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Dear Editor,

Reversible protein phosphorylation by kinases and 
phosphatases is one of the most common mechanisms in 
controlling most, if not all, cellular processes [1]. Dephos-
phorylation of serine/threonine residues is regulated by two 
distinct groups of functionally diverse serine/threonine 
protein phosphatases, the PPM family (which includes 
PP2C) and the PPP family, which includes the type 1 
(PP1) and the type 2A (PP2A, PP2B, PP3, PP4, PP5, PP6, 
and PP7) protein phosphatases. Members of the type 2A 
group of phosphatases (PP2A, PP4, and PP6) are the most 
closely related in sequence. They are sensitive to inhibition 
by low doses of okadaic acid (OA) or fostriecin, which 
distinguishes them from PP1 [1]. The regulation and func-
tion of PP2A have been thoroughly investigated. PP2A 
is composed of a core complex containing the catalytic 
subunit (C) and the scaffold subunit (A), which interacts 
with a wide variety of regulatory subunits and interacting 
proteins that target the AC core dimer to specific substrates 
and subcellular locations [1]. The assembly of many differ-
ent types of heterotrimeric holoenzymes accounts for the 
ability of PP2A, and, possibly, PP4 and PP6, to regulate a 
wide range of biological processes. 

Protein phosphatases 4 catalytic subunit (PP4C) plays 
an important role in microtubule growth/organization 
[2], apoptosis [3, 4], tumor necrosis factor signaling [5], 

and pre-T-cell receptor signaling [4]. The ablation of PP4 
leads to embryonic lethality in mice [4]. The human PP4 
phosphatase complex, PP4C-PP4R2-PP4R3, was recently 
identified through mammalian TAP-tagging technique and 
mass spectrometry [6]. In Saccharomyces cerevisiae, the 
pph3 (PP4 orthologue), psy2 (PP4R2 orthologue), and 
yb1046w (PP4R3 orthologue) mutants, but not the pph22 
(PP2A orthologue) mutant, are hypersensitive to cisplatin 
treatment [6, 7]. Since cisplatin is a replication-dependent 
DNA-damaging agent [8], this suggests that PP4 is involved 
in DNA damage signaling and/or repair. Indeed, we recently 
found that PP4C dephosphorylates γ-H2AX generated 
during DNA replication [9], while PP2A dephosphory-
lates γ-H2AX generated in response to exogenous DNA 
damaging agents [10].

To further reveal the functions of protein phosphatase 
PP4, in collaboration with the Bethyl Laboratories Inc, we 
produced four anti-peptide polyclonal antibodies per target 
against PP4C and its potential regulatory/binding proteins 
(PP4R1, PP4R2, PP4R3α, and PP4R3β). We identified at 
least one antibody for each target protein, which was suit-
able for immunoblotting and immunoprecipitation, except 
that the PP4C antibody was only good for immunoblotting 
(data not shown). Co-immunoprecipitation assays (Supple-
mentary information, Data S1 ) showed that PP4C formed 
three mutually exclusive complexes (PP4C-PP4R1, PP4C-
PP4R2-PP4R3α, and PP4C-PP4R2-PP4R3β) in the breast 
cancer cells MDA-MB-231 (Supplementary information, 
Figure S1) and MCF7 (data not shown), which were not 
altered after exposure to DNA-damaging agents such as γ 
radiation, adriamycin, or camptothecin (data not shown). 
Although PP4R3α and PP4R3β are close homologues, 



www.cell-research.com | Cell Research

Bo Wang et al.
975
npg

H
M

E
C

M
C

F1
0A

N
C

F7

M
D

A
-M

B
-2

31

M
D

A
-M

B
-3

61

M
D

A
-M

B
-4

53

S
kB

r3

T4
7D

ZR
75

IB: PP4C

IB: PP4R2

IB: actin

IB: PP4R3α

IB: actin

G
L2

P
P

4C
si

3

P
P

4C
si

M

IB: PP4C

IB: actin

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0
0     3.2   6.4  12.8  25.6  37.5  51.2

Cisplatin concentration (µg/ml)

GL2
PP4Csi3
PP4CsiM

R
el

at
iv

e 
pr

ol
ife

ra
tio

n 
ra

te

PP4C, IDC-III  PP4R2, IDC-III PP4R3α, IDC-II

PP4C, benign PP4R2, benign PP4R3α, benign

PP4C, WD AD PP4R2, MD AD PP4R3α, PD AD PP4R3α, benign

 PP4C, MD SQ  PP4R2, MD SQ PP4R3α, MD SQ

A                                                                   B

D                                                     E

F
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PP4C in breast						      Sum of ranks	 Asymp Sig (2-tailed)	
Carcinomas 	 2	 6	 8	 30	 46	 857	 0.000 	
Benign	 23	 8	 5	 1	 37	 2629		
PP4R2 in breast 							       Asymp Sig (2-tailed) 	
Carcinomas 	 4	 13	 19	 10	 46	 1025.5	 0.000 	
Benign	 29	 9	 2	 0	 40	 2715.5		
PP4R3α in breast 							       Asymp Sig (2-tailed) 	
Carcinomas 	 5	 15	 14	 12	 46	 1151	 0.000 	
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we failed to detect any physical interaction between them 
(Supplementary information, Figure S1). None of these 
PP4 subunits interacted with the related phosphatases 
PP2A and PP6C (data not shown), or PPM phosphatases 
PPM1D and PPM1G (Supplementary information, Figure 
S1). We noted that an earlier study [6] identified similar 
PP4 complexes in epitope-tagged overexpression systems. 
Our study here demonstrated endogenous PP4 complexes 
for the first time. 

The PP4C gene has been mapped to the middle re-
gion of the 16p11.2 locus (Ensembl Gene Report for 
ENSG00000149923, www.ensembl.org). Gain of DNA 
copy number within this locus has been reported in invasive 
breast tumors [11]. Therefore, we sought to determine the 
expression levels of PP4C and its associated proteins in 
human breast cancer cell lines by immunoblotting (Figure 
1A). Very low levels of PP4C were detected in the human 
primary mammary epithelial cells (HMEC) and the non-
tumorigenic epithelial cell line MCF10A. PP4C was readily 
detectable in the estrogen receptor-positive breast cancer 
lines MCF7, T47D, MDA361, ZR75, and SkBr3, as well as 
in the estrogen receptor-negative lines MDA-MB-231and 
MDA-MB-453. It was noted that PP4C-associated proteins 
(PP4R1, PP4R2, PP4R3α, and PP4R3β) were readily de-
tectable in all the cell lines examined, including HMEC 
and MCF10A (Figure 1A and data not shown), indicating 
an additional role for those proteins. 

Because deletion of the PP4C orthologue, PPH3, in bud-
ding yeast confers hypersensitivity to cisplatin treatment 
[6, 7], we reasoned that inhibition of PP4C expression 
might sensitize cancer cells to cisplatin treatment. MCF7 
cells were transfected with a control siRNA oligo, a PP4C-
specific siRNA oligo, or a mixture of four PP4C-specific 
OnTarget plus siRNA oligos (Dharmacon). The expression 
level of PP4C reduced significantly in both PP4C-specific 
siRNA oligo transfectants compared to the control siRNA 
transfectants (Figure 1B). When transfected MCF7 cells 
were treated with various concentrations of cisplatin, PP4C-

depleted cells became more sensitive to cisplatin treatment 
when its concentration was higher than 12.8 µg/ml (Figure 
1C). It should be noted that PP4C depletion reduces cell 
viability even in undamaged cells (data not shown). Stable 
knockdown of PP4C using shRNA approach in the lung 
cancer cells A549 also sensitized them to cisplatin treatment 
(Supplementary information, Figure S2).

We then sought to determine the expression status of 
PP4C and its associated proteins in human solid tumor 
samples. To this end, we tested whether antibodies (normal 
rabbit IgG and blocking peptides were used as controls) 
were suitable for immunohistochemistry staining. We found 
that antibodies for PP4R1 and PP4R3β failed to stain, while 
antibodies for PP4C (BL3108), PP4R2 (BL3118), and 
PP4R3α (BL3121) specifically stained on the formalin-
fixed and paraffin-embedded tissues (data not shown). Sec-
tions of breast (46 cancerous lesions and 40 benign lesions) 
and lung (57 cancerous lesions and 31 benign lesions) 
were stained with these antibodies. A summary of breast 
and lung sample information is shown in Supplementary 
information, Table S1. Immunoreactive signals of all three 
antibodies were evenly distributed in the nucleus, and cyto-
plasmic staining of PP4C was also observed in both breast 
(Figure 1D) and lung cancer samples (Figure 1E). Summary 
of IHC results and statistical analysis are shown in Figure 
1F. The nonparametric Mann-Whitney test demonstrated 
that expression levels of PP4C, PP4R2, and PP4R3α were 
significantly higher in cancerous lesions of breast and lung 
than those in benign lesions of breast and lung (Figure 1F). 
We further found that 17 out of 40 benign breast samples 
versus 2 out of 40 breast tumor samples, and 5 out of 31 
benign lung samples and none of 57 lung tumor samples 
were not stained by all three antibodies, whereas 1 out of 
40 benign breast samples versus 21 out of 40 breast tumor 
samples, and 7 out of 31 benign lung samples and 34 of 
57 lung tumor samples were strongly stained (IHC scores 
were ++ or +++) by all three antibodies (Supplementary 
information, Table S2). We did not examine any significant 

Figure 1 PP4C is overexpressed in human breast and lung tumors. (A) PP4C is overexpressed in human breast cancer cell 
lines. Total cell lysates were extracted from breast cell lines and immunoblotted for PP4C, PP4R2, PP4R3α, and β-actin. (B, C) 
Inhibition of PP4C expression sensitizes cancer cells to cisplatin treatment. MCF7 breast cancer cells were transfected twice 
with a control siRNA oligo (GL2) or PP4C-specific siRNA oligo (PP4Csi3 or PP4CsiM) using oligofectamine. Transfectants 
were trypsinized 24 h after the second transfection and seeded into a 96-well plate along with different final concentrations of 
cisplatin as indicated. Each concentration point was repeated at least 4 times. Expression of PP4C is shown in panel B, and 
relative proliferation rate after cisplatin treatment is shown in panel C. (D) Representative images of expression patterns of 
PP4C-PP4R2-PP4R3α in breast tumors. Immunohistochemical staining with PP4C, PP4R2, or PP4R3α antibodies in breast 
cancer cells (upper panel) and mammary epithelial cells in breast benign lesions (bottom panel) is shown. IDC: invasive ductal 
carcinoma. (E) Representative images of expression patterns of PP4C-PP4R2-PP4R3α in lung tumors. Immunohistochemical 
staining with PP4C, PP4R2, or PP4R3α antibodies in lung adenocarcinoma (first three images in the upper panel) and lung 
squamous cell carcinoma (bottom panel) is shown. Immunohistochemical staining with PP4R3α in a lung benign lesion is 
shown in the 4th image in the upper panel. AD: adenocarcinoma; SQ: squamous cell carcinoma; WD: well differentiated; MD: 
moderately differentiated; PD: poorly differentiated. (F) Summary of IHC results and statistical analysis. 
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correlation between staining intensity and differentiation 
status of either breast samples or lung samples due to the 
limited case number in each pathological category. Our 
finding indicates a potential link between the PP4 expres-
sion levels and tumorigenesis.

We noted the discrepancy that overexpression of PP4R2 
and PP4R3α appeared in human primary breast tumors but 
not in the breast cancer cell lines. A simple explanation is 
that cancer cell lines are grown on plastics for many pas-
sages and do not reflect primary tumors. It is also possible 
that the observed differences are due to different epitope 
exposure in the formalin-fixed and paraffin-embedded 
samples. 

Platinum-based anticancer drugs such as cisplatin, car-
boplatin and oxaliplatin have been used successfully to 
treat many solid tumors including breast and lung cancer 
[8]. However, development of cellular resistance dramati-
cally compromises treatment success [8]. Resistance may 
be attributed to several factors, including enhanced DNA 
repair, tolerance to platinum-induced DNA damage, and 
alterations in signal transduction pathways [8]. We recently 
demonstrated that PP4C is the phosphatase that dephos-
phorylates γ-H2AX generated during DNA replication [9]. 
High levels of PP4C in cells may dephosphorylate replica-
tion block-associated γ-H2AX, promote DNA replication 
regardless of replication block, escape cisplatin-induced 
apoptosis, and accumulate DNA mutations, which further 
predispose cells to genomic instability. Indeed, we showed 
here that PP4C-PP4R2-PP4R3α were over-expressed in 
human primary breast and lung tumors and inhibition of 
PP4C expression sensitized breast and lung cancer cells to 
cisplatin treatment. 

Aberrant protein phosphorylation has been associated 
with many human diseases, including tumors [1]. Protein 
kinases have been extensively studied and currently are the 
second largest drug target for the pharmaceutical industry. 
Many inhibitors of protein kinases have been successfully 
applied in cancer treatment. It is noted that aberrant phos-
phorylation may result from aberrant dephosphorylation. 
Therefore, protein phosphatases are being recognized as 
promising therapeutic targets, and our results suggest that 
PP4C may be one of such promising targets.
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