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ABSTRACT 38 

 39 

Tumors are complex tissues composed of transformed epithelial cells as well as cancer-40 

activated fibroblasts (CAF) that facilitate epithelial tumor cell invasion. We show here 41 

that CAF and other mesenchymal cells rely much more on glutamine than epithelial 42 

tumor cells; consequently, they are more sensitive to inhibition of glutaminase. Glutamine 43 

dependence drove CAF migration towards this amino acid when cultured in low 44 

glutamine conditions. CAF also invaded a Matrigel matrix following a glutamine 45 

concentration gradient and enhanced the invasion of tumor cells when both cells were 46 

co-cultured. Accordingly, glutamine directed invasion of xenografted tumors in 47 

immunocompromised mice. Stimulation of glutamine-driven epithelial tumor invasion by 48 

fibroblasts required previous CAF activation which involved the TGF/Snail1 signaling 49 

axis. CAF migration towards Gln presented a polarized Akt2 distribution that was 50 

modulated by the Gln-dependent activity of TRAF6 and p62 in the migrating front, and 51 

depletion of these proteins prevented Akt2 polarization and Gln-driven CAF invasion. 52 

Our results demonstrate that glutamine deprivation promotes CAF migration and 53 

invasion, which in turn facilitates the movement of tumor epithelial cells towards nutrient-54 

rich territories. These results provide a novel molecular mechanism for how metabolic 55 

stress enhances invasion and metastasis.  56 

 57 

   58 

  59 
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STATEMENT OF SIGNIFICANCE 60 

  61 

Cancer-associated fibroblasts migrate and invade towards free glutamine and facilitate 62 

invasion of tumor epithelial cells, accounting for their movement away from the hostile 63 

conditions of the tumor towards nutrient-rich adjacent tissues.   64 
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INTRODUCTION 65 

 66 

Cancer invasion is a complex process in which tumor cells interact with the 67 

extracellular matrix and create migration tracks that are used for collective or single-cell 68 

movement (1). This process is also influenced by the tumor microenvironment (TME), a 69 

blend of different types of cells activated by the tumor and required for the acquisition 70 

of many cancer hallmarks (2). Among the components of the TME, a role for the 71 

cancer-activated fibroblasts (CAF) supporting invasion of epithelial cells has been well-72 

stablished (3-9). CAF are activated by signals derived from the tumor, such as TGF or 73 

PDGF; this activation requires the expression of Snail1 transcriptional factor (8-11). 74 

Accordingly, alike other mesenchymal cells such as mouse embryonic fibroblasts 75 

(MEF) or mesenchymal stem cells (MSC), CAF depleted in Snail1 cannot be activated: 76 

upon stimulation with TGF they do not express specific markers of activated 77 

fibroblasts and do not enhance epithelial cell invasion (9-11).  78 

 79 

Glutamine (Gln) is the most abundant amino acid in plasma and the major carrier of 80 

nitrogen between organs (12). Due to its high utilization by tumor cells, a drop in Gln 81 

concentration compared to the healthy tissue has been observed in different 82 

neoplasms. Since the initial report published more than 70 years ago (13), several 83 

groups have observed this Gln reduction in different tumors (as recent publications see 84 

14-15). Moreover, decreased Gln levels have been detected in the central part of 85 

melanoma and breast-engrafted tumors when compared to their periphery (16).  Tumor 86 

cells utilize Gln for ATP production and for providing intermediates for macromolecular 87 

synthesis; it contributes to the supply not only of carbon but also of nitrogen, required 88 

for the biosynthesis of compounds such as nucleotides, glucosamine 6-phosphate, and 89 
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non-essential amino acids (12, 17-18). Moreover, it also contributes to cell protection 90 

through the synthesis of glutathione and NADPH (12). Most of Gln effects are 91 

dependent on its conversion to glutamate (Glu) and ammonia by glutaminase (GLS). 92 

Glu is then shuttled to the tricarboxylic acid cycle through the generation of -93 

ketoglutarate by glutamate dehydrogenases and converted to various non-essential 94 

amino acids via specific amino transferases (12, 17-18). High glutaminolysis and Gln 95 

“addiction” are particularly relevant in many aggressive forms of human cancers and 96 

are stimulated by c-Myc and K-ras oncogenes (19, 20).     97 

We have isolated different CAF and epithelial tumor cell lines (ePyMT) from breast 98 

tumors obtained from MMTV-PyMT transgenic mice (21). In this murine model, Snail1 99 

is detected in CAF and its depletion decreases tumor development and invasion (9). 100 

When comparing the nutrient needs of different ePyMT we observed that mesenchymal 101 

cells present a much higher requirement for Gln than epithelial cells. This higher Gln 102 

dependence is also observed when CAF and other mesenchymal cells are compared 103 

with epithelial tumor cell lines. Moreover, this Gln requirement promotes both migration 104 

and invasion of CAF and other mesenchymal cells following a Gln gradient and support 105 

epithelial tumor cell invasion in the same conditions.       106 
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MATERIALS AND METHODS 107 

Cell culture. Authenticated cell lines were obtained from the European Collection of 108 

Authenticated Cell Cultures (ECACC) or the American Type 1 Culture Collection 109 

(ATCC) and supplied by the Cancer Cell Line Repository from IMIM. All cell lines were 110 

used for no more than 20 passages and routinely tested by PCR to verify that they 111 

remained Mycoplasma-free. Cells were grown in Dulbecco’s modified Eagle’s medium 112 

(DMEM, Gibco) supplemented with 4.5 g/l glucose, 1 mM sodium pyruvate, 2 mM 113 

glutamine, 100 IU/ml penicillin, 100 mg/l streptomycin, and 10% fetal bovine serum 114 

(FBS; Gibco) and maintained at 37°C in a humid atmosphere containing 5% CO2. All 115 

the experiments were performed on cells incubated for at least 24h in DMEM 0.5% 116 

FBS, 0.1 or 1 g/l glucose (GIBCO) and 0.2 or 2 mM Gln. The generation of AT3 from 117 

MMTV-PyMT murine tumors (21-22) has been reported (23); BTE136 cells were 118 

isolated from these tumors after microdissection and digestion with collagenase P (1 119 

mg/ml) on a gentle MACS Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany). 120 

Dispersed cells were centrifuged, washed with medium with FBS, filtered (70 μm and 121 

40 μm) and immediately seeded in p-100 plates in DMEM, plus 10% FBS, the above-122 

mentioned reagents, gentamycin (50 μg/ml) and fungizone (0.5 μg/ml). Cells were 123 

passaged 20 times before being transferred to the standard culture medium. The 124 

generation of HT29 M6 KO for Snail1 gene using CRISPR-Cas9 technology has been 125 

previously reported (9). MSC, either Snail1+/- (considered Snail1 wild-type) or Snail1-/- 126 

(Snail1 KO) were previously established in our laboratory from the Snail1Flox/- mice (11) 127 

by retroviral transduction of a plasmid encoding the Cre recombinase or a control 128 

vector. Wild-type, Akt1 KO and Akt2 KO MEF were kindly provided by Dr. Morris 129 

Birnbaum (University of Pennsylvania). The generation of Cancer-Activated Fibroblasts 130 

(CAF1875) from breast tumors from MMTV-PyMT mice has been previously reported 131 
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as well as the depletion of Snail1 in these cells (9). The production of transfectant cells 132 

is described in the Suppl. Information. 133 

Cell viability assays. The viability of tumor and fibroblastic cell lines in glucose and 134 

glutamine-depleted cultures was determined by crystal violet staining. Fifty (tumor 135 

cells) or ten (fibroblasts) thousand cells per well were seeded in 24 multi-well plates in 136 

complete growth medium and incubated for 24 h to enable cell adhesion. Cells were 137 

then washed with PBS twice and culture medium was replaced for DMEM 1 mM 138 

sodium pyruvate, 0.5% FBS, with either high (1 g/l) or low (0.1 g/l) glucose and high (2 139 

mM) or low (0.2 mM) Gln supplementation. Cell viability was assessed after 48 h post-140 

deprivation by crystal violet staining. Sensitivity to GLS1 inhibition was assessed using 141 

the same procedure and incubating the cells with the indicated doses of CB-839 142 

(Cayman Chemical Company) or dimethyl sulfoxide (DMSO) for 48 h. The relative half-143 

maximal inhibitory response (IC50) of CB-839 was calculated for each cell line by non-144 

linear curve fits using Graphpad software. 145 

Invasion and migration assays. Transwells (3422, Costar) were coated with 50 l of 146 

Matrigel (0.5g/l) (354230, Corning) for invasion or left uncoated for migration assays 147 

and incubated for 1h at 37 °C. For invasion, 1 x 105 epithelial cells or 2 x 104 fibroblast 148 

were seeded on Matrigel-coated Transwells in DMEM plus FBS (0.5%) and the 149 

indicated concentration of Gln in a final volume of 150 l. In co-culture experiments 150 

RFP-labelled epithelial and GFP-labelled fibroblasts were used instead. After 4 h at 37 151 

°C, the lower chamber was filled with the control medium, always in low FBS (0.5 %) 152 

unless otherwise specified. When indicated, a medium with a lower concentration of 153 

glucose (0.1 g/l instead of 1g/l utilized as standard) was used in the upper chamber. In 154 

other experiments the lower chamber was supplemented with lactate (20 mM) or FBS 155 
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(10%).  Invasion was stopped at 48 h (epithelial cells) or 12 h (fibroblasts); cells were 156 

washed with PBS and fixed with p-formaldehyde (PFA) (4%) for 20 min. Cells at the 157 

upper side of the Transwell membrane were removed with a cotton swab and the 158 

membrane with the invading cells was stained with DAPI and mounted for microscopy 159 

analysis. Five random photos (10x) of each membrane were taken to analyze the area 160 

of invasion. Only RFP- or GFP-labelled cells were analyzed in co-culture experiments. 161 

Quantification of invading cells was performed with lmageJ software. The differences in 162 

Gln concentration between the upper and the lower compartments were detected at 163 

least for 6 h (Suppl Table 1).   164 

Organotypic invasion assays. Transwell inserts were coated with 50 µl of a dense 165 

matrix composed by 3 µg/µl Matrigel (354230, Corning) and 2 µg/µl collagen I (354249, 166 

Corning) and polymerized at 37ºC for 1 h. CAF (5 x 104) were seeded on top. Upon cell 167 

adhesion, culture media was removed and cells were covered with 50 µl of the same 168 

matrix. Following matrix polymerization, media was added to the upper and lower 169 

compartments and invasion was assessed in high Gln (both compartments filled with 170 

DMEM 1g/l glucose, 0.5% FBS, 2 mM glutamine) or a Gln gradient (same medium with 171 

0.2 mM Gln in the upper compartment). TGFβ was added in both compartments. Media 172 

and TGFβ treatment were refreshed every 24 h. After three days the cultures were 173 

fixed with PFA (4%) and processed by standard methods for histology analysis. 174 

Matrices were mounted in Paraffin blocks in transversal orientation and sections were 175 

made at 3 m and stained with hematoxylin and eosin. 176 

Directional migration in chemotaxis µ-slides. Cells were seeded in DMEM 1g/l 177 

glucose, 0.5% FBS, 2 mM (high) or 0.2 mM (low) Gln at a final density of 3-5 x 106 178 

cells/ml in the central compartment of chemotaxis µ-slides (80326, IBIDI), according to 179 
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manufacturer’s instructions. After an overnight incubation to allow cell adhesion, the 180 

two adjacent reservoirs were filled with DMEM with either high or low Gln, and Gln 181 

gradients were generated by the addition of 30 µl of DMEM 4 mM Gln in one of the low 182 

Gln reservoirs. In this device the Gln gradient was stable for 24 h (Suppl Table 1). 183 

TGFβ was added to all the compartments of the device when specified. Right after 184 

generating the gradient, cell migration was recorded by life cell imaging in a Zeiss cell 185 

observer microscope, which took pictures in different random areas every 5 min for 12 186 

h. Single-cell coordinates at each time point were tracked by the ImageJ Manual-187 

Tracking plugin. The average speed of migration was calculated as the ratio of distance 188 

migrated (µm) per min.  189 

Alternatively, slides were fixed with PFA (4%) and analyzed by immunofluorescence 190 

after 6 h of migration. In order to maintain the integrity of the culture, all the following 191 

reagents were introduced to the device by the two lateral reservoirs. All the procedure 192 

was performed at room temperature. Cells were permeabilized with PBS plus 0.1% 193 

Triton X-100 for 15 min. Following two PBS washes, samples were blocked with 3% 194 

bovine serum albumin (BSA) in PBS for 2 h and incubated with the primary antibody for 195 

90 min. Slides were washed with PBS twice and incubated with fluorescent secondary 196 

antibodies (Alexa 488 and 555-conjugated anti-rabbit or mouse IgGs; Thermo 197 

Scientific) for 1 h. After two more PBS washes, samples were stained with DAPI (25 198 

µg/ml) for 15 min and mounted with Fluoromount G (Southern Biotech). Random 199 

pictures of the migration front were taken in a Leica TCS-SP5 confocal microscope. 200 

Gln-directed tumor migration in mice. One hundred microliters of AT3 cells (5 x 106) 201 

plus MEF (5 x 105) when indicated were diluted in Matrigel (1:1) and subcutaneously 202 

injected in SCID mice. When tumors reached 0.5 cm3, we implanted two pellets of the 203 

polycaprolactone-polyurethane polymer Actifit (Orteq) (4 x 4 x 3 mm) soaked in Gln (20 204 
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mM) or PBS at opposing sides of the tumor. Animals were euthanized three days later. 205 

The position of each polymer within the tumor was labelled with green (+Gln) or yellow 206 

(+PBS) ink; polymers were removed and samples processed for histochemical 207 

analysis.  Hematoxylin and eosin stained tumor slides were scanned with Aperio CS2 208 

Scan (ScanScope) and quantified with QuPath software (https://qupath.github.io/). For 209 

each condition, tumors were divided in two and the percentage of area occupied by 210 

muscle and adipocytes trapped inside the tumor was calculated. These experiments 211 

were approved by the Ethical Committee for Animal Research from the PRBB and 212 

Generalitat de Catalunya. 213 

Human samples collection and immunochemical analysis. Human breast tumor 214 

samples were obtained from Parc de Salut MAR Biobank (MARBiobanc), Barcelona. 215 

Their study was performed according to declaration of Helsinki guidelines and 216 

approved by the Ethical Committee for Clinical Research from PRBB and patients gave 217 

written informed consent to the use of their samples. Samples were fixed with PFA 218 

(4%) at room temperature, dehydrated and paraffin-embedded according standard 219 

procedures. Sections (2.5 µm) were prepared and, after standard deparaffination and 220 

rehydration, antigen unmasking was carried immersing the sections in Tris EDTA buffer 221 

pH 9 and boiling for 15 min. Samples were blocked during 2 h in Tris-buffered saline 222 

(TBS) plus FBS (1%) and BSA (1%), and incubated with primary antibodies overnight 223 

(TRAF6 1/40; Akt2, 1/100). Signal was amplified with EnVision+ System HRP Labelled 224 

Polymer (anti-rabbit, DAKO) and visualized with the DAB kit (DAKO). Invasive and non-225 

invasive areas of the tumor were determined by an expert pathologist and micro-226 

photographed with Olympus BX61 microscope at IMIM Microscopy Unit. Five random 227 

stromal zones of non-invasive areas or the invasive front were analyzed. Stromal cells 228 

presenting a cellular asymmetrical distribution of TRAF6 or Akt2 staining with respect 229 
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to the cell nucleus were identified and designated as polarized cells. Graphs shown the 230 

density of those cells, represented as the number of polarized cells per area (px2) of 231 

stroma. Statistical significance was determined by Student’s t-test using GraphPad v6 232 

software (California, USA). 233 

 234 

Other methods are described in the Supplementary Information.  235 
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RESULTS 236 

Cancer-associated fibroblasts present a higher requirement for Gln than 237 

epithelial tumor cells.  238 

Gln concentration is reduced in different tumors (14-15). We confirmed that MMTV-239 

PyMT murine breast tumors (21-22) show a lower ratio between Gln and Glu or other 240 

metabolites in tumors than in plasma (Suppl. Fig 1A). We determined the Gln 241 

sensitivity of two tumor cell lines obtained from these MMTV-PyMT breast tumors. 242 

These two lines present a different morphology being AT3 more epithelial than BTE136 243 

and expressing higher levels of E-cadherin and CK14 (Fig 1A). In this analysis we 244 

maintained both cell types in a low percentage of serum (0.5%) in order to eliminate the 245 

effects of growth, and in 1 g/l of glucose, to more adequately mimic the physiological 246 

serum concentration. AT3 was much more resistant than BTE136 to a decrease of Gln 247 

from 2 mM, the standard concentration in cell culture medium, to 0.2 mM (Fig 1B, top, 248 

first and second columns). In contrast, the sensitivity to a drop in glucose from 1 g/l to 249 

0.1 g/l was similar in both cell lines (Fig 1B, low). CAF obtained from the same tumors 250 

also displayed a high sensitivity to Gln deprivation, an effect that was not altered by 251 

Snail1-deletion or by incubation with TGF(Fig 1B, top).  252 

We extended our study to other epithelial tumor cells and mesenchymal cells, such as 253 

MSC since these cells contribute to the formation of cancer-associated fibroblasts (4, 254 

24-25). MSC and MEF were also dependent on Gln for surviving whereas tumor cells 255 

were much less affected by a decrease in the concentration of this amino acid (Fig 1B, 256 

top). Depletion of Snail1 in CAF (Fig 1A) did not significantly affect the sensitivity to 257 

Gln. In accordance with the Gln requirement of CAF and not of epithelial tumor cells, 258 

only CAF underwent apoptosis in Gln-low medium as determined analyzing the levels 259 



14 
 
 

 

 

of cleaved caspase-3 (Fig 1C). A higher apoptosis was also detected in low Gln when 260 

comparing mesenchymal BTE136 with epithelial AT3 PyMT cells. The higher sensitivity 261 

to Gln deprivation was not associated to lower Glutamine Synthase expression in Gln-262 

low conditions (Fig 1C).  263 

In the conditions used in these assays (0.5% of FBS; 1 g/l of glucose), CAF minimally 264 

proliferate in medium containing 2 mM Gln; a drop of Gln until 0.5 mM slightly 265 

decreased cell number that was severely affected in 0.2 or 0 mM Gln (Suppl Fig 1B). In 266 

contrast, only a total depletion of Gln compromised viability of epithelial HT29 M6 cells.  267 

Since most Gln is metabolized to Glu by Glutaminase1 (GLS1) we checked the effect 268 

of CB-839, a widely used selective inhibitor of GLS1 (26), on CAF viability. Addition of 269 

CB-839 severely decreased the viability of CAF or BTE136 PyMT tumor cells whereas 270 

it did not significantly alter that of HT29 M6 or AT3 PyMT, both tumor cells exhibiting an 271 

epithelial phenotype (Fig 1D).   272 

 273 

Active fibroblasts migrate and invade towards Gln 274 

Since CAF present a high dependence on Gln we reasoned that when challenged with 275 

a Gln concentration-gradient they might migrate towards this amino acid. To examine 276 

this, cells were added to the upper compartment of a Boyden Chamber in DMEM plus 277 

0.5% FBS containing 1g/l of Glucose and 0.2 mM (Gln-low) or 2 mM Gln (Gln-high). 278 

Lower chamber was filled with the same medium but with 2 mM Gln. As shown in Fig 279 

2A, CAF migrated to a higher extent when the upper chamber was Gln-low and only 280 

when they were stimulated with TGF, suggesting that migration requires the previous 281 

fibroblast activation. These results were also reproduced in MSC (Fig 2B). Snail1 282 
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depletion in CAF and MSC prevented TGF-stimulation of migration (Figs 2A and B), in 283 

accordance with the required function of Snail1 in fibroblast activation. Gln-driven 284 

migration was also assessed in tumor cell lines. Only mesenchymal BTE136 tumor 285 

cells migrated better following the Gln gradient than in high Gln; the rest of the tumor 286 

cell lines analyzed, including AT3 cells, did not show any significant difference between 287 

the two conditions (Suppl Figs 2A and B).  288 

MSC migration was also determined by time-lapse microscopy using Chemotaxis -289 

slides (IBIDI). Cells were seeded in the central chamber of these slides in the presence 290 

of TGF and exposed to a Gln gradient, using two different concentrations of Gln (0.2 291 

and 2 mM) in the two lateral chambers. As shown in Fig 2C and Suppl Video 1, MSC 292 

preferentially moved towards the Gln-high medium when exposed to the gradient; 293 

migration was less directional when they were grown on high Gln (Suppl Video 2). The 294 

number of cells that migrated to the high-Gln chamber was higher when cells were 295 

subjected to the Gln gradient than when grown in high Gln (Fig 2D and a quantification 296 

in Fig 2E).  The absolute migration speed was slightly higher in cells moving in the Gln 297 

gradient than in high Gln (Fig 2F).  298 

Fibroblasts also invade Matrigel in response to changes in Gln concentration. CAF 299 

moved towards the Gln-high lower compartment when the upper compartment was 300 

Gln-low; this effect required stimulation with TGFFig 2G). Similar results were 301 

obtained with MSC (Fig 2H). As in the migration assays, elimination of Snail1 in MSC 302 

or CAF prevented Gln-dependent Matrigel invasion (Figs 2G and H).  This directional 303 

invasion was not observed in a glucose gradient when we used a 10-fold lower 304 

concentration of glucose (0.1 g/l) in the top than in the lower chamber. Lactate 305 

supplementation in the lower chamber did not enhance invasion either (Fig 2G).  306 
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CAF invasion was also evaluated when these cells were seeded between two layers of 307 

matrix (Fig 2I). When Gln was high in the two compartments, cells invaded the matrix in 308 

both directions, both as single cells and in small aggregates. The same morphology 309 

was observed in Gln gradients but in this case cells moved only towards the high Gln 310 

compartment. As expected, since it requires matrix degradation, Gln-driven CAF 311 

invasion was prevented by incubation with GM6001 (GM), a general metalloprotease 312 

inhibitor (Suppl Fig 3A).   313 

 314 

Fibroblasts enhance epithelial tumor invasion towards Gln 315 

We determined if the capability of mesenchymal cells to invade towards Gln might be 316 

transferred to epithelial tumor cells when both cells are co-cultured. This has been 317 

reported for HT29 M6 invasion when directed by a gradient in FBS: co-culture with CAF 318 

or MSC increased HT29 M6 invasion (9, see also Suppl Fig 3B). For these studies, we 319 

specifically labelled tumor cells with RFP and assessed invasion in the co-cultures only 320 

of RFP-positive cells. As in previous assays, FBS concentration was maintained at 321 

0.5% in both compartments. As shown in Figs 3A and B, invasion of HT29 M6 was not 322 

significantly different in high Gln or in a Gln-gradient but it was remarkably increased by 323 

co-culture with CAF and MSC only in Gln-gradients. The stimulation by MSC was 324 

similar to that we have previously reported when invasion was driven by an FBS 325 

gradient (Suppl Fig 3B, two last bars). A similar result was obtained when migration 326 

was determined since HT29 M6 migration in a Gln-gradient was also increased by co-327 

culture with MSC (see Suppl Fig 2B). MSC did not enhance HT29 M6 invasion when 328 

the co-culture was exposed to glucose or lactate gradients (from 0.1 to 1 g/l or from 0 329 

to 20 mM, respectively) (Suppl Fig 3B). 330 
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We also analyzed other tumor cell lines: AT3 and BTE136 PyMT cells and four other 331 

breast or colon tumor cells: T47D, MCF7, SW480 and HCT116. The more 332 

mesenchymal BTE136 cells invaded following the Gln-gradient (Fig 3C, bars 1 and 2) 333 

in contrast to AT3 (Fig 3C, bars 3 and 5) and in accordance with their higher Gln-334 

dependence (see Fig 1). Other epithelial tumor cells did not show Gln-driven invasion 335 

(Suppl Fig 3C). However, invasion of AT3 and the rest of the cell lines were stimulated 336 

by co-culture with CAF or MSC (Fig 3C and Suppl Fig 3C). Co-cultures of AT3 with 337 

CAF, or SW480 and T47D tumor cells with MSC invaded better in Gln-gradients than 338 

when Gln was maintained high in both compartments. Invasion of MCF7 and HCT116 339 

cells was stimulated similarly by MSC in both conditions.   340 

We also checked the relevance of the TGF/Snail1 axis in tumor invasion. The broadly 341 

used TGF receptor inhibitor SB505124 (SB) significantly decreased the action of MSC 342 

on HT29 M6 invasion, although it did not affect their basal invasion (Fig 3B). Snail1 343 

depletion in MSC and in CAF promoted a similar inhibition (Figs 3A and B). HT29 M6 344 

invasion was also blocked by the metalloprotease inhibitor GM (Suppl Fig 3D). 345 

The sensitivity of the co-culture to TGF inhibitors and Snail1 expression in MSC and 346 

CAF suggested that these cells were activated by HT29 M6, as we have previously 347 

reported (9). We specifically analyzed MSC invasion in co-cultures using GFP-labelled 348 

MSC. The presence of HT29 M6 tumor cells increased MSC invasion; this stimulation 349 

was higher when cells were exposed to a Gln gradient (Suppl Fig 3E). The TGF-350 

receptor inhibitor SB decreased the HT29 M6-dependent enhancement of MSC 351 

invasion that was also blocked by GM inhibitor (Suppl Fig 3E). 352 

We also determined if invasion in co-cultures was associated to an Epithelial-to-353 

Mesenchymal transition (EMT) of tumor cells. Taking advantage of the different origin 354 
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of CAF (murine) and HT29 M6 (human) we analyzed the expression in these cells of 355 

genes related to EMT: no differences were detected in the expression of CDH1, SNA1, 356 

SNAI2, TWIST1 or ZEB1 in HT29 M6 cultured in high or low Gln, either in the presence 357 

of MSC or not (Suppl. Figs 4A and B). The lack of requirement for Snail1 in HT29 M6 358 

cells was also verified using CRISPR/Cas9-edited Snail1 KO HT29 M6 cells. In the 359 

presence of MSC these tumor cells responded to the Gln gradient identically than 360 

control cells (Suppl. Fig 4C). 361 

We set an animal tumor model in order to study the physiological relevance of Gln-362 

driven invasion. Tumors were generated by subcutaneous grafting of AT3 cells; when 363 

they were initially detected, before reaching the end-point size, two inert pellets were 364 

implanted at opposed sides of the tumor. The animals were euthanized three days later 365 

and the tumors were studied. Invasion was much higher towards the Gln-soaked pellet 366 

(labelled with green ink) than to the control, PBS-treated pellet (labelled in yellow) (Figs 367 

3D and E). Co-xenografting of AT3 cells with MEFs increased invasion at both sides 368 

but the Gln-high margin always presented greater cell infiltration (Figs 3D and E).        369 

 370 

Activated fibroblasts show a polarized subcellular distribution of Akt2 but not of 371 

Akt1 during Gln-driven migration. 372 

We also studied the molecular basis underlying the directional migration of the 373 

activated fibroblasts towards Gln. First, we analyzed the activation of CAF by TGF in 374 

low-Gln or high-Gln medium. TGF triggered rapid responses in CAF such as Smad2 375 

phosphorylation, Snail1 protein synthesis and transcription of several CAF genes 376 

(Suppl Fig 5A-D). Some of these responses, such as transcription of USP27X, 377 
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Serpine1 or Adamts16, S6 phosphorylation and synthesis of Snail1 and other late CAF 378 

markers were not observed in low Gln; thus, CAF were not properly activated by TGF 379 

in low Gln medium. Titration of the Gln concentration required for this activation 380 

indicated that 0.5 mM was sufficient for TGF to promote an up-regulation in Snail1 381 

protein synthesis and Serpine1 and Adamts16 transcription as efficient as in 2 mM Gln 382 

(Suppl Fig 5B and D).             383 

Snail1 function and CAF activation require Akt (11). Accordingly, TGF-stimulated CAF 384 

invasion was potently inhibited by the Akt antagonist MK-2206 (MK) (27) (Suppl Fig 385 

6A).  Moreover, Akt is activated in the leading edge of migrating cells (28). We 386 

analyzed the distribution of Akt isoforms in cells migrating in a Gln gradient. A 387 

significant percentage of CAF moving towards Gln showed a preferential localization of 388 

Akt2 in the leading front of these cells; a representative image of these cells is shown 389 

in Fig 4A. This asymmetrical Akt2 distribution was not observed in cells migrating in 390 

high Gln conditions even though they were stimulated by TGF (Fig 4A)CAF 391 

activation was also required since Akt2 was not polarized in cells without TGF or 392 

lacking Snail1 (Fig 4A). Akt2 localization was not affected by GLS1 inhibition (Suppl. 393 

Fig 6B) suggesting that it was not dependent on Gln-derived metabolites. Akt1 did not 394 

display a similar asymmetrical intracellular localization and neither mTOR kinase did 395 

(Fig 4B). Cells with polarized Akt2 distribution were also observed in MSC and MEF 396 

activated by TGF in Gln gradients (Fig 4C). In contrast to AT3 epithelial tumor cells, 397 

BTE136 cells displayed asymmetrical Akt2 correlating with their capability to migrate 398 

following a Gln gradient (Suppl. Fig 6C). The polarized distribution of Akt2 in MEF also 399 

correlated with a preferential distribution of SMA in the leading edge of migrating cells 400 

(Fig 4D).   401 



20 
 
 

 

 

Genetic elimination of Akt2 (Fig 5A) slightly decreased Snail1 protein up-regulation 402 

caused by TGF (Fig 5B). In contrast, MEF Akt2 KO did not accumulate SMA in the 403 

leading front (Suppl. Fig 7A). Remarkably, depletion of Akt2 (and not of Akt1) 404 

prevented the increase in migration caused by TGF (Fig 5C) demonstrating that Akt2 405 

works down-stream of Snail1. This deficiency in cell migration detected in MEF Akt2 406 

KO was rescued by ectopic transfection of full-length Akt2 and not by an Akt2 mutant 407 

lacking the pleckstrin homology-domain (Akt2-PH) (Fig 5C). The ectopic full-length 408 

Akt2 also showed an asymmetrical distribution when expressed in MEF Akt2 KO, in 409 

contrast to Akt2-PH that was mainly nuclear (Suppl. Fig 7B).  410 

The effect of Gln depletion on Akt2 activity was analyzed.  We did not detect a 411 

significant up-regulation of Akt2 Ser474 phosphorylation in CAF upon 412 

TGFstimulation; decreasing Gln concentration up to 0.2 mM did not affect this 413 

parameter either (Fig 5D). Akt2 activity was determined in CAF assessing the 414 

phosphorylation of its substrate GSK3 by the immunoprecipitated kinase.  Akt2 415 

activity was upregulated by TGF only when cells were cultured in high Gln and not in 416 

low Gln (Figs 5E and F). These results were validated immunoprecipitating Akt from 417 

MEF depleted of Akt1: also in these cells high Gln was required for TGF-stimulation of 418 

the activity of the only Akt isoform present, Akt2.  419 

Finally, and in accordance with the low migration exhibited by MEF Akt2 KO, these 420 

cells were unable to stimulate invasion of HT29 M6 when co-cultured in a Gln gradient, 421 

in contrast to the action of control or Akt1-depleted MEF (Fig 5G). 422 

 423 



21 
 
 

 

 

TRAF6 and p62/SQSTM1 are required for Gln-dependent Akt2 subcellular 424 

polarization 425 

Next we investigated Gln-sensitive proteins that might mediate the polarized 426 

distribution of Akt2. TRAF6 is an ubiquitin ligase that activates Akt producing its multi-427 

ubiquitination (29). Compared to other proteins associated to Akt, TRAF6 presents the 428 

relevant feature of being controlled by nutrients: the amino acid-dependent 429 

phosphorylation of p62/SQSTM1 potentiates its interaction with TRAF6 and the binding 430 

of the complex to different TRAF6 substrates (29-30).  As Akt2, TRAF6 also displayed 431 

a polarized distribution in a significant proportion of CAF when these cells were 432 

exposed to a Gln gradient; TRAF6 was more abundant in the migration front and co-433 

localized with Akt2 (Fig 6A and Suppl. Fig 7C); this TRAF6 localization required CAF 434 

activation since it was prevented by Snail1 depletion or in the absence of TGF (Suppl. 435 

Fig 7C). TRAF6 was down-regulated using two different shRNAs; both populations 436 

showed similar levels of Akt2 than the control and slightly lower levels of 437 

phosphorylated Akt2 (Fig 6B). Snail1 was similarly activated by TGF and Smad2 438 

phosphorylation was not affected by TRAF6 down-modulation (Fig 6C). As TRAF6 439 

produces Akt multiubiquitination (31), we studied this modification on Akt2. TRAF6 440 

down-modulation decreased the amount of Akt2 labelled with histidine-tagged ubiquitin 441 

(Fig 6D). Akt2 ubiquitination was not sensitive to TGF but it was markedly 442 

downregulated in low Gln medium when compared to high Gln, in accordance with 443 

previous results indicating that TRAF6 is controlled by nutrients. TRAF6 was required 444 

for Akt2 activity since TRAF6 down-regulation by the two different shRNAs decreased 445 

GSK3 phosphorylation by immunoprecipitated Akt2 (Fig 6E).     446 
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Down-regulation of TRAF6 also altered the cellular distribution of Akt2 that was no 447 

longer detected in the leading edge of polarized cells (Fig 6F). In addition, these cells 448 

presented a defective SMA localization (Suppl. Fig 7D) and a lower invasion following 449 

a Gln gradient (Fig 6G).  450 

We also determined whether Akt2/TRAF6 asymmetrical distribution was observed in 451 

human tumors. An analysis of human breast tumors revealed the presence of 452 

elongated fibroblastic cells with a polarized distribution of Akt2 and TRAF6 (Fig 6H). 453 

These polarized cells were more abundant in the areas of invasion (Fig 6I).   454 

Finally, we assessed the relevance of p62/SQSTM. This protein was also down-455 

regulated in CAF using two different shRNAs (Fig 7A). Similarly to TRAF6, cells with 456 

lower p62 expression also down-regulated phosphorylated Akt2 (Fig 7A) and exhibited 457 

a similar activation of Snail1 and pSmad2 by TGF as control cells (Fig 7B). p62 also 458 

displayed an asymmetrical distribution in CAF migrating towards Gln but not in cells 459 

maintained in high Gln and showed a remarkable co-localization with TRAF6 and Akt2 460 

(Fig 7C and Suppl. Fig 8 A-C). p62 down-regulation affected the cellular distribution of 461 

Akt2 and TRAF6 since their polarization was lost in these cells in Gln gradients (Fig 462 

7C). Finally, and in accordance with the altered polarization of CAF, p62 interference 463 

also prevented CAF invasion in Gln gradients (Fig 7D).  464 

  465 
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DISCUSSION 466 

Tumors are considered complex tissues composed by different types of cells that 467 

cross-talk and cooperate with epithelial transformed cells. Among the cells of this tumor 468 

microenvironment, CAF have received a special attention because they support 469 

growth, invasion, and immune resistance of tumor cells. We have focused on the 470 

cooperative effects of tumor cells and CAF on invasion and migration. CAF exhibited a 471 

higher dependence on Gln than tumor cells; accordingly, CAF are more sensitive to 472 

GLS inhibition than epithelial tumor cells. Similar results have been obtained by others 473 

when comparing high- versus low-invasive ovarian cancer cell lines: high invasion is 474 

related to an increased Gln dependence (32). In addition, mesenchymal lung cancer 475 

cells with low E-cadherin expression are more sensitive to a GLS inhibitor than high E-476 

cadherin epithelial tumor cells (33). Supporting these results, a GLS inhibitor, CB-839 477 

(Telaglenastat), is in phase II clinical trials: it is well tolerated and has a synergistic 478 

effect with other drugs on different types of tumors, particularly on triple-negative breast 479 

tumors. It would be interesting to find out if this compound has a more pronounced 480 

effect in fibrotic tumors. 481 

Gln is considered an essential amino acid in cancer cells which rely on this amino acid 482 

for different metabolic processes. Through its conversion to Glu and -ketoglutarate, 483 

Gln is driven to the tricarboxylic acid cycle for energy generation; it is also a precursor 484 

of several non-essential amino acids through the action of specific amino transferases 485 

and participates in the synthesis of glutathione to eliminate reactive oxygen species 486 

(12, 18, 34). Probably for its high utilization by tumor cells, Gln depletion has been 487 

observed in the central part of tumors generated xenografting melanoma or breast 488 

tumor cells when compared with their periphery (13). However, most cancer cells can 489 
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rewire their metabolism to adapt to low Gln conditions (35). According to our 490 

hypothesis, since CAF are more sensitive to low Gln levels, the gradient in this amino 491 

acid established between tumoral areas with high proliferation and the external zones 492 

might drive CAF escape from the tumor. When moving to Gln-richer territories, CAF 493 

would create new tracks that would be used by tumor cells to migrate. Furthermore, 494 

some results of our work suggest that CAF might promote additional effects since 495 

these cells also stimulate epithelial tumor migration when co-cultured. Therefore, 496 

besides producing more proteases to open these tracks, CAF might stimulate tumor 497 

cell invasion by the secretion of diffusible molecules enhancing migration. These 498 

factors are being characterized in our lab.  499 

Both CAF invasion and CAF-stimulated tumor cell invasion require their activation by 500 

cytokines or growth factors derived from the tumor cells that are dependent on Snail1 501 

expression (9-11). This CAF activation also needs the action of Akt2. This protein 502 

kinase works downstream of Snail1 since its depletion does not substantially prevent 503 

Snail1 up-regulation. Several reports indicate that Snail1 activates Akt during EMT (36-504 

38). Among the members of this family, Akt2 plays the most relevant role in 505 

mesenchymal cells. For instance, Akt2 is increased during EMT whereas Akt1 is down-506 

regulated (39-40). In tumor cells, Akt2 is required for the increased invasion and 507 

resistance to chemotherapeutic agents provided by EMT (41-42). Other results have 508 

also demonstrated a relevant function of Akt2 in fibroblast invasion (43). Here we show 509 

that Akt2 genetic depletion in MEF precludes their migration stimulated by TGF. When 510 

moving towards Gln, Akt2 is localized in the leading front in a remarkable percentage of 511 

activated cells, whereas it is more widely distributed in cells that do not exhibit a 512 

preferential direction of migration, or in cells that have not been activated. Akt 513 

activation in specific compartments, such as invadopodia, is required for migration and 514 
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invasion since it promotes the compartment-specific phosphorylation of several 515 

substrates (44). Invadopodia formation needs not only Akt activation but its specific 516 

localization in this structure; remarkably, a constitutively active form of Akt not targeted 517 

to invadopodia decreases migration (45).   518 

Gln controls both Akt2 activity and localization, two parameters that require the action 519 

of TRAF6. TRAF6 is an E3 ligase that causes Lys63-dependent polyubiquitination, a 520 

modification that is not related to degradation but to cell signaling and protein traffic 521 

(46). Besides acting on Toll-like receptor (47), TRAF6 interacts and participates in the 522 

activation of Src, TAK1, mTORC1, Akt and PI3K (29-30, 48-50). Actually, 523 

polyubiquitination of mTOR by TRAF6 depends on its nutrient-dependent interaction 524 

with p62 (30), establishing a link between amino acid supply and Akt activation. 525 

Moreover, through the modulation of TAK1, Akt and PI3K, TRAF6 is involved in TGF 526 

signaling and is needed for TGF-induced cell migration (50). This TRAF6-mediated 527 

activation of PI3K and Akt is independent on TGF-receptor kinase activity (50), in 528 

contrast to the signals inducing Snail1 expression.  529 

In our cells TRAF6 is necessary for Akt2 activation but it does not seem to be sufficient, 530 

since Akt polyubiquitination is not substantially altered by TGF. According to our 531 

current view, Akt2 activation is sensitive to Gln at two different levels. First, Gln is 532 

necessary for the synthesis of Snail1 that provide signals required for activation (38); 533 

second, Gln is also needed for Akt2 polyubiquitination by TRAF6/p62. The 534 

convergence of these two signals would promote the redistribution of active Akt2 to the 535 

migration front, where all its substrates are present and will enable its action on 536 

fibroblast migration and invasion. 537 
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Metabolic stress, which is consequence of the high tumor cell proliferation and the poor 538 

nutrient supply, has been considered as a possible cause of invasion. This has been 539 

attributed to the accumulation of lactate in the tumor core that directly potentiates tumor 540 

cell migration (51) or the expression of HIF by the hypoxic tumoral conditions that 541 

promote an EMT in epithelial tumor cells (52). In this work we described that the Gln 542 

deficiency observed in some areas of the tumor also facilitates invasion in a more 543 

indirect fashion, acting mainly on CAF invasion and enabling the subsequent 544 

movement of tumor cells away from tumor regions poor in this amino acid. It remains to 545 

be established if tumor cells with a mesenchymal phenotype, that are very sensitive to 546 

Gln-depletion, will also promote a similar effect on the bulk of tumor cells. In any case, 547 

these results show a close collaboration between epithelial and mesenchymal tumor 548 

cells in response to nutrient deprivation with relevance in tumor invasion.                                   549 
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Figure legends 712 

Figure 1. Mesenchymal cells display a higher sensitivity to glutamine depletion 713 

than epithelial cells. A, Western blot analysis of epithelial and mesenchymal markers 714 

in immortalized MMTV-PyMT tumor cell lines (left) or of Snail1 expression in MSC and 715 

CAF (right). B, Viability of tumor cells (black bars) and fibroblasts (grey bars) was 716 

determined after 48 h in low Gln (0.2 mM) (upper) and low Gluc (0.1 g/l) (lower) and 717 

normalized to high Gln (2 mM) or Gluc (1 g/l) respectively. C, Western blot analysis of 718 

cleaved Caspase-3 or Glutamine synthetase in epithelial and mesenchymal cell lines 719 

upon 48 h of high (H; 2 mM) or low Gln (L; 0.2 mM) culture. D, Sensitivity to GLS1 720 

inhibition was determined in CAF, HT29 M6, BTE136 and AT3 cells as their viability in 721 

response to treatment with increasing doses of CB-839 or DMSO for 48 h. Non-linear 722 

dose-response fit curves and relative IC50 are represented for each cell line. Cell viability 723 

was determined by crystal violet staining as described in Methods. Graphs represent the 724 

mean ± SEM of at least three independent experiments. ns, not significant; *p<0.05; 725 

**p<0.01.  726 

Figure 2. Snail1-expressing fibroblasts migrate and invade towards glutamine. 727 

Migration of (A) CAF and (B) MSC wild-type (WT) or Snail1 KO (KO) was determined 728 

after 12 h in a Gln gradient (0.2  2 mM) or in high Gln (2  2 mM) in Boyden chambers. 729 

Data was normalized in reference to CAF or MSC migration in high Gln and represented 730 

as the mean ± SEM of at least three independent experiments. C-E, Cells were seeded 731 

in DMEM 1 g/l glucose, 0.5% FBS, 2 mM (left) or 0.2 mM (right) Gln at a final density of 732 

3 x 106 cells/ml in the central compartment of a Chemotaxis µ-slide as indicated in 733 

Methods. MSC migration was recorded by time-lapse microscopy and tracked for 12 h 734 

in high Gln or in a Gln gradient upon TGFβ stimulation. C, Plot of single cell trajectories 735 
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in high Gln and in a Gln gradient. D, Representative pictures and E, quantification of the 736 

number of cells that migrated into the lateral reservoirs at the final time point. Scale bar 737 

corresponds to 200 µm. F, Average cell speed expressed as distance migrated (m) per 738 

min. G, H, Invasion was analyzed in wild-type (WT) and Snail1 KO (KO) cells exposed 739 

to high Gln, or in Gln (0.2  2 mM), glucose (0.1  1 g/l) and lactate (0  20 mM) 740 

gradients in Matrigel-coated Boyden chambers. Data was normalized in reference to 741 

invasion in high Gln. Graphs show the mean ± SEM of at least three independent 742 

experiments. I, Longitudinal sections of a 3-day organotypic invasion assay. CAF were 743 

seeded between two Matrigel/Collagen matrix layers in Boyden chambers and Gln was 744 

added to the top and bottom (2  2 mM) or only to the lower compartment (0.2  2 mM). 745 

Scale bars represent 100 µm and 50 µm (respectively, upper and lower panels). When 746 

indicated, TGFβ (5 ng/ml) was added. ns, not significant; *p<0.05; **p<0.01.  747 

Figure 3. Active fibroblasts promote glutamine-driven invasion of epithelial tumor 748 

cells.  A-C, 105 RFP-labelled HT29 M6 (A-B), or Tomato-labelled BTE136 or AT3 cells 749 

(C) were seeded alone and with 2 x104 CAF (A, C) or MSC (B) on Matrigel-coated 750 

Boyden chambers. Invasion of labelled cells in high Gln or in a Gln gradient was 751 

determined after 48 h as described in Methods. When indicated, cells were 752 

supplemented with SB (5 μM). Graphs show the mean ± SEM of at least three 753 

independent experiments. ns, not significant; *p<0.05; **p<0.01. D, AT3 cells (5 x 106) 754 

plus MEF (5 x 105) when indicated, were subcutaneously injected in SCID mice. When 755 

tumors reached 0.5 cm3, we implanted two pellets of the polycaprolactone-polyurethane 756 

polymer Actifit, soaked in Gln (20 mM) or PBS (vehicle) at two opposing sides of the 757 

tumor. Animals were euthanized three days later. Before its removal, polymer position 758 

was labelled with green (+Gln) or yellow (+PBS) ink; polymer was then removed and 759 

samples were analyzed by hematoxylin-eosin staining. The figure shows a 760 
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representative tumor of four analyzed, with a general staining showing the ink and two 761 

successive magnifications. Scale bars correspond to 250 µm (upper), 100 m 762 

(intermediate) or 40 m (lower row). E, Tumor invasion was quantified as indicated in 763 

Methods determining the percentage of area occupied by adipocytes and muscular fibers 764 

at the two opposed sites (plus and minus Gln) of the tumors. The graph shows the mean 765 

± SEM of the two areas of four different tumors analyzed for each condition.  766 

Figure 4.  Fibroblasts migrating towards Gln asymmetrically localize Akt2. A, Akt2 767 

localization in CAF wild-type (WT) and Snail1 KO (KO) treated with TGFβ (5 ng/ml) when 768 

indicated. The figure shows cells presenting an asymmetrical distribution of Akt2. B, 769 

Distribution of Akt1 and mTOR in CAF WT migrating towards a gradient of Gln. C, Akt2 770 

polarization in MEF and MSC. D, Co-localization of Akt2 and αSMA in MEF. Specific 771 

protein distribution was determined by immunofluorescence in CAF, MEF and MSC after 772 

6 h of migration towards a Gln gradient or in high Gln. Gradients were generated in 773 

Chemotaxis µ-slides. Graphs show the proportion of polarized cells in the invasion front. 774 

Scale bars represent 10 µm. 775 

Figure 5. Akt2-depleted MEF show impaired migration. A, Akt1 and Akt2 expression 776 

in KO MEF.  B, Snail1 expression in MEF WT, Akt1 KO and Akt2 KO after 1 and 8 h of 777 

TGFβ treatment. Protein levels of the indicated markers were determined by Western 778 

blot. C, Migration of MEF WT, Akt1 KO, Akt2 KO and Akt2 KO MEF ectopically 779 

expressing a full-length Akt2 vector (Akt2-HA FL) or a mutant lacking the pleckstrin 780 

homology domain (Akt2-HA ΔPH), in high Gln (2  2 mM) and in the presence of a Gln 781 

gradient (0.2  2 mM). TGFβ was supplemented when specified. D, Akt2 782 

phosphorylation in CAF after TGF treatment. Phosphorylation of Ser474 in Akt2 or total 783 

levels of Akt2 were determined by Western blot. E, F, Determination of Akt2 activity. CAF 784 
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or MEF depleted in Akt1 were treated with TGF in culture medium containing 2 or 0.2 785 

mM Gln; Akt2 or total Akt was immunoprecipitated and incubated with GSK3 as 786 

indicated in Methods. Phosphorylation of GSK3 in Ser21 was assessed with a specific 787 

antibody. Autoradiograms from three different experiments performed with the two cell 788 

lines were densitometered and the results represented in G, as fold respect to the not-789 

stimulated control in 2 mM Gln. G, Analysis of RFP-labelled HT29 M6 invasion in co-790 

culture with MEF WT, Akt1 KO and Akt2 KO in high Gln or Gln gradient. Graphs show 791 

the mean ± SEM of at least three independent experiments. *p<0.05; **p<0.01. 792 

Figure 6. Akt2 polarization is regulated by TRAF6. A, Akt2 and TRAF6 co-localization 793 

in CAF migrating towards Gln. Cells were treated with TGFβ in all conditions. 794 

Immunofluorescence analysis was performed after 6 h of migration in Chemotaxis µ-795 

slides (IBIDI). B, Levels of TRAF6 and phospho-Akt2 in CAF infected with control (ctl) or 796 

TRAF6 shRNAs (TRAF6 #1 and #2). C, Analysis of Snail1 in TRAF6 knocked-down CAF 797 

after 1h of TGFβ stimulation. D, Akt2 ubiquitination in TRAF6 knocked-down CAF. Cells 798 

were transfected with pMT107 (ubiquitin-6xHis) and cultured in high (H; 2 mM) or low (L; 799 

0.2 mM) Gln. Upon TGFβ stimulation (1 h), ubiquitinated proteins were purified by Nickel-800 

nitrilotriacetic (Ni-NTA) and pulled-down under denaturing conditions. Protein levels of 801 

the indicated markers were determined by Western blot analysis. E, Akt2 protein kinase 802 

activity was determined as above using Akt2 immunoprecipitated from CAF expressing 803 

a control (ctl) or a TRAF6 shRNA (TRAF6 #1 and #2).  Right; quantification of the results 804 

obtained in these assays. F, Akt2 localization in TGFβ-stimulated TRAF6-down-805 

regulated CAF migrating towards Gln. The graphs show the percentage of polarized cells 806 

in the migration front. Scale bars represent 10 µm. G, Invasion of TRAF6-defective CAF 807 

exposed to high Gln (2  2 mM) and a Gln gradient (0.2  2 mM). The figure shows the 808 
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mean ± SEM of at least three independent experiments. *p<0.05. H, Human breast 809 

samples were stained with Akt2 (top) or TRAF6 (bottom) antibodies. The figure shows 810 

details of invasive areas with active fibroblasts. Arrows label cells with a polarized 811 

distribution of the indicated protein. The bar corresponds to 200 m (low magnification, 812 

TRAF6 and Akt2 left), 100 m (low magnification, Akt2 right), 75 m (high magnification, 813 

Akt2 left), 50 m (high magnification, TRAF6) or 50 m (high magnification, Akt2 right).  814 

I, The number of Akt2- or TRAF6-polarized cells in the stroma of non-invasive areas or 815 

the invasive tumoral front was quantified as indicated in Methods. The mean ± SEM of 816 

five different tumors is shown. *p<0.05, **p<0.01.   817 

Figure 7.  Akt2 polarization and CAF activation are dependent on p62. A, Levels of 818 

p62 and phospho-Akt2 in CAF infected with control (ctl) or p62 shRNAs (p62 #1 and #2). 819 

B, Analysis of Snail1 and pSmad2 in p62 knocked-down CAF after TGFβ stimulation (1 820 

h). C, Akt2 or TRAF6 co-localization with p62 in TGFβ-stimulated CAF migrating towards 821 

Gln, either control or shp62. Graphs show the percentage of polarized cells with respect 822 

to the total. Scale bars correspond to 10 µm. E, Invasion of p62 down-regulated CAF 823 

exposed to high Gln (2  2 mM) and a Gln gradient (0.2  2 mM). TGFβ was added to 824 

the upper chamber when indicated. The figure shows the mean ± SEM of at least three 825 

independent experiments. *p<0.05.   826 
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