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Abstract 46 

Missense mutations in exon 3 of CTNNB1, the gene encoding β-catenin, are associated 47 

with poor outcomes in endometrial carcinomas (EC). Clinically, CTNNB1 mutation status 48 

has been difficult to use as a predictive biomarker as β-catenin oncogenic activity is 49 

modified by other factors, and these determinants are unknown. Here we reveal that 50 

CD73 restrains the oncogenic activity of exon 3 β-catenin mutants, and its loss 51 

associates with recurrence. Using 7 patient-specific mutants, with genetic deletion or 52 

ectopic expression of CD73, we show that CD73 loss increases β-catenin-TCF/LEF 53 

transcriptional activity. In cells lacking CD73, membrane levels of mutant β-catenin 54 

decreased which corresponded with increased levels of nuclear and chromatin-bound 55 

mutant β-catenin. These results suggest CD73 sequesters mutant β-catenin to the 56 

membrane to limit its oncogenic activity. Adenosine A1 receptor deletion phenocopied 57 

increased β-catenin-TCF/LEF activity seen with NT5E deletion, suggesting that the 58 

effect of CD73 loss on mutant β-catenin is mediated via attenuation of adenosine 59 

receptor signaling. RNA-seq analyses revealed that NT5E deletion alone drives pro-60 

tumor Wnt/β-catenin gene expression and, with CD73 loss, β-catenin mutants 61 

dysregulate zinc-finger and non-coding RNA gene expression. We identify CD73 as a 62 

novel regulator of oncogenic β-catenin and help explain variability in patient outcomes in 63 

CTNNB1 mutant EC. 64 

 65 

 66 

 67 

 68 
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Introduction 69 

β-catenin, encoded by the gene CTNNB1, is an essential component of cell-cell 70 

adhesions1–5 and a transcriptional co-activator of Wnt signaling6–10. β-catenin is a crucial 71 

oncogene in various types of cancer and is often activated by somatic missense 72 

mutations in exon 3 of CTNNB111–15. In endometrial carcinomas (EC), exon 3 CTNNB1 73 

mutations occur frequently (on average of ~20-30%), especially in low grade, early 74 

stage endometrioid EC (EEC)16–19. Exon 3 mutations prevent β-catenin protein 75 

degradation, leading to its cytoplasmic accumulation and subsequent nuclear 76 

translocation and oncogenic transcriptional activity13,14,20. Several studies implicate 77 

CTNNB1 mutations as oncogenic drivers in EC. For instance, CTNNB1 mutations are 78 

seen as early as atypical hyperplasia and expression of a dominant stabilized CTNNB1 79 

exon 3 in murine studies results in endometrial hyperplasia21–23. Many more studies 80 

report that high expression of β-catenin or CTNNB1 mutations are associated with 81 

recurrence, worse recurrence-free survival, or overall survival16,17,24–28 and that CTNNB1 82 

mutation is a greater risk factor for recurrence than other aggressive clinical features, 83 

such as myometrial invasion and lymphovascular space invasion (LVSI)17.   84 

 85 

Despite a close association with recurrence, CTNNB1 status has been challenging to 86 

utilize clinically for identifying patients at high risk for poor outcomes. CTNNB1 mutation 87 

alone has poor sensitivity and specificity in predicting disease recurrence. Some 88 

patients with CTNNB1 mutant tumors will have disease recurrence (~30%), yet many 89 

others will never recur28. Additionally, studies assessing the nuclear localization of β-90 

catenin by immunohistochemistry as a possible approach for predicting recurrence have 91 
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shown that the percent of β-catenin nuclear expression in CTNNB1 mutant EC29 and/or 92 

endometrial tumors with aberrant β-catenin expression30 is widely variable (for example, 93 

~5-60%29) with no clear correlation with outcomes. The variability in outcomes has 94 

suggested that β-catenin oncogenic activity is modified by other factors. To improve 95 

patient outcomes, it is critical to identify these determinates. 96 

 97 

The purpose of this study was to examine whether CD73, a 5’-nucleotidase, is a critical 98 

factor controlling the oncogenic activity of exon 3 mutant β-catenin in EEC. In previous 99 

studies elucidating the role of CD73 in the pathogenesis of EC31,32, we found that CD73 100 

localizes wildtype β-catenin to the membrane to prevent disease aggressiveness31. 101 

Unlike other cancers, CD73 is downregulated in EC31,32, and its loss is associated with 102 

worse overall survival31. CD73 limits EC cell invasion by activating adenosine A1 103 

receptor (A1R) signaling, which redistributes E-cadherin and β-catenin to the cell 104 

membrane to protect epithelial integrity by reforming cell-cell adhesions31. In EEC, the 105 

majority of mutations in CTNNB1 occur in exon 3 (88.7%; TCGA) in a stretch of 14 106 

amino acids (codon 32 to 45)16. Exon 3 encodes a region on the N-terminus of β-107 

catenin, which is separate from the region (armadillo domain repeats) where β-catenin 108 

binds with E-cadherin to localize to the membrane33–36. Based on our previous findings 109 

that CD73-A1R signaling redistributes wildtype β-catenin to the cell membrane, we 110 

hypothesized that CD73 limits the oncogenic activity of exon 3 mutant β-catenin by 111 

sequestering it to the membrane. Thus, CD73 serves as a molecular determinant of β-112 

catenin oncogenic activity, whereby the presence or absence of CD73 expression in 113 

exon 3 CTNNB1 mutant tumors helps explain the variability in patient outcomes.   114 
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 115 

Here we reveal that CD73 critically restrains the oncogenic activity of patient-specific 116 

exon 3 β-catenin mutants by sequestering mutant β-catenin to the cell membrane. We 117 

provide evidence for CD73 as a potential biomarker for predicting recurrence in patients 118 

with tumors with exon 3 CTNNB1 mutation and uncover that CD73 loss alone in EC 119 

cells induces pro-tumor Wnt/β-catenin gene target expression, in addition to promoting 120 

novel β-catenin mutant-mediated changes in gene expression. 121 

 122 

Results 123 

Low NT5E expression associates with recurrence in endometrial cancer patients 124 

with exon 3 CTNNB1 mutations.  125 

We first assessed whether CD73 was associated with disease recurrence in β-catenin 126 

mutant EC. NT5E expression was measured in n = 29 endometrial tumors verified by 127 

next-generation sequencing to have exon 3 CTNNB1 mutations. Tumors were then 128 

stratified by patient recurrence or death (Supplemental Table 1). NT5E expression was 129 

significantly lower in patients with recurrence or who died of their disease compared to 130 

patients with no recurrence (Figure 1A). NT5E expression was not significantly different 131 

when the tumors were stratified by surgical stage (Figure 1B) or lymphovascular space 132 

invasion (LVSI) (Figure 1C), indicating that NT5E expression associates with 133 

recurrence. NT5E expression plotted for individual patients revealed the lower quartile 134 

contained most of the recurrences (Figure 1D). Of these patients, 86% had recurrence 135 

or death. Notably, the lower quartile value (0.00984 molecules of NT5E) is similar to 136 

values we previously reported to be associated with poor patient outcomes in a more 137 

diverse group of endometrial tumors31. Due to the small cohort size, we were not 138 
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statistically powered for performing survival analyses. However, visible downward 139 

trends for progression-free survival and overall survival were observed in patients with 140 

NT5E-low tumors (Supplemental Figure 1). 141 

 142 

Loss of CD73 associates with β-catenin nuclear localization in exon 3 CTNNB1 143 

mutant tumors. 144 

We found a strong correlation between CD73 expression and β-catenin localization in 145 

exon 3 CTNNB1 mutant tumors, supporting our hypothesis that CD73 may control 146 

mutant β-catenin signaling. Immunohistochemistry studies showed CD73 loss was 147 

strongly correlated with cytoplasmic and nuclear β-catenin staining in EC cells in 148 

CTNNB1-mutant tumors (Figure 1E, Tumors #5, #8, and #11; Figure 1F and 1G). In 149 

contrast, CD73 membrane expression was strongly correlated with regions of the tumor 150 

with EC cells with membrane β-catenin staining (Figure 1E, Tumor #1; Figure 1F and 151 

1G). Membrane expression of CD73 is indicative of cells maintaining epithelial 152 

integrity31. Based on these data, we further pursued in vitro experiments to test whether 153 

CD73 restrains the oncogenic activity of exon 3 mutant β-catenin, thus explaining the 154 

lower rates of recurrence in patients with ‘NT5E high’ tumors.  155 

 156 

Validation of the TOPFlash reporter assay for measuring mutant β-catenin activity 157 

in EC cells.  158 

Given that low NT5E expression was associated with disease recurrence, we sought to 159 

determine whether CD73 may control the oncogenic activity of mutant β-catenin in EC.  160 
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β-catenin is a transcriptional co-factor and often complexes with proteins of the T-cell 161 

factor/lymphoid enhancer factor (TCF/LEF) family of transcription factors to activate the 162 

transcription of Wnt target genes8–10,12,13,37. Accordingly, we performed experiments 163 

testing a TOPFlash reporter as a readout of mutant β-catenin transcriptional activity in 164 

EC cells12. The TOPFlash construct contained 8 TCF/LEF binding sites upstream of a 165 

luciferase gene promoter38. HEC-1-A and Ishikawa cells are EC cell lines commonly 166 

used to model low grade EC and express high or low/no levels of CD73, respectively 167 

(Fig 2A-2B)31. We also used a multi-site exon 3 CTNNB1 Xenopus mutant (Xenopus β-168 

catenin∆EX3) to test the induction of TCF/LEF reporter activity39. Xenopus CTNNB1 is 169 

97% homologous to the human CTNNB1 gene and 100% homologous in the exon 3 170 

region (UniProt, P35222 and P26233). Our validation experiments showed both 171 

endogenous β-catenin and Xenopus β-catenin∆EX3 induced TCF/LEF reporter activity in 172 

HEC-1-A and Ishikawa cells (Figure 2C, 2F), with Xenopus β-catenin∆EX3 showing a 173 

greater induction (Figure 2C, 2F). TCF/LEF activity was not induced in cells transfected 174 

with FOPFlash, a construct with mutated TCF/LEF sites38 (Figure 2C), and was reduced 175 

by CTNNB1 siRNA (Figure 2D-2E), demonstrating that the luciferase signals of the 176 

TOPFlash reporter were specific to β-catenin. 177 

 178 

CD73 restrains exon 3 Xenopus mutant β-catenin transcriptional activity. 179 

With the successful validation of the TCF/LEF reporter assay in EC cells, we next 180 

examined whether CD73 loss alters the transcriptional activity of mutant β-catenin.  181 

We measured Xenopus β-catenin∆EX3-responsive reporter gene activity in NT5E wild-182 

type HEC-1-A cells (NT5E WT) and an NT5E-/- HEC-1-A cell line (NT5E KO) generated 183 
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by CRISPR/Cas9-mediated editing of the NT5E gene. Ectopically expressed Xenopus 184 

β-catenin∆EX3 induced ~10-fold higher levels of TCF/LEF reporter activity in NT5E KO 185 

cells when compared with NT5E WT cells (Figure 2G), indicating that CD73 limits 186 

transcriptional activity of exon 3 mutant β-catenin. CD73 status and equivalent 187 

expression of Xenopus β-catenin∆EX3 in NT5E WT and NT5E KO cells was confirmed by 188 

immunoblotting (Figure 2G).  189 

 190 

Next, we tested the effect of ectopically expressed CD73 on β-catenin-driven TCF/LEF 191 

activity in Ishikawa cells (which lack endogenous CD73). We used an NT5E adenoviral 192 

vector (AdV) to reconstitute CD73 expression in Ishikawa cells. We ensured that 193 

Ishikawa cells were reconstituted with a level of CD73 expression that was equivalent to 194 

endogenous CD73 levels in HEC-1-A NT5E WT cells (Supplemental Figure 2A). As 195 

shown in (Figure 2H), Ishikawa cells transduced with NT5E AdV showed a pattern of 196 

membrane-localized CD73, which was similar to the distribution of endogenous CD73 in 197 

HEC-1-A NT5E WT cells (Supplemental Figure 2C).  198 

 199 

We measured the effect of reconstituted CD73 on Xenopus β-catenin∆EX3-dependent 200 

transcriptional activity of the TCF/LEF reporter construct. Consistent with a role of CD73 201 

in restraining mutant β-catenin activity, Xenopus β-catenin∆EX3-driven TCF/LEF reporter 202 

activity was reduced 2-fold in Ishikawa cells reconstituted with CD73 when compared 203 

with control cultures (Figure 2I).  Reconstitution of CD73 protein levels, and equivalent 204 

expression of Xenopus β-catenin∆EX3 expression in control and CD73-complemented 205 

cells was confirmed by immunoblotting (Figure 2I, Supplemental Figure 2B). Taken 206 
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together, these data suggest a critical role for CD73 in controlling mutant β-catenin 207 

transcriptional activity in EC.  208 

 209 

Selection of patient-specific β-catenin mutants from public databases for study in 210 

EC cells. 211 

Having demonstrated that CD73 can restrain the transcriptional activity of Xenopus β-212 

catenin∆EX3, a 4-residue mutant, we asked whether CD73 restrains the activity of exon 3 213 

CTNNB1 mutants that are found in human EC with only one mutated codon. An 214 

additional consideration was the wide variety of missense mutations in exon 3 of 215 

CTNNB1 reported for EC16,17,40,41. To select the most patient-relevant mutants to 216 

develop expression constructs, mutational data was pooled from five patient cohorts, 217 

and variety and frequency of the mutations graphed (Figure 3A). As expected, the most 218 

commonly mutated codons were S37 and S33, which are residues that when 219 

phosphorylated by glycogen synthase kinase-3β initiate the degradation of β-220 

catenin39,42–45. Non-serine/threonine residues D32 and G34 were also highly mutated. 221 

Mutations at these sites interfere with β-catenin ubiquitination and subsequent 222 

degradation by reducing both β-catenin binding to E3 ligase β-TrCP as well as β-TrCP-223 

mediated ubiquitination of β-catenin46,47.  We selected 7 mutants to test for negative 224 

regulation by CD73: phosphorylation site mutants S33F, S33Y, S37C, S37F, and S45F, 225 

and non-phosphorylated site mutants D32N and G34R. We additionally included WT 226 

CTNNB1, as overexpression of β-catenin is oncogenic and is found in EC16,48–50.  227 

 228 
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CD73 restrains the transcriptional activity of patient-specific exon 3 β-catenin 229 

mutants.  230 

Using plasmid transfection, we successfully expressed C-terminal MYC-tagged forms of 231 

all 7 patient-specific β-catenin mutants (and wildtype (WT) β-catenin) in HEC-1-A NT5E 232 

WT and NT5E KO cells (Figure 3B). Similar to our data with Xenopus β-catenin∆EX3, 233 

CD73 loss led to increased TCF/LEF reporter activity ~20-fold in response to WT β-234 

catenin and all seven patient-specific β-catenin mutants (Figure 3C). Thus, CD73 235 

downregulation not only increases mutant β-catenin activity in CTNNB1 mutant tumors 236 

but potentially promotes the oncogenic activity of WT β-catenin in EC.  237 

 238 

In a reciprocal experiment, ectopic expression of CD73 in Ishikawa cells (which lack 239 

endogenous CD73; Figure 3D) led to the repression of β-catenin-driven TCF/LEF 240 

activity by 2-4-fold with patient relevant mutants, specifically G34R, S37F, and S45F, as 241 

well as WT β-catenin (Figure 3E). CD73 to restrain WT β-catenin transcriptional activity 242 

is consistent with our previous studies showing that CD73 can control the localization of 243 

non-exon 3 β-catenin to the cell membrane31. Thus, CD73 likely limits the oncogenic 244 

activity of both aberrantly expressed WT β-catenin and exon 3 β-catenin in EC. The 245 

reduction of β-catenin activity by ectopic expression of CD73 in some mutants in the 246 

Ishikawa cells is evidence of β-catenin mutant-specific differences in EC.  247 

 248 

CD73 sequesters exon 3 mutant β-catenin to the cell membrane.  249 

We previously reported that CD73-generated adenosine promotes epithelial integrity by 250 

moving cytoplasmic E-cadherin and wildtype β-catenin to the cell membrane31. Given 251 
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that exon 3 encodes a region on the N-terminus of β-catenin, which is separate from the 252 

region where β-catenin binds with E-cadherin33–36, we hypothesized that CD73 may 253 

restrain mutant β-catenin transcriptional activity by sequestering it to the cell membrane.  254 

 255 

As proof of principle, we first assessed the nuclear localization of Xenopus β-catenin∆EX3 256 

in HEC-1-A cells treated with NT5E-directed siRNA (or control non-targeting siRNA).  257 

Consistent with our hypothesis, knockdown of NT5E led to increased nuclear Xenopus 258 

β-catenin∆EX3 (Figure 4A-4C) as detected by immunofluorescence microscopy. To further 259 

test our hypothesis, cellular fractionations and immunoblotting were performed to 260 

compare the levels of mutant β-catenin in the different cellular compartments of NT5E 261 

WT and KO HEC-1-A cells. Fully consistent with the results of our immunofluorescence 262 

microscopy experiments, we observed that in NT5E KO HEC-1-A cells, mutant β-263 

catenin membrane levels were decreased up to 2-fold, whereas nuclear and chromatin-264 

bound levels were increased compared with NT5E WT HEC-1-A cells (Figure 4D-4F, 265 

Supplemental Figure 4A-4C).  266 

 267 

A 2-fold increase in nuclear mutant β-catenin and a 3-fold increase in chromatin-bound 268 

mutant β-catenin were seen with Xenopus β-catenin∆EX3 (Figure 4D, Supplemental 269 

Figure 4A) and patient-specific β-catenin mutants, S37F (Figure 4E, Supplemental 270 

Figure 4B) and G34R (Figure 4F, Supplemental Fig 4C). We accounted for the random 271 

variability in mutant β-catenin expression in NT5E KO vs. WT cells (Figure 4D-4F and 272 

Supplemental Figure 4A-4C) in our calculations by normalizing the expression of mutant 273 

β-catenin in each cell compartment to mutant β-catenin expression in the whole cell 274 
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lysate (WCL) for each cell type. Together, these data suggest that CD73 restrains 275 

mutant β-catenin activity by sequestering it to the cell membrane.  276 

 277 

Consistent with this interpretation, we show in Supplemental Figure 3 that patient-278 

specific mutant β-catenin does bind with E-cadherin in NT5E KO and WT HEC-1-A 279 

cells. Here we observed that total E-cadherin levels in NT5E KO cells were significantly 280 

lower than NT5E WT cells (Figure 4H and Supplemental Figure 3). The difference in E-281 

cadherin levels between NT5E KO vs. WT HEC-1-A cells prompted us to investigate the 282 

expression of other cell-cell adhesion genes. RNA-seq data revealed that NT5E KO 283 

cells compared to NT5E WT cells were deficient in the expression of many genes 284 

essential to the assembly and stabilization of cell-cell adhesions (Figure 4G), including 285 

α-catenin (Figure 4G and 4H), which stabilizes E-cadherin-β-catenin complexes at the 286 

cell membrane by binding the actin filaments51–53. These data are in accordance with 287 

our previous work showing that CD73 is essential for epithelial integrity31. Therefore, the 288 

ability of CD73 to maintain epithelial cell-cell adhesions is likely one mechanism by 289 

which CD73 restrains mutant β-catenin oncogenic activity.  290 

 291 

CD73 restrains mutant β-catenin transcriptional activity through adenosine 292 

receptor A1 activity. 293 

To test whether CD73 restrains β-catenin transcriptional oncogenic activity by 294 

adenosine receptor signaling, we generated HEC-1-A cells with CRISPR-Cas9 deletion 295 

of adenosine receptors, A1R (ADORA1) and A2BR (ADORA2B) (Figure 5A-B). HEC-1-A 296 

cells largely express two of the four adenosine receptors (Figure 5A). Notably, unlike 297 
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NT5E KO HEC-1-A cells, which cell-cell adhesions are globally dysregulated (e.g., E-298 

cadherin and other cell-cell adhesion gene expression are downregulated compared 299 

with NT5E WT; Figure 4G), ADORA1 KO and ADORA2B KO HEC-1-A cells expressed 300 

similar E-cadherin levels when compared to WT HEC-1-A cells (Figure 5C, 301 

Supplemental Figure 5A). Thus, ADORA1 and ADORA2B KO cells, retain intact cell-cell 302 

adhesions. 303 

 304 

We measured TCF/LEF reporter activity in response to ectopically expressed patient-305 

specific β-catenin mutants (D32N, G34R, and S37F) in ADORA1 KO, ADORA2B KO, 306 

and WT HEC-1-A cells. The mutants were evenly expressed in the different cell lines 307 

(Figure 5D). D32N β-catenin led to a ~7-fold increase in TCF/LEF reporter gene activity 308 

relative to empty vector in WT cells. However, in ADORA1 KO cells, D32N β-catenin 309 

induced a ~20-fold increase in TCF/LEF reporter activity. In ADORA2 KO cells, the 310 

magnitude of mutant β-catenin-driven TCF/LEF activity was similar to WT HEC-1-A 311 

cells. Qualitatively similar results were observed for the G34R and S37F β-catenin 312 

mutants (Figure 5E and Supplemental Figure 5B-C). Together these data show that 313 

similar to NT5E-deficiency, ADORA1 loss leads to de-repression of mutant β-catenin 314 

transcriptional activity. 315 

 316 

Previously, we showed CD73-A1R signaling limits disease aggressiveness in EC by 317 

protecting  cell-cell adhesions through  increasing the localization of WT β-catenin to the 318 

membrane31. Accordingly, CD73-A1R signaling in exon 3 β-catenin mutant tumors likely 319 
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is functioning in a similar way, and therefore, restrains β-catenin mutant transcriptional 320 

activity by redistributing mutant β-catenin to the cell membrane. 321 

 322 

Loss of CD73 induces pro-tumor Wnt/β-catenin target gene expression. 323 

The robust TCF/LEF transcriptional activity observed in NT5E KO HEC-1-A cells (seen 324 

in Figure 2E and Figure 3C) led us to perform RNA-seq. Our goal was to identify gene 325 

targets of mutant β-catenin that occur only with the loss of CD73. Patient-specific 326 

mutants, D32N, G34R, and S37F, and empty vector were transfected into NT5E KO and 327 

WT HEC-1-A cells. Similar expression of the mutants in NT5E KO vs. WT cells were 328 

validated by immunoblot and transcript levels (Supplemental Figure 6A-6B). Expression 329 

of β-catenin target genes (such as TCF7 and AXIN2) confirmed that β-catenin mutants 330 

in NT5E KO and WT cells were transcriptionally active (Supplemental Figure 6D-6E). As 331 

expected, NT5E KO vs. WT samples showed the greatest separation by the principal 332 

component analysis. For NT5E KO samples, the β-catenin mutants showed separation 333 

from the empty vector NT5E KO samples (Figure 6A). NT5E WT samples were similar 334 

with the exception that NT5E WT D32N samples which clustered closely with empty 335 

vector NT5E WT samples (Figure 6A).   336 

 337 

Unexpectedly, we observed substantial Wnt/β-catenin target gene expression changes 338 

between NT5E WT vs. KO HEC-1-A samples, regardless of mutant β-catenin or empty 339 

vector expression (Figure 6B). Using a list of canonical Wnt/β-catenin pathway target 340 

genes, compiled from various publications, we found that of 76 genes assessed, 20 341 

were significantly downregulated and 22 were significantly upregulated in NT5E KO 342 
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cells compared to NT5E WT HEC-1-A cells (Supplemental Tables 3 and 4). Genes 343 

upregulated in NT5E KO vs. WT cells were predominately pro-cancer genes (Figure 6C 344 

and 6D). Given the strong oncogenic Wnt/β-catenin target gene signature of NT5E KO 345 

cells, we used a second β-catenin dependent gene list by Doumpas et. al. (EMBO J, 346 

2019) which reported genes targets of β-catenin based on chromatin 347 

immunoprecipitation (ChIP) and TCF deletion in cells54. Only 7 genes were found to 348 

overlap between these two gene lists, 3 of which showed significant differences in NT5E 349 

KO vs. NT5E WT cells (Figure 6E). Similar to our literature-derived list (Figure 6B), of 350 

the 112 unique Doumpas genes there were substantial gene expression changes 351 

between NT5E WT vs. KO samples, regardless of β-catenin mutants or empty vector 352 

(Figure 6F). KEGG analyses were performed on genes that were significantly 353 

upregulated (n = 31) and downregulated (n = 13) (Supplemental Tables 5 and 6). 354 

Upregulated genes were involved in pathways such as transcriptional misregulation in 355 

cancer, neuroactive ligand-receptor interactions, and T-cell leukemia virus 1 infection 356 

(Figure 6G). Of the upregulated genes, half were associated with pro-cancer activity 357 

(Figure 6H), and a similar number showed mixed activity (Figure 6H). We selected three 358 

of these genes (SOX17, JUN, and FOSL1) to validate by protein expression 359 

(Supplemental Figure 7). Together, these data reveal that CD73 loss alone is capable of 360 

driving pro-tumor Wnt/β-catenin target gene expression regardless of mutant β-catenin 361 

expression. 362 

 363 

Zinc finger transcription factors and non-coding RNAs are gene targets for 364 

patient-specific β-catenin mutants in NT5E KO cells. 365 
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Despite strong differences in gene expression between NT5E KO vs. WT HEC-1-A 366 

cells, several differentially expressed genes were identified with the different patient-367 

specific mutants that occurred only with CD73 loss: D32N NT5E KO cells (n = 143), 368 

G34R NT5E KO cells (n = 78), and S37F NT5E KO cells (n = 80) (Figure 7A). The 369 

majority of the protein coding genes were non-Wnt/β-catenin target genes and were 370 

largely downregulated (Figure 7B, 7E, and Supplemental Table 7). KEGG analyses 371 

revealed that all mutants commonly showed downregulation of zinc finger transcription 372 

factors, such as ZFN708, ZNF782, and ZNF112 (Figure 7D; herpes simplex virus 1 373 

infection and transcription factors; Figure 7E). Various studies show that ZNFs can 374 

exhibit anti-tumor behavior by downregulating Wnt signaling and cell growth, promoting 375 

epithelial-to-mesenchymal transition (EMT), ribosome biogenesis, and NF-κB signaling, 376 

as well as inducing apoptosis55–57.  377 

 378 

Consistent with the consideration that different patient-specific β-catenin mutants likely 379 

induce different gene expression programs which results in different biology in EC, we 380 

found individual mutants showed gene expression differences preferentially for 381 

metabolic pathways/enzymes (D32N), neurodegeneration pathways/cytoskeleton and 382 

cilium associated proteins (G34R), or apoptosis (S37F) (Figure 7D). Interestingly, 383 

processed pseudogenes and non-coding RNAs (ncRNAs), including miRNAs, lincRNAs, 384 

and antisense RNAs, were also identified to be differentially expressed, largely 385 

downregulated, and mutant-specific with the different patient-specific mutants with 386 

CD73 loss (Figure 7B, 7F). Various studies have reported that ncRNAs can have 387 

various tumor-promoting or tumor-suppressing roles in cancer, and much more 388 
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information needs to be elucidated to fully understand these roles58–60. However, several 389 

of our identified downregulated ncRNAs were found to have anti-cancer and or “mixed” 390 

functions, including MIR3613, AC010331.1, and MIR641 (Supplemental Table 7). Thus, 391 

mutant β-catenin downregulating anti-tumor ncRNAs could be a potential mechanism 392 

for promoting the aggressiveness of mutant β-catenin EEC. Altogether these data show 393 

β-catenin mutant tumors gain unique, non-Wnt gene expression changes with CD73 394 

loss, and they provide evidence for mutant-specific differences in EC. 395 

 396 

Discussion 397 

We have identified CD73 as a novel regulator of a major oncogene in EC. Using human 398 

tumors and genetic approaches, we showed that CD73 restrains the oncogenic 399 

transcriptional activity of exon 3 β-catenin mutants in EC. Mechanistically, we provided 400 

evidence that CD73 limits mutant β-catenin nuclear and chromatin localization by 401 

sequestering mutant β-catenin to the cell membrane, likely through CD73-A1R signaling. 402 

Additionally, we revealed that CD73 loss associates with recurrence in patients with 403 

exon 3 CTNNB1 mutant EC, and that CD73 loss alone in EC cells promotes pro-tumor, 404 

Wnt/β-catenin target gene expression.  405 

 406 

Recent studies demonstrate the value of molecular testing when guiding clinical 407 

decisions for patients with EC26,61–69. Four molecular subtypes for EC have been 408 

identified26,70,71, and tumors with CTNNB1 mutation largely fall into the no specific 409 

molecular profile (NSMP) subtype. NSMP tumors are clinically challenging as they are a 410 

mix of indolent and high-risk disease with no clear prognostic markers. CTNNB1 has 411 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 18, 2024. ; https://doi.org/10.1101/2024.11.18.624183doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.18.624183
http://creativecommons.org/licenses/by-nd/4.0/


19 
 

been unsuccessful as a reliable marker despite high expectations. Our work strongly 412 

suggests that CD73 may improve the power of CTNNB1 mutation as a predictive 413 

biomarker of recurrence. When tumors were individually separated by NT5E 414 

expression, we showed the lower quartile cutoff to capture 86% of patients within this 415 

group that recurred. Large scale studies will be necessary to determine the clinical 416 

value of this finding. While we focused on tumors with exon 3 CTNNB1 mutations, 417 

investigating CD73 in NSMP tumors with overexpression or activated Wnt signaling may 418 

also prove valuable, as we showed that CD73 can regulate the transcriptional activity of 419 

both WT and exon 3 β-catenin mutants. Studies like these will be important given recent 420 

data showing that adjuvant therapy can improve outcomes for patients with tumors 421 

showing aberrant β-catenin expression or harboring CTNNB1 mutations72,73. Currently, 422 

clinical surveillance is the standard of care for these patients.   423 

 424 

Our discovery that CD73 localizes mutant β-catenin to the cell membrane provides a 425 

novel regulatory mechanism for a major oncogene. Despite advances in small molecule 426 

design, natural product isolation, and miRNA utilization, anti-β-catenin therapies have 427 

not translated into the clinic74. Thus, efforts to uncover modulators of β-catenin activity 428 

are vital for identifying novel vulnerabilities that can be exploited for improving patient 429 

outcomes. We anticipate the regulatory action by CD73 is cancer-type specific, as CD73 430 

is downregulated in EC31,32, whereas in other human cancers, CD73 is 431 

overexpressed75–78. Exon 3 CTNNB1 mutations are also found in hepatocellular and 432 

prostate carcinomas79–81. Both tumors are reported to downregulate CD73 expression 433 

or its enzymatic activity82–84. Therefore, an oncogenic mechanism involving de-434 
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repression of mutant β-catenin by CD73 loss may be particularly relevant to these 435 

tumors.  436 

 437 

With the frequency of hotspot exon 3 CTNNB1 mutations in EC, the oncogenic 438 

mechanism of mutant β-catenin is often attributed to the Wnt/β-catenin signaling axis. 439 

Less attention has been given to the cell-cell adhesion function of β-catenin, despite  440 

decades of studies demonstrating that the two functions are independent and that 441 

mutations in exon 3 of CTNNB1 do not impact β-catenin binding with E-cadherin and 442 

reaching the cell membrane2,85–87. Our work is consistent with these studies and 443 

importantly demonstrates that cell-cell adhesions in EC cells are molecular sinks for 444 

oncogenic β-catenin. The critical nature of cell-cell adhesions (specifically E-cadherin 445 

binding) to control the oncogenic activity of β-catenin is underscored by studies showing 446 

that binding of β-catenin to E-cadherin prevents β-catenin nuclear localization and β-447 

catenin/LEF-1-mediated transactivation2,85,86, which β-catenin binding with LEF-1 can be 448 

out-competed by E-cadherin2, as well as studies showing that E-cadherin can limit the 449 

transforming properties of activating β-catenin mutations2,87,88. 450 

 451 

Whether the ability of CD73 to sequester mutant β-catenin to the membrane is entirely 452 

dependent on E-cadherin expression is unclear. E-cadherin expression in low grade, 453 

early stage EC is variable; E-cadherin staining ranges from 5-95% for these tumors89. 454 

The status of E-cadherin in the human tumors used in our study was not assessed. E-455 

cadherin is part of a large family of cadherin proteins, whereby N-cadherin is structurally 456 

similar to E-cadherin and is highly expressed in low grade, early stage EEC, including 457 
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tumors with CTNNB1 mutations16. While N-cadherin is largely known for promoting 458 

cancer cell migration, N-cadherin also promotes the formation of cell-cell adhesions. 459 

Similar to E-cadherin, N-cadherin binds with β-catenin and can block β-catenin/LEF-1-460 

mediated transactivation90,91. N-cadherin ligation and the initiation of F-actin branching 461 

for cell movement is inhibited when forming cell-cell contacts92. Additionally, post-462 

translational modifications and the presence of binding factors (such as Fibroblast 463 

Growth Factor Receptor (FGFR)) influence whether N-cadherin promotes migration or 464 

stabilizes cell-cell adhesions92–94. Thus, in some tumors, N-cadherin may serve as a 465 

molecular sink for mutant β-catenin, and therefore E-cadherin expression may not be a 466 

reliable readout of CD73 to restrain mutant β-catenin. Notably, tumor differentiation 467 

significantly affects E-cadherin expression in EC, but has no impact on N-cadherin 468 

levels95. 469 

     While cell-cell adhesions are advantageous for suppressing the activity of 470 

oncogenes, these structures can become saturated. Saturation of adherens junctions by 471 

oncogenic β-catenin binding to E-cadherin has been demonstrated in studies using 472 

murine models of intestinal cancer87. Additionally, recent evidence suggests that fold 473 

change – not absolute levels – of β-catenin can dictate Wnt signaling96. Accordingly, in 474 

addition to the expression level of E-cadherin or other cadherins (e.g., N-cadherin), the 475 

expression level of mutant β-catenin in EC likely also determines the amount of mutant 476 

β-catenin that can be sequestered at the cell membrane. These factors may explain 477 

why some patients with CTNNB1 mutant tumors that retained CD73 expression had 478 

disease recurrence (Figure 1). 479 

 480 
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The impact of CD73 loss is likely more than losing the localization of mutant β-catenin to 481 

the membrane. For example, CD73 deletion in HEC-1-A cells resulted in the 482 

downregulation of SOX17 and upregulation of JUN and FOSL1 expression. SOX17 is a 483 

negative regulator of β-catenin/TCF transcription and inhibits EC progression by 484 

inactivating Wnt/β-catenin-mediated proliferation and EMT97,98. Similar to TCF, JUN and 485 

FOSL1 are Wnt target transcription factors that complex with β-catenin and drive target 486 

gene expression and tumor progression99–103. These transcriptomic changes likely help 487 

explain our unexpected observation that CD73 loss alone, regardless of empty vector or 488 

β-catenin mutant expression, in HEC-1-A cells led to a strong induction of pro-tumor 489 

Wnt/β-catenin target gene expression. Notably, endogenous β-catenin levels in NT5E 490 

KO HEC-1-A cells are downregulated. Thus, while these data are less clear, they 491 

suggest that the amount of nuclear β-catenin in EC may not be as important as the 492 

robustness of the nuclear transcriptional activity of mutant β-catenin and the selection of 493 

the genes that are targeted. Here the difference would be caused by the absence or 494 

presence of negative regulators that would compete with β-catenin-TCF/LEF 495 

transcription sites and the added presence of multiple binding proteins (e.g., 496 

transcription factors such as JUN and FOSL1) to drive gene expression98,104. Overall, it 497 

is interesting to consider that the downregulation of CD73 may be an additional 498 

mechanism by which endometrial tumors to gain oncogenic Wnt/β-catenin target gene 499 

expression without β-catenin mutation or overexpression.  500 

 501 

We made a special effort to investigate different patient-specific exon 3 β-catenin 502 

mutants found in EC. Few studies have investigated different β-catenin mutants in EC 503 
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biology105,106, and it remains largely unclear mechanistically whether different mutations 504 

may have different biology which may further explain the variability in disease 505 

aggressiveness. We observed that CD73 ectopic expression repressed TCF/LEF 506 

activity for some β-catenin mutants (G34R, S37F, and S45F) and WT β-catenin in 507 

Ishikawa cells. Unlike NT5E KO HEC-1-A cells that have globally dysregulated cell-cell 508 

adhesions as a consequence of CD73 loss, Ishikawa cells retain functional cell-cell 509 

adhesions, which provides an opportunity to observe mutant-specific regulation by 510 

CD73. Why certain mutants are more affected by CD73 is not clear. However, it is not 511 

unexpected given that different exon 3 CTNNB1 mutants are demonstrated to have 512 

functional differences (e.g., proliferation and migration capacity) in other model systems 513 

and that protein structure of β-catenin mutants (e.g., electrostatic charge, polar 514 

interactions, and stability) are differentially affected by certain amino acid changes106–515 

109. Notably, our studies using adenosine receptor-deficient cells, which retain E-516 

cadherin expression similar to WT HEC-1-A  levels, demonstrated that CD73-A1R 517 

signaling to restrain the transcriptional activity of mutant β-catenin is not merely a 518 

consequence of the low abundance of cell-cell adhesions.  519 

 520 

We performed RNA-seq with 3 patient-specific mutants to further examine whether 521 

regulation of β-catenin transcriptional activity by CD73 could be mutant-specific. With 522 

CD73 loss, we found that the different patient-specific mutants did not further upregulate 523 

Wnt target genes. Rather, ZNF transcription factors and ncRNAs were the most 524 

frequently dysregulated genes, and these genes were downregulated. ZNFs can have 525 

anti-tumor activity, including repressing Wnt signaling and cell growth, as well as 526 
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promoting EMT, ribosome biogenesis, and NF-κB signaling, and apoptosis55–57. Several 527 

ncRNAs that were downregulated with β-catenin mutants in NT5E deficient cells have 528 

anti-cancer or ‘mixed’ functions, including MIR3613, AC010331.1, and MIR641110–112. 529 

Different exon 3 β-catenin mutants showed gene expression changes that were specific 530 

to different biological processes, such as metabolic pathways/enzymes (D32N β-531 

catenin), neurodegeneration pathways/cytoskeleton and cilium associated proteins 532 

(G34R β-catenin), or apoptosis (S37F β-catenin). Future studies will be necessary to 533 

interrogate ZNFs and ncRNAs in the biology of CTNNB1 mutant tumors and different 534 

patient-specific β-catenin mutants.  535 

 536 

In summary, our study identified CD73 as a novel molecular determinant of β-catenin 537 

oncogenic activity in EC and provides the first mechanistic insight that helps explain the 538 

variability in patient outcomes in exon 3 CTNNB1 mutant EC. Detailed studies 539 

interrogating the biology of different patient-specific β-catenin mutants will be important 540 

for personalized medicine efforts. 541 

 542 

STAR Methods 543 

Experimental model and study participant details  544 

 545 

Human Tissues 546 

Use of human tissues was approved (LAB01-718) by the Institutional Review Board of 547 

the University of Texas MD Anderson Cancer Center (MDACC). 548 

 549 
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Cell lines 550 

Human endometrial cancer (HEC)-1-A cells (American Type Culture Collection, ATCC) 551 

and HEC-1-A cells with CRISPR/Cas 9 deletion of NT5E (NT5E KO) were maintained in 552 

McCoy’s 5A (Iwakata & Grace Modification) Medium (Corning) supplemented with 10% 553 

(v/v) fetal bovine serum (FBS) (Genesee Scientific) and 100 U/ml penicillin, 100 mg/ml 554 

streptomycin. Ishikawa cells were provided by Changping Zou (formerly University of 555 

Arizona) and maintained in Minimum Essential Medium (Earle’s) supplemented with 556 

10% (v/v) fetal bovine serum (FBS) (Genesee Scientific), 100 U/ml penicillin, 100 mg/ml 557 

streptomycin (Genesee Scientific), 1 mM sodium pyruvate (Sigma Aldrich), and 0.1 mM 558 

non-essential amino acids (Lonza). Cell lines were authenticated by the Characterized 559 

Cell Line Core Facility at the University of Texas MD Anderson Cancer Center and 560 

cultured in a humidified 5% CO2 atmosphere at 37°C. All cell lines used are female, as 561 

endometrial cancer only affects females.  562 

 563 

Method Details 564 

Generation of A1R KO and A2BR KO cell lines  565 

CRISPR-Cas9 plasmids for knockout of ADORA1 or ADORA2B were purchased from 566 

Vector Builder (VB240110). The plasmids contained a single guide RNA targeting 567 

ADORA1 (sgRNA sequence 5’ –TCTCCTTCGTGGTGGGACTGA– 3’) or ADORA2B 568 

(sgRNA sequence 5’ –CACAGGACGCGCTGTACGTGG– 3’), the sequence for S. 569 

pyogenes Cas9, and ampicillin and puromycin resistance. Guides were designed using 570 

the CHOPCHOP web tool113–115. HEC-1-A cells were transfected with 2 ug CRISPR-571 

Cas9 plasmid for ADORA1 or ADORA2B. After 48 hours, cells were selected using 572 
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puromycin (Sigma) for 3 days (2 ug/ml, Day 1; 5 ug/ml, Day 2; 2 ug/ml, Day 3). After 573 

selection, cells were cultured in McCoy’s 5A media with 10% FBS without antibiotic. 574 

Cells were expanded and used at passages 4-13 for experiments. 575 

 576 

Tracking of indels by decomposition (TIDE)  577 

gDNA extraction was performed with QIAGEN columns. Target-specific PCR products 578 

were generated and sequenced by Azenta for analysis of CRISPR-Cas9 editing in 579 

NT5E KO, ADORA1 KO, and ADORA2B KO cell lines. The TIDE webtool (available for 580 

free courtesy of Eva Brinkman, Tao Chen and Bas van Steensel) was used to calculate 581 

the frequency and spectrum of genome alterations introduced by CRISPR-Cas9 editing 582 

in ADORA1 and ADORA2B genes116. 583 

 584 

Constructs and reagents 585 

Patient-specific exon 3 CTNNB1 (β-catenin) mutant and wildtype CTNNB1 constructs 586 

were developed and purchased from Vector Builder. The vector backbone (#VB220927) 587 

for β-catenin mutant and wild-type plasmids contained RSV and EF1A promoters and 588 

ampicillin and hygromycin resistance gene sequences. Each plasmid contains the full-589 

length CTNNB1 gene with or without a single nucleotide substitution to generate 590 

mutations D32N, S33F, S33Y, G34R, S37C, S37F. All vectors have 6 myc tags on the 591 

C-terminus of CTNNB1. Wildtype and patient-specific exon 3 β-catenin plasmids were 592 

expressed using non-viral approaches (Lipofectamine 3000; Invitrogen) in all 593 

experiments. M50 Super 8x TOPFlash (Addgene plasmid #12456), M51 Super 8x 594 

FOPFlash (TOPFlash mutant; Addgene plasmid #12457), and XE49 pt beta-catenin-595 
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myc (Xenopus β-catenin∆EX3; Addgene plasmid #16840) were a gift from Randall 596 

Moon38. Xenopus β-catenin∆EX3 was provided to us by Pierre D. McCrea. LentiV_Neo 597 

was a gift from Christopher Vakoc (Addgene plasmid # 108101)117 and was used as an 598 

empty vector control in experiments with C-myc β-catenin mutant constructs. pACCMV 599 

was provided by Lilly Chiou and was used as an empty vector control in experiments 600 

with pACCMV NT5E plasmid. CMV-pRenilla-LUC was purchased from Promega (Cat # 601 

E2261). All plasmids were propagated in E. coli DH5α and purified on QIAGEN or 602 

ZymoPURE columns (Genesee). Small interfering RNAs (siRNAs) included  Non-603 

targeting: 5'-GAUCAUACGUGCGAUCAGATT-3’ (Sigma), NT5E, 1247: 5'-604 

CGCAACAAUGGCACAAUUATT-3 (as previously described31), and CTNNB1: 5’-605 

CUCAGAUGGUGUCUGCUAU-3’ (Sigma). A complete list of antibodies is provided in 606 

Supplemental Table 2.  607 

 608 

Design of adenoviral vectors 609 

The NT5E open reading frame with an N-terminal HA-tag was cloned into the pACCMV 610 

vector118 and plasmid purified using the Qiagen EndoFree Plasmid Maxi Kit. Adenovirus 611 

purification and infections were performed as described previously119. In brief, the NT5E 612 

pACCMV vector or an empty pACCMV vector was co-transfected in 239T cells with the 613 

pJM17 adenovirus plasmid. Adenovirus particles were precipitated from 293T cell 614 

lysates using polyethylene glycol, followed by CsCl gradient centrifugation and gel 615 

filtration chromatography. Cells were infected with adenovirus by adding purified 616 

adenovirus directly to the cell culture medium at a concentration of 4 x 108 IU/mL. 617 
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pACCMV empty vector and pACCMV NT5E vector were also used as plasmids for 618 

transient transfections. 619 

 620 

TCF-LEF luciferase reporter assay 621 

HEC-1-A and Ishikawa cells were seeded in 96-well plates at a density of 2.8 x 104 622 

cells/well. After 24 hours, cells were co-transfected with 100 ng TOPFlash/FOPFlash 623 

and 100 pg CMV-pRenilla-LUC, along with 100 ng wild type β-catenin, mutant β-624 

catenin, or empty vector. All vectors were transfected into cells using Lipofectamine 625 

3000 (Invitrogen) as per manufacturer instructions. At 48 hours post-transfection, cells 626 

were lysed with 100 ul passive lysis buffer (Biotium) and the luciferase assay was 627 

performed with the Firefly and Renilla Luciferase Single Tube Assay Kit (Biotium). Cell 628 

lysates were diluted 1:20 in 1X PBS for Firefly luciferase measurement and then 1:20 in 629 

1X PBS again for Renilla luciferase measurement. Luciferase activity was measured 630 

using a TD-20/20 Luminometer (Turner BioSystems). n = 4-9 technical replicates were 631 

performed per condition for each experiment. Each dot represents one technical 632 

replicate, and data are reported as fold change vs. endogenous luciferase activity, 633 

unless otherwise stated.  634 

 635 

Immunofluorescence  636 

Cells grown on 18x18 mm coverslips were fixed with 4% paraformaldehyde, incubated 637 

with 0.1% Triton X-100 and non-specific binding blocked with Background Snipper 638 

(Biocare Medical). Primary antibodies were incubated overnight at 4°C followed by 639 

appropriate secondary antibodies. Spectral bleed-through controls included the 640 
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incubation of primary antibodies and related fluorochromes separately. For assessing 641 

nuclear localization of Xenopus myc-tagged exon 3 mutant β-catenin, ~90 images at 642 

20X magnification for each group (non-targeting or CD73 1247 siRNA) were captured 643 

from slides. Relative intensity for each image was measured using Keyence macro cell 644 

counting software. 645 

 646 

Immunohistochemistry in human tumors 647 

Formalin-fixed paraffin-embedded tumor sections (4 μm) from n = 11 patient tumors 648 

validated by next generation sequencing to have exon 3 CTNNB1 mutations were 649 

processed for immunohistochemistry for CD73 and β-catenin as previously 650 

described17,32. Tumor images (10-30 per sample, 10x magnification) were captured 651 

using a BX41 Olympus microscope. CD73 and β-catenin staining was manually 652 

quantified across n = 15-30 20x images per tumor section using cellSens software 653 

(Olympus). 654 

 655 

Real-time quantitative PCR  656 

Quantitative RT-PCR for NT5E was performed on n = 32 endometrial cancer tissues 657 

validated to have exon 3 CTNNB1 mutation by next generation sequencing. RNA was 658 

isolated from frozen tissues using TRIzol Reagent (Invitrogen), followed by purification 659 

with RNeasy columns (QIAGEN). Real-time qPCR was performed as previously 660 

described17,31. 661 

 662 

RNA extraction for RNA-sequencing 663 
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Cells were plated in 6-well plates at 5 x 105 cells/well and then transfected at 85% 664 

confluency with empty vector (LentiV_Neo), D32N mutated β-catenin vector, G34R 665 

mutated β-catenin vector, or S37F mutated β-catenin vector (2 ug). At 48 hours post-666 

transfection, cells were washed twice with 1X PBS, and the plates were placed at -80C. 667 

Total RNA isolation for NT5E WT (EV-, D32N-, G34R-, S37F-transfected) and NT5E KO 668 

(EV-, D32N-, G34R-, S37F-transfected) HEC-1-A cells was performed using 669 

QIAshredder and RNAeasy Mini Kits (QIAGEN) following manufacturer instructions. 670 

RNA concentrations were determined (Nanodrop) and samples were run on a 1% 671 

agarose gel to test integrity of 28 S and 18 S bands. Secondary assessment of quality 672 

controls and RNA-sequencing of the samples were performed by Novogene. 673 

 674 

RNA-seq analyses  675 

Stranded Bulk mRNA sequencing was performed on Poly-T selected total RNA isolates 676 

following size distribution detection (Novogene). Transcriptomic sequences were 677 

gathered at 150bp paired-end reads at or exceeding 35 million reads per replicate. 678 

Several analyses were performed on the sequences: mapping by hisat2 (2.05), 679 

assembly by Stringtie (1.3.3b), quantification by featureCount (1.5.0-p3), and DE 680 

analysis by DESeq2 (1.20.0). R2 Genomics Analysis and Visualization Platform120 681 

(http://r2.amc.nl) was used to generate heatmaps depicting log2 z-score for our 682 

literature search list of canonical Wnt/β-catenin pathway target genes and the β-catenin 683 

dependent gene list by Doumpas et. al. 684 

 685 

Western blot analysis 686 
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Total protein was isolated from cell extracts by either scraping frozen plates with RIPA 687 

buffer containing protease and phosphatase inhibitors (Thermo Fisher) or by lysing cells 688 

with the same buffer that were collected by trypsinization. Protein was quantified using 689 

protein assay dye (BioRad) and concentration measured at 595 nm. Equal amounts of 690 

protein (10 or 20 ug) per sample were separated by SDS-PAGE. Total protein was 691 

imaged using 2,2,2-trichloroethanol as previously described121. Immunoblotting was 692 

performed using PVDF (BioRad) or nitrocellulose membranes (BioRad). Proteins 693 

transferred to membranes were blocked in 5% (w/v) nonfat dry milk in 1X PBS 694 

containing 0.1% (v/v) Tween 20, incubated with primary antibodies at 4°C overnight, 695 

and expression detected by peroxidase-conjugated secondary antibodies and ECL 696 

chemiluminescence (Super Signal West Pico (Thermo Scientific)). 697 

 698 

Cellular fractionation 699 

NT5E WT and NT5E KO HEC-1-A cells were plated in 150 cm plates at 6 x 106 700 

cells/plate and then transfected at 85% confluency with Xenopus β-catenin∆EX3, G34R 701 

mutated β-catenin vector, or S37F mutated β-catenin vector (2 ug). At 48 hours post-702 

transfection, cells were trypsinized, counted, and 12 x 106 cells pelleted for cellular 703 

fractionation. A second pellet of 2 x 106 cells was collected for total cell protein extract. 704 

Cellular fractionation was performed using a Pierce Subcellular Protein Fractionation Kit 705 

(Thermo Fisher). Total cell protein extracts were prepared using 1X RIPA buffer. 706 

 707 

Co-immunoprecipitation (Co-IP) 708 
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HEC-1-A NT5E WT and NT5E KO cells were transfected with Xenopus β-catenin∆EX3, 709 

G34R mutated β-catenin vector, or S37F mutated β-catenin vector (2 ug). Co-IP was 710 

performed using a Pierce c-Myc-tag Magnetic IP/Co-IP Kit (Thermo Scientific). Protein 711 

(500 µg) was incubated overnight at 4°C with 25 μl anti-Myc magnetic beads. The 712 

resulting immune-bound complexes were eluted in 2X reducing sample buffer and 713 

assessed by SDS-PAGE and immunoblotting methods. 714 

 715 

Quantification and Statistical Analysis 716 

P values were calculated using an unpaired t test, one-way ANOVA with Tukey/s post 717 

test, two-way ANOVA with Sidak’s post test, or as otherwise indicated (GraphPad Prism 718 

10; GraphPad Software). Human tissue data were analyzed using a Mann-Whitney U 719 

test or Kruskal-Wallis one-way ANOVA with Dunn’s post test. A p value of less than 0.05 720 

was considered significant. Survival data were collected by review of electronic medical 721 

records, and overall survival rates were stratified in a Kaplan-Meier plot according to 722 

NT5E mRNA levels. Densitometry on western blot images was performed using 723 

ImageJ122. Meta-Chart Venn Diagram Maker Online was used to make select Venn 724 

diagrams. KEGG database was used for RNA-seq analysis123. 725 
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Figure Legends 754 

Figure 1. Loss of CD73 associates with poor patient outcomes and increased 755 

cytoplasmic/nuclear β-catenin in endometrial tumors with exon 3 CTNNB1 756 

mutations. (A-D) NT5E mRNA expression in exon 3 CTNNB1 mutant endometrial 757 

tumors, stratified by (A) disease recurrence (n = 29), (B) International Federation of 758 

Gynecology and Obstetrics (FIGO) surgical stage (n = 28) and (C) lymphovascular 759 

space invasion (LVSI) (n = 25). FIGO surgical stage and LVSI information were not 760 

available for all 29 patients. Box blots represent the 25th–75th percentiles, bars are the 761 

50th percentile, crosses are the mean values, and whiskers represent the 75th 762 

percentile plus and the 25th percentile minus 1.5 times the interquartile range. Values 763 

greater than these are plotted as individual circles. Data are presented as the molecules 764 

of NT5E transcript/molecules of 18S rRNA. (D) NT5E mRNA expression for n = 29 765 

individual patient tumors, showing 6/7 patients recur with NT5E expression below the 766 

25th percentile. (E) Representative images of CD73 and β-catenin staining patterns for 767 

endometrioid endometrial carcinomas validated by next-generation sequencing to have 768 

an exon 3 CTNNB1 (β-catenin) mutation. Tumor 1: membrane CD73 and β-catenin 769 

expression. Tumor 5: reduced membrane CD73 expression and 770 

membrane/cytoplasm/nuclear β-catenin expression. Tumor 8: minimal membrane CD73 771 

expression and mostly cytoplasmic/nuclear β-catenin expression. Tumor 11: loss of 772 

CD73 expression and fully cytoplasmic/nuclear β-catenin expression. (E) Quantification 773 

of staining patterns for CD73 and β-catenin for n = 11 individual tumors. Data represents 774 

percent (%) staining pattern of cancer cells/total area of cancer cells. (F) Pearson 775 

correlations of data shown in (E). **P < 0.01; Mann-Whitney test. 776 
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Figure 2. CD73 restrains the transcriptional activity of Xenopus exon 3 mutant β-777 

catenin. (A) NT5E mRNA and (B) protein (CD73) expression in EC cell line models. (C) 778 

Validation of TCF/LEF-luciferase reporter activity using TOPFlash/FOPFlash plasmids 779 

for endogenous β-catenin and Xenopus exon 3 mutant β-catenin (β-catenin∆EX3). (D) 780 

TCF/LEF reporter activity using CTNNB1 siRNA in HEC-1-A cells. (E) Immunoblot 781 

validation of siRNA knockdown of β-catenin in HEC-1-A cells. TCF/LEF reporter activity 782 

with or without Xenopus β-catenin∆EX3 transfection in (F) NT5E WT HEC-1-A cells and 783 

Ishikawa cells or (G) NT5E WT and NT5E KO HEC-1-A cells. (H) Immunofluorescence 784 

showing CD73 is localized to the membrane in Ishikawa cells overexpressing AdV-785 

transduced NT5E. Membrane localization of CD73 in HEC-1-A cells serves as a positive 786 

control. Images are cropped from originals (originals are in Supplemental Figure 2) 787 

using BZ-X800 analyzer software (Keyence). Cropping was intended to more easily 788 

highlight membrane localization of CD73. All images were cropped to the same size 789 

from a 20X image. Scale bars 20 um. (I) TCF/LEF reporter activity in Ishikawa cells with 790 

or without Xenopus β-catenin∆EX3 transfection and AdV-transduced NT5E. (D, F, G, I) 791 

Graphs are pooled data from n = 3 independent experiments (D) or n = 2 independent 792 

experiments (F, G, I). Data represent the mean ± SEM. *P < 0.05, ****P < 0.0001; 2-way 793 

ANOVA with Sidak’s post test. 794 

 795 

 796 

 797 

 798 

 799 
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Figure 3. CD73 restrains transcriptional activity of patient-specific β-catenin 800 

mutants. (A) Variety and frequency of missense mutations in exon 3 of CTNNB1 in 801 

endometrial cancer patients, collected from 5 patient cohorts (The Cancer Genome 802 

Atlas (TCGA), Memorial Sloan Kettering Cancer Center (MSK), Clinical Proteomic 803 

Tumor Analysis Consortium (CPTAC), the University of North Carolina (UNC), and the 804 

University of Texas MD Anderson Cancer Center (MDA). Asterisks indicate patient-805 

specific CTNNB1 mutations which expression vectors were developed and used in our 806 

studies. (B, D) Immunoblots of myc-tagged wildtype (WT) and patient-specific β-catenin 807 

mutants and CD73 expression in HEC-1-A and Ishikawa cells. (C, E) TCF/LEF reporter 808 

activity of WT and patient-specific β-catenin mutants in HEC-1-A and Ishikawa cells. (E) 809 

Ishikawa cells were transfected with AdV NT5E or AdV empty vector DNA.  (B) and (D) 810 

are representative immunoblots from two independent experiments. (C) and (E) are 811 

pooled data from n = 2 independent experiments of 5-6 replicates per experiment. Data 812 

represent the mean ± SEM. *P < 0.05, ** P < 0.01, ***P < 0.0005, ****P < 0.0001; 2-way 813 

ANOVA with Sidak’s post test.  814 
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Figure 4. CD73 sequesters exon 3 mutant β-catenin to the cell membrane. (A-C)  823 

HEC-1-A cells were transfected with Xenopus β-catenin∆EX3 and NT (non-targeting) or 824 

NT5E siRNA and cultured in 1% O2 and 5% CO2 for 48 hours. (A) Representative 825 

immunofluorescence images used in quantifying nuclear localization of myc-β-826 

catenin∆EX3. Scale bar: 50 µm. Fluorescence intensity was determined with BZ-X800 827 

Analyzer Macro cell count software (Keyence). (B) Validation of CD73 knockdown and 828 

(C) nuclear fluorescence intensity of myc-β-catenin∆EX3. (D-F) Representative 829 

immunoblots of n = 2 independent experiments of cellular fractionations from NT5E WT 830 

and NT5E KO HEC-1-A cells. Cells were transfected with (D) Xenopus β-catenin∆EX3 or 831 

patient-specific β-catenin mutants (E) S37F or (F) G34R. Graphs show densitometry for 832 

myc-β-catenin mutant expression for each cellular fraction normalized to myc-β-catenin 833 

mutant expression in the whole cell lysate (WCL). Cellular fraction markers: Rab11a 834 

(membrane), SP1 (nuclear), and H2AX (chromatin). (G) mRNA and (H) protein 835 

expression of differentially expressed cell-cell adhesion components in NT5E WT and 836 

NT5E KO HEC-1-A cells. Data represent the mean ± SEM. ****P < 0.0001, Mann-837 

Whitney test; **P < 0.01, ***P < 0.005; Welch t-test. 838 
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Figure 5. Adenosine A1 receptor signaling restrains the transcriptional activity of 846 

patient-specific β-catenin mutants. (A) mRNA expression of adenosine receptors in 847 

NT5E WT and NT5E KO HEC-1-A cells. (B) TIDE analysis for ADORA1 KO and 848 

ADORA2B KO CRISPR-Cas9 deleted HEC-1-A cells. (C) Immunoblots showing 849 

epithelial integrity (E-cadherin as a readout) is not disrupted in ADORA1 KO and 850 

ADORA2B KO HEC-1-A cells. (D) Approximate equivalent expression of myc-G34R β-851 

catenin and myc-S37F β-catenin in WT, ADORA1 KO, and ADORA2B KO HEC-1-A 852 

cells. (E) TCF/LEF reporter activity in cells transfected with empty vector (EV), D32N, 853 

G34R, or S37F β-catenin. Each dot represents one technical replicate. Graph is 854 

representative of n = 3 independent experiments; other independent experiments are 855 

shown in Figure S6. (A-D) A1R = ADORA1, A2AR = ADORA2A, A2BR = ADORA2B; A3R 856 

= ADORA3. Data represent mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.0005; 2-way 857 

ANOVA with Dunnett’s post test. 858 
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Figure 6. Loss of CD73 results in an oncogenic WNT/β-catenin gene signature.  869 

(A) PCA plot for RNA-seq data from NT5E WT vs. NT5E KO HEC-1-A cells expressing 870 

empty vector (EV) or different β-catenin mutants. (B-D) RNA-seq data analyses using 871 

literature-derived Wnt/β-catenin signaling target genes. (B) Heatmap showing global 872 

differences in Wnt/β-catenin signaling target genes between NT5E WT vs. NT5E KO. 873 

(C) Analysis of genes from (B) that were significantly different between NT5E KO EV vs. 874 

NT5E WT EV. Genes were placed in categories based on Wnt function and literature-875 

reported oncogenic (pro-tumor) or tumor suppressor (anti-cancer) activity. Total number 876 

of genes in each category is indicated in parentheses. (D) Combined pro-cancer and 877 

anti-cancer-associated genes by upregulation or downregulation status in NT5E KO EV 878 

vs. NT5E WT EV samples. (E) Venn diagram of Wnt/β-catenin signaling target genes 879 

and Doumpas Wnt/β-catenin-dependent target genes, significantly disregulated 880 

between NT5E WT vs NT5E KO cells. (F-H) RNA-seq data analyses using Doumpas 881 

Wnt/β-catenin-dependent target genes. (F) Heatmap showing global differences in 882 

Doumpas Wnt/β-catenin-dependent target genes between NT5E WT vs. NT5E KO. (G) 883 

KEGG pathway and Brite analyses of genes significantly altered in (F) in NT5E KO EV 884 

vs. NT5E WT EV samples123. (H) Combined pro-cancer and anti-cancer-associated 885 

genes significantly altered in NT5E KO EV vs. NT5E WT EV samples. 886 
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Figure 7. Mutant-specific transcriptional expression in NT5E KO HEC-1-A cells. 892 

(A-F) RNA-seq data from NT5E WT vs. NT5E KO HEC-1-A cells expressing empty 893 

vector (EV) or different β-catenin mutants. (A) Venn diagrams of differentially expressed 894 

genes between one β-catenin mutant vs. EV in NT5E WT and NT5E KO samples. (B) 895 

Classification of 301 altered genes from each mutant in NT5E KO cells. These are 896 

represented in a (A) as n = 143 genes for D32N; n = 78 genes for G34R; n = 80 genes 897 

for S37F.  (C) Venn diagram of 301 selected genes showing overlap between genes 898 

targeted by various mutants. Venn diagram generated with Meta-Chart Venn Diagram 899 

Maker Online webtool, then re-made with calculated proportions in GraphPad Prism. (D) 900 

KEGG Pathway and Brite analyses for protein-coding mutant-specific genes 901 

differentially expressed in NT5E KO cells123. (E) Protein-coding mutant-specific genes 902 

differentially expressed in NT5E KO cells; for each mutant, 10 genes with largest fold 903 

change difference in (mutant) NT5E KO vs EV NT5E KO are shown. (F) miRNA, 904 

lincRNA, and antisense RNA most differentially expressed by each mutant in NT5E KO 905 

cells (n = 26 genes; extra information in Supplemental Table 7). 906 
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