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Abstract
The Akt pathway is very important in both development and cancer. Here we show that expression
of Casein kinase I epsilon (CKIε) causes up-regulation of the Akt pathway despite normal protein
expression of the pathway inhibitor Phosphata and tensin homologue deleted on chromosome ten
(PTEN). Conversly we show that a CKIε/δ-specific inhibitor can inhibit Akt phosphorylation at both
Thr308 and Ser473 and drastically reduce phosphorylation of the Akt target Glycogen Synthase
Kinase 3β (GSK3β). These conclusions were confirmed between MCF7 cells transiently transfected
with CKIε and Hs578T cells which already express endogenous CKIε. The results suggest that
CKIε is a new positive regulator of the Akt pathway. Here we propose that, rather than inhibiting
PTEN function, CKIε positively regulates Akt possibly by inhibiting Protein Phosphatase 2A
(PP2A).
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Introduction
The Protein Kinase B/Akt pathway is critical for several developmental processes including
cell metabolism, protein synthesis, cell cycle control, and cell survival [1]. This pathway has
been studied extensively because its over-expression is associated not only with malignant
transformation of various tissues [1-2] but also with resistance to chemotherapy [2-3]. Akt can
be activated by a variety of stimuli including growth factors, phosphatase inhibitors and cellular
stress [2]. The priming phosphorylation at Thr 308, which is performed by phosphoinositide-
dependent kinase 1 (PDK1), is necessary for initial activation, but phosphorylation of Akt on
Ser 473 is considered critical for full activation [4]. Over the years, several kinases, including
Akt itself, have been proposed as candidates for Ser 473 phosphorylation [5]. Recently,
Sarbassov and co-workers have provided strong evidence that the rapamycin-insensitive
mammalian Target of Rapamycin is the elusive kinase that phosphorylates Akt at Ser 473
[6].

While phosphorylation is critical for activation of the pathway, dephosphorylation is the major
mechanism of Akt pathway inhibition. This can be achieved by one of two phosphatases: PTEN
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or PP2A. PTEN, which dephosphorylates phosphatidylinositol 3-kinase (PI3K) upstream of
Akt, is the best known Akt pathway inhibitor and its loss or inhibition has been documented
in 50% of sporadic breast cancers [1]. In addition, even though not as well studied, PP2A has
also been shown to also inhibit the Akt pathway by inactivating Akt itself through
dephosphorylation of both its activation sites [7].

CKIε, but not its closely related isoform delta, was recently suggested to positively regulate
PTEN following genotoxic stress in hematopoietic cells, providing a protective advantage
against leukemia [8]. This possibility is potentially relevant to disease mechanisms since non-
synonymous point mutations in CKIε were identified in more than 10% of breast cancer patients
[9].

Since loss of PTEN function has been associated with both leukemia and mammary
tumorigenesis, we investigated whether wild-type (WT) CKIε played a role in breast cancer
through a mechanism similar to that proposed by Okamura and co-workers for leukemia. This
led to our discovery of a different mode of regulation of the Akt pathway by CKIε in mammary
tissue, which may help to further elucidate the complex regulation of the Akt pathway in
development and cancer.

Materials and Methods
CKIε construct

The full-length cDNA encoding CKIε was obtained in the pRSET vector from Dr David
Virshup and cloned into the mammalian expression vector pCDNA-3.1 using the TOPO
cloning reaction as outlined in the TOPO cloning kit (Invitrogen), followed by chemical
transformation using DH5a-T1 One Shot chemically competent E. coli cells. In this vector the
expression of CKIε is under the control of the immediate-early Cytomegalovirus (CMV)
promoter. The following primers were used to generate the polymerase chain reaction (PCR)
product to be used in the TOPO cloning reaction: 5-CACCATGGAGCTACGTGTGGGG-3;
5-TCACTTCCCGAGATGGTCA-3. The above primers include a stop codon at the end of the
message so that the final product is not tagged.

Cell Culture
All cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) with 10 % Fetal
Bovine Serum (FBS). Prior to transfection, MCF-7 cells were plated in FBS media without
antibiotics. 500 ng DNA were transiently transfected using ExpressFect (Denville Scientific,
Inc, Metuchen, MJ) according to manufacturer's instructions, and non-transfected MCF-7 cells
were used as a negative control. All cells were plated into 6-well plates and after they reached
80 % confluence they were serum-starved overnight. The following day the Akt pathway was
stimulated by addition of 10 μg/ml insulin-containing media, or 10 ng/ml Epidermal Growth
Factor (EGF) -containing media for Hs578T, for 20-60 minutes prior to lysing. Cells were
harvested in 100 μl lysis buffer. Where indicated, 20-40 μM IC261 (Calbiochem) was added
2 hours prior to harvest. DMSO was added to CKIε-transfected cells as negative drug control.
To increase drug solubility, IC261 was first incubated in FuGENE 6 (Roche) at 1 μl/200 μl
media according to manufacturer protocol and added drop wise to the cells.

Antibodies and other reagents
Antibodies against the following proteins were used for either Western Blot (WB) or
immunoprecipitation (IP) as described below: anti-CKIε (C-20; Santa Cruz Biotechnology,
Santa Cruz, CA), anti-PTEN, anti-phospho PTEN S380/T382/383, anti-phospho PTEN Ser
370, anti-phospho Akt Ser 473, anti-phospho Akt Thr 308, anti-Akt, anti-phospho GSK3 α/β
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S21/9, anti-GSK3β and anti-actin (Santa Cruz Biotechnology). Unless otherwise specified, all
primary antibodies were purchased from Cell Signaling Technology, Inc., Danvers, MA.

Western Blot Analysis
20 μg protein was separated in 10 % Sodium Dodecyl Sulfate (SDS) gel and transferred onto
Polyvinylidene fluoride (PDVF) membrane. Membrane was activated in methanol and
equilibrated 30 minutes in cold transfer buffer prior to transfer. Membrane was blocked in 5
% milk, or Bovine Serum Albumin (BSA) for phospho antibodies, for one hour. With the
exception of total AKT, PTEN and actin, which were incubated at room temperature for 2
hours, all other primary antibodies were incubated overnight at 4°C in 5% BSA (antibody
dilution range between 1:750 and 1:1000). ECL Plus reagent (Amersham) was used for
chemiluminescent detection. Band intensities were quantified using the Gel Analysis tool from
Image J software and results reported as the ratio between the experimental and control value.

Immunoprecipitation
250 μg total cell lysate was first pre-incubated with 1 μg of goat IgG and sepharose for 30
minutes and subsequently with primary antibody at 4 °C for 3 hours, followed by addition of
protein A/G Sepharose PLUS (Santa Cruz Biotech) overnight on a shaker at 4 °C. After
centrifugation, immuno-precipitates were washed four times with lysis buffer. Pellets were
resuspended in 40 μl 2X SDS and boiled for 3 minutes. Samples were centrifuged 5 minutes
to pellet beads before analyzing them by WB as described previously. Cell lysate was run next
to IP samples as positive control for WB analysis.

Phosphorylation site Prediction
The human homologue of each target protein was identified in the SWISS-PROT database and
the corresponding ID number was then used to scan each protein by ID using the SCANSITE
Program from MIT. Each protein sequence was searched using the individual motif for Casein
Kinase 1 at low stringency. If sites were identified at low stringency, the scan was repeated at
medium stringency. Otherwise the scan was repeated for Acidophilic Ser/Thr kinase motifs.

Results
CKIε expression leads to activation of the Akt pathway

MCF7 cells, which do not express endogenous CKIε, were transiently transfected with
constructs encoding either WT CKIε or kinase-dead mutant (DN) CKIε and incubated in insulin
for 60 minutes to activate the Akt pathway. The effect on the Akt pathway was initially
measured by phosphorylation of Akt at Ser 473, which is required for full activation of Akt.
Non-transfected cells which had not been treated with insulin were compared to insulin-treated
cells that were transfected with constructs encoding either WT or DN CKIε. Expression of
functional CKIε led to much higher levels of Akt phosphorylation at Ser 473 compared to either
DN or non-transfected MCF7 cells (Fig. 1A), showing that the kinase activity of WT CKIε is
responsible for the increase in Akt phosphorylation. This conclusion was confirmed when cells
exposed to insulin-containing media were treated with the CKIε/δ-specific inhibitor IC261,
which prevented Akt phosphorylation at both Thr 308 and S473, compared to CKIε-transfected
MCF7 cells treated with insulin +/- DMSO (vehicle control) (Fig. 1B). IC261 decreased Akt
phosphorylation not only at Ser 473 but also at Thr 308, showing that the effect of CKIε is not
limited to Akt phosphorylation at Ser 473.

Since phosphorylation of Akt on Ser 473 is critical for full activation of the kinase, we wanted
to confirm that CKIε induces full activation, by examining direct targets of Akt. Active Akt
phosphorylates, among other targets, GSK3β on Ser 9. This phosphorylation event inactivates
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GSK3β and reverses its inhibition of cell cycle control, thus promoting cell survival [3]. When
cells were treated with the CKIε/δ inhibitor IC261, GSK3β phosphorylation was significantly
impaired despite the presence of insulin (Fig. 2), suggesting that functional CKIε contributes
to Akt signaling.

CKIε does not interact with PTEN
Okamura and co-workers proposed PTEN as a novel substrate for CKIε based on co-
immunoprecipitation experiments [8], but they did not explain how this interaction could affect
PTEN function. Even though PTEN regulation is complex and not fully understood, several
mechanisms have been proposed, including phosphorylation [10]. We therefore tested whether
CKIε inhibits PTEN function by phosphorylating it at the best known inhibitory sites using an
antibody that detects phospho-PTEN at S380/T382/T383. There was no detectable difference
in phospho-PTEN levels between CKIε-transfected and non-transfected MCF7 cells (Fig. 3A),
suggesting that the effect of CKIε is not mediated through PTEN phosphorylation at any of
these sites. We also found no effect of CKIε on PTEN phosphorylation on Ser 370, which has
been implicated in destabilizing the PTEN protein [11] by promoting subsequent
phosphorylation at Thr 366 [12]. Moreover, we were unable to detect co-immunoprecipitation
of PTEN with CKIε (Fig. 3B), suggesting that these proteins do not physically interact in
mammary cells.

Physiological role of CKIε-mediated Akt up-regulation
Since MCF-7 cells do not naturally express CKIε, we tested whether the CKIε-mediated Akt
signaling that we identified in MCF7 cells also occurs naturally in other breast cancer cell lines.
The mammary carcinoma cell line Hs578T was chosen for this purpose because, like the MCF7
cell line, it has normal PTEN levels. In addition, it also has elevated phospho Akt levels [13],
better mimicking the increase in phospho Akt that we saw with MCF7 cells transiently
expressing CKIε. After establishing that Hs578T cells express endogenous CKIε, we activated
the Akt pathway by Epidermal Growth Factor (EGF) stimulation after serum deprivation.
Where indicated, cells were also treated with 20-40μM IC261, to test whether blocking
endogenous CKIε could reduce Akt activation as measured by phospho-Akt 473 levels. Co-
treatment with 40μM IC261 in the presence of insulin led to a drastic decrease in Akt
phosphorylation levels, comparable to non insulin treated cells (Fig.4), suggesting that CKIε
is required for full activation of the Akt pathway. The 20-50 μM dose range is commonly used
for CKIε/δ -specific inhibition [13-14], while CK1α inhibition requires 100μM doses[15],
suggesting that in our system the IC261 treatment is more likely to be affecting CKIε/δ than
CKIα.

Discussion
The Akt pathway has been shown to play a role in many different cellular processes, which, if
misregulated, can lead to both cancer progression and resistance to chemotherapy. Our findings
provide new insight into Akt regulation, identifying CKIε as a new positive regulator of the
pathway.

In the presence of insulin, transient expression of CKIε in MCF7 cells was sufficient to induce
substantial increase in Akt phosphorylation as well as phosphorylation of the direct target of
Akt, GSK3β. Moreover, the reduction in phosphorylation levels caused by inhibition of
CKIε function despite insulin treatment suggests that CKIε kinase activity is required for the
increase in phosphorylation levels seen with Akt and GSK3β.

The mode of Akt activation that was recreated by introducing CKIε into MCF7 cells appears
to also occur naturally in Hs578T cells. This breast cancer cell line, which expresses

Modak and Bryant Page 4

Biochem Biophys Res Commun. Author manuscript; available in PMC 2009 October 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



endogenous CKIε and CKIδ, was already known to have elevated Akt phosphorylation levels
despite normal PTEN protein expression [13]. When the cells were treated with a CKIε/δ
inhibitor, Akt phosphorylation was drastically inhibited despite growth factor stimulation,
suggesting that CKIε is involved in the mechanism that leads to the increase in Akt
phosphorylation in this model system.

Since inhibition of CKIε prevented both phosphorylation events on Akt, which have been
shown to be carried out by different kinases, it is unlikely that CKIε acts directly on Akt.
Therefore, the pathway activation seen above could be achieved in at least three major ways,
given that CKIε is a Ser/Thr kinase: 1) by CKIε phosphorylating PTEN to inhibit its
phosphatase activity on PI3K, 2) by CKIε regulating PDK1, which performs the priming Akt
phosphorylation at Thr 308, which is required for subsequent phosphorylation at Ser 473, or
3) by CKIε inhibiting PP2A, which is responsible for dephosphorylating Akt and shutting down
the pathway after stimulation [7].

In the breast cancer lines used here, CKIε did not phosphorylate PTEN at its most common
inhibitory sites S380/T382/T383, nor at Ser 370, which is the priming phosphorylation to Thr
366. Moreover, while we were not able to test phosphorylation at Thr 366 itself, CKIδ, which
shares 98% identity with CKIε in the catalytic domain, was not able to phosphorylate PTEN
at either Ser 370 or Thr 366 (Leslie, N., personal communication). Therefore, it appears more
likely that, rather than inhibiting PTEN, CKIε can increase Akt phosphorylation by either
positively regulating PDK1 or by negatively regulating PP2A.

PDK1, which is the kinase responsible for priming phosphorylation of Akt on Thr 308, is
thought to be constitutively active and its regulation appears to involve recruitment to the
plasma membrane by phosphatidylinositol-3,4,5-triphosphate (PIP3) upon activation of PI3K,
which catalyses the conversion of PIP2 to PIP3 [16]. Even though PDK1 was identified as a
substrate for CK1 phosphorylation with low stringency using the SCANSITE program from
MIT (Table 1), PDK1 regulation appears to be fairly well understood [16], and phosphorylation
does not seem to be involved. Therefore it seems an unlikely target for CKIε regulation of Akt,
leaving PP2A as a potentially more interesting candidate. What makes PP2A even more
appealing as the target for CKIε-mediated Akt phosphorylation is the observation that PP2A
activity is higher in MCF7 cells than in Hs578T cells [17], consistent with the endogenous
CKIε expression levels. PP2A is composed of several regulatory B subunits, each of which
binds to the scaffolding A subunit and the catalytic C subunit to form different ABC
heterotrimeric complexes, making for a complex mode of regulation [18]. Even though the
exact regulation of PP2A is not fully understood, another point that makes PP2A a better target
for CKIε than PDK1 is that, unlike for PDK1, phosphorylation has been proposed as a major
mechanism for PP2A regulation [7]. In addition to phosphorylation at Tyr 307, extensive
phosphorylation of Ser/Thr sites on PP2A has also been reported to have an inhibitory function
on phosphatase activity [18]. We therefore performed a preliminary screen for PP2A subunits
and found that several of them also appeared to be possible phosphorylation substrates for
CK1, as summarized in Table 1. Based on our findings, as well as current knowledge on both
PDK1 and PP2A regulation, we propose a tentative model in which, upon initial growth factor
stimulation, CKIε is able to strengthen Akt signaling by negatively regulating PP2A. While
further experiments are required to confirm that CKIε regulates Akt by inhibiting PP2A, our
findings add to the evidence for a novel mechanism in which CKIε positively regulates the Akt
pathway without requiring interaction with PTEN.
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Fig. 1. Akt phosphorylation requires functional CKIε
MCF7 cells were transiently transfected with CKIε and incubated in insulin media to activate
the PI3K pathway. Pathway activation was measured by phospho Akt levels. Total Akt or actin
were used as basal control. Western analysis results were quantified using Image J software,
and data was represented graphically as pAkt/control. (A) WT CKIε was much more efficient
in phosphorylating Akt than the DN CKIε. (B, C) MCF7 cells transfected with WT CKIε and
treated with the CKIε/δ inhibitor IC261 had a significant decrease in phospho Akt levels
compared to cells undergoing the same treatment except for no drug (-) or DMSO alone as the
vehicle control for IC261. CKIε inhibition by IC261 was able to block phosphorylation at both
T308 and S473 (C).
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Fig. 2. CKIε inhibition prevents phosphorylation of the Akt target GSK3β
MCF7 cells were transiently transfected with CKIε and/or incubated with insulin as shown
below. Pathway activation was measure by phosphorylation of GSK3β at Ser 9 (bottom 2
bands). Inhibition of CKIε by IC261 resulted in GSK3β phosphorylation levels similar to those
in the absence of insulin, suggesting that both may be required for maximum signal strength.
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Fig. 3. CKIε does not interact with PTEN
(A) MCF7 cells transiently transfected with WT CKIε were compared to DN or non-treated
cells. PTEN function was measured by phosphorylation levels at S380/T382/383 and S370.
No effect was seen at any of these sites, suggesting that CKIε does not phosphorylate PTEN.
(B) Cell lysates expressing CKIε +/- IC261 treatment were subject to IP with anti-CKIε
antibody, followed by WB analysis with either CKIε (IP positive control) or PTEN to determine
co-IP. Lysate samples were included to help identify correct protein band. PTEN did not co-
IP with CKIε, suggesting that they do no physically interact.
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Figure 4. Inhibition of endogenous CKIε reduces Akt pathway in Hs578T cells
Cells were serum starved overnight and then incubated in EGF containing media to induce
PI3K pathway activation. Where indicated, cells were also incubated with IC261 to inhibit
CKIε function. Even though very little effect was seen at 20 μM, at 40 μM IC261 led to a
drastic decrease in pAkt S473, comparable to non-EGF treated cells.
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Table 1
Predicted binding motifs for PDK1 and PP2A

Name ID Site Score %
PDK1 015530 S396 (*) 0.4284 0.751
PP2A
Subunit A, PR65 α P30153 T97 0.5153 4.114

T144 0.4527 1.323
Subunit A, PR65 β P30154 T157 0.4527 1.323

S215 0.4946 2.886
Subunit B, PR55 α P63151 S194 0.4767 2.131

T250 0.5180 4.267
S276 0.5223 4.569

Subunit B, PR55 β Q00005 S190 0.4767 2.131
T246 0.5180 4.267
S272 0.5223 4.569
S408 0.5181 4.273

Subunit B, PR55 γ Q9Y2T4 S246 0.5055 3.505
S272 0.5223 4.569

Subunit B, PR61 α Q15172 T151 0.5251 4.798
Subunit B, PR61 β Q15173 T440 0.4752 2.063
Subunit B, PR61 ε Q16537 T143 0.5251 4.798
Subunit B, PR72/PR130 Q06190 T227 (*) 0.4098 0.461

S799 0.4473 1.182
S263 0.4670 1.762
T276 0.4974 3.030
S266 0.5017 3.269
S261 0.5045 3.440
S1121 0.4376 0.941

Subunit C, α and β P67775, P62714 S201 (#) 0.6060 4.622
PDK1 and PP2A were identified by Swiss-Prot ID number and scanned for CK1 motif or the less stringent Acidophilic Ser/Thr motif (#).(*) marks sites
also found at medium stringency. Each score represents how well the given sequence scored among the top XX percentile (%). The lower the %, the better
the match. The most confident site was identified in PP2A, subunit B, PR72/130 at T227.
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