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Abstract 34 

Oncogenic mutations of KRAS are found in the most aggressive human tumors, including 35 

colorectal cancer. It has been suggested that oncogenic KRAS phosphorylation at Ser181 36 

modulates its activity and favors cell transformation. Using non-phosphorylatable (S181A), 37 

phosphomimetic (S181D) and phospho/dephosphorylatable (S181) oncogenic KRAS mutants, 38 

we analyzed the role of this phosphorylation to the maintenance of tumorigenic properties of 39 

colorectal cancer cells. Our data show that the presence of phospho/dephosphorylatable 40 

oncogenic KRAS is required for preserving the epithelial organization of colorectal cancer cells 41 

in 3D cultures, and for supporting subcutaneous tumor growth in mice. Interestingly, gene 42 

expression differed according to the phosphorylation status of KRAS. In DLD-1 cells, 43 

CTNNA1 was only expressed in phospho/dephosphorylatable oncogenic KRAS expressing 44 

cells, correlating with cell polarization. Moreover, lack of oncogenic KRAS phosphorylation 45 

leaded to changes in expression of genes related to cell invasion, such as SERPINE1, PRSS1,2,3 46 

and NEO1, and expression of phosphomimetic oncogenic KRAS resulted in diminished 47 

expression of genes involved in enterocyte differentiation, such as HNF4G. Finally, the 48 

analysis, in a public data set of human colorectal cancer, of the gene expression signatures 49 

associated to phosphomimetic and non-phosphorylatable oncogenic KRAS suggests that this 50 

post-translational modification regulates tumor progression in patients.  51 
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Introduction  52 

KRAS is a member of the Ras family of small GTPases. Its wild type form cycles from the 53 

inactive (GDP-bound) to the active (GTP-bound) state, responding faithfully to extracellular 54 

signals. When GTP-bound, it interacts with effector proteins that activate diverse signal 55 

transduction pathways, which in turn regulate processes such as proliferation, survival or 56 

differentiation in normal cells, the best studied being the c-RAF/MEK/ERK and PI3K/AKT1. 57 

All RAS isoforms have a highly conserved globular domain that contains the catalytic lobe and 58 

the allosteric lobe; and the non-conserved C-terminal domain, the hypervariable region (HVR), 59 

which contains the membrane targeting signals2. RAS proteins are irreversibly modified by 60 

farnesylation in the cysteine of the C-terminal CAAX sequence. Uniquely, adjacent to this 61 

modified aminoacid, KRAS has also a stretch of six contiguous lysines , which promotes an 62 

electrostatic interaction with the negatively-charged phosphate groups of phospholipids3.  63 

RAS is a major oncogenic driver in a variety of tumor types. Oncogenic KRAS mutations are 64 

found in the most deadly cancers (pancreatic (91%), colorectal (CRC, 42%), and lung (33%))1,4. 65 

Although oncogenic mutations preserve KRAS in its GTP-bound state,  diverse evidences 66 

suggest that oncogenic KRAS can be regulated, and so there may be several factors that 67 

maintain GTP-bound KRAS in a non-signaling state5–7.  68 

Non-effector proteins that bind to the HVR or/and the allosteric lobe of KRAS, such as PDE6-69 

δ5, galectin 38, calmodulin (CaM)9–11, HNRNPA2B112, nucleophosmin13 and β-catenin14, are 70 

examples of proteins that can modulate oncogenic KRAS activity s6,8,15,16. Additionally, several 71 

post-translational modifications of KRAS such as phosphorylation, ubiquitination or acetylation 72 

have been reported to be also able to modulate oncogenic KRAS activity6,16–21; among them, 73 

phosphorylation at Ser181, within the HVR, is the most studied. We demonstrated that this 74 

phosphorylation is regulated by CaM interaction6 and that expression of phosphomimetic 75 

mutants of oncogenic KRAS in normal mouse fibroblasts favored activation of downstream 76 

signaling, cell transformation, and tumor growth in mouse models6,12,18. Our data obtained in 77 

DLD-1 cells deleted for the endogenous oncogenic KRAS allele and overexpressing exogenous 78 

non-phosphorylatable or phosphorylatable oncogenic KRAS at Ser181 also confirmed the role 79 
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of S181  phosphorylation for  CRC tumor growth18. It has also been described using other 80 

cellular models, that KRAS phosphorylation induces apoptosis20 and that non-phosphorylated 81 

KRAS, by capturing CaM, inhibits the non-canonical Wnt/Ca2+ signaling and promotes 82 

tumorigenicity19. These contrasting results may be due to the use of different cellular models but 83 

may also be due to the distinct expression levels of the oncogenic KRAS.  84 

Although it is widely accepted that KRAS is a good target for cancer therapy, its inhibition 85 

represents a challenge. Interfering with its post-translational modifications such as 86 

phosphorylation at Ser181 may open a new therapeutic opportunity, but first, the relevance of 87 

this phosphorylation in the maintenance of the tumorigenic properties of established cancer cells 88 

must be demonstrated. To this end, we have generated CRC cells expressing different oncogenic 89 

KRAS phosphomutants. Our data show that the presence of phospho/dephosphorylatable 90 

oncogenic KRAS is essential for maintaining the polarity of the CRC cells and for allowing 91 

tumor growth, and interestingly, that the presence of non-phosphorylatable oncogenic KRAS 92 

impairs the invasive capacity of cells. Thus, we conclude that CRC cells depend on KRAS 93 

phosphorylation at Ser181 to maintain their tumorigenic properties.  94 

 95 

  96 



5 
 

 97 

Results 98 

Colorectal cancer cells expressing different oncogenic KRAS phosphomutants show 99 

different epithelial morphology in 2D culture 100 

To study the role of oncogenic KRAS phosphorylation at Ser181 in CRC, DLD-1 cells were 101 

used. These cells carry an oncogenic mutant KRAS allele and a wild type (WT) KRAS allele. 102 

This cell line was chosen because it depends on the expression of the oncogenic allele of KRAS 103 

to fulfill its tumorigenic properties; thus, the isogenic DLD-1 cell line knocked out for the 104 

oncogenic KRAS allele (named DLD-1 KO in this paper) does not grow properly under growth 105 

factor limiting conditions and does not generate tumors when subcutaneously injected in 106 

mice22,23. DLD-1 KO cells were transfected to generate clones of cells with recovered 107 

expression of oncogenic KRAS, but with different mutations at position 181. Consequently, 108 

clones of cells expressing different levels of exogenous oncogenic non-phosphorylatable KRAS 109 

(KRAS-S181A), oncogenic phosphomimetic KRAS (KRAS-S181D) or the control oncogenic 110 

phospho/dephosphorylatable KRAS (KRAS-S181) were obtained.  When examined by phase-111 

contrast microscopy, and regardless of the phosphomutant, all cells with high levels of 112 

expression of oncogenic KRAS showed a mesenchymal morphology, while clones expressing 113 

oncogenic KRAS at levels like endogenous KRAS maintained an epithelial-like morphology 114 

(Fig. 1a and Supplementary Fig. S1a).  115 

To analyze the role of oncogenic KRAS phosphorylation in CRC cells, we chose clones that 116 

expressed oncogenic KRAS phosphomutants at levels comparable to those of the endogenous 117 

WT KRAS (Fig. 1a, upper panel). Interestingly, although in 2D cultures all clones showed an 118 

epithelial-like morphology, clear differences between them were observed.  Similar to the 119 

original DLD-1 (Supplementary Fig. S1b), cells expressing oncogenic KRAS-S181 were able to 120 

form compact clusters, in which the boundaries between the cells were barely perceptible (Fig. 121 

1a, bottom panel). Conversely, this type of cell organization was not observed with the 122 

oncogenic KRAS-S181A and KRAS-S181D clones. Furthermore, oncogenic KRAS-S181D 123 
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cells were rounder than the rest.  In conclusion, the phosphorylation status of oncogenic KRAS 124 

is relevant for establishing a specific cell morphology in this CRC cell line.  125 

 126 

Oncogenic KRAS expression induces cell proliferation and modulates ERK and AKT 127 

activation regardless of the Ser181 phosphorylation status of KRAS  128 

To study the relevance of KRAS phosphorylation in cell viability under serum-limiting 129 

conditions, cell growth at 0.1 % Fetal Bovine Serum (FBS) was determined for DLD-1, DLD-1 130 

KO and the different oncogenic KRAS phosphomutants (Fig. 1b). As expected, DLD-1 KO 131 

cells grew less than DLD-122,23 and cells expressing oncogenic KRAS-S181 recovered the 132 

ability to grow under serum-limiting conditions. Both oncogenic KRAS-S181A and KRAS-133 

S181D clones grew significantly more than DLD-1 KO cells and similarly to oncogenic KRAS-134 

S181 and DLD-1, indicating that growth under starvation was independent of the 135 

phosphorylation status of KRAS. In agreement with the proliferation data, the levels of P-AKT 136 

and P-ERK in the different oncogenic KRAS phosphomutants were similar to those in DLD-1 137 

cells (Fig. 1c). Therefore, the effect of the constitutively expression of oncogenic KRAS in 138 

these CRC cells on the activation of ERK1, 2 and AKT was independent of its phosphorylation 139 

status at Ser181. In addition, these data confirmed that the oncogenic KRAS phosphorylation 140 

mutants were functional proteins.  Similar results in growth and signaling were obtained in all 141 

oncogenic KRAS-expressing cells cultured at serum-saturating conditions (Supplementary Fig. 142 

S1c,d). 143 

  144 

Phosphorylation status of oncogenic KRAS differentially regulates gene expression in 145 

colorectal cancer cells  146 

To better understand the phenotypes observed in DLD-1 cells expressing the different 147 

oncogenic KRAS phosphomutants, we analyzed and compared their gene expression. Clustering 148 

analysis of the differentially expressed genes demonstrated distinct expression patterns between 149 

the phosphomutant clones. The greatest differences were found between oncogenic KRAS-150 

S181A and KRAS-S181D clones (Fig. 2a, b, Supplementary Table S1 and Supplementary Fig. 151 
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S2a).  Although few, the existence of differentially expressed genes between oncogenic KRAS-152 

S181A and KRAS-S181 clones indicates that a proportion of KRAS is phosphorylated, and 153 

plays a role in the regulation of gene expression (Fig. 2b, cand Supplementary Table S1). Levels 154 

of oncogenic KRAS-S181 phosphorylation were indirectly estimated by measuring its affinity 155 

to CaM9,19.  Two out of the three oncogenic KRAS-S181 clones tested presented a reduced 156 

binding to CaM, indirectly corroborating oncogenic KRAS phosphorylation in those S181 157 

clones (Supplementary Fig. S2b).  158 

Genes related to enterocyte differentiation such as HNF4G, HEPH, MUC13, and UGT1A 24–27 159 

were particularly downregulated in oncogenic KRAS-S181D cells compared to both oncogenic 160 

KRAS-S181 and KRAS-S181A (Fig. 2c and Supplementary Fig. S2a), suggesting that KRAS 161 

phosphorylation induces a de-differentiation program. Changes in  HNF4G expression  were 162 

corroborated by qPCR and Western Blot (WB) (Fig. 2d and Supplementary Fig. S2c, d).  163 

Furthermore, GSEA indicated that the expression signature of oncogenic KRAS-S181D versus 164 

oncogenic KRAS-S181A and –S181 expressing cells is similar to that of DLD-1 cells with 165 

upregulated LEF1 (Fig. 2e), a gene related to the WNT signaling pathway and pluripotency28. 166 

TRIB2, recently proposed as an oncogene in CRC29, showed increased expression in cells with 167 

the phosphomimetic mutant, as demonstrated by qPCR (Fig. 2d and Supplementary Fig. S2d).   168 

Genes differentially expressed in oncogenic KRAS-S181A vs KRAS–S181 clones are involved 169 

in cell invasion and vascular co-option30,31.  Specifically, PRSS1,2,3 (coding for different 170 

isoforms of trypsin), and SERPINE1 (coding for PAI-I) are among the genes whose expression 171 

was specifically inhibited more than 2-fold when oncogenic KRAS could not be phosphorylated 172 

(Fig. 2c). Furthermore, NEO1 (codifying for neogenin 1), a suppressor of wound-healing 173 

response 32, is the only gene whose expression was significantly increased more than 2-fold in 174 

oncogenic KRAS-S181A-expressing cells (Fig. 2c). Decreased mRNA levels of SERPINE1 and 175 

PRSS2 were corroborated by qPCR (Fig. 2d and Supplementary Fig. S2d), and increased levels 176 

of neogenin 1 were corroborated by WB (Supplementary Fig. S2c).  177 

CTNNA1 was the only gene whose expression decreased in either S181A or S181D oncogenic 178 

KRAS-expressing cells compared with KRAS-S181 (Fig. 2c). This result was confirmed by 179 
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qPCR and WB (Fig. 2d, Supplementary Fig. S2d and Fig. 3a). Interestingly, the product of 180 

CTNNA1, α-E-catenin, is involved in cell-to-cell adhesion, a characteristic that we found to be 181 

impaired in cells expressing either the S181A or the S181D mutants of oncogenic KRAS (Fig. 182 

1a, bottom panel).  183 

 184 

Phosphorylation status of KRAS affects both organization of cells growing in 3D cultures 185 

and cell invasion capacity 186 

Since α-E-catenin is involved in cell-to-cell adhesion and polarization, we aimed to analyze a 187 

possible impact of oncogenic KRAS phosphorylation status in cell growth and organization in 188 

3-Dimensional (3D) culture. 189 

When grown in soft agar, although there was variability between clones, all oncogenic KRAS 190 

phosphomutants had a significantly higher capacity to form colonies than DLD-1 KO cells 191 

(Supplementary Fig. S3a).  Interestingly, the morphology of cell colonies expressing 192 

phospho/dephosphorylatable oncogenic KRAS differed from those expressing either oncogenic 193 

KRAS-S181A or KRAS-S181D. While colonies of cells expressing the S181 oncogene were 194 

compact spheres, colonies of non-phosphorylatable or phosphomimetic mutant cells were non-195 

compact and flatter, with well-distinguished limits between cells (Supplementary Fig. S3b). 196 

Growth in Matrigel-based 3D cultures was then analyzed. DLD-1 KO cells formed smaller 197 

cellular aggregates than the cell lines expressing oncogenic KRAS (Fig. 3b and Supplementary 198 

Fig. S3c). Interestingly, while the three oncogenic KRAS-S181 clones formed large, compact 199 

spheroidal and organized structures with a central hollow, all oncogenic KRAS-S181A or 200 

KRAS-S181D clones assembled into disorganized and branched “grape-like” aggregates (Fig. 201 

3b). Cells expressing the phosphomimetic oncogenic KRAS were the ones less aggregated.  202 

Immunofluorescence analysis showed that cells expressing oncogenic KRAS-S181 formed an 203 

epithelial structure of polarized cells with a central lumen. E-cadherin positive contacts between 204 

cells could be observed, and polymerized actin was localized in the apical cortex (near the 205 

lumen) resembling a structure containing microvilli (Fig. 3c). Finally, α6-integrin was confined 206 
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to the basal part of the cells (Fig. 3c). In contrast, all these markers indicated that cells 207 

expressing phosphomimetic or non-phosphorylatable oncogenic KRAS were not polarized. 208 

These data suggest that the lack of a phosphorylation-dephosphorylation cycle of oncogenic 209 

KRAS interfered with the polarization of the cells and, consequently, with the formation of an 210 

organized epithelial structure. Finally, immunofluorescence analysis of Matrigel cultures 211 

demonstrated that, in cells expressing the phospho/dephosphorylatable KRAS mutant, α-E-212 

catenin was localized at the plasma membrane and mainly in the areas of contact between the 213 

cells while it was undetectable in the phosphomimetic and non-phosphorylatble mutant cells. 214 

(Fig. 3c).  215 

The fact that, as mentioned above (Fig. 2b, c and Supplementary Table S1), the few 216 

differentially expressed genes in oncogenic KRAS-S181A vs KRAS-S181 clones were related 217 

to cell invasion, prompted us to study the impact of the lack of KRAS phosphorylation on cell 218 

invasiveness capacity. To test it, we used SW480 cells harboring oncogenic mutations in the 219 

two KRAS alleles and being a CRC cell line more prone to invade than DLD-1 cells. 220 

Interestingly, the single mutation S181A in one of the KRAS alleles leaded to a diminished 221 

expression of SERPINE1 as demonstrated by qPCR (Fig. 4a) and WB (Fig. 4b), and to a 222 

reduced invasive capacity (Fig. 4c).  Lack of α-E-catenin and increased neogenin-1 expression 223 

were also corroborated by either qPCR or WB in these cells (Fig. 4a, b). 224 

 225 

Tumor growth is impaired in cells expressing oncogenic non-phosphorylatable or 226 

phosphomimetic KRAS  227 

To test whether the phosphorylation status of oncogenic KRAS was also relevant to support 228 

tumor growth in CRC cells, DLD-1 KO cells and oncogenic KRAS phosphomutants were 229 

subcutaneously injected into nude mice, and tumor growth was monitored over time (Fig. 5a, b 230 

and Supplementary Fig. S4a). As expected, DLD-1 KO cells generated very few tumors, which 231 

were almost imperceptible macroscopically. In accordance with the previous data obtained with 232 

immortalized mouse fibroblasts18, CRC cells expressing oncogenic KRAS-S181 developed 233 

subcutaneous tumors, while tumor growth was clearly impaired in oncogenic KRAS-S181A 234 
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cells. But surprisingly, tumor growth was also reduced in CRC cells expressing oncogenic 235 

KRAS-S181D (Fig. 5b and Supplementary Fig. S4a).  236 

Interestingly, the histological comparation of the tumors revealed differences in cell 237 

organization similar to those observed in cells growing in 3D cultures. While oncogenic KRAS-238 

S181-expressing cells formed well-organized epithelial structures around blood vessels, the 239 

oncogenic KRAS-S181A and KRAS-S181D tumors were less differentiated, composed by cells 240 

that were poorly organized around smaller or collapsed blood vessels (Fig. 5c and 241 

Supplementary Fig. S4b). This lack of organization around the blood vessels could be one of the 242 

causes of impaired growth of tumors derived from KRAS-S181D and S181A-expressing 243 

epithelial CRC cells.  In fact, WB analysis showed that CA-IX expression was higher in tumors 244 

derived from these cells, indicating higher levels of hypoxia (Supplementary Fig. S4c). 245 

Furthermore, IHC analysis showed a different distribution of CA-IX signal in the area around 246 

the blood vessels (Supplementary Fig. S4b).  In the oncogenic KRAS-S181 ones we observed a 247 

clear hypoxic negative area around the blood vessels, followed by a strong positive region 248 

containing CA-IX positive hypoxic cells, while in the oncogenic KRAS-S181A and -S181D-249 

derived tumors, hypoxic cells were found much near to the blood vessels.  250 

Lack of α-E-catenin in tumors expressing phosphomimetic  or non-phosphorylatable  oncogenic 251 

KRAS was confirmed (Fig. 5d).  A reduction in the amount of trypsin protein was also observed 252 

in non-phosphorylatable mutant-derived tumors (Fig. 5d).   253 

Histological analysis showed that tumors generated by all KRAS phosphomutants, presented 254 

areas composed of apoptotic and necrotic cells which were TUNEL positive, as well as regions 255 

of high cell proliferation which were Ki-67 positive (Supplementary Fig. S4b). The mitotic 256 

count in the proliferating areas of all tumors was similar (Supplementary Fig. S4b, d). Finally, 257 

the effect of oncogenic KRAS phosphorylation on c-RAF/MEK/ERK and PI3K/AKT signaling 258 

pathways in the tumors was similar to that observed in 2D cultures (Fig. 5e). Furthermore, no 259 

correlation was observed between tumor growth and the activation status of these two signal 260 

transduction pathways.  261 
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To generalize the need of KRAS phosphorylation and dephosphorylation for cell polarity and 262 

tumor growth, the study was extended to HCT116 cells, a CRC cell line that also has oncogenic 263 

KRAS and an epithelial morphology. HCT116 cells KO for oncogenic KRAS were transfected 264 

with the different oncogenic KRAS phosphomutants. Similar to DLD-1 cells, the only clones 265 

that were able to form polarized compact organoid-like structures in 3D (analyzed either by 266 

phase contrast microscopy or immunofluorescence) were the ones expressing oncogenic KRAS-267 

S181 (Supplementary Fig. S5a).  Changes of HNFG4 and Neo1 expression observed in the 268 

DLD-1 clones, were confirmed in HCT116 cell line (Supplementary Fig. S5b). In contrast, α-E-269 

catenin did not follow the same expression pattern in HCT116 cells than in DLD-1 cells, 270 

suggesting that the reduced expression of this protein observed in DLD-1 cells might be a 271 

consequence of lack of cell polarization more than the primary cause (Supplementary Fig. S5b).   272 

Interestingly, tumor grow upon subcutaneous injection of these cells in mice was also reduced 273 

in clones expressing oncogenic KRAS-S181A and KRAS-S181D, compared to the clone 274 

expressing the oncogenic KRAS-S181, which is the only one that can be subjected to the 275 

phosphorylation-dephosphorylation cycle (Supplementary Fig. S5c).  276 

Finally, we analyzed if expression of higher levels of oncogenic KRAS could revert the 277 

decreased tumor growth observed in cells expressing either non-phosphorylatable or 278 

phosphomimetic oncogenic KRAS. As shown in Supplementary Fig. S6a, and in agreement 279 

with our previous published data18, DLD-1 cells with high overexpression of oncogenic KRAS-280 

S181A had highly impaired the ability to produce subcutaneous tumors. Interestingly, now we 281 

show that (in contrast that what occurs in fibroblasts) this ability was also impaired in epithelial 282 

cells overexpressing high levels of oncogenic KRAS-S181D (Supplementary Fig. S6a). 283 

Remarkably, this occurs independently that, in agreement with our previously published data, in 284 

2D-serum restricted conditions, phosphomimetic mutants grew better than non-285 

phosphorylatable mutants (Supplementary Fig. S6b). Thus, suggesting that, independently of 286 

the levels of oncogenic KRAS expression, phospho/dephosphorylation cycle of KRAS is 287 

essential to support tumor growth, but not growth in 2D cultures. Interestingly, the clones 288 

overexpressing phospho/dephosphorylatable oncogenic KRAS were again the only ones 289 
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showing some capacity to form polarized organoid-like structures when grown in Matrigel 290 

(Supplementary Fig. S6c).  291 

 292 

KRAS phosphorylation/dephosphorylation gene expression signature in human colorectal 293 

tumors 294 

To analyze the relevance of KRAS phosphorylation status in human CRC development, the 295 

expression of genes belonging to the KRAS-S181A signature (differentially expressed between 296 

oncogenic KRAS-S181A and KRAS-S181) and genes belonging to the KRAS-S181D signature 297 

(differentially expressed between oncogenic KRAS-S181D and KRAS-S181) was examined in 298 

a public data set of CRC samples (GSE39582)33. Firstly, in general, a positive correlation was 299 

observed in the tumors when comparing separately genes upregulated or downregulated 300 

belonging to the same signature (either KRAS-S181A or KRAS-S181D), while a negative 301 

correlation was observed when comparing upregulated and repressed genes within a signature 302 

(Fig. 6a). Importantly, a negative correlation was observed when comparing KRAS-S181A 303 

versus KRAS-S181D signatures.   All this supported the hypothesis that these genes are co-304 

regulated by an upstream event that is most probably dependent on KRAS phosphorylation 305 

status. Secondly, when analyzing in the same public cohort gene expression in normal tissue 306 

compared to tumor samples, we noticed that gene expression profiles of the tumors were more 307 

similar to the KRAS phosphorylation signature than to the non-phosphorylated one (Fig. 6b). 308 

Finally, patients with tumors overexpressing NEO1 (overexpressed in KRAS-S181A vs -S181) 309 

or with tumors with low levels of SERPINE1 (downregulated in KRAS-S181A vs -S181) had 310 

longer DFS, while patients with tumors with low expression of HNG4G (downregulated in 311 

KRAS-S181D vs –S181) or high expression of ID4 (overexpressed in KRAS-S181D vs –S181) 312 

had a shorter DFS (Fig. 6c).    313 
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Discussion  314 

Data presented here indicate that modification of the Ser181 phosphorylation status of 315 

oncogenic KRAS in CRC cells strongly impacts on the behavior of these cells: the presence of a 316 

phospho/dephosphorylatable  residue at position 181 in oncogenic KRAS is essential for cell 317 

polarization and aggregation and for facilitating subcutaneous tumor growth; and, cells 318 

expressing a non-phosphorylatable or a phosphomimetic amino acid at this position show 319 

differential expression of genes with a prominent role in oncogenesis.    320 

The role of phosphorylation of Ser181 in the HVR of KRAS is still controversial. The studies 321 

performed to date have mainly been done in non-transformed cell lines as a model, and so what 322 

has been analyzed is the contribution of S181 phosphorylation in initial cell 323 

transformation18,20,34. In the present work we used DLD-1 cells, which are oncogenic KRAS-324 

dependent and have been shown to be a good model for the study of CRC35,36. This has allowed 325 

us to investigate the role of oncogenic KRAS phosphorylation in maintaining the tumoral 326 

properties of cancer cells. An important point of our research is that we exogenously expressed 327 

diverse oncogenic KRAS-S181 phosphomutants in a modified DLD-1 cell line with a deletion 328 

of the endogenous oncogenic KRAS allele (DLD-1 KO), so the endogenous oncogene did not 329 

mask the impact of the exogenous phosphomutants. Furthermore, in contrast to our previous 330 

study18, for the main part of the current work, we chose cell clones expressing levels of 331 

exogenous oncogenic KRAS similar to those of endogenous WT KRAS, so avoiding possible 332 

additional effects due only to oncogenic KRAS overexpression, such as the induction of a 333 

mesenchymal phenotype.     334 

Important for our work is that all phosphomutant constructs produced functional oncogenic 335 

KRAS proteins, since all recovered the growth of DLD-1 KO cells at serum-starving conditions 336 

or in soft agar. This also indicated that the signaling pathways activated by KRAS that allow 337 

cells to survive under those conditions are independent of the phosphorylation status of KRAS. 338 

Accordingly, a similar impact of all phosphomutants was observed on the last effectors of the 339 

main KRAS signaling pathways c-RAF/MEK/ERK and PI3K/AKT. 340 
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Although no significant differences were perceived regarding in vitro cell growth, major 341 

changes in cellular aggregation and organization were observed between cells expressing the 342 

different oncogenic KRAS phosphomutants, the differences being more evident in cells grown 343 

in Matrigel. Cells expressing a phospho/dephosphorylatable oncogenic KRAS were the only 344 

ones able to form glandular-like structures with polarized cells. This was also observed in 345 

HCT116 cells and in DLD-1 cells with overexpression of oncogenic KRAS. One could argue 346 

that the mutation of serine to aspartic acid does not properly mimic phosphorylation, but this is 347 

unlikely to be the case, since we find a high number of genes differentially expressed between 348 

oncogenic KRAS-S181A and -S181D cells and in all previous publications a different 349 

phenotype was observed between cells expressing these phosphophomutants 6,18–20. 350 

Additionally, S181D mutant had a reduced binding to CaM indicating that, at least in this 351 

aspect, it was mimicking KRAS phosphorylation. Thus, we hypothesize that the presence of 352 

both phosphorylated and dephosphorylated oncogenic KRAS is essential to achieve cell 353 

polarity.  Interestingly, atypical PKC activity located specifically in the apical domain of 354 

epithelial cells is required for proper maintenance of cell polarization37. Accordingly, 355 

phosphorylated KRAS could also be located in the apical domain and dephosphorylated KRAS 356 

in the basolateral domain participating in cell polarization (Supplementary Fig. 7).  Lack of cell 357 

aggregation and polarization in both oncogenic KRAS-S181A and -S181D-expressing DLD-1 358 

clones correlated with a reduced expression of CTNNA1, which codes for α-E-catenin. Since α-359 

E-catenin facilitates actin attachments at the adherent junctions38, the lack of α-E-catenin may 360 

contribute to the loss of intercellular adhesion. But, because the same pattern of expression of α-361 

E-catenin was not observed in HCT116 cells, decreased levels of this protein in DLD-1 cells 362 

may be a consequence and not the primary cause of their inability to organize a well-polarized 363 

epithelium in Matrigel.  364 

An important conclusion of the transcriptomic analysis is that the phosphorylation status of 365 

KRAS at Ser181 modulates the expression of specific genes in these CRC cells. Besides, it can 366 
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be stated that at least a proportion of oncogenic KRAS is being phosphorylated, which we have 367 

indirectly confirmed by CaM pull-down.  368 

Gene expression differences between oncogenic KRAS-S181 and KRAS-S181A cells were 369 

mainly found in genes involved in cell migration, invasion and metastases30,31, indicating that 370 

the cells expressing the non-phosphorylatable oncogenic KRAS might have low invasion 371 

capacity. These gene expression changes were corroborated in another CRC cell line, SW480, in 372 

which we introduced a S181A mutation in one of the oncogenic KRAS alleles. Most 373 

interestingly, these mutant cells displayed less ability to invade. Although further experiments 374 

are needed, from our results we suggest that oncogenic KRAS phosphorylation enhances cell 375 

invasion.  376 

Additionally, the specific differences in gene expression induced by the phosphomimetic 377 

mutant, imply that phosphorylation of KRAS promotes an undifferentiated cellular state related 378 

to cancer progression.  The reduced expression of genes such as HNF4G27, HEPH, UGT1A and 379 

MUC1324–26, and the GSEA data associate KRAS phosphorylation with pluripotency28.   380 

Notably, expression correlation analysis, in a cohort of human CRC, between genes belonging 381 

to the different signatures strongly supports the hypothesis that gene expression is also regulated 382 

by KRAS phosphorylation in human tumors. 383 

While all cells expressing the different phosphomutants of oncogenic KRAS were able to grow 384 

in 2D and 3D cultures, subcutaneous tumor growth, independently of the levels of expression of 385 

the phosphomutant, was strongly impaired in KRAS-S181A and in KRAS-S181D-expressing 386 

cells. Results obtained with the non-phosphorylatable mutant agreed completely with our 387 

previous observations 18, but based on the gene expression data and in 2D culture results, it was 388 

surprising that the phosphomimetic mutant did not support tumor growth. Interestingly, lack of 389 

tumor growth correlated (independently of the levels of oncogene expression) with the inability 390 

to form polarized organoid-like structures in Matrigel. The poorly differentiated histological 391 

morphology and the lack of a well-organized perivascular organization observed in oncogenic 392 
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KRAS-S181D and KRAS-S181A tumors may reflect the 3D culture findings (Supplementary 393 

Fig. 7) and may preclude tumor nutrition and oxygenation (in agreement with the observed CA-394 

IX expression), and consequently tumor growth. We propose that, as was the case with 395 

Matrigel, a phosphorylation/dephosphorylation cycle is necessary to polarize and organize the 396 

cells around blood vessels. Interestingly, cell polarity in CRCs is disrupted but not completely 397 

lost39. Thus, a selective pressure to maintain certain cell polarity may exist in colorectal tumors. 398 

Accordingly, α-E-catenin has an essential role in intestinal adenoma formation40 and together 399 

with other components of the cadherin complex is considered an obligatory haploinsufficient 400 

tumor suppressor in intestinal neoplasia41. The need of cell polarization for CRC tumor growth, 401 

may explain the differences observed regarding the ability of mouse fibroblast transfected with 402 

oncogenic KRAS-S181D to generate subcutaneous tumors18.  Based on the findings presented 403 

here one might think that inducing either complete KRAS phosphorylation or 404 

dephosphorylation would be a good therapeutic strategy: both PKC inhibitors and activators 405 

have been shown to reduce tumor growth induced by oncogenic KRAS18,42. Nevertheless, 406 

present data related to cell invasion and differentiation, together with our previous observations 407 

in mouse fibroblasts6,12,18, suggest that inhibiting KRAS phosphorylation would be safer. Most 408 

importantly, analysis of the public data indicates that gene expression in human CRC is more 409 

similar to the phosphomimetic than to the non-phosphorylatable oncogenic KRAS signature, 410 

supporting the hypothesis that phosphorylation is important for human CRC development, and 411 

that consequently its inhibition would be a good therapeutic strategy. 412 

We conclude that CRC cells depend on KRAS phosphorylation cycle at Ser181 to maintain 413 

their tumorigenic properties. Specific interference with this modification or with its downstream 414 

signaling may be an appropriate therapy.   415 

 416 

Materials and Methods  417 
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Cell lines and culture. DLD-1 (KRASWT/G13D) (clone V15, #HD PAR-086) and HCT116 418 

(KRASWT/G13D) (#HD PAR-007) colorectal adenocarcinoma cell lines, and DLD-1 and HCT116 419 

knockouts of mutant KRAS allele, DLD-1 KO (KRASWT/-) (clone D-WT7, #HD105-002) and 420 

HCT116 KO (KRASWT/-) (clone HAF1 (v154), #HD 104-008) were obtained from Horizon 421 

Discovery Ltd. (Cambridge, UK).  DLD-1 KO and HCT116 KO mutant clones stably 422 

expressing HA-KRAS-G12V-S181, HA-KRAS-G12V-S181A, or HA-KRAS-G12V-S181D 423 

were generated by transfecting DLD-1 KO and HCT116 KO cells with the specific HA-KRAS-424 

G12V plasmids as indicated in Supplementary Methods.    SW480 cells with one oncogenic 425 

KRAS allele containing the S181A mutation was generated by single guide wild-type Cas9-426 

based CRISPR technology 43 (see details in supplementary methods). DLD-1 and DLD-1 KO 427 

cells were grown in DMEM-HAM’s F12 (1:1), and SW480 in DMEM. In all cases medium was 428 

supplemented as previously described18. Cells were tested one per month for mycoplasma 429 

contamination. 430 

 431 

Cell growth and Proliferation assays, Cell invasion Assay, and Sample lysis and Western 432 

blotting are detailed in Supplementary Methods and supplementary table S2 433 

 434 

3-Dimensional (3D) cell culture. 3D on-top Matrigel assay was performed as in ref. 44. For 435 

details and also for soft agar colony formation assay see Supplementary Methods.   436 

 437 

Immunofluorescence for 3D cell culture. Organoid-like structures of growing cells were fixed 438 

following option C of the protocol for whole-culture fixation44.  See detailed in Supplementary 439 

Methods.  440 

 441 

CaM-Sepharose Pull-down Assays were performed as previously described9. 442 

 443 
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Tumor generation in mice. Subcutaneous tumors were generated as previously described18. 444 

See details in Supplementary Methods.  445 

All mouse experiments were performed in accordance with protocols approved by the Animal 446 

Care and Use Committee of ICO-IDIBELL Hospitalet de Llobregat (Barcelona, Spain).  For 447 

tumor histology and histochemistry see Supplementary Methods.  Antibodies and reagents used 448 

are listed in Supplementary Table S3. 449 

 450 

Microarrays and gene expression analysis. See Supplementary Methods and references29,45–50 451 

and Supplementary Table S4 452 

 453 

Statistical Analysis. Statistical analyses were performed with GraphPad Prism 8.1. Data shown 454 

represent the mean ± SEM or SD (as indicated in figure legends) of three or four independent 455 

experiments. Significant differences were assessed using one-way ANOVA with Tukey’s or 456 

Dunnett’s Multiple Comparisons Tests; and considered when P<0.05. 457 

 458 

Data and code availability. The datasets generated during the current study are available in the 459 

GEO database repository: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE176276 460 
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Figure legends 611 

Fig. 1 Stable expression of oncogenic KRAS phosphomutants induce differential cell 612 

morphology. a WB analysis showing the clones of DLD-1 KO (KRASWT/-) with an exogenous 613 

expression of KRAS-G12V-S181 (S181), KRAS-G12V-S181A (S181A) and KRAS-G12V-614 

S181D (S181D) similar to the endogenous level of KRAS (numbers indicate different clones) 615 

(upper panel). Phase-contrast images of KRAS phosphomutants cell clones. All scale bars, 50 616 

μm (bottom panel). b 5 x 103 DLD-1 KO (KRASWT/-) cells stably expressing either KRAS-617 

G12V-S181, -S181A, or -S181D were cultured under serum-limiting (0.1% FBS) conditions for 618 

48 hours to evaluate cell survival by MTT. A cell viability ratio was obtained for each clone. 619 

Mean ± SEM of four independent experiments is shown. Significant differences were assessed 620 

using one-way ANOVA and Dunnett’s Multiple Comparisons Tests compared to DLD-1 KO 621 

(*p-value<0.05, **p-value<0.01, ***p-value<0.001, ****p-value<0.0001). c DLD-1 KO 622 

(KRASWT/-) cells expressing KRAS-G12V phosphomutants were cultured in absence of serum 623 

(0% FBS) for 24 hours and total lysates from the different cell clones were analyzed by WB to 624 

detect the indicated proteins. Lamin B and Gap120 were used as loading controls of 625 

phosphoproteins. *Gap120 was used as loading controls of total proteins. 626 

 627 

Fig. 2 Status of oncogenic KRAS phosphorylation at Ser181 has an impact in genes 628 

expression. a Average linkage WPGMA Clustering of proves and clones that had a 629 

significantly different expression (FDR<0.01 (False Discovery Rate)) in at least one of the 630 

conditions (S181; S181A or S181D). Intensities (Log2) were normalized for each gene. b 631 

Differentially expressed probes were pooled in genes to determine the number of genes 632 

differentially expressed. Number of genes (upper graph) and Venn diagram (lower graph) of 633 

differentially expressed (FDR<0.05 and a FC>2 (Fold Change)) between the phosphomutant 634 

groups. c Volcano plot showing genes differentially expressed when comparing S181D (upper 635 

graph) or S181A (lower graph) with S181 expressing cells.  Genes with an FDR<0.05 and a 636 

FC>2 are colored: red upregulated and green downregulated. The name of genes of interest is 637 

indicated. d RNA extraction from DLD-1 KO (KRASWT/-) cells stably expressing KRAS-G12V- 638 
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S181, -S181A or -S181D was carried out and cDNA was obtained from 1µg of total RNA. Real 639 

Time qPCR was performed. The normalized expression of CTNNA1, SERPINE1, PRSS2, 640 

HNF4G and TRIB2 is presented relative to the expression in KRAS-G12V-S181 641 

phosphomutant. Data shown represent the mean ± SEM of three independent experiments 642 

(S181, S181A and S181D indicate the average of three different KRAS-G12V-S181, -S181A or 643 

-S181D cell clones). Significant differences were assessed using one-way ANOVA and 644 

Dunnett’s Multiple Comparisons Tests compared to S181 (*p-value<0.05, **p-value<0.01, 645 

***p-value<0.001, ****p-value<0.0001). e GSEA plot showing enrichment of the indicated 646 

gene set in the expression profile of S181D versus S181 and S181A versus S181D cells. NES, 647 

normalized enrichment score; P, p-value. 648 

 649 

Fig. 3 Oncogenic KRAS phosphorylation/dephosphorylation cycle at Ser181 is necessary 650 

to induce an epithelial polarized structure. a Cell extracts from DLD-1 KO (KRASWT/-) cells 651 

stably expressing KRAS phosphomutants cultured in 2D were immunoblotted using the 652 

indicated antibodies. CDK4 and lamin B were used as loading controls.  b 2.5 x 104 DLD-1 KO 653 

(KRASWT/-) cells stably expressing either KRAS-G12V-S181, -S181A, or -S181D were cultured 654 

on top of a thin basement membrane matrix (Matrigel) overlaid with a dilute solution of this 655 

basement membrane matrix (3D on-top Matrigel assay). Representative phase-contrast images 656 

of phosphomutants cells grown for seven days are shown. All scale bars, 50 μm. c After seven 657 

days, colonies were immunostained to detect E-cadherin (adherent junctions, green), integrin α-658 

6 (basement membrane marker, green), α-E-catenin (cell adhesion, green) and polymerized 659 

actin was detected with phalloidin (apical cell marker, red). Nuclei were counterstained with 660 

DAPI (blue). A representative image of one of each phosphomutants is shown. All scale bars, 661 

10 μm. 662 

 663 

Fig. 4 Oncogenic KRAS phosphorylation/dephosphorylation cycle at Ser181 regulates cell 664 

invasive capacity. SW480 cells (S181) and different clones of CRISPR modified SW480 cells 665 

with one KRAS allele with S181A mutation (named as S181A followed by the number of the 666 
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clone) were used. a RNA extraction from SW480 cells (S181) and SW480 cells with S181A 667 

mutation was carried out and cDNA was obtained from 1µg of total RNA. Real Time qPCR was 668 

performed. The normalized expression of SERPINE1 and CTNNA1 is expressed in the graph 669 

relative to SW480 cells (S181). Data shown represent the mean ± SEM of four independent 670 

experiments. Significant differences were assessed using one-way ANOVA and Dunnett’s 671 

multiple comparisons tests compared to SW480 cell line (S181) (*p-value<0.05, **p-672 

value<0.01, ***p-value<0.001, ****p-value<0.0001). # significant differences using unpaired 673 

two-tailed t test. b Cell extracts from SW480 cells (S181) and SW480 cells with S181A 674 

mutation were immunobloted to detect the indicated proteins.  Gap120 and CDK4 were used as 675 

loading controls. c Cell invasion assay was performed as detailed in methods section. The 676 

number of invading cells was calculated as the number of cells counted in the lower 677 

compartment of Boyden chamber divided by the number of areas counted. Data show the 678 

invading cell ratio and represent the mean ± SEM of three independent experiments. Significant 679 

differences were assessed using one-way ANOVA and Dunnett’s Multiple Comparisons Tests 680 

compared to SW480 cell line (S181) (*p-value<0.05, **p-value<0.01, ***p-value<0.001, 681 

****p-value<0.0001).  682 

 683 

Fig. 5 Phosphorylation at Ser181 of oncogenic KRAS is necessary for tumor growth. DLD-684 

1 KO (KRASWT/-) cells stably expressing either KRAS-G12V-S181 (clone S3), -S181A (clone 685 

A1) or –S181D (clone D2) were injected into each flank of nude mice (each group n=4 tumors). 686 

a Oncogenic KRAS exogenous protein levels from the different cell clones were analyzed by 687 

immunoblot the day of injection into mice. Lamin B was used as loading control. b At day 28 688 

mice were euthanized, and tumors were dissected and weighed. The weight of excised tumors is 689 

showed in the graph (each dot corresponds to a tumor). Mean ± SD of four tumors of each 690 

phosphomutant is shown. Significant differences were assessed using one-way ANOVA and 691 

Dunnett’s Multiple Comparisons Tests comparing to S181-derived tumor (*p-value<0.05, **p-692 

value<0.01, ***p-value<0.001, ****p-value<0.0001). c Histology of tumors was analyzed by 693 

hematoxylin-eosin staining. Slide scan and morphometric analysis were performed. The panels 694 
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show from left to right the lowest to highest magnification images. Scale bars of lowest 695 

magnification, 200μm. Scale bars of highest magnifications, 50μm. d-e Total cell lysates of 696 

representative excised tumors were immunoblotted to detect the indicated proteins (numbers 697 

indicate different tumors).  CDK4, tubulin and Gap120 were used as loading controls (d). 698 

Gap120 and *Gap120 were used as loading controls of phospho- and total proteins, respectively 699 

(e). 700 

 701 

Fig. 6 Expression of S181D and S181A signature in human CRC primary tumors and 702 

normal colon. a Correlation matrix (Pearson’s Coefficient) between the expression of genes 703 

belonging to S181A and S181D signatures analyzed in human CRC primary tumors 704 

(GSE39582). We are more restrictive with the S181D signature in order to have a similar 705 

number of genes in each one. UGT1A1-10 and CTNNA1 are excluded from the analysis (the 706 

first because is a group of genes and the second because it belongs to both signatures). 707 

Correlation is considered if p-value P<0.01 (student T-test). b Color-map showing relative 708 

expression of genes belonging to S181A and S181D signatures in CRC human primary tumors 709 

(CRC T) versus normal tissue (NT) (GSE39582). Differences were considered if p-value 710 

P<0.01. c DFS Kaplan-Meyer curves using the same cohort as in (a) and (b). Each curve 711 

represents the percentage (Y-axis) of the population that exhibits recurrence of the disease along 712 

time (X-axis, in months) for each indicated quartile. 713 
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