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Abstract 

Background  Protein phosphatase 2A (PP2A) is one of the major protein phosphatases in eukaryotic cells and is 
essential for cellular homeostasis. PP2A is a heterotrimer comprising the dimeric AC core enzyme and a highly 
variable regulatory B subunit. Distinct B subunits help the core enzyme gain full activity toward specific substrates 
and contribute to diverse cellular roles of PP2A. PP2A has been thought to play a tumor suppressor and the B56γ3 
regulatory subunit was shown to play a key tumor suppressor regulatory subunit of PP2A. Nevertheless, we uncovered 
a molecular mechanism of how B56γ3 may act as an oncogene in colorectal cancer (CRC).

Methods  Polyclonal pools of CRC cells with stable B56γ3 overexpression or knockdown were generated by retroviral 
or lentiviral infection and subsequent drug selection. Co-immunoprecipitation(co-IP) and in vitro pull-down analysis  
were applied to analyze the protein–protein interaction. Transwell migration and invasion assays were applied 
to investigate the role of B56γ3 in affecting motility and invasive capability of CRC cells. The sensitivity of CRC cells 
to 5-fluorouracil (5-FU) was analyzed using the PrestoBlue reagent assay for cell viability. Immunohistochemistry (IHC) 
was applied to investigate the expression levels of phospho-AKT and B56γ3 in paired tumor and normal tissue speci‑
mens of CRC. DataSets of TCGA and GEO were analyzed to investigate the correlation of B56γ3 expression with overall 
survival rates of CRC patients.

Results  We showed that B56γ3 promoted epithelial-mesenchymal transition (EMT) and reduced the sensitivity 
of CRC cells to 5-FU through upregulating AKT activity. Mechanistically, B56γ3 upregulates AKT activity by targeting 
PP2A to attenuate the p70S6K-mediated negative feedback loop regulation on PI3K/AKT activation. B56γ3 was highly 
expressed and positively correlated with the level of phospho-AKT in tumor tissues of CRC. Moreover, high B56γ3 
expression is associated with poor prognosis of a subset of patients with CRC.
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Conclusions  Our finding reveals that the B56γ3 regulatory subunit-containing PP2A plays an oncogenic role 
in CRC cells by sustaining AKT activation through suppressing p70S6K activity and suggests that the interaction 
between B56γ3 and p70S6K may serve as a therapeutic target for CRC.
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Background
PP2A is an abundant serine/threonine protein phos-
phatase in mammalian cells and can contribute near 1% 
of total cellular proteins in some cell types. PP2A plays 
a role in regulating essential cellular functions, ranging 
from metabolism, growth, to apoptosis [1, 2]. The PP2A 
holoenzyme consists of a dimeric core enzyme, which 
includes a catalytic subunit (C) and a structural subunit 
(A), and a variable regulatory subunit (B). The assem-
bly of variable B regulatory subunits with the PP2A core 
enzyme not only controls the substrate specificity and 
subcellular localization of PP2A holoenzymes, but also 
gives rise to the structural and functional complexity 
of PP2A [3]. Four distinct B subunit families have been 
identified, including B (B55 or PR55), B’ (B56 or PR61), B’’ 
(PR72) and B’’’ (PR93/PR110), and the individual B subu-
nits are differentially expressed in tissues, cells, and are 
located in distinct subcellular compartments [1]. PP2A 
has been thought to play a tumor suppressor role in cells 
and diverse B regulatory subunits have been shown to 
confer tumor-suppressive activity to PP2A by targeting 
the PP2A holoenzyme to regulate substrates participat-
ing in the process of tumor progression [4, 5]. The PI3K/
AKT/mTOR signaling pathway transduces signaling 
downstream of growth factors and nutrients to regulate 
metabolism, growth, and proliferation [6]. Dysregulation 
of the PI3K/AKT/mTOR signaling axis caused by hyper-
activation and mutation of the molecules involved in this 
signaling pathway is often found in a variety of tumors [7, 
8]. The 70-kDa ribosomal protein S6 kinase p70S6K func-
tions as a crucial integrator of growth factors and nutri-
ent signals downstream of mTOR to regulate translation 
and protein synthesis [6]. p70S6K is associated with tum-
origenesis and plays a key role in tumor initiation and 
progression in a variety of cancer types [9, 10]. Impor-
tantly, growth factor-activated p70S6K is also responsi-
ble for mediating a negative feedback loop to attenuate 
growth factor-stimulated RTK/PI3K/AKT signaling and 
uncontrolled cell growth [11, 12].

PP2A interacts with and counterbalances the PI3K/
AKT/mTOR signaling pathway to control cell growth 
and survival [13, 14]. In addition, PP2A has long been 
known to regulate the activity of p70S6K and to catalyze 
the dephosphorylation of phospho-Thr229 and phospho-
Thr389, which are key phosphorylation sites for p70S6K 
activity [15–17]. In addition, the Drosophila B’ regulatory 

subunit of PP2A specifically targets the PP2A holoen-
zyme to dephosphorylate S6K and regulate insulin sign-
aling [18]. Moreover, knockdown of PPP2R5C, which 
encodes several variants of the B56γ subunit, was shown 
to increase phosphorylation of p70S6K at Thr389 in 
human cells [18]. However, it remains unclear whether a 
specific B56γ subunit is directly responsible for targeting 
PP2A holoenzyme to regulate p70S6K.

Among the B56γ variants, B56γ3 was shown to play 
a critical role in inhibiting transformation of HEK cells 
expressing LT, hTERT, and Ras-V12 and in attenuat-
ing tumorigenicity of human lung cancer cell lines [19]. 
B56γ3 also targets the PP2A holoenzyme to regulate the 
level and activity of key cell cycle regulators, such as p53 
and p27Kip, to control cell proliferation [20–22]. Here, 
we delineated the role and molecular mechanism of the 
B56γ3-containing PP2A holoenzyme (PP2A-B56γ3) in 
regulating the AKT/mTOR/p70S6K signaling pathway. 
Intriguingly, we found that B56γ3 positively regulated 
AKT phosphorylation while negatively regulated p70S6K 
phosphorylation in several cell lines. We further revealed 
the underlying mechanism by which B56γ3 upregulated 
AKT phosphorylation by attenuating p70S6K-mediated 
negative feedback activity downstream of growth factor 
stimulation. In contrast to its well-known tumor suppres-
sor activity, we found that B56γ3 promoted EMT and 
reduced the drug sensitivity in colorectal cancer cells by 
enhancing AKT activity. We further demonstrated that 
the expression of B56γ3 was positively associated with 
the expression of phospho-AKT in a subset of human 
colorectal cancer (CRC) tissues and that high B56γ3 
expression was associated with poor prognosis in CRC.

Methods
DNA constructs
All expression vectors for 4HAB56γ3 were constructed 
as reported previously [21]. pGEX4T-1-FLAG-p70S6K1 
was prepared by excising cDNA encoding the FLAG-
p70S6K from pcDNA3.1-FLAG-p70S6K1, which was 
subsequently cloned into the bacterial expression vec-
tor pGEX4T-1 (GE Healthcare). pLKO.1 vector har-
boring cDNA encoding the B56γ3-specific shRNA 
(TRCN0000002495) and shLuc (TRCN00000072244) 
were obtained from the National RNAi Core Facil-
ity (Institute of Molecular Biology/Genomic Research 
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Center, Academia Sinica, Taiwan). For PPP2R5C (B56γ) 
knockout, vectors of gRNAs targeting PPP2R5C, 
pRP[CRISPR]-PPP2R5C[gRNA#2] and pRP[CRISPR]-
PPP2R5C[gRNA#3], were obtained from Vectorbuilder 
(Taiwan), and the gRNA#2 sequence was 5’-CTG​TGA​
TCA​CAT​TCC​GAT​TA 3’ and the gRNA#3 sequence was 
5’-TAC​GGG​AGC​GGA​ATT​TGA​CC-3’.

Cell culture and cell lines
All cell lines were obtained from ATCC. NIH3T3 and 
HEK293 were cultured in Dulbecco’s modified Eagle 
medium (DMEM) (Invitrogen). SW480, DLD-1, and 
HCT116 cells were cultured in RPMI-1640 medium (Inv-
itrogen) or DMEM/F12 medium (GeneDireX). HeLa and 
Hep3B cells were cultured in minimal essential medium 
(MEM)(Invitrogen). All cell lines, except NIH3T3 cul-
tured in DMEM supplemented with bovine serum (BS), 
were cultured in medium supplemented with 10% fetal 
bovine serum (FBS, Gibco), L-glutamine (2 mM) (Invitro-
gen), and penicillin and streptomycin (100 units/ml) (Inv-
itrogen). All cell lines were cultured in 5% CO2 incubator 
at 37℃. For growth factor stimulation, cells were serum 
starved (0–0.5% serum) for 24 h prior to stimulation with 
insulin (Sigma-Aldrich) at 100  nM (NIH3T3 and HeLa 
cells), with EGF (Sigma-Aldrich) at 50  ng/ml or 20  ng/
ml (HeLa and HCT116 cells, respectively), or with IGF-1 
(Millipore) at 50  ng/ml (SW480 cells). Polyclonal pools 
of NIH3T3, HeLa, Hep3B, HCT116, SW480 cells stably 
overexpressing pMSCV4HA-B56γ3 or empty pMSCV 
vector were created using procedures of retroviral infec-
tion and subsequent drug selection as described previ-
ously [23]. HeLa, Hep3B, HCT116, SW480 cells stably 
overexpressing specific shRNA against B56γ3(shB56γ3) 
(TRCN0000002495) or shLuc (TRCN00000072244) were 
created by lentiviral infection and subsequent drug selec-
tion as described before with some modifications [23]. 
Briefly, lentiviruses harboring shB56γ3 or shLuc were 
obtained by collecting of supernatant of HEK293T cells 
transfected with pLKO.1 vector containing cDNA of 
shB56γ3 or shLuc, pVSV-G and delta-8.91 vector by cal-
cium phosphate precipitation method.

Cell viability analysis
Cells were incubated with DMSO or various doses of 
5-FU for 72 h and, subsequently, were subject to Presto-
Blue™ viability assay (Thermo Fisher Scientific) according 
to recommend standard procedures. The relative viabil-
ity was quantitated by the ratio of absorbance readings at 
OD570 to that at OD600.

Western blotting and co‑immunoprecipitation
Cell lysates for Western blotting were prepared in radio-
immunoprecipitation assay (RIPA) buffer and cell lysates 

for immunoprecipitation (IP) were prepared in isotonic 
IP buffer as described before [24]. For better transfec-
tion efficiency, in addition to CRC cells, we also applied 
HeLa and HEK293 cells in the co-immunoprecipitation 
analysis. The procedures of Western blotting and IP 
were performed according to protocols described before 
[24]. Details regarding the antibodies used in this study 
are listed in Supplementary Table 1. Western blots were 
developed using enhanced chemiluminescence. Results 
were quantified by densitometry using Alpha Innotech 
AlphaImager.

In vitro pull down assay
Recombinant His-B56γ3, GST and GST-Flag-p70S6K 
WT proteins were prepared as previously described [23]. 
Two μg of purified recombinant His-B56γ3 proteins were 
incubated with 2  μg recombinant GST-Flag-p70S6K 
WT or GST proteins for 4 h at 4  °C. GST or GST-Flag-
p70S6K WT were pulled down according to the proto-
cols described before [23].

In vitro phospho‑p70S6K dephosphorylation analysis
The analysis was performed according to the protocol 
previously described with some modifications [21]. Phos-
phorylated Flag-p70S6K WT protein was immunoprecip-
itated using anti-FLAG-agarose from serum-stimulated 
NIH3T3 cells transfected with vector of Flag-p70S6K 
WT using transfection reagent Lipofectamine 2000 (Inv-
itrogen). The PP2A-B56γ3 holoenzymes were prepared 
as described before [21]. Aliquots of phospho-Flag-
p70S6K WT were then mixed with various amounts of 
4HAB56γ3 immunocomplexes in the phosphatase assay 
buffer with or without 100  nM OA (Alexis) and incu-
bated at 30  °C for 30 min. The dephosphorylation reac-
tions were terminated by adding 4X SDS sample buffer 
and boiling for 5 min.

Knockout of PPP2R5C by the CRISPR/Cas9 approach
Single clones of HCT116 cells with knockout of 
PPP2R5C were established by co-transfection with 
pRP[CRISPR]-PPP2R5C[gRNA#2] and pRP[CRISPR]-
PPP2R5C[gRNA#3], and selection with puromycin (5 μg/
ml) for 3–4 weeks after transfection.

Transwell migration assay
Cells in the basal medium without adding serum were 
seeded onto the upper chamber of Transwell Perme-
able Supports (8.0 μm in membrane pore size, Corning) 
with lower chamber filled with medium containing 10% 
FBS. Twenty-four hours after seeding, inserts of Tran-
swell Permeable Supports were then fixed and stained 
with 0.1% crystal violet and cells that had not migrated 
were removed using a cotton swab. Migrated cells stained 
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with crystal violet were then photographed using a Nikon 
ECLIPSE TS100 microscope equipped with a digital 
camera at 100X magnification. Cells were then counted 
manually or by Image J.

Transwell invasion assay
Cells in the basal medium without adding serum 
were seeded onto the upper chamber of the BioCoat 
Matrigel Invasion Chamber (8.0 μm in membrane pore 
size, Corning), which contained a PET membrane with 
a thin layer of Matrigel basement membrane matrix, 
with lower chamber filled with medium containing 
10% FBS. Twenty-four hours after seeding, inserts of 
Matrigel Invasion Chamber were then fixed, stained 
with 0.1% crystal violet and processed as described 
earlier.

Immunohistochemistry
Paraffin-embedded paired tumor and normal tissue 
specimens were obtained from the Human Biobank, 
Research Center of Clinical Medicine, National Cheng 
Kung University Hospital. The sections were incu-
bated with anti-B56γ3 antibody (Santa Cruz) or anti-
phospho-AKT (Ser473) (Cell Signaling Technology), 
and avidin–biotin-HRP complexes (Thermo Fisher) 
in conjunction with biotinylated anti-mouse or anti-
rabbit secondary antibodies. DAB + substrate (Thermo 
Fisher) was used to develop the signals. The tissues 
were counterstained with hematoxylin. Quantification  
of immunohistochemical staining was performed 
using an immunoreactive score (IRS) system [25]. IRS 
scores = (scores of staining intensity) × (percentage of posi-
tive cells). This study was approved by the institutional 
review board of the National Cheng Kung University 
Hospital.

Kaplan–Meier survival curves
Analysis of the overall survival rate of CRC patients strat-
ified by levels of PPP2R5C expression was carried out 
using TCGA and GEO colon adenocarcinoma (COAD) 
datasets through PROGgeneV2 database [26]. The group-
ing of low and high expression level of PPP2R5C is 
divided by median expression level.

Statistical analysis
Statistical analyses were performed using two-tailed 
unpaired Student’s t-test. The contingency of the 
grouped IHC data was examined using the chi-square 
test. All data were analyzed using GraphPad Prism 5. In 
all statistical analyses, a p-value of < 0.05 was considered 
significant.

Results
B56γ3 upregulates AKT phosphorylation
B56γ3 has been shown to serve as a key regulatory sub-
unit to provide PP2A with tumor suppressor activity 
[20–22]. Intriguingly, at steady state, we observed a ten-
dency that B56γ3 overexpression upregulated AKT phos-
phorylation, whereas B56γ3 knockdown decreased AKT 
phosphorylation at Ser473 and Thr308, hallmarks of 
AKT activation, in CRC cell lines HCT116, SW480, and 
DLD-1 (Fig. 1 and Supplementary Fig. 1). Additionally, to 
address whether this phenomenon only existed in CRC 
cells or not, we also investigated other cell types, and we 
found that B56γ3 positively regulated AKT phosphoryla-
tion in HeLa, NIH3T3, and Hep3B cells as well (Fig.  1 
and Supplementary Fig. 1). Furthermore, we investigated 
whether B56γ3 regulates growth factor-stimulated AKT 
activation. HeLa cells stably expressing control shLuc or 
shB56γ3 were treated with insulin for 15 min and 30 min 
and analyzed for the level of phospho-AKT.

As shown in Fig.  2A, the level of EGF-stimulated 
phospho-Thr308 and -Ser473 of AKT were significantly 
decreased in HeLa cells stably expressing shB56γ3 com-
pared to that in control cells stably expressing shLuc 
(Fig. 2A). Moreover, we found that levels of insulin-stim-
ulated phospho-Thr308 and -Ser473 of AKT were signifi-
cantly decreased in HeLa cells stably expressing shB56γ3  
compared to that in control cells with shLuc (Fig. 2B). In 
addition, SW480 cells stably expressing control shLuc 
or shB56γ3 were treated with insulin-like growth fac-
tor 1(IGF-1) for various time points and results showed 
that the levels of IGF-1-stimulated phospho-Thr308 and 
-Ser473 of AKT were significantly decreased in SW480 
cells stably expressing shB56γ3 compared to that in con-
trol cells with shLuc (Fig. 2C). Moreover, the levels of EGF-
stimulated phospho-Thr308 and -Ser473 of AKT were 
significantly decreased at the later time point (30 min) in 
HCT116 cells stably expressing shB56γ3 compared to that 
in control cells with shLuc (Fig.  2D). Collectively, these 
data suggest that B56γ3 upregulates AKT phosphorylation 
downstream of insulin, IGF-1 and EGF signaling.

B56γ3 upregulates AKT phosphorylation by targeting 
PP2A to attenuate the p70S6K‑mediated negative 
feedback loop regulation
We found that B56γ3 upregulated AKT phosphorylation 
at both Thr308 and Ser473, which are hallmarks of AKT 
activation (Figs. 1 and 2). Next, we investigated the mech-
anism underlying B56γ3-upregulated AKT activation.

Given that phosphorylation of Thr308 and Ser473 is 
selectively catalyzed by PDK1 and mTORC2 [27, 28], 
and selectively dephosphorylated by PP2A and PHLPP, 
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respectively [23, 29], it is likely that the PP2A holoen-
zyme containing B56γ3 (PP2A-B56γ3) may indirectly 
regulate AKT activation by regulating a target which 
may be simultaneously involved in regulating both phos-
phorylation of Ser473 and Thr308 of AKT. We hypoth-
esized that p70S6K is a putative target involved in the 
activation of AKT by PP2A-B56γ3 based on the follow-
ing findings. PP2A has long been known to negatively 
regulate p70S6K [15–17]. Knockdown of PPP2R5C, 
which encodes B56γ1, B56γ2, and B56γ3 subunits, 
upregulates p70S6K phosphorylation at Thr389 [18]. 
p70S6K mediates a negative feedback loop regulation 
to downregulate growth factor signaling and reduce 
AKT activation [11, 12]. Based on the above find-
ings, we examined whether PP2A-B56γ3 is responsible 
for dephosphorylation of p70S6K. We co-transfected 
Flag-p70S6K with 4HA-B56γ3 into HEK293 cells and 

performed co-immunoprecipitation through pull-down 
of anti-Flag or anti-HA immunocomplexes. We found  
that 4HA-B56γ3 was associated with Flag-p70S6K, and 
endogenous PP2A A and C subunits were present in the 
anti-FLAG immunocomplexes (Fig.  3A). Reciprocally, 
when anti-HA immunocomplexes were pulled down, 
4HA-B56γ3, Flag-p70S6K, and endogenous PP2A A and 
C subunits were co-immunoprecipitated (Supplementary 
Fig. 2A). Furthermore, endogenous B56γ3, but not B56γ2, 
PP2A A and C subunits were co-immunoprecipitated 
with Flag-p70S6K (Fig. 3B) and, reciprocally, endogenous 
p70S6K was co-immunoprecipitated with 4HA-B56γ3 
in anti-HA immunocomplexes in HCT116, HEK293 and 
SW480 cells (Fig. 3C and Supplementary Fig. 2B and C).

Furthermore, in  vitro pulldown analysis showed that 
His-B56γ3 proteins directly associated with GST-p70S6K, 
but not with GST proteins (Fig. 3D). Next, we examined 

Fig. 1  B56γ3 enhances Akt phosphorylation at both Thr308 and Ser473. A, B Lysates of HeLa, C, D HCT116), and E, F SW480 with vector 
only (pMSCV), stable B56γ3 overexpression (B56γ3HA or 4HAB56γ3) (A, C, E), control shLuc or stable knockdown of B56γ3 expression (shB56γ3) 
(B, D, F) were harvested at steady state and analyzed by SDS-PAGE and Western blotting with antibodies as indicated. Representative blots 
of phospho-Akt (p-Akt) at Thr308 and p-Akt at Ser473 from three independent experiments with similar results were shown. The mean 
relative expression levels of p-Akt at Thr308 (T308) and Ser473 (S473) of three independent experiments with similar results were quantitated 
and normalized with total Akt by densitometry. The differences were assessed for statistical significance by two-tailed unpaired student’s t test 
with p value (*(< 0.05),**(< 0.01), ***(< 0.001)). (n = 3)
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whether B56γ3, but not other similar B56 subunits, 
could target PP2A to down-regulate p70S6K phospho-
rylation. As shown in Fig.  3E, we co-transfected expres-
sion vector encoding Flag-p70S6K and 4HA-B56α, 
4HA-B56γ3, 4HA-B56γ1HA, or vector only into HeLa 

cells and examined phospho-Thr389 of Flag-p70S6K. 
Results showed that 4HA-B56γ3, but not 4HA-B56α or 
4HA-B56γ1, significantly reduced phospho-Thr389 lev-
els (Fig.  3E). The dephosphorylation of phospho-Thr389 
of Flag-p70S6K by co-expression with 4HA-B56γ3 was 

Fig. 2  B56γ3 upregulates AKT phosphorylation in response to growth factor stimulation. A, B Lysates of HeLa cells with shLuc or stable knockdown 
of B56γ3(shB56γ3) stimulated by EGF (50 ng/ml) or insulin (100 nM), respectively, at the indicated time points, C Lysates of SW480 with shLuc 
or stable knockdown of B56γ3 (shB56γ3) stimulated by IGF-1 (50 ng/ml) at the indicated time points, and D Lysates of HCT116 cells with shLuc 
or stable knockdown of B56γ3(shB56γ3) stimulated by EGF (20 ng/ml) at the indicated time points were analyzed by SDS-PAGE and Western 
blotting with antibodies as indicated. The mean relative expression levels of p-Akt at Thr308 (T308) and Ser473 (S473) of three independent 
experiments with similar results were quantitated as described earlier. Graphs show comparisons of the peak levels (A, B) of phospho-AKT (Thr308 
and Ser473) or levels of phospho-Akt (Thr308 and Ser473) at different time points (C, D) stimulated by growth factors between control shLuc 
and stable knockdown (shB56γ3). The differences were assessed for statistical significance by Student’s t test with p-values (*(< 0.05), **(< 0.01), 
***(< 0.001)). (n = 3)
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restored by okadaic acid (OA), a PP2A selective inhibi-
tor (Fig.  3F). Consistently, the level of phospho-Thr389 
of endogenous p70S6K was increased by stably express-
ing shB56γ3 compared to that of cells expressing shLuc in 
HeLa cells (Fig. 3G). In addition, we also performed in vitro 
dephosphorylation assay by incubating various amounts 
of PP2A-B56γ3 holoenzymes with purified Flag-p70S6K 
from serum-stimulated lysates, and results showed that 
PP2A-B56γ3 holoenzymes catalyzed dephosphorylation 
of phospho-Thr389 in a dose-dependent and OA-sensi-
tive manner, indicating that downregulation of phospho-
Thr389 by B56γ3 was carried out by B56γ3 targeting PP2A 
catalytic activity toward p70S6K (Supplementary Fig.  3). 
Furthermore, we investigated the role of B56γ3 in regulat-
ing growth factor-stimulated p70S6K activation. We found 
that in NIH3T3 cells, B56γ3 overexpression significantly 
downregulated insulin-stimulated increases in phospho-
Thr389 of p70S6K (Supplementary Fig.  4A). In parallel, 
B56γ3 overexpression also significantly downregulated 
amino acid-stimulated phospho-Thr389 of p70S6K in 
NIH3T3 cells (Supplementary Fig. 4B). On the other hand, 
B56γ3 knockdown significantly increased IGF-1-stimu-
lated increases in phospho-Thr389 of p70S6K in SW480 
cells (Fig. 3H). In addition, B56γ3 knockdown significantly 
increased EGF-stimulated increases in phospho-Thr389 of 
p70S6K in HCT116 cells at later time point (Fig. 3I). Given 
that activation of p70S6K mediates a negative feedback 
loop regulation to downregulate growth factor signaling 
and reduce AKT activation [11, 12], we hypothesized that 

B56γ3 may upregulate AKT activity by mediating PP2A to 
down-regulate p70S6K activity and subsequently attenu-
ate p70S6K-mediated negative feedback loop regulation. If 
the hypothesis is correct, constitutively active p70S6K may 
counteract the B56γ3-mediated upregulation of AKT acti-
vation, whereas inhibition of p70S6K activity may restore 
AKT activation which is downregulated by increased 
p70S6K activity resulting from B56γ3 knockdown. To 
verify this hypothesis, NIH 3T3 cells stably expressing vec-
tor (pMSCV) only or stably expressing 4HA-B56γ3 were 
transfected with empty vector, constitutively active (CA) 
mutant Flag-p70S6K(E389D3E), or kinase-dead (KD) 
mutant Flag-p70S6K (K100R), and were subsequently 
stimulated with insulin. Results showed that co-expres-
sion of the CA mutant of p70S6K, but not KD mutant 
of p70S6K, significantly abolished the B56γ3-mediated 
upregulation of insulin-stimulated phospho-AKT (Sup-
plementary Fig. 5). Next, we investigated whether inhibi-
tion of p70S6K activity could restore AKT activation when 
B56γ3 was silenced. Consistent with our earlier findings 
(Fig.  3H), levels of IGF-1-stimulated phospho-AKT at 
both Thr308 and Ser473 were decreased in SW480 cells 
with B56γ3 knockdown compared to SW480 cells sta-
bly expressing shLuc, but inhibition of p70S6K activity 
with LY-2584702, a selective ATP competitive inhibitor of 
p70S6K, restored IGF-1-stimulated AKT phosphorylation 
in SW480 cells with B56γ3 knockdown (Fig.  3J). Treat-
ment with LY-2584702 did not reduce phosphorylation 
at Thr389 but reduced the activity of p70S6K, causing 

Fig. 3  B56γ3 upregulates AKT phosphorylation through targeting PP2A to downregulate p70S6K phosphorylation at Thr389 and attenuate 
p70S6K-mediated negative feedback loop regulation on growth factor signaling. A Lysates of HEK293 cells co-transfected with expression 
vector encoding 4HA-B56γ3 and Flag-p70S6K or vector only were immunoprecipitated by anti-FLAG-Sepharose, and the immunocomplexes 
were analyzed by SDS-PAGE and Western blotting with specific antibodies as indicated. B Lysates of HEK293 cells transfected with expression 
vector encoding Flag-p70S6K were immunoprecipitated by anti-FLAG-Sepharose, and the immunocomplexes were analyzed for the presence 
of endogenous B56γ3. C Lysates of HCT116 cells transfected with expression vector encoding 4HA-B56γ3 were immunoprecipitated 
by anti-HA-Sepharose, and the immunocomplexes were analyzed for the presence of endogenous p70S6K. D In vitro pulldown analysis 
of recombinant GST or GST-p70S6K interacting with recombinant His-B56γ3 using glutathione Sepharose was carried out and GST-pulldowns 
were then analyzed by SDS-PAGE and Western blotting with antibodies as indicated. Ten percent of mixed recombinant proteins after pulldown 
analysis were analyzed in parallel, serving as a loading control. E Lysates of HeLa cells transfected with expression vector encoding Flag-p70S6K 
and 4HAB56γ3, 4HAB56γ1, 4HAB56α, or empty vector were analyzed by SDS-PAGE and Western blotting with antibodies as indicated. F Lysates 
of HeLa cells transfected with expression vectors encoding Flag-p70S6K and 4HAB56γ3 treated with or without 500 nM okadaic acid (OA) were 
analyzed by SDS-PAGE and Western blotting with antibodies as indicated. G Lysates of HeLa cells stably expressing shLuc or shB56γ3 were analyzed 
by SDS-PAGE and Western blotting with antibodies as indicated. H Lysates of SW480 cells stably expressing shLuc or shB56γ3 stimulated by IGF-1 
(50 ng/ml) at the indicated time points were analyzed as described earlier. I Lysates of HCT116 cells stably expressing shLuc or shB56γ3 stimulated 
by EGF (20 ng/ml) at the indicated time points were analyzed as described earlier. J Lysates of SW480 cells with control shLuc or shB56γ3 pretreated 
with DMSO or 5 μM LY-2584702 (Adooq Bioscience) in serum-free medium, prior to stimulation with IGF-1 (50 ng/ml) for 60 min in the presence 
or absence of 5 μM LY-2584702, were analyzed as described previously. K Lysates of HeLa cells with control shLuc or shB56γ3 pretreated with DMSO 
or 5 μM LY-2584702 in 0.5% FBS medium prior to stimulation with EGF (50 ng/ml) at the indicated time points in the presence or absence of 5 μM 
LY-2584702 were analyzed as described previously. L Lysates of HCT116 cells with control shLuc or shB56γ3 pretreated with DMSO or 5 μM 
LY-2584702 in serum-free medium prior to stimulation with EGF (20 ng/ml) for 30 min in the presence or absence of 5 μM LY-2584702 were 
analyzed as described previously. Representative blots of at least two independent experiments with similar results were shown. The mean relative 
expression levels of phospho-Akt (Thr308 and Ser473) and phospho-p70S6K (Thr389) of three independent experiments with similar results 
were quantified as described earlier. The differences were assessed for statistical significance by student’s t test with p value (*(< 0.05), **(< 0.01), 
***(< 0.001)). (n = 3)

(See figure on next page.)
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reduced levels of phospho-S6 (Thr240/244), an immediate 
downstream substrate of p70S6K (Fig. 3J). Similarly, treat-
ment with LY-2584702 restored levels of EGF-stimulated 
AKT phosphorylation at both Thr308 and Ser473 in both 
HeLa and HCT116 cells with B56γ3 knockdown (Fig. 3K 
and L). Taken together, these data suggest that B56γ3 
upregulates AKT activation by targeting PP2A to down-
regulate p70S6K activation, resulting in attenuating the 
p70S6K-mediated negative feedback loop regulation.

B56γ3 regulates EMT in CRC cells
We showed that B56γ3 promotes AKT phosphoryla-
tion, which is an oncogenic hallmark of various types of 
cancer and a master regulator of EMT through different 
mechanisms [30]. Since we showed that B56γ3 upregu-
lated AKT activity in HCT116 and SW480 cells both of 
which are CRC cell lines (Figs.  1, 2 and 3), we investi-
gated whether B56γ3 plays a role in EMT in CRC cells. 

We performed Transwell migration assay in HCT116 
and SW480 cells to assess the role of B56γ3 in the motil-
ity of CRC cells. Results showed that the number of 
both HCT116 and SW480 cells with B56γ3 knockdown 
migrating through the filter was much lower than that 
of cells with shLuc (Fig.  4A and B). On the other hand, 
B56γ3 overexpression promoted cell migration as com-
pared to that of cells with vector only (Fig. 4A and B). In 
addition, the in  vitro scratch wound-healing migration 
assay showed that B56γ3 played a positive role in regulat-
ing cell migration in SW480 cells (Supplementary Fig. 6). 
Since an increase in invasion ability is also a hallmark of 
EMT, we further investigated the impact of B56γ3 on the 
invasion ability of CRC cells. Results of in vitro Transwell 
invasion assay showed that both SW480 and HCT116 
cells with B56γ3 knockdown showed reduced number 
of cells invading into the lower chamber as compared to 
that of cells with shLuc, whereas B56γ3 overexpression 

Fig. 4  B56γ3 facilitates motility and invasion of CRC cells. A HCT116 cells B SW480 cells with control vector (pMSCV or shLuc), stable overexpression 
of B56γ3 (4HAB56γ3), or stable knockdown of B56γ3 (shB56γ3) were seeded onto the upper transwell chamber, and migrated cells were stained 
with crystal violet and counted 24 h after seeding. C HCT116 or D SW480 cells with the control vector (pMSCV or shLuc), stable overexpression 
of B56γ3 (4HAB56γ3), or stable knockdown of B56γ3 (shB56γ3) were seeded onto the upper chamber precoated with Matrigel for Transwell invasion 
analyses, and migrated cells were stained with crystal violet and counted 24 h after seeding. Representative images from at least three independent 
experiments are shown. Quantitation of migrated cells in different experimental groups was performed using ImageJ, and differences in relative cell 
numbers were assessed for statistical significance by Student’s t test with p value (*(< 0.05), **(< 0.01), ***(< 0.001)). (n = 3)
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increased cell invasion into the lower chamber in both 
SW480 and HCT116 cells as compared to cells with vec-
tor only (Fig.  4C and D). Furthermore, PPP2R5C which 
encodes B56γ family members including B56γ3 was 
knocked out by Crispr/Cas 9 approach. Our data showed 
that expression of B56γ3 was abolished in PPP2R5C 
knockout clones of HCT116 cells as compared to that of 
parental cells (Supplementary Fig. 7). Knockout clones of 
HCT116 cells showed markedly reduced spindle-shaped 
and scattering morphology, but increased epithelial mor-
phology and had reduced capability of migration and 
invasion as compared to parental cells (Supplementary 
Fig. 7). Together, these data demonstrate that B56γ3 pro-
motes EMT of CRC cells.

B56γ3 upregulates the level of SNAIL and hallmarks of EMT 
through enhancing AKT activity
To investigate the underlying mechanism of B56γ3-
promoted EMT, we investigated the role of B56γ3 on 
regulating the expression of the key EMT transcription 
factor SNAIL whose level is known to be regulated by 
AKT [30]. The results showed that SNAIL was increased 
by B56γ3 overexpression, and was reduced by B56γ3 
knockdown in HCT116 and SW480 cells (Fig. 5A-D). In 
agreement with the role of B56γ3 in regulating SNAIL, 
the level of E-cadherin, an epithelial marker negatively 
regulated by SNAIL, was reduced by B56γ3 overexpres-
sion, whereas B56γ3 knockdown increased the level of 
E-cadherin in both HCT116 and SW480 cells (Fig. 5A-D). 
To verify the role of AKT in B56γ3-mediated increases of 
SNAIL levels, we treated CRC cells overexpressing B56γ3 
with an AKT-specific inhibitor, MK-2206, to inhibit AKT 
activity.

Our results showed that treatment with MK-2206 sig-
nificantly decreased AKT phosphorylation and inhibited 
the B56γ3-mediated increased levels of SNAIL in both 
HCT116 and SW480 cells (Fig. 5F and G). In addition, 
when CRC cells were treated with AKT-specific siR-
NAs to knock down AKT1/2 expression, results showed 
that reduced expression of AKT1/2 by siRNAs blocked 
B56γ3-mediated increases in SNAIL levels, cell motil-
ity and invasion of HCT116 and SW480 cells (Fig. 5G-J 

and Supplementary Fig. 8). Moreover, we found that the 
level of phospho-GSK3β at Ser 9, which is a target site 
of AKT and crucial for regulating SNAIL levels, were 
reduced when B56γ3 expression was silenced in CRC 
cells (Supplementary Fig. 9). Taken together, these data 
indicate that B56γ3 upregulates SNAIL levels involved 
in EMT by upregulating AKT activity.

B56γ3 reduces sensitivity of CRC cells to 5‑FU
Given that B56γ3 upregulates AKT activity and that 
hyperactive PI3K/AKT signaling has been linked to mul-
tidrug resistance in a variety of cancer types [31, 32], next, 
we investigated whether B56γ3 played a role in regulating 
cancer cell survival upon chemotherapeutic drug treat-
ment. We treated CRC cells with 5-Fluorouracil (5-FU) at 
various doses and the viability of CRC cells treated with 
5-FU was assessed. We found that knockdown of B56γ3 
expression reduced the viability of HCT116 and SW480 
cells compared with cells stably expressing control shLuc 
(Fig.  6A and B). The IC50 of HCT116 cells with B56γ3 
knockdown (IC50: 1.146  μM) under 5-FU treatment 
was eight times lower than that of HCT116 cells with 
shLuc (IC50: 8.72 μM) (Fig. 6A). In addition, the IC50 of 
SW480 cells with B56γ3 knockdown under 5-FU treat-
ment was also significantly reduced (IC50: 10.76  μM) 
as compared to that of SW480 cells with shLuc (IC50: 
48.16  μM) (Fig.  6B). On the other hand, B56γ3 overex-
pression markedly increased survival of HCT116 cells by 
5-FU treatment (Fig. 6C). The IC50 of HCT116 cells with 
B56γ3 overexpression treated with 5-FU was 67.33  μM, 
whereas the IC50 of HCT116 cells stably expressing 
empty vector was 9.257 μM (Fig.  6C). Next, we verified 
the role of AKT in regulating B56γ3-promoted survival 
upon 5-FU treatment by treating B56γ3-overexpressing 
HCT116 cells with the selective AKT inhibitor MK-2206. 
Results showed that HCT116 cells with B56γ3 overex-
pression maintained nearly 100% viability when nearly 
50% of HCT116 cells with the vector only died by 5-FU 
treatment at 24  h. However, the B56γ3 overexpression-
mediated increases in viability was abolished by co-
treatment with MK-2206 (Fig.  6D). In agreement with 
results of the viability analysis, treatment with MK-2206 

Fig. 5  B56γ3 upregulates SNAIL and EMT hallmarks through AKT activity. A, B Lysates of HCT116 cells or C, D lysates of SW480 cells with the control 
vector (pMSCV or shLuc), stable overexpression of B56γ3 (4HAB56γ3), or stable knockdown of B56γ3 (shB56γ3) were analyzed by SDS-PAGE 
and Western blotting with specific antibodies as indicated. E Lysates of HCT116 or F lysates of SW480 cells with vector only (pMSCV) or stable 
overexpression of B56γ3 (4HAB56γ3) treated with DMSO or MK-2206(10 μM, Enzo Life Sciences) for 24 h were analyzed as described previously. 
G Lysates of HCT116 or H lysates of SW480 cells with vector only (pMSCV) or stable overexpression of B56γ3 (4HAB56γ3) transiently transfected 
with control siRNA or AKT1/2 siRNA (120 nM) were analyzed as described previously. The relative expression levels of SNAIL and E-cadherin 
were quantified by densitometry and normalized to that of β-actin. I HCT116 cells with vector only (pMSCV) or stable overexpression of B56γ3 
(4HAB56γ3) transiently transfected with control siRNA or AKT1/2 siRNA (120 nM) were subjected to Transwell migration assay or J Transwell invasion 
assay as described earlier. The differences were assessed for statistical significance by Student’s t-test with p-values (* (< 0.05), ** (< 0.01), ***(< 0.001))

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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abolished B56γ3 overexpression-enhanced AKT phos-
phorylation in HCT116 cells treated with 5-FU (Fig. 6E). 
Together, our results indicate that B56γ3 reduced the 
sensitivity and increased the viability of CRC cells treated 
with 5-FU by increased AKT activity.

The level of B56γ3 is positively correlated with the level 
of phospho‑AKT in CRC tissue specimens and is inversely 
correlated with survival of CRC patients
We showed that B56γ3 upregulated the phospho-
rylation of AKT and EMT in human CRC cell lines 
(Figs. 1, 4 and 5). Next, we investigated whether there 
was any correlation between the levels of B56γ3 and 
phospho-AKT in human CRC specimens. IHC analy-
sis of 57 pairs of human CRC tissue and adjacent nor-
mal tissue specimens revealed that both B56γ3 and 
phospho-AKT were highly expressed in tumor tis-
sues compared to their adjacent normal tissues in the 
majority of the specimens (Fig. 7A and B). In addition, 
40 of 57 pairs of specimens had overexpressed B56γ3 
and phospho-AKT in the tumor tissues, indicating 
that expression of B56γ3 was positively associated 
with that of phospho-AKT in a subset of human CRC 
specimens (Fig.  7C). Next, we analyzed the relation-
ship between mRNA expression of PPP2R5C which 
encodes different B56γ isoforms and the survival rates 
of patients with CRC using datasets of CRC in pub-
lic databases. We found that CRC patients with higher 
PPP2R5C mRNA levels in tumors showed poorer 
overall survival rates than those with lower PPP2R5C 
mRNA levels in tumors in the two CRC cohorts 
(Fig.  7D). In addition to CRC, we found that higher 
PPP2R5C mRNA levels in tumors showed poorer 
overall survival rates in several other types of cancer, 
including adrenocortical adenocarcinoma, uveal mela-
noma, esophageal carcinoma, and kidney carcinoma 
(Supplementary Fig.  10). Taken together, these data 
suggest that the levels of B56γ3 were positively corre-
lated with those of phospho-AKT and that high B56γ3 
levels were associated with poor prognosis in a subset 
of CRC patients.

Discussion
Here, we report that the B56γ3 regulatory subunit of 
PP2A upregulated AKT activation through downregu-
lating p70S6K-mediated negative feedback loop regu-
lation (Figs.  1, 2 and 3). Moreover, B56γ3 promoted 
EMT and decreased the sensitivity of CRC cells to 
chemotherapy by upregulating AKT activation (Fig. 6). 
Importantly, we found that high expression of B56γ3 
is associated with poor prognosis of a subset of CRC 
patients (Fig. 7).

Phosphorylation of Akt at two key residues, Thr308 
and Ser473, was required for its full activation [27, 28]. 
We previously showed that the B55α-containing PP2A 
selectively catalyzes dephosphorylation of AKT at 
Thr308 and downregulates AKT activity [23]. Here, we 
observed that B56γ3 promoted AKT phosphorylation 
at both Thr308 and Ser473 not only in CRC cells, but 
also in several other cell types (Fig.  1 and Supplemen-
tary Fig. 1). We characterized the molecular mechanism 
underlying B56γ3 upregulated AKT phosphorylation 
and revealed that upregulation of AKT phosphoryla-
tion by B56γ3 is an indirect consequence of B56γ3 tar-
geting PP2A dephosphorylation and inactivation of 
p70S6K, which has been shown to mediate a negative 
feedback loop in downregulating PI3k/AKT signaling 
downstream of growth factors (Fig. 6F). Since p70S6K is 
a downstream signal transducer of PI3k/AKT signaling 
and mediates a negative feedback loop in downregulat-
ing PI3k/AKT signaling, we found that the amplitude of 
phosphorylation of AKT and p70S6K was more signifi-
cantly modulated by B56γ3 knockdown than by B56γ3 
overexpression (Figs.  1, 2 and 3  and Supplementary 
Fig. 1 and 4), which is consistent with a previous report 
showed that the complex signaling network topology 
by kinases or phosphatases is modulated in a protein 
abundance-dependent manner [33]. On the other hand, 
the B56γ-containing PP2A was shown to dephosphoryl-
ate and inactivate ERK [34], which may upregulate the 
mTORC1/ p70S6K signaling through inactivating tuber-
ous sclerosis complex (TSC) 2 [35]; therefore, we cannot 
rule out the possibility that the B56γ3-containing PP2A 

(See figure on next page.)
Fig. 6  B56γ3 reduces the sensitivity of CRC cells to 5-FU. A HCT116 and B SW480 cells with control vector (shLuc) or stable knockdown of B56γ3 
(shB56γ3) were treated with 0, 25, 50, 75, and 100 μM 5-FU for 72 h, and cell viability was measured using the Presto Blue viability assay according 
to the manufacturer’s protocol. C HCT116 cells with vector only (pMSCV) or stably overexpressing B56γ3 (4HAB56γ3) were treated with 5-FU, 
and cell viability was measured as described previously. The IC50 of 5-FU was analyzed using GraphPad Prism version 5 for Windows. D HCT116 
cells with vector (pMSCV) or stable overexpression of B56γ3 (4HAB56γ3) were treated with 5-FU (50 μM) or 5-FU (50 μM) and MK-2206 (50 μM) 
for 24 h, and cell viability was measured as described previously. E Lysates of HCT116 cells with vector only (pMSCV) or B56γ3 overexpression 
(4HAB56γ3) treated with 5-FU or 5-FU and MK2206 for 24 h were analyzed by SDS-PAGE and Western blotting with the indicated antibodies. F The 
PP2A-B56γ3 holoenzyme upregulates AKT activation to promote EMT and the potential of drug resistance by downregulating p70S6K activity 
and attenuating the p70S6K-mediated negative feedback loop regulation of growth factor-stimulated PI3K/AKT activation. The dashed line 
indicates that the PP2A-B56γ3 holoenzyme indirectly activates AKT activity
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can also indirectly downregulate p70S6K through ERK 
inactivation. Given that AMPK was shown to down-
regulate the mTOR/p70S6K signaling module through 
the phosphorylation of raptor or TSC2 or indirectly 
through protein phosphatases [36, 37], the possibility 
that cross-talk between the B56γ3-containing PP2A and 
AMPK results in inactivation of p70S6K cannot be ruled 
out. To further address the kinetics of upregulating 
AKT phosphorylation by B56γ3, we re-expressed B56γ3 
in a PPP2R5C knockout clone of HCT116 cells using 
tetracycline-inducible approach, and our results showed 
that increased phosphorylation of AKT at both Thr308 
and Ser473 occurred at 48  h after induced expression 
of B56γ3 but not in control PPP2R5C knockout cells 
treated with doxycycline alone (Supplementary Fig. 11). 
However, at 48  h after induction of B56γ3 expression, 
phosphorylation of p70S6K at Thr389 was reduced in 
both parental and the B56γ3 re-expressing knockout 
clone of HCT116 cells, suggesting that increased cell 
density may downregulate phosphorylation of p70S6K 
and hinder the effect of B56γ3 expression (Supplemen-
tary Fig. 11).

Our finding of upregulated AKT activation in CRC 
cells by the PP2A-B56γ3 holoenzyme was similar to the 
finding that cancer cells treated with mTOR inhibitors, 
such as rapamycin and Torin, exhibited hyperactivation 
of PI3K/AKT signaling by attenuating mTOR/p70S6K-
mediated negative feedback loops [38]. The mechanism 
of upregulated AKT activity by the PP2A-B56γ3 holo-
enzyme is also similar to that of MAPK phosphatases 
in regulating MEK1/2, which are regulated by ERK1/2-
mediated negative feedback loop downstream of growth 
factor stimulation [39]. It was shown that overexpression 
of MAPK phosphatases (MKPs/DUSPs) caused sustained 
MEK1/2 activation via suppressing the negative feedback 
regulation from ERK1/2 to MEK1/2 [33, 40]. The expres-
sion of MKPs was found to be positively associated with 
cancer progression and overexpressed MKPs increased 
the malignancy of cancers with a hyperactivated MAPK-
ERK pathway [39, 41]. Consistently, we demonstrated 
that both B56γ3 and phospho-AKT were overexpressed 
and positively correlated in tumors in a subset of CRC 
specimens (Fig. 7). Moreover, we found that high B56γ3 

mRNA levels were associated with poor prognosis in two 
cohorts of CRC patients and several other types of cancer 
(Fig. 7 and Supplementary Fig. 10).

B56γ3 has been recognized to act as a tumor suppres-
sor regulatory subunit of PP2A by targeting the PP2A 
holoenzyme to regulate the level and activity of key cell 
cycle regulators to control cell proliferation and tumo-
rigenicity [20–22]. Nevertheless, our data demonstrated 
that B56γ3 promoted EMT through upregulating AKT 
activity in CRC cells, suggesting that B56γ3 may act as 
a tumor suppressor or oncogene in a context-dependent 
manner such as tumors harboring aberrant B56γ3 over-
expression and mutations causing hyperactivated PI3K/
AKT (Fig. 4). In addition, some studies have shown that 
EMT is associated with cell cycle arrest [42, 43]. It is con-
ceivable that B56γ3 overexpression not only promotes 
EMT by upregulating AKT activity but also further aug-
ments EMT by regulating cell cycle arrest through regu-
lating p53 and p27Kip1. EMT is linked to the properties 
of cancer stem cells (CSCs), which have been shown to 
have increased resistance to conventional cancer thera-
pies [44], and in agreement with this notion, we showed 
that B56γ3 overexpression reduced the sensitivity of CRC 
cells to 5-FU treatment by upregulating AKT activity 
(Fig. 6). Since ATM was shown to phosphorylate B56γ3 
and increase the level of the B56γ3-containing PP2A 
after DNA damage [45], it is also likely that ATM activa-
tion by 5-FU treatment may further increase the B56γ3-
containing PP2A to enhance AKT activity to reduce drug 
sensitivity in CRC cells with stable B56γ3 overexpression. 
Moreover, the interaction of B56γ3 and p70S6K may 
serve as a therapeutic target for the treatment of CRC 
and other types of cancer when B56γ3 is overly expressed 
under hyperactivated PI3K/AKT signaling. Altogether, 
our findings demonstrate that the PP2A-B56γ3 holoen-
zyme may switch from a tumor suppressor to an onco-
gene in a cell context-dependent manner.

Conclusion
PP2A-B56γ3 has been recognized to function as a 
tumor suppressor. Herein, our results reveal that PP2A-
B56γ3 can play an oncogenic role in CRC. PP2A-B56γ3 
upregulates EMT and reduces the sensitivity to the 

Fig. 7  B56γ3 expression was upregulated in CRC and correlated with AKT activation and poor prognosis. A Representative micrographs of IHC 
analysis of B56γ3 and phosphorylation of AKT (p-AKT, Ser473) in tumor parts and normal tissue counterparts of 57 human colon cancer specimens 
are shown. Micrographs shown are four paired tissue specimens with higher IHC scores of both B56γ3 and p-AKT in tumor parts compared 
to that in normal tissue counterparts. Micrographs are shown at magnification 200X. The scale bar is 50–100 μm. B Scatter plots shown are 
quantitative analysis of scores of staining of expression of B56γ3 (Left) and p-AKT (Right) in both tumor and non-tumor parts of 57 paired human 
colon cancer specimens. C Data shown are concordance analysis of IHC scores of B56γ3 and p-AKT in tumor tissues. D Kaplan–Meier survival 
analysis of two cohorts (GSE16125 and GSE17537) of CRC patients with PPP2R5C (B56γ) high or PPP2R5C (B56γ) low expression. P values were 
calculated using two-tailed unpaired Student’s t-test with p value (* (< 0.05), ** (< 0.01), ***(< 0.001))

(See figure on next page.)
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Fig. 7  (See legend on previous page.)
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chemotherapeutic drug 5-FU through upregulating 
AKT activity. Mechanistically, PP2A-B56γ3 upregu-
lates AKT activity by suppressing the p70S6K-mediated 
negative feedback loop. Moreover, the level of B56γ3 is 
positively correlated with the level of phospho-AKT in 
tumor tissue specimens of CRC and is inversely corre-
lated with survival of patients with CRC. Our finding 
suggests that the PP2A-B56γ3/p70S6K signaling mod-
ule may serve as a therapeutic target to control tumor 
progression and drug resistance in CRC with high 
expression of both B56γ3 and phospho-AKT.
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uveal melanoma, and kidney chromophobe carcinoma. Supplementary 
Fig. 11. The upregulation of AKT phosphorylation by reexpression of 
B56γ3 in a PPP2R5C knockout clone of HCT116 cells occurred at 48 h after 
B56γ3 re-expression.

Acknowledgements
We are thankful to Dr. John Blenis for providing pRK7/HA-S6K1 K100D and 
pRK7/HA-S6K1 E389D3E plasmids and Dr. Pei-Jung Lu and Dr. Liang-Yi Hung 
for providing DLD-1 and HCT116 cell lines, respectively. We are grateful for 
the support from the Human Biobank, Research Center of Clinical Medicine, 
National Cheng Kung University Hospital. We are very grateful to Dr. Ming-Der 
Lai for his valuable comments and supports on this work.

Authors’ contributions
CWC was responsible for conceptualization, design, development of method‑
ology, writing original draft, validation, acquisition of data, data analysis and 
interpretation, editing, and funding acquisition. KCH, SYR, SMC, YMZ, and TYL 
were responsible for design, development of methodology, writing original 
draft, validation, acquisition of data, and data analysis. RHC, CAC, HCC, YFT, 
HWT, BKL, NHC, and TTC were responsible for design, development of meth‑
odology, validation, acquisition of data, data analysis, interpretation, or editing. 
All authors reviewed and approved the final manuscript.

Funding
This work was supported by the Ministry of Science and Technology, ROC 
(MOST105-2320-B-006–037 and MOST107-2320-B-006–057 to C.W.C.), and 
by the National Cheng Kung University Hospital, Tainan, Taiwan (NCKUH-
10702023 to R.H.C. and C.W.C.).

Availability of data and materials
Besides data of CRC cancer datasets were obtained through PROGgeneV2 
(http://​www.​progt​ools.​net/​gene), all data generated or analyzed during this 
study are included in this published article.

Declarations

Ethics approval and consent to participate
This study was approved by the institutional review board of the National 
Cheng Kung University Hospital.

Consent for publication
We all consent for publication.

Competing interests
The authors declare no competing interests.

Author details
1  Institute of Molecular Medicine, College of Medicine, National Cheng 
Kung University, Tainan, Taiwan, ROC. 2 Institute of Basic Medical Sciences, 
College of Medicine, National Cheng Kung University, Tainan, Taiwan, ROC. 
3 Department of Surgery, National Cheng Kung University Hospital, College 
of Medicine, National Cheng Kung University, Tainan, Taiwan, ROC. 4 Depart‑
ment of Pathology, College of Medicine, National Cheng Kung University, 
Tainan, Taiwan, ROC. 5 Department of Biochemistry and Molecular Biology, 
College of Medicine, National Cheng Kung University, Tainan, Taiwan, ROC. 
6 Department of Pediatrics, National Cheng Kung University Hospital, College 
of Medicine, National Cheng Kung University, Tainan, Taiwan, ROC. 7 Depart‑
ment of Pharmacology and Therapeutics and the UF-Health Cancer Center, 
University of Florida, Gainesville, FL 32610, USA. 8 Department of Internal Medi‑
cine, National Cheng Kung University Hospital, College of Medicine, National 
Cheng Kung University, Tainan, Taiwan, ROC. 

Received: 3 February 2023   Accepted: 4 June 2023

References
	1.	 Janssens V, Goris J. Protein phosphatase 2A: a highly regulated family of 

serine/threonine phosphatases implicated in cell growth and signalling. 
Biochem J. 2001;353:417–39.

	2.	 Lambrecht C, Haesen D, Sents W, Ivanova E, Janssens V. Structure, regula‑
tion, and pharmacological modulation of PP2A phosphatases. Methods 
Mol Biol. 2013;1053:283–305.

	3.	 Fowle H, Zhao Z, Grana X. PP2A holoenzymes, substrate specificity driving 
cellular functions and deregulation in cancer. Adv Cancer Res. 2019;144:55–93.

	4.	 Eichhorn PJ, Creyghton MP, Bernards R. Protein phosphatase 2A regula‑
tory subunits and cancer. Biochim Biophys Acta. 2009;1795:1–15.

	5.	 Kashani E, Vassella E. Pleiotropy of PP2A Phosphatases in Cancer with a 
Focus on Glioblastoma IDH Wildtype. Cancers (Basel). 2022;14:5227.

	6.	 Saxton RA, Sabatini DM. mTOR signaling in growth, metabolism, and 
disease. Cell. 2017;169:361–71.

https://doi.org/10.1186/s12964-023-01182-5
https://doi.org/10.1186/s12964-023-01182-5
http://www.progtools.net/gene


Page 17 of 17Hsiao et al. Cell Communication and Signaling          (2023) 21:172 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	7.	 Porta C, Paglino C, Mosca A. Targeting PI3K/Akt/mTOR Signaling in Can‑
cer. Front Oncol. 2014;4:64.

	8.	 Janku F, Yap TA, Meric-Bernstam F. Targeting the PI3K pathway in cancer: 
are we making headway? Nat Rev Clin Oncol. 2018;15:273–91.

	9.	 Ip CK, Wong AS. Exploiting p70 S6 kinase as a target for ovarian cancer. 
Expert Opin Ther Targets. 2012;16:619–30.

	10.	 Bahrami BF, Ataie-Kachoie P, Pourgholami MH, Morris DL. p70 Ribosomal 
protein S6 kinase (Rps6kb1): an update. J Clin Pathol. 2014;67:1019–25.

	11.	 Boura-Halfon S, Zick Y. Phosphorylation of IRS proteins, insulin action, and 
insulin resistance. Am J Physiol Endocrinol Metab. 2009;296:E581–591.

	12.	 Julien LA, Carriere A, Moreau J, Roux PP. mTORC1-activated S6K1 phos‑
phorylates Rictor on threonine 1135 and regulates mTORC2 signaling. 
Mol Cell Biol. 2010;30:908–21.

	13.	 Millward TA, Zolnierowicz S, Hemmings BA. Regulation of protein 
kinase cascades by protein phosphatase 2A. Trends Biochem Sci. 
1999;24:186–91.

	14.	 Narla G, Sangodkar J, Ryder CB. The impact of phosphatases on prolifera‑
tive and survival signaling in cancer. Cell Mol Life Sci. 2018;75:2695–718.

	15.	 Peterson RT, Desai BN, Hardwick JS, Schreiber SL. Protein phosphatase 
2A interacts with the 70-kDa S6 kinase and is activated by inhibition 
of FKBP12-rapamycinassociated protein. Proc Natl Acad Sci U S A. 
1999;96:4438–42.

	16.	 Westphal RS, Coffee RL Jr, Marotta A, Pelech SL, Wadzinski BE. Identifica‑
tion of kinase-phosphatase signaling modules composed of p70 S6 
kinase-protein phosphatase 2A (PP2A) and p21-activated kinase-PP2A. J 
Biol Chem. 1999;274:687–92.

	17.	 Petritsch C, Beug H, Balmain A, Oft M. TGF-beta inhibits p70 S6 
kinase via protein phosphatase 2A to induce G(1) arrest. Genes Dev. 
2000;14:3093–101.

	18.	 Hahn K, Miranda M, Francis VA, Vendrell J, Zorzano A, Teleman AA. PP2A 
regulatory subunit PP2A-B’ counteracts S6K phosphorylation. Cell Metab. 
2010;11:438–44.

	19.	 Chen W, Possemato R, Campbell KT, Plattner CA, Pallas DC, Hahn WC. 
Identification of specific PP2A complexes involved in human cell transfor‑
mation. Cancer Cell. 2004;5:127–36.

	20.	 Nobumori Y, Shouse GP, Wu Y, Lee KJ, Shen B, Liu X. B56gamma tumor-
associated mutations provide new mechanisms for B56gamma-PP2A 
tumor suppressor activity. Mol Cancer Res. 2013;11:995–1003.

	21.	 Lee TY, Lai TY, Lin SC, Wu CW, Ni IF, Yang YS, Hung LY, Law BK, Chiang CW. 
The B56gamma3 regulatory subunit of protein phosphatase 2A (PP2A) 
regulates S phase-specific nuclear accumulation of PP2A and the G1 to S 
transition. J Biol Chem. 2010;285:21567–80.

	22.	 Lai TY, Yen CJ, Tsai HW, Yang YS, Hong WF, Chiang CW. The B56gamma3 
regulatory subunit-containing protein phosphatase 2A outcompetes Akt 
to regulate p27KIP1 subcellular localization by selectively dephosphoryl‑
ating phospho-Thr157 of p27KIP1. Oncotarget. 2016;7:4542–58.

	23.	 Kuo YC, Huang KY, Yang CH, Yang YS, Lee WY, Chiang CW. Regulation of 
phosphorylation of Thr-308 of Akt, cell proliferation, and survival by the 
B55alpha regulatory subunit targeting of the protein phosphatase 2A 
holoenzyme to Akt. J Biol Chem. 2008;283:1882–92.

	24.	 Chiang CW, Harris G, Ellig C, Masters SC, Subramanian R, Shenolikar S, 
Wadzinski BE, Yang E. Protein phosphatase 2A activates the proapoptotic 
function of BAD in interleukin- 3-dependent lymphoid cells by a mecha‑
nism requiring 14-3-3 dissociation. Blood. 2001;97:1289–97.

	25.	 Remmele W, Stegner HE. Recommendation for uniform definition of an 
immunoreactive score (IRS) for immunohistochemical estrogen receptor 
detection (ER-ICA) in breast cancer tissue. Pathologe. 1987;8:138–40.

	26.	 Goswami CP, Nakshatri H. PROGgeneV2: enhancements on the existing 
database. BMC Cancer. 2014;14:970.

	27.	 Hanada M, Feng J, Hemmings BA. Structure, regulation and func‑
tion of PKB/AKT–a major therapeutic target. Biochim Biophys Acta. 
2004;1697:3–16.

	28.	 Sarbassov DD, Guertin DA, Ali SM, Sabatini DM. Phosphorylation 
and regulation of Akt/PKB by the rictor-mTOR complex. Science. 
2005;307:1098–101.

	29.	 Gao T, Furnari F, Newton AC. PHLPP: a phosphatase that directly dephos‑
phorylates Akt, promotes apoptosis, and suppresses tumor growth. Mol 
Cell. 2005;18:13–24.

	30.	 Karimi Roshan M, Soltani A, Soleimani A, RezaieKahkhaie K, Afshari 
AR, Soukhtanloo M. Role of AKT and mTOR signaling pathways in the 

induction of epithelial-mesenchymal transition (EMT) process. Biochimie. 
2019;165:229–34.

	31.	 Avan A, Narayan R, Giovannetti E, Peters GJ. Role of Akt signaling in resist‑
ance to DNA-targeted therapy. World J Clin Oncol. 2016;7:352–69.

	32.	 Liu R, Chen Y, Liu G, Li C, Song Y, Cao Z, Li W, Hu J, Lu C, Liu Y. PI3K/AKT 
pathway as a key link modulates the multidrug resistance of cancers. Cell 
Death Dis. 2020;11:797.

	33.	 Lun XK, Szklarczyk D, Gabor A, Dobberstein N, Zanotelli VRT, Saez-Rodri‑
guez J, von Mering C, Bodenmiller B. Analysis of the human kinome and 
phosphatome by mass cytometry reveals overexpression-induced effects 
on cancer-related signaling. Mol Cell. 2019;74(1086–1102):e1085.

	34.	 Letourneux C, Rocher G, Porteu F. B56-containing PP2A dephosphorylate 
ERK and their activity is controlled by the early gene IEX-1 and ERK. EMBO 
J. 2006;25:727–38.

	35.	 Ma L, Chen Z, Erdjument-Bromage H, Tempst P, Pandolfi PP. Phosphoryla‑
tion and functional inactivation of TSC2 by Erk implications for tuberous 
sclerosis and cancer pathogenesis. Cell. 2005;121:179–93.

	36.	 Steinberg GR, Carling D. AMP-activated protein kinase: the current land‑
scape for drug development. Nat Rev Drug Discov. 2019;18:527–51.

	37.	 Krause U, Bertrand L, Hue L. Control of p70 ribosomal protein S6 kinase 
and acetyl-CoA carboxylase by AMP-activated protein kinase and protein 
phosphatases in isolated hepatocytes. Eur J Biochem. 2002;269:3751–9.

	38.	 Rozengurt E, Soares HP, Sinnet-Smith J. Suppression of feedback loops 
mediated by PI3K/mTOR induces multiple overactivation of compensa‑
tory pathways: an unintended consequence leading to drug resistance. 
Mol Cancer Ther. 2014;13:2477–88.

	39.	 Low HB, Zhang Y. Regulatory Roles of MAPK Phosphatases in Cancer. 
Immune Netw. 2016;16:85–98.

	40.	 Lake D, Correa SA, Muller J. Negative feedback regulation of the ERK1/2 
MAPK pathway. Cell Mol Life Sci. 2016;73:4397–413.

	41.	 Balko JM, Schwarz LJ, Bhola NE, Kurupi R, Owens P, Miller TW, Gomez H, 
Cook RS, Arteaga CL. Activation of MAPK pathways due to DUSP4 loss 
promotes cancer stem cell-like phenotypes in basal-like breast cancer. 
Cancer Res. 2013;73:6346–58.

	42.	 Vega S, Morales AV, Ocana OH, Valdes F, Fabregat I, Nieto MA. Snail 
blocks the cell cycle and confers resistance to cell death. Genes Dev. 
2004;18:1131–43.

	43.	 Mejlvang J, Kriajevska M, Vandewalle C, Chernova T, Sayan AE, Berx G, 
Mellon JK, Tulchinsky E. Direct repression of cyclin D1 by SIP1 attenuates 
cell cycle progression in cells undergoing an epithelial mesenchymal 
transition. Mol Biol Cell. 2007;18:4615–24.

	44.	 Shibue T, Weinberg RA. EMT, CSCs, and drug resistance: the mechanistic 
link and clinical implications. Nat Rev Clin Oncol. 2017;14:611–29.

	45.	 Shouse GP, Nobumori Y, Panowicz MJ, Liu X. ATM-mediated phospho‑
rylation activates the tumor-suppressive function of B56gamma-PP2A. 
Oncogene. 2011;30:3755–65.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	The B56γ3-containing protein phosphatase 2A attenuates p70S6K-mediated negative feedback loop to enhance AKT-facilitated epithelial-mesenchymal transition in colorectal cancer
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	DNA constructs
	Cell culture and cell lines
	Cell viability analysis
	Western blotting and co-immunoprecipitation
	In vitro pull down assay
	In vitro phospho-p70S6K dephosphorylation analysis
	Knockout of PPP2R5C by the CRISPRCas9 approach
	Transwell migration assay
	Transwell invasion assay
	Immunohistochemistry
	Kaplan–Meier survival curves
	Statistical analysis

	Results
	B56γ3 upregulates AKT phosphorylation
	B56γ3 upregulates AKT phosphorylation by targeting PP2A to attenuate the p70S6K-mediated negative feedback loop regulation
	B56γ3 regulates EMT in CRC cells
	B56γ3 upregulates the level of SNAIL and hallmarks of EMT through enhancing AKT activity
	B56γ3 reduces sensitivity of CRC cells to 5-FU
	The level of B56γ3 is positively correlated with the level of phospho-AKT in CRC tissue specimens and is inversely correlated with survival of CRC patients

	Discussion
	Conclusion
	Anchor 30
	Acknowledgements
	References


