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Abstract

Insulin receptor substrate (IRS) proteins play important roles by acting as a platform in
transducing signals from transmembrane receptors upon growth factor stimulation. Although
tyrosine phosphorylation on IRS proteins plays critical roles in signal transduction,
phosphorylation of IRS proteins on serine/threonine residues are believed to play various
regulatory roles on IRS protein function. However, studies on serine/threonine phosphorylation of
IRS proteins are very limited, especially for insulin receptor substrate 2 (IRS2), one member of the
IRS protein family. In this study, we identify Polo-like kinase 1 (PIk1) as the responsible kinase
for phosphorylation of IRS2 on two serine residues, Ser 556 and Ser 1098. Phosphorylation of
IRS2 on these two serine residues by Plk1 prevents the activation of the PI3K pathway upon
growth factor stimulation by inhibiting the binding between IRS2 and the PI3K pathway
components and increasing IRS2 protein degradation. Of significance, we show that IRS2
phosphorylation is cell cycle regulated and that PIk1 phosphorylation of IRS2 prevents premature
mitotic exit via AKT inactivation.
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INTRODUCTION

Growth factors like insulin and insulin-like growth factor (IGF)-1 mediate cellular
metabolism and mitogenesis through activation of the PI3K and Ras/MAPK pathways -4,
Upon stimulation, insulin/IGF-1 receptors are auto-phosphorylated on tyrosine residues,
leading to recruitment of IRS proteins to the cell membrane, where activated insulin/IGF-1
receptors further phosphorylate IRS proteins on tyrosine residues. In turn, tyrosine
phosphorylated IRS proteins act as docking molecules for downstream signaling molecules,
such as PI3-kinase and Ras. Once being recruited to the cell membrane, PI3 kinase
phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-
bisphosphate (PIP3), which recruits both AKT and phosphoinositide-dependent protein
kinase 1 (PDK1) to the cell membrane, where PDK1 phosphorylates AKT on threonine 308
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(T308), leading to further AKT activation via phosphorylation on serine 473 (S473) 2.
Although tyrosine phosphorylation plays a major role in mediating the growth factor-
stimulated activation of downstream signaling, phosphorylation on serine/threonine residues
seems to play regulatory roles on tyrosine phosphorylation thus mediating the activity of
IRS proteins &. Many serine/threonine residues exist at the tail region of IRS proteins to
mediate the growth factor sensitivity 7. IRS1 and IRS2 belong to the IRS family with similar
and non-redundant roles upon growth factor stimulation. Of note, phosphorylation of IRS1
on S/T residues have been shown to have both positive and negative effects on insulin
sensitivity 720 However, much less is known about kinases responsible for the S/T
phosphorylation of IRS2 proteins and their roles in the regulation of IRS2 function.

Polo-like kinase 1 (PIk1), a master regulator of cell cycle, plays multiple roles in different
aspects of mitosis, including mitotic entry, kinetochore-microtubule attachment and
cytokinesis £ Z2, PIk1 is overexpressed in various cancers, such as pancreatic cancer,
prostate cancer etc, implicating its potential role in cancer progression. PIk1 as a potential
target for cancer treatment has been proposed and small molecules inhibiting the functions
of PIk1 are under various clinical trials 2526, In addition to its well-studied roles in cell
cycle, PIKk1 is involved in regulation of other signaling pathways, such as DNA damage
response and the PI3K pathway, which plays pivotal roles in regulating cell growth and
survival £ 28 Dysregulation of the PI3K pathway is often associated with different kinds of
diseases, such as cancer Z8 29, Thus, identification of novel factors involved in regulation of
the PI3K pathway would have a great impact in understanding diseases associated with its
dysregulation. Crosstalk between Plk1 and the PI3K pathway has been reported

recently2% 21, However, detailed mechanism of how PIK1 is involved in the regulation of the
PI3K pathway still remains largely unknown. In this study, we identify PIk1 as the kinase
responsible for phosphorylation of IRS2 on two serine residues. Phosphorylation of IRS2 by
PIk1 prevents the binding between IRS2 and the PI3K pathway components and increases its
protein degradation, thus inhibiting the activation of the PI3K pathway upon growth factor
stimulation. Of significance, we also show that the phosphorylation of IRS2 by Plk1
prevents premature mitotic exit via AKT inactivation.

EXPERIMENTAL PROCEDURES

Cell culture, RNA interference (RNAI), constructs, and transfection

HEK 293T cells and HeLa cells were cultured in Dulbecco modified Eagle medium
(DMEM) (Sigma), supplemented with 10% fetal bovine serum (Atlanta), L-glutamine
(Sigma) and 100 units/ml penicillin, 100 units/ml streptomycin at 37 in 5% CO2. To
specifically deplete endogenous IRS2, shRNA was constructed targeting IRS2 sequence
CCGGCTTCCAGAATGGTCTCAACTA. PIk1 shRNA was designed as described targeting
AAGGGCGGCTTTGCCAAGTGCTT 4?and cloned into pLKO vector. For RNAI, cells
were transfected with indicated shRNA constructs using Lipo2000 (Life Technologies). Two
days after transfection, cells were treated with puromycin to select transfection-positive
cells. Plasmid DNA was transfected with Lipo2000 (Life Technologies). IRS2-Myc was
constructed by cloning IRS2-Myc from pBABE-puro-IRS2-myc into pQCXIP vector.
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pBABE-puro-1RS2-myc, GFP-AKT-K179M and Myr-AKT-delta 4-129 were purchased
from Addgene.

Protein Purification and in vitro kinase assay

After various domains of murine IRS2 were PCR amplified and subcloned into pGEX-KG,
glutathione-S-transferasae (GST)-tagged IRS2 were expressed in Escherichia coli and
purified using GST agarose beads. Point mutations were made by using the QuickChange
Site-Directed Mutagenesis Kit (Agilent Technologies). Purified recombinant IRS2 was
incubated with purified PIk1 in the presence of [y-32P] ATP at 30°C for 30 min. The reaction
mixtures were resolved by SDS-PAGE, stained with Coomassie brilliant blue, dried and
subjected to autoradiography.

Antibodies

Two phospho-specific antibodies against IRS2-S556 and S1098 were generated by
Proteintech (Chicago, IL). After two peptides containing phospho-Ser556 and phospho-
Ser1098 were synthesized and immunized into rabbits, polyclonal antibodies were affinity
purified followed by control experiments to confirm the specificity of the antibodies. We
also purchased antibodies against Plk1 (sc-17783) from Santa Cruz Biotech., B-actin
(A-5441) from Sigma), and other antibodies from Cell Signaling.

Western blot and Immunoprecipitation (IP)

Cells were collected from culture plates and harvested by centrifugation at 2000rpm for 2
min. After wash with PBS, cells were re-suspended in TBSN buffer with protease inhibitors,
followed by sonication and centrifugation at 14,000rpm for 15 min. Cell lysates were
incubated with indicated antibodies overnight at 4°C, followed by 1h of incubation with
protein A/G plus-Agarose beads. After supernatants are removed, immunocomplexes were
loaded onto SDS-PAGE, and the proteins of interest were detected using indicated
antibodies.

Immunofluorescence

Cells were grown on coverslips under normal culture conditions, fixed with 4%
formaldehyde, and blocked with 5% bovine serum albumin (BSA) for 1 h. Primary and
secondary antibodies were dissolved in 5% BSA and incubated on coverslips for 2 h.and 1 h,
respectively.

RESULTS

IRS2 interacts with Plk1 in cells and phosphorylates IRS2 at Ser 556 and Ser 1098

Mass spectrometry has identified IRS2 as a potential PIk1 substrate <3, To test whether IRS2
interacts with Plk1, we overexpressed Flag-tagged PIk1 along with green fluorescent protein
tagged mouse IRS2 (GFP-IRS2) to detect binding between ectopically expressed IRS2 and
PIk1. As indicated, overexpressed IRS2 was able to co-immunoprecipitate with
overexpressed PIk1 (Fig 1A). To test the interaction of endogenous proteins, exponentially
growing or mitosis-enriched cells were collected for anti-IRS2/PIk1 IP, and endogenous
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PIk1/IRS2 was detected in the IP pellets (Fig 1B). To test whether the PIk1/IRS2 interaction
depends on growth factor, we treated exponentially growing cells with IGF-1 for 5 min,
followed by anti-IRS2 IP/Western blot. Our data showed that IGF-1 treatment enhanced the
interaction between Plk1 and IRS2 (Fig 1C). Next, we asked whether IRS2 is a PIk1
substrate. Accordingly, different regions of murine IRS2 were subcloned into a GST vector,
expressed in bacteria and purified with GST tag. /n vitro kinase assay showed that two
regions of IRS2, amino acids (aa) 301-600 and aa 901-1200, were phosphorylated by PIk1
(Fig 1D, the left panel). Similar experiments were performed to further narrow down the
PIk1 phosphorylation sites within aa 454-600 and aa 1098-1200 (data not shown). Then,
virtually every single serine and threonine residues of aa 454-600 and aa 1098-1200 was
mutated into alanine to identify Ser556 and Ser1098 as two Plk1 phosphorylation sites (Fig
1D, right two panels). To further characterize the two sites we mapped, two polyclonal
antibodies specifically targeting phospho-Ser 556 and phospho-Ser 1098 were generated.
Only WT IRS2 but neither IRS2-S556A nor IRS2-S1098A mutant was recognized by
respective phospho-specific antibodies upon incubation with Plk1, confirming that 1) both
Ser556 and Ser1098 were directly phosphorylated by PIk1 /n vitro and 2) the two antibodies
we generated specifically recognized the phosphorylated IRS2 in vitro (Fig 1E, 1F). /n vivo,
GFP-IRS2 (WT, S556A or S1098A) were expressed in 293T cells. As indicated in Fig 1G,
both pS556 and pS1098 were detected in cells expressing GFP-IRS2-WT, but not in cells
expressing IRS2-S556A or -S1098A, respectively, indicating that these two phosphorylation
events do occur in cells and the two phospho-specific antibodies generated can specifically
detect phosphorylation events on the targeted sites in cells (Fig 1G). Most importantly,
pS556 and pS1098 antibodies were able to detect phosphorylation signals on human IRS2
from nocodazole-treated HeL a cells but not from cells depleted of PIk1 using RNAI,
suggesting that phosphorylation of endogenous human IRS2 at serine 556 and serine 1098 in
cells is Plk1 dependent (Fig 1H). Since both serines are highly conserved between mouse
and human (Fig 11), we used murine IRS2 to generate different constructs for further
experiments.

Phosphorylation of IRS2 by PIk1 inhibits activation of PI3K pathway upon growth factor

stimulation

IRS2 is well known for its role as an adaptor protein in recruiting different signaling
molecules to the cell membrane, including the P13 kinase, upon growth factor

stimulation 7 24, Further, serine and threonine phosphorylation has been shown to regulate
the function of IRS proteins ¥ 22, Towards the end to understand the importance of Plk1-
dependent phosphorylation of IRS2 on the potential regulation of the PI3K pathway, we
transfected different IRS2 constructs into the cells, either the unphosphorylatable IRS2
alanine (A) mutant or the phosphorylation-mimicking aspartate (D) mutant, for either single
sites or double sites. Cells transfected with IRS2-A mutants showed higher phosphorylation
levels of AKT on threonine 308 (T308), compared with cells expressing IRS2-D mutants
under IGF-1 stimulation. However, phosphorylation of other AKT sites did not show
significant difference between cells expressing IRS2-A and -D mutants (Fig 2A). Since
serine phosphorylation of IRS proteins is believed to regulate the phosphorylation of
tyrosine residues on IRS2 7 & we also tested the total tyrosine phosphorylation on IRS2.
Unfortunately, we did not find any significant difference among cells expressing different
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IRS2 constructs (Fig 2B). We might point out that it is possible that serine phosphorylation
by PIk1 might not have a strong effect on the total tyrosine phosphorylation of IRS2, but
rather affects the phosphorylation of tyrosine residues next to the two phospho-serine
residues.

To further understand the mechanism underlying the regulation of the PI3K pathway by
Plk1-dependent phosphorylation of IRS2, we then asked whether phosphorylation of IRS2
by PIk1 affects the affinity of IRS2 binding to cell membrane receptors and PI13K subunits.
Accordingly, cells expressing different IRS2 constructs were subjected to IP against either
cell membrane receptors or P13 kinase regulatory subunits p85, which interacts with

IRS2 2%, Consistence with the observed decreased phosphorylation of AKT-T308, we found
that three IRS2-D mutants (S556D, S1098D, S556D/S1098D) show significantly less
affinity with both upstream insulin/IGF-1 receptors and PI3K subunit p85, compared with
the three respective IRS2-A mutants (S556A, S1098A, S556A/S1098A) (Fig 2C). Serine
phosphorylation has also been shown to affect the stability of IRS2 protein level through a
protease dependent pathway 6. In order to test whether Plk1-dependent phosphorylation of
IRS2 affects its stability, we treated cells expressing different IRS2 constructs with
cycloheximide to inhibit protein synthesis and analyzed the degradation rate of different
IRS2 mutants. Phosphorylation of IRS2 on these two serine residues leads to faster
degradation of IRS2 as indicated by the faster degradation of the D mutants (Fig 2D), thus
likely contributing to the decreased phosphorylation levels of AKT-T308 as well. We also
treated cells transfected with two IRS2 D mutants with proteasome inhibitor MG132 for 1 h
after stopping protein translation using cycloheximide for 12 h and observed stabilization of
both IRS2 D mutants, suggesting that PIk1 phosphorylation-associated IRS2 degradation is
proteasome dependent (Fig 2E).

IRS2 protein level and phosphorylation are cell cycle regulated

As Plk1 level peaks at mitosis, it is expected that PIk1-dependent phosphorylation of IRS2
also peaks at mitosis. Accordingly, we treated HeLa cells with nocodazole to arrest cells at
mitosis (Fig 3A). Compared with randomly growing cells, phosphorylation of both Plk1
sites were higher when cells were arrested at mitosis. Unexpectedly, we found that IRS2
protein level was also elevated in nocodazole-treated cells (Fig 3A), raising the possibility
that IRS2 protein level is also cell cycle regulated. To carefully examine this possibility,
HeL a cells were synchronized at the G1/S boundary with the DTB protocol and released for
different time to monitor the protein and serine phosphorylation levels of IRS2. As indicated
in Fig 3B, both IRS2 protein level and its phosphorylation at S556/S1098 start to elevate at
G2 phase and peak at mitosis, matching the expression profile of Plk1. To further examine
the protein and phosphorylation levels of IRS2 during mitosis, HeLa cells were subjected to
the mitotic shake off protocol and released into fresh medium for indicated time. Both IRS2
protein and its phosphorylation at S556/S1098 were detected at mitosis and decreased as the
cells exit mitosis (Fig 3C). Therefore, we conclude that both IRS2 protein level and its
phosphorylation at S556/S1098 are increased as cells enter mitosis and decreased as cells
exit mitosis. We next determined the subcellular localization of both total IRS2 and
phospho-IRS2 during mitosis. Although PIk1 shows clear distribution at various mitotic
structures, we did not observe a clear localization of IRS2 at typical mitotic structures (Fig
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3D). In contrast, the pS1098-1RS2 epitope was detected at spindle poles in metaphase,
midzones in anaphase, and midbodies in telophase/cytokinesis, colocalizing with PIk1 (Fig
3E, 3F).

Phosphorylation of IRS2 by Plk1 prevents premature mitotic exit

Since both the IRS2 protein and its serine phosphorylation are cell cycle regulated, we next
asked whether IRS2 and its PIk1-dependent phosphorylation affect cell cycle progression.
Accordingly, cells with different IRS2 status were arrested at mitosis using nocadazole, then
released for different time to follow mitotic exit. Surprisingly, we did not observe significant
differences in the rate of mitotic exit for cells either overexpressing WT IRS2 (Fig 3G) or
depleting of IRS2 with RNAI (Fig 3H). Next, we compared mitotic exit of cells expressing
different forms of IRS2 at PIk1 phosphorylation sites. In comparison to cells expressing
IRS2-S556A, expression of IRS2-S556D apparently delayed mitotic exit (Fig 4A). However,
expression of IRS2-S1098D only slightly delayed mitotic exit compared to cells expressing
IRS2-S1098A (Fig 4B, 4F bottom). Considering that AKT is involved in cell cycle
progression, especially mitotic exit 27, we asked whether the hindered mitotic exit of cells
expressing IRS2-S556D is due to inhibited AKT activity. For that purpose, we transfected
cells with IRS2-S556A along with dominant negative AKT (GFP-AKT-K179M). As
indicated in Fig 4C, 4F, expression of the inactivated AKT indeed slowed down the mitotic
exit of cells expressing IRS2-S556A. Furthermore, we also co-transfected cells with IRS2-
S556D and myr-AKT-delta4-129, a constitutively active form of AKT due to lack of the PH
domain. As expected, co-expression of the active AKT accelerated the mitotic exit of cells
expressing IRS2-S556D (Fig 4D, 4F top), suggesting that inhibition of AKT activity is
responsible for the hindered mitotic exit of cells expressing IRS2-S556D. Furthermore, we
treated cells expressing IRS2-S556A with AKT inhibitor LY 294002 during mitotic exit.
Similar to cells expressing dominant negative AKT, cells treated with AKT inhibitor showed
inhibited mitosis exit (Fig 4E, 4F top). Finally, cells expressing IRS2-S556D and -S1098D
were apparently much more sensitive to nocodazole-induced mitotic arrest than cells
expressing the corresponding alanine mutants (Fig 4G).

DISCUSSION

IRS2 acts as an important adaptor to active the PI3K pathway in response to growth factor
stimulation £ 2 2%, Although tyrosine phosphorylation of IRS2 and its function have been
studied, very few studies on serine/threonine phosphorylation have been reported. Serine/
threonine phosphorylation sites on IRS2 and their responsible kinases are mostly unknown,
leaving the function of serine/threonine phosphorylation of IRS2 and regulatory mechanisms
on IRS2 function largely undiscovered. In this study we show that 1) IRS2 is a novel
substrate of serine/threonine kinase PIk1 both /n vitro and in cells and further mapped the
phosphorylation sites to be serine 556 and serine 1098; 2) PIk1 phosphorylation of IRS2
abolishes its interaction with several members of the PI3K pathway; and 3) PIk1
phosphorylation of IRS2-S556 prevents premature mitotic exit via AKT inactivation. Serine/
threonine phosphorylation on IRS proteins has both positive and negative effects on the
PI3K pathway activation, depending on phosphorylation sites and responsible kinases % 9 10,
Considering that we recently showed that PIk1 phosphorylation of PTEN leads to activation
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of the PI3K pathway<?, it is somewhat surprising that Plk1 phosphorylation of IRS2 results
in partial inhibition of AKT phosphorylation at T308, but not on other sites, such as serine
473 and serine 450, which are phosphorylated after T308 phosphorylation. It has been
accepted that regulation of the PI3K pathway is exceedingly complex, supported by
existence of many positive and negative feedback mechanisms 24 . It is possible that
phosphorylation of IRS2 by Plk1 on serine residues is only involved in the regulation of the
very first step of the activation of the PI3K pathway, thus only affecting AKT-T308
phosphorylation without affecting other AKT sites. Further mechanistic studies indicated
that phosphorylation of IRS2 by Plk1 disrupts the binding between IRS2 and other members
of the PI3K pathway, including both upstream growth factor receptors and downstream P13
kinase subunits (Fig 2C). We noticed that transfection of various PIk1 unphosphorylatable
IRS2 mutants leads to higher binding between IRS2 and IGF-1R, IR or p85, which is
probably due to constitutive phosphorylation of the endogenous IRS2 by PIk1. PIk1
dependent phosphorylation also affects the stability of IRS2, leading to a higher degradation
rate (Fig 2D). However, serine phosphorylation of IRS2 by Plk1 does not seem to have an
significant impact on total tyrosine phosphorylation of IRS2, which may explain why we did
not see very significant difference in the AKT phosphorylation levels between various A and
D mutants upon growth factor stimulation. PIk1-dependent phosphorylation of IRS2 seems
to be involved in a negative regulation that disrupts the further activation of the PI3K
pathway upon growth factor stimulation, but might not have a significant effect on already
active PI3K and AKT, as we observed abolished binding between IRS2 and p85 but only
observed a 50% decrease in AKT activation status. We acknowledge that whether Plk1-
dependent phosphorylation of IRS2 affects phosphorylation of specific tyrosine residues
close to S556/51098 needs further experimentation.

PIk1 plays important roles in different steps of cell cycle through its kinase activity towards
various substrates 2 29, PIk1 promotes proper mitotic progression by interacting with and
phosphorylating distinct substrates during different stages of cell cycle. PIk1 protein level is
strictly cell cycle regulated, rising from S phase and peaking in mitosis Z2 37, Interestingly,
we found that both IRS2 protein level and its phosphorylation at S556/S1098 are cell cycle
regulated, peaking at mitosis and decreasing as cells exit mitosis. AKT activity has been
shown to regulate mitosis exit €% 32 While activation of AKT promotes mitotic exit, AKT
inhibition leads to hindered mitotic exit. We show in the study that PIk1-dependent
phosphorylation of IRS2-S556 inhibits mitotic exit, partially through reduced AKT activity.
Strikingly, transfection of phospho-mimic IRS2 mutant (S556D) delays mitotic exit
compared with the unphosphorylatable IRS2 mutant (S556A), and this phenotype can be
reversed by co-expression of a constitutively active form of AKT. Our data provide
additional evidence to support that the PI3K pathway is involved in mitosis and that Plk1-
associated phosphorylation of IRS2 is one mechanism to regulate this function of the PI3K
pathway. A more detailed mechanism of how expression of IRS2-S556D inhibits mitotic exit
needs further experimentation.
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ABBREVIATIONS
PIk1 polo-like kinase 1
IRS2 Insulin receptor substrate 2
GIF-1 Insulin-like Growth Factor-1
IGF-1R Insulin-like growth factor-1 receptor
IR Insulin receptor
PIP2 phosphatidylinositol-4,5-bisphosphate
PIP3 phosphatidylinositol-3,4,5-bisphosphate
RNAI RNA interference
GST glutathione S-transferase
GFP green fluorescence protein
WT wild type
DAPI 4’ 6-diamidino-2-phenylindole
aa amino acids
IP immunoprecipitation
IF immunofluorescence
1B immunoblotting
DTB double thymidine block
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Figure 1.
PIk1 interacts with IRS2 and phosphorylates IRS2 at Ser 556 and Ser 1098. A, Binding

between overexpressed IRS2 and PIk1. HEK293T cells were transfected with Flag-Plk1
(T210D, constitutively active or K82M, kinase dead), along with GFP-IRS2 wild type (WT),
harvested for Plk1 immunoprecipitation (IP), followed by immunoblotting (IB) analysis. B,
Binding between endogenous PIk1 and IRS2. HeLa cells were treated with nocodazole for
12 h and harvested for PIk1 and IRS2 IP, followed by IB. C, Growth factor treatment
enhanced interaction between PIk1 and IRS2. HeLa cells were treated with IGF-1 for 5 min
and harvested for IRS2 IP, followed by IB. D, Plk1 phosphorylates IRS2 /n vitro.
Recombinant PIk1 (WT or KM, kinase dead mutant) was incubated with various purified
GST-IRS2 fragments (WT or mutants) in the presence of [y-32P]ATP. In the left and the right
panels, only WT Plk1 was used. E and F, Generation of two phospho-specific antibodies.
Plk1 was incubated with indicated forms of GST-IRS2 fragments, followed by IB against
pS556-1RS2 (where the upper band is pS556 signal and the lower band with * is unspecific
signal) (E) or pS1098-1RS2 (F). G, S556 and S1098 of IRS2 are phosphorylated /in vivo.
293T cells were transfected with GFP-IRS2 constructs and GFP-Plk1 WT, and subjected to
IB with phospho-specific antibodies. H, PIk1 is responsible for phosphorylation of IRS2 at
S556 and S1098 /n vivo. Hela cells were transfected with either control or PIk1 ShRNA,
treated with nocodazole and subjected to IB. I, Alignment of IRS2 protein sequences in
homo sapiens, mus musculus and Rattus norvegicus containing the equivalents of S556 and
$1098.
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Figure 2.

Plk1-dependent phosphorylation of IRS2 antagonizes PI13K pathway activation upon growth
factor stimulation. A, Cells expressing S556D, S1098D or S556D/S1098D mutants were less
responsive to IGF-1 treatment than cells expressing the corresponding A mutants. HeLa cells
were transfected with different IRS2 constructs, treated with IGF-1 for 5 min and subjected
to IB. The relative intensities of pAKT-T308 were quantified by ImageJ with normalized
signal intensities of paired control or IRS2 A mutants to be set as 1. B, Plk1 phosphorylation
of IRS2 does not affect its IGF-1-induced tyrosine phosphorylation. 293T cells were
transfected with different IRS2 constructs and harvested for anti-Myc IP, followed by anti-p-
tyrosine IB. C, IRS2 phosphorylation at S556/S1098 inhibits its binding to other members of
the PI3K pathway. 293T cells were transfected with different IRS2 constructs and harvested
for IP using indicated antibodies, followed by IB. Relative intensities of co-1Ped IRS2-Myc
were quantified by using of ImageJ with normalized signal intensities of paired control or
IRS2 A mutants to be set as 1. D, PIk1 phosphorylation of IRS2 promotes its degradation.
293T cells were transfected with different IRS2 constructs, treated with CHX
(cycloheximide) for indicated times and harvested for IB. E, Degradation of IRS2 is
proteasome dependent. 293T cells were transfected with IRS2-556D or -1098D mutants,
treated with CHX for 6 h, incubated with or without proteasome inhibitor MG132 for an
additional 1 h and harvested for IB.
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Figure 3.
IRS2 protein level and PIk1-dependent phosphorylation are cell cycle regulated. A, Mitotic

specific phosphorylation of IRS2 at S556 and S1098. Exponentially growing or mitosis
enriched (via nocodazole treatment) - HelL a cells were harvested for 1B against two
phospho-specific antibodies and IRS2. B, HeLa cells were arrested at the G1/S boundary
using a double thymidine block (DTB) protocol, released for different times and harvested
for IB. C, Dephosphorylation of S556 and S1098 of IRS2 during mitotic exit. HeLa cells
were arrested at mitosis with nocodazole, released for different times and harvested. D-E,
Co-localization of PIk1 with phospho-S1098-IRS2 at mitotic structures. HeLa cells were
cultured on coverslips and subjected to immunofluorescence (IF) staining with antibodies
against Plk1 and IRS2 (D) or pS1098-1RS2 (E). DNA was stained with DAPI. Arrows
showing the co-localization of Plk1 and pS1098-IRS2 are indicated in each panel. F, Co-
localization of PIk1 with phospho-S1098-1RS2 at spindle polea. Cells were pre-treated with
0.25% TritonX100 for 2 min, followed by IF as in E. G, Overexpression of IRS2-WT does
not affect mitotic exit. HeLa cells were transfected with IRS2-myc, treated with nocodazole
and released for different times for 1B. H, Depletion of IRS2 does not slow down mitotic
exit. HeLa cells were transfected with IRS2 shRNA and processed as in G.
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Figure 4.
Plk1-dependent phosphorylation of IRS2 prevents premature mitotic exit. A, IRS2-S556D

expression slows down mitotic exit. HeLa cells were transfected with IRS2-Myc (S556A or
S556D) constructs, treated with nocodazole and released for indicated times for I1B. B,
Phosphorylation of IRS2-S1098 does not affect mitotic exit. HeLa cells were transfected
with IRS2-Myc (S1098A or S1098D) and processed as in A. C-D, Coexpression of inactive
AKT delays mitotic exit in IRS2-S556 A-expressing cells, whereas coexpression of
constitutively active AKT accelerates mitotic exit in IRS2-S556D-expressing cells. HelLa
cells were transfected with IRS2-Myc-S556A and GFP-AKT-K179M (C) or IRS2-Myc-
S556D and Myr-AKT-delta 4-129 (D), and processed as in A. E, HeL a cells expressing
IRS2-S556A were treated with AKT inhibitor LY294002 and processed as in A. F,
Quantification of Cyclin B levels of A-E using ImageJ software. G, Cells expressing S556D
or S1098D are more sensitive to nocodazole-induced mitotic arrest than the corresponding
alanine mutants. HeLa cells were transfected with different IRS2-Myc constructs, treated
with nocodazole, and subjected for anti-pH3 IF staining.
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