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Abstract
Investigation of in vivo Metabolism in Hepatic Carcinomas
By
Diyala Shihadih
Doctor of Philosophy in Metabolic Biology
University of California, Berkeley

Professor Andreas Stahl, Chair

Metabolic reprogramming is a common feature of cancers with many showing specific
alterations in both micro and macronutrient metabolism. In this study we evaluate the utility of
bioluminescent technology in evaluating the metabolism of liver cancers in vivo. We assess
both nutrient uptake and nutrient sensing probes to establish the handling and/or
concentrations of lipids, glucose, nicotinamide riboside, iron, copper, and ROS in both healthy
mice and tumor bearing mice. Our studies showed promise for the lipid, copper, iron, and ROS
probes and were able to measure metabolic differences in copper and lipid metabolism
between our different cancer models.

We evaluated both hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (ICC)
models that were established through a hydrodynamic injection. Our bioluminescent study
revealed a fatty acid uptake phenotype in our ICC model, but not our HCC models, which is a
rare but increasingly documented phenotype. Classical cancer lipid metabolism focuses on the
upregulation of de novo lipogenesis concomitant with a decreased dependence on exogenous
fatty acids. Increased expression and activity of fatty acid synthase (FASN), the rate-limiting
enzyme involved in de novo lipogenesis, is required for the survival and proliferation of many
tumor cells, including hepatocellular carcinoma (HCC). Another study previously demonstrated
that ICC development is insensitive to FASN deprivation. Our observation that ICC maintains
robust fatty acid uptake rates suggests a role of exogenous fatty acids for the growth of ICC.
Fatty acid transport proteins (FATPs), now classified as solute transporter family 27 (Slc27a1-6),
are major transmembrane proteins for LCFA uptake and FATP2 and -5 are robustly expressed in
the liver, FATP5 being liver specific. Using genetic manipulation and in vivo bio-imaging
techniques, we measured the growth of ICC in an FATP5 knock out mouse model over time.
Loss of FATPS5 significantly impaired ICC growth indicating that tumor growth is dependent on
exogenous fatty acid uptake. This was replicated using a knockdown system in both our ICC and
HCC models, and only in ICC did we see a growth impairment. We also performed a survival
experiment to see how long the growth effect in ICC was maintain. Over the course of 32 week,
only three out of 7 mice grew robust tumor and when assayed for lipid uptake and metabolizing
genes, two showed upregulation of FASN.



Metabolomic were also performed to determine the fate and function of these fatty acids
comparing ICC, HCC, and non-tumorous liver. Our data showed a robust increase in free fatty
acids, structural, signaling lipids, and acyl-carnitines suggesting a differential handling of
exogenous versus endogenous fatty acids. We attempted to follow up on the increased levels
of acyl-carnitines, which are implicated in beta-oxidation and energy generation. We treated
mice with CPT1 inhibitor etomoxir and saw no significant growth effect. While it is obvious ICC
is dependent on fatty acid uptake, and the inhibition of uptake is able to prevent tumor growth,
the differential handling of the downstream fatty acids is more complex. In sum, this study has
identified FATP5 as a therapeutic target for the treatment of ICC and potentially other liver
cancers dependent on protein mediated exogenous fatty acid uptake.
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Chapter 1:
Novel Bioluminescent Imaging Techniques to Assess in vivo Metabolism

Summary

In this chapter, we will be evaluating and characterizing a total of six bioluminescent nutrient
probes for in vivo use. The probes are designed to either measure nutrient uptake levels or
static nutrient levels. We will characterize the in vivo kinetics of each probe and attempt to
assess if we are generating biologically relevant and accurate measurements. All probes have
been previously published on and assessed to varying degrees. We will offer an assessment of
the viability of each probe for in vivo metabolic assessment.

If deemed viable, probes be tested in our bioluminescent tumor systems, which we will also
outline in this chapter. Our three tumor systems are models for intrahepatic
cholangiocarcinoma and hepatocellular carcinoma and are compatible with luciferin-based
imaging probes in order either 1) to measure tumor burden over time using d-luciferin and 2)
measure nutrient concentrations and fluxes in a noninvasive and longitudinal manner. Our goal
is to not only assess the utility of bioluminescent nutrient probes but to also evaluate metabolic
differences between our tumor types for further evaluation and pharmaceutical target
development.



Introduction and Background

It is understood that many human diseases involve and are associated with abnormal
alterations in metabolism. Perturbation of metabolism can alter cellular function and lead to
disease, and disease states stemming from different causes can lead to metabolic alterations??.
The core of metabolic research centers on the three major macronutrients, lipids,
carbohydrates, and amino acids, but also includes small molecules, vitamins, and minerals.
While most research starts in vitro, being able to quickly assess the status and levels of these
micro and macronutrients in vivo is essential for validating and exploring the contributions of
metabolism to disease to then move towards therapeutic target development with greater
confidence.

Current techniques to assessing in vivo metabolism range from whole body respiration
measurements using metabolic chambers * and NMR based imaging >/, which can be done at
multiple timepoints throughout an experiment, to mass spectrometry based techniques which
are end point measurements. While all provide important information about in vivo
metabolism, few techniques are able to measure specific nutrient dynamics in both a
longitudinal and noninvasive manner. Bioluminescence as a technique has high sensitivity
because of its efficient photon production and the lack of background signal in a biological
system, and is associated with relatively low costs, making it an attractive research tool &°.

The use of bioluminescent probes is long documented and different groups are exploring the
utility and viability of different homologues of luciferase as a research tool for routine and
specialized application. Many groups are specifically applying the technology to look at disease
states both in vivo and in vitro %12, The use of this technology in disease state metabolic
assessment goes back to ex vivo studies that used luciferase to quantify the spatial distribution
of ATP, lactate, and glucose in ex vivo section of tumors and nontumorous tissue using single
photon microscopy 3. Since then, in vivo bioluminescent technology has been used to measure
tumor growth and metastasis, immune cell dynamics'#'6, transgene expression, infection, and
other biological processes related to health and disease 1731

In this study, we will be utilizing firefly luciferase to explore metabolic phenotypes of different
forms of liver cancer. The field of cancer research is ever growing as we add more complexity to
our understanding of cancer transformation and progression 32. One of the newer established
hallmarks of cancer is aberrant metabolism 33-3°, with the Warburg effect being the most well
studied 3%. The Warburg effect describes a phenomenon where tumors become highly
glycolytic, heavily relying on glucose uptake, and push glucose metabolism toward lactic acid
production, termed aerobic glycolysis®’. Aberrant metabolism, outside of glucose metabolism,
includes the flux and dynamics of all macro and micronutrients in the system. Our study will
focus on a few micro and macro nutrients in order to test the ability to quantify their levels or
fluxes using bioluminescent technology.



Bioluminescent probes

We have classified the bioluminescent probes used in this study into two categories, nutrient
uptake probes and nutrient sensing probes (Fig. 1.1). These probes are all based in a caged
luciferin technology. Luciferin is the necessary substrate for luciferase in order to produce light.
Using different techniques, molecules can be chemically attached to luciferin, in a reversable
way, to prevent luciferase from acting on it. The way the luciferin is caged and uncaged
determines what is being measured by the resulting bioluminescent signal.

Nutrient uptake probes are intended to measure the uptake rates of nutrients and the function
of their associated transporter. There are two approaches that have been taken to develop
these types of probes. The first is to attach luciferin to the nutrient of interest through a linker
that auto hydrolyzes upon uptake into the cell. The fatty acid probe used in this study is
designed in this method. The second is a dual probe approach. This is use for nutrients that will
not function in a physiologically relevant manner if a large luciferin moiety is attached. This
could be because of a transporter’s high specificity, like the GLUT transporters. In this method,
we have both a caged luciferin and a nutrient probe that has the ability to uncage the luciferin
upon interaction. The technology is based on the biorthogonal reaction (Staudinger ligation),
where the nutrient contains an azide group to uncage a pre-loaded caged luciferin in the
system38. The glucose and nicotinamide riboside probes were designed in this manner.

Nutrient sensing probes are intended to measure the amount of a small molecule or metal that
is in the system. This allows us to monitor the concentration and distribution of molecules of
interest over time. In this method, the caged luciferin is liberated when it comes into contact
with and reacts with a specific molecule®. In our study, the probes used sense peroxide,
copper, and iron.

Lipids

Altered lipid metabolism plays a role in cancer growth and development?®. While most research
has focused on de novo lipogenesis, in recent years there is more focus on the role of lipid
uptake in cancer development. As research progresses in this area, having more tools to
measure fatty acid uptake rate in vivo will be indispensable.

Glucose

Cancer has long been established to be highly glycolytic. Glucose metabolism plays a huge role
in cancer metabolism from energy generation to anabolic processes*'. Glucose uptake is
upregulated in cancers, usually seen by increased expression of GLUT transporters. Depending
on tissue type, the main transporters of interest are GLUT 1, GLUT2 and GLUT3, and have been
research as potential therapeutic targets*?*4. A bioluminescent glucose uptake probe could be
applied in the context of both tumor characterization and pharmaceutical development.

Nicotinamide riboside

Nicotinamide riboside (NR) is a dietary source of nicotinamide adenine dinucleotide (NAD).
NAD+ is an essential cofactor in multiple redox reactions involved in energy production
including glycolysis and is a substrate for different signaling enzyme®. Increased NAD levels are
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seen in cancers to fuel growth*®#’, Nicotinamide phosphoribosyltransferase (Nampt), a rate
limiting step in NAD synthesis, is seen to be upregulated in certain cancers*®. NAD and NAD
production is implicated in cancer development and growth, but it is unclear the role of dietary
sources of NAD. Nicotinamide riboside is also a commonly used supplement. Using the
bioluminescent NR probe, one can investigate the role and uptake levels of dietary sources of
NAD.

Copper
Copper is an essential trace metal involved in many biological processes. Copper is a part of

many enzymes, used for its redox potential, and plays a role in angiogenesis cellular
mechanisms and other signaling pathways. The dysregulation of copper homeostasis can lead
to disruptions in cellular processes and disease®®*°. Copper levels have been identified as a
potential diagnostic and prognostic marker in cancer and as a therapeutic target**°!. Some
studies have found elevated copper levels in tumor areas, the tumors themselves, and in the
serum of cancer patients®. A bioluminescent copper detecting probe is a quick and easy way to
assess copper levels in a tumor system to evaluate if dysregulated copper metabolism is
contributing to tumorigenesis.

Iron

Iron is an essential trace metal necessary for many cellular processes including DNA synthesis,
proliferation, cell cycle regulation, and the function of proteins and enzymes containing iron-
sulphur clusters, some of which are involved in genomic stability and respiration. Excess iron
can also have deleterious effects including promoting mutagenesis which can lead to tumor
formation®2. High dietary iron intake and diseases that lead to increased copper accumulation
are associated with increased cancer risk >3. Cancer cells have also seen to have an increased
dependance on iron. Tumors reprogram their metabolism to increase iron uptake by
upregulating key uptake proteins and decreasing the expression of iron efflux proteins. Iron is
also a target for cancer therapy with researchers exploring iron chelators and molecules
targeting iron uptake and transport machinery and as a cancer prognostic tool °*. A
bioluminescent iron sensing probe would allow researchers to quickly measure the quantity of
iron in a tumor system to evaluate if increased copper levels are contributing to cancer growth
and metabolism.

Reactive oxygen species (ROS)

Reactive oxygen species are highly reactive ions or molecules and are grouped into two groups,
free oxygen radicals and non-radical ROS. Free oxygen radicals include nitric oxide, super
oxides, and hydroxyl radicals, and non-radical ROS include singlet oxygen and hydrogen
peroxide>®. ROS is a byproduct of respiration and is generated in many areas of the cell
including the mitochondria®®. The most studied ROS in cancer are hydrogen peroxide and
hydroxyl radicals. Cancers have long been observed to have increased ROS production and can
lead to the activation of tumorigenic signaling and metabolic reprograming and can induce DNA
mutation®®>7, Excessive levels of ROS can also trigger cell death. The modulation of intracellular
ROS has been exploited as an anti-cancer strategy 8. The bioluminescent probe used in this
study directly measures peroxide as an output for ROS.

4



Results

In an effort to identify novel in vivo imaging techniques to assess differences in metabolism in
disease states, we characterized and tested a variety of available bioluminescent imaging
probes in a liver cancer model adapted for in vivo imaging.

We established a bioluminescent tumor model in mice (Fig. 1.2). We coupled a hydrodynamic
transduction mediated oncogene driven liver cancer system with bioluminescent technology to
establish luciferase expressing tumor nodules, which allowed us to measure tumor burden and
nutrient uptake in vivo.

To establish our two cancer models, we delivered the following oncogenes: constitutively
activated Akt and notch receptor intracellular domain (NICD) to establish intrahepatic
cholangiocarcinoma, and either constitutively activated Akt and Ras or constitutively activated
Akt and cMet to establish hepatocellular carcinoma. These oncogenes are delivered with
sleeping beauty transposase to stably integrate the oncogenes, creating stable oncogene driven
tumor nodules. To couple this system with bioluminescent technology, we cloned a firefly
luciferase gene into the Akt plasmid linking Akt and luciferase expression through an IRES. This
system allowed us to establish tumor specific luciferase expression which, upon a standard
100ul (2mg/ml) luciferin i.p. injection, can be seen in ex-vivo images taken using an in vivo
imaging system (IVIS) (Fig. 1.3a). This imaging system gives us a functional readout for tumor
burden. To further test this system, we imaged both ICC and HCC tumor bearing mice once a
week, starting 1 week post hydrodynamic injection, to measure in vivo tumor growth over the
course of 7 weeks, at which time the mice were sacrificed due to tumor size (Fig. 1.3b). We saw
a steady exponential growth rate over the course of the seven weeks starting at 3 weeks post
injection, demonstrating that we can accurately measure tumor burden and growth rates using
bioluminescent imaging.

As further validation of the bioluminescent signal, we attempted to establish the ICC tumor
model both with and without sleeping beauty transposase to test for any potential background
signal from unincorporated plasmid (Fig. 1.3c). We imaged the mice three time in the first week
post injection and again at two weeks post injection. We saw a steady decline of the
bioluminescent signal over the course of the first week in the group without sleeping beauty
transposase and by 7 days post injection, there was no bioluminescent signal whereas the
group with the transposase maintained a bioluminescent signal. This demonstrated that when
we begin our routine imaging protocol at one week post injection, there should be no
background bioluminescent signal from unincorporated plasmid obfuscating the data.

This model was used in conjunction with various bioluminescent probes to assess the
metabolism of ICC in comparison to HCC. We were able to establish a lipid uptake phenotype in
our ICC model that was not replicated in our HCC models using a previously validated
bioluminescent free fatty acid (FFA-luc) >0, Starting at one week post hydrodynamic injection,
we imaged ICC and HCC (Akt-Ras) tumor bearing mice using both luciferin and FFA-luc (Fig.
1.4a). We waited 24 hours between luciferin and FAA-luc imaging to allow for the full decay of
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luciferin to prevent the measurement of any residual bioluminescence. To get a proper readout
of FFA uptake, in each imaging session we measured photon emission every 5 minutes for one
hour and quantified and plotted for the maximal FFA uptake. We were able to measure uptake
rates that increased over time in a similar pattern to our tumor growth rates. We normalized
the FFA uptake at each time point by our luciferin measurement to get a read out for uptake
rates proportional to tumor burden (Fig. 1.4b). We observed that ICC consistently maintained
fatty acid uptake levels higher than HCC upon full tumor establishment at 3 weeks post
injection, with highly significant FFA uptake levels at seven weeks when we have high tumor
burden (Fig. 1.4c). This experiment was replicated in a second HCC model (Akt-cMet) and again
saw significantly lower fatty acid uptake rates at the seven-week post injection timepoint (Fig.
1.4d). It is important to note that in this system, there is no background bioluminescent signal.
This allows for a greater dynamic range for measurement assuming the probe elicits a strong
bioluminescent signal as we’ve observed with the FFA-luc probe. These data showed that we
could indeed measure differences in metabolism using our bioluminescent tumor system.

We went on to validate and test other nutrient uptake bioluminescent probes in our system.
We utilized two other nutrient uptake probes, nicotinamide riboside and glucose probes, that
use a different technology than our bioluminescent free fatty acid. These probes are
synthesized to “uncage” a preloaded caged luciferin upon uptake into cells 3 (Fig. 1.1). Before
testing the nutrient probes, we went on to validate the use of the caged luciferin probe (CLP) in
vivo (Fig. 1.5). In previous studies, 1.5 mM in 100 uL PBS+0.1%BSA CLP was administered
intravenously (i.v.). For imaging ease, we tested the same dosage of CLP through
intraperitoneal (i.p.) injection compared to i.v. injection to assess if it was a viable
administration route. While there was higher variability withing the i.p. injected group three
hours post CLP injection, by 18 hours post injection when the nutrient probe is administered,
the CLP levels between the two groups were comparable. For all following experiment, CLP was
administered intraperitoneally.

First, we tested the nicotinamide riboside (NR) probe at 5 mM in PBS (100ul) through oral
gavage. NR is a commonly used supplement and is implicate in NAD dependent metabolic
processes including energy metabolism. We wanted to assess if we could detect changes in NR
intestinal absorption before testing in a disease state. We used liver luciferase mice for the
following experiments. First, we tested absorption in a fasted state (Fig. 1.6a). Mice were fasted
overnight for 16 hours. At the end of the fast, mice were imaged for background CLP signal then
the 100ul of the NR probe (5mM) in PBS was administered through oral gavage. Mice were
imaged for one hour to measure NR uptake rates. This protocol was then repeated in fasted
mice that were refed for two hours prior to NR administration (Fig. 1.6b). The area under each
curve was measured to compare the uptake rates of each treatment group (Fig. 1.6d). We saw
no change in NR intestinal uptake rates between the two groups. Another issue we ran into was
the signal to noise ratio. The signal from the NR probe was only 2-3 fold higher than the CLP
background signal, giving us a small detectable range. We were unable to measure changes in
NR uptake using this probe, thus we did not test it in our cancer models.



The final nutrient uptake probe tested was the glucose probe. As done previously, we
preinjected mice with 100 uL 1.5 mM CLP through intraperitoneal injection 16-18 hours prior to
glucose probe administration. Mice were pre-imaged to establish background signal, and then
200ul 7.5 mM glucose probe in PBS+0.1%BSA was i.p. injected and mice were subsequently
imaged to measure glucose uptake. We first tested the probe in liver luciferase mice, checking
the kinetics of the probe during the first 15 minutes of imaging to verify we are seeing an
increase in uptake over time, and for 15 starting at the 70 minutes post administration time
point to look at the degradation of the glucose probe (Fig. 1.7). We saw a clear increase in
signal during the first 15 minutes validating the probe is being taken up by the mice and
measured, at most, a threefold increase in signal above background. We still saw a
bioluminescent signal after 70 minutes putting into question the sensitivity of the probe. We
then re-ran this experiment, this time imaging the mice for 30 minutes to establish a kinetic
curve in the liver luciferase mice (Fig. 1.8a). We saw peak signal at 25 minutes post injection,
after which the signal began to decline. At this peak signal, we measured a fivefold increase in
signal above background.

With the kinetics of the probe in vivo established, we proceeded to test if the probe was
behaving in a biologically relevant manner. We ran a competition assay by co-injecting D-
glucose to test if the probe was diffusing into cells or being actively taken up through glut
transporters (Fig. 1.8b). If the probe was being imported into the cell through GLUT
transporters, we expected to see a decrease in the kinetic rate of the probe. We saw a modest
attenuation of the uptake rate indicating that at least some of the probe was being taken up
through transporters.

We proceeded to test the probe in our cancer models. We established both our ICC model and
one of our HCC models (Akt-cMet). We imaged mice weekly to track tumor growth and once
high tumor burden was established, we proceeded to image using the glucose probe following
the same protocol as previously done (Fig. 1.8¢,d). The day before glucose imaging was
performed, we imaged the mice for tumor burden to be used for normalization of the glucose
signal. The kinetic curve established through glucose imaging of our HCC model showed a
strong peak in signal with a subsequent decline as expected. The imaging of our ICC model
displayed a lower overall signal and did not have the expected signal peak. Instead, we see
more of a consistent plateauing of the signal. Once the data was normalized to tumor burden,
we saw a different kinetic curve for each tumor model. Our ICC model had an overall higher
signal per quantity of tumor than HCC and had a flatter peak signal at 25 minutes post glucose
injection. In contrast, the HCC model had a clear signal peak at 10 minutes post glucose
injection. This data shows a potential difference in glucose uptake between our HCC and ICC
models, but with the low sensitivity and lack of data established biological relevance of the
probe, we did not continue imaging experiments using the glucose probe.

The next class of imaging probes we tested were nutrient sensing probes. These are caged
luciferin probes that “uncage” when they react with a specific metal or small molecule 3° (Fig.
1.1) and have all been previously validated in vivo. All the following probes were tested in
tumor bearing mice. Wild type mice were hydrodynamically injected to establish both our ICC
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(Akt-NICD) and HCC (Akt-cMet) tumor models. These mice were imaged weekly to track the
establishment and growth of the tumors. Once tumors were established and we reached high
tumor burden, we imaged with the nutrient sensing probes to assess if we could image for
differences in metabolism between the two models.

We first tested the copper probe by i.p. injecting a 100nmol of CCL-1 in 50 ul 1:1 PBS DMSO
solution (Fig. 1.9a). These mice were imaged every 5 minutes for 45 minutes and the peak
signal was used as our primary readout for copper content in our system. This readout was then
normalized to tumor burden established by luciferin imaging. We first performed our imaging
protocol in liver-luciferase mice to establish a baseline quantity of copper in nontumorous liver
tissue. Then we imaged for copper levels in our ICC (Akt-NICD) and HCC (Akt-cMet) model
systems. While both tumor systems showed slower copper levels than what was measured in
the liver luciferase mice, the HCC model had significantly higher copper levels than the ICC
model.

We went on to validate this observation using laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) (Fig. 1.9b,c). Tumor bearing mice were monitored until full tumor
burden was established, at which point they were euthanized, their livers were perfused with
PBS, and snap frozen blocks of tumor laden liver tissue were made. LA-ICP-MS analysis revealed
that ICC tumor nodules indeed had little to no copper when compared to the surrounding non-
tumorous tissue as is seen in the pseudo-colored images. This confirmed that the copper
imaging probe was giving an accurate readout of copper levels. Interestingly, the LA-ICP-MS
data also uncovered a ring of high copper containing cells surrounding the tumor nodules as
can be observed by both the two-dimensional images and 3-D surface plot. This observation
was replicated in multiple samples. While we were unable to identify the copper containing
cells, this showed that new information about cell metabolism can easily and accurately be
gleaned from bioluminescent imaging and the subsequent follow-up experiments.

The last two nutrient sensing probes tested in our tumor systems were an iron sensing probe
and a hydrogen peroxide sensing probe. The iron sensing probe was administered through i.p.
injection, 25nmol per mouse in 100ul 1:4 DMSO:PBS. Mice were imaged every 5 minutes for a
total of 45 minutes. Again, the peak signal was used as copper concentration readout. The mice
were pre-imaged with luciferin to establish tumor burden 24 hours before copper imaging and
a ratio of copper concentration to tumor burden was calculated to determine relative copper
concentration in our tumor models (Fig. 1.10). No significant difference between our ICC and
HCC model was measured using this probe.

The hydrogen peroxide probe is used as a read out of reactive oxygen species (ROS) levels (Fig.
1.11). As cancer is known to upregulate reactive oxygen species, we expected to see a high
bioluminescent signal. We administered through i.p. injection 0.5umol of the PCL1 probe in 50
ul 1:1 DMSO:PBS solution. Mice were subsequently imaged every 5 minutes for 45 minutes. The
peak signal was then normalized to tumor burden. As expected, we had a high ROS, Luciferin
ratio demonstrating a strong bioluminescent signal from the PCL1 probe, but no difference was
seen measured between our ICC (Akt-NICD) and HCC (Akt-cMet) models.
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These studies show that we can indeed measure in vivo metabolism through bioluminescent
technology and using the appropriate model and probe, we are able to detect difference in
metabolism when comparing different disease states. The bioluminescent free fatty acid probe
and copper probe both elucidated differences in metabolism between our HCC and ICC models,
while the copper and ROS probes were shown to be viable for in vivo use though we saw no
metabolic differences in our models. The current limitations of nutrient level and nutrient
uptake measurements through novel bioluminescent technology are related to the sensitivity
of the probes and if they are behaving in a physiologically relevant manner.



Discussion

In this chapter we attempted to test the efficacy and accuracy of bioluminescent imaging of
metabolism in vivo. Currently, there are few methods to test in vivo metabolism in a
noninvasive manner that allows for sequential measurements over time. Currently the tools at
our disposal to measure in vivo metabolism are metabolic chambers to measure respiration
rates*, mass spectrometry based techniques including heavy water labeling 63 and use of
isotopically labeled tracers 649>, and NMR based imaging >”. The use of a noninvasive method
like bioluminescent imaging could provide researchers with a powerful tool to interrogate
multiple levels of metabolism in the same system and to do so longitudinally without having to
euthanize an animal to obtain data.

To this end, we tested a total of six probes, three nutrient uptake probes, and three nutrient
sensing probes. Our primary goal was to test the viability, accuracy, and/or biological relevance
of each probe. Our secondary goal was to then use these probes in a disease model, in this case
one of our three cancer models, to characterize the metabolism of each system and test for
differences between the cancer models. Before we were able to probe for metabolic
differences in our tumor systems, we first had to establish and characterize a tumor system
that allowed for bioluminescent imaging.

We coupled a hydrodynamic injection based tumor system ®® with bioluminescent technology
but delivering a luciferase gene along with one of our oncogenes (Akt-IRES-Luciferase). Through
this, we were able to characterize the growth pattern and rate of our tumor systems (Fig.1.3).
We see a high bioluminescent signal started at one week post injection. This is all from stably
integrated plasmid as when we inject our oncogene containing plasmids without sleeping
beauty transposase, we have no bioluminescent signal at this timepoint. The subsequent light
signal decreases and/or plateaus between week one and week three as tumors establish. After
the third week, we start to see the signal increase as tumors begin to actively grow. This
pattern of tumor growth beginning after three weeks post injection hold true for all tumor
models used for our studies.

We used a total of three tumor models for this study, one ICC model and two HCC model. Our
ICC model is established by delivering constitutively active Akt and Notch intracellular domain
(NICD)®’. We used two HCC models because our Akt-Ras system is a mixed tumor system where
up to ten percent of the tumors established are ICC %8%°, In the future, this is an interesting
system to utilize to look at a non-heterogeneous system that might offer more translatable
metabolic information. Our Akt-cMet system is a pure HCC model that does not establish any
ICC nodules’. This gives us multiple comparisons when characterizing different metabolic
phenotypes of each tumor type.

The first nutrient uptake probe we characterized and tested in our tumor systems was the free
fatty acid probe °° (Fig. 1.4). Aberrant lipid metabolism is a known feature of cancer
metabolism. It is well documented that many cancers rely on de novo lipogenesis to replenish
their lipid pools and there is more recent data that also points to maintained or increased levels
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of fatty acid uptake as well 4°. Using our bioluminescent free fatty acid probe, we were able to
measure the fatty acid uptake rates of our tumor models and found that fatty acid uptake levels
are high in our ICC model in contrast to both of our HCC model which did not seem to be taking
up a significant amount of fatty acid. We were also able to measure these uptake rates
throughout the life of our tumors as imaging is noninvasive and can be done in a live
anaesthetized mouse. This allowed us to accurately identify a differential lipid uptake
phenotype that was not previously documented which we subsequently followed up on in
chapter 2.

While our free fatty acid probe gave us accurate information about lipid fluxes in our tumor
system and was sensitive enough to measure differences between our tumor systems, the
second set of nutrient uptake probes were not as effective. Both the nicotinamide riboside
probe and glucose probe used a different strategy to uncage luciferin upon the nutrient probe
uptake. In this system, a caged luciferin is pre-injected to the mice and the nutrient probe has a
moiety attached to it that will react with the caged luciferin and uncage it allowing luciferase to
then act on free luciferin. This is done with nutrients that cannot have a large moiety, like
luciferin, attached to them because they will not be appropriately taken up by their receptor
and thus will not behave in a biologically relevant manner.

We first tested the administration route and kinetics of the caged luciferin probe (CLP) (Fig.
1.5). We found that we were able to i.p. inject his probe for ease of administration instead of an
i.v. injection as was previously published. The main issue with the CLP was the high background
signal. The probe is not very stable and will spontaneously uncage giving us a background
signal. It is unclear what percentage of total probe uncages spontaneously and how much
uncage probe is left in the system upon nutrient probe administration.

Both the NR and glucose probes were first tested in our liver luciferase mice before moving into
our tumor systems if the probe seemed viable. With both the NR and glucose probes, the
highest signal we were able to achieve in the liver luciferase mice was a threefold signal above
background. This was concerning as this is not a large signal range in order to measure
differences in metabolism between different treatment groups. First, we tested the NR probe
(Fig. 1.6). NR is implicated in NAD* metabolism and its deregulation has been associated with
metabolic disease including cancer %¢. We were unable to measure changes in NR uptake
between our fasted and fasted-refed groups, so we did not proceed with this probe.

The glucose probe was tested next (Fig. 1.7, Fig. 1.8). We characterized the uptake kinetics of
this probe in liver luciferase mice and saw the expected bell curve shape over time although we
did not achieve a strong peak signal. We then tested if the probe was behaving in a biologically
relevant manor by performing a competition assay using D-glucose, which would be a natural
competitor for uptake through glucose transporters 387172 |f the glucose probe was indeed
being taken up by glucose transporters, we would see a decrease in signal upon co-injection
with D-glucose. We saw a mild decrease in uptake rates. It was not conclusive whether this
probe was diffusing into the cells or being taken up through the appropriate transporters.
Nonetheless, we proceeded to test this probe in our tumor systems. Once again, the data
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obtained from our ICC and HCC systems was inconclusive. We saw a difference in the probe
kinetics, but we were unable to come to any conclusions about the glucose uptake rates in our
tumor systems.

The next class of probes we tested were nutrient sensing probes. These probes are designed to
measure the amount of nutrient in a system at the time of imaging. They are a form of caged
luciferin that is designed to uncage upon reacting with a specific metal or small molecule. We
tested a total of three nutrient sensing probes in our tumor systems, a copper sensing probe,
an iron sensing probe, and a peroxide sensing probe. All three of these probes gave us a strong
signal in vivo. While we did not measure a significant difference between our ICC and HCC
models using the iron and peroxide probes, we did measure a significant difference using the
copper probe.

The copper probe when tested in out ICC and HCC system showed a significant decrease of
copper levels in our ICC system when compared to HCC (Fig. 1.9). To follow up and validate this
observation, we performed LA-ICP-MS on perfused liver cancer samples. The results from the
LA-ICP-MS analysis showed the ICC did indeed have significantly lower amount of copper. This is
seen in the pseudo coloring of the images. While the surrounding nontumorous liver tissue is
blue, signifying moderate copper levels, the tumor nodules are black, signifying little to no
copper. We also stumbled upon an unusual observation through these follow ups. We observed
a ring of high copper containing cells surrounding the tumor nodules. This was replicated across
all the samples we tested. Copper has previously been implicated in cancer as both a cancer
promoting and an anti-cancer molecule *°. While we were unable to identify what these
specifics copper containing cells are, this is a valid route for further follow-ups looking at
copper’s role in ICC development.

These tests all showed the viability of using bioluminescent imaging probes to investigate the
metabolism of disease states in vivo. While not every probe we tested was viable, the probes
that did show high specificity and sensitivity allowed us to easily and quickly evaluate various
elements of metabolism in our tumor systems. These measurements gave us important
information about the metabolism of our systems which allowed for more informed follow up
experiments.
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Figure 1.1. Classes of Bioluminescent Probes

Two classes of bioluminescent probes. The first designed to measure nutrient uptake with two
design strategies (A) uses a single probe that uncages upon cellular uptake and (B) uses a dual
uptake system where nutrient uptake uncages a preloaded caged luciferin probe. The second
(C) is designed to measure nutrient concentrations. The probe releases luciferin upon reacting
with a small molecule or metal intracellularly.
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Figure 1.2. Tumor Model System

Our tumor system is established through a hydrodynamic injection coupled with
bioluminescent technology. This establishes bioluminescent tumors that can produce light upon
luciferin uptake or the uptake of bioluminescent probes.
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Figure 1.3. Tumor model validation

To validate our tumor model, we (B) tracked tumor growth over the course of 7 weeks and (B)
took ex vivo images comparing the photo and bioluminescent signal overlay to visually
determine if light was emanated only from tumor nodules. We measured the bioluminescent
signal of hydrodynamically injected mice with and without sleeping beauty transposase to look
at the rate of plasmid degradation
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Figure 1.4. Fatty Acid Uptake

We measure (A) fatty acid uptake rates in ICC and HCC over the course of 7 weeks and (B)
normalized uptake to tumor burden at each timepoint. (C) We saw significantly upregulated
uptake rates in ICC and (D) this data was replicated using both out HCC models
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Figure 1.5. CLP Administration Validation

In order to use our dual uptake probes, we needed to validate the route of administration of
out caged luciferin probe (CLP). We (A) compared i.p. and i.v. injections of our CLP at 3 hours
and 18 hours post injection and (B) included the bioluminescent images of the mice at this
timepoints.
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Figure 1.6. Nicotinamide Riboside Uptake
We measured the uptake of our nicotinamide riboside probe under (A) fasted and (B) fasted
and then refed conditions. We (C) compared the uptake rates of the two conditions and (D)
measured the area under the curve and observed no significant difference. These experiments

were done in liver luciferase mice.
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Figure 1.7 Testing bioluminescent glucose probe

In liver luciferase mice, we tested the kinetics of our glucose uptake probe by measuring uptake
during the first 15 minutes after administration and for another 15 minutes at the 70-minute
post injection time point to measure probe degradation. The accompanying images are
included.
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Figure 1.8. Glucose Uptake

We measured (A) glucose uptake in liver luciferase mice to establish a kinetic curve with a peak
and (B) ran a competition assay to assess if the probe was being taken up in a protein mediated
manner. We then tested the probe in (C) our HCC (Akt-cMet) and ICC (Akt-NICD) tumor models
and (D) normalized the signal to tumor burden
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Figure 1.9. Bioluminescent copper imaging

We (A) tested out copper sensing probe in healthy liver luciferase mice and in our HCC (Akt-
cMet) and ICC (Akt-NICD) mouse models where we saw a significant decrease in copper levels
when comparing ICC to HCC. The low copper concentration in ICC measured with the
bioluminescent probe was then (B,C) validated using LA-ICP-MS
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Figure 1.10. Bioluminescent iron imaging
We used a bioluminescent iron sensing probe to measure the concentration of iron in both HCC

and ICC and saw no significant difference.
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Figure 1.11. Bioluminescent hydrogen peroxide imaging
We used a bioluminescent hydrogen peroxide sensing probe to measure the concentration of
reactive oxygen species (ROS) in both HCC and ICC and saw no significant difference.
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Chapter 2:
Lipid Uptake and Metabolism in Intrahepatic Cholangiocarcinoma

Summary

In recent years there has been an increase in the incidence of liver cancers, specifically
intrahepatic cholangiocarcinomas (ICCs), which are highly malignant adenocarcinomas of the
biliary tree. Metabolic reprogramming is a common feature of cancers with many showing
alterations in lipid metabolism, specifically, up regulation and dependence of de novo
lipogenesis (DNL), observed through increased fatty acid synthase (FASN) activity, concomitant
with a decreased dependence on exogenous fatty acids. As many tumors are reliant on FASN
for growth and proliferation, the enzyme has become a popular target for new cancer
treatments, but FASN dependence is not an established hallmark of cancer metabolism.

In a recent study, our collaborators demonstrated that FASN dependence is not a universal
feature in liver cancers, showing that ICC development is insensitive to FASN deletion. In our
study, we found that ICC maintains robust fatty acid uptake rates. Taken together, this suggests
a role of exogenous fatty acids for the growth of certain cancers and ICC in particular.
Importantly, cell surface proteins implicated in the uptake of fatty acids have been shown to be
expressed in ICC, including but not limited to fatty acid transport proteins -2 and -5 (FATP2/5 or
Slc27a2/5). Using genetic manipulation and in vivo bio-imaging techniques, we tracked the
growth of ICC in an FATP5 knock out and knock down mouse models. Loss of FATPS5 significantly
impaired ICC growth indicating that tumor growth is dependent on exogenous fatty acid
uptake. Moreover, ICC samples that grew out despite FATP5 KD, showed upregulation of FASN,
suggesting that FATP5 and DNL are main points of entry for intracellular lipid pools.

We also further interrogated the lipid fingerprint of ICC when compared to our HCC model. We
saw clear differences between the lipid composition of each tumor type, which is particularly
interesting considering HCC relies on DNL and ICC relies on exogenous fatty acid uptake through
FATP5. We saw a few classes of lipids upregulated in ICC, including some signaling lipids,
structural lipids, and acyl carnitines which are implicated in energy generation. In an attempt to
determine if there was a functional difference in the differential handling of lipids, we treated
ICC containing mice with a CTP1 inhibitory, etomoxir, to see if beta oxidation played a
significant role in fueling tumor growth.
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Introduction and Background

Liver cancer is cancer is a leading cause of cancer related deaths while not being in the top ten
most diagnosed form of cancer according to CDC data published in 2019 7374, Its five-year
survival rates are 31% for local, 11% regional, and 2% for distant stage tumors, giving liver
cancer patients a poor prognosis. The two major forms of liver cancer are hepatocellular
carcinoma (HCC) and intrahepatic cholangiocarcinoma (ICC), HCC being the most common and
ICC making up about 10% of all liver cancer cases’*”’. While limited targeted treatments for
HCC exis’®81t, few treatment options exist for ICC with surgical resection being the only curative
treatment although associated with a very high rate of recurrence 823, These data demonstrate
the necessity for more research on liver cancer mechanism and subsequent development of
new treatment strategies.

Cancer metabolism is an established hallmark of cancer and research of cancer metabolism as a
pathway for new treatment options is a growing field 8488, Cancer cells alter their metabolism
and metabolic fluxes to meet the increased bioenergetic and biosynthetic demands required for
cell proliferation. The Warburg effect is one of the most well-known metabolic alterations seen
in cancer3®378 |t is characterized by upregulation of glucose uptake and lactate production,
termed aerobic glycolysis. This increase in glycolytic flux allows for a backup of intermediates to
supply offshoot pathways, including those involved in macromolecule synthesis. Despite the
heterogeneous and plastic nature of tumors, research has begun to uncover common pathways
and behaviors involved in supporting tumor growth.

Alterations in lipid metabolism are seen in many forms of cancer and play an important role in
many cellular processes including proliferation, and energy homeostasis 493 Lipids are
essential molecules used for energy storage, signaling, membrane synthesis, and many other
processes. One of the common upregulated pathways seen in tumors is the upregulation of de
novo lipogenesis (DNL) 92°4. Targeting DNL by inhibiting fatty acid synthase is a common anti-
cancer strategy taken by many cancer metabolism researchers, developing and testing
pharmacological inhibitors to prevent tumor proliferation by cutting off the main source of fatty
acid acquisition ®>1%. Newer research has also uncovered a fatty acid uptake phenotype in
certain cancers, identifying a secondary pathway utilized by cancers to replenish their lipid
pools 192102 various proteins are implicated in fatty acid uptake including CD36, fatty acid
binding proteins (FABPs), and fatty acid uptake proteins (slc27a1-6). Suppressing fatty acid
uptake has shown to be effective in prostate cancer 1%, This variability in lipid acquisition allows
for metabolic flexibility in cancer cells, but it is still unclear how or if cells can utilize both lipid
acquisition pathways, though there are some studies that show upregulation of uptake
machinery upon FASN inhibition suggesting the use of only one pathway at a given time
This study will focus on the pathways through which liver cancers utilize to replenish their lipid
pools and assess if targeting lipid uptake is a viable strategy for new cancer therapeutics.

104,105

Hydrodynamic Injection

Hydrodynamic injection is a technique where you inject about 9% of body weight by volume of
saline into a mouse through a tail vein injection in 5-7 seconds to allow for intracellular delivery
of membrane impermeable substances in the liver. The injection works by delivering the
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solution up to the heart and the high volume and high pressure allows for the backflow of the
saline through the hepatic vein, pressurizing the liver and permeabilizing the hepatocytes to
take up the solution 1%, Through this process the liver rapidly expands but returns to its original
size in 30 minutes and the cells regain their normal morphology by 24-36 hours after injection
107 This technique was first reported by Budker et al where they delivered 100 micrograms of
naked DNA to the liver and showed that about 1% of the hepatocytes had been transfected 1%,
Current techniques allow for 5-40% transfection efficiency. Studies have explored the
mechanisms through which this injection works and found that the key factor to efficient
transfection is the speed through which the injection is administered 106,

This technique has since been improved upon and applied in other ways. It has been tested on
a variety of animals other than mice, including but not limited to rats 1091, rabbits 12, chicken
112 "and pig 113114, through modifications in the route of injection to include other arteries,
veins, and ducts compatible with that animals specific anatomy. Research has also been done
to transfer this technology to transfect other tissues like muscle and kidney 1°. There have
been many advances in this technique and results are very effective in murine systems but less
so in mid to large sized animal and requires catheterization of the organ vasculature coupled
with direct injection into the target organ 16, These data show the promise of this technique as
a nonviral approach to deliver nonpermeable molecules, like DNA, intracellularly to allow for
gene editing!!’118, protein level modulation!!®129, gene therapy!?!123, and establishment
various disease models!?®,

This technique has been used to establish different liver disease models including Hepatitis B 124
and cancer®®!18 and to deliver therapeutic genes. To stably integrate the genes delivered, the
hydrodynamic injection has been couples with the delivery of Sleeping Beauty transposon
system 122123125126 The cancer models used in this study leverage this technology to establish
HCC and ICC systems 6670127,

Fatty Acid Transport Proteins

The fatty acid transport proteins, also name slc27a1-6, is family of 6 proteins implicated in the
uptake of long chain fatty acids. The first protein was identified in 1994128 and the rest of the
family was characterized by Hirsch et al and found to be evolutionarily conserved 1%°. Each
protein has a different tissue localization and has slightly different function.

Slc27al is found in brown and white adipose tissue, heart, skeletal muscle, skin, brain, kidney,
and endothelial cells. It is implicated in long chain fatty acid transport and very long chain fatty
acid activation®. In adipocytes and skeletal muscle, it is insulin sensitive and translocations to
the membrane when stimulated. In FATP1 null mice, insulin stimulated fatty acid uptake in
adipocytes is ablated and an alteration in postprandial serum long chain fatty acid regulation.
This causes a redistribution in fatty acid from adipose tissue to muscle and liver leading
protection from diet induced obesity and is slightly protective against insulin desensitization 131,
The protein has also been found to be over expressed in forms of melanoma and its inhibition
has been shown to decrease the progression of tumor growth 32,
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Slc27a2 is found in liver and kidney and is both implicated in fatty acid uptake and has shown to
have acyl CoA synthetase activity 133, It is implicated in many diseases including fatty liver
disease!®* type 2 diabetes mellitus'3*13>, the formation of cancer immunity3¢138 and kidney
disease!3>139,

SLC27a3, 4, and 6 all also are implicated in both fatty acid uptake and have acyl CoA synthetase
activity?*°. Not much is known about slc27a3 but it is localized in mouse adrenal gland, testis,
ovary, and lung!*!, Slc27a4 is expressed in enterocytes and skin. It was first identified as a major
intestinal fatty acid transporter and is linked to the disease restrictive dermopathy!#214_ It has
also been identified as a target for insulin signaling and has been observed to have high
expression levels in clear cell renal cell carcinoma*’/148, S|c27a6 is almost exclusively expressed
in the heart where it colocalizes with CD36 and its also been seen, at lower levels, in the skin%.
As fatp6 plays a role in fatty acid uptake in the heart, it plays a potential role in cardiovascular
disease (CVD). In a study done in human, researchers were able to associate a variant of FATP6
to protective effects when looking at CVD related signifiers, like heart function and blood
pressure, and diabetic phenotypes.

Slc27a5 is found exclusively in the liver and is implicated in long chain fatty acid uptake and is
also a bile acid-CoA ligase 1°%1°1, |t has been shown to play a role in both lipid and bile acid
metabolism?°2, Its ablation is both protective against diet induced non-alcoholic fatty liver
disease (NAFLD), decreasing hepatic fatty acid uptake and redirecting lipids to other tissues,
and is able to reverse already established NAFLD In mice!>3. Low levels of FATP5 was also
associated with lipid loss in the progression of NAFLD to nonalcoholic steatohepatitis, again
showing FATP5’s large role in hepatic lipid regulation?>*. FATPS5, like other members of the
transporter family, has been implicated in cancer development!>>1>7_ Studies have been
conducted to find potential inhibitors of FATPS5 for therapeutic approaches?>8. Two bile acids,
ursodeoxycholic acid (UDCA) and deoxycholic acid (DCA), were found to be inhibit FATP5 and
prevent the uptake of long chain fatty acids 1>°.

De novo lipogenesis and Uptake

The generation of fatty acids from carbohydrates intracellularly is termed de novo lipogenesis
(DNL). Every cell has the ability to shunt excess sugars through DNL in order to make lipids
which are then esterified to triglycerides and stored in lipid droplets. These lipids can later be
utilized for energy production through beta-oxidation if an energetic need arises.

The process of DNL begins as a branch off the TCA cycle. Citrate is pulled out of the
mitochondria via a citrate transport protein into the cytoplasm. Citrate is then converted to
acetyl-CoA by ATP-citrate lyase (ACLY). Acetyl-CoA is carboxylate by acetyl-CoA carboxylase
(ACC) to form malonyl-CoA. Malonyl-CoA is the initiating molecule to begin generating one
palmitate molecule. Fatty acid synthase (FASN) is a multienzyme complex that adds 2 carbons
donated from acetyl-CoA to malonyl-CoA in a four-step process. This process continues, with
acetyl-CoA donating two carbons until a palmitate is generated!®.
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Lipids necessary for cell growth and function can also be taken up from circulation. This is the
primary way healthy cells acquire lipids. These lipids can either be dietary or lipids released
from adipose tissue stores. Lipids in circulation take the form of either chylomicrons or VLDLs.
Lipoprotein lipases in capillaries hydrolyze triglycerides from these lipoprotein particles into
free fatty acids for cellular uptake. While free fatty acids can slowly diffuse across cell
membranes, they are actively taken up through protein transporters, the main ones being CD36
and FATPs?61,
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Results

It is widely accepted that metabolic dysregulation is a cancer hallmark, with aerobic glycolysis
being a key metabolic signature. Often coupled with aerobic glycolysis is a metabolic switch
from exogenous fatty acid uptake to de novo lipogenesis, commonly depicted as an offshoot of
the Warburg effect. Work published by our collaborator, Xin Chen, showed in a model of
intrahepatic cholangiocarcinoma (ICC) an absence of significant of de novo lipogenesis and an
exogenous fatty acid uptake signature, which is contrary to most widely understood cancer
metabolism %8, To further interrogate this metabolic phenotype, we used various imaging
techniques to characterize uptake rates and establish the protein target implicated in uptake.

As stated in chapter 1, we were able to establish a lipid uptake phenotype in our ICC model that
was not replicated in either of our HCC models (Fig.1.4). While ICC showed high and
physiologically significant fatty acid uptake levels contrary to HCC, the question remained if
exogenous fatty acid uptake was ICC’s main mode of replenishing its fatty acid pools. Using
heavy water labeling, we measured de novo lipogenesis (DNL) rates by way of palmitate
synthesis in triglyceride fraction in ICC and HCC at 5 weeks post injection (Fig. 2.1a). Both HCC
models had high DNL levels when compared to non-tumorous tissue, as is expected by a model
exhibiting a more traditional DNL dependent cancer metabolic phenotype. ICC on the other
hand had DNL levels equivalent to nontumorous liver tissue, signifying that DNL did not
significantly contribute to replenishing lipid pools in our ICC model. This suggested that ICC was
relying exclusively on exogenous fatty acid uptake to fulfill its anabolic requirements.

While the modes of lipid acquisition seemed to differ between these models, it was unclear if
this affected the lipid handling or levels of particular groups of lipids. We ran targeted lipidomic
on ICC (Akt-NICD), HCC (Akt-Ras), and non-tumorous tissue to look at the lipid signatures in
each respective cancer type to identify any metabolic difference. We normalized each lipid
species to the average of the nontumorous tissue for each lipid species to obtain fold change
from non-tumorous tissue to see which species were significantly up or down regulated, then
created heat maps and performed a clustering analysis to visualize differences between the
tumor types and non-tumorous tissue (Fig. 2.2b). We observed ICC and HCC to indeed have
distinct lipid signatures as displayed in the clustering. All samples in each group, ICC, HCC, and
non-tumorous tissues, cluster within their groups with ICC being the largest outlier. HCC is more
closely related to non-tumorous tissue than it is to ICC based on this data, showing a significant
difference in the lipid profile of each tumor type. We also generated a second heat map with
lipid species of greatest interest and again saw similar high-level patterns (Fig. 2.2c).

We then looked at individual lipid classes to identify specific metabolic differences and plotted
the fold change using bar graphs (Fig. 2.3a-d). ICC had higher free fatty acid levels than HCC
which was to be expected in a model that is importing free fatty acids from circulation. ICC also
had significantly higher levels of structural lipids, acyl-carnitines, and signaling lipids like ether
lipids, endocannabinoids, and diacylglycerol (DAGs). This suggested ICC to not only use
exogenous fatty acids as basic cellular building blocks to fuel rapid growth, but also suggested a
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differential handling of lipids, shunting them preferentially into other metabolic pathways such
as energy metabolism and signaling.

In order to identify through which pathway our ICC model is acquiring exogenous fatty acids,
we measured expression levels of proteins known to be implicated in fatty acid uptake,
including the SLC27a family of proteins also called fatty acid transport proteins (FATPs) (Fig.
2.3a). We found the predominant liver isoforms of the FATPS, FATP5 and FATP2, expressed in
ICC at similar levels to non-tumorous liver in comparison to both HCC models which had very
low levels of these transporters. Based on this data, we continued to explore the effect FATP5/2
mediated lipid uptake has on ICC (and HCC) growth.

First, we established the ICC model in whole body FATP5 knockout mice **° and measured
tumor growth over the course of 6 week (Fig. 2.4d,e). We saw a significant reduction in tumor
growth rates in the FATP5 KO group when compared to the wild type controls. While we
observed very minor growth in the FATP5 KO group, this suggested that ICC is partially
dependent on FATP5 mediated uptake for growth. We hypothesized that the minor growth
seen in the FATP5 KO system could either have been due to the knockout mice having
compensated for the lack of FATP5 or that FATP2 also played a minor role in exogenous fatty
acid uptake.

We then established an adeno-associated virus (AAV) mediated FATP5 and FATP2 knock down
system (Fig. 2.5a). We injected 1x10711-2x10711 viral particles/uL of either FATP5 targeted,
FATP2 targeted, or scramble control AAV one week prior to hydrodynamic injection to ensure
that knock down had been established. We then proceeded to image the mice once per week
to measure growth rates (Fig. 2.5b-f). While FATP2 knock down had a non-significant and minor
effect on ICC growth, FATP5 had a strongly significant effect. We observed little to no tumor
growth in the FATP5 knock down group as compared to the FATP2 and scramble control groups.
We ended this experiment at 5 weeks post injection when the scramble control group reached
high tumor burden.

This experiment was then repeated in both of our HCC models (Fig. 2.5d-f). We wanted to test
if this effect was indeed related to the fatty acid uptake phenotype previously measure or
because of a secondary effect of knocking out or knocking down the transporter. In our Akt-
cMet model, we knocked down both FATP5 and FATP2 and in our Akt-Ras model, we knocked
out only FATP5. Again, we tracked growth through weekly imaging for 5 weeks total until high
tumor burden was reached. In both experiments we saw no growth inhibition effects on the
tumors, further establishing that FATP5 ablation, and preventing the uptake of exogenous fatty
acids, is preventing ICC tumors from growing out. The growth inhibition effects seen in ICC were
not caused by a secondary effect of ablating FATPS.

While FATP5 knockdown was shown to have a strong inhibitory effect on ICC tumor growth
over the course of 5 weeks, we wanted to see if the inhibitory effects were just short term or if
tumors grew out given more time to adapt to the lack of FATP5. We carried out a survival
experiment over the course of 32 weeks (Fig. 2.6a,b). We sacrificed animals when they either
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reached high tumor burden determined through bioluminescent imaging or if mice started
presenting signs of distress (scuffed fur, lethargy, hunched, dehydration, etc.). All SCR control
and FATP2 mice were sacrificed by week 7 but 4 out of 7 FATP5 knockdown mice survived until
the end of the experiment and showed little to know tumor burden (Fig. 2.6c). Of the 3 mice
that overcame FATP5 knock down, two had upregulated FASN, suggesting that FATP5 is not
only essential in exogenous fatty acid uptake but also that the only other mean of replenishing
cellular lipid pools is to upregulate de novo lipogenesis (Fig. 2.6d). With only an n=2 presenting
this ability to switch to DNL, this seems to be a rarer phenotype and would need further
investigation into the regulatory mechanisms behind both DNL and exogenous fatty acid uptake
pathways.

After establishing that ablating FATP5 could slow or stop tumor growth, we wanted to test if in
a system where circulating lipids were higher, if that would promote tumor growth. We
planned to establish a diet induced obesity model and couple it with our hydrodynamic
injection. We high fat fed C57bl/6 mice for 6 weeks and then hydrodynamically injected them
to establish our tumor system (Fig. 2.7a,b). At one week post injection, we saw little to no light
signal when compared to chow fed mice. At this timepoint, fatty liver disease had developed in
the mice, and we hypothesized that the changes to the liver were affecting the efficiency of the
hydrodynamic injection. To troubleshoot this system, we repeated this experiment in mice that
were high fat fed for only 4 weeks, before the onset of fatty liver disease (Fig. 2.7c). At this
timepoint, we were able to image for and establish tumor nodules.

We proceeded to repeat this experiment in mice that were high fat fed for 4 weeks (Fig. 2.7d).
We established our ICC model in both chow fed and high fat diet fed C57BI/6 mice and imaged
them for tumor burden once a week for 7 weeks. While we were able to establish significant
tumor burden in our chow fed mice, we were unable to establish tumor nodules in our high fat
fed mice. While we wanted to test ICC growth rates in an obesity model after establishing the
necessity of exogenous fatty acids for tumor growth, our hydrodynamic transfection model was
incompatible with a high fat diet obesity model in mice.

While we have been able to establish that ICC is dependent on FATP5 mediated exogenous
fatty acid uptake to replenish its lipid pools and subsequently for tumor growth, the correlation
between this rare lipid uptake phenotype and the poor prognosis of ICC begged the question of
how these lipids were being handled upon uptake and if lipids were handled differently
depending on how they were acquired, DNL or exogenous uptake.

Based on the previously mentioned lipidomics data, the most likely use for these lipids would
be to shunt them into energy metabolism, specifically beta-oxidation. To test the contribution
of beta oxidation to tumor growth we administered 30mg/kg/day of CPT1 inhibitor etomoxir to
ICC mice through their drinking water (Fig. 2.8a). We started administration of the compound
upon hydrodynamic injection and delivered the same dose through the end of the experiment.
Throughout the experiment, we monitored water intake of both groups to ensure there was no
dosage differences throughout the experiment (Fig. 2.9a) and we measured the metabolic rate
of the mice using CLAMS to test if the dosage of etomoxir used was creating a metabolic
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change. We saw a significant difference in the respiratory exchange ratio (RER) between the
etomoxir treated and vehicle treated groups during their active cycle (dark) as seen in both the
hour by hour chart and in the averaging of the light and dark cycle (Fig. 2.9b,c). This validated
that the compound was indeed inhibiting beta oxidation and pushing the cells toward glucose
metabolism.

The mice were imaged once per week for 5 weeks to track tumor growth, and this experiment
was repeated twice to ensure the accuracy of our results (Fig. 2.8b-d). We observed little to no
effect on growth rates suggesting that energy generation is not a primary use of these fatty
acids. While we have established that lipid uptake is the sole and primary source of lipids in our
ICC model, further investigation is needed to address any differential lipid handling between
cancers that utilize exogenous fatty acid uptake versus de novo lipogenesis to replenish their
lipid pools.
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Discussion

It is widely accepted that metabolic reprograming is a cancer hallmark. The Warburg effect, the
most widely established cancer metabolic signature, is exhibited by an increase in glucose
uptake and lactic acid production in the presence of oxygen, also termed aerobic glycolysis.
Often coupled with aerobic glycolysis is a metabolic switch from exogenous fatty acid uptake to
de novo lipogenesis, commonly depicted as an offshoot of the Warburg effect. In our work we
show that the switch to de novo lipogenesis is in fact not seen in all cancers. Specifically, in our
model of intrahepatic cholangiocarcinoma (ICC) we have observed an absence of significant de
novo lipogenesis and an ability to maintain exogenous fatty acid uptake levels, which is contrary
to most widely understood cancer metabolism. This presents us with a potentially new
metabolic targeting strategy for liver cancer.

In this study we looked at three cancer models, HCC (Akt/Ras), HCC (Akt/cMet), and ICC
(Akt/NICD), that showed differential lipid uptake phenotypes. All models have been previously
characterized 67.6970 and the role of de novo lipogenesis in tumor growth has been
investigated 8, HCC exhibited upregulation of FASN and a reliance on DNL for growth, while ICC
showed no upregulation of FASN and no growth effect upon FASN ablation. We further
validated this phenotype by measuring DNL levels using deuterium labeled water
administration (Fig. 2.1a). Our results indicate that our Akt-NICD driven ICC model, which was
previously shown to take up exogenous fatty acids, showed no increase in DNL rates when
compared to non-tumorous liver control. The HCC model, which does not exhibit a fatty acid
uptake phenotype, showed a significant increase in DNL rates.

FASN expression levels were also corroborated in human ICC, showing translational relevance
®8 These data suggested that while HCC relies primarily on DNL for lipid production, ICC does
not and is utilizing another pathway to acquire lipid for growth and other cellular functions.
Furthermore, data support our hypothesis that our liver cancer models exhibit either DNL or
exogenous fatty acid update to replenish their lipid pools

In the previous chapter, we characterized these models looking at each tumor’s ability to
replenish their lipid pools through exogenous fatty acid uptake pathways. Using a
bioluminescent fatty acid probe, we measured exogenous fatty acid uptake rates in vivo and
saw that while HCC does not take up significant levels of free fatty acid, ICC does (Fig. 1.4).
Contrary to what is typically observed in cancer lipid metabolism, this clearly illustrated an
ability for tumors to utilize an alternate pathway, exogenous fatty acid uptake, to replenish
their lipid pools.

Looking beyond just the modes of lipid acquisition in our two liver cancer models, we wanted to
explore if there was a functional difference in the lipid handling post uptake between our
models. In the clinic, ICC exhibits higher malignancy, and we hypothesized that this might be
due to a differential handling and metabolism of lipids. We ran targeted lipidomics using LC-MS-
MS to look at the lipid profiles of both ICC and HCC compared to nontumorous liver tissue (Fig.
2.2, 2,3). There was a clear difference in the lipid fingerprint of each tumor model, illustrating
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that the lipids in each system are being handled and metabolized differently. A total of 95 out
of 139 lipids species measured showed significant p value (< 0.05) for either ICC, HCC, or both
when compared to nontumorous tissue, of which 58 lipid species showed significant differences
between the two liver cancer models. This showed a clear difference in the lipid profile of each
tumor type, and further illustrated the importance and relevance of characterizing the different
lipid acquisition and uptake mechanisms.

To establish how these lipids were being taken up, we looked at expression levels of proteins
implicated in fatty acid uptake and saw that ICC maintained relevant levels of slc27a5 and
slc27a2, also known as FATP5 and 2 (Fig. 2.4a). These transporters have been previously
implicated in hepatic lipid metabolism and other disease states including NAFLD emphasizing
their utility as a metabolic target. FATPS is also liver specific, making it an excellent target for
future pharmaceutical development.

We established our ICC model in FATP5 knock out mice to explore the effect FATP5 has on
tumor growth (Fig. 2.4d). When compared to wildtype mice, we see a significantly slower
tumor growth rate in the FATP5KO mice, and by week 6/7 when we should reach high tumor
burden, we see significantly lower tumor burden in the knockout mice. This shows that FATP5
ablation is impairing tumor growth and supporting our hypothesis that ICC is using FATP5 to
uptake exogenous fatty acids. One limitation of this study was the use of a whole-body
knockout mouse and the subsequent compensation in lipid metabolism and exogenous fatty
acid uptake that may occur. Particularly considering non-tumorous liver tissue primarily relies
on fatty acid uptake as a lipid source. We also did not have access to an FATP2 KO mouse to
measure any functional effect FATP2 has ICC growth. To address this, we established an Adeno-
associated virus (AAV) mediated knock down system to further explore the role of both FATP5
and FATP2 in ICC growth (Fig. 2.5a).

We used an shRNA based AAV to knock down FATP2 and FATPS respectively (Fig. 2.5). We then
induced our ICC system and monitored tumor growth over time. We again saw drastic
impairment of ICC growth in the FATP5 KD group, but little effect in the FATP2 KD group when
compared to the scramble control. This suggests that FATPS is the primary transporter used to
import fatty acids into the cell. We also tested the effect of FATP5 KD in our HCC model to see if
knockdown had any potential secondary effects that would impair growth in a tumor that does
not rely on exogenous fatty acid uptake, and no growth effect was observed.

Once we established FATP5 as the primary transporter responsible for lipid uptake, we wanted
to explore how long the impairment on tumor growth lasted, and if there were any
compensatory mechanisms that could be utilized to replenish the cell’s lipid pools. We ran a
survival study using the same knockdown system and allowed the tumors to grow until 32
weeks post injections (Fig.2.6). Our end points for euthanasia were either reaching full tumor
burden, as measured through bioluminescent imaging, or if the mouse showed any severe signs
of distress as outlined by IACUC. All the mice in the scramble (n=6) and FATP2 KD (n=7) groups
had to be euthanized by 7 weeks post injection. In contrast, out of 7 FATP5 KD mice, 4 exhibited
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little to no tumor growth by week 32 with the other 3 being euthanized at weeks 11 and 15.
This showed a strong growth defect in the FATP5 KD groups that was sustained long term.

To look for potential compensatory mechanisms in the 3 tumor grow-outs, we assayed for
expression levels of FASN and observed that 2 out of 3 samples upregulated FASN to overcome
the selective pressure imposed by FATP5 KD (Fig. 2.6d). This suggests two primary pathways for
lipid acquisition, DNL and FATP5 mediated fatty acid uptake, and shows a potential for dual
inhibitory therapeutic strategies to treat ICC. While the sample size for this experiment is small,
the potential for future cancer treatment research is promising, particularly if exogenous fatty
acid uptake is upregulated in response to FASN inhibition.

Following up on our lipidomics data, we looked for other pathways downstream of lipid uptake
that could be of potential interest when developing treatment strategies. Within the group of
significantly altered lipid species, we observed that ICC had higher levels of lipids implicated in
growth, signaling, and energy metabolism (Fig. 2.3). While we were unable to follow up on the
effect of signaling lipids (ether lipids, endocannabinoids, and diacylglycerol) due to a lack of
inhibitors suitable for long term administration in mice, we were able to follow up on the
differences in lipids implicated in energy metabolism. We observed an increase in acyl-
carnitines in ICC suggesting higher fatty acid oxidation rates. Etomoxir, a CPT1 inhibitor, was
administered to ICC tumor bearing mice to assess if fatty acid oxidation played a significant role
in tumor growth (Fig. 2.8). While we saw no significant growth difference upon CPT1
administration, the lipidomics data suggests that lipids taken up exogenously are shunted into
different pathways than lipids acquired through DNL and inhibiting only one of these pathways
might not be enough to elicit a strong growth effect.

While it is clear we need more in vivo experimental tools to further explore lipid metabolic
dynamics, our data clearly establishes exogenous fatty acid uptake as a main pathway for tumor
lipid pool replenishment with FATP5 as an essential mediator that can be targeted to inhibit the
growth of intrahepatic cholangiocarcinoma. Similar fatty acid uptake phenotypes are seen in
other forms of cancer including prostate, ovarian, and breast cancers with CD36 as one of the
primary mediators 103162-164 Targeting of uptake has shown to elicit various degrees of growth
inhibition in other cancer types!®>1¢’, bolstering our study’s findings. Another group has
characterized a similar fatty acid uptake phenotype in ICC >, but were not able to identify a
protein target or uptake pathway. Our group’s identification of FATP5 as the essential mediator
of fatty acid uptake in ICC is significant not only because of the robust growth effect shown in
our study, but also because the transporter is liver specific, druggable, and non-lethal in
knockout models 140159 making it a promising new therapeutic target.
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Figure 2.1. De novo lipogenesis measurements

We (A) measured de novo lipogenesis (DNL) rates using heavy water labeling and mass
spectrometry technology in late-stage tumors. We observed an upregulation of DNL in our HCC
models (Akt/Ras and Akt/cMet) when compared to nontumorous tissue but no change between
ICC and nontumorous liver. We've included the growth rates of the (B) ICC, (C) HCC, Akt-Ras,
and (D) HCC, Akt-cMet mouse models used in the study
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Figure 2.2. Lipidomics

We performed targeted lipidomics on nontumorous liver, HCC (Akt-Ras), and ICC. When
compared to nontumorous tissue, (A) out of 139 lipids measured, 44 showed no change, 44
showed a significant change in ICC only, 22 showed a significant change in HCC only, and 29
showed a significant change in both tumor types. We (B) generated heatmaps and performed a
clustering analysis with the data. We observed a significant difference in the lipid patterning of
each group, as observed through the clustering. (C) We then generated a heatmap containing
lipids of metabolic interest that showed significant differences.
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Figure 2.3. Lipidomics
Using our lipidomics data, we compared ICC and HCC after normalizing to nontumorous tissue

to generate fold change. We saw (A) an upregulation of long chain acyl carnitines in ICC, (B) an
increase in free fatty acids in ICC, (C) an upregulation in signaling lipids in ICC, and (D) an
increase in structural lipids in ICC.
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Figure 2.4. FATP5 expression levels in liver cancer and impact on ICC growth

(A) Using quantitative PCR, we measured significantly high levels of FATP5 in ICC and
upregulated levels of FASN in both HCC models. We performed H&E staining of (B) ICC and (C)
HCC (Akt-Ras to look at cellular morphology. To investigate the role of FATP5 in ICC growth, we
established our tumor model in FATP5 knockout mice and saw a significant decrease in tumor
growth as shown by (D) the growth curves and (E) photos of the ex vivo livers.
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Figure 2.5. FATP2/5 knockdown

Using adeno associated virus (AAV) we (A) established a knockdown system to test the effect of
FATP2/5 on tumor growth in both ICC and HCC. (B,C) We saw a significant hindrance in ICC
growth upon FATP5 but not FATP2 knockdown. (D-F) Knockdown of FATP2 or FATP5 had no
effect on either of our HCC tumor models .
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Figure 2.6. Survival Curve

We (A) established our AAV base knockdown system in ICC induced mice and (B) performed a
survival experiment where we let the tumors grow until 32 weeks post injection. Mice were
euthanized when tumor burden has grown to significant levels. Out of all the mice in the
experiment 4 out of 7 FATP5 knockdown mice did not grow significant tumor burden. The
growth curves of the FATP5 knockdown mice are displayed in (C). (D) These mice were then
assayed for both FATP5 and FASN expression levels using qPCR and saw an upregulation of
FASN in two of the three mice that were euthanized because of high tumor burden. (E) We
performed H&E staining of liver sections taken from mice that survived until the end of the
experiment. We saw normal liver histology and the establishment of small tumor nodules that
did not grow over the course of 32 weeks.
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Figure 2.7. High fat diet feeding in ICC

With ICC’s fatty acid uptake phenotype, we wanted to assess tumor growth in an obesity
system. We tested the compatibility of the hydrodynamic injection with high fat diet fed mice.
(A) Chow fed mice showed significant bioluminescent signal one week post injection but (B)
mice that were high fat diet fed for 6 weeks prior to injection showed no bioluminescent signal.
We re-tested our tumor system in (C) mice that were high fat diet fed for four weeks and we
were able to observe bioluminescent a bioluminescent signal. (D) We ran the experiment
comparing ICC growth rates in four week high fat diet fed and chow fed mice. We were unable
to establish the tumor system in an obesity system.
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Figure 2.8. CPT1 inhibition in ICC
We (A) treated mice with etomoxir, a CPT1 inhibitor, to assess the impact of beta oxidation on

tumor growth. (B-C) We ran this experiment two times, tracking tumor growth over the course
of 5 week. We saw no significant difference in tumor growth as seen in the growth curves and

(D) ex vivo images of the livers.
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Figure 2.9. Etomoxir validation

To validate that etomoxir was not having a secondary effect and was being administered at a
consistent dose throughout the experiment, (A) we measured water intake of the mice. Both
groups drank the same amount of water at a consistent rate throughout the experiment
showing that the etomoxir in the drinking water did not water intake. We also measured the
respiratory rate of the mice using CLAMS to make sure the dose of etomoxir was having a
metabolic effect. (B,C) We saw an increase in the respiratory exchange ratio during the active
phase of the etomoxir treated mice, suggesting a shift away toward glucose metabolism and
from lipid metabolism, validating that the etomoxir dosage was eliciting a metabolic effect.
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Materials and Methods

Animal Models

Animal experiments were approved by The UC Berkeley Animal Care and Use Committee.
FVBNJ and B6(Cg)-Tyrc-2J/J (B6-Albino) mice (males aged 4-6 weeks old) were purchased from
Jackson Labratory. FATP5 KO mice were obtained from our in-house colonies. Liver luciferase
mice were derived by crossing stop floxed luciferase mice (FVB. 12956(B6)Gt(ROSA)26Sortm1
(Luc)Kael/J, Strain #005125) and albumin cre mice ( B6.Cg-Speer6-ps1Tg(Alb-cre)21Mgn/J,
Strain #003574) as previously published!®® and the subsequent colonies were maintained in
house. Mice were kept in a housing room with a 12 hour dark/12 hour light cycle and given free
access to food and water.

In mouse tumor models, maximal tumor size was assessed via bioluminescent imaging.
Maximal tumor size for all experiments was set at 1x10x9 p/s with other endpoint
considerations including but not limited to the following conditions: tumors that interfere with
normal activity; weight loss greater than 10% of baseline weight; body condition score of two or
less (five point scale); clinical signs of illness such as hunched posture, respiratory difficulties, or
reticence to move. Maximal tumor size in ICC survival experiment was set at 1x1078 p/s, and
mice were euthanized before this end point if the aforementioned health considerations were
observed.

Hydrodynamic injection

Dilute 15ug of each oncogene containing plasmid and sleeping beauty transposase plasmid in a
ration of 1:25 in 2ml of 0.9% NaCl (pharmaceutical grade), filtered using a 0.22um filter, and
injected into the lateral tail vein of 6-7 week-old mice in 5-7 seconds through a 27 gauge
needle. Mice were monitored closely the following 24 hours. To induce ICC we deliver pT3-
EF1a-AKT-HA-IRES-Luc, pT3-EF1a-NCID1 and to induce ICC we deliver pT3-EF1a-AKT-HA-IRES-
Luc and pT3-EF1a-N-RAS plasmids along with hyperactive sleeping beauty transposase (pCMV-
SB) for stable integration. All plasmids were provided by our collaborator (Department of
Bioengineering and Therapeutic Sciences, UCSF). Plasmids were all prepared using ZymoPURE |l
maxi prep (D4202), tested for purity, and stored at -20°C.

Bioluminescent imaging

The IVIS system is utilized for all bioluminescent imaging. For each imaging session, animals are
anesthetized using isoflurane/oxygen in an induction chamber prior to injection with any
imaging probes. Once injected, animals are placed into the chamber of the IVIS and are
maintained under isoflurane for the duration of the imaging session. Total flux
(photons/second) at the maximal point of light emission (dependent on imaging probe used) is
measured using the Perkin Elmer living image software.

To image tumor burden, 100ul of sterile filtered 2mM D-luciferin sodium salt (R&D systems
5427) in PBS is i.p. injected into each anaesthetized mouse immediately before imaging. The
mice are imaged in 5 minute increments for a total of 15 min, with a peak signal at 10 minutes
post injection.
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Fatty Acid Uptake Imaging

To image fatty acid uptake, mice are i.p. injected with 100ul of 200 uM FFA-Luc in 0.1% (wt/vol)
bovine serum albumin—containing phosphate-buffered saline (0.014 mg/mouse). Fatty acid
probes are stored in 20mM (100x) stocks in DMSO, and are mixed to correct concentration
prior to use. The mice are imaged in 5 minute increments for a total of 30 min, with a peak
signal at 25 minutes post injection.

Glucose (GAz4) Uptake Imaging

Fast luciferase reporter mice for 16-18 hours over night. At the beginning of the fast, pre-inject
mice with caged luciferin probe (CLP), i.p. 1.5 mM in 100 uL PBS+0.1%BSA. CLP solution is
prepared from a stock solution 30 mM CLP in DMF. At the end of the fasting period,
anaesthetize mice using isoflurane and image once using the IVIS to get background
bioluminescence signal of CLP. While mice are still anaesthetized, i.p. inject 200 ulL of the
glucose probe (Gaz4) 3, 7.5 mM in PBS+0.1%BSA.

Image mice every 5 minutes for 35 minutes total.

Nicotinamide Riboside Uptake Imaging

Fast luciferase reporter mice for 16 hours over night. At the beginning of the fast, pre-inject
mice with caged luciferin probe (CLP), i.p. 1.5 mM in 100 uL PBS+0.1%BSA. CLP solution is
prepared from a stock solution 30 mM CLP in DMF. After 16 hour fasting period is over (16
hours post CLP injection), anaesthetize mice using isoflurane and image once using the IVIS to
get background bioluminescence signal of CLP. While mice are still anaesthetized, oral gavage
100 pl nicotinamide riboside probe %%, 5 mM in PBS. The nicotinamide riboside probe is water
soluble.

For fast-refeed experiment, inject mice with CLP two hours after beginning fast. At the end of
fasting period, refeed mice for two hours then oral gavage and image nicotinamide riboside
probe. This allows for imaging 16 hours after CLP injections.

Using IVIS system, acquire image every 5 min for 1 hour

Copper Imaging

Establish luciferase expressing tumors through our hydrodynamic injection method in FVB/NJ
mice (strain #001800). Inject, through intraperitoneal injection, 100nmol of CCL1 probe!®® in
25ul DMSO 25ul PBS (50ul total). Using IVIS, image mice every 5 minutes for 45 min.

Iron Imaging
Establish luciferase expressing tumors through our hydrodynamic injection method in FVB/NJ

mice (strain #001800). Inject, through intraperitoneal injection, 25nmol of ICL1 probe *7° in
25ulL DMSO 75ul PBS (100ul total). Using IVIS, image every 5 minutes for 45 min.

ROS Imaging
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Establish luciferase expressing tumors through our hydrodynamic injection method in FVB/NJ
mice (strain #001800). Inject, through intraperitoneal injection, 0.5umol PCL1 probe 1’ in 50ul
1:1 DMSO/PBS. Using IVIS, image mice every 5 minutes for 45 min.

Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)

Tumor bearing mice established using our standard protocol listed above. Monitored tumor
growth and euthanized mice when full tumor burden was reached (6 weeks post hydrodynamic
injection. Livers were perfused with PBS, cut into manageable pieces, and snap frozen. Frozen
liver chunks were embedded in OCT, sectioned, and prepared for LA ICP-MS analysis as
previously published 172,

AAV Generation

All adeno associated viruses were prepared, purified, and tittered according to our previously
published method >3

doi: 10.1074/jbc.M803510200

shRNA Target Gene Target Sequence (Sense, 5’ 2 3’)
FATPS mmFATP5 GTGGAAATCTCCTGCCATA
FATP2 mmFATP2 GGCGACATCTACTTCAACA
SCR - GATCGAATGTGTACTTCGA

KD experiments

Mice were injected through the lateral vein with 1x10711-2x10”11 viral particles/uL in 250ulL
sterile PBS. Mice are given one week post injection to allow for knockdown to occur before
proceeding to anther protocol.

Heavy water labeling

Animals with significant tumor burden (5 weeks post hydrodynamic injection) are
intraperitoneal injected with a bolus of deuterated water, 35 uL of 100% D,0 per g of mouse.
Mice are given 8% deuterated water in place of drinking water for 4 days, at which point the
animals are sacrificed, livers are micro dissected for tumor nodules and snap frozen. The tumor
containing liver samples are homogenized and the triglyceride fraction are isolated through thin
layer chromatography. Samples are run on a GCMS to determine the deuterium enrichment in

palmitate. Rates of de novo lipogenesis are then calculated using MIDA, as previously published
61,62

Targeted Metabolomics

Tumor bearing livers were harvested from mice 6-7 weeks post hydrodynamic injection and
dissected selecting for areas dense with tumor nodules. Samples were snap frozen for storage
and were subsequently homogenized, lipid extracted, and run on a GC-MS/MS according to
previously published protocol 73

PNAS September 10, 2013 110 (37) 14912-14917; https://doi.org/10.1073/pnas.1310894110

Etomoxir administration
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Mice were bottle trained for one week prior to the start of the experiment. Racemic (+)-
Etomoxir (30 mg/kg/day) was administered to the treatment group in water for 5

weeks following hydrodynamic injection, and control mice were given untreated water in the
same water bottles as the treatment group. Drinking water was acquired from the animal
housing facility. Water treatments in both groups were replenished once per week and water
consumption was recorded 3 times per week to ensure no difference between groups. Mice
were put into the metabolic chambers for 3 days at the 1 week and 4 week time points to
ensure the dosage of etomoxir had a phenotypic effect on metabolism throughout the
treatment.

qPCR
Use Tagman quantitative PCR for all expression level measurements. Used Applied Biosystems

TagMan Fast Advanced Master Mix. All primer probes used are from Integrated DNA
Technologies IDT and are pre-validated

Gene Assay ID Ref Seq #

PPIA Mm.PT.39a.2.gs NM_008907(1)

Slc27a2 (FATP2) Mm.PT.58.12313563 NM_011978(1)

Slc27a5 (FATP5) Mm.PT.58.5776058 NM_009512(1)

FASN Mm.PT.58.14276063 NM_007988(1)
H&E

H&E staining was performed on either snap frozen tissues embedded in OCT or tissues fixed in
4% PFA embedded in paraffin.

Lipidomics heatmaps

Libraries Panda (pd), Numpy (np), Seaborn (sns), and Matplotlib.pyplot (plt) were loaded into
python in order for certain functions to be used to construct the heatmap. Panda library was
used to load our data into r using the function “pd.read_csv()”. Seaborn is unable to process
datasets with missing values, so we went through an initial filtering process before generating
the heatmap. Empty columns were removed using the “drop()” function, and missing values
within our dataset were removed using the “drop.na()” function. It was necessary to assign
“dfil.iloc[:, 1]:” to the dataset after applying the function “np.log()” from the numpy library to
calculate the natural log of all input elements. In order for the code to print the actions of the
functions and visualize our work in a table, we finished the code chunk with “df1”. To view Data
Frame 1in a list, we coded “dfl.columns”. We applied the same sets of functions to a different
dataset, one that included only the main figure’s data: positive and negative data combined
from a selected list of lipids.

It was then critical to use the “isin()” function to check if the values in the index in columns
match or not, and filter out those that do not match. The Seaborn library generates the
heatmap, but only works when the dataset is complete with no missing values. All acceptable
data was made into a new dataset named col_used_df2. Further specification for the non-
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matching values not to be displayed in the generation of any data visualization was deployed in
code chunk 8.

The final heatmaps were built using the seaborn library, particularly the “sns.set()” function.
Seaborn applied hierarchical clustering on our data which was normalized by fold change
relative to control. Within this function, we specify the size of the figure using “figure.figsize”
and we also set particular colors (coolwarm and white) to represent the heatmap correlations
and gridlines. The widths of the bins are also set to 4 under linewidths of the sns.clustermap
function. We used the matplotlib library to save the heatmaps: heatmap(dfl) and heatmap(df2)
were written to produce the output of the code.
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Conclusion

In this dissertation, we aimed to investigate in vivo cancer metabolism using novel bioluminescent
technology. We established three cancer mouse models, two hepatocellular carcinoma (HCC) models
and one intrahepatic cholangiocarcinoma (ICC) model, where tumors exclusively express luciferase to
leverage already existing bioluminescent probes and assess if there are any differences in metabolism.
Because of the nature of this technology, we were able to make measurements in a noninvasive and
longitudinal manner. We tested a total of six probes, three that were designed to measure glucose, fatty
acid, and nicotinamide ribose uptake, and three designed to measure levels of iron, copper, and
hydrogen peroxide. Our study showed differences in iron concentration and lipid uptake rates when
comparing ICC to HCC. While we observed little to no lipid uptake in HCC, in line with the understanding
that it is dependent on de novo lipogenesis (DNL) to acquire lipids for growth and survival, ICC
maintained high levels of fatty acid uptake.

Not only do we see a difference in the origin of lipids used for tumor survival between ICC and HCC, but
also in the lipid composition of each tumor type. Using targeted lipidomics, we measured the levels of
over 100 lipid species and observed ICC to have higher levels of free fatty acids, structural and signaling
lipids, and fatty acids implicated in energy generation. Seemingly, each tumor was not only getting its
lipids from a different source, but also handling the lipids differently, preferentially shunting lipids into
specific pathways. ICC is a highly malignant tumor and we wanted to assess if this was partially due to
downstream lipid metabolism. We targeted energy metabolism by pharmacologically inhibiting CPT1, a
transporter that imports fatty acids into the mitochondria to undergo beta-oxidation. We did not
observe a significant impact on tumor growth.

Continuing to explore the role of lipid uptake in ICC, we directly targeted the fatty acid transport protein
(FATP) family, which has been implicated in protein mediated exogenous fatty acid uptake. Liver
contains both FATP2 and FATP5, with FATP5 being liver specific. Through knock out and knock down
experiments, we observed that FATP5, but not FATP2, was the main transporter importing fatty acids
into tumor cells and its ablation significantly inhibited tumor growth. In a survival experiment, we
allowed tumors to grow for 32 weeks and out of seven mice, only three had tumor grow-outs. In two of
those three mice, we found the tumors upregulated FASN, seemingly to acquire fatty acids through DNL.
This further established the essential role of FATP5 in exogenous fatty acid uptake and its potential as a
therapeutic target for ICC and potentially other liver cancers that are dependent on exogenous fatty acid
uptake.
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