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Abstract  15 
 16 
Nutrient supply and demand delineate cell behaviour in health and disease. 17 
Mammalian cells have developed multiple strategies to secure the necessary nutrients 18 
that fuel their metabolic needs. This is more evident upon disruption of homeostasis 19 
in conditions such as cancer, when cells leave their quiescent state and display high 20 
proliferation rates in energetically challenging conditions where nutritional sources 21 
may be scarce. Here we summarise the main routes of nutrient acquisition that fuel 22 
mammalian cells and their implications in tumorigenesis. We argue that understanding 23 
the molecular mechanisms of nutrient acquisition and how they tip the balance 24 
between nutrient supply and demand, determine cell behaviour upon nutrient limitation 25 
and energetic stress, and contribute to nutrient partitioning and metabolic coordination 26 
between different cell types in inflamed or tumorigenic environments. 27 
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 33 
 34 
Introduction 35 
 36 
Membrane compartmentalisation was pivotal not only for the generation and function 37 
of primitive living cells but also for formation of more complex, multicellular organisms. 38 
Vesicular compartments ensured physical proximity of molecules and insulation from 39 
the surrounding environment offering thermodynamic stability to reactions that 40 
enabled growth, division, evolution and differentiation. However, membrane 41 
compartmentalisation imposed significant burdens to living cells; membranes of 42 
protocells were impermeable to most nutrients (Mansy, 2010). This starting point 43 
suggests an evolutionary journey where both cellular metabolism and membrane 44 
composition increased their complexity in parallel. As a result, nutrient import 45 
mechanisms became more elaborate enabling the use of a variety of new nutrients. 46 
Cells that were able to exploit new nutrient sources were also more fit to evolve. 47 
Therefore, in terms of biology, it seems that the cellular evolution of tools to acquire 48 
nutrients created supply, which then fostered the origination of metabolic demands. 49 

This is more evident in scenarios where cells lose their supply/demand equilibrium, 50 
such as upon malignancy, where excess growth, deregulated blood supply, an 51 
inflamed microenvironment and metastatic dissemination pose important challenges 52 
to cellular metabolism. Over the past decade, extensive research has not only 53 
revealed the remarkable ability of cancer cells to reprogram their metabolism upon 54 
genetic transformation, exploiting a variety of nutrient sources, but also highlighted the 55 
importance of different metabolic networks to sustain many of the hallmarks of cancer.  56 
 57 
A plethora of molecules can feed into cellular metabolic networks to provide energy 58 
and biomass to sustain proliferation and biosynthesis. These include, but are not 59 
limited to, sugars, fatty acids, amino acids, nucleotides, proteins, ions, electrolytes and 60 
vitamins. While cells can synthesize some of the aforementioned nutrients de novo, 61 
they often rely on their extracellular supply to cover their metabolic requirements, 62 
especially in conditions of excess growth due to malignant transformation. 63 
 64 



Sugars, fatty acids and amino acids are primary units that either serve as basic blocks 65 
for synthesis of more complex macromolecules or directly enter central carbon 66 
metabolism to fuel cellular energetics (Figure 1). Increased glucose consumption is a 67 
hallmark of highly proliferating cells and one of the first reported major metabolic 68 
phenotype of tumours (Warburg et al., 1927). Certain lipids, such as cholesterol, can 69 
be taken up from the microenvironment or be synthesized de novo. To reduce the high 70 
ATP and oxygen consumption required for de novo cholesterol synthesis, several 71 
tumours depend on exogenous cholesterol import, with cholesterol transporters 72 
appearing elevated in breast cancer and glioblastoma (Gallagher et al., 2017; Villa et 73 
al., 2016). Amino acids support cell proliferation not only as units during protein 74 
synthesis, but also by being involved in the biosynthesis of nucleotides, glutathione 75 
and polyamines. 76 
 77 
In this review, we aim to highlight the main mechanisms that cells have evolved to 78 
acquire nutrients from their surrounding environment (Figure 2), how these relate to 79 
cellular phenotypes and in particular how they are implicated in cancer.  80 
 81 
Plasma membrane – a thermodynamic barrier 82 
 83 
Lipid bilayer membranes contain primarily diacyl lipids (e.g. glycerophospholipids, 84 
sphingolipids and glycolipids) as well as non-lipid components, which altogether 85 
generate an approximately 3-nm thick hydrophobic barrier (Mansy, 2010). Crossing 86 
the hydrophobic interior of the membrane is an energetically unfavourable process for 87 
most nutrients. Different permeability mechanisms have been developed, varying from 88 
simple diffusion of small, neutral molecules to more elaborate methods of transport 89 
through complex protein channels or carriers that reduce the energetic cost of 90 
transport. In principle, membrane permeability decreases with increasing molecular 91 
size of the transported molecule and diffusion rates depend on the solute’s 92 
hydrophobicity, which is the ability to partition into the lipid-rich, hydrophobic, interior 93 
of the membrane (Mansy, 2010). Small, neutral molecules such as water and carbon 94 
dioxide are able to diffuse through lipid bilayers without the need of transporter 95 
function. Changes in membrane lipid dynamics can also actively transport small ionic 96 
molecules by transient alterations in membrane porosity. However, current evidence 97 
suggest that membranes are impermeable to larger, polar nutrients, such as sugars 98 



or amino acids. Their transport is achieved through more complex systems, which 99 
essentially decrease the energy barrier which would be created by polar side-chain 100 
interactions between membrane and solute molecules. Therefore, the energetic 101 
barrier of the plasma membrane can be offset and pushed towards nutrient import 102 
through active mechanisms coupled to energy exchange, secondary-active 103 
mechanisms involving transporter proteins as well as passive interactions through 104 
channel proteins.  105 
 106 
Mammalian cells require the capacity to use a range of different nutrients depending 107 
on availability and cellular phenotype especially in pathological conditions such as 108 
tumorigenesis or inflammation. They also need to maintain a certain rate of import to 109 
sustain their metabolic homeostasis to cope with biosynthetic and proliferation stress 110 
upon such conditions. Therefore, it is not surprising that a large part of the mammalian 111 
cell genome is dedicated to genes involved in nutrient transport. Cells have also 112 
developed several nutrient sensors that signal upon presence or deprivation of nutrient 113 
to influence cellular behaviour and metabolic requirements (BOX 1). The next chapters 114 
will describe the main mechanisms of nutrient uptake and their implications in 115 
malignancy. 116 
 117 
(A) Active membrane transport – The ABC superfamily physiology 118 
 119 
A major class of transporters are the ATP-binding cassette (ABC) transporter 120 
superfamily. They are coupled to ATP binding and hydrolysis to fuel the transport of a 121 
wide range of soluble molecules from ions to macromolecules (Kabra and Singh, 122 
2021). All organisms encode for members of the ABC family. However, while 123 
prokaryotic organisms use ABC transporters both for import and export roles and are 124 
the main drivers of essential nutrients such as amino acids, sugars and metals, in 125 
eukaryotic organisms they are limited to the export of molecules from lipid bilayers 126 
(Rees et al., 2009). In humans, members of the ABC family are involved in export of 127 
lipids, fatty acids and cholesterol from cells. They are also important for the ATP-128 
dependent regulation of ion channels and mitochondrial iron homeostasis. ABC 129 
transporters generally consist of four main domains; two transmembrane domains and 130 
two ABC domains located in the cytoplasm. Typically, through the cycles of ATP 131 
binding, hydrolysis and dissociation, the two ABC domains switch from a closed 132 



juxtaposition that traps ATP to an open ATP-free conformation. These conformational 133 
changes in the ABC domains drive position changes in the transmembrane domains 134 
that direct the translocation of the substrate. ABC transporters have been involved in 135 
resistance to cytotoxic drugs and several chemotherapeutics (Beis, 2015).  136 
 137 
Other types of active, ATP-dependent transport mechanisms involve rotary motors 138 
such as F-, A- and V-type ATPases as well as the P-type ATPases, which transport 139 
mainly protons or metal irons across membranes (Kabra and Singh, 2021). Rotary 140 
motors are molecular ATPases involved in processes where ATP is synthesised or 141 
hydrolysed. In order to perform their function, they typically rotate around an axis, 142 
coupling mechanical and chemical energy. F-type ATPases are primarily found in the 143 
inner mitochondrial membrane where they are central for generating ATP as the end 144 
result of OXPHOS. V-type ATPases mainly use ATP hydrolysis to pump cations 145 
across membranes establishing electrochemical gradients and are mainly found in 146 
intracellular compartments such as the lysosomes where they are involved in their 147 
acidification and pH regulation. They can also be localised to the plasma membrane 148 
contributing to the import of ions across membranes by generating electrochemical 149 
potential gradients (Stewart et al., 2014). ATP hydrolysis induces major conformational 150 
changes to P-type ATPases. P-type ATPases transport a variety of ions and lipids 151 
across cell membranes against a concentration gradient based on energy produced 152 
by ATP hydrolysis (Bublitz et al., 2011).   153 
 154 
ABC transporters in tumorigenesis 155 
 156 
While in mammalian cells, ABC transporters are principally involved in efflux of 157 
macromolecules rather than nutrient acquisition, it is worth mentioning briefly that they 158 
have major implications in cancer research and therapy and especially multi-drug 159 
resistance (Gottesman et al., 2002). ABC transporters, such as ABCB1 (ATP binding 160 
cassette subfamily B member 1; also known as MDR1), are ATP-dependent efflux 161 
pumps that mediate the export of various chemotherapeutic compounds from cells 162 
(Fletcher et al., 2016). Apart from their involvement in drug efflux and 163 
chemotherapeutic failure, the expression of several ABC transporters has been 164 
correlated to disease progression and aggressiveness. Specifically, ABCC1 levels 165 
correlated with tumour size and vasculature infiltration in untreated primary 166 



hepatocellular carcinoma as well as in breast carcinoma patients (Filipits et al., 1996; 167 
Vander Borght et al., 2008; Zochbauer-Muller et al., 2001). These studies suggest that 168 
ABC transporters could potentially regulate the efflux of important molecules for 169 
tumour progression. While several substrates have been reported to be ABC 170 
transporter substrates, including prostaglandin, cyclic nucleotides and cholesterol 171 
metabolites (Fletcher et al., 2016), mechanistic studies are needed to elucidate the 172 
contributions of ABC transporters to cancer progression, independently from 173 
chemotherapeutic efflux. 174 
 175 
Rotary motor ATPases are also implicated in tumorigenesis, with increasing evidence 176 
suggesting that ion efflux from the plasma membrane supports cancer cell proliferation 177 
and drug resistance. V-ATPases have been demonstrated to cause acidification in the 178 
tumour microenvironment through proton extrusion. Inversion of the 179 
intracellular/extracellular pH gradient has been observed in several tumours. 180 
Establishment of an aberrant pH gradient with alkaline cytoplasm and acidic 181 
extracellular environment has been suggested to induce increased release and activity 182 
of proteolytic enzymes in the extracellular milieu and subsequent remodelling of the 183 
extracellular space favouring cancer cell invasion and dissemination (Fais et al., 184 
2007). V-ATPases localise in the plasma membrane in numerous tumour types and 185 
V-ATPase inhibitors induced apoptosis in several cancer cell lines perhaps by blocking 186 
proton extrusion (Collins and Forgac, 2020). Regulation of calcium homeostasis 187 
appears to also be important in tumorigenesis. Ca2+ ATPases are P-type pumps that 188 
mediate calcium efflux from the plasma membrane and are aberrantly expressed in 189 
cancer and have been correlated with increased survival, proliferation and resistance 190 
to chemotherapeutics (Dang and Rao, 2016; Peters et al., 2016). Considering the 191 
increased calcification in the tumour microenvironment (Vanna et al., 2020), 192 
understanding the implications of calcium homeostasis deregulation during tumour 193 
progression is worthy of further investigation. Nevertheless, even small alterations in 194 
the balance of ion gradients could have a large impact on cell behaviour during 195 
malignancy. 196 
 197 
(B) Secondary Active and Facilitative membrane transport - The SLC 198 
superfamily 199 
 200 



Eukaryotic cells evolved ATP-independent mechanisms of transport reducing the 201 
energetic cost and increasing the efficiency of nutrient uptake. These secondary active 202 
transport mechanisms depend mainly on establishment of electrochemical gradients 203 
of ions such as Na+, K+, H+ and Ca2+. Transport of nutrients is mediated by proteins 204 
known as Solute Carrier proteins (SLCs) and is one of the largest family of membrane 205 
transport proteins with more that 400 reported members. SLCs transport a wide range 206 
of molecules, including sugars, amino acids, vitamins, nucleotides, metals, inorganic 207 
and organic ions, oligopeptides as well as many therapeutic drugs. SLC proteins vary 208 
in substrate specificity, with some transporting a wide range of molecules while others 209 
are specific to one class of substrates. However, for many of the SLC members, the 210 
substrates still remain unknown. Typically, SLCs are composed of 7-12 211 
transmembrane α-helices connected to each other with hydrophilic intracellular and 212 
extracellular loops. However, there are also major structural variations between 213 
members of the SLC superfamily, that differ on the number of transmembrane 214 
domains, their three-dimensional fold and their posttranslational modifications. Our 215 
overall understanding of this family has also been impeded by the difficulty to purify, 216 
model and characterise these transmembrane proteins (Bai et al., 2017; Colas et al., 217 
2016; Kandasamy et al., 2018).  218 
 219 

x Classification systems of the SLC superfamily 220 
 221 
Different classification systems have been proposed for the members of the SLC 222 
superfamily based either on sequence or substrate homologies (Table 1). Based on 223 
their structural protein folding, SLCs have also been classified into several different 224 
groups (Bai et al., 2017; Kandasamy et al., 2018) (Figure 3). Furthermore, Halvor N. 225 
Christensen had classified amino acid transporters based on substrate specificity and 226 
transport mechanisms in different systems, including system A, N, ASC, B, L, T, X-c 227 
and y+ (Christensen, 1990). The acronyms of this classification indicate the substrate 228 
specificity of each class. Uppercase letters in most cases mean Na+-dependent 229 
transport with the exception of system L, system T and the proton-coupled amino acid 230 
transporters. ‘X’ is used to indicate transporters for anionic amino acids, while ‘Y’ is 231 
used for cationic amino acids and ‘B’ for neutral amino acids. Transporters of System 232 
T suggests aromatic amino acid transport, system L leucine and ASC for alanine, 233 
serine and cysteine transport. System N transports amino acids with nitrogen atoms 234 



on their side chain. It is worth noting that this classification system is based only on 235 
reported transport function which was originally obtained from physiological 236 
measurements on cells, tissues or organs and the use of tools such as competitive 237 
inhibition using chemical analogue compounds, such as the synthetic system A 238 
substrate α-(methylamino)isobutyric acid (MeAIB) and 2-(-)-endoamino-239 
bicycloheptane-2-carboxylic acid (BCH) or Na+ replacement by choline. However, it 240 
should be used with caution, especially considering that the substrates for many SLCs 241 
are not fully identified yet. 242 
 243 

x Mechanisms of SLC-dependent transport  244 
 245 
SLC members mediate transport either by secondary active transport or by facilitative 246 
transport. Secondary active transport of a substrate is typically coupled to another 247 
substrate. One substrate follows its electrochemical gradient providing free energy to 248 
the transporter to transport another substrate into an energetically unfavourable 249 
direction. Facilitative transport involves a substrate that is passively moving through 250 
the transporter towards the thermodynamically favourable direction. 251 
 252 
SLC proteins can display functional properties from different transport systems or can 253 
show remarkable ambiguity and transport different types of nutrients. On the other 254 
hand, different SLC transport systems could be employed to transport the same 255 
nutrient based on tissue type or microenvironment composition. Elucidating the 256 
regulatory cues and mechanisms of nutrient transport would therefore be beneficial 257 
for many aspects of human pathophysiology.  258 
 259 

x SLC family transporters in physiology 260 
 261 

1. Transport of sugars 262 

Glucose as well as other hexose molecules cross the plasma membrane either 263 
through facilitated transport via a glucose transporter or with active transport coupled 264 
to a sodium-glucose transporter. In the cytoplasm, glucose is phosphorylated by 265 
hexokinase to generate glucose-6-phosphate. This biochemical reaction prevents 266 
efflux of glucose molecules and facilitates catabolism via glycolysis as well as entry of 267 



glucose derived sugars to other pathways that either support the cellular energetic 268 
requirements or contribute to biosynthetic processes. Specifically, glucose is 269 
catabolised to pyruvate which can either enter the mitochondria and fuel the TCA cycle 270 
and oxidative phosphorylation, or be converted to lactate, with important 271 
consequences for intracellular pH levels. In addition, glucose can also be directed to 272 
other metabolic pathways, such as the pentose phosphate pathway that is important 273 
for the supply of NADPH and ribose-5-phosphate. The former is an important molecule 274 
in antioxidant mechanisms while the latter forms the sugar base for nucleotide 275 
synthesis. Glucose can also be directed into pathways for serine, glycine synthesis, 276 
phosphoglycerol production and protein glycosylation.  277 
 278 
Members of the SLC2 and SLC5 families of transporters have been reported to drive 279 
transport of sugar molecules. The SLC2 family has been linked to a wide variety of 280 
substrates including monosaccharides and polyols, while SLC5 members have been 281 
linked to the transport of sugars such as mannose and galactose, anions, vitamins 282 
and short-chain fatty acids and depend on Na+ gradients. However, the most well-283 
characterised substrate of these families is glucose. SLC2A1 (GLUT1) is perhaps the 284 
most well-studied glucose transporter but it has also been reported to transport 285 
mannose, galactose and glucosamine (Pizzagalli et al., 2020; Zambrano et al., 2019).  286 

2. Transport of Amino acids 287 
 288 
Amino acids are divided in two groups based on the ability of mammalian cells to 289 
synthesize them de novo; essential and non-essential. Essential amino acids cannot 290 
be synthesised by mammalian cells and include phenylalanine, valine, threonine, 291 
tryptophan, methionine, leucine, isoleucine, lysine and histidine. Non-essential include 292 
arginine, cysteine, glycine, glutamine, proline, tyrosine, alanine, aspartate, 293 
asparagine, glutamate and serine. In many cases however, cells are not able to 294 
synthesise certain amino acids mainly due to the lack of expression of the necessary 295 
biosynthetic enzymes and therefore some cells have to depend on external supply. 296 
 297 
Glutamine is the second most used nutrient of highly proliferating cells as it 298 
replenishes TCA cycle intermediates and often tumour cells rely on glutamine uptake 299 
and metabolism for their survival (Kodama et al., 2020; Tardito et al., 2015). Cysteine 300 



and glycine, together with serine (a precursor for both glycine and cysteine synthesis), 301 
are critical for antioxidant responses through glutathione (GSH) production. While 302 
serine can be synthesized de novo from 3-phosphoglycerate, a route that is enriched 303 
in some cancer cells due to phosphoglycerate dehydrogenase (PHGDH) 304 
overexpression (Locasale et al., 2011; Possemato et al., 2011), other cancer cells rely 305 
on exogenous serine for their proliferation needs (Maddocks et al., 2013; Maddocks 306 
et al., 2017). Serine as well as glycine are major donors of one carbon units and 307 
precursors for metabolic co-factors, nucleotides, lipids, polyamines and methyl donors 308 
for methylation of DNA and RNA. Branched chain amino acids (BCAAs) leucine, 309 
isoleucine and valine can be used for protein synthesis or they can be converted to 310 
acetyl-coA (leucine, isoleucine) or succinyl-coA (valine) and enter the TCA cycle for 311 
oxidative ATP generation. Elevated serum BCAA levels have been correlated with 312 
development of pancreatic cancer (Mayers et al., 2014). 313 
 314 
Members of the SLC family are the main drivers of amino acid transport in mammalian 315 
cells. As mentioned earlier, a variety of transport mechanisms are employed to 316 
transport amino acids into the cell. In principle, the concentration of amino acids is 317 
higher within the cell than the extracellular fluid. Many SLCs function as co-318 
transporters or antiporters of different amino acids, meaning the extracellular presence 319 
of certain amino acids could be limiting for the transport of other amino acids.  Some 320 
transporters are coupled to Na+ influx through the plasma membrane Na+/K+-ATPase 321 
to catalyse amino acid uptake against their concentration gradient, while other 322 
transporter systems are coupled to K+, H+ and OH- ions (Figure 4). Uptake of a 323 
particular amino acid may occur through different transport systems based on cell or 324 
tissue type. Some transport systems, for instance system L, operate as amino acid 325 
exchangers, where they couple the uptake of an essential branched-chain amino acid 326 
to the efflux of cytoplasmic amino acids, thus maintaining total amino acid balance in 327 
both sides of the membrane (Meier et al., 2002). SLCs therefore have also been 328 
characterised as ‘loaders’ which primarily import amino acids into the cytoplasm, as 329 
‘harmonisers’ for transporters that exchange one amino acid for another and display 330 
overlapping substrates with loaders and ‘rescue transporters’ which upon depletion of 331 
a certain amino acid are upregulated to import more amino acids (Broer and Broer, 332 
2017).  333 
 334 



The importance of SLCs for human physiology is highlighted by the fact that mutations 335 
in SLC encoding genes are directly associated with several diseases including 336 
Cystinuria (SLC7A9, SLC3A1), Citrullinemia (SLC25A13), Iminoglycinuria 337 
(SLC36A2/SLC36A1), Hartnup disease (SLC6A19) and Dicarboxylic aminoaciduria 338 
(SLC1A1) (Kandasamy et al., 2018). Considering the importance of amino acid uptake 339 
by cancer cells, amino acid transporters are starting to gain interest in cancer research 340 
and important insights into their role in tumorigenesis have emerged. For the purposes 341 
of this review we will summarise certain amino acid transporter classes that emerge 342 
as important players in tumorigenesis. 343 
 344 

3. Transport of Nucleosides and Vitamins 345 
 346 
Vitamins like ascorbic acid, thiamine and folates are also transported by members of 347 
the SLC superfamily. Folates are water soluble members of the B class of vitamins 348 
and the main SLC families implicated in folate transport are SLC19 and SLC46. The 349 
SLC23 family of transporters contains members implicated in transport of ascorbic 350 
acid (Vitamin C) (Pizzagalli et al., 2020). Nucleosides, the nucleotide precursors are 351 
important for nucleic acid synthesis and cellular metabolism. Due to their hydrophilic 352 
nature, they rely on transport systems to cross lipid bilayers (Wright and Lee, 2021). 353 
Two SLC families are typically involved in transport of nucleosides; the SLC28 family 354 
functions in a sodium-dependent, concentrative way and the SLC29 family which 355 
includes sodium-independent, equilibrative nucleoside transporters (Young et al., 356 
2013). Both these families are also involved in the transport of nucleoside analogue 357 
drugs. 358 
 359 

4. Transport of Fatty Acids 360 
 361 
Fatty acids are a source of energy and the main units of several lipid species including 362 
phospholipids, sphingolipids and triglycerides and they are the main building blocks of 363 
cellular membranes (Rohrig and Schulze, 2016). They are composed of a carboxylic 364 
acid group and a hydrocarbon chain which varies in terms of number of carbons and 365 
degrees of desaturation. Typically, they are stored in the cytoplasm in a droplet form 366 
of triacylglycerol molecules, which contain three fatty acid chains joined to a glycerol 367 
molecule. The fatty acid chains can be released from triacylglycerols and get broken 368 



down into two-carbon units that can enter several energy-producing metabolic 369 
pathways. Fatty acids can be sourced directly from the surrounding microenvironment 370 
or be synthesized de novo by using sugars such as glucose or the amino acid 371 
glutamine. Increased de novo fatty acid synthesis can be channelled to triglycerides 372 
for energy storage or phospholipids for membrane generation. Fatty acid oxidation to 373 
release energy is compartmentalised in mitochondria and produces acetyl-CoA, 374 
NADH and FADH2, ensuring ATP production (Koundouros and Poulogiannis, 2020; 375 
Rohrig and Schulze, 2016). 376 
 377 

x SLC family transporters in tumorigenesis 378 
 379 

1. Glucose transport 380 

Considering the importance of glucose uptake for the support of neoplastic growth, it 381 
is not surprising that many genes involved in glucose uptake are often upregulated in 382 
tumours. BCR-Abl positive B-cell acute lymphoblastic leukaemia cells (B-ALL) have 383 
shown increased dependence on glucose uptake expressing multiple glucose 384 
transporters and prominently GLUT1. GLUT1 deletion resulted in a partial loss of 385 
glucose uptake that was sufficient to reduce proliferation, induce apoptosis and 386 
sensitise them to the conventional chemotherapeutic Dasatinib (Liu et al., 2014). 387 
GLUT1 expression was also evidenced to be sufficient for glucose uptake to support 388 
proliferation in tumours and cell lines isolated from the MMTV-c-ErbB2 mammary 389 
tumour mouse model supporting proliferation (Young et al., 2011) and to support 390 
metastases formed in a syngeneic hepatic metastasis mouse model by B16 melanoma 391 
cells (Koch et al., 2015). GLUT1 was also evidenced to be influenced by intracellular 392 
signalling pathways including protein kinase C (PKC) (Lee et al., 2015). Genetic 393 
silencing or pharmacological inhibition of GLUT1 reduced the growth of a subset of 394 
triple negative breast cancer (TNBC) tumours which were expressing retinoblastoma 395 
tumour suppressor RB1 and were displaying increased glycolytic rates (Wu et al., 396 
2020). Moreover, the phosphatidyl-inositol 3-kinase (PI3K) - Akt signalling axis has 397 
been shown to increase GLUT1 expression and trafficking to the cell membrane in an 398 
interleukin-3 dependent manner (Wieman et al., 2007). The tumour suppressor PTEN, 399 
a negative regulator of PI3K signalling, has been demonstrated to negatively influence 400 
GLUT1 trafficking to the plasma membrane by impairing the formation of a functional 401 



retromer complex (Shinde and Maddika, 2017). The thioredoxin-interacting protein 402 
(TXNIP) has been shown to negatively regulate localisation of GLUT1 to the plasma 403 
membrane and increased TXNIP expression can suppress glucose metabolism (Wu 404 
et al., 2013). PI3K/Akt signalling activation downregulated TXNIP expression in 405 
various cell line models allowing GLUT1 plasma membrane localisation and glucose 406 
metabolism (Hong et al., 2016). Inhibiting PI3K and mTOR signalling abolished GLUT1 407 
plasma membrane localisation and aerobic glycolysis in lung adenocarcinoma cell 408 
lines with activating epidermal growth factor receptor (EGFR) mutations (Makinoshima 409 
et al., 2015). 410 

In addition to GLUT1, SLC2A3 (GLUT3) is important for glucose uptake in neuronal 411 
tissues and glioblastoma (Flavahan et al., 2013), but also in colorectal (Ha et al., 2012) 412 
and breast cancer cell lines (Meneses et al., 2008). Using glioblastoma cell lines and 413 
patient-derived stem cells, it has been shown that a certain subset of glioblastoma 414 
have aberrant integrin αvβ3 activity that enhanced GLUT3 expression through a PAK4-415 
YAP/TAZ signaling axis (Cosset et al., 2017).  GLUT3 has also been implicated in 416 
TNBC where it correlated with epithelial-to-mesenchymal transition (EMT), metastatic 417 
dissemination and inflammation. Specifically, GLUT3 upregulation in TNBC enhanced 418 
inflammation in the tumour microenvironment and activation of tumour associated 419 
macrophages, through lactate secretion and expression of inflammatory cytokines and 420 
prominently by the C-X-C Motif Chemokine Ligand 8 (CXCL8). GLUT3-dependent 421 
inflammation enhanced cell motility and increased GLUT3 expression correlated with 422 
increased metastasis in TNBC (Tsai et al., 2021). In a KrasLSL-G12D/WT;Trp53Flox/Flox 423 
genetically engineered mouse model of lung adenocarcinoma, both GLUT1 and 424 
GLUT3 appeared highly expressed and able to drive glucose uptake. Deletion of either 425 
GLUT1 or GLUT3 did not impair tumour growth. However, double GLUT1/GLUT3 loss 426 
reduced tumour growth and glucose uptake, suggesting the importance of 427 
compensation in the uptake of nutrients by cancer cells and the emergence of such 428 
combinatorial approaches as promising therapeutic strategies in the future (Contat et 429 
al., 2020). 430 

SLC5 family transporters of glucose were found to be upregulated in pancreatic and 431 
prostate adenocarcinomas increasing uptake of the glucose analogue α-methyl-4-432 
deoxy-4-[(18)F]fluoro-D-glucopyranoside (Me4FDG) (Scafoglio et al., 2015). SGLT1 433 



(Sodium/glucose cotransporter 1, SLC5A1) correlated with increased growth of TNBC 434 
cell lines or mammary fat pad xenografts, while SGLT1 knockdown impaired growth 435 
of in vitro and in vivo TNBC models, while it reduced EGFR phosphorylation and 436 
downstream activity (Liu et al., 2019). Considering the development of SGLT2, SGLT1 437 
as well as dual SGLT2/SGLT1 inhibitors for the treatment of diabetes, cardiovascular 438 
disease (Cowie and Fisher, 2020) and cancer (Nasiri et al., 2019), it would be 439 
important to elucidate the exact mechanisms of action of these sodium-dependent 440 
glucose transporters, the degrees of compensation between the different glucose 441 
transporter families as well as identifying the implications of targeting a major nutrient 442 
source in the metabolic homeostasis of tumours. 443 
 444 

2. Lactate transport 445 

Highly glycolytic cells are characterised by increased lactate production. Lactate was 446 
classically considered as a waste by-product of glycolysis that cells had to release 447 
from the cytoplasm to the extracellular space to avoid acidification. Recently however 448 
a series of studies shifted this dogma and lactate uptake in cancer cells emerges as 449 
an important player in cancer metabolism. Human cervix squamous carcinoma cell 450 
lines appeared to uptake lactate to fuel oxidative metabolism through 451 
monocarboxylate transporter 1 (MCT1; SLC16A1). Inhibiting or downregulation of 452 
MCT1 reduced respiratory activity and enhanced aerobic glycolysis in these cells as 453 
well as mouse xenografts of lung and colorectal adenocarcinoma cell lines (Sonveaux 454 
et al., 2008). Two seminal studies have confirmed that lactate is an important carbon 455 
source for the TCA cycle. Infusion of non-small-cell lung carcinoma (NSCLC) patients 456 
with 13C-lactate demonstrated increased labelling of TCA metabolites over 3-457 
phosphoglycerate pool labelling. In the same study, MCT1 deletion in tumour cells 458 
reduced lactate-dependent metabolite labelling in subcutaneous and orthotopic 459 
NSCLC xenografts and lactate-derived carbon contribution to TCA cycle intermediates 460 
seemed to predominate over carbons derived from glucose (Faubert et al., 2017). 461 
Infusion of 13C-labelled nutrients and systemic metabolism monitoring in mice, 462 
revealed that lactate has the highest circulatory turnover flux among all metabolites 463 
studied and can be a carbon source for the TCA cycle in all tissues. Strikingly the 464 
contribution of circulating lactate to TCA intermediates exceeded that of glucose in 465 
mice with genetically engineered KrasLSL-G12D/+; Trp53flox/flox pancreatic or KrasLSL-466 



G12D/+; Stk11flox/flox lung cancer tumours (Hui et al., 2017). Circulating lactate and MCT1 467 
transporter expression correlated with increased metastatic potential in patient-468 
derived xenografts of melanoma cells. MCT1 inhibition reduced lactate uptake and 469 
decreased metastatic capacity in these tumours and increased oxidative stress due to 470 
lactate import/export imbalance (Tasdogan et al., 2020). Apart from MCT1, MCT4 471 
(SLC16A3) has also been involved in bidirectional lactate transport (Petersen et al., 472 
2017). MCT4 seems to be upregulated in tumours supporting cancer cell survival 473 
(Baenke et al., 2015; Kim et al., 2018a). Therefore, understanding the economics of 474 
lactate export and import and how cancer cells respond to alterations in intracellular 475 
over extracellular lactate ratio are worthy of further investigation.  476 

 477 
3. Glutamine transport 478 
 479 

Many cancer cells are auxotrophic for glutamine, an amino acid that can participate in 480 
anaplerotic reactions to replenish intermediates for the TCA cycle. Many SLC 481 
members have been implicated in glutamine transport including SLC1A5, SLC6A14, 482 
SLC6A19, SLC7A5, SLC7A8, SLC38A1, SLC38A2, SLC38A3, SLC38A4 and 483 
SLC38A5 (Kandasamy et al., 2018). Among them, one of the most studied is SLC1A5 484 
or ASCT2, a member of the Alanine/Serine/Cysteine (ASC) family. It is a Na+-485 
dependent transporter of neutral and acidic amino acids and is highly homologous with 486 
SLC1A4 (ASCT1). Both ASCT1 and ASCT2 are also involved in the transport of many 487 
other amino acids including (but not limited to) alanine, serine, cysteine, threonine, 488 
asparagine, methionine, glycine and leucine, with glutamine however appearing 489 
specific for ASCT2. This selectivity has been attributed to two amino-acid residues in 490 
the substrate-binding site of ASCT2. Mutations in these residues were sufficient to 491 
abolish glutamine transport by ASCT2, while introduction of these amino acid residues 492 
in the substrate-binding site of ASCT1 enabled glutamine transport as measured by 493 
uptake of radiolabelled glutamine in oocytes (Scopelliti et al., 2018). Depletion of 494 
ASCT2 in osteosarcoma and TNBC cell lines resulted in partially reduced growth only 495 
upon low levels of glutamine in the media and osteosarcoma cells appeared to 496 
compensate by upregulating SLC38A1 and SLC38A2 (Broer et al., 2019). 497 

SLC7A5 or L-Type Amino acid Transporter 1 (LAT1) is another glutamine transporter 498 
that is often upregulated in cancer and has been suggested to work in parallel with 499 



ASCT2 but in the opposite direction; glutamine accumulated due to ASCT2 in the 500 
cytoplasm could be exported by LAT1 to import leucine and activate mTORC1 (Nicklin 501 
et al., 2009). However, silencing of ASCT2 did not alter LAT1 activity in other cell types 502 
(Broer et al., 2019; Cormerais et al., 2018). Using colon and lung adenocarcinoma cell 503 
lines, genetic knockout of ASCT2 delayed tumour growth in a subcutaneous mouse 504 
model and reduced uptake of radioactive 14C-glutamine in vitro without activation of 505 
an amino acid stress response (Cormerais et al., 2018). Constitutive or induced 506 
deletion of ASCT2 delayed leukaemia initiation and progression in MLL-AF9 or PTEN-507 
loss driven mouse models. Furthermore, pharmacological inhibition of ASCT2 508 
decreased leukaemia progression in xenograft models of human acute myeloid 509 
leukaemia. ASCT2 loss appeared to reduce influx of leucine and decreased mTOR 510 
activity inducing apoptosis in leukaemic cells (Ni et al., 2019). Recently, a variant of 511 
SLC1A5 was the first reported mitochondrial glutamine transporter. This SLC1A5 512 
variant has an N-terminal targeting signal peptide for mitochondrial localization and its 513 
expression was induced by hypoxia in a HIF-2a dependent fashion. It also appeared 514 
to have a role in tumorigenesis, where it mediated glutamine-induced ATP and 515 
glutathione production contributing to gemcitabine resistance of pancreatic cancer 516 
cells, while its genetic silencing reduced growth of pancreatic cancer cells in vitro as 517 
well as diminished tumour growth in subcutaneous murine xenografts of pancreatic 518 
cancer cells (Yoo et al., 2020). In mouse models of colorectal cancer, Kras mutation 519 
appeared to support disease progression through LAT1 (SLC7A5) dependent 520 
metabolic reprogramming. The authors hypothesised that LAT1 effluxes glutamine in 521 
exchange for the uptake of several amino acids that support tumour growth. Activating 522 
mutation in Kras correlated with increased SLC7A5 expression in the intestinal 523 
epithelium and loss of SLC7A5 altered the steady state levels of intra-tumoural amino 524 
acids as well as sensitized these tumours to the mTORC1 inhibitor Rapamycin 525 
(Najumudeen et al., 2021).  526 

4. Glutamate / aspartate exchange 527 
 528 
The glutamate / aspartate transporter SLC1A3 is a Na+-dependent transporter that 529 
has been associated with tumorigenesis. Tajan and co-authors have shown that 530 
cancer cells can escape glutamine depletion by enhanced aspartate uptake and 531 
metabolism. Specifically, glutamine depletion caused enhanced p53 activity that 532 



subsequently induced SLC1A3 expression. Cancer cells expressing SLC1A3 533 
displayed enhanced aspartate uptake maintaining oxidative phosphorylation activity 534 
and nucleotide synthesis sustaining cell survival and growth upon glutamine depletion. 535 
Genetic deletion of SLC1A3 resulted in reduced cell proliferation in vitro as well as 536 
decreased tumour growth in murine subcutaneous xenograft models (Tajan et al., 537 
2018). Genetic or pharmacologic targeting of SLC1A3 has been evidenced to sensitise 538 
cancer cells to inhibitors of the mitochondrial electron chain, while SLC1A3 dependent 539 
aspartate uptake appeared sufficient to sustain cancer cell growth upon hypoxia 540 
(Garcia-Bermudez et al., 2018). Moreover, SLC1A3 appeared to confer resistance to 541 
L-asparaginase treatment, a common therapeutic for paediatric acute lymphoblastic 542 
leukaemia, through aspartate consumption. Combination of SLC1A3 genetic 543 
manipulation with L-asparaginase treatment against cancer cells from solid tumours 544 
reduced proliferation, suggesting potential therapeutic opportunities (Sun et al., 2019). 545 
 546 

5. Cystine uptake and cysteine metabolism 547 
 548 
Most cancer cells obtain cysteine, an important amino acid for glutathione synthesis 549 
and redox homeostasis, by import of the homodimer cystine from the extracellular 550 
space.  Intracellular cystine is converted to cysteine in an NADPH dependent reaction. 551 
The SLC3A2 and SLC7A11 (xCT) members of the transporter system xc- mediate the 552 
transport of cystine. This system works to uptake cystine in exchange for glutamate 553 
and works as a heterodimer; SLC7A11 and SLC3A2 are connected by covalent 554 
disulfide bonds with the former being specific for cystine and glutamate binding while 555 
the latter appears to mainly facilitate the trafficking of SLC7A11 to the plasma 556 
membrane (Lewerenz et al., 2013). In particular, SLC7A11 appears upregulated in 557 
cancer cells with the increased uptake of cystine contributing to oxidative stress 558 
resistance. In a genetically engineered mouse model of spontaneous pancreatic 559 
carcinogenesis driven by mutations in Kras and p53, loss of Slc7a11 induced tumour-560 
selective ferroptosis, a form of programmed cell death driven by iron dependent 561 
phospholipid peroxidation and delayed tumour growth. PDAC tumours appeared to 562 
rely on cystine uptake and cysteine metabolism to escape ferroptotic cell death 563 
(Badgley et al., 2020). Cysteine depletion in a PDAC murine xenograft model did not 564 
affect tumour growth suggesting that extracellular cystine contributes to cysteine 565 
metabolism in PDAC (Kshattry et al., 2019). Inhibition of system xc- also reduced 566 



growth of lymphoma xenografts (Zhang et al., 2019). Recently, it has been suggested 567 
that in PDAC cells, activity from the autophagic machinery is important for proper 568 
localisation of SLC7A11 on the plasma membrane. The autophagy machinery 569 
appeared to regulate LC3 lipidation mediating its interaction with microtubules. LC3 570 
forms a complex with SLC7A11 and drives its localisation to the plasma membrane. 571 
Upon autophagy loss, mTORC2 inhibited SLC7A11 by phosphorylation resulting in 572 
lysosomal localisation and preventing cystine uptake (Mukhopadhyay et al., 2021). In 573 
TNBC cells a negative feedback loop has been described for SLC7A11; these cells 574 
appeared to secrete glutamate through SLC7A11 and excessive glutamate 575 
accumulation in the extracellular space inhibited SLC7A11 activity, decreasing cystine 576 
uptake and therefore intracellular cysteine pools. Decreased cysteine levels inhibited 577 
the EgIN prolyl-hydroxylases stabilising HIF1α (Briggs et al., 2016).  578 
 579 
SLC7A11 has also been linked to regulating dependence on other nutrients such as 580 
glucose and glutamine. Glucose starvation enhanced xCT expression while increased 581 
xCT activity induced metabolic reliance on glucose (Koppula et al., 2017). 582 
Environmental cystine levels, and NRF2/xCT expression, have been shown to 583 
modulate the rate of glutamine uptake and catabolism to glutamate by cancer cells. 584 
Super-physiological exogenous cystine levels (as provided by conventional cell culture 585 
media) promote elevated glutamine uptake, glutamate efflux and anaplerosis 586 
compared to more physiological conditions (Muir et al., 2017). NRF2 driven xCT 587 
expression and cystine uptake favours glutamate efflux and glutathione synthesis, 588 
limiting the availability of glutamate for anaplerosis (Sayin et al., 2017). In breast 589 
cancer cells, SLC7A11 expression correlated with glucose dependence, while its 590 
downregulation improved cell growth upon glucose starvation as glutamate could be 591 
buffered to the TCA cycle and cells became auxotrophic for glutamine. The authors 592 
suggested that SLC7A11 is a target of the transcription factor Nrf2, with Nrf2 loss 593 
enabling cells to switch from glucose to glutamine dependence (Shin et al., 2017). xCT 594 
expression and cystine uptake appeared sufficient to increase glutamine catabolism 595 
in non-small cell lung cancer (NSCLC) cells cultured in media with nutrients close to 596 
physiological range.  597 
 598 

6. Other amino acids  599 



SLC6A14 is a sodium- and chloride-dependent transporter of a very broad range of 600 
neutral and basic amino acids, having been linked to the transport of 18 proteinogenic 601 
amino acids. Apart from its low specificity it has also been associated with three 602 
different mechanisms that energise its function: Na+ gradient, Cl- gradient and 603 
membrane potential; the Na+ - Cl- - amino acid reported stoichiometry is 2:1:1. 604 
SLC6A14 upregulation has been reported in pancreatic, colorectal, breast and cervical 605 
tumours (Sikder et al., 2017). SLC6A14 deficiency has also been linked to obesity and 606 
metabolic syndrome in mice exposed to a high fat diet (Sivaprakasam et al., 2021). 607 
SLC6A14 silencing or blockage using α-methyltryptophan reduced tumour growth in 608 
murine xenografts of colorectal cancer cell lines. SLC6A14 deletion in mice protected 609 
against colon cancer induced by inflammation caused by dextran sulphate sodium 610 
administration or by genetically induced carcinoma in the APCMin/+ mouse model of 611 
intestinal carcinogenesis (Sikder et al., 2020). In colorectal cancer cells, SLC6A14 has 612 
been correlated with increased proliferation and migratory behaviour in a JAK2/STAT3 613 
dependent manner (Mao et al., 2021). Moreover, methionine deprivation in breast 614 
cancer cell lines enhanced SLC614 expression as well as AMPK activation. While 615 
genetic silencing of SLC6A14 did not affect cell proliferation, combinatorial targeting 616 
of SLC6A14 and AMPK induced apoptosis upon methionine starvation (Dejure et al., 617 
2020).  618 
 619 

7. Nutrient uptake to support cancer cell energetic requirements 620 
 621 
The Na+-dependent SLC6 family transporters, aside from amino acids, are also 622 
involved in the transport of other molecules including gamma-aminobutyric acid 623 
(GABA), monoamines and several neurotransmitters. The SLC6 GABA transporters 624 
also transport a variety of other substrates such as taurine (SLC6A6), betaine 625 
(SLC6A12) and creatine (SLC6A8) (Pizzagalli et al., 2020). In particular, SLC6A8 has 626 
recently gained interest in cancer research. Creatine and phosphocreatine have been 627 
reported to be important for tumour progression and metastasis as they emerge as 628 
important regulators of cellular energy stress for processes such as cytoskeletal 629 
dynamics during invasion and metastatic dissemination (Papalazarou et al., 2020). It 630 
has been demonstrated that cancer cells can also uptake extracellular creatine/ 631 
phosphocreatine to power energetic processes. SLC6A8 expression appeared 632 
sufficient to support metastatic dissemination of colorectal cancer cells in the liver in 633 



vivo, assessed by intrahepatic colonization and liver metastasis assays following 634 
portal circulation injection of mice with colorectal cancer cell lines. Specifically, genetic 635 
silencing of SLC6A8 in colorectal cancer cell lines depleted cellular phosphocreatine 636 
levels and cells lacking SLC6A8 failed to establish liver metastases (Loo et al., 2015). 637 
Knockdown of SLC6A8 in a panel of colorectal and breast cancer cell lines failed to 638 
promote metastasis in orthotopically injected mice supplemented with a creatine-639 
containing diet. In this study, targeting of de novo creatine synthesis by genetic 640 
silencing of glycine amidinotransferase (GATM) suppressed metastasis formation, 641 
indicating that both extracellular creatine as well as creatine synthesized de novo from 642 
arginine has important roles for their energetic needs during metastasis (Zhang et al., 643 
2021). Extracellular creatine has been reported to also influence immune cells. 644 
Macrophages maintain high creatine levels in their cytoplasm through SLC6A8-645 
mediated uptake from the microenvironment promoting an IL-4-type of polarisation (Ji 646 
et al., 2019) and SLC6A8-dependent creatine uptake boosts T cell antitumour 647 
immunity (Di Biase et al., 2019). 648 
 649 

8. Vitamin transport  650 
 651 

Folate metabolism has especially important implications in tumorigenesis, as it carries 652 
one-carbon units that can participate in a plethora of biochemical reactions. One-653 
carbon units are essential for the production of functional metabolites, such as 654 
nucleotides, S-adenosyl-methionine (SAM), ATP and NADPH supporting the 655 
increased proliferation rates of cancer cells (Newman and Maddocks, 2017). Folate 656 
import by SLC19A1 (Reduced Folate Carrier; RFC) seems to be coupled to the export 657 
of anionic cellular metabolites, however the exact mechanism remains to be unveiled. 658 
SLC46A1 (Proton-coupled folate transporter; SLC46A1) appears to transport folate 659 
optimally in acidic environments and is coupled to H+ exchange (Hou and Matherly, 660 
2014). Despite the fact that folate antagonists were the first small molecule 661 
therapeutics able to achieve cancer regression, and are still used today, the biology 662 
of folate transporters is not completely understood.  663 
 664 

9. Nucleoside transport 665 
 666 



The exact mechanisms of transport of these families, as well as their involvement in 667 
tumorigenesis is not yet clear. However, they are key to cancer therapy as they 668 
transport nucleoside/nucleotide analogue drugs such as gemcitabine, 5-fluorouridine, 669 
fludarabine and cladribine. Changes in the expression levels and polymorphisms in 670 
certain members of the SLC28 and SLC29 families influence the efficacy of these 671 
therapeutic agents (Wright and Lee, 2021). Therefore, the functional properties of 672 
these SLC families are worthy of further investigation. 673 
 674 
Recently two CRISPR screen-based studies, identified SLC19A1 as a transporter of 675 
cyclic dinucleotides such as the cyclic guanosine monophosphate-adenosine 676 
monophosphate (2’3’-cGAMP). SLC19A1 thus emerges as an important factor for 677 
immune responses of the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon 678 
genes (STING) pathway with important implications for immunotherapeutic treatments 679 
of cancer and other inflammatory conditions (Luteijn et al., 2019; Ritchie et al., 2019). 680 
 681 

10. Fatty acid transport 682 
 683 
Members of the SLC family 27 (Fatty Acid Transport Proteins, FATP) have been 684 
implicated in mediating the transport of fatty acids through the plasma membrane 685 
(Black et al., 2016). Other membrane proteins have also been shown to transport fatty 686 
acids including CD36 (Fatty Acid Translocase, FAT) and the plasma membrane fatty-687 
acid binding proteins (FABPpm). High expression of these proteins has been 688 
correlated with poor prognosis across several types of tumours (Koundouros and 689 
Poulogiannis, 2020). Recently, it has been reported that a certain subtype of 690 
immunosuppressive mouse and human neutrophils have upregulated FATP2 691 
expression during tumorigenesis. FATP2 supported immunosuppressive function of 692 
these neutrophils through accumulation of arachidonic acid followed by increased 693 
synthesis of prostaglandin E2 and FATP2 inhibition delayed tumour progression 694 
(Veglia et al., 2019). Co-culture of ovarian cancer cells with adipocytes has been 695 
demonstrated to increase cancer cell migration and proliferation. The mechanism 696 
involved adipocyte-derived fatty acid fuelling of cancer cells through the FABP4 697 
transporter (Nieman et al., 2011). FABP4 is also overexpressed in colorectal cancer 698 
tissues and overexpression of FABP4 in colorectal cancer cells caused increased lipid 699 



accumulation increasing invasion, migration and metastatic potential in vitro and in 700 
vivo (Tian et al., 2020).  701 
 702 
While membrane transporters and prominently SLCs provide a large amount of 703 
nutrients to support cellular phenotype and metabolism in pathophysiology, their 704 
behavior and regulation require further investigation. However, it is not the only system 705 
that mammalian cells can employ to fuel their bioenergetic needs. Scavenging of 706 
nutrients from their microenvironment is an alternative route providing blocks for 707 
biosynthetic or bioenergetic purposes. 708 
 709 
 710 
(C) Macropinocytosis and Entosis 711 
 712 
Macropinocytosis in an actin cytoskeleton driven process where cells extend 713 
protrusions of the plasma membrane that engulf portions of the extracellular 714 
environment and internalise them into large endocytic vesicles, known as 715 
macropinosomes. Macropinosomes traffic to lysosomes, where their cargo is 716 
degraded by lysosomal enzymes providing essential nutrient units in cells. The 717 
conservation of the macropinocytic machinery across eukaryotic kingdoms suggests 718 
that it could act as a major nutrient acquisition route in ancestral eukaryotic cells with 719 
more primitive mechanisms of membrane transport. In particular, it significantly 720 
contributes to the nutritional requirements of unicellular amoeboid eukaryotes such as 721 
Dictyostelium species (King and Kay, 2019). Macropinocytosis contributes to the 722 
uptake of macromolecules such as extracellular proteins, albumin and even necrotic 723 
cell debris and vesicular bodies. The exact mechanisms and regulation of 724 
macropinocytosis are not completely elucidated but involve the activation of small 725 
GTPases Rac1 and CDC42 (Cell Division Control protein 42 homologue) that enable 726 
membrane ruffling in an Arp2/3 complex dependent manner and formation of circular 727 
cups that close into macropinosomes in a process that involves phosphatidylinositol 728 
(3,4,5)-triphosphate (PIP3) production via PI3K type I activity (King and Kay, 2019). 729 
Macropinocytosis was first reported to be induced by Ras signalling several decades 730 
ago but only recently has it been appreciated that its activation under aberrant Ras 731 
activity could import macromolecules to sustain cancer growth (Commisso et al., 732 
2013). In particular, Ras transformed pancreatic cancer cells use macropinocytosis to 733 



import extracellular protein which upon its proteolytic degradation provides amino 734 
acids such as glutamine that fuel cancer cell metabolism (Commisso et al., 2013). 735 
These observations were confirmed in human PDAC where active macropinocytosis 736 
was observed to scavenge extracellular protein to support amino acid requirements 737 
(Kamphorst et al., 2015). In prostate cancer cells, PTEN loss, a lipid phosphatase that 738 
opposes PI3K signalling by converting PIP3 to PI(4,5)P2, induced macropinocytosis 739 
supporting growth and survival. In that context, macropinocytosis activation appeared 740 
to rely on AMPK-dependent activation of Rac1 (Kim et al., 2018b). The tissue of origin 741 
is also a crucial factor in the activation of the macropinocytic machinery upon Kras 742 
activation. In particular, non-small cell lung carcinomas with an activating mutation in 743 
Kras and Trp53 deletion exhibited increased consumption of branched chain amino 744 
acids, while in the same study PDAC tumours with the same genetic background rely 745 
on macropinocytosis scavenging of extracellular protein instead of BCAA uptake 746 
(Mayers et al., 2014). PI3K signalling activity is crucial for the ability of cells to perform 747 
macropinocytosis. Fibroblasts lacking K-Ras, H-Ras and N-Ras expression did not 748 
display defects in macropinocytosis in response to growth factor stimulation. Instead, 749 
this process appeared to depend on PI3K signalling activity and Rac1 activation (Palm 750 
et al., 2017). 751 
 752 
Recently, it was demonstrated that V-ATPase is an important molecular player in the 753 
activation of macropinocytosis upon KRAS activation. By performing an unbiased full 754 
genome siRNA loss-of-function screen in HeLa cells overexpressing mutant KRAS, 755 
the authors identified V-ATPase as essential for macropinocytic activity. KRAS 756 
activation induced the translocation of V-ATPase from intracellular membranes to the 757 
plasma membrane. This process depended on protein kinase A (PKA) activity. At the 758 
plasma membrane, V-ATPase was essential for the interaction of Rac1 with 759 
cholesterol in the plasma membrane. Specifically, genetic silencing of the ATP6V1A 760 
subunit of V-ATPase reduced cholesterol levels in the plasma membrane disrupting 761 
Rac1 membrane localisation and blocking macropinocytosis. The authors also 762 
identified the Na+-coupled bicarbonate transporter SLC4A7 as an important player in 763 
that mechanism. Trafficking of V-ATPase to the plasma membrane is regulated by 764 
activation of bicarbonate-dependent soluble Adenylate Cyclase (sAC) which increases 765 
cAMP levels and activates PKA. The bicarbonate transporters of the SLC4 family 766 
appeared essential for sAC activation and subsequent V-ATPase/cholesterol-767 



dependent localisation of Rac1 to the plasma membrane and macropinocytosis. In 768 
particular, SLC4A7 was upregulated in pancreatic tumours and cancer cells in a 769 
KRAS-dependent way and human pancreatic cancer cells with inducible knockdown 770 
of SLC4A7 displayed decreased macropinocytosis in vitro and reduced growth in 771 
tumours formed by flank transplantations in mice (Ramirez et al., 2019). Mutant Kras 772 
in pancreatic tumours was demonstrated to activate Rac1 in a mechanism involving 773 
localisation of syndecan 1 (SDC1 or CD138) to the plasma membrane. The authors 774 
suggested that SDC1 docked on the plasma membrane was inducing Rac1 activation 775 
and macropinosome formation (Yao et al., 2019). It is worth noting that not all 776 
activating mutations of KRAS promote macropinocytosis in PDAC. Specifically, while 777 
KRASG12D/V activating mutations drive macropinocytosis, KRASG12R mutant PDAC was 778 
deficient of macropinocytic activity. KRASG12R failed to interact and activate p110α 779 
PI3K (PI3Kα), a key molecule in driving macropinosome formation (Hobbs et al., 780 
2020). Recently, YAP/TAZ transcriptional activity was demonstrated to promote 781 
macropinocytosis in PDAC cells cultured in media where extracellular albumin was the 782 
source of the essential amino acid leucine. The membrane protein AXL, a 783 
transcriptional target of YAP/TAZ, appeared to promote macropinocytosis in a PI3K 784 
dependent manner driving growth under these conditions (King et al., 2020). Reduced 785 
signaling from mTORC1, a PI3K target, has been reported to support growth of cells 786 
able to undergo macropinocytosis (Palm et al., 2015). This growth advantage upon 787 
mTORC1 inhibition could primarily be due to restoring amino acids pools by 788 
decreasing the demand of amino acids required for protein synthesis rather than an 789 
actual increase in the supply through increased scavenging of extracellular protein 790 
through macropinocytosis (Nofal et al., 2017). Pten loss in activated Kras mutant 791 
pancreatic tumour cells resulted in higher proliferation rates with increased 792 
macropinocytosis. This seemed to be regulated by the mTORC2 component of mTOR 793 
signaling, rather than mTORC1, and targeting the lysosomal degradation of 794 
extracellular protein sensitized these cells to mTOR inhibitors (Michalopoulou et al., 795 
2020).  796 
 797 
The exact molecular mechanisms of macropinocytosis and how they are involved in 798 
carcinogenesis require further research. Nevertheless, this evolutionary conserved 799 
process emerges as an important route of nutrient acquisition not only under KRAS 800 
transformation and pancreatic carcinogenesis. Furthermore, uptake via 801 



macropinocytosis is not limited to extracellular proteins but it appears to be a rather 802 
unselective process with cells consuming many components of the tumour 803 
microenvironment, from necrotic cell debris to circulating free metabolites and other 804 
nutrients as well as extracellular vesicles including exosomes. By using isotopically 805 
labelled necrotic cell debris, it was demonstrated that a large amount of amino acids 806 
used for protein synthesis by PTEN-deficient prostate cancer cells derives from the 807 
consumption of proteins from this necrotic mass (Kim et al., 2018b). Exosomes are 808 
100 nm vesicles that are released in the microenvironment by normal or transformed 809 
cells. Using isotopic labelling experiments, it was demonstrated that exosomes derived 810 
from cancer associated fibroblasts (CAFs) can be imported into cancer cells through 811 
a mechanism similar to macropinocytosis transferring a cargo rich in amino acids, 812 
lipids and other nutrients that can enter the central carbon metabolism and support 813 
survival under nutrient stress (Zhao et al., 2016). However, the exact mechanisms and 814 
regulatory cues of exosome release and uptake require further investigation. 815 
 816 
Apart from cellular macromolecules or debris, cancer cells are able to consume whole 817 
cells to acquire essential nutrients in a process known as entosis. While this process 818 
seems to depend on RhoA and Rho-associated kinase (ROCK) suggesting an active 819 
involvement of the cytoskeletal machinery (Hamann et al., 2017) as well as the 820 
autophagy machinery (Florey et al., 2011) and can be induced under nutrient stress 821 
conditions, it is not clear yet how it is regulated and how/if it contributes to the 822 
metabolic needs of transformed cells. Using a click-chemistry based flux analysis, it 823 
has been demonstrated that breast cancer cell lines with oncogenic mutations in 824 
KRAS or PI3K pathways consume a variety of nutrients including amino acids, sugars, 825 
lipids and nucleotides through macropinocytic scavenging of extracellular material and 826 
necrotic cell debris. In particular, scavenging of necrotic cell debris appeared to 827 
compensate during conventional therapeutic strategies targeting nucleotide 828 
biosynthesis, contributing to resistance and tumour growth (Jayashankar and Edinger, 829 
2020). 830 
 831 
(D) Receptor Mediated Scavenging 832 
 833 
Cells actively attach to their surrounding microenvironment by forming dynamic bonds 834 
with proteins of the extracellular matrix (ECM). The extracellular material is diverse in 835 



composition and prone to continuous remodelling especially in conditions that disrupt 836 
tissue architecture such as wound healing or cancer, where infiltration of immune cells 837 
and fibroblasts results in excessive deposition of ECM proteins and reorganisation of 838 
the extracellular architecture creating an inflamed or fibrotic environment. The 839 
communication between cells and the ECM is bidirectional and is mediated mainly 840 
through integrins, heterodimeric cell surface receptors that directly bind extracellular 841 
proteins at specific motifs and connect them to the cellular cytoskeleton. Apart from 842 
mediating a vast amount of signalling cues influencing almost all aspects of cellular 843 
behaviour, it has been demonstrated that integrins mediate also the internalization of 844 
extracellular proteins including collagen, fibronectin and laminin. These proteins, 845 
through their degradation inside cells, can provide important fuels such as sugars and 846 
amino acids (Muranen et al., 2017; Rainero et al., 2015). Collagen I and IV fragments 847 
were shown to be internalised in PDAC cells in a mechanism that could involve both 848 
macropinocytosis and receptor mediated endocytosis via the collagen receptor 849 
uPARAP/Endo180. These collagen-derived fragments provided proline molecules that 850 
were actively metabolised to promote survival under nutrient limitation (Olivares et al., 851 
2017).  852 
 853 
Cooperation and Competition in the tumour microenvironment - Tipping the 854 
balance between supply and demand 855 
 856 
Apart from the fact that the human organism has dedicated organs for many metabolic 857 
pathways that collectively drive the body’s systemic metabolism through interorgan 858 
nutrient exchange and metabolic cooperation, it is appreciated that in disease states 859 
such as inflammation and malignancy, different cell types can cooperate or compete 860 
for limited microenvironmental nutrients. Pancreatic tumour associated fibroblasts or 861 
stellate cells have been found to secrete nonessential amino acids and in particular 862 
alanine via an autophagic mechanism which can subsequently be used by pancreatic 863 
cancer cells to support their metabolism by fueling the TCA cycle with carbon units 864 
(Sousa et al., 2016). Using primary cells from human patients of chronic lymphocytic 865 
leukaemia (CLL), a study demonstrated that CLL cells had low expression of the 866 
cystine transporter system xc- and therefore restricted import of cystine. Extracellular 867 
cystine was consumed instead by stromal cells of the bone marrow. Cysteine 868 
synthesized in stromal cells was then secreted to the bone marrow microenvironment 869 



and could be taken up by CLL cells to support glutathione synthesis and their 870 
antioxidant responses (Zhang et al., 2012). Tryptophan has been reported as one of 871 
the most depleted nutrients in interstitial fluid in murine PDAC tumours (Sullivan et al., 872 
2019). Recently, it has been demonstrated that immune cells in PDAC tumours can 873 
induce expression of IDO1 in pancreatic cancer cells in an IFNγ-dependent manner. 874 
IDO1-expressing cancer cells were able to use tryptophan as a source of one-carbon 875 
units supporting nucleotide synthesis. In addition, under these conditions pancreatic 876 
cancer cells could secrete tryptophan-derived formate to fuel purine synthesis in 877 
stellate cells of the PDAC microenvironment (Newman et al., 2021). The application 878 
of positron emission tomography (PET) tracers to assess glucose and glutamine 879 
uptake in the tumour microenvironment by different cell types, has demonstrated that 880 
while cancer cells show the highest levels of glutamine uptake, myeloid immune cells 881 
displayed the highest capacity of glucose consumption. These behaviors appeared to 882 
be intrinsic to each cell type and glutamine uptake in cancer cells was mTORC1-883 
dependent, suppressing glucose metabolism. Using an inhibitor of the glutamine 884 
transporter SLC1A5 (ASCT2) they demonstrated a decrease of glutamine uptake in 885 
tumours in vivo, followed by reduced tumour growth and decreased T cell infiltration 886 
(Reinfeld et al., 2021). 887 
 888 
Intriguingly, selective expression of certain amino acid transporters of the SLC 889 
superfamily appeared to regulate nutrient partitioning in the pancreatic cancer 890 
microenvironment. Specifically, pancreatic stellate cells exhibited increased SLC1A4 891 
expression levels and were the main source of extracellular alanine through SLC1A4 892 
-dependent export. PDAC cells were shown to upregulate the amino acid transporter 893 
SLC38A2 which was required to sustain the increased alanine requirements of PDAC 894 
cells through uptake of alanine from the microenvironment. Loss of SLC38A2 in PDAC 895 
resulted in reduced intracellular alanine levels and impaired central metabolism with 896 
de novo alanine synthesis failing to compensate for reduced alanine uptake. SLC38A2 897 
loss decreased PDAC cell proliferation in vitro and tumour onset and growth in 898 
syngeneic allograft and orthotopic xenograft in vivo models. Interestingly, scavenging 899 
pathways failed to rescue the proliferation defects of SLC38A2-deficient PDAC cells 900 
suggesting that targeting transporter mediated amino acid uptake could be a promising 901 
therapeutic approach (Parker et al., 2020). 902 
 903 



Therefore, despite the abundance of different metabolites in the tumour 904 
microenvironment, different cell types are programmed to preferentially consume 905 
certain nutrients. Delineating the regulatory mechanisms that direct differential nutrient 906 
consumption by cells in the tumour microenvironment could also explain how the 907 
microenvironment is infiltrated by different cell types and would reveal potential 908 
metabolic vulnerabilities for cancer therapy. 909 
 910 
Concluding remarks 911 
 912 
It is now appreciated that metabolic adaptations are a hallmark of cancer cells and not 913 
only support their growth but also permit them to escape immune surveillance, resist 914 
therapeutic interventions and disseminate to form metastases. Such metabolic 915 
adaptations can be attributed to oncogenes and tumour suppressor genes, signalling 916 
pathways and even extracellular stimuli. Understanding the nature and implications of 917 
different nutrients of mammalian cells as well as how these can be sourced in 918 
pathophysiology can reveal important aspects of cellular behaviour. Mammalian cells 919 
have developed several mechanisms for nutrient transport but these remain poorly 920 
understood. Nevertheless, they emerge not only as promising targets for antitumour 921 
therapeutic intervention but also have high diagnostic value in cancer treatment and 922 
monitoring (BOX 2). Quantitative studies using nutrient tracing techniques along with 923 
advanced genetic interventions and disease models could help shed light onto the 924 
behaviour of transport systems in malignancy. Discerning the mechanisms of nutrient 925 
uptake or scavenging would contribute to decoding metabolic interactions within the 926 
tumour microenvironment and to revealing potential windows for therapeutic 927 
intervention (BOX 3).  928 
 929 
  930 



BOX 1 – Nutrient Sensors 931 
 932 
1. AMPK 933 
 934 
The serine/threonine-directed AMP-activated protein kinase (AMPK) is a key energy 935 
sensor and regulates many catabolic and anabolic processes. AMPK is activated in 936 
response to decreasing energy levels and phosphorylates substrates that are either 937 
able to activate processes that generate ATP or inhibit ATP-consuming processes. 938 
AMPK can directly bind adenine nucleotides and therefore is a central sensor of ADP 939 
or AMP to ATP rations.  940 
 941 
2. GCN2 pathway 942 
 943 
The general amino acid control non-derepressible 2 (GCN2) pathway is a sensor of 944 
intracellular amino acid levels of eukaryotic cells. GCN2 senses uncharged tRNAs that 945 
accumulate upon amino acid deprivation. Under such conditions, GCN2 suppresses 946 
translation, an amino acid consuming and energy demanding process.  947 
 948 
3. mTOR pathway 949 
 950 
The mammalian target of rapamycin (TOR) is a serine/threonine protein kinase that 951 
responds to a variety of environmental stress states, including nutrient, energy, growth 952 
factor levels, to regulate a plethora of anabolic or catabolic processes. Mammalian 953 
cells have two mTOR-containing complexes, mTORC1 and mTORC2. mTOR can 954 
influence biosynthetic processes, ribosome and lysosome biogenesis and autophagy. 955 
mTOR received input from both GCN2 and AMPK signalling, but also from other 956 
sources, as for instance amino acid storage in lysosomes.  957 
 958 
BOX 2 – Nutrient transport in therapy and diagnosis: a translational perspective 959 
 960 
Nutrient uptake mechanisms emerge as promising targets in cancer therapy. Apart 961 
from their role as drug delivery systems nutrient transporters can also be targets for 962 
anticancer therapeutics. KYT-0353 is a competitive inhibitor of SLC7A5 (LAT1) and it 963 
has been shown to inhibit the growth of cancer cells in vitro and in xenograft tumours 964 



formed in mice by intravenous injection (Oda et al., 2010). Other compounds have 965 
also been developed against SLC7A5, such as SKN103, that suppressed cancer cell 966 
growth in vitro and had an additive effect in combination with the chemotherapeutic 967 
agent cisplatin (Kongpracha et al., 2017). Direct targeting of glutamine transport 968 
through pharmacological inhibition of ASCT2 using the V-9302 compound showed 969 
promising results in a series of in vitro and in vivo tumour models resulting in reduced 970 
growth and proliferation and increased cell death (Schulte et al., 2018). Recently, it 971 
has been demonstrated that glutamine uptake by cancer cells could dampen anti-972 
tumour immunity, with V-9302 shown to efficiently target nutrient partitioning in the 973 
tumour microenvironment. Specifically, it has been proposed that both effector T cells 974 
and TNBC cells consume glutamine from the tumour microenvironment. Analysing 975 
clinical human basal-like breast cancer datasets, an inverse correlation has been 976 
identified between metabolic genes involved in glutamine metabolism and expression 977 
markers of T cell cytotoxicity. V-9302 administration in genetically engineered TNBC 978 
spontaneous tumours or orthotopic xenografts of TNBC cells in mice blocked 979 
glutamine uptake in cancer cells but not in T cells, which adapted by upregulation of 980 
other glutamine transporters, resulting in reduced tumour growth with better T cell 981 
response signatures (Edwards et al., 2021). Further mechanistic perspectives are 982 
required in different tumour models to assess the efficiency of these agents as well as 983 
the need to be tested in clinical trials. Nevertheless, identifying specific transporters 984 
that are overexpressed in tumours and elucidating their substrates and how they 985 
influence central metabolism could lead to novel promising therapeutic strategies. 986 
 987 
Nutrient transporters, as they are aberrantly overexpressed in tumours, are also of 988 
interest in cancer diagnosis with a variety of imaging probes having been designed to 989 
monitor their expression levels. SLC7A5 specific positron emission tomography (PET) 990 
probes, such as 3-fluoro-L-α-methyl-tyrosine (FATM) have shown promising results in 991 
detecting malignant lesions with high SLC7A5 expression, with low physiological 992 
background (Kandasamy et al., 2018). It is worth mentioning that a range of PET 993 
imaging probes are already established in the clinic and many are still evolving to 994 
monitor tumour metabolism. 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) is widely 995 
used to evaluate several tumour types associated with increased glucose 996 
consumption. Choline, an essential component of cell membrane phospholipids has 997 
been successfully labelled with [11C] and [18F] to allow tracing of choline transport in 998 



tumours (Challapalli and Aboagye, 2016). Advancements in imaging techniques, such 999 
as hyperpolarised 13C MRI allow not only the detection of tracer accumulation within a 1000 
tissue but can also reveal their metabolism. Ongoing clinical trials investigate the use 1001 
of hyperpolarised 13C MRI with 13C-pyruvate and 13C-lactate probes as a tool for the 1002 
diagnosis of different tumour types (Kurhanewicz et al., 2019). Further evaluation of 1003 
tracing probes alongside technological advancements in imaging/detection techniques 1004 
could allow us in the near future to efficiently monitor and map nutrient acquisition 1005 
pathways in the clinic. 1006 
 1007 
BOX 3 – Open Questions 1008 
 1009 
1. How do cells coordinate transport mechanisms for acquisition of different nutrients 1010 
within the tumour microenvironment? 1011 
2. What are the positive- or negative- feedback loop mechanisms between different 1012 
nutrients and transport mechanisms? 1013 
3. What are the exact substrates and physiological functions of the SLC transporters? 1014 
Many still remain unknown. 1015 
4. What is the impact of both metabolic adaptations and alterations in the abundance 1016 
and composition of intracellular and extracellular amino acid pools? Integrative studies 1017 
will be needed to address this. 1018 
5. Could transporter mechanisms act as potential targets of therapeutic interventions 1019 
to influence nutrient metabolism in cancer? 1020 
 1021 
 1022 
 1023 
  1024 



Figure Legends 1025 
 1026 
Figure 1 – Main routes of cellular central metabolism are fuelled by 1027 
extracellularly derived nutrients.  1028 
 1029 
Sugars, including glucose, amino acids such as glutamine, vitamins, fatty acids and 1030 
lipids are often sourced by cells from their surrounding environment and fuel cellular 1031 
central carbon metabolism. 1032 
 1033 
Figure 2 – Nutrient acquisition strategies of cancer cells. 1034 
 1035 
Cancer cells are able to source extracellular nutrients by transporter proteins or 1036 
channels (a), macropinocytosis (b), receptor-mediated endocytosis (c) and entosis 1037 
(d). 1038 
  1039 
Figure 3 – Proposed models of transport within the structurally diverse SLC 1040 
family. 1041 
 1042 
(a) GltPh transport model. GltPh fold containing transporters are typically organised in 1043 
trimers. A cartoon of a protomer unit is shown. Purple circles correspond to Na+ ions 1044 
and blue circles to amino acid substrates. Ion binding in the outward facing unit of the 1045 
protomer results in a conformational switch that allows binding of the substrate to the 1046 
outward facing structure. This seems to cause further conformational changes that 1047 
allow the substrate as well as ions to reach the internally facing unit of the protomer 1048 
and eventually release of the substrate to the cytoplasm (Ji et al., 2016). The GltPh-1049 
fold based family contains primarily SLC1 transporters. 1050 
 1051 
(b) Transport model for Amino Acid/Polyamine/Cation (APC)/LeuT fold containing 1052 
transporters. They typically contain transmembrane spans organised into ‘5 + 5 1053 
inverted repeat folds. Substrate binding on an outward-facing transporter is followed 1054 
by occlusion of the substrate by a thin gate and transition to an inward-facing 1055 
conformation driving substrate import (Edwards et al., 2018; Kowalczyk et al., 2011). 1056 
The APC/LeuT fold containing family includes SLC6, SLC7, SLC32, SLC36 and 1057 
SLC38 transporters. 1058 



 1059 
(c) Transport model for Major Facilitator Superfamily (MFS) transporters. MFS 1060 
transporters are composed of two structurally similar domains. Substrate binding to 1061 
the extracellular side of the transporter results in a conformational switch that confers 1062 
the extracellular side inaccessible to other substrates, while it opens access to the 1063 
cytoplasm (Quistgaard et al., 2016). MFS related transporters have been evidenced 1064 
in the SLC15, SLC16, SLC17 and SLC43 families. 1065 
 1066 
Figure 4 – SLC mediated amino acid transport 1067 
 1068 
SLC amino acid transporter proteins can be divided into Uniporters, which drive a 1069 
unilateral, accumulative way of amino acid import and Antiporters or Exchangers, 1070 
where the import of an amino acid is coupled to the export of one or more other amino 1071 
acids, controlling the balance between the intracellular and extracellular amino acids 1072 
pools. The mechanism of SLC-mediated amino acid transport is often coupled to 1073 
electrochemical gradients established by Na+, Cl-, K+ and H+ ions.  1074 
 1075 
Table 1 – Classification systems of the SLC superfamily.  1076 
 1077 
SLCs classified by Gene Family, Phylogenetic Group, Protein-Fold type and amino 1078 
acid transport systems (Broer and Broer, 2017; Fredriksson et al., 2008; Hoglund et 1079 
al., 2011; Kandasamy et al., 2018; Perland and Fredriksson, 2017). 1080 
 1081 
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Gene Familly Members Phylogenetic Group Protein  Class Systems within each family

SLC1 7 - GltPh fold X-
AG, ASC

SLC2 14 α MFS fold -

SLC3 2 - - y+L
SLC4 10 - APC/LeuT fold -
SLC5 12 - APC/LeuT fold -

SLC6 20 - APC/LeuT fold Gly, β, B0,+, B0, IMINO
SLC7 13 β APC/LeuT fold y, y+L, b0,+, L, y+L, L, asc, X-

C

SLC8 4 δ CaCA fold -
SLC9 13 γ - -

SLC10 7 γ - -
SLC11 2 - APC/LeuT fold -
SLC12 9 β APC/LeuT fold -
SLC13 6 - HP domain -
SLC14 8 - - -
SLC15 5 α MFS fold -
SLC16 14 α MFS fold T
SLC17 9 α MFS fold -
SLC18 4 α MFS fold -
SLC19 3 α MFS fold -
SLC20 2 - - -

SLCO (SLC21) 12 α MFS fold -
SLC22 23 α MFS fold -
SLC23 3 - APC/LeuT fold -
SLC24 5 δ - -
SLC25 53 - MCF -
SLC26 11 - APC/LeuT fold -
SLC27 6 - - -
SLC28 3 - HP domain -
SLC29 4 α MFS fold -
SLC30 10 - - -
SLC31 2 - - -
SLC32 1 β APC/LeuT fold -
SLC33 1 - MFS fold -
SLC34 3 - - -
SLC35 31 - - -
SLC36 4 β APC/LeuT fold Iminoglycine
SLC37 4 α MFS fold -
SLC38 11 β APC/LeuT fold A, N
SLC39 14 - MFS fold -
SLC40 1 - MFS fold -
SLC41 3 - - -
SLC42 3 - - -
SLC43 3 α MFS fold L
SLC44 5 - - -
SLC45 4 α MFS fold -
SLC46 3 α MFS fold -
SLC47 2 - - -
SLC48 1 - - -
SLC49 4 - MFS fold -
SLC50 1 - - -
SLC51 2 - - -
SLC52 3 - - -
SLC53 1 - - -
SLC54 3 - - -
SLC55 3 - - -
SLC56 5 - - -
SLC57 6 - - -
SLC58 2 - - -
SLC59 2 - - -
SLC60 2 - - -
SLC61 1 - - -
SLC62 1 - - -
SLC63 3 - - -
SLC64 1 - - -
SLC65 2 - - -
SLC66 5 - PQ Loop -

TABLE 1 - Classification systems of the SLC superfamily
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