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Abstract

Objectives: Mastl is an essential kinase required for
inhibition of the phosphatase activity directed toward Cdk1/
cyclin B substrates during mitosis. Mastl phosphorylates
two small evolutionarily conserved proteins, Arpp19 and
Ensa converting them into strong inhibitors of PP2A-B55δ.
Mastl-Arpp19/Ensa-PP2A regulatory pathway has been
mainly studied in Xenopus egg extracts andDrosophila using
biochemical and genetic approaches. Studies in mammalian
cells and genetically modified mouse models have suggested
distinct but important functions for Arpp19 and Ensa, in
mitosis and S-phase, respectively. A detailed comparative
analysis of the Arpp19 and Ensa functions in mammalian
cells has not been performed.
Methods: We utilized Mastl conditional knockout (CKO)
mouse embryonic fibroblasts (MEF), to investigate the roles
of Mastl-Arpp19/Ensa-PP2A pathway components in mitosis
and cellular proliferation. We used viral transduction for
overexpression or silencing of these genes in conjunction
with inducible genetic Mastl knockout to assess their roles in
relation to each other.
Results: We show that, Arpp19 is expressed at significantly
higher levels in MEFs in comparison to Ensa. Silencing of
Arpp19, but not Ensa, results in reduced cellular

proliferation. Overexpression of WT Arpp19 or its phos-
phomimetic mutant (S67D) partially restores mitosis arrest
duration in Mastl knockout MEFs, however cellular prolif-
eration block cannot be rescued. Silencing of B55δ expres-
sion has a similar outcome as Arpp19 overexpression,
underscoring the opposite roles of these genes in mitosis.
Conclusions: Our results show that Arpp19 is the major
Mastl substrate during mitotic division of MEFs. Ensa
expression is low and it is not essential for cell cycle.
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Introduction

Cyclin-dependent kinases (Cdk), in complex with specific
cyclins, regulate progression through phases of the cell cycle
by phosphorylating different sets of substrates during
quiescence to G1 transition, S-phase and mitosis [1]. Cdk1 is
the only essential cyclin-dependent kinase for cell division
[2, 3] and in complex with cyclin B1, it governs dramatic
mitotic events including nuclear envelope breakdown,
chromosome condensation and spindle formation [4] by
phosphorylating a large number of mitotic substrates [5].

In order to maintain the mitotic proteins at a phos-
phorylated state, counteracting phosphatase activity of
PP2A-B55 needs to be suppressed during mitosis [6].
Greatwall/Mastl kinase, first identified in Drosophila as a
mutation that causes chromosome decondensation [7], was
later found to be responsible for suppression of PP2A-B55
in Xenopus egg extracts [8]. During mitotic entry Cdk1
activates Mastl kinase by phosphorylation, which, in turn
phosphorylates Arpp19 and Ensa, two small proteins
with highly conserved sequence. Upon phosphorylation,
these proteins become potent and competitive inhibitors of
PP2A-B55 [9–13]. Biochemical studies in Xenopus egg extracts
suggested that Mastl is essential for mitotic entry [14].
Although this finding was confirmed in HeLa cells where
Mastl expression was silenced by siRNAs [15], subsequent
studies usingMEFs derived fromMastl conditional knockout
(CKO) mice, showed that it is not required for mitotic entry
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[16, 17]. Therefore, in contrast to deletion of Cdk1 [3], Mastl
knockout cell can enter mitosis however due to a weakening
of the spindle assembly checkpoint, they prematurely exit
with chromosome segregation defects [16].

After identification of the two specific substrates of
Mastl kinase, Ensa and Arpp19 [10, 11], several studies
performed in different model organisms further character-
ized their distinct functions in development and cell cycle:
mitosis, meiosis and S-phase. Notably, Arpp19 but not Ensa
was found to be required and sufficient for meiosis in
porcine oocytes which don’t express Ensa due to a point
mutation [18]. Similarly, gene knockout studies showed that
mouse embryogenesis and development can occur in
absence of Ensa but not Arpp19 [19]. On the other hand,
Ensa depletion in human cell lines resulted in extension
of S-phase, due to PP2A-B55-dependent dephosphorylation
and subsequent degradation of the replication factor treslin
[20]. Although Mastl knockout had a moderately similar
outcome, Arpp19 deletion did not affect treslin stability,
different from Ensa [19].

In this study, we have utilized Mastl CKO MEFs and
performed additional genetic interventions toMastl-Arpp19/
Ensa-PP2A pathway via viral transduction. Our results
demonstrate that overexpression of Arpp19 or knockdownof
the gene coding for PP2A-B55δ subunit does not rescue Mastl
loss. Nevertheless, reduced mitotic entry defect observed in
Mastl KO MEFs can be partially restored. On the other hand,
silencing of Arpp19, but not Ensa, significantly reduced
cellular proliferation rate although cells could still divide.
Therefore, Mastl is the only crucial component of the Mastl-
Arpp19/Ensa-PP2A pathway.

Materials and methods

Mastl CKO immortalized MEF lines and cell cycle
synchronization

Generation of immortalized Mastl FLOX/FLOX conditional knockout
MEF lines was described before [16]. MEFs were synchronized at the
quiescent state G0 by growing them to 100% confluence (contact
inhibition) and culturing in reduced serummedia (0.2% fetal calf serum)
for three days. Genetic Mastl knockout was achieved by Cre-mediated
recombination during the last 24 h when almost all of the cells were
quiescent. Experiments were done in pairs comprising control and
Mastl deficient conditions, where CKO MEFs were treated with DMSO
(Control) or 20 ng/mL 4-OHT (Mastl knockout or null). To release cells
into cell cycle entry synchronously, they were trypsinized and replated
at lower density (30–40% confluent). Cells were arrested in mitosis by
the addition of 500 ng/mL nocodazole between 24–28 or 24–30 h after
release.

qPCR expression analysis

Total RNA was extracted using MN NucleoSpin RNA II kit according the
manufacturer’s protocol. For each RT-PCR reaction, first strand cDNA
was synthesized from 1 μg total RNA using the Maxima First Strand
cDNA synthesis kit (Thermo Fisher, K1642). Arpp19 and Ensa mRNA
levels at different time points after release of control or 4-OHT induced
synchronized CKO MEFs were determined by RT-PCR using cyclophilin
A, Mastl, Arpp19, Ensa primers (Table S1). PCR amplificationwas carried
out using the Maxima SYBR Green qPCR Master Mix (Fermentas, K0252)
and the appropriate primer pair (Table S1). The reactions were
monitored continuously in a RotorGene thermal cycler (Corbett
Research) using the following program: 95 °C for 10 min, followed by 40
cycles of 95 °C for 15 s, 55 °C for 30 s, and 72 °C for 30 s. All data were
normalized to the expression levels of cyclophilin A housekeeping gene
using the (2−ΔΔcT) method.

Cell culture, retroviral transduction, and stable cell line
engineering

PLAT-E cells (Cell Biolabs), 293FT cells (Invitrogen) andMastl conditional
knockout immortalized MEFs [16] were grown in DMEM supplemented
with 10% FBS, and antibiotics. Cells were cultured in a 95% humidified
incubator with 5% CO2 at 37 °C. Lipofectamine 3000 transfection reagent
(L3000015; Thermo Scientific) was used for transfection of PLAT-E and
293FT cells. PLAT-E and 293FT culture and virus productionwere carried
out according to the manufacturer’s instructions. The viral supernatant
was harvested on second and third days post-transfection, and stored at
4 °C up to a week until use.

Polybrene was mixed with retroviral medium to 8 μg/mL final
concentration, immediately before infection of MEFs. MEFs were
transduced when they are 40% confluent. Viral media was collected
two days after the day of transfection to be used in the first round of
viral transduction. One day post-transduction, the used viral media
was removed and a second round of transduction was performed by
using the viral media that was harvested at the third day of trans-
fection. 8 h after the second round of transduction, the viral media was
removed. Cells were cultured further in normal growth medium
overnight for recovery, prior to antibiotic selection. The stable cell
lines were generated under 2–4 μg/mL puromycin selection. Cells were
selected for a week and negative control cells died within the first two
days of selection. Mastl knockout was induced by adding 4-OHT to the
culture medium at 20 ng/mL final concentration. The control cells
were treated with an equal volume of DMSO. The knockout-induced
stable cell lines were subjected to limited dilution approximately
6 days post-induction.

Cell viability and proliferation assays

The alamarBlue proliferation assaywas carried out in 96-well plate format
in three replicates. The daily measurements were initiated one day after
seeding the cells. Cells were incubated in 150 µL of assay medium for 4 h.
The assay medium was prepared by diluting 1 volume of alamarBlue dye
reagent (BUF012A; Bio-Rad) in 9 volumes of growth medium. The meta-
bolic activity was quantified fluorometrically by using 560 nm excitation
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wavelength and recording the emission at 590 nm. The assay was per-
formed for 6 successive days.

The proliferation rate was also measured by a modified 3T3 assay
in 6-well plates [3]. 20,000 cells were seeded per well and cells were
counted after 3 days and 20,000 cells were plated again. Counts were
repeated for four successive passages.

Antibodies and plasmids

The rabbit anti-Mastl polyclonal antibody was self-made in Kaldis
laboratory [16]. The rabbit anti-ArppEnsa sera were raised against a
N-terminal GST-tagged mouse Arpp19 C-terminal region (25–112 a.a.).
Commercially available primary antibodies used in immunoblots were
mouse anti-HA tag (clone 12CA5; Roche), rabbit anti-Ensa (Cell Signaling
Technology, clone 8770) andmouse anti-HSP90 (610419; BD Biosciences).
For FACS analysis of mitotic and S-phase cells, AlexaFluor 488 conju-
gated Phospho-Histone H3 (Ser10) antibody (Cell Signaling Technology,
9708), CDK phosphorylated substrate set two rabbit monoclonal
antibody (Cell Signaling Technology, 9477) and APC conjugated anti
BrdU antibody (BD-Pharmingen, 623551) were used.

For expression of shRNAs, pSUPER.retro.puro (OligoEngine)
plasmid was used [3]. For lentiviral expression of HA-tagged Arpp19 and
Ensa, pBOBI vector backbone, together with helper plasmids pMDLg/
pRRE, pRSV-Rev and pMD2.G (VSV-G) were used. All plasmids were
prepared at transfection quality using PureLink™ HiPure Plasmid
Miniprep Kit (Invitrogen) and following manufacturer’s instructions.

FACS analysis

For BrdU labeling and FACS analysis, MEFs synchronized by serum
starvation were released into cell cycle for 18 h and pulse labeled with
100 μM BrdU (BD Pharmingen, #550891) for 1 h. Cells were recovered
by trypsinization and fixed in −20 °C cold 70% EtOH, stained with
APC conjugated anti-BrdU antibodies (BD Pharmingen, #623551) and
propidium iodide (Sigma, #81845). S-phase analysis was done using
FACSCaliburflow cytometer (BDBiosciences) and datawere analyzedby
FlowJo 8 software.

For detection of mitotic index in synchronized but not arrested
cells, cells were fixed 24 h after release. For mitotic arrest, cells
were incubated in 500 ng/mL nocodazole for four or 6 h after 24 h
following release. Cells were processed and analyzed by FACS as
described earlier [16].

Results

Mouse embryonic fibroblasts predominantly
express Arpp19

In our previous work, we have created a conditional
knockout mouse model to investigate functions of mamma-
lian Mastl kinase in a physiological setting. Although Mastl
deficient embryos could be detected as late as 7.5 dpc, these
weremuch smaller in size andmost likely survived until this
stage thanks to the presence of maternally deposited Mastl

mRNA in eggs. Tamoxifen induced genetic deletion of Mastl
in midgestation stage embryos, resulted in a block of cell
division in all organs and tissues analyzed [16]. Therefore,
Mastl is essential for mitotic division in all cells of the
developing embryo.

A recent study used CKO mouse models to study the
in vivo functions of Mastl substrates Ensa and Arpp19 using
genetically modified mouse models [19]. Genetic deletion
of Arpp19 resulted in early embryonic lethality and lack of
cellular proliferation in MEFs, with phenotypes reminiscent
of Mastl KO. Ensa deficient mice were born albeit at a lower
ratio, suggesting that it does not have an essential function in
cell division. On the other hand, as reported earlier [20],
treslin was found to be degraded in Ensa and Mastl deficient
MEFs but Arpp19 loss had no effect. Both Arpp19 and Ensa
genes were shown to be expressed at comparable rates in
early embryos [19].

Before studying Mastl-Arpp19/Ensa-PP2A pathway in
ourMastl CKOMEFs, we sought to investigate the expression
levels of Arpp19 and Ensa in MEFs. We characterized the
similarity of protein and DNA sequences (Figure S1). These
proteins are evolutionarily well conserved and display 76%
identity in their peptide sequences. Especially the C-terminal
88 residues are 89% identical which we used to develop
antibodies recognizing both proteins (Figure S1A).

Alignment of the coding nucleotide sequences showed
69% identity with several long stretches with 100% identity.
We made use of the identical DNA sequences to design
primers that would amplify same length amplicons from
both genes, here after we name as ArppEnsa. We designed
gene specific forward primers with similar DNA sequences
that differed at the 3′ four nucleotides to distinguish and
specifically measure expression levels of either (Figure S1B).
Amplification of cDNA derived from primary MEFs by Real-
Time PCR showed that cycle threshold value for Arpp19 was
seven cycles earlier than Ensa. This was seen as a good
indication that Arpp19 expression is significantly higher
than Ensa at RNA level (Figure 1A).

Next, we used lentiviral vectors to overexpress Arpp19
or Ensa in MEFs, and monitored the change of expression.
Real-time qPCR analysis of the common ArppEnsa fragment
after transduction of cells with either HA-Arpp19 or HA-Ensa
showed a comparable increase (Figure 1B). Immunofluo-
rescence and immunoblot analysis of the cells using anti-HA
antibodies confirmed that the expression levels were similar
(Figure S3A, B). These data indicate equal levels of ectopic
gene expression efficiency for both constructs. Next we
analyzed the mRNA levels of Arpp19 and Ensa using gene
specific primers. Viral transduction with 1X and 10X viral
titers resulted in an 80–180 fold increase in EnsamRNA level,
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Figure 1: Arpp19 is the predominantly expressedMastl substrate inMEFs. (A) cDNA prepared from reverse transcription of primaryMEF total RNA extract
was amplified using cyclophilin A, Arpp19 and Ensa specific primers. Realtime analysis of fluorescence increase was measured by instrument software
(RotorGene thermal cycler, Corbett Research). (B) Mastl CKO MEFs were transduced with 1X and 10X titers of Arpp19 or Ensa lentiviral overexpression
vectors. mRNA levels were quantified by real-time qPCR analysis. Arpp19 and Ensa expression levels were normalized to cyclophilin A, a house keeping
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respectively. By contrast, Arpp19 mRNA level increased by
only 3–9 folds depending on the titers used. Taken together,
these results show, expression of endogenous Arpp19 RNA is
more than twenty folds higher than Ensa in MEFs.

To compare the expression levels by a different method,
we used shRNA-mediated gene silencing. We designed
shRNAs targeting specifically Arpp19 or Ensa (Figure S1B;
Table S1) and cloned them into pSUPER.retro.puro vector
(OligoEngine). After retroviral transduction and puromycin
selection of MEFs [3], RNA levels were analyzed by agarose
gel electrophoresis and real-time qPCR (Figure 1C, D).
Although, all used shRNAs specifically silenced their target
sequences to variable efficiencies, only Arpp19 shRNAs could
decrease the levels of the ArppEnsa amplicon. This findings
substantiate our above results and confirm that Arpp19 is the
predominantly expressed Mastl kinase substrate in MEFs.

Finally, we analyzed the tissue specific expression of
Arpp19 and Ensa by qPCR. Arpp19 was expressed in all
tissues and midgestation stage embryos. Ensa had a similar
expression pattern except brain tissue, where it was
expressed at significantly lower levels (Figure S2A). Unlike
cyclin A2 and Mastl, expression of Arpp19 and Ensa did not
change during cell cycle entry and progression. Mastl loss
did not have any effect on the expression levels (Figure S2B).

Development of an Arpp19-Ensa antibody
with dual specificity

Arpp19 and Ensa specific antibodies have been developed
and described in literature [19, 21]. These antibodies
were generally raised against N-terminal non-conserved
sequences of either protein or C-terminal unique sequence
of Ensa. We aimed to develop antibodies that will recognize
both proteins with equal efficiency.

C-terminal domains of mouse Arpp19 (residues 25–112)
and Ensa (residues 30–117) share 89% sequence identity
(Figure S1A). We reasoned that an antisera developed against
Arpp19 C-terminal would recognize Ensa as efficiently. We
expressed and purified a recombinant GST-Arpp19 (25–112)
fusion protein and used it as an antigen for raising antisera in
rabbits, hereafter referred to as ArppEnsa antibody. Arp-
pEnsa antibodies recognized mouse Arpp19 and Ensa with
equal efficiency and sensitivity (Figure S3A–C).

Previous work suggested that Ensa is the major
Mastl substrate in HeLa cells and Arpp19 expression is at
insignificant levels [22]. We wanted to compare Arpp19 and
Ensa protein levels in MEFs. Protein extracts were prepared
from MEFs where Arpp19 or Ensa expression was silenced
by shRNAs (Figure 1C, D). Immunoblotting with ArppEnsa
antibodies revealed that, only Arpp19 knockdown resulted
in loss of the recognized band, corresponding to both
substrates (Figure S3D). Silencing of Ensa did not have a
noticeable effect on ArppEnsa band intensity. Our results
confirm that Arpp19 is the main Mastl substrate in MEFs
and Ensa expression is low.

Silencing of Arpp19 results in reduced
proliferation and motility in MEFs

Roles of Arpp19 and Ensa in mammalian cell cycle and
carcinogenesis have been investigated in several studies,
with differing and sometimes conflicting findings, in
different cell lines and cancers. Ensa but not Arpp19, was
proposed to be the essential Mastl substrate in mitotic cell
cycle in HeLa cells [22]. Increased Ensa expression was
shown to be a poor prognostic marker in triple-negative
breast cancer [23]. On the other hand, in a knockout mouse
study, Arpp19 was found to be the more important Mastl
substrate in embryogenesis and cellular proliferation [19].
Arpp19 was also found to promote proliferation and
metastasis of human gliomas [24]. Therefore, we sought
to answer which of the two substrates is important in cell
division and migration in MEFs.

We designed shRNAs specifically targeting Arpp19 or
Ensa (Figure S1B). We found that these shRNAs effectively
and specifically silence the expression of their intended
targets in MEFs (Figure 1C, D). Silencing of Arpp19, but not
Ensa led to loss of the ArppEnsa antibody recognized band in
immunoblots (Figure S3D). Knockdown of Arpp19 but not
Ensa, decreased the proliferation rate of these MEFs (data
not shown).

Next, we generated clonal cell lines fromArpp19 or Ensa
knockdown MEF pools, using limited dilution method we
described previously [25]. In Ensa shRNA-expressing clones,
the intensity of the ArppEnsa band remained unchanged
(Figure 2A, lower panel) and these clones proliferated well.

gene. Y-axis represents folds change in expression in comparison to mock (transduced with empty vector). Ensa and Arpp19 charts were derived from
samples amplifiedwith gene specific primers. ArppEnsa chart shows the combined expression levels of Arpp19 and Ensa, amplifiedwith primers common
to both genes. (C) WT MEFs (con) were infected with pSUPER.retro.puro vectos with two different shRNAs against each of Arpp19 and Ensa. Cells were
selectedwith puromycin and expression levels cyclophilin A (20 cycles), Ensa, Arpp19 and ArppEnsa (30 cycles) were analyzed by gel electrophoresis. Mock
(empty vector). (D) Expression levels in the cells as in (C) were quantified by real-time qPCR analysis and plotted after normalization as in (B) Y-axis
represents the change in expression level compared to mock.
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However, Arpp19 shRNA expressing clones displayed a
marked decrease in ArppEnsa band intensity and they
proliferated slower (Figure 2A–C).We selected clones 1 and 3
for further characterization as they had undetectable or
significantly reduced levels of Arpp19, respectively. Clone 1
and 3 had a markedly slower proliferation rate according to

AlamarBlue and 3T3 assays. Nevertheless, both clones could
proliferate and they weremaintained in cell culture without
difficulty for more than ten passages. We then asked if
Arpp19 loss affects cell motility and migration. In wound
healing assays, we found that clone 1 and 3 motility was
reduced compared to control cells (Figure 2C). Therefore,
silencing of Arpp19 expression in MEFs results in decreased
motility as previously reported for human glioma cell line
A172 [24].

Overexpression of Arpp19 does not rescue
general proliferation defect of Mastl
deficiency

Phosphorylation of Arpp19 by Mastl kinase during mitosis
potentiates its binding to PP2A-B55δ. Upon phosphorylation,
its affinity to PP2A increases and it acts as a competitive
inhibitor by occupying the binding site and blocking the
access of Cdk1-phosphorylated substrates [13]. Phosphory-
lated Endos, which is the single orthologue of Arpp19 and
Ensa in Drosophila, binds to PP2A and gets steadily
dephosphorylated during mitosis. However, this so called
anti-Endos activity is very slow compared to other phos-
phorylated Cdk substrates, resulting in maintenance of
mitotic phosphorylated state [12]. In the absence of phos-
phorylation by Mastl kinase, Xenopus Ensa can still interact
and partly inhibit PP2A [26], and Drosophila Endos can bind
to it [27, 28]. A phosphomimetic point mutation (S68D) in
Drosophila Endos has been shown to effectively interact
with PP2A and inhibit its phosphatase activity [28]. We
reasoned that, if the stoichiometric ratio of Arpp19 to
PP2A-B55δ is increased, this could result in suppression
of the phosphatase activity during mitosis and rescue the
phenotypes attributed to Mastl loss.

Mastl CKOMEFswere infectedwith lentiviral constructs
for overexpression of HA-tagged WT mouse Arpp19 or its
phosphomimetic (PM) mutant S62D. Lentiviral expression
of the ectopic constructs resulted in a 7–8 fold increase
in Arpp19 mRNA, whereas ArppEnsa common fragment
was increased by 5–6 folds (Figure S4A). Ectopic HA-Arpp19
constructs localized to both cytoplasm and nucleus
(Figure S4B) as reported earlier for Endos [28]. We used
limited dilution method to isolate monoclonal cell lines
that expressed HA-tagged Arpp19 at much higher levels than
endogenous protein (Figure S4C, D). We selected one clonal
cell line stably overexpressing WT (#6) or phosphomimetic
mutant (#5) of Arpp19 for further analysis (Figure 3A).

We used 4′OHT to induce recombinationmediated genetic
loss of Mastl in the CKOMEFs as described in our earlier work
[16]. Mastl knockout blocked cellular proliferation as

Figure 2: Arpp19 knockdown causes inhibition of proliferation and cell
migration. (A) WT MEFs were infected with retroviral shRNA constructs
against Ensa (Ensa-2) and Arpp19 (Arpp-1) and selected with 2.5 µg/mL
puromycin for 14 days. Clonal cell lines were derived from the puromycin
resistant cell pools via limited dilution. Protein extracts from the selected
clones, as well as puromycin resistant pools (pool) and empty vector
infected MEFs (con), were analyzed by immunoblotting using ArppEnsa
antibody. Arpp19 shRNA clones 1 and 3 displayed the highest decrease in
ArppEnsa band intensity. Ensa knockdown did not have an effect on
ArppEnsa band intensity. (B) Proliferation rates of Arpp19 shRNA clones 1
and 3 were analyzed by alamarBlue proliferation assay (left) and 3T3
assay (right). AFU:Arbitrary fluorescence units. (C) Cells were grown to
confluence in u-dish culture inserts (Ibidi) prior to wound healing/
migration assay. Gap closure was monitored at 24 and 48 h after
formation of the physical gaps.
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Figure 3: Overexpression of Arpp19 does not rescure Mastl loss. (A) Mastl CKOMEFs (con) were transduced with lentiviral constructs for overexpression
of HA-tagged Arpp19 WT or phosphomimetic mutant S62D (PM). Seven days after viral transduction (pool), cells were seeded by limited dilution into
96-well plates. Single clonal cell lines were derived. Overexpression of Arpp19 was analyzed by immunoblotting using antibodies against ArppEnsa or
HA-tag. (B) Mastl CKO MEF clonal cell lines overexpressing Arpp19 WT (clone #6) and S62D (clone #5) were treated with 20 ng/mL 4′OHT to induce Cre-
mediated knockout in Mastl gene. Cellular proliferation was monitored by alamarBlue proliferation assay. AFU, Arbitrary fluorescence units. (C) Cells
treated as in (B) were analyzed for proliferation by 3T3 assay for four passages.
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expected. Overexpression of WT or phosphomimetic App19
did not rescue this phenotype (Figure 3B). Therefore,
increased levels of Arpp19 or its phosphomimetic mutant
cannot compensate for Mastl loss in mitotic cell division.

Overexpression of Arpp19 restores the
duration of mitotic arrest in Mastl KO MEFs

MEFs can be synchronized to a quiescent state, also referred
as G0, by serum starvation (culturing in media with 0.2%
serum) and contact inhibition (100% confluent) for three days.
During this stage, expression of most cell cycle regulatory
genes including Mastl kinase is downregulated to undetect-
able levels in immunoblots. After three days, cells can be
made to reenter cell cycle synchronously by plating them at a
lower density in full (10% serum) medium [3].

In our past work, we have developed a protocol that
allows genetic deletion of Mastl during the last 24 h of
serum starvation (see Materials and Methods). Under these
conditions, geneticallyWT andMastl KO cells enter cell cycle
in the absence ofMastl protein. As cells progress through cell
cycle, Mastl kinase can be produced in WT but not in KO
cells, [16]. This method allows us to compare mitotic
progression inWT andMastl deficient cells under otherwise
identical states.

In our previous work, we have shown that all Mastl
deficientMEFs can entermitosis, albeit, at a slower rate than
WT cells. Mitotic index (percentage of cells in mitosis) is
increased inMastl KO cells as duration ofmitosis (time spent
between nuclear envelope breakdown and degradation of
Geminin) is longer. Mastl KO results in reduced phosphor-
ylation of Mps1 and a weakened spindle assembly check-
point (SAC) signal. SAC weakening results in mitotic exit
without correcting chromosome attachment errors. Weak-
ening of the SAC signal can be monitored by arresting the
cells in mitosis using spindle poisons (nocodazole or EG5
kinesin inhibitor). Mastl KO MEFs cannot maintain the
mitotic state as long as the controls [16].

We wanted to test if Arpp19 WT or its phosphomimetic
mutant’s overexpression could rescue any of these pheno-
types associated with Mastl loss. Control and Arpp19
overexpressing clonal cell lines entered cell cycle with the
same efficiency, whether they expressed Mastl or not
(Figure S5A). Analysis of the cells progressing through cell
cycle revealed that, Mastl KO cells had a highermitotic index
at 24 h post cell cycle entry as expected. Arpp19 WT or PM
overexpression reduced the percentage of Mastl KO mitotic
cells to Mastl WT levels (Figure 4A, B). Our results suggest
that, Arpp19 overexpression rescues the long mitosis
phenotype of Mastl deficient cells.

Next, we analyzed the strength of the SAC signaling by
arresting the cells inmitosis for different periods of time and
monitoring the ratio of mitotic cells by FACS analysis, using
antibodies directed against serine10 phosphorylated histone
H3, a mitotic marker. 24 h after cell cycle entry, nocodazole
was added to the culture medium. After fours of further
incubation, cells were fixed and analyzed. This results in
arrest of the cells in metaphase after they enter mitosis. The
percentage of mitotic cells in Mastl KO population is lower
since they cannot maintain the mitotic state as good as
WT cells. This is attributed to the reduced phosphorylation of
Mps1, a kinase crucial for maintenance of spindle assembly
checkpoint [16]. Overexpression of Arpp19 WT or PM resul-
ted in partial rescue of this phenotype (Figure 4C, D). This did
not change if the duration of mitotic arrest was increased to
6 h (Figure S5B). Therefore, Arpp19 overexpression partly
restores the SAC signal strength.

Silencing of B55δ has a similar affect as
Arpp19 overexpression

PP2A is a heterotrimeric protein complexwith three subunits.
These are structural A, catalytic C, and regulatory B subunits.
PP2A with B55δ subunit is responsible for dephosphorylation
of Cdk substrates during mitotic exit [6]. Mastl phosphory-
lated Arpp19 and Ensa can interact with PP2A at the interface
between C and B55 subunits [26]. Presence of a molar excess
of Endos, the Drosophila orthologue of Arpp19, and its phos-
phorylation during mitosis by Mastl ensures efficient inhibi-
tion of protein phosphatase activity [12]. As discussed above,
increasing the WT or phosphomimetic Arpp19 protein levels
in the cells by overexpression restored some of the pheno-
types associated with Mastl loss. In a similar fashion, PP2A
inhibitor okadaic acid extended the time Mastl KO cells can
maintain their mitotic arrested state upon nocodazole arrest
[16]. Therefore, we reasoned that silencing of the B55δ sub-
unit expression may have a similar outcome, by increasing
the Arpp19:PP2A stoichiometric ratio.

We designed shRNAs targeted against mouse B55δ to
knockdown its expression in Mastl CKO MEFs. Retroviral
expression of the shRNA vector resulted in efficient silencing
of the B55δmRNA (Figure 5A, B). Induction of Mastl deletion
by addition of 4′OHT to the culturemedium resulted in a halt
of cellular proliferation in both control and B55δ shRNA
expressing cells (Figure 5C, D). These are similar to what we
found for Arpp19 overexpression in Mastl CKO MEFs.

Next, we tested whether B55δ knockdownwould display
a similar effect as Arpp19 overexpression (WT or PM) in
nocodazole arrested Mastl KO MEFs. Silencing of B55δ
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expression partly restored the percentage of Mastl KO cells
that can stay arrested in mitosis (Figure 6). When we used
antibodies that can detect phosphorylated substrates of
Cdk1, we found that themitotic phosphorylations in absence
of Mastl kinase were partly restored (Figure 6C, D).
Therefore, B55δ knockdown has a similar effect as Arpp19
overexpression in Mastl deficient cells.

Discussion

Studies on the Cdk1-Mastl-Arpp19/ENSA-PP2A-B55δ axis as a
central mitotic regulatory pathway took a start with the

discovery of the greatwall mutation in Drosophila, which
caused chromosome condensation and mitotic exit defects
in mutant cells [7]. Subsequent in vitro work using Xenopus
egg extracts demonstrated the importance ofMastl kinase in
regulation of the PP2A-B55δ phosphatase activity directed
against Cdk1-phosphorylated mitotic substrates [8, 29].
Finally, the discovery of Arpp19 and Ensa as the Mastl’s key
substrates that bind to PP2A and inhibit its activity during
mitosis, completed the missing link in the pathway [10, 11].

Physiological roles of Mastl kinase, Arpp19 and Ensa
have been investigated by conditional knockout mouse
models [16, 19]. A detailed study of the Mastl-Arpp19/Ensa-
PP2A pathway in mammalian cells, by inquisition of the

Figure 4: Overexpression of Arpp19 restores weak SAC in Mastl KO MEFs. (A) Mastl CKO MEF clones overexpressing Arpp19 WT and PM (Figure 3) were
synchronized to enter cell cycle (see materials andmethods). 24 h after release, themitotic index was calculated by FACS analysis of Phospho-Histone H3
(Ser10) antibody labelled cells (H3P). Propidium iodide (PI) was used to measure the DNA content. Percentage of mitotic cells were determined by gating
analysis of the H3P positive populationwith 4NDNA content. FACS data were analyzed by FlowJo 8 software. (B)Mitotic index values in (A) were plotted as
histograms. (C) Cells treated as in (A) were arrested in mitosis for 4 h after 24 h release by adding 500 ng/mL nocodazole in their growth medium. Cells
that remain arrested in mitosis were analyzed by FACS as in (A). (D) Values in (C) were plotted as histograms.
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relationship of the components, has not been done yet.
In this study, we aimed to address this.

We have shown that, Arpp19 is the predominantly
expressed and relevant Mastl kinase substrate in MEFs.
Although, both genes are ubiquitously expressed in a wide
array of tissues we tested, it is not clear whether Ensa
contributes to the suppression of PP2A activity during
mitosis. Our work here and other published studies [19, 20]
demonstrated that these twoproteins have distinct functions
in S-phase and mitosis. However, additional work needs to
be done to confirm this in different cell types.

Silencing of Arpp19 but not Ensa expression results in a
significant reduction in cellular proliferation rate. Similar
results have been obtained using Arpp19 CKO MEFs [19].
Nevertheless, unlike Mastl deletion which results in a
complete block of cellular proliferation [16], Arpp19
knockout or knockdown MEFs could still proliferate at a
slower pace. This could be due to compensation by Ensa.
However, we did not test whether Ensa overexpression can
rescue the Arpp19 loss, orwhether simultaneous knockdown
of Ensa and Arpp19 would lead to a more pronounced, Mastl
loss-like phenotype.

In an attempt to rescue Mastl loss phenotypes in MEFs,
we tried suppressing PP2A phosphatase activity in two
alternate ways: (i) by overexpressing Arpp19 (WT or PM
mutant), (ii) or by silencing the expression of B55δ subunit.
In both cases we had the same outcome: weakening of the
SAC signal was restored (percentage of mitotically arrested
MEFs is increased) but cells could not divide (lack of prolif-
eration). Since PP2A phosphatase activity can be suppressed
in Mastl deficient MEFs, it is worth investigating why the
cells cannot proliferate. This could be due to the disturbance
of timing of PP2A suppression, as overexpression of Arpp19
or reduction of B55δ levels are continuous throughout the
cell cycle. An alternative explanation would be, Mastl has
other, yet to be discovered, mitotic substrates independent
of the Arpp19/Ensa-PP2A pathway, and Mastl-dependent
phosphorylation of these proteins is essential for mitosis.

Although, the phosphomimetic mutant of Arpp19
was shown to inhibit PP2A-B55δ phosphatase activity more
efficient than WT [28], we did not observe a difference
between the two variants in our assays. This could be due to

Figure 5: Knockdown of PP2A B55δ subunit does not rescure Mastl loss.
(A) Mastl CKO MEFs were infected with empty (con) or B55δ shRNA
expressing retroviral vectors (Figure 2). After selection with puromycin
(2.5 µg/mL), RNA extracts were prepared and B55δ expression was
analyzed by agarose gel electrophoresis of the RT-PCR products.

(B) Real-time qPCR analysis of the samples in (A) were performed as
described in Figure 1D. (C) AlamarBlue proliferation assay was performed
in Mastl CKO MEFs selected with puromycin after transduced with empty
(shCon) or B55δ shRNA (shB55 δ) expressing retroviral constructs
(pSUPER.retro.puro). Cells were untreated (black, FLOX) or induced to
undergo Mastl gene deletion (red, NULL). AFU, Arbitrary fluorescence
units. (D) Cells treated as in (C) were analyzed for proliferation by 3T3
assay for three passages.
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Figure 6: Knockdown of PP2A B55δ subunit restores phosphorylation of Cdk substrates in mitosis. (A) Control or B55δ knockdown Mastl CKO MEFs
(Figure 5) were synchronized to enter cell cycle (seematerials andmethods). 24 h after release, cells were treated with 500 ng/mL nocodazole for another
4 h to arrest them in mitosis. Percentage of cells that remained arrested in mitosis was calculated by FACS analysis of Phospho-Histone H3 (Ser10)
antibody labelled cells (H3P). Propidium iodide (PI) was used tomeasure the DNA content. Percentage ofmitotic cells were determined by gating analysis
of the H3P positive population with 4 N DNA content. (B) Values in (A) were plotted as histograms. (C) Cells in (A) were immunostained using antibodies
that recognize phosphorylated substrates of Cdk1 (CDKPS). (D) Values in (C) were plotted as histograms.
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high overexpression of WT Arpp19 being sufficient to block
PP2A activity effectively.
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