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ABSTRACT. The Ras-ERK pathway controls cell proliferation and differentiation, whereas the PI3K-Akt
pathway plays a role in the process of cell-cycle progression and cell survival. Both pathways are activated by
many stimuli such as epidermal growth factor (EGF), and coordinately regulate each other through cross-talk.
However, it remains unclear how cells accommodate the dynamics and interplay between the Ras-ERK and
PI3K-Akt pathways to regulate cell-fate decisions, mainly because of the lack of good tools to visualize ERK and
Akt activities simultaneously in live cells. Here, we developed a multiplexed fluorescence system for imaging ERK
and Akt signaling and the cell-cycle status at the single cell level. Based on the principle of the kinase
translocation reporter (KTR), we created Akt-FoxO3a-KTR, which shuttled between nucleus and cytoplasm in a
manner regulated by Akt phosphorylation. To simultaneously measure ERK, Akt and the cell-cycle status, we
generated a polycistronic vector expressing ERK-KTR, Akt-FoxO3a-KTR, a cell-cycle reporter and a nuclear
reporter, and applied linear unmixing to these four images to remove spectral overlap among fluorescent
proteins. The specificity and sensitivity of ERK-KTR and Akt-FoxO3a-KTR were characterized quantitatively.
We examined the cellular heterogeneity of relationship between ERK and Akt activities under a basal or EGF-
stimulated condition, and found that ERK and Akt were regulated in a highly cooperative and cell-cycle-
dependent manner. Our study provides a useful tool for quantifying the dynamics among ERK and Akt activities
and the cell cycle in a live cell, and for addressing the mechanisms underlying intrinsic resistance to molecularly
targeted drugs.
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Introduction

The Ras-Raf-mitogen-activated protein/extracellular-signal-
regulated kinase kinase (MEK)-extracellular signal-regulated
kinases (ERK) signaling pathway (hereafter the Ras-ERK
pathway) plays an essential role in cell proliferation and
differentiation (Qi and Elion, 2005). The phosphatidylinosi-
tol 3 kinase (PI3K)-Akt-mammalian target of rapamycin
(mTOR) signaling pathway (referred to as the PI3K-Akt
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pathway) has a main role in cell motility, survival, and
metabolism (Brunet et al., 1999). Constitutive activation of
the Ras-ERK and PI3K-Akt pathways leads to the develop-
ment of tumors, and indeed, gain-of-function mutations in
these pathways are frequently found in various types of
human malignant tumors (Pylayeva-Gupta et al., 2011; She
et al., 2008). Thus, these pathways have been targeted in
anti-cancer therapy (Polivka Jr. and Janku, 2014; Roberts
and Der, 2007).

The Ras-ERK and PI3K-Akt pathways were originally
modeled as linear signaling cascades, yet accumulating
evidence indicates that they intersect to regulate each other
and co-regulate downstream functions (Mendoza et al.,
2011). For instance, Akt phosphorylates CRaf at Ser259,



maintaining CRaf in a closed inactive conformation
(Zimmermann and Moelling, 1999), while ERK phosphory-
lates Grb2-associated binder 1 (GAB1), an adapter protein,
and inhibits GABI1-mediated recruitment of PI3K to the
epidermal growth factor (EGF) receptor (Lehr ef al., 2004).
More strikingly, several studies have implied that feedback
regulations and cross-talk regulations of the Ras-ERK path-
way and the PI3K-Akt pathway neutralize molecularly tar-
geted drug efficiency in tumor cells, a phenomenon known
as intrinsic resistance (Friday ef al., 2008; Prahallad et al.,
2012; Won et al., 2012). In line with these evidences, we
have recently reported that a quantitative kinetic simulation
model including feedback and cross-talk regulations in
these pathways enabled us to predict the difference of MEK
inhibitor sensitivity to KRas-mutant or BRaf-mutant cancer
cells (Fujita er al., 2014). Therefore, understanding the
feedback and cross-talk regulations of these pathways is of
critical importance for optimizing therapeutic outcomes
using molecularly targeted drugs.

To dissect feedback and cross-talk regulations between
signaling pathways, live cell imaging is the most straight-
forward approach; to analyze the feedback and cross-talk
regulations, fast sampling with acute perturbations is inher-
ently required (Inoue and Meyer, 2008). To meet these
requirements, we have developed and employed biosensors
based on the principle of Forster resonance energy transfer
(FRET) (Fujita et al., 2014; Miura et al., 2014). To date,
most FRET applications have been limited to monitoring
only a single target, or at most two targets, and have been
limited by technical difficulties (Ai et al., 2008; Niino et
al., 2009). More recently, Covert and colleagues developed
single fluorophore biosensors for kinase activity named
kinase translocation reporters (KTRs), and visualized mul-
tiple kinase activities, i.e., ERK, JNK and p38, in live cells
(Regot et al., 2014). The KTRs make it possible to monitor
kinase activity from their nucleocytoplasmic shuttling. This
prompted us to investigate ERK and Akt activities simulta-
neously at the single cell level.

In this study, we developed Akt-FoxO3a-KTR to visual-
ize Akt activity, and established a multiplexed imaging
system for monitoring ERK and Akt activities and cell-
cycle progression with a fluorescent ubiquitination-based
cell-cycle indicator (Fucci) system (Sakaue-Sawano et al.,
2008a). The specificity and sensitivity of Akt-FoxO3a-
KTR and ERK-KTR were confirmed with the use of inhibi-
tors and biochemical assays. By simultaneous visualization
of ERK and Akt activities and the cell-cycle status, we
found a strong correlation of basal level, EGF responsive-
ness, and cross-talk regulations between ERK and Akt at
the single cell level. Further, basal ERK and Akt activities
were regulated in a cell-cycle-dependent manner, providing
a new insight into the cell-cycle-dependent regulation of
ERK and Akt.
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Material and Methods

Plasmids

The plasmids encoding nuclear marker, Histone-H2B (H2B)-
iRFP, and the S/G,/M cell-cycle marker, mCherry-hGem, were
kind gifts from Dr. Miyanari (National Institute for Basic Biology,
Aichi, Japan) and Dr. Miyawaki (RIKEN, Saitama, Japan)
(Sakaue-Sawano et al., 2008b), respectively. The cDNA of the
ERK activity reporter, ERK-KTR (Regot et al., 2014), was syn-
thesized by annealing sense- and antisense-oligo DNA nucleoti-
des, and subcloned into a pCSllneo-mKO vector, generating
pCSlIIneo-ERK-KTR-mKO. For the Akt activity reporter, the
c¢DNA of human FoxO3a genes was amplified from a cDNA pool
obtained from mRNA of HeLa cells, and the His-to-Arg mutation
at the 212 position was introduced with a two-step overlap PCR.
The cDNAs of truncated FoxO3a were generated by PCR and
subcloned into pCAGGS-EGFP vector to generate pCAGGS-
FoxO3a-EGFP, pCAGGS-Akt-FoxO3a-KTR-EGFP (1401 a.a.),
and pCAGGS-FoxO3a (241-401 a.a.)-EGFP. pCX4puro-LDR,
pCAGGS-Flag-CRaf-FKBP, and pCAGGS-GST-FKBP-iSH2 have
been described previously (Aoki ef al., 2011; Miura et al., 2014).

To construct a polycistronic vector expressing H2B-iRFP,
mCherry-hGem, ERK-KTR-mKO, and Akt-FoxO3a-KTR-EGFP
simultaneously, these cDNAs were connected with cDNAs of a
self-cleaving P2A peptide (GSGATNFSLLKQAGDDVEENPGP)
by PCR. cDNAs of three P2A peptides in between reporters con-
tained nonsense mutations to prevent unexpected annealing of
PCR primers. The cDNA of tandemly connected reporter genes
was inserted into the piggyBac donor vector pPBbsr to generate
pHGEA (Fig. 2B).

Cells, reagents, and antibodies

HeLa cells were purchased from the Human Science Research
Resources Bank (Osaka, Japan), and maintained in DMEM
(Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal
bovine serum at 37°C under 5% CO,. To establish a stable cell
line, HeLa cells were co-transfected with pHGEA and pCMV-
mPBase (neo-) encoding the piggyBac transposase provided by
Dr. Bradley (Welcome Trust Sanger Institute, Cambridge, UK)
(Yusa et al., 2009) at a ratio of 3:1 by using Polyethylenimine
Max (Polyscience Inc., Warrington, PA). Expressing cells were
selected with 20 pg/mL blasticidin (InvivoGen, San Diego, CA)
for at least 7 days. Bulk populations of selected cells were used in
this study.

Epidermal growth factor (EGF) was purchased from Sigma-
Aldrich (St. Louis, MO). PD184352 and AZD5363 were from
Toronto Research Chemicals (Ontario, Canada) and Cayman
Chemical (Ann Arbor, MI), respectively. Anisomycin, JNK inhib-
itor VIII and PI-103 were purchased from Calbiochem (La Jolla,
CA). SB203580 was from Selleckchem (Boston, MA).

Anti-mCherry rabbit polyclonal antibody, anti-mKO?2 rabbit
polyclonal antibody, and anti-GFP mouse monoclonal antibody
were obtained from Abcam (Cambridge, UK), MBL (Aichi,
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Japan), and Clontech Laboratories Inc. (Mountain View, CA),
respectively. Anti-Akt (pan) rabbit monoclonal antibody (C67E7),
anti-phospho-Akt (Ser473) mouse monoclonal antibody (587F11),
anti-ERK rabbit monoclonal antibody (137F5), and anti-pERK
(Thr202/Tyr204) mouse monoclonal antibody (E10) were pur-
chased from Cell Signaling Technology (Danvers, MA). The
IRDye680LT- and IRDye800CW-conjugated anti-rabbit and anti-
mouse immunoglobulin G secondary antibodies were obtained
from LI-COR (Lincoln, NE).

Time-lapse imaging

HeLa cells expressing reporters stably or transiently were plated
on 35 mm glass-base dishes (Asahi Techno Glass, Tokyo, Japan)
or 35 mm 4 section glass-base dishes (Greiner, Frickenhausen,
Germany), and starved for 3 hours with FluoroBrite D-MEM
(LifeTechnologies, Carlsbad, CA) supplemented with 1% Gluta-
MAX (LifeTechnologies) and 0.1% bovine serum albumin (BSA).
Imaging was performed with an inverted microscope IXS81
(Olympus, Tokyo, Japan) equipped with a UPlanSApo 60x/1.35
objective lens (Olympus), a Retiga 4000R cooled CCD camera
(Photometrics, Tucson, AZ), a Spectra-X light engine (Lumencor
Inc., Beaverton, OR), an IX2-ZDC laser-based autofocusing
system (Olympus), a MAC5000 controller for filter wheels and
XY stage (Ludl Electronic Products, Hawthorne, NY), and an
incubation chamber (Tokai Hit, Shizuoka, Japan). The filters and
dichroic mirrors used for time-lapse imaging were as follows: for
iRFP, 632/22 excitation filters (Semrock, Rochester, NY), a
FF408/504/581/667/762 dichroic mirror (Semrock) and 700/
LP-25 emission filters (Semrock); for mCherry, a 580/20 excita-
tion filter (Semrock), 20/80 beamsplitter dichroic mirror
(Chroma), and 641/75 emission filter (Semrock); for mKO, a
543/3 excitation filter (Semrock), 20/80 beamsplitter dichroic
mirror (Chroma), and 563/9 emission filter (Semrock); for EGFP
imaging, a 475/28 excitation filter, 20/80 beamsplitter dichroic
mirror (Chroma), and 542/27 emission filter (Semrock). The
microscope was controlled by MetaMorph software (Molecular
Devices, Sunnyvale, CA).

Immunoblotting

HeLa cells were lysed in 1x SDS sample buffer (1 M Tris-HCI pH
6.8, 50% glycerol, 10% SDS, 0.2% Bromo Phenol Blue, and 10%
2-mercaptoethanol). After sonication, the samples were separated
by SDS-polyacrylamide gel electrophoresis (PAGE) and transfer-
red to polyvinylidene difluoride membranes (Millipore, Billerica,
MA). After blocking with skim milk (Morinaga, Tokyo, Japan) for
1 hour, the membranes were incubated with primary antibodies di-
luted in Odyssey blocking buffer (LI-COR), followed by secon-
dary antibodies diluted in Odyssey blocking buffer. Proteins were
detected by an Odyssey Infrared scanner (LI-COR) and analyzed
by using the Odyssey software.
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Image analysis and linear unmixing

After background pixel intensities were subtracted for each time
point, linear unmixing was performed as follows (Niino et al.,
2009; Zimmermann et al., 2003). In brief, HeLa cells expressing
each fluorescent protein (=1 (EGFP), i=2 (mKO), i=3 (mCherry),
and =4 (iRFP)) were imaged with each channel for fluorescent
protein (=1 (EGFP Ch.), /=2 (mKO Ch.), j/=3 (mCherry Ch.), and
j=4 (iRFP Ch.)). The raw fluorescence intensity of fluorescent
protein i with fluorescence channel j is represented as F;; . The ij
component of normalized spectral matrix A is defined as follows:

i

7 (eq. 1)

iLj=1i
Thus, 4; J indicates to what extent the fluorescence intensity of
protein i leaks into fluorescence channel j. A was obtained experi-
mentally. By using the normalized spectral matrix A, the raw
image vector R, which is obtained with fluorescence channel i
(i=1~4), can be described as follows:

—

T

—

R >

A-T-= (eq. 2)
where T is a vector of true images of each fluorescent protein j
(=1~4). Finally, the true fluorescence images T are obtained by
multiplying the inverse matrix of A on the left of the equation 2 as
follows:

N

T=A"'-R. (eq. 3)
The inverse matrix of A was calculated from experimentally-
determined A with MATLAB software (MathWorks, Natwick,
MA), and true images T were obtained by multiplying values of
the inverse matrix of A in MetaMorph.

Unmixed images were used for further image analysis. For each
cell, two regions of interest (ROIs) were set at the nucleus and
cytoplasm, and their positions were manually registered so that
these ROIs remained in the nucleus and cytoplasm. Average fluo-
rescence intensities in ROIs were exported, and the cytoplasm/
nucleus (C/N) ratio values of Akt-FoxO3a-KTR and ERK-KTR
were calculated by dividing the average intensity at the cytoplasm
by that at the nucleus in Excel software (Microsoft Corporation,
Redmond, WA).

Results

Development of a kinase translocation reporter for Akt,
Akt-FoxO3a-KTR

To visualize ERK and Akt activities and the cell-cycle pro-
gression simultaneously at the single cell level, we first
developed a genetically-encoded single-fluorophore Akt
activity reporter. For this purpose, we focused on the kinase
translocation reporter (KTR) system, in which kinase activ-
ity is converted into a nucleocytoplasmic shuttling event,
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enabling the measurement of multiple kinase activities in a
single cell (Regot et al., 2014). KTR technology consists of
a nuclear localization signal (NLS) and nuclear export sig-
nal (NES) that are negatively and positively regulated by
phosphorylation, respectively; unphosphorylated KTR pro-
teins are localized at the nucleus, whereas phosphorylated
KTR proteins are exported to the cytoplasm (Fig. 1A). A
transcription factor, FoxO3a, has the same naturally occur-
ring arrangement of NLS, NES and phosphorylation sites
of Akt within the central region of FoxO3a (Fig. 1B), and
shows nucleocytoplasmic shuttling in a manner dependent
on phosphorylation by Akt (Obsil and Obsilova, 2008).
Therefore, we exploited human FoxO3a for the develop-
ment of Akt-FoxO3a-KTR. First, a His residue in the 212
position was substituted to Arg to eliminate the transcrip-
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Fig. 1. Development of an Akt activity reporter, Akt-FoxO3a-KTR.
(A) Schematic representation of the phosphorylation-dependent
subcellular distribution of the kinase translocation reporter (KTR).
Under low kinase activity, the non-phosphorylated biosensors are
predominantly localized at the nucleus, whereas upon kinase
activation, the biosensors are phosphorylated and exported to the
cytoplasm. (B) Structure of various versions of Akt-FoxO3a-KTR-
EGFP. All are composed of human FoxO3a mutants (upper, full
length; middle, 1-402 a.a.; lower, 241-402 a.a.) followed by EGFP.
Phosphorylation sites and corresponding kinases are represented with
H212R mutation, which leads to the loss of DNA binding activity of
FoxO3a. The reporter including the 1-402 a.a. region of FoxO3a
showed the highest dynamic range, and was designated Akt-FoxO3a-
KTR-EGFP. (C) Representative images of full length FoxO3a-EGFP
(left) and FoxO3a (241-402 a.a.)-EGFP (right) before and after EGF
stimulation. (D) Representative images of Akt-FoxO3a-KTR-EGFP
before and after EGF treatment with or without 20 pM AZDS5363, an
Akt inhibitor. (E) Representative images of Akt-FoxO3a-KTR-T32A-
EGFP (left) and Akt-FoxO3a-KTR-S315A-EGFP (right) before and
after EGF stimulation. Scale bar, 20 pm.

tional activity of FoxO3a (Tran et al., 2002). Next, we
investigated and observed nucleocytoplasmic shuttling of
full length FoxO3a fused with EGFP upon EGF stimulation
(Fig. 1B). Since FoxO3a has an IKKp phosphorylation site
that induces protein localization change regardless of the
state of Akt phosphorylation (Hu et al., 2004), we devel-
oped deletion mutants of FoxO3a. The full length of
FoxO3a fused with EGFP was localized at the cytoplasm in
HeLa cells regardless of EGF stimulation, and FoxO3a
(241402 a.a.)-EGFP did not show any nucleocytoplasmic
shuttling upon EGF stimulation, even for the typical KTR
motif located in the central region (Fig. 1C). The deletion
of only the C-terminal region (from 402 a.a. to the end)
resulted in more clear nucleocytoplasmic shuttling (Fig.
1D, left). We selected the region from 1-402 a.a. of
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FoxO3a to develop an Akt activity reporter, Akt-FoxO3a-
KTR-EGFP. This biosensor exhibited clear change in the
distribution from nucleus to cytoplasm under EGF adminis-
tration, and it was completely suppressed by an Akt inhibi-
tor, AZD5363 (Fig. 1D, right).

Interestingly, Akt-FoxO3a-KTR-EGFP accumulated in
the nucleus upon Akt inhibitor treatment (Fig. 1D), sug-
gesting that significant fraction of Akt-FoxO3a-KTR-EGFP
was phosphorylated in the resting state. To examine the
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Fig. 2. Establishment of the multicolor imaging system. (A)
Schematic representation of the HGEA reporter, consisting of H2B-
iRFP, mCherry-hGem, ERK-KTR-mKO, and Akt-FoxO3a-KTR-
EGFP. They are connected with self-cleaving P2A peptides, so that
these reporters are expressed separately. A red arrowhead indicates the
cleaving site of P2A peptide. (B) Structure (left) and representative
localization of ERK-KTR-mKO, mCherry-hGem, and H2B-iRFP.
HeLa cells expressing each reporter were imaged with an epi-
fluorescence microscope. (C) HeLa cells stably expressing mCherry-
hGem, ERK-KTR-mKO, and Akt-FoxO3a-KTR-EGFP were lysed and
analyzed by immunoblotting with anti-mCherry (left), anti-mKO
(middle), and anti-EGFP antibodies (right), respectively. N.C.
indicates the negative control, which was the cell lysate from parental
HeLa cells. P.C. indicates the positive control, which was the cell
lysate from HeLa cells transiently expressing each reporter. S indicates
a sample prepared from HeLa cells stably expressing four reporters by
the polycistronic vector shown in panel A. The arrowhead indicates
possible uncleaved product of H2B-iRFP-P2A-ERK-KTR-mKO. (D
and E) Images before linear unmixing (D) and after linear unmixing
(E) are represented in pseudo-color scale. HeLa cells transiently
expressing each fluorescent protein (row) were imaged with each
detection channel (column). Images placed top-left to bottom-right
diagonally were taken with a suitable combination of fluorescent
protein and filter set, and these average intensities are normalized to
1.0. The values shown in the images represent the fraction of
fluorescence leakage compared with the image taken under a suitable
filter condition. (F) Shown here are the representative unmixed images
of Akt-FoxO3a-KTR-EGFP, ERK-KTR-mKO, mCherry-hGem, and
H2B-iRFP obtained from HeLa cells stably expressing the four
reporters by the polycistronic vector shown in panel B. Scale bar, 20
pm.

phosphorylation site that contributes to the EGF-induced
translocation and/or the cytoplasmic localization in the rest-
ing state, we generated two mutants of Akt-FoxO3a-KTR,
Thr32Ala (T32A) and Ser315Ala (S315A) (Fig. 1E). The
Akt-FoxO3a-KTR-T32A mutant localized at both cytosol
and nucleus, as did Akt-FoxO3a-KTR WT. However, Akt-
FoxO3a-KTR-T32A did not respond to EGF, indicating
that Thr32 is the EGF-induced Akt phosphorylation site
(Fig. 1E, left). Meanwhile, the Akt-FoxO3a-KTR-S315A



mutant localized predominantly in the nucleus, but still
responded to EGF (Fig. 1E, right). Thus, substantial frac-
tion of Ser315 is phosphorylated in an Akt-dependent man-
ner to trap Akt-FoxO3a-KTR-EGFP in the cytoplasm.

Linear unmixing for multiplex imaging of ERK and
Akt activities and cell cycle

We next developed a single-chain reporter for the nuclear
localization, cell cycle, ERK activity, and Akt activity,
which we named HGEA (Fig. 2A). This biosensor compri-
ses the nuclear localization reporter Histone-H2B (H2B)
fused with iRFP, the S/G,/M cell-cycle reporter hGem
(1/110) fused with mCherry (Sakaue-Sawano ef al., 2008b),
ERK-KTR-mKO (Regot et al., 2014), and Akt-FoxO3a-
KTR-EGFP (Fig. 2B). The ERK-KTR consists of the KTR
motif and the docking site for ERK, an LXL (DEJL) motif,
which corresponds to the 312-356 a.a. region of Elk1. Each
reporter is connected with a self-cleaving 2A peptide, P2A
(Kim ef al., 2011) (Fig. 2B). HeLa cells stably expressing
H2B-iRFP, mCherry-hGem, ERK-KTR-mKO, and Akt-
FoxO3a-KTR-EGFP were established by cotransfection of
pHGEA and the piggyBac transposon expression plasmid.
Immunoblot analysis confirmed expression of each reporter
that was cleaved out of the fusion protein (Fig. 2C). A faint
80 kDa protein was detected in the immunoblot with anti-
mCherry antibody (Fig. 2C, left, arrow head). This 80 kDa
protein was not detected by anti-KO antibody (Fig. 2C,
center), suggesting that the P2A peptide between iRFP and
mCherry may be partially resistant to cleavage. In conclu-
sion, these data indicated reasonably high cleavage effi-
ciency of P2A peptides (Fig. 2C).

For multi-color fluorescence imaging, we applied a lin-
ear unmixing approach to separate the spectral overlap of
fluorescence signals among the four reporters (see Materi-
als and Methods for details) (Hiraoka et al., 2002; Niino et
al., 2009; Zimmermann et al., 2003). The relative contribu-
tion of each fluorescent protein to each detection channel
was determined by imaging HeLa cells transiently express-
ing individual fluorescent proteins with all filter sets (Fig.
2D). Before linear unmixing, a substantial amount of mKO
fluorescence was detected with EGFP and mCherry chan-
nels (Fig. 2D), whereas the linear unmixing processing
clearly discriminated the fluorescence leakage among fluo-
rescent proteins (Fig. 2E). Further, H2B-iRFP, mCherry-
hGem, ERK-KTR-mKO, and Akt-FoxO3a-KTR-EGFP
demonstrated the expected subcellular localization after lin-
ear unmixing, ensuring the technical validity of the imaging
procedure (Fig. 2F). As judged from the subcellular distri-
bution of H2B-iRFP and mCherry-hGem, the uncleaved
product, which was detected in the immunoblot analysis
with anti-mCherry antibody, did not have little or no influ-
ence on both H2B-iRFP and mCherry-hGem signals. In the
following section, all imaging data were processed by lin-
ear unmixing.
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Specificity of ERK-KTR and Akt-FoxO3a-KTR

To confirm the specificity of ERK-KTR and Akt-FoxO3a-
KTR, we applied a rapamycin-inducible dimerization sys-
tem to ERK-KTR-mKO and Akt-FoxO3a-KTR-EGFP (Suh
et al., 2006). In this system, two fusion proteins, the
rapamycin-binding domain of the FK506-binding protein
(FKBP) fused to a specific signaling protein and the
FK506-rapamycin-binding (FRB) domain of mTOR fused
to the myristoylation signal of Lyn (Lyn11-FRB), are intro-
duced into cells (Inoue et al., 2005) (Fig. 3A and 3D). We
used the full length CRaf protein and inter-Src homology 2
domain (iSH2) of the regulatory PI3K subunit p85, which
are known to specifically activate the ERK and Akt path-
ways by their recruitment to the plasma membrane, respec-
tively (Aoki ef al., 2011; Leevers ef al., 1994; Miura et al.,
2014; Stokoe et al., 1994; Suh et al., 2006). Rapamycin
treatment leads to rapid translocation of CRaf-FKBP and
FKBP-iSH2 to the plasma membrane via hetero-
dimerization of FKBP proteins and membrane-targeted
Lynl1-FRB.

HeLa cells expressing the aforementioned four reporters
and Lynll-FRB and CRaf-FKBP demonstrated a rapid
increase in the C/N ratios of ERK-KTR by rapamycin treat-
ment, followed by a steep decrease through addition of the
MEK inhibitor (Fig. 3B). The apparent on-rate and off-rate
of ERK-KTR-mKO were 0.30 +/— 0.21 [/min] and 0.13 +/—
0.13 [/min], which were determined by fitting with a single
exponential function, respectively. Akt-FoxO3a-KTR-
EGFP exhibited a slight decrease in C/N ratios by ERK
activation (Fig. 3C), suggesting negative feedback regula-
tion of the Akt pathway by ERK. PI3K activation by
rapamycin-induced membrane recruitment of FKBP-iSH2
caused transient increase in the C/N ratio of ERK-KTR,
possibly via PI3K-Racl-PAK-mediated ERK activation
(Aksamitiene et al., 2011; Fujita et al., 2014) (Fig. 3E). The
PI3K activation elevated the C/N ratios of Akt-FoxO3a-
KTR, and this increase was suppressed by administrating
AZDS5363, an Akt inhibitor (Fig. 3F). In this experiment,
the apparent on-rate and off-rate of Akt-FoxO3a-KTR-
EGFP were 0.20 +/— 0.14 [/min] and 0.062 +/— 0.049
[/min], respectively.

p38 and JNK stress-activated protein kinase (SAPK) has
been reported to contribute to redistribution of FoxO3a
from the nucleus to cytoplasm (Clavel ef al., 2010). Therefore,
we assessed the involvement of p38 and JNK in nucleocy-
toplasmic shuttling of ERK-KTR and Akt-FoxO3a-KTR.
Anisomycin treatment, which induced p38 and JNK activa-
tion (Regot et al., 2014), did not affect the C/N ratios of
ERK-KTR-mKO and Akt-FoxO3a-KTR-EGFP (Fig. 3G
and 3H). Neither the JNK inhibitor VIII nor SB203580
changed the C/N ratios of ERK-KTR-mKO (Fig. 3G) and
Akt-FoxO3a-KTR-EGFP (Fig. 3H). From these data, we
concluded that ERK-KTR and Akt-FoxO3a-KTR bear
enough specificity to ERK and Akt activities, respectively.
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Sensitivity of ERK-KTR and Akt-FoxO3a-KTR

We next examined the sensitivity and dynamic range of
ERK-KTR and Akt-FoxO3a-KTR. ERK-KTR-mKO dem-

Fig. 3. Specificity of ERK-KTR and Akt-FoxO3a-KTR. (A) The
schematic shows the rapamycin-induced ERK activation system by
recruiting FKBP-CRaf to the plasma membrane through
heterodimerization of Lyn11-FRB. (B and C) The rapamycin-induced
ERK activation system was transiently introduced into HeLa cells
stably  expressing  Akt-FoxO3a-KTR-EGFP, = ERK-KTR-mKO,
mCherry-hGem, and H2B-iRFP by the polycistronic vector. The cells
were serum-starved for 3 hours. The cytoplasm-to-nuclear (C/N) ratios
of ERK-KTR-mKO (B) and Akt-FoxO3a-KTR-EGFP (C) are plotted
against time after 50 nM rapamycin treatment, followed by treatment
with 10 uM of an MEK inhibitor, PD184352. Data represent the mean
+/— SD of more than 50 cells. (D) Schematic representation of the
rapamycin-inducible PI3K activation system. (E and F) The
rapamycin-induced Akt activation system was transiently introduced
into HeLa cells as in panel D. The cells were serum-starved for 3
hours. The C/N ratios of ERK-KTR-mKO (E) and Akt-FoxO3a-KTR-
EGFP (F) are plotted as a function of time after 50 nM rapamycin
treatment, followed by treatment with 10 uM of an Akt inhibitor,
AZD5363. Data represent the mean +/— SD of more than 50 cells. (G
and H) HeLa cells stably expressing Akt-FoxO3a-KTR-EGFP, ERK-
KTR-mKO, mCherry-hGem, and H2B-iRFP were stimulated with 1.0
png/mL anisomycin with or without 10 uM JNK inhibitor VIII or 10
uM SB203580. The C/N ratios of ERK-KTR-mKO (G) and Akt-
FoxO3a-KTR-EGFP (H) are plotted against time after anisomycin
treatment. All data represent the mean +/— SD of more than 50 cells.

onstrated nuclear exclusion in a manner dependent on EGF
concentration (Fig. 4A). Under the same condition, endoge-
nous ERK1/2 showed dual phosphorylation at threonine
and tyrosine residues within the activation loop (Thr202
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and Tyr204/Thr185 and Tyr187), which are required for
kinase activity of ERK (Chang and Karin, 2001; Qi and
Elion, 2005), in a graded manner (Fig. 4B). EGF-induced
nuclear exclusion of Akt-FoxO3a-KTR-EGFP was also
analyzed in parallel with endogenous Akt phosphorylation
(Serd73), which leads to full activation of Akt (Sarbassov
et al., 2005) (Fig. 4C and 4D). Based on these data, we
directly compared the C/N ratios of individual KTRs with
the phosphorylation levels of target kinases, and found that
the C/N ratios of ERK-KTR-mKO and Akt-FoxO3a-KTR-
EGFP were almost linearly correlated with the phosphory-
lation levels of ERK and Akt, respectively (Fig. 4E and
4F). Taken together with the data for specificity (Fig. 3),
these results showed that ERK-KTR and Akt-FoxO3a-KTR
demonstrated high specificity and sensitivity to ERK and
Akt activities, respectively.
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Fig. 4. Sensitivity of ERK-KTR and Akt-FoxO3a-KTR. (A-D) HeLa
cells stably expressing Akt-FoxO3a-KTR-EGFP, ERK-KTR-mKO,
mCherry-hGem, and H2B-iRFP were stimulated with the indicated
concentration of EGF for 10 min, imaged for ERK-KTR-mKO (A) and
Akt-FoxO3a-KTR-EGFP (C), or lysed in lysis buffer, followed by
immunoblot analysis with pERK and ERK (B) or pAkt and Akt (D).
Immunoblot images are representative of three independent
experiments. (E and F) Average C/N ratios of ERK-KTR-mKO (E)
and Akt-FoxO3a-KTR-EGFP (F) with the SD (n>10 for all data point)
are plotted as a function of the average pERK/ERK (E) and pAkt/Akt
(F) values with the SD (n=3), respectively. The dashed lines are the
fitted lines, and R is the correlation coefficient.

Cell-cycle-dependent dynamic regulation of ERK and
Akt upon EGF stimulation

Finally, we investigated how ERK and Akt are coopera-
tively regulated upon EGF stimulation in living cells. EGF
stimulation resulted in the translocation of ERK-KTR-
mKO and Akt-FoxO3a-KTR-EGFP from nucleus to cyto-
plasm, and thereafter, PD184352 and AZD5363 treatment
abolished their cytoplasmic translocation, respectively (Fig.
5A and 5B). Cell-to-cell heterogeneity of ERK activity, Akt
activity and cell-cycle status are shown in heatmaps under
the three conditions; EGF—DMSO treatment, EGF— Akt-
inhibitor treatment, and EGF—MEK inhibitor treatment
(Fig. 5C-5E). The data of each cell are aligned vertically in
accordance with the cell-cycle status from early G, to
S/G,/M (from top to bottom) (Fig. SC-SE, right). Although
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Fig. 5. Cell-cycle-dependence of the EGF-induced activation of ERK and Akt. (A and B) HeLa cells stably expressing Akt-FoxO3a-KTR-EGFP, ERK-
KTR-mKO, mCherry-hGem, and H2B-iRFP were stimulated with the indicated concentration of 10 ng/mL EGF for 10 min, followed by the addition of an
MEK inhibitor (10 pM PD184352) (A) or Akt inhibitor (20 uM AZD5363). Representative images of ERK-KTR-mKO (A) and Akt-FoxO3a-KTR-EGFP
(B) are shown. (C—D) HeLa cells were serum-starved for 3 hours, and stimulated with EGF alone (C), EGF and Akt inhibitor (D), or EGF and MEK
inhibitor (E), and imaged as in panels A and B. The ERK activity (C/N ratios of ERK-KTR-mKO, left), Akt activity (C/N ratios of Akt-FoxO3a-KTR-
EGFP, middle), and cell-cycle status (log,,(hGem-mCherry/H2B-iRFP)) are represented as heatmaps. Each row of the heatmaps corresponds to an
individual cell, which are sorted by cell-cycle status from G, to S/G,/M cells (from top to bottom) (n>50). (F and G) The C/N ratios of ERK-KTR (F) and
Akt-FoxO3a-KTR (G) are normalized to the average C/N ratio values at the time of inhibitor treatment, and plotted as a function of time after inhibitor
treatment with SD. (H and I) The C/N ratios of ERK-KTR (H) and Akt-FoxO3a-KTR (I) are plotted before (0 min) and after EGF addition (10 min). G,
cells and S/G,/M are defined as the lower 33% and higher 33% of hGem-mCherry/H2B-iRFP values, respectively. The red line indicates the mean value.
The symbols indicate the results of Welch’s ¢ test analysis; * p<0.05. (J) The C/N ratios of Akt-FoxO3a-KTR in G, cells (blue dot) and S/G,/M cells
(orange dot) are plotted against the C/N ratios of ERK-KTR before EGF stimulation with a fitted line (gray line) and correlation coefficient, R. Histograms
of ERK activity (horizontal axis) and Akt activity (vertical axis) of Gl cells (blue) and S/G2/M cells (red) are included in the scatter plot. (K) Fold-
increase values of the C/N ratios of Akt-FoxO3a-KTR by EGF stimulation are plotted as a function of fold-increase values of the C/N ratios of ERK-KTR
with a fitted line (gray line) and correlation coefficient, R. Histograms of fold-increase in ERK activity (horizontal axis) and Akt activity (vertical axis) of
G1 cells (blue) and S/G2/M cells (red) are included in the scatter plot.

significant variance was observed among cells, ERK-KTR ~ ERK was rapidly and continually suppressed by the MEK
and Akt-FoxO3a-KTR generally exhibited a quick increase inhibitor (Fig. 5F, green line). Treatment with the Akt
in their C/N ratios after EGF stimulation, followed by a  inhibitor transiently suppressed ERK activity in the early
gradual decrease (Fig. 5C). phase (<10 min after addition of inhibitor), while ERK

We focused on the response of ERK-KTR and Akt-  activity remained at sustained levels or was even partially
FoxO3a-KTR to each inhibitor to clarify the cross-talk  recovered in the late phase of Akt inhibitor treatment (>10
regulations between ERK and Akt signaling. As expected, min) (Fig. 5F, red line). In agreement with this finding, a
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transient reduction of ERK activity by PI3K inhibitor treat-
ment has also been observed by FRET imaging (Fujita et
al., 2014). This result could be due to the combination of
cross-talk activation of ERK mediated by the PI3K-Akt-
PAK-Raf pathway in the early phase (Aksamitiene et al.,
2011), followed by the feedback inhibition of EGFR by
ERK in the late phase (Sato ef al., 2013). Akt activity was
suppressed by the treatment with the Akt inhibitor (Fig. 5G,
red line). We observed slight but reproducible up-regulation
of Akt activity following treatment with the MEK inhibitor
in the late phase (>20 min) (Fig. 5G, green line), suggesting
the cross-talk inhibition of Akt by ERK signaling through
EGFR (Sato et al, 2013) and/or Sosl (Kamioka et al.,
2010). Intriguingly, we found some evidences that ERK
and Akt are coordinately regulated in a cell-cycle-
dependent manner. First, we defined cells showing in the
lower 33% and higher 33% of hGem-mCherry/H2B-iRFP
values as G, cells and S/G,/M cells, respectively. Basal
ERK and Akt activities in the absence of EGF in S/G,/M
cells were significantly higher than those in G, cells (Fig.
5H and 5I). The peak values of the C/N ratios of ERK-KTR
and Akt-FoxO3a-KTR did not show any statistically signif-
icant difference between G, cells and S/G,/M cells (Fig. SH
and 5I). Next, we plotted the C/N ratios of Akt-FoxO3a-
KTR against the C/N ratios of ERK-KTR in individual
cells under the basal condition, and observed a clear corre-
lation between ERK activity and Akt activity (Fig. 5J). The
difference of ERK activity and Akt activity between G,
cells and S/G,/M cells was also manifested in this graph.
Further, EGF-induced ERK activation was also correlated
with EGF-induced Akt activation (Fig. 5K). The S/G,/M
cells demonstrated a lower activation level of ERK and Akt
upon EGF stimulation than those in G, cells. This could
have been due to the higher basal level of ERK and Akt
activities in S/G,/M cells. This data appeared to be consis-
tent with the previous observation that Ras was not activa-
ted in S/G,/M cells upon EGF stimulation (Sakaue-Sawano
et al., 2008a). Taken together, these data indicated that
ERK and Akt are co-regulated in each cell, and this coordi-
nated regulation of ERK and Akt is modulated in cell-cycle
progression.

Discussion

In this study, we established a multiplexed imaging system
for monitoring ERK and Akt activities. Our system enabled
us to visualize ERK and Akt activities and the cell-cycle
progression quantitatively and simultaneously in a live cell,
and provided insight into the cellular heterogeneity and
cross-talk regulation between the Ras-ERK and PI3K-Akt
pathways, which has not been readily assessed by conven-
tional biochemical methods.

In a comparison with previously developed Akt biosen-
sors, Akt-FoxO3a-KTR had characteristic advantages, e.g.,
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it is fused with a single fluorescent protein and easily quan-
tified. The most notable advantage, however, is its sensitiv-
ity; there was an approximately 1.5-2.0 fold increase in the
C/N ratios of Akt-FoxO3a-KTR-EGFP upon EGF stimula-
tion (Fig. 5K). Under the same condition, the FRET biosen-
sors for Akt activity, Eevee-iAkt, Eevee-Akt-cyt, Aktus,
BKAR, and Akind, exhibited only a 1.03—1.1 fold increase
in FRET/CFP ratios (Komatsu et al., 2011; Kunkel et al.,
2005; Miura et al., 2014; Sasaki et al., 2003; Yoshizaki et
al., 2007). This higher sensitivity could be attributed to the
structure of Akt-FoxO3a-KTR, which includes almost half
of FoxO3a from the N-terminus (1-402 a.a.). We assume
that there exists an Akt docking domain in this region, and
thereby, Akt-FoxO3a-KTR is more efficiently phosphoryla-
ted by Akt than other FRET biosensors, most of which con-
tain only a few amino acids in an Akt phosphorylation site
(Komatsu et al., 2011; Kunkel et al., 2005; Miura et al.,
2014; Sasaki et al., 2003). Indeed, we found the two phos-
phorylation sites of Akt-FoxO3a-KTR, Thr32 and Ser315,
which accounted for changes in subcellular distribution of
Akt-FoxO3a-KTR in a manner dependent on stimulation-
induced and basal PI3K/Akt signals, respectively (Fig. 1C—
E). The molecular mechanisms underlying two modes of
Akt-FoxO3a-KTR regulated by different phosphorylation
sites remain unclear. There are also some disadvantages to
be considered when attempting to use Akt-FoxO3a-KTR to
measure Akt activity. First, the critical drawback of Akt-
FoxO3a-KTR compared to other FRET-based biosensors is
that Akt-FoxO3a-KTR cannot visualize subcellular Akt
activity, because the KTR system is completely reliant on
the nuclear import and export of the reporters (Regot et al.,
2014). Second, the apparent time constants of the on-rate
and off-rate of Akt-FoxO3a-KTR-EGFP (3 min and 16
min, respectively) are slower than those of Eevee-iAkt
(both ca. 2 min) (Miura et al., 2014). On the other hand,
ERK-KTR and JNK-KTR showed relatively rapid respon-
ses to their stimuli (Regot et al., 2014) (Fig. 3). This dis-
crepancy was attributed to the difference of nuclear
translocation of kinases; we could not observe EGF-
induced Akt activation at the nucleus (Miura ef al., 2014),
while activated ERK and JNK are well known to translo-
cate to the nucleus, so that ERK-KTR and JNK-KTR at the
nucleus are phosphorylated and exported quickly.

Our data demonstrated that ERK-KTR and Akt-FoxO3a-
KTR monitor ERK and Akt activities with high specificity,
respectively. ERK-KTR contains an LXL (DEJL) motif of
Elk1, which is bound to ERK and JNK, and phosphorylated
by ERK, p38 and JNK (Marais et al., 1993). Nonetheless,
anisomycin did not change the C/N ratios of ERK-KTR
(Fig. 3G). On the other hand, rapamycin-induced ERK acti-
vation slightly decreased the C/N ratios of Akt-FoxO3a-
KTR, followed by an increase in the C/N ratios of Akt-
FoxO3a-KTR upon MEK inhibitor treatment (Fig. 3C).
This may have been due to the negative feedback from
ERK to Akt through EGFR (Fujita et al., 2014; Kamioka et
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al., 2010; Sato et al., 2013). It has been reported that ERK
phosphorylates FoxO3a at Ser294, Ser344 and Ser425, and
induces nuclear export and ubiquitination of FoxO3a (Yang
et al., 2008). However, we could not find any observations
supporting ERK-mediated nucleocytoplasmic shuttling of
Akt-FoxO3a -KTR. Further improvements and characteri-
zations, e.g., deletion of ERK phosphorylation sites, will be
necessary to accurately visualize Akt activity with Akt-
FoxO3a-KTR in a future study.

This study provides insights into the cellular heterogene-
ity of ERK and Akt activities. Our data demonstrated the
strong positive correlations between ERK activity and Akt
activity in the basal state and responsiveness to EGF stimu-
lation at the single cell level (Fig. 5J and 5K). Many recep-
tor tyrosine kinases such as EGFR and PDGFR are known
to concomitantly activate both the Ras-ERK pathway and
PI3K-Akt pathway (Yarden and Sliwkowski, 2001). It is
possible that the expression level and/or degradation rate of
RTKs that activate both ERK and Akt are regulated in indi-
vidual cells, leading to the emergence of cellular heteroge-
neity for ERK and Akt activities.

That the ERK and Akt activities of cells in the S/G,/M
phase are higher than those in the G, phase implies that
these activities play synergistic roles in S/G,/M progres-
sion. ERK and Akt are classically considered to play a role
in G,/S progression through mechanisms such as an
increase in cyclin D1 expression (Sears and Nevins, 2002;
Torii et al., 2006). However, a role of ERK and Akt in
G,/M progression has also been reported in cultured cells
(Liang and Slingerland, 2003; Tamemoto et al, 1992;
Wang et al., 2007; Wright et al., 1999). More recently, we
revealed the intercellular propagation of ERK and its role
in S/G,/M transition (Hiratsuka et al., 2015) with in vivo
imaging of ERK activity in transgenic mice expressing an
ERK FRET biosensor (Kamioka et al., 2012). It is still
unclear which signaling molecules maintained the higher
ERK and Akt activities in the S/G,/M phase, and how ERK
and Akt cooperatively regulated G,/M progression.

In summary, we developed and characterized a multi-
plexed system for imaging ERK and Akt activities and the
cell-cycle progression, and demonstrated cell-cycle-
dependent heterogeneity of ERK and Akt activities at
the single cell level. ERK-dependent upregulation of
mTORCI1, which is a downstream molecule of Akt, is
closely associated with intrinsic resistance to MEK inhibi-
tors in KRas- or BRaf-mutant cancer cells (Komatsu et al.,
2015). Thus, our system will provide a useful tool to quan-
titatively evaluate the relationship between ERK and Akt
activities and intrinsic resistance to molecularly targeted
drugs for Ras-ERK and/or PI3K-Akt pathways in cancer cells.
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