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Protein interactomes of protein 
phosphatase 2A B55 regulatory 
subunits reveal B55-mediated 
regulation of replication protein A 
under replication stress
Feifei Wang1,2, Songli Zhu2, Laura A. Fisher2, Weidong Wang1, Gregory G. Oakley2,  
Chunling Li1 & Aimin Peng2

The specific function of PP2A, a major serine/threonine phosphatase, is mediated by regulatory 
targeting subunits, such as members of the B55 family. Although implicated in cell division and other 
pathways, the specific substrates and functions of B55 targeting subunits are largely undefined. In 
this study we identified over 100 binding proteins of B55α and B55β in Xenopus egg extracts that are 
involved in metabolism, mitochondria function, molecular trafficking, cell division, cytoskeleton, 
DNA replication, DNA repair, and cell signaling. Among the B55α and B55β-associated proteins 
were numerous mitotic regulators, including many substrates of CDK1. Consistently, upregulation 
of B55α accelerated M-phase exit and inhibited M-phase entry. Moreover, specific substrates of 
CDK2, including factors of DNA replication and chromatin remodeling were identified within the 
interactomes of B55α and B55β, suggesting a role for these phosphatase subunits in DNA replication. 
In particular, we confirmed in human cells that B55α binds RPA and mediates the dephosphorylation 
of RPA2. The B55-RPA association is disrupted after replication stress, consistent with the induction 
of RPA2 phosphorylation. Thus, we report here a new mechanism that accounts for both how RPA 
phosphorylation is modulated by PP2A and how the phosphorylation of RPA2 is abruptly induced after 
replication stress.

Protein phosphorylation, a major form of post-translational modification, plays a crucial role in regulation of pro-
tein functions. The vast majority of protein phosphorylation occurs on specific serine and threonine residues that 
are oppositely regulated by protein kinases and phosphatases1. However, compared to Ser/Thr kinases that are 
known to play critical roles in numerous cellular processes, Ser/Thr phosphatases are relatively less studied. Ser/
Thr phosphatases have been classified into several groups, among which the type 1 (PP1) and type 2A (PP2A) are 
most abundant2. The catalytic subunits of PP1 and PP2A complex with an array of regulatory targeting subunits, 
which dictate the substrate recognition of the phosphatase holoenzymes. PP2A exists in the cell predominantly as 
a heterotrimer composed of a catalytic subunit (C), a scaffold subunit (A) and a targeting subunit (B)3. The A and 
C subunits of PP2A each contain two possible variants, whereas the B subunits are encoded by at least 15 genes in 
mammalian cell. The B subunits are highly diverse in structure, and often classified into 4 groups, including B55/
PR55, B56/PR61, PR48/PR72/PR130, and PR93/PR110/striatin3.

The B55 group of PP2A regulatory subunits comprises 4 different isoforms (α, β, γ and δ) that share high lev-
els of sequence similarity, but may exhibit distinct patterns of expression and subcellular localization4. The yeast 
homolog of B55, Cdc55, was shown to regulate cell cycle progression, particularly cell division5,6. A conserved 
role of B55 in mitotic regulation was also implicated in vertebrates7–10. Moreover, emerging evidence linked 
B55 to regulation of cell signaling, cytoskeleton, and Golgi dynamics4,8,10–12. The B55 subunits are of interests to 
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human cancer, as several genomic studies suggested these subunits as potential tumor suppressors. For exam-
ple, one study showed depletion of the B55α gene was related to 67% of prostate cancer cases13. Moreover, a 
large-scale genomic and transcriptomic analysis of 2,000 breast tumors identified B55α as one of the most com-
monly silenced genes; and the subgroup of breast cancer patients with loss of B55α suffered from poor treatment 
outcome and survival14. Other studies associated B55α to childhood teratoma15, prostate cancer16, colorectal 
cancer17, lung cancer18, and leukemia19. Gene deletion of B55β was less implicated in cancer, but epigenetic sup-
pression of B55β expression was functionally characterized in breast and colon cancer20,21.

As a major group of the PP2A targeting subunits, it is expected that B55 directs PP2A to a large number of 
substrates. However, to date only a few phosphoproteins were defined as direct substrates of PP2A/B55. To fill in 
this large gap in knowledge, in the current study we characterize the interactomes of B55α and B55β that each 
contains over 100 proteins. Among these proteins were factors involved in cell division, DNA repair and replica-
tion, components of actin, microtubule, Golgi and nucleopore, and regulators of cellular signaling, metabolism 
and mitochondria function. A fraction of these proteins were previously known as substrates or interactors of 
B55, but the majority of them are new discoveries of this study.

Interestingly, our proteomic analysis suggested a role of B55 in regulation of multiple DNA replication pro-
teins, particularly replication protein A (RPA). RPA is a crucial single strand DNA-binding protein complex that 
orchestrates DNA replication and repair22–24. Under conditions of replication stress, the RPA2 subunit of RPA is 
hyperphosphorylated by CDK2, ATM/ATR, DNA-PK and other kinases. In turn, RPA phosphorylation facilitates 
the stabilization, repair, and recovery of stalled replication forks25–27. Not surprisingly, RPA and its phosphoryl-
ation have been implicated as a valuable marker for cancer progression and drug target for cancer therapy28–30. 
Here we show that B55α associates with RPA, and the association is reduced upon replication stress, presumably 
as a mechanism to allow phosphorylation of RPA2. Consistently, ectopic expression of B55α suppressed RPA 
phosphorylation, and attenuated checkpoint signaling after replication stress.

Results
Characterization of the B55α and B55β interactomes in Xenopus egg extracts.  We sought to 
reveal the function of B55 in Xenopus egg extract, a well-established cell-free model system in which protein inter-
action networks and cellular activities are well preserved. For example, the extracts can biochemically undergo 
multiple rounds of cell cycle progression. In addition, numerous studies illustrated the value of the extracts in 
recapitulating DNA replication, repair, microtubule assembly, signaling transduction, and apoptosis31–35.

We incubated the recombinant B55α or B55β protein in Xenopus egg extracts, affinity purified the protein, 
and analyzed the eluted protein complexes by mass spectrometry. As expected, a large number of peptides from 
B55α and B55β themselves were recovered, along with numerous co-purified proteins. The raw results were 
processed to eliminate non-specific binding proteins, as determined by a parallel pull-down experiment using 
control beads. Moreover, proteins identified by one single peptide were removed to improve stringency. In turn, 
176 and 135 proteins were identified as high confidence candidates of the associated proteins of B55α and B55β, 
respective (Supplementary Tables 1 and 2). The most abundant proteins associated with B55α are components 
of the chaperonin containing TCP1 complex (CCT), and regulators of DNA replication, DNA repair, mitochon-
dria, and translation (Fig. 1A). Overall, the 176 B55α-associated proteins are involved in a wide range of cellular 
processes, including cellular metabolic pathways, mitochondria functions, molecular trafficking, cytoskeleton, 
cell cycle regulation, Golgi regulation, G-protein signaling and nucleic acid metabolism (Fig. 1B,C). This diver-
sity of B55α-associated proteins signals for complex roles of B55α in various cellular processes, which may be 
significantly underappreciated in the context of existing evidence. Of note, our analysis confirmed the previously 
implicated connections between B55α and the CCT complex36, cell division (such as Plk1, Mastl, and mitotic 
spindle components)8,9,37–39, DNA replication and repair (such as Mcm and Ruvbl)40,41, RAS and related small 
GTPase signaling36,42, eukaryotic initiation factor 4F (eIF4F) complex43, Golgi and trafficking (such as Ap1m1, 
and Xpo1)44,45.

Our results showed that, like B55α, B55β associated with a large number of proteins related to cellular metab-
olism, mitochondria functions, molecular trafficking, cytoskeleton, cell cycle regulation, Golgi regulation, 
G-protein signaling and nucleic acid metabolism (Fig. 2A–C, Supplementary Table 2). The top candidates of 
B55β-associated proteins significantly overlaped with those of B55α, including CCT components, and regula-
tors of DNA replication, DNA repair, mitochondria, and translation (Fig. 2A). In total 79 proteins associated 
with both B55α and B55β, whereas 97 and 56 proteins appeared as unique binding-proteins of B55α and B55β, 
respectively. The finding of a large number of isoform-specific binding proteins for B55α and B55β is interesting, 
given the high level of sequence similarity between these isoforms. It is not well-defined if B55 isoforms recog-
nize different proteins and have distinct functions. This possibility is however often suggested, as a mechanism 
to achieve the regulatory complexity and substrate specificity of PP2A holoenzymes. Thus, our findings provide 
potential evidence to support the notion that B55 isoforms, despite sequence similarities, exhibit different affinity 
toward substrates.

Validation of B55α and B55β-associated proteins in Xenopus egg extracts.  The study identified a 
number of proteins that are known to bind B55, thus providing a validation for the results. Moreover, as we iden-
tified a large number of new proteins associated with B55α and B55β, we sought to confirm some of these can-
didates by immunoblotting. Importantly, although PP2A was not among the B55-associated proteins identified 
by mass spectrometry, we confirmed by immunoblotting that both B55α and B55β co-precipitated the catalytic 
subunit of PP2A (Fig. 3). In addition, DNA replication protein Mcm2, ubiquitin E3 ligase Ube3a, mitotic kinases 
Mastl and Plk1, and chromosomal passenger complex (CPC) component Incenp were co-purified with B55α 
and B55β (Fig. 3). Condensin subunit Smc2 was present in the protein complex of B55β but not B55α, consistent 
with the outcome of mass spectrometry (Supplementary Tables 1 and 2). Overall, we confirmed the association 
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of B55 with several candidates identified in the proteomic analysis. These candidates were selected because they 
are involved in cell cycle regulation, and we possess specific antibodies that recognize their homologs in Xenopus.

Regulation of the cell cycle and CDK-substrates by B55α and B55β.  Among the associated pro-
teins of B55α and B55β were many cell cycle regulators. In Xenopus egg extracts, PP2A/B55δ was characterized 
as a phosphatase that dephosphorylates mitotic substrates of CDK17. Thus, other B55 subunits, including B55α 
and B55β, may also act on substrates of CDKs. In fact, a RNAi-based screen in human cells revealed B55α as a 
regulator of mitotic exit10. Here we show that upregulation of B55α in metaphase-arrested Xenopus egg extracts 
accelerated M-phase exit (Fig. 4A), and the addition of B55α in interphase egg extracts suppressed mitotic entry 
(Fig. 4B). Moreover, although both B55α and B55β inhibited mitotic progression in interphase egg extracts, the 
anti-mitotic effect appeared less profound for B55β, compared to B55α (Fig. 4C,D).

CDK1 phosphorylates a wide range of substrates to mediate mitotic progression, and the regulated dephos-
phorylation of CDK substrates allows mitotic exit46,47. Various phosphatases, including PP2A, PP1 and Cdc14, 
were implicated in mitotic exit, but the details about how each phosphatase acts on specific substrates of CDK1 
remain to be revealed46,48–52. Interestingly, numerous substrates of CDK1 involved in cell division were identified 
as associated proteins of B55α and B55β (Fig. S1)53. For example, B55α and B55β associated with Aurora-B and 

Figure 1.  The protein interaction network of B55α. (A) The top 30 most abundant proteins identified as B55α-
associated proteins. Recombinant B55α was purified, and incubated in interphase Xenopus egg extracts for 
30 min. B55α-associated protein complexes were then purified and analyzed by mass spectrometry, as described 
in Materials and Methods. The identified proteins and numbers of peptides are shown. The proteins previously 
known to bind B55α are shown in red. (B) B55α-associated proteins were classified into various functional 
groups. (C) Representative B55α-associated proteins involved in distinct cellular pathways are shown.
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other members of the CPC complex, multiple subunits of the condensin complex, chromatin remodeling factors, 
and mitotic spindle components (Fig. S1)53. Thus, our findings shed new light on the function and mechanism of 
B55 in mediating the dephosphorylation of a subset of mitotic phospho-substrates.

In addition to mitotic regulation, our proteomic identification of B55α and B55β-associated proteins revealed 
a number of proteins involved in DNA replication, including RPA, Cdc6, Cdc45, DNA primase, and the mini-
chromosome maintenance (Mcm) complex. Thus, B55 may play a role in regulation of these DNA replication 
factors. As many of these replication factors are substrates of CDK2, we speculate that, like in mitotic regulation, 
B55 may function in DNA replication by dephosphorylating substrates of CDK2. To this end, many known sub-
strates of CDK2, including replication factors, chromatin and ribosome regulators, and cell signaling proteins, are 
B55α and B55β-associated (Fig. S2).

Association of B55 with RPA.  Our proteomic study revealed RPA as a major associated partner of B55α 
and B55β. As an essential single strand DNA-binding protein complex, RPA is itself regulated by phosphorylation 
at several serine/threonine residues within the N-terminus of the RPA2 subunit22,54. It has been shown that phos-
phorylation of RPA is largely dispensable for unperturbed DNA replication, but plays a pivotal role in the cellular 
response to replication stress and DNA damage55,56. Upon replication stress, RPA2 phosphorylation by CDK2 
and other kinases facilitates the stabilization, repair, and recovery of stalled replication forks25–27. We confirmed 
the RPA and B55 association in human cells at the endogenous level by reciprocal co-immunoprecipitation 
(Fig. 5A,B). Notably, although the RPA peptides identified in our initial proteomic study were all derived from 
RPA1, we believe that B55 associates with the trimeric RPA complex, as evidenced by the co-immunoprecipitation 
of RPA2 with B55α (Fig. 5A,B).

Next we sought to investigate the impact of replication stress on the RPA and B55 association. The immu-
noprecipitation of HA-B55α recovered significantly less RPA2 after HU (Fig. 5C). Both hyperphosphorylated 
and hypophosphorylated forms of RPA2, as judged by gel retardation, exhibited reduced association with 
B55 (Fig. 5C). Consistently, the immunoprecipitation of RPA2 brought down less amount of B55α after HU 
(Fig. 5D,E). Interestingly, despite the reduced B55 and RPA association, the total expression level of B55α was 

Figure 2.  The protein interaction network of B55β. (A) The top 30 most abundant proteins identified as B55β-
associated proteins. B55β-associated protein complexes were purified and analyzed by mass spectrometry, as 
described in Materials and Methods. The identified proteins and numbers of peptides are shown. The proteins 
previously known to bind B55β are shown in red. (B) B55β-associated proteins were classified into various 
functional groups. (C) Representative B55β-associated proteins involved in distinct cellular pathways are 
shown. (D) The numbers of common and unique binding proteins of B55α and B55β are shown.
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moderately elevated upon hydroxyurea (HU)-induced replication stress (Fig. 5D,F), suggesting that B55α plays 
an active role in the cellular response to replication stress, and that B55 may exhibit an altered spectrum of sub-
strates under replication stress.

Suppressed RPA phosphorylation by B55α overexpression.  To confirm the role of B55 in mediating 
the dephosphorylation of RPA2, we ectopically expressed B55α in human cells, which were then challenged with 
HU, and analyzed for RPA2 phosphorylation by immunoblotting. As expected, HU-induced RPA phosphoryla-
tion at Ser-4/Ser-8 and Ser-33 was substantially reduced in cells harboring B55α overexpression (Fig. 6A,B). The 
phosphorylation of Chk1, a downstream event of RPA phosphorylation57, also partially diminished (Fig. 6A). 
Similarly, the immunofluorescence analysis confirmed that overexpression of B55α diminished the induction of 
RPA2 Ser4/Ser-8 phosphorylation after HU (Fig. 6C,D). While these results support a role of B55 in dephospho-
rylating RPA2, the expression of B55α did not fully suppress RPA2 phosphorylation, potentially due to two rea-
sons: first, our ectopic expression resulted in only approximately 50% increase in the total B55α expression; and 
second, PP2A/B55 may be only partially responsible for RPA2 dephosphorylation as PP4 was previously known 
to mediate RPA2 dephosphorylation58.

Discussion
It was established that PP2A dephosphorylates nearly half of all Ser/Thr phospho-residues, and thereby modulat-
ing numerous cellular processes. The regulatory complexity and substrate specificity of PP2A at the holoenzyme 
level is achieved via a variety of distinct PP2A-B, or regulatory substrates, including the B55 group members4,11. 
Although previous studies connected B55 to several substrates, research efforts using systematic approaches may 
be amenable to substantially advance the understanding of the B55 function. In particular, because the targeting 
substrates bridge PP2A with specific substrates, the protein interaction network of these targeting subunits can 
potentially reveal a large number of specific substrates and regulators.

Figure 3.  Validation of B55α and B55β-associated proteins. B55α or B55β pull-down was performed in 
Xenopus egg extracts. A control pull-down was performed using the same volume of amylose beads that were 
not conjugated with proteins. The extract input (approximately 20%), control (ctr) pull-down and B55α or B55β 
pull-down samples were analyzed by immunoblotting using PP2A, Mcm2, Ube3a, Mastl, Plk1, Incenp, Smc2, 
and MBP antibodies.
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In this study we characterized the protein interactomes of B55α or B55β, two members the PP2A-B family 
targeting subunits. As a major group of PP2A targeting subunits, B55 is likely to function in a wide range of 
pathways. For example, the involvement of B55 in cell signaling, cytoskeleton, and Golgi dynamics has been 

Figure 4.  Regulation of the cell cycle by B55α and B55β. (A) Metaphase-arrested Xenopus egg extracts 
were supplemented with recombinant B55α or control buffer for 10 min. These extracts were then released 
into interphase by the addition of Calcium at time 0. The extract samples were collected at the indicated 
time points and analyzed by immunoblotting. Phosphorylation (band-shift) of Cdc27 and Cdc25, and the 
global phosphorylation of Cdk substrates are markers of mitosis. (B) Interphase Xenopus egg extracts were 
supplemented with recombinant B55α or control buffer. The extract samples were collected at the indicated 
time points and analyzed by immunoblotting. Mitosis is indicated by Cdc27 phosphorylation. (C) MBP-
B55α and B55β were purified and examined by Coomassie staining. (D) Interphase Xenopus egg extracts 
were supplemented with recombinant B55α, B55β, or control buffer. The extract samples were collected at the 
indicated time points and analyzed by immunoblotting. Mitosis is indicated by Cdc27 phosphorylation.

Figure 5.  RPA and B55α association. (A) RPA2 IP was performed in HeLa cell lysates as described in Material 
and Methods. The input at 10%, control IP (with blank beads), and RPA2 IP were analyzed by immunoblotting for 
B55α and RPA2. (B) B55α IP was performed in HeLa cell lysates. The input at 10%, control IP (with blank beads), 
and B55α IP were analyzed by immunoblotting for B55α and RPA2. (C) HA-B55α was expressed in HeLa cells, 
which were treated with or without HU (1 mM, 24 h). HA IP was performed in the cell lysates. The input at 10%, 
control IP (with blank beads), and B55α IP were analyzed by immunoblotting for B55α and RPA2. (D) RPA2 IP 
was performed in the lysates of HeLa cells that were pre-treated with HU (1 mM, 24 h) or mock-treated. The input 
at 10%, control IP (with blank beads), and B55α IP were analyzed by immunoblotting for B55α and RPA2. (E) The 
level of B55α in RPA2 IP was examined by immunoblotting and quantified using ImageJ. The mean values and 
standard deviations were calculated from three independent experiments. Statistical significance was analyzed 
using an unpaired 2-tailed Student’s t-test. A p-value < 0.05 was considered statistically significant (*). (F) The 
expression level of B55α was examined by immunoblotting and quantified using ImageJ. The mean values and 
standard deviations were calculated from three independent experiments. Statistical significance was analyzed 
using an unpaired 2-tailed Student’s t-test. A p-value < 0.05 was considered statistically significant (*).
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suggested4,8,10–12. To better understand the function of B55 in these processes, it is urgent to reveal specific 
substrates of B55, as well as interacting proteins that modulate the activity of B55. Here we identified over 100 
potential binding proteins for B55α and B55β. Proteins associated with B55α or B55β are diversely involved in 
numerous cellular processes, such as metabolism, cell division, cytoskeleton, DNA replication and repair. Thus, 
these findings extended the current knowledge about B55-mediated cellular function and processes. Future stud-
ies are necessary to clarify if many of these binding proteins are direct substrates of PP2A/B55.

One of the B55-associated proteins identified in this study is RPA. Notably, a previous study showed that 
PP2A dephosphorylates RPA259, but the underlying targeting subunit remains to be identified. We demonstrated 
in human cells that B55α binds RPA and mediates the dephosphorylation of RPA2. Interestingly, the B55-RPA 
association is reduced after replication stress, presumably so as to allow the induction of RPA2 phosphorylation. 
This finding is of great interest as it argues that the induction of RPA2 phosphorylation after replication stress 
and DNA damage is at least partially due to the suppression of the phosphatase-mediated RPA2 dephospho-
rylation. With our discoveries arise several intriguing questions. First, further mechanistic insights are needed 
to clarify how the RPA2-B55 association is regulated. Second, it remains to be confirmed if PP2A/B55 acts to 
directly dephosphorylate RPA2. Moreover, as the N-terminus of RPA2 is clustered with many inter-dependent 
phospho-residues which are targeted by different kinases, it would be necessary to define the specific sites that 
are dephosphorylated by PP2A/B55. Cundell et al.8 reported recently that S/TP residues surrounded by two 
positively-charged basic patches are more likely to under B55-dependent dephosphorylation. However, none 
of the phospho-residues at the N-terminus of RPA2 matches this structural description. Third, PP4 was also 
shown to mediate RPA phosphorylation58, but it is unclear if this regulation similarly responds to replication 
stress. Finally, we showed that the expression level of B55α increases after replication stress while its association 
with RPA is reduced. The increased expression of B55α after HU is a new finding of the study. Presumably, the 
upregulated B55 plays a role in the cellular responses to replication stress and DNA damage. Along this line, our 
proteomic analysis revealed multiple DNA repair factors as B55-asscoated proteins, although the precise role 

Figure 6.  B55α-mediates RPA2 dephosphorylation. (A) HeLa cells with or without expression of HA-B55α, 
were treated with HU (1 mM, 24 h) as indicated. The cell lysates were analyzed by immunoblotting for RPA2, 
B55α, phospho-RPA2 Ser-4/Ser-8, Ser-33, phospho-Chk1 Ser-317, and β-actin. (B) The level of RPA2 S4/8 
phosphorylation was examined by immunoblotting, as in panel A, and quantified using ImageJ. The mean 
values and standard deviations were calculated from three independent experiments. Statistical significance 
was analyzed using an unpaired 2-tailed Student’s t-test. A p-value < 0.001 was considered statistically highly 
significant (**). (C) HeLa cells were treated with B55α expression and HU, as in panel A. Immunofluorescence 
was performed using phospho-RPA2 Ser-4/Ser-8 antibody. (D) The percentage of cells exhibited positive RPA2 
S4/8 phosphorylation was examined by immunofluorescence, as in panel C, and quantified. The mean values 
and standard deviations were calculated from three independent experiments. Statistical significance was 
analyzed using an unpaired 2-tailed Student’s t-test. A p-value < 0.05 was considered statistically significant (*).
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of B55 in these processes remain to be investigated. B55 and RPA dissociate after HU, potentially as a mecha-
nism to allow RPA phosphorylation. We reason that HU may alter the substrate recognition of B55, which is 
released from some substrates but increasingly targeted to others. A similar example is that B55 transiently disso-
ciates from ATM after DNA damage to allow ATM phosphorylation60. Therefore, it is interesting to uncover the 
dynamic function and substrate recognition of PP2A/B55 after replication stress and DNA damage.

Materials and Methods
Cell culture and treatment.  Human cervix carcinoma (HeLa) cells, authenticated by ATCC, were main-
tained in Dulbecco’s modified Eagle medium (DMEM, Hyclone) with 10% fetal bovine serum (FBS, Hyclone). 
The HA-B55α expression vector was a gift from Dr. Xuan Liu (University of California Riverside)61, and trans-
fected into cells using Lipofectamine (Thermo Fisher).

Immunoblotting and immunoprecipitation.  Immunoblotting was performed following sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), as previously described62. Antibodies used in 
immunoblotting include: Chk1 phospho-S317, Mcm2, Ube3a, Incenp, Smc2 antibodies from Bethyl Laboratories 
(Montgomery, TX); B55α antibody from Abcam (Cambridge, MA); β-actin, phospho-Cdk substrate and Plk1 
antibodies from Cell Signaling Technology (Beverly, MA); Mastl antibody from Millipore (Billerica, MA), and 
phospho-RPA S4/8 and S33 antibodies as previously characterized57. Xenopus Cdc25 antibody was a gift from 
Drs. Kumagai and Dunphy (Caltech). For immunoprecipitation, anti-mouse or anti-rabbit magnetic beads (New 
England Biolabs) were conjugated to primary antibodies, and then incubated in cell lysates for 1 h. The beads were 
collected using a magnet, washed, eluted with Laemmli sample buffer, and analyzed by immunoblotting.

Immunofluorescence.  Immunofluorescence was performed as previous described63. Briefly, cells were fixed 
in 3% formaldehyde with 0.1% Triton X-100, washed, and blocked in 10% goat serum in PBS. The primary anti-
body to RPA2 phospho-S4/8 was diluted in the blocking buffer, and incubated with the cells for 2 h. The cells 
were then incubated with the Alexa Fluor 555 secondary antibody (Invitrogen, 1: 2,000) for 1 h. Imaging was 
performed using a Zeiss Axiovert 200M inverted fluorescence microscope at the UNMC Advanced Microscopy 
Core Facility.

Protein expression, pull-down and mass spectrometry analysis.  B55α and B55β were cloned from 
a Xenopus oocyte cDNA library, and then inserted into pMBP-parallel vector with an N-terminal MBP-tag. The 
recombinant proteins were expressed in BL21 bacterial cells and purified on amylose beads. For the pull-down 
assay, approximately 10 μg MBP-B55 proteins conjugated on amylose beads (20 μl) were incubated in interphase 
Xenopus egg extracts (40 μl). After 30 min incubation at room temperature, the beads were re-isolated, washed, 
eluted and then resolved by SDS-PAGE for immunoblotting or mass spectrometry (Taplin mass spectrometry 
facility, Harvard). The control pull-down was performed using the same volume of amylose beads that were not 
conjugated with proteins.

Xenopus egg extracts.  Xenopus egg extracts were prepared as previously described64. For the 
metaphase-arrested cytostatic factor (CSF) extracts, Eggs were treated with 2% cysteine, washed, and then 
crushed by centrifugation at 10,000 g. The cytoplasmic layer was collected for further experiments. For the inter-
phase, cycling extracts, eggs were treated with 2% cysteine, and then incubated with Ca2+ ionophore. The eggs 
were then washed, and crushed by centrifugation at 10,000 g. The cytoplasmic layer was collected and supple-
mented with energy mix (7.5 mM creatine phosphate, 1 mM ATP, 1 MgCl2).

Data availability.  All data generated or analyzed during this study are included in this published article (and 
its Supplementary Information Files).

References
	 1.	 Hunter, T. Protein kinases and phosphatases: the yin and yang of protein phosphorylation and signaling. Cell 80, 225–236 (1995).
	 2.	 Virshup, D. M. & Shenolikar, S. From Promiscuity to Precision: Protein Phosphatases Get a Makeover. Mol cell 33, 537–545 (2009).
	 3.	 Shi, Y. Serine/threonine phosphatases: mechanism through structure. Cell 139, 468–484 (2009).
	 4.	 Seshacharyulu, P., Pandey, P., Datta, K. & Batra, S. K. Phosphatase: PP2A structural importance, regulation and its aberrant 

expression in cancer. Cancer lett 335, 9–18 (2013).
	 5.	 Juanes, M. A. et al. Budding yeast greatwall and endosulfines control activity and spatial regulation of PP2A(Cdc55) for timely 

mitotic progression. PLoS genet 9, e1003575 (2013).
	 6.	 Wang, Y. & Burke, D. J. Cdc55p, the B-type regulatory subunit of protein phosphatase 2A, has multiple functions in mitosis and is 

required for the kinetochore/spindle checkpoint in Saccharomyces cerevisiae. Mol Cell Biol 17, 620–626 (1997).
	 7.	 Mochida, S., Ikeo, S., Gannon, J. & Hunt, T. Regulated activity of PP2A-B55 delta is crucial for controlling entry into and exit from 

mitosis in Xenopus egg extracts. Embo J 28, 2777–2785 (2009).
	 8.	 Cundell, M. J. et al. A PP2A-B55 recognition signal controls substrate dephosphorylation kinetics during mitotic exit. J Cell Biol 214, 

539–554 (2016).
	 9.	 Hegarat, N. et al. PP2A/B55 and Fcp1 regulate Greatwall and Ensa dephosphorylation during mitotic exit. PLoS genet 10, e1004004 

(2014).
	10.	 Schmitz, M. H. et al. Live-cell imaging RNAi screen identifies PP2A-B55alpha and importin-beta1 as key mitotic exit regulators in 

human cells. Nat cell biol 12, 886–893 (2010).
	11.	 Wlodarchak, N. & Xing, Y. PP2A as a master regulator of the cell cycle. Crit Rev Biochem Mol Biol 51, 162–184 (2016).
	12.	 Sontag, J. M. et al. The protein phosphatase PP2A/Balpha binds to the microtubule-associated proteins Tau and MAP2 at a motif also 

recognized by the kinase Fyn: implications for tauopathies. J Biol Chem 287, 14984–14993 (2012).
	13.	 Cheng, Y. et al. Evaluation of PPP2R2A as a prostate cancer susceptibility gene: a comprehensive germline and somatic study. Cancer 

genetics 204, 375–381 (2011).
	14.	 Curtis, C. et al. The genomic and transcriptomic architecture of 2,000 breast tumours reveals novel subgroups. Nature 486, 346–352 

(2012).



www.nature.com/scientificreports/

9Scientific REPOrts |  (2018) 8:2683  | DOI:10.1038/s41598-018-21040-6

	15.	 Jin, Y., Mertens, F., Kullendorff, C. M. & Panagopoulos, I. Fusion of the tumor-suppressor gene CHEK2 and the gene for the 
regulatory subunit B of protein phosphatase 2 PPP2R2A in childhood teratoma. Neoplasia 8, 413–418 (2006).

	16.	 Liu, W. et al. Homozygous deletions and recurrent amplifications implicate new genes involved in prostate cancer. Neoplasia 10, 
897–907 (2008).

	17.	 Cristobal, I. et al. PP2A inhibition is a common event in colorectal cancer and its restoration using FTY720 shows promising 
therapeutic potential. Mol Cancer Ther 13, 938–947 (2014).

	18.	 Shen, S. et al. Upregulation of miR-136 in human non-small cell lung cancer cells promotes Erk1/2 activation by targeting PPP2R2A. 
Tumour biol 35, 631–640 (2014).

	19.	 Mosca, L. et al. Genome-wide analysis of primary plasma cell leukemia identifies recurrent imbalances associated with changes in 
transcriptional profiles. Am j hematol 88, 16–23 (2013).

	20.	 Muggerud, A. A. et al. Frequent aberrant DNA methylation of ABCB1, FOXC1, PPP2R2B and PTEN in ductal carcinoma in situ and 
early invasive breast cancer. Breast cancer res 12, R3 (2010).

	21.	 Tan, J. et al. B55beta-associated PP2A complex controls PDK1-directed myc signaling and modulates rapamycin sensitivity in 
colorectal cancer. Cancer Cell 18, 459–471 (2010).

	22.	 Oakley, G. G. & Patrick, S. M. Replication protein A: directing traffic at the intersection of replication and repair. Front Biosci 
(Landmark Ed) 15, 883–900 (2010).

	23.	 Zou, Y., Liu, Y., Wu, X. & Shell, S. M. Functions of human replication protein A (RPA): from DNA replication to DNA damage and 
stress responses. J cell physiol 208, 267–273 (2006).

	24.	 Binz, S. K., Sheehan, A. M. & Wold, M. S. Replication protein A phosphorylation and the cellular response to DNA damage. DNA 
repair 3, 1015–1024 (2004).

	25.	 Murphy, A. K. et al. Phosphorylated RPA recruits PALB2 to stalled DNA replication forks to facilitate fork recovery. J Cell Biol 206, 
493–507 (2014).

	26.	 Ashley, A. K. et al. DNA-PK phosphorylation of RPA32 Ser4/Ser8 regulates replication stress checkpoint activation, fork restart, 
homologous recombination and mitotic catastrophe. DNA repair 21, 131–139 (2014).

	27.	 Vassin, V. M., Anantha, R. W., Sokolova, E., Kanner, S. & Borowiec, J. A. Human RPA phosphorylation by ATR stimulates DNA 
synthesis and prevents ssDNA accumulation during DNA-replication stress. J Cell Sci 122, 4070–4080 (2009).

	28.	 Shuck, S. C. & Turchi, J. J. Targeted inhibition of Replication Protein A reveals cytotoxic activity, synergy with chemotherapeutic 
DNA-damaging agents, and insight into cellular function. Cancer Res 70, 3189–3198 (2010).

	29.	 Glanzer, J. G. et al. RPA inhibition increases replication stress and suppresses tumor growth. Cancer Res 74, 5165–5172 (2014).
	30.	 Rector, J. et al. S4S8-RPA phosphorylation as an indicator of cancer progression in oral squamous cell carcinomas. Oncotarget 

(2016).
	31.	 Crane, R. F. & Ruderman, J. V. Using Xenopus oocyte extracts to study signal transduction. Methods Mol Biol 322, 435–443 (2006).
	32.	 Deming, P. & Kornbluth, S. Study of apoptosis in vitro using the Xenopus egg extract reconstitution system. Methods Mol Biol 322, 

379–393 (2006).
	33.	 Philpott, A. & Yew, P. R. The Xenopus cell cycle: an overview. Methods Mol Biol 296, 95–112 (2005).
	34.	 Lupardus, P. J., Van, C. & Cimprich, K. A. Analyzing the ATR-mediated checkpoint using Xenopus egg extracts. Methods 41, 

222–231 (2007).
	35.	 King, M. & Petry, S. Visualizing and Analyzing Branching Microtubule Nucleation Using Meiotic Xenopus Egg Extracts and TIRF 

Microscopy. Methods Mol Biol 1413, 77–85 (2016).
	36.	 Glatter, T., Wepf, A., Aebersold, R. & Gstaiger, M. An integrated workflow for charting the human interaction proteome: insights 

into the PP2A system. Mol sys biol 5, 237 (2009).
	37.	 Wang, L., Guo, Q., Fisher, L. A., Liu, D. & Peng, A. Regulation of Polo-like Kinase 1 by DNA Damage and PP2A/B55alpha. Cell Cycle, 

0 (2014).
	38.	 Yamamoto, T. M. et al. Regulation of Greatwall kinase during Xenopus oocyte maturation. Mol Biol Cell 22, 2157–2164 (2011).
	39.	 Wang, P. et al. Spatial regulation of greatwall by Cdk1 and PP2A-Tws in the cell cycle. Cell Cycle 15, 528–539 (2016).
	40.	 Drissi, R., Dubois, M. L., Douziech, M. & Boisvert, F. M. Quantitative Proteomics Reveals Dynamic Interactions of the 

Minichromosome Maintenance Complex (MCM) in the Cellular Response to Etoposide Induced DNA Damage. Mol Cell Proteomics 
14, 2002–2013 (2015).

	41.	 Hein, M. Y. et al. A human interactome in three quantitative dimensions organized by stoichiometries and abundances. Cell 163, 
712–723 (2015).

	42.	 Adams, D. G. et al. Positive regulation of Raf1-MEK1/2-ERK1/2 signaling by protein serine/threonine phosphatase 2A holoenzymes. 
J Biol Chem 280, 42644–42654 (2005).

	43.	 Bishop, J. D., Nien, W. L., Dauphinee, S. M. & Too, C. K. Prolactin activates mammalian target-of-rapamycin through 
phosphatidylinositol 3-kinase and stimulates phosphorylation of p70S6K and 4E-binding protein-1 in lymphoma cells. J endocrino 
/190, 307–312 (2006).

	44.	 Ricotta, D., Hansen, J., Preiss, C., Teichert, D. & Honing, S. Characterization of a protein phosphatase 2A holoenzyme that 
dephosphorylates the clathrin adaptors AP-1 and AP-2. J Biol Chem 283, 5510–5517 (2008).

	45.	 Kirli, K. et al. A deep proteomics perspective on CRM1-mediated nuclear export and nucleocytoplasmic partitioning. eLife 4 (2015).
	46.	 Hunt, T. On the regulation of protein phosphatase 2A and its role in controlling entry into and exit from mitosis. Adv biol regul 53, 

173–178 (2013).
	47.	 Bollen, M., Gerlich, D. W. & Lesage, B. Mitotic phosphatases: from entry guards to exit guides. Trends cell biol 19, 531–541 (2009).
	48.	 Margolis, S. S. et al. PP1 control of M phase entry exerted through 14-3-3-regulated Cdc25 dephosphorylation. Embo J 22, 

5734–5745 (2003).
	49.	 De Wulf, P., Montani, F. & Visintin, R. Protein phosphatases take the mitotic stage. Curr opin cell biol 21, 806–815 (2009).
	50.	 Mocciaro, A. & Schiebel, E. Cdc14: a highly conserved family of phosphatases with non-conserved functions? J cell sci 123, 

2867–2876 (2010).
	51.	 Stegmeier, F. & Amon, A. CLOSING MITOSIS: The functions of the Cdc14 phosphatase and its regulation. Annu revi genet 38, 

203–232 (2004).
	52.	 Wurzenberger, C. & Gerlich, D. W. Phosphatases: providing safe passage through mitotic exit. Nature reviews. Mol cell biol 12, 

469–482 (2011).
	53.	 Errico, A., Deshmukh, K., Tanaka, Y., Pozniakovsky, A. & Hunt, T. Identification of substrates for cyclin dependent kinases. Adv 

Enzyme Regul 50, 375–399 (2010).
	54.	 Marechal, A. & Zou, L. RPA-coated single-stranded DNA as a platform for post-translational modifications in the DNA damage 

response. Cell res 25, 9–23 (2015).
	55.	 Oakley, G. G. et al. Physical interaction between replication protein A (RPA) and MRN: involvement of RPA2 phosphorylation and 

the N-terminus of RPA1. Biochemistry 48, 7473–7481 (2009).
	56.	 Haring, S. J., Mason, A. C., Binz, S. K. & Wold, M. S. Cellular functions of human RPA1. Multiple roles of domains in replication, 

repair, and checkpoints. J Biol Chem 283, 19095–19111 (2008).
	57.	 Liu, S. et al. Distinct roles for DNA-PK, ATM and ATR in RPA phosphorylation and checkpoint activation in response to replication 

stress. Nucleic acids res 40, 10780–10794 (2012).



www.nature.com/scientificreports/

1 0Scientific REPOrts |  (2018) 8:2683  | DOI:10.1038/s41598-018-21040-6

	58.	 Lee, D. H. et al. A PP4 phosphatase complex dephosphorylates RPA2 to facilitate DNA repair via homologous recombination. Nat 
struct mol biol 17, 365–372 (2010).

	59.	 Feng, J. et al. Protein phosphatase 2A-dependent dephosphorylation of replication protein A is required for the repair of DNA breaks 
induced by replication stress. Mol Cell Biol 29, 5696–5709 (2009).

	60.	 Kalev, P. et al. Loss of PPP2R2A inhibits homologous recombination DNA repair and predicts tumor sensitivity to PARP inhibition. 
Cancer Res 72, 6414–6424 (2012).

	61.	 Shouse, G. P., Cai, X. & Liu, X. Serine 15 phosphorylation of p53 directs its interaction with B56 gamma and the tumor suppressor 
activity of B56 gamma-specific protein phosphatase 2A. Mol Cell Biol 28, 448–456 (2008).

	62.	 Ren, D. et al. Cell Cycle-dependent Regulation of Greatwall Kinase by Protein Phosphatase 1 and Regulatory Subunit 3B. J Biol 
Chem (2017).

	63.	 Peng, A. M., Lewellyn, A. L., Schiemann, W. P. & Maller, J. L. Repo-Man Controls a Protein Phosphatase 1-Dependent Threshold for 
DNA Damage Checkpoint Activation. Curr Biol 20, 387–396 (2010).

	64.	 Fisher, L. A., Wang, L., Wu, L. & Peng, A. Phosphatase 1 nuclear targeting subunit is an essential regulator of M-phase entry, 
maintenance, and exit. J Biol Chem 289, 23745–23752 (2014).

Acknowledgements
This work was supported by a National Institutes of Health grant R01CA172574 to A.P. We thank Drs. Xuan 
Liu (University of California Riverside), Kumagai and Dunphy (California Institute of Technology) for reagents. 
Microscopic analysis was performed at the UNMC Advanced Microscopy Core Facility, supported by the 
Nebraska Research Initiative, the Fred and Pamela Buffett Cancer Center Support Grant (P30CA036727), and an 
Institutional Development Award (IDeA) from the NIGMS of the NIH (P30GM106397).

Author Contributions
A.P., F.W., and C.L. conceived and designed experiments. F.W., S.Z., and L.A.F. performed experiments. F.W., C.L., 
W.W., G.G.O., and A.P. analyzed and interpreted results. A.P. and F.W. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-21040-6.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-21040-6
http://creativecommons.org/licenses/by/4.0/

	Protein interactomes of protein phosphatase 2A B55 regulatory subunits reveal B55-mediated regulation of replication protei ...
	Results

	Characterization of the B55α and B55β interactomes in Xenopus egg extracts. 
	Validation of B55α and B55β-associated proteins in Xenopus egg extracts. 
	Regulation of the cell cycle and CDK-substrates by B55α and B55β. 
	Association of B55 with RPA. 
	Suppressed RPA phosphorylation by B55α overexpression. 

	Discussion

	Materials and Methods

	Cell culture and treatment. 
	Immunoblotting and immunoprecipitation. 
	Immunofluorescence. 
	Protein expression, pull-down and mass spectrometry analysis. 
	Xenopus egg extracts. 
	Data availability. 

	Acknowledgements

	Figure 1 The protein interaction network of B55α.
	Figure 2 The protein interaction network of B55β.
	Figure 3 Validation of B55α and B55β-associated proteins.
	Figure 4 Regulation of the cell cycle by B55α and B55β.
	Figure 5 RPA and B55α association.
	Figure 6 B55α-mediates RPA2 dephosphorylation.




