells, the cells were stained with crystal violet (0.5%) for 15 mins to visualize and

to count the colonies.
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3.1.7  Cell count with a flow cytometer

After VEM treatment, the live cells were collected and washed with DPBS twice and
resuspended DPBS. Cell viability and enumeration was then performed using SYTOX
Green/STYOG60 dyes following the method described in Chapter 2 Section 2.1.13. SYTOX green
is cell-impermeant and can only diffuse through dead cell membrane while SYTOG60 is cell-
permeant and can freely diffuse through both live and dead cell membrane. Untreated and ethanol-

treated dead cells were used as negative and positive controls.

3.1.8 Cancer stem cell markers

Cells during VEM treatment in flasks were detached and collected at desired time points
and centrifuged at 900 rpm for 5 mins. CSCs marker expression was then measured using of PE-
conjugated antibodies [CD271 (catalog# 557196), CD44 (catalog# 555479), or CD34 (555822);

BD Biosciences, San Jose, CA] following the method described in Chapter 2 section 2.1.11.

3.1.9 ALDEFLUOR assay

At desired time points, cells during VEM treatment were detached, collected, and
centrifuged at 900 rpm for 5 mins. The supernatant was removed, and the cell pellet was washed
with 5 ml of DPBS. The cells were then resuspended in ALDEFLUOR to perform the

ALDEFLUOR assay as described in the Chapter 2 section 2.1.10.

3.1.10 Cell proliferation assay
Cell proliferation assay was conducted with the CellTrace proliferation kit (catalog#
C34570, Thermo Fisher Scientific) following the protocol provided by the vendor as well as

described in Chapter 2 section 2.1.8.

3.1.11 Metabolomics
Cells were treated with VEM in T-75 flasks for 3 days. After 3 days, the surviving cells

were collected, washed with 5 ml of DPBS twice and pooled in a 1.5 ml micro centrifuge tube. The
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final cell pellet volume for each group was ~100 pl. The cell pellet was first flash frozen in a dry
ice/ethanol bath, and then, stored in -80°C before shipping the sample to Metabolon, Inc.
(Morrisville, NC). Cells treated with solvent (DMSO) only were used as a control group.
Metabolomics study including sample extraction, instrumentation and initial data analysis was
conducted according to Metabolon’s protocols ®. The MS data were normalized to the protein
concentration (assessed by Bradford assay). The normalized data were used for unsupervised
hierarchical clustering with the Clustergram function of MATLAB. ANOVA test was used for
pairwise comparisons (P < 0.05), and a Q-value for each metabolite was assessed to estimate the
false discovery rate %. Enrichment analysis was performed using overrepresentation analysis (ORA)
algorithm of MetaboAnalyst 13, The metabolites that were significantly different in VEM persisters
compared to those in the control group were clustered into two groups: upregulated and
downregulated metabolites. The list of compound names (human metabolome database ID) for
each group was used as an input for the enrichment analysis, which is based on several libraries
containing ~9,000 biologically meaningful metabolite sets. ORA uses hypergeometric test to
evaluate if a specific metabolite set or pathway is truly (not by chance) represented within the input
list. Finally, the results were provided as dot plots, where the size of the circle represents the
Enrichment Ratio (observed hits/predicted) and the color represents the P-value for each metabolite

set 114,

3.1.12 Mitoplate assays

After VEM treatment, the cells were collected, resuspended in a fresh drug-free growth
medium, and incubated for 24 h. After incubation, the cells were collected, and washed with DPBS
twice. The mitochondrial activities of the cells were then assessed following the mitoplate assay as

described in Chapter 2 section 2.1.6.
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3.1.13 PM-M1 assays

PM-M1 assays were performed using a protocol provided by Biolog, Inc. 1*°. After VEM
treatment, the cells were collected, resuspended in a fresh drug-free growth medium, and incubated
for 24 h. At 24 h, cells were washed with 5 ml of DPBS twice. The cell pellet was resuspended
in Biolog IF-M1  medium  (catalog# 72301, Biolog, Inc.) supplemented with
penicillin/streptomycin, 5% FBS and 0.3 mM glutamine to obtain a cell density of 4 x 10° cells per
ml. Then, 50 ul of cell suspension was transferred to each well of the PM-M1 plate and incubated
at 37 °C for 48 h. At desired time points (t=0, 24h, 48h), 10 ul of tetrazolium-based dye (catalog#
74352, Biolog, Inc.), was added to each well of the PM-M1 plate and incubated for 8 h. The rate
of dye reduction was evaluated by measuring absorbance at 590 nm (ODsgo) every 30 mins. The
absorbance readings are subtracted by the baseline (i.e., initial absorbance at t= 0 min) to determine
the absolute absorbance change for each substrate. These data are then normalized by subtracting

control (glutamine only) measurements.

3.1.14 Glucose and lactate consumption assay

After VEM treatment, cells were collected and resuspended in Biolog IF-M1 medium
(catalog# 72301, Biolog, Inc.) supplemented with penicillin/streptomycin, 5% FBS, and 0.3 mM
glutamine. When indicated, 4 mM sodium lactate and/or 4 mM glucose were added in the cell
suspension. The cell density was adjusted to 4 x 10° cells per ml. Then, 500 pl of the cell suspension
was transferred to each well of 24-well plate and incubated at 37°C. At desired time points (t= 24
h and 48 h), the cell suspension was removed, centrifuged at 900 rpm for 5 mins, and the
supernatant was transferred to 1.5 mL microcentrifuge tube. The glucose and lactate concentrations
in samples and standard solutions were measured using glucose colorimetric detection kit (catalog#
EIAGLUC, Thermo Fisher Scientific) and lactate assay kit (catalog# MAKO064-1KT, Sigma
Aldrich) following the vendor’s protocol. For the lactate assay, the supernatant was deproteinized

with a 10 kDa MWCO spin filter. This additional step was needed as the presence of lactate
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dehydrogenase can degrade lactate and interfere with the readings. Standard curves were used to
calculate the amount of glucose or lactic acid consumed by the cells daily. The data were then

normalized by the number of cells.

3.1.15 Viability assay in minimal medium

After VEM treatment, cells were collected and resuspended in Biolog IF-M1 medium
(catalog# 72301) supplemented with penicillin/streptomycin, 5% FBS, and 0.3 mM glutamine. The
cell density was adjusted to 4 x 10° cells per ml. The cell suspension was further supplemented with
4 mM glucose and/or 4 mM sodium lactate. Then, 500 pL of the cell suspension was transferred to
each well of a 24-well plate and incubated at 37°C. At t= 48 h, the cells were collected and
resuspended in 500 pL of DPBS. The cells were stained with 0.25 uM SYTOX green and SYTOG60
red and incubated for 15 mins at room temperature. Finally, the cells were transferred to a 5 mL
test tube and analyzed with a flow cytometer to measure green (excitation: 488 nm/emission: 520
nm) and red (excitation: 561 nm/emission: 586 nm) fluorescence. The live and dead cells were
separated based on their fluorescence intensity and the number of live cells were enumerated by

the flow cytometer.

3.1.16 Statistical analysis

Unequal variance t-test or ANOVA was used for pairwise comparisons (P < 0.05). For PM-
M1 assays, substrates whose absorbance was found to be higher than that of no-substrate control
were selected for linear regression analysis. The slopes of untreated and treated groups for the
selected substrates were compared with F statistics using GraphPad Prism 8.3.0, and the threshold
of significance was set to P < 0.05. A minimum of three independent biological replicates were

performed, and data points in figures denote the mean value + standard error.
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3.2 Results

3.2.1  Vemurafenib persister cells are slow-cycling cells that are reversibly drug-tolerant.
Drug-tolerant persister cells were generated by treating A375 cells with vemurafenib
(VEM) (Figure 3.1). VEM, which is commonly used as a targeted therapy for melanoma with the
BRAF V600E positive mutation, is a competitive inhibitor of the mutated BRAF protein 6. To
generate a kill curve (survival ratio vs. VEM concentration) (Figure 3.1), we treated A375 cells
with VEM at indicated concentrations for 3 days. After treatment, surviving cells were collected
for assessing their viability with trypan blue staining. The survival fraction was calculated by
normalizing the number of live cells in the treatment culture with the total number of cells in the

untreated control group.
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Figure 3.1 Biphasic kill curves shows that a small fraction of cancer cells can survive drug treatment.
Number of biological replicates (N) = 4.

The data shows that the half maximal inhibitory concentration (ICso) of VEM for A375
cells was ~100 nM, and the treatment concentration higher than 10 x 1Cso did not significantly
affect the persister ratio (i.e., cell survival ratio) *. As persisters survive high concentrations of
drugs, persister cells were isolated by treating A375 cells with VEM at 100 x 1Cso concentration
for 3 days, consistent with previous studies 3+6%%, After treatment, the cells were cultured in fresh,
drug-free growth medium for 24 h to remove dead/apoptotic cells. The cell viability imaging assay
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and fluorescence microscopy were used to validate that the isolated persisters were viable cells
(Figure 3.2a). Furthermore, the annexin-V apoptosis assay was used to quantify the apoptotic cells

in our samples .
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Figure 3.2 Persisters are live and viable cells. Dead cells were generated by treating the cells with 70%
ethanol for 30 min. “Control” represents the live cells that did not receive VEM treatment.

For the apoptosis assay, A375 cells after VEM treatment were collected and cultured in a
fresh, drug-free growth medium for 24 h. Then, cells were stained with annexin-V/ Fluorescein
Isothiocyanate (FITC) conjugate and Propidium lodide (PI). Of note, Pl is a membrane impermeant
dye that can only penetrate the damaged, permeable membranes of dead cells. During the early
stages of apoptosis, phosphatidylserine (PS) is exposed towards the outer leaflets of the cell
membrane, which has high specificity towards annexin-V in the presence of calcium 2. The cell

populations were gated to represent (1) live (FITC-/PI-), (1) early apoptotic (FITC+/PI-), (I11) late
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apoptotic (FITC+/PI+) and (IV) dead (FITC-/PI+) cells. Our analysis showed that the isolated

persister cells are not apoptotic (Figure 3.2b).

Since persister cells are reversibly tolerant to treatments, we re-cultured these cells in a
fresh medium and treated the daughter cells (i.e., progenies) with VEM (Figure 3.1). As expected,
the progenies of the persister cells were sensitive to VEM treatment. Cell viability assay was
performed STYO60/SYTOX green staining as described in section 2.1.13. We also conducted
clonogenic survival assays (CSAs) to assess the persister cells’ colonization capability (section
3.1.6) and used live/dead cell fluorescent probes and flow cytometry to quantify persister cells after
removal of drug. The data show that persister and colony counts were not significantly different

(Figure 3.3), verifying that persister cells largely colonized upon removal of VEM.
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Figure 3.3 Persister cells are capable of resuscitating in drug free environment. ns: not significant (t-
test, P<0.05). N=4.

As persister cells are described as slow-cycling cells, we performed cell proliferation
analysis with carboxyfluorescein succinimidyl ester (CFSE), a fluorescent dye which can readily
diffuse through cell membranes and produce a stable fluorescent signal ’. The cells were stained
with the dye and cultured for 3 days either in the presence or absence of VEM. The cell proliferation
was assessed for treated and untreated groups by monitoring the dilution of the fluorescent signal

with flow cytometry. As expected, our flow cytometry analysis shows that the VEM-treated
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cultures retained a higher signal of fluorescence compared to the untreated control group (Figure
3.4a). Furthermore, we imaged CFSE loaded cells before and after treatment with fluorescence
microscopy (Figure 3.4b), demonstrating that the VEM-treated cells underwent morphological

changes, and retained higher green fluorescence compared to the untreated control.
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Figure 3.4 Persisters are slow growing cells. N =4.

This observation further supports the notion that persister cells are slow-proliferating cells,
potentially induced by VEM treatment. Finally, to assess the impact of the treatment period, cells
were treated with VEM (100 x ICsp) for 9 days, and the surviving cells were assessed using the
aforementioned assays. As represented in figure 3.5, Cells surviving 9-day VEM treatment were
stained with ReadyProbesCell Viability Imaging dyes to assess live (blue) and dead (green) cells
(Figure 3.5a). For apoptosis assay, Cells surviving 9-day VEM treatment were stained with
annexin-V/FITC and PI to detect apoptotic cells (figure 3.5b). And finally for cell proliferation
assay, cells pre-stained with CFSE dye were treated with VEM or left untreated (control), and their

fluorescence intensity was monitored at the indicated time points with florescence microscopy
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(Figure 3.5c). Our observations showed that the effects of 9-day treatment on cell viability,

morphology, and growth were very similar to those obtained from 3-day treatment (Figure 3.5).
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Figure 3.5 Effects of prolonged VEM treatment on cell viability, proliferation, and morphology. Scale
bar: 100 pm.

3.2.2 VEM treatment affects the expression levels of cancer stem cell biomarkers.

As cancer stem cells (CSCs) are often associated with dormancy, slow growth, and drug
tolerance, we measured the common melanoma CSCs biomarkers (CD271, CD44, CD34, and
aldehyde dehydrogenase activity) (Figure 3.6) to determine if the isolated persisters are CSCs 18,
At indicated time points, the ALDH activity of cells (red) was assessed with the ALDEFLOUR
assay. Cells treated with ALDH inhibitor 4-(dimethylamino) benzaldehyde, DAEB, (blue) were
used as a negative control. Expressions of CSC biomarkers (CD271, CD44 and CD34) were

measured with their respective Phycoerythrin (PE)-conjugated antibodies. Cells treated with their
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isotype controls were used to determine CSC negative (-) and positive (+) cells. There was no
significant difference in CD34 and CD44 expression between persister and untreated control cells
(Figure 3.6¢-d). However, the expression level of CD271 was gradually increased in VEM-treated
cells when compared to untreated cells (Figure 3.6b). This observation has previously been reported
by Rambow et al., where they showed that, upon BRAF inhibition, melanoma cells demonstrated

a high expression of nerve growth factor receptor (NGFR or CD271) %°,

Additionally, it has been shown that a transient overexpression of CD271 can result in a
phenotypic switch to a low proliferative and highly invasive state in cells while increasing the
tolerance of cells to BRAF inhibitors *2°. With the ALDEFLUOR assay, we measured the activity
of aldehyde dehydrogenase (ALDH) — a functional biomarker of melanoma stem cells — in both
persisters and untreated control groups. On the contrary to our expectation, VEM treated cells
showed lower ALDH activity compared to untreated control cells (Figure 3.6a). As CSCs have
higher levels of stem cell markers than the bulk population, our observations indicate that VEM
persisters are not necessarily preexisting cancer stem cells, and drug treatment can up- or down-

regulate the expression levels of CSC biomarkers in the cells.
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Figure 3.6 Expression of CSC markers in VEM persister cells.
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3.2.3 VEM-induced persister cells exhibit an altered metabolic profile.

Metabolic rewiring is a common hallmark of cancer persister cells. Persisters undergo such
alterations to meet their energy requirements and enable their survival in the presence of
therapeutics. These metabolic alterations can be unique or conserved in various persister
phenotypes 313257, After confirming that VEM persisters are live, reversibly drug-tolerant cells that
are different from CSCs, we conducted untargeted metabolomics to study and identify persister-
specific metabolic alterations. For the metabolomics study, persister cells were generated by
treating the cells with VEM (100 x ICso) for 3 days. The metabolomics library consisted of 689
metabolites from the following super pathways: amino acids, peptides, carbohydrates, energy,
lipids, nucleotides, cofactors/vitamin and xenobiotics. The metabolomics data were normalized
based on the total protein concentration, and the statistical analysis was conducted with ANOVA
test (P<0.05) (Figure 3.7). The data generated with metabolomics were clustered (unsupervised)

using the Clustergram function in MATLAB.

!

Control VEM

Figure 3.7 Clustergram of metabolomics dataset for VEM persisters. Each column represents a
biological replicate; each row represents a metabolite. N=4.
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We also performed pathway enrichment analysis with Metaboanalyst for subsets of
metabolites that were either upregulated or downregulated in persister cells (Figure 3.8-3.10) 3.
Our data show that the concentrations of 469 metabolites were significantly altered in persister cells
when compared to the untreated control group (Figure 3.7-3.10 and Tables 3). Figure 3.8 represents
a simplified metabolic network of persister cells where, Red and blue represent upregulated and
downregulated metabolites in persisters when compared to the control group, respectively. Our data
showed that ~67.6 % (317) of the identified metabolites were significantly upregulated while ~32.4 %

(152) were downregulated in persister cells compared to the untreated control (Table 3).
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Figure 3.8 Metabolic prolife of VEM persister cells. (Created with Biorender)

Of the 317 upregulated metabolites, 161 were involved in the lipid super pathway. The
enrichment analysis further validated that a majority of the metabolites that were upregulated in
persister cells were involved in lipid biosynthesis (Figure 3.8 and 3.9). Phosphatidylcholine (PC),

phosphatidylethanolamide (PE), monoacylglycerol, lysophospholipid, and sphingomyelins were
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primarily upregulated while metabolites involved in fatty acid metabolism were downregulated in

persister cells (Figure 3.10 and Table 3).

Upregulated metabolites
Thiamine Metabolism -
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Alpha Linolenic Acid and Linolenic Acid - [ ]
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Glycerolipid Metabolism - o
Amino Sugar Metabolism - e
Transfer of Acetyl Groups into Mitochondria - ®
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Nicotinate and Nicotinamide Metabolism - ®
Phospholipid Biosynthesis - ®
Pentose Phosphate Pathway - :
Galactose Metabolism - L]
Starch and Sucrose Metabolism -
Warburg Effect-
Citric Acid Cycle -
Mitochondrial Electron Transport Chain -
Nucleotide Sugars Metabolism -
Vitamin Bé Metabolism -
Trehalose Degradation -
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Glycolysis -
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Betaine Metabolism -
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Figure 3.9 Pathway enrichment analysis for upregulated metabolites in VEM persisters. Enrichment
analysis was performed using overrepresentation analysis (ORA) algorithm of MetaboAnalyst.

In addition to lipids, metabolites associated with lysine, purine/pyrimidine, thiamine, and
lactose metabolism were upregulated while one-carbon (betaine, glycine and serine), branched-
chain amino acid (BCAA), and glutamate metabolism were downregulated in persisters compared

to control cells (Figure 3.10 and Table 3).
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Downregulated metabolites
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Figure 3.10 Pathway enrichment analysis for downregulated metabolites in VEM persisters.
Enrichment analysis was performed using overrepresentation analysis (ORA) algorithm of
MetaboAnalyst.

Our data also show an alteration of carbohydrate metabolism; particularly, glucose and
glucose 6-phosphate were significantly upregulated in persister cells. Interestingly, although we
did not observe significant alterations in metabolic intermediates of glycolysis and tricarboxylic
acid (TCA) cycle, two TCA cycle substrates, alpha-ketoglutarate and succinate, were
downregulated in persister cells (Figure 3.8). The observed effect could be attributed to the overall
alteration of amino acid metabolism as alpha-ketoglutarate and succinate are involved in various
pathways including BCAA, Gamma-aminobutyric acid (GABA) shunt, and glutamate metabolism
(Figure 3.8). Overall, while our metabolomics data identified specific metabolites that are
significantly altered in persisters, it is not clear which substrates/carbon sources persister cells
efficiently use to maintain the biosynthesis of these detected molecules. Therefore, additional

experiments (see below) are needed to further characterize persister cell metabolism.
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3.2.4 TCAcycle activity of persister cells is not significantly different from that of control cells.

We have used phenotype microarrays (Biolog Inc., Hayward, CA) to determine the
metabolites that are efficiently utilized by persister cells. Mitoplate arrays, which mainly include
TCA cycle substrates, were used to assess the rate of oxidative phosphorylation of VEM-treated
and untreated control cells. This assay employs a tetrazolium dye which produces water-soluble
formazan crystals when reduced by mitochondrial reductases. The rate of metabolism of specific
metabolites is measured by monitoring the color change associated with formazan production
(optical density at 590 nm, ODsg) with a plate reader. Also, the cells are permeabilized with

saponin so that the tetrazolium dye can be intracellularly reduced by mitochondria.

In our previous study, we showed that the levels of TCA metabolites were down-regulated
in drug-tolerant cells (obtained from chemotherapeutic treatments) because of the increased
consumption rates of these intermediates by the cells . From the mitoplate assays, we observed a
slight increase in the consumption of succinate in VEM persister cells (Figure 5.1). This
observation corroborates our metabolomics data, which showed an overall downregulation of
succinate molecules in VEM persisters compared to the untreated control. However, no significant
difference was observed in the consumption rates of other TCA cycle metabolites (Figure 5.1).
Although drug-tolerant cells are generally shown to be less dependent on aerobic glycolysis (the
Warburg effect) and more reliant on oxidative phosphorylation 4578 our metabolomics and

mitoplate data do not show this trend in VEM persisters.

3.25 Lactic acid consumption is significantly up-regulated in VEM persister cells.

A phenotype microarray (PM-M1) (Biolog Inc.) containing 91 carbon and nitrogen
substrates was used to identify metabolites that are efficiently catabolized by persisters. Similar to
the mitoplate assay, cellular metabolic activities are measured by a tetrazolium dye in the PM-M1
assay. However, unlike the mitoplate assay, cells are not permeabilized in the PM-M1 assay, in

which the cells are cultured for 2 days in a minimal medium supplemented with FBS, glutamine,
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and the substrate of interest (see chapter 3 section 3.1.13). Phenotype microarrays (PM-M1 array)
were used to measure the consumption rates of various substrates in VEM persister and control
groups at (a) 0 h, (b) 24 h, and (c) 48 h respectively in Figure 3.11. Consumption rates were
measured with a tetrazolium-based dye at 590 nm (ODsg). The absorbance was normalized by
using t = 0 h and glutamine control data. The data points and error bars represent the mean and the

standard error.

We consistently observed that carbon sources such as D-turanose, D-mannose, glycogen,
and D-maltose were consumed less by persisters when compared to control cells (Figure 5.2-4.4).
We also observed significant differences in glucose, lactic acid, inosine, and adenosine metabolism

between persisters and untreated cells (Figure 3.11 and Figures 5.2-5.4).
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Figure 3.11 Assessing the consumption rates of various substrate in VEM persister cells. Statistical
analysis was performed using a linear regression analysis (F-Statistics, ***p< 0.001). N= 4.
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Interestingly, although untreated cells seemed to have higher consumption rates of glucose
att =0 h and 24 h, the glucose consumption rates were found to be low in persister cells at initial
time points (Figure 3.11). Increased intracellular concentrations of glucose and glucose 6-
phosphate in persister cells determined by metabolomics analysis (Figure 3.8) may be due to the
decreased consumption rates of these metabolites by the persister cells (Figure 3.11). On the other
hand, lactate metabolism is significantly upregulated in persister cells (Figure 3.11), while the
metabolism of inosine and adenosine are more active in control cells (Figure 3.11 and Figures 5.2-
5.4). Lactic acid is a byproduct of glycolysis and glutaminolysis, and increased levels of lactate
production in cancer cells have been extensively studied and linked with increased aerobic
glycolysis. However, the observed difference in lactic acid utilization (Figure 3.11) may be due to
conversion of lactic acid to pyruvate and acetyl-coA which serve as metabolic intermediates for
lipid and amino acid metabolism in persister cells (Figure 3.8). Lastly, both adenosine and inosine
are nucleosides that have been linked to cell proliferation and cell death in cancer cells *2, and both
metabolites are preferred by untreated control cells (Figure 3.11). This observation is in alignment
with our metabolomics data as we see an accumulation in the inosine and adenosine-containing

metabolites in persister cells potentially due to their reduced consumption rates in the cells.

3.2.6  Persister cells have increased viability in minimal medium.

To further validate the phenotype microarray data, we measured glucose and lactic acid
concentrations in the cultures in which VEM-treated and untreated control cells were cultured in
the presence of glucose or lactic acid under PM-M1 assay conditions. Therefore, after treatment
with VEM, cells were cultured in a minimal medium consisting of either glucose or lactic acid.
Then, we measured the glucose/lactate consumption rate using enzymatic kits (described in section
3.1.14) and the viability of the cells (see section 3.1.15) for 48 h (Figure 3.12). Our results show
that while glucose consumption at t = 24 h was significantly higher in untreated control cells

compared to VEM persisters, the glucose consumption of persister cells increased to a level similar
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to the untreated control by 48 h (Figure 3.12a), consistent with our PM-M1 results (Figure 3.11).
Both glucose consumption and phenotype microarray data verify the existence of a longer lag phase
in persister cells. We also measured the number of viable cells (although confluent cell cultures
were used for PM-M1 assays as described in Materials and Methods) and showed that the number
of cells was slightly higher in the control group in the presence of glucose; however, the difference
between persister and control groups was not statistically significant (Figure 3.12b). Our
measurement of lactic acid in untreated control samples showed minimal or no changes in lactic
acid concentration; therefore, we were not able to calculate the lactic acid consumption by control
cells. However, VEM persister cells were able to consume lactic acid (Figure 3.12c¢), as predicted
by PM-M1 data (Figure 3.11). Interestingly, cell count data showed that, by 48 h, the survival ratio
of untreated control cells was significantly lower compared to VEM persister cells in a minimal

medium containing lactic acid (Figure 3.12d).
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Figure 3.12 Measurement of glucose and lactic acid consumption. Statistical comparison was conducted
with a pairwise t-test (*p< 0.5, **p< 0.01, and ***p< 0.001).
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3.3 Discussion

The emergence of drug-tolerant persister cells has become one of the major challenges in
cancer treatment. The ability of persister cells to avoid conventional therapeutics can lead to a high
relapse rate and poses a significant challenge in the complete eradication of tumor cells. With this
study, we aimed to characterize the metabolic profiles of persisters that are tolerant to vemurafenib,
a BRAF inhibitor. Identifying metabolic pathways of tolerant cells can offer potential therapeutic
targets, which has been an overarching goal of many recent studies. Methods employing various
transcriptomics techniques (RNA-seq, single-cell RNA-seq, DNA microarrays) have been utilized
to explore the metabolic alterations in persister cells 33257, Our study employs untargeted
metabolomics which can provide a global/comprehensive analysis of the persister metabolome.
Although recent studies have explored the advantages of metabolic flux analysis with isotope-

labeled metabolites, this does not provide a broad overview of the persister metabolome.

Although untargeted metabolomics is a powerful tool 22, discerning whether the identified
metabolites are consumed by the cells or are the products of certain pathways is quite challenging.
To address this issue, we employed phenotype microarray assays that measure the utilization rates
of various substrates via a tetrazolium dye. The key underlying mechanism of this assay is that the
utilization rate of a substrate correlates with the rate of dye reduction; thus, these assays in
combination with metabolomics can allow us to infer if a given biochemical source is being
catabolized. In addition, we employed a modified version of the microarray assay, namely the
mitoplate assay, which measures the consumption rates of substrates associated with the TCA cycle.
The modified version of the tetrazolium dye is expected to be reduced by electrons primarily
released from cytochromes. This technique can indeed be used to infer the rate of oxidative
phosphorylation in the sample being tested. The most popular method for assessing oxidative

phosphorylation is the seahorse assay, which measures the oxygen consumption rate (OCR) as well
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as the glycolytic flux 2. However, the seahorse assay does not provide insights on the utilization

rates of substrates contributing to the increased OCR.

Our metabolic analysis showed that almost half of the upregulated metabolites in persister
cells are associated with lipid metabolism. Our subsequent assays indicate that carbon sources, such
as lactate, are potentially diverted to anabolic pathways associated with lipid and amino acid
metabolism in persisters. Lactate is utilized for many cellular processes involved in metastasis,
angiogenesis and more importantly, immunosuppression of cancer 12, Furthermore, lactic acid can
be reversibly converted to pyruvate and acetyl-coA which may act as an energy source for fatty
acid oxidation 1% or serve as metabolic intermediates for certain amino acid and lipid metabolism

(Figure 3.8).

The alteration of lipid metabolism in drug-tolerant cells has been shown by prior studies ?°.
PC, PE, lysophospholipid, and sphingomyelins are major components of cell membranes and play
significant roles in cell proliferation, apoptosis, and cell migration 7’. Phospholipids and
sphingolipids are also closely associated with drug resistance and tumor progression in multiple
cancers including melanoma *?’. Delgado-Goni et al. demonstrated that limiting the exogenous lipid
content resulted in an overall increase in VEM sensitivity for resistant BRAF-mutated melanoma
cells 128, De novo fatty acids are continually used by cancer cells to synthesize lipids required for

membrane production and to provide energy through B-oxidation %,

Nucleotide metabolism (pyrimidine and purine) represents another class of metabolites that
was altered in persister cells. With microarray experiments, we observed that persister cells had
lower consumption rates for adenosine and inosine compared to untreated cells. This difference
was noticeably greater in the inosine consumption rate. Inosine can be produced by the catabolism
of adenosine. Soares et al. have shown that adenosine causes cell proliferation by activating the
adenosine receptor, AR, while inosine enhances proliferation by activating the receptor A;AR .
One carbon metabolism, which was shown to be down-regulated in persister cells, can be used for
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biosynthesis of nucleotides *!. Along with pentose phosphate pathway (PPP), one carbon
metabolism is involved in NADPH production, and the maintenance of redox and methylation
states are required for cell proliferation 7. Lastly, in the amino acid metabolism, metabolites
involved in BCAA were significantly altered in persister cells. BCAA metabolism in cancer has
been extensively studied as it is required for many cellular processes including protein synthesis
and energy production ®!%, Branched chain aminotransferase 1/2 (BCAT1/ BCAT1) enzymes,
which are involved in BCAA degradation, are proposed to be a prognostic marker for cancer 3,
Study by Wang et al. also demonstrated that epigenetic upregulation of BCAT1 can promote

tolerance to tyrosine kinase inhibitor in lung cancer cells %,

Along with lipid metabolism, we expected that persister cells would have a significant
difference in energy metabolism, primarily in the TCA cycle and oxidative phosphorylation.
Studies have shown persister cells generally exhibit an increased rate of oxidative phosphorylation
compared to bulk tumor populations . However, in this study, we did not see a significant
difference in the consumption rates of TCA substrates except for succinate. This can be a result of
differences in experimental details between studies. For instance, we generated persister cells with
a single drug treatment while the majority of the studies have used combinations of BRAF/MEK
inhibitors and/or chemotherapeutics. A study conducted by Parmenter et al. showed similar
outcomes where single treatment with BRAF inhibitor resulted in a decrease in OCR of melanoma
cells ** although they speculated that long-term treatments may eventually shift persister

metabolism towards oxidative phosphorylation.

In this study, we showed that VEM persisters can utilize lactate more efficiently than
untreated control cells. Although investigating the molecular mechanism underlying this observed
phenomenon is beyond the scope of this study, we hypothesize that targeted therapeutics (e.g., the
BRAF inhibitor, VEM) potentially induce cell dormancy by directly inhibiting cell-proliferation

signaling pathways. Oncogenic mutations in RAS genes (KRAS, NRAS, and HRAS) or RAF genes
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(RAF-1, BRAF, and A-RAF) occur in many cancer types, including the melanoma cells **. BRAF
is a serine/threonine-protein kinase and acts upstream in several signaling pathways (e.g.,
MEK/ERK, PI3K/AKT) that promote aerobic glycolysis and enhance the expression of enzymes
involved in anabolic pathways (e.g., protein and lipid synthesis) by activating various transcription
factors, such as HIF1/2, MYC, FoxO and STAT3 1351%, These transcription factors are known to
induce glucose transporters and glycolytic and anabolic enzymes ¥4l Studies show that
metabolism of drug-tolerant melanoma cells may be associated with increased mitochondrial
oxidative phosphorylation and decreased glycolysis and lactate synthesis 1427145, which may indeed
increase lactate consumption in the cells. Lactate consumption can interrupt cellular energy
homeostasis by deactivating AMP-activated protein kinase (AMPK) resulting in overexpression of
regulatory element-binding protein 1 (SREBP1), Stearoyl-CoA, and desaturase-1 46, Upregulation
of these enzymes protects cells against ferroptosis by increasing the production of exogenous

monounsaturated fatty acids 46,

The existence of persisters is a major obstacle in cancer therapy. Eradication of these drug-
tolerant cells is a monumental challenge because the mechanisms underlying their formation and
survival are highly complex and diverse. The therapeutic promise of targeting a metabolic
mechanism in persister cells garners noteworthy attention in the field, as metabolism represents a
rich source of targets for anti-persister strategies 3>%’. Although we focused on melanoma cells, the
suggested methodologies integrating untargeted metabolomics and phenotype microarrays can be
readily extrapolated to other cell lines, enabling assessment of the physiological capabilities of a

wide variety of persisters.
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Chapter 4 Summary and Future Directions

41 Summary

With the use of metabolomics, high-throughput screening of microarrays, and in-vitro
bioassays, we studied the metabolic alterations induced by chemo or targeted therapeutics in
melanoma persister cells. We conducted viability, apoptosis, cell proliferation, and biomarker
assays to show that persisters are slow cycling viable cells. The metabolic datasets generated in

these studies present potential therapeutic targets for developing anti-persister therapies.

With our first study, we demonstrated that conventional chemotherapeutic agents induce a
transient metabolic alteration which led to downregulation of Krebs cycle substrates in persister
cells. Furthermore, with the use of microarrays that consisted of various mitochondrial substrates
and a tetrazolium dye-based bioenergetics assay, we demonstrated that persister cells consumed
succinate, malate, and fumarate at a higher rate compared to untreated bulk cancer population.
Finally, with microarrays consisting of various mitochondrial inhibitors, we screened for potential
metabolic inhibitors that can lead to an overall reduction in persister levels in melanoma cells. We
showed that upon co-treatment with trifluoperazine, an electron transport inhibitor, persister levels

were significantly reduced in melanoma cell lines.

In the second study, we characterized the metabolic alterations in melanoma persisters
induced by vemurafenib, a BRAF inhibitor, treatment. Our results showed that vemurafenib
persisters exhibited a transient metabolic alteration primarily in amino acid and lipid metabolism
without a significant alteration in the TCA cycle when compared to untreated control cells. When
we conducted a tetrazolium-based bioenergetics assay with microarrays consisting of various
carbon sources, we found that the consumption of glucose, adenosine, inosine, and lactic acid was
significantly different in persisters compared to control cell. Interestingly, persister cells utilize

lactate more efficiently than untreated melanoma cells and survive in a minimal medium that
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includes lactate as a sole carbon source while the untreated cells could not survive in this minimal
medium. Additional studies are needed to characterize the underlying mechanism behind this

phenomenon.

4.2 Cell signaling analysis and in-vivo studies

Genetic alteration in different cell signaling pathways that controls various cellular functions,
cell-cycle progression, differentiation, and apoptosis is a hallmark of cancer cells. Mutation of
proto-oncogenes to oncogenes results in hyperactivation of these pathways while mutations in
tumor suppressors genes can affect the regulatory mechanism of cell signaling pathways.
Alterations in many signaling pathways including, PI3K-Akt, Ras-ERK, Wnt signaling,
RAS/MAP kinase, and more have been associated with tumor cells.}#'4% These mutations have
been exploited as and proven to be potential targets for cancer therapy.®*% However, as with
conventional chemotherapy, acquired resistance has become a key challenge in achieving complete
treatment. One of the ways cells overcome such therapeutic approaches is through alteration of
transcriptional regulators.® Therefore, to understand the underlying mechanism of drug tolerance,
understating the key transcriptional changes and active signaling pathways in persister cells is

necessary.

Since metabolism is closely linked with cell signaling and transcription, we conducted a
high-throughput screening using a commercially available antibody array. For this assay, A375
cells were treated with GEM (orange) or left untreated (blue) either for (a) 1 day or (b) 3 days. The
surviving cells were collected, and their total protein was extracted for western blotting with the
antibody array (Figure 4.1). We screened for potential targets in NF-«xf, TGF-, MAPK, AKT, and
JAK/STAT pathways using a chemiluminescence detection method. Our results showed that during
treatment with GEM, cells showed a significant upregulation in phosphorylation of cJUN protein.
This difference was transient as prolonged exposure to GEM led to no significant difference in

cJUN activity compared to untreated cells (Figure 4.1).
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Figure 4.1 High throughput screening of signaling proteins in GEM persisters.

We further verified this observation with western blotting and as expected cells after the
therapeutic pressure expressed higher level of phospho-cJUN than untreated bulk cancer cells.
Finally, we co-treated the cells with the cJun inhibitor, INK-IN-8. JINK-IN-8 is a very selective,
potent, and irreversible inhibitor for phosphorylation of cJUN.*® Upon treatment with GEM in
presence of INK-IN-8, we observed that the cells were capable of surviving the therapeutic pressure.
We further performed co-treatment with JNK and various other cancer drugs including
camptohecin (CAM), cytarabine (CYT), azacitidine (AZA), methotrexate (MET), and capecitabine
(CAP). We observed that the viability was increased only for AZA, CYT, and GEM. All these three
drugs fall under the category of antimetabolite and are analogs of cytidine. This led us to believe
that cJUN phosphorylation is involved in the maintenance of the persister state. However,
additional experiments are needed to understand the mechanism and roles of cJUN phosphorylation

in the persister cells.

cJUN is a part of the activator protein-1 (AP-1) complex and is associated with various
cellular activities such as proliferation, apoptosis, survival, differentiation, migration,
tumorigenesis, and more.**6-1%° The AP-1 family is a collective term for dimers formed by proteins
of JUN, FOS, activating transcription factor (ATF), and musculoaponeurotic fibrosarcoma
(MAF).1%0181 c¢Jun is one of the most extensively studied proteins from the AP-1 family and has

been associated with cancer cell signaling. Growth factors external stimuli have shown to
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significantly affect the transcriptional and DNA binding activity of cJun.'®%> The initial step
results in phosphorylation of cJun in response to the stimulus.t®51%” Phosphorylation of cJun can
initiate AP-1 activation however, phospho-cJun are unstable and exist transiently.%1% cjun has
been shown to affect cell growth and regulate apoptosis in multiple ways.®*” In cancer cells,
cJun has shown to be overexpressed in various tissue types including lung®™, breast,!” and colon
cancer®’®, Such high levels of cJun were associated with proliferation, angiogenesis as well as
invasiveness of the tumor cells. Although cJun is generally linked with oncogenic effects as it is
shown to regulate genes involved in tumor development such as cyclin D1 (simulates proliferation),
Fas (inhibition of apoptosis), CD 44 (simulates invasiveness), and proliferin (simulates
angiogenesis), "8 mechanism of cJun interactions is complex and can vary depending on how
cJun undergoes dimerization. Although cJun homodimer generally has oncogenic activity, cJun-
JunB heterodimer tends to repress such functions.®? In melanoma cells, Ramsdale et al. have shown
that the abundance of cJun maintained inherent and adaptive resistance to BRAF inhibitors.8

These factors highlight the significance of cell signaling and cJun in cancer cells.

Transcriptional regulators have been a significant factor in persister phenotype. Taniguchi et
al. demonstrated that Osimertinib treated lung cancer cells entered a slow-growing persister state
via upregulation of kinase receptor, AXL.® This activation of AXL induces epithelial-
mesenchymal transition (EMT) which leads to acquired resistance to various therapeutic agents.'8
Wnt/B-catenin pathway, which is significant for stem cell phenotype, was shown to be activated
during EGFR inhibition via Notch3-dependent pathway which resulted in the survival of persister
cells.®187 This transient shift in the cell signaling pathway can be attributed to the metabolic
remodeling we observed in persister cells. Therefore, to understand the underlying mechanism of
transcriptional regulation of cJun, we need to perform in-depth transcriptional analysis in persister
cells. We are also generating stable A375 cells that will be transfected with cJun reporter plasmid

to monitor the overall cJun activity pre-, during, and post-treatment with cancer drugs. We will also
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be conducting the co-treatment assay with mitochondrial or cJun inhibitors with chemotherapeutic
agents in-vivo. With the data generated with transcriptomics and in-vivo studies, we can have a
deeper insight into the persister phenotype, which enables us to develop effective anti-persister

therapies to bolster cancer treatment.
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Supplementary Data

Table 2 Metabolomics dataset for GEM treated A375 cells.

Pi’tjh?f/;y Sub Pathway Biochemical Name Fold Change p-value g-value
glycine 0 1.720E-06 0.000
sarcosine 0 1.129E-06 0.000
dimethylglycine 0.59 1.000E-04 0.000
Glycine, Serine and betaine 0 1.157E-05 0.000
Threonine Metabolism serine 0.6 6.000E-04 0.001
N-acetylserine 0.34 2.320E-08 0.000
threonine 8 4.000E-04 0.001
N-acetylthreonine 0 3.000E-04 0.001
alanine 111 1.953E-01 0.136
N-acetylalanine 0 6.000E-04 0.001
aspartate 1.06 5.664E-01 0.309
ngtr:bn;; Tﬁ Aspartate N-acetylaspartate (NAA) 0.80 7.800E-03 0.010
asparagine 1.19 5.440E-02 0.048
N-acetylasparagine 0.79 8.640E-02 0.070
hydroxyasparagine** 0.47 2.400E-03 0.004
glutamate 0.94 4.031E-01 0.241
glutamine 0.99 9.233E-01 0.433
Amino Acid alpha-ketoglutaramate* 0.63 7.370E-02 0.062
N-acetylglutamate 0.48 2.420E-07 0.000
N-acetylglutamine 0 6.000E-03 0.008
4-hydroxyglutamate 0.30 1.118E-10 0.000

Glutamate Metabolism
glutamate, gamma-methyl ester 0.91 7.535E-01 0.381
pyroglutamine* 0.34 6.481E-08 0.000
E\l'\;i:itél)—aspartyl—gIutamate 0 2 344E-05 0.000
beta-citrylglutamate 0.64 4.207E-05 0.000
carboxyethyl-GABA 6.24 1.588E-10 0.000
S-1-pyrroline-5-carboxylate 0.77 5.481E-01 0.302
histidine 04 6.383E-06 0.000
1-methylhistidine 46 1.000E-04 0.000
3-methylhistidine 08 9.000E-04 0.002
N-acetylhistidine 06 2.359E-06 0.000

Histidine Metabolism

N-acetyl-3-methylhistidine* 86 1.000E-04 0.000
N-acetyl-1-methylhistidine* 96 3.200E-03 0.005
trans-urocanate 0.88 4.313E-01 0.253
imidazole propionate 0.18 9.405E-11 0.000
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Table 2 Continued

81

formiminoglutamate 2.202E-01 0.150
imidazole lactate 4.368E-11 0.000
carnosine 1.186E-05 0.000
1-methyl-4-imidazoleacetate 2.191E-05 0.000
1-methyl-5-imidazoleacetate 8.930E-11 0.000
1-ribosyl-imidazoleacetate™ 2.649E-06 0.000
4-imidazoleacetate 7.578E-01 0.381
histidine methy| ester 111 2.492E-01 0.166
lysine 0.98 8.579E-01 0.417
N2-acetyllysine 99 1.291E-05 0.000
N6-acetyllysine 0.66 5.000E-04 0.001
N6-methyllysine 6 3.070E-02 0.031
N6,N6-dimethyllysine 0.72 5.340E-02 0.047
N6,N6,N6-trimethyllysine 6 3.749E-05 0.000
e s
5-hydroxylysine 9 1.550E-02 0.017
5-(galactosylhydroxy)-L-lysine 6 1.082E-05 0.000
Lysine Metabolism fructosyllysine 1.17 3.992E-01 0.239
saccharopine 5.785E-05 0.000
2-aminoadipate 90 7.300E-03 0.009
glutarylcarnitine (C5-DC) 1.80 5.120E-02 0.046
pipecolate 0.93 5.261E-01 0.295
6-oxopiperidine-2-carboxylate 0.82 6.230E-02 0.054
cadaverine 0.8 6.200E-03 0.008
N-acetyl-cadaverine 0.44 1.661E-01 0.119
5-aminovalerate 0.69 1.000E-03 0.002
phenylalanine 1.09 2.020E-01 0.139
N-acetylphenylalanine 1.24 7.020E-02 0.059
1-carboxyethylphenylalanine 0.77 5.130E-02 0.046
Phenylalanine Metabolism
phenylpyruvate 1.35 3.038E-01 0.194
phenyllactate (PLA) 0.74 8.940E-02 0.072
phenethylamine 1.60 1.651E-01 0.119
tyrosine 1.045E-01 0.082
N-acetyltyrosine 3.150E-05 0.000
1-carboxyethyltyrosine 4.248E-06 0.000
4-hydroxyphenylpyruvate 4.290E-02 0.040
Tyrosine Metabolism
3-(4-hydroxyphenyl)lactate 2.818E-05 0.000
phenol sulfate 4.350E-02 0.041
3-methoxytyrosine 1.000E-04 0.000
o-Tyrosine 6.572E-05 0.000




Table 2 Continued

and Taurine Metabolism

O-methyltyrosine 9.599E-06 0.000
tryptophan 6.800E-03 0.009
N-acetyltryptophan 1.551E-01 0.114
C-glycosyltryptophan 1.180E-02 0.014
tryptophan betaine 1.818E-05 0.000
kynurenine 5.896E-06 0.000
Tryptophan Metabolism
kynurenate 6.500E-03 0.008
serotonin 5.000E-04 0.001
tryptamine 4.761E-01 0.274
indolelactate 7.460E-02 0.062
indoleacetate 2.042E-01 0.140
leucine 8.110E-02 0.066
N-acetylleucine 9.660E-02 0.076
1-carboxyethylleucine 1.995E-01 0.138
4-methyl-2-oxopentanoate 3.735E-05 0.000
alpha-hydroxyisocaproate 2.544E-01 0.168
isovalerylglycine 3.955E-01 0.238
isovalerylcarnitine (C5) 2.510E-02 0.026
beta-hydroxyisovalerate 4.000E-04 0.001
beta-hydroxyisovaleroylcarnitine 2.700E-03 0.004
3-methylglutaconate 1.180E-02 0.014
isoleucine 2.493E-01 0.166
N-acetylisoleucine 8.353E-01 0.409
1-carboxyethylisoleucine 1.500E-03 0.003
3-methyl-2-oxovalerate 6.100E-03 0.008
\L/Z‘:fr:g‘;\ﬂz‘;f;z’;f and 2-hydroxy-3-methylvalerate 4.476E-01 0.260
2-methylbutyrylcarnitine (C5) 3.000E-04 0.001
2-methylbutyrylglycine 8.120E-02 0.066
tiglylcarnitine (C5:1-DC) 3.200E-03 0.005
3-hydroxy-2-ethylpropionate 8.408E-01 0.411
ethylmalonate 2.953E-07 0.000
methylsuccinate 3.400E-03 0.005
valine 1.276E-01 0.097
N-acetylvaline 1.08 4.188E-01 0.247
1-carboxyethylvaline 1.600E-03 0.003
3-methyl-2-oxobutyrate 1.900E-03 0.003
alpha-hydroxyisovalerate 6.967E-01 0.356
isobutyrylcarnitine (C4) 1.640E-05 0.000
3-hydroxyisobutyrate 6.664E-01 0.348
2,3-dihydroxy-2-methylbutyrate 6.113E-07 0.000
Methionine, Cysteine, SAM | retpionine 6.960E-02 0.059
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Table 2 Continued

Urea cycle; Arginine and
Proline Metabolism

Creatine Metabolism

Polyamine Metabolism

N-acetylmethionine 7.000E-04 0.001
N-formylmethionine 4.241E-01 0.249
S-methylmethionine 2.529E-01 0.168
methionine sulfone 1.450E-02 0.016
methionine sulfoxide 3.464E-07 0.000
N-acetylmethionine sulfoxide 7.478E-05 0.000
S-adenosylmethionine (SAM) 6.120E-02 0.053
S-adenosylhomocysteine (SAH) 7.261E-05 0.000
Ay
homocysteine 4.530E-02 0.042
cystathionine 4.333E-11 0.000
cysteine 3.720E-02 0.036
N-acetylcysteine 4.612E-01 0.267
S-methylcysteine sulfoxide 3.129E-01 0.198
S-carboxyethylcysteine 3.215E-08 0.000
hypotaurine 2.000E-03 0.003
taurine 1.400E-03 0.002
N-acetyltaurine 7.960E-07 0.000
arginine 9.000E-04 0.002
argininosuccinate 2.096E-01 0.144
ornithine 1.035E-05 0.000
3-amino-2-piperidone 6.616E-05 0.000
2-oxoarginine* 2.017E-01 0.139
citrulline 9.590E-02 0.076
proline 2.000E-04 0.000
fg:ﬂt%larginine (SDMA + 6.300E-03 0.008
N-acetylarginine 3.570E-02 0.035
N-delta-acetylornithine 1.300E-03 0.002
trans-4-hydroxyproline 1.945E-05 0.000
pro-hydroxy-pro 1.760E-02 0.019
N-methylproline 1.100E-03 0.002
lk;le,gi,rl:le-t(r_:_n':;:g)l-alanylprolme 5.700E-03 0.008
N-monomethylarginine 4.080E-02 0.039
creatine 2.000E-04 0.001
creatinine 6.000E-03 0.008
creatine phosphate 7.000E-04 0.001
putrescine 5.825E-07 0.000
N-acetylputrescine 3.683E-01 0.224
N-acetyl-isoputreanine 6.216E-07 0.000
spermidine 7.499E-05 0.000
N('1)-acetylspermidine 4.302E-08 0.000
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84

diacetylspermidine* 6.000E-04 0.001
spermine 5.020E-02 0.046
N(1)-acetylspermine 1.081E-06 0.000
N1,N12-diacetylspermine 9.971E-06 0.000
5-methylthioadenosine (MTA) 3.538E-01 0.217
4-acetamidobutanoate 0.79 8.060E-02 0.066
Guanidino and Acetamido 1-methylguanidine 1.46 7.520E-02 0.063
Metabolism 4-guanidinobutancate 0 1.990E-10 0.000
glutathione, reduced (GSH) 1.22 5.110E-02 0.046
glutathione, oxidized (GSSG) 1.04 6.088E-01 0.326
cyclic dGSH 1.10 2.839E-01 0.184
cysteine-glutathione disulfide 1.28 2.298E-01 0.155
S-methylglutathione 3.700E-02 0.036
cysteinylglycine 1.400E-03 0.002
Glutathione Metabolism 5-oxoproline 5 B90E-02 0.052
2-hydroxybutyrate/2- 0.92 2.288E-01 0.155
hydroxyisobutyrate
ophthalmate 1.349E-07 0.000
ii_éi’rﬁz)xyethyl)gIutathione 1.8108-02 0.019
4-hydroxy-nonenal-glutathione 0.85 3.196E-01 0.202
CoA-glutathione* 1.07 5.684E-01 0.309
gamma-glutamylcysteine 1.13 3.075E-01 0.196
gamma-glutamylglutamate 1.564E-01 0.114
gamma-glutamylglutamine 2.232E-06 0.000
gamma-glutamylhistidine 1.000E-04 0.000
gamma-glutamylisoleucine* 1.343E-07 0.000
Gamma-glutamyl Amino gamma-glutamylleucine 2.141E-07 0.000
Acid gamma-glutamylmethionine 1.250E-02 0.014
gamma-glutamylphenylalanine 2.000E-04 0.000
gamma-glutamylthreonine 1.104E-08 0.000
gamma-glutamyltryptophan 6.540E-02 0.056
Peptide gamma-glutamyltyrosine 8.500E-03 0.010
gamma-glutamylvaline 5.218E-08 0.000
alanylleucine 1.000E-03 0.002
glycylisoleucine 4.799E-05 0.000
glycylleucine 1.100E-03 0.002
glycylvaline 4.700E-03 0.006
Dipeptide isoleucylglycine 4.277E-05 0.000
leucylglycine 4.000E-04 0.001
phenylalanylalanine 4.000E-04 0.001
phenylalanylglycine 2.000E-04 0.000
prolylglycine 3.440E-02 0.034




Table 2 Continued

Carbohydrate

threonylphenylalanine 1.840E-02 0.020
tryptophylglycine 8.662E-05 0.000
tyrosylglycine 4.000E-04 0.001
valylglutamine 2.800E-03 0.004
valylglycine 2.000E-04 0.000
valylleucine 1.000E-04 0.000
leucylglutamine* 3.415E-05 0.000
Acetylated Peptides phenylacetylglycine 1.830E-02 0.020
glucose 6.397E-01 0.339
glucose 6-phosphate 1.61 1.063E-01 0.082
fructose 1,6-diphosphate/glucose
1,6-diphosphate/myo-inositol 1.41 3.129E-01 0.198
diphosphates
_ _ dihydroxyacetone phosphate 0.66 5.011E-01 0.285
Glycolysis, Gluconeogenesis, (DHAP)
and Pyruvate Metabolism 3-phosphoglycerate 0.64 1.312E-01 0.099
phosphoenolpyruvate (PEP) 1.94 6.100E-02 0.053
pyruvate 0.49 8.908E-06 0.000
lactate 0.93 4.810E-01 0.276
glycerate 6 2.590E-02 0.026
6-phosphogluconate 1.12 6.351E-01 0.337
Pentose Phosphate Pathway
sedoheptulose-7-phosphate 8.100E-03 0.010
ribose 6 2.290E-02 0.024
ribitol 0.44 2.058E-06 0.000
ribonate 0.28 2.668E-08 0.000
ribulose/xylulose 0 1.900E-03 0.003
Pentose Metabolism
arabinose 0.64 1.690E-02 0.018
arabitol/xylitol 0.66 3.000E-03 0.004
arabonate/xylonate 0.6 4.830E-02 0.044
ribulonate/xylulonate/lyxonate* 0.91 5.735E-01 0.311
Disaccharides and lactose 6 4.300E-03 0.006
Oligosaccharides
fructose 1.62 1.577E-01 0.115
mannitol/sorbitol 1.17 2.878E-01 0.186
Fructose, Mannose and
Galactose Metabolism mannose 0.91 9.128E-01 0.433
galactitol (dulcitol) 3.856E-01 0.233
galactonate 6.797E-06 0.000
adenosine-5'-diphosphoglucose 1.000E+00 0.453
UDP-glucose 1.540E-02 0.017
UDP-galactose 2.402E-01 0.161
Nucleotide Sugar UDP-glucuronate 4.782E-06 0.000
guanosine 5'-diphospho-fucose 7.410E-02 0.062
UDP-N- . . 3.800E-03 0.005
acetylglucosamine/galactosamine
cytidine 5'-monophospho-N- 9.160E-02 0073

acetylneuraminic acid
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glucosamine-6-phosphate 1.39 3.470E-01 0.214
glucuronate 5.874E-01 0.316
N-acetylglucosamine 6- 0.388E-07 0.000
phosphate
N-acetyl-glucosamine 1- 1.560E-05 0.000
phosphate
Aminosugar Metabolism N-acetylneuraminate 1.663E-10 0.000
N-acetylglucosaminylasparagine 1.633E-01 0.118
erythronate* 2.000E-04 0.000
N-acetylglucosamme/N- 4.220E-02 0.040
acetylgalactosamine
N-glycolylneuraminate 2.271E-07 0.000
Advanced Glycation End- N6-carboxymethyllysine 3.388E-01 0.210
product
citrate 0.97 8.156E-01 0.401
aconitate [cis or trans] 0.97 8.607E-01 0.417
isocitrate 5.115E-01 0.288
alpha-ketoglutarate 6.391E-05 0.000
succinylcarnitine (C4-DC) 0.94 5.808E-01 0.314
TCA Cycle
succinate 6.740E-02 0.057
Energy
fumarate 8.000E-04 0.001
malate 4.892E-05 0.000
oxaloacetate 8.800E-03 0.010
2-methylcitrate/homocitrate 1.14 3.210E-01 0.202
acetylphosphate 0.37 4.748E-01 0.274
Oxidative Phosphorylation
phosphate 0.94 4.168E-01 0.246
Fatty Acid Synthesis malonylcarnitine 1.07 5.732E-01 0.311
acetyl CoA 1.39 1.431E-01 0.107
Fatty Acid Metabolism oleoyl CoA 0.83 5.022E-01 0.285
arachidonoyl CoA 1.20 4.096E-01 0.244
Short Chain Fatty Acid butyrate/isobutyrate (4:0) 1.15 8.506E-01 0.415
heptanoate (7:0) 0.95 6.118E-01 0.327
Medium Chain Fatty Acid (2 or 3)-decenoate (10:1n7 or n8) 0.73 2.534E-01 0.168
5-dodecenoate (12:1n7) 0.81 4.886E-01 0.279
myristate (14:0) 0.88 6.567E-01 0.345
Lipid pentadecanoate (15:0) 1.09 9.300E-01 0.436
palmitate (16:0) 1.04 9.014E-01 0.428
"&‘;‘3 Chain Saturated Fatty |\ o rate (17:0) 1.74 6.412E-01 0.339
stearate (18:0) 1.19 8.837E-01 0.425
nonadecanoate (19:0) 1.67 6.630E-01 0.347
arachidate (20:0) 1.40 8.705E-01 0.420
myristoleate (14:1n5) 0.80 6.143E-01 0.327
Long Chain palmitoleate (16:1n7) 1.01 7.971E-01 0.394
Monounsaturated Fatty Acid | 1 hostadecenoate (17:1n7) 2.29 5.463E-01 0.302
oleate/vaccenate (18:1) 1.50 7.546E-01 0.381
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10-nonadecenoate (19:1n9) 2.08 5.591E-01 0.306
eicosenoate (20:1) 1.24 9.468E-01 0.440
erucate (22:1n9) 1.24 9.700E-01 0.445
eicosapentaenoate (EPA; 20:5n3) 7.71 1.698E-01 0.121
heneicosapentaenoate (21:5n3) 6.00 8.550E-02 0.069
docosapentaenoate (n3 DPA;
22:5n3) 6.82 1.369E-01 0.103
docosahexaenoate (DHA;
22:6n3) 3.49 3.250E-01 0.204
docosatrienoate (22:3n3) 2.37 6.166E-01 0.328
nisinate (24:6n3) 2.25 5.518E-01 0.303
hexadecadienoate (16:2n6) 1.61 5.112E-01 0.288
Long Chain Polyunsaturated linoleate (18:2n6) 2.46 4.573E-01 0.265
Fatty Acid (n3 and né) linolenate [alpha or gamma;
(18:33 or 6)] 141 6.969E-01 0.356
dihomo-linoleate (20:2n6) 451 1.962E-01 0.136
dihomo-linolenate (20:3n3 or n6) 3.18 2.404E-01 0.161
arachidonate (20:4n6) 8.11 9.690E-02 0.076
docosatrienoate (22:3n6)* 3.63 2.027E-01 0.139
docosapentaenoate (N6 DPA; .
22:5n6) 3.30 2.339E-01 0.157
docosadienoate (22:2n6) 1.26 9.160E-01 0.433
mead acid (20:3n9) 5.21 1.290E-01 0.098
(12 or 13)-methylmyristate .
(a15:0 or i15:0) 1.07 9.402E-01 0.439
Fatty Acid, Branched 22‘1‘7‘?{) t?)i'ln;?g)‘y'pa'm'me 1.26 9.816E-01 0.448
(16_ or‘ 17)-methylstearate (a19:0 121 9.358E-01 0438
or i19:0)
dimethylmalonic acid 1.54 1.644E-01 0.119
glutarate (C5-DC) 6.824E-01 0.354
2-hydroxyglutarate 5.000E-04 0.001
Fatty Acid, Dicarboxylate 2-hydroxyadipate 3.660E-02 0.036
3-hydroxyadipate* 6.180E-02 0.053
maleate 2.220E-02 0.023
dodecadienoate (12:2)* 4.552E-01 0.264
butyrylcarnitine (C4) 1.000E-04 0.000
Fatty Acid Metabolism (also . "
BCAA Metabolism) propionylcarnitine (C3) 5.110E-05 0.000
methylmalonate (MMA) 4.900E-03 0.007
Fatty Acid Metabolism (Acyl ] . . ]
Glycine) N-palmitoylglycine 8.620E-02 0.070
Fatty Acid Metabolism (Acyl "
Carnitine, Short Chain) acetylcarnitine (C2) 3.000E-04 0.001
hexanoylcarnitine (C6) 1.600E-03 0.003
Fatty Acid Metabolism (Acyl octanoylcarnitine (C8) 2.550E-02 0.026
Camitine, Medium Chain) decanoylcamnitine (C10) 3.327E-01 0.207
laurylcarnitine (C12) 4.100E-03 0.006
Fatty Acid Metabolism (Acyl | myristoylcarnitine (C14) 8.516E-06 0.000
Carnitine, Long Chain
Saturated) pentadecanoylcarnitine (C15)* 3.300E-02 0.032
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palmitoylcarnitine (C16) 0.42 1.300E-03 0.002
margaroylcarnitine (C17)* 0.92 7.562E-01 0.381
stearoylcarnitine (C18) 0.83 5.493E-01 0.302
arachidoylcarnitine (C20)* 0.65 1.435E-01 0.107
cis-4-decenoylcarnitine (C10:1) 0.77 2.603E-01 0.172
5-dodecenoylcarnitine (C12:1) 2.000E-03 0.003
myristoleoylcarnitine (C14:1)* 3.180E-02 0.032
E‘;?glacédyfggﬁﬁ's';mrgf;%' palmitoleoylcarnitine (C16:1)* 8.000E-04 0.002
oleoylcarnitine (C18:1) 1.470E-02 0.016
eicosenoylcarnitine (C20:1)* 3.180E-02 0.032
erucoylcarnitine (C22:1)* 1.259E-01 0.096
linoleoylcarnitine (C18:2)* 6.280E-02 0.054
linolenoylcarnitine (C18:3)* 4.900E-03 0.007
?icg%r:nzg;linoleoylcarnitine 2 750E-01 0.180
Fatty Acid Metabolism (Acyl arachidonoylcarnitine (C20:4) 0.58 9.280E-02 0.074
Carnitine, Polyunsaturated) ?'Chz%g‘:é'2?'2;‘3)/“””'“”9 0.56 7.710E-02 0.064
adrenoylcarnitine (C22:4)* 0.72 3.670E-01 0.223
?Co;g?ggg;liaenoylcarnitine 4.109E-01 0.044
?Cogg?g?fxaenoylcamitine 2 950E-02 0.024
(R)-3-hydroxybutyrylcarnitine 4.188E-05 0.000
(S)-3-hydroxybutyrylcarnitine 2.340E-06 0.000
Fatty Acid Metabolism (Acy! 3-hydroxyhexanoylcarnitine (1) 1.33 1.428E-01 0.107
Carmitine, Hydroxy) 3-hydroxydecanoylcarnitine 1.05 6.544E-01 0.345
3-hydroxypalmitoylcarnitine 0.71 1.553E-01 0.114
3-hydroxyoleoylcarnitine 0.87 4.331E-01 0.253
deoxycarnitine 5.200E-03 0.007
Carnitine Metabolism
carnitine 1.000E-04 0.000
Ketone Bodies 3-hydroxybutyrate (BHBA) 5.240E-02 0.047
palmitoylcholine 5.000E-04 0.001
oleoylcholine 6.000E-04 0.001
Fatty Acid Metabolism (Acyl palmitoloelycholine 8.400E-03 0.010
Choline) linoleoylcholine* 5.120E-02 0.046
docosahexaenoylcholine 6.452E-07 0.000
arachidonoylcholine 3.270E-02 0.032
4-hydroxybutyrate (GHB) 1.400E-03 0.002
2-hydroxypalmitate 9.702E-01 0.445
2-hydroxystearate 1.38 9.634E-01 0.444
Fatty Acid, Monohydroxy 3-hydroxyhexanoate 1.31 4.003E-01 0.239
3-hydroxyoctanoate 0.95 9.141E-01 0.433
3-hydroxydecanoate 1.05 6.838E-01 0.354
3-hydroxytridecanoate 1.07 9.162E-01 0.433
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(16:0/18:1)

3-hydroxylaurate 1.04 7.625E-01 0.382
3-hydroxymyristate 0.90 7.395E-01 0.375
3-hydroxypalmitate 0.98 7.395E-01 0.375
3-hydroxystearate 1.08 8.621E-01 0.417
3-hydroxyoleate* 1.16 8.267E-01 0.405
9-hydroxystearate 0.24 5.220E-02 0.047
2S,3R-dihydroxybutyrate 0.96 8.701E-01 0.420
Fatty Acid, Dihydroxy 2R,3R-dihydroxybutyrate 0.58 7.800E-03 0.010
2,4-dihydroxybutyrate 0.98 9.765E-01 0.446
oleoyl ethanolamide 5.000E-04 0.001
palmitoyl ethanolamide 1.37 6.740E-02 0.057
stearoyl ethanolamide 6.000E-04 0.001
arachidonoy! ethanolamide 9 2.970E-02 0.030
N-myristoyltaurine* 4 1.840E-02 0.020
N-arachidonoyltaurine 0.4 4.520E-02 0.042
Endocannabinoid N-oleoyltaurine 7.72 5.150E-02 0.046
N-stearoyltaurine 5.27 1.054E-01 0.082
N-palmitoyltaurine 6.33 9.480E-02 0.075
N-linoleoyltaurine* 0.28 3.960E-02 0.038
linoleoyl ethanolamide 1.62 8.903E-01 0.427
palmitoleoyl ethanolamide* 0.87 6.583E-01 0.345
N-oleoylserine 5.583E-01 0.306
myo-inositol 8.017E-07 0.000
Inositol Metabolism
inositol 1-phosphate (11P) 3.000E-04 0.001
choline 2.740E-02 0.028
choline phosphate 1.000E-03 0.002
cytidine 5'-diphosphocholine 1.000E-04 0.000
glycerophosphorylcholine (GPC) 4.159E-06 0.000
phosphoethanolamine 5.707E-08 0.000
Phospholipid Metabolism gytidine-S'- - 5 050506 0,000
iphosphoethanolamine
glycerophosphoethanolamine 6.434E-07 0.000
glycerophosphoserine* 1.180E-02 0.014
glycerophosphoinositol* 4.760E-02 0.044
trimethylamine N-oxide 1.390E-06 0.000
%iz?g;ilsé?(%/)l—}palmitoyI—GPC 2 950E-01 0153
%iz?g/rizsé%lf-arachidonoyI—GPC 5.208E-05 0.000
1,2-dipalmitoyl-GPC (16:0/16:0) 2.309E-01 0.155
Phosphatidylcholine (PC) 1-palmitoyl-2-palmitoleoyl-GPC 079 6.420E-02 0.055
(16:0/16:1)*
ag%ng’g’;'Z'Steamy"GPC 1.07 6.751E-01 0.351
1-palmitoyl-2-oleoyl-GPC 103 7 647E-01 0.383
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1-palmitoyl-2-arachidonoyl-GPC

(16:0/20:4n6) 5.381E-05 0.000
T
%ig?lllnig%egyl—2—I|no|enoyI—GPC 3.800E-03 0.005
(ll'zt:%%%ﬂ')z'omoyl'Gpc 1.796E-01 0.127
(ll'zt:%jrglz')i'linomoy"epc 9.715E-01 0.445
(ll-gt:%j;%):llll-)z-arachidonoyI-GPC 1431E-05 0.000
é‘é‘é*}Tg'(;,zz';’f’e°)°sa“ex""e”°y" 3.005E-05 0.000
1,2-dioleoyl-GPC (18:1/18:1) 1.467E-01 0.109
Cre s 1600E-03 |  0.003
1,2-dilinoleoyl-GPC (18:2/18:2) 1.749E-01 0.125
§i213}221'52°y"GPE 5.130E-02 0.046
(lig?é,nig?l%l'z'OIeoyl'GPE 4.910E-02 0.045
(ll-g?é;gg%tz-arachidonoyI-GPE 1 660E-01 0.119
é—g;lr(rliéc%//lz-gzg;)fosahexaenoyl- 4.000E-04 0.001
oo | Lo oo
(ll'zt:%%%%z'ar“h'donoy"GPE 127 7.780E-02 0.064
(lig!i%ﬁ;fn‘)Ieoy"GPE 5.434E-01 0.302
(ll—g!ij)%/(l):i;irachidonoyl—GPE 6.600E-03 0.008
R
(lig?éﬂi;?ly)"z'°'e°y"eps 9.900E-03 0.012
Phosphatidylserine (PS) (11-Zt:%7r1%¥|1-)2-oleoyl-eps 2.274E-01 0.154
(ll—zt:%z;;%¥i:)2—arachidonoyl—GPS 9 560E-02 0.026
Phosphatidylglycerol (PG) (ll-gfié;qg:oly)l—Z—oleoyl—GPG 5.663E-01 0.309
(lig?éﬂgf’ly)tz""e"y"GP' 0.98 9.375E-01 0438
ag%;gg%tz'am‘:hid°”°y"GP' 1.66 4.640E-02 0.043
Phosphatidylinositol (PI) (11?%%%)"1)1 oleoyl-GPI 0.1 7.823E-01 0.389
(ll-zt:%%%):lzf-)z-arachidonoyI-GPI 124 6.699E-01 0349
(ll'gfij’%’;iiif“hid"”"ymp' 1.46 9.110E-02 0.073
1-palmitoyl-GPC (16:0) 1.23 2.739E-01 0179
2-palmitoyl-GPC (16:0)* 1.16 9.415E-01 0.439
1-palmitoleoyl-GPC (16:1)* 0.91 4.396E-01 0.257
2-palmitoleoyl-GPC (16:1)* 0.78 5.300E-02 0.047
1-stearoyl-GPC (18:0) 9 1.900E-03 0.003
Lysophospholipid
1-oleoyl-GPC (18:1) 1.07 7.994E-01 0.395
1-lignoceroyl-GPC (24:0) 1.08 6.935E-01 0.356
1-palmitoyl-GPE (16:0) 1.47 1.090E-01 0.084
1-stearoyl-GPE (18:0) 2.200E-03 0.003
2-stearoyl-GPE (18:0)* 097 9.602E-01 0.443
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1-oleoyl-GPE (18:1) 1.300E-03 0.002

1-linoleoyl-GPE (18:2)* 9.500E-03 0.011

1-arachidonoyl-GPE (20:4n6)* 1.200E-03 0.002

1-palmitoyl-GPS (16:0)* 5.476E-01 0.302

1-stearoyl-GPS (18:0)* 1.300E-03 0.002

1-oleoyl-GPS (18:1) 5.646E-01 0.309

1-palmitoyl-GPG (16:0)* 0.78 5.480E-01 0.302

1-stearoyl-GPG (18:0) 1.04 8.952E-01 0.428

1-oleoyl-GPG (18:1)* 1.03 7.724E-01 0.385

1-palmitoyl-GP1 (16:0) 2.24 4.138E-01 0.245

1-stearoyl-GPI (18:0) 1.63 6.295E-01 0.334

1-oleoyl-GPI (18:1) 1.98 4.830E-02 0.044

1-arachidonoyl-GPI (20:4)* 2.20 3.467E-01 0.214

1-(1-enyl-palmitoyl)-2-oleoyl- g

GPE (P-16:0/18:1)* 0.88 3.003E-01 0.193

1-(1-enyl-palmitoyl)-2-linoleoyl- g

GPE (P-16:0/18:2)* 0.93 5.335E-01 0.299

1-(1-enyl-palmitoyl)-2- .

palmitoyl-GPC (P-16:0/16:0)* B3 7.5808-02 0.063

1-(1-enyl-palmitoyl)-2-

palmitoleoyl-GPC (P- 1.06 6.958E-01 0.356

16:0/16:1)*

1-(1-enyl-palmitoyl)-2-

arachidonoyl-GPE (P- 1.900E-02 0.020
Plasmalogen 16:0/20:4)

1-(1-enyl-palmitoyl)-2-oleoyl- 3

GPC (P-16:0/18:1)* 1.29 9.970E-02 0.078

1-(1-enyl-stearoyl)-2-oleoyl-GPE g

(P-18:0/18:1) 0.88 4.872E-01 0.279

1-(1-enyl-palmitoyl)-2-

arachidonoyl-GPC (P- 6.756E-07 0.000

16:0/20:4)*

1-(1-enyl-palmitoyl)-2-linoleoyl- 3

GPC (P-16:0/18:2)* 6.600E-03 0.008

1-(1-enyl-stearoyl)-2-

arachidonoyl-GPE (P- 3.100E-03 0.005

18:0/20:4)*

ié(%—)inyl—palmltoyl)—GPC (P- 1440E-05 0.000

;(%—inyl—palmltoyl)—GPE (P- 9.000E-04 0.002
Lysoplasmalogen 0)

1-(1-enyl-oleoyl)-GPE (P-18:1)* 1.000E-03 0.002

1—(.1—inyl—stearoyl)—GPE (P- 6.981E-05 0.000

18:0)

glycerol 2.895E-01 0.187
Glycerolipid Metabolism glycerol 3-phosphate 2.590E-02 0.026

glycerophosphoglycerol 2.651E-01 0.174

1-myristoylglycerol (14:0) 0.69 4.992E-01 0.284

1-pentadecanoylglycerol (15:0) 1.13 9.427E-01 0.439

1-palmitoylglycerol (16:0) 0.83 5.305E-01 0.297

1-palmitoleoylglycerol (16:1)* 0.57 3.258E-01 0.204
Monoacylglycerol

1-margaroylglycerol (17:0) 1.22 8.985E-01 0.428

1-oleoylglycerol (18:1) 0.95 6.941E-01 0.356

1-linoleoylglycerol (18:2) 1.31 9.677E-01 0.445

1-dihomo-linolenylglycerol 3

(20:3) 1.57 9.893E-01 0.451
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sphingosine (d18:1/24:1)*

92

1-arachidonylglycerol (20:4) 2.17 4.427E-01 0.258
l-d.ocosahexaenoylgcherol 145 9.923E-01 0.452
(22:6)
2-myristoylglycerol (14:0) 0.72 5.479E-01 0.302
2-palmitoylglycerol (16:0) 0.95 7.658E-01 0.383
2-palmitoleoylglycerol (16:1)* 0.65 5.071E-01 0.287
2-oleoylglycerol (18:1) 1.07 8.570E-01 0.417
2-linoleoylglycerol (18:2) 1.80 7.405E-01 0.375
2-arachidonoylglycerol (20:4) 2.43 5.460E-01 0.302
2-d.ocosahexaenoylgcherol 175 7 586E-01 0381
(22:6)*
1-heptadecenoylglycerol (17:1)* 0.97 7.726E-01 0.385
2-heptadecenoylglycerol (17:1)* 1.42 8.861E-01 0.426
palmitoyl-oleoyl-glycerol 3
_ (16:0/18:1) [2]* 4.000E-04 0.001
Diacylglycerol oleoyl-arachidonoyl-glycerol
(18:1/20:4) [2]* 6.146E-01 0.327
Galactosy! Glycerolipids galactosylglycerol 1.200E-03 0.002
3-ketosphinganine 2.306E-10 0.000
sphinganine 5.000E-04 0.001
Sphingolipid Synthesis
sphingadienine 3.400E-03 0.005
phytosphingosine 2.284E-01 0.155
N-palmitoyl-sphinganine :
_ _ (d18:0/16:0) 1.170E-02 0.014
Dihydroceramides N-stearoyl-sphinganine
(d18:0/18:0)* 1.420E-02 0.016
N-palmitoyl-sphingosine .
(d18:1/16:0) 4.800E-03 0.007
N-stearoyl-sphingosine .
(d18:1/18:0)* 8.600E-03 0.010
N-palmitoyl-sphingadienine 3
(d18:2/16:0)* 6.600E-03 0.008
. ceramide (d18:1/14:0,
Ceramides d16:1/16:0)* 1.420E-02 0.016
ceramide (d18:1/17:0,
d17:1/18:0)* 2.400E-03 0.004
ceramide (d16:1/24:1,
d18:1/22:0)* 5.181E-01 0.291
ceramide (d18:2/24:1,
d18:1/24:2)* 2.250E-01 0.153
glycosyl-N-stearoyl-sphinganine .
(d18:0/18:0)* 2.300E-03 0.003
glycosyl-N-palmitoyl- 3
sphingosine (d18:1/16:0) 1.955E-01 0.136
glycosyl-N-stearoyl-sphingosine 3
(d18:1/18:0) 1.098E-01 0.084
glycosyl-N-behenoyl- 3
. sphingadienine (d18:2/22:0)* 2.7858-01 0.182
Hexosylceramides (HCER) - Ty
glycosyl ceramide (d18:1/20:0, 7 000E-03 0.009
d16:1/22:0)* ) )
glycosyl ceramide (d16:1/24:1,
d18:1/22:1)* 8.600E-03 0.010
glycosyl ceramide (d18:1/23:1, 3
d17:1/24:1)* 7.280E-02 0.061
glycosyl ceramide (d18:2/24:1, 3
d18:1/24:2)* 8.017E-01 0.395
lactosyl-N-palmitoyl-sphingosine 3
(d18:1/16:0) 2.000E-04 0.001
Iacto'syl—l\l'—stearoyl—spmngosme 8.000E-04 0.002
. (d18:1/18:0)*
Lactosylceramides (LCER) - -
lactosyl-N-behenoyl-sphingosine 1.590E-02 0.017
(d18:1/22:0)* : :
lactosyl-N-nervonoyl- 2 500E-03 0.004
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Ez)ig:sétl)ﬁ:gi)tlydrosphingomyelin 3.720E-02 0.036
?ir;ié%el:((j)i)rlydrosphingomyelin 1.470E-02 0.016
Dihydrosphingomyelins ?i‘g%%'zd(;;‘,}’ drosphingomyelin 3.950E-02 0.038
Z;:igi:gg/;f;?g)elin (d18:0/18:0, 1.800E-03 0.003
Z;:ifgi:gg/;;g?g)elin (d18:0/20:0, 1.900E-03 0.003
E’:igi{%%';hi“gc’mye"“ 2.330E-02 0.024
?;elagf’f;'l;‘?g)i”gomye"“ 6.300E-03 0.008
?j{‘g:”l%'z:sg)rfngomye"“ 2.610E-02 0.026
Egig?f,“gg;fhi”gomye"” 2.634E-01 0173
'(idgl“é’:cl%%'(');phi“g"mye”“ 142 1.973E-01 0.137
sphingomyelin (d18:2/23:1)* 1.26 2.817E-01 0.183
sphingomyelin (d18:2/24:2)* 0.91 6.481E-01 0.342
3’12"1%?3’;1'" (d17:1/14:0, 1.10 6.643E-01 0.347
Zﬁg'q?fg“gfl'" (018:1/14:0, 1.28 1.349E-01 0.102
Z’fgﬂ?fﬂ;ﬂi" (018:2/14:0, 0.81 1.899E-01 0.134
sphingomyelin (d17:1/16:0,
e
d18:2/15:0)* ’ e 1.24 3.289E-01 0.205
Zﬁg’g?fg‘{)elm (d18:2/16:0, 117 3.269E-01 0.205
ey o | o
Z'ig';?f;g; lin (d18:1/18:1, 1.10 4.098E-01 0.244
Zgréi:rig/;;g?g)elin (d18:1/20:0, 6 3.900E-03 0.005
o s IR
IR GSEL | s | somew | oo
T
e e
Zﬁgi;?;zgfli" (a18:1/24:1, 1.23 3.718E-01 0.225
Zggi:rigl;gzg)elin (d18:2/24:1, 8.964E-01 0.428
sphingosine 1.200E-02 0.014
sphingosine 1-phosphate 4.440E-02 0.042
Sphingosines hexadecasphingosine (d16:1)* 1.200E-03 0.002
heptadecasphingosine (d17:1) 1.660E-02 0.018
eicosanoylsphingosine (d20:1)* 2.000E-04 0.001
Mevalonate Metabolism 3-hydroxy-3-methylglutarate 2.425E-09 0.000
cholesterol 5.815E-01 0.314
7-dehydrocholesterol 7.249E-07 0.000
Sterol 4-cholesten-3-one 4.720E-01 0.272
beta-sitosterol 1.500E-02 0.017
campesterol 1.948E-01 0.136
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Table 2 Continued

7-hydroxycholesterol (alpha or

Nucleotide

beta) 1.61 1.840E-02 0.020
Primary Bile Acid glycochenodeoxycholate 1.62 1.879E-01 0.133
Metabolism taurochenodeoxycholate 1.64 1.439E-01 0.107
Secondary Bile Acid
Metabolism glycodeoxycholate 1.30 6.860E-01 0.354
AICA ribonucleotide 0 4.685E-05 0.000
inosine 5'-monophosphate (IMP) 0.44 9.070E-02 0.073
inosine 0.85 5.107E-01 0.288
hypoxanthine 0.82 3.632E-01 0.221
Purine Metabolism, xanthine 1.02 7.842E-01 0.389
(Hypo)Xanthine/Inosine
containing) xanthosine 1.56 6.010E-02 0.052
N1-methylinosine 8 6.000E-04 0.001
2'-deoxyinosine 0 3.792E-06 0.000
urate 0.48 1.100E-03 0.002
allantoin 0.80 1.130E-02 0.013
adenosine 5'-triphosphate (ATP) 0.95 9.180E-01 0.433
adenosine 5'-diphosphate (ADP) 1.00 8.198E-01 0.402
adenosine 5'-monophosphate
(AMP) 0.96 8.753E-01 0.422
adenosine 3',5'-cyclic
monophosphate (cCAMP) 2.200€-03 0.003
adenylosuccinate 5.200E-03 0.007
adenosine 5.939E-01 0.319
adenine 3.070E-02 0.031
Purine Metabolism, Adenine .
containing N1-methyladenosine 1.224E-05 0.000
N6-methyladenosine 6.713E-01 0.349
N6-carbamoylthreonyladenosine 1.15 8.380E-02 0.068
2'_-deoxyadenosme 5'- 7 700E-03 0.010
diphosphate
2'-deoxyadenosine 5'-
monophosphate 6.2356-12 0.000
2'-deoxyadenosine 2.000E-04 0.000
diadenosine triphosphate 0.93 5.821E-01 0.314
N6-succinyladenosine 1.16 3.533E-01 0.217
guanosine 5'- diphosphate (GDP) 0.94 8.059E-01 0.397
guanosine 5'- monophosphate .
(5-GMP) 0.78 5.680E-02 0.050
guanosine 0.76 1.927E-01 0.135
Purine Metabolism, Guanine | 9uanine 1.185E-01 0.091
containing 7-methylguanine 6.049E-05 0.000
N2-methylguanosine 1.21 1.059E-01 0.082
N2,N2-dimethylguanosine 0.83 8.090E-02 0.066
2'-deoxyguanosine 2.427E-05 0.000
dihydroorotate 9.000E-03 0.011
Pyrimidine Metabolism, orotate 3.000E-04 0.001
Orotate containing
orotidine 4.900E-14 0.000
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Table 2 Continued

methyInicotinate)

uridine 5'-triphosphate (UTP) 1.09 6.865E-01 0.354
uridine 5'-diphosphate (UDP) 0.79 3.963E-01 0.238
uridine 5'-monophosphate 3
(UMP) 0.84 3.901E-01 0.235
uridine 3'-monophosphate (3'- 3
UMP) 6.800E-03 0.009
uridine 1.540E-02 0.017
uracil 0.67 1.892E-01 0.134
Pyrimidine Metabolism pseudouridine 3.396E-01 0.210
Uracil containing 5,6-dihydrouridine 8.000E-04 0.001
2'-O-methyluridine 3.174E-01 0.201
5-methyluridine (ribothymidine) 1.196E-05 0.000
2'-deoxyuridine 1.521E-01 0.112
3-ureidopropionate 1.211E-09 0.000
beta-alanine 1.419E-06 0.000
3-(3-amino-3-
carboxypropyl)uridine* 1.066E-05 0.000
cytidine triphosphate 2.915E-01 0.188
cytidine diphosphate 1.47 7.830E-02 0.064
cytidine 5'-monophosphate (5'- .
cMP) 1.19 6.650E-02 0.057
cytidine 7.000E-02 0.059
Pyrimidine Metabolism, cytosine 2.770E-02 0.028
Cytidine containing 3-methylcytidine 2.751E-05 0.000
5-methylcytidine 9.964E-07 0.000
2'-deoxycytidine 5'- 4.660E-02 0.043
monophosphate
2'-deoxycytidine 7.086E-01 0.362
2'-O-methylcytidine 9.866E-06 0.000
thymidine 5'-monophosphate 0.99 9.003E-01 0.428
thymidine 1.31 1.510E-01 0.112
Pyrimidine Metabolism, thymine 1.450E-02 0.016
Thymine containing
5,6-dihydrothymine 6.200E-03 0.008
3-aminoisobutyrate 1.125E-01 0.086
Eje’t';‘go"’}?sdmpy”m'd'”e methylphosphate 3.270E-02 0.032
quinolinate 7.972E-01 0.394
nicotinamide 9.494E-01 0.440
nicotinamide ribonucleotide
(NMN) 4.970E-02 0.045
nicotinamide riboside 1.525E-01 0.112
nicotinamide adenine
\C/gtfact_ors and '\N/Iictotti)nela_te and Nicotinamide | ginucleotide (NAD+) 4.400E-03 0.006
itamins etabolism T otiar :
nicotinamide adenine
dinucleotide reduced (NADH) 1.6508-02 0.018
nicotinamide adenine
dinucleotide phosphate reduced 3.726E-01 0.225
(NADPH)
1-methylnicotinamide 2.030E-02 0.021
trigonelline (N'- 5 680E-02 0.050
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Table 2 Continued

adenosine 5'-diphosphoribose

96

(ADP-ribose) 0.95 8.581E-01 0.417
riboflavin (Vitamin B2) 2.000E-04 0.000
Riboflavin Metabolism flavin adenine dinucleotide 1.02 6.927E-01 0.356
(FAD)
flavin mononucleotide (FMN) 0.92 4.302E-01 0.252
pantoate 3.477E-05 0.000
pantothenate 3.631E-01 0.221
Pantothenate and CoA pantetheine 2.900E-03 0.004
Metabolism phosphopantetheine 1.420E-02 0.016
3'-dephosphocoenzyme A 3.900E-03 0.005
coenzyme A 2.997E-01 0.193
2-O-methylascorbic acid 1.00 9.660E-01 0.445
Ascorbate and Aldarate threonate 1.00 1.000E+00 0.453
Metabolism
gulonate* 0.54 4.711E-05 0.000
Tocopherol Metabolism alpha-tocopherol 1.04 7.237E-01 0.369
Biotin Metabolism biotin 0.84 5.854E-01 0.315
folate 1.00 1.000E+00 0.453
Folate Metabolism
5-methyltetrahydrofolate
(5MeTHE) 0.49 1.000E-04 0.000
Pterin Metabolism pterin 0.73 3.395E-01 0.210
Hemoglobin and Porphyrin | i i (7.2) 1.338E-01 0.101
Metabolism
thiamin (Vitamin B1) 1.975E-06 0.000
thiamin monophosphate 1.782E-01 0.127
Thiamine Metabolism
thiamin diphosphate 1.073E-01 0.083
5-(2-Hydroxyethyl)-4- 2.201E-05 0.000
methylthiazole
Vitamin A Metabolism retinol (Vitamin A) 7.000E-04 0.001
pyridoxine (Vitamin B6) 8.950E-13 0.000
pyridoxamine 8.100E-03 0.010
pyridoxamine phosphate 3.036E-01 0.194
Vitamin B6 Metabolism
pyridoxal phosphate 2.000E-04 0.001
pyridoxal 4.753E-05 0.000
pyridoxate 5.221E-08 0.000
hippurate 3.515E-01 0.216
3-hydroxyhippurate 2.627E-01 0.173
benzoate 1.609E-01 0.117
Benzoate Metabolism catechol sulfate 1.350E-01 0.102
guaiacol sulfate 3.800E-02 0.037
Xenobiotics 4-methylcatechol sulfate 1.559E-01 0.114
p-cresol sulfate 1.000E-04 0.000
3-formylindole 4.230E-02 0.040
gluconate 3.388E-01 0.210
Food Component/Plant
beta-guanidinopropanoate 1.400E-03 0.002
ergothioneine 1.040E-02 0.012




Table 2 Continued

erythritol 6.600E-03 0.008
homostachydrine* 7.727E-07 0.000
mannonate* 1.754E-06 0.000
stachydrine 6.798E-07 0.000
methyl glucopyranoside (alpha + 1.933E-06 0.000
beta)
ethyl beta-glucopyranoside 4.159E-01 0.246
2-aminophenol sulfate 8.000E-04 0.001
Drug - Antibiotic penicillin G 5.355E-01 0.299
sulfate* 0.84 7.547E-01 0.381
O-sulfo-L-tyrosine 1.10 2.825E-01 0.183
2,4-di-tert-butylphenol 0.79 9.538E-01 0.441
Chemical
phenol red 1.17 3.055E-01 0.195
thioproline 1.01 9.527E-01 0.441
4-chlorobenzoic acid 0.97 8.919E-01 0.427
Partially . . . . .
Characterized Partially Characterized branched-chain, st-ralght—cha_lrl, 104 0.218E-01 0433
Molecules Molecules or cyclopropyl 12:1 fatty acid
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Table 3 Metabolomics dataset for VEM treated A375 cells.

1-ribosyl-imidazoleacetate*

98

Super Pathway Sub Pathway Biochemical Name C';g:? e | p-value | g-value

glycine 0 0.000 0.000

sarcosine 0.06 0.000 0.000

dimethylglycine 0 0.005 0.003

Glycine, Serine and betaine 0.66 0.000 0.000

Threonine Metabolism serine 110 0.037 0.085

N-acetylserine 0.24 0.000 0.000

threonine 0.86 0.174 0.064

N-acetylthreonine 0 0.000 0.000

alanine 0.87 0.160 0.060

N-acetylalanine 0 0.000 0.000

aspartate 0.000 0.000

AlamnMee?Zgoﬁ’:r%anate N-acetylaspartate (NAA) 0.6 0.000 0.000

asparagine 1.17 0.080 0.032

N-acetylasparagine 0.169 0.063

hydroxyasparagine** 0.001 0.000

glutamate 0.589 0.187

glutamine 0.003 0.002

alpha-ketoglutaramate* 0.004 0.003

N-acetylglutamate 0.000 0.000

N-acetylglutamine 0.000 0.000

Amino Acid ) 4-hydroxyglutamate 0.000 0.000
Glutamate Metabolism

glutamate, gamma-methy! ester 0.000 0.000

pyroglutamine* 0.000 0.000

E\l’\]ﬁtél)—aspartyl—glutamate 0,022 0.010

beta-citrylglutamate 0.183 0.067

carboxyethyl-GABA 0.000 0.000

S-1-pyrroline-5-carboxylate 0.0%0 0.036

histidine 0.007 0.004

1-methylhistidine 0.267 0.094

3-methylhistidine 0.000 0.000

N-acetylhistidine 0.000 0.000

N-acetyl-3-methylhistidine* 0.000 0.000

N-acetyl-1-methylhistidine* 0.270 0.095

Histidine Metabolism trans-urocanate 0.193 0.0711

imidazole propionate 0.000 0.000

formiminoglutamate 0.048 0.021

imidazole lactate 0.000 0.000

carnosine 0.001 0.001

1-methyl-4-imidazoleacetate 0.011 0.006

1-methy|-5-imidazoleacetate 0.000 0.000

0.000 0.000




Table 3 Continued

Lysine Metabolism

Phenylalanine Metabolism

Tyrosine Metabolism

Tryptophan Metabolism

4-imidazoleacetate 0.000 0.000
histidine methy! ester 0.338 0.116
lysine 0.000 0.000
N2-acetyllysine 0.000 0.000
N6-acetyllysine 0.568 0.182
N6-methyllysine 0.000 0.000
N6,N6-dimethyllysine 0.450 0.148
N6,N6,N6-trimethyllysine 0.667 0.208
it 0500 | 0163
5-hydroxylysine 0.000 0.000
5-(galactosylhydroxy)-L-lysine 0.000 0.000
fructosyllysine 0.288 0.100
saccharopine 0.000 0.000
2-aminoadipate 0.002 0.002
glutarylcarnitine (C5-DC) 0.000 0.000
pipecolate 0.000 0.000
6-oxopiperidine-2-carboxylate 0.004 0.002
cadaverine 0.006 0.004
N-acetyl-cadaverine 0.007 0.004
5-aminovalerate 0.000 0.000
N,N,N-trimethyl-5-aminovalerate 0.896 0.270
phenylalanine 0.021 0.010
N-acetylphenylalanine 0.000 0.000
1-carboxyethylphenylalanine 0.000 0.000
phenylpyruvate 0.395 0.132
phenyllactate (PLA) 0.000 0.000
phenethylamine 0.000 0.000
tyrosine 0.016 0.008
N-acetyltyrosine 0.000 0.000
1-carboxyethyltyrosine 0.000 0.000
4-hydroxyphenylpyruvate 0.000 0.000
3-(4-hydroxyphenyl)lactate 0.000 0.000
phenol sulfate 0.038 0.017
3-methoxytyrosine 0.063 0.026
o-Tyrosine 0.345 0.117
O-methyltyrosine 0.009 0.005
tryptophan 0.902 0.271
N-acetyltryptophan 1.000 0.291
C-glycosyltryptophan 0.000 0.000
tryptophan betaine 0.000 0.000
kynurenine 0.051 0.022
kynurenate 0.000 0.000
serotonin 0.000 0.000
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Table 3 Continued

Leucine, Isoleucine and
Valine Metabolism

Methionine, Cysteine,
SAM and Taurine
Metabolism

tryptamine 0.244 0.087
indolelactate 0.033 0.015
indoleacetate 0.006 0.003
leucine 0.004 0.002
N-acetylleucine 0.000 0.000
1-carboxyethylleucine 0.000 0.000
4-methyl-2-oxopentanoate 0.000 0.000
alpha-hydroxyisocaproate 0.000 0.000
isovalerylglycine 0.762 0.234
isovalerylcarnitine (C5) 0.018 0.008
beta-hydroxyisovalerate 0.000 0.000
beta-hydroxyisovaleroylcarnitine 0.000 0.000
3-methylglutaconate 0.391 0.131
isoleucine 0.004 0.003
N-acetylisoleucine 0.005 0.003
1-carboxyethylisoleucine 0.000 0.000
3-methyl-2-oxovalerate 0.006 0.003
2-hydroxy-3-methylvalerate 0.000 0.000
2-methylbutyrylcarnitine (C5) 0.008 0.004
2-methylbutyrylglycine 0.114 0.044
tiglylcarnitine (C5:1-DC) 0.000 0.000
3-hydroxy-2-ethylpropionate 0.976 0.290
ethylmalonate 0.000 0.000
methylsuccinate 0.048 0.021
valine 0.573 0.183
N-acetylvaline 0.000 0.000
1-carboxyethylvaline 0.000 0.000
3-methyl-2-oxobutyrate 0.005 0.003
alpha-hydroxyisovalerate 0.000 0.000
isobutyrylcarnitine (C4) 0.000 0.000
3-hydroxyisobutyrate 0.822 0.251
2,3-dihydroxy-2-methylbutyrate 0.000 0.000
methionine 0.007 0.004
N-acetylmethionine 0.001 0.001
N-formylmethionine 0.759 0.233
S-methylmethionine 0.370 0.125
methionine sulfone 0.000 0.000
methionine sulfoxide 0.002 0.001
N-acetylmethionine sulfoxide 0.000 0.000
S-adenosylmethionine (SAM) 0.037 0.016
S-adenosylhomocysteine (SAH) 0.000 0.000
2,3-dihydroxy-5-methylthio-4- 0.000 0.000

pentenoate (DMTPA)*
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Table 3 Continued

Urea cycle; Arginine and
Proline Metabolism

Creatine Metabolism

Polyamine Metabolism

Guanidino and Acetamido
Metabolism

Glutathione Metabolism

homocysteine 0.023 0.011
cystathionine 0.000 0.000
cysteine 0.591 0.188
N-acetylcysteine 0.010 0.005
S-methylcysteine sulfoxide 0.041 0.018
S-carboxyethylcysteine 0.001 0.001
hypotaurine 0.93 0.437 0.145
taurine 1.20 0.441 0.145
N-acetyltaurine 0.000 0.000
arginine 0.000 0.000
argininosuccinate 0.081 0.033
ornithine 0.017 0.008
3-amino-2-piperidone 0.000 0.000
2-oxoarginine* 0.096 0.038
citrulline 0.012 0.006
proline 0.000 0.000
%g:}l%larginine (SDMA + 0.002 0.002
N-acetylarginine 0.002 0.001
N-delta-acetylornithine 0.000 0.000
trans-4-hydroxyproline 0.243 0.087
pro-hydroxy-pro 0.001 0.000
N-methylproline 0.047 0.020
N,N,N-trimethyl-alanylproline 0.000 0.000
betaine (TMAP)
N-monomethylarginine 0.000 0.000
creatine 0.006 0.004
creatinine 0.010 0.005
creatine phosphate 0.010 0.005
putrescine 0.000 0.000
N-acetylputrescine 0.007 0.004
N-acetyl-isoputreanine 0.000 0.000
spermidine 0.000 0.000
N('1)-acetylspermidine 0.000 0.000
diacetylspermidine* 1.000 0.201
spermine 0.077 0.031
N(1)-acetylspermine 0.155 0.058
N1,N12-diacetylspermine 1.000 0.291
5-methylthioadenosine (MTA) 0.021 0.010
4-acetamidobutanoate 0.012 0.006
1-methylguanidine 0.985 0.291
4-guanidinobutanoate 0.000 0.000
glutathione, reduced (GSH) 0.048 0.021
0.440 0.145

glutathione, oxidized (GSSG)
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Table 3 Continued

diphosphates

102

cyclic dGSH 0.84 0.060 0.025
cysteine-glutathione disulfide 148 0.124 0.048
S-methylglutathione 0.000 0.000
cysteinylglycine 0.000 0.000
5-oxoproline 0.025 0.012
2—hydro>_(ybutyrate/2— 0.000 0.000
hydroxyisobutyrate
ophthalmate 0.000 0.000
S-(1,2-dicarboxyethyl)glutathione 0.000 0.000
4-hydroxy-nonenal-glutathione 0.000 0.000
CoA-glutathione* 0.000 0.000
gamma-glutamylcysteine 0.010 0.005
gamma-glutamylglutamate 0.019 0.009
gamma-glutamylglutamine 0.000 0.000
gamma-glutamylhistidine 0.064 0.027
gamma-glutamylisoleucine* 0.000 0.000
Gamma-glutamyl Amino | gamma-glutamylleucine 0.000 0.000
Aot gamma-glutamylmethionine 0.000 0.000
gamma-glutamylphenylalanine 0.100 0.039
gamma-glutamylthreonine 0.000 0.000
gamma-glutamyltryptophan 1.00 1.000 0.291
gamma-glutamyltyrosine 0.77 0.209 0.076
gamma-glutamylvaline 0.000 0.000
alanylleucine 129 0.291 0.101
glycylisoleucine 0.64 0.131 0.050
Peptide glycylleucine 1.44 0.085 0.034
glycylvaline 1.20 0.343 0.117
isoleucylglycine 0.001 0.000
leucylglycine 0.006 0.003
phenylalanylalanine 0.001 0.001
Dipeptide phenylalanylglycine 0.000 0.000
prolylglycine 0.034 0.015
threonylphenylalanine 1.000 0.291
tryptophylglycine 0.085 0.034
tyrosylglycine 0.010 0.005
valylglutamine 0.472 0.155
valylglycine 0.002 0.001
valylleucine 0.096 0.038
leucylglutamine* 0.004 0.002
Acetylated Peptides phenylacetylglycine 0.401 0.133
glucose 0.011 0.006
Carbohydrate GIUCO%L);&;(;I{{Z;?;’ and glucose 6-phosphate 0.000 0.000
Pyruvate Metabolism fructose 1,6-diphosphate/glucose
1,6-diphosphate/myo-inositol 0.000 0.000




Table 3 Continued

dihydroxyacetone phosphate

aconitate [cis or trans]

103

(DHAP) 2.35 0.866 0.263
3-phosphoglycerate 0.592 0.188
phosphoenolpyruvate (PEP) 0.000 0.000
pyruvate 0.000 0.000
lactate 0.520 0.169
glycerate 0.000 0.000
Pentose Phosphate 6-phosphogluconate 0.000 0.000
Pathvay sedoheptulose-7-phosphate 0.000 0.000
ribose 0.001 0.001
ribitol 0.000 0.000
ribonate 0.000 0.000
Pentose Metabolism ribulose/xylulose 0.002 0.002
arabinose 0.000 0.000
arabitol/xylitol 0.504 0.164
arabonate/xylonate 0.100 0.039
ribulonate/xylulonate/lyxonate* 0.003 0.002
%T%ﬁgizﬁ:rsizgg lactose 0.000 0.000
fructose 0.000 0.000
mannitol/sorbitol 0.002 0.001
ggggf&xﬁ:&%ﬁim mannose 0.262 0.093
galactitol (dulcitol) 0.000 0.000
galactonate 0.000 0.000
adenosine-5'-diphosphoglucose 0.000 0.000
UDP-glucose 0.000 0.000
UDP-galactose 0.092 0.036
Nucleotide Sugar UDP-glucuronate 0.000 0.000
guanosine 5'-diphospho-fucose 0.001 0.000
;:Btz/-lgll-ucosamine/galactosamine 0.001 0.001
cytidine 5'-monophospho-N- 0.003 0.002

acetylneuraminic acid
glucosamine-6-phosphate 0.000 0.000
glucuronate 0.265 0.094
N-acetylglucosamine 6-phosphate 0.000 0.000
N-acetyl-glucosamine 1-phosphate 0.000 0.000
Aminosugar Metabolism N-acetylneuraminate 0.000 0.000
N-acetylglucosaminylasparagine 0.078 0.032
erythronate* 0.000 0.000
N—acetylglucosamine/N— 0,000 0.000

acetylgalactosamine

N-glycolylneuraminate 0.000 0.000
Advancet:)gldyjcattlon e N6-carboxymethyllysine 0611 0.193
Energy TCA Cycle citrate 0.000 0.000
0.000 0.000
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Lipid

isocitrate 0.000 0.000

alpha-ketoglutarate 0.000 0.000

succinylcarnitine (C4-DC) 0.000 0.000

succinate 0.000 0.000

fumarate 0.91 0.383 0.129

malate 112 0.187 0.069

oxaloacetate 0.534 0.173

2-methylcitrate/homocitrate 0.000 0.000

Oxidative acetylphosphate 0.066 0.027
Phosphorylation ohosphate 0.001 0.000
Fatty Acid Synthesis malonylcarnitine 0.000 0.000
acetyl CoA 0.001 0.001

Fatty Acid Metabolism oleoyl CoA 0.014 0.007
arachidonoyl CoA 0.002 0.001

Short Chain Fatty Acid | yyryratefisobutyrate (4:0) 0.082 0.033
heptanoate (7:0) 0.000 0.000

Medium Chain Fatty Acid | (5 oy 3)decenoate (10:1n7 or n8) 0.181 0.067
5-dodecenoate (12:1n7) 0.118 0.046

myristate (14:0) 0.341 0.117

pentadecanoate (15:0) 0.035 0.015

. palmitate (16:0) 0.017 0.008

o EQ;;nAS;tdu rated margarate (17:0) 0.014 0.007
stearate (18:0) 0.006 0.004

nonadecanoate (19:0) 0.031 0.014

arachidate (20:0) 0.144 0.054

myristoleate (14:1n5) 0.676 0.211

palmitoleate (16:1n7) 0.120 0.046

Long Chain 10-heptadecenoate (17:1n7) 0.015 0.007
Monounszla&lcjirdated Fatty | oleate/vaccenate (18:1) 0.013 0.006
10-nonadecenoate (19:1n9) 0.011 0.006

eicosenoate (20:1) 0.057 0.024

erucate (22:1n9) 0.139 0.053

eicosapentaenoate (EPA; 20:5n3) 0.003 0.002

heneicosapentaenoate (21:5n3) 0.001 0.001

gg::sosg?entaenoate (n3 DPA; 0.002 0.001

docosahexaenoate (DHA; 22:6n3) 0.009 0.005

Po|yu|;]223uS;2idn Fatty docosatrienoate (22:3n3) 0.030 0.014
Acid (n3 and né) nisinate (24:6n3) 0.161 0.060
hexadecadienoate (16:2n6) 0.006 0.003

linoleate (18:2n6) 0.007 0.004

desmdorgy 0099 | 0039

0.003 0.002

dihomo-linoleate (20:2n6)
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dihomo-linolenate (20:3n3 or n6) 0.001 0.001
arachidonate (20:4n6) 0.001 0.001
docosatrienoate (22:3n6)* 0.006 0.004
gg?é):g;)entaenoate (n6 DPA; 0.002 0.001
docosadienoate (22:2n6) 0121 0.047
mead acid (20:3n9) 0.002 0.001
g:tzilosr.é;i)—methylmyrlstate (al5:0 0.107 0.042
Fatty Acid, Branched g“ig_éf)-methylpalmltate (a17:0 0.025 0.012
ﬁg S)r 17)-methylstearate (a19:0 or 0.050 0.021
dimethylmalonic acid 1.26 0.615 0.194
glutarate (C5-DC) 0.96 0.540 0.175
2-hydroxyglutarate 0.001 0.001
Fatty Acid, Dicarboxylate 2-hydroxyadipate 0.65 0.316 0.109
3-hydroxyadipate* 1.28 0.137 0.052
maleate 0.84 0.198 0.072
dodecadienoate (12:2)* 0.011 0.005
butyrylcarnitine (C4) 0.001 0.001
Fatty Acid Metabolism
(also BCAA Metabolism) | propionylcarnitine (C3) 0.479 0.157
methylmalonate (MMA) 0.001 0.001
Fatty Acid Metabolism
(Acyl Glycine) N-palmitoylglycine 0.035 0.015
Fatty Acid Metabolism
(Acyl Carnitine, Short 1.05 0.940 0.281
Chain) acetylcarnitine (C2)
hexanoylcarnitine (C6) 123 0.195 0.072
Fatty Acid Metabolism . 1.37 0.221 0.080
(Acyl Carnitine, Medium octanoylcarnitine (C8)
Chain) decanoylcarnitine (C10) 0.63 0.149 0.056
laurylcarnitine (C12) 0.002 0.001
myristoylcarnitine (C14) 0.000 0.000
pentadecanoylcarnitine (C15)* 0112 0.044
Fatty Acid Metabolism ; o 0.001 0.001
(Acyl Carnitine, Long palmitoylcarnitine (C16)
Chain Saturated) margaroylcarnitine (C17)* 0.94 0.880 0.266
stearoylcarnitine (C18) 0.86 0.611 0.193
arachidoylcarnitine (C20)* 0.70 0.312 0.108
cis-4-decenoylcarnitine (C10:1) 117 0.895 0.270
5-dodecenoylcarnitine (C12:1) 0.70 0.157 0.059
Fatty Acid Metabolism myristoleoylcarnitine (C14:1)* 0.94 0.916 0.275
(Acyl Carnitine, palmitoleoylcarnitine (C16:1)* 0.018 0.009
Monounsaturated)
oleoylcarnitine (C18:1) 0.165 0.062
eicosenoylcarnitine (C20:1)* 0.031 0.014
erucoylcarnitine (C22:1)* 0.80 0.316 0.109
f i D)% 1.56 0.147 0.056
Fatty Acid Metabolism linoleoylcarnitine (C18:2)
FEAlcyl Cam't'”z) linolenoylcarnitine (C18:3)* 0.006 0.003
olyunsaturate ; i o
dihomo-linoleoylcarnitine 091 0.723 0.224

(C20:2)*
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arachidonoylcarnitine (C20:4) 125 0.552 0.178

t(:l(i:hz%r:ns\on—éir;?lg)n’:)ylcarnitine 1.40 0.327 0113

adrenoylcarnitine (C22:4)* 1.33 0.550 0.177

t(iggg?ggg;iaenoylcam|t|ne 0747 0201

docosahexaenoylcarnitine (C22:6)* 0.045 0.020
(R)-3-hydroxybutyrylcarnitine 0.000 0.000
(S)-3-hydroxybutyrylcarnitine 0.229 0.082

Fatty Acid Metabolism 3-hydroxyhexanoylcarnitine (1) 0.000 0.000
(Acyl Carnitine, Hydroxy) 3-hydroxydecanoylcarnitine 0.029 0.013
3-hydroxypalmitoylcarnitine 0.054 0.023

3-hydroxyoleoylcarnitine 1.30 0.339 0.116

Carnitine Metabolism deoxycarnitine 0.332 0.114
carnitine 0.002 0.001

Ketone Bodies 3-hydroxybutyrate (BHBA) 0.004 0.002
palmitoylcholine 0.008 0.004

oleoylcholine 0.000 0.000

Fatty Acid Metabolism palmitoloelycholine 0.002 0.001
(Acyl Choline) linoleoylcholine* 0.002 0.002
docosahexaenoylcholine 0.000 0.000

arachidonoylcholine 1.000 0.291

4-hydroxybutyrate (GHB) 0.84 0.216 0.078

2-hydroxypalmitate 2.86 0.093 0.037

2-hydroxystearate 3.27 0.067 0.028

3-hydroxyhexanoate 1.01 0.902 0.271

3-hydroxyoctanoate 1.01 0.937 0.281

3-hydroxydecanoate 121 0.445 0.146

Fatty Acid, Monohydroxy | 3. groxytridecanoate 261 0.009 0.005
3-hydroxylaurate 111 0.648 0.203

3-hydroxymyristate 151 0.357 0.121

3-hydroxypalmitate 2.20 0.236 0.085

3-hydroxystearate 1.99 0.222 0.080

3-hydroxyoleate* 411 0.077 0.031

9-hydroxystearate 0.50 0.433 0.144

2S,3R-dihydroxybutyrate 0.202 0.074

Fatty Acid, Dihydroxy 2R,3R-dihydroxybutyrate 0.010 0.005
2,4-dihydroxybutyrate 0.000 0.000

oleoyl ethanolamide 0.000 0.000

palmitoyl ethanolamide 0.007 0.004

Endocannabinoid stearoyl ethanolamide 0.023 0.011
arachidonoy! ethanolamide 0.022 0.010

N-myristoyltaurine* 0.036 0.016

0.053 0.022

N-arachidonoyltaurine
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(16:0/20:4)*
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N-oleoyltaurine 0.007 0.004
N-stearoyltaurine 0.013 0.006
N-palmitoyltaurine 0.013 0.006
N-linoleoyltaurine* 0.026 0.012
linoleoyl ethanolamide 0.068 0.028
palmitoleoyl ethanolamide* 0.379 0.127
N-oleoylserine 0.794 0.243
Inositol Metabolism myo-inositol 0.268 0.094
inositol 1-phosphate (11P) 0.000 0.000
choline 0.000 0.000
choline phosphate 0.637 0.200
cytidine 5'-diphosphocholine 0.000 0.000
glycerophosphorylcholine (GPC) 0.000 0.000
Phospholipid Metabolism phosphoethanolamine 0.000 0.000
cytidine-5'-diphosphoethanolamine 0.000 0.000
glycerophosphoethanolamine 0.000 0.000
glycerophosphoserine* 0.000 0.000
glycerophosphoinositol* 0.000 0.000
trimethylamine N-oxide 0.000 0.000
(limyol;;.sst%l-z-palmltoyI-GPC 0.004 0.003
1-myristoyl-2-arachidonoyl-GPC 0.000 0.000
(14:0/20:4)*
1,2-dipalmitoyl-GPC (16:0/16:0) 0.001 0.000
1-palmitoyl-2-palmitoleoyl-GPC 0.009 0.005
(16:0/16:1)*
(1iga(l;l11 g%;l-z-stearoyl-GPC 0.153 0.058
%igféﬂg%l—Z—oleoyl—GPC 0.000 0.000
1-palmitoyl-2-arachidonoyl-GPC 0.000 0.000
(16:0/20:4n6)
1-palmitoyl-2-docosahexaenoyl- 0.000 0.000
Phosphatidylcholine (PC) | GPC (16:0/22:6)
1-palmitoleoyl-2-linolenoyl-GPC 0.000 0.000
(16:1/18:3)*
T .
%igﬁ%z;rl%):llz—)i—l|noleoyI—GPC 0.000 0.000
(1izt:%z;;%):/!‘-)2-arach|donoyI—GPC 0.000 0.000
1-stearoyl-2-docosahexaenoyl- 0.000 0.000
GPC (18:0/22:6)
1,2-dioleoyl-GPC (18:1/18:1) 0.004 0.002
1-oleoyl-2-docosahexaenoyl-GPC 0.000 0.000
(18:1/22:6)*
1,2-dilinoleoyl-GPC (18:2/18:2) 0.015 0.007
1,2-dipalmitoyl-GPE (16:0/16:0)* 0.023 0.011
Phosphatid()geEt)hanmamine agf‘('ﬂg%"z'o'e"y"GPE 0.987 0.291
1-palmitoyl-2-arachidonoyl-GPE 0.001 0.001
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Phosphatidylserine (PS)

Phosphatidylglycerol (PG)

Phosphatidylinositol (PI)

Lysophospholipid

Plasmalogen

1-palmitoyl-2-docosahexaenoyl- 0.000 0.000
GPE (16:0/22:6)*

(ll-zt:%a;rlcgll-)z-oleoyl-GPE 0.000 0,000
(lizt:%a/l;%);ll-)z-arachldonoyl-GPE 0.000 0,000
%ig!i%é—:gﬂnoleoyl—GPE 0051 0.022
(1ig!i;)zyé—:i;irachldonoyl—GPE 0.000 0,000
1-oleoyl-2-docosahexaenoyl-GPE 0.000 0.000
(18:1/22:6)*

%ig?éﬂg?l);l—Z—oleoyl—GPS 0.221 0.080
Gongy e 0000 | 0000
(1i58t:%£;;oo):/:1—)2—arach|donoyI—GPS 0.000 0.000
(ll-gfléﬂg?l);l-z-oleoyl-GPG 0.011 0.005
%ig%ﬂg%tz-meoyl-epl 0.004 0.002
1-palmitoyl-2-arachidonoyl-GPlI 0.037 0.016
(16:0/20:4)*

(onsne ose7 | oam
(ll-isst:%e;;%yz/!‘-)z-arach|donoyI-GPI 0.001 0.001
(11-8!ei'tlazy(l)-:i;irachldonoyl-GPl 0.000 0,000
1-palmitoyl-GPC (16:0) 0.057 0.024
2-palmitoyl-GPC (16:0)* 218 0.204 0.074
1-palmitoleoyl-GPC (16:1)* 1.07 0.585 0.186
2-palmitoleoyl-GPC (16:1)* 0.378 0.127
1-stearoyl-GPC (18:0) 0.000 0.000
1-oleoyl-GPC (18:1) 0.019 0.009
1-lignoceroyl-GPC (24:0) 0.738 0.228
1-palmitoyl-GPE (16:0) 0.033 0.015
1-stearoyl-GPE (18:0) 0.000 0.000
2-stearoyl-GPE (18:0)* 0.063 0.026
1-oleoyl-GPE (18:1) 0.000 0.000
1-linoleoyl-GPE (18:2)* 0.001 0.000
1-arachidonoyl-GPE (20:4n6)* 0.000 0.000
1-palmitoyl-GPS (16:0)* 0.376 0.127
1-stearoyl-GPS (18:0)* 0.028 0.013
1-oleoyl-GPS (18:1) 3.90 0.053 0.022
1-palmitoyl-GPG (16:0)* 115 0.737 0.228
1-stearoyl-GPG (18:0) 0.66 0573 0.183
1-oleoyl-GPG (18:1)* 0.144 0.054
1-palmitoyl-GPI (16:0) 0.004 0.002
1-stearoyl-GPI (18:0) 0.026 0.012
1-oleoyl-GPI (18:1) 0.000 0.000
1-arachidonoyl-GPI (20:4)* 0.000 0.000
1-(1-enyl-palmitoyl)-2-oleoyl-GPE 0.000 0.000

(P-16:0/18:1)*
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1-(1-enyl-palmitoyl)-2-linoleoyl-
GPE (P-16:0/18:2)*

1-(1-enyl-palmitoyl)-2-palmitoyl-
GPC (P-16:0/16:0)*

1-(1-enyl-palmitoyl)-2-
palmitoleoyl-GPC (P-16:0/16:1)*

1-(1-enyl-palmitoyl)-2-
arachidonoyl-GPE (P-16:0/20:4)*

1-(1-enyl-palmitoyl)-2-oleoyl-GPC
(P-16:0/18:1)*

1-(1-enyl-stearoyl)-2-oleoyl-GPE
(P-18:0/18:1)

1-(1-enyl-palmitoyl)-2-
arachidonoyl-GPC (P-16:0/20:4)*

1-(1-enyl-palmitoyl)-2-linoleoyl-
GPC (P-16:0/18:2)*

1-(1-enyl-stearoyl)-2-
arachidonoyl-GPE (P-18:0/20:4)*

Lysoplasmalogen

1-(1-enyl-palmitoyl)-GPC (P-
16:0)*

1-(1-enyl-palmitoyl)-GPE (P-
16:0)*

1-(1-enyl-oleoyl)-GPE (P-18:1)*

1-(1-enyl-stearoyl)-GPE (P-18:0)*

Glycerolipid Metabolism

glycerol

glycerol 3-phosphate

glycerophosphoglycerol

Monoacylglycerol

1-myristoylglycerol (14:0)

1-pentadecanoylglycerol (15:0)

1-palmitoylglycerol (16:0)

1-palmitoleoylglycerol (16:1)*

1-margaroylglycerol (17:0)

1-oleoylglycerol (18:1)

1-linoleoylglycerol (18:2)

1-dihomo-linolenylglycerol (20:3)

1-arachidonylglycerol (20:4)

1-docosahexaenoylglycerol (22:6)

2-myristoylglycerol (14:0)

2-palmitoylglycerol (16:0)

2-palmitoleoylglycerol (16:1)*

2-oleoylglycerol (18:1)

2-linoleoylglycerol (18:2)

2-arachidonoylglycerol (20:4)

2-docosahexaenoylglycerol (22:6)*

1-heptadecenoylglycerol (17:1)*

2-heptadecenoylglycerol (17:1)*

Diacylglycerol

palmitoyl-oleoyl-glycerol
(16:0/18:1) [2]*

oleoyl-arachidonoyl-glycerol
(18:1/20:4) [2]*

0.004 0.002
0.000 0.000
0.005 0.003
0.000 0.000
0.011 0.006
0.006 0.004
0.000 0.000
0.642 0.201
0.000 0.000
0.001 0.001
0.000 0.000
0.000 0.000
0.000 0.000
0.033 0.015
0.000 0.000
0.714 0.222
0.013 0.006
0.004 0.002
0.052 0.022
0.044 0.019
0.011 0.006
0.016 0.008
0.002 0.002
0.002 0.001
0.000 0.000
0.002 0.002
0.028 0.013
0.486 0.159
0.035 0.015
0.020 0.009
0.005 0.003
0.001 0.001
0.003 0.002
0.021 0.010
0.010 0.005
0.000 0.000
0.088 0.035
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Galactosyl Glycerolipids galactosylglycerol 0.000 0.000
3-ketosphinganine 0.93 0.438 0.145
; ; 0.93 0.773 0.237
Sphingolipid Synthesis sphinganine
sphingadienine 626 0.000 0.000
phytosphingosine 0.74 0.102 0.040
z\(‘i'lpg‘_'oryl'g’%')'s"h'”ga”'”e 0.72 0.297 0.103
Dihydroceramides N—stéaro .I—s hinganine
(dlS'O/lg'O)g 9 112 0.944 0.282
z\(‘i'lpg‘_'ﬂ‘l'g’_‘é')'s"h'”gos'”e 121 0.569 0.183
gfé‘?i‘ﬁ%’_'&s)ﬁh'"g"s'"e 2,69 0.002 0.001
z\(‘,'lp;'zn;l'%')fph'”gad'e”'"e 1.07 0.930 0.279
Ceramides
ceramide (d18:1/14:0, d16:1/16:0)* | 985 0.280 0.098
ceramide (d18:1/17:0, d17:1/18:0)* | 210 0.083 0.034
ceramide (d16:1/24:1, d18:1/22:1)* | 066 0.168 0.063
ceramide (d18:2/24:1, d18:1/24:2)* | 143 0.281 0.098
glycosyl-N-stearoyl-sphinganine 4.95 0.016 0.008
(d18:0/18:0)*
glycosyl-N-palmitoyl-sphingosine 1.05 0.847 0.258
(d18:1/16:0)
?(Iiycosyl—N—)stearoyl—sphingosine 3.32 0.001 0.001
18:1/18:0
Hexosylceramides glycosyl-N-behenoyl- 0.077 0031
(HCER) sphingadienine (d18:2/22:0)*
lycosyl ceramide (d18:1/20:0,
glyﬁ:l/gz:o)* ( 0.000 0.000
lycosyl ceramide (d16:1/24:1,
gl)g:l/gz:l)* ( 0.112 0.044
lycosyl ceramide (d18:1/23:1,
lycosyl ceramide (d18:2/24:1,
lactosyl-N-palmitoyl-sphingosine 0.000 0.000
(d18:1/16:0)
lactosyl-N-stearoyl-sphingosine 0.000 0.000
Lactosylceramides (d18:1/18:0)*
(LCER) B
lactosyl-N-behenoyl-sphingosine 0.000 0.000
(d18:1/22:0)*
lactosyl-N-nervonoyl-sphingosine 0.000 0.000
(d18:1/24:1)*
myristoyl dihydrosphingomyelin 0.092 0.036
(d18:0/14:0)*
palmitoyl dihydrosphingomyelin 0.005 0.003
(d18:0/16:0)*
Dihydrosphingomyelins b . . .
ehenoyl dihydrosphingomyelin 0.063 0.026
(d18:0/22:0)*
sphingomyelin (d18:0/18:0,
drj’LQ:O?ﬂ:())/)* ( 0.001 0.001
sphingomyelin (d18:0/20:0,
drj’LG:O?ZZ:())/)* ( 0.009 0.005
palmitoyl sphingomyelin
(d18:1/16:0) 0000 | 0.000
stearoyl sphingomyelin
’ . (d18:1/18:0) 0.000 0.000
Sphingomyelins - -
behenoyl sphingomyelin 0.015 0.008
(d18:1/22:0)* : :
tricosanoyl sphingomyelin 0.021 0.010

(d18:1/23:0)*
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lignoceroyl sphingomyelin

Nucleotide

(d18:1/24:0) 0.007 0.004
sphingomyelin (d18:2/23:1)* 0.007 0.004
sphingomyelin (d18:2/24:2)* 0.069 0.028
sphingomyelin (d17:1/14:0,
d16:1/15:0) 0.001 0.000
sphingomyelin (d18:1/14:0,
d16:1/16:0)* 0.763 0.234
sphingomyelin (d18:2/14:0,
d18:1/14:1) 0.001 0.000
sphingomyelin (d17:1/16:0, 1.20 0.433 0.144
d18:1/15:0, d16:1/17:0)*
sphingomyelin (d17:2/16:0,
d18:2/15:0) 1.05 0.859 0.261
sphingomyelin (d18:2/16:0,
d18:1/16:1)* 0.719 0.223
sphingomyelin (d18:1/17:0, 0.000 0.000
d17:1/18:0, d19:1/16:0)
sphingomyelin (d18:1/18:1,
d18:2/18:0) 0.000 0.000
sphingomyelin (d18:1/20:0,
d16:1/22:0)* 0.000 0.000
sphingomyelin (d18:1/21:0, 0.015 0.007
d17:1/22:0, d16:1/23:0)*
sphingomyelin (d18:1/22:1, 0.007 0.004
d18:2/22:0, d16:1/24:1)*
sphingomyelin (d18:1/22:2, 0.135 0.052
d18:2/22:1, d16:1/24:2)*
sphingomyelin (d18:2/23:0, 0.008 0.004
d18:1/23:1, d17:1/24:1)*
sphingomyelin (d18:1/24:1,
d18:2/24:0)* 0.002 0.001
sphingomyelin (d18:2/24:1,
d18:1/24:2)* 0.001 0.001
sphingosine 0.002 0.001
sphingosine 1-phosphate 0.749 0.231
Sphingosines hexadecasphingosine (d16:1)* 0.010 0.005
heptadecasphingosine (d17:1) 0.009 0.005
eicosanoylsphingosine (d20:1)* 0.362 0.123
Mevalonate Metabolism 3-hydroxy-3-methylglutarate 0.000 0.000
cholesterol 0.138 0.053
7-dehydrocholesterol 0.000 0.000
4-cholesten-3-one 0.341 0117
Sterol
beta-sitosterol 1.000 0.291
campesterol 0.826 0.252
7-hydroxycholesterol (alpha or 0.003 0.002
beta) ) )
Primary Bile Acid glycochenodeoxycholate 1.000 0.291
Metabolism
taurochenodeoxycholate 1.000 0.201
Secondary Bile Acid
Metabolism glycodeoxycholate 1.000 0.291
AICA ribonucleotide 0.000 0.000
Purine Metabolism, inosine 5'-monophosphate (IMP) 0.025 0.012
(Hypo)Xanthine/Inosine inosine 0.016 0.008
containing
hypoxanthine 0.984 0.291
1.00 0.874 0.265

xanthine
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Purine Metabolism,
Adenine containing

Purine Metabolism,
Guanine containing

Pyrimidine Metabolism,
Orotate containing

Pyrimidine Metabolism,
Uracil containing

xanthosine 0.008 0.004
N1-methylinosine 0.000 0.000
2'-deoxyinosine 0.000 0.000
urate 0.365 0.124
allantoin 0.394 0.132
adenosine 5'-triphosphate (ATP) 0.000 0.000
adenosine 5'-diphosphate (ADP) 0.004 0.002
?g\e'\r;lgiine 5'-monophosphate 0,003 0.002
adenosine 3',5-cyclic 0.000 0.000
monophosphate (CAMP)
adenylosuccinate 0.000 0.000
adenosine 0.626 0.197
adenine 0.000 0.000
N1-methyladenosine 0.000 0.000
N6-methyladenosine 0.560 0.180
N6-carbamoylthreonyladenosine 0.000 0.000
2-deoxyadenosine 5'-diphosphate 0.008 0.004
2'-deoxyadenosine 5'- 0.000 0.000
monophosphate
2'-deoxyadenosine 0.005 0.003
diadenosine triphosphate 1.08 0.600 0.190
N6-succinyladenosine 0.93 0.621 0.195
guanosine 5'- diphosphate (GDP) 0.000 0.000
%u'\z;llr;c;sine 5'- monophosphate (5'- 0.017 0.008
guanosine 0.001 0.000
guanine 0.250 0.089
7-methylguanine 1.09 0.317 0.110
N2-methylguanosine 0.000 0.000
N2,N2-dimethylguanosine 0.000 0.000
2'-deoxyguanosine 0.002 0.002
dihydroorotate 0.003 0.002
orotate 0.000 0.000
orotidine 0.000 0.000
uridine 5-triphosphate (UTP) 0.000 0.000
uridine 5'-diphosphate (UDP) 0.001 0.001
uridine 5'-monophosphate (UMP) 0.076 0.031
lJli\ﬁ::)e 3'-monophosphate (3'- 0,001 0.001
uridine 0.113 0.044
uracil 0.003 0.002
pseudouridine 0.000 0.000
5,6-dihydrouridine 0.000 0.000
2'-O-methyluridine 0.000 0.000
5-methyluridine (ribothymidine) 0.002 0.002
0.000 0.000

2'-deoxyuridine
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3-ureidopropionate

beta-alanine

3-(3-amino-3-
carboxypropyl)uridine*

Pyrimidine Metabolism,
Cytidine containing

cytidine triphosphate

cytidine diphosphate

cytidine 5'-monophosphate (5'-
CMP)

cytidine

cytosine

3-methylcytidine

5-methylcytidine

2'-deoxycytidine 5'-
monophosphate

2'-deoxycytidine

2'-O-methylcytidine

Pyrimidine Metabolism,
Thymine containing

thymidine 5'-monophosphate

thymidine

thymine

5,6-dihydrothymine

3-aminoisobutyrate

Purine and Pyrimidine
Metabolism

methylphosphate

Cofactors and
Vitamins

Nicotinate and
Nicotinamide Metabolism

quinolinate

nicotinamide

nicotinamide ribonucleotide
(NMN)

nicotinamide riboside

nicotinamide adenine dinucleotide
(NAD+)

nicotinamide adenine dinucleotide
reduced (NADH)

nicotinamide adenine dinucleotide
phosphate reduced (NADPH)

1-methylnicotinamide

trigonelline (N'-methylnicotinate)

adenosine 5'-diphosphoribose
(ADP-ribose)

Riboflavin Metabolism

riboflavin (Vitamin B2)

flavin adenine dinucleotide (FAD)

flavin mononucleotide (FMN)

Pantothenate and CoA
Metabolism

pantoate

pantothenate

pantetheine

phosphopantetheine

3'-dephosphocoenzyme A

coenzyme A

Ascorbate and Aldarate
Metabolism

2-O-methylascorbic acid

threonate

gulonate*
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0.000 0.000
0.000 0.000
0.004 0.003
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.154 0.058
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.972 0.289
0.008 0.004
0.006 0.004
0.000 0.000
0.041 0.018
0.506 0.165
0.000 0.000
0.022 0.010
0.000 0.000
0.036 0.016
0.001 0.001
0.001 0.001
0.000 0.000
0.248 0.088
0.000 0.000
0.071 0.029
0.002 0.001
0.275 0.096
0.008 0.005
0.003 0.002
0.000 0.000
0.226 0.082
0.017 0.008
0.198 0.072
0.000 0.000
0.012 0.006
0.000 0.000




Table 3 Continued

4-chlorobenzoic acid
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Tocopherol Metabolism alpha-tocopherol 0.95 0.580 0.185
Biotin Metabolism biotin 0.73 0.268 0.094
folate 1.00 1.000 0.291
Folate Metabolism
?S—Ezt_rh?_/'l[t:e;trahydrofolate 0.000 0.000
Pterin Metabolism pterin 0.023 0.011
Hemoglobin and
Porphyrin Metabolism bilirubin (2,2) 0.007 0.004
thiamin (Vitamin B1) 0.000 0.000
- ) thiamin monophosphate 0.000 0.000
Thiamine Metabolism
thiamin diphosphate 0.052 0.022
5-(2-Hydroxyethyl)-4-
methylthiazole 0.000 0.000
Vitamin A Metabolism retinol (Vitamin A) 0.000 0.000
pyridoxine (Vitamin B6) 0.030 0.014
pyridoxamine 0.002 0.001
i i 0.000 0.000
Vitamin B6 Metabolism pyridoxamine phosphate
pyridoxal phosphate 0.980 0.291
pyridoxal 0.001 0.001
pyridoxate 0.000 0.000
hippurate 0.000 0.000
3-hydroxyhippurate 0.005 0.003
benzoate 0.244 0.087
Benzoate Metabolism catechol sulfate 0.001 0.001
guaiacol sulfate 0.113 0.044
4-methylcatechol sulfate 0.000 0.000
p-cresol sulfate 0.000 0.000
3-formylindole 0.013 0.006
gluconate 0.000 0.000
beta-guanidinopropanoate 0.003 0.002
ergothioneine 0.140 0.053
erythritol 0.000 0.000
Xenobiotics Food Component/Plant homostachydrine* 0.000 0.000
mannonate* 0.008 0.004
stachydrine 0.000 0.000
Lr;egr;yl glucopyranoside (alpha + 0.000 0.000
ethy beta-glucopyranoside 0.942 0.281
2-aminophenol sulfate 0.000 0.000
Drug - Antibiotic penicillin G 0.000 0.000
sulfate* 0.000 0.000
O-sulfo-L-tyrosine 0.000 0.000
i 0.394 0.132
Chemical 2,4-di-tert-butylphenol
phenol red 0.000 0.000
thioproline 0.000 0.000
0.020 0.009




Table 3 Continued

Partially
Characterized
Molecules

Partially Characterized
Molecules

branched-chain, straight-chain, or
cyclopropyl 12:1 fatty acid*

1.35

0.318

0.110
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Figure 5.1 Mitoplate assays to assess the mitochondrial activities of VEM persister cells. The
consumption rates of substrates were monitored by measuring the OD590 at the indicated time
points. Statistical analysis was performed using a linear regression analysis (F-Statistics,
*P<0.001). N = 4.
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Figure 5.2 Phenotype microarray (PM-M1) assays to assess the metabolism of VEM persister cells.
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Figure 5.3 Phenotype microarray (PM-M1) assays (24h incubation) to assess the metabolism of VEM persister cells.
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Figure 5.4 Phenotype microarray (PM-M1) assays (48h incubation) to assess the metabolism of VEM persister cells
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