
Amendments

Conclusions

Entirely too much to summarize, but a few highlights:

1. Some cancers have elevated fat uptake from their surrounding environment, while other cancers have a 
reliance on fat synthesis. 

2. Fats can have direct signaling effects in cancer cells, increasing their signaling capacity through direct 
binding to receptors on the cells to being incorporated into the cell membrane when generating new cells. 

3. A number of therapies have attacked these points of reliance by cancer cells, but they also affect other 
tissues, so there is some toxicity that can occur from off target effects. 

Introduction
This review pulls together the literature on how fat related enzymes and fat, itself, affect cancer.
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How do cancer cells obtain fatty acids (fat molecules)?

Cells take up fatty acids (fat molecules) from the surrounding 
environment (extracellular fluid), or can generate their own fat 
molecules through de novo lipogenesis. Cancer cells have 
varying levels of 'lipidomic remodeling', which encompasses 
changes in fat uptake, fat synthesis, lipid droplet formation, and 
oxidizing/utilizing fats for ATP generation (cell energy). 

Fat uptake: Fat is taken up from the surrounding 
microenvironment (extracellular fluid) through transporters (Fatty 
Acid Transporter) that are embedded in the cell membrane, as 
well as binding proteins that interact with fats to carry them 
across the membrane. Some cancers have robust storage of 
fats in lipid droplets. 

Intriguingly, cancers that express high levels of fatty acid 
transporters (breast, prostate, ovarian cancers, for example) are 
often found in fat tissue. Studies using co-culture (plating cancer 
cells alongside adipocytes/fat cells) has led to discoveries of 
faster metastasis of fat cells. In these cultures, adipocytes 
underwent lipolysis (fat breakdown) that were secreted and 
increased fat molecule uptake by the cancer cells. 

In conditions of low oxygen, cancer cells upregulate their uptake 
of fats, but also reduce the conversion of saturated fats to 
unsaturated fats, as well as take up more phospholipids 
(another type of fat used in the cell membrane structure) to 
allow for cell division. Some of these phospholipids can be used 
as nutrient sources to maintain the cancer cell. 

These low oxygen changes can also occur in oxygen sufficient 
conditions when the protein Ras is active. 

On the other hand, cancer cells can generate their own fats. 

De novo lipogenesis (fat synthesis) occurs when cells take 
carbon atoms from carbohydrates (glucose) and proteins (amino 
acids) and convert them to fat molecules. In normal, non-
cancerous tissue, lipogenesis is limited to liver cells and fat 
cells; however, not so for cancerous tissue, wherein cancer cells 
can also generate fat molecules. Fat synthesis requires acetyl-
coa molecules in the cytosol, which can be synthesized from 
citrate and acetate molecules; of which, citrate is generated 
from glucose and glutamine, and acetate is taken from the 
surrounding environment. 

The fat generation is controlled by a protein, a transcription 
factor, known as Sterol Regulatory Element Binding Protein 
(SREBP), which binds the genes to read the genetic code for 
the production of the various fat synthesis proteins. 
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The Context Dependent Regulation of Lipid Metabolism: 
Convergence of Molecular Heterogeneity and Oncogenic 
Signaling

Some of cancer cell's metabolism is controlled by cancer 
related genes (oncogenes). For example, the elevated levels of 
a mutant KRAS protein leads to increased gene expression for 
the protein hexokinase, which is a key enzyme/protein in the 
glycolysis pathway (glucose metabolism). 

Gene surveys have suggested that having several fat synthesis 
enzymes highly expressed at once indicates a metabolic 
hallmark of cancer cells. However, there is variability between 
cancers. Certain cancer cells rely heavily on fat metabolism as 
opposed to glucose metabolism (certain prostate cancers). 

Different cancers, even within the same tissue, can have 
different behaviors in relation to how they respond to fats -
some will store more, others will oxidize more. For example, 
certain breast cancers that overexpress the protein Myc will 
also have greater expression of key mitochondrial genes like 
PGC1alpha (used for mitochondrial biogenesis), fatty acid 
synthase (fat genesis), and CPT proteins (necessary for most 
oxidation/breakdown of fats). This is also evidenced by 
inhibition of CPT1 decreases metastasis of cancers that have 
high levels of Myc, but not in cancers with low Myc expression.

Some cancers are highly dependent on fat metabolism, like 
cancers with elevated HER2 receptor expression (have three or 
more genes for HER2) have high degrees of fat synthesis 
(denovo lipogenesis), and eliminating HER2 or even eliminating 
denovo lipogenesis leads to stopping cancer growth and even 
cancer death (apoptosis). 

Many pathways lead through mTOR, but generally, mTOR 
activates mitochondrial biogenesis, as well lipogenesis. mTOR 
does much, much more, but the details are not conducive to a 
summary here. 

Overall, the researchers point out that it may be inaccurate to 
state that just because cancer cells may be focused on aerobic 
glycolysis (glucose metabolism), they are then bad at oxidative 
phosphorylation (typically, fat metabolism).

For example, Akt can activate NAD Kinase, which creates a 
precursor to fat synthesis (NADPH) - similarly, Glucose-6-
Phosphate can be used in the Pentose Phosphate Pathway to 
generate the same precursor molecule (NADPH). NADPH can 
also be used to detox cells of Reactive Oxygen Species (ROS) 
through Glutathione. 

Generally, Akt promotes lipid/fat synthesis and inhibits lipid 
breakdown/oxidation/utilization. Elevated insulin activates the 
insulin receptor on the surface of the cells and downstream the 
PI3 Kinase pathway (involving Akt), leading to increased fatty 
acid transporter proteins (CD36/FAT) to allow fatty acids into 
the cell. If the cells become insulin resistant, GLUT4 (which 
allows blood sugar into the cells) is inhibited from being placed 
on the cell membrane - this leads to reduced glycolysis (sugar 
metabolism) and increased fat oxidation (the opposite of the 
first sentence). Increases in fat uptake could lead to increased 
Diacylglycerol (DAG) synthesis, which activates the protein 
PKC, which phosphorylate the Insulin Receptor Substrate 
(IRS), inhibiting its function (thereby reducing insulin 
signaling/Akt). Signaling through lipids, however, could lead to 
activation of mTOR, which would also phosphorylate IRS, 
inhibiting it. Inhibiting PI3 Kinase/Akt signaling would shift lipid 
metabolism from generating lipids to lipid utilization/oxidation -
which could be advantageous for certain cancer metastasis. 
There are still several unknowns, however. 

Tumor lipid metabolism and lipid signaling has often been 
attributed to hyper active cancer related genes and genetic 
mutations and anomalies. Several lipogenic enzymes are 
expressed early on in tumor growth. It is believed, for example, 
that the enzyme Fatty Acid Synthase (enzyme that produces 
fats) has a cross talk with the estrogen receptor as inhibition of 
Fatty Acid Synthase (FASN) hypersensitizes estrogen receptor 
signaling through the MAPK pathway. FASN may be a key 
enzyme that modulates cancer's pro-tumorigenic or anti-growth 
effects of the estrogen receptor. For example, estrogen 
receptor promotes the expression of growth and invasion of 
cancer, like the protein Twist and MMPs, blocking FASN leads 
to nucleus accumulation of estrogen receptor targets p21 and 
p27, leading to stopping cell cycle progression (cell division) 
and leads to cytotoxic effects. 

Additionally, in the HER positive cancers (cancers that express 
the receptor HER), there is overlap with FASN. One example is 
that FASN generates saturated fats, and these saturated fats 
are found in the cell membrane, so the inhibition of FASN 
changes the fluidity of the membrane (ability to move, and 
flexibility), as well as changes the ability for the cell to generate 
lipid rafts (core sections of the cell membrane that anchor a 
series of proteins); all of this could reduce the amount of HER 
that localizes to the membrane, and could affect the 
dimerization with EGF Receptors, necessary for appropriate 
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that FASN generates saturated fats, and these saturated fats 
are found in the cell membrane, so the inhibition of FASN 
changes the fluidity of the membrane (ability to move, and 
flexibility), as well as changes the ability for the cell to generate 
lipid rafts (core sections of the cell membrane that anchor a 
series of proteins); all of this could reduce the amount of HER 
that localizes to the membrane, and could affect the 
dimerization with EGF Receptors, necessary for appropriate 
signaling within the cell. 
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Fatty Acids Support Tumorigenesis and Cancer Progression

Fatty acids (fat molecules) are necessary for cancer cells in that 
they need to generate cell membranes for when the cells divide, 
and supply energy during metabolic stress. 

Fatty acids are necessary for the cell membrane, and one 
advantage of generating more fats in cancer cells through 
denovo lipogenesis is through the production of more saturated 
and monounsaturated fats, which are more stable than 
polyunsaturated fats, because they contain fewer double bonds 
that are subject to oxidation (known as peroxidation). Cancer 
cells with higher degrees of saturated fats in the membranes are 
less prone to oxidative stress, like those produced by 
chemotherapeutic drugs. 

Cholesterol makes a difference on cancer progression, as well. 
Cholesterol reduces the fluidity of the cell membrane, making 
cancer cells less able to move and therefor metastasize; so, 
cancer cells will often increase their efflux of cholesterol. 
However, increased cholesterol can also be helpful in creating a 
rigid membrane that is tougher to penetrate with anti-cancer 
drugs. Cholesterol is also a key component of lipid rafts (a 
grouping of fats and proteins) that house receptors that would 
stimulate growth in the cancer cells. So, it may depend at what 
stage of cancer you are trying to inhibit cholesterol to make it 
difficult for cancer to progress. 

Fatty acids can also be used for signaling molecules 
(phosphatidylinositol - PIP) which can stimulate growth through 
intracellular signaling. Fatty acids, in different types, can also 
bind the exterior of the cell and cause autocrine and paracrine 
stimulation (through GPC Receptors) of growth. 

One example of this autocrine and paracrine action is through 
omega-6 fats that serve as the template fats for the production of 
prostaglandins. These prostaglandins are generated from COX 
proteins/enzymes and are pro-tumorigenic as they bind the 
GPCRs and activate PI3Kinase and activate ERK signling within 
the cell, stimulating proliferation and cancer migration. In certain 
cancers, it can stimulate MMP expression and cancer invasion. 
COX enzymes are also stimulated to be expressed in low oxygen 
environments to generate prostaglandins to stimulate 
angiogenesis through VEGF and chemokines. 

Also, prostaglandins promote immune evasion by stopping the 
co-stimulation of CD8 T Cells by binding ICAM receptors on 
tumor cells. Also, dendritic cell accumulation/grouping is 
necessary for an anti-tumor response of natural killer cells to 
infiltrate the tumor, but prostaglandins inhibit the production of 
the necessary chemokines to attract these cells. 
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Therapeutically Exploiting Fatty Acid Metabolism in Cancer

Because fats are so involved in cancer progression, researchers are trying to find ways of 
targeting fat metabolism enzymes, like FASN (fatty acid synthase) and lipid uptake proteins, but 
there is also interest in nutrition strategies that could help. 

Therapies for fatty acid synthase (FASN) have been based on inhibiting FASN, but the 
translation from the laboratory to actual therapy in humans has proved difficult. Initial studies 
showed great promise in reducing tumor growth and promoting cell division stoppage. It also 
made cancer cells more prone to reactive oxygen species (oxidative stress). Unfortunately, 
applied to humans, it causes anorexia and significant weight loss. 

These inhibitors affect CPT1, stimulating its activity, thereby stimulating beta-oxidation and 
indirectly reducing FASN activity (because beta-oxidation is anti-thetic to FASN activation). 
However, new inhibitors show less systemic toxicity, because they affect FASN directly, not 
through activation of CPT1. 

It is also possible to target upstream enzymes of FASN that generate the molecules necessary to 
generate new fats (the function of FASN). ACLY (ATP-Citrate Lyase) enzyme generates acetyl 
CoA, the main substrate of lipogenesis (fat production) - so some drugs have been used to 
reduce ACLY activation. This method seems most effective in glycolytic focused cancers that 
generate significant citrate (the reactant/pre-cursor molecule to acetyl CoA production. 

Another method is to activate AMPK, which can desensitize androgen receptors (growth 
receptors), as well as promote beta-oxidation. However, in many cancers, the AMPK activating 
enzyme, LKB1, is mutated, so the drug would need to activate AMPK fully, by itself. One such 
drug is metformin that promotes the activation of AMPK. However, in some cancers, AMPK can 
activate cancer cell migration, so it is important to characterize the molecular workings of the 
tumor before trying to modulate AMPK activity. 

Another strategy is to inhibit the desaturation enzymes that convert saturated fats into 
monounsaturated fats, which can be used to produce other versions of lipids essential for cell 
membrane generation. 

Nutritionally, it has been shown that certain drugs are more effective on a low carbohydrate, 
ketogenic diet. Since cancer cells can only get omega-3 and omega-6 fats from the diet, it is 
tempting to think nutrition could affect cancer growth. Omega-3s are associated with anti-
inflammatory properties, because they bind COX enzymes, changing prostaglandin type 
production. Otherwise, Omega-6s tend to be pro-inflammatory - a recommended intake of 1:1, 
while the western diet is 15:1 (omega-6 : omega-3). However, over consumption of omega-3s 
seems to also have negative effects, like immunosuppression. 

   Study 40 Page 11    



   Study 40 Page 12    



   Study 40 Page 13    



   Study 40 Page 14    



   Study 40 Page 15    



   Study 40 Page 16    


