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Abstract 

Somatic missense mutations in the Ser/Thr protein phosphatase 2A (PP2A) Aα scaffold subunit 

gene PPP2R1A are among the few genomic alterations that occur frequently in serous 

endometrial carcinoma (EC) and carcinosarcoma, two clinically aggressive subtypes of uterine 

cancer with few therapeutic options. Previous studies reported that cancer-associated Aα mutants 

exhibit defects in binding to other PP2A subunits and contribute to cancer development by a 

mechanism of haploinsufficiency. Here we report on the functional significance of the most 

recurrent PPP2R1A mutations in human EC which cluster in Aα HEAT repeats 5 and 7. Beyond 

predicted loss-of-function effects on the formation of a subset of PP2A holoenzymes, we 

discovered that Aα mutants behave in a dominant-negative manner due to gain-of-function 

interactions with the PP2A inhibitor TIPRL1. Dominant-negative Aα mutants retain binding to 

specific subunits of the B56/B' family and form substrate trapping complexes with impaired 

phosphatase activity via increased recruitment of TIPRL1. Accordingly, overexpression of the 

Aα mutants in EC cells harboring wildtype PPP2R1A increased anchorage-independent growth 

and tumor formation, and triggered hyperphosphorylation of oncogenic PP2A-B56/B' substrates 

in the GSK3β, Akt and mTOR/p70S6K signaling pathways. TIPRL1 silencing restored GSK3β 

phosphorylation and rescued the EC cell growth advantage. Our results reveal how PPP2R1A 

mutations affect PP2A function and oncogenic signaling, illuminating the genetic basis for serous 

EC development and its potential control by rationally targeted therapies. 
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Introduction 

Although not as common as endometrioid carcinoma (type I), serous uterine carcinoma (type 

II) is a highly aggressive disease characterized by high mortality due to a tendency for early 

metastasis and resistance to chemotherapy (1). While genome-wide molecular changes in low 

grade endometrioid carcinomas have been revealed through The Cancer Genome Atlas (2), the 

molecular changes associated with serous endometrial cancer (EC) pathogenesis have only 

recently started to emerge. Besides TP53 mutation (in 80-95% of cases), relatively few additional 

molecular genetic aberrations can be found in these cancers, the most prevalent being alterations 

in PPP2R1A, PIK3CA, FBXW7, CCNE1 and CHD4 (3-5). Specifically, PPP2R1A is mutated in 

18.4-43.2% of all cases, depending on the study (2-9) (Table S1). PPP2R1A aberrations occur 

early during progression in the precursor lesions (3), are distinctive for the serous subtype (6), 

and clearly distinguish uterine serous carcinomas from the clinicopathological similar ovarian 

high-grade serous carcinomas (1,7,8). In the highly aggressive uterine carcinosarcomas and 

undifferentiated carcinomas PPP2R1A mutation is also frequent (Table S1). PPP2R1A encodes 

the Aα subunit of type 2A protein phosphatases (PP2A), suggesting a prominent, but so far 

unexplored, role for PP2A in the etiology of these cancers.  

PP2A phosphatases are well-recognized human tumor suppressors (10). They consist of a 

catalytic C subunit (PP2Ac), a structural A subunit and one of multiple regulatory B-type 

subunits defining substrate specificity of the holoenzyme (11). Since different isoforms exist of A, 

B and C subunits, their combination results in numerous PP2A holoenzymes, each with different 

signaling functions in a wide variety of physiological processes (12). The A subunit forms the 

flexible scaffold between the C and B-type subunits, and is composed of 15 HEAT (Huntington, 

Elongation Factor 3, A, TOR) motifs (13). Biochemical and structural studies have demonstrated 
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that interaction with a regulatory B-type subunit is mediated by HEAT-repeats (HR) 1-8, while 

interaction with C occurs through HR 11-15 (14-18). Despite these different interaction domains, 

C and B subunit binding to the A subunit do not occur independently from each other (19). For 

instance, N-terminal deletions of Aα inhibit C binding (14), and B55/Bα and B56/B’γ3 do not 

bind to a C-terminally truncated Aα (15,20), while PR72/B” does (20). This suggests 

cooperativity between specific B-type subunits and C in binding the A subunit, while other B-

type subunits may bind A independently from C (21). Particularly the conserved C-terminal tail 

of the C subunit provides additional, stabilizing contacts with B55/B and most B56/B’ subunits, 

but not B56/B’δ, PR72/B” or striatin/B”’, to promote holoenzyme assembly (22). Thus, the 

determinants governing PP2A trimer assembly are significantly dependent on the B-type subunit 

that is incorporated. 

While some PP2A complexes may be proto-oncogenic (23-25), most PP2A trimers suppress 

oncogenic signaling events (12,26,27). Hence, inhibition of PP2A – in the presence of oncogenic 

RasV12 – is an absolute requirement to achieve full transformation of human epithelial cells 

immortalized by expression of telomerase and SV40 large T (26-29). There are increasing 

evidences of PP2A deregulation in human solid cancers and hematologic malignancies (30-32). 

Particularly, cancer-associated missense mutations have been reported in PPP2R1A and 

PPP2R1B, encoding the non-redundant Aα and Aβ subunits. Inactivating Aβ mutations occur 

with high frequency (up to 15%) in lung and colon cancers (33), while Aα mutations have less 

frequently (up to 7%) been reported in melanoma, lung and breast carcinoma (34). Most Aβ and 

all Aα mutations affect PP2A holoenzyme formation, either by interrupting interaction between 

A and C subunits, between A and all or specific B-type subunits, or both (26,28,35,36). For the 

characterized Aα mutants E64D/G and R418W, these binding defects result in functional 
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haploinsufficiency that promotes transformation via activation of the PI3K/Akt pathway (28). 

Accordingly, heterozygous Aα E64D/G knockin mice show increased susceptibility to 

benzopyrene-induced lung cancerogenesis (37). 

Here, we characterized 11 PPP2R1A missense mutants, commonly observed in serous uterine 

carcinoma. All these Aα mutations are heterozygous, cluster in HEAT-repeats 5 or 7, and many 

of them are recurrent (Table S1), also in other cancer types (38). In concordance with the 

observed genetic data, our biochemical and functional assays revealed a dominant mechanism-of-

action of these mutants in EC. 

 

Materials and Methods 

Site-directed mutagenesis. Aα was cloned into HA-tag eukaryotic expression vector 

pMB001. PCR-based site-directed mutagenesis (Stratagene) to generate Aα point mutants 

(P179R, R182W, R183G, R183Q, R183W, R249H, S256F, S256Y, W257C, W257G, R258H, 

R418W) and the AA1-411 deletion mutant was performed directly in pMB001 using Pwo 

polymerase (Roche) and complementary DNA primers (Sigma Genosys) containing the desired 

mutations (Table S2). WT and mutant (P179R, R182W, R183G, R183Q and S256F) Aα coding 

regions were subcloned in pLA CMV N-Flag via In-Fusion® HD (Clontech). Eukaryotic 

expression vectors for GST-tagged PP2A B-type subunits were as described (39). B55α, B56γ1 

and B56δ (40) were cloned in pEGFP-TEV, and B56ε in pEGFP-C1 (Clontech). STRN3 cDNA 

(clone HsCD00623024) was obtained from DNASU repository (The Biodesign Institute, USA) 

(41) and subcloned into pEGFP-TEV. TIPRL cDNA (isoform 1) was obtained by RT-PCR on 

mRNA isolated from HEC-1-A, and cloned into pLA CMV N-Flag, pEGFP-TEV and pET15b. 
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Cell lines. HEK293, HEK293T and HEC-1-A (ATCC, USA), characterized by Short 

Tandem Repeat profiling, were used at low passage number (<15) immediately after receipt or 

after resuscitation from early made stocks. 

Lentiviral transduction. HEK293T cells were transfected with WT/mutant Aα cloned 

into lentiviral pLA CMV N-Flag, or with empty vector alone, in the presence of pCMV-

deltaR8.91 and pMD.G-VSVG, using Turbofect (Thermo Scientific). Lentiviral TIPRL1 shRNAs 

or GFP shRNA control (Table S2), originally cloned in pLKO.1-puro (TRC 1/1.5 human shRNA 

library), were generated similarly. 24h later, the supernatant was used to transduce HEC-1-A EC 

cells. 

PP2A subunit binding assays. HEK293 cells were transfected with appropriate PP2A 

subunit expression vectors using PEI. 48h post-transfection, lysates were prepared in NET buffer, 

and GST pull downs, FLAG pull downs, HA pull downs or GFP-trapping were executed as 

described (40). Bound proteins were boiled in 2x NuPage sample buffer (Invitrogen), and 

analyzed by immunoblotting on 4–12% gels (BioRad). Membranes were blocked in 5% milk in 

TBS/0.1% Tween-20, developed with primary antibodies (Table S3), horseradish peroxidase-

coupled secondary antibodies (DAKO) and chemiluminescence (Westernbright ECL-HRP, 

Isogen Life Science). Densitometric quantification was done with ImageJ. For statistics, we 

applied one-way multiple comparisons ANOVA to the average values of all quantified bands of a 

given condition on a given gel. 

‘IP-on-IP’ approach. HEK293 cells were co-transfected with expression vectors for 

EGFP-TEV-B56δ (or B56γ1), and HA-Aα (WT or mutant). 48h later, GFP-trapping was 

performed, and the trapped complexes incubated overnight at 4°C with 0.2µg/µl recombinant 

Tobacco Etch Virus (TEV) protease in cleavage buffer (TBS, 1mM DTT, 0.5mM EDTA). After 
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addition of EDTA, PMSF and TLCK (all 1mM), TEV eluates were subjected to HA pull down, 

and the washed precipitates analyzed by immunoblotting.  

PP2A activity assays. HA-agarose beads from IP-on-IP, or GFP beads from GFP-

trapping experiments were washed with 20mM Tris.HCl pH7.4, 1mM DTT, and resuspended in 

60-80µl enzyme dilution buffer (Millipore). 20µl of this ‘phosphatase suspension’ or 20µl of a 

1/80 dilution of purified PP2A dimer (0.1Unit/µl, Millipore) was incubated with 9µl of 2mM 

stock of R-R-A-pT-V-A phosphopeptide for 10-60 minutes at 30°C (in the linear range of the 

assay). If applicable, 0.5-2µg of recombinant TIPRL1, diluted in 20µl enzyme dilution buffer, 

was pre-incubated with the ‘PP2A’ suspension for 15’ at 30°C, before the reaction was started by 

addition of the substrate. Released phosphate was determined by malachite green (40). 

Recombinant TIPRL1 production. His-tagged TIPRL1 (pET15b) was expressed in E. 

coli BL21 cells at 37°C, and purified from the soluble bacterial lysate through metal affinity 

chromatography (Ni-NTA beads, Affiland). After five washes in 50mM Tris.HCl pH8.0, 300mM 

NaCl and 13mM imidazole, and elution in 250mM imidazole, the purified protein was dialyzed 

against 20mM Tris.HCl pH7.4/ PEG 10,000, and stored in 60% glycerol at -80°C. Concentration 

was determined by absorbance at 280nm (NanoDrop 2000, Thermo Scientific). 

PPP2R1A exome sequencing. RNA was isolated from HEC-1-A cells using TRIzol 

(LifeTechnologies), reverse-transcribed with MuLV RT (New England BioLabs), and amplified 

with Pwo polymerase (Roche) and primers 5’-ATGGCGGCGGCCGACGGCGACG-3’ and 5’-

TCAGGCGAGAGACAGAACAGTCAG-3’. The purified fragment (Illustra GFX, GE 

Healthcare) was subjected to Sanger sequencing using the same primers. 

Mass spectrometry. FLAG-tagged WT or mutant Aα were isolated from transduced 

HEC-1-A cells by FLAG pull down. HEC-1-A cells transduced with pLA vector were used as 
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negative control. Proteins were eluted in 50mM Tris.HCl pH8.0, containing 50mM NaCl and 

1.5µg/µl FLAG peptide (MDYKDHDGDYKDHDIDYKDDDDK). Eluates were trypsin digested 

and desalted on C18 ZipTips (Millipore) before analysis on a hybrid quadrupole-orbitrap mass 

spectrometer (Q Exactive, Thermo Fisher Scientific). Relative quantification of the interactomes 

of mutant vs. WT Aα was executed with Progenesis (Nonlinear Dynamics) incorporating protein 

identifications obtained with MASCOT (Matrix Science) using uniprot_swprot (release 

07/15/2015; Homo sapiens; 20,279 entries). Proteins with an abundance that was at least 3 times 

higher in any of the experimental conditions than in the ‘FLAG-only’ control were considered as 

true interaction partners (96 proteins). Only abundances of peptides with MASCOT scores ≥25 

(significance threshold) were taken into account. Resulting protein abundances of interactors in 

each experimental condition were subsequently normalized according to Aα input abundance. 

From those values, relative quantification to WT Aα was determined. HEAT-maps of differential 

interactions were made with GENE-E. 

Soft agar colony assay. 1x104 cells/well were seeded in triplicate into 0.35% top 

agar/0.5% base agar (Sigma Aldrich) supplemented with 2µg/µl Fungizone (Invitrogen) in 6-well 

plates. Every 2-3 days, fresh medium (DMEM + 10% fetal calf serum) was dropped on top. After 

four weeks, colonies were counted (Motic AE31 microscope, 4x magnification). 

Xenografting. 5x106 cells in 200µl PBS were subcutaneously injected in 6-week-old 

female NMRI-nu (nu/nu) mice (Jackson Laboratory). Xylazine/ketamine was used as local 

anaesthetic. Per condition, three mice were injected in both flanks (n=6). All procedures were 

approved by KU Leuven ECD (P104/2012). Tumor number was determined one month after 

injection. Tumor size was calculated as: tumor width2 x (tumor length/2). 
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Results 

Cancer-associated Aα mutations dramatically affect PP2A holoenzyme formation 

To determine how recurrent EC-associated Aα mutants affect PP2A holoenzyme assembly, we 

evaluated their binding to PP2Ac. We assessed interaction of endogenous PP2Ac with HA-

tagged WT Aα, the PP2Ac-binding deficient R418W Aα mutant (28,35) and 11 EC-associated 

Aα mutants expressed in HEK293 cells using HA pull down. All mutants, but R249H, showed 

reduced C binding, when compared to WT Aα (Figure 1A,B). 

Using GST pull down, we next determined the binding properties of HA-tagged Aα mutants to 

GST-tagged B-type subunits of the B55/B, B56/B’ and PR72/B” families. Importantly, in our 

assays, the melanoma-linked R418W mutant behaved as previously reported (28,35) (Figure S1). 

We found that only Aα-R249H mutation, which did not affect C binding, also did not affect the 

interaction with all tested B-type subunits (Figure 1C,D), while all other Aα mutations led to 

altered interaction patterns (Figure 1C,D,E; Figure S1). Most Aα mutants showed a dramatic 

decrease in binding to the B55/B subunits, Bα and Bβ. On the hand, the binding defects to B56/B’ 

and PR72/B” family members were different for different Aα mutants. For example, P179R, 

R183G/W and W257C mutants efficiently bound to PR72/B”, whereas R182W, R183Q, 

S256F/Y,W257G and R258H lost the ability to interact with this subunit (Figure 1E; Figure S1), 

indicating that both the position of the mutation and the type of substitution impacts PR72/B” 

binding. For the B56/B’ subunits, Aα mutants overall showed the least binding defects to B56δ 

and the most pronounced defects in binding to B56β and B56γ1 (Figure 1E, Figure S1), 

revealing remarkable isoform-specific differences in binding behavior. 

Finally, binding of HA-tagged mutant Aα to striatin/B”’ subunits was monitored in GFP-trapping 

assays with GFP-tagged STRN3 (Figure 2). Most of the Aα mutants showed increased binding to 
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GFP-STRN3 as compared with WT Aα (Figure 2A). However, upon STRN3 co-expression, 

several Aα mutants were expressed at higher levels (Figure 2A, 2B), while this was not 

consistently observed upon co-expression of any of the B55/B, B56/B’ or PR72/B” subunits 

(Figure 1C, Figure S1). After we normalized the increase in binding to the expression levels, we 

found that two Aα mutants, S256F and R258H, still bound significantly better to STRN3 as 

compared with WT Aα, while all others bound at least as well as WT Aα (Figure 2C). 

To provide further insights into the different binding behavior of the Aα mutants to different B-

type subunits, we co-expressed HA-tagged WT or mutant Aα (R182W, R183G/Q and S256F) 

with GFP-tagged B-type subunits (B55α, B56γ1, B56δ, B56ε, STRN3), and evaluated the 

presence of endogenous PP2Ac and the HA-tagged Aα subunits in the GFP-trapped complexes 

(Figure S2). Unfortunately, anti-A immunoblotting could not unambiguously reveal the presence 

of endogenous Aα because of insufficient resolution of the HA-tagged and endogenous A bands. 

Nevertheless, we found that the PP2Ac binding patterns in all cases completely mimicked those 

of the GFP-B-type subunits’ inputs, while the anti-HA signals were consistent with our binding 

assays described above (Figures 1,2). Because PP2Ac binding patterns completely mimicked 

those of the GFP-B-type subunits’ inputs, it is likely that these B-type subunits bind a mixture of 

HA-tagged and endogenous A subunits, and that, despite the overall decrease in PP2Ac binding 

to the Aα mutants (Figure 1A), PP2Ac retrieval into maintained mutant Aα-B-type subunit 

complexes may not be majorly affected. Although some B-type subunits (B56γ, B56δ, PR72 and 

STRN3) were intrinsically capable of forming A-B complexes without PP2Ac (Figure S3), we 

found normal PP2Ac binding in mutant Aα-B56δ, Aα-B56γ1 and Aα-PR72 complexes isolated 

by an IP-on-IP approach (Figure 3 and data not shown). Taken together, these results indicate 

that the observed decrease in PP2Ac binding to the Aα mutants is indirectly due to loss of Aα 
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binding to B-type subunits that show mutual cooperativity with PP2Ac to bind A (B55α/β, 

B56α/β/ε). 

Interactome of WT and mutant Aα in endometrial cancer cells 

To validate the alterations in the interaction pattern of Aα mutants, we expressed WT Aα and 5 

FLAG-tagged Aα mutants (P179R, R182W, R183G, R183Q and S256F) in the EC cell line 

HEC-1-A using a lentiviral approach. P179R and S256F mutants have the highest rate of 

recurrence in uterine cancer (Table S1), while the three other mutants represent groups with 

different PP2A subunit binding profiles (Figure 1E). Following anti-FLAG pull down and 

subsequent elution by FLAG peptide, we analyzed the trapped complexes and their putative 

interaction partners by mass spectrometry (MS) in a semi-quantitative way as outlined in Table 

S4. This approach allowed us to assess the complete Aα interactome in endometrial epithelial 

cells in an unbiased, non-targeted way. We identified 96 cellular proteins as specific co-eluting 

interaction partners of Aα: 49 of these interactors had previously been reported in PP2A 

interactome studies from HEK293 (42-44) and Hela cells (45) (Figure 4A); the 47 others were 

novel (Figure S4). The known interaction partners include 12 PP2A subunits, 2 PP4 subunits, a 

cellular PP2A inhibitor (TIPRL1) (46), several well-established B-type subunit interactors (9 

components of the STRIPAK complex (42,43), PPFIA1/2 (47)), and a number of poorer 

characterized PP2A interactome constituents, such as the Integrator subunits (44).  

Overall, the R183Q and S256F mutants show the most pronounced binding deficiencies to 

several of the identified interactors, while the P179R mutant shows the least compared to WT Aα. 

Consistent with our binding assays in HEK293 cells (Figure 1), the MS-data reveal decreased 

binding for PP2A C, B55/B and some B56/B’ subunits to the Aα mutants, while binding to other 

B56/B’ subunits is sustained (Figure 4A). We confirmed these results by immunoblotting of the 
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FLAG pull downs with (few) available isoform-specific PP2A subunit antibodies (Figure 4B). 

Altogether, the data suggest that these mutations are loss-of-function.  

In contrast, the MS-data suggested largely unaltered or increased binding of Aα mutants to the 

B”’/STRN subunits, indicating gain-of-function effects of these mutations (Figure 4A). This 

result was validated by immunoblotting (Figure 4C). The reliability of the MS-data is further 

underscored by the observation that interactors belonging to the same established multi-protein 

complex (e.g. STRIPAK, Integrator) showed similar binding patterns to the different Aα mutants 

(Figure 4A). Finally, the MS-data revealed the most obvious and strongest gain-of-function 

interaction of the mutants with the PP2A inhibitor TIPRL1 (Figure 4A). We validated the 

enhanced interaction of Aα mutants to TIPRL1 by immunoprecipitation and TIPRL1 

immunoblotting (Figure 4C). TIPRL1-Aα interaction occurred independently from Aα-C 

binding through Aα Heat Repeats 1-10 (Figure S5A). PP2Ac retrieval within this complex was 

not affected by Aα mutation, but correlated with WT/mutant Aα binding (Figure S5B). Further 

biochemical characterization of PP2A-TIPRL1 complexes showed that TIPRL1 could be 

retrieved with B56δ (Figure S6) or other B-type subunits tested (Figure S7), despite the 

observation that high TIPRL1 overexpression markedly decreased overall expression of A, B and 

C subunits (Figure S6, S7). 

Taken together, we observed differential effects of Aα mutations on the formation of specific 

PP2A complexes, making it challenging to define their mode of action as loss-of-function or 

gain-of-function. 

Cancer-associated Aα mutants increase anchorage-independent (AI) cell and xenograft 

growth of EC cells 
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We next analyzed whether ectopic expression of the Aα mutants in HEC-1-A cells affects 

oncogenic properties of these cells. We confirmed that both PPP2R1A alleles in HEC-1-A are 

WT by Sanger sequencing. All tested Aα mutants showed an increased tumorigenic potential vs. 

WT Aα upon their expression in HEC-1-A cells. The effect was particularly pronounced for 

R183G, R183Q and S256F mutants as both AI and xenograft growth (Figure 5A,B) were 

significantly increased compared to cells expressing WT Aα or empty vector. 

To determine the effects of Aα mutants on oncogenic signaling, we performed immunoblotting 

analysis of the phosphorylation status of cancer-related PP2A substrates and components of 

cancer-associated signaling pathways (Figure 5C,D,E; Figure S8). We found significantly 

increased oncogenic signaling in cells expressing the strong tumorigenic mutants, R183G/Q and 

S256F, as demonstrated by hyperphosphorylation of p70S6K Thr389 and S6 Ser235/236 (Figure 

5C), GSK3β Ser9, and Akt Thr308 (Figure 5D). On the other hand, we observed only a mild 

effect for the P179R and R182W mutants on phospho-GSK3β, and on phospho-S6 for R182W 

that is consistent with their milder tumorigenic phenotype (Figure 5A,B). Remarkably, ERK1/2 

Thr202/Tyr204 phosphorylation was decreased upon expression of all mutants (Figure 5E). 

Taken together, these data suggest that increased tumorigenic potential induced by Aα mutants 

could be triggered by up-regulation of Akt, GSK3β and p70S6K pathways. 

Mutant Aα proteins act in a dominant manner through formation of substrate-trapping 

complexes 

Increased tumorigenic potential of HEC-1-A cells upon expression of Aα mutants without any 

reduction of endogenous Aα levels suggests that the Aα mutants behave in a dominant-negative 

manner. To further underscore dominant-negative effects of the mutant Aα alleles, we 

determined the phenotypic effects of gradually increased expression of the least oncogenic 
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mutant, P179R. Increasing expression of FLAG-tagged Aα P179R mutant, but not WT Aα, 

indeed correlated with increasing GSK3β Ser9 phosphorylation (Figure S9A,B), while S6 

Ser235/236 and Akt Thr308 phosphorylation were not affected (Figure S9A). Given that Aα 

mutants with highest gain-of-binding to STRN3 and TIPRL1 showed the more pronounced 

oncogenic behavior (Figure 2, 4C, 5) and a decrease was observed in dephosphorylation of 

GSK3β, Akt, and p70S6K (Figure 5C,D), which are substrates of PP2A-B56γ- and/or B56δ-

specific complexes (27,28,48-50), Aα mutants might trigger tumorigenic transformation through 

gain-of-function interaction with TIPRL1. Anti-FLAG immunoprecipitations confirmed 

increasing binding of Aα P179R to PP2Ac, TIPRL1 and B56δ (Figure S9C), the only B-type 

subunit that significantly retained binding to this Aα mutant in HEC-1-A cells (Figure 4B), and 

for which GSK3β is an established substrate (48). Thus, by retaining binding to certain B-type 

subunits, such as B56γ and B56δ, Aα mutants might form substrate trapping complexes that are 

capable of competing with active, WT Aα-containing PP2A-B56γ/δ trimers for substrate binding. 

Such dominant-negative complexes might be catalytically impaired through increased 

recruitment of TIPRL1. Consistently, addition of recombinant TIPRL1 to mutant Aα-containing 

B56γ or B56δ trimers inhibited PP2A activity in vitro (Figure 6A,B,C), while this was not the 

case in WT Aα-containing trimers, regardless whether they were obtained by IP-on-IP approach 

(Figure 6B,C) or by direct GFP-trapping of GFP-tagged B56γ/δ subunits (Figure 6D). Moreover, 

TIPRL1 markedly inhibited the PP2A core dimer in vitro (Figure 6E). 

To further underscore TIPRL1 contribution to the dominant-negative effects of the Aα mutants 

on AI growth in EC cells, we suppressed TIPRL1 expression in Aα S256F expressing HEC-1-A 

cells using lentiviral shRNAs targeted against TIPRL1. TIPRL1 silencing rescued the increase in 
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AI growth (Figure 7A,B) and GSK3β Ser9 hyperphosphorylation (Figure 7C) that were triggered 

by Aα mutants. However, we did not observe any decrease in S6 Ser235/236 phosphorylation 

(Figure 7C). These results confirm that tumorigenic transformation triggered by Aα mutants is 

TIPRL1-dependent. 

 

Discussion 

Heterozygous missense mutation of PPP2R1A is a recurrent event in human cancer. There is 

a prevailing view that PPP2R1A mutations are loss-of-function due to impairment of PP2A 

holoenzyme formation (28,35,37). This results in haploinsufficiency of Aα, primarily affecting 

holoenzyme formation with B-type subunits which no longer bind to mutant Aα and show the 

least binding affinity for WT Aα. When tested in HEK293 cells, formation of PP2A-B56γ trimers 

becomes significantly impaired like that, resulting in Akt hyperphosphorylation and increased 

tumor growth (28). However, our results underscore that this model, based on the 

characterization of a few, sporadically occurring Aα mutants, should not be generalized. 

Our binding assays revealed that 10 out of 11 Aα mutants tested showed an unexpectedly 

complicated pattern of interactions. Only Aα-R249H behaved similar to WT-Aα, and may 

therefore be a non-pathologic passenger mutant. Crystallographic data support this view, as R249 

is a buried residue, while all other mutated residues face the interaction surface with B and C 

subunits (17). All other Aα mutants showed loss of binding to B55/B subunits, indicating that a 

single missense mutation in HR5 or HR7 severely affects binding to isoforms of this B subunit 

class. Due to B-C cooperativity in A subunit binding (14,15,19,20), loss of B55/B binding is 

likely also one of the indirect causes of the observed overall decrease in C binding to the A 

mutants.  
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On the other hand, the binding deficiencies of Aα mutants with B56/B’ and PR72/B” 

subunits were much more diverse, highlighting the challenges associated with the existence of so 

many different subunits and warning for over-generalization. Only one subunit, B56δ, bound all 

Aα mutants in comparable amounts as WT. For the striatin/B’’’ subunits, our data revealed 

unexpected gain-of-binding to Aα mutant proteins. Increased binding of striatin/B”’ to the Aα 

mutants may in part be an indirect consequence of their generally decreased binding to subunits 

of other subclasses (B55/B, B56/B’, PR72/B”). The general decrease in PP2Ac binding to 10/11 

Aα mutants is consistent with reported decreased PP2Ac binding to Aα HR5 and HR7 deletion 

mutants (14), highlighting a complex relationship between B and C subunits within the 

holoenzyme: not only B subunits may require stabilizing contacts with PP2Ac to bind A and 

form stable trimers (15,20,22,39), stable PP2Ac binding to A may also depend on the presence of 

a B subunit. Thus, the overall reduced C binding to the Aα mutants, is probably an indirect 

consequence of reduced or loss of binding of specific B-type subunits. This view is further 

confirmed by retained PP2Ac binding to mutant Aα-B56δ (Figure 3) and mutant Aα-TIPRL1 

complexes (Figure S5B). 

An unbiased MS-based approach to identify differences in mutant Aα binding to constituents 

of the broader Aα interactome in HEC-1-A cells, unexpectedly, revealed TIPRL1 as the only 

protein showing significant gain-of-binding to all Aα mutants tested. TIPRL1 binding occurred 

through HR1-10 of Aα, independently of C binding. Addition of recombinant TIPRL1 in vitro, 

resulted in decreased PP2A activity, specifically in the PP2A A-C dimer and in isolated mutant 

Aα-B56δ/γ1-C complexes. Thus, increased TIPRL1 binding results in catalytically impaired, 

mutant Aα-containing PP2A trimers, which act as dominant-negatives towards WT Aα-

containing trimers. The dominant-negative nature of the mutants was significantly further 
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underscored by increased AI cell and tumor growth, and corresponding increased oncogenic 

signaling upon their ectopic expression in HEC-1-A cells, without prior downregulation of 

endogenous Aα. This definitely argues against a mechanism of haploinsuffciency, and virtually 

eliminates the involvement of loss-of-binding to specific B-type subunits (e.g. B55 and others) as 

a major cause of the observed phenotype.  

The functional differences between the mutants were reflected well at the signaling level as 

hyperphosphorylation of p70S6K, S6, Akt and GSK3β were clearly triggered by Aα mutants 

R183G, R183Q and S256F, while Aα mutant R182W triggered hyperphosphorylation of GSK3β 

and S6, and Aα mutant P179R only of GSK3β, even if increasingly expressed (Figure S9). It is 

well established that activation of these pathways stimulates protein translation, cell proliferation 

and survival. Although all mutants showed increased binding to STRN3, a gain-of-function of 

PP2A-STRN3 complexes cannot explain the observed hyperphosphorylation of the above kinases. 

Instead, Akt, GSK3β and p70S6K are reported substrates of PP2A-B56γ and -B56δ complexes in 

several cellular contexts (27,28,48-50). Accordingly, in HEC-1-A cells, the R183Q mutant, 

causing the most severe tumor phenotype, retains binding to B56γ2/γ3 and B56δ. This mutant 

also shows the strongest interaction with TIPRL1. For the other mutants, a similar reasoning 

could be applied, whereby the severity of the observed growth phenotype may eventually be the 

combinatory result of (1) the specific B56/B’ subunit that retains binding, (2) the number of 

B56/B’ subunits that retain binding, (3) the absolute strength of the retained binding (or affinity) 

to a specific B56/B’ subunit, and finally, (4) the binding efficiency to TIPRL1. Notably, the more 

B56/B’ subunits retain Aα mutant binding to form different substrate-trapping complexes, the 

better putative functional redundancies between different trimers for dephosphorylation of a 
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given substrate will be avoided. Nevertheless, our results clearly demonstrated the TIPRL1 

dependency of the observed phenotypes. 

Although STRN3 gain-of-binding to mutant Aα could not explain hyperphosphorylation of 

Akt, p70S6K or GSK3β in mutant Aα expressing HEC-1-A cells, it remains possible that this 

gain-of-function mechanism still contributes to the stronger oncogenic phenotype of these cells. 

The role of PP2A-striatins within several STRIPAK complexes is indeed considered to be 

oncogenic, via dephosphorylation of Mst1/2 and Mst3/4 kinases (51-53), impacting e.g. on 

regulation of NF-κB (54), Hippo (23,24) and MEK/ERK (51,53). The reported role of PP2A-

striatins in regulating cancer cell migration and invasion (55) remains worthwhile to follow up, 

particularly because serous uterine tumors are highly metastatic. Reduced ERK phosphorylation, 

found in all mutant Aα-expressing HEC-1-A cells, is in any case consistent with a disturbed 

phosphorylation balance within STRIPAK due to enhanced STRN-PP2A function. 

In summary, our data provide biochemical and functional evidence that cancer-associated Aα 

mutants trigger EC cell growth through a novel dominant-negative mechanism dependent on 

retained binding to tumor suppressive B56/B’ subunits, such as B56γ and B56δ, and gain-of-

binding to TIPRL1. Although TIPRL1 biochemistry remains poorly understood, cBioportal data 

indicate TIPRL overexpression/mutation in several human cancers (38). This all supports a novel 

pathological role of TIPRL1 in the biology of PPP2R1A mutated endometrial cancers, and 

identifies TIPRL1 as a novel therapeutic target in these tumors. Our data also highlight the 

therapeutic potential of treating PPP2R1A mutant tumors with kinase inhibitors directed against 

components of the Akt and mTOR/p70S6K signaling pathways, either as monotherapies, or in 

combination. This opens perspectives for the use of PPP2R1A as therapeutic stratification marker, 

and improved clinical management of these tumors. 
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Figure legends 

 

Figure 1: Binding of PP2Ac, B55/B, B56/B’ and PR72/B” subunits to EC-associated Aα 

mutants 

A. WT Aα, the melanoma-associated R418W mutant and 11 EC-associated Aα mutants (all HA-

tagged), or an empty HA vector (-) were transfected into HEK293 cells. Following HA pull down, 

interaction with endogenous PP2Ac was examined by immunoblotting (IB). B. After 

quantification with Image J, ratios between HA and C signals were determined and calculated 

relative to Aα WT. Mean values and a representative image (A) of four independent experiments 

are shown (*, p<0.05; **, p<0.01). C. GST-tagged B-type subunits or empty GST vector (-) were 

co-expressed in HEK293 cells with HA-tagged WT or mutant Aα (R249H and R183Q). HA 

signals in the lysates and GST pull downs were determined by immunoblotting (IB). D. Image J-

quantified ratios were determined between GST and HA signals and calculated relative to Aα WT 

(set to 100% for each B-type subunit pull down). Mean values and a representative image (C) of 

three independent experiments are shown (*, p<0.05; **, p<0.01). E. Summary of mutant Aα 

binding defects. Numbers indicate percentage of residual Aα mutant binding compared to WT 

Aα (set at 100%). Color code: Aα mutant binding is significantly decreased (<30%, orange), 

modestly decreased (>30%, yellow) or does not significantly differ from WT (green). 

Figure 2: Binding of B”’ subunit STRN3 to EC-related Aα mutants 

A. GFP-tagged STRN3 or GFP alone (-) were co-expressed with HA-tagged WT or mutant Aα in 

HEK293 cells. HA signals in lysates and GFP-trapped complexes were determined by 

immunoblotting (IB). After quantification with Image J, ratios were determined between GFP 

and HA signals in the GFP-trapped complexes, and between vinculin and HA in the lysates. B. 
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Mean values of HA/vinculin ratios in the lysates, calculated relative to Aα WT (set to 100%), 

from three independent experiments (*, p<0.05; **, p<0.01). C. Mean values from three 

independent experiments of HA/GFP ratios in the GFP-trapped complexes, calculated relative to 

Aα WT, and further corrected for differences in expression with Aα WT (cfr. B) (*, p<0.05). 

Figure 3: Binding of PP2Ac is retained in mutant Aα-B complexes 

A. Schematic representation of ‘IP-on-IP’ principle. This approach enabled isolation of mutant 

A-B complexes, and distinguish the amount of PP2Ac in these complexes from the amount of 

PP2Ac binding to the B-type subunit through endogenous (endog.) A subunit. B. PP2Ac binding 

is unaffected in mutant Aα-B56δ complexes. EGFP-TEV-B56δ was co-expressed with HA-

tagged WT or mutant Aα. Following serial pull down (‘IP-on-IP’), i.e. GFP-trapping, followed 

by TEV cleavage and HA pull down on the GFP-TEV supernatants, retrieval of PP2Ac in the 

Aα-B56δ complexes was analyzed by immunoblotting (IB). After quantification, ratios between 

C and HA signals were determined. C. Average C/HA ratios from three independent experiments. 

Figure 4: Mass spectrometry-based identification of WT and mutant Aα interactomes in 

HEC-1-A cells 

A. Semi-quantitative heat maps of WT and mutant Aα interactomes. 49 established Aα 

interacting proteins were identified by MS in FLAG peptide eluates of FLAG pull downs, 

performed on lysates of HEC-1-A cells stably expressing N-terminally FLAG-tagged Aα variants, 

or FLAG-tag alone. Heat maps display the relative abundance of each interaction partner in the 

pull downs: regardless of absolute abundances, the interactor occurring in the highest abundance 

is colored dark red, and the least abundant partner is colored dark blue. Data interpretation, thus, 

needs to be done with caution, preferably with the list of absolute abundances at hand (Table S4), 

as small differences in abundance may be identically displayed as marked changes. B. Validation 
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of endogenous PP2Ac, B55/B and B56/B’ subunit binding to mutant Aα. The presence of these 

subunits in FLAG pull downs (left) and cell lysates (right) of transduced HEC-1-A cells was 

determined by immunoblotting (IB) with available isoform-specific antibodies. * indicates 

FLAG-tagged Aα in the lysates. Quantifications represent calculated ratios between C or B 

signals and FLAG signals for a given Aα mutant in the FLAG pull downs. C. Validation of gain 

of TIPRL1 and STRN3 binding to mutant Aα. Same approach as in panel B to determine 

endogenous TIPRL1 and STRN3 in FLAG pull downs. 

Figure 5: Tumorigenic phenotypes of EC cells expressing Aα mutants 

A,B. Anchorage-independent growth of HEC-1-A cells, ectopically expressing mutant or WT Aα. 

The pictures give an idea on the number and size of colonies obtained for each condition at a 

given time point after seeding (A). The graph (B) represents the mean (±SD) colony number from 

3 replicates and 6 measurements (ANOVA; **, p<0.01; ***, p<0.001). C. Tumor growth of 

xenografted HEC-1-A cells. Size (graph) and number of tumors (n) are indicated for each 

condition (n=6). Differences in tumor size were analyzed via ANOVA (* p<0.05; ** p<0.01). 

D,E,F. Effects of mutant Aα expression on oncogenic signaling. Lysates of WT/mutant Aα 

expressing HEC-1-A cells were analyzed with indicated antibodies, and immunoblot signals 

quantified (Figure S8). ‘Total’ and ‘Phospho’ signals were determined on different blots, which 

were both redeveloped for vinculin as loading control. Results from one of three independent 

experiments are shown. 

Figure 6: Effects of recombinant TIPRL1 on activity of different PP2A complexes 

A. Coomassie Blue staining of His-TIPRL1, purified from E. coli. B,C. TIPRL1 specifically 

inhibits mutant Aα-containing trimers. PP2A-B56γ1 (B) or PP2A-B56δ (C) trimers harboring 

HA-tagged WT or mutant Aα, isolated by ‘IP-on-IP’ from GFP-TEV-B56γ1 or GFP-TEV-B56δ 
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expressing HEK293 cells, were pre-incubated for 15’ at 30°C with buffer or 0.5-2µg recombinant 

TIPRL1. PP2A activity was determined on R-R-A-pT-V-A, and calculated relative to the buffer 

condition (set at 100%). D. Same experiment with PP2A-B56γ1 and PP2A-B56δ trimers isolated 

by GFP-trapping from GFP-B56γ1 and GFP-B56δ expressing HEK293 cells. E. Same 

experiment with de novo purified PP2A dimer. 

Figure 7: TIPRL1 knockdown rescues increased AI growth and GSK3β phosphorylation in 

S256F mutant Aα-expressing HEC-1-A cells 

S256F mutant Aα or WT Aα-expressing HEC-1-A cells were lentivirally transduced with two 

different TIPRL1-targeted shRNAs (Table S2), and analyzed for effects on AI growth in soft agar 

assays (A,B) and for oncogenic signaling by immunoblotting with indicated antibodies (C). The 

pictures (A) illustrate colony size, while the graph (B) represents colony number (*, p<0.05; **, 

p<0.01; ***, p<0.001). 
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