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Purpose: Phosphatidylinositol 3-kinase (PI3K) plays an important role in tumorigenesis by

cross-talking with several signaling pathways. p55PIK is a unique regulatory subunit of PI3K

and contains an extra 24-residue N-terminal domain (N24). This study aimed to explore the

interaction of p55PIK with p53 and the role of p55PIK in regulating p53-dependent apop-

tosis in cancer cells.

Materials and Methods: The expression of p55PIK was detected in cancer cells, and the

interaction of p55PIK with p53 was examined by immunoprecipitation and pull-down assay.

The expression of p53-dependent apoptosis-related genes was detected by PCR.

Results: N24 domain of p55PIK interacted with DNA-specific binding domain (DBD) of

p53. The increase or decrease of p55PIK expression led to the change of the expression of

p53 and p53-regulated genes in cancer cells. Moreover, N24 peptide led to the change of the

expression of p53-regulated genes. Moreover, a membrane-permeable N24 peptide enhanced

p53-dependent apoptosis induced by methyl methanesulfonate.

Conclusion: Our results reveal a novel mechanism that regulates p53-dependent apoptosis

in cancer cells via p55PIK-p53 interaction.

Keywords: N24, p55PIK, p53, cancer, apoptosis

Introduction
Phosphatidylinositol 3-kinase (PI3K) plays important roles in the regulation of

diverse cellular processes such as autophagy, proliferation, differentiation, migra-

tion, glucose and lipid metabolism, apoptosis, and is involved in inflammation,

autoimmune disease and tumor through the activation of PI3K-related pathways.1,2

PI3K is composed of a 110-kDa catalytic subunit and a regulatory subunit.3 As

a regulatory subunit of PI3K, p55PIK is composed of a unique 24-residue

N-terminus (N24) followed by a proline-rich motif and two Src homology 2

(SH2) domains with significant sequence identify to those in p85.4,5 p55PIK is

generated by alternative splicing of the p85α gene and the N24 domain has

a specific role that p85 does not.5,6

In many cancers, the overexpression of p55PIK is highly relevant to several

oncogenic processes such as cell growth, differentiation, metastasis and

angiogenesis.5,7–11 p55PIK recruits downstream proteins to bind to the catalytic

subunits of PI3K to catalyze the phosphorylation of the downstream proteins and

activate cell signaling.12 The transcriptional activation of p55PIK by MZF1 increases

the proliferation of colorectal cancer cells.13 Overexpression of p55PIK in colorectal
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cancer activates NF-κB pathway, decreases HIF-1α expres-

sion and increases VEGF expression.9 The downregulation

of p55PIK inhibits the proliferation of ovarian cancer cells.8

In HT-29 cells, the downregulation of p55PIK expression

inhibits colony growth.14 In gastrointestinal stromal tumors,

the downregulation of p55PIK significantly decreases KIT

expression and increases chemosensitivity in vitro and in -

vivo.11 On the other hand, small molecules can significantly

affect p55PIK signaling. The treatment of MDA-MB-231

breast cancer cells by doxorubicin induced the expression of

p55PIK.15 The treatment of SH-SY5Y cells and 293 cells

by neurotoxin paraquat reduced p55PIK expression at both

transcriptional and translational levels.16

PI3K pathway can crosstalk with other tumorigenic

signaling pathways including Ras, p53, TOR, DJ1 and

PTEN.17,18 PI3K can regulate the function of PTEN

depending on its N-terminal specific structure.19–21

Activation of the RTK/Ras/PI3K signaling and inactiva-

tion of the p53 and the Rb pathways concurrently occur in

cancer cells to promote cell proliferation and inhibit

apoptosis.22,23 The p53/miR148b/p55PIK axis plays an

important role in cell proliferation and tumor growth.24

The miRNA432 inhibits myogenesis in muscle cells by

targeting E2F3 and P55PIK.25 Moreover, p53 and MDM2

are regulated by PI3K under stress induced by UV radia-

tion and proteasome dysfunction.26 However, the associa-

tion of p55PIK signaling with p53-dependent apoptosis is

rarely explored.

N24 domain is crucial for p55PIK subcellular

localization.16 Moreover, N24 domain can bind to different

signaling proteins to regulate cell cycle and cytokine

secretion.27 N24 domain significantly stimulated the expres-

sion of AFP by activating NF-κB signaling pathway.28

p55PIK can specifically interact with Rb through the N24

domain and induce cell cycle arrest at G0-G1 phase.7,29

Therefore, overexpression of N24 can competitively bind

Rb protein to inhibit cell cycle process by blocking the

p55PIK-Rb interaction.30 N24 domain is efficiently translo-

cated into the nucleus after fusion with a cell-permeable

peptide TAT.31 Systemically administered TAT-N24 signifi-

cantly inhibits the growth of leukemia in animal models.10

TAT-N24 can inhibit tumor cell growth both in vitro and

in vivo through decreasing the expression of Cyclin D1.32

TAT-N24 can effectively inhibit LPS-stimulated expression

of TNF-alpha, IL-6, and IL-8 to block nuclear translocation

of NF-κB p65.33 TAT-N24 disrupted the p55PIK-PCNA

interaction in cancer cells and inhibited DNA synthesis and

tumor growth in vitro and in vivo.30 However, it is unclear

whether p55PIK can interact with p53 via N24 domain.

In this study, we aimed to explore the interaction of

p55PIK with p53 and the role of p55PIK in regulating

p53-dependent apoptosis in cancer cells. We found that

p55PIK directly binds to the DBD domain of p53 via N24

domain. Moreover, the upregulation of p55PIK expression

increases transcriptional levels of p53-dependent apopto-

sis-related genes including GADD45α, S100A9, MDM2

and AIP1. Furthermore, synthetic N24 translocated to

nucleus can significantly inhibit cancer cell growth.

Materials and Methods
Materials
HeLa (ATCC CCL-2), HepG2 (ATCC HB-8065),

HEK293A (ATCC CRL-1573), H1299 (ATCC CRL-

5803) cell lines were purchased from ATCC (VA, USA)

and routinely maintained in our laboratories. Colon can-

cer samples, SW480 (ATCC CCL-228), HCT116, P6C

(CVCL-T056) cell lines were gifts from Professor Quan

Chen (Institute of Zoology, CAS, China). DMEM and

RPMI-1640 were obtained from MACGENE. FBS

(Fetal Bovine Serum) (Gibco, USA), Lipofectamine®

2000 and lipofectamine-RNAiMAX were purchased

from Invitrogen. Antibodies for p53 and P55PIK were

purchased from CST. Annexin V-HITC Apoptosis

Detection Kit was from Thermo Fisher. Colon tumor

samples were collected immediately after surgery from

90 patients (age 26–78, median age 59.6 years) in Beijing

Cancer Hospital Tumor Bank (Beijing, China) according

to the approval of the Ethics Committee of Beijing

Cancer Institute.34 All patients provided written informed

consent. Six samples were randomly selected from this

experiment.

Cell Culture
SW480, HeLa, HepG2, HEK293A, and P6C cells were

inoculated in DMEM medium supplemented with 10%

fetal calf serum (FBS) while H1299 cells were inoculated

in RPMI-1640 medium supplemented with 10% FBS, and

cultured at 37°C with 5% CO2, as described previously.35

Expression and Purification of Different

Domains of P53 Protein
The cDNA encoding different domains of p53 was sub-

cloned into the pET28a vector, which was then trans-

formed into E. coli BL21 (DE3) and the recombinant
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proteins were purified using Ni-NTA affinity chromatogra-

phy (GE Healthcare).

Co-Immunoprecipitation Assay
HEK293A cells were transfected with Flag-p55PIK plas-

mid, 48 hrs later the cells were washed twice with PBS

and NP40 buffer, and lysed on ice for 30 min. The super-

natant was centrifuged at 4°C to obtain the protein extract,

which was incubated with Anti-Flag M2 Affinity Gel at 4°

C overnight. The beads were washed 4 times with NP40

split buffer and subjected to Western blot analysis.

Pull-Down Experiments
Pull-down experiments were carried out with N24-agar

beads to pulldown p53 in cancer cell lines and colon

cancer tissues. The plasmids harboring p55PIK or GFP-

p53 were transiently transfected into SW480 cells using

Lipofectamine 2000 and pUC19 was used as a control, 48

hrs later cell lysates were collected for pulldown assay

with N24-agar beads.

N24-agar beads were also used to test the interaction of

N24 with different domains of p53 protein, ie, p531-93

(transactivation domain, TAD), p5394-293 (DNA binding

domain, DBD) and p53293-393 (the oligomerization and

ring domains, OD and RD, 294–360 amino acid residues).36

Western Blot Assay
Western blot assay was carried out according to the

method described previously by Zhang et al.37 Total pro-

tein extracts were subjected to SDS-PAGE assay and

transferred into PVDF membranes, which were blocked

with a 5% skimmed milk powder dissolved in TBST

buffer at room temperature for 1 hr, and then incubated

with primary antibodies for 2 hrs at room temperature or

overnight at 4°C. The membranes were washed 3 times

with TBST at room temperature and then incubated with

secondary antibody for 1 hr at room temperature. The

membranes were then washed with TBST buffer three

times, and protein signal was scanned using Odyssey dual-

color infrared laser imager (LICOR).

Immunofluorescence Assay
Cells were evenly spread on glass slides and fixed with

4% paraformaldehyde (PFA) at 37°C for 20 min. The

slides were washed three times at 37°C with PBS contain-

ing 0.5% Triton-100. The sample was further washed

three times with 37°C PBS containing 3% BSA and

0.5% Triton-100 and blocked for 1 hr at room

temperature. The slides were washed three times with

PBS and incubated with primary antibody at 4°C over-

night. Then, the cells on the slide were rinsed with the

secondary antibody at room temperature for 1 hr in the

dark. Nuclei were stained with DAPI at 37°C for 10 mins.

The cells were observed under a Zeiss 710 inverted con-

focal microscope with a 40 ×1.3 NA oil lens. The excita-

tion wavelength for DAPI was set at 405 nm. The

excitation wavelength of red light was set at 543 nm.

The excitation wavelength of green light was set at

488 nm.

siRNA Transfection
The siRNAs were designed with the following sequences:

siRNA_P55PIK 5ʹ-GGACUUGCUUUAUGGGAAATT-3ʹ

and 5ʹ- UUUCCCAUAAAGCAAGUCCTT-3ʹ; siRNA_p53

5ʹ- GAUGUUUUGCCAACUGGCCTT-3ʹ and 5ʹ-GGCCAG

UUGGCAAAACAUCTT-3ʹ; siRNA Negative control 5ʹ-

UUCUCCGAACGUGUCACGUTT-3ʹ and 5ʹ- ACGUGAC

ACGUUCGGAGAATT-3ʹ. SW480 cells were cultured in

serum-free OPTI-DMEM medium and transfected with

siRNAs using lipofectamine-RNAiMAX. The cells were

collected 72 hrs later for analysis.

Real-Time PCR
Total RNAs were extracted with a standard Trizol-

chloroform protocol. The concentration of RNAs was

measured with Nanodrop and reverse transcription was

performed with Transtran® One-step gDNA Removal and

cDNA Synthesis SuperMix kit (Quanshijin, Beijing). Real-

time PCR was performed on a CFX96 qPCR instrument

(BioRad, USA).

Flow Cytometric Assay
Cells were washed twice with cold PBS buffer and resus-

pended in 1x Annexin-binding buffer at 1x106 cells/mL. The

cell samples were incubated with Alexa Fluor488 Annexin

V and PI work solution (Dead Cell Apoptosis Kit) at room

temperature for 15 min. The stained cells were immediately

detected on a BD Accuri Flow Cytometer.

Statistical Analysis
The data were expressed as mean ± standard error (SEM),

and statistical analysis was performed using GraphPad

Prism 5 Software. Differences between two independent

samples were analyzed using Student’s t-test. A p-value of

less than 0.05 was considered significant.
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Results
N24 Domain of p55PIK Interacts with

DNA-Binding Domain of P53 in Cancer

Cells
To investigate whether p55PIK interacts with p53, we first

explored their localization in cancer cells using HeLa cell as

a model. As shown in Figure 1A, p55PIK was highly

expressed and mainly localized in the nucleus, while p53

was expressed at very low level in Hela cells under normal

conditions. Upon UV-irradiation for 3 min, both the expres-

sion of p55PIK and p53 increased in the nucleus (Figure 1B).

Furthermore, Co-IP assay showed that Flag-p55PIK could

bind endogenous p53 protein in HEK293A cells (Figure 1C).

Next, we detected p55PIK and p53 proteins in colon tumor

cells and normal colon tissue cells. As shown in Figure 1D and

E, both p55PIK and p53 proteins were significantly overex-

pressed in colon tumor cells, compared with normal colon

tissue cells. Furthermore, pulldown assay with Protein

G beads revealed that p53 protein bound to endogenous

p55PIK protein in colon tumors and normal colon tissues

(Figure 1F).

Since N24 domain is important for nuclear localization of

p55PIK, we used N24-Agar beads to perform pulldown assay

for extracts from SW480, HCT116, P6C, HeLa and

HEK293A cells. To ensure whether the cell lines used in this

study contain p55PIK and p53 or not, we evaluated individual

cell line for the protein expression levels of p55PIK and p53

using Western blotting(Figure 2A).When N24-agar beads

were applied to the cell extracts of these cell lines, the beads

could pulldown endogenous p53 proteins from these cells, as

shown inFigure 2B, indicating that N24 domain was able to

interact with p53. Furthermore, N24-Agar beads could pull-

down endogenous p53 proteins from the extracts of both colon

tissues and colon tumor tissues(Figure 2C).

To determine which domain of p53 protein is respon-

sible for the interaction with N24, we performed pulldown

assay with N24-Agar beads for three domains of p53

expressed in E. coli BL21 cells. The results showed that

only DBD domain of p53 (p5394−293) was pulled down by

N24-Agar beads (Figure 2D), indicating that N24 could

bind to the DBD domain of p53.

To confirm whether the DBD domain has the same affinity

as the full-length p53 protein to interact with p55PIK, we

prepared p53-agar beads and DBD-agar beads, and mixed

them with HeLa cell extracts. The results indicated that both

full-length p53 protein and p53-DBD domain exhibited the

same binding affinity to endogenous p55PIK protein (Figure

2E). Importantly, the pulldown complexes contained p110α

(Figure 2E), indicating that catalytic domain of PI3K was

recruited.

D

EC

F

A

B

Figure 1 Interaction of p55PIK with p53 in cancer cells. (A and B) p55PIK protein and p53 protein are co-localized in the nucleus in HeLa cells without or with UV

treatment for 3 min, respectively. (C) Co-immunoprecipitation of transiently expressed flag-p55PIK and p53 protein in HEK293A cells. Control: the cells were transfected

with default plasmid; Flag-p55PIK: the cells were transfected with a plasmid harboring Flag-p55PIK. (D) Detection of p55PIK and p53 protein expression in normal tissue

samples and tumor samples of colon cancer patients

Notes: *The band indicated p55PIK protein. (E) Comparison of p55PIK and p53 expression in normal colon tissue samples and colon tumor samples. Data are mean ± SEM.

N = 3 pairs of samples; *p < 0.05 for normal vs tumor samples. (F) p53 protein interacted with p55PIK protein in tumor tissue samples and normal tissue samples from

colon cancer patients.

Abbreviations: N, normal cells; T, tumor cells.
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Knockdown of p55PIK Upregulates the

Expression of Endogenous P53
To explore whether p55PIK and p53 proteins mutually regu-

late each other in cancer cells, the plasmids harboring p55PIK

and p53 (in form of GFP fusion protein) were transfected into

SW480 cells. As shown in Figure 3A, the overexpression of

p55PIK protein had no significant effect on the expression of

endogenous p53 protein, or vice versa. Notably, knockdown of

endogenous p55PIK led to increased expression level of endo-

genous p53, although knockdown of endogenous p53 did not

significantly affect expression level of endogenous p55PIK

(Figure 3B). Quantitative analysis showed that when the

expression level of p55PIK protein was decreased by 30%,

the expression level of endogenous p53 protein increased

DB

EC

A

Figure 2 Interaction of N24 domain with DBD domain of p53 in cancer cells. (A) Evaluation of the levels of p53 and p55PIK in all cell lines used in this study. (B) N24-agar beads pull

down endogenous p53 protein in SW480, HCT116, P6C, HeLa and 293A cells. Control: agar beads. (C) N24-agar beads pull down endogenous p53 protein in colon specimen (#1) and

colon tumor specimen (#2). Control: agar beads. (D) N24-agar beads pull down theDBD domain of p53recombinantly expressed in E. coli cells. M: molecular weightmarker; I: inputs of

the extracts from the cells expressing p53 domains, ie, p531−93,p5394−293and p53293−360. O: output of p53 domains with N24-agar beads. Asterisks indicate p53 domains. (E) The
pulldown of endogenous p55PIK and p110α proteins simultaneously from HeLa cells using agar-beads coupled with full-length p53 and the DBD domain. Control: agar beads.
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F

Figure 3 Correlation of gene expression between p55PIK and p53. (A)Western blotting of either p55PIKor p53 in SW480 cells. The plasmids harboring p55PIKor p53 were used to

upregulate the expression of p55PIK and GFP-p53, respectively. Asterisk indicated endogenous p53 protein. (B) Specific siRNAs targeting p55PIK mRNA or p53 mRNAwere used to

knockdown p55PIK and p53. NC: negative control. (C) The effects of p55PIK up-regulation and down-regulation on p53 protein expression. Data are mean ± SEM. N = 3 samples per

group; *p < 0.05; **p < 0.01, compared with the control group. (D) The effects of p53 up-regulation and down-regulation on p55PIK protein expression. Data are mean ± SEM. N = 3

samples per group; *p < 0.05, compared with the control group. (E) The effect of p55PIKup-regulation and down-regulation on p53mRNA level in SW480 cells. Data are mean ± SEM.

N = 4 independent experiments; **p < 0.01; ***p < 0.005, compared with the control group. (F) The effect of p53 up-regulation and down-regulation on p55PIKmRNA level in SW480

cells. Data are mean ± SEM; N = 4 independent experiments; *p < 0.05; **p < 0.01; ***p < 0.005, compared with the control group.
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2.2-folds (Figure 3C). When p53 protein was overexpressed

by 2-folds, no significant change in the expression level of

p55PIK protein was observed (Figure 3D). When p53 protein

was decreased by 60%, the expression level of p55PIK protein

only slightly reduced by around 20% (Figure 3D).

To explore whether p55PIK and p53 mutually regulate

each other at the transcriptional level, we performed real-time

PCR. As shown in Figure 3E, transcription level of p55PIK in

SW480 cells had no significant effect on transcription level of

p53. On the other hand, the downregulation of p53 transcrip-

tion significantly reduced transcription level of p55PIK,

although high transcription level of p53 had no significant

effect on transcription level of p55PIK (Figure 3F).

Interaction of p55PIK with P53 Regulates

the Expression of Genes Related to

P53-Dependent Apoptosis
To understand the functional significance of p55PIK and

p53 interaction, we focused on genes related to p53-

dependent apoptosis, including GADD45α, S100A9, Bax,

AIP1 and MDM2.36,38 As shown in Figure 4A, when

p55PIK was upregulated in SW480 cells, the mRNA

levels of GADD45α, S100A9, AIP1 and MDM2 were

significantly upregulated, while the mRNA level of Bax

was unaffected. When p55PIK was downregulated, the

mRNA levels of GADD45α, S100A9, Bax, AIP1 and

MDM2 were significantly downregulated.

Next, we used H1299 cells as control experiments because

H1299 cells are in lack of p53 genes. We quantitated the

mRNA levels of aforementioned p53-regulated downstream

genes in p53-null H1299 cells upon increasing and decreasing

p55PIK gene expression. As indicated in Figure 4B, whether

p55PIK expression was increased or decreased, the mRNA

levels of S100A9, Bax, AIP1 and MDM2 changed insignif-

icantly except that of GADD45α (Figure 4B). These results

suggest that p55PIK regulates transcription levels of p53-

dependent apoptosis genes via interacting with p53, specifi-

cally with DNA-specific binding domain.

A

B

C

Figure 4 The interaction of p55PIK with p53 regulates the downstream genes of p53. (A) Real-time PCR assay of mRNA levels of GADD45α, S100A9, Bax, AIP1 and MDM2 in

SW480 cells upon the up-regulation and down-regulation of p55PIK. Data aremean ± SEM.N = 4 independent experiments; *p < 0.05; **p < 0.01, comparedwith the control group.

(B) The mRNA levels of GADD45α, S100A9, Bax, AIP1, and MDM2 in p53-null H1299 cells upon the up-regulation and down-regulation of p55PIK. Data are mean ± SEM. N = 4

independent experiments; *p < 0.05; ***p < 0.005 comparedwith the control group. (C)Western blotting assay on the regulation of protein expression of Bax andMDM2by p55PIK.
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Furthermore, to provide a proof concept for the protein

levels of down-stream products that contributed to apop-

tosis enhancement, we examined two typical p53-related

signaling proteins, ie, Bax and MMD2, in SW480 and

HeLa cell lines. As shown in Figure 4C, when the

p55PIK was downregulated, the protein level of Bax sig-

nificantly decreased in comparison with controls. The

similar down-regulation of MDM2 protein level was also

observed in HeLa cells when p55PIK was downregulated.

These results support that p55PIK regulates transcription

levels of p53-dependent apoptosis genes. The data also

suggested that the GADD45α gene expression can be

also regulated by p55PIK via a p53-dependent pathway.

Synthetic N24 Peptide Efficiently Inhibits

Cancer Cell Proliferation
Since N24 domain of p55PIK can interact with DBD

domain of p53, it is possible for N24 to interrupt the

interaction between p55PIK and p53 to restore the activity

of p53. N24 was fused with a well-known protein trans-

duction domain of TAT,31 and the fusion peptide, namely,

TAT-N24 should function as an inhibitor of p55PIK-p53

interaction. As shown in Figure 5A, TAT-N24 could be

efficiently translocated to the nucleus of HeLa cells.

Translocated TAT-N24 exhibited significant inhibitory

effect on cell growth (Figure 5B). Quantitative analysis

showed that TAT-N24 inhibited the proliferation of Hela

cells and HepG2 cells in a time- and dose-dependent

manner (Figure 5C and D).

Synthetic N24 Peptide Enhanced

MMS-Mediated P53-Dependent Apoptosis
To determine whether the inhibitory effect of N24 on cell

proliferation was related to p53-dependent apoptosis, we

treated SW480 cells with 100 µg/mL TAT-N24 but found

no significant apoptosis by flow cytometry (Figure 6A

and B). Nevertheless, we observed synergetic effect on

apoptosis by combining MMS with TAT-N24 on SW480

A

B

C

D

Figure 5 TAT-N24 inhibits cancer cell proliferation. (A) Fluorescence microscopic imaging confirmed that N24 was efficiently localized into the nucleus. (B) HeLa cell

colonies were monitored by light microscopy after the cells were treated with 0, 50 and 100 mg/mL of TAT-N24 peptide, respectively, for 72 hrs. (C) The number of cells

after treatment with different concentration of TAT-N24 peptide for 3 days. Data are mean ± SEM. N = 4 independent experiments; *p < 0.05; **p < 0.01, compared with

the control group. (D) The number of cells after treatment with different concentrations of TAT-N24 peptide for 3 days. Data are mean ± SEM. N = 4 independent

experiments; *p < 0.05; **p < 0.01, compared with the control group.
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cells. While the dosage of 200 µM MMS only induced

15% apoptosis (Figure 6C), the addition of 10 μg/mL TAT-

N24 led to 2-fold increase of apoptosis (Figure 6D). Such

synergetic effect was significant at lower concentration of

MMS and started to attenuate when the concentration of

MMS was large than 200 µM (Figure 6E). When the

concentration of TAT-N24 was increased to more than 50

µg/mL, the enhancement on MMS-induced apoptosis

reached the maximum (Figure 6F). Moreover, the

enhancement of MMS-inducing apoptosis by TAT-N24

was time dependent (Figure 6G). In addition, the enhance-

ment of MMS-inducing apoptosis by TAT-N24 was

observed in Hela cells and HepG2 cells (Figure S1). To

further confirm whether TAT-N24 enhances MMS-induced

apoptosis in p53-dependent manner, we examined the

effect of TAT-N24 on MMS-inducing apoptosis in p53-

null H1299 cells. H1299 cells treated with 100 µg/mL

TAT-N24 showed no significant apoptosis assayed by

flow cytometry (Figure 7A and B and E). Because

H1299 cells are in lack of p53 genes, TAT-N24 exhibited

no enhancement on apoptosis of these cells, as expected

(Figure 7C–E).

Furthermore, we investigated gene expression of p53-

dependent apoptosis. As shown in Figure 8A, when SW480

cells was treated with TAT-N24, transcription level of

p55PIK was unaffected, while transcription level of p53

and genes related to p53-dependent apoptosis was decreased.

When SW480 cells were treated with MMS, transcription

level of p55PIK was slightly upregulated while transcription

level of p53 was slightly downregulated. Transcription level

of GADD45αwas significantly downregulated and transcrip-

tion level of AIP1 was significantly upregulated, while tran-

scription levels of S100A9, MDM2 and Bax were

unaffected, compared with the control. On the other hand,

E F G

BA DC

Figure 6 The enhancement of MMS-induced apoptosis by TAT-N24 peptide in SW480 cells. (A–D) Flow cytometric assays of MMS-treated SW480 cells in the presence of

different concentrations of TAT-N24 peptide. Control: TAT. (E) Effects of N24 on MMS-induced apoptosis in the presence of different MMS concentrations. Cells were

cultured for 36 hrs. Data are mean ± SEM. N = 3–5 independent experiments; **p < 0.01, compared to the control group. (F) Effects of TAT-N24 on MMS-induced apoptosis

in the presence of 200 µM MMS. Data are mean ± SEM. N = 3–5 independent experiments; ***p < 0.005; ****p < 0.001, compared to the control. (G) Effects of TAT-N24 on

MMS-induced apoptosis in the presence of 200 µM MMS and 50 µg/mL TAT-N24. Data are mean ± SEM. N = 3–5 independent experiments; *p < 0.05, compared with the

control group.
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when SW480 cells were treated with TAT-N24 in addition to

MMS, transcription levels of both p55PIK and p53 were

significantly upregulated, and transcription levels of p53-

dependent apoptosis-related genes were significantly upre-

gulated except GADD45α.
In contrast, transcription levels of all tested genes were

not significantly changed in H1299 cells treated with TAT-

N24 (Figure 8B). When H1299 cells were treated with

MMS, transcriptional levels of all tested genes were sig-

nificantly increased. When H1299 cells were treated with

TAT-N24 in addition to MMS, transcription levels of all

tested genes exhibited insignificant difference from these

treated with MMS alone, except p55PIK. Taken together,

these data suggest that the enhancement of p53-dependent

apoptosis by TAT-N24 is dependent on the interaction of

N24 with p53.

Discussion and Conclusion
As a regulatory subunit of PI3K, p55PIK is similar to p85 but

has a different structure. Therefore, the function of p55PIK

may not completely depend on PI3K/AKT pathway. In this

study, we provide the first evidence that p55PIK regulates

transcription levels of p53-dependent apoptosis genes via

interacting with p53, specifically with DNA-specific binding

domain. N24 domain of p55PIK can bind to DBD domain of

p53 to inhibit the expression of endogenous p53. The down-

regulation of p55PIK increased the expression of p53.

Conversely, the downregulation of p53 did not affect the

expression of p55PIK. These observations suggest that

p55PIK inhibits endogenous p53 in a unidirectional mode.

Previously, Wang et al found that p53 binds to the promoter

of miR-148b and transcriptionally upregulates miR-148b,

causing the downregulation of p55PIK, tested in a variety

of cell lines.24 Considering that both p55PIK and p53 are

important signaling proteins in the regulation of cell prolif-

eration and cell cycle, previous discovery and our work

provided two different p53-involved signaling pathways,

the p55PIK/miR-148b/p53 axis and p55PIK/p53 axis. The

first axis is probably responsible for the regulation of p55PIK

gene expression, whereas the second axis likely to regulate

E

A B

DC

Figure 7 The enhancement of MMS-induced apoptosis by TAT-N24 peptide in H1299 cells. (A–D) Flow cytometric assays of MMS-treated H1299 cells in the presence of

different concentrations of TAT-N24 peptide. Control: TAT. (E) Significant difference analysis on effects of TAT-N24 on MMS-induced apoptosis in the presence of 200 µM

MMS and 50 µg/mL TAT-N24 in the cells cultured for 36 hrs. Data are mean ± SEM. N = 3 independent experiments; *p < 0.05 compared with the control group.
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p53 functions. Therefore, ian integrated signaling map was

generated by combining the data from this work with pre-

viously published data,24,39,40 indicating that the interaction

of p55PIK with p53 functions as a new mode for the regula-

tion of p53-dependent apoptosis, independent of p53/miR-

148b/p55PIK axis, as depicted in Figure 9. On the other

hand, the upregulation of p55PIK increased the transcription

of p53-dependent apoptosis-related genes, such as

GADD45α, S100A9, MDM2 and AIP1. Interestingly, the

gene expression of GADD45α in p53-null cells can be regu-

lated by p55PIK (Figure 4B), suggesting that there exists

a p53-dependent pathway. Therefore, further investigation is

required to understand the molecular mechanism of p55PIK-

p53 interaction and beyond. Taken together, our data suggest

that the regulation of p53 by p55PIK occurs at translation

level, while the regulation of p55PIK by p53 occurs at

transcription level.

Both p55PIK and p53 are co-localized in the nucleus and

they are overexpressed in colon tumor cells. The role of

p55PIK-p53 interaction in p53-dependent apoptosis can be

illustrated using a membrane-permeable N24 peptide (TAT-

N24). This synthetic N24 analogue (TAT-N24) functions as

a p55PIK-specific inhibitor that can downregulate the tran-

scription of p53-dependent apoptotic genes. Importantly, we

found that TAT-N24 synergized with MMS, a DNA alkylating

agent-inducing apoptosis in cancer cells, to promote cancer cell

apoptosis. Up DNA damage in cells, p55PIK intrinsically

regulates p53 apoptosis pathway for DNA damage or repair

and N24 peptide enables to interrupt the p55PIK-p53 interac-

tion. It is still unclear how the mutual regulation between

p55PIK and p53 can affect the decision for the cells to undergo

DNA damage, repair and apoptosis. On the other hand, our

current study suggested that N24 peptide may also regulate the

stability of p53 (Figure 9). Considering the complexities of p53

A

B

Figure 8 The interaction of N24 with p53 regulates downstream genes of p53 involved in apoptosis. (A) Real-time PCR assay of mRNA levels of GADD45α, S100A9, Bax,
AIP1 and MDM2 in MMS-treated SW480 cells upon the addition of N24 peptide. Data are mean ± SEM. N = 3–4 independent experiments; *p < 0.05; **p < 0.01, ***p <

0.005, compared with the control group. (B) Real-time PCR assay of mRNA levels of GADD45α, S100A9, Bax, AIP1 and MDM2 in MMS-treated H1299 cells upon the

addition of TAT-N24 peptide. Data are mean ± SEM. N = 3–4 independent experiments; **p < 0.01, compared with the control group.
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and p55PIK signaling pathways, the investigation on its anti-

tumor effect will be a continuous work. Thus, an X-ray protein

crystal structural investigation on p53-DBD/N24 complexes

and cell biological study on the p53 signal transduction path-

ways are being carried out in our groups. On the other hand,

since p55PIK also interacts with Rb, it is also worthy to

investigate the crosstalk among PI3K/AKT, p53 and Rb path-

ways in regulating cell proliferation and apoptosis. Given

important roles of PI3K and p53 signaling in the regulation

of cell cycle, proliferation and apoptosis, p55PIK should be

a promising target for cancer treatment, and synthetic N24

peptide as p55PIK-specific inhibitor may be a potential anti-

tumor therapeutic agent.
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