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Background: Protein phosphatase 2A (PP2A) is a tumour suppressor frequently inactivated in human cancer and its tyrosine-307
phosphorylation has been reported as a molecular inhibitory mechanism.

Methods: Expression of phosphorylated PP2A (p-PP2A) was evaluated in 250 metastatic colorectal cancer (CRC) patients.
Chi-square, Kaplan–Meier and Cox analyses were used to determine correlations with clinical and molecular parameters and
impact on clinical outcomes.

Results: High p-PP2A levels were found in 17.2% cases and were associated with ECOG performance status (P¼ 0.001) and
presence of synchronous metastasis at diagnosis (P¼ 0.035). This subgroup showed substantially worse overall survival (OS)
(median OS, 6.0 vs 26.2 months, Po0.001) and progression-free survival (PFS) (median PFS, 3.8 vs 13.3 months, Po0.001). The
prognostic impact of p-PP2A was particularly evident in patients aged o70 years (Po0.001). Multivariate analysis revealed that
p-PP2A retained its prognostic impact for OS (hazard ratio 2.7; 95% confidence interval, 1.8–4.1; Po0.001) and PFS (hazard ratio
3.0; 95% confidence interval, 1.8–5.0; Po0.001).

Conclusions: Phosphorylated PP2A is an alteration that determines poor outcome in metastatic CRC and represents a novel
potential therapeutic target in this disease, thus enabling to define a subgroup of patients who could benefit from future
treatments based on PP2A activators.

Colorectal cancer (CRC) is the most common gastrointestinal
cancer and its aetiology involves an interaction of genetic and
epigenetic alterations with environmental factors such as diet
components that contribute to cancer development. A correct
balance between kinase and phosphatase activities is essential in
maintaining cell homeostasis (Hunter, 1995). The presence of
alterations affecting kinase activities has been shown to be
recurrent in many cancers, and therapies based on kinase
inhibitors have been developed in the previous years. Although
the role of phosphatases remains underexplored in comparison, it
is true that phosphatases like protein phosphatase 2A (PP2A) have
progressively been considered as potential tumour suppressors.

Protein phosphatase 2A is a major serine/threonine phosphatase
that consists of a heterotrimer that includes a catalytic, a scaffold,
and a regulatory subunit involved in the specificity and localisation
of the holoenzyme. Owing to the multiple existing isoforms and
splicing variants for each PP2A subunit, especially in the case
of the regulatory subunit, PP2A can form a wide variety of
heterotrimeric complexes with distinct substrate specificities and
they therefore have different biological functions (Arino et al, 1988;
Zhou et al, 2003; Eichhorn et al, 2009). Of importance, PP2A plays
a pivotal role in regulating many signalling pathways (Millward
et al, 1999; Janssens and Goris, 2001; Janssens et al, 2005; Mumby,
2007) and its inactivation has been described as a common event in
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the cancerous cell through several molecular strategies (Mumby,
2007; Westermarck and Hahn, 2008; Eichhorn et al, 2009).
Interestingly, Chen et al (1992) demonstrated that in vitro
phosphorylation of PP2A at Y307 by protein tyrosine kinases led
to its inactivation. Moreover, phosphorylation of PP2A at Y307 has
been described as a molecular PP2A-inactivating mechanism with
relevance in chronic and acute leukaemias or Alzheimer’s disease
(Perrotti and Neviani, 2008; Cristobal et al, 2010, 2011; Xiong et al,
2013). Although PP2A has been proposed as a novel therapeutic
target in several tumours (Perrotti and Neviani, 2008, 2013; Kalev
and Sablina, 2011; Voronkov et al, 2011), the potential relevance of
PP2A as a druggable tumour suppressor in CRC still needs to be
clarified. However, several observations indicate that PP2A
inhibition could be playing an important role in CRC development.
Thus, the presence of reported PP2A-inactivating mutations
affecting the scaffold PP2A subunit in CRC (Wang et al, 1998;
Takagi et al, 2000; Ruediger et al, 2001; Tamaki et al, 2004),
together with the fact that PP2A seems to modulate the sensitivity
of CRC cells to different treatments (Tan et al, 2010; Kumar et al,
2012; Lin et al, 2012), prompted us to hypothesise that PP2A could
represent a novel molecular target with relevance in CRC.

In this report, we studied p-PP2A in a cohort of 250 metastatic
CRC patients, observing that high p-PP2A levels were associated
with worse ECOG performance status and the presence of
synchronous metastasis. Of importance, the high p-PP2A sub-
group showed a markedly shorter overall survival (OS) and
progression-free survival (PFS), with significance in both wild-type
and mutated KRAS subgroups. Interestingly, multivariate analysis
showed that p-PP2A has an independent prognostic value for OS
and PFS in metastatic CRC.

MATERIALS AND METHODS

Patient samples. The study comprised consecutive formalin-fixed
paraffin-embedded tumour samples of 250 patients with metastatic
CRC that were retrospectively selected from 2001 to 2012 according
to the following criteria: adenocarcinoma, operable disease, no
neoadjuvant therapy, enough available tissue, clinical follow-up data
and metastatic disease. Samples were surgical resection specimens
from CRC tumours obtained from Fundacion Jimenez Diaz Biobank
(BFJD, Madrid, Spain). TNM (tumour, Node, Metastases) staging
was classified using the 7th American Joint Committee on Cancer
staging system for CRC. Clinical data were collected from medical
clinical records by oncologists (JG-F, CC). KRAS mutational status
was determined using the Cobas KRAS Mutation Test kit (Roche
Molecular Diagnostics, Branchburg, NJ, USA) following manufac-
turer’s procedures. Tissue microarrays (TMAs) were constructed.
Representative areas of each tumour were carefully selected and three
tissue cores (1 mm diameter) were obtained using a TMA work-
station (T1000 Chemicon, Temecula, CA, USA). Samples were taken
anonymously. The ethics committee and institutional review board
approved the project.

Immunohistochemistry. Tissue sections (3 mm) were placed on
plus-charged glass slides. After deparaffinisation in xylene and
graded alcohols, heat antigen retrieval was performed in pH 9
EDTA-based buffer (Dako, Glostrup, Denmark). Endogenous
peroxidase was blocked by using 0.03% hydrogen peroxide for
5 min. Slides were incubated with the primary antibody against
p-PP2A (rabbit monoclonal anti-p-PP2A Y307; Abcam,
Cambridge, UK; ref.: ab32104) for 60 min at room temperature,
followed by the appropriate anti-Ig horseradish peroxidase-
conjugated polymer (Flexþ , Dako). Sections were visualised with
3,30-diaminobenzidine as a chromogen. All stainings were
performed in a Dako Autostainer. Sections incubated with normal
non-immunised rabbit immunoglobulin were used as negative

controls. As positive control, a section of colorectal tumour with
known expression of p-PP2A was used. p-PP2A antibody
sensitivity (1 : 2000) had been calculated in a range of crescent
dilutions of the primary antibody. Specificity was confirmed in a
set of paired fresh frozen and formalin-fixed paraffin-embedded
samples processed by western blot and IHC (Supplementary
Figure 1). Moreover, additional controls to confirm the specificity
of the antibody were performed and included PP2A silencing with
specific siRNAs designed and synthesised by Dharmacon RNA
Technologies (Dharmacon, Lafayette, CO, USA), in vitro depho-
sphorylation of SW480 and HT-29 cell lysates using calf intestinal
phosphatase (CIP), and western blot analysis of CRC tumour
tissues showing the entire membrane to demonstrate that any
other major bands are recognised by the antibody (Supplementary
Figure 2). Antibodies used were mouse monoclonal anti-PP2A
(Upstate Inc., Lake Placid, NY, USA) and mouse monoclonal anti-
bactin (Sigma, St Louis, MO, USA). Antigen preservation in tissues
was confirmed by assaying sections from the same TMAs for
expression of phospho-tyrosines by immunohistochemistry, using
a monoclonal antibody to tyrosine-phosphorylated proteins (clone
4G10, 1 : 500, Millipore, Billerica, MA, USA). Those cases showing
absent, irregular, or weak staining for the phospho-tyrosine assay
were excluded from the analysis. Only the membrane of epithelial
cells, but not stromal cells, was evaluated for p-PP2A expression in
a manner blinded to clinical data by two pathologists (FR and SZ).
A semiquantitative histoscore was calculated by estimating the
percentage of tumour cells positively stained with low, medium, or
high staining intensity. The final score was determined after
applying a weighting factor to each estimate. The following
formula was used: histoscore¼ (low %)� 1þ (medium %)� 2þ
(high %)� 3 and the results ranged from 0 to 300.

Statistical analysis. Statistical analyses were performed using SPSS
20 for windows (SPSS Inc, Chicago, IL, USA). Overall survival was
defined as the time from the date of metastatic diagnosis to the date
of death from any cause or last follow-up. Progression-free survival
was defined as the time from metastatic diagnosis until progression
to first-line metastatic treatment or death. The Kaplan–Meier
method and survival comparisons were done with the log-rank test
if proportional hazard assumption was fulfilled and Breslow
otherwise. The Cox proportional hazards model was adjusted by
taking into consideration significant parameters in univariate
analysis. A P-value o0.05 was considered statistically significant.
Receiver operating curve was used to determine the optimal cutoff
point based on progression end point for p-PP2A expression as
previously described (Generali et al, 2009). This work was carried out
in accordance with the Reporting Recommendations for Tumor
Marker Prognostic Studies guidelines (McShane et al, 2005).

RESULTS

Prevalence of p-PP2A in metastatic CRC and its association with
clinical and molecular parameters. To study the prevalence of
p-PP2A and its potential clinical significance in CRC, we
quantified the expression of p-PP2A by immunohistochemistry
in a series of 250 patients with metastatic CRC, correlated the
results obtained with clinical and molecular features, and studied
the prognostic relevance of this aberration. Patient characteristics
are presented in Supplementary Table 1. High p-PP2A expression
was observed in 17.2% cases (43 out of 250). The prevalence of
PP2A hyperphosphorylation was higher in women than in men
(24.5% vs 12.8%, P¼ 0.018). Moreover, we found high p-PP2A to
be associated with worse ECOG performance status (35.7% vs
15.5%, P¼ 0.001), and with the presence of synchronous
metastasis (20.9% vs 11.3%, P¼ 0.035). Association between
p-PP2A and clinical and genetic parameters is shown in Table 1.
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Clinical significance of p-PP2A in metastatic CRC. Clinical
follow-up data were available for 243 cases, 149 men and 94
women, with a median age of 69.5 years (age range: 29–92).
Median OS of the global cohort was 21.9 months (95% confidence
interval, 17.2–26.6 months). We found that the subgroup of
patients with high p-PP2A showed a substantially shorter OS
(median OS, 6.0 vs 26.2 months, Po0.001) (Figure 1A) and PFS

(median PFS, 3.8 vs 13.3 months, Po0.001) (Figure 1B). Interest-
ingly, the prognostic impact of p-PP2A was particularly evident in
the subgroup of patients aged o70 years (median OS, 6.2 vs 33.2
months, Po0.001; median PFS, 4.4 vs 16.4 months, Po0.001);
however, significance was also achieved in the subgroup of elderly
patients (median OS, 5.9 vs 15.2 months, P¼ 0.012; median PFS,
3.8 vs 7.6 months, P¼ 0.020) (Figure 2). To further investigate the

Table 1. Association between p-PP2A and clinical and genetic parameters in 250 patients with metastatic CRC

No. of cases No. p-PP2A� (%) No. p-PP2Aþ (%) P
p-PP2A 250 207 (82.8) 43 (17.2)

Sex 250 207 43 0.018

Male 156 136 (87.2) 20 (12.8)

Female 94 71 (75.5) 23 (24.5)

Age 232 190 42 0.306

o70 116 98 (84.5) 18 (15.5)

X70 116 92 (79.3) 24 (20.7)

ECOG 224 184 40 0.001

0–2 182 157 (84.5) 25 (15.5)

3–4 42 27 (64.3) 15 (35.7)

Site of primary tumour 250 207 43 0.552

Cecum 24 17 (84.5) 7 (15.5)

Right colon 37 31 (79.3) 6 (20.7)

Transverse colon 10 7 (70) 3 (30)

Left colon 21 18 (85.7) 3 (14.3)

Sigma 73 61 (83.6) 12 (16.4)

Rectum 85 73 (85.9) 12 (14.1)

Synchronous metastasis 244 201 43 0.035

No 85 76 (89.4) 9 (10.6)

Yes 159 125 (78.6) 34 (21.4)

Number of metastatic sites 250 207 43 0.620

1–2 226 188 (83.2) 38 (16.8)

42 24 19 (79.2) 5 (20.8)

Liver metastasis 244 201 43 0.294

No 79 68 (86.1) 11 (13.9)

Yes 165 133 (80.6) 32 (19.4)

Lung metastasis 244 201 43 0.323

No 166 134 (80.7) 32 (19.3)

Yes 78 67 (85.9) 11 (14.1)

Lymph metastasis 244 201 43 0.409

No 177 148 (83.6) 29 (16.4)

Yes 67 53 (79.1) 14 (20.9)

Peritoneal metastasis 244 201 43 0.846

No 196 161 (82.1) 35 (17.9)

Yes 48 40 (83.3) 8 (16.7)

MSI 240 189 41 0.774

No 226 187 (82.7) 39 (17.3)

Yes 14 12 (85.7) 2 (14.3)

KRAS mutations 246 203 43 0.873

No 140 116 (82.9) 24 (17.1)

Yes 106 87 (72.1) 19 (17.9)

Abbreviations: ECOG¼Eastern Cooperative Oncology Group; MSI¼magnetic source imaging; p-PP2A¼protein phosphatase 2A. P values in bold font indicate differences statistically
significant.
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Figure 1. Clinical significance of p-PP2A in metastatic CRC: (A) Immunohistochemical detection of p-PP2A showing positive and negative staining.
The line shows 25mm. Magnification �400; Kaplan–Meier analyses of overall survival (B) and progression-free survival (C) in a cohort of 243
patients with metastatic CRC.
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Figure 2. Kaplan–Meier analyses in the subgroups of patients aged o and 470 years: (A) Overall survival; (B) progression-free survival.
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clinical relevance of p-PP2A in metastatic CRC we analysed its
potential prognostic value by stratifying our cohort based on KRAS
mutation status, and we found that p-PP2A retained its prognostic
impact in both KRAS wild-type and KRAS mutated subgroups
with a similar significance (Supplementary Figure 3). Importantly,
multivariate analysis demonstrated that p-PP2A is an unfavourable
independent factor associated with OS (hazard ratio 2.7; 95%
confidence interval, 1.8–4.1; Po0.001) (Table 2) and PFS (hazard
ratio 3.0; 95% confidence interval, 1.8–5.0; Po0.001) (Table 3) in
metastatic CRC.

DISCUSSION

We report here that PP2A hyperphosphorylation is a recurrent
molecular event in metastatic CRC associated with worse ECOG
performance status and the presence of synchronous metastasis.
Importantly, this alteration determines a markedly shorter overall
and PFS, especially in the subgroup of patients younger than 70
years. The prognostic impact was similar in the KRAS wild-type
and mutated subgroups. Moreover, multivariate analysis showed
that high p-PP2A expression has an independent prognostic value
for OS and PFS in patients with metastatic CRC. Of importance,
our data provide strong evidence that p-PP2A has a potential
prognostic value and could be a promising therapeutic target for
future clinical trials using PP2A activators.

Despite progressive advances in our understanding of the
molecular biology of CRC, patient outcomes in the metastatic
subgroup are still very poor. Therefore, it is necessary to develop

alternative therapeutic strategies to improve the survival of these
patients. The tumour suppressor PP2A has been shown to be
functionally inactivated in several types of human cancer through
different contributing mechanisms, including the hyperphosphor-
ylation of its catalytic subunit (Saydam et al, 2003; Cristobal et al,
2011). However, in comparison with other tumour models, the
relevance of the tumour suppressor role of PP2A and its potential
clinical significance in CRC remains mostly unknown. Therefore,
to evaluate the clinical relevance of PP2A phosphorylation in
metastatic CRC, we analysed the expression of p-PP2A in a cohort
of 250 patients with metastatic CRC, observing high p-PP2A in
17.2% of cases (Table 1). The prevalence observed for this
alteration in our cohort suggests that this would be a relevant
molecular mechanism to inactivate PP2A in CRC.

Moreover, we observed that high p-PP2A correlated positively
with a high grade of ECOG performance status and with the
existence of synchronous metastasis at diagnosis in our cohort
(Table 1). These results prompted us to hypothesise that this could
be a molecular alteration characteristic of the advanced stages of
CRC that could therefore have a prognostic value in patients with
metastatic disease. In concordance with this, we observed that the
subgroup of patients with high p-PP2A showed a substantially
shorter OS and PFS compared with the low-p-PP2A subgroup
(Figure 1), confirming the clinical relevance of p-PP2A in
metastatic CRC. Moreover, the fact that the prognostic impact of
p-PP2A showed higher significance in the subgroup of patients
aged o70 years (Figure 2) is very interesting since this subgroup
includes cases with more options from a therapeutic perspective
that could benefit from the treatment with PP2A activating drugs

Table 2. Univariate and multivariate Cox analyses in the cohort of 243 patients with mCRC

Univariate OS analysis Multivariate OS Cox analysis

HR
95% CI

Lower–upper Significance HR
95% CI

Lower–upper Significance

Age o0.001 0.249

1.000 1.000

1.875 1.352–2.599 1.250 0.855–1.827

Gender 0.311 —

Male 1.000

Female 0.848 0.616–1.167 — —

Synchronous 0.118 —

No 1.000

Yes 1.301 0.935–1.811 — —

ECOG o0.001 o0.001

0–1 1.000 1.000

2–3 1.925 1.588–2.333 1.777 1.427–2.213

MSI 0.450 —

No 1.000

Yes 1.281 0.674–2.437 — —

Number of metastatic sites 0.076 —

1–2 1.000

42 1.250 0.977–1.600 — —

p-PP2A o0.001 o0.001

No 1.000 1.000

Yes 2.838 1.935–4.164 2.743 1.819–4.138

Abbreviations: CI¼ confidence interval; HR¼ hazard ratio; OS¼overall survival; MSI¼magnetic source imaging; p-PP2A¼protein phosphatase 2A. P values in bold font indicate differences
statistically significant.
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(e.g. FTY720), which have shown promising effects in other
cancers (Kalev and Sablina, 2011; Perrotti and Neviani, 2013).

As the mutation status of KRAS has a strong predictive value of
response to cetuximab in CRC, we stratified our series by KRAS
mutation status and observed that p-PP2A had a similar prognostic
impact in both KRAS wild-type and KRAS mutated subgroups
(Supplementary Figure 3). This result would indicate that the
treatment with PP2A activators could also be a therapeutic option
for those patients with high p-PP2A in whom cetuximab is not
recommended or in those cases with cetuximab resistance. Interest-
ingly, it has recently been reported that FTY720 could resensitise
CRC cells to cetuximab, indicating a potential therapeutic relevance
for FTY720 in metastatic CRC (Rosa et al, 2013). Our group has
recently reported overexpression of the PP2A inhibitors SET and
CIP2A and downregulation of PP2A regulatory subunits such as
PPP2R2A and PPP2R5E as the contributing mechanisms to PP2A
inhibition in CRC (Cristóbal et al, 2014); some of these alterations
could be present in the low-p-PP2A subgroup of CRC patients.
Therefore, additional investigations are needed to clarify the presence
and potential clinical significance of these other PP2A-inactivating
mechanisms in the subgroup of CRC patients with low p-PP2A
levels. Furthermore, it has been reported that PP2A downregulation
is a relevant event in some human cancers such as acute myeloid
leukaemia and prostate cancer (Cristobal et al, 2011; Bhardwaj et al,
2014). However, our previous investigations did not show PP2A
downregulated in CRC, suggesting that this alteration, if present,
would be of low prevalence in CRC. Anyway, it would be of interest
to further analyzed in future studies whether this alteration could be
present in a subgroup of CRC patients.

In conclusion, we show that p-PP2A is a common alteration
with clinical significance in metastatic CRC. Of importance,
p-PP2A could serve as a novel molecular target that can help
define a subgroup of metastatic CRC patients with worse outcome
that could benefit by the future incorporation of PP2A-activating
drugs in anticancer protocols.

ACKNOWLEDGEMENTS

This study was funded by the Biobank of Fundación Jiménez Dı́az
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Cristóbal I, Manso R, Rincón R, Caramés C, Senin C, Borrero A,
Martı́nez-Useros J, Rodriguez M, Zazo S, Aguilera O, Madoz-Gúrpide J,
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